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Abstract Mycorrhizal symbioses are widespread mutu-
alistic associations of many plant hosts found in many
habitats. One type of putative mycorrhizal association,
ectendomycorrhiza, is confined to Pinus and Larix spp.
and is common in conifer nurseries and in disturbed hab-
itats. This association is characterized by the unique
combination of a fungal mantle, Hartig net, and intracel-
lular hyphae, the latter forming soon after Hartig net de-
velopment. Many reports of the occurrence of ectendo-
mycorrhizas from field-collected specimens are likely er-
roneous and instead may represent senescent ectomycor-
rhizas. The fungus species involved in the formation of
ectendomycorrhizas were initially called E-strain fungi
and their identification was based on characteristics of
hyphae and chlamydospores. With the discovery of
teleomorphs for some of these fungi, they were found to
be ascomycetes. More recently, molecular methods have
been used to clarify their systematics and phylogeny and
it is apparent that most of the isolates belong to two spe-
cies, Wilcoxina mikolae and Wlcoxina rehmii. Two spe-
cies of dematiaceous fungi and a member of the Peziz-
ales, Yphaerosporella brunnea, also have been reported
to form ectendomycorrhizas. These fungi can form ec-
tendomycorrhizas with their hosts over a broad pH range
and may utilize many substrates as a carbon source. Ec-
tendomycorrhizas may be important in the revegetation
of disturbed sites and in the establishment of conifer
seedlingsin post-fire situations.
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characteristics and functions

Introduction

Fungi are a major biotic component of the soil and thus
plant roots interact with various fungus species through-
out their development. Some interactions are deleterious
and others beneficial. Many fungus species form
mutualistic symbioses, mycorrhizas, with the majority of
plant species (Smith and Read 1997) and develop vari-
ous categories of mycorrhizas based on the identity of
the fungal partner and the structural modifications of the
symbionts during the formation of the association
(Peterson and Farquhar 1994). Most research has fo-
cused on two categories of mycorrhizas, arbuscular my-
corrhizas (AM) and ectomycorrhizas (ECM), because
these are very widespread and are associated with many
commercialy important plant species (Smith and Read
1997). One category of mycorrhizas, first called “ecten-
dotrophic mycorrhizas’ by Melin (1923) and now usual-
ly referred to as ectendomycorrhizas (Egger and Fortin
1988), is of restricted occurrence and has received little
attention. The definition of an ectendomycorrhiza in-
cludes the funga taxa and host species involved in the
symbiosis and the resulting structural features of the as-
sociation. The fungal taxa usualy involved are two spe-
cies of Wilcoxina (W. mikolae, W. rehmii), Sphaerospor-
ella brunnea and, to a lesser extent, Phialophora finlan-
dia and Chloridium paucisporum. The hosts are primari-
ly Pinus and Larix species. Structurally, ectendomycor-
rhizas are characterized by a thin mantle (sometimes ab-
sent), Hartig net, and various degrees of intracellular hy-
phal penetration into epidermal and cortical cells. These
anatomical features led Egger and Fortin (1988) to sug-
gest that ectendomycorrhizas should be considered a
variant of ECM.

The early literature on ectendomycorrhizas was re-
viewed by Mikola (1965) and Laiho (1965). More re-
cently, Mikola (1988) reviewed some aspects of the fun-
gi involved, the distribution and ecology, as well as the
confusion in terminology in early papers on mycorrhizas.
He suggested that the term *“pseudomycorrhiza’ be
dropped because it is not meaningful from a functional
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point of view and that the term ectendomycorrhiza be re-
stricted to those associations in which intracellular hy-
phal penetration occurs almost simultaneously with Hartig
net formation. Although this restriction on the use of the
term ectendomycorrhiza is important in distinguishing
these associations from senescent ECMs, it remains to be
determined whether there is nutrient exchange between
intracellular hyphae and root cells, typical of a biotro-
phic association. If not, intracellular hyphae may repres-
ent a“latent pathogen” stage becoming active in nutrient
absorption only after the onset of root senescence. Al-
though arbutoid and monotropoid mycorrhizal associa-
tions have some features in common with ectendomycor-
rhizas, and have been referred to as ectendomycorrhizas
by zZak (1974, 1976), they are not considered here be-
cause the fungus species involved are those typical of
ectomycorrhizas (Zak 1974, 1976). Intracellular hyphae
are confined to the epidermis and, in the case of mono-
tropoid mycorrhizas, very specialized funga structures
(“pegs’) are formed within epidermal cells; these be-
come surrounded by an elaborate host-derived cell wall
(Smith and Read 1997).

The objectives of thisreview are to bring together and
critique information related to the occurrence, structure,
and functions of ectendomycorrhizas, to discuss the cur-
rent knowledge of the taxonomy of the fungi involved in
the association, and to propose areas of research required
to elucidate the role(s) of these mycorrhizas in natural
and other ecosystems.

Occurrence of ectendomycorrhizas

Laiho (1965) summarized the gymnosperm and angio-
sperm tree species reported to form ectendomycorrhizas.
Many of the early reports, however, are questionable be-
cause field-collected roots with any type of intracellular
hypha development were often categorized as ectendo-
trophic. It was not until the pioneering work of Mikola
(1965) and Laiho (1965) that the unique characteristics
of the fungi involved in this association were recognized
and the term E-strain applied to the isolates obtained.
Mikola (1965) grouped all isolates showing similar gross
morphological characteristics of mycelium in culture in-
to a single species of E-strain fungus. The dimorphic
mycelium consisted of pigmented, coarse aerial hyphae
of variable thickness (straight and septate), and hyaline
submerged hyphae, septate (winding and branching).
Chlamydospore-like swellings often occurred.
Ectendomycorrhizas described by Mikola (1965) and
Laiho (1965) from the field were confined to roots of pine
seedlings from undisturbed natural sites, regenerating seed-
lings from burned sites, and nursery-grown Pinus and Lar-
ix seedlings in Finland and the United States (Table 1). In
addition, both authors used E-strain isolates obtained from
nursery seedlings in greenhouse and aseptic synthesis ex-
periments (Table 1). They confirmed that the anatomical
features of the ectendomycorrhizas in both Pinus and Larix
species were typical of those described from field material.

Since these studies, additional reports of ectendomycor-
rhizes in Pinus roots collected from the field, or from
seedlings grown in soil collected from forest dtes,
have been published (Table 1). Severa of these (Danielson
1982; Ursc and Peterson 1997; Ursic et d. 1997;
Massicotte et a. 1999) identified the fungus involved as
E-strain, while others (v. Hofsten 1969; Wilcox 1971; Scan-
nerini 1972; Pachlewski et al. 1991-1992) did not mention
the fungusinvolved. McGee et d. (1999) reported structural
features similar to those of ectendomycorrhizas in roots of
one adult specimen of the recently discovered Wollemi pine
(Wollemia nohilis, Araucariaceae) in Australia. Because the
fungus involved was not determined, the occurrence was
very redtricted and most members of the Araucariacese
have AM associations, this finding is difficult to evauate.
The reports of ectendomycorrhizas in field collections of
the angiosperm species Uapaca kirkiana (Hogberg 1982)
and the dipterocarp species Shorea parvifolia (Louis 1988)
are based solely on the presence of intracellular hyphaeg;
these may be hyphae of senescing ectomycorrhizas.

