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Abstract 
Photosynthetic reactions of algal communities, the essential component of primary pro-
duction in polar regions, are strongly dependent on environmental factors. Among them, 
availability and amount of light in particular parts of growing season are of major impor-
tance. In this paper, the response of the photosynthetic processes of a filamentous fresh-
water alga to photosynthetically active radiation (PAR) was studied by two approaches. 
The simultaneous measurements of the effective quantum yield (PSII) and oxygen 
evolution rate (OER) at stepwise increasing photosynthetically active radiation provided 
data for beneficial correlation analysis of the PSII to OER relationship in a wide range 
of PAR. In this study, the culture of filamentous alga Stigeoclonium sp. was analyzed. 
The linear relationship between PSII and OER was found for the low PAR (the range of 
0 – 200 mol.m-2.s-1). At high PAR levels (200 – 1000 mol.m-2.s-1) another linear rela-
tionship with different slope was found. The approach combining the fluorometric and 
oxymetric method might be used for calibration of data in follow up studies and, 
consequently for evaluation of photosynthetic rates (O2 evolution) from chlorophyll 
fluorescence data.  
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Introduction     
     
     Algal communities are an essential part 
of microbiota. They contribute to the pri-
mary production of lakes, streams and riv-
ers in polar regions. Majority of polar algae 
may survive in harsh and even extreme po-

lar environments. Representatives from al-
most all algal divisions have been recorded 
for such extreme environments (Lizotte 
2008). Kirk (2011) gives an overview of 
the studies analysing physiological proper-
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ties of polar algae by a variety of method-
ological approaches. These comprise direct 
and indirect methods. The group of direct 
methods is based on a measurement of the 
photosynthetic rate, CO2 fixation and O2 
evolution, methods of electrochemical anal-
ysis and determination of 14CO2 and [14C]-
bicarbonate. Indirect methods involve the 
measurements of various parameters of chlo-
rophyll fluorescence (e.g. Bates et Cota 
1986, Ryan et al. 2011). Among them, the 
effective quantum yield of photosynthetic 
processes in photosystem II (PSII) is wide-
ly accepted since it is an evaluator of actu-
al photosynthetic rate. For evaluation of the 
response of the photosynthetic rate of al-
gae as dependent on incident light, meas-
urements of light response curves (some 
authors refer as P-I curves) of different 
photosynthetic parameters are used (e.g. 
Litchman et al. 2003, Necchi et Zucchi 
2001). 
     During the measurements of light res-
ponse curves at stepwise increasing light 
intensity, photosynthetic characteristics (i.e. 
several parameters evaluating the rate of 
photosynthesis) of the light-adapted sample 
are evaluated by direct or indirect meth-
ods. The results can be used in ecological 
interpretation of photosynthetic productiv-
ity of freshwater algae in polar regions. If 
the light-response curves are measured on 
naturally-occurring rather than laboratory 
grown material (Kirk 2011) the estimates 
of photosynthetic production are close to 
reality.  
     Stigeoclonium sp. is an algal species 
found in several well-hydrated terrestrial 
ecosystems in Antarctica (e.g. Pushparaj et 
al. 2004), and James Ross Island (Caisová 
et al. 2009). This study is focused on the 
evaluation of the photosynthetic activity of 
filamentous green alga Stigeoclonium sp. 
at different light intensities. Simultaneous 
measurements of oxygen evolution and pho-
tochemical activity of photosystem II were 
used. The photosynthetic study is a part of 
the long-term research activities of Czech 
Antarctic programme that has been per-

formed at James Ross Island since 2007. 
Former studies focused on a variety of 
problems comprising mainly biodiversity 
and ecophysiological features of terrestrial 
algae at James Ross Island. Biodiversity of 
the algae and cyanobacteria have been stud-
ied in the Northern part of James Ross Is-
land (Komárek 2014, Nedbalová et al. 2017, 
Skácelová et al. 2015, 2013). Ecophysio-
logical studies addressed several aspects of 
algae-environment interaction. Nedbalová 
et al. (2017) studied temperature and light 
growth requirements, the fatty acid com-
position and the phylogenetic relationship 
in species of the genus Monoraphidium. 
More detailed laboratory-based photosyn-
thetic studies focused on lichen symbiotic 
algae or cyanobacteria (Bayer et Alba 2017, 
Marečková et Barták 2017, Sehnal et al. 
2014), and filamentous green alga Zygnema 
(Thangaraj 2015). 
     In the photosynthetic study of Stigeo-
clonium sp., the optodes were used for de-
termination of oxygen concentration and 
OER. In general, optodes are optical chem-
ical sensors capable of recording chemical 
compounds, based on their fluorescence/lu-
minescence properties (see Espinosa-Cal-
deron et al. 2011 for review). They meas-
ure in either gaseous or aqueous (Tengberg 
et al. 2006) phase. Recently, an emerging 
number of application of the optodes is 
witnessed in a great variety of disciplines 
including plant science. In photosynthetic 
studies, the approach is used across spe-
cies and environments such as e.g. in mi-
croalgae cultivated in photobioreactors 
(Tamburic et al. 2014), seegrasses (Ow et 
al. 2015), hypersaline soil crusts (Woelfel 
et al. 2009), shallow sea water (Hydes et 
al. 2009). In autotrophic microorganisms, 
the optodes were used to estimate photo-
synthetic O2 evolution in a snow alga Chlo-
romonas nivalis (Remias et al. 2010), ben-
thic diatoms (Woelfel et al. 2014), cyano-
bacteria-dominated biofilms (Rubol et al. 
2018). Since photosynthetic activities of 
freshwater microalgae have not been in-
vestigated by optodes so far to a large ex-
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tent, the presented study focused on simul-
taneous measurements of photosynthesis 
in Stigeoclonium sp. by two different tech-
niques, i.e. optodes and chlorophyll fluores-

