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ABSTRACT 

 

Viruses are the most abundant entity in freshwaters, and are an important cause of 

mortality of both heterotrophic and autotrophic organisms. As a result, they play a role 

in both structuring aquatic microbial communities within a water body and influencing 

their diversity. They can mediate nutrient cycling by preventing a portion of primary 

production from accumulating up the food chain, and may instead lyse cells and release 

nutrients and carbon, which may in turn promote more microbial growth. To fully 

understand the ecological functioning of freshwater environments it is vital to determine 

the impact of viruses on their hosts, in relation to the supply of resources, 

physiochemical conditions and the presence of grazers. 

Today, human disturbances of climatic change, pollution and anthropogenic 

eutrophication threaten freshwater habitats, increasing the likelihood of harmful 

cyanobacterial blooms, and invasion by toxic cyanobacteria. Viruses have been isolated 

and characterised for potentially toxic cyanobacterial species, and may be a natural 

control agent of cyanobacterial populations. Therefore, viruses may be an important 

factor influencing the timing and extent of blooms in freshwaters. 

For this thesis, I examined viral ecology in two freshwater habitats: from the viruses of 

a subtropical freshwater reservoir system in Australia, to the cyanophage infecting an 

invasive subtropical cyanobacterium in the Netherlands. 

A review of the state of the art in freshwater viral research is presented, including an 

overview of methods used, and an extensive analysis of the research to date. Further, the 

spatial and temporal distribution of viruses within a southeast Queensland reservoir and 

river system was described in relation to the community of host species and 

physicochemical conditions. The reservoir system was sampled monthly for a nine 

month period from spring until autumn, along with the abundance of the most 

numerically dominant hosts (bacteria, cyanobacteria and eukaryotic phytoplankton) and 

physicochemical conditions. The study revealed a very high viral abundance in this 

reservoir system, which varied little spatially or temporally. Viruses were generally 

strongly positively correlated with the host community, however, there were negative 

correlations between the abundances of viruses and individual cyanobacterial species, 
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which could be an indicator that viral induced mortality of cyanobacteria may control 

host populations, and therefore influence microbial community structure.  

Subsequently, the occurrence of lysogenic viral infections was investigated in blooms of 

cyanobacterial populations in reservoirs of the south east Queensland region, sampled in 

spring or summer. Lysogeny was also tested for the same cyanobacterial species in 

culture, and in seven strains of one species: Cylindrospermopsis raciborskii. I found 

lysogeny to be prevalent in the cultivated species and strains, but only occurred to a 

lesser extent in natural blooms of cyanobacteria. As lysogenic infections may alter cell 

physiology, or be induced to lyse a cell, the occurrence of lysogeny in cyanobacterial 

species has implications for growth dynamics. 

Finally, a lytic virus was isolated and characterised for the invasive filamentous 

cyanobacterial species C. raciborskii, isolated from a lake in the Netherlands. The 

dsDNA siphovirus CrV was highly host specific and did not infect strains of C. 

raciborskii originating from Australia. Its discovery has important implications for our 

understanding of the growth and spread of the invasive C. raciborskii across Europe. 

Furthermore, having such a cyanophage-cyanobacterial host model system in culture 

allows study of the influence of environmental factors (e.g. temperature) on the growth 

and spread of this potentially toxic and bloom forming host species. 

This thesis contributes new information on the spatial and temporal distribution of 

viruses in a sub-tropical reservoir system in Australia, potential relationships between 

viruses and their hosts in the environment, different viral lifestyles in a range of 

cyanobacterial species, and the morphology and activity of a virus of the invasive 

cyanobacterial species C. raciborskii. The establishment of a newly characterised 

cyanophage and freshwater cyanobacterial host model system will allow the opportunity 

to study virus and host interactions under a range of physicochemical conditions, the 

extent of gene transfer between a virus and a cyanobacterial host, and the potential of 

viruses to be used as a biocontrol of unwanted cyanobacterial blooms. 
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Chapter 1. General Introduction 

 

Freshwater habitats are under more pressure than ever before due to the increase in the 

human population. While the demand for clean water is increasing, the wastes from 

urban, agricultural and industrial developments are polluting water supplies needed by 

humans (Jeppesen et al. 2010). Due to eutrophication and increasing temperatures as a 

result of climate change, toxic cyanobacterial species are spreading into new regions of 

the world (Paerl and Otten 2013). Blooms of cyanobacterial species are increasingly a 

problem (Paerl and Huisman, 2008; Sigee, 2005), as some cyanobacteria can dominate 

primary production in freshwaters due to efficient uptake and storage of nutrients, their 

ability to fix atmospheric dinitrogen, and their ability to regulate their buoyancy (Paerl 

and Paul, 2012). Unfavourable conditions (shading, low CO2, and high pH) for other 

species during blooms can reduce competition or predation on the blooming 

cyanobacteria, a positive feedback loop which can reinforce the bloom (Havens, 2008). 

If toxins are released from the cyanobacterial cells and dissolved into water, they cannot 

be removed from drinking water by conventional water treatment, and more expensive 

and difficult methods are required to purify water for consumption (Westrick 2008). 

Lakes Wivenhoe, Somerset and Samsonvale are reservoirs supplying water to around 

4.5 million people in sub-tropical South East Queensland, Australia (Seqwater 2010). 

The reservoirs are characterised by high temperatures, infrequent inflow events and long 

residence times (Burford et al. 2007). Agricultural and urban development in the 

catchments and the potential use of recycled water may lead to more sediment and 

nutrient inputs (Seqwater 2010). Therefore, cyanobacterial blooms could increasingly 

be a problem in the reservoirs. Viruses might be a significant natural control on 

cyanobacterial growth in this system, limiting bloom development or causing bloom 

termination. Conversely, viral lysis of cells may stimulate cyanobacterial growth by 

releasing nutrients to the water column. 

Viruses are the most abundant entity in a freshwater, and the majority of aquatic viruses 

are viruses of microorganisms (Ackermann and Prangishvili 2012). Viruses may 

prevent blooms developing, or cause their sudden collapse (Hyman and Abedon 2012). 

Viral infection may suppress one species, allowing other species to dominate (Winter et 

al. 2010). Viral infections may lead to the development of resistant hosts, followed by 
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new viruses, which are then followed by further host evolution of viral resistance, a 

process which increases the diversity of the population (Stern and Sorek 2011; Marston 

et al. 2012).  

There has been a significant amount of research on viruses of freshwater species, in a 

range of water bodies, and on viruses of freshwater microbial species. However, there 

are still major gaps in the knowledge of how viruses function in freshwater ecosystems, 

how they affect host strain diversity, control host population dynamics, and how their 

influence is mediated by environmental factors. Because aquatic viruses have 

increasingly been acknowledged to significantly influence biodiversity, population 

dynamics, food web structure and functioning, and biogeochemical fluxes, it is timely 

and warranted to have a comprehensive review and metaanalysis of freshwater viral 

research. The differences in viral activity amongst different freshwater systems (lakes, 

rivers, ponds, wetlands, sediments and groundwater), and in different regions (polar, 

temperate, tropical), need to be evaluated. There have been a number of viruses isolated 

and characterised for some species of freshwater cyanobacteria and eukaryotic algae 

(Sherman and Brown 1978; Reisser 1993; Tucker and Pollard 2005; Yoshida et al. 

2006; Fitzgerald et al. 2007; Liu et al. 2007; Gao et al. 2009; Hoshina et al. 2010; 

Jacquet et al. 2012). Such studies add to our understanding of how viruses affect the 

relative importance of the host population, and help to predict if and how cyanophages 

can control unwanted cyanobacterial species. The ecological role of viruses in 

freshwater ecosystems also needs to be appraised in light of the threats of human 

induced climate changes, eutrophication, pollution and contamination. 

While viruses may infect, replicate and lyse their hosts in a lytic infection, many can 

infect their hosts without an ensuing lytic growth cycle. Instead the viral genome is 

incorporated into the genome of the host in a lysogenic infection and remains as a latent 

prophage until some external factor induces the lytic cycle (Campbell 2008). Lysogeny 

may enable phages to survive by delaying viral production and host lysis when the 

hosts’ productivity is low, until conditions improve and phage progeny are able to re-

infect new cells (Miller and Day 2008; Payet and Suttle 2013). Hosts infected by 

temperate phage may also express genes provided by the virus, altering the physiology 

of the host, a process known as lysogenic conversion (Little 2005; Miller and Day 

2008). The extent of lysogenic infections is unknown for most species of the planktonic, 



3 

 

 

 

bloom forming and toxin-producing freshwater cyanobacteria, both in cultures and in 

the natural environment.  

The toxic cyanobacteria Cylindrospermopsis raciborskii is a tropical to subtropical 

species (Padisak 1997), however, in recent years C. raciborskii has been increasingly 

found in new areas, including temperate zones (Briand et al. 2004). Blooms of C. 

raciborskii are common in the reservoirs of South East Queensland, Australia, during 

the spring and summer. The spread of C. raciborskii is likely a result of increased 

temperatures as a result of climate change (Sinha et al. 2012), and in the Netherlands, C. 

raciborskii was first observed in 2001 (Mooij et al. 2005). Viruses which naturally 

infect this species may be a significant natural control of C. raciborskii populations, 

limiting its invasion and spread to new areas, and terminating blooms of the species. 

Alternatively, a virus of the species may assist in the spread of C. raciborskii, as viral 

infection may fragment colonies of the species into filaments which could spread more 

easily (Pollard and Young 2010).  

 

1.1 Aims 

In this thesis, my aim was to examine the role of viruses in the ecosystem functioning in 

a freshwater ecosystem (a reservoir and river system), in particular focussing on viruses 

of unwanted cyanobacterial species to examine their potential control of their hosts, and 

specifically seek a virus for one species: C. raciborskii. The specific aims, and the 

chapters of this thesis which address them, include: 

 

Aim 1 – Chapter 2. To review the freshwater viral research conducted to date, by 

collating viral data from studies of freshwater sites and species to determine what is 

known of the activity and ecological impact of viruses in freshwaters, and what research 

is still needed to fully understand the role of viruses in freshwater environments.  

