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ULTRASTRUCTURE OF THE ASCOSPORE WALL
IN PEZIZALES (ASCOMYCETES)—IV

Morchellaceae, Helvellaceae, Rhizinaceae,
Thelebolaceae, and Sarcoscyphaceae.
General discussion

EmiLy MERkus

Rijksherbarium, Leiden*

(With Plates 1~12, two Tables, and one Text-figure)

The development of wall layers and ornamentation of ascospores, plus
specialized plasmic structures, are studied with the electron microscope in
members of the Morchellaceae, Helvellaceae, Rhizinaceae, Thelebolaceae,
and Sarcoscyphaceae; additional results in the Pyronemataceae are given.
The findings are compared with those of former studies (Merkus, 1973,
1974, 1975). A general discussion on the origin and development of the
different structures concludes the series. A classification based upon species
representing typical developments of all the species of the four studies is

made.

INTRODUCTION

Following former publications on the subject (Merkus, 1973, 1974, 1975) this
electron microscopy study completes the series of papers on the ultrastructure of
the ascospore wall in Pezizales. The present paper includes the results in species
belonging to the Morchellaceae, Helvellaceae, Rhizinaceae, Thelebolaceae, and
Sarcoscyphaceae. It also gives additional results in the Pyronemataceae sensu
Eckblad, including those in Pyronema omphalodes, Coprobia granulata, Geopyxis carbonaria,

Mpycolachnea hemisphaerica, and Octospora musci-muralis.

In general, Eckblad’s classification of the taxa (1968) has been followed. Thecotheus
spec. (an eight-spored, ornamented species) and Jodophanus carneus are provisionally
classified in the Thelebolaceae; e.g. Eckblad placed Jodophanus in the Pyronemataceae.
According to Eckblad a member of the Otideaceae, Geopyxis carbonaria, is transferred

provisionally to the Pyronemataceae sensu Eckblad.
The paper concludes with a general discussion on the subject.

* Present address: National Institute of Public Health, Bilthoven.
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REVIEW OF EARLIER WORK

Only a few of the species studied by Le Gal (1947) could be examined under the
electron microscope. Le Gal’s light microscopy of these species is briefly reviewed.
Some of the names she used (see footnotes) have been changed in accordance with
the ‘International Code of Botanical Nomenclature’.

Rhizina undulata Fr. per Pers! and the related Discina perlata (Fr. per Fr.) Fr.
develop a simple spore ornamentation that is formed between the primary wall and
its covering layers. The ornamentation consists of callose and pectine and is of
sporal origin. The primary wall is covered by an “assise sous-périsporique™ and a
“pelliculemembranaire’. The “assise sous-périsporique’ isformed before the ornamen-
tation develops. The “pellicule membranaire” is termed ‘“coque interpérisporique”,
as it is formed at the same time as the ornamentation and is penetrated by the sub-
stance of ornamentation; the ‘“‘coque interpérisporique” and the substance of the
ornamentation both grow into one, the ‘coque interpérisporique’ also consisting of
callose and pectine. During the development of the ornamentation a “périspore” is
present on the outside of the ascospores; this “périspore” remains.

Helvella atra Holmskj. per Fr.2, Helvella elastica Bull. per St.-Am.3, Helvella
acetabulum (L. per St.-Am.) Quél.4, Helvella macropus (Pers. per S. F. Gray) P. Karst.5
and some related species, all members of the Helvelleae of Le Gal (1947: 284),
which are now placed in Helvella L. per St.-Am., normally develop smooth ascospores.
But in a few cases the species show an ornamentation on the ascospores, consisting
of coarse folds or of connected or isolated warts. According to Le Gal this ornamenta-
tion is false and formed by a substance situated in a “couche sous-épisporique”,
which deforms the epispore locally.

Unfortunately, no material of the species of the Sarcoscyphaceae studied by Le Gal
was available. Instead Sarcoscypha coccinea (Scop. per S. F. Gray) Lamb. and Desma-
Zierella acicola Lib., which also belong to this important taxon, could be studied.
Le Gal’s descriptions of the ornamentation patterns of the species involved resemble
those of Rhizina undulata and Discina perlata. The “périspore” is permanent in all
species; the ornamentation, which does not contain callose and pectine, penetrates its
covering layers in Cookeina sulcipes (Berk.) O. K., Cookeina tricholoma (Mont.) O. K.
and Cookeina insititia (Berk. & Curt.) O. K., and remains within these layers in
Aurophora dochmia (Berk. & Curt. apud Berk.) Rifai8, Phillipsia domingensis Berk.,
Plectania campylospora (Berk.) Nannf. apud Korf 7, and Plectania platensis (Speg.) Rifai8,

1 Rhizina inflata Schaeff. per P. Karst.

2 Leptopodia atra (Fr. ex Konig) Boud.

3 Leptopodia elastica (Bull.) Boud.

4 Helvella sulcata Afz.

5 Macropodia macropus (Pers.) Fckl.

6 Phillipsia dochkmia (Berk. & Curt. apud Berk.) Seaver.
7 Sarcosoma sarasini (P. Henn.) Boud.

8 Umula platensis Speg.
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MATERIALS AND METHODS

Fresh material was collected in the Netherlands, Belgium, Turkey, Papua New
Guinea, Indonesia, Kenya, Uganda, and Canada; some species were provided in
pure culture by the Centraalbureau voor Schimmelcultures, Baarn, The Netherlands.
The following list gives more details about the specimens and their origins:
‘Ascophanus® coemansii Boud. (a species of Coprotus) — van Brummelen, culture on cow
dung, 21.VI.197g (L); — Piepenbroek, on cow dung, near Welsum, Olst, Overijsel,
The Netherlands; Ascozonus woolhopensis (Berk. & Br.) Boud. — wvan Brummelen,
several cultures isolated from rat dung, on oatmeal agar enriched with horse dung
decoction, Ekeren, Belgium (L); Coprobia granulata (Bull. per Mérat) Boud. — van
Brummelen 3562, culture on cow dung, Hollandse Rading, Maartensdijk, Utrecht,
The Netherlands (L); — van Brummelen, culture on cow dung, Bathmen, Overijsel,
The Netherlands, 6. VIII. 1973 (L); Desmazierella acicola Lib. — F. Daams, on fallen
needles of Pinus, “Spanderswoud’, Hilversum, North Holland, The Netherlands,
11.V.1973; Geopyxis carbonaria (Alb. & Schw. per Pers.) Sacc. — van Brummelen &
Picpenbroek 4082, on burnt soil, t Joppe, Gorssel, Gelderland, The Netherlands,
6.VIIl. 1973 (L); — Piepenbroek 783, on burnt soil, ’t Joppe, Gorssel, Gelderland,
The Netherlands (L); Gyromitra esculenta (Pers. per Krombh.) Fr. — Tjallingii &
van Brummelen, among rubbish in a garden, Wageningen, Gelderland, The Nether-
lands, 2.1V.1974 (L); Helvella crispa Scop. per Fr. — van Brummelen 4075, under
Pinus, Bergen, North Holland, The Netherlands, 3.XI.1973 (L); — van Brummelen
4506, under deciduous trees beside a road, Diepenveen, Overijsel, The Netherlands,
15.VIL. 1974 (L); Octospora musci-muralis Graddon — Piepenbroek 720, among mosses
on an old wall in a garden, between Deventer and Twello, Voorst, Gelderland, The
Netherlands, 12.X1.1973 (L); Iodophanus carneus (Pers. per Pers.) Korf apud Kimbr.
& Korf — van Brummelen, culture on sheep dung, Elspeet, Gelderland, The Nether-
lands, 7.X1.1972 (L); — van Brummelen, culture, Vogelenzang, North Holland, The
Netherlands (L); — Prof. Necat, culture on oatmeal agar enriched with horse dung
decoction, Kaskaloglu, Bornova, Izmir, Turkey; Lasiobolus monascus Kimbr., — van
Brummelen 3563, several cultures isolated from porcupine dung, on oatmeal agar
enriched with horse dung decoction, Mt. Suckling, Papua New Guinea, 6.1X.1972
(L) ; Lasiobolus pilosus (Fr.) Sacc. — van Brummelen, culture on sheep dung, Elspeet,
Gelderland, The Netherlands, 7.XI.1972 (L); — van Brummelen 4077, culture on
horse dung, Overveen, Bloemendaal, North Holland, The Netherlands, 14.V.1973
(L); ~— van Brummelen, culture on hartebeest (=Alcelaphus caama) dung, zoological
garden, Amsterdam, North Holland, The Netherlands (L); Morchella esculenta L.
per St.-Am. — C. Bas 6003, on sandy soil, Meyendel, Wassenaar, South Holland,
The Netherlands, 16.IV.1974 (L); — C. Bas, on sandy soil-peaty soil, under Populus
and Crataegus, Voorschoten, South Holland, The Netherlands, 22. IV.1g975 (L);
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Mpycolacknea hemisphaerica (Wigg. per S. F. Gray) Maire — Pigpenbroek 769, on sandy
soil, Epserbos, Epse, Gelderland, The Netherlands, 21.VIl.1974 (L); Pyronema
omphalodes (Bull.) per St.-Am.) Fckl. — van Brummelen 4081, on burnt soil, ’t Joppe,
Gorssel, Gelderland, The Netherlands, 6.VIII.1g73 (L); — CBS 373.62, several cul-
tures on cornmeal agar (L); Rhizina undulata Fr. per Pers. — van Brummelen 4076,
on burnt soil, ’t Joppe, Gorssel, Gelderland, The Netherlands, 6.VIII.1g73 (L); —
Piepenbroek 761, on burnt soil, “de Poll” between Wilp and Voorst, Gelderland, The
Netherlands, 20.VII.1974 (L); Sarcoscypha coccinea (Scop. per S. F. Gray) Lamb. —
of unknown (probably Central European) origin (comm. Mr. G. D. Swanenburg de
Veye), 8.111.1974 (L); Thecotheus spec. — culture on rhinoceros dung, P. Pentjang,
W. Java, Indonesia, 28.X.1972 (L); Thelebolus crustaceus (Fckl.) — CBS 713.69,
culture isolated from carnivore dung, on oatmeal agar enriched with horse dung
decoction, R. F. Cain & al., Mt. Speke, Ruvenzori Mts, Uganda, 23.VII.1969 (L);
Thelebolus stercoreus Tode per Steudel — CBS 717.69, culture isolated from deer
dung, on oatmeal agar enriched with horse dung decoction, D. Mallock, Simcoe Co.,
Ontario, Canada, 13.V.1968 (L).

As not all field collections contained ripening apothecia some specimen were
kept moist in conditioned growth chambers, in alternating light and darkness;
Lasiobolus pilosus, Todophanus carneus, and Thecotheus spec. on their own substrate for a
few days at 12°C; Lasiobolus monascus, Ascozonus woolhopensis and another strain of
Iodophanus carneus on oatmeal agar enriched with horse dung decoction for a few
days or more at 12°C. Of the strains received from the Centraalbureau voor
Schimmelcultures, Thelebolus stercoreus and T. crustaceus were grown on oatmeal
agar with horse dung decoction; T. crustaceus also on cornmeal agar; for at least 14
days at 12°C, in alternating light and darkness. Pyronema omphalodes was cultured
on cornmeal agar for 5—7 days at 23°C, in constant light with an intermittent
ultraviolet period of eight hours after two days.

A suitable procedure for fixation based on previous experiments was chosen:
1-1.5% KMnOj, for 30 minutes at room temperature or 1-3.25% glutaraldehyde
for 3—4 hours at 4°C as primary fixatives, both followed by postfixation with 1%,
Os04 for 60 minutes at 4 °C; generally the lowest possible percentages were applied.
At the beginning of this study the apothecia were fixed only in 1-1.5% KMnO; for
60-150 minutes at room temperature; rarely, they were fixed only in 1% OsO4
for 60 minutes at 4°C.

For further treatment the standard methods described in the previous papers were
applied, including the occasional use of the Spurr embedding medium. All sections
were cut with a diamond knife.
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OBSERVATIONS
MORCHELLACEAE

MORCHELLA ESCULENTA—PIs. 1A-D; 2A, B

Fixatives: KMnQO4-OsOy, glutaraldehyde-KMnOy and glutaraldehyde-OsOj4.

The apical parts of the asci are filled with compact masses of glycogen that enclose
small parts of membranous material; just beneath the glycogen numerous vacuoles
with contents that resemble glycogen occur. After glutaraldehyde-KMnO4-fixation
the glycogenic contents of the vacuoles are floccose or more granular and regularly
spread over the vacuoles, in a few cases partly clustered to larger electron-dense
globules. After KMnOy4-OsOy4 or glutaraldehyde-OsOg-fixation the vacuoles are
rather empty and only a thin layer of tiny glycogenic globules is found against the
tonoplast (P1. 1A).

