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a b s t r a c t

Mycorrhizal exchange of nutrients between fungi and host plants involves a specialization and polariza-
tion of the fungal plasma membrane adapted for the uptake from the soil and for secretion of nutrient
ions towards root cells. In addition to the current progress in identification of membrane transport sys-
tems of both symbiotic partners, data concerning the transcriptional and translational regulation of these
proteins are needed to elucidate their role for symbiotic functions. To answer whether the formerly
described Pi-dependent expression of the phosphate transporter HcPT1.1 from Hebeloma cylindrosporum
is the result of its promoter activity, we introduced promoter-EGFP fusion constructs in the fungus by
Agrotransformation. Indeed, HcPT1.1 expression in pure fungal cultures quantified and visualized by EGFP
under control of the HcPT1.1 promoter was dependent on external Pi concentrations, low Pi stimulating
the expression. Furthermore, to study expression and localization of the phosphate transporter HcPT1.1 in
symbiotic conditions, presence of transcripts and proteins was analyzed by the in situ hybridization tech-
nique as well as by immunostaining of proteins. In ectomycorrhiza, expression of the phosphate trans-
porter was clearly enhanced by Pi-shortage indicating its role in Pi nutrition in the symbiotic
association. Transcripts were detected in external hyphae and in the hyphal mantle, proteins in addition
also within the Hartig net. Exploiting the transformable fungus H. cylindrosporum, Pi-dependent expres-
sion of the fungal transporter HcPT1.1 as result from its promoter activity as well as transcript and protein
localization in ectomycorrhizal symbiosis are shown.

! 2013 Elsevier Inc. All rights reserved.

1. Introduction

In most species and environmental conditions, plant mineral
nutrition is improved bymycorrhizal associations (Smith and Read,
2008). Fungal hyphae exploring the soil far from the host root take
up mineral nutrients, which are translocated towards a net of hy-
phae that is present within the root cortex, named the Hartig net in
the case of ectomycorrhizae (ECM). At this interface, the fungus se-
cretes nutrients towards root cortical cells and receives in ex-
change sugars from the plant (Doidy et al., 2012). Hyphae
developing at the root surface constitute the mantle, which covers
and somehow isolates and protects the colonized roots. Thus, the
symbiotic interaction requires a specialization of plasma mem-

brane transport activity of the fungal partner for loading and
unloading of nutrients (Cairney and Burke, 1996). Such fungal
transport systems have been identified at the molecular level since
about one decade (Casieri et al., 2013; Chalot et al., 2002). Among
functionally characterized systems are transporters of major nutri-
ments such as sugars (Nehls et al., 1998), ammonium (Javelle et al.,
2001; Montanini et al., 2002), nitrate (Jargeat et al., 2003; Monta-
nini et al., 2006), amino acids (Wipf et al., 2002), potassium (Cor-
ratgé et al., 2007), or phosphate (Tatry et al., 2009). Fungal
phosphate transporters should play a central role in the mycorrhi-
zal symbiosis as it has been shown repeatedly that mycorrhizal
plants accumulate more P than non mycorrhizal ones (Smith and
Read, 2008). However, the transport system(s) responsible for P
loading and especially unloading remain to be identified (Cairney,
2011; Smith and Smith, 2011). Large scale sequencing of fungal
genomes (Martin et al., 2011), which has recently opened a new
era of research on ECM symbiosis, is going to rapidly increase the
molecular information available on such transport systems and
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to provide a comprehensive and almost complete view of the gene
families. Excitingly, sequencing of the ECM basidiomycete Hebe-
loma cylindrosporum (strain h7), completed in 2011 (http://geno-
me.jgi-psf.org/Hebcy2/Hebcy2.home.html), will accelerate the
identification of candidate genes and their promoter regions
needed for gene expression analyses.

Specialization of the fungal plasma membrane could be
achieved by different types of mechanisms, resulting e.g. in regula-
tion of gene transcription, transcript stability, translation and tar-
geting of the protein to the plasma membrane or post-
translational modifications controlling protein stability or activity.
Such biological questions have been raised (Cairney and Burke,
1996) and mainly considered so far by studying global differential
gene expression (Morel et al., 2005; Nehls et al., 2001; Wright
et al., 2005). More detailed analyses are still missing, mainly be-
cause of a lack of convenient models and of straightforward meth-
odological tools. No analysis of gene expression based on
promoter-reporter gene strategy has been reported so far for
ECM research. However, significant progress has been made
regarding the transformation of ECM fungi, as Laccaria bicolor
(Kemppainen et al., 2005), Pisolithus tinctorius (Rodrìguez-Tovar
et al., 2005), Paxillus involutus and Suillus bovinus (Pardo et al.,
2002), and especially of H. cylindrosporum (Combier et al., 2003;
Ngari et al., 2009). In addition, the detection of exogenous fluores-
cence signals in fungi transformed with GFP constructs has been
demonstrated (Grimaldi et al., 2005; Müller et al., 2006; Rekangalt
et al., 2007; Rodrìguez-Tovar et al., 2005). These methodological
tools have opened new perspectives on the development of cell
imaging approaches in ECM fungi.

