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Non-photosynthetic plastids are the main sites of biosynthesis of a number of important plant products,
including starch and oil. However, in contrast to chloroplasts, these plastids lack the ability to harvest
light energy and to fix CO, via photosynthesis. Hence, they depend on continuous supply of energy
(ATP), reducing power (NADH and NADPH) and carbon skeletons to sustain their biosynthetic activities.
Studies conducted in the recent past have indicated these plastids to contain the full complement of
glycolytic and oxidative pentose phosphate pathways, enabling them to metabolize carbon compounds to
meet the above requirement. Furthermore, these plastids have also been shown to interact with
extraplastidial compartments to maximize their rates of carbon metabolism. This interaction is achieved
mainly through a large number of translocators present in the inner membrane of these plastids. These
include triose phosphate translocator, hexose phosphate translocator, malate translocator, adenylate
translocator and dicarboxylate translocator. Based on the nature of the substrates transported to plastids
through translocators, a model has been proposed for the synthesis of fatty acids in leucoplasts of
developing embryos of oil seed crops.
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power, Metabolite transport
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stids in non-photosynthetic tissues of higher
nts are the main sites for the biosynthesis of
rch (Tyson & apRees 1988), fatty acids (Dennis
9) and amino acids (Emes & Fowler 1979).
wever, in contrast to chloroplasts, these
stids lack the ability to harvest light energy
1 to fix CO, via photosynthesis (Emes & Tobin
3), and therefore, depend on continuous sup-
of ATP, reducing power and carbon skeletons
sustain their biosynthetic activities. The im-
‘tant question, therefore, is how non-photo-
ithetic plastids obtain these precursors. One of
possibilities could be that these organelles
tabolize carbon compounds through glycolytic
1/or oxidative pentose phosphate pathways
1es & Tobin 1993, Emes & Neuhaus 1997).

stidial glycolytic capacity has been

demonstrated in amyloplasts of developing wheat
endosperm (Entwistle & apRees 1988), leucoplasts
of cauliflower buds (Journet & Douce 1985) and
developing endosperm of castor bean (Simcox
et al. 1977). The leucoplasts from pea roots (Emes
& Fowler 1983), barley roots (Oji et al. 1985),
cauliflower buds (Journet & Douce 1985) and
developing Brassica seeds (Gupta & Singh 1997)
contain the enzymes of the oxidative pentose
phosphate  pathway, namely  glu-6-P
dehydrogenase and 6-phosphogluconate
dehydrogenase. In contrast, the activities of one
or more of the enzymes of glycolytic or oxidative
pentose phosphate pathway have been shown to
be either absent or very low in non-photosyn-
thetic plastids (Emes & Tobin 1993). The enzymes
not detected include phosphoglycero-mutase,
and NAD-glyceraldehyde-3-P dehydrogenase in
pea root leucoplasts (Borchert et al. 1993,
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Trimming & Emes
amyloplasts (Frehner et al. 1990). Similarly, glu-
6-P dehydrogenase could not be detected in Syca-
more amyloplasts (Frehner et al. 1990) and

1993) and Sycamore

leucoplasts of castor bean endosperm (Simcox
et al. 1977, Nishimura & Beevers 1979). The ab-
sence of these enzymes will completely prevent
the efficient flow of carbon through the glycolytic
or oxidative pentose phosphate pathways, neces-
sitating the interaction of non-photosynthetic
plastids with extraplastidial compartments to
maximize their rates of carbon metabolism. The
situation has further been complicated as the level
of enzymes in non-photosynthetic plastids vary
with plant species, type of tissue and the devel-
opmental stage at which the tissue is examined
(Emes & Tobin 1993, Dennis et al. 1991, Miernyk
& Dennis 1992, Thom et al. 1998). This has, there-
tore, created controversies on the data generated
by different workers. Furthermore, the regula-
tion of these pathways in non-photosynthetic
plastids is not well understood (Emes & Neuhaus
1997). Moreover, the translocators present in in-
ner membrane of these plastids and involved in
exchange of metabolites with other cellular com-
partments have not yet been fully characterized
(Emes & Neuhaus 1997). Thus compared to the
information on metabolism in chloroplasts, the
current understanding of metabolism in non-pho-
tosynthetic plastids is relatively poor. This has
been partly due to the fact that, until recent past,
the isolation of plastids from non-photosynthetic
tissues has been difficult and partly because the
dominant aspects of metabolism in chloroplasts
tend to be more uniform in their fundamental
properties, whereas in non-photosynthetic tissues
the complement of metabolic pathways varies
considerably within and between species (Emes
& Tobin 1993). The present review summarizes
the current understanding of metabolism in non-
photosynthetic plastids in relation to fatty acid
biosynthesis with the hope that this information
will help us to understand the mechanism of
biosynthesis of storage lipid (o0il) in embryos of
developing seeds of oil-bearing crops.
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Scheme for Fatty Acid Biosynthesis in Plastids

The pathway for de novo fatty acid biosynthesis
has been studied extensively and is essentially
the same in all plant tissues (Stumpf 1980, 1984,
1987, Harwood 1996, Browse 1997, Heldt 1997,
Ohlrogge & Jaworski 1997). Comprehensive re-
views on fatty acid metabolism (Harwood 1996),
regulation of fatty acid metabolism (Ohlrogge &
Jaworski 1997) and molecular biology and
biotechnological aspects of plant fatty acids
(Browse & Somerville 1994, Kinney 1994, Murphy
1994, Ohlrogge & Browse 1995, Topfer et al. 1995)
have already appeared. The purpose of includ-
ing this section here is to know the requirements
in terms of carbon source, energy and reducing
power for fatty acid biosynthesis in non-
photosynthetic plastids.

The process of fatty acid biosynthesis involves
enzymes in a sequence of repeating reactions of
condensation, ketoreduction, dehydration and
enoyl reduction (figure 1), to increase the chain
length of fatty acids until 16 carbon long, which
may be elongated further to yield C-18 fatty acid,
or may be used within plastid for glycerolipid
biosynthesis or hydrolysed to free fatty acid by a
soluble acyl-ACP thioesterase and exported from
the plastids (figure 2). Acetyl CoA is the precur-
sor for fatty acid biosynthesis, which arises as a
result of oxidation of pyruvate by pyruvate
dehydrogenase complex localized in the plastids
(Emes & Neuhaus 1997). Fatty acid synthesis
starts with the carboxylation of acetyl CoA by
acetyl CoA carboxylase, with the consumption of
ATP to yield malonyl CoA. In a subsequent reac-
tion, CoA is exchanged through malonyl
transacylase for acyl carrier protein (ACP). The
enzyme f-keto-acyl ACP synthase Il catalyzes
the condensation of acetyl CoA with malonyl
ACP to form B-keto acyl ACP. The liberation of
The
acctoacetate, thus formed, remains bound as a
thioester to ACP and is reduced by NADPH to
B-D-hydroxyacyl ACP. Following the release of
water, the carbon-carbon double bond formed is
reduced by NADPH to acyl-ACP. The product is
a fatty acid which stands elongated by two

