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Summary 

This study focused on how fresh water bacterial communities were affected by escalating 
levels of UV-radiation. Diluted batch cultures from natural freshwater bacterial communities 
(Lake Ekoln, Sweden) were prepared and incubated at five different levels of UV-radiation 
including dark controls. All treatments were carried out at 21 ºC and were incubated until 
bacterial cultures reached a stationary phase (9 days). Each light treatment was exposed to a 
diurnal cycle of 12 hours of radiation and 12 hours of darkness. Bacterial cultures exposed to 
high intensity of UV-radiation showed prolonged pre-growth lag phases and exhibited higher 
rate of instability in abundance at stationary phase than the dark controls. Distinct differences 
in bacterial community composition at stationary phase were observed between light 
treatments and dark controls, based on restriction fragment length polymorphism-
fingerprinting of PCR-amplicons from 16S rRNA genes. These differences might be 
explained by photoinduced changes in the quality and quantity of dissolved organic matter 
with a resulting stimulation of different populations. Another explanation could be 
physiological differences in the sensitivity of bacterial populations towards increased UV 
radiation. Difference in bacterial community structure was also coupled to changes in 
bacterial growth where accumulating bacterial biomass in stationary phase was stimulated by 
enhanced UV, most likely causing photodegradation of high molecular weight dissolved 
organic compounds into biologically labile low molecular weight organic substrates. A 
gradual inhibition of stationary phase protein synthesis was seen as bacteria were exposed to 
enhanced UV. Combined, these results suggest that both the function and composition of 
aquatic bacterial communities are altered as a response to enhanced UV.  

 



Introduction  
 
In 1974, Molina et al postulated that influx of UV-radiation is steadily increasing as a 
consequence of release of inert organic chlorine- and bromine- containing compounds. These 
compounds degrade stratospheric ozone and therefore depress our natural barrier against 
harmful cosmic radiation. One less obvious consequence of escalating influx of UV-radiation 
is the alteration of aquatic microbial communities (Arrieta et al 00, Joux et al 99). Microbes 
are by far most abundant components in aquatic systems and therefore of high importance for 
the ecosystem function. Freshwater systems support territorial communities with food, 
drinkable water and stand as a nursing ground for numerous terrestrial species (Wetzel 01). 
As microbial communities are changing, so are biochemical conditions inside these 
ecosystems that in turn affect water quality and biomass production. Microbes are especially 
important in aquatic systems because they have capability to mineralize the often very 
complex matrix of dissolved organic matters (DOM) and thereby supply larger organisms 
with energy and nutrients. Up to 50 % of primary production has been shown to be recycled 
via microbes (Azam et al 83). Increased UV-radiation affects microbial communities in a 
complex manner, including elevated mutation rates (Booth et al 01), altered protein synthesis 
(Herndl et al 93) and photochemical transformation of DOM to bioavailable substrates 
(Bertilson & Tranvik 00). DOM also absorbs a high amount of incoming UV-radiations and 
lowers the intensity of harmful radiation at deeper strata (e.g. the effective light climate is 
changing). Photodegradation of DOM generates low molecular weight organic compounds 
that are easily taken up by bacteria and stimulates their biomass production (Lindell et al. 95). 
In contrast to these positive effects of photo-degradation on bacteria, enhanced UV radiation 
also contributes to generation of reactive species, elevated rates of DNA-strand breaks (Joux 
et al 99) and destruction of proteins within cells (He 02). Since the sensitivity to these 
processes vary among bacterial species, these processes are also likely to affect the 
composition of microbial communities and it has been suggested that elevated UV may 
decrease diversity within microbial communities (Arrieta et al 00).  
 
To get a better understanding of how microbial communities are affected by enhanced UV 
radiation, a mixed bacterial consortium were taken from the surface-layer of a mesotrophic 
lake (Lake Ekoln, Sweden) and exposed to different intensities of UVA and UVB radiation. 
After one week of intermittent exposure, bacterial cultures were harvested and parameters 
such as bacterial abundance, biomass production and bacterial community composition were 
analyzed. As a complement to this study and to put the obtained results in a global change 
perspective, the theory behind stratospheric ozone depletion was also reviewed.   
 
Ozone Depletion  
 
Ozone layer 

Stratospheric ozone is vital for life on our planet. It absorbs a high amount of harmful 
radiation in the wavelength range 280 to 320 nm (UV-B) and completely screens out lethal 
radiation between 200 and 280 nm (UV-C) (US EPA 06). Ozone found in the stratosphere (10 
to 50 km above Earth’s surface) is referred to as the ozone-layer. This fraction is equal to 
about 90 % of all ozone found in the atmosphere. Ozone is created when UV-radiation strikes 
oxygen molecules (O2), splitting them into single oxygen atoms. Single atoms are then 
combined with intact oxygen molecules and form ozone (O3). An ozone molecule is fairly 
unstable and decomposes into oxygen molecules and oxygen atoms when irradiated with UV. 



This continuous process of ozone being formed, broken down and reformed is called the 
ozone-oxygen cycle and is a fairly slow process (figure 1)(Carver 98).  
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Figure 1. Ozone-oxygen cycle. Ozone is created when UV-radiation strikes oxygen molecules (O2) splitting 
 them into single oxygen atoms (O). Single atoms are then combined with intact oxygen molecules and 
form ozone (O3). Ozone molecules are fairly unstable and split into oxygen molecules and oxygen atoms when 
irradiated with UV. 

