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(ABSTRACT)

Morphologically and anatomically the Russulales (Basidiomy—

cetes) are a homogeneous group of higher fungi, which contains

both ballistosporic and statismosporic, agaricoid and gasteroid

taxa. Spore symmetry and ability to forcibly discharge spores are

therefore fundamental systematic characteristics in the Russulales.

Ballistosporic and statismosporic basidiosporogenesis however,

has not been critically compared. Early and late basidiosporogenesis,

spore—wall tegumentation, and differentiation of the hilar appendix

were ultrastructurally characterized in species selected from eight

genera of agaricoid and gasteroid Russulales including: Russula,

Lactarius, Macowanites, Arcangeliella, Elasmomyces, Gymnomyces,

Martellia, and Zelleromyces. Six spore-wall layers are present

· in developing spores in all genera. Two wall layers are associated

with an evanescent pellicle and four wall layers are derived from

the sterigma and young spore. The amyloid portion of the spore

wall in the Russulales is an electron-translucent wall layer covered

by an electron—dense surface layer. Ontogeny of spore-wall ornamen-



tation is similar in all genera, however diversity in the degree

of ornamentation and amyloidity results from differentiation and

intermixing of the two outermost enduring wall layers. Establishment

of early spore asymmetry in both ballistosporic- and statismosporic-

heterotropic basidiospores is highly correlated with the presence

of a hilar appendix body. Observation of a demarcated cytoplasmic

region, reminiscent of the hilar appendix body, in asymmetric ster-

igmata of orthotropic Russulales. suggests that basidiospore morphol-

ogy and symmetry are variable features in the Russulales. Late

spore_development subsequent to nuclear migration is similar in

orthotropic and heterotropic Russulales. Orthotropic basidiospores
‘

appear to be released from sterigma upon breakdown of the sterigmata.

Heterotropic basidiospores are released while sterigmata are intact.

Plugging layers develop in both the sterigma and in the hilar appen-

dix. The hilar appendix plugging material appears to be produced

by a plug—forming body which originates in the spore, and possibly

controls liquid droplet formation during ballistosporic discharge.

Ballistosporic discharge appears to be a conservative phenomenon

in most Basidiomycetes resulting from a prescribed sequence of

biochemical and developmental processes. The use of ballistospory .

and statismospory in distinguishing fami1ies‘and genera must be

re-evaluated in the Russulales. Recognition of the Lactariaceae

and Russulaceae is discussed.
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INTRODUCTION

The Hymenogastrales proposed by Cunningham (1944), is a di-

verse order of higher Basidiomycetes containing many taxa that

morphologically and ecologically resemble specific lamellate or

poroid fungi, but are gasteroid. Members of the Hymenogastrales

therefore possess a hymenium that is totally or only partially

enclosed by a sterile peridium, and are thought to lack forcible

spore discharge. The Hymenogastrales therefore, have, been classi-

cally included in the Gasteromycetes . Watling (1982)

concluded that the classification of fungi based on the enclosure

of their sporogeneous tissue is simply a matter ofconvenienceand

does not reflect the true relationships of the members. Watling

statednfurther that the inability to forcibly eject basidiospores

from basidia is the only feature uniting the Hymenogastrales and

Gasteromycetes because the members do not possess a common sporocarp

1
morphology. Smith (1973) stated that there is little doubt that

many members of the Hymenogastrales are related to existing families

of agarics and perhaps should be placed in a taxonomic scheme near

the related agaric taxa.

The, relationships among a number of agaricoid genera and

their gasteroid counterparts have been well documented in recent

years. A list compiled by Watling (1982) indicates that nearly

all major families of agarics and boletes possess gasteroid counter-

parts, and that most of the gasteroid taxa are classified in the

1
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Hymenogastrales. Only a few, very distinctive gasteroid taxa have

been taxonomically combined with their agaric or bolete counterparts.

Julich (1981) erected the Cortinariales to include not only the

agaricoid genera of Cortinariaceae but also those seemingly related

gasteroid genera which, previously, had been included under the

Hymenogastrales. Likewise, the order Russulales was proposed by

e Kreisel (1969) to accomodate gasteroid genera of Basidiomycetes

related to the agaric genera Russula and Lactarius. The Russulales

is the object of the present investigation, and a systematic per-

spective will be presented in detail. It is likely that many other

gasteroid and agaricoid counterparts will be formally united in

the future in an attempt to create a more natural system of classi-

‘ fication.

SYSTEMATIC PERSPECTIVE n
The genera Russula and Lactarius are distinctive agaricoid

fungi that have been recognized since the time of Persoon (1796).

Both genera possess radially arranged lamellae, a pileus, a well

developed stipe, heteromerous tissue composed of spherical and

filamentous hyphae, and amyloid ornamentation on their basidiospores

which turns blue or bluish black in iodine solution. The many species

of Russula described by Romagnesi (1967), and those species of

Lactarius described by Hesler and Smith (1979), found in temperate

regions, all contain heterotropic basidiospores, or spores which

are asymmetric about the axis of the sterigma. Heim (1937a, b,

1948) however, described several tropical Russula and Lactarius



3

species that possess orthotropic basidiospores, or spores which

are symmetric about the axis of the sterigma. Russula and Lactarius

are distinguished primarily on the basis of differing degrees and

combinations of these characteristics. Lactarius contains an abun-

' dant latex and relatively few sphaerocysts in the tissues, while

Russula generally contains no latex and abundant sphaerocysts in

the tissues. Russula and Lactarius are undoubtedly very closely

allied and until recently have been placed together in the Russul-

aceae. Their circumscriptions are universally accepted without

debate.

V

The systematic disposition of the gasteroid Russula and ggg-
.

tarius relatives has had a colorful past. Following the Fresian

concept of fungal classification based on enclosure or exposure

of the spore bearing tissue, Elasmomyces was initially placed in

the Gasteromycetes in the Podaxineae (Cavara 1897). Fischer (1898),

Bucholtz (1902, 1903), and Lohwag (1926) placed Elasmomyces in

the Secotiaceae because of the percurrent stipe·columella. Elasmo-

gyggg was also placed in the Lycoperdaceae by Saccardo (1888) be-

cause of the enclosed hymenium. Arcangeliella and Macowanites were

initially placed in the Secotiaceae of the Gasteromycetes (Fischer

1898; Lohwag 1926). Mattirolo (1900), and Hollos (1904) however,

placed Elasmomyces, Arcangeliella, and Macowanites in the Hymenogas-

traceae beside Martellia and Gymnomyces.

A relationship between the agaricoid genera Russula and ggg-
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tggigg, and gasteroid genera such as Arcangeliella, Martellia,

and Elasmomyces was first proposed by Bucholtz (1902, 1903). Malen-

con (1931) further extended the relationship between agaricoid

and gasteroid lactario-russulae by constructing the Asterospore,

a hypothetical natural series of nine genera that at the time were

dispersed among the Phallaceae, Secotiaceae, and Hymenogastraceae.

The members of Asterospore shared several characteristics including

ornamented spores and swollen or inflated hyphae in the sporocarp

Vtissue. The concept of a natural series was adopted, and expanded

by Heim (1936a, b, 1943, 1948, 1971). Singer and Smith (1960) adopt-

ed the concepts proposed by Bucholtz (1902, 1903) and Malencon .

(1931) and in one of a series of joint papers delineated a group

which they referred to as the Astrogastraceous series (Fig. 1.1).

Nine genera were included in the Astrogastraceous series, many

of which were emended descriptions of gasteroid species not pre-

viously thought to be closely related. These taxa possess spherical

to subglobose or globose, hyaline spores‘ with at least a trace

of amyloid spore ornamentation. Macowanites, Cystangium, and égggg-

geliella, in addition, are subagaricoid (Fig. 1.1) possessing a

partially or totally enclosed hymenium borne on a sublamellate,

alveolate, or labryinthoid glebal plates, _and a stipe or stipe-

like columella. Macowanites and Cystangium resemble Russula in

not exuding a latex when cut, while Arcangeliella contains an abun-

dant, milky or watery latex, as in Lactarius. The basidiospores,
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in addition to being amyloid and reticulate or warted are all hetero-

tropic. Elasmomyces is also subagaricoid (Fig. 1.1) with partially

enclosed glebal plates and a stipe—columella, but the basidiospores

are orthotropic. Zelleromyces, Martellia, and Gymnomyces are totally

gasteroid (Fig. 1.1), and lack a well developed external stipe

or stipe-columella. As is the case of Elasmomyces, the basidiospores

of these genera are orthotropic with amyloid, reticulate or warted

ornamenatation. Elasmomyces, Martellia, and Gymnomyces lack latex,

and are thought to be most closely related to Russula. Zelleromyces

contains a copious, milky latex as does Lactarius. There is little

doubt these gasteroid Basidiomycetes·are related to the agaricoid

genera Lactarius and Russula, because of their similarities in

spore ornamentation, tissue composition, and overall sporocarp

morphology.

The gasteroid genera of Basidiomycetes related to Russula

and Lactarius have been most recently studied by Pegler and Young

(1979, 1981a) who have accepted and emended the Russulales of Kreisel

(1969) to include two Families (Fig. 1.2). The Russulaceae contain-

ing Russula, Lactarius, Macowanites, Arcangeliella, and Cystangium

as indicated in Fig. 1.2. These taxa possess heterotropic basidio-

spores (Fig. 1.3). Russula and Lactarius are ballistosporic, ac-

tively discharging their basidiospores, while Macowanites, Arcangel-

igilg, and Cystangium are putatively statismosporic (Dring 1973),

and are regarded as not actively discharging their basidiospores.
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The Elasmomycetaceae onwthe other hand, contain Elasmomyces, g-

, and Gymnomyces, as illustrated in Fig. 1.2.

They possess orthotropic basidiospores as shown in Fig. 1.3 and

putatively statismosporic basidiospores.

As in the Russulales, the relationships between agaricoidg

and gasteroid taxa are now so well documented that there seems

little purpose in maintaining the Agaricales or Russulales, and

Hymenogastrales in separate orders. The systematic grouping of

the gasteroid and agaricoid lactario—russulae in one order by Pegler

and Young (1979) is a very logical step toward a more natural clas-

sification of the Basidiomycetes. However, delimitation of families

within the Russulales by emphasizing characteristics such as gross

basidiospore morphology and spore release phenomena, which have

never been critically examined for their systematic value or stabil-

ity, may be premature.

OBJECTIVES

The following study is presented in order to further assess

the systematic relationship between the gasteroid and agaricoid

Russulales. Specifically, the objectives are: (a) to characterize

the ultrastructural formation and development of the basidiospore

‘ in the Russulales, (b) to critically describe and compare the devel-

opmental anatomy of heterotropic-ballistosporic, heterotropic-

statismosporic, and orthotropic-statismosporic basidiospores in

order to elucidate possible spore release mechanisms, and (c) to
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determine the contribution which spore wall architecture, basidio-

spore morphol0qy, and spore release characteristics make to the

systematics of the Russulales. As an initial phase of investigation

the approach is necessarily descriptive rather than experimental.
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ASTROGASTRACEOUS SER I ES
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RUSSULALES .
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by Pegler and Young (1979).
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Heterotroplc epore development
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tropic basidiospore development in the Russulales.



DGEITHODS AND DGATEIR IALS

Mature pilei of Lactarius lignyotellus Smith and Hesler,

· SLM 563 (OSC), and Russula variata Banning, SLM 623 (OSC) or pieces _

of fresh gleba from Macowanites americanus Singer and Smith, OKM

20973 (VPI), Arcangeliella crassa Singer and Smith,OKM 20862 (VPI),

Elasmomyces russuloides Setchell, HS 1973 (SFSC), Gymnomyces Zuga-

gngis H. Saylor ined. HS 1676 (SFSC), Zelleromyces ravenelii (B.

& C.) Singer and Smith, SLM 764 (OSC), and Martellia subochracea

Smith, T 7467 (OSC) were utilized in the present study. Collection

numbers refer to collections by S. L. Miller, O. K. Miller, H.

Saylor, or J. M. Trappe. Herbarium names are abbreviated according

to Lanjouw and Stafleu (1964), with the addition of SFSC for Cali-

fornia State University, San Francisco. Fresh tissues were cut

into 1-3 mm radial or cubical sections and fixed in 2% gluter-

aldehyde in 0.2M phosphate buffer at pH 6.8. Tissues were incubated

overnight in fixative at room temperature or shipped from collection

l
site in fixative, washed three times in the same buffer and post-

fixed in 1% osmium tetroxide for 1 hr. Specimens were dehydrated

in a graded ethanol series using 30 min. intervals, three changes

of 100% ETOH, followed by two changes of propylene oxide. Infiltra-

~ tion was in 50-50 propylene oxide-Poly/bed 812 resin (Shearer and

Hunsicker 1980) overnight, followed by one change of 100% resin

for 4 hr. Tissues were then flat embedded in 100% Poly/bed 812

resin, and allowed to polymerize for 48 hr. at 60°C. The blocks

ll
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were first thick-sectioned between 0.5-1 um on a Sorvall Porter-

Blum MT-1 ultramicrotome at right angles to the long axis of the

lamellae, or perpendicularly to glebal locules, to obtain longitudi-

nal sections of basidia and spores. Thick-sections were stained

with 0.05% toluidine blue in 0.5% sodium borate, pH 9.5, and exam-

ined with the light microscope. The blocks were retrimmed to the

desired area and serial sectioned with an American Optical Ultracut

microtome using a diamond knife. Thin sections were mounted on

Z
uncoated 200 mesh "slim-bar" grids (available from Structure Probe

Inc.), stained with 1% uranyl acetate for 15 min., followed by

1% lead citrate for 5 min. Specimens were viewed through a JEOL

100-C transmission electron microscope. Categorization and delimita-

tion of stages in basidiospore development, and terminology were

loosely taken from McLaughlin (1977), and Yoon and McLaughlin (1979,

»
1984) in an attempt to standardize characterization of basidiospore

development. Spore sizes and dimensions of wall layers are approxi-

mate measurments taken from electron micrographs compared with

calibrated standards at each magnification. Spore measurements

include hilar appendix length to provide a standard point from

which to measure the expanding spore. Wall teguments were numbered

from the spore surface inward based on Stages 1, 2, or 3 in which

the maximum number of wall layers were observed, and not on the

basis of their ontogeny. The maximum number of wall layers were

not always present and apparent fusion of individual layers made

precise measurement difficult.



C3}{Z\I?ÜFIEI? .1 4

EARLY BASIDIOSPOROGENESIS IN THE RUSSULALES

I. HETEROTROPIC SPECIES OF Russula AND Lactarius.

]ÄDJÜFTlC)I)lJCjÜF]IC)PJ

The importance of basidium and basidiospore characteristics

to the taxonomy and systematics of Basidiomycetes has become widely

accepted. Morphological and structural characteristics of basidia

and basidiospores serve to delimit species, genera, and families.

Differences in dimension, form, and wall tegumentation provide

fundamental systematic information useful in classification of

Basidiomycetes.

Several ultrastructural studies have been conducted to obtain

data for use in Basidiomycete classification and as evidence of

phylogenetic relationships among basidiomycete taxa (Pegler and

Young 1971, 1979, 1981a, b; Clemengon 1975; Kuhner 1980, 1984).

These studies have emphasized spore surface ultrastructure or the

structure of the mature spore wall. Other researchers have concen—

trated on ultrastructural aspects of basidiospore development (Wells

1965; Hugueney 1972, 1975; Rogers 1972; Nakai and Ushiyama 1974;

Hoch and Setliff 1976; McLaughlin 1973, 1977, 1982; Burge 1979;

Yoon and McLaughlin 1979, 1984). Most of these studies have utilized

basidiomycetes that readily form sporocarps in culture with the

exception of Burge (1979). The ultrastructural interpretation of

basidiosporogenesis had thus been restricted to relatively few

13
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fungi with narrow ecological and evolutionary representation. How-

ever, ultrastructural characterization of basidiospore development

has shown that basidiosporogenesis and spore wall formation are

complex phenomena, and that examination of mature spore walls only

for systematic purposes is often confusing and misleading (McLaugh-

lin 1982).

Basidiospores of species of Lactarius and Russula exhibit

a distinctive and complicated spore surface ornamentation (Pegler

and Young 1971), which is totally or partially amyloid in iodine

solution (Melzer 1924). Ornamentation types have been described

by Melzer (1924), Moreau (1930), Crawshay (1930), and Schaeffer

(1952), and their taxonomic importance has been discussed by Joss-

erand (1941). The structure of Russula and Lactarius spores has

been studied by Malencon (1931, 1942), Josserand (1941), and Locquin

(1943, 1946, 1948). Basidiospores of Russula and Lactarius have

been examined with transmission electron microscopy (TEM) by Perreau

(1967), Besson (1970), Burge (1979), Kuhner (1980), and Pegler

and Young (1981a), and with scanning electron microscopy (SEM) by _

Homola and Kimball (1975), Homola (1976, 1979), Homola and Weber

(1979), Pegler and Young (1971, 1979, 1981a), and Bills and Miller

(1984). Most of the ultrastructure (TEM) work was completed on

these genera.before the availability of modern aldehyde fixatives.

The ontogeny of spore surface ornamentation and amyloidity remains

largely unexplained for species in both Russula and Lactarius,
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and therefore, developmental studied utilizing TEM are nearly lack-

ing.

This study describes early basidiosporogenesis in Russula

variata Banning and Lactarius lignyotellus Smith and Hesler. Changes

in cytoplasm and the spore wall during development are described.

Special emphasis is placed on events in the hilar appendix region

and ultrastructural modifications which may be associated with

spore release. Evolutionary and systematic implications of bal-

listospore formation in the Russulaceae and Russulales are discussed.

RESULTS

Basidiospore development was not synchronous in the field

collected material of E. lignyotellus or B. variata examined in

thisd study. The hymenium of mature sporocarps contained basidia

and spores at various developmental stages. Early basidiosporo-

genesis could be divided into four stages based on relative differ-

ences in spore size, shape, wall architecture (Fig. 1.36), and

cytoplasmic composition. Early spore development was complete before

~ nuclear migration into the spore. Sterigmal formation prior to

basidiodpore initiation is considered first.

STERIGMAL DEVELOPMENT:

The sterigmata developed to their fullest height before spore

initiation began. The sterigmal cytoplasm was dense and contained

l

many ribosomes, a few multivesicular bodies, and a cluster of vesi-
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cles (60-90 nm diam.) near the sterigmal tip (Fig. 1.17). Organelles

and cytoplasmic inclusions were oriented parallel to the long axis

of the sterigma. The sterigmal wall consisted of two layers: a
1

moderately electron-dense outer layer (5) and a slightly thinner

electron-light inner layer (6). These layers were more distinctive

distal to the sterigmal tip, and appeared to be less organized

or less differentiated near the tip. The basidial wall differed

from the sterigmal wall in thickness, number of wall layers and

electron-density, though the walls were continuous (Figs. 1.1-

1.4). Basidial wall layers B3 and B4 (Fig. 1.3) were similar in

thickness and electron-density to Layers 5 and 6 (Figs. 1.5, 1.6)

in the sterigma. Basidial wall layers B1 and B2 (Fig. 1.3) or cor-

responding layers are not found in the sterigma. Upper portions _

of the basidium and portions of the sterigma and spore initial

V were frequently covered by a trilamellate pellicle consisting of:

(1), a thin, electron-dense outer layer; (2), a thicker, moderately

e1ectron—dense, floccose middle layer; and (3), an e1ectron—light

inner layer (Fig. 1.3). The pellicle was often discontinuous on

the basidium, sterigma, and developing spore, appearing to be rup-

tured by growth of the sterigma or spore initial (Figs. 1.1, 1.2,

1.4, 1.6).

BASIDIOSPORE DEVELOPMENT

Säge 1, Incegtion: Stage 1 was characterized by formation

of a spherical apophysis at the sterigmal apex (Fig. 1.9) up to

1-1.5 }1m in diam. in both L. lignyotellus and B. variata (Table
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1.1; Figs. 1.5, 1.18). Numerous ribosomes and multivesicular bodies

were present during Stage 1 and the cytoplasm was dense. As the

basidiospore initial enlarged the cytoplasm became progressively

less dense and vesicles were observed (Fig. 1.18). An electron-

dense hilar appendix body was present on the adaxial side of the

spore primordium, and frequently was observed during final stages

of sterigmal formation (Figs. 1.5, 1.17, 1.18). The cytoplasmic

contents were often oriented at an angle to the long axis of the

sterigma, uapproximating the direction of growth in later stages.

The wall architecture of the primordium was similar to that

of the sterigma (Figs. 1.5, 1.17). The primordium wall Layers 5

and 6 were discernible but not distinct (Figs. 1.5, 1.6). Both

Layers 5 and 6 appeared to be relatively more evident adjacent

to the hilar appendix body, but were not significantly thicker

(Table 1.1; Fig. 1.5).

Stage 2, Asymmetric Growth: Spores of both Q. lignyotellus

and B. variata grew toward the abaxial side during this stage (Figs.