Several cases of ectendomycorrhizas synthesized under
laboratory conditions have been reported (Table 1) since
the reviews of Mikola (1965) and Laiho (1965). The
strength of these reports in most cases lies in the use of
known fungus species and the determination of anatomi-
cal features of mycorrhizal roots. In the paper by Wilcox
et al. (1974), fungus isolates (identified as BDG-58 and
BDD-22) obtained from Pinus resinosa roots were used.
BDD-22 was identified as Chloridium paucisporum Wang
& Wilcox and the anamorph of BDG-58 was later identi-
fied as Complexipes sp. (LoBuglio and Wilcox 1988), of
which the teleomorph is Wicoxina (Yang and Korf 1985).
Ectendomycorrhizas have been synthesized with Pinus
resinosa (red pine) using various identified fungus spe-
cies, including WIcoxina mikolae var. mikolae (Yang and
Wilcox 1984, as Tricharina mikolae; Piché et a. 1986; see
our Fig. 1), Phialophora finlandia (Wang and Wilcox
1985; Wilcox and Wang 19873, b), and Chloridium pauci-
sporum (Wang and Wilcox 1985; Wilcox and Wang
1987b). Ectendomycorrhizas of Pinus contorta inoculated
with Sphaerosporella brunnea (Egger and Paden 1986;
Iwanyzki 1992) and Pinus banksiana inoculated with two
varieties of Wlcoxina mikolae and WIcoxina rehmii
(Scales and Peterson 1991a) have been reported (Table 1).
S brunnea colonized short roots of Pinus contorta and
formed athin mantle (Figs. 2, 3).

A group of dematiaceous soil fungi also has been de-
scribed in association with roots of many plant species
from avariety of habitats (Jumponnen and Trappe 1998).
Melin (1922) first described these fungi from the roots of
Pinus sylvestris L. and Picea abies Karst. and placed
them in the Mycelium radicis atrovirens (Mra) complex.
Some of the members of the Mra form typical ectendo-
mycorrhizas on members of the Pinaceae (Wilcox et al.
1974), whilst others, termed pseudomycorrhizas, ap-
peared to be weak pathogens (Wang and Wilcox 1985;
Wilcox and Wang 1987a, b). Mra fungi will not be dis-
cussed in detail in this review except when they have
been shown to form ectendomycorrhizas.
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Host species Fungus Field/lab Reference
Gymnosperms

Larix occidentalis Nutt ~ E-strain Semi-aseptic pot culture Laiho (1965)
Larix leptolepis E-strain Nursery Laiho (1965)
Pinus attenuata E-strain Nursery Laiho (1965)
Pinus banksianaLamb  E-strain (R-947) Field (mine spoils) Danielson (1982)

(Wilcoxina mikolae)
Pinus banksiana
Pinus banksiana

Pinus contorta Dougl.
Pinus contorta

Pinus contorta

Pinus edulis Engelm.

Pinus lambertiana

Pinus monticola Dougl.

Pinus nigra

Pinus ponderosa
Dougl. ex Laws.

Pinus ponderosa

Pinusradiata D. Don

Pinus resinosa Ait.

Pinusresinosa

Pinus resinosa

Pinus resinosa
Pinus resinosa
Pinus resinosa

Pinus resinosa
Pinus resinosa

Pinus strobus L.

Pinus strobus
Pinus strobus
Pinus strobus
Pinus strobus
Pinus strobus
Pinus sylvestris L.

Pinus sylvestris

Pinus sylvestris

Pinus sylvestris

Wollemia nobilis Jones,
Hill & Allen

Angiosperms
Uapaca kirkiana
Mull. Arg
Shorea parvifolia Dyer
Helianthemum guttatum

E-strain (R-947)
Wilcoxina mikolae var. mikolae;
var. tetraspora Wl coxina rehmii
E-strain
Sphaerosporella brunnea
(Alb. + Schwii Fr.) Svrcek & Kubicka
Wilcoxina mikolae
E-strain
E-strain
E-strain
E-strain
E-strain

E-strain (possibly Wi coxina mikolae)

E-strain

E-strain

?

Isolates BDG-58 (Wi coxina) and
BDD-22 (Chloridium paucisporium)

Tricharina mikolae

Wilcoxina mikolae var. mikolae

Phialophora finlandia Wang & Wilcox

Qil sandstailings
Semi-aseptic
(growth pouches)
Forest/nursery
Aseptic culture

Semi-aseptic pot culture

Semi-aseptic pot culture

Nursery

Nursery

Nursery

Forest/nursery/semi-aseptic
pot culture

Greenhouse (forest soil)

Semi-aseptic pot culture

Nursery

Field

Aseptic culture

Semi-aseptic pot culture;
aseptic flask culture
Semi-aseptic
(growth pouches)
Field

Chloridium paucisporum Wang & Wilcox

Phialophora finlandia Wang & Wilcox
Phialophora finlandia Wang & Wilcox

Aseptic flask culture
Aseptic flask culture

Chloridium paucisporum Wang & Wilcox

E-strain

?

E-strain?

E-strain

E-strain

Phialophora finlandia
E-strain

E-strain
?

?
?

?

?
Terfezia arenaria, Terfezia claveryi,
Tirmania pinoyi

Nursery/semi-aseptic
pot culture

Field

Nursery

Nursery

Semi-aseptic pot culture

Semi-aseptic pot culture

Nurseries; aseptic flask culture;
Hagem agar cultures

Nursery; semi-aseptic
pot culture

Field (one old tree)

Nursery

Field (one adult tree)

Field

Field
Lab (P-deficiency)

Danielson and Visser (1989)
Scales and Peterson (19914a)

Laiho (1965)
Egger and Paden (1986)

Chanway and Holl (1991)
Laiho (1965)
Laiho (1965)
Laiho (1965)
Laiho (1965)
Laiho (1965)

Massicotte et al. (1999)
Laiho (1965)

Laiho (1965)

Wilcox (1971)

Wilcox et al. (1974)

Yang and Wilcox (1984)
Piché et al. (1986)
Wang and Wilcox (1985)

Wilcox and Wang (1987a)
Wilcox and Wang (1987b)

Laiho (1965)

Scannerini (1972)

Beckjord and Hacskaylo (1984)
Ursic et al. (1997)

Ursic and Peterson (1997)
Ursic and Peterson (1997)
Mikola (1965)

Laiho (1965)
v. Hofsten (1969)

Pachlewski et al. (1991-1992)
McGee et al.(1999)

Hobgberg (1982)

Louis (1988)
Fortas and Chevalier (1992)

Formation of ectomycorrhizas by
ectendomycorrhizal fungi

One feature of E-strain fungi is their ability to form ec-
tendomycorrhizas with some hosts and ectomycorrhizas
with others. Danielson (1984) showed that Sphaerospor-
ella brunnea forms typical ECMs with Larix laricina,

L. occidentalis, Picea glauca, Picea mariana, four Pinus
species and Populus tremuloides (Table 2). Later,
Iwanyzki (1992) confirmed that this same fungus species
formed ECMs with Pinus banksiana. Wilcoxina mikolae
var. mikolae formed ECMs with both Picea mariana and
the angiosperm species Betula alleghaniensis in growth
pouches (Scales and Peterson 1991b). The dematiaceous
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Fig. 1. Apothecium of Wilcoxina mikolae var. mikolae. Photo
courtesy of Dan Luoma and Hugues Massicotte

Fig. 2 Short root of Pinus contorta showing root hairs (arrow-
heads)

Fig. 3 Short root of Pinus contorta colonized by Sphaerosporella
brunnea. A loose weft of hyphae (arrowheads) is present

Fig. 4 Longitudinal section of Pinus resinosa short roots colo-
nized by hyphae of Wilcoxina mikolae var. mikolae. A thin mantle
(arrowheads) is present

Fig. 5 Longitudinal section of Pinus resinosa short roots colo-
nized by hyphae of WiIcoxina mikolae var. mikolae. A thin mantle
(arrowheads), Hartig net hyphae (double arrowheads) and intra-
cellular hyphae (arrow) are present

Fig. 6 Longitudinal section of Pinus resinosa short roots colo-
nized by hyphae of Wlcoxina mikolae var. mikolae. Hartig net hy-
phae (double arrowheads) and intracellular hyphae (arrows) are
present

fungal species Phialophora finlandia formed ECMs with
Picea rubens and Betula alleghaniensis (Wilcox and
Wang 1987a, b), whereas Chloridium paucisporum only
formed ECMs with Picea rubens (Wilcox and Wang
1987b).