cence. The aim of the study was to evalu-
ate the relation of OER to PSII in response 
to light.  

 
 
Material and Methods 
 
Algal material handling 
 
     The algal culture of Stigeoclonium sp. 
was isolated from a sample collected from 
the water basin located in the northern part 
of Ulu peninsula (63° 50’ 14” S, 57° 50’   
17” W), James Ross Island, Maritime Ant-
arctica. The collection site was a shallow 
lake located on a flat surface on the eastern 
slopes of the Lachman Crags mesa. The 
culture was cultivated in liquid BBM me-
dium (Bischoff et Bold 1963) at 5°C and 

30 mol.m-2.s-1 with 16/8h light/dark pho-
toperiod. The algal suspension reaching the 
optical density of 0.3 at 680 nm was used 
in the photosynthesis measurements. To an-
alyse the photosynthetic activity in differ-
ent light intensities of photosynthetically 
active radiation (PAR), the light response 
curve approach with simultaneous chloro-
phyll fluorescence and oxygen evolution 
measurement was used. 

 
 
The light response curve of PSII and oxygen evolution rate 
     
     Grown algal suspension of 2.5ml was 
transferred to an exposition cuvette. The cu-
vette with the suspension was coupled to a 
fluorometric system AquaPen-C AP 100-C 
(Photon Systems Instruments, Czech Re-
public) and the oximetric (Unisense, Den-
mark). The setup was equipped with a mag-
netic stirrer (Topolino mobil, IKA, Germa-
ny) to ensure homogeneity of the suspen-
sion during measurements. The measuring 
protocol consisted of the exposition of the 
suspension to 8 different PAR levels. With-
in the protocol applied by the fluorometric 
system, the suspension was exposed to 
stepwise PAR of 0, 10, 20, 50, 100, 300, 
500, and 1000 mol.m-2.s-1 with each step 
lasting 300 s. Exposition part of the fluoro-
metric system with integral cuvette was 
cooled by ice to maintain the temperature 
of the sample in the temperature range 2 - 
7°C. The temperature of the sample was 
monitored by the thermocouple connected 
to the oximetric system (Fig. 1.). 

     During the exposition, steady-state fluo-
rescence (FS) was measured and at the end 
of each level of PAR. Then, saturation 
pulse was applied to determine the maxi-
mal fluorescence of the light-adapted sam-
ple (FM) and the effective quantum yield of 
the photosystem II photochemistry (PSII; 
van Kooten et Snel 1990). 
     During the whole exposition to the PAR 
levels, the changes in the concentration of 
dissolved oxygen (cO2, temperature com-
pensated) was measured using the micro 
optode (MicroOptode OP-430, Unisense, 
Denmark) connected to MicroOptode me-
ter (Unisense, Denmark). The oxygen evo-
lution rate (OER) was determined accord-
ing to the equation: cO2 / (t*cchla) and ex-
pressed as mol(O2).mg(chla)-1.h-1. From 
each sample, photosynthetic pigments were 
extracted in dimethylsulfoxide after the 
measurements. Concentrations of chloro-
phyll a was determined according to Wel-
burn (1994).  
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Fig. 1. Scheme of the instrumental setup consisting of a fluorometer, microoptodes linked to a PC. 
 