Ozone is unequally distributed in the atmosphere due to stratospheric wind patterns (Brewer-
Dobson circulation). Because of these wind patterns, ozone is carried from tropic high 
stratosphere to mid-high latitudes at lower part of stratospheric regions with a mass-flux 
towards polar-regions. Highest concentrations of ozone are found in the mid-to-high latitudes 
of northern and southern hemispheres. Highest levels of ozone are usually found during 
spring and lowest levels of ozone are found during autumn. An exception to this rule includes 
level of stratospheric ozone over Antarctica that decrease during spring, e.g. up to 66% ozone 
depletion has been shown (US EPA 06). This phenomenon is mainly due to accumulation of 
ozone-depleting compounds during winter and photo catalytic breakdown of ozone during 
spring (Carver 98).  

 

 

Ozone-depleting compounds 

Compounds that are long-lived and contain chlorine or bromine represent the main pools of 
ozone-depleting compounds. The characteristics of these compounds are that they are highly 
inert, insoluble in water and can be transported in the atmosphere. These properties lead to a 
situation where they can be transported long distances and finally enter the stratosphere were 
they are photolytically degraded by the action of energetic UV-radiation (Swedish EPA 04). 
Photoproducts include elementary chlorine and bromine that can act as photocatalysts and 
accelerate breakdown of ozone. The most pronounced ozone-depletion is observed over 
Antarctica during spring but it is also significant over the Northern Hemisphere (US EPA 06). 
Ozone losses are mainly due to low temperatures during winter leading to stable wind 
currents isolating Polar Regions from the Mid-latitudes. As a consequence, chlorine and 
bromine-rich compounds are accumulating in the Polar Regions. Low temperatures give rise 
to formation of polar stratospheric clouds composed of nitric acid. These clouds serve as 
surfaces for reactions transforming ozone-depleting compounds to more reactive species. 
Because of low temperatures, reactive products that are thermally unstable are conserved and 
accelerate the photocatalytic degradation of ozone during spring. Compounds that have been 
shown to deplete ozone are regulated via the Montreal Protocol (Swedish EPA 04).   

 



The Montreal Protocol  

The Montreal Protocol entered into force in 1987 and is a direct agreement from the 
“Convention for protection of ozone layer”, held in Vienna 1985. The purpose of the 
agreement is to protect human health and environment against adverse effects of ozone 
depletion (UNEP 04). The Montreal Protocol stipulates demands on phasing out productions 
and consumptions of ozone depleting compounds before 2040. Currently 183 countries have 
signed this protocol. The protocol regulates release of chloroflourocarbons (CFCs), 
hydrobromoflourocarbons (HBFCs), hydrochloroflourocarbons (HCFC), halons, carbon 
tetrachloride (CCl4), methyl chloroform (CH4CCl3), methylbromide (CH3Br) and 
chlorobromomethane (CBM) (UNEP 00). 

Evaluation of Ozone-depleting compounds  

Evaluations of ozone-depleting compounds are based on their capability to degrade 
stratospheric ozone. Impact of stratospheric ozone is measured as ozone depletion potential-
units (ODPs).  Compounds are compared to effects from the same amount of CFC-11 on 
stratospheric ozone. If ODP-value is lower than one, the compound has less impact on 
stratospheric ozone than an equivalent amount of CFC-11 (US EPA 06) (Table 1).  

Table 1. Compounds regulated by the Montreal Protocol and their ozone depletion potential (ODP).
 Chloroflourocarbons (CFCs), hydrobromoflourocarbons (HBFCs), hydrochloroflourocarbons (HCFC),
 halons, carbon tetrachloride (CCl4), methyl chloroform (CH4CCl3), methylbromide (CH3Br) and 
 chlorobromomethane (CBM) (UNEP 00) 

 Compounds ODP 
CFC 0.6-1 
HBFC 0.02-7.5
Halons 3-10 
CCl 4 1.1 
CH4CCl3 1.1 
CH3Br 0.7 

CBM 0.02-7.5

 

 

 

 

Most compounds that are regulated via the Montreal Protocol have widely been used in 
refrigerators, as fire extinguishers, as solvents or as insecticides. CFCs are relevant examples 
of compounds that have been widely used in refrigerators and leaked out into the atmosphere 
at the end of the product life-cycle. Other compounds like Halons and CBMs have been used 
as fire extinguishers. CCl4 and CH4CCl3

 are compounds that have been found as solvents in 
industries. CH3Br was earlier used as an active insecticide in agriculture. As these compounds 
leak out to the stratosphere, they are photo-catalytically degraded and give rise to ozone 
depleting photoproducts such as chlorine (Cl), chloromonoxide (ClO), bromine (Br), 
bromomonoxide (BrO). As a result of the Montreal protocol, the usage of ozone-depleting 
compounds is decreasing. Still, the problems with a continuously decreasing stratospheric 
ozone-layer remain. This is mainly because of slow movement within the stratospheric layer 
and because ozone-depleting compounds are long-lived. In agriculture, ozone-depleting 
compounds are phased out as cultivation strategies are changing (Swedish EPA 04; US EPA 
06; UNEP 04). 
  
