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Abstract
Seeds are dependent on supplies of reduced carbon and rutrogen from
photosynthetic source leaves to synthesise and accumulate carbohydrate, proteins
and lipids as main storage reserves. Sulphate is the main source of sulphur for
plants and sulphur reduction is thought occur mainly in leaves. This study shows
that developing chickpea seeds contain a high content of sulphate at the early stage
of maturation, which decreases with a concomitant increase in reduced sulphur. In
addition, it was demonstrated that the ability of developing chickpea cotyledons to
synthesise their own sulphur amino acids and the pathway of sulphur assimilation
in these organs is quantitatively important in supplying sulphur amino acids for
storage protein synthesis in chickpea leaves.
The nutritional value of legume seeds for human and animal consumption is
limited by the low level of cysteine and methionine. In order to improve the
nutritional quality of chickpea seed proteins a seed specific gene encoding
sunflower seed albumin (SSA) that contains 24% of sulphur amino acids residues
has been introduced via Agrobacterium tumefaciens mediated delivery to chickpea. A
number of SSA-transgenic lines were generated from two Australian chickpea
cultivars The transgenic chickpea seeds accumulated various levels of SSA and a
high increase of methionine concomitant with a reduction in sulphate suggesting an
increased flux through the sulphur amino acids biosynthetic pathway in response to
increased demand in the developing transgenic seeds. Seeds of two transgenic lines
that accumulated large amounts of SSA had an altered total seed storage pattern
and a diminished activity of (cysteine -rich) proteinase inhibitors, compared to nontransgenic seeds of the parental chickpea cultivar. Thus, the accumulation of SSA
was supplied by additional sulphur assimilation in the developing chickpea embryo
as well as some diversion of sulphur amino acids from endogenous seed proteins.
Sulphur amino acid biosynthesis represents the convergence of sulphur and
nitrogen and assimilation pathway in the plant. This study has investigated the
effects of Sand N nutrition on S amino acid content of control chickpea and SSAtransgenic chickpea seeds. Multiple regression analysis was performed in order to
test the effects of genotype, N nutrition, S nutrition, and their interaction, on
average seed weight, seed yield, and seed nitrogen and sulphur composition. The
results for the complete data set demonstrated that plant N and S nutrition interact
to influence the accumulation of both N and S in the mature chickpea seeds. The
transgenic genotype of the plants had highly significant effects on seed
composition, particularly on the sulphur composition of the seeds. The transgenic
seeds containing SSA had higher concentrations of reduced S and methionine, and
lower concentrations of oxidised S than the corresponding non-transgenic control
seed. However, only in the condition of nitrogen deficiency and in sulphur surplus
did the transgenic seeds also contain more cysteine than the controls. In these
transgenic seeds, the level of the endogenous, cysteine-rich trypsin inhibitor was

almost the same as in the control seeds, whereas in all the other treatments, the
trypsin inhibitors activity was strongly decreased in the transgenic SSA-containing
seeds. The results suggest that a high S to N ratio in the plant nutrient promoted S
supply to developing chickpea seeds, and maximised the increase of sulphur
assimilation in the seeds in response to an added demand.
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Chapter 1

Literature review

Abstract
Sulphur is an essential nutrient for all organisms, including plants. The main
source of sulphur for plants is sulphate, which is actively transported into the roots
and then delivered to other plant organs. Sulphate is assimilated into a vast range of
biological compounds, including cysteine and methionine, via a complex network
of interconnected metabolic pathways.
Green tissues are the main sites of sulphate reduction in plants. In growing
tissues, such as young leaves, sulphate assimilation is highly active due to the high
demand for cysteine and methionine in protein synthesis. In developing seeds,
sulphur supply and assimilation varies among the species and the processes
involved have yet to be completely elucidated.
Seeds are the main source of nutrients for animals since they are unable to
synthesise some of amino acids necessary for their own growth and development.
In particular, legume seeds are low in cysteine and methionine. This sulphur amino
acid deficiency in legume seeds is mainly due to a weak sulphur amino acid sink.
Conventional plant breeding strategies have not been able to significantly
increase this sulphur amino acid sink and so increase the nutritional value of seeds.
Biotechnology provides an alternative approach in achieving this aim. One such
approach is to transfer a gene encoding for a sulphur rich protein (Sunflower Seed
Albumin, SSA) under the control of a seed specific promoter into an important
legume species such as Chickpea.
Chickpea is the second most important pulse crop grown in the world today.
Increasing the sulphur amino acid content of seed protein would greatly improve its
nutritional and commercial value. Current methods in Chickpea transformation
make it possible to achieve such an objective.
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1.1. Sulphur in the environn1ent.
he primary terrestrial source of sulphur (S) is mineral sulphide, which is
converted to inorganic sulphate (SO 4=) by weathering, and to sulphate and
organic sulphur by microbial action in the soil. In humid regions, over 90%
of the soil sulphur is organically bound, half of which is in the form of sulphate
esters of polysaccharides and phenolic compounds, to name a few, with the
remainder being carbon-bonded sulphur in microbial proteins (Scherer 2001)
Inorganic sulphate, present in the soil per se or released by the hydrolytic
breakdown of sulphate esters, is taken up by higher plants and converted to organic
forms, which can then be utilized by animals (Scherer 2001). This organic sulphur is
partly reconverted to sulphate by catabolic reactions 1n animals and
microorganisms, but is largely degraded to hydrogen sulphide as a result of
microbial action on plants and animals after death. These biological
interconversions of inorganic and organic sulphur constitute a sulphur cycle.
The conversion of sulphur from the inorganic to the organic form is one of the
most important reduction sequences involving sulphur compounds. Plants and
microbes but not, generally speaking, multicellular animals, can build up the
sulphur-containing organic material of their bodies from inorganic sulphate. The
main recipient of sulphur is protein, which is present as the sulphur-containing
amino acids: cysteine and methionine (Saito 1999). Minor products are co-enzymes
such as glutathione, Co-enzyme A, biotin, thiamine, and certain thio-ribosides, such
as S-adenosylmethionine, which are involved in transmethylation (Zhao et al.
1999a).
The formation of sulphur-containing amino acids has been studied considerably,
largely by the use of mutant microbes: strains that have become defective in one
step of the pathway of sulphate assimilation (Hell 1997). In the last two decades,
studies in the sulphur pathway of plants have increased appreciably.
The nutritional needs of higher plants for sulphur have been recognised for over
two centuries. However, interest in this essential element has lagged behind other
nutrients until recently, because deficiency of sulphur has not been as significant as
that of nitrogen (N), phosphorous (P) and potassium (I<). This has been partly due
to the frequent incidental addition of sulphur to soils when N and P fertilisers, such
as ammonium sulphate and single superphosphate, were applied. Industrial
pollution as a result of coal combustion has also contributed substantial amounts of
sulphur to plant requirements in industrialised countries (Zhao et al. 1999a).
However, the sulphur input from atmospheric deposition over the last 2 to 3
decades has decreased significantly. The Sulphur Institute in Washington has
estimated that the annual sulphur fertiliser deficit worldwide will increase from the
current level of 7 .5 million tonnes to over 11 million tonnes by 2010 (Ceccotti
1996).
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Early recognition of sulphur deficiency in Australia was obscured by the
extensive use of SSP to correct widespread P deficiencies in pastures (Beaton and
White 1997). Consequently, the existence of sulphur deficiencies was not recorded
until 1970 when it became apparent that sulphur based fertilizers were beneficial in
many temperate regions of Australia (Beaton and White 1997). Sulphur deficiencies
are now known to occur throughout the country. The requirement of a crop for
sulphur can be defined as the minimum amount of sulphur in the crop associated
with the maximum yield; however, this requirement may be higher when quality
aspects are considered (Zhao et al. 19996). The agronomic consequences of
insufficient sulphur are well documented with decreased yields and a substantial
impact on sulphur-content under extreme deficiency (Spencer 1978). In many cases
of mild sulphur-deficiency stress, there may be little impact on yield but important
consequences for quality with a substantially modified N:S ratio (Zhao et al. 1996).
A range of physiological alterations occurs in plants under sulphate deficiency,
including an enhanced rate of sulphate uptake and transport (Bell et al. 19956, a).
Other changes involve the accumulation of a number of metabolites: a reduction in
the internal sulphur pools and an enhanced accumulation in soluble nitrogen pools
including nitrate and amides as a consequence of the altered N:S ratio (Lencioni et
al. 1997). In a number of plant species, sulphur nutrition is known to affect the
composition of seed storage proteins (Anderson and Fitzgerald 2001; Bonfil et al.
1997; Castle and Randall 1987; Sexton et al. 1998). In legumes, the levels of sulphurpoor proteins are elevated under conditions of limited sulphur supply, whereas the
accumulation of sulphur-rich proteins is reduced (Blagrove et al. 1976; Chandler et
al. 1984; Marzo et al. 1997; Schroeder 1984). Examples of this include the ~conglycinin (sulphur-poor) and glycinin (sulphur-rich) seed storage proteins of
soybean (Ohtake et al. 1994).
Sulphur requirement and metabolism in plants are closely related to nitrogen
nutrition, and nitrogen metabolism is also strongly affected by the sulphur status of
the plant (Haweksford and Smith 1997a). Legume crops obtain nitrogen mainly
from symbiotic N 2-fixation, and sulphur deficiency has been shown to decrease the
concentration of nitrogen in the shoots of many legumes (Andrew 1977). Whether
this is due to a direct effect on symbiotic N 2-fixation or an effect on the host plant
is not clear.

1.1.1. Sulph.ur assimilation.
The metabolism of sulphur containing compounds in plants is still not
completely understood in respect to the complex regulatory patterns and coregulation with other pathways such as general carbohydrate metabolism and
nitrogen assimilation.
Cysteine is the first organic precursor for the formation of sulphur-containing
metabolites such as methionine and glutathione in plants (Saito 1999). The
formation of cysteine in plants plays a key role in the sulphur cycle.
3
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The assimilation of sulphur in plants depends mostly upon cysteine formation
from the sulphate ion. Cysteine is incorporated into proteins and glutathione, or
serves as the sulphur donor for methionine and sulphur-containing secondary
products, for instance, allyl cysteine sulfoxides in Allium plants and glucosinolates
in Cruciferae plants. These sulphur-containing secondary metabolites play an
important role in the defence mechanism against pathogenic microorganisms and
predators.
To manipulate sulphur metabolism at the molecular level through genetlc
engineering, a comprehensive understanding of sulphur assimilation, cysteine and
methionine biosynthesis is necessary. The principal steps of sulphur assimilation
and amino acid biosynthesis are;
i)

uptake of soil sulphate through the rhizosphere,

ii)

transport of sulphate to the sites of reduction or storage,

iii)

activation of the relatively inert sulphate through ATP binding and APS
formation catalysed by ATP sulphurylase,

iv)

reduction of sulphate to sulphide and the formation of cysteine,

v)

transsulphuration to methionine.

Sulphur assimilation is carried out predominantly in the plastids of green tissue
where reducing electrons can be derived directly from photosynthesis. Little is
known about sulphur supply, pathway control and regulation of sulphur
metabolism in plant seeds. Consequently, investigating the regulation of sulphurmetabolism now becomes not only an interesting goal in basic research, but
necessary in solving the problem of engineering high Met grain legumes. Transgenic
high Met grain legumes appear to be useful tools in research on the regulation of
sulphur-metabolism in seeds.
Sulphur enters the plant predominantly 1n the root system, in the form of
sulphate, via proton symport transporters in the plasma membrane of the cell
(Hawkesford et al. 1993). In the root, the sulphate to organic compound conversion
rate is less than 10% of the total sulphur absorbed by the plant (Bell et al. 1994).
The majority of sulphate that is taken up by the root system is translocated to the
leaves via the xylem. For this process to occur sulphate must be transported across
a number of cellular membranes. It will then be either accumulated in the vacuoles,
which represents the largest cell compartment containing sulphate (Datko and
Mudd 1984), or transported into the chloroplast where it is reduced and then
incorporated into organic compounds (Brunold et al. 1997; Hell 1997; Saito 1999).
Therefore, two main sulphur pools are present in plant tissue: oxidised sulphur
(sulphate) and reduced sulphur (protein fraction). The relative abundance of these
two fractions depends upon the specific tissue and the previous nutritional history
of the plant (Blake-I<alff et al. 1998).
-------------------- - ---
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The mobilization of the vacuolar pool of sulphate has been reported to be a slow
process in roots and in mature leaves (Bell et al. 1994) In soybean, the greatest
redistribution of sulphur occurs when nitrogen-limitation induces proteolysis
(Sunarpi and Anderson 1997). Studies on the remobilisation of sulphur in the flag
leaf and delivery to the developing grain indicate that when there are adequate
reserves of sulphate, this can be remobilised to the grain (Fitzgerald et al. 19996, a).
In contrast, there is strong evidence that a large proportion of sulphate delivered
from roots to shoots via the xylem does not mix with the vacuolar sulphate pool in
mature leaves. It cycles rapidly into the phloem and re-distributes to young leaves
and roots (Adiputra and Anderson 1995; Smith and Lang 1988). Accumulation and
remobilisation of sulphur compounds from different organs and cellular
compartments implies the existence of highly coordinated transport mechanisms
(Adiputra and Anderson 1995; Blake-I(alff et al. 1998).
Plants respond, in a short-term scale, to most element deficiencies by increasing
the capacity to absorb the corresponding ion. An up-regulation of sulphate
transport in response to sulphur starvation, and a strong repression after sulphate
supply were observed in isolated plant cells (Clarkson et al. 1999; Hatzfeld et al.
1998), cultured roots (Hawkesford and Belcher 1991), whole intact plants (Clarkson
et al. 1992; Datko and Mudd 1984; Herschbach and Rennenberg 1994; Smith et al.
1997) and in microorganisms (Breton and Surdin-I(erjan 1977; Marzluf 1997).
It has been shown that this increase in sulphate transport capacity CV max) was
probably due to an increase of the relative abundance of at least one specific plasma
membrane hydrophobic polypeptide which would be involved in the transport,
without any significant change in the affinity (I<.m) for sulphate of the transporters
(Green and Grossmann 1988). The relative abundance of several plasma membrane
polypeptides was indeed modified in response to sulphate availability in the culture
solution (Green and Grossmann 1988; Haweksford and Smith 19976). Recently,
there has been substantial progress in the cloning and analysis of sulphate
transporters in plants, which will further define their role in sulphur assimilation.

1.1.1.1. Sulfate reduction steps.
The first steps of sulphate activation are illustrated in Figure 1.1. Sulphate is a
relatively non-reactive form of sulphur, and has to be activated prior to its
reduction and incorporation into organic compounds (Leyh 1993). The activation
of sulphate is catalysed by ATP-sulfurylase (ATP-S) which associates inorganic
S0 4 = with ATP, resulting in the formation of adenosine 5'- phosphosulphate (APS)
and pyrophosphate (PPi). ATP-S expression and activity are weakly induced upon
sulphur depletion but repressed through increased concentrations of glutathione or
methionine and cysteine (Lappartient and Touraine 1997; Reuveney and Filner
1977).
In potato, ATP-S is expressed in the source organs of leaves and stems but also
in roots, stolons or flower buds (I<.lonus et al. 1994). Over expression of ATP-S did
· - - - - - - - --- --
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lead to a 2.5-fold increase of enzymatic activity in tobacco (Hatzfeld et al. 1998) and
an eight-fold increase in indian mustard (Brassica juncea) (Pilon-Smits et al. 1999). In
mustard, ATP-S overproduction led to an increase of selenate and sulphate uptake,
higher levels of GSH and thiols, and to an increased selenate tolerance. Antisense
inhibition of ATP-S in potato resulted in a six-fold decrease of enzyme activity
accompanied by mild growth retardation and a reduction of tuber yield; the shoot
to root ratio and the sensitivity towards cadmium was increased.

Figure
1. 1. Sulfate reduction
pathway. Fluxes are shown with a
white arrow and enzymatic reactions
with a bent arrow.
1, ATPsulfurylase; 2APS reductase; 3,
sulphite reductase; 4, APS kinase; 5,
3'-phosphatase; 6, PAPS reductase;
7, thiosulfonate reductase.

PAPS

~

<:

~ APS c==)Carrier-S-so 3-

5
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The ATP-sulfurylase reaction is thermodynamically unfavourable for the forward
reaction, which is achieved with a rapid removal of PPi and APS (Leyh 1993). This
can be attained in vivo by the strong activity of pyrophosphatase and enzymatic
activities of APS kinase-forming 3' -phosphoadenosine-5" -phosphosulphate (PAPS)
and APS reductase. ATP-S is probably a rate-limiting step for sulphur reduction
and is regulated by the sulphur and nitrogen state in the cells.
Reuveney and Filner (1977) proposed a scheme that integrated the regulation of
both the sulphate and nitrate assimilation pathways. Each pathway is
downregulated by its own internal signals when the other pathway is not limiting.
This type of regulation is combined with a regulation by positive signals originating
in the other pathway, thus establishing a coordination of both pathways.
Reuveney (1980) pointed out the central role of Nitrate reductase (NR) and
ATP-S in this regulatory mechanism. When cultured tobacco cells are provided
with growth-limiting concentrations of sulphur, as sulphate, the rate of NR
production is proportional to the initial sulphate concentration. On the other hand,
the rate of de-repression of ATP-sulfurylase is proportional to the initial nitrate
concentration. In cell cultures of Ipomea, ATP sulfurylase activity was increased with
NH 4+ or NH 4+ plus NO 3- as nitrogen sources, as compared to cultures with NO 3-,
whereas the lack of a nitrogen source decreased enzyme activity to 80% of the
controls within 24 h (Zink 1984).
The relevance of APS reductase (APR) for the actual biosynthetic steps of
sulphur reduction in plants, the free or bound reduction pathways, have been a
topic of debate for quite some time (Brunold et al. 1997; Hell 1997). In the bound
pathway (Fig 1.1 ), the carrier bound intermediates are reduced to sulphide
6
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equivalent compound by APS sulfotransferase and organic thiosulphate reductase.
In the non-bound pathway, APS is further activated to adenosine 3' -phosphate 5'
phosphosulphate (PAPS) by APS kinase, and then reduced to sulphite reductase.
Different APS reductases have been cloned recently (Gutierrez-Marcos et al.
1996; Setya et al. 1996) strongly favouring the bound pathway in plants. There are
no genetically engineered plants available for analysis yet; however, it can be
assumed that APR is a valid target for manipulating pathway fluxes. The steadystate level of mRNA for APS-reductase in A. thaliana was induced by sulphate
starvation, suggesting transcriptional control by a nutritional state for activity of
APS-reductase (Takahashi et al. 1997).
Sulphite reductase in higher plants catalyzes the transfer of six electrons from
ferredoxin to sulphite (S0 3-) to produce sulphide (S=). The enzyme was
characterized in spinach leaves and chloroplast, consisting of a homooligomer,
containing a siroheme and iron-sulphur cluster per subunit (I<rueger and Siegel
1982) and was cloned from Arabidopsis thaliana (Bork et al. 1998; Bruhl et al. 1996).
Because reduction of both nitrite and sulphite requires siroheme, ferredoxin, and
electrons, the issue of generation and distribution of these necessary elements in
plant cells is important for the discussion of nutritional cross-talk of nitrogen and
sulphur.
Adenosine 5' -phosphosulphate kinase catalyzes the phosphorylation of APS with
ATP to yield PAPS and ADP. APS kinase plays a role in eliminating APS, a potent
inhibitor of ATP-sulfurylase, to drive the reaction of ATP sulfurylase forward
(I<redich 1987). PAPS may not be involved in the major pathway of sulphate
reduction in plants; however, it may be important as a donor of sulphate moieties
of various sulphated metabolites such as sulfolipids, flavonol sulphate and
glucosinolates. Although PAPS reductase from Escherichia coli was well characterized
as a thioredoxin-depedent enzyme (Berendt et al. 1995), only one report described
PAPS reductase in higher plants, in that of spinach chloroplasts (Schwenn 1989).
1.1.1.2. Cysteine biosynthesis and regulatory consideration.
Most sulphur containing organic molecules present in plants are then synthesised
directly or indirectly from cysteine, thus cysteine formation is the final step in
sulphur assimilation. The formation of cysteine appears to be required in all cellular
compartments that carry out protein biosynthesis, since the two cysteine
biosynthetic enzymes: Serine acetyltransferase (SAT) and 0-acetylserine-(thiol)-lyase
(OAS-TL), have been located in the cytosol, plastids and mitochondria of various
plant species (Lunn et al. 1990; Ruffet et al. 199 5). A schematic representation of
cysteine biosynthesis is illustrated in Figure 1.2.
SAT catalyzes the formation of 0-acetylserine from serine and acetyl-CoA. This
enzyme is positioned at the conjunction of serine metabolism and cysteine
biosynthesis. It appears that SAT regulation is operated at a number of levels:
subcellular compartmentation (Lunn et al. 1990; Ruffet et al. 1994) enzyme activity
7
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(Saito 1999) and/ or transcriptional control (Saito et al. 1997; Takahashi et al. 1997).
Three cDNA clones encoding serine acetyltransferase isozymes have been isolated
from Arabidopsis thafiana (Bogdanova et al. 199 5; Hell et al. 1994;Murillo et al. 199 5;
Ruffet et al. 1995; Roberts and Wray 1996; Howarth et al. 1997). In view of the
amino acid sequences and the difference in subcellular localization, these serine
acetyltransferase isoforms have been divided into three groups: (i) SAT-c, a
cytosolic isoform (Howarth et al. 1997), (ii) SAT-p, a plastidic isoform (Ruffet et al.
1995) and (iii) SAT-m, a mitochondrial isoform (Bogdanova et al. 1995; Roberts
and Wray 1996).

Figure
1.2.
Schematic
representation
of
cysteine
biosynthesis. Sulphur and nitrogen
metabolism are involved in cysteine
biosynthesis. Fluxes are shown as a
white arrow, dashed arrows indicate
multi-step reactions to obtain the
appropriate substrate; a bent arrow is
the enzyme that catalyses that
reaction and the line shows another
substrate for the enzymatic reaction.
1, Serine acetyltransferase (SAT); 2, Oacetylserine-(thiol)-lyase (OAS-TL). N:
nitrogen;
S=:
sulfide;
OAS:
Oacetylserine.

so=
4

N

s=

Acetyl-CoA

The first unequivocal evidence for feedback inhibition of serine acetyltransferase by L-cysteine in plants has been reported for the cytosolic enzyme of
watermelon (Saito 1995; Saito et al. 1995). However, the significance of the
feedback regulation has not yet been clarified in respect to different isoforms of
Arabidopsis thafiana. The activity of SAT-c was inhibited by L-cysteine in a noncompetitive manner with L-serine, but in a competitive manner with acetyl-CoA.
The I<i values of L-cysteine were determined to be 10.SµM for L-serine and 7.4µM
for acetyl-CoA. The concentration for 50% inhibition (IC50) under the standard
assay conditions was 1.8µM (Saito et al. 1995; Howarth et al. 1997). In contrast to
SAT-c, the activities of SAT-p and SAT-m were insensitive to feedback inhibition
of up to 100µM of L-cysteine (Bogdanova et al. 199 5; Hell et al. 1994; GutierrezMarcos et al. 1996). These results suggest that the three SAT isoforms, which are
localized in different organelles, are subject to different feedback-regulation
mechanisms, presumably to play particular roles in the production of OAS and
cysteine in cells.
OAS-TL is responsible for the terminal step of the cysteine biosynthetic pathway
0ost et al. 2000). OAS-TL activity was detected in several plant species and in
subcellular compartments (plastids, mitochondria and cytosol) suggestmg the
---- ----------
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presence of several isoforms of OAS-TL (Barroso et al. 199 Sa, b). OAS-TL is
slightly induced upon sulphur starvation resulting in a two-fold increase of
expression, while simultaneous depletion of nitrogen and sulphur results in a fivefold increase in expression. (Saito et al. 1996; Takahashi et al. 1997). The availability
of the substrate OAS is limiting for the biosynthetic rate of cysteine biosynthesis:
this has been shown through feeding experiments of OAS and through the
overexpression of SAT (Hesse et al. 1999).
Molecular manipulation of OAS-TL levels did not result in any significant
change in sulphur metabolite levels. Over expression of OAS-TL did not affect
cysteine or GSH levels in the respective plants (Saito et al. 1994) though a slight
increase in resistance to sulphite and hydrogen sulphide has been observed
(Youssefian et al. 1993). Correspondingly, antisense inhibition of OAS-TL had no
effect on plant growth rates but led to increased sensitivity to sulphite.
Under sulphate-starved conditions, sulphate uptake and assimilation activity is
de-repressed (Clarkson and Hawkesford 1993). This de-repression is correlated
with the inducible expression of a particular set of genes for sulphate transporter
isoforms AST101 and AST68, and APS reductase, which are regulated by the
cellular sulphur status. 0-acetylserine is postulated as a positive regulator of sulphur
transporter gene induction. In fact, 0-acetylserine overrides the repressive effect of
sulphur-sufficient conditions on the gene induction of a high-affinity sulphate
transporter in barley (Smith et al. 1997). GSH and cysteine, in contrast, are assumed
to be negative regulators (suppressors) for gene expression of these sulphur-status
regulated genes (Bolchi et al. 1999; Lappartient et aL 1999).
Studies using cultured tobacco cells revealed inhibition of sulphate uptake by
cysteine, methionine, homocysteine and isoleucine (Hart and Filner 1969). In barley
roots, sulphate uptake was inhibited by methionine and seleno-methionine, and in
the tuber discs by methionine and cysteine (Maggioni and Renosto 1977). Sulphur
transporter regulation in herbaceous plants appears to be as follows; sulphur
depletion or external supply of OAS leads to the upregulation of sulphur
transporter genes, whereas nitrogen depletion, or high levels of GSH or cysteine,
leads to the downregulation of sulphur transporter genes. High levels of OAS,
however, are able to overcome repression of high sulphur levels, leading to
increased transport activity and increased levels of GSH and cysteine (Hell and
Rennenberg 1998).
Genetic manipulation of sulphate transporters has aimed to increase assimilation
rates under certain conditions. In doing so, plants could respond more effectively
during limited sulphur supply conditions and during seed filling where vacuolar or
soil derived sulphate has to be quickly mobilised, reduced and transported to the
sink organs. This is important in the case of genetically modified plants expressing
high levels of cysteine or methionine rich proteins. Unfortunately, there appears to
be a limiting window for seed loading as the expression of sulphur rich proteins did
not always lead to an increase in the overall level of sulphur amino acids, but only
9
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to a reallocation from endogenous proteins to the transgenic protein (Fujiwara
1997; Tabe and Droux 2002). Whether this limiting of sulphur levels in plant
proteins is due to the import of sulphate or to the import of reduced sulphur, still
requires further investigation.
What cellular signal-transduction network is involved in the regulation of
sulphur assimilation also needs to be elucidated. Cellular signals regarding sulphur
rich or poor status are likely to be transmitted through at least two different
pathways, i.e., protein phosphorylation and Ca2+ signalling. The effects of Oacetylserine and inhibitors were different in roots and leaves, suggesting the
presence of an intricate tissue-specific signal transduction network. A hypothetical
model of signal transduction and regulatory control could be that an external or
internal stimuli, such as sulphate deficiency, could trigger multiple signaltransduction cascades involving Ca2 +, phosphorylation, etc. These signals
eventually inducing the expression of particular genes involved in sulphate
transport and assimilation. The signals transmit either through feedback regulation
of serine acetyltransferase and subsequent O-acetylserine level or direct regulation
of gene expression (Saito 2000).
The pathway via serine acetyltransferase and O-acetylserine is particularly
important in the cytosol, because the cytosolic isoform of serine acetyltransferase is
inhibited by cysteine. In soybean, Ca2 + dependent protein kinase (CDPI(.)
phosphorylates a putative cytosolic serine acetyltransferase. The phosphorylated
serine acetyltransferase is still active but no longer subjected to feedback inhibition
by cysteine, reinforcing the crucial role serine acetyltransferase and O-acetylserine
play in the regulation of the pathway (Saito 2000).

1.1.1.3. Methionine biosynthesis.
The synthesis of aspartate-derived amino acids 0ysine, methionine, threonine)
and the related pathway leading to branched chain amino acids (isoleucine, leucine,
valine) are the focus of considerable attention for several reasons. Firstly, the study
of their biochemical and molecular control would provide new insights into the
mechanisms involved in the homeostatic regulation of amino acids in plants.
Secondly, these metabolic pathways produce essential amino acids at levels that
limit the nutritional quality of crop plants grown for human and monogastric
animal consumption; since seeds of cereals and legumes are deficient in lysine and
methionine, respectively.
In the family of aspartate-derived amino acids, the concentrations of individual
amino acids are tightly controlled and balanced through a complex regulatory
circuit of feedback mechanisms and expression controls. Despite this tight control,
the examples of overproduction of methionine-rich sink proteins leading to
increased methionine levels show the dynamic capacity of the pathway to react to
increased demands.
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Methionine has an important role in cellular metabolism, not only because it
serves for protein synthesis, but also, because it is involved in transmethylation
reactions via S-adenosylmethionine (SAM), and in the synthesis of polyamines,
ethylene and S-methylmethionine (SMM) (Giovanelli et al. 1980). Although the
enzymes involved in methionine synthesis have been well studied in bacteria, more
research is required in understanding plant enzyme dynamics.
Methionine is produced from the convergence of two pathways: aspartate and
cysteine biosynthesis (Fig 1.3). The carbon backbone is derived from aspartate, the
sulphur atom from cysteine, and the methyl group from ~-carbon of serine. In the
cytoplasm and/ or chloroplasts of higher plants, three consecutive enzymatic
reactions involving: cystathionine y-synthase (CGS), cystathionine ~-lyase (CBL)
and methionine synthase (MS), catalyse cysteine and O-phosphohomoserine (OPH)
to methionine (Ravanel et al. 19986).

