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ABSTRACT

Uttrastruetural aspecis of development of hat-shaped ascospores and centrum organization in O,
crcrflanim were studied and compared with otlier species in Ceraforystis senne lato apparently having
similar ascespores. The ascospore wall consisted of a reniform primary and omamented secondary
wall, Secondary wall ornamentation incorporated three équally spaced and parallel ridges along the
lerigth of the ascospore that gave the ascospore a irsngular outling in fransverse seciion. Bom ap-
pendages developed on the secondary wall at the rounded ends of the primary wall resulting in the hat-
shaped appearance of the ascospores in side view, These appendages differed considerably from those
of the symmetrically shaped and hemispherical bowler-hat pscospores previeusly observed in . mo-
aififormis and €. fimbriata, Centrum organization in O, cucaflatur was, however, similar o that
previously illustrated of @. davidsonii. In both of the latter species, young ascl were arranged in a cllusler
at 1he ascomatal base. This was different 1w that in O, wanilformis where young asci lined the inper

ascamatal wall.
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Ceratocystis sensy falo includes the genera
Cerarocystis Ellis et Halsted sensu srricie,
Ophiostorma H, & P. Sydow and Ceratocystiopsis
Upadhyvay et Kendrick (Upadhyay and Ken-
drick, 1975, Weijman and De Hoog, 1975; Upa-
dhyay, 1981; De Hoog and Schefter, 1984). These
are insect-associated funet and include many im-
portant plant pathogens (Boyee, 1961; Wood and
French, 1963; Solheim, 1986; Clark and Movyer,
1988,

Many species of Cerarocysiis, Ophiosioma and
Ceratocystiopsis have sheathed ascospores of un-
usual morphology constituting an important
characteristicused in their taxonomy {Hunt, 1956;
Olchowecki and Reid, 1974; Upadhyay, 1981;
De Hoog and Scheffer, 1984). Despite this, few
ultrastructural (Garrison et al., 1979, Jeng and
Hubbes, 1980; Stiers, 1976; Van Wik ef al, 1991),
and mostly light microscaopic studies, have been
conducted on ascospore development and siruc-
ture in Ceratocystis 5. We believe that ultra-
structural studies could éenhance undersianding

of ascospore morphology and provide us with
additional tools 1o distinguish between genera
and species (Van Wyk and Wingfield, 1990). that
ultrastruciural studies could lead to a better un-
derstanding of the taxenomic disposition of Cer-
atocysifs 5. within the Ascomyeetes,

In a previous stedy the development and
structure of hat-shaped sheaths of ascospores in
0. davidsonii (Olchowecki ¢f Reid) Solheim has
been reparted (Van Wik and Wingfield, 1991),
These ascospores are morpheologically distinet
from the hat-shaped ascospores in species of Cer-
atacystis 5.5, such as C. fimbriata Ellis et Halsted
(Stiers, 1976) and . monil{formis (Hedgeock) C.
Moreau {(Van Wyk er af, 1991},

. encullatiinm Solheim has a Phialographitom
Upadhyay ef Kendrick anamorph and is in this
sense similar to O. davidsonii (Solheim, 1986;
Wingfield et af., 1989). . cucillatim also re-
sembles ). devidsonii in that it has reniform as-
cospores, Sheaths around the ascospores in @,
crerilatum have a distinet birim, whereas those
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of 0. davidsonii are reniform without brims
(Upadhyay, 1981). The aim of this investigation
was therefore to study ascospore development in
. cucullaiim and to compare it with that pre-
viously observed in 0. davidsonii.

MATERIAL AND METHODS

Cultures of Q. cucullatum (CBS 218.83) iso-
lated from Jfps typographus L, were prown at 18
C on 2% malt extract apar (20 g Difep Malt Ex-
tract, 20 g Difco Bacto Agar, 100 ml water) in
Petri dishes. Cullures were illuminated by di-
urnal cycles of fluorescent and near-ultravialel
light. Ascomata for electron microscopic exams-
ination, attached to small (2 = 4 » & mm) blocks
of agar were fixed in 0.1 M (pH 7.0) sodium
phosphate-buffered glutaraldehyde (3%) for 3 h
at 20 C, followed by 1 h fixation in similarly
buffered osmium tetroxide (0.5%). The material
was dehvdrated in a graded ethanol series and
embedded in as epoxy resin {Spurr, 1969). Ul-
trathin (60 nm) sections were cut with glass
knives, using an LKB Ultrotome IIL. Sections
were stained for 20 min with uranyl acetate, 10
min with lead citrate (Reynolds, 1963), and ex-
amined with a Philips EM300 transmission elec-
lron microscope.

