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ABSTRACT 

Anthropogenic activities have been responsible for the increased release of CO2 into 

the atmosphere and resulting increases in global temperatures. The release of some 

anthropogenic pollutants to the atmosphere has also caused depletion of the 

stratospheric ozone layer, decreasing the screening of ultraviolet B radiation (UVB) by 

the atmosphere. In addition, ozone levels in the lower stratosphere have also been 

declining since 1998. Continued depletion of ozone in the stratosphere allows more 

ultraviolet radiation (UVR), specifically UVB, to reach the Earth’s surface. As increased 

temperature is believed to favour cyanobacteria in general and with future climate 

change scenarios predicting that surface water temperature will increase, it is important 

to study the interactive effects of these environmental factors on cyanobacterial growth 

and physiology. In this study we therefore investigated the effects of light, temperature 

and UVB on the growth, survival, photosynthetic capacity and recovery from UVB 

exposure, of two cyanobacterial species, namely Microcystis aeruginosa and Anabaena 

circinalis. Toxic and non-toxic strains of both species were grown at different light 

intensities to determine the responses of growth to light. Toxic strains were also grown 

at two different temperatures and exposed to either an acute dose of UVB or longer-

term exposures to low-, mid- and high-UVB in order to determine differences in cellular 

responses, in terms of photoinhibition and repair, both between species and within 

species (between strains).  

Toxic strains of both species showed saturation of growth at a higher light intensity than 

the non-toxic strains, possibly reflecting the energetic costs of toxin production. There 

were also differences in physiological characteristics between species and strains.   

However, factors other than toxin production may be involved in the observed 

differences. Growth rates between species also varied, with relatively higher growth of 
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A. circinalis at higher temperature than M. aeruginosa. Variations in terms of levels of 

UV absorbing compounds between species was also observed. An observed increased 

repair rate of photosynthetic characteristics with increased temperature suggests an 

improved ability of cyanobacteria to overcome UV induced damage at higher 

temperature. However, there were also intra-strain variations in terms of survival and 

recovery at different temperatures and UVB interactions. This could be due to the strain 

specific photo-reactive mechanisms. Consequently, because of the existence of multiple 

strains with differing physiological characteristics, it is not easy to make any broad 

conclusions about changes to cyanobacterial populations with future climate change. It 

is suggested that further studies include more species/strains of cyanobacteria and 

other environmental factors (such as changes in atmospheric CO2 and nutrient 

availability) in future. Future study should also consider testing how toxicity changes 

with these environmental variables.  
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Chapter 1. GENERAL INTRODUCTION 

1.1 What are cyanobacteria? 

Cyanobacteria, an ancient group of prokaryotic organisms which evolved approximately 

3.5 billion years ago (1), are found in almost every environment, ranging from deserts 

to hot springs. Cyanobacteria are major bloom-forming organisms in freshwater 

ecosystems all over the world, some of which are toxic and blooms cost millions of 

dollars annually in lost income and amenities (2). According to Connolly et al. (3), the 

predicted cost of nutrient-induced cyanobacterial blooms in just a single system in 

Australia, the Gippsland Lakes of Victoria, has been predicted to be $256 million over 

the next 20 years. Globally, these economic costs are predicted to increase over time, 

due to a warming climate increasing the incidence of algal blooms (4, 5). Cyanobacteria 

prefer lentic environments with high concentrations of nitrogen, phosphorus and carbon. 

The ability to fix atmospheric nitrogen gas (diazotrophy) is an important characteristic of 

some groups of cyanobacteria, though not all species possess this ability (e.g. the 

potentially toxic genus Microcystis). 

1.2 Role of climate change on cyanobacterial growth and physiology 

1.2.1 Temperature 

 

After light, the single most important parameter controlling algal and cyanobacterial 

growth is temperature. It is expected that the global temperature will increase by 

between  0.3 and 4.8 oC by the end of the current century (6) and this will thus, directly 

or indirectly, influence algal growth. The majority of freshwater eukaryotic phytoplankton 

decrease or maintain growth when temperatures exceed ~20 oC, whereas many 

cyanobacteria show accelerated growth under such conditions (7, 8). Temperature 
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increases not only stimulate growth of cyanobacteria but also change some physical 

characteristics of the water in which they grow, including a decrease in surface water 

viscosity resulting in increased sinking rate of larger, non-motile phytoplankton, which 

eventually favours cyanobacteria, especially those species that can regulate buoyancy 

with gas vesicles. Moreover, nutrient depletion in the surface water due to enhancement 

of stratification associated with the temperature rise may benefit diazotrophic 

cyanobacteria and those that can regulate their buoyancy to obtain nutrients from deep 

water. In a nutshell, it has been suggested that increases in temperature will accelerate 

the growth, distribution and bloom formation of freshwater cyanobacteria (9, 10). 

However, the effect of temperature rise on the production of toxins by cyanobacteria has 

not yet been previously explored. 

 

1.2.2 Carbon dioxide (CO2) 

 

By the end of this century atmospheric CO2 levels are expected to increase to between 

730 and 1010 ppm from its current level of just over 400  ppm (11). As phytoplankton 

are major consumers of atmospheric CO2 significant changes in CO2 will likely affect 

their ecological and physiological processes. Some phytoplankton’s may benefit from 

increases in atmospheric, and consequently dissolved, CO2 but many species will show 

minimal stimulation by elevated CO2 (12) due to the presence of active transport 

systems for scavenging inorganic carbon (CO2 Concentrating Mechanisms or CCMs). 

Although less is known about the effects of increased CO2 on natural cyanobacteria 

species, it has been hypothesized, on the basis of studies performed, that the chance 

of cyanobacterial blooms occurring will be enhanced with future climate change (13, 9).  
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1.2.3 Ultraviolet radiation (UVR) 
 

Since the onset of industrial development, the release of anthropogenic pollutants 

(chlorofluorocarbons, chlorocarbons, organobromides) has reduced the stratospheric 

ozone layer, leading to increases in the level of UVR radiation (specifically UVB) 

reaching Earth’s surface. The level of UVR at the Earth’s surface also depends on other 

factors such as cloud cover. A study performed in tropical Australia (from 1979-1999) 

showed a significant increase in UVR (10% per decade) associated with reduced ozone 

(1–2% per decade) and reduced cloud cover (15–30% per decade). On the other hand, 

in southern regions of Australia, UVR did not increase over time, partially due to 

increased cloud cover (14). However, at high latitudes the breakdown of ozone layer in 

the stratosphere leads to increases in the transmission of UVB to the Earth’s surface 

(15). According to Ball et al. (16) ozone in the lower stratosphere (17-24 km) has 

continued to decline since 1998. Global warming also leads to further ozone depletion 

(17-19) which eventually allows more UVB to reach the surface. Thus, understanding 

how UVB impacts interact with other environmental effects is important.  

UVB radiation has a serious deleterious effect on all living organisms. As one of the 

Earth’s earliest photosynthetic prokaryotes, cyanobacteria may have faced high levels 

of solar UVB early in their evolution and might therefore be expected to show an 

enhanced ability to withstand UVB-induced damage. However, experiments show UVR 

negatively affects both the growth and survival of cyanobacteria. Effects of UVB include 

damage to PSII reaction centres (20),  and the D1 protein in particular (21), damage to 

the CO2 fixing enzyme Rubisco  (22) and photobleaching of photosynthetic pigments 

(23). UVR is also known to reduce CO2 uptake in cyanobacteria (24). Although many 

studies have been performed on the effects of UVB on cyanobacterial physiology, in 
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particular growth and survival (25-27), there are still other factors that have not been 

previously examined - for example, toxicity.  

1.3 Interactive effects of temperature, CO2 and UVB on cyanobacteria 

Interactive effects of temperature and CO2 and/or UVB and temperature are likely to 

have differential consequences on phytoplankton cell size, bloom formation, elemental 

stoichiometry, growth rates, community structure, and adaptive capacity (28). Despite 

this, most of the studies performed on the effects of climate change factors on 

cyanobacteria mainly deal with a single variable at a time. For example, Gao et al. (29) 

observed a reduction in the Anabaena sp. trichome length of about 49% (exposed to 

UVR) compared to control (PAR without UVR) at the incubation temperature of 20 oC. 

Giordanino et al. (30) found a reduction in size (measured as chain area (µm2)) of Nostoc 

sp. and Anabaena sp. when cells were exposed to UVR at 18oC. According to Wu et al. 

(31) phytoplankton are more resistant to UVR in summer even though UVR is highest 

at that time. Li et al. (32) found that increased temperature increase the repair rate of 

PSII either under ambient or elevated CO2 levels in the presence of UVA or UVB diatom 

Phaeodactylum tricornutum. Wong et al. (33) found similar results working with Chlorella 

strains from polar, temperate and tropical environments in studies of temperature and 

UV interactions. On the other hand, Sobrino et al. (34) reported that the diatom 

Thalassiosira pseudonana shows increased sensitivity to UVB with increased CO2. 

However, very little is known on the interactive effects in responses to climate change 

factors, including elevated temperature, CO2 and UVB on different strains of the major 

toxic bloom species Anabaena circinalis and Microcystis aeruginosa.  
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1.4 Effects of climate change on cyanobacterial toxin production 

Nodularia spumigena in Lake Alexandrina was the first species of cyanobacterium 

reported to be responsible for blooms in Australia (35), but the toxicity of the bloom was 

not identified. Since then, studies on cyanobacterial toxicity have grown enormously. 

