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Abstract The first in vitro aseptic synthesis of Abies
firma Sieb. et Zucc. with Pisolithus tinctorius (Pers.)
Coker & Couch is reported. Techniques were improved
for the aseptic synthesis of ectomycorrhizas of A. firma,
a slow-growing species in vitro, and Pisolithus tinctorius
using a novel culture medium and both sterilized and
re-rooted seedlings. After 2–3 months incubation, ecto-
mycorrhizas were formed by both methods. The my-
corrhizas possessed a mantle and a highly branched
nonseptate Hartig net mycelium colonizing the intercel-
lular spaces within the host cortex, features characteris-
tic of ectomycorrhizas. These techniques will prove use-
ful for addressing physiological and biochemical ques-
tions on the interactions of microbes with roots of
whole plants.
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Introduction

The genus Abies (Pinaceae) is widely distributed
throughout Europe, northern Africa, northern and cen-
tral Asia, and North America and includes over 40 spe-
cies (Record and Hess 1943), all of which form obligate
mycorrhizal associations (Meyer 1973). Consequently,
each Abies species has great ecological importance
within natural forests. Abies firma Sieb. et Zucc. (Japa-
nese fir, momi fir) is a species endemic to the warmer
parts of Japan, specifically Kyushu, Shikoku and Hon-
shu south of Iwate prefecture (Iwatsuki et al. 1995). It
forms natural coniferous forests with Tsuga sieboldii
Carr. on rich and mesic soils and is a species of com-
mercial importance in Japan. Its timber is used for con-
struction, packing crates, paper pulp and particularly
coffin construction because of its pure white color (Ja-
pan Forest Technical Association 1964). In the few
studies of naturally occurring ectomycorrhizas of Abies,
species other than A. firma have been shown to host a
number of naturally occurring ectomycorrhizas
(Trappe 1962, 1977; Alvarez and Cobb 1977; Acsai and
Largent 1983; Harley and Harley 1987; Pillukat and
Agerer 1992; Kernaghan et al. 1997). In Japan, more
than 40 species of fungi representing 14 genera have
been reported to form ectomycorrhizal associations
with A. firma (Masui 1926; Nara et al. 1992; Matsuda
and Hijii 1998); however, P. tinctorius is not among
them. Although Abies are obligately mycorrhizal
(Meyer 1973), studies of their mycorrhizal symbionts
are less abundant than for other coniferous genera
(Trappe 1962) and recent focus on mycorrhizas as tools
for agricultural and forestry practice has not rectified
this situation.

Pisolithus tinctorius, a broad host-range fungus
(Malajczuk et al. 1982, 1990; Carroll 1992), has pre-
viously been recorded in mycorrhizal association with
many host tree species (Trappe 1962; Harley and Har-
ley 1987), and has been inoculated in nursery plots onto
some Abies species (Castellano and Trappe 1991). Pi-
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solithus tinctorius is easy to culture in the laboratory in
a variety of solid and liquid media, where it has easily
detectable yellow-gold mycelium (Marx 1980), and is
ecologically adaptive to adverse soil conditions and bio-
logically hostile environments (Metzler and Metzler
1992). Trees inoculated with P. tinctorius have been
shown to survive drought, toxic mine spoils and high
temperatures (Trappe 1977). Consequently, this species
is considered highly relevant for reforestation and
many American lumber companies regularly inoculate
tree seedlings with this fungus to promote reforestation
(Metzler and Metzler 1992).

Fir forest decline occurs in both Asia (Donaubauer
1993) and central Europe (Freer-Smith 1996) and is in-
tensifying (Kandler 1993), rendering Abies more sus-
ceptible to attack from biotic agents (Donaubauer
1993). Firs are one of the most sensitive trees reacting
to environmental change (Požgaj et al. 1996) and de-
cline may be the result of a number of diverse factors
such as drought and other climatic variations, ill-ap-
plied forestry management practices, low potassium
levels and air pollution (Freer-Smith 1996). With the
current remarkable decline of Pinus densiflora Sieb. et
Zucc. forests in Japan due to the pinewood nematode
Bursaphelenchus xylophilus (Steiner et Buhrer) Nickle,
the Japanese forest industry can ill-afford such a de-
cline in a further commercially important timber spe-
cies.