 

Aim 2 – Chapter 3: To examine the impact of viruses within a subtropical freshwater 

reservoir system in southeast Queensland, Australia, relating the abundance of viruses 

to their host community (bacteria, cyanobacteria and eukaryotic algae) and 
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physicochemical conditions, by monthly sampling of the reservoirs over a nine month 

period encompassing the main growing seasons of spring, summer and autumn. 

I hypothesised that viruses would correlate most strongly with potential host species in 

the reservoir, reflecting the dependence that viruses have on their hosts for replication.  

 

Aim 3 – Chapter 4: To investigate the extent of lysogenic viral infection in cultivated 

cyanobacteria and natural blooms in reservoirs of southeast Queensland.  

I hypothesised that I would detect lysogenic viral infections in both cultivated 

cyanobacteria and within natural blooms, as the state may be a natural phenomenon in 

the evolution of the relationship between a virus and its host species. 

 

Aim 4 – Chapter 5: To isolate and characterise a lytic virus of the potentially toxic 

bloom forming filamentous cyanobacterial species: C. raciborskii, which was 

discovered as an invasive species in the Netherlands. 

I hypothesised that C. raciborskii would be susceptible to a lytic virus to be found in its 

habitat. 
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Chapter 2. A review of freshwater viral ecology 

 

2.1 Abstract 

Viruses of microbes are the most abundant entity found in freshwater ecosystems, and 

control the abundance of their numerically dominant hosts, structure the microbial 

community, and influence biogeochemical cycling. Viral ecology is the study of viruses 

as ecologically relevant players and the interactions between viruses and their hosts and 

the physicochemical and biological environment. Since freshwater viral research began 

in the 1960s and 70s viruses of freshwater phytoplankton have been isolated, and many 

studies of freshwater sites performed worldwide. These studies have revealed the 

extremely high diversity of freshwater viruses and the complex relationships between 

viruses, their hosts and the environment. Studies of viruses in relation to their host 

community concur that the abundance of viruses is generally strongly positively related 

to the abundance of the hosts, and is higher in eutrophic than in oligotrophic systems. I 

found that viral abundances were highest in tropical systems and lowest in oligotrophic 

polar systems, with abundance at sites in temperate regions falling in between. There 

are, however, still many water body types and regions where the viral community has 

never been explored, and the importance of viruses for ecosystem dynamics in 

freshwater environments is largely unknown. Freshwater environments are increasingly 

threatened by climate change, eutrophication and pollution, and how the role of viruses 

in the community will be affected cannot yet be predicted. In this comprehensive review 

I compile what is known of viruses in freshwaters, describe techniques used, identify 

gaps in knowledge, and recommend further research. 

 

2.2 Introduction 

Freshwaters range from standing waters of lakes, ponds and wetlands (lentic) to flowing 

waters of rivers and streams (lotic), typically containing endemic organisms, and are 

closely linked to their terrestrial catchments (Sigee 2005). Freshwaters have a broad 

array of physical and chemical characteristics which influence their biotic community, 

and freshwater organisms occur not exclusively in the water column or benthos but are 

often linked to both types of environments through sedimentation and as seston 

(plankton that is resuspended or attached to particles) (Wetzel 2001). The complex 

interactions which make up the ecology of each freshwater system are increasingly 
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under threat from human activities. Runoff from land naturally contains organic matter, 

nutrients and sediment, whereby agricultural runoff in particular also contains additional 

nutrients from animal waste and fertilisers, faecal matter, and high sediment loads 

(Jeppesen et al. 2010). Urban runoff contributes heavy metals and toxic contaminants, 

and point source chemical pollutants come from industrial sites and waste landfills 

(Grimalt et al. 2010). Climatic disruption, including changes in temperature, 

precipitation and wind, is likely to influence stratification and mixing, catchment runoff 

rates, and the length of ice cover (Nickus et al. 2010), and diminish the capacity of 

freshwaters to provide a habitat for native species and a clean water resource for human 

use (Moss et al. 2010). 

Viruses are important regulators of the abundance of microbes, their community 

structure, and biogeochemical cycling in pelagic, benthic and intermediate zones in 

freshwaters. Viruses were first discovered at the end of the 19th century when an 

unknown filterable infectious agent, today known as the tobacco mosaic virus, was 

observed to infect the tobacco plant (Ivanowski 1892; Beijerinck 1898). A few decades 

later viruses which infect bacteria were discovered (Twort 1915; d'Herelle 1917). The 

tobacco mosaic virus was the first virus visualised, using electron microscopy in 1939 

(Kausche et al. 1939). During the 1960s and 1970s viruses of freshwater cyanobacteria 

and eukaryotic algae were discovered, upon which suggestions were made of using 

viruses as a biocontrol mechanism of harmful algal bloom species (Safferman and 

Morris 1964; Schneider et al. 1964; Daft et al. 1970; Brown 1972; Padan and Shilo 

1973). However, it was apparent that virus-host systems evolved rapidly, in a process 

described as the ‘Red Queen Theory’ (van Valen 1973) whereby resistant hosts quickly 

take over the population in the presence of viruses, followed by new viral genotypes 

that can kill that host (Wilhelm and Matteson 2008). In addition, lakes were 

increasingly protected from nutrient inputs to limit the occurrence of blooms, therefore, 

this line of research was not pursued further (McDaniel 2011).  

The microbial food web was described in the 1970s (Pomeroy 1974), but viruses were 

not yet included. Their high abundance in aquatic ecosystems was not realised until the 

late 1970s when transmission electron microscopy (TEM) was used to count 

bacteriophages from marine samples (Torrella and Morita 1979). Research into the 

impact of freshwater viruses on their host population dynamics and the aquatic food 

web increased thereafter, starting with the work by Bergh et al. (1989), Phlips (1990), 
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and Klut and Stockner (1990). To date, in at least 224 freshwater ecosystems, including 

lakes, reservoirs, ponds, wetlands, rivers and streams, the viral community has been 

sampled, with up to 109 viruses mL-1 in highly productive water bodies (Table 2.1). 

Very few new viruses of freshwater algae and cyanobacteria were discovered between 

1980 and 2005, but since 2005 there has been renewed interest in isolating and 

describing viruses of freshwater species (Tables 2.2 and 2.3). Estimates of viral induced 

mortality, and correlations between the abundance of viruses and the abundance of their 

hosts, show that viruses are a significant source of microbial mortality and thus mediate 

the cycling of carbon and nutrients in freshwaters. The new threat of temperature rises 

due to climate change increases the likelihood of blooms (Paerl and Otten 2013), so it is 

necessary to determine what will happen in the microbial community if increased 

temperatures and UV undermine the natural viral-induced mortality.  

Upon realising the important ecological role viruses have as drivers of horizontal gene 

transfer, succession, biodiversity and biogeochemical cycling, a number of reviews on 

aquatic viruses were published. However, most were solely or mainly focussed on 

marine viruses (Fuhrman and Suttle 1993; Wilhelm and Suttle 1999; Wommack and 

Colwell 2000; Weinbauer 2004; Suttle 2005; Suttle 2007; Brussaard et al. 2008; 

Wilhelm and Matteson 2008; Jacquet et al. 2010; Danovaro et al. 2011). While several 

freshwater studies were gathered into a special issue of Freshwater Biology (Middelboe 

et al. 2008), a full analysis of viral research in freshwaters is still lacking. Middelboe et 

al., (2008) presented a chart of viral ecology studies conducted since 1997, and here I 

present a similar chart with the studies I have discovered, showing that while research 

on freshwater viral ecology increased since 1987 (Fig. 2.1), there are no studies of viral 

abundances in freshwaters since 2009. This may reflect a switch in focus to 

metagenomics research of freshwater viral communities, or a lack of support for further 

viral research in freshwaters, thus, this review is well-timed and warranted. Here I 

provide a comprehensive review of the freshwater virus scientific literature. After an 

initial description of the different viral life strategies, I describe freshwater viral types 

discovered, discuss the various methods used, and focus on the varying influences 

viruses have on different freshwater ecosystems. I close with a look into the future as 

the complex interactions which make up the ecology of each freshwater system are 

increasingly under threat from human activities.
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Table 2.1. Compilation of viral research studies in freshwater systems, ordered by year of sampling, values are averages and/or minimum to maximum 

(in brackets), ‘na’ denotes data not available for minimum or maximum values of the range, blank areas denote no data on this measurement* 

Location Site 
Water body 

type 
Trophic status 

Viral abundance 

(x107 mL-1) 

Virus to 

bacterium ratio 

Bacterial 

abundance 

(x106 mL-1) 

Chlorophyll a  

(µg L-1) 
Authors 

Canada Sproat Lake Lake Oligotrophic (0.15-0.20) 
 

(0.06-1.50) 
 

Klut and Stockner 1990 

Germany Lake Pluβee Lake Eutrophic 25.4 
   

Bergh et al. 1989 

Norway Lake Kalandsvatnet Lake Oligotrophic 17.80 (15.40-20.20) 5 3.55 (3.00-4.10) 
 

Heldal and Bratbak 1991 

Germany Lake Constance Lake Mesotrophic (0.90-4.50) (21.0-121.0) (0.50-4.00) (1.0-40.0) Hennes and Simon 1995 

Austria Lobau Oxbow lake Mesotrophic (1.20-6.10) (2.0-17.0) (2.83-6.24) 
 

Mathias et al. 1995 

Canada 22 lakes Lake 
 

11.00 (4.10-25.00) 
 

5.80 (2.40-16.00) 9.2 (1.5-32.8) Maranger and Bird 1995 

US Lake Superior Lake Oligotrophic (0.07-0.92) (na-0.7) (1.19-18.27) 
 

Tapper and Hicks 1998 

Texas, USA Lake Austin Lake Mesotrophic 14.2 
   

Hennes and Suttle 1995 

Texas, USA Barton Springs River 
 

0.53 
   

Hennes and Suttle 1995 

Texas, USA Port Aransas  Reservoir 
 

0.18 
   

Hennes and Suttle 1995 

France Lake Redό Lake Oligotrophic (0.30-2.10) (9.1-42.8) (na-0.67) (na-1.3) Pina et al. 1998 

Austria Gossenköllesee Lake Oligotrophic (0.10-3.20) 15.3 (4.2-31.1) (0.20-0.40) (0.8-3.4) Pina et al. 1998 

