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Thallus morphology and anatomy

b. b�del and c. scheidegger

Symbiosis is now widely accepted as a source of evolutionary innovation

(Margulis and Fester 1991) that has stimulated an enormous morphological radia-

tion in ascomycetes. Vegetative structures have especially developed to a com-

plexity that is not reached elsewhere in the fungal kingdom (Honegger 1991b).

Lichen morphology and anatomy are now understood as being highly adapted to

constraints imposed by the environment on the mutualistic symbiosis, where the

mycobiont is the exhabitant and the cyanobacterial or green-algal photobiont is

the inhabitant (Hawksworth 1988b). A very wide range of different thallus struc-

tures have been described and a complete outline of lichen morphology is not the

scope of this chapter. However, detailed reviews are given by Henssen and Jahns

(1973) and Jahns (1988). Common mycological terms also used in lichenology are

not always explained here. Readers are referred to recent mycological textbooks,

to Hawksworth et al. (1983), or to a glossary of a recent lichen flora. Irrespective of

lichen growth form, it must function as a photosynthetically active unit in a

manner that allows positive net photosynthesis and subsequently sufficient

growth rates. This implies that the photobiont has to be supplied with just the

right amount of light, even in the deep shade of rain forests or under fully exposed

conditions of deserts. Carbon dioxide (CO2) diffusion to the photobiont needs to

occur readily, even under fully hydrated conditions. Water loss should be adapted

to the specific environment: minimized in dry environments, and maximized in

very wet environments. Thereby optimal CO2 gain may be realized.

4.1 Growth forms

The appearance of a lichen thallus is primarily determined by the

mycobiont. Only a few cases are known where the photobiont determines the
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habit of the whole thallus, e.g. in the filamentous genera Coenogonium, Ephebe,

Cystocoleus, and Racodium. However, knowledge of the influence of the photo-

biont on the lichen morphogenesis is important, because only after the estab-

lishment of the symbiosis is the characteristic thallus of a lichen developed.

On the basis of their overall habit, lichens are traditionally divided into three

main morphological groups: these are the crustose, foliose and fruticose

types. There are a number of additional special types, such as the gelatinous

lichens that all have cyanobacteria as photobionts (but not all lichens with

cyanobacteria are gelatinous lichens!). However, all of them can be integrated

within the threefold scheme of the main growth types.

4.1.1 Crustose lichens

Crustose lichens are tightly attached to the substrate with their lower

surface and may not be removed from it without destruction. Water loss is

restricted primarily to the upper, exposed surface only. When growing on

inclined rock surfaces, they profit from surface water flow. These features

allow these organisms to tolerate extreme habitats such as bare, exposed rock

surfaces. Although the crustose growth type seems to be clearly defined, varia-

tion of the basically crustose type is abundant. The following subtypes can be

distinguished: powdery, endolithic, endophloeodic, squamulose, peltate, pulvi-

nate, lobate, effigurate, and suffruticose crusts. Their thallus organization may

be either homoiomerous or heteromerous.

In terms of complexity in thallus structure, the powdery crusts, as found in

the lichen genus Lepraria, are the simplest and lack an organized thallus. Fungal

hyphae envelop clusters of photobiont cells and do not have a distinct fungal or

algal layer. They have a powdery appearance and are also referred to as leprose.

Even more simple is the construction of thalli of the epiphyllic, epiphytic, and

terricolous genus Vezdaea, in which the vegetative, photobiont-containing thal-

lus consists of single, globose soredia-resembling granules, which are usually

less than 1 mm in diameter. The granules occur either on the surface or under-

neath the cuticle of bryophytes or other plant material. They are called gonio-

cysts (Sérusiaux 1985) and are corticate and often have distinct spines (Fig. 4.4).

The construction of endolithic (growing inside the rock) and endophloeo-

dic (growing underneath the cuticle of leaves or stems) lichens seems to be

more organized. In most cases, an upper cortex is developed, e.g. in Lecidea aff.

sarcogynoides (Wessels and Schoeman 1988). The upper cortex can consist of

densely conglutinated hyphae forming a dense layer named ‘‘lithocortex’’, as

for example in Acrocordia conoidea, Petractis clausa, Rinodina immersa, Verrucaria

baldensis, and V. marmorea (Pinna et al. 1998). Other endolithic lichens like

Verrucaria rubrocincta form a micrite layer with only a few hyphae involved

Thallus morphology and anatomy 41

Downloaded from Cambridge Books Online by IP 130.208.225.129 on Thu Nov 07 10:07:34 WET 2013.
http://dx.doi.org/10.1017/CBO9780511790478.005

Cambridge Books Online © Cambridge University Press, 2013



















(Bungartz et al. 2004). In Lecidea aff. sarcogynoides, the photobiont layer as a part of

the medulla is located underneath the cortex within the rock. The medullary

hyphae may extend up to 2 mm deep into the sandstone matrix. By penetrating

the sandstone, L. aff. sarcogynoides weathers the sandstone at a rate of 9.6 mm per

100 years in the semihumid climate of South Africa (Wessels and Schoeman

1988). In contrast, Antarctic endolithic lichens apparently do not form a

strongly stratified thallus (Friedmann 1982). In those lichens, thallus structure

is mainly determined by the rock matrix itself (de los Rı́os et al. 2005).

Active weathering by etching can be found in the marine species Arthopyrenia

halodytes, living on calcareous substrates in the littoral. A. halodytes thalli can

often be found in the shell of Balanus species (Fig. 4.1) and of molluscs. Crustose

lichens (e.g. Leproplaca chrysodeta, Dirina massiliensis) contribute to the biodeter-

ioration of a wide range of building materials and historical monuments (Nimis

et al. 1992).

Epilithic and epiphloeodic lichens comprise the vast majority of the crustose

growth type and a number of special thallus types are developed. Most crustose

lichens are stratified and show some, if not all, of the layers that are described

under Section 4.2.2. The margin of the thallus may be clearly delimited or

indistinct. In the genus Rhizocarpon or Placynthium, for example, a prothallus

is developed. This is a photobiont-free, white or dark brown to black zone,

visible between the areolae and at the growing margins of such crustose lichens.

The corticolous lichen Cryptothecia rubrocincta in the rain forest of French Guiana

collects water in its hydrophilic, nonlichenized prothallus and drains it through

little channels passing underneath the thallus, thus avoiding periods of super-

saturation. This was frequently observed after rainwater exuded continuously

from experimentally induced injuries of the surface of the lichenized thallus

part (Lakatos 2002; Lakatos et al. 2006).

