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Abstract

Ectomycorrhiza, a symbiosis between soil fungi and the rootlets of major forest trees, is characterized by well defined anatomical traits
but also encompasses a wide range of ecological and physiological situations. Functional studies of this symbiosis therefore address dif-
ferent kinds of systems. Here we review works done on an experimental model with micropropagated oak cuttings infected in a Petri dish
system with the basidiomycote Piloderma croceum. The model is characterized by a high demand for carbohydrates by the fungus and the
only differentiating of mycorrhizas with plants having a sufficient carrying capacity in terms of photoassimilate production. Already dur-
ing the pre-mycorrhizal stage symbiotic interactions between the partners are observed at the morphogenetic and physiological levels and
are influenced by the typical endogenous rhythmic development of the plant with alternating growth flushes in the shoot and in the roots.
The system was used for first molecular and transcriptomic studies based on a subtractive suppressive hybridization, a macro-array
experiment and the research for specific genes.
� 2006 Elsevier Ltd. All rights reserved.

Keywords: Piloderma croceum; Quercus robur; Oak microcuttings; Ectomycorrhiza; Gene expression
Contents

1. Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53
2. Developmental traits of Quercus robur and particularities of its micropropagation for EM synthesis experiments . . . . . . . . 53
0031-9

doi:10.

* Co
E-m
2.1. Rhythmic growth of oaks . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53
2.2. Consequences of the endogenous rhythmic growth for establishing a long term in vitro propagation. . . . . . . . . . . . . 55
3. Particularities of Piloderma croceum as model fungus for studying EM synthesis experimentally . . . . . . . . . . . . . . . . . . . . 55

3.1. Systematic, biology and ecology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55
3.2. Piloderma as model system for experiments . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56
4. Morphogenetic and physiological interactions between Q. robur and P. croceum . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56

4.1. Morphological effects in the pre-mycorrhizal stage with P. croceum . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56
4.2. Manipulating the onset of EM formation with IAA and activated charcoal . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56
4.3. Physiological effect of P. croceum in the pre-mycorrhizal stage . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57
4.4. Impact of the endogenous rhythmic plant growth on EM formation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58
422/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.

1016/j.phytochem.2006.09.028

rresponding author. Tel.: +49 0 345 558 5221; fax: +49 0 345 558 5449.
ail address: francois.buscot@ufz.de (F. Buscot).

mailto:francois.buscot@ufz.de


S. Herrmann, F. Buscot / Phytochemistry 68 (2007) 52–67 53
5. Gene regulation in microcuttings pre-mycorrhizal and mycorrhizal with P. croceum . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58

5.1. Demonstration of a specific gene regulation in pre-mycorrhizal roots. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58
5.2. Implication act of fungal auxins and of plant chitinases . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61
5.3. Gene regulations profiles in lateral vs. and principal pre-mycorrhizal roots. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61
6. General discussion and perspectives for further molecular investigations. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62

6.1. Place of the Q. robur/P. croceum model in research on EM. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62
6.2. Position of our molecular and transcriptomic approach, perspectives . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63

Acknowledgements. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64
References. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64
1. Introduction

Ectomycorrhizas (EM) are associations between soil
fungi and fine roots of trees characterized by a differenti-
ated symbiotic structure made of an external hyphal mantel
around the root tip and hyphae that penetrate between cor-
tical cells of the root to built an apposition structure called
the Hartig net (Smith and Read, 1997; Fig. 1E). The tree
partners of EM are members of a limited number of fami-
lies (e.g. Fagaceae, Betulaceae, Pinaceae, Salicicaceae,
Myrtaceae, Dipterocarpaceae) (Smith and Read, 1997) to
which however the major forest species of the boreal and
temperate regions as well as some important trees of the
tropics are belonging. The fungal partners of EM are mem-
bers of diverse families of the asco- and basidiomycotes
that also comprise saprotrophic and sometimes even para-
sitic species. The particular diversity structure of both the
fungal and the tree partners reflects that the potential to
form EM was acquired and lost many times during evolu-
tion (Hibbett et al., 2000). This trait is a major difference
between EM and arbuscular mycorrhizas (AM), the other
prominent category of mycorrhizal associations, which
are much more ancient (Redecker et al., 2000) and proba-
bly have an almost monophyletic origin. In this context, it
makes sense that studies on formation and function of EM
are performed on a diversity of associations that all have
their sense due to the wide range of biological and ecolog-
ical traits encountered in ectomycorrhizal symbioses.

In the early 50th, pioneer works on EM functions used
excised roots from the field (Harley and McCready,
1950). They were rapidly completed by experiments done
in more or less controlled systems with soils, simple sub-
strates such as sand or peat or liquid culture media, which
allow synthesizing EM between given plant and fungal
partners (for the techniques, see the review by Peterson
and Chakravarty, 1991). One of these systems is the Petri
dish one, in which axenic small plants are inoculated with
fungal pure cultures on a defined agar medium (Fig. 1C).
Although artificial, this system brings the major advanta-
ges of enabling to control the physical and chemical culture
parameters, being strictly gnotobiotic and allowing the pre-
cise characterization of physiological and molecular events
related to each step of the symbiosis establishment and
function (Martin et al., 1995, 2001).
Some Petri dish models use young plantlets obtained
after germination of surface sterilized seeds (Kottke
et al., 1987; Wong and Fortin, 1988; Hilbert et al., 1991;
Burgess et al., 1996; Malajczuk et al., 1990). This procedure
presents a double disadvantage. The plant material is
genetically inhomogeneous and the particular physiology
of seedlings is not representative of the one displayed by
trees during most of their long lifespan. This latter point
is especially critical as the duration of EM synthesis exper-
iments in Petri dishes is inherently limited to approximately
2.5–3 months, a time interval in which tree seedlings are
reduced to cotyledons plus almost one or two additional
shoot units and a simple root system consisting of a poorly
ramified main root (see for example the system with euca-
lypts used by Burgess et al., 1996; or Duplessis et al., 2005).
Another approach consists in using micropropagated
plants, which are genetically homogenous, depleted of
cotyledons and present a higher level of shoot and root
complexity as well as a physiology that is more representa-
tive of the one of adult trees (see for example the systems
with poplar used by Grunze et al., 2004 and with oaks
(Herrmann et al., 1998; Fig. 1C)).

