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1. Abstract 
This study investigates the influence of UV radiation on actively growing freshwater 
bacterioplankton. Integrated water samples from the top 1.5 m of Lake Erken were 
sampled on three occasions (late winter, early spring and early summer) for experiments 
where light climate was manipulated. Bromodeoxyuridine (BrdU), a halogenated thymine 
analogue was used for labeling newly synthesized DNA in proliferating cells. The 
composition of the total and replicating bacterial community was investigated by 
Terminal-Restriction Fragment Length Polymorphism (T-RFLP). Statistical analysis of 
community data by means of nonmetric multidimensional scaling (NMS) and cluster 
analysis based on a dissimilarity matrix, showed that the experimental light regimes had a 
negligible influence on bacterial community composition. Instead, season and the type of 
community (i.e whether active or total), were the two main factors affecting clustering 
the samples. Our study do not support the hypothesis that solar-UV is a major factor in 
controlling bacterial community composition in lakes, at least not over shorter timescales.  
 

2. Introduction 
Despite legislation to phase out of manufactured ozone depleting compounds before 
2040, stratospheric ozone depletion has increased over the last few years (Häder 2001). 
In addition to the patchy “ozone holes” initially detected at the North and South poles 
(Stolarski 1997, Madronich et al. 1998), the ozone layer is now being eroded at mid and 
high altitudes, resulting in a concomitant increase in solar UV radiation (UVR) at the 
Earth’s surface (Kerr and McElroy 1993) Although the decreased use of ozone-depleting 
compounds, their long life-span coupled with the slow movement of these chemicals 
within the stratosphere, account for the notable increase in ozone depletion. This trend is 
predicted to continue well into the current century with a return to pre-80s levels only by 
the year 2065 (Häder 2006).  
UV radiation have the capacity to degrade chromophoric dissolved organic carbon 
(DOC) (Dahlén et al. 1996). Hence elevated levels of UV radiation reaching the surface 
of the earth combined with such “bleaching” of surface waters will act in synergy in 
creating an enhanced exposure of aquatic organisms to UV radiation. All aquatic 
organisms appear to be susceptible to UVR, although the degree of sensitivity to UVR 
varies among organisms (Sinha et al. 1996). The effect of UVR on the ecology of 
microorganisms has been studied within aquatic systems (Häder 2000) with each type of 
UV radiation causing damage in some particular ways (Karentz et al. 1994). 
 

2.1 Direct Effect of UV on Bacteria 
2.1.1 UV-A 
UV-A radiation (320 to 400 nm) only cause indirect damage to cellular DNA, proteins, 
and lipids by catalyzing the intracellular formation of chemical intermediates such as 
reactive oxygen species (ROS) during photo-oxidative processes (Agogué et al. 2005). 
Cells may be killed when ROS interacts with the DNA and causes single-strands to 
break. ROS can also cause lethal or mutagenic base modifications. These include 
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photoadditions, formation of modified bases such as 6-hydroxy-Cyt and cytosine glycol 
and photo-oxidations generating compounds such as 8-oxo-deoxyguanosine. (Miller et al. 
1999) 
2.1.2 UV-B 
UV-B radiation (280 to 320 nm) causes both direct and indirect DNA damages. Some of 
the direct effects involve photodimerizations between adjacent pyrimidine bases, 
photodehydration of cytosine and in much lower frequencies also inter- and intra-strand 
cross-links, protein-DNA cross-links and rare base adducts (Miller et al. 1999). These 
reactions result in the formation of DNA photoproducts, of which the cyclobutane 
pyrimidine dimers (CPD) and the pyrimidine (6-4) pyrimidinone photoproducts are the 
most common (Agogué et al. 2005). CPD can be lethal if the lesion blocks DNA 
synthesis and RNA transcription or can be mutagenic if the lesion is bypassed by DNA 
polymerase (Joux et al. 1999). 
2.1.3 UV-C 
Although the UV-C (100 to 290 nm) has far more potential to directly damage the DNA, 
the stratospheric ozone layer screens out of the UV-C before it can reach the earth’s 
surface. (Miller et al. 1999). Hence it has little relevance for surface waters, but is often 
exploited for sterilization in technical systems  
 

2.2 High Vulnerability of Bacteria to UV Damage 
UVR can be particularly deleterious for bacteria because these organisms have simple 
haploid genomes with little or no functional redundancy while their small size limits their 
potential for cellular shading or protective pigmentation (Garcia-Pichel 1994).Their 
genetic material also comprises a significant portion of their cellular volume which 
increases the risk of DNA photodamage (Kaiser and Herndl 1997). Moreover, UV 
absorbing compounds, such as mycosporine-like amino acids and scytonemin, which 
confer some UV-protection in eukaryotic organisms and cyanobacteria, appear not to be 
widespread in bacterioplankton (Garcia-Pichel 1994, Shick and Dunlap 2002).  

2.3 Bacterial DNA Repair Systems 
In response to UV damage, bacteria have several repair mechanisms. These mechanisms 
are usually classified into dark repair and photoreactivation. There are three different 
dark repair mechanisms; (i) nucleotide excision repair (NER), (ii) postreplication 
recombinational repair, and (iii) error-prone repair. All mechanisms are inducible as part 
of the SOS regulon, and the induction is dependent on DNA damage (Walker 1984, 
Simonson et al 1990, Quaite et al 1994, Smith and Walker 1998). On the other hand, 
photoenzymatic repair (PER) is a light-dependent repair mechanism that uses a 
photolyase enzyme that can be activated by different wave lengths, such as UV-A (315 to 
340 nm) and photosynthetic active radiation (PAR) (400 to 700 nm).While PER is an 
important part of DNA repair during daylight, NER is a major component of the dark 
repair system at night (Fernandez Zenoff et al 2006). 
2.3.1 PER 
During PER (also known as photoreactivation repair), DNA damage is excised as free 
bases by the enzyme photolyase. Sites of base loss called apurinic or apyrimidinic (AP) 
sites are sunsequently generated. The AP sites are substrates for AP endonucleases which 
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produce incisions in duplex DNA as a result of the hydrolysis of a phosphodiester bond 
immediately 5' or 3' to each AP site. The ribose-phosphate backbone is then removed 
from the DNA through the action of a specific exonuclease called 
deoxyribophosphodiesterase or dRpase. Finally, the DNA polymerase and a ligase 
catalyze the incorporation of a specific deoxyribonucleotide into the repaired site, 
enabling correct base pairing (Figure 1) (Friedberg et al. 1995). Besides PAR, irradiation 
with UV-A can also induce photoreactivation repair in bacterioplankton (Kaiser and 
Herndl 1997). 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
2.3.2 NER 
Along with PER, NER is also a fundamental repair mechanism since field studies have 
shown that marine bacterioplankton repair much of the DNA damage at night after 
diurnal exposure to sunlight (Jeffrey et al. 1996, Lyons et al. 1998, Pakulski et al. 1998). 
UV radiation can generate bulky base adducts (ex: thymine dimers) in bacterial DNA, 
leading to significant distortion of the DNA helix. During NER, DNA endonucleases 
make an incision in the DNA, several nucleotides to each side of the distortion, 
generating a potential oligonucleotide fragment. Subsequent helicase reactions promote 
the excision of this fragment. The resulting gap is filled by DNA polymerase synthesis 
and covalently sealed by DNA ligase (Fig 2). (Augusto-Pinto et al. 2003). Unlike PER, 
NER requires mobilization of energy and is hence partly dependent on the nutrient status 
of the water (Joux et al 1999) 

Figure 1: Schematic representation of base excision 
repair. Base damage (represented as X) is recognized 
and removed by specific DNA glycosylases (eg 
photolyases, in yellow), generating an AP site. AP 
endonucleases (shown in blue) then hydrolyses the 
phosphodiester bond immediately 5´ or 3´to each AP 
site and the ose-phosphate backbone is removed 
from DNA through the action of dRpase (in red). 
Finally, the resulting single nucleotide gap is filled 
by the action of DNA polymerase, and a ligase seals 
the repaired strand. dRpase = 
deoxyribophosphodiesterase. (Friedberg et al. 1995) 
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2.4 Limitation of the Repair System 
During high UV exposure, the bacterial repair system cannot totally offset the damage 
caused by UVR. For instance, the equilibrium between UV damage and PER is governed 
by the passive movement of bacterioplankton within the mixing layer, where they are 
alternately exposed to high levels of damaging solar UV radiation near the surface and 
beneficial UV-A/blue light at greater depths. Accordingly, it was found that PER could 
not repair all the damage done to the DNA of a typical marine microorganism on a sunny 
day in the ocean (Miller et al. 1999). On the other hand, in many bacterial species, NER 
is usually designed to cope with the amount of UVR that the species are usually exposed 
to. However with additional UV-induced damage associated with the thinning of the 
ozone layer, NER in some bacterial species may not be able to cope with the damage 
caused by this increase in radiation (Miller et al. 1999).  
 