Aspartate
-,

Figure
1.3.
Metabolic
pathway
leading
to
methionine
biosynthesis
in
higher
plants.
1:
Cystathionine y-synthase; 2:
Cystathionine ~-lyase; 3:
methionine synthase. 0 PH:
0-phosphohomoserine; Hey:
homocysteine;
Smethylmethionine SMM; Sadenosylmethionine SAM
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CGS catalyses the first reaction of methionine synthesis. CGS is not feedbackinhibited by intermediate metabolites, but its expression appears to be regulated by
methionine levels (Ravanel et al. 1998a;Thompson et al. 1982). The feeding of
Lemnza with 2 µM external methionine decreases CGS-specificity activity to 15% of
control, whereas supplementing with 36 µM lysine and 4 µM threonine to block
methionine synthesis increases CGS two to threefold (Thompson et al. 1982). CGS
expression in barley is increased almost fourfold when lysine and threonine are
present and is reduced in the presence of methionine (Rognes et al. 1986).
Threonine synthase is also present in the chloroplast and uses OPH as a
substrate; OPH is therefore a branch point intermediate for methionine and
threonine synthesis in plants. Plant threonine synthase is strongly activated by SAM
in a cooperative manner, suggesting that the intraplastidal SAM concentration could
determine the relative flux of OPH toward threonine synthesis (Bartlem et al. 2000).
CGS can be assumed to be the rate-limiting step of the methionine branch.
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Investigations concerning altered levels of CGS expression in plants also support
the crucial role of this enzyme for methionine biosynthesis. Over expression of
CGS in Arabidopsis tha!iana (Gakiere et al. 2002) and maize led to an increase in
methionine levels (Locke et al. 1997; Tarcczynski et al. 2001).
Cystathionine ~-lyase converts cystathionine to homocystine (Hey). CBL appears
to be localised in plastids and a lethal Nicotiana plumbaginifo!ia mutant indicates the
presence of only a single isoform in plants (Frankard et al. 2002). Interestingly,
antisense inhibition of CGS increases expression of CBL in Arabidopsis 3-fold,
showing the flexibility of this pathway to retain balanced levels of the different
components within the whole pathway (Ravanel et al. 19986). Regulatory properties
of CBL are still not clear.
Methionine synthase (MS) has been characterised as a cytosolic protein (Eichel et
al. 1995). The major function of MS appears to be connected with the recycling of
liberated homocysteine produced from SAM catabolism. Current research in the
methionine biosynthetic branch of the aspartate family of amino acids indicates a
complex regulatory pattern (Ravanel et al. 19986; Matthews 1999).

1.1.2. Gh1tathione as a secondary metabolite of cysteine.
Glutathione (GSH) appears to be present in all plant organs, but GSH levels
differ considerably between organs or within the same organ at different
developmental stages (Noctor et al. 19986; May et al. 1998). For example,
glutathione concentrations are usually lower in the roots compared with the leaves,
and higher in young developing leaves than in mature leaves (Arisi et al. 1997). The
concentration of glutathione is determined by synthesis, degradation, transport, and
metabolic conversion to other compounds, such as mixed disulphides, xenobiotic
conjugates, or phytochelatins (Noctor et al. 19986; May et al. 1998). The
contribution of glutathione synthesis in maintaining and modulating the glutathione
concentration in the various tissues of plants is far from understood, but has
received considerable attention during the last decade.
The biosynthesis of GSH depends on the linking of the constituent amino acids:
glycine, cysteine and glutamine, via two ATP-dependent steps catalysed by separate
enzymes: y-glutamylcysteine synthetase (ECS) and glutathione synthetase (GS), (Fig
1.4). The two-step reaction sequence occurs in both chloroplastic and nonchloroplastic compartments and is found in photosynthetic and non-photosynthetic
tissues (Hell and Bergmann 1988; I(lapheck et al. 1987; Law and Halliwell 1986).
The distribution of enzyme activity between chloroplast and extra-chloroplastic
compartments is approximately equal. Pisum sativum chloroplasts contained 72% of
leaf ECS activity and 48% of leaf GS activity (Hell and Bergmann 1990; I(lapheck et
al. 1987) and similarly, Spinacia oleracea chloroplasts contained values of 61 % ECS
and 48% GS (Hell and Bergmann 1990). The very low activities of these enzymes in
plants and the complexities of the procedures for enzyme ex°=action an?_~ss~ying
12
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have precluded extensive purification and kinetic characterisation. Consequently,
much of our current knowledge of their structure, regulation and function has been
gleaned from molecular and plant transformation experiments.

Figure
1.4.
Glutathione
biosynthesis. Three different amino
acids are involved in the synthesis of
glutathione.
1:
y-glutarnylcysteine
synthetase; 2: glutathione synthetase.
Glu: glutarnine; Gly: glycine.
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The cDNA encoding s-ECS,
was originally cloned from Arabidopsis thaliana by complementation of an Escherichia
coli mutant deficient in this enzyme (May and Leaver 1994). The ability of several
plant species to make analogues of glutathione depends on the specificity of the
synthetases involved. In legumes, substrate specific GSs use either glycine to form
GSH or ~-alanine to form homoglutathione (Macnicol 1987).
A complex control network regulates glutathione biosynthesis and homeostasis
in plant cells. This includes coarse regulation of de novo synthesis of the enzymes
of GSH biosynthesis and turnover, and fine regulation of the flux capacity of the
pathway by feedback inhibition. As for animal, bacterial and yeast enzymes, plant yECS is subject to transcriptional and post-transcriptional controls. The activity of
this enzyme limits the rate of GSH biosynthesis and is responsible for maintaining
the GSH concentration of plant cells as demonstrated by the following
observations:
i)

The cad-2 Arabidopsis mutant, which has a mutation in the ECS gene,
has only one-third of the tissue GSH content of the wild-type (May et
al. 1998).

ii)

Increases in glutathione content accompanies increases in ECS activity
in tissues treated with cadmium (Ruegsegger and Brunold 1992).

iii)

Overexpression of an Eschen·chia coli ECS, but not GS, in poplar or
tobacco substantially increases the glutathione pool (Noctor et al.
19986).

The two potential mechanisms for control of the flux through the pathway of
glutathione biosynthesis are (1) the availability of substrates and (2) the regulation
13

Chapter 1

Literature review

of enzyme protein synthesis and activity. In poplar leaves, the biosynthesis and
accumulation of GSH depends on the activity of y-ECS and the availability of
cysteine (Strohm et al. 1995). The relationship between the foliar contents of ECS
and GSH was strongly influenced by light (Noctor et al. 1997), the effect of
illumination being most pronounced in leaves from transformed poplars overexpressing y-ECS. The effect of photorespiration can be replaced during darkness
by supplying glycine (Noctor et al. 1998a; Noctor et al. 19986), thereby preventing
the dark-induced increase in ECS and causing accumulation of GSH even in the
dark (Noctor et al. 1998a). Similarly, when leaf discs were incubated on glycine or
photorespiratory intermediates that can be converted to glycine, the dark-induced
increase in ECS was largely abolished (Noctor et al. 1998a). These results
demonstrate that glycine can restrict GSH synthesis in situations where ECS
activity is increased, and the flux through the photorespiratory pathway is low. It
had been shown that glutathione synthesis in plants uses intermediates of the
photorespiratory carbon and nitrogen recycling pathways (Noctor and Foyer
1998a). This interaction is most evident for glycine and appears to occur whether
glutathione is synthesised in the chloroplastic or cytosolic compartments (N octor
and Foyer 19986). Glutathione synthesis may also draw upon pools of other amino
acids involved in the photorespiratory pathway, since; glutamate, serine (the
precursor of cysteine) and glycine are all involved in photorespiration.

1.1.3.

S-adenosyl-n1.ethionine and S-methylmethionine
secondary metabolites of methionine.

as

Methionine is a direct precursor of S-adenosyl-methionine (SAM), the main
biological methyl donor in many transmethylation reactions of proteins, lipids,
polysaccharides and nucleic acids (I<utchan 199 5). SAM serves as cofactor in a
variety of reactions in all living cells, and may also play a crucial role in redirecting
intermediates toward specific metabolic pathway by altering, quantitatively and
qualitatively, the products accumulated (Poulton 1981).
Moreover, SAM intervenes directly in growth and development, for it is a key
metabolite in polyamine biosynthesis. It is a precursor of the biosynthesis of
ethylene (a phytohormone) and of biotin, and plays a regulatory role in the
synthesis of methionine and other aspartate-derived amino acids (Anderson
1990;Sun 1998)
S-adenosyl-L-synthetase (SAM-S) catalyses the biosynthesis of SAM using ATP
and methionine. Characterisation of the genes encoding for plant SAM-S shows
that they are highly conserved in all organisms and that they form a gene family
(Gomez and Carrasco 1998; Izhaki et al. 1995; Lee et al. 1997; Peleman et al. 1989a;
Peleman et al. 19896). The existence of different SAM-S genes has generally been
ascribed to the metabolic importance of SAM (Peleman et al. 1989a). Moreover, it
has been suggested that some of the SAM-S genes would be expressed
constitutively, whereas others would be specifically regulated by developmental
14
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(Boerjan et al. 1994; Izhaki et al. 199 5) and/ or environmental factors (Espartero et
al. 1994; Gowri et al. 1991; I<.awallech et al. 1992; I<im et al. 1994; Somssich et al.
1989) according to the requirement for SAM.
Two cloned genes from Arabidopsis tha!iana are highly expressed in the stem, the
root and to a lesser extent, in the leaf (Peleman et al. 1989a; Peleman et al. 1989b).
The absence of a detectable signal sequence at the nitrogen-terminal part of SAM-S
isoforms, predicted from the rice cDNA sequence, indicates that these isoenzymes
are located in the cytosol (Lee et al. 1997). The specific localization of SAM-Sin the
cytosolic compartment raises the problem of SAM transport across the limiting
border of the mitochondria and chloroplast membranes, to sustain internal transmethylation reactions. To date, the mechanism of SAM transport has yet to
determined.
S-methylmethionine (SMM) is a ubiquitous constituent of the free amino acid
pool in flowering plants, leaves, roots, and other organs at levels that typically range
from 0.5 to m mol g- 1 dry weight; a concentration that is often higher than those of
Met or SAM (Bezzubov and Gessler, 1992). In plants, SMM can act as a methyl
donor in the reaction with homocysteine to form methionine. However, other
methyl-transfer reactions using SMM as a methyl donor are still speculative. SMM is
believed to function as a methyl group storage metabolite. When the capacity to
form methyl groups de novo diminishes, relative to the capacity to form
homocysteine, the stored methyl groups could be returned to the methionine pool.
In wheat, sulphur is transported to the developing ear in the form of SMM
(Fisher 1992). The level of SMM in phloem sap is 1.5 fold to that of GSH,
indicating that SMM could contribute approximately half the sulphur needed for
grain protein synthesis (Bourgis et al. 1999).

---- ----------

----

15

-

--

--------

------

Chapter 1

Literature review

1.2. Nitrogen assimilation.
The mineral nutrient needed in greatest abundance by plants is nitrogen, which is
assimilated by plants in inorganic or organic forms. Legumes can fix dinitrogen gas
in association with symbiotic bacteria (Mylona et al. 1992).
Nitrate is the main nitrogen source for higher plants (Foyer et al. 1994) and is
converted into reduced nitrogen by the nitrate assimilation pathway, which has
been studied extensively for the last 40 years. Nitrate is actively transported across
the plasma membrane of epidermal and cortical cells of the root (Larsson and
Ingemarsson 1989) into root cells where it is stored in the vacuole, reduced in the
cytoplasm or transported to the leaves (Williams and Miller 2001). Subsequent
transport can occur across the tonoplast membrane (Granstedt and Huffaker
1982;Blumwald and Poole 1985) and the plasma membrane of cells in the vascular
system and leaf.
In higher plants, two types of vanatlon 1n rutrate uptake rate have been
identified:
i)

temperate response to modification of environmental factors such as
light, intensity, temperature, or stress conditions, (Crawford and Glass
1998; Forde and Clarkson 1999; Stitt 1999)

ii)

variations that occur during ontogeny (Crawford and Glass 1998; Forde
and Clarkson 1999; Stitt 1999).

During ontogeny the rate of nitrate uptake by cowpea, green gram, and soybean
increases throughout vegetative growth, peaks during the early reproductive stages,
and then declines during pod and seed development (Imsande and Edwards 1988).
At harvest, 75% of total plant nitrogen is contained in the soybean seed (Imsande
and Edwards 1988). During reproductive growth the rate of nitrate uptake and
foliar protein degradation are negatively correlated.
The principal pathways for long distance transport of nitrogenous solutes in
vascular plants are the mass flow through the xylem, from root to regions of
transpiration in the shoot, and the flow of translocate into phloem from
photosynthetically active organs to sites in which photosynthase is consumed
during growth and storage (Marschner 1976; Marschner et al. 1996). Information on
the compounds moving along these essential complementary routings has been
obtained by analysing fluids collected from conducting elements of the xylem and
phloem (Urquhart and Joy 1981; Fisher 2001).
Nitrate, but not nitrite, is a common constituent of xylem exudates of certain
species, especially if high levels of nitrate are available in the rooting medium.
Where as it is usually absent form or present in only trace amounts in phloem
exudate, even in situations in which the xylem of a plant is carrying significant levels
of nitrate. High levels of nitrogen continue to be present in xylem bleeding sap until
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after flowering, even when rutrogen assimilation and export by the roots have
declined drastically.
Legumes have been grouped in terms of evolutionary origin according to types
of export products delivered from root nodules (Laurie and Stewart 1993). Sprent
(1980) proposed that nodules of temperate legumes export amides (in the form of
asparagine and glutamine) and nodules of tropical legumes export ureides; in the
form of allantoin and allantoic acid.
In the ureide producing species cowpea (Vzgna unguicu!ata) and soybean (G!Jcine
max), N 2 fixation by nodules is associated with ureide export in the xylem whereas
non nodulated plants subsisting on NO 3-, export much less ureides and
proportionally more amides, especially asparagine, in their xylem (Sinclair and Serraj
1995).
Chickpea is known to be an amide-producing legume (Sinclair and Serraj 199 5).
The application of nitrate resulted in an increase in the concentration of asparagine
in the xylem sap, less nitrogen fixation, an increase in nitrogen transported to the
shoots, and about 80% of the total sap was constituted by amides (Peoples et al.
1987). However, ureides have been detected in the sap, but their amount was very
low. Sheorovan et al. (1989) have shown that there is no relationship between the
level of symbiotic nitrogen fixation and xylem sap composition.
Fruit and seeds accumulate large quantities of dry matter relative to their
photosynthetic activity and resemble loosely, in composition and dry matter
content, the phloem translocate which they import from the parent plant. These
facts suggest heavier dependence by fruits on phloem than on xylem for intake of
macronutrients such as carbon, nitrogen, and potassium. (Pate et al. 1980). In
Lupinus a/bus, N 15 labelling studies using N 15 asparagine and N 15 glutamine (amide
labelled) indicate that the nitrogen of amides is utilised for synthesis of a variety of
amino acids of seed protein (Pate et al. 1980). Effective transfer of this nitrogen is
attributable to the amino acid arginine, a compound virtually absent from phloem
yet comprising a large fraction of the bound amino acid of seed proteins.
Since seeds are heavily dependent on phloem for nitrogen supply, and since
NO 3- is not normally present in phloem, it is likely that most seeds subsist on a
predominantly organic diet of nitrogen (Pate et al. 1980).
After the uptake of nitrate into the cell, the next step in nitrogen assimilation is
the reduction of nitrate to nitrite (Fig 1.5). The enzyme that catalyzes the reduction
reaction is Nitrate Reductase (NR), which is located primarily in the cytosol of root
epidermal and cortical cells and shoot mesophyll cells (Fedovora et al. 1994; Rufty et
al. 1986). It is highly regulated at the transcriptional and posttranscriptional levels.
So it is surprising that mutations that reduce NR activity by 10 fold have little
observable effect on the growth of plants fed only nitrate. Transgenic Nicotiana
plumbangifolia and A. thaliana responded differently to elevated NR expression and
activity. Nicotiana plumbangifolia plants that constitutively over-expressed NR by
17
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virtue of the 35S Cauliflower mosaic virus (CaMV) promoter, and displayed up to a
5 fold increase in NR activity as compared to wild type, showed a significant
decrease in nitrate content and a significant increase in the free pool of several
amino acids, mainly L-glutamine. However, they did not display an increase in total
protein content (Ferrario et al. 1995; Foyer et al. 1993; Quillere et al. 1994).
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Figure
1.5.
Schematic
representation
of
nitrogen
metabolism.1: Nitrate reductase; 2:
Nitrite reductase; 3: Glutamine
synthetase 4: Glutamate syntase.
Gln: glutamine; Glu: glutamate.
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On the other hand, transgenic Arabidopsis that over-expressed NR by virtue of a
light inducible promoter, did not display a decreased nitrate content but did show a
significant increase in total protein content (Nejidat et al. 1997). The consequence
of over-expression of NR in A. thaliana was the increase in protein content, mainly
at high ambient nitrate concentrations (Nejidat et al. 1997).
Nitrite is quickly reduced to ammonia by Nitrite reductase (NiR): a nuclearencoded enzyme that is transported into the chloroplast (Gupta and Beevers 1987;
Back et al. 1988). It has been difficult to isolate a NiR mutant plant because
inhibiting nitrite reduction would lead to the accumulation of nitrite which is toxic
(Duncanson et al. 1993). However, a reduction in NiR levels has been achieved in
tobacco by expressing NiR antisense RNA (Vaucheret et al. 1992). As expected, an
antisense transformant with no detectable NiR activity displayed impaired
development and chlorotic leaves when fed nitrate and had to be maintained on
ammonia as the sole source of nitrogen. Interestingly, this transformant had higher
and still inducible levels of NR mRNA and activity, perhaps because the levels of a
nitrogen metabolite such as glutamine that inhibit NR expression are reduced in the
transgenic plant (Vaucheret et al. 1992).
Ammonia is generated in plants via the primary assimilation of nitrate (Crawford
and Arst 1993; Hoff et al. 1994) and the process of nitrogen fixation within root
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nodules (Emes and Fowler 1979). Ammonia may also be synthesised internally in a
number of metabolic events, including photorespiration and the breakdown of
nitrogen transport compounds (Lea 1993). Two enzymes: glutamine synthetase
(GS) and glutamate synthase (GOGAT), operate in tandem to form the glutamate
synthase cycle of ammonia assimilation
GS catalyzes the ATP-dependent conversion of glutamate into glutamine
(Crawford and Arst 1993; Hoff et al. 1994). It is found in all plant tissues and
belongs to a small multi-gene family in higher plants (Ireland and Lea 1999;
McGrath and Coruzzi 1991). In leaves there are two isoenzymes; GS 1 is localised in
the cytoplasm and GS2 in the chloroplast. The relative proportion of GS 1 and GS2
expression is dependent on the species of plant and its developmental status (Lam
et al. 1996).
Most of the glutamine formed in the GS reaction 1s channelled into the
formation of other amino acids via the synthesis of glutamate, a reaction catalysed
by glutamate synthase (GOGAT). In this reaction, the amide group of glutamine is
transferred to 2-oxoglutarate, forming two molecules of glutamine (Ireland and Lea
1999).
There are two forms of GOGAT present in higher plants. They differ in their
reductant source. Ferredoxin-dependent GOGAT is located in the chloroplast and
is the more predominant form in leaves (Suzuki and Gadal 1984; Wallsgrove et al.
1979). NADHP-dependent GOGAT has been found in non-photosynthetic tissues
where it exists as the sole form (Matoh and Takahashi 1982). In root nodules of
legumes, NADH-GOGAT is involved in the assimilation of nitrogen fixed by
Rhizobium (Anderson et al. 1989; Chen and Cullimore 1988). It has been
hypothesised that NADH-GOGAT catalyzes the rate-limiting step of ammonia
assimilation in these root nodules (Hatch and Mau 1973).
The first attempt to produce elevated levels of GS activity in plants using genetic
transformation methods was made by Eckes et al. (1989). This group cloned the GS
gene of alfalfa and introduced it into tobacco with the 3SS promoter in order to
obtain high levels of expression. They observed a 10 fold increase in alfalfa GS
mRNA in transformed tobacco, compared to wild type. This increase in GS activity
significantly decreased the level of free ammonia in plants grown on synthetic
media. Interestingly, despite the consumption of free ammonia, no significant
alteration in the composition of amino acids was observed.
Temple et al. (1993) obtained transformed tobacco lines using cDNA
corresponding to the alfalfa GS 1 gene that was under the control of a 3SS
promoter. In this case only, a relatively modest increase in total leaf activity per unit
fresh weight was observed. Temple et al. (1993) also reported the effects of
introducing the same construct into tobacco plants but with the alfalfa GS1 gene in
an antisense orientation. These plants had up to 40% reduction in total leaf GS
activity per unit leaf area and a decrease in total soluble leaf protein of a similar
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magnitude. Therefore, a reduction in the act.1.v1t1es of GS can have a significant
impact on the protein content of leaves and this presumably influences
morphological characteristics.
The metabolism of glutamine and glutamate in the leaf and subtended fruit of
the aging pea have been studied by Storey (1978). In young pods, free amino acids
accumulated as glutamate synthetase activity increased. The maximum pod
glutamine synthetase activity occurs six days prior to the maximum leaf glutamine
synthetase activity and maximal pod glutamate synthetase activity.
Cotyledonary glutamate synthetase activity increased during the assimilatory
phase of embryo growth that coincided with the loss of protein and free amino
acids from the leaf and pod: maximal activity was recorded simultaneously with
maximal pod glutamine synthetase (Storey and Beevers 1978). They suggested that
the activity of glutamine synthetase in the supply organs Oeaf and pods) furnishes
the translocated amide necessary for the nitrogen nutrition of the cotyledon.
Following the assimilation of ammonia into glutamine and glutamate, these two
amino acids act as important nitrogen donors in many cellular reactions, including
the biosynthesis of aspartate and asparagine. Asparagine is thought to be an
important compound for transport and storage of nitrogen resources because of its
relative stability and high nitrogen to carbon ratio (Urquhart and Joy 1981). It is a
major nitrogen compound in both legumes and non-leguminous plants (I<:.ern and
Chrispeels 1978; Reynolds et al. 1982).
In Lupinus albus seeds, 86.5% of the nitrogen from seed-storage proteins is
remobilised into asparagine (Lea and Millin 1980). Asparagine also acts as the major
constituent of nitrogen transported from nodules in leguminous plants (I<:.ern and
Chrispeels 1978; Reynolds et al. 1982). On arrival in the leaves, asparagine may be
metabolised by two pathways; one involving transamination, and the other
immediate deamination by the enzyme, asparaginase. In seeds, all asparagine
appears to be metabolised by asparaginase (Macnicol 1977). During early seed
growth, there is more asparaginase activity in the seed coat than in the embryo, and
labelling studies confirm that most of the asparagine delivered to the seed is
metabolised in the seed coat, with the embryo receiving the products of asparagine
metabolism (Atkins et al. 1975). Later, as the embryo develops, asparaginase activity
in the seed coat declines, resulting in more asparagine being transported to the
developing cotyledons, where there is an increased demand for amino acid
synthesis (Macnicol 1977).
Another pathway that has been implicated in ammonia assimilation is aspartate
synthesis, which is functional in seeds (I<:.archi et al. 1993). The timing of expression
of these amino acid biosynthesis genes, as well as the metabolism of asparagine into
aspartate and aspartate family amino acids, appears to occur relatively late during
seed development; similar to the timing of expression of storage protein genes
(I<:.archi et al. 1993).
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1.2.1. Serine biosynthesis
Serine (Ser) can be formed by more than two pathways in higher plants
(I<leczkowski and Givan 1988). The photorespiratory pathway of Ser biosynthesis
via glyoxylate and glycine (Gly) is a major route of Ser formation in photosynthetic
tissue under light conditions. The glycine decarboxylase multienzyme complex
(GDC), along with the enzyme serine hydroxymethyl-transferase, is responsible for
the respiratory conversion of Gly to Ser. The other two Ser pathways from 3phosphoglycerate (3-PGA) via either phosphorylated or non-phosphorylated
intermediates are proposed to be important Ser sources in non-photosynthetic
tissues or under dark conditions, depending on the type of tissue involved. For
these pathways, 3-PGA is supplied by glycolysis or the pentose phosphate pathway
(Ho et al. 1998).
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1.3. Chickpea.
The cultivated chickpea (Cicer an·etinum L.) was one of the first grain legumes to
be domesticated (Maesen and Van Der Maes en 1972). Chickpea is assumed to have
originated in present-day south-eastern Turkey (Singh 1997). The two most
common types of chickpea are the large white-seeded "I<abuli" and the small
brown-seeded "Desi". I<abuli types are mostly grown in the Americas and Europe,
while the Desi types predominate in Asia, parts of Africa, and Australia. Chickpea is
grown mostly as a rainfed, post rainy season, winter crop in subtropical south Asia,
parts of Africa, and Australia. It is a spring season crop in the temperate and
Mediterranean type of climates. In traditional production systems of Asia and
Africa it was grown as an intercrop, but in recent years it is mostly cultivated as a
sole crop. In low input traditional production systems chickpea has been a
preferred crop because of its minimal dependence on monetary inputs of N and Pcontaining fertilizers, irrigation, and agrochemicals in general. Chickpea is known to
contribute to sustainability of cropping systems (Bhore et al. 1994; Singh 1997;
Chavan et al. 1986; Doughton et al. 1993; Herridge et al. 1995; Muehlbauer et al.
1990; Saxena 1987; Singh et al. 1998; Vyas and Rai 1993; Vyas et al. 1991).
Chickpea seeds have been recognised as a valuable and economic source of
vegetable proteins in the human diet of numerous developing countries. Chickpea
proteins are usually classified into two major fractions: globulins and albumins.
Globulins, the storage proteins, are mainly constituted by legumin and vicilin and
represent 60-80% of the extractable proteins (Vairinhos and Murray 1982a;
Vairinhos and Murray 1982b). The albumin fraction, less abundant than globulins,
represents 15-25% of the total cotyledonary proteins (Singh et al. 1998; Singh and
Pundit 1991). However, albumins play an essential role in seed development
because they include most of the enzymatic and metabolic proteins. In addition,
albumins are of nutritional importance because of their high content of sulphur
amino acids (Bhatty 1982). Chickpea provides high-quality protein, particularly for
vegetarians and for those who cannot afford meat. In addition, it is being used
increasingly as a substitute for animal protein.
Chickpeas yield 21 % starch suitable for textile sizing, and for creating a light
finish on silk, wool, and cotton cloth (Duke and Polhill 1981). The plant is also
valued for its nutritive seeds with high protein content: 5.3-28.9 %, after dehulling
(Hulse 1991). Chickpea seed has 38-59% carbohydrate, 3% fiber, 4.8-5.5% oil, 3%
ash, 0.2% calcium, and 0.3% phosphorus. Digestibility of protein varies from 7678%, and its carbohydrate from 57-60%. (Huisman et al. 1994). However, the
nutritional quality of chickpea seeds is related to the essential amino acid
concentration.

1.3.1. Taxonomy, Morphology and Floral Biology
The seedling of chickpea is hypogeal. The growth of the plumule produces an
erect shoot. The first true leaf has two or three pairs of leaflets plus a terminal leaf.
- - - ---

--- ---

22

--

-

--------·---

~

Chapter 1

Literature review

The plant has a deep root system and is considered a hardy crop. It produces
nodules in common with other legumes, and is efficient in fixing atmospheric
rutrogen.
Leaves emerge singularly at each node, and are arranged in alternate phyllotaxy
and are generally unipennatus. There are usually 11 to 13 leaflets on each leaf,
which are arranged on a rachis with a small petiole. The foliage is covered with
glandular hairs that secrete highly acidic exudates, and is considered important in
conferring tolerance to insect pests, such as the pod borer. In general, plants attain
a height of 20 cm to 100 cm, although tall cultivars under favourable conditions can
grow up to 130 cm (Reddy et al. 1985)
Flowers are typically papilionaceous. They are usually borne singularly in axillary
racemes, but twin flowers may also be found. Flowers emerge on the axillary
raceme on a pedicel and a peduncle, 6-13 mm long. Chickpea flowers abundantly
but a large proportion of the flowers and pod abscise (Zaiter and Barakat 1995).
The chickpea has inflated pods, the number of which varies from a very few to
over 1000 pods per plant. Pod size varies greatly, but is a trait least influenced by
the environment. Pod filling is highly dependent on weather and varies from 9 to
56% (Pundit et al. 1992). Seed colours are cream, yellow, brown, black, or green; in
form they can be rounded to angular. The seedcoat can be smooth or wrinkled, or
tuberculated, and laterally compressed with a median groove around two-thirds of
the seed (Cubero 1987; Duke and Polhill 1981).