 



Chlorine and ozone-depletion 
 
Photochemical degradations of chlorine-rich organic compounds give rise to chlorine- and 
chloromonoxide radicals. Chlorine and chloromonoxide interacts with formation and catalytic 
breakdown of ozone. The main reaction where chlorine and chloromonoxide are involved in 
degradation of ozone is shown below (Carver 98).  
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Ozone (O3) is fairly unstable and split into oxygen molecules (O) and oxygen atoms (O2) 
when irradiated with UV. Under normal conditions, these products recombine to form a new 
ozone molecule. This reformation is disturbed as chlorine (Cl) is present and combines with 
ozone photo products (Carver 98). 
 
Production of chlorine radicals is accelerated at low temperature when polar stratospheric 
clouds (PSCs) containing nitric acid are formed. Both low temperatures and presence of 
surfaces favor radical formation. The main reactions taking place on PSCs involve destruction 
of chlorine containing compounds (e.g. ClONO2) and formation of elementary chlorine (Cl2) 
as shown below (Carver 98).  
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Bromine and ozone-depletion 
 
Photochemical degradation of bromine-rich organic compounds give rise to bromine- and 
bromomonoxide radicals. These photoproducts are formed in the same manner as chlorine and 
chloromonoxide radicals. On PSCs, bromine radicals interact with chlorine radicals to 
degrade ozone as shown below (Carver 98). 
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On PSCs, chloromonoxides and bromomonoxides react with each other and generate chlorine 
radicals and bromine radicals. These radials interact and degrade ozone molecules. As ozone 
molecules are degraded a new generation of monoxide radicals is formed.  

Radiation and microbes  

Elevated levels of solar radiation could have a great impact on aquatic microbial ecosystems 
and above all the near-surface communities (Arrieta 00, Agogue 05). Bacteria represent the 



main portion of microbes found in aquatic ecosystem and are particularly vulnerable towards 
UV radiation because they are small and have haploid genomes with low redundancy (Pichel 
94). Furthermore, they have large surface areas compared to their cellular volumes. Cell size 
regulates how much pigmentation bacteria can produce before being osmotically limited. So 
far, the relationship between bacterial pigmentation and resistance towards UV radiation has 
never been demonstrated (Agogue et al 04). Large surface area relative cellular volume also 
contributes to a situation where their intracellular constituents are exposed to high amounts of 
solar radiation and intracellular injuries are common.  
 
UVB (320 -420 nm) has been shown to cause the most lethal effects on bacteria and affect the 
abundance of sensitive species dramatically (Nunez 06). UVB is absorbed by DNA and 
thereby induce cyclobutane pyrimidine dimers and pyrimidine-pyrimidone lesions. These 
lesions lead to impaired replication and depressed expression of essential genes and also 
trigger cytotoxic events inside cells that compromise cell functions. UVA (320-400 nm) is 
absorbed by intracellular photosensitive molecules that contribute to production of reactive 
oxidative species like oxygen radicals, hydrogen peroxide and hydroxyradical. Radical 
production leads to lipid-peroxidation of membranes, DNA strand breaks, protein cross-
linking and enzyme inactivation (Prescott 05). One additional mechanism for UV-induced cell 
damage is that some intracellular molecules like heme and flavin can absorb photons from 
UVA-radiation and transfer energy to DNA and thus cause mutations. 
 
To cope better with increasing UV-stress, microbes feature efficient photo-enzymatic repair 
mechanisms, nucleotide excision repair or dark repair mechanisms. Photo-enzymatic repair 
mechanisms are activated by photo-synthetically active radiation (PAR, 400 - 700 nm) 
together with UVA radiation and involve enzymes (photolyases) that cleave cyclobutane 
dimers. Dark mechanism repair mechanisms are energy demanding and involve nucleotide 
excision repair, post replication recombinantional repair and mutagenic or SOS repair. In dark 
mechanism repair, damaged DNA is removed and replaced by newly synthesised monomers 
followed by ligation of single strand nicks (Prescott 05).    
 
 
Aim 
 
This study was conducted in order to get a better understanding of how aquatic bacterial 
communities are affected by UV radiation. In earlier studies, it has been shown that UV 
radiation could either stimulate bacterial communities through photo catalytic degradation of 
DOM or hamper its activities by compromising essential cell functions, but the combined 
effect of these two processes is still unknown.   



Material and Methods 

Experimental design  

The present study was conducted with water from Lake Ekoln (Sweden) as the source of 
media as well as the source of a natural bacterial inoculum. Media was prepared on the 8th of 
August; lake water was sequentially filtered through filters with pore sizes of 0.8 µm and 0.22 
µm. After filtration, water was autoclaved and pH was set to its original level (7.2-7.6) with 
sterile HCl.  Prepared media was stored in the dark at 14 º C. Water for the inoculum was 
collected on August 28th. To remove eukaryote predators, the water was passed through a 0.8 
µm pore size filter. On the 29th of August, bacterial cultures were started by adding the 
prepared inoculum to the sterile media to a final ratio of 1:100 (vol:vol). The resulting 
bacterial culture was distributed equally into sixty 35 ml quartz tubes that were incubated in a 
water batch at different intensities of UVA and UVB.  Five treatments were run 
simultaneously with 12 vials for each treatment ranging from tubes directly exposed to an 
artificial UV source with a similar spectral UV-emission as solar radiation at the surface of 
the earth to dark controls covered in aluminum foil (Table 2).   

 

Table 2. Intensity of UV-radiation in treatment 1-5.   