Structure of ectendomycorrhizas

Mikola (1965) microscopically examined the structure of
ectendomycorrhizas in controlled synthesis experiments
with E-strain fungus isolates and described the presence
of Hartig net hyphae, intracellular hyphae in epidermal
and cortical cells, and either a thin mantle or lack thereof
in roots of Pinus sylvestris. Laiho (1965) confirmed
these observations with Pinus sylvestris and extended
them to Larix occidentalis roots. Wilcox (1969) showed
essentially the same features in nursery seedlings of Pi-
nus resinosa, athough the fungus involved was not iden-
tified. Later, Wilcox and Ganmore-Neumann (1974) and
Wilcox et al. (1974) synthesized ectendomycorrhizas on
Pinus resinosa with two fungus isolates obtained from
this host. A feature mentioned by Wilcox et al. (1974),
but not in previous studies, was the presence of chla-
mydospore-like intracellular structures of fungal origin
in cortical cells. Ectendomycorrhizas of Pinus resinosa
seedlings inoculated with E-strain Wilcoxina mikolae
(Yang and Wilcox 1984 as Tricharina mikolae), and the
two Mra species Phialophora finlandia and Chloridium
paucisporum (Wilcox and Ganmore-Neumann 1974;
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Host

Fungus

Reference

Gymnosperms
Larix laricina (DuRoi) K. Koch

Larix occidentalis Nultt.
Picea abies (L) Karst

Picea engelmanii Parry
Picea glauca (Moench) Voss
Picea mariana (Mill.) B.S.P.
Picea mariana

Picea pungens Engelm.
Picea rubens Sarg.

Picea rubens

Pinus banksiana Lamb.

Pinus contorta Loudon var. latifolia Engelm.

Pinus flexilis James
Pinus ponderosa Dougl.
Pseudotsuga menziessii (Mirb.)

Angiosperms

Betula alleghaniensis Britton
Betula alleghaniensis
Populus tremuloides

Sphaerosporella brunnea (Alb. & Schw.:Fr.)
Svreek & Kubicka

Sohaerosporella brunnea

E-strain

E-strain

Sohaerosporella brunnea

Sphaerosporella brunnea

Wilcoxina mikolae var. mikolae

E-strain

Phialophora finlandia Wang and Wilcox

Chloridium paucisproum

Sohaerosporella brunnea

Sphaerosporella brunnea

Spohaerosporella brunnea

Spohaerosporella brunnea

E-strain

Phialophora finlandia Wang and Wilcox
WiIcoxina mikolae var. mikolae
Sphaerosporella brunnea

Danielson (1984)

Danielson (1984)

Laiho (1965)

Laiho (1965)

Danielson (1984)
Danielson (1984)

Scales and Peterson (1991a)
Laiho (1965)

Wilcox and Wang (1987a)
Wilcox and Wang (1987b)
Danielson (1984)
Danielson (1984)
Danielson (1984)
Danielson (1984)

Laiho (1965)

Wilcox and Wang (19873)
Scales and Peterson (1991b)
Danielson (1984)

Wang and Wilcox 1985; Wilcox and Wang 1987a, b)
were described as having a mantle, Hartig net hyphae,
and intracellular hyphae. Roots of Pinus contorta seed-
lings inoculated with the post-fire ascomycete Sphaero-
sporella brunnea showed the basic anatomical features
of ectendomycorrhizas (Egger and Paden 1986;
Iwanyzki 1992). Recently, Ursic and Peterson (1997)
showed structural features of Pinus strobus ectendomy-
corrhizas collected either from a nursery or synthesized
in the greenhouse using an unidentified E-strain isolate
from nursery seedlings. Again, a thin mantle, Hartig net
hyphae and intracellular hyphae were present.

The development and ultrastructure of ectendomycor-
rhizas examined to date is described in a few publica-
tions. v. Hofsten (1969) examined the ultrastructure of
ectendomycorrhizas of Pinus sylvestris collected from a
mature tree, but the publication makes no mention of the
fungus mantle. Most of the preparations in v. Hofsten
(1969) are poorly preserved and observations of the ul-
trastructural features suffer as a result; the structural fea-
tures shown are typical of senescent ECM. Likewise, the
micrographs included in the ultrastructural study of ec-
tendomycorrhizas of Pinus strobus roots (Scannerini
1972) suggest that the cells examined were from old root
segments and it is difficult to determine the nature of the
interaction of intracellular hyphae with root cells. In two
later studies (Piché et al. 1986; Scales and Peterson
1991a), the synthesis of ectendomycorrhzas in growth
pouches between known fungus species and two pine
species, Pinus resinosa (Figs. 4, 5, 6) and Pinus banksi-
ana, allowed for detailed analysis of the development of
the association and structural changes in both symbionts.

Short roots were colonized (Figs. 7, 8, 9, 10, 11, 12)
and, similar to ECM, meristems were induced to dichot-
omize (Fig. 8). In both pine species, typicaly athin fun-

ga mantle developed (Figs. 4, 10) that consisted of
branched hyphae. Although the function of the mantle
has not been examined, its loose organization probably
precludes any roe in blocking apoplastic transfer of nu-
trients from the soil solution, or physical protection from
pathogenic organisms. Scales and Peterson (1991a) sug-
gested that the thick mucilage on the root surface plays a
role in preventing transfer of nutrients from the soil solu-
tion to the root. Tannin-filled cells that form at the pe-
riphery of colonized roots (Figs. 4, 5, 6, 12) also may
impede nutrient transfer into root tissues. Histochemical
staining for polysaccharides revealed dense bodies, prob-
ably glycogen, in the mantle and adjacent Hartig net hy-
phae, providing circumstantial evidence for movement
of carbon compounds from host cells to fungus hyphae
(Scales and Peterson 1991a). The relatively wide inter-
cellular hyphae of the Hartig net penetrated into the epi-
dermal and cortical cell layers in both monopodial roots
(Figs. 4, 5, 6) and dichotomously branched roots
(Fig. 12). This occurred very close to the root apical
meristem (Piché et al. 1986). The entire cortex up to the
endodermis was frequently colonized (Scales and Peterson
19914). In Pinus banksiana roots colonized by W. miko-
lae, Hartig net hyphae close to the root meristem con-
tained numerous mitochondria and endoplasmic reticu-
lum cisternae; adjacent cortical cells also had organelles
indicating their viability. Further from the root apex,
Hartig net hyphae became more vacuolated but still re-
tained numerous mitochondria.

