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1 SUMMARY 
Emerging infectious disease caused by waterborne pathogens is an emerging health hazard of 
global proportions.To elucidate the factors controlling the persistence and proliferation of 
some important bacterial pathogens in aquatic systems characterized by low yearly average 
temperatures, PCR-based methods for detection of Vibrio spp., Campylobacter spp., and 
Helicobacter pylori were adopted. Vibrio spp. were detected in a coastal region of the Baltic 
Sea as well as in one lotic and two lentic freshwater systems located in central Sweden. 
Thermophilic Campylobacter and Helicobacter pylori were not detected in any of these 
systems. To further assess the environmental factors potentially controlling the growth of 
selected Vibrio pathogens in the Baltic Sea, we exposed seawater microcosms spiked with V. 
cholerae, V. vulnificus, V. parahaemolyticus, and V. alginolyticus to various temperatures and 
enhanced levels of dissolved organic matter originating from a Nodularia spumigena bloom. 
Abundances and growth rates of both pathogenic Vibrio spp. and total bacterioplankton were 
several orders of magnitude higher in carbon-amended microcosms compared to non-
amended controls. Temperature increase provided synergistic effects. In fact, Vibrio cholerae 
abundances exceeded the minimum infectious dose already at 18 °C, indicating that algal 
blooms in the Baltic Sea could potentially promote the risk of V. cholerae outbreaks.  Carbon 
amendment appears to cause a shift in Vibrio community composition, with V. cholerae 
becoming dominant at the highest levels. This is possibly due to a bacteriocin-producing 
ability of V. cholerae. Vibrio vulnificus was also found to reach high abundances, particularly 
at the highest concentration of dissolved organic carbon. This study provides evidence that 
algal-derived organic matter may constitute an important factor regulating the abundance of 
free-living V. cholerae in the brackish waters of the Baltic Sea.    
 
Keywords: Vibrio, cholerae, vulnificus, parahaemolyticus, alginolyticus, Nodularia 
spumigena, QC-PCR-DGGE, DOC, DOM, Baltic, Uppland, Sweden. 
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2 INTRODUCTION  
In recent years, attention has spread from the manifestation of bacterial infections solely 
within humans to the distribution and dynamics of the pathogenic bacterial populations in the 
natural environment. Although the concept of links between human disease and 
environmental factors is not new, there has been a recent spur of interest in understanding 
infectious bacterial ecology also outside of the host and thereby prevent spread of disease and 
epidemics. This development has in part been facilitated by the development of novel and 
powerful detection techniques (Lipp et al. 2002). Access to safe drinking water is a critical 
factor in the development of societies. This key role of water is reflected in that it is one of the 
goals in the Agenda 21 document (United Nations Sustainable Development, 1992). Several 
environmental and biological factors are believed to control the survival, growth and 
persistence of pathogenic bacterial populations in aquatic environments. Ambient 
temperature, availability of dissolved organic matter, and physical association to vector 
species or solid substrates are three examples of such factors (Epstein 1993). This report 
focuses on the influence these factors can have on potentially pathogenic bacteria affiliated 
with the genera Vibrio, Campylobacter, and Helicobacter. 
 
2.1 Ecology of emerging aquatic pathogenic bacteria 
 
2.1.1 Vibrionaceae 
The Vibrionaceae family is composed of ubiquitous marine and estuarine bacteria, with some 
freshwater examples. The family is placed within the phylum of γ-proteobacteria, and 
contains many newly identified facultatively pathogenic species (Janda et al. 1988). 
Vibrionaceae are mesophilic, Gram-negative, and are rod-shaped with the ability to move 
given by the presence of flagella. They are chemoorganotrophic; depending on organic carbon 
sources for energy, and are able to grow on marine agar and the selective medium 
thiosulphate-citrate bile salt-sucrose agar (TCBS). The family Vibrionaceae is composed of 
eight genera, including Vibrio and Photobacterium, which is closely related to Vibrio. There 
is currently a total of 63 species within the genus Vibrio. However, the number of described 
species is constantly increasing (Thompson et al. 2004b). Within the genus Vibrio the species 
V. cholerae, V. parahaemolyticus, and V. vulnificus are serious human pathogens. Some 
Vibrio spp., such as V. anguillarum, V. harveyi and V. salmonicida, are pathogens of animals 
reared in aquaculture. Other well-studied Vibrio spp. are V. fischeri, V. mimicus, and V. 
alginolyticus (Thompson et al. 2004b).  
 
Vibro cholerae is the causative agent of the human disease cholera. Natural populations are 
found in almost all aquatic habitats; freshwater, estuarine and marine (Cottingham et al. 
2003), including the Baltic Sea (Jores et al. 2003). In the human intestine many of the 200 
known serogroups are known to cause gastroeneritis. Only two serogroups, (O1 and O139), of 
V. cholerae are known to cause cholera  (Cottingham et al. 2003). Cholera is an increasing 
global health problem. Outbreaks can occur due to inadequate sanitation, natural disasters, 
and destabilisation of infrastructure by war (Faruque et al 1998). Climate change and human 
overpopulation are predicted to accentuate this increasing trend even more (Ruiz et al. 2000). 
Cholera outbreaks are common in the V. cholerae endemic areas of India and Bangladesh, and 
have re-emerged recently along the South American coastline in Peru and Chile (Tauxe et al. 
1994). Outbreaks of cholera prevailed in Europe during 1817-1923 after transmission via sea 
transport from Asia (Epstein 1993). Cases of cholera are presently very rare in the Baltic Sea 
region due to the low water temperatures and adequate sanitation conditions. However, with 
no effective vaccine, increasing antibiotic resistance, the threat of regional climate warming,  
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increased trade and movement of people, and increased anthropogenic disturbances, the 
opportunities for cholera outbreak increase (Cottingham et al. 2003). 
 
Vibrio vulnificus is an opportunistic human pathogen, which does not cause disease outbreaks. 
However it causes severe infections that are fatal in 40-60 % of cases. Common 
manifestations of the bacterium are primary septicemia and wound infection, the 
aforementioned often in people with chronic liver disease, and the latter in 
immunocompromised individuals (Janda et al. 1988). Ingestion of undercooked or raw 
shellfish is the most common transmission source, however direct wound entry also occurs 
(Klontz et al. 1988). Vibrio vulnificus is thought to be ubiquitous in coastal and estuarine 
aquatic environments, however in low natural numbers (Oliver et al. 1983). Density of V. 
vulnificus populations is controlled by salinity and temperature. Intermediate salinities of 5-25 
ppt and 20 °C to 35 °C are reported to be most favorable (Motes et al. 1998). Shellfish 
species, particularly oysters have been shown to be natural reservoirs of this bacterium (Motes 
et al. 1998, Parvathi et al. 2004). 
 
Vibrio parahaemolyticus commonly causes gastroenteritis, however in rare instances it has 
been shown to infect wounds (Janda et al. 1988). V. parahaemolyticus is a major cause of 
food-borne illness. Most human infections are obtained through the consumption of raw or 
undercooked contaminated shellfish, however the method of virulence of the bacterium is not 
well understood (Yeung and Boor 2004). Vibrio parahaemolyticus occurs naturally in the 
marine environment, especially in warm estuarine waters. This environment acts as a 
reservoir of V. parahaemolyticus for shellfish. Many different serogroups have been isolated 
from environmental samples, such as shellfish, and sediment (DePaola et al. 2003A, DePaola 
et al. 2003B). Its population dynamics vary greatly with season, location, and faecal pollution 
(DePaola et al. 2003A). 
 
Vibrio alginolyticus is naturally present in marine flora and has been isolated from shrimp, 
fish and seawater (Xie et al. 2005). This bacterium has a low pathogenicity in humans. Most 
infections are of superficial wounds or the ear. Vibrio alginolyticus has been established in 
rare cases to cause gastroenteritis (Janda et al. 1988). It has however been established as an 
important mortality factor for aquatic animals, and has caused fish deaths in China (Xie et al. 
2005). Furthermore, homologous genes to V. parahaemolyticus and V. cholerae virulence 
factors have been widely found in V. alginolyticus. Therefore V. alginolyticus could represent 
a reservoir for horizontal transfer of virulence genes, and also could have derived the 
pathogenicity from the acquired genes (Xie et al. 2005). 
 
2.1.2 Pathogenic ε-proteobacteria  
The phylum Epsilon-proteobacteria was proposed by Stackebrandt et al. in 1988. This 
phylum contains the genera Campylobacter, Helicobacter and Arcobacter (as proposed by 
Vandamme el al. 1991). These genera all contain pathogenic representatives.  
 
Many members of the Campylobacter genus, such as Campylobacter jejuni, C. coli, C. lari, 
and C. upsaliensis are known to cause acute gastroenteritis. The most significant source of 
transmission of Campylobacter is from contaminated poultry products. However, other 
sources include food of animal origin, such as unpasteurised milk, and unchlorinated water 
(Shane 2000). Campylobacter spp. have been shown to occur in natural freshwater reservoirs.  
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One common reason for this is faecal contamination as a result of sewerage leakage or 
defecation of wild hosts. This contamination often occurs shortly before an infectious event,  
as the length of survival of bacteria in natural environments has been estimated to be only a 
matter of days (Jones 2001). Campylobacter species have a large variety of hosts, stretching 
from domestic animals, farm animals, to wild birds (Koenraad et al. 1997). Thus there are 
many sources of Campylobacter to natural environments. Campylobacter jejuni has been 
identified as a major public health hazard due to its high incidence of clinical disease, its 
ability to cause complications such as Guillain-Barre Syndrome, and its low infective dose in 
human. In fact, C. jejuni alone is the most common cause of human acute bacterial enteritis in 
the world (Tauxe 2002). Campylobacter jejuni is responsible for 80-85 % of all 
Campylobacter infections (Moore et al. 2005). Most C. jejuni infections are sporadic, and the 
source of infection often remains unknown (Rautelin and Hänninen 2000). Axelsson-Olsson 
et al. (2005) and Snelling et al. (2005) have proposed that amoebae and other protozoa are 
nonvertebrate reservoirs of C. jeuni, with the potential to increase the survival of the 
bacterium in the environment, and compromise the chlorination/disinfection treatment of 
water. Waterborne outbreaks are quite common in the Nordic countries, in contrast to other 
developed countries. This reason for this is the lack of disinfection of the groundwater in 
Sweden, Finland and Norway (Hänninen 2003). Campylobacter coli is responsible for a small 
but significant 10-15 % of total Campylobacter infections (Moore et al. 2005). Although this 
is much less than C. jejuni, there are concerns over the development of antibiotic resistant C. 
coli strains, forexample many antibiotic strains have been recently isolated from pig farms 
(Payot et al. 2001). 
 
The Helicobacter genus contains at least 20 described species. They are generally spiral-
shaped, microaerophilic and do not form endospores. They have been isolated from the 
stomach and liver of mammals and birds. Their optimal growth temperature is 37 °C, and no 
growth is observed under 25 °C (Hua et al. 1999). Arcobacter spp., in contrast to 
Campylobacter and Helicobacter spp., are able to grow at 15 °C and are aerotolerant 
(Vandamme et. al. 1991). Helicobacter pylori is a very common gastrointestinal pathogen, 
but its significance has only been discovered during the last few decades. We now know it to 
be the leading cause of peptic ulcers and gastritis (Ahmed 2005). Helicobacter  pylori 
infection has recently been discovered to also increase the risk of developing gastric 
carcinoma (Suerbaum and Michetti 2002). The human stomach is the natural habitat of 
Helicobacter pylori, however presence of H. pylori in aquatic environments has been 
demonstrated. There is good evidence that the prevalence of H. pylori in these environments 
is associated with increased risk of transmission to humans (Hultén et al. 1996, Baker and 
Hegarty 2001, Mazari-Hiriart et al. 2001). Helicobacter pylori has also been detected 
elsewhere, such as in human faeces (Kabir 2003), and in houseflies (Grubel et al. 1997). 
These are believed to be probable transmission sources. Estimates of infection levels in adult 
populations range from 20%-50% in developed countries up to 80% in developing countries 
(Shahamat et al. 2004). 
 
2.2 Association to host species 
Many heterotophic bacteria are known to physically attach to the outer surfaces of aquatic 
organisms, or are often found in near association to host species. Species, such as Vibrio 
cholerae, V. vulnificus and Aeromonas hydrophilia, all human pathogens, have a well- 
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documented track-record of attaching to different copepod species (Huq et al. 1983, 
Dumontet et al. 1996). Recent evidence shows that Helicobacter pylori may also associate to 
zooplankton. Therefore zooplankton are likely to affect the survival and transmission of this 
gastrointestinal pathogen (Cellini 2005). 
 
Association been pathogenic bacteria and vectors represents a strategy to gain increased 
dispersal, and also provide for advantages such as additional nutrient supply and a more stable 
environment (Huq et al. 1983). Potent chitinase and mucinase enzymes have been discovered 
in some species (e.g. V. cholerae). These enzymes aid the breakdown of chitin in crustaceans, 
and the mucin in plant and algal cell walls. Both of these biopolymers represent a substantial 
nutrient source and also improves the attachment site for more secure attachment of the 
pathogen (Epstein 1993).  
 