Norway Lake Sælenvannet Lake 
 

(2.00-30.00) 45 (1.50-5.00) 
 

Tuomi et al. 1997 

the Netherlands Lake Loosdrecht Lake Eutrophic 6.4 
 

6.5 113 van Hannen et al. 1999 

Antarctica Lake Joyce Lake Oligotrophic 0.42 2.9 0.7 
 

Kepner et al. 1998 

Antarctica Lake Hoare Lake Oligotrophic 1.09 8.5 1.28 
 

Kepner et al. 1998 

Antarctica Lake Fryxell Lake Oligotrophic 3.35 7.8 4.29 
 

Kepner et al. 1998 

Antarctica Lake W. Bonney Lake Oligotrophic 0.7 2.8 2.5 
 

Kepner et al. 1998 

Antarctica Lake E. Bonney Lake Oligotrophic 1 2.8 3.57 
 

Kepner et al. 1998 

Germany Lake Pluβee Lake Eutrophic (2.00-8.00) 
 

(0.20-1.70) (1.0-30.0) Weinbauer and Hofle 1998 

Austria Alte Donau Oxbow lake Eutrophic 5.00 (1.70-11.70) 19.0 (4.0-39.0) 27.00 (1.40-3.90) 
 

Fischer and Velimirov 2002 

USA Lake Erie Lake Mesotrophic 10.28 (3.70-37.90) 37.3 (11.5-129.5) 2.84 (1.80-4.60) 
 

Wilhelm and Smith 2000 

Denmark Hellebaek Pond Pond 
 

2.2 5 4.4 
 

Noble and Fuhrman 1998 

Austria Gossenköllesee Lake Oligotrophic (na-0.46) (0.1-10.8) (0.10-1.10) (1.0-5.0) Hofer and Sommaruga 2001 

USA Mahoning River River 
 

0.38 (0.20-0.57) 1.9 (0.4-3.5) 2.78 (0.94-4.65) 
 

Baker and Leff 2004 

USA 16 lakes Lake Oligo-eutrophic 0.95 (0.10-6.00) 2.9 (0.4-32.0) 4.00 (0.20-15.00) 12.7 (0.3-432.0) Clasen et al. 2008 

Antarctica Changing Lake Lake Oligotrophic 0.49 3.1 1.6 
 

Wilson et al. 2000 

Antarctica Moss Lake Lake Oligotrophic 0.56 6.2 0.9 
 

Wilson et al. 2000 

Antarctica Sprirogyra Lake Lake Oligotrophic 0.73 5.2 1.4 
 

Wilson et al. 2000 

Antarctica Tranquil Lake Lake Oligotrophic 0.76 2.8 2.7 
 

Wilson et al. 2000 

 Antarctica Sombre Lake Lake Oligotrophic 1.2 2.4 5 
 

Wilson et al. 2000 

Antarctica Knob Lake Lake Mesotrophic 1.71 6.1 2.8 
 

Wilson et al. 2000 

Antarctica Pumphouse Lake Lake Mesotrophic 1.82 4.8 3.8 
 

Wilson et al. 2000 

Antarctica Amos Lake Lake Eutrophic 1.89 4.1 4.6 
 

Wilson et al. 2000 

Antarctica Heywood Lake Lake Eutrophic 2.74 3.6 7.6 
 

Wilson et al. 2000 

Antarctica Light Lake Lake Mesotrophic 3.13 13 2.4 
 

Wilson et al. 2000 
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Table 2.1. continued 

Location Site 
Water body 

type 
Trophic status 

Viral abundance 

(x107 mL-1) 

Virus to 

bacterium ratio 

Bacterial 

abundance 

(x106 mL-1) 

Chlorophyll a  

(µg L-1) 
Authors 

Antarctica Lake Bonney Lake Oligotrophic 0.05 2 0.34 
 

Lisle and Priscu  2004 

Antarctica Lake Bonney Lake Oligotrophic 0.22 10.1 0.47 
 

Lisle and Priscu  2004 

Antarctica Lake Hoare Lake Oligotrophic 0.04 1.2 0.46 
 

Lisle and Priscu  2004 

Antarctica Lake Fryxell Lake Oligotrophic 4.55 33.6 1.63 
 

Lisle and Priscu  2004 

Antarctica Lake Vanda Lake Oligotrophic 0.11 9.5 0.08 
 

Lisle and Priscu  2004 

USA Talladega Wetland Wetland Riverine 0.03 (0.01-0.10) (na-2.5) 2.16 (0.32-9.54) 
 

Farnell-Jackson and Ward  2003 

Austria River Danube River 
 

2.09 (0.32-3.50) 19.8 (4.1-34.9) 1.20 (0.20-2.10) 
 

Peduzzi and Schiemer 2004 

Austria Lobau Lake 
 

6.38 (2.40-10.60) 27.2 (14.0-48.2) 2.44 (1.10-3.60) 
 

Peduzzi and Schiemer 2004 

Sweden Gäddjärn Lake Oligotrophic 2.27 (0.84-4.72) 7.0 (2.9-12.1) 3.30 (2.40-4.80) 1.3 (0.3-4.2) Vrede et al .2003 

Sweden Fisklösen Lake Oligotrophic 2.98 (0.91-5.44) 14.4 (5.2-24.0) 2.30 (0.90-4.70) 3.6 (0.5-11.8) Vrede et al .2003 

France Lake Pavin Lake Oligomesotrophic 2.90 (1.00-5.40) 7.1 (3.8-12.8) 4.20 (2.20-9.00) 2.1 (0.4-5.2) Bettarel et al. 2003, 2004 

France Lake Aydat Lake Eutrophic 5.30 (2.50-9.90) 9.0 (3.7-12.0) 6.20 (3.70-12.00) 15.1 (0.8-67.6) Bettarel et al. 2003, 2004 

Australia Bremer River River Eutrophic 10.03 18.1 6.17 
 

Pollard and Ducklow 2011 

Australia Bremer River River Eutrophic 1.69 6.6 3.11 
 

Pollard and Ducklow 2011 

USA Meyers Branch Stream 
 

0.01 
   

Olapade et al. 2006 

USA Hugh White Creek Stream 
 

0.01 
   

Olapade et al. 2006 

USA Buzzard’s Branch Stream 
 

0.01 
   

Olapade et al. 2006 

USA Allequash Creek Stream 
 

0.01 
   

Olapade et al. 2006 

USA Augusta Creek Stream 
 

0.01 
   

Olapade et al. 2006 

USA Buffalo Creek Stream 
 

0.01 
   

Olapade et al. 2006 

USA King’s Creek Stream 
 

0.01 
   

Olapade et al. 2006 

UK Priest Pot Lake Hypereutrophic (0.71-20.30) 
 

(0.95-21.70) (na-360.0) Goddard et al. 2005 

Antarctica Highway Lake Lake Oligotrophic 6.41 (1.24-9.66) 56.9 (18.6-126.7) 1.28 (0.23-2.70) (0.3-6.7) Madan et al. 2005 

Antarctica Ace Lake Lake Oligotrophic 5.43 (0.89-6.13) 54.3 (30.6-80.0) 1.37 (0.68-3.21) (0.4-1.8) Madan et al. 2005 

Antarctica Pendant Lake Lake Oligotrophic 9.43 (1.15-12.00) 36.1 (30.5-96.7) 3.10 (1.30-4.60) (0.8-7.5) Madan et al. 2005 

France Lake Annecy Lake Oligotrophic (2.10-22.00) 32.2 (19.3-87.3) 2.20 (na-4.00) (na-3.0) Personnic et al. 2009 

France Lake Geneva Lake Mesotrophic (2.10-22.00) 38.7 (15.0-98.7) 2.60 (na-5.00) (na-8.0) Personnic et al. 2009 

France Lake Bourget Lake Mesotrophic (2.10-22.00) 35.8 (16.1-113.7) 2.70 (na-5.00) (na-8.0) Personnic et al. 2009 

Sweden 21 lakes Lake Oligo-eutrophic 13.10 (0.28-45.00) 27.8 (2.6-59.7) 3.90 (0.80-1.35) 4.5 (0.3-46.2) Lymer et al. 2008 

the Netherlands Lake Loosdrecht Lake Eutrophic 7.84 (7.27-9.29) 
 

5.26 (1.27-8.46) 
 

Tijdens et al. 2008b 

Arctic Cryoconite hole Lake Oligotrophic 0.03 13.6 0.02 
 

Sawstrom et al. 2007c 

Arctic Glacier Ice Lake Oligotrophic 0.03 7.5 0.05 
 

Sawstrom et al. 2007c 

Arctic Unnamed Lake Lake Oligotrophic 1.49 25.2 0.59 
 

Sawstrom et al. 2007c 

Arctic Lake Tvillingvatnet Lake Oligotrophic 0.43 11.3 0.38 
 

Sawstrom et al. 2007c 

Arctic Lake Ny-London Lake Oligotrophic 2.89 14 2.06 
 

Sawstrom et al. 2007c 

Arctic Meltwater pool Lake Oligotrophic 1.52 20.3 0.75 
 

Sawstrom et al. 2007c 

Arctic Supraglacial stream Lake Oligotrophic 0.01 7.5 0.01 
 

Sawstrom et al. 2007c 

Arctic Subglacial stream Lake Oligotrophic 0.09 7.3 0.12 
 

Sawstrom et al. 2007c 
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Table 2.1. continued 

Location Site 
Water body 

type 
Trophic status 

Viral abundance 

(x107 mL-1) 

Virus to 

bacterium ratio 

Bacterial 

abundance 

(x106 mL-1) 

Chlorophyll a  

(µg L-1) 
Authors 

Antarctica Ace Lake Lake Oligotrophic (2.00-12.60) (30.0-70.0) (1.00-1.50) 
 

Laybourn-Parry et al. 2007 

Antarctica Pendant Lake Lake Oligotrophic (2.70-10.00) (20.0-45.0) (2.00-4.00) 
 