Once the Hartig net is established, relatively wide in-
tracellular hyphae develop in epidermal and cortical cells
(Piché et a. 1986; Scales and Peterson 1991a; Fig. 6)
and these show various degrees of branching within cor-
tical cells. Intracellular hyphae are surrounded by host-
derived membrane and an interfacial matrix material
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Fig. 7 Short roots of Pinus banksiana colonized by hyphae of
WiIcoxina mikolae var. mikolae. The monopodial mycorrhizas
have a mantle (asterisk). Reproduced from Scales and Peterson
(19914) with permission

Fig. 8 Short roots of Pinus banksiana colonized by hyphae of
Wilcoxina mikolae var. mikolae. The dichotomously branched my-
corrhizas have a mantle (asterisk). Extraradical hyphae (arrow-
heads) are evident

Fig. 9 Hyphae of Sphaerosporella brunnea showing ornamentations
(arrowhead) typical of this genus and other E-strain fungal species

Fig. 10 Scanning electron micrographs of the mantle of Pinus
banksiana—Wlcoxina mikolae var. mikolae mycorrhizas. Hyphae
are branched (arrowheads). Reproduced from Scales and Peterson
(19914) with permission

Fig. 11 Scanning electron micrographs of the mantle of Pinus
banksiana—Wlcoxina mikolae var. mikolae mycorrhizas. Hyphae
are branched (arrowheads) and are embedded in mucilage (double
arrowheads). Reproduced from Scales and Peterson (1991a) with
permission

Fig. 12 Longitudinal section of dichotomously branched Pinus
banksiana—\WIcoxina mikolae var. mikolae mycorrhiza. Hartig net
hyphae are present in the epidermis and cortex (arrows) and intracel-
lular hyphae (inset) are present. Tannin-filled cells (*) are evident.
Reproduced from Scales and Peterson (1991&) with permission

(Scales and Peterson 1991a) and contain numerous or-
ganelles and electron-dense vacuolar deposits that are
likely phenolic in nature (Piché et al. 1986; Scales and
Peterson 1991a). The cytology of intracellular hyphae
suggests that they play an active role in the transfer of
substances between the symbionts, but there is no direct
evidence for transfer of nutrients across this interface.
The observations to date provide a firm basis for further
cytological studies such as examining the nature of the
interfacial matrix between the perifungal membrane and
the hyphal cell wall for comparison with other biotrophic
interfaces in parasitic and mutualistic symbioses (Bonfante
and Perotto 1995; Harrison 1999), the interaction be-
tween the intracellular hyphae and root cell cytoskeleton
(see Peterson et al. 2000), and determining in detail the
nature of the electron-dense vacuolar granules of the
Hartig net and intracellular hyphae.



Taxonomy and structural characteristics of fungus
species involved in ectendomycorrhizas

Early descriptions of E-strain fungi implicated in ecten-
domycorrhiza formation were based on morphological
characteristics of sterile hyphae of isolates plated on agar
media (Mikola 1965; Laiho 1965). The presence of char-
acteristic chlamydospores either sieved from soil, isolat-
ed from pot cultures, or from cultures of isolates on agar
plates was used later (Wilcox et al. 1974; Danielson
1982). Hyphae were described as being septate, with
septa approximately 66 um apart, 3-9 um in diameter,
possessing Woronin bodies and with various ornamenta-
tions on aerial hyphae (Danielson 1982). Danielson
(1982) hypothesized that the ornamentations (Fig. 9)
provide a compartment for the deposition of diffusable
waste products, which replace root tissue or culture me-
dia as sinks. The ornamentations were formed on aerial
hyphae in culture or on extraradical hyphae from roots of
container-grown spruce (Danielson 1982). Submerged-
intercalary chains or aeria-terminal, thick-walled chla-
mydospores 45-100 pym in diameter from culture and
80-120 pm from soil are also formed by E-strain fungi
(Wilcox et al. 1974; Danielson 1982). Based on the simi-
larity of their chlamydospores to those of the Glomales,
Walker (1979) assigned E-strain fungi the species name
Complexipes moniliformis and erroneously placed them
in the Endogonaceae. However, septation of hyphae in
al E-strain fungi examined (v. Hofsten 1969; Mikola
1965, 1988; Wilcox 1971; Danielson 1982) and the pres-
ence of Woronin bodies (Danielson 1982) is evidence
that these fungi do not belong in the Endogonaceae. Ter-
minal chlamydospores of E-strain fungi have ornamenta-
tions similar in structure to those on aerial hyphae,
which were suggested as a taxonomic character in the
identification of this fungus group by Danielson (1982).
Based on the structure of hyphae and, in particular, sep-
tal pores, Danielson (1982) hypothesized that E-strain
fungi have ascomycetous teleomorphs. This proved to be
the case and Yang and Wilcox (1984) described a new
species, Tricharina mikolae Yang & Wilcox, based on
ascocarps appearing in pot cultures of red pine inoculat-
ed with E-strain chlamydospores isolated from a Dou-
glas-fir nursery. Synthesis experiments with red pine and
these chlamydospores confirmed ectendomycorrhiza for-
mation. Later, in a monographic treatment of the genus
Tricharina, Yang and Korf (1985) erected a new genus
in the Pezizales, Wilcoxina, with three species (one with
two varieties): W. mikolae (Yang & Wilcox) Yang &
Korf var. mikolae = Tricharina mikolae Yang & Wilcox,
W. mikolae (Yang & Wilcox) Yang & Korf var. tetra-
spora, W. rehmii Yang & Korf and W. alaskana
Kempton, Yang & Korf (=W. sequoiae according to
Schumacher 1988). Of these three species, only the first
two form anatomical features with roots that are typical
of either ecto- or ectendomycorrhizas.

In a comparison of E-strain fungi isolated from mycor-
rhizal roots and ascocarps, Egger and Fortin (1990) con-
firmed that most of the isolates could be placed into the
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two mycorrhizal Wil coxina taxa, W. mikolae and W. rehmii
based both on genera culture characteristics and restric-
tion fragment polymorphisms within the nuclear ribosom-
al RNA (rRNA) genes. One isolate was intermediate be-
tween these taxa and the authors speculated that this could
be a hybrid. Culture characteristics were found to be
somewhat variable and |ess reliable than the molecular da-
ta for the identification of taxa. A further study (Egger et
al. 1991), comparing polymorphisms in both nuclear and
mitochondrial rRNA genes, supported the placement of
the majority of E-strain isolates into these two Wl coxina
species. Interestingly, two isolates obtained from root cul-
tures were again intermediate between these taxa in terms
of their molecular characters. Because of this and differ-
ences in habitat, these authors suggested the possibility of
a new Wilcoxina taxon. In a phylogenetic analysis using
nuclear-encoded rRNA gene sequences, Egger (1996)
confirmed that Wi lcoxina and Tricharina should be main-
tained as separate genera and that the Wilcoxina taxa
formed a distinct group with the non-mycorrhizal species
W. alaskana being the most divergent taxon. The two
anomalous isolates identified previousy (Egger et al.
1991) remained outside W. mikolae and W. rehmii in this
analysis and, based upon the degree of nucleotide diver-
gence, were hypothesized to be cryptic species of Wlcox-
ina that were not known from teleomorph collections.