1.6-1.8, 1.19-1.25). Russula variata spores were occasionally obser-

ved to curve toward the adaxial side once initial asymmetry had

been established (Figs. 1.21, 1.25).. Lactarius lignyotellus spores

were 2-6.5 um in length at Stage 2, while _R_. variata spores observed

in this study were approximately 2-5.5 PIII (Table 1.1) Early Stage

2 spores contained abundant clusters of ribosomes and multivesicular

bodies (Figs. 1.6-1.8). Small vesicles measuring 70-100 nm were
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numerous near the actively growing apex (Figs. 1.6, 1.7). Larger

vesicles (170-300 nm) with a dense core were also present (Fig.

1.6). The cytoplasm in later Stage 2 spores appeared to be dominated

by multivesicular bodies (Figs. 1.8, 1.25). The first mitochondria

also appeared in late Stage 2 spores (Fig. 1.8).
‘ .

During Stage 2 the hilar appendix began to differentiate

(Fig. 1.10). The hilar appendix body was prominent throughout Stage

2 in both genera, and in B. variata resembled the hilar appendix

body present in Stage 1 spores (Figs. 1.23-1.26). The hilar appendix

body in L. lignyotellus was similar in size and general shape to

that in Stage 1 spores, but was somewhat lighter_ in electron-density

(Figs. 1.6, 1.7). Wall Layers 5 and 6 were prominent in the adaxial

side of the hilar appendix region (Figs. 1.6, 1.20-1.26), and Layer

5 began to show an irregular electron transparency (Figs. 1.20,

. 1.27-1.28).Layer 6 became much thicker adjacent to the hilar appen-

dix body in B. variata, but did not thicken significantly at any

point in L. lignyotellus (Table 1.1). Wall Layers 3 and 4 became

evident during this stage (Figs. 1.6-1.7, 1.25). Layer 3 appeared

first, followed by the development Layer 4 between Layers 5 and

3 (Figs. 1.6, 1.7). Layer 3 was electron-dense, while Layer 4 was

electron-transparent (Figs. 1.7, 1.13). Both Layers 3 and 4 cap

the spore and terminate near the apex of the sterigma, extending

just below the level of the hilar appendix (Figs. 1.7, 1.10, 1.26).

Wall Layers 3 and 4 were well differentiated early in Stage 2 L.

lignyotellus spores (Fig. 1.13). In contrast Layers 3 and 4 in
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Stage 2 in R. variata, and often ilacked definition even in Stage

3 (Figs. 1.32, 1.33). It was not evident whether Layers 3 and 4

were deposited on Layer 5 or derived from Layer 5 by splitting

of the primordial wall. Light microscopy (not shown) of Stages

2-4 spores in Melzer's iodine solution revealed that Layer 4 is

amyloid, turning dark blue.

Stage 3, Elgual Enlargement and Organelle Migration: Stage

3 was characterized by enlargement of the basidiospore, movement

of a variety of organelles into the spore cytoplasm, fusion of

wall layers, and initiation of spore-surface ornamentation in both

fungi. In R. variata this stage was also characterized by completion

of wall formation. Additionally, fusion or complexing of wall layers

became evident at this stage. Spores were approximately 7-11 PIII

in length in [.._. lignyotellus and 6-8.5 PIII in length in B. variata

(Table 1.1).

The spore cytoplasm was similar in overall composition to

that in Stage 2, but contained a greater diversity of organelles

(Figs. 1.11, 1.30). Mitochondria were scattered throughout the

spore as did clusters of ribosomes (Fig. 1.11). Multivesicular

bodies were less abundant than in Stage 2 spores and were distrib-

uted around the periphery of the spore and concentrated near the

apex and abaxial wall (Fig. 1.11). Small segments of smooth endo-

plasmic reticulum (ER), vacuoles, and small lipid droplets appeared

in the spore (Figs. 1.11, 1.29-1.30). Glycogen particles were also

present. Two sizes of vesiclesuwere present in Stage 3 spores (Fig.
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1.11). Large vesicles 450-500 nm in diam. were found singly or

in clusters near the spore apex. Smaller vesicles 70-100 nm in

diam., were less frequent and scattered or clustered throughout

the cytoplasm. Microtubules in large parallel bands were observed

in the sterigmal apex and a short distance into the spore (Fig.

1.11). Microtubules were oriented parallel to the long axis of

the sterigma.

The hilar appendix body became less evident during this stage

in both B. variata and L. lignyotellus as evidenced by a loss in

electron-density. In B. variata the well defined hilar appendix

body present since inception appeared to be replaced by a small L

or large lomasome (Fig. 1.29). The nature of the hilar appendix

body remains unclear. However, Layer 5 became increasingly translu-

cent adjacent to the position of the hilar appendix body (Fig.

1.29) during late Stage 3. Layers 3, 4, and 6 increased in thickness

over previous stages, while the increase in Layer 5 was somewhat

less (Table 1.1). In L. lignyotellus Layer 4 often protruded through

Layer 3, which became broken and discontinuous (Figs. 1.14, 1.15).

Layers 3 and 4 began to fuse and form heterogeneous mixtures of

electron-dense and electron-light mounds (Fig. 1.15). Similarly,

Layers 5 and 6 began to fuse, with a subsequent increase in thick-

ness of Layer 6. Layer 5 remained somewhat distinct as an electron-

dense zone in the outermost portion of Layer 6 (Fig. 1.15).

•

Stage 4, Ellongationf During Stage 4 maximum spore dimensions

were reached; 9-11.9 x 7.5-8 jim in B. variata and 11.8-14 x 9.5-
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13 }m1 in Q. lignyotellus (Table 1.1). Stage ·4 was characterized

by continued migration of organelles into the spore cytoplasm,

large accumulations of glycogen and lipid, and increasing thickness

of Layer 6.

The cytoplasm was characterized by the presence of large

vacuoles that often contained an electron-dense inclusion, many

mitochondria and microbodies, and sheets or segments of ER (Figs.

1.12, 1.31). Glycogen particles and lipid droplets were numerous

in Stage 4 spores (Fig. 1.12). The composition of organelles did

not differ greatly from those of Stage 3 spores, but the relative

density of organelles was lower due to the expansion of the spore.

Migration of the nucleus into the sterigmata marked the completion

of cytoplasmic development in Stage 4.

Spore wall differentiation was pronounced during Stage
14

with marked development of ornamentation. The spore wall consisted

of four layers in both Q. lignyotellus and B. variata (Figs. 1.16,

1.34-1.35). There was a striking difference in the thickness of

the wall (Table 1.1) at the spore apex and the hilar appendix region.

This difference was because of large increases in thickness of

1
Layer 6, which was thickest at the lateral abaxial and adaxial

region above the hilar appendix (Fig. 1.12). The exact dimensions

of Layer 5 were as difficult to distinguish as they had been in

Stage 3, and it remained as a moderately electron—dense zone between

Layers 6 and 4..0rnamentation was derived from a variable thickening

of Layer 4, and a heterogeneous mixing of- Layers 3 and 4. Layer
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3 frequently appeared to be disrupted by increases in thickness

of Layer 4 (Figs. 1.12, 1.16, 1.34-1.35). The hilar appendix body

was present but inconspicuous or absent in Stage
”4

(Figs. 1 . 12,

1 . 31) .
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Table 1.1. Comparison of basidiospore shape, size, and spore wall
layer thickness at successive stages in development of Lactar-
jgs lignyotellus and Russula variata.

Lastaziuslimystelhsa
Length anda b

Stage Shape Width (pm) Wall Layer Thickness (nm)
Near Hilam Midpoint Apex

6 10 - 12 10 - 12 10 - 12
1 subspherical 1-1.3x1-1.2 5 40 • 50 40 - 50 25 - 34

to spherical 1 NA NA NA
— 2 NA - 30 NA - 68 NA - 68

6 10 • 12 10 - 12 10 - 12
2 subcglindrical 2-6.5xl-3.5 5 45 - 50 45 - 50 45 - 50

to 0 pyriform 4 NA - 10 NA - 10 NA - 6
3 NA - 30 NA - 30 NA - 15
2 NA NA NA - 50

· 6 12 - 70 12 • 60 12 - 60 .
3 subglobosa 7-11x4-9.4 5 77 -100 60 - 77 77 -120

4 0 - 57 57 - 69 70 -115
3 0 -115 92 -232 90 -230

6 189 -315 260 -280 260 -280
4 subglobose 11.8-14x9.5-13 5 75 - 90 80 - 85 80 - 85

4 0 - 63 60 -116 100 -200
3 0 -284 77 -116 77 -116

Baiasiilaxaxiata
~ 6 10 - 12 10 - 12 7

1 subspherical 1-1.5x1-1.5 5 34 - 40 34 - 40 25 - 30
to spherical 1 NA NA NA

2 40 - 60 70 - 80 70 - 80

6 37 - 46 45 - 57 45 - 57
· 2 subcglindrical 2·5.5x1.1-3 5 34 - 40 60 - 77 60 - 77

to 0 pyriform 4 NA - 12 NA - 12 NA - 12
3 NA - 30 NA - 50 NA - 50
2 NA NA NA - 60

6 40 - 50 70 - 85 70 - 85
3 subglobose 6-8.5x4-7.5 5 40 - 50 60 - 70 60 - 70

4 O - 60 60 - 70 60 - 70
3 0 - 63 63 - 90 60 -130

6 S0 - 73 70 - 85 70 - 85
4 subglobose 9-11.9x7.5-8 5 40 - 50 60 - 70 60 - 70

4 0 - 60 60 -110 60 -110
3 0 -113 55 -120 60 -120

a. Based onnmasurements ofone to several spores for each stage.

b. Wall layer thickness is that attained by one to several spores

during a particular stage as measured near the hilar appendix,

at mid spore, and near the spore.
? = not measurable because of oblique sectioning; NA = a particular

wall layer not present.
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Figs. 1.5-1.8. Stage 1. and Stage 2 basidiospores of Lactarius
lignyotellus. 1.5. Stage 1 spore with electron-dense hilar appendix
body, ribosomes, and slightly thickened primordial wall layers ad-
jacent to the hilar appendix body. x 60,000. 1.6. Spore at early
asymmetric development showing multivesicular bodies, vesicles,
hilar appendix body, four-layered wall and remains of the pellicle
(double arrows). x 37,700. 1.7. Stage 2 spore with small vesicles
near spore apex, hilar appendix body, and four-layered wall. Unlabel-
led arrows indicate lowermost extension of Layers 3 and 4. x 50,000.

1.8. Stage 2 spore showing abundant multivesicular bodies and first
mitochondria are visible in the cytoplasm. x 23,300.

Key to labelling: HAB, hilar appendix body; M, mitochondrion;
Mv, multivesicular body; R, ribosomes; V, vesicles; v, small
vesicle; 3, 4, 5, 6, wall layers numbered inward from the outer

layer.
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:'Figs.1.9-1. 10. Line drawings of Stage 1 and 2 basidiospores

of Lactarius 1 ignyotel lus . 1. 9 . Stage 1 spore showing hi lar appen-

dix body, undifferentiated wall Layers 5 and 6, and remains of pel-
licle (Layers 1 and 2). 1.10. Stage 2 spore with hilar appendix

body and modification of wall layers at they hilar appendix. The
pellicle (Layers 1 and 2) has fallen away or adhered to Layer 3
as the morphogenic events occur in Stage 2 development ._ Layer 4

is amyloid in Melzer's reagent.

Key to labelling: HAB, hi lar appendix body.
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Fig. 1.11. Stage 3 basidiospore of Lactarius li n otellus with
many cytoplasmic organelles and microtubules now visible 1n the
apex of the sterigma (unlabelled single arrows). Ornamentation is
just beginning to form (unlabelled double arrows). x 19,300.

Key to labelling: ER, endoplasmic reticulum; G, glycogen particles;
Mb, microbodies; Mv, multivesicular bodies; R, ribosomes; V,

vesicles; v, small vesicles; Va, vacuoles. ·
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Figs. 1.17-1.24. Early development of Russula variata basidio-
spores. 1.17. Early initiation of spore formation showing ribo-
somes, multivesicular bodies, cluster of vesicles and probable lo-
cation of the hilar appendix body. x 43,100. 1.18. Early Stage
1 spore with small apical vesicles. x 50,000. 1.19-1.24. Stage
2 spores. 1.19. Redirection of cytoplasmic contents at early asym-
metric growth . x 45,200. 1.20. Differentiation of wall layers
in the hilar appendix region adjacent to the hilar appendix body.
Note development of electron transparent zone in Layer 5 (double
arrows). x 37,500. 1.21. Curvature of the spore apex toward the
adaxial side. x 20,000. 1.22. Higher magnification of Fig. 1.21
showing differentiation of the hilar appendix region primarily on
the adaxial side. x 40,300. 1.23. Asymmetrical growth with little
curvature toward adaxial side. x 20,000. 1.24. Higher magnification
of Fig. 1.23 showing differentiation of the hilar appendix region
and the hilar appendix body. x 53,000.

Key to labelling: HAB, hilar appendix body; Mv, multivesicular
body; R, ribosomes; v, small vesicles; 3, 4, 5, 6, wall layers
numbered from outer layer inward.
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Figs. 1.25-1.29. Stage 2 and 3 basidiospores of Russula variata.
1.25. Stage 2 spore with a hilar appendix body and cytoplasm con-

taining multivesicular bodies, vacuoles, and glycogen. x 26,000.

1.26. Higher magnification of Fig. 1.25 showing the hilar appendix

region, and lowermost extension of Layers 3 and 4 (unlabelled arrows).

x 54,700. 1.27. Stage 2 spores with fusion of common wall Layer

3. x 10,300. 1.28. Higher magnification of Fig. 1.27 showing elec-

tron transparent zone (arrows) in Layer 5 adjacent to the probable

position of the hilar appendix body. x 50,000. 1.29. Apparent

fusion of Stage 3 spores containing large vacuoles, and —several

lomasomes. Note also the electron transparent zone in the hilar

appendix region (arrows). x 33,800.

Key to labelling: G, glycogen; HAB, hilar appendix body; Lo,

lomasome; Mv, multivesicular body; Va, vacuole; 3, 4, 5, 6, wall

layers numbered inward from outer layer.
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Figs. 1.30-1.31. Stage 3 and 4 basidiospores of Russula variata.
1.30. Stage 3 spore with mitochondria, vacuolesT__§TyEBgEET-_EKd
a few microbodies. x 17,000. 1.31. Stage 4 spore showing large
vacuoles, many with electron-dense inclusions. Note the thickened
zone of Layer 3 wall material at the suprahilar-disc (double arrows).

x 15,000. Figs. 1.32-1.35. Stages 2-4 basidiospores showing wall
architecture. 1.32. Early Stage 2 spore. x 55,000. 1.33. Stage

2 spore. x 40,800. 1.34. Stage 3 spore. x 40,800. 1.35. Stage

4 spore. x 36,400.
‘

Key to labelling: G, glycogen; M, mitochondrion; Mb, microbodies;

Va, vacuoles, I
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Fig. 1.36. Diagram showing the changes in shape and net growth
of basidiospores during Stages 1 to 4 in Lactarius ligngotellus
and Russula variata.



I
39

l

DISCEUSSICDN

Basidiospore formation in B. variata and Q. lignyotellus

is a complex phenomenon involving cytoplasmic and wall layer synthe-

sis and interaction. The simultaneous basidiosporogenesis reported

for Cogrinus cinereus (McLaughlin 1977, 1982) is exhibited by the

Russula or Lactarius species examined in the present study.

The initial organelle composition of the cytoplasm and subse-

quent changes throughout early basidiospore development are similar

in B. variata and Q. lignyotellus, and are comparable to those

reported for Cogrinus cinereus (Schaeff. ex Fr.), Boletus rubinellus

Peck, Pggig latemarginata (Dur. and Mont.) Cke., and Lentinus edodes

(Berk.) Sing. (McLaughlin 1973, 1977, 1982; Yoon and McLaughlin

1979, 1984; Hoch and Setliff 1976; Nakai and Ushiyama 1974). The

abundant small multivesicular bodies present in later Stage 1,

and Stage 2 spores of B. variata and Q. lignyotellus appear more

numerous than those in species of other genera (McLaugh1in 1974).

Presumably the multivesicular bodies function during wall synthesis

as they are only found associated with the lateral and apical spore

walls during Stage 3 but are absent in Stage 4 when wall synthesis

« and development of the ornamentation is nearly complete. The greater

abundance of small multivesicular bodies in Lactarius and Russula

spores compared to other fungi that have been studied may be because

of the correspondingly greater spore ornamentation.

The shape and dimensions of basidiospores, as well as hetero-

i· tropic spore asymmetry have been postulated to result from differ-
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ential acropetal hardening and thickening of walls during spore

enlargement (Corner 1948). Early wall setting was thought to be _

important in hilar appendix formation (Corner 1948). The hilar

appendix body was implicated by McLaughlin (1977) as causing early

wall thickening in the hilar appendix region. Similarly, early

spore asynunetry in B. variata and L. lignyotellus appears to be

due to action of the hilar appendix body on primordial wall layers.

In B. variata only the wall adjacent to the hilar appendix body

(Layers 5 and 6) was markedly more distinct than apical regions

from the onset of sterigmal formation until Stage 3. Presumably

the wall was more rigid at this point than elsewhere, and forces

of growth resulted in stretching of walls away from the adaxial

side. As shown in Figure 1.21, the apex of Stage 2 spores often

stretched back toward the adaxial side once initial asymmetry had

been established, thus suggesting that only the adaxial wall was

rigid. Spores of B. variata seemed variable in this respect. However,

early Stage 2 spores of L. lignyotellus showed a slight differen-

tiation of both the adaxial and abaxial walls (Layers 5 and 6 in

Fig. 1.6). Once asymmetry was established, the spore apex continued

to grow in a cylindrical fashion unidirectionally, and did not
l

appear to stretch back over the adaxial side. The exact nature

of the hilar appendix body in the_developing spore remains unknown.

Yoon and McLaughlin (1984) hypothesized that this extremely electron-

_ dense region prevents vesicle deposition on the wall adjacent to
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the hilar appendix. If the vesicles which are prominent at the

apex of the sterigma, in Stage 1 and 2 spores effect "wall softening"

and stretching through enzymatic action it is likely that prevention

of vesicle deposition would result in earlier wall setting. This

hypothesis would be consistent with the unorganized appearance

of the sterigmal apex, and of the apices of Stage 1 and 2 spores ~

in both L. lignyotellus and 3. variata. The hilar appendix body

fluctuated in electron—density throughout development of the spores.

The fluctuation was especially pronounced in L. lignyotellus where

electron—density was greater in the hilar appendix body at Stage

1 than at any other stage. It can only be speculated that the hilar

appendix body serves more than one function in developing basidio-

spores. The hilar appendix body may initiate early wall synthesis

and rigidity prior to early asymmetric growth and may cause further

wall differentiation in the hilar appendix region of older basidio-

spores.

Wall layers of Russula and Lactarius spores in this study

were somewhat variable in thickness and electron—density throughout

early spore development. However, the number of layers appears

to be consistent and can be characterized based on their peculiar

properties. Layers 5 and 6 are probably continuous with similar

layers in the basidium (McLaughlin 1982). Layer 5 is the primary

sterigmal layer and gives support for both the sterigma and devel-

oping spore. Layer 6 is much thinner than Layer 5 initially and,
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if continuous and unaltered from sterigma to Stage 4 basidiospores,

is most likely very rigid. Layer 6 becomes the thickest wall layer

in B. variata and L. lignyotellus spores, as well as in Coprinus

cinereus and Boletus rubinellus (McLaughlin 1973, 1977; Yoon and

McLaughlin 1979, 1984), and begins to form only after the spore

has nearly reached its maximum size. Hughueney (1972) in fact desig-

nates this layer in Cogrinus the "sclerosporium", meaning the hard

layer. Wall Layers 3 and 4 become apparent during Stage 2 or 3

spores in Russula and Lactarius. The derivation and the exact bio-

chemical composition of these layers are not certain. It is possible
4

that they arise independantly of all other wall layers. It is also

possible Layer 5 is multilaminate and differentiates into more

than one layer. The appearance of wall Layers 4 and 5 in Figures

1.6, 1.20, 1.26, and 1.29 support the latter hypothesis, showing

an electron-light zone within Layer 5, corresponding to electron-

dark Layers 3 and 5, and electron-light Layer 4. Further character-

ization with other electron microscopy techniques is needed. Layers

3 and 4 however, do not appear to lend much support to the spore

at least during early development. Frequently Layers 3 and 4 were

observed to fuse with similar layers when touched by adjacent spores

(Figs. 1.25, 1.27-1.29, 1.31). From these observations lt would

appear that these layers are at first malleable, and therefore

easily fuse with one another; but may become rigid with increasing

age.
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The electron-light zone that developed in Layer 5 in B. variata,

(Figs. 1.20, 1.27-1.28) has also been observed in Coprinus cinereus,

Boletus rubinellus, and Qggig latemarginata (McLaughlin 1973, 1977; -

Yoon and McLaughlin 1979, 1984; Hoch and Setliff 1976). However,

these fungi showed a much more pronounced differentiation of the

hilar appendix region in early spore development than that observed

for B. variata or L. lignyotellus. Presumably, this wall differen-

tiation leads to formation of anatomical features conducive to

ballistosporic discharge (Yoon and McLaughlin 1979). The special-

ization of the hilar appendix region for forcible discharge, however,

is not evident in early spore development in B. variata and L.

lignyotellus.