The basal parts of the asci are also filled with large compact concentrations of
glycogen and with vacuoles like those found in the apices.

In the one-eight-nuclear stages the subapical parts of the asci contain normal
ascoplasm in which the nuclei and the tubular and vesicular elements of the endo-
plasmic reticulum as well as larger vesicles that show low electron density and may
originate from the endoplasmic reticulum itself, scattered glycogen, plus small
vacuoles of the same type as described above; apart from scattered glycogen larger
accumulations also exist (Pl. 1A, B). Globular structures, which are generally
electron-transparent after the three types of fixation, are also found (Pl. 1A-D).
Some of them are scattered over this part of the ascoplasm but the greater part of
them are concentrated in groups, almost all around the glycogen. They sometimes
have a moderately electron-dense or completely electron-dense aspect after the two
fixations with KMnOy (Pl. 1D).

Electron-dense and irregularly shaped membranous structures may occur in the
larger vesicles with poor electron density and, more abundantly, in the smaller
vacuoles, where they seem to arise from invaginating membranes; they are also
found in the glycogen (Pl 1A, B).

At later stages of development eight ascospores are delimited around the nuclei in
the subapical ascoplasm. They soon have a regular, ellipsoid shape and the sporo-
plasm contains all the ascoplasmic elements present in this part of the ascus; they are
plurinucleate and in each nucleus a nucleolus can be distinguished. The remaining
epiplasm abounds in globular structures. Delimitation of small ascoplasmic fragments
without nuclei also occurs.

The primary wall (KMnO4-OsO4 300450 nm, glutaraldehyde-KMnO4 250-
350 nm, and glutaraldehyde-OsO4 about 250 nm thick) is normal in appearance and
shows practically no internal differentiation (Pl. 1C).

The development of the secondary wall starts during a more extensive vacuolization



6 PeErRsooONIA — Vol g, Part 1, 1976

and/or glycogen formation in the epiplasm; the secondary wall material is fairly
electron-dense and slightly floccose (Pl. 1C, D). As it proceeds further the endospore
(KMnO4-OsO4 300-400 nm, glutaraldehyde-OsO4 about 250 nm thick) and the
epispore  (KMnOy4-OsO4 50-55 nm, glutaraldehyde-OsO4 about 40 nm thick)
differentiate in the primary wall. The endospore may show a more electron-dense
layer in the inner parts, while the epispore consists of two electron-dense layers
between which an electron-transparent layer is found (Pls. 1D; 2A, B).

The latest stages of development available in the material show a loss of epiplasmic
structures; most of the globular structures have also shriveled and disappeared; those
remaining cluster around the two poles of the ascospores (Pl. 2B). The secondary
wall has also disappeared and left a fairly electron-transparent and vaguely structured
layer around the epispore (Pl. 2B). The sporoplasm has increased in electron density
and contains a few small oil drops; the epiplasm consists of glycogen and empty
vacuoles.

HELVELLACEAE AND RHIZINACEAE

HeLveLLA crispa—Pls. 2C-F; 3A, B
RHI1ZINA UNDULATA, GYROMITRA ESCULENTA, AND G. INFULA—PIs. 3C-G; 4A-D

Fixatives: KMnO4-OsOy4 for all four species, glutaraldehyde-OsOg for Helvella
crispa only.

Like in Morchella esculenta, vacuoles and glycogen are found in the apical parts of
the asci of all these species. In H. crispa, G. esculenta, and G. infula the glycogen exist
as compact masses in the apices, but in R. undulata only a small amount of glycogen
is found as a thin layer or, even more, as a cap just inside the ascus wall at the apex
(PL. 2C). Vacuoles with what seem to be glycogenic contents become abundant
towards the subapical parts of the asci of H. erispa, G. esculenta, and G. infula, with the
normal ascoplasm extending in its central parts, while in R. undulata only a few
vacuoles develop that are more randomly distributed over the ascoplasm of the
apical parts.

Small to large vacuoles, varying from electron-transparent to almost entirely
filled with glycogen, and masses of glycogen fill the basal parts of the asci.

In all the species the subapical parts of the asci are very much like those in M.
esculenta in the one-cight-nucleated stages. Present are the nuclei, the tubular and
vesicular elements of the endoplasmic reticulum, larger and almost electron-trans-
parent vesicles probably originating from them, small vacuoles with traces of glycogen,
and scattered or more clustered glycogen. Furthermore, scattered globular structures,
which are electron-transparent to more moderately electron-dense after both types
of fixation, occur all over the subapical ascoplasm in all four species but they abound
in the lowermost and, even more, in the uppermost part in H. crispa and R. undulata
(Pl 2C).
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The smaller vacuoles contain the same electron-dense and irregularly shaped
membranous structures as in M. esculenta.

Later stages of development show the formation of ascospores in the subapical
ascoplasm. As a result of the capricious course of the delimiting membranes the
ascospores are at first very irregular. They obtain their eventual shape only when the
primary spore wall is complete, so that the primary wall material must have great
plasticity at these stages. The sporoplasm has a regular appearance and does not
yet contain many globular structures. As in M. esculenta, delimitation of small parts
of ascoplasm without nuclei is not infrequently found in all four species.

The primary wall is homogeneous and electron-transparent (H. ¢rispa: KMnOg-
OsOy4 75-150 nm thick; R. undulata: 250-400 nm thick; G. esculenta: 250-450 nm
thick). A notable variation in thickness arises during its development, and even
formation of secondary wall material may start while primary wall development is
still going on.

Secondary wall formation in H. ¢rispa is regular but not extensive. The secondary
wall material is fairly electron-dense and homogeneous at all stages after KMnOs-
OsOg-fixation (Pls. 2D; 3A), more floccose after glutaraldehyde-OsOgy-fixation.
It disappears when the ascospores mature and an endospore and epispore have de-
veloped in the primary wall; remnants of the investing membrane persist for some
time (Pl. 3A, B). The endospore (KMnO ,-OsO4 75-100 nm thick) does not have any
internal structure; the epispore (KMnQO4-OsO4 30-60 nm thick) shows the basic
pattern of two electron-dense layers separated by an electron-transparent layer in
which a thin, extra electron-dense layer can sometimes be distinguished (Pl. 3B).

During the ascospore development in H. crispa, the globular structures in the
epiplasm and sporoplasm grow out distintly to large oil drops; a variable but generally
large number of new and smaller oil drops seem to be added also, finally occupying
the greater part of the epiplasm and sporoplasm (e.g. Pl. 2D, E). In the remaining
part of the epiplasm, glycogen and vacuoles with floccose contents predominate.

A remarkable differentiation in the primary wall distinguishes H. crispa both
from all species previously described (Merkus, 1973, 1974, 1975) and also from all
those to be discussed in this study. As Le Gal (1947) already observed with the light
microscope, the primary wall material grows out locally and forms thickenings
on the outside that seem to be permanent. The outgrowths (young ascospores:
KMnQ4-OsO4 20-50 nm thick; mature ascospores: glutaraldehyde-OsO4 about
85 nm thick) occur in both the inner and outer parts of the primary wall and are
fairly electron-dense after both fixations (Pl. 2E, F).

As in H. crispa, secondary wall formation in R. undulata regularly passes off; it is
far more extensive at the two poles of the ascospores, the secondary wall material is
permanent. Differentiation of the primary wall into an endospore and an epispore
follows the normal pattern. In the main the epispore (30-40 nm thick) has the same
structure as that in H. crispa; the outer electron-dense layer becomes somewhat
thicker in the latest stages (Pl. 3F, G) and internal striation can be seen in the inter-
mediate electron-transparent layer (Pl. 3F). The endospore (200-300 nm thick) does
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not remain homogeneous like in H. crispa but differentiates further in its outer parts,
where two fairly electron-dense layers join the epispore; its remaining inner parts
remain homogeneous and electron-transparent (Pl. gF, G).

The secondary wall material of R. undulata is homogeneous and fairly electron-
dense in its first stages of development but it soon becomes more electron-dense.
At first some dots (Pl. 3C) and very thin layers (Pl. 3D) appear at a slight distance
from the epispore. These soon form a continuous layer (Pl. 3F) which increases in
thickness particularly near the two poles of the ascospores (Pl. 3G). The compact
ornamentation that is finally formed at the two poles of the ascospores varies in
thickness from 1200 nm up to 3000 nm and forms rounded spines or more cup-
shaped projections, one at each pole, containing some large ellipsoid holes up to
700 X 300 nm in section (PL. 3E). At the sides of the spores a smooth layer of secondary
wall material of about 100 nm thick is present (Pl. 3F).

In R. undulata the globular structures in the epiplasm do not enlarge as much as in
H. crispa, so that the epiplasm remains more intact, particularly in the layer just
inside the ascus wall. The epiplasm develops glycogen and larger vacuoles with
floccose contents. The sporoplasm increases in electron density and each spore gener-
ally develops two large oil drops, together with a number of smaller ones.

The development of the ascospores in G. esculenta and G. infula could not be studied
extensively since only the younger stages of G. esculenta were present while the final
stages of G. infula were absent. But some points should be mentioned. The differen-
tiation of the primary wall into an endospore (G. infula 200-250 nm thick) and an
epispore (G. infula 30—40 nm thick) and the formation of a secondary wall is regular
in both species (Pl. 4A-D). The epispore of G. infula markedly resembles that of
H. c¢rispa and particularly that of R. undulata; the endospore of G. infula is like that in
R. undulata, it shows differentiation in the outer parts, and even the inner parts are no
longer homogeneous (Pl. 4D). The secondary wall material of G. infula condenses as
floccose electron-dense material on the epispore but it is doubtful whether it persists
(PL. 4G, D) ; the mature ascospores are smooth. Both in the epiplasm and sporoplasm
of the two species the oil drops increase in number and size; in the epiplasm the
amount of glycogen increases and also occurs against the ascus wall in compact
masses.

THELEBOLACEAE
““ASCOPHANUS”’ COEMANSII, THELEBOLUS CRUSTACEUS AND T. sTERCOREUs—PL. 5A-G

Fixatives: KMnQO4-OsOy for all three species, for T. crustaceus and T. stercoreus
also glutaraldehyde-OsO4. The apothecia of T. stercoreus are uniascal but each
ascus is multispored; those of A. coemansii and T. crustaceus multiascal and all asci
are multispored. As for the development of the ascospores in the ascoplasm, it is
apparently rather simple in all three species.
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Both fixatives show that the primary wall is homogeneously electron-transparent
before further differentiation, sometimes with a slight increase in electron density in
the inner parts; in A. coemansii it is 350-550 nm thick, in T. crustaceus 250-450 nm
thick, and in 7. stercoreus 300-550 nm thick after KMnQO4-OsOy-fixation (Pl. 4E).
It gives rise to an epispore and endospore that remain simple through all stages of
development, each having the same appearance after the two different fixations.

The epispore is about 10 nm thick in all three species and seems to consist of only
one electron-dense layer; this is homogeneous. Pictures of T. crustaceus and A.
coemansii however suggest that the fairly electron-transparent layer just inside the
electron-dense layer also belongs to the epispore. Nevertheless it is believed that this
layer belongs to the endospore. The endospore is fairly electron-transparent, also
without much internal differentiation; in A. coemansii 450—750 nm thick; in T.
crustaceus 400-600 nm thick (KMnO4-OsO4 and glutaraldehyde-OsOy); in T.
stercoreus  300-550 nm (KMnQ4-OsQ4) and 200-350 nm (glutaraldehyde-OsQOy)
thick. In T. stercoreus some concentration of spore wall material is present in the
middle layers of the endospore while, as mentioned above, in T. crustaceus and
A. coemansii endospore material seems to separate from the inner layers and join the
epispore (Pls. 4F; 5A, C-G. Pl. 5F, G from A. coemansii are not representative of
this development but added only for the epiplasmic structures).

The secondary wall starts to develop during primary wall differentiation. It is
found all around the ascospores but it remains restricted to a thin layer (Pls. 4E, F;
5A). After KMnO4-OsQy-fixation the secondary wall material is fairly electron-
dense and homogeneous, after glutaraldehyde-OsO4 more floccose. It condenses on
the epispore at later stages of development, where it forms a smooth and homoge-
neously electron-dense layer about 40 nm thick (Pl. 5C-G).