RESULTS

A vertical section through the ascoma of Q.
cucteflatum showed developing ascl extending
upwards and outwards from the ascomatal base
towards the neck (Figs, 1, 1712, The young asci
occupied approximately one third of the valume
of the ascoma. Mature ascospores were chserved
near the ascomatal neck (Fias. 1, 17D). The inner
zonc of the ascomatal wall at the ascomatal base,
adjacent to the developing asci, consisted of 2-
4 layers of large, sterile or cushion cells (Fias. 1,
1713), These cells became narrower and flattened
toward the neck.

Young irregularly shaped asci, characterized
by thin walls, were observed near the ascomatal
base (Fras. 1, 17A), Vesicles ocourred in the ascus
cytoplasm (Fics. 2, 17A) and, at higher magni-
fication, some of these vesicles appeared 1o be
membranes arranged in circular patterns (myelin
figures} (FiG. 3). These membranes appeared to
coalesoe to form the membrane precursors of an
ascus vesicle (Figs, 4, 17TA), One ascus vesicle
occurred in each ascus and surrounded nuclei
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and other cellular inclusions (Figs. 4, 17A). This
astus vesicleinvaginated to delimit each nucleus,
forming young ascospores, cach surrounded by
sac-like double membranes (perisporic sac) and
walls (Figs, 4, 1 TA)

At an early stage in the development of the
ascospores, delimiting membranes and walls were
discontinuous in certain areas (Fig. 5). It ap-
peared that in these areas, two thin walled lavers
developed simultaneously with new membranes
of the ascus vesicle, to enclose ecach young as-
cospore, We sugeest that it is during this stage,
that wall material and membranes are synthe-
sized. Wall material is thus deposited to the in-
side and along the existing membranes (FiG. S).

During further development of the ascospore
wall vesicles coalesced with the delimiting mem-
branes (Fis. 6), Additional wall substances are
probably deposited between the existing thin-
walled lavers and meémbranes by these vesicles.
The inner thin wall laver differentiated-into a
granular primary wall {endospore laver) enclos-
ing the cytoplasm (Fic. 7). The outer wall laver
differentiated into a granular to fibrillar second-
ary wall (mesospore) layer (Fias. 8-10, 14, 17C),

Ornamentation formed on the secondary wall
through the deposition of wall material by ves-
icles between the outermost delimiting mem-
brane and underlying secondary wall (Fra. 8),
This deposited material differentiated inlo a
granular layer (Fias. 9, 10), becoming more uni-
form in maturing ascospores (Fic. 10). Mem-
branes of unknown origin and function were oh-
served closely associated with the outer
membrane of the ascospore (Fig, 10), during the
development of secondary wall ormamentation.

Expansion of the sccondary wall (Fig. 7), re-
sulted in the enlargement of the space between
the primary wall and outer membrane of the
perisporic sac. During this expansion, a promi-
nent ridge developed on the long axis of each
ascospore (Figs. 11, 17C). Within the ascus, the
ascospores were arranged with this ridge orienied
towards the middle of the ascus (Figs, 11, 17B).

Two additional ridges developed at opposite
sides and simultancously with the previously de-
scribed ridge. These ridees also developed on the
long axis of the ascospore at an angle of approx-
imately 120F 10 each other (Fics. 12, 17B). Fol-
lowing further development of the ridges, the
ascospores became trangular and were closely
packed within the ascus as observed in transverse
scction through the asci (Figs. 12, 17B).
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In longitudinal sections of mature ascospores,
the cyvtoplasm of the ascospores was swrounded
by a reniform primary wall (Fios. 13, 17C). The
secondary wall ridges (omamentation} formed
distinct spindle-shaped appendages at the round-
ed ends of the primary wall (Fias. 13, 17C). The
secondary wall ornamentation appeared dentate
(Fras. 14, 17C), whereas the secondary wall close
to the primary wall had a granular to fibrillar
appearance (Fio. 14). In transverse section, the
primary wall was circular and the three ridges of
the secondary wall gave the ascospore a trian-
gular appearance (Fi1G. 135).

