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Summary. Various in vitro synthesis techniques with 
P i c e a  a b i e s  and two H e b e l o m a  species showed that struc- 
tures of the mantle and Hartig net of synthesized ectomy- 
corrhizae within the given two fungus species are stable. 
However, thickness of mantle, and penetration depth and 
number of hyphal cell rows between cortical cells of the 
Hartig net are dependent on techniques and substrates. 
Porous glass balls as substrate in the Erlenrneyer technique 
seem to suppress or delay mantle and Hartig net formation. 
With the other techniques (growth pouch, open cuvette, 
Erlenmeyer with a vermiculite-peat moss mixture) 
development of the mantle is simultaneous with or shortly 
in advance of Hartig net formation. The ectomycorrhizae 
of the two tested H e b e l o m a  species are similar and cannot 
be morphologically differentiated by the in vitro tech- 
niques used. 
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H e b e l o m a  c y l i n d r o s p o r u m  - Ectomycorrhizal syntheses - 
Characteristic-stability 

Introduction 

There is a long lasting dispute as to whether in vitro synthe- 
sized and naturally occurring ectomycorrhizae can be com- 
pared and, if so whether the methods used for synthesizing 
symbioses influence morphologically important features 
under certain cultural conditions (Harley and Smith 1983). 
Only recently Kottke (1986) showed for a few P i c e a -  and 
Larix-ectomycorrhizae that naturally and synthesized sym- 
bioses do not differ significantly from each other and that 
syntheses can be used to identify ectomycorrhizae. How- 
ever, Melin's cultural method, which uses aseptic Eden- 
meyer flasks, was applied. However, the question as to 
whether various synthesis methods influence the mor- 
phology and anatomy of ectomycorrhizae remains to be 
answered. 

Synthesis methods range from aseptic, semiaseptic to 
nonsterile cultural conditions. Erlenmeyer flask or glass 
tube methods are commonly used to synthesize ectomy- 
corrhizae in an aseptic environment to describe the ultra- 
structure and morphology of symbioses (e.g. Kottke and 
Oberwinkler 1986 a). The semiaseptic growth pouch tech- 
nique is commonly used to describe the ontogeny of ecto- 
mycorrhizae (e.g. Melville et al. 1987). Both methods, 
however, are suitable for evaluating ability to form ecto- 
mycorrhizae with a given putative host-plant (e.g. Brunner 
1987; Brunner et al. 1990). The growth pouch method is 
often criticized as being too artificial due to the lack of a 
soil-like matrix that can act as a morphogenetic agent (Har- 
ley and Smith 1983). Thus, the resulting ectomycorrhizae 
may not be relevant for comparing naturally occurring with 
in vitro synthesized symbioses. 

Important morphological features of ectomycorrhizae 
are Hartig net, mantle, emanating hyphae and cystidia, and 
rhizomorphs (Agerer et al. 1986; Kottke and Oberwinkler 
1986b). Anatomically, the structure of the Hartig net, the 
structure of tangential longitudinal sections of the hyphal 
mantle, and rhizomorphs can vary. Agerer et al. (1986) 
observed three types of Hartig net and Haug (1987) re- 
ported 12 different types of tangential longitudinal sections 
of the hyphal mantle. Rhizomorphs may vary from single 
aggregated hyphae to highly complex and differentiated 
cords with a central transport xylem similar to those of 
higher plants (Agerer et al. 1986). 

The objectives of this study were to synthesize ectomy- 
corrhizae with various methods or various substrates, to 
describe the arising symbioses and to distinguish between 
morphologically and anatomically stable and variable 
characters of ectomycorrhizae. 

Materials and methods 

P l a n t  m a t e r i a l  

Seeds of Picea abies (L.) Karst. originated from Dielsdorf (canton of 
Ztirich, Switzerland) and were collected in 1977. For germination, the 
seeds were surface sterilized for 30 rain in 30% H202 and placed on 
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water agar plates. After 2 - 3  weeks the seedlings could be used for 
synthesis experiments. 