1.3.2. Yields and Economics
Chickpea is the second most important pulse crop in the world. It is grown in at
least 33 countries including South Asia, Southern Europe and Australia (Singh
1997). It covers 15% (10.2 million hectares) of the area and accounts for 14% (7.9
million ton) (FAO, 1994) of the production of pulses in the world.
Greater and more stable yields are the major goals of plant breeding programs.
Chickpea yields usually average 400-600 kg/ha, but can surpass 2,000 kg/ha, and in
nutrition experiments have attained 5,200 kg/ha. Yields from irrigated crops are 2028% higher than yields from rain fed crops.
In India, chickpea (also known as gram) ranks fifth among grain crops and is the
most important pulse crop (Smithson et al. 1985). In India and Pakistan, chickpeas
are consumed locally, and about 56% of the crop is retained by growers (Duke
1981). In the United States and Europe, chickpeas are marketed dried, canned, or in
various vegetable mixtures.
The major chickpea growing countries are India, Pakistan, Turkey, Ethiopia,
Australia, Mexico, and California and Washington State in the U.S. (FAO, 1994).
Chickpea production increased by about a million tonnes (at 1.8 % annually) from
1980 to 1990, and there was a 5.6 % increase in yield over the decade (Oram and
Agcaoili 1994).
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Australian pulse production is increasing rapidly as farmers appreciate the
financial and agricultural benefits. Chickpea was first introduced into Australia in
the 1980s. It has fitted well into farming systems across a broad range of
environments in Australia.
The current production of chickpea in Australia is about 250000 t and is the fifth
largest producer in the world. About 96% of Australian production is of the Desi
type and the remainder is of the large-seeded I<abuli type. Australia is probably the
only significant chickpea producing country in the world that has all production
operations fully mechanized. Australia often produces an average yield of more
than 1.0 t/ha, which is only matched by Turkey (FAO, 1993). Perhaps the single
most important factor that contributed to the expansion of chickpea production in
Australia was the opening up of export markets in the Indian subcontinent in the
mid 1980s.
The demand for chickpeas from the Indian subcontinent and the Middle East
will ultimately determine the size of the industry in Australia. Recent studies show a
rapidly expanding pulse market in the Indian subcontinent where chickpea is one of
the preferred pulses (Siddique et a/. 1993). World production and supply need to be
continually monitored. It is likely that our main market competitor Turkey, which
mainly produces I<abuli types, will not be able to meet this increase in demand.
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1.4. Cotnposition of seed storage proteins and
itnprovetnent of nutritional quality.
Seed proteins have traditionally been divided into four classes, based on their
extraction and solubility in different solvents namely: albumins, globulins, glutelins
and prolamins. Dicotyledonous plants contain mainly albumins and globulins, while
monocotyledonous plants usually contain a large amount of alcohol-soluble
prolamins rich in praline and glutamine (Derbyshire et al. 197 6).
The globulins account for about 70% of legume seed proteins and of other
dicotyledonous plants, and are composed of two major proteins families; the 11S
(or legumin like) and the 7S (or vicilin-like) proteins, which have been extensively
characterized (Duran ti and Gius 1997). These groups of proteins contain relatively
low amounts of sulphur-containing amino acids, which may limit the nutritional
value of the whole seed (Clemente et al. 1998; Derbyshire et al. 197 6). The seed
albumins are a very diverse group of proteins and are usually classified as '2S'
proteins. The nutritional value of seed proteins in animal diets is often correlated
with their albumin content (Bajaj et al. 1971).
Plants are the primary source of all protein consumed by humans and livestock,
but most plants are nutritionally incomplete owing to their deficiency in several of
the essential amino acids (FAO 1973). Improving the amino acid composition,
especially in respect to lysine (Lys), tryptophan (Tyr), methionine (Met) and cysteine
(Cys), should be of benefit to humans as well as to monogastric animals (Ravindran
et al. 2002; Tabe et al. 1993; White et al. 2001). Such an increase in nutritional quality
would benefit people living on a vegetarian diet that is poor in some essential
amino acids. The animal feed industry could also benefit from plants that contain
high Met because this could save the addition of this amino acid into the feed.
Animals can convert methionine to cysteine, but not the reverse, so methionine can
supply the complete requirement for S-amino acids.
There are three main approaches to elevate the nutritional quality of proteins in
major crops. One approach is to add to the existing proteins of a given crop; a
protein that is exceptionally high in certain amino acids. Another approach is to
introduce such essential amino acids in an existing protein, by either exchange or
addition. Hoffman et al. (1988) used the 47-I<Da b-phaseolin subunit polypeptide,
which contains three methionine codons, as the target protein for sequence
modification. A 45-bp nucleotide sequence containing six methionine codons was
inserted into the gene, resulting in a modified phaseolin gene encoding a
polypeptide with nine methionine residues, the high methionine phaseolin (hiMet).
Both the modified and the normal phaseolin genes were then transferred into
tobacco for expression analysis. Although the levels of mRNA transcripts for both
the hiMet and normal phaseolin genes were comparable, the level of protein
measured for hiMet was significantly lower than that of phaseolin.

---------------------------------·
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A third approach is to substantially elevate certain amino acids in the free amino
acid pool, hoping that drastic changes in this pool will result in changes in the
storage proteins. For example, increasing the methionine content by transfering a
gene encoding a methionine rich protein into the selected plants. The key factor
contributing to the success of this strategy includes the availability of a methioninerich protein gene, a strong expression system, and the ability to transform the target
plants.
The genes encoding albumins, which are exceptionally rich in sulphur-containing
amino acids, have been isolated and their control of expression is being elucidated.
Much emphasis is placed on improving the content of sulphur amino acids by
altering the expression of sulphur-rich proteins in seeds. Sulphur-rich proteins
occur in many diverse species of higher plants, which are classified into three main
groups; 2S proteins (albumins), protease and amylase inhibitors, and sulphur-rich
prolamins. The synthesis and deposition of a number of 2S albumins has been
studied including the Brazil nut 2S proteins and sunflower seed albumin (SSA)
(Muntz 1998; Sun 1998).
'

These proteins are synthesised as larger precursors that are processed before
deposition into protein bodies in the embryo or endosperm of the developing seed.
All are synthesised on the membrane-bound polysomes of the endoplasmatic
reticulum (ER). During transfer of the peptide into the lumen of the ER, a
hydrophobic signal peptide of about 21 to 22 amino acids is cleaved off cotranslationally. The subsequent pathway and processing steps differ for the various
sulphur-rich proteins. Sunflower seed albumin (SSA) is further processed by
endoproteolytic cleavage in the vacuole, or in protein bodies, to produce a mature
protein of 12 I<Da (Bewley et al. 2000).
De Clercq et al. (1990), using the 2S albumin gene of Ara bid op sis (AT2S 1) as the
target gene, deleted and replaced a part of the variable region with a sequence that
contained 11 additional methionine codons. The modified 2S albumin was
transformed into Arabidopsis, Brassica napus and tobacco for expression analysis.
The transgenic seeds of all three species accumulated the methionine-enriched 2Smodified albumin, at levels ranging from 1 to 2% of the total salt-extractable seed
protein.
The work of Altenbach et al. (1992) provides an example in improving protein
quality. A gene from the Brazil nut that encodes a 2S albumin with a high Met
(18%) content was used for the increase of the Met content of canola seeds. The
transgenic canola seeds expressed Met-rich protein up to 4% of their total protein
and their Met content was increased by 33%.
Altenbach et al (1992) constructed another transgene using the cDNA encoding
the Brazil nut methionine rich protein together with the terminator sequences of
the seed-specific French bean phaseolin. The chimeric gene was transferred into
tobacco. The level of the methionine-rich protein synthesised in the transgenic
·--

-

------- --- -- - -------- - - - - - - - - - - - - -

-------

.

26

Chapter 1

Literature review

tobacco seeds ranged from 3 to 8% of total seed protein. After germination, the
methionine-rich protein disappeared from transgenic seeds. Amino acid analysis of
total proteins extracted from control and transformed plants seeds revealed that
methionine content in the transgenic seeds was enhanced by 10-30% over the
normal seeds.
Although the Brazil nut 2S methionine rich protein 1s also relatively rich in
cysteine, no concomitant increase in the content of cysteine was observed in the
transgenic seeds. As the concentration of the 2S fraction and the total seed protein
in the transgenic seeds remained the same as in the normal seeds, it is possible that
the synthesis of some cysteine-rich 2S seed proteins were suppressed.
Recently, success for improving essential amino acid compositions in lupin seeds
has been achieved with the introduction and the expression of SSA, and so
improving their nutritional quality (Molvig et al. 1997).

--------
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1.5. Aitns of the research presented

•

lll

this

doctoral thesis.
The processes of sulphur reduction and incorporation into organic compounds
in green tissues of plants, have been largely elucidated. In leaves, the highest activity
of sulphate assimilation enzymes is detected in the initial stages of leaf development
where there is a high demand for cysteine and methionine synthesis and for protein
synthesis (Hartmann et al. 2000; Rotte and Leustek 2000; von Arb and Brunold
1986). Mature seeds are the final step of a wide range of intricate molecular and
cellular processes for synthesising and deposition of the storage reserves during
seed development. It is not well established how cysteine is supplied to developing
seeds of plants. Possible forms of reduced sulphur transported to developing seeds
include; glutathione, homoglutathione or sulphur-methylmethionine. However, in
developing lupin cotyledons (Tabe and Droux 2001, 2002) and wheat endosperm
(Fitzgerald et al. 2001), sulphate formed the majority of the total soluble sulphur.
The ability of developing seeds to synthesis their own sulphur amino acids from
sulphate has recently been demonstrated in lupins. However, the generality of these
findings is at present unknown. An aim of the work presented in this thesis is to
investigate sulphur assimilation and sulphur amino acid accumulation in seeds of
chickpea.
The low level of methionine and cysteine in seed protein of chickpea limits the
nutritional quality of these seeds. In order to improve the nutritional value of seed
protein, a seed specific gene encoding SSA (containing 24% methionine plus
cysteine) will be transferred to chickpea seeds, to determine whether the sulphur
amino acid content can be increased by the manipulation of the sulphur sink in
seeds.
Sulphur amino acid biosynthesis represents the convergence of the sulphur and
nitrogen assimilation pathways in plants. Supply of one of these elements has been
shown to influence the rate of incorporation of the other. I will investigate the
hypothesis that sulphur or nitrogen supply limits the increase in sulphur amino
acids in chickpea seeds.
In sum1nary the aims of this PhD are:
i)

To determine whether the pathway of sulphur assimilation is active in
developing chickpea seeds.

ii)

To transform into chickpea a seed-expressed gene encoding SSA in order
to improve the sulphur amino acid content, and hence the nutritive value
of seeds of this important pulse crop.

iii)

To determine whether the sulphur armno acid content of transgenic
chickpea seeds expressing SSA can be further increased by manipulation
of plant nitrogen and sulphur nutrition.
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Abstract
Seeds synthesise and accumulate storage reserves as the source of nutrients for
seedling growth after germination. Developing seeds are sinks for reduced carbon
and nitrogen imported from the photosynthetic source leaves. It has generally been
assumed that sulphur is also reduced mainly in the leaves of plants, and that it is
imported in reduced form by sinks such as developing seeds. However, increasing
evidence supports the hypothesis that photosynthetic sink organs are capable of
sulphur assimilation. In this study, developing chickpea embryos were
demonstrated to contain significant reserves of sulphur in an oxidised form. From
an early stage, the embryo contained the largest pools of sulphur in the developing
fruit. The concentration of oxidised sulphur decreased while the concentration of
reduced sulphur and nitrogen increased during embryo maturation, consistent with
the proposal that sulphur is reduced and assimilated in the developing embryo. It
was shown that developing chickpea cotyledons could incorporate the sulphur
atom from sulphate into protein, demonstrating the activity of all the steps of
sulphur reduction and sulphur amino acid biosynthesis in the embryo. The activities
of the cysteine biosynthetic enzymes serine acetyltransferase (SAT) and 0acetylserine (thiol) lyase (OAS-TL) were higher in developing chickpea embryos
during the most active phase of seed storage proteins synthesis than they were in
either photosynthetic source or sink leaves on the same plants. The results indicate
that developing chickpea embryos import mainly oxidised sulphur and assimilate it
into amino acids for storage protein synthesis.
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2.1. Introduction
n recent years, the pathway of reductive sulphur assimilation in plants has
been precisely defined at the molecular genetic level by the isolation of
--genes encoding transporters or enzymes catalysing all steps of the pathway
(Hawkesford 2000; Leustek et al. 2000; Saito 2000). Both biochemical and molecular
genetic analysis have revealed that many steps are catalysed by isozymes located in
different subcellular compartments (for example, Lunn et al. 1990; Rotte and
Leustek 2000). The initial step of sulphur assimilation is transport of the sulphate
anion across the plasma membrane. This step may be catalysed by different
transporters depending on the cell type involved (Yoshimoto et al. 2002; Smith et al.
1995). The activation of sulphate to form adenosine 5' phosphosulphate, catalysed
by ATP sulphurylase (ATPS), can occur in either the cytoplasm or the chloroplast
(Lunn et al. 1990; Rotte and Leustek 2000). The two subsequent reduction steps,
catalysed by adenosine 5' phoshphosulphate reductase (APR) and sulphite
reductase (SiR), occur exclusively in the plastid. This plastid localisation, plus the
requirement for reductants, ultimately supplied by photosynthetic electron
transport, has led to the widely held assumption that photosynthetic leaves are
major sites of sulphur assimilation in higher plants (Hell 1997; Saito 2000). This
assumption implies that photosynthetic sink organs are largely dependent on the
import of reduced sulphur to supply their demands for sulphur amino acids.
This view of whole plant sulphur balance is inconsistent with some studies that
suggest that there are fundamental differences between the patterns of carbon and
nitrogen assimilation, and the pattern of sulphur assimilation in plants. Early studies
aimed at defining the sulphur assimilation pathway in higher plants demonstrated
that the activities of ATPS, APR and SiR declined during leaf ontogeny in pea. This
pattern of activity was inversely correlated with the carbon and nitrogen activities of
ribulose bisphosphate carboxylase and nitrite reductase respectively in the same
plants. It was suggested that sulphur assimilation in the leaves continued until each
leaf contained its complete complement of sulphur amino acids, following which
sulphur assimilation ceased, while nitrogen and carbon assimilation (and
presumably export) continued (von Arb and Brunold 1986). Recent studies have
confirmed and extended these observations for developing leaves on the basis of
experiments involving the analysis of activities of sulphur pathway enzymes, and
feeding with 3SS-labelled sulphate. Hartmann (2000)reported that young, developing
leaves of poplar were able to produce their own sulphur amino acids for growth
and maturation. Rotte and Leustek (2000) demonstrated that APR activities
decreased in leaves of increasing age in Arabidopsis thaliana. On the other hand, it
was demonstrated that non-photosynthetic organs such as roots were capable of
reductive sulphur assimilation (Brunold et al. 1987), and recent reports indicate that
developing seeds of some plants are also capable of sulphur assimilation (Sexton
and Shibles 1999; Fitzgerald et al. 2001; Tabe and Droux 2001).
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Developing seeds require metabolites for synthesising carbohydrate, lipids and
proteins as storage compounds. In legumes, cotyledons are the seed organs that
synthesise and accumulate large quantities of storage reserves. The main source of
carbon and nitrogen for a developing legume seed are sucrose and amides. These
metabolites are delivered in the phloem from production sites in the plant. In the
seed, sucrose is hydrolysed and the products are converted into lipid, starch or
other carbohydrates. Asparagine is the major form of nitrogen transported to the
legume seed where it is subsequently converted into the other amino acids and then
incorporated into proteins (Macnicol 1977). In recent years, the source of reduced
sulphur for storage protein synthesis has been investigated in developing seeds of
different species (Anderson and Fitzgerald 2001; Fitzgerald et al. 1999, 2001;
Sunarpi and Anderson 1997; Tabe and Droux 2001, 2002). The evidence indicates
that both reduced (glutathione, homoglutathione, S-methylmethioni ne) and
oxidised (sulphate) forms of sulphur may be transported to developing seeds.
(Bourgis et al. 1999; Anderson and Fitzgerald 2001; Tabe and Droux 2001).
The aims of the work presented in this chapter were to investigate the sulphur
metabolites present during chickpea fruit development, and to determine the
capacity of developing chickpea embryos for sulphur reduction and sulphur amino
acid biosynthesis.
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2.2.Materials and Method s
2.2.1. Plant material
2.2.1.1. Seed Genotype
All experiments in this chapter were performed with one Australian Desi type
chickpea cultivar, Semsen obtained from Dr Ted I<nights (New South Wales
Agriculture, Australia).

2.2.1.2. Growing conditions
Seeds were sown in 25 cm pots (volume 9L) containing soil to ,vhich was added
1
0.6 g L- of a slow release fertilizer ("Aboska", containing 15.2~/o [w /w] nitrogen,
6.9% [w /w] phosphorou s and 5.2 % [w /w] potassium sulphate). Pots were placed
in a glasshouse under natural light and watered once a day. The temperature range
was from 18 °C (night) to a maximum of 26°C (day).

2.2.1.3 Harvesting developing chickpea fruits.
A chickpea fruit can be separated into several parts as represented in Figure 2.1.
The outermost organ is the pod, which is connected with the rest of the plant by
the peduncle. Inside the pod there are one or two seeds consisting of the maternal
testa or seed coat, covering the filial tissue or embryo, ,vhich consists of two
cotyledons and the embryonic axis. The embryonic a.:"'Cis contains the root and shoot
meristems that ultimately grow to form the new plant.

Cotyledon

.

.

me axis

Figure 2.1. Chickpea fruit arrangement . Inside the chickpea fruit (A) are one or two seeds (B),
each connected by a funiculus to the pod. The main organs of the seed (C) are the maternal
testa or seed coat covering the filial tissue, the embryo, consisting of two cotyledons and an
embrvonic axis.
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Chickpea flowers were tagged on the day they opened, and developing fruits
were harvested at specified intervals after flowering.
For each stage of
development, around 20-40 developing fruits were harvested from a total of 12
plants. The fruits were kept on ice, and within 15 min they were dissected into their
component organs. Each group of organs was weighed and the average fresh
weight per organ was calculated by dividing the total weight by the number of
organs in each group. Pooled samples of developing pods, testa and cotyledons at
each stage were frozen in liquid nitrogen and then were freeze dried. The freezedried samples were weighed to determine the dry weight for each age of organs
collected and were conserved in a sealed container with silica gel at 4 °C.

2.2.2. Analysis of freeze-dried samples
2.2.2.1. Deterrnination of total nitrogen

Freeze-dried organs were pulverised using a puck mill. Total nitrogen was
determined using an autoanalyzer after I(jeldahl digestion of the finely ground flour
(Heffernan 1985).
2.2.2.2. Determination of sulphur

Powdered samples were compressed into aluminium planchettes or backed with
solid boric acid. Total sulphur, reduced sulphur and oxidised sulphur were
determined using a spectrometer (PW 1404, Philips, Natick, MA) as described by
Pinkerton et al (1989).
2.2.2.3. Determination of glutathione and free cysteine

The levels of glutathione and free cysteine were determined after labelling with
monobromobimane (mBBr) and separation by reverse-phase HPLC (RP-HPLC)
using a modified procedure based on a method described in Tabe and Droux
(2001). Extraction was performed on samples of pooled, powdered and freezedried organs. Twenty mg of cotyledons or 40 mg of testa or 40 mg of pods, were
extracted into 1 ml of 25 rclvf HCl by vortexing several times at room temperature
for 15 seconds over a 30 minute period. Insoluble material was removed by
centrifugation in a bench microfuge at 13,000 rpm for 10 min.Reduction of thiols
was achieved by incubation of 100 µl of the acid supernatant at 30°C for 10 min
with 40 µl of 1M N-[2-Hydroxyethyl]piperazineN'-[2-ethanesulfonic acid] (HEPES)
pH 8.0, 0.8 µl of 100 mM EDTA and 3 µl of 100 mM dithiothreitol (DTI).
Reduced thiols were labelled by adding 10 µl of mBBr (100 mM in HPLC grade
acetonitrile) and incubating at 30°C for a further 10 min. The reaction was stopped
by adding 47 µl of 1M Methanesulfonic acid, followed by extraction of unreacted
mBBr with 500 µl of Dichloromethane. MBBr-derivatised thiols were recovered in
the upper phase after centrifugation in a bench microfuge at 13,000 rpm, at 4 °C for
5 min. Aliquots of 20 µl were subjected to RP-HPLC. The HPLC system used was
a Hewlett Packard (1090M; Palo Alto, CA USA) with a HP 1046A Programmable
Fluorescence Detector operating at an excitation wavelength of 380 nm and an
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emission wavelength of 480 nm. The column was a C18 column (Alltima 250 x 4.6
mm, 100 angstrom µm: Alltech, Deerfield IL, USA). The mobile phase and elution
gradient are reported in Table 2.1. Purified cysteine (Sigma), glutathione (Sigma)
and homoglutathione (kindly provided by Dr Peter MacNicol, CSIRO, Canberra,
Australia), were used as standards to calculate the concentrations of thiols in
samples.
-- ----

I

Table 2.1. Mobile phase and gradient to separate thiols using a RP-HPLC.

Time

Eluent B

Flow

rmn

¾a

ml/min

0

5

1

5

12

1

16

12

1

18

100

1

22

100

1

23

5

1

phase A=57 mM Na-Perchlorate 0.25% glacial acetic acid (v/v) 5% HPLC-acetonitrile (v/v) pH (3.4);
mobile phase B= 57 mM Na-Perchlorate 0.25% glacial acetic acid (v/v) 80% HPLC-acetonitrile (v/v) pH (3.5)
a Mobile

2.2.2.4. Total protein extraction
Total protein was extracted from approximately 20 mg samples of seed flour by
vortexing for 30 seconds several times over a period of ten minutes in 1.0 ml of
seed extraction buffer (SPEB) containing 0.5M NaCl, 1 mm EDTA, and 0.1 M [Ntris(hydroxymethyl)-2-aminoethanesulfonic acid]-NaOH, pH 7.8. Insoluble material
was removed by centrifugation in a bench microfuge at 13,000 rpm for 10 min and
protein concentration in the supernatant was determined by Bradford (197 6) assay
using bovine serum albumin as a standard.

2.2.2.5. SDS-PAGE
Samples were prepared for electrophoresis by dissolving 60 µg of total protein in
SDS sample buffer consisting of 0.125M Tris-HCl (pH 6.7), 2% (w/v) SDS, 1%
(v /v) ~-mercaptoethanol, 5% (w /v) glycerol, 0.1 % (w /v) bromophenol blue and
heated at 100 °C for 5 min. Proteins were fractionated on a slab gradient
polyacrylamide (15% to 30%, w /v) gel as described previously (Spencer et al. 1980)
using a Hoefer SE 600 vertical gel electrophoresis unit.
The gels were fixed in a solution consisting of 7% (v /v) acetic acid and 25 %
(v /v) ethanol for two hours, followed by staining in 0.5% (w /v) Coomassie brilliant
blue R (Sigma), 10% (v/v) acetic acid and 50% (v/v) ethanol overnight. Gels were
destained by agitation at room temperature in several changes of fixing solution.
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2.2.2.6. Staining of proteins in SDS-polyacrylamide gels with mBBr
The protocol was based on a method described by Buchanan (1997). Total
proteins were extracted from 40 mg of freeze-dried developing cotyledons in 30
volumes of SPEB buffer (section 2.2.2.4) as described in the previous section.
Extracts were centrifuged at 13,000 rpm in a bench microfuge for 10 min and
protein was quantified as described in section 2.2.2.4. Protein samples containing 60
µg of protein in a volume of 7 to 10 µl were reduced by the addition 1 µl of 1M
DTT and 1M HEPES pH 8.0 to a final volume of 15 µl, and incubation at 30°C for
10 min. To each sample was added 10 µl of mBBr (100 mM in HPLC grade
acetonitrile). After 10 min incubation at 30°C, the reaction was stopped by adding
5µ1 of ~-mercaptoethanol and 5 µl of SDS-sample buffer (see section 2.2.2.5) and
heating at 100°C for 5 min. Proteins were separated on a polyacrylamide gradient
(15% to 30%, w /v) slab gel (see section 2.2.2.5). After electrophoresis, gels were
placed in fixing solution for two hours, then soaked in fresh fixing solution
overnight to remove excess mBBr. Gels were then soaked in deionised water for
two hours in the dark, then placed on a UV light box to make fluorescent band
visible.

2.2.3. Analysis of fresh samples
2.2.3.1. Labelling developing chickpea cotyledons with

35

S

Developing chickpea fruits were harvested at 20 days after flowering, and
cotyledons were carefully removed from the seeds within 30-60 min of harvesting.
Individual cotyledons were placed with their flat surface on a 20-µl droplet of
carrier free Na2[3 5S]O4 or [3 5S]-Methionine and incubated for 4 hr at room
temperature. After incubation, each group (consisting of three cotyledons per
treatment) were washed briefly in water and a single slice, approximately 1 mm
thick, was cut from the flat surface of each cotyledon. Three slices for each group
were pooled and dropped immediately in liquid nitrogen for protein extraction.
Total protein was extracted from the pooled cotyledon slices by homogenising
them in 1 ml of SPEB(section 2.2.2.4) using a small mortar and pestle. The
homogenates were centrifuged at 13,000 rpm in a bench microfuge for 10 min at
room temperature. Four samples of 20 µl of each supernatant were spotted onto
filters (GFA, Whatman, Clifton, NJ) and allowed to dry. After drying, two of each
set of filters were washed four times in 200 ml of ice cold 5% (w /v) trichloroacetic
acid (TCA). Washed filters were then dried thoroughly. The 35 S on the washed and
unwashed filters was measured by a liquid scintillation counter (Minaxi~, Packard
Instrument Company, Meriden, CT) using an external standard to correct for
quenching. Samples were fractionated on SDS-PAGE as described in section
2.2.2.5 except that the gels were mini gels, and an equal number of TCA-insoluble
counts were loaded in each track. The gels were fluorographed after soaking in 20%
(w /v) naphthalene, and 0.5% (w /v) 2,5-diphenyloxazole dissolved 1n
dimethylsulfoxide (Gill et al. 1981)
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2.2.3.2. Enzy me assay s
Solub le prote ins were extra cted from samp les of appro ximat ely 1 g of fresh
weigh t each of sourc e leaves, sink leaves and devel oping cotyl edons at 26 days after
flowe ring (stage of actlve seed storag e prote in accum ulatio n). Serine
acety ltrans ferase (SA1) and O-ace tylser ine (thiol) lyase (OAS-TL) act1v1t1es were
assayed in the extrac ts as descr ibed by Tabe and Drou x (2001).
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2.3. Results
2.3.1. Fresh weight and dry weight of developing chickpea fruits.
The growth of a chickpea plant is defined as indeterminate; single flowers are
produced continually on the top part of a branch concomitant with the production
of new leaves. Flowering or anthesis was defined as the time when the petals
opened, as described by Maurer (1966) and was defined as day zero in the age of
the fruit. Immediately after the fertilization of the ovule, the fastest growing organ
of the chickpea fruit was the pod (data not shown)
The pod approached its maximum fresh weight at approximately 12-14 DAF
(Fig. 2.2 A). Pod fresh weight remained fairly constant thereafter, until the
desiccation stage of fruit maturation. The testa attained its maximal fresh weight
slightly later, at approximately 20 DAF, then showed a similar trend to the pod. The
embryo showed a contrasting growth pattern. The embryo could be seen with the
naked eye by 13-15 DAF, when it represented only 10% of the total fruit weight.
From 15 DAF the embryo fresh weight increased steadily until the maximum fresh
weight was attained at 40 DAF, when the embryo represented 50% of the total fruit
fresh weight or 67% of the seed fresh weight. These observation show that the
embryo became the largest organ in the developing chickpea fruit from
approximately 22 DAF.
The accumulation of dry matter in the organs of the developing chickpea fruit
are plotted in Figure 2.2, B. At the early stages of development, the testa and the
pod accounted for most of the total fruit dry weight. These two organs showed
little change in dry weight after 20 DAF. The dry weight of the testa showed a
slight decrease after 35 DAF. After 20 DAF, when the testa and the pod had
reached close to their final dry weights, the dry weight of the developing embryo
began to increase rapidly (Fig. 2.2B). The average mass of the embryo at 20 DAF
was 26 mg, representing 21 % of the total fruit dry weight. During seed maturation,
the embryo mass increased to an average of 220 mg, representing, 70% of total fruit
dry weight or 83% of total seed weight at 45 DAF. The most rapid rate of dry
matter accumulation in the developing embryo occurred between 30 and 35 DAF.
This analysis of chickpea fruit development demonstrates the accumulation of
storage reserves in the embryo. Three phases can be recognised during the growth
of the embryo: phase I, from 0 to 20 DAF, in which little dry matter was
accumulated in the embryo; phase II, from 20 to 35 DAF, in which the developing
embryo grew rapidly; and phase III, from 40 DAF to maturity, in which there was
no further accumulation of dry matter in the embryo.
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Figure 2.2. Fresh weight and dry weight accumulation in organs of developing chickpea
fruit during seed maturation. Weights were recorded for the period from the beginning of
embryo expansion to the beginning of seed desiccation. Values for each stage of developing
chickpea fruit represent a mean of between 20 and 30 organs. Fruit were weighed and dissected
into their component organs. Pooled organs were weighed, and the total weight was divided by
the number of organs in each pool to determine average fresh weight (A) for whole fruit , pod,
testa and embryo. The pooled samples were then freeze dried and re-weighed to determine the
average dry weight (B).
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Accum ulatio n
matur ation

of nitrog en

during

chickp ea

embry o

Figure 2.3 shows the accumu lation of nitroge n compar ed with the accumu lation
of dry matter in develop ing chickpe a embryo s. The nitroge n concen tration
increas ed steadily from about 30 DAF to the beginni ng of seed desiccation.
Nitroge n conten t of each embryo increas e during the period investigated, from
204 to 760 µmol. Betwee n 25 DAF and 45 DAF, nitroge n accumu lated in the
embryo at an average rate of 38 µmol per day. Howev er, the rate of accumu lation
was not constan t in all stages. The most rapid rate of nitroge n accumu lation in the
embryo occurre d during the period of maxim um dry matter accumu lation, (30-35
DAF). During this stage, the rate of protein accrual vvas 56 µmol per day, with
1250µg of nitroge n accumu lated per embryo in only 5 days. The rate of nitroge n
accumu lation slowed and eventua lly reached a plateau later in seed maturat ion.
Nitroge n was estimat ed to compri se approxi mately 28% of embryo dry vveight at
the beginni ng of seed desicca tion (45 D .AF).
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Figure 2.3. Nitrogen accumu lation in develop ing chickpe a emb~os . Nitroge~ ~as
determin ed by Kejldahl digestion . Each value represen ts the mean of duplicat e determin ation
on a single pool of powdere d, dried material represen ting 20 to 30 embryos .