The composition and ontogeny of the ornamentation of Russula

and Lactarius spores has been the subject of great controversy.

Much of the controversy, however, appears to be due to the extensive

and confusing terminology used in distinguishing among wall layers

in mature basidiospores, as has been pointed out by McLaughlin
‘

(1982). Malencon (1931) suggested that the amyloid material in

Russula and Lactarius spores was of perisporial origin (derived

from the internal basidial layer, Pegler and Young 1971), and re-

garded the ornamentation as consisting of broken fragments of a
L

once continuous layer. Josserand (1940) found that a strong solution

of sodium hydroxide removed the amyloid layer revealing an underlying

ornamentation of exosporial origin (sporial origin, Pegler and

Young 1971). Josserand (1940) further suggested that the final
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ornamentation is therefore a composite structure of both the devel-

oping exosporium and the disintegrating perisporium. The exospore

was also found to be the amyloid layer· by Locquin (1943, 1948),

who hypothesized that "callosopectic" micelles of the ornamented

wall layer are surrounded by a heterogeneous non-amyloid liquid.

Locquin also suggested that the liquid is precipitated on the pali-

sade portion of the remainder of the wall, resulting in an amyloid

suprahilar-disc and variously distributed amyloid ornaments. Besson

(1970) and Clemencon (1970) claim that the ornamentation of Russula

and Lactarius is due to localized thickening of the myxosporium.

Thus the perispore is heterogeneous in the Russulales, showing
U

some parts that are amyloid and others that are not (Kuhner 1984).

Lactarius lignyotellus and B. variata spores conform in many re-

spects to the hypotheses forwarded by other researchers. Layers

1 and 2, which are associated with the pellicle covering the young

basidia, can be considered to be the ectosporium. Layers 3 and

4 are probably best regarded as the perisporium or myxosporium

of Besson-Antoine and Kuhner (1972). The exospore or tunica of

Clemencon (1970), corresponds to Layer 5, and Layer 6 is the epi-

spore or sclerosporium of Hughueney (1972). Layer 4 is Uamyloid

in Melzer's solution, and so forms a continuous amyloid layer begin-

ning in Stage 2 or 3 basidiospores, and melds with Layer 3 to form

heterogeneous non-amyloid, electron-dense, and amyloid, electron-

light ornamentation. The suprahilar—disc on spores of many species
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in the genus Russula is therefore a differentially thickened zone

of Layer 4 that appears darkly stained in Melzer's reagent (see

Fig. 1.31). The malleable nature of Layers 3 and 4 is consistent

with Locquin°s (1943) findings of a "liquid" surrounding the spore.

The derivation of Layer 4 is uncertain, as previously indicated.

Dodd and McCracken (1972) have demonstrated the presence of amylose,

an amyloid, short-chain, unbranched polysaccharide in sporocarp

tissue of Russula species. Amylose was also suggested to be the

amyloid substance in Russula spores. The fact that amylose was

detected in sporocarp tissues gives credence to the hypothesis

that Layer 4 and possibly Layer 3 are derived from a multilaminate

Layer 5. Amylose then would be present in the basidium (Layer B1,

Fig. 1.3), and perhaps elsewhere.

SUDGDGARY

Study of spore wall structure and characterization of early

basidiospore development provides many heretofore unavailable char-

acteristics for interpreting the traditional placement of taxa

within the Basidiomycetes (0berwinkler 1977; Kuhner 1977; McLaughlin

1977). Heterotropic basidiospore formation appears to be a conser-

vative phenomenon in most Basidiomycetes. Early basidiosporogenesis

in B. variata and L. lignyotellus, for example, is similar and

differs only slightly from other fungi that have been studied.

Formation of a hilar appendix body, which may control early asym-
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metric growth in all heterotropic and presumably ballistosporic

Basidiomycetes, is present in both B. variata and L. lignyotellus,

and is consistent with previous reports (McLaughlin 1977; Yoon

and McLaughlin 1979, 1984; Hughueney 1972, 1975a, b). The idea

of a common ancestry for all fungi with heterotropic and ballisto-

sporic basidiospores can not be rejected, at least on spore develop-

ment alone. In the next chapter early basidiosporogenesis of three

species of heterotropic, putatively statismosporic Russulales will

be examined.
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EARLY BASIDIOSPOROGENESIS IN THE RUSSULALES

II. HETEROTROPIC SPECIES OF Macowanites,
Arcangeliella, AND Elasmomyces.
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The relationships among epigeous agaricoid Basidiomycetes,

and subepigeous and hypogeous gasteroid genera have been widely

debated. Singer (1975) in his classic treatment of the Agaricales

did not include gasteroid genera. Smith (1973) on the other hand,

recognized the relationship between agaric families and certain

gasteroid geners, but still chose to classify them in two separate

orders. A list compiled by Watling (1982) reveals that nearly all

major families and many genera of agarics and boletes have gasteroid

counterparts that are usually assigned to a large and complex order,

the Hymenogastrales. Attempts at formulating a natural classifi-

cation for Basidiomycetes by combining specific gasteroid and agari-

coid taxa into several "evolutionary series" have met with difficul-

ty. While the natural affinities between agarics or boletes and

_
l

particular gasteroid taxa are generally agreed upon, the direction

I of evolution has been hotly argued. Singer (1938, 1971) and Smith

(1971) have suggested that agaricoid genera were derived from gas-

teromycetous ancestors. Heim (1931, 1936a, b, 1937a, b, 1938, 1943,

1948, 1971), Malencon (1931), Thiers (1971, 1984), Singer (1975),

and Singer and Smith (1960) however, have proposed that gasteroid

47
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basidiomycetes evolved from agaricoid forms through a retrogressive

or simplification process. Proper systematic placement of gasteroid

Basidiomycetes is a complex problem, and one not easily resolved .

with current knowledge (Donk 1971).

The Russulales as defined by Pegler and Young (1979) repre-

sents a very homogeneous group easily separable from the Agaricales.

This order comprises a unique series of both gasteroid and agaricoid

Basidiomycetes with several genera included in the Russulales that

are intermediate in morphology between lamellate agaric forms and

truly gasteroid taxa (Pegler and Young 1979, 1981). This fact led

Smith (1971) to suggest that the Russulales is one of the most

distinctive and "clear-cut" evolutionary series in the Basidiomy-

cetes. Within the Russulales, Pegler and. Young (1979, 1981a) have

delineated two families, the Russulaceae and Elasmomycetaceae.

They are distinguished by their distinctive basidiospore morphology

and discharge characteristics. Members of the Russulaceae are hetero-

tropic with Russula and Lactarius being ballistosporic,

andgeliella,Cystangium, and Macowanites being statismosporic. Members

of the Elasmomycetaceae are orthotropic and Elasmomyces, Martellia,

Gymnomyces, and Zelleromyces are all statismosporic. Spore morphol-

ogy and the ability to forcibly discharge spores are emphasized

as systematic characteristics, with all levels of development pre-

1 sent in the Russulales.

Although Pegler and Young (1979, 1981) have proposed a mor-
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phological basis for classification within the Russulales, their

work concentrated largely on spore surface morphology. An ultrastruc-

tural and developmental basis for systematically separating hetero-

tropic, ballistosporic and statismosporic taxa, from orthotropic, '

statismosporic taxa has yet to be demonstrated. A greater under-

standing of basidiospore formation and release mechanisms is, there-

fore, crucial for proper systematic treatment of the Basidiomycetes.

In the previous chapter early basidiosporogenesis in Lactarius

· and Russula, both heterotropic ballistosporic genera, was described.

This study characterizes early basidiosporogenesis in three species

of heterotropic statismosporic Russulales: Macowanites americanus '

Singer and Smith, Arcangeliella crassa Singer and Smith, and Elasmo-

myggs russuloides Setchell. Although. Q. russuloides is currently

classified in the Elasmomycetaceae, an orthotropic statismosporic

family, development of many spores is clearly heterotropic in this

species. Basidiospore formation in Elasmomyces is therefore consid-

ered in the study along with Macowanites and Arcangeliella. Develop-

ment of wall tegumentation and differentiation of the hilar appendix

region are emphasized in comparison with Lactarius and Bgssgla.

Evolutionary and systematic implications of ballistospore and sta-

tismospore formation in the Russulales are discussed.
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RESULTS
1

The mature hymenia of field collected Q. americanus, Q. crassa,

and Q. russuloides examined in this study contained basidia and

spores at various developmental stages. Early basidiospore formation

in these genera could be divided into four developmental stages

(Fig. 2.55) based on cytoplasmic composition, and relative differ-

ences in spore shape, size, and wall architecture. Early basidio-

sporogenesis in Q. americanus, Q. crassa, and Q. russuloides was

complete before nuclear migration into the spore. Therefore most

organelles and other cytoplasmic inclusions present in the spore

proper at the time of separation from the sterigma had entered

the spore during the four stages of early development. Sterigmal

wall formation and cytoplasmic organization in the sterigmal apex

prior to basidiospore initiation is considered first.

STERIGMAL DEVELOPMENT

The sterigmata developed to their full height before basidio-

spore initiation began (Figs. 2.1, 2.2, 2.24, 2.38). The cytoplasm

was generally dense and contained many ribosomes and glycogen parti-

cles (Figs. 2.1, 2.2, 2.24), a few multivesicular bodies (Figs.

2.1, 2.24) and a cluster of vesicles (50-90 nm) near the sterigmal

tip (Figs. 2.1, 2.2, 2.24, 2.38). Many globose or elongated vacuoles

were present in the sterigmata, but remained below the sterigmal

apex (Figs. 2.1, 2.2). Organelles and cytoplasmic inclusions were

oriented parallel to the long axis of the sterigma until spore

initiation began (Figs. 2.1, 2.2). The sterigmal wall consisted
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of two layers in Q. americanus and Q. russuloides: a moderately

electron-dense outer layer (5) and a much thinner electron-light

inner layer (6) (Figs. 2.1, 2.2, 2.38). The sterigmal wall of Q.

crassa, appeared to have a third, electron-dense layer interstitial

n to Layers 5 and 6 in newly initiated sterigma (shown by the unlabel-

led single arrows in Fig. 2.24). This layer was transitory or arti-

factual however, and was not apparent in older sterigma. Layers

5 and 6 in all three genera were more distinctive distal to the

sterigmal tip. The presence of a pellicle layer, presumably once

continuous over developing basidia and extending a short distance

up the base of sterigmata, is visible in Figs. 2.24 and 2.38 as

indicated by the unlabelled double arrows. The pellicle when present,

eventually was ruptured by the growth of the sterigma.

BASIDIOSPORE DEVELOPMENT

Stage 1, Incegtion: Stage 1 in Q. americanus, Q. crassa,

and Q. russuloides was characterized by the swelling of the ster- ,

igmal apex to form a spherical apophysis (Figs. 2.3, 2.25-2.27,

2.39-2.40) up to .8-1.9 x .9-1.3 ,.1m diam. (Table 2.1). The cytoplasm

was dense in early Stage 1 spores but became progressively less

dense distal to the apex as the basidiospore initial enlarged (Figs.

2.25-2.27). Ribosomes were abundant throughout Stage 1 (Fig. 2.3)

as were the small vesicles (50-90 nm) noted near the apex during

sterigmal development (Figs. 2.3, 2.25-2.27, 2.40). Small vacuoles

were also present in the sterigmata below the apophysis (Fig. 2.25).

,

The cytoplasm in the apophysis of Stage 1 basidiospore initials
A
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was conspicuously demarcated totally or in part from the cytoplasm

in the sterigmata (Figs. 2.3, 2.25, 2.39-2.40). The demarcation

was apparent in the sterigmal apex before apophysis formation had

begun (Figs. 2.3, 2.25) and was associated with a re—orientation

of the cytoplasmic contents. The cytoplasm in Q. americanus and

A. crassa showed the demarcation of two distinct regions (Fig.

2.54) in the basidiospore initial at Stage 1. A large, globose

region was situated near the apex in which the cytoplasmic contents

were oriented at an angle to the long axis of the sterigma away

from what would become the adaxial side. A second, subglobose to

pyramidal region, was situated below and more adaxial to the first

region, and was closely adherent to the wall with no particular

‘
orientation (Figs. 2.3, 2.25). Arcangeliella crassa also contained

a third pyramidal region that located in the sterigmal apex rather

than in the basidiospore initial in some sterigmata (Figs. 2.26,

2.27). Elasmomyces russuloides showed only a single, much larger

region of demarcation situated near the lateral adaxial wall (Figs.

2.39, 2.40). Most regions of demarcation were similar in electron-

density to the surrounding cytoplasm. However, the smaller, pyra-

‘ midal region in A. crassa was more electron-dense than either the

surrounding cytoplasm or the larger, globose region (Fig. 2.25).

The pyramidal region observed in IA. americanus and A. crassa spore

initials, and the larger region in Q. russuloides corresponds to

the size, shape, and position that the_ hilar appendix body assumed

in later stages. The extremely electron-dense region shown in Fig.
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2.25 at the pyramidal region in Q. crassa spore primordia also

corresponds to the extremely electron-dense hilar appendix body

shown if Fig. 2.28 in later developmental stages.

The wall architecture of the basidiospore initials was similar

to that during late sterigmal formation. Wall Layers 5 and 6 were

distinct in the sterigma, but generally appeared less well organized,

or altered near the apex of the spore (Figs. 2.3, 2.25). Frequently

however, Layers 5 and 6 were evident around the developing spore

(Table 2.1), as well as Layers 3 and 4 (Figs. 2.26-2.27, 2.40).

Layers 5- and 6 in Stage 1 spores were frequently more evident in

the adaxial wall than elsewhere (Tablle 2.1), but did not appear

to be significantly thicker (Figs. 2.26-2.27).

Stage 2, Asynunetric Growth: Spores of Q. americanus, Q.

crassa, and Q. russuloides grew asymmetrically toward the abaxial

side 'during Stage 2 (Figs. 2.4-2.10, 2.28-2.30, 2.41-2.42). Spore

shape in the three species was subcylindrical during early Stage

2_with the spore enlarging on the abaxial and adaxial sides late

in Stage 2. Spore size was similar in Q. americanus, Q. crassa,

and Q. russuloides at Stage 2 (Table 2.1). Early Stage 2 spores
i

contained numerous clusters of ribosomes, and small vesicles (70-

100 nm) near the apex (Figs. 2.4, 2.5), as well as an abundance

of small multivesicular bodies (Figs. 2.6-2.10, 2.28, 2.40). Figures

2:8, 2.28, and 2.30 show numerous small multivesicular bodies which

dominated the cytoplasm during late Stage 2 and which were often
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associated with lomasomes (Fig. 2.28). Vacuoles that sometimes

contained an electron-dense inclusion, and glycogen particles were

also present (Figs. 2.5, 2.8, 2.30). The first mitochondria appeared

in late Stage 2 spores (Fig. 2.9).

The hilar appendix body was present in Stage 2 spores of

Q. americanus, Q. crassa, and Q. russuloides, and was situated

near the adaxial wall of the hilar appendix (Figs. 2.4, 2.5, 2.9,

2.10, 2.28, 2.41-2.42). The hilar appendix body in Stage 2 resembled

the pyramidal (or smaller demarcated) regions on the adaxial walls

of Stage 1 spores in size, shape, and location (Figs. 2.5, 2.28,

2.41-2.41). Wall Layers 5 and 6 were prominant in the hilar appendix

region of most spores at Stage 2 (Figs. 2.5, 2.41-2.42, 2.50).

However, only in Q. crassa was there marked thickening in either

Layer 5 or Layer 6 (Figs. 2.33,-2.34) as indicated by comparisons

with the dimensions recorded in Stage 1 (Table 2.1). Layers 3 and

4, which can be distinguished in some Q. russuloides spores at

i
Stage 1 (Figs. 2.42, 2.51), increased in thickness during Stage

_2 (Table 2.1), while Layers 3 and 4 in Q. americanus and Q. crassa

became evident in Stage 2 (Figs. 2.5, 2.7, 2.19, 2.30). Layer 3,

which was electron-dense, and Layer 4, which was electron-light

appeared in Stage 2 at about the same time. Both Layers 3 and 4

extend over the apex or cap the spore and terminate near the end

of the sterigma, and extend just below the level of the hilar appen-

dix (Figs. 2.5, 2.6, 2.42). The differentiaticux of Layers 3 and
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4 appeared to be variable in Stage 2 spores as well as in later

stages. It was apparent that Layers 3 and 4 were derived by differ-

entiation of Layer 5 above the level of the hilar appendix. Light

microscopy (not shown) revealed that in Melzer's solution Layer

4 is amyloid.

Stage 3, Egual Enlargement and Organelle Migration: Irx M.

americanus, Q. crassa, and Q. russuloides Stage 3 was characterized

by enlargement of the basidiospore abaxially, adaxially, and api-

cally, and movement of a number of organelles into the cytoplasm.

Fusion of wall layers also began in Stage 3, with the development

of spore-surface ornamentation. Developing spores reach approxi-

mately three-quarters of their total size in all three species

_ during Stage 3 (Table 2.1).

The content of the spore cytoplasm did not differ greatly

from that in Stage 2, but a greater diversity of organelles and y

cytoplasmic inclusions was found in Stage 3 spores (Figs. 2.11-

2.14, 2.31, 2.43-2.48). Mitochondria were common throughout the

spore as were small and large vacuoles (Figs. 2.13, 2.14, 2.31,

2.44, 2.47). Glycogen particles and lipid droplets were present

in the cytoplasm and increased in number throughout Stage 3 (Figs.

2.14, 2.31, 2.44, 2.47, 2.48). The number of multivesicular bodies

decreased during Stage 3 and these organelles were distributed

around the periphery of the spore and concentrated near the apex

and the abaxial wall (Figs. 2.31, 2.47). Microbodies became more
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numerous in Stage 3 and were also distributed at the periphery

of the cytoplasm near the apex (Fig. 2.47). Large sheets of smooth

ER were scattered throughout the spore (Figs. 2.14, 2.31), and

strands of peripheral ER were found associated with the wall in

the lower- and mid-spore regions (Figs. 2.11, 2.13, 2.14, 2.16,

2.17). Vesicles of two size ranges were found in Stage 3 spores.

Large vesicles 400-500 nm in diam. were found singly or in clusters

throughout the cytoplasm (Fig. 2.44) but concentrated near the

spore apex (Figs. 2.13, 2.14, 2.47). Smaller vesicles 70-100 nm,

were scattered or occurred in clusters throughout the cytoplasm

(Figs. 2.14, 2.44, 2_.47). Microtubules were observed in the ster-

igmal apex and a short distance into the spore during late Stage

3, and were oriented parallel to the long axis of the sterigma

(Figs. 2.14, 2.46).

The hilar appendix body was prominent during Stage 3 in Q.

americanus (Figs. 2.11, 2.12, 2.14, 2.15), but was less evident

in Q. crassa, and E. russuloides. In E. russuloides an electron-

light, granular region was apparent near the adaxial wall of the

hilar appendix that corresponded to the size and shape of the hilar

appendix body in Stage 2 spores (Figs. 2.44-2.46). Four wall layers

were present in Stage 3 spores (Figs. 2.20-2.22, 2.35-2.36, 2.52).

Layers 3, 4, and 6 increased in thickness compared to previous

stages, while Layer 5 remained about the same in thickness or even

decreased slightly (Table 2.1). In early Stage 3 Layer 4 in all

three species began to protrude through Layer 4 and by late Stage
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3, Layers 3 and 4 had begun to fuse to form heterogeneous mixtures

of electron-dense and electron—light protrusions or mounds (Figs.

2.13, 2.21, 2.35, 2.36, 2.52). The mixture or fusion of Layers

3 and 4 appeared to be more complete in Q. crassa than in Q. gggg-

icanus and Q. russuloides, resulting in a more homogeneous, moder-

ately electron-dense ornamentation (Fig. 2.36). Layers 5 and 6

also began to fuse with a subsequent increase in thickness of Layer

6 (Table 2.1). Layer 5 remained somewhat distinct as an electron-

dense, concentric zone in the outermost portion of Layer 6 (Figs.

2.22, 2.36, 2.52). Q

Stage 4, Elongation: lburing Stage 4 maximum spore dimensions

were reached in all three species (Table 2.1). Stage 4 was further

characterized by continued migration of organelles into the spore
’

cytoplasm, accumulation of glycogen, and increasing thickness of

wall Layer 6.

