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Abstract 
The influence of liquid water and water vapour on ethylene production has been 
examined in lichen species belonging to different genera ( Cetraria, Peltigera), 
containing different photobionts (green algae, cyanobacteria) and colonizing 
distinct environments. Cetraria islandica, characterized by a broad ecological 
amplitude, was represented by two ecotypes. The results clearly show a 
correlation between ethylene production and water content but there are 
intergeneric as well as intrageneric differences. The results obtained in this 
investigation are an interesting parallel to the observations on photosynthesis in 
lichens with green algae and cyanobacteria in connection with water vapour and 
liquid water. There are indications that the photobionts in lichens are involved 
in ethylene production of the thallus, 

Keywords: ethylene production, Peltigera aphthosa, P. canina, P. rufescens, 
Cetraria islandica, liquid water, water vapour, water relations, thallus 
anatomy 

1. Introduction 

The postulated high phylogenetic age of lichens can be seen as evidence for 
the optimal function of a system of interaction in which two originally separate 

• This article is based on a presentation at the XV International Botanical Congress, 
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organisms, one a heterotrophic mycobiont and the other a photoautotrophic 
photobiont, are forming a complex union which functionally can be interpreted 
as a single organism. Different aspects of the symbiotic interdependence of 
the two partners have been studied in great detail, such as enzyme patterns 
in lichen thalli which are correlated with reproduction and ecology (Fahselt, 
1988, 1992; Hageman and Fahselt, 1990) and partner-recognition (Bubrick 
et al., 1985; Galun and Kardish, 1993). In particular, photosynthesis has 
been investigated comprehensively especially in connection with exogenous 
factors like water and temperature (Lange et al., 1985, 1990a, b; Kappen, 
1989; Schroeter, 1991; Schroeter et al., 1991). Morphological research has 
described complicated processes of growth, differentiation and morphogenetical 
influences (Honegger, 1988; Jahns, 1984, 1988; Ott, 1988). Complex 
interactions between the bionts of the lichen symbiosis obviously require a 
regulative system. 
In higher plants, metabolic and morphogenetical processes are controlled 

by growth substances, one of which is ethylene. Ethylene plays an 
important role and influences growth, differentiation, senescence and other 
processes. Ethylene is considered to be a phytohormone which, even in 
very small amounts, can react synergistically or antagonistically with other 
phytohormones (Lieberman, 1979). The biosynthesis of ethylene can be 
influenced endogenously as well as exogenously. Endogenous regulation 
processes can induce the biosynthesis of ethylene during maturity, senescence 
or germination. Physical, chemical and biological factors can cause stress 
which promote the biosynthesis exogenously (Yang and Hoffman, 1984). 

Ott and Zwoch (1992) investigated ethylene production of lichens belonging 
to different systematic groups containing different types of photobionts 
( cyanobacteria, green algae) and living in different ecological habitats. All 
these lichens produced ethylene, the amount of which varied depending on 
age, physiological conditions and thallus structure. An increase of ethylene 
production in lichens from air-polluted environments was shown by Lurie and 
Garty (1991). The results obtained by Lurie and Garty as well as by Ott 
and Zwoch suggest biosynthesis of ethylene which is, just as in higher plants, 
considerably influenced by endogenous as well as exogenous factors. 

It is known from higher plants that ethylene synthesis depends on 
temperature and water status (Abeles, 1973; Abeles et al., 1992). Exogenous 
influences are of particular importance to lichens as these poikilohydrous 
organisms are very sensitive to them, especially to changes in water relations. 
Water content influences photosynthesis, respiration and other physiological 
activities because all these processes depend on the hydration of reaction 
spaces. The complexity of water relations is illustrated by the observation 
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(Lange and Matthes, 1981; Lange and Tenhunen, 1981; Lange et al., 1986, 
1989) that the importance of wetting of the thallus with water vapour or liquid 
water differs in lichens with cyanobacteria or green algae as photobionts. 