Laybourn-Parry et al. 2007 

Sweden Skärlen Lake Oligotrophic 1.65 
  

3.2 Anesio et al. 2004 

Sweden Feresjön Lake Oligotrophic 1.57 
  

3.2 Anesio et al. 2004 

Sweden Homehultsjön Lake Oligotrophic 3.38 
  

7.6 Anesio et al. 2004 

Sweden Stråken Lake Oligotrophic 2.1 
  

12.4 Anesio et al. 2004 

Sweden Skärshultsjön Lake Oligotrophic 2.62 
  

2.9 Anesio et al. 2004 

Brazil Lake Jiqui Lake Mesotrophic 63.90 (10.00-98.00) (4.0-22.0) 49.25 (32.00-63.80) 5.6 (2.5-11.2) de Araujo and Godinho 2009 

France Lake Bourget Lake Mesotrophic (4.70-10.00) (5.0-27.0) 
  

Jacquet et al. 2005 

Antarctica Beaver Lake Lake Oligotrophic (na-0.30) (na-12.0) (0.10-0.45) 
 

Laybourn-Parry et al. 2013 

Sweden Erken Lake Mesotrophic (12.00-35.00) 58.8 (21.0-104.0) (1.50-9.00) 2.5 (0.2-6.5) Lymer et al. b 2008 

Sweden Fyrsjön Lake Mesotrophic (20.00-28.00) 50.8 (25.0-83.0) (3.50-7.80) 3.0 (0.8-5.6) Lymer et al. b 2008 

Sweden Klockjärn Lake Oligotrophic (5.00-7.00) 44.4 (25.0-83.0) (0.50-2.00) 1.3 (na-5.6) Lymer et al. b 2008 

the Netherlands Lake Loosdrecht Lake Eutrophic (6.00-13.00) 
 

(7.00-14.40) (44.0-88.8) Tijdens et al. 2008 

China Donghu Lake Lake Eutrophic (2.50-11.40) (5.0-25.0) (1.00-5.09) (1.0-146.7) Cheng et al. 2010 

China Liangzi Lake Lake Eutrophic (0.08-na) 
 

(0.11-na) 
 

Cheng et al. 2010 

Senegal Lake Retba Lake Eutrophic 72 5.4 134 8.7 Bettarel et al. 2006 

Senegal Djoudj Pond Pond Eutrophic 3.9 7.4 5.3 49.5 Bettarel et al. 2006 

Senegal Djeuss Stream Stream Eutrophic 1.1 4.1 2.7 10.1 Bettarel et al. 2006 

Senegal Diama Dam Reservoir Eutrophic 1.5 13.6 1.1 2.7 Bettarel et al. 2006 

Senegal Bango Reservoir Reservoir Eutrophic 1.9 6.6 2.9 15 Bettarel et al. 2006 

Senegal Lake Guiers Lake Eutrophic 3.25 4 8.1 30.8 Bettarel et al. 2006 

Antarctica Lake Druzhby Lake Oligotrophic 0.07 (0.03-0.16) 4.5 (1.5-8.4) 0.16 (0.12-0.22) (0.1-0.5) Sawstrom et al. 2007 

Antarctica Crooked Lake Lake Oligotrophic 0.05 (0.02-0.09) 3.5 (1.2-7.0) 0.16 (0.10-0.24) (na-0.3) Sawstrom et al. 2007 

Antarctica Beaver Lake Lake Oligotrophic 0.06 (na-0.30) 2.9 (0.1-11.7) 0.19 (0.08-0.44) 
 

Sawstrom et al. 2008 

Antarctica Crooked Lake Lake Oligotrophic 0.1 2 0.3 0.2 Sawstrom et al. 2008 

Antarctica Lake Druzhby Lake Oligotrophic 0.1 2 0.29 1.2 Sawstrom et al. 2008 

Antarctica Lake Pauk Lake Oligotrophic 0.07 3 0.13 0.3 Sawstrom et al. 2008 

Antarctica Lake Depot Lake Oligotrophic 0.07 3 0.12 0.3 Sawstrom et al. 2008 

Antarctica Lake Bisemoye Lake Oligotrophic 0.15 1.5 0.46 0.4 Sawstrom et al. 2008 

Antarctica Lake Lichen Lake Oligotrophic 0.3 6.5 0.22 0.2 Sawstrom et al. 2008 

Antarctica Lake Cowan Lake Oligotrophic 0.25 4 0.27 0.1 Sawstrom et al. 2008 

Antarctica Lake Zvezda Lake Oligotrophic 0.15 3 0.2 0.4 Sawstrom et al. 2008 

Antarctica Lake Watts Lake Oligotrophic 1.25 15 0.37 4.5 Sawstrom et al. 2008 

Antarctica Lake Nicholson Lake Oligotrophic 0.3 6 0.22 0.6 Sawstrom et al. 2008 

Denmark Lake Frederiksborg Slotssø Lake Eutrophic 3.78 39.6 3.97 
 

Filippini et al. 2007 

Denmark Lake Esrum Lake Meso-eutrophic 15.71 22.7 1.66 
 

Filippini et al. 2007 

Antarctica Pony Lake Lake Eutrophic (na-0.19) (na-0.1) (1.10-29.70) 
 

Foreman et al. 2011 
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Table 2.1. continued 

Location Site 
Water body 

type 
Trophic status 

Viral abundance 

(x107 mL-1) 

Virus to 

bacterium ratio 

Bacterial 

abundance 

(x106 mL-1) 

Chlorophyll a  

(µg L-1) 
Authors 

Czech Republic Rímov Reservoir Reservoir Mesoeutrophic 11 
 

2.3 
 

Weinbauer et al. 2007 

Japan Rice paddies Rice paddies 
 

15.00 (0.56-120.00) (0.1-72.0) 51.00 (0.92-430.00) 
 

Nakayama et al 2007 

France Lake Pavin Lake Oligomesotrophic 2.20 (0.80-5.10) 4.4 (1.6-10.0) 5.90 (2.00-28.30) 2.2 (na-12.0) Colombet et al., 2009, 2012 

Brazil Lake Batata Lake Oligotrophic (0.50-1.70) (4.0-6.0) (1.00-0.50) (4.0-7.0) Barros et al. 2010 

Arctic 14 Lakes Lake Oligotrophic 0.41 (0.09-1.20) 5.4 (1.6-18.1) 0.80 (0.34-1.38) 
 

Sawstrom et al. 2008b 

Arctic Midre Lovénbreen Lake Oligotrophic 0.06 (0.02-0.10) 18.6 (7.4-23.6) 0.03 (0.02-0.06) 
 

Anesio et al. 2007 

Arctic Austre Brøggerbreen Lake Oligotrophic 0.10 (0.07-0.12) 19.0 (16.2-31.2) 0.05 (0.02-0.07) 
 

Anesio et al. 2007 

France Lake Geneva Lake Mesotrophic (1.10-19.00) 
 

(na-10.80) 
 

Personnic et al. 2009b 

France Lake Bourget Lake Mesotrophic (1.10-12.00) 
 

(na-9.90) 
 

Personnic et al. 2009b 

Czech Republic Svratka River River 
 

2.36 (0.19-5.81) 5.0 (0.1-16.4) 7.90 (0.40-27.90) 11.6 (2.6-40.4) Slováčková and Maršálek 2008 

Czech Republic Morava River River 
 

2.01 (0.17-4.74) 2.7 (0.1-8.2) 8.10 (0.40-19.60) 16.1 (1.3-122.1) Slováčková and Maršálek 2008 

Switzerland Lake Hallwil Wetland Eutrophic (1.50-3.00) (1.2-2.0) 
  

Filippini et al. 2006 

Switzerland Lake Hallwil Lake Eutrophic (2.00-10.00) (7.0-19.0) (1.00-9.50) 
 

Filippini et al. 2006 

Arctic 14 Lakes Lake Oligotrophic 0.68 (0.07-2.89) 6.9 (3.6-10.0) 1.08 (0.10-2.70) 
 

Sawstrom et al. 2008b 

France Lake Vassivière Reservoir Mesotrophic 1.90 (1.70-2.60) 3.3 5.7 10.8 Pradeep Ram et al. 2011 

France Lake Pavin Lake Oligomesotrophic 2.3 7.6 3 3.9 Pradeep Ram et al. 2011 

France Lake Aydat Lake Eutrophic 5.9 8.5 5.9 17.9 Pradeep Ram et al. 2011 

France Lake Bourget Lake Mesotrophic 20.00 (7.40-64.00) 
 

2.40 (0.40-4.30) 0.9 (na-2.3) Berdjeb et al. 2011a 

France Lake Annecy Lake Oligotrophic 14.00 (1.90-43.00) 
 

2.20 (1.60-2.70) 2.5 (0.7-5.1) Berdjeb et al. 2011a 

France Lake Grangent Reservoir Eutrophic 2 5.3 3.8 6.6 Pradeep Ram et al., 2009 

France Lake Bourget Lake Mesotrophic (3.40-8.20) 21.5 (10.8-69.0) (1.00-5.00) (0.6-6.4) Thomas et al. 2011 

Australia Brisbane River River 
 

3.65 (0.18-9.60) 20.0 (2.7-94.9) 2.67 (0.39-7.85) 
 

Chapter 3 this thesis 

Australia Lake Samsonvale Reservoir Mesoeutrophic 5.17 (0.65-13.31) 17.2 (3.0-65.4) 3.98 (0.40-9.12) 12.9 (7.0-23.0) Chapter 3 this thesis 

Australia Lake Somerset Reservoir Mesoeutrophic 9.10 (1.14-32.38) 16.4 (2.7-53.7) 6.15 (0.89-19.61) 11.9 (4.0-22.0) Chapter 3 this thesis 

Australia Lake Wivenhoe Reservoir Mesoeutrophic 6.63 (0.35-18.64) 15.9 (2.7-78.3) 5.54 (0.54-10.30) 13.0 (4.0-21.0) Chapter 3 this thesis 

USA Lake Erie Lake Mesotrophic (3.40-8.90) (5.6-130.6) 
 

(na-10.0) Matteson et al. 2011 

USA Lake Mataoka Lake Eutrophic (0.05-0.80) (1.0-37.0) (0.04-3.00) 13.3 (0.3-69.2) Hardbower et al. 2012 

Australia Lake Wivenhoe Reservoir Mesoeutrophic (0.46-1.32) 
 