The Stage 4 cytoplasm in Q. americanus, Q. crassa, and Q.

russuloides was characterized by the presence of large vacuoles

(Figs. 2.18, 2.32), some of which contained an electron-dense inclu-

sion (Fig. 2.49). Numerous mitochondria were present in the spore

cytoplasm (Figs. 2.18, 2.32, 2.49), and microbodies were common

(Figs. 2.32, 2.49). Sheets or segments of ER (Fig. 2.32) were still

present in Stage 4 spores, although not as abundantly as in Stage

3. Glycogen particles and especially lipid droplets were numerous

in Stage 4 spores (Figs. 2.18, 2.32, 2.49). Overall, the composition

of organelles was similar to Stage 3 spores.
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h Differentiation in spore wall layers was pronounced during

Stage 4. The spore wall consisted of four layers in Q. americanus,

Q. crassa, and Q. russuloides. Wall Layer 6 showed the largest

increase in thickness during Stage 4, and was much thicker at the

lateral abaxial and adaxial region above the hilar appendix than

at the apex or hilar appendix itself (Table 2.1). Layer- 5 also

increased slightly in thickness (Table 2.1). The precise dimensions

of Layer 5 were difficult to measure because of fusion with Layer

6. Never-the—less, Layer 5 remained as a moderately electron-dense

zone between Layers 6 and 4 (Figs. 2.23, 2.32, 2.37, 2.49, 2.53).

Similarly, the exact dimensions of Layers 3 and 4 were difficult

to measure because of continued fusion and intermixing of the two

layers during Stage 4 (Figs. 2.23, 2.37, 2.53). The spore-surface

ornamentation was derived from large, heterogeneous protrusions

or mounds that originated in Layers 3 and 4 and became well devel-

oped by Stage 4 (Figs. 2.18, 2.32, 2.49). However, during Stage

4 most of the increase seemed to occur in Layer 3 (Table 2.1).

However the electron-light material which accumulated in the devel-

oping ornamentation, best seen in Figs. 2.23, 2.37, 2.53, was simi-

lar to and probably derived from Layer 4.
‘
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Table 2.1. Comparison of basidiospore shape, size, and spore wall
layer thickness at successive stages in development of Macowa-

nites americanus, Arcangeliella crassa, and Elasmomyces russu-

loides.

H££QH£¤i1§§ ßßälißäßuäLength

anda
Stage Shape Width (pm) Wall Layer Thickness (nm;)

Near Hilam Midpoint Apex

6 6 - 10 6 - 10 ?
1 subspherical .8-1 x .8-1 5 45 - 50 45 - 50 45 - 50

to spherical 1 NA NA NA
2 NA NA NA

6 6 - 10 6 - 10 6 - 10
2 subcglindrical 1.3-7x1-3.4 S 40 - 50 35 - 40 35 - 40

to o pyriform 4 NA - 15 NA - 25 NA - 25
3 NA - 15 NA - 30 NA - 30

6 10 - 30 35 - 50 50 - 70
‘

3 subglobose 8.5-13.5xS.6-11 5 45 - 50 40 - 50 40 - 50
4 0 - 25 45 - 90 45 - 90
3 0 -210 115 -150 115 -150

6 115 -290 190 -230 190 -230
4 subglobose 14-17.6x11-11.8 5 90 -110 90 - 95 90 - 95

4 0 - 50 115 -130 140 -160
3 ‘ 0 -230 230 -250 230 -250

6 9 - 11 9 - 11 18 - 22
1 subspherical .8-1 x .8-1 5 45 - 50 50 - 65 85 -100

to spherical 1 NA NA NA
2 NA NA NA

6 15 - 25 8 - 12 8 - 12
2 subcglindrical 2.9-4.9x1.7-3 5 39 - 53 13 - 18 13 - 18

to o pyriform 4 NA - 25 NA - 25 NA - 25

- 3 NA - 77 NA -115 NA - 62

. 6 30 - 55 45 - 67 45 - 50
3 subglobose 6.9-9.Sx4.5-6.1 5 35 - 50 35 - S0 35 - 50

4 0 - 35 50 - 70 50 - 70
3 0 -100 110 -150 110 -150

6 96 -193 116 -135 120 -150
4 subglobose 10-11.9x6.5-8.3 5 45 - 96 80 -115 80 -115

4 0 - 38 58 - 77 55 - 75
3 0 -150 115 -193 115 -193

a. Based on measurements of one to several spores for each stage.

b. Wall layer thickness is that attained by one to several spores

during a particular stage as measured near the hilar appendix.

. ? = not measurable due to oblique sectioning; NA = a particular

U wall layer not present.
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Table 2.1. continued.

x11s.sy.l21.d.¤
Length anda

Stage Shape Width (pm) Wall Layer Thickness (nmfj
Near Hilam Midpoint Apex

6 10 - 15 10 - 15 10 - 15
1 subspherical .9-1.9x.9-1.3 5 45 - 50 12 - 15 12 - 15

to spherical 1 NA - 10 NA - 25 NA - 50
2 NA - 23 NA - 25 NA - 50

6 10 - 12 10 - 12 10 - 122 subcglindrical 3.8-5.9x1.4-4.7 5 34 - 45 25 - 30 20 - 25
to o pyriform 4 0 - 45 45 - 55 38 - 70

3 0 - 26 35 - 70 65 - 80
6 45 - 60 45 - 60 45 - 60

3 subglobose 6-12.8x5-11.4 5 40 - 45 40 - 45 40 - 45
4 0 - 50 50 - 60 50 - 60
3 0 - 77 123 -175 120 -175

”
6 200 -230 270 -290 200 -220

4 subglobose 13—19x12.2-16.7 S 77 -115 110 -125 110 -125
4 0 - 50 45 - 50 45 - 60
3 0 -200 116 -160 116 -160

a. Based onmeasurements ofone to several spores for each stage.

b. Wall layer thickness is that attained by one to several spores

during a particular stage as measured near the hilar appendix,

at mid spore, and near the spore.
? = not measurable because of oblique sectioninq; NA = a particular
wall layer not present.
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Figs. 2.6-2.10. Stage 2 basidiospores of Macowanites americanus.
2.6. Tangential section through a sterigma and spore, with abundant
multivesicular bodies. x 10,000Ö 2.7. Higher magnification of
Fig. 2.6 and details of spore wall architecture. x 26,000. 2.8.
Spore with abundant multivesicular bodies, vacuoles, and glycogen
particles. x 18,600. 2.9. Late Stage 2 spore showing marked asym-
metry, a hilar appendix body, and the few remaining multivesicular
bodies. x 20,400. 2.10. Higher magnification of Fig. 2.9 showing
details of the hilar appendix region. x 41,200.

Key to labelling: G, glycogen particles; HAB, hilar appendix body;
M, mitochondrion; Mv, multivesicular bodies; Va, vacuoles; 3,
4, 5, 6, wall layers numbered inward from the outer layer.
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Figs. 2.11-2.14. Stage 3 basidiospores of Macowanites americanus.
2.11. Early Stage 3 spore with relatively few organelles, peripheral
endoplasmic reticulum (unlabelled arrows), and developing ornamenta-
tion (unlabelled double arrows). x 18,900. 2.12. Higher magnifi-
cation of Fig. 2.11 showing the" hilar appendix body, and details
of the hilar appendix region. x 42,600. 2.13. Slightly tangential
section of a Stage 3 spore with many recognizable cytoplasmic organ-

elles, and peripheral endoplasmic reticulum (unlabelled arrows).

x 14,900. 2.14. Late Stage 3 basidiospore with a hilar appendix
body, many mitochondria, large sheets of endoplasmic reticulum,
peripheral endoplasmic reticulum (unlabelled arrows), and micro-

tubules in the apex of the sterigma (unlabelled double arrows),

as well as other organelles·and cytoplasmic inclusions. x 11,500.

Key to labelling: ER, endoplasmic reticulum; G, glycogen particles;

HAB, hilar appendix body; M, mitochondrion; V, large vesicle;
v, small vesicle; 3, 4, 5, 6, wall layers numbered inward from

the outer layer.
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Figs. 2.15-2.18. Stage 3 and 4 basidiospores of Macowanites
americanus. 2.15. Hilar appendix region oflate(see

also Fig. 2.14), showing the hilar appendix body. x 45,500.

2.16. and 2.17. Stage 3 spores shöwing peripheral endoplasmic reticu-

lum near the spore wall at basal- (Fig. 2.17) and mid-regions (Fig.

2.16) of spore in Fig. 2.14. Arrows indicate the location of periph-

eral endoplasmic reticulum. x 28,200. 2.18. Stage 4 spore (slightly

tangential section), with a variety of organelles, and lipid and

glycogen accumulations. x 11,300. Figs. 2.19-2.23. Stage 2-4 basi-

diospores of Q. americanus showing wall architecture and ornamenta-

tion. 2.19. Stage 2 spore. x 50,000. 2.20-2.22. Stage 3 spores.

2.20. x 33,000. 2.21. x 33,000. 2.22. x 37,500. 2.23. Stage

1 4 spore. x 35,200.

Key to labelling: G, glycogen particles; HAB, hilar appendix body;

L, lipid droplet; M, mitochondrion; Va, vacuole.
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Figs. 2.24-2.27. Sterigmal development, and Stage 1 basidiospores

pof Arcangeliella crassa. 2.24. Developing sterigma with dense
cytoplasm containing many ribosomes, glycogen particles, a few multi-
vesicular bodies and a cluster of vesicles near the apex. Note the

presence of an additional interstitial layer in the sterigmal wall

(single arrows), and the remains of the pellicle (double arrows).

x 42,200. 2.25. Early Stage 1 spore immediately after apophysis

formation. Note demarcated regions of cytoplasm in the basidiospore

initial (unlabelled arrows). x 56,500. 2.26. Stage 1 basidiospore

showing‘wall differentiation, and demarcation of several cytoplasmic

regions. The first demarcated region is indicated by unlabelled

single arrows; the second is denoted by unlabelled double arrows.

x 39,600. 2.27. Higher magnification of spore shown in Fig. 2.26.

x 80,000.

Key to labelling: G, glycogen particles; Mv, multivesicular bodies;
R, ribosomes; v, small vesicle; Va, vacuole; 3, 4, 5, 6, wall

layers numbered inward from the outer layer.
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Figs. 2.28-2.31. Stage 2 and 3 basidiospores of Arcangeliella
crassa. 2.28. Slightly oblique section of a Stage 2 spore with

well defined hilar appendix body and several other recognizable
organelles. x 46,400. 2.29. Stage 2 spores on sterigma. The spore

on the left is sectioned obliquely, therefore the sterigma is not

shown. x 6,600. 2.30. Higher magnification of spore in Fig. 2.29

showing abundant multivesicular bodies, a large vacuole, glycogen,

and wall layers. x 20,000. 2.31. Stage 3 spore in tangential sec-

tion with sheets of endoplasmic reticulum, mitochondria, glycogen,

and several multivesicular bodies around the periphery of the spore

apex. x 25,600.

Key to labellingz ER, endoplasmic reticulum; HAB, hilar appendix

body; L, lipid droplet; Lo, lomasome; M, mitochondrion; Mv,

multivesicular body; v, small vesicle; Va, vacuole; 3, 4, 5,

6, wall layers numbered inward from the outer layer.
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Fig. 2.32. Stage 4 basidiospore of Arcangeliella crassa showing
many organelles in the cytoplasm, and wall ornamentation. x 21,200.
Figs. 2.33-2.37. Stage 2-4 basidiospores of Q. crassa showing details
of wall architecture. 2.33. and 2.34. Early Stage 2 spores. 2.33.
x 50,000. 2.34. x 33,000. 2.35-2.36. Stage 3 spores. 2.35.
x 36,700. 2.36. x 30,000. 2.37. Stage 4 spore. x 37,400.

Key to.labelling: ER, endoplasmic reticulum; G, glycogen particles;
L, lipid droplet; M, mitochondrion; Mb, microbodies; Va, vacuoles;
3, 4, 5, 6, wall layers numbered from outer layer inward.
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Figs. 2.43-2.46. Stage 3 basidiospores of Elasmomyces russuloides.
2.43. Section through two basidiospores on a single basidium. x
3,300. 2.44. Higher magnification of one Stage 3 spore shown in

Fig. 2.43, showing cytoplasmic composition of the spore. x 9,700.

2.45. Higher magnification of one Stage 3 spore from Fig. 2.43

showing details of the hilar appendix region. Note that the position
of the hilar appendix body is evident as a faint granular region *

adjacent to the adaxial wall of the hilar appendix. x 26,700. 2.46.
Stage 3 spore, again showing a faint, granular region at the position

of the hilar appendix body. Microtubules in the apex of the sterigma

are indicated by the double arrows. x 42,000.

Key to labelling: G, glycogen particles; HAB, hilar appendix body;

M, mitochondrion; V, large vesicle; v, small vesicle.
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Figs. 2.47-2.48. Stage 3 basidiospores of Elasmomyces russuloides.
2.47. Stage 3 spore with a variety of recognizable organelles and
other cytoplasmic inclusions. x 13,000. 2.48. Late Stage 3 spore
showing accumulations of glycogen. x 7,000. 2.49. Stage 4 spore
with thickened spore wall and large accumulations of lipid, as well
as other organelles and cytoplasmic contents. x 10,600.

Key to labelling: G, glycogen; L, lipid droplet; M, mitochondria;
Mb, microbody; Mv, multivesicular body; V, large vesicle; v,
small vesicle; Va, vacuole; 3, 4, 5, 6, wall layers numbered from
the outside inward.
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Fig. 2.54. Line drawing of Stage 1 basidiospore of Macowanitesamericanus, Arcangeliella crassa, and Elasmomyces russuloides showing
the cytoplasmic demarcation of the hilar appendix body and the initial
volume of cytoplasm in the spore; and differentiation of the wall
layers. The pellicle may be present or absent during Stage 1.

Key to labelling: HAB, hilar appendix body; 1, 2, layers of the
evanescent pellicle numbered inward from the outermost layer; 3,
4, 5, 6, wall layers numbered inward from the outermost layer.
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Fig. 2.55. Diagram showing the changes in shape and net growth
of Stage 1 to 4 basidiospores in Macowanites americanus, Arcangeliella
crassa, and Elasmomgces russuloides. .
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Basidiospore morphogenesis hi Q. americanus, Q. crassa, and

Q. russuloides is a complex process involving interactions between

cytoplasmic and spore wall components. Early spore asymmetry in

heterotropic basidiospores, and ballistosporic discharge mechanisms

have been hypothesized to be under the control of the hilar appendix

body (McLaughlin 1977, 1982; Yoon and NcLaughlin 1979, 1984). Demon-

stration in the present study of the presence of the hilar appendix

body in Macowanites, Arcangeliella, and Elasmomyces, three genera

of heterotropic, statismosporic basidiomycetes, may be a significant

contribution to the understanding of basidiospore development and

the mechanism of forcible spore discharge. The composition of the

cytoplasm and sequence of organelle appearance in developing basidio-

spores is similar in Q. americanus, Q. crassa, and Q. russuloides

and corresponds to that described for Russula variata and Lactarius

lignyotellus in the previous chapter.

The hilar appendix body present in Q. americanus, Q. crassa,

and Q. russuloides was discernible in the earliest Stage 1 basidio-

spore initials as a demarcated region of cytoplasm located near

the hilar appendix, adjacent to what would become the adaxial wall.

In Q. americanus and Q. crassa the hilar appendix was one of two

recognizable cytoplasmic regions. The other more apical region

was large and oriented at an angle to the long axis of the sterigma

and became the initial volume of the basidiospore. In Q. russuloides
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only one large demarcated region was observed adjacent to the adaxial

hilar appendix wall. In all three species however, the hilar appen-

dix was present in basidiospore primordia before initiation of

asymmetric growth, and corresponded well in size, shape, and loca-

tion to the hilar appendix body observed in later developmental _

stages. The variability in electron-density of the hilar appendix

body in Q. americanus, Q. crassa, and Q. russuloides was similar

Q to the variability observed in Russula, and Lactarius. In Q. crassa

and Q. russuloides the hilar appendix was electron-dense at Stage

1, and remained electron-dense until Stage 3 when it was no longer

observed. In Q. americanusand Q. russuloides the hilar appendix

body was not noticeably different in electron-density from the

surrounding cytoplasm at Stage 1. However, by Stage 2 the hilar

body was very electron—dense, and it remained so throughout Stage

3 in Q. americanus, and throughout Stage 2 in Q. russuloides. The

hilar appendix body was discernible in Stage 3 spores of Q. _r§Q-

loides, but was not distinct lacking electron—density.

The exact nature of the hilar appendix body is unclear. The

function of the hilar appendix body in heterotropic spore formation

however, seems clear. In the previous chapter, early spore asynuuetry

· in Russula variata and Q. lignyotellus apparently was related to

the presence and presumably to the action of the hilar appendx

body on primordial wall layers. Similarly, in Q. americanus, Q.

crassa, and Q. russuloides the wall adjacent to the hilar appendix

body (Layers 5 and 6) was more distinct and probably more rigid
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than elsewhere on the spore. I believe that the differential rigid-

ity on the adaxial side of the spore has resulted in asymmetric

growth toward the abaxial side. The wall opposite the position

of the hilar appendix body also appeared to be somewhat differen-

tiated in early Stage 2 spores of Q. americanus (see Fig. 2.5).

Slight differentiation of both the adaxial and abaxial walls was

reported for Lactarius lignyotellus in the previous chapter as

well, but in both Q. americanus and Q. lignyotellus after asymmetry

was established, the spore apex continued to grow cylindrically

4
toward the abaxial side. Early adaxial wall differentiation in

heterotropic basidiosporogenesis appears to be a somewhat variable

process, and may involve the functioning of one or several hilar

appendix body—like cytoplasmic regions. ·

Spore wall layers of Macowanites, Arcangeliella, and Elasmo—

were variable in their time of appearance, and thickness,

and somewhat transient throughout early spore development. However,

as in Russula and Lactarius, the layers appear to be consistent

and can be characterized by their position, electron-density, and

apparent rigidity. In Q. americanus, Q. crassa, and Q. russuloides

Layer 5 is electron-dense, and is the primary sterigmal layer pro- —

viding support for the sterigma and developing spore. Layer 6 is

a thin, electron-light layer also present in the sterigma and devel-

oping spore, and if unchanged through development into Stage

4.

is presumably rigid.' Layer 6 develops into the thickest wall layer
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in Stage 4 spores. Wall Layers 3 and 4 are first observed in Stage

. 2 or 3 spores in Q. americanus, but are frequently evident in Stage

1 in Q. crassa and Q. russuloides. As in Q. variata and Q. lignyo-

tellus, the derivation and exact biochemical composition of Layers

3 and 4 i11 Q. americanus, Q. crassa, and Q. russuloides are not

certain, but it is likely that Layer 5 becomes multilaminate and

differentiates into these layers. Figures 2.4, 2.5, .2.7, 2.20,

2.21, 2.27, 2.51, and 2.52 show an electron·light zone within Layer

5 above the hilar appendix region, surrounded by electron-dense

zones, corresponding to electron—dark Layers 3 and 5 and electron-

light Layer 4. Layers 3 and 4 were probably malleable at first

in Q. americanus and Q. russuloides, as they were in Russula and

Lactarius, and were frequently observed to fuse with similar layers

from adjacent spores (Figs. 2.13, 2.48). Presumably Layers 3 and

4 do not lend much support to the spore until late in development,

if at all.

Differences that occur in early heterotropic basidiospore

development between the ballistosporic genera Russula and Lactarius

and the putatively statismosporic genera Macowanites, Arcangeliella,
_

and Elasmomyces are in the degree of differentiation of the spore

wall following the initial establishment of asymmetric growth.

The electron-light zone which became evident in Layer 5 near the

hilar appendix region of Q. variata and Q. lignyotellus spores

as discussed in the last chapter. Such a zone has also been observed

in Cogrinus cinereus, Boletus rubinellus, and latemarginata
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(QcLaughlin 1973, 1977; Yoon and McLaughlin 1979, 1984; Hoch and

Setliff 1976). However, it was not apparent in Q. americanus, Q.

crassa, or Q. russuloides. Yoon and McLaughlin (1979) have suggested

that development of the translucent zone in the wall layers near

the hilar appendix region is controlled by the hilar appendix body,

. and that wall differentiation is necessary for ballistosporic dis-

charge. Although action of the hilar appendix body and differen-

tiation of the spore wall layers adjacent to the hilar appendix

region in the three species examined in the present study appeared

to be quite variable, no specialization in the hilar appendix region

was observed. The absence of an electron-translucent zone in wall

Layer 5 during early spore formation in Q. americanus, Q. crassa,

and Q. russuloides most probably profoundly affects late spore

development and anatomical differentiation of spore release mech-

anisms. Heterotropic ballistosporic species such .as Q. variata,

and Q. lignyotellus develop a translucent zone in the spore walls

of the hilar appendix region, and hetertropic statismosporic species

lack the translucent zone. These facts would support the hypothesis

that wall differentiation is required for ballistosporic basidio-

spore discharge.