CO. makes this reaction irreversible.
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Figure 1 Reaction sequence for the synthesis of fatty
acids: activation, condensation, reduction, release of water
and further reduction elongate a fatty acid by two carbon
atoms (Heldt 1997).
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Figure 2 Simplified scheme for the overall flow of carbon
through fatty acid in a generalized plant cell. Once the
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carbon atoms. The chain is further elongated first
by transferring it to another ACP and then con-
densing with malonyl-ACP. The enzyme B-keto
acyl ACP synthase-l, catalyzing this reaction, ena-
bles the formation of fatty acids with a chain
length of upto C-16. A further chain elongation
to C-18 is catalyzed by PB-keto acyl-ACP synthase-
II. The stearoyl-ACP (18:0) formed in the plastid
stroma is desaturated there to oleyl-ACP (18:1)
by the enzyme stearoyl-ACP desaturase. The
plastidial enzyme is capable of introducing only
one double bond in fatty acids. The introduction
of further double bonds is catalyzed by other
desaturases, which are integral membrane pro-
teins and react only with fatty acids which are
constituents of membrane lipids. Acyl-ACP, be-
fore leaving the plastid, is hydrolyzed by acyl-
ACP thioesterase to free fatty acids which leave
the plastids. It is not yet clear whether this ex-
port proceeds via non-specific diffusion or by a
specific transporter. The free fatty acids outside
the plastid are immediately converted to acyl
CoA by acyl CoA synthetases with consumption
of ATP. Generally, the plastids mainly provide
CoA-esters with the acyl residues of 18:1 and
16:0 (also a low amount of 18:0) for synthesis of
various classes of lipids.

Acetyl-CoA carboxylase, the first enzyme of
fatty acid synthesis, is an important regulatory
enzyme and its reaction is regarded as a rate
limiting step in fatty acid synthesis (Page et al.
1994, Ohlrogge & Jaworski 1997). In chloroplasts,
the enzyme is active only during light and is
inhibited during darkness (Browse et al. 1981).
This explains why fatty acid synthesis in
chloroplasts occurs only during the day when
photosynthesis provides the necessary energy
(ATP) and reducing nucleotides (NADPH). Light
dependent changes in concentration of Mg and
pH in the stroma may also be involved in the
regulation of this enzyme. The plastidial enzyme,
consisting of multiple subunits, resembles the
enzyme from cyanobacteria and other bacteria,
and is referred to as the prokaryotic form of
acetyl CoA carboxylase (Heldt 1997). The enzyme
may also be present in cytosol where it may help
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the chain elogation of fatty acids. However, in
contrast to the prokaryotic form, the extra-
plastidial enzyme consists of a single large
multifunctional protein, and is referred to as the
eukaryotic form.

The plant fatty acid synthetase is a type II
dissociable complex from which the proteins
catalyzing the partial reactions can be isolated
and purified. The plastidial enzyme complex is
similar to those of many bacteria and is called
the prokaryotic fatty acid synthetase (FAS) com-
plex. In contrast, the enzymes of fatty acid syn-
thesis in animals and fungi are contained in only
one or two multifunctional proteins, and termed
as eukaryotic FAS complex. Further details of
each component are beyond the scope of the
present review.

Requirements for Fatty Acid Biosynthesis

The ability of non-photosynthetic plastids to syn-
thesize fatty acids from labelled acetate has been
studied in daffodil (Kleinig & Liedvogel 1978,
1980), maturing safflower and linseed cotyledons
(Browse & Slack 1985), cauliflower buds (Journet
& Douce 1985), developing castor bean seeds
(Miernyk & Dennis 1983), germinating castor bean
seeds (Vick & Beevers 1978), soybean suspension
cells (Nothelfer et al. 1977), pea roots (Sparace
et al. 1988, Stahl & Sparace 1991), cotyledons
(Denyer & Smith 1988) and developing embryos
of oilseed rape (Kang & Rawsthorne 1994) and
Brassica campestris (Gupta & Singh 1996a). Fatty
acid synthesis in wvitro from (1-4C) acetate in
leucoplasts isolated from developing seeds of
Brassica campestris was shown to be maximum
when leucoplasts were incubated in a culture
medium containing 0.8 mM acetate, 20 mM
NaHCO,, 8 mM ATP, 8 mM MgClz, 4 mM MnCl,,
0.6 mM CoA, 1 mM NADH, 1 mM NADPH and
0.2 M sorbitol (Gupta & Singh 1996a). The rate
of fatty acid synthesis in these preparations was
highest at pH 8.5 in presence of 0.4 M Bistris-
propane buffer and linear for 4 hr at 30°C with
80-110 ng plastid protein. ATP and divalent cati-
ons were absolute requirements, whereas
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nucleotides, CoA and bicarbonate improved the
rate of fatty acid synthesis by two to ten folds.
However, the degree to which the above cofactors
are required for fatty acid synthesis varies with
plastid types (Sparace & Kleppinger- Sparace
1993). In leucoplasts of rapidly growing root tis-
sues of pea, fatty acid synthesis was maximum
at 82 nmol hr! mg’ protein in culture medium
of 0.2M Na(1-"C) acetate (11-14 mCi/mmol), 0.5
mM each of NADH, NADPH and CoA, 6 mM of
ATP and MgCl,, 1 mM each of MnCl, and glyc-
erol-3-P, 15 mM KHCO,, 0.31 M sucrose and 0.1
M Bistris propane (pH 8.0) incubated at 35°C
(Stahl & Sparace 1991). In leucoplasts from cas-
tor endosperm, it required slight change in con-
ditions that were required for fatty acid synthe-
sis in pea root leucoplasts (Smith et al. 1992).
Under in vitro conditions, at the standard incu-
bation temperature of 25-30°C, the rate of fatty
acid synthesis is linear upto 4-6 hr with 80-120
ug plastid protein (Stahl & Sparace 1991, Gupta
& Singh 1996a). pH has a pronounced effect on
the proportion of "C incorporated into fatty ac-
ids from (1-"C) acetate (Nothelfer et al. 1977,
Vick & Beevers 1978, Kleinig & Liedvogel 1980,
Stahl & Sparace 1991). In pea root leucoplasts,
pH affects the type of fatty acid synthesized and
maximum rate of fatty acid synthesis was ob-
served between pH 7.5 to 8.5 (Stahl & Sparace
1991). In these plastids, the rate limiting step in
de novo fatty acid synthesis is the one catalyzed
by stearate desaturase. This was further demon-
strated by continuous decrease in total fatty acid
biosynthesis with increasing concentrations of
DTT upto 0.5 mM, as DTT is a known inhibitor
of stearate desaturase (Stahl & Sparace 1991).
ATP and divalent cations are the absolute re-
quirements for fatty acid synthesis in non-photo-
synthetic plastids (Sparace & Kleppinger-Sparace
1993). ATP (3-4 mM) contributed to about two
fold improvement in the rate of fatty acid syn-
thesis in plastids from soybean suspension cells
(Nothelfer et al. 1977) and daffodil chromoplasts
(Kleinig & Liedvogel 1978), respectively. How-
ever, for such an improvement, as high as 8 mM
ATP is required for leucoplasts from safflower
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cotyledons (Browse & Slack 1985) and develop-
ing embryos of Brassica campestris (Gupta & Singh
1996b). In leucoplasts from pea roots, 6 mM ATP
was shown to be optimum for fatty acid synthe-
sis (Kleppinger-Sparace et al. 1992). In almost all
preparations, Jow concentrations of Mn** and high
concentrations of Mg are needed for maximum
rate of fatty acid synthesis. Higher amounts of
fatty acids are synthesized with Mg as com-
pared to that with Mn*. ATP and Mg* in
equimolar concentrations of 6 mM each gave
higher activity in different preparations (Stahl &
Sparace 1991, Kleppinger-Sparace et al. 1992,
Gupta & Singh 1996a). Leucoplasts from pea roots
(Stahl & Sparace 1991) and soybean suspension
cells (Nothelfer et al. 1977) showed almost abso-
lute dependence at CoA, whereas daffodil
chromoplasts (Kleinig & Liedvogel 1980), and
leucoplasts from cauliflower buds (Journet &
Douce 1985) and developing castor bean seeds
(Miernyk & Dennis 1983) were dependent to only
50, 15 and 10% extent on exogenous supply of
CoA. In contrast, leucoplasts from developing
embryos of Brassica campestris (Gupta & Singh
1996a) showed an essential requirement for CoA,
giving only 10% of the activity in its absence.
The greatest increase in activity is generally
achieved with low concentrations of CoA,
achieving 90% of the activity with 0.2 mM CoA.

