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Abstract

Sulfur amino

composition is an

seed protein quality.

chimeric gene encoding Sunflower Seed Albumin (SSA), one of the most
seed storage proteins so far identified, was introduced into rice ( Oryza sativa) in order
to modify seed cysteine and methionine content. Analysis of a transgenic line
expressing SSA at approximately 7% of total seed protein revealed that the mature grain
showed little change in the total sulfur amino acid content compared to the parental
genotype. This result indicated that the transgenic rice grain was unable to respond to
the added demand for cysteine and methionine imposed by the production of SSA. The
limited sulfur reserves appeared to be reallocated from endogenous proteins to the new
sulfur sink in the transgenic grain.

Analysis of the protein composition of the transgenic gram showed changes in the
relative levels of the major seed storage proteins, as well as some non-storage proteins,
compared to non-transgenic controls. Changes observed at the protein level were
concomitant with differences in mRNA accumulation but not always with the level of
transcription. It is hypothesised that the changes in the transgenic endosperm tissue
were mediated by a signal transduction pathway that normally modulates seed storage
protein composition in response to environmental fluctuations in sulfur availability, via
both transcriptional and post-transcriptional control of gene expression.

A developing rice panicle m1croarray was constructed to examme changes in gene
express10n m the developing seeds of the SSA transgenic rice. The express10n of
selected genes was also examined in the seeds of rice plants supplied with limited soil
sulfur. Data from these experiments supported the hypothesis that the SSA-expressing
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seeds suffered a sulfur stress imposed by the increased demand for sulfur amino acids
from the introduced transgene. The microarray experiments also identified several
potential regulatory genes including genes for a transcription factor, an RNA-binding
protein and signalling proteins. These genes may represent components of the signalling
pathway that regulates changes in seed protein composition in response to sulfur
availability.

Chapter 1

Sulfur in seed proteins regulation and engineering

3

SULFUR IN SEED PROTEINS ENGINEERING

1.1 General introduction
Seeds are the method of protecting and dispersing the next generation of flowering
plants. After fertilisation, the seed becomes a major nutritional sink, stockpiling reserves
of protein, lipid and carbohydrate along with the developing embryo. Upon germination,
these compounds provide a source of energy and nutrition to support the early growth of
the seedling. They are also an important source of nourishment for animals and humans,
who use seeds as a large component of their diets.

The seeds of crop plants provide the major source of protein consumed by humans and
livestock. However, many seeds are deficient in one or more 'essential' amino acids,
those that cannot be synthesised by animals and are therefore essential in the diet. In
general, legume seeds are deficient in methionine while most cereal grains are deficient
in lysine and, to a lesser extent, methionine. These deficiencies are often more
pronounced if the parent plant is grown under conditions of limited nutrition. For
example, sulfur starvation results in seeds with lower levels of the sulfur amino acids,
cysteine and methionine.

The ammo acid balance of seeds is essentially determined by the ammo acid
composition of the abundant seed storage proteins. Under conditions of sulfur
deficiency, sulfur-poor storage proteins are up-regulated at the expense of sulfur-rich
storage proteins, resulting in reduced overall seed sulfur content but no change in the
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level of seed nitrogen. Currently,

seeds monitor

IS

how sulfur-mediated changes

storage protein composition are

coordinated.

1.2 Plant storage proteins
1.2.1 General characteristics of storage proteins
Storage proteins are characterised by their ability to store ammo acids and provide
carbon, nitrogen and sulfur to support seed germination and seedling growth. They are
commonly deposited in seeds but can also be present in root and shoot tubers, in the
stem parenchyma of trees and in other vegetative organs. According to Osborne's
classification (Osborne, 1924), storage proteins can be divided into four groups on the
basis of

solubility: (1) albumins - soluble in water; (2) globulins - insoluble in

water, soluble in salt solutions; (3) prolamins - insoluble
soluble

water and salt solutions,

alcohol/water mixtures; (4) glutelins - insoluble in water, salt solutions and

alcohol water mixtures, soluble in dilute acid or alkali solutions. Albumins and
globulins are further differentiated according to their sedimentation coefficients into 2S
(albumin), 7S (globulin) and 11 S (globulin) classes.

Most investigations into storage protein content have focused on the seeds of important
cereal, legume and oilseed crop species (Table 1-1 ). In general, the major storage
proteins of cereals (Family Monocotyledoneae) are the prolamins and glutelins. One
exception is oats where globulin is the major class of storage protein. The globulins
predominate in legumes and oilseed crops (Family Dicotyledoneae), with albumins
present in significant amounts in some species.

Page 5

The 2S

consist of several groups

synthesised as 10 - 15 kDa precursors

They are generally
are post-translationally processed to give

large and small subunits. Most 2S albumins contain eight conserved cysteine residues
that form two intra-chain disulfide bonds within the large subunit and two inter-chain
disulfide bonds. A number of 2S albumins undergo extensive processing including the
removal of the signal peptide and an additional N-terminal segment, the removal of an
internal segment to produce the large and small subunits and the removal of some Cterminal residues. The Brazil nut albumin (BNA) and sunflower seed albumin (SSA;
also known as SF8) are rich in methionine residues, containing 19% (Ampe et al., 1986;
Sun et al., 1987) and 16% (Lilley et al., 1989; Kortt et al., 1991) methionine,
respectively. The genes for these proteins have been successfully introduced into sulfurpoor legumes such as narbon bean (Vicia narbonensis; Pickardt et al., 1995) and lupin
(Molvig et al., 1997) in attempts to increase their seed sulfur amino acid content
(section 1.5.3).

1.2.1.2 Globulins
The globulins consist of two maJor families of proteins, which differ in size and
sedimentation values but are structurally related and have similar evolutionary roots.
The mature 11 S globulins are typically composed of six subunits, each approximately
60 kDa in size. Post-translational processing cleaves each subunit into acidic and basic
polypeptides linked by a single disulfide bond.

Most mature 7S globulins are composed of three subunits ranging between 40 and 80
k:Da in size. Some 7S globulins, such as pea vicilins, undergo a series of proteolytic
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cleavages while others such as soybean conglycinin,
signal

(Gatehouse et

contain no cysteine residues

, 1982;

are generally very poor

unprocessed following
7S globulins

I

sulfur

acids.

1.2.1.3
The pro lam ins are a structurally diverse group of storage proteins that are found only
the starchy endosperm tissue of cereals. Prolamins often have unusual amino acid
compositions with high proportions of some amino acids and low proportions of others.
In general, they contain high levels of pro line and glutamine and low levels of charged

amino acids such as lysine, an essential amino acid in animal diets. Prolamins may also
be unusually rich in other amino acids such as the sulfur containing amino acids,
cysteine and methionine. Examples of sulfur-rich prolamins include the B-zeins and yzeins of maize and the 10 kDa and 16.6 kDa prolamins of rice (Marks et al., 1985;
Masumura et al., 1989; Mitsukawa et al., 1999).

1.2.1.4 Glutelins
The majority of glutelins m cereals share a common evolutionary ongm with the
prolamin super family (Shewry and Tatham, 1990). However, the rice glutelins are an
exception, being structurally related to 11 S globulins. Glutelins generally do not contain
the unusual amino acid compositions characteristic of the cereal prolamins.
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classes
Family

Monocotyledoneae

Species

Common name

Rice
( Oryza sativa)

pro Jamin
glutelin

Wheat
(Triticum aestivum)

prolamin
glutelin

gliadin
glutenin

Maize
(Zea mays)

prolamin
glutenin

zem

11 S globulin
prolamin

avenm

Barley
(Hordeum vulgare)

prolamin
glutelin

hordein
hordenin

Sunflower
(Helianthus annuus)

albumin
11 S globulin

helianthinin

Broad bean
( Vicia faba)

7S globulin
11 S globulin

vicilin
legumin

French bean
(Phaseolus vulgaris)

7S globulin

phaseolin

Soybean
(Glycine max)

7S globulin
11 S globulin

conglycinin
glycinin

Cano la
(Brassica napus)

albumin
11 S globulin

napm
cruciferin

Pea
(Pisum sativum)

albumin
7S globulin
11 S globulin

vicilin I convicilin
legumin

Cotton
( Gossypium hirsutum)

7S globulin
11 S globulin

congossypm
gossypm

Oats
(Avena sativa)

Dicotyledoneae

Protein dass
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Storage

genes are

Members

show minor variation in gene sequences, resulting in

differences in amino

acid content within the family of storage proteins. For example, the rice glutelin B
subfamily has five members, sharing between 80% and 88% identity at the nucleotide
level (Takaiwa et al., 1991 b ). The maize a-zein family is more complex, consisting of
about 75 individual genes (Liu and Rubenstein, 1992). Each member of the gene family
may differ in expression level and regulation.

The spatial expression of storage proteins appears to be tightly regulated. Many storage
proteins are not only seed-specific, but are restricted to particular tissues within the
seed. The 7S and 11 S globulins of legume seeds are expressed primarily in the
developing cotyledons (Goldberg et al., 1981; Ladin et al., 1987) while prolamin
expression is found only in cereal endosperm tissue (reviewed in Shotwell and Larkins,
1989). Storage protein accumulation may also vary within a single tissue. Wu et al.
(1998) linked rice storage protein gene promoters to the reporter gene GUS and
introduced these constructs into rice plants. It was demonstrated that glutelin promoters
are more active in the outer endosperm and subaleurone layer compared to the central
endosperm cells (Wu et al., 1998). In maize, the

~-

and y-zeins are concentrated in the

outer endosperm and subaleurone layer, whilst the a-zeins are concentrated in the
central endosperm (Lending and Larkins, 1989).

The synthesis of storage proteins is also temporally regulated. Individual proteins
accumulate in a defined pattern throughout seed development. The pattern of expression
may vary from protein to protein during this period. For example, mRNA of the 50kDa
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vicilin appears at about 10 days after flowering in pea cotyledons (Chandler et al.,
1984). Convicilin, legumin, pea albumin 1 and pea albumin 2 mRNA are not detectable
until later in development (Figure 1-1 ). In barley endosperm, the level of B 1 hordein
mRNA increases during development whilst levels of B3 and C hordein mRNA
decrease (Rahman et al., 1984).

18SrRNA ......~····--•11•1•••
.. ~1•11--•1191111•1•1•11.-•:~u~.~!1!'1~
75 kDa convicilin
70 kDa vicilin
60 kDa legumin

.-211.•-

50 kDa vicilin
25 kDa lectin

--.. __

22 kDa albumin

_.,,

13 kDa albumin
1

12

10

I

l3 15

I

17 20 22 25 27 30 35

DAYS AFTER FLOWER! NG

Figure 1-1: Changes in mRNA levels for major seed proteins during pea seed
development. Equal amounts of total RNA were separated by gel electrophoresis and blotted onto
nitrocellulose. 32 P-labelled cDNA clones for each of the major pea proteins were used to assay for
changes in mRNA abundance throughout development. A labelled cDNA representing the l 8S ribosomal
RNA was used to control for equal loading and blotting. Figure adapted from (Chandler et al., 1984).
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1.2.2.1 Transcriptional regulation of storage protein gene expression
A comparison of promoter sequences from different species has identified a number of
conserved regions that may play a role in regulating storage protein gene expression.
Reporter gene constructs with truncated promoters have indicated which regions are
required for normal levels of gene expression. In addition, storage protein gene
promoters from many legume species (Greenwood and Chrispeels, 1985; SenguptaGopalan et al., 1985; Sturm et al., 1988; Higgins et al., 1988; Barker et al., 1988;
Bustos et al., 1989; Bailmlein et al., 1991a; Bailmlein et al., 199lb) and cereal species
(Colot et al., 1987; Schemthaner et al., 1988; Marris et al., 1988; Robert et al., 1989;
Quattrocchio et al., 1990; Matzke et al., 1990; Takaiwa et al., 1991a) have been shown
to be active in transgenic tobacco seeds, suggesting common transcriptional controls
between these plants.

A companson of gene promoter sequences from legumes and some cereals has
identified a conserved CATGCATG motif that has been shown to be essential for high
levels of expression of the legumin gene LeB4 from Vicia faba (Batimlein et al., 1992)
and the

a'~

conglycinin from soybean (Fujiwara and Beachy, 1994). This motif is

present in more than one copy in some promoters and is also present as a component of
larger conserved sequences including the legumin box of legume 11 S globulin
promoters (Batimlein et al., 1986). Although necessary, the CATGCATG motif by itself
is not sufficient for high levels of expression as shown by deletion analysis of promoters
from the pea legumin gene LeglA (Rerie et al., 1991) and the Viciafaba legumin gene

LeB4 (Batimlein et al., 1991b). A conserved TG(t/a/c)AAA(g/t) motif (E motif) is
present at the -300 position in most cereal prolamin genes and some glutelin genes.
However, deletion analyses of wheat and maize gene promoters in transgenic tobacco
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show that the -300 motif is not essential for seed specific expression in tobacco seeds
(Halford et al., 1989; Matzke et al., 1990).

Regulation of storage protein gene expression 1s dependent on the binding of
transcription factors to sequence motifs such as those mentioned above. One of the most
extensively studied groups of storage protein transcription factors is the basic leucine
zipper family bZIP, which shows similarity to the GCN4 transcriptional activator in
yeast. Members of this family have been identified in maize (Schmidt et al., 1990), rice
(Onodera et al., 2001), wheat (Albani et al., 1997) and barley (Onate et al., 1999). In
yeast, GCN4 is a master regulator of gene expression that is required for the regulation
of over 500 genes in response to nitrogen nutrition (Natarajan et al., 2001). The GCN4type transcriptional activators of seed storage protein genes may represent components
of a basic regulatory system that activates gene expression in response to nutritional and
hormonal stimuli.

1.2.2.2 Post-transcriptional regulation of storage protein gene expression
Although storage protein gene expression is primarily regulated by transcription, the
stability of transcripts can affect the rate of storage protein accumulation. Nuclear runon experiments in developing pea seeds showed that under conditions of sulfur
deficiency, the levels of sulfur-rich legumin and pea albumin 1 are reduced without a
significant effect on the transcription of these genes (Chandler et al., 1983; Higgins et

al., 1986). Morton et al. (1998) identified at least two sulfur-responsive elements in pea
albumin 1 mRNA that influenced message stability. Other nuclear run-on experiments
have shown that pea legumin-A transcripts are five times as abundant as legumin-J
transcripts despite similar transcription rates (Thompson et al., 1989).
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The accumulation of storage proteins generally corresponds with mRNA abundance, but
can also be influenced by translational or post-translational regulation. In oats, globulins
make up approximately 80% of the grain protein but globulin mRNA is less abundant
than mRNA for proteins of the avenin class of proteins (Chesnut et al., 1989). In rice,
the glutelins constitute from 77% to 90% of total protein whilst prolamins make up 6%
to 18% (Li et al., 1993). However, relative mRNA abundance levels for both prolamin
and glutelin varies from equal amounts at the early stage of seed development to a 40%
excess of prolamin transcripts at subsequent stages (Kim et al., 1993). In polysome
fractions, glutelin mRNAs are more than 2-fold more abundant than prolamin
transcripts at all stages examined, suggesting that glutelin mRNAs are more readily
translated than prolamin mRNAs (Kim et al., 1993).

1.2.3 Storage protein synthesis

Storage proteins contain an N-terminal signal peptide, which directs the nascent
polypeptides to the rough endoplasmic reticulum (ER) during their synthesis. In rice
endosperm cells, prolamin and glutelin mRNAs have been shown to localise to different
regions on the rough ER (Li et al., 1993). Choi et al. (2000) showed that the prolamin
mRNAs are targeted to regions of the ER containing prolamin protein bodies by a signal
in their 3' untranslated regions.

Upon translocation to the ER lumen, the N-terminal signal peptide is removed by
proteolytic cleavage (Weber et al., 1981). Protein folding and disulfide bond formation
occurs within the ER lumen and may be facilitated by chaperone proteins such as
Binding Protein (BiP) and Protein Disulfide Isomerase (PDI). In the ER lumen of
legume grains, 7S and 11 S globulins form trimeric oligomers. In cell fractionation
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or post-ER compartment suggesting that trimer formation is necessary for export of
these proteins. Related proteins from oats (11 S globulin) and rice (glutelin) are
assembled and transported in a similar fashion. The prolamins of rice and maize are
deposited directly into protein bodies upon translocation into the ER lumen.

1.2.4 Storage protein sorting and deposition

Storage proteins are generally produced in large quantities and as such need to be stored
in a concentrated form. They are deposited into specialised membrane bound organelles
called protein bodies, which can be ER-derived or vacuole-derived. Storage proteins are
stable in this form until mobilised in the growing seedling.

1.2.4.1 Storage protein sorting and deposition

legumes

The deposition of globulins has been extensively studied in legumes, where proteins are
transported from the ER, via the Golgi, to large vacuoles, which fragment to form
protein storage vacuoles (Craig, 1988). In the ER, glycosylation of 7S globulins occurs
at specific asparagine residues and modifications to the carbohydrate side-chains may
occur in the Golgi and protein storage vacuoles. Glycosylation appears to be necessary
for trimer formation and transport of 7S proteins in lima bean (Phaseolus lunatus) but
not for 7S proteins in Phaseolus vulgaris (Sparvoli et al., 2000).

During transport to the protein storage vacuole, storage proteins have to be sorted from
secretory proteins, which follow a default pathway to the cell surface. In several cases,
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the sorting information has been shown to reside in the primary sequence of the storage
protein. Short targeting peptides have been identified at the N-terminus of sweet potato
sporamin (Matsuoka et al., 1990) and at the C-terminus of Brazil nut albumin (Saalbach
et al., 1996). The vacuolar sorting mechanism of vicilin and legumin storage proteins
remains unclear but may depend on more than one internal region of the amino acid
sequence.

Polypeptide cleavage takes place in the protein storage vacuole and is a characteristic of

all 11 S globulins, most 2S albumins and some 7S globulins. Although both 7S and 11 S
globulins form trimers in the ER, 11 S globulins undergo an additional assembly step to
form hexamers in the protein storage vacuoles (Chrispeels et al., 1982). Hexamer
formation requires polypeptide cleavage to take place for soybean glycinin but not for
trimer formation in pea vicilin (Kermode and Bewley, 1999).

1.2.4.2 Storage protein sorting and deposition in cereals

The newly synthesised cereal storage proteins are sorted into mature protein bodies via
one of two basic pathways. In rice and maize, the prolamin-containing protein bodies
are formed directly from the ER (Larkins and Hurkman, 1978; Okita and Rogers, 1996)
without being sorted through the Golgi apparatus. The mechanism responsible for the
retention of these proteins is unknown but it has been suggested that it is their
aggregation into protein bodies, rather than a specific ER retention sequence that is
responsible (Okita and Rogers, 1996). BiP has been shown to localise to the edges of
growing prolamin protein bodies in rice (Li et al., 1993) and may assist in retaining
prolamins in the ER lumen by facilitating their folding and assembly. In maize
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endosperm, the interaction between different classes of zeins may play a role in their
deposition (Coleman et al., 1996).

Oat globulins, rice glutelins and some prolamins from wheat (gliadins) and barley
(hordeins) are deposited in protein storage vacuoles via the Golgi apparatus, generally
in the same manner as legume globulins (section 1.2.4.1 ). However, there is evidence
that some prolamins from wheat and barley form protein bodies by direct deposition in
the ER (Levanony et al., 1992). These protein bodies subsequently join the protein
storage vacuole without passing through the Golgi.

Page 16

Preproglutelin
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Figure 1-2: Glutelin processing. Glutelin is synthesised as a prepro-polypeptide that undergoes
signal peptide cleavage upon translocation to the ER. Disulfide bond formation occurs in the ER lumen
before transport to the protein storage vacuole via the Golgi apparatus. Polypeptide cleavage to produce
mature glutelin is likely to occur in the protein storage vacuole (Katsube et al., 1999).
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A.
I
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Figure 1-3: The storage proteins of rice endosperm cells. A. Schematic of storage protein
sorting and deposition in rice endosperm. Glutelins (labelled I) are deposited in protein storage vacuoles
via transport through the Golgi apparatus. Prolamins (labelled II) are deposited directly in the rough ER.
B. Transmission electron micrograph of a developing rice endosperm cell at x 18000 magnification
showing glutelin (I) and prolamin (II) protein bodies (N.Hagan, unpublished data).
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component of cysteine and methionine, two of the twenty amino acids found

It is a

proteins,

as well as a variety of other molecules including sulfolipids, coenzymes, vitamins,
defence compounds and detoxification compounds (Table 1-2).

The reduced sulfur found in the thiol group of cysteine is strongly nucleophilic and is
primarily responsible for its functional properties. Outside the reducing environment of
the cytosol, neighbouring cysteine thiol groups can become oxidised to form a covalent
disulfide bond, contributing to protein structure and stability. The thiol group of
cysteine also participates directly in the catalytic action of some enzymes. For example,
the cysteine protease class of enzymes performs proteolysis through a thiol-ester
intermediate (Stryer, 1995). The most abundant non-protein thiol in plants is the
cysteine-containing tripeptide glutathione (y-glutamate-cysteine-glycine) (Kunert and
Foyer, 1993). Glutathione serves as a redox buffer, can detoxify some herbicides
through the action of glutathione-S-transferases and is a precursor of phytochelatins,
peptides involved in heavy metal detoxification (Rauser, 1995). Glutathione is also a
stored and transported fom1 of reduced sulfur (section 1.3.3) and can act as a signal for
the regulation of sulfur assimilation (section 1.4.2). Although unable to form disulfide
bonds, the sulfur in methionine residues can be oxidised to form methionine sulfoxide.
This modification is reversible and may act as a form of regulation in some enzymes
(Sun et al., 1999). Methionine is also the precursor of S-adenosylmethionine (SAM), an
important cellular methyl-group donor (reviewed in Lu, 2000) and S-methylmethionine
(SMM), a sulfur transport compound (Bourgis et al., 1999).
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Table 1-2: Important sulfur-containing compounds in plants (continued).
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sulfur,
symplastically to the stele and loaded
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lS

the

by the roots,
It is then transported through

xylem to leaf vascular tissues where it is unloaded into leaf cells (Clarkson et al., 1993).
Sulfate may then be remobilised in the phloem (section 1.3.3), stored

the vacuole or

transported into the chloroplast, the main site of sulfur assimilation (Saito, 2000).

The transport of sulfate from the soil to subcellular compartments in the leaf involves
translocation across several membrane systems and is facilitated by functional sulfate
transporters. The first identified sulfate transporter genes were cloned from Stylosanthes
hamata by phenotypic complementation of a yeast mutant lacking the SUL 1 sulfate

transporter gene (Smith et al., 1995). Both high (SHSTl, Km= lOµM; SHST2, Km=
1 l.2µM) and low (SHST3; Km = 100

~tM)

affinity plant transporters were identified

using this method. The sulfate uptake rates of yeast-expressed SHSTl, SHST2 and
SHST3 were shown to be pH dependant, suggesting that these transporters function as
H+/so/- cotransporters, driven by the electrochemical gradient that is established by a
plasma membrane ATPase (Smith et al., 1995; Smith et al., 2000). Sulfate transporters
were subsequently isolated from other species, including at least seven different
transporters from Arabidopsis thaliana (Takahashi et al., 1996; Vidmar et al., 2000;
Shibagaki et al., 2002; Yoshimoto et al., 2003). Completion of the Arabidopsis thaliana
genome sequencing project has revealed seven additional candidates that may encode
sulfate transporters based on their homology with known sequences (Yoshimoto et al.,
2002).
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From available sequence information, plant sulfate transporters have been classified into
4 distinct families designated Sultrl through to Sultr4. Members of different families
differ in their affinity for sulfate, location within the plant and response to sulfur
deficiency. Using promoter-reporter constructs, (Takahashi et al., 2000) demonstrated
that Sultr I; I, a high-affinity transporter from Arabidopsis thaliana, was expressed in
root cap, roots hairs and epidermis tissue, suggesting a role in sulfate acquisition from
the soil. The Arabidopsis thaliana Sultrl;2 transporter, was identified through the study
of mutants resistant to selenate, a toxic analogue of sulfate (Shibagaki et al., 2002).
These mutants displayed impaired sulfate uptake into the roots but normal transport to
the shoots, suggesting that Sultr1;2 is primarily involved in importing sulfate from the
environment into the root. A low-affinity transporter, Sultr2; I, was found in the
vascular tissue of roots, shoots and leaves, suggesting a role in the loading and
unloading of sulfate into the vascular tissue for transport within the plant (Takahashi et
al., 2000). It is likely that plant cells have an intracellular sulfate transport system but

little information is available about the movement of sulfate between cellular
compartments. Transport of sulfate into the chloroplast is likely to be mediated by the
Sultr4 class of sulfate transporters. Analysis of transient expression of a fusion protein

comprised of Sultr4; I and a green fluorescent protein, suggested that this sulfate
transporter is localised to the chloroplast (Takahashi et al., 1999). Although sulfate is
presumed to be stored within the vacuole, no tonoplast-localised transporter has yet
been found.