Fungal  mater ial  

Mycelia of  Hebeloma crusmlinifonne (Bull. ex St. Amans) Qutl  and 
H. cylindrosporum Romagn. were taken from the WSL culture collec- 
tion. Both isolates were originally obtained from France. For the Eden- 
meyer and open cuvette techniques fungal materials were pregrown for 
20 days on a shaker in 125 ml Erlenmeyer flasks containing 50 ml modi- 
fied Melin-Norkrans solution (MMN; Marx and Bryan 1975) including 
glucose (10 g/l) and malt (3 g/l). Afterwards, fungal mycelia were ho- 
mogenized with a blender and introduced into Erlenmeyer flasks or 
cuvettes using an inversed pipette. For the growth pouch technique 
fungal discs were grown in advance on solid MMN-media for 5 days. 

Synthesis  exper iments  

The synthesis experiments were carried out in a growth chamber with a 
16 h day period (PAR: I00 ~tE .m -z -s -1) at 20~ and 70% humidity. The 
duration of the experiments varied between 43 and 218 days (Table 1). 
Only Hebeloma cylindrosporum inocula were used within the Erlen- 
meyer techniques using a vermiculite-peat moss mixture and within the 
growth pouch technique (Table 1). 

Erlenmeyerflask technique. Erlenmeyer flasks (500 ml) were filled with 
a vermiculite-peat moss mixture (200 m l -  30 ml) or with 250 ml porous 
glass balls (Schott, FRG; Siran, 2 - 3  mm in diameter) and with 150 ml 
MMN-solution and autoclaved, pH values ranged between 5.5 with the 
vermiculite-peat moss mixture and 7.0 with the porous glass balls. Fun- 
gal inocula were introduced and allowed to grow for 34 days prior to 
seedling introduction. 

Open cuvette technique. Stainless steel open cuvettes similar to those 
described in Schtiepp et al. (1987) were used but the cuvettes were 
chambered for individual seedlings. For this technique seedlings were 
pregrown for 34 days in Erlenmeyer flasks containing a vermiculite-peat 
moss mixture and MMN-solution. The pH value was 5.5. Autoclaved 
cuvettes were filled with the seedlings including the substrate from the 
Erlenmeyer flasks and inoculated with fungal material. Sterile distilled 
water was added frequently. 

Growth pouch technique. Autoclaved polyethylene pouches 13 x 16 cm 
(Cellpack, Switzerland) including a glass fiber paper with an activated 
charcoal paper disc attached (Schleicher and Schuell, Switzerland), sim- 
ilar to those described in Kottke et al. (1987), were filled with 10 ml 
MMN (but without glucose and malt) and with one seedling. The pH 
value was 6.5. After 2 months, when the root systems were developed, 
four to six fungus inocula were placed in the vicinity of the short roots 
and another 10 ml MMN (including 5 g/l glucose, no malt) was added. 
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Fig. 1 a - g .  Positions of longitudinal sections through synthesized He- 
beloma x Picea abies ectomycorrhizae (compare Weiss 1988). Central 
sections: a Basal portion, b Middle portion, and c Apical portion. Tan- 
gential sections: d Emanating hyphae, e Structure of outer layer of the 
mantle, f Structure of the inner layer of the mantle, and g Structure of 
Hartig net 

Two strips of foam were introduced to provide air space. Sterile distilled 
water was added frequently. 

Root  material  

Ectomycorrhizal rootlets were fixed in 2.5% glutaraldehyde, dehydrated 
in alcohol, embedded in glycol-methacrylate, longitudinally sectioned 
(1.5 p.), and stained with Giemsa for chitinoid material. Drawings were 
made with the aid of a Wild drawing tube. Morphological comparisons of 
mantle and Hartig net were made with basal, middle, and apical portions 
of central longitudinal sections (Fig. 1). Anatomical comparisons were 
made between emanating hyphae, and the outer and inner layers of the 
mantle and Hartig net and tangential longitudinal sections from the 
middle portion (Fig. 1). 

