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Abstract 
A moss from the alpine environment of the Jeseníky mountains, Polytrichum commune, 
was studied under lab-induced light stress to analyse photoinhibition (PI) stress re-
sponse; three PI doses were used: PAR 1500 µmol m-2 s-1 for 60 min., 1200 µmol m-2 s-1 
for 60 min. and 1200 µmol m-2 s-1 for 30 min.; in the last one the added component of 
slight desiccation stress was added. Chlorophyll fluorescence parameters were plotted as 
time series, immediately before and after the PI treatments, then every 20 minutes for 
three hours (recovery period). FV/FM, ΦPSII and NPQ parameters and quenching com-
ponents were analysed. Decreasing courses and final values of FV/FM and ΦPSII pa-
rameters along with increased values of NPQ clearly indicated PI stress response, al-
though not very severe. Quenching parameters analysis showed a dominant role played 
by xanthophyll pigments along with changes in PS II in the non-photochemical energy 
quenching. Dehydration contributed additional value to NPQ. All these factors are con-
sistent with the adaptation of the species to harsh conditions of alpine environments. 
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Introduction     
 
     Photoinhibition (PI) is a decrease of 
photosynthetic performance due to high 
light exposure. High light can cause clo-
sure of photosynthetic reaction centres, 
therefore inducing an excess of adsorbed 
energy which in turn cannot be utilized 
through photosynthetic pathways and could 
be dangerous to structures and complexes 
of the whole chloroplastic apparatus. Moss-
es and lichens in alpine environments are 

usually high light tolerant species as a re-
sult of evolutionary adaptation to bright 
days which can occur through the year. 
Since the pioneering study of Murray et al. 
(1993), PI as well as photoprotective mech-
anisms activated during PI has been in 
focus in a great variety of mosses. Major-
ity of them were found PI tolerant or re-
sistant. However, some sensitive species 
have been identified as well (e.g. Pleuro-
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zium schreberi from shade habitats - Hájek 
et al. 2009). Only few studies have dealt 
with mechanistic aspects of photoinhibi-
tion and photoprotection of desiccation-tol-
erant photoautotrophs (Heber et al. 2007, 
Veerman et al. 2007, Heber 2008, Heber et 
al. 2009). Apart from the studies focused 
on PI in mosses in wet state, there have 
been several others dealing with photopro-
tective mechanisms in desiccating mosses 
(e.g. Csintalan et al. 1999, Nabe et al. 
2007). High light resistance is the result of 
biochemical, physical and structural traits 
and protective mechanisms. Maximum and 
effective quantum yield (FV/FM, ΦPSII) of 
photosystem II along with slow Kautsky 
kinetics are widely used to measure plant 
response to stress inducing factors, to-
gether with non-photochemical quenching 
(NPQ) values. Stress factors cause general 
lowering of FV/FM and ΦPSII transient and 
flattening of shapes (i.e. general lowering 
of their peaks), see e.g. Jägerbrand and 
Kudo (2014). At the same time they in-
duce increase in NPQ time course, whose 
components are indicative of the different 
activated mechanisms. In mosses, non-
photochemical quenching has been studied 

as dependent on desiccation and photo-
inhibition Heber et al. (2006). It is gener-
ally accepted that there are three different 
components of non-photochemical quench-
ing (reviewed by e.g. Yamakawa et al. 
2012). The first mechanism, is active in 
hydrated mosses and controlled by the 
protonation of a thylakoid protein. Other 
two mechanisms are activated in desiccat-
ing thalli. One of them permits exciton 
migration towards the light-harvesting 
complexes, antenna pigments in particular, 
where fast thermal dissipation takes place. 
The third mechanism is based on the re-
versible photo-accumulation of a radical 
that acts as a quencher of excitation energy 
in reaction centres of photosystem II.  The 
drought-induced quenching brings the ac-
celeration of the chlorophyll fluorescence 
decay rate and rapid dissipation of exci-
tation energy into heat (Yamakawa and 
Itoh 2013). Although many studies dealt 
with PI and desiccation, little has been 
written about photoinhibition in fully wet 
state. In the study we analysed chlorophyll 
fluorescence induction curve supplement-
ed with analysis of quenching mechanisms 
in fully wet Polytrichum commune. 