Accordingly, to better understand the benefits and
stress management capabilities of the ectomycorrhizal
association between P. tinctorius and A. firma and to
examine the physiological and biochemical changes as-
sociated with or controlling ectomycorrhizal develop-
ment, simple, reproducible and easily manipulated
model systems were established. In this report, we de-
scribe two such in vitro systems for ectomycorrhiza syn-
thesis between A. firma and P. tinctorius, which may be
applied to any number of mycorrhizal fungus-host asso-
ciations.

Materials and methods

Fungal culture

Pisolithus tinctorius (deposited as strain Pt2 in the culture collec-
tion of the Laboratory of Forest Botany, The University of To-
kyo) was isolated from mycorrhizal fruitbodies growing on Pinus
luchuensis Mayr roots on Hahajima Island, one of the Ogasawara
Islands, southwest of Tokyo, in November 1996. Tissue blocks
were aseptically excised from the fruit body and cultured on mod-
ified Melin-Norkrans (MMN) agar medium (Marx 1969). The re-
sultant pure mycelial isolate was maintained on MMN in darkness
at 25B2 7C.

Preparation of plant material

Seeds of A. firma were collected in a warm-temperate natural for-
est (University Forest at Chiba, The University of Tokyo), air-
dried and stored in a polyethylene bag in darkness at 4 7C until
use. They were sown in vermiculite following immersion in 1/2000

Fig. 1 Culture plate method for in vitro aseptic synthesis of Abies
firma/Pisolithus tinctorius ectomycorrhizas

Benlate (Dupont Co. Ltd., USA) for 1 day and germinated at
room temperature under diffused fluorescent illumination. Once
germinated, the seedlings were surface-sterilized in 70% ethanol
for 1 min and then in sodium hypochlorite containing 1% (w/v)
active chlorine for 10 min. Following three rinses in sterile deion-
ized water, they were soaked in 0.05% (w/v) mercuric chloride for
6 min and finally rinsed four times in sterile deionized water.

Ten sterilized seedlings were selected for ectomycorrhiza syn-
thesis by the culture plate method and a further 10 sterilized see-
dlings were selected for ectomycorrhiza synthesis by the Agripots
culture pot method.

Because the effects of harsh sterilizing reagents on the delicate
radicle were unknown, sterilized seedlings were selected for re-
rooting treatment and ectomycorrhizal synthesis by the Agripots
culture pot method. The radicles of 20 sterilized seedlings were
aseptically removed and discarded and the cut ends of the seed-
lings were immersed in 0.1% aqueous naphthaleneacetic acid for
1 min to stimulate rooting. The seedlings were then transferred to
50% SH containing 0.32% Gelrite (Schenk and Hildebrandt
1972) supplemented with 0.3% activated charcoal (Duclos and
Fortin 1983) in 120!24-mm glass test tubes and incubated. After
4 weeks, three or four lateral roots had developed on each seed-
ling. Ten of the re-rooted seedlings were then selected for ecto-
mycorrhizal synthesis by the Agripots culture pot method. Be-
cause of the three-dimensional distribution of the induced roots,
re-rooted seedlings were not considered for ectomycorrhizal syn-
thesis by the culture plate method. All incubations were carried
out with 3000 lux diffuse fluorescent light at 25B2 7C with a 16-h
photoperiod.