Within the present study, using H. cylindrosporum as a model
(Marmeisse et al., 2004), we have developed cell imaging ap-
proaches aiming at dissecting regulation and localization of a phos-
phate transporter from the fungal H+:Pi transporter family. This
transporter, named HcPT1.1, was previously identified in an EST li-
brary from H. cylindrosporum and functionally characterized (orig-
inally called HcPT1; Lambilliotte et al., 2004; Tatry et al., 2009).
Dissection of proteins involved in Pi uptake by the fungus and in
transfer towards the host plant is of high importance with respect
to symbiotic plant Pi nutrition. Global expression studies have con-
sistently shown that HcPT1.1 transcript levels are strongly in-
creased upon phosphate deprivation (Tatry et al., 2009; Van
Aarle et al., 2007), providing support to the hypothesis that the en-
coded transporter plays a crucial role in fungal Pi uptake at least
under limiting conditions. To answer the question whether this
Pi-dependent expression results from the HcPT1.1 promoter activ-
ity, we analyzed promoter-EGFP reporter gene expression in trans-
formed fungi. In addition, localization of HcPT1.1 transcripts and
proteins in ECM has been investigated in the present study.

2. Materials and methods

2.1. Fungal and ectomycorrhizal material

Homokaryotic strains h7 and h1 and the dikaryotic strain D2
resulting from the plasmogamy of h7 and h1 from the ECM fungus
H. cylindrosporum Romagnesi (Debaud and Gay, 1987) were grown
in dark at around 22 "C in standard medium YMG (Yeast extract,
Malt extract, Glucose; Rao and Niederpruem, 1969) either in liquid
cultures without shaking or on agar-solidified medium. For Agro-
transformation, liquid cultures of h7 were grown in Petri dishes
(90 mm diameter) following successive repetitions of grinding
with a blender until production of mitotical highly active, very fast
growing fungus, establishing thalli in few days and lastly within
only one or two days (Combier et al., 2003). To study dependency
of HcPT1.1 expression on phosphate availability in the external

medium, fungal cultures were grown first in liquid N6 nutrient
medium at pH 5.5 (corresponding to standard medium; Louche
et al., 2010) supplemented with 3 mM Pi (added as NaH2PO4) for
two weeks with a renewal of the culture medium for additional
two days before starting the kinetic analysis. These pre-grown fun-
gal cultures were then rinsed with water before culturing further
in standard medium or in Pi-free N6 (nominal concentration). For
qRT-PCR kinetic analysis, starved cultures got an additional re-sup-
ply of Pi after two days (standard N6).

ECMwere obtained either under simplified conditions or in soil.
For simplified conditions, mycorrhizal plants were grown under
sterile conditions in vertical square Petri dishes (Corratgé et al.,
2007) filled with 70 ml of MMN/2-modified medium (Modified
Melin Norkrans; Marx, 1969) containing low (0.05 mM) or high
(1 mM) phosphate (added as KH2PO4), solidified with agarose 1%
(w/w) (Eurobio Molecular Biology Grade) to minimize phosphate
contaminations, and covered with sterile cellophane (Burgess
et al., 1996). Actively growing fungal mycelia plugs were placed
close to lateral roots of maritime pine seedlings grown from steril-
ized seeds (Pinus pinaster Soland in Ait. from Medoc, Landes-Sore-
Vergé source), and these inoculated plants were then cultivated for
two to three months. For soil conditions, ECM plants were grown
for 2.5 months in rhizoboxes containing a thin layer of soil (chro-
mic cambisol; Casarin et al., 2003), whether or not supplemented
with KH2PO4 to obtain +P or !P soil, respectively (Tatry et al.,
2009). In both cases, ECM were produced from dikaryotic D2 Heb-
eloma and further used for in situ hybridization and for immunolo-
calization approaches.

2.2. Promoter amplification, destination vector construction and
Agrobacterium-mediated fungal transformation

The destination vector pPZP-PPT1.1-E for expression of EGFP
under control of HcPT1.1 promoter was constructed as described
(Suppl. Methods) by amplification of the HcPT1.1 promoter region
and cloning into the vector pPZP-133 (Ngari et al., 2009), which
confers carboxin resistance to transformants. H. cylindrosporum
was transformed by fungal Agrotransformation as described (Sup-
pl. Methods).

2.3. Verification of T-DNA insertion in transformed fungal lines

For the verification of stable T-DNA insertion into the fungal
genome, genomic DNA (gDNA) of independent transformants was
extracted as described from YMG liquid cultures (Van Kan et al.,
1991). Fungal transformants were verified by PCR on gDNA by
amplification of a 1019 bp fragment containing the corresponding
promoter fused to EGFP with the primers pPT1.1-3/5-SpeI-For and
EGFP-390-Rev. These primers were also used for the negative con-
trol line to test their specificity. Integration of the T-DNA in the
negative control transformant was tested by amplification of a
fragment of 274 bp with primers pPZP-219-For and pPZP-492-
Rev. T-DNA integration into positive control transformants was
verified by PCR amplification of about 690 bp from gDNA of posi-
tive control transformants (pPZP-Pgpd-E) using primers Pgpd-For
and EGFP-390-Rev.