(0.70-2.20) (7.0-40.0) Sawstrom and Pollard 2012 

*While every attempt has been made to ensure this is a complete compilation of all studies of viruses in freshwaters, I cannot dismiss the possibility that there are other studies I have not found.  
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Table 2.2. Viruses of freshwater cyanobacteria, ordered by date of first publication* 

Host species Virus name Virus type Capsid 

size 

(nm) 

Tail 

length 

(nm) 

Genome 

size 

(kbp) 

Sequenced Authors Location Site 

Leptolyngbya sp. LPP-1 Podoviridae 60 20   Safferman and Morris,1963 USA Waste pond 

Lyngbya sp. LPP-1 Podoviridae 60 20   Safferman and Morris 1963 USA Waste pond 

Phormidium sp. LPP-1 Podoviridae 60 20   Safferman and Morris 1963 USA Waste pond 

Oscillatoria princeps (putative)  Rod 19 300   Ueda 1965   

Cylindrospermopsis raciborskii  

(aka:Anabaenopsis raciborskii and 

Anabaenopsis circularis) (putative) 

AR-1      Singh and Singh 1967 India Pond 

Cylindrospermum sp. (putative) C-1      Singh and Singh 1967 India Pond 

Synechococcus sp. SM-1 Tailless 88    Safferman and Morris 1967   

Nostoc pruniforme (putative)  Rod 14 240-340   Jensen and Bowen 1970 USA  

Gloeotrichia pisum (putative)  Rod 14    Jensen and Bowen 1970 Iowa, USA Clear Lake 

Nostoc muscorum (putative) N-1 Myoviridae 62 165   Adolph and Haselkorn 1971, Hu et al. 

1981 

Wisconsin, USA  

Synechococcus sp. S-1 Siphoviridae 60 100   Adolph and Haselkorn 1973   

Synechococcus sp. AS-1 Myoviridae 90 244   Safferman et al. 1972   

Anabaena variablis A-1 Myoviridae 60 184   Mendzhul et al. 1975, Koz'yakov 

1977, Gromov 1983 

Leningrad, Russia Not available 

A. variablis A-2 Myoviridae     Mendzhul et al. 1975, Koz'yakov 
1977, Gromov 1983 

Leningrad, Russia Not available 

A. variablis A-4 Podoviridae 60 20   Mendzhul et al. 1975, Koz'yakov 
1977, Gromov 1983 

Leningrad, Russia Not available 

Nostoc linckia N-2 Podoviridae 60 20   Mendzhul et al. 1980, Gromov 1983 USA Not available 

Anabaena sp. AN-10 and 15 Myoviridae 60-63 162-168   Hu et al. 1981 Michigan, USA Waste pond 

Anabaena sp. AN-20, 22 and 24 Podoviridae 50-54    Hu et al. 1981 Michigan, USA Waste pond 

Nostoc sp. AN-10 and 15 Myoviridae 60-63 162-168   Hu et al. 1981 Michigan, USA Waste pond 

Nostoc sp. AN-20, 22 and 24 Podoviridae 50-54    Hu et al. 1981 Michigan, USA Waste pond 

Anabaena circinalis        Phlips et al. 1990 Florida, USA Lakes, waste  

Anabaena flos-aquae       Phlips et al. 1990 Florida, USA Lakes, waste  

Lyngbya birgei        Phlips et al. 1990 Florida, USA Lakes, waste  

Microcystis aeruginosa       Phlips et al. 1990 Florida, USA Lakes, waste  

M. aeruginosa Ma-LBP Podoviridae 42-52    Tucker and Pollard, 2005 Australia Reservoir 

Table 2.2. continued 
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Host species Virus name Virus type Capsid 

size 

(nm) 

Tail 

length 

(nm) 

Genome 

size 

(kbp) 

Sequenced Authors Location Site 

M. aeruginosa Ma-LMM01    162.1 Yes Yoshida et al. 2006 Japan Lake 
Kasumigaura 

Phormidium foveolarum Pf-WMP3 Podoviridae 55  43.2 Yes Liu et al. 2007, and 2008  Beijing, China Lake 
Weiming 

P. foveolarum Pf-WMP4 Podoviridae 55  40.9 Yes Liu et al. 2007, and 2008  Beijing, China Lake 

Weiming 

A. flos-aquae A-CP1-3 Podoviridae 50-106    Deng and Hayes, 2008  UK Lake Zurich 

A. flos-aquae A-CM1-2 Myoviridae 50-106    Deng and Hayes, 2008  UK Lake Zurich 

Anabaena lemmermannii A-CP4 and 6 Podoviridae 50-106    Deng and Hayes, 2008  UK Water park 

A. lemmermannii A-CP6-7 Podoviridae 50-106    Deng and Hayes, 2008  UK Water park 

A. lemmermannii A-CF1 Filamentous 50-106    Deng and Hayes, 2008  UK Water park 

A. lemmermannii A-CS1 Siphoviridae 50-106    Deng and Hayes, 2008  UK Water park 

Anabaena solitaria A-CP5 Podoviridae 50-106    Deng and Hayes, 2008  UK Water park 

A. solitaria A-CS2 Siphoviridae 50-106    Deng and Hayes, 2008  UK Water park 

Microcystis sp. M-CP1-6 Podoviridae 50-106    Deng and Hayes, 2008  Not available Not available 

Microcystis sp. M-CM1-2 Myoviridae 50-106    Deng and Hayes, 2008  Not available Not available 

Microcystis sp. M-CF1-3 Filamentous 50-106    Deng and Hayes, 2008  Not available Not available 

Planktothrix agardhii  P-Z4, 11-12  50-106    Deng and Hayes, 2008  Norway Steinsfjorden 

Planktothrix rubescens P-Z1-3, P-Z5-10  50-106    Deng and Hayes, 2008  Switzerland Lake Zurich 

Synechococcus sp.  Siphoviridae 40-54 129-186   Dillon and Parry, 2008 UK Lakes 

Anabaena flos-aquae F1 Myoviridae     Wu et al. 2009  China Dianchi Lake 

C. raciborskii  Siphoviridae 70 200   Pollard and Young, 2010  Australia Reservoir 

Synechococcus sp. S-CRM01 Myoviridae 85-100 140-170 178.6 Yes Dreher et al. 2011  California, USA Reservoir 

Anthrospira sp. SPIRUVIR Podoviridae 120 20   Jacquet et al. 2012 France Culture pools 

P. agardhii  PaV-LD Tailless 70-85 na 95.3 Yes Gao et al. 2012  China Lake Donghu 

C. raciborskii CrV Siphoviridae 70-80 600 120  Steenhauer et al. unpublished The Netherlands Sand mine 
lake 

*While every attempt has been made to ensure this is a complete compilation of all freshwater cyanophage isolation studies, I cannot dismiss the possibility that there are other studies I have not found.  
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Table 2.3. Viruses of freshwater eukaryotic algae, ordered by date of first publication* 

Host species Virus 

name 

Capsid 

size 

(nm) 

Tail 

length 

(nm) 

Genome 

size 

(kbp) 

Sequenced Algal group Authors Location Site 

Sirodotia tenuissima       Rhodophyte Lee 1971 USA Not available 

Oedogonium   240    Chlorophyte Pickett-Heaps 1972 Canberra, 

Australia 

Lake Burley 

Griffin 

Radiofilum transversale  40    Chlorophyte Mattox et al. 1972   

Aulacomonas   50    Chlorophyte Swale and Belcher 1973 UK Not available 

Aulacomonas   200-230 150-200   Chlorophyte Swale and Belcher 1973 UK Not available 

Porphyridium purpureum      Rhodophyte Chapman and Lang 1973 USA Not available 

Cylindrocapsa geminella  200-230    Chlorophyte Hoffman and Stanker 1976 Illinois Unnamed stream 

Hydrurus  50-60    Chrysophyte Hoffman 1978 Colorado, USA St. Vrain Creek 

Mallomonas sp.  175    Chrysophyte Sicko-goad and Walker 1979 USA Lake Huron 

Gymnodinium uberrimum  385    Dinoflagellate Sicko-goad and Walker 1979 USA Lake Huron 

Uronema gigas      Chlorophyte Dodds and Cole 1980 Not available Not available 

Chlorococcum minutum  220 Yes   Chlorophyte Gromov and Mamkaeva 1981 Not available Not available 

Chlorella sp. (Hydra viridis symbiont)  HVCV     Chlorophyte Van Etten et al. 1981 Florida, USA Not available 

Chlorella sp. (Paramecium bursaria 

symbiont)  

PBCV-1   330.7 Yes Chlorophyte Van Etten et al. 1982, Yanai-Balser 

et al. 2010 

USA Not available 

Mesostigma viride  130    Streptophyte Melkonian 1982 UK Not available 

Chromophysomonas cornuta  150-180    Chrysophyte Preisig and Hibberd 1984 UK Pond 

Paraphysomonas bourrellyi  150-180    Chrysophyte Preisig and Hibberd 1984 UK Pond 

Paraphysomonas caelifrica  150-180    Chrysophyte Preisig and Hibberd 1984 UK Pond 

Paraphysomonas corynephora  150-180    Chrysophyte Preisig and Hibberd 1984 UK Pond 

Chlorella sp. (Acanthocystis turfacea 

symbiont)  

ATCV-1   288.1 Yes Chlorophyte Bubeck and Pfitzner 2005, 

Fitzgerald et al. 2007a 

Stuttgart, 

Germany 

Pond 

Chlorella sp. (A. turfacea symbiont)  NY-2A   368.7 Yes Chlorophyte Fitzgerald et al. 2007b New York, USA Not available 

Chlorella sp. (A. turfacea symbiont)  AR158   344.7 Yes Chlorophyte Fitzgerald et al. 2007b Buenos Aires, 

Argentina 

Not available 

Chlorella sp. (P. bursaria symbiont)  FR483   321.2 Yes Chlorophyte Fitzgerald et al. 2007c France Not available 

Chlorella sp. (P. bursaria symbiont)  MT325   314.3 Yes Chlorophyte Fitzgerald et al. 2007c Montana, USA Not available 

Chlorella variablis sp. (P. bursaria 
symbiont)  

CvV-BW1   370 Yes Chlorophyte Hoshina et al. 2010 Japan Lake Biwa 

*While every attempt has been made to ensure this is a complete compilation of all freshwater eukaryotic algal virus isolation studies, I cannot dismiss the possibility that there are other studies I have not found.
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Figure 2.1. Cumulative number of viral sampling studies of freshwater sites since 1987, 

plotted by year of sampling. 

