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The early phase of the interaction between tree roots and ectomycorrhizal fungi, prior to symbiosis establishment, is
accompanied by a stimulation of lateral root (LR) development. We aimed to identify gene networks that regulate LR
development during the early signal exchanges between poplar (Populus tremula 3 Populus alba) and the ectomycorrhizal fungus
Laccaria bicolor with a focus on auxin transport and signaling pathways. Our data demonstrated that increased LR development
in poplar and Arabidopsis (Arabidopsis thaliana) interacting with L. bicolor is not dependent on the ability of the plant to form
ectomycorrhizae. LR stimulation paralleled an increase in auxin accumulation at root apices. Blocking plant polar auxin
transport with 1-naphthylphthalamic acid inhibited LR development and auxin accumulation. An oligoarray-based transcript
profile of poplar roots exposed to molecules released by L. bicolor revealed the differential expression of 2,945 genes, including
several components of polar auxin transport (PtaPIN and PtaAUX genes), auxin conjugation (PtaGH3 genes), and auxin signaling
(PtaIAA genes). Transcripts of PtaPIN9, the homolog of Arabidopsis AtPIN2, and several PtaIAAs accumulated specifically
during the early interaction phase. Expression of these rapidly induced genes was repressed by 1-naphthylphthalamic acid.
Accordingly, LR stimulation upon contact with L. bicolor in Arabidopsis transgenic plants defective in homologs of these genes
was decreased or absent. Furthermore, in Arabidopsis pin2, the root apical auxin increase during contact with the fungus was
modified. We propose a model in which fungus-induced auxin accumulation at the root apex stimulates LR formation through a
mechanism involving PtaPIN9-dependent auxin redistribution together with PtaIAA-based auxin signaling.

Most temperate forest trees develop a mutualistic
root symbiosis with ectomycorrhizal soil fungi. During
the establishment of ectomycorrhiza (ECM), fungal
hyphae invade the root from root cap cells in and
upwards to the epidermis (Horan et al., 1988). After
attachment to epidermal cells, hyphae multiply to
form a series of layers that differentiate to establish a
mantle structure around the root (Horan et al., 1988).
An internal network of hyphae between the epidermis

and root cortex cells forms the Hartig net (Blasius
et al., 1986), while extraradical hyphae prospect
throughout the surrounding soil and gather nutrients.
Morphological observations of forming ECMs have
shown that in the vicinity of the fungus the root
architecture of the host plant is profoundly modified.
Interaction with hyphae stimulates lateral root (LR)
formation, dichotomy of the root apical meristem in
conifer species, and cytodifferentiation of root cells
(radial elongation and root hair decay; Horan et al.,
1988; Dexheimer and Pargney, 1991; Ditengou et al.,
2000). Even though several studies have focused on LR
stimulation during ECM formation, it still remains
unclear what the molecular mechanisms are that
modify root development during contact with the
fungus.

In the herbaceous model plant Arabidopsis (Arabi-
dopsis thaliana), LR development is well described
(Malamy and Benfey, 1997), and the analysis of its mo-
lecular regulation is ongoing. LRs in Arabidopsis are
derived from a subset of pericycle cells, termed peri-
cycle founder cells, which are adjacent to the two xylem
poles (for review, see Casimiro et al., 2003; De Smet
et al., 2006). LR initiation (LRI) is thought to go through
two independent checkpoints (De Smet et al., 2007;
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Dubrovsky et al., 2008). First, priming of pericycle
founder cells occurs in the basal meristem, which is a
region at the transition between the meristem and the
elongation zone of the root. Second, LRI itself, com-
prising cell cycle reactivation of the founder cells and
subsequent further cell divisions, occurs in more prox-
imal regions of the root and leads to the formation of a
LRprimordium (MalamyandBenfey, 1997). Finally, the
newLR emerges after having grown through the cortex
and epidermis of the parental root.

The phytohormone auxin (indole-3-acetic acid [IAA])
is considered to be one of themain triggers regulating all
of the different steps of LR formation (Bainbridge et al.,
2008; Ditengou et al., 2008; Laskowski et al., 2008; Nibau
et al., 2008). For instance, the acquisition of founder cell
identity, cell cycle reactivation, and LR emergence all
correlate with and require local auxin accumulation in
specific cell types (Dubrovsky et al., 2008; Fukaki and
Tasaka, 2009). Recent studies have suggested that the
coordination of polar auxin transport by auxin influx
carriers (AUX/LAX) and auxin efflux carriers (PIN) is
responsible for establishing an auxin gradient along the
root with specific local maxima that regulate LR devel-
opment (Bainbridge et al., 2008; Ditengou et al., 2008;
Laskowski et al., 2008). In combinationwith polar auxin
transport, local auxin biosynthesis in specific root cells
was proposed to contribute to the formation of the auxin
gradient (Petersson et al., 2009). Lastly, one should not
neglect that the localized expression of auxin homeo-
stasis-regulating genes like IAA-amido-synthetase GH3
may significantly interfere with the apparition of auxin
maxima (Brady et al., 2007) and thereby influence LR
development (Nakazawa et al., 2001; Khan and Stone,
2007). GH3 IAA-amido-synthetase conjugates auxin to
amino acids or sugars (Staswick et al., 2005) and thereby
controls through catabolism and storage free (active)
auxin levels in the cell (Hagen and Guilfoyle, 1985;
Ljung et al., 2002; Staswick et al., 2005). DuringLRI, once
an auxinmaximum is formed in pericycle founder cells,
auxin triggers its signaling cascade by binding to its
receptors (Badescu and Napier, 2006). This activates
auxin-dependent transcription factors (AUX/IAA and
ARF) that act on cell cycle-regulating targets (Fukaki
et al., 2005; Dreher et al., 2006) to elicit cell cycle
reactivation. The mechanism that confers founder cell
identity to pericycle cells in the basal meristem is
distinct fromLRI. Recent results reveal its independence
from the basic auxin signaling pathway. A mechanism
where the asymmetric distribution of auxin itself acts as
a morphogenic trigger to prime pericycle cells was
proposed (Dubrovsky et al., 2008). Together, these data
point out the crucial role of auxin gradients in root
development.

Recently, evidence has been reported for an ecto-
mycorrhizal fungus-induced alteration of the endoge-
nous auxin balance in the root apex of Arabidopsis
plants (Splivallo et al., 2009). Even though identifica-
tion of key molecular factors that could explain this
alteration is still lacking, earlier results on tree roots
suggest an impact of the fungus on root polar auxin

transport and auxin conjugation, which could be in-
volved in auxin level changes. For instance, inhibitors
of polar auxin transport, such as 2,3,5-triiodobenzoic
acid, restrict the stimulation of LR formation in conifer
seedlings by ectomycorrhizal fungi (Karabaghli et al.,
1998). Moreover, differential expression of a GH3
auxin-amido-synthetase during ECM formation has
been reported in Pinus pinaster (Charvet-Candela et al.,
2002; Reddy et al., 2006) and implied that the presence
of the fungus also alters auxin homeostasis in the
root via a mechanism involving enzymatic activities.
Fungus-impacted polar auxin transport and auxin
conjugation may thus be possible pathways respond-
ing to or causing an altered root auxin balance. How
they are integrated in the perception of fungal signals
and then trigger LR formation on a molecular basis
during the interaction is still an enigma.