2.4. Analysis of fungal transformants by epifluorescence

Analysis of EGFP expression in mycelia was done by epifluores-
cence microscopy (Olympus BX61 upright microscope coupled
with a camera ORCA-ER Hamamatsu (Hamamatsu Photonics, Ja-
pan)). Image acquisition was performed using GFP filter (excitation
with lamp X-Cite

#
120 PC, 470 +/!20 nm and emission band pass

500–535 nm) with the help of Cell^P software.
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2.5. Quantitative PCR analyses of fungal transformants

Frozen fungal tissues were ground in liquid nitrogen and the
resulting powder was treated with 1 ml of TRIZOL (Life technolo-
gies, Carlsbad, CA, USA) as recommended. After a DNAse I treat-
ment (Thermo Fisher Scientific), 5 lg of RNA were denatured for
5 min at 65 "C with oligo(dT)18. These RNA preparations were then
subjected to reverse transcription for 60 min at 42 "C with 200 U of
RevertAid reverse transcriptase, dNTP and Ribolock RNAse in the
appropriate buffer (Thermo Fisher Scientific). Two microliters of
cDNA (dilution 1:10) were used for qRT-PCR reactions. Following
manufacturer’s recommendations for the LightCycler# 480 Real-
Time system (Roche, Mannheim, Germany), qRT-PCR mixtures
contained LightCycler# 480 SYBR Green I Master reagent, forward
and reverse primers for amplification of HcPT1.1 (primers qPCR-
PT1.1For and qPCR-PT1.1Rev) or of EGFP (primers qEGFPFor and
qEGFPRev) at final concentrations of 600 nM or 1200 nM, respec-
tively, according to their efficiency. Amplifications were performed
as follows: 95 "C for 10 min; 40 cycles of 95 "C for 15 s, 60 "C for
30 s and 72 "C for 30 s; finally, 95 "C for 1 min and 55 "C for 30 s.
Data were extracted using LightCycler# 480 software. The amount
of fungal RNA in each sample was normalized using a tubulin (pro-
tein ID 24108 based on H. cylindrosporum h7 genome database
v2.0; http://genome.jgi-psf.org/Hebcy2/Hebcy2.home.html) as an
internal control (primers aTubFor and aTubRev). The calculation
of gene expression was performed using the measured efficiency
for each gene and primer pair as described by Vergne et al.
(2007) and expressed as relative expression.

2.6. In situ hybridization

Sense and antisense probes (390 bp) were prepared by PCR
amplification of HcPT1.1 cDNA contained in pFL61 vector (Tatry
et al., 2009) using F3ISdir and F3ISrev primers (50-CTTCATCA
TCATGGGTTTCGGATACG-30 and 50-CTCGCACACCTCTGACGAAAC
CGTC-30). Primers containing the latter sequences with the T7
RNA polymerase promoter at the 50 ends were named F3dirIST7
and F3revIST7, respectively. The 18S ribosome probes (sense and
antisense) were amplified with Rib-Up and Rib-Down primers (Jab-
noune et al., 2009). In vitro transcriptions were made by Maxi-
Script kit (Ambion, http://www.ambion.com/) to obtain RNA
probes labeled with digoxigenin. To increase signals, we used the
Dig Oligonucleotide Tailing kit (Roche, http://www.roche-ap-
plied-science.com/index.jsp) to add a poly-DigUTP tail at the 30

end of the amplified RNA sequence.
ECM obtained from cellophane-over-agarose cultures were in-

cluded in paraffin (Jabnoune et al., 2009) and 8 lm sections were
made using a microtome (Leica RM2255). The cross-sections were
transferred on silanized slides and dried completely. The samples
were then dewaxed by three Safesolv (Labonord, http://www.lab-
onord.com/) baths of 10 min and rehydrated following successive
baths in 100% (3", 5 min), 70% (1", 2 min), and 50% (1", 2 min)
ethanol, respectively, and finally in DEPC-pretreated water (1",
2 min). To suppress proteins linked to nucleic acids, ECM sections
were incubated at 37 "C during 35 min with proteinase K, diluted
in proteinase K buffer (100 mM Tris–HCl pH 7.5, 50 mM EDTA) to
a final concentration of 0.1 U ml!1. Reaction was completed by
two successive incubations (5 min) in stop proteinase K buffer
(20 mM Tris–HCl pH 7.5, 2 mM CaCl2, 50 mM MgCl2). To control
primer concentrations and suppress active RNases, samples were
dehydrated by successive incubations (1 min each) in bathes con-
taining 50%, 70% and 100% ethanol.

Hybridizations were made at 45 "C for 15 h with 200 ng of
probe by slide. Then, non-linked probes were suppressed by RNase
A (20 lg ml!1) treatment during 30 min at 37 "C. To reveal signals,
anti-digoxygenin antibodies conjugated with alkaline phosphatase

were used. Alkaline phosphatase reacts with Vector Blue (Vector
Laboratories, http://www.vectorlabs.com/) substrate to give blue
staining. The slides were observed on a Leica DM6000 wide-field
microscope (Montpelier RIO Imaging platform, www.mri.cnrs.fr).
The pictures were obtained with Volocity Acquisition 5.1.0 (Perkin
Elmer, www.perkinelmer.com).