To investig ate the compos ition of chickpe a seed storage protein s during seed
maturat ion, salt soluble protein s were extracte d from develop ing embryo s at a
range of stages from the beginni ng to the end of dry matter accumu lation. Sample s
of 60 µg of total embryo protein from each develop mental stage were resolve d on
SDS-P AGE and stained with Cooma ssie Blue (Fig. 2.4). The analysis showed the
accumu lation of a numbe r of promin ent protein bands during embryo maturat ion.
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Bands at 97 kDa and in the range 55 to 42 kDa could be related to vicilin and
legumin respecti vely.
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Figure 2.4. Embryo protein compos ition
through out seed maturat ion. Reduced saltsoluble polypept ides were extracte d from
chickpea embryos at the designat ed ages and
separate d by SDS-PAG E gel. Each track
containe d 60 µg of protein. The polypept ides
were detected by Coomass ie blue staining.
Marker sizes are shown at right (kDa).
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Cysteine rich storage protein s were specifically investigated by reacting salt
extracta ble protein s from develop ing chickpe a embryo s with monob romobi mane
(mBBr). This fluores cent compo und labels free thiols, therefo re it specifically labels
cysteine residue s in reduced protein s. _l\fter fraction ation on SDS-P AGE, mBBrlabelled protein s vvere detecte d on a UV light box.
A subset of the bands revealed by Cooma ssie stauung (Fig. 2.5) reacted with
mBBr, revealing that they were relatively rich in cysteine residues. Most of the
cystein e-conta ining polypep tides banded in the range of 42 to 20 kDa. The most
strongly labelled protein bands were of low molecu lar weight (around 6.5 kDa).
Assumi ng that all cysteine residue s in the reduced protein extract were equally
available for reaction with mBBr, these results indicate that cysteine is unequally
distribu ted in storage protein s of chickpe a seeds.
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Figure 2.5. Seed storage proteins containing cysteine residues in developing chickpea
embryos. Proteins were extracted from developing chickpea embryos, reduced, derivatized with
mBBr and fractionated on SDS-PAGE. Fluorescent bands were visualized on a UV light box.
Marker sizes are shown at right (kDa).
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2.3.3. Quantification of sulphur pools in developing chickpea
fruits
The size and nature of sulphur pools in the individual organs of developing
chickpea fruit were investigated using X-ray fluorescence spectrometry (XRFS).
XRFS has been developed as a rapid method for quantifying sulphur in either of
two oxidation states in plant tissues. The concentration of elements is determined
by measuring the characteristic secondary radiation emitted from a sample that has
been excited with an X-ray source. The XRFS-analysis of many different types of
plant material has established that sulphur is predominantly found in oxidation
states of either 0 or -6. Sulphur with an oxidation state of 0 is referred to as
oxidised sulphur, and corresponds mainly to sulphate in plant material. Sulphur
with an oxidation state of -6 is referred to as reduced sulphur and corresponds
mainly to protein sulphur amino acids in plant tissue (Pinkerton et al. 1989). Pooled,
dried organs from developing chickpea fruit at different ages were analysed for
sulphur by XRFS.
As described in section 2.3.2, rutrogen concentration in developing embryos
increased steadily between 30 and 45 DAF, reflecting the accumulation of seed
storage proteins. Similarly, the concentration of reduced sulphur also increased in
chickpea embryos throughout development (Fig. 2.6A). Reduced sulphur and
nitrogen accumulated in very similar patterns in developing embryos (Compare Fig.
2.3 and Fig. 2.6B), consistent with the incorporation of sulphur amino acids into
seed storage proteins. In contrast, the concentration of oxidised sulphur, which was
initially high, decreased during embryo maturation. Because of the increase in
embryo dry weight, this still resulted in a slight accumulation of oxidised sulphur in
the embryo over the period of seed maturation (Fig. 2.6B).
The quantitative importance of sulphur pools in other organs of the developing
fruit was also assessed. Three developmental stages were chosen for analysis; 20
DAF, representing an early stage in seed maturation, when the embryo was a
relatively minor part of the fruit; 30 DAF, representing a mid to late stage of
maturation during which the embryo was undergoing its most rapid phase of
expansion and storage protein accumulation; and 40 DAF, representing a late stage
of maturation, when storage protein accumulation was essentially complete.
In contrast to the patterns in the developing embryo, the concentrations of
reduced and oxidised sulphur showed similar trends to each other during
maturation of pods and testa (Fig. 2.7). The concentrations of both forms of
sulphur were highest in the youngest stages of pod and testa development, then
declined during fruit maturation. At 20 DAF, the pod contained a high
concentration of oxidised sulphur, and because of its relatively large mass at this
stage, represented the largest pool of oxidised sulphur in the fruit (Fig. 2. 7D). The
size of this pool stayed constant throughout fruit maturation, although the size of
the reduced sulphur pool declined by half.
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Figure 2.6. Sulphur accumulation in developing chickpea embryos. Oxidised sulphur (Ox-S)
and reduced sulphur (Red-S) were quantified by XRFS. Values shown are the results of a single
determination on dried, powdered samples representing 20 to 30 embryos. Ox-Sand Red-S are
expressed as concentrations (A) as well as total amounts per embryo (B).

The testa was the second largest organ of the fruit at 20 DAF, and contained the
second largest pool of oxidised sulphur, and the largest pool of reduced sulphur at
this stage. The concentrations of both these forms of sulphur declined precipitously
betvveen 20 and 30 DAF, vvhich resulted in a similar decline in the absolute size of
both pools (Fig 2.7B and E). This occurred at the same time as the increase in the
concentration of reduced sulphur in the developing embryo (Fig 2.7C). However,
by 30 DAF, the developing embryo contained by far the largest pools of both
oxidised and reduced sulphur in the fruit (Fig 2.7F).
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Figure 2.7. Sulphur pools in develop ing chickpe a fruit. Each value is a single determin ation
on a sample of milled flour represen ting 20 to 30 developi ng organs. Reduced sulphur (Red-S)
and oxidised sulphur (Ox-S) were determin ed by XRFS. The concentr ations of sulphur in pods,
testa and embryos are shown in; A, B, C; as well as the sulphur accumul ated per organ in pods,
testa and embryos (D, E, F), respectiv ely.

Soluble, reduced sulphur metabo lites were quantif ied in the compo nent organs
of the develop ing fruit. The tluols, glutatlu one, homogl utatluo ne and free cysteine
vvere quantif ied in extracts from chickpe a generat ive organs by derivati sation with
mBBr, followed by separat ion using reverse phase HPLC (Droux et al. 1995).
Attemp ts were also made to quantify free methio nine and S-methyl methio nine
using OPA derivati sation and HPI_JC, howeve r, it proved imposs ible to resolve
these relatively minor compon ents from the other free amino acids that labelled
with OPA in the extracts (results not shown). The most abunda nt thiol in all the
extracts was found to be glutathi one. Cysteine concen tration was an order of
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magnitu de lower than that of glutath ione and homogl utathio ne was not detecte d. A
represe ntative HPLC profile is shown in Figure 2.8.

5

10
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20

Figure 2.8. Free thiols in extracts of 20 DAF chickpe a embryo s. Thiols were extracte d in
HCl followed by reductio n with DTI and derivisat ion with mBBr. Reverse phase HPLC with
fluoresc ence detectio n was used for identific ation and quantific ation of thiols, by compari son
with standard s. Peak 1 was identifie d as cysteine followed by glutathio ne (peak number 2).
Peak 3 did not correspo nd to any of the standard s, and peak number 4 was free mBBr. The
arrow marks the position where the homoglu tathione standard migrated . The X-axis shows the
elution time expresse d in minutes , the Y axis shows relative fluoresce nce.

Glutath ione concen tration was highest at the younge st stage of fruit
develop ment, and subsequ ently decline d in all organs (Fig 2.9A). This resulted in a
decline in the glutath ione pools in pod and testa, but because of the increase in
mass of the embryo , glutath ione actually accumu lated in the embryo during
matura tion (Fig 2.9B). The concen trations of free cysteine in all organs were much
lower than those of glutath ione (Table 2.2).
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Table 2.2. Free cysteine levels in develop ing chickpe a organs. Each value is
the mean (+ /- standard deviation ) of measure ments on three different extracts
from the same flour pool represen ting 20 to 30 freeze-dr ied organs. Free cysteine
is expresse d as concentr ation (A) as well as total accumul ated per organ (B).

A
Fruit Age

Pod

(DAF)
20
30
40

Testa
(nmol cysteine g DW- 1)

nd
nd
nd

230 + 50

900 + 200

80 + 50

240 + 100

nd

50 + 70

Pod

Testa

Embrvo

B
'

Fruit Age
(DAF)
20
30
40

Embryo

(nmol cysteine organ-1)

nd
nd
nd

nd= not detected
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10+ 1

230 + 5

3+ 2

170 + 11
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120 + 2
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2.3.4. Sulphur metabolis m in developin g chickpea embryos
2.3.4.1. Sulphate is assimilated in developing chickpea cotyledons

Results presented in section 2.3.3 demonstrate d that oxidised sulphur was
abundant throughout chickpea embryo maturation and that its concentratio n
declined as the concentratio n of reduced sulphur increased during embryo
developmen t. In order to establish whether developing chickpea embryos were
capable of sulphur reduction and assimilation, 35 S-label was supplied to isolated
developing cotyledons in vitro as either sulphate or methionine. In both cases, 35 S
was incorporate d into cotyledon proteins as demonstrate d by extraction of total
protein and analysis by SDS-PAGE and fluorograph y (Fig. 2.10). This result
established the existence of all the steps of reductive sulphur assimilation and
sulphur amino acid biosynthesis in the developing embryos.
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Figure 2.10. Assimilation of 35 S-sulphate by developing
chickpea cotyledons. Isolated chickpea cotyledons were
incubated with (3 SS] sulphate (track 1) or [35 S] methionine
(track 2) for 4 hours. Total proteins were extracted,
fractionated on SDS-PAGE, and proteins containing 35 S were
visualised by fluorography. Molecular marker sizes (KDa) are
shown at right.
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2.3.4.2. Activities of cysteine biosyntheti c enzymes 1n developing chickpea

embryos
The incorporatio n of 3SS from sulphate into cotyledon proteins constituted a
qualitative demonstrati on that isolated chickpea cotyledons were competent to
synthesise sulphur amino acids from sulphate. The cysteinyl residue is synthesised
by the cooperative action of SAT and OAS-TL enzymes. As a way of assessing the
quantitative importance of sulphur amino acid biosynthesis in developing chickpea
embryos, the activities of SAT and OAS-TL in the embryos were compared with
64
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the activities of these enzymes in photosynthe tic source or sink leaves. The source
leaves used in this analysis were the first fully expanded leaves down the shoot from
the grovving tip. They were identified as photosynthe tic source organs by their
accumulatio n of starch, as revealed by cross-reactio n with iodine stain (as in Fig
2.11). The sink leaves were tightly folded developing leaves Oess than 10%
expanded) at the growing tip of the shoot, and did not stain purple with iodine
(Figure 2.11).

Figure
2.11.
Identificatio n
of
photosynthe tic
source
and
sink
leaves
by
iodine
staining.
Iodine
reacts with starch,
an indicator of export
of photosynthat e. A
white leaf denotes
one that is a sink, or
net
importer
of
sucrose.

· Sink leaf

,.
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\

Source leaf
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SAT and OAS-TL activities vvere readily detected in all three organs. As has been
reported in other plants, OAS-TL activities vvere more than an order of magnitude
higher than those of SAT (Droux et al. 1998). OAS-TL activity was highest in
developing sink leaves, next highest in developing embryos, and lovvest in source
leaves (Table 2.3). Similarly, SAT activity was lovvest in source leaves, higher in sink
leaves, and highest in developing embryos. This was true whether activities were
compared on the basis of total extractable protein or organ fresh weight. Thus, the
developing embryos and developing sink leaves contained high levels of SAT and
OAS-TL, indicating that these organs were more active in sulphur assimilation than
the mature leaves (Table 2.3).
Table 2.3. Cysteine biosynthetic enzymes in chickpea leaves and developing
embryos. SAT and OAS-TL were assayed in extracts from photosyntheti c source
leaves, developing, sink leaves and developing embryos. Each value is the mean (+ /standard deviation) of four assays on a total of two different extracts from the same
pool of fresh tissue representing between 5 (embryos) and 50 (sink leaves) organs.

Organs

SAT

OAS-TL

nmol cysteine min- 1 mg- 1 FW

SAT

OAS-TL

nmol cysteine min- 1 mg - 1 protein

E1nbryos

0.33

+ 0.013

5.8 + 0.7

22.7

+ 0.9

415

+ 52.0

Sink leaves

0.15

+ 0.004

7.4 + 0.3

14.9

+ 0.4

711

+ 63.0

Source leaves

0.07

+ 0.005

4.1

6.9

+ 0.5

298

+ 51.0

+ 0.6
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2.4. Discussion
It has often been assumed that the energy-reqwr1ng processes of sulphur
reduction and assimilation take place mainly in photosynthetic leaves (Hell 1997;
Saito 2000). However, developing seeds have a strong requirement for sulphur
amino acids for the synthesis of seed storage proteins. It was demonstrated that
detached cotyledons of soybean were able to synthesise sulphur-containin g proteins
when grown on an artificial medium with sulphate as the only source of sulphur
(Holowach et al. 1984). This indicated that developing soybean embryos were
capable of sulphur reduction and sulphur amino acid biosynthesis, at least when
supplied with sulphate in vitro. More recently, developing soybean seeds have been
reported by Sexton and Shibles (1999) to contain significant activity of the first
enzyme in the sulphur reduction pathway, ATP sulphurylase. They concluded that
in field grown soybean plants, the developing seeds were the dominant sites of ATP
sulphurylase activity during seed filling.
Likewise, it has been reported that developing embryos of narrow leaf lupin
contain quantitatively significant amounts of enzymes of cysteine and methionine
biosynthesis (Tabe and Droux 2001; 2002). Similar results have recently been
reported for developing endosperm of wheat. Fitzgerald et al (2001) demonstrated
that sulphate was the most abundant form of soluble sulphur in the endosperm
cavity of developing wheat grains in conditions of adequate sulphur supply, and
that the activities of ATP sulphurylase, OAS-TL, cystathionine y-synthase and
cystathionine ~-lyase were detected in extracts of developing endosperm. On the
other hand, it has been reported that a significant quantity of the sulphur in wheat
phloem is in the reduced form of S-methyl methionine (Bourgis et al. 1999),
implying that reduced sulphur, as well as oxidised sulphur is imported by
developing wheat grains. Phloem supplies much of the water, and most of the
nitrogen for the development of reproductive sinks (for example, in legumes, Pate
et al. 1977). The sulphur in the phloem of narrow leaf lupin is almost all in the
oxidised form (Tabe and Droux 2001), whereas sulphur in the phloem of rice is
predominantly in a reduced form (I(uzuhara et al. 2000). The reduced sulphur
compound, glutathione, is an abundant form of transported sulphur in the phloem
of canola (Lappartient and Touraine 1996). The relative contributions of the import
of reduced sulphur, versus assimilation of imported oxidised sulphur in developing
seeds may depend to some extent on the sulphur nutrition of the plants (Fitzgerald
et al. 2001). The results reported here for chickpea, combined with the reports
above, support the suggestion that active sulphur assimilation is a general feature of
developing seeds, at least of grain legumes.
Significant pools of sulphur were detected in all the separate parts of developing
chickpea fruit (Fig. 2.7). Early in fruit maturation, at approximately 20 DAF, the
developing pod, testa and the embryo all contained high concentrations of both
oxidised and reduced sulphur. Oxidised sulphur made up between 30 to 50% of the
total sulphur in these organs at this stage. As maturation progressed, the
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concentrations of oxidised sulphur declined in testa and embryo, although not in
the pod. It has previously been observed that sulphate tends to be remobilised
inefficiently from roots and mature leaves, possibly because of a limiting rate of
efflux of sulphate across the vacuolar membrane (Cram 1983). This may also have
been a factor limiting remobilisation of sulphate from the pod.
The results reported here for chickpea argue against any major role of the pod in
sulphur nutrition of developing seeds.
Sulphate was reported to be abundant in developing soybean pods at the onset
of seed expansion, following which, pod sulphate concentration declined to an
undetectable level during seed development. It was argued that sulphate was
reduced and assimilated in the developing pods, then delivered to the developing
seeds in the form of homoglutathione, at least under sulphur-limited growth
conditions (Sunarpi and Anderson 1997). Studies in lupin also showed that oxidised
sulphur was abundant in developing pods. Developing lupin pods contained a
relatively high activity of SAT, compared to other organs of the developing fruit,
but relatively low activities of OAS-TL and the methionine biosynthetic enzyme,
cystathione ~-lyase (Tabe and Droux 2001), indicating that they may play some role
in supplying lupin seeds with reduced sulphur, but probably not a major one. In
this study, the concentration of reduced sulphur in the chickpea pod declined by
about half between 20 DAF and 40 DAF when seed filling was essentially
complete. These results are not inconsistent with some remobilisation of reduced
sulphur from the chickpea pod to the seeds, although this seemed to be of less
quantitative significance than remobilisation from the testa to the embryo.
The testa is maternal tissue with a vascular connection to the pod and thus to the
rest of the plant. All nutrients that are delivered to the filial tissue, the developing
embryo, arrive first in the testa, from which they are released into the apoplastic
space between the testa and the embryo. Nutrients such as reduced carbon and
nitrogen, minerals and numerous other metabolites are then taken up by the
developing embryo. The testa may also transiently accumulate and modify
metabolites received from the rest of the plant. Sulphur metabolites, like all others,
must pass through the testa. At 20 DAF, the pools of oxidised and reduced sulphur
in the testa of developing chickpea seeds were larger than the corresponding pools
in the young embryo (Fig. 2.7). Between 20 DAF and 40 DAF, as the embryo
increased steadily in size, the concentration of both oxidised and reduced sulphur in
the testa declined sharply.
This occurred at the same time as the increase in concentration of reduced
sulphur in the developing embryo (Fig. 2.6), suggesting that both forms of sulphur
may be remobilised from the testa to the embryo during seed maturation. However,
This Possibility was not directly investigated by measuring fluxes. By 30 DAF, the
developing embryo contained by far the largest pools of both oxidised and reduced
sulphur in the fruit (Fig. 2. 7, note different scale in panel F).
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Soluble sulphur metabolites in chickpea fruits were quantified in order to identify
potential transported forms of reduced sulphur. Of the free thiols, glutathione was
found to be the most abundant. Glutathione is a key compound in many aspects of
plant growth and development. It has important roles in stress responses, in
signalling, and as a storage and transport form of reduced sulphur (Foyer et al. 1994;
Dixon et al. 1998) Cysteine derived from catabolism of glutathione can be used in
protein synthesis, making glutathione a candidate for transport of sulphur amino
acids into developing seeds. Chickpea cotyledons can catabolize glutathione, as
demonstrated by their ability to incorporate a labelled sulphur atom from
glutathione into protein (data not shown). Similarly, crude extracts of wheat
endosperm supported the hydrolysis of glutathione to glycine, glutamate and
cysteine via y-glutamylcysteine (Fitzgerald et al. 2001).
Glutathione concentration was highest in all organs at the youngest stage of fruit
development then declined as maturation proceeded (Fig 2. 9). Glutathione
represented 10% of the reduced sulphur pool in all organs of the developing fruit at
20 DAF, but at 40 DAF, it represented only 3% of the reduced sulphur in the
embryo and the pod. It still constituted 10% of the reduced sulphur in the testa at
40 DAF, but the absolute size of this sulphur pool was very low. These results are
consistent with the suggestion that reduced sulphur may be remobilised from the
pod or testa to the developing embryo in the form of glutathione, and that this
occurs relatively early in fruit maturation. It is equally possible that sulphur is
remobilised from other fruit organs in the form of sulphate, and that accumulation
of glutathione in the developing embryo reflects its synthesis in this organ. A pool
of glutathione is maintained in the seed right through to maturity (I<lapheck 1988),
suggesting that it may have a role in germination. Cysteine concentrations in
extracts of organs of developing chickpea fruits were an order of magnitude lower
than those of glutathione, and homoglutathione was not detected, making it
unlikely that these metabolites are significant storage or transport forms of reduced
sulphur in the developing chickpea fruit.
The results presented in this chapter are consistent with direct import of the
bulk of the sulphur in the seed in an oxidised form, from the phloem, via the testa
and seed apoplasm, followed by assimilation in the developing embryo itself. In
summary, the results demonstrate that developing chickpea embryos contain
abundant oxidised sulphur throughout their maturation, and that they are capable
of all the steps of reductive sulphur assimilation and sulphur amino acid
biosynthesis. Quantitation of the two enzymes of the cysteine synthase complex
revealed that extracts from both developing sink leaves and developing embryos
could sustain high rates of cysteine biosynthesis in vitro. The data for developing
leaves are compatible with the view, expressed by von Arb and Brunold in 1986,
that photosynthetic sink leaves are self-sufficient with respect to reduced sulphur,
rather than importing it as they do reduced carbon and nitrogen. The results
presented here extend this argument to developing seeds, and, in combination with
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Abstrac t
The relatively low content of sulphur amino acids in chickpea seed protein limits
the nutritive value of the seeds for animals and humans. A gene encoding a
sulphur-rich albumin from sunflowers (sunflower seed albumin, SSA) was
transferred to chickpea by Agrobacten·um tumefaciens mediated transformat ion in order
to provide a new storage sink for sulphur amino acids in the seeds. The SSA
protein contains 16% methionine residues and 8% cysteine residues. The SSA gene
was controlled by the seed-specific promoter from a pea vicilin gene. A number of
transgenic lines, with varying levels of SSA in the mature seeds, were generated in
two cultivars of chickpea. SSA accumulatio n was associated with an increase in the
concentratio n of reduced sulphur, and a concomitan t decrease in the concentratio n
of oxidised sulphur, suggesting that the introduction of an additional demand for
sulphur amino acids stimulated sulphur reduction in the transgenic seeds. The
accumulatio n of SSA resulted in significant increases in the total methionine
content of the transgenic seeds compared to controls. By comparison with
transgenic lupins expressing SSA, it is predicted that the observed increases in
methionine in the transgenic chickpeas would be sufficient to increase the
nutritional value of the seeds. Conversely, no increase in seed cysteine content was
observed in two transgenic lines whose seeds accumulated large amounts of SSA.
The transgenic lines were characterise d by an altered pattern of seed storage protein
accumulatio n. A number of cysteine-rich proteins were under-repre sented in the
transgenic seeds compared to controls. Furthermore , the transgenic seeds contained
decreased activities of trypsin inhibitors. Cysteine-ric h protease inhibitors have
been reported to be abundant in chickpea seeds. Thus, this study suggests that
reduced sulphur sequestered into SSA was supplied by additional sulphur
assimilation in the developing embryo as well as some diversion of sulphur amino
acids from endogenous seed proteins into the new sulphur sink. The seeds of the
two individual transgenic lines that accumulated the highest amounts of SSA were
compromise d in their germination , suggesting that the reallocation of sulphur
reserves in the transgenic seeds may have been to the detriment of factors essential
for germination .
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3.1. Introdu ction
nimals and humans are incapable of synthesising ten of the twenty
common protein amino acids. Consequent ly, these so-called
nutritionally essential amino acids must be obtained from the diet. Seeds
are important sources of dietary protein for animals, but many seeds are deficient in
one or more of the essential amino acids. The concentratio n of the sulphur amino
acid, methionine is generally limiting for nutritive value of the seed protein of grain
legumes like peas, beans, lupins and chickpeas. It is therefore necessary to
supplement animal feed formulation s based on grain legumes with synthetic
methionine in order to produce optimal animal growth. Animals are able to convert
methionine to cysteine, but not the converse, therefore methionine can supply the
complete sulphur amino acid requirement .
Attempts have been made to increase the nutritional quality of legume seed
proteins by traditional plant breeding. Convention al plant breeding is a relatively
long process and depends on the genetic variability within a species of crop plant.
Wild species of Cicer have numerous desirable traits, however, there is no great
variability in the content of sulphur amino acids in the seed protein (Murray and
Roxburgh 1984; Singh and Pundit 1991). In addition, there is a low cross
compatibilit y between wild types of chickpea and cultivated forms of chickpea
(reviewed by Ahmad and Slinkard 1992). Therefore, plant biotechnolo gy
approaches have been used to increase the sulphur amino acid content of legume
seeds such as chickpea. These approaches have usually involved the insertion of a
transgene, controlled by a seed-specific promoter, encoding a protein rich in
methionine and cysteine residues.
Genes coding for sulphur-rich albumins have been used to improve the
nutritional quality of a number of different types of seeds. The albumins generally
contain the most sulphur rich proteins in seeds. Brazil nut albumin contains 26 mol
% sulphur amino acids and has been used to increase total methionine in oilseed
rape (Altenbach et al. 1992; Altenbach et al. 1989), in narbon bean (Saalbach et al.
199 Sa). Another source of a methionine- rich albumin gene is sunflower, Helianthus
annuus L. Sunflower seed albumin (SSA, also known as sunflower albumin 8, I<.ortt
et al. 1991) containing 16 methionine and 8 cysteine residues out of a total of 104
amino acids has been used to improve the nutritional quality of narrow leaf lupin
(Molvig et al. 1997). A transgenic lupin line that accumulated SSA at a level of
approximate ly 4% of total seed protein had double the methionine content of nontransgenic controls. The transgenic lupins were demonstrate d to have improved
nutritive value for both ruminant (White et al. 2001) and non-rumina nt animals
(Ravindran et al. 2002). The SSA gene was chosen for transfer to chickpea in order
to increase the methionine content and nutritive value of the seeds.
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3.2 Materials and Method
3.2.1. Seed genotype s
Seeds of chickpea cvs Amethyst and Semsen (Desi type) and cv Garnet (Kabuli
type) were obtained from Dr Ted I<nights (New South Wales Agriculture,
Tamworth, NSW, Australia).

