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A simple in vitro system is described for the synthesis of Abies firma-Cenococcum geophilum ectomycorrhizas. Steri- 
lized A. firma seedlings on both M M N  and FH media were inoculated with hyphal discs from actively growing margins of 
C. geophilum colonies. Typical ectomycorrhizas formed on seedlings on FH medium after 3 mo of incubation. By light 
microscopy, the synthesized mycorrhizas were seen to possess a thin mantle from which emanated extraradicle hyphae 
and highly branched, rarely septate intracortical Hartig net mycelium, characteristic ectomycorrhizal features. This is 
the first report of aseptic ectomycorrhization of A. firma seedlings by C. geophilum. This model system will facilitate 
detailed studies on ectomycorrhizal development of Abies species. 

Key Words Abies firma; Cenococcum geophilum; ectomycorrhizas; in vitro synthesis. 

Abies firma Sieb. et Zucc. (Japanese fir; momi fir) is a 
tree species endemic to the warmer parts of Japan, form- 
ing natural coniferous forests wi th Tsuga sieboldii Carr 
(lshizuka, 1974). Abies spp. are sensitive to environ- 
mental stresses such as drought, low potassium levels 
and air pollution (Freer-Smith, 1996), and they are consi- 
dered indicators of sound forest vegetation in the warm 
temperate zone of Japan. All Abies spp. are regarded as 
obligately mycorrhizal (Meyer, 1973), but studies of 
Abies ectomycorrhizas are less abundant than for other 
coniferous host species (Trappe, 1962). Within Japan, 
a number of naturally occurring ectomycorrhizal fungi on 
Abies firma have been recorded (Masui, 1926; Nara et 
al., 1992; Matsuda and Hijii, 1999), and C. geophilum 
has recently been described (Matsuda and Hijii, 1999). 

Cenococcum geophilum Fr. has frequently been de- 
scribed in ectomycorrhizal association with economically 
important tree families such as Myrtaceae, Salicaceae 
and Pinaceae (Trappe, 1962; Heslin and Douglas, 1986; 
Danielson and Pruden, 1989). It grows well at high salt 
concentrations and in soils ranging in pH from 3.4 to 7.5 
(Trappe, 1977). It is also adapted to droughty environ- 
ments and extremes of hot and cold, under which condi- 
tions it is able to form functional ectomycorrhizas. Con- 
sequently, C. geophilum has been reported to enhance a 
seedling's ability to withstand drought stress (Mexal and 
Reid, 1973). The controlled in vitro mycorrhization of  
Abies firma seedlings by C. geophilurn may therefore as- 
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sist in reforestation by increasing the tolerance of seed- 
lings to unfavorable environmental f luctuations and pro- 
tecting against the causal agent of Abies forest decline. 
Furthermore, C. geophilum is considered an excellent 
model for the isolation and regeneration of protoplasts 
from ascomycetous ectomycorrhizal fungi (St01ten et al., 
1995). Such a fungus, suited to both experimental and 
practical applications, is a prime candidate for experi- 
mentation in controlled in vitro ectomycorrhizal syn- 
theses. 

Abies spp. are diff icult to grow in vitro (Saravitz and 
Blazich, 1996). Consequently, studies on mycorrhizal 
development, function and molecular biology within the 
genus are scarce. However, a previous report on the es- 
tablishment of an in vitro synthesis system between 
Abies firma and Pisolithus tinctorius (Vaario et al., 
1999a) has helped to address this imbalance. The ob- 
jective of this study was to establish a simple, easily 
manipulated model system for the in vitro synthesis of 
ectomycorrhizas between A. firma and C. geophilum by 
optimizing existing culture media. This system will be 
applied to examine the physiological and biochemical 
changes that are associated with,  or which control ecto- 
mycorrhizal development. 

Cenococcum geophilum, (deposited in the culture 
collection of the Laboratory of Forest Botany, The Univer- 
sity of Tokyo as strain FBCg 1 ) was isolated from a sclero- 
tium recovered from soil within a natural forest in the 
University Forest in Chichibu, The University of Tokyo, in 
July 1990. It was maintained at 2 5 + 2 ~  in darkness 
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on modified Melin-Norkrans medium (MMN; Marx, 1969) 
containing 10 g/I glucose instead of sucrose, solidified 
wi th 1.5% agar. 

