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The host—parasite interface in Eocronartium muscicola, Auriculariales sensu lato, was examined histologically for 6 of the
21 reported moss hosts, using light microscopy, scanning electron microscopy, and transmission electron microscopy. A
unique mode of fungal biotrophy was encountered in 5 of the 6 mosses analyzed, in which E. muscicola exploits gametophytic
host transfer cells concomitant with varying degrees of supplantation of the moss sporophyte. Basidiocarps are restricted in
these mosses to postfertilized archegonia, in which they are seen to associate with the sporophyte foot region, where they gain
access to the host transfer cell nutritional interface. Basidiocarp ontogeny is presented as it relates to the development of the

host—parasite interface. The relationship of E. muscicola to other simple-septate auricularioid taxa and the the Uredinales is
discussed.
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gametophytic transfer cells. Can. J. Bot. 66 : 762—770.

A l'aide de 1a microscopie photonique et électronique par transmission et par balayage, les auteurs ont examiné ’histologie
de I’interface hote—parasite chez 1’Eocronartium muscicola Auriculariales sensu lato et ceci sur 6 des 21 mousses hétes
connues. Chez 5 des 6 mousses analysées, un mode unique de biotrophie fongique a été mis en évidence; les cellules de trans-
fert du gamétophyte sont exploitées de fagon concomittante avec divers degrés de supplantation du sporophyte de la mousse.
Chez ces mousses, les basidiocarpes sont restreints aux archégones fertilisés dans lesquels on les retrouve associés i la région
du pied du sporophyte et odl ils réussissent & gagner 'interface nutritionnel des cellules de transfert. Les auteurs présentent
Iontogénie du basidiocarpe en relation avec le développement de I'interface héte —parasite et ils discutent finalement les rela-

tions de E. muscicola avec d’autres taxa auricularioides A septations simples ainsi qu’avec les Urédinales.

Introduction

Eocronartium muscicola (Fr.) Fitz., Auriculariales sensu
lato, is a small heterobasidiomycete found parasitizing numer-
ous temperate moss genera. The genus was established to
accommodate a gelatinous, clavarioid hymenomycete bearing
transversely septate metabasidia superficially reminiscent of
the telial horn found in the uredinalean genus Cronartium
(Atkinson 1902). Stanley. (1940) described a thin-walled
probasidium, carrying the fusion nucleus, as well as basidio-
spore germination by the production of secondary ballisto-
spores. Septal ultrastructural studies have revealed a simple
septum as in the Uredinales (Khan and Kimbrough 1980)
and differing significantly from that found in Auricularia
(McLaughlin 1980). Because of the presumed phylogenetic
antiquity of the host group, the presence of thin-walled proba-
sidia germinating without dormancy to yield rust-like meta-
basidia, and the simple septa, E. muscicola occupies a pivotal
position in the phylogenies of the lower basidiomycetes pro-
posed by numerous authors (Bandoni 1984; Donk 1972;
Hennen and Buritica 1980; Khan and Kimbrough 1982;
Leppik 1955; Oberwinkler 1982).

The nutritional mode used by E. muscicola was first
described by Fitzpatrick (1918a, 1918b). In Clinmacium
americanum Brid., Fitzpatrick determined the host—parasite
interface to be entirely intracellular and concluded that
E. muscicola was restricted to the gametophytic tissues of its
host, eventually forming clavate basidiocarps at the apices of
moss branches. In rare instances he did note that both the
gametophyte and the sporophyte were parasitized, the fungus
inhibiting the latter’s development. Ulvinen (1981) noted that
in Fissidens viridulus (Sw.) Wamst. the fungus, in a single
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instance, parasitized both the gametophyte and the sporophyte.
Olive (1948) also collected E. muscicola on the sporophyte of
Amblystegium. Aside from these singular observations, subse-
quent authors have considered E. muscicola to be wholly
restricted to the gametophyte and to behave as an intracellular
parasite (Bessey 1950; Julich 1982; Khan and Kimbrough
1980, 1982; Stanley 1940).

The present study was initiated to determine whether bio-
trophy as described in C. americanum (Fitzpatrick 1918a,
1918b) was operative among the other reported moss hosts.
Specifically, the host—parasite interface was examined to
clarify the relationship between those fungal hyphae compris-
ing the bulbous basidiocarp base and the surrounding gameto-
phytic and (or) sporophytic host tissue. Basidiocarp ontogeny
is also presented as it relates to the development of the host—
parasite interface.