A recent study with two species of ectomycorrhizal
truffle fungi (Tuber borchii and Tuber melanosporum) has
suggested that fungal IAA and ethylene impact LR
branching in Arabidopsis and Cistus incanus during
the early phase of interaction (Splivallo et al., 2009).
Interestingly, only a combined exogenous IAA/ethyl-
ene treatment, but not each phytohormone alone, was
able to fully mimic the effect of fungal signals on root
development. A multiplicity of other identified signals
(auxins, alkaloids, cytokinins, flavonols, polyamines)
have been found to act in either a synergistic (rutine/
zeatine) or antagonistic (IAA/hypaphorine) manner
during ECM formation, but to date evidence for their
molecular impact on root developmental programs is
lacking (Ditengou and Lapeyrie, 2000; Martin et al.,
2001; Jambois et al., 2005; Martin and Nehls, 2009).

All these data show that significant knowledge on
two levels is still lacking. First, which fungal signaling
molecules precisely influence plant root development
and how they cross talk has never been clearly dem-
onstrated. Second, how fungus-induced auxin level
alterations are connected to root development modi-
fication is another question that needs to be addressed
to complete the molecular understanding of symbiotic
fungus-root interactions.

The aim of this study was to identify gene networks
inside the root, with special focus on auxin transport,
conjugation, and signaling, that bridge the gap be-
tween fungus-induced root endogenous auxin alter-
ation and LR formation in the early phase of the
Laccaria-Populus interaction. The availability of the
genomic sequences of Populus trichocarpa (Tuskan
et al., 2006) and Laccaria bicolor (Martin et al., 2008)
has facilitated the molecular analysis of this interac-
tion. Moreover, in recent years, several components of
the auxin signaling pathways in poplar have been
identified (Moyle et al., 2002; Schrader et al., 2003;
Kalluri et al., 2007; Teichmann et al., 2008).

We characterized the symbiotic interaction between
Populus tremula 3 Populus alba (hereafter termed pop-
lar) and L. bicolor at both the physiological and mo-
lecular levels and also explored the nonmycorrhizal
Arabidopsis-L. bicolor interaction. We showed that in
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both species interacting with L. bicolor, LR develop-
ment was due to diffusible, non-host-specific signaling
molecules. In this context, LR induction required polar
auxin transport through PtaPIN9 (highly homologous
to AtPIN2) as well as auxin signaling through poplar
Aux/IAA proteins. Based on these results, we propose
a model involving these genes as important regulators
during fungus-induced LR development.

RESULTS

Poplar-L. bicolor Ectomycorrhiza Development in Vitro

An in vitro sandwich culture system for the gener-
ation of poplar-L. bicolor ECMs under controlled con-
ditions was adapted from previously described
methods (Chilvers et al., 1986; Horan et al., 1988; Fig.
1, A and B). The time course of ECM development was
assessed by observing root development (Fig. 1, C–E)
and dual fluorescence-stained transverse root sections
(Fig. 1, H–J). Two fluorescent markers were used,
UVitex 2B for detection of fungal cell walls (green in
Fig. 1) and propidium iodide for visualization of plant
cell walls (magenta in Fig. 1). At 3 d of direct interac-
tion (DODI), no change in root system morphology
was visible (Fig. 1C). A discontinuous mycelium was
attached to the root surface, and the rectangular epi-
dermis cells were still tightly connected to one another
(Fig. 1H). After 10 DODI, numerous LRs had devel-
oped and had a swollen appearance at their basis (Fig.
1D). At this stage, confocal microscopic observation
showed the presence of a dense mycelium sheath
(mantle) surrounding the roots and the start of Hartig
net development: epidermis cells had an oval shape
and were spaced and hyphae penetrated between
them (Fig. 1I). After 30 DODI, we observed numerous
short LRs, swollen from their basis up to the tip (Fig.
1E). Again, a Hartig net restricted to the epidermal cell
layer was visible that suggests functional symbiosis
(Fig. 1J).

LR Development in the Presence of L. bicolor

Analysis of the time course of LR induction in
poplar interacting with L. bicolor under in vitro condi-
tions showed that 4 DODI between the symbiotic
partners was sufficient to increase the LR number by
3-fold compared with control plants without fungus
(Fig. 2A). At 10 DODI, control plants had formed
approximately five new LRs, whereas plants interact-
ing with L. bicolor developed about 25 LRs. In the in
vitro sandwich culture system, we also demonstrated
an indirect interaction between the partners. This was
achieved by placing a cellophane membrane between
the two partners, which prohibits root colonization by
hyphae but allows the exchange of signaling mole-
cules between plant and fungus. Comparison of the
degree of LR development in roots directly and indi-
rectly interacting with L. bicolor showed that under

both conditions, the number of LRs established over
the induction time course was identical (Fig. 2A).

Next, we asked whether L. bicolor signals were able
to induce LR formation in the nonmycorrhizal plant
Arabidopsis. Similar to poplar, LR development was
also induced in Arabidopsis during indirect contact
(Fig. 2B). The time course of LR emergence was similar
to that observed in poplar, with the first significant
increase in LR development at 2 d of indirect interac-
tion (DOII). After 8 DOII with L. bicolor, Arabidopsis
seedlings had formed about 18 new LRs, whereas
control plants had only formed eight.

Taken together, the results from the colonization and
LR development experiments demonstrated that LR
stimulation is characteristic for the early phase of
plant-fungus interaction and is thus temporally dis-
tinguished from mature ECM formation, typified by
Hartig net formation, root swelling, and root growth
arrest.

Inhibition of Polar Auxin Transport during
Plant-L. bicolor Interactions

The impact of polar auxin transport on fungus-
induced LR stimulation was investigated. Therefore,
we quantified LRs formed when L. bicolor interacted
indirectly with poplar or Arabidopsis in the presence of
the polar auxin transport inhibitor 1-naphthylphthalamic
acid (NPA) at time points where we had observed a
strong difference between control conditions and indirect
contacts (8 and 6DOII, respectively). The NPA treatment
dramatically reduced fungal LR induction in both
nonmycorrhizal and mycorrhizal plant species (Fig.
2C). In poplar, 10 mM NPA completely inhibited LR
induction by the fungus. In Arabidopsis, the presence
of 5 mM NPA reduced LR induction by 40% compared
with controls. This severe reduction of LR induction is
a first argument for the involvement of polar auxin
transport in LR development during the early phase of
the L. bicolor-plant interaction.

Modification of Root Auxin Gradients during Interaction

Auxin response in roots during contact with the
fungus was assessed using the synthetic DR5 auxin-
inducible promoter (Ulmasov et al., 1995) fused either
to a GUS (Arabidopsis) or GFP (P. tremula 3 P.
tremuloides) reporter gene. While DR5 reports on auxin
levels in Arabidopsis (Petersson et al., 2009), it is
primarily used as an auxin response promoter in
poplar. GFP fluorescence intensity was observed on
entire LR apices of DR5:GFP plants using confocal
laser scanning microscopy. For each root, the signal
intensity from each of 18 optical sections in a Z-stack
(distance between slices was 1 mm) was measured to
generate a profile of the auxin accumulation over the
root apex (Fig. 3A). The result of this profiling showed
that the presence of the fungus increased the total
fluorescence in the root apex by 42% compared with
control roots. The overall profile in roots was altered as
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well by the fungus: a strong auxin maximum was
observed in the central part of the root at 3 DOII (57%
increase compared with controls), and the profile
showed a higher amplitude at the apex center than
in the rather equally distributed signal in control roots.
No difference was observed concerning the locali-
zation of the GFP signal (Fig. 3, B and D). In both
conditions, the quiescent center zone was rather
weakly stained and a stronger signal was observed
in columella initials. As for Arabidopsis DR5:GUS, the
presence of the fungus stimulated the appearance of a
weak GUS signal in the provasculature within the
basal meristem in 28 out of 32 analyzed plants (arrows
in Fig. 3G). This signal was absent in 32 out of 35
control plants (Fig. 3F). In poplar, no provascular
fluorescence was observed, probably due to high
tissue thickness in this region. Interestingly, the pro-
vascular signal in Arabidopsis was absent at 3 DOII
when the contact was made in the presence of 1 or
10 mM NPA (Supplemental Fig. S1).