Pathogenic bacteria associate to a large variety of vectors. Most vector research so far has 
focused on vectors for V. cholerae, with few studies on other pathogens, (with the exception 
of pathogen attachment to copepod species). There are reports of association of V. cholerae, 
for example, to many other aquatic taxa, such as phytoplankton (Tamplin et al.1990), aquatic 
macrophytes (Shukla et al. 1995), chironomid egg masses (Halpern et al. 2003), and amoebae 
(Abd et al. 2005).  
 
Vector associations have large implications for the epidemiology and assessment of 
microbiological health-hazards, as well as for protection and sustainable use of water 
resources (Szewzyk et al. 2000). For example, the peak incidence of cholera, caused by V. 
cholerae, is well known to occur during cyanobacterial blooms of Anabaena variabilis in the 
cholera endemic area of Bangladesh (Epstein 1993). Heidelberg et al. (2002) found that the 
growth and persistence of zooplankton-attached Vibrio cholerae, V. vulnificus, and V. 
cholerae-V. mimicus were coupled to zooplankton numbers in Chesapeake Bay. However the 
growth and persistence of free-living Vibrio cholerae, V. vulnificus, and V. cholerae-V. 
mimicus was not coupled to the zooplankton numbers. 
 
Potential associations of bacterial pathogens to aquatic vectors have been poorly studied in 
temperate regions, particularly in Northern Europe. However there is good evidence that 
similar associations, such as Vibrio attachment to zooplankton (Heidelberg et al. 2002), are 
found in the temperate zones as well as in the tropics. Nutrients (e.g. chitin) and heat provided 
by vector association has been shown to increase the survival of Vibrio cholerae at low 
temperatures (Huq et al. 1983, Amako et al. 1987). Hence it can be hypothesised that many 
pathogenic bacteria use host attachment in temperate waters. Host species, however, are likely 
to differ from previously identified cases in tropical and subtropical environments.  
 
2.3 Dissolved Organic Carbon (DOC) 
Organic nutrients, alongside other factors (such as predation), can limit heterotrophic bacterial 
growth in aquatic systems. Bacterial communities have been shown to have a reduced growth 
rate at lower levels of DOC. DOC levels may also control the bacterial community 
composition (Eiler et a. 2003). If carbon is the limiting growth substrate in a system, then the 
addition of this substrate will lead to higher bacterial growth and biomass until another factor 
becomes limiting. In some bacterial species, such as Vibrio cholerae, carbon addition also  
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increases the size of the cells (Kjelleberg et al. 1987) and resuscitates them from a non-
culturable ‘dormancy’ phase. Mouriño-Peréz and coworkers (2003) have shown that DOC 
addition causes explosive population growth of the cholera-causing serotype Vibrio cholerae 
O1, and that its concentrations can overstep the threshold of the minimum infectious dose for 
humans.  
 
2.4 Temperature 
The world climate is predicted to increase by 1.4 °C – 5.8 °C within the next 100 years 
(Houghton et al. 2001). In itself, an increase in temperature will stimulate photosynthesis, 
uptake of nutrients and enzyme activity, and will indirectly increase stratification of the water 
column, cause inundation of coastal areas and increase nutrient output from river deltas 
(Epstein 1993). The combinations of these effects are likely to cause changes in abundance 
and distribution of many bacterial species. Some alarming reports are already appearing. In 
2002, two adults died from V. vulnificus infection in Sweden. This species has only appeared 
along the Swedish coast since 1994 essentially because of the warmer summers during recent 
years (Melhus et al. 2001). Rising summer temperatures along the coast of Alaska have also 
been blamed for one of the largest V. parahaemolyticus outbreaks in the United States. The 
specific reason for this outbreak was that oysters had been harvested at temperatures above 
15.0 °C, which is when the theoretical threshold for the risk of V. parahaemolyticus outbreak 
is reached (McLaughlin et al. 2005). The abundance of cholera-causing V. cholerae serotypes 
also increases with temperature. A 3.31-fold increase in the risk of cholera outbreak was 
found with a 5 °C increase in water temperature in a lake in Bangladesh. (Huq et al. 2005). 
 
2.5 Risk Assessment and Early Warning Systems (EWS) 
The spread of waterborne pathogens is currently combated by techniques of monitoring, 
wastewater treatment, watershed protection, remediation and public education. Monitoring 
has been specifically identified to require further development in order to enhance early-
warning and risk assessment capabilities (Rose et al. 2001). The building of EWSs requires 
models with research-derived key parameters. For most pathogens, there is a lack of research 
regarding the driving factors controlling their environmental populations. A cholera disease 
model has been built for Vibrio cholerae (Lipp et al. 2002). This model has been proposed as 
generally applicable to all climate-related infectious disease. This highlights the ability of V. 
cholerae to be used as a model organism for environmental assessment. However caution 
must be taken to avoid over-generalisations, since different climate-related infectious disease 
may behave in contrasting ways. Implementation of an EWS for V. cholerae along the 
Peruvian Coast exclusively based on surface seawater temperatures, has been proposed by Gil 
et al. (2004). An EWS for V. cholerae that incorporates copepod abundance has yet to be 
established and validated, although zooplankton sampling is fast, cheap, and reliable. 
 
Microbial ecology research has also been used to improve water treatment strategies and other 
pathogen prevention techniques. Based on the information that Vibrio cholerae attaches to 
zooplankton, a study in Bangladesh found that simple filtration though a sari is able to remove 
zooplankton from the drinking water and significantly reduces the risk of cholera (Colwell et 
al. 2003). 
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2.6 The risk of pathogen outbreaks in the Baltic Sea  
Climate changes and anthropogenic influences are likely to increase the risk for pathogen 
outbreaks in the Baltic Sea. The Baltic Sea environment has become eutrophied over the last 
50 years, as a result of excessive inputs of nitrogen and phosphorus. This has led to increased 
biological production and oxygen demand, decreased water transparency, and more frequent 
harmful algal blooms (HABs). This is a threat to human health and the economy of countries 
surrounding the Baltic Sea (Lysiak-Pastuszak et al. 2004). From the early 1990s, spring algal 
blooms have been replaced by late summer cyanobacterial blooms, of which the most 
common HAB species is Nodularia spumigena (Luckas et al. 2005, Raateoja et al. 2005).  
 
 
These blooms are so far restricted to the Baltic proper (figure 1). DOC levels are usually 4-5 
mg/L in the Baltic Sea, but can increase substantially in the declining phase of the annual 
summer cyanobacterial bloom peak (Schwarz 2005). Extensive research has shown that 
primary production is nitrogen-limited in the Baltic proper and phosphorus-limited in the 
northern parts of the Baltic Sea (Elmgren and Larsson 2001). It is unknown if any of these 
inorganic nutrients limit heterotrophic bacterial growth in the Baltic Sea. The year-round 
average temperature of the Baltic Sea region has been predicted to increase by 3.8 °C within 
the next 100 years by SWECLIM, the Swedish regional climate-modelling programme, 
(Swedish Metrological and Hydrological Insititute - SMHI, 2001). These predicted changes 
combined with potentially higher DOC levels as a result of algal blooms may induce 
unexpected and dramatic effects on the bacterial community and pathogenic bacterial 
populations.  
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Figure 1 The distribution of summer cyanobacterial blooms for a normal year (2002) in the Baltic Sea. (Source: 
Finnish Institute for Marine Research, FIMR). http://www.fimr.fi/en.html) 
 
2.7 Biomarker methods for pathogen detection 
 
2.7.1 Limitations of culture-based methods  
Until a few decades ago identification of bacterial species was limited by the necessity to 
isolate and culture the bacterial species of interest. In the mid-1980s, Staley and Konopka, 
(1985), noted that less than one percent of microorganisms from natural habitats are 
culturable on standard microbiological media. This is now called ‘the Great Plate Count 
Anomaly’. Molecular approaches, such as fluorescent hybridisation or PCR-based methods, 
have recently made it possible to detect and accurately quantify many bacteria that are not 
easily culturable, such as cells that have entered the Viable but Non-Culturable state (VBNC). 
Vibrio cholerae and Helicobacter pylori, among others, have been found to enter such states 
of unculturability (Colwell and Huq 1994, Cellini 1996). In this state, cells are metabolically 
active, but unable to be cultivated on microbiological media. Therefore, plate counts give an 
underestimation of the actual bacterial abundance (Lipp et al. 2002). Colwell and Huq (1994), 
among others, have shown that bacteria maintain their pathogenicity in the VBNC state. This 
state is induced by temporary unsuitable environmental conditions such as low nutrient levels, 
and cold temperatures (Cellini 1996). The VBNC state is likely a survival strategy. The shape  
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of bacterial cells in the VBNC state becomes rounded and the volume decreases 15-300 fold. 
Respiration, metabolism and degradation of macromolecules also cease (Epstein 1993).  
 
2.7.2 PCR and community level genotyping 
Polymerase Chain Reaction (PCR) is the golden standard for amplification of a primer-
targeted DNA sequence. The process relies on the use of a thermophilic DNA polymerase, 
(Taq DNA polymerase), and thermal cycles that include DNA denaturation, primer annealing 
and DNA strand elongation. PCR has had a large impact on the field of environmental 
microbiology. PCR can be used to detect specific target organisms in a wide range of complex 
samples (Moore et al. 2005). Specificity can be obtained by targeting PCR primers to a 
‘marker gene’- a gene (DNA sequence) or gene variant (genotype) that is only present in the 
organisms of interest. For example, the detection of the toxigenic Vibrio cholerae O1 
serogroup is possible by PCR amplification of the cholera toxin A (ctxA) gene (Fields et al. 
1992). PCR-based techniques have also greatly increased the number of indigenous 
microorganisms that can be identified (Eiler and Bertilsson 2004). The method is very 
sensitive, with a possible detection limit as low as a few cells (Fermér and Engvall 1999). 
PCR has often been able to detect pathogenic bacteria where classically cultured samples have 
tested negative (Lawson 1999).  
 
The ability to use PCR products in order to identify organisms down to species level (or even 
sub-species) by restriction digest, probe hybridisation, sequencing or DGGE is also a great 
advantage, without the need for time-consuming biochemical tests, and species isolation 
required by classical microbiology (Fermér and Engvall 1999). Mixed community 
amplification is also possible. For example, the 16S rRNA gene variants of all bacterial 
species in a sample can be amplified simultaneously with one‘universal’ bacterial primer pair 
(Lane et al.1985). The community composition can then be assessed using genotyping 
strategies such as molecular cloning, Terminal- Restriction Fragment Length Polymorphism 
(T-RFLP), or Denaturant Gradient Gel Electrophoresis (DGGE)-PCR. 
 
Cloning involves the ligation of a PCR product to a vector plasmid. Each vector contains one 
amplified DNA sequence from one of the species in the original sample. Vectors are then 
transformed into competent E. coli cells. With plating on a solid medium that is selective for 
cells carrying the plasmid, separate ‘clones’ of E. coli, containing a unique inserted PCR 
product, appear as individual colonies. Clones are then incubated in liquid medium during 
which the PCR product is copied many times over within the replication cycle of E. coli. The 
E. coli cells are lysed and subjected to a vector-DNA targeted PCR. The resulting PCR 
product is sequenced for species identification (Eiler and Bertilsson 2004). 
 
T-RFLP analysis of mixed community 16S rRNA gene amplicons is an alternative way to 
assesses the diversity of a bacterial community. During the universal 16S rRNA PCR 
amplification of the mixed community sample, a fluorescent label is added to the 5’ terminal 
end of the PCR product. Pseudo-terminal fragments (single-stranded DNA) are removed with 
mung bean nuclease. The remaining double stranded DNA is cut by restriction endonucleases 
that cut double stranded DNA at specific target sites. Genotypes are then, based on the 
position and presence of these cleavage sites, classified into operational taxonomic units 
(OTUs) by fragment-sizing on a capillary sequencer (Eiler and Bertilsson 2004). Absolute 
species identification is not possible at this stage.  
 

12 



  
 

DGGE is another useful method for genotyping. It exploits the different melting temperatures 
of DNA segments. PCR products are separated by electrophoresis through an increasing 
gradient of chemical denaturant (urea and formamide). When the low melt domain of the PCR 
product becomes single-stranded, it becomes entangled in the poly-acrylamide gel matrix. 
Similar-sized DNA fragments can be separated by their different melting behaviours. Eiler 
and Bertilsson (submit.) have shown it is possible to differentiate 16S rRNA fragments from 
V. cholerae and V. mimicus, which only differ by a single nucleotide mismatch. This 
demonstrates further that it is a powerful and very specific genotyping method.  
 
Quantitative PCR, (Q-PCR), has further enabled the characterisation of bacterial 
communities, by allowing the calculation of the abundances of taxa within a community. 
Thompson et al. (2004a), for example, studied the seasonal variation in Vibro populations off 
the New Jersey coast using Q-PCR. Quantification enabled the identification of the 
abundances of the distinct warm-water and cold-water Vibrio populations. Basic PCR is 
limited by inconsistency in the amount of product resulting from the amount of the target 
sequence. Competitive-PCR, which involves the addition of an internal standard as a 
competing target sequence, can overcome this limitation, enabling quantitative competitive-
PCR (QC-PCR). Piatak et al. (1997) successfully developed the method of QC-PCR to 
quantify the amounts of HIV DNA and RNA in samples Various endpoint detection methods 
may be used such as DGGE. QC-DGGE-PCR allows both quantification and high resolution 
genotyping. Eiler and Bertilsson (submit.) have adopted this method to quantify amounts of 
Vibrio spp. using V. mimicus as a competing internal standard.  
 
