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Summary

• Vitamin B6 is an essential metabolite that has recently been implicated in defense
against cellular oxidative stress. In fungi, the de novo biosynthetic pathway of vitamin
B6 involves two genes, PDX1 and PDX2. Here, we report a component of the PDX1/
PDX2 vitamin B6 biosynthetic pathway in an arbuscular mycorrhizal (AM) fungus.
• Using rapid amplification of cDNA ends, we isolated the full-length cDNA of a
PDX-like gene, GintPDX1, from Glomus intraradices. GintPDX1 expression was analysed
by real-time reverse transcription–polymerase chain reaction (RT-PCR). GintPDX1
activity and function were investigated by heterologous complementation of the
yeast strain Δsnz1, which is deficient in vitamin B6 biosynthesis.
• Sequence data revealed that GintPDX1 is highly homologous to other identified
PDX1 proteins. GintPDX1 restores prototrophy to the vitamin B6 auxotrophic yeast
mutant and reverts its superoxide sensitivity. GintPDX1 is expressed throughout the
fungal life cycle, with the highest transcription levels found in the intraradical fungal
structures. GintPDX1 expression was induced in response to hydrogen peroxide,
paraquat and copper.
• The results demonstrate that AM fungi possess at least one component of the
machinery necessary for vitamin B6 biosynthesis. Transcriptional regulation of
GintPDX1 suggests a role for vitamin B6 as an antioxidant and modulator of reactive
oxygen species in G. intraradices.
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Introduction

Vitamin B6, a collective name for pyridoxine, pyridoxal,
pyridoxamine and their phosphorylated derivatives, is well
known as a crucial cofactor for numerous enzymatic reactions.
It is most renowned for its contribution to amino acid
biosynthesis where it serves as a cofactor for enzymes involved
in decarboxylation, transamination, deamination, racemization
and trans-sulfuration reactions (Mittenhuber, 2001). However,
in the last decade, this vitamin has been identified as a potent
antioxidant, comparable to vitamins C and E, with a high
ability to quench superoxide and prevent lipid peroxidation
(Ehrenshaft et al., 1999; Osmani et al., 1999; Bilski et al.,
2000; Jain & Lim, 2001; Kannan & Jain, 2004). Although
vitamin B6 plays a crucial role in living organisms, animals

must obtain it from dietary sources because they have lost
the machinery for de novo biosynthesis of the vitamin. By
contrast, protista, fungi and plants are able to synthesize the
vitamin de novo. Vitamin B6 autotrophic organisms possess
two independent and autoexclusive machineries for vitamin
B6 biosynthesis (Mittenhuber, 2001; Fitzpatrick et al., 2007).
In one pathway, restricted to Escherichia coli and others of
mainly the γ division of proteobacteria, vitamin B6 is
synthesized from 1-deoxy-d-xylulose-5-phosphate (DXP)
and 4-phosphohydroxy-l-threonine through the pyridoxine
5′-phosphate synthase proteins PdxA and PdxJ (the DXP-
dependent pathway) (Drewke et al., 1996; Cane et al., 1999;
Laber et al., 1999). The alternative pathway involves two
different proteins, PDX1 and PDX2, and is present in fungi,
protozoa, archaea, most eubacteria, plants and metazoa
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(Tanaka et al., 2005; Fitzpatrick et al., 2007). In this pathway,
referred to as DXP-independent (Tambasco-Studart et al.,
2005), pyridoxal 5′-phosphate is synthesized by PDX1 and
PDX2 from glutamine and either ribose 5-phosphate or
ribulose 5-phosphate, in addition to either glyceraldehyde 3-
phosphate or dihydroxyacetone phosphate (Burns et al., 2005;
Raschle et al., 2005). To date, the functionality of the PDX
proteins has been proven using homologs from Bacillus
subtilis (YaaD and YaaE) (Belitsky, 2004; Burns et al., 2005;
Raschle et al., 2005), Saccharomyces cerevisiae (SNZ and SNO)
(Dong et al., 2004), Plasmodium falciparum (Wrenger et al.,
2005; Gengenbacher et al., 2006) and plants (Tambasco-
Studart et al., 2005). These proteins have been shown to be
involved in a large number of processes, from defense against
oxidative stress to cellular processes, such as development, cell
differentiation and virulence (Chen & Xiong, 2005; Danon
et al., 2005; Denslow et al., 2007).

The antioxidant properties of vitamin B6 were discovered
when trying to identify genes required for resistance in the
phytopathogenic Cercospora fungi to the toxin cercosporin, a
virulence factor produced by these fungi for infection of their
host plants (Ehrenshaft et al., 1999). Cercosporin generates
singlet oxygen and superoxide in the presence of light and is
required for pathogenesis of plants. A successful pathogen and
symbiont must be able to overcome or suppress a complex
array of reactive oxygen species (ROS)-mediated host plant
defenses. In fact, microbial suppression of ROS-mediated
defense as a result of the secretion of ROS-scavenging enzymes,
such as superoxide dismutases (SODs) and catalases, has been
demonstrated in plant pathogens, endophytes and symbionts
(Jennings et al., 1998; Gafur et al., 2004; Molina & Kahmann,
2007). On the other hand, it has been recently demonstrated
that fungal ROS production is critical in maintaining the
mutualistic interaction between the fungal endophyte Epichloë
festucae and its grass host, Lolium perenne (Tanaka et al., 2006).

