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summary

Ascospore germination, thallus initiation, and areole and prothallus development in the lichen Rhizocarpon

lecanorinum Anders were examined using light, fluorescence and scanning electron microscopy. The ascospore

germ hyphae remain very short and do not form a prothallus-like mycelium. Instead, a compact soredium-like

granule develops directly from sporeling contact with a compatible species of Trebouxia. Di�use initial stages

involving non-trebouxioid algae are lacking. The onset of thallus di�erentiation is marked by the deposition of

rhizocarpic acid in an incipient cortical layer within the apical part of the granule. As pigmentation and cortex-

formation transform this structure into a typical areole, radiating prothallus hyphae are simultaneously initiated

from its basal margin. Most areoles formed subsequently in the marginal prothallus lack subtending melanized

hyphae and apparently stem from overgrowth by the prothallus of photobiont cells on, or in, the substratum.

Apothecia reach maturity in thalli as small as 2 mm in diameter. It is proposed that the lack of di�use hyphal

growth in sporelings and telescoped morphogenesis of R. lecanorinum are part of a life history strategy geared to

precocious, heavy investment in ascospore production. The R. lecanorinum–Trebouxia symbiosis has a number of

features which make it well-suited for further studies of the life history and development of prothallus-forming

crustose lichens with sexually reproducing mycobionts.
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introduction

Many ascomycetous lichens produce soredia or other

diaspores which enable the joint propagation of their

fungal and algal or cyanobacterial bionts. That many

others produce no such propagules is strong, if

indirect, evidence that hyphae originating from

mycobiont ascospores reassociate frequently with

compatible photobionts to form new lichen thalli.

Few instances of natural re-lichenization have been

observed, however, and extra-symbiotic stages of the

most common photobiont algae, Trebouxia spp.,

remain poorly documented (Friedl & Bu$ del, 1996).

In the foliose lichen, Xanthoria parietina, thallus

formation can be mediated by an association of the

mycobiont germ hyphae with commonly occurring

pleurococcoid algae (Ott, 1987); an extensive but

weakly di�erentiated crust is thereby formed, in-

creasing the likelihood of mycobiont contact with the

much rarer thallus-inducing Trebouxia photobiont.

Germination of the ascospores of saxicolous

crustose lichen fungi is reportedly followed by the
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formation of a prothallus-like mycelium (Smith,

1921; Ozenda, 1963; Hale, 1983; Asta, Letrouit &

Wagner, 1989). Smith (1921) noted that ‘this purely

hyphal stage may persist for long periods without

much change’ and Hale (1983) speculated that,

before contact with compatible algae, mycobionts

could be ‘nourished by carbohydrate-rich leachates

dissolved in rain’. Although these scenarios seem

plausible, the growth characteristics of unlichenized

sporelings under field conditions are, in fact, largely

unknown. Alga-free hyphal structures attributed to

Dimelaena oreina (Hale, 1983) and to Rhizocarpon

geographicum (Asta et al., 1989; Letrouit-Galinou &

Asta, 1994; Asta & Letrouit-Galinou, 1995) have not

been bracketed within developmental sequences

including germinating ascospores, and their identity

is thus somewhat uncertain. Garty & Delarea (1987)

observed germinating spores and early stages of

lichenization in Caloplaca aurantia, finding that

thallus formation begins with loose networks of

mycobiont hyphae, trebouxioid algae and dust

particles.

In many species of Rhizocarpon and structurally

similar lichens, the formation of discrete primary

areoles (Hill, 1984) on the horizontally advancing
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prothallus parallels the biont interactions involved in

thallus initiation (Wagner & Letrouit-Galinou,

1988). Malinowski (1911) and Galløe (1930) ob-

served areole formation in various Rhizocarpon

species resulting from deposition of an algal cell or

cells on the prothallus. The source of the areole-

inducing algae in R. geographicum was investigated,

but not resolved, by Armstrong & Smith (1987) in

experiments involving the removal of portions of the

thallus. Asta et al. (1989) and Asta & Letrouit-

Galinou (1995) examined thallus initiation and

development in an alpine population of R. geo-

graphicum and noted the need for comparative

observations on other Rhizocarpon species and on

saxicolous crustose lichens generally.