There are some disadvantages of using DNA-based methods. Moore et al. (2005) indicate that 
the requirement of end-point detection, such as gel electrophoresis, and the need to culture 
some environmental samples before DNA extraction, prevent the adoption of DNA-based 
methods to routine microbiological laboratories. They also state that conventional PCR will 
detect gene sequences in both viable and non-viable cells. However, for detection of 
exclusively viable cells, reverse transcriptase PCR (RT-PCR) targeting the more labile RNA 
instead DNA has been used with some success (Sails et al. 1998). 
 
2.8 Aims of this study 
Two projects are reported in this thesis. The first project, which will be referred to as the 
‘Pathogen Survey’, was a general screening study of different aquatic species and substrates 
for the detection of the associated presence of selected pathogenic bacteria. The aim of the 
Pathogen Survey was to detect whether selected pathogenic bacterial species (Vibrio spp. 
thermophilic Campylobacter spp. Helicobacter pylori) occur in temperate waters in central 
Sweden, and to identify potential vector species or substrates of the detected pathogenic 
bacteria. It was hypothesised that all of the selected pathogenic bacteria for this study would 
be detected in some, but not all of the samples. Vibrios spp. thermophilic Campylobacter spp. 
and Helicobacter pylori have previously been detected in aquatic environments in Sweden, 
(Eiler and Bertilsson submit., Sahlström et al. 2004, Hultén et al. 1998). 
 
The second project, which will be referred to as the ‘Vibrio Growth Experiment’, was a 
batch-culture experiment. The experiment was designed to assess the individual and 
combined impacts of temperature and cyanobacterial-derived dissolved organic matter on the 
abundance and growth of four Vibrio species (Vibrio cholerae, V. alginolyticus, V. 
parahaemolyticus, and V. vulnificus), relative to a background of a native bacterial  

13 



  
 

assemblage from the Baltic Sea. With increasing DOC concentration and temperature the 
growth rate of all four Vibrio spp. was hypothesised to increase and the Vibrio growth was 
also expected to correlate with total growth of the native bacterial community. 
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3 MATERIALS AND METHODS 
 
3.1 Sampling Sites  
 
3.1.1 The Pathogen Survey 
Samples for the environmental survey were collected from the following systems; Lake 
Mälaren, River Fyris, and Lake Erken. All sites were located near Uppsala, Sweden (see 
figure 2). Sampling sites that were likely to be exposed to pathogenic bacteria were 
specifically selected. Ekoln is a narrow arm of Lake Mälaren, the third largest lake in Sweden. 
Ekoln is mildly humic and receives large amounts of nutrient input from agricultural sources, 
which has led to its eutrophic state (Brunberg and Blomqvist 1997, Langenheder et al. 2005). 
The Ekoln sampling site was a beach next to a camping ground and was selected due to the 
high amount of human traffic and close proximity to the outlet of the River Fyris. The River 
Fyris has high nutrient levels (Brunberg and Blomqvist 1997). The sampling site was a 
platform in mid-stream under a bridge, which was located immediately downstream of a 
municipal sewerage treatment plant. Lake Erken was selected because of its lower nutrient 
levels (mesotrophic), contrasting with the other two sampling sites. Sampling was conducted 
over a 4-month period (May- Aug 2005) with irregular frequency (table 7).  
  
3.1.2 The Vibrio Growth Experiment. 
Water was collected on the 29th of September 2005 from Grisslehamn bay, on the Upplands 
Coast, Sweden (see figure 2). A cyanobacterial assemblage dominated by Nodularia 
spumigena had previously been collected (31st of July 2005) from a beach close to Askö 
Marine Biological Station (Trosa, Sweden) during the declining phase of a large bloom of the 
cyanobacteria ‘Nodularia spumigena’. Nodularia spumigena is a planktonic cyanobacteria, 
which is known to contain nodularin, a potent heptotoxin. The species is often very abundant 
in the regular cyanobacterial blooms in the Baltic Sea (Kankaanpaa et al. 2005, Luckas et al. 
2005). The N. spumigena mixture was frozen at –20 °C until further processing.  
 
3.2 Water Sampling 
 
3.2.1 The Pathogen Survey 
Water was taken from just below the surface with clean autoclaved 2 L glass bottles, which 
were placed in the dark at in situ temperature until filtration, (carried out within 4 hours of 
sampling). In order to recover organisms in different size fractions, varying volumes of water 
(a range of 350 ml-2000 ml) were filtered sequentially through 3.0 µm pore-size 
polycarbonate filters (∅ 47 mm, Nucleopore) and 0.2 µm pore-size Supor® membrane filters 
(∅ 47 mm, Pall Corporation). A gentle vacuum of approximately 0.05 atm was applied for the 
filtrations. Duplicate filters were collected for each size fraction and stored frozen in sterile 
vials at –70 °C.  
 
3.2.2 The Vibrio Growth Experiment  
Water sampled at Grisslehamn was taken from just below the surface with a clean autoclaved 
25 L polycarbonate bottle (Nalgene, US), which was placed in the dark at in situ temperature 
until filtration, (the first filtration was carried out within 6 hours of sampling, on the 29th of 
September 2005). Ten litres of water were filtered through GF/C filters (∅ 150mm, nominal 
pore size 7µm, Whatman) with a Masterflex L/S pump (Cole Parmer Instrument Company). 
This pre-filtration was followed by two subsequent filtrations using 0.2 µm pore-size filters  
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(∅ 142mm Pall GelmanSciences, Michigan). A third and final filtration using 0.2µm pore-
size Supor® membrane filter (∅ 47 mm, Pall Corporation) was carried out before the start of 
the experiment. 
 
A bacterial inoculum was prepared from 1 L of the original unfiltered water which was passed 
through a 0.8 µm pore-size Supor® membrane filters (∅ 47mm, Pall Corporation) in order to 
remove bacterial predators, large algal colonies, and zooplankton, while retaining the natural 
bacterial community. This water was called the ‘native inoculum’. 
 
3.3 Benthic fauna samples 
The Pathogen Survey. Benthic fauna and bottom substrate were collected in a kick-net or 
with an Ekman sampler. Animals were removed from the substrate with a Pasteur pipette or 
tweezers and placed directly into sterile micro-centrifuge tubes. The micro-centrifuge tubes 
were placed in a chilled compartment in the dark until further processing (within 4 hours). 
Benthic fauna were identified to the lowest taxonomic level possible by visual identification. 
Animals were then rinsed three times in 0.2 µm-filtered autoclaved water from the sampling 
location, and placed into new autoclaved micro-centrifuge tubes. Multiple individuals of the 
same taxon were often placed into the same tube to increase the size of the sample. Samples 
were stored at –70 °C until DNA extraction. Larger benthic animals, such as Dreissena 
polymorpha, were sampled by swabbing the exterior surface with a sterile GF/F filter. The 
filter was stored at –70 °C until DNA extraction. 
 
3.4 Plankton tows  
The Pathogen Survey. Enriched plankton samples containing both large phytoplankton and 
zooplankton were collected by trawling with 60 µm and 200 µm plankton nets. Mixed 
samples were transferred to sterile Falcon tubes, which were placed on ice in the dark until 
further processing (within 4 hours), or preserved with Lugol’s solution. Chilled samples were 
used to take single taxon sub-samples with a glass-capillary micromanipulator under either an 
inverted microscope (LEICA DMIL) or a dissecting microscope. Approximately 40 
specimens of each abundant zooplankton or phytoplankton taxon were collected per sample. 
Samples were made in duplicates. The specimens were rinsed three times in 0.2 µm-filtered 
autoclaved water from the sampling location and then placed into new autoclaved 
microcentrifuge tubes and stored at –70 °C. 
 
3.5 Plant biofilms and sediment 
The Pathogen Survey. Biofilm samples on leafs and stalks of living water plants were 
collected with tweezers and placed into autoclaved micro-centrifuge tubes. Sediment was 
collected with an Ekman sampler or kick net and mixed subsamples of roughly 1 gram were 
placed into autoclaved micro-centrifuge tubes. The micro-centrifuge tubes were placed on ice 
in the dark until frozen at –70 °C within 4 hours. 
 
3.6 DOC amendment: the Nodularia spumigena mixture  
The Vibrio Growth Experiment. Microscopic analysis revealed that the cyanobacterial 
sample from Trosa Marine Laboratory contained the species Nodularia spumingena and 
Microcytis aeruginosa in abundance. Pseudanabaena/Prochlorothrix sp., Aphanothece 
parallelliformis, Planctonema lauterbornii, and Bacillophyceae spp. were also present in the 
sample. Approximately 200 ml of the N. spumigena mixture was homogenised for 10 minutes  
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at high speed with an Ultra-Tuffax T25 blender (Janke and Kunkel, IKA Laborteknik). The 
blender was prewashed with ethanol and MQ water. The homogenised mixture was 
centrifuged twice at 1 000 g, 4° C, for 20 minutes (Beckman Instruments Inc. model J2-21), 
then centrifuged a final time at 1 500 g, 4° C, for 20 minutes. The pellet was discarded after 
each centrifugation. The resulting supernatant was filtered once through GF/F Whatman 
filters, followed by three times through 0.2 µm pore-size Supor® membrane filters (∅ 47mm, 
Pall Corporation). The result was a milky-coloured viscose solution, which was stored at -
80°C prior to use. A 100-fold dilution of the sterile-filtered N. spumigena extract was 
measured for DOC content. The undiluted N. spumigena mixture was estimated to have a 
DOC concentration of 531.4 mg/L. 
 
3.7 Preparation of the Vibro spp. inoculum 
The Vibrio Growth Experiment. Vibrio cholerae, V alginolyticus, V. parahaemolyticus, and 
V vulnificus strains were acclimated to the salinity and chemical composition of the Baltic Sea 
water over a period of a few weeks (see table 1 for bacterial strain numbers).  
 
The four Vibrio species, were grown overnight at 37° C on TCBS agar plates. One bacterial 
colony was placed into 100 ml liquid Luria Broth (LB) medium. The LB medium was diluted 
sequentially with filter-sterilised Baltic seawater. Vibrio cholerae was diluted 74-fold, V. 
parahaemolyticus and V. vulnificus 44-fold, and V. alginolyticus 40-fold. The resulting 
cultures were used as ‘stock bacterial solutions’ for the Vibrio Growth Experiment. 
 
The Baclight Live/Dead kit (Invitrogen, Molecular Probes) was used after the final dilution to 
ascertain bacterial viability according to the manufacture’s instructions. Briefly, 100 µl of 
stained ‘stock bacterial solution’ was filtered onto 0.22 µm pore-size polycarbonate filters 
(Osmonics Inc.), for inspection under an epifluorescent microscope (Eclipse E600, Nikon). 
Green fluorescence under blue light excitation (B=2A excition wavelength 450-490 nm) 
signals the proportion of the cells that were viable. Bacterial abundances of the ‘stock 
bacterial solutions’ were estimated by first diluting 1000-fold, then measuring with the flow 
cytometer. 
Serial dilutions of each of the stock bacterial solutions were made to achieve an abundance of 
1 X 105 cells/ml. Equal volumes of the four Vibrio species were mixed together to create the 
‘Vibrio inoculum’. 
 
3.8 Batch culture experimental set-up 
The Vibrio Growth Experiment. Treatments at three levels of DOC were prepared as 
described in table 2. These were incubated in triplicates at 12°C, 18°C, or 25°C on shaker 
beds (approx 80 rpm) in the dark. Five groups of controls were also made in duplicate (see 
table 2). All treatments and controls were pre-mixed in 5L or 2L clean autoclaved glass 
bottles, which were also used for sampling day 0. The controls were all incubated at 18°C in 
the dark on a shaker bed.  
 
The ‘low DOC’ treatment was defined as no addition of the Nodularia spumigena DOM 
mixture (4.24 mg C/L). ‘Medium DOC’ was calculated to give a 1.5-fold increase in DOC 
concentration from the addition of the Nodularia spumigena DOM mixture (6.36 mg 
C/L).‘High DOC’ was calculated to give a 2-fold increase in DOC concentration from the 
addition of the Nodularia spumigena DOM mixture (8.48 mg C/L). The ‘native inoculum’  
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was added at a final concentration of 1% (vol/vol) to the 0.2 µm filtered water from 
Grisslehamn, resulting in a dilution of the native community by two orders of magnitude. The 
added Vibrio inoculum was calculated to give a final concentration of 1X102/ml for each of 
the four Vibrio spp.  
 
During the declining phase of a phytoplankton bloom, the labile DOM that is released is 
rapidly taken up, so that it generally only varies by a factor of 2 (Kirchman et al. 1991).  
The DOC concentration was therefore increased 1.5-fold and 2-fold in the treatments to 
attempt to recreate natural bloom conditions. DOC was increased with Nodularia spumigena 
extract, as this is a common cyanobacterial bloom species in the Baltic Sea.  
 