The epiplasm is fairly normal in appearance. Apart from large quantities of
glycogen with scattered organels it has developed a few globular structures (electron-
dense after KMnOy4-OsOg-fixation; fairly electron-dense after glutaraldehyde-
OsOq-fixation), and small and electron-transparent vacuoles that do not seem to
fuse at older stages. In A. coemansii and T. stercoreus the glycogen disappears as the
ascospores mature; in 7. crustaceus its electron density increases and clusters appear
on the secondary wall. Furthermore, peculiar structures are found in the epiplasm of
A. coemansii and T. stercoreus. In A. coemansii they are formed by clews of electron-
dense material that probably arises from epiplasmic membranes (Pl. 5F); they
show further growth during ascal development but fade into large masses of fairly
electron-dense material as the ascospores mature (Pl. 5§G). In T. stercoreus the struc-
tures are formed by large globules that occur particularly along the ascus wall and
that evidently consist of a network of plaited units, each unit about 35 nm thick and
made up of one broad and electron-transparent layer with a thin and electron-dense
layer in the middle and bounded by electron-dense layers at both sides; loose units
are possibly found in the epiplasm; the globules seem to be membrane-bounded
(Pls. 4F; 5A, B). The sporoplasm is normal and contains some small vacuoles.

As the ascospores mature all the organels in the epiplasm disappear but the in-
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vesting membrane is still present in the latest stages. The sporoplasm becomes
electron-dense but does not develop any oil drops. The mature spores are smooth;
it is not known whether the secondary wall material disappears; it could persist as
an extra, smooth layer on the primary wall.

AscozoNus wooLHOPENSIS—Pl. 6A-C

Fixatives: KMnOy and glutaraldehyde-OsOy4. The apothecia are multiascal and
each ascus is multispored.

The development of the ascospores is as simple as it is in “Ascophanus’ coemansii,
Thelebolus crustaceus, and T. stercoreus. With both fixatives a homogeneous, electron-
transparent and 150250 nm thick primary wall is visible. It differentiates into a
simple epispore, about 10 nm thick and consisting of a single electron-dense layer,
and an endospore, which is 150250 nm thick and increases in electron density
but does not show any further differentiation (Pl. 6A-C).

Like in the three preceding species the secondary wall develops all around the
ascospores but it may show a further increase in thickness (Pl. 6A). The secondary
wall material is rather floccose after both fixations and does not condense; it dis-
appears when the ascospores mature (Pl. 6B, C). The investing membrane remains
present in the latest stages of development.

The development of the epiplasm could not be studied thoroughly. It contains the
usual organels and much glycogen is present. Typical circular membranous units
are found at some distance from the investing membrane; their origin remains un-
known (Pl. 6B). Connections between the secondary wall and the epiplasm have
been found in some instances along the investing membrane.

In the latest stages of development the sporoplasm has increased in electron density
but neither oil drops nor vacuoles have developed. The epiplasm has lost its original
structure and become vague and empty ; some vacuoles are found after glutaraldehyde-
OsOg-fixation. The mature ascospores are smooth.

Lasiosorus piLosus—Pls. 6D-1; 7A, B

Fixatives: KMnQO4-OsO4 and glutaraldehyde-OsOjy, the latter particularly for
the older stages of development. The species has the habitual eight-spored asci, in
multiascal apothecia. The youngest stages present show the beginning of secondary
wall formation.

The primary wall is homogeneously electron-transparent and 6001000 nm thick
(KMn0O4-0s0y). The secondary wall has started to form around the primary wall;
its contents are homogeneous and fairly electron-transparent. The epiplasm is
normal in appearance and shows the development of small vacuoles with somewhat
floccose contents and of glycogen. Globular structures that are electron-dense after
KMnO;-OsOq-fixation are also present and seem to be scattered over both the
epiplasm and sporoplasm; their formation could not be studied.
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In the next stages of development the secondary wall grows further into the
epiplasm and increases in electron density. Endoplasmic reticulum clusters along the
investing membrane and contact places between the epiplasm and the secondary wall
material as well as complete invaginations from the epiplasm into the secondary
wall arise in large quantities on the investing membrane; some of the invaginations
enclose part of electron-dense globular structures (Pl. 6D, G). Simultaneously with
the intensification of these phenomena the amount of glycogen in the epiplasm
increases and the vacuoles fuse, the primary wall differentiates into an epispore and
endospore and the secondary wall material condenses on the primary wall as
granular material regardless of the fixatives (Pl. 6D-G).

The differentiation of the primary wall is regular and, in contrast to the preceding
species of the Thelebolaceae, complex. The epispore is about 45 nm thick after
KMnO4-OsOg-fixation and shows the usual pattern of two electron-dense layers,
separated by an intermediate and fairly electron-transparent layer (Pl. 6E) that soon
presents fine striation at later stages (Pl. 6F, H, I). After the same fixation the en-
dospore is 500-1000 nm thick and starts to form an electron-transparent layer just
beneath the epispore (PL. 6D, E). At later stages of development this electron-
transparent endospore layer is separated further from the inner and fairly electron-
dense parts of the endospore by the formation of a thick, electron-dense layer which
is sometimes coarsely striate, while on its outer side a fairly electron-dense and
finely striated layer that probably results from endospore material develops (Pl
6F-I).

As already mentioned, the contents of the secondary wall start to condense as
granular material but in the latest stages of development they form a compact
electron-dense layer on the epispore (Pl. 7A, B). It is not certain whether this layer
persists or disappears with the remaining epiplasm as the ascospores mature. The
mature ascospores are smooth; the sporoplasm is electron-dense, without any oil

drops.
LasioBoLus Monascus—Pl. 7C-G

Fixative: KMnOy4-OsOg. Like in Thelebolus stercoreus the apothecia contain one
ascus and each ascus is multispored.

Only a few pictures of the advanced stages of development are available which
show that secondary wall formation extends largely into the epiplasm (Pl. 7C-E), so
that the remaining epiplasmic membranes are pressed together. Glycogen is found
near the ascus wall. The secondary wall material is fairly electron-transparent and
floccose and disappears in the final stages, as does the epiplasmic material (Pl
7C-G).

Furthermore, the development of the epispore and endospore in the primary wall
is difficult to trace. Comparing the pictures with those of Lasiobolus pilosus, it seems
that also here a layer differentiates between the epispore and the endospore; the
origin of the layer seems to be found in the outermost endospore layer (Pl. 7E, F).
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An increase in electron density in the outer part of the endospore also occurs (Pl. 7F,
G). The sporoplasm becomes electron-dense when the ascospores mature and it
develops some small vacuoles but no oil drops. The mature ascospores are smooth
(PL 7G).

IopopuaNus carNEUS—PIs. 7H, I; 8A, B

Fixative: KMnQOy4-OsO4. The apothecia are multiascal; each ascus had eight
ascospores.

In the uninuclear asci small vacuoles with somewhat floccose contents are present
in those parts of the ascoplasm that border the central ascoplasm containing the
nucleus. The remaining apical and basal parts of the asci are completely filled
with glycogen; only the uppermost parts of the asci still contain some normal asco-
plasm. Small electron-dense globular structures are scattered over the ascoplasm
around the nucleus. During meiosis and mitosis and the first stages of ascospore
development the glycogen in the epiplasm increases in amount and appears partly
as membrane-bounded globules of varying sizes and electron density, particularly
around the ascospores. At the same time the vacuoles increase in number and size
(PL. 7H).

Later stages reveal the development of the ascospore walls. The primary wall is
homogeneous and electron-transparent and 400-800 nm thick. It differentiates into
an epispore and an endospore that both remain fairly simple. The epispore is 35-50
nm thick and reveals the usual pattern of two electron-dense layers separated by an
electron-transparent layer; only the outer layer thickens somewhat more at later
stages. The endospore is 300-goo nm thick and remains fairly electron-transparent;
some slight increase in electron density becomes visible in its outer parts and at
about 100-150 nm from the sporoplasmalemma a thin electron-dense layer arises
(Pls. 71; 8A).

Even before differentiation begins in the primary wall the investing membrane
separates almost entirely from it. The secondary wall formed between the primary
wall and the investing membrane consists of fairly electron-dense material that
shows a close resemblance with the surrounding glycogen. Contact places along the
investing membrane between the secondary wall and the epiplasm have been found;
the investing membrane runs rather irregularly (Pl 7I),

The secondary wall material starts to condense as a thin electron-dense layer on
the primary wall (PL. 7I). While the primary wall is differentiating the secondary
wall is condensed further and transformed into an ornamentation that consists of
warts (P1. 8A, B). The warts vary in height from 150-600 nm and are spread irreg-
ularly over the ascospore surface; they are connected by a smooth layer that is
about 30 nm thick (Pl. 8B). During the formation of the ascospore walls the glycogen
in the epiplasm becomes more floccose and vacuoles with the same electron-dense
coarse-floccose contents develop in between; they seem to be in contact with the
glycogen and fill the basal parts of the asci completely.
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When the ascospores mature, the epiplasm slowly disappears and the investing
membrane is no longer recognizable; the remnants of the secondary wall material
that have not condensed remain longest. The sporoplasm of the mature spores has
increased in electron density and developed some small vacuoles.

TuecoTHEUS sPEc.—Pl. 8C-G

Fixative: KMnOQOgy. As in Lasiobolus pilosus and Iodophanus carneus the apothecia are
multiascal and each ascus has eight ascospores.

The young ascoplasm is regular. At the uni-nuclear stage a large vacuole with
somewhat floccose contents occurs in the basal parts of the asci, while the apical
parts of the asci contain large masses of glycogen. A few electron-dense globular
structures are scattered over the ascoplasm. Once meiosis and mitosis have occurred
and the formation of ascospore walls has started the amount of glycogen in the
epiplasm increases further, particularly along the ascus wall, and vacuolization in
the epiplasm begins; the vacuoles have the same flocosse contents as those in the
basal parts of the asci.

The primary wall is about 500 nm thick at the two poles of the ascospores, elsewhere
about 1000 nm thick. It is homogeneously electron-transparent at first but soon after
its formation electron density increases in the inner parts (Pl. 8C); its differentiation
products are the epispore (60—65 nm thick) and the endospore (at the two poles of
the ascospores about 500 nm thick, elsewhere about 1000 nm thick). The epispore
probably consists of a single fairly electron-dense layer when it has just been formed;
at later stages an outer layer with an increased electron density differentiates. The
endospore is fairly electron-dense and only its outermost part remains electron-
transparent for any length of time; at the latest stages of development a rather
diffuse electron-dense layer differentiates in the outermost part (Pl. 8D, F).

Before differentiation in the primary wall starts, the secondary wall develops;
it is found all around the ascospore, particularly at the two poles. The investing
membrane runs irregularly and shows connections between the secondary wall and
the surrounding epiplasm. The secondary wall material is fairly electron-dense and
floccose; it contains inclusions from the epiplasm (Pl. 8C).

During differentiation in the primary wall the secondary wall material increases in
electron density and condenses (Pl. 8D). The condensation process starts throughout
the secondary wall but soon concentrates on the epispore; in this way globular
structures granular in appearance arise at regular intervals along the ascospore,
giving ornamentation patterns of flat warts (about 200-300 nm high) (Pl. 8E, F).
At the two poles of the ascospores the condensation process lags, leaving huge
“blisters” which finally disappear when the ascospores mature but which create
bowl-shaped ornamentation, also granular in appearance, at both poles (about
800—9oo nm high) (Pl 8E, G). During secondary wall development and formation
of the ornamentation patterns the vacuoles in the epiplasm increase considerably in
number and size and finally fuse to form one large vacuole. The glycogen also
increases and fills up the remaining epiplasm.
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At the oldest stages present in the material the sporoplasm has greatly increased
in electron density and developed some small vacuoles; no oil drops are found.
The epiplasm has disintegrated but the investing membrane is still present. Not all
secondary wall material has condensed; its fate remains unknown.

PYRONEMATACEAE

PyroNEMA oMPHALODES—PL. gA-G

Fixatives: KMnO;-OsO4 and glutaraldehyde-OsOjy; the following description
applies only to the KMnO4-OsOg4-fixation.

Though the ascoplasm does not contain any unusual structures, it has a peculiar
development in the uni-nuclear stage and in the first stages of meiosis and mitosis.
In the basal parts of the asci large vacuoles with floccose electron-dense contents
develop close to the nuclear material. In the apical parts of the asci the endoplasmic
reticulum changes; its membranes cluster and increase in electron density, like in
Otidea bufonia (Merkus, 1975), but they do not widen so far or form complete vesicles.
In Pyronema omphalodes, the membranes become fairly vague locally, creating large
and fairly electron-dense blurs in the ascoplasm. The same occurs with the mitochon-
drial membranes. Very probably the formation of electron-dense globular structures,
present in these parts of the asci, is associated with the changes in membrane structure
(PL gA).

