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Abstract
Lichens often grow in microhabitats where they receive more light than they are capable of using to fix carbon. Unless 
regulated, this excess energy can end up activating oxygen, thereby forming reactive oxygen species (ROS). These ROS can 
damage the photosynthetic apparatus and other cellular components, causing photoinhibition and photo-oxidative stress. 
Tolerance to high light theoretically can be achieved in a variety of ways, but for lichen photobionts, our knowledge of the 
precise mechanisms involved is rather fragmentary. Here, we show that tolerance to photoinhibition in the cephalolichen 
Crocodia aurata could be increased by pretreating thalli at a moderate light intensity for 48 h. Increased tolerance was cor-
related with increased ability to avoid oxidative stress by dissipating the excess energy as heat, here assessed by measuring 
non-photochemical quenching (NPQ). Increased tolerance only occurred when thalli were pretreated hydrated. The same 
pretreament did not increase tolerance in the cyanolichen Sticta fuliginosa, which grows in similar habitats to Crocodia, 
suggesting that cephalo- and cyanobacterial lichens may require different pretreatment conditions. Similarly, tolerance was 
not increased in collections of the chlorolichen Ramalina celastri from exposed habitats, although additional experiments 
showed that fluorescence parameters in Ramalina can display considerable plasticity. It seems likely that in “sun” populations 
tolerance is fully expressed and cannot be further increased. However, the ability to harden Crocodia to photoinhibitory stress 
could provide a foundation for more detailed investigations into the mechanism of photoprotection in lichen photobionts 
such as the type of NPQ or the role of antioxidant enzymes.

Keywords Photoinhibition · High light stress · Acclimation · Non-photochemical quenching (NPQ) · Electron transfer 
reaction (ETR)

Introduction

Light is essential for photosynthesis but when a photosyn-
thetic organism absorbs more light than they can use in 
carbon fixation, the photosynthetic apparatus can be dam-
aged by a process often termed “photoinhibition” that will 
eventually reduce growth. While there is currently no con-
sensus on how exactly photoinhibition occurs (Zavafer and 
Mancilla 2021), most workers believe that photoinhibition 
occurs when an excess of energy causes the production of 
reactive oxygen species (ROS) (Pospíšil 2016). ROS can 
cause lipid peroxidation or damage to the PSll complexes, 
mainly the D1 and D2 proteins in the reaction centre (Foyer 
2018). For a variety of reasons, lichen photobionts are often 
exposed to high light stress. For example, lichens growing 
on trees can sometimes be exposed to sudden increases in 
light intensity (for example if surrounding trees are felled), 
and it has been shown that this causes long-term depression 
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of photosynthesis (Gauslaa and Solhaug 2000; Jairus et al. 
2009). Leisner et al. (1997) showed that even in Lecanora 
muralis growing under mild temperate conditions photoinhi-
bition occurs regularly. Photoinhibition can also occur when 
lichens are desiccated (Kershaw and MacFarlane 1980; 
Mafole et al. 2019). Although it is not entirely clear how 
this occurs, in bryophytes, energy can move from the light-
harvesting pigments to the reaction centres in desiccated 
thalli (Heber et al. 2006). It remains unknown whether most 
photoinhibition occurs while lichens are hydrated or desic-
cated, but it is clear that in the field lichens are regularly 
photoinhibited (e.g. Gauslaa et al. 2019).

