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Abstract 
Chlorophyll fluorescence is an effective tool for investigating characteristics of any 
photosynthesizing organisms and its responses due to different stressors. Here, we have 
studied a short-term temperature response on two Antarctic green algal lichen species: 
Umbilicaria antarctica, and Physconia muscigena. We measured slow chlorophyll 
fluorescence transients in the species during slow a cooling of thallus temperature from 
20°C to 5°C with a 10 min. acclimation at each temperature in dark. The measurements 
were supplemented with saturation pulses for the analysis of chlorophyll fluorescence 
parameters: maximum yield of PS II photochemistry (FV/FM), effective quantum yield of 
PS II photochemistry (PSII) and non-photochemical quenching (NPQ). In response to 
decreasing thallus temperature, we observed  species-specific changes in chlorophyll 
fluorescence levels P, S, M, T reached during chlorophyll fluorescence transient as well 
as in the shape of the chlorophyll fluorescence transients. With a decrease in 
temperature, the time at which M and T chlorophyll fluorescence levels were reached, 
increased. These changes were attributed to redox state of plastoquinon pool, changes in 
Calvin-Benson cycle activity, non-photochemical quenching components, state transition 
in particular. In this study, we present some chlorophyll fluorescence ratios (P/M, M/T, 
P/T) and chlorophyll fluorescence increase rates (FR1, i.e. O to P,  and FR2 - i.e. S to M) 
as the parameters reflecting direct temperature effects on chloroplastic apparatus of 
lichen alga sensitively. We proposed that species-specific changes in the slow phase of 
chlorophyll fluorescence transients could be potentially used as indicators of low 
temperature effects in photosynthetic apparatus of lichen algal photobionts. Interspecific 
differences in response to low temperature might be evaluated using the approach as 
well. 
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Introduction     
 
     It is well established that cellular mem-
branes are a prime target of damages caused 
during low and freezing temperature events 
and that membrane composition changes 
during cold acclimation. Therefore, many 
studies have focused on the effects on the 
thylakoid membranes when exposed to low/ 
subzero temperature. In such studies, the 
response of thylakoids membranes, their 
photosynthetic processes in particular, to 
sustained low-temperature treatments was 
measured non-invasively, typically by the 
analysis of chlorophyll fluorescence (ChlF) 
emission. Among a wide spectrum of meth-
ods using chlorophyll fluorescence tech-
nique in higher plants, slow (Kautsky) chlo-
rophyll fluorescence transient has been 
used much less frequently then ´traditional´ 
parameters such a e.g potential (FV/FM) 
and effective quantum yield of photosyn-
thetic processes in photosystem II (PSII) – 
Bolhar-Nordenkamf et Oquist (1993). How-
ever, complex analysis of ChlF transient 
was presented by for Arabidopsis thaliana 
(Mishra et al. 2014), and Antarctic lichens 
(Mishra et al. 2015). The latter study sug-
gested usefulness of ChF transient analysis 
to discriminate physical effects of low tem-
perature on lichens and individual species 
responses, their tolerance and/or avoidance 
mechanisms. Moreover, relative contribu-
tion of PS II and PS I to overal ChlF 
emission is also reported to change during 
cooling treatments Agati et al. (2000). 
Therefore, slow ChlF transient and its 
analysis seems to be an efficient tool to 
study short-term responses of chloroplastic 
photosynthetic appartus to low temperature.  
     In this study, we focused on ChlF tran-
sient in lichens, i.e. slow (Kautsky) chloro-
phyll fluorescence transient. Slow ChlF 
transient is measured on dark-adapted plant 
material. When exposed to continuous light 
for several minutes, photosynthetizing or-
ganisms show rise to P peak followed by a 
polyphasic SMT phase. Riznichenko et al. 
(1996) mentioned that changes in chloro-