Several genera of cyanobacteria are responsible for potent toxin production, of which 

most are bloom-forming. There is evidence of deleterious toxin effects on animals and 

human health due to cyanobacteria (36-39). The most widespread cyanobacterial toxins 

are hepatotoxins (microcystins, nodularins and cylindrospermopsins) followed by 

neurotoxins such as saxitoxin. Anabaena is the most prevalent toxic cyanobacterial 

genus throughout the world, some species of which produce microcystins (MCYs),   

anatoxin-a and anatoxin-a(S) or cylindrospermopsin (CYN), and others, mainly   

Anabaena circinalis, a saxitoxin (STX). While Anabaena circinalis produces saxitoxin, 

Microcystis, another widespread genus, mostly produces microcystin (MCY). Toxin 

production can represent a significant investment of energy and other resources by cells 

and could potentially have effects on cyanobacterial growth, especially under light-

limiting conditions.    

A range of experiments have been performed to understand the effects of elevated 

temperature and CO2 on toxin production of Microcystis. These have shown increased 

growth of MCY cells (MYC+) at high temperature (40) whereas growth of MCY- cells 

decreased in high CO2 (41). Moreover, recent studies (42, 43) on the freshwater 

cyanobacterium Cylindrospermopsis raciborskii have shown differential growth rates, 

morphologies and toxin production within different strains.  However, similar 

experiments on Anabaena circinalis or Microcystis aeruginosa are limited. 

As the use of CO2 in freshwater ecosystem is complex and CO2 levels in many 

freshwater lakes vary seasonally over much greater ranges than the changes predicted 
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for atmospheric CO2 rises, this project focussed mainly on the effects of light, 

temperature and UVB on two species of cyanobacteria M. aeruginosa and A. circinalis.  

1.5 Objectives of the thesis 

Given the consequence of climate change on algae, investigations on the effects of 

global change-related environmental factors on cyanobacteria is very important. The 

result will enrich the literature as there are very limited studies performed on the 

interactive effects of climate change factors on cyanobacteria. The overall aim of this 

study was to understand the effects of light, temperature and UVB singly and 

interactively on the growth and physiology of toxic and non-toxic cyanobacteria. Specific 

objectives were: 

 To assess effects of light on the growth and physiology of toxic and non-toxic 

cyanobacteria 

 To assess the interactive effects of temperature and UVB on growth and 

physiology of toxic cyanobacteria 

 To assess the interactive effects of temperature and UVB on intra-strain 

variability of cyanobacteria in terms of survival, photodamage and recovery. 
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1.6 Thesis outline 

This thesis consists of three data chapters in the form of manuscripts. The first has 

already been published and the second and third are currently under review with the 

journals. To understand the background of the present research a comprehensive 

literature review and the research gaps are discussed on Chapter 1. A general 

conclusion chapter (chapter 5) after the data chapters summarises key results and 

recommendations for future research.  

In order to determine the growth saturating light intensity, toxic and non-toxic strains of 

both species A. circinalis and M. aeruginosa were grown at six different light intensities 

ranging from 10 to 200 µmol photon m-2 s-1 followed by measurement of physiological 

characteristics at optimal light. Toxic strains of both species saturates growth at a higher 

light intensity than the non-toxic strains. This has been discussed in detail in Chapter 2 

and already published in Microorganisms.  

Chapter 3 aimed to investigate the effects of temperature and an acute dose of UVB on 

the growth and photosynthetic characteristics of toxic strains of both species. The 

increased repair rate of photosynthetic characteristics with increased temperature in 

case of both species suggests an improved ability of cyanobacteria to overcome UV 

induced damage. As there are intra-strain variations, Chapter 4 investigated the effects 

of temperature and different levels of UVB on the physiology of two toxic strains of A. 

circinalis. Both strains responded differently in terms of growth, survival and recovery 

under temperature and UVB interactions. Chapter 3 & 4 are currently under revision with 

European Journal of Phycology and Photochemistry and Photobiology, respectively. 
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ABSTRACT 

The effects of temperature and UVB on the photosynthetic response of algae and 

cyanobacteria is an important issue due to their role at the base of food chains and the 

potential of these organisms to cause economically damaging blooms. Rising global 

temperatures have been suggested to favour growth of cyanobacteria over eukaryotic algae, 

but UVB fluxes are also predicted to remain high and may interact with temperature to affect 

algal growth. To understand the interactive effects of temperature and UVB radiation, 

cultures of Microcystis aeruginosa and Anabaena circinalis were grown at either 25 °C or 

30 oC and then exposed to an acute dose of UVB (1.4 W m-2). Rates of damage (k) and 

repair (r) were calculated from the kinetics of change in effective quantum yield, Fv'/Fm'. A. 

circinalis (CS537) showed higher growth rates at 30 oC whereas growth rates of M. 

aeruginosa (CS558) were higher at 25 oC.  Analysis of the estimates of r and k shows that 

M. aeruginosa exhibited relatively high values for both parameters, compared to A. circinalis, 

at both growth temperatures. By measuring absorption spectra of cell extracts, we found M. 

aeruginosa mainly absorbs in the UVA region whereas A. circinalis absorbs in both the UVA 

and the UVB regions. This could explain why the damage rate of M. aeruginosa was higher 

than that of A. circinalis. In both species, repair rates were higher at 30 oC than at 25oC but 

in A. circinalis damage was also greater at the higher temperature. In contrast, M. 

aeruginosa showed a lower damage rate at the higher temperature. For both species the 

ratio of r:k was higher at the higher temperature. However, the percent inhibition of effective 

quantum yield by UVB was greater in A. circinalis than in M. aeruginosa as the r:k was lower 

A. circinalis. Therefore, it could be concluded that temperature may influence growth and 

bloom formation of cyanobacteria and different species may respond differently to UVB and 

temperature interactions. 

Keywords: Temperature; UVB; Effective quantum yield; Repair rate; damage rate; UV 

absorbing compounds  
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3.1 INTRODUCTION  

Climate change is known to affect aquatic ecosystems directly and indirectly (1). 

Temperature and solar radiation are two major environmental factors that have been 

extensively studied to examine their impacts on diverse groups of primary producers. It 

is projected that global average surface water temperature by the year 2060 will 

increase by between 0.2 and 2.0 oC (2),  and this will, directly or indirectly, influence 

algal growth. Ultraviolet radiation at the Earth’s surface ranges from 280 to 400 nm (1). 

Due to the depletion of the stratospheric ozone layer as a consequence of the release 

of anthropogenic pollutants, the transmission of UV radiation, in particular UVB radiation 

(280-315 nm), through the atmosphere to the Earth’s surface has been increasing for 

many decades (3). This is likely to continue into the future as global warming of the 

troposphere will lead to colder conditions in the stratosphere, a situation that promotes 

the various ozone depleting reactions, and warming also affects cloud cover and the 

transmission of UVB to the Earth’s surface (4, 5). A recent study (6) concluded that 

ozone in the lower stratosphere (17-24 km) between 60o S to 60o N has continued to 

decline since 1998.Thus, studies on future climate change still need to consider UVB as 

a factor. The interactive effects of temperature and UVB radiation on algae, especially 

the surface bloom forming cyanobacteria, are therefore of considerable interest. 

 

UVB radiation has the potential to cause serious deleterious effects on all living 

organisms and UVR negatively affects growth and survival of cyanobacteria (7-9). 

Effects of UVB include damage to PSII reaction centres (10)  and especially the D1 

protein (11), damage to the CO2 fixing enzyme Rubisco  (12) and photo-bleaching of 

photosynthetic pigments (13). The effect of UVB on the photosynthetic response of 

algae and cyanobacteria is an important issue due to their role at the base of food chains 
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and the potential economic costs of blooms (14). The response to UVB might vary 

depending on either UVB dose rate or cumulative dose, and can be explained by a 

model developed by Kok (15) to explain photoinhibition by photosynthetically active 

radiation (16). The Kok model is based on the balance between damage and recovery 

processes operating during photoinhibitory exposure.  

 

According to the Kok model, photosynthetic rate (P) is proportional to the concentration 

of a light sensitive component U (i.e. P α U). The decrease in this component proceeds 

according to the concentration of U and a light-dependent specific damage rate, “k”. On 

the other hand, the rate of repair (used in a general sense to include all processes that 

counteract the inhibitory effect of UV: resynthesis, reactivation, etc.) is considered as 

the product of a specific repair rate (“r”) and the concentration of inactivated component.  

Under these assumptions, the time course of photosynthesis is predicted as:     

  

                                   

where, k and r are the rate constants for damage and repair. Thus, net photoinhibition 

is a balance between damage and repair (17, 18). The consequence of this is that 

photosynthetic rate (or Fv'/Fm' as determined here) will decrease exponentially with time, 

gradually levelling off to an asymptote where repair capacity equals damage. This 

process can been represented by the PSII repair cycle shown below (redrawn after (17)). 
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Figure 1. Simplified schematic diagram of the PSII damage and repair cycle (adapted 

from Bouchard et al. (17)) 

 

To avoid the harmful effects of UVB, algae and cyanobacteria have developed a number 

of protective mechanisms. These include DNA repair mechanisms, synthesis of 

protective pigments, such as the mycosporine-like amino acids (MAAs) and scytonemin 

(mostly in cyanobacteria) (19-25), which act as UV absorbing compounds (UVACs) and 

reduce damage. According to Jeffrey et al. (26) a number of marine bloom-forming 

microalgae have a marked ability to produce UVACs, which might contribute to their 

success. As cyanobacteria are one of the earliest photosynthetic prokaryotes and may 

have faced high levels of solar UVB during their evolution, they might therefore be 

expected to show an enhanced ability to withstand UVB-induced damage.  

