
Journal of the Science of Food and Agriculture J Sci Food Agric 80:795±824 (2000)
Review
Folic acid and folates: the feasibility for
nutritional enhancement in plant foods
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Abstract: In mammalian and plant cells the folates play a key role in the methylation cycle and in the

DNA biosynthesis cycle (in the de novo biosynthesis of purines and pyrimidines). De®ciency of folate

in the diet is likely to result in a reduction in the capacity to synthesise DNA and maintain the usual rate

of cell division. This most evidently results in the production of anaemia from folate de®ciency due to a

reduction in the biosynthesis of cells in the bone marrow. In addition it has been shown that high levels

of plasma homocysteine occur which is an important risk factor in cardiovascular disease.

Furthermore it has been shown that reduced maternal folate status is associated with the progressive

increase in neural tube defects in infants. There is good evidence for folate de®ciency in a considerable

number of the population in developed countries, even where folate supplementation of foods is

practised, and for a level of intake in excess of the recommended dietary allowance. This paper reviews

the principal routes of folate biosynthesis in plants and the potential for increasing the levels of natural

folates through conventional plant breeding and biotechnological means. The effect of the major food

preservation processes on the levels of folates in plants is also reviewed. The current information about

the bioavailability of folates from plant food sources, and how this might be improved, is also

summarised. The important health bene®ts that would arise from increasing folate intake in the diet

provide a strong incentive for considering how this might be achieved.
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INTRODUCTION
The folates are involved as cofactors in so called

`carbon one' transfer reactions. These carbon one

transfers occur in two important cycles in mammalian

and plant cells namely the `DNA biosynthesis cycle'

and the `methylation cycle'.1 The former cycle is

responsible for donating carbon one units during the

de novo biosynthesis of the purines and pyrimidines

(Fig 1).

The enzyme in the de novo purine biosynthetic

pathway which inserts the carbon 2 and the carbon 8

into the purine ring must have the carbon group

presented to it attached to the vitamin, speci®cally as

10-formyltetrahydrofolate. Likewise the enzyme that

converts the uracil type base into the thymine base, to

form that pyrimidine found uniquely in DNA, uses the

vitamin with the carbon one unit attached as 5,10-

methylenetetrahydrofolate (Fig 2).

The former two reactions regenerate tetrahydro-

folate, the latter dihydrofolate which is converted back
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to tetrahydrofolate by the important enzyme dihydro-

folate reductase. The form of the cofactor used for

pyrimidine biosynthesis 5,10-methylenetetrahydro-

folate can also be converted to 5-methyltetrahydrofo-

late and thus can participate in the `methylation cycle'.

The function of this cycle is to continuously supply the

dozen of methyltransferase enzymes present in all cells

with S-adenosylmethionine (SAM) which they use as a

methyl donor. These methyltransferases as the name

suggests transfer methyl (or CH3) groups to a wide

range of substrates as diverse as proteins, lipids,

hormones, DNA etc. They are thus involved in a very

wide range of functions from inactivating the hormone

DOPA to stabilising myelin basic protein, the principal

protein in the biosynthesis of the lipid layer insulating

nerve axons. The methylation cycle is also the way in

which the liver and possibly the kidney degrade the

60% or so excess methionine found in the diet over the

body's requirement for protein synthesis.

De®ciency of folate would be expected to produce a
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Figure 1. The folate/folic acid
metabolic pathways and functions in
mammalian cells.

J Scott, F ReÂbeilleÂ, J Fletcher
reduction of a cell's capacity to synthesise DNA and

thus to maintain a normal rate of cell divisions. This

reduction in cell division would become most obvious

in those cells undergoing rapid division such as those

produced by the bone marrow. Hence the most

obvious appearance of folate de®ciency is anaemia. It

would also be expected that the methylation cycle

would decrease in activity resulting in a wide range of

problems because of the large number of methyltrans-

ferases whose activity would be impaired. This would

be less obvious and less well de®ned but might include

neuropathy due to impaired myelin biosynthesis. In

addition there would be an accumulation of plasma

homocysteine due to the reduction in the methylation

cycle (Fig 1).

Plasma homocysteine has recently been suggested as

an independent risk factor for cardiovascular disease

and stroke.2,3 Finally, it is clear that reduced maternal

folate status even within what would traditionally be

considered to be levels in the normal or even the high

normal range, is associated with a progressive increase

in risk of spina bi®da and other neural tube defects.4
Figure 2. The formulae of some of the important naturally occurring folates
and of the synthetic forms of the vitamin folic acid.
CHEMICAL AND PHYSICAL PROPERTIES
The folate cofactors consist chemically of a pteridine

ring attached to a para-aminobenzoate which in turn is

attached to the amino acid glutamate (Fig 2).

In cells and thus in food all of the forms of the

cofactor exist attached to a chain of a number of

glutamates from three to 11 depending upon the

source. This polyglutamate chain retains folate within

the cells and also greatly increases their af®nity and

kinetic properties when acting with folate-dependent

enzymes. The only two places the monoglutamate

form is seen is during the intestinal absorption of the

folate polyglutamates where they are broken down by a
796
brush border conjugase to monoglutamate. The

folates found in the plasma are also in the form of

monoglutamates. In cellular and thus food folates the

pteridine ring is always found in the reduced tetra-

hydrofolate form which is the form that is enzymati-

cally active. These tetrahydrofolate polyglutamates

will thus be involved in passing different so-called

carbon one units such as formyl(-CHO), methylene

(-CH2-), methyl (-CH3) (Fig 2). Thus cells and

consequently food will be a complex mixture of

reduced tetrahydrofolate polyglutamates many of

them with a carbon one unit attached.
J Sci Food Agric 80:795±824 (2000)



Folates in plant food
Reduction of the pteridine ring to produce tetra-

hydrofolate renders the molecule very susceptible to

oxidative cleavage.5 The result of the cleavage is a

pterin which is subsequently converted to several

different products and para-aminobenzoylglutamates.

This latter is acetylated to acetamidobenzoylgluta-

mate.6 This susceptibility to oxidative cleavage is even

more pronounced with dihydrofolate which is very

readily cleaved. The oxidation of tetrahydrofolate

appears to take place almost exclusively through

dihydrofolate with cleavage albeit at a somewhat

slower rate because it ®rst forms dihydrofolate. Very

little tetrahydrofolate or dihydrofolate loses its hydro-

gen to give folic acid while remaining uncleaved. Thus

in nature folates with the pteridine ring not in the

reduced form, ie the structure called folic acid, is

virtually unknown. This latter structure, folic acid, is

however of great nutritional and functional signi®-

cance. It is the form of the cofactor produced

synthetically by commercial companies and the form

found in supplements (tablets) and the form used to

fortify foods such as breakfast cereals and ¯ours. It is

made biologically active by being taken up by cells

where it is reduced by the enzyme dihydrofolate

reductase ®rst to dihydrofolate and then to tetrahydro-

folate. This process usually takes place during transit

of folic acid through the gut mucosa with the further

enzymatic conversion to 5-methyltetrahydrofolate.

This also happens with other folates eg 10-formyl,

etc with the result that the only signi®cant form found

in the human circulation is 5-methyltetrahydrofolate

(as the monoglutamate). The metabolism of folic acid

during its absorption has limited capacity. When

amounts of over 300 microgrammes are given in a

single dose, unaltered folic acid starts to appear in the

plasma.7

The chemical nature of the other folates and their

stability is as follows:5 10-formyltetrahydrofolate

oxidises ®rst to 10-formyldihydrofolate which can still

be easily converted back to the 10-formyltetrahydro-

folate form by a change in the redox state such as

would be caused by ascorbic acid. However further

loss of hydrogen to 10-formyl folic acid produces a

folate that is biologically inactive.5 5,10-Methylenete-

trahydrofolate easily loses its methylene group to give

formaldehyde and tetrahydrofolate and then the latter

is easily oxidatively cleaved as described above.

Substitution of the pteridine with a methyl (-CH3)

group at the N-5 position to make 5-methyltetrahy-

drofolate (Fig 2) has a signi®cant stabilising effect.

However, there is still a susceptibility for the pteridine

to rearrange to an inactive form where the pteridine

ring is oxidised. This however does not involve

cleavage of the C9ÐN10 bond. This structure was

originally thought to be 4aÂ-hydroxyl-5-methyldihy-

drofolate. It has now been established that it is the

8aÂ-hydroxy derivative. 5,10-Methylenetetrahydro-

folate rearranges to 10-formyltetrahydrofolate or

slowly rearranges to 5-formyltetrahydrofolate. As with

the case of 5-methyltetrahydrofolate, substitution of
J Sci Food Agric 80:795±824 (2000)
the N5 position gives greater stability. Thus 5-

formyltetrahydrofolates are the most stable of the

folates apart from folic acid. The net result when

considering the chemistry of the natural folates is that

they are all to varying degrees unstable, particularly to

oxidation. Their stability is thus greatly enhanced by

synthetic reducing agents such as mercaptoethanol or

dithiothreitol or by natural antioxidants such as

ascorbic acid. Substitution of the N5 or N10 nitrogens

with carbon one groups improves stability. The

synthetic form folic acid where the pteridine ring is

not reduced is extremely stable.
BIOLOGICAL FUNCTIONS IN PLANTS
In plants, as well as in all living cells, tetrahydrofolate is

involved in one-carbon transfer reactions (reviewed in

Ref 8). It is an absolute requirement for the synthesis

of methionine, which is, in turn, at the basis of S-

adenosylmethionine (SAM) synthesis and all methyl

transfer reactions. It is also an absolute requirement

for glycine-to-serine conversion and for purine and

thymidylate synthesis. In plants, however, tetrahydro-

folate is also involved in a very speci®c pathway: the

photorespiratory pathway. The photorespiration is

initiated at the level of the ribulose 1,5-bisphosphate

carboxylase/oxygenase (Rubisco). This is a chloro-

plastic bifunctional enzyme which catalyses both the

carboxylation and oxygenation of ribulose 1,5-bispho-

sphate (RuBP).9,10 The carboxylation reaction leads

to the production of two molecules of 3-phosphogly-

cerate whereas the oxygenation reaction leads to one

molecule of 3-phosphoglycerate and one molecule of

2-phosphoglycolate. This oxygenation reaction is the

primary event of a metabolic pathway called photo-

respiration because it is associated with the uptake of

O2 and the evolution of CO2. This pathway, which has

been intensively reviewed,11,12 can be considered as a

recycling of two molecules of 2-phosphoglycolate into

one molecule of 3-phosphoglycerate and involves

three different organelles: the chloroplast, the peroxi-

some and the mitochondria (Fig 3).

The key steps of this pathway take place in

mitochondria where glycine is oxidized and converted

into serine by two folate-dependent reactions that are

intimately coupled. These two reactions are catalyzed

by the serine hydroxymethyltransferase (SHMT) and

the glycine cleavage system (GDC), both present in

large amounts in these organelles. In these reactions,

GDC is providing the methylenetetrahydrofolate

(CH2-H4FGlun) required for the SHMT activity.

Finally, a very important plant speci®city, shared

with micro-organisms, is the ability to synthetize folate

de novo.
BIOSYNTHESIS
Pathways
The tetrahydrofolate biosynthesis requires, ®rst, the

generation of pterin compounds from GTP, a pathway
797



Figure 3. Folate metabolism in plants.
Schematic representation of the
photorespiratory cycle. 1): ribulose 1, 5-
bisphosphate carboxylase/oxigenase;
2): phosphoglycolate phosphatase; 3):
glycolate oxidase; 4):
glyoxylate:glutamate (alanine)
aminotransferase. 5): glyoxylate:serine
aminotransferase; 6): glycine
decarboxylase; 7) serine
hydroxymethyltransferase; 8): NADH-
dependent hydroxypyruvate reductase;
9): glycerate kinase. Abbreviations
H4F; tetrahydrofolate: CH2H4F; 5,10
methylenetetrahydrofolate.
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initiated by the GTP cyclohydrolase.13 Pterins are a

family of molecules that are found in pigments of some

organisms (the name pterin originates from the Greek

name pteron, wings, because these compounds were

found on the wings of some butter¯ies). Pterins are

also involved in the metabolism of aromatic amino

acids such as phenylalanine, tyrosine or trypto-

phan.14±17 One of these pterins, the 6-hydroxymethyl-

dihydropterin, is the starting point of the

tetrahydrofolate biosynthetic pathway. As shown in

Fig 4, this pathway requires the sequential operation of

®ve reactions. First, the 6-hydroxymethyldihydropter-

in is activated as a pyrophosphate compound, an ATP-

dependent reaction catalyzed by the dihydropterin
798
pyrophosphokinase (HPPK). Second, a p-aminoben-

zoic acid (p-ABA) is condensed to the 6-hydroxy-

methyldihydropterin pyrophosphate leading to

dihydropteroate formation, a reaction catalyzed by

the dihydropteroate synthase (DHPS). Third, a ®rst

glutamate is attached to the carboxy part of p-ABA to

form dihydrofolate (H2FGlu1), an ATP-dependent

reaction catalyzed by the dihydrofolate synthetase

(DHFS). These three ®rst steps are absent in animals.

Fourth, H2FGlu1 is reduced as tetrahydrofolate

(H4FGlu1) through a NADPH-dependent reaction

catalyzed by the dihydrofolate reductase (DHFR).

Finally, the polyglutamate tail is formed by the

successive addition of glutamate residues, a reaction
J Sci Food Agric 80:795±824 (2000)



Figure 4. The biosynthetic pathway of terahydrofolate synthesis from
6-hydroxymethyl dihydropterin. (HPPK): dihydroxymethyl
pyrophosphokinase; (DHPS): dihydropteroate synthase; (DHFS):
dihydrofolate synthetase; (DHFR): dihydrofolate reductase; FPGS:
folylpolyglutamate synthetase; pABA; para-aminobenzoic.

Folates in plant food
requiring ATP and catalyzed by the folylpolyglutamate

synthetase (FPGS).