Light intensity UVA (mW/cm2) UVB (mW/cm2)
1 0,421 0,036
2 0,106 0,003
3 0,008 0
4 0,0005 0
5 0 0  

 

Artificially humified water was used as a natural UV-filter.  Humic acids were extracted from 
forest litter (Stadskogen, Uppsala, Sweden) by extraction with 0.2 M NaOH. After extraction, 
pH was set to 7.2 by adding HCl (0.1 M). Subsequently, the water was filtered through 0.8 
µm membrane filters. Extracts were diluted with tap water until water color reached 32 mg 
Pt/l, which is comparable to the color of natural humic lake water.  

All incubations were carried out at 21 ºC and were started August 30th.  Tubes were then 
incubated at different depths in a 100 L container filled with humic water to vary the radiation 
climate. All tubes were exposed to a diurnal cycle of 12 hours of radiation and 12 hours of 
darkness. Incubations went on until all bacterial cultures had reached a stationary phase (7th 
September).  



Bacterial growth  

Bacterial abundance was measured on a daily basis by flow cytometry. Two ml of water was 
collected from each vial. Volume losses were compensated by adding 2 ml sterile medium to 
each culture vial. Replicate samples from each light treatment were preserved with 40 µl 40% 
Borax-buffered formaldehyde (pH~8) and stored in the dark at 4 ºC. Bacterial numbers were 
measured in accordance with the protocol of del Giorgio and coworkers (96). One ml of 
conserved sample was stained with SYTO 13 [2.5µM, final concentration] and 100 µl of a 
fluorescent microsphere solution (Fluoresbrite Carboxy YG, 1,68 µm diameter, 9*106 

beads/ml,  Polysciences Inc) was added as internal reference. Stained samples were analyzed 
on a FACScan flow cytometer (Becton Dickinson) using low flow rate (12 µl/min) with 
detectors set to 400 V (side scatter) and 560 V (green fluorescence). Cells were separated 
from fluorescent beads in a log-log dot plot of side scatter and green fluorescence and 
bacterial cell numbers was estimated using the fluorescent beads as an internal standard. 
Samples were counted for 1 min or until at least 10000 beads had been detected.  
 
Biomass at stationary phase was analyzed in four replicate cultures from each treatment. 
Samples were preserved with 80 µl 40% Borax-buffered formaldehyde solution (pH~8) and 
stored in the dark at 4 ºC. Biomass was measured with a slight modification of the protocol 
from Fry (98). 0.5 ml of preserved samples were diluted with 0.5 ml milliQ water. Diluted 
samples were stained with 100 µl DAPI (4’,6’-diamidino-2-phenylindole, 100 µg/ml, Sigma 
D-1388) and filtered down on Nucleopore-black filters (0,2 µm pore-size, 25 mm diameter). 
Subsequently, filters were air-dried, placed on slides with immersion oil (Type A, nd=1,515, 
Nikon), and covered with coverslips. Slides were analyzed in an epifluoresce microscope 
(Nikon Eclipse 600) at 1250 x magnification. Twenty pictures of each slide were randomly 
taken with a CCD camera (Nikon DXM 1200) and bacterial width and length were estimated 
with Easy Image Analysis 2000 (Tekno Optic AB, Sweden). Average width and length from 
slides belonging to same treatments were pooled and average values were used in calculations 
of cell volumes from each treatment. Cell volume was calculated in accordance with Fry (88) 
assuming cells to be cylinders with hemispherical end-caps (see formula below).  
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V= cell volume (µm3)   r = ½ w (µm)  l = cell length (µm) w = cell width(µm)  
 
 
Bacterial biovolume was calculated using the product of the average cell volume and the 
average number of bacterial cells at stationary phase. This value was then combined with 
estimated volumetric carbon content of bacterial cells (0,308fg C/µm3) for carbon biomass 
estimates (Fry 88).   
 
Biomass production in stationary phase was measured in four replicates of each treatment. 
The procedure was as follows: leucine incorporation rates in proteins was measured after 
addition of radio labeled leucine to 100 nM final concentration (TRK 510, Amersham, 1 
mCi/ml, specific activity 306 mCi/mmol). Estimates of bacterial biomass production were 



carried out in accordance with the protocol from Azam and Smith (92). From each sample, 
two fractions of 1.7 ml each were transferred to 2 ml eppendorf vials with screw caps. One 
vial was used for measuring the rate of leucine incorporation while the second was used as a 
blank. 90 µl 100% TCA was added to blanks prior to the addition of  5µl isotope to all vials. 
Three additional vials were loaded with 5 µl isotope to compensate for the counting efficiency 
of the liquid scintillation instrument. Vials were incubated dark at 21 ºC for 60 minutes. After 
incubation, 90 µl 100% TCA was added to all vials except blanks. Vials were vortexed and 
centrifuged at 14000-16000 g for 10 minutes. Supernatants were removed and 0.5 ml 
scintillation cocktail “ecoscint A” was added.  Leucine incorporation rates were analyzed by 
liquid scintillation.  
 
Results from samples belonging to same light treatment were pooled together and average 
values were used in calculating productions rate. Amount of incorporated leucine from each 
replicate was obtained by subtracting the rate of leucine incorporated in samples with rates of 
apparent leucine incorporation in blanks. Bacterial protein production rates (BPP) (ng/LH) 
were determined by assuming that the mole percentage of leucine in bacterial protein 
(mole%leucine) was equal to 7.3 % (Azam & Smith 92). Molecular weight of leucine 
(MWleucine) is equal with 131.2 g/mol (see formula below).  
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Bacterial biomass production was estimated by assuming the carbon to protein ratio in 
average bacterial cells to be 0.86 (weight by weight) (Azam & Smith 92). 
 