Culture plate method for the aseptic synthesis of
ectomycorrhizas using sterilized seedlings

A modified Chilvers’ paper sandwich method (Chilvers et al.
1986) was used for ectomycorrhizal synthesis (Fig. 1). Rectangu-
lar clear plastic culture plates (200!90!10 mm) were filled with
80 ml Fungus-Host (FH) medium which was modified from SH
medium and contained: KNO3, 2500 mg; NH4H2PO4, 300 mg;
MgSO477H2O, 400 mg; CaCl272H2O, 200 mg; FeSO477H2O,
15 mg; Na2EDTA, 20 mg; H3BO3, 0.5 mg; ZnSO477H2O, 0.1 mg;
MnSO47H2O, 1 mg; Na2MoO472H2O, 0.01 mg; KI, 0.1 mg;
CuSO475H2O, 0.02 mg; CoCl276H2O, 0.01 mg; myo-inositol,
100 mg; thiamine HCl, 5 mg; nicotinic acid, 5 mg; pyridoxine HCl,
0.5 mg; glucose, 1 g; activated charcoal, 0.3 g; agar, 15 g; distilled
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Fig. 2 Culture pot method for in vitro aseptic synthesis of A. fir-
ma/P. tinctorius ectomycorrhizas

Table 1 Comparison of two in vitro synthesis methods (10 seedlings per treatment) for Abies firma/Pisolithus tinctorius mycorrhizas
(FLR first-order lateral root, N not applied, RRS re-rooted seedling, SLR second-order lateral root, SS sterilized seedling)

Contamination Lateral root formation Mycorrhizas

FLR SLR
SS RRS SS RRS SS RRS SS RRS

Culture plate 4/10 N 1/10 N 0/10 N 1/10 N
Culture pot 0/10 0/10 4/10 10/10 0/10 3/10 1/10 3/10

H2O, 1000 ml. The pH was adjusted to 5.6 with 1 N NaOH prior
to autoclaving (121 7C, 20 min). For each culture plate, two steril-
ized seedlings were laid directly on the agar surface and covered
with a sheet of autoclaved Advantec No. 2 filter paper (Toyo Ro-
shi Kaisha Ltd.) to maintain root surface moisture. The plates
were then incubated for 8 weeks, after which time the main roots
had grown to a length of 15 cm, but no lateral roots had formed.
The cover paper was then aseptically removed and discarded and
two 6-mm-diameter plugs of P. tinctorius mycelium were placed
on the medium, adjacent to the root tip. Sterile cotton rolls
(10!5 mm) were placed along the bottom edge of the plates to
absorb water condensed during subsequent incubation. Prior to
incubation, the plates were sealed with Parafilm (American Can
Company, Detroit) and the lower portion of the plates, contain-
ing both the developing host root system and ectomycorrhizal
fungus, was covered with aluminum foil.

Culture pot method for the aseptic synthesis of ectomycorrhizas
using re-rooted seedlings

Bases of culture pots were filled with a growth substrate consist-
ing of 100 ml vermiculite and 40 ml FH liquid medium (Fig. 2).
The pots were re-assembled and autoclaved. Two 6-mm-diameter
plugs of P. tinctorius mycelium were then placed on the substrate
surface and the pots were incubated. After 3 weeks, when the
fungal mycelium had colonized the substrate, the fungal myce-
lium and substrate were mixed, then sterilized seedlings and re-
rooted seedlings were introduced aseptically into the substrate. A
12-mm-diameter hole was first made in the substrate with a sterile
cork borer. The seedlings were then placed inside a 12-mm-diam-
eter sterile cork borer which was inserted into the hole and then
slowly withdrawn, leaving the seedling in the hole. The medium
was gently replaced around the root system and lightly tamped
down. The bases of the pots were wrapped in aluminum foil and
the dual cultures were incubated.