Plant roots form different types of beneficial interactions
with soil microorganisms, the most common of which is the
symbiotic arbuscular mycorrhizal (AM) association with
fungi of the phylum Glomeromycota (Schüßler et al., 2001).
Arbuscular mycorrhizal fungi colonize the root cortex of most
plant species and develop an extraradical mycelium that
extends beyond the soil surrounding the plant roots. They
expand the interface between plants and the soil environment,
and contribute to plant uptake of low-mobility nutrients
(predominantly phosphorous) and water. In return, AM fungi
obtain carbohydrates from plants (Smith & Read, 2008;
Ferrol & Pérez-Tienda, 2009). Despite the widespread nature
of this symbiosis and its importance for plant health and fitness
(Gianinazzi et al., 2002), information about the molecular
events leading to the successful development of an arbuscular
mycorrhiza is still fragmentary. A number of gene-expression
studies, using targeted (Spanu et al., 1989; Kapulnik et al.,
1996) and untargeted (Liu et al., 2003; Hohnjec et al., 2005)
expression profiling experiments, have shown that induction/

suppression of mechanisms associated with plant defense
plays a key role in AM fungal compatibility with the host.
These plant-defense responses are weak and transient during
the initial phases of the colonization, and are usually followed
by activation of defense-related genes in cells containing
arbuscules (Garcia-Garrido & Ocampo, 2002). Accumulation
of ROS, activation of phenylpropanoid metabolism and accu-
mulation of specific isoforms of pathogenesis-related proteins,
including hydrolytic enzymes such as chitinases and glucanases,
has been detected in arbuscule-colonized cortical root cells
(Harrison & Dixon, 1994; Blee & Anderson, 1996; Fester &
Hause, 2005). Based on the observation that the CuZn-SOD
gene of the AM fungus Gigaspora margarita was up-regulated
in the fungal structures developing inside the roots, it has been
proposed that fungal ROS-scavenging systems might be
required to control and overcome the range of plant defense
responses raised in arbuscule-containing cells, allowing func-
tional and structural compatibility between the symbionts
(Lanfranco et al., 2005).

Data on ROS-scavenging systems in AM fungi are very
limited. To date, only a few genes encoding antioxidant
enzymes have been identified and characterized in AM fungi:
a CuZn-SOD in G. margarita (Lanfranco et al., 2005), and
a metallothionein (González-Guerrero et al., 2007) and a
glutaredoxin (Benabdellah et al., 2009) in Glomus intraradices.
In addition to these enzymatic systems, AM fungi must also
have small molecules acting as antioxidants, such as glutathione
(GSH) and vitamins B6, C and E. Several genes encoding
glutathione S-transferases (GSTs) have been identified in
G. intraradices (Waschke et al., 2006). Given that GSH acts as
a redox donor for GSTs as well as for glutaredoxins, this molecule
must play a major role in repairing the ROS-induced oxidative
damage in AM fungi (Waschke et al., 2006; Hildebrandt
et al., 2007). With the aim of acquiring some insight into the
possible implication of vitamin B6 in fungal redox homeostasis,
we characterized the PDX1 homologue in an AM fungus.

Here, we report the cloning of a complementary DNA
(cDNA), from G. intraradices, encoding a protein with signific-
ant homology to known eukaryotic vitamin B6 biosynthetic
proteins. The gene was up-regulated in the intraradical fungal
structures and in response to induced oxidative stress. Moreover,
we demonstrated that its gene product effectively reverses
pyridoxine auxotrophy and restores the sensitivity to menadione
observed in the yeast PDX1 homologue null mutant. All these
data together suggest that GintPDX1, through its vitamin B6
biosynthetic activity, plays a role in the protection of
G. intraradices against oxidative stress.

Materials and Methods

Biological materials

Glomus intraradices monoxenic cultures were established with
the AM fungus G. intraradices Smith & Schenck (DAOM
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197198; Biosystematic Research Center, Ottawa, Canada) as
described previously by St-Arnaud et al. (1996). Briefly, clone
DC2 of carrot (Daucus carota L.) Ri-T DNA-transformed
roots were cultured with the AM fungus G. intraradices in
two-compartment Petri dishes. Cultures were initiated in one
compartment (‘root compartment’) of each plate, which
contained M medium (Chabot et al., 1992). Fungal hyphae,
but not roots, were allowed to grow over to the second
compartment (‘hyphal compartment’), which contained M
medium without sucrose (M-C). Plates were incubated in the
dark at 24°C for 7–8 wk until the transition from absorptive
to sporulative phase takes place (Bago et al., 2004). At this
stage, the AM fungus was submitted to different types of stress.

Stress treatments were performed by applying 50 µm copper,
300 µm hydrogen peroxide (H2O2) or 500 µm paraquat to the
M-C medium present in the hyphal compartment. This was
performed by distributing 800 µl of filter-sterilized stock
solution in a dropwise manner, ensuring homogenous distri-
bution of each reagent. Control plates received 800 µl of
bidistilled water. Time 0 h is the point just before reagent
addition. Extraradical mycelia were harvested at 24 h, 48 h and
7 d for the copper treatment, at 12 h, 24 h and 7 d for the paraquat
treatment and at 30 min, 6 h and 12 h for the H2O2 treatment.

For the experiment involving growth under conditions of
vitamin B6 starvation, four different treatments were prepared:
(1) mycelia developed in the hyphal compartment of a split-
Petri dish containing M medium (0.1 µg ml−1 of vitamin B6)
in the root compartment and M-C medium (0.1 µg ml−1

of vitamin B6) in the hyphal compartment (+B6/+B6);
(2) mycelium developed in plates with vitamin B6 in the root
compartment, but lacking the vitamin in the hyphal compart-
ment (+B6/−B6); (3) mycelium grown in plates lacking vitamin
B6 in the root compartment, but with vitamin B6 in the
hyphal compartment (−B6/+B6); and (4) mycelium grown in
plates lacking vitamin B6 in both compartments (−B6/−B6).
Cultures were initiated in the root compartment of the plates
prepared for each treatment, as mentioned above. After 8 wk
of growth, fungal development was evaluated by measuring
hyphal length and spore density, as described by Pawlowska &
Charvat (2004).

