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Phenylalanine ammonia lyase or PAL is known to be the first committed enzyme 
of phenylpropanoid pathway which produces trans-cinnamic acid, the precursor 
of polyphenol biosynthesis. Some facts related to the physiology, enzymology 
and biochemistry of Phenylalanine ammonia lyase (PAL) from different 
organisms has been reviewed. Emphasis is given on the biological aspects of 
regulation of the induction of PAL by various stimuli and its role in producing 
polyphenolic compounds in plants. Levels of the enzyme are mainly affected by 
light, wounding, infection, ethylene level, concentration of plant growth 
regulators and metals. The possibility that PAL is involved in the control of 
polyphenol production has also been examined.  
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Introduction 
 
Phenolic compounds are ubiquitous in plants 
which collectively synthesize several thousand 
different chemicals. These compounds are 
characterized by hydroxylated aromatic ring. 
Among different phytochemicals phenolic 
compounds are extensively studied and have been 
exploited in different areas of plant research. A 
broad spectrum of polyphenolic compound 
includes simple molecules like phenolic acids to 
large polymers like tannins. Analytical 
characterization of a wide range of enzymes 
participating in the biosynthetic pathway of 
polyphenol production revealed that PAL is the 

principal enzyme of this pathway in plants. 
Phenylalanine ammonia lyase (PAL) (E.C. 4.1 .1.5) 
is currently known to be the most studied enzyme 
involved in the secondary metabolism of plants. 
The enzyme was discovered in barley seedlings by 
Koukol and Conn in 1961. PAL catalyzes the first 
committed step in the biosynthesis of a diverse 
range of phenylpropanoid-derived secondary 
products such as flavonoids and isoflavonoids, 
coumarins, and lignins (Hanson and Havir, 1970; 
Shine et al., 2016). The reaction catalyzed by PAL 
is a spontaneous non oxidative deamination of L-
phenylalanine which yields trans-cinnamic acid 
and ammonia (Hanson and Havir, 1968; Jun et al., 
2018). 
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PAL is the first and committed enzyme of the 
phenyl propanoid pathway that channels                  
L-Phenylalanine from the general metabolic pool 
to the synthesis of trans-cinnamic acid which is 
further transformed into several polyphenolic 
compounds. Apart from this, PAL plays important 
role in the production of anthocyanin and other 
pigments (Holton and Cornish, 1995; de Sousa        
et al., 2020) and synthesis of flavonoid modulation 
factor (Wiesshaar and Jenkins, 1998). It has been 
well documented that several physical, chemical 
and biological factors play a major role in the 
induction of PAL at genetic level. Different types of 
stimuli such as light, tissue wounding, pathogenic 
attack, temperature, different concentration of 
plant growth regulators, metals, gamma and UV 
irradiation affects the de novo synthesis of the 
enzyme. Being a highly inducible enzyme PAL can 
be induced easily by different such stimuli. 
 
Therefore, we have attempted to discuss some facts 
related to the enzymology of PAL and more 
emphasis is given on the biological aspects of 
regulation of the induction of PAL by various 
stimuli and its role in producing polyphenolic 
compounds in plants. 
 
Distribution of PAL in other genera 
 
Other than plants, PAL is reported to be present in 
other organisms too. Among microorganisms, it is 
present abundantly in yeast, mainly in Red yeast 
family Rhodotorula, and also in Sporobolo 
mycesroseus and Sporidiobolous pararoseus 
(Fritz et al., 1976). PAL helps to use L-
phenylalanine as a source of nitrogen and carbon 
in microorganisms (Fritz et al., 1976). This enzyme 
is widely distributed in higher plants (Koukal and 
Conn, 1961), some fungi (Sikore and Marzluff, 
1982), cyanobacteria (Albert et al., 1977) and 
Streptomyces (Bezanson et al., 1970). However, it 
is absent in true bacteria and animal tissues.  
 