As for all photosynthetic organisms, lichen photobionts 
have developed extensive mechanisms to either protect 
themselves or cope with the effects of high light stress. 
Theoretically, tolerance mechanisms can be broadly divided 
into those most likely to be important for changes in light 
availability in the longer or shorter terms, although there 
is overlap between the two categories. Tolerance mecha-
nisms to long term (over a range from weeks to months) 
and possibly more pronounced light stress include the fun-
gal symbiont synthesizing cortical light screening pigments 
(Solhaug and Gauslaa 2012), and the photobiont regulating 
the amount of LHC proteins or changing the ratio of PSII 
to PSI (Kim et al. 2020). Tolerance to short-term changes 
in light availability (over a range from minutes to a few 
days) can be improved in photobionts first by increasing the 
dissipation of excess energy absorbed without radiation as 
heat using non-photochemical quenching (NPQ), second 
by increasing the ability to scavenge ROS formed during 
photoinhibition, and third by increasing the ability to repair 
ROS-induced damage. However, the relative importance of 
these mechanisms for the photoprotection of lichens in field 
situations is largely unknown. For example, while it has 
been reported that populations of Peltigera aphthosa from 
open habitats are much more tolerant to light stress than 
material from shaded locations (Kershaw and MacFarlane 
1980), the tolerance mechanisms responsible are unknown. 
More generally, the relative importance of various protecting 
strategies in different types of lichens from various habitats 
has been little studied. It could be expected that the relative 
importance of the mechanisms of tolerance to high light in 
lichens such as Lobaria pulmonaria, which normally grows 
in habitats with a maximum light level rarely exceeds 100 
µmoles  m−2  s−1 (Gauslaa and Solhaug 2000), will differ from 
those in lichens that form exposed soil crust communities.

One potential approach to studying the tolerance of 
photobionts to high light would be to investigate tolerance 
mechanisms in material collected from locations in the 
field differing in light availability such as those described 
by Kershaw and MacFarlane (1980). However, a limitation 
to this approach is that the habitats of lichens collected from 
“sun” and “shade” populations may differ in more than just 

available light; for example, N supply may vary (Piccotto 
and Tretiach 2010). As an alternative, a laboratory-based 
approach could be used, particularly to test for short-term 
adaptations to light stress. In this approach, the ability of 
lichens to acclimate to a photoinhibitory light stress would 
be tested by giving a prior exposure to moderate light over, 
for example, a few days. Should hardening occur, mecha-
nisms of tolerance to high light could be compared in hard-
ened and non-hardened material. Perhaps surprisingly, the 
potential for using this approach has not yet been tested with 
lichens. In addition to elucidating tolerance mechanisms, 
it could be used to compare phenotypic plasticity in toler-
ance to light stress in lichens from different habitats. Some 
lichens grow in habitats with continuously changing light 
availability. For example, temperate corticolous species 
experience seasonal changes in solar radiation and canopy 
cover. In addition to seasonal changes, such species often 
experience rapidly changing light during the day, and many 
can probably be classified as “sunfleck” species. These spe-
cies could be predicted to display significant plasticity. By 
comparison, lichens growing in exposed sites in sub-tropical 
or tropical areas where there are less diurnal and seasonal 
variations in light availability could be predicted to display 
less ability to harden.

In the present study, we selected three model species from 
contrasting habitats, and tested their ability to display short-
term hardening to light stress. As acclimation to some stress 
factors e.g., high temperature can occur even when lichens 
are dry (Kershaw 1985), we compared the effect of harden-
ing pretreatments in desiccated and hydrated lichens. The 
first two species were the cephalolichen Crocodia aurata 
with the chlorophycean photobiont Symbiochloris, and the 
cyanolichen Sticta fuliginosa with the photobiont Nostoc. 
Both species normally grow on the trunks of deciduous trees 
inside forests, and are rarely found in sun-exposed microhab-
itats. These species can be regarded as “sunfleck” lichens, as 
they experience rapid changes in light levels. In support of 
this, Gauslaa et al. (2007) showed that transplanting Lobaria 
pulmonaria to exposed localities (simulating “clearcutting”) 
significantly reduced chlorophyll fluorescence parameters 
and chlorophyll concentrations. As L. pulmonaria has the 
same photobiont as Crocodia aurata and often occurs in 
similar habitats, the results of Gauslaa et al. (2007) suggest 
that both species are best adapted to shade.