The two ®rst steps of tetrahydrofolate synthesis are

catalyzed by HPPK and DHPS. DHPS is the target of

sulfonamide drugs. These chemicals are p-ABA ana-

logues that are recognized by DHPS as alternate

substrates. DHPS is therefore an attractive target for

chemotherapy because, in contrast to dihydrofolate

reductase, a much studied target for antifolate agents,

it has no mammalian counterparts and a high level of

selectivity could be achieved. In higher plants,

sulfonamide compounds are potential herbicides since

they also block DHPS activity18 and inhibit plant
J Sci Food Agric 80:795±824 (2000)
growth.19 In prokaryotes, HPPK and DHPS are

separate enzymes.20±22 In eukaryotes, the related

proteins studied so far are always multifunctional. In

the protozoa Plasmodium falciparum and Toxoplasma
gondii the enzyme is bifunctional, containing HPPK

and DHPS activities23,24 and in Pneumocystis carinii it

is a trifunctional enzyme containing dihydroneopterin

aldolase (DHNA), HPPK and DHPS activities.26

DHNA catalyzes the conversion of dihydroneopterin

into 6-hydroxymethyldihydropterin, substrate of the

HPPK activity. In plants, as in Plasmodium falciparum
and Toxoplasma gondii, HPPK and DHPS activities are

part of a bifunctional protein.18,26 Little is known

about the catalytic properties of the HPPK domain of

the plant enzyme: the reaction requires Mg2� and the

protein has a high af®nity for 6-hydroxymethyldihy-

dropterin.26 The DHPS domain has been studied in

more detail. It catalyzes a random bireactant system

where binding of one substrate does not change the

af®nity of the other and is strongly inhibited by

dihydropteroate, the product of the reaction.26

The third step of tetrahydrofolate synthesis is

catalyzed by DHFS. Like HPPK and DHPS, DHFS

is absent in animals and is, therefore, a potential target

for herbicides. In bacteria, this enzyme is bifunctional,

also supporting the FPGS activity.27 In yeast and

plants the enzyme is monofunctional and appears to be

a monomeric protein of 52±56kDa,28,29 catalyzing a

Mg2�- and K�-dependent reaction.

DHFR is the fourth step of this pathway. This

enzyme is the target of various anticancer drugs, such

as methotrexate, used in cancer chemotherapy. In

bacteria yeast and vertebrates the enzyme is a

monomer of about 20kDa. This small monofunctional

DHFR has been crystallized and its structure has been

solved (reviewed in Ref 30), thus providing a good

understanding of how ligands (substrates and inhibi-

tors) and the protein interact. In protozoa and higher

plants, as well as in green algae, the situation is

different because DHFR is part of a bifunctional

protein, also containing thymidylate synthase (TS)

activity, and appears from most studies to be a

homodimer of 50±60kDa.31±36 TS is involved in the

synthesis of dTMP from dUMP according to the

following equation:

CH2 ÿH4FGlun � dUMP! H2FGlun � dTMP

In this reaction, CH2ÿH4FGlun serves not only as

one-carbon donor but also as an electron donor. The

resulting dihydrofolate (H2FGlun) must be recycled

back to tetrahydrofolate (H4FGlun) by DHFR then to

CH2ÿH4FGlun by the SHMT to ensure the contin-

uous operation of the reaction. Compared to the

monofunctional enzyme, the bifunctional protein

exhibits distinct biochemical properties such as metab-

olic channelling from TS to DHFR.37,38 The plant

enzyme has been puri®ed to homogeneity.37 Interest-

ingly, the plant DHFR exhibits a high af®nity for either

the monoglutamate or the polyglutamate forms of
799



Figure 5. Schematic representation of the roles of the bifunctional
dihydrofolate synthetase (DHFS)/thymidylde synthase in the matrix space
of plant mitochondria. 1) synthesis of tetrahydrofolate from
6-hydroxymethyldihydropterin; 2) conversion of tetrahydrofolate into
methylenetetrahydrofolate. Abbreviations H2FGlu, dihydrofolate
monoglutamate: H4FGlu, tetrahydrofolate monoglutamate; H4FGlun

tetrahydrofolate polyglutamate: CH2H4GLun 5,10
methylenetetrahydrofolate polyglutamate: dTMP deoxythymidine
monophosphate: dUMP deoxyuridine monophosphate.
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dihydrofolate whereas TS, as generally observed for

most folate enzymes,39 shows a high af®nity only for

the polyglutamate forms of the cofactor.36 This

illustrates the multiple roles of the mitochondrial

DHFR. Indeed, the natural substrate of DHFR is

the monoglutamate form of dihydrofolate when it is

involved in tetrahydrofolate synthesis, and the poly-

glutamate form of dihydrofolate when it is coupled to

TS for CH2ÿH4FGlun recycling (Fig 5).

FPGS is the ®nal step of tetrahydrofolate poly-

glutamate synthesis. In bacteria, FPGS also displays

DHFS activity and preliminary studies have suggested

that the two synthetase activities are catalyzed by a

single protein.40 Mutagenesis by progressive deletions

from the 5' and 3' ends of the folC gene of Escherichia
coli (encoding DHFS/FPGS) indicate that this bifunc-

tional enzyme has a single catalytic site for both

activities.41 The bacterial bifunctional protein is

monomeric with a molecular weight of about 47±

53kDa.41±43 It catalyzes an ordered, concerted mech-

anism with ATP binding ®rst, tetrahydrofolate second

and glutamate third.44 In eukaryotes, FPGS is a

monofunctional protein of 60kDa in animals45,46

and 65±70kDa in Neurospora crassa and

plants.28,36,47,48 The folate substrate speci®city varies

with the source of the enzyme. Indeed, although

tetrahydrofolate monoglutamate is always an effective

substrate, some species display a higher af®nity for 10-

formyltetrahydrofolate (E. coli) or 5,10-methylene-

tetrahydrofolate (Corynebacterium Sp; Neurospora
crassa).47,49 In higher plants, 5,10-methylenetetra-

hydrofolate is also an effective substrate for FPGS,
800
displaying similar af®nity to tetrahydrofolate.48In vitro
analysis of Neurospora and higher plant FPGS indicate

that diglutamates are the major product of the reaction

during the ®rst two hours,47,48,50 but longer incuba-

tion periods result in more highly conjugated deriva-

tives.

Regulation of biosynthesis and control points
Tetrahydrofolate biosynthesis, like all biosynthetic

pathways, must be regulated in order to perfectly

match the production with the demand of the cofactor.

Although the catalytic properties of the various

enzymatic reactions involved in this synthesis are not

yet fully understood, it is clear that some of these steps

are tightly regulated by the intermediate products of

the pathway. This is the case of DHPS.26 Indeed,

dihydropteroate, product of the DHPS activity, is a

competitive inhibitor of p-ABA and 6-hydroxymethyl-

dihydropterin pyrophosphate, the two substrates of

the enzyme. Furthermore, the low inhibitory constant

measured for dihydropteroate [a Ki value of about 5±

10 micromolar, for dihydropteroate, is in the same

range of magnitude of the Ki values reported for

sulfonamide compounds24,51,52 indicates that DHPS

is tightly controlled by the product of the reaction.

Similar results were also reported for the E coli
DHPS.53 Clearly, dihydropteroate cannot accumulate

in the matrix space of mitochondria and appears as an

important regulatory point of the tetrahydrofolate

biosynthesis pathway.

Tetrahydrofolate is the basis of all one-carbon

transfer reactions. Thus, one may postulate that key

molecules of the C1 metabolism might exert some

regulatory control on the cofactor biosynthesis. From

this point of view, studies with fungi mutants

(methionine-requiring mutants and mutants with a

reduced level of S-adenosylmethionine synthase)

indicate that the level of several folate enzymes,

including some of the enzymes involved in tetrahydro-

folate biosynthesis, is controlled by the intracellular

pools of methionine and homocysteine.54 The results

are consistent with methionine acting as a repressor

and homocysteine as an inducer of the FPGS and

DHFR activities. It was also observed that methionine

acts as a repressor of SHMT and methylenetetra-

hydrofolate dehydrogenase activities, two reactions

involved in the supply of one-carbon folate derivatives

to the C1 metabolism. The mechanisms of these

regulations (ie metabolic control at the level of the

enzyme activities or metabolic control at the level of

the gene expressions) are not known. These observa-

tions have important physiological implications. In-

deed, methionine is synthesized from homocysteine in

a reaction catalyzed by methionine synthase and

requires methyltetrahydrofolate (CH3H4F) as a cofac-

tor (Fig 6).

Methionine is not only required for protein synth-

esis, but is also the precursor of SAM which is a key

metabolite for most methyltransferase reactions.

Thus, accumulation of methionine might re¯ect a
J Sci Food Agric 80:795±824 (2000)
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decrease in the demand for SAM and methyl-transfer

reactions. On the other hand accumulation of homo-

cysteine might re¯ect a limiting supply of CH3H4F for

methionine synthesis. The negative and positive

controls exerted respectively by methionine and

homocysteine on tetrahydrofolate synthesis might

suggest that methionine synthesis and methyl-transfer

reactions in Aspergillus nidulens have one of the highest

requirements for tetrahydrofolate and C1 units. Thus,

the whole folate synthesis pathway could be regulated

by the cellular demand of methionine. However, a

similar regulation in plants has yet to be demonstrated.

Variation in flux
As already stated above, the amount of tetrahydro-

folate that is synthesized must match the needs of the

C1 metabolism. Considering the pathways in which

this cofactor is involved (synthesis of nucleic acids,

synthesis of amino acids such as methionine, glycine

and serine), it is clear that tetrahydrofolate is an

absolute requirement for cell division. Thus, it would

be logical to think that the ¯ux of tetrahydrofolate

synthesis is higher in actively dividing tissues, where

there is a high level of DNA and protein synthesis, than

in mature (non-dividing) tissues. From this point of

view, it is noteworthy that wheat germ and yeast

(which have a high potential for cell division) have a

higher folate content that most food materials.

Furthermore, it was observed that the total pool of
Figure 6. Regulation of tetrahydrofolate and methionine synthesis by
methionine and homocysteine in Aspergillus nidulens. 1): synthesis of
dihydrofolate; 2): dihydrofolate reductase (DHFR); 3): folate polyglutamate
synthetase (FPGS); 4): serine hydroxy methyltransferase (SHMT);
5): methylene tetrahydrofolate reductase; 6): methionine synthase;
7): methionine adenosine transferase; 8): methyltransferases;
9): adenosylhomocysteine hydrolase. Mÿ: negative control of methionine;
H�: positive control of homocysteine. Abbreviations; H2F Glu1,
dihydrofolate monoglutamate; H4F Glu, tetrahydrofolate monoglutamate;
H4F Glun tetrahydrofolate polyglutamate; 5 CH3-H4 FGlu
methyltetrahydrofolate polyglutamate; CH2-H4F Glun 5,10
methylenetetrahydrofolate polyglutamate; SAM, s-adenosylmethionine;
SAH, s-adensoylhomocysteine.
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folate in pea cotyledons increased some 20 times

during germination.55 Likewise, cell suspension cul-

tures of Datura inoxia, which are actively dividing cells,

have a high folate content, about 130nmolgÿ1 fresh

weight.56 In contrast, mature pea leaves have a folate

content of about 1.5nmolgÿ1 fresh weight57 and most

vegetables have a folate level in the range 0.3±

2.9mg gÿ1 fresh weight (reviewed in Ref 58) which

corresponds to about 0.7±6nmolgÿ1 fresh weight

(assuming a folate molecular weight of 440).

The activity of the folate biosynthetic pathway may

also depend on some external parameters, such as

light. Indeed, it was observed that green cotyledons

have higher folate levels than etiolated tissues of

similar ages.59 Likewise, the biosynthesis of folate

compounds in pea seedlings during germination

increased more rapidly in light than in the dark.60

These results may suggest that C1 metabolism is more

active in light, presumably because of the photorespir-

atory activity. Indeed, photorespiration produces large

amounts of glycine which is oxidized in the mitochon-

dria from photosynthetic tissues.61±63 Glycine oxida-

tion relies on two folate-dependent proteins, the

T-protein of the GDC and SHMT.64 During this

reaction, the glycine cleavage system catalyzes the

oxidation of glycine in the presence of AND and

H4FGlun into CO2, NH3, NADH and CH2-H4FGlun

(eqn (1)). The continuous operation of this reaction is

ensured by NADH reoxidation through the mitochon-

drial electron transport chain and by recycling of

CH2-H4FGlun into H4FGlun through a reversible

reaction catalysed by SHMT (eqn (2)).

glycine� AND�H4FGlun

! CH2-H4FGlun �NADH�NH3 �CO2 �1�
serine�H4FGlun , CH2-H4FGlun � glycine �2�
The glycine cleavage system and SHMT are light-

induced and are present in large amount in the matrix

space of leaf mitochondria,65 where they represent up

to 40% of the soluble proteins. Considering the high

rate of glycine oxidation62 it is thus possible that

reactions (1) and (2) require an increased level of

folate within the mitochondria.
Conjugation and metabolic channeling
It is now clear that the principal forms of folate in living

cells are the polyglutamyl derivatives of tetrahydro-

folate.49,66,67 In plants, there is considerable variation

in the glutamate chain length, depending on the

species,68 but the highly conjugated forms are pre-

dominant. For example, cauli¯ower ¯orets and tomato

leaves contain a large proportion of hexa- and

heptaglutamate folates68 and in pea seedlings, folates

are dominated by the tetra- and pentaglutamate

forms.67 Likewise, the major polyglutamates recovered

in the matrix space of pea leaf mitochondria were tetra-

(25%) and pentaglutamates (55%).69 Considering the

variability of the polyglutamate chain, one may
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question its physiological role. In pea leaf mitochon-

dria, for example, it was observed that the binding of

tetrahydrofolate to the T-protein of the GDC depends

on the number of glutamate residues.70

In these experiments there was an almost positive

linear relationship between the number of glutamates

and the increase of binding. Presumably, this associa-

tion was correlated with the negatively charged a-

carboxyl groups of the polyglutamate tail interacting

with the positively charged residues of the protein. A

tight binding between the tetrahydrofolate cofactor

and the protein may have several advantages. First, it

increases the ef®ciency of the reaction, lowering the

Km values, and most folate-dependent enzymes

exhibit a higher af®nity for polyglutamyl-conjugated

substrates49,66,70,71 than for the corresponding mono-

glutamate. Second, the binding of folylpolyglutamates

to folate-dependent enzymes may have a role in the

protection of the molecule against oxidative degrada-

tion.70 Tetrahydrofolate pentaglutamate is protected

against oxidative degradation when bound to folate-

dependent proteins. If this holds true in vivo, it is

possible that tetrahydrofolate derivatives are not free in

the cell. It has been calculated that the high

concentrations of SHMT and T-protein of GDC in

pea leaf mitochondria represent more potential bind-

ing sites than there are folate molecules.70 Clearly, the

optimal glutamate chain length must be the result of a

compromise between a strong af®nity for folate

enzymes, which limits the diffusion in the bulk

medium, and the ability for the molecule to move

from one catalytic site to another.