The young ascospores develop regularly; the primary wall (KMnO4-OsOy
250—400 nm thick) is homogeneous and electron-transparent at the younger stages
of development (Pl. gB). It increases in electron density at later stages, when a
secondary wall is formed (Pl. gC). Along the investing membrane a local and in-
cidental attachment of secondary wall material to the primary wall is found while
the latter is still developing. Both at the same time and in succeeding stages small
vacuoles with floccose electron-dense material arise in the epiplasm; tubular and
vesicular elements of the endoplasmic reticulum abound (Pl. gB, C).

During the development of the secondary wall the primary wall increases in
electron density and differentiates into an epispore (KMnO4-OsO4 35-50 nm,
glutaraldehyde-OsO4 35-40 nm thick) and an endospore (KMnO4-OsO4 250-450
but in extreme cases to 2000 nm thick, glutaraldehyde-OsO4 150-250 nm thick);
during this differentiation radial striation in the endospore is apparent. In the
epispore an outer electron-dense layer becomes visible at first; further development
reveals an inner electron-dense layer. While additional differentiation takes place
the endospore becomes homogeneous (Pl. gE, F). The secondary wall may vary in
thickness along the ascospore surface. The secondary wall material is fairly electron-
dense and seems to be in contact with the epiplasmic vacuoles that have meanwhile
increased in volume and fused to surround the ascospores completely (Pl. gE, F),
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thereby also running out into the apical and basal parts of the asci. The remaining
epiplasm around the vacuoles still contains some of the original organels, including
the electron-dense globules, but for the most part it has been replaced by glycogen,
particularly along the ascus wall,

At later stages the epiplasmic changes in the apical part of the asci are complete.
Glycogen with scattered vesicular and membranous structures fill most of these
parts of the asci; in the uppermost parts a great deal of endoplasmic reticulum occurs
as tubules and vesicles and, close to the glycogen, forms clusters of typical membra-
nous structures and electron-dense globular structures (Pl. gD, probably also
representing the “tractus” or “funiculus” described by Chadefaud (1960)). The
basal parts of the asci are filled with glycogen.

By the latest stages of development the endospore has differentiated into an inner
electron-transparent and an outer electron-dense part; in the latter a further striation,
which joins that in the epispore, is visible (Pl. 9gG). The secondary wall material
disappears completely; only the investing membrane may remain for some time,
fogether with the remnants of the epiplasm; the mature spores are smooth. The
sporoplasm has increased in electron density and developed small vacuoles that are
usually arranged in groups at the two poles of the oval ascospores together with
electron-dense granules that line the tonoplast; no oil drops are found (Pl. gG).

CoPROBIA GRANULATA—PI. 10A-E

Fixative: KMnO4-0OsOy4.

The young ascoplasm is normal in appearance. Like in Pyronema omphalodes, a
large vacuole with floccose electron-dense contents is present at the uninuclear stage
in the basal parts of the asci, and electron-dense globular structures are found scattered
in the ascoplasm; their development however could not be studied. When meiosis
and mitosis start vacuoles also develop near the apical parts of the asci, while in the
uppermost parts typical membranous endoplasmic reticulum appears. Further
stages reveal the development of the ascospores.

The primary wall is homogeneous and electron-transparent; it varies in thickness
from 400 to 550 nm (but extreme values of 1000 nm are also found). When itsinternal
differentiation starts, the inner part increases in electron density and at the boundary
between the inner and more exterior parts a fairly electron-dense and somewhat
radial striation becomes visible (Pl. 10A). In succeeding stages an endospore (250~
500 nm, in extreme cases up to 1000 nm thick) and epispore (35-50 nm thick) arise.
The inner endospore starts to take over the internal differentiation of the primary
wall but this differentiation disappears at later stages and the endospore parts
become more homogeneous. A thin layer in the outer endospore develops its own
internal structure that immediately joins the striation arising in the inner electron-
dense layer of the epispore. The outer electron-dense layer of the epispore is con-
spicuous and becomes rather broad at later stages. In the final stages the fairly
electron-dense intermediate epispore layer has a fine radial striation that seems to
continue into the inner epispore layer (Pl. 10B-E).
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During the differentiation of the primary wall, changes in the epiplasm and the
secondary wall take place. The secondary wall starts to develop at various places on
the ascospore surface, and small vacuoles with floccose electron-dense contents that
arise in the epiplasm along the ascospores fuse to form larger vacuoles in between.
At first the secondary wall material consists of fairly electron-dense floccose material
but when the secondary wall spreads all over the ascospore surface it encloses more
homogeneous material, with vesicles and vacuoles that are clearly derived from the
surrounding epiplasm (Pl. 10A). Later on it increases further in electron density,
condenses internally and, together with the vacuolar material that has now fused to
one large vacuole, grows so much that it fills nearly the whole ascus, leaving only a
small strip of normal ascoplasm just inside the ascoplasmalemma. Here a few scattered
electron-dense globular structures are still present. The contents of the vacuole have
almost disappeared. Apart from some glycogen in the remaining epiplasm no
further glycogen seems to be formed in the asci. In the meantime the sporoplasm has
increased in electron density.

The internal condensation of the secondary wall material starts early. During
differentiation of the primary wall a very thin layer of electron-dense material is
formed in several places on the ascospore surface at a distance of about 30-50 nm
from the primary wall. Once the layer encloses the whole ascospore more electron-
dense material is apposed at regular intervals along the spore surface (Pl. 10A).
Finally this results in a condensation pattern that includes globular structures at the
two poles of the ascospores and more flattened structures along the sides of the spores,
most of them with further internal striation of alternating electron-dense and fairly
electron-dense layers (each about 1520 nm thick) and all connected by an electron-
dense layer about 1520 nm thick (Pl. 10 B-E).

The latest stages present in the material still show the intact secondary wall
with its internal condensation pattern. Since the mature ascospores are smooth it is
however very probable that both will disappear when the ascospores have matured.

GEeorPYXIs CARBONARIA—PL. 10F-K

Fixative: KMnO4-OsOg4.

Like in Coprobia granulata, the young ascoplasm resembles that in Pyronema omphalodes
in that in the uninuclear stage one large vacuole with floccose electron-dense contents
develops in the basal parts of the asci, and electron-dense globular structures are
found scattered in the ascoplasm. The presence of smaller vacuoles near the apical
parts of the asci during meiosis and mitosis and of an increased amount of endoplasmic
reticulum in the uppermost parts at this stage also agree with the pictures of C.
granulata. Further stages of development reflect the differences between the three
species. ’

From the very first stages of formation the primary wall (150-200 nm thick) has
somewhat radial striation that persists in the endospore, where it differentiates in the
primary wall material. Separation of the investing membrane from the primary wall
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starts regularly over the complete ascospore surface but secondary wall formation
becomes conspicuous at only a few places on the ascospore surface; the secondary
wall material is fairly electron-dense and homogeneous at these stages. In the epiplasm
endoplasmic reticulum occurs around the developing secondary wall but no contact
points between the secondary wall material and the surrounding epiplasm have
been found (Pl. 10F).

Like in P. omphalodes, at later stages the epiplasm is filled with glycogen and vacuoles
with some floccose contents; for the most part the glycogen fills the apical and basal
parts of the asci and is present in a continuous layer inside the ascoplasmalemma;
the vacuolar material fuses to one large vacuole that completely surrounds the
ascospores and extends in the apical and basal parts of the asci. The same stages of
development reveal a maximum of secondary wall material, now floccose, along the
whole ascospore surface.

The sporoplasm increases slightly in electron density at the first stages of develop-
ment and develops a large amount of membranous material that clusters mostly at
one of the poles of the ascospores; electron-dense globular structures are also found.
At later stages some small vacuoles are formed and the increase in electron density
becomes complete; no oil drops are present.

During the plasmic developments and the formation of secondary wall material the
primary wall differentiates into an endospore (200~400 nm thick) and an epispore
(3045 nm thick). The endospore develops a further radial striation of fairly electron-
dense material; in the outermost part it develops a homogeneous and fairly electron-
dense layer in which extra striation becomes apparent in the latest stages. Further
differentiation of the epispore reveals two electron-dense layers, separated by an
electron-transparent layer; in the two electron-dense layers dense striation is some-
times visible in the latest stages (Pl. 10G-K).

Finally the secondary wall material partly condenses on the epispore as a homoge-
neous and compact, rather smooth electron-dense 50-100 nm thick layer (Pl
10G-K). It is not certain whether this layer remains, to form the outermost part of
the mature ascospores, or disappears, together with the remnants of the epiplasm
and the rest of the secondary wall material; the mature ascospores are smooth.

MYCOLACHNEA HEMISPHAERICA—PI. 11A-E

Fixative: KMnO4-OsOy4. The youngest stages available show the development of
the ascospores.

The already formed primary wall is homogeneous and electron-transparent and
550-850 nm thick. Secondary wall formation starts soon afterwards. The investing
membrane shows an irregular course and in some places may extend widely in the
epiplasm. Connections between the secondary wall and the epiplasm, and membra-
nous inclusions in the secondary wall are found. The epiplasm itself is rather vague
and has no glycogen and few peculiarly globular structures; the sporoplasm is of
normal appearance and fairly electron-dense. The secondary wall material is
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fairly electron-transparent and somewhat floccose. It increases in electron density
and condenses near the primary wall at the same time that the differentiation of the
epispore and endospore in the primary wall starts. At first the epispore is fairly
electron-dense and homogeneous, while the endospore does not change during
differentiation from the primary wall (Pl. 11A).

In a succeeding stage of development the amount of condensed secondary wall
material on the epispore increases to a rather smooth layer, in which globular struc-
tures with increased electron density are present. The development intensifies at
further stages and gives rise to spiny elements of ornamentation consisting of clustered
and electron-dense, globular structures of different sizes (Pl. 11B-E). Meanwhile the
development in the primary wall has continued and a typical triple epispore and a
further differentiated endospore have been formed. The epispore is 30-40 nm thick
and may show extra striation in its intermediate, electron-transparent layer. The
outer electron-dense layer has increased in thickness. The endospore is 500-800 nm
thick, finally consisting of at least four layers that show increased electron density
towards the outside of the ascospores (Pl. 11B-E).

In the mature asci glycogen is formed as a continuous layer along the inner side of
the ascus wall. The original epiplasm has disappeared; remnants of the investing
membrane are still apparent; no vacuoles have developed. The sporoplasm is
electron-dense and contains a few large oil drops.

OctosPOrRA MUsCI-MURALIS—PI. 11F-H

Fixative: KMnO4-OsO0y4.

Like in Mycolachnea hemisphaerica, young ascospores have already developed and at
this stage some resemblance between the two species can be noted. The primary wall
is homogeneously electron-transparent and 200-400 nm thick. Secondary wall
formation starts along the complete spore surface but may extend here and there in
the epiplasm; the secondary wall material is fairly electron-transparent and homo-
geneous (Pl 11F). Inclusions from the epiplasm in the secondary wall have been
found. The sporoplasm is normal; apart from many small electron-transparent
vacuoles it contains oil drops that soon grow and fuse to form one or (mostly) two
large oil drops; an increase in electron density is found. The epiplasm could not be
adequately fixed but more glycogen develops than in Mpycolachnea hemispaerica.

Subsequently the primary wall differentiates into an epispore and an endospore.
The epispore (35-50 nm thick) has the usual structure; both electron-dense layers
and the intermediate less electron-dense layer are finely striate; the outer layer
further increases in thickness. At first the endospore (150-350 nm thick) is homoge-
neous and electron-transparent, possibly with a slight increase in electron density in
the middle layer. At later stages the outer parts increase in electron density and form
complete extra layers that join the epispore, while the inner parts decrease in electron
density (Pl. 11F-H). All secondary wall material finally disappears, as do the rem-
nants of the epiplasm. The mature ascospores are smooth (Pl. 11H).
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SARCOSCYPHACEAE

SARCOSCYPHA COCCINEA—PL. 12A-D

Fixative: KMnO4-OsOy. 8. coccinea has long asci with eight ascospores in a
single row.

Young stages of development show the asci in the one-eight-nuclear stages. The
ascoplasm in the apical parts of the asci is homogeneous and fairly electron-dense,
with small spots of electron-transparent material, possibly glycogen, and with thin
membranous structures and tiny vesicles. The subapical and medial parts of the
ascoplasm contain an extensive amount of endoplasmic reticulum that closely
resembles that in Pyronema omphalodes and Otidae byfonia (Merkus, 1975). The mem-
branes of the endoplasmic reticulum may form electron-dense blurs in the ascoplasm;
they may also widen locally and form extra vacuoles with electron-dense vesicles and
membranous structures of varying sizes; an increase in electron density in the
membranes also seems to exist (Pl. 12A).