Even if lichens are not able to regulate their water content to the same 
degree as higher plants, the water distribution inside the lichen thallus is not 
uniform, a fact that indirectly also influences gaseous exchange. Water in 
lichens is mostly stored in the apoplast, usually in the hyphal walls and in the 
gelatineous sheath of the cyanobacteria (Blum, 1973) and only rarely in the 
interhyphal cavities (Honegger, 1991). Even in saturated thalli, the central 
parts of the medulla are not filled with water, these open spaces facilitating 
transport and storage of gases. Gaseous exchange between inner parts of the 
thallus and the surrounding air can be impeded by the cortex, especially in 
saturated conditions when capillary spaces have been closed by the swelling of 
cortical cell walls. Because of the importance of measuring gaseous ethylene, 
this aspect has to be discussed with respect to thallus anatomy and ethylene 
measurmg. 

The water relations of lichens and physiological activities such as 
photosynthesis and respiration depend on the nature of the different 
photobionts. Therefore ethylene production in relation to water content should 
be studied in lichen species with cyanobacteria as well as those with green 
algae. We chose Peltigera canina and Peltigera rufescens with cyanobacteria 
and Peltigera aphthosa and Cetraria islandica with green algae. P. aphthosa 
actually contains two photobionts, as there are cyanobacteria in cephalodia. 
Like the physiological work of Lange et al. (1986, 1989) the study of ethylene 
production was carried out on thalli wetted with both liquid water and water 
vapour. 

Investigations on the interactions between water content and ethylene 
production have to be carried out with fresh material. Specimens in one stand 
show variable responses. P. canina and P. aphthosa mostly occur in wet, cool 
and shadowy habitats while P. rufescens prefers a dry and warm environment. 
C. islandica has a broad ecological amplitude and two ecotypes were examined: 
dark brown specimens from sunny habitats and light coloured material from 
shaded environments. 
The investigations addressed six questions: 

1. Is there a correlation between water content and ethylene production? 
2. Does wetting with liquid water rather than water vapour influence 

ethylene production? 
3. Are there differences between responses of lichens with cyanobacteria 

and green algae as photobiont? 
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4. Do anatomical differences between the species affect the measurable 
ethylene production? 

5. Is ethylene production different in sunny and shady habitats? 

6. Are there differences in the reactions of ecotypes of the same species? 

2. Materials and Methods 
Plant material 

The investigation was made with lichen material sampled at the natural 
habitat in the following places: 
Cetraria islandica: South Sweden, Vastergotland, at two localities in a forest 
area near Mullsjo (Brannasen}, 
Peltigera aphthosa: Switzerland, Muotal, Bodrnerenwald, Eigeliswald 
Peltigera canina and Peltigera rufescens: Germany, Eifel, Wollersberg near 
Gerolstein. 

Air-dried lichens were transported to the laboratory as soon as possible 
(1 day) and stored in a growth chamber under constant conditions for no 
longer than 7 weeks at a day /night cycle of 14 hr light (66 W /m2), 13° C, 
c. 60% r.h. and 10 hr dark 10° C, c. 60% r.h. Every day the lichens were 
wetted with deionized water to maintain their photosynthetic vitality. 

Ethylene determination 

The lichen material was cleaned with foreceps of soil and organic material. 
Subsequently, whole undamaged single thalli of different sizes, which had been 
wetted with liquid water or water vapour, were transferred to gas-tight vials 
and incubated in darkness for 24 hr at 25° C. The vials differed in their volume 
depending on the size of the thallus (70 ml, 20 ml, 5 ml, 2.5 ml). All these 
factors were included in the calculations (nl g-1 h-1 ). All data of ethylene 
production are related to dry weight of the lichen thalli. After the incubation 
period, 1 ml head-space samples from the vials were analysed immediately 
for ethylene with a gas chromatograph. Dry matter determinations and 
measuring of water content were carried out after GC analysis. Each series of 
measurements contained ca. 30 replicates. 