An areolated thallus consists of numerous areolae, which are polygonal

parts of the thallus containing both symbiotic partners. In the dry state, the

areolae are clearly distinguishable from each other, but under wet conditions

they swell and the cracks between them close. The areolae might either develop

from a primary thallus with a closed surface that splits secondarily from the

surface to the bottom into several areolae, or from single thallus primordia

developing on a prothallus. A thallus is called effigurate when the marginal

lobes are prolonged and are radially arranged, as in many species of the genera

Caloplaca, Dimelaena, Acarospora, and Pleopsidium.

The squamulose type of crustose lichens is the most complex. The areolae

are enlarged in their upper part and become partially free from the substrate.

Often they develop overlapping scale-like squamules. This is the case, for exam-

ple, in the genera Catapyrenium, Peltula, Psora, and Toninia. Flat scales of
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squamulose thalli, with a more or less central attachment area on the lower

surface, are called peltate (e.g. Peltula euploca, Anema nummularium; Fig. 4.2). The

peltate type of squamulose crusts is often developed in lichens colonizing soils

or rock surfaces in hot, arid regions of the world. Peltula radicata (Fig. 4.22), for

example, colonizes soils in deserts of the world. It is completely immersed in the

soil, exposing its flat upper surface only. Lichens with this type of growth were

called ‘‘Fensterflechten’’ (i.e. window) by Vogel (1955), who first observed such

lichens in the genera Eremastrella and Toninia. Extremely inflated squamules in

the lichen genus Mobergia (Fig. 4.3) are called bullate. In other cases, coralloid

tufted cushions, designated suffruticose, are formed. Within the genera

Caloplaca and Lecanora, a lobate thallus is developed by some species. This is

the case when a thallus becomes radially striate with marginal, at least partially

raised lobes.

4.1.2 Foliose lichens

Foliose lichens are leaf-like, flat and only partially attached to the

substrate. Foliose thalli are either homoiomerous (gelatinous lichens) or hetero-

merous. Typically they have a dorsiventral organization with distinct upper and

lower surfaces. Often the thallus is divided into lobes, which show various

degrees of branching (Figs. 4.5–4.8). Foliose lichens develop a great range of

thallus size and diversity.

Laciniate lichens are the typical foliose lichens. They are lobate and vary

considerably in size; they may either be gelatinous-homoiomerous (e.g. Collema,

Leptogium, Physma; Fig. 4.8) or, as in most cases, heteromerous. The lobes can be

radially arranged (e.g. in Parmelia species, Figs. 4.5, 4.6) or overlapping like tiles

on a roof (e.g. Peltigera, Hypocoenomyce). In some genera, thallus lobes can become

inflated, having a hollow medullary center (e.g. Menegazzia; Fig. 4.7). The lower

surface is often covered by rhizinae, cilia or a tomentum, which, to a limited

degree, may also serve as attachment structures. Conspicuous lichens, such as

the genera Sticta and Pseudocyphellaria in the understory of tropical and tempe-

rate rain forests, Lobaria and Nephroma in alpine and oceanic forests, or Peltigera

in arctic tundras, belong to this growth type.

Umbilicate lichens have circular thalli, consisting either of one single,

unbranched lobe or multilobate thalli with limited branching patterns. All are

attached to the substrate by a central umbilicus from the lower surface. This

often can be recognized by a navel-like depression on the upper side. The

umbilicus usually consists of tightly packed, parallely arranged and congluti-

nated hyphae without photobiont cells. Umbilici have apparently evolved sev-

eral times in such unrelated groups as the Dermatocarpaceae, Parmeliaceae,

Physciaceae, and Umbilicariaceae.
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Figs. 4.1–4.4 Growth forms, crustose lichens. Fig. 4.1. Arthopyrenia halodytes (Spain,

Mediterranean Sea, on Balanus sp.), an endolithic lichen within calcareous substrates

with perithecia (arrow). Fig. 4.2. Anema nummularium (Spain, on conglomerate),

a gelatinous lichen with unicellular cyanobionts and lecanorine apothecia

(white arrow); the thallus is squamulose-umbilicate and effigurate at the margins

(arrowhead). Fig. 4.3. Mobergia calculiformis (Baja California, on rock), bullate thallus.

Fig. 4.4. Vezdaea rheocarpa (Switzerland, over epiphytic mosses), goniocysts

(SEM micrograph).
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Figs. 4.5–4.8 Growth forms, foliose lichens. Fig. 4.5. Parmelia pastillifera

(Switzerland, on Acer pseudoplatanus), thallus with black, knob-like isidia. Fig. 4.6.

Parmelia sulcata (Germany, on bark), flat thallus lobes with soralia (arrow).

Fig. 4.7. Menegazzia terebrata (New Zealand, temperate rain forest, on Nothofagus men-

ziesii), thallus with inflated, hollow lobes with pores (arrow) and slightly stalked,

lecanorine apothecia (arrowhead). Fig. 4.8. Physma sp. (Australia, tropical rain forest,

on bark), gelatinous foliose lichen.
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An ecologically interesting group of foliose lichens are the vagrant lichens, such

as Xanthomaculina convoluta and Chondropsis semivirdis in deserts and semideserts.

These lichens show hygroscopic movement (Büdel and Wessels 1986; Lumbsch

and Kothe 1988). In the dry state the thalli are rolled up, thus exposing their lower

cortices. When they take up liquid water, the thalli unroll and expose the upper

surface to the sunlight. In both lichens photosynthesis is considerably increased

after exposing the upper surface to the light (Lange et al. 1990b). When dry and

inrolled, the lichens can easily be blown by the wind and as soon as dewfall occurs,

they unroll and expose the upper surface again.

4.1.3 Fruticose lichens

The thallus lobes of fruticose lichens are hair-like, strap-shaped or

shrubby and the lobes may be flat or cylindrical. They always stand out from

the surface of the substrate. Some groups have dorsiventrally arranged thalli

(e.g. Sphaerophorus melanocarpus, Evernia prunastri), but the majority possess radial

symmetric thalli (e.g. Sphaerophorus globosus, Usnea species, Ramalina species;

Figs. 4.11, 4.12). The branching pattern of lobes varies considerably among

different systematic groups and also within a single genus. Size varies tremen-

dously, from some Usnea species that grow several meters long to minute species

only 1 or 2 mm high. Fruticose lichens are found in a wide range of climates,

from the desert to the wet rain forest and on various types of substrates.

Genera like Baeomyces or Cladonia (Fig. 4.10) develop a twofold thallus, which is

differentiated into a fruticose thallus verticalis and a crustose-squamulose to

foliose thallus horizontalis. In the genus Cladonia, the thallus verticalis origi-

nates from primordia of the fruit body and results in apothecia-bearing stalks,

which are termed podetia (Fig. 4.10). In cases where the thallus verticalis devel-

ops from primordia of the thallus horizontalis, e.g. in the genus Stereocaulon, it is

named pseudopodetium. The genus Cladia has developed reticulate podetia,

thus exposing the medulla and parts of the algal layer (Fig. 4.9). As a consequence,

uptake and loss of water is rapid. This feature probably reflects the wet soils and

moss cushions within which many of the reticulate Cladia species grow.