Materials and methods

Six of the 21 reported moss hosts were analyzed histologically (see
Table 1) using light microscopy (LM), scanning electron microscopy
(SEM), and transmission electron microscopy (TEM). Living Pylai-
siella polyantha (Hedw.) Grout (McLaughlin 334, 5 July 1985, host
det. J. A. Janssens, MIN) and Haplocladium microphyllum (Hedw.)
Broth. (McLaughlin 339, 18 July 1985, host det. J. A. Janssens,
MIN), bearing basidiocarps of Eocronartium muscicola, were col-
lected near Dam Lake, Aitkin Co., MN. Infected herbarium speci-
meus of Drepanocladus uncinatus (Hedw.) Warnst. (Heikkila 81-51;
Joensuu, Finland, 8 Aug. 1981, OULU), Fissidens viridulus (Sw.)
Wahl. (Saarenoksa/Ulvinen; Helsinki, Finland, 28 July 1979,
OULW), Pylaisiella polyantha (Hedw.) Grout (Ohenoja; Oulunsalo,
Finland, 8 Sept. 1982, OULU), Eurhynchium hians (Hedw.) Sande
Lac. (Saarenoksa 20981/Korhonen 3901; Helsinki, Finland, 20 July
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1981, OULU), and Climacium dendroides (Hedw.) Web. & Mohr.
(Koponen 27642; Varsinais-Suomi, Finland, 21 July 1980, OULU)
were kindly supplied to the senior author (E.W.A.B.) by Dr. T,
Ulvinen (Botanical Museum, University of Oulu, Finland). Vouchers
are deposited in MIN,

The living material was processed for LM, SEM, and TEM while
the dried specimens were first rehydrated in aqueous 5% KOH and
analyzed primarily by LM and SEM. Living P. polyantha and
H. microphyllum, bearing E. muscicola at various stages of develop-
ment, were fixed overnight with 3% glutaraldehyde in 0.1 M sodium
cacodylate buffer, pH 7.2 at 4°C, and rinsed in buffer. TEM material
was postfixed for 4 h with 1% OsOy in the same buffer at room
temperature, and en bloc stained overnight in an aqueous solution of
0.5% uranyl acetate at room temperature in the dark. After acetone
dehydration the material was embedded in soft Spurr’s resin (Spurr
1969) and thin sectioned on a Reichert Jung Ultracut-E. Serial thin
sections were harvested only 2 X 1 mm slot grids (as in Rowley and
Moran, 1975) and then stained for 50 min in 5% aqueous uranyl ace-
tate followed by 45 min in lead citrate, and examined with a Hitachi
H-600 transmission electron microscope operated at 75 kV. Material
for LM, after primary fixation, was dehydrated as above and
embedded in glycol methacrylate (Polysciences, Inc., Warrington,
PA). Sections were cut at 4—7 pm and stained in toluidine blue at
60°C.

Material for SEM was critical point dried, sputter coated with gold,
and examined with a Hitachi S450 scanning clectron microscope
operated at 15 kV. The SEM samples, first photographed in their

itirety, were then cryofractured to reveal internal structures. Speci-
mu1s were immersed in liquid propane (—185°C), surrounded by a
liguid nitrogen bath, and cryofractured using precooled razor blades.
Liquid propane boiled less vigorously than liquid nitrogen at room
temperature and so permitted a more accurate orientation of the
sample before cryofracture. Cryofractured specimens were recoated
with gold and examined with the scanning electron microscope.

The rehydrated herbarium specimens were fixed ovemnight in 3%
glutaraldehyde in a 0.1 M phosphate buffer, pH 7.0, at 4°C, and pro-
cessed as above for LM or SEM.

Results

In analyzing 6 of the 21 reported moss hosts for Eocronar-
tium muscicola (Table 1) we were able to substantiate Fitz-
patrick’s (1918a, 1918b) findings in only one of them,
C. dendroides. Intracellular biotrophic hyphae were seen to
pass from cell to cell (not illustrated) in a manner similar to
that described for C. americanum (Fitzpatrick 19184, 1918b).