 
 
Material and Methods 
 
General characteristics of Polytrichum commune 

 
     The species within the genus Poly-
trichum have several adaptations helping 
them to keep water in the thallus and 
maintain photosynthesis in leaves. They 
comprise of 1) the ability of water trans-
port from the base of the plant thanks to 
water-conducting cells (hydromes, in cen-
tral strand of the stem, and hydroids, in the 
costa of leaves) and 2) special structures 
on the upper leaf surface (lamellae). The 
lamellae are ridges-like structures that run 
parallel to each other over the length of the 
leaf. They are several cell layers long and 
tall and a single cell wide (8 μm in our 
sample) (Fig. 1). The lamellae cells are 

rich in chloroplasts and increase the ef-
fective area for photosynthesis (Thomas et 
al. 1996). They are effective in keeping 
water in photosynthesizing cells even dur-
ing initial phase of desiccation. Moreover, 
moist air remains between the lamellae 
protecting the leaves from fast dehydration. 
Lamellar cells may undergo structural and 
functional changes in some periods of 
growing season, more pronounced in win-
ter time (Ljubešic et al. 2005). Polytri-
chum commune is easily identified because 
of the lamella apical cell which is indented 
or cup-like shaped (Fig. 1). 
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Fig. 1. Polytrichum commune leaves (a) and microscopy section of a single leaf showing lamellae 
(b). The arrows show the direction of the movement when the leaf folds inside to protect from 
dehydration. Apical cells (c) with the typical indented shape; chloroplasts are visible through the 
cells. 
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Experimental plants collection and handling 
 

     Shoots of Polytrichum commune were 
collected in Tabulové skály rocks, Jesení-
ky Mts. (1415 m a.s.l.), and stored in wet 
condition (regularly sprayed) under dim 
light (20 µmol m-2 s-1) at 5°C. Experiments 
were run soon after the collecting. Shoots 
were put in small containers with distilled 
water and kept fully wet by constantly 
spraying them with distilled water during 
the treatments and the measuring periods; 
ice was put around, but not in the con-
tainers, to maintain low temperature (be-
low 10°C). Three light treatments were in-
duced (LED source PSI SL3500-498, Pho-
ton Systems Instruments, Czech Republic) 
at PAR 1500 µmol m-2 s-1 for 60 min. 
(n°1), 1200 µmol m-2 s-1 for 60 min. (n°2) 
and 1200 µmol m-2 s-1 for 30 min. (n°3), in 
which we added the desiccation compo-
nents, i.e. we used a set of shoots which 

were fully hydrated (100% RWC) along 
with another set which had 85-90% RWC 
at the beginning of the PI; during the pho-
toinhibition, distilled water was sprayed 
around the samples and above them, e-
nough to prevent rapid desiccation, but not 
increasing the actual RWC. During the 
three hours measurements, water was spray-
ed around the samples but not directly on 
them. Chlorophyll fluorescence parameters 
were plotted as time series, immediately 
before and after the PI treatments, then 
every twenty minutes for three hours (re-
covery period) after the end of the PI 
treatments. FV/FM, ΦPSII and NPQ, were 
recorded after 5 min. pre-darkening with a 
PSI Handy Fluorcam HFC-010 (Photon 
Systems Instruments, Czech Republic). Oth-
er parameters were calculated with the fol-
lowing equations: 

 
NPQ = (FM*-FM’)/FM’     Eqn. 1 
qN = (FM- F0)*– (FM’- F0’)/(FM- F0)*   Eqn. 2 
qE = (FM*-FM”)/(FM- F0)*     Eqn. 3 
qI = (FM- F0)*– (FM”- F0”)/(FM- F0)*   Eqn. 4 
FV/FM =(FM- F0)/FM      Eqn. 5 
 