The third model species was the chlorolichen Ramalina 
celastri, which normally grows in exposed locations on the 
peripheral branches of trees, and is exposed to relatively high 
and constant levels of light. This appears to be typical for 
the habitat of R. celastri from other parts of the world (e.g. 
Nash et al. 2004). However, R. celastri can be collected from 
more shaded microhabitats, similar to those occupied by C. 
aurata and S. fuliginosa, although it is much less common in 
the shade. The photobiont of R. celastri is the chlorophycean 
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alga Trebouxia. It may be relevant that Nelsen et al. (2021) 
recently suggested that early Trebouxia lineages largely 
occurred as symbionts in temperate forest lichens, but later 
diversified so that this genus now also forms the photobiont 
of lichens growing in more stressful non-forested habitats. 
We hypothesized that Crocodia and Sticta, which grow 
under conditions of greater fluctuations of light, will display 
greater ability to harden to light stress than Ramalina col-
lected from the periphery of the canopy, which grows under 
more constant light conditions. As Crocodia and Ramalina 
have chlorophycean photobionts we also tested whether any 
hardening is correlated to changes in NPQ, a readily meas-
urable short-term tolerance mechanism. Furthermore, as 
Ramalina can also be collected from more shaded habitats, 
we investigated the plasticity of photosynthesis in the spe-
cies. We compared the characteristics of photosynthesis in 
“sun” populations with collections from uncharacteristically 
shaded habitats, and also sun populations treated in the labo-
ratory to fluctuating low light intensities for several days.

Materials and methods

Lichen material

All lichens were collected dry from a small patch of 
Afromontane forest in Fort Nottingham, KwaZulu Natal, 
South Africa. The area occurs at an altitude of between 1500 
and 1600 m; the climate is characterized by warm, wet sum-
mers, and dry cold (down to freezing temperatures) winters. 
Most lichens were collected from the small tree species, 
Leucosidea sericea Eckl. and Zeyh. Most of the Ramalina 
celastri (Sprengel) Krog & Swinscow was collected from 
minor twigs at the periphery of the canopy, while Crocodia 
aurata (Ach.) Link and Sticta fuliginosa (Hoffm.) Ach. were 
collected from shaded microhabitats on the main branches or 
tree trunks. Lichens are henceforth referred to by the respec-
tive genus names. Ramalina was also collected from more 
shaded microhabitats, similar to those occupied by the other 
two species. Lichens were thoroughly cleaned, allowed to air 
dry between sheets of paper toweling, and stored at – 24 °C 
for up to four weeks. Thallus segments (1 cm or longer) of 
mature Ramalina and 1 cm discs from between the margins 
and the centre of Crocodia and Sticta thalli were used. The 
disk size used was large in relation to the overall thallus size, 
and probably comprised both younger and older material. 
When hydrated material was required, before experimenta-
tion lichens were placed on moist filter paper and stored 
for 24 h at 20 µmol photons  m−2  s−1 at 12 °C in a growth 
cabinet. We have found that using these conditions, hydrated 
lichens remain in a healthy state for at least one week, longer 
than the time needed to complete all experiments described 
here. All treatments comprised ten replicates.

Chlorophyll fluorescence measurements

Chlorophyll fluorescence was measured using the Hansatech 
Instruments (King's Lynn, UK) FMS 2 fluorimeter. After 
a dark adaptation period of at least 10 min, a saturating 
pulse of light was given, and the maximal efficiency of PSII 
(FV/FM) measured, where FM = maximum fluorescence and 
FV = variable fluorescence or (FM – F0), where  F0 = mini-
mal fluorescence yield of the dark-adapted state. Thalli with 
anomalous values of FV/FM were discarded. An actinic light 
at 50 µmol  m−2  s−1 was switched on, and when the fluores-
cent signal was stable (typically c. 1 min) another saturating 
pulse of light given. The relative ETR was calculated as:

where PSII is the effective quantum yield of PSII photo-
chemistry calculated as (FM’ – Ft)/FM’, where FM’ = maximal 
fluorescence yield of the light-adapted state and Ft = stable 
fluorescence signal in the light. NPQ was calculated using 
the formula of Bilger et al. (1995):

Hardening to light stress

In preliminary experiments, hydrated material of Crocodia 
and Ramalina was pretreated with light at 200 µmol  m−2  s−1 
at 20 °C for 6 h using a LED panel (cool white light, Model 
SL – 3500, Photon System Instruments, Brno, Czech Repub-
lic), while control samples were kept hydrated in a growth 
cabinet at 20 µmol  m−2  s−1. FV/FM was measured at time 
zero, and after 2, 4 and 6 h. All material was then trans-
ferred to 20 µmol  m−2  s−1, 12 °C until 24 h after the start 
of exposure to light at 200 µmol  m−2  s−1. FV/FM was again 
measured, and then lichens were photoinhibited using the 
same LED panel by exposing them to 400 µmol  m−2  s−1 
for 6 h. Lichens were kept on Petri dishes lined with moist 
filter paper, and were kept fully hydrated by the addition 
of distilled water when required. Chlorophyll fluorescence 
parameters were measured every 2 h. After photoinhibition, 
lichens were allowed to recover at 20 µmol  m−2  s−1, 12 °C, 
and measurements taken 48 h after the start of exposure to 
light at 200 µmol  m−2  s−1.