Community structure  
 
After cultures reached stationary phase, ~25 ml sample was collected from every replicate 
from all treatment and used for community structure analysis. Each treatment had twelve 
replicates and was grouped into 4 groups of 3 replicates each. Each group of 3 replicates was 
pooled together. DNA-fractions in replicates were extracted and marker gene 16 s rRNA were 
amplified by PCR. Amplified 16 s rRNA gene products were purified and digested with 
restriction enzyme Hha 1 (Invitrogen) for subsequent  separation with respect to fragment size 
on an ABI 3700 96- capillary sequencer.  Electropherograms from the capillary sequencer 
were analyzed with GeneMarker version 1.51 (Softgenetics Genemarker) using a GS500 size 
standard (ABI) as internal reference.  
 
Extraction of DNA was done with a slight modification of the protocol for ultra clean soil 
DNA isolation with maximal yield (MoBio). Before DNA-isolation, bacterial cells in 
replicate cultures were collected on 0.22 µm Supor membranes. Filters were cut to small 
pieces and placed in 1.5 ml extraction tubes. 60 µl SDS-lysate buffer and 200 µl inhibitor 
removal solution were added the tubes were agitated at 2000 rpm for 10 minutes on a Vortex. 
The liquid in each tube were transferred to spin columns that were centrifuged at 10 000 g for 
30 seconds. The eluate was discarded. After centrifugation, 250 µl protein removal solution 
was added and an additional centrifugation at 10000 g for 1 min was carried out. 300 µl 
ethanol was added and spin columns were centrifuged twice, each time for 1 min at 10000 g. 
DNA was eluted from the spin column by adding 50 µl Tris-elution buffer. Extracted DNA 
was stored at -80ºC. 
 



Amplification of 16 sRNA marker genes was done using Hex-labeled 27f forward primer 
(Vergin et al 1998) and 519r reverse primer (Lane et al 1985). Reaction mixtures of 20 µl 
contained 2 µl 10x PCR-buffer (10 µM Tris-HCl, 0.1 % Triton x-100 and 2 mM MgCl2) 200 
µM deoxynucleoside trisphosphate mixture (Invitrogen), 100 nmol of each primer, 0.2 U Taq 
polymerase (DyNazyme II Finnzymes), 2 µl of DNA extract and MilliQ water  to 20 µl 
volume. Thermo cycling was carried in a Stratagene Robocycler set at 30 cycles to maximize 
yield. Initial denaturation was set to 94 ºC for 3 min followed by 30 cycles of denaturation at 
94 º C for 1 min, annealing at 55 ºC for 1 min and an elongation at 72 ºC for 3 min. The final 
elongation was set to 72 ºC for 7 min. 
 
PCR-products derived from the same DNA-sample were pooled together and further 
amplified using 27 Hex labeled forward primer (Vergin et al 1998) and 519 reverse primer 
(Lane et al 1985). Reaction mixture of 20 µl contained 2 µl 10x PCR-buffer (10 µM Tris-HCl, 
0.1 % Triton x-100 and 2 mM MgCl2) 200 µM deoxynucleoside trisphosphate mixture 
(Invitrogen), 100 nmol of each primer, 0.2 U Taq polymerase (DyNazyme II Finnzymes), 2 µl 
of PCR-product and MilliQ water  to 20 µl volume. Thermocycling was carried out with 
Stratagene Robocycler set to 10 cycles. Initial denaturation was set at 94 ºC for 3 min 
followed by 10 cycles of denaturation at 94 º C for 1 min, annealing at 55 ºC for 1 min and an 
elongation at 72 ºC for 3 min. The final elongation was set to 72 ºC for 7 min.  PCR-products 
derived from same DNA-sample were pooled together and temporarily stored in the dark at 4 
º C.   
 
Purification and concentration of PCR-products was done by first reducing single stranded 
DNA with addition of Mung Bean nuclease and removal of primers, enzymes, salts, 
unincorporated nucleotides with QIAquick PCR Purification Kit (QIAGEN). A total volume 
of 135 µl PCR-product for each sample was treated with 0.5 µl Mung Bean nuclease (10000 
unit/ml, Biolabs) and incubated at 30 º C for 60 min. After incubation reactions were stopped 
by adding 750 µl of PB buffer (Quiagen) and PCR-products were purified and concentrated 
using the QIAquick PCR Purification Kit (QIAGEN) as recommended by the manufacturer.  
 
Agarose gel electrophoresis was carried out to evaluate the amount and quality of DNA in 
PCR-product extracts to be used for T-RFLP. 4 µl of purified PCR product was loaded in 
individual wells in a 1% agarose pre-stained with ethidium-bromide for DNA visualization. 
To quantify the amount of DNA, a low mass ladder from Invitrogen was loaded on the same 
gel. Electrophoresis was run for 30 min at 100 V and 75 mA. The amount of DNA in PCR-
products was determined by comparing fragment band fluorescence intensity ????? with 
corresponding bands from the low DNA mass ladder. Gel-Pro analyzer (Cybernetics) was 
used to estimate DNA-content.  
 