phyll fluorescence signal in PSMT part of 
the Kautsky kinetics represent combined 
effect of photochemical and non-photo-
chemical processes taking place in photo-
synthetic apparatus. The PSMT phase of 
ChlF transient was first systematically 
studied in the laboratory of Govindjee 
(Papageorgiu et Govindjee 1968, 2011) – 
for review see Stirbet et al. (2014). During 
PSMT phase, photochemical quenching 
causes the decrease of chlorophyll fluores-
cence signal due to reoxidation of reduced 
QA thanks to photosynthetic electron trans-
port chain. Generally, SMT phase of chlo-
rophyll fluorescence signal forming the 
induction curve as well as the appearance 
of additional maxima are caused by stimu-
lation of dark reactions of Calvin cycle of 
CO2 fixation (see e.g. Seaton et Walker 
1990). SMT part is polyphasic, because 
several co-acting processes interact. Non-
photochemical fluorescence quenching re-
sults from these processes as formation of 
transthylakoidal proton gradient (Noctor et 
Horton 1990), phosphorylation of the light-
harvesting complex (see e.g. Allen 1992), 
oxidation of plastoquinone pool (Vernotte 
at al. 1979) and photoinhibition (Krause 
1988).  
     P, S, M peaks are denoted to compo-
nents of non-photochemical quenching 
(qN), i.e. energy-dependent quenching (qE), 
state transition quenching (qT) and photo-
inhibitory treatment (qI) - (Kodru et al. 
2015). Since the proportion of the qN com-
ponents are species- and treatment-specific, 
it may be suggested that the entire PSMT 
chlorophyll fluorescence transient is due to 
a superimposition of several processes in 
which qE (energy-dependent NPQ of Chl 
fluorescence), as well as state changes 
play an important role. Typically, qI does 
not take much share, however, the pos-
sible involvement of several mechanisms 
related to photoinhibition and consequent 
changes of ChF transient during the M to 
T decline must be considered.  
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     Chl fluorescence decrease ratio or the 
vitality index (RFd) was suggested and in-
troduced into chlorophyll fluorescence lit-
erature in the 1980s (Lichtenthaler et al. 
1986). For calculation of RFd, FP and FS 
chlorophyll fluorescence levels are used in 
the formula RFd = (FM – FS)/FS. FP chloro-
phyll fluorescence level denotes peak sig-
nal reached within first 1-2 s of illumi-
nation of predarkened plant material. FS 
denotes a steady state chlorophyll fluores-
cence reached typically after 5 min. of  
continuous illumination. Whenever a con-
stant FS level is reached, reduction and the 
oxidation rate of quinones became theo-
retically equal. RFd is resulted of (FM – FS)/ 
FS and has been demonstrated to be highly 
correlated with CO2 fixation (Flexas et al. 
2002, Lichtenthaler et al. 2005). There-
fore, RFd values depend on the whole pho-
tosynthetic electron transport chain,  rate 
of synthesis and utilization of ATP and 
NADPH.  
     In lichens, slow ChlF transient was 
used to characterize sensitivity to photo-
inhibition (e.g. Conti et al. 2014) and 

freezing stress (Mishra et al. 2015). Simi-
larly, Nabe et al. (2007) studied  sorbitol 
effect on shape of PSMT phase of tran-
sient in a liverworth (Marchantia poly-
morpha) and a moss (Bryum argenteum ). 
In this study, we focused on several lichen 
species and hypothesized that species-
specific differences in shape of slow ChlF 
transients would be indicative  of species-
specific responses of selected Antarctic 
lichens to low temperature. Therefore, we 
measured ChlF in several lichen species 
and analyzed parameters derived from the 
ChlF transient shape and ChlF signals. We 
hypothesised that they would be well re-
lated to selected ChlF parameters resulting 
from application of saturation pulse tech-
nique and quenching analysis. We evalu-
ated species-specific sensitivity of primary 
photosynthetic processes of two chloro-
lichens to low temperature. We suggested 
some new ChlF parameters to detect early 
responses of photosynthetic apparatus of 
lichen photobionts in response short-term 
acclimatory changes to low temperature. 