2.5 Identification of replicating bacterial cells 
In order to identify and describe the replicating portion of naturally complex bacterial 
communities, Bromodeoxyuridine (BrdU) was used for labeling newly synthesized DNA 
in proliferating cells. 
Bromodeoxyuridine (5-bromo-2-deoxyuridine, BrdU, Fig.3) is a synthetic thymidine 
analog that is used analogously by the cell. BrdU is incorporated into the newly 

Figure 2: Schematic representation of nucleotide 
excising repair (NER). The UvrAB heterodimer 
scans the DNA searching for large distortions in the 
helix such as the ones caused by pyrimidine dimers. 
Once a damaged site is found, UvrA proteins (dark 
green) dissociate, and a stable UvrB-DNA (light 
green) complex is formed. UvrC (blue) associates to 
bound UvrB and enables UvrB protein to nick the 
DNA at the fourth nucleotide 3´ incision, UvrC 
protein catalyzes nicking of the DNA at the seventh 
nucleotide, 5´ to the damage. The potential 
oligonucleotide fragment that is generated is 
removed by the helicase. The remaining gap is filled 
up by the polymerase synthesis and repair is 
completed by ligase. Augusto-Pinto et al. 2003) 
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synthesized DNA of replicating cells (during the S phase of the cell cycle) by substituting 
for thymidine during DNA replication. BrdU incorporated into DNA during replication 
can then be detected using anti-BrdU monoclonal antibodies that are conjugated to 
fluorescent markers (Hamasaki et al. 2007). A common immunocapturing technique 
makes use of bromodeoxyuridine (BrdU) and anti-BrdU antibody conjugated with 
magnetic beads that allows for separation of DNA fragments of actively growing bacteria 
from the total DNA (Borneman 1999, Urbach et al. 1999).  
This technique, combined with other community profiling methods such as PCR-DGGE 
and 16S rRNA gene fingerprinting or sequencing, have been used for quantifying DNA-
synthesizing bacteria in seawater (Steward and Azam 1999, Pernthaler et al. 2002, 
Nelson and Carlson 2005, Pernthaler and Pernthaler 2005, Warnecke et al. 2005, 
Hamasaki 2006), distinguishing actively growing bacteria from the bacterial community 
in the ocean (Hamasaki et al. 2004, Hamasaki et al. 2007, Taniguchi and Hamasaki 2008) 
and visualizing actively growing bacteria at a single cell level (Hamasaki et al. 2004). 
Recently, Edlund et al (2008), made use of the BrdU-immunoassay together with T-
RFLP analysis to study the community structure of active bacteria in the Baltic Sea 
sediment . 
 

 
 
 
 
 
 
 
 
 
 
 

 
In laboratory-based studies based on pure cultures, it has been found that not all bacteria 
incorporate thymidine (Jeffrey and Paul, 1990). This may imply that bacteria which are 
not responsive to thymidine may also be incapable of incorporating BrdU due to the lack 
of a membrane transporter or thymidine kinase (Pollard and Moriarty. 1984). Based on a 
growing number of studies applying this technique (Urbach et al. 1999, Pernthaler et al. 
2002, Hamasaki et al. 2004, Hamasaki et al 2007), 61 out of 65 isolates belonging to 
diverse phylogenetic groups (i.e., Alphaproteobacteria, Gammaproteobacteria, 
Betaproteobacteria, Cytophaga-. Flavobacterium-Bacteroidetes group (CFB group), 
low-G/C-content gram-positive bacteria, and Actinobacteria) incorporated BrdU. 
Although this points to the potential for using the BrdU assay broadly to phylogenetically 
diverse assemblages of bacterioplankton, some of the bacterial isolates that could not 
incorporate BrdU were affiliated with the CFB group. This group has been reported to 
sometimes dominate bacterial assemblages in the seawater environment and form tight 
associations with organic particles. Moreover, while the BrdU immunoassay specifically 
capture the DNA-synthesising bacteria, DNA synthesis can be discontinuous in slowly-
growing bacteria (Helmstetter 1996). Hence active, but nevertheless slowly-growing 

Figure 3: Structural formula of 5-bromo-2-
deoxyuridine, BrdU 
Source: http://en.wikipedia.org/wiki/BrdU 
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bacteria may not incorporate BrdU at a detectable level during the BrdU incubation 
period  Some bacterial strains have also been reorted to exhibit diurnal synchronicity in 
DNA synthesis (Armsbrust 1989, Sabehi et al 2004). Two studies (Smith and del Giorgio 
2003, Pernthaler and Pernthaler 2005) yielded corroborating results that the average 
fraction of substrate-incorporating ‘active’ bacterioplankton was approximately 30%. 
Moreover, there is a lower limit for retrieving and detecting BrdU-labeled DNA, mainly 
because of a loss of labeled DNA during immunocapture. However, captured DNA 
present at very low concentration, can be successfully amplified and detected by PCR 
which is a very sensitive DNA amplification method. 
 

2.6 Indirect Effects of UV on Bacteria 
Besides directly affecting the bacterial community through genetic and cellular damage, 
bacterioplankton can also be indirectly affected by UVR. While, UVR generally has a 
negative effect on aquatic viral abundance and infectivity (Suttle and Chen 1992, Noble 
and Fuhrman 1997, Wilhelm et al. 1998), UVR has also been identified as an important 
inducing agent of the lytic cycle in lysogenic bacteria (Freifelder 1987, Miller et al. 
1999), thereby increasing both bacterial mortality and viral production (Maranger et al. 
2002). Conversely, UVR may lead to an increase in bacterial abundance by reducing the 
rate of grazing of bacterivorous flagellates (Sommaruga et al. 1996). UVR can also 
stimulate bacterial growth through the photochemical degradation of refractory dissolved 
organic carbon (DOC) into more bioavailable forms (Kieber et al. 1989, Lindell et al. 
1995, Bertilsson and Tranvik 1998). However, in some cases, this photochemical 
transformation of DOC can reduce its bioavailability to the bacterioplankton (Tranvik 
and Kokalj 1998, Obernosterer et al. 1999, 2001). 

2.7 Net Effect of UV on Bacterioplankton  
UVR can indirectly increase bacterial abundance by inhibiting bacterivores and viruses 
and by increasing the bioavailibility of recalcitrant DOC. Moreover, its detrimental 
effects have also been largely investigated. Studies have shown that UVR inhibits 
bacterioplankton by reducing DNA, protein and lipid synthesis (Herndl et al. 1993, Aas et 
al. 1996), exoenzymatic activity (Muller-Niklas 1995), amino acid uptake (Bailey et al 
1983) and oxygen consumption (Pakulski et al. 1998). This can ultimately cause a 
decrease in bacterial abundance and activity (Muller-Niklas 1995, Pakulski et al. 1998). 
The stimulatory and inhibitory effects mentioned above, can occur in parallel and through 
different pathways (Maranger et al. 2002).  

