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Abstract
In one carbon reaction, tetrahydrofolate works as cofactor for the synthesis of glycine, serine, methionine, purines and 

thymidylate. Folate or vitamin B9 is not synthesized in humans therefore plants are the main source of this essential vitamin. 
Deficiency of vitamin B9 may cause severe health consequences like birth defects, megaloblastic anemia, cardiovascular 
disorders, cancers, etc. To recover folate intake worldwide in the daily diet it is essential to engineer genetically universal food 
plants with intrinsic capacity to synthesize folate. In this review, we have precised recent advances in determination, biosynthesis 
enzymes, transport and compartmentation of folate. 
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Introduction 
Folates play a vital role in human beings and they involves in 

extensive range of biochemical pathways. Folates represent a group of 
water soluble vitamins B and its levels vary in food plants. In general, 
they extensively found in yeast, green leaves of vegetables, egg yolk 
and liver of animals. Folates are components of enlarged family of 
polyglutamates (5-7 glutamyl residues) of pteroic acid and related 
analogs. They are crucial co-factors in one carbon transfer reactions 
for biosynthesis of purines, pyrimidines, formylmethionyl-tRNA 
and thymidylate and in the metabolism of several amino acids such 
as methionine, serine and glycine [1]. Tetrahydrofolate synthesis 
occurs only in plants, fungi, microbes and parasites. In humans and 
other animals it is absent because of lacking of complex biochemical 
pathways and important enzymes. The first step of folates biosynthesis 
in plants comprised with synthesis of pterin precursors from GTP 
in the cytosol (pterin branch), and p-aminobenzoate (PABA) from 
chorismate in plastids (PABA branch). The biosynthesis of pterins are 
controlled by GTP-cyclohydrolase I (GTPCHI; EC 3.5.4.16), this is a 
rate limiting step. In another step, both pterin precursors and PABA 
are introduced into the mitochondria to take part in the condensation 
to folates [2]. 

In human beings, the main sources of folates are plant and it 
needs to be consumed a minimum of 400 µg/day through the diet [3]. 
In developing and developed countries, it is a fact for marked folate 
deficiency in extent of population, even in the regions where folate 
supplementation of foods is in practice and in the regions where level 
of intake of folates is in excess of the recommended dietary allowance 
[4]. Folates deficiency in the daily diet causes decrease in DNA 
synthesis and disturb to usual rate cell division. It is also associated with 

reduction in the biosynthesis of cells in the bone marrow results in the 
development of megaloblastic anemia, neural tube defects in infants 
(such as spina bifida and anencephaly), increased risk of vascular 
disease and certain types of cancer [5]. In addition to these diseases, 
lower serum folate levels have been also observed in patients with 
Alzheimer disease and vascular dementia [6] Folic acid supplements as 
multivitamin tablets guided remarkable decrease in neural tube defects 
[7]. Under controlled condition, application of some folic acid fortified 
grain products also declined in the occurrence of neural tube defects 
[8], childhood cancer [9] and stroke [10]. The genetic engineering 
approaches for folate biofortification of food grains come into view to 
be a cost effective and sustainable balancing approach to the existing 
interference (industrial fortification, folate pill distribution and diet 
diversification), predominantly for rural population in the developing 
countries, where conventional approaches due to high recurrent costs 
are difficult to apply. 

Chemical properties of folates

Chemical compounds with similar chemical properties and 
biological activity to folic acid are recognized as folate. The basic 
structure of folate comprises of 2-amino-4-hydroxy-6-methylpterin 
(pteridine ring) linked through a methylene bridge to para-
aminobenzoate which is conjugated with one or several L-glutamic 
acid residues with γ-peptide linkage (Figures 1A and 1B).