Exogenous supply of reduced nucleotides,
though is not an essential requirement for fatty
acid biosynthesis in non-photosynthetic plastids,
the rate increases when NADH and/or NADPH
are supplied in the reaction mixture for fatty
acid synthesis (Stahl & Sparace 1991, Qi et al.
1995, Gupta & Singh 1996a). In case of leucoplasts
from developing seeds of Brassica campestris
(Gupta & Singh 1996a), inclusion of both NADH
and NADPH in equimolar concentrations (1 mM
each) greatly stimulated fatty acid biosynthesis.
However, NADH always gives higher activity
than NADPH (Gupta & Singh 1996¢), as is a
general trend with all non-photosynthetic plastids
(Sparace & Kleppinger-Sparace 1993). Addition
of the two nucleotides together in equimolar
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concentrations always gave slightly higher activ-
ity than when they were used singly. Leucoplasts
from sunflower cotyledons, however, had no ap-
parent requirement for either of the nucleotides
(Browse & Slack 1985). The above information
on cofactor requirement for fatty acid biosynthesis
in non-photosynthetic plastids is summarized in
table 1. The variability observed here in the data
could be explained in terms of the abilities of
different plastids to retain and/or synthesize these
cofactors during isolation as well as incubation.

Metabolic Sources of Energy and Reduced
Nucleotides

The biosynthesis of fatty acids from acetate in all
types of plastids requires the supply of energy
(ATP) and reduced nucleotides (NADH &
NADPH). While ATP is required for the synthe-
sis of acetyl] CoA and malonyl CoA by acetyl
CoA synthetase and acetyl CoA carboxylase,
NADPH and NADH are required in the -
ketoacyl-ACP reductase and 2-enoyl-ACP
reductase steps, respectively, as well as for
desaturation reaction of stearoyl-ACP (Stumpf
1984, 1987). In chloroplasts, ATP and reduced
nucleotides photopho-
sphorylation and NAD(P)H : ferridoxin reductase

are derived from

during photo-synthetic electron transport (Sparace
& Kleppinger-Sparace 1993) and during glycolytic
metabolism. That illumination is an essential re-
quirement for maximum rates of fatty acid syn-
thesis in isolated chloroplasts which virtually fail
to synthesize fatty acids in dark (Smirnov 1960,
Nakamura & Yamada 1975, Browse et al. 1981)
supports this view point. In non-photosynthetic
plastids, ATP and NADH are possibly derived
from glycolytic metabolism, whereas NADPH is
generated in the pentose phosphate pathway
(Sparace & Kleppinger-Sparace 1993). This has
been supported by numerous studies which have
indicated non-photosynthetic plastids to contain
full complements of the enzymes of both these
pathways (Entwistle & apRees 1988, Frehner
et al. 1990, Journet & Douce 1985, Simcox et al.
1977, Kang & Rawsthorne 1994, Gupta & Singh
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Table 1 Co-factor requircment for in vitro fatty acid biosynthesis from acetate in plastids from scveral plant tissues

Cofactor Pea root Developing Daffodil Avocado Developing
omitted plastids’ castor bean chromoplast® mesocarp Brassica
% of control leucoplasts? plastids* canpestris

activity leucoplasts®

ATP 1 62 <1 10 3

CoA 3 91 49 55 10

HCO; 18 - <<17 33 16

Mg?* 43 76 - *

Mn* 120 94 * 17

Mg*, Mn* 15 - - -

NADH 42 36 92 36 44

NADPH 107 32 94 82 50

NADH, 19 - 66 - 38

NADPH

Note: (*) indicates that the factor was not part of the standard reaction mixture. Hyphen (-) denotes not tested.
'Stahl and Sparace (1991); *Miernyk and Dennis (1983); “Kleinig and Liedvogel (1978); ‘Weaire and Kekwick (1975);

"Gupta and Singh (1996a).

1997, Thom et al. 1998). The glycolytic pathway
contributes to the production of ATP via the re-
actions catalyzed by phosphoglycerate kinase and
pyruvate kinase, while glyceraldehyde-3-P
dchydrogenase provides NADH. NADPH is gen-
erated in the pentose phosphate pathway by glu-
cose-6-P dehydro-genase and 6-phospho-
gluconate dehydrogenase reactions (Sparace &
Kleppinger-Sparace 1993). However, a number of
studies have also indicated the absence or low
activity of one or more of the enzymes of
glycolytic and pentose phosphate pathway, pre-
cluding the efficient or complete operation of the
entire pathways in such non-photosynthetic
plastids (Frehner et al. 1990, Emes & Neuhaus
1997). The major enzymes commonly falling in
this category include glyceraldehyde-3-P
dehydrogenase (Borchert et al. 1993, Trimming &
Emes 1993), phospho-glycerate mutase (Borchert
et al. 1993) and glucose-6-P dehydrogenase
(Frehner et al. 1990, Simcox et al. 1977, Nishimura
& Beevers 1979). In view of these observations, it
becomes reasonable to believe that non-photo-
synthetic plastids must interact with extraplastidic
(cytosolic) compartment to maximize and main-
tain high rates of carbon flux through these path-
ways. This interaction most likely is at the level

of phosphate/triose phosphate translocators
present in the plastids.