Enzymatic activity of PAL 
 
PAL catalyses the elimination of ammonia and the 
pro-3s hydrogen from L-phenylalanine to form 
trans-cinnamate, the first committed step for 
biosynthesis of phenylpropanoid skeleton in higher 
plants (Hanson and Havir, 1981). PAL doesn’t 
require the involvement of any cofactors for its 
activity. Purified PAL from different plant sources 

has a molecular mass in the range of 270-330 kDa 
(Camm and Towers, 1973; Watanbe et al., 1992). 
PAL is a tetramer with identical subunits. Pairs of 
monomers form a protomer and it has a single 
active sight (Camm and Towers, 1973). Studies 
revealed the Km of the enzyme is in the range of 
0.3 x l0-4 to 1.5 x 10-2 M. Studies on substrate 
specificity of PAL revealed that it is highly specific 
for L-Phe and to a lesser extent to L-Tyr. D-Phe 
and D-Tyr do not serve as substrates of PAL; rather 
they act as competitive inhibitors of PAL (Ogata et 
al., 1967; Hodgins, 1971). According to Kyndt et al., 
2002; substrate specificity of PAL varies greatly 
from species to species. PAL from dicotyledonous 
plants, is highly specific to L-Phe. On the other 
hand, in some photosynthetic bacteria, it shows 
higher specificity for L-Tyr. Three dimentional 
structure of PAL has been recently discovered by 
Calabrase et al. (2004) using X-ray 
crystallography. 
 
Factors influencing the induction of PAL 
 
An increased level of PAL activity is often referred 
to in the literature as an induction of the enzyme 
although it is generally understood that an 
inducible enzyme is one which is synthesized de 
novo in response to an external stimulus. 
 
Effect of light 
 
Among the stimuli examined, greatest effort has 
been made on the mechanism by which different 
qualities of light (white, red/far red, blue, UV) 
influences the level of PAL (Camm and Towers, 
1977). The effect of light on levels of PAL has 
received a great deal of attention as a result of 
Zucker’s discovery of the increased activity of PAL 
in potato slices incubated under white light. White 
light is first shown to induce PAL in potato tuber 
slices by Zucker (Zucker, 1965; Zucker, 
1972).Induction of PAL causes an increase in the 
content of polyphenols especially chlorogenic acid 
(Zucker, 1965; Lamb and Rubery, 1976). Parsley 
cell suspension culture shows an UV-dependent 
PAL response resulting in flavonol formation 
(Hahlbrock et al., 1976). Involvement of 
phytochrome was demonstrated in etiolated pea 
(Lamb, 1979), mustard (Shields et al., 1982) and 
radish seedlings (Amrhein and Gerhardt, 1979), 
and Helianthus tuberosus tubers (Lamb, 1982). 
Several studies have shown that a short period of 
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illumination with red light(R) followed by dark 
incubation causes an increase in PAL activity. In 
recent studies, some groups have shown that a 
brief illumination with far-red (FR) suppresses the 
response of PAL to R. However, it has been 
recently reported that FR illumination increases 
PAL levels in etiolated tissue (Dixon and Fuller, 
1976; Lamb, 1979; Noe and Seitz, 1982; Havir, 
1981)). The increased level of PAL in etiolated 
radish seedlings has been correlated with the 
change of the amount of phytochrome (Duchesne 
et al., 1977; Amrhein and Gerhardt, 1979; Fosket, 
1979; Trewavas, 1979) by a group of researchers. 
 
Apart from exhibiting R-FR sensitivity, many of 
the systems also show sensitivity to blue light. In a 
study on Heliunthus tuberosus, incubation under 
white, red (660-680 nm), and blue light (427 nm) 
has shown an increase in PAL induction (Nitsch 
and Nitsch, 1966). Long term irradiation with blue 
light in gherkin seedlings has shown a greater 
induction and accumulation of PAL (Schopfer and 
Mohr, 1972).  
 
The problem of phytochrome involvement in PAL 
synthesis has not yet resolved. There is substantial 
evidence, for phytochrome mediated stimulation in 
pea, buckwheat, mustard and radish tissue; 
however, in other plants it is obscure and response 
to blue light may involve a different pigment. 
 