2.8 UV, Bacterioplankton and Ecosystem services 
Bacteria play a vital role in the mineralization of organic matter and in the flux of certain 
nutrients such as carbon in aquatic ecosystems (Häder et al. 1998). Through respiration, 
heterotrophic bacteria check the accumulation of organic matter, regenerate nutrients for 
photosynthetic production, and thereby modulate the net flux of carbon dioxide into the 
aquatic system (Van Mooy et al. 2004). Having a high growth and turn-over rate, 
bacterioplankton productivity is comparable to phytoplankton primary productivity 
(Häder 2001). According to the microbial loop hypothesis, bacterioplankton is seen at the 
center of a food web, having similar function to phytoplankton and protists and providing 
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a trophic link to higher organisms (Häder 2001). Moreover, Cyanobacteria are important 
ubiquitous prokaryotes that possess a higher plant-type oxygenic photosynthesis and 
account for up to 40 % of the marine biomass production. In addition to being key 
players in aquatic productivity and in atmospheric carbon dioxide recycling, several of 
these organisms are capable of fixing atmospheric nitrogen which makes them a very 
important source of biological fertilizers for wetland ecosystems such as rice paddies. 
Consequently, the effect on UVR on bacterioplankton may affect the integrity of aquatic 
ecosystems which can have global repercussions including loss of biomass, such as food 
sources for humans, changes in species composition, decrease in availability of nitrogen 
compounds, and reduced uptake capacity for atmospheric carbon dioxide, resulting in the 
potential augmentation of global warming (Häder 2001). Bacterioplankton have been 
found to play a central role in the cycling of nutrients, and constitute a fundamental link 
in carbon flow (Häder et al. 1998, Van Mooy et al. 2004). Hence, the study of the 
influence of UV radiation on bacteria in the environment is of primary importance. 
 

3. UVR and bacterial community composition 
While some studies found no evidence of adaptation to high UVR levels among 
bacterioplankton (Herndl et al 1993, Arrieta et al 2000, Agogué et al 2005, Fernandez 
Zenoff et al 2006), large interspecific differences in sensitivity to UV radiation and 
recovery from previous UV stress have also been reported (Joux et al. 1999, Arrieta et al. 
2000, Agogué et al. 2005, Fernandez Zenoff et al 2006, Alonso-Sáez et al 2006). Hence, 
while measurements of the activity of the bulk bacterioplankton community indicate clear 
relationships between UV dose and inhibition in bacterioplankton activity (Aas et al 
1996, Herndl et al 1993, Kaiser and Herndl 1997, Sommaruga et al 1997), interspecific 
differences in the response of selected bacterial isolates to UV radiation obviously do 
occur. 
 
AIM 
The aim of this study was to study the influence of UVR on the composition of the 
bacterioplankton community with special focus on the replicating subset of the total 
community. We also hypothesized that as ambient UVR intensity increases as we move 
from winter to summer, phototolerant bacterioplankton species will be selected for, 
possibly triggering seasonal shifts in the composition of metabolically active 
bacterioplankton. To address these questions, surface water from Lake Erken was 
sampled during winter, spring and summer and incubated under experimentally 
manipulated light regimes (darkness and artificial UV). We applied PCR amplification of 
16S rRNA genes in combination with T-RFLP and BrdU immunocapture to detect 
actively growing bacteria and shifts in the replicating bacterial community. Bacterial 
abundance, bulk bacterial production as well as other related background variables were 
also measured before and after the experimental exposure to artificial light. 
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4.Materials and Methods 
4.1 Site and sampling dates 

 
 
 
 
Water for the experiments was taken from Lake Erken (Fig 
4), a mesotrophic lake situated close to the Baltic east coast of 
Sweden (2370 ha, 59°51’ N, 18°36’W). Integrated water samples from the upper 1.5 m 
were taken in the morning at the deepest point of the lake (21 m). The sampling was 
repeated at 3 sampling occasions – April 8 (ice covered), April 29 (beginning of spring) 
and May 30 (beginning of summer) 2009. Lake water was collected in three pre acid-
washed 10L polypropylene bottles. Samples were immediately brought back to the 
laboratory and were processed within 10 min (Fig 5). Incident PAR, UVA and UVB were 
measured at 0.5 m intervals for the top 2 m of the water column using an IL1400A 
radiometer with exchangeable sensor heads (International Light, USA).Temperature and 
oxygen profiles of the upper 2 m were collected using an integrated temperature-oxygen 
meter (WTW OXI 340i, Christian Berner AB, Germany). Integrated measurements of 
temperature, secci depth, absorbance at 420nm, dissolved oxygen, oxygen saturation, 
organic, inorganic and total nitrogen and phosphorus concentration of the upper 1.5 m, 
were available from the lake Erken water quality monitoring programme maintained by 
the Norr Malma Limnological station at Lake Erken (Table 1). 
 
Table 1: Data obtained from the Norr Malma Limnological station at Lake Erken. Values 
are integrated measurements of the upper 1.5 m taken at the deepest point of the lake  

 
4.2 Experimental Set-up 
In total 3 experiments (Fig 5 & 6), were conducted between April and August 2009. 
Immediately after being brought to the laboratory, the sampled lake water was pre-
filtered through a 100 µm net to exclude large particles and subsequently sampled for 
absorbance, total organic carbon (TOC), dissolved organic carbon (DOC), substrate 
quality, bacterial abundance, bacterial cell volume, bacterial biomass, bacterial 
production (leucine incorporation rate) and bacterial community composition. 
Each experiment was carried out at the respective in situ lakewater temperature 
(Sampling 1, 4oC; Sampling 2, 6oC and Sampling 3 17oC). 
The experiment consisted of 14 containers (16 cm depth) made of UV-transparent 
polypropylene. The containers were filled with 1.2 L of the pre-filtered lake water and 

Fig 4: Lake Erken in southeast Sweden where water 
samples were taken.  
Source: www.ebc.uu.se/norr.malma/bilder/map.gif 
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placed in a larger container (105 L) that was filled with lake water. Water temperature in 
the larger container was constantly monitored and adjusted to in situ lakewater 
temperature throughout the experiment. Artificial light was provided by 3 UVA 
fluorescent tubes (UVA-340, Q-Panel Co., Canada) and 1 PAR fluorescent tube (Osmam 
L36W/12-950, Lumilux de Luxe, Germany) placed 38 cm above the 14 experimental 
containers (Fig 7a). Light incidence (PAR, UVA and UVB) at different points (Fig 6a) 
was measured as described above and containers were positioned such that the light 
regime conditions were as even as possible for the set of containers (Fig 6, 7c). The 
containers were either exposed to 6 h of artificial light or kept dark as controls. After this 
incubation, the volume in the containers was adjusted to 1L and BrdU was added. The 
200 mL removed from each container was immediately used for analyses of absorbance, 
bacterial abundance, bacterial production and substrate quality. Two types of control 
were used during the experiment – ‘dark’ controls and ‘BrdU’ controls. For the ‘dark’ 
controls, containers were wrapped in aluminum foil in order to avoid light exposure (Fig 
7c). The ‘BrdU’ controls consisted of two containers (a transparent one and one wrapped 
in aluminum foil) where no BrdU was added.  
 