FM* was always referred to control (before PI) values 
(FM - F0)* FM and F0 were always referred to control (before PI) values 

 

 
Results  
 
Time courses analysis of FV/FM and ΦPSII 
     
     In our experiment, both parameters 
FV/FM and ΦPSII were indirectly correlated 
with the severity of light treatments, their 
values decreasing with increasing doses 
(i.e. time and intensity). The time courses 
in both parameters showed: first a clearly 
defined drop immediately after the end of 
PI, then a quick but smaller rise within the 
following 15 min. (fast phase recovery), 
finally a slower increasing recovery phase 
toward control levels (before PI), (slow 
phase recovery) (Fig. 2). 

     In ΦPSII, only the second treatment 
(1200 µmol m-2 s-1 for 60 min.) showed a 
marked difference between the fast and 
slow phase of recovery, the other two treat-
ments having a slight and average constant 
rate of the rising parameter. In all cases, 
the above-mentioned check points of the 
curves occurred always at the same time, 
in both parameters in all treatments. Ma-
jority of recovery (i.e. above 75% of initial 
values) was reached within 15 min. after the 
end of PI in both parameters. 
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Fig. 2. FV/FM and ΦPSII average time courses, before (control time = 0) and during three hours after 
the treatment (max value of standard deviation 0.11) . 

 
 
     Control values, before PI, were never 
reached after three hours of recovery pe-
riod in any of the treatments for both pa-
rameters. 
     NPQ showed a rise peak in the first 
measurements after the end of PI, followed 
by a two-phase decline, first quick then 
slow. However, the least severe treatment 
(1200 µmol m-2 s-1 for 30 min.) showed 
constant rate of decrease during the re-
covery period (Fig. 3).  

     In contrast with FV/FM and ΦPSII 
courses, there was no other synchronism 
check points on the curves related to dif-
ferent PI doses than the rising peaks.  
     Values of NPQ were found directly dose-
dependent. Steepness of NPQ curve be-
fore reaching the peak was in a direct re-
lationship with the PI dose, in contrast with 
time course of recovery phase (Fig. 4). 
Once again final NPQ values did not reach 
control values in any treatment.  
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Fig. 3. NPQ, qN, qE, qI average time courses (max of average standard deviation 0.36). 
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Fig. 4. NPQ steepness time course.  

 
Quenching components 
 
     qN, qI and qE were considered. All 
showed comparable time courses, the gen-
eral trend being comparable to that of NPQ, 
with more pronounced peaks and higher  

 
similarities among the curves. In all treat-
ments, the fast phase of recovery was more 
prolonged in the highest dose. 
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Discussion  
 
     All treatments led to photoinhibition in 
the moss; it is clearly indicated by the low-
ering of both FV/FM and ΦPSII time courses 
proportional to the PI dose, by the drop of 
FV/FM and ΦPSII values immediately after 
the PI and by FV/FM and ΦPSII final val- 
ues (after three hours of recovery) lower 
than control (before PI). Moreover, photo-
protecting mechanisms were activated as 
shown by the quick increase of NPQ im-
mediately after the PI, once again propor-
tional to PI dose. Light dose-dependent in-
crease in NPQ was well documented in   
P. formosum (Marschall and Proctor 2004). 
     Non-photochemical quenching compos-
ing parameters showed a slightly higher 
proportion of the quick reversing compo-
nent (qE), suggesting that a dominant role 
was played by the xanthophyll pigments 
cycle, as well as conformation and func-
tional changes in PS II (related to the qI 

component). It must be noticed that in our 
data the addition of qE + qI is not below 1 
because in the equation we used to calcu-
late the parameters we kept constant FM 
and F0 values referred to control (see Equa-
tions 3 and 4). 
     It could be said that the doses we used 
induced a mild PI because of the following 
reasons: 
   1. After three hours of recovery, even 
though control values were not reached, 
the decrease of final values was less than 
8% of initial values in all treatments (15% 
only in ΦPSII final values of the most se-
vere treatment, 1500 µmol m-2 s-1 for      
60 min.) 
   2. The lowering of FV/FM and ΦPSII 
curves was not substantial (less than 20%) 
   3. Majority of recovery during the re-
covery period was achieved quickly (70% 
in the first 10 min.). 