The other five moss hosts analyzed display a remarkably
different mode of fungal biotrophy, which as far as is known,
has not previously been described. In P. polyantha, H. micro-
Pphyllum, D. uncinatus, F, viridulus, and Eurohynchium hians,
E, muscicola is not seen to fruit at the vegetative branch apices
of the gametophyte, as in C. dendroides and C. americanum;
instead the basidiocarp is restricted to determinate gameto-
phytic branch apices bearing postfertilized archegonia (Figs. 1,
2, and 3). Nonfertilized archegonia, identified as such by their
reduced size and lack of a developing sporophyte, did not bear
basidiocarps of E. muscicola (Fig. 2). Sexual, as distinct from
vegetative, moss branch apices bearing archegonia are recog-
nized by the occurrence of somewhat modified leaves, peri-
chaetial bracts, which envelope the archegonial region and are
collectively termed the perichaetium (Hebant 1977). Acro-
carpous mosses (F. viridulis, in this study) bear perichaetia at
the apices of determinate leafy shoots, while pleurocarpous
mosses (P. polyantha, H. microphyllum, D. uncinatus, and
Eurohynchium hians) bear perichaetia at the tips of deter-
minate lateral branches. Basidiocarps of E. muscicola appear

TaBLe 1. Reported moss hosts for Eocronartium
muscicola

Order Bryales®
Fissidentineae (Schimp.) Vitt
Fissidentaceae Schimp.
Fissidens taxifolius Hedw.
*F. viridulus (Sw.) Wahl.?
Pottiineae Fleisch.
Pottiaceae Schimp.
Weissia controversa Hedw .©
Leucodontineae Fleisch. (Isobryales)
Leskeaceae Schimp.
Leskea obscura Hedw .4
Anomadon rostratus (Hedw.) Schimp.¢
Climaciaceae Kindb.
Climacium americanum Brid .4
*C. dendroides (Hedw.) Web. & Mohr.b4
Hypnineae Fleisch. (Hypnobryales)
Thuidiaceae Schimp.
*Haplocladium microphyllum (Hedw.) Broth.©
Thuidium delicatulum (Hedw.) BSG?
T. minutulum (Hedw.) BSG?
Amblystegiaceae G. Roth
Amblystegium serpens (Hedw.) BSG?
A. varium (Hedw.) Lindb.¢
A. riparium (Hedw.) BSGY
Campylium chrysophyllum (Brid.) J. Lange*
*Drepanocladus uncinatus (Hedw.) Wamst.?
Brachytheciaceae G. Roth
Brachythecium oxycladon (Brid.) Jacg. & Sauerb.?
*Eurhynchium hians (Hedw.) Sande-Lac.?
Entodontaceae Kindb.
Entodon seductrix (Hedw.) C.M.4
Plagiotheciaceae (Broth.) Fleisch.
Isopterygiopsis muelleriana (Schimp.) Iwats.{
Hypnaceae Schimp.
*Pylaisiella polyantha (Hedw.) Groutb<
Hylocomiaceae (Broth.) Fleisch.
Rhytidiadelphus triquetrus (Hedw.) Warnst.?

NotE: Moss hosts analyzed in this study are indicated by an asterisk (*).
“Taxonomic arrangement follows Vitt (1984).

5Utvinen (1981).

Kahn and Kimbrough (1980).

“Fitzpatrick (1918a).

“Stanley (1940).

to be restricted specifically to gametophytic perichaetia bear-
ing postfertilized archegonia in these acrocarpous and pleuro-
carpous mosses.

When young, postfertilized perichaetia of D. uncinatus,
showing no external evidence of infection (Fig. 4), are cryo-
fractured for SEM (Fig. 5), early stages of basidiocarp
ontogeny are revealed. The perichaetial bracts encase a single
postfertilized archegonium. The neck canal region and the
archegonial venter are exposed in near-medial fracture as are
the basidiocarp initials situated above the neck canal (Fig. 5).
In a later developmental stage the basidiocarp initials have
expanded the archegonial neck canal region in D, uncinatus,
fully occupying the vaginular pocket (Fig. 7), and emerge as a
loose weft of fungal hyphae enveloping the apex of the peri-
chactium (Fig. 6).