Light microscopy

Both mycorrhizal and control roots were removed from culture
plates and segments 1–2 mm in length were fixed in 2.5% gluta-
raldehyde in 0.1 M sodium cacodylate buffer (pH 7.2) containing
1% acrolein for 2 h under vacuum at room temperature. The sam-
ples were washed twice in 0.1 M sodium cacodylate buffer and
were then postfixed for 90 min in 2% OsO4 in 0.1 M sodium caco-
dylate buffer (pH 7.2) at room temperature, washed in three
changes of distilled water and dehydrated in an ascending acetone
series in 20% increments followed by three changes of 100% pro-
pylene oxide. The root segments were subsequently infiltrated
with Spurr’s resin (Spurr 1969) prior to polymerization at 70 7C
for 12 h. Sections of 4–6 mm thickness were cut with glass knives
and gently heat fixed to glass microscope slides. Sections were
bleached in 1% hydrogen peroxide for 45 min, washed in tap wa-
ter and then stained with 0.05% toluidine blue O in 1% sodium
tetraborate (Roland and Vian 1991) for 3 min. Following three
tap water washes, the sections were destained in tap water for
20 min, air-dried, mounted in DPX (Fluka BioChemika) and ex-
amined with an Olympus BH2 microscope.

Results

Mycorrhizal development in culture plates

After 8 weeks incubation in culture plates, A. firma
seedlings grew a single main root approximately 15 cm
in length. First-order lateral roots of one seedling were
produced after 3 weeks incubation following inocula-
tion with P. tinctorius, and they were confined to the
medium surface. The remaining seedlings, four of
which succumbed to contamination, produced neither
first- nor second-order lateral roots (Table 1).

The mycorrhizas, which formed on the only seedling
to produce lateral roots, were straight and unramified
(Fig. 3a). The mantle did not ensheath single lateral
roots entirely, the proximal ends of the lateral roots
were devoid of ensheathing hyphae and the mother
root remained unsheathed. The plectenchymatous
mantle possessed a loosely woven outer surface and
many yellow emanating hyphae. The mycorrhizal roots,
approximately 2 mm in length, were golden-yellow in
color and concolorous from the distal to proximal end.
Rhizomorphs were not observed, but hyphae emanat-
ing from the mantle surface formed loose hyphal fans
at a distance from the mycorrhizal root.

Mycorrhizal development in culture pots

After 12 weeks incubation, both sterilized seedlings
and re-rooted seedlings were gently removed from the
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Fig. 3a-g Abies firma/P. tinctorius ectomycorrhizas formed by in
vitro aseptic synthesis. a Abies firma/P. tinctorius mycorrhizal
first-order lateral root formed in a culture plate after 18 weeks
incubation. The lateral root (lr) is colonized along its length by
hyphae forming a conspicuous mantle (m) from which copious ex-
traradicle hyphae emanate (em). The mantle is distinguishable
from unsheathed lateral root (arrow) and is absent from the main
root (mr); bar 0.5 mm. b Abies firma/P. tinctorius mycorrhizal
first-order lateral root formed within a culture pot after 12 weeks
incubation. The lateral root (lr) is ensheathed in a loose mantle,
which also extends to the main root (mr); bar 0.35 mm. c Light
micrograph of an uninoculated A. firma first-order lateral root in
longitudinal section, grown by the culture plate method. The ex-
tensive root cap (rc) overlies the meristematic region (ms) and
also extends to cover the juvenile epidermis (ep); bar 60 mm. d-g
Light micrographs of longitudinal sections of A. firma/P. tincto-
rius mycorrhizas formed by the in vitro culture plate method. d
The mycorrhizal lateral root tip possesses a loose mantle (m) and
a reduced root cap (rc). A zone of collapsed cells and dark-stain-
ing areas between the mantle and cortex (c) characterizes the epi-
dermal area. The upper limit of the meristem (ms) is defined by a
zone of darkly staining material (arrow); bar 60 mm. e Intercellu-
lar spaces between cortical cells (cc) are colonized by fungal hy-
phae (arrows); bar 7 mm. f The multibranched, nonseptate Hartig
net mycelium (hn); bar 7 mm. g The distinctive multilobed fan-
shaped structure (ff) of the Hartig net; bar 7 mm