2.7. Antibody production and immunolocalization of HcPT1.1

Antibodies were prepared in rabbits by Genosphere Biotechnolo-
gie France (www.genosphere-biotech.com). They were raised
against a peptide corresponding to the N-terminal 15 amino acids
of the HcPT1.1 protein (50-MASYQEKGSTEGSQE-30) predicted to be
outside of the plasma membrane. An additional Cys residue was
added to the C-terminus of the peptide to enable coupling to pro-
tein carrier KLH (Keyhole Limpet Hemocyanin). ELISA analyses
showed that the antibodies had a good title, with an absorbance
13 times higher than those from the pre-immune serum (dilution
1/10,000). The antibodies were used at a dilution of 1:500 (corre-
sponding to 20 lg ml!1). ECM root tips were embedded in 4%
low melting agarose and cut into 80 lm longitudinal or radial sec-
tions with a vibratome (Micro-cut H1200, Biorad). Agarose slices
were placed in 4% (w/v) paraformaldehyde prepared in phos-
phate-buffered saline (PBS) (5 mM Na2HPO4 and 130 mM NaCl).
The root segments were fixed under vacuum for 2 h at room tem-
perature. After fixation, mycorrhizal root tips were washed three
times for 5 min each with PBS buffer and then incubated in 4%
BSA (IgG free) in PBS for 2 h. The BSA was removed and the roots
were incubated overnight at 4 "C with anti-HcPT1.1 antibody in
4% BSA in PBS. The sections were washed five times in PBS and
incubated in 4% BSA in PBS containing the goat anti-rabbit IgG
Alexa Fluor 488 conjugate (Molecular Probes, Invitrogen™, Carls-
bad, CA) (20 lg ml!1), used as secondary antibody, for 1 h in the
dark. After three washes in PBS, the sections were mounted in
Mowiol 4.88 and analyzed by confocal microscopy (Zeiss LSM
510 Meta, with a Plan-Neofluar 40"/1.3 Oil objective, Montpellier
RIO Imaging platform). An argon laser (488 nm) was used for the
excitation of Alexa Fluor 488, and an emission band-pass 505–
530 nmwas used for detection of Alexa Fluor 488 fluorescence. Im-
age analysis and merging of images were carried out with Image J
software (Abramoff et al., 2004).

3. Results

3.1. Construction of EGFP-expressing fungal transformation vectors for
reporter gene approaches in ectomycorrhizal fungi and transformation
of H. cylindrosporum

Efficient tools for transformation of the ECM fungus H. cylindro-
sporum by promoter–reporter gene constructs were established in
two steps. In the first step, a binary vector was constructed (Suppl.
Fig. 1) joining the recently described carboxin resistance for selec-
tion of fungal transformants obtained by Agrotransformation by
pPZP-133 (Ngari et al., 2009) with the expression of EGFP (Müller
et al., 2006; Rekangalt et al., 2007). The resulting obtained vector,
harboring EGFP under control of promoter Pgpd was called pPZP-
Pgpd-E and served both as positive control vector for expression
of EGFP within the fungus and as basis for the construction of vec-
tors for promoter analyses of candidate genes. In the second step,
to study the regulation of expression of the phosphate transporter
HcPT1.1 (Tatry et al., 2009),), we compared the promoter region of
about 1 kb (EMBL database AJ970313.2) with the available Hebe-
loma genome sequence (http://genome.jgi-psf.org/Hebcy2/Heb-
cy2.home.html) and a more restricted promoter region of 629 bp
of HcPT1.1 was identified for amplification. The constitutive pro-
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moter Pgpd from the pPZP-Pgpd-E vector was eliminated and re-
placed by this HcPT1.1 promoter region to give the final pPZP-
PPT1.1-E vector (Suppl. Fig. 1B).

After transformation of H. cylindrosporum using the Agrobacte-
rium strain LBA1126 (Ngari et al., 2009) harboring the different
constructs, screening of fungal transformants resulted in selection
of 7, 9 and 3 mitotically stable independent transgenic lines were
selected for pPZP-133, pPZP-Pgpd-E, and pPZP-PPT1.1-E,
respectively.

T-DNA integration within the fungal genome and stability of the
fusion between promoter and EGFP was verified by PCR on gDNA
from each transformant (Fig. 1). Amplification of specific DNA frag-
ments of expected length evidenced integration of the T-DNAs of
the corresponding vectors into the fungal genome (Fig. 1, lanes
1–3 and 6). In addition, PCR with the primer pairs used for pPZP-
PPT1.1-E and pPZP-Pgpd-E transformants confirmed that the
expression of EGFP was under control of the HcPT1.1 or the gpd
promoter, respectively. Specificity of primer pairs used for pPZP-
PPT1.1-E transformants was verified with the fungal line trans-
formed by the empty vector (no amplification; Fig. 1, lane 4). Inser-
tion of the carboxin resistance cassette in this fungal transformant,
representing a negative control, was verified by amplification with
T-DNA-specific primers (Fig. 1, lane 5).