GC analysis 

One-millilitre head-space samples were analysed for ethylene with a GC 
equipped with a flame ionization detector and a column (1.5 m long, 3 mm 
diameter) packed with Porapak S (80-100 mesh) operating at a pressure of 
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75 kPa H2, 110 kPa synthetic air and 120 kPa He. Temperatures were adjusted 
to 30, 150 and 250° C at the column, injector and detector, respectively. 
Calibration was performed with standard gases (Messer Griesheim, Germany). 

Statistical analysis 

Statistically significant differences were identified by the Wilcoxon test 
(Ps; 0.05). This test was used because of heterogeneity of the lichen material. 

Water content 

The water content of the thalli was adjusted in three alternative ways: 

1. Oversaturation - the lichen thalli were sprayed with deionized water 
until their surface was covered with a continuous water film. Large drops 
of water were removed by shaking and not by blotting. 

2. Saturation - the thalli were sprayed and surface water was blotted off. 
3. Wetted by water vapour - air-dried thalli were placed in humid air 

(97% r.h. over salt solution) for 4 hr and transferred into the vials as 
quickly as possible. 

Directly after GC analysis the moisture content of every single thallus was 
determined by weighing on an analytical balance (Mettler PM 100). After air 
drying of thalli (24 hr), dry matter of each thallus was determined by weighing 
once more. The difference in weight between dry and wet thalli is a measure 
for actual water content. 

3. Results 
Morphology and anatomy of the lichens 

The surface of some lichens exhibits a cortex that forms a barrier against 
the entry of water and gases into the thallus. At the same time it probably 
prevents the diffusion of ethylene and other gases from the interior. All 
three Peltigera-species examined are corticated on their upper side, with a 
rather thick cortex in P. rufescens (Fig. 1) and a relatively thinner layer in 
P. aphthosa where the cortex also bears cephalodia (Fig. 2). The thallus of 
C. islandica is corticated on both sides, but in some places the cortex is pierced 
by pseudocyphellae where pores serve for gas exchange (Fig. 3). 
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Figure 1-3. Cross sections of thalli. 
(1) Peltigera rufescens with a well-developed upper cortex (UC), the algal 
layer (A) and the medulla (M) (bar = 100 µm); (2) the typical anatomical 
structure of Peltigera aphthosa with a relatively thin upper cortex (UC), a 
very thin algal layer (A), the. well-developed medulla (M) and a cephalodium 
(CE) (bar = 200 µm); (3) Cetraria islandica with an upper (UC) and lower 
cortex (LC), the algal layer (A), the medulla (M) and a pseudocyphelle (P) 
(bar= 100 µm). 
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The influence of moisture on ethylene production 

The measurements made on ethylene production of different species in 
correlation to the three degrees of water content ( oversaturation, saturation, 
water vapour) include a number of ethylene rates below the sensitivity of the 
integrator of the GC. Some ethylene was released, but small peaks seen on the 
chromatogram could not be integrated (Table 1). 

Of the species examined, P. aphthosa and P. canina, both from shadowy 
habitats, showed the highest rates of ethylene release when saturated and 
oversaturated. The production rates of both ecotypes of C. islandica obviously 
were much lower. P. rufescens, a species from sunny habitats, showed values 
between C. islandica and the two other species of Peltigera. The mean of 
ethylene production in relation to the different levels of water content are 
shown in Table 1. The significance of the differences between the mean values 

Table 1. Ethylene production and water content after treatment with liquid water and water 
vapour 

