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1. Introduction
A vast number of secondary metabolites in plants, such 
as flavonoids, lignins, phytoalexins, and hormones 
are produced by the phenylpropanoid pathway (1). 
The first step in the biosynthesis of phenylpropanoid 
metabolism is controlled by the enzyme phenylala-
nine ammonia lyase (PAL). The enzyme catalyses 
the nonoxidative deamination of phenylalanine to 
trans-cinnamic acid and ammonia (2). The important 
issue about the enzyme is its role in connecting plant 
primary metabolism to the phenylpropanoid pathway 
(3).  On the other hand, PAL is recently formulated 
as and oral PEGylated form for the treatment of phe-
nylketonuric (PKU) patients (4). In this way, phenyl-
alanine hydroxylase (which needs the cofactor BH4 

in excess) is substituted by recombinant PAL which 
provides another biochemical mean to catabolize phe-
nylalanine and consequently decrease blood phenylal-
anine levels. It is a more convenient way of treatment 
for PKU patients than reduced-phenylalanine diet (5); 

hence screening for a pal gene which catalyses a PAL 
enzyme with the highest affinity to the substrate is of 
great importance for this purpose. The first step is to 
survey species containing the gene and how the cor-
responding gene is appeared and evolved. 

The appearance of land plants from green algal 
ancestors was about 500 million years ago (6).  
Since land plants were under harsh environments 
and important stresses as UV radiation and attack 
by microbial soil communities, adaptations such 
as specialized secondary metabolic pathways have 
been developed (6,7). The phenylpropanoid pathway 
provides vital compounds such as lignin for vascular-
ization, flavonoids to color and to protect against UV 
light and phytoalexins to deteriorate microbes (8). 

In most plant species, a small gene family of 3~5 
genes encodes PAL. In potato, about 40-50 genes make 
up pal gene family (9). In contrast, loblolly pine pal 
gene family consists of a single gene (10). The PAL 
protein has 595 to 750 amino acids except Botrytis 
cinerea, with 1,131 amino acids (11). 

A few copy of the pal gene is reported in 
gymnosperms, whereas numerous pal gene families 
have been reported in angiosperms (12). During the 
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evolution of gymnosperms, as a phylum of seed plants, 
they have experienced large environmental and distri-
butional changes, back to the Mesozoic era (13). Some 
gene families are substantially larger in gymnosperms 
than in angiosperms (14), indicating the importance of 
gene duplication as an important mechanism for genome 
expansion in conifers. It seems that large multi-gene 
families are correlated with conifer genome size (15).

The pal gene family in plants is likely to be expanded 
by gene duplication, including tandem duplication, 
segmental duplication, and whole-genome duplication 
(16). For example, seven pal genes are arranged 
in tandem in two duplication blocks in cucumber, 
indicating that the pal gene family may have expanded 
in the cucumber genome via tandem duplications (17). 
In contrast, there are more than 20 clustered pal genes 
in the tomato genome, indicating an unusually active 
duplication event (18). There are a few members of pal 
gene family in many species, such as Arabidopsis (19), 
and there are a dozen or more copies in other species, 
such as tomato (18) or potato (20). The members of pal 
genes express in response to different environmental 
conditions or in different growing tissues and organs. 

Microorganisms also use some of the pathways 
for metabolism of phenylalanine in a similar way as 
animals and plants (21). Although pal  is mentioned as 
a higher plant enzyme, it is also found in a few bacteria, 
such as Streptomyces maritimus and Sorangium 
cellulosum where PAL is involved in benzoyl-CoA 
biosynthesis (22,23) and Streptomyces verticillatus for 
biosynthesis of cinnamamide (24). On the other hand, 
PAL enzyme only exists in certain fungi (25). 

Accurate relation between genes in the gene family 
in evolutionary genomics are defined as orthologs or 
paralogs (26). The genes that have been diverged as 
the result of speciation events are orthologs, while 
those that have been diverged following duplication 
events are paralogs (27). As a result, ortholog genes 
which are originated from a single gene in the last 
common ancestor of a series of present species, have 
often retained identical biological functions.