Restriction enzyme digestion was done by adding 0.5 µl restriction enzyme Hha 1 (10 U/ml, 
Biolabs) to mixtures that contained ~ 50 ng PCR-product, 2 µl endonuclease digestion buffer 
and 1-40 µl milliQ water (final volume 50 µl). Mixtures were incubated for 16 h at 37 º C. 
The enzymatic digestion was stopped by incubating mixtures at 85 º C for 15 min. Fragments 
from the digested PCR products were separated by size on an ABI 3700 96- capillary 
sequencer (Rudbeck laboratory) and electropherograms were analyzed with GenMarker V1.5 
(Softgenetics) using size standard GS500 as internal reference.  
 
Relative distances in community composition between treatments were analyzed running a 
two dimensional nonmetric multidimensional scaling with dissimilarity based on absence or 
presence of 16s rRNA terminal restriction fragments. Results were presented on a two-



dimensional scatter plot. As a complement to cluster analysis of dissimilarity in compositions 
of terminal restriction fragments between treatments; relative percentage in occurrence of 
gene fragments within samples are presented. Relative percentages of terminal restriction 
fragments within samples were obtained by dividing area of single peaks with total area of 
peaks within samples. Data was presented in circle diagrams and peaks contributing to less 
than one percentage were excluded.   
 
 
Bleaching of dissolved organic material  
 
The bleaching of dissolved organic compounds was analyzed on a spectrophotometer by 
measuring the absorbance at wavelengths between 200 and 500 nm. Filtrates from the DNA 
sampling was used for this spectral analysis. Values from the same treatments were pooled 
and average values are presented. The ratio between absorbance at 250 nm and 365 nm was 
used as an indirect measure of the average molecular weight of DOM ina given water (Strome 
& Miller 78). As a complement, absorbance at 430 nm was also compared between 
treatments.  
 
Statistics  
 
All statistical analyses were preformed using Statistica for Windows (Statsoft). One-way 
ANOVAs and Tukey post hoc tests were conducted to evaluate differences between 
treatments.  
 
Relative distances in community structure between treatments was analyzed by running a 
two-dimensional nonmetric multidimensional scaling test with dissimilarities based on 
absence or presence of 16s rRNA terminal restriction fragments. Results were presented on a 
two-dimensional scatter plot and K-means clustering was used to distinguish cluster patterns 
within the plot. Similarity between peaks within and between samples was calculated using 
Sorensens equation: Dxy = 2Nxy/(NX + Ny), Nx and Ny represent numbers of peaks in 
sample x or y, and Nxy represented all peaks present in all treatments. This similarity matrix 
was used to construct a dissimilarity matrix.  
 



Results  
 
Bacterial growth 
 
Bacterial abundance was measured on a daily basis. Bacterial cultures incubated at high 
intensities of UVA and UVB radiation showed a prolonged lag phase compared to dark 
controls and low-exposure treatments (Fig. 5). In contrast, a growth rate in the exponential 
growth phase was greatest in treatments with the highest intensity of UV radiation (1.1 
million cells ml-1day-1) (Figure 5). Abundance of cells at stationary phase in treatments 
exposed to UV radiation was less stable than in dark controls. Still, there were no significant 
differences in average abundance between treatments at stationary phase, all cultures 
exhibited total abundances within a range of 2-2.4 million cells/ml (Figure 5).  
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Figure 5.  Bacterial abundance (cells ml-1) as a function of incubation time (days). Each data point represents
 average values from four replicates; standard deviations are presented as error bars. Graph a-e
 symbolize treatments ranging from high to low exposure of U-radiation a) UVA = 0,421 mW/cm2/
 UVB= 0,036mW/cm2 b) UVA = 0,106 mW/cm2/ UVB= 0,003mW/cm2  c) UVA = 0,008 mW/cm2/
 UVB= 0mW/cm2 d) UVA = 0,0005 mW/cm2/ UVB= 0 mW/cm2  d) dark control  
 



Average bacterial cell volume at stationary phase was stimulated by increasing UV irradiation 
(figure 6). There were significant differences in average cell volumes between treatments 
(P>0.05, F=3.25).  
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Figure  6.  Average bacterial cell volume (µm3) at stationary phase in light intensity 1-4 (high to low exposure
 of UV-radiation) as well as in light intensity 5 (dark controls). Each data point consists of average 
 values  from four replicates; standard deviations are presented with error bars.  
 
 
Total bacterial biomass at stationary phase was calculated from measurement of bacterial 
length and width from 7th of September and mean value of bacterial abundance at stationary 
phase. Accumulated biomass was positively correlated with increasing UV radiation (figure 
7). Variations in biomass were mainly explained by difference in cell volumes between 
treatments. Differences in biomass between treatments at stationary phase were significant 
(P>0.05, F=4.17). There were no great differences in biomass between light treatments 2-4. 
 

  

0,00

0,10

0,20

0,30

0,40

0,50

0,60

1 2 3 4 5

light intensity

bi
om

as
s 

(n
g 

C
/m

l)

 
Figure 7.  Average bacterial biomass (ng C ml-1) at stationary phase in light intensity 1-4 (high to low exposure
 of UV-radiation) as well as in light intensity 5 (dark controls). Bars represent average values from
 four replicates; error bars denote standard deviation. 



Biomass production rate and accumulated biomass at stationary phase were not correlated 
(figure 7-8). There were significant differences in stationary-phase biomass production rates 
between treatments (P>0.05, F=5.33). Highest production rates were observed in the light 
treatment with the lowest intensity of UV radiation, e.g. excluding dark controls, production 
rates were negatively correlated with increasing UV-radiation. 
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Figure 8.  Average productions rate (C ng /L h) at stationary phase in light intensity 1-4 (high to low exposure
 of UV-radiation) as well as in light intensity 5 (dark controls). Bars mark average values from four
 replicates; standard deviations are presented with error bars.  
 