Ethylene Percentage of samples 
Water status Water content SD production SD with unquantifiable 

in% in nl/g/h amounts (traces of) 
(mean value)" (mean value)" ethylene 

Cetraria islandica (Shade population) 
Oversaturation 143.5 21.6 0.21 0.17 16.70 
Saturation 91.3 8.1 0.17 0.15 30.90 
Water vapour 56.6 30.5 0.31 0.16 10.00 
Cetraria islandica (Sun population) 
Oversaturation 183.1 40.6 0.09 0.11 54.80 
Saturation 95.1 6.9 O.Q7 0.09 61.90 
Water vapour 38.2 7.4 0.37 0.14 3.30 
Peltigera aphthosa 
Oversaturation 381.6 68.6 1.62 0.48 0.00 
Saturation 263.6 52.5 1.12 0.31 0.00 
Water vapour 44.8 8.4 0.05 0.09 77.40 
Peltiqera canina 
Oversaturation 438.9 62.8 1.27 0.75 7.30 
Saturation 256.9 29.8 1.07 0.55 3.60 
Water vapour 44.6 9.5 nt nt 100.00 
Peltigera rufescens 
Oversaturation 394.2 78.8 0.39 0.23 16.70 
Saturation 213.5 31.1 0.41 0.18 12.50 
Water vapour 47.6 4.00 nt nt 100.00 

• Data represent means of 30 replicates 
nt: unquantifiable amounts 
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Table 2. lnterspecific differences in ethylene production by lichen thalli which have been wetted to differing 
degrees. Significance level p< 0.05 according to Wilcoxon-test ( +). 

Oversaturation C. i,landica C. i,landica P. aphtho,a P. canina P. rufescen» 
Saturation (Shade population) (Sun population) 

C. i,landica 
(Shade population) + + + + 
C. i,landica + + + + 
(Sun population) 
P. aphthooa + + + + 
P. canina + + + + 
P. rufeacen, + + + + 
Water vapour uptake 

C. i,landica + 
(Sun population) 
P. aphtho.a + + 
P. canina + + + 
P. rufeuen• + + + 

can be seen in Tables 2 and 3. Table 2 compares the interspecific differences 
between the species and Table 3 the intraspecific differences between levels of 
water content. 
Table 1 shows that there are species-specific rates of ethylene production 

in relation to different water content. For evaluation of ecological influences, 
no intergeneric comparison of the different genera investigated is permitted. 
The lichen species growing in shady habitats showed higher rates of ethylene 
production than those growing in sunny habitats dependent of the genus. This 
observation is true for both saturated and oversaturated conditions. 

The distinction between saturation and oversaturation is sufficient for a 
general picture but for a more exact evaluation, the correlation of ethylene 
production and release, respectively, with the actual water content must 
be examined. The correlation was examined by linear regression and the 
correlation co-efficients (r) for all lichen species and ecotypes are shown in 
Fig. 4. It is obvious that in the three species of Peltigera, ethylene production 
increases with higher water content while in the two ecotypes of Cetraria, the 
correlation is negative. 

The influence of different types of wetting on ethylene production 

It has already been pointed out that ethylene production of lichens 
from shady habitats is higher than in species or ecotypes from an exposed 
environment. This is true for both the Peltigera species and for the ecotypes 
of C. islandica. The results in Table 1 also show an increasing production of 
ethylene from saturation to oversaturation in P. aphthosa and P. canina while 
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Figure 4. The correlation coefficient shows the degree of correlation between ethylene 
production and water content of every lichen species examined. 

in P. rufescens, no change is apparent. The latter, from dry habitats, seems 
to reach its maximal ethylene production at the lower water level. Similar 
to P. rufescens, the ecotypes of C. islandica do not differ significantly in the 
ethylene produced in saturated and oversaturated thalli. Perhaps this is an 
ecological adaptation that is masked by thallus anatomy. 