As preliminary experiments to harden lichens were 
unsuccessful, two alternative hardening treatments were 
used. Lichens were pretreated with 100  µmol   m−2   s−1 
light intensity at 20 °C for 48 h in either a dry state or in a 
hydrated state, while control samples were kept hydrated 
or desiccated in the growth cabinet 20 µmol  m−2  s−1. After 
pretreatment, dry lichens (both controls and lichens receiv-
ing the light pretreatment) were hydrated by placing them on 

rETR = 0.5 × �PSII × PAR

NPQ =

(

FM − FM�

)/

FM�
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moist filter paper in the growth cabinet at 20 µmol  m−2  s−1, 
12 °C for 24 h, while the moist material was kept hydrated 
under the same conditions. FV/FM, ETR and NPQ were then 
measured, and then lichens were photoinhibited by exposing 
them to 800 µmol  m−2  s−1 for 8 h. Chlorophyll fluorescence 
parameters were measured every 2 h. After photoinhibition, 
lichens were allowed to recover at 20 µmol  m−2  s−1, 12 °C, 
and measurements taken after 24 and 48 h.

Plasticity of photosynthesis in Ramalina celastri

To further investigate the flexibility of photosynthesis in 
Ramalina, a collection was also made from the limited 
material growing in shaded microhabitats similar to those 
occupied by Crocodia and Sticta. Furthermore, additional 
material from the sun population was collected dry. Both 
categories of thalli were hydrated at 20 µmol  m−2  s−1, 12 °C 
for 24 h and then exposed to fluctuating light for 8 h a day 
for 2 d using a cool white led light at 150 µmol  m−2  s−1. 
The LED light alternated with dim laboratory lighting (c. 
5 µmol  m−2  s−1) on a 3 min off/on cycle. After exposure, 
material was then kept overnight at 20 µmol  m−2  s−1 before 
assessing acclimation traits. To determine the induction of 
rETR, and the induction and relaxation of NPQ, thalli were 
dark adapted for 10 min, and  FV/FM measured. An actinic 
light of 100 µmol photons  m−2  s−1 was then turned on, and 
saturating flashes applied at increasing intervals for 11 min. 
The actinic light was then turned off, and relaxation meas-
ured for 8 min, with saturating flashes given at increasing 
intervals.

Statistical analysis

Data were checked for homogeneity of variance and nor-
mality, and ANOVA analysis carried out using IBM SPSS 
statistics 27.

Results

Preliminary experiments showed that exposing Croc-
odia and Ramalina to 200 μmol  m−2  s−1 for 6 h did not 
increase their tolerance to a subsequent exposure to 
400 μmol  m−2  s−1 (Fig. 1). For both species, exposure to 
light at 200 μmol  m−2  s−1 mildly inhibited FV/FM, although 
values recovered after 24 h. During the subsequent photoin-
hibition at 400 μmol  m−2  s−1, lichens that had received the 
200 μmol  m−2  s−1 pretreatment were more severely inhibited 
than the untreated controls.

Exposing hydrated Crocodia to a lower light intensity 
(100 μmol  m−2  s−1) for 48 h significantly improved tol-
erance to photoinhibition), whether photosynthesis was 
assessed as maximal efficiency of PSII  (FV/FM) or rETR 