The main objective of this study was to obtain a

continuous set of observations on the sequence of

ascospore germination, sporeling growth, and thallus

initiation and di�erentiation in R. lecanorinum. This

species is well defined within the taxonomically

problematic ‘R. geographicum group’ (Runemark,

1956a) by a combination of morphological, ana-

tomical and chemical characters. It has a broad range

in the north temperate (montane) and southern

boreal zones of the northern hemisphere and is a

pioneer on sunny, siliceous rocks (Degelius, 1940;

Runemark, 1956b), typically in more moist, less

windy sites than those colonized by R. geographicum

s. lat. (Wirth, 1972). The niches of the two species

overlap considerably, however; R. lecanorinum is

especially characteristic of gently sloping surfaces

near ground level, which can be dusty or wetted by

seepage from adjacent vegetation and soil (Degelius,

1939; Runemark, 1956b ; Wirth, 1972). A broader

goal of this and related studies (e.g. Clayden,

1997a, b) is to examine the life history of R.

lecanorinum in its ecological and evolutionary con-

texts.

materials and methods

Study material was obtained in North Wales, UK,

and in New Brunswick, Canada. In Wales, Rhizo-

carpon lecanorinum Anders was collected on well-

cleaved Cambrian slates from disused, south-facing

spoil tips near the Penrhyn Slate Quarries at

Bethesda (53∞ 10´ N, 04∞ 04´ W). In New Brunswick,

specimens came from low, south-facing outcrops of

Carboniferous sandstone in an open coastal meadow

near Duck Cove, Saint John (45∞ 15´ N, 66∞ 05´ W).

At both sites, R. lecanorinum locally forms

dense, extensive and nearly monospecific colonies.

Sampling was restricted to these microsites in order

to avoid potential confusion of early developmental

stages of R. lecanorinum with those of other crustose

lichens, particularly R. geographicum. Other common

saxicolous lichens at the North Wales site included

Acarospora fuscata, Buellia aethalea, Fuscidea cya-

thoides, F. lygaea, Lecidea lactea, Polysporina simplex,

Protoparmelia badia, R. geographicum s. lat., R.

obscuratum, Schaereria fuscocinerea, and Umbilicaria

polyphylla (nomenclature: Purvis et al., 1992). In

addition to R. lecanorinum, the following species

were common at the New Brunswick site : A.

fuscata, Buellia ocellata, Lecanora intricata, Leca-

nora polytropa, Parmelia sulcata, Protoparmelia

badia, Rhizocarpon distinctum and Rhizocarpon ob-

scuratum. Voucher collections from both study sites

will be deposited in the herbarium of the New

Brunswick Museum.

Slates bearing thalli of R. lecanorinum, as well as

samples of apparently uncolonized rock, were re-

moved from the North Wales site at one month

intervals from April 1985 to December 1986. Similar

specimens of sandstone were collected at irregular

intervals between 1989 and 1995 in New Brunswick.

This material was examined at 25¨ to 50¨
magnification with a stereomicroscope. Flooding of

the rock surfaces with distilled water greatly im-

proved resolution, making it possible to detect

ascospores, sporelings, incipient thalli and any other

relatively dark-pigmented hyphae or structures

greater than c. 5 µm in width. These were then

excavated from the substratum with the corner of a

razor blade and examined under a compound

microscope.

Lichen sections were cut by hand with a double-

edged razor blade and mounted in water or in

lactophenol containing cotton blue (LPCB). The

anatomical distribution of the intensely auto-

fluorescent cortical pigment, rhizocarpic acid, was

observed with u.v. epi-illumination in a Leica2
DMRB microscope equipped with an HBO 50W

mercury vapour lamp and Leitz2 filter block systems

A (excitation wavelengths 340–380 nm) and I3

(excitation wavelengths 450–490 nm). For scanning

electron microscopy (SEM), most specimens were

air dried; these showed little apparent shrinkage or

collapse of ascospores or hyphae. For visualization of

uncollapsed photobiont cells and of the structure of

the algal-medullary layer, the cortex was removed

from areoles by careful dissection with the corner of

a razor blade; these specimens along with a few

others of sporelings were prepared by fixation in

Karnovsky’s solution, followed by washing in 0±1 m
sodium cacodylate bu�er, post-fixation in 1% os-

mium tetroxide, dehydration in a graded ethanol

series and critical-point drying. After coating with

gold, specimens were examined at 15 kV in a Philips2
501B instrument at King’s College London and a

JEOL2 JSM 6400 at the University of New Bruns-

wick.

results

The populations of R. lecanorinum at the North

Wales and New Brunswick study sites are very

similar morphologically. However, thalli ! c.
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Development of Rhizocarpon lecanorinum 687

Figures 1–9. Rhizocarpon lecanorinum ascospores, sporelings and co-occurring saxicolous biota.