Thus, L. bicolor-stimulated LR induction is paralleled
by an NPA-sensitive auxin response increase at the
root apex and in provascular tissues in Arabidopsis.

Transcript Profiling of Poplar Roots during Early

Interaction with L. bicolor

To identify which molecular processes are induced
in poplar roots by signals released by the symbiont, an
oligoarray-based transcript profile of poplar roots at 3
DOII was generated. This corresponds to the time
point where LR induction has begun (Figs. 1 and 2).
Indirect contact was chosen because it limits possible
root colonization-related transcriptome changes.

Of the 39,303 genes that were represented by specific
oligonucleotides on the poplar array, 26,125 (66%)
were expressed in control roots. In roots interacting
with L. bicolor, 7% (2,945) of all geneswere differentially
expressed (.2-fold; Student’s t test P , 0.05). Among
these genes, 71% (2,095) were up-regulated and 29%
(850) were down-regulated. Of the up-regulated genes,
17% (351) were induced de novo, as their expression
could only be detected upon contact. Fifteen percent
(132) of the down-regulated genes were completely
repressed, as their transcripts were no longer detected
in roots (Supplemental Table S1). Among the genes
showing homology to known genes in the databases,
most were involved in cell wall-related functions,
such as laccases, carbohydrate-acting hydrolases, cell

Figure 1. Time course of colonization of poplar roots by L. bicolor in an
in vitro sandwich culture system. A and B, L. bicolor and poplar
precultures, respectively. C to E, Root development of poplar at 3 DODI
(C), 10 DODI (D), and 30 DODI (E). Note the increasing LR number
starting at 10 DODI. Root swelling at the LR basis started at 10 DODI,

and LR arrest was observed at 30 DODI. F, L. bicolor hyphae from
precultures after UVitex staining. G, Transverse root section after
propidium iodide UVitex dual staining (green, UVitex; magenta,
propidium iodide). H to J, Dual fluorescence-stained transverse root
sections at 3 DODI (H), 10 DODI (I), and 30 DODI (J). Co, Cortex; Ep,
epidermis; HN, Hartig net; M, mantle; RC, root cap cells; RH, root hair.
Note hyphae attachment at 3 DODI and mantle and Hartig net
development from 10 to 30 DODI. In H, single, magenta-colored cells
surrounding the epidermis are detached root cap cells. Images shown
are representative from a series of three experiments. Bars = 10 mm.
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wall-related kinases, and phenylpropanoid metabo-
lism enzymes (Supplemental Table S1). The second
most represented gene class was transcription factors,
and these includedSCARECROWandPLETHORA (PLT).

Together, these genes are known to control root apical
meristem cell identity (Sabatini et al., 2003; Aida et al.,
2004). PLT furthermoreactsonPINgeneexpressionat the
root apex (Blilou et al., 2005; Galinha et al., 2007).

In order to identify within the differentially ex-
pressed genes those that may be connected to LR
initiation, we compared our results to LRI genes
analyzed in Arabidopsis (Vanneste et al., 2005). These
authors had identified 913 LRI genes in a comparative,
microarray-based approach with wild-type and auxin
signaling mutant plants during chemical stimulation
of LRI. A total of 46 differentially expressed poplar
genes were overlapping with LRI genes in Arabidop-
sis (Supplemental Table S2). These contained early
auxin-responsive genes involved in transcriptional
regulation (AUX/IAA) and auxin conjugation (GH3)
as well as cell cycle regulators. A focus was made on
the regulation of members of auxin signaling-related
(PtaIAA) and homeostasis-related (PtaGH3) gene fam-
ilies.

Six out of the 35 poplar auxin-responsive transcrip-
tion factors Aux/IAAwere identified as being differen-
tially expressed: PtaIAA28.1, PtaIAA33.2, PtaIAA3.3,
PtaIAA3.4, PtaIAA19.3, and PtaIAA34 (names refer to
Kalluri et al., 2007). Within these six PtaIAA family
members, transcripts of PtIAA28.1 were the most
abundant in control roots, and PtIAA28.1 was the
only family member to be down-regulated upon con-
tact with L. bicolor. PtaIAA34 was induced de novo in
the presence of L. bicolor.

As for the 12 poplar homologs of known GH3
IAA-amido-synthetase genes that code for proteins
regulating auxin homeostasis (Hagen and Guilfoyle,
1985; Ljung et al., 2002; Staswick et al., 2005), four
transcripts were induced: PtaGH3-1 and PtaGH3-2 as
well as PtaGH3-7 and PtaGH3-8, which respectively
can be considered as duplicates based on their homol-
ogy to each other and to Arabidopsis homologs (Sup-
plemental Fig. S2). Referring to the phylogenetic
analysis, these four targets are part of group II GH3
proteins that are active on auxin in other plant species
(Staswick et al., 2005).

As the auxin gradient was affected in the plant
during contact with the fungus, we also screened the
microarray data for differentially expressed genes
involved in polar auxin transport. Among the eight
annotated members of the auxin influx carrier gene
family (PtaAUX), two (PtaAUX3 and PtaAUX6) were
differentially expressed (Table I; phylogenetic tree in
Supplemental Fig. S3). Furthermore, four of the 16
members of the auxin efflux carrier gene family (Sup-
plemental Fig. S4), PtaPIN2, PtaPIN4, PtaPIN9, and
PtaPIN12, were induced in roots in interaction with the
fungus (Table I).

Taken together, we identified 16 auxin-related genes
that were differentially expressed in poplar roots
during the interaction with L. bicolor (Table I) and
that are likely to be involved in LRI and/or in mod-
ifying auxin gradients within the root. We have likely
underestimated the expression ratios of several tar-

Figure 2. Time course of early LR development during the interaction
of L. bicolorwith mycorrhizal poplar and nonmycorrhizal Arabidopsis.
A and B, Time course of LR development in poplar in response to L.
bicolor (A) and in Arabidopsis (B). Beginning at 4 d (A) and 2 d (B) of
poplar and Arabidopsis-L. bicolor interaction, a significant (Student’s t
test P , 0.05) LR stimulation was observed. LR stimulation was similar
in indirect and direct contact in poplar. C, Effect of the polar auxin
transport inhibitor NPA on LR increase in poplar (10 mM NPA) after 8
DOII and in Arabidopsis (5 mM NPA) after 6 DOII. LR ratio of plants in
indirect contact versus control plants without fungus in the presence
and absence of NPA is shown. LR stimulation was significantly (Stu-
dent’s t test P , 0.01) reduced by the NPA treatment. In each
experiment and each condition, 10 to 15 individual poplar plants or
15 Arabidopsis seedlings were observed. Error bars indicate SE. If not
visible, they were smaller than the symbol at the data point.
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gets, as transcript analysis was realized on entire root
systems, thereby diluting events with restricted, spe-
cific tissue localization.

Time Course of Auxin-Related Gene Expression during

Poplar-L. bicolor Interaction

Using quantitative real-time PCR of cDNA synthe-
sized from total RNA of root samples collected at 1, 3,
and 10 DOII as well as from 4-week-old ectomycor-
rhizal roots (30 DODI), we assessed the transcript
levels of the 16 identified auxin-related genes (Table I)
over time during the poplar-L. bicolor interaction. Real-
time PCR data from three independent biological
replicates of 3 DOII were used to validate microarray
data.