DHAP-Shuttle Mechanism for Generation of
Intraplastidic ATP

The phosphate/triose-P translocator, extensively
studied in chloroplasts (Flugge et al. 1989, Flugge
& Heldt 1991), may form a part of the DHAP
shuttle mechanism for promoting ATP synthesis
via phosphoglycerate kinase and nucleotide re-
duction via glyceraldehyde-3-P dehydrogenase in
absence of either photophosphorylation as oper-
ates in chloroplasts or complete glycolytic me-
tabolism in non-photosynthetic plastids (figure
3). As originally described for chloroplasts
(Werdan et al. 1975), DHAP-shuttle tequires, in
addition to the phosphate translocator, plastidic
glycolytic carbon flow from DHAP to 3-PGA via
NADP-glyceraldehyde-3-P dehydrogenase and 3-
PGA kinase, the latter being responsible for the
generation of intraplastidic ATP. The shuttle also
requires an exogenous supply of oxaloacetate
(OAA), the dicarboxylate translocator, and malate
dehydrogenase operating in reverse, in order to
regenerate  NADP for the dehydrogenas
reaction. This shuttle has been known to bypass
the light/ATP dependent steps in photosynthetic
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Figure 3 The DHAP shuttle mechanism for the genera-
tion of intraplastidic ATP. 3-PGAld, 3-phospho-
glyceraldehyde; 1,3-DiPGA, 1,3-diphosphoglyceric acid; 3-
PGA, 3-phosphoglyceric acid; Mal, malic acid; OAA,
oxaloacetic acid. 1, dihydroxyacetone phosphate reductase;
2, glyceraldehyde-3-phosphate dehydrogenase; 3,
phosphoglycerate kinase; 4, malate dehydrogenase. A &
C, triose/phosphate translocator; B, dicarboxylate
translocator (adapted from Werdan et al. 1975)

CO, fixation (Werdan et al. 1975) and fatty acid
and sulfolipid biosynthesis (Sauer & Heise 1983,
Kleppinger-Sparace & Mudd 1987) in isolated
dark-incubated chloroplasts. In recent years, this
shuttle has also been shown to promote fatty
acid biosynthesis in non-photosynthetic plastids
in absence of exogenously supplied ATP
(Kleppinger-Sparace et al. 1992, Gupta & Singh
1996¢). In pea root leucoplasts, the shuttle could
promote upto 40% of the ATP-control activity for
fatty acid biosynthesis which has been further
improved to the level of the ATP-control when
supplemented with ADP. Similarly, in leucoplasts
isolated from developing seeds of Brassica
campestris, the shuttle improved the rate of fatty
acid biosynthesis, restoring 50% of the ATP-
control activity (Gupta & Singh 1996c¢).

The ability of DHAP-shuttle to partly substi-
tute for exogenously supplied ATP suggests that
a portion of glycolytic metabolism from DHAP
to 3-PGA is contained with in the leucoplasts.
Further stimulation of fatty acid synthetic activ-
ity on addition of ADP suggests that ATP is
generated inside of leucoplasts by substrate level
phosphorylation at the step catalyzed by
phosphoglycerate kinase (Kleppinger-Sparace
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et al. 1992, Qi et al. 1994). This requires a low
ratio of NAD(P)H/NAD(P), which further favours
the oxidation of glyceraldehyde-3-P, ensuring high
levels of substrate for phosphoglycerate kinase
(Werdan et al. 1975). The finding that this en-
zyme is potentially the second or third most ac-
tive glycolytic enzyme of non-photosynthetic
plastids (Borchert et al. 1993, Trimming & Emes
1993), supports the opinion that in the absence
of both externally available ATP and complete
plastidic glycolysis, phosphoglycerate kinase
might serve as an important source of
intraplastidic ATP in non-photosynthetic plastids.
Also, the possibility of stimulatory effects of ADP
on translocators of the shuttle and the involve-
ment of adenylate kinase cannot be ruled out. In
leucoplasts from Brassica seeds, addition of § mM
ATP to the reaction mixture containing shuttle
components in appropriate ratio further increased
the rate of fatty acid biosynthesis by about 28%
compared to that obtained with ATP alone, sug-
gesting that the exogenously supplied ATP and
the ATP generated through DHAP shuttle may
have additive effect (Gupta & Singh 1996c¢). This
is contrary to the observations made with pea
root leucoplasts (Qi et al. 1994) where increase
obtained was only to the extent of 6%, indicating
little synergism between the effect of externally
supplied ATP and the ATP generated internally
by the shuttle mechanism. In vitro experiments
conducted with leucoplasts isolated from pea
roots (Qi et al. 1994) and Brassica seeds (Gupta &
Singh 1996c) to examine the role of DHAP-shut-
tle in serving as the source of energy for fatty
acid synthesis have indicated the optimum con-
centration of shuttle compoonents (DHAP:
OAA:Pi) to be 1:1:2 (Qi et al. 1994, Gupta &
Singh 1996¢). Further it requires the presence of
all shuttle components together for the efficient
uptake and metabolism of these compounds as
DHAP, G3P and 3-PGA when added alone were
ineffective. Contrary to this, Qi et al. (1994) re-
ported optimum concentrations of shuttle com-.
ponents to be 2,2 and 4 mM in pea root
leucoplasts. The inhibitory effect of high concen-
tration of shuttle components on fatty acid
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synthesis could be attributed to decreased up-
take of DHAP by excess of extraplastidic Pi
(Flugge & Heldt 1984). Similarly, leakage of
glyceraldehyde-3-P may also lead to reduced rates
of fatty acid synthesis. Alternatively, as suggested
earlier (Emes & Tobin 1993), the phosphorylation
and inhibition of regulatory enzymes of the non-
photosynthetic plastids might also contribute to
decreased rates of fatty acid synthesis. Highest
rates of fatty acid synthesis in these experiments
were obtained when DHAP was used as the shut-
tle triose (Qi et al. 1994, Gupta & Singh 1996c).
Substitution of DHAP by PEP gave only 60% of
the DHAP-stimulated fatty acid synthetic activ-
ity. Glyceraldehyde-3-P, 3-PGA and 2-PGA as
shuttle trioses were even less effective giving only
36-45% of the DHAP-stimulated shuttle activity.