The relationship between the developing sporophyte in the
mosses analyzed and the basidiocarp initials of E. muscicola
shows a certain amount of variability. In D. uncinatus
(Figs. 4—7), F. viridulus, and Eurhynchium hians (the latter
two not illustrated) the sporophytic generation is arrested early

22



764 CAN. J. BOT. VOL. 66, 1938

in its development by E. muscicola. Rarely does the sporo-
phyte develop beyond the apex of the perichactium. Pylaisiella
polyantha and H. microphyllum differ in that the sporophyte
does develop beyond the perichaetial apex but is then pro-
gressively deterred from further growth (Figs. 1—3 and
8—10). In young nonsporulating basidiocarps of E. muscicola
the sporophyte is encased within the developing fungal fruit
body (Fig. 2), and even in mature fruit bodies the arrested
sporophyte may remain encased (Fig. 3). Thus, macroscop-
ically the sporophyte—fungus associations are cryptic in
D. uncinatus, F. virulens, and Eurhynchium hians, unless
examined in the earliest stages of development, while in
P. polyantha and H. microphyllum the sporophyte ofter per-
sists to varying degrees during the establishment of the fungal
fruit body.

When H. microphyllum bearing an arrested sporophyte is
examined with LM (Fig. 8), a necrotrophic association is
revealed in which fungal hyphae ramify and disrupt the devel-
oping sporophyte. The sporophyte, having just emerged from
the surrounding perichaetial bracts, has not yet ruptured the
calyptra. Figures 9—11 illustrate H. microphyllum at a later
developmental stage, in which the sporophyte is not com-
pletely ensheathed by fungal hyphae and protrudes beyond the
perichaetial bracts. A near-medial fracture reveals fungal
hyphae within the central core of the sporophyte (Fig. 10).

Hyphae of basidiocarp initials of E. muscicola infiltrate the
sporophytic tissue and eventually supplant it completely so that
very little, if any, remains at maturity (Figs. 11 and 12).
However, as mentioned before, remnants of the sporophyte
often may persist in H. microphyllum and P. polyantha. A
traverse fracture through the basal region of a mature basidio-

carp reveals a central core of gelatinized hyphae, constituting
the central axis of the fruit body, surrounded by perichaetial
bracts, some of which have been penetrated by fungal hyphae,
and enveloped in a loose external hyphal weft (Fig. 11).

The mature basidiocarp sits in a pocket of gametophytic
tissue termed the vaginula (Fig. 12), which remains chloro-
phyllous and apparently unaffected by the presence of the
biotroph. In uninfected mosses the sporophyte foot is situated
within the vaginula (Hebant 1977). In this particular longitud-
inal section of P. polyantha (Fig. 12) no remnants of the sporo-
phyte are discernable, but in other sections of the same moss
they were (not illustrated). In no instance were hyphae associ-
ated with the bulbous fruit-body base seen to penetrate
adjacent host cells in P. polyantha, H. microphyllum, D. unci-
natus, F. viridulus, and Eurhynchium hians, as has been
reported and confirmed for the Climacium species. Instead,
interfacial phenomena reported as commonly occurring in
uninfected gametophyte —sporophyte interactions are encoun-
tered.

The fruit-body base of E. muscicola is surrounded by host
gametophytic transfer cells (Figs. 12—17). The transfer cells
are characterized by secondary wall appositions forming
invaginations along the inner wall adjacent to the biotrophic
hyphae (Figs. 13, 14, and 17). The far wall of the host transfer
cells bears no invaginations (Fig. 13). The presence of nuclei
and nucleoli in the transfer cells attests to their viability
(Fig. 14). Interestingly, where fungal hyphae deviate intercel-
lularly from the main axis of the fruit body, host transfer cells
are seen to differentiate (Fig. 13). The secondary wall of the
transfer cell can clearly be distinguished from the primary wall
(Figs. 16 and 17) and the invaginations of the former often