The expression profiles within the PtaIAA gene
family members varied (Fig. 4A). During indirect
contact, PtaIAA19.3 transcripts showed a significant
increase at 3 DOII before leveling off back to constitu-
tive levels. The transcript level increased 3.3-fold at 3
DOII (nonlogarithmic scale). The expression profile of
PtaIAA28.1 was the inverse of the aforementioned
PtaIAA. Its transcript level reached the lowest level
(2.7-fold decrease) at 3 DOII and then increased slowly
back to the level measured in control plants between
10 and 30 DODI. PtaIAA33.2 displayed yet another
expression profile. It was significantly up-regulated up
to 4-fold by 30 DODI and was the only late-induced
member of the PtaIAA gene family. Taken together,
PtaIAA19.3 and PtaIAA28.1 showed transient induc-
tion, paralleling fungus-stimulated LRI, whereas
PtaIAA33.2 accumulation was activated during late
symbiosis.

The PtaGH3 gene family, involved in auxin conju-
gation, showed a homogeneous transcriptional pattern
during the poplar-L. bicolor interaction (Fig. 4B).
PtaGH3-1, PtaGH3-2, and PtaGH3-7 transcripts slowly
accumulated, and their levels became significantly
different from the controls after 10 DOII. PtaGH3-1
was the family member displaying the highest
up-regulation, up to 6.4-fold higher than in control
plants. By comparison, the induction of the other
members, PtaGH3-2 and PtaGH3-7, was 3.4- and 1.3-
fold, respectively. Even if transcript accumulation at 30
DODI was variable between different biological repli-
cates, a persistent profile is indicated for all four
PtaGH3 genes.

The two analyzed members of the auxin influx
carrier family PtaAUX (Fig. 4C) showed a distinct
regulation pattern. PtaAUX6 was significantly andFigure 3. Modification of the auxin gradient in P. tremula 3 P.

tremuloides and Arabidopsis upon interaction with L. bicolor. A, Left,
distribution of average, background-corrected GFP fluorescence inten-
sity in the 18 optical sections of the Z-stack through the LR apices of P.
tremula 3 P. tremuloides DR5:GFP plants in control conditions or at 3
DOII. Right, quantification of the signal intensity change as percentage
of fluorescence in control root apices. Total intensity (sum of 18
sections) as well as maximum intensity (one section, around Z-stack
section 9–11) increased significantly. Quantification from at least seven
root apices per condition is shown (** Student’s t test P , 0.05). B to E,
P. tremula 3 P. tremuloides DR5:GFP LR apex under control condi-

tions (B and C) and at 3 DOII (D and E). F and G, ArabidopsisDR5:GUS
in control conditions (F) and at 3 DOII (G). Note the signal in
provasculature at 3 DOII (arrows in G). Examples shown are out of
more than 30 biological replicates. H and I, Arabidopsis pin2 DR5:
GUS in control conditions (H) and at 3 DOII (I). A strong auxin
accumulation at the root apex in control plants is observed, and the
presence of the fungus enlarged this signal upwards. Examples shown
are out of 15 biological replicates.
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transiently up-regulated at 3 DOII. The transcript
levels of PtaAUX3 were not altered during the early
phase of the interaction but became significantly up-
regulated quite late, at 30 DODI.
Members of the auxin efflux carrier family PIN

showed a very heterogeneous regulation profile (Fig.
4D). Only PtaPIN9 and PtaPIN12 were significantly
elevated by 2.0- and 2.2-fold, respectively, at 3 DOII.
Subsequently, PtaPIN9 levels decreased rapidly and
reached constitutive levels at 10 DOII. PtaPIN12 levels
varied between biological replicates at further time
points but indicated a persisting induction up to 30
DODI.
In summary, L. bicolor caused the transient induction

of a series of genes of the auxin signaling and polar
auxin transport family, including PtaIAA19.3,
PtaIAA28.1, PtaAUX6, and PtaPIN9. Members of the
IAA-amido-synthetases family, PtaGH3-1, PtaGH3-2,
and PtaGH3-7, accumulated slowly and their levels
remained elevated throughout the contact. Lastly,
PtaAUX3 and PtaIAA33.2 were specifically and only
induced at late stages of the interaction.

NPA Effect on Gene Expression during

Poplar-L. bicolor Interaction

We analyzed how the polar auxin transport inhibitor
NPA,which inhibitedLRstimulation by the fungus (Fig.
2C), influenced the expression of L. bicolor-regulated
auxin-related genes. We generated cDNAs from poplar

roots at 3 or 10 DOII in the presence or absence of NPA
and subjected them to quantitative real-time PCR.

The expression profiles of certain members of the
PtaIAA family were inverted by the presence of NPA
(Fig. 5). The presence of NPA during the contact with
L. bicolor abolished fungus-induced transcript accu-
mulation of PtaIAA19.3, PtaPIN9, and PtaIAA33.2. A
repression of 2.0 (PtaIAA19.3), 2.0 (PtaPIN9), and 2.5
(PtaIAA33.2) times compared with controls without
fungus and NPA was observed instead of the previ-
ously observed significant induction of 3.3 and 2.0
times for PtaIAA19.3 and PtaPIN9, respectively (Figs. 4
and 5). In contrast, NPA-based inhibition of auxin
polar transport amplified by 3-fold the induction of
PtaPIN12 and PtaGH3-1 over levels induced by the
fungus alone, thus leading to transcript levels 6- and
33-fold higher, respectively, than in control plants
without fungus and NPA. Interestingly, for all five
mentioned genes, NPA impacted transcript levels at
3 d of poplar-L. bicolor interaction, but at later stages
(10 d), its effects on plants in interaction with the
fungus were no longer statistically relevant. The dif-
ferential expression upon contact with the fungus of
all other gene targets was not significantly influenced
by the presence of NPA at either 3 or 10 DOII.

These results indicate that the repression of fungus-
induced LR induction by NPA is mirrored by dramatic
changes in transcript abundance, especially that of
early, transiently regulated auxin signaling and trans-
port genes such as PtaPIN9 and PtaIAA19.3.

Table I. Microarray-based results of differentially expressed auxin-related genes in poplar roots after
3 DOII with the ectomycorrhizal fungus L. bicolor

Genes are listed by gene family and, within the gene family, by increasing transcript accumulation.
From top to bottom: auxin-responsive transcription factors (PtaIAA), IAA-amido-synthetases (PtaGH3 ),
auxin influx carriers (PtaAUX ), and auxin efflux carriers (PtaPIN ).