It has been proposed that the tight binding of

folylpolyglutamates increases the ef®ciency of sequen-

tial folate-dependent proteins by enhancing the

channelling of intermediates between the active

sites.39,66,72 Supporting this view, it has been shown

with formiminotransferase-cyclodeaminase73 that the

speci®city for channelling was optimal for H4FGlu5,

the pentaglutamate derivatives being one of the

predominant polyglutamate forms of folate in ani-

mals74 and plants.67,69 Another example of folate

channelling between two catalytic domains is shown

with the bifunctional DHFR/TS. Indeed, X-ray

structure of DHFR/TS indicates that transfer of

dihydrofolate between the two active sites does not

occur by a diffusional patway but rather by an

electrostatic channelling at the surface of the protein.38

However, it is not certain that such situations exist

with all sequential folate-dependent proteins. This

question was investigated in mitochondria from leaf

tissues where two folate-dependent enzymes, the

SHMT and the T-protein of the GDC, interact

through a common pool of polyglutamyltetrahydrofo-

lates.70 If CH2-H4FGlun, product of the GDC

reaction and substrate of the SHMT reaction, is

channelled between the two catalytic sites, it will not

equilibrate with the bulk solvent but will be directly

transferred from one site to another. It was observed

that the pentaglutamate form of methylenetetrahydro-
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folate, as well as the monoglutamate form, accumu-

lated in the bulk medium, indicating that, in these in
vitro experiments, this cofactor was not channelled

between T-protein and SHMT. However, it must be

kept in mind that the in vivo situation might be

different since the very high protein concentration in

the matrix space (approximately 400mg kgÿ1), to-

gether with the relatively low tetrahydrofolate level

(0.2±0.5mM), could lead to a situation where the

diffusional pathway of folate compounds is consider-

ably reduced.

Compartmentation and transport
There is now good evidence that folate is present in

the various subcellular compartments. Several

authors57,60 reported that the largest pool of folate

was found in a soluble (cytosolic) fraction. Pools of

folate were also observed in mitochondria75,76 and

chloroplasts.77 The size of the mitochondrial folate

pool was estimated by several authors. One analysis

indicated that mitochondria from four-day-old pea

cotyledons contained 3.5±4% of the total pool of

folate,75 but the folate level in mitochondria might

signi®cantly increase during the course of pea devel-

opment.76 Another report indicated that the mito-

chondrial fraction obtained from one-day-old pea

cotyledons contained up to 20% of the total folate

pool.60 The subcellular distribution of folate in two-

week-old pea leaves was also investigated using

Percoll-puri®ed mitochondria and chloroplasts.36 On

a protein basis, mitochondria have the highest folate

content, with a value of about 400pmolesmgÿ1

protein, in good agreement with other reports.57,69

In contrast, the folate level in chloroplasts was

approximately 100±150 times lower than in mitochon-

dria. Assuming a mitochondrial volume of 2mlmgÿ1

protein and a chloroplastic volume of 1.5mlmgÿ1

protein, it can be estimated that, in pea leaves, the

folate concentration is approximately 200mM in

mitochondria, and 2mM in chloroplasts. One may

postulate that the high folate content of leaf mitochon-

dria was the result of the high level of the GDC plus

SHMT enzymatic systems. However, the folate con-

tent of potato tuber mitochondria, which contain only

minor amounts of GDC, was still very high

(200pmolesmgÿ1 protein), although two times lower

than in leaf mitochondria.36 Thus, it is possible that

the high folate level (on a protein basis) recorded in

these organelles is a general feature of plant mitochon-

dria. Taken as a whole, these data indicate that the

bulk of folate in higher plant cells is mainly localized in

the cytosol, but, on a protein basis, mitochondria,

which represent only 3±5% of the cytoplasmic (cytosol

plus organelles) volume, have most probably the

highest folate concentration.

The subcellular localization of the enzymes involved

in tetrahydrofolate biosynthesis in plants is a dif®cult

issue to resolve. Indeed, cell fractionation experiments

were often confused in their interpretation because of

cross-contamination of the various subcellular frac-
J Sci Food Agric 80:795±824 (2000)
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tions. For example, cell fractionation experiments

indicated that 73% of the DHPS activity was in a

mitochondrial fraction and 25% in a soluble frac-

tion.60 However, as stated by these authors, it was not

certain that the activity found in the soluble fraction

was dependent on a DHPS isoenzyme because of a

possible contamination from the mitochondrial frac-

tion. In an attempt to resolve this problem, the ®ve

enzyme activities involved in tetrahydrofolate poly-

glutamate synthesis, from 6-hydroxymethyldihydrop-

terin, were determined in puri®ed pea leaf

mitochondria, in puri®ed pea leaf chloroplasts and in

a pea leaf cytosol-enriched fraction after estimation of

possible cross-contamination.36 Surprisingly, these

activities were detected only in mitochondria, suggest-

ing that these organelles play a major role in this

pathway. The mitochondrial localization of HPPK/

DHPS was further con®rmed by molecular biology

data. It was observed that the related cDNA encodes a

polypeptide of 515 residues containing a 28 aminoacid

extension from the NH2-terminal part that resembles

the importer sequence of mitochondrial proteins. In

addition, Southern blot experiments suggested that a

single-copy gene codes for the enzyme.26 These last

results, together with the fact that the activity was

detected only in mitochondria, strongly support the

view that mitochondria are the unique site of

dihydropteroate synthesis in higher plant cells. In

addition, the results of Neuburger et al36 indicate that

TS activity could be detected only in mitochondria

since it is associated with the DHFR activity. The

result suggests that mitochondria are also a major site

for thymidylate synthesis. This conclusion should be

con®rmed by measurements of thymidylate transport

across the mitochondrial inner membranes. However,

the subcellular localization of DHFR/TS is still a

matter of debate. Indeed, it was reported that DHFR/

TS in Daucus carota cell suspension cultures is mainly

localized in plastids.78 This assumption was based on

the analysis of the corresponding gene and on

immunogold labelling studies. Analysis of the gene

indicated multiple transcription start sites, the longer

transcript presenting a 5' end sequence that could,

putatively, correspond to a plastidial transit peptide

sequence. Immunogold labelling studies suggested the

presence of DHFR/TS in plastids and nuclei, but not

in mitochondria. This result is surprising because

DHFR/TS has been puri®ed from isolated leaf

mitochondria.36 However, the possibility remains that

the subcellular distribution of DHFR/TS in differ-

entiated tissues, such as leaves, differs from the one

found in non-differentiated cells grown in suspension

cultures.

The mitochondrial localization of tetrahydrofolate

synthesis in plants is possibly a unique feature. Indeed,

in the protozoa Plasmodium falciparum 23 or Pneumo-
cystis carinii,25 the reported ORF sequences coding for

HPPK/DHPS do not indicate the presence of a

mitochondrial transit peptide, although this assump-

tion should be con®rmed by the analysis of the N-
J Sci Food Agric 80:795±824 (2000)
terminal parts of the proteins. Furthermore, the

distribution of DHFR/TS in protozoa remains ob-

scure. The DNA sequence coding for the bifunctional

DHFR/TS in Leishmania major predicts an aminoacid

extension from the N-terminal part that resembles the

import sequence of mitochondrial proteins,32 but

immunogold experiments indicated a cytosolic dis-

tribution of the protein.79 In animals cells, DHFR is

believed to be primarily localized in the cytosol.80,81 In

these cells, FPGS is also mainly localized in the

cytosol49 but the enzyme was also detected in puri®ed

mitochondria.82 In Neurospora crassa, approximately

50% of the FPGS activity was cytosolic and 50%

mitochondrial.83

Little is known about folate transport in plants. In

animal cells, the monoglutamate form of folate

derivatives circulating in the blood vessels is taken up

by speci®c folate receptors84,85 and transported into

the cytosol. Once in the cytosol, the folate compounds

are either polyglutamylated or directed toward the

intracellular compartments (mitochondria). Several

reports indicate that tetrahydrofolate is not trans-

ported through the mitochondrial membranes,86,87

whereas folic acid or dihydrofolate is rapidly trans-

ported.86 These results suggest that, in animals,

mitochondria receive folate in an oxidized form which

must then be reduced in the matrix space. These

compounds are subsequently polyglutamylated, to

ensure their retention.39,88 In higher plants, where

mitochondria appear to be a major site for tetrahydro-

folate synthesis, the situation would be reversed.

Tetrahydrofolate molecules should exit the mitochon-

dria to supply the cytosol and the chloroplasts. If this

holds true, one may postulate that only the mono-

glutamate forms of folate are transported across the

limiting membranes. Indeed, the glutamate chain of

folate derivatives is negatively charged, and, as

mentioned above, highly conjugated folates are re-

tained within the compartment where they are

localized. Thus, it is logical to think that folate

derivatives must be deconjugated before being trans-

ported and conjugated again having arrived at their

®nal destination. This would imply that FPGS is

present in all cell compartments, a situation which is

not observed, at least in pea leaves.36 However, it has

been observed in animal cells that mitochondrial

folylpolyglutamates can be released in the cytosol,

without prior hydrolysis,.89 If such a process also exists

in plants, it remains to be demonstrated.

Turnover and catabolism
Most of the enzymes involved in the tetrahydrofolate

biosynthetic pathway are present in trace amount in

the matrix space of mitochondria.26,36 Thus, the

maximal activities displayed by these proteins are

rather low, less than 0.02mmol hÿ1mgÿ1 matrix

protein, except for the DHFR activity which is about

ten times higher.36 This might indicate that the turn-

over of tetrahydrofolate is slow and that this com-

pound is a rather stable molecule. On the contrary
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H4PteGlun is a very labile molecule which undergoes

rapid oxidative degradation and the compound must

be protected from oxidation in the matrix space of

mitochondria. The DHFR activity possibly plays an

important role in rescuing the dihydrofolate molecule

originating from the spontaneous oxidation of tetra-

hydrofolate. In addition, protection against oxidation

might be achieved by a tight association of tetrahydro-

folate to folate-dependent proteins. Indeed, as

described above, once bound to folate-dependent

proteins, tetrahydrofolate remains metabolically active

even after long periods of contact with oxygen.70 It is

possible that a large part of tetrahydrofolate derivatives

is not free in the bulk medium. It has been reported

that there are more potential binding sites in the matrix

space of plant leaf mitochondria (which contain high

levels of SHMT and GDC) than tetrahydrofolate

molecules.70 In tissues where there is less folate

binding protein, such as non-green tissues which

contain only low amounts of GDC and SHMT, the

situation might be different. However, these tissues

have apparently lower levels of folate59 and it would be

interesting to know if there is a strict correlation

between the amount of folate-dependent proteins and

the amount of folate derivatives.

Catabolism of tetrahydrofolate has been investi-

gated in micro-organisms, protozoa and animals

(reviewed in Ref 90), but is poorly understood in

plants. Degradation of the molecule can lead to

oxidation of the pterin ring, hydrolysis of the gluta-

mate chain and liberation of the pterin, pteroate or p-

aminobenzoylglutamate moieties. In vertebrates, for

example, the main catabolites found in urine following

[3H]-folate injection are p-acetamidobenzoylgluta-

mate (resulting from acetylation of p-aminobenzoyl-

glutamate prior to excretion) and pterins.90 In plants,

folate catabolism studies were mainly focused on the

hydrolysis of the polyglutamate chain. Because mono-

glutamyl folates are presumably the main derivatives

transported across cellular membranes,39 this reaction

might play an important role in the regulation of folate

transport from one compartment to another. The

hydrolytic reaction is catalyzed by a peptidase-like

activity, often named as `conjugase' and, more

accurately, g-glutamyl hydrolase. It is a unique

peptidase that cleaves only g-glutamyl linkages. A

large variety of plants, including common garden

vegetables, contain variable levels of hydrolase activity,

with spinach the highest and red leaf lettuce the lowest

(reviewed in Ref 49). Recently, a plant g-glutamyl

hydrolase has been puri®ed to homogeneity from

soybean91 and its primary sequence determined. The

primary sequence shows homology with the rat g-
glutamyl hydrolase sequence and corresponds to a

35kDa protein. The plant protein is probably a

metalloprotein, like its animal counterpart. Interest-

ingly, this enzyme is present within the extracellular

space and is only associated with young, actively

dividing tissues (leaves, stems, roots). The presence of

this enzyme in the extracellular compartment is
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intriguing. One may speculate that this activity is

involved in the import of folylpolyglutamate deriva-

tives, hydrolysing the polyglutamate chain before the

transport of the cofactor through the plasmalemma,

which raises the question of the origin of this

extracellular folate. Possibly, it could arise from

storage tissues (cotyledons?) or from lysis of older

cells or tissues.
GENETIC CONTROLS AND PATHWAY
ENGINEERING
Plant genes characterized along the biosynthetic
pathway
In plants, the cDNA sequence corresponding to the

HPPK/DHPS, the bifunctional protein involved in the

two ®rst steps of the tetrahydrofolate biosynthetic

pathway, has been determined.26 The deduced amino

acid sequence indicates that the protein is synthesized

as a cytosolic precursor containing a 28-amino acid

putative mitochondrial transit peptide. The HPPK

domain is located at the N-terminus part of the protein

and the DHPS domain at the carboxy-terminus.