Changes in temperature can alter stratification which in turn will influence the nutrient 

status of water bodies and eventually impact the UVR sensitivity of algae (27). There 

are, however, many studies that have shown direct impacts of temperature on the 

effects of UVR on the physiological performance of algae (28-31). Given that damage is 
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a photochemical process and thus temperature independent, but repair, being 

enzymically driven, will be promoted (within limits) by temperature, it might be expected 

that temperature would influence the repair and damage cycle (described above) and 

alter the overall response of algae and cyanobacteria to UVB. In this study we used 

Microcystis aeruginosa and Anabaena circinalis, which are two of the most important 

species responsible for harmful cyanobacterial blooms in temperate freshwater 

ecosystems, not only of Australia but also across the world. 

Therefore, this study aimed: 

1) to determine the effects of growth temperature on the sensitivity of  M. aeruginosa 

and A. circinalis to UVB.  

2) to examine the effects of temperature on damage and repair processes in relation 

to UVB sensitivity of the two cyanobacteria.  

3) to investigate the levels of UV absorbing compounds (UVACs) in M. aeruginosa 

and A. circinalis 

 

3.2 MATERIALS AND METHODS 

3.2.1 Microalgal culture 

Microcystis aeruginosa (CS558) and Anabaena circinalis (CS537) were obtained from 

the Australian National Algae Culture Collection at CSIRO Marine and Atmospheric 

Research, Hobart, Australia. Subcultures were maintained in 250 mL Erlenmeyer 

flasks with 100 mL MLA medium (32) in controlled environment rooms (set to either 25 

°C or 30 oC) under 12/12 h dark/light  under a photon flux of 50 µmol photons m-2 s-1 

supplied from cool-white fluorescent tubes (Philips, TLD 36W). The photon flux density 

of photosynthetically active radiation (PAR, 400–700 nm) was determined using a Li-
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Cor (Nebraska, USA) LI-188 Integrating Quantum Radiometer-Photometer. 

3.2.2 Cell morphology and trichome length  

Cell concentrations of M. aeruginosa were estimated by counting in a Neubauer 

Haemocytometer at 40 × magnification on a Zeiss Axio Scope.A1, using samples fixed 

with Lugol’s iodine. 

For A. circinalis, the number of trichomes mL−1 were determined from trichome length 

per mL and the mean number of cells per trichome according to Pierangelini et al. (33) 

using an improved Neubauer hemocytometer. 

3.2.3 Growth  

The growth of the strains was followed by both cell enumeration and measurement of 

the optical density (OD) of the algal suspension at 750 nm. The batch cultures were 

inoculated with an initial OD < 0.01 to avoid cell self-shading. This equated to a cell 

concentration of <1 X 105 cells mL-1. OD was converted to cell concentrations to 

calculate the growth rates. After log transformation, values corresponding to the 

exponential phase in the growth curve were used to calculate the specific growth rate 

from the slope of log (cells mL-1) vs time.  

3.2.4 Ultraviolet radiation exposure  

To understand the effects of an acute dose of UVB and temperature on the physiological 

characteristics of Anabaena circinalis and Microcystis aeruginosa, cultures were 

exposed to an acute dose of UVB (1.4 W m-2) until the effective quantum yield reached 

an asymptote. UVB was supplied by a Xenon-arc lamp (Ernst Leitz GMBH Wetzlar, 

Germany, 315-280 nm), directly onto a 500 mL Quartz conical flask, with the sample 

being constantly stirred with a magnetic stirrer (refer to supplementary material for UV 

spectrum). Controls were run with UVB excluded using polymethylmethacrylate sheet 

(opaque to wavelengths <360 nm) with PAR of 50 µmol photons m-2 s-1 supplied from 
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the LED array of PhytoPAM pulse amplitude modulated (PAM) fluorometer (Heinz Walz 

GmbH, Effeltrich, Germany). 

3.2.5 Chlorophyll Fluorescence measurements 

For UV exposure   experiments, sub-samples of cultures (3 mL) were placed in a quartz 

cuvette and effective quantum yield (Fv' /Fm') of PSII was measured every 5 minutes 

using a PhytoPAM. The data were applied to the Kok model (15) in GraphPad Prism 7 

software and used to calculate the photoinhibition (k) and repair (r) rate under UVB.  

The Fv' /Fm' data were normalised to the initial value at t=0 and used to calculate the 

rate constants for repair (r) and damage (k) according to equation 1. 

The non-linear regression fit of the data always gave R2 values of >0.9, indicating a 

strong fit to the Kok equation. We also ran curve fitting using a constant repair model 

(34) which gave an R2>0.9, so had an equivalent fit to the Kok model.  

3.2.6 Extraction of UV absorbing compounds  

For determinations of UV absorbing compounds (UVACs), cells were collected by 

centrifugation at 3400 x g for 15 min, and resuspended in 1 ml cold (5 oC) 

tetrahydrofuran:methanol (20:80, v/v), a solvent mixture which provided maximum 

extraction efficiency for both UVACs and lipophilic pigments (20, 35). Cells were kept 

on ice during extraction and sonicated for 5 min. The solvent mixture extracted both 

UVACs and photosynthetic pigments, leaving a colourless pellet. The suspension was 

centrifuged again, and the absorption spectrum of the supernatant was measured from 

200 to 700 nm using a Cary-50 UV-Vis spectrophotometer. The baseline was previously 

set to zero with a solvent blank. The relative proportion of UV absorbance to Chl-a was 

calculated as the ratio of absorbance intensity at the UV absorbance maximum between 

280 to 390 nm to that of Chl-a at 665 nm.  
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3.2.7 Statistical analysis  

To compare the growth rates, unpaired two tailed t-test with Welch’s correction of data 

was performed using GraphPad Prism 7. The Kok model was used in GraphPad Prism 

7.2 software to determine the rate constants for repair (r) and damage (k).  Two-way 

ANOVA followed by Sidak’s multiple comparison test was performed to check if there 

were any differences in r and k values both within and between species at the two 

temperature regimes. 

3.3 RESULTS  

 

3.3.1 Growth 

Differences in cell growth curves were found in strains growing under the two 

temperature regimes. A. circinalis (Strain CS537) showed a similar growth pattern at 

both temperatures, but with higher growth rates (0.38 ± 0.01 day-1) at 30 oC than at 25 

oC (0.33 ± 0.01 day-1) (t-test, P = 0.0233). However, final cell concentrations and growth 

rates of M. aeruginosa (Strain CS558) were higher at 25 oC (0.41 ± 0.02 day-1) than at 

30 oC (0.20 ± 0.02 day-1) (t-test, P = 0.0001).  

3.3.2 Inhibition of effective quantum yield (Fv’/Fm’) during UVBR exposure 

The values of Fv' /Fm' (Fig. 2 a,b) decreased monotonically with time to an asymptote. 

The pattern of decrease was similar in strains grown at different temperatures although 

the initial quantum yield of M. aeruginosa at 30 oC was lower than at 25 oC. The 

magnitude of k was higher than r (Fig. 3) at both temperatures in case of both species, 

leading to a net decline in effective quantum yield over time. The magnitude of r was 

higher at 30 oC than at 25 oC in both species, and k was slightly higher in A. circinalis, 

but slightly lower in M. aeruginosa, at the higher temperature. These differences were 

statistically significant (Two-way ANOVA, P = 0.0001) between the two temperature 
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regimes. Between species, M. aeruginosa exhibited relatively higher repair (r) and 

damage (k) rates compared to A. circinalis at both growth temperatures (Two-way 

ANOVA, P = 0.0001). Control values for Fv'/Fm' in case of A. circinalis in the absence of 

UVBR (Fig. 2b) showed a small decrease over time with a linear slope of <0.0013 min-

1. 

Fig. 2 

Fig. 3 

 In both species the ratio of r to k (Fig. 4) appeared to be higher at 30 oC as 

compared to 25 oC. While the difference in this ratio was statistically different (Two-way 

ANOVA, P = 0.0043) in the case of M. aeruginosa, there was not any statistical 

difference (Two-way ANOVA, P = 0.1777) in the case of A. circinalis. Between species 

A. circinalis exhibited a greater percent inhibition of Fv'/Fm' than M. aeruginosa at both 

temperatures. Although inhibition of Fv'/Fm' in M. aeruginosa did not exhibit any statistical 

difference (Two-way ANOVA, P = 0.4316, Fig. 4) between temperatures, there was 

significant difference (Two-way ANOVA, P = 0.0366, Fig. 4) between temperatures for 

A. circinalis.  

Fig. 4 

3.3.3 UV absorbing compounds 

 

Both species had the ability to absorb UVA (Fig. 5 a, b).  However, they differed in the 

extent to which they were able to absorb UV radiation. The relative proportion of UVA 

and UVB absorbing compounds compared to chlorophyll a (665 nm) is shown in Table 

1. M. aeruginosa mainly absorbs in the UVA region (400-315 nm) and does not appear 

to contain any compounds that absorb UVB, whereas A. circinalis absorbs in both the 

UVA (400-315 nm) and the UVB (315-280 nm) regions. 