In subsequent stages of development the ascospores are delimited and the primary
and secondary walls are formed. The basal parts of the asci develop faster than the
apical parts. The epiplasm in the apical parts of the asci is still intact; it contains the
usual organels and small amounts of glycogen; the structures described earlier have
disappeared. The apical ascospores lie close to one another and are irregular in
form; they have not yet acquired their ultimate shape, though their primary walls
are almost complete. The same phenomenon was also seen in Helvella crispa, Rhizina
undulata and Gyromitra esculenta. Here in S. coccinea the primary wall is also of unequal
thickness along the ascospores. The sporoplasm contains some glycogen and a few
small oil drops. The epiplasm in the basal parts of the asci consists of diffuse glycogen
with remnants of membranes. The basal ascospores are spaced out and become
ellipsoid to oblong with truncate poles; their primary walls are complete. They
contain one or two oil drops of moderate size, together with some glycogen. The
secondary walls have extended widely along the poles of the basal ascospores.

Electron-dense globular structures are present in the upper parts of the asci but in
the lower parts they are less electron-dense to electron-transparent, particularly in
the later stages. Like in Pyronema omphalodes and in the Otidea species studied
they probably arise on the endoplasmic reticulum.

In later stages the development is more homogeneous throughout the ascus; the
following descriptions apply to these stages. The primary wall of the ascospores is
homogeneous and electron-transparent; along the lateral sides of the spores it is up
to 800 nm thick (Pl. 12B). It develops an epispore and an endospore. The epispore
(35-40 nm thick) differentiates into two electron-dense layers with an electron-
transparent intermediate layer; the outer layer increases further in thickness, while
the intermediate and inner layer are slightly striate in the latest stages (Pl. 12D).
At first the endospore is homogeneous and electron-transparent; at the poles of the
ascospores it sometimes develops fairly electron-dense material internally; this
contains fibrous structures. '
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Subsequently the endospore is differentiated into a fairly electron-dense outer part
(350—450 nm thick) and a lighter inner part (200 nm thick). The change from the
outer to the inner part is abrupt but wall material may also become condensed in the
latest stages. Just in the middle of the truncated poles of the ascospores the outermost
part of the electron-dense outer endospore often increases in thickness, forming a less
electron-dense knob that is covered completely by the epispore. In the innermost
part of the electron-dense outer endospore this knob is bounded by a newly formed
““epispore’. Where the knob is formed, the complete endospore may reach a thickness
of 1200 nm (Pl. 12C, D).

During fixation in KMnO4-OsOy the outer and the inner layer of the endospore
easily split at the sides of the ascospores and particularly in both polar rims of each
spore, so that the complete endospore measures from 700-1000 nm at the sides of the
spores to extreme widths near the polar rims. Splitting is also found just inside the
epispore. ’

Secondary wall formation starts during primary wall differentiation; the investing
membrane detaches from the primary wall; secondary wall material, which is
homogeneous and fairly electron-dense, is formed in the intermediate space. It is
found all over the ascospore surface but in particular at the truncate poles of each
ascospore, where the secondary walls of adjacent spores may finally meet and join.

In the latest stages of development all secondary wall material mixes with the
epiplasm; this has also changed and now contains much glycogen and only a few
organels. Remnants of the investing membrane persist for some time. The sporoplasm
is normal and apart from small vacuoles contains a large number of oil drops,
the larger ones in two groups at both poles of the ascospores, the smaller ones in a
thick layer against the spore wall. No ornamentation is formed ; the mature ascospores
are smooth.

DEsMAZIERELLA Acicora—Pl. 12E-G

Fixatives: KMnQO4-OsOy4 and glutaraldehyde-OsOg4. Only a few apothecia could
be sectioned.

Asci are found that show the same differences between the apical and basal parts
during ascospore development as in Sarcoscypha coccinea, though not to the same
extent. The apical parts of the asci have an intact epiplasm; the primary walls of
the ascospores, which are in a single row close to one another and do not yet have
their ultimate shape, are still developing. The basal parts of the asci have an epiplasm
consisting almost entirely of diffuse glycogen; the secondary walls of the oval asco-
spores, which are spaced out, are also still developing. Globular structures and
glycogen are present throughout the asci, both in the epiplasm and sporoplasm.
The globular structures occur particularly around the ascospores in the epiplasm;
they are electron-dense to electron-transparent after KMnQO4-OsQOg-fixation, elec-
tron-transparent only after glutaraldehyde-OsOjg-fixation. Like in S. coccinea later
stages of development show a more homogeneous pattern in the apical and basal
parts of the asci.
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The primary wall of the ascospores is homogeneous and electron-transparent;
after KMnQO4-OsOy-fixation 400-600 nm thick along the whole circumference of
a spore (Pl. 12E). It develops into an epispore (KMnO4-OsO4 35-40 nm, glutaral-
dehyde-OsO4 40 nm thick) and an endospore (KMnO4-OsO4 *%700-1000 nm,
glutaraldehyde-OsOy4 about 600 nm thick) that.closely resemble that in S. coccinea.
After KMnQy4-OsOg-fixation the epispore shows the same differentiation into two
electron-dense layers separated by an intermediate electron-transparent layer, with
the outer layer still increasing slightly in thickness. After glutaraldehyde-OsOj-
fixation (which was not applied to S. coccinea) the epispore consists of an electron-
dense inner layer and a fairly electron-transparent outer layer in which denser
striation can be discovered. At first the endospore is homogeneous and electron-
transparent in both types of fixatives but it soon differentiates. After KMnO4-OsOg-
fixation the same electron-dense outer part as in S. coccinea and the same electron-
transparent inner part become apparent. After glutaraldehyde-OsOgy-fixation the
endospore is delimited by a fairly electron-dense layer against the plasmalemma,
from where radial striation runs to the outer surface of the ascospores (Pl. 12F, G).

. The secondary wall material is deposited between the primary wall and the
investing membrane (Pl. 12E). After KMnQ4-OsOg-fixation it is homogeneous and
fairly electron-transparent and, at later stages of development, slightly concentrated
as electron-dense material on the epispore. After glutaraldehyde-OsO;-fixation
(which was applied to later stages of development only) it becomes fibrous-floccose
throughout the secondary wall. It is not possible to say whether the secondary wall
develops around the entire ascospore wall or only at the two poles of the ascospores
as in 8. coccinea; its fate is also unknown (Pl. 12F, G).

In the later stages of development the epiplasm loses its organels. The globular
structures remain longest and are clustered along the borders of the secondary
wall; finally they also disappear. The sporoplasm then contains small vacuoles and
many smaller and larger oil drops. The mature ascospores are smooth.

Discussion

From the assembled results of this study and a comparison of them with those of
previous studies (Merkus, 1973, 1974, 1975) it may be concluded that throughout
the Pezizales the ultrastructure and development of the ascospores show considerable
agreement. .

The general ascal ultrastructure is the same for all species and corresponds with
the usual descriptions such as those in the summaries of Hawker (1965) and Bracker
(1967). I have already discussed the basic plasmic organels in detail (Merkus, 1973)
but unusual individual structures need further comment.

The occurrence of globular structures (indicated as GS on the Plates) was reported
in a great many species belonging to the genera Otidea and Peziza as well as in the
single species Pulparia persoonii (Merkus, 1975). They have been found in all the
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species discussed in the present study and judging by earlier results they may also
occur in other species. Being less relevant they have not been mentioned elsewhere
(Merkus, 1973, 1974). Their appearance depends on the species and on the fixative
applied, differing particularly after KMnO4-OsO4 and glutaraldehyde-KMnOj4.
Intermediate forms are not frequently found; they could depend on the stage of
development.

As stressed earlier (Merkus, 1975), the origin of the globular structures is not
clear. Evidence that the electron-dense globular structures found after the KMnOQOy-
OsOg-fixative are derived directly from endoplasmic reticulum has been discovered
in Otidea bufonia, Pyronema omphalodes, and Sarcoscypha coccinea, which may represent
simpler forms of ascoplasmic development. The presence of additional, more
electron-transparent globular structures in Sarcoscypha coccinea, and particularly the
more complicated ascoplasm in Gyromitra esculenta, G. infula, Helvella crispa, Morchella
esculenta, Peziza ammophila, P. badia, P. michelii, P. plebeia, P.. praetervisa, P. succosa, P.
succosella, P, vesiculosa, and Rhizina undulata, with the occurrence of either electron-
dense or less electron-dense to electron-transparent products after use of the KMnOj,-
Os04 and glutaraldehyde-KMnO 4-fixatives, however, suggests that the development
of the globular structures is more complicated and that other organels, like endoplas-
mic vesicles and membranous structures, or glycogen (indicated on the Plates as EV,
MS, and G or Gr, respectively) could be involved.

All the globular structures are formed in an early stage of development, before or
during meiosis and mitosis, particularly in the more apical parts of the asci; in the
genera Peziza and Pulparia formation in the more basal parts of the asci is also exten-
sive. When the ascospores are delimited in the ascoplasm, the globular structures
seem to spread at random over the epiplasm and sporoplasm; formation in the
epiplasm could continue for some time, so that here their number possibly increases.
The role of the globular structures has been discussed (Merkus, 1975). The electron-
dense globular structures are the same as the “corpuscules métachromatiques” of
Guilliermond (1904, 1910, 1920) or “globules métachromatiques” of Le Gal (1947).

In some species with a more complex ascoplasm, viz. Gyromitra esculenta, G. infula,
Helvella crispa, Morchella esculenta, Peziza badia, P. michkelii, P. plebeia, P. succosa, P.
succosella, and Rhizina undulata, the globular structures grow out to true oil bodies that
persist for some time in the epiplasm during ascospore development and that are
permanently present in the sporoplasm, where they fuse to form larger oil drops.
The ascoplasm of Peziza trachycarpa could not be studied adequately but apparently
its further development proceeds in the same way. In Desmazierella acicola and Gyro-
mitra esculenta, where the ascoplasm is less complex, this is also found. When present
in the other species, the globular structures do not enlarge further but maintain
their original form; they shrivel and disappear in the epiplasm but remain in the
sporoplasm.

Independent development also causes oil drops to arise in the sporoplasm of a
large number of the species, viz. Aleuria aurantia, Anthracobia melaloma, Boudiera
echinulata, Octospora musci-muralis, Lamprospora crec’hqueraultii, L. dictydiola, Melastiza
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chateri, Mycolachnea hemisphaerica, Neotiella ithacaensis (Rehm) Schweers sensu Schweers?,
Otidea alutacea, O. bufonia, O. onotica, Peziza ammophila, P. badigfusca, P. emileia, P.
petersii, P. praetervisa, P. trachycarpa, Pulparia persoonti, Pustularia cupularis, Scutellinia
armatospora, S. scutellata, Sepultaria arenosa, S. tenuis, Trichophaea abundans, and T.
woolhopeia. Oil drops in the sporoplasm have not been found in Ascodesmis microscopica,
A. nigricans, “Ascophanus® coemansii, Ascozonus woolhopensis, Cheilymenia pulcherrima,
Coprobia granulata, Iodophanus carneus, Geopyxis carbonaria, Lasiobolus monascus, L.
pilosus, Peziza vesiculosa, Pyronema omphalodes, Sowerbyella radiculata, Thecotheus spec.,
Thelebolus crustaceus, and T. stercoreus.

Special plasmic structures other than those discussed above have been found in
“Ascophanus” coemansii, Ascozonus woolhopensis, and Thelebolus stercoreus. The function of
these structures could not be determined ; those in ““Ascophanus” coemansii are probably
identical with the reticulate structures Boudier (1869) described for this species, and,
together with those in Ascozonus woolhopensis, could result from endoplasmic reticulum.

For Ascobolus furfuraceus Pers. per Hook.1 Wells (1972) mentioned the occurrence of
numerous lipid globules on the surface of the perispore sac (=secondary wall) and in
the sporoplasm during the latter stages of ascospore development; at maturity these
disappear from the margin of the perispore sac. They may be identical with the
electron-transparent globular structures of other species.

Glycogen is formed in a large number of the species. Its varying appearance and
its role as a supplier of food were discussed earlier (Merkus, 1975) ; it will be mentioned
later in relation to the development of secondary wall material.

