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Fungus-derived indole-3-acetic acid (IAA), which is involved in development of ectomycorrhiza, affects both partners, i.e., the
tree and the fungus. The biosynthesis pathway, excretion from fungal hyphae, the induction of branching in fungal cultures, and
enhanced Hartig net formation in mycorrhiza were shown. Gene expression studies, incorporation of labeled compounds into
IAA, heterologous expression of a transporter, and bioinformatics were applied to study the effect of IAA on fungal morphogen-
esis and on ectomycorrhiza. Tricholoma vaccinum produces IAA from tryptophan via indole-3-pyruvate, with the last step of
this biosynthetic pathway being catalyzed by an aldehyde dehydrogenase. The gene ald1 was found to be highly expressed in ec-
tomycorrhiza and induced by indole-3-acetaldehyde. The export of IAA from fungal cells is supported by the multidrug and
toxic extrusion (MATE) transporter Mte1 found in T. vaccinum. The addition of IAA and its precursors induced elongated cells
and hyphal ramification of mycorrhizal fungi; in contrast, in saprobic fungi such as Schizophyllum commune, IAA did not in-
duce morphogenetic changes. Mycorrhiza responded by increasing its Hartig net formation. The IAA of fungal origin acts as a
diffusible signal, influencing root colonization and increasing Hartig net formation in ectomycorrhiza.

Fungi, mainly basidiomycetes, form a mutually beneficial sym-
biotic association, commonly known as ectomycorrhiza, with

the roots of woody plants (1). After establishing contact with the
host, the fungus initially grows around the roots to form a mass of
mycelium called the fungal mantle. From there, some hyphae pen-
etrate the roots to grow between cortical cells to form the Hartig
net, which acts as a surface for the exchange of nutrients and
signals between the two symbiotic partners (1). Variation in host
specificity occurs within ectomycorrhizal fungi: some have a
broad host range, whereas others form host-specific ectomycor-
rhiza. In contrast to ectomycorrhizal fungi such as Pisolithus tinc-
torius and Paxillus involutus, Tricholoma species often show host
specificity; their fruiting bodies are found only below compatible
host trees. For example, Tricholoma vaccinum fruiting bodies oc-
cur only near spruce, which is the compatible host (2). Under
laboratory conditions, Tricholoma species form ectomycorrhiza
with nonhost trees, but the mycorrhization process in such low-
compatibility interactions requires more time and features spotty
Hartig net formation (3). Thus, T. vaccinum, a slow-growing, late-
stage, and highly host-specific mycorrhizal fungus was chosen for
the investigation of fungus-derived phytohormone effects on both
partners. These interactions were expected to show the impor-
tance of indole-3-acetic acid (IAA) in the establishment and func-
tioning of the symbiosis. We hypothesized that a long period of
incubation might be necessary to observe changes in the morpho-
genetic responses that are not easily visualized with fast-growing,
early-stage mycorrhiza. In order to generalize our findings, we
included experiments with other mycorrhizal fungi in our analysis
of IAA formation by basidiomycetes.

Indole-3-acetic acid (IAA) was hypothesized, by proponents of
the so-called “auxin theory” (4), to regulate ectomycorrhiza for-
mation through the IAA produced by ectomycorrhizal fungi (5,
6). Mostly, biosynthesis takes place from tryptophan. In accor-
dance with this hypothesis, we carried out a cytological examina-
tion of mycorrhiza between an IAA-overproducing transformant
of Hebeloma cylindrosporum and Pinus pinaster seedlings and

found a hypertrophic Hartig net (7). The authors suggested that
fungal IAA affects the physiology of the host, thereby inducing the
formation of the Hartig net.

Some studies have supported the role for IAA in mycorrhiza (6,
8, 9), whereas others have refuted it (10–12). This controversy
remains unresolved, and explanations of the mechanisms in-
volved remain elusive. It has been hypothesized that IAA acts as a
signal to induce the expression of genes involved in mycorrhiza
differentiation (13). Gea et al. (7) speculated that IAA facilitates
the loosening of plant cell walls, allowing the fungus to enter the
host root and to manipulate the host physiology to form a Hartig
net. We propose that the phytohormone, in addition to influenc-
ing the morphogenesis of the host root, also affects the morpho-
genesis of the fungal partner.