The compounds of identical chemical properties and analogous 
metabolic activities within the same vitamin family may be called 
vitamers [11]. The structure of folate exhibits dissimilarities at three 
sites, as a result large number of chemically linked species. Firstly, 
the pteridine ring can be fully oxidized (as in folic acid), partially 
reduced at the 7, 8-position (H2 folate), or can get fully reduced. 
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According to the recommendations of IUPAC, the reduced 5, 6, 
7, 8-tetrahydropteroylglutamic acid is called tetrahydrofolate and 
is abbreviated as H4 folate [12]. Secondly, tetrahydrofolate can be 
substituted at the N5 or N10 position to form 5-methyl, 5-formyl, 
5-formimino, and 10-formyl derivatives. Additionally, N5 and N10 can 
be bridged to form 5, 10-methylene and 5, 10-methenyl derivatives. 
Thirdly, the big difference occurs in number of glutamyl residues. In 
the cell, folates are usually found in the form of folylpolyglutamates 
and act as the essential coenzyme, they cannot pass easily through 
cell membrane. Folylpolyglutamates are chemically very active, they 
show higher binding affinity with many other enzymes as compared 
to monoglutamates however, the length of glutamyl side chain adjust 
the flux of one-carbon units in different biochemical reactions [13]. 
The fully reduced folates contain two chiral centers, α-C atom in the 
glutamyl moiety and C6 atom in the pteridine moiety. The natural 
diastereoisomeres of H4 folate, 5-CH3-H4 folate, and 5-HCO-H4 folate 
are [6S, αS] diastereoisomeres, whereas the naturally occurring forms 
of 10-HCO-H4 folate, 5, 10-CH2-H4 folate, and 5, 10-CH+-H4 folate 
are [6R, αS] diastereoisomeres. Most of the folates are light sensitive 
and oxidized readily. Oxidation process damage to folates and it is 
very high in reduced folates as compared to folic acid. The oxidation 
of folates is used in the pharmaceutical industry and for fortification 
[14]. The stability of folates depend on substitution of N positions, it is 
found more on N5 or N10 positions and the stability order in aqueous 
solutions is 5-HCOH4 folate > 5-CH3-H4 folate > 10-HCO-H4 folate > H4 
folate [15]. The oxidation folates degrades it into biologically inactive 
compounds and the rate of degradation depends on pH, temperature, 
types of buffer, and the presence of catalysts or antioxidants/reducing 
agents [16,17]. The pH dependent inter-conversion between different 
folates forms is possible and it makes them stable to oxidation 
degradation for instance, 10-HCOH4 folate is highly prone to oxidation 
and is easily converted to 10-HCO-PGA and 10-HCOH2 folate while 
5-CH3H4 folate gets oxidized to 5-CH3H2 folate [18]. In mild acidic 
pH of 5, 10-CH2H4 folate gets readily dissociated to H4 folate and in 
acidic pH it converted into 5-HCOH4 folate, 10-HCOH4 folate and 5, 
10-CH+H4 folate [19]. Although several factors affecting folates stability 

have been recognized, our knowledge related to stability of folates in 
complex systems such as foods is still limited.

Analytical advances 

For analysis of folates, an appropriate method needs to be address 
because this is very challenging in plant samples. Folates exist in different 
forms and stabilities and their concentrations occur comparatively 
low in various biological materials. They are sensitive to heat, light, 
and oxygen. Many biological materials contain other enzymes and 
endogenous conjugates which cause inter-conversion between vitamers 
and changes in vitamer distribution. Presently, the most common 
techniques of folates analysis in food are microbiological assays, 
ligand binding assays, and high-performance liquid chromatographic 
(HPLC) methods. Nevertheless, before to actual measurement of 
folates, many steps require special attention like extractions of folates 
from the samples, enzyme treatments, purification and ensuring folates 
stability during the storage of samples. For standardizing methods of 
extraction and analysis of folates, the certified reference materials are 
highly recommended according to an inter-laboratory evaluation [20]. 