The formation of a mycorrhizal association by E-strain
fungi typical of either an ectomycorrhiza or an ectendomy-
corrhiza may have a genetic component. Support for this
comes from recent molecular studies. Based on comparison
of mitochondria ribosoma RNA gene RFLPs (Egger et dl.
1991) from different WIcoxina isolates of spruce ectomy-
corrhizas and pine ectendomycorrhizas (Egger 1996), evi-
dence was found to suggest that W. mikolae and W, rehmii
populations subdivided by host, but it was not clear whether
population subdivision was due to differences in host com-
patibility or host geographical distribution.

Fungi that form ectendomycorrhizas appear to be
phylogenetically related to ascomycetes in the orders Pe-
zizales (operculate discomycetes) and L eotiales (inopercu-
late discomycetes). Stoyke et a. (1992) compared nuclear
rRNA gene restriction fragments of many dematiaceous
isolates from mycorrhizas of subalpine plants. Included in
their analysis was Phialophora finlandia, which is known
to form ectendomycorrhizas (Wang and Wilcox 1985).
The magjority of isolates examined by Stoyke et a. (1992)
belonged to Phialocephala fortinii. The phylogenetic af-
finities of Phialocephala fortinii are not well resolved, this
taxon being placed between Onygenales and Leotiales by
Monreal et a. (1999), occupying an unresolved position
between Leotidles and Pezizales in Jumpponen and
Trappe (1998), and within the Leotiales (although with
weak bootstrap support) by Hambleton (1998). Of these
three studies, the most convincing is Hambleton (1998)
because it was based upon the nearly complete small sub-
unit rRNA sequence, rather than a partia sequence
(Jumpponen and Trappe 1998) or ITS sequence (Monreal
et a. 1999). Placement of Phialocephala fortinii in the
Leotiales is also consistent with morphological observa-
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tions of immature fruit bodies of the inoperculate type
(Currah et a. 1993). Although Phialocephala fortinii does
not form ectendomycorrhizas, based upon restriction frag-
ment length polymorphisms of the rDNA interna tran-
scribed spacer (ITS) region, it forms part of Mra fungi
(Harney et a. 1997). These include Phialophora finlandia
and Chloridium paucisporum, which do form ectendomy-
corrhizas. Interestingly, Phialophora finlandia clustered
closely to Hymenoscyphus ericae, the predominant ericoid
mycorrhizal fungus endophyte and a member of the L eoti-
ales, in the study of Stoyke et al. (1992). The close rela-
tionship between Phialophora finlandia and H. ericae has
been confirmed by DNA sequence analysis (Monreal et .
1999). The other taxa forming ectendomycorrhizas, WI-
coxina and Sphaerosporella, are clearly members of the
Pezizales (Landvik et a. 1997). Therefore, evidence of a
close phylogenetic relationship between Mra fungi and E-
strain fungi is lacking in the literature, despite some mem-
bers of each group forming ectendomycorrhizas on similar
plant hosts. However, recent research by Williams (1999),
based upon PCR-RFLP matching of sporocarps and Mra
root tips, suggests that some members of the genus Hel-
vella (Pezizales) form Mra root associations. The exact
nature of these associations remains to be determined and
it is not known whether they resemble ectendomycorrhi-
zas, but further research may indicate that some members
of the highly diverse Mra group are related to Pezizales.

Physiology:
in vitro growth of ectendomycorrhizal fungi

E-strain fungi are comparable to most ectomycorrhizal fun-
gi in their ability to utilize various simple sugars, but not
cellulose, as a carbon source (Mikola 1965). In contrast, the
dematiaceous root endophyte Phial ophora finlandia, shown
to form ectendomycorrhizas with some hosts (Wilcox and
Wang 1987a), is capable of using cellulose, laminarin,
starch, and xylan (Caldwell et a. 2000). An ascomycete,
Fhaerosporella brunnea, aso shown to form ectendomy-
corrhizas with at least Pinus contorta (Egger and Paden
1986; Iwanyzki 1992), converts most of the glucose provid-
ed in the medium into mannitol, with minor amounts into
trehalose, glycogen and free amino acids. This indicates
that mannitol isthe mgjor soluble storage carbon compound
in this fungus species (Martin et al. 1988). Egger (1986)
had shown previoudly that this fungus species was capable
of hydrolyzing gelatin, cellulose, and to a lesser extent ail,
at acidic pH, and gelatin and pectin at neutral pH.

A comparison of various E-strain isolates, Mra isolates,
and Boletus variegatus for their ability to grow on various
nitrogen sources showed that E-strain isolates were able to
use ammonium and nitrate, with some variation in growth
response to nitrate among isolates (Mikola 1965). An
NADPH-specific nitrate reductase has been extracted and
characterized from the ectendomycorrhizal fungus WIcox-
ina mikolae var. mikolae (Prabhu et al. 1995). This enzyme
was shown to be induced specifically by nitrate and re-
pressed by ammonium (Prabhu et al. 1996b).

The siderophore, ferricrocin, was produced by two iso-
lates of W. mikolae and one of W. rehmii in culture medi-
um lacking iron after 20 days of mycelia growth (Prabhu
et al. 1996a). A comparison of the in vitro biomass accu-
mulation of the three isolates with or without added iron
showed no difference for the first 20 days, but biomass
was significantly lower after 20 days in medium lacking
iron. Thus, there was a good correlation between induc-
tion of the siderophore in the culture medium lacking iron
and reduction in biomass accumulation. Prabhu et a.
(19964) suggested that the production of this siderophore
by ectendomycorrhizas formed on conifer seedlings in
mine spoils imparts some protection against heavy metals.

E-strain fungi, like many ascomycete fungi, are sensi-
tive to benomyl (Danielson 1982). This was shown ex-
perimentally in a study of the effect of two fungicides,
benomyl and oxine benzoate, on four isolates of E-strain
fungi (W. mikolae var. mikolae, W. mikolae var. tetra-
spora, W. rehmii and an unnamed isolate (Chakravarty et
al. 1990). When tested in vitro, all isolates showed a sig-
nificant reduction in mycelial biomass at benomy! or ox-
ine benzoate concentrations above 10 ppm. Benomyl
alone had a stimulatory effect on biomass of W, rehmii at
0.1 ppm; the reason for thisis unknown.

Temperature had a differential effect on growth of six
E-strain fungus isolates, depending on the source of the
isolate (Wilcox et al. 1983). The peak growth rate of iso-
lates from more northern sites was at 20°C, whereas that
of southern isolates was at 24°C. Only isolates from
northern sites were able to grow at 4°C.

Physiology:
ectendomycorrhiza formation and function

Mikola (1965) tested the pH tolerance of E-strain fungi
and found that their optimal range for ectendomycorrhiza
formation with Pinus sylvestris lies between pH 3.9 and
8.0 in axenic culture with Hagen agar medium as the sub-
strate, and pH 2.2 and 12.6 in pot culture with peat as the
substrate. However, the degree of short root dichotomiza-
tion and fungus mantle thickness showed some depen-
dency on pH. These features were most developed be-
tween pH 4.0 and 5.5, whereas at pH 8.0 the onset of my-
corrhization was delayed and a thin mantle resulted. In-
terestingly, ECM-forming members of the Mra have a
similar pH range (Wilcox and Wang 1987b). Chloridium
paucisporum formed typical ectendomycorrhizas with Pi-
nus resinosa and ECMs with Picea rubens at pH 5.7 but
mycorrhization did not occur in Pinus resinosa at pH 3.0.
These authors found also that Chloridium paucisporum
was “pseudomycorrhizal” on Betula allegha-niensis. This
conclusion was based on the lack of radial elongation of
epidermal cells and hypha penetration into the root apex.
There was no indication given on the effect of thistype of
colonization on seedling growth. As indicated by Mikola
(1988), and discussed earlier in this review, the term
pseudomycorrhiza probably has little value in terms of
function. Perhaps the term “weak pathogen” should be



used when the invasion of root meristems and vascular
cylinders described by Wilcox and Wang (1987b) occurs.