The temperature treatments of 12 °C, 18 °C and 25 °C were chosen as representative of 
specific seasonal events. The 12 °C treatment represents the temperature of the water used in 
the experiment when sampled from the Baltic Sea in mid-autumn. The 18 °C treatment 
recreated a normal summertime temperature environment. The 25 °C treatment represented an 
extreme summertime scenario. However on August 1st 2003, temperatures of highly than 25 
°C were measured in the surface water of the Eastern Gotland Sea and the Gulf of Finland 
(Helcom 2003).  
 
The experiment was run for a relatively short time period (4 days). This was apparently 
enough for bacteria to reach a plateau in their growth phase, while minimizing the ‘bottle 
effect’. Mouriño-Peréz et al. (2003) found a plateau was often reached in bacterial abundance 
in increased DOC treatments after only 48 h. Native bacteria were included in the treatments 
to give a relative growth performance assessment of the Vibrio spp. and to recreate the natural 
Baltic Sea environment as much as possible. The use of 0.2 µm filtered water and native 
inoculum gave an initial 100-fold dilution of native bacteria on day 0. Although this is a quite 
unnatural state, dilution is required in the experimental design to obtain exponential bacterial 
growth. Additionally, with the use of 0.2 µm filtered water and 0.2 µm-filtered DOC N. 
spumigena extract, the majority of colloid particles are removed. This removes a confounding 
factor that affects Vibrio spp. population dynamics. Viruses such as bacteriophages would 
have been naturally present in the experimental system. These have the ability to affect 
bacterial population growth, but due to their small size, are very difficult to remove. Their 
effect was minimised by using the same levels of 0.2 µm-filtered water and native inoculum 
in the treatments. The varying addition of N. spumingena extract would have introduced more 
bacteriophages into the medium and high DOC treatments, however this addition was deemed 
to be negligible.  
 
Aliquots of 212 ml from one of the treatments or controls were placed into 250 ml autoclaved 
and MQ rinsed polycarbonate Nalgene experiment bottles. Samples for day 0 were taken from 
the pre-mixing bottles, i.e. one sample was taken from each series. All experiment bottles 
were sampled on days 2 and 4. Samples were collected for: 
1) Vibrio abundance estimation with TCBS plate counts (Day 2, 4) 
2) DNA extraction for further molecular analyses (Day 2, 4) 
3) DOC measurement (Day 0, 4) 
4) Total bacterial abundance measurement by flow cytometry (Day 0, 2, 4) 
 
Samples of 50 µl were plated onto TCBS agar and incubated for 24 hours at 37 °C, or for 48 
hours at room temperature before the number of colony forming units (CFU) were counted.  
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Samples of 6 ml were filtered through 0.2 µm pore-size Supor® membrane filters (∅ 25mm, 
Pall Corporation) under gentle vacuum to be measured for DOC analysis. These samples were 
stored at 4 °C in MQ-rinsed sterile tubes until measurement (within a week).  
 
For DNA extractions, the cells in 100 ml were collected on 0.2 µm pore-size Supor® 
membrane filters (∅ 25mm, Pall Corporation). The filters were then placed into micro-
centrifuge tubes and stored at –70 °C until DNA extraction with Mo Bio Ultraclean soil DNA 
extraction kit.  
 
Samples of 2 ml were fixed with borate-buffered formaldehyde (0.2µm filtered) added to a 
final concentration of 2% (vol/vol), and stored at 4 °C until analysis with flow cytometry.  
 
3.9 Water characteristics  
In situ temperature was measured with a thermometer (Labortherm-N) from just below the 
water surface at the start of each sampling occasion. Conductivity was measured with a 
conductivity meter (CDM2d Radiometer, Copenhagen) as instructed in the Swedish standard 
SS 028123 1974. pH was measured with a pH Meter (micropH2001 Crison) according to the 
manufacturer’s user manual. Water colour was assessed using a Hitachi u-2000 
spectrophotometer equipped with a 1 cm glass cuvette. Absorbance at 436 nm was used as a 
proxy for water colour.  
 
Water samples for analysis of DOC were filtered through prewashed 0.2 µm-pore size 
membrane filters (∅ 47 mm, Pall Corporation) using acid-rinsed filter holders. Filtrates were 
first acidified to pH < 2 by adding HCl to a final concentration of 0.02 M and then purged 
with CO2-free air for 6 minutes to remove inorganic carbon. Samples were then analysed for 
total organic carbon (TOC) by high-temperature catalytic oxidation and infrared detection 
with a Shiamadzu TOC-5000 instrument (Bertilsson and Tranvik 2000). 
 
The amount of chlorophyll-a was measured as a proxy for phytoplankton biomass. Cells were 
collected on GF/F Whatman filters (0.7 µm nominal pore size), which were then frozen at       
-70°C. Filters were extracted in 96 % ethanol for 6 h. Particles were removed by 0.45 µm 
membrane filtration. Chlorophyll-a absorbance was measured at 665nm, and at 750nm to 
correct for suspended solids (Jespersen and Christoffersen, 1987).  
 
3.10 Bacterial abundance measurements 
Aliquots of 2-5 ml unfiltered water were taken from each incubation bottle and at each 
sampling occasion. To preserve the samples, borax-buffered and 0.2 µm filtered 
formaldehyde was added to a final concentration of 2 % (vol/vol) prior to storage at 4 °C until 
analysis.  
 
Cell abundances were analysed by flow cytometry according to del Giorgio and coworkers     
(1996). Samples were stained with the green fluorescent nucleic acid stain Syto® 13 
(Molecular Probes), followed by counting of DNA-containing cells on a FACScan flow 
cytometer (Benton Dickinson) equipped with a 15-mW, 488nm, argon laser. A low sample 
flow rate of 12 µl/min was used. Fluorescent reference beads (∅ 1.5 µm, Fluoresbrite 
carboxy-YG microspheres, Synthetic Genetics) were added in constant amount to each  
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sample as an internal standard (final concentration 1-5 x 105/ml). Beads and bacteria were 
detected and separated using a scattergram of green fluorescence (FL1) and side scatter  
 
 
(SSC). The detector voltages were set to EO1 for forward scatter (FSC), 400 for SSC, 551 for 
FL1, 400 for FL2, and 566 for FL3. Background fluorescence was removed with a FL1 
threshold setting of 40. One minute or 40 000 ‘bacterial’ cells were counted per sample.  
 
Bead counts were conducted under an epifluorescence microscope to calculate bacterial 
concentrations from the flow cytometry results. One hundred microlitres of bead solution was 
added to 2 ml of 0.2 µm-filtered MQ water, then filtered onto 0.22 µm polycarbonate filters 
(∅ 25 mm, Osmonics). A further 5 ml of MQ water was used to rinse the filtration tower. 
Filters were immersed in oil and observed under blue excitation in an epifluorescence 
microscope using a 100 X 1.30 oil lens. 
 
Additionally, for the Vibrio Growth Experiment, five samples were measured in replicates to 
ensure accuracy of the cytometry measurements. Selected samples were also cross-checked 
using epifluorescence microscopy. Samples for microscopy were stained with Syto 13, then 
filtered onto 0.22 µm pore-size polycarbonate filters (∅ 25mm Osmonics). At least 20 fields 
or 200 cells were counted under an epifluorescent microscope as described above.  
 
3.11 DNA extraction 
All environmental samples were extracted for DNA with the Ultraclean soil DNA kit 
(MOBIO laboratories Inc.) according to the manufacturer’s instructions for maximum DNA 
yield. This kit has previously been shown to successfully extract native bacterial DNA from 
0.2 µm filters (Stepanauskas et al. 2003). Samples were homogenised with silica beads and a 
lysis agent for 10 minutes at top speed on a vortexing machine (MSI minishaker IKA®). Cell 
and protein debris was pelleted with micro-centrifugation at 10 000 g (Centrifuge 5415D, 
Eppendorf) and discarded. DNA in the supernatant was captured on a spin filter by greatly 
increasing the salt concentration. After washing with a similar high-salt solution, the DNA 
was eluted with 50 µl of buffered water. 
 
DNA from bacterial isolates, to be used as positive controls, were extracted using the 
DNeasy® tissue kit from Qiagen. The protocol for DNA extraction from Gram-negative 
bacteria was followed. Briefly, samples were lysed with proteinase K at 70°C. The DNA was 
immobilised on a filter and washed on a spin column using centrifugation, then eluted into 
100 µl of 1 mM Tris buffer (pH 8). 
 
For all extracted DNA samples, 10 µl of DNA per sample were run on a 1% agarose gel with 
0.05 % ethidium bromide for 80 minutes at 100 V, then visualized and quantified using a gel 
documentation system equipped with a Spectronics-variable intensity UV-source with a 
diffuser-plate and a cooled, 12-bit monochrome CCD camera (CoolSNAP-Procf 
Monochrome, Media Cybernetics Ltd.) and with the software Gel-Pro Analyser version 3.1. A 
low DNA mass ladder (Invitrogen) was used as an internal quantification standard. 
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3.12 PCR and PCR product analysis  
PCR protocols for detection of the Vibrio genus, V. cholerae, theormophilic Campylobacters, 
and Helicobacter pylori species were obtained from the literature. They were first verified 
with positive and negative controls (table 3). For some protocols is was necessary to modify 
the original method in order to obtain the desired sensitivity and specificity. Specificity of the 
PCR was also tested more in depth in a few cases where inadequate information had been  
 
 
provided in the original reference. Sensitivity was tested for all PCR protocols, using a 
dilution series of the positive control. The PCR primers used for the assays are listed in table 
5. The final PCR protocols that were developed are listed in table 6. All PCR reactions were 
carried out in a Robocycler Gradient 96 PCR machine (Stratagene). 
 
A range of 5 µl- 15 µl of PCR products were run on 2% agarose gels (containing 0.05% 
ethidium bromide) for 50 minutes at 100 V, then visualised and quantified using UV 
transillumination. 
 
In addition, for the Vibrio Growth experiment, preparation for Vibrio ribotype quantification 
with DGGE was conducted by adding an internal standard of 1 000 V. mimicus genome 
equivalents into the PCR mix for each sample. 
 
3.13 DGGE denaturant gradient gel electrophoresis 
PCR products from the Vibrio genus-specific PCR developed by Thompson et al. (2004a), 
that were of the expected size of approximately 120 bp (E. coli positions 567-680), were 
genotyped using DGGE according to the method described by Eiler and Bertilsson (submit.). 
The polyacrylamide concentration was 6.5 % (wt/vol) in the gel. A denaturing gradient of 45 
% to 70 % formamide and urea in TAE buffer (20 mM Tris, 10 mM acetate, 0.5 mM 
Na2EDTA; pH 7.4) was used to obtain acceptable separation of the different Vibrio ribotypes. 
Equal amounts of PCR product were added to each lane (2 ng of DNA for the Vibrio 
standards and 10-15 ng for samples). Three lanes contained Vibrio standard samples that were 
added to the gel to give migration-based identification of the ribotypes in the samples. Three 
to four Vibrio spp. were used in each of the DGGE standards 1, 2, and 3 (see table 2). 
Separation was achieved after running the gel at 64 °C for 16 hours at 80 V. Gels were stained 
for one hour with SYBRGold (Molecular Probes), according to the protocol provided by the 
manufacturer, then visualized by UV-transillumination, with a yellow K2 filter by Tokina 
Ltd, using the gel documentation system and procedures described above.  
 
For the Vibrio Growth Experiment, in addition to the procedure described above, the amount 
of each Vibrio ribotype was quantified from the intensity of the DGGE band using the 
formula provided by Eiler and Bertilsson (submit.). A standard curve was constructed for 
each Vibrio sp. with a log-log relationship between the Vibrio sp./internal standard ratio to the 
total Vibrio sp. abundance. A standard curve with data for all experimental Vibrio strains was 
used as a proxy for quantification of autochthonously-occuring Vibrio splendidus and 
Listonella anguillarum (figure 9). Linear correlations were found for all of the standard 
curves. 
 
Vibrio cholerae: R2 = 0.88 
Pi([ l-1] = [ (Api/Astd )+INVLOG3.34]/ [INVLO0.9071] x[ 1/Vsample] 
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Vibrio alginolyticus: R2 = 0.88 
Pi([ l-1] = [ (Api/Astd )+INVLOG3.42]/ [INVLOG1.10] x[ 1/Vsample] 
 
Vibrio parahaemolyticus: R2 = 0.82 
Pi([ l-1] = [ (Api/Astd )+INVLOG3.35]/ [INVLOG0.754] x[ 1/Vsample] 
 
Vibrio vulnificus: R2 = 0.94 
 
 
Pi([ l-1] = [ (Api/Astd )+INVLOG3.07]/ [INVLOG1.01] x[ 1/Vsample] 
 
Vibrio splendidus, Listonella anguillarum : R2 = 0.85 
Pi([ l-1] = [ (Api/Astd )+INVLOG3.36]/ [INVLOG1.01] x[ 1/Vsample] 
 
Pi  = The number of organisms of ribotype I 
Api = The intergrated fluorescence signal of the ribotype I DGGE band 
Astd = The intergrated fluorescence signal of the internal V. mimicus standard DGGE band 
Vsample= The volume of filtered water 
 
3.14 Cultured bacterial strains 
Information on the bacterial strains used as positive and negative PCR controls, PCR-DGGE 
standards, and as experimental strains is available in table 1. 
 