 

 

2.3 Viral life strategies 

Viruses are only able to reproduce within a host cell, using the metabolic machinery of 

the host cell to produce progeny. Viruses are composed of a nucleic acid genome, either 

DNA or RNA, which is enclosed in a protein or lipoprotein coat (capsid). Viral 

genomes are replicated and assembled into new capsids during the latent phase, and 

when the progeny viruses are ready, the host cell bursts, or lyses, releasing viruses to 

the environment to infect another host cell. This is a lytic cycle, however, viral 

infections can also be lysogenic, pseudolysogenic or chronic, a range of viral life 

strategies which has allowed viral/host co-existence for billions of years. In a chronic 

viral infection viruses are produced and released by budding from the cell, without 

lysing the host. In a pseudolysogenic infection the host cell is in a phage carrier state 

and cannot be experimentally induced with chemical or physical methods, but cells will 

produce viruses when nutrients are added to cultures (Wommack and Colwell 2000). 

Pseudolysogeny is possibly a mechanism for phages to survive highly starved 
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conditions and react quickly and produce progeny when conditions improve (Miller and 

Day 2008). Both lysogenic and lytic phages can form a pseudolysogenic infection.  

In lysogenic infections, a prokaryotic cell that contains a latent virus is lysogenic, and 

the latent virus is called a prophage. A virus that can enter this latent state is called a 

temperate virus. Most temperate viruses will insert their entire genome into the bacterial 

chromosome (Brüssow et al. 2004). Alternatively, the viral genome can become a 

plasmid, and not integrate into the host’s chromosome. The prokaryote is then 

pseudolysogenic (Weinbauer 2004). Temperate viruses can initially adopt a lytic 

lifestyle in some situations. Whether or not the virus forms a lysogenic or a lytic 

infection can depend on nutrient availability, and when viruses infect cells lacking 

resources for progeny development, most viral genes are suppressed, and the virus 

integrates into the host genome (Miller and Day 2008). Lysogeny in the oceans is 

related to the trophic status and favourability of conditions for microbial growth (Paul 

2008; Payet and Suttle 2013). In freshwaters there is less research to relate lysogeny to 

trophic state or physicochemical conditions, but the existing literature on the topic 

shows that in oligotrophic lakes worldwide the average proportion of lysogeny of 21.6% 

is substantially higher than the 0.4% found in eutrophic lakes (Table 2.4). In a highly 

unproductive epishelf lake in Antarctica, up to 88% of bacterial cells were lysogenic 

(Laybourn-Parry et al. 2013). Higher rates of lysogeny were found in winter than 

summer in Lake Bourget in France (Thomas et al. 2011) and in Antarctic lakes 

(Laybourn-Parry et al. 2007; Säwström et al. 2007a). Also, in three lakes in Quebec, 

Canada, the highest fraction of lysogenic bacterial cells was recorded in winter for both 

the eutrophic and oligotrophic lakes (Maurice et al. 2010). However, the same authors 

found that lysogeny in the mesotrophic lake was highest in summer. Conversely, in 

Lake Erken, Sweden, the proportion of lysogenic bacteria was highest in spring, and 

was positively correlated with total phosphorus and temperature (Lymer and Lindström 

2010).  

Lysogenic cultures of freshwater cyanobacteria have been reported, including the 

filamentous species Plectonema boryanum (Padan and Shilo 1973), Anabaena variablis, 

Nostoc sp. (Padhy and Singh 1978; Khudyakov and Wolk 1996), A. circinalis, 

Aphanizomenon ovalisporum, Cylindrospermopsis raciborskii, Anabaena sp. (Chapter 4 

this thesis), the colonial M. aeruginosa (Sedmak et al. 2009), and the 
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Table 2.4. Compilation of freshwater viral studies, ordered by sampling date, which have estimates of fraction of visibly infected viral cells (FVIC), 

burst sizes, viral production, bacterial loss factors and/or proportion of lysogeny. Values are averages and/or minimum to maximum (in brackets). 

Location Site 
Viral abundance 

(x107 mL-1) 

Virus to 

bacterium 

ratio 

Bacterial 

abundance 

(x106 mL-1) 

FVIC (%) 
Burst 

size 

Viral production 

(x105 mL-1 h-1) 

Virus loss 

bacteria 

production 

(%) 

Grazing 

loss 

bacteria 

production 

(%) 

Lysogenic 

bacteria 

(%) 

Authors 

Lake Kalandsvatnet, Norway Oligotrophic 17.80 (15.40-20.20) 5 3.55 (3.00-4.10) 7.33 
     

Heldal and Bratbak 1991 

Lake Constance, Germany Mesotrophic  (0.90-4.50)  (21.0-121.0)  (0.50-4.00) 0-17 40-110  (0.04-0.1) 
   

Hennes and Simon 1995 

Lobau oxbow lake, Austria Mesotrophic  (1.20-6.10)  (2.0-17.0)  (2.83-6.24) 1-4 17.4-38   
   

Mathias et al. 1995 

Lake Superior, US Oligotrophic  (0.07-0.92)  (na-0.7)  (1.19-18.27) 
  

  
  

0.1-7.4 Tapper and Hicks 1998 

Gossenköllesee, Austria Oligotrophic  (0.10-3.20) 15.3 (4.2-31.1)  (0.20-0.40) 
 

>50   5-28 

  

Pina et al. 1998 

Alte Donau oxbow lake, Austria Eutrophic 5.00 (1.70-11.70) 19.0 (4.0-39.0) 27.00 (1.40-3.90) 5.00 22.00   
   

Fischer and Velimirov 2002 

Lake Plussee, Germany Eutrophic  (2.00-8.00)    (0.20-1.70) 1.99 47.00 0.45 7.7-97.3 

  

Weinbauer and Hofle 1998 

Gossenköllesee, Austria Oligotrophic  (na-0.46)  (0.1-10.8)  (0.10-1.10) 1.60 13.50   14 

  

Hofer and Sommaruga 2001 

Gäddjärn, Sweden Oligotrophic 2.27 (0.84-4.72) 7.0 (2.9-12.1) 3.30 (2.40-4.80) 23(9-41) 9(6-18)   
   

Vrede et al. 2003 

Fisklösen, Sweden Oligotrophic 2.98 (0.91-5.44) 14.4 (5.2-24.0) 2.30 (0.90-4.70) 25.5(10-43) 9(6-21)   
   

Vrede et al. 2003 

Lake Pavin, France Oligomesotrophic 2.90 (1.00-5.40) 7.1 (3.8-12.8) 4.20 (2.20-9.00) 1.60 25.70 79.70 (26.30-128.40) 16.2 40.4 

 

Betteral et al. 2003, 2004 

Lake Aydat, France Eutrophic 5.30 (2.50-9.90) 9.0 (3.7-12.0) 6.20 (3.70-12.00) 1.10 30.20 423.70 (262.80-665.30) 9 27.3 

 

Betteral et al. 2003, 2004 

Feresjön, Sweden Oligotrophic 1.57     
  

  
  

31.8 Anesio et al. 2004 

Homehultsjön, Sweden Oligotrophic 3.38     
  

  
  

13.5 Anesio et al. 2004 

Stråken, Sweden Oligotrophic 2.1     
  

  
  

23.1 Anesio et al. 2004 

Skärshultsjön, Sweden Oligotrophic 2.62     
  

  
  

18.1 Anesio et al. 2004 

Beaver Lake, Antarctica Oligotrophic  (-0.30)  (-12.0)  (0.10-0.45) 
  

  
  

0-87.6 Laybourn-Parry et al. 2013 

21 lakes, Sweden Oligo-eutrophic 13.10 (0.28-45.00) 27.8 (2.6-59.7) 3.90 (0.80-1.35) 1.80 16.00   
   

Lymer et al. 2008 

Ace Lake, Antarctica Oligotrophic  (2.00-12.60)  (30.0-70.0)  (1.00-1.50) 
 

4.04  (0.51-na) 
  

71max Laybourn-Parry et al. 2007 

Pendant Lake, Antarctica Oligotrophic  (2.70-10.00)  (20.0-45.0)  (2.00-4.00) 
 

3.04  (0.30-na) 
  

32max Laybourn-Parry et al. 2007 

Lake Bourget, France Mesotrophic  (4.70-10.00)  (5.0-27.0)   1.2-1.9 11-49   9.3-19.2 

  

Jacquet et al. 2005 

Lake Druzhby, Antarctica Oligotrophic 0.07 (0.03-0.16) 4.5 (1.5-8.4) 0.16 (0.12-0.22) 
  

  
  

2.2-22.3 Sawstrom et al. 2007 

Crooked Lake, Antarctica Oligotrophic 0.05 (0.02-0.09) 3.5 (1.2-7.0) 0.16 (0.10-0.24) 
  

  
  

3.8-73 Sawstrom et al. 2007 

Djoudj Pond, Senegal Eutrophic 3.9 7.4 5.3 0.40 30.00 1.27 3.1 

  

Betteral et al. 2006 

Lake Retba, Senegal Eutrophic 72 5.4 134 0.50 60.20 1.11 3.5 

 

0.6 Betteral et al. 2006 

Djeuss Stream, Senegal Eutrophic 1.1 4.1 2.7 0.30 34.00 0.41 2.5 

 

7.1 Betteral et al. 2006 

Diama Reservoir, Senegal Eutrophic 1.5 13.6 1.1 0.30 25.00 0.05 2.5 

 

0.3 Betteral et al. 2006 

Bango Reservoir, Senegal Eutrophic 1.9 6.6 2.9 0.50 10.30 0.07 4 

 

2.5 Betteral et al. 2006 

Lake Guiers, Senegal Eutrophic 3.25 4 8.1 0.85 30.30 0.35 6.9 

 

0.15 Betteral et al. 2006 

Lake Hallwil wetland, Switzerland Eutrophic  (1.50-3.00)  (1.2-2.0)   8-32 30-45  (na-0.04) 10-65 