 
Lowest treatment  
     
     The NPQ values in the lowest treatment 
(1200 µmol m-2 s-1 for 30 min.) showed a 
time course different from the others be-
cause of the additional effect of desic-
cation during the measuring time: the val-
ues that should decline quickly and con-
tinuously after the peak of the first meas-
urement, decreased instead slowly, to rise 
again 40 min. after the end of the PI (de-
hydration effect). By the end of the re-
covery period, we observed NPQ values 
higher than the peak (Fig. 5); which could 
be explained by the additional effect of 
desiccation as was reported for Polytrichum 
formosum (Proctor et al. 2007) in which 
decreasing RWC caused increasing values 
of NPQ between 80 and 50% of RWC.  
     Confirmation is added by the decreas-
ing course of Fs (Fig. 5), which is reported 
to be correlated with desiccating condi-
tions. In desiccating mosses, Fs decreases 

thanks to desiccation-induced quenching 
as reported by e.g. Heber et al. (2007) for 
Rhytidium rugosum. 
     Capacity of protective mechanisms 
forming NPQ is species-specific in moss-
es. Some mosses have orange carotenoid 
pigments which may help prevent photo-
system damage. For Ceratodon purpureus, 
photoprotective carotenoids including vio-
laxanthin are reported (Post 1990). Propor-
tion of underlying biophysical, biochemi-
cal and molecular responses activated in 
photoinhibited mosses and forming NPQ 
remains unclear because of the complex 
manner of PI response of chloroplastic ap-
paratus. Mosses share many of photo-
protective mechanisms with the vascular 
plants, however, there are some key dif-
ferences in the photoprotection available 
(Robinson and Waterman 2014). 
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Fig. 5. NPQ and Fs average time course in the samples exposed to desiccation (i.e. samples which 
were not kept in fully wet state by constant spraying) in treatment n°3 (1200 µmol m-2 s-1 for        
30 min.). 
 

      
     In mosses, fastest component of non-
photochemical quenching occurs within 
PS II antenna system by the action of two 
essential light-harvesting complex (LHC)-
like proteins, photosystem II subunit S 
(PSBS) in plants and light-harvesting com-
plex stress-related (LHCSR) (Pinnola et al. 
2015). Recent studies (e.g. Stella 2016, 
Dikaios et al. 2019) confirmed the role of 
LHCSR proteins in NPQ, particularly in 

thermal dissipation in photoinhibited moss-
es. Some studies, however, suggest that 
LHCSR proteins may be active in energy 
quenching (qE) as well (Alboresi et al. 
2010, Gerotto et al. 2012). 
     Apparently, lichens possess a dominant 
mechanism of photoprotection which does 
not require zeaxanthin or a protonation re-
action (Heber 2011). 
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Conclusions 
 
     According to our data, Polytrichum 
commune could be considered medium 
resistant to photoinhibition relating to the 
PI doses we used; moderate water loss 
could increase protective mechanisms acti-
vation (non-photochemical quenching in 
particular) but does not influence the over-
all photosynthetic performance. Protective 
mechanisms are activated in case of in-
tense light and moderate water deficiency, 
which are both occurring in the mountains, 
after the snow cover is melted down and 

water availability is limited. Further stud-
ies should point to the extreme conditions 
of both light and desiccation levels which 
could be tolerated by this moss in the field. 
Since mosses are poikilohydric autotrophs 
active during winter period, low tempera-
ture photoinhibition of thalli in wet state 
should be taken into account when evalu-
ating species-specific differences in resist-
ance to photoinhibition (Lovelock et al. 
1995a, b). 
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