EGFP expression was analyzed by comparison of fluorescence
signals in fungal hyphae of control strains (Suppl. Fig. 2) showing
either low autofluorescence in the wild-type strain h7 or in fungal
transgenic lines transformed with the empty vector pPZP-133. In
contrast, fungal lines transformed with the EGFP positive control
vector, pPZP-Pgpd-E, displayed significant fluorescence in fungal
hyphae, indicating expression of functional EGFP.

3.2. The HcPT1.1 promoter controls the EGFP expression within pure
fungal hyphae in dependence on external Pi concentration

The HcPT1.1 promoter activity was analyzed in fungal lines
transformed with pPZP-PPT1.1-E. Fluorescence signals in the fun-
gal hyphae appeared to be clearly enhanced when the mycelia
was grown in Pi-depleted external medium for two days (Fig. 2).

Additional experiments using qRT-PCR measurements were
performed to quantify the enhancement of EGFP expression driven

by the HcPT1.1 promoter together with that of the endogeneous
HcPT1.1 gene as a function of Pi withdrawal and after Pi re-supply.
As shown in Fig. 3 (left panels), the expression of the endogenous
HcPT1.1 gene increased rapidly upon Pi deprivation as previously
shown by Tatry et al. (2009) and declined rapidly upon Pi re-supply
in all transgenic fungal lines tested. Fungal control lines showed
either no EGFP expression when transformed with the empty vec-
tor as expected (Fig. 3A, right panel), or rather constant EGFP tran-
script levels besides a transient increase after one day of Pi
deprivation when transformed with the EGFP positive control vec-
tor (Fig. 3B, right panel). In contrast, the levels of EGFP transcripts
in three transgenic fungal lines expressing EGFP under control of
the HcPT1.1 promoter varied similarly as those of the endogenous
HcPT1.1 gene (Fig. 3C) even that the expression level remained
much lower. This observed reduced expression level of EGFP under
control of the HcPT1.1 promoter compared to the endogenous
expression might be due to the genomic context of insertion or
to different mRNA stability. Nevertheless, Pi withdrawal induced
significant expression of EGFP after one day with a further increase
after two days, whereas re-supply reduced the EGFP expression
after one additional day to the level before Pi shortage (Fig. 3C,
right panel). These results argue clearly for the control of the Pi
deprivation-dependent expression of HcPT1.1 by its promoter.

3.3. In situ hybridization of HcPT1.1 in ectomycorrhiza

The in situ hybridization technique had to be adapted to the
ECM, joining fragile fungal hyphae with plant root tissue (Suppl.
Fig. 3). Different types of signal revelation (anti-digoxygenin anti-
bodies coupled to CY3 or to Alexa Fluor 488 or to alkaline phospha-
tase, respectively) were tested to reveal the signal on sections of
ECM obtained from sterile cellophane-over-agarose culture dishes
(data not shown). Finally, anti-digoxygenin antibodies conjugated
to alkaline phosphatase were selected after optimization of label-
ing intensity by addition of a poly-DigUTP tail to probes. For reve-
lation, alkaline phosphatase conjugated with anti-digoxygenin
antibodies reacted with Vector blue substrate resulting in a blue
staining when labeling was successful.

Cross-sections of mycorrhizal roots of P. pinaster were hybrid-
ized with sense and antisense probes for 18S ribosome controls
as well as for specific detection of HcPT1.1 transcripts. The 18S ribo-
some sense probe did not give rise to any signal (Fig. 4A), whereas
the antisense probe revealed a strong labeling in extramatrical hy-
phae, mantle and Hartig net (Fig. 4B) demonstrating RNA integrity
and feasibility of in situ hybridization in ECM.

HcPT1.1 expression pattern was analyzed in ECM from cultures
at low (0.05 mM) or high (1 mM) Pi concentration. Negative con-
trols using the HcPT1.1 sense probe did not display any signal
(Fig. 4C and E). ECM from plants grown at low Pi concentrations re-
vealed hybridization with the HcPT1.1 antisense probe. HcPT1.1
expression was clearly localized (blue labeling) in hyphae from
the fungal mantle surrounding the root and in extramatrical myce-
lium (Fig. 4D). However, in ECM from pines cultivated in high
phosphate culture conditions, no labeling signal was observed
(Fig. 4F) indicating that the expression of HcPT1.1 was down-regu-
lated and at least too low to be detected in this condition.

3.4. Immunolocalization of HcPT1.1 proteins in ectomycorrhizae

Aiming at the localization of HcPT1.1 proteins within ECM, spe-
cific antibodies were raised against a peptide of the N-terminal re-
gion of HcPT1.1 that was predicted to be outside of the plasma
membrane. First, immunodetection of HcPT1.1 through the fluo-
rescence of secondary antibodies conjugated to Alexa Fluor 488
was analyzed in the fungus grown in liquid medium, either with
full P (Pi 3 mM) or no P supply to the hyphae for five days after ini-

