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Unlike most animals, humans and a small number
of other species are unable to synthesise L-ascor-
bic acid (L-AA; vitamin C) and must obtain the vita-
min by dietary intake. As L-AA is the major soluble
antioxidant found in higher plant tissues, plant foods
represent the primary source of this essential com-
pound in the human diet. Together with flavonoids,
polyphenolics and water insoluble compounds such as
O-tocopherol (vitamin E), L-AA contributes to the
overall intake of ‘free radical scavengers’ or ‘anti-
oxidative metabolites’ in the human diet. There is
now convincing evidence that such metabolites singly
and in combination, benefit health and well-being,
acting as anti-cancer forming agents and protecting
against coronary heart disease. There is increasing
pressure for increasing the recommended daily intake
(RDA) of L-AA currently at 60 mg/day in the UK but
recently raised to 90 mg in the US. Although, vita-
min C intake through synthetic supplements is
widespread, it is accepted that intake of vitamin C
from foods has the great advantage of simultaneously
providing many other health promoting nutrients,
such as bioflavonoids, carotenes and iron whose
absorption is facilitated by vitamin C.

The goal of developing ‘functional foods” or products
with enhanced ‘nutraceutical’ qualities has become a
major goal world-wide — not necessarily to prolong
life but to ensure a high quality of life. Therefore one
objective of our research at SCRI is to optimise the
level of L-AA in the edible parts of crop plants based
on a sound fundamental knowledge of the genetics,
biochemistry and physiology of L-AA biosynthesis and
distribution in plants. This strategy may therefore be
beneficial not only for the increased quality value of
the crop as a commodity but also through increased
performance of crop plants in the field. In fact L-AA
is also essential for plant life through detoxification of
peroxide, ozone, and free radicals and providing pro-
tection from damage caused by the accumulation of
ROS generated under adverse environmental condi-
tions. Moreover L-AA plays a key role in photosyn-
thesis by detoxifying superoxide anions and hydrogen
peroxide in chloroplasts and by regenerating the
membrane-soluble antioxidants (O-tocopherol) and
zeaxanthin.

In addition to naturally synthesised L-AA, over 80,000
tonnes of synthetic L-AA are produced each year and
used to manufacture vitamin supplements, in the food
processing and beverage manufacturing industries as
well as a supplement in animal feeds. The majority of
L-AA is currently produced by primarily chemical
means via the seven-step Reichstein process.
Alternative methods use prokaryotic fermentations to
synthesise intermediates of the Reichstein process, as
these industrially useful micro-organisms lack the abil-
ity to synthesise L-AA. However, progress in our
understanding of L-AA biosynthesis in plants have
resulted in the development of alternative strategies
for the synthesis of this important commodity with a
global market in excess of U.S. $ 600 million.