(Figs. 2A, 3A; P < 0.001, Table 1). Although NPQ val-
ues were initially similar in hardened and control lichens, 
NPQ significantly increased throughout light stress in 
hardened thalli (P < 0.001, Table 1), while NPQ in the 
control changed very little (Fig. 4A). By contrast, exposing 
desiccated Crocodia to the hardening light intensity had 
a much smaller, but still significant effect on tolerance to 
photoinhibition assessed using FV/FM (P < 0.05, Table 1, 
Fig. 2B). However, the effect of pretreatment was not sig-
nificant for rETR (Table 1, Fig. 3B) and NPQ (Table 1, 
Fig. 4B). For Ramalina, pretreatment of hydrated material 
caused a small, non-significant, increase in tolerance to 
photoinhibition (Table 1, Figs. 2C, 3C). Pretreating desic-
cated material caused a small but significant increase in 
tolerance to photoinhibition assessed with the fluorescence 
parameter FV/FM, but not rETR (Table 1, Figs. 2D, 3D). 
NPQ was significantly increased by light pretreatments in 
material pretreated both hydrated and desiccated (Table 1, 
Fig. 4C, D). Pretreating Sticta in the wet or dry states had 
little effect on the tolerance of the lichen to photoinhibi-
tion; the only significant effect was a slight increase in the 
tolerance of material pretreated dry when photosynthesis 

Fig. 1  The effect of pretreating hydrated material of Croco-
dia aurata (A) and Ramalina celastri (B) (open symbols) with 
light at 200  µmol   m−2   s−1 for 6  h followed by storage overnight at 
20  µmol   m−2   s−1 on tolerance to photoinhibition 400  µmol   m−2   s−1 
for 6 h. Control samples were kept hydrated at 20 µmol  m−2  s−1 dur-
ing pretreatment (closed symbols). After photoinhibition, all lichens 
were allowed to recover at 20 µmol  m−2  s−1. Error bars denote the SE, 
n = 10
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was assessed by measuring rETR (Table 1, Figs. 2E, F 
and 3E, F).

Photosynthesis in Ramalina can display considerable 
plasticity (Fig. 5). Compared to material from the normal, 
exposed, microhabitat of the species, after illumination 
for 4 min material collected from shaded field locations 
displayed considerably higher NPQ, which relaxed much 
more quickly on transition to the dark. Rates of ETR at 
100 μmol   m−2   s−1 were much lower in Ramalina from 
shade than exposed microhabitats. Exposing Ramalina 
from exposed habitats to flashing light at relatively low 
light intensities (150 μmol  m−2  s−1) changed the photosyn-
thetic parameters such that they resembled those of lichens 
collected from shaded field microhabitats, although NPQ 
was induced more rapidly.

Discussion

Here we show that tolerance to photoinhibition in the 
cephalolichen Crocodia can be increased by pretreating 
hydrated thalli with light at relatively low intensities for 
48 h. The increased tolerance to photoinhibition seems 
at least in part to be a result of an increase in the abil-
ity of the lichen to dissipate excess energy as heat, here 
assessed by measuring NPQ. Pretreatment was much less 
effective in increasing tolerance in the cyanolichen Sticta, 
which grows in similar habitats to Crocodia, or collec-
tions of the chlorolichen Ramalina from exposed habi-
tats. Possibly, cyanolichens may need different pretreat-
ment conditions, and in “sun” populations of Ramalina 

Fig. 2  The effect of pretreating hydrated (A, C, E) and desiccated 
(B, D, F) material of Crocodia aurata, Ramalina celastri and Sticta 
fuliginosa respectively with light at 100 µmol   m−2   s−1 for 48 h fol-
lowed by storage overnight at 20  µmol   m−2   s−1 (open symbols) on 
the tolerance of the maximal efficiency of PSII (FV/FM) to photoin-

hibition at 800  µmol   m−2   s−1 for 8  h. Control samples were kept 
hydrated at 20  µmol   m−2   s−1 Conviron during pretreatment (closed 
symbols). After photoinhibition, all lichens were allowed to recover at 
20 µmol  m−2  s−1. Error bars denote the SE, n = 10
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Fig. 3  The effect of pretreating hydrated (A, C, E) and desiccated 
(B, D, F) material of Crocodia aurata, Ramalina celastri and Sticta 
fuliginosa respectively with light at 100 µmol   m−2   s−1 for 48 h fol-
lowed by storage overnight at 20  µmol   m−2   s−1 on the tolerance 
of the relative electron transfer rate (rETR) to photoinhibition at 

800  µmol   m−2   s−1 for 8  h. rETR was measured after induction for 
1 min at 50 µmol  m−2  s−1. Control samples were kept hydrated in the 
Conviron during pretreatment. After photoinhibition, all lichens were 
allowed to recover at 20 µmol  m−2  s−1. Symbols and error bars as for 
Fig. 2