 
 
 
Material and Methods 
 
Sample collecting and handling 
 
     In experiments, two lichen species were 
used: Physconia muscigena and Umbilica-
ria antarctica (Fig. 1). They were collect-
ed in two different regions neighbouring to 
the Antarctic peninsula.  P. muscigena was 
collected at the James Ross Island from a 
long-term research plot (63° 48´ 03´´ S, 
57° 52´ 50´´ W, see Barták et al. 2015 for 
details) located close to Mendel (Czech 
Antarctic research station). Umbilicaria 
antarctica was collected in the Maritime 
Antarctic at the Galindez Island in a close 
vicinity of Ukrainian station Vernadsky 
(65° 14´ 43´´ S, 64° 15´ 24´´ W).  
     Physconia muscigena is a foliose chloro-
lichen quite common in the Antarctics. 

Thallus of P. muscigena is pale gray-brown 
to dark brown. Thallus upper surface 
might be coated with pruina that disappear 
when thallus is rehydrated. Then thallus 
color turns into a brighter green. At James 
Ross Island, P. muscigena is quite com-
mon in moist habitats. It grows also on wet 
soil surface or over mosses. U. antarctica  
is a typical macrolichen with a foliose 
morphotype of thallus. The species is quite 
abundant in maritime Antarctica. Specifi-
cally at the Galindez island, it grows at 
rock surfaces close to Woozle Hill. It is 
found also at neigbouring islands (Green 
Island, Berthelot Island) and at the Ant-
arctic peninsula west coast (Cape Tuxen, 
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Waddington Bay - M. Barták, unpublished 
information). 
     Prior to the chlorophyll fluorescence 
measurements, dry thalli were allowed to 
rehydrate for 48 h. After rehydration and 
full activation of primary photochemical 
processes (tested by FV/FM, whenever the 
parameter reached maximum value, the 
thalli were considered optimally rehy-
drated).  
     Then, the lichen samples were sub-
jected to the measurements of chlorophyll 
fluorescence imaging at different tempera-
tures so that ChlF transient could be re-
corded and ChlF parameters determined.  

Lichen thalli were pre-darkened for 5 min. 
inside the measuring compartment of a 
FluorCam HFC-010 fluorometer (Photon 
Systems Instruments, Czech Republic). 
Then Kautsky curves (transients) supple-
mented with analysis of quenching mecha-
nisms were measured. The method con-
sisted of measurements of chlorophyll 
fluorescence curves induced by an actinic 
light supplemented with saturation pulses 
given during at dark (FM induction), and 
when the actinic light was on (FM’ in-
duction). Potential (FV/FM), effective quan-
tum yield (PSII) and non-photochemical 
quenching (NPQ) were calculated. 

 

 

 
 
Fig. 1. Experimental species used in this study: Umbilicaria antarctica (upper panel), Physconia 
muscigena (lower panel). 
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Temperature treatment 
 
     In our study, we exploited slow ChlF 
transient approach to evaluate a short-term 
response the two Antarctic chlorolichens 
to decreasing thallus temperature (20, 15,  
 

 
 

Fig. 2. Record of thallus temperature during 
experimental cooling of lichens to a target 
temperature, i.e. 22, 15, 10 and 5°C. 

10 and 5°C) with a 10 min. acclimation at 
each temperature (Fig. 2). For such short-
term temperature treatment, a ConBrio 
Cooling unit (ConBrio, Czech Republic) 
linked to Labio thermostat (Labio, Czech 
Republic) were used.  
     Lichen thalli were placed into a Petri 
dish and fixed. The Petri dish was placed 
on cooled aluminium plate (a part of 
ConBrio Cooling Unit and acclimated for 
10 min. at each above-specified tempera-
ture. During acclimation and ChlF meas-
urements, thallus temperature was meas-
ured by a hairy Cu-Co thermocouple in     
2 min. interval and stored into a data 
logger (Edge Box, Environmental Meas-
uring Systems, Brno, Czech Republic). 
On-line control of thallus temperature was 
allowed thanks to a EMS software.  

