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Abstract: 
The major flavour precursors in the genus Allium 

include alliin, isoalliin, proliin and methiin, 

members of the alkyl Cysteine Sulfoxide group 

(CSOs). The path of synthesis of alkyl Cysteine 

Sulphoxides, or flavour precursors, in the Alliums 

are still speculative. There are two proposed routes 

for alliin biosynthesis, one is from serine and allyl 

thiol while the other is from glutathione and an 

allyl source via  glutamyl peptides.The addition of 

allyl thiol to differentiating garlic tissue cultures 

resulted in the appearance of detectable levels of 

both S-allyl cysteine and alliin and also 

demonstrated that S-allyl-cysteine was oxidised 

stereospecifically to alliin by garlic tissue cultures, 

indicating the presence of a specific oxidase in the 

cells. Although these reports provide good 

evidence that S-allyl cysteine can be converted to 

alliin by garlic tissue cultures, it does not indicate 

whether γ–glutamyl-S-allyl cysteine or S-allyl 

cysteine is the substrate for the oxidation in vivo. 

Several approaches have been combined to 

investigate the intermediates and enzymes involved 

in the biosynthetic pathways, which have allowed 

to build up, for the first time, a picture of the 

dynamic uptake, allocation and distribution of 

flavour precursors during the life cycle.  This 

indicated that CSOs are remobilised to the new 

cloves in a late stage of development, following 

uptake of the bulk of sulphur by the plant.  Studies 

involving feeding potential intermediates to garlic 

callus tissue, that generally lack flavour precursors, 

indicated that several alk(en)yl thiols could be 

converted to alk(en)yl cysteine and alk(en)yl 

cysteine sulphoxide by callus.  This may indicate 

that synthase and oxidase enzyme(s) with broad 

substrate specificity may exist in Allium.  Cysteine 

synthase (CS) and serine acetyltransferase (SAT) 

may play a role in flavour precursor biosynthesis.  

Alliinase is the enzyme that initiates the conversion 

of alliin to allicin and its derivatives. These results 

provide further insight into the biosynthetic 

pathway of garlic flavour compounds. 
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Introduction : 
Garlic is grown and consumed in all parts of the 

world. It has long been considered as beneficial for 

health and it is recognized as having many 

properties that can prevent and cure diseases. 

Researchers have reported pharmacological 

evidence of the use of garlic as anti thrombotic, 

anti- atherosclerosis, anticancer and antiinflamatory 
[1]

. Garlic sulphur compounds have shown potential 

in combating cardiovascular disease and some 

cancers, and there is therefore an interest in 

improving the content of these compounds in 

garlic. 

Most of the biological properties of garlic are 

ascribed to organosulphur compounds. These 

compounds are derived from alliin which is 

converted to allicin by the enzyme alliinase when a 

garlic clove is crushed or cut. Allicin is an unstable 

compound that breaks down into numerous sulphur 

compounds such as polysulphides. 

Fig. 1: Enzymatic transformation of alliin to 

allicin 

 

Although considerable knowledge about the 

beneficial properties of garlic has been 

accumulated, but understanding of the biosynthetic 

pathway is minimal, especially when compared 

with current knowledge of the assimilation of 

sulphur from sulphate to cysteine. 
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Biosynthesis of Flavour precursor- Alliin: 
The reputed health giving properties of fresh garlic 

and commercial garlic extracts are thought to be 

derived from the presence and subsequent 

breakdown of the alk(en)ylcysteinesulphoxides 

(CSOs), alliin, isoalliin and methiin
[2]

 which act as 

flavour precursors in a range of Allium species. 

These odourless sulphur containing cysteine 

derivatives are the final stable products of 

biosynthetic pathways and are stored in vesicles 

within the cytoplasm
 [3]

. However, when garlic 

tissue is damaged during culinary or manufacturing 

activities, the enzyme alliinase is released from the 

cell vacuoles and can cleave CSOs simultaneously 

liberated in the cytoplasm. The reaction products 

are pyruvate, ammonia and a volatile, low 

molecular weight thiosulphinate which rapidly 

undergoes a series of vapour-phase non enzymatic 

reactions to yield a complex mixture of sulphur 

products that change over time 
[3]

. 