Sample extraction and enzyme treatments

Folates extraction from the food matrix is achieved by heat 
treatment in reducing agents containing buffers. The pH of the 
buffer is maintained in the range of neutral or mildly acidic or 
alkaline. A dry matter basis, a buffer to sample ratio at least ten is 
used during extraction. For reducing agent ascorbic acid is used 
very commonly. To avoid formaldehyde formation from ascorbate, 
the use of 2-mercaptoethanol with ascorbate was recommended by 
Wilson & Horne, [21]. With formaldehyde mercaptoethanol can 
form hemithioacetal and these blocks inter-conversion of folates. In 
extraction, heat treatment is applied to liberate of folates from the food 
matrix and folate binding proteins [22]. Heat treatment is not needed 
if tri-enzyme treatment is applied in the extraction samples however, 
this process may not be appropriate for all types of folates analyses [23]. 
In food, majority of folates occur in polyglutamate form and in traces 
mono and diglutamates form. To determine these monoglutamates, 
diglutamates and polyglutamates need to be hydolyzed by using 30 
conjugates (γ-glutamylhydrolases; EC 3.4.22.12). In present analytical 
methods the most common conjugates with different pH optima being 
use are human and rat plasma, chicken pancreas, and hog kidney. 
The most common used conjugates are chicken pancreas suitable 
for microbiological assays it generates diglutamates, rat serum is 
suitable for HPLC analysis of monoglutamyl and hog kidney produces 
monoglutamates, involves in extraction and purification of folates. 

Microbiological assay

This method is considered as a time consuming and needed special 
skills [24]. However, some changes have immensely added to the 
practicability of this method like cryo-protection in glycerol, reduce 
the time needed for the assay and increase the reproducibility [25]. 
The use of microtiter plates instead of test tubes increases the sample 
throughput, lowers the detection limit and reduces time and effort [26] 
whereas use of chloramphenicol resistant strain has reduced the need 
for aseptic working conditions [27]. Microbiological assays are based 
on nutrient (folates) requirements microorganisms in nutrient culture 
media. The growth of the microorganism depends on concentration 
of the folates in the sample and it measured turbidimetrically. In 
folates analysis, Lactobacillus rhamnosus ATCC 7469 microorganism 
is used most commonly. The microorganism L. rhamnosus ATCC 

 

Figure 1: Chemical structure of (A) folic acid and (B) polyglutamyl 
tetrahydrofolate and its C1 substituted derivatives. Natural folates occur 
mainly as polyglutamylated forms in which a γ-linked chain of up to about 
eight residues is added to the glutamate moiety.
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7469 frequently used in analysis of mono, di, and triglutamates [28]. 
Therefore, enzymatic deconjugation of long chain folylpolyglutamates 
is essential. The microorganism may be compatible for the individual 
folates and they may exhibit a considerable different response to different 
vitamers [29]. This is a ‘reference’ or ‘gold standard’ method and used 
frequently in the validation of analytical methods measuring individual 
vitamers. This method provides equal response to different vitamers 
however, there is a possibility that the growth of the microorganism is 
either enhanced or inhibited by non-folate compounds in the sample.

Ligand binding methods

For the determination of folates a ligand binding assay is very 
common this method is also known as competitive radio protein-
binding assay (RPBA). In this method radio labeled folates in the 
analysis-kit compete with unlabeled folates in the sample for the 
binding sites of folates binding protein (FBP). The folates bounded 
in FBP are determined by titration with radio-labeled folates and the 
non-competitive assay of the sample is incubated again with FBP. The 
protein binding assay can be also performed by using enzyme labeled 
FBP (enzyme protein binding assay, EPBA), in this assay protein 
bound enzymatic activity is calculated by measuring the change of 
the substrate into product [30]. These assays are commonly used to 
determine folates in serum and red blood cells. However, some factors 
like pH of the assay medium and matrix may highly the results [31]. 
Thus, it is important to eliminate matrix effects during the sample 
extracts purification prior to analysis of folates [32]. On the other 
hand, the analysis of food folates is combursome process, since the 
affinities of folates vitamers to FBP vary [33]. Among the natural folates 
like H4 folate, 5-CH3-H4 folate and 5-HCO-H4 folate and two folates, 
PGA and (6R)-5-CH3-H4 folate which are not found in the nature 
showed affinities for bovine FBP [34]. In folates determination, ligand 
binding methods are also used as immunoassays which are based 
on the interaction of an antibody with its target molecule (antigen). 
Other assay in this method like enzyme-linked immunosorbent assay 
(ELISA) is highly specific and appropriate for folates determination in 
a complex matrix [35]. The radioimmunoassay (RIA) is rather limited 
and mainly suitable for the analysis of folic acid [36]. 