The asci finally disintegrated to release the ma-
ture ascospores towards the ascomatal neck. Al
maturily the inner zone of the ascomatal wall
(cushion cells) collapsed. This resulted in the for-
mation of a lining of membranes on the inner
side of the ascomatal wall (Fic. 16).

DISCLISSION

The arrangement of asci in the centrum of 0,
crcullatim appearcd 10 be similar 1o that of 0,
davidsonil. As was found in O, davidsonii (Van
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cullarum were arranged in a cluster at the base
of the ascoma. In both species, mature asco-
spores were released above the developmental
area towards the ascomatal neck. In contrast, the
developing asct in C. moniliforntis formed a lin-
ing of cells around the innermiost ascomatal wall,
Mature ascospores were released towards the
center of the ascoma (Van Wk et af, 1991).

Ascomata in both Q. davidsonii and O, cu-
cullatwm are characterized by large sterile or
cushion cells forming the innermost ascomatal
wall layer. These cells were not observed in
moniliforais (Yan Wyk et al, 1991), By disin-
tegrating during ascus development, cushion cells
may have the important function of providing
space for the developing asci {Luttrell, 1951; Van
Wk and Wingficld, 1990). These cells were not
observed in the mature ascoma, However, a lin-
ing of membranes derived from the disintegra-
tiont and collapse of the cushion cells was ob-
served adjacent to the innermost ascomaial wall.
Similar membranes have also been observed in
). stenoceras (Fobak) Melin er Wannfeldt (Gar-
rison ef al,, 1979).

In previous studies (Van Wyk and Wingfield,

Wk and Wingfield, 1991), voung asci in 0. cr-  1991; Van Wyk ef af, 1991), we followed the

—

Figs, 1—4. Transmission electron micrographs (TEM) of sections through the ascoma of O, cucnllatum
showing ascus and ascospore development, Bar = 500 nm in Figs, 24, [, Vertical séction through ascoma
showing developing, thin walled asci arranged in chains a1 the base and mature ascospores near the neck of the
ascoma. Large sterile cushion cells (Cc) are arranged along the periphery of the ascomatal wall. Bar = 10 gm.
2, Developing ascus with vesicles (EV). 3. Ascus with predecessors of an ascus vesicle formed by the coalescence
of membranes and vesicles (EV). 4. Ascus containing voung ascospores (arrows). Mole some nuclel surrounded
by developing ascus vesicle (AV).

Fios. 5-10. TEM of sections through developing asci and ascospores, Bar = 500 nm, 5, Magnified area of
young ascospore delimiting walls (w) and membranes (mem), indicating apparent synthesis of walls between
and at open areas of membranes (arrows), &, Young nscospore showing coalescence of vesicle (EV) with delimiting
membrane, prior to diferentiation of inner wall layer into the primary wall, 7, Ascospore showing differentiation
and development of the primary wall Iaver (FW) between membranes. Note commencement of secondary wall
development{SW). 8, Magnifiad area of ascospore wall showing vesicle coalesced with outer delimiting membrane
{arrow) during deposition of outermost laver of the secondary wall, Note granular appearance of the pnmary
wall (small arrow) and Abrillar appearance of the secondary wall (3W), 9. Ascospore showing initial granules of
the outermost layer of the secondary wall (arrows). 10, Magnified area of mature ascospore wall showing uniformly
granular appearance of the primary wall and fibrillar appearance of sscondary wall. Note granules of the outermaost

secondary wall layer in adjacent younger ascospore (arrows) and membrancs associgted with the outer delimiting
membrane.