Another peculiar type of anatomy is that of the beard-like-growing genus Usnea

(Fig. 4.12), which has a strong central strand of periclinally arranged, congluti-

nated hyphae that provide mechanical strength along the longitudinal axis.

Highly branched fruticose lichens have a high surface to volume ratio, which

results in a more rapid drying and wetting pattern compared with lichens

having lower surface to volume ratios. Fruticose growth forms can be found

preferentially either in very wet, humid climates, e.g. Usnea xanthophana and

U. rubicunda in the temperate rain forest, or in arid climates with regular dew

and fog events, e.g. Teloschistes capensis in the Namib Desert. While Usnea
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Figs. 4.9–4.12 Growth forms, fruticose lichens. Fig. 4.9. Cladia retipora (New

Zealand, temperate rain forest, on soil), fenestrate lobes (SEM micrograph). Fig. 4.10.

Cladonia coccifera (Russia, Lake Baikal, on soil), vertical thallus (¼podetia) with red

hymenium (arrow). Fig. 4.11. Ramalina pollinaria (Switzerland, on Abies alba), typical

fruticose growth form. Fig. 4.12. Usnea filipendula (Germany, Fagus forest, on Fagus

sylvatica), radial symmetric thallus with numerous fibrils.
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xanthophana and U. rubicunda hardly showed any depression in CO2-uptake due to

slower CO2-diffusion under water-supersaturated conditions (Lange et al. 1993b),

Teloschistes capensis is able to collect sufficient fog and early morning dewfall to

sustain positive net photosynthesis for considerable time periods (Lange et al.

1990a). In the former habitat, the hanging ‘‘beard’’ of the Usnea thalli is advanta-

geous in that rapid water loss occurs. Together with the numerous hydrophobic

airspaces in the medulla, supersaturation with water is avoided (Lange et al.

1993b). In the second case, the large tufts of Teloschistes capensis act like a comb for

dew and fog condensation. In a similar manner, increased water uptake occurs

in many other fruticose genera, such as Ramalina menziesii (Larson et al. 1985;

Boucher and Nash 1990a) and the genera Bryoria and Usnea.

4.2 Vegetative structures

4.2.1 Homoiomerous thallus

Mycobionts and photobionts are evenly distributed in homoiomerous

thalli, as is often found in thin crustose lichens, in gelatinous crustose and foliose

lichens, for example of the genera Caloplaca, Pyrenopsis or Collema (Fig. 4.13).

The homoiomerous gelatinous lichens absorb much more water in relation

to their dry weight than nongelatinous, heteromerous lichens do. As a conse-

quence, CO2 gas diffusion to the photobiont is strongly limited or may even be

blocked in supersaturated thalli. Carbon dioxide can become the limiting factor

for photosynthesis under these circumstances (Lange and Tenhunen 1981).

However, Lange et al. (1993b) showed for Collema laeve and other cyanobacterial

lichens that CO2 uptake is only slightly depressed under supersaturated condi-

tions, a fact that may be due to the functioning of the recently described

photosynthetic CO2 concentration mechanism. A steeper concentration gradi-

ent from air outside to the CO2 fixation site within the cyanobacterium leads to

an increasing diffusion rate of CO2 (Badger et al. 1993).

4.2.2 Stratified thallus

The majority of lichens including many crustose species develop intern-

ally stratified thalli. The main subdivisions are into upper cortex, photobiont

layer, medulla, and lower cortex. These layers may include various tissue types,

and their terminology follows the general mycological literature. In the case

where the hyphae are conglutinated to an extent that single hyphae are not

usually distinguishable, the main tissue types are pseudoparenchymatous

and/or prosoplectenchymatous. The former case involves more or less isodia-

metrical cells (Fig. 4.18) resembling true parenchyma of vascular plants. The latter
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Figs. 4.13–4.16 Thallus anatomy, heteromerous versus homoiomerous thalli,

water storage. Fig. 4.13. Collema nigrescens (Switzerland, on Acer pseudoplatanus), a wet,

homoiomerous thallus of the gelatinous type with the filamentous Nostoc cyanobiont

(upper arrow). Water is located in the jelly of fungal and cyanobacterial walls and
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tissue type is composed of elongated hyphal cells that are arranged anticlinally.

For the description of dense plectenchyma in ascoma, a terminology introduced

by Korf (1973) for nonlichenzed discomycetes is useful (Scheidegger 1993).

Cortex, epicortex, and epinecral layer

Only a few growth forms are known where the photobiont layer imme-

diately reaches the surface of the lichen thallus. Mostly the algal layer is covered

by a thin to thick (up to several hundred micrometers) cortical layer (Fig. 4.14). In

many dark lichens pigmentation is confined to fungal cell walls of cortical hyphae

(Esslinger 1977; Timdal 1991) or the epinecral layer. In gelatinous lichens the

color is primarily confined to the outer wall layers of the mycobiont (Büdel 1990).

In many foliose or fruticose lichens a cortex is formed by pseudoparenchyma-

tous or a prosoplectenchymatous fungal tissue. Usually living or dead photobiont

cells are completely excluded from the cortex, but in the so-called phenocortex

(Poelt 1989) collapsed photobiont cells are included (e.g. Lecanora muralis).

In Parmeliaceae some species have a 0.6 to 1 mm thick epicortex, which is a

noncellular layer secreted by the cortical hyphae. This epicortex can be pored, as

in Parmelina, or nonpored, as in Cetraria. In a broad range of foliose to crustose

lichens an epinecral layer of variable thickness is often developed. It consists of

dead, collapsed and often gelatinized hyphae and photobiont cells. Thalli often

have a whitish, flour-like surface covering, the so-called pruina that consists

primarily of superficial deposits, of which calcium oxalate is the most common.

The amount of calcium oxalate is probably dependent on ecological parameters,

such as calcium content of the substrate and the aridity of the microhabitat.

Functions of the upper cortex and/or its pruina include mechanical protec-

tion, modification of energy budgets (Kershaw 1985), antiherbivore defense

(Reutimann and Scheidegger 1987), and protection of the photobiont against

excessive light (Ertl 1951; Büdel 1987; Jahns 1988; Kappen 1988). Light- and

shade-adapted thalli of several species differ considerably in the anatomical

organization of their upper cortical strata (e.g. Peltigera rufescens; Figs. 4.17,

Caption for Figs. 4.13–4.16 (cont.)

sheaths (lower arrow). There are no airspaces in the thallus (LTSEM micrograph).