Extraradical mycelia from the different hyphal compartments
were recovered by blending (5 s on high speed, followed by
occasional low speed pulses during 5 min) the culture medium
in 10 mm sodium citrate (pH 6) and collecting the mycelia by
sieving through a 50 µm mesh sieve under sterile conditions.
Mycorrhizal carrot roots were recovered from the root
compartment of a 7–8-wk-old culture using forceps and were
gently washed under tap water to eliminate attached extraradical
fungal hyphae and spores. The absence of extraradical fungal
mycelium was verified under a binocular microscope.

Spores of G. intraradices were collected from pot cultures of
mycorrhizal Trifolium repens using the wet sieving and decanting
method, followed by sucrose centrifugation (Sieverding, 1991).
Spores were surface-sterilized with 3% (w/v) chloramine

T/0.03% (w/v) streptomycin, maintained in water at 4°C for
1 wk to break dormancy and then incubated at 26°C in water
for 2 wk to trigger the germination process.

Lettuce mycorrhizal roots were obtained from pot cultures.
Briefly, three surface-sterilized seeds of lettuce (Lactuca sativa
L. cv. Romana) were sown in pots containing 750 g of a sterile
mixture of soil : sand (1:1, v/v). Plants were inoculated with
G. intraradices by using a soil-sand-based inoculum con-
sisting of thoroughly mixed rhizosphere samples containing
spores, hyphae and mycorrhizal root fragments. Plants were
grown in a controlled environmental chamber with 65–75%
relative humidity, day : night temperatures of 25:18°C, and a
photoperiod of 16 h at a photosynthetic photon flux density
of 350 µmol photons m−2 s−1. Roots were harvested 4 wk after
inoculation and gently washed under tap water to eliminate
attached extraradical fungal hyphae and spores. Mycorrhizal
root colonization was confirmed by visual observation of the
fungal structures under a stereomicroscope after Trypan Blue
staining (Phillips & Hayman, 1970).

Extraradical mycelia from the different treatments and the
carrot and lettuce roots were frozen in liquid nitrogen and
stored at −80°C until used. However, quiescent and activated
spores were used immediately for RNA extraction.

The S. cerevisiae strain BQS1030 (MATα, snz1-Δ0::LEU2)
and the wild-type BY4742 (MATα, leu2-ΔO, his3-Δ1, lys2-Δ0,
ura3-Δ0) were kindly provided by Dr Enrique Perez Ortín
(Valencia University, Spain). The S. cerevisiae strains were grown
on YPD (1% yeast extract, 2% peptone and 2% glucose), minimal
SC medium (0.67% yeast nitrogen base (YNB without amino
acids; Difco, Detroit, MI, USA), containing 2% glucose and
supplemented with auxotrophic requirements), or vitamin B6-
deficient medium (SC-B6) purchased from Formedium Norfolk,
UK®, supplemented or not with 2 µg ml−1 of pyridoxine.

Nucleic acids extraction

Total RNA was extracted from extraradical mycelia from the
different treatments, from quiescent and activated spores of
G. intraradices, and from mycorrhizal and nonmycorrhizal carrot
and lettuce roots, using the RNeasy Plant Mini Kit (Qiagen),
following the manufacturer’s instructions. Total DNA was
extracted from extraradical mycelia of G. intraradices and from
nonmycorhizal carrot and lettuce roots using the DNeasy Plant
Mini Kit (Qiagen), following the manufacturer’s instructions.

Isolation of the GintPDX1 cDNA

The 3′ end of GintPDX1 was identified in a suppressive
subtractive hybridization (SSH) library enriched for sequences
induced in the extraradical mycelia of G. intraradices in
response to 50 µm copper. The SSH was performed using the
PCR-Select cDNA Subtraction Kit (Clontech, Palo Alto, CA,
USA), according to the manufacturer’s protocol. cDNA
obtained from RNA isolated from G. intraradices extraradical

New Phytologist (2009) 184: 682–693 © The Authors (2009)
www.newphytologist.org Journal compilation © New Phytologist (2009)

Research684



mycelia treated with 50 µm copper for 48 h were used as the
driver cDNA population. The cDNA fragments obtained
after the subtraction procedure were cloned into the pCR2.1
vector (Invitrogen), and the ligation reaction was used to
transform E. coli XL1-Blue competent cells. The recombinant
clones were selected using the blue–white method on plates
containing isopropyl-d-thiogalactopyranoside/5-bromo-4-
chloro-3-indolyl β-d-galactopyranoside. Differential expression
of selected clones was confirmed by reverse northern dot-blot
assay, and differentially expressed clones were sequenced. A
clone of 240 bp showing 88% homology to the PDX1 gene of
Aspergillus clavatus was identified. The 5′ end was obtained
by rapid amplification of cDNA ends (RACE) using the
SMART RACE cDNA amplification kit (Clontech), the
GintPDX1.1-specific primer (5′-TTACCACCCTCTCTT-
GGATA) and 1 µg of total RNA from extraradical mycelia
grown in control plates. The genomic clone and the full-length
cDNA of GintPDX1 were obtained by PCR amplification
of genomic DNA and cDNA, respectively, using the primers
5′-GCGGCCGCATGTCTTTTTCCATTCCAGC (Gint-
PDXfw) and 5′-GCGGCCGCTTACCACCCTCTCTTGGATA
(GintPDXrev). PCR products were cloned into the pCR2.1
vector (Invitrogen).