Other Alternate Sources of Encrgy

None of the nucleoside triphosphate could sub-
stitute ATP in in wvitro experiments conducted
with non-photosynthetic plastids (Kleppinger-
Sparace et al. 1992, Gupta & Singh 1996c¢). Use of
ADP alone also resulted in reduced rates of fatty
acid synthesis. However, in combination with in-
organic phosphate or inorganic pyrophosphate,
it improved the rate of fatty acid synthesis. Inor-
ganic phosphate or inorganic pyrophosphate
alone again did not serve as an energy source
for fatty acid synthesis. AMP along with inor-
ganic pyrophosphate could promote fatty acid
synthesis upto 42% of the activity obtained with
ATP. These observations point out to the fact
that non-photosynthetic plastids have the capac-
ity to generate their own ATP-through the sys-
tem of adenylate kinase (Murakami & Strotmann
1978). Inorganic pyrophosphate is also known to
be involved in a number of energy dependent
processes operating in other systems (Stankovic
& Walker 1977, Edwards et al. 1985, Hedrich &
Schroeder 1989, Xu et al. 1989, Botha & Botha
1990). Besides, some of the glycolytic intermedi-
ates can be metabolized in non-photosynthetic
plastids to provide energy for fatty acid
biosynthesis (Qi et al. 1995). Convincing evidence
in support of above have come from in vitro
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studies conducted with chromoplasts of daffodil
(Kleinig & Liedvogel 1978), and leucoplasts of
castor bean (Boyle et al. 1990), pea roots (Qi
et al. 1995) and developing embryos of Brassica
napus (Kang & Rawsthorne 1996) and Brassica
campestris (Gupta & Singh 1996b). In daffodil
chromoplasts, DHAP, glyceraldehyde-3-P and 3-
PGA each could almost completely substitute for
ATP. Similarly, 2-PGA and PEP in daffodil
chromoplasts and PEP in castor bean leucoplasts
gave approximately 2.5 times greater activity than
ATP. Similar results were obtained with glucose-
6-P (68%) followed by fructose-6-P (50%) and
PEP (44%), respectively. With other intermedi-
ates as energy sources, the fatty acid synthetic
activity ranged from 1 to 38%. The reason for
PEP giving higher activity than other triose-P
including DHAP could be the ease with which
PEP is translocated into the plastids (Borchert et
al. 1993). Moreover, only one metabolic reaction
is required to produce ATP from PEP by pyruvate
kinase. Other metabolites are less efficiently
translocated and require multiple enzyme steps
before ATP can be synthesized (Qi et al. 1994).
On the other hand, hexose-P yields two mol-
ecules of triose-P on metabolism through
glycolysis, which could ultimately translate into
more synthetic activity. These observations are
sufficient to suggest that both phosphoglycerate
kinase and pyruvate kinase may indeed function
to provide the ATP required for fatty acid
biosynthesis. Of course, the extent to which they
serve this purpose varies from one type of plastid
to another (Sparace & Kleppinger-Sparace 1993).

Sources of Reduced Nucleotides

Besides energy, glycolytic and pentose phosphate
pathways also generate reduced nucleotides for
fatty acid biosynthesis in non-photosynthetic
plastids (Emes & Tobin 1993, Emes & Neuhaus
1997). Glyceraldehyde-3-P dehydrogenase, glucose-
6-P dehydrogenase and 6-phospho- gluconate
dehydrogenase, the key enzymes, participating in
this process, are present in these plastids (Kang &
Rawsthorne 1994, Gupta & Singh 1997, Thom
et al. 1998). Studies to correlate the activities of
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these enzymes with promotion of fatty acid
biosynthesis in absence of exogenously supplied
nucleotides are difficult as plastid envelopes are
less permeable to the substrates for these enzymes.
Therefore, lysis of plastids is required for getting
maximum activities of these enzymes. Unfortu-
nately, this treatment is not conducive to high
rates of fatty acid biosynthesis, since intact plastids
are essential for achieving such rates (Harwood
1979). This may be the reason, why sorbitol is
commonly employed in in vitro experiments
(Gupta & Singh 1996a).

In in vitro experiments with leucoplasts iso-
lated from Brassica seeds, exogenous supply of
reduced nucleotides was essential for maximum
rate of fatty acid synthesis with labelled acetate
and glucose (Gupta & Singh 1996b). However,
omission of NADH and NADPH individually
from the reaction mixttire containing labelled glu-
cose resulted only in 46 and 20% loss in syn-
thetic activity, respectively, compared to the cor-
responding losses of 56 and 50% when labelled
acetate was used as the substrate. Omission of
both the reduced nucleotides from the reaction
mixtures further lowered the rates of fatty acid
synthesis. These studies suggest that the metabo-
lism of glucose via plastidic glycolysis and
pentose phosphate pathway result in fulfilling
the partial requirement of reduced nucleotides
(Dennis 1989). This gains further support from
the observations of Kang and Rawsthorne (1996),
who showed the leucoplasts isolated from devel-
oping embryos of oilseed rape to metabolize [1-
HC] glucose-6-P simultaneously to starch, fatty
acids, and to CO, via the oxidative pentose phos-
phate pathway. They have further shown that
during metabolism of glucose-6-P alone, opera-
tion of the oxidative pentose phosphate pathway
could satisfy the reductant requirement for fatty
acid synthesis. However, when pyruvate and glu-
cose-6-P were supplied together, the total calcu-
lated demand for NADPH increased substantially
while the calculated yield of NADPH from the
above pathway remained essentially unchanged.
This indicates that other metabolic steps within
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the leucoplasts may also be contributing to
NADPH generation. The fact that pyruvate, can
be incorporated into fatty acids at substantial
rates even when glucose-6-P is not supplied also
provides evidence that the leucoplasts contain
other NADPH sources. That could be the activi-
ties of glyceraldehyde 3-P dehydrogenase and
NADP-malic enzyme, which are now known to
be localized in these plastids (Singal et al.1995).
Similarly, intraplstidic pyruvate dehydrogenase
complex seems to meet the requirement of NADH
(Kang & Rawsthorne 1996, Gupta & Singh 1997).

