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Phenylalanine ammonia-lyase (PAL, E.C. 4.3.1.24) catalyzes

the deamination of L-phenylalanine to generate trans-

cinnamic acid and ammonia [3]. Trans-cinnamate is a

precursor of the phenylpropanoid pathway. Several secondary

metabolites, such as cinnamaldehyde, coumarine, flavonoids,

lignin, and resveratrol, are derived from the phenylpropanoid

pathway (KEGG, http://www.genome.jp/kegg). Therefore,

PAL is a key enzyme of the biosynthetic pathway related to

the secondary metabolites derived from L-phenylalanine.

PAL is distributed widely in higher plants and fungi. In

plants, PAL has been reported to be involved in their

growth, development, and defense system [10]. In

particular, in the plant defense mechanism, PAL plays a

key role in the biosynthesis of salicylic acid [12].

Although fungal PAL genes have been determined,

their role in fungi is unclear. In the plant pathogenic

fungus Ustilago maydis, there are no differences in fungal

growth, development, and virulence between the wild-

type strains and mutants with a null mutation in the

PAL gene [5, 7]. In plant tissues inoculated with the

phytopathogenic basidiomycete Moniliophthora perniciosa,

fungal PAL accumulates during the necrotrophic phase.

This suggests that the fungal PAL might potentially be

associated with pathogenicity [9].

The ectomycorrhizal fungus Tricholoma matsutake belongs

to the class Agaricomycetes in the phylum Basidiomycota.

T. matsutake grows symbiotically with Pinus densiflora, and

does not have any virulence with its host. Artificial

cultivation of T. matsutake has not been possible until now,

and the yield of this mushroom is limited because of its

sensitivity to climatic conditions. In this study, a gene

encoding PAL was identified from T. matsutake, and its
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The ectomycorrhizal fungus Tricholoma matsutake grows symbiotically with Pinus densiflora.

Phenylalanine ammonia-lyase (E.C. 4.3.1.24) catalyzes the conversion of L-phenylalanine to

trans-cinnamic acid. The role of fungal phenylalanine ammonia-lyase, however, has not been

clear until now. In this study, the gene encoding phenylalanine ammonia-lyase (PAL), which

was isolated from T. matsutake, was cloned and characterized. The PAL gene (tmpal) consists of

2,160 nucleotides, coding for a polypeptide containing 719 amino acid residues. The deduced

amino acid sequence of tmpal from T. matsutake shows high identity (70%) with that from

Laccaria bicolor. Comparative analysis of the PAL genes among T. matsutake and other species

of the class Agaricomycetes showed that both active sites and binding sites were significantly

conserved among these genes. The transcriptional analysis of the PAL gene revealed a

differential gene expression pattern depending on the developmental stages (mycelium,

primordium, stipe, pileus, and gills) of T. matsutake. These results suggest that the PAL gene in

T. matsutake plays an important role in multiple physiological functions.
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gene structure and protein domain were analyzed. The

PAL gene of T. matsutake was characterized by analyzing

the gene expression pattern by RT-PCR.

T. matsutake (primordia and fruiting bodies) were harvested

in Gachang near Daegu, South Korea. The hyphae were

isolated from the fruiting body of T. matsutake. The

primordia and fruiting bodies were washed with distilled

water to remove any soil and contaminants, and then

stored at -70oC in a deep freezer. The mycelia were grown

on potato dextrose broth (PDB; 4 g/l potato peptone, 20 g/l

glucose, pH 5.6 ± 0.2) for 30 days at 25oC. The total RNA

was extracted from the fruiting body of T. matsutake using a

RNA isolation kit (Qiagen, Valencia, CA, USA). The full-

length cDNA library of the fruiting body was constructed

using the method reported by Kim et al. [6].

The plasmid DNA was extracted using a Plasmidprep

96 kit (MWG Biotech., Ebersberg, Germany). The sequencing

reactions were examined on a GeneAmp PCR System 9700

thermal reactor (Perkin-Elmer, Boston, MA, USA) using a

BigDye Terminator Sequencing kit, with an ABI Prism 3700

DNA analyzer (Applied Biosystems, Foster City, CA,

USA). The raw traces of the expressed sequence tags (ESTs)

were subjected to base-calling by running Phred, and the

vector sequences were trimmed using Cross_match [2]. The

ESTs with a length of more than 100 bp after vector

trimming were subjected to further analysis. The ESTs

were aligned and assembled into contigs using CAP3

software [4]. The resulting ESTs were annotated using a

BLAST search against the non-redundant protein (NR)

database (NCBI, http://www.ncbi.nlm.nih.gov). Among a

total of 4,980 ESTs, 3 ESTs revealed high similarity with the

fungal PAL gene. 

The total genomic DNA of the fruiting body of T.

matsutake was extracted using a slight modification of the

method reported by Kim et al. [8]. To determine both the

upstream and downstream regions of the PAL gene of T.

matsutake, nested PCR was performed using the Genome

Walker kit (BD Biosciences Clontech, Palo Alto, CA, USA)

with the following specific primers: 2 primers for amplification

of the upstream region, TMPALGSP1dn (5’-AGGACAGTC

GTCTAATTCTACGGAGGCA-3’) and TMPALGSP2dn (5’-

CCATCAACCTTGACAGCCTTTCCACTT-3’); 6 primers for

amplification of the downstream region, TMPALGSP1up

(5’-AGACCTGTCACCCCTATCATATATT-3’), TMPALGSP2up

(5’-CAACATTGAACCGCTTCCTCTTGCCT-3’), TMPALGSP3up

(5’-ACCAAGCTGTCAAGCAAGTTCA-3’), TMPALGSP4up

(5’-CTAGTTCCTTGGCTCTCATTTC-3’), TMPALGSP5up

(5’-GGGTCTATGCTTGATTTTGGGG-3’), and TMPALGSP6up

(5’-GGCGTTAGCCTTCATGCTTCTT-3’). The following

primer set was used identify the intron/exon boundaries of

the PAL gene: TMPALATG (5’-ATGTCTTTGCTTCTCAAT

GG-3’) and oligo(dT) 18 primers. All protein sequences of

Fig. 1. Phylogenetic analysis of fungal PAL protein sequences.