In garlic, unlike most other Alliums, the major 

flavour precursor is alliin that yields a series of 

thiosulphinates, allyl sulphides, dithiines and 

ajoenes after the action of alliinase and subsequent 

chemical decomposition. These are the source of 

the very characteristic garlic odour and also the 

proposed health related properties. In garlic the 

predominant flavour precursor is alliin with lower 

concentrations of isoalliin and methiin and trace 

amounts of propiin. The remaining sulphur 

compounds within the bulb, that together with the 

CSOs typically comprise of 1-5% dry weight, are 

γ-glutamyl peptides such as γ-glutamyl allyl 

cysteine sulphoxide and γ-glutamyl isoallyl 

cysteine sulphoxide 
[4]

. The path of synthesis of the 

flavour precursors is still speculative and it has 

been suggested that there are two routes to the 

major flavour precursor, alliin (Fig. 2). One 

possible route is from serine and an allyl source 

and the other is from glutathione and an allyl 

source 
[4]

. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 2: The biosynthetic pathways proposed for 

Allium flavour precursors.  Route A, after 

Lancaster and Shaw (1989) involves participation 

of glutathione and γ-glutamyl derivatives.  Route 

B, after Granroth (1970) is consistent with a role 

for serine (adapted from Jones et al., 2004) 
[5] 

 

Two biosynthetic pathways (Fig. 2) have been 

proposed for CSOs, both supported by 

experimental evidence 
[5]

. One proceeds from 

alkylation of glutathione through γ-glutamyl 

peptides to yield S-alkyl cysteine sulphoxides while 

the alternative is direct thioalkylation of serine 

followed by oxidation to the sulphoxide. In both 

cases the physiological source of the allyl group 

remains to be identified. Allium species contain 

substantial amounts of glutathione and γ-glutamyl 

derivatives of CSOs as well as CSOs so that 

determining the relationship between these 

compounds has remained unclear. It is possible that 

different pathways dominate in different tissues or 

at different stages in the life-cycle. 
 

Tissue analysis, radio-labelling studies and more 

recently protein biochemistry and molecular 

biology have been used to elucidate the pathways 

in several Allium species. One of the problems with 

analytical approaches is that damage to the tissues 

results in release of alliinase which rapidly converts 

CSOs to volatile sulphur compounds. Additionally, 

peptidases and γ-glutamyl transpeptidases present 

within the damaged plant tissues may initiate 

breakdown of the γ-glutamyl derivatives 
[6]

. To 

avoid these difficulties, some studies have analysed 

tissues disrupted after rapidly freezing or utilized 

intact plants or tissue cultures. 
 

Tissue culture is particularly attractive because 

biosynthesis of secondary metabolites is frequently 

reduced or absent except after specific 

modifications to the growth medium thereby 

indicating a role for proposed biosynthetic 

intermediates. Undifferentiated colourless garlic 

callus contains a very low level of methiin with 

only trace amounts of alliin, the reverse of the 

normal situation 
[4]

 indicating that the biosynthetic 

pathway is inhibited at some stage. Once the callus 

dedifferentiates on a suitable growth medium, the 

levels of flavour precursors are comparable with 

normal vegetative tissue, indicating that secondary 

metabolism is not irreversibly blocked. The thin 

cuticle allows biosynthetic intermediates ready 

access to intact but unspecialised cells. The 

addition of allyl thiol to differentiating garlic tissue 

cultures resulted in the appearance of detectable 

levels of both S-allyl cysteine and alliin within 

hours 
[7]

 and also demonstrated that S-allyl-cysteine 

was oxidised alliin by garlic tissue cultures, 

indicating the presence of a specific oxidase in the 

cells. Incubation with cysteine, glutathione or 

serine did not lead to alliin production. The amino 

 



 

Helix Vol. 3:541- 545 (2014) 

543 
Copyright © 2014 Helix ISSN 2319 – 5592 (Online) 

 
 
 
 

acids serine and glutathione may be taken up by the 

garlic callus but could be restricted in their entry to 

the site of the secondary product pathway, i.e. that 

part of the pathway that leads from cysteine and 

glutathione to the synthesis of alliin and is specific 

for the Alliums, so that a recordable level of 

stimulation of alliin synthesis does not occur. In 

contrast allyl thiol and allyl cysteine must be 

incorporated into this pathway very readily leading 

to the production of alliin. Although these reports 

provide good evidence that S-allyl cysteine can be 

converted to alliin by garlic tissue cultures, it does 

not indicate whether γ–glutamyl-S-allyl cysteine or 

S-allyl cysteine is the substrate for oxidation in 

vivo.  
 