Ascospore development follows a common line in the Pezizales (Delay, 1966;
Carroll, 1966, 1967, 1969; Schrantz, 1966, 1970; Wells, 1972; Merkus, 1973, 1974,
1975) ; details of this line have been discussed (Merkus, 1973, 1974, 1975). The main
points are the following,

All the ascospores in a single ascus are formed simultaneously through delimitation
by an outer and inner delimiting unit membrane; in nearly all species they also
develop simultaneously in later stages of wall formation. By contrast the ascospores
of Sarcoscypha coccinea and Desmazierella acicola develop more rapidly in the basal parts
of the asci than in the apical parts, as does the remaining epiplasm in these species.

Though interesting, the origin of the two delimiting membranes is not under
discussion here. When the ascospore walls arise between them, the inner membrane
becomes the sporoplasmalemma, which is permanent and may have a function in
primary wall development. The outer membrane becomes the investing membrane,
which may play a role in both primary and secondary wall formation; by the time
the ascospores are mature it may have disappeared or else remain as an adhesive
film on the outside of the ascospores when they leave the ascus.

The primary wall is formed first; it is homogeneous and electron-transparent.

9 Khare (1975), who studied the type of Humaria ithacaensis Rehm, found that the name was
missapplied by Schweers. For Schweers’ fungus a correct name is not yet available.
10 Ascobolus stercorarius (Bull. per St. Amans) Schroet.
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In most of the species the ascospores are rounded off before the primary wall is
formed but in Desmazierella acicola, Gyromitra esculenta, G. infula, Helvella crispa, Rhizina
undulata, and Sarcoscypha coccinea the ascospores round off during primary wall devel-
opment. The thickness of the primary wall not only varies according to the species;
it also depends on the treatment, the fixatives with glutaraldehyde giving either no
swelling or at least less swelling than the fixatives with KMnQOy, which might produce
abnormal results. Conclusions based on thickness are therefore unreliable. In
Helvella crispa the primary wall grows out internally and forms thickenings; these
were also observed by Le Gal (1947).

The secondary wall is formed next. In a few rare instances secondary wall formation
was found to start on a limited scale before primary wall formation was finished. In
general however secondary wall formation is found as a separate process that starts
when the primary wall is complete. The secondary wall is layed down between the
primary wall and the investing membrane. The formation may start immediately
all over the ascospore surface, or at first more locally, either remaining so or only at
later stages spreading out. In Ascodesmis microscopica and A. nigricans the secondary
wall is internally differentiated; in all other species the KMnO,4OsOg-fixative
gives the secondary wall material a fairly homogeneous aspect, while the glutaralde-
hyde-OsOg-fixative makes it look more flocky; it is always more electron-dense than
the primary wall material. To judge from their structural similarities it is highly
probable that parts of the epiplasm are incorporated in the secondary wall and make
up its ground substance; glycogen or derivations of it are possibly involved; the
investing membrane may play an active role in the process. Though the presence of
an investing membrane is not mentioned by Bellemere & Melendez-Howell (1976),
these authors stress the active role of the epiplasm during the formation of the
material of ornamentation. It is most unlikely that the sporoplasm has a function in
secondary wall formation as was supposed by Le Gal (1947), Moore (1963, 1965),
Reeves (1967), and Lynn & Magee (1970). The apposition of extra wall material
on the inner side of the primary wall is very unusual and found only in Trichophaea
woolhopeia. Secondary wall formation remains rather limited in ““Ascophanus™ coemansii,
Ascozonus woolhopensis, Thelebolus crustaceus, and T, stercoreus.

All the species have a secondary wall outside the primary wall and its fate deter-
mines the ultimate aspect of the ascospores. Different groups of development can be
distinguished (see also Fig. 1).

1. Without further changes all secondary wall material loses its original structure
and disappears in: Ascozonus woolhopensis, Helvella crispa, Octospora musci-muralis,
Lasiobolus monascus, Morchella esculenta, Pyronema omphalodes, Sarcoscypha coccinea,
and Trichophaea woolhopeia.

2. Secondary wall material condenses at random for a short time and finally all
of it disappears in: Anthracobia melaloma, Pustularia cupularis, Sepultaria arenosa,
and §. tenuis.
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3. Secondary wall material condenses to form a complete ornamentation pattern
on the epispore but finally all of it disappears in: Coprobia granulata.

4. Secondary wall material condenses to form a permanent smooth and uniform
layer on the epispore in: “Ascophanus” coemansii, Geopyxis carbonaria, Lasiobolus
pilosis, Otidea alutacea, O. bufonia, O. onotica, Peziza ammophila, P. vesiculosa,
Thelebolus crustaceus, and T. stercoreus.

5. Secondary wall material condenses to form a permanent ornamentation on
the epispore in: Aleuria aurantia, Boudiera echinulata, Cheilymenia pulcherrima,
Todophanus carneus, Lamprospora crec’hqueraulti, L. dictydiola, Melastiza chateri,
Mpycolachnea hemisphaerica, ‘‘Neotiella ithacaensis”, Peziza badia, P. badiofusca, P.
emileia, P. michelii, P. pelersii, P. plebeia, P. praetervisa, P. succosa, P. succosella,
P. trachycarpa, Pulparia persoonii, Rhizina undulata, Scutellinia armatospora, S.
scutellata, Sowerbyella radiculata, Thecotheus spec., and Trichophaea abundans.

6. Secondary wall material is penetrated by pigment granules (Wells, 1972, for
Ascobolus furfuraceus or a violet pigment (Carroll, 1969, for Saccobolus glaber
(Pers. per Pers.) Lamb.M) from the surrounding vacuoles, which finally
condense on the epispore and possibly from the ultimate ornamentation in:
Ascobolus furfuraceus and Saccobolus glaber.

7. Secondary wall material immediately constitutes the ornamentation patterns
in: Ascodesmis microscopica and A. nigricans.

Because the series of pictures is incomplete not all species can be placed definitively
in any of these groups. Desmazierella aciocla, Gyromitra esculenta, and G. infula belong
to group 2 or 4; the position of Otidea alutacea, O. bufonia, O. onotica, and Lasiobolus
pilosus in group 4 is also uncertain, the species might be transferred to group 2.

Internal differentiation of the ornamentation is found in Ascodesmis microscopica,
A. nigricans, and Lamprospora crec’hqueraultii, and possibly also in Sowerbyella radiculata.
Slight striation of the innermost parts of the ornamentation is found in “Neotiella
ithacaensis”. The different structures in the ornamentation of most of the Peziza
species and of Pulparia persoonit is difficult to interpret and may be present only
temporarily.

The formation of the epispore and the endospore is a special problem and opinions
about it differ (Merkus, 1973, 1974). Though it is not recognizable in all species,
it is most likely that the primary wall differentiates into an outer epispore and an
inner endospore through the redistribution of primary wall material (in this my con-
clusion agrees with that of Delay, 1966). The redistribution of endospore material in
Sarcoscypha coccinea, which leads to the formation of a “second epispore’ inside the

11 Saccobolus kervernii (Crouan) Boud.
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primary wall material

secondary wall material (undifferentiated)
secondary wall material (condensed)

secondary wall material immediately constituting the ornamentation

L
=
B

material precipitated from the surrounding epiplasm

Fig. 1. Diagrammatic schemes of different groups of secondary wall development. The
numbers refer to the different units.
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endospore, strongly supports this view. After KMnO4-OsOg-fixation the epispore
in most species shows a basic patern that consists of two electron-dense layers,
separated by a less electron-dense to electron-transparent intermediate layer. In a
few species the epispore is simpler and seems to consist of only one electron-dense
layer (“Ascophanus” coemansii, Ascozonus woolhopensis, Thelebolus crustaceus, and T.
stercoreus), sometimes with an increase in electron density in the outer parts ( Thecotheus
spec.). Glutaraldehyde-OsO4 may give different appearances, often with layers on
the outside that are less electron-dense. Further differentiation in the epispore and
endospore leading to the formation of fine or coarse striation has been found in many
species. Most of the striation is fine and found in the epispore, parallel to the ascospore
surface. In a number of species it is also present in the outer parts of the endospore;
in that case it largely inhibits delimitation of both layers; for this there are various
explanations. A general increase in electron density and coarse striation in the en-
dospore, perpendicular to the ascospore surface, is sometimes found, particularly
after glutaraldehyde-OsOg-fixation.

Referring to the ultrastructure and the development of ascospores different types
can be distinguished. The distinction is based mainly on the data resulting from
KMnO4-OsOs-fixation, as only part of the species were also fixed in the glutaralde-
hyde-OsQOg-fixative. The Ascobolus furfuraceus type is based on data published by
Delay (1966), Carroll (1966, 1967, 1969) and Wells (1972). De Bary ‘“bubbles”,
which were described in ascospores by Dodge (1957), Kimbrough (1966), and
Kimbrough & Korf (1967) could not be found after fixation.

The following types can be distinguished.—

I. Sarcoscypha coccinea type.

Basal parts of asci in a state of development during ascospore formation more
advanced than in apical parts; ascospores acquire their ultimate shape during
primary wall development; tendency to complex ascoplasm with electron-dense and
electron-transparent globules, and intermediate forms; oil drops in sporoplasm
derived from the electron-transparent globules; epispore without much further
differentiation ; endospore with marked differentiation into an electron-dense outer
part that passes abruptly into an electron-transparent inner part; formation of a
“second epispore” in the endospore at the apices of ascospores (not found in Desma-
zierella acicola) ; for secondary wall material groups 1 and 2 or 4.

Desmazierella acicola and Sarcoscypha coccinea.

II. Morchella esculenta type.

Complex ascoplasm with electron-transparent and electron-dense globules, and
intermediate forms; oil drops in sporoplasm derived from the electron-transparent
globules; epispore and endospore without much further differentiation; for secondary
wall material group 1.

Morchella esculenta.
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IIl. Helvella crispa type.

Ascospores acquire their ultimate shape during primary wall development;
complex ascoplasm with electron-transparent and more electron dense globules,
oil drops in sporoplasm derived from the electron-transparent globules; occasional
formation of extra wall layers in primary wall; epispore and endospore without
much further differentiation; for secondary wall material group 1.

Helvella crispa.

IV. Rhizina undulata type.

Ascospores acquire their ultimate shape during primary wall development;
complex ascoplasm with electron-transparent and more electron-dense globules;
oil drops in sporoplasm derived from the electron-transparent globules; epispore
without much further differentiation; endospore with (slight) increases in electron
density in the outermost parts; for secondary wall material groups 2 or 4 and 5.

Gyromitra esculenta, G. infula, and Rhizina undulata.

V. Otidea bufonia type.

Tendency to complex ascoplasm with electron-dense globules; independent
development of oil drops in sporoplasm; further differentiation in epispore and
endospore; for secondary wall material possibly group 4.

Otidea alutacea, O. bufonia, and O. onotica.

VI. Peziza vesiculosa type.

Complex ascoplasm with electron-dense and more electron-transparent globules;
no oil drops in sporoplasm; epispore without much further differentiation; endospore
with some fine striation in the outermost parts; for secondary wall material group 4.

Peziza vesiculosa.

VII. Peziza practervisa type.

Complex ascoplasm with electron-dense globules; independent development of
oil drops in sporoplasm; epispore without much further differentiation; endospore
with some fine striation in the outermost parts; for secondary wall material groups 4
and 5.

Pezia ammophila and P. praetervisa.

VIII. Peziza succosatype.

Complex ascoplasm with electron-transparent globules, Peziza trachycarpa also
with more electron-dense globules; oil drops in sporoplasm derived from the electron-
transparent globules; epispore and endospore without much further differentiation;
for secondary wall material group 5.

Peziza badia, P. michelii, P. plebeia, P. succosa, and P. succosella ;- P. trachycarpa possibly
also belongs to this group but the ascoplasm could not be adequately studied.

IX. Pyronema omphalodes type.
Tendency to complex ascoplasm with electron-dense globules; generally much
glycogen in the epiplasm; no oil drops in sporoplasm, epispore occasionally with
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fine striation; endospore with a fairly broad electron-dense layer in the outermost
parts; for secondary wall material group 1.
Pyronema omphalodes.

X.Lamprospora dictydiola type.

Normal ascoplasm with electron-dense globules; with or without independent
development of oil drops in sporoplasm; generally much glycogen in the epiplasm,
epispore occasionally with fine striation; endospore with a thin to broader electron-
dense layer in the outermost parts; for secondary wall material groups 1, 3, 4 and 5.

Aleuria aurantia, Boudiera echinulata, Cheilymenia pulcherrima, Coprobia granulata,
Geopyxis carbonaria, Octospora musci-muralis, Iodophanus carneus, Lamprospora crec’hqueraultii,
and L. dictydiola.