Comparison of the predicted amino acid sequences

of HPPK and DHPS from various organisms reveals

that the plant enzyme shares strong homologies with

the other known HPPK and DHPS. The primary

sequence of the plant enzyme resembles a fusion of the

two bacterial, monofunctional, HPPK and DHPS

with a small spacer of 10±15 amino acids.26 When

compared with the bifunctional HPPK/DHPS from

the protozoa Plasmodium falciparum, the primary

sequence of the pea leaf HPPK/DHPS shows some

differences. In Plasmodium falciparum, the N-terminal

part of the protein (HPPK domain) contains two large

insertions of 92 aminoacids and the C-terminal part

(DHPS domain) a smaller insertion of 32 aminoa-

cids,23 thus conferring a relatively high molecular

weight to the Plasmodium falciparum protein. The

cDNAs coding for the bifunctional DHFR/TS of

Daucus carota 92 and Glycine max 93 have been obtained

and the primary sequences of the proteins determined.

The DHFR domain is positioned at the amino

terminal part of the protein and the TS domain at

the carboxy terminus. This organization is similar to

the one found in protozoa, the only other organisms

known to have a bifunctional DHFR gene. In Daucus
carota cell suspension cultures, multiple transcription

start sites of the DHFR/TS gene were identi®ed.92

The longer transcripts contain a sequence coding for a

transit peptide which has been putatively identi®ed as

a plastidial transit peptide. As described above, these

results raise interesting (and con¯icting) questions

about the subcellular localization of DHFR/TS. In

Arabidopsis thaliana, the gene coding for DHFR/TS

has been characterized.35 In fact this plant contains

two isogenes, showing similar structures. The two

plant isogenes have 85% homology in their coding

regions, and the two transit peptides show 91%

homology in their amino acid sequences. The intron
J Sci Food Agric 80:795±824 (2000)
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regions of the two genes show similar positioning,

although their sequences are not highly conserved, and

it is likely that these two genes evolved by gene

duplication. The relevance of the presence of two

genes coding for the DHFR/TS is an intriguing and

open question.

The genes or cDNA coding for the other enzymes of

the tetrahydrofolate biosynthetic pathway in plants are

not yet characterized. It is likely that the Arabidopsis
thaliana genome sequencing programme, together with

the increasing number of Arabidopsis thaliana mutants

obtained by T-DNA insertion, will soon permit the

identi®cation of all the genes of this pathway.

Similar genes from other organisms
In animal cells, the tetrahydrofolate biosynthetic

pathway is restricted to DHFR and FPGS. DHFR

genes have been identi®ed in a number of species,

including human, mouse and insects.94±96 In contrast

to the situation observed in plants and protozoa, but

similar to that found in bacteria and yeast, these genes

code for a monofunctional protein of about 22kDa,

primarily localized in the cytosol.80 In animals,

initiation of DNA replication in the dihydrofolate

reductase locus is con®ned to the early S period of the

cell cycle,97 thus emphasizing the role of tetrahydro-

folate in DNA synthesis. Interestingly, the DHFR

protein inhibits its own translation by binding to

DHFR mRNA sequences within the coding region.98

This regulatory mechanism has also been observed for

TS,99 and it would be of interest to know if a similar

control exists in other organisms. The FPGS gene in

animals encodes for a monofunctional protein of about

60kDa46 that shows limited homology with the

bacterial bifunctional DHFS/FPGS enzymes. In ani-

mals, FPGS is present in both the cytosol and the

mitochondria.49,82 Studies of the organization of the

human FPGS gene indicate the presence of multiple

transcription start sites that would generate two classes

of transcript, one including a mitochondrial transit

peptide.100 Thus mitochondrial and cytosolic forms of

FPGS would derive from the same gene, by the use of

two different translation initiation codons.

In bacteria, the genes involved in tetrahydrofolate

synthesis are often associated in a single operon. This

is the case in Streptococcus pneumoniae where a cluster

of four genes (named sulA, sulB, sulC and sulD) encode

respectively for DHPS, DHFS, the GTP cyclohydro-

lase (the enzyme involved in the ®rst step of pterin

synthesis from GTP), and HPPK.22,101 In this species,

sulD encodes for a bifunctional protein supporting

HPPK and DHNA activities.102 In Bacillus subtilis, a

folic acid operon containing three genes involved in

p-aminobenzoic acid synthesis, one gene coding for

DHPS and two other unidenti®ed genes, has been

reported.21 These unidenti®ed ORFs share signi®cant

homologies with portions of the fas gene of Pneumo-
cystis carinii 25,103 and could be responsible for DHNA

and HPPK activities. In bacteria, in contrast to what is

observed in plants and protozoa, HPPK and DHPS
J Sci Food Agric 80:795±824 (2000)
are separate proteins20 and DHFR is a monofunc-

tional enzyme.30Escherichia coli, like other bacteria

which biosynthesise folate de novo, shows a bifunc-

tional DHFS-FPGS activity40,42,43 whereas Lactoba-
cillus casei, which requires exogenous folate to grow,

shows a monofunctional FPGS.104 The Escherichia coli
gene (folC) encoding DHFS/FPGS is adjacent to an

upstream gene possibly involved in the regulation of

DHFS/FPGS expression.27

In yeast (Saccharomyces cerevisiae), all the genes of

the tetrahydrofolate biosynthetic pathway have been

identi®ed except the one coding for DHFS. The gene

YNL256W, located on chromosome XIV, codes for a

trifunctional protein supporting DHNA, HPPK and

DHPS activities.105 The gene coding for DHFR

(named DFR1) is positioned on the chromosome

XV. The encoded polypeptide is a monofunctional

enzyme that shows strong homologies with its bacterial

and animal counterparts. The upstream region of this

gene contains two consensus sequences required for

the binding of regulatory factors possibly involved in

the amino acid general control system.106 The general

control system is a complex co-ordinate regulation of

different amino acid biosynthetic pathways in yeast.107

All co-regulated genes are induced in response to

starvation for any amino acid whose synthesis is under

this control. Transcription of these genes is stimulated

in variable amounts, depending on the particular

amino acid that is limiting. Because folates are

involved in the synthesis of several amino acids

(methionine, glycine, serine), it is possible that the

DFR1 gene might be regulated by this system. If

DFR1 is controlled by this system, it would be of

interest to know if other enzymes involved in tetra-

hydrofolate synthesis are also regulated in such a way.

FPGS is a monofunctional protein in yeast and is

encoded by a gene located on the chromosome XV.108

In protozoa, the genes coding for HPPK and DHPS

activities may differ from one species to another.

However, the related proteins studied so far were

always multifunctional, containing HPPK and DHPS

activities in Plasmodium falciparum and Toxoplasma
gondii 23,24 and DHNA, HPPK and DHPS activities in

Pneumocystis carinii.103Plasmodium falciparum encodes

for a bifunctional DHFR-TS,109 a situation similar to

the one found in plants and green algae.33,36 The TS

domain is more conserved than the DHFR domain

and both domains are more homologous to eukaryotic

than to prokaryotic forms of the enzymes. There is very

little known about the structure of DHFS and FPGS

in these organisms.

Mutants
Mutants are important tools to understand how a

given pathway is regulated and co-ordinated with the

other cellular functions. They are also useful tools to

study the physiological consequences of varying the

activity of the pathway and to point out the mechan-

isms of adaptation of the plant to the environmental

constraints. Mutation (deletion) of any of the genes
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involved in the tetrahydrofolate biosynthetic pathway

provokes the arrest of the cell division. For example,

replacement of the gene encoding the bifunctional

FPGS/DHFS in Escherichia coli with genes mutated in
vitro results in auxotrophy for products of the folate

synthesis pathway.110 In Neurospora crassa, mutation at

the met-9 locus results in FPGS inhibition and

auxotrophy for methionine, an observation that

emphasizes the importance of the polyglutamate

derivatives.111 Likewise, a DHFR-de®cient mutant

of Saccharomyces cerevisiae has auxotrophic growth

requirements for the products of the C1 metabolism

such as methionine, adenine, dTMP.112

Two steps of the tetrahydrofolate synthesis pathway

are of great medical interest. They are the reaction

catalyzed by DHPS, target of the sulfonamide

antibiotics, and the reaction catalyzed by DHFR,

target of anticancerous drugs such as methotrexate.

Because of the medical interest, a lot of attention has

been paid to mutants showing resistance against these

chemicals. Sulfonamide resistance in Neisseria menin-
gitidis can result from the replacement of one particular

amino acid of the DHPS by another. It can also be the

result of an insertion of 6bp creating two extra codons

in the sequence.113,114 These changes result in

variations of the kinetic parameters of the enzyme. A

higher Km for p-ABA and a higher Ki for the

sulfonamide drugs were generally observed.114 In

Plasmodium falciparum, mutations in the DHPS gene

resulting in sulfonamide resistance are also responsible

for an increase of the Km for p-ABA and an increase of

the Ki for sulfonamides.115 Several mechanisms for

methotrexate resistance have been identi®ed in animal

cells (reviewed in Ref 116). First, methotrexate

resistance can arise from a mutation at the reduced

folate carrier level, resulting in a decrease of the rate of

the drug uptake.117 Mutations in the DHFR gene,

inducing changes in the amino acid composition result

in higher Kd and Ki values for the inhibitors than those

from the wild type.118,119 Another mechanism of

methotrexate resistance is the overproduction of the

DHFR enzyme.120 Although cells may develop resis-

tance to low levels of inhibitor by any of these

mechanisms, resistance to high levels of methotrexate

requires an overproduction of the DHFR enzyme.116

In higher plants, several mutants showing metho-

trexate resistance have been identi®ed. These mutants

have generally been selected using cell suspension

cultures growing in the presence of various amounts of

methotrexate. Studies of these mutants indicate that

the mechanism of resistance may vary from one strain

to another. In Daucus carota cells, resistance may be

acquired by overexpression of the DHFR enzyme.121

Since the plant enzyme is a bifunctional DHFR/TS,

the TS activity in these cells increased in parallel with

the DHFR activity.122 In another strain of Daucus
carota, however, methotrexate resistance was due to a

DHFR gene modi®cation, leading to the synthesis of a

protein that was less sensitive to the inhibitor.123

Methotrexate-resistance in two strains of Datura
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innoxia cells has also been reported. It was proposed

that these cells became resistant as a result of a stable

change in the membrane transport system for metho-

trexate.124 One of these cell lines had a four-fold

increase in speci®c activity of g-glutamyl hydrolase.56

The increase of g-glutamyl hydrolase activity in

resistant cells suggests that breakdown of polygluta-

mylated forms of methotrexate may play a role in

acquired methotrexate resistance. Indeed, most of the

folate enzymes display a high preference for poly-

glutamates over the corresponding monoglutamate

substrate, and many anti-folate drugs are also con-

verted into polyglutamylated derivatives.89 This situa-

tion increases their cell retention and, thus, their

toxicity. A decrease in polyglutamylated derivatives of

methotrexate could, therefore, lower the drug accu-

mulation within the cell.

Transgenic sulfonamide-resistant tobacco plants

have been generated by Guerimean et al.125 These

authors used the sulfonamide resistance gene (coding

for DHPS) from the bacterial plasmide R46 fused to

the pea Rubisco transit peptide sequence. The plants

transformed by Agrobacterium tumefaciens expressed

the bacterial DHPS enzyme which accumulated in the

stroma of the chloroplasts. The sulfonamide resistance

was transmitted to the progeny of the transformed

plants, as a single Mendelian dominant character,

which indicates that the bacterial enzyme located in

the chloroplasts could replace the plant enzyme

located in mitochondria. This observation is of great

physiological importance. Indeed, mitochondria are

reported to be the major site for tetrahydrofolate

biosynthesis, and for the location of the plant bifunc-

tional HPPK/DHPS in the mitochondria.26 Thus,

despite the fact that this pathway is highly compart-

mentalized, metabolic shunts could exist and some

intermediary products of the pathway, such as 6-

hydroxymethyldihydropterin-PPi and dihydroptero-

ate, could cross the mitochondrial and the plastidial

membranes. These issues need to be clari®ed.

To date, most of the plant mutants obtained so far

derived from the ability of the cells to respond to

DHPS or DHFR inhibitors. Our increasing knowledge

about the plant genome, together with the increasing

number of identi®ed tagged mutants of Arabidopsis
thaliana, will soon allow the isolation and the

characterization of other mutants of the folate biosyn-

thetic pathway.

Potential strategies for enhancement
The level of folate in plants ¯uctuates, depending on

the species or the nature of the tissue, which might

indicate that there are situations where folate can

accumulate. There are several potential strategies to

enhance folate synthesis and accumulation in plants.

One could be the over-expression of the enzymes that

are limiting steps for tetrahydrofolate biosynthesis.

This will require the identi®cation of the regulatory

points and the rate-limiting steps of the pathway. In

addition, potential regulatory (and limiting) steps
J Sci Food Agric 80:795±824 (2000)



Table 1. Folate (total) content of selected plant foods (from Holland et al
1991 and Holland et al 1992)

Food

Folate content

(mg (100g)ÿ1 wet weights)

Old potatoes ± raw 35

Broad beans ± raw 145

± canned reheated and drained 47

Chick peas 180

± canned reheated and drained 11

Green beans ± raw 80

Lentils dried ± raw 110

Soya beans dried ± raw 370

Peas ± raw 62

± canned reheated and drained 20

± frozen, boiled 47

Broccoli ± raw 90

Brussels sprouts ± raw 135

Carrots ± raw 12

± canned, reheated, drained 8

± frozen, boiled 17

Spinach ± raw 150

± frozen, boiled 90

Folates in plant food
might also exist during the course of dihydropterin

synthesis from GTP, or during the course of p-ABA

synthesis from chorismate. Indeed, the only known

metabolic fate of p-ABA is folate synthesis and the

pathway involved in the generation of this compound

must, therefore, be tightly balanced with folate metab-

olism. It must also be kept in mind that transportation

across the mitochondrial membranes of either sub-

strates (p-ABA, 6-hydroxymethyldihydropterin) or

end products (H4FGlun) might have an important

role in the control of tetrahydrofolate synthesis.

A second possible strategy to increase folate content

is the reduction of the catabolic rate of the cofactor.

Unfortunately, the enzymes responsible for tetra-

hydrofolate degradation are not known in plants,

except for the conjugase which has received some

attention. The conjugase activity is involved in the

turn-over of the polyglutamate tail and might play a

role in folate transport across biological membranes. It

is not certain, however, whether this activity plays a

role in the catabolic process of the whole molecule.