Before the concentration of these flavour 

precursors can be manipulated, it is important to 

understand the pattern of synthesis and 

accumulation during the growth of the plant. 

Evidence for the ability of plants to form Sallyl- L-

cysteine from an allyl source and serine is provided 

by the formation in vitro of S-allyl-L-cysteine from 

allylmercaptan and O-acetyl serine, in the presence 

of cysteine synthase extracted from Spinacia 

oleracia. Ikegami et al. (1988) also showed that 

methyl thiol and allyl thiol could be converted to 

the cysteine conjugates, methyl cysteine and allyl 

cysteine by the enzyme b-cyano-L-alanine synthase 

from Spinacia oleracia. There are no reports of 

whether these reactions could occur in plants 
[8]

. 

  An advantage of callus is that exogenous 

substrates can enter the intact tissue through the 

thin cuticle that develops in the humid culture 

conditions.  This avoids any problems with 

cleavage of flavour precursors by alliinase that 

might occur in damaged tissue. 

Sulfur assimilation process: from sulfate 

(SO4
2-) 

to sulphide (S
2-

): 

Sulfur is available to plants primarily in the form of 

anionic sulfate (SO4
2-

) present in soil. It is actively 

transported into roots and then distributed, mostly 

unmetabolized, throughout the plant. SO4
2-

 is a 

major anionic component of vacuolar sap; 

therefore, it does not necessarily enter the 

assimilation stream. Gaseous sulfur dioxide (SO2) 

is readily absorbed and assimilated by leaves, but it 

is significant as a nutrient source only in industrial 

areas with air pollution. Sulfur is assimilated in one 

of two oxidation states. SO4
2-

 can be added to a 

hydroxyl group of an organic molecule. The 

reaction is referred to as sulfation and it is 

catalyzed by sulfotransferases. By contrast, Cys 

contains reduced sulfur, which is produced from 

SO4
2-

 in a multistep pathway in which eight 

electrons are added to form sulfide (S
2-

; Figure 3) 

[9].
 The reduction of SO4

2-
 to S

2-
 consumes 732 kJ 

mol
-1

.  
 

SO4
2-

 + ATP + 8 e
-
 + 8 H

+
 → S

2-
 + 4H2O + AMP + 

PPi 

Fig. 3: Reduction of sulfate to sulfide 

 
Cysteine Synthesis: 
Central to these schemes of synthesis of alliin is 

cysteine, since it links carbon and nitrogen 

metabolism and is an essential precursor for all 

biological compounds that contain reduced sulphur 

including CSOs. Plants utilise inorganic sulphate as 

their source of sulphur and this is absorbed by the 

roots from the soil and assimilated into cysteine 

after reduction to sulphide. The sulphate is 

activated to 5’-adenylsulphate by ATP sulphurylase 

and then reduced initially to sulphite by a 

glutathione-dependent reductase and then sulphide 

by a ferredoxin-dependent sulphite reductase 
[10]

. 

Cysteine synthesis occurs in green and non-green 

tissues in two sequential reactions. First, O-

acetylserine (OAS), the carbon precursor of 

cysteine, is synthesized from L-serine through the 

addition of an acetyl group from acetyl CoA by 

Serine Acetyl Transferase (SAT, EC 2.3.1.3) that is 

bound to cysteine synthase (CS, also known as O-

acetylserine thiol lyase (EC 4.2.9.8). Bound CSase 

acts as a structural or regulatory subunit of SAT 

and is mostly inactive in amino-acid synthesis 
[10]

. 