Results 

Colonization o f  root tips 

Seedlings and fungus inocula in all employed synthesis 
methods grew well and contact between roots and hyphae 
was likely to occur. In growth pouches first contacts of, e.g. 
Hebeloma crustuliniforme and short roots could be ob- 
served within 4 days after fungus inoculation. Hyphae 

Table 1. Occurrence of mantle and Hartig net at basal (b), middle (m), and apical (a) portions of synthesized Hebeloma x Picea abies ectomycorrhizae 

Technique Substrate Duration Mantle Hartig net 
(days) 

b m a b m a 

14. crustuliniforme 
Erlenmeyer Vermiculite-peat moss 43 x (x) - x 
Erlenmeyer Vermiculite-peat moss 83 x x (x) x 
Erlenmeyer Porous glass balls 66 (x) - - x 
Open cuvettes 46 x x x x 
Growth pouch 72 x x x x 
Growth pouch 150 x x x x 

H. cylindrosporum 
Erlenmeyer Vermiculite-peat moss 83 x x - x 
Growth pouch 71 x x x x 
Growth pouch 2 t 8 x x x x 

(x) 
X 

X 

X X 

x (x) 

X 

x (x) 
x (x) 

In parentheses: feature not observed in all analysed material 
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Fig. 2 a - d .  Line drawings of longitudinal sections through Hebeloma • 
Picea abies ectomycorrhizae synthesized with the growth pouch tech- 
nique. Scale 10 ~t. Positions of sections according to Fig. 1. a, b He- 

beloma crustuliniforme x Picea abies ectomycorrhizae, 72 days. 
e, d Hebeloma cylindrosporum x Picea abies ectomycorrhizae, 71 days 

grew, probably directed by root exudates, to short roots and 
followed the main roots to colonize most of the remaining 
short roots. 

Mantle and Hartig net  format ion  

Mantles and Hartig nets were formed in all treatments, at 
least in distal portions of root tips (Table 1). However, 
mantle and Hartig net formation at the proximal portion of 
root tips occurred mainly in growth pouch techniques 
(Table 1). In treatments using other techniques these fea- 
tures were delayed, suppressed, or interrupted by metacuti- 
zation (Kottke and Oberwinkler 1986 b). 

Ectomycorrhizae o f  Hebeloma crustuliniforme x Picea 
abies (Fig. 2a, b) 

Morphology. Root tips are monopodial, up to 3 - 4  ~t long 
and 0.3-0.5/a  thick, straight, cylindrical, with rounded 

apices. The surface is smooth, occasionally covered with 
densely interwoven and emanating hyphae, and rhizo- 
morphs were not observed. Root tips and their apices were 
white. No differences between various synthesis tech- 
niques could be seen. With the Erlenmeyer technique using 
porous glass balls the root tips were only loosely covered 
with hyphae and mantle formation was delayed or 
suppressed. 

Emanating hyphae. Emanating hyphae are loosely inter- 
woven, thin-walled, hyaline, 2 - 4  ~ broad, and clamp con- 
nections are present. 

Mantle. The mantle is composed of two distinct layers. The 
outer layer is prosenchymatous with hyphae loosely to 
tightly interlaced, hyphal cells are 7 ~ and up long and 
2 - 4  ~t broad, and clamp connections are present. The inner 
layer close to the cortical cells is synenchymatous with 
hyphae tightly interlaced and fitting together like a jigsaw 
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puzzle, hyphal cells are 2-7  g broad, and clamp connec- 
tions were not observed. Thickness of mantles varied be- 
tween treatments. Root tips in the Erlenmeyer flask tech- 
nique using porous glass balls showed the thinnest, while 
those grown on vermiculite and peat moss developed thick- 
est mantles. Meristematic root apices are in general poorly 
covered by fungal hyphae and a Hartig net is never 
developed. Zones of metacutizations in symbiosis with 
Hebeloma crustuliniforme occurred only in growth 
pouches. Only once, after 150 days, was the cortex zone 
proximal to the metacutis invaded by fungal hyphae and a 
Hartig net formed. 