Tetrahydrofolate is a ratherunstable molecule. Thus,

a third possibility could be to increase the stability of the

cofactor or to orientate tetrahydrofolate metabolism

toward a stable derivative. As previously stated, the

stability of the cofactor is considerably increased when

bound to folate-dependent proteins. Furthermore, it

wasobservedthattissues,suchasleaves,containinghigh

amount of folate-dependent proteins have a higher

folate content. It is thus possible that the overexpression

of some folate-dependent protein, or folate-binding

protein, might have an effect on the intracellular folate

level. 5-Formyltetrahydrofolate is a stablemolecule that

is not directly involved in one-carbon transfer reaction,

but represents a signi®cant proportion of the cellular

folate pool.59 Although its physiological role is not clear,

this compound is possibly a form of folate storage or a

regulatory factor for C1 metabolism (it is an inhibitor of

several enzymes, including SHMT, AICAR formyl-

transferase, methionyl-tRNA formyltransferase,

5,10-methylenetetrahydrofolatedehydrogenaseanddi-

hydrofolatereductase).126,1285-formyltetrahydrofolate

is formed during the irreversible hydrolysis of 5,10-

methenyltetrahydrofolate, a reaction catalyzed by

SHMT.126 The only enzyme that uses 5-formyltetra-

hydrofolate is the methenyltetrahydrofolate synthetase

which catalyzes the ATP-dependent reverse conversion

of 5-formyltetrahydrofolate to 5,10-methenyltetra-

hydrofolate.127 Thus, it might be postulated that

knocking down this last activity would result in an

irreversible accumulation of 5-formyltetrahydrofolate.

Taking into account the potential regulatory effects of

this folate derivative, it is however possible that this

accumulation would have important negative physio-

logical consequences.

Apples 1±5

Avocado 6±8

Bananas 14

Oranges 31

Strawberries 20
PLANT FOOD SOURCES
Important food sources
It has been noted above that in plant foods there exist
J Sci Food Agric 80:795±824 (2000)
multiple forms of folic acid, collectively known as

folates. The precise distribution of different forms in a

plant tissue will depend primarily on the species, but

also on the method of harvest and the post-harvest

environment. The different forms of folate will differ in

their susceptibility to loss during storage, processing

and cooking. Following consumption they may also

differ in their bioavailability. Most published food

tables provide only the total and/or free concentrations

of folate. In a recent survey of folate concentration in

foods, undertaken by the UK Ministry of Agriculture

Fisheries and Food129 the levels of the naturally

occurring folate forms; 5-methyl tetrahydrofolate (5-

METHF), tetrahydrofolate (THF) and 5-formyl tetra-

hydrofolate (5-COHTHF), were measured using

HPLC and ¯uorescence detection (samples were

deconjugated before assay). The foods surveyed

included a range of raw, processed and cooked

vegetables, legumes and fruits. On the same samples

total folate was also determined using a standard

microbiological method. The predominant form of

folate in all the foods surveyed was 5-METHF, THF

was found at lower levels in some green vegetables and

5-CHOTHF was either absent or only present in trace

amounts. The values for total folate in this survey

generally agreed very well with USDA Food Tables

and previously published ®gures.129 Rich natural

sources of folate include liver, yeast (and foods

containing yeast such as bread), eggs, green leafy

vegetables, leguminous vegetables and certain fruits eg

avocados and oranges (see Table 1).

From dietary surveys in The Netherlands, the UK
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Figure 7. The main contributors to adult dietary folate intake.

Figure 8. Stability of folate in peas –effects of storage at ambient or chill
temperatures and effect of blanching and freezing (see text for details).

J Scott, F ReÂbeilleÂ, J Fletcher
and Ireland it is possible to estimate the contribution

of different foods to the intake of folate in these

populations.130±132 Plant foods (vegetables, fruit and

potatoes) are by far the single biggest contributor to

the folate intake of adults; 39% 35% and 38% of total

intake in The Netherlands, the UK and Ireland

respectively (Fig 7).

Within the group of plant foods, vegetables are the

most important component in all three countries. A

similar estimate, of 40% of total folate intake from

plant foods, has been made for the US population.133

Vegetable and fruit consumption in some other

European countries such as France, Portugal and

Spain is higher than in The Netherlands, the UK and

Ireland, therefore it is likely that plant foods are an

even more important source of folate in these

countries.

Ripening and post-harvest changes
The in¯uences of stage of plant development and

ripening on the levels of several vitamins and nutrients

have recently been described.134±136 However, there

are no published studies on the effects in food plants

on folate levels during development and ripening.

Harvesting represents a more or less severe stress to

the metabolic machinery of a plant. The metabolic

processes of synthesis, breakdown and interconversion

between different forms of folate are likely to continue

immediately post-harvest and in the early steps of

processing before enzymes are inactivated. Further-

more, harvesting may be associated with physical

damage and exposure to adverse environmental

conditions such as oxygen, heat and pressure. There

have been few systematic studies of the effects of

harvest and post-harvest storage on folate levels. Chen

et al137 used spinach within 24 hours of harvest and

measured the effects of different storage conditions on

concentrations of free and total folate concentrations.

Folate was determined using the microbiological

method, levels before and after conjugase treatment

were measured to distinguish free and total folate.

Compared with fresh spinach the concentration of
808
total folate was reduced by 7% when held for 10h at

room temperature, by 26% when held for seven days at

4°C, and by 27% when held for 10 weeks at ÿ22°C.

An interesting observation from this study was the

®nding that although total folate levels declined

signi®cantly on storage, there was a concomitant

increase in the proportion of free to total folate, even

in the spinach samples held at ÿ22°C. This was

attributed to the action of endogenous conjugase.

The changes in folate levels following harvest and

storage have also been studied in peas and spinach

(Unilever Research, 1998 unpublished). Folate levels,

assayed as total folate by the microbiological method,

were determined in peas and spinach immediately

after harvest and in samples taken from the same ®eld

after storage at ambient temperature (20°C) or at a

chill temperature (4°C). Samples of both vegetables

were harvested by hand and to mimic normal

conditions of use for fresh peas, the pea samples were

maintained in their pods until analysis. Approximately

50% of the total folate at harvest was lost in peas after

six days of storage at ambient temperature (Fig 8).

In spinach 50% of the folate at harvest was lost after

®ve days of storage at ambient temperature (Fig 9).

Storage at chill temperatures reduced the rate of loss

such that after storage for seven days folate levels were

approximately 90% and 60% of that at harvest in peas

and spinach respectively.

Effects of processing
The reactivity and solubility of folates make them

susceptible to potentially large losses during the

storage, processing and cooking of plant foods.138 It

should be emphasised however, that compared with

the number and depth of studies undertaken to

describe and understand the loss of many other

nutrients during food processing, there are few

published data on losses of folate. The limited

information available was comprehensively reviewed

by Hawkes and Villota.139 This review will therefore

focus most attention on more recently published

studies. In general terms the chemical stability of

folates in plant structures may be adversely in¯uenced
J Sci Food Agric 80:795±824 (2000)



Figure 9. Stability of folate in spinach –effects of storage at ambient or chill
temperatures and effect of blanching and freezing (see text for details).

Figure 10. Oxidative degradation of (a) tetrahydrofolate,
(b) 5-methyltetrahydrofolate and C) 10-formyltetrahydrofolate.

Folates in plant food
by heat, exposure to oxygen and light intensity. The

oxidative reactions that lead to destruction of folate

vitamin activity are summarized in Fig 10. Because of

their solubility, a large effect of processing may also

occur simply by leaching of folates into surrounding

water used for washing, blanching, canning or cook-

ing.

Industrial
The freezing and canning process for plant foods

involves preliminary washing and blanching. Typical

commercial blanching conditions are 90±95°C for a

duration of 1±10min, usually achieved by exposure to

hot water or steam. Canning involves further heat

treatment, typically chosen to achieve a minimum

product temperature of 121°C for 3min, often in an

aqueous medium that is discarded before or after

cooking. Therefore any nutrients lost into the canning

medium are usually not consumed.

The effects of laboratory scale blanching and

freezing on folate levels in spinach were reported by

Chen et al. 137 They found that blanching in water at

100°C for 3min caused a 33% loss compared with

fresh spinach. Microwave blanching in the absence of

added water resulted in a 14% loss compared with

fresh.137 De Souza and Eitenmiller140 also studied

laboratory simulated blanching and canning of spi-

nach. They found an 83% and 42% loss of folate after

water and steam blanching respectively, compared

with a fresh sample. Following water blanching,

spinach samples subjected to canning lost a further

50% of their folate, ending up with only 12% of the

folate content of fresh spinach. Folate loss was also

studied in broccoli after water and steam blanching;

60% and 9% losses respectively were found compared

with fresh samples.140 It is noteworthy that the folate

levels found in the water-blanched and canned

samples of spinach were substantially lower than those

reported by the USDA food tables for frozen and

canned spinach.140 This suggests that the simulated
J Sci Food Agric 80:795±824 (2000)
processing conditions used by these authors were more

destructive than those used commercially.

The stability of folate in Brussels sprouts has been
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studied.141 Storage of unblanched sprouts at ÿ21°C
resulted in a 48% loss of folate after 188 days

compared with the amount in fresh samples. Labora-

tory blanching of Brussels sprouts (steam blanched for

5min) followed by storage at ÿ21°C for up to 180

days resulted in no signi®cant loss of folate compared

with fresh samples.141 The contrast in folate stability

of blanched and unblanched Brussels sprouts shows

that enzymatic inactivation is required to prevent

degradation of folate, at least in vegetables, even when

stored frozen. However, in a review of frozen storage of

fruits, Speiss142 noted that folate was reported as

stable in orange juice and sliced strawberries kept at

ÿ18°C for 12 months.

Folate retention in peas and spinach after under-

going commercial processing has been studied (Uni-

lever Research, unpublished). Folate levels in fresh

material were obtained by measurement in samples

immediately after hand harvesting. Material from the

same ®eld of peas or spinach was machine harvested

within less than 1h. This material was tracked and

sampled after having undergone transport, washing,

water blanching and freezing in routine factory

conditions. The frozen pea samples lost 5±15% and

the frozen spinach samples lost 10±30% of their folate

compared with newly harvested material.

The proportion of folate (measured as total folate)

in drained vegetables and in the liquid medium has

been determined after canning.143 In commercially

prepared canned samples of spinach, peas, asparagus

and green beans the concentration of folate in the

liquid portion was very similar to that of the drained

vegetable portion. Taking into account the proportion

of solid vegetable, it can be calculated that up to 60%

of the folate content could be lost into the canning

medium.

The effect of autoclaving on total folate levels in soya

beans has been studied.144 Soya beans were soaked in

water for 10h and then autoclaved at 117°C for 5,10,

or 15min (pressure 102kPa). Folate was lost progres-

sively with time of autoclaving; such that in the drained

beans levels were 36, 33 and 28% of those in fresh

beans after 5,10 and 15min autoclaving respectively.

From analysis of the amount of folate appearing in the

soaking and autoclave liquid it could be calculated that

approximately one-third of the original folate had been

lost by leaching and one-third by other mechanisms.

The effect of ionizing radiation on the folate content

of several plant and non-plant foods has been

determined.145 Their analysis measured total folate

and the folate vitamers. Approximately 10% of total

folate was lost in spinach, cabbage and Brussels

sprouts exposed to 2.5kGy radiation, at the higher

dose of 10kGy up to 30% of total folate was lost. The

authors noted that in irradiated plant foods the rate of

loss of polyglutamate forms of folate was higher than

that of monoglutamates. Therefore there may have

been an increased bioavailability of the remaining

folate.

Folate retention has been studied using the sous
810
vide system of processing. In this method vegetables

are heated in a vacuum-packed container; the lack of

exposure to exogenous water would be expected to

prevent losses due to leaching. Compared with fresh

broccoli only 11% of total folate was lost using this

system whereas 26±40% was lost by steam blanching

for 20min.146

Home and Catering
As with other water-soluble vitamins it may be

expected that the use of immersion in boiling water

as a cooking method for vegetables would result in

substantial loss of folate. Several studies have indeed

con®rmed this observation. The effects on samples of

fresh asparagus, broccoli, brussels sprouts, cabbage,

cauli¯ower and spinach of boiling in water (ratio 1:10

vegetable to water) for 10min were studied.143 Losses

of total folate from the vegetables ranged from 22% to

84%, for asparagus and cauli¯ower respectively.

Measurement of folate in the cooking water showed

that loss from the vegetable was entirely due to

leaching and not to oxidation, or other pathways of

degradation. The extent of folate loss was approxi-

mately associated with the surface-area-to-weight ratio

of the vegetable. For all vegetables except asparagus

and Brussels sprouts, the cooking water contained

more folate than the drained vegetable. The retention

of folate in vegetables after somewhat milder condi-

tions of boiling and microwave cooking have been

reported.147 Frozen samples of spinach, green peas,

green beans and broccoli were boiled for 5±10min

(ratio approximately 3:1 vegetable to water) or

microwaved for 7±8min without added water. Reten-

tion of folate did not differ between the two cooking

methods and was high 78±100% in spinach, peas and

beans, but was only 51±59% for broccoli.

A more recent study has systematically examined

the effects of different cook regimes on the folate

content of vegetables.148 A range of vegetables were

boiled, microwaved, steamed, baked, pressure-cooked

or stir-fried using various conditions. Generally it was

concluded that boiling caused higher losses of folate

than other methods eg for peas microwave cooking

caused zero loss and boiling for 10min (ratio 3:2

vegetable to water) caused 24% loss. For some

vegetables there was, however, no difference in folate

retention between different cooking method, eg

sweetcorn and french beans.

The bene®ts of microwave cooking and the potential

large losses of folate caused by exposure to water have

been con®rmed in unpublished research by Unilever.

Losses of total folate from frozen peas and frozen leaf

spinach, cooked either by boiling or microwaving were

measured. Peas microwaved for 4min lost 12% of their

folate content and spinach microwaved for 7min lost

only 1%; both vegetables were microwaved without

added water. Peas boiled (peas:water 1:1) for 8min

lost 35% of their folate while spinach boiled (spinach:-

water 1:1) for 15min lost 50%.