Fig. 1. Analysis of fungal transformants. Confirmation of T-DNA insertion in fungal
transformants. PCR test of presence and integrity of T-DNA insertion into selected
transformed fungal lines. Lanes 1–3: three independent lines of h7 strain
transformed with the pPZP-PPT1.1-E (isolates 1–3). Lanes 4–5: h7 fungal line
transformed with the empty vector pPZP-133 (EGFP negative control, isolate 28.2).
Lane 6: fungal line of h7 strain transformed with pPZP-Pgpd-E (isolate 8, EGFP
positive control). Amplifications were performed using a forward primer hybrid-
izing either with the HcPT1.1 promoter (pPT1.1-3/5-SpeI-For) in pPZP-PPT1.1-E or
with the gpd promoter (Pgpd-For) in pPZP-Pgpd-E, and a reverse primer hybridizing
in the EGFP sequence (EGFP-390-Rev), resulting in amplifications of 1019 bp or
690 bp DNA fragments, respectively. Control empty vector: PCR performed using
the same primers as for pPZP-PPT1.1-E transformed lines (lane 4) or using primers
specific for LB and RB of the T-DNA (pPZP-219For and pPZP-492Rev; lane 5).
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Fig. 2. EGFP fluorescence intensity in H. cylindrosporum lines transformed with EGFP under control of the promoter of the phosphate transporter HcPT1.1 is increased by
phosphate deprivation. Fungal transformants with the empty vector pPZP-133 (A) or with pPZP-PPT1.1-E (B) were grown on N6 medium in presence (3 mM) of
orthophosphate (Pi) (left panels, labeled +P) or in absence of added Pi (nominal concentration; right panels, labeled !P). Scale bar: 100 lm.
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Fig. 3. HcPT1.1 promoter driven expression of EGFP is sensitive to external Pi availability. Expression levels (transcript accumulation) of the endogenous HcPT1.1 gene (left
panel) and of the EGFP reporter (right panel) were quantified by qRT-PCR. Fungal isolates were grown in standard complete liquid medium. Then, at t = 0 (histogram bars
labeled t = 0), they were transferred into Pi-free medium for 24 h or 48 h (bars labeled T24 !P and T48 !P, respectively) and re-supplied with 3 mM Pi for 24 h (Resup24 +P
label). (A) Negative control of EGFP expression in a fungus isolate transformed with the empty vector pPZP-133. (B) Positive control of constitutive EGFP expression in a
fungus isolate transformed with the pPZP-Pgpd-E vector. (C) Fungal line transformed with the pPZP-PPT1.1-E vector harboring EGFP under control of the HcPT1.1 promoter.
One transformed line out of three is shown as representative example. Gene expression levels (arbitrary units) were normalized as described by Vergne et al. (2007) using a
tubulin from H. cylindrosporum as an internal reference. Statistic tests were made with Student’s test with respect to T0 samples for (*p < 0.05; **p < 0.01).
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tial culture in complete medium for 7 days. The duration of five
days of P starvation was chosen for complete HcPT1.1 overexpres-
sion as shown in Tatry et al. (2009). Images showed slight fluores-
cent signals in hyphae in the presence of Pi (Fig. 5B). In contrast,
5 days of Pi shortage revealed a significant immunostaining of
the HcPT1.1 protein within the fungal hyphae (Fig. 5D). Incubation
of control samples with secondary antibodies alone showed no sig-
nals (data not shown). These results indicating induction of
HcPT1.1 protein expression upon Pi deprivation were in agreement
with transcript accumulation reported above (cf. Figs. 2–4).

Secondly, localization of HcPT1.1 proteins by immunodetection
was studied within ECM from H. cylindrosporum – P. pinaster co-
cultures of about 2.5 months (Fig. 5E–J). Treatment of ECM cross-
sections with the secondary antibodies alone did not display
unspecific signals (Suppl. Fig. 4). Immunolocalization by the
HcPT1.1 specific antibodies showed that HcPT1.1 transporter pro-
teins were more abundantly found in ECM in dependence on Pi
availability. Indeed, Pi limiting conditions led to an increase of
the reporter signal (Fig. 5H) when compared to Pi-supplemented
co-cultures (Fig. 5F). This result confirmed on the protein level
the former observation of Pi-dependent accumulation of HcPT1.1
transcripts in ECM (cf. Fig. 4C and D). Concerning the localization
in ECM tissues, HcPT1.1 could be detected in external hyphae
and in the hyphal mantle surrounding the pine roots (Fig. 5H) as
expected from the previously observed transcript localization (cf.

Fig. 4D). In addition, immunostaining of HcPT1.1 proteins was
found also within the Hartig net (Fig. 5H–J). This presence of
HcPT1.1 in the Hartig net was further analyzed by an increased
magnification of ECM cross-sections (Fig. 5J).

4. Discussion

The phosphate transporter HcPT1.1 from the ECM fungus H. cyl-
indrosporum represents one of the so far identified fungal transport
systems that might play an important role in symbiotic nutrient
exchanges between the fungus and its host plant. In particular,
global transcript analyses by Northern blot and RT-PCR have
shown that HcPT1.1 transcript levels are increased in response to
Pi deprivation (Tatry et al., 2009), suggesting a specific role in
phosphate uptake under low environmental Pi availability. To
further investigate the role of HcPT1.1 in symbiotic ECM roots,
we have studied its expression regulation and localization by
developing three approaches, cell imaging of transgenic fungal
lines expressing promoter-reporter gene constructs, in situ hybrid-
ization and protein immunolocalization, which have provided con-
sistent and complementary results.