Figure 1. Slate rock surface with discoid thalli}ascomata of Lichenothelia convexa and ellipsoidal ascospores
of R. lecanorinum. Figure 2. Thallus}ascoma of L. convexa with ‘stoloniferous’ hypha; hypha branched and
forming a new microthallus at tip. Figure 3. Recently discharged ascospore on hymenial surface of an
apothecium. Figure 4. Ascospore on slate with strand-like remnants of perispore (horizontal arrows) and
germinating cells on lower half of spore (vertical arrows). Figure 5. Sporeling on sandstone showing germ
hyphae, finely cracked surface of uppermost ascospore cells and film of electron-dense mucilaginous material
on substratum around spore. Figure 6. Sporeling excavated from substratum, with 2-celled and 3-celled germ
hyphae protruding from lower side (LPCB preparation). Figure 7. Sporeling excavated from substratum with
cell of a trebouxioid alga (arrow) (LPCB preparation). Figure 8. Degenerate sporeling with collapsed spore
cells. Figure 9. Coccomyxa sp., occurring in tiny, scattered colonies on rock and lichen surfaces. (Fig. 1,
photomacrograph; Figs 2–5, 8, SEM micrographs; Figs 6–7, 9, bright–field micrographs. Scale bars: Fig. 1Ø
0±5 mm; Figs 2–8Ø10 µm; Fig. 9Ø20 µm.)
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Figures 10–17. Early stages of thallus initiation in Rhizocarpon lecanorinum.

Figure 10. Granule consisting of !10 trebouxioid algal cells (four visible in optical section: asterisks)
enveloped by melanized hyphae. Arrows indicate outline of apposed ascospore remnant. Projections to left of
ascospore are fragments of substratum (unstained water mount). Figure 11. Granule with apposed ascospore.
Note that upper part of granule incorporates what might be remnants of another ascospore (arrow) from which
the granule would have originated. A persistent film of mucilaginous material is visible around part of intact
spore. Figure 12. Cross-section of granule showing hyphae penetrating among algal autosporangia. Algal cells
on upper right ruptured during sectioning (LPCB preparation). Fragment of a Lichenothelia microthallus
present at base of granule, left. Figure 13. Granule being formed beneath an ascospore where this might overlie
a photobiont cell or cells. Note germ hyphae embedded in film of mucilaginous material. Figure 14. Cross-
section of a granule showing interface with substratum (illuminated with polarized light). Figure 15.
Granule}areole with emerging prothallus hyphae. Ascospore at upper left deposited on prothallus, not the
source of these hyphae or of granule itself. Figure 16. Cross-section of a single-areole thallus, with prothallus
hyphae developing from melanized cells at basal margin of areole (LPCB preparation). Figure 17. Squash
preparation of the margin of a single-areole thallus, showing photobiont cells and emerging prothallus hyphae
(unstained water mount). (Figs 10, 12, 14, 16–17, bright-field micrographs. Figs 11, 13, 15, SEM micrographs.
BarsØ20 µm.)
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Figures 18–26. Rhizocarpon lecanorinum.

Figure 18. Hyphae at edge of prothallus. Arrow indicates a group of broken hyphae. Figure 19. Areole in
marginal prothallus of a multi-areole thallus. Figure 20. Cross-section along thallus radius of the base of an
areole, showing somewhat elongated hyphae next to platy-crystalline substratum. Figure 21. Upper part of
algal-medullary layer exposed by dissection in plane of areole surface. Each Trebouxia cell is closely embraced
by several hyphae, some showing crystalline deposits (probably rhizocarpic acid) on their surfaces. Some of the
sectioned Trebouxia cells contain small cytoplasmic remnants, but none has transparietal or papilla-like
intraparietal (type 2) haustoria. Figure 22. Cross-section of a pycnidium located in prothallus at the edge of
an areole (LPCB preparation). Figure 23. Cross-section of a pycnidium located within an areole (LPCB
preparation). Figure 24. Conidia (LPCB preparation). Figure 25. Small, coalescent thalli with areoles
‘notched’ by developing apothecia. Apothecial initials are rarely located within areoles (arrows). Figure 26.
Coalescent thalli with abundant pseudo-lecanorine apothecia. Disintegrating central part of largest thallus
partly recolonized by new thalli. (Figs 18–21, SEM micrographs. Figs 22–24, bright–field micrographs. Figs
25–26, photomacrographs. Scale bars: Figs 18, 20–21, 24Ø10 µm; Figs 19, 22–23Ø50 µm; Fig. 25Ø1 mm;
Fig. 26Ø5 mm.)