Hartig net. The Hartig net is composed of distinct finger- 
like structures (palmettes), penetrating mostly up to the 
endodermis. One or as many as three hyphal cells are 
between the host cells, and hyphal cells and lobes of pal- 
mettes are 2-6  ~t broad. A poor Hartig net development 
occurred in the open cuvette technique and in the Erlen- 
meyer flask technique using porous glass balls. 

Ectomycorrhizae of Hebeloma cylindrosporum x Picea 
abies (Fig. 2 c, d) 

Morphology. Root tips are monopodial, up to 3-4  g long 
and 0.3-0.5 It thick, straight, cylindrical, with rounded 
apices. The surface is smooth, occasionally covered with 
densely interwoven and emanating hyphae, and rhizo- 
morphs were not observed. Root tips and their apices were 
white. No differences between various synthesis tech- 
niques could be seen. 

Emanating hyphae. Emanating hyphae are loosely inter- 
woven, thin-walled, hyaline, 2 -4  g broad, and clamp con- 
nections are present. 

Mantle. The mantle is composed of two distinct layers. The 
outer layer is prosenchymatous with hyphae loosely to 
tightly interlaced, hyphal cells are 7 g and up long and 
2 -4  p. broad, and clamp connections are present. The inner 
layer close to the cortical cells is synenchymatous with 
hyphae tightly interlaced and fitting together like a jigsaw 
puzzle, hyphal cells are 2-7  g broad, and clamp connec- 
tions were not observed. Thickness of the mantle varied 
between treatments. Root tips in growth pouches after 
71 days showed the thickest, while those grown on ver- 
miculite and peat moss in Erlenmeyer flasks developed 
thinnest mantles. Meristematic root apices in general are 
poorly covered by fungal hyphae and a Hartig net is never 
developed. Zones of metacutizations occurred in all treat- 
ments with Hebeloma cylindrosporum. 

Hartig net. The Hartig net is composed of distinct finger- 
like structures, penetrating mostly up to the endodermis. 
One or as many as three hyphal cells are between the host 
cells, and hyphal cells and lobes of palmettes are 2 -6  
broad. 

Discussion 

Although Hebeloma crustuliniforme and H. cylindros- 
porum are used frequently to synthesize ectomycorrhizae, 

adequate descriptions of the morphology of syntheses with 
Picea abies are lacking in the literature. However, syn- 
theses with these two Hebeloma species and Pinus (Pich6 
and Fortin 1982; Wong and Fortin 1989), Larix (Wong and 
Fortin 1989), Pseudotsuga (Trappe 1967), Dryas (Melville 
et al. 1987), Populus (Godbout and Fortin 1985), Alnus 
(Godbout and Fortin 1983; Brunner et al. 1990), or Quer- 
cus (Voiry 1981) have been described. Some characteris- 
tics are influenced very strongly by host trees (e.g. dichot- 
omous branching pattern within Pinus, formation of para- 
epidermal Hartig net within Angiosperms) and some 
characteristics are stable and not dependent on host trees 
(e.g. features of the hyphal mantle). The presence of small 
white bodies similar to sclerotia where only reported by 
Voiry (1981) and thus their formation conditions are uncer- 
tain. A comparison of the presented results with other stud- 
ies using trees other than P. abies as hosts is therefore 
difficult. 

The similarities of the synthesized ectomycorrhizae in 
this study were striking and obvious, although techniques, 
substrated and species of fungi varied. Morphologically, 
almost no differences could be detected. The color, one of 
the features considered, is according to Agerer et al. 
(1986), Zak (1973), and Dominik (1969) one of the most 
stable (within one fungus-host relationship) and thus useful 
characteristics for ectomycorrhiza characterization. Even 
the color may not be diagnostic as shown by Massicotte et 
al. (1989) with syntheses between Laccaria bicolor 
(Maire) Orton and Pinus resinosa Ait. or Betula al- 
Ieghaniensis Britt., both ectomycorrhizae having a mantle 
with purple hyphae. However, Trappe (1967) observed 
within Rhizopogon colossus A. H. Smith - Pseudotsuga 
menziesii (Mirb.) Franco ectomycorrhizae that the color 
changes with aging from white through light orange to 
brown. Similar observations have been reported by Egli 
and K~ilin (1990) when they photographed naturally grown 
ectomycorrhizae over a period of 2 years. Therefore, color 
as an important characteristic of the morphology must be 
treated carefully since not enough data is available for 
general statements on its characteristic stability. 