Legumes are potentially good sources of folate and
J Sci Food Agric 80:795±824 (2000)



Folates in plant food
are frequently preserved by drying. Losses of total

folate associated with soaking and cooking from a wide

range of commercially dried peas, lentils and beans has

been reported.149 Dry samples were cooked by boiling

in water for 20, 90 or 150min. Other samples were

treated with a `quick soak' regime in a ratio of 1:3

legume:water (boiled for 2min and left for 1h) or a

`long soak' regime (in cold water for 16h) and then

boiled in fresh water for 20, 90 or 150min. Not

surprisingly the longer cook times were associated with

greater folate loss that the 20-min cook period. Folate

loss after 20min cooking without presoaking was 40%,

quick and long soaked samples lost 80% and 65% of

their original folate content respectively. The differ-

ence between the two soaking regimes was attributed

to the effect of the 2-min boiling that preceded the

quick soak, resulting in fracture of the outer coat of the

legume seeds.149

After preparation in institutional settings, food may

be held for signi®cant periods of time before con-

sumption. Folate (only 5METHF, measured by

HPLC) losses during storage and reheating of food

have been studied in the context of comparing food

service systems in hospitals.150 A variety of vegetables

were prepared by boiling and then stored at chill

temperature for one to three days, or held at room

temperature for up to 2h or held warm (72°C) up to

2h. Where necessary vegetables were reheated using

conduction or infra-red catering equipment. Generally

vegetables reheated after 24h of storage at 3°C had

greater folate loss than those held at 72°C for 30min.

The losses were greater than 30% in some vegetables

reheated after 24h storage. The method of reheating

did not have a signi®cant affect on folate retention.

Williams et al150 concluded that warm holding for less

than 90min would ensure better folate retention than a

cook/chill system. This issue is of some concern as

there is a trend in hospital catering to use cook/chill

systems in preference to cook/hot-hold systems.

Potential for maintenance of levels found in fresh
material
From the outline given above it is clear that many

questions remain with regard to the kinetics and

mechanisms of folate loss from fresh fruits and

vegetables. At least for vegetables it is likely that folate

levels begin to decline immediately after harvest. As an

aid to consumers and nutritionists there is an obvious

need to obtain more basic data with regard to the time

course of folate loss in commonly consumed European

fruits and vegetables. Speed to market, rapid sale and

consumption is an obvious route to improving folate

delivery in fresh produce. It may be anticipated that

transport and storage at low temperatures and in

atmospheres with low oxygen tension may reduce loss

rates.

Although the evidence outlined above is not con-

clusive, it is likely that the predominant mechanism of

loss in processing and cooking of vegetables and

legumes is leaching into surrounding water. As shown
J Sci Food Agric 80:795±824 (2000)
by food composition tables it is evident that commer-

cial canning of vegetables and legumes results in

greater losses of folate than commercial freezing.

Consumption of folate from canned sources could be

signi®cantly improved by recommending consump-

tion of the accompanying canning medium. During

processing and cooking minimizing the use of water

and time at high temperatures would be anticipated to

signi®cantly improve folate retention.
ANALYTICAL METHODS
Native folates exist as a mixture of monoglutamates

and polyglutamates of pteroic acid and its ®ve

derivatives in the reduced form. This multiplicity of

forms and the generally low level (typically less than

1ppm total folate) makes quantitative analysis a

dif®cult task. Microbiological assay is by far the most

commonly used method and has been referred to as

the `gold standard' method for folate,151 but in recent

years HPLC chromatographic techniques have begun

to emerge which allow a more detailed characteriza-

tion of the folate vitamers. Some immunoassay

methods for total folate have also been reported.

The choice of method will depend to a large extent

on the ultimate use of the data. Thus for on-pack

nutritional labelling, where total folate is quoted, then

the microbiological method is normally the method of

choice, although immunoassays are also beginning to

be tried. On the other hand for biochemical and

availability studies where a more detailed understand-

ing of the various folate forms is required chromato-

graphic methods are necessary. Within the HPLC

methods there are in fact two different approaches ±

one that attempts to characterize the intact polymers

of folate (direct HPLC), the other characterizes the

various monomer forms after conjugase treatment

(monomer HPLC).

Microbiological assay
For total folate the essential assay organism is

Lactobacillus casei, but it does not respond to the

polymer forms. It has been reported152 that the mono-

and di-glutamate forms of folate exhibit similar molar

growth response, the tri-glutamate form is somewhat

lower and the higher polymer forms give a much lower

response. Thus the assay for total folate is dependent

on prior treatment of the native folate forms to give the

monomer or dimer forms. It is this deconjugase step

which appears to be the most critical to the success or

otherwise of the assay, and has consequently been

researched in some detail.

Conjugase treatment
Chicken pancreas and hog kidney are the two common

sources of the conjugase enzyme, although human and

rat plasma have also been used. The end product of

chicken pancreas conjugase treatment is mainly the di-

glutamate forms whilst hog kidney and plasma

conjugases take the folate polymers to the monomer
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forms. Since L casei organism responds similarly to the

mono- and dimer forms both conjugases are suitable

for microbiological assay for total folate (NB for

HPLC assay of the monomer hog kidney or plasma

conjugase is essential). Even amongst the various

monomer forms different growth responses of the

organism have been reported, as low as 45% with

dihydrofolate relative to folic acid and 80 to 115% for

the tetrahydro derivatives.152

The type and activity of the conjugase, the condi-

tions of the deconjugase reaction (time, temperature,

and pH), and the nature of the substrate under test can

all affect the performance of this step which crucially

affects the performance of the whole assay. The

ef®ciency of the enzymes can be inhibited by citrate153

and by certain food extracts themselves.154 Enzyme

treatment at near neutral pH using a large excess of

conjugase could alleviate the problem though not

eliminate it.152 A deconjugation treatment using a

three enzyme mix ± traditional conjugase (chicken

pancreas), a-amylase, and pronase ± has also been

reported155 with signi®cantly higher results claimed

for a range of foods. It also has to be borne in mind that

folate is a relatively labile compound, and that at

elevated temperature especially at relatively low pH

degradation can occur.152 Thus the ®nal conditions

selected are inevitably a compromise maximizing the

conversion of the polymer forms to mono- (or di-)

mers, and minimizing further breakdown of the

monomers formed. The addition of ascorbic acid

(typically 1% in all extraction and treatment solutions)

is made to minimize the losses.

In addition there are several other factors that need

to be taken into account in the selection of the enzyme

source. Most important is the endogenous folate

content, particularly for pancreas and kidney prepara-

tions, which can give high background values if not

properly puri®ed. Sourcing of the chicken pancreas

has also posed a problem. The conditions most used

for the different conjugases are shown in Table 2.

Goli and Vanderslice152 conclude their detailed

study with ± `it can be said that each of these (plasma,

hog kidney and chicken pancreas) treatments has its

own inherent problems and that no entirely satisfac-

tory procedure can be developed for the conjugase

treatment of folylpolyglutamate' ± which sums up the
Table 2. Summary of the the conditions used for the different conjugases.

Enzyme source Extraction Treatment pH

Human plasma 1% Ascorbic acid, phosphate

buffer (pH 4.5)

Acetate buffer (pH 4.5)

or phosphate buffer (pH 6.0)

Chicken

pancreas

1% ascorbic acid, phosphate

buffer (pH 6)

Phosphate buffer (pH 6.0)

Hog kidney 1% Ascorbic acid, acetate

buffer (pH 4.5)

Acetate buffer (pH 4.5)
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dif®culties surrounding this critical stage of the folate

assay.

Is seems appropriate that, whichever conjugase is

selected, the performance of the deconjugase step is

monitored with every batch of samples by assaying a

polyglutamate-rich source (eg lima beans) and also by

taking folic acid through the treatment.

The assay
For endogenous folate in foods L casei (ATCC 7469)

is almost exclusively used, with a typical 18- to 24-h

incubation for adequate growth. The culture tech-

nique, assay mediums etc seem well standardized.

Measurement of the growth response is by nephelo-

metry or spectrophotometry; as with microbiological

assays in general, multiple dilutions (at least three) are

recommended for each sample.

Chromatography
Chromatography offers a less technically demanding

route to the assay of vitamins and has been successfully

applied to the analysis of B1 and B2 for many years,

but it has been slow to break through to other water-

soluble vitamins. Thus folate assay by chromatography

has been explored but has until recently failed to gain

`respectability'. It is worth noting that an HPLC ion-

exchange method was reported as early as 1977156

which they claimed was `rapid, reliable, and applicable

to various food folates' but such methods have not

gained general acceptance, mainly because of column

`poisoning' and the lack of suf®cient sensitivity and

speci®c detection systems for the natural levels of

folate in normal foods. Several recent publications do,

however, suggest that chromatography is at last

offering not one but two serious options, namely that

of studying the range of polymer forms present in the

food (direct method), and also the different monomer

pteroyl derivatives (monomer method) after deconju-

gase treatment.

7.5 Direct method
This is in fact the least studied of the HPLC

approaches, but allows the study of the native form

of the vitamers, at its best allowing the differentiation

of both the number of glutamates in the polymer and

the various pteroyl substituents. The earliest separa-
Treatment

Temp/Time Comment Reference

37°C 3h Treatment pH of 6.0 gave

much improved recoveries

Keagy (1985) more recently

Gobi and Vanderslice152

37°C 3h Inhibitory effect greatest at

higher pH. High enzyme

blanks

Gobi and Vanderslice152

37°C 3h Good recovery on several

fruit and veg but only

72% to mono for red

kidney beans!

Engelhardt and Gregory160

J Sci Food Agric 80:795±824 (2000)
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tions of this type were demonstrated in the late 1970s

by Bush et al,157 who reported the different (and

complex) behaviour on reversed phase and ion

exchange systems. The pteroyl-glutamate chain

lengths were also determined after conversion of the

folates to their corresponding p-aminobenzoyl-gluta-

mates.158 Separation of the lower polymers in foods

was reported158 by reverse phase HPLC, with isocratic

mobile phase and ¯uorimetric detection after post-

column oxidation, a system which was used160 to

monitor the adequacy of enzymatic deconjugation of

food folates.

However, the most encouraging separation system

for native folates is by combined af®nity/ ion pair

chromatographies151 in which the folates in 10

different foods were characterized. After extraction,

the folate in solution was puri®ed by af®nity chroma-

tography on an FPB-Sepharose 4B column, and then

analysed on a C-18 Econosphere 5-m column and the

eluate monitored using a diode array UV detector.

Separation of not only the different polymers but the

different pteroyl derivatives at each polymer level is

claimed. The paper also describes the close similarity

between the af®nity/HPLC method and the L casei
assay for folate in a range of different foods.

‘Monomer’ method
Because the polyglutamate chain length is a major

determinant of chromatographic retention complete

deconjugation to their monoglutamyl forms prior to

analysis is essential (as was discussed earlier under

microbiological methods). Thus hog kidney or human

plasma enzymes have to be used, with all the inherent

problems associated with the deconjugation step.

Numerous chromatographic systems have been

reported139 ± mostly on reverse phase but some on

ion exchange ± although relatively few study the

natural levels in foods. Where these are studied

detection is invariably by ¯uorescence after post-

column oxidation. Separation of tetrahydrofolate,

5-formyltetrahydrofolate, 5-methyltetrahydrofolate,

dihydrofolate and folic acid is generally achievable. A

method for native folates in milk161 raise all the salient

issues stating in its introduction that `the loss of folates

during analysis is one of the major impediments to the

measurement of these compounds' and goes on to say

an additional complication is their extremely low levels

(although nutritionally signi®cant) in most foods.

They then describe their procedure in detail, de®ning

their extraction and conjugase treatment (including

checks on performance), before the chromatographic

determination. This used a C18 Microsorb Short-One

in series with an unspeci®ed C18 guard column and

the eluted monomers were oxidized by a stream of

hypochlorite before ¯uorimetric detection. An auto-

mated method162 for total folate in citrus fruits uses a

precolumn clean-up on Waters Nova-Pak C 18,

followed by analysis on Zorbax ODS and detection

by amperometric detection. Levels down to 8mg

100gÿ1 in the juices are reported.
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In all the chromatographic analyses of native folates

it is clear that clean-up and separation of the folates

from the spurious co-extracted materials is the major

requirement and thus dual column and highly tuned

detection systems are a necessity.163,164 With all these

detectors the different responses of the different folate

forms present their own additional problems with

regard to absolute quantitative total folate measure-

ment. (NB Also an issue with the microbiological

response with L casei.)
BIOAVAILABILITY
The bioavailability of the folates and folic acid has

recently been reviewed by Gregory.165,166 As

described in the introduction food will consist of a

complex mixture of reduced tetrahydrofolate which

may have attached to them a variety of ªcarbon oneº

units (Fig 2). In addition, they will be attached to

polyglutamate chains of various length 3 to 11

depending upon species. During digestion and ab-

sorption this polyglutamate chain must be cleaved to

leave a single glutamate. This is done by a pteroyl-

polyglutamate hydrolase often simply called conju-

gase. This enzyme is found in the brush border

membrane of the jejunal mucosa. After cleavage to

the monoglutamates the folates are bound by folate

binding proteins found in the brush border membrane

and are thus absorbed by a carrier-mediated process.

In addition, the folate monoglutamates being small

water-soluble molecules can be carried across by

diffusion. As the concentration of folate is increased

particularly by amounts present in supplements, the

diffusion process becomes more and more important.

At luminal concentration greater than a few micro-

grammes per millilitre diffusion is more and more

important.167 There are pronounced differences be-

tween the intestinal conjugases found in humans and

in pigs with those found in other species. This makes

the use of animal models other than the pig largely

irrelevant in discussing human bioavailability.

As well as having food folate polyglutamates

presented to it there may also be some monogluta-

mates. These will arise in three ways. Some food folate

polyglutamates will be broken down by the lysosomal

conjugase present in many cells, particularly in liver or

muscle.168 In addition there is a considerable enter-

ohepatic circulation of folate from bile perhaps as

much as 40mg per day. Finally, synthetic folate

monoglutamate (x) almost always as synthetic folic

acid, may be introduced into food by way of

forti®cation or in supplements.