The present article summarizes and discusses own works
done in a Petri dish system using micropropagated and
rooted oaks. First the particularities of the plant model
and also of Piloderma croceum, the fungal partner used
in most experiments, are presented. The following sections
of the article consider successively the interactions between
the partners in EM synthesis experiments at the morphoge-
netic and physiological levels, before summarizing the
actual results obtained at the molecular level. The discus-
sion evaluates the place and the perspectives of our model
for research on EM formation and functioning.
2. Developmental traits of Quercus robur and particularities
of its micropropagation for EM synthesis experiments

2.1. Rhythmic growth of oaks

Apart the mentioned advantages in terms of genetic
homogeneity, absence of cotyledons and development
level, micropropagated oaks present a rhythmic growth.
Here we review the morphogenetic basement of this trait



Fig. 1. Micropropagated shoots of Quercus robur L. obtained after (A1) predominant subcultures of axillaries and (A2) alternated subcultures of axillaries
and apicals. (B) Rooting of microcuttings on activated charcoal medium (see Herrmann et al., 1998). Petri dish system for mycorrhizal synthesis between
Quercus robur and Piloderma croceum with the fungal inoculates (C1) and after removal of the upper nylon sheet that carries these inoculates (C2); PR,
principal roots; MR1, MR2, 1st and 2nd-order mother roots; SR, short roots; Myco, yellow pigmented mycorrhizas. (D) Diagram representing the
alternation between root and shoot growth flushes in oak microcuttings and the dynamic of EM formation with P. croceum; elongation of MR1 and MR2
(mm), formation of SR (number), A = bud rest period, B = bud swelling, C = bud out bursting, D = epinasty, harvest time of roots for molecular analyses is
indicated with a red arrow, mycorrhization beginning is indicated with a yellow arrow. (E) Longitudinal section of mycorrhizas with typical Mantel (M) and
Hartig net (HN) structures. (F) Formation of mycorrhizas at root tips of MR and SR. Auto-fluorescence detected by confocal laser scanning microscopy (for
preparation see Herrmann et al., 2004) in inoculated roots having contact (G1) or not (G2) with hyphae compared to non-inoculated roots (G3).

54 S. Herrmann, F. Buscot / Phytochemistry 68 (2007) 52–67
and its interest for producing an unlimited number of
plantlets with synchronous development.

The genus Quercus belongs to the family of the Faga-
ceae. A relation between tree architecture and growth
dynamic has been described by Hallé et al. (1978). In Euro-
pean and American Fagaceae there is a good connection
between the architectural model and the genus. Oaks grow
according to the Rauh model, chestnut trees according to
the Massart model and beeches according to the Troll
model (Soumoy et al., 1996). The architecture model of
Rauh is characterized by a rhythmic growth (Hallé et al.,
1978). Klebs (1917) demonstrated for the first time that
oaks present a regular succession of growth units when cul-
tivated under controlled and uniform conditions (25 �C
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and long days). He considered this behavior to be identical
to the rhythmic growth previously described for tropical
trees. Numerous works trying to elucidate the determinism
of endogenous rhythmic growth in trees used the oak as
model tree (Champagnat et al., 1986a,b; Favre and Junc-
ker, 1989; Barnola et al., 1990). In seedlings younger than
3 months, the root system is characterized by a strong hier-
archy resulting in a herring-bone pattern (Lavarenne,
1968). At this stage one orthogeotropic tap root displaying
a linear growth dominates (Lavarenne, 1968; Belgrand
et al., 1987; Harmer, 1990; Alaoui-Sossé et al., 1994) over
semi-plagiotropic lateral roots in which slight growth fluc-
tuations are noted (Belgrand et al., 1987). This rhythmic
tendency comes to a full expression only in 2-year-old seed-
lings that typically display alternations of growth flushes in
roots and shoot (Reich et al., 1980). On oak cuttings, Rie-
dacker and Belgrand (1983) showed a reduced hierarchy in
the regenerated root systems with a prolonged growth of
the laterals, but did not analyze the rhythmic development
aspect. In the oak microcuttings used in our works, the
development of the root system is highly comparable to
the one of older seedlings or cuttings (Herrmann et al.,
1998). Hierarchy between the principal (or main) root
and the lateral roots is reduced and within the lateral roots
an endogenous rhythmic growth alternates with shoot epi-
sodic development (Herrmann et al., 1998).

2.2. Consequences of the endogenous rhythmic growth for

establishing a long term in vitro propagation

Establishment of an in vitro shoot culture system
involves four successive stages: the isolation of the initial
explants with decontamination and growth of performed
buds, the stabilization resulting in uniform and continuous
propagation, the optimization for an intense production
and finally the rooting and acclimatization of the produced
plants. Plants displaying a growth dynamics determined by
strong episodic shoot growth flushes like oaks are the most
recalcitrant species because shoot cultures maintain their
rhythmic habit and cannot be readily stabilized to display
a uniform and continuous growth under in vitro conditions
(McCown, 2000). In vitro propagation of Quercus robur

from stem explants was established in the eightieths (Cha-
lupa, 1984; Vieitez et al., 1985; Favre and Juncker, 1987;
Meier-Dinkel, 1987). In oaks, the cytokinin BAP and the
macronutrient composition of the media play an important
role in the expression of the episodic growth and the stabil-
ization of the culture (Favre and Juncker, 1989). These
authors also found an alternation of subcultures on media
with high and low nitrogen content to be crucial to insure
the long-term culture of initial explants (Juncker and
Favre, 1994). During our 15 years experience in oak micro-
propagation on low nitrogen content medium we could
observe that alternating subcultures of apical and axillaries
(Fig. 1A1 and A2) was required for an optimal expression
of the rhythmic growth and to avoid degeneration and loss
of the clone. No alternation in medium was necessary using
this procedure. Since exactly two decades (1986–2006) the
Quercus robur clone DF159 from Favre and Juncker
(1987) is successfully propagated and the endogenous
rhythmic growth characteristic for adult oak trees still
expressed. These oak microcuttings offer the opportunity
to study the impact of endogenous rhythmic growth of
trees in the field of mycorrhizal research for the first time.
3. Particularities of Piloderma croceum as model fungus for

studying EM synthesis experimentally

3.1. Systematic, biology and ecology

More than 6000 fungal species form EM in nature, but
only a reduced number of them that are easy to maintain
in pure culture and to handle for EM synthesis have been
used, and their number is even smaller when strictly consid-
ering Petri dish models (see Section 1). There is no exhaus-
tive list of EM fungi compatible with oaks, but literature
data indicate that oaks form EM with a wide range of fungi
that was even found higher than the one on birch in a field
study (Newton, 1991). Further diversity analyses reported
about 140 EM taxa on single plots for different oak species
(Richard et al., 2004; Walker et al., 2005).

We did most of our experiments with the basidiomycote
Piloderma croceum. The genus Piloderma belongs to the
Corticiaceae the taxonomy of which has recently been
revised by Larsen et al. (1997). In particular both taxa P.

croceum Erikss. & Hjortst and Piloderma bicolor (Peck)
sensu Jül. were unified in the unique species Piloderma fal-

lax (Libert) Stalp. In our work we use the old nomenclature
as our isolate (729 of the TUMY type collection of the
Spezielle Botanik-Mykologie in Tübingen, Germany) is
registered under the name P. croceum.