L-AA Biosynthesis and Distribution in Plants  The
L-AA biosynthetic pathway in animals was elucidated
during the 1950’s following experiments with unla-
belled and '#C-labelled precursors in rats. Progress in
the area of L-AA biosynthesis in plants has been much
slower. Early pathways proposed for the biosynthesis
of 1-AA in higher plants!' based on the animal model
conflicted with biochemical observations from radio-
labelling experiments. However, in recent years a
novel pathway has been proposed by Smirnoff and co-
workers, which fits all the currently available data®
(Fig. 1). The proposed pathway differs substantially
from the animal pathway and involves the synthesis of
L-galactose a rare sugar never prior described in plants
in its free form. Since its proposition, support for the
pathway has been obtained from the study of
Arabidopsis mutants in which several of the proposed
pathway enzymes are down-regulated and that show a
substantial decrease in total L-AA content®. The
biosynthetic pathway identified in Arabidopsis has
since been confirmed in a wide range of other plants
including crop plants such as potato, celery, barley
and blackcurrant (Table 1). Evidence of its operation
has been obtained from both green tissues and non-
photosynthetic storage organs such as fruit, tubers and
developing seeds. The current consensus is that this
pathway represents the major route for L-AA biosyn-
thesis in higher plants, although the presence of other
minor pathways has not been dismissed.
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The resolution of the pathway of L-AA biosynthesis
has paved the way for the identification of genetic and
biochemical factors controlling L-AA accumulation in
plants. As a first step to achieving this objective, we
undertook biochemical analysis of the pathway using
the unicellular chlorophyte Chlorella pyrenoidosa as a
model system. The advantages of this system includ-
ed the relative simplicity of the organism compared
with multi-cellular and multi-organ higher plants and
the availability of L-AA hyperaccumulating lines pro-
duced by chemical mutagenesis?. For our studies we
investigated the two mutant lines H1 and H2, which
contained ca. 5.1 and 9.8 fold more L-AA than the
wild-type respectively. Firstly, we established that
both higher plants and C. pyrenoidosa cells share a
similar pathway as deduced by the pattern of label
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incorporation into L-AA from radiolabelled substrates
(Table 2). In all cases, the observed incorporation of
radioactivity into L-AA from each substrate was con-
sistent with its position within the proposed L-AA
biosynthetic pathway (see Fig. 1). In the C. pyrenoi-
dosa mutants the higher incorporation of D-[U-
14C]glucose or D—[U—14C]mannose into L—[MC]AA
compared with the wild-type strain confirmed that L-
AA biosynthetic capacity is up-regulated. However,
both mutant strains showed an equivalent or lower
incorporation of L-[1—14C]galactose into L-[14C]AA
than the wild-type strain, suggesting that the rate of L-
galactose conversion into L-AA is unaffected in the
mutants. The only reasonable explanation for these
results is that up-regulation of L-AA biosynthesis in C.
pyrenoidosa mutants occurs as a result of increased L-
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galactose formation. This hypothesis received confir-
mation following incubation of C. pyrenoidosa with D-
glucose, L-galactose or L-galactono-1,4-lactone (Table
3). The mutants accumulated substantially more L-
AA compared with the wild-type when incubated with
D-glucose but all three C. pyrenoidosa strains synthe-
sised similar quantities of L-AA from L-galactose or L-
galactono-1,4-lactone. These data support the
hypothesis that the mutation is prior to L-galactose on
the biosynthetic pathway and results in the biosynthe-
sis of more L-galactose in the hyperaccumulating
strains. This hypothesis was confirmed by the finding
that both C. pyrenoidosa mutant strains contained sig-
nificantly greater amounts of free L-galactose than the
wild-type strain (4.04, 15.36 and 13.91 nmol gDW"!
for wild-type, H1 and H2 respectively). Further bio-
chemical investigations in the mutants revealed that
the increased 1-AA phenotype is correlated with up-
regulation of the activity of a novel enzyme involved
in L-galactose biosynthesis and work is in progress
aimed at the isolation and characterisation of the cor-
responding gene. Further work is also in progress to
characterise the biochemical and molecular regulation
of the L-AA biosynthetic pathway using a metabolic
engineering approach. Genes coding for enzymes
involved in the biosynthetic pathway are being cloned
from available sources and expressed transiently in
Nicotiana xanthii protoplasts to test the effect of the
up-regulation of individual enzymes on the L-AA
biosynthetic flux.
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Although we are close to achieving a clear understand-
ing of the biochemistry and genetics of the biosyn-
thetic pathway at the cellular level, our knowledge of
the factors affecting L-AA distribution at the whole
plant level and particularly to the storage organs
remains poor. Whilst leaf 1-AA content is generally
high with relatively little variability between herba-
ceous and woody plants, a huge and unexplained vari-
ability is observed in the L-AA content of non-green
edible plant tissues (Fig. 2). In fruits, for example, the
levels vary from 27 mg gFW/'l L-AA (in the camu
camu, produced by the low-growing tropical shrub
Mirciaria dubia) to less than 3 pg gFW-1 1-AA (in the
medlar produced by Mespilus germanica). The vari-
ability has no apparent taxonomic reason. For exam-
ple the medlar is a member of the Rosaceae family, to
which rose hips also belong and which contain over
4000-fold more L-AA. In addition the L-AA content
of food crops is also affected by environmental condi-
tions such as location, weather conditions, mineral
fertilisation, growth habit and post-harvest storage,
which can result in a reduction of up to 80-90% of
the initial L-AA content. One explanation for the
variability of L-AA content in plant storage organs is
that synthesis of this metabolite in these tissues is con-
trolled much less strictly than in leaves where it fulfils
essential and critical functions in photosynthetic
metabolism. This suggests that it may be possible to
design specific strategies aimed at enhancing the L-AA
content of the edible parts of food crops without dras-
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tically affecting plant growth or crop performance.
Another option is that L-AA is actively transported
between plant tissues. We have recently demonstrated
the presence of high L-AA concentration in the
phloem of many plants including rose, willow, barley
and potato. The high concentration of L-AA in the
phloem of storage organs (Fig. 3) may be indicative of
L-AA transport from L-AA producing sources (leaves?)
to non-photosynthetic tissues. We are currently char-
acterising the uptake and transport of L-AA in plant
phloem and evaluating the contribution of phloem L-
AA on the overall L-AA content of storage organs.