 14698137, 1998, 4, D
ow

nloaded from
 https://nph.onlinelibrary.w

iley.com
/doi/10.1046/j.1469-8137.1998.00243.x, W

iley O
nline Library on [24/04/2024]. See the Term

s and Conditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline Library for rules of use; O

A
 articles are governed by the applicable Creative Com

m
ons License



690 S. R. Clayden

Figures 27–33. Rhizocarpon lecanorinum.

Figure 27. Cross-section of an unstratified granule densely packed with photobiont cells and including
remnants of an ascospore (arrows). Figure 28. Same granule and section as in Figure 27, showing initiation
of rhizocarpic acid deposition within apex of granule (arrow); yellow fleck in middle of granule is foreign
material. Figure 29. Granule with rhizocarpic acid deposits extending onto surface of photobiont cells. Figure
30. Cross-section of a fully developed areole with bordering prothallus and small, developing areole beginning
to erupt through prothallus. Figure 31. Same section as in Figure 30, showing dense deposition of rhizocarpic
acid in cortical layer of fully developed areole and lack of rhizocarpic acid in alga-free portion of prothallus.
Figure 32. Cross-section of pseudoparenchymatous cortex of a fully developed areole, showing dense extra-
hyphal deposits of rhizocarpic acid. Figure 33. Cross-section of an areole forming beneath prothallus surface
at thallus margin. Subtending melanized hyphae are lacking. (Fig. 27, di�erential interference contrast
micrograph. Figs 28–29, 31–32, fluorescence micrographs, Leitz filter block A. Fig. 30, bright–field
micrograph. Fig. 33, fluorescence micrograph, Leitz filter block I3. Scale bars: Figs 27–29, 33Ø50 µm; Figs
30–31Ø100 µm; Fig. 32Ø10 µm.)

0±5 mm in diameter (including the prothallus) were

not detected during the study period at the North

Wales site. The description of thallus initiation is

therefore based mainly on New Brunswick material.

All other observations, except as noted, apply to both

populations.
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Ascospore germination

Ascospores of R. lecanorinum at densities up to

approx. 2500 cm�# were observed on rock and lichen

surfaces near established thalli (Figs 1, 3). Thalli}
ascomata of the unlichenized ascomycete Licheno-

thelia convexa (Figs 1–2) were also consistently

present along with R. lecanorinum thalli and spores.

With practice, it was not di�cult to distinguish with

a stereomicroscope between the regularly ellipsoidal

and slightly darker-pigmented spores of R. lecanori-

num and the thalli}ascomata of L. convexa.

Many spores appeared to be a�xed to the

substratum by strand-like portions of the gelatinous

perispore (Fig. 4). Germinated spores (sporelings)

(Figs 5–7) were observed in all seasons, but whether

or not germination occurred mainly or exclusively at

a particular time of year was not determined.

Germination occurs only from cells on the lower half

of the spore, i.e. those oriented toward the sub-

stratum (Figs 4–7). Beginning as a bulge in the

external cell wall, a single greyish-green to brown-

pigmented hypha develops from any such cell.

Di�erentiated germ pores were not detected, al-

though their presence in another yellow Rhizocarpon

species, R. atroflavescens, was observed under trans-

mission electron microscopy (Honegger, 1980). The

germ hyphae produce a mucilaginous secretion

which, along with the perispore, coats the sub-

stratum in the vicinity of the sporeling (Figs 5, 11,

13). The individual ascospore cells gradually become

more distinct externally (Figs 3–5) and their surfaces

often become finely cracked (Fig. 5) ; whether these

changes result from swelling of the cells, contraction

of the septa, breakdown of the perispore, or from a

combination of these factors, was not obvious. Many

degenerate spores and unlichenized sporelings with

collapsed cell walls were noted (Fig. 8). Of the

hundreds of sporelings observed, none had emergent

hyphae " c. 15 µm in length or with more than three

transverse septa. Because they are oriented obliquely

or perpendicularly to the substratum, these hyphae

form, at most, a narrow, scarcely emergent fringe

around the spore. More extensive, unlichenized

mycelia stemming from R. lecanorinum ascospores

were not detected during many hours of examination

of rock surfaces.

