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Abstract We report the first mycorrhizal fungal aldehyde
dehydrogenase gene, ald1, which was isolated from the
basidiomycete Tricholoma vaccinum. The gene, encoding
a protein Ald1 of 502 amino acids, is up-regulated in ectomy-
corrhiza. Phylogenetic analyses using 53 specific fungal alde-
hyde dehydrogenases from all major phyla in the kingdom of
fungi including Ald1 and two partial sequences of T. vaccinum
were performed to get an insight in the evolution of the
aldehyde dehydrogenase family. By using competitive and
real-time RT-PCR, ald1 is up-regulated in response to alcohol
and aldehyde-related stress. Furthermore, heterologous expres-
sion of ald1 in Escherichia coli and subsequent in vitro
enzyme activity assay demonstrated the oxidation of propio-
naldehyde and butyraldehyde with different kinetics using
either NAD+ or NADP+ as cofactors. In addition, overexpres-
sion of ald1 in T. vaccinum after Agrobacterium tumefaciens-
mediated transformation increased ethanol stress tolerance.
These results demonstrate the ability of Ald1 to circumvent
ethanol stress, a critical function in mycorrhizal habitats.
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Introduction

The mushroom forming basidiomycete fungus Tricholoma
vaccinum forms ectomycorrhizal interactions with the roots
of its natural host spruce (Singer 1986). In axenic co-cultures,
Tricholoma needs 3 to 5 months for mycorrhiza formation
(Scheidegger and Brunner 1993; Krause and Kothe 2006).
The slow growth is in accordance with the description of
Tricholoma ecology as late stage organisms, which is well in
accordancewith the 60 European Tricholoma species showing
host specificity. Differential gene expression of hydrophobin
hyd1 has been linked to this trait for Tricholoma terreum
comparing compatible and low compatibility host interactions
(Mankel et al. 2002). This success linking molecular biology
to ecological features of ectomycorrhizal fungi prompted us to
investigate specifically expressed genes in another species, T.
vaccinum, in order to gain insight in the specific interactions
during ectomycorrhizal symbiosis.

Over the past 15 years, our understanding of ectomycor-
rhiza has been increased by studies on differential gene expres-
sion (Tagu et al. 1993; Tagu and Martin 1995; Duplessis et al.
2005), carbohydrate metabolism (Nehls et al. 2010), and nitro-
gen transport (Müller et al. 2007). Recent demonstrations
showed that some of the ectomycorrhizal fungi can be trans-
formed using Agrobacterium tumefaciens-mediated transfor-
mation (Hanif et al. 2002; Pardo et al. 2002; Kemppainen and
Pardo 2010). This technique presents an opportunity to unravel
the possible biological function of aldehyde dehydrogenase
identified as one of the genes differentially expressed during
ectomycorrhizal interaction between T. vaccinum and spruce
(Picea abies; Krause and Kothe 2006).

Aldehyde dehydrogenases (ALDHs) belong to a super-
family of enzymes that have divergent roles in metabolism,
primarily, but not limited to, metabolic roles resulting from
NAD(P)-catalyzed oxidation of different aldehydes to their
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corresponding carboxylic acids. Of the 14 different ALDH
families, for instance glyceraldehyde-3-phosphate dehydro-
genase, aromatic metabolizing ALDH and fungal ALDH
family members differ in their sequence similarities, struc-
tures, substrate specificities, and coenzyme used (Perozich
et al. 1999). Members of the fungal ALDH family are
described as variable in substrate specificity, although this
family is not well investigated so far.

ALDHs are commonly regarded as detoxification enzymes
(Jakoby and Ziegler 1990) acting along with superoxide dis-
mutases and thioredoxins (Morel et al. 2008). However, alter-
native functions show ALDHs to be involved in abiotic stress
tolerance, male sterility, embryo development, seed viability,
and maturation in plants (Kotchoni et al. 2010). To our knowl-
edge, no report on expression changes during mycorrhiza
formation is available.

Several roles for ALDHs are potentially possible in
mycorrhization. ALDH is involved in alcohol metabolism
with a position central to detoxification of aldehydes and
alcohols, both of which are abundant in nature, especially
when an organism is exposed to stress. Specifically, acetalde-
hyde is known to be produced as a result of ethanol accumu-
lation in roots, typical for trees with reduced defense, diseases,
or anoxia, depending on the species, developmental stage, and
environment (Kelsey and Joseph 1998; Kreuzwieser et al.
2004, 2009). Deployment of ALDH-aided aldehyde and al-
cohol detoxification could therefore be a prerequisite for the
plants’ survival under these conditions. This is, probably, one
of the underlying mechanisms for flood tolerance, as
evidenced by up-regulation of rice ALDH under submerged
conditions (Nakazono et al. 2000).

Interestingly, it has been shown that mycorrhiza increases
flood tolerance of plants, mainly through suppression of toxic
products of anaerobic respiration including ethanol (Osundina
1998; Rutto et al. 2002). Although these observations were
made on endomycorrhiza using Glomus clarum and Giga-
spora margarita, the same role in ectomycorrhiza is sug-
gested, considering many other shared physiological roles
between these mycorrhizal types. Mycorrhiza-enhanced flood
tolerance of plants by suppression of ethanol accumulation
thus awaits analysis of ethanol stress tolerance related to
ALDH expression levels in both fungus and host tree. Since
a fungal ALDH gene, ald1, was differentially expressed in T.
vaccinum–spruce ectomycorrhiza, we tested the hypothesis
that this gene is involved in mycobiont–plant association by
mediating alcohol- and aldehyde-mediated stress. Here, we
present the cloning and functional characterization of the
novel ectomycorrhiza specifically expressed gene. We link
ald1 to the ability of T. vaccinum to circumvent ethanol stress.
Since the sequences of the basidiomycete fungal ALDHswere
not represented in the last detailed phylogenetic analyses
(Perozich et al. 1999; Tanaka and Tanaka 2008), we
re-investigated fungal ALDH phylogeny to include all major

phyla within the kingdom of fungi. Compared to most of the
families in the ALDH superfamily, the fungal ALDH family
has been poorly investigated, with only three well studied
ALDHs. Feeding experiments using mutants of Iad1 of Usti-
lago maydis (Reineke et al. 2008) and ALD2/ALD3 of Saccha-
romyces cerevisiae (Rao et al. 2010) showed the involvement
of these enzymes in the indole-3-acetic acid biosynthesis from a
tryptophan precursor. The regulation of aldA in the ascomycete
Aspergillus nidulans and its function within the ethanol utiliza-
tion pathway were investigated by Flipphi et al. (2001). They
showed that the pathway-specific transcription activator AlcR
is essential for the ethanol-induced expression of the two
involved genes, the alcohol dehydrogenase alcA and aldehyde
dehydrogenase aldA, whereas the CreA repressor in the pres-
ence of glucose directly represses the alcR and alcA genes.
Alcohol dehydrogenase AlcA oxidizes ethanol into acetalde-
hyde converted by aldehyde dehydrogenase AldA into acetate
being further metabolized into acetyl-CoA by acetyl-CoA
synthetase (Flipphi et al. 2003).