3.2.2. Bacteria and plasmids
Agrobacterium tu1nefaciens strain AGL1 was used for chickpea transformation. The
structure of the binary plasmids is sho\-vn in figure 3.1. The transferred DNA in
plasmid pBSF16 contained three genes; a herbicide tolerance selectable marker
gene, bar, controlled by a Cauliflo\ver mosaic virus (CaM\1) 35S promoter; a
screenable marker gene, GUS, also controlled by a CaMV 35S promoter, and a
seed-specifically expressed gene encoding sunflower seed albumin (SSA) controlled
by the promoter from a pea vicilin gene (Molvig et al. 1997). The transferred DNA
in plasmid pBSF19 contained only the bar and SSA genes. Both plasmids were
based on the binary vector pTAB10 (Tabe et al. 1995). Plasmid pBSF101 contained
a CaMV 35S-driven bar gene and the same seed-specific SSA gene as pBSF16 and
19. Both genes were inserted between the T-DNA borders of the pPZP201 binary
vector (Hajdukiewicz et al. 1994).
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Arrows indicate the direction of transcription from the promoters. V1cilin-S and Vicilin-3,
promoter and terminator regions from the pea vicilin gene; 35~-5' an~ 35S-3', I?romoter and
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3.2.3. Chickpea tra11sform ation
The chickpea transformat ion method was based on a protocol developed by
Molvig et al. (199 5). Mature chickpea seeds were surface sterilized by rinsing in 70%
(v /v) ethanol for 1 min followed by 20 min sterilization in 0.8% (w /v) sodium
hypochlorite. Seeds were then rinsed 3 to 4 times in sterile water and left to imbibe
'
for 24 hr on sterile filter paper moistened with sterile water, at 24 °C. Imbibed seeds
were rinsed again in sterile water the next day. The seeds were dissected by
removing the seed coat then cutting the embryo through the longitudinal axis,
splitting it into two equal halves. Each explant consisted of one intact cotyledon
attached to half the embryonic axis. The last 1 mm of the root tip was cut off, and
explants were collected in liquid MS medium (Murashige and Skoog 1962) until all
seeds were dissected.
The MS medium was poured off the prepared explants, and replaced by a 24 hr
liquid culture of Agrobacterium tumefaciens strain AGL1 carrying the pBSF16, pBSF19
or pBSF101 binary plasmid with Sµg m1- 1 tetracycline. After 1 hr at 21 °C, the
Agrobacteri um was decanted and the explants were transferred directly to BS cocultivation medium; 10 mM 2-[N-morph olino]ethane sulfonic acid (MES) pH 5.8; 1
mg r 1 napthalene acetic acid (NAA); 1 mg r 1 6-benzylam inopurine (BAP); 100 µM
coniferyl alcohol; 0.8% (w /v) agar (Gamborg et al. 1968). The cut surface of the
embryonic axis was kept in contact with the agar medium, and about 45 explants
were placed in a 9 cm petri dish. All plant cultures were performed at 24°C with a
16 hr day length. After 3 days of co-cultivation, explants were washed 3 to 4 times
with sterile water, blotted on sterile filter paper and plated with the cut surface
down on R1 medium (basal MS medium plus 0.8% (w/v) agar, 10 mM MES pH
5.8, 0.5 mg r 1 each of BAP and kinetin, 0.05 mg r 1 NAA, 150 mg r 1 timentin
(SmithI<line Beecham) and 5 mg r 1 phosphinoth ricin (Riedel-deHaen).
After two weeks, explants producing green shoots were sub-cultured (removing
the cotyledon and any roots) on to R2 medium (same as R1 except that NAA was
omitted). After two weeks, explants surviving selection (consisting of clumps of
shoots) were sub-cultured on to R3 medium (same as R2 except that the
concentratio ns of BAP and kinetin were lowered to 0.1 mg r 1). Shoots surviving
selection were sub-cultured every two weeks for at least 7 cycles on to fresh R3
medium. From the fifth cycle, the shoots from each explant were separated and
cultured individually. After a total of 7 or more subcultures, any green, healthy
shoots were transferred to rooting medium without selection (BS medium
containing 20 g r 1 sucrose, 0.8% (w/v) agar and 1.0 mg r 1 indolebutyric acid). After
the formation of roots, plantlets were transferred to pots of soil in the glasshouse.
A polycarbona te jar was inverted over the plantlet to maintain a high humidity until
its establishme nt in soil.
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3.2.4. Compositiona l analvsis
..,
Mature seeds were harvested 6-9 months after sowing of the parental seed. Seeds
were counted and weighed to determine yield and average seed weight. Samples of
approximately 5 g of mature seeds (20- 25 seeds) from each plant were milled to
fine flour using a UDY Cyclone mill with a 0.5-mm screen. Nitrogen and sulphur
determinations are described in sections 2.2.2.1 and 2.2.2.2 respectively. Amino acid
composition was performed, with and without prior oxidation of samples, using an
amino acid analyser as previously described (Tabe and Droux 2002).

3.2.4. Biocl1ernical analvsis
..,
3.2.4.1. Tissue staining for Gus activity
Activity of the ~-glucuronidase (GUS) enzyme was determined histochemically
in germinated embryos after three days of co-cultivation with Agrobacterium
containing the pBSF16 construct CT efferson et al. 1987).

3.2.4.2. PAT assay
Protein was extracted from young expanding leaves (3-4) from young plants and
assayed for the activity of phosphinothricin acetyltransferase (PAT), the product of
the bar gene (Schroeder et al. 1993)

3.2.4.3. Western blotting
To follow the expression and inheritance of the SSA transgene in the T1
generation, approximately 10 mg of flour was obtained by filing chickpea
cotyledons at a position distal to the embryonic axis after partial removal of the
maternal testa. Proteins were extracted in SPEB (2.2.2.2.4) and the concentration
was determined by Bradford assay (Bradford 197 6). One microgram of total
protein per sample was separated on a SDS-PAGE (15%-30°/ o, w/v acrylamide
gradient) and electroblotted onto a nitrocellulose membrane (Spencer et al. 1983).
The blots were probed first with an antibody to SSA raised in goat, then with rabbit
anti-goat IgG conjugated to alkaline phosphatase. Antibody conjugates were
detected with NB T-B CIP.
3.2.4.4. Southern and Northern blotting
Genomic DNA was isolated from non-transformed plants and from transgenic
plants according to the protocol of (Rogers and Bendich 1985). The DNA was
digested with NcoI or BamHI, separated on a 1% (w / v) agarose gel, and transferred
to Hybond N nylon membrane by capillary blotting overnight, then fixed to the
membrane by UV-cross-linking. Membranes were pre-hybridisation at 65 °C for at
least 2 hours in a solution containing 7% SDS, 1% BSA, 0.5 M Na HPO4. and
1mM EDTA. DNA fragments generated by PCR were labelled by random priming
with 32P using an Amersham Megaprime kit. Unincorporated label was removed by
desalting on Sephadex G50 columns. H ybridisation was performed overnight at
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6S°C. Membranes were washed twice in 2X SSC, 0.1 % (w /v) SDS at room
temperature for 20 mins, then once in 2 X SSC, 0.1 % (w /v) SDS at 65°C for 20
mins and once in 0.1 X SSC, 0.1 % (w /v) SDS at 65°C for 20 mins, then exposed to
a phosphorim age screen for approximately 14 hr. Membranes were subsequently
exposed to Fuji Medical Super Rx -ray film for between 3 days and 1 week.
Northern blotting was performed as described by Chandler et al.

3.2.4.5. SDS-PAGE
Total protein was extracted from approximately 20 mg samples of seed flour by
vortexing for 30 seconds several times over a period of ten minutes in 1.0 ml of
seed protein extraction buffer (SPEB) consisting of 0.SM NaCl, 1 mm EDTA, and
0.1 M TES (N-tris[hydroxymethyl]methyl-2-aminoethanesulfonic acid)-NaOH , pH
7.8. Insoluble material was removed by centrifugation in a bench microfuge at
13,000 g for 10 min and protein concentratio n in the supernatant was determined
by the method of Bradford (197 6) with bovine serum albumin as a standard.
Albumins were purified using the method of Schroeder (1982).
Samples were prepared for electrophoresis by dissolving 60 µg of total protein in
SDS sample buffer consisting of 0.125M Tris-HCl (pH 6.7), 2% (w /v) SDS, 1%
(v /v) ~-mercapto ethanol, 5% (w /v) glycerol, 0.1 % (w /v) bromophen ol blue, and
heating at 100°C for 5 min. Proteins were fractioned on a slab gradient
polyacrylamide (15% to 30%, w /v) gel as described previously (Spencer et al. 1980)
using a Hoefer SE 600 vertical gel electrophoresis unit. The gels were fixed in a
fixing solution consisting of 7% (v /v) acetic acid and 25% (v /v) ethanol for two
hours, followed by staining in 0.5% (w /v) Coomassie brilliant blue R (Sigma) in
10% (v/v) acetic acid and 50% (v/v) ethanol overnight. Gels were destained by
agitation at room temperature in several changes of fixing solution.

3.2.4.6. Labeling developing chickpea cotyledons \Vith 35 S
Developing chickpea fruits were collected and labelled with
section 2.2.3.1.

35

S as described in

3.2.4. 7. Purificatio n of albu1nin and globulin fraction s frorn rnature chickpea

seed flour
Flour (1g) from mature chickpea seeds of each genotype was extracted twice
with 0.1M phosphate buffer (pH 7.2) containing 0.SM NaCl for 1.5 h at room
temperature on an end-over-en d shaker. Extracts were centrifuged at 12000g for 20
min at 15°C. The combined supernatants of the two extracts were filtered through
two layers of Miracloth pre-wetted with extraction buffer. The filtered extract was
dialysed at 4 °C against distilled water, using several changes of pre-cooled water
during 5 days. After centrifuging at 12000g for 20 min at 4 °C, the pellet (globulin
fraction) was washed with cold water and collected by centrifuging as described.
The supernatant fraction contained the albumins. Both albumin and globulin
fractioned were lyophilised. Samples were prepared for electrophoresis by
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Chapter 3

-------------

-----

Effects of sulphur sink

dissolving the appropriate amount of freeze-dried albumin or globulin in SPEB
buffer and adding SDS sample buffer (see section 2.2.2.5).

3.2.6.8. Trypsin inhibitor assay.
For assay of protease inhibitor activity, proteins were extracted from 20 mg of
seed flour into 30 volumes of SPEB, and quantified as described above.
Uninhibited trypsin activity was determined by measuring the increase in
absorbance at 247nm in a volume of 1 ml of the artificial substrate Na-p-tosyl-Larginine methyl ester (TAME) dissolved at 1mM in 100mM CaCh, 10mM Tris-HCl
pH 8.0 (Walsh 1970). The assay was performed on a recording spectrophotomete r
(UV /Vis 920 from GBC Scientific Equipment, Melbourne, Australia) using 0.5 µg
of bovine pancreas trypsin type III (10,600 units/ mg protein from Sigma) per assay.
Inhibition of trypsin by seed extracts was determined by pre-incubating 10 µg of
seed protein in 10 µl of SPEB with 0.5 µg of trypsin in 5 µl of water at room
temperature for 2 mins. The mixture was then added to 1 ml of TAME assay buffer
pre-equilibrated at 23 °C, and the change in A247 was recorded over a 5 min period.
The rate of each reaction was calculated as change in A247 per min, and Trypsin
Inhibitor Activity (TIA) per µg of total seed protein was calculated for each seed
extract using the foil owing formula:
[velocity for uninhibited trypsin (YI) - velocity for residual trypsin (YR)] X 100

vr X 10 (µg of seed protein)
3.2.4.9. Seed gennination test
Mature seeds from non-transgenic and SSA transgenic genotypes were surface
sterilised as previously described in section 3.2.3. After sterilisation ten seeds were
transferred to a Petri dish containing two sterile filter papers moistened with 10 ml
of sterile water for each plate. Petri dishes containing seeds were left at dark at
24 °C. After two weeks, seeds were transferred to soil, see section 2.2.1.2.
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3.3 Resu lts
3.3.1 Chick pea transf ormat ion
Imbibe d mature seeds of three Austral ian varieties of chickpea were used as
target for Agrobacterium-tu1nefaciens mediate d transfo rmation (Fig. 3.2 panel A). The
protoco l of regener ation-tr ansform ation reporte d here does not go through a
callus phase. A minima l amoun t of callus can be seen in figure 3.2 (panel B). Within
two weeks on R2 media contain ing the selective agent and the appropr iate balance
of hormon es, a clump of multipl e shoots appeare d from each cotyled onary node
and shoot apex in the region of the embryo nic axis (Fig 3.2 panel C). Most of the
shoots vvere initially green, but gradually bleache d due to the effects of the selective
agent (PPT), leaving only a few explant s with a clump of green shoots. (Fig. 3.2,
panel D). These green shoots were cultured on media contain ing 5 mg i- 1 PPT, vvith
subcult uring onto fresh media at 2 week intervals. Elimina tion of all chimeri c
clumps of shoots having untrans formed branche s vvas achieved by repeate d
separat ion and subcult uring of individu al green branche s for a further 16-18
subcult ures (9 months ). Green single shoots vvere then transfer red to rooting
medium .

Figure 3.2. Stages of chickpe a transfor mation_ . Petri dish . containi ng split imbibed mature
seeds after three days in contact with Agrobac tenum tumefaci ens (A); seed~ after transfer onto
the regenera tion medium (B); young plantlet showing the pre~ence o~ multiple shoots after two
weeks of growth on R2 medium (C); a putative transger uc multiple shoot after the 18th
subcultu re on selective R3 medium (D).
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Embry os after 3 days of co-culti vation with Agrobacterium contain ing the
pBSF16 gene constru ct were analysed for GUS activity, providi ng the first
evidenc e of chickpe a transfo rmation . In the histoch emical assays, a high transien t
activity was localised in the epicotyl, hypoco tyl and embryo nic axis of infected
explants. Blue colour \,Vas seen through out the embryo includin g the emergin g
leaves and was visible in the axillary node, from which multiple shoots arise (Fig
3.3). No blue colour was observe d in control embryo s that were not co-cultivated
with the Agrobacterium, but were process ed in similar manner (results not shown).
The GUS gene present in pBSF16 was not express ed in Agrohacterium as reporte d
by Christia nsen et al. (2000), therefo re all blue staining could be attribut ed to
express ion of the GUS gene after its success ful transfer to chickpea cells.
Figure 3.3. Transie nt GUS express ion
in an Agrobac terium- infected chickpe a
embryo. Explant s were infected with
Agrobac terium carrying the plasmid
pBSF16, which containi ng a GUS reporter
gene driven by the CaMV 35S promote r.
Chickpe a embryos were assayed after
three days of co-cultiv ation for transien t
expressi on of the GUS gene in chickpea
cells.

Putativ e
transge nic
chickpe a
plants \,Vere establis hed in pots of soil in the glassho use within 10 to 11 months
after co-culti vation of the original explants. Expres sion of the bar gene \Vas
monito red by assaying the activity of the encode d enzyme (phosph inothric in
acetyltransferase, PAT) in protein extracts from young leaves of putative
transge nic plants of the To generat ion. Figure 3.4 shows a fluorog raph of a thin
layer chroma tograph y plate contain ing assays from several differen t To transge nic
lines.
Figure 3.4. Screeni ng of putative transgen ic To plants. Protein extracts from leaves of
establish ed To plants
in the glasshou se
were assayed for PAT
4
5
6
7
1
8
2
3
9
activity. Each track
represen ts an extract
from a pool of 5-6
young,
expandi ng
leaves. Track 1 is an
extract
from
a
transgen ic
plant
used as a positive
control, track 2 is an
extract from a non
transfor med
plant
used
as
negative
control, tracks 3 to 9
shows extracts from
separate
chickpea
transgen ic events.
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Table 3.1 summarises the results derived from 5 to 8 independent co-cultivation
experiments for each genotype. Transformation efficiency was defined as the
number of established To plants in the glasshouse divided by the number of
explants infected with Agrobacten·um. An average transformation efficiency of

0.18% was obtained for the desi type cvs. One transgenic plant was recovered
from cv Garnet, indicating that the transformation protocol was more appropriate
for the Desi type cultivars.

Table 3.1. Chickpea transformation frequency in the To generation.
Putative transgenic To plants were transferred to pots of soil in the
glasshouse and then leaves from the established plants were tested for
PAT activity to determine the To transformation frequency.

Cultivar

Number of

Number of

Transformation

explants

transformed

frequency

treated

To lines

(%)

Amethyst

4187

7

0.17

Semsen

1997

4

0.20

2088

1

0.05

Desi Type

Kabuli Type
Garnet

3.3.2 In.h erita11ce of tl1e introduced genes.
All transgenic shoots transferred into the glasshouse grew without any
abnormal phenotype, flowered, and set seeds. Western dot blot immuno-chemical
analysis was used to assess the inheritance and expression of the SSA gene in T 1
seeds. Dot blots were used to screen 30 to 40 individual seeds from each To plant.
As shown in table 3.2 the product of the SSA gene was not always detected in T1
progeny. The only To transgenic plant obtained from transformation of the I<.abuli
type cultivar did not transmit the transgene to the next generation.
Table 3.2. SSA in single T1 seeds of transgenic chickpeas. Proteins were
extracted from flour filed from single seeds. Protein samples were vacuum
blotted onto nitrocellulose membrane using a dot blot apparatus, and
screened with anti-SSA antibody.

Cultivar

Transgenic

Number of

Number of seeds

line

seeds screened

positive for SSA

213A

40

40

207A

40

0

161S

40

40

166S

20

15

170G

20

0

Desi Type
Amethyst

Semsen

Kabuli Type
Garnet
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Inherita nce of the bar gene was monito red by PAT assay on protein from
leaves of T1 plants resulting from germin ation of the SSA-positive mature seeds in
lines that did transmi t the transgenes. All plants arising from SSA-positive mature
seeds contain ed the produc t of the bar gene. SDS-extractable protein s from
mature seeds of lines 213A and 161 S were subjected to quantitative western
blotting analysis with a polyclonal antibod y specific for the SSA gene produc t
(Molvig et aL 1997). The gene for SSA encode s a pre-pro -protein of 141 amino
acids that is post-translationally modifie d to yield a mature protein of 104 amino
acids with a molecu lar weight of 12,133 Dalton. The 12 KDa SSA was detecte d in
seeds of 161S and 213A (Fig. 3.5). A numbe r of polypeptides with slower mobility
than SSA cross-re acted with the antiserum. These bands were not visible in tracks
contain ing protein s from non-tra nsgenic mature seeds, indicating that they resulted
from express ion of the transgene. The protein samples were denatur ed by SDS,
but were not reduced . It was therefo re possible that the larger cross-reacting
protein bands were due to di-sulphide cross-linking of SSA and other cysteinecontain ing seed protein s. Chemical reducti on of protein samples greatly reduced
the strengt h of cross-re action betwee n the antibod y and SSA, resulting in very
faint bands on "\Ve stern blots (data not shown).

Figure 3.5. SSA in individu al Tl
seeds
of
two
transge nic
chickpe a
line.
Salt
soluble
proteins from SSA flour filed from
mature seeds of two transgen ic
lines were blotted on nitrocell ulose
membra ne
and
detected
by
specific antibodi es. Track 1 and 2
are from transgen ic line 161 S (cv
Semsen) , track 3 is a seed from a
non-tran sgenic
control
(cv
Semsen) and tracks 4 to 7 are
proteins from seeds of transgen ic
line 213A (cv Amethys t).

1

2

3

4

5

6

7

SSA

Three lines of transge nic chickpe a lines that express ed SSA at high levels in
their seeds "\Vere chosen for further study. Line 45S vvas derived from previou s
transfo rmation , by L. Molvig, of chickpe a cultivar (cv) Semsen with the pBSF16
constru ct. Transge nic lines 161S and 213A vvere produc ed in the current work by
transfo rmation of cv Semsen with the pBSF19 constru ct, and cv Amethy st vvith
the pBSF101 constru ct respectively. The levels of SSA in mature T 1 seeds of
transgenic lines 161S and 213A were estimat ed to be approximately 2 to 4 fold
higher than the level of SSA in mature T3 seeds of a homozy gous progeny line
selected from line 45S. These results showed that the chickpea transfo rmation
protoco l was successful in produc ing stably transfo rmed chickpeas, however, it
also produc ed a propor tion of chimeric plants (Table 3.3).

Chapter 3

Effects of sulphur sink

Table 3.3. Transfo rmation frequen cy in T1 generat ion. Frequen cy of transmis sion of
transgen es to the T 1 generati on was assessed by screenin g for presence of SSA protein
in mature T1 seed and assaying the activity of the PAT gene in the T plants resulting
1
from germina tion of the mature seeds.

Cultivar

Number of

Number of

Transm ission of

Stable

confirm ed To

confirm ed T 1

trans genes to T 1

transfor mation

transgen ic

transgen ic

generati on

frequen cy

lines

lines

(%)

(%)

Atnethys t

7

1

15

0.02

Semsen

4

2

50

0.1

1

0

0

0

Desi Type

Kabuli Type
Garnet

Southe rn blotting analysis was used to investigate the numbe r of integra ted SSA
gene copies in transge nic line 161S. Figure 3.6 shows souther n blots from eight
differen t plants includi ng a non-tra nsgenic control , a plant from transge nic line
45S and SL~ random ly selected T3 plants of transge nic line 161S. Genom ic DNA
was restrict ed with BamHI or NcoI (see schema tic represe ntation in Fig 3.1),
resolve d on a 1% (w /V) agarose gel, and hybridi sed to an SSA gene probe. The
results indicate d the presenc e of two transge ne loci in line 161S. One band was
detecte d in transge nic line 45S indicati ng the presenc e of a single transge ne locus.
These results were consist ent with the segregation pattern s observe d for SSA in
these lines (data not shown) .
Figure 3.6. Souther n blotting analysis of two transge nic lines (cv Semsen) . Genomic DNA
was extracte d from
young leaves and
digested
with
2
1
3
4
5
6
7
8
restrictio n
enzyme
BamHI (A, tracks 1 to
8; B, track 2) or Ncol
(B, tracks 2 to 8) ,
and pro bed with an
SSA probe. Panel A:
track
1,
non
transgen ic
control;
track
2
SSAtransgen ic line 45S,
tracks
3
to
8,
individu al T1 plants
B
from SSA transgen ic
line 161S. Panel B:
track 1, DNA from
line
45S
digested
with BamHI, (as for
panel A, track 2),
tracks
2
to
8,
individu al T1 plants
from SSA transgen ic
line
16 lS,
DNA
digested with Ncol.

A
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Expressi on of the SSA gene in developing chickpea seeds vvas studied by
Northern blotting analysis and by labeling proteins containing sulphur vvith [3 5S]sulphate, followed by an autoradiography. The Northern blotting showed the
presence of SSA transcrip t from 15 DAF in total RNA samples from developing
chickpea embryos of transgenic line 45S (Fig. 3.7). The level of SSA transcripts
remained high througho ut most of seed maturation, with the level tailing off
slightly at 45 DAF, vvhen the seeds reached maximum dry weight (see section 2.2).
No hybridisation signals were detected 1n developing embryos of an
untransfo rmed control plant.

I Is

Embryo Age (DAF)
20 25
30
35
40

Figure 3. 7. Expressio n of
SSA mRNA in developin g
chickpea embryos. RNA
was
extracted
from
developing
chickpea
embryos of transgenic line
45S at different stages of
seed
maturation .
A,
ethidium-s tained total RNA;
B,
mRNA
detected
by
hybridisat ion with a [32P]labelled SSA DNA probe. No
hybridisat ion was seen with
RNA from non-transg enic
control embryos at mid
maturatio n (data not show)

45

Accumul ation of SSA in developing chickpea seeds was demonstr ated by
labelling cotyledon s at two stages of developm ent with [35S]-sulphate (Fig. 3.8). A
strongly labelled protein band that co-migrated with mature SSA was observed in
extracts from chickpea cotyledons, at 18 and 32 DAF, from transgenic lines 45S
and 161S. Despite an imperfec t equalisation of incorpora ted cpm among the
tracks, it could be inferred that the accumulation of SSA was greater in line 161S
line than in line 45S.
Figure 3.8. Accumula tion of SSA in
developin g chickpea cotyledon s. Salt
soluble proteins were extracted from two
stages of developing chickpea cotyledons
after
incubation
with
(35S]-sulph ate.
Proteins were resolved on SDS-PAGE and
detected by fluorograp hy. Tracks 1,2 and
3, protein from 18 D AF developing
cotyledons from non-transg enic control,
SSA-trans genic lines 45S and 161S
respectivel y. Tracks 4, 5 and 6 protein
from 32 DAF developing cotyledons from
non-transg enic control, SSA-trans genic
lines 45 S and 161S respectivel y. The
identity of SSA was confirmed by immunoprecipitati on (data not shown)

1

2

3 4

5

6

SSA

18

32
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3.3.3 Effects of SSA accun1ulation on the sulph

tt

co1npositio11 of

mature transgenic chickpea seeds
Reduced, oxidised and total sulphur were quantified by XRFS in flour from 5 g
pools of mature seeds from individual chickpea plants. This approach was used to
compare the sulphur composition of pooled; mature seeds from several individual
plants of cv Semsen with that of T2 seed populations from T 1 plants derived from
germination of SSA-positive T 1 seeds of transgenic line 161 S. The sulphur
compositions of T2 seed populations of transgenic line 213A were compared with
the composition of a pool of flour from T2 seed of a SSA-negative control, line
207A, from cv Amethyst. Line 207A was obtained from transformation
experiments and the To plant gave a positive result in a PAT assay. However, the
T 1 seeds of line 207A were negative for SSA protein, and leaves collected from
resulting plants were negative in a PAT assay. It is likely that the To plant was
chimeric, and that the T 1 progeny did not inherit the trans genes in this line. This
genotype was used as a SSA-negative cv Amethyst control that had been through
the process of tissue culture.
The distribution of sulphur forms in mature seeds was clearly affected by the
accumulation of SSA protein during the synthesis of storage reserves in developing
chickpea seeds (Table 3.4). The concentration of reduced sulphur (which is mostly
in the form of cysteine and methionine in plant material, Pinkerton et al. 1989) in
the transgenic seeds was increased in seed flour of both transgenic lines in
comparison to their respective parental control genotypes. The increase in
concentration of reduced sulphur was accompanied by a decrease in the
concentration of oxidised sulphur (mostly sulphate in plant material). Oxidised
sulphur was near the lower limit of detection for XRFS in mature seeds of most of
the progeny of transgenic line 161S. In the case of transgenic line 213A there was
no detectable oxidised sulphur in the mature seeds. The total sulphur
concentration in most of the transgenic seed populations was not noticeably
different to that of the appropriate parental control population.
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~able 3. 4 . Sulphur concentration in T2 mature seeds of SSA-transgenic
hnes
· an average of duplicate
·
·
·
. 161S and 213A · Each v al ue 1s
determ1nat10ns
on
a single pool of flour obtained from approximately 25 individual mature seeds
from one plant. Standard deviations of the duplicate measurements were less
th an S%. SSA co~tent was assessed by comparison of western blots. Total
~ulphur was quantified separately to reduced and oxidised sulphur, therefore it
1s not always the perfect sum of the other two values.

Red-S
Genotype

Ox-S

Total-S

SSA

(µ mol S g- 1 DW)

Semsen
Non- Transgenic
Semsen 3-3

63.8

18.4

82.2

Semsen 3-4

60.3

26.2

86.5

Semsen 3-7

65.6

15.6

81.3

Semsen 3-8

61.3

24.1

85.3

161S-2

68.0

11.3

79.3

161S-12

70.0

1.6

71.6

161S-16

83.0

2.0

83.5

161S-22

80.7

2.8

85.0

76.2

15.1

88.0

213A-3

88.1

nd

88.1

213A-7

87.0

nd

87.0

213A-9

95.6

nd

95.6

SSA-transgenic line 161S

+
++
+++
+++

Amethyst
SSA-negative line 207 A
207A-7

SSA-transgenic line 213A

+++
+++
+++

nd =not detected

The effect of the accumulation of SSA on sulphur distribution in mature
transgenic seeds was further investigated in the cv Semsen-derived transgenic lines
161 S (T3 generation) and 45S (Ts generation). For this investigation, transgenic
seeds and wildtype seeds were grown in the same pots to avoid any environmental
differences in seed composition between the transgenic and non-transgenic
groups. The results again showed an increase in the concentration of reduced
sulphur and a decrease in the concentration of oxidised sulphur in seeds of each of
the transgenic lines compared to the non-transgenic control genotype (Table 3.5).
A student's T-test showed that these differences were significant (p<0.01, except
for oxidised sulphur in line 45S compared to the control, in which case the
significance was p<0.05). The total sulphur concentration in transgenic seeds was
not significantly different from that in seeds of the parental genotype, except for
progeny line 161S-22 (p<0.01). In four different progeny from this transgenic line,
total sulphur increased relative to the non-transgenic control group . Although this
87
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differ ence was consi stent 1n this exper iment al popul ation , it was often not
obser ved in other comp ariso ns of these two genot ypes (see sectio n 4.3.3.3).
Table 3.5. Sulph ur conce ntrati ons in matur e seeds of SSA-t ransg enic
lines
45S and 161S. Each value is the mean of duplic ate determ inatio ns on
a single
pool of flour obtain ed from approx imatel y 25 indivi dual matur e seeds from
one
plant. The standa rd deviat ions of the duplic ate values were less than 5%.
SSA
conten t was assess ed by compa rison of weste rn blots; Total sulph ur was quanti
fied
separa tely to reduc ed and oxidis ed sulphu r, theref ore it is not alway s the
perfec t
sum of the other two values .