Thallus initiation

One or a few trebouxioid algal cells were occasionally

found near germinated ascospores excavated from

the substratum (Fig. 7), but no appressorial contacts

between germ hyphae and algae were observed.

Scattered, free-living colonies of one or more

Coccomyxa species (Fig. 9) were also present at both

sites, growing on rock surfaces and superficially on

established lichen thalli. However, no interactions of

R. lecanorinum sporelings and Coccomyxa were

found.

The smallest detected structures definitely in-

corporating R. lecanorinum sporeling hyphae and

algal cells were discrete, greenish-black, roughly

hemispherical granules measuring as little as 40 µm

in diameter and lacking a fringing prothallus (Figs

10–11). These consisted of as few as 6–10 Trebouxia

cells enveloped by a one-cell-thick layer of melanized

hyphae with ellipsoidal to subglobose cells. Most of

the algal cells were in various stages of forming

autosporangia with packets of four to eight auto-

spores (Fig. 12). The smaller granules were closely

apposed to ascospores or included ascospore rem-

nants (Figs 10–11), indicating that hypha–alga

contact was made while the ascospore germ hyphae

were still very short. In some cases it appeared that

granules were developing from spores directly

overlying algae (Fig. 13). Coalescence of two or more

granules to form a larger one was commonly

observed where colonization density was high, but

isolated granules undergoing di�erentiation into

thalli were also frequent.

The granules initially show no di�erentiation into

cortical and algal-medullary layers (Figs 12, 14,

27–28). Internally, the hyphae penetrate between

autospores of the algal autosporangia but do not

form intra-cellular haustoria. The basal part of the

granules fills the irregularities of the substratum

without penetrating its surface (Fig. 14). The

granules enlarge to c. 0±1 mm or more in diameter

with no obvious modification of their internal or

external structure.

Di�erentiation of a cortical layer is first indicated

by the synthesis and extracellular deposition of a few

rhizocarpic acid crystals on unmelanized hyphae

immediately beneath the uppermost part of the

melanized hyphal envelope (Figs 27–28). Deposition

also extends onto surfaces of photobiont cell walls in

the upper part of the granule (Fig. 29). The granule

size at which synthesis is initiated is somewhat

variable. As the developing cortex becomes ex-

tensively and densely impregnated with rhizocarpic

acid (Figs 30–32), the melanized hyphae are ap-

parently sloughed o�, and externally the granule

gradually becomes yellow–green; it thus becomes

the founding areole of the lichen thallus. The

smallest vividly pigmented areoles are c. 0±15–0±2 mm

in diameter, but in some cases areoles nearly twice

this size are still enveloped by melanized hyphae.

Prothallus hyphae are initiated from melanized

cells which develop near the basal margin of the

areole whilst its cortical and algal-medullary layers

are simultaneously undergoing di�erentiation (Figs

16–17). There is considerable variation among

areoles, and around single areoles, in the length and

density of the prothallus hyphae. By approx. 0±5 mm

diameter most areoles have formed a narrow, often

irregular or discontinuous prothallus fringe. As the
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thallus enlarges and additional areoles are formed,

the prothallus increases to a roughly constant average

width of 1–1±5 mm in thalli growing in full sun on

rock surfaces of moderate slope. The prothallus

hyphae are often aggregated into braid-like strands

and secrete varying amounts of mucilaginous ma-

terial near their growing tips (Figs 18–19).

Areole formation in the prothallus

After a prothallus is formed around the thallus-

founding areole, subsequent areoles arise as discrete

islets within the prothallus (Figs 19, 30–31) and

eventually form a more or less continuously

lichenized thallus (Fig. 26). As individual areoles

grow together on the prothallus, their line of contact

is at first well marked. In time, however, separate

areoles can merge completely and be reshaped

repeatedly by fissuring and continued growth.