medium and their root systems were observed. All 10
re-rooted seedlings developed main roots bearing first-
order lateral roots. Of these, three re-rooted seedlings
formed multiple main roots bearing short second-order
lateral roots, which often developed short, straight, un-
ramified mycorrhizas (Fig. 3b, Table 1). The second-or-
der mycorrhizal lateral roots were approximately 1 mm
in length, straight and unramified. The mantle en-
sheathed both the second-order lateral root and the
mother root. Emanating yellow hyphae, which formed
distinct rhizomorphs and loose hyphal fans, obscured
the plectenchymatous mantle surface. The mantle was
golden-yellow in color and concolorous from the distal
to the proximal end. No re-rooted seedling dual cul-
tures were affected by contamination.

Of the 10 sterilized seedlings to develop long main
roots, four seedlings developed first-order lateral roots,
of which one developed mycorrhizas. The mycorrhizal
morphology was identical to that of mycorrhizas
formed on second-order laterals of re-rooted seedlings
in culture pots. No sterilized seedling dual cultures
were affected by contamination (Table 1).

Light microscopy

In longitudinal cross section of an uninoculated control
A. firma root tip grown by the culture plate method
(Fig. 3c), the meristematic area was overlaid with an ex-
tensive root cap, which extended to cover the juvenile
epidermal layer. In contrast, mycorrhizal root tips
(Fig. 3d) selected from each culture system, possessed a
reduced root cap and the tip was ensheathed in a dis-
tinct, loose mantle. Individual epidermal cells were in-
distinguishable, but the epidermal area, an indistinct

layer between the mantle and root cortex, was charac-
terized by many darkly staining inclusions and col-
lapsed root cap cells. The upper limit of the meriste-
matic region was delineated by darkly staining inclu-
sions. At higher magnification, intercellular spaces
within the root cortex were seen to be colonized by fun-
gal hyphae (Fig. 3e) which remained extracellular and
did not invade the cortical cells. The highly branched,
intracortical, intercellular hyphae were nonseptate
(Fig. 3f) and formed fan-shaped lobed structures
(Fig. 3g). No intracellular penetration of host tissue by
the fungus was observed.

Discussion

Abies spp. are slow-growing in vitro, seedlings often fail
to thrive and root development is frequently retarded
(Saravitz and Blazich 1996). Both the artificial methods
presented here promoted good seedling growth and
mycorrhization of two symbionts, which has not been
recorded to occur naturally. In the plate culture meth-
od, three modifications to the paper-sandwich tech-
nique of Chilvers et al. (1986) were made. Firstly,
MMN medium was replaced with FH medium, itself de-
rived from SH medium of Schenk and Hildebrandt
(1972), a popular medium for tissue culture of conifers
(Webb et al. 1988; Martinez-Pulido et al. 1994). Sec-
ondly, activated charcoal was added to the medium to
improve root growth and to absorb toxic substances
which may be excreted by the root (Fridborg et al.
1978; Duclos and Fortin 1983). Finally, the seedlings
were applied directly to the medium surface to allow
full contact between roots and the medium. Following
establishment of healthy seedlings, fungal inocula were
applied directly to the medium surface and the sym-
bionts remained observable at all times throughout
their interaction. While fewer lateral roots were formed
by the culture plate method, all lateral roots supported
a mycorrhizal association. However, root growth was
restricted to the medium surface, limiting the potential
number of lateral roots. Furthermore, this technique is
susceptible to contamination, which affected a number
of seedlings. The culture pot method used a vermiculite
substrate which allowed more natural root develop-
ment and the formation of more first-order laterals and
some second-order laterals (data not shown). Re-
rooted seedlings grown in culture pots responded bet-
ter than sterilized seedlings grown in both plates and
pots, and a higher rate of mycorrhization of seedlings in
the culture pots was observed. The pot method was
simpler overall, easier to manipulate and less time con-
suming than the plate method. However, the physical
properties of the medium do not allow observation of
mycorrhizal development.