Materials and methods

Strains and culture conditions

The Escherichia coli strain DH5α (Gibco Life Technologies,
Karlsruhe, Germany) was routinely used as a host for cloning
purposes while strains ArcticExpress (Stratagene, Waldbronn,
Germany) and BL21-AI (Invitrogen, Karlsruhe, Germany)
were used for heterologous expression of ald1. E. coli cultures
were grown overnight at 37°C shaking in LB medium
(Sambrook et al. 1989). The cells that were used for heterolo-
gous gene expression studies were grown at 18°C to facilitate
induction of gene expression.

A. tumefaciens strain AGL-1, kindly provided by M.
Raudaskoski (University of Turku, Finland), was used for
A. tumefaciens-mediated fungal transformation. It was
grown at 28°C shaking in LB medium for 24 h while plate
cultures were incubated for about 2 days.

T. vaccinum GK6514, a wild-type strain isolated from
Norway spruce, was kindly provided by G. Kost (University
of Marburg, Germany), and the derived ald1-overexpressing
strains (Tvaldh1-eGFP−1 to Tvaldh1-eGFP−3) and ald1-over-
expressing strains fused with egfp (Tvaldh1-eGFP+1 to
Tvaldh1-eGFP+3) were grown on Modified Melin Nokrans
(MMN) b medium adapted for mycorrhizal fungi (Kottke et
al. 1987). In cultures used for real-time RT-PCR, malt extract
content of MMNb medium was increased from 5 to 20 mg/l.

In vitro T. vaccinum-spruce ectomycorrhiza synthesis was
performed to check the ability of mycorrhization of the trans-
formed T. vaccinum strains. Surface-sterilized seeds of spruce
(P. abies) from “Thüringer Forstamt Schmalkalden” (Germany)
were germinated under sterile conditions on germination
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medium (Chilvers et al. 1986). Three- to 4-week-old seedlings
were transferred into petri dishes (diameter of 12 cm) where the
root and the inoculated fungus were placed between two cello-
phane membranes on MMNa medium without glucose and
malt extract (Kottke et al. 1987). The cultivation occurred under
a day/night regime of 23/17°C with 80% humidity and 12 h of
light. The development of mycorrhiza was checked visually at
regular intervals.

Nucleic acid manipulation

Mycelium from 3-week-old liquid cultures of T. vaccinum
was ground with mortar and pestle in liquid nitrogen to
isolate genomic DNA (Krause and Kothe 2006) while total
RNAwas extracted using “RNeasy plant mini kit” (Qiagen,
Hilden, Germany) for real-time RT-PCR or according to
Sambrook et al. (1989) for competitive RT-PCR. Primers
used in this study are listed in Supplemental Table S1.
Standard protocols for cloning and transformations in E.
coli, most of which are according to Sambrook et al.
(1989), were used. For sequencing purposes, plasmid
DNA was isolated using “PeqGOLD plasmid miniprep kit
I” supplied by PeQlab (Erlangen, Germany) while alkaline
lysis (Sambrook et al. 1989) was used for routine plasmid
preparation. DNA fragments were excised and purified from
agarose gels using JetsorbGel Extraction Kit (Genomed,
Bad Oeynhausen, Germany) and “Gel extraction kit QIAquick
PCR purification kit” (Qiagen, Hilden, Germany). Routine
PCR reactions were performed with Taq DNA polymerase
(New England BioLabs, Schwalbach, Germany) while a
proofreading polymerase Pfu-x (Jena Bioscience, Jena,
Germany) was used for high fidelity DNA amplification tasks.
DNAmodifications and restrictions were done using enzymes
and restriction endonucleases supplied byNewEngland BioL-
abs (Schwalbach, Germany). DNA was sequenced at GATC
Biotech (Konstanz, Germany) and Jenagen (Jena, Germany).

To investigate T. vaccinum fungal ALDH, we isolated the
full-length gene, ald1, using different PCR techniques. Two
fragments of 1,600 and 800 bp were amplified with primers
rf13a and rf-a3. Using an arbitrary degenerated primer AD3
and gene-specific primers T1 and T2, designed in the ald1
partial sequence, a 307-bp fragment was amplified at the 5′
end of the gene by Thermal Asymmetric Interlaced (TAIL)-
PCR (Liu et al. 1995, 1997). Subsequent 5′ TAIL-PCR with
gene-specific primers T1b, T2b, and T3b and an arbitrary
degenerated primer AD1 yielded an 847-bp new fragment,
which included the promoter region. The 3′ sequence was
isolated by using gene-specific primers T13b, T23b, and
T33b in combination with an arbitrary degenerated primer
AD6, which yielded a 487-bp fragment, including the puta-
tive translation stop codon (TAA). A special PCR, the “Poly
(A) region PCR”, was used to isolate the characteristic 3′
flanking sequences with a gene-specific, Poly1, and a

modified oligo (dT18) dT1 primer pair. Localization and
the apparent molecular mass of the Ald1 translation product
were predicted using WoLF PSORT (http://wolfpsort.org)
and TagIdent tools (http://www.expasy.org), respectively.

By using genomic DNA with the primer pair rf13a and
rf13b, a fragment of another T. vaccinum ALDH sequence,
ald2, was amplified. The third ALDH sequence, ald3, was
amplified from mRNA using 3′ RACE PCR with gene-
specific primer rf-a3 in combination with 3′Race1n, 3′Race2,
and 3′Race3n. Southern blot analyses were performed using
the protocol “DIG system for membrane hybridization”
(Roche Diagnostics, Mannheim, Germany). The sequences
were deposited at GenBank (http://www.ncbi.nlm.nih.gov/)
with the accession numbers HM363121 for ald1, HM363122
for ald2, and HM363123 for ald3.