Effect of wounding, infection and ethylene 
 
Excision and wounding are also known to increase 
PAL levels in many plants (Camm and Towers, 
1977). Some groups have shown that there is an 
increase in the induction of PAL upon wounding in 
pea seedlings (Hyodo and Yang, 1971), citrus fruit 
peel (Riov et al., 1969), excised bean axes 
(Sondheimer et al., 1968), buckwheat (Amrhein 
and Zenk, 1971) and gherkin (Engelsma, 1968). 
This effect may be ascribed to the production of 
ethylene, because wounding of a tissue stimulates 
the endogenous production of ethylene and the 
effect of added ethylene on most tissues is to give 
rise to an increased production of PAL. In some 
other studies they have shown there is an increase 
in PAL induction in citrus peel and pea seedlings 
when treated with gamma (Riov et al., 1968) and 
UV rays (Hadwiger and Schwochau, 1971) 
respectively. These effects could be a response due 
to the production of ethylene as a result of tissue 

injury. In a recent study on rosemary (Rosmarinus 
officinalis L.) showed that low doses of gamma 
treatment during callus culture causes minor tissue 
damage and hence production of  ethylene which 
causes enhanced induction of PAL and subsequent 
increase in polyphenol production (Hossam et al., 
2011). 
 
PAL is also induced in response to infection by 
plant pathogens. Ethylene is also produced by 
plants following infection by a pathogenic 
organism. This may be responsible for triggering 
PAL production in plants and callus cultures 
infected with different pathogens. Studies in bean 
leaves following infection in tobacco infected with 
tobacco mosaic virus (Paynot et al., 1971) or 
Pseudomonas solanacearum (Pegg and Sequeria, 
1968), in sweet potato infected with Ceratocystis 
fimbriata (Minamikawa and Uritani, 1965) and in 
soybean infected with Helminthosporium 
carbonum (Biehn et al., 1968) have shown an 
increase in PAL induction compared to that of 
untreated sample. 
 
Effect of plant growth regulators 
 
Little is known about the mechanism by which 
plant growth regulators influence induction of PAL 
in plants. Although several groups had worked on 
the effect of exogenous addition of plant growth 
regulators on PAL induction; however, the actual 
mechanism is yet to be solved. In a study with 
dark-grown bean (Phaseolus vulgaris) callus PAL 
activity increased within few days of callus culture 
when treated with lesser amount of exogenous 
auxin and higher amount of exogenous cytokinin 
(Jones and Northcte, 1981)). Dixon and Fuller 
(Dixon and Fuller, 1976) have also observed an 
increase in specific activity of PAL on lowering the 
auxin concentration. According to a recent study, 
gibberellin treatment increased PAL production 
and lignification in dwarf pea plants, but only 
when the plants are held in light (Cheng and 
Marsh, 1968). In pea and other plants gibberellic 
acid has been reported to promote PAL activity and 
lignifications (Riov et al., 1969). However, 
according to Fry et al. (1979), gibberelic acid 
repressed PAL activity in spinacia suspension 
cultures. Hemzmann and Seltz (1977) reported that 
gibberellic acid repressed anthocyanin synthesis 
and de novo synthesis of PAL in Daucus 
suspension cultures. As different plant growth 
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regulator regulates PAL induction in different ways 
in plants and even during different developmental 
phases; so, it is very difficult to deduce any 
particular pattern of PAL induction by a specific 
plant growth regulator. 
 