Seeds of A. firma were collected from a warm-tem- 
perate natural forest in the University Forest in Chiba, 
The University of Tokyo. They were air-dried and stored 
in a polyethylene bag in darkness at 4~ until use. They 
were sown in vermiculite fol lowing immersion in 1/2OO0 
Benlate (Dupont Co. Ltd., USA) for 1 d and germinated at 
room temperature under diffused fluorescent illumina- 
tion. Once germinated, the seedlings were surface-steri- 
lized in 70% ethanol for 1 rain, then in sodium 
hypochlorite containing 1% (w/v) active chlorine for 
l Omin. Following three rinses in sterile deionized 
water, they were soaked in 0 .05% (w/v) mercuric chlo- 
ride for 6min and finally rinsed four times in sterile 
deionized water. Twenty  sterilized seedlings were 
selected for subsequent ectomycorrhiza syntheses. 

The more favourable medium for C. geophilum cul- 
ture was determined by comparing growth on MMN and 
Fungus-Host (FH) medium, which was modified from SH 
medium (Schenk and Hildebrandt, 1972). FH medium 
contains: KNO3, 2500 mg; (NH4)H2PO4, 300 mg; MgSO4 
�9 7H20, 400mg;  CaCI2,2H20, 20Omg; FeSO4-7H20, 
15mg; Na2EDTA, 20 mg; H3BO3, 0.5 mg; ZnSO4~ 
0.1 mg; MnSO4,H20, 1 mg; Na2MoO4~ O.01 rag; 
KI, 0.1 mg; CuSO4,5H20, 0.02 mg; COCI2,6H20, 
0.01 rag; myo-inositol, 100rag; thiamine HCI, 5rag; 
nicotinic acid, 5 rag; pyridoxine HCI, 0.5 rag; activated 
charcoal, 0.3 g; distilled H20, 1000 ml. Both media con- 
tained lOg/ I  glucose and the pH was adjusted to 5.6 
wi th 1 N NaOH prior to autoclaving. The increase in 
colony diam was measured on solid media (containing 
1.5% agar), and the colony biomass was measured from 
liquid cultures on the same media. 

One 6-mm diam plug, cut from the actively growing 
margin of a C. geophi/um colony on MMN, was placed on 
to five agar plates (9-cm diam Petri dishes) each of MMN 
and FH solid media. Similarly, 6-mm diam mycelial plugs 
were inoculated into 20 ml liquid media of the same com- 
position in l O0-ml Erlenmeyer flasks and incubated in 
stationary culture. All inoculated flasks were incubated 
in darkness at 25+_2~ 

To determine the optimal medium, the diameter of 
fungal colonies growing on each solid medium was meas- 
ured weekly in two directions, perpendicular to each 
other. The weekly growth was expressed as a mean of 
the colony diameters of all replicates. After 47 d of incu- 
bation, the fungal colonies growing in liquid media were 
recovered on filter paper and dried at 100~ for 90 min. 
The colony biomass from each medium was expressed as 
a mean of all replicates. From this comparison, the bet- 
ter medium was determined and used in the fol lowing 
ectomycorrhizal synthesis protocol, based on a modified 
Chilvers' (Chilvers et al., 1986) paper sandwich method 
(Vaario et al., 1999a). Rectangular clear plastic culture 
plates (200 x 90 • 10 mm) were filled with 80 ml of MMN 
or FH agar medium, both containing 1 g/I glucose. The 
pH was adjusted to 5.6 wi th 1 N NaOH prior to auto- 
claving. For each culture plate, two  sterilized seedlings 

were laid directly on the agar surface and covered with a 
sheet of autoclaved Advantec No. 2 fi lter paper (Toyo 
Roshi Kaisha Ltd.) to maintain root surface moisture. 
Two 6-mm diam plugs of C. geophilum mycelium were 
placed on the medium, adjacent to the taproot tip. 
Sterile cotton rolls (10• 5 mm) were placed along the in- 
side bottom edge of the plates to absorb water con- 
densed during subsequent incubation. The plates were 
sealed wi th Parafilm (American Can Company, Detroit), 
the lower portions of the plates, containing both the de- 
veloping host root system and ectomycorrhizal fungus, 
were covered with aluminum foil, and the plates incubat- 
ed in an incubator wi th 3000 lux diffuse fluorescent light 
wi th a 16-h photoperiod at 25___2~ 