Metabolic Sources of Carbon

The process by which the flow of carbon into the
formation of fatty acids is channeled into non-
photosynthetic tissues is of great interest. Acetyl
CoA represents the ultimate source for fatty acid
synthesis, as the formation of malonyl CoA from
acetyl CoA and bicarbonate is the first commit-
ted step in this synthesis (Stumpf 1984, Harwood
1988, Ohlrogge & Jaworski 1997). Since the plastid
envelope is impermeable to acetyl CoA (Brooks
& Stumpf 1965), it\must be generated within the
plastid either by intraplstidic acetyl CoA
synthetase (Kuhn et al. 1981) or by pyruvate
dehydrogenase complex (Emes & Tobin 1993).
Pyruvate dehydrogenase complex, though pre-
dominantly mitochondrial (Miernyk et al. 1985,
1987), has also been detected in chloroplasts
(Stumpf 1980, Kuhn et al. 1981, Camp & Randall
1985), as well as in non-photosynthetic plastids
(Rapp et al. 1987). The activity of pyruvate
dehydrogenase complex of chloroplasts is much
lower than that of mitochondria (Williams &
Randall 1979), necessitating the operation of an
alternative pathway for acetyl CoA synthesis.
Acetyl CoA formed by pyruvate dehydrogenase
complex (Murphy & Stumpf 1981, Liedvogel &
Stumpf 1982, Murphy & Walker 1982) is
hydrolyzed to acetate by acetyl CoA hydrolase
in mitochondria. This free acetate diffuses into’
the chloroplasts, where it is reconstituted into
acetyl CoA by plastidic acetyl CoA synthetase
(Kuhn et al. 1981).
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Pyruvate as Source of Carbon

Earlier, most in wvitro studies of fatty acid
biosynthesis used acetate as radioactive tracer
largely because it is efficiently incorporated into
fatty acids. Now it stands well documented that
most non-photosynthetic plastids contain their
own pyruvate dehydrogenase (Reid et al. 1977,
Camp & Randall 1985, Journet & Douce 1985,
Liedvogel & Bauerle 1986, Kang & Rawsthorne
1994) and can readily utilize pyruvate for fatty
acid biosynthesis (Yamada & Nakamura 1975,
Smith et al. 1992, Kang & Rawsthorne 1994),
suggesting that pyruvate is physiologically more
relevant precursor for fatty acid biosynthesis than
free acetate. Furthermore, a number of related
studies have indicated that non-photosynthetic
plastids contain many glycolytic enzymes to sup-
port observed rates of fatty acid biosynthesis
(Yamada & Usami 1975, Simcox et al. 1977,
Miernyk & Dennis 1983, Journet & Douce 1985,
Denyer & Smith 1988, Kang & Rawsthorne 1994).
However, as discussed earlier also, in some of
the non-photosynthetic plastids one or more en-
zymes of the glycolytic pathway are absent or
have very low activities, thereby, restricting car-
bon flow through this pathway (Frehner et al.
1990, Borchert et al. 1993, Trimming & Emes
1993). Thus, it is logical to believe that non-
photosynthetic plastids rely partly on cytosolic
carbon metabolism for their conversion of hexoses
to pyruvate via their own glycolytic pathway.
Pyruvate dehydrogenase complex coupled with
glycolytic metabolism in non-photosynthetic
plastids, therefore, represents an efficient and di-
rect source of the acetyl CoA required for fatty
acid biosynthesis in these plastids. Alternatively,
for non-photosynthetic plastids that have re-
stricted glycolytic carbon flow, pyruvate derived
from cytoplasmic glycolysis could also serve as a
source of carbon for fatty acid biosynthesis as
exogenously supplied radiolabelled pyruvate is
readily utilized for fatty acid biosynthesis in
isolated plastids.

Malate as Source of Carbon

Smith et al. (1992) examined the incorporation of
radio-labelled substrates into fatty acids by
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leucoplasts isolated from endosperm of develop-
ing castor oil seeds. Compared to pyruvate and
acetate, exogenous malate was found to support
very high rates of fatty acid synthesis in these
leucoplast preparations. These workers also de-
tected significant activity of NADP+-malic en-
zyme in leucoplasts and proposed that malate
may be an important alternative carbon substrate
for fatty acid synthesis in vivo. It was further
hypothesized that PEP carboxylase, in concert
with cytosolic malate dehydrogenase, converts
PEP (derived from imported sucrose via cytosolic
glycolysis) into malate which is imported into
the leucoplasts for fatty acid biosynthesis. This
has gained support from the observations that
developing seeds of oil crops contain very high
activities of PEP carboxylase ( Singal et al. 1987,
Sangwan et al. 1992, Podesta & Plaxton 1994a,
1994b, Singal et al. 1995, King et al. 1998) and
dark CO, fixation and rate of respiration are also
very high during active phase of oil synthesis in
developing seeds of Brassica crops (Singal et al.
1995). Recently, a translocator specific for malate
has been identified in leucoplast envelope iso-
lated from developing castor endosperm, that
helps in the import of malate in counter ex-
change of Pi (Eastmond et al. 1997) for fatty acid
synthesis in these organelles. This indicates that
in the developing seeds of oil seed crops, both
the cytosolic and plastidic carbon skeletons and
cofactors participate in fatty acid biosynthesis.
Recent studies on the photosynthetic characteri-
zation of the pods of Brassica crops (Sheoran
et al. 1991, Singal et al. 1992a, 1992b, 1993. 1995,
Dua et al. 1994a, 1994b, Eastmond et al. 1996,
King et al. 1998) have indicated that oil synthesis
in developing seeds of these crops is supported
by pod photosynthesis and dark CO, fixation in
seeds as the former serves as the source of
sucrose and latter as a source of malate.

Hexose and Hexose-P as Sources of Carbon

Under optimum conditions for fatty acid synthe-
sis from acetate (Stahl & Sparace 1991), pea root
leucoplasts were shown to readily incorporate
radiolabelled pyruvate, glucose and glucose-6-P
into fatty acids (Qi et al. 1995). Pyruvate
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generally gave higher rates of fatty acid synthe-
sis in these preparations. However, at lower con-
centrations (0.5-2.0 mM), the rate of fatty acid
synthesis was higher from acetate compared to
glucose, glucose-6-P and malate. On a nanomolar
basis, pyruvate appears to be the preferred in
vitro carbon donor for fatty acid biosynthesis.
However, when one considers that each mole of
hexose gives rise to 2 moles of pyruvate, glucose
and glucose-6-P can both be considered more
effective precursors. In any case, glucose, glu-
cose-6-P and pyruvate can all be metabolized
through glycolysis and pyruvate dehydrogenase
within pea root leucoplasts to form acetyl CoA,
which is then incorporated into fatty acids. Simi-
lar observations have also been reported from
non-photosynthetic plastids isolated from devel-
oping endosperm of Ricinus communis (Simcox
et al. 1977), cauliflower buds (Journet & Douce
1985), developing embryos of oilseeds rape (Kang
& Rawsthorne 1994, 1996) and developing seeds
of Brassica campestris (Gupta & Singh 1996b). Kang
& Rawsthorne (1996), while investigating the
partitioning of glucose-6-P to starch, fatty acids
and to CO, via the oxidative pentose phosphate
pathway in leucoplasts isolated from developing
embryos of oilseed rape, confirmed the ability of
these plastids to utilize this substrate concur-
rently for these purposes and further calculated
the relative fluxes of carbon from glucose-6-P to
starch, fatty acids and to CO, to be close to 2:1:1.
Their studies further revealed weak competition
between acetate, pyruvate and glucose-6-P when
supplied simultaneously to isolated plastids. This
is in contrast with observations made using
plastids isolated from a number of other non-
photosynthetic tissues (Smith et al. 1992,
Fuhrmann et al. 1994, Qi et al. 1995, Gupta &
Singh 1996b), where the simultaneous supply of
two substrates for fatty acid synthesis had led to
a reduction in the rate of incorporation of one
substrate relative to when it was supplied alone.
From all the above observations, it can safely be
interpreted that there is complete operation of
glycolytic pathway in most of the non-photosyn-
thetic plastids, which would lead to the produc-
tion of pyruvate from the imported sugar. In
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cases, where one or the other enzyme of this
pathway is lacking, the two compartments
(cytosolic and plastidic) can interact through the
operation of the translocators located in the in-
ner envelope of the plastids. These translocators
help in the exchange of a number of metabolites
of glycolytic pathway across the envelope of the
non-photosynthetic plastids and ensure the effi-
ciency of the metabolic processes localized in
these organelles.