Effect of metals on PAL activity 
 
Presence of heavy metals in the environment 
affects plant metabolism and induces different 
mechanisms, which enable them to counteract with 
the direct and indirect negative influences caused 
by uptake and translocation of these heavy metals 
within tissues. Cadmium (Cd) has no known 
physiological function in plants, while copper (Cu) 
is an essential plant micronutrient (Owen, 
1982).Notwithstanding its importance, very little 
information is available on PAL activity under 
heavy metal stress. The effect of copper on PAL 
was studied in Panax ginseng (Ali et al., 2006) and 
the influence of cadmium on PAL activity has 
recently been studied in fronds of Azolla imbricata 
(Dai et al., 2006). However, more detailed studies 
focused on time and concentration dynamics are 
still lacking. In a recent study (Kováčik et al., 
2005) on the effect of copper and cadmium in the 
induction of PAL activity and subsequent 
formation of polyphenols in Chamomile 
(Matricaria chamomilla), it is demonstrated that 
high Cd concentrations caused a stimulatory effect 
on PAL activity and soluble phenolics 
accumulation, while high Cu doses had extreme 
stimulatory effects on PAL activity and phenolics 
accumulation in roots. Cd accumulation was higher 
in the leaf rosettes compared to copper, but the 
opposite was recorded in case of roots. Species-
specific changes in expression of phenylalanine 
ammonia-lyase (PAL) and lignin content were 
detected in roots of soybean (Glycine max L.) and 
lupine (Lupinus luteus L.) when treated with 
different concentrations of cadmium and lead 
(Chmielowska et al., 2008). The activity of PAL 
was enhanced in both the plant species at 
comparatively higher metal concentrations; 
however, it was not directly correlated with PAL 
mRNA. This suggests a transcriptional and 
posttranscriptional control of PAL expression 
under heavy metals stress. Cadmium-induced 
changes in total Phenolics, and Phenylalanine 
Ammonia-lyase activity in fronds of Azolla 
imbricata has also been recently studied (Dai et 
al., 2006). In this study, significant increase in 

total phenolic content, total anthocyanin content 
as well as PAL activity were also detected during 
Cd treatment. The results suggested that 
anthocyanin, total phenolics and their 
biosynthesis-related enzyme PAL could have been 
playing a role in detoxification of Cd in A. 
imbricate. Some other groups also demonstrated 
the positive effect of copper in PAL induction in 
some other plants such as Phyllanthus tenellus 
Roxb (Laura et al., 2010), soybean seedlings 
(Sylwiaet al., 2011) and Jatropha curcas L. 
seedling (Gao et al., 2008). Other than Cd and Cu, 
Zinc (Zn) also plays an important role in PAL 
induction and expression (Luo et al., 2010). A 
positive relation between zinc concentration and 
induction of PAL has already been established.  
 
Relation between PAL induction and 
production of polyphenolics 
 
If PAL level is a limiting factor in phenolic 
biosynthesis via phenylpropanoid pathway, then 
different stimuli discussed above causing induction 
of PAL should also cause an increase in phenolic 
compound production. Concomitant increase in 
the level of PAL and phenolic compounds has been 
demonstrated in many plants. In gherkin seedlings 
changes in PAL levels after treatment with blue 
light (Engelsma, 1967a)), long term R light 
(Engelsma, 1967b), wounding (Engelsma, 1968), 
photoperiod (Engelsma, 1969a) and temperature 
(Engelsma, 1969b; Engelsma, 1970a; Engelsma, 
1970b) reflected greater accumulation of 
hydroxycinnamic acids, the major phenolic in 
plants. Not only in seedlings but also in fresh 
potato tissue, incubation under light developed 
PAL level or chlorogenic acid (Zucker, 1965) 
suggesting that there is a direct relation between 
PAL induction and polyphenolic production. 
Similar increase in PAL level and chlorogenic acid 
has been described in ethylene treated sweet 
potato (Imaseki, 1968) and Swede tissues (Rhodes 
and Wooltorton, 1971). Phenolics in fruits and 
vegetables represent the major class of antioxidant 
supplements in our diet (Liang and Kitts 2016). In 
a metabolomics study it was reported that 
cinnamic acid and its derivatives such as gallic 
acid, rution etc. are present in good quantities in 
plants (Liu et al. 2017). In Actinomycete 
Streptomyces verticillatus, a correlation between 
cinnamide production and the levels of PAL has 
also been demonstrated (Bezanson et al., 1970). 
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Recently in a study the importance of PAL even in 
the treatment of phenylketonuria is reported (de 
Sousa et al. 2020). 
 