3.15 Statistical analysis 
Statistical analysis of results was carried out in Excel (Microsoft) and Statistica (StatSoft 
Inc.). Means, standard deviations and standard errors were calculated from triplicate samples. 
Significance was determined as highly significant (p <  0.001) and significant (p <  0.05). 
Exponential growth rates for both total bacterial abundances and Vibrio abundances were 
calculated with the bacterial abundance data from day 0 and day 2, using the formula µ (/day) 
= ln(Tday 0/Tday 2). 
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4 RESULTS 
 
4.1 DNA extraction and 16S rRNA universal PCR amplification 
Altogether 52, from a total of 200 samples collected in the Pathogen Survey, were extracted 
for DNA. The resulting amounts of DNA ranged from undetectable/degraded DNA up to 155 
ng/µl. In the Vibrio Growth Experiment, DNA extraction of all of the 0.2 µm filter samples 
obtained from day 2 and 4 resulted in DNA concentrations from below the limit of detection 
to 116 ng/µl. PCR-amplification with universal primers that amplify the 16S rRNA of 
eubacteria (Lane et al. 1985) resulted in a detectable PCR-product in the majority of the 
samples (see table 10). Hence even if a few extracts contained too little DNA to allow PCR or 
contained PCR inhibitors, the majority of the extracts were of a quality that allowed PCR 
amplification of the bacterial 16S rRNA gene. The DNA from samples captured on filters was 
found to become degraded with use of a bead-beating machine (Mini-Beadbeater, Biospec 
Products).  
 
4.2 Development of PCR protocols 
Campylobacter jejuni: The PCR protocol for detection of Campylobacter jejuni, developed 
by Klena et al. (2004) showed satisfactory results and was used without modifications. The 
limit of detection was 600-6000 cells and none of the negative controls produced a signal 
under the given PCR regime (Table 3).  
Campylobacter spp: The 12-minute denaturation step was removed from the PCR-protocol 
for detection of thermophilic Campylobacter spp (Fermér and Engvall, 1999), as AmpliTaq 
gold was replaced by Surestart taq (stratagene). This improved the resulting amount of PCR 
product and the sensitivity was as low as 30-60 cells per PCR reaction for C. jejuni and C. 
coli (Table 3).
Campylobacterales: The PCR developed by Marshall et al. (1999) for detection of 
Campylobacter, Arcobacter and Helicobacter species was discovered to give false positive 
results for several non-target species when conducted as described in the original protocol 
(table 3). Hence different annealing temperatures were tested in a PCR optimisation 
experiment to increase specificity. However, even at an annealing temperature of 63 °C 
compared to 52 °C in the original protocol, Bacillus subtilis and Bacillus thuringiensis tested 
positive (figure 3). Hence this PCR-method was not used in further experiments and no 
testing of samples from the Pathogen Survey was carried out.  
Helicobacter pylori: The PCR for detection of H. pylori (Shahamat et al. 2004) was suffering 
from extremely low sensitivity. Hence an alternative forward primer found in the literature, 
(Lu et al. 1999), with only one base-pair difference was tested in an attempt to increase the 
sensitivity. Annealing temperatures of both 55 °C and 60 °C were tested and the MgCl2 
concentration was also varied (1.5 mM and 2 mM). The same low level of sensitivity was 
found for both primer pairs (table 3).  
Vibrio spp.: The PCR protocol specific for the genus Vibrio (Thompson et al. 2004a) was 
used without any modifications as it showed high sensitivity and no false positives (table 7).  
Vibrio cholerae: The Vibrio cholerae-specific PCR developed by Chun et al. (1999), then 
adopted and modified by Lipp et al. (2003) had a limit of detection between 250 and 2500 
cells (table 3). A false positive signal was produced for one of the negative controls, the close 
relative V. mimicus 11607T. This strain of V. mimicus has a 16S rRNA nearly identical to that 
of V. cholerae (Eiler and Bertilsson, submit.) and has previously been identified as V.  
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cholerae with an alternative genotyping method (Gonzalez-Rey pers. comm.). Therefore the 
decision was made to use the previously published protocol without modifications.  
 
4.3 Detection of pathogenic species- PCR and PCR-DGGE 
In the Pathogen Survey 13 water samples, 8 phytoplankton samples, 6 benthic fauna samples, 
5 zooplankton samples, 3 algal samples, 3 macrophyte samples, and 3 sediment samples were 
tested for the presence of pathogenic bacteria using PCR (table 10). The presence of Vibrio 
spp. in sample types appears to follow no obvious trends (table 9). Sampling locations ranged 
in the percentages of samples that tested positive (Ekoln, Lake Mälaren 55 %; Lake Erken 81 
%; the River Fyris 79 %, and Trosa Marine Laboratory 100 %). None of the universal PCR-
positive samples, (n = 41), tested positive for Campylobacter species C, jejuni, C. coli, C. lari, 
C. upsaliensis or Helicobacter pylori. One or more Vibrio spp. were found in 32 of the 
samples showing a quite widespread occurrence. Successful PCR-DGGE analysis was 
conducted on 23 of the Vibrio positive samples. In general the Vibrio community was found 
to not be very diverse, with most Vibrio-positive samples containing few different ribotypes 
(table 10).  The most common Vibrio species detected with the combined PCR-DGGE assay, 
(83% of samples), was tentatively identified as V. diazotrophicus. The second most common 
ribotype, present in 35% of samples, was unidentifiable and is called ‘M1’in the present 
study. The position of population M1 on the gel was slightly above the V. diazotrophicus 
band but below V. cholerae on a DGGE gel (figure 4). Two samples resulted in faint DGGE 
bands that co-localized with the Vibrio cholerae marker. However no samples tested positive 
for the presence of V. cholerae with the cholerae-specific PCR-assay developed by Chun et 
al. (1999, table 10). 
 
4.4 VIBRIO GROWTH EXPERIMENT 
 
4.4.1 Total bacterial abundances 
Already after 2 days of incubation a significant difference was found between the total 
bacterial abundance for the different treatments (Figure 6). Two-way analysis of variance 
showed that the differences were a combined effect of DOC concentration and temperature 
(F4,18) = 5.21, p < 0.0057. Post hoc analysis (Tukey HSD) suggested that there were 
significant differences between all of the treatments, with typically higher bacterial 
abundances at higher temperatures and in the treatments amended with Nodularia spumigena 
DOM (figure 6).  
 
On day 4 the difference between the total bacterial abundance of the different treatments was 
even more pronounced, (F4,18) = 18.48, p < 0.000003. The effect of Nodularia spumigena 
DOM amendment alone gave an F-value of (2, 18) = 690.4, (p < 0.000003), indicating that 
this was the dominant factor. A Post hoc Tukey HDS test of results from day 4, revealed a 
significant difference between all of the means of the low, medium and high N. spumigena 
DOC treatments. The total bacterial abundance was lowest in the low DOC treatment, then 
increasingly higher in the medium DOC and high DOC treatment. In the 12°C treatment there 
were significantly less bacteria than in the 18 °C and 25 °C treatments (p = 0.00015). In 
contrast, no significant difference was found between the 18 °C and 25 °C temperature 
treatments (p = 0.903).  
 
Levene’s test for homogeneity of variances showed that the ANOVA assumption of equal 
variance of the means was not correct for all ANOVA analyses conducted on total bacterial  
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abundances (p < 0.05). Hence even if ANOVA is a robust statistical method, the results 
should be interpreted with some caution (Browne and Forsythe 1974).  
 
Bacterial growth rates estimated over the first two days of the experiment were estimated by 
fitting an exponential growth curve between the two datapoints (table 4). There were not 
enough sampling data available to confirm the bacterial growth stage. An assumption was 
made that the bacteria were in the exponential growth phase. Bacterial cells in treatments with 
the medium or high DOC additions of the Nodularia spumigena mixture had much higher 
estimated growth rates compared to the unamended treatment with low DOC, suggesting that 
the Nodularia DOC were substantially more bioavailable that the organic substrates found in 
the original Baltic Sea water.  
 
4.4.2 DOC measurements 
The measured initial and final DOC concentrations for the treatments are presented in figure 
5. The ‘medium DOC’ treatment had a DOC concentration that was slightly higher than the 
calculated 1.5-fold increase to the original DOC concentration. The ‘high DOC’ treatment had 
a lightly lower DOC concentration than the calculated 2-fold increase of the original DOC 
concentration. After 4 days DOC concentrations had decreased in all treatments. The 
amended DOC treatments experienced greater decreases. 
 
4.4.3 Vibrio CFU 
Exponential growth rates for Vibrio CFUs were higher than for total bacteria in all of the 
respective treatments (table 4). Significant differences were found in the number of Vibrio 
CFU between the different treatments on both day 2 and day 4 (ANOVA, F4,17 = 20.50, p <  
0.000003, and F4,17 = 3.05, p <  0.046 respectively). Again, Levene’s test for homogeneity of 
variances showed that the ANOVA assumption of equal variance of the means was not 
fulfilled for all ANOVA analyses conducted on Vibrio CFU (p < 0.05), and the results should 
therefore be interpreted with some caution.  
 
On day 2, the number of CFU was significantly higher in treatments with the higher DOC 
amendments (figure 7, Post hoc Tukey HSD, p < 0.00026 between all treatments). 
Temperature was also a factor that significantly increased the abundance of Vibrio CFU 
between the 12 °C and the 18 °C/25 °C treatments (Post-hoc Tukey HSD, p < 0.00016). No 
difference was found in Vibrio CFU between the 18 °C and 25 °C treatments. 
 
On day 4, no significant difference was found between the Vibrio spp. abundance at low and 
medium DOC levels. However, the abundance of Vibrio spp. was significantly higher in the 
high DOC treatment (Post-hoc Tukey HSD, p < 0.0057). Vibrio CFU were significantly 
higher in the 18 °C treatment compared to the 12 °C treatment. Again, as on day 2, no 
difference was found between the Vibrio CFU counts in 18 °C and 25 °C treatments. 
 
The relative abundance of Vibrio CFU, (the adjusted Vibrio CFU count in relation to the total 
bacterial abundance of each sample), did not change any of the significant differences 
detected between the treatments (figure 8). 
 
4.4.4 QC-PCR-DGGE Vibrio spp. abundance
Higher abundances of Vibrio spp. where found in the medium DOC and high DOC treatments 
(table 11). Kruskal-Wallis ANOVA showed the difference was significant between the  
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medians of the DOC treatments on day 2, and highly significant on day 4, [H (2, N = 27) = 
13.51, p = 0.0012 and H (2, N = 27) = 15.00, p = 0.0006 respectively]. Temperature was 
found to not have any significant effect on the Vibrio spp. abundance. 
 
Vibrio cholerae was identified to be the greater portion of the total Vibrio spp. present, (table 
11). It was the only species detected in all of the treatments. The same trends for V. cholerae 
abundances were observed as for total Vibrio spp. abundances. The V. cholerae abundance 
was lowest in the low DOC treatment and highest in the high DOC treatment. Kruskal-Wallis 
ANOVA showed that the difference was highly significant between the medians of the DOC 
treatments on both day 2 and day 4, [H (2, N = 25) = 14.66, p = 0.0007 and H (2, N = 27) = 
16.62, p = 0.0002 respectively]. Temperature was found to not have any significant effect on 
V. cholerae abundance. 
 
The second most abundant Vibrio spp. detected was V. vulnificus. Its abundance was highest 
in the high DOC treatment, (table 11).  Other Vibrio spp. that had been added in the ‘Vibrio 
inoculum’ (V. alginolyticus and V. parahaemolyticus) were generally present at low 
abundances in some of the treatments. Vibrio splendidus and Listonella anguillarum were 
also tentatively identified and quantified in some of the samples. 
 
A scatterplot which compared estimations obtained from TCBS plate counts and QC-PCR-
DGGE for identical samples showed large variability (figure 10). TCBS plate count 
estimations were generally lower than those obtained by QC-PCR-DGGE. 
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5 DISCUSSION 
  
5.1 Distribution of Vibrio spp. in temperate waters- as detected by PCR and 
PCR-DGGE 
Various samples of water, macrophytes, benthic fauna etc. tested positive for Vibrio spp. 
However, no sample type (i.e. sediment or phytoplankton for example) was consistently 
positive except for macrophytes. The lack of trends is likely due to the small data set but may 
also point to a wide, less-selective occurrence of Vibrio spp. in Swedish freshwaters. In the 
present study, sampling occurred at a low frequency at different dates for the sampling 
locations, therefore no temporal trends can be inferred. Vibrio spp. appear to be most 
abundant in Lake Erken. This may be due to the presence of a heavy Gleotrichia echinulata/ 
copepod bloom in the lake when sampled (table 8), which perhaps acted as a reservoir for 
Vibrio spp. to spread to other substate types. The largest variety of Vibrio spp. was found in 
samples from the River Fyris, followed by Ekoln (Lake Mälaren), then Lake Erken. The River 
Fyris may have a more diverse Vibrio population due to its relatively high DOC levels, and 
possibly due to inputs of Vibrios from the upstream municipal wastewater treatment plant. 
The high total bacterial abundance measured at this site signals high productivity and 
conditions that likely to be permissive for many bacterial groups. 
 