The amount of UVA, UVB and PAR received by the containers during the 6 h exposure is 
equivalent to approximately 303, 3888 and 7143 % of PAR, UVA and UVB received on an 
average cloudless summer day per meter depth of the water column (Integrated readings of 
1 minutes were taken on May 30 2009 just above the water surface) (Table 2) 
 
Table 2: Intensities and doses of PAR, UVA and UVB radiation for natural and 
simulated solar radiationa 

Type of radiation Parameter 
PAR UVA UVB 

Natural solar radiation    
   Recorded Intensity 532 e  1286 f  37 f  
   Daily irradiance Doseb  19224 g  60048 h  1728 h 
   Daily dosage per meteri 961 3002 86 
    
Simulated solar radiation     
   Average Intensityc  16±1 e 637±58 f  34±3 f  
   Experimental dose (6 h)d  408 g  16344 h  864 h 
   Daily dosage per meter 2914 1167423 6171 
   % of natural daily dose per meter 303 3888 7143 
a The intensity and doses of natural solar radiation was measured on a cloudless day (May 30 2009) at 0900 
in Erken 0.5 m above the water surface 
b Daily dose was worked out from integrated measurements of 1 min taken on the same day and time, 0.5 m 
above the water surface and assuming a daily 12 h of light coverage 
c Data are means (± SD) based on radiation readings taken at 9 different places in the experimental bucket 
on the rim of the experimental containers 
d Experimental dose was worked out from integrated measurements of 5 min taken during the experiment 
e In µEm-2sec-1 

f In µWcm-2 
g In mEm-2 

h In mJcm-2 
i Daily dosage per meter was worked out assuming complete mixing of the whole water column (20 m for 
Lake Erken and 0.14 m for the experimental containers) 
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Except for the two BrdU controls, BrdU (20 µM final concentration, Roche Diagnostics, 
Mannheim, Germany) and thymidine (33 nM final concentration, Sigma-Aldrich, Seelze, 
Germany) was added to the containers. The 12 containers were then divided into 2 sets 
each consisting of 3 UV-exposed containers and 3 dark controls. The first set of 
containers was left to incubate for 2 h in darkness while the second set was incubated for 
4 h in a similar way before water was filtered for subsequent DNA extraction. The two 
BrdU controls were incubated in the dark for 4 h before filtration (Fig 6). To collect cells 
for DNA extraction, water from each container (1 L) was filtered onto a 0.2 µm filter by 
applying a gentle vacuum (Supor, LifeSciences). The filters were immediately frozen in 
liquid nitrogen and stored at -80 0C until further processing. 
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Fig 5: Flow chart of experimental protocol. For details and abbreviations see Materials and Methods. 
* Data not available for Sampling 2 due to loss of preserved samples during lab move 
** Data not available for Sampling 1 
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Fig 6: Position of the containers and light regime inside the big container. 14 containers each containing 
1.2 L of lake water were placed inside the big container. Lake water was then poured into the big container 
until the level was 2 cm from the rim of the experimental containers.UVA, UVB and PAR were measured 
at various positions (A - I) inside the big container.  
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4.3 Sample Analysis 
TOC and DOC 
For TOC and DOC analysis respectively, unfiltered and filtered samples (0.2 µm Supor, 
Gelman Sciences) were stored frozen (-80 ºC) in pre acid-washed 50 ml Falcon tubes 
until analysis. For analyses, 5 ml of the thawed samples were acidified with 20 µl of 2 M 
HCL and purged with CO2-free air for 5 min to remove inorganic carbon. TOC and DOC 
were measured with the high temperature catalytic method (HTCO) and infra-red 
detection using a Shimadzu TOC-5000 total carbon analyzer. At least 6 injections of 33µl 
were made for each sample resulting in a coefficient of variation of less than 2 %. Carbon 
concentration was calculated using standard solutions (1, 3, 5, 10, 15 and 20 mg L-1) 
prepared from potassium hydrogen phthalate. 
 
Bleaching of dissolved organic material  
Absorbance spectra from 200 to 600 nm were collected for 0.2µm filtered water using a 
Hitachi U-2000 spectrophotometer and 5 cm quartz cuvettes. Q-grade water was used as 
reference. Absorbance was read at 250nm to detect bleaching of DOM.  
 
Bacterial Abundance, Bacterial shape, volume and Biomass 
Samples were fixed with a final concentration of 3 % particle free formaldehyde and 
stored at 4 ºC in the dark until further analysis. 50 µl of the fixed samples was 
subsequently mixed with 50 µl of SYTO dye (Working solution 25 µM) on a 96-well 
plate. After incubation in the dark for 10 minutes, bacterial abundance was measured 
using a flowcytometer (CyFLOW Space, Partec, Germany). Bacterial abundance was 
also determined under epifluorescence microscopy due to the high auto-fluorescence of 
the water samples which interfered with the bacterial reads in the flow cytometer. 
Aliquots of 1.5 ml formaldehyde-fixed sample were stained with 4’6-diamidino-2-
phenylindole (DAPI, final concentration 1 µgml-1) and filtered onto a 0.2 µm 

Fig 7: (a), (b) Experimental containers inside the big container in the dark room. 3 UVA tubes and 1 PAR 
tube were placed 38 cm above the containers. (c) Containers inside the big container; Dark control were 
wrapped in aluminum foil. The big container was filled with lake water until the level reached 2cm from rim 
of the containers. 2 iron rods placed on the dark controls maintained the containers in their positions. 
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polycarbonate filter (GE Water and Process Technologies). Polycarbonate filters were 
mounted on slides with an anti-fading solution (200 µl of the mounting medium 
Vectashield, (Vector Laboratories Inc) in 1 ml glycerol/PBS solution, Citifluor Ltd). The 
mounted slides were stored at 4 ºC in the dark until analysis. Slides were viewed at 1000x 
magnification under blue light excitation in an epifluorescence microscope (Nikon 
Eclipse E 600). A minimum of 250 cells and 10 fields were counted for each sample. The 
slides mounted in anti-fading oil for bacterial abundance were also used to measure cell 
shape and cell volume. Pictures were taken (Nikon Digital camera D x m1200) and semi-
automatically analyzed using Easy Image Analysis 2000.At least 1000 cells were 
measured for each sample and bacterial biomass was calculated as a product of bacterial 
abundance and volume using a carbon-to-cell conversion factor of 308 fg C µm-3 (Fry 
1988). 
 
Bacterial Production 
Bacterial production was measured using the microcentrifuge radiolabeled leucine 
incorporation technique (Smith and Azam, 1992). Aliquots of 1.7 ml sample water were 
incubated with 100 nmol L–1 L-(4,5-3H) leucine (10 nmol L–1 Amersham TRK.510, 153 
Ci mmol–1, and 90 nmol L–1 cold substrate). Duplicate samples as well as one 
trichloroacetic acid (TCA) killed control (5 % final concentration), were taken from each 
container and incubated for one hour. The reaction was terminated by adding TCA (5 % 
final concentration). Samples were centrifuged (14,000 × g, 10 min) and aspirated. The 
remaining pellet was subsequently washed once with 5 % TCA and once with 80 % 
ethanol. Thereafter 0.5 ml Scintillation cocktail (Optiphase Hisafe 2, Perkin Elmer Life & 
Analytical Sciences, Boston) was added and radioactivity of incorporated leucine was 
measured by liquid scintillation counting (Tri-CARB 2100 TR, Packard Biosciences 
Company). Bacterial carbon production was calculated according to conversion factors 
described in Simon and Azam (1989). 
 
4.4 Bacterial Community Composition 
DNA Extraction 
Samples (1 L) were filtered through 0.2 µm filters (Supor, Gelman Sciences) and stored 
at -80 0C. DNA extraction was conducted with a slight modification of the protocol for 
UltraClean soil DNA isolation kit with maximal yield. Briefly, 60 µl of solution S1 and 
200 µl of solution IRS from the UltraClean soil DNA isolation kit (Mo Bio, Solana 
Beach, Calif.) were added to a 2-ml bead solution tube (from the kit) into which a 0.2 µm 
sample filter was added. The tubes were then vortexed at maximum speed for 10 min 
according to protocol provided by the manufacturer with a Vortex adapter (Vortex genie 
Mo Bio) and processed further by following the manufacturer-recommended procedures. 
 