Fig. 5 
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3.4 DISCUSSION 

This study shows differences in growth rates within both species at both temperature 

regimes. The lower growth rate of M. aeruginosa that was observed at 30 0C could 

reflect the fact that this species generally does not prefer higher temperatures (36), 

although it is hard to make firm conclusions as different strains respond differently and 

the growth rate depends on many other factors.  

The photosynthetic performance, as determined by effective quantum yield, of both 

species at both temperatures declined with UVBR exposure. The exposure response 

curves (ERCs) showed a similar pattern to that presented by Lesser et al. (37) and 

Heraud and Beardall (18), with an initial phase (time dependent), a transition state and 

a time-independent asymptote state. As both species reached the asymptote state 

relatively quickly, the photosynthetic apparatus was not damaged completely. This 

suggests that the level of UVBR fluence rate used in this study was not enough to fully 

inhibit photosynthetic activity but was sufficient to reduce the Fv'/Fm' to at least half within 

the timeframe of the exposure. In the absence of UVBR, Fv'/Fm' showed a small 

decrease over time, with a linear slope of <0.0013 min-1. This decline is unlikely to be 

due to PAR photoinhibition, as the PAR intensity in the control was set at 50 μmol 

photons m-2 s-1, which is the optimum light intensity for growth (38), but may reflect an 

artefact of continued stirring in the PAM cuvette. 

The rate constant for repair (r) increased with temperature in both species. Thus the 

enzymatic driven processes for repair of reaction center proteins and Rubisco turnover 

increases with increasing temperature, thereby reducing photochemical damage (39-

41). Although not carried out here, experiments in which repair is inhibited by the protein 

synthesis inhibitor lincomycin can provide estimates of damage that are more robust 

than the approach using the Kok model applied here, though Heraud and Beardall (17) 
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found good agreement between damage rates estimated using both methods. The 

apparent decrease of damage rate in M. aeruginosa with increased temperature is 

unexpected, but could result from a stimulation of synthesis of UVB screening 

compounds under elevated temperature. The rate constant for damage (k) is higher in 

A. circinalis, the repair constant (r) and ratio of r:k also increased with temperature which 

suggests that the damage caused by UVR was repaired faster at higher temperature. 

Wong et al. (27) found similar results working with Chlorella sp. from tropical waters.  As 

we see a higher damage constant (k) than repair constant (r) in both species, the net 

effect was a decrease in the effective quantum yield of PSII and net damage by UVR 

(42, 43).  The lower percent inhibition of Fv'/Fm' and higher r:k value at 30 oC support the 

findings of Gao et al. (44). This is also supported by observations that higher 

temperatures reduce the overall sensitivity of a number of algae to UVR (45, 27). The 

increase in repair rates and overall reduction in net damage to PSII at higher 

temperature in both cyanobacterial species examined suggests that these organisms, 

and indeed other algae and cyanobacteria, might be less affected by, or at least be able 

to recover quicker from, UVR exposure under future climate change scenarios (24, 41). 

However, as cyanobacteria and other microalgae live in very diverse habitats, including 

diverse temperatures, their response to global temperature changes can be quite 

contrasting and there is a need for more detailed study on many more species before it 

is possible to reach general conclusions about UVB effects in a future world. 

Many algae have mechanisms to minimise UVR damage. These include synthesis of 

antioxidative stress compounds as well as production of UV absorbing MAAs and 

scytonemin (mostly in cyanobacteria) and carotenoids. In this study, the proportion of 

UVA and UVB compounds in relation to chlorophyll a (665 nm) shows that both species 

absorb UVA to some extent. There is evidence that cyanobacteria increase synthesis of 
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UV absorbing extracellular pigment after exposure to UVA and/or UVB radiation (46). 

The ability of A. circinalis to absorb in both UVA and UVB regions explains the observed 

higher damage rate of M. aeruginosa after UVBR exposure, though A. circinalis 

appeared to show the greater overall inhibition of PSII function.  However, in this study 

we did not grow the algae under UVB, so UVAC levels many not reflect those that might 

be found in nature (47, 24, 46, 25). Although we see variation in UV absorbing 

compounds between species, there are also strain variations found (26), so future study 

needs to include more strains/species of cyanobacteria. Despite the higher UVACs in A. 

circinalis, M. aeruginosa is less affected overall. So, future study could also consider the 

competition between species under global climate change. 

This study shows differences in growth and photosynthetic performances of M. 

aeruginosa and A. circinalis to UVB and temperature interactions. Although our results 

show a positive relationship between repair rate and temperature, the interactive effects 

of temperature and UVR with other parameters such as nutrient availability, atmospheric 

CO2 level, and high/low PAR level also need to be considered (41).  Inclusion of these 

parameters in future studies will provide a better understanding of how cyanobacteria 

will respond to further changes in global climate.  

 

3.5 ACKNOWLEDGMENTS   

Md Ashraful Islam is grateful for a Dean’s International Postgraduate Scholarship from 

Monash University, Australia. 

 



 
 
 

43 | P a g e  
 

REFERENCES 

1. Giordanino, M. V. F., S. M. Strauch, V. E. Villafañe and E. W. Helbling (2011) 

Influence of temperature and UVR on photosynthesis and morphology of four 

species of cyanobacteria. J. Photochem. Photobiol. B: Biol. 103, 68-77. 

2. Kirtman, B., S.B. Power, J.A. Adedoyin, G.J. Boer, R. Bojariu, I. Camilloni, F.J. 

Doblas-Reyes, A.M. Fiore, M. Kimoto, G.A. Meehl, M. Prather, A. Sarr, C. Schär, 

R. Sutton, G.J. van Oldenborgh, G. Vecchi and H.J. Wang (2013) Near-term 

Climate Change: Projections and Predictability. In: Climate Change 2013: The 

Physical Science Basis. Contribution of Working Group I to the Fifth Assessment 

Report of the Intergovernmental Panel on Climate Change [Stocker, T.F., D. Qin, 

G.-K. Plattner, M. Tignor, S.K. Allen, J. Boschung, A. Nauels, Y. Xia, V. Bex and 

P.M. Midgley (eds.)]. Cambridge University Press, Cambridge, United Kingdom 

and New York, NY, USA. 

3. Day, T. A. and P. J. Neale (2002) Effects of UV-B radiation on terrestrial and aquatic 

primary producers. Annu. Rev. Ecol. Syst. 33, 371-396. 

4. Hartmann, D. L., J. M. Wallace, V. Limpasuvan, D. W. J. Thompson and J. R. Holton 

(2000) Can ozone depletion and global warming interact to produce rapid climate 

change? Proceedings of the National Academy of Sciences of the United States 

of America 97, 1412-1417. 

5. Williamson, C. E., R. G. Zepp, R. M. Lucas, S. Madronich, A. T. Austin, C. L. Ballare, 

M. Norval, B. Sulzberger, A. F. Bais, R. L. McKenzie, S. A. Robinson, D. P. Hader, 

N. D. Paul and J. F. Bornman (2014) Solar ultraviolet radiation in a changing 

climate. Nature Climate Change 4, 434-441. 

6. Ball, W. T., J. Alsing, D. J. Mortlock, J. Staehelin, J. D. Haigh, T. Peter, F. Tummon, 

R. Stubi, A. Stenke, J. Anderson, A. Bourassa, S. M. Davis, D. Degenstein, S. 



 
 
 

44 | P a g e  
 

Frith, L. Froidevaux, C. Roth, V. Sofieva, R. Wang, J. Wild, P. F. Yu, J. R. Ziemke 

and E. V. Rozanov (2018) Evidence for a continuous decline in lower 

stratospheric ozone offsetting ozone layer recovery. Atmospheric Chemistry and 

Physics 18, 1379-1394. 

7. Blackfield, M. K. and D. O. Harris (1994) Delay of cell differentiation in Anabaena 

aequalis caused by UV-B radiation and the role of photoreactivation and excision 

repair. Photochem. Photobiol. 59, 204-208. 

8. Sinha, R. P., H. D. Kumar, A. Kumar and D. P. Hader (1995a) Effects of UV-B 

irradiation on growth, survival, pigmentation and nitrogen metabolism enzymes 

in cyanobacteria Acta Protozool. 34, 187-192. 

9. Tyagi, R., G. Srinivas, D. Vyas, A. Kumar and H. D. Kumar (1992) Differential effects 

of ultraviolet-B radiation on certain metabolic processes in a chromatically 

adapting Nostoc. Photochem. Photobiol. 55, 401-407. 

10. Key, T., A. McCarthy, D. A. Campbell, C. Six, S. Roy and Z. V. Finkel (2010) Cell 

size trade-offs govern light exploitation strategies in marine phytoplankton. 

Environ. Microbiol. 12, 95-104. 

11. Greenberg, B. M., V. Gaba, O. Canaani, S. Malkin, A. K. Matoo and M. Edelman 

(1989) Separate photosensitizers mediate degradation of the 32 kDa 

photosystem II reaction centre protein in the visible and UV spectral regions. Proc. 

Natl. Acad. Sci. USA. 86, 6617-6620. 

12. Raven, J. A. (1991) Responses of aquatic photosynthetic organisms to increased 

solar UVB. J. Photochem. Photobiol. B Biol. 9, 239-244. 

13. Sinha, R. P., A. Kumar, M. B. Tyagi and D.-P. Hader (2005) Ultraviolet-B-induced 

destruction of phycobiliproteins in cyanobacteria. Physiol. Mol. Biol. Plants 11, 

313-319. 