1.3.2 Sulfur assimilation

Plants, bacteria and fungi are all able to assimilate inorganic sulfur into cysteine and
methionine. However, animals do not have this capacity and must therefore obtain these
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'essential' amino acids in their diets. In plants, the primary route of assimilation occurs
with the reduction of sulfate to sulfide, which is in tum incorporated into cysteine.
Methionine is produced from cysteine following three additional catalytic steps (Figure
1-4). Most other organic sulfur-containing compounds are produced from cysteine,
methionine or adenosine-5'-phosphosulfate (APS), an intermediate in the sulfate
reduction pathway.

1.3.2.1 Reduction of sulfate to sulfide

Sulfur from sulfate is transferred to cysteine in a multi-step process involving activation
and reduction (Figure 1-4; reviewed in Leustek et al., 2000; Saito, 2000; Hawkesford,
2000). While sulfate can be assimilated in the roots and developing seeds of some
species (Lappartient and Touraine, 1996; Tabe and Droux, 2001), the major sites of
assimilation are the leaf chloroplasts, where ATP and reductant are present in adequate
supply (Salisbury and Ross, 1985). Sulfate is first activated by ATP sulfurylase to form
adenosine-5'-phosphosulfate (APS). Four cDNAs encoding ATP sulfurylase have been
cloned from Arabidopsis thaliana (Leustek et al., 1994; Murillo and Leustek, 1995;
Klonus et al., 1995; Logan et al., 1996; Hatzfeld et al., 2000). Sequence analysis and
chloroplast import studies with one of the recombinant proteins (Leustek et al., 1994)
suggest that these enzymes are plastid-localised. However, molecular studies in potato
and Brassica juncea suggest that cytosolic forms of ATP sulfurylase also exist (Klonus

et al., 1994; Heiss et al., 1999). The significance of these findings is not clear given that
the downstream enzymes in the sulfate assimilation pathway are located in the
chloroplast.

Page 24

APS can be reduced to sulfite or phosphorylated by APS kinase to form
phosphoadenosine-5 '-phosphosulfate (PAPS; Arz et al., 1994; Lillig et al., 2001 ),
which may act as a substrate for sulfotransferases in the biosynthesis of glucosinolates
and sulfolipids (Varin et al., 1997). The reduction of APS to sulfite is catalysed by a
single glutathione-dependant enzyme, APS reductase (Bick et al., 1998). This enzyme is
thought to be a key regulator of the sulfate reduction pathway. Nutritional sulfur stress
led to an increase in both APS message level and activity (Gutierrez-Marcos et al.,
1996; Takahashi et al., 1997; Leustek et al., 2000), while externally applied glutathione
resulted in stronger inhibition of APS reductase mRNA than ATP sulfurylase mRNA
(Vauclare et al., 2002). Reduction of sulfite to sulfide is catalysed by the ferredoxindependant enzyme, sulfite reductase (Yonekura-Sakakibara et al., 1998; Bork et al.,
1998). This enzyme appears to be plastid localised and encoded by a single gene in

Arabidopsis thaliana (Briihl et al., 1996).

1.3.2.2 Cysteine synthesis
The production of cysteine marks the point at which the sulfur atom is incorporated into
a serine-derived carbon-nitrogen skeleton. Two enzymes are involved in this process,
serine acetyl transferase (SAT) and 0-acetylserine thiol lyase (OASTL). SAT catalyses
the acetylation of serine to form 0-acetylserine (OAS), which is subsequently combined
with sulfide to form cysteine in a reaction catalysed by OASTL. SAT and OASTL can
associate through protein-protein interactions into a bienzyme complex (Bogdanova and
Hell, 1997). The activity of bound OAS TL in the enzyme is drastically lower than that
of free OASTL, while the activity of bound SAT is higher than that of free SAT (Droux

et al., 1998). This finding led to the proposal that a high level of OAS disrupts the
bienzyme complex, reducing SAT activity and limiting the production of additional
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Different isoforms of both SAT and OASTL enzymes have been found in the
chloroplast, cytosol and mitochondrion. Given that most other enzymes involved in
sulfur assimilation are localised in the plastid, the role of the cytoplasmic and
mitochondrial isoforms is not clear. Interestingly, the cytosolic form of SAT, but not the
chloroplastic or mitochondrial forms, is feedback inhibited by cysteine (Noji et al.,
1998). This difference may reflect the importance of OAS as a signal of sulfur
deficiency in the cytoplasm (section 1.4.2).

synthesis
Methionine is synthesised in three steps from cysteine and 0-phosphohomoserine
(OPH) (Figure 1-4). In the first step, the cysteine and aspartate pathways converge to
provide the substrates for the reaction catalyzed by cystathionine y-synthase (CGS).
This reaction produces cystathionine from cysteine and OPH, a metabolite of aspartate
and the immediate precursor of the amino acid threonine. Cystathionine y-synthase
mRNA abundance is reduced by an auto-regulatory mechanism, triggered by the end
products of the pathway, methionine and S-adenosylmethionine (Curien et al., 1998;
Figure 1-5). The second step in the pathway is catalysed by cystathionine
and involves the cleavage of the
ammoma,

pyruvate

and

~-carbon-sulfur

homocysteine.

~-lyase

(CBL)

bond of cystathionine to produce

Finally,

a

methyl

group

from

methyltetrahydrofolate is transferred to homocysteine by the enzyme methionine
synthase (MS) to produce methionine. This step is also important in the recycling of S-
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adenosylrnethionine, which is

a range of cellular methyl

reactions

1

1.3.2.3
The synthesis of glutathione involves the linking of the three constituent amino acids,
glutamate, cysteine and glycine. Two ATP-dependant reactions are required, catalysed
by y-glutamylcysteine synthetase (y-ECS) and glutathione synthetase (GS):
glutamate
cysteine

~~

y-ECS

glycine
y-glutamylcysteine

~
GS

IP

glutathione

y-ECS and GS enzyme activity has been detected in both chloroplast and cytoplasmic
compartments and can occur in photosynthetic and non-photosynthetic tissues (Hell and
Bergmann, 1990). Glutathione synthesis is dependant both on the availability of
substrates and the activity of y-ECS and GS. Over-expression of a bacterial y-ECS in
transgenic poplar plants resulted in a three-fold increase in glutathione (N octor et al.,
1996) as well as enhanced resistance towards chloroacetanilide herbicides (Gullner et

al., 2001).

Glutathione is the major form of phloem transported sulfur in some plants (section
1.3 .3) and is likely to play an important role in the delivery of cysteine to specific plant
tissues. However, the catabolism of glutathione to its component amino acids (including
cysteine) is poorly understood in plants. y-Glu-Cys has been identified as a catabolic
intermediate in some species, while Cys-Gly has been identified in others (reviewed in
Leustek et al., 2000).
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Figure 1-4: Sulfur assimilation in plants. Sulfate is activated to form adenosine-5'phosphosulfate (APS), which can be used to form phosphoadenosine-5 '-phosphosulfate (PAPS), a
substrate used in the production of sulfate esters such as glucosinolates and sulfolipids, or reduced to
sulfide. The production of cysteine from sulfide and 0-acetylserine (OAS) represents the convergence of
the sulfur and nitrogen assimilation pathways and is tightly regulated. Although free cysteine levels are
generally low, there is significant flux through cysteine as it is used as a substrate in multiple pathways
including glutathione, methionine and protein synthesis. Methionine synthesis requires cysteine and 0phosphohomoserine (OPH), an intermediate in the threonine biosynthetic pathway. Methionine may be
used in protein synthesis or used as a substrate to produce S-methylmethionine (SMM) or Sadenosylmethionine (SAM). SAM acts as a methyl donor for a range of cellular reactions and is recycled
to methionine via adenosylhomocysteine (AdoHcy) and homocysteine. Metabolites are shown in boxes
while enzymes are shown in red. Dotted lines indicate complex or multi-step processes. Enzyme
abbreviations are as follows: APS-K, APS kinase; SAT, serine acetyl transferase; OASTL, 0-acetylserine
thiol lyase; GS, glutathione synthetase; y-ECS, y-glutamylcysteine synthetase; CGS, cystathionine ysynthase; TS, threonine synthase; CBL, cystathionine ~-lyase; MS, methionine synthase; AHase,
adenosylhomocysteinase; MMT, SAM: met S-methyltransferase; SAM-S, S-adenosylmethionine synthase;
MTase, methyl transferase.
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1.3.3 Transport of sulfur to developing seeds

The majority of the inorganic sulfur taken up by the roots is loaded into the xylem for
transport to the aerial tissues. As mature leaves draw most of the transpiration stream,
they also receive most of the mobile sulfate transported in the xylem. In order to supply
sulfur to sink tissues such as young leaves or developing seeds, sulfur-containing
compounds must be reloaded in the phloem. Unlike nitrogen and carbon reserves, which
are delivered to sink tissues in reduced form only, sulfur may be delivered to sink
tissues in either a reduced or oxidised form. The tri-peptide glutathione has been found
to be the major form of sulfur in the phloem of canola (Lappartient and Touraine, 1996),
poplar (Schneider et al., 1994) and rice (Kuzuhara et al., 2000), while S-methyl
methionine predominates in wheat phloem (Bourgis et al., 1999). In the phloem of these
plants, sulfate constituted a relatively minor proportion of the total sulfur. However,
oxidised sulfur (sulfate) was found to be the major form transported in the phloem of
narrow leaf lupin (Tabe and Droux, 2001 ). In vitro studies with lupin cotyledons
indicated that these seeds have the capacity to reduce sulfate and to synthesise cysteine
and methionine (Tabe and Droux, 2001). The activities of SAT, OASTL and CBL in
developing lupin seeds, as measured by in vitro enzyme assays, were theoretically
sufficient to account for all of the sulfur amino acids that accumulate in mature seeds
(Tabe and Droux, 2001).

Developing wheat grains also contain enzymes for sulfur reduction and are thought to
assimilate a significant proportion of their own sulfur amino acids under conditions of
adequate sulfur supply (Fitzgerald et al., 2001). However, preliminary results from
labelling experiments in developing rice indicate that these seeds do not have the
capacity to assimilate sulfate into sulfur amino acids (N.Hagan, unpublished data). It is
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likely that the three major transported forms of sulfur have different importance for
supplying developing seeds in different species and in different nutritional
environments.

1.4 Sulfur deficiency and effects on seed protein composition
Sulfur deficiency in plants has increasingly become a problem in recent years and is
now recognised as limiting factor in crop production in many parts of the world
(Hawkesford and Wray, 2000). A combination of factors is likely to be responsible for
this including increased crop yields, decreased atmospheric deposition of sulfur due to
cleaner industrial emissions and decreased use of sulfur-containing fertilisers such as
ammonium sulfate (24% sulfur) and superphosphate (10-12% sulfur) (Zhao et al.,
1999). The most notable effect of sulfur-deficiency on crop production is a reduction in
yield. However, mild sulfur stress may substantially reduce crop quality with little or no
impact on yield (reviewed in Zhao et al., 1999; Hawkesford, 2000). For example, sulfur
stress has been shown to alter the protein composition of wheat grains (Moss et al.,
1983; Wrigley et al., 1984), resulting in alterations in dough rheology and a reduction in
bread quality (Moss et al., 1983; Byers et al., 1987).

1.4.1 Responses to sulfur deficiency

Sulfur deficiency is characterised by decreased chloroplast formation, leading to a
yellowing (chlorosis) of the young leaves. As the intensity and duration of the sulfur
deficiency increases, chloroplasts are broken down, leading to a spread of the chlorosis
to mature leaves. At the biochemical level, prolonged sulfur starvation leads to a
decrease in protein, sulfolipids and chlorophyll (Clarkson et al., 1983). As a result,
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sulfur-stressed

Sulfur deficiency

display reduced photosynthesis, Rubisco

plants specifically stimulates sulfate uptake and assimilation which

in tum helps to maintain cysteine and methionine synthesis (Figure 1-5). In plant roots,
sulfur limitation leads to a several-fold increase

sulfate uptake but no increase

nitrate and phosphate uptake (Clarkson et al., 1983; Datko and Mudd, 1984; Lee, 1993).
A study using Arabidopsis thaliana seedlings demonstrated that root growth increased
under sulfur-limiting conditions and correlated with the transcriptional activation of the

NIT3 gene, a member of the nitrilase gene family (Kutz et al., 2002). Increased lateral
root growth has also been observed in barley and rice plants grown in sulfur-limiting
conditions (Hell and Hillebrand, 2001; N.Hagan, unpublished data). Several highaffinity sulfate transporters are induced upon sulfur-starvation and are rapidly repressed
upon renewed supply of sulfur (Smith et al., 1997; Vidmar et al., 1999; Bolchi et al.,
1999; Lappartient et al., 1999; Takahashi et al., 2000). Low affinity transporters from

Stylosanthes hamata and Arabidopsis thaliana also respond to sulfur deficiency,
although the timing and extent of their induction differs from that of the high affinity
transporters (Smith et al., 1995; Takahashi et al., 2000). Several enzymes of the sulfur
assimilation pathway are regulated by sulfur supply at the level of mRNA abundance
through transcriptional or post-transcriptional means. The abundance of both APS
reductase and ATP sulfurylase mRNAs increases with sulfur deficiency and declines
upon resupply with sulfur (Yamaguchi et al., 1999). The first exon of CGS acts to
destabilise its own mRNA in a process that is activated by free methionine or one of its
metabolites (Chiba et al., 1999). Post-transcriptional mechanisms also control the

Page 31

expression of

decarboxylase

y-glutamylcysteine synthetase

et

l ).

Sulfur supply can alter the relative abundance of sulfur compounds within a plant. In
non-limiting conditions, excess sulfur supply can result in increased cellular sulfur
content, primarily due to increased sulfate levels (Datko et al., 1978). Under conditions
of limiting sulfur and abundant nitrogen, the levels of sulfate decline as well as nonprotein organic sulfur compounds such as glutathione (Lappartient and Touraine, 1996).
While protein sulfur levels are typically lower in seeds of sulfur-deficient plants, the
protein-sulfur level does not change significantly in vegetative tissues (Dijkshoorn and
van Wijk, 1967). However, the total nitrogen to sulfur ratio (N:S) is affected

these

tissues, primarily because of decreases in non-protein sulfur compounds and increases
in non-protein nitrogen compounds. The total nitrogen to sulfur ratio has been used in
the diagnosis of sulfur status in a number of crop and forage species (Dijkshoorn et al.,
1960; Metson, 1973; Randall et al., 2003).

The appearance of chlorosis first in the young leaves of sulfur-deficient plants suggests
that sulfur in mature leaves is relatively immobile. This contrasts sharply with nitrogen
deficiency, where the growth of new leaves is readily supported by the reallocation of
nitrogen from the older leaves. The majority of the sulfur in mature leaves is present as
protein-bound sulfur, which is relatively immobile except under conditions of nitrogen
deficiency (Sunarpi and Anderson, 1996; Sunarpi and Anderson, 1997). Sulfate in the
vacuoles of mesophyll cells is also relatively immobile (Bell et al., 1995). Efflux of
sulfate across the tonoplast does occur in long-tenn sulfur stress but is considerably
slower than efflux across the plasma membrane (Bell et al., 1994).
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assimilation is regulated so as to
supply (Figure 1-5).

cysteine synthesis

sulfur-deficiency results

.
.
an mcrease m

activity

of the sulfur assimilation pathway, this can be reversed by the addition of either sulfate
or reduced sulfur compounds. Glutathione, which is readily transported through the
phloem sap, may be an important signalling molecule that represses the activity of genes
encoding enzymes of the sulfur assimilation pathway. Experiments in canola using a
divided root system showed that the addition of glutathione or cysteine to one portion of
the root mass, prevented sulfur stress responses in the other sulfur-deprived portion
(Lappartient and Touraine, 1996; Lappartient et al., 1999). The regulatory role of
glutathione was confirmed by the finding that sulfur stress responses were inhibited by
cysteine except in the presence of buthionine sulfoximine, an inhibitor of glutathione
synthesis (Lappartient et al., 1999). However, similar experiments in maize, suggests
that cysteine rather than glutathione acts as the repressor signal in this species (Bolchi et
al., 1999).

Responses to sulfur deficiency are also reversed under conditions of limiting nitrogen.
This finding suggests that indicators of nitrogen availability also play a role in responses
to sulfur supply. The nitrogen and sulfur pathways meet at the reactions mediated by
SAT and OASTL, in which sulfide and the amino acid backbone of 0-acetylserine
(OAS) condense to form cysteine. The substrates and product of this central reaction are
proposed to be regulators of flux through the biosynthetic pathway for cysteine and
methionine. OAS accumulates under conditions of high nitrogen and limiting sulfur
(Kim et al., 1997) and is thought to trigger changes in gene expression that harmonize
the assimilation and the utilization of sulfur in the whole plant. This hypothesis is
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supported by a number of studies whereby exogenous application of OAS stimulated
responses associated with sulfur deficiency. Application of OAS increased the level of
the mRNA encoding a high-affinity sulfate transporter in barley roots (Smith et al.,
1997) and mRNAs encoding a number of enzymes of the sulfur assimilation pathway in
Arabidopsis thaliana including APS reductase and sulfite reductase (Koprivova et al.,
2000). The expected result of these changes in gene expression would be to increase the
supply of reduced sulfur in response to the perceived high nitrogen to sulfur ratio. OAS
has also been shown to trigger changes in storage protein profile that are normally
triggered by sulfur deficiency in cultured soybean cotyledons (Kim et al., 1999; section
1.4.3), suggesting that OAS coordinates the supply and storage of reduced sulfur in
these seeds.

Many of the responses to sulfur deficiency are brought about by moderating the
transcription or mRNA stability of the key proteins involved. However, little is known
about the mechanisms of regulation. The first evidence of a sulfur-regulated signal
transduction system came from the unicellular green alga, Chlamydomonas reinhardtii.
Davies et al. (1999) identified three mutants (designated sac for §.ulfur acclimation) that
displayed aberrant expression of arylsulfatase, a protein involved in extracellular sulfur
scavenging. The Sac3 gene product encodes a serine I threonine kinase that positively
regulates the high-affinity sulfate transport system and has a negative effect on the
induction of arylsulfatase activity (Davies et al., 1999). Similar mechanisms are likely
to operate in higher plants but little or nothing is currently known about these processes.
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on
seeds contain both

whose
availability

abundance displays a high degree of plasticity in response to

(Blagrove et al., 1976; Randall et al., 1979; Holowach et al., 1984; Chandler et
1984; Gayler and Sykes, 1985).

general, conditions of sulfur-deficiency up-regulate

the production of sulfur-poor storage proteins at the expense of sulfur-rich storage
proteins. The net result of this is a decrease in total seed sulfur but maintenance of the
nitrogen content, which may ensure seed viability. In peas, the synthesis of legumin, a
protein with a moderate sulfur amino acid content, and pea albumin- I, a protein with a
high sulfur amino acid content, were decreased in seeds of plants grown under sulfur
deficiency. In contrast, the synthesis of vicilin (devoid of sulfur amino acids) was
increased for a prolonged period during the development of sulfur-deficient seeds
(Randall et al., 1979; Chandler et al., 1984). Similarly, conglutin

~

(sulfur-poor) was

up-regulated in sulfur-deficient lupins (Blagrove et al., 1976) and the

~

subunit of

~

conglycinin (sulfur-poor) was up-regulated in sulfur-deficient soybeans at the expense
of glycinins (sulfur-rich) (Holowach et al., 1984; Gayler and Sykes, 1985).

Little is currently known about the signal transducers responsible for monitoring sulfur
supply in the seed, nor about the effectors that modulate the expression of seed storage
proteins. However, expression studies usmg the soybean {J-conglycinin /'.)-subunit
(sulfur-poor), suggest that that OAS and I or methionine may play a role in
transcriptionally up-regulating this protein under conditions of sulfur deficiency. The
addition of OAS to soybean cotyledons cultured in media in which sulfur was plentiful
was sufficient to trigger increased expression of the {J-conglycinin /'.)-subunit (Kim et al.,
1999). It has therefore been proposed that OAS is the signal that stimulates the
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transcription of a chimeric reporter gene controlled by the promoter of the ,6-conglycinin
,6-subunit gene in transgenic Arabidopsis thaliana during sulfur stress (Hirai et al.,
1995; Kim et al., 1999). Although OAS seems to be the signal that triggers responses to
sulfur nutrition in these studies, it is difficult to exclude the possibility that metabolites
of OAS are involved. Supply of free methionine to transgenic petunias resulted in
suppression of a reporter gene driven by the soybean ,6-conglycinin ,6-subunit promoter
(Fujiwara et al., 1992). However it is not clear whether this was a direct, antagonistic
effect of methionine or was mediated through indirect effects, such as those affecting
the concentration of OAS.
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Figure 1-5: Regulation of sulfur assimilation in plants. OAS is proposed to act as a key
indicator of the relative abundance of sulfur and nitrogen. Application of OAS triggers increases in the
levels of mRNAs encoding the following proteins: sulfate transporters (Takahashi et al., 1997; Smith et
al., 1997), ATP-sulfurylase (ATP-S) (Neuenschwander et al., 1991), APS reductase (APS-R), sulfite
reductase (SiR), OAS thiol lyase (OASTL), serine acetyltransferase (SAT) (Koprivova et al., 2000) and
the S-poor storage protein p -subunit of p -conglycinin (Kim et al., 1999). Conversely, the application of
glutathione represses the transport and assimilation of sulfate by reducing the abundance of sulfate
transporters, ATP-Sand APS-R (Lappartient and Touraine, 1996; Lappartient et al., 1999; Vauclare et
al., 2002). Methionine or one of its metabolites may antagonize the effects of OAS on the transcription of
genes encoding S-rich and S-poor storage proteins (Holowach et al., 1984; Fujiwara et al., 1992; Hirai et
al., 1995). At high concentrations, OAS has been reported to negatively regulate the enzyme activity of
SAT by favoring the dissociation of the OASTL-SAT complex (Droux et al., 2000; Wirtz et al., 2001).
The activities of some isoforms of SAT are also repressed by cysteine (Noj i et al., 1998). The synthesis of
methionine and threonine involve competition for the substrate 0 -phosphohomoserine (OPH). The
outputs of both pathways are balanced by a negative effect of methionine or S-adenosylmethionine
(SAM) on CGS mRNA stability and a positive effect of SAM on threonine synthase (TS) activity (Curien
et al. , 1998). Figure adapted from (Tabe et al., 2002).
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1

Cereal and legume grams provide a concentrated source of digestible protein for
humans and form the basis of many livestock feeds. Cereal grams contain 7-14%
protein by weight and are also a good source of carbohydrates. Legume grains contain
20-40% protein and are an important source of supplementary protein in mixed
stockfeed formulations. These two feed sources also complement each other with
respect to supply of the essential amino acids.

The animal I pig growth requirements for methionine and lysine are approximately l .6g
and 7g per lOOg of total protein respectively. Animals require an additional 1.9g of
cysteine per 1OOg protein and this can be met by either of the sulfur containing amino
acids as animals can convert methionine to cysteine. Most cereal seeds are moderately
deficient in methionine and fall well short of the requirement of animals for lysine.
Legume seeds generally contain enough lysine but insufficient methionine (Higgins,
1984). For example, lOOg of pea seed protein contains 7.3g lysine but only 1.3g
methionine (Table 1-3). Consequently, a diet based on a single cereal or legume results
in amino acid deficiencies. Part of these deficiencies can be overcome by mixing seed
meals from legumes and cereals but this alone is not sufficient for maximum animal
growth. As a result, livestock feeds are usually supplemented with methionine and
lysine, which adds considerably to the cost of production.

Like other animals, humans require a minimum quantity of the essential amino acids for
normal physical and mental development. Cereal and legume seeds are a major source
of protein in the human diet, providing over 65% of the protein in developing countries
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and over 30% of the protein in developed countries (Friedman, 1996). However, eating
a vegetarian diet that relies exclusively on either cereal or legume grains can result in a
lysine or methionine deficiency and can affect normal growth and development.