Although many ectomycorrhizal fungi have been shown to
produce IAA, the biosynthetic pathways and enzymes involved
have not been investigated (14). Two different auxin biosynthetic
pathways have been described for plants. One produces the phy-
tohormone via indole-3-glycerophosphate; the other, which is
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tryptophan dependent, has branches that differ in the intermedi-
ates indole-3-pyruvate (IPA) (15–19), tryptamine (TAM) (20),
indole-3-acetaldoxime (IAOx) (21), and indole-3-acetamide
(IAM) (22–24). A route converting indole-3-acetonitrile (IAN)
into IAA has been proposed (21) but is controversial (25). In
pathogenic bacteria, IAA production seems to be realized via IAM,
whereas plant growth-promoting bacteria prefer the IPA pathway
(26–28). In fungi, IAA synthesis was shown for the basidiomycetes
Ustilago maydis (15, 29, 30), Rhizoctonia (31), and Piriformospora
indica (32) and for the ascomycetes Colletotrichum gloeosporioides
(33) and Fusarium proliferatum (34).

Here, we aimed to comprehensively investigate IAA involve-
ment in ectomycorrhizal morphogenesis, following our hypothe-
sis that IAA is a crucial component in ectomycorrhizal signaling
between fungus and tree. The ability of T. vaccinum to produce
IAA was verified, possible biosynthetic pathways were deter-
mined, and the involvement of a previously identified aldehyde
dehydrogenase gene, ald1, was shown (3, 35). Indeed, the gene is
strongly upregulated in T. vaccinum colonizing spruce seedling
roots. IAA export from fungal cells was linked to transport via a
transporter of the multidrug and toxic compound extrusion
(MATE) family.

MATERIALS AND METHODS
Culture conditions. Fungal isolates used in this study are T. vacci-
num GK6514 (FSU 4731; Jena Microbial Resource Collection, Jena, Ger-
many), Armillaria mellea MG091013_14, Heterobasidion annosum
MG091028_02, Leucoagaricus leucothites MG090924_04, Lyophyllum lori-
catum MG091108_01, Paxillus involutus MG091013_13, Schizophyllum
commune 1-116, S. commune 12-43 (ura�), and T. vaccinum 1.16 (35).
Fungi were cultured as described previously (3).

To test for IAA production, Pachlewski medium (36) (0.25 g of di-
NH4-tartrate, 0.5 g of KH2PO4, 0.25 g of MgSO4 · 7H2O, 2.5 g of maltose,
5 g of glucose, 42 �l of thiamine hydrochloride [1.2 mg ml�1], 1 �g of
FeCl3 · 3H2O, pH 7, 1 ml of trace element solution) (37) was used to
exclude potential IAA sources in the medium. To quantify IAA biosyn-
thesis by T. vaccinum and investigate the effect of IAA on fungal growth
and hyphal ramification, the MMNb medium (38) was supplemented
with tryptophan (Trp), indole-3-acetaldehyde (IAD), indole-3-pyruvate
(IPA), indole-3-acetamide (IAM), tryptamine (TAM), indole-3-acetoni-
trile (IAN), tryptophol (TOL), or IAA in concentrations of 0.05 to 2.5
mM. The IAA transport inhibitor 2,3,5-triiodobenzoic acid (TIBA; Sig-
ma-Aldrich, Taufkirchen, Germany) was applied (0.01 mM) to test for
IAA functions.

Norway spruce (Picea abies) and Scots pine (Pinus sylvestris) seeds
(Thüringer Forstamt Schmalkalden, Germany) were cultivated after sur-
face sterilization with 30% hydrogen peroxide for 1.5 h to achieve axenic
cultures for ectomycorrhization in petri dishes (39) or hydroponically
(40) on MMNa medium (38) using a 12-h day-night regime at 23/17°C
and 80% relative humidity.

Fungal growth, morphogenesis, and mycorrhiza formation. The ef-
fect of IAA on fungal growth was investigated in fungal cultures estab-
lished on MMNb plates containing tryptophan (0.5 mM), IAA (0.1 mM),
and/or TIBA (10 �M). Mycelial radial growth was quantified by measur-
ing the diameter of fungal colonies in biological triplicates starting after 1
week, when aerial mycelium had begun to form, and continuing up to 4
weeks. To investigate the effect of the phytohormone on fungal morpho-
genesis, fungal cultures were grown for 4 weeks (T. vaccinum, A. mellea,
and P. involutus) or for 2 weeks (S. commune, L. leucothites, L. loricatum,
and H. annosum) with Trp, IPA, IAD, and IAA (0.1, 0.25, and 0.5 mM).
Fungal mycelium was observed in three to five replicates under an Ax-
ioplan 2 microscope (Zeiss, Jena, Germany), and cell lengths and ramifi-
cations were quantified in 100 cells each. The length of each cell was

measured (SPOT Advanced; Diagnostic Instruments, Sterling Heights,
MI, USA), and the number of branches per hypha was microscopically
counted.