Differences in ethylene production can be observed between experiments 
with liquid water and water vapour. The results seem to be species-specific 
(Table 1 ). This representation includes the mean values of ethylene production, 
the mean values of water content and the manner of wetting of the thalli. 
Although all lichen thalli investigated attain nearly the same water content 
(50%), P. canina and P. rufescens with cyanobacteria as photobiont produce 
no ethylene after exposure to water vapour. C. islandica with green algae 
shows higher moisture content after exposure to vapour than after wetting 
with liquid water. P. aphthosa with both kinds of photobionts, green algae 
as well as cyanobacteria, produces small but measurable amounts of ethylene 
when exposed to water vapour (Table 1). 
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Table 3. Intrsspecific differences in ethylene production by lichen thalli which have 
been wetted to differing degrees. Significance level p < 0.05 according to 
Wilcoxon-test ( +) 

Oversaturation Saturation 

Cetraria islandica (Shade population) 
Saturation 
Water vapour 

Cetraria islandica (Sun population) 
Saturation 
Water vapour 

Peltigera aphthosa 
Saturation 
Water vapour 

Peltiqera canina 
Saturation 
Water vapour 

Peltigera rufescens 
Saturation 
Water vapour 

+ + 

+ + 

+ 
+ + 

+ 
+ + 

+ + 

4. Discussion 

There is a correlation between ethylene production and water content. An 
exact analysis of the results is difficult since in the lichen interactions between 
two organisms with different physiology occur. The data presented do not 
indicate whether both bionts participate in ethylene production. According 
to Lange et al. (1986) and Bertsch (1966) lichens with green algae and with 
cyanobacteria can extract about the same amount of water from moist air. 
But in lichens with green algae photosynthesis is only possible after uptake of 
water vapour, while lichens with cyanobacteria require liquid water (Lange et 
al., 1989). The phenomenon can be explained by the high diffusion resistance 
of the wall of cyanobacteria against water vapour. Biidel and Lange (1991) 
observed a low turgescence of the cyanobacteria in P. rufescens under these 
conditions. Therefore it seems probable that the cyanobacteria, when water 
content is insufficient for photosynthesis and respiration, will also be unable 
to synthesize ethylene. In our experiments the lichens were exposed to moist 
air for 4 hr. During this time the lichens with cyanobacteria in contrast to 
those with green algae, according to the results of Lange et al., probably could 
not show photosynthetic activity. If the mycobiont alone was responsible for 
ethylene production then the species of Peltigera would release measurable 
amounts after wetting with water vapour but this was not the case. On 
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the other hand, the results do not indicate that the photobionts alone are 
responsible for ethylene production. Huang and Chow (1984) pointed out that 
glucose and methionine are important substrates for ethylene production of 
fungi and both substances are synthesized by cyanobacteria and released to 
the mycobiont. The physiological inactivity of the cyanobacterial photobiont 
in Peltiqera can, therefore, indirectly stop the production of ethylene by the 
mycobiont, provided that the mycobiont contains insufficient reserves of these 
substances. Such an indirect influence seems probable as several ascomycetes 
are able to produce ethylene (Fergus, 1954; Spalding and Lieberman, 1965; 
Chalutz et al., 1977; Thomas and Spencer, 1977). Green algae in lichens are 
physiologically active after wetting with water vapour and can either produce 
ethylene directly (Driesche et al., 1988) or can stimulate production by the 
mycobiont. This may explain the response of C. islandica. Obviously the 
photobiont has considerable direct or indirect influence on ethylene production 
of lichens. 

It is well known that water relations of the thallus are influenced by 
its anatomy (Ried, 1960; Lange et al., 1986; Palmer and Friedman, 1990; 
Schroeter et al., 1991). As we have seen that ethylene production is correlated 
with water content, it can be postulated that thallus anatomy is of indirect 
importance for ethylene release. 