Community structure  
 
Relative distances in community structure between treatments was analyzed by running a two 
dimensional nonmetric multidimensional scaling with dissimilarity of absence or presence of 
16s rRNA terminal restriction fragments. Results are presented in a two dimensional scatter 
plot (figure 9). This analysis showed that bacterial communities in treatments with the highest 
intensity of UV as well as bacterial communities incubated in the dark were slightly different 
from the other treatments. Light treatment 2 showed some overlap with light treatment 1 and 
4. Light treatments 3 and 4 were closely connected with great overlaps in community 
composition. As a general trend, increased UV radiation seemed to alter bacterial 
communities in more exposed treatments than in less exposed when compared to communities 
in dark control.  
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Figure 9. Two dimensional nonmetric multidimensional scaling of relative distances in community
 composition between treatments. Dissimilarity in absence and presence of 16s rRNA terminal
 restriction fragments were used as responses. 1= light intensity 1, 2 = light intensity 2, 3 = light
 intensity 3, 4 = light intensity  4, 5 = light intensity  5. a, b, c, d are replicates of same treatment.
 Light intensity 1-4 (high to low exposure of UV-radiation) light intensity 5 (dark controls). 
 Dashed lines represent distinct clusters patterns from K-mean analysis.   
 
 
Relative percentages of terminal restriction fragments within samples were obtained by 
dividing area of single peaks with total area of peaks within samples. Data are presented in 
circle diagrams (figure 10). Gene fragments with size of 79 bp(A), 201 bp(C), 205 bp(E), 206 
bp(F) and 332 bp (H) stood for high percentage of total peak area in treatment exposed to 
highest intensity of UV radiation. In dark controls, gene fragments with a size of 87 bp(B) and 
205 bp(E) contributed more than 50 % of total peak area. As a general trend, the relative 
percentage of gene fragments with size of 79 bp(A), 201 bp(C) and 206 bp(F) increased with 
increasing intensity of UV-radiation. Gene fragment E had high abundance in all treatments. 
Gene fragments with a size of 87 bp(B) decreased in relative abundance with elevated UV 
radiation. Also interesting to notice is that light treatment 1 and 2 were the only treatments 
showing peaks with a gene fragment size of 332 bp(H).  
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Figure 10. Relative percentages of terminal restriction fragments (TRF) within samples at stationary phase. Each 

diagram consists of average value from four replicates. Gene fragments contributing less than 1 % 
were included in category “others”. Category A= gene fragment of size 79 base pair, B = gene 
fragments of size 87 base pair, C = gene fragments of size 201 base pair, D =gene fragments of size 
203 base pair, E =gene fragments of size 205 base pair, F =gene fragments of size 206 base pair, G 
=gene fragments of size 207 base pair, H =gene fragments of size 332 base pair, I =gene fragments of 
size 446 base pair. Diagram a) show composition of TRFs in light intensity  1 b) show composition of 
TRFs in light intensity  2 c) show composition of TRFs in light intensity  3 d) show composition of 
TRFs in light intensity  4 e) show composition of TRFs in light intensity 5. Light intensity 1-4 (high 
to low exposure of UV-radiation) light intensity 5 (dark controls) 

 
 
 
 
 
 
 
Bleaching of dissolved organic material  
 
There were no significant differences in absorbance at 430 nm between treatments (P <0.05, F 
= 0.62) or in ratios between absorbance at 250nm and 365 nm (p <0.05, F = 2.01). Even if no 
statistically significant trends were observed, increasing intensity of UV radiation appeared to 
give a somewhat lower absorbance at 430 nm and an increasing ratio between absorbance at 



250 nm and 365 nm. This observation is likely connected to a decrease in the amount of high 
molecular weight organic carbons in response to elevated photo degradations and generation 
of low molecular weight organic carbon (table 2).   
 

Table 2.  Absorbance of water contents at stationary phase(7th of September) from treatments exposed to light
 intensity 1-4 (high to low exposure of UV radiation) as well as from treatment exposed to light
 intensity 5 (dark controls).  

Light 
intensity 

Absorbance ratio  
250:365 nm 

Absorbance 
 at 430 nm 

1 9,6 ± 2,2 0,0129 ±  0,002 
2 8,9 ± 1,8 0,0121 ± 0,005 
3 6,6 ± 1,2 0,0133 ±  0,005 
4 6,8 ± 2,1 0,0131 ±  0,001 
5 6,9 ±  0,9 0,01585 ±  0,003 

 
 