Although flavonoids, flavanols are biosynthetically 
different from simple phenolics there are many 
examples of correlations between their increased 
production and PAL induction. Naringenin in 
grapefruit (Maier and Hasegawa, 1970), leuco-
anthocyanins and catechins in strawberry leaf 
disks (Creasy, 1968) accumulated due to induced 
expression of PAL. In buckwheat both PAL and 
anthocyanin production are affected in the same 
way by R and FR light (Scherfand Zenk, 1967).  
 
Apiin and graveobioside-B formation after 
illumination of parsley cell cultures coincides with 
highest PAL activity (Hahlbrock and Wellman, 
1970). Even in developing tulip and narcissus 
anthers, the content of several flavonoids show a 
direct correlation with PAL activity. High PAL 
activity is often correlated with active lignification 
although in non-lignifying tissues the enzyme may 
also have very high specific activities. In bamboo 
shoots growing under light, the regions of highest 
PAL activity are those undergoing most rapid 
lignifications; while in very young shoot and in 
already lignified tissue there is little activity 
(Higuchi, 1966). In another study on soybean the 
importance of PAL in mitigating biotic stress, more 
specifically in combating pathogen induced stress 
was documented (Shine et al., 2016). 
  
PAL and lignification are not correlated in all 
plants. Very little or no PAL is present in lignifying 
Eucalyptus leaves (Hillis and Ishikura, 1970) but 
in buckwheat the highest specific activity is found 
in the stem apex. In Periploca graeca and in 
tobacco very high specific activities have been 
found in young tissues and in the terminal bud 
(Paynot et al., 1971). Since very young tissues are 
often conspicuously colored with anthocyanin this 
should be correlated with PAL levels and the levels 
of particular polyphenols and anthocyanins. The 
same observation could be applied during 
interpreting the results of accumulation of 
hydroxyl cinnamic esters and flavonoids in some 
plants. In a study on carrot tissue culture, it has 
been observed that production of flavonoids was 
high but with a lower level of PAL (Havir and 
Hanson, 1968). It seems, from these examples that 
PAL is not the only site of control of cinnamate 

metabolism in plants. Swain and Williams cast 
doubt on the exclusive role of phenylalanine as a 
flavonoid precursor, although other works (Swain 
and Williams, 1970) reaffirms the role.  
 
A study on control of flavonoid synthesis in parsley 
cell suspension cultures may give a better 
understanding of the situation (Hahlbrock et al., 
1976). These cultures do not produce flavone 
glycosides in dark but when exposed to high 
intensities of white light they start producing apiin 
and graveobioside-B, the normal flavone glycosides 
of parsley. The first stage in the synthesis of these 
flavones is reflected with a marked increase in the 
levels of eight enzymes which are probably 
involved in their synthesis. These enzymes are 
PAL, cinnamic acid 4-hydroxylase, p-coumarate 
CoA ligase, chalcone-flavanone isomerase, a 
glucosyl transferase, an apiosyl transferase, UDP 
apiose synthetase and an O-methyl transferase. 
The first three enzymes act upon phenylpropanoid 
derivatives with maximum activity and start to 
decline within 15 hr after the onset of continuous 
illumination. The remaining enzymes which are all 
concerned with flavonoid synthesis attain 
maximum activity after 24 hr of illumination and 
only then do the levels decline. Regulation of the 
levels of these two sets of enzymes is different. So 
far this is the most complete study of flavonoid 
biosynthesis at enzymatic level and this study is 
quite suitable for describing the role of PAL in 
flavonoid synthesis.  
 
Conclusion 
 
Studies so far suggest that PAL acts as a primary 
control and the other enzymes concerned with 
subsequent steps in phenylpropanoid metabolism 
display secondary control. Majority of the studies 
on PAL have demonstrated that there have been 
concomitant increases in levels of PAL and of 
phenolic compounds in many plants and plant 
tissues under the influence of several external 
stimuli. Therefore, a detailed study on the gene 
encoding PAL would widen the horizon of the field 
of polyphenol research with a chance of 
advancement in industrial applications. 
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