Fios. 11=16, TEM of sections through developing asci and ascospores, Bar = 500 nm. 1]. Development of
secondary wall omameniation ndges (R). Note deposition of granules (arrows), 12, Ascus with eight ascospores
in cross section. Note the arrangement of the ascospores and triangular appearance of secondary wall ornamen-
tation. 13, Longitudinal section of mature ascospore. Note the reniform outline of the primary wall {PW) and
brim-like appendages formed by the secondary wall (arrows). 14. Longitedinal section of pan of mature ascospore
showing primary wall and secondary wall with omamentation, 15, Mature ascospores in transverse seclion

showing ridges formed by secondary wall (arrows), 16, Innermost membranous lining of ascomatal wall {armow)
and mature ascospores in transverse section,
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Schemalic representation of ascus, ascospore and centrum development in &, cucallarum, A. Young

ascus with ascus vesicle (AV) surmounding ascospore nuclel (V). MNote sac-like delimiting membranes enclosing
ascospore nuclel. B. Mature ascospores in transverse section showing the sheath ridges (arrows) and triangular
appearance of the wall lavers. C. Mature reniform ascospores released from degenerating sscus with distinclive
wall morphology (PW = primary wall, SW = secondary wall). D. Centrum of @, cucullatm. A, region of voung
developing asci; A%, region of maturing asci and miglure ascospores.

terminology used for wall lavers in the study of
Stiers (1976) on ascospore development in C
[fimbriata. The ascospore walls of this species were
described as an innermost endospore wall and
outermost epispore wall layer, with a mesospore
laver separating these layers. At this stage we
believe that the terminology for these layers
should be standardized with that of other As-
comyeetes (Parguey-Ledoe er af, 1987; Van
Brummelen. 1989; Kimbrough ef al., 1990; Wu
and Kimbrough, 1990). The terms endo- and

mesospore are thus replaced by the terms pri-
mary wall and secondary wall. The epispore be-
comes ornamentation on the secondary wall.
Ascospore formation in 0. cucnliatum com-
meneed through the development of delimiting
membranes to form a single ascus vesicle within
each ascus. This ascus vesicle surrounded the
nucleus in a sac-like structure. The origin of de-
limiting membranes in O. cucuflatum, prior to
the formation of an ascus vesicle, is unknown.
Various theories, however, exist concerning the
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origin of such membranes in other Ascomycetes.
It has, for instance, been reported that these
membranes orginate from the endoplasmic re-
ticulum., nuclearenvelope (Carroll, 1967; Beckett
and Crawford, 1970) or the plasmalemma (Ban-
doni e al. 1967; Kimbrough & al., 1990). De-
limiting membranes and walls in O moniliformis
appear o be synthesized by a de novo mechanism
(Van Wyk er al., 1991). In O. cucullarim delim-
iting membranes were similar 1o those observed
in C. fimbriata (Stiers, 1976}, Q. wleil (Buisman)
Nannfeldt (Jeng and Hubbes, 1980), . stenc-
ceras (Garrison el al., 1979) and 0. davidsenii
{(Van Wyk and Wingfield, 1991), and probably
have the same origin.

The synthesis of wall material observed in 0.
crcullatum appears to be different to that occur-
ring in C, moniiformis. In C. moniliformis the
ascus vesicle that surrounded all nuclei at first,
consisted of membranes and wall material. The
membranes and walls were synthesized simul-
taneously during the appearance of an ascus ves-
icle. The walls thus formed an integral part of
the ascus vesicle at the first appearance ol delim-
iting membrancs (Van Wyk er al,, 1991).

In O. cucuifatum, in contrast to O, monilifor-
miis, the svnthesis mechanism for wall material
primarily funictions during the invagination pro-
cess and apparently not during the appearance
of delimiting membranes. Two separate, thin wall
lavers are synthesized between the membranes
during the invagination process of the ascus ves-
icle to form a sac-like structure that surrounds
each nucleus. Wall formation thus appears to
occur independently of the membranes associ-
ated with the formation of the initial ascus ves-
icle. These thin wall layers would then form the
preliminary lavers of the primary wall and sec-
ondary wall in Q. cucullatum.

Ascospore wall formation in @, cucilfanun and
0. davidsonii was predictably similar. In both
species, a primary wall developed between the
delimiting membranes. The reniform primary
wall surrounded the ascospore cytoplasm. The
secondary wall developed between the primary
wall and outermost delimiting membrane of the
perisporic sac. This oulermost ormamentation
gave the ascospores their unique shape.