 
Discussion 
 
This study showed that the intensity of UV radiation can have a significant impact on the 
composition and growth of aquatic bacterial communities. Bacterial communities exposed to 
high intensity of radiation exhibited altered community structure and elevated biomass 
volume compared to dark controls. Results from fingerprinting of 16 s rRNA gene restriction 
fragments showed that some fragments (332 base pair) were only abundant at high intensities. 
It was also seen that as a result of increased UV-intensity, the abundance of some fragment 
sizes (79 base pair, 201 base pair, 206 base pair) increased at the expense of other fragments 
sizes (87 base pair). In earlier studies, change in bacterial community composition has either 
been explained by a shift in the quality of dissolved organic matters or with physiological and 
morphological variations between bacterial species to cope with increased UV-stress. For 
example, Docherty et al (06) showed that quality and concentration of dissolved organic 
matters have a great influence on aquatic bacterial community. As the pool of dissolved 
organic matters is shifting there is a favored growth of bacterial species specialized on certain 
carbon resources and an inhibition of the growths of more generalistic species. In contrast, 
Joux et al (99) showed that UV-mediated shifts in aquatic (marine) bacterial communities 
could be explained by interspecific variations in the formation rate of photo generated DNA-
lesions. In studies from Arriéta et al (00) it was concluded that bacterial communities exposed 
to UV-radiation changed because of inter-species variation in the sensitivity of DNA-
replication as well as protein synthesis. My study suggest that both of these processes are 
working in parallel where shifts in quality of dissolved organic substrates as well as 
morphological differences in bacteria species to cope with UV-stress influenced bacterial 
community composition.  
  
Signs of altered community compositions were also seen as bacterial cell size was compared 
between treatments. I suggest that enrichment of photo-produced low molecular weight 
carbons serving as growth substrates for heterotrophic bacteria caused an increase in cell size. 
It has also been shown previously, that cells accumulate proteins to cope with UV-stress 
(Booth 01) or that the generation of compounds such as reactive oxygen species and humic 
substances inhibit cell division and enhance cell size (Lindel 95).  
 



The complexity in how UV-radiation affects bacterial communities become apparent when 
the protein production rate at stationary phase was compared. Low bacterial biomass 
production was seen in samples exposed to 12 hours of high intensity UV radiation compared 
to treatments exposed to lower intensities. However, bacterial biomass productions in dark 
controls were even lower and this could be a result of starvation caused by the absence of 
photoproduction of organic substrates. One issue to consider is that these measures were taken 
immediately after a 12h irradiation period. Stationary phase biomass production rates may 
respond in contrasting ways to UV-exposure if these measures were taken after a 12 h dark 
period instead.  
 
Treatments exposed to UV radiation showed prolonged pre-growth lag-phase compared to 
dark controls. One explanation for this pattern is that less abundant and UV-resistant cells 
may grow at the expense of more abundant, UV-sensitive species. Treatments exposed to 
high-intensity UV radiation showed the fastest growth rate in the exponential phase. Growth 
rates may quickly increase as resistant cells gained in cell abundance and experience a wealth 
of UV-produced organic low molecular weight growth substrates. In dark controls, a higher 
ratio of overlap in microhabitat and competition for nutrients was believed to slow down 
growth rates (Wetzel 01). Prolonged lag phases in treatments with high intensity of UV-
radiation could also be explained by enhanced protein synthesis at the expense of replication. 
In earlier studies, it was seen that proteins crucial for DNA-repair, e.g. RecA, increased in 
response to increasing radiation (Both et al 00). Cell abundance at stationary phase in 
treatments exposed to UV radiation was less stable than in dark control. Such instability may 
be a result of UV-caused induction of lytic viral cycles in lysogenic bacteria (Bird et al 02).  
 
Increased bacterial biomass and production of low molecular carbon could have a stimulating 
effect on aquatic food webs and increase the total biomass volume in these ecosystems. 
Increased photo-decomposition of high molecular weight organic compounds would change 
the light climate and increase the penetration depth of UV-radiation as well as the penetration 
depth of photosynthetic radiation. Increased penetration of UV-radiation would increase 
photo-decomposition of high molecular carbon and hence stimulate the bacterial food-web 
component at greater depth. Primary producers that rely on photosynthetic radiation would 
also increase in abundance as more light penetrate the water column. Other cryptic effects, 
such as UV-driven inhibition of bacterial predators or other food-web components could be 
expected, but the magnitude and net-effect of such processes are hard to predict and poorly 
studied.   
 
In this study it was seen that increased UV-radiation stimulated the abundance of some 
bacterial population (e.g. represented by TRFs of the following lengths; 79 base pair, 201 
base pair, 206 base pair) while another bacterial population (87 base pair) was inhibited. 
These observations were comparable to what have been seen in earlier surveys of UV-
sensitivity of individual marine bacterial strains (Arrieta et al 00, Agogue et al 05). The 
majority of these studies have focused on how specific strains of marine bacteria are affect by 
UV-radiation while the present study focus on explaining how the total freshwater bacterial 
community is changing as a response to UV-radiation. In agreement with Arrieta et al (00) it 
was seen that some bacterial species are more sensitive to UV-radiation than others and thus 
decreased in abundance with increasing UV-radiation. In study from Agogue et al (05) it was 
observed that gamma-proteobacteria of strain Pseudoalteromonas and Alteromonas are highly 
resistant against increased UV-radiation while gram-positive bacteria with low G-C content 
are sensitive to UV-radiation. To further assess and describe responses of freshwater bacteria 



to UV-radiation, either controlled studies with representative isolates or community levels 
studies complemented by sequencing for identification are required. 
 
Conclusion 
 
In this study I show that enhanced UV irradiations alter aquatic bacterial communities and 
stimulate bacterial biomass accumulation. This enhanced bacterial biomass accumulation was 
likely a result of enhanced photo degradation of high molecular dissolved organic carbons 
leading to enrichment of low molecular organic substrates. An inhibitory effect with 
depressed protein synthesis was seen as bacteria were exposed to expended periods of UV 
radiation. Altered community structure was also believed to be coupled to an enrichment of 
organic substrates and variation in UV-sensitivity among species in the native 
bacterioplankton community.  
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