Although conventional breeding has had some success in producing high lysine cereals
(Villegas et al., 1992), there has been little success in producing high-methionine
varieties using this method. As an alternative to conventional breeding, targeted
approaches using genetic engineering are now being employed. One potential target is
the uptake of sulfur from the environment. The expression of root-expressed sulfate
transporters is regulated so that they are most abundant under sulfur limiting conditions
(Smith et al., 1997; Vidmar et al., 1999; Bolchi et al., 1999; Lappartient et al., 1999;
Takahashi et al., 2000). This control represents a mechanism that has evolved to
maximise sulfate uptake when demand is high and limit uptake when sulfur is plentiful.
Deregulation of this system using constitutive promoters to drive transporter expression
may achieve increased overall rates of sulfate uptake into the plant. However,
deregulation of the sulfur assimilation pathway may also be required, as the key
enzymes involved are feedback inhibited to limit flux through the pathway. This
approach appears feasible given a recent study which reported a two-fold increase in
free cysteine and glutathione in leaves of transgenic potato transformed with a
feedback-insensitive bacterial version of SAT (Harms et al., 2000). Another limitation
may be the transport of sulfur in the xylem and phloem and the delivery of sulfur
compounds to the seed. However, little is currently known about the transporters
involved in unloading sulfur into the seed.
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legume

Seed protein
Rice 2

(Oryza sativa)
Wheat 2

(Triticum aestivum)
Cereal

Maize 2

(Zea mays)
Oats 2

(Avena sativa)
Barley2
(Hordeum vulgare)
Pea2

(Psium sativum)
Broad bean2
(Vici a .faba)
Legumes

. 3
L upm

(Lupinus angustifolius)
Soybean2
(Glycine max)

Lysine content
(g.lOOg- 1 protein) 1

Methionine content

4.0

1.8

3.1

1.5

2.9

1.9

3.7

1.5

3.4

1.4

7.3

1.2

7.4

1.0

4.4

0.6

6.9

1.5

(g.lOOg- 1 protein)1

1The animal growth requirement for lysine and sulfur amino acids is approximately 7g and 1.6g.100- 1
protein, respectively.
2 Data from Orr and Watt, 1957, Johnson and Lay, 1974; quoted in Salisbury and Ross (1985).
3Data from (Molvig et al., 1997).
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above-mentioned strategies
and

to increase the supply of

to seeds.

methionine. In seeds,

approach is to alter seed sinks
majority of sulfur amino acids are present

acids to
cysteine
seed storage

proteins. The introduction of strong sinks, such as sulfur-rich storage proteins, may
increase the demand for sulfur amino acids, thus increasing the flux through the sulfur
uptake and assimilation pathways. This approach has been the most widely used to date
and is discussed in sections 1.5.l -1.5.3.

1.5.1 Increasing seed sinks for sulfur
The amino acid composition of the most abundant proteins accumulated in the seed
determines the value of

seed protein in animal diets. Among legumes, the major

storage proteins are the 7S (vicilin) and 11 S (legumin) globulins, which account for 70
to 80% of the seed protein. As both globulins have few sulfur-containing amino acids,
they are primarily responsible for the nutritional deficiencies of legume grains. In most
cereals, the prolamins account for the largest proportion of protein in the endosperm.
These proteins generally contain low levels of lysine but vary considerably in their
sulfur amino acid content.

One approach to increasing the sink strength for sulfur amino acids has been to alter the
genes for endogenous storage proteins to contain higher levels of methionine. The 2S
albumins are generally highly conserved but contain a hypervariable region that has
been the subject of protein modification. De Clercq et al. (1990) modified the
hypervariable region of the Arabidopsis thaliana 2S albumin gene by replacing it with
sequences for methionine-rich novel peptides to produce modified proteins containing 7
to 14 methionine residues. Although the level of sulfur amino acids in the transgenic

Page 41

the transgenic
seeds and was shown to
protein (De Clercq et

was found to
to l to 2%

the

stable in
salt-extractable seed

, 1990).

The vicilin-like and legumin-like globulins of faba bean (Vicia faba) have been
modified in an attempt to create methionine-rich storage proteins. A gene for a
methionine free legumin subunit was altered by frameshift and site-directed
mu ta genesis to introduce four methionine residues in the new protein (Saalbach et al.,
1988). The modified legumin gene was introduced into tobacco but it was shown that
the amino acid changes interfered with correct folding and the protein was rapidly
degraded. When eight methionine codons were introduced into the Vicia faba vicilin
gene the vicilin variant was stable in transgenic tobacco seed but the protein was
produced at levels too low to change seed protein amino acid composition (Saalbach et
al., 1995).

Storage proteins from the common bean (Phaseolus vulgaris) have also been targeted
for modification.

~-phaseolin,

the 7S globulin from Phaseolus vulgaris, was modified

by the addition of a methionine-rich region from the maize 15 kDa zein storage protein
(Hoffman et al., 1988). The added peptide increased the number of methionine residues
from three to nine in the new protein. The maize derived peptide was predicted to form
an a-helical structure and was inserted into an a-helical region of

~-phaseolin.

The

level of mRNA transcript was shown to be high but only a small amount of protein
accumulated. It was concluded that despite the conserved a-helical insertion, the high
methionine

~-phaseolin

was unstable in the developing seed. Phytohemagglutinin, an

abundant lectin protein from Phaseolus vulgaris that contains no cysteine or methionine
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residues, has also
site
residues

targeted
mutagenesis on

Four
basis of

residues were
location of

homologous lectin proteins. The engineered gene was introduced into

tobacco, where it was found that the protein underwent correct modification and
accumulated

the vacuoles of the cotyledons (Kjemtrup et al., 1994).

In general, it appears that low expression levels and poor stability of the modified
proteins limits the potential of this approach to improve seed amino acid composition.
In addition, all modified legume proteins produced so far contain relatively few
methionine residues. To significantly raise the methionine levels in legume grains, the
genes for the modified proteins would have to be expressed at unrealistically high
levels. However, research so far suggests that this approach may be feasible,
particularly if a high methionine protein is engineered using a fuller knowledge of the
structural requirements of storage proteins than is currently available.

1.5.2 Synthetic genes
Synthetic genes encoding proteins with high levels of methionine and other essential
amino acids have been formed by random ligation of oligonucleotides containing a high
proportion of codons for essential amino acids. Low-level accumulation of these
proteins was demonstrated in potato tubers (Yang et al., 1989) but failed to significantly
increase the levels of essential amino acids. This may have been due to inefficient gene
expression or protein instability. To increase lysine and methionine content in seeds,
(Keeler et al., 1997) produced a gene for a synthetic protein containing 31 % lysine and
20% methionine. The novel protein was designed to have an a-helical coiled coil
structure in order to promote the formation of stable multimers and overcome
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stabilisation problems
tobacco seeds
and it

previous research. The gene for
control of the

in a 30% increase in seed methionine and a 47% increase

If expressed at a similar level

was

seed lysine.

grains of cereals or legumes, such a protein could

significantly increase their nutritive value.

1.5.3 Over-expression of sulfur-rich storage proteins
The most promising genetic engineering approach for addressing ammo acid
deficiencies has been to over-express foreign or endogenous genes for proteins that are
rich in the sulfur amino acids. This approach has the advantage that the introduced
proteins are likely to be stable, particularly if they are deposited in the same organ and
tissue type.

A number of seed storage proteins have been identified that are rich in methionine. The
15 kDa sulfur-rich zein gene from maize was introduced into tobacco using viral
regulatory regions to drive expression (Hoffman et al., 1987). The protein accumulated
to l.6% of total protein in the seeds but was not broken down upon germination,
potentially leading to problems with seed viability. Anthony et al. (1997) reintroduced a
I 0 kDa sulfur-rich zein back into maize under the control of the endogenous promoter.
This group observed that methionine levels in some kernels could be increased by up to
30% although this was not always correlated with the over-expressed zein. When the
same zein was introduced back into maize with cis DNA regions included for
endospern1-specific expression, but with other cis-acting regulatory sites removed, (Lai
and Messing, 2002) described a 15% increase in seed methionine content when
expressed as a proportion of total protein.
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2S albumins
that

are

cysteine, containing 8 conserved residues

to

of these have been

bonding. The most extensively
Brazil nut (Bertholletia excelsa) 2S albumin (BNA) containing

19% methionine and 8% cysteine residues (Ampe et al., 1986; Sun et al., 1987) and
sunflower (Helianthus annuus) seed albumin protein (SSA) containing 16% methionine
and 8% cysteine residues (Lilley et al., 1989; Kortt et al., 1991) (Table 1-4).

1.5.3.1 The Brazil nut albumin (BNA) protein

Chimeric genes encoding the BNA protein have been introduced into a variety of plants
resulting in seed specific expression. An early study expressed BNA in tobacco seeds
under the control of the

~-phaseolin

promoter (Altenbach et al., 1989). The BNA

protein accumulated to a level of 8% of total seed protein, resulting in a 30% increase in
methionine. More recently, chimeric BNA genes have been introduced into large seeded
legumes such as the narbon bean and soybean (Pickardt et al., 1995; Muntz et al.,
1997). Transgenic narbon bean lines that expressed BNA under control of the faba bean
legumin promoter showed accumulation of up to 5% of total seed protein. The highest
BNA expressing line showed a doubling of total methionine, putting it in the range
required for optimal animal growth. Despite these promising results, BNA has been
identified as a human allergen, thus limiting its usefulness as a methionine sink. The
allergenicity of the protein was maintained in the seeds of transgenic soybean
expressing BNA (Nordlee et al., 1996).
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1-4: Proteins with
storage organs.

to alter the

content

Amino acid
composition

Transgenic
plant hosts

References

Sunflower seed
albumin (SSA)

Rich in met
and cys

subterranean clover
lupin
chickpea
nee

(Khan et al., 1996)
(Molvig et al., 1997)
(Tabe et al., 1997)
(Hagan et al., 2003)

Brazil nut 2S
albumin (BNA)

Rich met
and cys

tobacco
canola
narbon bean

(Altenbach et al., 1989)
(Altenbach et al., 1992)
(Pickardt et al., 1995)

Rich in met

tobacco

(Hoffman et al., 1987)

maize

(Anthony et al., 1997)
(Lai and Messing, 2002)

Protein

Maize 15 kDa

Maize 10 kDa
zem

Rich in met

Amaranth seed
albumin (AmAl)

Rich in essential
amino acids

potato

(Chakraborty et al., 2000)

Synthetic CP3-5

Rich in met
andlys

tobacco

(Keeler et al., 1997)
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1.5.3.2 The sunflower seed albumin (SSA) protein
The sunflower seed albumin (SSA) is another well-studied sulfur-rich protein that has
been expressed in a variety of legumes including subterranean clover, pea, chickpea and
narrow leaf lupin (Khan et al., 1996; Tabe et al., 1997; Molvig et al., 1997). The gene
for SSA was placed under the control of the pea vicilin promoter and introduced into
narrow leaf lupin (Lupinus angustifolius), a legume commonly fed to stock because of
its high level of protein and fibre. SSA accounted for 5% of total seed protein in the
transgenic lupin and resulted in a doubling of seed methionine and an overall increase in
sulfur-containing amino acids of 20% (Molvig et al., 1997). In feeding trials with sheep,
the transgenic seeds gave a 7% increase in live weight gain and an 8% increase in wool
growth, compared to non-transgenic seeds (White et al., 2001). Transgenic lupins
expressing SSA are currently undergoing further development with a view to
commercial release.

1.6 Aims of this study
1.6.1 Assessment of rice as a production system for protein methionine
Methionine content can limit the nutritive value of seed protein, particularly in the case
of grain legumes (Tabe and Higgins, 1998). Transformation with a seed-specifically
expressed gene encoding a protein "sink" rich in sulfur amino acids is a strategy that has
been used successfully to enhance the seed methionine content and protein quality of
canola (Altenbach et al., 1992), narbon bean (Pickardt et al., 1995), narrow leaf lupin
(Molvig et al., 1997) and maize (Anthony et al., 1997; Lai and Messing, 2002). In the
case of canola, the seed protein is not particularly deficient in sulfur amino acids.
However, the use of canola meal in animal feed makes it an attractive target for overaccumulation of methionine to complement deficiency of this essential amino acid in
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legume seed meals with which canola meal is blended (Tabe and Higgins, 1998).
Similarly in the case of maize, (Lai and Messing, 2002) concluded that increasing the
methionine level in this cereal grain resulted in an enhanced formulation for animal
feed. Although not the first limiting amino acid, methionine can be limiting in animal
feeds based on rice (Sure, 1955). In this study, rice was assessed as a potential
production system for protein methionine, by transforming it with a gene encoding the
sulfur-rich albumin, SSA.

1.6.2 Investigation of the responses of seeds to sulfur deficiency

Early in this work, it was recognised that the expression of SSA in rice triggered
responses in seed protein composition reminiscent of responses to sulfur deficiency.
Sulfur deficiency can affect the quality and nutritional value of seeds by reducing the
abundance of methionine and cysteine-containing storage proteins. Although recent
studies have provided some insight into the regulation of enzymes in the sulfur
assimilation pathway, little is currently known about the signal transduction systems
involved in responding to sulfur deficiency in higher plants. A genomics approach was
used in an attempt to identify regulators involved in modulating the expression of
storage proteins in the transgenic rice.

Chapter 2

Transgenic rice expressing a gene
for a foreign, sulfur-rich protein
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CHAPTER2TRANSGENIC
EXPRESSING
SULFUR-RICH PROTEIN

GENE

2.1 Introduction
2.1.1 Rice
Rice ( Oryza sativa) is one of the world's most important crops and is the staple food for
more than half of the world's population. Rice as a food source provides more than 60%
of the calories for about 2 billion people in Asia and more than 30% of the calories for 1
billion people in Africa and Latin America (Singh, 1993).

By 2020, the global demand for rice is estimated to be 80% higher than the 1990 level
given current predictions of population growth (Serageldin, 1999). However, there is
limited additional land available for rice cultivation. Consequently, to support a growing
population, higher yields and I or improved nutritional value will be required for rice
grown on existing cultivated lands. While significant increases in yield have been
obtained from hybrid japonica varieties produced using conventional breeding, these
approaches have not been particularly successful in improving the nutritional quality of

nee.

Given the increasing concern over the high global prevalence of nutrient malnutrition,
this issue has led to toward a new focus on improving the nutrient composition of staple
crops. Recent advances in gene technology have the potential to address nutrient
deficiencies of rice grains (section 2.1.1.3 ).
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structure
consists of an outer protective covering
portion), which

(brown

tum consists of the outer layers of pericarp,

seed coat, the embryo

and the endosperm. Carbohydrate (mainly starch) is the most abundant constituent of
both brown and milled rice, comprising over 70% of the total weight. Water is the next
most abundant at 15%, followed by protein and a small quantity of lipid (Table 2-1 ).
The milling process removes the pericarp, seed coat, the embryo and the outer aleurone
layer of the endosperm resulting in a small loss of protein and a large loss of lipid, fibre,
vitamins and minerals (Eggum, 1979); Table 2-1 ).

: Chemical composition of lowland
Technology Agency (1982). Quoted in Taira, (1995).
Component

Macro nutrients
(g.100-1)

Well-milled

7.4

6.8

Lipid

3.0

1.3

Carbohydrate (total)

72.8

75.8

10

6

Phosphorus

300

140

Iron

1.1

0.5

2

2

250

110

0

0

Thiamin (B 1)

0.54

0.12

Riboflavin (B2)

0.06

0.03

Niacin

4.5

1.4

0

0

Sodium
Potassium
~-carotene

Vitamins
(mg.100- 1)

Brown

Protein

Calcium

Minerals
(mg.100- 1)

Data compiled by Science and

(proA)

Ascorbic acid (C)
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The
at

content

vanes

8% for brown

compared to legumes

genotype

nitrogen
1985). Although

but averages
IS

cereal seeds, the high level of rice consumption in parts

of Asia means that rice provides the majority of dietary protein in these regions.
Between 1980 and 1981, the contribution of rice to dietary protein was 69 .2% in South
Asia and 51.4% in Southeast Asia (Juliano, 1993 ). Like most other cereal grains, the
first two limiting amino acids in rice are lysine and threonine (Juliano, 1985). However,
studies in rats have shown that methionine limits the nutritive value of rice, given that
lysine and threonine requirements are satisfied (Sure, 1955). Animals fed a diet of rice
with lysine, threonine and methionine added showed a 21.2% increase

body weight

compared to those fed a diet of rice supplemented with lysine and threonine only (Sure,
1955).

2.1.1.2 Rice as a model cereal
In addition to being an important source of food, rice is becoming increasingly
important as a model for cereal genomics. Rice is a diploid and has a genome size
estimated at 420 megabase pairs (Mbp ), which is considerably smaller than the other
major cereals. Sorghum, maize, barley and wheat have genome sizes of approximately
1000, 3000, 5000 and 16000 Mbp, respectively. Despite this difference, rice genes and
those of other cereals are arranged in a similar general order within the genome (Goff,
1999). In addition, the sequence of individual genes shows a high degree of
conservation amongst the cereals.

In 2002, draft genome sequences were published for both indica (Yu et al., 2002) and

japonica (Goff et al., 2002) rice varieties. This sequence infonnation provides a
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for comparative
functional genomics

m cereal crops

cereals. Research is now

rice gene through over-expression

an opportunity to
to assign a

to

mutant analysis studies.

Efficient transformation and regeneration of rice is important for nee functional
genomics as well as the production of improved varieties. Rice transformation has been
accomplished through microparticle bombardment (Christou, 1997), direct introduction
into protoplasts (Datta and Datta, 1999) and through Agrobacterium-mediated
transformation methods (Hiei et al., 1997).

2.

engineering to

acid composition

Initially, transgenic rice varieties were developed with production benefits such as
insect resistance (Fujimoto et al., 1993; Wunn et al., 1996; Cheng et al., 1998;

et al.,

2000) and herbicide tolerance (Datta et al., 1992; Oard et al., 1996). However, several
recent studies have focused on increasing the content of nutritionally limiting
compounds in rice such as vitamin A (Ye et al., 2000), iron (Goto et al., 1999; Lucca et

al., 2001) and amino acids (Zheng et al., 1995; Katsube et al., 1999).

Previous attempts to improve the amino acid composition of rice grains have focused on
lysine, the first limiting amino acid. Zheng et al. (1995) reported the expression of a
gene for ,8-phaseolin, a storage protein from Phaseolus vulgaris containing 6% lysine,
in the endosperm of transgenic rice. The quantity of ,8-phaseolin was estimated at 4% of
total protein but the amino acid composition of the transgenic grain was not reported.
(Katsube et al., 1999) have reported the transfer of a gene for soybean glycinin (7 .6%
lysine), under the control of a glutelin B promoter, in transgenic rice. Glycinin
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accumulated up to 5% total protein in the transgenic grain and was associated with
glutelin proteins in type II protein body. The amino acid composition of the transgenic
grain was again not reported.

2.1.2 Sunflower seed albumin (SSA)
The 2S albumin super-family represents a large group of proteins with diverse
functions. While some 2S albumins have a purely storage function, others have been
identified as lectins, protease inhibitors or a-amylase inhibitors and have specific
biological roles (reviewed in Kortt et al., 1991 ). In general, 2S albumins consist of two
subunits of different sizes linked by a disulfide bridge. While the overall amino acid
sequence varies widely between 2S albumin family members, the number and position
of cysteine residues is highly conserved (Figure 2-1 ).
SSA
BNA
Se SA
WAI 0.28
RAG2

-MARFSIVFAAAGVLLLVAMAPVSEASTTTIITTIIEENPYGRGRTESGC
-MAKISVAAAALLVLMALGHATAFRATVTTTVV---------EEENQEEC
- MARFTIVLAVLFAAALVSASAHKTVVTTSVAE-------EGEEENQRG
MWMKTVFWGLLVFMLVATTMAVEYGARSHNS-------------GPWSWC
MASNKVVFSALLLIIVSVLAATATMADHHKDQV--- --- ---VYSLGERC

SSA
BNA
Se SA
WAI 0.28
RAG2

YQQMEEAE-MLNlf'.CGMYLMKNLGERSQVSPRMRE-----EDHKQLCC?1QL 93
REQMQRQQ-MLS::tlRMYMR---QQMEESPYQTMPR-RGMEPHMSEC~QL 85
EWESRQCQ-MR- lMQWMRSMRGQYEESFLRSAEANQGQFEHFRECC EL 90
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QPGMGYPMYSLPRf.RAVVK---RQCVGHGAPGGAV-D--EQLRQDCCRQL 85

SSA
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Se SA
WAI 0 . 28
RAG2

KNLDEK- CPAIMMMLN--EPMWIR--------------MRDQVMSMAH
EGMDES- RCEGLRMMMMRMQQEEMQPR----------GEQMRRMMRLAE
RDVKSH- C3,CEALRCMMRQMQQEYGMEQ------------EMQQMQQMMQ
ADINNEWCRCGDLSSMLRSVYQELGVRE-GK---EVLPGCRKEVMKLTAA

SSA
BNA
Se SA
WAI 0.28
RAG2

LM--------SQP QM----------LS--------PMR)qPMGGSIAGF- - -YLPID)CGMS-------YPTEJd RMRPIFA-----SVPEVS KVPIPNPSGDRAGV YWAAYPDV----SLPAFgNVDI PNGTG---GVGYWLGYPRTPRTGH

AAVDDSWC~CSALNHMVGGIYRELGATDVGHPMAEVFPGCRRGDLERAAA
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40
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Figure 2-1: Comparison of the amino acid sequences of SSA and related 2S
proteins. Alignment of the sunflower seed albumin (SSA; accession P23110), Brazil nut albumin
(BNA; accession P04403), sesame seed albumin (SeSA; accession AAD42943), wheat a-amylase I
trypsin inhibitor 0.28 (WAI 0.28; accession CAAI 1410) and rice allergenic protein (RAG2; accession
BAA02000). Bars represent gaps in the amino acid sequence introduced to maximise alignment.
Conserved cysteine residues are highlighted.
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albumins differ
single (unprocessed) polypeptide chain.

2S proteins

they consist of a

sunflower 2S fraction contains at

eight distinct proteins, two of which are rich in sulfur amino acids, containing 8%
cysteine and 16% methionine (Kortt and Caldwell, 1990). The cDNA for one of these
sulfur-rich albumins (SF8; encoding SSA) was cloned from a sunflower cDNA library
using probes designed from the amino acid sequence of the purified protein (Kortt et al.,
1991). A genomic clone containing a single intron was subsequently obtained by PCR
(Tabe et al., 1993).

2.1.2.1 Introduction of SSA into legume species
The genomic SF8 gene has been used

chimeric gene constructs to transform several

legume species including alfalfa, subterranean clover, pea, chickpea and narrow leaf
lupin (Tabe et al., 1993; Tabe et al., 1995; Khan et al., 1996; Tabe et al., 1997; Molvig

et al., 1997). In the transgenic lupin, SSA accounted for 5% of total seed protein and
resulted

a doubling of seed methionine and an overall increase in sulfur-containing

amino acids of 20% (Molvig et al., 1997). In chicken feeding trials it was shown that
when the high methionine lupins were used at 25% inclusion in the diet, it was possible
to reduce the level of added methionine by 22% without reducing animal growth
(Ravindran et al., 2002).

In ruminants, protein absorption depends not only on total intake but also on the relative
proportion that escapes rumen fermentation and passes unaltered into the small
intestine. As much as 40% of the fermented plant protein remains as ammonia and is
lost to the animal (MacRae and Ulyatt, 197 4; Wang et al., 2000). However, individual
proteins have different susceptibilities to degradation in the rumen. SSA is particularly
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rumen-stable as demonstrated
undegraded after an 8

a

where over 90%
rumen

the SSA
(McNabb, 1990).

attempts to improve the nutritional value of forage species, SSA was

into

alfalfa (Tabe et al., 1995) and subterranean clover (Trifolium subterraneum; Khan et al.,
1996). The highest expressing alfalfa and subterranean clover lines accumulated SSA up
to 0.11% and 0.75% of total leaf protein respectively, levels considered too low to
impart a significant nutritional benefit. However, in feeding trials with sheep, the
transgenic high-methionine lupin seeds gave a 7% increase in live weight gain and an
8% increase in wool growth, compared to non-transgenic seeds (White et al., 2001).
This improvement was likely to be due to the stability of SSA in the sheep rumen as
well as the relatively high-methionine content of the seeds.

2.1.3 Assessment of transgenic rice expressing SSA
Although not the first limiting amino acid in cereal seeds, methionine can be limiting in
animal feeds based on rice (Sure, 1955). In an attempt to increase the cysteine and
methionine content of a major cereal, a chimeric gene encoding the sulfur-rich SSA
protein was introduced into japonica rice (cultivar Taipei). The gene was controlled by a
strong, endosperm-specific promoter from a wheat high molecular weight glutenin gene.
Twenty lines containing the ssa trans gene (clone SF8) were generated using this method
and screened for SSA expression. One high-expressing line was selected for further
study and characterised for transgene expression and SSA accumulation. This line was
then evaluated as a production system for protein methionine.
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Gene constructs
The trans gene constructs (Figure 2-2A) consisted of the ssa cDNA (also known as SF8;
Kortt et al., 1991) with the KDEL endoplasmic reticulum retention sequence (Munro
and Pelham, 1987) at the 3' terminus of the coding region, using the nos 3' region and
either 1.3 kb of the 1Dx5 wheat high molecular weight glutenin promoter (Lamacchia et
al., 2001) (pLTlO) or 1.3 kb the Bx17 wheat high molecular weight glutenin promoter

(Reddy and Appels, 1993) (pLTl 1).