Metabolite Exchange Through Plastid Envelope

The double membrane structure surrounding the
plastids ensures selective permeability of
metabolites to these organelles (Emes & Neuhaus
1997, Emes & Tobin 1993). The outer membrane
contains porins, which allow the free permeabil-
ity of hydrophilic molecules with a molecular
mass of upto 10 kDa (Flugge & Benz 1984, Fischer
et al. 1994a) facilitating selective targetting of
proteins to the plastids (Gray & Row 1995),
whereas the inner membrane is the site for selec-
tive permeability of small molecules through the
translocators across the membrane (Emes &
Neuhaus 1997). The above phenomenon of selec-
tive permeability offers the means by which these
plastids control their metabolism, and also a me-
dium through which the metabolic/ bioenergetic
status of these organelles may be communicated
to the rest of the cell (Emes & Tobin 1993).
Chloroplasts, which are best studied plastids in
this regard, counter exchange inorganic phosphate
and triose phosphates, dicarboxylates and amino
acids, and amides (Heldt & Flugge 1987, 1992,
Flugge & Heldt 1991). This serves as a means of
exporting photosynthate to the cytoplasm, con-
trolling partitioning between sucrose and starch,
exporting products of nitrogen assimilation, and
indirectly moving reducing power and energy
between the two compartments.

Transport of Phosphorylated Metabolites

The best studied translocator is the triose phos-
phate translocator (TPT) of the inner chloroplast
envelope (Flugge et al. 1989) which is the largest
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protein fraction of the chloroplast envelope and
may account for upto 15% of the envelope pro-
tein. The translocator, consisting of a dimer of
two identical polypeptide chains with molecular
mass of 29 kDa each, catalyzes the counter-ex-
change of inorganic phosphate (Pi), triose-P and
3-PGA, which compete with each other for a
common binding site. An analogous translocator
in non-photosynthetic tissues was first demon-
strated in amyloplasts from pea roots (Emes &
Traska 1987) and this translocator catalyzes the
counter exchange of glu-6-P with Pi (Borchert
et al. 1989, Kammerer et al. 1998). The hexose
phosphate translocator (HPT) from pea root
plastids did not appear to import glu-1-P and
had an apparent Km of 0.54 mM for glu-6-P.
Similar translocators have been observed in
plastids isolated from buds
(Mohlmann et al. 1995), pea embryo amyloplasts
(Hill & Smith 1995) and
chromoplasts (Thom et al. 1998). Substrate ki-
netic studies using either purified plastids or
plastid membrane proteins reconstituted into
liposomes, have indicated HPT to transport glu-
6-F, glu-1-P, DHAP, PEP, PGA, and Pi (Borchert
et al. 1993, Mohlmann et al. 1995, Quick &
Neuhaus 1996, Tetlow et al. 1996). However,
whether these plastids contain a single carbon
transporter with broader specificity, or more than
one, with each having different substrate affini-
ties, is not yet clear. Recently, Fischer et al. (1997)
have identified a translocator from maize kernel
amyloplasts, which showed marked preference
for PEP and 2-PGA over triose phosphates, and
had no activity towards either glu-6-P or glu-1-P,
indicating that there are at least two types of
phosphate translocators in amyloplast envelopes
and possibly more. The PEP translocator may
have significance for the synthesis of aromatic
amino acids, which needs import of PEP, thus
bypassing some of the missing reactions of
glycolysis (catalyzed by phosphoglyceromutase
and enolase) in some of the non-photosynthetic
plastids (Trimming & Emes 1993, Miernyk &
Dennis 1992). A specific transport protein allow-
ing the import of glu-1-P in counter exchange for

cauliflower

sweet pepper
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other phosphorvlated intermediates and triose-P
has also been identified in a number of
heterotrophic plastids including amyloplasts from
cauliflower buds (Mohlamann et al. 1995),
chromoplasts from tomato fruits (Schunemann &
Borchert 1994) and amyloplasts of wheat endo-
sperm (Tetlow et al. 1996). However, there is
conflicting evidence on the transport of glu-1-P
into potato amyloplasts (Kosegarten & Mengel
1994, Schott et al. 1995, Naeem et al. 1997). Even
the glu-6-P transporter of sweet pepper
chromoplasts does not import glu-1-P (Thom
et al. 1998). Hence, in amyloplasts, there may be
diverse hexose phosphate translocators, some able
to catalyze counter exchange involving glu-6-P
only, others use glu-1-P or glu-6-P, and some
importing glu-1-P without counter exchange with
any substrate (Mohlmann et al. 1995). The
amyloplasts from cauliflower buds have also been
shown to possess a specific transport protein for
glucose (Mohlmann et al. 1995). However, this
transporter has been suggested to be involved in
export of glucose during starch degradation (Batz
et al. 1994, Neuhaus et al. 1995). At present there
are only a few examples of fully characterized
plastidic sugar transporters.

Transport of Malate

In a recent study, Eastmond et al. (1997) have
proposed that leucoplasts from developing cas-
tor endosperm contain a malate/Pi translocator
that imports malate in strict counter exchange
for Pi. Earlier studies (Lehner & Heldt 1978, Day
& Hatch 1981, Proudlove & Thurmann 1981) on
malate transport in chloroplasts of C, and C,
plants had shown that Pi is not a substrate of
either the dicarboxylate or the 2-oxo-glutarate
transporters. Further, 1:1 stoichiometry of malate/
Pi exchange, in conjunction with the ability of
both Pi and n-butyl malonate to abolish more
than 70% of the rate of malate uptake, suggests
that the Pi/malate- exchange translocator is likely
to be the major activity associated with malate
uptake by the leucoplasts. The small inhibition
of malate uptake by glutamate, malonate,
succinate, and 2-oxo-glutarate indicates that other
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dicarboxylate transporters may also be present
in the leucoplast inner membrane. Alternatively,
some of these metabolites may also be trans-
ported by the leucoplast Pi/malate- exchange
translocator. The presence of malate/Pi
translocator in the leucoplast supports the hy-
pothesis advocated earlier by Smith et al. (1992),
where malate has been proposed to be an impor-
tant alternative carbon substrate for fatty acid
synthesis in vivo. That the rate of malate trans-
port was more than 1.5-fold in excess of the rate
of incorporation of carbon from malate into fatty
acids by isolated leucoplasts at 5 mM substrate
concentration has also been indicated by these
workers. This concentration is saturating for both
malate uptake and the incorporation of carbon
from malate into fatty acids. Both malate uptake
and malate-dependent fatty acid synthesis were
strongly inhibited by n-butyl malonate (Eastmond
et al. 1997), suggesting that the function of the
malate/Pi translocator is to import malate across
the leucoplast envelope for fatty acid synthesis.
The incorporation of carbon from malate into
fattv acids results in the generation of Pi within
the leucoplast. This Pi is released from ATP dur-
ing the conversion of acetyl CoA to malonyl-
CoA by acetyl-CoA carboxylase, and is exported
in counter exchange for malate.