Areole formation in the prothallus closely re-

sembles the initiation of the thallus-founding areole

and is triggered by a compatible Trebouxia species

(Figs 30–31, 33). However, the earliest stages of algal

entrapment in the prothallus were not observed and

the source of the algal cells remains uncertain. Most

of the areoles formed in the marginal prothallus lack

a floor of di�erentiated, melanized hyphae (Fig. 33),

indicating that they were initiated by growth of the

prothallus over or around photobiont cells already

attached to the substratum. However, some areoles

or portions of areoles in thicker parts of the

prothallus are subtended by melanized hyphae with

elongated cells orientated along thallus radii (Fig.

20). In these cases it was not clear whether the

areoles had been induced by algal cells deposited on

the surface of the prothallus, or whether prothallus-

like hyphae had developed secondarily beneath an

already established areole. In any case, di�erentiation

of the areole into a rhizocarpic acid-inspersed cortical

layer and a compact algal-medullary layer (Fig. 21) is

initiated beneath a layer of melanized prothallus

hyphae (Fig. 33). Rhizocarpic acid was not detected

in u.v. microscopy of unlichenized portions of the

prothallus (Figs 30–31). The incipient areoles are

often visible externally as minute swellings before

they erupt through the black prothallus surface. As

an areole increases in thickness, the algal cells

become more densely concentrated in its upper half

and a thick, white, alga-free basal zone can develop.

Pycnidia and apothecia

Pycnidia occur with variable frequency in the

observed thalli of this species (Figs 22–24).

Occasionally they are common and readily located,

but they can also be scarce and detectable only by

systematic sectioning of the prothallus. They are

formed soon after the di�erentiation of radiating

prothallus hyphae around the initial areole and were

found in thalli as small as 0±5 mm in diameter. They

are usually located in the thickest part of the

prothallus at the edge of an areole (Fig. 22), rarely

within the areole itself (Fig. 23).

The timing and locations of apothecium initiation

are similar to those of pycnidia, but the apothecia

take longer to mature. The smallest observed

apotheciate thalli with fully developed ascospores

were c. 2 mm diameter, including the prothallus.

Detailed study of apothecium ontogeny was outside

the scope of this study. Interruption of areole growth

at the sites of apothecium initiation results in a

distinctive notching of the areole margin. This trait

is most prominent in young thalli (Fig. 25), but is

seen also in the marginal areoles of larger thalli,

pinpointing the sites of apothecium formation.

Continued growth of the areole around the apo-

thecium produces the crescent-shaped to entire

‘pseudo-lecanorine’ margin characteristic of the

apothecia of R. lecanorinum (Fig. 26). Many of the

older still-fertile apothecium–areole units in the

centre of larger thalli break away from the sub-

stratum as a result of crowding and basal constriction

(Fig. 26). The exposed areas are often recolonized by

discrete, newly established R. lecanorinum thalli.

discussion

Ascospores of R. lecanorinum germinate frequently,

but the germ hyphae remain very short and do not

yield a prothallus-like mycelium. Rather, the pro-

thallus is formed secondarily in connection with

di�erentiation of a soredium-like granule which

becomes the thallus-founding areole. This devel-

opmental sequence di�ers from generalized scenarios

of thallus initiation in prothallus-forming saxicolous

lichens (e.g. Smith, 1921; Hale, 1983), and from the

sequence in R. geographicum (Asta et al., 1989;

Letrouit-Galinou & Asta, 1994; Asta & Letrouit-

Galinou, 1995). In the latter species, germinating

ascospores apparently give rise to networks of

melanized hyphae which can fuse with those arising

from other spores to form patches up to 1 mm# in

area; these networks persist as the prothallus and

continue radial expansion after areoles become

established within them (Asta et al., 1989).

Studies of other Rhizocarpon species are required

to assess interspecific variability in the potential

extension of sporeling hyphae. If such variation

exists, it is likely to be correlated with other life

history traits or ecological variables and to reflect

natural selection. For example, shorter germ hyphae

would be less likely to encounter compatible photo-

biont cells. This limitation could be o�set by more

precocious and abundant ascospore production. Or,

species like R. lecanorinum might colonize habitats
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with a relatively high density of lichenizable

Trebouxia cells and thus be able to sustain a relatively

limited investment in sporeling growth.

The results of this study suggest that caution is

required in the identification of early stages of

saxicolous lichens. Some structures previously inter-

preted as unlichenized mycelia arising from the

ascospores of lichen mycobionts might be referable

to Lichenothelia species. The biology and taxonomic

diversity of these widely occurring, saxicolous, non-

lichen-forming micro-ascomycetes have only re-

cently been clarified (Henssen, 1987).