Second, free CSase inserts sulphide into OAS. 

Thus for effective cysteine synthesis to occur, an 

excess of free CSase is required. It is thought that 

in plant cell cysteine is synthesized in situ. 

Compartment specific SATases and CSases have 

been localized in various plants 
[9]

. 

 

 

 

 

 

 

 

 

 
Fig. 4 The biosynthesis of cysteine (adapted from 

Leustek et al., 2000) [9] 

The overall reaction is a key step in sulphur 

assimilation in plants, since cysteine is the first 

organic sulphur compound formed within the cell, 

uniting carbon, nitrogen and sulphur metabolism.  

The process is tightly regulated at both 

transcriptional and post-translational levels, the 

latter operating through protein-protein 

interactions, sub-cellular compartmentation and 

modulation by substrates and products.   
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Enzymes and genes responsible for Alliin 

Synthesis: 

The two proposed routes for alliin synthesis require 

rather different biosynthetic enzymes. The 

proposed glutathione route (Fig. 2A) involves 

allylation of the cysteine in glutathione typically 

performed by members of the glutathione-S-

transferase family (GST), followed by 

transpeptidation to remove the glycyl group, 

oxidation of cysteine to a sulphoxide and cleavage 

of the glutamyl group to yield alliin 
[11]

. Studies 

using garlic have tested for the presence of relevant 

genes and enzyme activities for de novo CSO 

synthesis by this pathway. After soluble proteins 

from garlic leaves were adsorbed onto a glutathione 

affinity matrix, a fraction with GST activity could 

be eluted with glutathione. One dimensional SDS 

protein electrophoresis showed the presence of only 

one major band of approximately 25 kDa, 

consistent with a GST. However, no enzyme 

activity was detected after incubation with a range 

of potential endogenous substrates and products, 

suggesting that it did not have a role in alliin 

biosynthesis 
[5]

. Although it may well have a role in 

transpeptidation in glutathione conjugate 

metabolism in vivo, the substrate specificity 

showed that it was unlikely to function as a 

peptidase in γ-glutamylalk(en)yl cysteine 

sulphoxide hydrolysis. 
 

The other biosynthetic route, operating through 

thioalk(en)ylation or alk(en)ylation of O-acetyl-

serine (Fig. 1B), currently has stronger 

experimental support for the presence of 

appropriate genes and enzymes. Evidence from the 

literature and tissue culture experiments suggests 

that CSase may be involved in the synthesis of 

alliin. Plants contain families of SAT and CSase, 

with cytosolic, chloroplastic and mitochondrial 

isoforms 
[12]

.  
 

Current experimental evidence therefore supports a 

route for alliin biosynthesis proposed by Granroth 

(1970) via CSase, although definitive evidence is 

still needed. However, the interrelationships and 

the role of the large amounts of γ–glutamyl 

peptides present within garlic remains to be 

resolved. Investigation of the levels of CSOs and 

γ–glutamyl peptides throughout the garlic life-cycle 

and in different organs gives further insight into 

their function, and will be discussed next. 
 

Sulphur content in garlic at different stages of 

life cycle of Garlic: 

The source of CSOs in garlic cloves is open to 

speculation. Studies on the distribution of CSOs in 

Alliums show that they are found in a range of 

tissues, including leaf, bulb, root and flower scapes 

as well as in cell culture and callus tissues 
[4]

. 

Studies on garlic cloves in storage indicate that 

they have the capacity to synthesise CSOs from 

other organosulphur containing compounds present 

in the cloves 
[13, 14]

. However, the origin of CSOs in 

the clove has to be considered in the context of the 

development of the whole plant. It is possible to 

identify four stages of development beginning with 

the germinating garlic clove. In stage one the plants 

grow slowly with little increase in dry or fresh 

weight, with the plants relying heavily on stored 

nutrients from the seed clove. In stage two the root 

and leaf tissue masses increase rapidly with root 

and leaf sulphur, nitrogen, carbon, protein and CSO 

content rising to near maximal values. While 

concentrations of CSOs in roots are high compared 

to other parts of the plant, root CSOs represent only 

a minor proportion of the total CSOs in developing 

garlic.  
 

