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Abstract
Arbuscular mycorrhiza

most ubiquitous and oldest symbiosis between land plants and fungi in
unknown. DNA sequence information on
arbuscular m)'corrhizal fungi is currently being accumulated. An expressed sequence tag (EST) clone
from Glo'nus intl aradices encodes glutathione S‑transferase (GST). GiGSTF1, whose sequence is
significantly similar to that of plant phi‑ class GSTs, which is a subgroup of a large gene family ir] plal]t
GST. This study analyzes the phylogenetic relationship between plant and fungal GSTs, and the origin
of plant phi ‑ class GST is discussed from the standpoint of plant evolution.
terrestrial areas.
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Introduction
Arbuscular mycorrhiza (AM) is the most ubiq‑
uitous symbiosis between land plant and fungi.
fungi consist of more than 150 species (Walker and
Trappe, 1993; Walker and Vestberg, 1998), and
they are monophyletic, belonging to the class

AM

Glomeromycota (Schuessler

et al., 2001). In con‑
other microbe‑plant symbioses, the
symbiosis is characterized by very low, and often
absent host‑symbiont specificity. This may have
resulted from long coevolution with the host plant.
It has been estimated that
fungi originated 400‑
460 million years ago, based on molecular‑clock
analysis and the fossil record (Simon et al., 1993;
Remy et al., 1994; Redecker et al., 2000). It is
reasonable to assume that the earliest land plants
lacked functional roots, and therefore that they
Iike symbiotic fungi for nutrition
depended on
and water uptake from the environment.
It is well known that molecular studies support
the endosymbiosis hypothesis on the origin of

AM

trast to

AM

eukaryotic cells. The prolonged coexistence of
nuclei and organelles in a cell allows gene‑transfer
events to occur repeatedly. Evidence for such events
was found at the level of sequence similarity among
genes in nuclei and ancestral sister organisms of
organelles (Horiike et al., 2001; Rujan and Martin,
2001).
Glutathione S‑transferase (GST) forms a large
gene family consisting of eight classes in various
organisms, including bacteria, mammals, and plants.
Land plants contain four classes of GSTs: phi, zeta,
tau, and theta. The phi and tau classes are plant
specific (Edwards et al., 2000). Arabidopsis thal‑
iana, the smallest genome among flowering plants
that have been sequenced completely, inherits 47
fungal
genes from GST and its homologs. An
in
GST was found expression sequence tag (EST)
data of Glolnus intraradices, an
fungus (Sawaki
and Saito, 2001). Here, Ireport sequence similarity
between the GST genes derived from a land plant
fungus, and from this I infer gene
and an
transfer from ancestral
fungi to early land

AM

AM

AM

AM

plants.

AM‑

Materials and Methods

The

putative peptide sequence of

GST

in

an

198
arbuscular mycorrhizal fungus, Glomus intraradices
was deduced from nucleotide sequence of an EST
clone, which was deposited under accession number
database, DDBJ
AU082837 in a public
(Sawaki and Saito, 2001). The AU082837 peptide
was compared over 159 amino acid residues with
GST and its homologs in other organisms: a land
plant Arabidopsis thaliana; fungi consisting of
Saccharomyces cerevisiae. Issatchenkia orientalis,

DNA

and Schizosaccharomyces pombe; a green
Coccom)'xa sp.; and a cyanobacterium Synechocystis
sp. PCC6803. Forty‑seven peptide sequences in
A. thaliana, annotated as GST or its homolog, were
alga,

(via the

retrieved

Internet:

http://www.tigr.org

from the Arabidopsis thaliana database at The
Institute for Genomic Research. Sequences from
other organisms were similarly downloaded from
the NCBI and EMBL databases. Computational
phylogenetic analyses of the peptide sequences
were performed using ClustalX (Thompson et al.,
1997) and BioEdit (Hall, 1999) software, as de‑
scribed previously (Sawaki et al., 1998; Sawaki and
Saito, 2001).

genes indicated similarity with A, thaliana phi‑
class

GST greater than that of GiGSTF1.

Discussion

GiGSTFI

indicated significant similarity with

plant phi‑class

Glomus intraradices EST clone AU082837 inher‑
open‑reading frame of 159 amino acids,
which encodes a partial‑peptide‑lacking initiation
codon (Sawaki and Saito, 2001). The peptide se‑
ited the

quence of AU082837 manifested strong similarity
with GST peptides derived from various land plants
including Arabidopsis thaliana, Zea mays, and
Oryza sativa by BLAST search (data not shown)‑
The AU082837 coding peptide was analyzed phylo‑
genetically with 47 GST sequences annotated in
complete genome sequence of A. thaliana. Fig. 1
shows four clusters on the phylogenetic tree, which
agrees well with morphology from the full‑1ength
sequence data set of A, thaliana, and in the figure
they are denoted using nomenclature proposed by

Edwards

et al. (2000).