Putative mycorrhizal roots were removed from cul- 
ture plates, and segments of 1-2 mm were fixed in 2.5% 
glutaraldehyde in O. 1 M sodium cacodylate buffer 
(pH 7.2) containing 1% acrolein for 2 h under vacuum at 
room temperature. The samples were washed with 
three times distilled water and dehydrated in an ascend- 
ing acetone series (from 20% to 100%) in 20% incre- 
ments fol lowed by three changes of 100% propylene ox- 
ide. The root segments were subsequently infiltrated 
with Spurr's resin (Spurr, 1969) and polymerized at 
70~ for 12 h. Sections of 4-6 ~m thickness were cut 
with glass knives, gently heat-fixed to glass microscope 
slides, and stained with 0.1% toluidine blue O in 1% so- 
dium tetraborate (Feder and O'Brien, 1968) for 10 rain. 
Following three tap-water washes, the sections were 
destained in tap-water for 20 min, air-dried, mounted in 
DPX (Fluka BioChemika) beneath a coverslip, and exa- 
mined wi th an Olympus BH2 microscope. 

After 7 wk of incubation on solid media, a difference 
was noted in colony diam of C. geophilum incubated on 
MMN medium and FH medium (Fig. 1). The radial exten- 
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Fig. 1. Colony growth rate of C. geophilum on MMN and FH 
media. Mean values of 5 replicates+_SD. 
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sion rate of fungal colonies incubated on FH medium was 
almost two times greater than that of colonies incubated 
on MMN medium. There was a significant difference be- 
tween the two  media in colony dry weight according to 
the Tukey test (p<O.05), of which the better results 
were obtained on FH medium (Fig. 2). Other mycelial 
characteristics were affected by growth on different me- 
dia. On MMN, C. geophilum grew slowly and formed 
concentric rings with the hyphae penetrating the medium 
and growing beneath the surface. The actively growing 
colony margin was composed of thick dense hyphae. 
FH medium resulted not only in more rapid radial growth 
but also in progressively smoother fungal layers, result- 
ing in a thin and homogeneous mycelial mat upon the 
medium surface. 

Ten wk after inoculation, short lateral roots were in- 
duced from the taproots, some of which came into con- 
tact wi th hyphae arising from the fungal inocula. Lateral 
root formation occurred in all 10 seedlings incubated on 
FH medium and in 6 of the 10 seedlings growing on MMN 
(Table 1). A network of black extraradicle hyphae 
formed around the short lateral roots bases, and the roots 
stopped elongating and failed to form root hairs. Twelve 
wk after inoculation, the fungus had completely enve- 
loped some of the lateral roots and had formed black 
mycorrhizas with a rough mantle surface from which 
black, kinked, extraradicle hyphae emanated (Fig, 3a). 
Six of the 10 seedlings formed black mycorrhizas on FH 
medium. However, on MMN, C. geophilum grew slowly 
and failed to contact the lateral roots, and after 16 wk of 
incubation only one lateral root had formed a mycorrhiza 
(Table 1 ). 

Abies firma-C, geophilum mycorrhizas synthesized 
on FH medium consisted of a thin, loose, discontinuous 
fungal mantle which failed to completely ensheath the 
host root (Fig. 3b). Mantle hyphae gave rise to profuse 

Table 1. Comparison of aseptic A. firma-C, geophilum ecto- 
mycorrhizal synthesis on MMN and FH media 16 wk after in- 
oculation. 

Media Lateral root formation Mycorrhization 

MMN 60% (6/10) 10% (1/10) 
FH 100% (10/10) 600/oo (6/10) 

intracortical hyphae, which invaded and colonized the 
epidermal and cortical intercellular spaces, appearing to 
separate and isolate host cells (Fig. 3c). A fungal con- 
t inuum was formed from the extraradicle rhizosphere via 
the mantle to the host endodermis. Hartig net hyphae 
invaded the host cortex and enveloped the host cells in a 
uniseriate or multiseriate layer of fungal cells, but did not 
penetrate them. The Hartig net formed a typical highly 
branched labyrinthine 'palmetti '  structure (Fig. 3d), 
which maximizes available cell surface area and op- 
timizes cell-to-cell nutrient transfers (Smith and Read, 
1997). 