Sequence analyses

Computer database comparisons were performed using the
Basic Local Alignment Search Tool (blast) algorithm (Altschul
et al., 1990). Multiple sequence alignments of the translated
gene sequence were carried out using the program ClustalW
(version 1.5, Thompson et al., 1994) and the prediction of
subcellular localization was performed using the program
TargetP (http://www.cbs.dtu.dk/services/TargetP/).

Heterologous expression and growth assays

The S. cerevisiae mutant strain was transformed with the
construct pFL61-GintPDX1 or with the empty vector (negative
control) using a lithium acetate-based method (Schiestl & Gietz,
1989). To obtain pFL61-GintPDX1, the full-length GintPDX1
was isolated from the pCR2.1 vector by digestion with NotI
and ligated into the NotI-digested pFL61. Yeast transformants
were selected in SC medium by autotrophy to uracil.

For vitamin B6 growth-dependence assays, two 10-fold
serial dilutions of exponential-phase cultures (2 × 107 cells ml−1)
corresponding to wild-type (WT), Δsnz1 mutant, and snz1
transformed with pFL61 or with pFL61-GintPDX1, were
spotted onto selective medium (SC) lacking vitamin B6.

For the menadione sensitivity assay, cells were grown in SC
medium to the post-diauxic phase (20 h later) and treated
with 40 mm menadione for 180 min in the presence or
absence of 2 µg ml−1 of vitamin B6. Cells were then diluted
into fresh SC medium, and 5-µl drops, corresponding to two
10-fold serial dilutions, were spotted in SC (minus uracil)

solid medium. All plates were incubated at 30°C for 3 d
before the pictures were taken.

Protein extraction

Soluble and microsomal proteins of G. intraradices were
extracted as previously described (Benabdellah et al., 1998).
Briefly, extraradical mycelia of monoxenically grown
G. intraradices were collected from the hyphal compartment
of 10 split-Petri dishes and homogenized, using a pestle and
mortar, in a cold grinding medium (1:3 (w/v) consisting of
25 mm Tris–HCl, pH 8.0, 250 mm sucrose, 2 mm EDTA,
1 mm phenylmethylsulfonyl fluoride (PMSF) and 10%
polyvinylpolypyrrolidone (w/v)). The homogenate was loaded
into a Qiashredder spin column (Qiagen) and centrifuged at
13 000 g for 15 min to eliminate cell debris. The flow-through
(total protein) was centrifuged at 80 000 g for 35 min. The
supernatant containing the soluble proteins was aliquoted and
stored at –80°C until further analysis. The membrane pellet
was resuspended in medium containing 2 mm Tris–HCl, pH
7.0, 250 mm sucrose and 1 mm PMSF, and stored at −80°C
until analysis.

Yeast proteins were extracted as previously described (Ben-
abdellah et al., 2009). Briefly, cells were grown to exponential
phase, collected by centrifugation and washed with 10 mm
potassium buffer, pH 7.0. Cells were resuspended in the same
buffer containing 0.6 m mannitol and 1 mm PMSF, and disrupted
by vigorous shaking in the presence of glass beads for 10 min at
4°C. Cell homogenates were centrifuged (17 000 g, 4°C, 10 min).
The resultant supernatants were used as total protein extracts.

Protein contents were determined using the Bradford assay
(Bradford, 1976).

Western blotting

Protein samples were boiled in sodium dodecyl sulfate–
polyacrylamide gel electrophoresis (SDS-PAGE) sample
buffer, separated by 10% SDS-PAGE and blotted onto a
polyvinylidene difluoride (PVDF) membrane. Blots were
blocked with phosphate-buffered saline buffer (PBS) containing
1% bovine serum albumin (BSA), overnight at 4°C on a
shaker, washed with PBS containing 0.25% Tween 20 and
incubated for 2 h with PBS containing 1% BSA and a 1:1000
dilution of an antibody raised against the B. subtilis PDX1
protein in rabbit (Titiz et al., 2006). After washing, bound
antibodies were reacted with alkaline phosphatase-conjugated
goat anti-rabbit immunoglobulin G (IgG) (1:1000 dilution;
Sigma) and detected using the ECL Western Blotting Detection
Kit (Amersham) following the manufacturer’s instructions.

Gene expression analyses

GintPDX1 expression was studied by real-time RT-PCR
using the iCycler iQ (Bio-Rad). cDNAs were obtained
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from 1 µg of total DNase-treated RNA in a 20 µl reaction
mixture containing 200 units of Super-Script II Reverse
Transcriptase (Invitrogen) and 100 ng of random hexamers,
according to the manufacturer’s protocol. The primer set
used to amplify the coding region of GintPDX1 in the
synthesized cDNAs was 5′-CTGGAGATCCTGCTAA-
AAGAGC (GintPDXfw2) and 5′-CCAAGATCCTCCGA-
TACTTCG (GintPDXrev2). Each 25 µl reaction mixture
contained 1 µl of a 1:10 dilution of the cDNA, 200 µm
dNTPs, 200 nm of each primer, 3 mm MgCl2, 2.5 µl of SYBR
Green (Molecular Probes, Eugene, OR, USA) and 0.5 units of
Platinum Taq DNA Polymerase (Invitrogen) in 1× PCR buffer
(20 mm Tris–HCl, pH 8.4, containing 50 mm KCl). The
PCR program consisted of a 5 min incubation at 95°C to
activate the hot-start recombinant Taq DNA polymerase,
followed by 35 cycles of 30 s at 95°C, 45 s at 55°C and 45 s
at 70°C, where the fluorescence signal was measured. The
specificity of the PCR amplification procedure was checked
using a heat-dissociation protocol (from 70 to 100°C) after
the final cycle of the PCR. The efficiency of the primer set was
evaluated by performing real-time PCR on several dilutions of
plasmid DNA. The results obtained for the different treatments
were standardized to the elongation factor-1α gene levels
(accession number DQ282611), a gene that has been shown
to be constitutively expressed in the different fungal structures
(Seddas et al., 2009) and under the stress treatments imposed
in this study (data not shown). The elongation factor-1α gene
was amplified using the primer set GintEFfw (5′-GCTA-
TTTTGATCATTGCCGCC) and GintEFrev (5′-TCATT-
AAAACGTTCTTCCGACC). Reverse transcription PCR
determinations were performed on at least two independent
biological samples from two replicate experiments. Real-time
PCR experiments were carried out three times for each
biological sample, with the threshold cycle (CT) determined in
triplicate. The relative levels of transcription were calculated
by using the 2−ΔΔCT method (Livak & Schmittgen, 2001).
Data were subjected to ANOVA and, when appropriate, to
Tukey’s HSD test (P < 0.05).