Table 1  Two-way ANOVA of the effect of acclimation (treatment with light at 100 µmol   m−2   s−1 for 48 h) on the tolerance of fluorescence 
parameters to photoinhibition in Crocadia aurata, Ramalina celastri and Sticta fuliginosa 

Error degrees of freedom = 61

Species FV/FM rETR NPQ

Crocadia Ramalina Sticta Crocadia Ramalina Sticta Crocadia Ramalina df

Hydrated
 Acclimation P < 0.001 n.s n.s P < 0.001 n.s n.s P < 0.001 P < 0.001 1
 Time P < 0.001 P < 0.001 P < 0.001 P < 0.001 P < 0.001 P < 0.001 P < 0.001 P < 0.01 6
 Acclimation × Time P < 0.01 n.s n.s P < 0.01 n.s n.s P < 0.01 P < 0.001 6

Desiccated
 Acclimation P < 0.05 P < 0.001 n.s n.s n.s P < 0.01 n.s P < 0.001 1
 Time P < 0.001 P < 0.001 P < 0.001 P < 0.001 P < 0.001 P < 0.001 P < 0.01 P < 0.01 6
 Acclimation × Time n.s n.s n.s n.s n.s n.s n.s n.s 6
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tolerance to photoinhibition is fully expressed and can-
not be further increased. However, the ability to harden 

Crocodia to tolerance to photoinhibition under controlled 
conditions could provide a foundation for more detailed 

Fig. 4  The effect of pretreating hydrated (A, C) and desiccated (B, 
D) material of Crocodia aurata and Ramalina celastri, respectively, 
with light at 100 µmol  m−2  s−1 for 48 h followed by storage overnight 
at 20  µmol   m−2   s−1 on NPQ measured after induction for 1  min at 

50 µmol  m−2  s−1 during photoinhibition at 800 µmol  m−2  s−1 for 8 h. 
Control samples were kept hydrated in the Conviron during pretreat-
ment. After photoinhibition, all lichens were allowed to recover at 
20 µmol  m−2  s−1. Symbols and error bars as for Fig. 2

Fig. 5  Induction and relaxation of NPQ, and induction of rETR in 
Ramalina celastri in response to light at 100 μmol  m−2  s−1. Open cir-
cles denote material freshly collected from exposed locations, closed 
circles denote material freshly collected from shaded locations, and 
closed triangles denote material from exposed locations exposed 
to fluctuating light for 8 h a day for 2 d using a cool white led light 

at 150  µmol   m−2   s−1 alternating with dim laboratory lighting (c. 
5 µmol  m−2  s−1) on a 3 min off/on cycle. Error bars denote the stand-
ard error, n = 10. The white and black sections in the box at the base 
of the graph indicates the times when samples were exposed to light 
or darkness, respectively
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investigations into the mechanism of photoprotection in 
lichen photobionts.

The effect of pretreatment with low light 
on tolerance to photoinhibition

Our early attempts to increase tolerance to photoinhibi-
tion in Crocodia and Ramalina were not successful. We 
initially reasoned that a mildly photoinhibitory light stress 
followed by a recovery period would harden photobionts to 
a more severe subsequent light stress. Figure 1 illustrates 
the results of a typical experiment, in which hydrated mate-
rial of C. aurata and R. celastri were pretreated with light 
at 200 µmol   m−2   s−1 for 6 h, lichens allowed to recover 
overnight and then photoinhibited by exposing them to 
400 µmol   m−2   s−1 for 6 h. While apparently completely 
recovering from the mildly inhibitory pretreatment, pre-
treated lichens were actually more, not less, sensitive to 
a subsequent photoinhibitory stress. Testing a variety of 
pretreatment conditions indicated that no pretreatment that 
caused even slight photoinhibition improved tolerance to a 
subsequent harsher stress (data not shown). Therefore, in 
our subsequent experiments, we tried using a lower light 
intensity for longer.