Reconstructing fungal ALDH phylogeny

Protein Id and GenBank accession numbers for ALDH
amino acid sequences used in the phylogenetic analysis
can be found at http://genome.jgi-psf.org (Phanerochaete
chrysosporium, Sporobolomyces roseus, Schizophyllum
commune, Phycomyces blakesleeanus, and Batrachochy-
trium dendrobatidis), http://blast.jcvi.org (Cryptococcus
neoformans), and http://www.broadinstitute.org (Puccinia
graminis) and http://www.ncbi.nlm.nih.gov. The sequences
were aligned with MAFFT v6 (Katoh and Toh 2008), under
assumption of a BLOSUM80 amino acid substitution matrix
using the E-INS-i option, which assumes multiple conserved
domains and long gaps. The alignment was then checked and
manually edited. Phylogenetic reconstruction was performed
under Bayesian inference using MrBayes 3.1.2 (Huelsenbeck
and Ronquist 2001). Two runs, each with 2,000,000 genera-
tions in four chains, were performed, sampling every 100
generations, with a burn-in of 25%. Results were evaluated
with TRACER v1.4 (Rambout and Drummond 2007); all
analyses had log likelihood ESS values above 100. Maximum
likelihood using TREEFINDER version of October, 2008
(Jobb 2008) was used for validation of MrBayes tree, with
500 replicates of LR-ELW branch support. Both unpartitioned
data and a dataset partitioned into conserved motif regions and
unconserved regions were analyzed. In fact, more validation
of the results was done by performing additional analyses
using maximum likelihood with RAxML (Stamatakis 2006)
and with maximum parsimony using PAUP (Swofford 2002)
in a heuristic search with “tree bisection and reconnection”
branch swapping. Phylogenetic trees were evaluated using
FigTree v. 1.2.3 (Rambout 2009).

Recombinant protein expression

In order to express ald1 as a His6-tagged protein, its cDNAwas
cloned in pET101/D-TOPO (V5, 6 × His) vector (Invitrogen,
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Groningen, The Netherlands), under the control of T7
promoter, after which the transforming plasmid was intro-
duced into E. coli strains ArcticExpress and/or BL21-AI by
electroporation. ald1 expression was induced with
0.9 mM IPTG. Cells were collected by centrifugation and
resuspended in 0.1 M sodium pyrophosphate solution. The
cells were then sonicated at 3 cycles for 3 min on ice and
centrifuged to collect crude proteins. For protein analysis, pro-
teins were separated on SDS gel and stained with Coomassie
Brilliant Blue (Sigma Aldrich, Steinheim, Germany). Identity
of Ald1 was confirmed by a western blot analysis targeting
Ald1-His6 fusion protein. Western blotting was carried out on
total soluble crude proteins separated on an SDS gel, where
immunodetection of Ald1 was performed using anti-His anti-
bodies (Miltenyi Biotech GmbH, Germany).

Enzyme activity analysis

Ald1 activity was carried out according to Guru and Taranath-
Shetty (1990) and Isobe et al. (2007) with modifications. A
typical enzyme reaction mixture consisted of 100 μl crude
protein extracts, 10 mM aldehyde substrates, 0.1 M sodium
pyrophosphate buffer, pH 7.4, and 0.5 mM cofactor β-NAD+

or β-NADP+ in a final volume of 1 ml. The reactions, which
were carried out at 30°C, except acetaldehyde reactions car-
ried out at 25°C because of its high volatility, were started by
the addition of aldehydes, which was done after about 30 s of
pre-reaction. To eliminate non-enzymatic reaction of NAD+ or
NADP+ with aldehydes, which contributes to increase in
absorbance at 340 nm (Gurr et al. 1987), enzyme activity
was measured against a substrate blank (cofactor + aldehyde),
as opposed to enzyme blanks (cofactor + enzyme) used in
many studies.

Competitive and real-time RT-PCR

For analysis of ald1 expression induction, T. vaccinummyce-
lium was grown in liquid MMNb medium supplemented with
various concentrations of alcohols and aldehydes. After total
RNA extraction from lyophilized mycelium, cDNAwas syn-
thesized either by using the Oligotex mRNA Batch Protocol
of Oligotex mRNA Mini Kit (Qiagen, Hilden, Germany),
SUPERSCRIPT™ II RNase H Reverse Transcriptase
(Invitrogen, Karlsruhe, Germany), or “iScriptTM cDNA
Synthesis Kit” supplied by Bio-Rad Laboratories (Hercules,
CA, USA).

For competitive RT-PCR, primers rf13a and rf13b were
used to simultaneously amplify an 826-bp cDNA fragment
and a 1,297-bp competitor fragment, resulting from cloned
genomic DNAwith seven introns. The signal intensity of the
resulting PCR products was monitored on agarose gels to
estimate the relative amount of transcript. Each treatment
had two biological replicates. PCR was carried out on four

replicates. Real-time RT-PCR was performed by using a kit
supplied by Fermentas (St. Leon-Rot, Germany), which
uses SYBR Green as a DNA intercalating dye. Transcription
was monitored, in real time, by amplification of a 132-bp
ald1 cDNA fragment using aldRTPCRF and aldRTPCRR
primers, which were designed to span an intron. The ald1
mRNA accumulation was quantified in absolute terms (Bustin
2000) by comparing transcript levels to a standard curve
generated using serial dilutions of plasmid DNA of an ald1
cDNA cloned in pDrive (Qiagen, Hilden, Germany).

Construction of ald1-overexpressing T. vaccinum
transformants

Two plasmids carrying ald1-overexpressing cassettes, one
with gpd promoter and 35S terminator, designated pBGaldh1,
and the other with the same features but with an additional
egfp fusion, designated pBGaldh1SeGFP, were constructed
(Fig. 1). Both plasmids consist of a pCAMBIA 1300 back-
bone (CAMBIA, Australia) containing the kanamycin and
hygromycin resistance genes. The expression from the native
promoter was expected to be under control of environmental
factors which might not be useful for the investigation of over-
expression. Therefore, the constitutive strong glyceraldehyde-
3-phosphate dehydrogenase promoter (Pgpd) from Agaricus
bisporus was amplified using gpdF and gpdR primers on
pBGgHg plasmid DNA (Chen et al. 2000) as a template. ald1
genomic DNAwas amplified with ORFF and ORFR primers.
A fusion PCR was carried out using both fragments as the new
template, with the primers gpdF forward and ORFR reverse,
which resulted in a fragment of about 2.8 kb corresponding
to Pgpd promoter fused to ald1. An approximately 1.1-kb
egfp-cauliflower mosaic virus terminator (35S) fragment
was amplified from pBGgHg plasmid with EGFPFII and
EGFPRII primers. A 35S fragment was generated by a PCR
using 35SF forward and EGFPRII reverse primers on
pBGgHg plasmid.