2.2.2 Plant material
Transgenic rice was produced by microparticle co-bombardment of japonica rice ( Oryza
sativa) cv. Taipei as described in (Li et al., 1997) with a plasmid containing the gene of

interest (pLT 10 or pL T 11) and a plasmid containing the hygromycin selectable marker
gene. The pLTl 1-derived, homozygous transgenic line 64-90 was selected for detailed
study, using non-transgenic plants of the parental line as the control. Plants were grown
in the glasshouse in a mixture of 75% potting mix I 25% perlite with lg/L solid calcium
sulfate (gypsum) to ensure an adequate sulfur supply to the rice plants. Whole
endosperrns were harvested at 12 days after flowering (DAF) and whole grains
harvested at maturity. Control and transgenic lupins (Molvig et al., 1997) were grown in
soil in the glasshouse supplemented with complete fertiliser as reported in Tabe and
Droux (2002).

2.2.3 Determination of transgene organisation
Genomic

DNA

was

isolated

from

young

leaves

of T2

plants

usmg

the

cetyltrimethylammonium bromide (CTAB) extraction method. In brief, tissue samples
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were ground

liquid

homogenised

2% CTAB, 20mM

1.4

a
NaCl,

containing 1OOmM

(pH 8.0),
0.5% sodium

metabisulfite and incubated at 65°C for 1 h. An equal volume of phenol : chloroform :
isoamyl alcohol (25:24:1) was added to each sample followed by mixing for 30 min and
centrifugation at 10000 rpm for 10 min. DNA was precipitated by adding an equal
volume of ice cold isopropanol. DNA was then spooled on a sealed glass pipette and
resuspended in TE buffer. For Southern analysis, DNA samples were RNase treated and
digested with BamHI. Approximately 5 µg of the digested genomic DNA was run on a
0.8% agarose gel, transferred to a nylon membrane by blotting and probed with a
radiolabelled ssa (SF8) gene fragment. DNA samples from wild type plants were used
as negative controls.

2.2.4 Analysis of SSA mRNA
Total RNA from endosperm tissue of different developmental stages was extracted from
4g of rice seed tissue pooled from three T3 plants. Tissue samples were frozen in liquid
nitrogen and ground in 2 volumes of 1 M Tris-HCl (pH 9.0), 1% (g/v)

~

mercaptoethanol and 3 volumes of phenol : chloroform : isoamyl alcohol (25:24:1).
Samples were vortexed vigorously for 2 min and centrifuged for 10 min at 10000 g. The
supernatant was precipitated with ethanol and resuspended in diethyl pyrocarbonatetreated water. A solution of LiCl was added to a final concentration of 2 M and the
RNA precipitated for 12 hat 0°C. The solution was centrifuged for 10 min at 10000 g
and the pellet resuspended in diethyl pyrocarbonate-treated water. Approximately 10 µg
of each RNA sample was denatured at 65°C for 10 min in 50% (v/v) formamide, 17.5%
(v/v) formaldehyde, 1 x MOPS, 0.5 mg/ml ethidium bromide and separated on a 1.4%
agarose gel containing 5% (v/v) formamide. RNA was transferred to a nylon membrane
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blotting

x SSC. The membrane was

32 P

labelled

produced from gel-purified ssa cDNA (clone

2.2.5 SSA protein content in mature rice grains

Pooled mature rice grains were ground to a fine powder in liquid nitrogen.
Approximately l 00 mg of rice powder was mixed with 6 volumes of a buffer consisting
of 62.5 mM Tris-HCl (pH 6.8), 2% (w/v) SDS, 10% (v/v) glycerol. The sample was
heated to 80°C for 5 min and then centrifuged at 10000 g for l 0 min. The resulting
sample consisted of a gelatinous pellet containing the insoluble starch and the
supernatant, which was used for further analysis. Protein was fractionated by SDSp AGE and electro blotted onto nitrocellulose membrane. SSA was incubated with SSA
antiserum from goat

combination with rabbit anti-goat IgG conjugated to alkaline

phosphatase and detected with 5-bromo-4-chloro-3-indolyl phosphate I nitroblue
tetrazolium solution. Polyacrylamide gels were loaded with approximately 30 µg total
grain protein.

2.2.6 Chemical analyses

Mature rice or lupin seed samples were milled to fine flour using a puck mill. Total
nitrogen was determined using an autoanalyser after Kjeldahl digestion (Heffernan,
1985). Total sulfur, oxidised sulfur (corresponding to sulfate) and reduced sulfur
(corresponding to carbon bonded sulfur) were determined by X-ray fluorescence
spectrometry. Powdered samples were pressed into aluminium planchettes, then total
sulfur, reduced sulfur, and oxidized sulfur were determined using a PW 1404
spectrometer (Philips, The Netherlands) as previously described (Pinkerton et al., 1989;
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Tabe
samples

Droux, 2001 ).

analyses

were

on pooled flour

mature

The total amino acid composition of mature rice seeds was determined after complete
hydrolysis of finely ground flour as previously described (Tabe and Droux, 2001 ).
Oxidation was performed as follows: a solution containing 0.5

of 30% (w/v)

hydrogen peroxide and 4.5 mL of formic acid was added to 100 mg rice flour from
pooled mature grains and the mixture incubated on ice for 4 h. Sodium metabisulphite
(0.8 g) was then added to degrade excess performic acid. After the oxidation step, the
sample was hydrolysed by adding 100 mL of 6 M HCl and boiling in a heating block at
120°C for 24 h. The sample was then dried and redissolved in 5 mL of water. The
sample was finally dissolved in 25 mL of lithium citrate buffer (9.4 g of trilithium
citrate tetrahydrate, 7.4 g of citric acid in 1 L of 2% (w/v) thiodiglycol, pH 2.2, with
HCl). The amino acids were separated and quantified using an autoanalyser (Beckman
Instruments, USA) and post-column derivatisation with ninhydrin.

For quantification of sulfur metabolites and free amino acids, approximately 20 mg of
dried, powdered endosperm tissue from pooled developing rice seeds was extracted into
1 ml of 25 mM HCl at room temperature for 30 min. Insoluble material was removed by

centrifugation in a bench microfuge at 10000 g for 5 min. For quantification of cysteine
and glutathione, a sample of the acid supernatant was reacted with monobromobimane
(mBBr), then analyzed by reverse phase HPLC as previously described for
homocysteine (Droux et al., 1995). For quantification of free methionine, aspartic acid,
glutamic acid, threonine and alanine a sample of the supernatant was reacted with 0-
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phthaldialdehyde (OP A) immediately before separation by reverse phase HPLC as
previously described (Tabe and Droux, 2002).

2.3 Results
2.3.1 Selection of the transgenic line

Ten independent transgenic lines of rice were screened for SSA expression by Western
blot and a variety of expression levels were observed (Figure 2-2B). Using a transgenic
lupin expressing SSA at approximately 5% of total seed protein (Molvig et al., 1997) as
a quantitative reference, the highest expressing line, 64-90, was estimated to express
SSA at a level of approximately 7% of total seed protein. This was achieved by titrating
the amount of transgenic rice protein and lupin protein loaded onto a Western blot and
comparing the intensity of the SSA bands by eye at each dilution. The high SSAexpressing rice line 64-90 was selected for further study (sections 2.3.2 to 2.3.4).

2.3.2 Characterisation of line 64-90
2.3.2.1 Transgene orientation and inheritance

The DNA construct used to generate line 64-90 contained a single BamHI site (Figure
2-3A). Southern blot analysis was performed on BamHI-digested T1 DNA. The
phosphoimage showed strong hybridisation to a 6 kb band (Figure 2-3B). This size
corresponds to the size of pL T 11, suggesting that multiple insertions of the complete
vector were present in line 64-90. Weak hybridisation to several smaller bands suggests
that several incomplete copies of the vector were also present. The banding pattern was
identical in all plants tested suggesting that all transgene copies were present at one
locus.
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A.
500 bp
KDEL sequence

ssa
1Dx5 5'

nos 3'

pLT10
KDEL sequence

ssa

Bx17 5'

nos 3'

pLT11

B.
Lupin
control 63-8

63-28

63-74 64-6

63-36

64-8

64-15

64-65 64-19 64-90

--~-

Figure 2-2: SSA levels in rice lines transformed with pLTlO and pLTll. A. pLTlO
and pLT LL constructs containing the I Dx5 and Bx I 7 promoters respectively were used to transform
japonica rice by microparticle bombardment. The position of the sequence encoding the KDEL
endoplasmic reticulum retention signal is shown. B. The #63 rice lines (63-8, 63-28 and 63-74) were
produced by transformation with the pLTlO construct while the #64 lines (64-8, 64-L5, 64-65, 64-L9 and
63-90) were produced using the pLT 11 construct. Samples of approximately 20 µg total extractable
protein from pooled grains of 10 transgenic lines were fractionated by SDS-PAGE. The samples were
electroblotted to a nitrocellulose membrane and incubated with antiserum to SSA. Approximately 3 µg
SSA transgenic lupin protein (Molvig et al., 1997) was included as a reference.
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Figure 2-3: Southern blot analysis of DNA from the leaves of T1 transgenic rice
plants from the 64-90 line. A. Generalised transgene present in the 64-90 line. The figure depicts a
linear form of the 6 kb pL Tl 1 vector containing the Bxl 7 promoter, the ssa coding region (SF8), the nos
3' region and the kanamycin resistance marker used for selection in bacteria. A BamHI site is situated
between the Bxl 7 promoter and the ssa gene. B. Following BamHI digestion, genomic leaf DNA samples
from T 2 plants (!, 2, 3, 4 and 5) were run on a 0.8% agarose gel. DNA samples from non-transgenic
plants (6 and 7) were used as negative controls. C. DNA was transferred to a nylon membrane and probed
with a radiolabelled ssa gene fragment. Phosphoimage showed a strong 6 kb band as well as a number of
weaker bands of various sizes in DNA from the transgenic plants (lanes I, 2, 3, 4 and 5). No bands were
present in DNA from the non-transgenic plants (lanes 6 and 7).
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To determine the

ssa transgene, Northern

analysis was performed

developing endosperm samples. Transcripts

ssa gene

were detectable as early as 4 days after flowering (DAF) and reached a maximum at 8
DAF. This level was maintained in the 10 and 15 DAF samples (Figure 2-4). No
information is available about the activity of the Bxl 7 promoter during wheat
endosperm development, although high molecular weight glutenins first appear at 8
DAF in developing wheat (Panozzo et al., 2001 ).

4

6

8

10

15

15 NT

Figure 2-4: Northern analysis of endosperm from T 3 transgenic rice plants of line
64-90 containing a gene for the sunflower seed albumin (SSA). Total RNA was extracted
from the endosperm tissue of pooled grain from three plants for each developmental stage (4, 6, 8, 10 and
15 DAF). The RNA was separated on a 1.4% agarose gel, blotted onto a nylon membrane and hybridised
with a 32 P labelled ssa (SF8) probe. RNA from non-transgenic (NT) endosperm tissues at 15 DAF was
used as a negative control. Ribosomal RNA bands are shown for each sample as an indication of RNA
loading.

2.3.2.3 SSA protein accumulation
SSA protein was first detected at 6 DAF and accumulated rapidly between 8 and 12
DAF (Figure 2-5). SSA was detected as a single band of approximately 13 kDa in each
sample. This size corresponds to the full length of the protein without the signal peptide
sequence. In transgenic lupin seeds, an additional 13-residue hydrophobic pro-sequence
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protein is
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seeds

larger than the
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Figure 2-5: Western blot analysis of developing seed protein from SSA transgenic
rice. Protein was extracted from SSA rice endosperm between 4 and 25 days after flowering (DAF).
Each sample was adjusted for equal protein, treated with 0.2% ~-mercaptoethanol and run on a SDSpolyacrylamide gradient gel (15 - 30% ). Protein was electrophoretically transferred to a nitrocellulose
membrane and incubated with goat anti-SSA antibody followed by anti sheep I anti goat - alkaline
phosphatase. The signal was detected by the addition of with 5-bromo-4-chloro-3-indolyl phosphate I
nitroblue tetrazolium. A negative control (Neg) was run using endosperm from 16 DAF non transgenic
nee grams.

2.3.3 Sulfur and nitrogen content does not change in the SSA transgenic grain
Pooled de-hulled grain samples from individual mature rice panicles were analysed for
nitrogen and sulfur content (Table 2-2). Control and SSA transgenic grain showed no
significant difference in nitrogen content. Despite an abundant supply of sulfur to the
plants, analysis of mature grain showed that the level of reduced (organic) sulfur was
not significantly different between control and transgenic lines, while the level of
oxidised (inorganic) sulfur was below detectable levels in both samples.
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, Nitrogen

content

mature

Control and transgenic flour samples were produced from pooled grain from individual panicles.
Seed nitrogen (n = 5) was determined by a Micro-Kjeldahl method. Reduced (organic) sulfur and
oxidised (inorganic) sulfur (n = 6) were determined by X-ray fluorescence spectrometry. Each value is the
mean ± standard deviation.

Nitrogen content
(µmol g- 1 DW)

Reduced sulfur
content
(µmol g- 1 DW)

Oxidised
content
(µmol g- 1 DW)

Control

778.6 ± 72.8

29.9 ± 4.3

Not detected

SSA transgenic

792.9 ± 52.9

30.4 ± 3.3

Not detected

2.3.3.3 Amino acid composition
Analysis of total amino acids was performed on flour produced from SSA transgenic
and non-transgenic control mature, whole rice grains. By comparing measurements of
reduced sulfur with measurements of total cysteine and methionine, it was estimated
that sulfur amino acids made up approximately 70% of total grain sulfur, the remainder
being in other reduced sulfur compounds. There was little difference between the amino
acid compositions of the control and transgenic grain. However, the level of cysteine
decreased by 15% and the level of methionine increased by 27% in the transgenic grain
(Table 2-3). Combining this data, total sulfur amino acids increased by 5%.

On the basis of the measured expression level of SSA and its known cysteine and
methionine content, it was predicted that total grain sulfur amino acids would increase
by 40% in the transgenic if the sulfur amino acids in SSA were simply additive with
those in the parental rice grain. Instead, the results indicated that sulfur amino acids
were reallocated to SSA from other pools in the grain, most probably storage proteins.
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Table 2-3: Total amino acid content of mature control and SSA transgenic rice
grain. Flour samples (n=3) were produced from pooled grain from plants grown under the same
conditions. Amino acids were quantified by oxidation, acid hydrolysis and separation on an amino acid
analyser followed by derivatisation with ninhydrin. Each value is the mean± standard deviation.

Amino acid

Control
(µrnol g- 1 DW)

SSA transgenic
(µrnol g- 1 DW)

Asxa

48.1±1.5

60.1±7.5

Thr

20.1±0.8

21.0 ± 0.8

Ser

34.3 ± 1.0

33.3 ± 1.0

Glxb

96.5 ± 17.0

95.8 ± 12.9

Pro

26.9 ± 2.6

26.9 ± 2.6

Gly

38.6 ± 1.3

37.3 ± 1.3

Ala

47.1±5.6

47.1±6.7

Val

35.0 ± 0.9

33.3 ± 2.6

Ile

22.1±1.5

24.4 ± 3.0

Leu

42.7 ± 3.0

45.7 ± 4.6

Tyr

18.2± 1.1

18.2 ± 1.7

Phe

22.4 ± 1.8

21.2 ± 2.4

Lys

17.8±0.7

19.8 ± 1.4

His

13.5 ±0.6

12.9 ± 0.6

Arg

35.6 ± 2.3

33.9 ± 2.9

Cys

10.9 ± 0.8

9.3 ±0.8

Met

10.1±1.3

12.8 ± 1.9

• Aspartic acid + asparagine
Glutamic acid + glutamine

b

66

25% increase

aspartic acid + asparagine was also observed in

(Table 2-3). One possible explanation for this result is
asparagine increased in the transgenic grain. Studies

transgenic grain

non-protein aspartic acid +
barley and wheat showed an

increase in total and non-protein aspartic acid + asparagine in the grain of plants grown
in sulfur-deficient soil (Byers and Bolton, 1979; Wrigley et al., 1980; Shewry et al.,
1983). These findings would seem to imply that the entire aspartate amino acid
biosynthetic pathway may be subject to sulfur availability.

2.3.4 Content of glutathione and selected free amino acids in developing transgenic
rice endosperm
The concentrations of three maJor, reduced sulfur metabolites were measured in
developing endosperm tissue of control and SSA transgenic rice. The transgenic plants
contained approximately the same levels of free cysteine and methionine as the control
plants. However, the level of glutathione in transgenic endosperm was 2.5 to 3 fold
lower than the control (Figure 2-6 and Table 2-4). The concentrations of four non-sulfur
free amino acids (aspartic acid, glutamic acid, threonine and alanine) were also
measured in developing endosperm tissue of control and SSA transgenic rice. Although
free amino acids comprise only a small fraction of the total amino acids in the rice
endosperm, their role as potential signalling molecules means that a gross change in
their levels may have significant effects on metabolic and physiological processes. The
relative levels of the four free amino acids were not found to be significantly different in
the control and SSA transgenic endosperms (Figure 2-6 and Table 2-5). Plant to plant
variation of these free amino acids was high however, with standard deviations ranging
from 13% to 29% of the mean value.
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Figure 2-6: HPLC profiles of developing rice endosperm extract. The relative
fluorescence was measured for individual peaks that were identified using rice extract samples spiked
with purified metabolites. A. Developing control endosperm extract derived with mBBr. The peaks
representing cysteine (Cys) and glutathione (GSH) are shown. B. Developing control endosperm extract
derived with OPA. The peaks representing aspartic acid (Asp), glutamic acid (Glu), threonine (Thr),
alanine (Ala) and methionine (Met) are shown.
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Table
content

developing
transgenic
Endosperm tissue
extracts from pooled developing grain were analysed for glutathione and cysteine (n=4) after treatment
with mBBr and methionine (n=3) after treatment with OP A. Each value is the mean± standard deviation.

GSH
(nmol g- 1 DW)

Free Cys
(nmol g- 1 DW)

Free Met
(nmol g- 1 DW)

Control

310 ± 22

92 ± 8

41±2

SSA transgenic

111 ± 16

96 ± 6

37 ± 5

Table 2-5: Selected free amino acids in developing control and SSA transgenic rice
endosperm, Endosperm tissue extracts from pooled developing grain were analysed for aspartic acid
(Asp), glutamic acid (Glu), threonine (Thr) and alanine (Ala) after treatment with OP A (n=3). Each value
is the mean ± standard deviation.

Free Asp
(nmol g- 1 DW)

Free Glu
(nmol g- 1 DW)

Free Thr
(nmol g- 1 DW)

Free Ala
(nmol g- 1 DW)

Control

315 ± 60

1860 ± 435

300 ± 40

1005 ± 255

SSA transgenic

465 ± 135

2115±285

360 ± 45

1140 ± 225
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transgenic lines containing

ssa coding region and a wheat high molecular

weight glutelin promoter were assessed for SSA expression. One line, 64-90, produced
SSA at a level of 7% of total seed protein and was selected for further study. Trans gene
mRNA was detected by Northern analysis at 4 days after flowering (DAF) and SSA
protein was first detected by Western analysis at 6 DAF. In the transgenic rice
endosperm, SSA levels increased substantially between 8 and 12 DAF. This stage of
development also corresponds to a rapid accumulation of endogenous rice glutelin and
prolamin storage proteins (Li and Okita, 1993).

In sunflower, SSA is produced as a 141 amino acid precursor and is post-translationally
modified at the amino terminus

two steps: first by the removal of a signal peptide

sequence of 25 amino acids and second by the elimination of a further 13-residue
hydrophobic pro-sequence to yield a mature protein of l 03 amino acids with a
molecular mass of 12133 Da (Kortt et al., 1991). In transgenic lupin, the SSA pre-proprotein was processed in the same way as in sunflower and accumulated in vacuolarderived protein bodies with the endogenous lupin seed storage proteins (Molvig et al.,
1997). These vacuolar-derived bodies contain the processing enzymes necessary for
further processing of albumins and globulins. In the transgenic rice, a Lys-Asp-Glu-Leu
(KDEL) sequence was engineered at the C-terminus of the SSA protein, giving rise to a
145 amino acid precursor protein. The KDEL sequence retains a protein within the ER,
thus isolating it from the vacuolar processing enzymes. Western blotting indicated that
the SSA protein from transgenic rice was larger than the SSA protein from transgenic
lupin, suggesting that the protein was not was processed in the rice to the same extent as
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combination, these data are consistent
(120 amino

the

of SSA as a

the transgenic

The line of transgenic rice analysed in this study (64/90) accumulated large amounts of
the sulfur-rich SSA protein but was found to contain no more total sulfur or organic
sulfur than non-transgenic control grain. In addition, although SSA accounted for
approximately 7% of seed protein, the high-expressing transgenic line was found to
contain the same level of seed nitrogen as the control plants. These results imply that the
developing rice grain was unable to increase its supply of sulfur for protein synthesis in
response to an increased demand from an added, transgenic sulfur sink. This is in
contrast to reports of increases in organic sulfur in transgenic canola, lupin and maize
expressing sulfur-rich proteins (Altenbach et al., 1992; Molvig et al., 1997; Lai and
Messing, 2002).

A comparison of the sulfur fractions in rice and lupin expressing SSA is shown (Figure
2-7). Total seed sulfur was largely unchanged in both SSA transgenic lupin and rice,
implying that the supply of sulfur to the seeds is fixed. In the SSA transgenic lupin,
reduced sulfur in the seed was increased at the expense of oxidised sulfur (Tabe and
Droux, 2002). A significant increase in sulfur amino acid content was demonstrated
(Molvig et al., 1997), consistent with increased biosynthesis of methionine in the
transgenic seeds compared to controls grown under the same conditions (Tabe and
Droux, 2002). Developing lupin seeds have the ability of the developing cotyledons to
perform all the steps of sulfur reduction and sulfur amino acid biosynthesis (Tabe and
Droux, 2001 ). Measurements of the activities of three enzymes of the sulfur amino acid
biosynthetic pathway (SAT, OASTL and CBL) were found in developing cotyledons in
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quantities theoretically sufficient to account for all of the sulfur ammo acids that
accumulate in the protein of mature lupin seeds (Tabe and Droux, 2001). The response
of lupin seeds to the introduced sulfur sink (SSA) is consistent with an increase in
sulfate assimilation. Thus in normal lupin seeds, it seems that the supply of sulfur
exceeds the demand for sulfur generated by protein synthesis.
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Figure 2-7: The sulfate and organic sulfur composition of control and transgenic
seeds expressing SSA. The average level of oxidised (sulfate) and reduced (organic) sulfur were
determined for control and transgenic lupin (n=S) and rice (n=6) seeds by XRFS analysis. The proportion
of organic sulfur represented by SSA in rice (this study) and lupin (Molvig et al., 1997) was calculated
based on estimations of SSA expression levels. The height of each column represents total seed sulfur.
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the demand for sulfur amino acids exceeds supply in the rice endosperm.

Unlike the lupin cotyledon, the rice endosperm had no pool of sulfate to draw upon in
the advent of increased demand for sulfur amino acids generated by the SSA protein. It
is not known whether the developing endosperm of rice is active in reductive sulfur
assimilation or if it imports sulfur in a reduced form. The finding that rice endosperm
contains no detectable sulfate, suggests the latter hypothesis. This is supported in a
study by Kuzuhara et al. (2000), which found that glutathione is the most abundant form
of sulfur in the rice phloem.

The transgenic lupin showed a redistribution of sulfur from the oxidised pool into SSA,
while endogenous pools of reduced sulfur remained largely unaffected.

the rice

however, SSA accumulation was associated with a reduction of endogenous reduced
sulfur compounds. Based on our estimate of SSA accumulation, it was predicted that
endogenous reduced sulfur was diminished in the transgenic grain by approximately 12
µmol.g- 1 dry weight (DW). It is unlikely that SSA was produced at the expense of free
sulfur amino acids as the steady state levels of free cysteine and methionine remained
unchanged in the transgenic endosperm. The steady state level of glutathione in
developing transgenic endosperm was reduced by 200 nmol.g- 1 DW. However this level
is relatively small in comparison to the 12 µmol.g- 1 DW reduction in total reduced
sulfur. As endogenous cysteine and methionine-containing storage proteins represent
the largest pool of sulfur in the rice grain, it is likely that SSA was produced at the
expense of these endogenous proteins. An investigation of the protein composition of
the transgenic grain is discussed in chapter 3.
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2.5 Summary
Transgenic rice over expressmg a gene for SSA was not suitable as a potential
production system for protein sulfur, as the sulfur amino acid content remained largely
unchanged. In transgenic lupins expressing SSA, total sulfur did not increase. However,
the lupins showed an increased capacity for methionine production by assimilating a
portion of the oxidised pool of sulfur (sulfate) in the grain. Rice endosperm did not
contain measurable quantities of oxidised sulfur and therefore had no pool of sulfate to
draw upon when an additional sulfur sink (SSA) was introduced. These results imply
that sulfur supply exceeds the demand for sulfur in the lupin cotyledon but not in the
rice endosperm.