In two samples a V. cholerae population was detected by PCR-DGGE using the PCR 
developed by Thompson et al. (2004). However, these samples tested negative however with 
the V. cholerae-specific PCR developed by Chun et al. (1999). Therefore the presence of V. 
cholerae in freshwater could not be conclusively demonstrated. The two samples were 1) A 
water sample from the River Fyris and 2) Microcystis aeruginosa from Ekoln, Lake Mälaren. 
These waterbodies are highly connected. A plausible original source of this population is from 
the discharge of the municipal wastewater treatment station. However, the rather limited data 
set does not allow any definite conclusions about the persistence of the bacterium in the 
studied ecosystems, even if the two samples were taken at different dates (July and May 2005 
respectively). Other unidentified Vibrio spp. were found with PCR-DGGE. The results of this 
study only allow speculation about the identity of population M1 due to the lack of prior 
Vibrio spp. research in freshwater temperate areas. To positively identify the V. 
diazotrophicus-like ribotype, the likely V. cholerae ribotype and the unidentified M1 band, 
further research has been carried out. Selected samples from a few of the sampling occasions 
were cloned and sequenced. Homology searches were used to identify which species, (or 
several species) the respective band were affiliated to. Sequences of Vibrio cholerae and V. 
diazotrophicus were identified in Ekoln and the River Fyris. The pathogen V. 
parahaemolyticus was positively identified from Lake Erken. The ‘M0’ species found in all 
locations in this study was found to Aeromonas media. The PCR developed by Thompson et 
al. (2004a) appears to also amplify this species (Alex Eiler pers. commun.).  
 
Vibrio species have rarely been shown to exist in freshwater environments in Sweden before. 
The present study tentatively points to the presence of Vibrio diazotrophicus in several 
Swedish freshwater systems, in a diverse range of substrate types, including sediment, water, 
benthic algae, phytoplankton, benthic fauna, and macrophytes. Not much is known about the 
ecology and distribution of Vibrio diazotrophicus. It is a halophilic nitrogen-fixing Vibrio, 
which was first identified in 1981 in the marine environment (Guerinot et al. 1982). It has 
since been found to be ubiquitous in saltwater aquaculture environments in many countries in 
association to fish, mollusk, shrimp, rotifers, artemia, and in their culture water (Thompson et 
al. 2004b). It has also been reported to be present in the freshwater prawn Marcobrachium  
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rosenbergii in Saudi Arabia (Al-Harbi 2003). The confirmation of the discovery of Vibrio 
diazotrophicus in freshwater in Sweden would indicate that this species, unlike many other 
Vibrio spp., does not require high amounts of Na+ ions for ion regulation. In addition, this 
species must be able to tolerate the predominantly low temperatures in Sweden, and this may 
point to the existence of host attachment or other temperature survival mechanisms. Guerinot 
et al. (1982), and Al-Harbi (2003) both found the species inside the digestive tract of 
organisms (the sea urchin and tbe freshwater prawn respectively). Therefore, we suggest that 
V. diazotrophicus was also present in the gut flora of many of the animals sampled in the 
present study. The intestine may also provide a constant temperature and higher ion levels, 
which would help V. diazotrophicus to survive under the seemingly harsh conditions in 
Swedish water systems. The presence of the free-living nitrogen-fixing bacterium could also 
indicate low nitrogen levels in the sampled water systems.   
 
The absence of thermophilic Campylobacter species in the environmental samples tested 
indicates that these species are not constantly present in the sampled water systems in a wide 
distribution. It is expected that these species are present in the sampled water systems 
ephermerally, with abundance and distribution depending on host abundance, fecal 
contamination, and miscellaneous abiotic factors. Campylobacter species such as 
Campylobacter jejuni have been detected in migratory birds in Sweden (Broman et al. 2004), 
therefore bird population abundance may affect Campylobacter species abundances in water 
systems. The negative result of the tested samples for the presence of Helicobacter pylori 
shows that H. pylori does not occur in high concentrations in the sampled water systems. 
Unfortunately due to the very low sensitivity of the Glm M gene PCR (Shahamat et al. 2004) 
observed in our PCR optimization efforts, no conclusive statements can be made about the 
presence of H. pylori in low amounts. Many papers have shown the presence of H. pylori in 
aquatic environments, including Sweden (Hultén et al. 1998). In addition, the discovery that 
H. pylori can attach to zooplankton and enter a VBNC state, Cellini et al. (2005) have 
provided good evidence that H. pylori is adapted to life in aquatic environments, supporting 
the hypothesis that the bacterium can persist in the natural environment. A larger-scale 
sampling program would have increased the probability of detection of thermophilic 
Campylobacter and Helicobacter pylori. It was also not possible to analyse all sample types 
taken at all sampling locations due to lack to time. 
 
5.2 The role of DOC and temperature as regulators of pathogenic Vibrio 
populations in the Baltic Sea  
CFU plate counts and QC-DGGE-PCR show that the abundance of Vibrio spp. increases with 
increasing levels of DOC. This is the same trend that was noted for the total bacterial 
abundance. Regression analysis however only showed a weak correlation of the total bacterial 
abundance to predict the CFU Vibrio abundance (R2-adjusted = 0.18, p <  0.001, Beta = 0.44).  
Moreover, total bacterial abundance was found to not significantly predict total Vibrio spp. or 
Vibrio cholerae abundances found by QC-PCR-DGGE, (R2 = 0.0524 and R2 = 0.0535, p > 
0.05). This suggests that Vibrio spp. reacted differently to the experimental conditions than 
the total bacterial community. Therefore estimation of Vibrio spp. abundances from total 
bacterial abundances is not possible, and molecular-based or culture-based identification of 
Vibrio spp. is required. The high variability of  estimates for the total Vibrio abundances of 
identical samples found between the two methods used in this study indicates that care must 
be taken to assess the accuracy of the methods. The culture-based CFU counts generally were 
lower than the QC-DGGE-PCR estimations due a lack of detection of VBNC cells.  
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Exponential growth rates of Vibrio CFU were generally 2-3 times higher than found for total 
bacteria. Hence Vibrio spp. are faster-growing than the collective average of the native 
bacterial community under the experimental conditions. Exponential growth rates were 
approximately twice as high as those reported by Mouriño-Peréz et al. (2003) for Vibrio 
cholerae in dinoflagellate (Lingulodinium polyedrum) bloom water. Exponential growth rates 
in this experiment were even slightly higher than growth rates of V. cholerae with a similar 
level of labile artificial DOM amendment with tryptone (2mg/L Mouriño-Peréz et al. 2003). It 
can be concluded that Vibrio spp. grow well in water containing Nodularia spumigena DOM, 
at least initially, before the DOM becomes depleted. The DOC-amended treatments had DOC 
concentrations that were close to the initial unamended DOC levels after only 4 days. This 
suggests that the DOM N. spumigena mixture probably contained a large proportion of labile 
nutrients. This is supported by Kirchman et al. (1991) who found rapid turnover rates per day 
of phytoplankton DOC. 
 
The dominance of Vibrio cholerae in all treatments and absence of other ‘Vibrio inoculum’ 
species in many of the treatments, as shown by QC-PCR-DGGE, may be explained by a range 
of reasons such as out-competition for resources and bacteriocin release. Vibrio cholerae 
strains have been found to be able to possess a range of bacteriocins (Mitra et al. 1980). The 
experimental Vibrio cholerae strain UN 13140 has been shown to possess bacteriocin abilities 
against other Vibrio spp. (unpub. data). This study suggests that DOM amendment results in a 
shift in the Vibrio spp. community composition in the Baltic Sea, and quite possibly in other 
locations. Vibrio cholerae becomes dominant at high DOM concentrations, whereas the 
proportions of other Vibrio species generally decrease. V. vulnificus however, can also reach 
quite high absolute abundances. 
 
Increased DOM levels in the Baltic Sea during the decline phase of a phytoplankton bloom 
could lead to V. cholerae levels that are higher than the minimum infectious dose for humans. 
This was shown by this study, where a level of over 104 cells/ml (the minimum infectious 
dose as reported by Mouriño-Peréz et al. 2003) was obtained in the ‘high DOC’ treatment at a 
temperature of 18 °C or more. The fact that V. cholerae levels in the ‘12 °C high DOC’ 
treatment increased approximately 50-fold and almost reached the minimum infectious dose 
during the short course of the experiment is both surprising and alarming. It is likely that the 
minimum infectious dose would have been reached in the 12 °C if the duration of the 
experiment had been longer. This is in contrast to results from Datta and Bhadra (2003), who 
found that V. cholerae ceases to grow at temperatures below 15 °C. This study suggests that 
increased levels of DOM can stimulate growth at lower temperatures. This discovery has 
large implications for risk assessment of V. cholerae infections in the Baltic Sea region. 
 
Interestingly, temperature was found to play a lesser role in determining Vibrio spp. 
abundance in the experiment than DOM amendment. The significant differences found 
between treatments were small in comparison to the differences between the DOC treatments. 
This is in contrast to other studies that found temperature to be a critical factor determining 
Vibrio abundances, (McLaughlin et al. 2005, Huq et al. 2005).  The temperature had a more 
pronounced effect on Vibrio CFU counts than on Vibrios quantified with the QC-PCR-
DGGE.  This might be due to the additional ability of QC-PCR-DGGE to detect VBNC 
Vibrio cells and suggest that low temperatures may promote entry of cells into the VBNC 
stage. Hence an explanation why higher QC-PCR-DGGE-determined Vibrio spp. abundances  
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were higher than Vibrio CFU plate counts, particularly at 12 °C and at the low DOC treatment 
level.  
 
In this study, increased temperature interacted positively with the primary factor, DOM 
amendment, to further increase Vibrio spp. abundances.  Evidence of such a synergy has not 
been previously reported in published literature for Vibrio spp. in cold aquatic environments. 
Synergy of these two factors, together with chlorophyll-a concentrations has, however, been 
reported for total bacterioplankton in the Baltic Sea (Väätänen 1980). 
 
The declining phase of phytoplankton blooms are known to cause an increase in two known 
vectors of V. cholerae - copepods and detritus. Mouriño-Peréz et al. (2003) hypothesise that 
DOM of algal origin also contributes to V. cholerae “blooms”, especially in the case of the 
free-living V. cholerae. Although research has focused greatly on Vibrio spp. attach to host 
species, free-living Vibrio species have also been detected in the natural environment. 
Heidelberg et al. (2002) reported significant numbers of free-living Vibrio cholerae/V. 
mimicus in Chesapeake Bay, USA. As free-living Vibrio spp. cannot obtain carbon from any 
particular host, DOM is likely to play an important role in the persistence of the species in the 
free-living state. Understanding the role of DOM in Vibrio spp. distribution and persistence is 
paramount, as free-living Vibrio spp. are likely to feature different life strategies, dispersal 
modes and pathogenicity. Our experiment shows that DOM from Nodularia spumigena 
greatly increases the abundance of free-living V. cholerae (and V. vulnificus). This highlights 
the need to focus on the role of DOM alongside vector attachment, temperature, salinity, and 
other well-studied cholera outbreak factors.  
 
Factors in the experimental set-up, such as the filtration removal of bacterial predators, and 
the presence of other essential nutrients supplied by the N. spumingena mixture, undoubtedly 
affected bacterial growth. To test these hypotheses, repeats of this experiment are required 
with unfiltered native inoculum water or alternatively an artificial DOC source. Further 
chemical composition analyses of the N. spumigena mixture are also required. No further 
analyses of the mixture, other than DOC levels, were attempted in this study. Mouriño-Perez 
et al. (2003) have monitored the impacts of other nutrients such as nitrogen and phosphorus in 
a similar experimental design. They found DOC amendment was found to give to cause the 
greatest increase in growth rates. Further sampling over an extended time period, as well as at 
other locations on the Baltic Sea are needed to assess if DOC is commonly the limiting 
growth nutrient in this area. Nodularin and other known compounds produced by N. 
spumigena are toxic to higher eukaryotes such as fish and copepods (Ojaveer et al. 2003). 
These toxins do not appear to have a negative effect on the growth of bacteria or on Vibrio 
spp. in particular in this experiment. 
 
Environmental control of pathogenic Vibrio spp. may be possible by regulation and reduction 
of DOM concentrations, particularly labile DOM. Sources of DOM to large waterbodies, such 
as the Baltic Sea, are autochthonous algal DOM and allochthonous carbon compounds from 
inflows. Autochthonous DOM is much more labile (Moran, et al. 2002). High levels of 
autochthonous DOM can lead to bacterioplankton blooms. Cyanobacterial and algal blooms 
in the Baltic Sea produce elevated levels of autochthonous DOM. Therefore the key control 
method of pathogenic Vibrio spp. is the control of these blooms.  Control of algal blooms lies 
in lowering of nutrient (N, P) run-off levels to prevent the process of eutrophication ( ysiak-
Pastuszak et al. 2004).  Land usage care and wastewater treatment are key techniques to lower  
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nutrient run-off. Prevention of the climate change process and the greenhouse effect would 
also help environmental control of pathogenic Vibrio spp.  Unless the world controls its 
burning of fossil fuels, the predicted future increase of CO2 in the atmosphere is likely to 
increase DOM concentrations in water, (Hejzlar et al. 2003). This will potentially lead to a 
rise in Vibrio spp. abundances. Prevention of an increase in surface water temperature is 
another measure to control outbreak of pathogenic Vibrio spp. This however would  require a 
drastic global reduction in the current release of greenhouse gases into the atmosphere.  
 