Promoter–reporter experiments were established to assess
whether the up-regulated accumulation of HcPT1.1 transcripts
upon Pi poverty involves increased promoter activity or results

Fig. 4. Localization of HcPT1.1 and up-regulation of its expression upon Pi shortage revealed by in situ hybridization. (A) Control of hybridization efficiency was made by sense
and (B) antisense rRNA 18S probes. (C, E) Hybridization with HcPT1.1 sense probe. (D, F) Hybridization with HcPT1.1 antisense probe. The agarose-based culture medium
contained (C, D) a low (0.05 mM) or (E, F) a high (1 mM) Pi concentration. (D) When mycorrhizae development occurred in low Pi medium, reporter signals were observed in
myceliummantle and external hyphae (arrows). No signal was detected in mycorrhizae grown on high Pi medium (F). exh: extraradical hyphae, m: hyphal mantle, Hn: Hartig
net. Scale bar 50 lm.
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from post-transcriptional regulation mechanisms. For that pur-
pose, suitable binary vectors harboring EGFP as functional reporter
gene either under control of a constitutive promoter or of the
HcPT1.1 promoter were constructed based on the vectors recently
used for efficient Agrotransformation (Ngari et al., 2009). Success-
ful transformation of H. cylindrosporum by Agrobacterium made
possible the introduction of the different reporter gene constructs
in the fungal genome and thus the production of several indepen-
dent transformants in each case. Concerning the use of GFP type
fluorescent proteins as reporter gene, previous analyses had al-
ready demonstrated that the genes coding for EGFP (Müller et al.,
2006) or sGFP bordered by two introns (Rekangalt et al., 2007)
could be efficiently expressed in the free living mycelia of H. cylin-
drosporum enabling detection of functional green fluorescent pro-
teins. However, to our knowledge, no promoter analysis had
been made so far by this method in any ECM fungus. In the present
study, construction of new vectors together with efficient Agro-
transformation offered functional expression of EGFP in fungal
cultures.

The promoter-EGFP reporter gene experiments demonstrated
that the response of HcPT1.1 transcript accumulation to changes
in external Pi availability involves regulation of the HcPT1.1 pro-
moter activity. This raises the question of the nature of the signal-
ing molecule(s), transduction pathway and mechanisms that
control the activity of the HcPT1.1 promoter in response to low
or high Pi availability in the soil, allowing sustained up- or
down-regulation of HcPT1.1 expression. A further step towards elu-
cidation of such mechanisms will be the identification of promoter
cis-elements that are responsible for promoter activity control,
using mutagenized or truncated promoter sequences fused to
EGFP. The amplified promoter region of HcPT1.1 was analyzed by
searching for putative regulatory sequences in analogy to the yeast
genome (Saccharomyces cerevisiae; www.yeastract.com) as well as
by comparison with known regulatory sequences in bacteria
(Streptomyces coelicolor). Interestingly, two regulatory domains
were found that might play a role in gene expression regulation
upon phosphate availability, namely a Pho4p box (Secco et al.,
2012) and a PHO box (Sola-Landa et al., 2005). Further analyses
of these promoter elements could open the way to the uncovering
of transcription factors targeting the corresponding cis-elements.

In addition to the promoter–reporter strategy, two other types
of approaches have been developed in the present report to (i) fur-
ther analyze Pi-dependent expression of the phosphate transporter
as well as to (ii) get insight in the spatial expression pattern of this
transporter within ECM. The in situ hybridization approach has al-
ready been adopted for analyses of endomycorrhizal symbiosis in
order to investigate up-regulated genes in arbuscules in Medicago
truncatula (Massoumou et al., 2007). Detection of signals in
extramatrical mycelium by in situ hybridization is considered as
very challenging due to the size of the hyphae. In the present re-
port, both the in situ hybridization technique and the conditions
of co-culture of the fungus with the host plant for production of
ECM have been adapted and optimized for monitoring of tran-
scripts with low accumulation levels, as predicted for membrane
transporter genes. The developed protocol has indeed resulted in
successful detection of transcripts from the HcPT1.1 transporter
gene. The herewith reported results are likely to represent the first
RNA localization of a fungal transport system from a Basidiomy-
cota within ECM by in situ hybridization. They indicate that
HcPT1.1 is preferentially expressed in hyphae of the fungal mantle
and hyphae exploring the soil and that its expression is up-regu-
lated upon Pi shortage.