Immunocapturing Using anti-BrdU antibody 
Immunoglobulin-coated paramagnetic beads were used to selectively isolate BrdU-
containing DNA. 27 µl of herring sperm DNA (0.63 mg ml−1 in PBS, Sigma-aldrich, 
Germany), which had been denatured at 100°C for 5 min and quickly frozen on ice, was 
mixed with 3 µl Mouse IgG monoclonal anti-BrdU antibody (Roche product). After a 1 h 
incubation at room temperature, 30 µl of the cocktail was mixed with DNA samples (30 
µl) that had been previously denatured at 100°C for 5 min and quickly frozen on ice to 
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immunologically conjugate the BrdU incorporated in the DNA extracts with anti-BrdU 
antibody (hereafter referred to as complex 1). Goat anti-Mouse IgG secondary antibody 
coated with paramagnetic beads (Invitrogen, Dynal Biotech, Norway) was pre-washed 
three times in PBS (150 µl per washing) containing 1 mg of bovine serum albumin 
(Sigma-Aldrich, LifeSciences, USA) per ml (PBS-BSA), collected with a magnetic 
particle concentrator (Dynal Biotech), and resuspended in PBS-BSA with the initial 
concentration of 4× 108 beads ml−1. A 10 µl aliquot of the antibody with beads was added 
to each sample and subsequently incubated at room temperature for 1 h with constant 
agitation to form a new complex (hereafter referred to as complex 2) which consisted of 
complex 1 conjugated to the paramagnetic beads coated with the Goat anti-Mouse IgG 
secondary antibody. Subsequently, complex 2 was washed four times with 500 µl of 
PBS-BSA each time. A fraction of sample DNA containing BrdU was eluted into 
supernatants by adding 1.7 mM BrdU (in PBS-BSA) and incubated at room temperature 
for 1 h with constant agitation. The BrdU containing fraction was trapped using the 
magnetic particle concentrator while the supernatant (DNA sample containing BrdU), 
was collected through pipetting in a new tube. 
For DNA precipitation, 3 µl of NaAc (3M, pH 5.2) and 66 µl EtOH (99%) was mixed 
with 30 µl of the supernatant. After 30 min of incubation on ice, the mixture was 
centrifuged at 40C for 30 min. The pelleted DNA was subsequently washed with 0.5 ml 
EtOH (70 %) and centrifuged again at 40C for 10 min. The supernatant was pipetted out 
and the remaining ethanol was removed by evaporation on a DNA speed vac (DNA 110, 
Savant) at 430C for approximately 10 min. The immunocaptured DNA pellet was finally 
resuspended in 30 µl of MQ water and stored frozen at -800C.  
 
4.5 PCR Amplification and Restriction Enzyme Digestion 
For PCR amplification the fluorescently marked bacterial forward primer 27f (Vergin et 
al. 1998) and the reverse universal primer 519r (Lane et al. 1985) were used. The forward 
primer was labelled with hexachlorofluorescein (HEX) at the 5’ end (MWG Biotech, 
Germany).  
PCR amplification of the total community DNA (the uncaptured DNA) was conducted 
through 3 replicates of 20 µl PCR reactions which consisted of 1µl of 2 µM of each 
primer, 2 µl of dNTP mix (0.2 mM each dNTP), 0.8 µl of 25mM MgCl2, 0.8 µl of 
purified BSA (Biolabs, England, 10 mg mL-1), 2 µl of 10× PCR reaction buffer, 0.2 µl 2 
U Taq Polymerase (Finnzyme, Invitrogen, Carlsbad, USA). and 1 µl of the DNA sample 
in 11.2 µl autoclaved MQ water. Samples were amplified using an initial denaturation 
step at 95 °C (2 min), followed by 35 cycles of denaturation at 95 °C (0.5 min), annealing 
at 53 °C (0.5 min), and an extension at 72 °C (1 min). This was followed by a final 
primer extension at 72 °C (7 min). The replicate PCR reactions from each sample were 
then pooled, purified and concentrated using the QIAquick PCR purification kit (Qiagen, 
Hilden, Germany).  
4 µL of the purified products were loaded on a SYBR safe pre-stained 1% agarose gel 
together with 1µL of a low-mass ladder. Based on fluorescence intensity, DNA-
concentration of the purified samples was estimated with Gel-Pro analyzer (Cybernetics). 
The samples were diluted in MQ water to a final DNA concentration of 7 ng microl-1 
before enzymatic digestion. 
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Restriction digests were done using the restriction enzymes Hinf1 and HaeIII (Invitrogen, 
Carlsbad, USA). PCR-products (~7 ng) were digested in 10 µl aliquots according to the 
instructions of the manufacturer for 16 h at 37 °C. The enzymatic digestion was stopped 
by incubating mixtures at 80 º C for 20 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 ROX500 as internal reference.  
 
Successful amplification of the immunocaptured DNA samples was obtained through 
PCR reaction mixtures consisting of 1µl of 2 µM of each primer, 1.6 µl of dNTP mix (0.2 
mM each dNTP), 0.4 µl of 25mM MgCl2, 0.8 µl of purified BSA (Biolabs, England, 10 
mg mL-1), 4 µl of 5× PCR reaction buffer A with MgCl2,(Kapabiosystems, USA), 0.16 µl 
5 U KAPA2G Robust Hotstart Taq Polymerase (Kapabiosystems, USA) and 1 µl of the 
DNA sample in 10.24 µl autoclaved MQ water.  
 
While PCR reactions using the normal Taq polymerase (Invitrogen) often failed to 
generate visible bands with the captured DNA, successful amplification was obtained 
when another DNA polymerase, the Robust Hotstart Taq Polymerase (Kapabiosystems, 
USA), was used. KAPA2G Robust HotStart was engineered for high performance in 
chemically complex reaction conditions and with superior tolerance to a wide range of 
PCR inhibitors (Introducing KAPA2G Robust HotStart brochure, Version 1.08) such as 
the remnants of reagents used during the BrdU immunocapture assay 
PCR reactions that generated visible bands, were pooled together, purified and digested 
in the same way as the uncaptured DNA samples.  
T-RFLP data were transformed for normalization into relative data. Peak area of each 
TRF was expressed as relative to the total peak area of all the TRFs. For each enzyme, 
threshold cut-offs giving the lowest correlation between the total peak area and relative 
peak area of the TRFs was calculated. A 1.25% and 2.75% threshold were applied to the 
data for Hae III and Hinf I respectively. 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. 
Dissimilarity matrices were computed using a Bray-Curtis coefficient for relative peak 
area and a Jaccard coefficient for binary data (absence-presence) (Quinn and Keough 
2002). For the agglomerative hierarchical clustering, the average of weighted pair-groups 
was applied to dissimilarity matrices in order to obtain a dendogram showing the 
similarity of the samples 
As a complement to cluster analysis, the relative percentages 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 pooled together and expressed as ‘others’ in the piechart.   
 
4.6 Statistics  
All statistical analyses were performed using XLStat (Addinsoft, France) for Windows 
(Statsoft). Student’s t-test and Mantel tests were conducted to evaluate differences 
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between treatments. Pearson correlations coefficients were computed with 10000 
permutations for Mantel tests. 
Relative distances in community structure between treatments was analyzed by running a 
two-dimensional nonmetric multidimensional scaling (NMS) test (PCORD 5) with 
dissimilarities based on absence or presence of 16S rRNA terminal restriction fragments 
(TRFs). 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 were 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.  
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5. Results  
Table 3: Measurements taken before the start of the experiment (at time 0). Data for light 
intensity are measurements taken at 0.5 m above the water surface of Lake Erken just 
before the integrated sampling was taken. 