 
 
 

45 | P a g e  
 

14. Hamilton, D. P., S. A. Wood, D. R. Dietrich and J. Puddick (2014) Costs of harmful 

blooms of freshwater cyanobacteria. In Cyanobacteria. pp. 245-256. John Wiley 

& Sons, Ltd. 

15. Kok, B. (1956) On the inhibition of photosynthesis by intense light. Biochim. Biophys. 

Acta 21, 234–244. 

16. Thapar, R., A. K. Srivastava, P. Bhargava, Y. Mishra and L. C. Rai (2008) Impact of 

different abiotic stresses on growth, photosynthetic electron transport chain, 

nutrient uptake and enzyme activities of Cu-acclimated Anabaena doliolum. J. 

Plant Physiol. 165, 306-316. 

17. Bouchard, J. N., S. Roy and D. A. Campbell (2006) UVB effects on the photosystem 

II-D1 protein of phytoplankton and natural phytoplankton communities. 

Photochem. Photobiol. 82, 936-951. 

18. Hearud, P. and J. Beardall (2000) Changes in chlorophyll fluorescence during 

exposure of Dunaliella tertiolecta to UV radiation indicate a dynamic interaction 

between damage and repair processes. Photosynthesis Res. 63, 123-134. 

19. Buma, A. G. J., E. J. van Hannen, L. Roza, M. J. W. Veldhuis and W. W. C. Gieskes 

(1995) Monitoring ultraviolet-B induced DNA damage in individual diatom cells by 

immunofluorescent thymine dimer detection J. Phycol. 31, 314-321. 

20. Dunlap, W. C., B. E. Chalker and J. K. Oliver (1986) Bathymetric adaptations of reef-

building corals at Davies Reef, Great Barrier Reef, Australia. 111. 'UV-B 

absorbing compounds. J. Exp. Biol. 104, 239-248. 

21. Nakamura, H., J. Kobayashi and Y. Hirata (1982) Separation of mycosporine-like 

amino acids in marine organisms using reversed-phase high-performance liquid 

chromatography. J. Chromatogr. 250, 113-118. 



 
 
 

46 | P a g e  
 

22. Sancar, A. and G. B. Sancar (1988) DNA repair enzymes. Annu. Rev. Biochem. 57, 

29-67. 

23. Xiong, F., J. Komenda, J. Kopecky and L. Nedbal (1997) Strategies of ultraviolet-B 

protection in microscopic algae. Physiol. Plant. 100, 378-388. 

24. Garcia-Pichel, F. and R. W. Castenholz (1991) Characterization and biological 

implications of scytonemin, a cyanobacterial sheath pigment. In J. Phycol., Vol. 

27. pp. 395-409. 

25. Karsten, U. and F. Garcia-Pichel (1996) Carotenoids and mycosporine-like amino 

acid compounds in members of the genus Microcoleus (cyanobacteria): a 

chemosystemaic study. Syst. Appl. Microbiol. 19, 285-294. 

26. Jeffery, S. W., H. S. MacTavish, W. C. Dunlap, M. Vesk and K. Groenewoud (1999) 

Occurrence of UVA- and UVB-absorbing compounds in 152 species (206 strains) 

of marine microalgae. Mar. Ecol. Prog. Ser. 189, 35-51. 

27. Wong, C. Y., M. L. Teoh, S. M. Phang, P. E. Lim and J. Beardall (2015) Interactive 

effects of temperature and UV radiation on photosynthesis of Chlorella strains 

from polar, temperate and tropical environments: differential impacts on damage 

and repair. Plos One 10(10):e0139469. doi:10.1371/journal.pone.0139469. 

28. Franklin, L. A. and R. M. Forster (1997) The changing irradiance environment: 

consequences for marine macrophyte physiology, productivity and ecology. Eur. 

J. Phycol. 32, 207-232. 

29. Roleda, M. Y., C. Wiencke, D. Hanelt and K. Bischof (2007) Sensitivity of the early 

life stages of macroalgae from the northern hemisphere to ultraviolet radiation. 

Photochem. Photobiol. 83, 851-862. 



 
 
 

47 | P a g e  
 

30. Teoh, M. L., W. L. Chu, H. Marchant and S. M. Phang (2004) Influence of culture 

temperature on the growth, biochemical composition and fatty acid profiles of six 

Antarctic microalgae. J. Appl. Phycol. 16, 421-430. 

31. Wiencke, C., U. H. Luder and M. Y. Roleda (2007) Impact of ultraviolet radiation on 

physiology and development of zoospores of the brown alga Alaria esculenta 

from Spitsbergen. Physiol. Plant. 130, 601-612. 

32. Bolch, C. J. S. and S. I. Blackburn (1996) Isolation and purification of Australian 

isolates of the toxic cyanobacterium Microcystis aeruginosa Kutz. J. Appl. Phycol. 

8, 5-13. 

33. Pierangelini, M., S. Stojkovic, P. T. Orr and J. Beardall (2014a) Photosynthetic 

characteristics of two Cylindrospermopsis raciborskii stains differing in their 

toxicity. J. Phycol. 50, 292-302. 

34. Sobrino, C., P. J. Neale and L. M. Lubian (2005) Interaction of UV radiation and 

inorganic carbon supply in the inhibition of photosynthesis: Spectral and temporal 

responses of two marine picoplankton. Photochem. Photobiol. 81, 384-393. 

35. Chalker, B. E. and W. C. Dunlap (1982) Extraction and quantitation of endosymbiotic 

algal pigments from reef-building corals. In: Gomez ID et al. (eds) Proc 4th Int 

Coral Reefs Symp. Vol 2. Marine Sciences Center, University of the 

Phhpines,Manila pp. 45-50. 

36. Lurlling, M., F. Eshetu, E. J. Faassen, S. Kosten and V. L. M. Huszar (2013) 

Comparison of cyanobacterial and green algal growth rates at different 

temperatures. Freshwat. Biol. 58, 552-559. 

37. Lesser, M. P., J. J. Cullen and P. J. Neale (1994) Carbon uptake in a marine diatom 

during acute exposure to ultraviolet B radiation: Relative importance of damage 

and repair. J. Phycol. 30, 183-192. 



 
 
 

48 | P a g e  
 

38. Islam, M. A. and J. Beardall (2017) Growth and Photosynthetic Characteristics of 

Toxic and Non-Toxic Strains of the Cyanobacteria Microcystis aeruginosa and 

Anabaena circinalis in Relation to Light. Microorganims 5 (45): 

doi.10.3390/microorganims5030045.. 

39. Greer, D. H., J. A. Berry and O. Bjorkman (1986) Photoinhibition of photosynthesisin 

intact bean-leaves - Role of light and temperature, and requirement for 

chloroplast-protein synthesis during recovery. Planta 168, 253-260. 

40. Henley, W. J. and J. Ramus (1989) Photoacclimation of Ulva rotundata (Chlorophyta) 

under natural irradience. Mar. Biol. 103, 261-266. 

41. Hitchcock, G. L. (1980) Influence of temperature on the growth rate of Skeletonema  

costatum in response to variations in daily light intensity. Mar. Biol. 57, 261-269. 

42. Bischof, K., D. Hanelt and C. Wiencke (2000) Effects of ultraviolet radiation on 

photosynthesis and related enzyme reactions of marine macroalgae. Planta 211, 

555-562. 

43. Bischof, K., G. Krabs, C. Wiencke and D. Hanelt (2002) Solar ultraviolet radiation 

affects the activity of ribulose-1, 5-bisphosphate carboxylase-oxygenase and the 

composition of photosynthetic and xanthophyll cycle pigments in the intertidal 

green alga Ulva lactuca L. Planta 215, 502-509. 

44. Gao, K. S., P. Li, T. R. Watanabe and E. W. Helbling (2008) Combined effects of 

ultraviolet radiation and temperature on morphology, photosynthesis, and DNA 

of Arthrospira (Spirulina) platensis (Cyanophyta). J. Phycol. 44, 777-786. 

45. Beardall, J., S. Stojkovic and K. S. Gao (2014) Interactive effects of nutrient supply 

and other environmental factors on the sensitivity of marine primary producers to 

ultraviolet radiation: implications for the impacts of global change. Aquatic Biology 

22, 5-23. 



 
 
 

49 | P a g e  
 

46. Garcia-Pichel, F. and R. W. Castenholz (1993) Occurrence of UVabsorbing, 

mycosporine-like compounds among cyanobacterial isolates and an estimate of 

their screening capacity. Appl. Environ. Microbiol. 59, 163-169. 

47. Oren, A. (1997) Mycosporine‐like amino acids as osmotic solutes in a community of 

halophilic cyanobacteria. Geomicrobiol. J. 14, 231-240. 

 

 

         

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 
 

50 | P a g e  
 

List of Tables with legends 

Table 1. Ratios of UV absorption to Chl-a absorption characteristics of two 

cyanobacterial species grown at 25 oC. 

 

List of Figures with legends 

Fig. 2:  Time course of changes in the fluorescence parameter Fv'/Fm' in M. aeruginosa 

CS558 (a) and A. circinalis CS537 (b) exposed to an acute dose of UVBR (1.4 W m-2) 

or exposed to PAR only (controls). The error bars represent the standard deviation from 

three independent replicate cultures.   

Fig. 3: Repair (r) and damage (k) constant (min-1) for M. aeruginosa and A. circinalis as 

a function of temperature. The error bar represents the standard deviation of three 

replicates. 