Fig. 4.14. Anaptychia ciliaris (Switzerland, on Acer pseudoplatanus), a wet, heteromerous

thallus with unicellular Trebouxia phycobionts in the algal layer (lower arrow). Water

is located in the cell walls of the mycobiont mainly (upper arrow). Numerous air-

spaces are located in the medulla (LTSEM micrograph). Fig. 4.15. Nephroma resupinatum

(Switzerland, on Acer pseudoplatanus), a wet, heteromerous thallus with filamentous

Nostoc cyanobionts (LTSEM micrograph). Fig. 4.16. Cetraria islandica (Sweden,

terricolous), a dry, heteromerous thallus with Trebouxia photobiont. Note the

collapsed phycobiont cells (LTSEM micrograph).
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4.18). In a nearby fully sun exposed habitat, the thickness of the cortex is

reduced but a thick, epinecral layer with numerous air spaces is formed

(Fig. 4.17), giving the thallus a grayish-white surface due to a high percentage

of light reflection (Dietz et al. 2000). This cortical organization results in

decreased transmission of incident light by 40% in the sun-adapted thallus

measured at the upper boundary of the algal layer. Additionally, epinecral layers

of Peltula species contain airspaces that may also function as CO2 diffusion paths

under supersaturated conditions (Büdel and Lange 1994).

Photobiont layer and medulla

In most foliose or fruticose thalli, the medullary layer occupies the

major part of the internal thalline volume. Usually it consists of long-celled,

loosely interwoven hyphae forming a cottony layer with a very high internal

airspace. The upper part of the medulla forms the photobiont layer. In many

lichens, the hyphae of the photobiont layer are anticlinally arranged and may

sometimes form short or globose cells.

Supporting tissue is often formed within the medullary layer of fruticose

lichens and to a secondary degree in other lichens. It consists of thick-walled,

conglutinated hyphae. This special tissue may be formed as irregularly arranged

hyphal strands (e.g. in maritime, placodioid crustose lichens), as a central

cylinder (Cladina) or as a central, thread-like elastic strand (Usnea).

The hyphal cell walls of the algal and medullary layer are often encrusted

with crystalline secondary products. These crystals and/or tessellate outer cell wall

layers (Honegger 1991c) make the medullary hyphae hydrophobic. Therefore,

during wet periods the medullary and algal layer remain air filled and capillary

water is probably not present in internal parts of the thalli (Figs. 4.42, 4.43;

Brown et al. 1987; Scheidegger 1994a). Water transport to the photobionts seems

to be restricted to mycobiont cell walls. Under water-saturated conditions,

photobiont and mycobiont cells are fully turgid (Figs. 4.14, 4.15). But in the air-

dry state photobiont cells are collapsed following water loss (Fig. 4.16). Green-

algal symbionts have the ability to become turgid (Brown et al. 1987; Büdel and

Lange 1991; Scheidegger 1994a) and achieve positive net photosynthesis at high

relative air humidity (>85 %) and low temperatures. However, cyanobacterial

photobionts only become turgid in the presence of liquid water (Büdel and

Lange 1991; Scheidegger 1994a). Although some thin-walled medullary hyphae

collapse during water loss, cortical and thick-walled medullary fungal hyphae

usually show a different reaction to water loss. These cells cavitate and keep

their shape more or less unaltered during the desiccation process

(Figs. 4.37–4.39). Cavitation is an explosion-like formation of bubble-like struc-

tures in the symplasts of fungal hyphae and spores (Scheidegger et al. 1995a).
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Figs. 4.17–4.22 Thallus anatomy, functional anatomy, vegetative structures.

Figs. 4.17–4.18. Peltigera rufescens (Germany, xerothermic steppe, on soil, from Dietz

et al. 2000). Fig. 4.17. Specimen from a sunny, fully exposed habitat, upper cortex with

an additional epinecral layer (arrow). Fig. 4.18. Specimen from a permanently shaded

habitat; the pseudoparenchymatic cortex is thicker compared with the fully exposed

specimen and lacks an epinecral layer. Fig. 4.19. Sticta latifrons (New Zealand, tempe-

rate rain forest), cross section with cyphellae with the typical corticated anatomy at
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Cavitation bubbles take a major part of the volume of the symplast and

compensate the volume of the water that has evaporated during desiccation.

During rehydration, cavitation bubbles are refilled within seconds. Because

cavitation does not change the shape of the cells, desiccation and rehydration

processes that change water content of lichen thalli between <20% and>150%

of the lichen dry weight do not induce shearing forces between fungal hyphae,

for example in a multilayered cortex (Scheidegger et al. 1995a). Even in freezing

and melting cycles of hydrated lichens the same morphological processes can

be observed. In Umbilicaria aprina cooling of hydrated lichen thalli below the

freezing point leads to extracellular freezing and an accumulation of ice crystals

in the intercellular space of the lichen medulla. The effects of this freezing

process are identical to dehydration and lead to collapsed photobionts and

cavitated fungal hyphae (Schroeter and Scheidegger 1995).

Free, capillary water has only been found thus far within the hollow podetia

of Cladonia and Cladina species, in which an internal, hydrophilic central cylin-

der is developed.

Lower cortex

In some foliose lichens such as Peltigera or Heterodermia the medulla

directly forms the outer, lower layer of the thallus. However, typical foliose

lichens of the Parmeliaceae and many other groups have a well-developed lower

cortex. As is the case with the upper cortex, it is either formed by pseudopar-

enchymatous or a prosoplectenchymatous tissue. But unlike the upper cortex,

the lower cortex is often strongly pigmented. Its ability to absorb water directly

is well documented. Only low water conductance has been found thus far.

However, it may play a major role in retaining extrathalline, capillary water

(Jahns 1984).

Attachment organs and appendages

An impressive variety of attachment organs may be developed from the

lower cortex and also rarely from the thallus margin or the upper cortex. In

Caption for Figs. 4.17–4.22 (cont.)

the lower surface. Fig. 4.20. Pseudocyphellaria filix (New Zealand, temperate rain forest),

cross section with pseudocyphellae showing the typical protrusion of medullary

hyphae into the opening (arrow). Fig. 4.21. Pseudocyphellaria dissimilis (New Zealand,

temperate rain forest), cross section through the heteromerous thallus with Nostoc

photobiont and with a tomentum forming hyphae originating from lower cortical

cells. Fig. 4.22. Peltula radicata (Saharan Desert, soil), squamules connected with

rhizines (arrow) to each other forming one thallus.
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foliose lichens attachment is mainly by simple to richly branched rhizines,

mostly consisting of strongly conglutinated prosoplectenchymatous hyphae.