Chitin was stained with 1 mM calcofluor (Sigma-Aldrich, Taufkirchen,
Germany), nucleic acids were stained with 1 mM 4=,6-diamidino-2-phe-
nylindole (DAPI; Roth, Karlsruhe, Germany) solution, and immunoflu-
orescence was performed using anti-actin (rabbit) and Cy3-labeled goat-
anti rabbit or anti-�-tubulin (mouse) and fluorescein (FITC)-labeled
goat-anti-mouse as described previously (41). Fluorescence microscopy
using filter sets 02 for calcofluor and DAPI, 15 for Cy3, and 10 for FITC
was performed, and images were processed with SPOT Advanced software
(Diagnostic Instruments, Sterling Heights, MI, USA).

Fungal mantle development around mycorrhized roots, as the first
evidence of mycorrhiza formation, was monitored using a binocular mi-
croscope (KL 1500; Zeiss, Jena, Germany). Microtome sections (6 to 8
�m) were obtained from lateral roots of three trees for biological repli-
cates. After 4 months in coculture, multiple root tips were analyzed for
each replicate (rotation microtome HM 355; Microm, Walldorf, Ger-
many), using embedding medium (Technovit 7100; Heraeus Kulzer,
Hanau, Germany) and toluidine blue O (0.1%, wt/vol, in H2O) for ob-
serving Hartig net development (41), which was visualized with a confocal
laser scanning microscope (LSM 780; Zeiss, Jena, Germany), with tile
scanning and three-dimensional stack optimization.

Analysis of gene expression in mycorrhizal cultures. The genomic
sequence of ald1 (GenBank accession number HM363121) was used for
expression analyses. Competitive PCR was performed on mycorrhiza tis-
sues from different hosts and after the mycelium mantle and the root parts
were microdissected to account for ald1 expression in the mantle and
Hartig net. Total RNA was extracted from lyophilized material, and com-
petitive PCR was performed with tef1 (42) as a control in cDNA (Oligotex
mRNA Batch Protocol [Qiagen, Hilden, Germany], Superscript II RNase
H Reverse Transcriptase [Invitrogen, Darmstadt, Germany], or iScript
cDNA synthesis kit [Bio-Rad, Munich, Germany]) with the respective
controls and using the same kit in each experiment. Degenerate primers
tef0 (AAG AAG GTY GGN TAY AAY) and tef3 (GTY CTR CAV ATG
TTC TAR) were designed, and the resulting PCR products from fungus
(240 bp) and plant (204 bp) were compared to define the amounts of
fungal cDNA in the mycorrhiza samples.

For competitive PCR, primers rf13a (GCA AGA AAG GCA TAC AAA
ACT) and rf13b (GCG TCG CTG GTG AAA AT) were used to simulta-
neously amplify an 826-bp cDNA fragment and a 1,297-bp competitor
fragment (a fragment comprised of genomic DNA with seven introns
carried by a plasmid). The signal intensities of the resulting PCR products
were monitored after agarose gel electrophoresis to estimate the relative
amount of the transcript. Real-time quantitative PCR (qPCR) was per-
formed using SYBR green/6-carboxy-X-rhodamine (ROX) qPCR master
mix (Thermo Scientific, Waltham, MA, USA) with primers aldRTPCRF
(GAA AGC TCT TGG AGC AGG TG) and aldRTPCRR (TGG ACT GTA
GCA CCC TCC TT) in a MiniOpticon cycler (Bio-Rad, Munich, Ger-
many) from RNA isolated with an RNeasy Plant Kit (Qiagen, Hilden,
Germany). Subsequent cDNA synthesis from 0.5 �g of RNA was per-
formed using an iScript cDNA synthesis kit (Bio-Rad, Munich, Germany)
or QuantiTect reverse transcription kit (Qiagen, Hilden, Germany).

The accumulation of ald1 mRNA after cells were fed IAA precursors
was determined in absolute terms by comparing transcript levels to a
standard curve generated by using ald1 cDNA clones in pDrive. For the
ald1-overexpressing transformant, expression was normalized to the ref-
erence genes act1, cis1, and tef1 coding for actin, citrate synthetase, and the
translation elongation factor EF1�, respectively. Three biological and two
technical replicates were performed in each case.