The variability in basidiospore development in Q. americanus,

Q. crassa, and Q. russuloides may also be important in understanding

ballistosporic versus statismosporic spore discharge. Singer and

Smith (1960) and Pegler and Young (1981a) report successful attempts



87

at obtaining spore prints from several heterotropic and putatively

statismosporic Macowanites species. Spores collected in this manner

are presumably the result of ballistosporic discharge. Therefore,

it is possible that slight variations in heterotropic spore develop-

ment could result in both ballistosporic and statismosporic spore

formation in the same hymenium.

The ontogeny and composition of the ornamentation of Q. amer-

icanus, Q. crassa, and Q. russuloides spores are similar to those

described for Russula and Lactarius. Layers 1 and 2 are associated

with the pellicle covering the young basidia, and are probably

not present at the time that the ornamentation forms. Layer 4 is

amyloid in Melzer's reagent, and therefore forms a continuous layer

of amylose-rich material beginning in Stage 2 or 3 basidiospores -
1

(Stage 1 in E. russuloides). Layer 4 melds with Layer 3 to form

heterogeneous amyloid and electron-light, non—amyloid and electron-

dense ornamentation.

The genus Elasmomyces has been defined as an orthotropic

genus (Pegler and Young 1979, 1981a). Elasmomyces russuloides how-

ever, produces many spores that are decidely heterotropic. Addi-

tional taxonomic and systematic investigations may indicate that

Q. russuloides does not belong in Elasmomyces.
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SUDGDGARY

Heterotropic statismosporic basidiospore formation in Q.

americanus, Q. crassa, and Q. russuloides is similar, but appears

to be a variable phenomenon within each species. The hilar appendix

body, which appears to cause early asymmetric growth, is present

in all three genera, and develops early in·spore formation from

a demarcated region of cytoplasm located near the adaxial wall.

The size, shape, and location of the hilar appendix body remains

essentially unchanged throughout early spore development. However

its electron-density varies depending upon the species and stage

of development. Spore wall architecture, behavior of the wall com-

ponents and ontogeny of spore-surface ornamentation are similar

to those described previously for Russula and Lactarius. Unlike

B. variata and Q. lignyotellus however, an electron-light, trans-

lucent zone is not present in Q. americanus, Q. crassa, and Q.

russuloides. The absence of a translucent zone in the wall layers

of the hilar appendix region, and the lack of other wall differ-

entiation are thought to have profound implications for development

of statismosporic discharge. In the next chapter early basidiosporo-

genesis of three orthotropic-statismosporic species of Russulales
r

will be examined.
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EARLY BASIDIOSPOROGENESIS IN THE RUSSULALES
III. ORTHOTROPIC SPECIES OF Gymnomyces,

Zelleromyces, AND Martellia.
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The Russulales as defined by Pegler and Young (1979, 1981)

comprises a homogeneous group of agaricoid, and gasteroid Basidi0—

mycetes. Members of the Russulales share many similarities in sporo-

carp architecture, tissue differentiation, and spore-surface orna-

mentation, even though some genera possess a hymenium entirely

'
open at maturity, while others have a hymenium which never becomes

exposed (Singer and Smith 1960; Pegler and Young 1979, 1981a).

Pegler and Young (1979, 1981a) have proposed the delimitation of

two families within the Russulales: the Russulaceae which are hetero-

_ tropic, and either ballistosporic or statismosporic, and the Elasm0—

mycetaceae which are all orthotropic and statismosporic. Basidio·

spore morphology and spore discharge mechanisms are obviously funda-

mental characteristics emphasized in the classification of the

Russulales.

The production of heterotropic-ballistosporic, heterotropic-

statismosporic, and orthotropic-statismosporic basidiospores in

the Russulales, a single order of closely related fungi, provides

an ideal model for examining spore development and spore release

phenomena. The mechanism of ballistosporic discharge is not well

g 89
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understood, but has been observed only in heterotropically produced

basidiospores (Corner 1948; McLaughlin 1973, 1977, 1982; Yoon and
U

McLaughlin 1979, 1984). Statismosporic spore release is thought

to occur in both heterotropically and orthotropically produced

basidiospores, but its mechanisms have not been elucidated. Conse-

quently direct comparisons between heterotropic and orthotropic,

and ballistosporic and statismosporic spore development in members

of the Russulales could provide an understanding of the ultrastruc-

tural features associated with spore release phenomena, and provide

additional evidence useful in systematic classification. In Chapter
d

One, early basidiosporogenesis in Russula variata and Lactarius

lignyotellus, two species of heterotropic-ballistosporic Russulales

was described. Chapter Two characterized early basidiospore forma-

tion in Macowanites americanus, Arcangeliella crassa, and Elasmo-

myggs russuloides, three species of heterotropic-statismosporic

Russulales. The present chapter considers early basidiospore forma-

tion in Martellia subochracea, Zelleromyces ravenelii, and Qymgg-

myggg yubaensis, three species of orthotropic-statismosporic Russu-

lales. Changes in spore wall tegumentation and cytoplasmic composi-

tion are described, with special emphasis placed on events in the

hilar appendix region and ultrastructural changes that may be assoc-

iated with spore release. The differences and similarities involved

in ballistosporic and statismosporic formation in the Russulales

are discussed.
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REISULTS

The hymenia of field collected Q. yubaensis, Q._ ravenelii,

and Q. subochracea examined in the present study contained basidia

and spores at various developmental stages. Synchronous basidiospore

development was observed only in small isolated patches in some

sporocarps. Early basidiosporogenesis could be divided into four

stages based on relative differences in spore size, shape (Fig.

3.52), cytoplasmic composition, and wall architecture (Figs. 3.15,

3.16). Early basidiosporogenesis was complete before nuclear migra-

_ tion into the spore. Therefore most organelles and other cytoplasmic

inclusions present in Q. yubaensis, Q. ravenelii, and Q. subochracea

spores at the time of separation from the sterigma entered the

spore during the four stages of early development. Sterigmal devel-

opment including wall and cytoplasmic organization in the sterigmal

apex prior to basidiospore initiation are considered first.

d

”
STERTGMAL DEVELOPMENT

The sterigmata developed to their maximum height before basi-

diospore initiation began (Fig.s 3.1). The sterigmal cytoplasm

as noted in Q. yubaensis, was densest near the apex and contained

a cluster of small vesicles (60-90 nm diam.) near the sterigmal

tip (Fig. 3.1). Larger vesicles (90-120 nm diam.) and many ribosomes

were noted in the cytoplasm distal to the apex, (Fig. 3.1). Small

bundles of microtubules oriented parallel to the long axis of the

_ sterigma were observed in the apex of the basidium and protrude ~
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a short distance into the developing sterigmata (Fig. 3.1). In

Q. yubaensis there also appeared to be a well demarcated region

of cytoplasm near the apex of some developing sterigma (Fig. 3.1).

The sterigmal wall consisted of two layers: an electron-dense to

moderately electron-dense layer, and a much thinner electron-light

inner layer (Fig. 3.1). Layers 5 and 6 were continuous_with similar

layers in the basidial apex, however Layer 5 appeared to be thinner

in the basidium (Fig. 3.1). Upper portions of the basidium and

portions of the sterigma were occasionally covered by remains of

a multilaminate pellicle consisting of: a thin, electron-dense,

floccose middle layer, and' an electron-light inner layer (Figs.

3.1, 3.17). The pellicle often appeared to be discontinuous and

to be ruptured during growth of the basidium, sterigma, or basidio-

spore initial (Figs. 3.1, 3.17).

BASIDIOSPORE DEVELOPMENT -

A

Stage 1, Incegtion: Stage 1 was characterized by formation

of a spherical to somewhat cylindrical apophysis.at the sterigmal

apex (Fig. 3.2). The ultrastructure of Stage 1 spores was observed

.in the present study only in Q. Zubaensis. In Q. yubaensis, Q.

ravenelii, and Q. subochracea the earliest basidiospore initial

measured around 1 pm in diam. (Table 3.1). In Q. Xubaensis, numerous

ribosomes were present during Stage 1, and the cytoplasm was less

dense near the apex than during early sterigmal development. However,

a cluster of small vesicles (60-90 nm) was still evident near the
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tip, and larger vesicles were scattered throughout the sterigmal

cytoplasm (Fig. 3.2). Mitochondria, small vacuoles, ribosomes,

and small lipid droplets were also observed in the sterigmal apex

near the basidiospore initial of Q. Xubaensis at Stage 1 (Fig.

3.2). Microtubules, again oriented parallel to the longitudinal

axis of the sterigma were present from the basidial apex to the

spore initial (Fig. 3.2). The basidiospore initial often appeared

to be oriented at a slight asymmetric angle to the sterigma in

Q. gubaensis (Fig. 3.2). The asymmetry was variable in degree,

and as shown in Figure 3.2 resulted from differential curvature

of the sterigmal wall on one side. Figure 3.2 also shows the pres-

ence of an electron-dense hilar appendix body-like region near

the point at which the sterigmal wall deflected.

The wall architecture of the Q. Xubaensis basidiospore initial

was similar to that observed during sterigmal development. In the

primordium wall Layers 5 and 6 were evident, and appeared to be

more distinct in the sterigma and lowermost portion of the spore

primordium than in the apex of the developing spore (Fig. 3.2).

Stage 2, Elongation and Enlargement: Spores of Q. Xubaensis,

Q. ravenelii, and Q. subochracea grew in length throughout Stage

2, and increased symmetrically in width during late Stage 2 (Figs.

3.3-3.6, 3.18-3.19, 3.35-3.39). Ggmnomgces Xubaensis spores were

2-10.8 pm in length at Stage 2, while those of Q. ravenelii and

Q. subochracea were 2-7 Fm and 2-4.7 pm in length respectively

(Table 3.1). Spores of both Q. gubaensis and Q. ravenelii were
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cylindrical throughout much of early Stage 2 development enlarging

only late in Stage 2 (Figs. 3.3-3.5, 3.18-3.19). Spores of Q. ggg-

ochracea however, had enlarged symmetrically early in Stage 2 (Figs.

3.35-3.36) and contained many ribosomes, mulitvesicular bodies,

a few glycogen particles and vacuoles (Figs. 3.3-3.5, 3.19, 3.35-

3.37, 3.39). Small vesicles (70-100 nm in diam.) were scattered

throughout the spore cytoplasm but clustered near the actively

growing apex (Fig. 3.3). Larger vesicles (170-300 nm in diam.L

many with an electron-dense core, as well as lomasomes were also

found singly or in clusters throughout the cytoplasm (Figs. 3.4,

3.35). The cytoplasm in later Stage 2 spores appears to be dominated

by multivesicular bodies (Figs. 3.4, 3.36). Mitochondria were also

common in late Stage 2 spores, as were lipid droplets (Figs. 3.4-

3.5). Large vacuoles and small segments of ER were numerous (Figs.

3.4-3.5, 3.37-3.39). Small or large lomasomes also occurred in

late Stage 2 spores (Figs. 3.4, 3.5).

Four somewhat transient wall layers were present fin Stage

2. Wall Layers 5 and 6 were evident early in Stage 2 of Q. yubaensis,

Q. ravenelii, and Q. subochracea spores and were similar in electron-

density to Layers 5 and 6 observed in Stage 1 spores of Q. yubaensis

(Figs. 3.3, 3.4, 3.11-3.12, 3.19, 3.29-3.30, 3.45-3.46). Wall Layers

3 and 44 became evident during this stage (Figs. 3.4, 3.6, 3.19).

Layer 3 appeared first as an electron-dense layer outside of Layer

5 that capped the developing spore and terminated near the apex
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of the sterigma (Figs. 3.4, 3.19, 3.37). Layer 4 appeared initially

as discontinuous electron-light mounds of material positioned be-

tween Layers 5 and 3 and often protruded beyond Layer 3 (Figs.

3.4, 3.19, 3.35-3.36). Layer 4 subsequently appeared .to become

continuous as a layer around the entire Stage 2 spore terminating

at the sterigmal apex near the lowermost extension of Layer 3 (Figs.

3.4, 3.19). It was not evident whether Layers 3 and 4 were deposited

on Layer 5 or derived from Layer 5 by the splitting of the pri-

mordial wall. The exact dimensions of Layers 3 and 4 were difficult

to determine because of the transient nature of these wall layers,

and because in all three species studied Layers 3 and 4 fused ir-

regularly to form heterogeneous layers or mounds of electron-dense

and electron-light material (Figs. 3.5, 3.19, 3.37, 3.39). Light

microscopy of spores of Q. ravenelii at the stages shown in Figures

· 3.20-3.22 showed that in Melzer's solution Layer 4 is amyloid,

turning dark blue or dark bluish black.

Stage 3, Egual Enlargement and Organelle Migration: Stage

3 in Q. yubaensis, Q. ravenelii, and Q. subochracea was character-

ized by continued enlargement of the basidiospores, movement of

a variety of organelles into the spore cytoplasm, and further fusion

and complexing of wall layers. Many Stage 3 spores were partially

collapsed or somewhat distorted in appearance. Spores were approxi-

mately 11-15 pm in length in Q. yubaensis, 7-17 ym in length in

Q. ravenelii, and 5-12 Fm in length in Q. subochracea (Table 3.1).
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The overall composition of the spore cytoplasm in Stage 3

was similar to that observed in Stage 2, but spores contained a

greater diversity of organelles (Figs. 3.7, 3.23, 3.25-3.27, 3.43).

Mitochondria were common in Stage 3, and were distributed throughout

the spore cytoplasm as were small or large vacuoles (Figs. 3.7,

3.25, 3.43). Multivesicular bodies were less abundant than in Stage

2 spores and were distributed around the periphery of the spore,

and concentrated near the apex (Fig. 3.7). Lipid droplets and glyco-

gen particles were both numerous in Stage 3 (Figs. 3.7, 3.27, 3.43).

Two sizes of vesicles were present in Stage 3 spores of all three

species. Large vesicles (450-500 nm in diam.), many with electron-

dense cores were found singly or in clusters throughout the cyto-

plasm (Figs. 3.7, 3.25, 3.27, 3.43). Smaller vesicles (70-100 nm

in diam.) were found around the periphery of the cytoplasm clustered

near the wall, and occurred singly throughout the cytoplasm (Figs.

3.7, 3.25, 3.43). Two types of ER were found in Stage 3 basidio-

spores. Small segments (Figs. 3.7, 3.25) or large sheets (Fig.

3.43) of ER were scattered throughout the spore cytoplasm of all

three species. Large bands of peripheral ER were also observed

in spores of Q. yubaensis (Figs. 3.7-3.9). The peripheral ER oc- _

curred in a wide band at the periphery of the cytoplasm, and was

closely appressed to the spore wall midway between the apex and

hilar appendix (Fig. 3.7). The peripheral ER appeared to be a type

of rough ER with ribosomes evident on the cytoplasm-side, and fen-
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strations apparent along the length of the band in longitudinal

section (Figs. 3.8, 3.9). Microtubules forming parallel bands were

observed in the sterigmal apex and extending a short distance into

the spore (Figs. 3.7, 3.24-3.26, 3.40).

The spore wall increased dramatically in thickness during

Stage 3 in all three species studied (Table 3.1). Layers 3, 4,

and 6 appeared to increase greatly in thickness over previous stages,

but fusion and intermixing of individual spore wall layers made

exact dimensions difficult to determine. Layers 5 and 6 began to

fuse with a subsequent increase in thickness of Layer 6 (Figs.

3.25, 3.27, 3.43). Layer 5 remained somewhat distinct as an electron-

dense zone in the outermost portion of Layer 6 (Figs. 3.25, 3.27,

3.43). Layers 3 and 4 continued to fuse and intermix into hetero-

geneous mounds of electron-dense and electron—light material (Figs.

3.13, 3.31, 3.47), except near the hilar appendix where they termin-

ated (Figs. 3.41, 3.42). Layers 3 and 4 in Q. yubaensis and Q.

subochracea remained somewhat distinct throughout Stage 3. Layers

3 and 4 in Q. ravenelii, however, showed a great deal of intermixing

as well as fusion, resulting in electron-dense and electron-light

zones in the ornamentation, and a thick, electron-intermediate

zone covering Layer 5 (Fig. 3.27).

Stage 4, Symmetric Growth: During Stage 4 maximum spore

dimensions were reached: 13-16.7 x 9-12.7 um in Q. yubaensis, 18-

19.8 x 15.5-18 um in Q. ravenelii, and 14.5-11-15.2 x 10-11.6 um

in Q. subochracea (Table 3.1). Stage 4 was characterized by continued
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migration of organelles into the spore cytoplasm, accumulation

of glycogen and lipid, and increfasing thickening of Layer 6.

The Stage 4 cytoplasm in Q. yubaensis, Q. ravenelii, and

Q. subochracea contained large vacuoles, often with an electron-

dense inclusion, many mitochondria, microbodies, and sheets or

segments of ER (Figs. 3.10, 3.28, 3.44). Glycogen particles, and

lipid droplets were numerous, and small and large vacuoles appeared

to be scattered throughout the cytoplasm (Figs. 3.10, 3.28, 3.44).

The overall composition of organelles and cytoplasmic inclusions

in Stage 4 did not differ appraciably from that in Stage 3. The

orthotropic symmetry of Stage 4 basidiospores in relation to the

sterigma was evident in all three species examined. However, consid-

erable variation in the degree of symmetry of the hilar appendix

and sterigmal apex was observed. Stage 4 basidiospores of Q. ·

were often observed to be symmetrical in development, but

attachment of the hilar appendix at the apex of the sterigma was

reclined slightly (Fig. 3.10).

Spore ornamentation became exaggerated during Stage 4, with

large increases in total wall thickness (Table 3.1). The spore

wall still appeared to consist of four layers, although the exact

dimensions of individual wall layers was difficult to determine

because of fusion and intermixing of the layers. Wall Layer 6 showed

the largest increase in thickness during Stage 4 (Table 3.1), and

was much thicker at the lateral abaxial and adaxial region above

the hilar appendix than at the apex or hilar appendix itself (Figs.
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3.28, 3.44). Layer 5 increased little in thickness if at all during

Stage 4 (Table 3.1), and remained as a moderately electron-dense

zone situated between Layers 6 and 4. Layers 3 and 4 continued

to fuse and intermix. The heterogeneous protrusions and zones cre-

ated by the complexing of Layers 3 and 4 were extremely variable

even on the same spore (Figs. 3.14, 3.28, 3.32-3.34, 3.44, 3.48-

3.51). Layer 4 frequently protruded through Layer 3 (Figs. 3.14,

3.44) or was isolated between Layers 5 and 3 (Fig. 3.28). Layers

3 and 4 also commonly became thoroughly mixed into homogeneous,

moderately electron-dense, spines (Figs. 3.33-3.34).
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Table 3.1. Comparison of basidiospore shape, size, and spore wall
layer thickness at successive stages in development of Gymno—
myces yubaensis, Zelleromyces ravenelii, and Martellia sub-
ochracea.

Gxmnemxeesmahaenais
Length anda b

Stage Shape Width (pm) Wall Layer Thickness (nm)
Near Hilam Midpoint Apex

6 19 - 25 19 - 25 10 - 15
1 subspherical 1-2.3xl-2.3 5 55 - 70 55 - 60 55 - 60

to sphérical 1 NA NA NA
2 NA NA NA

6 19 - 25 19 - 25 17 - 202 subcglindrical 2-10.8x3-4.9 5 63 - 77 63 - 77 77 - 85
to o pyriform 4 NA · 39 NA - 39 NA - 58

3 NA -140 NA -116 NA -194

6 23 - 68 55 - 60 55 - 60
3 subglobose 11-14.5x5-8.5 5 57 - 86 50 - 55 57 - 68

· 4 0 · 46 34 - 50 50 - 55
3 0 -113 113 -150 113 -150

6 90 -164 120 -150 100 -140
4 subglobose 13-16.7x9-12.7 5 50 - 91 110 -130 110 -130

4 0 - 60 46 - 60 46 - 60
3 0 -137 115 -135 115 -135

z.axe¤s.L1.i
6

1 subspherical .9-1.5x.9-1.3 5 no Stage 1 spores were observed
_ to spherical é

6 21 - 45 19 - 27 19 - 27
2 subcglindrical 2-7x1.5-5.2 5 87 -107 62 - 83 62 - 83

to o pyriform · 4a NA - 45 35 - 45 40 - 50
b NA 26 - 40 26 - 80

3 0 - 40 54 - 66 41 - 66

6 57 - 85 46 - 80 46 - 60
3 subglobose 7.3-17.3x3.4x14.9 5 76 - 91 50 - 80 50 - 80

4 0 - 80 45 - 50 45 - 50
3 0 -204 340 -540 340 -540

6 81 -190 271 -380 120 -185
4 subglobose 18-19.8x15.5•18 5 80 -163 136 -150 136 -150

4 0 -110 406 -543 271 -406
3 0 -271 135 -271 135 -271

a. Based on measurements of one to several spores for each stage.

b. Wall layer thickness is that attained by one to several spores

during a particular stage as measured near the hilar appendix.