 
 
 
 
Measurements of Chlorophyll fluorescence 
 
     At each temperature, measurements of 
ChlF were made using a HFC-010 fluoro-
meter and a FluorCam07 software (Photon 
Systems Instruments, Brno, Czech Repub-
lic). Kautsky kinetics supplemented with 
quenching analysis was used that com-
prised of a saturation pulse applied in 
dark-adapted state to induce FM followed 
by a 10 s of dark adaptation. Then, the sam-
ples were exposed to actinic light (AL = 4) 
for 300 s and a polyphasic time course of 
ChlF emission was recorded. When a 
steady state ChlF was reached (typically 
after 300 s), another saturation pulse was 
applied to induce FM´ level of ChlF, i.e. 
maximum value in light-adapted material. 
After switching of actinic light, back-
ground ChlF (F0´) was recorded for 20 s. 
Then, another saturation pulse was given 

in order to induce FM´´ value. Standard ChlF 
parameters were calculated by a FluorCam 
software. From those, FV/FM, PSII, NPQ, 
Fs, RFd (sensu Lichtenthaler et al. 2005), 
their dependence on experimental tempera-
ture, respectively, are presented in this 
study. 
     Records of ChlF transients for particu-
lar species and experimental temperature 
were analyzed. ChlF levels P, S, M, T were 
identified as well as the times at which 
they were reached. From linear part of 
ChlF transient between (1) O to P, and   
(2) M to S, chlorophyll fluorescence in-
crease rate (FR) was calculated according 
to Smillie et Hetherington (1984). Effects 
of experimental temperature on the above-
specified ChlF parameters were then evalu-
ated. 
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Results and Discussion  
 
     Slow ChlF transients showed temper-
ature-dependent changes in their time 
courses (Fig. 3) as well as parameters 
derived from the transients: RFd FP/FS 
ratio, FR and induction time at which M 
peak was achieved. These parameters were 
well related to ChlF parameters obtained 
by a saturation pulse method: FV/FM, PSII 
(effective quantum yield of photosynthetic 
processes in PS II), NPQ (non-photochem-

ical quenching) since they were found 
temperature-dependent (Fig. 4), similarly 
to our earlier studies. It was, therefore, 
concluded that species-specific changes in 
the slow ChlF transients can be potentially 
used as indicators of low temperature 
stress in photosynthetic apparatus of lichen 
algal photobionts, altered redox state of 
plastochinone pool, and energy-dependent 
quenching in particular. 

 

 
 

Fig. 3. Initial parts of slow chlorophyll fluorescence transient for Umbilicaria antarctica (left) and 
Physconia muscigena (right) with an indication of O, P, S, M levels. The transients for individual 
species are means of 4 replicates measured at each experimental thallus temperature decresing 
from 22 to 5°C with at least 20 minute acclimation at each temperature (22, 15, 10 and 5°C). 
Modified from Marečková et Barták 2016.  
 
     In both species, the PSMT phase ex-
hibited temperature-dependent changes. 
Among them, the change in P/S, P/M, and 
S/M, and M/T ratios were apparent (see 
Table 1) documenting temperature effects 
of ChlF transient. With temperature de-
crease, the time, at which M level of Chl 
fluorescence was reached, increased dra-
matically (up to tens of seconds). This is 
contrasting to the evidence from higher 
plants exposed to low temperature where 
P, S and M ChlF levels are reached 
withing the first 5 seconds of exposition to 
light (Srand et Lundmark 1987). More-
over, in higher plants two M levels (peaks) 
can be distinguised (Roháček et Barták 
1999). The fisrt one, denoted as M1, ap-

pearing typically at 4-10 s of exposition to 
light is attributed to changes in back-
ground ChlF (F0´) during the first few 
secons of the exposition to light. Typical-
ly, F0´ increases within this period in 
higher plants (Roháček 2002, Roháček et 
al. 2008). The second one, M2, appearing 
typically at 40-60 s of light exposition is 
related to the changes in carboxylation in 
Calvin-Benson cycle and attributed to a 
feedback limitation of photosynthetic line-
ar electron flow due to accumulation of 
ATP and NADPH. Whenever ATP and 
NADPH consuption increases thanks to 
accelerated CO2 fixation, ChlF tends to de-
crease from M2 peak to T (steady state) 
ChlF level. However, time at which M 
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peaks are reached within ChlF transients, 
seems to be highly dependent on a lichen 
species (see Conti et al. 2014, Usnea ant-
arctica, Stereocaulon vesuvianum), actual 
extent of photoinhibition (Barták et al. 
2012) and acclimation to particular experi-

mental temperature. In our study, U. ant-
arctica and P. muscigena showed M1   
and M2 peaks only at 10 and 5°C while 
M1 was missing at the temperature above 
10°C. This phenomenon will be focused in 
more details in further study. 