P. fallax is one of the only two species within the genus
Piloderma which have been shown to form EM, the other
one being Piloderma byssinum (Melin, 1936; Björkman,
1942; Erdtman, 1948). This resupinate ectomycorrhizal
fungus forms thin (<1 mm) inconspicuous sporocarps that
are easily overlooked (Smith and Read, 1997) and therefore
neglected in broad range ecological studies. For the same
reason, molecular studies which originally focused on com-
paring EM community on roots with above ground sporo-
carps were missing until recently. Nevertheless P. fallax has
been investigated for much more than seventy years from
the point of view of its distribution and autecological traits
(Erland and Taylor, 1999). Its unusual bright yellow pig-
ment called corticrocin (Erdtman, 1948; Schreiner et al.,
1998) makes it particularly easy to recognize (Fig. 1C
and F). Biomass quantification of P. fallax is based on
ergosterol content (Ekblad et al., 1998) or on the real-time
TaqMan PCR technology (Raidl et al., 2005). Its distribu-
tion is worldwide (Melin, 1936; Björkman, 1942; Eriksson
et al., 1981; Smith and Read, 1997; Larsen et al., 1997)
and it is described as a broad-host range mycobiont that
can associate to a variety of conifers and hardwood trees
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(Eriksson et al., 1981; Larsen, 1983; Brand, 1991; Smith
et al., 2000). Both mycorrhizal Piloderma species are com-
monly associated with old forest stands (Dighton and
Mason, 1985; Bradbury et al., 1998; Goodman and Trofy-
mow, 1998). P. fallax occurs more often in soils with
increased amount of coarse woody debris (Smith et al.,
2000) and is considered as late-stage fungus (Dighton
and Mason, 1985). While the genus Piloderma displays a
wide distribution between mineral and organic horizons,
P. fallax is restricted to the organic one (Christy et al.,
1982; Goodman and Trofymow, 1998; Rosling et al.,
2003) and provides its host plants with nutrients of organic
origin. P. fallax is characterized by a low growing myce-
lium highly sensitive to temperature (Erland and Finlay,
1992). Mycelium extension is increased when the fungus
is connected with host plants (Erland et al., 1990), and
Dahlberg and Stenström (1991) demonstrated connections
with mature host plants to be important for efficient colo-
nization of young seedlings.

3.2. Piloderma as model system for experiments

Parallel to field investigations, Piloderma was studied
under experimental or axenic culture conditions and used
to synthesize EM with various hosts plants in numerous
morphological and physiological studies (Ho and Zak,
1979; Nylund and Unestam, 1982; Ramstedt et al., 1986;
Kottke et al., 1987; Hutchison and Piché, 1995; Herrmann
et al., 1998, 2004; Chen et al., 2003; Mahmood et al., 2003)
and in some molecular works (Krüger et al., 2004; Frettin-
ger et al., 2004, 2006a,b). The higher demand of carbohy-
drate for late-stage EM colonizer like P. fallax was
shown in laboratory studies (Gibson and Deacon, 1990;
Hutchison and Piché, 1995). Herrmann et al. (1998) con-
firmed that P. fallax is a strong sink for assimilates. The
fate of carbohydrates in Piloderma EM was examined by
Ramstedt et al. (1986) who showed glucose and fructose
from the host to be stored as mannitol by the fungus.
The presence of acid phosphatase on the surface of P. fal-

lax hyphae led Ho and Zak (1979) to hypothesize a capa-
bility of mobilizing organic bound P. The ability to
mobilize P and Ca from apatite and ash was demonstrated
more recently for different Piloderma spp. (Wallander et al.,
1997; Arocena and Glowa, 2000; Mahmood et al., 2003;
Rosling et al., 2004; Hagerberg et al., 2005), and the role
of laccase-like genes in nutrient mobilization has been dis-
cussed by Chen et al. (2003).
4. Morphogenetic and physiological interactions between

Q. robur and P. croceum

4.1. Morphological effects in the pre-mycorrhizal stage with

P. croceum

The first thoroughly characterization of the interaction
between Q. robur and P. croceum at the morphogenetic
level was made in an experimental series also considering
the early stage EM fungus Paxillus involutus in parallel
(Herrmann et al., 1998). P. involutus is growing relatively
rapidly compared to P. croceum and began to form EM
after 6 weeks against 8 for P. croceum. In this experiment
series, we used rather small plants that were only able to
display one growth flush during the 10 week experiment
and did not grow synchronously. However, the respective
influence of both mycobionts on plant development in ref-
erence to a non inoculated control treatment could be com-
pared by analyzing all individual plants at a similar stage of
their development, i.e. at the end of the first growth flush in
the Petri dish system, which is marked by a slow down of
the roots growth. At this stage, the treatment with P. cro-
ceum had a significant positive effect on the growth and
production of all lateral root types (Fig. 1C2) and on the
total leaf area in contrast to both the control plants and
those inoculated with P. involutus (Table 1). The stimula-
tion of the root and leaf growth was not paralleled by
increases in dry weight, so that the specific root length
and the specific leaf area were increased. P. croceum also
appeared to suppress plant internal developmental correla-
tions during the first growth flush. This concerned in par-
ticular correlations between the root and the shoot
development (Herrmann et al., 1998; Table 1). Noteworthy
was that all these morphogenetic effects of P. croceum were
already observable after 8 weeks of co-culture, that is at a
time at which the EM formation was only beginning with
this late stage fungus. Thus these effects are to be consid-
ered as pre-mycorrhizal.

4.2. Manipulating the onset of EM formation with IAA and

activated charcoal

This first work was completed in a second study consist-
ing in manipulating the onset of the EM coupled with
physiological analyses (Herrmann et al., 2004). In this case,
we used synchronously growing microcuttings that
achieved two complete growth flushes within 10 weeks.
The later trait was obtained by optimizing the transfer of
the microcuttings between the tubes used for their rooting
to the Petri dish system (Fig. 1B and C) by early protecting
the plant shoot part in a moistened plastic bags until its
transfer into the growth chamber (Herrmann et al.,
2004). This led to an enhanced surviving of the leaves
induced before inoculation and finally to get more vigorous
plants with a higher shoot development compared to our
first work. Additionally the survival rate was enhanced,
which allowed to select plants growing synchronously in
the repeats of each treatment (see Herrmann et al., 2004).
Based on the known implication of auxins on the develop-
ment of EM (Slankis, 1973; Gay et al., 1994) and positive
effect of activated charcoal on mycorrhiza synthesis
(Kottke et al., 1987; Roth-Bejerano et al., 1990), we tested
these substances on our system. They both reduced the
onset of EM formation from 9 to 5 weeks (Table 1) and
led to a higher EM formation. However, it appeared that



Table 1
Synopsis of the morphological and physiological effects of the EM fungus Piloderma croceum on oak microcuttings (Quercus robur) in a Petri dish system

P. croceum (Herrmann
et al., 1998)

P. croceum (Herrmann
et al., 2004)

P. croceum + r.h. (Herrmann
et al., 2004)

Alone +AC +IAA EM early EM late No EM

Root development

Root elongation
Principal roots ! n.d. n.d. n.d. n.d. n.d. n.d.
Lateral roots ƒ ƒ ! ! n.d. n.d. n.d.
1st order mother roots ƒ ƒ ! ! n.d. n.d. n.d.
2nd order mother roots ƒ ƒ ! ƒ n.d. n.d. n.d.
1st and 2nd order short roots ƒ ƒ ƒ ! n.d. n.d. n.d.
Whole root system ƒ ƒ ! ! n.d. n.d. n.d.