 
Results and Discussion 
 
     The effective quantum yield of PS II 
photochemistry – PSII determined at the 
end of each particular PAR levels (Fig. 2) 
reached the values from 0.088 (±0.0.36) at 
maximal PAR level of 1000 mol.m-2.s-1 
to its maximum of 0.668 (±0.024) reached 
in the dark. Within the range of PAR lev-
els, PSII showed an exponential decrease 
(from its maximum at lowest PAR to a min-
imum at the highest PAR). The minimal val-
ue of oxygen evolution rate (OER; Fig. 2) 
of -26.56 (±4.43) mol(O2).mg(chla)-1.h-1 
was reached in the dark and its maximum 
of 4.04 (±5.68) mol(O2).mg(chla)-1.h-1 was 
found at PAR level of 200 mol.m-2.s-1. 
The irradiance compensation point derived 
from the OER data (Fig. 2) was 59.1 mol. 
m-2.s-1. The OER values recorded at higher 
PAR levels (>200 mol.m-2.s-1) did not 
show any additional increase (plateau or 
limited slight decrease).  
     Even under optimum temperature, polar 
phytoplankton communities (cyanobacteri-
al particularly) exhibit extremely low pho-
tosynthetic rate (Fritsen et Priscu 1998). 
However, “fast-growing” algal and cyano-
bacterial species, e.g. Chlorela, and Syne-
chocystis showed maximal values of OER 
more than 10-times higher (Schuurmans et 
al. 2015) than OER in Stigeoclonium sp. 
reported in this study. 

     In this experiment, the analysis of the 
relationship between PSII and OER show-
ed non-linearity within the whole PAR 
range (Fig. 3). However, if the analysis of 
the relationship is done separately for low-
er (from 0 to 200 mol.m-2.s-1) and higher 
(from 200 to 1000 mol.m-2.s-1) PAR lev-
els, then linearity of the relationship in this 
two particular ranges was found. Genty et 
al. (1989) showed a linear relationship be-
tween fluorescence derived photosynthetic 
rate and directly measured for higher 
plants. In cyanobacterial blooms, a linear 
relationship can be seen between fluores-
cence-based ETR and photosynthetic O2 
evolution at PAR up to 800 mol.m-2.s-1. 
However, a non-linear relationship of ETR 
to O2 evolution at the  PAR levels above 
800 mol.m-2.s-1 (Masojídek et al. 2001). 
Similarly, Beer et Axelsson (2004) found a 
linear relationship between O2 evolution 
and fluorescence-based ETR at low irradi-
ances, however, at high irradiances, there 
was a decrease in ETR while OER remains 
almost constant. Nonlinearity of ETR and 
OER relationship in high PAR is generally 
attributed to the secondary photosynthetic 
processes, i.e. oxygen-consuming processes 
(photorespiration, Mehler reaction) and doc-
umented in algae (see e.g. Masojídek et al. 
2001).  
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Fig. 2. Light response curves of effective quantum yield of photochemistry of PSII (PSII; black 
symbols) and oxygen evolution rate (OER; grey squares), measured at a stepwise increasing 
photosynthetically active radiation (PAR). Data points are means of 5 replicates ± standard 
deviation. The location of light compensation point (IC) is indicated. The best-fit curves equations 
are: (PSII) y = 0.042 x e(1237.735/(x+448.132) , (OER) y = 29.706 x (1 - e-0.037x). 
 

 
 
Fig. 3. Oxygen evolution rate (OER) of Stigeoclonium sp. as dependent on the effective quantum 
yield of photosynthetic processes in photosystem II (PSII) recorded for PAR ranging 0-1000 
mol.m-2.s-1. Linear regression A (y = – 6.877x + 4.657) is for the data recorded for the PAR 
interval of 0 – 200 mol.m-2.s-1. Linear regression B (y = – 85.088x + 38.617) is for the data 
recorded within the PAR range of 200 – 1000 mol.m-2.s-1. Data points represent means of            
5 replicates ± standard deviations. 
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     Non-linearity of the relation between 
photochemical and biochemical processes 
measured within a range of PAR is well 
documented for sea macroalge (Figueroa 
et al. 2003). The authors reported non-line-
ar relation between the effective quantum 

yield (PSII) and the quantum yield of pho-
tosynthetic O2 evolution (O2). If the O2 
is calculated from the data presented here 
for Stigeoclonium sp., they give non-linear 
relationship to PSII (not shown) as well.  

 
 
Concluding remarks 
 
     The method of simultaneous measure-
ments of OER and PSII used in this study 
proved to be an useful tool for detailed pho-
tosynthetic study in algal suspension. Such 
combination of the two methods allows an 
analysis of the photosynthetic processes, 
the relation of photochemical and biochem-
ical processes of photosynthesis in particu-
lar. Moreover, the combination of the meth-
ods might be used in the field and semi-
field conditions, since a battery-operated in-

strument, as used in this study, provides an 
opportunity for complex measurements per-
formed in the field (Antarctic station). Such 
approach is helpful to define the differ-
ences between the samples collected in the 
field in the environments with natural vari-
ation of physical and chemical factors and 
those samples cultivated in the lab and/or 
collection of polar autotrophic microorgan-
isms. 
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