Anatomically, the structure of the mantle (in tangential 
longitudinal sections) and Hartig net in the present work is 
stable and does not differ between techniques used. Con- 
cerning the structure of the mantle, similar observations 
have been made by Haug (1987), who states that mantle 
structures of one given fungal species do not change due to 
various environmental conditions and age. Thus, mantle 
structure is useful to characterize ectomycorrhizae. Hartig 
net structure, on the other hand, remains stable even among 
different fungal species (Blasius et al. 1986) and therefore, 
as already stated by Zak (1973), is not sufficiently distinc- 
tive to be a useful characteristic to characterize an ectomy- 
corrhiza. Since these structural features cannot be in- 
fluenced by various environmental or various cultural con- 
ditions, they can be considered as static organs. 

Mantle formation in the presented observations is 
simultaneous or shortly in advance of Hartig net formation, 
and only delayed in systems with porous glass balls. This 
observation is in agreement with results demonstrated by 
Melville et al. (1987) with Hebeloma cylindrosporum and 
Dryas integrifolia (Vahl.) but clearly stands in contrast to 
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results presented by Nylund  and Unes tam (1982) with 
P i l o d e r m a  c r o c e u m  Erikss. and Hjortst. and P i c e a  abies .  
Ontogenet ica l ly  formation of ectomycorrhizae within one 
fungus-host  relat ionship might  be a stable feature and, as 
described above, not dependent  on cultural and en- 
v i ronmenta l  conditions.  

Other features such as thickness of mant le  and penetra- 
t ion depth of Hartig net are considered as variable (Zak 
1973). They also vary strongly in the present study and no 
relations to synthesis techniques,  to synthesis substrates or 
to synthesis durat ion can be deduced. Kottke (1986), Weiss 
(1988), and Moore et al. (1989) conf i rm these observa- 
tions. Only  the occurrence of porous glass balls as substrate 
seem to suppress or delay mant le  and Hartig net formation 
distinctly. The use of porous glass balls, however,  is prob- 
lematic for synthesis experiments,  since pH values are 
difficult to control because of the constant  loss of alcaline 
silicaceous residues of the substrate. Growth speed, there- 
fore, depends, among many  factors, on cultural conditions.  
Format ion of rhizomorphs and mantle  cystidia did not 
occur in the present study and thus provide no evidence. 

The presence of a metacutis  is usual ly l inked with a root 
apex covered by a mantle.  This fact supports the observa- 
t ion that a metacutis  layer indicates a dormant  stage 
(Kottke and Oberwinkler  1986b) and, therefore, hyphal 
growth can catch up with the root tip growth. Factors 
which may induce formation of metacutis seem not to be 
controllable with the system used. 

The use of various techniques also involves various 
cultural condit ions with open or closed systems and vari- 
ous substrates. Parameters which might  inf luence ectomy- 
corrhizal formation were not detected in this study (e.g. 
various oxygen-  and carbon dioxide-concentrat ions,  tem- 
perature, irradiation, moisture,  pH). 

In conclusion,  ectomycorrhizae synthesized with the 
two H e b e l o m a  species in growth pouches, in open cu- 
vettes, and in Er lenmeyer  flasks cannot  distinctly be distin- 
guished on a morphological  or anatomical  basis. There- 
fore, the growth pouch method may be stated to be just  as 
suitable as the Er lenmeyer  flask method for comparing 
ectomycorrhizae from nature and from in vitro syntheses. 
Soil impedance  caused by a compact  soil or an artificial 
matrix such as vermiculi te  or porous glass balls does not 
act as a distinct morphogenet ic  agent. 
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