XI. Scutellinia armatospora type.

Normal ascoplasm with a few or more numerous electron-dense globules; indepen-
dent development of oil drops in sporoplasm; epispore with further differentiation;
endospore with striation in the outermost parts; for secondary wall material groups 2
and 5.

Anthracobia melaloma, Melastiza chateri, *“ Neotiella ithacaensis”, Scutellinia armatospora,
and S. scutellata.

XII. Sepultaria arenosa type.

Normal ascoplasm with a few electron-dense globules; independent development
of oil drops in sproroplasm; epispore with fine striation; endospore with an outer
electron-dense and an inner electron-transparent part, also with clustered material
in between; for secondary wall material groups 1, 2, and 5.

Mycolachnea hemisphaerica, Pustularia cupularis, Sepultaria arenosa, S. tenuis, Trichophaea
abundans, and T. woolhopeia.

XIII. Lasiobolus pilosus type.

Normal ascoplasm with electron-dense globules; no oil drops in sporoplasm;
epispore with further differentiation ; endospore without much further differentiation ;
for secondary wall material groups 1 and, possibly 4.

Lasiobolus monascus and L. pilosus.

XIV. Thecotheus spec. type.

Normal ascoplasm with a few electron-dense globules; no oil drops in sporoplasm;
simple epispore; endospore with slight increases in electron density in the outermost
parts; for secondary wall material group 5.

Thecotheus spec.

XV. Thelebolus stercoreus type.

Normal ascoplasm with a few electron-dense globules; no oil drops in sporoplasm;
simple epispore; endospore mostly with some fine striation in the outermost parts;
for secondary wall material group 4; secondary wall formation strongly limited.

“Ascophanus” coemansii, Thelebolus crustaceus, and T. stercoreus.
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XVI. Ascozonus woolhopensis type.

Normal ascoplasm with a few electron-dense globules; no oil drops in sporoplasm;
simple epispore; endospore without further differentiation; for secondary wall
material group 1; secondary wall formation rather limited.

Ascozonus woolhopensis.

XVII. Ascobolus furfuraceus type.

Normal ascoplasm, in Ascobolus furfuraceus with lipid globules; no oil drops in
sporoplasm; epispore with fine striation; endospore without further differentiation;
for secondary wall material group 6.

Ascobolus immersus Pers. per Pers., A. furfuraceus, and Saccobolus glaber.

XVIIL. Ascodesmis microscopica type.

Normal ascoplasm with a few electron-dense globules; no oil drops in sporoplasm;
epispore with further differentiation; endospore without further differentiation ; for
secondary material group 7.

Ascodesmis microscopica and A. nigricans.

The different types, based only on the findings of this study, call for further remarks.
The eighteen types can be grouped into six units (see Tables I and II). Though the
characteristics of each unit can overlap and some are present in more than two of
them, each unit clearly represents related types. While in the first two units the
complex ascoplasm, or at least a tendency to one, is found, the other four units
have normal ascoplasm, while the tendency to a complex ascoplasm is found in
only one type (IX).

TasBLE 1

DISTRIBUTION OF TYPES OVER THE UNITS

first second third fourth fifth sixth
unit unit unit unit unit unit
type type type type type type
I-IV V-VIII IX-XIII XIV-XVI XVII XVIII

In the first unit the characteristic development of the asci in type I distinguishes
this type from all the others; the differentiation of a “second epispore” in the endo-
spore, which has not been found in the other species, supports this view. Type I1I and
type IV come close to type I, as all three have in common that the ascospores have
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their ultimate shape only during primary wall development; this pleads for great
plasticity of the primary wall material at these stages. Regarding the other charac-
teristics, type II is the most closely united with the three types in the first unit.
In the second unit types VI and VII closely resemble each other, while type VIII
comes closer to the types of the first unit. Apart from the normal ascoplasm in most
of the species the third unit represents species which have in particular more differ-
entiation in both epispore and endospore. Types IX-XII closely resemble each other
and their distinction is based on the different types of endospores: type XIII lacks
differentiation in the endospore and is possibly related to the fourth unit. The types
of the fourth unit are similarly in having a simple epispore but otherwise also closely
agree. The types of the fifth and sixth unit have been kept apart because of the charac-
teristic development of the secondary walls, which differ completcly from those of
the other types.

As regards the distribution of the different species over the types, Pustularia
cupularis is placed within the Sepultaria arenosa type, which represents species of the
Pyronemataceae sensu Eckblad; though some characteristics agree, a closer resem-
blance to species of Otidea (a. 0. mentioned by Le Gal, 1947; Dennis, 1968; Eckblad,
1968) was not revealed. Berthet (1964) also mentioned the relationship between the
genera Pustularia and Sepultaria; his view is based on cytochemical reactions of the
nuclei. fodophanus carneus and Boudiera echinulata, both with amyloid ascus walls,
are placed within the Lamprospora dictydiola type, which further contains species of the
Pyronemataceae. The relationship between Jodophanus carneus and other members of
the Pyronemataceae was given earlier by Eckblad (1968) but the relationship
between Boudiera echinulata and species of Ascodesmis that he mentioned (Ascodesmi-
doideae; Eckblad, 1968) could not be confirmed. Thecotheus spec., which also has
amyloid ascus walls and which was placed in the Thelebolaceae by Eckblad (1968)
is a separate type that nonetheless closely resembles the types representing other
Thelebolaceae. Sowerbyella radiculata and Pulparia persoonii have not been classified in
the types because they are not well enough known.

In Ascodesmis microscopica and A. nigricans the term secondary wall is appropriate
for the second wall as it forms a permanent and rigid ornamentation on the epispore.
In all other species the term might be open to question since the second wall is a
temporary and transient formation that constitutes the materials for permanent
extra wall layers, smooth or forming an ornamentation and arising outside on the
epispore. But despite their differences in appearances and the fate of the material
of the second wall in the species, in all cases it is desirable to use the term secondary
wall together with the term primary wall since the walls represent stages in develop-
ment and are more natural than the complex terminology of the wall layers in Le
Gal’s work, not to mention the confusing use of names like endospore, epispore,
and perispore by others. By using the terms primary and secondary wall for the
two wall layers that are formed in succession the term endospore and epispore are
reserved for the further internal differentiation products of the primary wall.

Finally it is worth while to compare Le Gal’s observations (1947, 1949) and ours.



34 PErsoonN1A — Vol g, Part 1, 1976

The “false ornamentation” that she describes for Helvella crispa probably represents
the formation of extra wall material in the primary wall, which is found in this
species. But about the development of ornamentation our views probably do not
agree. As pointed out earlier (Merkus, 1974), no evidence has been obtained for a
“complex” development of ornamentation involving “masses globuleuses”. Nor can
it be decided precisely what structure corresponds to the “assise sous-périsporique”
or to the “périspore”. In view of Le Gal’s drawings it is most probable that where
she found no “périspore” the secondary wall corresponds to the “assise sous-
périsporique”, and that where she describes a “périspore” the secondary wall
corresponds to it. In the first case the investing membrane corresponds to the
“pellicule membranaire”, which never arises simultaneously with the ornamentation,
as a “‘coque interpérisporique’ but which is always present before ornamentation,
as a “tunique externe”. In the latter case the “assise sous-périsporique” must be
seen either as the outermost part of the primary wall, which is also supposed by
Bellemere & Melendez-Howell (1976), or as the innermost part of the secondary
wall; a layer that might represent the investing membrane is then absent. Cyto-~
chemistry of the substance of ornamentation constituting the secondary wall was not
carried out but might reveal more about the exact nature of the secondary wall
material; Le Gal’s premise that the ornamentation is mostly formed of callose and
pectine could therefore not be confirmed. As stressed earlier, there is no evidence for
sporal origin of the secondary wall material, as was supposed by Le Gal; in fact, all
pictures produce evidence in support of the theory that it is epiplasmic in origin.

ACKNOWLEDGEMENTS

The author is much indebted to Professor Dr. C. Kalkman, Director of the Rijks-
herbarium (Leiden) and to Dr. J. van Brummelen, mycologist at the Rijksherbarium,
for valuable discussions about the manuscript and for their stimulating general
interest in the study. She also wishes to express her thanks to Mrs. E. Helmer van
Maanen Ph. D. for suggestions about the manuscript, and to Mrs. F. P. Boers-
van der Sluijs for her great enthusiasm and expert technical assistance in electron
microscopy. This study could not have been carried out without the financial support
of the Foundation for Fundamental Biological Research (BION), which is sub-
sidized by the Netherlands Organization for Advancement of Pure Research (ZWO).

REFERENCES

BELLEMERE, A. & MEeLENDEZ-HoweLL, L.-M. (1976). Etude ultrastructurale comparée de
P’ornementation externe de la paroi des ascospores de deux Pezizales: Peziza fortinii
n. sp., récoltée au Mexique, et Aleuria aurantia (Oed. ex Fr.) Fuck. In Revue Mycol. g0:
3-~19.

BERTHET, P. (1964). Essai Biotaxonomique sur les Discomycetes. Thése. Université de Lyon.

BrAcCkER, C. E. (1967). Ultrastructure of fungi. In A. Rev. Phytopath. 5: 343-374.



MEerkus: Ultrastructure of ascospore wall in Pezizales—IV 35

BoubIER, J. L. E. (1869). Mémoire sur les Ascobolés. In Annls Sci. nat. (Bot.) V 10: 191-268
pls. 5-12.

Carrort, G. C. (1966). A study of the fine structure of ascosporogenesis in Saccobolus kerverni
and Ascodesmis sphaerospora. Ph. D. Thesis. University of Texas, Austin [unpublished].

—— (1967). The ultrastructure of ascospore delimitation in Saccobolus kerverni. In J. Cell Biol.
33: 218-224.

—— (1969). A study of the fine structure of ascosporogenesis in Saccobolus kerverni. In Arch.
Mikrobiol. 66: 321-339.

CHADEFAUD, M. (1960). Les végétaux non vasculaires (Cryptogamie). /n Chadefaud, M. &
Emberger, L., Traité de botanique systématique I.

DeLay, C. (1966). Etude de Pinfrastructure de I’asque d’Ascobolus immersus Pers. pendant la
maturation des spores. In Annls Sci. nat. (Bot.) XII 7: 361-420.

Dennis, R. W. G. (1968). British Ascomycetes. Lehre.

Dongg, B. O. (1957). Oil drops and deBary ‘bubbles’ in ascospores. In Bull. Torrey bot. CL
84: 431-441.

Ecksrap, F.-E. (1968). The genera of the Operculate Discomycetes. A re-evaluation of their
taxonomy, phylogeny and nomenclature. In Nytt. Mag. Bot. 15: 1-191.

GUILLIERMOND, A. (1904). Contribution a I’étude de la formation des asques et de I’épiplasme
des Ascomycetes. In Revue gén. Bot. 16: 49-66.

—— (1910). A propos des corpuscules métachromatiques ou grains de volutine, In Arch.
Protistenk. 19: 289-309.

—— (1920). Sur les relations entre le chondriome des champignons et la métachromatine.
In C.r. Séanc. Soc. Biol. 83: 855-858.

Hawker, L. E. (1965). Fine structure of fungi as revealed by electron microscopy. In Biol.
Rev. 40:' 52—92.

KHare, K. B. (1975). On Humaria iithacaensis. In Norw. J. Bot. 22: 111-113.

KivBrouGH, J. W. (1966). Studies in the Pseudoascoboleae. In Canad. J. Bot. 44: 685-704.

KimeroucH, J. W. & Korr, R. P. (1967). A synopsis of the genera and species of the tribe
Theleboleae (=Pseudoascoboleae). In Am. J. Bot. 54: g—23.

Le Gar, M. (1947). Recherches sur les ornementations sporales des Discomycétes operculés.
In Annls Sci. nat. (Bot.) XI 8: 73-297.

~—— (1949). Deux Discomycetes mal connus: Ascodesmis nigricans van Tieghem et Ascodesmis
microscopica (Crouan) Le Gal, non Seaver. In Revue Mycol. 24: 85-99.

Lynn, R. R. & Mageg, P. T. (1970). Development of the spore wall during ascospore for-
mation in Saccharomyces cerevisiae. In J. Cell Biol. 44: 688-6g2.

Merkus, E. (1973). Ultrastructure of the ascospore wall in Pezizales (Ascomycetes) — I.
Ascodesmis microscopica (Crouan) Seaver and A. nigricans van Tiegh. In Persoonia 7:
351-366.

—— (1974). Ultrastructure of the ascospore wall in Pezizales (Ascomycetes) — II. Pyrone-
mataceae sensu Eckblad. In Persoonia 8: 1—22.

—— (1975). Ultrastructure of the ascospore wall in Pezizales (Ascomycetes) — III. Otidea-
ceae and Pezizaceae. In Persoonia 8: 227-247.