The mycorrhizas produced by both culture systems
exhibited structures typical of ectomycorrhizas. From
the ensheathing mantle, hyphae penetrated and colo-
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nized the host root cortical intercellular spaces. They
underwent changes in their growth morphology to form
a highly branched, rarely septate Hartig net, which in-
creases the contact surface area between the two sym-
bionts and facilitates nutrient transfer (Kottke and
Oberwinkler 1986). The presence of these characteristic
features has previously been used to define the estab-
lishment of ectomycorrhizal associations between P.
tinctorius and other conifer species in vitro (Fortin et
al. 1980; Piché et al. 1982, 1983; Tam 1994). Their pres-
ence in the mycorrhizal roots artificially synthesized by
the methods described here indicates that P. tinctorius
forms an ectomycorrhizal association with host A. firma
roots under the culture conditions employed. Tam
(1994) reported intracellular invasion of host cortical
cells, which is considered an artifact of in vitro synthesis
even between naturally occurring symbionts (Wang et
al. 1997) attributable to host plant stress (Duddridge
and Read 1984; Tam 1994), high exogenous glucose
concentrations and/or physiological imbalances (Dud-
dridge and Read 1984). Furthermore, P. tinctorius has
been implicated in the stimulation of dichotomous root
branching (Piché et al. 1982) and dichotomous P. tinc-
torius mycorrhizas form on host pines in vitro (Fortin et
al. 1980; Piché and Fortin 1982; Piché et al. 1982; Tam
1994). The mycorrhizal roots formed in our in vitro sys-
tems retained the naturally unbranched or limited di-
chotomously branched state of Abies roots (Wilcox
1954) and dichotomous mycorrhizas did not develop.
While the failure of P. tinctorius to stimulate dichotomy
in A. firma roots in vitro requires further investigation,
the absence of intracellular invasion indicates that our
systems provide favorable conditions for compatible in-
teractions.

Pisolithus tinctorius mycorrhizas have been synthe-
sized on roots of both Pinus spp. (Fortin et al. 1980;
Sohn 1981; Piché et al. 1982, 1983; Kasuya et al. 1992;
Tam 1994) and Eucalyptus spp. (Mullette 1976; Malajc-
zuk et al. 1982; Chilvers et al. 1986; Burgess et al. 1994)
in vitro and in nursery plots on roots of some Abies
spp. (Castellano and Trappe 1991). Artificially synthe-
sized P. tinctorius mycorrhizas are generally considered
to increase growth of eucalypts and pines in plantations
(Burgess et al. 1994) although host responses vary
(Trappe 1977). This may in part explain the low rate of
mycorrhization by different conifers (Castellano and
Trappe 1991) and poor performances observed by
some ectomycorrhizal trees following outplanting (Cas-
tellano and Trappe 1991; Lee and Koo 1992), despite
significant growth stimulation of the seedlings in sterile
nursery soil (Marx 1980; Lee and Koo 1983). The fail-
ure of outplanted seedlings to thrive in the natural en-
vironment may be due to the poor competitive ability
of P. tinctorius against other soil organisms (Marx et al.
1984; Lee and Koo 1992).

The artificial culture techniques described here are
currently being applied to study the developmental
physiology and biochemistry of in vitro Abies firma/P.
tinctorius mycorrhization to select candidate fungal

strains (Trappe 1977; Lee and Koo 1983) with the char-
acteristics required for successful forestry application
(Marx and Cordell 1989) and to monitor host responses
for future outplanting trials. The ability of mycorrhizal
seedlings to manage host tree stresses has been recog-
nized (Marx and Cordell 1989). The successful mycorr-
hization of commercially important timber crops such
as Abies spp, which are very sensitive to environmental
fluctuations (Požgaj et al. 1996), with tolerance-bestow-
ing fungi such as P. tinctorius will enhance their
chances of withstanding increasing and seemingly irrev-
ersible environmental and climatic variations.
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