Different restriction and ligation steps using intermediate
plasmid were performed to construct the plasmids pBGaldh1
and pBGaldh1SeGFP. In vector pNEB193 (New England
Biolabs, Schwalbach, Germany), the SacI–AscI fragment
was replaced by the Pgpd-ald1 PCR product via SacI–AscI
ligation followed by restriction with AscI and PmeI to insert
the 35S terminator PCR fragment. The resulting Pgpd-ald1-
35S construct was ligated instead of the excised Pgpd-egfp-
35S fragment in plasmid pBGgHg using SacI and PmeI
restriction enzymes to obtain plasmid pBGaldh1 with geno-
type KanR, HygR, pBGgHg::ald1, Pgpd from A. bisporus and
35S terminator from CaMV. To obtain plasmid pBGaldh1-
SeGFP, in vector pNEB193 with the replaced Pgpd-ald1 PCR
product, the excised AscI and PmeI fragment was replaced by
the egfp-35S PCR fragment. The resulting Pgpd-ald1-egfp-
35S was excised by SacI and PmeI and used to replace the
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entire Pgpd-egfp-35S fragment in plasmid pBGgHg to obtain
plasmid pBGaldh1SeGFP with genotype KanR, HygR,
pBGgHg::ald1-egfp fusion, Pgpd from A. bisporus and 35S
terminator from CaMV. Cloned constructs were verified by
PCR, restriction analysis, and sequencing.

A. tumefaciens-mediated transformation was used to de-
liver ald1-overexpressing constructs to T. vaccinum genome
using an optimized protocol based on Hanif et al. (2002) and
Pardo et al. (2002). Briefly, mycelia of T. vaccinum were
grown on MMNb plates to a diameter of approximately
1 cm. A. tumefaciens pre-culture was prepared by growing
the bacteria in minimal medium with kanamycin for 2 days
at 28°C, harvested by centrifugation, and resuspended in
induction medium containing 200 μM acetosyringone. After
6 h of induction, the cell density was adjusted to an optical
density at 600 nm of 0.1. T. vaccinum was then co-cultivated
with the pre-culture for 2 days. After co-cultivation, the
mycelia were transferred to selection plates containing
25 μg/ml hygromycin B and 200 μg/ml cefotaxime. After
the mycelia had started to grow, they were transferred to
MMNb plates containing 25 μg/ml hygromycin B for the
second round of antibiotic selection. The same conditions
were used for propagation of the mycelia.

Results

The gene ald1 possesses signature sequence characteristic
of stress-induced genes

Sequence analysis of ald1, based on fragments obtained by
different PCR approaches, revealed an open reading frame
of 2,448 bp. This was confirmed by comparison to cDNA
amplified using primers aldh1-F1 and aldh1-R1. The sequence
is interrupted by 16 introns of 48–76 bp with the typical con-
served 5′GTand 3′AG residues (Gurr et al. 1987; Supplemental

Fig. S1) resulting in a 502 amino acid translation product, Ald1,
predicted to be localized in the cytosol. Promoter analysis
revealed the presence of seven stress response elements (STREs;
Moskvina et al. 1999). Transcriptional regulatory sequences,
including four TATA boxes (−118, −128, −175, −189), two
CAAT boxes (−326, −333), and a GC box (−515), were iden-
tified in the promoter region. The 3′ flanking sequence analysis
showed that the region immediately following the stop codon is
AT-rich (80% for the first 10 bp), which is the preferred
condition for transcription termination by mRNAs with TAA
stop codons (Cavener and Ray 1991). Also, a putative poly-
adenylation signal AATTAT (consensus AATAAA) and a pol-
yadenyl tail were identified (Fig. S1).

Ald1 is closely related to other fungal ALDHs

Ald1 possesses all 10 conserved ALDH motifs (Perozich et
al. 1999; Table 1, Fig. S2). Additional conserved amino acid
residues were observed; most of them had earlier been
reported for this enzyme superfamily (Hempel et al. 1993;
Perozich et al. 1999). One putative signature sequence,
GxTxxG, proposed for the NAD-binding site of ALDHs
(Liu et al 1997), and two sequences, for the general glycine
motif GxGxxxG for NAD(P) binding (Cobessi et al. 2000;
Jung and Lee 2006), were identified (see Table 1), suggesting
the possibility of both NAD+ and NADP+. The comparison of
Ald1 with other fungal ALDHs shows that it clusters with
other fungal ALDHs with up to 74% amino acid identity, the
closest ALDH being from Laccaria bicolor (Xp_001889968),
which is also an agaricoid ectomycorrhiza fungus (Fig. S2).
Interestingly, a significant amino acid identity of 58% was
observed with the heterobasidiomycete U. maydis indole-3-
acetaldehyde dehydrogenase Iad1 (Basse et al. 1996). Ald1
shows a relatively high similarity of the first 16 amino acids
with most other fungal ALDHs (Figs. S2 and S3), supporting

Fig. 1 Construction of plasmids pBGaldh1 and pBGaldh1SeGFP for overexpression of ald1
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the proposed transcription/translation start. Intron position
analysis confirmed that 10 of the 16 ald1 intron positions are
identical with a L. bicolor ALDH and 12 with a Coprinopsis
cinerea ALDH (Fig. S2).

Duplication events characterize fungal ALDH evolution

ALDHs of fungi belong to different families of ALDH
superfamily like γ-glutamyl semialdehyde dehydrogenase
family, glyceraldehyde-3-phosphate dehydrogenase family,
class 3 ALDH family, and fungal ALDH family. In contrast
to other families, all members of the “fungal ALDH family”
are exclusively of fungal origin while other families are
mixed with respect to clades represented. A survey of fungal
genomes for ALDH orthologs using the 10 most conserved
sequence motifs in ALDHs (Perozich et al. 1999) could
show that only a small part of the ALDH sequences clusters
in the specific family of fungal ALDHs (Table S2). We
carefully examined the available genomes from selected
basidiomycete, ascomycete, zygomycete, and chytridiomy-
cete lineages for a possible ALDH duplication. All fungi,
with the exception of the chytridiomycete B. dendrobatidis,
show evidence for duplications, which is more pronounced
in higher fungi. Southern blot analyses resulted in more than
one hybridization signal per lane of restricted genomic DNA
of T. vaccinum (data not shown), suggesting the existence of
additional ALDH genes. This could be verified by PCR
amplification of two additional partial sequences, ald2
(1,289 bp encoding 271 amino acids, Fig. S4) and ald3
(721 bp encoding 191 amino acids, Fig. S4). The original

ald1 has a nucleotide sequence similarity of 88% and 79%
with ald2 and ald3, respectively.