Fics. 1 and 2. Haplocladium microphyllum with developing basidiocarps of Eocronartium muscicola associated with postfertilized perichaetia
bearing arrested sporophytes (sp). Note the diminished size of unfertilized perichaetia (white arrowhead) in Fig. 2. Scales, 1 mm. FiG. 3.
Pylaisiella polyantha with mature basidiocarp of E. muscicola encasing an arrested sporophyte (sp). Haplocladium microphyllum and P. poly-
antha tend to retain the sporophyte to varying degrees during the biotrophy, while in the other mosses analyzed it is rapidly displaced by the fun-
gus. Scale, 1 mm. FiGs. 4—7. SEM of Drepanocladus uncinatus and E. muscicola. Figs. 4 and 5. Surface view and cryofracture of the same
specimen. Fig. 4. Young postfertilized perichaetium showing no external evidence of infection. Scale, 250 pm. Fig. 5. Cryofracture revealing
the vaginula (va), perichaetial bracts ( pb), and developing basidiocarp (bc) situated above the archegonial neck canal region (n). Scale, 250 pm.
Figs. 6 and 7. Surface view and cryofracture of the same specimen at a later stage of development. Fig. 6. Basidiocarpic initials emerging from
the perichaetial bracts (arrowhead) in loose hyphal wefts. Scale, 500 pm. Fig. 7. Cryofracture revealing the expanded archegonium (arrowhead)
in which no trace of the sporophyte is discernable, having been completely supplanted by biotrophic hyphae. In no instance are hyphae seen to
diverge from the vaginular pocket into the surrounding gametophytic tissue. Scale, 500 um.

Fi1Gs. 8 — 11. Haplocladium microphyllum with Eocronartium muscicola. Fig. 8. LM illustrating the necrotrophic association in which hyphae
of E. muscicola ramify and disrupt the developing seta (sf) of the host sporophyte. This necrotrophic association ceases when hyphae encounter
gametophytic tissue. The seta (st) has not emerged from the calyptera (ca). This is a similar developmental stage as that illustrated in Fig. 2.
Scale, 250 um. Figs. 9 and 10. SEM of the surface view and cryofracture of the same specimen. Fig. 9. The sporophyte (arrow), having emerged
from the surrounding perichaetial bracts, is arrested and encased in basidiocarpic hyphae. Scale, 250 ym. Fig. 10. A near-medial fracture reveals
fungal hyphae within the central core of the seta and occupying the vaginular pocket. Scale, 250 pm. Fig. 11. A transverse fracture through the
basal region of a mature basidiocarp showing a central core of thick-walled, gelatinized hyphae comprising the central axis of the fruit body (bc),
surrounded by periarchaetial bracts (pb), some of which have been penetrated by fungal hyphae (arrow), and enveloped in a loose external
hyphae weft (e#). Scale, 50 pm.

FiGs. 12 and 13. Pylaisiella polyantha with Eocronartium muscicola. Fig. 12. LM of a medial longitundinal section through a mature basidio-
carp. The fruit-body base is situated within the vaginula (VA), which remains chlorophyllous. In uninfected mosses the sporophyte foot occupies
this region. Remnants of the sporophyte were detected in adjoining sections (not illustrated). The fruit-body base is surrounded by gametophytic
host transfer cells (arrowheads). Scale, 250 pm. Fig. 13. LM on a longitudinal section illustrating the host—parasite interface. Note that the
secondary wall appositions (arrows), characterizing transfer cells, are differentiated only along the abutting host wall. Where fungal hyphae
deviate laterally from the main axis of the fruit body, transfer cells are differentiated (open arrow). Scale, 50 pm. Fic. 14. LM of Haplocladium
microphyllum and E. muscicola. Host—parasite interface illustrating secondary wall appositions (solid arrows) along the host wall directly
abutting fungal hyphae. Note host cell nucleus and nucleolus (open arrow). Scale, 25 pm. FiG. 15. SEM of Pylaisiella polyantha and E. musci-
cola cryofracture revealing secondary wall appositions, characterizing gametophytic transfer cells. Note some wall protrusions are branched
(arrowhead). Scale, 5 pm. Fics. 16 and 17. TEM of Haplocladium microphyllum and E. muscicola. Fig. 16. The fungus — gametophytic host
nutritional interface. The secondary (2) wall appositions, characterizing the host transfer cell, can clearly be distinguished from the primary (1)
wall. Note the plasma membrane (arrow) continuity over the secondary wall appositions. Scale, 0.5 pm. Fig. 17. Note the labyrinthine nature of
the secondary wall appositions. Scale, 1.5 pm. Host (H) and fungus (F).
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