 Incident 
PAR 

Incident 
UVA 

TOC 
 

DOC 
 

Absorbance 
250nm 

Cell 
Volume 

Cell 
Compactness 

Bacterial 
Abundance 

Bacterial 
Biomass 

 (µE/m2/sec) (µW/cm2) (mgC/L) (mgC/L)  (µm3)  (cells/ml) (mgC/L) 

Sampling 
1 

468 1370 12.50 10.35 0.27 0.92 1.32 2.7x106 0.75 

Sampling 
2 

414 1410 9.96 9.89 0.27 NA NA NA NA 

Sampling 
3 

532 1286 10.22 10.16 0.26 0.75 1.35 1.2x107 2.8 

NA: Data not available due to loss of samples  
 
5.1 Depth profile of PAR and UVA 
On both sampling occasions (Sampling 2 and Sampling 3), PAR and UVA decreased 
with depth throughout the upper 1.5 m of the water column. PAR intensity was 380 and 
518 µE-2sec-1 ( Sampling 2 and 3) just below the water surface and reached a value of 
102.2 and 153.2 µE-2sec-1 respectively at 1.5 m depth (Fig. 8a). UVA was 520 and 1113 
µWcm-2 for Sampling 2 and Sampling 3 respectively just below the water surface and 
reached a value of 2.62 and 6.4 µWcm-2 respectively at 1.5 m depth (Fig. 8b). 
 

 

 
5.2 Depth Profile of Temperature and Dissolved Oxygen (DO) 
The depth profiles of temperature and dissolved oxygen taken for the upper 2 m of the 
lake showed no sign of stratification on all the 3 sampling occasions. Temperature and 
dissolved oxygen were measured down to 14 m on Sampling 3 (data not shown) due to 
the higher probability of stratification at that time of the year. Water temperature was 
14.6 and 11.5 0C at 0 m and 14 m respectively indicating the absence of a pronounced 
stratification of the water column. Water temperature was on average, 2.7 0C (Sampling 
1), 80C (Sampling 2) and 14.0 0C (Sampling 3) throughout the water column (Fig. 9). The 
concentration of dissolved oxygen did not fluctuate significantly throughout the water 
column on the different sampling occasions, ranging from 11.8 to 11.5 mg/L(Sampling 

Fig 8: Depth profile of (a) PAR and (b) UVA in the upper 3 m of Lake Erken. Data for PAR and UVA was 
forced into a log scale Measurements were obtained prior to sampling on both sampling occasions. At depth 
0 m, measurements were taken just below the water surface. Depth profile for PAR and UVA was not taken 
on Sampling 1 when the lake was ice-covered. 
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1), 12.8 to 12.7 mg/L (Sampling 2) and 9.1 to 8.8 mg/L (Sampling 3) mg/L (Data not 
shown)  
 

 

 
5.3 DOC 
For the first experiment, a notable decrease in DOC of approximately 25% (Fig. 10) was 
observed in both the light and dark incubation. In contrast, DOC concentrations increased 
by 11 % in both treatments for experiment 3 (Fig 10). Student’s t-tests were performed 
between the light and the dark treatments. DOC concentration did not differ significantly 
between the treatments on Sampling 1 and 3 while a significant difference in DOC was 
found for experiment 2 (Student’s t-test, P<0.05, Table 4). 

 
 
 
. 
 
 
 
 
 
 
 
 
 

 
5.4 Absorbance 
No significant difference in absorbance at 250 nm was noted between the light and the 
dark treatments on Sampling 2 and 3 (Student’s t-test, P>0.05, Table 4) while absorbance 

Fig 10: DOC concentration in the light and dark treatments expressed in percentage of the initial DOC 
concentration in water sampled before the start of the experiment at t0. Symbols indicate the means and 
±SDs of 6 replicate incubations. 
**Difference between the light and the dark treatments were statistically significant (Student’s t-tests 
P<0.05) 

Fig 9: Depth profile of temperature in the upper water column of Lake Erken. Measurements were 
conducted prior to sampling at all sampling occasions. Measurements were taken at every 0.5 m. 0 m refers 
to measurements taken just below the water surface. 



21 
 

at 250 nm was significantly higher in the light treatments than in the dark for the first 
experiment (Student’s t-test, P<0.05, Table 4). 
 
 
 
 
 
 
 
 
 
 
 
 

 
5.5 Cell Volume 
Cell volume increased by approximately 20 % in both the light and the dark treatments 
after the 6 h exposure during Sampling 3 while no marked changes was noted during 
Sampling 1 (Fig. 12). Moreover, cell volume did not differ significantly between the 
treatments on either of the two sampling occasions (Student’s t-test, P >0.05, Table 4)  
 
 
 
 
 
 
 
 
 
 

 
5.6 Cell Compactness 
Cell compactness increased (i.e cells became rounder) by approximately 10 % after the 6 
h exposure in both the light and the dark treatments during Sampling 1 (Fig. 13). 
However, the difference in cell compactness was not significant between the two 
treatments. On the other hand, cells were significantly rounder in the dark treatments than 
in the light ones during Sampling 3 (Student’s t-test, P<0.05, Table 4). 

Fig 12: Cell volume in the light and dark treatments expressed as percentage of the average cell volume of 
water sampled before the start of the experiment at t0 (n=6). Symbols indicate the means and ±SDs from 6 
replicate measurements. Cell volume of at least 1000 cells were measured for each replicate. Data not 
available for Sampling 2 due to loss of samples. 

Fig 11: Absorbance at 250 nm before the start of the experiment at t0 and in the light and dark treatments . 
Symbols indicate the means and ±SDs of 6 replicate measurements. **Difference between the light and the 
dark treatments were statistically significant (Student’s t-tests P<0.05) 
 



22 
 

 
 
 
 
 
 
 
 
 
 

 
5.7 Bacterial Cells under the Microscope 
Cells at the start of the experiments were visibly much bigger during Sampling 1 (Fig. 
14a) compared to Sampling 3 (Fig. 14d). In both the light and the dark treatments, rod-
shaped cells were more abundant after the 6 h light exposure for both of these 
experiments (Fig. 14b, d). Although not clearly visible in the picture, many of the cells at 
t6 were at the anaphase stage during Sampling 3 whereby division was not complete such 
many of the dividing cells were not completely detached from each other (Fig. 14d). Cell 
division was also commonly observed in the dark treatments during Sampling 3 (not 
shown here). 
 

 

Fig 13: Cell compactness in the light and dark treatments expressed as percentage of the average cell 
compactness of water sampled before the start of the experiment at t0. Symbols indicate the means and ±SDs 
from 6 replicate measurements. Cell compactness of at least 1000 cells was measured for each replicate. Data 
not available for Sampling 2. 
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5.8 Bacterial abundance  
Bacterial abundance in the original water samples was approximately 5 times higher for 
experiment 3 (1.2 x 107 cells / ml)compared to experiment 1 (2.7 x 106 cells / ml) (Table 
3). For both experiments, bacterial abundance increased in response to the incubations in 
both the light and the dark treatments (Sampling 1: 19.2 % and 35.4 %, Sampling 3: 10.9 
% and 42.4 % respectively, Fig. 15). In general, bacterial abundance was higher in the 
dark treatments than in the light treatments on both sampling occasions. There was a 
significant difference in bacterial abundance between the two treatments on Sampling 1 
(Student’s t-test, P <0.05, Table 4) whereas there was no significant treatment effect for 
experiment 3 (Student’s t-test, P>0.05, Table 4) was observed.  
 