The widely observed duplication of fungal ALDHs
prompted us to investigate the evolutionary origin of this
enzyme family. Fungal ALDH phylogeny was reconstructed
with a total of 53 fungal ALDHs from all major phyla within
the kingdom of fungi and four outgroup ALDHs (Fig. S3).
The resulting phylogram (Fig. 2), which was confirmed by
three independent phylogenetic reconstruction methods,
shows a well supported clustering of fungal ALDHs in
two groups each of basidiomycota and ascomycota, with a
chytridiomycota ALDH being basal to all other fungal
ALDHs. The three ALDH sequences from a zygomycete,
P. blakesleeanus, also clustered in two different clades. The
phylogram indicates that fungal ALDH duplication events
probably happened two times during the course of evolu-
tion. The first major duplication event happened after the
split of Chytridiomycetes, since only one ALDH sequence
was found in the genome of B. dendrobatidis. This resulted
in two major fungal lineage groups: subfamily 1 (zygomycote
1/ascomycote 1/basidiomycote 1) and subfamily 2 (zygomy-
cote 2/ascomycote 2/basidiomycote 2). The second major
duplication event happenedwithin the basidiomycote 1 group,
primarily in the Agaricomycetes clade, resulting in represen-
tative paralogs in the two new clades. Interestingly, Ald1
clustered together with the other two partial ALDH sequences
of T. vaccinum, Ald2 and Ald3. The three ALDHs from T.
vaccinum form a common cluster with other Agaricomycetes,
with a distinct, fully supported branch, typical for a duplication
after the separation of this phylogenetic clade. No transposable
elements were detectable up- or downstream of 10 randomized
fungal ALDH genes, which would be in accordance with
duplication with subsequent differential functionalization.

No correlation between the phylogenetic clustering of fungal
ALDHs and their cytosolic or mitochondrial localization was
found. Apart from S. cerevisiae (EDN63047), Pichia angusta
(AAA83769) and P. graminis (PGTG_05992), all other fungal
ALDHs were predicted to be cytosolic. The putative signature
sequences for the NAD-binding site, GxTxxG, and the two
NAD(P)-binding sites, GxGxxxG identified in Ald1 of T. vac-
cinum, are generally found in the subfamily of fungal ALDHs
(see Table 2), with the exception of the lack of the NAD-
binding motif in S. roseus (24603), in P. chrysosporium
(138693), and Ald2 of T. vaccinum. The first NAD(P)-binding
motif is not visible in the clade of filamentous basidiomycete 2.

The 10 characteristic sequence motifs conserved in fun-
gal ALDHs (Table 2) show slight differences between the
two identified subfamilies 1 and 2, visible for motif ALDH
1 with 240PWNFP244 and 240PWNYP244. Further analysis
revealed that five of the protein sequences used, C. cinerea
(EAU84708, EAU92000), A. alternata (P42041), P. grami-
nis (PGTG_15016), and U. maydis (EAK_83677), did lack
at least one of the 10 characteristic motifs.

Table 1 Sequence information of Ald1

Motif definitiona Motifb

ALDH 1 168P-W-N-F-P172

ALDH 2 183A-L-A-T-G-N-T-I-V-L-K-P-S-E196

ALDH 3 213G-I-P-P-G-V-V-N-I-I222

ALDH 4 242V-A-F-T-G-S-T-V-I-G251

ALDH 5 268L-E-L-G-G-K-S-P-T-I-I-F-D-D-A-D283

ALDH 6 296Y-F-N-M-G-Q-V-C303

ALDH 7 381G-Y-F-I-Q-P-T-I-F389

ALDH 8 401E-E-I-F-G-P-V407

ALDH 9 424N-N-T-T-Y-G-L-A-C-S-V-F-S-Q-N438

ALDH 10 467P-F-G-G-Y-K-Q-S-G-I-G-R478

NAD-binding domain 246GxTxxG251

NADP-binding domain 224GxGxxxG230

475GxGxxxG481

a ALDH motifs after Perozich et al. (1999), NAD-binding domain after
Liu et al (1997), and NADP-binding domains after Cobessi et al.
(2000) and Jung and Lee (2006)
b Positions in amino acid sequence of Adl1
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Alcohols and aldehydes induce ald1 expression

Studies from other ald genes, mainly, but not restricted to,
higher eukaryotic origin, show up-regulation following

exposure to alcohol, especially ethanol, suggesting their
involvement in alcohol detoxification. We chose to investi-
gate the effect of different alcohols and aldehydes on expres-
sion of ald1 by using competitive and real-time RT-PCR.

Fig. 2 A semistrict consensus phylogram of fungal ALDHs, created
with MrBayes 3.1.2. Bayesian posterior probability values are shown
above corresponding branches. Branch lengths are proportional to
evolutionary distances. Mammalian, plant, and mycetozoa ALDHs were
included as an outgroup. The first single digit number immediately
behind a binomial represents the ALDH sequence of a given species, in

a descending order of similarity to Ald1. After the binomials, GenBank
accession numbers (in brackets) are given. Binomials in capitals indicate
that this fungal ALDH originates from fungal genome sequences and was
picked up together with all identified fungal ALDHs from the available
genome and included in the phylogram
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Using competitive RT-PCR, we could show that spiking of T.
vaccinum cultures with various concentrations of different
alcohols and aldehydes significantly increased ald1 transcript
levels (Table 3). Interestingly, ethanol (0.01%) and leaf oil
from Norway spruce (0.005%), the compatible host of T.

vaccinum, induced ald1 expression 50-fold. The addition of
the ALDH substrates isobutanol, glutardialdehyde, pine, and
spruce leaf oil into the medium resulted in a growth inhibition
of the mycelium, which was even stronger for dodecyl alco-
hol, salicyl aldehyde, benzaldehyde, and cinnamic aldehyde

Table 2 Consensus motifs in
fungal aldehyde dehydrogenase
family and subfamilies 1 and 2

aALDH motifs after Perozich et
al. (1999), NAD-binding domain
after Liu et al. (1997), and
NADP-binding domains after
Cobessi et al. (2000) and Jung
and Lee (2006)
bPositions in alignment Fig. S3;
motifs are ordered in their occur-
rence: dominant in capitals,
with lower frequency but two in
minimum with small letters

