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Abstract The roots of Cedrus atlantica grown in a ce-
dar forest soil under gnotoxenic conditions formed a
mycorrhizal association with Tricholoma tridentinum
Singer var. cedretorum Bon when this fungus was ino-
culated into the soil as a mycelial form. This association
was not observed when plants were grown on an artifi-
cial substrate or when mycelium was immobilized in a
calcium alginate gel. The influence of host receptive-
ness, fungal survival and cultural conditions on the my-
corrhizal infection of C. atlantica is discussed.
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Introduction

The controlled mycorrhization of Cedrus atlantica
(Endl.) Manetti ex Carriere (Atlas cedar) has been lit-
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tle studied despite the importance of this forest species
for afforestation in Mediterranean countries. Since
young cedars artificially inoculated with mycorrhizal
fungi show more vigor (Nezzar-Hocine et al. 1996a),
their survival at outplanting may thus be increased.
This could result in a significant improvement of affor-
estation in regions currently experiencing problems of
regeneration (Le Poutre 1961; Hocine et al. 1994).

According to previous surveys carried out in a natu-
ral Algerian forest, fungi belonging to the genus Tri-
choloma are the most representative of the mycorrhizal
mycoflora in native Atlas and French cedar forest
(Nezzar-Hocine et al. 1996b, 1998). Tricholoma triden-
tinum Sing var. cedretorum Bon is among the rare fungi
specific to C. atlantica.

In France, inoculation of Atlas cedar has been at-
tempted from pure cultures of Cortinarius herculeus
Malc., Suillus collinitus Fr., Tricholoma tridentinum
Sing., Tricholoma terreum (Sch.: Fr.) Kumm. and Tuber
albidum Pico (Argillier et al. 1994). Only inoculations
with spores of Tuber albidum (=T. borchii Vitt) (Mou-
sain et al. 1987; Argillier et al. 1994), Tuber melanospo-
rum Vitt., and Tuber uncinatum Chatin (Chevalier un-
published data) resulted in mycorrhizal associations.
However, Ruehle et al. (1981) in the USA reported
mycorrhizal synthesis of Pisolithus arrhizus (Scop.) S.
Rauschert (=P. tinctorius) and Thelephora terrestris
Fr.: Fr. with C. atlantica, although the level of mycorrhi-
zation was extremely low. In Morocco, Abourouh
(1983, 1994) failed to obtain cedar mycorrhizas by ino-
culation with Thelephora terrestris and Rhizopogon sp.
and very few mycorrhizas developed following inocula-
tion with mycelial cultures of Pisolithus tinctorius.

Successful mycorrhization of Atlas cedar has also
been reported with Laccaria laccata (Scop.: Fr) Cooke
(Nezzar-Hocine et al. 1996a) and Hebeloma crustulini-
forme (Bull.) Quél., H. cylindrosporum Romagn., Tu-
ber albidum, Cenococcum graniforme (Sow.) Ferd. &
Wing. (Nezzar-Hocine 1998). Controlled mycorrhizal
infection with Tricholoma tridentinum var. cedretorum
has never been reported, although in 1941 Modess
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(Norkrans 1949) successfully inoculated pine and
spruce with Tricholoma pessundatum (Fr.) Quél. which
is morphologically very close to Tricholoma tridentin-
um. This paper is the first report of the successful con-
trolled mycorrhization of C. atlantica with Tricholoma
tridentinum var. cedretorum.

Materials and methods

Plant material

Seeds of Atlas cedar were collected in a cedar forest in Lubéron
(France) in 1986 by the Robin Nursery (F-05500, Saint Laurent
du Cros, France). The seeds were moistened and placed in polye-
thylene bags at 4 °C for 3040 days. Then seeds were sown in con-
tainers of two types: R430 (Robin Nursery) (430 ml parallepiped-
ic) and Hillson Rootrainers (Spencer-LeMaire Ind. Ltd. Edmon-
ton, Alberta, Canada 175-ml.) Both containers can be opened pe-
riodically to examine the roots. Containers were filled with cedar
forest soil or a peat-vermiculite mixture (1:1, v:v), autoclaved at
120°C for 30 min and autoclaved again after 24 h. The soil was
collected in Ceyrat (Puy-de-Dome, France) from the Al horizon
of a 50 to 60-year-old cedar plantation and sieved through a 5-mm
screen. Details of the physical and chemical properties of the soil
are summarized in Table 1. The seedlings were grown under gno-
toxenic conditions in a greenhouse (20 °C mean temperature, nat-
ural light, 50% RH, spring time) or in a growth chamber (18/
22°C, 16-h day, light intensity 110 uE m= s™', 65-80% RH).
Growing substrates were fertilized with slow-release fertilizer
(Osmocote 14-8-8) at 3 kg/m>. Modified (P/5) Morizet nutrient
solution (Morizet and Mingeau 1976) was distributed weekly over
all seedlings older than two months. Seedlings in soil were water-

Table 1 Physical and chemical properties of cedar forest soil
(Ceyrat, Puy de Déme) receptive to Tricholoma tridentinum

Texture (% of fine soil)

ed 2 or 3 times a week with tap water (pH 6.9-7.0). Seedlings in
the artificial substrate were alternately given water or nutrient so-
lution.