L-AA biosynthesis by micro-organisms At present,
the majority of commercially manufactured L-AA is
synthesised via the seven step Reichstein process utilis-
ing D-glucose as a starting point (Fig. 4). The process
involves six chemical steps and one fermentation step
for the oxidation of D-sorbitol to L-sorbose. Overall,
the yield of L-AA from D-glucose obtained by the
Reichstein process stands at ~50%. Although the
Reichstein process has all the advantages to be expect-
ed after more than 60 years development, it is still
highly energy consuming and requires high tempera-
tures and/or pressures for many steps. In addition,
most of the chemical transformations involve consid-
erable quantities of organic and inorganic solvents and
reagents such as acetone, sulphuric acid and sodium
hydroxide. Although some of the compounds can be
recycled, stringent environmental control is required,
resulting in significant waste disposal costs. These
and other economic factors have generated a substan-
tial interest in the industry for the exploitation of
microbial biotransformations in the manufacture of L-
AA. Yeast, in particular is being considered for this
process and our increased understanding of L-AA
biosynthesis in plants has provided tools for the devel-

opment of a novel single-step process for L-AA manu-
facture

Yeast does not synthesise L-AA but its 5-carbon ana-
logue D-erythroascorbic acid (D-EAA) which has simi-
lar antioxidant characteristics to L-AA but it lacks
antiscorbutic activity and thus has limited industrial
applications. However, the pathway of D-EAA
biosynthesis in yeast shares many similarities with the
‘committed’ steps of the L-AA biosynthetic pathway in
plants with the 5-carbon sugar D-arabinose replacing
L-galactose (Fig. 1). We tested the specificity of the D-
EAA pathway in S. cerevisiae by supplying cell cultures




with a number of potential L-AA and D-EAA precur-
sors (Table 4). D-EAA was present in the cells under
all conditions tested and was strongly accumulated
when cells were supplied with the natural precursor D-
arabinose. Conversely, L-AA was only observed in
cells incubated with either L-galactose, L-galactono-
1,4-lactone or L-gulono-1,4-lactone (the immediate L-

Nd 1.67 £0.26
Nd 3.21+0.38
Nd 0.20 +0.06
658.0 +94.5 0.18 £0.08
Nd 200.8 £21.2
Nd 0.60 +0.14
865.5 £ 113.6 0.19 +£0.04
0.22 +0.05

138.2+10.3

AA precursor in the animal biosynthetic pathway).
Data obtained regarding the specificity of the enzymes
involved in D-EAA biosynthesis in S. cerevisiae sup-
ported the hypothesis that the pathway could be
‘hijacked’ to produce L-AA if supplied with the appro-
priate precursors. This was further supported by in
vivo labelling experiments which showed a six-fold
decrease in the proportion of radioactivity incorporat-
ed into L-[4CJAA from L-[1-14C] galactose if the cells
were preincubated with 5 g L1 D-arabinose’.

Our results demonstrate that yeast cells are capable of
direct fermentation of L-galactose to L-AA. However,
given that L-galactose is an extremely rare and expen-
sive sugar a process using L-galactose as a starting
material could never be economical. In order to over-
come this problem, we are currently developing new
yeast strains with extended metabolic competence for
the synthesis of L-galactose directly from inexpensive
substrates. This project is supported by the Scottish
Enterprise Proof of Concept Fund and aims at devel-
oping an industrially acceptable yeast-based single-
step fermentation process for the manufacture of L-AA
from cheap and readily available starting materials. If
successful, this development will form the basis of a
new biotechnology for the manufacture of vitamin C,
eventually offering a viable alternative to current pro-
duction methods®.
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