Transport of Adenylates

Since non-photosynthetic plastids require the sup-
ply of ATP and reducing power to sustain their
biosynthetic activities (Tetlow et al. 1994, Hill &
Smith 1991, Kang & Rawsthorne 1994, 1996,
Mohlmann et al. 1994, Singh 1992, 1993, Gupta
& Singh 1996a, 1996b), so it necessitates the pres-
ence of mechanisms for the import of either ATP,
and/or adenylates to be used for ATP generation
within the organelle by substrate level
phosphorylation. This has been supported by the
observations where triose phosphate shuttle was
shown to meet the partial requirement of ATP
for fatty acid biosynthesis from acetate in iso-
lated leucoplasts from pea roots (Qi et al 1994)
and developing seeds of Brassica (Gupta & Singh
1996¢), suggesting that whether ADP is
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phosphorylated within the organelle or enters as
ATP, adenylates can be transported (Schunemann
et al. 1993, Pozueta-Romero et al. 1991). Further
experiments with pea root plastids have indi-
cated that the plastidic adenylate translocator has
a significantly different structure than that of its
mitochondrial counterpart (Kampfenkel et al.
1995).

Model of Carbon Flow for
Biosynthesis

Fatty Acid

Based on the informations contained in all previ-
ous sections of this review, a model (figure 4)
has been proposed for fatty acid synthesis in
leucoplasts of non-photosynthetic tissues (Gupta
& Singh 1997). According to this model, sucrose
(the form in which assimilates move and serve
as the source of carbon) on entering the cytosol
is hydrolyzed either by sucrose synthase (cleav-
age) and/or invertase. Both these enzymes are
now known to be present in non-photosynthetic
plastids (Singh 1992). Part of hexoses/ hexoses-P
produced in cytosol are translocated into plastids
through the phosphate translocators specific for
hexoses, mainly glucose (Batz et al. 1993, 1994,
Neuhaus et al. 1995) and hexose-P (glucose-6-P)
(Hill & Smith 1995, Mohlmann et al. 1995), and
enter into glycolytic and oxidative pentose phos-
phate pathways independently in both the com-
partments (cytosolic and plastidic), yielding
pyruvate as the end product of glycolysis and
producing NADPH through the reactions of
oxidative pentose phosphate pathway. Some of
the intermediates of glycolysis such as DHAP, 3-
PGA, 2-PGA, PEP can also be taken up into
leucoplasts through phosphate translocators in
exchange for Pi (Emes & Neuhaus 1997). Frehner
et al (1990) have discussed the possibility of
pyruvate transport also in non-photosynthetic
plastids particularly in view of the fact that
glycolysis in many of these plastids has been
shown to be incomplete, and the pyruvate is
needed for the reaction of
dehydrogenase complex during fatty acid
biosynthesis. PEP carboxylase present in cytosolic

pyruvate
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Figure 4 A model depicting the enzymatic steps and exchange of carbon in the cytosolic and leucoplastic compart-
ments of developing embryos of oil seed crops. [1, hexokinase; 2, gle-6-P dehydrogenase; 3, 6-P-gluc dehydrogenase; 4,
hexose phosphate isomerase; 5, phosphofructokinase; 6, aldolase; 7, triose phosphate isomerase; 8, glyceraldehyde-3P
dehydrcgenase; 9, 3-PGA kinase; 10, PGA mutase; 11, enolase; 12, pyruvate kinase; 13, PEP carboxylase; 14, malate
dehydrogenase; 15, NADP-malic enzyme; 16, pyruvate dehydrogenase complex; 17, acetyl CoA carboxylase; 18, fatty

acid synthetase complex].

fraction of developing seeds of oil bearing crops
fixes respired CO, to yield OAA which is ulti-

mately reduced to malate (Singal et al. 1987,

1995). Thus, malate, in turn is translocated into
leucoplasts through a malate translocator in coun-
ter-exchange for Pi (Eastmond et al. 1997) or
th' ~ugh translocators meant for dicarboxylates
(Emes & Tobin 1993), and is converted to
pyruvate in plastids via NADP-malic enzyme
which is known to be localized in the leucoplasts
(Singal et al. 1995, Kang & Rawsthorne 1994).
Besides, this reaction also generates NADPH
needed for fatty acid biosynthesis. However, for
this synthesis, Kang & Rawsthorne (1996) have
recently shown sufficient production of NADPH
through oxidative pentose phosphate pathway in

leucoplasts from developing rape embryos. The
imported pyruvate joins the pyruvate pool gen-
erated by plastidic pyruvate kinase (Plaxton 1991,
Plaxton 1996, Podesta & Plaxton 1994a, 1994b,
Singh et al. 1998) and gets converted to acetyl
CoA via pyruvate dehydrogenase complex. Acetyl
CoA, thus generated, serves as the source of car-
bon for fatty acid synthesis in leucoplasts of de-
veloping seeds of oil crops. The reported incor-
poration of label into fatty acids from acetate,
DHAP, pyruvate, malate, glucose and glu-6-P
(Kleppinger-Sparace et al. 1992, Qi et al. 1994,
Kang & Rawsthorne 1994, 1996, Gupta & Singh
1996b) can very well be explained by the model
proposed here.
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Conclusions

Since non-photosynthetic plastids in crop plants
are involved in the biosynthesis of seed reserves,
so an understanding of their functioning at mo-
lecular level will go a long way in bringing
about metabolic manipulations through genetic
engineering in these plastids. This is a long term
aim to enhance the capacity of such plastids to
synthesize more reserve material. Though at-
tempts made in this direction during the last
decade have improved our knowledge of the
metabolism which occur in non-photosynthetic
plastids, yet many important details remain
poorly understood. The nature of carbon
translocated and utilized for various biosynthetic
activitizs has been well recognized now. How-
ever, the information on the molecular nature of
the various transporters located in the inner en-
velope of these plastids and the pattern of ex-
pression of these translocators at the cellular level
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