Gene Namea Gene Modelb
Expression in

Control Rootsc
Fold

Changed
P e

PtaIAA28.1 gw1.XVIII.808.1 4,470 21.9 0.0027
PtaIAA33.2 gw1.121.83.1 500 2.3 0.0001
PtaIAA3.4 estExt_fgenesh4_pm.C_LG_V0528 756 2.4 0.0001
PtaIAA3.3 fgenesh4_pm.C_LG_II000215 58 2.6 0.0026
PtaIAA19.3 estExt_fgenesh4_pm.C_LG_III0099 572 3.2 0.0004
PtaIAA34 gw1.X.53.1 nd 3.4 0.0023
PtaGH3-8 gw1.III.363.1 nd 2.8 0.0051
PtaGH3-7 fgenesh4_pg.C_LG_I000598 106 2.9 0.0151
PtaGH3-2 estExt_fgenesh4_pg.C_LG_IX0695 414 6.2 0.0000
PtaGH3-1 eugene3.02050011 2,288 8.3 0.0000
PtaAUX3 estExt_fgenesh4_pg.C_LG_X1704 1,029 22.0 0.0003
PtaAUX6 grail3.0001031001 1,022 2.9 0.0003
PtaPIN12 fgenesh4_pg.C_LG_XIX000547 3,975 2.2 0.0204
PtaPIN2 estExt_Genewise1_v1.C_LG_XVI1213 608 2.5 0.0267
PtaPIN4 estExt_fgenesh4_pm.C_LG_V0399 171 3.0 0.0330
PtaPIN9 fgenesh4_pm.C_LG_XVIII000434 294 3.9 0.0019

aGene name referring to the Joint Genome Institute Populus genome version 1.1 (PtaGH3, PtaPIN,
PtaAUX) or to Kalluri et al. (2007; PtaIAA). bGene model names from the Joint Genome Institute Populus
genome version 1.1. cBackground-corrected expression level as units of Cy3 fluorescence on micro-
array. nd, Not detected. dRatio of expression levels in roots 3 DOII with L. bicolor versus expression
levels in control roots only covered by a cellophane membrane. eStudent’s t test with false discovery
rate (Benjamini-Hochberg) multiple testing correction.
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LR Development in Arabidopsis Auxin Mutants during

Interaction with L. bicolor

To gain additional insights into the crucial role of
auxin transport and signaling during fungus-induced
LR development, we assessed LR development in
response to L. bicolor in different Arabidopsis mutants
altered in auxin perception (tir1afb1,2,3), signaling (slr1
[IAA14]), influx (aux1), and efflux (pin2, pin2,3,4,7).
The Arabidopsis mutants chosen were either those
known to have an important LR phenotype (reduction
or absence of LR development in slr1 and tir1afb1,2,3)
or those genes most closely related to genes in poplar
that were found to be regulated (pin2 [PtaPIN9], aux1
[PtaAUX3]) during L. bicolor-induced LR develop-
ment. The effect of L. bicolor on plants defective in
PIN3 or additionally also PIN4 and PIN7 was exam-
ined because of their role together with PIN2 in the
auxin reflux loop at the root apex (Blilou et al., 2005).
At 5 d after germination, mutants were placed into
contact with L. bicolor, and LR development was ob-
served after 8 DOII (Fig. 6). The auxin perception
quadruple mutant tir1afb1,2,3 and the IAA14 protein-
stabilized mutant slr1, which both did not form LRs
under control conditions (Fig. 6B), also did not de-
velop LRs in response to L. bicolor (Fig. 6). As for auxin
transport mutants, we observed that in the presence of
L. bicolor, aux1 was still able to develop LRs, as was

pin3. The magnitude of LR stimulation in bothmutants
was comparable to that in the wild type. In both the
single pin2 mutant and the quadruple pin2,3,4,7 mu-
tants, a significant increase in LR during contact with
the fungus was observed. LR stimulation in these
mutants was 1.37 times higher as compared with
controls of the same lines in the absence of fungus,
whereas wild-type plants developed up to 2.4 times
more roots during contact. LR stimulation in the
quadruple mutant pin2,3,4,7 was not further inhibited
than in the single pin2 mutant. We further analyzed
auxin distribution in the pin2 mutant harboring the
DR5:GUS reporter (Fig. 3, H and I). Whereas in wild-
type plants the presence of the fungus stimulated
auxin accumulation in specific cells of provascular
tissues, in pin2 a strong and diffuse increase of DR5-
directed GUS activity was observed in the epidermis
and LR cap, and the provascular signal was visible
only in two out of 13 analyzed plants at 3 DOII.

Together, these data imply a prominent role of auxin
transport through AtPIN2 in fungus-regulated auxin
gradient modification and LR initiation.

DISCUSSION

Although LR stimulation during ECM formation is a
recognized phenomenon, the molecular mechanisms

Figure 4. Expression profiles of auxin-
related target genes in poplar roots at
1, 3, and 10 DOII as well as 30 DODI
(horizontal axis). Log2-transformed rel-
ative expressioncomparedwith control
roots is shown. A, PtaIAA19.3 tran-
scripts were significantly up-regulated
with an accumulation maximum at 3
DOII. PtaIAA28.1 was down-regulated
but bottomed out at the same time
point. With the exception of
PtaIAA33.2, these members of this
gene family were only induced during
the early phase of contact. B, PtaGH3
genes were slowly up-regulated only at
10 DOII. C, PtaAUX6 was early in-
duced at 3 DOII, whereas PtaAUX3
was only induced in the late phase
(30 DODI). D, PtaPIN transcript pro-
files differed fromone another. PtaPIN9
and PtaPIN12 were induced early
(3 DOII) but PtaPIN9 levels decreased
in the late phase (30DODI). * Student’s
t test P , 0.05; ** Student’s t test
P , 0.01.
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that are activated in roots by the presence of the
fungus and that regulate LR stimulation are so far
unknown. Here, we investigated the early interaction
of L. bicolor with roots of a mycorrhizal and a non-
mycorrhizal plant. Our molecular and functional anal-
yses revealed that auxin transport and signaling are
key mechanisms regulating LR development in re-
sponse to fungal signaling molecules.
In interaction with L. bicolor, the early response of

poplar resulted in an increase in LRs paralleled by an
enhanced auxin response at the root apex, as revealed
by an increase in DR5-driven GFP expression. Indirect
contact experiments showed that these modifications
did not require physical contact between hyphae and
root cells, suggesting a role for diffusible signaling
molecules. Using the nonmycorrhizal plant Arabidop-
sis, we further demonstrated that these diffusible sig-
naling molecules induced LRs and root apex auxin
response increase in a host plant-independent manner
and that both did not rely on the mycorrhizal capacity
of the plant partner. Equivalent results have been
reported recently for the truffle-Arabidopsis and
truffle-C. incanus interaction (Splivallo et al., 2009).
Thus, LR-inducing signaling molecules from various
fungi have rather broad functions in plant develop-
ment, just asphytohormoneswouldbeexpected tohave.

Auxin Homeostasis Is Altered in the Root during

Interaction with L. bicolor

The increase in auxin accumulation at the root apex
during contact with the ectomycorrhizal fungus has
only recently been reported by Splivallo et al. (2009),
and our data confirm and extend this finding to
another ectomycorrhizal fungus and to poplar as a
mycorrhizal host plant. Two hypothetical scenarios
can explain this auxin accumulation. First, auxin se-
creted by the ectomycorrhizal fungus may be taken up

into the root and accumulate in the tip. The root tip is
usually the first part of the root colonized by the
fungus (Horan et al., 1988), which would explain this
local auxin increase at the apex. Splivallo et al. (2009)
have shown that exogenous auxin alone was not able
to mimic the effect of the fungus, which also suggests
that fungal auxin alone would not be sufficient to
induce the observed DR5:GFP signal increase. For in-
stance, Splivallo and coworkers (2009) have suggested
a combined action of fungal auxin and ethylene on the
root.As ethylene is known to impact endogenous auxin
biosynthesis in roots (Stepanova et al., 2007, 2008), a
second scenario may include an activation of endoge-
nous auxin biosynthesis at the root apex by fungal
ethylene, leading to the observed auxin accumulation.
A recent study had shown that artificial induction of
auxin biosynthesis at the quiescent center leads to
enhanced DR5:GFP expression first in the columella
region, then in the LR cap, and finally also in the
epidermis and provascular strands (Blilou et al., 2005).
Even if a lot weaker, results from Splivallo et al. (2009)
and our data indicate an increase of the signal at the
same sites. Auxin measurements will be necessary to
confirm that the increased auxin response is actually
due to an increased auxin quantity (Petersson et al.,
2009) that might be caused by activation of auxin
biosynthesis at the root apex.