In general, the bio-specific assays are specific, rapid, and simple 
but they are often less sensitive than the microbiological assays. Several 
studies have proved poor correlation between ligand binding and 
microbiological assays because the kits of ligand binding assays given 
lower responses for other folate vitamers than folic acid [37]. 

Chromatographic assays

These methods involve in the determination of folates either folates 
vitamers or folates with different numbers of glutamyl residues forms. 
The high pressure liquid chromatography (HPLC) has been widely 
used in total folates analysis (Figure 2). Several HPLC methods have 
been also developed for determination of folate vitamers in food 
[18,38]. For development of HPLC methods the specific purification 
of the food folates is a key limiting factor. Usually, the purification 
procedures comprise weak or strong anion exchange, cation exchange, 
and affinity chromatography. Affinity chromatography is a reliable 
method for purification of folate samples extracts mainly from the 
cereals (Table 1). Most of the HPLC methods depend on either reverse 
phase or ion exchange separation. The ion exchange chromatography 
method is used in separation of polyglutamates and folate vitamers [39] 
and chain length of polyglutamates can be determined by cleavage of 
the C9-N10 bond, resulting formation of para-aminobenzoylglutamates 
[40]. Based on basic principles, some common methods like UV, diode 

array, fluorescence, and electrochemical have been also used in folates 
determination [41]. Among the methods, fluorometric detection is 
accurate and more sensitive than UV detection. Recently used some 
common HPLC methods for folates detection are described in the 
table 1. The folates detection methods can be used in combinations. 
Detection methods also can also be used in combinations. For instance, 
in a sensitive, specific, quantitative HPLC method all the folate vitamers 
of the sample undergo a chemical pre column conversion to 5-CH3-H4 
folate, which is then, detected fluorometrically [42]. Unfortunately, this 
method does not allow the determination of individual folates vitamer 
but offers a good alternative to the microbiological assay of total folates. 

Introduction of mass spectrometric methods approach has appears 
very promising in folates determination; however, its applications to 
food folates analysis are still scarce. A LC-MS method with negative ion 
electro-spray has been used for detection and seperation of four folate 
vitamers [43]. This method has also been tested on multivitamin tablet, 
breakfast cereal, and beef and vegetable extract. Recently used some 
common HPLC methods for folates detection in different food sample 
extracts are summarized in the table 1.

Folates Metabolism in Plants
Enzymes of folates biosynthesis 

The folates biosynthesis in plants occurs almost in similar ways as 
reported for microorganisms. The genetic engineering of biosynthetic 
pathway enzymes and related genes has been studied extensively 
in Arabidopsis thaliana [44]. The studies revealed that the first step 
comprises with synthesis of the pterin and PABA moieties in separate 
branches (Figure 3). PABA is synthesized in two steps from chorsimatein 
plastids. In the second step, enzymes GTP-cyclohydrolase I (GTPCHI; 
EC 3.5.4.16), dihydroneopterin triphosphate diphosphatase 
(DHNTPDP, EC 3.6.1.n4) and dihydroneopterin aldolase (DHNA; 

Figure 2: A systematic representation of folates analysis by HPLC method.
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Table 1: HPLC methods for folate determination in foods and plants.