Motif definitiona Consensus motifb

ALDH 1

Fungal family 240P-W-N-F-P244

Subfamily 1 240P-W-N-F-P244

Subfamily 2 240P-W-N-Y-P244

ALDH 2

Fungal family 263A-L-A-x-G-N-T-V-V-L-K-P-A-E276

Subfamily 1 263A-[Lvi]-A-[Ta]-G-N-[Tca]-[Vi]-[Vi]-[Lmvi]-K-[Pt]-[SA]-E276

Subfamily 2 263A-L-A-[Ac]-G-[Nc]-[Tc]-[IV]-[Vi]-[MLif]-K-[Pt]-[AS]-E276

ALDH 3

Fungal family 293G-F-P-P-G-V-V-N-x-V300

Subfamily 1 293G-[Fil]-P-[Pak]-G-[Va]-[Vifl]-N-[VI]-[IVl]300

Subfamily 2 293G-[Fy]-P-[pak]-G-V-[Vifl]-N-[ivt]-[Vi]300

ALDH 4

Fungal family 322V-A-F-T-G-S-T-x-V-G331

Subfamily 1 322[Vil]-[As]-F-T-G-S-T-[LAiv]-[Vt]-G331

Subfamily 2 322[ivm]-[As]-F-T-G-S-T-[Tvak]-[Tv]-G331

ALDH 5

Fungal family 348L-E-L-G-G-K-S-P-N-I-V-F-x-D-A-D363

Subfamily 1 348L-E-L-G-G-K-S-[Pa]-[Ntv]-[Iv]-[VI]-F-[Dna]-D-A-D363

Subfamily 2 348L-E-[Lct]-G-G-K-S-[Pa]-[lqnhva]-[ILv]-[Vi]-[Fc]-[Edp]-[Ds]-A-D363

ALDH 6

Fungal family 376F-x-N-x-G-Q-x-C383

Subfamily 1 376[Fy]-[Fwy]-[Nh]-[Hsma]-G-Q-[cvamt]-C383

Subfamily 2 376[fmcl]-[fysne]-N-[qstm]-G-Q-[dis]-C383

ALDH 7

Fungal family 471G-Y-F-I-x-P-T-I-F480

Subfamily 1 471G-[Yf]-F-[Iv]-[QEk]-P-T-[Ivl]-F480

Subfamily 2 471G-[Yf]-[Fy]-[Iv]-[edqap]-P-T-[Iv]-F480

ALDH 8

Fungal family 491E-E-I-F-G-P-V497

Subfamily 1 491[Ed]-E-I-F-G-P-V497

Subfamily 2 491[Ed]-E-[Iv]-F-G-P-V497

ALDH 9

Fungal family 520N-D-T-x-Y-G-L-A-A-A-V-F-T-x-D534

Subfamily 1 520N-[Dns]-[Ts]-[vtdsn]-Y-G-L-[As]-[Asc]-[Agns]-[Vi]-[FHy]-[TS]-[QKretn]-[NDs]534

Subfamily 2 520N-[Dn]-[Ts]-[tendc]-Y-G-L-[AG]-[Ags]-[AG]-[Vl]-[Fhy]-[Ts]-[Kern]-[Dn]534

ALDH 10

Fungal family 563P-F-G-G-x-K-Q-S-G-I-G-R574

Subfamily 1 563P-F-G-G-[Yfv]-K-[Qe]-S-G-[Ilfm]-G-[Rk]574

Subfamily 2 563P-F-G-G-[yvkfm]-K-[Qm]-S-G-[Ifw]-G-[Rk]574

NAD binding 326GxTxxG331

NADP binding 304GxGxxxG310

571GxGxxxG577
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(all 0.005%), where mRNA isolation repeatedly failed (data
not shown).

The analyses were validated using real-time RT-PCR to
determine the expression profile of ald1, as influenced by
ethanol and a few selected aldehydes. By monitoring the
amplification of a carefully selected 132-bp ald1 cDNA
sequence, we could confirm that ethanol and some aldehydes
induced ald1 expression; 0.01% ethanol and 0.1 mM indole-
3-acetaldehyde increased ald1 transcript levels by about four-
fold and threefold, respectively (Fig. 3), while benzaldehyde

(0.1 mM), which was not tested with competitive RT-PCR,
also induced ald1 expression by about fourfold. A concentra-
tion of 0.01 mM indole-3-acetaldehyde was probably too low
to increase the ald1 mRNA amount. On the other hand,
ethanol treatments showed a concentration-dependent ald1
transcriptional inhibition, with 0.01% ethanol showing
approximately fourfold transcript accumulation, while 0.1%
ethanol failed to significantly induce ald1 expression. How-
ever, the levels of induction were much lower, compared to
the levels reported using competitive RT-PCR, where lower
malt extract content was used for cultivation. The results,
nonetheless, indicate that low, most likely physiologically
relevant ethanol concentrations are able to strongly induce
ald1 expression.

Ald1 activity is aldehyde-specific, with a dual cofactor
binding possibility

In order to verify the function of the cloned ald1 cDNA and
to investigate Ald1 activity in vitro, we heterologously
expressed ald1 in E. coli. We targeted Ald1-His6 fusion
protein to determine protein size on western blots using
anti-His antibody. Ald1 has an apparent molecular mass of
approximately 53 kDa, which corresponds to the predicted
size of 53.5 kDa.

Using in vitro enzyme activity assays, we tested the ability
of Ald1 to oxidize a wide range of aldehydes, including
aliphatic and aromatic aldehydes. Ald1 oxidized short chain
aliphatic aldehydes, notably propionaldehyde and, to some
extent, butyraldehyde (Table 4). Although there was no enzyme
activity detected with the tested aromatic aldehydes, indole-3-
acetaldehyde seems to be a substrate for Ald1, at least to some
extent, since the reaction showed consistently higher absor-
bance than the control, albeit loss of activity with time occurred
(data not shown). The extremely volatile nature of acetaldehyde
made it impossible to conclude the enzyme activity assay for
the aldehyde.

Since both NAD and NAD(P)-binding sites were identified
in the Ald1 amino acid sequence, the heterologously expressed
enzyme was tested for both cofactors. By using propionalde-
hyde as a substrate, the enzyme activity with β-NADP+ was
approximately 13-fold higher than with β-NAD+, suggesting
that Ald1 prefers β-NADP+ as a cofactor. However, butyral-
dehyde was only oxidized using β-NAD+. These results sug-
gest a possibility of Ald1 to utilize both cofactors, albeit with
different affinities, depending on different substrates. As
expected, Ald1 exhibited no enzyme activity on ethanol.

Transformation of T. vaccinum with ald1 overexpression
cassettes

We first developed an efficient A. tumefaciens-mediated trans-
formation system for T. vaccinum. The wild-type strain, grown

Table 3 Substrates that induce ald1 expression, as quantified by
competitive RT-PCR

Modification of MMNb medium Transcript accumulation
(pg) using 1 ng cDNA

Control (MMNb) 1

MMNb − glucose 3–5

MMNb − glucose + ethanol (1%) <1

MMNb + ethanol (1%) 10

MMNb + ethanol (0.01%) 50

MMNb + butanol (0.1%) 25

MMNb + isobutanol (0.01%) 5

MMNb + glycerol (0.1%) 10

MMNb + formaldehyde (0.1%) 7

MMNb + glutardialdehyde (0.01%) 20

MMNb + pine leaf oil (0.01%) 10

MMNb + spruce leaf oil (0.005%) 50

Fig. 3 Induction of ald1 expression by ethanol and aldehyde stress as
assayed by real-time RT-PCR. RNA was extracted from fungal myce-
lium of cultures incubated with 0.01% and 0.1% ethanol, 0.01 and
0.1 mM indole-3-acetaldehyde (IAAld), and 0.1 mM benzaldehyde
(BAld). Each treatment had two biological replicates. PCR was carried
out on three cDNA replicates in three reactions per cDNA replicate.
Bars denote standard error
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on MMNb plates, was inoculated with A. tumefaciens AGL-1
containing the plasmid pBGgHg (Chen et al. 2000). After a 2-
day co-cultivation, mycelia were transferred to selection plates
containing hygromycin B. Transformed fungal colonies were
detected after approximately 2 weeks of growth under selective
conditions. A transformation rate of about 30% was observed.
The transformation did not impair growth or morphology of
the fungus. Moreover, the transformants maintained their
ability to form ectomycorrhiza (data not shown).