The

resulting phylogenetic

AU082837 peptide was clus‑
GSTS With a high bootstrap
Therefore, the AU082837 peptide se‑
designated as GiGSTFI in the present

tree indicates that the

tered with phi‑class

frequency.

quence

is

accordance with the above nomenclature.
GiGSTFI and the most similar peptide in A. thal‑
iana. At3g03190.60247.tO0041, were compared
with GSTS from other organisms: algae, cyanobac‑
teria, and fungi. I ig. 2 pairs A. thaliana phi‑class
GST with GiGSTFI with a high bootstrap fre‑
quency. This pair was further clustered with three

report in

fungal GSTs. In contrast, algal
with those of cyanobacteria.

GST was
No

clustered

cyanobacterial

as

shown

in Fig.

I and 2. Phi‑

is

2

that cyanobacterial
larity

GST Q55139

indicated simi‑

with plant phi‑class GST. In the present

GST was more

similar to the
cyanobacterial GSTS than to the plant phi‑class
GST. These results suggest that plant‑ specific phi‑
study, the algal

class

GST

originated from fungi rather than from

green algae or cyanobacterium.
Molecular studies of ribosomal genes support the
hypothesis that land plants developed from a mono‑
phyletic ancestor, a fresh‑water green alga (Kranz
et al., 1995; Graham et al., 2000). However, the
sequence similarity of phi‑ class GST between plant
fungus appeared to conflict with this
and
hypothesis, so that alternative hypotheses were
proposed on the origin of land plants. Pirozynski
and Malloch (1975) proposed that land plants are
descendents of further symbiosis between algae and
fungi. From the standpoint of morphology, the tip‑
growth and cell‑polarization processes of land
plants are absent in primitive green algae. It was
hypothesized that these genetic capacities were
donated from symbiotic fungi (Jorgensen, 1993).
Several studies have presented molecular evi‑
dence of gene transfer from organelles to the
nucleus (Nugent and Palmer, 1991, 1993; Kadowaki
et al., 1996; Martin et al., 1998; Kubo et al., 1999;
Kubo and Kadowaki, 2001). Kubo and Kadowaki
(2001) pointed out that transfer of the sdh4 gene
from the mitochondria to the nucleus happened
independently in three plant species
‑ Arabidopsis,
diverged. This
after
species
rice
these
and
pea,
‑
capability of gene incorporation into the nucleus has
probably been maintained in land plants up to the
present day. The gene‑transfer event should be
detectable as a sequence similarity of the genes.
fungi form the most ubiquitous
Present
mutual endosymbiosis, exchanging soil‑derived
nutrition and photosynthates with various land‑
plant roots. Molecular considerations infer that
early fungi and plants colonized land first (Heck‑
man et al., 2001). The earliest land plants, which
lacked roots as a nutrition pump, would have
depended on AM‑like symbiotic fungi for incorpo‑
rating nutrition, as supported by fossil records. Land

AM

Results

GST,

GST a plant‑specific group (Edwards et al.,
2000). The phylogenetic tree in Fig.
shows that
the plant phi‑class GST belongs to the fungal GST
cluster, In contrast, Edwards et al. (2000) described
class

AM
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Clustering analysis of glutathione S‑transferases in a land p]ant and an arbuscular
mycorrhizal fungus. Peptide sequences in Arabidopsis thaliana corresponding to GiGSTF1

were analyzed using ClustalX software.

Phi, zeta, tau,

figure represent four classes in plant glutathione

Edwards
clone

et

al.

and theta on the right side of the

S‑ transferase, designated according

to

GiGSTFI represents the peptide sequence translated from the EST
in Glo,nus intraradices, an arbuscular mycorrhizal fungus. The other 47

(2000).

AU082837

‑
peptide sequences of glutathione S‑transferase in A. thaliana are represented as
Atxgxxxxx according to The Institute of Genome Research. Bootstrap frequencies higher

than 600 per 1000 random replicates are represented on each branch. Squid Sigma GST,
accession number P46088 in the SWISS‑ PROT database, is the out‑ group sequence.
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