Root dry weight ! ! ! ! n.d. n.d. n.d.
Specific root length ƒ ƒ ! ! n.d. n.d. n.d.

Shoot development n.d. n.d. n.d.
Total leaf area ƒ ƒ ! ! ƒ ! !
Leaf dry weight ! ƒ ! ! n.d. n.d. n.d.
Specific leaf area ƒ ! ! ! n.d. n.d. n.d.

Total plant development

Plant dry weight ! ƒ ! ! n.d. n.d. n.d.
Root/shoot ! ! ! ƒ n.d. n.d. n.d.

Development correlations

MR1 growth onset/delay until MR1 Vmax Suppressed n.d. n.d. n.d. n.d. n.d. n.d.
MR1 growth onset/delay until shoot stage B Suppressed n.d. n.d. n.d. n.d. n.d. n.d.
MR1 growth onset/delay until shoot stage D Suppressed n.d. n.d. n.d. n.d. n.d. n.d.
Delay until MR1 Vmax/delay until shoot stage B Maintained n.d. n.d. n.d. n.d. n.d. n.d.
Delay until MR1 Vmax/delay until shoot stage C Suppressed n.d. n.d. n.d. n.d. n.d. n.d.

EM formation after (weeks) 8 9 5 5 6 9 No

Photosynthesis criteria n.d. n.d. n.d. n.d.
Optimal quantum yield n.d. n.d. n.d. n.d. ƒ ƒ ƒ
Effective quantum yield n.d. n.d. n.d. n.d. ƒ ƒ ƒ
Chlorophyll a + b n.d. n.d. n.d. n.d. ƒ ƒ ƒ

All analyzes were performed after 9–10 weeks of co-cultivation. For the exact values and experimental details refer to Herrmann et al. (1998, 2004). AC,
activated charcoal at 2% w/v; IAA, indol-acetic-acid at 5 lM; r.h., manipulation of the relative humidity around the plant shoot part at 45% and 95% to
obtain inoculated plants forming EM after the 1st growth flush (6 weeks = EM early), the 2nd growth flush (9 weeks = EM late) or not forming EM (no
EM).
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this accelerated EM formation was related to a disappear-
ance of most morphogenetic effects of P. croceum on the
oak in case of long pre-mycorrhizal stage (Table 1).

4.3. Physiological effect of P. croceum in the pre-mycorrhizal

stage

In this second work we also manipulated the humidity
around the shoot part of the microcuttings during the
EM synthesis experiments and found a reduced r.h. of
45% to trigger EM formation up to the first growth flush,
while a humidity close to saturation (r.h. = 95%) led to
no EM formation in a majority of repeats or to mycorrh-
ization only after the 2nd growth flush in most of the other
repeats. This assay was used for physiological analyses in
which we compared non-inoculated control plants, with
inoculated plant forming EM after the 1st or the 2nd
growth flush or not forming EM at all. The analyzed crite-
ria were on the one hand directly related to photosynthesis
activity and consisted in the optimal and effective quantum
yield and in the chlorophyll amount (see Seaton and
Walker, 1990). On the other hand, the impairment of the
photosynthetic apparatus under oxidative stress during
the curse of the co-cultures was followed by characterizing
the non-photochemical quenching (see Li et al., 2000). For
all criteria we found the inoculation with P. croceum and
not the EM formation itself to trigger photosynthesis of
the oak microcuttings and to protect its photosystem dur-
ing the whole time span of the assay (Table 1). An impor-
tant observation was that the plants able to form EM
already after the 1st growth flush were all characterized
by a significantly higher leaf surface at this stage (Table
1). Because the parameters characterizing the photosystem
were similar in all inoculated plants, this indicates that
these plants displayed a higher photoassimilation.

The latter result shows differentiation of EM by the
late-stage fungus P. croceum to depend on the photoassim-
ilation level of the plant. On the other hand, the morpho-
genetic (triggered growth, see Table 1) and physiological
(stimulation and protection of the photosynthetic appara-
tus, see Table 1) impacts observed in the long pre-mycor-
rhizal stage when less developed plants were inoculated
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are clear symbiotic effects that occur prior to the differenti-
ation of the EM mycorrhizal tissues. On the basis of both
results, we propose the interpretation that with P. croceum,

EM tissues (i.e. Hartig net and hyphal mantle) only differ-
entiate when plants have reached a certain carrying capac-
ity in terms of sufficient photoassimilate production for
supporting a fully differentiated EM interface, and that
for too small plants, acquisition of this carrying capacity
is triggered by symbiotic effects in the pre-mycorrhizal
stage. This thesis is supported by the fact that when EM
formation was advanced artificially by giving auxin or acti-
vated charcoal to the medium, the plant growth stimulating
effects by the fungus were suppressed as if the limited avail-
able resources were entirely used for the EM differentiation
and functioning (Table 1). Consistent with this interpreta-
tion line are also the facts that P. croceum is known to have
a high demand for carbohydrates (Hutchison and Piché,
1995; Gibson and Deacon, 1990), that glucose dominates
in root exudates (Jones and Darrah, 1996; Lugtenberg
et al., 1999; Toal et al., 2000) and that in forests mature
trees delivering carbohydrates support EM colonization
on young seedlings (Dahlberg and Stenström, 1991; Erland
and Taylor, 1999).