 
 
 
 
 
 
 
 
 
 
 
 

 
5.9 Bacterial Biomass 

Fig 14: (a) Cells before the experiment during Sampling 1 (b) Cells after 6 h of light exposure during 
Sampling 1 (c) Cells before the experiment during Sampling 3 (d) Cells after 6 h of light exposure during 
Sampling 3. Pictures unavailable for Sampling 1. (Nikon Digital camera D x m1200) 
 
 

Fig 15: Bacterial abundance in the light and dark treatments expressed as percentage of the average cell 
abundance of water sampled before the start of the experiment at t0. Bacterial abundance was calculated 
based on epifluorescence counts. Symbols indicate the mean and ±SDs from 6 replicate measurements. Cells 
on at least 10 grids were counted for each replicate. Data not available for Sampling 2. 
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Bacterial biomass was approximately 3-fold higher at Sampling 3 (2.8 mgC / L) 
compared to Sampling 1 (0.75mgC / L) (Table 3). On both sampling occasions, bacterial 
biomass increased after the 6 h incubation. Generally, there was a higher increase in 
biomass on Sampling 3 than on Sampling 1 (Sampling 1: 22.6% and 31.6 % increase 
respectively; Sampling 3: 33% and 72 % increase respectively, Fig. 16). However, the 
difference in bacterial biomass between the light and the dark treatments was not 
statistically significant for either of the sampling occasions (Student’s t-test, P >0.05, 
Table 4) 
 
 
 
 
 
 
 
 
 
 
 
 

 
5.10 Bacterial Production 
Bacterial production was generally higher in the dark treatments throughout the 
experiments (Fig. 17). However, no notable difference in bacterial production was noted 
between the light and the dark treatments (Fig. 17). 
 
 
 
 
 
 

 

Fig 16: Bacterial biomass in the light and dark treatments expressed as percentage of the average cell 
biomass of water sampled before the start of the experiment at t0. Symbols indicate the means and ±SDs 
from 6 replicate measurements.  Data for Sampling 2 not available. 

Fig 17: Bacterial Production (Leucine incorporation rate) of (a) Sampling 2 (b) Sampling 3. Water for bacterial 
production was sampled before the start of the experiment (t0), after the 6 h of light exposure (t6) and after one 
and three hours of darkness (t7 and t9 respectively). Except for t0 which did not have any replicates, symbols 
indicate the means and ±SDs from 7 replicate measurements since the BrdU controls were also sampled for 
bacterial production The scale for time was not set on the real time scale. 
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Table 4: t and p values from Student’s t-test between light and dark treatments after the 6 
h of light exposition, n = 6 
 
 Student's t-test: t values and p values 
  Sampling 1 Sampling 2 Sampling 3 
DOC t = 0.8, P >0.05 t = -4.4, P <0.05*  t = 1, P >0.05 
Absorbance (250 nm) t=2.3, P <0.05* t = 0, P =1 t = 1.0, P >0.05 
Cell Volume t = 1.3, P >0.05 NA* t = -0.4, P >0.05 
Cell compactness t = 0, P =1 NA* t = -2.4, P <0.05* 
Bacterial abundance t = -2.4, P <0.05* NA* t = -2, P>0.05 
Bacterial biomass t = -1.6, P>0.05 NA* t = -0.38, P >0.05 
Bacterial production, Time 6 NA t = -2.9, P<0.05* t = 1.1, P>0.05 
                                       Time 7 NA t = -1, P >0.05 t = -3.9, P<0.05* 
                                       Time 10 NA t = -1.3, P>0.05 t = -2.1, P >0.05 

P<0.05*, Difference between the light and dark treatment was significant 
NA*  Data not available due to loss of samples 
 
5.11 Community Structure 
The relative distances in community structure between treatments was compared 
statistically in a two dimensional nonmetric multidimensional scaling (NMS) using a 
dissimilarity matrix based on absence or presence of 16s rRNA terminal restriction 
fragments. Results are presented in a two dimensional scatter plot (Fig. 18). Six distinct 
clusters of bacterial community composition were detected. Clusters were sorted 
according to time of sampling and the type of the bacterial population (active vs. total). In 
contrast, light and dark treatments were closely connected with great overlaps in 
community composition (Fig. 18). TRF peaks for the BrdU controls were filtered out 
when the level of cut-off was set since they were very few and at a relatively lower 
intensity. 
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5.12 Cluster Analysis 
Cluster analysis based on the relative peak areas of T-RFLP runs for the light (Fig. 19a) 
and dark (Fig.19b) treatments showed that bacterial communities clearly clustered 
according to the sampling season. Moreover, the clusters of the active bacterial 
community of any given season are slightly different from those of the total bacterial 
community. Bacterial community composition sampled at different seasons was between 
20 and 40% dissimilar from each other (Fig.17). The composition of the active bacterial 
community differed by approximately 5 % from the total community in experiment 1 and 
2. For experiment 3, the difference between the active and total bacterial community was 

Fig 18: Two dimensional nonmetric multidimensional scaling (NMS) of relative distances in community 
composition between treatments. Dissimilarity in absence and presence of 16s rRNA terminal restriction 
fragments (TRFs) were used as responses. S1, S2, S3 are Sampling 1, Sampling 2 and Sampling 3. ‘L’ and 
‘D’ stand for light and dark treatments. ‘A’ is the active bacterial community while ‘T’ is the total bacterial 
community. ‘2’ and ‘4’ refer to 2 h and 4 h of incubation in darkness following the 6 h light exposure. a, b 
and c are triplicates of the same treatment.  



27 
 

larger (approximately 35 %) (Fig 19). The active bacterial community of Sampling 3 was 
more similar to the bacterial community (total and active) of Sampling 1 than its 
corresponding total bacterial community (Fig. 19). 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 

5.13 Mantel Test 
The Mantel test (Fig. 19c) showed a very strong correlation (rM = 1, p<0.001) between 
the relative peak area matrices of the dark and light treatments. This means that light did 
not have a significant impact on the bacterial community composition in the light 
treatments.  
 
 

Fig 19: Dendograms of (a) Light and (b) Dark treatments. S1, S2, S3 are Sampling 1 , Sampling2 and Sampling 
3  ‘A’ is the active bacterial community while ‘T’ is the total bacterial community. ‘2’ and ‘4’ refer to 2 h and 4 
h of incubation in darkness following the 6 h light exposure. a, b and c are triplicates of the same treatment 
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5.14 Populations in the Total and Active bacterial community 
As a general trend, the abundance of TRFs decreased from Sampling 1 to Sampling 3 in 
the active bacteria community (Fig. 22). During Sampling 1, TRFs of 198 base pairs (bp) 
made up the greater portion of the total (approximately 20 %, Fig 21 a and d) and active 
(approximately 25 %, Fig 22 a and d) community. However, it was found in lower 
proportion in the light treatments (about 10 % lower) compared to the dark ones (Fig. 21 
and 22). 
During Sampling 2, TRFs of 476 and 475 bp occupied the greater fraction of the active 
community and were in similar proportion in the light and the dark treatments (Fig. 22 b 
and e). Moreover, TRF of 512 bp, which was not detected in the active community (Fig. 
22 b and e), made up of approximately 20 % of the total TRF community in both the light 
and the dark treatments (Fig. 21 b and e). 
During Sampling 3, TRFs of the active community were less abundant and very different 
from the total community, (Fig. 21 and 22, c and f). TRFs of 226 bp, 221 bp and 213 bp, 
which were not detected in the total community, formed the major portion of the active 
community during Sampling 3 (Fig. 21 and 22, c and f). They were present in 
approximately the same proportion in the dark and light treatments (Fig. 22 c and f). Two 
other TRFs (216 bp and 212 bp), also made up an important fraction of the active 
community (Fig 22 c and f) and differed considerably in proportion between the dark and 
light treatments. TRF of 216 bp was approximately by 10% lower in the light treatments 
than in the dark treatments. On the other hand, TRF of 212 bp was by 17 % greater in the 
light treatments as compared to the dark ones (Fig. 22 c and d) 

Fig 20:  Mantel Test between the light and the dark treatments. rM is the degree of correlation between the 
two treatments. 
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Fig 21: Percentages of relative peak area of terminal restriction fragments (TRF) representing the total 
bacterial community. (a), (b) and (c) are light treatments during Sampling 1, 2 and 3 respectively. (d), (e) 
and (f) are the dark controls for Sampling 1, 2 and 3 respectively. Values are average from triplicates. 
Gene fragments contributing less than 1 % were included in category ‘others’. Labels for the other 
categories refers to the base pair size of the digested gene fragment.  
Data from the Hae III digest were used to make the pie-chart. 