Although no direct evidence on the source of the

R. lecanorinum photobiont was obtained in this

study, apparently free-living Trebouxia cells were

occasionally detected on rock surfaces in the vicinity

of sporelings and thalli. Ahmadjian (1988, 1993) has

long maintained that Trebouxia does not form free-

living populations, with the possible exception of

small, ephemeral colonies resulting from the break-

down of soredia or other propagules. It is very

doubtful, however, that soredial inoculation of rock

surfaces could account for the very high colonization

density of R. lecanorinum and associated taxa ob-

served in this and related studies (Clayden 1997b).

Nor is there evidence that R. lecanorinum spore-

lings can defer thallus formation by associating with

non-trebouxioid algae. If this occurred, or if the R.

lecanorinum mycobiont, like those of some other

Rhizocarpon species, could acquire photobiont cells

by invading the thalli of other lichens (Poelt, 1990),

then these processes should have been detected

routinely by the methods employed here. Instead,

following ascospore germination, it appears that only

contact with a compatible Trebouxia species can re-

activate growth of the short germ hyphae. Stimu-

lation of sporeling growth might be expected in the

vicinity of established thalli, since these probably

leak fungal and algal polyol during episodes of

thallus rewetting (Honegger, 1991). However, no

such localized enhancement of sporeling growth was

noted. On the other hand, the non-lichen-forming

ascomycete Lichenothelia convexa, a common as-

sociate of R. lecanorinum, is clearly able to utilize

some form(s) of free, possibly lichen-derived, carbo-

hydrate available on rock surfaces. Mycobionts of

several other Rhizocarpon species, including R.

geographicum, have been successfully isolated from

ascospores and grown in culture (Crittenden et al.,

1995). Cultural studies on R. lecanorinum should

help to identify the factors which apparently inhibit

its growth in the absence of photobiont cells.

The algal specificity of the R. lecanorinum germ

hyphae and the highly condensed developmental

sequence resulting in thallus formation are indicative

of close physiological and morphogenetic coordi-

nation of the two bionts. In most lichen resyntheses

observed to date, whether in the field or in vitro, the

early stages of thallus formation have been more

di�use (reviews: Galun, 1988; Galun & Garty,

1988; Jahns, 1988; Ahmadjian, 1993; Honegger,

1993, 1996). Honegger (1992, 1993) introduced the

term ‘pre-thallus’ to designate the non-stratified,

crustose stage of development formed by the myco-

bionts of foliose and fruticose lichens before ex-

pression of their complex symbiotic phenotypes.

Macrolichen thalli originate as novel structures at

scattered points in such pre-thalli, whereas in R.

lecanorinum thalli arise by internal di�erentiation of

the already discrete, compact granules formed by

initial contact of germ hyphae and photobiont cells.

The subsequent morphogenesis of macrolichen thalli

is more complex than that of R. lecanorinum,

involving the elaboration of distinct algal and

plectenchymatous, gas-filled medullary layers by a

marginal pseudomeristematic zone, and di�eren-

tiation of growing and non-growing poles (Honegger,

1992, 1993, 1996). The di�erentiation of some

macrolichen thalli from pre-thalli can be induced

by a single photobiont cell (Ahmadjian 1993). In

R. lecanorinum, the photobiont population must

apparently reach a certain threshold mass before

di�erentiation is triggered, but the determinate

structure of the granule from its inception indicates

that the integration of biont development begins soon

after contact.

The compact structure and limited di�erentiation

of algal and medullary layers in the areoles of R.

lecanorinum is correlated with the structure of the

haustorial contacts. As in R. geographicum, these are

intraparietal and of type 1 (Honegger, 1986), i.e. the

haustoria adhere closely to, but do not induce a deep

invagination of the algal cell walls or become stalked.

This arrangement allows for little intra-thalline

shifting of algal cells or creation of air spaces around

these cells, in contrast to the intercalary growth of

type 3 haustoria in macrolichens with trebouxioid

photobionts (Honegger 1985, 1986). The increasing

structural complexity of these haustorial types and of

their corresponding thallus morphologies imply an

evolutionary gradient (Honegger, 1986). Nonethe-

less, the case of R. lecanorinum emphasizes that

highly co-evolved mechanisms of biont recognition

and morphogenesis are not exclusive to structurally

elaborate macrolichens.