4.4. Impact of the endogenous rhythmic plant growth on EM

formation

If this carrying capacity thesis is correct, it can be
hypothesized that the rhythmic plant growth, which is par-
alleled by shifts in the balance of internal plant resource
allocation between shoot and root, should rule the dynamic
of EM formation especially on plants with limited size as
the ones used in our system. In fact we noticed that in our
first two experience series (Herrmann et al., 1998, 2004)
the onset of the EM formation occured during a root flush
coinciding with the end of a shoot flush, i.e. during a
resource sink in the root part. This relation was investigated
more systematically in a third work in which we observed
the mycorrhization patterns of oak microcuttings inocu-
lated with different mycobionts in relation to the plant
growth rhythm (Buscot and Herrmann, 2004). We observed
that according to the fungal partner the growth rhythm may
matter or not, and that when it matters, this leads to quite
different mycorrhization patterns according to the phase
of the growth rhythm at which the EM form. All these pat-
terns could be interpreted in terms of competition between
the fungus and the roots in relation to the available
resources at different stages of the rhythmic plant growth.
For example with Laccaria amethystea roots formed mono-
podial EM with limited growth during shoot flushes vs.
branched EM and lateral root elongation during root
flushes (Buscot and Herrmann, 2004). During root flushes
Pisolithus tinctorius formed abundant herring-bone mycor-
rhiza displaying elongation along the lateral roots and den-
sely pinate mycorrhizal systems at their extremity at the end
of the root flush. During shoot flushes EM formation was
reduced and the two described patterns were not realized.
At this point of our work, the morphogenesis of oak
microcuttings, their growth rhythm and its impact on the
mycorrhization dynamics were well characterized, espe-
cially with the EM fungus P. croceum. The fact that this
model mycobiont displayed typical mycorrhizal effects
(plant growth increase, modified development and photo-
synthesis response) during its long pre-symbiotic stage is
not so surprising. In EM, there is no systematic relation-
ship between the mycorrhization level or the intensity of
the EM infection and the effects on functions such as plant
growth (Marx, 1979) or protection against root pathogens
(Buscot et al., 1992). In wet soils, mycorrhizal effects are
observed without any differentiation of mycorrhizal tissues
(Smith and Read, 1997). For studying the gene regulation
in EM symbioses, the pre-mycorrhizal stage of the associa-
tion between P. croceum and oak microcuttings offers a
physiological homogenous material in comparison to fully
developed EM with their different functional zones (Kottke
and Oberwinkler, 1986).
5. Gene regulation in microcuttings pre-mycorrhizal and
mycorrhizal with P. croceum

5.1. Demonstration of a specific gene regulation in

pre-mycorrhizal roots

To date, four molecular studies have been conducted on
our model system. The first one aimed at showing that in
addition to its morphogenetic and physiological pre-
mycorrhizal effects, P. croceum also modifies the expression
of symbiosis related genes in roots prior to any EM tissue
formation. To assess this hypothesis we made a subtractive
suppressive hybridization (SSH) between pre-mycorrhizal
microcuttings on the one hand and non inoculated plants
or fungal pure cultures on the other one (Krüger et al.,
2004) and gathered about 250 clones. The RNA was
extracted from whole root systems gathered after week 4,
that is during a root elongation flush and at stage B of
the shoot development (Fig. D). After performing an inde-
pendent screening of a corresponding differential expres-
sion by reverse Northern, we sequenced 55 confirmed up
regulated clones. We analyzed in details 29 that had a
length higher than 150 nucleotides, from which one half
could be identified after sequence comparison to available
data banks (Table 2). These clones displayed analogies to
known proteins with putative functions that can be
expected in functional symbioses. For example, among
six clones corresponding to signal perception and transduc-
tion one displayed strong homologies to receptor like pro-
teins transmitting signals from the cytoplasm to the nucleus
in Arabidopsis thaliana (Table 2) and involved in early
defense in Saccharomyces pombe (see discussion in Krüger
et al., 2004). One of four clones corresponding to stress and
defense was a metallothionein, which has also been found
during the formation of EM in Betula pendula (Johansson
et al., 2004). Three identified clones corresponded to



Table 2
List of gene clones with differential expression: (1) in a subtractive suppressive experiment using all roots of oak microcuttings (Quercus robur L.)
regenerated in the pre-mycorrhizal stage after inoculation with the basidiomycota Piloderma croceum (see Krüger et al., 2004), (2) in a macroarray
experiment with the same kind of material but with differentiating between lateral (LR) and principal (PR) roots (see Frettinger et al., 2006a)

GeneBank
Accession No.

Database matches New total root
system (1)

New PR
(2)

New LR
(2)

Signal perception and transmission-transduction pathway

AJ616018 Ca2+-transporting ATPase-like protein (Arabidopsis thaliana) +
AJ577265 Pheromone receptor-like protein (Arabidopsis thaliana) +
AJ616018 Ca2+-transporting ATPase-like protein (Arabidopsis thaliana) +
AJ580022 Peptidylprolyl cis-trans isomerase (Triticum aestivum) +
AJ580027 Putative protein kinase (Arabidopsis thaliana) ++
AJ580031 Putative protein kinase (Arabidopsis thaliana) ++
CT010119 GPI-protein transamidase complex subunit �
CT010146 Putative kinase + +
CT010137 Putative serine/threonine protein kinase �
CR627577 ATP synthase epsilon subunit �
CR627507 S-phase kinase-associated protein 1A �
CR627979 Protein translation factor SUI1 homolog �
CR627971 Putative glycosyl hydrolase family protein � +

Stress defense

AJ580022 Peptidyl-prolyl cis-trans isomerase (Triticum aestivum) +
AJ577263 Metallothionein-like protein (Quercus suber) +
AJ577266 Formate dehydrogenase (Hordeum vulgare) +
AJ580024 Serine carboxypeptidase III (Hordeum vulgare) +
CR628301 Thaumatin-like protein PR5 + +
CT010142 Proline-rich protein PRP1 ++ ++
CR627833 Aquaporin +
CR627776 Late embryogenesis abundant protein Lea5 + ++
CR627822 Pollen specific protein SF21 + +
CT010009 Dormancy-associated protein + +
CR627834 Metallothionein-like protein type 2 + +
CR627847 Metallothionein-like protein type 3 � +
CT010129 Iron transport protein 2 �
CT010139 Thioredoxin H-type + +
CR627830 Nonsymbiotic hemoglobin ++ �
CR627712 Class I heat shock protein �
CT010145 Heat shock protein 17.4 �
CT009912 NADH dehydrogenase � +
CR627826 Phosphoenolpyruvate carboxykinase �
CR627568 Defender against cell death 1 � �
CR628014 Early light-induced protein �

Recognition and growth response

AJ577264 Expansin-like protein (Arabidopsis thaliana) +
AJ580024 Serine carboxypeptidase III (Hordeum vulgare) +
AJ580030 Rev interacting protein mis3-like (Arabidopsis thaliana) +
AJ580034 Hypothetical protein (Arabidopsis thaliana), similarity to inhibitor of apoptosis

protein gbjU45881 from Drosophila melanogaster

+

Protein synthesis and transcription

AJ580029 Poly(A)-specific ribonuclease (PAN1) (Saccharomyces cerevisiae) ++
AJ580035 Ribosomal protein L17 (Castanea sativa) +
CT010115 40S ribosomal protein S23 �
CR627513 40S ribosomal protein S28 �
CR627691 40S ribosomal protein S21 � �
CR628064 40S ribosomal protein S11-1 �
CR627961 50S ribosomal protein L14 � �
CR627517 60S ribosomal protein L13 �
CR627508 60S ribosomal protein L18a � �
CT010155 60S ribosomal protein L17 �
CR628254 60S ribosomal protein L23 �
CR628009 60S ribosomal protein L24 � �
CR627566 Histone H3.3 �
CR627506 Histone H4 �.�
CT010120 Histone H3.2 � �

(continued on next page)
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Table 2 (continued)

GeneBank
Accession No.