? = not measurable due to oblique sectioning; NA = a particular

wall layer not present.
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Table 3.1. continued.

r1a:.t.e1J.Lasi;b.¤.Qh:.¤s.e¤
Length and bStage Shape Width (pm)a Wall Layer Thickness (nm)

Near Hilam Midpoint Apex

6
1 subspherical .9-1.5x.9-1.5 5 no Stage 1 spores were observedto spherical-

6 32 - 45 40 - 45 40 - 452 subcglindrical 2-4.7xZ-5 S 32 - 91 32 - 40 32 - 40‘ to o pyriform 4 0 - 45 45 - 70 45 - 70
3 0 - 91 50 - 91 79 - 90

6 25 -230 210 -230 210 -230
3 subglobose 5.1-12x3.3-8.4 5 30 -100 100 -130 100 -130

4 0 - 30 30 - 70 30 - 70
· 3 0 -240 140 -170 140 -165

6 25 -406 390 -406 325 -350
4 subglobose 11-15.2x10-11.6 5 30 - 90 100 -130 100 -130

4 0 - 45 45 - 75 45 - 75
3 0 -393 122 -136 95 -136

a. Based on measurements of one to several spores for each stage.
b. Wall layer thickness is that attained by one to several spores
during a particular stage as measured near the hilar appendix.
? = not measurable due to oblique sectioning; NA = a particular
wall layer not present.
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Figs. 3.4-3.6. Stage 2 basidiospores of Gymnomyces yubaensis.
3.4. Early Stage 2 spore showing mitochondria, multivesicular bodies,
vacuoles, glycogen, ribosomes, two sizes of vesicles, lipid droplets,
and small segments of endoplasmic reticulum and spore wall layers.
Note the initiation of spore surface ornamentation, and the small
lomasome near the spore wall. The termination point for wall Layers
3 and 4 are indicated by the unlabelled single arrows. x 20,500.

3.5. Late Stage 2 spore with many mitochondria and segments of endo-
plasmic reticulum, lipid droplets, and a large lomasome. The unlabel-

led single arrows indicate ornamentation composed of heterogeneous

material. x 8,300. 3.6. Higher magnification of Fig. 3.5 and details

of the hilar appendix region and spore wall. Unlabelled double arrows

denote microtubules in the sterigmal apex. x 16,000.

y Key to labelling: ER, endoplasmic reticulum; G, glycogen; L, lipid

droplet; Lo, lomasome; M, mitochondrion; Mv, multivesicular body;

R, ribosomes; V, large vesicles; Va, vacuole; 3, 4, 5, 6, wall

layers numbered inward from the outer layer.
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Fig. 3.10. Stage 4 basidiospore of Gymnomyces yubaensis. 3.10.

Stage 4 spore with many large sheets of endoplasmic reticulum, mito-

chondria, vacuoles, microbodies, lipid droplets, and glycogen parti-

cles. Single arrows denote slight asymmetry in the sterigmal apex.

x 14,200. Figs. 3.11-3.14. Stage 2-4 spores showing wall architec-

ture. 3.11. Early Stage 2 spore. x 51,300. 3.12. Stage 2 spore.

x 38,000. 3.13. Stage 3 spore. The double arrows indicate a mixture

of Layers 3 and 4. x 24,700. 3.14. Stage 4 spore. x 28,600.

Key to labelling: ER, endoplasmic reticulum; G, glycogen; L, lipid

droplet; M, mitochondrion; Mb, microbody; Va, vacuole; 3, 4,

5, 6, wall layers numbered inward from outer layer. .
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Fig. 3.52. Diagram showing the changes in shape and net growth

of Stage 1 to 4 basidiospores in Ggmnomgces zubaensis, Zelleromgces

ravenelii, and Martellia subochracea.



l2l
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Orthotropic basidiospore formation in Gymnomyces yubaensis,

Zelleromyces ravenelii, and Martellia subochracea involves complex

interactions among cytoplasmic and wall layer components. The se-

quence of organelle appearance, and cytoplasmic composition in

developing basidiospores of Q. yubaensis, Q. ravenelii, and Q.

subochracea are similar and comparable to those found during hetero-

tropic spore development in Russula variata and Lactarius lignyotel-

Qgg outlined in Chapter One, and in Macowanites americanus, Qgggg-

geliella crassa, and Elasmomyces russuloides described in Chapter

Two.

The four stages of early orthotropic basidiospore formation

”
were parallel to the four stages of early heterotropic basidiospore

formation. Defining stages in the orthotropic type of spore develop-

ment was more difficult and therefore somewhat more subjective

in orthotropic development because growth essentially remains in

an "Equal Enlargement" McLaughlin (1977) phase throughout spore

development. The "Asymmetric Growth" phase (McLaughlin 1977), and

used in previous chapters to describe heterotropic spore development

in Russula, Lactarius, Macowanites, Arcangeliella, and Elasmomyces

was absent or much reduced in Gymnomyces, Zelleromyces, and Martel-

Qig. Therefore, the terminology of McLaughlin (1977) for hetero-

tropic development, including "Equal Enlargement and Organelle

Migration", and "Elongation", which follow "Inception" in hetero-



122

tropic development, is expanded in orthotropic development to "El0n—

gation and Enlargement", "Equal Enlargement", and "Symmetric Growth".

Malencon (1931) described four phases in the volumetric development

of heterotropic Russula and Lactarius spores: regular in respect

to a center (spherical), reduction in symmetry with respect to

an axis, reduction in symmetry with respect to a plane (decidedly

more development of the abaxial region), and finally reduction

in symmetry of the plane toward the axis of the basidium (additional

adaxial development). Malencon (1931) further suggested that the

morphological development of the spores in the gasteroid Russulales

represents varying degrees of disorganization or decline of the

type of spore development present in Russula and Lactarius. There-

fore, according ix: Malencon's concept, heterotropic-statismosporic

spore development as in Macowanites, Arcangeliella, and Elasmomyces,

would be like spore· development in Russula, which stops at the

third phase. Orthotropic-statismosporic development, such as in

Gymnomyces, Zelleromyces, and Qartellia, would similarly be like

Russula or Lactarius spores, which do not pass beyond the first

phase.

Orthotropic basidiospore symmetry was established early in .

spore formation in Q. yubaensis, Q. ravenelii, and Q. subochracea

and remained throughout later developmental stages. However, the

degree of orthotropism appeared to be a variable phenomenon. Spore

asymmetry in heterotropic basidiospore development has been hypothe-

sized to be under the control of the hilar appendix body (Hugueney
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1972, 1975b; McLaughlin 1977, 1982; Yoon and McLaughlin 1979, 1984).

A hilar appendix body was present in heterotropic species of Lactar-

ggg, Russula, Macowanites, Arcangeliella, and Elasmomyces and it

appeared to initiate early spore asymmetry (Chapters One and Two).

No hilar appendix body was observed in the basidiospore initials

of Q. yubaensis, Q. ravenelii, or Q. subochracea. Stage 1 through

Stage 4 basidiospores in these latter species remained symmetrical

about the axis of the sterigmal apex. However, a portion of one

side of the sterigmal wall below the developing basidiospore often

reclined relative to the axis of the other side of the sterigma

(as shown in Fig. 3.2). The resulting non—parallel orientation

of the sterigmal walls (as seen in longitudinal section) served

to tip the upper portion of the sterigma and basidiospore initial

slightly to the abaxial side in some spores (Fig. 3.2). Slightly

asymmetric sterigmata and spores were observed in later stages

as well (Figs. 3.10, 3.39). A cytoplasmic region reminiscent of

the early stages of the hilar appendix body was observed in some

developing sterigmata, and in sterigmata supporting Stage 1 basidio-

spores near the point at which asymmetrically oriented sterigmal

walls began to recline (Figs. 3.1, 3.2). The hilar appendix body-

like region was only observed in sterigmata, and not in the basidio-

spore initial. The absence of a hilar appendix body at the junction

of the sterigmal apex and basidiospore initial in Q. Xubaensis,

Q. ravenelii, and Q. subochracea presumably resulted in equivalent

wall rigidity, equal enlargement of the spore initial, and formation
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·
of an orthotropic basidiospore. The presence of a hilar appendix

body-like region at the deflection point of asymmetrically oriented

sterigmata in Q. yubaensis supports the hypothesis that the hilar

appendix body is responsible for early asymmetric growth in hetero-

_tropic basidiosporogenesis. The diversity in angles of recline,

heights of the deflection point in the sterigma, and number

ofasymmetricallyoriented sterigma in Q. yubaensis, Q. ravenelii,

and Q. subochracea , suggests that production of asymmetric sterigma

is an extremely variable process. Development of asymmetric ster-

igmata in orthotropic basidiosporogenesis corresponds closely to

establishment of early spore asymmetry in heterotropic basidiospore

formation and suggests that heterotropy and orthotropy may be more

similar than previously believed. The control, origin, and exact

nature of the hilar appendix body has not been established. However,

the extensive observation of its location and development, its

presence or absence, and position in the sterigma or in the hilar

appendix region leads to only one conclusion. It appears to be

highly correlated with the subsequent degree of symmetry that a

developing basidiospore exhibits, and may in fact determine whether

a developing' basidiospore is orthotropic <u· heterotropic. Brower

and Giddings (1980) have shown that morphogenesis, patterns of'

wall deposition and distribution of subcellular components of grow-

ing cells of Micrasterias denticulata are controlled by a "self—

electrophoresis" phenomenon within the cytoplasm of the cell. It



125

is possible therefore that self-generated electric fields could

control cytoplasmic streaming, distribution of cytoplasmic struc-

tures, and wall deposition patterns within a cell (Brower and Gid-

dings 1980). Since control of early spore asymmetry is thought

to be the result of differential wall morphogenesis initiated by

the hilar appendix body, the electrophoresis hypothesis may be

applicable to control of basidiospore morphology. It is interesting

to speculate that small changes in electrophoresis potential may

result in slight differences in placement of the hilar appendix

body, and in turn influence the morphology of a given basidiospore.

Wall layers of Gymnomyces, Zelleromyces, and Martellia spores

varied slightly in time of appearance, thickness, and degree of

linteraction with other wall layers, even within spores from the

same hymenium. However, as in Lactarius, Russula, Macowanites,

Arcangeliella, and Elasmomyces, the layers appear to be consistent

and can be characterized by their position, electron-density, and

presumed rigidity. In Q. yubaensis, Q. ravenelii, and Q. subochracea

Layers 5 and 6 are probably continuous with the innermost layers

in the_ basidium. Layer 5 is the primary layer and presumably gives

support to the sterigma and developing spore. Layer 6 is thin in

both the sterigma and basidiospore initial, but becomes the thickest

·
and best defined layer in Gymnomyces, Zelleromyces, and Martellia

spores. As in other genera of Russulales examined in previous chap-

ters, Layer 6, if continuous and unaltered from sterigma to Stage

4 basidiospores, is presumably rigid. Wall Layers 3 and 4 and iso-
l
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lated mounds of wall material similar in electron-density to the

material found in Layer 4 during later stages become apparent during

early to late Stage 2 in Q. yubaensis, Ä. ravenelii, and M. ä-

ochracea. As in Russula and Lactarius, the derivation and exact

biochemical composition of Layers 3 and 4 are not certain. However,

it is possible that Layer 5 is multilaminate, or heterogeneous

as in Macowanites, Arcangeliella, and Ellasmomyces and differentiates

into more than one layer. Layers 3 and 4 freely fused and intermixed

during development and were often observed to fuse with similar

layers, when touched by adjacent spores. Consequently, it is likely

that Layers 3 and 4 are malleable at first and do not lend much

support to the spore until late in development. Light microscopy

of Gymnomyces, Zelleromyces, and Martellia spores mounted in Mel-

zer's solution indicates that the material in Layer 4 is amyloid,

turning blue or bluish black. Dodd and McCracken (1972) have sug-

gested that amylose, a short-chain, unbranched polysaccharide is

the amyloid material in spores of the Russulales. Layer 3 could

be amylopectin nor another substance that is similar to amylose

and could freely intermix with it. Many degrees of interaction

are possible between wall Layers 3 and 4, producing limitless vari-

ation in the ornamentation seen on each spore. In Q. ravenelii,

the intermixing of Layers 3 and 4 was apparently complete, and

many ornamentation units appeared as moderately electron-dense

spines rather than a mixture of very electron-dense and electron-

light materials. Arcangeliella crassa and Lactarius lignyotellus
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spore ornamentation described in previous chapters also tended

to be homogeneous in electron-density, and suggests close affinities

within the Russulales.

As described previously in other genera of Russulales early

· Stage 3 spores were commonly collapsed or partially distorted and

therefore difficult to examine. Some or all of the four wall layers

present presumably had lost much of their rigidity during Stage

3. McLaughlin (1977) suggests that the peripheral ER, also present

at Stage 3, functions in enzyme secretion for wall softening and

lateral spore wall expansion. This theory is strengthened by the

number of collapsed Stage 3 spores encountered in virtually all

of the material studied. Layers 1 and 2, which are associated with

the pellicle covering the young basidia are frequently absent or

observed as patches adhering to sterigmata and developing basidio-

spore initials. The pellicle is therefore not thought to be involved

in spore wall formation. Little differentiation or specialization

of the wall layers in the hilar appendix region which might predis-

pose the spores to be released were observed during early basidio-

sporogenesis in Q. yubaensis, Q. ravenelii, and Q. subochracea.

ESLJDGDGZÄIQSZ

The sequence of events during orthotropic basidiospore forma-
i

tion is similar in Q. yubaensis, Q. ravenelii, and Q. subochracea,

but appears to be somewhat variable even within a single sporocarp.

Cytoplasmic composition, and the sequences of organelle migration
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into the spore cytoplasm are comparable to those found during hetero-

tropic basidiosporogenesis in other genera of Russulales. Ortho-

tropic basidiospore symmetry is established early in spore formation

and retained throughout development, however, the degree of symmetry

appears to be a variable phenomenon. No hilar appendix body is

present in basidiospore initials of Q. yubaensis, Q. ravenelii,

or Q. subochracea. A hilar appendix body-like cytoplasmic region

may be present in developing sterigmata and sterigmata supporting

early basidiospore initials. Sterigmal walls adjacent to the hilar
l

appendix body-like region deflect asymmetrically, tipping the upper

portion of the sterigma and spore slightly toward the abaxial side.

The action of the hilar appendix body-like region presumably func-

tions in a manner similar to the hilar appendix body, resulting

in differential wall rigidity. Development of asymmetry in ortho-

tropic sterigmata in the presence of the hilar appendix body-like

region is similar to establishment of asymmetry in heterotropic

basidiospore formation. Therefore heterotropy and orthotropy may

be relative terms describing varying degrees of the same phenomenon.

Spore wall architecture, characteristics of the wall components,

and ontogeny of spore—surface ornamentation are similar to those

described previously for species in Russula, Lactarius, Macowanites,

Arcangeliella, and Elasmomyces. Spore ornamentation in Q. yubaensis,

Q. ravenelii, and Q. subochracea however, is thicker and more pro-

nounced than in the other genera studied. In early orthotropic

spore development, no differentiation of spore wall layers in the
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hilar appendix region which_ may predispose spores to be released

was evident.



1
CPIAPTEZR 4

DEVELOPMENTAL ANATOMY ASSOCIATED WITH SPORE RELEASE IN

THE GASTEROID AND AGARICOID RUSSULALES.

]:IQ”IVF{C)I)lJ(]'I‘]ÄC)Iq

Spore release in fungi has received a great deal of attention

especially the mechanisms related to ballistosporic or "forcible"

discharge in Basidiomycetes. No general agreement on the mechanism

of basidiospore discharge exists despite this attention (lngold

1965, 1966, 1971; Webster 1970; van Niel, Garner, and Cohen 1972).

Studies of spore development in the rust fungus Gymnosporangium

nidus-avis by Prince (1943) showed that a flat septum developed

across the neck of the sterigma, and that following spore release,

the hilum of the spore and the end of the sterigma were convex.

Prince (1943) concluded that the secondary walls laid down on either

side of the original septum rapidly rounded-off and bounced the

basidiospore off the sterigma. Brefeld (1877) postulated that basi-

diospores were propelled by a jet of liquid from the sterigmata.

Extensive studies by Buller (1922) confirmed the presence of a

liquid droplet that appears at the adaxial side of the hilar appen-

dix immediately prior to spore discharge. Buller (1922) however,

raised the possibility that surface tension of the drop might in

some manner contain sufficient energy to project the basidiospores.

The presence of an observable "extrusion" at the base of basidio-

spores prior to forcible discharge was not contested by Olive (1964),

130
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who however, claimed that the "droplet" was in fact, a gas bubble

that burst after it reached a certain size and explosively propelled

the spore. Olive's (1964) gas bubble hypothesis conflicts with

several micromanipulator studies (Muller 1954; van Niel, Garner,

and Cohen 1972; Webster et al 1984) which indicate that the adaxial

swelling at the base of developing basidiospores is liquid that

runs up the surface of microprobe needles when touched. Light micro-

scopic observation of the adaxial swelling in liquid mounting media

(Corner 1948; van Niel, Garner, and Cohen 1972), and studies using

transmission electron microscopy (Wells 1965; Yoon and McLaughlin

1979) also have revealed that the swelling is composed of liquid,

and is relatively unaffected by submersion in liquid or processing

for TEM. Several variations on the liquid jet or gas bubble ex-

plosion theories have been proposed (Corner 1948; Savile 1965;

Wells 1965; van Niel, Garner, and Cohen 1972; Gregory 1979). Most

recently however, an electrostatic repulsion of like—charged spores

and basidia has been postulated to be involved in spore discharge,

and is thought to function in conjunction with one or more of the

other hypotheses explaining basidiospore liberation (Gregory 1979;

Savile 1965; van Niel, Garner, and Cohen 1972; Leach 1976, 1980g

1982; Webster, et al 1984).

Even less is known about the release of non-forcibly discharged

or statismosporic basidiospores. Sundberg and Murphy ·(1976) de-

scribed the hilar appendix of Zelleromyces cinnabarinus spores

using scanning lelectron microscopy. Perreau (1977) examined the
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ultrastructural anatomy of the hilar appendix region of spores

in four genera of Gasteromycetes, including Anthurus, Hysterangium,

Hymenogaster, and Chamonixia. Perreau (1977) found that a septum

is formed between the hilar appendix and the spore body just as

it is in spores of ballistosporic Basidiomycetes. She concluded

that statismosporic and ballistosporic basidiospores are struc-

turally very similar. Pegler and Young (1979) suggested that ortho-

tropic-statismosporic basidiospores presumably break away from

the basidium, either at the region of the hilar appendix, or at

a rupture in the sterigmal wall.

The significance of forcible versus non-forcible spore dis-

charge in the phylogeny of Basidiomycetes is uncertain. Oberwinkler

(1982) suggests that species in several major taxa of Heterobasidio-

mycetes have evolved passive spore liberation mechanisms, while

iother taxa remain ballistosporic. A list compiled by Watling (1982) ·

suggests that nearly major families and many genera of agarics

and boletes in the Homobasidiomycetes have gasteroid counterparts

that lack forcible basidiospore discharge. A clear understanding
1

of ballistosporic and statismosporic basidiospore release mechanisms,

morphogenic controls, and plasticity is necessary for proper system-

atic evaluation of Basidiomycetes.

The usefulness of the Russulales as a model for examining

heterotropic, and orthotropic, ultrastructure and presumably bal-

‘
listosporic and statismosporic basidiospore development has been

previously outlined. Characterization of early basidiospore forma-
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tion has thus far provided an ultrastructural basis for comparing

cytoplasmic events, spore wall tegumentation, and differentiation

in the hilar appendix region during various types of spore devel-

opment present in the Russulales. Additional information reported

in this chapter describes late basidiospore development subsequent

to nuclear migration in the eight genera of Russulales examined

previously. The developmental anatomy of spore wall layers, differ-

entiation of the hilar appendix region, and cytoplasmic events

in the spore and sterigma that may predispose spore release are

emphasized. Evolutionary and systematic implications of ballisto-

spore and statismospore formation in the Russulales are discussed.

Developmental events in sterigmata and basidiospores subse-

quent to nuclear migration into the cytoplasm were comparable in

heterotropic—ballistosporic, heterotropic-statismosporic, and ortho-

tropic-statismosporic species of Russulales examined in the present

study. The morphology of the junction between the sterigmal apex

and the hilar appendix was similar in all species studied. In longi-
·

tudinal-section the junction appeared cylindrical, whereas in radial-

section the junction was much narrower, as shown for Martellia

subochracea in Figs. 4.1 and 4.2. Therefore the connection between

the spore and sterigma was not truly cylindrical in cross-section,

but oval or elliptical. However, differences in sterigmal and hilar

appendix anatomy during late spore development were in orthotropic-
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statismosporic, heterotropic-statismosporic, and heterotropic-

ballistosporic species, and will be Characterized separately. Cor-

responding events were not always observed in all species.

Developmental Anatomy hi Martellia subochracea, Zelleromyces

ravenelii, and Gymnomyces yubaensis : Following events in early

spore formation the entire spore wall was greatly thickened distal

to the hilar appendix (Figs. 4.3-4.4). Spore wall Layers 5 and

6 or material presumably derived from these layers tapered proximal

to the sterigmal apex and were continuous with the sterigmal walls,

while Layers 3 and 4 terminated near the lowermost extension of

the hilar appendix (Figs. 4.3-4.7). Subsequent to migration of

organelles and cytoplasmic inclusions into the developing basidio-

spore, an electron-light region developed in the sterigmal apex,

transversely delimiting the sterigma and the basidiospore (Figs.