Identification of genes for IAA synthesis. Candidate genes for IAA
synthesis were identified in silico from T. vaccinum genomic DNA Illu-
mina reads (GATC, Constance, Germany) after conceptual translation
and alignment (using MAFFT; for alignments and citations, see Fig. S1 in
the supplemental material). The genes tam1 (GenBank accession number
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KP096350), ipd1 (GenBank accession number KP096351), and iah1
(GenBank accession number KP096352) were identified. For homologous
transformation and overexpression, ald1 was introduced by Agrobacte-
rium tumefaciens-mediated transformation using the constitutive glycer-
aldehyde-3-phosphate dehydrogenase promoter (Pgpd) of Agaricus bispo-
rus on the pBGgHg plasmid backbone (35).

Production of IAA by T. vaccinum. IAA concentrations were deter-
mined after T. vaccinum was cultivated in the dark at room temperature
for about 4 weeks. Culture filtrates from three or four individual cultures,
supplemented with labeled precursors, were sampled weekly and assessed
by colorimetric quantification of IAA using a Salkowski assay (43) and gas
chromatography-mass spectrometry (GC-MS) (44).

Indole derivatives were analyzed using thin-layer chromatography
(Kieselgel 60 F254; Merck, Darmstadt, Germany), and compounds were
separated in a solvent system using 2 parts H2O and 8 parts propanol.
Spots were detected using UV at 254 and 366 nm, followed by immersion
in Salkowski solvent. MMNb medium and 1 mM malt extract were
checked to control for potential IAA contamination. For IAA, a retention
coefficient of 0.89 was determined. The stability of IAA, IPA, and IAD was
measured from 1 to 5 weeks and at 55°C; after 5 weeks, measurements
revealed only slightly reduced IPA and IAD concentrations due to degra-
dation.

Mass spectrometry analysis of tryptophan metabolites. Samples
were extracted, esterified by diazomethane (CH2N2), and analyzed by
using a GC coupled to an ITQ 900 instrument (Thermo Finnigan, San
Jose, CA, USA). An RTX-200MS column (30 m by 0.25 mm, 0.25-�m
coating; Restek, Bad Homburg, Germany) was used to separate the com-
pounds. Helium, at a constant rate of 40 cm s�1, served as the carrier gas,
and samples (1 ml) were introduced in the splitless mode by an auto-
injector. The GC injector, transfer line, and ion source were set at 220, 300,
and 280°C, respectively. Spectra were taken in the total-ion-current mode
(TIC) at 70 eV. The separation of the compounds was achieved with a
temperature program from 60 to 140°C at 15°C min�1, at 5°C min�1 to
210°C, and at 15°C min�1 to 300°C. The final temperature was main-
tained for 2 min prior to cooling. Compounds were identified by compar-
ing their mass spectra and retention times to those of authentic standards.

Transport of IAA. To test whether the identified transporter protein
accepts IAA as a substrate, drop tests were performed using yeast heter-
ologously expressing the gene from T. vaccinum (for a complete descrip-
tion of vector construction, transformation, drop test, etc., see reference
45). The yeast strains used show sensitivity to external IAA (0.025 to 0.1
mM IAA), which was alleviated by the transporter. Saccharomyces cerevi-
siae BY4741, the empty vector control transformant PYES carrying the
plasmid without insert, and Mte1 containing the mte1 gene of T. vaccinum
were compared to prove a capacity for IAA transport by the heterologous
gene. For the drop test, an optical density at 600 nm (OD600) of 1 was
established in overnight cultures, and a dilution series (up to 10�4) was
plated on synthetic dextrose (SD) medium or SD medium supplemented
with Ura (SD Ura�). Two biological replicates were incubated for 2 to 10
days at 29°C in five repetitions.

Statistical analyses. Statistical analysis was carried out using Origin,
version 7.0 (OriginLab, Northampton, MA, USA) or SPSS (version 20.0,
2011; IBM Corp., Aromonk, NY, USA). Data were subjected to an analysis
of variance (ANOVA), and, where significant, treatments were separated
by a Tukey test (P � 0.05).

Nucleotide sequence accession numbers. Sequence data for tam1,
ipd1, and iah1 have been deposited in GenBank under accession numbers
KP096350, KP096351, and KP096352, respectively.