Results from the microarray-based transcript profile
have shown an increase in PtaPIN12 and PtaGH3 tran-
scripts, whose Arabidopsis homologs are thought to
be involved in auxin homeostasis (Staswick et al., 2005;
Mravec et al., 2009).AtPIN5 (homologof PtaPIN12)has
been suggested to import auxin into the endoplasmic
reticulum and thereby to decrease free auxin levels
in the cell. Its overexpression was accompanied by
an increase in IAA conjugates with amino acids, sug-
gesting a cross talk with IAA-amido-synthetases of the
GH3 family (Mravec et al., 2009). We found strong

Figure 5. Influence of the polar auxin transport in-
hibitor NPA on gene expression after 3 DOII (white
bars) or 10 DOII (gray bars) of poplar with L. bicolor.
Ratios of the transcript levels in roots in the presence
versus the absence of NPA during indirect interaction
with L. bicolor are presented. The graph is separated
into three parts. The left part presents genes whose
fungal induction was significantly abolished by NPA
(in order of magnitude referring to 3 DOII). A drastic
reduction in PtaIAA19.3, PtaPIN9, and PtaIAA33.2
transcripts by the presence of NPA at 3 DOII was
observed. The middle part presents genes whose
fungal induction was significantly increased by the
presence of NPA. Note the high up-regulation of
PtaPIN12 and PtaGH3-1. The right part refers to
genes whose expression was not statistically affected
by NPA. * Student’s t test P , 0.05; ** Student’s t test
P , 0.01.
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induction of PtaGH3-1 and PtaPIN12 during the
combined NPA/fungus treatment, which coincided
with a strong decrease of the DR5:GUS signal at the
Arabidopsis root apex. Together, these results suggest
that PtaGH3-1 and PtaPIN12 actively decrease the
auxin maximum in the root apex. We hypothesize
that both genes are involved in tuning auxin homeo-
stasis during fungus-induced auxin accumulation in
the root. Their impact may also explain why only a
weak difference in auxin accumulation is observed at
the root apex, especially as certainAtGH3 are expressed
in these tissues (Brady et al., 2007). It will be necessary

to investigate in more detail the spatial and temporal
aspects of auxin accumulation in the root during inter-
action with the fungus and to connect the results to
protein localization of auxin homeostasis regulators.

Polar Auxin Transport Regulates LR Induction during the

Root-L. bicolor Interaction

Expression analysis of polar auxin transporters
revealed that the expression of PtaPIN9, which was
induced during the early root-fungus interaction, was
negatively impacted by the presence of the polar auxin

Figure 6. LR development in Arabi-
dopsis auxin mutants in the presence
of L. bicolor after 8 DOII. A, Ratio of LR
number that developed in plants in
contact with L. bicolor versus control
plants without fungus. Significant LR
increases are marked by asterisks
(** Student’s t test P , 0.01). Ratios in
mutants that differed significantly from
ectoype Columbia (Col0) are repre-
sented as white bars. LR development
was stimulated by L. bicolor in Colum-
bia, pin3, and aux1 to a similar extent
and significantly less in pin2 and
pin2,3,4,7. The quadruple auxin recep-
tor mutant tir1afb1,2,3 and the IAA14
gain-of-function mutant slr1were com-
pletely insensitive to L. bicolor in terms
of LR stimulation. B, Root development
of control plants and plants after 8
DOII. Note the absence of LRs in the
slr1 and tir1afb1,2,3 negative control
plants and at 8 DOII. For each treat-
ment and mutant line, 10 to 15 biolog-
ical replicates were analyzed.
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transport inhibitor NPA. Furthermore, the reduction in
PtaPIN9 transcripts paralleled the absence of LR stim-
ulation. These results suggest a role of PtaPIN9 during
fungus-induced LR induction. PtaPIN9 is the homolog
of Arabidopsis AtPIN2, a protein involved in basipetal
auxin transport from the root apex upwards to the
elongation zone and in creating an auxin reflux loop at
the root apex (Muller et al., 1998; Blilou et al., 2005).
Interestingly, L. bicolor-induced LR stimulation was
dramatically decreased in pin2 but not in pin3 trans-
genic Arabidopsis plants. Furthermore, the absence of
PIN3, PIN4, and PIN7 in the quadruple mutant
pin2,3,4,7 did not further decrease LR stimulation
compared with single pin2 mutants. This suggests
that specifically AtPIN2-dependent polar auxin trans-
port is required for fungus-induced LR stimulation.
AtPIN2 transcription has been shown to be positively
influenced by auxin and by PLT genes (Sieberer et al.,
2000; Benkova et al., 2003; Blilou et al., 2005; Vieten
et al., 2005). If we assume functional homology be-
tween AtPIN2 and PtaPIN9, the increasing auxin ac-
cumulation at the root apex, together with the PLT
increase, may impact PtaPIN9 transcription. Whether
this leads to an increase in PtaPIN9 protein and also to
a change in localization still needs to be confirmed, as
the exact localization is crucial for directing the auxin
flow (Laskowski et al., 2008). Nonetheless, we hypoth-
esize that a fungus-induced increased amount of
PtaPIN9 protein, localized to apical and lateral cell
membranes in the epidermis and the cortex, leads to
higher accumulation of auxin at the pericycle within
the elongation zone/differentiation zone in the root, a
mechanism thought to prime a larger region for LR
induction (Laskowski et al., 2008). When Blilou and
coworkers (2005) expressed a bacterial auxin biosyn-
thesis gene at the quiescent center of Arabidopsis roots
either in a pin2 mutant background or in NPA-treated
wild-type plants, the induction of the DR5:GFP signal
was, in contrast to a wild-type background without
NPA, absent or only weak in provascular strands.
Accordingly, in our study during Arabidopsis-fungus
contact, the inhibition of auxin polar transport
in general through NPA or specifically in pin2 led to
the absence of the provascular auxin signal and to the
absence of LR stimulation. Nevertheless, in pin2, a
strong and diffuse auxin accumulation was observed
at the root apex during contact (Fig. 3, H and I) that
was absent in control plants, implying a function
of AtPIN2 in efficiently redistributing excess auxin
that accumulates during interaction with the fungus.
Furthermore, it has also been reported that in the
Arabidopsis wav6-52 mutant, which has an increased
amount of PIN2 protein, a strong DR5:GFP signal
extends into the root elongation zone (Abas et al.,
2006). Together, our data compared with the literature
strengthen the hypothesis that provascular auxin
accumulation and LR induction may result from
an apical/lateral auxin transport related to AtPIN2
(PtaPIN9). Immunolocalization of PtaPIN9 in poplar
and quantification of PtaPIN9 induction in these

specific tissues will allow confirming and deepening
the impact of PtaPIN9 during fungus-root cross talk.