Results

Cloning and sequence analysis of GintPDX1

A 240 bp cDNA fragment corresponding to the 3′ end of a
gene with homology to the PDX1 gene family members was
identified in a G. intraradices SSH library of the AM fungus
G. intraradices exposed to copper. The full-length cDNA,
named GintPDX1 (accession no. AM949787) was then
obtained by 5′ RACE. GintPDX1 is 1370 bp long and
included an open reading frame of 945 bp, a 65 bp 5′-
untranslated region (UTR) and a 357 bp 3′-UTR (Fig. 1).
The genomic sequence, obtained by PCR amplification of
G. intraradices genomic DNA using primers based on the first
and last 20 nucleotides of the GintPDX1 coding sequence,

was identical to the GintPDX1 cDNA sequence, indicating
that the open reading frame of GintPDX1 consists of one exon
without any intron, a characteristic that is true for all PDX1
homologues identified to date from any organism (Denslow
et al., 2005). The predicted protein has 315 amino acid residues
and a molecular mass of 34.5 kDa. GintPDX1 is closely
related to fungal and plant PDX1 homologs, showing 71 and
70% identity to the Schizosaccharomyces pombe and Arabidopsis
thaliana homologs, respectively. An alignment of the GintPDX1
protein sequence with those from the fungi Laccaria bicolor,
Cercospora nicotianae, A. clavatus and S. cerevisiae, as well as
the plants Medicago truncatula, Phaseolus vulgaris and
A. thaliana shows an extremely high degree of conservation
along the entire length of the proteins (Fig. 2). Further
examination of the GintPDX1 sequence revealed features
characteristic of the PDX1 protein family (i.e. complete
conservation of the signature sequence motif LPVVNFXXX
GLATPADAA (www.ebi.ac.uk)). Moreover, amino acids
known to be essential for enzyme activity were also preserved
(e.g. the equivalent of D24, K81 and K149 in B. subtilis)
(Strohmeier et al., 2006).

Complementation assays

To determine whether GintPDX1 encodes a functional enzyme,
the gene was cloned into the yeast expression vector pFL61,
and tested for its ability to complement the defect of the snz1

Fig. 1 Full-length cDNA and predicted amino acid sequence of the 
Glomus intraradices PDX1 (GintPDX1). Nucleotides in bold represent 
the start codon, the stop codon and the polyadenylation signal 
ATTAAA found 206 bp before the polyadenylation site.
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(yeast functional PDX1 homolog) disruption mutant (Δsnz1)
from S. cerevisiae to grow in the absence of vitamin B6
(Rodríguez-Navarro et al., 2002). Neither the untransformed
nor the empty vector-transformed Δsnz1 mutant cells were
able to grow on media lacking pyridoxine. However, the snz1
yeasts expressing GintPDX1 clearly grew on media without
pyridoxine (Fig. 3a). Complementation of the Δsnz1 mutant
by GintPDX1 demonstrated that GintPDX1 is functionally
exchangeable with yeast SNZ1 and that it is involved in
vitamin B6 biosynthesis.

Δsnz1 has been previously reported to be sensitive to the
superoxide generator menadione, and that this sensitivity is
reverted by the addition of vitamin B6 (Rodríguez-Navarro
et al., 2002). To assess if GintPDX1 also abates this sensitivity,
growth of the mutants transformed with the empty vector, or
with the vector harboring GintPDX1, was monitored in the
presence of menadione. Yeast cells were grown in selective
medium to the post-diauxic phase and treated with menadione

for 180 min in the absence of vitamin B6. The mutant
expressing GintPDX1 was clearly more resistant to menadione
than that transformed with the empty vector (Fig. 3b). As
expected, the growth defect of the empty vector-transformed
mutant was restored by the addition of 2 µg ml−1 of pyridoxine.
These data indicate that vitamin B6 confers tolerance to
menadione and that GintPDX1 plays an indirect role in
oxidative stress protection.