Umbilicate lichens as well as Usnea and similarly structured fruticose lichens

are attached to the substrate with a holdfast, from which hyphae may slightly

penetrate into the substrate. Deeply penetrating rhizine strands are found in

some squamulose, crustose or fruticose lichens growing in rock fissures, over

loose sand and sod.

In crustose lichens a prosoplectenchymatous prothallus is often formed

around and below the lichenized thallus. It establishes contact with the sub-

strate. From there bundles of hyphae penetrate among soil particles. Members

of various growth forms produce a loose web of deeply penetrating hyphae,

growing outwards from the noncorticate lower surface of the thalli. Various

attachment organs with high amounts of extracellular gelatinous material

establish tight contacts to the substrate. In this manner attachment to loose

substrates, such as sand, is possible.

Cilia are fibrillar outgrowths from the margins or from the upper surface of

the thallus. A velvety tomentum consisting of densely arranged short, hair-like

hyphae may be formed on the upper or lower cortex. Tomentose surfaces are

mainly reported from broad-lobed genera such as Pseudocyphellaria, Lobaria, and

Sticta but are also found in a few Leptogium and others.

Cyphellae and pseudocyphellae

Upper or lower cortical layers often bear regularly arranged pores

or cracks. Pseudocyphellae, as found on the upper cortex of Parmelia sulcata

(Fig. 4.24) or on the lower side of Pseudocyphellaria (Figs. 4.20, 4.21), are pores

through the cortex with loosely packed medullary hyphae occurring to the

interior. Cyphellae are bigger and anatomically more complex than pseudo-

cyphellae. In the interior portions of the cyphellae, hyphae form conglutinated,

globular terminal cells, and this is the main difference from pseudocyphellae.

They are only known from the genus Sticta (Fig. 4.19).

Pseudocyphellae and young cyphellae are thought to considerably lower gas

diffusion resistance of the cortex. Because pseudocyphellae and cyphellae are

hydrophobic structures, they may act as pathways for gas diffusion into thalli.

However, under supersaturated conditions they can no longer function in this

way (Lange et al. 1993b).

Cephalodia (Photosymbiodemes)

Representatives of the foliose Peltigerales with green algae as the pri-

mary photobiont, and members of such genera as Stereocaulon, Amygdalaria,

Chaenotheca, Micarea, and Placopsis (Fig. 4.25) usually possess an additional
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Figs. 4.23–4.26. Vegetative structures and anamorph structures. Fig. 4.23. Parmelia

crinita (Switzerland, saxicolous), thallus with finger-like isidia (LTSEM micrograph,

courtesy of S. Geissbühler). Fig. 4.24. Parmelia sulcata (Switzerland, on Acer

pseudoplatanus), soralium with numerous soredia (LTSEM micrograph). Fig. 4.25. Placopsis

gelida (Sweden, saxicolous), thallus with a centrally arranged, gall-like external

cephalodium, containing the N-fixing cyanobiont. Fig. 4.26. Heppia lutosa (Arizona,

Sonoran Desert, terricolous), cross section exposing the immersed, flask-shaped

pycnidium with pycnospores.
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cyanobacterial photobiont. In Solorina this secondary photobiont may form

a second photobiont layer underneath the green-algal layer, but usually

it is restricted to minute to several millimeters wide cephalodia.

Cephalodial morphology is often characteristic on a species level and ranges

from internal verrucae to external warty, globose, squamulose or shrubby

structures on the upper or lower thallus surfaces. Cephalodial morphology

usually differs completely from the green-algal thallus, and this emphasizes

the potential morphogenetical influence of the photobiont on the growth

form of the mycobiont–photobiont association (Chapter 5). Because many

cyanobacterial photobionts are nitrogen-fixing (Chapter 11), these lichens

may considerably benefit from cephalodia, especially in extremely oligotropic

habitats.

4.3 Reproductive structures

As occurs in most fungi, the vast majority of lichenized ascomycetes

have a sexual and an asexual life cycle. Within lichens, usually only the myco-

biont expresses the full sexual and, to a certain degree, also asexual reproduc-

tion. The reproduction mode of the photobiont is, however, reduced in the

lichenized state. The principal problem with lichenization is the necessity of

fungal spores meeting the proper photosynthetic partner for the re-establishment

of the symbiosis. In addition to the typical sexual (teleomorph) and asexual

(anamorph) fruiting structures of the individual symbionts, lichenized asco-

mycetes have evolved a number of vegetative propagules, by which both part-

ners are distributed.

4.3.1 Generative reproduction: ascoma (pl. ascomata)

In contrast to the vegetative thallus, ascomata are composed of haploid

hyphae and dicaryotic ascogenous hyphae. Two main ascocarp development

lines are distinguished in the Euascomycetidae. In the ascolocular type, asci

arise in cavities in a preformed stroma. True paraphyses and an excipulum

proprium (proper or true margin) are lacking. Many lichenized fungi with

the ascolocular type have fruit bodies that resemble perithecia, but because

of their ascolocular origin, they are called pseudothecia (e.g. Pleosporales,

Hysteriales).

The second and most common ascocarp development in lichenized ascomy-

cetes is the ascohymenial type, which is initiated with the development of an

ascogonium, followed by the establishment of dicaryosis. It is still unknown
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how dicaryosis occurs in lichenized ascomycetes. The ascocarp is composed of

ascogenous hyphae and haploid hyphae from the base of the ascogonia-bearing

hyphae and the asci are developed from ascogenous hyphae. Together with the

sterile paraphyses (hamathecium), they form the hymenium. Underneath

the hymenium a generative layer (i.e. subhymenium) is present, which gives

rise to the hymenium. Sometimes a hypothecium, underlying the subhyme-

nium, can be developed. The hymenium itself may be overlaid by a distinct

epithecium. The development of a fruit body is a gymnocarp, when the

hymenium is exposed from the earliest stage on. An initially enclosed fruiting

body that opens before forming a fully mature hymenium is typical of hemi-

angiocarp development. If the hymenium remains closed until the spores

are mature, then it is called angiocarp development. For more detailed

descriptions the reader is referred to basic mycological and lichenological

works.

There is considerable variation among ascomata and according to their

morphology and anatomy several types of fruit bodies exist. In apothecia the

hymenium is exposed at maturity and the hamathecium is either lacking or

consists of paraphyses, paraphysoids or pseudoparaphyses; whereas perithecia

remain closed, not exposing the hymenium.

Perithecia

Perithecia open with a small tube-like ostiolum and have peri-

physes and sometimes paraphyses (hamathecium). They are globose to flask--

shaped and are more or less immersed (e.g. Arthopyrenia, Catapyrenium,

Dermatocarpon; Fig. 4.1). The exciple is carbonized in some genera, as in

Verrucaria, and the ostiolum may be surrounded by a shield-like, carbonized

layer.