Genot ype

Red-S

Ox-S

Total-S

(µmol S g DW - 1)
Non-t ransg enic cv Semse n
Semsen 1

71.0

7.0

78.0

Semsen 3

70.6

8.8

79.4

Semsen 4

64.8

13.7

78.5

Semsen 5

62.6

19.0

81.6

Semsen 3-3-30

66.3

12.0

73.6

Semsen 3-3-31

62.8

15.1

72.3

Semsen 3-3-33

56.6

14.5

67.2

Semsen 3-3-34

64.4

13.2

73.0

Semsen 3-3-35

66.5

4.4

65.2

65.1 + 4.37

12.0 + 4.50

74.3 + 5.59

45S-19-2-3-30

70.1

7.3

72.7

45S-19-2-3-31

73.4

6.2

72.8

45S-19-2-3-33

67.2

9.9

70.9

45S-19-2-3-34

72.6

6.4

73.1

45S-19-2-3-35

76.6

2.1

71.9

72.0 + 3.54

6.4 + 2.81

72.3 + 0.89

161S-16-30

76.8

2.7

74.4

161S-16-31

82.9

0

73.8

161S-16-33

87.1

0

75.8

161S-16-34

70.5

8.1

74.4

161S-16-35

78.8

4.1

76.7

79.2 + 6.28

3.0 + 3.37

75.0+ 1.19

161S-22-1

84.4

0

85.0

161S-22-2

89.3

0

90.1

161S-22-3

90.1

0

91.2

161S-22-5

82.8

5.33

88.1

86.5 + 3.6

1.3 + 2.67

Avera ge+ STDE V

SSA-t ransg enic line 45S

Avera ge+ STDE V

SSA-t ransg enic line 161S

Avera ge+ STDE V

SSA-transgenic (161S-22)

Avera ge+ STDE V
STDE V=sta ndard deviation

88
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To determin e whether or not the increases in seed reduced sulphur represent ed
an increase in sulphur amino acids, the amino acid composit ion of chickpea seed
flour samples was examined (Figure 3.9). The accumula tion of SSi\ protein
affected the amino acid composit ion of transgeni c seeds. In particular, methioni ne
concentr ation was increased by 80% in seeds of transgeni c line 161S compare d to
cv Semsen control seed. In seed of transgeni c line 45S, which contained about one
quarter as much SSA as seeds of line 161S, there was an increase of 38% in
methioni ne concentr ation compare d to the non-trans genic control. Conversely,
the concentr ation of cysteine in the transgeni c seeds was not increased compared
with the seeds of the parental genotype (Table 3.6). In seeds of line 161S, which
contained the most SSA, seed cysteine seemed to be consisten tly decreased
compare d with the controls.
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Figure 3. 9. Amino acid compositio n of mature seeds expressin? SSA. ~lour ~o~ a pool of 5 g
of seeds for each genotype was digested with acid, with and without pr~or oxidation to_ conve~t
sulphur amino acids to more stable forms. Amino acids were determme d by an ammo acid
analyser after derivitisat ion with ninhydrin.

There \.Vere a number of other differenc es in amino acid concentra tions
between the control seeds and the transgeni c seed samples. However , the only
differenc es that occurred consisten tly between both transgeni c lines and the
controls were the changes in the concentra tions of the sulphur amino acids.
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Table 3.6. Sulphur amino acid composition of two transgenic lines of chickpeas.
Sulphur amino acid composition of seed flour was determined by oxidation followed by acid
digestion, then quantification of ninhydrin-der ivatised amino acids using an amino acid
analyser. Each flour sample came from milling of 5 g of pooled seeds from a single plant of
the listed genotype.

Amino acid
Genotype

Cysteine

% increase compared

Methionine

(µ mol amino acid g- 1 DW)

to Semsen control
Cysteine

Methionine

Non-transge nic Semsen

Semsen 3-4

28.9

19.5

Semsen 4

28.1

18.8

Semsen 5

28.1

18.8

28.4+ 0.5

19.0+0.4

27.3

26.2

-4

38

161S-22-2

24.8

38.3

-13

102

161S-22-5

23.1

30.2

-19

59

24.0+ 1.2

34.2+ 5.7

-15

80

Average+ STDEV
SSA-transgen ic line 45S

45S
SSA-transgen ic line

Average+ STDEV
STDEV= Standard deviation

90
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3.3.4 Effects of SSA on chickpea seed protein composition
The finding that cysteine concentration was not increased in transgenic seeds
that were demonstrated, by western blotting, to contain large amounts of SSA,
indicated that the cysteine sequestered in SSA must have been reallocated from
other pools in the seed. Analysis of total salt soluble seed proteins of transgenic
lines 45S and 161S by SDS-PAGE, showed some clear differences in the relative
abundance of a number of prominent proteins in the transgenic seeds relative to
controls (Fig. 3.10). The differences were evident in total seed protein stained with
either Coomassie blue (Fig. 3.1 OA) or silver (Fig. 3.1 OB).

A

1

2

3

B

__,

•

SSA

6.5 KDa

•,
\

Figure 3.10. Total seed proteins of two transgenic chickpea lines expressing SSA. Salt
soluble proteins were extracted from mature seed flour, quantified, and resolved on SDS-PAGE.
Track 1, non-transgenic control seed, cv Semsen; tracks 2 and 3, seed protein of SSA-transgenic
lines 45S and 161S respectively. Panel A, 50 ~Lg of protein were loaded per track, the gel was
stained with Coomassie brilliant blue; panel B 3.5 µg of protein were loaded per track, the gel
was stained with silver.

Albumins constitute the most sulphur-rich class of seed proteins (Shewry 1995).
Albumin enriched fractions were extracted from mature seed flour of the two
transgenic chickpea lines derived from cv Semsen, and from the parental genotype.
The band in the total seed protein extracts that migrated at 6.5 kDa in the gel
shown in Figure 3.10 was resolved into two polypeptides in the gel in Figure 3.11.
Furthermore, the upper band of this doublet was clearly under-represented in the
transgenic seeds. These results were not unique to the cv Semsen-based transgenic
lines. Similar results ,vere seen when total, salt soluble proteins from control seeds
of cv Amethyst were compared with total protein from seeds of transgenic line
213A, which was derived from cv Amethyst. Salt soluble proteins were extracted
from single seeds of transgenic line 213A (T 2 generation) and from the SSAnegative line 207A. SDS-PAGE (Fig 3.12) sho'\ved that a band that co-migrated
with the 6.5 kDa molecular weight marker was under-represente d in the transgenic
seeds. Many other proteins also apparently change in relative abundance, for
example, a protein at 36 kDa, which as over- represented in proteins from the 213A

SSA
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transgeni c line compare d to the control. It was demonstr ated by staining with
mBBr that some proteins that were under-rep resented in transgeni c line 213A vvere
rich in cysteine residues (data not shown).

Figure 3.11. Albumins from two transgeni c chickpea lines expressin g SSA. Albumins were
extracted from 5 g of flour from pooled mature seeds of non-transg enic chickpeas, cv Semsen
(track 1), and from 5 g of flour from
seed of transgenic chickpea lines 45S
(track 2) and 161S (track 3). 40 µg of
1
2
3
protein are loaded in each track.
Proteins were stained with Coomassie
brilliant blue.

6.5 KDa

.

SSA

Figure 3.12 Total proteins from mature chickpea seeds of control and transgeni c lines
from cv Amethyst . Tracks 1 and 2 , SSA1 2 3 4 5 6
negative line 207 A; tracks 3 to 6,
individual T3 seeds from transgenic line
213. Each track contains 50 ~t.g total seed
protein; the gel was stained with
Coomassie brilliant blue.
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•
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One of the main factors affecting the nutritive value of chickpea seed protei n is
their conten t of anti-n utritio nal factors such as protea se inhibitors. These defence
protei ns (of approx imatel y 8kDa) inhibi t the activities of both t1ypsin and
chymo trypsin , and contai n high propo rtions of cysteine residues (Belew and Eaker
1976; Belew et al. 1975).The abund ance of this known class of cysteine rich protei ns
was assessed in extracts from seeds of contro l and transgenic chickpeas expressing
SSA. Figure 3.13 shows trypsin inhibi tor (TI) activity in five chickpea seed
genoty pes measu red as the inhibi tion of trypsin hydrolysis of an artificial substrate.
SSA-negative chickpeas of cultivars Semse n and Ameth yst contai ned readily
detect able inhibi tory activity against trypsin. The transgenic seed extracts all had
strongly dimin ished TI activity, suggesting that synthesis of SSA during seed
develo pment can compe te for limiting reserves of cysteine, with the synthesis of
endog enous , cysteine rich seed protei ns such as protea se inhibi tors.
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3.3.5 Effects of SSA on cl1ickpea seed germi11ation
Table 3.7 reports the frequency of germination of three transgenic lines of
transgenic chickpea seeds containing SSA. The germination frequency of transgenic
line 45S was not noticeably different to that of the parental genotype, cv Semsen,
however, the germination of transgenic line 161 S was clearly less than for cv
Semsen. Similarly, the germination frequency of transgenic line 213A was lower
than that for non-transgenic chickpeas of cv Amethyst, or for the SSA-negative
regenerated line 207A (Table 3.7). The levels of SSA in the two transgenic lines
with compromised germination (approximately 12% of total seed protein) were
higher than the level of SSA in line 45S, (approximately 3% of total seed protein)
which had normal frequency of germination. There were no adverse effects of the
sterilization process on seed germination as demonstrated by a 100% of
germination of non-transgenic seeds. Transgenic seeds that failed to germinate were
dissected, and appeared phenotypically normal (data not shown).
Imbibing seeds of the transgenic lines in MS medium containing 5 mM cysteine
or 5 mM methionine did not rescue germination (results not shown). Mature seeds
of the two lines with very high SSA accumulation (161S and 213A) had very low
concentrations of oxidised sulphur. However, some progeny lines of 161 S that
contained detectable oxidise sulphur also had low germination (results not shown).
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Table 3. 7 Germination rates of SSA transgenic chickpeas. Mature seeds from
each genotype were incubated in Petri dishes containing damp filter paper for 12
days at 24°C. Germinated seeds were transferred to pots of soil in the glasshouse to
determine the frequency of survival in soil.

Genotype

Number of

Germination

Survival in

seed treated

frequency

soil

(%)

(%)

Non-transgen ic Semsen

Semsen4

20

100

100

Semsen 3-3-31

20

100

100

Average

40

100

100

18

94

94

161S-22-9

15

33

20

161S-22-3

14

71

50

161S-22-5

20

50

25

161S-16-31

18

44

28

67

49

31

45

100

100

30

100

100

31

23

80

SSA-Tg (45S) Semsen

45S-19-1-2-3-31

SSA-Tg (161S) Semsen

Average
Non-transgen ic Amethyst
Amethyst

SSA-negative (207A)

207 A-2-7

SSA-Tg (213A) Amethyst

213A-C-7
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3.4. Discussion
3.4.1. Chick:pea transforn1.ation
A plant transformation approach was used to manipulate the sulphur sink
strength of developing seeds by introducing into chickpea a seed-expressed gene
encoding a methionine- and cysteine-rich protein from sunflower. Grain legumes,
like chickpeas, have been found to be recalcitrant to regeneration and
transformation in tissue culture (Christou 1993). One way to promote regeneration
of plant seed tissues is to germinate mature seed on substrate containing auxin and
cytokinins. The presence of these two hormones in the germination medium
induces a proliferation of meristematic cells causing an increase in the number of
meristems, ultimately producing clumps of multiple shoots. Introducing a foreign
gene into cells in the area of the apical or lateral meristem before the hormonal
induction represents one protocol for engineering recalcitrant plants.
There are some reports in the literature describing genetic transformation of
chickpea. }Car et al. described the production of To transgenic chickpea plants
containing an insecticidal crystal protein gene (cryA) using microprojectile
bombardment of embryos axis as explants source. In this study, the inheritance of
the transgenes was not reported. I<rishnamurthy et al. 2000 (2000) reported a similar
chickpea transformation protocol that involved gene transfer by Agrobacterium
tumefaciens to embryos axis explants. These authors described the heritability of
trans genes in the T 1 generation, although the T o plants suffered reduced fertility
compared to controls that had not been through the process of tissue culture. The
chickpea transformation method used in the current work was based on a
regeneration-tran sformation protocol that had the advantages of a convenient
source of explant material (imbibed mature seeds), a simple procedure to expose
the targeted organs to Agrobacterium, and an optimised balance of auxin and
cytokinins that induced a good proliferation of shoots (Molvig et al. 1995). The
method of Molvig et al. produced transgenic plants at low frequency, however, the
transformation frequencies reported for chickpea by other groups have generally
been low also (Fontana et al. 1993; I<:.ar et al. 1996; I<rishnamurthy et al. 2000).
The low transformation frequency of chickpea transformation is partly due to an
apparent failure of Agrobacten·um tumefaciens to infect cells of all layers in the explant
meristems, resulting in the production of chimeric To plants that do not transmit
the introduced genes to their progeny. In nature, the target cells for Agrobacten·um
tumefaciens are the cells of the border region between the roots and the shoot
(crown) of the host plant. These cells are morphologically different to the
meristematic cells targeted in transformation procedures. This may result in
inefficient infection of explant cells. The structure of the meristem itself may be a
factor in limiting efficient gene transfer. Meristems consist of three cell layers
designated L1, L2 and L3 that give rise to separate cell lineages (Sussex 1989. The
aerial part of the plant develops from these three layers; L1 gives rise to the
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epidermis, while both L2 and L3 contribute to the rest of the plant in proportions
of that vary in different organ types. The L2 layer is generally the source of the
germ cells (Huala and Sussex 1993). In a typical plant meristem, the L2 layer is
protected by the L1 layer, which could explain the inefficient infection of cells of
the L2 layer of chickpea meristems by Agrobacterium and the consequent production
of chimeric plants. Further optimisation of the chickpea transformation protocol is
necessary to obtain a higher frequency of stable, heritable transformation. One
target for such optimisation would be to investigate the interactions between
specific Agrobacterium strains and different chickpea cultivars

3.4.2. I11creasing s11lphur amino acid acct mulation in ch.ick:pea
seeds.
Methionine is the first limiting essential arruno acid in the protein of grain
legume seeds, including chickpeas (Duran ti and Gius 1997, Molvig et al. 1997).
Improvement of seed protein quality has been achieved by the introduction of
seed-expressed transgenes for methionine-rich proteins in a number of crops.
(Altenbach et al. 1989, Saalbach et al. 19956; Molvig et al. 1997)
Accumulation of SSA in mature seed of transgenic narrow leaf lupins, was
reported to be associated with a doubling of seed methionine concentration, and a
rat feeding trial showed an improvement in the nutritive value of the transgenic
lupin grain (Molvig et al. 1997). A similar approach was adopted to increase the
content of sulphur amino acids in chickpea seeds. In mature seeds of transgenic
chickpea line 161 S, SSA accumulated to an estimated level of 12% of total seed
protein, resulting in an 80% increase in seed methionine content compared to nontransgenic control seed. Because of a concomitant decrease in seed cysteine content
in the transgenic line, seed total sulphur amino acid was only increased by around
30% (Table 3.8). Transgenic chickpea line 45S showed an increase of approximately
15% in seed sulphur amino acid content. These transgenic chickpea seeds are
predicted to satisfy the human dietary requirement for sulphur amino acids
according to the criteria of the World Health Organization (FAO 1973).

Table 3.8 Sulphur amino acid contents of non-transgenic
chickpea seeds and SSA-transgenic seeds in comparison to the
dietary requirement of humans.

Amino acids

Non-Tg

(g g-1 protein)

chickpea cv

SSA-transgenic
45S

161S

Human
requirement

Semsen
Cysteine

+

3.6

3.1

Methionine
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The finding that introduction of a seed-expressed transgene for a methionine
and cysteine-rich protein into chickpea led to increased accumulation of total
sulphur amino acid in mature seeds of the transgenic lines indicated that sulphur
sink strength normally limited the accumulation of sulphur amino acids in the
control seeds, at a given level of sulphur supply. Furthermore, the accumulation of
more sulphur amino acid in the transgenic grain suggested that developing chickpea
seeds have some capacity to increase their rate of sulphur amino acid biosynthesis
in response to an added demand. However, although seed methionine was almost
doubled in some transgenic lines compared to controls, seed cysteine was not
increased, despite the fact that SSA contains 8% cysteine residues. This apparent
contradiction was explained by the finding that endogenous, cysteine rich chickpea
seed proteins, for example trypsin inhibitors, were less abundant in the transgenic
seeds. Similar effects have been reported for transgenic narrow leaf lupins
expressing SSA, in which the sulphur amino acid-rich conglutin-8 was downregulated (Tabe and Droux 2002). In another study, it was found that accumulation
of the sulphur-rich Brazil nut albumin in transgenic narbon bean seeds was
accompanied by a decrease in the amount of a sulphur-rich dipeptide, y-glutamyl-Sethynyl-cysteine (Muntz et al. 1998). It is hypothesised that these effects are due to
competition for limited sulphur reserves between synthesis of the added sulphurrich protein and synthesis of endogenous sulphur-rich proteins.
It is well established that lupins, like other grain legumes and cereals, can
modulate their seed storage protein composition in response to the relative
availabilities of sulphur and nitrogen (Gillespie et al. 1978; reviewed in Tabe and
Droux 2002). Under growing conditions in which nitrogen is abundant, but sulphur
is in short supply, sulphur rich seed proteins become less abundant while sulphur
poor proteins become over-represented. In this way, nitrogen homeostasis in the
seed is 1naintained, resulting in seeds containing a similar amount of reduced
nitrogen, but less reduced sulphur, than in optimal growing conditions. The
changes in endogenous seed protein composition that accompany accumulation of
SSA in transgenic lupins and in transgenic chickpeas, seem to be responses to a
shortage of sulphur amino acids for storage protein synthesis, presumably resulting
from the diversion of methionine and cysteine into SSA. The mechanisms that
mediate the down-regulation of the accumulation of proteins like trypsin inhibitors,
and some cysteine-rich albumins in transgenic chickpea seeds expressing SSA, are
probably the same as those which mediate the responses of seed protein
composition to environmental sulphur and nitrogen supply. In the case of
transgenic chickpea lines 161S and 213A, the diversion of sulphur into SSA was
associated with an adverse effect on seed germination, presumably because of a
critical decrease in the amount of some sulphur-containin g protein or other sulphur
metabolite needed during germination. The nature of this component is unknown.
While reduced sulphur and sulphur amino acids were increased in transgenic
chickpea seeds expressing SSA, oxidised sulphur concentrations in the seeds were
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decreased compared to the controls (Table 3.5). It appeared that accumulatio n of
SSA stimulated additional reduction of some of the oxidised sulphur in the
developing transgenic seeds. Total sulphur concentratio n was generally not
increased in the transgenic seeds, arguing against any stimulatory effect of SSA
accumulatio n on sulphur import by the developing seeds. In some transgenic
chickpea lines, such as 45S, oxidised sulphur was found in appreciable amounts in
the mature seeds. In this line, it is probable that sulphur transport across
intracellular membranes, or the rate of sulphur reduction and sulphur amino acid
biosynthesis become the first limit to further sulphur amino acid accumulatio n in
the seeds. However the lack of detectable oxidised sulphur in some transgenic
chickpea lines (161S and 213A) indicates that in these lines, the import of sulphur
by developing seeds had become limiting. Experiment s described in the next
chapter were performed to determine whether manipulatin g plant sulphur and
nitrogen nutntlon could influence the composition of transgenic chickpea seeds
expressing SSA.
It can be concluded that the nutritional quality of chickpea seeds can be
significantly improved using the biotechnolo gy strategy described in this chapter.
Chickpea seed protein quality was improved not only by an increase in methionine
concentratio n, but also by a reduction in trypsin inhibitor content.
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Effects of sulphur and
nitrogen
nutrition
on
•
sulphur accumulation 1n
chickpea seeds
Abstract
Non-transgenic chickpea plants were grown at either high (9 rnM) or low (2.5
mM) nitrogen (N), and either high (2 rnM) or low (0.2 rnM) sulphur (S), giving four
nutritional treatments (LN-LS, LN-HS, HN-LS and HN-HS). Increasing either N
or S supply increased average seed weight and seed yield per plant. Similarly, the
concentrations of N and reduced S in the seeds increased with increased supply of
either N or S. All these effects combined to give relatively large increases in the
seed N or S yield per plant, with increased nutrient level. Oxidised S was found in
the mature seeds of plants in three of the four nutritional treatments, with the
highest concentration being present in seeds of the LN-HS group. Among the nontransgenic seeds, this group also had the highest concentrations of total cysteine
and methionine, suggesting that S uptake and assimilation in the developing
chickpea seeds respond to signals that report on both N and S status of the plant.
Trypsin inhibitor activity (TIA) in the chickpea seeds was measured as an indicator
of the abundance of a known class of S-rich chickpea seed proteins. Multiple
regression analysis showed that N nutrition had a negative effect on TIA level,
while S nutrition had a positive effect. Transgenic chickpeas that expressed a S-rich
sunflower seed albumin (SSA) contained higher concentrations of reduced S, and
methionine and lower concentrations of oxidised S than seeds of the non'
transgenic control genotype. Apart from these differences, the transgenic seeds
showed mostly the same trends as the non-transgenic control seeds in response to S
and N nutrition. TIA was significantly lower in transgenic seeds compared to the
non-transgenic controls in all nutritional treatments except in the LN-HS group.
Transgenic seeds of this group were also the only ones to have higher cysteine
concentrations than the corresponding non-transgenic controls. We hypothesise
that transgenic seeds grown in the LN-HS nutrition regime had more capacity than
those grown in the other nutritional treatments to respond to the added demand
for sulphur amino acids from SSA synthesis. In this group, it appeared that
additional S assimilation was sufficient to supply all the cysteine and methionine
that was sequestered in SSA, with little evidence of S amino acids being reallocated
from endogenous S-rich proteins into the new S sink.
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4.1 Introductio n
It has been a long-standing goal of plant breeders and biotechnologists to
improve the S amino acid content of grain legume seeds in order to improve the
nutritive value of the protein for animals (reviewed by Tabe and Higgins 1998).
This chapter describes an investigation of the effects of manipulating plant S and N
nutrition; in combination with seed S sink strength, in transgenic chickpeas. A seedexpressed transgene encoding the S-rich sunflower albumin (SSA), containing 16%
methionine residues and 8% cysteine residues was transferred to narrow leaf lupin
(Molvig et al. 1997) and chickpea (Chapter 2) in order to improve seed protein
quality. In both cases, the accumulation of SSA was associated with an increase in
methionine concentration, but no increase in cysteine in the transgenic seeds. Some
of the cysteine that was sequestered in the SSA protein appeared to be supplied by
the diversion of cysteine from the synthesis of endogenous S-rich proteins like
conglutin-8 in the lupins (Tabe and Droux 2002) and trypsin inhibitor in the
chickpeas (Chapter 3 section 3.3.3.4). The mechanisms that mediated these effects
appeared to be similar to those that regulate seed protein composition in response
to plant S nutrition (Blagrove et al. 197 6; Tabe and Droux 2002). In the case of the
transgenic lupins, the apparent diversion of seed cysteine to SSA was not
substantially affected by growing the transgenic plants at a high level of S supply
(Tabe and Droux 2002). The work described in this chapter investigates the effects
on S amino acid content of transgenic chickpea seeds containing SSA of
manipulating S nutrition in combination with N nutrition of the plants.
Sulphur amino acid biosynthesis represents the convergence of the assimilation
pathways of S and N. The inter-dependence of these two pathways is reflected in
the regulatory cross-talk between them (I<.oprivova et al. 2000; Tabe and Droux
2002). The expression of genes encoding enzymes of the reductive S assimilation
pathway have been reported to respond to a number of N compounds that may
have functions in vivo as signals of N status of the plant. For example, withdrawing
an N source from Arabidopsis thaliana plants resulted in decreases in the enzyme
activity and mRNA levels for adenosine 5' -phosphosulphate reductase (APR) in
roots and leaves. Addition of N in the form of nitrate, ammonium, glutamine or 0acetylserine (OAS) increased APR activity in roots. The strongest effects were
observed after addition of OAS, which was also the only N-compound to
significantly increase flux through the S assimilation pathway in both roots and
5
35
leaves, as determined by the incorporation of S from [3 S] sulphate into protein
and free thiols (I<.oprivova et al. 2001a; I<.oprivova et al. 2001 b). OAS is the
immediate amino acid precursor of cysteine, and has been proposed to have an
important role in regulating genes encoding sulphate transporters and a number of
enzymes of the S assimilation pathway (Smith et al. 1997; I<.oprivova et al. 2000).
OAS has also been proposed to regulate genes encoding seed storage proteins, for
example in soybean, thereby modifying the N to S ratio of seed protein in
conditions of varying nutrient supply (Fujivvara 1998). In contrast, there is relatively
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little information in the literature regarding responses of the N assimilation pathway
to signals from the pathway of S assimilation.
The work described here investigates the effects of plant nutrition on S amino
acid content of control chickpeas and transgenic chickpea seeds containing the Stich SSA. S nutrition of the plants was varied in combination with varying N
nutrition, giving four different nutritional regimes. Multiple regression analysis was
performed in order to test the effects of genotype, N nutrition, S nutrition, and
their interaction, on average seed weight, seed yield, and seed nitrogen and sulphur
composition . The results for the complete data set demonstrate d that plant N and S
nutrition interact to influence the accumulatio n of both N and S in the mature
chickpea seeds. The transgenic genotype of the plants had highly significant effects
on seed composition , particularly on the sulphur composition of the seeds. The
transgenic seeds containing SSA had higher concentratio ns of reduced S and
methionine, and lower concentratio ns of oxidised S than the correspondi ng nontransgenic control seed. However, only in the LN-HS group did the transgenic
seeds also contain more cysteine than the controls. In these transgenic seeds, the
level of the endogenous , cysteine-rich trypsin inhibitor was almost the same as in
the control seeds, whereas in all the other treatments, the TIA was strongly
decreased in the transgenic SSA-contain ing seeds. The results suggest that a high S
to N ratio in the plant nutrient promoted S supply to developing chickpea seeds,
and maximised the increase of sulphur assimilation in the seeds in response to an
added demand.
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4.2 Material and lllethods
4.2.1 Plant genotypes and growing conditions
Seeds of non-transgenic chickpea, cv Semsen, and two transgenic chickpea lines
called 45S and 161 S were germinated on filter paper in darkness at 2~ C. Seedlings
were transplanted in pots contained a mixture of 50% washed river sand, 25%
vermiculite and 25% perlite. Two plants of the same genotype were grown in each
pot. Four different mineral nutrient solutions were applied to chickpea plants, from
their transplantation into the potting medium, as summarised in table 4.1.

Table 4.1. Mineral nutrient treatments supplied to
chickpea plants.

Low Sulphur

(0.2 mM)
High Sulphur

(2mM)

Low Nitrogen

High Nitrogen

(2.5 mM)

(9 mM)

LN-LS

HN-LS

LN-HS

HN-HS

The available seeds of transgenic line 161 S germinated very poorly, giving a total of
only 14 viable seedlings. These were split between the HN-LS and HN-HS
treatments, giving 7 plants of the 161S genotype in each treatment. Only the nontransgenic control plants and SSA-transgenic 45S plants were grown in the LN-LS
and LN-HS treatments. There were 10 non-transgenic plants in each of the LN-LS
and LN-HS groups and 11 non-transgenic plants in the HN-LS and HN-HS
groups. There were 9 plants of transgenic line 45S in the LN-LS group, 10 in the
LN-HS group and 11 in each of the HN-LS and HN-HS groups. The compositions
of the four nutrition solutions are shown in table 4.2. Solutions were made fresh
every two days and applied to the plants once a day in the morning. Pots were
flushed with excess de-ionised water every afternoon to prevent any build-up of
salts in the potting medium.

4.2.2 Plant samples and analyses
Harvesting of samples of developing chickpea fruits at mid-maturation was
performed as described in section 2.2.1.3. At the end of the lives of the plants,
mature seeds were harvested, counted and weighed to determine the average seed
weight for each plant and the approximate average seed yield per plant. It is
estimated that less than 5% of the seeds on any single plant were harvested for the
mid-maturation sample.
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Table 4 .2 . Composition of mineral nutrient solutions supplied t o the chickpea
plants

Nutrient Treatment
Macronutrient (mM)

LN-LS

LN-HS

HN-LS

HN-HS

I<NO3

0.5

0.5

1

1

Ca (NO3) 2

1

1

4

4

I<.H2PO4

1

1

1

1

Fe-citrate

0.05

0.05

0.05

0.05

Na2-EDTA

0.05

0.05

0.05

0.05

MgSO4

0.2

2

0.2

2

MgCh

1.8

0

1.8

0

H 3BO3

50

50

50

50

MnSO4

10

10

10

10

ZnSO4

1

1

1

1

CuSO4

1

1

1

1

Na2MoO4

0.5

0.5

0.5

0.5

CoSO4

0.2

0.2

0.2

0.2

Micronutrient (µm)

From the mature seeds from each individual plant, approximately 5 g of seeds
were milled to fine flour using a Cyclone sample mill (Udy, Collins, CO) with a 0.5
mm screen. Powdered samples were pressed into aluminium planchettes, then total,
reduced and oxidised sulphur were determined by XRFS (as previously described in
section 2.2.2.2). From the same pool of flour, the following analysis were
performed; total nitrogen (see section 2.2.2.1), free cysteine and glutathione (see
section 2.2.2.3), amino acid composition (see section 3.2.4) and from transgenic
seeds, the accumulation of SSA was quantified by western blotting (see section
3.2.4.3).
Mature seeds of all three genotypes from HN-LS and HN-HS were tested to
determine the frequency of germination (see section 3.2.4.9).