CFU counts are a rough approximation, and should be treated with caution. However 
Mouriño-Peréz and coworkers (2003) among others have found that CFU plate counts give a 
good correlation to fluorescent microscopy counts (R2 = 0.72, p < 0.0001) in treatments with 
DOC addition. Therefore the medium and high DOC treatment CFU plate counts are reliable 
indicators of the actual Vibrio spp. abundance. They found that CFU counts are lower than 
direct counts in non-DOC amended treatments. In the present experiment, much lower Vibrio 
CFU were found in the unamended low DOC treatment. This suggests that an underestimation 
of the actual Vibrio spp. is likely to have occurred. Mouriño-Peréz (2003) and others stress 
that there are still VBNC Vibrio spp. in non-amended DOC treatments.  
 
Interestingly the CFU counts were much higher on average on day 2  than on day 4, (349 
cells/ml versus 145 cells/ml, ANOVA F1,50 = 4.27, p < 0.0038). This could be due to the rapid 
growth of Vibrio spp between day 0 and day 2, resulting in many actively-growing, and 
thereby culturable cells. Whereas by day 4 Vibrio may have faced greater competition from 
the native assemblage of Baltic Sea bacteria, or faced starvation due to reduction in growth 
substrate, and therefore slowed their growth and entered the VBNC stage. 
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Figure 3 Agarose gel of the Campylobacterales PCR developed by Marshall et al. (1999). Low specificity of the 
PCR is shown by the generation of PCR product in the presence of non- Campylobacterales species. M = 
Marker, Bl = Blank, V = Vibrio harveyi, A = Aeromonas hydrophila, Bs = Bacillus subtilis, Cc = Campylobacter 
coli, Cj = Campylobacter jejuni, Hp = Helicobacter pylori.   
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Figure 4 DGGE polyacrylamide gel of PCR product from the Vibrio-genus specific PCR developed by 
Thompson et al. (2004a). Arrows indicate the location of ‘M1’ (1) and Vibrio diazotrophicus (2) bands in 
samples from Cladophora sp. and water from Lake Erken (sampled 2nd/ 3rd July 2005).  
 
 
 
 
 
 

0

1

2

3

4

5

6

7

8

DOC treatment level

D
O

C
 m

g 
C

/L

Day 0

Day 4

Low DOC                            Medium DOC                         High DOC

 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5 Dissolved Organic Carbon (DOC) concentrations on day O and day 4. Error bars show the standard 
deviation of n = 2 on day 0, and n = 9 on day 4. 
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Figure 6 Total bacterial abundance (cells/ml) in the Vibrio Growth Experiment as measured by flow cytometry. 
Panels A-C show each DOC treatment level. Panels D-F show each temperature treatment. Error bars represent 
the standard deviation of triplicates. 
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Figure 7 Vibrio spp. abundance (CFU/ml) in the Vibrio Growth Experiment. Panels A and B show each DOC 
treatment levels on day 2 and day 4 respectively. Panels C and D show each temperature treatment levels on day 
2 and day 4 respectively. Error bars represent the standard deviation of triplicates. 
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Figure 9 A log-log standard curve of relationship
datapoint represents one measurement. 
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Table 1 Bacterial strains used in the Pathogen Survey and the Vibrio Growth Experiment.  
LB = Luria Broth. M = Marine. * indicates 16S rRNAacession no. of a different strain, but same species. 

Bacterial strain    Source/ Database no. Culturing cond. 16S rRNA accession no. Std set no. 
 

Pathogen Survey- positive and negative PCR controls 
 
Aeromonas hydrophila   K. Krovacek  LB  DQ335117* 
Bacillus subtilis    MR-1 700550  LB  DQ327713* 
B. thuringiensis    CCUG 22499  LB  DQ328627-32* 
Campylobacter coli   K. Krovacek  Microaero AM042699* 
C. jejuni    CCUG 12484A  Microaero AY628389* 
Helicobacter pylori   CCUG 39500  Blood Agar DQ059082-3*  
Vibrio harveyi    ATCC 33843  MB  DQ068936 
V. parahaemolyticus   ATCC 13150  M/LB  X74721, X56580 
 
The Pathogen Survey and The Vibrio Growth Experiment- QC-PCR-DGGE standards     
 
V. aesterianus    Eiler and Bertilsson  M/LB  DQ068946-DQ068948 2 
V alginolyticus    ATCC 17749  M/LB  X56576, X74690  3 
Listronella anguillarum   Eiler and Bertilsson  M/LB  DQ068943-DQ068945 1 
V. cholerae non-O1   UN 13140  M/LB  DQ068935  3 
V. diazotrophophicus   UN 11816  M/lB  DQ068941  2 
V harveyi    ATCC 33843  MB  DQ068936  1 
V. metschnikovii   ATCC 7708  M/LB  DQ068937  3 
V. mimicus    UN 11607  M/LB  DQ068933  1,2 
V. parahaemolyticus   ATCC 13150  M/LB  X74721, X56580  1 
V. vulnificus    NCIMB 2136  M/LB  X76333   3 
 
The Vibrio Growth Experiment- Experimental strains 
 
V. alginolyticus    1903   M/LB 
V. cholerae non-O1    UN 13140  M/LB  DQ068935 
V. parahaemolyticus   ATCC 13150  M/LB  X74721, X56580 
V. vulnificus     NCIMB 2136  M/LB  X76333 
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Table 2 Description of the batch culture set-up of the Vibrio Growth Experiment 
    Description Native  Vibrio  DOC Amendment                       Incubation Temp. 

.   Inoc. Inoc. None Medium  High  (°C) 
 

Treatments Low DOC X X X    12, 18, 25 
  Medium DOC X X  X   12, 18, 25  
  High DOC X X    X 12, 18, 25 
Controls  Native Low X  X    18 
  Native High X     X 18 
  Vibrio Low  X X    18 
  Vibrio High  X    X 18 
  Blank        18 
 
 
 
 
 
 
Table 3 The experimental detection limit (sensitivity) and specificity of PCR protocols adopted from the 
literature as reported by this study 

Target organism(s) PCR   Sensitivity   Specificity  
      (cells/ reaction mixture)  (false positives)

 
Campylobacter jejuni  Klena et al.2004  600-6000 
 
Campylobacter jejuni,  Fermer et al.1999  60-600 
C. coli,       30-300 
C. lari,      ND 
 C. upsaliensis     ND 
 
Campylobacter spp. Marshall  et al. 1999 ND    Bacillus subtilis MR-1 700550  
Arcobacter spp.     ND    Bacillus thuringiensis 
Helicobacter spp.     ND    Vibrio harveyi ATCC 33843 
 
        
Helicobacter pylori Shahamat et al. 1999 1 000 000-10 000 000 
 
Vibrio spp.  Thompson et al. 2004 390-3900 
 
V. cholerae  Lipp et al. 2003  250-2500   V. mimicus 11607T 
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 Table 4 Total bacterial growth rates and Vibrio CFU growth rates using exponential approximations.       
(Calculated as described in methods and materials).  

Treatment    Total bacteria (cells/ml)   Total Vibrio (CFU/ml) 
     Exp  (±st. dev.)   Exp  (±st. dev.) 
    (µ/day)       (µ/day) 

 
Low DOC 12 °C   0.53  (0.26)         1.6  (1.8) 
Low DOC 18 °C   0.40  (0.078)           0.9  (1.6) 
Low DOC 25 °C   0.34  (0.031)    1.6  (1.8) 
 
Medium DOC 12 °C  1.4  (0.087)        3.4  (1.3) 
Medium DOC 18 °C  1.5  (0.048)      4.4  (1.8) 
Medium DOC 25 °C  1.5  (0.034)      4.3  (3.0) 
 
High DOC 12 °C   1.8  (0.094)      4.4  (0.5) 
High DOC 18 °C   2.0  (0.0079)    5.0  (0.2) 
High DOC 25 °C   2.0  (0.36)    5.0  (0)
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 Table 5 PCR primers used in the Pathogen Survey and the Vibrio Growth Experiment. 
Target Species  Reference  Target gene Forward primer 5’-3’    Reverse Primer 5’-3’ 
      (amplicon  (bp)) (Primer name)     (Primer name) 

 
Campylobacter jejuni Klena et al. 2004  lpxA  ACA ACT TGG TGA CGA TGT TGT A  CAA TCA TGD ATA TGA SAA TAH GCC AT 
      (331)  (lpxAC.jejuni)     (lpxARKK2m) 
 
Campylobacter jejuni,  Fermér et al. 1999 23S rRNA TAT TCC AAT ACC AAC ATT AGT  CTT CGC TAA TGC TAA CCC 
C. coli, C. lari,     (491)  (THERM1)     (THERM4) 
 C. Upsaliensis 
 
Campylobacter spp. Marshall  et al 1999 16S rRNA AAT ACA TGC AAG TC GAA CGA  TTA ACC CAA CAT CTC ACG AC 
Arcobacter spp.     (1 004)  (CAH16S 1a)     (CAH16S 1b) 
Helicobacter spp 
 
Helicobacter pylori Shahamat et al 2004 Glm M  AGG CTT TTA GGG GTG TTA GGG GTT T AAG CTT ACT TTC TAA CAC TAA CGC 
      (294)  (forward)     (reverse) 
 
Helicobacter pylori Lu et al. 1999  Glm M  AAG CTT TTA GGG GTG TTA GGG GTT T AAG CTT ACT TTC TAA CAC TAA CGC 
      (294)  (forward)     (reverse) 
 
Vibrio spp.  Thompson et al. 2004 16S rRNA CGC CCG CCG CGC CCC GCG CCC  GAA ATT CTA CCC CCC TCT ACA G 
      (Approx 120) GTC CCG CCG CCC CCG CCC GGG  (Vibrio679rev)     
        CGT AAA GCG CAT GCA GGT     
        (Vibrio567GCfwd) 
 
Vibrio cholerae  Chun  et al. 1999  16S ITS  TTA AGC STT TTC RCT GAG AAT G  AGT CAC TTA ACC CAT ACA ACC CG 
      (295-310) (prVC-F)     (prVC-R) 
 
Universal bacterial Lane et al. 1985  16S rRNA AGR GTT TGA TCM TGG CTC AG  GWA TTA CCG CGG CKG CTG 
        (27 Hex)     (519r) 
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 Table 6 The adopted PCR protocols used for the Pathogen Survey and the Vibrio Growth Experiment 
Target species  Referencea PCR mix contents (final concentrations)      PCR thermal cycling 

      Buffer  MgCl2  dNTP(each) Primer (each)  Polymerase Template DNA 
 

Campylobacter jejuni Klena et al. 2004  1Xb 2 mM 200 µM        1 pM/µl 0.05 U/µld 0.04-0.8ng/µl 94°C, 1 min; 50°C, 1 min; 72°C 1 min 
               (35 cycles). 72°C 54 min 
                    
Campylobacter jejuni,  Fermer et al. 1999 1Xc  100 µM        1.3 pM/µl 0.02 U/µl e 0.05-1ng/µl 94°C, 1 min; 56°C, 1 min; 72°C 1.min 
C. coli, C. lari,               (45 cycles). 72°C 5 min 
 C. Upsaliensis                 
                 
Campylobacter spp. Marshall  et al 1999 1Xb 1.5 mM 200 µM        1 pM/µl  0.05 U/µld 0.04-0.8ng/µl 95°C 2 min. 94°C, 30 s; 50°C, 30 s;  
Arcobacter spp.              72°C 1min (34 cycles). 94°C, 1min;  
Helicobacter spp.              50°C, 1min; 72°C, 5 min.   
                 
Helicobacter pylori  Shahamat et al 2004 1Xb 2 mM 200 µM         1 pM/µl 0.04 U/µld 0.04-0.8ng/µl 95°C 2 min, 95°C 30 sec; 50°C, 30 s;
               72°C, 30 s sec. 72°C 5 min. 
 
Vibrio spp.  Thompson et al. 2004 1Xc 2 mM 200 µM         1 pM/µl 0.025 U/µle  0.05-1ng/µl 95°C, 8 min; 95°C, 1 min; 64°C, 3 min
               (35 cycles) 
      1Xc 2 mM 200 µM         1 pM/µl 0.025 U/µle  20-fold diluted 95°C, 8 min; 95°C, 1 min; 64°C, 3 min
             PCR product (15 cycles) 
 
V. cholerae  Chun et al. 1999  1Xb 1.5mM 200 µM          1.3 pM/µl 0.031U/µld 0.05-1ng/µl  95°C, 1min. 95°C, 45 s; 60°C 45s, 
               72°C, 30s (35 cycles). 72°C, 5 min. 
 