Database matches New total root
system (1)

New PR
(2)

New LR
(2)

CR628250 Castanea mollissima 10 tRNA-Lys (trnK) gene �
CR627985 Cysteine proteinase RD19a precursor �
CT010130 APS reductase �

Carbon metabolism

AJ580028 Phosphoglyceromutase (Ricinus communis) ++
CR627824 Small subunit of ribulose-1,5-bisphosphate �
CR627808 Ribulose bisphosphate carboxylase � +
CR627918 Galactinol synthase - +
CR627903 Glyceraldehyde 3-phosphate dehydrogenase �
CR627667 Cp10-like protein �

Lipid metabolism

CT010117 Acyl-CoA-binding protein �
CR627835 PVR3-like protein �

No function

AJ873930 No match � �
AJ873932 No match � � �
AJ580023 No match ++
AJ580025 No match +
AJ580026 No match +
AJ580032 No match +
AJ580033 No match ++
AJ580036 No match +
AJ580037 No match ++
AJ580038 No match +
AJ580039 No match +
AJ580040 No match +
AJ580041 No match ++ ++ ++
AJ580042 No match +
AJ580043 No match ++
AJ580045 No match ++
AJ580046 No match ++ � �
CT010122 Hypothetical protein CBG16863 � �
CT010138 Hypothetical protein +
CR627824 No match 1 �
CR627775 No match 2 ++ +
CT010123 No match 3 �
CT010116 No match �
CT010121 No match �
CR627669 No match � �
CT010131 No match �
CR627615 No match �
CT010132 No match �
CT010133 No match �
CT010143 No match �
CT009838 No match � +
CT010149 No match � �
CR628002 No match �
CR628146 No match + �
CT010025 No match - +
CT010150 No match � �
CT010158 No match ++ +
CT010061 No match �
CT010156 No match +
CT009915 No match + � �
CT010147 No match � �

+ or �, up or down regulation lower than 2-fold; ++ or ��, up or down regulation between 2- and 4-fold.
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prevention cell death (for example a clone with strong
homologies to an apoptosis inhibitor) which makes sense
in functional symbiotic tissues (Krüger et al., 2004; Table
2). The fourth clone related to recognition and growth
response corresponds to an expansin gene (Table 2) already
described in the early phase of other symbioses (Cosgrove
et al., 2002) and that could indicate the onset cell wall
reorganizations prior to differentiation of the Hartig net.
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Consistent with this hypothesis was the observation of an
enhanced auto-fluorescence in cell walls of pre-mycorrhizal
roots (Fig. 1G). One clone displayed an homology with a
rev interactive and another one with the ribosomal protein
L17 of chestnut (Table 2), which indicates an enhanced
translation activity (Boris-Lawrie et al., 2001). In total,
the picture drawn by the found expression pattern, that is
signal perception followed by a mix of stress and recogni-
tion reactions and by functional responses, fits well with
an early symbiotic functionality previously detected at the
morphologic (Herrmann et al., 1998) and physiological lev-
els (Herrmann et al., 2004).

5.2. Implication act of fungal auxins and of plant chitinases

The next two molecular works consisted in targeted
investigations to verify precise hypotheses. The first one
was an experiment to assess the implication of the auxin
indole-3-acetic acid (IAA) in the pre-mycorrhizal effect of
P. croceum. It relied on the fact that giving IAA to the sys-
tem accelerates EM formation by P. croceum (Herrmann
et al., 2004, see also Section 4) but also on the well estab-
lished production of IAA in EM fungi (Ulrich, 1960; Gay
et al., 1992) and the known involvement of IAA in EM for-
mation (Slankis, 1973; Rudawska and Kieliszewska-Roki-
cka, 1997). Microcuttings were either inoculated with P.

croceum, treated by 5 lM IAA or let as control. Cultiva-
tion was performed until a phase of maximal root exten-
sion after 4 weeks (Fig. 1D) and followed by RNA
extraction. Finally a reverse Northern analysis was per-
formed with the 55 cDNA (for experimental details see
Frettinger et al., 2004) of the SSH clone bank obtained
by Krüger et al. (2004). In this experiment the gene expres-
sion was no more assessed in the whole root system but
specifically on lateral roots that are able to form EM, i.e.
mother and short roots (see Fig. 1C2). This might explain
that only 67% of the SSH genes were found expressed in at
least one treatment. About one third of these regulated
genes responded to both treatments either in the same or
in an opposite way, which is remarkable considering that
only one concentration of IAA was tested. Less than 10%
of the clones only answered to the IAA treatment. Two
of these clones encode phosphoglycerate mutase already
known to answer to IAA and in parasitic interactions
(Mazarei et al., 2003). In total, the experiment supported
the idea that P. croceum might act on gene regulation in
roots at least partially via auxins. However within a given
gene functional group, we often found no coherence in the
expression patterns. For example in the treatment with P.

croceum inoculation we confirmed the up regulation found
in the SSH experiment (Krüger et al., 2004) for both genes
encoding calmodulin and calcium ATPase, two proteins
related to calcium concentration regulation in cells (DeR-
uijter et al., 1998; Snedden and Fromm, 2001) and that
have been shown to play a role in plant-microbe symbioses
and to answer to auxin induction (Yang and Poovaiah,
2000). However the answer of these clones to the auxin
treatment was a lowered transcript level, which pin points
the low mimetic character of applicating once a unique
dosis of IAA compared to the biotic interactions occurring
over weeks after the fungal inoculation.

In a second targeted work, we looked for a possible chi-
tinase gene over expression in pre-mycorrhizal root cells
(Frettinger et al., 2006b). A chitinase activity makes sense
in relation to the formation of a mycorrhizal interface that
requires a reorganization of the fungal cell wall. While it
was detected at the enzymatic level in both AM (Bestel-
Corre et al., 2002) and EM (Hodge et al., 1996), a specific
transcription of class III chitinases had only been shown in
AM (Salzer et al., 2000) before our study. We hypothe-
sized that gene expression could occur already in pre-
mycorrhizal roots in our system. Because the gene
expression profiles in the total root system and in lateral
roots had been shown to differ in our previous two analy-
ses (Krüger et al., 2004; Frettinger et al., 2004) we com-
pared principal and lateral roots. In a first part of the
work, we amplified, cloned and sequenced two class III
chitinase genes in the oak (QrchitIII-1 and QrchitIII-2;
Frettinger et al., 2006b). Only the transcript level of Qrchi-
tIII-1 was found significantly increased in lateral roots of
oak microcuttings in both a semi quantitative RT-PCR
and a quantitative real time RT-PCR. No expression
was found in principal roots.