 

 
 

Fig. 4. Dependence of chlorophyll fluorescence parameters on thallus temperature: FV/FM – 
potential yield of photosynthetic processes in photosystem II, PSII – effective quantum yield of 
photochemical processes in photosystem II, NPQ – non-photochemical quenching, Fs – steady-
state chlorophyll fluorescence (equivalent to T chlorophyll fluorescence level). Data points are 
means of 4 replicates. Error bars represent standard deviations.  
 
 
     In our study done in P. muscigena an 
U. antarctica, all the above-specified pa-
rameters related to particular ChlF levels 
reached during exposition to (actinic) light 
reflected temperature-induced changes in 
PSMT time courses. To attribute particular 
changes to individual factors is rather dif-
ficult since many interconnected dynamic 
processes take place. During SMT phase 
of ChlF transient, the Calvin–Benson cycle 
and several other correlated physiologi- 
cal processes are induced. Simultaneously, 
mechanisms forming non-photochemical 

quenching (qE, qT, qI) are activated. Be-
fore reaching T phase, different regulatory 
processes co-act until final steady-state 
chlorophyll fluorescence signal is reached 
(i.e. T level). Among them, state changes 
(transition from State 1 ↔ State 2), i.e. 
short-term regulatory mechanisms are 
effective (see Murata 2009 for review). 
They comprise light-dependent activation 
of the kinase which phosphorylates the 
light-harvesting complexes (LHCII), fol-
lowed by the release of LHCII from photo-
system II and its migration to photosys-
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tem I (Lemeille et Rochaix 2011) where 
absorbed light energy is delivered to core 
of PS I. This leads to a decrease in ChlF 
signal. Such mechanism is well docu-
mented for green alga Chlamydomonas 
reinhardtii. (Minagawa 2011) cells where 
it allows to switch between photosynthetic 
linear and cyclic electron flow. The latter 
study investigated role of PS II core pro-
teins (CPs) in C. reinhardtii. In lichen 
symbiotic alga of genus Trebouxia, how-
ever, state 1 - state 2 transition has not yet 
been studied. It is present in the species 
since state1-state 2 transition is considered 
common mechanism in higher plants and 
green algae. 
     In U. antarctica and P. muscigena, M 
ChlF level was found higher then P level. 
When such phenomenon is observed in 
cyanobacteria, it is attributed to a subse-
quent State 2 → State 1 change taking place 
during the S to M rise Tsimili-Michael et 

al. (2009), Kaňa et al. (2012). For unicellu-
lar green algae such phenomenon is re-
ported (see e.g. Finazzi et al. 2001 – 
Chlamydomonas reinhardtii) and related 
to migration of LHCII from PS I to PS II 
after LHC dephosphorylation. For Tre-
bouxia sp., however, it still has not been 
experimentally proven. Moreover, value of 
ChlF level at P point was in majority of 
cases close to T ChlF level, which brought 
some difficulties with RFd evaluation. Since, 
the T ChlF level was even higher than the 
P ChlF level at 5°C (resulting in negative 
RFd values), application of RFd as an  indi-
cator of physiological state of a lichen (in 
response to temperature – direct, short – 
term effect) is disputable. RFd, however, 
might be used in evaluation of other stres-
sors effects in lichens, such as e.g. heavy 
metals impact (Takacs et al. 1999), partial 
hydration of thalli, and high light stress 
(Valladares et al. 1995). 