Apothecia

Apothecia are cup- or disk-shaped (Figs. 4.2, 4.7, 4.8) and two main

morphological and developmental types are distinguished. Apothecia with a

margin originating from the thallus (margo thallinus) are lecanorine (Fig. 4.31).

In other cases where the margin develops from the tissue of the fruit body

(margo proprius), it is either called lecideine (Fig. 4.32) when the margin is

carbonized or biatorine when noncarbonized. In some genera, both margins

are present, and this type is called zeorin. Within the margo proprius, two layers

can be distinguished: the inner part is formed by the parathecium, giving rise

to the outer layer, the amphithecium.
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Thallinocarpia

Thallinocarpia are derived from a strongly, if not totally, reduced gen-

erative tissue. In this special type, the ascogonia develop from thallus hyphae

underneath the lichen surface, between mycobiont and photobiont cells.

Subsequently, generative tissue is developed, from which true paraphyses are

formed (Henssen et al. 1981). Parts of the thallus, including photobiont cells, are

dispersed in between the hymenial parts so that the fruiting structure is sub-

divided into thalline and generative compartments (Fig. 4.33). Thallinocarpia

are only known from the family Lichinaceae, e.g. the genus Lichinella and

Gonohymenia.

Pycnoascocarpia

Pycnoascocarpia are a special ontogenetical type of apothecia, originat-

ing by transformation of pycnidia into apothecia. They occur in the genera

Ephebe, Paulia, or Thyrea (Henssen et al. 1981).

Hysterothecia

Hysterothecia are elongated, small fruit bodies with a split-like hyme-

nium (Fig. 4.34). They may be either derived from perithecia or, as in all liche-

nized ascomycetes, from apothecia. Hysterothecia are found in the genera

Graphis and Opegrapha.

Asci

The ascus structure and function plays an important role in ascomycete

systematics. On the basis of electron microscopical and traditional light micro-

scopical investigations, it is evident that characteristic types of asci occur within

the lichenized ascomycetes. A basic difference between ascus types seems to be

prototunicate asci and unitunicate/bitunicate ones. These latter two terms are

derived from the original light microscopy studies, from which walls were

thought to be either one- or two-layered. However, electron-microscopical stu-

dies have subsequently demonstrated that this terminology is misleading. To

reduce confusion we distinguish here between anatomically and functionally

single- or two-layered asci.

Prototunicate asci have anatomically and functionally single-layered,

thin walls without any special mechanisms for spore dehiscence. Spores are

either released by apical splitting or disintegration of the wall (Figs. 4.35,

4.36H, I).

From an anatomical perspective unitunicate asci have a two-layered wall,

but it behaves functionally as a single layer. Spore release is usually supported

by an apical apparatus (part of the inner wall), which shows a high degree of
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Figs. 4.27–4.30 Conidia. Fig. 4.27. Micarea adnata (Switzerland, on Abies alba),

sporodochium with conidiospores (LTSEM micrograph). Fig. 4.28. Amandinea coniops

(Norway, saxicolous) conidiogenous cells with filiform conidia (SEM micrograph).

Figs. 4.29–4.30. Parmelia tiliacea, part of conidiogenous cell with enteroblastic

formation of the primary conidium. A collarette is seen at the neck of the phialide.

TEM (Fig. 4.29) and SEM (Fig. 4.30) micrographs (from Honegger 1984a, with

permission from the author and publisher).
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Figs. 4.31–4.35 Types of ascomata. Fig. 4.31. Pyxine physciaeformis (Brasil, epiphytic),

lecanorine apothecium with algal cells in the excipulum (arrow; SEM micrograph).

Fig. 4.32. Buellia leptocline (Sweden, saxicolous), section of the excipulum of the

lecideine apothecium (from Scheidegger 1993). Fig. 4.33. Lichinella intermedia (Baja

California, volcanic rock), typically cracked thallinocarp. The hymenium is divided
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variability (Fig. 4.36C–G) and seems to be of great value in systematics. Prior to

spore release, the outer wall opens and the apical apparatus elongates towards

the surface of the hymenium. This type is termed nonfissitunicate, because

the wall layers do not split (Honegger 1982b).

Bitunicate asci have two wall layers that also function like two layers. The

outer wall (exoascus) is not expandible and opens apically. The inner wall

(endoascus), which is at least partly liberated from the exoascus (Fig. 4.36A,

B), is highly expandible and elongates substantially towards the hymenial

surface, prior to spore release. This type is termed fissitunicate because the

inner, expandible wall is liberated from the outer nonexpandible wall

(Honegger 1982b). Variation of the two basic types (fissitunicate and nonfissi-

tunicate) have undergone evolutionary radiation. The systematics chapter

(Chapter 17) in this book demonstrates the use of ascus structure as a phylo-

genetic marker.

Basidioma (pl. basidiomata)

To date only a few species of the basidiolichenes are known and

none forms a specific lichen thallus. All basidiolichens belong to the

Holobasidiomycetidae, which is characterized by nondivided basidia. The fruit-

ing structures are typical of the Aphyllophorales or Agaricales. They are either

crust-like (resupinate, e.g. Dictyonema), cylindrical or club-shaped (clavarioid, e.g.

Multiclavula) or have the shape of a lamellated mushroom fruit body (agaricoid,

Omphalina). For further information see Oberwinkler (1984).

4.3.2 Vegetative reproduction

Aposymbiotic (apo¼ non) propagules

Conidiomata occur in many lichenized ascomycetes. Pycnidia are the

main type of anamorph structures and are pear-shaped or globose receptacles

(Fig. 4.26), within which conidia are formed on a special hyphal type, called

conidiophores (Figs. 4.28, 4.29, 4.30). Pycnidia typically have a plectenchyma-

tous wall. Several types of pycnidia are distinguished by the arrangement and

morphology of the conidiophores (Vobis and Hawksworth 1981; Hawksworth

1988d). Conidiogenesis seems to be phialidic in all cases investigated so far

Caption for Figs. 4.31–4.35 (cont.)

into numerous small partial hymenia that are interrupted by photobiont-containing,

vegetative thallus parts (from Henssen et al. 1986). Fig. 4.34. Vezdaea aestivalis

(Switzerland, over saxicolous bryophytes), ascus with covering paraphysoids. (LTSEM

micrograph, from Scheidegger 1994b). Fig. 4.35. Graphis scripta (Germany, on Fagus

sylvatica), hysterothecia with a letter-like shape.
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(Figs. 4.28, 4.29, 4.30). The shape of the conidia, their mode of formation and the

construction of the receptacles often have taxonomic value and may be used in

characterizing species or even genera.