Fig. 4: Ratio of r to k (r:k) (min-1) and % inhibition of Fv'/Fm' in M. aeruginosa CS558 and 

A. circinalis CS537 after exposed to an acute dose of UVBR (1.4 W m-2). The error bar 

represents the standard deviation of three replicates. 

Fig. 5: UV-visible absorption spectra of tetrahydrofuran:methanol (20:80, v/v) extracts 

of selected microalgae (a) Anabena circinalis CS537 and (b) Microcystis aeruginosa 

CS558 maintained at 25 0C. The dark and light grey bars represent UVB (315-280 nm) 

and UVA (315-340 nm) regions respectively. 
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Table 1 

Strain Species Temperature 

(oC) 

Abs. ratio of major UV peaks : Chl a (665 nm) 

315-280 nm 315-340 nm 340-390 nm 

CS558 M. aeruginosa 25 - 1.33 - 

CS537 A. circinalis 25 0.4201 0.4631 0.7580 

 

List of Supplementary Figures with legends 

Supp. Fig.1: UV spectrum of the Xenon Arc Lamp used in UVB exposure experiments. 

The spectrum was measured using a spectroradiometer (Acton Research Corporation 

SpectroPro® 300i). 
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Supp. Figure 1 
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ABSTRACT 

Stratospheric ozone depletion (sometimes referred to as an ozone hole) is mostly 

marked over the Antarctic and to a lesser extent over the Arctic, though recent reports 

have revealed that this also occurs at lower latitudes. Continued depletion of ozone in 

the lower stratosphere allows more UVR to reach the Earth’s surface. Furthermore, it is 

projected that surface water temperatures will increase by between 0.2 and 2.0 oC by 

the year 2060 and this will directly or indirectly influence algal growth. The interactions 

between environmental factors is complicated by the existence of different strains 

(ecotypes) of the same species that may respond differently. To understand the 

interactive effects of temperature and UVB on two strain of Anabaena circinalis, we 

investigated the damaging effects of UVB on cell numbers and photosynthetic 

characteristics and also examined the effect of temperature on the capacity of cells to 

recover from such stress. Both strains of A. circinalis responded differently in terms of 

survival, photosynthetic characteristics and recovery with interactions between 

temperature and UVB. This could be due to the variations in strain-specific photo-

reactive mechanisms. This needs to be explored further including more strains and 

species before definitive conclusions can be reached about effects of global change on 

cyanobacteria generally. 

 

Keywords: Ozone, Stratosphere, Temperature, UVB, Photoinhibition, Survival, 

Recovery 
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4.1 INTRODUCTION 

The release of anthropogenic pollutants (chlorofluorocarbons, chlorocarbons, 

organobromides) to the atmosphere due to human activity have caused reductions in 

the stratospheric ozone layer from the second half of the 20th century onwards (1, 2), 

leading to increases in the level of UVR radiation (specifically UVB) reaching the Earth’s 

surface. Stratospheric ozone depletion (sometimes referred to as an ozone hole) is 

mostly marked over the Antarctic and to a lesser extent over the Arctic, but recent 

reports have revealed that this also occurs at lower latitudes (3-5). 

 

Since the banning of some of the substances responsible for ozone depletion after the 

Montreal Protocol in 1997, the decline in total column ozone had stopped at almost all 

non-polar latitudes (6) but a  recovery in global mean stratospheric ozone has yet to be 

reported (7). Recently Solomon et al. (8) reported the recovery of total column ozone in 

Antarctica but the non-polar total column ozone has remained stable since 2000 (7). 

Although there is a lack of clear evidence for total ozone recovery, ozone concentrations 

in the upper stratosphere (>10 hPa) have been reported to be recovering significantly 

(9-14). However, the ozone in the stratosphere as a whole is not necessarily recovering 

and a decline in lower stratospheric ozone has been reported (15-19). More recently 

Ball et al. (1) have shown that the ozone in the lower stratosphere between 60 oS and 

60 oN has been continuously declining since 1998. Continued depletion of ozone in the 

lower stratosphere allows more UVR (specifically UVB) to reach the Earth’s surface. 

However, the level of total UVR at the Earth’s surface also depends on other factors 

(cloud cover, nutrient availability). A study performed in tropical Australia (from 1979-

1999) showed a significant increase in UVR (10% per decade) associated with reduced 

ozone (1–2% per decade) and reduced cloud cover (15–30% per decade). On the other 
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hand, in southern regions of Australia, UVR did not increase over time, partially due to 

increased cloud cover (20).  Global warming also leads to further ozone depletion (2, 

21, 22) which eventually allows more UV radiation to reach the surface. Therefore, 

understanding how UVR impacts interact with other environmental factors is important.  

UVC does not penetrate the stratosphere, since ozone absorbs wavelengths below 280 

nm. As UVA is known to have less damaging effects on biota compared to UVB, major 

concerns focus on UVB radiation and its impact. UVB radiation has a serious deleterious 

effect on all living organisms. However, as one of the Earth’s earliest photosynthetic 

prokaryotes, cyanobacteria may have faced high levels of solar UVB early in their 

evolution (23) and might therefore be expected to show an enhanced ability to withstand 

UVB-induced damage. Known effects of UVB include damage to PSII reaction centres 

(24), and the D1 protein in particular (25), damage to the CO2 fixing enzyme Rubisco  

(26), DNA degradation (27, 28) and photobleaching of photosynthetic pigments (29). 

However, cyanobacteria have evolved a range of mechanisms to avoid or ameliorate 

UV-induced damage. These include vertical migration (30) or synthesis of protective UV 

screening compounds such as carotenoids, mycosporine-like aminoacids (MAAs) or 

scytonemins (31) or proteins (32), as well as induction of enzymes (33) capable of 

repairing damage.  

Temperature is the single most important factor after light that controls algal and 

cyanobacterial growth. It is projected that global average surface water temperature by 

the year 2060 will increase by between 0.2 and 2.0 oC (34) and this will directly or 

indirectly influence algal growth. Though a majority of freshwater eukaryotic 

phytoplankton decrease or maintain growth above 20 oC, many cyanobacteria show 

accelerated growth under such conditions (35-39). Moreover, it has been found that 
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increased temperature favoured the dominance of some cyanobacteria (40) in mixed 

culture.  

Interactive effects of temperature and UVB are likely to have differential consequences 

on phytoplankton cell size, bloom formation, elemental stoichiometry, growth rates, 

community structure, and adaptive capacity (41). Despite this, most of the studies 

performed on the effects of climate change factors on cyanobacteria deal with a single 

variable at a time (42, 43) and there is very little known (44, 45) on the interactive effects 

of temperature and UVB on algae generally (46-48) and especially on major toxic bloom 

species of cyanobacteria.  

 

The interactions between environmental factors is complicated by the existence of 

different strains (ecotypes) of the same species that may respond differently (35, 37,49- 

-61). We tested this possibility by examining different strains of the toxic cyanobacterium 

Anabaena circinalis under two different temperatures. Specifically, we investigated the 

damaging effects of UVB on cell numbers and population declines and impacts of UVB 

on quantum yield of PSII at these two temperatures and also examined the effect of 

temperature on the capacity of cells to recover from such stress.  

 

4.2 MATERIAL AND METHODS 

4.2.1 Microalgal culture  

Anabaena circinalis strains (CS537 and CS541) were obtained from the CSIRO Marine 

and Atmospheric Research, Hobart, Australia (Australian National Algae Culture 

Collection). Subcultures of the isolates were maintained in 250 mL Erlenmeyer flasks 

with 100 mL MLA medium (62) in controlled environment rooms (set to either 25 °C or 
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30 oC) under a 12/12 h dark/light cycle with a photon flux  (photosynthetically active 

radiation (PAR, 400–700 nm) ) of 50 µmol photons m-2 s-1. Light was supplied from cool-

white fluorescent tubes (Philips, TLD 36W). The photon flux density was determined 

using a Li-Cor (Nebraska, USA) LI-188 Integrating Quantum Radiometer-Photometer. 

4.2.2 Cell morphology and trichome length  

Cell concentrations were estimated using a Neubauer haemocytometer at 40 X 

magnification on a Zeiss Axio Scope.A1 microscope, using samples fixed with Lugol’s 

iodine.  Given the filamentous nature of the Anabaena strains used here, the number of 

trichomes mL-1 was counted microscopically and the number of cells mL -1 was obtained 

from the total length of the trichomes divided by the average cellular length.  

4.2.3 Growth  

The growth of the strains was monitored by both cell enumeration as detailed above, 

and by measurement of the optical density (OD) of the algal suspension at 750 nm. The 

batch cultures were inoculated with an initial OD < 0.01 to avoid cell self-shading. This 

equated to a cell concentration of <1 X 105 cells mL-1. OD was converted to cell 

concentrations to calculate the growth rates. After log transformation, values 

corresponding to the exponential phase in the growth curve were used to calculate the 

specific growth rate from the slope of log (cells mL-1) vs time.  

4.2.4 Ultraviolet radiation exposure 

To understand the effects of different levels of UVB and temperature on the 

physiological characteristics of Anabaena circinalis, strains were exposed to 0.8 (low), 

1.8 (medium) and 2.8 W m-2 (high) fluxes of UVB. UVR was provided by two fluorescent 

tubes (Phillips TL20 W/12, operated for 200 h prior to use) directly onto 500 mL Quartz 

conical flask. PAR was provided concurrently by cool-white fluorescent tubes (Philips, 

TLD 36W, Amsterdam, The Netherlands). UVBR exposure, as measured by a 



 
 
 

64 | P a g e  
 

SpectraSenseTM (Acton Research Ver. 4) spectroradiometer, was provided at three 

different levels by placing the flasks at 45, 30 and 20 cm from the UV light source. 