 
Umbilicaria antarctica Temperature (°C) 
  5°C 10°C 15°C 22°C 
  Mean Std Mean Std Mean Std Mean Std 
P/S  1.020 ± 0.011 0.516 ± 0.504 0.513 ± 0.357 0.472 ± 0.067 
P/M  0.896 ± 0.014 0.455 ± 0.441 0.451 ± 0.312 0.415 ± 0.060 
S/M  0.878 ± 0.015 0.447 ± 0.432 0.443 ± 0.305 0.407 ± 0.059 
M/T  0.980 ± 0.014 0.497 ± 0.483 0.493 ± 0.342 0.454 ± 0.065 
RFd  -0.122 ± 0.009 -0.057 ± 0.066 -0.026 ± 0.070 0.013 ± 0.056 
          Physconia muscigena Temperature (°C) 
  5°C 10°C 15°C 22°C 
  Mean Std Mean Std Mean Std Mean Std 
P/S  1.130 ± 0.007 0.569 ± 0.561 0.567 ± 0.397 0.523 ± 0.073 
P/M  0.925 ± 0.021 0.473 ± 0.452 0.468 ± 0.320 0.428 ± 0.063 
S/M  0.819 ± 0.024 0.422 ± 0.398 0.416 ± 0.281 0.379 ± 0.057 
M/T  1.070 ± 0.022 0.546 ± 0.524 0.540 ± 0.371 0.495 ± 0.072 
RFd  -0.011 ± 0.002 -0.004 ± 0.006 -0.002 ± 0.007 0.002 ± 0.005 

 
Table 1. Ratio parameters derived from slow chlorophyll fluorescence transients, their P, S, M, T 
levels in particular.  
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Fig. 5. Rates of chlorophyll fluorescence increase (FR1, FR2) measured on lichens  Umbilicaria 
antarctica (upper panel) and Physconia muscigena (lower panel) at the temperature decreasing 
from 22 to 5°C (particular experimental temperatures were 22, 15, 10 and 5°C). Data points are 
means of 4 replicates. Error bars represent standard deviations. FR1 represents the increase 
between O and P chlorophyll fluorescence levels. FR2 represents the increase between S and M 
chlorophyll fluorescence level.  

 
 

Conclusions 
 
     ChlF transient, their O, P, S, M, T chlo-
rophyll fluorescence levels, and derived 
parameters respectively, can be used easily 
as early indicators of direct effects of tem-
perature on primary photosynthetic proc-
esses in chlorolichens. Redox state on 
plastoquinone pool and the involvement 
on mechanisms forming non-photochem-
ical quenching leads to the changes in P, S, 
M, T ChlF levels and the times at which 
they are reached. In this paper, we suggest 
to use the ratios P/M, P/T, M/T as indi-
cators of short-term temperature effect on 
photochemical processes of photosynthe-

sis, as well as FR1, FR2, which are the rates 
of ChlF increase between O and P, and 
S and M ChlF levels (Fig. 5). All the 
above-mentioned parameters should be re-
lated to traditional ones, such as e.g. 
FV/FM, PSII, NPQ in order to evaluate di-
rect effects of a short-term temperature 
treatment on particular photochemical proc-
esses in thylakoid membrane of chloro-
plast of symbiotic alga.  
     The results presented in this study 
showed that PSII indicated temperature 
optimum of photosynthetic processes at 
10°C for both species. Short-term treat-
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ment at low temperature (5°C) did not 
induce activation of non-photochemical 
quenching, i.e. there is no demand for 
protective mechanisms at 5°C. This con-
clusion is consistent with an earlier study 
done in U. antarctica (Barták et al. 2007). 
In presented study focused on P. musci-
gena and U. antarctica FV/FM showed an 
increase with temperature fall, i.e. no tem- 

perature-induced limitation of capacity of 
primary photosynthetic processes in photo-
system II was apparent. The two experi-
mental species exhibited similar responses 
(trends) in O, P, S, M, T changes with 
temperature fall, however, species-specific 
differences were apparent. The same was 
true for ChlF pa-rameters FV/FM, PSII, 
NPQ.  
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