From the analysis of sulfur content in the transgenic endosperm, it is apparent that SSA
production was associated with a decrease in other reduced sulfur compounds. Although
glutathione was reduced in SSA transgenic rice, this compound constitutes only a small
proportion of seed sulfur and alone is insufficient to account for the decrease in
endogenous reduced sulfur compounds. It is likely that SSA was produced at the
expense of other pools of reduced sulfur, such as sulfur-containing storage proteins.

Chapter 3

Changes in protein composition
and gene expression in SSA
transgenic rice
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CHAPTER3CHANGES IN PROTEIN COMPOSITION AND GENE
EXPRESSION IN SSA TRANSGENIC RICE

3.1 Introduction
3.1.1 Rice storage proteins

Rice seeds contain storage proteins belonging to all four solubility groups. In most
cereals, the prolamins make up the majority of the endosperm storage proteins. In rice
however, the glutelins constitute the major fraction, followed by the prolamins (Li and
Okita, 1993), with albumins and globulins present in only small quantities.

3.1.1.1 Glutelins

The glutelins represent the major storage protein fraction of rice and constitute 77% to
90% of total seed protein (Li and Okita, 1993). Glutelins are structurally related to the
11 S globulin family of legumes and are synthesised as 51-57 kDa precursors which are
post-translationally processed to acidic (34-37 kDa) and basic (21-22 kDa) subunits,
linked by a disulfide bond (Katsube et al., 1999; Figure 1-2).

The glutelins constitute a multigene family consisting of approximately 10 copies per
haploid genome. These can be divided into two subfamilies, A and B, each of which
contains at least three genes (Takaiwa et al., 1991 b). A comparison of their deduced
amino acid sequences shows over 80% identity within a subfamily and about 65%
homology between the two subfamilies (Takaiwa et al., 1991 b; Figure 3-1 ). All glutelin
family members are transported via the Golgi and deposited in the protein storage
vacuole (protein body II; PBII; Yamagata et al., 1982).
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Figure 3-1 Comparison of the deduced amino acid sequences of the major glutelins of rice. Alignment of GlutA-1 (accession S06350),
GlutA-2 (accession P07730), GlutA-3 (accession Q09151), GlutB-1 (accession CAA38212) and GlutB-2 (accession CAA38110). Only amino acids that differ
from the glutelin type A-1 (GlutA-1) sequence are indicated. Bars represent gaps in the amino acid sequence introduced to maximise alignment. Arrowheads show
the position of signal peptide cleavage and post-translational processing sites. Figure adapted from Takaiwa et al. (1991 b ).
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Prolamins constitute 6% to 18% of total rice seed

~-'"'~"·~

depending on the genotype

(Huebner et al., 1990; Li and Okita, 1993). The rice prolamin fraction is divided into
three groups with sizes of 10, 13 and 16.6 kDa (Figure 3-2). The 13 kDa group is further
divided into 13 kDa A and 13 kDa B subgroups, according to their slight difference in
molecular size. Two dimensional electrophoresis of the rice storage proteins showed
that the 10 and 16.6 kDa prolamins consisted of only one or two polypeptides, while the
13 kDa A and 13 kDa B groups each contained 3 to 5 different polypeptides
(Kumamaru et al., 1988). The rice prolamins vary considerably in their sulfur amino
acid compositions. Cysteine and methionine contents range from 0% of total amino
acids in mature Proll4 (13 kDa B) up to 30% in mature RPlO (10 kDa). In general the
13 kDa fraction is poor

sulfur amino acids while the 10 and 16.6 kDa fractions are

rich in sulfur (Mitsukawa et al., 1999) .

..,
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Figure 3-2 Comparison of the deduced amino acid sequences of the prolamins of
rice. Alignment of the deduced amino acid sequences from 7'RM7 (accession Xl4392), pProl14
(accession M23744), pProll 7 (accession M23745), 7'RP16 (Mitsukawa et al., 1999) and 7'RP10
(accession Xl5231). Only amino acids that differ from the 13 kDa prolamin sequence 7'RM7 are
indicated. Bars represent gaps in the amino acid sequence introduced to maximise alignment. The
arrowhead indicates the position of the signal peptide cleavage site. Figure adapted from Mitsukawa et al.
(1999).
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3.1.1.3 Globulins

While most rice storage proteins are members of gene families, the 26 kDa rice globulin
is encoded by a single gene (Shorrosh et al., 1992; Nakase et al., 1996). Although
closely related to the 11 S globulins found in the embryonic tissues of legume seeds, the
rice globulin is expressed exclusively in endosperm tissue (Wu et al., 1998). The mature
globulin protein is likely to be deposited along with glutelin proteins in PBII (Figure 13). The protein is moderately sulfur-rich, containing approximately 10% cysteine and
methionine (Nakase et al., 1996).

3.1.1.4 Albumins

2S albumins of the cereal a-amylase I trypsin inhibitor family have been isolated from
rice (Matsuda et al., 1991). Several proteins from this family, including barley and
wheat a-amylase I trypsin inhibitors, have been identified as allergens (Barber et al.,
1989; Gomez et al., 1990). Similarly, rice albumins were recognised by sera from
patients allergic to rice (Izumi et al., 1992; Adachi et al., 1993). The rice albumins
belong to a multigene family composed of at least four subfamilies (RAS, RAl 4, RAl 6
and RAl 7). Individual members of different subfamilies show 70-85% identity in their
amino acid sequences, while members of the same subfamily show above 95%
sequence identity (Alvarez et al., 1995). Like most other members of the cereal aamylase I trypsin inhibitor family, the rice albumins are rich in cysteine residues (RAG2
sequence shown in Figure 2-1 ).

3.1.2 Rice storage protein gene expression

The transcription of cereal storage protein genes is subject to spatial, temporal and
nutritional regulation through the interaction of cis promoter elements and trans-acting
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transcription factors. While several
are

factors have been
transcription of storage

genes,

lS

known about how these different elements act coordinately to control gene
expression in response to developmental or environmental cues.

The E motif (TGTAAAGT), the N motif (GCN4-like motif; TGAGTCA), AACA motif
(AACAAAA) and ACGT motif are conserved elements in many cereal storage protein
gene promoters and have been implicated in the control of endosperm-specific
expression (reviewed in Morton et al., 1995). In the rice glutelin GluB-1 promoter, the
N-motif, AACA and ACGT motifs are all required to confer endosperm-specific
expression

transgenic plants (Wu et al., 1998; Washida et al., 1999; Wu et al., 2000).

The AACA motif appears to be glutelin-specific

rice as it is present in all glutelin

promoters but not present in rice albumin and prolamin promoters (Takaiwa et al.,
1996). Suzuki et al. (1998) identified a rice myb-like transcription factor (OSMYB5)
that specifically binds to the AACA motif and may act as a repressor for glutelin gene
expression in non-seed tissues.

In cereal prolamin genes, the E motif and the N motif are often found together in a
conserved 30 bp sequence known as the prolamin box. The prolamin box consensus
sequence is shown below:

E motif

N motif (GCN4-like)

5'-TGACATGTAAAGTGAATAAGATGAGTCATG-3'

Using a transient expression system in barley endosperms, (Muller and Knudsen, 1993)
showed that the N motif exerts a negative effect on gene expression at low nitrogen
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nitrogen-signalling pathway in yeast (Saccharomyces cerevisiae). In
yeast, GCN4 is a master regulator of gene expression that is required for the upregulation of more than 500 genes, including those encoding enzymes involved
amino acid biosynthesis in response to nitrogen limitation (Natarajan et al., 200
Maize mutants lacking the GCN4-type transcription factor Opaque2, showed a decrease
in the prolamin fraction and a compensatory increase in other storage protein fractions
(Nelson et al., 1965; Weber, 1980). In rice, the GCN4-type transcription factor RISBZl
was shown to exhibit a high degree of transcriptional activation through the N-motif in
transient expression assays (Onodera et al., 2001). Chimeric genes consisting of the
RISBZJ promoter and the GUS reporter gene indicated that this transcription factor is

specifically expressed in rice endosperm tissue (Onodera et al., 2001).

To date, no promoter motifs from cereal storage protein genes have been associated
with responses to sulfur availability. However, a 235 bp region of the soybean B subunit
gene promoter (sulfur responsive element) was identified as being sufficient for
regulation by sulfur deficiency (Awazuhara et al., 2002). When fused downstream of an
enhancer from the cauliflower mosaic virus 35S RNA promoter, this sulfur responsive
element displayed sulfur-regulated expression in both seed and non-seed tissues
(Awazuhara et al., 2002). To date, no transcription factors involved in the response to
sulfur availability have been identified.
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Analysis of the nitrogen and sulfur content of SSA-transgenic rice indicated that the
sulfur amino acids used in the production of SSA were redistributed from endogenous
pools (chapter 2). Given that sulfur-containing storage proteins represent the largest
pool of sulfur

the rice grain, it seems likely that SSA was produced at their expense.

To investigate possible changes in endogenous storage protein levels, the protein
profiles of control and transgenic seeds were examined. In addition, the transcript
abundance and transcription rate of selected genes were measured to determine whether
transcriptional, post-transcriptional or post-translational mechanisms were involved in
the regulation of rice storage protein gene expression.
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3

Mature grams from rice ( Oryza sativa cv. Hungarian) grown under conditions of
adequate and limiting sulfate were provided by Dr Peter Randall. Plants were grown in
flooded conditions in a sulfur-deficient soil containing <3 mg kg- 1 phosphate-extractable
sulfate (Randall et al., 2003). All pots received a basal fertilizer supplying the following
nutrients (mg kg- 1 soil): 450 nitrogen, 100 phosphorus, 120 potassium, 10 manganese, 5
zinc, 2 copper, l molybdenum, 1 boron and 1 cobalt. Sulfate was applied at I 0 mg
sulfur kg- 1 soil for the low sulfur treatment and 320 mg sulfur kg- 1 soil for the high
sulfur treatment (Randall et al., 2003).

3.2.2

profiles

Protein from mature grains was extracted as described in chapter 2. Endosperm tissue of
developing seed pooled from four to six plants was ground in liquid nitrogen and
homogenised in 4 volumes of a buffer consisting of 62.5 mM Tris-HCl (pH 6.8), 2%
(w/v) SDS, 10% (v/v) glycerol followed by heating and centrifugation as described in
section 2.2.5. Aliquots of the supernatant containing approximately 50

~lg

protein were

mixed with 2 volumes of 7 M acrylamide and the mixture incubated at 25°C in the dark
for 1 hour to derivatise cysteine residues. One volume of 0.9 M Tris-HCl (pH 8.45),
24% (v/v) glycerol, 8% (w/v) SDS, 0.01 % (w/v) Coomassie G, 0.01 % (w/v) phenol red,
5 mM DTT was added to this mixture, which was then separated on a 15 - 30% gradient
SDS polyacrylamide gel (75 acrylamide: 1 bis acrylamide) for 24 hat 10 V/cm.
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3.2.3 Protein identification

Six major protein bands of differing intensity were cut out of the gel and extracted with
a 50% (v/v) acetonitrile, 0.5% (v/v) trifluoroacetic acid solution. Edman degradation
was performed on all protein samples using a 494 Procise Protein Sequencing System
(Applied Biosystems, USA). N-terminal protein sequence was obtained for proteins 1
and 6 using this method. The other proteins were either N-terminally blocked or
produced ambiguous sequences. A 16 h tryptic digest was performed on these
remaining proteins prior to analysis by matrix assisted laser desorption ionisation mass
spectrometry using a TofSpec 2E Time of Flight Mass Spectrometer (Micromass, UK).
Peptide masses were searched against SWISS-PROT and TREMBL using Peptldent
software and good matches found for proteins 2, 4 and 5. In table 3-1, the 8 mass for
each matching peptide is shown. This measurement represents difference between the
mass determined from the MS spectra and the theoretical mass of the matching peptide.
The proportion of the protein covered by the matching peptides is typically well below
100% as some peptides may be post-translationally modified or may fall outside the
detectable mass range. Protein 3 was analysed by ESI-TOF tandem mass spectrometry
(MS/MS) using a Q-TOF MS (Micromass, UK). Identification of samples analysed by
Edman degradation or MS/MS was achieved using standard BlastP searches. In each
case an exact match was found in the Genbank database.

3.2.4 Northern hybridisation analysis

Northern hybridisation analysis was performed as outlined in chapter 2, except that total
RNA was extracted from endosperm tissue from 4 g fresh, developing (12 DAF) rice
seeds pooled from four to six plants. Individual membranes containing one control lane
and one SSA transgenic lane were probed with

32 P

labelled DNA from the gel-purified
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cDNAs representing genes for

13

10 kDa

B (REEKJ)
800 bp asparaginyl-endopeptidase

asparaginyl-endopeptidase.

was cloned

reverse transcriptase-

mediated PCR (RT-PCR) from developing rice endosperm RNA using a One-step RTPCR kit (Qiagen, Germany). Forward (5'-ggatgtctgccatgcctaccag-3') and reverse (5'ccttgagaacgatggcaacgag-3') primers for the asparaginyl-endopeptidase gene were designed
based on the Genbank cDNA sequence (accession AB025310).

The membrane was washed with 2xSSC at room temperature, followed by 2xSSC,
0.1 % SDS, 0.1 % sodium pyrophosphate at room temperature and 0.1 xSSC, 0.1 % SDS,
0.1 % sodium pyrophosphate at 42°C. These high stringency conditions were used to
ensure virtually no cross-reaction with non-subfamily members. ImageQuant software
(v3.3; Molecular Dynamics, USA) was used to quantify bands on the developed blots.

3.2.5 Nuclear run-on transcription
Approximately 2g of developing whole rice grains (12 DAF) pooled from four plants
were chopped with a razor blade to a fine slurry in 4 volumes of 2.5% (w/v) Ficoll 400,
5% (w/v) Dextran T40, 250 mM sucrose, 50 mM Tris-HCl (pH 8), 10 mM MgCb and
10 mM

~-mercaptoethanol.

The slurry was filtered through Miracloth and the filtrate

centrifuged at 2000 g for 5 min. The pellet was resuspended gently in 20 ml of 50 mM
Tris-HCl (pH 8.0), 10 mM MgCh, 10 mM

~-mercaptoethanol (Tris-Mg-~Me)

with 1%

(w/v) Triton X-100 and centrifuged again at 2000 g for 5 min. This process was
repeated using 20 ml of Tris-Mg-~Me without Triton X-100. The final pellet containing
nuclei and starch was resuspended in 1.9 ml

Tris-Mg-~Me

and used in the in vitro

transcription run-on assay. 100 µl of 1 M (NH4 )2S0 4 was added to the nuclei suspension
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to ATP,
concentration

and UTP at a

5

of340 µM

GTP at a

was added

the

suspension was incubated for 1 hour at 28°C. RNA was isolated and hybridised on a
nylon membrane, which had been pre-blotted with gel-purified cDNAs representing
genes for ribosomal RNA (TA71), 13 kDa prolamin (Prol7), 10 kDa prolamin (ARPJO),
glutelin A (REE61), glutelin B (REEKJ) and starch branching enzyme (BEJ). The
membrane was washed with 2xSSC at room temperature, followed by 2xSSC, 0.1 %
SDS, 0.1 % sodium pyrophosphate at room temperature and 0.1 xSSC, 0.1 % SDS, 0.1 %
sodium pyrophosphate at 42°C. These high stringency conditions were used to minimise
cross-reaction between cDNAs. ImageQuant software was used to quantify bands on the
developed blots.

3.3 Results
3.3.1 Expression of SSA in transgenic rice alters the protein profiles of developing
endosperm and mature grain
The protein profiles of both mature grain and developing endosperrns were analysed to
determine the relationships between nitrogen, sulfur and amino acids from mature grain
and gene expression in developing endosperm. Changes in the levels of six major
endogenous proteins (designated 1 to 6, Figure 3-3) were observed in the transgenic
seeds. Proteins of approximately 22 kDa (band 6) and 33 kDa (band 5) were at lower
levels in the mature transgenic grain and the developing transgenic endosperrns while
proteins of approximately 13 kDa (band 4), 56 kDa (band 3) and 68 kDa (band 1) were
at higher levels (Figure 3-3). A protein of approximately 60 kDa (band 2) was at higher
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the

transgenic endosperm

was not at

mature transgenic

Selected polypeptides were excised from polyacrylamide gels, and based on amino acid
sequence and peptide mass fingerprint data (Table 3-1 ),

22 kDa (band 6) and 33 kDa

(band 5) proteins observed at lower levels in the transgenic endosperm were identified
as the basic and acidic subunits of glutelin A. Glutelin A consists of at least three
members (types I, II and III), sharing over 80% identity in their amino acid sequences
(Wen and Luthe, 1985; Takaiwa et al., 1987; Okita et al., 1989). From the data
obtained, it was not possible to distinguish which subfamily member was isolated nor
whether more than one subfamily member was represented in the excised band. Based
on available sequence information (Takaiwa et al., 1987; Okita et al., 1989), all family
members are predicted to co-migrate using one-dimensional SDS-PAGE. The strong
band of approximately 13 kDa (band 4), over-represented in the SSA transgenic
endosperm, was identified as either prolamin 7 or prolamin 14 by peptide mass
fingerprinting. These two storage proteins share 95% identity in their amino acid
sequences (Kim and Okita, 1988). The 56 kDa band (band 3) was identified by MS/MS
(Tandem Mass Spectrometry) as the precursor of glutelin B type I or II. Sequences from
both the acidic and basic portions of the glutelin B precursor were represented in the
excised band, and the migration of the protein corresponded with the predicted size for
the glutelin precursor.
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Figure 3-3: Protein profiles of developing endosperm and mature grains of control
and SSA transgenic rice. Protein samples were extracted from pooled seed from four to six plants.
Endosperm or whole grain protein extracts were separated by SDS-PAGE. Six protein bands of differing
intensity (designated 1 to 6) were cut out of the gel for identification (Table 4). A. Protein from 12 DAF
control (C) and SSA transgenic (Tg) rice endosperms. B. Protein from mature control (C) and SSA
transgenic (Tg) rice grain.
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The 68 kDa (band 1) and 60 kDa (band 2) proteins at higher levels in the transgenic
grain did not correspond to major storage proteins and were identified (Table 3-1) as
binding protein (BiP) and protein disulfide isomerase (PDI), respectively. Both BiP and
PDI are ER-resident chaperones that aid in the folding and assembly of proteins that
traffic through the endomembrane system.

Table 3-1: Identification of polypeptides fractionated by SDS-PAGE. Bands 2, 4 and 5
were identified by peptide mass fingerprinting. The difference in mass between the significant peak in the
MS spectra and the theoretical mass of the matching peptide is shown (8 mass) for each peptide. The
percentage of the protein covered by the matching peptides (%) is shown in each case. Bands 1 and 6
were identified by N-terminal sequencing and band 3 was identified by MS/MS sequencing.
Peptides matching·mass fingerprint

8mass
(ppm)

Protein
(%coverage)

2

TADEIVDFIK
NPDNHPYLLK
SVYYGAAEEFK
VVVADNVHDFVFK
SVYYGAAEEFKDK
AHVEPDQIVSWLK
LFKPFDELLVDSK
VVTFDKNPDNHPYLLK
FLIGDLEASQGAFQYFGLR

118.29
116.97
111.03
102.49
112.3
117.7
119.97
118.11
116.42

Protein disulfide isomerase
(32.6%)

4

YGIYPR
QQYGIAASPFLQSAAFQLR
QYQLQSPVLLQQQVLSPYNEFVR

122.34
186.31
296.53

Prol 7/Prol 14
(35.6/35.8%)

5

LQAFEPIRSVR
GLLLPHYTNGASLVYIIQGR
EHYQEGGYQQSQYGSGCPN
GLSLLQPYASLQEQEQGQMQSR

26.68
3.88

Band

-127.06
13.83

Glutelin A - acidic subunit
(25.5%)

Amino acid sequence/s

Match

1

KEETKKLGTVIGIDL

Immunoglobulin binding
protein (BiP)

3

PSTNPWHSPR
A[L/I]PVDVVANAYR
V[L/I]QPQG[L/1] [L/I]VPR

Glutelin B (type I or II) precursor

6

GLDETFCTLRVRQNI

Glutelin A (type I) basic subunit
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3.3.2 SSA transgenic rice and sulfur-deficient rice have common protein changes
The protein profiles of mature SSA and control grains (cv. Taipei) were compared with
those of non-transgenic rice ( cv. Hungarian) grown in conditions of high and low sulfur.
While not all changes in the SSA transgenic grains were reflected in the sulfur nutrition
experiment, four changes appeared to be conserved between sulfur-deficient (LowS)
rice and SSA transgenic rice (Figure 3-4). Polypeptide bands of approximately 26 kDa
(A), 15 kDa (B) and 8 kDa (D) were at lower levels while a 13 kDa band (C) was at a
higher level in both Lows and SSA transgenic rice grains (Figure 3-4). The 26 kDa
band corresponds in size the rice a-globulin, a storage protein containing approximately
10% sulfur amino acids (Nakase et al., 1996). The 13 kDa polypeptide (C) was excised
from both LowS and SSA transgenic lanes and identified as the sulfur-poor prolamin
(Pro! 7 I 14) by peptide mass fingerprinting as described earlier.

kDa
~

Sulfur nutrition
experiment

Transgenic
and control

HighS

c

Lows

SSA

32.5

25

t
A

A

~

....M.._

t
D

c

t

c

SSA

D

Figure 3-4: Comparison of the protein profiles of sulfur-deficient and SSA
transgenic rice grains. Protein samples were extracted from pooled seed from four to six plants and
separated by SDS-PAGE. Protein samples were derived from control (C) or SSA transgenic (SSA) plants
or plants grown in adequate sulfur (HighS) or limiting sulfur (LowS). Common changes (A-D) for the
two experiments are indicated in red.
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Storage
transgenic
Messenger RNA levels for selected proteins were determined

order to investigate the

mechanisms of the observed changes in endogenous endosperm proteins of the SSA
transgenic grain. Messenger RNA levels were also determined for the asparaginylendopeptidase gene, the ssa trans gene and the 10 kDa sulfur-rich prolamin gene (Figure
3-5). The 10 kDa sulfur-rich prolamin protein contains 20% methionine and 10%
cysteine residues (Masumura et al., 1989) and represents a significant pool of sulfur in
the rice grain.

Northern analysis of the 13 kDa sulfur-poor prolamin (Prall) showed that mRNA levels
were approximately 3-fold higher in the transgenic sample compared to the control,
while glutelin A mRNA levels were 2-fold lower (Figure 3-5). These changes mirror the
protein changes and suggest that the differences

protein levels are the result of

regulation prior to translation. Message levels of the 10 kDa sulfur-rich prolamin were
approximately 2.5-fold lower in the SSA transgenic sample compared to the control
(Figure 3-5). Although this protein was not identified by SDS-PAGE analysis, is likely
to co-migrate with SSA, making any changes difficult to detect using one-dimensional
SDS-PAGE.

3.3.2.1 Glutelin Bis differentially processed in the SSA transgenic rice
There was no significant change in the glutelin B mRNA level in the transgenic rice
compared the control (Figure 3-5). This result, taken together with size of the band
identified by SDS-P AGE suggests that the overall level of this protein does not change
but that the unprocessed form is more abundant in the SSA transgenic endosperm. By
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to legume seeds,
subunits is
Jung et

processmg

to be performed by
, 1998). By

glutelin

basic

asparaginyl

analysis, there was also no significant change in the

asparaginyl endopeptidase mRNA level in the SSA-transgenic rice (Figure 3-5),
suggesting that the accumulation of unprocessed glutelin B is not due to a reduction in
the level of this enzyme.

13 kDa, Spoor prolamin

SSA

c

Tg

glutelin A

c

Tg

c

Tg

glutelin B

c

Tg

10 kDa, S-rich
prolamin

c

Tg

Asnendopep

c

Tg

]Ill)

Figure 3-5: Northern analysis of 12 DAF control (C) and SSA transgenic (Tg) rice
grains. Total RNA was extracted from the endosperm tissue of pooled grain from four to six plants and
separated on a 1.4% agarose gel. Ribosomal RNA bands are shown for each sample. The RNA was then
blotted onto a nylon membrane and hybridised with a different 32 P labelled DNA probe: SSA (SF8),
sulfur-poor 13 kDa prolamin (Prol7), sulfur-rich 10 kDa prolamin (}tRP 10), glutelin A (REE61), glutelin
B (REEKJ) and the asparaginyl-endopeptidase .
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To discriminate between transcriptional and post-transcriptional effects on gene
expression, nuclear run-on assays were performed to assess the abundance of nascent
mRNAs encoding a number of the proteins with altered accumulation in the SSA
transgenic grain (Figure 3-6). This method was used to estimate the rate of transcription
of these genes. Similar levels of labelled mRNA were detected for the ribosomal RNA
gene and the starch branching enzyme gene in control and transgenic endosperms
(Figure 3-6). These genes served as controls in that their transcription did not differ
between the control and SSA transgenic endosperms.