Inoculations were performed either by placing the solid inocu-
lum (perlite or peat moss-vermiculite or peat-perlite) onto 8-
week-old containerized root systems (50 ml for R430 containers,
20 ml for Spencer- LeMaire) or by mixing alginate beads with the
substrate at planting (25 ml/l).

Inoculum preparation

Two isolates of Tricholoma tridentinum were used: T. tri.l iso-
lated by Mousain et al. in 1987 and T. tri 2 isolated by Chevalier
in 1989. Two types of inoculum were used: (1) A solid inoculum
was prepared in three different forms by growing mycelium in
600-ml flasks containing 400 ml of perlite or peat moss-vermicu-
lite mix (1:9, v:v) or peat-perlite (1:4, v:v) culture medium mois-
tened with Pachlewski-Oddoux (PO) liquid medium (Rapior and
Andary 1987) and autoclaved for 1h at 120°C. The flasks were
inoculated with squares (1 cm?) of agar medium cut and removed
from the edge of a 2-month-old culture on PO medium. Inoculum
was used after 9 weeks growth in the dark at 20°C. (2) An algi-
nate bead inoculum was prepared by growing mycelium for 8
weeks in liquid culture on PO medium in 175-ml flasks. Entrap-
ment of mycelium in alginate was performed according to Mau-
perin et al. (1987). The viability of the inoculum was checked im-
mediately after bead production and before inoculation by plac-
ing three replicates of 10 beads randomly sampled on PO medium
in Petri dishes.

Experimental design

Ten or 16 single seedling replicates were used for each treatment
as described in Table 2.

Mycorrhizal assessment

Two months after inoculation and onwards, the containers were
opened to assess mycorrhizal development; morphological char-

acteristics of mycorrhizas were observed under a stereoscopic mi-
croscope (non-destructive method). Selected root pieces were

Clay ) Loam ) Sand fixed in formaldehyde 70%: ethanol: acetic acid (5:90:5 v:v:v). To
Fine Rough Fine Rough examine anatomical characteristics microscopically sections were

(<2 pm) (2-20 pm) (20-50 pm) (50-300 pm) (200-2000 pm) ¢yt by hand with a razor blade, stained with lactophenol-cotton

16.8 15.1 6.2 92 32.4 blue, and placed in a drop of Amman’s solution on a slide. Seed-

Chemical characteristics (mg/g)

pH OM C N C/N P,Os K Ca CaCO; Mg

(H,0O) (Anne) (Kjeldahl) (Dyer) (ammonium (ammonium Total (ammonium

acetate) acetate) acetate)
(assimilable) (exchangable)  (exchangable) (exchangable)
5 459 267 1.83 1459  0.254 0.188 1.67 2 0.3
Table 2 Experimental design: Greenhouse Growth chamber

number of single seedling re-

plicates for each treatment Inoculum form

Mode of inoculation
Container
Growth substrate
Soil
Artificial substrate

Solid inoculum
Onto root system

Alginate beads
Mixed with substrate

Robin Spencer L. Spencer L.
10 10 16
10 10 16




ling shoot height was recorded 13 months after inoculation. Data
were analysed by ANOVA (SAS Institute 1989) with two factors
and their interactions. Multiple comparisons of treatment means
were carried out using least significant difference (#-test).

Results
Ectomycorrhiza formation

All inoculation attempts with T. tril and those with T.
tri 2 on artificial substrates failed. Three months after
inoculation, mycorrhizas were formed only on seedlings
grown in cedar forest soil inoculated with the isolate T.
tri 2. The mycorrhizas showed a poorly developed man-
tle and very few rhizomorphs. The first true mycorrhi-
zas were observed only 7 months after inoculation
(Fig. 1). They were white in colour, typical of Tricholo-
ma as described by Agerer (1987-1995) from field sam-

b

Fig. 1 a Typical ectomycorrhiza with white rhizomorphs emanat-
ing from the fungal mantle (X 57.5) developed in a cedar forest
soil 7 months after inoculation with a mycelial inoculum of isolate
Tricholoma tridentinum T. tri2. b Transverse section of an ecto-
mycorrhiza 3 months after inoculation with a mycelial inoculum
of isolate T. tri2. The mantle is plectenchymatous and the Hartig
net is well developed (x 100) (cedar forest soil, solid inoculum)
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Table 3 Analysis of variance of seedling height