The monoglutamates either in the diet or produced

as a result of the action of the intestinal conjugase are

converted to a single form namly 5-methyltetrahydro-

folate with the result that this single form as its

monoglutamate is the only form found in the human

circulation. The capacity of the mucosa to convert

different folate monoglutamates including folic acid to

this form is limited. Certainly for folic acid single doses
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of greater than 300mg result in some unaltered folic

acid appearing in the circulation. Thus bioavailability

is going to be the net result of (i) release of folate from

the food matrix (ii) uptake by the brush border (iii)

deconjugation with conjugase if they are polygluta-

mates (iv) active transport (v) diffusion (vi) conversion

to 5-methyltetrahydrofolate (vii) release into the

plasma. Many also consider excretion and tissue

uptake of recently absorbed nutrients to be part of

bioavailability and if so one must add (viii) transport

into different tissues and (ix) renal excretion. To

quantify what happens in these various steps one has to

consider the methods used to study folate or folic acid

bioavailability. All of these methods have limitations

but taken together some general conclusions are

possible.

Methods used to study bioavailability and results
and conclusions that can be drawn from them
In vitro studies
At one time it was suggested that knowledge of the in
vitro properties of human intestinal conjugase would

be helpful in predicting the factors that in¯uenced its

activity and thus the bioavailability particularly of

folate polyglutamate. An in vitro approach was at one

time advocated by Gregory and his colleagues169

where they felt one could for example identify

conjugase inhibitors in food. However they found the

process to be too complex to get any useful informa-

tion and this approach has largely been abandoned.

Whole animal bioavailability studies
Many earlier studies looked at the response of

experimental animals to various folates and various

folate-containing foods. However in retrospect it is

clear that many of the diets used contained consider-

able and variable amounts of folate at baseline.

Clifford and his colleagues169 were the ®rst to

develop an animal model which was really folate

responsive. Using sterilization of the gut micro¯ora

and a chemically derived diet, they were able to deplete

mice of folate to a point where they developed

anaemia. This model then responded to different

levels of folic acid restoration in the diet. However the

large differences that exist in the process of the

digestion and absorption of folate between animals

and humans make the value of this model dif®cult to

assess. A model based on conventional mini pigs,

which have digestion and absorption systems more

similar to humans, has also been developed.167

However the expense of this model has meant that it

has not been widely used and this lack of experience

with it makes it also hard to evaluate.

Area under the curve
This approach is frequently used in the pharmacoki-

netics of the absorption and excretion of drugs. In the

case of such drug studies there is usually no existing

endogenous level. In addition, the drug after absorp-

tion usually forms a well de®ned peak in the plasma. If
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one gives a human a physiological dose of either a

dietary folate or synthetic folic acid of say less than

400mg no rise in plasma folate is seen. This is because

the absorbed folate is ®rstly removed into the tissues

and secondly is so diluted in the plasma as not to cause

the plasma level to increase. This has been dealt with

in two ways. Firstly large oral doses of milligrams of

folic acid are given for days or weeks before the study

in order to saturate the tissues. The subsequent use of

a large test dose of folate under study usually in the 1 to

5mg range ensures a suf®cient rise in plasma level to

make it detectable. However, smaller physiological

doses have also been used and do give a plasma

increase, albeit a smaller one. Whether the ultimate

`test dose' is in the physiological or pharmacological

range or has used synthetic or natural folates, the

amount of folate being presented to the intestine is

totally unphysiological. Also there is an extensive

enterohepatic circulation with large amounts of folate

coming into the intestine in the bile because of the

presaturation. In addition there is extensive renal

excretion because the test dose usually exceeds the

renal threshold. It is known that there are very marked

differences in the handling of folate by the kidney.

Folic acid is excreted very rapidly while some 5-

methyltetrahydrofolate appears to be retained very

well. As renal excretion differences are part of the

determination of bioavailability the difference seen at

these un-physiological concentrations must distort

interpretation of studies using this approach.

Some studies using saturation and area under the

curve study the comparative bioavailability of different

folate monoglutamates compared to folic acid and

folic acid monoglutamate compared to folic acid

polyglutamate. Being comparative they are easier to

interpret ie what is the relative bioavailability of folic

acid when given as a monoglutamate or a polygluta-

mate? As well as the question of presaturation some of

these studies used ®xed time points for collection of

serum or plasma and thus could misinterpret different

rates of absorption with total difference in absorption.

Brown et al170 concluded that reduced folates were

less bioavailable than folic acid, and suggested that this

was because of their decreased stability. Perry and

Chanarin171 in contrast found that reduced folates

gave considerably higher plasma elevation than folic

acid. This difference could well be due to the rapid

urinary excretion of folic acid compared to the good

plasma retention of reduced folates.

Using similar methods the bioavailability of folic

acid compared to it being given as a polyglutamate has

been studied. Bailey et al172 found the response given

at 750mg as the monoglutamate was similar to the

heptaglutamate. Keagy et al173 found it to be less

bioavailable (about 63%). Perry and Chanarin171 used

a yeast extract as a test dose for folate polyglutamates

and reported a bioavailability of as low as 25%

compared to folic acid. This was very probably due

to the presence of conjugase inhibitors which is known

to occur in yeast.174
J Sci Food Agric 80:795±824 (2000)
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Area under the curve has also been used to compare

the relative absorption of food folates with folic acid.

Thus Rhode et al175 considered that orange juice folate

had over 50% bioavailability compared to folic acid

when given in small daily oral doses. This contrasted

with its poor bioavailability as determined by urinary

excretion when given in large test doses.176

More recently Prinz-Langenhe and Pietrzik177 have

used area under the curve in saturated subjects to

compare folate bioavailability from spinach to folic

acid. They concluded that the former was about 52%

bioavailable. They point out that the study was done

under controlled conditions and that it does not re¯ect

usual food consumption. For instance to get a

response they had to use a large test dose of spinach.

However they did show that the method has some level

of quantitation by showing that half the test dose of

spinach gave about half the plasma response.

8.1.4 Urinary excretion
This approach is very similar to that described above

for area under the curve. It uses extensive saturation of

the tissues to the point where folate accumulates in the

plasma and is excreted in the urine. This approach has

been used to compare bioavailability of differing folate

monoglutamates compared to folic acid.176 This study

found higher urinary levels of test doses of 5-

methyltetrahydrofolate with the 5-formyl derivative

being lower and tetrahydrofolate being equal. Urinary

excretion has also compared folic acid and found tri-

and heptaglutamates were 85±90% bioavailable by this

method.176 Urinary excretion, like plasma area under

the curve, is very dependent upon differences in renal

handling of different folates.

Isotopic method
Initially these studies used the radioactive isotopes of

tritium and carbon 14-labelled folic acid, and reduced

forms and polyglutamyl forms. Such studies would

now not be approved and all of the more recent studies

in this area have used stable isotopes of deuterium and

carbon-12.

Faecal excretion of physiological doses of [3H]

labelled folates has been used in several studies. Such

studies would have the rationale that what is not

absorbed will be excreted in the faeces. This approach

ignores that some of the label in the test dose could be

returned to the faeces by excretion in the bile

subsequent to absorption. However, in view of the

extensive retention of a physiological dose of folate by

the tissues if they have not been presaturated, this

biliary contribution is likely to be small. Thus for a

physiological test dose of [3H] folic acid between 45

and 48% was found in the faeces in four different

studies using a total of 51 subjects.178±181 Faecal

excretion of reduced folates were lower at between 1

and 8%.180,182 When folic acid was compared to

excretion of a comparable dose of the hexaglutamate

10% and 25% respectively was found to be excreted in

one subject.183
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Radioactive [3H] folic acid was reported to be

equivalently absorbed and excreted when compared to

[3H] folic acid polyglutamate labelled differently.184 A

further study found that when 260mg of [3H] folic acid

polyglutamate was given to six subjects 62% was

absorbed and 38% could be recovered from the

faeces.180 The comparable ®gures for folic acid were

76% absorbed and 24% found in the faeces.

While the approach of studying faecal loss is

technically dif®cult it should give unambiguous results

without the need for presaturation. However, as can be

seen, there is a wide variation in the results reported for

a physiological oral dose of [3H] folic acid which

makes one question the validity of the method. In

addition giving test doses of radioactive forms of folate

to humans would not now receive ethical approval

thus this method has little ongoing value.

Stable isotopes have been used to study folic acid

and folate bioavailability. It is possible to label folic

acid or other folate monoglutamates differently with

deuterium in the ring structure and give it orally and

compare its urinary excretion to folic acid labelled with

deuterium in the glutamate portion. These derivatives

can be chemically cleaved to pteridines and PAB

glutamates and analysed by GC-MS. All reduced

folates showed lower urinary excretion than the

ingested folic acid. This is probably due to the rapid

renal excretion of folic acid compared to reduced

folates. Stable isotope studies have also been used to

compare the bioavailability of folic acid to folate

polyglutamates. They give the sense that the latter are

about 50% bioavailable.

Wei et al185 found that the relative bioavailability of

monoglutamates compared to polyglutamate folic acid

was equivalent when given in water. They found

comparable values when these tests were done in the

presence of limes, beans or tomatoes. However, there

was a one-third reduction in bioavailability when done

in the presence of orange juice.

Pfeiffer et al186 using stable isotopes found that folic

acid given in apple juice had its bioavailability reduced

by about 15% when given with a meal. They found

that folic acid added to cereal grain products was as

bioavailable as folic acid given in solution. Stable

isotope studies of bioavailability do represent a very

important way of studying bioavailability of folic acid/

folate but in humans they have some limitations.

However, if physiological test doses are used in normal

circumstances the absorbed folates are exchanged into

the tissues and only a tiny portion is excreted in the

urine. While it is possible to quantitfy comparative

differences of differently labelled orally administered

folate the precision is low and only by repeating the

test several times on the same subject can one

approach quantitation.159 What is usually done is to

presaturate with large (milligram) oral doses of folic

acid for days or weeks before the tests are carried out.

This has the effect of saturating the tissues and

promoting urinary excretion of the newly absorbed

folic acid/folates labelled with stable isotopes. As
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currently done it thus produces an arti®cial situation

with respect to how such folate would be retained by

tissues or handled by the kidney in the normal non-

saturated subject.

There is also an extensive enterohepatic circulation

of a range of folates coming out in the bile which may

interfere with the normal intestinal absorption of the

test dose. There is also the problem that folic acid/

folates labeled with stable isotope are not at the

moment commercially available and that the method

requires GC-MS which is not available in most

laboratories. Finally, studies at the moment are

con®ned to where food is extrinsically labeled with

folic acid/folates. It will be dif®cult to produce foods

where the stable isotope is intrinsically label in the

food, ie a proper constituent of food folate within cells

and within the food matrix.

8.1.6 Feeding experiments
Several investigators have used the approach of giving

physiological amounts of folic acid or synthetic folate

monoglutamates or polyglutamates and food folates to

individuals for longer time periods. The responses

measured have been increase in plasma folate, increase

in red cell folate or decrease in plasma homocysteine.

These studies are undertaken in normal individuals

not presaturated with folic acid or folate and thus are

physiological in their basic design.

Looking at rises in plasma or serum folate has the

disadvantage that their value ¯uctuates and in any

event is affected by recent intakes. Other studies have

examined increase in red cell folate. Red cells during

their ®ve-day period of maturation in the bone marrow

take up an amount of folate commensurate with the

level that obtains in the plasma at that time. They are

then released into the circulation and retain their level

of folate for the 120 days of their life span. Thus red

cell folate gives an average of folate status over the

previous four months. This gives a very stable index

but experiments using this approach are of necessity of

very long duration. This should be preceded by a

period where the new regime of folate intake will have

caused a stable increase in the plasma folate level

which itself will take many weeks if not months.187

Plasma homocysteine is highly correlated with plasma

folate particularly at levels of the latter which are in the

low normal or de®cient range. Thus examining

reduction in plasma homocysteine in response to

intake of folates is potentially a very sensitive index

of changes in folate status and thus can be a measure of

folate bioavailability. Again suf®cient time must be

allowed for the plasma folate level to have stabilised to

the new intake ie weeks or up to two months.187 In

addition, such studies can only be done on subjects

who have homocysteine levels that can be lowered in

the ®rst place, ie values >9mmol litreÿ1. This would

obtain in one half of most populations but it rules out a

homocysteine-lowering approach on subjects already

on any source of foods forti®ed with folic acid (eg

breakfast cereals or ¯our).
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Early studies to use this approach were carried out

by Colman and his colleagues in South Africa.188 They

followed the response of serum and red cell folate to

folic acid added at physiological levels to cereal grain

foods when given to native South African women.

Using the indices of changes in plasma folate they

concluded that folic acid added to maize or rice was

50±60% bioavailable while addition to bread reduced

bioavailability to as little as 30±40%. Longer term

experiments using changes in red cell folates indicated

similar low levels of bioavailability.188,189 These

studies contrast sharply with those of Cuskelly et
al190 who concluded that using changes in plasma but

more importantly red cell folate, that synthetic folic

acid and folic acid added to forti®ed foods gave

comparable bioavailability.

A comprehensive study using changes in blood

folates in response to food folate was concluded by

Sauberlich et al. 191 They concluded that the latter was

about half as bioavailable as synthetic folic acid.

Cuskelly et al190 also concluded that food folate was

much less effective in changing red cell folate levels

over a three-month intervention when compared to

folic acid.

Ward et al187 used reduction in plasma homocys-

teine to monitor response to different levels of intake of

folic acid. They found a graded response indicating

that plasma homocysteine potentially could be used as

sensitive index to study folate bioavailability. Brouwer

and van Dusseldorp192 fed 66 volunteers, three

different diets over a four-week period and determined

their responses as reduction of plasma homocysteine.

All subjects received a basal diet of 200mg folate per

day. One group received 375mg of extra food folate, a

further group received an extra 250mg per day tablet of

folic acid and a further group acted as a control. After

four weeks there were comparable increases in plasma

and red cell folate in the former two groups and similar

decrease in plasma homocysteine. This would indicate

that food folate is perhaps two-thirds as bioavailable as

folic acid.
ENHANCING FOLATE LEVELS IN PLANTS:
POSSIBLE TARGETS
Most diets as currently consumed contain approxi-

mately 200mg per day of folate. Even in the most

af¯uent and developed countries within the EU and

North America the intakes in general are not greatly in

excess of this, except in a minority of people or in those

taking folic acid supplements and/or certain foods

forti®ed with this synthetic form of the vitamin namely

folic acid. There are now a large number of studies

such as those of Selhub et al,193 Ward et al,187 and

many others that indicate that in every community

examined the majority of apparently healthy indivi-

duals have biochemical evidence of having less than

optimal folate status.