In

case of the 13 kDa sulfur-poor prolamin, there was approximately 2.5-fold more

labelled mRNA produced over the one hour incubation period in the transgenic grain
than the control, indicating a higher rate of transcription of this gene in the transgenic
seeds. Conversely, for the 10 kDa sulfur-rich prolamin approximately 3-fold less
labelled mRNA was produced in extracts from the SSA transgenic seeds than from the
control (Figure 3-6). These results correlate with the changes in steady state mRNA
levels for these storage proteins, as shown by Northern blot analysis (Figure 3-5),
indicating that the changes in prolamin abundance in the SSA transgenic endosperm
were due to changes in the rate of transcription of the corresponding genes. In contrast,
the level of labelled glutelin A mRNA was similar in the transgenic and control
endosperms (Figure 3-4). This did not correlate with the steady state levels of glutelin A
mRNA, which were lower in the SSA transgenic endosperms compared to the control
(Figure 3-5). One possible conclusion of these finding is that the reduced accumulation
of glutelin A was due to a post-transcriptional mechanism that resulted in a reduction in
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mRNA stability in the transgenic endosperm. A similar level of labelled glutelin B
rnRNA was observed in the transcription assay for control and transgenic endosperms
(Figure 3-6), consistent with the observation that total glutelin B mRNA levels did not
alter. The fact that unprocessed glutelin B protein levels were increased without a
concomitant increase in transcription or mRNA level indicates that translation or posttranslational processing of glutelin B was altered in the transgenic seed.

c

Tg

rRNA

13 kDa, S-poor prolamin

10 kDa, S-rich prolamin

glutelin A

glutelin B

starch branching enzyme

Figure 3-6: In vitro nuclear run-on transcription using isolated nuclei from 12 DAF
control (C) and SSA transgenic (Tg) rice grains. Nuclei were isolated from pooled
developing whole grains from four plants and incubated with unlabelled nucleotide triphosphates and 32P
labelled GTP. After incubating for 1 hour at 28°C, RNA was isolated and hybridised on a nylon
membrane with cloned DNA representing genes for ribosomal RNA (TA71), 13 kDa prolamin (Prol7), 10
kDa prolamin (ARP I 0), glutelin A (REE61), glutelin B (REEKJ) and rice starch branching enzyme (BEi).
The experiment was performed twice with consistent results.
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The changes

storage protein composition

transgenic

some

similarities to the changes reported in seeds produced under sulfur-deficient conditions.
In both cases, a high degree of phenotype plasticity is exhibited, in respect to the
composition of the storage protein fraction. In general, there is maintenance of a
constant level of protein nitrogen with significant changes

the relative levels of

sulfur-rich and sulfur-poor protein components of this fraction. The elevated level of the
sulfur-poor prolamin in the SSA transgenic rice is analogous to the up-regulation of
vicilin in sulfur-deficient peas (Randall et al., 1979; Chandler et al., 1984), conglutin
in sulfur-deficient lupins (Blagrove et al., 1976) and the

~

subunit of

~-conglycinin

~

in

sulfur-deficient soybeans (Holowach et al., 1984; Gayler and Sykes, 1985). The 13 kDa
sulfur-poor prolamin was also elevated in the seeds of non-transgenic rice plants grown
under sulfur-deficient conditions. Like the pea vicilin, this rice prolamin (Prol7 I
Proll 4) is predicted to be devoid of cysteine and methionine residues (Kim and Okita,

1988; Masumura et al., 1990). Although not clear by SDS-PAGE, protein levels of the
10 kDa sulfur-rich prolamin (ARP I 0) are likely to be considerably lower in the SSA
transgenic grain than in the control grain. Northern blot analysis showed lower levels of
the 10 kDa prolamin mRNA in the transgenic endosperm than in the control. On onedimensional PAGE, this protein would migrate close to SSA, making differences in
protein abundance difficult to detect. Decreased accumulation of the two subunits of a
glutelin A protein was observed in the transgenic SSA rice grain. Members of the
glutelin A subfamily have a moderate concentration of sulfur amino acids: the mature
subunits of type I glutelin A together contain 1.9% cysteine and methionine, while types
II and III both contain 2.3 % cysteine and methionine (Takaiwa et al., 1991 b ). Members
of the glutelin A subfamily are present at high levels in rice grains, therefore, despite
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content of
endogenous

acids, they represent a significant

of organic sulfur.

The changes in seed storage protein composition that result from responses to sulfur
deficiency have been attributed to both transcriptional and post-transcriptional
mechanisms of gene regulation (Beach et al., 1985; Hirai et al., 1995; Morton et al.,
1998). Our results indicate that the decreased accumulation of glutelin A in SSA
transgenic rice grain is consistent with mediation by a post-transcriptional mechanism.
Similar post-transcriptional regulation of storage protein gene expression has been
demonstrated in peas grown under sulfur-deficient conditions. Nuclear run-on
experiments in developing pea seeds showed that, under conditions of sulfur-deficiency,
the levels of sulfur-rich legumin and pea albumin 1 (PAI) were decreased without any
change in the transcription of these genes (Chandler et al., 1983; Beach et al., 1985;
Higgins et al., 1986). Our results also indicate that the increased abundance of 13 kDa
sulfur-poor prolamin was due to an increase in transcription of this gene in SSA
transgenic rice. Transcriptional control of a sulfur-poor storage protein under conditions
of sulfur deficiency has been demonstrated for the

~

subunit of soybean

(Holowach et al., 1986). Hirai et al. (1995) demonstrated that the

~

~-conglycinin

subunit promoter

retained its sulfur-responsiveness control when fused to the GUS reporter gene and
transformed into Arabidopsis thaliana.

The most likely signals sensed by these mechanisms are levels of metabolites such as 0acetylserine, free methionine or glutathione. Research into the

~

subunit promoter

suggested that 0-acetylserine, a key intermediate in cysteine biosynthesis, was the
signal that stimulated

~

subunit gene transcription in response to sulfur deficiency (Kim
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et al., 1999). However, the application of methionine suppressed levels of

~-subunit

mRNA in cultured developing seeds of transgenic petunia (Fujiwara et al., 1992),
suggesting that directly or indirectly, methionine can also act as a signalling molecule.
The size of the free methionine and free cysteine pools in developing SSA transgenic
rice endosperm were unchanged compared to the control endosperm but glutathione
(GSH) levels were found to be three-fold lower (Table 2-4). The decrease in glutathione
is consistent with a shortage in sulfur amino acid supply for protein synthesis in the
developing endosperm of the SSA transgenic line. It is possible that glutathione has a
signalling role in the regulation of seed storage protein genes in response to sulfur
availability. However, the possibility that transient changes in free methionine or
cysteine are involved in signalling cannot be ruled out.

The finding that endogenous sulfur proteins are reduced in the SSA transgenic rice is
consistent with results reported for transgenic maize expressing a sulfur-rich zein
(Anthony et al., 1997). This group observed that methionine levels in some kernels
could be increased by up to 30% although this was not always correlated with the overexpressed zein. As in the rice here, they noted, in at least one line, that when the
transgenic high-sulfur zein was expressed, there was a concomitant decrease in two
endogenous high-sulfur zeins. When the same gene for a sulfur-rich zein was introduced
back into maize with cis DNA regions selected for endosperm-specific expression, but
with other cis-acting regulatory sites removed, Lai and Messing (2002) described a 15%
increase in seed methionine content when expressed as a proportion of total protein. The
protein profiles were not shown for the maize kernels so it is not possible to decide
whether this increase was to some extent achieved at the expense of other endogenous
sulfur-rich proteins.
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The

levels of the non-storage

accumulation in

transgenic rice endosperm may not be directly related to sulfur

signal transduction but may reflect ER stress.

aids

general polypeptide folding,

whilst PDI specifically assists in the formation of disulfide bonds between cysteine
residues of newly formed or misfolded proteins. These ER-localised chaperones have
been associated with the Unfolded Protein Response, a phenomenon first described in
mammalian cells whereby ER resident proteins are up-regulated in response to ER
stresses (Kozutsumi et al., 1988). In mammalian, plant and yeast cells, BiP
accumulation is induced by inhibitors of glycosylation and conditions that promote
protein denaturation and aggregation.

was shown to be up-regulated in the seeds of

maize jloury2 mutants that produce a mutant zein storage protein with a defective signal
peptide processing site (Coleman et al., 1995). The aberrant zein processing injloury2
causes anchoring of the protein to the ER membrane and results in severe ER stress
accompanied by a dramatic increase in the expression of BiP and other ER chaperones
(Boston et al., 1991; Boston et al., 1995). Recent evidence indicates that BiP may also
play a significant role in prolamin protein body formation in rice. The majority (90%) of
BiP in developing rice endosperm was found in the protein body fraction, with less than
10% in the rough ER microsomal fraction (Li et al., 1993 ). A further study showed that
BiP is localised to the periphery of the developing rice prolamin protein body (Muench

et al., 1997). In the SSA transgenic rice endosperm, the elevated level of BiP could be
associated with changes in prolamin composition resulting from accumulation of the
foreign protein. In order to optimise SSA protein stability, the SSA construct used in
this study contained a C-terminal KDEL motif, which has been shown to retain proteins
in the ER (Munro and Pelham, 1987; Wandelt et al., 1992). The up-regulation of both
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BiP and PDI in transgenic developing endosperm raises the possibility that at least some
of the SSA is misfolded.

Another response to SSA accumulation that may not be directly related to competition
for sulfur was the increase in the level of unprocessed glutelin B. From Northern and
nuclear run-on analyses, it appeared that glutelin B genes were expressed at similar
levels in control and SSA transgenic endosperm. The simplest explanation of these
observations is a decrease in the processing of glutelin B polypeptides. Normal
processing of glutelin B would produce subunits of a similar size to those of glutelin A
(Takaiwa et al., 1991b). SDS-PAGE of rice endosperm protein showed that several
bands of these sizes were decreased in the transgenic endosperm. The cause of the
glutelin B-specific processing-failure is unclear.

One possibility is that the

endopeptidase responsible for proglutelin B cleavage was reduced in the developing
transgenic endosperm. However, the mRNA level of the putative proglutelin
endopeptidase in rice (asparaginyl-endopeptidase) was unchanged in the developing
SSA transgenic endosperm. It has recently been reported that rice mutants lacking PDI
show a lesion in processing of glutelins, although A and B types were not distinguished
(Takemoto et al., 2002). This lesion seemed to arise from defects in prolamin protein
body formation and transport, resulting ultimately from illicit inter-molecular disulfide
bonds between glutelins and prolamins in the mutant grain. In the case of SSA
transgenic rice, PDI is actually over-abundant, but it may be hampered in its function by
its location, the presence of SSA or by changes in endogenous storage proteins.

Page 98

3.5 Summary
Transgenic nee over expressmg a gene for SSA was not suitable as a potential
production system for protein sulfur because the transgenic nee gram showed a
redistribution of sulfur from endogenous proteins to SSA. The mechanisms involved
were complex in that they involved transcriptional, post-transcriptional and possibly
post-translational controls. A likely explanation for these findings is that a homeostatic
mechanism is active in the transgenic rice grain, similar to that involved in modulating
seed storage protein composition in response to sulfur availability.

Chapter 4

Genomic analysis of SSA
transgenic rice seeds
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4.1 Introduction
Transcript profiling
Traditionally, RNA-based hybidisation techniques such as Northern blotting have been
used to quantify the expression level of genes, providing information on gene function
and regulation. However, until recently, practical restrictions meant that only a small
number of genes could be analysed in this way. The recent development of DNA
microarrays (Schena et al., 1995; Lockhart et al., 1996; Desprez et al., 1998) has
allowed researchers to analyse the expression of large numbers of genes simultaneously.
This has been achieved through assay miniaturisation and the application of fluorescent
dyes for labelling. The use of dyes has also made possible the comparison of two
differently labelled samples in a single competitive hybridisation experiment, thus
reducing experimental error (Aharoni and Vorst, 2002).

One particularly prom1smg area for microarray-based genomic analyses is the
investigation of the responses to environmental and developmental signals. It has long
been known that adaptation to environmental signals, such as nutrient availability, is
accompanied by changes in gene expression. To date, microarrays have been used to
study nitrogen deficiency (Wang et al., 2000; Wang et al., 2003), phosphate deficiency
(Hammond et al., 2003; Wu et al., 2003) and iron deficiency (Thimm et al., 2001;
Negishi et al., 2002) in plants. Recently, two groups also used microarrays to study
sulfur deficiency in the leaves, roots and stems of Arabidopsis thaliana (Nikiforova et

al., 2003; Hirai et al., 2003). These groups identified several hundred genes that respond
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to sulfur deficiency including genes for transport proteins, metabolic enzymes and
transcription factors.

4.1.2 Transcript profiling in SSA transgenic and control rice

As described in chapter 3, both SSA transgenic rice and rice grown with low sulfur
nutrition had an altered seed protein composition compared to non-transgenic and sulfur
sufficient controls. In both cases, the relative level of endogenous sulfur-rich to sulfurpoor storage proteins decreased compared to controls indicating that the SSAexpressing seeds suffered a sulfur stress imposed by the increased demand for sulfur
amino acids from the introduced transgene. This interpretation is consistent with the
decreased levels of glutathione in the transgenic seeds (Table 2-4).

Little is currently known about how changes in seed composition in response to sulfur
nutritional stress are mediated. In order to further dissect the processes occurring in the
SSA-expressing seeds, a genomics approach was taken. A rice microarray was
constructed containing 10000 clones from a developing whole panicle cDNA library
and was used to compile a transcript profile of developing SSA transgenic and control
seeds. The experiment set out to identify potential regulators of the responses in seed
protein composition as well as further characterise down-stream changes in the
transgenic rice.

The microarray developed for this study was produced from a 12-15 DAF panicle
cDNA library. This stage of seed development roughly corresponds to the stage
analysed in experiments described in chapters 2 and 3. A screening process was used
prior to printing in order to minimise the numbers of prolamin and glutelin clones

101

included

array.
glutelin clones

the

significant numbers of

a second screen was

to

clones

and remove them from subsequent analyses. The final, storage protein gene-subtracted
array was then used to compare the gene expression profiles of developing SSA
transgenic and control seeds. Leaf tissue from these plants was also analysed to control
for any changes associated with the expression of the selectable marker or the
integration of the trans gene DNA

The microarray results were confirmed for selected genes by RT-PCR. This technique
was also used to monitor the expression of selected genes in the developing seeds of
rice plants supplied with high or low levels of sulfur (nutrition experiment). A
comparison of the transgenic experiment and the nutrition experiment identified a group
of genes that showed similar responses in both experimental groups and were therefore
probably responding to low sulfur

both situations and a group of genes whose

responses were probably unrelated to sulfur availability.

4.2 Materials and Methods
4.2.1 Plant growth conditions
For the nutrient experiment, rice plants ( Oryza sativa cv. Taipei) were grown in pots
containing a mixture of washed sand and vermiculite. Nutrient solutions containing 2
mM

soi-

(S+ medium) or no S0 42- (S- medium) were made up, mixed in the

appropriate ratios and applied to the high sulfur (HS) and the low sulfur (LS) groups.
The S+ medium contained 4 mM (NH 4)N0 3, 3 mM CaCh, 3 mM KCl, 2 mM MgS04, 1
mM Ca(N0 3)2, 1 mM KH2P0 4, 100 µM Fe-citrate, 100 µM Na2EDTA, 10 µM H3B03,
4.5 µM MnCh, 700 nM ZnCh, 400 nM CuCh, 220 nM molybdic acid, 170 nM
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Co(N0 3 )2. The S-

was

MgS04, it contained 2

S+

except that instead of 2 mM

Plants were watered 4 mornings a

S+ medium (HS group) or with a mixture of S+

with either

S- media (LS group). Plants were

watered every afternoon with deionised water. The LS group were watered with nutrient
solution containing 1 mM SO/- from seed germination to week 3, 100 mM

so/-

between weeks 4 and 6, lOµM SO/- between week 7 and anthesis and no

so/-

following anthesis. Appropriate volumes of S+ and S- media were mixed to produce the
required S0 42 - concentration at each stage.

4.2.2 cDNA library manipulation

4.2.2.1 Mass excision
A cDNA library (/cZAPII; Stratagene, USA) produced from 12-15 DAF rice panicle
poly(At mRNA was kindly supplied by Tatsuro Hirose. Phagemids were excised from
the library according to the manufacturer's protocol. In brief, approximately 10 7 plaque
forming units (pfu) of the A phage were mixed with 10 8 XL I-Blue MRF' cells and 109
pfu of the ExAssist helper phage. This mixture was incubated at 3 7°C for 15 min
without shaking to allow absorption of the phage. Three millilitres of prewarmed LB
broth was then added and the culture incubated for an additional 3 h at 37°C with
shaking. Bacterial cells were lysed by incubating the culture at 68°C for 20 min. The
cell debris was then spun down by centrifugation at 1000 g for 10 minutes and the
supernatant (phagemid stock) removed to a separate tube. When required, 50 µl of the
phagemid stock was mixed with 200 µl SOLR host cells and incubated at 3 7°C for 15
min. To obtain pBluescript-containing colonies, this cell mixture was grown overnight
on LB-ampicillin (100 µg/ml) agar plates.
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To gauge
random

of the developing panicle
the rice panicle cDNA

used

60

were

at

subsequent PCR and cDNA

sequencing reactions. Bacterial colonies were picked and homogenised in 200 µl of
NZY (NZ amine I yeast extract) medium. Cultures were grown at 37°C for 40 h.
Approximately 3 µl of the final culture was used as a template for a PCR reaction using
20

pmol

universal

forward

AACAGCTATGACCATG-3')

(5'-GTAAAACGACGGCCAGT-3')

and

reverse

(5'-

sequencing primers. The PCR conditions were as follows: 35

cycles of denaturing at 95°C for 30 s, annealing at 52°C for 30 s and extension at 72°C
for 1 min 30 s. The PCR products were examined on a 1% agarose gel and purified
using ethanol precipitation. Sequencing reactions were performed using approximately
30 ng of

PCR reaction as a template. The sequencing reactions were performed

using Big Dye Terminator 3 chemistry (Applied Biosystems, USA) and primed using
the reverse sequencing primer. Conditions of the sequencing reactions were as follows:
25 cycles of denaturing at 96°C for 10 s, annealing at 50°C for 5 s and extension at
60°C for 4 min. Excess dye terminators were removed by ethanol precipitation. Dyelabelled products were gel separated and sequenced at the Australian Genome Research
Facility using a 3730xl automatic capillary DNA sequencer (Applied Biosystems,
USA). All database searches were performed by using BlastN or BlastX.

4.2.2.3 Pre-array normalisation to reduce library redundancy
From the developing rice panicle cDNA library, approximately 18000 colonies were
arrayed on agar plates. To identify colonies containing storage protein clones, plates
were blotted with nylon filters as previously described (Ausubel et al., 1999). These
were hybridised with labelled clones for glutelin A (REE61), glutelin B (REEKJ), the
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10

the 13 kDa sulfur-poor

13 kDa RP5

10000 colonies

showed

or no hybridisation to

subtractive screening were individually picked for subsequent cDNA isolation and
array spotting.

4.2.3 PCR of cDNA clones
Bacterial cultures containing clones from the rice panicle library were grown m
microtitre plate wells containing 200 µl NZY medium at 37°C for 40

Approximately

3 µl was removed from each well and used directly in a PCR reaction. The remainder of
each culture was stored as a 23% glycerol stock at -80°C. Clones were amplified using
pnmers

that

immediately

flanked

the

CTAGTGGATCCCCCGGGCTGCAGG-3'
CACTATAGGGCGAATTGGGTACCGGGCC-3').

cDNA

insertion

and

site

(bluemal,

bluema2,

5'5' -

The PCR was performed as a two step

reaction as follows: 35 cycles of denaturing at 95°C for 30 s, annealing and extension at
72°C for 1 min 30 s. All PCR reactions were performed in 96-well skirted PCR plates
(AB gene, UK). To concentrate the PCR products, 125 µl of ice-cold 120mM sodium
acetate, 95% ethanol was added to each well. The mixture was precipitated overnight at
-20°C and the PCR plates were then centrifuged at 3000g at 4°C for 75 min. The
supematants were removed by pipetting and 200µ1 of ice-cold 70% ethanol was added
to each well. The plates were centrifuged as before, dried and the DNA pellets
resuspended in 9 µl of 50% v/v DMSO. The quality of PCR products was determined
by gel electrophoresis after both PCR and ethanol precipitation.
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Spotting

on

Plates
dissolve the

were
products. Samples were

at 4 °C for one

transferred to 3 84

to fully

plates and spotted

onto CMT-GAPS slides (Coming, USA) using a Virtek ChipWriter Pro (Virtek,
Canada), with 16 ChipMaker2 quill pins (TeleChem International Inc., USA). After
printing, the DNA was immobilised by baking the slides at 80°C for 4 h.

4.2.5 Slide hybridisation and scanning
To minimise experimental artefacts, the procedure described here was performed four
times in the case of developing seeds and twice in the case of young leaf using different
lots of plant material grown under identical conditions (biological replicates). In
addition, among each replicate, the Cy3 and Cy5 dyes were swapped between control
and transgenic samples to minimise any differences in DNA incorporation between the
dyes (technical replicates).

RNA extraction was performed as outlined in section 2.2.4. Total RNA was extracted
from endosperm tissue of developing (12 DAF) rice seeds pooled from four to six plants
or young leaf tissue pooled from two to three plants. Labelling of the samples with Cy3
and Cy5 was performed as described previously (Schenk et al., 2000). In brief, firststrand cDNA synthesis was performed using Superscript II Reverse transcriptase
(Invitrogen, USA) and oligo-dT primers according to the manufacturer's protocol. The
RNA was then removed from the DNA-RNA hybrids by incubating with RNase H
enzyme and the samples were purified and concentrated using Amicon Microcon YM30
filters (Milipore, USA). Single-stranded cDNA was then used as a template for second
strand DNA synthesis using random hexanucleotides to prime the reaction. Cy3 or Cy5
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dyes were incorporated

second strand as

conjugates. In each experiment,

two samples being compared were labelled
labelling reaction, the two samples were

different

dyes. After

and purified using Amicon Microcon

YM30 filters. Mixed probes were then dried down and resuspended in 40µ1 of a
hybridisation solution containing 25% formamide, 5x SSC, 0.1 % SDS, 0.5 mg/ml E.coli
tRNA.

Slide pre-hybridisation, hybridisation and subsequent washes were performed according
to

the

manufacturer's

protocol

for

DMSO-printed

slides

(Corning,

USA).

Prehybridisation of the slides was performed in 25% formamide, 5x SSC, 0.1 % SDS at
42°C for l

Hybridisation was performed at 42°C overnight. Post-hybridisation

washes consisted of 2 washes

2x SSC, 0.1 % SDS, 1 wash in 0.1 x SSC, 0.1 % SDS, 4

washes in 0.1 % SSC and brief rinses in water and ethanol. Slides were scanned with a
GenePix 4000A microarray scanner (Axon Instruments, USA) and spots analysed using
GenePix Pro software version 3. Spots that were poorly identified by the GenePix Pro
software were corrected manually or discarded to ensure that only high-quality
microarray data were obtained.

4.2.6 On-slide screen
Based on preliminary sample hybridisations, it was recognised that some degree of
storage protein gene redundancy was present on the array, despite the subtractive
screening method employed in its construction (section 4.2.2.3). Many of these were
rice storage protein genes that were also differentially expressed in the SSA transgenic
seeds. Therefore, a large amount of sequencing would have been required to identify
differentially expressed non-storage protein clones. To avoid this problem, the array

Page 107

was hybridised

Cy3 or Cy5-labelled storage

was performed as described
omitted. The

except

was

probes. Probe labelling
the reverse

step was

with cDNA probes representing genes for

13

sulfur-poor prolamin, the 10 kDa sulfur-rich prolamin, the 16.6 kDa
prolamin, glutelin A and rice a-globulin. The templates for the probes were generated
by RT-PCR. Primers for the 16.6 kDa sulfur-rich prolamin gene were designed using
the sequence described in Mitsukawa et al. (1999), while the primers for the other genes
were designed using available Genbank sequences. Primer sequences were as follows:
13

kDa

sulfur-poor

prolamin,

5 '-TGCA TGCAGCGCCTCTGC-3'

CTTCCGAACCACTATACTGTTAAAACTC-3';
CCGTGTAGGCAGTACATGATGC-3'

sulfur-rich

kDa

sulfur-rich

prolamin,

5' 5'-

and 5'-TCAATGGTTCTTATTTCTAGTGTTTGC-3'; 16.6

prolamin,

CCTGGGCCTGAGCTTGGG3';

10

and

5 '-CACCTATGGGCAATGCCAGC-3'

and

5' -

glutelin A, 5'-CATCGATAATCCTAACCGTGCTG-3' and 5'-

CTCTATTATGCTTGAGCCTCTAGACC-3';

rice a-globulin, 5' -CGCTCATGGCGGCCA TGG-3'

and 5'-GGCACATCGACGGCAGCTG-3'. Spots that hybridised strongly to the individual
probes (2 1000 florescence units) were assigned as storage proteins and omitted from
further analysis.