Immunodetection of GintPDX1

To date, the subcellular localization of the PDX proteins has
been addressed in plants and in the fungus C. nicotianae, but
with conflicting results (Chen & Xiong, 2005; Tambasco-
Studart et al., 2005). Both cytosolic and membrane localization
have been reported. Sequence analysis of the GintPDX1
protein failed to detect any clear targeting sequence or signal
peptide. To test whether GintPDX1 is a soluble protein or a
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Fig. 2 Amino acid sequence alignment of 
GintPDX1 with PDX1 protein sequences from 
other organisms. The alignment was 
performed using CLUSTALW software (http://
www.ebi.ac.uk/clustalW/). Identical residues 
in all the sequences are marked with an 
asterisk. The signature motif of the PDX1 
protein family is underlined. Amino acids 
known to be essential for enzyme activity are 
shadowed. The GenBank accession numbers 
of the PDX1 proteins are as follows: 
GintPDX1 (AM949787), Laccaria bicolor 
(XP_001878289), Cercospora nicotianae 
(O59905), Aspergillus clavatus 
(XP_001274241), Saccharomyces cerevisiae 
(NP_013814), Medicago truncatula 
(AAZ67140), Phaseolus vulgaris (Q9FT25) 
and Arabidopsis thaliana (AAM66972).



membrane protein, we performed western blotting using a
specific antibody raised against the homolog from B. subtilis
(Raschle et al., 2005). In the first instance, the specificity of
the antibody could be demonstrated by western blotting
employing the Δsnz1 yeast mutant transformed with pFL61-
GintPDX1, where a band corresponding to the expected size
of GintPDX1 could be clearly detected in the strain carrying
pFL61-GintPDX1, but not in either the untransformed strain
or that transformed with the empty vector (Fig. 4). With the

specificity of the antibody confirmed, we performed western
blot analysis with total protein extract and both microsomal
and soluble protein fractions obtained from the extraradical
mycelia of G. intraradices. A band of the expected size was
observed both in the total and soluble protein extracts, but
not in the microsomal fraction (Fig. 4).

GintPDX1 is up-regulated during symbiosis, but not in 
response to vitamin B6 starvation

To provide insights into the regulation of vitamin B6
biosynthesis in G. intraradices, we assessed the expression of
GintPDX1 during the fungal life cycle. Quantitative expression
analysis was performed by real-time RT-PCR on quiescent
spores, activated spores, extraradical mycelium collected from
the hyphal compartment of the G. intraradices monoxenic
cultures, and on carrot (D. carota) and lettuce (L. sativa)
mycorrhizal roots developed, respectively, in monoxenic and
pot cultures, and devoid of external hyphae. Mycorrhizal
colonization of the carrot and lettuce roots was 30 and 38%,
respectively. Specific amplification of fungal material with the
primers designed to amplify GintPDX1 was confirmed by
performing conventional PCR reactions on G. intraradices,
carrot and lettuce genomic DNAs and on cDNAs from
G. intraradices extraradical mycelium and from nonmycorrhizal
carrot and lettuce roots (data not shown). Relative expression
levels were calculated using quiescent spores as a reference
sample (Fig. 5a). While no significant changes in the
GintPDX1 expression levels were observed in either activated
spores or extraradical mycelium compared with quiescent
spores, a significant increase was observed in the intraradical
fungal structures of both carrot and lettuce mycorrhizal roots
from which external mycelia were eliminated.

To determine whether GintPDX1 was transcriptionally
regulated by the presence of vitamin B6 in the culture
medium, GintPDX1 expression was assessed in extraradical
mycelium developed in monoxenic cultures in M-C media
lacking vitamin B6. The vitamin was omitted from the hyphal
compartment, from the root compartment or from both
compartments of the split-Petri dish, and gene expression was

Fig. 3 Complementation of the yeast Δsnz1 mutants by GintPDX1. 
(a) Two serial 10-fold dilutions of exponential-phase cultures of wild-
type (WT), Δsnz1 mutant, and Δsnz1 transformed with either the 
empty vector (pFL61) or the GintPDX1 expression vector (pFL61-
GintPDX1) (left colonies: 10–1, right colonies: 10–2) were spotted onto 
vitamin B6-deficient SC (SC-B6) agar plates. (b) Δsnz1 mutants 
transformed either with the empty vector (pFL61) or with the 
GintPDX1 expression vector (pFL61-GintPDX1) were grown in 
SC medium to the post-diauxic phase and treated with 40 mM 
menadione for 180 min in the presence or absence of 2 µg ml−1 of 
vitamin B6. After treatment, cells were diluted into fresh SC medium 
and two serial 10-fold dilutions (left colonies: 10–1, right colonies: 10–2) 
were spotted onto SC-B6 agar plates. All plates were incubated 
at 30°C for 3 d before the pictures were taken.

Fig. 4 Immunodetection of GintPDX1. Western blot analysis of GintPDX1 in the GintPDX1-expressing Δsnz1 mutant (left) and in the 
extraradical mycelia of Glomus intraradices (right). Total proteins of the yeast cells, and total, soluble and microsomal proteins of G. intraradices, 
were separated by 10% sodium dodecyl sulfate–polyacrylamide gel electrophoresis (SDS-PAGE), blotted to polyvinylidene difluoride (PVDF) 
membrane and reacted to rabbit anti-PDX.
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assessed in the mycelium grown in the hyphal compartments
of the different plates. No growth defect was observed in the
absence of vitamin B6 (data not shown). Mycelia developed
in the hyphal compartment of a standard split-Petri dish
containing 0.1 µg ml−1 of pyridoxine in both compartments
was taken as a reference sample to calculate relative gene
expression. As shown in Fig. 5b, expression of GintPDX1
was found to be independent of vitamin B6 starvation in
the medium, because no statistically significant changes in

expression were observed when vitamin B6 was omitted from
either compartment of the split-Petri dish.