4.2.4 Statistical analyses
The experiment followed a 2 by 2 by 3 factorial design, testing the effects on
seed quality parameters of two levels of N, two levels of S and three genotypes.
Multiple regression analysis was used to test the effects of N and S nutrition, but it
was not possible to fit a N*S interaction term because of the missing cells for
genotype 161 S in the factorial design. Therefore, in analysing the whole data set, the
N*S interaction was represented by calculating the S/N ratio in the plant nutrient
solutions. The fitted model was: Y = µ + a genotype + ~ + yS + 8(S /N) + E
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A separa te analysis was perfor med to test the effects of plant N and S nutriti on on
seed param eters in the non-tr ansgen ic chickp ea genoty pe alone. In this case, the
effects of N and S nutriti on and their interac tion were invest igated in the fitted
model : Y = µ + aN + ~S + y(N *S) + s
In both analyses, the refere nce level was data obtain ed from the non-tr ansgen ic
contro l plants grown in the LN-LS regime. The effect of varyin g the sequen ce of
terms was invest igated , but it did not influen ce the results of the analysis (results
not shown ). The param eters that were measu red were seed weight, seed yield and
nitrog en and sulphu r compo sition of the seeds.
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4.3 Results
4.3.1 Influence of N and S nutrition on the growth of chickpea
plants
Under conditions of nitrogen deficiency, plants show a gradual chlorosis of older
leaves due to a remobilisation of nitrogen reserves to support the growth of young
leaves, resulting in a reduction in plant growth (Pate 1980; Williams and Miller
2001). Leaves from chickpeas grown in the low nitrogen treatments showed a pale
coloration in comparison to those grown in the high nitrogen treatments. The low
N plants were also smaller, and flowered later than those grown at high N (Fig.
4.1 ), indicating that plants in the former treatments suffered some degree of
nitrogen deficiency.

Figure 4.1. Effects of sulphur and nitrogen nutrition on the growth of non-transgenic
chickpea plants. At low nitrogen regimes, plants were smaller and flowering was delayed by a
month in comparison to plants grown at high nitrogen. These effects were also manifested in the
transgenic genotype 45S (results not shown).

The most obvious effect of sulphur deficiency in plants is a reduction in leaf
chlorophyll content (Burke et al. 1986; Sexton et al. 1997), in CO2 assimilation rates
and in Rubisco enzyme activity (Gilbert et al. 1997). Plants suffering from sulphur
deficiency are characterised by chlorosis of young leaves . In chickpea plants,
another symptom of sulphur deficiency is a red pigmentation on stems due to the
production of red anthocyanin (Ahlavvat 1990). Chickpea plants grown in the LNLS and HN-LS regimes did not shovv a visible chlorosis, but they did display some
red pigmentation on the stems, indicating that they suffered some degree of sulphur
stress (results not shown).
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4.3.2 Effects of N and S nutrition on non-transgenic chickpeas
The results obtained from the nutrition experiment were separated into two
main groups. The first set of data considers the effects of the factorial combination
of N and S in the nutrient on the non-transgenic plants only. Multiple regression
analysis .was performed on this data to test the main effects of S and N nutrition
and their interactions (S*N), on seed weight, seed yield and seed composition of the
control chickpea genotype (cv Semsen). This analysis was not possible across all
genotypes because of the lack of genotype 161 S in the LN treatments. The latter
part of this chapter reports the effects of S and N nutrition on seeds of the two
SSA-transgenic chickpea genotypes in comparison with the non-transgenic control.
In the multiple regression analysis of the whole data set, the interaction of N and S
nutrition was represented by fitting the S/N ratio in the nutrient in the model (see
section 4.2.4).

4.3.2.1

Seed weight and seed yield of non-transgenic chickpea plants, cv
Semsen

Semsen chickpea plants produce bigger seeds than other Desi type chickpea cvs.
The average weight of field-grown cv Semsen seed is reported to be 221 mg
(Australia and Corporation 1999). In the nutrition experiment, cv Semsen plants
supplied with the lowest concentration of S and N (LN-LS treatment) produced
smaller seeds than the other groups of plants (Fig 4.2). The seeds of the LN-LS
non-transgenic plants had an average weight of 80 mg less than the average seed
weight reported in the literature for this cv. Heavier seeds were produced when
plants were grown at higher concentrations of N (HN-LS and HN-HS treatments).
Multiple regression analysis (Figure 4.2B) demonstrated that there was a highly
significant positive relationship between N level in the nutrient and chickpea seed
weight (4 7.5mg, p<0.001). Similarly, there was a significant positive effect of S
nutrition on seed weight (59.4mg, p<0.001). However, as the figure indicates, the
responses to each nutrient were not uniform across both levels of the other
nutrient, as indicated by the significant interaction (p= 0.023, Fig 4.2 B). The
response of seed weight to N nutrition was greater at the lower level of S, while the
response to S nutrition was greater at the lower level of N (Fig. 4.2B). These results
indicate an important role of sulphur in the accumulation of chickpea seed storage
reserves, as would be expected from the essential role of sulphur in proteins, lipids
and many other metabolites.
Immature seeds were harvested during the growth of chickpea plants for analysis
of seed composition at mid-maturation. Therefore, the seed yield presented in
figure 4.3 represents an approximation of the average yield per plant for each
group. It is estimated that less than 5% of the seeds on any of the plants were
harvested before maturity. Sekhon (1988) showed that chickpea seed yield in the
field increases significantly with the application of N at a post flowering stage. In
111

Chapter 4

Effect s of S and N nutri ti on

additi~n, it has been reported that application of sulphur to the plants in the field
could increase seed yield in chickpea (Saraf et aL 1997; Shivakumar 1998).
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Estimate

s.e

t(38)

t pr

Constant

141.1

7.88

17.9

<0.001

High Nitrogen

47.5

10.90

4.4

<0.001

High Sulphur

59.4

11.10

5.3

<0.001

N*S

-36.4

15.40

-2.4

0.023

Percentage variance accounted for by model 52.1
Figure 4.2. Effects of sulphur and nitrogen nutrition on average seed weight of nontransgenic chickpeas. A: The value for each experimental treatment represents the mean of the
average seed weights from 10 to 11 different plants in the same group (+ /- standard deviation).
B: Multiple regression analysis was used to test the effects of N and S nutrition and their
interaction on seed weight.

In the experiment described in this chapter, chickpea plants \Vere watered with
the appropriate nutrient solution during all stages of development, and the seed
yields vvere clearly influenced by N and S supplied to the plants. Lo\v levels of N
and S in the nutrient produced a low seed yield, vvhich increased as the nitrogen or
sulphur supply to the plants was increased (Fig. 4.3). Seed yield vvas increased by an
average of 10. 9 + /- 3.4 g per plant when plants were grown vvith high N nutrient
instead of lovv N nutrient (Fig 4.3, p = 0.003). Since the N *S interaction was not
significant, the regression analysis was repeated by fitting only the main effects of N
and S. This revealed significant effects of both N nutrition (19. 9 + /- 2.45 mg,
p<0.001) and S nutrition (8.3 + /- 2.45 mg, p = 0.002) on average seed weight (data
not shown). Seed yields per plant for the low N plants were one third of those for
the high N plants, thus N level in the nutrient had a major effect on seed yield
irrespective of S level. Plants grovvn at HS had approximately double the seed yield
of those grovvn at LS. These results infer that the effects of N at given level of S
appeared to have a bigger impact on average seed yield than the effects of S on
average seed yield at a given level of N.
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High Sulphur

4.2

3.47

1.2
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Percentage variance accounted for by 1nodel 55

Figure 4.3. Effects of sulphur and nitrogen nutrition on seed yield of non-transgen ic
chickpeas A: The value for each experimental treatment represents the mean of the seed yield
from 10 to 11 different plants in the same group (+ /- standard deviation). B: Multiple regression
analysis was used to test the effects of N and S nutrition and their interaction on seed yield.

4.3.2.2

Nitrogen and sulphur compositio n of non-transg enic chickpea
seeds.

The composition of mature non-transge nic seeds from each nutritiou.al
treatment was analysed by milling to fine flour, a pool of 5 g of seeds from each
plant in each experimenta l group. The mean total nitrogen percent of seed flour
from the four groups of plants ranged from 2.99 to 4.08 percent (Fig 4.4). Plants
grown in the LN-LS treatment produced seeds containing the lowest total nitrogen.
When either N or S nutrient level "\-Vas increased, seed nitrogen concentratio n
increased, although the effects were not uniform across both levels of the other
nutrient. At low N nutrition, the effects of S nutrition on seed N concentratio n
were greater than at high N nutrition, although there was no significant interaction
between the two effects (Fig 4.4). The multiple regression analysis showed
significant effects of both N nutrition and S nutrition on seed N concentratio n (Fig
4.4 B) Trichloroac etic acid-insolub le N vvas quantified in a number of flour samples
from individual plants representing each nutritional treatment. In all cases, the
trichloroace tic acid-insolub le N was equivalent to the total N, indicating that
virtually all the seed N was in the form of protein in all the tested seed samples
(results not shown).
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0.4
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0.004
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-0.3

1.73

-1.5

0.145
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Figure 4.4. Percent of nitrogen in non-transgenic chickpeas seeds. A: Total nitrogen was
determined by Kjeldahl digestion of 100 mg samples of flour milled from a pool of approximately
5 g of mature seeds (25-30 seed) from each plant in a group. Each value represents the mean of
single determinations on samples from 5-9 individual plants (+ / - standard deviation) for each
group. B: Data were analysed by multiple regression analysis to test the effects of interaction on
seed total nitrogen.

The sulphur composition of non-transgenic seeds from all the experimental
treatments was determined by XRFS analyses (Fig 4.5). The concentration of
reduced sulphur in the seed flour ranged from 65 to 85 µmol g-1 DW, and showed a
similar trend to seed nitrogen concentration, with plant nutrition. There were highly
significant positive effects of both N and S nutrition on the concentration of
reduced sulphur in the seeds (p<0.001, figure 4.5 B), but no significant interaction
between the two effects. Thus, the concentration of reduced sulphur was positively
affected by increased supply of either nutrient to the plants.
The response of oxidised sulphur concentration in the seeds to nitrogen and
sulphur nutrition was different from the response of reduced sulphur concentration
(Fig 4.5 A). The concentrations of oxidised S in the HS grown seeds were higher
than those in the LS grown seeds, with the highest concentration found in seeds of
the LN-HS group. The fact that this concentration was nearly double that of seeds
from the I-IN-HS group indicates that the accumulation of oxidised Sin the LN-HS
seeds was a function of both N and S supply to the plants, as indicated by the
highly significant interaction (p<0.001 Fig 4.5 C).
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Furtherm ore, the statistical analysis showed highly significant responses of seed
oxidised S concentr ation to S nutrition (41 + / - 1. 9 µmol g-1 DW) and N nutrition
(-11 + /- 1.9 µmol g- 1 DW) individually. The model explained over 95% of the
variance in oxidised S. At low S supply, the LN-LS seeds contained an average of
14 µmol g-1 DW oxidised S, while the HN-LS seeds contained undetecta ble levels

of oxidised sulphur. Thus, oxidised sulphur concentra tions in the seeds responde d
positively to increased sulphur supply to the plants, but negatively to increased
supply of nitrogen.
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The sulphur amino acid composition of the seeds in the different nutritional
treatments was determined in pooled flour samples representing 3 to 4 plants in an
experimental group. It was not possible to analyse amino acids in a flour sample
from every plant, therefore pools were used so that the resulting measurements
represented an average value for the whole group (Fig 4.6). Seeds of plants grown
in the LN-LS nutrient regime had the lovvest concentrations of the sulphur amino
acids, cysteine and methionine. Sulphur amino acid concentrations were higher in
seeds grown in high N, at either level of S nutrition. Surprisingly, the highest
concentrations of cysteine and methionine were found in seeds of the LN-HS
group. Thus, seed total sulphur amino acid concentrations responded positively to
both sulphur and nitrogen nutrition, and the results indicated an interaction
between the two effects.
Cysteine was more abundant than methionine in seeds in all groups. This is also
generally true of other grain legume seeds such as narrow leaf lupin (Molvig et al.
1997; Tabe and Droux 2002). In the chickpea nutrition experiment, seed cysteine to
methionine ratio was 1.51 and 1.43 respectively in seeds of the LN-LS and LN-HS
groups, while the ratio was 1.31 and 1.34 for the HN-LS and HN-HS groups
respectively. Thus, the chickpea seed protein appeared to be relatively richer in
cysteine in conditions of low N nutrition.
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Figure 4.6. Sulphur amino acid composition of chickpea seeds Flour fro~ see~ds of 3-4
individual plants from each treatment was . pool~d, and total su 1phur ammo ac1 s were
determined in the pooled samples using an ammo acid analyser.

Legume seeds contain a number of cysteine-rich proteins. The abundan~e of a
known class of cysteine-containin g proteins in the mature seeds was determmed by
assaying trypsin inhibitor activity (TIA) in the same, pooled flour samples_ that were
analysed for sulphur amino acid composition. Higher TIA concentratlons were
found in seeds of the LN-LS and LN-HS treatments, with the LN-HS seeds having
the highest TIA (Fig 4. 7). This suggested that TIA tended to be higher in
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conditions
· consistent
·
· the lugher
·
·
. . of low N nutr it:1on, w hic l1- 1s
with
cysteine
to
metlu~rune ratios in these groups of seeds. I-Iowever, the multiple regression
analysis shovved no significant effects of N or S nutrition on seed TIA. The model
explained only 13% of the observed variation in TIA. In contrast, a significant
effect of N nutrition on TIA vvas found in a statistical analysis of the data set for all
three chickpea genotypes (see section 4.3.3.3).
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E stimate

s.e

t (29)

t pr

Constant

7.3

0.56

13.1

< 0.001

High Nitrogen

-0.8

0.72

-1.1

0.289

High Sulphur

0.7

0.79

0.9

0.405

N *S

-1.0

0.99

-1.0

0.334

Percentage variance accow1ted for by 1nodel 12.9

Figure 4. 7. Trypsin inhibitor activity in non-transgenic chickpea seeds A: The same, pooled
flour samples that were analysed for sulphur amino acid composition were assayed for TIA.
Total protein was extracted from a 20 mg of sample of the flour pool for non-transgenic
chickpeas grown in each nutrient regime. Assays were performed 6-12 times with a total of two
separate extracts from samples of the same flour pool. The results are presented as TIA per µg of
seed protein. B: Data were analysed to test the effect of N and S nutrition and their interaction
on trypsin inhibitor activity by multiple regression analysis.
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4.3.3 Effects of N and S nutrition on transgenic chickpea seeds
with an increased sink for S
Multiple regression analysis was performed on data for all three chickpea
genotypes (the non-transgenic controls and the two transgenic lines expressing SSA
in their seeds) to test the effects of genotype, N and S nutrition and S/N ratio of
the nutrient on: seed weight, seed yield and seed nitrogen and sulphur composition.
In analysing data from all three genotypes it was not possible to fit interaction
terms involving N in the regression equation due to the absence of the transgenic
161 S genotype in the low nitrogen treatments. The ratio of S concentration to N
concentration in the nutrient was used as a representation of the N*S interaction.

4.3.3.1 SSA accumulation in transgenic chickpea seeds
The level of SSA present in total protein extracted from seed flour of transgenic
line 45S was similar in all four nutritional treatments. The SSA level in seed protein
of transgenic line 161 S was higher than that in 45S. SSA made up the same
proportion of total seed protein in plants of line 161S grown in either HN-HS or
HN-LS conditions (data not shown). These observations indicate that the
expression of the SSA gene was not responsive to N or S nutritional status of the
plants. These results are consistent with previous reports that the seed-expressed
chimeric gene encoding SSA was not responsive to S nutrition in transgenic narrow
leaf lupins (Tabe and Droux 2002).

4.3.3.2

Seed weight and seed yield of SSA transgenic chickpeas

Figure 4.8 illustrates the effects of N and S nutrition on seed weights of two
transgenic chickpea lines that accumulate SSA in their seeds. Multiple regression
analysis was performed to test the effects of genotype in addition to N and S
nutrition, and S/N ratio of the nutrient on average seed weight and seed yield of
chickpea plants. The results demonstrated that there was a highly significant
positive of both N (p<0.001) and S (p = 0.003) nutrition on seed weight across all
three genotypes, but no significant response to S/N ratio in the nutrient (Fig 4.8).
Genotype h ad a significant effect on seed weight in the case of line 45S (p = 0.002),
but not in line 161 S.
Mature seeds of transgenic chickpea line 45S were smaller than mature seeds of
the non-transgenic controls in all groups except the HN-HS group, in which both
N and S were in abundant supply. In this group, the seeds of both genotypes were
the same average weight (Fig 4.8). The average weight of mature seed of transgenic
line 161 s which accumulated more SSA than seeds of line 45S, was not
' different to the non-transgenic controls.
significantly
Thus, the slightly decreased
average seed weight in the transgenic line 45S in sub-optimal. nutri~o~al conditions
may not have been a direct consequence of SSA accumulation. Similarly, average
seed yield of line 45S was slightly lower than that of the non-tra~sgenic c~ntrols in
most groups (not significantly different), but the average yield of line 161 S
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exceeded that of the control (p<0.001, Fig. 4.9). These observations indicate that
the slightly decreased seed weight and yield in line 45S may be a peculiarity of that
genotype, and unrelated to SSA accumulation. Thus, there were no consistent
trends in average seed weights or seed yields associated vvith SSA accumulation in
the transgenic genotypes. The regression analysis demonstrated that approximately
60% of the observed variation in seed weight and yield in the experiment was
explained by Sand N nutrition or plant genotype (Fig 4.9).
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< 0.001

Genotype (45S)

-2.4

1.85

-1.3

0.002

Genotype (161S)
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3.6

< 0.001

High Nitrogen

9.8
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3.5

< 0.001

High Sulphur

14.9

3.13

4.8

< 0.001

S/N ratio

-15.7

6.53

-2.4

0.018

Percentage variance accounted for by 1nodel 59. 7

Figure 4.9. Effects of sulphur and nitrogen nutrition on seed yield of transgenic chickpeas
expressing SSA A: The value for each experimental treatment represents the mean of the seed
yields from 10 to 11 different plants in the same group for the non-transgenic and 45S
genotypes, and 7 plants per group for the 161S genotype (+ /- standard deviation). B: Multiple
regression analysis was used to test the effects of genotype, N and S nutrition, and S/N ratio in
the nutrient on seed yield.
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4.3.3.3 Sulphur and nitrogen compositio n of SSA transgenic chickpeas
The total N percent of flour from mature seeds of chickpeas grown in the four
nutritional regimes varied with both N and S nutrition, with both transgenic
genotypes showing the same trends as the non-transge nic control (Fig. 4.10). There
was a highly significant positive effect of N nutrition on N in the seeds (p<0.001).
The effect of S nutrition approached significance across the whole data set, and
there was a significant effect of S/N ratio in the nutrient on seed N, vvith a higher
S/N ratio favouring higher seed N (p<0.001, Fig 4.10). Taken together, these
results demonstrate a significant effect of S nutrition on seed N across the three
genotypes. It is clear from figure 4. 10 that the effects of S nutrition on seed N
were larger at low N nutrition than at high N. The quantificatio n of TCA-insolu ble
N in flour from a subset of plants across genotypes and treatments shovved that in
all cases TCA-insolu ble N vvas equivalent to the total N. These results indicate that
all seed N was in the form of protein in all three genotypes in all treatments (results
not shown).

A

•

Non-Tg

•

SSA-Tg (45B)

•

SSA-Tg (161A)

5

T_

4

=
~

e1l

~
·aE ,.._,

,-....

"0
~
~

-

.,

-

2

-

1

-

')

T
-:E--

T
J_

-.

-

"T""

.L

--

rf--±-

-

TT

l

l..

-

00.

0

I

LN-LS

B

I

I

LN-HS

HN-LS

HN-HS

Nutrient Treatment
Multiple regression analysis
Estirnate

s.e

t(S4)

t pr

Constant

2.8

0.11

26.3

< 0.001

Genotype (45S)

0.2

0.08

2.1

0.041

Genotype (161S)

0.2

0.10

2.3

0.026

High Nitrogen

1.2

0.12

10.0

< 0.001

High Sulphur

-0.2

0.12

-1.9

0.058

S/N ratio

1.1

0.28

4.0
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Figure 4.10 Total nitrogen of transgenic chickpeas seeds expressing s.sA. A: Total nitrogen
was determined by Kjeldahl digestion of 100 mg samples of flour_ milled from a pool of
approximately 5 g of mature seeds (25-30 seed) from eachfr plant ~ adi ~doualp. E ach val(u e
1
represen t s the mean Of single determination s on samples om 5 -.9 m VI u . pants
. + 1standard deviation) for each group. B: Data were analysed b~ ~ult1ple regr.ess10n analysis to
a'
t s of gen otype , N and S nutrition and S/N ratio m the nutnent on seed total
test th e e11ec
nitro_gen.
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Genoty pe, N nutritio n, S nutritio n and S /N ratio in the nutrien t all had highly
significant effects on the concen tration of reduced S in the chickpe a seeds. There
were consist ent increase s in the concen trations of reduced S in the seeds of both
the transge nic genotyp es compar ed to the non-tra nsgenic control seeds across all
nutritio nal treatme nts (p< 0.001). The same effect of SSA accumu lation on seed
reduced S was previou sly observe d in control and transgenic chickpeas grown in
soil (Chapte r 3 section 3.3.3). In addition , there were significant positive effects of
both N nutritio n (11.9 + /- 1.56 µmol g-1 DW) and S nutritio n (7.5 + /- 1.73 µmol
g- 1 DW) on the concen tration of reduced S in the seeds (p<0.001, Fig. 4.11), as
seen in the analysis of the results for the non-tra nsgenic genotyp e alone.
Further more, there was a significant effect of S/N ratio in the plant nutrien t on the
reduced S concen tration in the seeds. These parame ters accoun ted for nearly 80%
of the variatio n in seed reduced S.
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The trends were very different for oxidised S concentration in the seeds (Fig.
4.12). The concentration of oxidised sulphur decreased in both transgenic
genotypes compared to the control (p<0.001, Fig 4.12). This finding most probably
reflects an increased synthesis of S amino acids for incorporation into the added S
sink in the transgenic seeds, resulting in a decrease in oxidised S in the absence of
increased S uptake into the transgenic seeds. As was the case with the nontransgenic controls, seeds of line 45S plants in the LN-HS group showed a
strikingly higher concentration of oxidised S than seeds of the same genotype
grown in the other nutritional regimes. Seed oxidised S showed a significant
positive effect of S nutrition (p<0.001), but it responded negatively to an increased
level of N nutrition (p<0.001). The concentration of oxidised S in the seeds
responded most dramatically to S/N ratio in the nutrient (p<0.001, fig 4.12). The
highest concentration of oxidised S was found in seeds of the LN-HS group. The
fact that this concentration was nearly double that of seeds from the HN-HS group
confirms that the accumulation of oxidised Sin the LN-HS seeds was a function of
both N and S supply to the plants, not just of S supply. As seen in the analysis of
data for the non-transgenic genotype alone, over 90% of the variance in oxidised S
was explained by the model.
The transgenic chickpea seeds had altered S amino acid composition compared
to the non-transgenic controls (Fig 4.13). Seed methionine concentrations were
consistently increased in the transgenic genotypes compared to controls, as
expected from the observed accumulation of the methionine-rich SSA in the
transgenic seeds (results not shown). The increase in seed methionine, relative to
the control genotype, was greater in line 161S than in line 45S in the HN-HS
treatment but not in the HN-LS treatment. The level of SSA in seeds of line 161S
'
was estimated to be 4-fold higher than in 45S, whereas the difference in increase in
seed methionine in the two genotypes differed only by approximately 2-fold in the
HN-HS treatment. In addition, since SSA contains 8% cysteine residues as well as
16% methionine residues, a slight increase in seed cysteine concentrations was
expected in the SSA-containing transgenic seeds. A slight increase in seed cysteine
over the non-transgenic control level was in fact observed in the 45S seeds grown
in the LN-HS. However, in all the other groups, seed cysteine concentrations were
actually slightly lower in the transgenic seeds than in the non-transgenic controls.
Similar trends in seed cysteine concentration in the transgenic chickpeas were
observed when plants were grown in soil. In the latter case, it was demonstrated
that decreased seed cysteine concentrations correlated with decreased abundance of
a specific class of cysteine-rich protease inhibitor (Chapter 3 section 3.3.4). These
results imply the existence of limits other than the demand for sulphur amino acids
on the accumulation of cysteine and methionine in the transgenic seed.
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Figure 4.12. Oxidised sulphur in transgenic chickpeas expressing SSA. A pool of
approximately of 25-30 seeds (5 g) from each plant (10 to 12) in an experimental group was
milled to fine flour. Oxidised S was determined in duplicate by XRFS for each flour sample. The
value for each treatment is the mean of the averages of the duplicate determinations on each
seed sample (+ /- standard deviation). The concentration of oxidised Sin mature seeds is shown
in panel A. Ox-S was not detected in the HN-LS seed of any of the genotypes. Data were
subjected to multiple regression analysis to test the effects of genotype, N and S nutrition and
S/N ratio in the nutrient on oxidised sulphur (B).
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Figure 4.13 Sulphu r amino acid compo sition of transg enic chickp eas expres sing
SSA.
From each treatm ent 3-4 seed popula tion were selecte d, flour pooled, and protein
sulphu r
amino acids conten t were determ ined. The concen tration of each sulphu r amlno
acids was
multipl e to the average of the seed weight for single seed popula tion to determ
ine the
accumu lation of sulphu r amino acids per seed. Each value therefo re represe nts a mean
of 10-11
single popula tion + / - standa rd deviatio n.

The ability of chickp ea seed extracts to inhibi t trypsin was assayed as a means of
determ ining the abund ance of this known class of S-rich protei ns in seeds from the
differe nt experi menta l treatm ents. Figure 4.14 shows the trypsin inhibi tor activity
(TIA) in seed flour from the three genoty pes and from the four nutriti onal
treatm ents. The TIA in all the transgenic seed flour samples was clearly lower than
the TIA in the corres pondin g non-tr ansgen ic seed flour sample, with the except ion
of the LN-H S group , and multip le regres sion analysis showe d a highly significant
effect of genoty pe on TIA across all the treatm ents (p<0.001). TIA was generally
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decreased in the transgenic seeds in proportion to the level of SSA present, that is
the decrease in TIA compared to the controls was more severe in the 161 S
transgenic line (-4.6 + /- 0.6 units mg- 1 protein), that accumulated more SSA, than
in seeds of the 45S line (-1.9 + /- 0.4 units mg- 1 protein). The exception was the
LN-HS group, in which the TIA in the 45S transgenic seed was very similar to that
of the non-transgenic seeds. This result is consistent with the relatively high levels
of cysteine in seeds of both genotypes in this experimental treatment (Fig. 4.13.B).
In the 45S transgenic line, the strongest decrease in TIA compared to the nontransgenic control seed occurred in the HN-LS group.
The statistical analysis showed a significant effect of N nutrition on seed TIA
across the three genotypes (p = 0.035), whereas this had not been apparent in
analysis of data for the non-transgenic genotype alone (Fig. 4.7). Since the effect of
S/N ratio was not significant, the multiple regression analysis was repeated without
this variate. This revealed a significant positive effect of S nutrition on TIA across
the three genotypes (p = 0.004). The graph in Figure 4.14 A indicated that the
change in TIA with S nutrition was most pronounced for the 45S genotype. A
significant interaction was confirmed by repeating the multiple regression analysis
with a genotype by S nutrition interaction term for the 45S genotype (p = 0.002).
This relationship was further investigated by performing the regression analysis for
the 45S transgenic genotype alone. The results confirmed a highly significant effect
of S nutrition on TIA in this genotype (p = 0,003, Fig. 4.14 C). Thus, it seemed that
S nutrition influenced seed TIA only in combination with an added sink for sulphur
in the 45S transgenic line. It may be that the apparent lack of effect of S nutrition
on seed TIA in line 161 S is due to the fact that accumulation of this cysteine-rich
protein is already minimal in both experimental treatments in this line.
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Multiple regression analysis.
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Figure 4.14. Trypsin inhibition activity in mature chickpea seeds from there different
genotypes . From the same-pool ed flour sample that were analysed for sulphur amino acids
compositio n were assayed for trypsin activity. Total protein was extracted on 20 mg of sample
for each nutrient regime. Assays were performed between 6-12 times with a total of two separate
extracts from samples of the same flour pool. The results are presented as trypsin inhibitor
activity per µg of seed protein (A). Data were analysed to test the effect of genotype of S and N
nutrition and S/N ratio on trypsin inhibitor activity by multiple regression analysis (B).
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S metabolites in chickpea embryos during maturation

The effects of N and S nutrition on the composition of non-transgenic chickpea
seeds, and the effects on seed composition of adding a new sink for sulphur amino
acids demonstrate that chickpea seed storage protein gene expression has the
capacity to respond to signals about the nutritional status of the plant and about the
demand for particular amino acids in the seeds. In an attempt to identify
rnetabolites that may carry such signals, glutathione was quantified in extracts of
cotyledons of developing; non-transgenic chickpea seeds at mid-maturation
(approximately 30 days after flowering). The concentration of glutathione tended to
reflect the S concentration in the plant nutrient, although the differences between
nutritional treatments were not large (Table 4.3). Similarly, glutathione
concentrations in mid-maturation cotyledons of the transgenic seeds were very
similar to those in the corresponding non-transgenic cotyledons. Glutathione
concentrations were slightly less in the mature seeds than in mid-maturation
cotyledons, but were still not markedly different between chickpea genotypes or
between nutritional treatments.
Free cysteine was quantified 1n the three genotypes in the different nutrient
regimes. The level of free cysteine was an order of magnitude less than glutathione
and did not show any particular pattern implicating it in regulation of seed storage
protein expression in chickpea embryos (data not shown). OAS has been proposed
to be an important signal that helps coordinate the outputs of the N and S
assimilation pathways (I<.im et al. 1999). Attempts to quantify OAS in extracts of
chickpea seeds or developing embryos were unsuccessful.
Table 4.3 Glutathione concentration in developing chickpea embryos and mature seeds. In
the left panel, freeze dried developing embryos were ground to fine powder and extracted with 25
mM HCl. Free thiols were quantified by reverse phase HPLC after derivitisation with MBBr. Each
rvalue represents the mean (+ /- standard deviation) of single determinations on three different
extractions from a single pool of freeze-dried material consisting of 25-35 organs. A single extraction
and quantification of free thiols in mature seeds was_ performed using ~Omg of fine _flo~r from a
population of 25-30 seeds. Each value (right panel), 1s a mean of 3-5 single determ1nat10ns (+ /standard deviation).