4.2.7 Data analysis and done identification
Normalisation of microarray data was performed using tRMA (tools for R Microarray
Analysis; (Wilson et al., 2003 ), a suite of statistical functions written in R code (Ihaka
and Gentleman, 1996). A detailed description and manual of tRMA is available online
(www.pi.csiro.au/gena/trma). The tRMA package allows for differences in the amounts
of RNA used for preparation of the cDNA samples and removes possible biases in
fluorescence as a result of differences in label incorporation. In addition, tRMA allows
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for spatial fluorescence biases through a spatial normalisation
were calculated

2003).
experiments.

et

each gene from
gene and using the relevant

median values for

m

tRMA, a list of differentially expressed genes was compiled. This was achieved by
selecting genes that were considered "outliers" in a standard Gaussian distribution. At
this stage, the identity of each gene spot was unknown. Differentially expressed genes
were sequenced using the corresponding bacterial culture stocks as a template (section
4.2.2.2) and assigned an identity, where possible, from BlastN or BlastX database
searches.

4.2.8 Reverse transcriptase-mediated PCR
Reverse transcriptase-mediated PCR (RT-PCR) was used to verify the m1croarray
results for selected genes. The expression of these genes was also measured in the seeds
ofrice plants grown under conditions of high or low sulfur nutrition. For the genes to be
analysed, specific oligonucleotides were prepared. Primer sequences were as follows:
10

kDa

sulfur-rich

prolamin,

TCAATGGTTCTTATTTCTAGTGTTTGC-3';
TGCATGCAGCGCCTCTGC-3'

and

5'-

prolamin,

5'-

5'-CCGTGTAGGCAGTACATGATGC-3'

13

kDa

sulfur-poor

and 5'-CTTCCGAACCACTATACTGTTAAAACTC-3'; Glutelin

A, 5'-CATCGATAATCCTAACCGTGCTG-3' and 5'-CTCTATTATGCTTGAGCCTCTAGACC-3';
rice a-globulin, 5'-CGCTCATGGCGGCCATGG-3' and 5'-GGCACATCGACGGCAGCTG-3';
isoflavone

reductase

like

CACTCTCACCGACGGTGTG-3';
GCCTCTGCGCGTCATTGAAG-3';
GGGCAGTGAGGTTGTGTATGT-3'

protein,
BiP,

5 '-GACA TCGGGACGTACACGG-3'
5'-ATGGATCGGGTTCGCGGATC-3'

selenium

binding

protein,

and

5' -

and

5'5' -

and 5'-GTCCCAAATGACCCATGAAG-3'. The RT-PCR

was performed using the One-step RT-PCR kit (Qiagen, Germany) with lµg template
RNA. Cycling conditions were as follows: 30 min at 50°C, 10 min at 95°C and 35
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cycles of 30 s at 94°C, 30 s at 52°C, and 1 min at 72°C. Aliquots
at 25, 30

35 cycles

program.

message

were
of actin and

tubulin were measured to correct for the amount of RNA template used in each reaction.

4.3 Results
4.3.1 Microarray production

Library redundancy and semi-normalisation
Sixty clones were sequenced at random from the rice panicle cDNA library to gauge its
level of redundancy. These sequences were compared to the Genbank database using
BlastN searches. Out of 60 sequences, 42 had significant matches (e < 10-3) to
sequences in the database (Figure 4-1 ). Matches included genes for metabolic enzymes
(glutamine synthetase; malate dehydrogenase) and a transcription factor gene (MADS
13 ), indicating that medium and low abundance transcripts were represented on the
array. Of the 60 sequences, 21 (35%) matched to prolamin or glutelin storage protein
genes. The 60 clones randomly selected were also analysed by gel electrophoresis to
determine the average size of the inserts. The length of clones varied between 500 bp
and 2 kb with an average size of approximately 1 kb (data not shown).

To reduce the number of redundant storage protein clones printed on the array, a colony
blot procedure was employed prior to bacterial culture growth and clone amplification.
A mixture of 2 radio-labelled glutelin probes and 3 radio-labelled prolamin probes was
added to each of the colony filter blots. Approximately 30% of colonies showed strong
hybridisation to one of the probes while another 15-20% showed weak hybridisation.
Non-hybridising and weak hybridising colonies were picked for amplification and
spotting on the array.
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26 kDa globulin
aldolase C-1
ATP/ADP translocator
chilling inducible protein
glutamine synthetase
glycine rich protein
Golgi SNARE 11 (A thaliana)
GTP binding protein
H+ pyrophosphatase
MADS13
maize storage protein homologue
malate dehydrogenase
oleos in
phosphoglucomutase 2 (maize)
ribosomal protein L41
ribosomal protein L7A
sec 61 (wheat)
chlorophyll binding protein
RAG 2 allergenic protein
prolamin
glutelin

0
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3

4

7
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8
Number of clones

9

10

11

12

Figure 4-1: Frequency of random clones sequenced from the rice panicle cDNA
library. The library was produced using 12-15 DAF developing rice panicle cDNA. 60 clones were
isolated at random from the library, sequenced and compared to Genbank using BlastN. 18 clones had no
significant match to any Genbank entry. The closest Genbank matches for the other 42 clones are shown.
The most abundant classes were the prolamin and glutelin gene families with I 0 and 11 clones
respectively.

4.3.1.2 Microarray redundancy
Initial sequencing of differentially expressed clones from the companson of SSA
transgenic and control developing seeds indicated that a large number of prolamin and
glutelin genes had passed the initial screen and were present on the array. The total
number of (unidentified) differentially expressed genes was in excess of 1000. This
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group was largely comprised of the following genes: glutelin A, the 10 kDa sulfur-rich
prolamin, the 16.6 kDa sulfur-rich prolamin, the sulfur-poor prolamin and a-globulin.
To reduce the number of clones that needed to be sequenced, these storage protein
clones were identified by hybridising the array with Cy dye-labelled storage protein
gene probes (Figure 4-2). This process identified over 800 clones as storage protein
genes that were excluded from subsequent analyses (Figure 4-3).
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Figure 4-2: Scatter plot demonstrating the 'on-slide' storage protein gene
identification process. The rice panicle microarray was hybridised with individual storage protein
probes labelled with either Cy3 or Cy5 dyes. In this figure, the array was hybridised with a Cy3 labelled
glutelin A probe (detected at 532 nm; y-axis) and a Cy5 labelled 16.6 kDa sulfur-rich prolamin probe
(detected at 635 nm; x-axis). Clones hybridising strongly to the glutelin A probe(> 1000 F532) are shown
in yellow and those hybridising strongly to the prolamin probe are shown in blue (> 1000 F635). The
green circle represents a spot on the microarray that hybridised strongly to both probes. This may be the
result of contamination in the PCR reaction prior to the printing of the array.
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Figure 4-3: The effect of storage protein clone elimination on a scatter plot derived from a comparison of SSA transgenic and
control developing seed transcripts. A. Scatter plot showing a comparison of SSA transgenic (Cy5 labelled, F635) and control (Cy3 labelled, F532)
developing seed cDNA samples prior to the 'on-slide' storage protein screen. Over 1000 clones were differentially expressed. B. The same scatter plot after the
removal of the abundant storage protein clones as identified in the ' on-slide' screen. Both A. and B. show data prior to spatial normalisation performed by the tRMA
program package.
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4.3.2 Genomic analysis of SSA transgenic rice

4.3.2.1 Developing seed
Endosperm tissue RNA from 12 DAF SSA transgenic and control seeds was compared
using the rice panicle microarray. This stage of seed development was the same as that
used in previous experiments. A comparison of Cy dye-labelled cDNA samples from
SSA transgenic and control seeds in 4 biological and 4 technical replicate slides
identified 188 differentially expressed clones representing 82 unique genes (Figure 4-4).
Of these, 58 had good matches in the databases. Table 4-1 contains selected
differentially expressed genes organised into functional categories. For each clone, the
accession number of the closest database hit is given as well as a normalised ratio of
median intensity of transgenic probes to median intensity of control probes.
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Figure 4-4: Median difference plot of genes from SSA transgenic (Tg) and control
(C) developing seeds after spatial normalisation. The median data set from 4 biological and
4 technical replicate slides is shown. The difference in median florescence (y axis) for each clone is
plotted against the average median florescence (x axis) for each clone. Red circles are "outliers" in a
standard Gaussian distribution and represent differentially expressed genes.
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characterisation was achieved
to

predicted

of their

grouping differentially expressed genes
Individual genes were assigned to

one of five different functional categories: 1. storage proteins and

albumins;

2. translation and protein trafficking; 3. protein folding and degradation; 4. metabolic
enzymes; 5. transcription factors and regulatory proteins. Several differentially
regulated genes did not obviously fall into one of these groups and were placed in the
miscellaneous category. With the exception of the sulfur-poor prolamin gene, all
members of the 'storage proteins and sulfur-rich albumins' category were downregulated in the transgenic seed. The opposite tendency was seen in two other functional
groups with 7 of 8 members of the 'translation and protein trafficking' category and all
members of the 'protein folding and degradation' category up-regulated in the
transgenic seed.

The changes

storage protein gene expression in the transgenic rice are consistent with

a reduced availability of free sulfur amino acids for protein synthesis in the seed. The
increased abundance of the sulfur-poor prolamin mRNA and the down regulation of
mRNAs for glutelin A and the 10 kDa sulfur-rich prolamin supports earlier Northern
data (Figure 3-5). Glutelin B showed no change in mRNA abundance in the transgenic
grain, again consistent with earlier Northern data. Transcripts of genes for several
sulfur-rich proteins including the 16.6 kDa sulfur-rich prolamin, a-globulin and
members of the cereal a-amylase I trypsin inhibitor family were down-regulated in the
transgenic seeds. The rice a-amylase I trypsin inhibitor family is a group of highly
related albumins that all contain approximately 10% sulfur amino acids (see section
3.2.1.4). A closely related protein from wheat, ex-amylase inhibitor 0.28, was found to
be at lower levels in grain of plants grown under conditions of sulfur stress (L.Tabe,
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These proteins

represent

that can be sacrificed

brought

by the strong expression of the SSA gene.

Of eight differently-regulated genes involved in translation and protein trafficking,
seven were found to be up-regulated in the SSA transgenic seeds. These changes could
be due to the production of SSA, the change in endogenous storage protein expression
or related to reduced sulfur availability. In sulfur nutrition experiments performed in
Arabidopsis thaliana seedlings, (Nikiforova et al., 2003) found changes in gene
expression for several ribosomal subunits and for elongation factor 1-a. These data
suggest that changes to the translational machinery may be the direct result of reduced
sulfur availability or may result from sulfur-regulated changes

gene expression.

Several genes involved in the Unfolded Protein Response (UPR) and protein turnover
were up-regulated in the SSA transgenic seeds. This is consistent with previous SDSp AGE data which showed higher levels of BiP and PDI proteins in transgenic seeds
(Figure 3-3 and Table 3-1). Sulfur nutrition experiments in Arabidopsis did not report
the up-regulation of any genes involved in the UPR or protein turnover (Hirai et al.,
2003; Nikiforova et al., 2003). Short-term sulfur starvation in Arabidopsis actually
resulted in a down-regulation of ubiquitin and related genes (Hirai et al., 2003).

Of six differentially regulated genes encoding metabolic enzymes, three were directly
related to sulfur metabolism. Adenosylhomocysteinase, was up-regulated in the
transgenic rice while glutathione peroxidase and S-adenosylmethionine decarboxylase
were down-regulated. This differs from non-seed tissues of Arabidopsis under long-

Page 116

term sulfur stress, which showed up-regulation of all three of these genes (Nikiforova et

al., 2003).

Genes for five putative regulatory proteins were also identified from the seed
microarray experiment. A regulator of the protein degradation system (tetratricopeptide
repeat protein 2-like protein) and a putative regulator of RNA stability (Glycine-rich
RNA-binding protein) were both up-regulated in the transgenic rice, while a
transcription factor (ethylene responsive element binding factor 3), a 14-3-3 family
member (Gf-14b) and a gene related to the Arabidopsis gibberellin-stimulated transcript
(GAST) were all down-regulated. The gene for glycine-rich RNA-binding protein was
similarly up-regulated in Arabidopsis leaves under conditions of short-term sulfur stress
(Hirai et al., 2003).
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Table 4-1: Selected differentially expressed genes in developing endosperm of
SSA-transgenic and control rice. All databases matches are rice genes unless otherwise
indicated. Full dataset available on request from http://gena.pi.csiro.au/.

Putative Function
Storage proteins and sulfur-rich albumins
13 kDa B sulfur-poor prolamin
Rice globulin
Hageman factor inhibitor (Zea mays)
Proteinase inhibitor
16.6 kDa sulfur-rich prolamin
Allergenic protein RA 17
Allergenic protein RAS
10 kDa sulfur-rich prolamin
Allergenic protein RA 16
Allergenic protein RAG2
Translation I protein trafficking
60s ribosomal protein L 10-1
Putative ATP-dependent RNA helicase (Arabidopsis thaliana)
Homology with eukaryotic initiation factor
40s ribosomal protein S 19
Sec61p (Triticum aestivum)
Similarity to EF-1-a
Signal recognition particle
60s ribosomal protein L13a (Lupinus luteus)
Protein folding and degradation
BiP
PDI (Zea mays)
Ubiquitin
PDI
26s protease regulatory subunit 4 homologue
Calnexin
Hsp70 (Helianthus annuus)
Calnexin/calreticulin like protein (Zea mays)
10 kDa chaperonin
Putative 18K heat shock protein
Metabolic enzymes
Glyceraldehyde-3-phosphate dehydrogenase
Adenosylhomocysteinase
Methylenetetrahydrofolate reductase (Zea mays)
Glutathione peroxidase (Zantedeschia aethiopica)
Malate dehydrogenase
S-adenosylmethionine decarboxylase
Transcription factors and regulatory proteins
Glycine-rich RNA-binding protein
Tetratricopeptide repeat protein 2-like (Arabidopsis thaliana)
Gf14-b protein (14-3-3)
Ethylene responsive element binding factor3
GAST-like protein (Arabidopsis thaliana)
Miscellaneous
Isoflavone reductase-like protein
Nucleoside diphosphate kinase
Selenium binding protein
Hygromycin resistance selectable marker
Tonoplast membrane integral protein (Zea mays)
Chlorophyll a-b binding protein of light harvesting complex II
Germin-like protein 3
Lipid transfer protein II
Similar to early embryogenesis protein
Putative purple acid phosphatase (Glycine max)
Pectin glucuronyltransferase gene

Accession

Ratio (Tg/C)

AF194115
D50643
AF371280
U72942
D11431
D42142
AF294580
D42141
Dl 1434

4.32
0.24
0.20
0.19
0.18
0.18
0.18
0.16
0.16
0.14

X81691
Q9SIN6
NM197821
D29730
AF161718
D63583
U85037
AJ223363

4.18
4.10
3.36
2.75
2.46
2.43
2.18
0.19

AF006825
L39014
D12776
AB039278
D17789
BE040227
U96641
X77569
AF009413
NM189593

4.05
3.55
3.26
3.17
2.75
2.66
2.60
2.38
2.09
2.05

U31676
Ll 1872
AFl 74486
AF053311
AF353203
Y07766

3.6
2.56
0.29
0.26
0.23
0.19

AJ302060
NM120394
U65956
AB037183
Ul 1765

2.4
2.09
0.21
0.17
0.15

AY071920
D16292
AB059401

3.92
3.88
3.20
2.85
2.41
2.40
2.21
0.42
0.25
0.16
0.15

AF326504
AF022738
AF032973
U16721
U25969
AF236108
AB080693
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4.3.2.2 Leaf

Leaf tissue from SSA transgenic and control plants was compared using the microarray
to control for any changes associated with the expression of the selectable marker gene
or the integration of the transgene DNA. A comparison of Cy dye-labelled cDNA
samples from control and transgenic leaves in 2 biological and 2 technical replicate
slides identified 10 differentially expressed clones representing 4 unique endogenous
genes and the hygromycin resistance gene (selectable marker) (Figure 4-5). Table 4-2
contains a list of these genes, the accession number of the closest database hit and a
normalised ratio of median intensity of transgenic probes to median intensity of control
probes.
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Figure 4-5: Median difference plot of genes from SSA transgenic (Tg) and control
(C) leaves after spatial normalisation. The median data set from 2 biological and 2 technical
replicate slides is shown. The difference in median florescence (y axis) for each clone is plotted against
the average median florescence (x axis) for each clone. Red circles are "outliers" in a standard Gaussian
distribution and represent differentially expressed genes.
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2 fold
difference in expression in

indicating

and the expression of the selectable marker

presence

trans gene

not have a significant effect on gene

expression. Apart from the selectable marker, none of the differentially expressed genes
were also differentially expressed in

developing seed microarray experiments.

general, fewer spots hybridised strongly to the labelled probes in the leaf microarray
experiment compared to the developing seed experiment. This result is not surprising
considering that the microarray was produced from whole panicle RNA, which would
contain a high proportion of genes expressed only in seed tissues.

: Differentially expressed genes in young leaves of SSA-transgenic
Table
and control rice plants. All databases matches are rice genes unless otherwise indicated. Full
dataset available on request from http://gena.pi.csiro.au/.
Putative Function
Hygromycin resistance selectable marker
Probenazole-induced protein pbzl
Pathogenesis-related protein class 1
Similar to postsynaptic protein, cript (Arabidopsis thaliana)
Similar to glycine-rich protein

Accession
D38170
U89895
AF370560
F010579

Ratio (Tg/C)
10.84
1.85
1.79
0.52
0.50

4.3.4 Verification of microarray results and a comparison with the rice nutrition
experiment for selected genes
Several genes that showed differential expression in the control and transgenic seeds
were selected for further study. The relative expression of these genes in the control and
transgenic seeds was verified by RT-PCR. Their expression was also monitored in the
developing seeds ofrice plants from the sulfur nutrition experiment (Figure 4-6).

Page 120

High sulfur
treatment

Low sulfur
treatment

Figure 4-6: Rice sulfur nutrition experiment. Rice plants were grown in pots containing a
mixture of washed sand and vermiculite and watered with a nutrient solution containing 2mM S042- (high
sulfur treatment) or a series of nutrient solutions with ever decreasing concentrations of S042- ( 1mM to 0
mM so/·; low sulfur treatment). The low sulfur treatment plants showed visible symptoms of sulfur
deficiency including chlorosis of the leaves and increased lateral root growth.

For all seven genes selected, relative express10n m control and transgenic seeds as
determined by RT-PCR was consistent with the microarray results (Figure 4-7). The
genes for the sulfur-poor prolamin and the isoflavone reductase-like protein were upregulated in both the SSA transgenic and low sulfur seeds while the genes for the sulfurrich prolamin, glutelin A, and a-globulin were down-regulated in both the SSA
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transgenic and low sulfur seeds (Figure 4-7). The genes for both BiP and the selenium
binding protein were up-regulated in the SSA transgenic seed but not in the low sulfur
seed indicating that these genes may be responding to a factor other than limited sulfur
availability in the transgenic seeds.

HS

LS

C

Tg
actin (25)
tubulin (25)
S-rich prolamin (25)
S-poor prolamin (25)
glutelin A (25)
a-globulin (30)
IFRL (30)
BiP (35)
SBP (35)

Figure 4-7: RT-PCR analysis of 12 DAF rice grains from high sulfur (HS), low
sulfur (LS), control (C) and SSA transgenic (Tg) plants. Total RNA was extracted from
the endosperm tissue of pooled grain from four to five plants. Actin and tubulin primer sets were used to
control for the amount of template RNA used. Amplification was performed with primers sets specific for
the following rice cDNAs: the sulfur-rich 10 kDa prolamin (A.RPlO), sulfur-poor 13 kDa prolamin
(Prol7), glutelin A (REE61), a-globulin (accession #D50643), isoflavone reductase-like protein (IFRL;
accession #AY071920), Binding Protein (BiP; accession #AF006825) and selenium binding protein
(SBP; accession #NM_196706). The number of PCR cycles used for each gene is indicated in brackets.
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The m1croarray

presented here support

hypothesis

the response of the

developing transgenic seeds to SSA is essentially a response to localised sulfur stress.
Common changes in expression were observed

for several genes in SSA transgenic

rice and rice grown with low sulfur nutrition compared to non-transgenic and high
sulfur controls. In addition, wide-spread similarities were observed between the
transcriptome of developing SSA transgenic seeds and non-seed tissues of Arabidopsis
plants grown under sulfur stress. However, the increased abundance of mRNAs for a
group proteins involved in the Unfolded Protein Response in the transgenic seeds was
probably unrelated to sulfur stress.

The data presented here support previous findings on storage protein expression in SSA
transgenic rice (chapter 3). The array results confirmed that the 10 kDa sulfur-rich
prolamin and glutelin A were down-regulated, the sulfur-poor prolamin was upregulated and the glutelin B transcript levels did not change in SSA transgenic seeds. In
addition, the array data revealed that several other sulfur-rich storage proteins were
significantly down-regulated in the transgenic seed, including genes for several
members of the rice a-amylase/trypsin inhibitor family of proteins. These proteins share
considerable similarity to wheat and barley a-amylase/trypsin inhibitors, which have
been identified as major allergens associated with baker's asthma (Barber et al., 1989;
Gomez et al., 1990). Proteins of this superfamily are likely to provide protection from
insect pests and have been shown to bind specifically to several insect amylases
(reviewed in Franco et al., 2002). These proteins are rich in sulfur amino acids,
containing around 10% cysteine and methionine, and may represent another expendable
pool of sulfur that can be sacrificed to supply sulfur amino acids to proteins whose
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is not

One

the most highly induced genes

such as

proteins and the SSA

the SSA transgenic gram encoded an

isoflavone reductase-like (IFRL) protein. Expression of the IFRL gene was also induced
in the seeds of rice plants grown under conditions of sulfur deficiency (Figure 4-7).
(Petrucco et al., 1996) isolated the gene for the maize homologue of this protein and
found that it was selectively induced both in roots and shoots in response to sulfur
starvation. The same group demonstrated that IFRL was induced in maize seedlings that
had glutathione contents four-fold lower than controls, and was rapidly down-regulated
when control levels of glutathione were restored (Petrucco et al., 1996). The
Arabidopsis homologue of this protein was first isolated in a yeast-based screen for
tolerance towards diamide, a thiol-oxidising drug which depletes reduced glutathione in
the cell (Babiychuk et al., 1995). The gene for IFRL was also found to be upregulated in
several experiments with sulfur-deficient Arabidopsis plants (Nikiforova et al., 2003;
Hirai et al., 2003; N.Hagan, unpublished results). The negative correlation between
glutathione and IFRL levels suggests that this protein may produce a flavanoid that acts
as a redox buffer, functionally replacing glutathione under conditions of sulfur
deficiency. In the SSA transgenic rice, steady-state glutathione levels were lower in
developing grains (Table 2-4). Up-regulation of IFRL may be an adaptation to maintain
redox buffering capacity under conditions of sulfur deficiency, when the levels of
glutathione, the major redox buffer, are low.

Several putative regulators of the sulfur-stress response were identified in the
microarray analysis including a transcription factor gene (ethylene responsive element
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binding factor 3), an RNA-binding protein (Glycine-rich RNA-binding protein), a
member of the 14-3-3 family of signalling proteins (Gf-14b) and a gene related to the
Arabidopsis gibberellin stimulated transcript (GAST). Particularly interesting was a
strong down regulation of gene for Gf-14b, a member of the 14-3-3 protein family, in
the SSA transgenic seeds. 14-3-3 proteins are phosphoserine-binding proteins found in
many higher organisms that regulate the activities of a wide array of targets via direct
protein-protein interactions. Plant 14-3-3 proteins bind a range of metabolic enzymes as
well as transcription factors and other signaling proteins, and have been implicated in
several plant development and stress responses (reviewed in Roberts et al. (2002). The
role of 14-3-3 proteins has been well characterised in the regulation of nitrate reductase,
a central enzyme in the nitrogen assimilation pathway. Phosphorylation of nitrate
reductase at specific serine residues allows the binding of one or more 14-3-3 isoforms
and inactivates the enzyme (Bachmann et al., 1996a; Bachmann et al., 1996b). 14-3-3
proteins also control the activity and stability of a range of other enzymes of carbon and
nitrogen metabolism (Moorhead et al., 1999; Cotelle et al., 2000) and may act to
coordinate responses to carbohydrate and nitrogen availability. The down-regulation of
a 14-3-3 protein in SSA transgenic rice seeds may represent a similar control
mechanism that coordinates sulfur availability with the availability of nitrogen and
carbon. Interestingly, when the expression of the 14-3-3 isoform 20R was reduced in
potato by an antisense gene, the methionine content of the tuber increased by 45-48%
(Swiedrych et al., 2002)

Methionine and S-adenosylmethionine (SAM) are essential intermediates for a number
of plant processes including trans-methylation reactions and the production of
polyamines (Figure 4-8). The array data identified two genes encoding proteins
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involved in methionine and SAM metabolism: adenosyl-homocysteinase and SAMdecarboxylase.