Sample                  Enzyme                Purification            Columns                              Conditions                 Detection                 References 
                              treatments 
Whole wheat        Hog kidney             DEAE-sephadex       µ-Bondapak-Phenyl             Acetonitrile –              FL ex/em                 Gregory et al.[68] 
flour                     conjugase                A-25                         (300 x 3.9 mm, 10 µm)         phosphate buffer,        295/356 nm               
                                                                                                                                            pH 2.3, gradient       
Rye & wheat        Hog kidney             DEAE-sephadex       µ-Bondapak-Phenyl            Acetonitrile-                 FL ex/em                  Müller[69] 
grains                   conjugase                A-25                          and  µ-Bondapak- C18             phosphate buffer,         295/356 nm and  
                                                                                              (300 x 3.9 mm)                     pH 2.3,  isocratic         365/450 nm  
                                                                                                                                            or gradient                   (UV 280 nm) 
Wheat bread,        α-Amylase,            Affinity                      PhenomenexUltremex         Acetonitrile –          DAD 280 nm            Pfeiffer et al.[19] 
rice & pasta          rat plasma              chromatography        C18 (250 x 4.6 mm, 5 µm)    phosphate buffer,                                  
breakfast              conjugase &                                                                                           pH 2.3, gradient 
cereal                    protease 
Breads, pastries    α -Amylase,           Affinity                      Vydac 201 TP 54                 Acetonitrile –              DAD 280 nm       Konings et al.[3] 
and cakes &          rat plasma              chromatography         (250 x 4.6 mm, 5 µm)          phosphate buffer,        FL ex/em                   
cereal products     conjugase &                                                                                           pH 2.1, gradient          280/359 nm and 
                             protease   360/460 nm 
Bread making       α –Amylase, rat       SPE, SAX                Microsorb- MV  C18                   Methanol –         UV 280 nm,              Osseyi et al.[70] 
flour                     plasma conjugase     (Quaternar                (100 x 4.6, 3  µm)                phosphate buffer         FL ex/em                                                                                                                                     
(sponge bread)     & protease                 amine)                                                                  pH 6.8, tetrabutyl       290/350 nm or 
    ammoniumdihydr-   450 nm 
    -ogen phosphate 
    (ion-pairing agent),  
     Isocratic 
Breakfast roll      α-Amylase,               SPE, SAX                Zorbax SB-                      Acetonitrile –           DAD 290 nm,        Johansson et al.[71] 
                            Hog kidney                                                (150 x 4.6 mm, 5 µm)          acetic acid                    FL ex/em         
                            conjugase &                                                                                             gradient                        290/360 nm 
                            protease 
Fortified             α-Amylase,                SPE, SAX            Phenomenex Aqua  C18            Acetonitrile –  stable isotope         Freisleben et al.[72] 
Wheat flour        rat serum                   (quaternary amine)   (250 x 4.6, 5 µm)      acetic acid  dilution assay,        Rychlik[73]  
                           conjugase &    gradient  positive electro           
                           protease  spray, selected  
                                                                                                                                                                                  reaction  
                                                                                                                                                                                  monitoring 
                                                                                                                                                                                  (SRM) 
  