GintPDX1 is transcriptionally regulated by abiotic stress

To investigate whether GintPDX1 could play an indirect role
in detoxification/homeostasis of ROS in G. intraradices,
expression of the gene was analyzed by real-time RT-PCR in
mycorrhizal extraradical mycelia that had been exposed for
different periods of time to H2O2 and to the superoxide-
generating compound paraquat. Paraquat was used instead of
menadione in these assays because we have previously
established the dose and time needed for paraquat to induce
oxidative stress in G. intraradices (González-Guerrero et al.,
2007). The expression of GintPDX1 exhibited a twofold
induction in response to paraquat, 12 and 24 h after
treatment, falling back to basal levels after 7 d (Fig. 6a). A
transient induction of the GintPDX1 transcript level was also
observed after the addition of H2O2 to the extraradical
mycelia, reaching a sixfold induction 6 h after treatment. This
level dropped to near-basal levels 12 h after the addition of the
oxidant (Fig. 6b).

To obtain further insights into the putative roles of
GintPDX1 in G. intraradices, we also assessed whether this
gene was transcriptionally regulated by copper. Copper is a
redox-active metal that produces oxidative stress in
G. intraradices, as recently revealed by measuring the lipid
peroxidation levels of the fungal membranes (González-
Guerrero et al., 2007) and the accumulation of ROS in the
fungal hyphae (Benabdellah et al., 2009). Accumulation of
GintPDX1 transcripts was determined in mycelia exposed to
50 µm copper for different periods of time. As expected,
because the gene was identified in a cDNA library enriched in
G. intraradices transcripts induced by copper, a significant
induction of GintPDX1 expression was observed at all time-
points analysed, reaching a 16-fold increase 7d after exposure
to the metal (Fig. 6c).

Discussion

Vitamin B6 and its derivates possibly represent the most
versatile organic cofactors in biology, and are used by a variety
of enzymes in all organisms (for review see Percudani &
Peracchi, 2003). This vitamin has also been shown to be a
potent antioxidant (Osmani et al., 1999; Ehrenshaft et al.,
2000; Jain & Lim, 2001), a role which has recently been
demonstrated in plants and some fungi (Rodríguez-Navarro
et al., 2002; Dong et al., 2004; Titiz et al., 2006; Denslow
et al., 2007). To date, there is no evidence for an active vitamin
B6 biosynthetic pathway in the phylum Glomeromycota. The
present work reports the identification and characterization of
GintPDX1, the first component of the PDX1/PDX2 de novo
vitamin B6 biosynthetic pathway identified so far in an AM
fungus.

Fig. 5 GintPDX1 expression in Glomus intraradices. (a) GintPDX1 
expression during the different stages of the fungal life cycle. 
Real-time RT-PCR analysis of GintPDX1 mRNA in quiescent spores, 
activated spores, extraradical mycelium developed in monoxenic 
cultures, intraradical mycelium in monoxenically grown Daucus 
carota (D) mycorrhizal roots and intraradical mycelium in Lactuca 
sativa (L) mycorrhizal roots developed in pot cultures. (b) Real-time 
RT-PCR analysis of GintPDX1 mRNA in the extraradical mycelium 
grown in the presence (+B6) or absence (–B6) of vitamin B6 either in 
the root and/or in the hyphal compartment of the monoxenic 
cultures. Data were calibrated by the expression values obtained for 
the gene encoding the elongation factor-1α. The fold change in 
GintPDX1 gene expression was calculated using the 2−ΔΔCT method. 
Bars represent standard deviation (SD) of the means. Data not sharing 
a letter in common differ significantly (P < 0.05) according to the 
Tukey’s HSD test.
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The full-length cDNA of GintPDX1 contains an open
reading frame whose deduced amino acid sequence possesses
a high degree of similarity to previously described plant and
fungal PDX1 gene family members. Successful complementation

of the S. cerevisiae snz1 (yeast functional PDX1 homolog) null
mutant, deficient in vitamin B6 biosynthesis, with the
GintPDX1 open reading frame confirms the involvement of
the G. intraradices gene in vitamin B6 de novo biosynthesis.
Given that vitamin B6 biosynthesis requires formation of a
PDX1–PDX2 complex in which l-glutamine hydrolysis by
PDX2 supplies ammonia to PDX1 for incorporation into
pyridoxal-5′-phosphate (Gengenbacher et al., 2006), rescue
of the Δsnz1 phenotype with GintPDX1 alone implies that
GintPDX1 can interact with S. cerevisiae SNO1 (the PDX2
homolog) in order to synthesize vitamin B6. The presence of
GintPDX1, the synthase subunit, in G. intraradices suggests
that AM fungi, as previously described for other fungi (Osmani
et al., 1999; Bean et al., 2001; Ehrenshaft & Daub, 2001) and
plants (Chen & Xiong, 2005; Tambasco-Studart et al., 2005;
Titiz et al., 2006), employ a DXP-independent vitamin B6
biosynthetic pathway and that G. intraradices is autotrophic
for vitamin B6. However, identification of the glutaminase
subunit PDX2 is required to confirm this hypothesis. By
exploring the annotated expressed sequence tag clusters gen-
erated within the G. intraradices genome sequencing project,
a full-length cDNA showing 58% similarity to the PDX2
homolog of Aspergillus fumigatus was identified (Martin et al.,
2008). Functional characterization of PDX2 and in vitro
analysis of the capability of the G. intraradices PDX1–PDX2
complex to synthesize vitamin B6 are needed to provide the
final proof of G. intraradices autotrophy to vitamin B6.

The role of GintPDX1 in vitamin B6 biosynthesis suggested
a possible regulation of its expression by this vitamin. However,
vitamin B6 seems not to be a regulator of GintPDX1 gene
expression. As discussed by Rodríguez-Navarro et al. (2002),
who also observed that the S. cerevisiae homolog SNZ1 was
not dependent on vitamin B6, the high constitutive
GintPDX1 transcription levels might mask the effect of the
absence of the vitamin. Alternatively, because the extraradical
mycelia are connected to the host plant, the lack of a growth
defect and of a transcriptional response in the absence of
vitamin B6 could be a result of the fact that the host roots are
acting as a source of the vitamin to the fungus. Given that
pyridoxine derivatives are central to the action of many
enzymes, and that GintPDX1 is expressed throughout the
fungal life cycle, it is likely that a tight control of vitamin B6
biosynthesis is essential for normal fungal development.
Unfortunately, the lack of standardized protocols for the
genetic transformation in AM fungi precludes us from
demonstrating this hypothesis.