Universal bacterial Lane et al 1985  1Xb 2mM 200 µM          0.2 pM/µl 0.0125U/µld 0.05-1ng/µl 94°C, 3 min. 94°C, 1 min¸ 55°C, 1 min;
               72°C, 3 min (25 cycles). 72°C, 7 min. 
aPCR protocol derived from this source with modifications 
b20 mM Tris-HCl 50 mM KCl (pH 8.4) 
cSurestart Taq buffer (Stratagene Cloning Systems, California, USA) 
d Taq DNA polymerase (Invitrogen, Roche Molecular Systems Inc. and F. Hoffman-La Roche Ltd, California, USA) 
eSurestart Taq DNA polymerase (Stratagene Cloning Systems, California, USA) 
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 Table 7 Sampling occasions and standard parameters measured for the Pathogen Survey and the Vibrio Growth Experiment. ND indicates not determined.  
Date  Sampling location Temperature pH Conductivity DOC  water colour Chlorophyll-a Bacterial 
(DD/MM/YY)    (°C)   (mS)  (mgC/L)  (mg Pt/L) (µg/L)  abundance (cell/L) 

21/05/05  Ekoln,   16  7.25   420  13.3    58  41  ND 
 Lake Mälaren 

14-15/06/05 Kungsängsbron,  14  7.68   350  15.8  183    8.5  3.6 X 109  
  River Fyris 
2-4/07/05 Norr Malma, Erken 18  8.01   230  10.2  151    4.4  2.3 X 109   
28-29/07/05 Ekoln,   19  8.41   360  10.9    36  32  2.2 X 109

  Lake Mälaren 
31/07/05  Trosa Marine Lab. ND  ND ND  ND  ND  ND  ND 
12/08/05  Kungsängsbron,  16  7.12   390  19.3  139    9.9  2.6 X 109  

 River Fyris     
29/09/05  Grisslehamn,  12  6.97 9000  4.2     5    6.1  1.8 X 109

  Baltic Sea 
 
 
 
 
Table 8 Sampling occasions and dominant plankton species found. ND indicates not determined. 
Date  Sampling location Abundant (proto)zooplankton species  Abundant phytoplankton species 

21/05/05  Ekoln,   Copepoda nauplius larvae spp. Polyarthra sp. Microcystis aeruginosa, Asterionella formosa,  
  Lake Mälaren  Arcellinida spp. 

14-15/06/05  Kungsängsbron,  none      none 
   River Fyris 
2-4/7/05  Norr Malma, Erken Calanoid and cycloid copepoda spp.  Gleotrichia echinulata, Ceratium sp. 
     Daphina spp. , Bosmina spp 
28-29/7/05  Ekoln,   Bosmina spp. Cycloid copepods   Microcystis aeruginosa, Apanizomenon flos-aquae  
  Lake Mälaren  Vorticella sp 
31/07/05  Trosa Marine Lab. ND     . ND 
12/8/05  Kungsängsbron,  none      Asterionella formosa, Fragillaria crotonensis 
  River Fyris     
29/9/05  Grisslehamn,  ND      Aphanizomenon flos-aqaue 
  Baltic Sea 
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 Table 9 Vibrio PCR results summary for the Pathogen Survey.  (PCR developed by Thompson et al. 2004a) 
Sampling location Positive- testing sample types   Negative-testing sample types   

 
Lake Erken  Sediment, water, zooplankton,    Benthic algae, benthic fauna            
   Benthic fauna, macrophytes, phytoplankton 
 
Ekoln, Lake Mälaren Water, phytoplankton    Sediment, water, phytoplankton,      
   Zooplankton     Zooplankton     
            
River Fyris  Water, Benthic algae    Sediment, zooplankton        
         
Trosa, Baltic Sea  Water           
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Table 10 PCR Results for the Pathogen Survey. + indicates a positive result. - indicates a negative result. ND indicates not determined. ? indicates unclear result. 

Tentative Vibrio ribotypes from PCR-DGGE are also provided for Thompson et al. 2004a. 
Date  Location  Sample description      PCR result 
(DD/MM/YY)      Klena et al. Fermér et al. Shahamat et al. Thompson et al.  Lu et al.  Lane et al. 
       (2004)  (1999)  (2004)  (2004)   (1999)  (1985)

 
22/04/03  Lake Erken Gleotrichia echinulata -  -  -  +   -  + 
 
18/07/03  Lake Erken Gleotrichia echinulata  -  -  -  + V. diazotrophicus, M1 -  + 
 
unknown /03 Lake Erken Gleotrichia echinulata -  -  -  + V. diazotrophicus -  + 
 
14/08/03  Lake Erken Gleotrichia echinulata -  -  -  + V. diazotrophicus -  + 
 
12/04/05  Lab culture  Chironomidae riparius  -  -  -  +   -  + 
    Algae    ND  ND  ND  ND   -  -  
   
05/05/05  Kungsängsbron Water, 0.2 µM filter  -  -  -  + V. diazotrophicus?  -  + 
     River Fyris              M1? V. asterianus 
    Water, 3.0 µM filter -  -  -  + V. cholerae,  -  + 
                V. mimicus? 
    Algae   -  -  -  + V. diazotrophicus, M1 -  + 
                V. asterianus 
22/05/05  Ekoln  Water, 3.0 µM filter -  -  -  -   -  + 
   Lake Mälaren 
   
10/06/05  Kungsängsbron, Water, 0.2 µM filter ND  ND  ND  ND   ND  - 
  River Fyris Water, 3.0 µM filter -  -  -  + V. diazotrophicus, M1 -  + 
                V. asterianus 
     
14-15/06/05 Kungsängsbron, sediment  ND  ND  ND  ND   -  - 
   River Fyris 60 µM phytoplankton ND  ND  ND  ND   -  - 
    200 µM zooplankton -  -  -  -   -  + 
   
2-4/7/05   Lake Erken  sediment  -  -  -  + V. diazotrophicus -  + 
    Water, 0.2 µM filter  -  -  -  + V. diazotrophicus, M1 -  + 
                V. parahaemolyticus? 
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     Water, 3.0 µM filter -  -  -  + V. diazotrophicus, M1? -  + 
    60 µM phytoplankton -  -  -  + V. diazotrophicus -  + 

    200 µM zooplankton -  -  -  +   -  + 
    60 µM phytopl sedi -  -  -  ND   -  + 
    200 µM zoopl- sedi -  -  -  ND   -  + 
    Dreissena polymorpha ND  ND  ND  ND   ND  - 
    Gleotrichia echinulata -  -  -  +   -  + 
    Calanoida copepoda -  -  -  +   -  + 
    Bosmina sp.  ND  ND  ND  ND   ND  - 
    Nostoc sp.  -  -  -  -   -  + 
    Cladphora sp.   -  -  -  -   -  - 
    Nuphar lutea leaf  -  -  -  +   -  + 
    Nuphar lutea stalk -  -  -  +   -  + 
    Phragmites australis stalk -  -  -  + V. diazotrophicus -  + 
    Acellus aquaticus  ND  ND  ND  ND   ND  - 
    Theodoxus fluviatilis -  -  -  + V. diazotrophicus, M1 -  + 
    Planorbis planorbis -  -  -  + V. diazotrophicus -  + 
    Heptagenia sp.  -  -  -  -   -  - 
    Ephemeroptera baetis -  -  -  + V. diazotrophicus, M1 -  + 
    Herpobdella octoculata -  -  -  + V. diazotrophicus, M1 -  - 
  
28-29/7/05 Ekoln,  sediment  ND  ND  ND  ND   ND  - 
  Lake Mälaren Water, 0.2 µM filter  -  -  -  + V. diazotrophicus,  -  + 
                V. asterianus 
    Water, 3.0 µM filter -  -  -  + M1   -  + 
    60 µM phytoplankton -  -  -  -   -  + 
    200 µM zooplankton -  -  -  -   -  + 
    Microcystis aeruginosa -  -  -  + V. diazotrophicus, M1 -  + 
                 V. cholerae 
    Cycloid copepoda -  -  -  +   -  + 
     
31/07/05  Trosa Marine  Water, 3.0 µM filter -  -  -  + V. diazotrophicus -  + 
  Laboratory Water, 0.2 µM filter -  -  -  + V. diazotrophicus -  + 
      
12/8/05  Kungsängsbron, Water, 0.2 µM filter  -  -  -  + V. diazotrophicus -  - 
  River Fyris Water, 3.0 µM filter -  -  -  + V. asterianus  -  - 
    60 µM phytoplankton -  -  -  +   -  - 
    200 µM zooplankton ND  ND  ND  ND   ND   
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 Table 11 Abundance of Vibrio spp (per ml) as quantified by QC-PCR-DGGE.  
The median of triplicates is shown (max/min value). * indicates duplicate samples. 

   V. cholerae   V. vulnificus  Total Vibrio spp. 
   Median (Max/Min)  Median (Max/Min) Median(Max/Min) 
Day 2 
Low DOC 12 °C  251 (260/82.2)  56.7 (61.4/0)  477 (549/461) 
Low DOC 18 °C  27.8* (28.8/26.7)  15.5* (30.0/0.943) 171* (308/35.0) 
Low DOC 25 °C  10.4 (19.8/8.3)  0 (0/0)  25.2 (115/8.35) 
  
Medium DOC 12 °C 105* (108/102)  68.0* (82.4/53.5) 267* (269/265) 
Medium DOC 18 °C 176 (16.0/552)  23.6 (44.1/0)  212 (596/138) 
Medium DOC 25 °C 5150 (1.31x104/460)  0 (0/0)  5150 (1.31x104/460) 
 
High DOC 12 °C  3660 (7.32x104/3168)  659 (3.00.x104//0) 3830 (1.12x105/3660) 
High DOC 18 °C  4410 (7.11x105/3440)  496 (4.64x104/429) 5100 (7.5x105/4110) 
High DOC 25 °C  4380 (1.30x105/3530)  1600 (7740/434) 5980 (1.38x105/4140) 
 
Day 4 
Low DOC 12 °C  102 (744/16.4)  19.7 (65.7/7.15) 322 (1030/118) 
Low DOC 18 °C  33.5 (110/30.8)  27.0 (33.7/12.8) 272 (513/232) 
Low DOC 25 °C  43.3 (4.98x104/11.6)  22.0 (3600/5.78) 212 (7.15x104/111) 
  
Medium DOC 12 °C 1180 (4000/331)  0 (63.0/0)  1180 (1.20x104/454) 
Medium DOC 18 °C 1850 (2.10 x104/993)  0 (0/0)  1850 (4440/993) 
Medium DOC 25 °C 1.16x104(5.91x104/289)  0 (0/0)  1.16x104(1.83x104/289) 
 
High DOC 12 °C  2.22x104(6.13x105/1050)  1560 (7.41x104/0) 2.38x104(6.13x105/1050) 
High DOC 18 °C  9.55x104(1.76x105/2.49x104) 1.04x104(1.77x104/0) 1.06x105(1.76x105/2.49x104) 
High DOC 25 °C  1.64x105(1.87x105/3.26x104) 1.81x104(2.61x104/0) 1.79x105(1.87x105/3.26x104) 
 

55 


	1 SUMMARY
	2 INTRODUCTION
	2.1 Ecology of emerging aquatic pathogenic bacteria
	2.1.1 Vibrionaceae
	2.1.2 Pathogenic (-proteobacteria
	2.2 Association to host species
	2.3 Dissolved Organic Carbon (DOC)
	2.4 Temperature

	2.5 Risk Assessment and Early Warning Systems (EWS)
	2.6 The risk of pathogen outbreaks in the Baltic Sea
	2.7 Biomarker methods for pathogen detection
	2.7.1 Limitations of culture-based methods
	2.7.2 PCR and community level genotyping
	2.8 Aims of this study

	3 MATERIALS AND METHODS
	3.1 Sampling Sites
	3.1.1 The Pathogen Survey
	3.1.2 The Vibrio Growth Experiment.
	3.2 Water Sampling

	3.2.1 The Pathogen Survey
	3.2.2 The Vibrio Growth Experiment
	3.3 Benthic fauna samples
	3.4 Plankton tows
	3.5 Plant biofilms and sediment
	3.6 DOC amendment: the Nodularia spumigena mixture
	3.7 Preparation of the Vibro spp. inoculum


	3.8 Batch culture experimental set-up
	3.9 Water characteristics
	3.10 Bacterial abundance measurements


	3.11 DNA extraction
	3.12 PCR and PCR product analysis
	3.13 DGGE denaturant gradient gel electrophoresis

	3.14 Cultured bacterial strains
	3.15 Statistical analysis

	4 RESULTS
	4.1 DNA extraction and 16S rRNA universal PCR amplification
	4.2 Development of PCR protocols
	4.3 Detection of pathogenic species- PCR and PCR-DGGE
	4.4 VIBRIO GROWTH EXPERIMENT

	4.4.1 Total bacterial abundances
	4.4.2 DOC measurements

	4.4.3 Vibrio CFU
	4.4.4 QC-PCR-DGGE Vibrio spp. abundance

	5 DISCUSSION
	5.1 Distribution of Vibrio spp. in temperate waters- as dete
	5.2 The role of DOC and temperature as regulators of pathoge


	6 ACKNOWLEDGEMENTS
	7 REFERENCES
	8 LIST OF FIGURES
	9 LIST OF TABLES
	B. thuringiensis    CCUG 22499  LB  DQ328627-32*