Pachelewski et al. (1991-1992) found that an increase
in phosphorus (in the form of AIPO, or P,Os) or nitrogen
(urea) fertilization caused an increase in the amount of
intracellular colonization by ectendomycorrhizal hyphae
in Pinus sylvestris roots. An interesting study of the for-
mation of mycorrhizas between Helianthemum guttatum
and three desert truffle species (Terfezia aenaria, Ter-
fezia claveryi, Tirmania pinoyi) showed that the type of
mycorrhiza formed depended on the nutrient level in the
substrate (Fortas and Chevalier 1992). Specifically, with
both axenic and gnotoxenic conditions, low phosphate
levels resulted in Hartig net and intracellular hypha de-
velopment, whereas high phosphate resulted in Hartig
net development only. In neither case was a mantle
formed. These results indicate that the type of root colo-
nization is dependent, in part, on the nutrient level pres-
ent during the interaction between fungus hyphae and
roots. On the other hand, Mikola (1965) reported that ni-
trogen (in the form of ammonium) caused a decrease in
intracellular colonization, but even heavy applications of
the fertilizer did not completely inhibit mycorrhization.
Clearly, nutrition experiments need to be repeated under
controlled conditions with identified E-strain fungus spe-
cies within appropriate experimental designs.

Bacteria commonly are found in the mycorrhizosphere.
Many of these can influence the formation of ECMs and
some are known to fix atmospheric nitrogen (Smith and
Read 1997). Pachlewski et al. (1991-1992) isolated many
strains of Bacillus polymyxa from ectendomycorrhizas
formed between E-strain fungal isolates and roots of Pinus
sylvestris, the majority of which had the ability to decom-
pose cellulose. An isolate of Bacillus, probably B. poly-
myxa, was inoculated onto roots of Pinus contorta seed-
lings either alone or in combination with an isolate of the
E-strain fungus Wlcoxina mikolae (Chanway and Hoall
1991). As expected, W. mikolae formed ectendomycorrhi-
zas and the number of mycorrhizal root tips was the same
in treatments with and without inoculation with Bacillus.
The authors did not comment on whether there were dif-
ferences in structural features of the ectendomycorrhizas
formed. Inoculation with Bacillus aone did not affect
shoot or root biomass or total foliar nitrogen content, but
inoculation with W. mikolae alone reduced shoot biomass
and total foliar nitrogen content relative to controls. Coin-
oculation resulted in higher shoot and root biomass than
with W. mikolae alone and lower total foliar nitrogen than
controls. A continuation of this line of research might dis-
cover effective E-strain fungus-bacteria combinations that
enhance seedling growth in the field.

Occurrence and effects of ectendomycorrhizas

Although ectendomycorrhizal associations may be limited
to afew fungus species that associate with Pinus and Larix
to form characteristic structural features, the fungi involved
are able to form ectomycorrhizas with a number of conifer
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and angiosperm genera and, therefore, have a broad host
range (Molina et a. 1992). The wide global distribution of
these fungi and the diverse habitats in which they are
found suggest that they play a more significant role in the
survival and growth of tree species than previously recog-
nized. A recent study (Massicotte et a. 1999) confirmed
the presence of E-strain fungi in a variety of habitats and
their ability to colonize a range of hosts. These authors
showed that an E-strain fungus, probably Wilcoxina miko-
lae, colonized roots of Abies grandis (Dougl.) Lindl.,
Pseudotsuga menziesii (Mirb.) Franco, Pinus ponderosa
Dougl. ex Laws., Lithocarpus densiflora (Hook. & Arn.)
Rehd. and Arbutus menziesii Pursh. when seedlings were
planted in soil taken from three forest sites ranging from a
clearcut site to a mature Douglas-fir-pine forest in south-
western Oregon, USA. Obvioudly, propagules of E-strain
fungi were present in al of these soils and, under the ex-
perimental methods used for the synthesis of mycorrhizas,
they colonized both conifer and angiosperm tree species.

Early work indicated that E-strain fungi and ectendo-
mycorrhizas were mostly found in conifer nurseries and
disturbed sites (Mikola 1965, 1988) and, consequently,
most of the research on the potential role of ectendomy-
corrhizas has involved these situations. LoBuglio and
Wilcox (1988) found that Pinus resinosa seedlings inoc-
ulated with either an E-strain isolate or Phialophora fin-
landia and planted on iron tailings tended to show better
survival rates than controls.

Seedlings of Pinus banksiana inoculated with a variety
of mycorrhizal fungi including an E-strain isolate and out-
planted into peat-amended oil-sand tailings showed a pro-
gressive loss of most of the inoculated fungus species over
3 years (Danielson and Visser 1989). Interestingly, only
E-strain ectendomycorrhizas were present in substantial
numbers over the full 3 years, but it was not determined
whether the mycorrhizas formed were by the inoculated
isolate or by indigenous E-strain fungi. Inoculation with
the E-strain isolate resulted in an increase in shoot growth
relative to controls after 2 years, suggesting that at least
this isolate could be useful in enhancing early seedling
growth under these conditions. This contrasts with results
of Levisohn (1954) with Pinus sylvestris seedlings in
which inoculation with colonized root pieces from the
same species resulted in a decrease in shoot growth.

Seedlings of Picea glauca planted in coa spoil were
colonized solely by E-strain fungi for the first 2 years and
only by year 4 were E-strain fungi gradually replaced by
the basidiomycete Amphinema byssoides (Fr.) J. Erikss.
(Danielson 1991). Even after 10 years, 25% of root tips
were dtill colonized by E-strain fungi. In contrast, Pinus
banksiana seedlings grown on oilsand tailings only devel-
oped mycorrhizal root tips with E-strain fungi if the tail-
ings were amended with peat; these fungi then dominated
root systems (Danielson 1991). The experiment was not set
up to test the effects of E-strain fungi on seedling growth
so nothing can be concluded about their physiological role.

In a conifer seedling nursery in Ontario, Canada,
Ursic et d. (1997) found a high rate of root rot symptoms
on Pinus strobus seedlings and a high incidence of root tips
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colonized by E-strain and other ascomycetous fungi, in-
cluding Phialophora finlandia, a member of the Mra
known to form ectendomycorrhizas. Although there was
no statistical correlation between the two, the authors sug-
gested that the dominance of E-strain mycorrhizas in 2-
and 3-year-old seedlings excluded beneficial basidiomyce-
tous fungi from colonizing roots. However, in preliminary
in vitro tests to determine the interaction between E-strain
fungi and several species of ectomycorrhizal fungi, Mikola
(1965) found no inhibitory effects when various combina-
tions of E-strain fungi and ectomycorrhizal fungi were
grown together on culture plates. These types of tests may
not be representative of what occurs in natural settings,
where other abiotic and biotic factors are involved. Indeed,
the studies by Danielson and Visser (1989) and other au-
thors suggest that there is competition between inoculated
and indigenous fungi when seedlings are outplanted.