In this study, we showed that the expression of GintPDX1
reverts the menadione sensitivity of the SNZ1-defective
S. cerevisiae strain, indicating that GintPDX1 encodes a
functional PDX protein that is indirectly involved in oxidative
stress alleviation. Gene regulation studies in numerous and
diverse organisms have continually connected vitamin B6 to
oxidative stress. As examples, SNZ1, the S. cerevisiae PDX1
homolog, shows increased transcript and protein accumulation

Fig. 6 Effect of abiotic stress on GintPDX1 expression. Real-time 
RT-PCR analysis of GintPDX1 mRNA in the extraradical mycelia 
of Glomus intraradices cultured in M medium without sucrose 
(M-C medium) and treated with 500 µM paraquat (a), 300 µM 
hydrogen peroxide (b) or 50 µM copper (Cu) (c). Data were calibrated 
by the expression values obtained for the gene encoding the 
elongation factor-1α. The fold change in GintPDX1 gene expression 
was calculated using the 2−ΔΔCT method. Bars represent standard 
deviation (SD) of the means. Data not sharing a letter in common 
differ significantly (P < 0.05) according to the Tukey’s HSD test.
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at entry into stationary phase, a time of high oxidative stress
(Braun et al., 1996; Padilla et al., 1998). On the other hand,
H2O2 treatment of S. pombe led to increased transcript
abundance of PDX2 (Lee et al., 1995; Chen et al., 2003). It
has also been reported that YaaD, the PDX1 homolog in
B. subtilis, is an oxidative stress-inducible protein and is
implicated in the cellular stress response (Antelmann et al.,
1997). In plant models, several studies have demonstrated the
importance of vitamin B6 in oxidative stress alleviation; the
Arabidopsis PDX1.3 homolog shows increased transcript
accumulation after oxidative stress induced by exposure to
ultraviolet B (UVB) radiation (Brosche et al., 2002). Further-
more, mutants deficient in this PDX1 homolog were shown
to be highly sensitive to osmotic and oxidative stress and had
increased lipid peroxidation in response to UV treatment
(Chen & Xiong, 2005). Keeping these observations in mind,
and the complementation data reported here in the presence
of menadione, we expected that GintPDX1 could be stress-
regulated. Indeed, quantitative expression analyses revealed
that GintPDX1 is up-regulated in response to different ROS.
All together, these data suggest participation of GintPDX1 in
the cellular stress response in G. intraradices.

Furthermore, we found that the transcript level of
GintPDX1 is induced by copper over time. This metal is one
of the essential trace elements required as a cofactor for a
number of enzymes and other cellular activities. However, it
is a redox-active metal that can be toxic through its participation
in the Fenton reaction and can accelerate the generation of the
highly damaging hydroxyl (OH) radical from  and H2O2
substrates (Halliwell & Gutteridge, 1989). Copper stress is
known as a strong inducer of ROS in G. intraradices mycelia
(Benabdellah et al., 2009). Therefore, increased ROS scav-
enging capacity was suggested to be related to increased stress
tolerance. Our data, revealing transcriptional up-regulation of
GintPDX1 after exposure of the mycelia to copper, suggests a
role in protecting the fungus from the copper-induced oxida-
tive damage. In summary, the increased transcript level of
GintPDX1 in response to ROS and a redox-active heavy metal,
together with the fact that the GintPDX1 gene is intron-less
(a characteristic of genes encoding stress-responsive proteins
(Yost & Lindquist, 1986)), support the hypothesis that
GintPDX1 is involved in the stress response pathway in
G. intraradices.

From the reported results, the highest transcript levels of
GintPDX1 were observed in the intraradical fungal structures.
This expression pattern coincides with that of a CuZn-SOD
gene of the AM fungus G. margarita, a gene that was proposed
to offer protection as a ROS-inactivating system against local-
ized host defense responses raised in arbuscule-containing cells
(Lanfranco et al., 2005). Given that GintPDX1 is required for
vitamin B6 biosynthesis and that vitamin B6 can function as
an antioxidant, our data suggest that AM fungal suppression
of ROS-mediated plant defenses requires not only secretion of
ROS-scavenging enzymes, such as superoxide dismutase (SOD),

but also the activity of the nonenzymatic ROS-scavenging
systems, such as vitamin B6.

Conclusion

GintPDX1 represents a functional PDX1 homolog, strongly
supporting that de novo synthesis of vitamin B6 occurs in
G. intraradices through the DXP-independent pathway. The
gene is up-regulated in the intraradical fungal structures and
by diverse abiotic stressors, such as H2O2, paraquat and a
redox-active metal. Our results support previous reports in
other organisms that vitamin B6 serves as a cellular antioxidant.
We conclude that G. intraradices is probably autotrophic for
vitamin B6, and that GintPDX1 plays an indirect role in
extraradical mycelia stress tolerance and in fungal protection
against the ROS-mediated plant defense, allowing successful
establishment of the symbiosis. This finding represents a new
piece in the ROS scavenging puzzle of the AM fungus
G. intraradices.

Accession numbers

Sequence data from this article can be found in the GenBank/
EMBL data libraries under accession numbers AM949787
(GintPDX1) and DQ282611 (GintEF ).
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