RESULTS
IAA biosynthesis in T. vaccinum. The fungal biosynthesis of IAA
was investigated using labeled precursors. Mass spectrometry ver-
ified the results of thin-layer chromatography and Salkowski as-
says, namely, that there was no detectable production of IAA in
pure cultures of T. vaccinum. Considerable amounts of [13C6]IAA

with concentrations higher than 3 �M were found following sup-
plementation of the medium with 13C6-labeled L-tryptophan after
1 month of incubation (Fig. 1).

These data were further verified by feeding cells 2H5-labeled
precursors, showing a time-dependent conversion. One week af-
ter the addition of [2H5]tryptophan (0.5 mM), traces of unlabeled
IAA and [2H5]IAA were released to the culture medium. Mass
spectrometry revealed that the released IAA consisted of approx-
imately 50% natural IAA and 50% labeled [2H5]IAA. After 2
weeks, [2H5]IAA prevailed (73%), while natural, unlabeled IAA
dropped to 23% � 4%. After 4 weeks, the ratio of [2H5]IAA to
natural IAA approached 4:1.

Labeled intermediates en route from tryptophan to IAA, easily
recognized by an intense methyl-indole fragment at m/z 130, were
not observed. The administration of other IAA precursors (0.25
mM), such as TAM, IAM, IAN, or TOL, did not enhance the
production of IAA. Experiments with IPA remained inconclusive
as the precursor proved to be unstable and generated IAA spon-
taneously (46, 47). Interestingly, the incubation with 0.2 mM IAD
yielded the largest amount of IAA, 140.39 �M. Figure 2 shows the
mass spectra (methyl ester) of natural and labeled IAA determined
by GC-MS after 4 weeks. After extraction and esterification with
diazomethane, both compounds displayed an intense molecular
ion (m/z 189 for natural IAA and m/z 194 for [2H5]IAA) and a base
peak at m/z 130 or m/z 135, corresponding to the methylindole
cation after the loss of O�C-OCH3. The fragments at m/z 130 and
m/z 135 or m/z 136 result from an indole-typical loss of HCN or
2HCN, respectively. Aromatic core fragments at m/z 77 and m/z 81
indicate that the labeled fragment still contains four of the five
deuterium atoms of the administered [2H5]tryptophan.

In order to check whether IAA is produced only by ectomycor-
rhizal fungi, five additional fungi were investigated: one fast-
growing, early-stage mycorrhizal species and four nonmycorrhi-
zal species. Supernatants of three samples for each fungus were
analyzed with a Salkowski assay after treatment with 0.1 mM tryp-
tophan to evaluate the amount of IAA produced that might induce
morphogenetic changes in fungi and/or trees. In addition to T.
vaccinum, which produced approximately 7 �M IAA in this ex-
periment, the mycorrhizal fungus P. involutus produced 17 �M

FIG 1 GC-MS quantification of IAA from T. vaccinum cultures supplemented
with labeled tryptophan. IAA was purified weekly over a period of 4 weeks and
analyzed by GC-MS. IAA peaks were obtained by tracing [13C6]IAA. The IAA
amounts shown represent IAA only from labeled tryptophan. Bars denote
standard errors, and letters indicate significant differences in IAA amounts
(P � 0.05). dpi, days postinoculation.

IAA in Ectomycorrhiza
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IAA. Orthologs to the biosynthesis genes in the IPA pathway could
be identified from S. commune (see Table S1 in the supplemental
material), and IAA production was shown for single isolates of
that fungus (48). However, under growth conditions similar to
those used for T. vaccinum, none of the phytopathogenic or sap-

robic basidiomycetes, H. annosum, S. commune, L. leucothites, and
L. loricatum, produced IAA, with the exception of 4.1 �M mea-
sured for A. mellea.

Regulation of ald1 in IAA synthesis and mycorrhization. The
pathways of IAA synthesis via IPA and conversion of IAD to IAA,

FIG 3 Tryptophan-dependent biosynthesis pathways for IAA production (59). The biosynthetic pathway used by T. vaccinum (boldface) was confirmed by
feeding cells labeled precursors (for which structural formulas are given). Genes coding for the enzymes involved were identified from T. vaccinum genomic
sequences: tam1 (coding for a tryptophan aminotransferase; GenBank accession no. KP096350), ipd1 (coding for an indole-3-pyruvic acid decarboxylase;
GenBank accession no. KP096351), ald1 (coding for an aldehyde dehydrogenase; GenBank accession no. HM363121), and iah1 (coding for an indole-3-
acetamide hydrolase; GenBank accession number KP096352). Conversion of IAN to IAA has not yet been fully clarified; thus this potential route is indicated as
a dotted line.