Whole wheat      α-Amylase,                Affinity            Phenomenex Luna C18           Acetonitrile –           UV 290 nm,         Gujska &  
grain, triticale     rat plasma                  chromatography   (250 x 4.6, 5 µm)   phosphate buffer,  FL ex/em                   Majewska[74] 
and rye flour,    conjugase &  pH 2.3 gradient 290/356 nm and          
oatmeal,  protease 360/460 nm                 
barley  
groats, rye  
breads 
Cereal grain       α-Amylase,             Affinity            ODS-Hypersil (250       Acetonitrile-          DAD 280 nm           Poo-Prieto et al.[75] 
products             rat plasma       chromatography   mm x 4.6 mm, 5 µm)  phosphate buffer            FL ex/em                    
                           conjugase & 295/360 
       protease 
In biofortified    α-Amylase,   Ultra filteration   Polaris C 18-A (150   Formic acid- LC-MS-MS          De Brouwer et al.[76] 
rice deconjugase &   (5 KDa Millipore)   mm x 4.6 mm, 3  µm)   water & formic stable  isotope           
                           protease   acid-acetonitrile dilution assay, 
                                                                                                                                          gradient positive electro 
 spray, SRM 
In biofortified    α-Amylase,   Ultra filteration   Acquity HSS T3 (150   Formic acid- UPLC-MS-MS    De Brouwer et al.[77] 
rice                    deconjugase   (5 KDa Millipore)   mm x2.1 mm, 1.8  µm)    water & formic stable  isotope           
                          & protease  acid-acetonitrile dilution assay, 
                                                                                                                                         gradient positive electro  
                                                                                                                                                                                 spray, SRM 
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EC 4.1.2.25) involve in the synthesis of dihydropterin from GTP. 
Genomic evidence suggests that these enzymes of the pterin branch are 
present in the cytosol. The reactions of third step occur in the stroma 
of the chloroplast in which enzymes aminodeoxychorismate synthase 
(ADCS; EC 2.6.1.85) and aminodeoxychorismate lyase (ADCL; EC 
4.1.3.38) catalyze the reactions of PABA synthesis from chorismate, a 
product of the shikimate pathway. After synthesis of PABA in stroma 
it is transfered in mitochondria where dihydropterin and glutamate 
are present. In mitochondria, the first two reactions are catalyzed by 
a bifunctional 6-hydroxymethyldihydropterin pyrophosphokinase 
(HMDHP; EC 2.7.6.3) and dihydropteroate synthase (DHPS; EC 
2.5.1.15) enzymes. In folates biosynthesis pathway, DHPS activity 
is feedback inhibited by dihydropteroate, a product of the reaction, 
dihydrofolate, and THF monoglutamate so this point is considered 
as a potential regulatory point. The structural analogs of PABA 
(sulfonamides) compounds which behave as herbicides can also inhibit 
DHPS activity. The attachment of the first glutamate residue to THF 
is catalyzed by Dihydrofolate synthase (DHFS; EC 6.3.2.12) this is 
first glutamylation step. For plant development, the glutamylation 
step is essential because a knockout in the corresponding gene 
can serve embryo-lethal in Arabidopsis [45]. The dihydrofolate is 
reduced to THF after first glutamylation step this reaction is catalyzed 
by dihydrofolate reductase (DHFR; EC 1.5.1.3) enzyme. Finally, 
DHF is reduced to THF by DHF reductase, which remains fused 
to thymidylate synthase in plants [46]. One residue at a time the 
polyglutamate tail is added in THF and its C-substituted forms by the 
action of folylpolyglutamate synthase (FPGS) [47]. The FPGS isoforms 
vary in different plant species, in Arabidopsis, three whereas in other 
higher plants two or more isoforms have been reported [48,49]. The 
fluorescent protein fusion experiment has confirmed that Arabidopsis 
isoforms FPGSa, FPGSb and FPGSc show to be specifically targeted 
to the cytosol, mitochondria, and plastids respectively. However, the 
experiments of single and double FPBS knockouts confirm that one 

or more FPBS isoforms target to multiple organelles [50]. In tomato 
plant, two FPGS genes are enough to target multiple orgenelles [49]. 
In cytosol, mitochondria, and plastids FPGS and polyglutamates 
occur consistently [51], this simplifies that monoglutamates are the 
transported forms of folate [52]. However, vacuoles are exception; they 
have folate polyglutamates but not contain FPGS and required ATP for 
further reaction [50,53]. 

With the advancement genetic engineering tools, significant efforts 
have recently been achieved to increase folates contents of plants. In an 
experiment, transgenic lines of GTPCHI gene from E. coli expressed 
in Arabidopsis showed 1000 folds more pteridine and 2-4 times more 
folates compared to wild plants [54]. For tissue specific expression, the 
mammalian GTPCHI gene was expressed in tomato fruit, as a result, 
the transgenic lines showed remarkable increase in pteridine content 
by 3 to 140-fold by an average of two fold relative to vector alone as 
controls [55]. Arabidopsis thaliana GTPCHI and ADCS genes also 
targeted for tissue specific expression in rice seeds [56,57]. The results 
of this experiment revealed that the ADCS transformed transgenic lines 
of rice alone showed 49-fold enhanced levels of PABA, in addition to 
around 89% of folates is present as the 5-methyltetrahydrofolate form 
in transgenic lines. Over-expression of A. thaliana cDNAs encoding 
GTPCHI and ADCS was also attempted in potato, with control of 
tuber-specific promoters could not enhance sufficient folates level [58]. 
These studies suggest that the two-gene strategies cannot be always a 
suitable approaches to biofortify the staple crops in order to enhance 
folates level [59]. 