Within Rhizocarpon, the process of thallus in-

itiation observed in R. lecanorinum might represent

an evolutionary reduction of an ancestral, more

protracted developmental sequence, possibly ex-

emplified by R. geographicum. This reduction has

apparently entailed the elimination of divergent

mycelial growth in the sporeling stage and an overall

acceleration of development. Like reductions of

morphology in other lichens (Poelt, 1987), such

changes are probably responses to natural selection.

The telescoped development of R. lecanorinum

appears to be part of a ‘ life history strategy’ (During,

1992) geared to early reproduction of the mycobiont
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and to heavy investment in reproductive output vs.

vegetative growth. Ecologically, R. lecanorinum is

thereby fitted for rapid colonization of recently

exposed rock surfaces.

In the populations of R. lecanorinum described

here, the prothallus forms an annular, areole-dotted

thallus fringe. However, areole dispersion varies

considerably in this and other yellow Rhizocarpon

species. Thalli in climatically or edaphically extreme

situations tend to have more scattered areoles and a

correspondingly more prominent prothallus (Rune-

mark, 1956a). In thalli of R. alpicola growing on

granite, Honegger (1978) found that areole-free

portions of the prothallus were associated mainly

with quartz in the substratum, whilst the areoles

occurred largely over other granitic minerals. Kilias

(1981) noted, similarly, that the prothallus hyphae of

some saxicolous Catillaria species developed where

thalli came in contact with large quartz or other hard

mineral crystals ; he suggested that the prothallus

might function to chemically alter the mineral

surfaces through the chelatory activity of lichen

acids, thus ‘preparing’ the substratum for the

attachment of areoles.

An alternative explanation of these observations is

suggested by the present study. If the prothallus

hyphae of Rhizocarpon encounter photobiont cells

on the substratum, then the distribution of areoles in

the prothallus should partly reflect the locations of

these previously attached cells. The suitability of

microsites for algae could be determined by factors

such as rock microtopography, crystal or clast

structure and hardness, chemistry and water-re-

taining capacity. Smooth planes of quartz are

probably not readily colonized by trebouxioid or

other algae. Failing to encounter photobiont cells on

such surfaces, the prothallus hyphae would not be

induced to form areoles unless the photobiont was

available from another source. The prothallus could

thus function to ‘ locate’ the photobiont in the

absence of an alternative supply of Trebouxia cells to

the thallus margin. The rhizomorphic hyphae of

various squamulose and placodioid lichens have

comparable functions (Wagner & Letrouit-Galinou,

1988; Letrouit-Galinou & Asta, 1994; Sanders,

1994). The possibility that zoospores or autospores

are washed from areoles and settle on the prothallus

requires further study (Armstrong & Smith, 1987).

The concealment within the prothallus of the early

stages of areole formation might account for a report

of rhizocarpic acid in apparently alga-free portions

of the prothallus of R. geographicum (Fahselt, 1976).

Fluorescence microscopy indicates that the synthesis

and deposition of rhizocarpic acid in R. lecanorinum

are confined to the Trebouxia-containing areoles.

Whether or not stictic acid is produced only in the

areoles was not resolved.

In conclusion, R. lecanorinum could prove to be a

useful system for further studies of the life history

and development of prothallus-forming saxicolous

lichens with sexually reproducing mycobionts. Its

large, pigmented ascospores are detectable at low

magnification, unlike those of most saxicolous

lecideoid lichens, and can therefore be linked non-

destructively with sporelings and juvenile thalli in

continuous developmental sequences. Its typically

high colonization density, coupled with the lack of a

readily apparent photobiont source, provide con-

ditions in which the search for extra-symbiotic

trebouxioid algae can be narrowed. Separation of

genetic and environmental determinants of devel-

opmental variation in this species should be less

problematic than in R. geographicum, which is

inherently more polymorphic. Finally, the synthesis

of rhizocarpic acid is a readily detected marker of

what might be a key threshold in the coupling of

metabolic and morphogenetic interactions among

the fungal and algal symbionts, much like the

production of anthraquinone pigments in Xanthoria

parietina (Honegger, 1990). Pending the develop-

ment of techniques for routine laboratory synthesis

and culturing of prothallus-forming saxicolous

lichens, there is much to be learned about their

developmental biology from studies of thalli formed

and forming in natural environments.
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