Campylidia are erect, helmet-shaped conidiomata known from several

foliicolous lichens. In the Badimia pollilensis aggregate, campylidia develop

from primordia identical to those of the apothecia (Sérusiaux 1986).

Only one lichen (Micarea adnata) is known where the anamorph is a spor-

odochium. Sporodochia are characterized by palisade-like arranged conidio-

phores, developing on or reaching the surface of the lichen where they release

conidia directly (Fig. 4.27).

Fig. 4.36 Ascus types before (left) and after (right) dehiscence: A, Peltigera-type;

B, Rhizocarpon-type; C, Euopsis-type; D, Lecanora-type; E, Pertusaria-type; F,

Teloschistes-type; G, Anzina-type; H, Heppia-type; I, Chaenotheca-type. The horizontal

line indicates the surface of the hymenium. Chaenotheca has a mazaedium (i.e. the

ascus is covered by a thick layer of spores). ac, apical cushion; ar, eversible amyloid

ring; aw, ascus wall; d, apical dome; e, electron dense particles; il, inner layer; ol,

outer layer; p, preformed porus. They are redrawn from Honegger’s (1982b) TEM

micrographs (A,B,D,E,F); Henssen et al. 1987 (C); Scheidegger 1985 (G); Büdel 1987 (H);

and Honegger 1985 (I) with permission from the authors.
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Hyphophores are a special anamorph structure known from the myco-

biont of many foliicolous lichens. They have a multihyphal stalk and often

an apical thickening, from which conidiophores grow downwards (Vĕzda

1979).

Thallospores are special asexual spores having no conidiophore. They are

known from Umbilicaria (Hasenhüttl and Poelt 1978; Hestmark 1990), as well as

from various crustose species (Poelt and Obermayer 1990a).

Propagation of the aposymbiotic photobionts is seemingly rather rare

(Tschermak-Woess 1988). Flagellate stages of unicellular green algae

have been reported from Flavoparmelia caperata (Slocum et al. 1980) and from

Anzina carneonivea (Scheidegger 1985). However, motile stages of the photo-

bionts are usually absent or very rarely found in lichens, although they are

regularly found in the free-living, cultured state of algae (Tschermak-Woess

1988).

Hormogonia are short chains of cyanobacterial cells that act as diaspores.

The cyanobacterial photobiont of Placynthium nigrum forms hormogonia after

periods of high rainfall, and these may escape the lichen thallus (Geitler

1934).

Symbiotic propagules

Vegetative diaspores provide a means of propagating the whole lichen-

ized ascomycetes and basidiomycetes without relichenization. A wide range of

ontogenetically and/or structurally different vegetative propagules have been

described (Poelt 1993). However, only a few are routinely considered, and of

these, isidia and soredia are the most important (Table 4.1).

In most lichens, fragments are not normally able to establish and regen-

erate a thallus. However, many fruticose lichens are highly adapted to propa-

gate by thallus fragments. Beard-like, epiphytic thalli of the genera Bryoria and

some Ramalina are torn and dispersed by strong winds. The fragments with

lengths often exceeding 10 cm get entangled with the foliage and branches

of their new substrate. Some Cladonia species are very brittle in the dry state

and are often fragmented after trampling. Dibben (1971) has successfully used

such fragments as innoculum for growing Cladonia species in phytotron

experiments.

Goniocysts are minute granular thalli (Fig. 4.4) with external monolayered

paraplectenchyma and numerous photobiont cells. The formation of goniocysts

in the genus Vezdaea may occur by serial de novo lichenization (Scheidegger

1994b) or by ongoing proliferation of a subcuticular thallus (Tschermak-Woess

and Poelt 1976) where soredia-like propagules are formed (Vĕzda 1980;

Sérusiaux 1985).
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Isidia are scattered across the thallus surface, and their height ranges from

around 30 mm to more than 1 mm. Isidia are often cylindrical and simple

(Figs. 4.5, 4.23) or branched, but warty or coralloid forms are also known.

Although they may serve as diaspores in many species, isidia may also play an

important role in increasing thallus surface area. Because numerous isidia are

usually present on a thallus surface without being detached, they both increase

the photosynthetically active surface (Chapter 9) and enhance other interac-

tions with the atmosphere (e.g. trace gas exchange, aerosol deposition;

Chapters 11 and 12).

Pseudoisidia differ from isidia by the lack of photobiont cells (Walker 1985).

Therefore, they would be better treated as fungal (aposymbiotic) propagules,

although their function is not fully understood.

Table 4.1. Symbiotic and aposymbiotic vegetative propagules

Structure Definition

Goniocyst Granular thalli with external monolayered paraplectenchymatous fungal

plectenchyme and numerous photobiont cells

Fragment Detached terminal or marginal parts of thallus

Phyllidium Corticate, dorsiventral protuberance of upper cortex

Bulbil Multilayered paraplectenchymatous globular outgrowth with only a few

algal cells

Blastidium Pseudocorticate budding proliferations of upper or lower phenocortex

Isidium Corticate protuberance of upper cortex and photobiont layer

Pseudoisidium Isidia-like structures which lack photobiont cells

Polysidium Corticate protuberance of thalline outgrowth

Schizidium Flakes of upper cortex and algal layer

Soredium Noncorticate clump originating in the medulla and photobiont layer

Consoredium Aggregations of incompletely separated soredia

Parasoredium Clump of disintegrating (pheno?)cortex and photobiont layer

Isidioid soredium Secondarily corticate protuberance produced in soralia-like clusters

Dactylidium Phenocorticate nonbudding protuberance of upper cortex and photobiont

layer

Thlasidium Isidia-like structure internally producing soredia-like granules which are

squeezed out

Hormocyst Hormogonium with adhering mycobiont

Conidium Aposymbiotic, nonmotile, asexual fungal spore; formed within or on a

conidioma

Thallospore Aposymbiotic, asexual fungal spore produced on the thallus surface or on

attachment organs

Hormogonium Aposymbiotic, few-celled motile trichomes without heterocysts

Zoospore Aposymbiotic, motile daughter cells of the phycobiont
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Phyllidia resemble isidia in very early developmental stages but they soon

bend over the parent thallus and become dorsiventral. Usually phyllidia are

constricted at the base and become easily detached. In contrast, lobules are

similar morphologically, but do not usually act as reproductive propagules.

Phyllidia are stratified in a similar manner to the parent thallus (i.e. with

upper and lower cortices, a photobiont layer and a medulla).

Polysidia are clustered isidia, formed on thalline outgrowths. They have

only been reported from Pyxine (Kalb 1987).