Following

methyl-transfer

reactions,

adenosyl-homocysteinase

facilitates the recycling of adenosyl-homocysteine to methionine via homocysteine.
Studies in wheat have demonstrated that the trans-methylation cycle is maintained under
conditions of sulfur deficiency (Wrigley et al., 1984; Fullington et al., 1987). The upregulation of adenosyl-homocysteinase in the transgenic seeds may represent a
mechanism to rapidly cycle through the trans-methylation cycle. This is supported by
the finding by Nikiforova et al. (2003), that genes for adenosyl-homocysteinase and Sadenosylmethionine synthase, another enzyme in the trans-methylation cycle, were
overexpressed in sulfur-deficient Arabidopsis plants. The down-regulation of the gene
for SAM-decarboxylase in SSA transgenic rice may have played a role in maintaining
the trans-methylation pathway and the rapid recycling of methionine by minimising the
loss of SAM down the alternative polyamine synthesis pathway (Figure 4-8). The effect
of SAM-decarboxylase down-regulation on polyamine concentrations in the transgenic
rice has not yet been determined.
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Figure 4-8: Differentially expressed genes in SSA transgenic rice that are involved
in methionine metabolism. All enzymes are shown in red. Differentially expressed enzymes in the
SSA transgenic grain are boxed. Methionine can be converted to S-adenosylmethionine (SAM), which is
used as a precursor in methyl-transfer reactions and in production of polyarnines such as sperrnidine. The
gene for adenosyl-homocysteinase was up-regulated in the SSA transgenic rice. This enzyme facilitates
the recycling of methionine by catalysing the production of homocysteine from adenosyl-homocysteine
(AdoHcy). SAM-decarboxylase was down-regulated in the SSA-transgenic rice. This enzyme converts
SAM to decarboxylated S-adenosylmethionine (dSAM) which donates an arninopropyl group to
putrescine to produce sperrnidine and methylthioadenosine (MTA). Enzyme abbreviations are as follows:
COS, cystathionine y-synthase; CBL, cystathionine 13-lyase; MS, methionine synthase; SAM-S, Sadenosylmethionine synthase; MTase, methyl transferase; SAM-decarboxylase, S-adenosylmethionine
decarboxylase.
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response

SSA transgenic

is the strong induction

seeds

seems to

genes encoding

the Unfolded Protein Response (UPR) and protein turnover.

independent
proteins

m

the transgenic rice seeds,

SSA was targeted to the endoplasmic reticulum by the KDEL signal sequence and
presumably accumulated to very high levels in this compartment. It is possible that the
UPR was triggered by

very high levels of SSA or some misfolding of SSA, rather

than sulfur-stress. BiP, a component of the UPR, was induced in the SSA transgenic
seeds but showed no such induction in the seeds of sulfur-stressed rice plants as
measured by RT-PCR (Figure 4-7). In addition, none of the components of the UPR
were reported to be up-regulated in sulfur-stressed Arabidopsis plants (Hirai et al.,
2003; Nikiforova et al., 2003). In a recent study, Martinez and Chrispeels (2003)
induced the UPR in Arabidopsis using known ER stress agents tunicamycin and DTT
and analysed the resulting changes in gene expression using Affymetrix GeneChip
microarrays. Genes for chaperones, vesicle transport proteins and ER-associated
degradation proteins were found to be up-regulated in the treated plants while most of
the down-regulated genes encoded extracellular proteins. Upregulated genes in this
experiment included those that encode calnexin, calreticulin, BiP, PDI, sec61 and
ubiquitin, all of which were also induced in the SSA transgenic rice seeds. Another
response in the SSA transgenic seed that seems related to the UPR is the up-regulation
of the gene for a tetratricopeptide repeat protein-2 (Tpr2) homologue. In mammalian
cells, Tpr2 acts as co-chaperone by regulating the function of Hsp70 and Hsp90,
enzymes involved in protein folding (Brychzy et al., 2003 ). A similar role for the Tpr2
homologue is plausible in rice, particularly since Hsp70 and other heat shock proteins
were also induced in the transgenic seeds.
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binding protein gene in transgenic rice seeds may
also

related to

UPR.

cells, a

selenium binding

participates in intra-Golgi protein transport (Porat et al., 2000). While the selenium
binding protein gene was not identified from experiments with tunicamycin and DTTtreated Arabidopsis plants, several other genes involved in Golgi transport were upregulated in this experimental model (Martinez and Chrispeels, 2003). The promoter of
the SBP gene, as well as the promoters of the genes for binding protein (BiP), protein
disulfide isomerase (PDI), protein translocation channel subunit (sec61), and heat shock
protein 70 (HSP70) share the core mammalian UPR element consensus sequence
'CACGT' (Figure 4-9). This implies a common regulatory mechanism, likely triggered
directly by the over accumulation of the transgenic protein. However, the possible
involvement of SBP in the sulfur-response cannot be excluded given that a related gene
Arabidopsis was up-regulated

non-seed tissues under conditions of long-tenn

sulfur starvation (Nikiforova et al., 2003 ).

CCACGTCA

Mammalian UPRE consensus sequence

CCACGTCA
CCACGTgt
CCACGTgg
gCACGTag
aCACGTgg

selenium binding protein (-315)
binding protein, BiP (-248)
protein disulfide isomerase (-3 74)
protein translocation channel subunit, sec61 (-239)
heat shock protein, HSP70 (-780)

Figure 4-9: The mammalian Unfolded Protein Response Element (UPRE) and
UPRE-like promoter motifs from five rice genes upregulated in the SSA transgenic
grains. The position of the motif relative to the transcriptional start point is shown in brackets for each
gene.
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is currently known

how seeds monitor

availability

responses

to sulfur-stress are coordinated. In this study, a developing rice panicle microarray was
constructed to examine changes in gene expression in the developing seeds of
transgenic rice that displayed symptoms of sulfur-stress. The expression of selected
genes in the seeds of sulfur-deficient rice plants was also examined. Several putative
regulators of the sulfur-stress response were identified from this analysis as well as a
number of downstream genes that were not previously known to be regulated by sulfur
availability. The increased accumulation of mRNAs for components of the Unfolded
Protein Response in the transgenic rice appeared to be unrelated to sulfur stress.

Chapter 5

General discussion and conclusions

130

55.1 Transgenic rice expressing a

protein

enriched for sulfur amino acids
This study describes a line of transgenic rice containing a gene for the sulfur-rich
sunflower seed albumin (SSA) protein. Despite a high level of expression of this protein
in the transgenic rice seeds and an abundant supply of sulfur to the plants, there was
little change in seed sulfur or sulfur amino acid content. This contrasts markedly with
transgenic lupins, in which over-expression of SSA in seed tissues resulted in a 94%
increase in seed methionine and an overall 19% increase in sulfur amino acids (Molvig

et al., 1997). The different responses to SSA expression in rice and lupin seeds may
reflect a fundamental difference in their physiologies (Figure 5-1 ).

lupins, sulfur is

supplied to the developing seed in the phloem predominantly in inorganic form as
sulfate, which can be assimilated into organic sulfur compounds such as cysteine and
methionine. In non-transgenic lupins there is a significant pool of sulfate stored in the
seed. Introduction of a gene for SSA in lupin results in increased reduction and
assimilation of some of this sulfate in the developing transgenic seeds. Thus, mature
SSA transgenic lupin seeds contained the same total sulfur but 94% greater methionine
than mature non-transgenic lupin seeds. In rice, sulfur in the phloem is supplied
predominantly in organic form. Glutathione is the most abundant rice phloem sulfur
compound (Kuzuhara et al., 2000) and is likely to be the main form of sulfur supplied to
the developing rice grain. In contrast to lupin, non-transgenic rice seeds contained no
detectable oxidised sulfur. Transgenic rice seeds that accumulated SSA contained the
similar concentrations of total sulfur amino acids as non-transgenic seeds. Thus in both
lupins and rice, expression of SSA did not increase sulfur uptake into the seed but
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resulted in a reallocation of existing pools of sulfur in the seed. In the case of lupins,
oxidised sulfur was reallocated, giving increased total sulfur amino acid concentration.
In the case of rice, sulfur amino acids from other storage proteins were reallocated,
giving no increase in total sulfur amino acid concentration.

The maintenance of sulfur amino acid levels in the transgenic rice suggests that demand
for sulfur in the rice seed exceeds supply. The addition of SSA likely increased the
demand for sulfur amino acids in the seed but had no net effect on total seed sulfur
concentration, indicating that the supply of sulfur to the seed did not change. The lupin
results indicate that lupins have the capacity to increase the level of sulfur amino acids
in response to an added transgenic sink for sulfur amino acids because the sulfur supply
to the seed exceeds ordinary demand. Interestingly, when the transgenic lupins were
grown with severely limiting sulfur supply, the sulfur amino acid content was not
increased compared to non-transgenic controls, indicating that under these particular
conditions, sulfur supply was not able to meet demand (Tabe and Droux, 2002).

Although transgenic nee was unable to respond to an increased demand for sulfur
amino acids, this response may vary among cereal species. Maize over-expressing a
sulfur-rich zein displayed a 15% increase in seed methionine when expressed as a
proportion of total protein (Lai and Messing, 2002). This result may reflect a difference
between rice and maize in terms of sulfur supply to the seed or normal demand for
sulfur amino acids within the seed.
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Figure 5-1: Model of sulfur uptake and assimilation in rice and lupin seeds. While
the supply of sulfur to the seed is determined by plant nutrition in both lupin and rice, the supply of sulfur
normally exceeds demand for suJfur amino acids for storage protein synthesis in lupin but does not
exceed demand in rice. Excess sulfur delivered to the lupin seed is stored as sulfate. If the demand for
sulfur amino acids increases, as would occur upon the introduction of a foreign sulfur-rich protein, lupin
seeds have the capacity to synthesise more cysteine and methionine by drawing upon their pool of stored
sulphate (red pathway). In contrast, rice seeds obtain sulfur primary as glutathione (green pathway), do
not contain a large pool of non-protein sulfur and are unable to increase sulfur amino acid content upon
increased demand.

5.2 Seed nitrogen homeostasis
Below a given threshold, the supply of nitrogen to a seed determines the amount of
protein accumulating in that seed. Thus, when individual transgenes encoding a storage
protein are strongly expressed in seeds, the amount of total seed protein is generally not
changed. Conversely, a reduction in the expression of a strongly expressed endogenous
protein may result in increased levels of other seed proteins. This phenomenon was
clearly demonstrated in the opaque-2 mutant, first identified in a screen for high levels
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of seed lysine (Mertz et al., 1964). The opaque-2 mutation is in a gene, which encodes a
bZIP transcription factor that regulates the expression of the 22 kDa a-zeins (Schmidt et

al., 1990). Opaque-2 mutants display a reduction in the level of zeins (prolamin class)
and a general increase in the albumin, globulin and glutelin fractions (Figure 5-2). The
result of this is a significant change in the protein composition of the endosperm but
little change in the total seed protein concentration. In rice, the Low Glutelin Content-1
(LGC-1) mutant line, displays reduced levels of glutelin and increased levels of other

storage proteins, including prolamins (Iida et al., 1993). These mutants suggest that the
availability of nitrogen is more important than the strength of the storage protein sink in
determining seed protein concentration.
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Figure 5-2: Protein fractions of normal (wildtype) and opaque-2 maize kernels. The
opaque-2 kernel shows a decrease in the prolamin fraction, primarily due to the elimination of the 22 kDa
zeins. A compensatory increase in the albumin, globulin and glutelin fractions maintains nitrogen
homeostasis in the mutant seeds, resulting in the storage of approximately the same amount of reduced
nitrogen in both genotypes. The figure was generated using data from (Weber, 1980) and (Nelson et al.,
1965).
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Limited sulfur nutrition results in limited sulfur supply to the grain and therefore limited
expression of sulfur-rich storage proteins. Given no other changes, this response in itself
would result in an overall decrease in seed protein levels. However, seeds generally
compensate by up-regulating sulfur-poor storage proteins (Blagrove et al., 1976;
Randall et al., 1979; Holowach et al., 1984; Chandler et al., 1984; Gayler and Sykes,
1985). This response maintains nitrogen homeostasis, which may be important for seed
viability. In the transgenic rice, SSA expression was accompanied by significant
decreases in endogenous sulfur-rich and moderately sulfur-rich storage proteins such as
the 10 kDa and 16.6 kDa sulfur-rich prolamins, a-globulin and glutelin A. The effect of
this on the nitrogen level of the seed was partially compensated for by the high level of
the SSA protein itself but nitrogen homeostasis was fully maintained by an increase in
the sulfur-poor prolamin. In rice grown under conditions of limiting sulfur nutrition, the
sulfur-poor prolamin was also up-regulated and accumulated to very high levels (Figure
3-4), most likely because it was the only protein compensating for the reduction in
(endogenous) sulfur-rich storage proteins.

5.3 Signals and signalling pathways of sulfur availability
0-acetyl serine (OAS), glutathione (GSH) and methionine have all been identified as
potential signals of sulfur availability in plants. Compared to control seeds, SSA
transgenic rice contained lower levels of GSH (Table 2-4), a change characteristic of
sulfur limitation. Preliminary measurements of OAS in rice seeds indicate that this
metabolite increased more than ten-fold in the SSA transgenic seeds compared to nontransgenic seeds (data not shown). Using DNA microarrays, Hirai et al. (2003)
demonstrated a high correlation between the changes of gene expression levels by sulfur
deficiency and by OAS treatment, suggesting that under sulfur deficiency, mRNA
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accumulation from a number of genes is controlled by OAS concentrations. In
developing rice seeds, it is not clear whether OAS is playing a purely signalling role or
whether it is an important substrate in sulfur assimilation. Current evidence would
suggest that OAS is not an important substrate given that rice endosperm is
predominantly supplied with reduced sulfur compounds (such as glutathione),
downstream of OAS in the sulfur assimilation pathway (Figure 5-1 ). A greater
understanding of the role of OAS and other metabolites in the sulfur assimilation
pathway in rice could be achieved through metabolite profiling of SSA transgenic and
control seeds, as has been recently reported in sulfur stressed Arabidopsis (Willmitzer,
2003). Although free methionine levels were unchanged in the developing SSA
transgenic grain compared to controls (Table 2-4 ), this metabolite has been shown
previously to mediate a reduction in

~-conglycinin ~-subunit

mRNA in cultured

immature soybean cotyledons (Holowach et al., 1986), suggesting that it may also play
a signalling role.

5.4 Transcriptional and post-transcriptional control of storage
protein gene expression by sulfur availability
Northern analysis and nuclear run-on transcription experiments showed that some of the
major storage proteins in rice are regulated by transcriptional or post-transcriptional
mechanisms. Two prolamin genes analysed in this study, the 10 kDa sulfur-rich
prolamin and the 13 kDa B sulfur-poor prolamin, showed different rates of transcription
in the transgenic seed compared to the control. Glutelin A, on the other hand, showed
similar rates of transcription in control and transgenic seeds but accumulated less
mRNA in the transgenic, indicating that the stability of the mRNA was lower in these
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plants. These findings complement previous studies on the sulfur-responsive soybean

B-

conglycinin B-subunit and pea albumin 1 proteins, which are regulated by
transcriptional and post-transcriptional mechanisms respectively (Hirai et al., 1995;
Morton et al., 1998). Post-transcriptional mechanisms also control a number of enzymes
m

the

sulfur

metabolic

pathway,

including

cystathionine

y-synthase,

S-

adenosylmethionine decarboxylase and y-glutamyl-cysteine synthase (Chiba et al.,
1999; Miller et al., 2001 ).

Transgenic Arabidopsis expressing a soybean B-conglycinin B-subunit promoter-GUS
fusion showed increased expression under conditions of sulfur deficiency, indicating
that that the

B subunit

gene responds to sulfur availability mainly at the level of

transcription (Hirai et al., 1995). Deletion analysis of the

Bsubunit gene revealed that a

235 bp region is sufficient for the sulfur response (sulfur responsive element;
Awazuhara et al., 2002). When fused downstream of an enhancer from the cauliflower
mosaic virus 35S RNA promoter, this sulfur responsive clement displayed sulfurregulated expression in both seed and non-seed tissues (Awazuhara et al., 2002).
Although two rice prolamins seemed to respond to sulfur availability in the transgenic
rice, little similarity was found between their promoters and the 235 bp region of the

B

subunit promoter, suggesting that other elements may be involved. It is likely that SSA
and the 10 kDa prolamin responded differently in the transgenic rice because the ssa
transgene was driven by a heterologous promoter that does not contain any sulfur
responsive elements.

Nuclear run-on experiments in developing pea seeds showed that under conditions of
sulfur deficiency, the abundance of the sulfur-rich protein pea albumin! (PAI) was
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restricted by destabilisation of its mRNA (Higgins et al., 1986). The same sulfurdependent mRNA destabilisation was evident when a chimeric gene encoding PAl,
controlled by a leaf-active promoter, was expressed in transgenic tobacco. Under
conditions of sulfur stress, the level of PAl mRNA decreased, demonstrating that the
transducer of the sulfur signal was present in the cloned portion of the PAl transgene.
Two regions of the PAI gene sequence that affected transcript stability in response to
sulfur availability were defined using reporter gene fusions, although the precise signal
for the degradation of PAI mRNA was not identified (Morton et al., I998). Like the
soybean f3 subunit experiments, these findings demonstrate that responses to sulfur
availability are conserved between seed and non-seed tissues and are likely to be of
fundamental importance in plants.

Although some information is now available on the cis factors involved in
transcriptional and post-transcriptional response to sulfur availability, little is known
about the signalling pathway/s involved (Figure 5-3). One strategy that could be
employed to identify sulfur responsive trans-acting regulators is the use of a one-hybrid
screen. Tandem repeats of a sulfur responsive element, such as the one identified in the
soybean f3 subunit promoter, could be used to screen a yeast library of plant genes fused
to a yeast transcriptional activator. This approach would identify plant genes coding for
proteins that bind to the sulfur responsive element. An alternative strategy involves the
use of genomics or proteomics tools to identify large numbers of differentially
expressed genes or proteins in sulfur stressed plants. The microarray experiments
performed in this study identified several candidate trans-acting regulators. Overexpression and gene knock-out experiments using these genes would be required to
verify that they are sulfur-responsive regulators of gene expression.
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Figure 5-3: Model for the regulation of storage protein gene expression by sulfur
availability. Sulfur availability is likely to be signalled by the levels of metabolites such as 0-acetyl
serine, glutathione and methionine. These metabolites regulate the transcription or mRNA stability of
storage proteins by an unknown signalling pathway. Although some of the cis elements involved in
sulfur-responsive transcriptional activity and mRNA stability have been discovered, no trans-acting
factors have yet been positively identified.

5.5 Changes in gene expression in the SSA transgenic seed
5.5.1 Changes in response to a limited availability of seed sulfur
Many of the changes in the SSA-transgenic rice are characteristic of seed sulfur stress.
These include changes in the expression of the isoflavone reductase-like protein, the
major storage proteins, the sulfur-rich albumins and sulfur metabolic enzymes.
Transcript profiling of the SSA transgenic leaf indicated that the presence of the
transgene construct and expression of the selectable marker gene did not cause
significant changes in gene expression in this organ. This situation is different to plants
grown with limited sulfur nutrition which display symptoms of sulfur stress in both seed
and non-seed tissues. In addition to tissue-specific effects, nutritionally sulfur stressed
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plants would exhibit global secondary effects of sulfur stress such as reduced levels of
photosynthates. Therefore, the transcript profile of seeds from these plants would reflect
not only a limitation in the sulfur delivered to the seed but also global changes brought
about by reduced photosynthesis and C0 2 assimilation. A comparison of the expression
profiles of SSA transgenic and low sulfur seeds is an important future direction for this
study as it will indicate which genes respond to global sulfur stress and which respond
to limited sulfur availability in the seed (Figure 5-4). This comparison has not been
possible to date as insufficient low sulfur grain was obtained for microarray analysis.

5.5.2 The Unfolded Protein Response
Not all of the changes in the SSA transgenic grain can be attributed to sulfur stress
alone. Quantification of selected transcripts by RT-PCR indicated that BiP and selenium
binding protein were strongly upregulated in the SSA transgenic seed but not in seed
grown under sulfur nutritional stress. In addition, protein profiles indicated that the
protein disulfide isomerase (PDI) and the unprocessed glutelin B are at high levels in
the transgenic grain only. These responses may be directly related to the presence of the
SSA protein itself rather than a change in the endogenous storage protein composition
or other sulfur-related changes. The up-regulation of BiP and PDI as well as several
other chaperone proteins in the SSA transgenic seed are characteristic of the Unfolded
Protein Response. Martinez and Chrispeels (2003) induced the Unfolded Protein
Response in Arabidopsis using ER stress agents and analysed the resulting changes in
gene expression using microarrays. Several genes were induced in these plants that were
also induced in the SSA transgenic rice seed including those that encode calnexin,
calreticulin, BiP, PDI, sec61 and ubiquitin. The induction of these genes in the
transgenic seed may be explained by misfolding of SSA in the ER.
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Figure 5-4: Venn diagram of potential overlapping and non-overlapping genes
from SSA transgenic and nutrition experiments. A comparison of rnicroarray transcript data
from SSA transgenic and low sulfur rice seeds may indicate which differentially expressed genes in the
SSA transgenic are involved in the sulfur stress response (S-stress) and which are involved in the
Unfolded Protein Response (UPR).

5.6 Future prospects
5.6.1 Increasing the sulfur amino acid content of rice
The results of this study suggest that sink manipulation alone is not sufficient to
increase the seed sulfur amino acid content of rice. Even in grain legumes such as lupin,
where some enrichment for sulfur amino acids is possible through sink manipulation,
the level of enrichment seems ultimately limited by the amount of sulfur delivered to the
seed during development. In order to achieve any increase in sulfur amino acids in rice
or further increase sulfur amino acids in lupin, it may be necessary to combine increased
sink strength with increased sulfur supply. This may involve increasing the production
of mobile sulfur compounds in the leaf tissues or the import of sulfur compounds into
the seed. Over-expression of a bacterial serine acetyltransferase (SAT) resulted in a
two-fold increase in cysteine and glutathione in the leaves of transgenic potato (Harms
et al., 2000). Increased SAT activity may lead to increased levels of cysteine and
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glutathione in phloem sap, although the levels of these compounds were not reported for
the transgenic potato. Threonine synthase mutant plants and transgenic plants overexpressing of cystathionine )'-synthase both accumulated high levels of methionine
(Bartlem et al, 2000; Bertrand et al., 2002), suggesting that these enzymes play
important roles in maintaining methionine homeostasis and are therefore promising
targets for metabolic engineering. Transport of sulfur compounds from the phloem may
represent another bottleneck to sulfur supply in seed tissues. Over-expression and
deregulation of the transporters involved may increase sulfur supply to the seed but little
is currently known about these proteins. Several plant sulfate transporters have been
cloned and characterised but none of these have been implicated in transport to the seed.

5.6.2 Further studies on SSA transgenic and low sulfur rice
Transcript profiling of control and SSA transgenic rice identified a number of genes
likely to be involved in either the sulfur stress response or the unfolded protein
response. However, the role of many other differentially expressed genes remains
unknown. RT-PCR analysis of seeds of sulfur-stressed plants would provide an insight
into the function of many of these genes. Alternatively, a comparison of the transcript
profiles from the transgenic experiment and the soil nutrition experiment (as outlined in
section 5.5; Figure 5-4), could provide useful information regarding gene function. In
addition, genomic analyses of leaf tissue from high and low sulfur rice plants would
provide information about spatial specificity of sulfur stress responses.

A combination of the transgenic and soil nutrition experiments may also provide useful
information. In all experiments reported in this study, the SSA-transgenic plants were
grown in soil containing excess sulfur (sulfate). The growth of transgenic plants under
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conditions of nutritional sulfur stress could add an additional sulfur stress to the seed by
limiting sulfur delivery. It would be interesting to determine whether expression of SSA
or the remaining endogenous storage proteins would be compromised first under these
conditions.

Further characterisation of the putative regulators identified in the m1croarray
experiments is necessary to investigate their involvement in sulfur-responsive signalling
pathways. Preferably, rice knockouts of these genes would be analysed for changes in
storage protein composition and sulfur metabolism. Alternatively, gene knockouts of the
homologous Arabidopsis genes could be used given that these genes are likely to have
similar roles in dicots and many Arabidopsis insertional mutant collections are now
publicly available. Arabidopsis knockout lines for the genes encoding Gfl4-b (14-3-3)
protein, ethylene responsive element binding protein and glycine-rich RNA binding
protein (Table 4-1) would be high priority candidates.
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