Glutathione (µmol g- 1 DW)
Mature seeds

Embryos at 30 days after flowering
SSA-Tg

SSA-Tg

(45S)

(161S)

Non-Tg

SSA-Tg

SSA-Tg

(45S)

(161S)

Treatment

Non-Tg

LN-LS

nm

nn1

1.98+0.27

2.08+0.51

LN-HS

nm

n1n

2.28+0.21

2.69+0.39

HN-LS

2.15+ 0.18

3.90+ 0.27

2.44+ 0.64

1.50+0.36

1.50+0.62

1.40+0.34

HN-HS

2.24+0.16

3.07+0.1 7

4.62+0.20

2.39+0.70

2.00+0.13

2.01 +0.29

nm=not measured
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It has been reported that in wheat plants grown with adequate S nutrition,
sulphate contributes the most S to the developing grains, whereas in wheat grown
in limiting S, glutathione derived from remobilised protein S is the main form of S
delivered to the developing grain (Fitzgerald et al. 1999, 2001). The concentrations
of sulphate and glutathione in the developing embryos of the non-transgenic
chickpeas at mid-maturation are compared in Table 4.4. The differences in
sulphate concentrations in the mid-maturation embryos grown at either low or high
S (HN-LS and HN-HS nutritional treatments) were similar to those seen in mature
seeds. A surprising finding was that even in the low S treatment, there was a
significant pool of sulphate present in the developing embryos . This pool
completely disappeared by the end of seed maturation (Table 4.4). The glutathione
concentrations in mid-maturation embryos were an order of magnitude smaller
than the concentrations of sulphate in the same sample in all but the HN-LS
nutritional treatment. Similar results were found in transgenic embryos and seeds
(data not shown). These results infer that sulphate was an important source of
sulphur for the synthesis of cysteine and methionine in developing chickpea
embryos grown at both high and low S supply in this experiment.
Table 4.4. Glutathione and sulphate concentrations in developing embryos
and mature seeds of non-transgenic chickpeas.

Treatment

Developing embryos
Glutathione

Ox-S

Mature seeds

Ox-S

Glutathione
µmol g- 1 DW

µmol g- 1 DW

LN-LS

nm

13.7

1.98+0.27

14.1 +1.3

LN-HS

nm

64.1

2.28+0.21

55.0+3.2

HN-LS

2.1 5+ 0.18

13.4

1.50+0.36

nd

HN-HS

2.24+0.16

21.6

2.39+0.70

22.2+7.6

nm =not measured; nd not detected; Ox-S= Oxidised sulphur

4.3.5

Germination of transgenic chickpeas expressing SSA.

Cotyledons are an important source of sulphur to support early plant growth and
development in soybean (Sunarpi and Anderson 199 5) . In addition, a reallocation
of sulphate from cotyledons to the developing tissues of seedlings was
demonstrated in germinating pea seeds (Herschbach et al. 2002). Because of the
widely varying levels of sulphate (oxidised S) found in mature seeds across the
different nutritional treatments (Fig. 4.12), the germination frequency of the mature
seeds of all 3 genotypes produced in the nutrition experiment were tested by
imbibing seeds on damp filter paper then transferring them to _so~. The results
showed that germination was impaired in seeds of SSA-transge~c line 1 ~ 1S that
had been grown at either low or high S (Fig. 4.15) . The accumulation ~fa high le~el
of SSA in cotyledons of this transgenic line during seed storage protems synthesise
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caused a complete depletion of sulphate in mature seeds when this genotype was
grown in soil (Chapter 3, section 3.3.5). Similarly, the mature seeds produced by
161S plants grown in the HN-LS treatment had no detectable sulphate. In contrast,
sulphate was readily detectable in 161S seeds of the HN-I--IS regime (Fig 4.12).
Despite these differences, germination of the 161S seeds from both treatments was
less than the other two genotypes. Growing the seeds in high S increased the seed
sulphate content to levels comparable to those normally found in soil-grown nontransgenic chickpeas (Chapter 3), and was able to rescue this lesion in germination
to some extent (Fig. 4.15). I-Iowever, there was no correlation between seed
sulphate levels and germination in the other chickpea genotypes. Both the nontransgenic and 45S genotypes completely lacked oxidised S in their mature seeds
when grown in the HN-LS treatment, yet seeds from these plants showed almost
100% germination (Fig. 4.15). Thus, it appeared that seeds of transgenic line 161S
that expressed SSA at a very high level suffered a deficiency of some S metabolite
other than sulphate.
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4.4 Discussion
Plant N and S nutrition had clear effects on the appearance of chickpea plants of
the three genotypes. Plants grown at low N were noticeably smaller than those
grown at high N (Fig. 4.1). It has been reported that the stunted growth of plants in
low nitrogen supply is probably due to a decrease in protein synthesis, and the
accumulation of soluble low-molecular N compounds in the vegetative parts of the
plants (Brunold, 1993). Similarly, there were some noticeable effects of sulphur
deficiency in the low S grown chickpea plants. Sulphur deficiency usually manifests
itself in plants in the form of chlorosis of the younger leaves, due to limited
mobility of S in the plant (Zhao et al. 1999). The only visible sign of sulphur
limitation in the chickpeas in this experiment was a slight reddening of the stems,
although it was difficult to distinguish between N and S deficiency symptoms in
chickpea.
Chickpea seed weight and seed yield were influenced by N and S nutrition in this
experiment. However, it ca not be excluded the possibility that some of the effects
observed were produced by difference in the concentration of balancing ions like
Calcium or chlorine. Changes in the seed size across envjronments have been
reported in most grain legumes including lupins (Crochemore et al. 1994) field pea
(Armstrong and Pate 1994) peanut (I<.nauft and Gorbet 1993), narbor bean
(Siddique et al. 1996) The effects of plant nutrition on seed weight and seed yield
were similar across all three genotypes. However, there were some significant
effects of genotype itself on these seed parameters. The seed weights of transgenic
line 45S were consistently lower than those of the two other genotypes in all
nutritional treatments except HN-HS, while the seed yields of line 161S were
consistently higher (although very variable) than those of the other two genotypes
in both the HN treatments in which this genotype was grown. Since neither of
these differences correlated with SSA content across both transgenic genotypes, it
is likely that they represent aberrations of individual tissue-cultured plant lineages,
and are not the direct results of SSA accumulation.
The significant effects of N and S nutrition on chickpea seed weight and yield
found in this experiment mirror the results of numerous field studies on a range of
crops including chickpea. N is the most important nutrient for the plant growth,
and its deficiency alters plant metabolism. Furthermore, yield is affected by sulphur
deficiency in legume crops (reviewed in Zhao et al. 1999) and in cereals (Palmer et
nutrition on
al. 2001). In this experiment, highly significant positive effects of
seed yield were observed, as previously reported for chickpea by Rawsthorne
(1985). Plant S nutrition showed similarly significant effects on the seed yield, as has
been demonstrated in other legumes (Zhao et al. 1999). In chickpea plants, the
effect of varying sulphur was demonstrated in the field (Sachdev et al. 1992; Ram
and Dwivedi 1992; Shivakumar 1998). It is not easy to compare the results of these
studies with the findings of this nutrition experiment; however, the same broad
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effects of N and S nutrition on seed yield are evident in the current results and in all
these reports.
The results reported here show the effects on chickpea seed composition of
plant N and S nutrition, and of differing S to N ratio in the plant nutrient. The
increases in N concentration of chickpea seeds with increasing N supply to the
plants were of a similar magnitude at both LS and HS supply. Thus, the S to N ratio
in the nutrient had relatively little effect, compared to the absolute level of N in the
nutrient, on N accumulation in the seeds, as demonstrated by a lack of interaction
in the statistical analysis. In addition, the level of N in the nutrient strongly
influenced the accumulation of S in mature chickpea seeds and the partitioning of
the S between reduced and oxidised forms.
The S to N ratio in the plant nutrient had a dramatic effect on the accumulation
of S in seeds of the chickpea plants. Among the non-transgenic chickpeas, the
highest concentration of total Sin the mature seeds was in the LN-HS group. Most
obviously, seeds of the LN-HS group contained a very high concentration of S in
an oxidised form, most probably sulphate (Fig. 4.12). The concentration of reduced
Sin seeds of the LN-HS group was higher than that in seeds of the LN-LS group,
but lower than that in seeds of the HN-HS group. In contrast, seeds of the LN-HS
group contained the highest concentrations of cysteine and methionine in any of
the groups, for the non-transgenic genotype. In the cv Semsen seeds of the LN-HS
group, cysteine and methionine together made up 82% of the reduced S fraction
measured by XRFS. In the other groups this percentage ranged between 72% and
57% .
The fact that the high concentrations of total S, and of sulphur amino acids were
observed in seeds of the LN-HS group but not in the HN-HS group argued that
these effects were due to a high S to N ratio in the nutrient rather than simply to a
high level of S supply to the plants. This interpretation was supported by the
statistical analysis, which showed highly significant effects of S /N ratio on seed
sulphur composition across the entire data set (Figs 4.11 and 4.12). Oxidised S was
also high in seeds of the 45S transgenic line, although the concentration in the
transgenic was less than in the non-transgenic control, as was observed in all the
nutritional regimes. Reduced S was correspondingly higher in the 45S transgenic
seeds than in the non-transgenic controls in all the nutritional treatments, thus the
accumulation of SSA affected the partitioning of S within the seed, but not the
concentration of total S in the seeds. Similar, more pronounced effects were seen in
of seeds of transgenic line 161 S compared to the controls.
The mechanisms of these changes in seed composition are not clear. Previous
reports have emphasised the positive effects of N metabolites on S transport and
assimilation, implying that low N supply would be more likely to depress sulphate
transport and S amino acid biosynthesis than to stimulate them. However, the
previous reports have generally dealt \.vith studies of S assimilation in vegetative
tissues. In vegetative tissues, uptake of nitrate and rates of
assimilation respond
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positively to nitrate, and negatively to reduced N metabolites. Conversely, the
expression of storage protein genes in developing seeds responds positively to
reduced N metabolites, illustrating the different metabolic priorities of
photosynthetic source and sink tissues (reviewed in Tabe and Droux 2002) .
The results presented here imply that S transport and S assimilation in the
developing chickpea seed sinks responded positively to signals informing them of
an excess of S in relation to N. This apparently results in increased uptake of S into
the seeds, and the biosynthesis and storage of the maximal amount of sulphur
amino acid for the amount of N available.
In conditions of adequate N nutrition, but S deficiency, seed storage protein
composition is modulated by mechanisms that up-regulate the expression of genes
encoding proteins poor in S amino acids, and down-regulate the expression of
genes encoding proteins rich in S amino acids (Tabe and Droux 2002). This results
in seeds that contain approximately the same concentration of N and less S amino
acids than seeds grown in S adequate conditions. Chickpeas grown in low N and
high S appear to represent the converse of this situation. These conditions of
adequate S supply but N deficiency, appear to favour the synthesis of S-rich
proteins such as trypsin inhibitor in the wildtype seeds, and both SSA and trypsin
inhibitor in the transgenic seeds. In seeds of all the other groups, a decrease in the
endogenous, S-rich trypsin inhibitor was evident in the presence of SSA as
previously observed in these genotypes grown in soil (Chapter 3 section 3.3.4).
Thus, in all but the LN-HS group, accumulation of SSA led to responses in seed
protein composition similar to those triggered by S deficiency. It appeared that in
the LN-HS 45S transgenic seed, which contained almost the same TIA as the
corresponding non-transgenic controls seeds, the signal of S sufficiency was
dominant over the signal of S deficiency normally triggered in the transgenic seed.
The nature of these signals in the developing chickpea seeds is unknown.
A numb er of S and N metabolites have been implicated as having functions as
signals in the regulation of sulphur assimilation and storage. These include OAS
(Smith et al. 1997; I(oprivova et al. 2001 a; Takahashi et al. 1997), glutathione
(Lappartient and Touraine 1996; Rennenberg and Filner 1982) and free methionine
(Holowach et al. 1984a, b; Fujiwara 1998). The levels of glutathione in developing
and mature chickpea seeds were not consistent with this metabolite having a major
nutrition on seed composition in the
role in mediating the effects of plant S and
presence and absence of an added sink for reduced S. It is therefore hypothesised
that free methionine and or OAS are key regulators of the responses in chickpea
seed comp osition to S to N ratio in the plant nutrient. Alternatively, the relative
concentrations of more than one of these metabolite may be involved. For
example, in the LN-HS seeds, it might be expected that OAS concentration would
be low, probably in combination with a relatively high concentration of free
methionine or glutathione. From published results, this would be predicted to
favour the synthesis of methionine and cysteine-rich storage proteins in developing
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seeds. Our results indicate that this combination of metabolic signals may also
actually stimulate S transport and assimilation in developing seeds, in contrast to
the down-regulation reported in vegetative tissues.
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5.1 Introduction
s in the cases of other grain legumes, chickpea seed protein is relatively
deficient in cysteine and methionine, limiting the nutritional value of the
seeds for animal and hu1nan consumption. With the ultimate aim of
increasing sulphur amino acid content in chickpea seeds, I have investigated the
ability of chickpea seeds to assimilate -s ulphur, their capacity to respond to an
additional sink for sulphur amino acid and the effects of manipulating S and N
nutrition to the plants on sulphur amino acid accumulation in chickpea seeds.

5.2 Sulphur metabolism in developing chickpea seeds
It is well established that reductive sulphur assimilation occurs in leaves, via a
pathway that is mainly localised in the plastid (Hawkesford and Wray 2000). By
analogy with carbon and nitrogen assimilation, it is generally assumed that sulphur
is largely assimilated in photosynthetic source leaves and is subsequently
transported as reduced sulphur to sink organs. However, vegetative sinks such as
roots (Brunold and Suter 1989) have long been known to have the capacity for
sulphur assimilation. It has also been demonstrated that developing leaves are able
to assimilate sulphur before they are self-sufficient for reduced carbon (von Arb
and Brunold 1986; Hartmann et al. 2000). The results presented in this thesis extend
this analysis to developing seeds. The ability of mid-maturation developing
chickpea embryos to synthesise their own sulphur amino acids was demonstrated in
this study. The cysteine biosynthetic activity of mid-maturation embryos was
greater than that of the mature, photosynthetic source leaves in seed-bearing plants.
These results are in agreement with the results of several recent studies in other
plants. Developing soybean seeds have been reported to contain significant activity
of ATP sulphurylase, the first enzyme in the sulphur reduction pathway (Sexton
and Shibles 1999). Similarly, it was shown that developing lupin embryos contain
quantitatively significant amounts of enzymes for cysteine and methionine
biosynthesis (Tabe and Droux 2001, 2002). In wheat, activities of ATP-sulphurylase
and OAS-TL and cystathionine /J-lyase were detected in developing endosperm
(Fitzgerald et al. 2001). Thus, there is now evidence that developing seeds of a
number of grain legumes and a cereal are active in sulphur assimilation. Further
investigations of cereals, and other dicotyledon seeds is necessary before further
generalisation can be made, but the evidence to date is consistent with sulphur
assimilation being a general feature of developing seeds.
-

---- -- --

-----
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5.3 Sources of sulphur in developing seeds
Various low molecular weight sulphur metabolites have been reported as
transport forms sulphur. In developing endosperm of wheat, Fitzgerald et al. (2001)
demonstrated that sulphate was the most abundant form of soluble sulphur in
conditions of adequate sulphur supply. On the other hand, it has been reported that
a significant quantity of the sulphur in wheat phloem is in the reduced form of Smethylmethionine (Bourgis et al. 1999). Together, these studies imply that reduced
sulphur, as well as oxidised sulphur, is imported by developing wheat grains. The
sulphur in the phloem of narrow leaf lupin is almost all in the oxidised form (Tabe
and Droux 2001), whereas sulphur in the phloem of rice is predominantly in a
reduced form (I<uzuhara et al. 2000). The reduced sulphur compound, glutathione
is an abundant form of transported sulphur in the phloem of canola (Lappartient
and Touraine 1996). Sulphur in the xylem is most commonly in the oxidised form
Rennenberg 1999). Thus there is ample evidence for the transport of both oxidised
and reduced sulphur in plants, and the relative importance of different forms
probably depends on the nutrition of the plants.
It was not possible to sample chickpea phloem, but the data obtained from
developing chickpea embryos under a number of different growing conditions infer
that sulphate is the primary source of sulphur for developing chickpea seeds. The
addition of the sulphur sink was associated with decreases in oxidised sulphur, and
increases in methionine in transgenic chickpea seeds, consistent with increased
reductive assimilation of sulphate in the transgenic seeds. The concentrations of
glutathione were not consistently different between control and transgenic chickpea
seeds. Even in chickpeas grown at the lower levels of sulphur nutrition (estimated
to be just less than the level of sulphur available in soil in the glasshouse growing
conditions), sulphate was much more abundant in mid-maturation embryos than
glutathione, implying that sulphate was the more important form of sulphur
transported into developing seeds. These results are consistent with results from
wheat in which it was reported that the relative importance of the import of
reduced sulphur, versus assimilation of imported, oxidised sulphur in developing
endosperm may depend on the sulphur nutrition of the plants. In the wheat studies
it was reported that sulphur in the endosperm cavity of developing grain was
predominantly in the form of sulphate under nutritional conditions comparable to
those in the low sulphur treatments in the vvork described in Chapter 4 (Fitzgerald
et al. 1999b, a, 2001). Thus, the data presented here support the hypothesis that
sulphur is delivered to developing chickpea embryos predominantly in the form of
sulphate, and that this is reduced and assimilated as a source of sulphur for cysteine
and methionine for seed storage protein synthesis over a range of levels of plant
sulphur nutrition. The situation may be different in conditions of severe sulphur
stress.
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5.4 Improving the nutritional value of a grain legume crop by
manipulating seed sulphur sink strength
The most successful approach to improving the nutritional quality of legume
seeds has been to introduce and express a gene encoding a sulphur rich protein
(Molvig et al. 1997; Saalbach et al. 199 Sa; Saalbach et al. 199 56). A gene encoding
sunflower seed albumin (SSA) has been used to increase the content of cysteine and
methionine in lupin seeds. It was demonstrated that the SSA-transgenic lupin seeds
had improved nutritional value for both ruminant (White et al. 2001) and non
ruminants animals (Ravindran et al. 2002). Therefore, at the beginning of the work
described in this thesis, SSA seemed to be the best candidate gene to transfer and
express in chickpea seeds. The findings reported here demonstrate that the
expression of SSA as a strong sulphur sink was a winning strategy in increasing seed
sulphur amino acid content in chickpea.
The production of genetically modified plants requires the ability to transfer a
gene of interest to the genome of the plant. A chickpea transformation method had
been developed at CSIRO Plant Industry (Molvig et al. 199 5) and had produced
some transgenic plants, including one transgenic line that expressed SSA in its seeds
at a level of around 3% of total protein. This line (45S) was characterised in the
current work, and was used in the plant nutrition experiment aimed at studying the
interactions between sulphur and nitrogen nutrition and the strength of the sulphur
sink in chickpea seeds.
In pursuing the aims of this thesis, I carried out supplementary transformation
experiments resulting in the production of three stable SSA-transgenic lines (161S,
166S and 213A) in which SSA accumulated at a higher concentration than in the
initial line (45S). The finding that SSA-transgenic chickpea lines accumulated high
levels of SSA was an important step for this project.
One 1najor limitation of the chickpea transformation protocol is the low
frequency of transformation in the To generation, which is compounded by the low
frequency of inheritance of the transgene by the T 1 seeds. Therefore, further
optimisation of this protocol is necessary to obtain a higher frequency of stable,
heritable transformation.
The next step was to show that the accumulation of SSA was correlated with an
increase in the concentrations of sulphur amino acids in the transgenic chickpea
seeds sufficient to confer an improvement in the nutritional quality of the seeds. In
SSA-transgenic chickpea seeds, the expression of the transgene caused increases in
methionine concentration, although the concentration of cysteine in the transgenic
seeds was not increased compared to the seeds of the parental genotype. This was
associated with decreases in the accumulation of some endogenous cysteine
containing proteins. Similar effects have been documented in seeds grown under
conditions of sulphur stress (Blagrove et al. 197 6). The results presented in this
thesis support the hypothesis that accumulation of SSA triggered, in the developing
chickpea seeds, signals simil_ar ~o those eli~ited by _sulphur deficiency in other seeds,
--------
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resulting in a down-regulation of accumulation of some endogenous cysteine-rich
chickpea seed proteins. Despite this, the overall increases in seed sulphur amino
acid concentrations in the transgenic chickpea lines would be predicted to optimise
their sulphur amino acid content for animal and human nutrition, demonstrating
the success of this plant improvement strategy.

5.5 The effects of sulphur sink manipulation and plant nutrition
on chickpea seed sulphur amino acid accumulation
The expression of the SSA transgene in chickpea led to increased levels of total
sulphur amino acids in the seeds, indicating that the sulphur amino acid
biosynthetic pathway in the developing seeds had some capacity to increase its
throughput in response to an increased demand for cysteine and methionine.
However, only seed methionine was increased in most cases, due to decreases in
the abundance of some endogenous, cysteine rich proteins in the transgenic seeds.
Chickpea seeds are known to contain an abundant, cysteine-rich protease inhibitor
that inhibits both trypsin and chymotrypsin (Belew and Eaker 197 6). The abilities
of chickpea seed extracts to inhibit trypsin were found to be markedly decreased in
transgenic seeds expressing SSA. These results indicate that the chickpea trypsin
inhibitor was down-regulated, probably by a sulphur stress-related signal in the
transgenic chickpea seeds.
In addition, SDS-PAGE followed by the specific labelling of cysteine in protein
bands demonstrated that a cysteine-rich polypeptide with an electrophoretic
mobility of approximately 6.5 I<Da was under-represented in transgenic seed
protein extracts. Future work will aim to identify this protein band. It is possible
that this band is actually the main chickpea protease inhibitor, which is reported to
have an apparent molecular weight of 8 kDa (Belew and Eaker 1976). Published
amino acid sequence would allow the cloning of the gene for the protease inhibitor.
DNA sequence comparisons between the chickpea protease inhibitor gene and
other genes known to be regulated by sulphur, may lead to the identification of
conserved sulphur-responsive sequence motifs either in the promoters (Shewry et
al. 2001) or transcribed regions of these genes (Morton et al. 1998). Interestingly,
the plant nutrition experiment demonstrated that plant sulphur nutrition had the
strongest (positive) effect on chickpea TIA levels in transgenic line 45S that
expressed SSA at a level of approximately 3% of total seed protein.
ot
surprisingly, this seems to point to common elements in the signalling pathway
involved in mediating the effects of the transgenic sulphur sink and that mediating
effects of plant nutrition on seed composition. o such response was seen in
transgenic line 161 S. It is hypothesised that the TIA level was already at its
minimum possible level in conditions of both low and high sulphur nutrition in
seeds of transgenic line 161S in this experiment. It was also found that plant
nitrogen nutrition had an effect (negative) on chickpea TIA levels. Further work
will aim to elucidate the nature of _these nutritional gene control mechanisms.
----- --
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There appeared to be no effect of an added, transgenic sulphur sink on the total
amount of sulphur imported by developing chickpea seeds. Transgenic seeds
contained less oxidised sulphur and more sulphur amino acid than the nontransgenic controls, consistent with the increased reduction of sulphate and
synthesis of sulphur amino acid in the transgenic seeds. However, there was no
indication that an increased demand for sulphur amino acids could induce sulphur
uptake into the developing seeds. This was despite the indications that endogenous
seed storage protein expression was apparently responding to signals of sulphur
deficiency in the transgenic seeds. There were, however, obvious effects of plant
sulphur and nitrogen nutrition on seed total sulphur content. The most dramatic
effect of plant nutrition was seen in seeds of both genotypes (cv Semsen and
transgenic line 45S) in the LN-HS experimental treatment. These seeds contained
particularly high levels of oxidised sulphur. The results indicated that both sulphur
uptake and sulphur assimilation in the developing seeds were increased in this
treatment compared to the other groups, and that uptake was increased more than
assimilation. The effects were the same for both the transgenic and non-transgenic
genotypes. The statistical analysis similarly demonstrated a highly significant
positive effect on seed sulphur content of S/N ratio in the nutrient.
The mechanism of this effect is unclear. Sulphate is actively transported into
plant cells by specific carriers that have been identified in different plant organs
(Hawkesford and Wray 2000), and sulphate uptake is reportedly up-regulated when
plants are deprived of sulphur. There is evidence that under these conditions, OAS
acts as a positive regulator of the expression of genes encoding high affinity
sulphate transporter in the roots of sulphur-starved plants, for example barley and
Arabidopsis thaliana (Saito 2000; Smith et al. 1997). In contrast, the expression levels
of the genes encoding the low affinity transporters that are thought to mediate
distribution of sulphate around the plant are not increased by sulphur deficiency
(Takahashi et al. 2000). In the work described in Chapter 4, chickpea plants in
conditions of high sulphur nutrition (in both HN-HS and LN-HS conditions)
accumulated high concentrations of oxidised sulphur in their vegetative parts
(results not shown). Similar effects have been previously reported in narrow leaf
lupin (Tabe and Droux 2002) There were no large differences between the
concentrations of oxidised sulphur in roots of either HN-HS or LN-HS grown
chickpea plants. Thus, regardless of any regulatory effects of sulphur nutrition on
root sulphate transporters, the prolonged exposure of the chickp ea plants to a high
sulphur concentration in the nutrient resulted in accumulation of oxidised sulphur
in the plants. The accumulation of more sulphate in the seeds of the plants in the
LN-HS group than in the HN-HS group indicates a role of plant nitrogen nutrition
in this seed-specific response. The mechanism of the effect is unknown. Potential
signalling metabolites may include OAS, glutathione, or free methionine. The
concentrations of glutathione were relatively constant between developing and
mature seeds of the different nutritional treatments and genotypes, making it
unlikely that this metabolite was involved in modulating seed sulphate uptake.
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Attempts to quantify OAS and free methionine were unsuccessful, and this will be a
focus of future work.
As well as having high oxidised sulphur concentrations, chickpea seeds from the
LN-HS groups had the highest concentrations of total cysteine and methionine of
all the experimental treatments, indicating that these nutritional conditions
stimulated sulphur amino acid biosynthesis in the seeds, as well as sulphur uptake.
Furthermore, the 45S transgenic seeds showed little evidence of the decreased
levels of endogenous cysteine-rich proteins seen in the transgenic genotypes in all
the other nutritional regimes. The 45S seeds in the LN-HS group had similar levels
of TIA compared to the non-transgenic control seeds, and showed increased seed
total cysteine instead of the decrease seen in transgenic seeds in most other groups .
They also showed the biggest increases in total methionine co1npared to controls
for any of the 45S seed populations. It is therefore concluded that chickpea seed
sulphur composition is modulated by molecular signals that report on both seed
sulphur demand and the relative availability of sulphur and nitrogen to the plant. It
is very likely that the same signal transduction pathways are involved in both cases.
The future direction of this work will be to discover these signals and the
transducers that respond to them in chickpeas.
In summary, this thesis has added critical new information to a growing body of
work that indicates that developing seeds are active in sulphur assimilation.
Furthermore, it describes a successful strategy for significantly improving the
nutritive value of a grain legume that is important on a global scale for both human
and animal nutrition. The work elucidates the effects of sulphur sink manipulation
on chickpea seed composition, and has uncovered significant effects of both
suphur and nitrogen nutrition on chickpeas with a range of levels of seed sulphur
demand. The results demonstrate the existence of signal transduction pathways that
control seed protein composition in response to nutrient availability, and these will
be the subject of future work in the laboratory.
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