Moreover, immunolocalization of HcPT1.1 by specific antibod-
ies provided evidence that increased activity of the HcPT1.1 pro-
moter and elevated HcPT1.1 transcript accumulation upon Pi
deprivation actually result in enhanced production of the HcPT1.1

Fig. 5. Immunolocalization of HcPT1.1 in H. cylindrosporum mycelia grown in pure
cultures or in ectomycorrhizae in dependence on external Pi supply. Laser confocal
microscopy images of H. cylindrosporum hyphae (B, D) and ECM (F, H–J) probed with
HcPT1.1 antibodies visualized with a secondary antibody conjugated with Alexa
Fluor 488. Corresponding images in bright field (A, C, E, G). (A–D) Pure culture
mycelia grown for 12 days in N6 medium containing 3 mM Pi (A, B) or in the same
medium but not supplemented with Pi (C, D). (E–J) H. cylindrosporum – P. pinaster
ECM from plants grown in rhizoboxes containing a thin layer of soil, which had
been supplemented with Pi (E, F) or not supplemented (G–J):+P and !P ECM,
respectively. In both pure fungal mycelia and ECM (arrowheads), fluorescence
signals are significantly more intense in !P than in +P treatments. (I and J)
Immunostaining of fungal hyphae between root cortical cells forming the Hartig
net. Increased magnification of a detail from (I) marked by an asterisk to blow-up
hyphal structures as indicated by the arrowheads (J). m: hyphal mantle; exh:
extraradical hyphae; Hn: Hartig net; cc: cortical cell. Bars = 50 lM (A–I) or 10 lM as
indicated in (J).
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transporter on the protein level. Concerning localization of HcPT1.1
in the ECM tissues, the immunolocalization observations indicate
that the Pi transporter is present in external fungal hyphae explor-
ing the soil and in the hyphal mantle, in agreement with the in situ
hybridization data, but also within the Hartig net. Presence of the
Pi transporter in external hyphae provide support to the hypothe-
sis that HcPT1.1 plays a role in Pi uptake from the soil and thus in
Pi nutrition of the two symbiotic partners. Protein detection within
the Hartig net raises the question whether HcPT1.1 is also able to
release Pi towards the plant cells. This transport activity could be
tightly regulated by different Pi or pH gradients (Cairney and
Burke, 1996). The fungus could also use HcPT1.1 to recycle Pi from
the apoplasmic space and employ other transport systems for the
release of Pi towards plant root cells.

The three types of approaches developed in the present report
consistently evidenced that HcPT1.1 expression is stimulated by
Pi deprivation (or repressed by Pi availability), further supporting
the hypothesis that this transporter is involved in Pi uptake from
the soil by the fungus under low environmental Pi availability. In
most natural ecosystems, bioavailability of Pi for plants and micro-
organisms is generally very low and limiting, due to binding to soil
colloids and low solubility in presence of polyvalent cations (iron,
zinc, calcium. . .). Furthermore, due to low phosphate mobility in
the soil, Pi uptake by the root results in depletion in the surround-
ing rhizosphere (Bieleski, 1973; Hinsinger, 2001; Vance et al.,
2003). Mycorrhizal fungi allow soil exploration far from the root
surface and improve Pi nutrition of their host plants (Torres Aquino
and Plassard, 2004; Van Tichelen and Colpaert, 2000). Among
mechanisms developed by mycorrhizal fungi to increase Pi uptake,
up-regulation of phosphate transporters at low Pi concentrations
has been described in the case of arbuscular mycorrhiza (Bened-
etto et al., 2005; Harrison and van Buuren, 1995; Maldonado-Men-
doza et al., 2001; Olsson et al., 2006). In external hyphae of H.
cylindrosporum in symbiotic conditions, the phosphate transporter
gene HcPT1.1 displays this property of tight regulation by Pi, sug-
gesting a role in Pi nutrition of the fungus, as discussed above,
and thereby in host plant phosphorus nutrition. Further studies
will be carried out, using fungus transformation to develop overex-
pression and knock-down strategies (Kemppainen et al., 2009), in
order to assess the actual role of HcPT1.1 in the fungus and the host
plant Pi nutrition.

5. Conclusions

Taken together, introduction of promoter-EGFP reporter gene
constructs in H. cylindrosporum lines by Agrotransformation has al-
lowed to unravel the involvement of the HcPT1.1 promoter in the
expression regulation of the Pi transporter upon Pi availability.
EGFP imaging as well as qRT-PCR analyses of transformed fungal
lines indicated clearly an up-regulation of HcPT1.1 upon Pi limita-
tions. Furthermore, in situ hybridization experiments revealed
HcPT1.1 transcript accumulation upon Pi deprivation in external
hyphae and fungal mantle. By providing results consistent with
the in situ hybridization data, specific antibodies revealed the
presence of the HcPT1.1 protein in external fungal hyphae and
mantle upon Pi lack but in addition also within the Hartig net. Fi-
nally, the spatial pattern of transcripts and proteins as well as the
promoter-driven up-regulation upon Pi shortage provide further
support to the assumption that HcPT1.1 plays a role in Pi uptake
from the soil solution, a crucial process in the symbiotic interaction
and the improvement of the host plant phosphorus nutrition.

In addition, the methodological approaches we have developed
are likely to provide strong support to unravel mechanisms under-
pinning specialization and polarization of the fungal membrane in
conditions of ECM symbiosis. Such analyses could allow to further

understand not only the transport mechanisms responsible for the
exchanges of solutes as e.g. mineral nutrients or sugars, likely to be
of major importance in the symbiotic interaction, but also the sig-
naling mechanisms responsible for the exchanges of information
between the fungus and its host plant.
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