Genomic DNA of putative transformants was isolated and
tested with PCR using primers Hph-F and Hph-R spanning
the hygromycin resistance gene (hph) and with primers Egfp-
1 and Egfp-2 spanning the egfp gene. Both genes were inte-
grated in the genome of all the transformants while no PCR
signal was detected in the wild type (data not shown). The
integration pattern, tested with Southern hybridization using
the PCR amplification product of hph as a probe, indicated
20% to 50% of multicopy integrations in independent trans-
formation assays (Fig. S5). To test the mitotic stability of the
integrated genes, the mycelia of the transformants were grown
on hygromycin selective plates following two growth cycles
under non-selective conditions. The transformants were still
able to grow, indicating that the hph gene was stably integrat-
ed. Using both PCR and Southern hybridization, we could
show that the egfp gene was still present in the genome of 7
out of 10 transformants after a period of 5 years.

The developed transformation system was then used to de-
liver plasmids containing ald1 overexpression cassettes, with
(pBGaldh1SeGFP) or without (pBGaldh1) egfp fusion, to T.
vaccinum genome. Transformants were observed on hygromy-
cin plates, which could grow even after incubation on non-
selective plates for 2 months (data not shown). The integration
of hph and egfp genes in the fungal genomewas testedwith PCR
as described above, which showed that the genes were present in
the transformants, but not in the wild-type strain (Fig. S6).

Overexpression of ald1 in T. vaccinum increases ethanol
stress tolerance

We investigated the ability of T. vaccinum transformants
overexpressing ald1 to circumvent ethanol and/or aldehyde
stress. First, toxicity tests with the wild-type strain were
carried out using different concentrations of ethanol and
aldehydes to determine the optimal concentrations for this
investigation. Increased fungal biomass was observed in
MMNb medium containing 0.01% and 0.1% ethanol while
a reduced biomass was observed in the medium without
glucose but supplemented with 1% ethanol and other sub-
strates as indicated in Table 3. Therefore, 2% ethanol was
chosen as the optimal concentration for ald1 functional
analysis, since higher concentrations were detrimental to
fungal growth.

Aldehyde stress mitigation by Ald1, tested with different
concentrations of benzaldehyde and butyraldehyde, did not
yield significant results, probably due to limited uptake
(data not shown). On the other hand, observations carried
out on 2% ethanol-treated fungal cultures indicated that the
Ald1-overproducing transformant Tvaldh1-eGFP+1 signifi-
cantly reduced ethanol stress compared to the wild type
(Fig. 4). Whereas ethanol stress reduced growth of the wild
type by almost 50%, the growth of the transformant was
only reduced by about 26–33% throughout the growth period
of about 4 weeks (Fig. 4). Thus, we could link ald1 to ethanol
detoxification metabolism in this ectomycorrhizal fungus.

Discussion

To the best of our knowledge, this is the first report on cloning
and functional characterization of an aldehyde dehydrogenase
from a mycorrhizal fungus and one of the few to demonstrate
the use of A. tumefaciens-mediated transformation in investigat-
ing a gene function in an ectomycorrhizal fungus. Investigation
of gene function using agrotransformation in ectomycorrhizal
fungi was demonstrated by heterologously overexpressing a
Paxillus involutus metallothionein in Hebeloma cylindrospo-
rum (Bellion et al. 2007) and by gene silencing experiments in
Laccaria laccata (Kemppainen and Pardo 2010).

We isolated a functional aldehyde dehydrogenase gene,
ald1, from T. vaccinum, previously shown to be differen-
tially expressed in T. vaccinum-spruce ectomycorrhiza
(Krause and Kothe 2006). Both NAD+ and NADP+ were
accepted as cofactors, agreeing with the potential binding
sites for both cofactors identified in the Ald1 sequence and
also in the entire enzyme subfamily of fungal aldehyde
dehydrogenases. This dual cofactor binding potential dis-
agrees with the suggestion that fungal ALDHs utilize only
NAD as a cofactor (Perozich et al. 1999) which was, however,
based on only few fungal ALDH sequences available at that

Table 4 Enzyme activity, substrate, and cofactor specificity of Ald1

Substrate Relative activity (fold change in relative
absorbance)

β-NADP+ β-NAD+

Propionaldehyde 13.1 1.1

Butyraldehyde 0.0 2.7

Acetaldehyde n.d.a n.d.a

Benzaldehyde 0.0 0.0

Indole-3-acetaldehyde n.d.b n.d.b

Ethanol 0.0 0.0

n.d. not detected
a Enzyme activity, using acetaldehyde as a substrate, was not conclusive
due to its high volatility
b Absorbance higher than in controls, but declined over time

480 Mycorrhiza (2012) 22:471–484



time. Since then, several authors have revisited this topic of
dual cofactor binding by ALDHs, to show that several
ALDHs may bind both cofactors, albeit with different affini-
ties (Isobe et al. 2007; Mori et al. 2002; Velasco-García et al.
2000). Our results, for the first time, suggest that the cofactor
used may, indeed, depend on the substrate.

We took advantage of the growing number of fungal
genome sequences to establish the relationship of Ald1 to
other fungal ALDHs and to re-investigate the evolutionary
relationships among the enzymes of this family. Ald1 is
closely related to other fungal ALDHs with up to 74%
amino acid identity. Unfortunately, none of the closely re-
lated enzymes, including the closest homolog from the
ectomycorrhizal fungus L. bicolor, have been functionally
characterized. The high similarity of Ald1 to other fungal
ALDHs is also reflected in the 10 and 12 identical intron
positions with L. bicolor and C. cinerea ALDHs, respec-
tively, of the 16 introns identified, the highest number found
in fungal ALDHs.