FIG 2 Feeding cells L-[2H5]tryptophan resulted in increased IAA concentrations, as documented by mass spectrometry after 4 weeks. Fragment ions of pure
substances of [2H5]IAA (m/z 77, 107, 108, 134, 135, and 194) and of L-[2H5]tryptophan (m/z 77, 91, 165, 181, 197, 209, and 210) were used for identification.
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and likewise via conversion of IAM to IAA, are based on enzymatic
activity. From the genome of T. vaccinum, genes related to both
synthesis pathways could be deduced (Fig. 3). The genes tam1,
ipd1, and ald1 were identified. Additionally, iah1 was identified, a
gene that is thought to be involved in IAA production from in-
dole-3-acetamide. An ortholog to iah1 was also found in the
closely related Tricholoma matsutake (see Table S1 in the supple-
mental material). However, the synthesis of the substrate IAM,
catalyzed by the gene product of a tryptophan 2-monooxygenase,
could not be verified in silico. No homolog to plant or bacterial
enzymes is present in the T. vaccinum genome.

After the treatment of axenically grown mycelium with IAA
precursors, the regulation of ald1 was tested. We hypothesized
that the final step of IAA biosynthesis might be prone to experi-
encing upregulation, and indeed upregulation was shown by
qPCR (Fig. 4). Equal concentrations of all precursors were used
for standardization. In addition, the gene ald1 was found to be
induced about 30-fold in mycorrhiza after 3 weeks and 45-fold
after 3 months, while expression in low-compatibility interactions
with pine roots was induced 30-fold after 3 months (Table 1; see
also Fig. S2 in the supplemental material). The expression was
induced in compatible interactions in both the mantle (50-fold)
and Hartig net (40-fold).

IAA increases ramification of T. vaccinum hyphae. To inves-
tigate the possible role of IAA in fungal morphogenesis, IAA pre-
cursors were exogenously applied, and fungal morphology was
monitored. Inoculation with the IAA precursors Trp and IPA re-
sulted in slightly elongated hyphal compartments and a higher
hyphal ramification at higher precursor and tryptophan concen-
trations in three biological replicates and with 100 hyphal tips
being counted (Fig. 5; see Fig. S3 in the supplemental material).
Thus, IAA induced hyphal elongation as well as hyphal branching.
Growth was not affected by the exogenous application of 100 �M
IAA to fungal cultures (see Fig. S4). However, supplementation of
fungal medium with 10 �M TIBA, either alone or simultaneously
with 100 �M IAA, drastically reduced fungal radial growth, indi-
cating that IAA supports T. vaccinum growth (Fig. S4). The same
observations were made when the experiment was carried out
using 0.5 mM Trp instead of IAA. The observed changes in fungal
growth did not result in visible modifications of the cytoskeleton
in chitin, actin, or tubulin structure as assayed by (immuno)fluo-
rescence microscopy of T. vaccinum (see Fig. S5 in the supplemen-
tal material).

Changes in cell length and hyphal ramification were also found
with the ectomycorrhizal fungus P. involutus; in contrast, the non-
mycorrhizal species A. mellea, H. annosum, S. commune, L. leuco-
thites, and L. loricatum did not respond to IAA. Thus, IAA was
seen to have a signaling function in ectomycorrhizal fungi such as
T. vaccinum and to affect hyphal morphology and growth, con-
nections which have not previously been observed.

Ectomycorrhiza development is supported by IAA secretion
from the fungus. To examine the effect of IAA in symbiotic inter-
actions, homologous transformation of ald1 was performed, and
ald1 overexpression was established in the transformant T. vacci-
num 1.16 (Fig. 6 gives qPCR data). The strain was used to form
ectomycorrhizas, which in turn formed an enhanced Hartig net
and a thicker hyphal mantle (Fig. 7). Thus, an effect of Ald1, likely
through IAA formation, was verified.

For IAA to influence the morphogenesis of both plants and
fungi, it must be secreted to allow a transkingdom signaling func-
tion. Involvement of a multidrug and toxic compound extrusion
(MATE) transporter, mte1 of T. vaccinum, was tested since, for
this transporter gene, mycorrhiza-specific expression had been
established (3). We tested the hypothesis that Mte1-overexpress-
ing, heterologous yeast transformants should show better growth
in the presence of an inhibitory high concentration of IAA. In-
deed, mte1 rescued growth of yeast transformants (Fig. 8). Our
results showed that IAA was indeed a substrate for the tested trans-
porter. Taking these observations together, the production, po-
tential secretion, and effect of IAA on the fungus as well as on the
tree partners were shown, and genes crucial for this mycorrhiza-
specific IAA signaling between both partners were identified.