Auxin Signaling Regulates LR Induction during the
Root-L. bicolor Interaction

Our transcript profiling analyses revealed a dif-
ferential expression of early auxin-responsive genes
involved in auxin signaling (PtaIAA). Quantitative
real-time PCR analysis of these differentially ex-
pressed targets at various time points during the
poplar-L. bicolor interaction identified genes, such as
PtaIAA19.3 and PtaIAA28.1, whose transcript levels
were modified early but only transiently. When defec-
tive or absent, homologs of the Arabidopsis auxin
transcription regulators PtaIAA19.3 and PtaIAA28.1
are known to cause a strong LR phenotype (Tian and
Reed, 1999; Rogg et al., 2001; Tatematsu et al., 2004;
Muto et al., 2007). Strikingly, when NPA was applied
during the poplar-L. bicolor interaction, PtaIAA19.3
transcript accumulation was repressed in the presence
of the fungus and no LR stimulation was observed.

Figure 7. Hypothetical model of the molecular mechanism underlying
fungus-induced LR development in poplar. A, PtaPIN9 directed basip-
etal polar auxin transport (arrows) before contact with the fungus. The
auxin maximum around the quiescent center (QC) is indicated by gray
shading in the meristematic zone (MZ). Pericycle founder cells (single
gray box) are primed for LRI in the elongation zone (EZ), and LRs are
initiated through subsequent cell divisions (multiple gray boxes) in the
differentiation zone (DZ). B, The presence of the fungus stimulates
auxin accumulation at the root apex (gray shading) through an un-
known mechanism. The increased auxin level and/or other fungal
signals stimulate PtaPIN9 expression. PtaPIN9 protein enhances ba-
sipetal auxin transport (thick arrows), which then primes more pericy-
cle cells for LRI. LRI occurs through a PtaIAA19.3-dependent signaling
mechanism in the differentiation zone. Whether fungal signals act
directly on PtaIAA19.3 expression needs to be analyzed. C, Cortex; E,
epidermis; H, hyphae; P, pericycle.
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This suggests a connection between auxin signaling
via PtaIAA19.3 and fungus-induced LR development.
Experiments with Arabidopsis slr1 (a stabilized form
of AtIAA14 conferring a gain-of-function mutation),
which is blocked in auxin signaling (Fukaki et al.,
2002), confirmed that the classical auxin signaling
pathway is required for fungus-induced LR develop-
ment in plants. In poplar, PtaIAA19.3 may be a key
actor in the basic auxin signaling pathway in roots
during LRI.

CONCLUSION

Our data suggested a model (Fig. 7) in which
undefined fungal signals cause an auxin accumulation
at the root apex and increase the apical/lateral polar
auxin transport through PtaPIN9. Excess auxin that
accumulates during contact is specifically transported
to provascular pericycle cells, which are primed to LR
founder cells. We assume that a stronger auxin accu-
mulation in these tissues primes a higher number of
cells. Priming of founder cells for LRI has been
suggested to be independent of AUX/IAA signaling.
However, LRI in the differentiation zone involved
auxin accumulation and auxin signaling. Therefore,
we propose that auxin signaling through PtaIAA19.3
in the differentiation zone is part of LRI downstream
of the acquisition of founder cell specification in the
basal meristem (meristem/elongation zone; Fig. 7).

MATERIALS AND METHODS

Plant and Fungal Material and Growth Conditions

Experiments were performed with the hybrid poplar (Populus tremula 3
Populus alba; INRA clone 717-1-B4) and the transgenic hybrid Populus tremula3
Populus tremuloides DR5:GFP. Plants weremicropropagated in vitro and grown

on half-strength Murashige and Skoog (MS) medium (Murashige and Skoog,

1962) in glass culture tubes under a 16-h photoperiod at 24�C in a growth

chamber.

The dikaryotic vegetative mycelium of the ectomycorrhizal fungus Laccaria

bicolor strain S238N (Maire P.D. Orton) was maintained at 25�C on modified

Pachlewski medium P5 (Deveau et al., 2007).

Seeds of Arabidopsis (Arabidopsis thaliana ectoype Columbia), aux1-t (also

known as aux1-100; Bennett et al., 1996), pin2/eir1-1 (Roman et al., 1995), pin2

DR5:GUS (Sabatini et al., 1999), pin3 (salk_005544) and pin2,3,4,7 (http://

signal.salk.edu/cgi-bin/tdnaexpress/; Blilou et al., 2005), slr1 (Fukaki et al.,

2002), and tir1afb1,2,3 (Gray et al., 1999; Dharmasiri et al., 2005) were surface

sterilized and sown on solid Arabidopsis medium (2.3 g L21 MS salt, 1% Suc,

1.3% agar-agar [pH 6.0 adjusted with KOH], and 1 g L21 MES sodium salt).

After stratification for 1 to 2 d at 4�C, seeds were germinated under a long-day

photoperiod (16 h of light, 8 h of darkness) at 21�C.

Coculturing in a Sandwich Culture System

For mycorrhiza formation on in vitro poplar by L. bicolor, we modified an

existing sandwich coculture system initially developed for the Eucalyptus-

Pisolithus interaction (Chilvers et al., 1986; Burgess et al., 1996; Fig. 1). Free-

living mycelium of L. bicolor S238N was grown for 10 d on cellophane-covered

agar (12 g L21) plates containing sugar-reduced Pachlewski medium P20

(Deveau et al., 2007). In parallel, plant material was prepared. In order to

synchronize rhizogenesis, stem cuttings from in vitro poplar plants were

precultured on half-strength MS medium containing 2 mg L21 indole butyric

acid for 7 d. Rooted cuttings were then transferred to vertically arranged 12-3
12-cm square petri dishes half covered with a cellophane membrane and

cultured for 3 weeks under a 16 h d21 light photoperiod at 24�C.
For cocultures, plants were transferred to 12- 3 12-cm petri dishes

containing solidified (12 g L21 agar) low-carbon Pachlewski medium (P20),

pH 5.8, buffered with 1 g L21 MES sodium salt covered by a 6- 3 12-cm

cellophane membrane. A mycelium-covered cellophane membrane was

placed fungus side down (direct interaction) or fungus side up (indirect

interaction) on the roots. Petri dishes were closed with Parafilm on the upper

and lower sides and with Band-Aids (ensuring high gas permeability) on both

lateral sides. Cultures were arranged vertically, and the lower part of the dish

was covered with a small black plastic bag to prevent light from reaching the

fungus and roots. The sandwich cultures were kept in the same conditions as

the poplar plant cultures. When Arabidopsis was put into contact with L.

bicolor, mycelium-covered cellophane membranes were directly laid on the

plant roots grown on MS medium (with 1 g L21 MES sodium salt). The

medium used for NPA treatment and mutant-L. bicolor contact contained 1 g

L21 MES sodium salt. Control poplar and Arabidopsis plants were covered

with a cellophane membrane without fungal mycelium.

Observation of Root Development

For LR quantification, 10 to 15 individual poplar plants (three per petri

dish) or 10 to 15 Arabidopsis seedlings in the respective conditions were

observed every 2 to 4 d using a Discovery V.8 stereomicroscope (Zeiss). LRs

were counted and images were taken. To determine the extent of root

colonization by L. bicolor, we observed root morphology every 10 d. Samples

were taken for sectioning at each time point.

Microscopic Observation

In order to ascertain the formation of the intraradicular Hartig net, we

subjected root sections to propidium iodide/UVitex double staining for plant

and fungal structures, respectively. One-centimeter root tips were fixed in 4%

(w/v) para-formaldehyde in phosphate-buffered saline (PBS; pH 7) overnight

at 4�C. Roots were washed in PBS and embedded in 6% (w/v) agarose. Thirty-

micrometer transverse sections were prepared using a Vibratome (Leica).