Tolerance to photoinhibition in hydrated Crocodia can 
be significantly increased by pretreating hydrated lichens 
to light at 100 µmol  m−2  s−1 for 48 h (Figs. 2A, 3A). The 
mechanism of increased tolerance to photoinhibition was 
not studied in detail in the present study, but probably at 
least in part results from an increase in NPQ (Fig. 4A). In 
Angiosperms it is well known that increases in NPQ can 
improve tolerance to photoinhibition (e.g. Ruban 2017). 
However, pretreating desiccated Crocodia with light at the 
same intensity causes a much smaller increase in tolerance 
to photoinhibition (Figs. 2B, 3B) and has little effect on NPQ 
(Fig. 4B). Adaptation to some stresses such as temperature 
can take place in desiccated lichens (for review see Kershaw 
(1985)), and transcription has been demonstrated in desic-
cated tissues such as seeds, possibly in residual micro-pock-
ets of  H2O (Leubner-Metzger 2005). More work is needed 
to determine whether tolerance to photoinhibition can be 
increased in desiccated thalli of Crocodia, possibly using 
alternative pretreatment conditions.

In contrast to hydrated Crocodia, pretreating Sticta with 
light at 100 µmol   m−2   s−1 for 48 h only causes a small 
increase in tolerance to photoinhibition, whether thalli were 
exposed hydrated or desiccated (Figs. 2E, F and 3E, F). The 
cyanolichen Sticta was collected from a very similar habitat 
to that of the cephalolichen Crocodia (trunk of a small tree 
in moderate shade). In cyanobacteria, a significant propor-
tion of photoprotection is mediated by “Orange Carotenoid 
Proteins” (OCPs). These proteins are highly conserved, 
and are present in Nostoc, the photobiont of Sticta, and 

indeed most sequenced cyanobacterial genomes (Kerfeld 
et al. 2017). OCPs can rapidly dissipate any excess energy 
absorbed by the phycobilisomes (Wilson et al. 2008), which 
will reduce ROS formation by the photosystem reaction cen-
tres. Interestingly, the synthesis of OCPs is strongly upreg-
ulated by desiccation in Nostoc flagelliforme (Yang et al. 
2019) suggesting that dissipation is probably active at low 
water contents, and is important in the desiccation tolerance 
of cyanobacteria. It seems likely that different pretreatment 
conditions may be needed to modulate the activity of OCPs 
in cyanobacteria.

Similar to Sticta, pretreating Ramalina with light at 
100 µmol  m−2  s−1 for 48 h only causes small increases in 
tolerance to photoinhibition (Figs. 2C, D and 3C, D). Rama-
lina was collected from a much more exposed habitat than 
Crocodia and Sticta. In hydrated Ramalina pretreatment 
caused an initial increase in NPQ, but NPQ was rapidly 
reduced during photoinhibition to similar values to those 
of the controls (Fig. 4C), although the fluorescent data on 
their own do not suggest an obvious explanation for this. 
There is a general view that the survival of lichens growing 
in more extreme microhabitats may depend largely on con-
stitutive tolerance mechanisms (Gasulla et al. 2021). This is 
because in harsh environments, conditions typically change 
rapidly, and there is insufficient time to put inducible toler-
ance mechanisms in place. Possibly, this may explain why 
tolerance could be increased in Crocodia but not Ramalina. 
However, there are other possible explanations for the appar-
ently lower plasticity in Ramalina. First, although Rama-
lina experiences higher light intensities than Crocodia, in 
exposed microhabitats the light intensities are more stable, 
and therefore less plasticity could be needed. Second, in the 
exposed localities in which Ramalina grows, drying occurs 
rapidly after re-wetting. More photoinhibition may occur 
when the lichens are desiccated, and different mechanisms 
may be needed to enhance tolerance to “dry photoinhibi-
tion”. Third, as photosynthesis in Ramalina is clearly quite 
flexible (Fig. 5), our lack of success in increasing tolerance 
to photoinhibition may have been because in the sun popula-
tions that we sampled, tolerance was already fully expressed, 
and could not easily be increased.