  

Filippini et al. 2006 

Lake Pavin, France Oligomesotrophic 2.20 (0.80-5.10) 4.4 (1.6-10.0) 5.90 (2.00-28.30) 1.20 30.60   10.85 107.3 

 

Colombet et al. 2009, 2012 

Lake Vassivière reservoir, France Mesotrophic 1.90 (1.70-2.60) 3.3 5.7 17.60 17.00   25.6 

  

Pradeep Ram et al. 2011 

Lake Pavin, France Oligomesotrophic 2.3 7.6 3 25.60 34.50   15.3 

  

Pradeep Ram et al. 2011 

Lake Aydat, France Eutrophic 5.9 8.5 5.9 17.00 37.20   12.2 

  

Pradeep Ram et al. 2011 

Lake Grangent reservoir, France Eutrophic 2 5.3 3.8 16.70 26.40   23 

  

Pradeep Ram et al. 2009 

Lake Bourget, France Mesotrophic  (3.40-8.20) 21.5 (10.8-69.0)  (1.00-5.00) 40.00 4-36  (0.07-2.00) 0-65 

 

0-60 Thomas et al. 2011 

Lake Wivenhoe reservoir, Australia Mesoeutrophic  (0.46-1.32)    (0.70-2.20) 0.2-2.4 13   
  

28 Sawstrom and Pollard 2012 
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picocyanobacteria Synechococcus (Dillon and Parry 2008). Blooms of A. circinalis and 

A. ovalisporium in two reservoirs in subtropical Australia were also found to contain 

lysogenic cyanobacteria (Chapter 4 this thesis). 

Lysogenic viral infections can be induced to begin replicating and cause host lysis when 

the host DNA is damaged, and SOS response systems are activated (Miller and Day 

2008). Factors which are known to induce prophages include chemical substances or 

physical manipulations such as UV radiation, temperature, copper, the antibiotic 

mitomycin C, cyclic peptides, hydrogen peroxide, polyaromatic hydrocarbons, Bunker 

C fuel oil, trichloroethylene, polychlorinated biphenyl mixtures, Arochlor 1248, 

pesticide mixtures and sunscreen (Weinbauer et al. 2007a; Paul 2008). Phosphate 

enrichment has also been observed to induce prophage (McDaniel and Paul 2005), and 

in a Swedish lake, phosphate addition to microcosms was found to promote prophage 

induction (Lymer and Lindström 2010). In Lake Cromwell, Canada, lysogenic bacterial 

host cells may have been induced by UV radiation, when an increase in the abundance 

of viruses and damaged host cells was observed at the surface compared to deeper 

incubations in dialysis bags (Maranger et al. 2002). In Microcystis aeruginosa, there is 

evidence of prophage induction in response to non-toxic peptides which are commonly 

produced by the host (Sedmak et al. 2008; Sedmak et al. 2009). Prophage induction can 

occur in rapidly growing cells, while starving cells remain lysogenic, a strategy that 

would limit production to times when the phage progeny are most able to re-infect new 

cells (Weinbauer et al. 2007a).  

During lysogenic viral infections the host may express genes of a virus integrated into 

the host genome (a prophage), which is a process known as lysogenic conversion, or 

phenotypic conversion (Little 2005). Up to 10% of the bacterial genome may consist of 

prophage sequences (Brüssow 2006; Sandaa et al. 2008). Lysogenic infection can 

provide immunity to hosts by altering the viral receptors, preventing other viruses from 

infecting cells (Miller and Day 2008). Genes which are beneficial to the host can be 

retained in the host genome (fixed), as they confer a selective advantage to the bacteria, 

even after the deletion of other prophage sequences (curing) (Lawrence and Roth 1999; 

Brüssow et al. 2004; Canchaya et al. 2004; Little 2005). In this way lysogeny can 

contribute to the rapid evolution of bacterial cells (Brüssow et al. 2004). Prophage genes 

can often confer pathogenicity on bacteria, coding for toxic enzymes and other 

virulence factors in strains of Streptococcus pyogenes, S. flexneri, Escherichia coli, 
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Vibrio cholera, Staphylococcus aureus, and Psuedomonas aeruginosa (Brüssow et al. 

2004; Brüssow 2006). Amongst freshwater species, at a conference Vance (1977) 

presented findings that while non-toxic strains of the cyanobacteria M. aeruginosa were 

not inducible, toxic strains did have an inducible phage, suggesting that the toxin was 

prophage related, an intriguing concept which has never (to my knowledge) been tested. 

 

2.4 Types of freshwater viruses 

Most viruses in aquatic systems are those which infect the most numerically abundant 

prokaryotes: heterotrophic bacteria and archaea. They contain single-stranded or 

double-stranded DNA or RNA, and are tailed, polyhedral, filamentous, or pleomorphic 

(Ackermann and Prangishvili 2012). Viral diversity was initially described based on the 

morphology of viruses, as determined using TEM (Bergh et al. 1989; Klut and Stockner 

1990). Of the prokaryote viruses studied by electron microscopy, 96% belong to three 

families of tailed viruses, the Myoviridae, Siphoviridae, and Podoviridae (Ackermann 

and Prangishvili 2012). There are also many viruses described for freshwater 

cyanobacteria and eukaryotic algae species. 

Many studies of viral diversity in freshwaters have been reported, showing a wide 

distribution of viral morphologies and sizes (Dorigo et al. 2004; Short and Suttle 2005; 

Liu et al. 2006; Parada et al. 2006; Wilhelm et al. 2006; Takashima et al. 2007; Short 

and Short 2008; Wang et al. 2010; Hewson et al. 2012; Parvathi et al. 2012). Four viral 

types were distinguished over a year of monthly sampling in Priest Pot, a small English 

lake (Goddard et al. 2005). In alpine lakes in France and Austria, viral capsids were 

generally 40-90 nm in diameter, but some were up to 325 nm, with unusual 

morphologies, including 740 nm long rod shaped, round and granulated or star shaped 

(Pina et al. 1998). The same long filamentous rod shaped viruses were shown attached 

to and inside filamentous bacteria (Hofer and Sommaruga 2001). In a deep ultra-

oligotrophic lake on Vancouver Island, Canada, bacterial and picocyanobacterial cells 

were infected with icosahedron shaped viruses with diameters ranging from 60-200 nm, 

and both tailed and tail-less free viruses were observed (Klut and Stockner 1990). A 

eutrophic reservoir in Spain contained large viruses with capsids up to 210 nm diameter 

(Sommaruga et al. 1995). In Lake Superior, USA, 53% of viruses had capsids less than 

30 nm, with 2% greater than 60 nm, and 70% were tailed viruses (Tapper and Hicks 

1998). Viral community compositions have also been described in samples using pulsed 
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field gel electrophoresis (PFGE) to determine viral genome sizes (Lymer et al. 2008b). 

Lymer et al. (2008b) found 21 different genome sizes of viruses in three Swedish lakes, 

from 15 to 661 kb, with 6-13 different genomes per sample, and also observed changes 

in the genome distribution both seasonally and between samples taken days apart, 

indicating there may be high spatial variation in viral communities.   

Metagenomics are now revealing the complete composition of viral communities, such 

as in a study of a Taiwanese reservoir which found that bacteriophages (including 

cyanophages) comprised 66.7% of the viral community on average, followed by viruses 

of algae, then plants, animals, insects, eukaryotes, invertebrates and archaea (Tseng et 

al. 2013). Bacteriophages/cyanophages were also the most dominant viral type in a 

metavirome of lakes in the northeastern USA, followed by viruses of algae 

(phycodnaviruses) (Hewson et al. 2012). 

 

2.4.1 Bacteriophages 

The majority of freshwater viruses are bacteriophages, and therefore, most studies of 

viral abundance in water bodies have described the total bacteriophage distribution and 

diversity. Aside from the traditional TEM method, and more recently PFGE, many 

studies have recently used metagenomic studies to describe bacteriophage diversity in a 

range of freshwater environments (Schoenfeld et al. 2008; Djikeng et al. 2009; López-

Bueno et al. 2009; Rodriguez-Brito et al. 2010; Fancello et al. 2012; Roux et al. 2012; 

Tseng et al. 2013), finding hundreds to tens of thousands of bacteriophage types in each 

sample. In the reservoir in Taiwan (Tseng et al. 2013) the total number of viral 

genotypes ranging from 352 to 21,832 (of which 66.7% were bacteriophages). In 

France, the number of different virotypes was 44% higher in a mesotrophic lake (Lake 

Bourget), compared to a oligotrophic lake (Lake Pavin), with 43,236 and 29,936 

different virotypes respectively (Roux et al. 2012), with the two communities closely 

related to each other and to other freshwater communities worldwide, and distinct from 

marine metagenomes. 

Relationships between total viral abundance and the individual bacterial host species 

populations have been investigated in lakes (Tijdens et al. 2008b; Berdjeb et al. 2011a; 

Berdjeb et al. 2011b; Laybourn-Parry et al. 2013), using methods such as terminal 

restriction-fragment length polymorphism (t-RFLP) of the 16S rRNA gene to 
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differentiate bacterial species, and more recently, metagenomics to sequence the entire 

viral and bacterial community. Individual bacterial species were found to co-occur with 

particular viral types in Lake Loosdrecht in the Netherlands, as determined using 

denaturing gradient gel electrophoresis (DGGE) to distinguish bacterial types, and 

PFGE to differentiate viruses (Tijdens et al. 2008b). Lymer et al. (2008b) found that the 

bacterial community composition related to the viral communities with larger genomes 

(>100 kbp), which may indicate that the bacterial community structure was driven by 

the DOC released from the lysis of phytoplankton, especially as DOC and temperature 

were the variables which related strongest to bacterial community composition in the 

study (Lymer et al. 2008b). 

 

2.4.2 Archeoviruses 

Archaea are single-celled microbes, and constitute another domain of life forming up to 

20% of the biomass on Earth, and archaea which oxidise ammonia to nitrate via nitrite 

may play an important role in the biogeochemical nitrogen cycle (Hatzenpichler 2012). 