The ALDH superfamily is characterized by a large extent
of homology between different enzymes. In the current fungal
ALDH alignment, we observed all the highly conserved
motifs and residues reported earlier (Perozich et al. 1999),
although slight differences were visible in 6 of the 10 ALDH
motifs (2, 3, 5, 6, 7, and 9). Loss of catalytically important
sequences was found in four of the protein sequences used in
the alignments, C. cinerea (EAU84708, EAU92000),U. may-
dis (EAK83677), and P. graminis (PGTG_15016), suggesting
non-functional products, as has been described for A. alter-
nata allergen (Achatz et al. 1995).

At the time Perozich et al. (1999) investigated ALDH
phylogeny by using the 145 known amino acid sequences
available by then, the fungal ALDH family was poorly repre-
sented by only nine sequences. A considerably increased
number of fully sequenced fungal genomes allowed to analyze
the fungal ALDH family by 53 fungal ALDHs, representing

all major phyla in the kingdom of fungi. Most fungal genomes
contain multiple ALDH sequences, suggesting duplication
events during the course of their evolution. With this in mind,
a phylogenetic reconstruction of fungal ALDHs revealed early
duplication and divergence (Blackwell et al. 2009). However,
ascomycete ALDHs were found to be basal to Zygomycetes,
which could actually be due to the effect of long-branch
attraction (reviewed in Bergsten 2005). Divergence then led
to functionalization with subfamilies 1 and 2, with some fungi
possessing multiple sequences in either clade. Thus, the first
duplication has occurred after the split of Chytridiomycetes
and another, more recent one, within the Agaricomycetes,
where higher numbers of ALDH sequences are found. Assum-
ing the current status of fungal ALDH evolution, T. vaccinum
ALDH is suggested to have diverged relatively recently, com-
pared to other Agaricomycetes.

Our working hypothesis was that ald1 would mediate
alcohol-, especially ethanol-, and aldehyde-related stress reme-
diation in T. vaccinum, specifically in ectomycorrhizal associ-
ation. This would imply that ald1 expression would be induced
under alcohol and aldehyde stress conditions. We first ob-
served five putative STREs in the promoter region of ald1.
In S. cerevisiae, STREs AGGGG and CCCCTseparated by 0–
60 bp were identified 100–600 bp upstream to the ORF of the
stress-inducible genes ald2 and ald3 (Moskvina et al. 1999). In
other fungal ALDHs, STREs are detectable in promoter
sequences of aldA of A. niger (−212, −233, −379, −463) and
of A. nidulans (−136, −146, −279). It is not clear whether these
signals can be assigned to basidiomycete sequences, but also
the promoter of ALDH (EAU87137) in C. cinerea okayama
shows STREs (−140, −411, −453).

Our findings show that Ald1, which was predicted to be
cytosolic, displayed ALDH activity only on propionalde-
hyde and butyraldehyde, restricted for instance by high
volatility of the used substrates. ald1 induction strongly
depended on the concentration of the substrates. Our data

Fig. 4 Ethanol stress mitigation
by ald1. The fungal growth,
quantified using colony diameter
measurements, as a result of
exogenous application of 2%
ethanol to fungal culture plates
was compared between the wild-
type T. vaccinum (WT) and a
transformant overexpressing
ald1 with egfp fusion Tvaldh1-
eGFP+1 (T). The fungal cultures
were replicated at least three
times. Percentage of growth was
calculated relative to a control
without ethanol treatment. Bars
denote standard error, and letters
show significantly different
fungal growths
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with competitive and real-time RT-PCR confirmed that ald1
is, indeed, induced by aliphatic and aromatic alcohols and
aldehydes. The observed discrepancy of ald1 transcript lev-
els reported for both RT-PCR methods, which were quanti-
fied at different time points, could be due to the fact that the
fungal medium used in the real-time RT-PCR experiments
contained 20 g/l of malt extract, instead of 5 g/l used in
competitive RT-PCR. This could have resulted in metabolic
accumulation of carbon compounds, including, but not lim-
ited to, glucose, in the fungal cultures, which could have
then repressed ald1 expression. Glucose is considered as a
strong repressor of the ethanol regulon in the ascomycete
model fungus A. nidulans, of which the aldehyde dehydro-
genase gene aldA is part, although other carbon compounds
like fructose and lactose were also identified as weak
repressors (Fillinger et al. 1995). Nonetheless, the two
RT-PCR methods show that ethanol and aldehydes, at
relatively low concentrations that may be physiologically
relevant, induce ald1 gene expression. Since ald1 is differen-
tially expressed in ectomycorrhizal interaction (Krause and
Kothe 2006) and its expression was highly induced by the leaf
oil extracts from its host plant, spruce, we suggest that host
plant signals could be involved in the in planta expression of
the gene. This suggestion is partially supported by the observed
induced fungal ALDH encoding genes’ expression during
growth of the phytopathogenic fungi U. maydis (Basse et al.
1996) and Cladosporium fulvum (Coleman et al. 1997) in their
plant hosts. The hypothesized function of Ald1 of T. vaccinum
is the reduction of the inhibitory effect of spruce root toxic
alcohols and/or aldehydes during the establishment and exis-
tence of mycorrhiza.

Low amounts of some of the used ALDH substrates,
isobutanol (0.01%), glutardialdehyde (0.01%), pine leaf oil
(0.01%), and spruce leaf oil (0.005%), resulted in growth
inhibiting or toxic effect on fungal mycelium, whereas low
amounts of ethanol (0.01, 0.1%) showed growth promotion.
Growth promotion on ethanol is reported for necrotrophic
fungi like Fusarium avenaceum and Armillaria sp. (Asiegbu
2000). In contrast, Heterobasidion annosum with the host
pine only shows growth promotion by ethanol in combination
with saccharose, whereas growth inhibition is reported for
host specificity on spruce (Asiegbu 2000).

Induction of ald1 expression by ethanol suggests its
involvement in ethanol catabolism. The role of ald1 to cir-
cumvent ethanol stress was shown using an ald1-overexpress-
ing T. vaccinum transformant. This function is important in
reducing ethanol and/or acetaldehyde toxicity in ectomycor-
rhizal habitats, a critical function considering the abundance
of these toxic compounds in the habitat. However, in order to
fully resolve the aldehyde and alcohol stress tolerance in our
ectomycorrhiza, functions of other T. vaccinum ALDH genes
should be investigated. Now that we have developed an
efficient A. tumefaciens-mediated transformation system and

demonstrated its use in functional gene analysis, this should
not only be possible for T. vaccinum, but also, once optimized,
for other ectomycorrhizal fungi. Although agrotransformation
has been demonstrated for some ectomycorrhizal fungi, this is
the first report on the long-term storage of A. tumefaciens-
transformed fungi. The genes are stable without selective
pressure, as observed with egfp. This increases the potential
for the use of transformed fungi in functional gene analysis in
ectomycorrhiza, as demonstrated for ald1, and in long-term
experiments like mycorrhization studies.
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