30 
 

 

 

 

 
 
 
 
 
 
 
 
 

Fig 22: Percentages of relative peak area of terminal restriction fragments (TRF) representing the active 
bacterial community. (a), (b) and (c) are the light treatments while. (d), (e) and (f) are the dark treatments for 
Sampling 1, 2 and 3 respectively. Values are average from triplicates. Gene fragments contributing less than 
1 % were included in category ‘others’. Labels for the other categories refers to the base pair size of the 
digested gene fragment.  
Data from the Hae III digest were used to make the pie-chart. 
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6. Discussion 
While some experiments on the effects of light on cultured lake bacteria have found 
considerable interspecific variations in the degree of sensitivity and / ability of recovery 
from light exposure (Joux et al 1999, Arrieta et al 2000), others could not detect any sign 
of adaptation in the bacterioplankton to increasing UV intensities (Herndl et al 1993, 
Muller-Niklas et al 1995, Arrieta et al 2000). Hence, the combined results of these studies 
points to the possibility of a UV-mediated succession in BCC in aquatic ecosystems. 
In the present study, light did not have any significant impact on the overall composition 
of the bacterial community for any of the three sampling occasions. Results obtained 
from the two-dimensional nonmetric multidimensional scaling (NMS) (Fig. 18) showed 
great overlaps in bacterial community composition between the light and the dark 
treatments.  Dendograms based on dissimilarity matrices (Fig. 19) also showed that the 
connection between clusters was very similar for both the dark and the light treatments. 
This was confirmed with the Mantel test where a very high correlation in the pattern of 
clustering was obtained between the light and dark treatments (rM = 1, P<0.001, Fig. 20). 
Instead, sampling time (i.e the seasons) and the nature of the bacterial community (i.e 
total v/s active), were the two major factors influencing community structure. The effects 
of seasons on bacterial composition have been largely studied. For instance, numerous 
studies have pointed out the major influence of seasonal variables such as temperature, 
climate, salinity (e.g. Langenheder et al. 2003), system productivity (e.g., Pinhassi et al. 
2004) and dissolved organic matter (DOM) concentration (Eiler et al. 2003, Kritzberg et 
al. 2006) in structuring freshwater bacterial community composition (BCC) Moreover, 
consistent with our results, Hamasaki et al (2007) and Kataoka et al (2009), also found 
that BrdU-incorporating communities were largely different from the total communities. 
E.g. between 60 and 80% of growing bacterial phylotypes were not detected in the total 
bacterial community. While it is tempting to propose that the BrdU-capture assay was 
able to detect a number of rapidly growing but low-abundance phylotypes, the minimum 
number of cells required for positive immunocapture is not known, and further research is 
needed to assess the performance of the method for such low-abundance populations 
(Hamasaki et al 2007). Populations present at low levels while displaying high growth 
rates can be of high ecological relevance since they can make large contributions to 
community bacterial production and organic matter fluxes. In natural environments, the 
low abundance of actively growing bacteria can for example be caused by the differences 
in phylotype-specific mortality by viral infection, selective ingestion of actively growing 
bacteria by heterotrophic nanoflagellates (Gasol et al 1995, Sherr and Sherr 2002), and/or 
UVB radiation (Hanelt 1998, Joux et al 1999, Arrieta et al 2000). 
An interesting result obtained during cluster analysis was that the active bacterial 
community during Sampling 3 was more similar to the communities of Sampling 1 than 
to its own total community (Fig. 19). Cloning and sequencing those specific samples can 
offer more hindsight on this intriguing observation. 
 
Many factors could account for the absence of a distinct difference in BCC between the 
light and the dark treatments in this study.  
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For instance, light dosage per meter depth of Lake Erken (Table 2), was calculated 
assuming complete mixing of the whole water column (20 m) which may not be the case 
under normal conditions. Hence, light dosage per meter depth may be higher than the 
calculated values. If this is the case, then the lack of distinction in BCC between the light 
and the dark treatments could be due to insufficient experimental light dosage.  
 
Solar radiation has the ability to modify the structure, molecular weight and optical 
properties of humic substances (Strome and Miller 1978, Allard et al 1994, Kulovaara et 
al 1996). DOM can also be photoxidized into dissolved inorganic carbon (Salonen and 
Vahatalo 1994, Miller and Zepp 1995, Bertilsson and Tranvik 2000), carbon monoxide 
(Miller and Zepp 1995) and into low molecular weight organic compounds such as 
carboxylic acids (Bertilsson and Tranvik 2000). Hence, photodegradation of complex 
molecules such as aromatic compounds into smaller units with lower light absorbing 
capacity (Strome and Miller, 1978) or into carbon dioxide can result in a decrease in 
absorbance and a decrease in DOC concentration. However, no significant difference in 
these parameters were observed between the light and dark treatments (Fig 10 and Fig 
11), indicating that light was not a structuring factor in this study. Moreover, the direct 
effects of light (particularly UVR) on bacteria abundance, bacterial biomass, bacterial 
volume and bacterial production have been extensively documented and proved to be 
inhibitory (Muller-Niklas 1995, Lindell and Edling 1995, Kaiser and Herndl 1997, 
Pakulski et al. 1998). However, such a trend was not detected in this study. On the other 
hand, the difference of the measured parameters between the dark treatments and at time 
0, could be due to the ‘bottle effect’, grazing, viral lysis, substrate depletion (Hamasaki et 
al 2004, Langenheder et al 2006) or some other experimental factors. 
 
Another reason the for lack of a significant effect of light on BCC could be that light did 
not have a notable impact on the BCC that were sampled during this experiment. For 
instance, in some studies, notably that of Winter et al (2001), UV radiation was found to 
have little effects on coastal marine bacterioplankton communities in the North Sea. 
However, while light did not significantly affect the overall structure of the bacterial 
community in the present study, changes in the relative proportion of certain TRFs 
between the light and the dark treatments (Fig. 21 and Fig. 22) was observed. 
Accordingly, light might have negatively influenced TRF 198 bp in experiment 1 and 
TRF 216 bp in sampling 2, and positively influenced TRF 212 bp in sampling 3.This 
would then concord with studies conducted notably by Joux et al (1999), Arrieta et al 
(2000), Agogue et al (2005) and Alonso-Saez et al (2006) showing interspecific 
variability in the response of bacterioplankton to light  
 

7. Conclusion 
Although scarce, some studies so far have shown differences in the response of certain 
bacterial populations to light (Joux et al 1999, Arrieta et al 2000, Agogue et al 2005). 
However, most of those studies were mainly focused on analyzing bacterial isolates in 
cultures, where physicochemical and environmental parameters during the experiment 
often differed dramatically from in situ conditions. If the lack of a significant difference 
in the measured parameters between the light and dark treatments was not due to 
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insufficient light dosage, then the results obtained during this study reject our main 
hypothesis, that UV is a major factor influencing the composition of the active portion of 
the total bacterioplankton community. In a future scenario of continued depletion of the 
ozone layer, the ratio of UVB:UVA and UVB:PAR will increase in aquatic ecosystems. 
Hence, it would be relevant to conduct studies similar to those outlined here, but with a 
variable level of UVB. The dosage and intensity of UVB should be modulated to reflect 
predicted values of UVB in water systems on sunny days or at a specific time point 
and/or location, depending on the questions addressed. 
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