4.6-4.8, 4.9, 4.16). The transverse electron-light region was bound—

ed laterally on both the basidiospore side and the sterigmal side

by electron-dense material, which also separated the cytoplasm

in the sterigmal apex from the wall of the sterigma (Figs. 4.6,

4.10, 4.12). The electron-dense material presumably had a three

dimensional, doughnut-like configuration (Figs. 4.6, 4.11, 4.12,

4.16). The electron-dense material was rarely observed to form

a complete layer bordering the transverse electron-light region,

rather than lateral accumulations (Fig. 4.10). The cytoplasm in

the sterigmal apex contained numerous lomasome-like vesicles (Figs.

4.6, 4.9, 4.17).
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Later in development, cytoplasm in the spores became extremely

electron-dense (Figs. 4.8, 4.10-4.12). Cytoplasm in the sterigmata

also became electron-dense, except for a large electron-light zone

at the sterigmal apex where the transverse electron-light region

had been observed in earlier stages (Figs. 4.10, 4.17). The electron-

light zone contained a few lomasome-like vesicles (Fig. 4.10).

A thin, well defined septum was evident near the apex of the elec-

tron-light zone (Figs. 4.11, 4.12). Electron-light plugs of striate

wall material delimiting the septum appeared first in the sterigmal

apex, and somewhat later in the hilar appendix (Figs. 4.11, 4.12,

4.18). The plug that developed in the hilar appendix and delimited

the distal half of the septum appeared to arise from an oval plug-

forming body, best seen in Figs. 4.8, 4.11, 4.12, which appeared

to migrate into the hilar appendix. Since the basidiospore cytoplasm

was separated from the sterigmal cytoplasm by the septum, the origin

of the plug-forming body presumably was in the spore. As shown

in Figs. 4.11, 4.12, and 4.18, the plug—forming body had approxi-

mately the same dimensions as the hilar appendix, and was moderately

electron-dense overall, concentrically zonate near the base, and

granular in appearance at the apex. The concentric zonations in

the base of the plug—forming body coincided with the striations

in the material that comprised the electron-light plug in the hilar

appendix (Fig. 4.11). The plugging material that developed in the

hilar appendix was variable in electron-density, being electron-
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light near the septum, extremely electron—dense in the mid—region,

and only moderately electron-dense nearest the spore cytoplasm

(Figs. 4.11, 4.12). In the latest stages of hilar plug formation,

the spore cytoplasm became delimited from the hilar appendix by

wall material that was similar in consistency and electron-density

to the thickest, innermost wall layer already present in the spore

(Figs. 4.14, 4.15, 4.19).

During the final phases of the orthotropic type of basidio-

spore development, the sterigmata frequently appeared to become

disorganized and rapidly deteriorated (Figs. 4.11-4.12, 4.14-4.15).

The sterigmal walls were often collapsed, and appeared deliquescent

(Figs. 4.14, 4.15, 4.20). The spore wall layers which tapered through-

out the length of the hilar appendix during early development re-

mained relatively intact a short distance beyond the transverse

septum (Figs. 4.11-4.12, 4.14-4.15, 4.20). Spores which are found
1

unattached to sterigmata commonly retained a portion of the ster-

igmal wall (not shown). More frequently however, the hilar appendix

of detached spores retained only a portion of the sterigmal wall

(Figs. 4.13, 4.20).

Develogmental Anatomy in Elasmomyces russuloides, Agggg-

geleilla crassa, and Macowanites americanus : The process of late

spore development in heterotropic and putatively statismosporic

species was similar to that described for the orthotropic species.

Wall layers that developed during early spore development remained
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evident during late spore development. wall Layers 5 and 6 became

tapered along the length of the hilar appendix, yet remained contin-

uous with the walls of the sterigmata (Fig. 4.30). Layers 3 and

4 terminated at the base of the hilar appendix (Fig. 4.22). The

basidiospore cytoplasm and sterigmal cytoplasm became delimited

by a transverse, electron-light region in the sterigmal cytoplasm,

shown early in formation in Figs. 4.29 and 4.35. A large electron-

light zone appeared in the sterigmal apex (Figs. 4.23, 4.36), fol-

lowed by an increase in electron-density in both the spore cytoplasm

and the cytoplasm in the sterigmata. A plug-forming body appeared

in the hilar appendix distal to the transverse electron—light region

(Figs. 4.21, 4.22, 4.37). An electron-light plugging layer formed

in the sterigma apex (Figs. 4.30, 4.37), while a similar electron-

light plugging layer became apparent in the hilar appendix (Figs.

4.30, 4.38). Both plugging layers appeared to be somewhat striate

in consistency. The plugging layers in both the hilar appendix

and the sterigmal apex subsequently increased in thickness (Figs.

4.24, 4.25). An abscission zone which became evident between the

plugging layers in the sterigmal apex and the hilar appendix, in-

- creased slightly in thickness and became moderately electron-dense

(Figs. 4.24, 4.25, 4.30, 4.38).

During the final stages of late spore development the spore

walls appeared to become indistinct adjacent to the abscission

zone (Figs. 4.25, 4.32, 4.38). In many cases wall Layers 5 and
“

6 had totally disappeared (Figs. 4.24, 4.31). In Arcangeliella
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1
crassa the abscission zone was observed to tear transversely along

its length (Figs. 4.26, 4.40). Detached spores of A. crassa showed

a comparable, roughened face that presumably was formed by release

of the spore along the abscission zone (Figs. 4.27, 4.28). In some-

what older spores of Macowanites americanus however, the abscission

zone had become electron-light and no longer appeared striate in

consistency, but was floccose (Fig. 4.31), or appeared devoid of

material (Figs. 4.32, 4.39). The apparent change in electron-density

in the abscission zone of developing Q. americanus spores coincided

with the appearance of a liquid droplet of material adjacent to

the adaxial side of the hilar appendix (Figs. 4.31, 4.39). The

droplet was electron—dense overall, but appeared grainy in texture

because of‘the presence of electron·translucent particles scattered

throughout. The material in the droplet was similar to the material

comprising the plug-forming body in Elasmomyces russuloides as

1
seen in Figs. 4.21 and 4.31. Droplets were also observed adhering

to the apex of sterigmata that presumably had previously supported

basidiospores (Figs. 4.33, 4.34). The origin of the droplet was _

not evident. No droplet was observed in either Q. russuloides or

A. crassa.
l 1

Developmental Anatomy in Lactarius lignyotellus, and Russula

variata : Following early spore development, spore wall Layers

3, 4, 5, and 6 were evident (Fig. 4.41) but became differentiated

in the hilar appendix region following nuclear migration in the
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spore cytoplasm (Figs. 4.42-4.46). Layer 5 became fused with Layer

6, and remained as an electron-dense zone in the outer portion

of Layer 6 (Fig. 4.44). Layer 6 became extremely thick distal to

the hilar appendix (Fig. 4.42). Layers 3 and 4 freely fused and

intermixed distal to the hilar appendix, but generally appeared

to terminate at or slightly below the lowermost extension of the

hilar appendix (Figs. 4.41, 4.44, 4.45). Layers 5 and 6 or material

presumably derived from them fused in the adaxial side of hilar

appendix to form a thickened, lens—shaped segment of wall at the

point where the hilar appendix body was located during early devel-

opment (Figs. 4.44, 4.54). The lens-shaped segment of the hilar

appendix wall appeared to be continuous with the sterigmal wall

_ layers, and was positioned a short distance distal to the terminus

of wall Layers 3 and 4 (Figs. 4.44, 4.54). The lens-shaped wall

segment appeared to be striate in texture, and was considerably

more electron-dense that wall layers continuous with it in the

spore or sterigma as shown in Fig. 4.44. Slightly later the proximal

end of the lens-shaped wall segment tapered to a point and became

discontinuous with the sterigmal wall layers near the lowermost

extension of the hilar appendix (Figs. 4.45, 4.46, 4.55). A smaller,

slightly more electron-dense striate region, best seen in Fig.

_ 4.46, was observed appressed to the now terminated lens-shaped

wall segment. The moderate electron-density and the striate appear-

ance of the region were consistent with the inner portion of the

lens-shaped wall segment described earlier and may have been present
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when the lens-shaped segment was forming. The wall layers on the

abaxial side of the hilar appendix remained continuous with the

sterigmal wall layers (Fig. 4.45).

In the last phase of spore development observed for Q. lignyo—

tellus Layers 5 and 6 had increased uniformly throughout the lenth

of the hilar appendix body, and remained discontinuous with the

sterigmal wall layers (Fig. 4.43). The striate region was much

reduced, and was evident only as a thin electron-dense layer appres-

sed to the inside adaxial wall of the hilar appendix (Fig. 4.43).

The lens-shaped segment of the hilar appendix wall was therefore

no longer evident. A large electron-translucent zone appeared in

the adaxial wall of the hilar appendix (Figs. 4.43, 4.56). The

spore wall layers remained continuous with the sterigmal wall layers

on the abaxial side of the hilar appendix, except for the termin-

ation of Layers 3_and 4 as mentioned previously (Fig. 4.43). Layers

3 and 4 on the adaxial side of the hilar appendix were less apparent

than in slightly earlier stages, and appeared to have deteriorated

slightly (Fig. 4.43). The wall of the sterigma, which overlapped

with the tapered wall of the hilar appendix on the adaxial side,

terminated a short distance distal to the hilar appendix (Fig.

4.43). Therefore, the anatomy of the adaxial wall of the hilar

appendix appeared as a ball-and-socket joint, with the thick hilar

appendix wall appressed inside the sterigmal wall (Figs. 4.43,

4.57). .
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Following wall differentiation in the hilar appendix in Russula

variata, a transverse electron-light region developed in the ster-

igmal apex proximal to the termination point for the adaxial hilar

appendix wall (Figs. 4.48-4.50, 4.55). At about the same time,

an oval plug-forming body was observed in the hilar appendix region

(Figs. 4.47, 4.56). The plug-forming body was electron-dense, and

appeared grainy in texture (Fig. 4.47). Later developmental stages

were not present in TEN preparations of either Russula or Lactarius.

However, observation of discharged spores, and sterigmata that

presumably had previously supported spores, as evidenced by a thick

sterigmal plug, indicated that developmental anatomy during late

spore development was similar to that in heterotropic, putatively

statismosporic species. Sterigmata remaining after basidiospore

release were upright, filled with electron-dense cytoplasm, and

contained a plug of electron-light material near the apex (Fig.

4.53). Also, as shown in Fig. 4.53, there appeared to be a thin

layer of electron-dense material covering the distal portion of

the sterigmal plug. Presumably plugging layers had formed on both

the hilar appendix and sterigmal side of the transverse septum,

as depicted in Figs. 4.56 and 4.57. Discharged spores possessed

a ragged scar located near the base of the hilar appendix and slight—
E

ly off center on the adaxial side (Figs. 4.51, 4.52). The location

of the scar corresponded to the area of wall differentiation on

the adaxial side of the hilar appendix. The base of the hilar appen-
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dix was electron-dense and somewhat flattened (Figs. 4.51, 4.52),

and presumably served as the attachment point of the spore to the

electron-dense abscission zone. Several different plugging materials

were presumably present in the hilar appendix, owing to the differ-

ent degrees of electron-density and texture of the materials as

best seen in Figs. 4.51 and 4.52. The base of the hilar appendix

was composed of electron-dense material, with an adjacent zone

of electron·light material immediately proximal to the spore (Fig.

4.52). These regions of the hilar appendix appeared to be similar

to the electron-dense transverse septum and the electron-light

plugging layer at the base of the hilar'appendix described earlier

in Nacowanites. A moderately electron-dense region was observed

even more proximal to the spore, while the region of plugging mate-

rial nearest the spore cytoplasm appeared to be a conglomerate

of electron-dense and electron·light material. No adaxial droplet

was observed with the TEN in either Lactarius or Russula.
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Figs. 4.54-4.57. Line diagrams of successive stages in late hetero-
tropic spore development observed in Lactarius lignyotellus, Russula
variata, and Russula sanguinia, showing the lower portion of the

basidiospore, and the sterigmal apex. 4.54. Formation of the lens- —

shaped wall segment in the adaxial hilar appendix wall, and the ter-

mination point for the outermost wall layers (unlabelled arrows).

4.55. Basidiospore in which the innermost wall layers have become

discontinuous with the walls in the sterigma (unlabelled large arrow).

An electron-dense striate region is evident appressed to the inner

surface of discontinuous wall segment, and plug-forming body is evi-

dent in the spore cytoplasm. A transverse electron-light region has

delimited the cytoplasm in the sterigma from the cytoplasm in °the

basidiospore. The two unlabelled small arrows indicate the termination

points for the outermost wall layers. 4.56. Basidiospore in which

a plug has formed in the sterigmal apex. A small electron-light zone

containing lomasome vesicles may or may not remain in the sterigma

below the sterigmal plug. The plug-forming body has apparently de-

scended into the hilar appendix and presumably begun to synthesize

plugging material adjacent to the abscission zone. The unlabelled

large arrow denotes the termination point for the innermost wall

layers, while the unlabelled double arrows indicate deterioration

of the outermost wall layers. An irregular electron-translucent zone

may be present in the discontinuous wall segment. 4.57. Basidiospore

presumed ready for discharge. The electron-translucent zone has en-

larged, and there are plugging layers in the sterigma and hilar appen-

dix bordering the abscission zone. Further deterioration of the outer-

most wall layers on the adaxial side is indicated by the double arrows.

Key to labelling: Ab, abscission zone; ELZ, electron-light zone;

Lo, lomasome vesicles; LSW, lens-shaped wall segment; PFB, plug-

forming body; P , sterigmal plug; P1, P2, distinctive regions of

the hilar appendfä numbered acropetally; SR, electron—dense striate

region; T, electron-translucent zone; TER, transverse electron-

light region.
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DI SCUSSIGN

Developmental anatomy following nuclear migration into the

spore cytoplasm is remarkably similar inorthotropic·statismosporic,heterotropic—statismosporic,

and heterotropic-ballistosporic species

of Russulales. The junction between the sterigmal apex and the

basidiospore is thinner in longitudinal—section than in radial-

section, as shown in Figs. 4.1 and 4.2. Presumably the oval or

elliptical connection between the spore and sterigma as viewed

in cross—section functions in spore release. A transverse electron-

light region that delimited the cytoplasm in the basidiospore from

the cytoplasm in the sterigma was observed in all species of Russu-

lales examined. A transverse electron-light region at the sterigmal

apex has also been observed in Eggig latemarginata (Hoch and Setliff

1976), Lentinus edodes (Nakai 1978; Nakai and Ushiyama 1974), and

Schizoghyllum commune (Wells 1965), and appears to be the initial

step in basidiospore release. Likewise, all species of Russulales

examined, regardless of basidiospore morphology, formed plugging

layers in the apex of the sterigma and in the base of the hilar

appendix that are separated by a transverse septum. The farmation

of mirrored plugging layers is also consistent with transmission

electron micrographs of other fungi (Wells 1965; Nakai 1975, 1978;

Nakai and Ushiyama 1974), although no one has previously commented

on the significance of plugging layers in both the sterigma and

hilar appendix. The biochemical composition of the plugging layers
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in the sterigmal apex and the hilar appendix is unknown. The plug-

forming body may be responsible for synthesis of the plug in the

hilar appendix. The formation of the plug in the sterigmal apex

is also unclear. Moore and McAlear (1961) suggest that lomasomes

function in fungal wall biosynthesis. Consequently the lomasome

vesicles observed in the electron-light region, best seen in Figs.

4.6, 4.8, 4.10, and 4.11, may be responsible for synthesis of the

plugging material in the sterigmal apex. The transverse septum,

which may develop into and abscission zone between the two mirrored

plugging layers, is also common in most species of Russulales exam-

ined, and has not been previously reported. ,

Architecture of the spore wall is comparable in early hetero-

tropic and orthotropic spore development as described in previous

chapters, and remains so throughout late spore development. Aside

from similarities in developmental anatomy among members of the

Russulales, differences were noted in spore wall architecture that

may be significant in understanding basidiospore release mechanisms.

In all species of Russulales examined wall Layers 3 and 4 terminated

near the lowermost extension of the hilar appendix, while Layers

5 and 6 remained continuous with the wall layers present in the

sterigma. Layers 3 and 4 often increased dramatically in thickness

above the termination point. Layer 6 also increased greatly in

thickness, and became the thickese wall layer in the spore at the

end of early spore development. Layer 5 increased only slightly
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in thickness during early spore development. However, during late

orthotropic spore development in Gymnomyces, Martellia, and Zel1er0·

Layer 5 increased substantially in thickness in the hilar

appendix as best seen in Figs. 4.11 and 4.12. More importantly,

the increase in the thickness of Layer 5 also presumably corresponds

to an increase in rigidity. Since Layer 5 is continuous with a

similar wall layer in the sterigma, the hilar appendix—sterigma1

wall remains rigid a short or long distance proximal to the abscis-

sion zone. The rigidity of Layer 5, and the resulting extension

of the hilar appendix wall are evidenced by the short or long wall

projections in Zelleromyces spores still on sterigmata or those

that have been released as shown in Figs. 4.11-4.13. Presumably,

many spores in orthotropic species do not detach readily along

the abscission zone, but remain attached until the sterigmata col-

lapse and deliquesce.

A well developed abscission zone was present in heterotropic

species of Arcangeliella, Macowanites, and Elasmomyces. In these

genera however, wall Layers 5 and 6 became indistinct a short dis-

tance distal and proximal to the abscission zone (Figs. 4.24, 4.25).

A moderately electron-dense material is faintly evident laterally

above and below the abscission zone where wall Layers 5 and 6 had

previously been (Fig. 4.25). This moderately electron-dense material

presumably represents the remains of Layers 5 and 6 which have

been enzymatically degraded in some manner. The spores of _A_. crassa
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detach along the abscission zone (Fig. 4.26), but the exact mech-

anism of release is unknown. Since wall Layers 3 and 4 terminate

distal to the abscission zone, and Layers 5 and 6 become indistinct

and are presumably enzymatically weakened in the vicinity of the

_ abscission zone, there appears to be little support for the spore.

It is possible that the abscission zone is weak enough to allow

detachment of the spore from the sterigma simply by gravitational

forces acting on the weight of the spore.

The wall layers of the hilar appendix in Lactarius, Russula,

and Macowanites became further differentiated in late spore develop-

ment. The thickest, innermost wall layer, apparently a compound

wall layer resulting from fusion of Layers 5 and 6, became discon-

tinuous with the sterigmal wall as best seen in Lactarius in Figs.

4.43-4.46. Layers 3 and 4 which became evident during early spore

development, terminated a short distance down the sterigma from

the new terminus for Layers 5 and 6, and overlapped slightly with
‘

Layers 5 and 6. Subsequently, the plug that developed transversely

in the hilar appendix closed the gap between the terminus for Layers

5 and 6 on the adaxial side, and Layers 5 and 6 in the abaxial

wall. Therefore, a ball-and-socket joint was formed between the

hilar appendix and the sterigmal apex, as depicted in Fig. 4.56,

with the abscission zone directly beneath. More importantly however,

since the innermost wall Layers 5 and 6 terminate in ‘the hilar

appendix, Layers 3 and 4 presumably provide the majority of support
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for the spore. Layers 3 and 4 were extremely malleable, and provided

little rigidity for the spore wall during early spore development,

as discussed in Chapters 1, 2, and 3. In addition to the abscission

zone, a weakened point probably occurs at the junction of the basi-

diospore and the adaxial side of the sterigmal apex at the interface

between the terminus for Layers 5 and 6, and the overlapping segment

of Layers 3 and 4. A similar ball—and—socket arrangement was shown

in transmission electron micrographs of Schizoghyllum commune (Wells

1965) and Lentinus edodes (Nakai 1975, 1978; Nakai and Ushiyama

1974), although preservation of the outer wall layers was poor

in the latter, and in Boletus rubinellus (Yoon and McLaughlin 1979).

An electron-translucent zone became evident in the now terminated
I

segment of wall Layers 5 and 6 in some developing Lactarius spores,

as seen in Fig. 4.43. Similar electron—translucent zones were ob-

served in Russula and Lactarius spores during early spore develop-

ment (Chapter 1), and in Cogrinus cinereus, Boletus rubinellus,

and Qggig latemarginata (McLaughlin 1973, 1977; Yoon and McLaughlin

1979, 1984; Hoch and Setliff 1976). Yoon and McLaughlin (1979)

~ have suggested that development of a translucent zone in the wall

l
near the hilar appendix is necessary for ballistosporic discharge.