Plasticity of photosynthesis in Ramalina

Although hardening treatments did not increase tolerance 
to photoinhibition in Ramalina (Figs. 2, 3), photosynthesis 
can display considerable plasticity in this species (Fig. 5). 
In freshly collected material the induction of ETR, and 
the induction and relaxation of NPQ during exposure to 
100 µmol  m−2  s−1 were typical of those of other sun lichens 
(Beckett et al. 2021). However, both freshly collected (atypi-
cal) material from shaded localities, and material given 
light fluctuating between moderately low levels of 5 and 
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150 µmol  m−2  s−1 on a 3 min cycle for 3 d in the laboratory 
display first lower rETR and second higher, faster relaxing 
NPQ (Fig. 5). The reduction of rETR in lichens subjected to 
natural (shade collections) or artificial (laboratory manipu-
lated) fluctuating light levels is probably an adaptation to 
lower light availability. Compared to shade plants, sun plants 
can display high rates of photosynthesis by having higher 
concentrations of cytochromes involved in electron transport 
(e.g. Cyt b559, Cyt b563 and Cyt f), and having more Calvin 
cycle enzymes (Greer 2022). While enabling high rates of 
photosynthesis, such adaptations come at a metabolic cost, 
and are likely to be downregulated if higher capacities can 
only rarely be realized. The higher, faster relaxing NPQ that 
occurs in shade and laboratory treated Ramalina (Fig. 5) 
tends to suggest that Trebouxia has limited ability to use 
the light energy present in “sunflecks” and rather increases 
capacity for protective quenching. However, the additional 
NPQ relaxes rapidly, presumably enabling photobionts to 
use more efficiently the lower light available after a sun-
fleck. Excessive NPQ can reduce rates of photosynthesis, 
particularly at lower light levels (Murchie and Ruban 2020). 
We were surprised at the speed of acclimatization, as sig-
nificant changes in the chlorophyll fluorescence parameters 
of sun collections of Ramalina occurred after only 3 d. 
As discussed in the Introduction, it seems likely that Tre-
bouxia was originally a photobiont in forest lichens, but later 
diversified into species that grow in more extreme habitats 
(Nelsen et al. (2021)). Results presented here suggest that 
while photosynthetic characteristics such as maximum rates 
of ETR and NPQ changed as they emerged from shaded 
habitats, they retained the ability to revert to shade forms. 
This is consistent with our field observation that lichens that 
normally grow in exposed microhabitats can sometimes be 
collected from more shaded locations. In shaded microhabi-
tats, photosynthesis will need to adapt to lower and most 
likely fluctuating light intensities. While we were unable 
to increase tolerance to photoinhibition in sun collections 
of Ramalina, even in this species photosynthesis can still 
display considerable plasticity.

Conclusions and prospects

Results presented here show that for hydrated material of 
Crocodia, pretreatment with light at 100 μmol  m−2  s−1 for 
48 h increases tolerance to photoinhibition. Increased toler-
ance in preteated material is accompanied by an increase in 
NPQ during photoinhibition compared with the controls. 
Conversely, in Ramalina pretreatment did not increase tol-
erance, and while pretreatment caused an initial increase in 
NPQ, during photoinhibition NPQ quickly reduced to simi-
lar values to those of the controls. Thus, results suggest that 
there is a general correlation between increased tolerance to 
photoinhibition and increased NPQ, although more work is 

needed to explain how the increase in NPQ occurs. Other 
possible mechanisms of increased tolerance also need to be 
explored. For example, it is possible that hardening increases 
the capacity of the photobionts to scavenge ROS, or the effi-
ciency of the PSII repair cycle. Furthermore, it would be 
useful to study the form of NPQ (e.g., qE or qI) induced by 
hardening treatments, and other aspects of quenching such 
as the xanthophyll pool size and the expression of enzymes 
such as violaxanthin epoxidase. In future, we are planning 
to study how the transcriptomes of our photobionts change 
during pretreatment and photoinhibition. This will provide 
a more mechanistic basis for the changes in NPQ observed 
here, and suggest which other tolerance mechanisms may 
be involved. There is currently great interest in working out 
how higher plants dissipate excess light energy (Kaiser et al. 
2019), and the signaling pathways that mediate tolerance to 
high light stress (Gollan and Aro 2020; Biswas and Mano 
2021). While the main aim of much of this research is to find 
ways of increasing the yield of crop species, it seems likely 
that studying tolerance to light stress in lichen photobionts 
may provide fresh insights into how photosynthetic perfor-
mance can be improved.
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