In this study, we present a phylogenetic analysis of 
the pal  protein family in prokaryotes, fungi and plants 
and a comparison of the pal  families between these 
kingdoms and, in details, between different groups of 
plant.

2. Materials and methods
In this study, screening for nucleotide translation 

products was performed using the sequence database at 
NCBI. Based on exhaustive preliminary phylogenetic 
analysis, 295 representative taxa were chosen for final 
tree construction and 369 aligned amino acids were 
selected for analysis. Alignments of multiple amino 
acid sequences were carried out using the Clustal 
W tool in the MEGA 5.2 program. An unrooted 
phylogenetic tree of the nonredundant pal proteins was 

then produced with 2,000 bootstrap trials and UPGMA 
statistical method using MEGA 5.2.

3. Results
Based on preliminary exhaustive phylogenetic 

analyses, 295 representative taxa were chosen for final 
tree construction. These sequences are well conserved 
and allowed the selection of 369 aligned amino 
acid positions for analysis. The resulting unrooted 
phylogenetic tree is shown in Figure 1. The prokaryotic 
part of the tree is not congruent with species phylogeny, 
indicating extensive gene duplications, losses, and 
horizontal gene transfer (HGT) within bacteria. The 
bacterial pal are not monophyletic between clades 
11, 14, 38, 43, 44 and 45 (Figure 1), and it would be 
interesting to characterize them.

The eukaryotic pal cluster contains exclusively 
orthologues from plants and fungi but no other 
eukaryotic lineage and these form some monophyletic 
sister groups (Figure 1). The plant pal  clusters 
include only members from land plants. We found 
no orthologues in available pal sequences data from 
the red and green algae lineages which branch prior 
to the divergence of land plants within the phylum 
Plantae. The monophyly of plants pal orthologues in 
some species of clades and subclades 1-10, 13, 15, 
17, 21, 25-28, 30-33, 35, 37, 39 and 42, N (bootstrap 
value) >99 (Figure 1, shown as red square)  indicates 
that in each clade or subclade, members have a single 
origin and derive from a gene that was already present 
in their  ancestors. The monophyly of the fungal pal 
orthologues in few species of clades 12 and 16, N>99 
(Figure 1, shown as green circle)  indicates that in each 
clade or subclade, members have a single origin and 
derive from a gene that was present  in their common 
ancestor, and possibly earlier.

Ascomycota and basidiomycota PALs in Figure 1 
(clades and subclades 12, 16, 19, 20, 22-24, 29, 34, 
36 and 41) don’t show meaningful relationship (N>99) 
and reveal the variation in the pal protein sequences 
among fungi.

In Figure 1, gymnosperm PALs are distributed 
among distinct clades or subclades 18, 27, 31 and 
40. Subclades 18, 27 and 31 are monophyletic with 
angiosperms in the clades and subclade 17, 26 and 
32. The high bootstrap values (N>99) provide support 
for the organisation of  these gymnosperm genes into 
these three distinct clusters. It seems that the four 
distinct pal genes detected in Ephedra sinica N>99 
(Figure 1, clade 26, shown as red arrow) are derived 
from a recent tandem duplication event. Interestingly, 
similar to Ephedra sinica PALs, most of the plant 
PALs clustered by species so that PALs within one 
species are more closely related to each other than to 
homologs in the other species. The diversification of 
the PALs occurred separately in each species.

 The phylogenetic relationships of the angiosperms 
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(monocots and dicots), N>99 (Figure 1, shown as red 
square) has been mentioned above. PALs of  Monocots, 
in subclade 4, show monophylogenecity (N>99) to 
dicots in subclade 5 ( Figure 1, shown as green arrow).

As indicated in Figure 1, PALs of some monocot 
species such as Bromheadia finlaysoniana in clade 
7, Lilium longiflorum,  Allium sativum and Lycoris 
radiata in clade 8, Avena sativa in clade 9 is scattered 
between dicots and are monophyletic (N>99) with 
some species in these clades. In monocots, Musa 
cuminata and Musa balbisiana  PALs are situated in 
clade 1 between dicots, N.99 (Figure 1). In dicots, 
in clade 30, the Pyrus communis PALs are clustered 
with each other and formed a distinct subgroup, N>99 
(Figure 1, purple arrow). It seems that these are derived 
from a recent tandem duplication event.