DISCUSSION

In this study, we identified the biosynthesis pathway for IAA pro-
duction in the ectomycorrhizal fungus T. vaccinum and presented
candidate genes for enzymes involved in this IAA biosynthesis
pathway. Although ectomycorrhizal fungi have been reported to
produce IAA, mainly with tryptophan as an IAA precursor (5, 14,
49), no single study has investigated the potential biosynthetic
pathways and genes involved. Based on precursor feeding and
isotope studies, we propose that T. vaccinum produces IAA
through a tryptophan-indole pyruvate-indole acetaldehyde bio-
synthetic pathway. Free intermediates were not detected. Never-
theless, feeding cells intermediates resulted in labeled IAA being

FIG 4 Effect of IAA precursors on ald1 gene expression. Expression was tested
in three biological replicates by qPCR and normalized relative to a standard
curve. Bars denote standard errors.

TABLE 1 Relative amounts of ald1 transcript in mycorrhiza,
determined by competitive PCR

Type of T. vaccinum interaction (time
posttreatment)

Fold increase in
ald1 expressiona

Control 1

Mycorrhizal stage of compatible interaction
Spruce (3 weeks) 30
Spruce (3 mo) 45

Mycorrhizal tissues of compatible interaction
Hartig net 40
Fungal mantle 50

Low-compatible interaction
Pine (3 mo) 30

a Relative amount of the transcript using 1 ng of cDNA.
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released from the fungal mycelium. The genes identified as in-
volved in this biosynthetic pathway further support the findings
for the IPA and IAM pathway available for T. vaccinum (see Fig. S1
and Table S1 in the supplemental material). Orthologs from Lac-
caria bicolor and T. matsutake were identified, thus supporting the
notion that other ectomycorrhizal fungi also use IAA signaling in
mycorrhiza formation.

One of the candidate genes for biosynthesis, the aldehyde
dehydrogenase gene ald1, was identified previously in an ear-
lier attempt to understand ectomycorrhiza-specific gene ex-
pression (3). Increased expression after cultures were fed pre-
cursors of the suggested pathway suggests that the enzyme

might be involved in the oxidation of IAD to IAA, the last step
in the proposed Trp-dependent biosynthetic pathway (19, 25).
The variation in ald1 expression after feeding cells IAD com-
pared to that after feeding cells IPA or tryptophan might result
from the toxicity of the aldehyde that necessitates rapid detox-
ification by oxidation. Also, a spontaneous nonenzymatic
breakdown cannot be ruled out. This pathway for IAA biosyn-
thesis has been shown to be unlikely for plants (50) and might
be specific to the fungal kingdom. Another basidiomycete, the
smut fungus Ustilago maydis, has been shown to produce IAA via
IPA (30). Interestingly, the product of ald1 has a significant amino
acid identity of 58% to U. maydis indole-3-acetaldehyde dehydro-
genase, iad1, especially in the conserved motifs (15, 35), support-
ing the role of ald1 in ectomycorrhizal IAA-dependent morpho-
genesis (51). Alternative pathways have been suggested for other
fungi in different environmental settings (15, 33); however, these
await detailed investigation.

In our study, the mycorrhizal fungi produced appreciable
IAA amounts even when grown in axenic culture. T. vaccinum
responded to IAA by increasing average cell length and ramifica-
tion. In T. vaccinum, the addition of IAD did not result in cell
elongation, perhaps because of the toxicity of the aldehyde and/or
the involvement of other metabolic pathways. A reorganization of
the cytoskeleton was not detected in our study after treatment
with IAA precursors. However, a slight modification, as has
been described for ectomycorrhiza (52), cannot be ruled out.
For saprobic fungi, IAA production seems to be dispensable, or
the concentrations necessary to exert a change in morphology

FIG 5 T. vaccinum cell length and ramification in response to feeding cells external IAA or precursors at different concentrations. A total of 100 cells were counted
(n � 3 replicates). Bars denote standard errors.