The long-term goal of our studies is to better under- 
stand the physiological and biochemical events that con- 
trol and affect ectomycorrhization of fir trees. To realize 
this goal, establishment of a simple, rapid and convenient 
mycorrhiza synthesis system is necessary. Initially, two 
common media were tested to find a substrate suitable 
for both symbionts. Abies spp. are slow-growing in 
vitro, seedlings often fail to thrive, and root development 
is frequently retarded (Saravitz and Blazich, 1996). Fur- 
thermore, the growth rate of C, geophilurn on MMN has 
been shown to be insufficient for it to match that of host 
seedlings (Kasuya et al., 1992). However, StLilten et al. 
(1995) achieved mycorrhization between Picea abies and 
C. geophilum, inoculated by mycelial suspension, on 
MMN in aseptic conditions. In our investigation, MMN 
was found to be inappropriate for mycorrhizal formation 
as few lateral roots formed on A. firma and the host seed- 
lings outgrew C. geophilum. Consequently, the chance 
of interaction between lateral roots and hyphae was low. 
Furthermore, not only was the biomass production of C, 
geophilum on MMN low (Job and Aragno, 1992), but the 
growth form was concentrated and the fungus did not 
form smooth layers. The concentrated growth form is 
considered unsuitable for mycorrhiza formation (Ineichen 
and Wiemken, 1992), resulting in only part of the colony 
making good contact wi th the host root system. Fun- 
gus-Host medium, modified from SH medium, a popular 
medium for tissue culture of conifers (Webb et al., 1988; 
Martinez-Pulido et al., 1994), has previously been 
demonstrated to be suitable for A. firma growth in vitro 
by promoting development of lateral roots and increasing 
root growth rate (Vaario et al., 1999b). Here, FH medi- 
um successfully improved the biomass production and 
growth rate, altered the growth form of C, geophilum, 
and also improved the synthesis rate of A. firma-C, geo- 
philum mycorrhizas. 

Mycorrhizas synthesized by this culture system ex- 
hibited characteristics typical of ectomycorrhizas. The 
thin discontinuous mantle supports hyphae, which pene- 
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Fig. 3. Abies firrna root colonization by C. geophilum in vitro, a) External mycorrhiza morphology. Abies firma-C, geophilum 
mycorrhizal root formed on FH medium after 12 wk of incubation. The lateral root (Ir) is colonized along its length by hyphae 
forming a sparse mantle (m), from which copious extraradicle hyphae emanate (em). The mantle is distinguishable from un- 
sheathed lateral root (arrow) and is absent from the main root (mr). Bar= 1 mm. b) Light micrograph of an inoculated A. firma 
lateral root in transverse cross section demonstrating the sparse mantle (m) and extraradicle mycelium (em). Bar=60/~m. c) In 
transverse section, the intercellular spaces of the mycorrhiza cortex are colonized by copious hyphae (h) which appear to separate 
the host cells. Bar=30~m. d) In longitudinal section, the multibranched, nonseptate fan-shaped Hartig net 'palmetti ' (hn) are 
observed. Bar= 12 ~m. 

t rate and colonize the host root  cort ical  intercel lular 
spaces. These invasive hyphae undergo change in their  
g row th  morpho logy  to form a highly branched, rarely 
septate labyr inthine Hart ig net. The modi f ied hyphae en- 

velop the host root  cort ical  cells (Kot tke and Oberwin-  
kler, 1986; Gianinazzi-Pearson and Smith,  1993),  in- 
creasing the contact  surface area be tween  the t w o  sym- 
bionts and maximiz ing nutr ient t ransfer (Kottke and Ober- 
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wink ler ,  1986).  The presence of these def in ing features 
in the mycorrhizal  roots examined indicates that  C. geo- 
phi~urn fo rms an ectomycorrh iza l  associat ion w i th  host 
A. firrna roots under the culture condi t ions employed.  

Mycorrh izat ion increases the to lerance of host seed- 
l ings to drought  and other  env i ronmenta l  stresses, in- 
creasing the rate of successful  reforestat ion of damaged 
or unfavorable sites. The clearly def ined in v i t ro  system 
descr ibed here wi l l  ensure that  suf f ic ient inoculum can be 
produced in the laboratory to be appl ied to practical 
fo rest ry  s i tuat ions. Fur thermore,  by using this system, 
it w i l l  be poss!ble to  fo l l ow  the morpholog ica l ,  physiologi-  
cal, molecular  and b iochemical  changes wh ich  occur dur- 
ing deve lopment  of A. f irma-C, geophi lum mycorrh izas 
and in many other  host- fungus ec tomycorrh iza l  associa- 
t ions. Such widespread appl icabi l i ty  wi l l  ensure that  
this synthesis protocol  wi l l  cont inue to be used for fur- 
ther  in v i t ro  ec tomycorrh iza l  studies. 
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