Probably the structure of the thallus not only influences ethylene production, 
but also ethylene release from the thallus. Hydration of the surface tissues 
reduces diffusion of gases (Ried, 1960), an effect which is responsible for the 
decrease of photosynthetic activity in lichens with thick continuous cortex after 
saturation with liquid water (Biidel and Lange, 1991; Lange and Tenhunen, 
1981; Lange et al., 1985; Coxson et al., 1983). Such an effect was not 
observed in Peltigera by Stocker (1927) and Stalfeld (1939) but others (Lange 
and Matthes, 1981) discovered a pronounced depression of net photosynthetic 
CO2 exchange at supersaturation with water. The reason for this depression 
in Peltigera cannot be a reduction of gaseous exchange through the lower 
surface but must be due to other causes. In Peltiqera, ethylene production is 
stimulated by higher water content and as the diffusion of ethylene through the 
open medulla (Figs. 1, 2) is possible even in oversaturated thalli, the positive 
correlation between ethylene release and water content can be postulated. 
In C. islandica both surfaces are corticated. The cortex is pierced by 

pseudocyphellae (Fig. 3), but diffusion of gases is certainly slow. Especially in 
saturated lichens the minute spaces between the cortical hyphae are closed by 
swelling of the cell walls and also the opening of the pseudocyphellae becomes 
smaller by swelling of the loose hyphae filling these openings. Even if the 
ethylene production inside the thallus is stimulated by higher water content, 



198 S. OTT AND P. SCHIELEIT 

the restricted diffusion will reduce ethylene release from the lichen. The 
low values for ethylene release measured after saturation and oversaturation 
with water could be explained in this way. They do not prove that ethylene 
production is low but only that ethylene release is reduced. This explanation 
is hypothetical, as under those water-content conditions which allow high rates 
of net photosynthesis, i.e. high rates of CO2 diffusion, the diffusion resistance 
should also permit ethylene release. Additional information will be necessary 
in order to solve this question. 

After wetting of C. islandica with water vapour the pores of the 
pseudocyphellae remain open, in contrast to pores in thalli exposed to liquid 
water (Scheidegger, pers. comm.). At the same time the physiological activity 
of lichens with green algae as photobiont is already high under these conditions 
and the ethylene release is also on a high level. In P. aphthosa with green algae, 
a high production and release of ethylene could also be expected after wetting 
with water vapour, but the values were relatively low. Ethylene production was 
higher than in P. canina and P. rufescens with cyanobacteria where no activity 
could be observed, but lower than in Cetraria. It must be remembered that 
the photobionts of Cetraria ( Trebouxia) and Peltigera aphthosa ( Coccomyxa) 
are not closely related. The permeability of the cell walls of the photobionts 
and the manner of contact between mycobiont and photobiont (Honegger, 
1991) are certainly of importance but must be examined in more detail. 
The experiments show lower ethylene production in species or ecotypes 

from sunny habitats than in those from shady environments. In contrast 
to P. canina and P. aphthosa, the thalli of P. rufescens growing in exposed 
habitats show no increase in ethylene production when water content is 
saturated as opposed to oversatured. Presumably the maximal production 
of ethylene is already achieved at lower water content, but the nature of this 
phenomenon has to be further elucidated. 
There exists a connection between CO2 concentration and ethylene release 

as CO2 may displace ethylene from its endogenous binding sites (Sisler et 
al., 1988). Moreover, CO2 may directly stimulate ethylene synthesis (Aharoni 
et al., 1979) and, therefore, CO2 concentration in the thallus is important. 
Certain conditions, such as darkness and addition of liquid water, increase 
release of CO2 of lichen thalli (Lange et al., 1993). On the whole, ethylene 
synthesis can be inhibited, promoted or even unaffected by CO2 (Yang and 
Hoffman, 1984; Philosoph-Hadas et al., 1986; Ullmann et al., 1986; Tan 
and Thimann, 1989). The actual influence of CO2 on ethylene production 
is difficult to estimate as the amount of free CO2 inside the lichen thallus is 
unknown. Highest internal CO2 concentration will exist during darkness. Since 
the experiments conducted in the present study involved incubation taking 
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place in darkness at relatively high temperatures, relatively high CO2 levels 
within the lichens are to be expected. But without concrete knowledge of CO2 

concentration inside the lichen thallus these problems can not be solved ( Ott, 
1993). 
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