5.3. Gene regulations profiles in lateral vs. and principal pre-

mycorrhizal roots

The last molecular work done on the model system
aimed at extending the regulation study to a broader range
of genes and to systematize the comparison between differ-
ent root categories (Frettinger et al., 2006a). Lateral vs.

main roots of plant pre-mycorrhizal with P. croceum and
of control plants were gathered for RNA extraction at
the end of the 1st root growth flush, i.e. approximately
after four weeks of cultivation (see corresponding develop-
ment stage on Fig. 1D). In addition, a further subset of
inoculated plants was cultivated until the onset of EM for-
mation, which occurred during weeks 5 and 6, and the
mycorrhizal part of their lateral roots was used for RNA
extraction. The expression analysis relied on a macroarray
containing the 55 clones of the SSH but also 1866 EST of a
bank gathered from leaves of Quecus petrea buds (Derory
et al., 2006). In addition for more than half of the clones
found significantly differentially expressed, semi quantita-
tive RT-PCR was done for confirmation, and for some
genes also a quantitative real time PCR assessment was
performed (Frettinger et al., 2006a). The macro array com-
parison between pre-mycorrhizal lateral and principal
roots revealed 75 clones to be differentially expressed in
at least one of the root type (Table 2). The genes can be
ordered into five functional categories plus one group of
clones with unknown function (Table 2). As in our SSH
study, those genes displaying homology to known proteins
were consistent with a symbiotic interaction. For example
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in the category of stress defense, we found a member of
PR5 proteins (Table 2) that are involved in reaction against
pathogens (Asiegbu et al., 2005) and induce permeability
changes in fungal cell walls (Roberts and Selitrennikoff,
1990). We also found an aquaporin over expression, which
is consistent with a similar finding in mycorrhizal poplars
and correspond to the higher demand for water in mycor-
rhizal plants (Marjanovic et al., 2005). Respectively, 55 and
51 clones were found differentially expressed in lateral and
in principal roots. Only 28% of the transcripts had a similar
expression in both types of roots, and notable differences
were found (compare the last two columns of Table 2).
These differences are resumed in Table 3. If considering
the totality of the 75 revealed transcripts, about 60% of
them displayed an opposite or no regulation in the other
root category, but the dissimilarity was higher (75%) for
clones encoding proteins involved in signal perception
and transduction and lower (38% and 47% for principal
and lateral roots, respectively) for the ones involved in
stress and defense reactions (Table 3). The dissimilarity val-
ues for transcripts involved in lipid and sugar metabolism
should not be interpreted due to the low number of con-
cerned clones. This regulation dissimilarity between both
types of roots suggests that besides a systemic response
to fungal infection, the root system responds specifically
in its different part. For example it makes sense that the
transcript level of the clone corresponding to aquaporin
was up regulated in the lateral roots that are devoted to
water absorption and can develop EM but not in the prin-
cipal roots (Table 2). An important result of the study was
that the transcript found regulated in pre-mycorrhizal
roots displayed an almost similar expression in differenti-
ated EM (Frettinger et al., 2006a), reinforcing the morpho-
logical and physiological indications that at least partial
symbiotic functions occurs already in the pre-mycorrhizal
stage. In this line, we found approximately 70% of the tran-
scripts to be down regulated in pre-mycorrhizal roots
(Table 3). It is known that in mycorrhizas many functions
are transferred to the fungal partner during the symbiosis
Table 3
Comparative expression profiles in six functional categories of gene clones f
comparing lateral and principal roots of Quercus robur microcuttings during
croceum (after Frettinger et al., 2006a)

Gene groups (number of clones and
% of the total)

Number of clones expressed in p

Lateral roots (LR)

Clone number
(+%/�%)

% Diffe
regulat

Total (75 = 100%) 53 (+34/�66%) 58
Stress defense (17 = 23%) 15 (+67/�33) 47
Signal pers. & trans. (7 = 9%) 4 (+25/�75) 75
Sugar metabolism (5 = 7%) 3 (+33/�67) 100
Lipid metabolism (2 = 3%) 0 –
Prot. synth. transc. (16 = 21%) 10 (�100) 60
Unknown (28 = 37%) 21 (+29/�71) 62

(+%/�%), percent of up and down regulated clones; Signal pers. & trans., signa
protein synthesis and transcription.
(Ouziad et al., 2005). Down regulations were especially
pronounced for those genes that encode signal perception
and transduction (75% for both lateral and principal
roots), sugar (67% and 100%, respectively), lipid and pro-
tein (100%) metabolism (see Table 3). In contrast, the high-
est part of genes involved in stress response was up
regulated (respectively, 67% and 62%).
6. General discussion and perspectives for further molecular

investigations

6.1. Place of the Q. robur/P. croceum model in research on

EM

Advanced works on molecular regulation in EM should
be performed on model organisms that are easy to handle
in symbiosis experiments and for which broad genetic
information is available and both mutation and transfor-
mation systems established. From this point of view, the
basidiomycota Hebeloma cylindrosporum is undoubtedly
an adequate model as it is transformable and as a large
number of EST is available (see review by Marmeisse
et al., 2004). Similarly, Laccaria bicolor, the first EM
fungus that has been fully sequenced just recently (http://
genome.jgi-psf.org/Lacbi1/Lactbi1.home.html) is the most
promising model fungus actually. It is of interest that we
could synthesize EM between Laccaria and oak micro-
cuttings (Buscot and Herrmann, 2004). On the plant side
Populus is the candidate of choice as it has also been fully
sequenced and is transformable (Martin et al., 2004).
However, if the term ectomycorrhiza corresponds to a
defined symbiotic anatomical structure (see Section 1 and
Fig. 1E), it encompasses a wide range of associations with
diverse morphological, ecological and physiological traits
(Smith and Read, 1997). This justifies works on further
model systems even if they do not fulfill all requirements
mentioned above at the moment. Indeed, neither Piloderma
nor Quercus have been transformed actually.
rom Quercus petraea (Derory et al., 2006) in a macro-array experiment
pre-mycorrhizal interaction with the ectomycorrhizal fungus Piloderma

re-mycorrhizal roots

Principal roots (PR)

rently
ed in PR

Clone number
(+%/�%)