Thlasidia morphologically resemble pseudoisidia in their terminal ends but

contain soredia-like patches with photobiont cells in their bases. Ontogenetically

they emerge from the thlasidium. They are only reported from the crustose,

epiphytic lichen Gyalideopsis anastomosans (Vĕzda 1979; Poelt 1986).

Bulbils are multilayered paraplectenchymatous globular outgrowths of the

thallus and have been found in lichenized Basidiomycetes. They contain only a

few photobiont cells (Poelt and Obermayer 1990b).

Schizidia are formed from upper thalline layers by disintegrating flakes of

cortical and algal layers. Schizidia are found in crustose lichens (e.g. the genus

Fulgensia) and also occur in foliose lichens, such as Flavoparmelia caperata,

Hypogymnia and Xanthoria (Poelt 1980, 1994).

Soredia consist of a few photobiont cells enveloped by a loose, spherical

mantle of hyphae. Soredia are formed by proliferation of the algal and medullary

layers. They are very small and often range from 20 to 50 mm in diameter. Soredia

either develop diffusely on the upper surface of the thallus or in delimited areas,

called soralia (Figs. 4.6, 4.24). Soralia covered by small soredia are farinose and

those with larger soredia are granular. According to their position soralia are

classified as laminal, marginal, fissural, cuff-shaped, vaulted, labriform or term-

inal. Soredial masses are loosened from soralia and scattered by hygroscopical

movements of the cortical tissue (Jahns et al. 1976). Soralia are often hydrophobic,

but in repelling raindrops soredia may be removed as well. In many species of

Lobaria, Melanelia and other genera, soredia may remain attached in the soralium

after their formation. Such soredia may later develop an outer layer of more

or less agglutinated hyphae until a cortex or a phenocortex is formed. Such

structures are soredia in origin and are called isidioid soredia (Esslinger 1977).

Consoredia, a term recently introduced by Tønsberg (1992), refer to aggre-

gated soredia that are formed by incomplete division of parent soredia.

Parasoredia have a different ontogeny from soredia. They are formed in

layers from clumps of disintegrating cortical and photobiont material and are

often bigger than soredia (Codogno et al. 1989).

Blastidia are pseudocorticate, budding proliferations of the upper or the

lower cortex, and sometimes they resemble soredia (Poelt 1980, 1994).
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The structures described above and summarized in Table 4.1 are often multi-

functional organs, for which structure and function may change during their

ontogeny. For instance Parmotrema crinitum develops cylindrical isidia (Fig. 4.23)

that may serve as diaspores after they become mechanically detached from the

thallus. The same structures, however, may develop further on the thallus into

multibranched isidia or even into dorsiventral lobules (Ott et al. 1993) that may

be interpreted as phyllidia. In Lobaria pulmonaria laminal and marginal lobules

develop from isidioid soredia. In the process their function is changed from

that of a dispersal propagule to a regenerative structure that enables the

re-establishment of a new thallus where the old one grew.

4.4 Evolution of the lichen thallus morphology and resulting

functional aspects

Among all symbiotic associations, the lichen symbiosis is unique as the

host (mycobiont) expresses its specific phenotype only in association with an

adequate photobiont (see also Chapter 5). Thallus morphology is optimized for

water uptake and/or loss within a specific habitat, and the anatomical structure

of the thallus must follow principles that allow optimal carbon dioxide gain of

the photobiont under a given habitat moisture regime.

4.4.1 Morphology and anatomy of fossil lichens

Since there is only a very limited record on fossil lichens, we do not know

much about the morphology and anatomy of early lichens and how they evolved.

The oldest fossil lichen on record is 600 million years old and comes from

Caption for Figs. 4.37–4.43

Functional morphology, fossil record. Figs. 4.37–4.39. Lobaria pulmonaria (Switzerland,

corticolous), cross fractures of dry thallus showing cortical and medullary hyphae

with cavitations. (LTSEM.) Fig. 4.40. Spongiophyton minutissimum, fossil lichen, vertical

section through upper half of the thallus of two neighboring lobes (arrows show lobe

margins). (SEM, with permission of International Journal of Plant Science and W. A.

Taylor.) Fig. 4.41. Verrucaria elaeina (Germany, saxicolous, submerged), wet thallus of

the aquatic lichen, vertical section through perithecium showing asci (as) with spores

and the ostiole (os). Paraplectenchymatic thallus structure with airspaces (arrows);

sub, substratum. (LTSEM, courtesy of Dr. H. Thues.) Fig. 4.42. Peltula tortuosa (South

Africa, saxicolous), cross section through an erect thallus lobe (submerged in water

for 6 hours). Medulla (me) still filled with airspaces. (LTSEM.) Fig. 4.43. Peltula tortuosa

(South Africa, saxicolous), cross section through thallus margin and medulla (sub-

merged in water for 6 hours). Cyanobiont layer and medulla remain free of capillary

water, cyanobiont cells turgid (arrow). (LTSEM.)
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China (Yuan et al. 2005). In terms of morphology, the most convincing report

came from the Lower Devonian Rhynie Cherts (c. 400 million years old) and

showed the structure of a gelatinous thallus of the lichen Winfrenatia reticulata,

formed by the interaction of nonseptate fungal hyphae surrounding clusters of

cyanobiont cells resembling unicellular cyanobacteria of the genera Gloeocapsa

or Chroococcidiopsis (Taylor et al. 1997). Another Devonian lichen, Spongiophyton

minutissimum, is reported from the Middle Devonian of Brazil and Ghana, and

the Lower Devonian of Bolivia and Canada (Taylor et al. 2004). The thallus of this

fossil formed by dichotomously to irregularly branching lobes about 1 mm wide

between branching points is also of the compact gelatinous type (compare also

Collema; Fig. 4.13), with no or only minor airspaces included (Fig. 4.40). From

this, one could conclude that the first lichen thalli had cyanobionts and evolved

in amphibious habitats where they frequently became submerged. The fact that

many modern aquatic lichens, e.g. the genus Verrucaria, still have a compact and

sometimes even gelatinous structure (Fig. 4.41) supports that hypothesis.

There is a big gap between the Devonian lichen records and the next avail-

able fossils. A younger record from tuff rock of the middle Miocene (12–24

million years) can be attributed to the Lobariaceae (Peterson 2000). Another

rich source for lichen fossils are amber inclusions which date back as far as 55

to 35 million years and less. However, these lichens very much resemble recent

species and already have the morphological features of modern lichens (e.g.

Rikkinen 2003).

4.5 Outlook

Although the principal aspects of morphology have been known for

many years, functional aspects of lichen morphology are still poorly known.

Understanding the functional role of morphology is of major importance to

ecophysiology (Chapter 9), reproductive biology (Chapter 6), and systematics

(Chapter 17).
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