Lomasomes were observed in this study of O.
cuctllarum and are believed to play a role in wall
building processes (Wilsenach and Kessel, 1965;
Marchant and Moore, 1973; Stiers, 1974). They
have been observed in previous ultrastructural
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studies of Ceratocystis 5.0 (Stiers. 1976; Van Wyk
and Wingfield, 1991), but have been absent else-
where (Garrison ef af., 1979 Jeng and Hubbes,
1980). Information available on the occurrence
of lomasomes in cells, their specific structure and
function. appears 10 be contradiciory (Marchant
and Moore, 1973). We therefore do not consider
lomasomies 10 be a reliable feature on whichk 10
base comparisons of species.

The most prominent difference between O, cu-
cullatum and Q. davidsonii was in the arrange-
ment of the ascospores in the asci. In @, david-
sanil, ascospores were randomly arranged in the
ascus, In conirast, ascospores in €. cucullatim
were arranged with one ridge on each ascospore
odented towards the center of the ascus. The
differential expansion of the secondary wall and
ornamentation of the ascospores to form ridges
was probably a consequence of the close pack-
aging of the astospores in the ascus. In both &
davidseniiand O, cucullatum, the differential de-
position of wall material along ridges on the as-
cospores within the confined space of asci prob-
ably resulted in the 1nangular appearance of the
ASCOSpOres In Iransverse section.

Although ascospore walls in O, cucullar and
0. davidsonii were hat-shaped, thev were dis-
tinctly different to hat-shaped walls of C. fim-
briara (Stiers, 1976), C. moniliformis (Van Wyk
et al., 1991) and Hansenmula spp. (Bandonti er al.,
1967; Black and Gorman, 1971). In the latter
species the ascospores are hemispherical and the
hat-shaped structure of the walls may be ascribed
to the development of the ascospores in pairs,
which adhere to each other at the fattened sides
of the brim. In contrast, the outline of the cy-
taplasm of the ascospores in O, cucullatum and
0. davidsonii is reniform. The ascospores form
singly in the ascus with ridges of their sheaths
apparently developing as a conseguence of their
packaging in the ascus. The rideges formed ap-
pendages that gave the sheaths a hat-shaped ap-
pearance in side view,

In this study of . cucullatim, the brims on
the ascospore walls were evident and consistent
with light microscopic observations (Upadhyvay,
1981; Solheim, 1986). Thisisincontrast to brims
of ascospores in O. davidsonii, which could only
be seen at the ultrasiructural level (Van Wyk and
Wingfield, 1991). Reference to gelatinous sheaths
in descriptions (OQlchowecki and Reid, 1974;
Upadhyay, 1981; Solheim, 1986) is apparently
in error, The “sheath™ lavers of ascospores ob-
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served in ultrastructural studies of . davidsonii
and €. cucullatim were clearly wall lavers. As-
cospores are, however, released in a gloeoid or
slimy matrix that should not be confused with
wall lavers of the ascospores,

Utrastructural studies in @, cucullatum, O,
davidsonii and in species of Ceratacystis 5.5 have
highlighted many morphological characieristics
that cannot be seen reliably using light micros-
copy. Interpretation of the characteristics of as-
cospore shape based on hght microscopic obser-
vations thus should be cautiously applied in the
taxonomy of this group of fungi.

The taxonomy of Ceratocystis within the As-
comycetes (Redhead and Malloch, 1977, Benny
and Kimbrough, 1980; Upadhvay, 1981) and the
generic placement of this group of fungi (Uipa-
dhyay, 1981; De Hoopg and Scheffer, 1984) has
widely debated. In this study we have followed
the taxonomic scheme of De Hoog and Scheffer
(1984} where Creratocystis 5.5, and Ophiostoma
are treated as distinet genera, To understand the
complexity of the ascospore wall and sheath de-
velopment, as well as centrum organization in
Ceratocystis 5.0, ultrastructural studics of as many
species as possible should be undertaken. We
believe that such studies are required before 1t is
possible to define new criteria that could be ap-
plied in the taxonomy of Ceratocrsiis 5.4,
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