An important consideration when discussing any my-
corrhizal association is the cost-benefit balance of the re-
lationship (Johnson et a. 1997). This has not been stud-
ied in any detail for ectendomycorrhizas. In other mycor-
rhizal systems such as arbuscular mycorrhizas, early col-
onization of seedlingsis costly to the plant because seed-
lings may depend primarily on resources in the seed for
carbon compounds, and the fungus competes for the lim-
ited carbon available (Johnson et al. 1997). E-strain fun-
gi often predominate on tree seedlings found in nurseries
and degraded sites (Mikola 1988; Danielson 1991), but
the cost to seedlings has not been measured. Ectendomy-
corrhizas can develop under conditions of very low irra-
diance and presumably low photosynthate production
(Mikola 1965), which suggested to Mikola (1988) an ex-
planation for the early colonization of nursery seedlings
by E-strain fungi and not ectomycorrhizal fungus spe-
cies. The latter require considerable carbon for their de-
velopment. Because some fungus species involved in
forming ectendomycorrhizas are capable of hydrolyzing
complex polysaccharides (Egger 1986; Caldwell et al.
2000), it is possible that carbon compounds are absorbed
by hyphae and translocated to seedlings before they be-
come autotrophic. Alternatively, these fungi may be able
to acquire their carbon from the breakdown of complex
carbohydrates in the soil while establishing themselves
on roots and thus not be a carbon drain on seedlings. To
date, the extent of extraradical mycelium and its role in
nutrient absorption and translocation in ectendomycor-
rhizas have not been determined.

Research is required to determine the role of E-strain
fungi during early seedling growth in a variety of habi-
tats. In very disturbed sites, such as heavily burned ar-
eas, perhaps propagules, i.e. chlamydospores, of E-strain
fungi are among mycorrhizal perennation structures
present when the first tree seedlings emerge. Research
on the tolerance of hyphae and chlamydospores of WI-
coxina and other E-strain fungi to high temperatures,
heavy metals, and other soil pollutantsis required.

Although Mikola (1988) suggested that tree seedlings
benefit from colonization by fungus species such as WlI-
coxina, more research is required on the basic biology of

the fungus symbionts and the ectendomycorrhizas they
form, before their utilization in forestry becomes a reality.

Acknowledgements Ongoing financial support from the Natural
Sciences and Engineering Research Council of Canada to R.L.P
and K.N.E is appreciated. We thank Lewis Melville for help with
theillustrations.

References

Beckjord PR, Hacskaylo E (1984) E-strain fungus associations
with roots of Paulownia tomentosa and Pinus strobus. Bull
Torrey Bot Club 111:227-230

Bonfante P, Perotto S (1995) Strategies of arbuscular mycorrhizal
fungi when infecting host plants. New Phytol 130:3-21

Caldwell BA, Jumpponen A, Trappe JM (2000) Utilization of ma-
jor detrital substrates by dark-septate, root endophytes. Myc-
ologia 92:230-232

Chakravarty P, Jacobs PF, Peterson RL (1990) Effect of the fungi-
cides benomyl and oxine benxoate on the mycelia growth of
four isolates of E-strain fungi in vitro. Eur J For Pathol
20:381-385

Chanway CP, Holl FB (1991) Biomass increase and associative ni-
trogen fixation of mycorrhizal Pinus contorta seedlings inocu-
lated with a plant growth promoting Bacillus strain. Can J Bot
69:507-511

Currah RS, Tsuneda A, Murakami S (1993) Morphology and ecol-
ogy of Phialocephala fortinii in roots of Rhododendron
brachycarpus. Can J Bot 71:1639-1644

Danielson RM (1982) Taxonomic affinities and criteria for identi-
fication of the common ectendomycorrhizal symbiont of pines.
Can JBot 60:7-18

Danielson RM (1984) Ectomycorrhiza formation by the operculate
discomycete Sphaerosporella brunnea (Pezizales). Mycologia
76:454-461

Danielson RM (1991) Temporal changes and effects of amend-
ments on the occurrence of sheathing (ecto-) mycorrhizas of
conifers growing in oil sands tailings and coal spoil. Agric
Ecosyst Environ 35:261-281

Danielson RM, Visser S (1989) Host response to inoculation and
behaviour of introduced and indigenous ectomycorrhizal fungi
of jack pine grown on oil-sands tailings. Can J For Res
19:1412-1421

Egger KN (1986) Substrate hydrolysis patterns of post-fire asco-
mycetes (Pezizales). Mycologia 78:771-780

Egger KN (1996) Molecular systematics of E-strain mycorrhizal
fungi: Wilcoxina and its relationship to Tricharina (Pezizales).
Can JBot 74:773-779

Egger KN, Fortin JA (1988) Ectendomycorrhizae: diversity and
classification. In: Lalonde M, Piché Y (eds) Canadian Work-
shop on Mycorrhizae in Forestry. C.R.B.F,, Université Laval,
Ste-Foy, Canada, pp 113-114

Egger KN, Fortin JA (1990) Identification of taxa of E-strain my-
corrhizal fungi by restriction fragment analysis. Can J Bot
68:1482—1488

Egger KN, Paden JW (1986) Biotrophic associations between
lodgepol e pine seedlings and post-fire ascomycetes (Pezizal es)
in monoxenic culture. Can J Bot 64:2719-2725

Egger KN, Danielson RM, Fortin JA (1991) Taxonomy and popu-
lation structure of E-strain mycorrhizal fungi inferred from ri-
bosomal and mitochondrial DNA polymorphisms. Mycol Res
95:866-872

Fortas Z, Chevalier G (1992) Effet des conditions de culture sur la
mycorhization de Helianthemum guttatum par trois espéces de
terfez des genres Terfezia et Tirmania d'Algerie. Can J Bot
70:2453-2460

Hambleton S (1998) Mycorrhizas of the Ericaceae: diversity of the
mycobionts. PhD thesis, University of Alberta, Edmonton

Harney SK, Rogers SO, Wang CJK (1997) Molecular characteriza-
tion of dematiaceous root endophytes. Mycol Res 101:1397-1404



Harrison MJ (1999) Biotrophic interfaces and nutrient transport in
plant/fungal symbioses. J Exp Bot 50:1013-1022

Hogberg P (1982) Mycorrhizal associations in some woodland and
forest trees and shrubsin Tanzania. New Phytol 92:407—415

lwanyzki S (1992) Structure and development of mycorrhizae
formed between two pine species (Pinus banksiana, Pinus
contorta) and the postfire ascomycete Sphaerosporella brunn-
ea. MSc thesis, University of Guelph, Guelph

Johnson N, Graham JH, Smith FA (1997) Functioning of mycor-
rhizal associations along the mutualism-parasitism continuum.
New Phytol 135:575-586

Jumpponen A, Trappe JM (1998) Dark septate endophytes. a re-
view of facultative biotrophic root-colonizing fungi. New Phy-
tol 140:295-310

Laiho O (1965) Further studies on the ectendotrophic mycorrhiza.
Acta For Fenn 79:1-35

Landvik S, Egger KN, Schumacher T (1997) Towards a subordinal
classification of the Pezizales (Ascomycota): phylogenetic an-
alyses of SSU rDNA sequences. Nord J Bot 17:403-418

Levisohn | (1954) Aberrant root infections of pine and spruce
seedlings. New Phytol 53:284-291

LoBuglio KF, Wilcox HE (1988) Growth and survival of ectomy-
corrhizal and ectendomycorrhizal seedlings of Pinus resinosa
on iron tailings. Can J Bot 66:55-60

Louis | (1988) Ecto- and ectendomycorrhizae in the tropical dip-
terocarp Shorea parvifolia. Mycologia 80:845-849