Moore, R. T. (1963). Fine structure of Mycota. I. Electron microscopy of the Discomycete
Ascodesmis. In Nova Hedw. 5: 263—278.

—— (1965). The ultrastructure of fungal cells. In G. C. Ainsworth & A. S. Sussman, The
Fungi I: g5-118.

ReEevEs Jr., F. (1967). The fine structure of ascospore formation in Pyronema domesticum. In
Mycologia 59: 1018-1033.

ScHrANTZ, J.-P. (1966). Contribution 4 Pétude de la formation de la paroi sporale chez
Pustularia cupularis (L.) Fuck. In C.r. Acad. Sci., Paris 262: 1212-1215.

~—— (1970). Etude cytologique, en microscopie optique et électronique, de quelques Ascomy-
cttes, I1. La paroi. In Rev. Cytol. Biol. vég. 33: 111-168.

WELLs, K. (1972). Light and electron microscopic studies of Ascobolus stercorarius. II. Ascus
and ascospore ontogeny. Jn Univ. Calif. Publs. Bot. 62: 1—93.



36 PErsooNI1A — Vol g, Part 1, 1976

EXPLANATION OF PLATES 1-12

ABBREVIATIONS USED IN PLATES, — AW. ascus wall; CM, condensed material; E, epiplasm;
En, endospore; Ep, epispore; EV, endoplasmic vesicle; G, glycogen; GS, globular structure;
IAM, inner ascospore-delimiting membrane; IM, investing membrane; MS, membranous
structure; OAM, outer ascospore-delimiting membrane; N, nucleus; PI, plasmic inclusions;
PW, primary wall; S, sporoplasm; SW, secondary wall; T, tonoplast; Va, vacuole.

PrLaTE 1

Figs. A-D. Morchella esculenta, stained with uranyl acetate and lead citrate: Fig. A. asco-
plasm during meiosis, fixed in 19, glutaraldehyde and 19, KMnQj, X 4,600; Fig. B. id. detail
of basal part of ascus, X 14,900; Fig. C. ascospore development, beginning of secondary wall
formation, fixed in 1%, KMnO4 and 1%, OsOy, X 18,200; Fig. D. id. sccondary wall formation
and development of epispore and endospore.

PLATE 2

Figs. A, B. Morchella esculenta, advanced states in ascospore development, fixed in 1.5%
KMnOy and 1%, OsOy4 and stained with uranyl acetate and lead citrate, X 18,200.

Figs. C-F. Helvella crispa: Fig. C. ascoplasm, upper part of ascus before meiosis and mitosis,
fixed in 1.5% KMnO4 and 1%, OsO4 and stained with lead citrate, X 4,600; Fig. D. ascospore
development, beginning of secondary wall formation, fixed in 1.5% KMnO, and 19, OsO4and
stained with uranyl acetate and lead citrate, X 23,100; Fig. E. id. detail of primary wall,
X 36,300; Fig. F. id. fixed in 3.259%, glutaraldehyde and 1%, OsOj,.

PLATE 3

Figs. A, B. Helvella crispa, ascospore development, fixed in 1.5% KMnOy4 and 1%, OsOy,
X 23,100: Fig. A. secondary wall formation and development of epispore and endospore,
stained with uranyl acetate and lead citrate; Fig. B. advanced state in ascospore development,
stained with lead citrate.

Figs. C—G. Rhizina undulata, ascospore development, fixed in 1.5% KMnQOj4 and 1%, OsOy:
Fig. C. secondary wall formation and development of epispore and endospore, condensation
of secondary wall material, stained with uranyl acetate and lead citrate, X 29,700; Fig. D.
id.; Fig. E. advanced state in development of ornamentation at one of two poles of ascospore,
stained with uranyl acetate and lead citrate, X 14,900; Fig. F. id. along ascospore, X 43,300;
Fig. G. id. stained with lead citrate.

PraTE 4

Fig. A. Gyromitra esculenta, ascospore development, secondary wall formation and develop-
ment of epispore and endospore, fixed in 1.5% KMnO4 and 19, OsO, and stained with
uranyl acetate and lead citrate, X 29,700.

Figs. B, D. Gyromitra infula, ascospore development, fixed in 1.5% KMnO4 and 1% OsOy4
and stained with uranyl acetate and lead citrate: Fig. B. young ascospore after formation of
primary wall, X 23,100; Fig. C. secondary wall formation and development of epispore and
endospore, condensation of secondary wall material, X 2g,700; Fig. D. id. advanced state in
ascospore development.

Figs. E, F. Thelebolus stercoreus, ascospore development, X 29,700: Fig. E. beginning of
secondary wall formation, fixed in 1.5% KMnO, and 1%, OsO, and stained with lead citrate;
Fig. F. secondary wall formation and epiplasm with particular structures, fixed in 1.5%
glutaraldehyde and 19, OsO4 and stained with uranyl acetate and lead citrate.
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PLaTE 5

Figs. A—C. Thelebolus stercoreus, ascospore development: Fig. A. secondary wall formation
and epiplasm with particular structures, fixed in 1.5% glutaraldehyde and 1%, OsO4 and
stained with uranyl acetate and lead citrate, X 29,700; Fig. B. detail of epiplasmic structures,
fixed in 6.5%, glutaraldehyde and 1%, OsO4 and stained with uranyl acetate, X 165,300; Fig.
C. advanced state in ascospore development, with epispore and endospore and condensed
secondary wall material, fixed in 1.5% KMnQOj, and stained with lead citrate, X 36,300.

Figs. D, E. Thelebolus crustaceus, advanced states in ascospore development, with epispore
and endospore and condensed secondary wall material, fixed in 1.5% KMnO4 and 19, OsO4
and stained with lead citrate, x 36,300.

Figs. F, G. “Ascophanus® coemansii, ascospore development, fixed in 1.5% KMnO4 and
1% OsOy4 and stained with uranyl acetate and lead citrate: Fig. F. secondary wall formation
and condensation of secondary wall material, and particular epiplasmic structures, X 29,700;
Fig. G. advanced state in development, X 36,300.

PraTE 6

Figs. A-C. Ascozonus woolhopensis, ascospore development, fixed in 1.5% KMnQOjy: Fig. A.
secondary wall formation and development of epispore and endospore, stained with urany!
acetate and lead citrate, X 29,700; Fig. B. id. with particular epiplasmic structures, not
stained, X 47,900; Fig. C. advanced state in ascospore development, X 46,200.

Figs. D-1. Lasiobolus pilosus, ascospore development, fixed in 1.5% KMnQO,4 and 1% OsOy4
and stained with uranyl acetate and lead citrate: Fig. D. secondary wall formation and
development of epispore and endospore, condensation of secondary wall material, X 23,100;
Fig. E. id. detail of epispore and endospore, X 57,800; Fig. F. id.; Fig. G. advanced state in
ascospore development, X 23,100; Fig. H. id. detail of epispore and endospore, X 57,800;
Fig. L. id.

PLATE 7

Figs. A, B. Lasiobolus pilosus, advanced states in ascospore development, stained with uranyl
acetate and lead citrate: Fig. A. fixed in 1.5% KMnOQO, and 1%, OsO,, X 29,700; Fig. B. fixed
in 1.5%, glutaraldehyde and 1%, OsOy, X 57,800.

Figs. C-G. Lasiobolus monascus, ascospore development, fixed in 1.5% KMnO4 and
1% OsOy4 and stained with uranyl acetate and lead citrate: Fig. C. secondary wall formation
and development of epispore and endospore, X 18,200; Fig. D-F. id. x36,300; Fig. G.
advanced state in ascospore development, X 36,300.

Figs. H, 1. Iodophanus carneus, ascospore development, fixed in 1.5% KMnO4 and 1% OsO,
and stained with uranyl acetate and lead citrate, X 18,200: Fig. H. young state in ascospore
development, just after spore delimitation; Fig. I. secondary wall formation and development
of epispore and endospore, condensation of secondary wall material.

PLATE 8

Figs. A, B. Iodophanus carneus, ascospore development, stained with uranyl acetate and lead
citrate: Fig. A. further condensation of secondary wall material, fixed in 1.5% KMnOy4 and
1% OsOy4, X 18,200; Fig. B. advanced state in development of ornamentation, X 36,300.

Figs. C~G. Thecotheus spec., ascospore development, fixed in 1.5% KMnO;: Fig. C. begin-
ning of secondary wall formation, stained with uranyl acetate and lead citrate, X 23,100;
Fig. D. id. with development of epispore and endospore; Fig. E. condensation of secondary
wall material, X 14,200; Fig. F. advanced state in development of ornamentation along
ascospore, stained with uranyl acetate and lead citrate, x 23,100; Fig. G. id. at one of two
poles of ascospore, x 18,200.
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PratE 9

Figs. A-G. Pyronema omphalodes, fixed in 1.5% KMnO, and 1% OsO4 and stained with
uranyl acetate and lead citrate: Fig. A. ascoplasm, upper part of ascus before meiosis and
mitosis, X 8,100; Fig. B. ascospore development, beginning of secondary wall formation,
X 29,700; Fig. C. id. more advanced secondary wall formation, X 23,100; Fig. D. epiplasm,
upper part of ascus during ascospore development, X 8,100; Fig. E. ascospore development,
development of epispore and endospore, X 23,100; Fig. F. id X 29,700; Fig. G. advanced state
in ascospore development; X 29,700.

PLATE 10

Figs. A-E. Coprobia granulata, ascospore development, stained with uranyl acetate and lead
citrate: Fig. A. secondary wall formation and condensation of secondary wall material, fixed;
in 1.5% KMnO,, X 29,700; Fig. B. id. with development of epispore and endospore, X 46,200;
Fig. C. id. fixed in 1.5% KMnO4 and 1%, OsO4; Fig. D, E. advanced states in ascospore
development, fixed in 1.5% KMnOy, X 46,200.

Figs. F-K. Geopyxis carbonaria, ascospore development: Fig. F. beginning of secondary wall
formation, fixed in 19, KMnOj4 and 1% OsO4 and stained with uranyl acetate and lead
citrate, x23,100; Fig. G. development of epispore and endospore and condensation of
secondary wall material, fixed in 1.5% KMnO4 and 1% OsO4 and stained with uranyl
acetate and lead citrate, X 36,300; Fig. H. id. fixed in 1% KMnOjy and 1%, OsOy; Fig. L. id.
fixed in 1.5% KMnO, and 1%, OsO,; Fig. K. id. advanced state in ascospore development,
stained with lead citrate.

PLATE 11

Figs. A-E. Mpycolachnea hemisphaerica, ascospore development, fixed in 1% KMnQO4 and
1% Os04: Fig. A. secondary wall formation and development of epispore and endospore,
stained with uranyl acetate and lead citrate, X 18,200; Fig. B. further states in condensation
of secondary wall material and in differentiation of primary wall, stained with uranyl acetate
and lead citrate; X 23,100; Fig. C. id. X 46,200; Fig. D. id. X 18,200; Fig. E. advanced state
in development of ornamentation, stained with uranyl acetate and lead citrate, X 14,900.

Figs. F-H. Octospora musci-muralis, ascospore development, fixed in 1.5% KMnO4 and
1% OsOy: Fig. F. secondary wall formation and development of epispore and endospore,
stained with uranyl acetate and lead citrate, X 29,700; Fig. G. id. detail of epispore and
endospore, X 46,200; Fig. H. id. advanced state in ascospore development, stained with lead
citrate.

PLATE 12

Figs. A-D. Sarcoscypha coccinea, fixed in 1.5% KMnOy4 and 1%, OsO,: Fig. A. ascoplasm,
upper part of ascus before meiosis and mitoses, stained with uranyl acetate and lead citrate,
X 8,100; Fig. B. ascospore development, secondary wall formation at one of two poles of
ascospore, stained with uranyl acetate and lead citrate, X 12,600; Fig. C. advanced state in
ascospore development, with epispore and endospore and further differentiation in endospore
at one of two poles of ascospore, X 29,700; Fig. D. id. along ascospore, stained with lead
citrate. .

Figs. E-G. Desmazierella acicola, ascospore development: Fig. E. beginning of secondary wall
formation fixed in 1.59% KMnOy4 and 1%, OsO4 and stained with uranyl acetate and lead
citrate, X 23,100; Fig. F. id. advanced state in ascospore development, with epispore and
endospore, stained with lead citrate; Fig. G. advancea state in ascospore development, with
condensation of secondary wall material, fixed in 3.259%, glutaraldehyde and 1%, OsO4 and
stained with uranyl acetate and lead citrate, X 29,700.
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