4. Discussion
During colonization of terrestrial environments 

by pioneer land plant ancestors, it was crucial that 
they can associate with fungi and soil bacteria. For 
example, N2 fixing cyanobacteria started symbiosis 
with early fungal lineages (28) and land plants. Fungi 
(Glomeromycota) started arbuscular-mycorrhizal 
(AM) symbioses with the first land plants (28-31). To 
assess the origin of pal it's reported that pal  is emerged 
in bacteria with an antimicrobial role then a member 
of a pioneer fungal lineage which was existed before 
the divergence of Ascomycota and Basidiomycota 
obtained a pal  via HGT from a soil bacterium through 
an early symbiosis (28); fungi transferred pal  to an 
ancestor of land plants via an ancient AM symbiosis. 
This was the starting point of the phenylpropanoid 
pathway development, and the distribution of plants 
on terrestrial environments. According to our findings 
the evolutionary relatedness of pal  orthologues from 
land plants from clade 28 and fungi from clade 29 
indicates a common origin N>99 (Figure 1, shown as 
blue arrow). However, the phylum Plantae does not 
share an exclusive ancestor with Fungi (32).

Other directions of gene transfer cannot be 
excluded. For example gene transfer from a soil 
bacterium to an ancient land plants occurred through 
an ancient symbiosis, then from this to an ancestor of 
Ascomycota and Basidiomycota fungi (or an earlier 
branching lineage) through an ancient AM symbiosis 
(30-31). If an endosymbiotic gene transfer was the route 
of pal gene transfere from cyanobacteria to the host 
nucleus in the ancestor of the phylum Plantae during 
symbiosis, it is not obvious why that it has been lost 
multiple times independently in some algal lineages. 
Another hypothesis indicates that those bacteria that 
transferred pal  to the ancestor of land plants were 
different from the bacteria that transferred pal to the 
ancestor of fungi. Consequently, if a pal orthologue 
was present in the ancestor of all eukaryotes, it would 
have been subsequently lost in all eukaryotic lineages 

to the exception of land plants and fungi (32). Its likely 
that pal is originated in the ancestor of land plants or in 
the ancestor of fungi, then it had been transferred via 
HGT between these two phyla (32). 

It's reported that gymnosperm pal  genes have been 
clustered into three clades (12). Bagal's study shows 
that the origin of the most ancient clade is estimated 
to predate the origin of vascular plants and the 
origin of the other two clades is via gene duplication 
within a seed-plant ancestor before the divergence 
of angiosperms and conifers. The phylogeny of the 
pal  gene family identified in this study showed four 
distinctive branching patterns for the gymnosperm 
clades. The members of each gymnosperm pal  clade 
(Figure 1) may include genes encoding pal isoforms 
that have similar functions or are regulated by similar 
developmental control mechanisms (33). In contrast to 
angiosperms, gymnosperms have retained a diverse set 
of pal genes distributed among four major clades that 
arose from gene duplication events.

Duplication events are an important issue in the 
evolution of the pal gene family. Different protein 
isoforms may express from duplicate copies of genes, 
or each duplicate copy may have a distinct expression 
pattern for response to different physiological 
conditions, such as tissue development or resistance 
to environmental stresses (34). Duplication events 
in Lonicera japonica 1 and Lonicera japonica 2 in 
clades 9 and 10,  Populus tomentosa 3 and Populus 
stomentosa 1 & 4 in clade 13 and 15, also in Trifolium 
pratense 1 and Trifolium  pratense 3 in subclade 17 and 
25 (Figure 1) can be identified in the pal  cladogram.  

Tandem duplication events have resulted from a 
recent duplication occurrence and they may still have 
overlapping functions (12). Tandem duplication events 
in Ephedra sinica in  clade 27 and Pyrus communis  
in clade 30 (Figure 1) can be identified in the pal  
tree. Pal enzymes that do not cluster together (Figure 
1) are probably encoding pal  isozymes with unique 
functional gene.

In conclusion plants had acquired a pal gene via 
HGT from bacteria and fungi. Duplication events 
and divergence resulted to a diverse set of pal genes 
through evolution.
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