FIG 6 Expression of ald1 in T. vaccinum wild-type (T.v.-WT) and the ald1-
overexpressing strain T. vaccinum 1.16 (T.v.-116). The regulation was evalu-
ated in three biological replicates by qPCR and normalized to three reference
genes (act1, cis1, and tef1). Bars denote standard errors, and letters indicate
significantly different expression levels (P � 0.05).
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might differ from those of mycorrhizal fungi. With saprobic
fungi such as S. commune, IAA production is strain dependent
(48) and depends on induction through interaction with other
organisms or media.

The upregulation of ald1 in T. vaccinum ectomycorrhiza indi-
cated that fungal IAA biosynthesis is relevant to the symbiosis.
Comparing different mycorrhizal tissues, stages, and fungal-host
compatibility, we did not observe significant differences in the
expression of ald1, which confirms the hypothesis that IAA is in-
volved in different steps of the mycobiont-plant interaction. At
early stages of mantle formation, but also within the Hartig net,
hyperbranching is necessary to form the pseudoparenchymatic
tissues (53). By feeding T. vaccinum with IAA precursors and IAA,
we showed that IAA increases fungal cell length and hyphal ram-
ification. The lack of increased colony diameter either indicates
sufficient IAA production by the fungus under in vitro conditions,
where the fungus is not additionally stimulated by plant com-
pounds, or is the result of a denser mycelium as a response to
ramification.

The induction of fungal morphogenetic changes by IAA
during the mycobiont-plant interaction supports the hypoth-
esis that phytohormones play a role in enhancing ectomycor-
rhiza formation and efficiency (54). Our results, which show
increased mantle and Hartig net formation using an ald1 over-
expression strain, confirm that hypothesis and support the
findings of Gay et al. (54), which show that IAA affects mycor-
rhiza morphology in pine when Hebeloma overproduces IAA.
Additionally, the ald1-overexpressing strain, combined with feed-
ing experiments, supported the hypothesis that ald1 catalyzes the
last step in the IPA pathway in IAA biosynthesis in T. vaccinum.
Knockout mutants, which would be desirable for future investi-
gation, are not feasible since gene deletion is not available in the

dikaryotic fungus T. vaccinum. Nor have gene knockout or knock-
down techniques yet been established for this slow-growing fun-
gus. With tryptophan a typical component of root exudates pres-
ent at relevant concentrations (55), conversion into IAA can
increase the speed and efficiency of mycorrhization. Indeed, root
exudates were reported to stimulate the hyphal growth of ectomy-
corrhizal fungi (56). Additionally, auxin was thought to be in-
volved in host recognition during the premycorrhizal phase (57).
The functional complexity of IAA explains why the controversy
over IAA involvement in ectomycorrhiza formation has contin-
ued for so long.

For IAA to act as a signaling compound between host and
fungus, it must be exported by the fungus and imported into
either organism. The phytohormone might act as a diffusible
signal in the communication between the mycobiont and the
plant (51). IAA transport mechanisms are known in plants,
where TIBA acts as a polar auxin transport inhibitor and re-
verses the effects of IAA on spruce-Laccaria bicolor ectomycor-
rhiza (58). We observed similar TIBA effects although an ortholog
to the plant transporters is not encoded within the T. vaccinum
genome. Nevertheless, we cannot rule out the possibility that
TIBA targets other mechanisms. Instead, we suggest that IAA is
transported by Mte1, a transporter belonging to the multidrug
and toxic compound extrusion (MATE) family and known to be
upregulated in the compatible mycorrhiza of T. vaccinum (45). In
this study, IAA was shown to play a role in ectomycorrhizal mor-
phogenesis, linking Hartig net formation to the response of the
fungus to IAA by increased hyphal ramification. Thus, IAA is a
signal in the mycobiont-plant interaction, and fungal IAA can
contribute to ectomycorrhizal functions. Genes involved in bio-
synthesis (such as ald1) and in transport (such as mte1) were in-
deed identified as mycorrhiza specific. This identification further

FIG 7 Effect of IAA on ectomycorrhiza development in microtome sections of 4-month-old spruce ectomycorrhiza with T. vaccinum in hydroponic
culture. The ald1-overexpressing T. vaccinum strain 1.16 (a), the transformation recipient (b), and a nonmycorrhizal short root of P. abies (c) are shown. Scale
bar, 100 �m.

FIG 8 Drop test of Saccharomyces cerevisiae expressing the empty vector or mte1 showing the response to IAA applied at two concentrations (0.025 and
0.05 mM).
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contributes to the finding that IAA plays a versatile role in mycor-
rhiza, with the phytohormone regulating ectomycorrhiza forma-
tion and morphology.
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