Samples were covered with new cellulose acetate film (Kodacel; acetate film base, 

Kodak Eastman Company, New York; opaque to wavelengths <280 nm), constituting 

the UV treatment and 6 mm polymethyacrylamide sheet, constituting a control treatment 

that only allowed PAR transmission. The level of UVB measured was compared with 

other published work (63-66) to give biologically effective fluence-rates. The lamps were 

allowed to warm up for 10 min before use in exposure of the cells. 

4.2.5 Recovery 

After the strains were treated with UVB, their recovery was investigated by exposing 

cells to PAR fluxes of 50 µmol photons m−2 s−1 provided by cool-white fluorescent tubes 

(Philips, TLD 36W) until the quantum yield reached the normal (pre-UVB exposure) 

value. 

4.2.6 Fluorescence measurement 

 For both UV exposure and recovery experiments, algal samples (3 mL) were placed in 

a quartz cuvette and effective quantum yield (Fv’/Fm’) of PSII was measured every 5 

minutes using a AquaPen (AP100). The data were applied to the Kok model (67) in 

GraphPad Prism 7 software and used to calculate the photoinhibition (k) and repair (r) 

rate under UVB and recovery after UVB exposure.  

The Fv' /Fm' data were normalised to the initial value at t=0 and used to calculate the 

rate constants for repair (r) and damage (k) according to   
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The non-linear regression fit of the data always gave R2 values of >0.9, indicating a 

strong fit to the Kok equation. We also ran curve fitting using a constant repair model 

(68) which gave an R2>0.9, so had an equivalent fit to the Kok model.  

4.2.7 Statistical analysis 

Two-way ANOVA followed by Tukey’s multiple comparison test were performed to check 

if there are any differences of r and k values within the strain at two temperature regimes 

under three UVB levels. Recovery rates were calculated for low and mid UVB levels and 

two-way ANOVA followed by Tukey’s multiple comparison test were performed to check 

if there are any differences between the strains at two temperature regimes under two 

UVB levels. 

 

4.3 RESULTS  

4.3.1 Survival of A. circinalis strains under UVB exposure 

The strains showed different responses (Fig.1 a,b,c,d) to medium term duration (up to 

16 h) UV exposure. In the case of strain CS537, cell numbers started to decline after 

two hours of exposure to UVB at 25 oC whereas at 30 oC the strain remained quite robust. 

In contrast, the cell numbers of the strain CS541 at 25 oC were variable up to 6 hours 

followed by a steady decline. But at 30 oC CS541 showed a sharp decline in cell 

concentrations.   
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Fig. 1 

 

4.3.2 Inhibition of effective quantum yield (Fv' /Fm') during UVBR exposure 

In shorter term (up to 1 h) exposures, the values of Fv' /Fm' (Fig. 2 a,b,c,d) decreased 

monotonically with time. The pattern of decrease was similar in both strains at both 

temperatures.  

 Fits to the Kok model (see Methods) showed that the magnitude of the damage 

constant k was higher than that for repair r at both temperatures in both strains, leading 

to a net decline in effective quantum yield over time. Overall the magnitude of k was 

higher (Fig. 3b) at 30 oC in the case of strain CS541. In contrast the value was lower in 

strain CS537 at higher temperatures. In the case of strain CS541, the photoinhibition 

rate was significantly higher at 30 oC (P<0.05) with high-UVB levels as compared to the 

low- and mid-UVB levels. There were no statistical differences in terms of damage rate 

under all UVB levels for strain CS541 at 25 oC. In contrast, the damage rate was 

significantly higher (P<0.05) at high-UVB levels at both temperatures (Fig. 3a) in the 

case of strain CS537. However, there were no statistical differences observed between 

effects at low- and mid-UVB levels at both temperatures. 

 Differences in photoinhibition rate between temperature treatments (Fig. 3 a,b) 

were tested for individual strains. Strain CS537 showed no statistical differences 

between temperatures whereas the values in strain CS541 were statistically different at 

the different temperatures. For mid- and high-UVB levels damage rates were 

significantly higher (P<0.05) at 30 oC in comparison to 25 oC but for low-UVB exposure 

in this strain the effects were statistically insignificant between temperatures.   
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Fig. 2 

 

Fig. 3 

 

4.3.3 Recovery of photosynthetic performance following cessation of UVBR exposure 

Recovery of the effective quantum yield of PSII, Fv' /Fm' (Fig. 4 a,b,c,d) was observed in 

both strains following exposure to UVBR. Both strains in both temperatures following 

exposure to the highest UVB level showed little or no signs of recovery. Strain CS537 

showed relatively rapid recovery at 30 oC as compared to 25 oC in both mid- and low-

UVB levels. On the other hand, strain CS541 took a longer time to recover at both 

temperatures as compared to strain CS537. At 30 oC, strain CS541 only recovered after 

the low UVB treatment whereas it recovered with both low- and mid-UVB levels at 25 

oC which suggests that this strain is more sensitive to UVB at higher temperature.  

Fig. 4 

 The recovery rates for Fv' /Fm' at both low- and mid-UVB levels were calculated 

at both temperatures (Fig 5 a,b). Strain CS537 showed a significantly higher recovery 

rate (P< 0.032) at 25 oC at low-UVB treatment as compared to the mid-UVB treatment. 

Between temperatures, the recovery rate following the mid-UVB treatment was 

significantly lower at 25 oC (P<0.05) as compared to 30 oC. In the case of strain CS541, 

there was no statistical difference between temperatures under the low-UVB treatment, 

but under the mid-UVB treatment the recovery rate was significantly lower (P<0.05) at 

30 oC. All other interactions were significantly different (P<0.05). 

Fig. 5 
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4.4 DISCUSSION 

This study shows the interactions between increased temperature and sensitivity of 

algae to UVB in two strains of the cyanobacterium A. circinalis. There have been limited 

studies on the interactions of temperature and UVR on algae. In past work on a range 

of species, it has been found that increased temperature can reduce photoinhibition (69), 

facilitate repair of UV induced damage (70, 48) or have little or no effect on 

photosynthetic reaction centres (71). Therefore, we hypothesized that a rise in 

temperature might help cyanobacteria to recover from UV induced damage.  

The two strains of A. circinalis responded differently in terms of survival, photosynthetic 

characteristics and recovery at temperature and UVB interactions. Elevated 

temperature is known to benefit some cyanobacteria in terms of increased growth, 

enhanced abundance and dominance in natural ecosystem (72). Increasing 

temperature with elevated UVR is known to reduce DNA damage in cyanobacteria (44). 

There is also evidence of beneficial effects of elevated temperature and UVB 

interactions on other algal species such as the observation that increasing temperature 

reduced UVR photoinhibition in the marine diatom Thalasiossira pseudodona (73). 

Growth measurements are important to estimate changes in productivity. Negative 

effects of UVB on growth and biomass of algae have been documented by most 

previous studies (74-79). Some species of cyanobacteria are known to possess active 

photoreactive mechanisms to mitigate UVB related damage that allows survival under 

natural conditions (80, 81). In our study, survival of strain CS537 at 30 oC for an 

extended period of exposure to UVB could be due to such photoreactive mechanisms. 

In contrast, the sharp decline of cell number in strain CS541 at elevated temperature 

could be related to the accumulative effects of temperature and UVB. 
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In our study both A. circinalis strains recovered faster at elevated temperature after 

exposure to low-UVB. Gao et al. (44) found similar results with Arthrospira platensis. 

Steady recovery of strain CS537 after 25 oC at low- and mid-UVB treatments could 

reflect the possibility that that these levels of UVB are not high enough to destroy the 

cells completely. The faster recovery of strain CS537 at elevated temperature supports 

the idea of the temperature dependence of repair process as temperature increase 

enzymatic performance (46, 82). Giordanino et al. (82) also found higher recovery rates 

of the freshwater cyanobacterium Anabaena sp. with elevated temperature. There are 

also observations that higher temperatures reduce the overall sensitivity of a number of 

algae to UVR, primarily by an increased capacity for repair (46, 48). Recovery of strain 

CS541 at low UVB only at elevated temperature could be due to a threshold limit of UVB 

and temperature interactions. In our study the inability of both strains to recover from 

high-UVB treatment in both temperatures could be due to irreversible damage to 

membrane components, photosynthetic pigments, DNA, nitrogen transport systems, 

and the photosynthetic apparatus, particularly the reaction center of PS II and ribulose 

1,5-bisphosphate carboxylase/oxygenase (RuBisCo at high-UVB) (83). 

 

The differences observed in sensitivity to damage between the strains could also be 

explained by the efficacy of different protective mechanisms used by different 

strains/species (82). Photoprotection is a mechanism by which algae reduce UV related 

damage to the photosynthetic apparatus. Many algae are known to produce UV 

absorbing MAAs and scytonemin (mostly in cyanobacteria) and carotenoids. There is 

evidence that cyanobacteria increase synthesis of UV absorbing extracellular pigments 

after exposure to UVA and/or UVB radiation (84). In this study the decrease of damage 

rate in strain CS537 with increased temperature could result from a stimulation of 
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synthesis of UVB screening compounds. But this kind of response could be 

species/strain specific as we see in this study that damage rates of strain CS541 were 

significantly higher at elevated temperature. Jeffery et al. (84) also reported strain 

variations in terms of producing UV absorbing compounds (UVACs). So, the concept of 

elevated temperatures in tropical environments increasing the tolerance of UV induced 

damage (44, 48) partially supports our findings.    