DF Mean square F value Probability
Strain 2 130.32 8.67 0.0005
Substrate 1 23.43 1.56 0.2171
Strain*substrate 2 5.41 0.36 0.6992

Table 4 Mean height of seedlings 7 months after inoculation with
Tricholoma tridentinum. Values with the same letter are not sig-
nificantly different at P=0.05

Strain Mean height (cm)
T. tridentinum (T. tri2) 2715 A
T. tridentinum (T. tril)* 2397 B
Control 2210 B

# non — mycorrhizal plants

ples. Rapid mycorrhizal establishment was only suc-
cessful when solid inoculum of T. tri 2 was placed onto
the root systems of plants grown in cedar forest soil in
R430 containers, independent of the inoculum form
used. More than 70% of the plants were mycorrhizal
and the infection rate was high (60% of short roots).
Inoculation with alginate beads failed. Mycorrhizal for-
mation occurred from natural contaminants in various
substrates, initially with Thelephora terrestris Fr.:Fr.
and later in the season with Hebeloma mesophaeum
(Pers.) Quél.

Plant growth

Mycorrhizal plants were taller than control plants re-
gardless of growth substrate (Tables 3, 4). Only fungal
strain had a significant influence on seedling height, i.e.
there was no effect of substrate type nor any interaction
between fungal strain and substrate. Shoot growth of
plants mycorrhizal with T. tri2 was significantly higher
than plants inoculated with T. tri.l or non-inoculated
control seedlings.

Discussion

Mycorrhizal synthesis between Tricholoma tridentinum
var. cedretorum and Cedrus atlantica has never been re-
ported previously. Mycorrhizas obtained with strain T.
tri2 in the gnotoxenic conditions of our study were
morphologically similar to those observed by Nezzar-
Hocine (1998) in field conditions.

Failure of mycorrhizal development by strain T. tril
or by strain T. tri2 in some conditions may be related to
factors such as plant receptiveness, fungal persistence
or culture conditions. Development of the cedar root
system is characterized by the late appearance of feeder
roots receptive to mycorrhizal infection. Delay in fine-
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root formation can be increased by growth factors such
as culture substrate, container form and fertilization
rate (Nezzar-Hocine 1998). A slow development of the
root system limits mycorrhization since fewer fine roots
are available during the period when the fungal inocu-
lum is viable in the substrate.

Failure of mycorrhizal infection may result from var-
iations in fungal persistence, either the death of myce-
lium or its inability to infect fine roots. Since inoculum
preparation and inoculation of both strains were per-
formed at the same time and under similar conditions,
the lack of mycorrhizal development by strain T. tril
may well be due to its inherent inability to colonize At-
las cedar. This result agrees with previous work carried
out with the same strain (Argillier et al. 1994). The bet-
ter effectiveness of mycelium grown on solid inoculum,
whatever the form, rather than alginate beads may be
related to the inoculation method rather than to myce-
lium survival. Indeed mycelium of both strains regrew
well from alginate beads on culture medium. In pre-
vious experiments, inoculation of cedar with alginate-
entrapped mycelium of Laccaria laccata and Hebeloma
crustuliniforme proved very successful (Nezzar-Hocine
et al. 1996a; Nezzar-Hocine 1998).

The formation of ectomycorrhizas is also influenced
by environmental factors and soil properties (Slankis
1974). Mycorrhizal associations were only observed on
plants grown in cedar forest soil. Results in this paper
demonstrate the higher receptiveness of natural soil
than artificial substrates, as previously shown by Dupré
et al. (1982) for Tuber melanosporum development in
natural truffle soil. This particular soil allowed earlier
development of more branched root systems than the
artificial substrate and thus optimized subsequent my-
corrhizal infection. The physico-chemical properties of
cedar forest soil may favour mycorrhization with T. tri2
by better fulfilling the ecological requirements of the
fungus. Receptiveness is greatly influenced by the phy-
sical, chemical and biological characteristics of soil
(Mosse et al. 1981; Harley 1984; Perrin et al. 1996). Per-
rin et al. (1988) reported high variability in the recep-
tiveness to Laccaria laccata of a wide range of forest
soils.

Tricholoma-like ectomycorrhizas were first ob-
served on 6-month-old seedlings, although the fungus is
classified among the medium- or late-stage species
(Mason et al. 1983; Fleming et al. 1986). The develop-
ment of mycorrhizas on young seedlings can be better
explained in terms of inoculum availability in relation
to plant receptiveness (Newton 1992).

The controlled mycorrhization of cedar with myce-
lial cultures is more difficult than with other conifer
species such as Pinus, Picea and Pseudotsuga (Strullu
1991), as a consequence of specific characteristics of
early development of the host-plant root system. Nev-
ertheless, mycorrhiza formation can be obtained under
certain circumstances, even with fungi such as Tricholo-
ma, which do not easily form mycorrhizal associations
subsequent to artificial inoculation.
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