Sections were stained in 1% (w/v) UVitex 2B (Polyscience) in PBS for 2 min,

washed, and then counterstained with propidium iodide (1:100 dilution;

Sigma-Aldrich; Moldenhauer et al., 2006; Xu et al., 2006). For DR5:GFP

observation, fresh 2-cm root tips from P. tremula 3 P. tremuloides DR5:GFP

were mounted in Slowfade Gold Antifade Reagent (Molecular Probes) and

observed immediately. All samples were observed with a Radiance 2100

Rainbow confocal scanning laser microscope (Nikon-Bio-Rad) equipped with

an Apochromat X60 (numerical aperture 1.4) oil objective. A wavelength of

405 nmwas used for UVitex 2B excitation, and emission was detected between

500 and 560 nm. Propidium iodide was excited at 514 nm with an argon laser

line, and the emitted fluorescence was detected above 550 nm. GFP was

excited using the 488-nm argon laser line in conjunction with a 505- to 530-nm

band-pass filter. Settings (laser intensity, gain, offset, magnification) for DR5:

GFP observations were maintained equally between all samples. Histological

detection of GUS was performed according to Scarpella et al. (2004).DR5:GUS

plants were stained for 90 min, and pin2 DR5:GUS plants were stained for 120

min at 37�C. Samples weremounted in 50% (v/v) glycerol and observed using

a Zeiss Axiovert 200M MOT device (Carl Zeiss Microimaging).

RNA Extraction and cDNA Synthesis

At each time point of quantitative real-time PCR analysis, three pools of six

independent root systems for each control root and fungal treatment were

harvested and frozen in liquid nitrogen. For microarray analysis, three

additional pools of six root systems for each control and indirect interaction

were harvested from a second experimental series. Total RNA was extracted

from these samples using the RNAeasy kit (Qiagen) as per the manufacturer’s

instructions. An in-column digestion step with DNAse I (Qiagen) was part of

the extraction. RNA quality was verified by Experion Standardsens Capillar

gels (Bio-Rad). cDNA for NimbleGen microarrays was synthesized using the

Smart cDNA Synthesis kit (Clontech) containing an amplification step on the

cDNA level (Duplessis et al., 2005). RNA for real-time PCR was additionally

subjected to a second DNA digestion step using DNAfree (Ambion) before

synthesizing cDNA from 250 ng of total RNA using an iScript kit (Bio-Rad).
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NimbleGen Microarray Transcript Profiling

The Populus whole genome expression array version 2.0 (S. DiFazio, A.

Brunner, P. Dharmawardhana, and K. Munn, unpublished data) manufac-

tured by NimbleGen Systems contains in duplicate three independent, non-

identical, 60-mer probes per whole gene model plus control probes and

labeling controls. Included in the microarray are 65,965 probe sets corre-

sponding to 55,970 gene models predicted on the P. trichocarpa genome

sequence version 1.0 and 9,995 aspen cDNA sequences (P. tremula, P.

tremuloides, and P. tremula3 P. tremuloides). The Populus version 2.0 oligoarray

is fully described in the platform Gene Expression Omnibus at the National

Center for Biotechnology Information (http://www.ncbi.nlm.nih.gov/geo).

NimbleGen whole genome microarray analyses were performed in three

biological replicates (independent from quantitative real-time PCR samples)

with a technical replicate on each array as per the manufacturer’s instructions.

Expression data were processed in the following way. To ensure a high

specificity, all independent 60-mer oligonucleotides for the 55,970 genes were

blasted against the Populus genome version 1.1 available at http://genome.jgi-

psf.org/Poptr1_1/Poptr1_1.home.html, and only probes with less than 10%

homology to other gene models than the gene model they were designed for

were retained for further analysis. Due to this stringent filtering, about 30% of

the genes (16,667) were excluded, since all three independent oligonucleotides

failed the given specificity. Fluorescence data were normalized between all

different arrays using ARRAYSTAR software (DNASTAR). Average expres-

sion levels from all three biological repetitions were calculated for each gene

from the specific independent probes and were used for further analyses. A

Student’s t test with false discovery rate (Benjamini-Hochberg) multiple

testing correction was applied on the data using ARRAYSTAR software

(DNASTAR). Transcripts with a significant P value (,0.05) and a more than

2.0 change in transcript level were considered as significantly differentially

expressed in roots in contact with L. bicolor compared with control roots. The

signal-to-noise threshold (background signal) was estimated as described by

Martin et al. (2008). The complete expression data set is available (accession

no. GSE16662) at the Gene Expression Omnibus at the National Center for

Biotechnology Information (http://www.ncbi.nlm.nih.gov/geo/). Expres-

sion data for all genes that were represented by at least one specific 60-mer

oligonucleotide on the array are also available in Supplemental Table S1.

Quantitative Real-Time PCR

Specific primer sequences can be found in Supplemental Table S3. We used

ubiquitin (Kohler et al., 2004; P. trichocarpa gene model estExt_Genewise1_v1.

C_LG_XV0407; GenBank accession no. CA825222) and a putative protein

(Gutierrez et al., 2008; P. trichocarpa gene model estExt_fgenesh4_pm.

C_LG_IX0344) as reference genes. Real-time PCR was performed using a

Chromo4 Light Cycler and OpticonMonitor Software. Real-time PCR analyses

were performed in three biological replicates (independent from microarray

samples) with a technical replicate for each reaction. PCR was realized with a

technical replicate for each cDNA from three biological repetitions using

SYBRGreen Supermix following the manufacturer’s instructions (Bio-Rad).

Fold changes in gene expression between treated and control roots were based

on DDCt calculations according to Pfaffl (2001). The means of each of the three

DDCt values were presented as histograms. DDCt values calculatedwith either

of the reference genes were similar. Only ubiquitin-normalized data are pre-

sented. For each mean, DDCt significance was calculated using Student’s t test.

Phylogenetic Trees

Phylogenetic trees based on entire protein sequence alignments were

constructed using MEGAlign (ClustalX alignment, pairwise deletion). A

neighbor-joining algorithm (pairwise deletion, p-distance) with 5,000 boot-

strap repetitions was chosen to establish the phylogenetic trees.

Image Analysis

For DR5:GFP fluorescence quantification, ImageJ software with the Stack-

Measure Macro was used. Background intensity was equivalent for all images

and was subtracted for further quantification. Image assembly of all figure

panels was realized in Adobe Photoshop.

Sequence data from this article can be found in the GenBank/EMBL data

libraries under accession number GSE16662.

Supplemental Data

The following materials are available in the online version of this article.

Supplemental Figure S1. Effect of NPA on auxin accumulation in AtDR5:

GUS transgenic plant apices during contact with L. bicolor.

Supplemental Figure S2. Neighbor-joining cladogram of the eight mem-

bers of the Populus auxin influx carrier protein family AUX/LAX and

their four and 10 homologous protein sequences in Arabidopsis and rice

(Oryza sativa), respectively.

Supplemental Figure S3. Neighbor-joining cladogram of the 16 members

of the Populus auxin efflux carrier protein family PIN and their eight and

13 homologous protein sequences in Arabidopsis and rice, respectively.

Supplemental Figure S4. Neighbor-joining cladogram of the 12 members

of the Populus IAA-amido-synthetase protein family GH3 and their 19

and 12 homologous protein sequences in Arabidopsis and rice, respec-

tively.

Supplemental Table S1. Gene expression data of poplar roots after 3 DOII

with L. bicolor.

Supplemental Table S2. List of Arabidopsis LRI genes (Vanneste et al.,

2005) and expression data from their poplar homologs in control roots

and roots after 3 DOII with L. bicolor.

Supplemental Table S3. Specific primers for auxin-related target genes in

poplar used in quantitative real-time PCR.
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