An electron-translucent zone has not been observed in Macowanites,

Arcangeliella, or Elasmomyces, although development of the electron-

translucent zone apparently is quite variable in its time of appear-

ance. '
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Formation of a discharge droplet remains pivotal in most

hypotheses on forcible basidiospore discharge (Webster 1970; Ingold

1971; van Niel, Garner, and Cohen 1972). Prince (1943) however,

hypothesized that spore discharge did not rely on formation of

a liquid droplet. He postulated that a rapid rounding-off of secon-

dary walls laid down on either side of a septum caused basidiospores

of Gymnosgorangium to bounce off the sterigmata. Although in members

of the Russulales, sterigmata that have been. observed subsequent

to spore release, do exhibit a convex apex; the morphology of the

plugging layer at the sterigmal apex remains essentially identical

before and _after spore release as shown in Figs. 4.30-4.34, and

4.53. The "rounding-off" hypothesis of Prince (1943) presumably

does not apply to hymenomycetous basidiomycetes. The existence

of a plugging layer at the sterigmal apex also implies that the

"squirting" mechanism of Brefeld (1877), whereby basidiospores

are propelled by a jet of liquid from the sterigma, does not explain

forcible discharge. It is ironic that an exudation droplet was

observed near the hilar appendix of Macowanites americanus spores,

where forcible spore discharge is thought not to occur, and a drop-

let was not observed with TEM in either Russula or Lactarius where

forcible discharge is known to occur. Observation of a liquid drop-

let in Macowanites suggests that Olive (1964). was incorrect in

his assumption that the droplet was a gas bubble. Although the

composition of the discharge droplet has not been fully elucidated,
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TEN preparations by Wells (1965) and Yoon and NcLaughlin (1979),

leave little doubt that the droplet is liquid in consistency. Buller

(1922) characterized the liquid in the droplet as a unique colloidal,

mucilagenous substance that sets rapidly and possibly contains

calcium oxalate crystals. The droplet observed in Nacowanites (Fig.

4.31) is granular in consistency, and electron-dense to moderately

electron-dense, as are the droplets reported in other TEN studies,

(Wells 1965; Yoon and NcLaughlin 1979). However, the fact that

a liquid droplet was observed in N. americanus does not conclusively

demonstrate that ballistosporic discharge occurs in Nacowanites.

The origin of the liquid droplet in developing basidiospores and

sterigmata has not been determined. The position of the droplet

observed in N. americanus in Fig. 4.31 is slightly distal to the

base of the hilar appendix, and _therefore is presumably not at

its locus of origin. It is possible the droplet has been disrupted

during preparation for TEN. Since plugging layers have been observed

in the sterigmal apex of several different genera of the Russulales,

and other genera of Basidiomycetes (Wells 1965; Nakai 1975, 1978;

Nakai and Ushiyama 1974), the sterigma is unlikely to be the source

of the droplet. Buller (1922) and more recently Webster et al (1984)

using simple experiments determined that a liquid droplet is exuded

from basidiospores, even after removal from their sterigmata. Pre-

sumably the droplet exuded from detached basidiospores is derived

in the same manner as the droplet that forms in situ at the hilar

appendix.
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From the study of basidiospore anatomy during late spore

development, there are two possibilities that may explain the forma-

tion of a liquid discharge droplet. The first hypothesis stems

from the observation in Macowanites americanus that the abscission

zone increases in thickness and in electron-density during most

of late spore development (Fig. 4.30). Somewhat later, however,

concurrent with the appearance of the droplet, a portion of the

abscission zone appears to have lost much of its electron-density

(Fig. 4.31). Therefore, expansion of electron—dense material in.

the abscission zone could result in formation of the droplet, and

separate the spore from the sterigma. The first hypothesis has

several disadvantages. The material in the abscission zone, although

‘
somewhat electron-dense, does not resemble the material in the

droplet. Neither does it contain sufficient volume, even with expan-

sion, to approximate the volume of the droplet. In addition, expan-

sion of material in the abscission zone would probably be as likely

to result in the formation of a droplet on the abaxial side as

on the adaxial side. Lastly, expansion of the abscission zone does

not account for the scar visible on the adaxial side of the hilar

appendix of discharged spores, as shown in Figs. 4.51 and 4.52.

The second hypothesis suggests that material within the hilar appen-

dix is exuded through a weakened zone in the hilar appendix wall,

thereby producing a droplet. A similar hypothesis was initially

proposed by Buller (1922). The material found in the developing

spore that most closely resembles the liquid droplet produced in



172

Macowanites americanus, is found in the plug—forming body, which

was observed in the hilar appendix of nearly all genera examined

» (Figs. 4.8, 4.11, 4.12, 4.21, 4.22, 4.47). The nature and derivation

of the plug—forming body is unknown, but it appears to be formed

in the spore, positioned near the base of the hilar appendix, and

is possibly involved in synthesis of the hilar appendix plugging

material. There appear to be several different plugging materials

present in the hilar appendix, since there are different degrees

of electron-density and texture within it (Figs. 4.51, 4.52). Olah

and Reisinger (1974, 1981) have also distinguished several different

types of plugging materials in the hilar appendix, although the

biochemical identity of the compounds is yet to be determined.

The plug-forming body in addition, may have, some enzymatic proper-

ties that function in forcible spore discharge. As shown in Fig.

4.52 the inner walls of the hilar appendix appear to be somewhat

indistinct in already discharged basidiospores in comparison with

earlier stages, and are partially fused with the plugging materials.

It is possible that upon synthesizing plugging material above and

below its position in the hilar appendix the plug-forming body,

or material derived from it becomed enzymatically active and expands.

The resulting pressure on the weakened adaxial wall of the hilar

appendix would rupture the wall, form the scar, and release the

material in droplet form. It is also possible that the plug-forming

body produces a material that has elevated osmotic potential and

is capable of drawing water from the spore or from the environment,
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thus expanding and rupturing the weakened adaxial wall. The latter

hypothesis is particularly appealing in light of findings by Hawker

and Madelin (1976) who suggest that spores of many fungi actually

eliminate water from the cytoplasm in preparation for dormancy.

Olive (1964) found that basidiospores of Sporobolomyces that failed

to discharge, were retained on their sterigma and began to germinate

in situ. More ultrastructural and biochemical evidence must be

gathered before the mechanism of droplet formation can be adequately

explained.

The similarities in basidiospore morphology and ultrastructure

between Russula and Lactarius, and Macowanites and Arcangeliella

can no longer be ignored. Developmental events in the cytoplasm

and spore wall during early and late spore formation do not differ

significantly among the heterotropic species of the Russulales.

Therefore the "force" which is found in forcible or ballistosporic

discharge, and presumably differs so distinctly from statismosporic

basidiospore release, is in question. Although the exact force

by which ballistosporic basidiospores are discharged could not

be determined in the present study, the developmental anatomy of

the hilar appendix·sterigmal region has a direct bearing on spore

release and can be discussed with current hypotheses in mind. One

of the most attractive of these hypothese concerning the force

propelling ballistosporic basidiospores during discharge involves

electrostatic forces, whereby like—charges on basidia and basidio-
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spores forcibly repel spores from their places of origin (Savile

1965; van Niel, Garner, and Cohen 1972; Leach 1976, 1980, 1982;

Gregory 1979; Webster et al 1984). Leach (1976) convincingly demon-

strated that decreasing relative humidity increases electrostatic

potential, and spore discharge. Leach (1976) also showed that under

conditions of constant high relative humidity little electrostatic

potential is derived, and few spores are discharged. Therefore,

Leach hypothesized that changes in relative humidity, and corre-

lsponding changes in electrostatic potential, could cause spores

of any fungus to be forcibly discharged, as long as a separation

or constriction formed between the spore and its place of origin

(Leach 1976). A progression in the Russulales from production of

heterotropic-ballistosporic to heterotropic-stati'smosporic and

orthotropic-statismosporic basidiospores correlates with a progres-

sion from production of an entirely exposed hymenium, to a hymenium

that is rarely exposed and a hymenium that is never exposed to

the environment. Presumably, successive reduction in hymenial expo-

sure results in increasing humidity surrounding the hymenial ele-

ments. Olive (1964) in studying forcible basidiospore discharge

in Sporobolomyces found that frequently, under very humid conditions,

the discharge droplet failed to form, and the basidiospores were

left attached to their sterigma. lt is possible therefore, that

in gasteroid genera with an enclosed hymenium, many heterotropic

basidiospores fail to become discharged because of the effect that

humidity has on the discharge mechanism, and not because of inherent
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differences in their ultrastructure and development. Singer and

Smith (1960) and Pegler and Young (1981) have reported spore depos-

its derived from several species of Macowanites. Presumably the

spores were ballistosporically discharged. The distinction between

heterotropic-statismosporic and heterotropic-ballistosporic genera

such as Russula and Macowanites, and Lactarius and Arcangeliella

appears to be only a minor change in the discharge mechanism. It

is equally probable that there is no difference in the discharge

mechanism but only a change in the frequency of discharge condi-

tioned by microenvironment in the fruiting body. _

ESIJDGDGZXIRXZ

The exact mechanisms by which basidiospores are ballisto-

sporically or statismosporically released from the sterigma remain
h

unclear. Characterization of developmental anatomy in the hilar

appendix region prior to basidiospore release, however, may be

an important contribution to our understanding of the discharge

mechanisms. Developmental anatomy following nuclear migration inton

the spore cytoplasm is remarkably similar in orthotropic-statismo-

sporic, heterotropic-statismosporic, and heterotropic—ballistosporic

species of Russulales. A transverse electron—light region develops

in the sterigmal apex delimiting the sterigmal cytoplasm from the

basidiospore cytoplasm. The transverse electron-light region en- .

larges into an electron-light zone, which often contains lomasome
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vesicles. Subsequently, a plugging layer develops in the sterigmal

apex. The plug—forming body, a newly described cytoplasmic region

in the basidiospore, descends into the hilar appendix and is presum-

ably responsible for synthesis of the hilar appendix plugging mate-

rial. The moderately electron-dense layer that forms between the

plugging layers in the sterigmal apex and hilar appendix becomes

a septum or abscission zone, which presumably functions in spore

release. In the orthotropic type of basidiospore development, the

spores do not appear to consistently separate from the sterigma

along the septum, but may remain attached until deterioration of

the sterigma occurs. In the heterotropic type of basidiospore devel-

opment, both statismosporic and ballistosporic spores separate

from the sterigma by cleavage along the abscission zone. The exact

force by which ballistosporic basidiospores are discharged could

not be determined in the present study. However, two hypotheses

for derivation of the adaxial liquid droplet thought to be involved

in forcible spore discharge are presented. One hypothesis is that

electron-dense material found in the abscission zone and at the

base of the hilar appendix swells because of increased uptake of

water from the environment. The second, more tenable hypothesis

is that a specialized substance produced in the hilar appendix

.mediates the rapid withdrawal of water from the spore cytoplasm.

The material would swell, rupturing the weakened adaxial hilar

appendix wall, thereby forming the liquid droplet, and perhaps

separate the basidiospore from its sterigma.
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The Russulales as conceived by Pegler and Young (1979, 198la)

are aa very homogeneous order of agaricoid and gasteroid Basidio-

mycetes easily delimited from the Agaricales. Members of the Russu-

lales share many similarities in tissue organization and spore-

surface ornamentation even though some taxa are agaricoid, some

are gasteroid, and others are intermediate between truly agaricoid

and truly gasteroid in sporocarp morphology. The morphological

and anatomical characteristics that serve to delimit taxa in the

Russulales are somewhat variable especially at the generic level,

and often show a marked degree of graduation between genera (Singer

and Smith 1960). Within the Russulales Pegler and Young (1979,·

° 1981a) have distinguished two families. Members of the Russulaceae

are heterotropic, with Russula and Lactarius being ballistosporic,

while Arcangeliella, Cystangium, and Macowanites are thought to

be statismosporic. Members of the Elasmomycetaceae are orthotropic,

and Elasmomyces, Martellia, Gymnomyces, and Zelleromyces are all

putatively statismosporic. Basidiospore morphology and spore release

characteristics therefore are emphasized as systematic character-

istics in the Russulales. A clear understanding of basidiospore

formation, developmental anatomy, and spore release mechanisms,

is therefore necessary before a natural classification of the Russu-

lales can be accomplished. The production of heterotropic-ballisto—

sporic, heterotropic-statismosporic, and orthotropic-statismosporic

177
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basidiospores in the Russulales provides an ideal model for exam-

ining basidiospore development and spore release phenomena.

Spore wall architecture and ontogeny of spore surface ornamen-

tation is very similar in all species of Russulales examined, re-

gardless of systematic classification. The usefulness of TEN prepa-

rations of basidiospores in discerning systematic relationships

among the Russulales is debatable. The extreme variability observed

in wall layer thickness, and degree of intermixing of wall layer

components, even within spores from a single sporocarp, would seem

to preclude the usefulness of these data at the species level.

A TEN analysis of spore wall layer thickness and developmental

reconstruction of spore-surface ornamentation however, may be useful

at the generic and possibly the familial level. The thoroughly

intermixed, moderately electron-dense ornamentation found in species

of Zelleromyces and Arcangeliella was also found in species of

Lactarius. Species in these genera therefore are presumably much

more closely related to each other than to species in other genera,

intimating that perhaps all of the Lactarius-like Russulales should

be systematically clustered together, rather than divided between

the Russulaceae and the Elasmomycetaceae. The small number of species
·

examined in the present study prohibited large scale systematic

comparisons of spore wall architecture. However, now that the devel-

opment and appearance of spore wall layers in the Russulales has

been characterized, a representative survey of the order will un-

doubtedly elucidate systematic relationships.
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Although the presence of prominent amyloid ornamentation
V

distinguishes the Russulales from most other Basidiomycetes, the

overall development of the spore wall is not too dissimilar from

that observed in Coprinus (Hugueney 1972; McLaughlin 1973, 1977,

1982) and Boletus (Yoon and McLaughlin 1979, 1984). More detailed

biochemical identification of spore wall components is needed before

broader systematic relationships with fungi outside of the Russu-

lales can be properly assessed.

Basidiospore formation is a complex phenomenon involving

interaction between cytoplasmic and spore wall components (McLaugh-

lin 1973, 1977, 1982; Yoon and McLaugh1in 1979, 1984). The estab-

lishment of early spore asymmetry in heterotropic basidiospores

is highly correlated with the presence of the hilar appendix body.

The exact nature and action of the hilar appendix body in the Russu-

lales is unclear, but it appears to be a demarcated region of cyto-

plasm that influences localized spore wall biosynthesis. Since

a hilar appendix body was observed in all heterotropic species

of Russulales examined in the present study, as well as in Cogrinus

(Hugueney 1972, 1975a; McLaugh1in 1973, 1977, 1982) and Boletus

(Yoon and McLaugh1in 1979, 1984), basidiospore formation is presum-

ably very similar in most heterotropic basidiomycetes. Observation

of a demarcated cytoplasmic region, reminiscent of the hilar appen-

dix body, in asymmetric sterigmata of orthotropic Russulales sup-

ports the hypothesis that the hilar appendix body is responsible

for establishment of early spore asymmetry. Development of asym-
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metric sterigmata during orthotropic basidiosporogenesis is similar

to establishment of early spore asymmetry during heterotropic basi-

diospore formation. The presence of "orthotropic" basidiospores

with various degrees of asymmetry in a single hymenium suggests

that basidiospore morphology is a variable feature in the Russulales.

Heterotropy and orthotropy may be more similar than previously

believed, and may be found to intergrade completely upon examination

of more taxa.

In the Russulales of Pegler and Young (1979, 1981a), ortho-

tropy is correlated with the production of a hymenium that is total-

ly enclosed by sterile tissue. The environment within enclosed

locules of a gasteroid fungus is undoubtedly much different than

that surrounding lamellae of an agaricoid basidiomycete. Presumably

enclosure of the hymenium results in a much more humid and static

environment surrounding developing basidiospores. Heim (1937a,

b, 1948) has described orthotropic species of Russula and Lactarius

from humid, tropical habitats. Since these genera are typically

heterotropic in temperate regions, it is obvious that the control

and plasticity of basidiospore morphology should be examined more

closely before broad systematic judgements can properly be made.

Late spore development subsequent to nuclear migration into

the basidiospore cytoplasm seems to progress in a similar fashion

in orthotropic and heterotropic Russulales. Little specialization

or differentiation of the hilar appendix region that might predis-

pose the basidiospores to be released in a certain manner is observ-
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able until late spore development. Orthotropic basidiospores in

the Russulales appear to be released from sterigma upon breakdown

of the sterigmata. In heterotropic forms on the other hand basidio-

spores appear to be released from intact sterigmata. Retention

of orthotropic basidiospores appears to be due, at least in part,

to extesion of the hilar appendix walls a short distance down the

sterigma beyond the septum. The developmental anatomy during late

heterotropic spore development was similar in both ballistosporic

and putatively statismosporic species. Since Singer and Smith (1960)

and Pegler and Young (1981a) have obtained spore deposits from _

species of Macowanites, the distinction between ballistospory and

statismospory, and their emphasis in the systematics of the Russu-

lales is in question. The exact force by which basidiospores are

propelled from the sterigma could not be determined in the present

study. A liquid droplet was observed in Macowanites americanus,

suggesting that some species of Macowanites at least can forcibly

discharge their basidiospores. It is unlikely that droplet formation

derives from the sterigma. From our observations of late spore

development, it appears that the liquid discharge droplet is derived

in the hilar appendix and may be associated with the plug—forming

body.

The lack of forcible basidiospore discharge in the Russulales

is also correlated with an increasing degree of secotioid develop-

ment in which the hymenium remains enclosed. Statismospory appears

to be highly correlated with Basidiomycetes in which the hymenium
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remains enclosed even at full maturity. Olive (1964) suggested

that humidity may be a factor responsible for the failure of normal-

ly ballistosporic basidiospores to discharge. Therefore, further

study is required to determine whether spore release in heterotropic-

statismosporic Russulales is inherently different from heterotropic-

ballistosporic spore release, or is simply a phenomenon that is

easily influenced by the environment surrounding developing basidio-

spores.

Phylogenetic dogma concerning "direction of basidiomycete

evolution" seems to have hindered progress in basidiomycete system-

atics. Singer (1938, .1971) and Smith (1971) have suggested that

agaricoid genera of Basidiomycetes are derived from gasteromycetous

ancestors. Heim (1931, 1936a, b, 1937a, b, 1938, 1943, 1948, 1971),

Malencon (1931), Thiers (1971, 1984), Singer (1975), and Singer

and Smith (1960) have proposed that gasteroid basidiomycetes evolved

from agaricoid forms through a regressive or simplification process.

Our ultrastructural data agree with those of Yoon and McLaughlin

(1979), who suggest that heterotropic spore development is a complex,

but conservative process in Basidiomycetes. If agaricoid taxa arose

from gasteromycetous ancestors, one would have to assume that hetero-

tropic spore development must have arisen several times in the

various groups of distantly related Basidiomycetes. However there

are complex interactions between cytoplasmic and spore wall com-

ponents during basidiospore development that would reduce the like-

lihood that heterotropism arose more than one time. It seems more
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likely that species of Coprinus and Boletus, which were studied

by McL6ughlin (1977, 1982) and Yoon and I"lcLaughlin (1979, 1984)

and the species of Russula and Lactarius examined in the present

study, once possessed 6 common ancestor with heterotropic basidio-

‘
spore morphology. Gasteroid genera such as Macowanites and Arcangel-

presumably were then derived from the agaricoid forms. The

systematic position of the orthotropic genera of Russulales is

also unclear. It is not evident whether orthotropic forms arose

from fufther reduction of partially gasteroid forms, or are repre-

sentatives of 6 separate but closely. related lineage of Basidio-

mycetes; Our ultrastructural data seem to suggest that the two

families delineated by Pegler and Young (1979), on the basis of

basidiospore morphology and spore release characteristics, are

convenient but artificial. The distinctions between heterotropy

and orthotropy, and ballistospory and statismospory do not appear

to be systematically significant at the family level in the Russu-

lales. Basidiospore morphology and spore release characteristics

are only systematically useful when the North temperate flora is

considered. Orthotropic species of Russula and Lactarius described

by Heim (19376, b, 1948) from the tropics therefore may be more

important than previously believed in the systematics of the Russu-

lales, and should be examined more closely. A more natural classifi-

cation system for the Russulales might be derived from erection

of families on the basis of sporocarp anatomy and spore ornamenta-
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tion types, regardless of sporocarp morphology, basidiospore mor-

phology, and spore release characteristics. The Russulaceae of

» Roze (1876) could be emended to ·include agaricoid and gasteroid

fungi such as Russula, Macowanites, Ellasmomyces, Gymnomyces, Martel-

Q2, and possibly Cystangium, which share more of an alliance among

themselves than with any other genera in the Russulales. Likewise,

the Lactariaceae of Gaumann (1926) could be emended to include

both agaricoid and gasterid species of Lactarius, Arcangeliella,

_ and Zelleromyces. Basidiospore morphology and spore release charac-

teristics in conjunction with sporocarp anatomy, sporocarp morphol-

ogy, and spore ornamentation, could then be useful in the system-

atics of the Russulales at the ordinal level.
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