This evidence is as follows. In the normal circulation

there is present an amino acid called homocysteine.
J Sci Food Agric 80:795±824 (2000)
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This arises in everybody by its synthesis from the

dietary amino acid methionine. Methionine is nor-

mally present in the diet in about 60% in excess over

requirement for the maintenance of the body's protein

synthesis. Homocysteine is on the degradation path-

way for methionine, with an option in cells to

reconvert it back to methionine in certain circum-

stances. The level of homocysteine in cells and in the

circulation is highly controlled by three different

enzymes, two of which require folate as a cofactor.

Any reduction in folate status is re¯ected in a

corresponding rise in plasma homocysteine and this

is recognized as a very sensitive biomarker for folate

status. There is thus a high degree of correlation

between folate status and plasma homocysteine. As

mentioned above, when apparently normal adults on

good diets are given folic acid, the majority respond by

a reduction in their plasma homocysteine level. Some

of the early intervention studies used very high levels of

folic acid in milligram amounts for such interven-

tions.194 More recently lower and lower levels down

into the physiological range have been found to be

effective. Ward et al187 carried out one such study,

which probably represents the breadth and scale of the

response to folic acid. In a group of normal men they

found that 100mg per day of folic acid lowered

homocysteine over a period of weeks, with 200mg per

day effecting a further reduction down to levels of

about 7.0mM litreÿ1. Further increasing the level of

daily supplements to 400mg per day had no signi®cant

further effect. Further analysis of the group, by

dividing them into tertiles, showed that the tertile with

the highest starting plasma homocysteine underwent

the largest reduction. There was an intermediate level

of reduction in those in the middle tertile. Those in the

lowest tertile began with plasma homocysteine levels

of the order of 7.0mM litreÿ1 and experienced no

further lowering upon folic acid interventioin. Dis-

continuation of the supplement in the two highest

tertiles saw them revert back to their original base line

homocysteine values over a period of weeks. It would

thus appear that the majority of apparently normal

subjects have plasma homocysteine levels that reduce

on folic acid intake to a level of about 7.0mM litreÿ1

and that homocysteine does not go below this.

A minority of the population have these low levels to

begin with. While there are a large number of studies

on the use of folic acid and other vitamins to reduce

plasma homocysteine, the majority of them used levels

in excess of 400mg per day. A meta analysis of those

studies concluded that 400mg per day or amounts

higher than this all had an equal effect in lowering

plasma homocysteine.195 Studies using lower levels are

few but it would seem reasonable to conclude that the

amount of extra daily folic acid required to lower

homocysteine is 200mg per day with perhaps lower

levels being effective if consumed chronically in food

on a habitual basis.

It is now suggested from a variety of studies that

plasma homocysteine is a risk factor for coronary heart
J Sci Food Agric 80:795±824 (2000)
disease and stroke.196 Prospective studies by Arnesen

et al197 and Wald et al3 would suggest that as with

cholesterol and risk of CVD, there is no plateau effect

ie the lower the better. Thus it might be anticipated

that increasing the intake of dietary folate to the

equivalent of 200mg of folic acid per day would be

optimum.

There is a marked difference between the stability

and bioavailability of folic acid compared to the

natural folates. The latter are less chemically stable

and being found as complex polyglutamate conjugates

in food, are calculated to be about 50% as bioavailable

as folic acid165 and even this may be an over-

estimate.190 Thus to achieve the same homocysteine

lowering with its hoped-for bene®t in CVD risk

reduction, one would need to have a target of changing

the dietary intake level from its current 200mg per day

to 600mg per day ie an increase of 400mg of dietary

folate daily.

There is good evidence that an increase in this order

would also produce most of the reduction that can be

achieved in Neural Tube Defects (NTDs) by increas-

ing folic acid/folate intakes. While an extra 400mg per

day of synthetic folic acid is recommended to most

health agencies, such as the UK Department of Health

and the Centers for Disease Control in Atlanta, this

®gure is really just historical. It was the amount used in

the intervention trials to prevent NTDs and the

amount that women were using in supplements in

the case control studies which showed a lower NTD

risk. The ®gure arises because it was the amount

traditionally used in supplements by individuals at the

time and used in the trials. While further intervention

trials to ®nd the lowest effective dose of folic acid

would be unethical, Daly et al198 used the study of

Daly et al4 as a surrogate outcome to determine the

optimal level of folic acid needed to prevent NTDs.

The latter study had shown that women with low folate

status, as determined by red cell folate of say 150mg

litreÿ1 had a risk of 7 per 1000 of an NTD-affected

birth. However, this fell rapidly as folate status

increased. Thus at levels of 400 or 500mg litreÿ1 of

red cell folate nearly optimal reduction in NTD had

been achieved. The follow up study by Daly et al198 in

a placebo-controlled intervention trial found that daily

folic acid intakes of 200mg achieved these higher and

protected red cell folate levels with no further

signi®cant improvement at 400mg per day. Some

improvement was also seen at the lower dose of 100mg

per day. Taking into account the fact that the intake

whilst long (six months) was not habitual as it would

be in the diet, and also giving some consideration to

some incompleteness in compliance, then perhaps

100mg per day would have been effective. These

studies used synthetic folic acid. Using the allowance

for bioavailability of 50% it would suggest that an extra

400mg of food folate per day would be required to

lower the risk of NTD-affected births optimally.

The taking of supplements containing folic acid has

been suggested to cause a reduction in the risk of
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colorectal cancer. The amount used in those supple-

ments was 400mg of folic acid per day. As lesser levels

were not used it cannot be said if a lower level would be

effective, although as in the case of reduction of risk of

CVD and NTD, it may well be that 200mg per day of

folic acid equivalent to an extra 400mg per day of food

folate would be effective.

In conclusion a target of increasing the average

dietary intake by some 400mg per day of dietary folate

would seem reasonable. It is unlikely that this intake

will be achieved without a substantial enhancement of

the levels of folates over those currently found in plant

foods.
POTENTIAL OF TOXICITY OF NATURAL FOLATE OR
FOLIC ACID
As far as is known there is no toxicity associated with

the natural form of folate. It is possible, however, that

this is because it is very dif®cult to achieve excessive

intakes because of the low abundance of natural folate

in foods. In any event, no speci®c cases of toxicity have

ever appeared in the literature. Likewise, there have

been no population studies reported that have

indicated a potential toxicological risk. Quite the

contrary; in fact the experience would be that under-

provision of folate will cause the risk of anaemia and

the reduction of cell division in all cell types leading

also to leukopenia and thrombocytopenia, with the

sequelae of susceptibility to infection and reduced

clotting ability. These areas are of signi®cant public

health concern. These effects only occur as a result of

folate de®ciency. However, as discussed earlier, even

modest reductions in folate status, not associated with

overt signs and symptoms of clinical conditions, give

rise to increased risk of CVD, or NTD or colorectal

cancer.

There is far more need for concern in substituting

the synthetic form of the vitamin folic acid for natural

folate by way of supplements or foods forti®ed with

folic acid. This is because there is an intrinsic

difference between the cellular metabolism of the

synthetic provitamin folic acid, compared to the

natural folates. This difference starts at the intestinal

mucosa. The mucosa has the function that it converts

the 10 different naturally occurring forms of folate

found in food into a single form, namely 5-methyl-

tetrahydrofolate monoglutamate. This will also hap-

pen for folic acid but the process can be saturated. It

appears that this occurs at levels of doses of oral folic

acid of about 300mg. At amounts greater than this,

unmetabolized folic acid appears in the circulation.7

Thus under normal circumstances all dietary folates

are converted into 5-methyltetrahydrofolate and this is

the only form of folate presented to cells. The control

of how much folate is taken up and retained by cells is

regulated through the requirement to metabolize it

through the vitamin B12-dependent enzyme methio-

nine synthase.199 The control is effected by the fact

that without this enzyme reaction the incoming folate
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will not be retained by the cell because the circulating

form will not be conjugated into a polyglutamate and

retained. By contrast, folic acid, once it is presented to

the cell, can be conjugated and retained and metab-

olized. It thus does not have to pass through the

vitamin B12-dependent methionine synthase step.

Folic acid, when given at a concentration that exceeds

the capacity of the mucosa to metabolize it, will bring

about DNA biosynthesis in vitamin B12-de®cient cells

in pernicious anaemia. This in turn will cause a

haematological response with the risk of masking the

diagnosis of the anaemia and the progression of the

neuropathy. Thus the most talked-of problem with

folic acid in masking pernicious anaemia is not an issue

for natural folate because natural folates after conver-

sion to 5-methyltetrahydrofolate will be metabolized

poorly in vitamin B12-de®cient bone marrow. How-

ever, in general, it is probably true that it is easier to

diagnose pernicious anaemia via the anaemia in

patients that have a low folate status because the

anaemia may become more prominent at an earlier

stage.200

Another concern with folic acid is that it might

promote tumour growth. Again this may be more of a

problem with folic acid than natural folate (5-

methyltetrahydrofolate) because of the former's less-

controlled entry into cells.

It is possible that the lack of reported toxicity for

natural folates in the literature is that their concentra-

tion in food is so low that it is not possible to achieve

toxic levels in practice. However, for the biochemical

reasons given related to the control of the cellular

uptake it may be protected from such toxicity.
RESEARCH PRIORITIES
Apart from considering the potential to up-regulate

speci®c enzymes in the folate biosynthetic pathway

there is much more information needed on the

variation in folate levels that occur in conventionally

bred varieties of the major folate-rich crops. Informa-

tion is needed on the effects of agronomic practices,

climate and site on folate levels.

Biosynthesis
Our knowledge about folate metabolism in plants is

still limited despite recent breakthroughs. In particu-

lar, we still do not know how the biosynthetic pathways

are regulated. This gap is important to ®ll in because

identi®cation of the regulatory points on the pathways

could possibly allow the rate of tetrahydrofolate

synthesis to be modulated. Furthermore, the ®rst

three steps of this pathway are absent from animals

and are therefore potential targets for future herbicides

or future antibiotics. Thus unravelling the mechan-

isms of these reactions and the determination of the

three-dimensional structure of these proteins might be

of some economic signi®cance.

The main site of tetrahydrofolate biosynthesis in

plants is in the mitochondria. However tetrahydro-
J Sci Food Agric 80:795±824 (2000)
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folate is required in most cell compartments. How this

cofactor is transported in plants across the inner

mitochondrial membrane (and in which form) remains

a very important question. Nothing is actually known

about the cellular traf®c of tetrahydrofolate. Knowl-

edge of these intracellular exchanges could provide a

further point to control tetrahydrofolate biosynthesis.

Tetrahydrofolate is the central cofactor of C1

metabolism. Most of the C1 units are used for

methionine synthesis and are provided as CH3-

H4FGlun, which is the more abundant form of

tetrahydrofolate found in the plant cell. However,

the enzyme leading to CH3-H4FGlun synthesis,

namely methylenetetrahydrofolate reductase, has not

yet been clearly characterized in plants and its cellular

distribution is not known. This knowledge would

provide a better overview of the whole of C1 metab-

olism in plants.

Finally the role that tetrahydrofolate and C1 metab-

olism might play during plant adaptation to environ-

mental factors is unknown. Tetrahydrofolate is

required for de novo nucleic acid synthesis and it is

likely that it is also required for DNA repair. To what

extent the tetrahydrofolate biosynthetic pathway and

the C1 metabolism are stimulated during various

stresses, such as oxidative stresses, is an open question.

Bioavailability
This section takes bioavailability to mean what

happens to food folates between the time they enter

the mouth, through their route in the gastrointestinal

tract, their passage through the mucosa, their uptake

and retention by tissues and their excretion principally

by the kidney, but to a lesser extent, in the bile. To this

must be added factors that in¯uence the rate at which

folates are catabolized (or broken down).

11.2.1. Stability of food folate in the stomach and in the
intestine
A major consideration with respect to the bioavail-

ability of natural folates relates to their intrinsic

chemical instability particularly to oxidation. This

causes either cleavage of reduced folates into pter-

idines and p-aminobenzoylglutamate or through mol-

ecular rearrangement to inactive forms. It is clear from

in vitro studies that this process can be reduced and

limited in three ways: by (1) eliminating molecular

oxygen; (2) complexing molecular oxygen and (3) the

presence of reducing agents. There is little opportunity

to regulate molecular oxygen levels in the GI tract but

the presence of molecules that bind oxygen such as

vitamin C or that keep folates reduced such as reduced

thiols (eg cysteine) would vary in different foods. Thus

more is needed to be known of the chemical

degradation of food folates and factors that might be

present in food which might be enhanced or in¯uence

the survival of food folates.

Deconjugation of food folates during absorption
Food folates are complexed to a polyglutamyl chain.
J Sci Food Agric 80:795±824 (2000)
This can be converted to the monoglutamate form

either in food before it is eaten or if food is ingested as a

polyglutamate by conjugases that are on the surface of

the internal mucosal cells.1 Deconjugation in food

prior to ingestion probably only occurs in meats but

the level to which it occurs in natural foods is of

research interest and very little has been done on it

apart from a study by Reid et al.201 If polyglutamate

conjugates are presented to the mucosal conjugase it is

not clear if they are cleaved ef®ciently. Lack of total

cleavage is usually thought to contribute to the fact

that they are only about half as bioavailable as folic

acid. Also there is some evidence that this conjugase

can be inhibited by different constituents of food.165

The degree to which deconjugation is incomplete and

any additional effect of natural inhibitors on this

process are of interest.

Uptake of folates by tissues from the circulation
This is also usually included in bioavailability. Quite a

lot has been done on the factors that control uptake

and retention by cells.199 There is a need to know how

absorbed folates are distributed in different tissues and

into different organs.

Excretion of folate by the kidney and bile
At physiological levels of food intake, there is little

excretion of folate into the urine or bile. These topics

probably do not warrant much attention.

Folate catabolism (or breakdown)
The same chemical instability that pertains in the GI

tract will also pertain in the circulation and in cells. It

can thus potentially be in¯uenced by other agents such

as vitaminC. This deserves some study.
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