Folates compartmentation and transport

The previous studies in pea leaves suggest that the plant folates 
are synthesized in the sub-cellular compartments i.e. cytosol, 
mitochondria and chloroplasts and its distribution within different 
sub-cellular compartment was indicated that mitochondria accounted 
40%, plastids 10%, vacuoles 20% and cytosol 30% of total folates [60]. 
Folates synthesis is controlled by the mitochondrial photorespiration 
enzymes activity of serine hydroxymethyltransferase and glycine 
decarboxylase and the activity of these enzymes are reported more 
advance in green leaves than etiolated leaves [61]. The entire green 
leave folates concentration increases during folates synthesis whereas 
mitochondrial folates not enhance in similar pattern [61]. The extra 
folates are made exclusively in mitochondria but it arises in other 
compartments as well. This implies the presence of folates transporters 
in the mitochondrial envelope. The transport of folates from one 
organelle to other occurs through transporter proteins during its 
biosynthesis and compartmentation in the plant cells. 

To date, several folates transporter proteins of mitochondria and 
chloroplast have been identified in plants and microorganisms. The 
mitochondrial petrin transporters in plants have not been identified 
yet however, it is believed that the role of these transporters could 
be analogous to that of protistan parasite Leishmania transporters. 
A biopetrin transpoter protein (BT1) has been well characterized 
which belongs to FBT1 (folates biopetrin transporter) family [62]. In 
Arabidopsis thaliana, two chloroplastic folates transporters AtFOLT163 
[63] and At2g32040 [64] have been identified that import folates in 
plastids, both of these are homologs of known folates transporters. 
In plants, the role of AtFOLT1 has not been full characterized but 
the functions of this transporter well studied in Chinese hamster 
ovary. Another chloroplastic folates transporter At2g32040 has been 
expressed in E. coli it confirms role in folates transport in plants 
[64]. The informations about vacuolar pABA glucose ester, folate 
polyglutamate and folate monoglutamate transport still lacking in 

Figure 3: The tetrahydrofolate biosynthesis pathway in plants cell. The 
enzymes abbreviations: GTPCHI: Guanosine Triphosphate Cyclohydrolase 
I; DHNTPDP: Dihydroneopterin Triphosphate Diphosphatase; DHNA: 
Dihydroneopterin Aldolase; ADCS: Aminodeoxychorismate Synthase; ADCL: 
Aminodeoxychorismate Lyase; HMDHP: 6-Hydroxymethyldihydropterin 
Pyrophosphokinase; DHPS: Dihydropteroate Synthase; DHFS: 
Dihydrofolate Synthetase; DHFR: Dihydrofolate Reductase; FPGS: 
Folylpolyglutamate Synthase (details about each enzyme given in text).
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their genes have also not been cloned so far [65-67]. Pterin transport in 
Leishmania, some studies has been conducted whereas it has not been 
well studied in plants. 

Conclusions 
It is essential to improve folates composition of foods in order to 

achieve better nutrition and health of the growing population. The 
total folates in food diets cannot be assessed without having state of 
the art analytical tools. The enzymes involved in folates biosynthesis 
in plants have been identified and well characterized. Some of the 
genes involved in the synthesis of these enzymes have been cloned, 
but we still lack the details of information related to control of flux in 
the pathway. The transport of folates and their precursors within and 
between cells is clearly a frontier for investigation. Transport systems 
for folates comprise of specific proteins and these need to be studied 
characterized in greater detail. Studies related to transport processes 
become difficult when carriers are present in low amounts such as for 
those involved in folates transport. In Arabidopsis certain transporters 
involved in transport of folates have been characterized that belong 
to different families of transporter proteins. Folates transport system 
within and between the cells appears to be a limiting factor for 
synthesis, distribution and storage and storage of folates. A detailed 
study of folates transport processes, characterization of transporters in 
higher plants will open up new possibilities to enhance folates level in 
plants using modern tools of genetic engineering.
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