The phylogenetic tree was inferred using the neighbor-joining method by bootstrapping with 1,000 replicates. Each GenBank accession number of

fungal species, excluding T. matsutake, is shown in parentheses. Three Ascomycota species were used as outgroups. 
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Fig. 2. Multiple alignment of PAL amino acids sequences.

The black boxes indicate a predicted active site, and the gray boxes indicate a predicted polypeptide binding site. The overlapping regions between

the active site and binding site are indicated by the solid-line box with a black asterisk. 
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the PAL genes from 12 species of the phylum Basidiomycota

were extracted from the GenBank database. The three

species of the phylum Ascomycota were used as outgroups

(Fig. 1). Multiple sequence alignment was performed using

the Clustal X program [15]. The phylogenetic tree was

constructed with MEGA4 [14]. Both active sites and

binding sites of a protein sequence of the PAL gene of T.

matsutake were analyzed using the Conserved Domain

Search tool on the Conserved Domains Database (NCBI)

[11]. The promoter sequences were predicted using the

known promoter elements, such as GC box, CAAT box,

and TATA box [1]. The polyadenylation signals were

identified using the POLYAH program [13]. 

To analyze the expression pattern of the PAL gene of

T. matsutake, the developmental stage of this mushroom

was classified into the following five stages: mycelium,

primordium, stipe, pileus, and gills. The total RNA from

each developmental stage was extracted using a RNA

isolation kit (Qiagen, Valencia, CA, USA). The purity of the RNA

solution was measured using a NanoVue Spectrophotometer

(GE Healthcare, Buckinghamshire, UK). The cDNA was

synthesized using SuperScript III Reverse Transcriptase

(Invitrogen, Carlsbad, CA, USA) according to the manufacturer's

directions. RT-PCR was carried out using the following

primer sets: a primer set for amplification of tmpal, TMPALrt-

forward (5'-AAGTTGAAAGCGGTACCAGC-3') and TMPALrt-

reverse (5'-ATGATAGGGGTGACAGGTCT-3'); and for the

amplification of SSU rRNA (control), NS3 (5'-GCAAGT

CTGGTGCCAGCAGCC-3') and NS6 (5'-GCATCACAG

ACCTGTTATTGCCTC-3'). PCR was performed using

Takara Ex Taq polymerase (Takara Bio, Otsu, Shiga, Japan)

under the following conditions; initial denaturation at 95oC

for 2 min followed by 25 cycles of 30 sec at 95oC, 1 min at

56oC, and 30 sec at 72oC. The RT-PCR results were analyzed

with ImageJ software (National Institutes of Health, Bethesda,

MD, USA).

The PAL gene of T. matsutake, which is designated tmpal,

consisting of 2,160 nucleotides encoding a polypeptide of

719 amino acid residues. The mRNA sequence of tmpal was

deposited in GenBank (GU980196). As a result of phylogenetic

analysis, the PAL protein sequence of T. matsutake formed a

clade with those of five species of the class Agaricomycetes

(Fig. 1). Among T. matsutake and the five species of the class

Agaricomycetes, both active sites and binding sites of

amino acids sequences of PAL were conserved significantly

(Fig. 2). tmpal consists of seven exons, with exon 2 being the

longest (835 bp). Among the six introns, the GT-AG rule

was conserved only in intron 5. In the upstream region

of the open reading frame (ORF) of tmpal, 1 GC box, 2

CAAT boxes, and 1 TATA box were identified. The two

polyadenylation signals (5’-aataaa-3’) were detected in the

downstream region of the ORF of tmpal (Fig. 3A). 

An analysis of the gene expression pattern revealed

tmpal to be expressed most strongly in the primordium

Fig. 3. Gene structure of PAL and analysis of mRNA expression.

(A) Gray boxes indicate the exons of the PAL gene. Each solid arrow indicates the promoter location and polyadenylation signal, respectively, and

each dashed arrow indicates the nucleotide position. (B) RT-PCR analysis of PAL cDNA. 18S rRNA was used as a positive control. The

densitometry results for the tmpal/rRNA density ratio are indicated.
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among the developmental stages of T. matsutake. In the

stipe of the fruiting body, tmpal was the second most highly

expressed. In the mycelium, however, tmpal was expressed

only slightly compared with the other developmental

stages (Fig. 3B). These results indicate that the trans-

cinnamic acid and ammonia derived from L-phenylalanine

are mainly generated in the developmental stages after

primordium formation. As mentioned above, trans-cinnamate

is a precursor of secondary metabolites derived from the

phenylpropanoid pathway. Thus, we inferred that the

metabolites derived from L-phenylalanine are mainly

produced in the primordium and fruiting body. Furthermore,

it is well known that PAL plays an important role in

nitrogen metabolism, as well as phenylalanine metabolism

and tyrosine metabolism. Therefore, this enzyme is

essential for the metabolism of carbon and nitrogen [3].

Based on these data, the differential gene expression pattern

suggests that tmpal plays an important role in various

physiological functions depending on the developmental

stages of T. matsutake. Future studies need to investigate

the exact role of tmpal in T. matsutake.

In this study, the PAL gene of T. matsutake was identified

and its gene structure and mRNA expression pattern were

analyzed. These results may provide the basic clues for

understanding the correlation between PAL and the

developmental stages of T. matsutake.
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