In stage three, the bulb initiates and develops. 

During this stage, sulphur, nitrogen, carbon, protein 

and CSOs are lost from the root, which is 

correlated with root senescence and death at the 

end of this period while levels of CSOs, sulphur, 

nitrogen, carbon, and protein decline in the leaf and 

the increase in the bulb. Finally in stage four the 

bulb is mature, the aerial parts of the plant became 

dehydrated, leaves senesce and leaf sulphur, 

nitrogen, carbon and protein levels fall, concurrent 

with an equivalent rise in bulb levels. These 

findings are consistent with a process within which 

alliin and other CSOs are synthesised primarily in 

leaves and translocated to garlic clove tissues 

during bulb development also found that decreases 

in alliin in garlic leaves during the bulb 

development phase was accompanied by a 

corresponding increase in the bulb and interpreted 

this as a translocation from leaves to bulb. 

 

Allinase: An important player in the Genesis of 

Allicin:  

Alliinase is the enzyme that initiates the conversion 

of the alkyl cysteine sulphoxide flavour precursor 

(alliin) to allicin and its derivatives. Alliinase is 

extremely abundant in garlic tissue consisting of at 

least 10% of the total clove protein. The enzyme 

from bulb tissues is a glycoprotein containing 6% 

carbohydrate and exists as a dimer of two subunits 

of MW 51.5 kDa each  and the crystal structures of 

both the apo- and reaction intermediate-bound holo 

enzyme have been reported. Alliinase is located in 

the vacuoles of vascular bundle sheath cells which 

are located around the phloem 
[15]

, rather than the 

abundant storage mesophyll cells that contain the 

CSOs which may be linked to the dynamic re-

mobilization of CSOs during development.  
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Allicin - the old healing herb in the heart of 

Garlic: 

Garlic is remarkable for the number of compounds 

it contains, including seventeen amino acids, at 

least 33 sulphur compounds, eight minerals 

(germanium, calcium, copper, iron, potassium, 

magnesium, selenium and zinc) and the vitamins A, 

B1 and C. It also comprises of fibre and water but 

not a single trace of allicin. Allicin is an 

oxygenated sulphur compound, formed when garlic 

cloves are crushed. Alliin is the stable precursor of 

allicin and is stored in compartments in the plant 

that separate it from the enzyme alliinase (also 

called alliin lyase). When crushed, they mix and 

alliin is converted rapidly to allicin by the action of 

this enzyme 
[16]

. 
 

Conclusion: 
Research into flavour precursor biosynthesis in 

Allium is at a stage where developments in 

understanding of cysteine and glutathione 

metabolism over the last few decades can be 

applied with the aim of increasing CSO synthesis.  

We have focused on the role of CS, since a role for 

this enzyme in the synthesis of  substituted 

alanines has been demonstrated.  It is clear that CSs 

from many plants are able to synthesise alk(en)yl 

cysteine when provided with suitable substrates.  

However, more detailed kinetic studies of 

recombinant Allium CSs from each cell 

compartment are needed to provide a better 

appreciation of their biosynthetic potential. 

The importance of CS in CSO synthesis in vivo in 

Allium sp. remains to be determined.  Over-

expression or silencing of endogenous CS genes 

might provide an answer, although the effect of 

transformation of other plant species with genes for 

SAT and/or CS has had varying results.  Some 

reports little effect on phenotype while others have 

demonstrated plants exhibiting elevated levels of 

the OAS, cysteine, glutathione or other metabolites.  

Additional information on sulphur resource 

allocation during growth and bulbing would assist 

in improving agricultural systems for garlic 

production, and could be used, in conjunction with 

knowledge about the biosynthetic pathways, to 

improve garlic varieties.  Although garlic can only 

be propagated vegetatively at present, if fertile 

varieties became available these aspects of sulphur 

biochemistry might provide markers to assist 

breeders.  If transgenic garlic were to be developed 

as a commercial crop, these studies could 

determine whether targeting transgenes to 

particular organelles, tissues or times during 

development would be beneficial in influencing 

CSO synthesis. 
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