Although temperature increase benefited Anabaena sp. significantly by improved 

recovery of photosynthetic performance (82), our study found contrasting results 

between the two strains. This might be due to genetic variations within the cells. As 

different strains behave differently, it is hard to make any clear statements about the 

effects of climate change on cyanobacteria as a whole, so future study should include 

more strains/species of cyanobacteria. 

Increased carbon dioxide in the atmosphere due to burning fossil fuels  is associated 

with temperature increases and, together with the activity of chlorofluorocarbons, 

depletion of stratospheric ozone layer which eventually results in increasing UVB flux to 

the Earth’s surface (85). These factors affect  aquatic organisms differently either by 

causing species extinction, changing population dynamics or favouring some organisms 

over others (86-88). However, here we see that the responses to climate change 

variables are strain specific. 

In conclusion, increasing UVB radiation due to ozone depletion might have negative 

effects on cyanobacteria; however, the increasing global temperature due to human 

activities certainly influences the effects of UVB and might counteract some of the 

negative effects of UVB for some strains of cyanobacteria. 
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List of Figures with legends 

Fig. 1: Effects of UVB and temperature on cell concentrations in cultures of of Anabaena 

circinalis strains (a) CS537 25 oC (b) CS537 30 oC (c) CS541 25 oC and (d) CS541 30 

oC.  
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Fig. 2: Time course of changes in the fluorescence parameter Fv'/Fm' in A. circinalis  

strains (a) CS537 25 oC (b) CS537 30 oC (c) CS541 25 oC and (d) CS541 30 oC. The 

error bars represent the standard deviation from three independent replicate cultures.   

Fig. 3: Photoinhibition rate (k) of A. circinalis strains CS537 (a) and CS541 (b) at 25 and 

30 oC. The error bars represent the standard deviation from three independent replicate 

cultures. Different letters above the bars indicate means that are significantly different 

at P<0.05.  

Fig. 4: Recovery of fluorescence parameters Fv'/Fm' after UVBR exposure in A. circinalis 

strains (a) CS537 25 oC (b) CS537 30 oC (c) CS541 25 oC and (d) CS541 30 oC. The 

error bars represent the standard deviation from three independent replicate cultures.  

Fig. 5: Recovery rate of fluorescence parameters Fv'/Fm' after UVBR exposure in A. 

circinalis strains (a) CS537 and (b) CS541 at 25 and 30 oC. The error bars represent the 

standard deviation of three independent replicate cultures. Different letters above the 

bars indicate means that are significantly different at P<0.05. 
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Fig. 3 
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Fig. 4  
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Fig. 5  
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Chapter 5. SUMMARY AND CONCLUSIONS 

With the predicted changes to future climate, this study aimed to investigate the effects 

of some key environmental factors such as light and temperature on the growth and 

photosynthetic characteristics of toxic and non-toxic strains of two species of freshwater 

cyanobacteria. We also tested the susceptibility of photosynthesis to short-term UVB 

exposure at two growth temperatures and also studied the influence of temperature on 

survival and recovery of cells during and after medium term (up to 16 h) UVB exposure.  

Differences in the growth and physiological characteristics of toxic and non-toxic strains 

of both species of cyanobacteria were observed. We found that the strains were able to 

survive at very low to very high light intensity which reflects on their ability to their 

dominate in Australian freshwater ecosystems (1, 2). In terms of growth rates, the toxic 

strains of both species showed saturation of growth at higher light intensities than the 

non-toxic strains (Chapter 2, Fig. 1). Although light is the most important factor for algal 

growth its role in toxin production might be species specific as toxin production has been 

shown in some species to vary between saturating, supra-saturating and limiting light 

intensities (3-6). We also found differences in physiological characteristics between 

species and strains but there were no consistent trend in relation to toxicity. Thus, the 

differences observed might be strain/species specific. 

The results of studies on the sensitivity of cyanobacteria to temperature and acute UVB 

exposure, together with measurements of photoinhibition (k) and repair (r) constants 

and the cells’ capacity to absorb UVB are presented and discussed in Chapter 3. There 

were differences in growth rates observed between both species under both 

temperature regimes. A. circinalis (Strain CS537) showed significantly higher growth 

rates (0.38 ± 0.01 day-1) at 30 oC than at 25 oC (0.33 ± 0.01 day-1) (t-test, P = 0.0233). 

In contrast the growth rates of M. aeruginosa (Strain CS558) were higher at 25 oC (0.41 
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± 0.02 day-1) than at 30 oC (0.20 ± 0.02 day-1) (t-test, P = 0.0001) suggesting that this 

species has a preference for the lower temperature. 

We found that the magnitude of damage, k ,was higher than repair, r, (Chapter 3, Fig. 

2) at both temperatures in the case of both species, leading to a net decline in effective 

quantum yield over time. However, the magnitude of r was higher at 30 oC than at 25 oC 

in both species (Two-way ANOVA, P = 0.0001). This is associated with the fact that 

elevated temperature increases the rate of enzymatic driven processes, which 

eventually increase the rate of repair of reaction centre proteins and Rubisco turnover 

and thereby reduce overall photochemical damage. We also found that the ratio of r:k 

(Chapter 3, Fig. 3) increased with temperature which is also consistent with the 

suggestion that the damage caused by UVR was repaired faster at higher temperature. 

The increase in repair rates and overall reduction in net damage to PSII at higher 

temperature in both cyanobacterial species examined suggests that these organisms, 

and indeed other algae and cyanobacteria, might be less affected by, or at least be able 

to recover quicker from, UVR exposure under future climate change scenarios (7, 8).  

Many algae and cyanobacteria have the ability to produce UV absorbing compounds. In 

this study (Chapter 3) we found that both species absorbs UVA to some extent but the 

better ability of A. circinalis to absorb both UVA and UVB may be a reason for the 

observed lower damage rate of this species, compared to M. aeruginosa, after UVBR 

exposure.  

Interactions between environmental factors in natural populations could be complicated 

due to the existence of different strains of the same species that might respond 

differently. To understand the intra-strain variability of A. circinalis strains CS537 and 

CS541, we investigated the damaging effects of UVB on cell numbers and population 

declines and impacts on quantum yield of PSII at two temperatures. We also examined 
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the effect of temperature on the capacity of cells to recover from such stress. Strain 

CS537 survived under UVB for an extended period at higher temperature compared to 

strain CS541 (Chapter 4, Fig. 1). This could be due to the ability to the presence of 

active photoreactive mechanisms to mitigate UVB related damage (9, 10). Overall, the 

magnitude of photoinhibition k was higher at 30 oC in the case of strain CS541. On the 

other hand, it was lower at 30 oC in the case of strain CS537 (Chapter 4, Fig. 3). We 

also found variations between temperature treatments for individual strains. Although 

damage in strain CS537 showed no statistical differences between temperatures, strain 

CS541 showed significantly different rates of damage at the different temperatures. The 

value of k for mid- and high-UVB levels were significantly higher (P<0.05) at 30 oC in 

comparison to those at 25 oC but for low-UVB exposure there were no statistical 

differences in k between temperatures. 

In terms of recovery of the effective quantum yield of Photosystem II, Fv'/Fm', after UVB 

exposure, both strains showed little or no signs of recovery after exposure at high-UVB 

levels. After exposures to medium and low UVB, Strain CS537 recovered faster than 

strain CS541 at both temperatures. The recovery rate for both low- and mid-UVB levels 

was higher at 30 oC in the case of strain CS537 whereas it was higher at 25 oC in the 

case of strain CS541. The faster recovery of strain CS537 at elevated temperature 

supports the idea of the temperature dependence of repair process (11, 9). However, 

the lower recovery of strain CS541 at the higher temperature could be due to cumulative 

negative effects of temperature and UVB.   

This project provides some insight into the effects of environmental factors on the 

response of cyanobacteria with future climate change. Previous work has suggested 

that increased temperatures in future might favour cyanobacterial growth (12). However, 

the differences in growth and physiological characteristics both within and between 
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strains/species makes it hard to draw any firm general conclusions about responses of 

cyanobacteria to global change. The relationship between light and toxicity also appears 

to be species/strain specific. Consequently, future studies should include a greater 

range of strains from more species.  

This study also presented differences in growth and photosynthetic performances of M. 

aeruginosa and A. circinalis to UVB and temperature interactions, both between and 

within species. Although our results show, a positive relationship between repair rate 

and temperature, implying cells might be able to repair UVB-induced damage faster at 

higher temperatures, the interactive effects of temperature and UVR with other 

parameters such as nutrient availability, atmospheric CO2 level, and high/low PAR level 

also need to be considered (13). Inclusion of these parameters in future studies will 

provide a better understanding of how cyanobacteria will respond to further changes in 

global climate. Testing of changes in cellular toxicity with predicted climate change 

would also provide insights into the toxicity of cyanobacterial blooms in future climates.  

Further studies could also consider the competitive capacity of cyanobacteria and other 

algal species in the natural environment, both individually and together. Measurements 

of all possible physiological parameters would provide a better understanding of impacts 

of the future climate change on the dominance of algae/cyanobacteria in natural 

environment. Although competition experiments focussing on nutrients, temperature 

and the presence of organic and inorganic compounds have been carried out (14-17), 

more factors such as CO2, high and low level of PAR should also be considered in future 

studies. 
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