% Differently
regulated in LR

51 (+29/�71) 61
13 (+62/�38) 38
4 (+25/�75) 75
3 (�100) 100
2 (�100) 100
10 (�100) 60
19 (+32/�68) 58

l perception, and transmission-transduction pathway; Prot. synth. Transc.,

http://genome.jgi-psf.org/Lacbi1/Lactbi1.home.html
http://genome.jgi-psf.org/Lacbi1/Lactbi1.home.html
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Our model system is actually the sole enabling to con-
sider the impact of endogenous plant rhythmic develop-
ment, and we have demonstrated clearly with a diversity
of mycobionts that this trait matters for EM formation
and functions (Herrmann et al., 2004; Buscot and Herr-
mann, 2004). At the fungus level, we use the mycobiont
P. croceum (or P. fallax) that is characterized by a high car-
bohydrate demand (Gibson and Deacon, 1990; Hutchison
and Piché, 1995). There is good experimental evidence of a
balance in C-resources between shoot and roots in trees
and of its ruling the fate of EM formation and functioning
(Rygiewicz and Andersen, 1994; Markkola et al., 2004).
The experiments resumed in Section 1 indicate differentia-
tion of EM by P. croceum to occur on plants having an
adequate carrying capacity in terms leave development
and photoassimilate production (Herrmann et al., 2004).
Noteworthy are the characteristic symbiotic morphoge-
netic and physiological effects during the pre-mycorrhizal
phase (see Table 1). In addition, we also have evidence of
nutrient transfers between the partners in this early phase
and that the balance between their respective resources
rules the cross talk in the pre-mycorrhizal stage and the
establishment and functions of differentiated EM (Herr-
mann et al., in preparation). This cross talk has also been
detected in a system at a higher experimental scale in which
P. fallax was colonizing different substrates (Rosling
et al., 2004). All these particularities of the model system
Q. robur/P. croceum justified the undertaking of molecular
investigations.

6.2. Position of our molecular and transcriptomic approach,

perspectives

Current molecular studies on EM follow two main
lines. The first one consists in a targeted approach that
aims to reveal the genes involved in a precise pathway
already characterized at the physiological level and to
study their regulation. Good examples here are the works
that have been achieved on the regulation of the C-trans-
fer between trees and EM fungi (Grunze et al., 2004;
Nehls et al., 2001) as well as those to characterize the
uptake and transport of nitrogen by the fungus and its
translocation to the plant (Javelle et al., 2003; Benjdia
et al., 2006). The second way is a less targeted approach
that bases on the production of more or less large gene
banks or EST collections such as the ones with 3964 ESTs
for the basidiomycota Paxillus involutus and 2532 ESTs
for birch (Betula pendula) developed by Johansson et al.
(2004). Such banks can serve to develop microarrays for
following transcriptomic responses to the EM state in
fungi or plant (Peter et al., 2003; Johansson et al., 2004;
Wright et al., 2005; LeQuéré et al., 2005), or the response
of EM to specific environmental factors such as heavy
metals (Jacob et al., 2004). These banks may also be the
starting point for regulation studies of one gene in
response to EM inoculation or a given biological com-
pound such as auxins in order to enlighten its function
(Balasubramanian et al., 2002; Reddy et al., 2003; Tagu
et al., 2003).

The Q. robur/P. croceum system did not serve for study-
ing specific physiological functions but allows following
and manipulating the morphologic and physiological cros-
stalks between the partners before and during the EM sym-
biosis taking the partner development and its impact on the
available resources and their sharing into account. In addi-
tion, the model proceeds comparatively slowly through the
different steps of symbiosis establishment for which clear
morphological markers exist. One especially interesting
trait not described in other systems is the symbiosis func-
tionality before differentiation of EM tissues in the
pre-mycorrhizal phase. In this context the approach for
molecular investigations of this model rather followed the
second line mentioned above.

The initial SSH experiment (Krüger et al., 2004) enabled
to rapidly gain access to a small bank of genes with a high
probability of being symbiosis related, by starting from
small amounts of material. Analyzing the identifiable
clones of this bank showed its coherence, thus it could be
used for a functional study on the effect of IAA (Frettinger
et al., 2004).

We also tried a directed approach by looking for a spe-
cific gene group (class III chitinases), the expression of
which was to expect in the pre-mycorrhizal stage (Frettin-
ger et al., 2006b). This way is not always practicable and
for example using the same approach, we failed to find a
homolog for the monosaccharide transporter gene
AmMst1 of Amanita muscaria (Nehls et al., 1998) in our
model fungus P. croceum. However EM relevant genes rul-
ing the C and N exchanges are actually being characterized
in Fagaceae (Heinz Renneberg, personal communication),
which opens perspectives to find new symbiosis related
genes in oaks and to characterize their regulation.

Apart these limited approaches, producing a broader
bank via the classical way would have necessitated high
amounts of homogenous material difficult to gather with
a miniaturized system. The sole available oak bank was
the one with 1866 ESTs corresponding to approximately
600 different genes developed by Derory et al. (2006) for
out bursting buds of Q. petrea. Knowing that this bank
was not the most adequate for our purpose, we used it
for a macroarray experiment, considering that it contains
genes expressed at six stages of a major developmental
event that might at least partially be also regulated in the
mycorrhizal interaction. Indeed we found about 11% of
the genes to be expressed in pre-mycorrhizal roots. Note-
worthy is that in works with EST banks specifically devel-
oped for studying EM formation in other systems similar
percent of gene expression were found (Martin et al.,
2001; Johansson et al., 2004; Duplessis et al., 2005). Besides
the ESTs of Derory et al. (2006) our array also included the
55 ESTs gathered from our SSH experiment (Krüger et al.,
2004). The array showed a clear differential regulation
within the hierarchical root system (Frettinger et al.,
2006a; Table 3) and only two clones of the SSH were found
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expressed (Table 2). Both traits suggest that gene regula-
tion varies dynamically between the different root types
and the different stages of the interaction as also found
by Duplessis et al. (2005) in eucalypts inoculated with
Pisolithus microcarpus.

In most recent transcript studies, established arrays
are used for following expression patterns along different
steps of the EM formation (Duplessis et al., 2005;
LeQuéré et al., 2005), to compare the regulative effects
of different host plants (LeQuéré et al., 2004) or the
functionality in different parts of EM fungal colonies
(Wright et al., 2005). The perspective for our model will
be on the basis of new oak genes revealed by a targeted
research or in new extended EST banks to develop a spe-
cific array for investigating the molecular crosstalk
between the fungus and different parts of the plant dur-
ing the whole events sequence of the symbiosis from the
pre-mycorrhizal stage until senescence. The same system
will be used for precisely assess the role played by the
endogenous rhythmic plant growth. We will also com-
pare the effects of different fungal partners and trophic
contexts.
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Klebs, G., 1917. Ueber das Verhältnis von Wachstum und Ruhe bei den
Pflanzen. Biol. Zbl. 37, 373–415.

Kottke, I., Guttenberger, M., Hampp, R., Oberwinkler, F., 1987. An
in vitro method for establishing mycorrhizae on coniferous tree
seedlings. Trees 1, 191–194.

Kottke, I., Oberwinkler, F., 1986. Mycorrhiza of forest trees – structure
and function. Trees, 1–24.
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778–780.



66 S. Herrmann, F. Buscot / Phytochemistry 68 (2007) 52–67
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Erland, S., Johansson, T., Tunlid, A., 2004. Divergence in gene
expression related to variation in host specificity of an ectomycorrhizal
fungus. Mol. Ecol. 13, 3809–3819.
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