Martin F, Ramstedt M, Soderhéll K, Canet D (1988) Carbohydrate
and amino acid metabolism in the ectomycorrhizal ascomycete
Sohaerosporella brunnea during glucose utilization. Plant
Physiol 86:935-940

Massicotte HB, Molina R, Tackaberry LE, Smith JE, Amaranthus
MP (1999) Diversity and host specificity of ectomycorrhizal
fungi retrieved from three adjacent forest sites by five host
species. Can JBot 77:1053-1076

McGee PA, Bullock S, Summerell BA (1999) Structure of mycor-
rhizae of the Wollemi pine (Wbllemia nobilis) and related
Araucariaceae. Aust J Bot 47:85-95

Melin E (1922) On the mycorrhizas of Pinus sylvestris L. and
Picea abies Karst. A preliminary note. J Ecol 9:254-257

Melin E (1923) Experimentelle Untersuchungen tber die Konsti-
tution und Okologie der Mykorrhizen von Pinus sylvestris L.
und Picea abies (L.) Karst. Mykol Unters Ber 2:73-221

Mikola P (1965) Studies on the ectendotrophic mycorrhiza of
pine. Acta For Fenn 79:1-56

Mikola P (1988) Ectendomycorrhiza of conifers. Silva Fenn
22:19-27

Molina R, Massicote HB, Trappe JM (1992) Specificity phenome-
na in mycorrhizal symbioses. community-ecological conse-
quences and practical implications. In: Allen MF (ed) Mycor-
rhizal functioning — an integrative plant-fungal process. Chap-
man & Hall, New York, pp 357423

Monreal M, Berch SM, Berbee M (1999) Molecular diversity of
ericoid mycorrhizal fungi. Can J Bot 77:1580-1594

Pachelewski R, Kermen J, Chrusiak E, Trzcihka M (1991-1992)
Studies on pine ectendomycorrhizae in nurseries. Acta Mycol
274961

Peterson RL, Farquhar ML (1994) Mycorrhizas — integrated de-
velopment between roots and fungi. Mycologia 86:311-326

Peterson RL, Uetake Y, Armstrong LN (2000) Interactions be-
tween fungi and plant cell cytoskeleton. In: Podila GK, Douds
DD Jr (eds) Current advances in mycorrhizae research. APS,
St. Paul, Minn, pp 157-178

Piché Y, Ackerley CA, Peterson RL (1986) Structural characteris-
tics of ectendomycorrhizas synthesized between roots of Pinus
resinosa and the E-strain fungus Wlcoxina mikolae var. miko-
lae. New Phytol 104:447-452

Prabhu V, Wilcox HE, Boyer GL (1995) Properties of nitrate re-
ductase from the mycorrhizal ascomycete Wlcoxina mikolae
var. mikolae. Mycol Res 99:1356-1360

Prabhu V, Biolchini PF, Boyer GL (1996a) Detection and identifi-
cation of ferricrocin produced by ectendomycorrhizal fungi in
the genus Wil coxina. BioMetals 9:229-234

177

Prabhu V, Wilcox HE, Boyer GL (1996b) Regulation of nitrate re-
ductase in the mycorrhizal ascomycete Wilcoxina mikolae var.
mikolae. Mycol Res 100:333-336

Scales PF, Peterson RL (1991a) Structure and development of
Pinus banksiana—\Wlcoxina ectendomycorrhizae. Can J Bot
69:2135-2148

Scales PF, Peterson RL (1991b) Structure of ectomycorrhizae
formed by Wilcoxina mikolae var. mikolae with Picea mariana
and Betula alleghaniensis. Can J Bot 69:2149-2157

Scannerini S (1972) Ultrastuttura di micorrize ectoendotrofiche in
Pinus strobus L. Allionia 18:151-161

Schumacher T (1988) The Scutellinia battle; the lost, missing and
dead. Mycotaxon 33:149-189

Smith SE, Read DJ (1997) Mycorrhizal symbiosis. Academic,
New York

Stoyke G, Egger KN, Currah RS (1992) Characterization of sterile
endophytic fungi from the mycorrhizae of subalpine plants.
Can JBot 70:2009-2016

Ursic M, Peterson RL (1997) Morphological and anatomical char-
acterization of ectomycorrhizas and ectendomycorrhizas on
Pinus strobus seedlings in a southern Ontario nursery. Can J
Bot 75:2057-2072

Ursic M, Peterson RL, Husband B (1997) Relative abundance of
mycorrhizal fungi and frequency of root rot on Pinus strobus
seedlings in a southern Ontario nursery. Can J For Res
27:54-62

V. Hofsten A (1969) The ultrastructure of mycorrhiza. |. Ectotro-
phic and ectendotrophic mycorrhiza of Pinus sylvestris. Sven
Bot Tidskr 63:455-464

Walker C (1979) Complexipes moniliformis: a new genus and spe-
cies tentatively placed in the Endogonacese. Mycotaxon
10:99-104

Wang CJK, Wilcox HE (1985) New species of ectendomycorrhizal
and pseudomycorrhizal fungi: Phialophora finlandia, Chlor-
idium paucisporum, and Phialocephala fortinii. Mycologia
77:951-958

Wilcox HE (1969) Morphology of ectendomycorrhizae in Pinus
resinosa. In: Proceedings of the First North American Confer-
ence on Mycorrhizae. Miscellaneous Publication 1189. USDA,
Forest Service, Washington, D.C., pp 54-68

Wilcox HE (1971) Morphology of ectendomycorrhizae in Pinus
resinosa. In: Hacskylo E (ed) Mycorrhizae. USDA, Washing-
ton, D.C., pp 5468

Wilcox HE, Ganmore-Neumann R (1974) Ectendomycorrhizae in
Pinus resinosa seedlings. |. Characteristics of mycorrhizae pro-
duced by ablack imperfect fungus. Can J Bot 52:2145-2155

Wilcox HE, Wang CJK (1987a) Ectomycorrhizal and ectendomy-
corrhizal associations of Phialophora finlandia with Pinus
resinosa, Picea rubens, and Betula alleghaniensis. Can J For
Res 17:976-990

Wilcox HE, Wang CJK (1987b) Mycorrhizal and pathological as-
sociations of dematiaceous fungi in roots of 7-month-old tree
seedlings. Can J For Res 17:884-889

Wilcox HE, Ganmore-Neumann R, Wang CJK (1974) Characteris-
tics of two fungi producing ectendomycorrhizae in Pinus resi-
nosa. Can J Bot 52:2279-2282

Wilcox HE, Yang CS, LoBuglio KF (1983) Responses of pine roots
to E-strain ectendomycorrhizal fungi. Plant Soil 71:293-297

Williams KJ (1999) Molecular and morphological investigations
of Pezizalean ectomycorrhizae. MSc thesis, University of
Northern British Columbia, Prince George, BC

Yang CS, Korf RP (1985) A monograph of the genus Tricharina
and of a new, segregate genus, Wilcoxina (Pezizales). Myco-
taxon 24:467-531

Yang CS, Wilcox HE (1984) An E-strain ectendomycorrhiza
formed by a new species, Tricharina mikolae. Mycologia
76:675-684

Zak B (1974) Ectendomycorrhiza of Pacific madrone (Arbutus
menziesii). Trans Br Mycol Soc 62:202—205

Zak B (1976) Pure culture synthesis of Pacific madrone ectendo-
mycorrhizae. Mycologia 68:362—-369