While freshwater archaea were first thought to be restricted to extreme geothermal 

environments, it is now known that they are also found in the water column and benthos 

of freshwaters (Briée et al. 2007; French et al. 2012; Berdjeb et al. 2013). Archaea are 

also infected by viruses: archeoviruses, which are highly morphologically diverse, 

including the usual icosahedral, myovirus and siphovirus forms of bacteriophages, but 

also occur in filamentous or pleomorphic forms, and spindle, bottle, lemon, pear, rod or 

droplet shapes (Pina et al. 2011; Hyman and Abedon 2012). Freshwater archeoviruses 

have been discovered in geothermal sites such as hotsprings in Yellowstone National 

Park, USA (Schoenfeld et al. 2008; Garrett et al. 2010). They have also been identified 

in the anoxic lake sediment of Lake Pavin, France (Borrel et al. 2012), but there are no 

other studies of archeoviruses in non-extreme environments (Snyder and Young 2011). 

Most described archeoviruses form lysogenic or chronic infections rather than lytic 

(Prangishvili et al. 2006; Gorlas and Geslin 2013).  

 

2.4.3 Cyanophages 

Viruses specific to prokaryotic autotrophic cyanobacteria are called cyanophages. 

Freshwater cyanophages were first isolated and characterised in the early 1960s, when 
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Safferman and Morris (1963) isolated the LPP-1 virus from the filamentous 

cyanobacteria: Leptolyngbya (formerly Plectonema) sp., Lyngbya sp., and Phormidium 

sp. from a wastewater pond in the US. Since then, interest in using viruses as 

biocontrols of cyanobacterial blooms led to at least 45 more freshwater cyanophages 

being described which infect filamentous and single celled cyanobacteria (Table 2.2). 

Cyanophages are generally dsDNA tailed phages of three types: Myoviridae with a 

contractile tail, Siphoviridae with a long non-contractile tail that may be flexible, and 

Podoviridae with short non-contractile tails (Suttle 2000), however, filamentous tailless 

and rod-shaped cyanophages are also known (Ueda 1965; Jensen and Bowen 1970 ; 

Deng and Hayes 2008; Gao et al. 2009). The genomes of freshwater cyanophages 

isolated to date range from 40.9 kb (infecting Phormidium foveolarum) to 178.6 kb 

(infecting Synechococcus sp.), while capsid sizes are found to be between 40 nm 

(infecting Synechococcus spp.) and 120 nm (infecting Anthrospira sp.). The host ranges 

of cyanophages can vary, for example, in 35 cyanophages of Microcystis, Anabaena and 

Planktothrix species and strains, some were very specific, with a podovirus and a 

myovirus only infecting the cyanobacterial strain on which they were originally isolated 

(Deng and Hayes 2008). However, other podovirus and myovirus isolates were able to 

infect a number of other colonial cyanobacterial species (Deng and Hayes 2008). 

Additionally, more than one viral type may infect and kill a host, with ten different 

viruses observed to kill cultures of M. aeruginosa, as distinguished on the basis of 

genome size (10-90 kb) using PFGE (Honjo et al. 2006). 

To date, five freshwater cyanophage genomes have been sequenced (Liu et al. 2008; 

Yoshida et al. 2008b; Dreher et al. 2011; Gao et al. 2012). Sequencing allows the 

phylogenetic relationships to be determined between viruses. For example, the 

freshwater Synechococcus spp. cyanophage, S-CRM01, was found to share 60 to 73 

genes with cyanophages of marine species of Synechococcus spp., but just four genes 

with the Ma-LMM01 cyanophage of the freshwater colonial cyanobacteria M. 

aeruginosa (Dreher et al. 2011). Therefore, there may have been gene exchanges 

between the freshwater and marine cyanophages of Synechococcus spp in the past, 

possibly in brackish estuarine waters where freshwater and marine environments meet, 

in contrast to the Ma-LMM01 cyanophage infecting the purely freshwater species M. 

aeruginosa (Dreher et al. 2011). The cyanophages Pf-WMP3 and Pf-WMP4 of the 

freshwater filamentous colonial cyanobacterium: Planktothrix foveolarum shared genes 

with other sequenced cyanophages (Liu et al. 2007; Liu et al. 2008). The nblA host gene 
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was discovered in cyanophages of both M. aeruginosa: Ma-LMM01 (Yoshida et al. 

2008b), and P. agardhii: PaV-LD (Gao et al. 2012), and both cyanophages had many 

open reading frames (ORFs) (sections of DNA which may encode proteins) with 

homologues with other phages. 

 

2.4.4 Eukaryotic algal viruses 

Viruses have been described for a number of unicellular freshwater eukaryotic 

phytoplankton, including chlorophytes, chrysophytes, dinoflagellates and rhodophytes 

(Table 2.2). Since 1971, when viral particles were found in the red algae species 

Sirodotia tenuissima (Lee 1971), viruses have been observed in over 20 species of 

freshwater eukaryotic algae. This is less than half of the number of species of 

cyanobacteria which are known to be infected by viruses, which may signify there has 

been more attention focussed on viruses of harmful cyanobacterial bloom species. 

Viruses of eukaryotic algae range in size from 40 to 240 nm, and only one tailed virus 

has been observed, for Aulacomonas (Swale and Belcher 1973). Since 1984 the only 

viruses of freshwater eukaryotic algae that have been isolated are Chloroviruses which 

infect Chlorella spp. (endosymbionts of Acanthocystis turfacea and Paramecium 

bursaria). These viruses, belonging to the Phycodnaviridae family, are large icosahedral 

dsDNA viruses with genomes ranging from 288 to 370 kb. Sequences are available for 

both the Paramecium bursaria chlorella virus (PBCV-1), and its host, Chlorella 

variabilis, which has allowed insight into the viruses’ reproductive functions and extent 

of gene transfer between the virus and host (Van Etten and Dunigan 2012). The authors 

also suggest that chloroviruses may be a source of genetic material for engineering 

algae and higher plants (Van Etten and Dunigan 2012). Recent studies using primers for 

phycodnaviridae DNA polymerase (pol) genes indicate that there are phycodnaviruses 

for many more eukaryotic algal species in freshwater systems (Short and Short 2008; 

Clasen and Suttle 2009). For example, in freshwaters in the USA and Canada, 

sequences closely related to Prasinoviruses were more commonly amplified than 

Chlorovirus sequences (Short and Short 2008). Furthermore, it was speculated by 

Clasen and Suttle (2009) that phycodnaviruses were likely to infect the algal species 

with which they most often co-occurred, including: Mallomonas sp., Chrysosphaerella 

sp., Monoraphidium sp., Synedra sp., Cyclotella sp., Trachelomonas sp., and 

Peridinium sp.  
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2.4.5 Unusual freshwater viruses 

In a freshwater macrophyte species, Chara australis, in Australia, a 530 nm long, rod 

shaped 9 kbp ssRNA tobamovirus was discovered in up to 22% of plant samples, and 

subsequently sequenced (Gibbs et al. 1975); 2011). Furthermore, a giant virus (400 nm, 

1.2 mbp, icosahedral capsid), Mimivirus, infecting heterotrophic protists such as the 

amoeba Acathamoeba polyphaga has been described (La Scola et al. 2003; Raoult et al. 

2004). Unlike typical viruses, which use host components to replicate, the sequence of 

the Mimivirus has its own genes for mRNA translation, which may suggest either that 

the virus uses its own translation processes rather than that of the host, or had an 

ancestor which did so and retains the remnant genes (Raoult et al. 2004).  

Virophages, parasites of giant dsDNA viruses, have recently been discovered, initially 

from the freshwater Mimivirus (APMV) of Acanthamoeba polyphaga in a water-

cooling tower in Paris (La Scola et al. 2008). Using metagenomics, virophages which 

infect viruses of unicellular chlorophytes have now also been discovered in Organic 

Lake in Antarctica (Yau et al. 2011). From scrutiny of metagenomic databases, it has 

been revealed that virophages are likely to be found worldwide in a range of habitats, 

and are most abundant in freshwaters (Zhou et al. 2013), presumably in concert with the 

higher viral abundances found in freshwaters. It is possible that the loss of viruses due 

to virophage mortality may reduce viral control of algal populations, for example, 

virophage infection of the CroV virus of the marine heterotrophic flagellate Cafeteria 

roenbergensis reduced the CroV production and consequently cell lysis of the host 

(Fischer and Suttle 2011). 

 

2.5 Viral mediated gene transfer 

In natural bacterial populations in freshwaters, bacteriophages mediate horizontal gene 

transfer (transduction) (Ogunseitan 2008). In all instances where full sequences are also 

available for the cyanobacterial host genomes, as well as the cyanophage, evidence of 

gene transfer between virus and host has been detected. By examining the amount of 

genes shared between the host and viral genomes we gain insight into host and virus 

relationships, and the extent to which viral infection has influenced the evolution of a 

species (Yoshida-Takashima et al. 2012). Bacteriophages isolated from rivers have been 
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shown to carry host genes for the shiga-toxin (Dumke et al. 2006), which is capable of 

transforming Shigella flexneri and Escherichia coli strains into much more harmful 

pathogens (Brüssow 2006).  

Recently, a cyanomyovirus isolated from the toxic freshwater cyanobacterium M. 

aeruginosa was sequenced and found to have several genes highly similar to those in 

cyanobacteria, suggesting recent gene transfers between the cyanophage and its host 

(Yoshida et al. 2008b; Yoshida-Takashima et al. 2012). The host-like gene for a non-

bleaching protein (NblA), which mediates phycobilisome pigment protein degradation 

to improve survival during high light and nutrient limitation, was found to be highly 

transcribed during viral replication, and may be a mechanism of the phage to avoid 

photoinhibition of the host during infection (Yoshida-Takashima et al. 2012). This gene 

was also observed in the genome of another sequenced cyanophage of freshwater P. 

agardhii (Gao et al. 2012). Gao et al. (2012) cloned the gene into plasmids and 

transformed a model cyanobacterium strain, Synechocystis, whereby the pigment 

proteins were degraded.  

The cyanophage S-CRM01, infecting freshwater Synechococcus isolated from a 

Californian (USA) Reservoir contains psbA and hli03 genes of host origin involved in 

enhancing photosynthesis during viral infection (Dreher et al. 2011), and the 

cyanophage Pf-WMP3 of P. foveolarum has ORFs of cyanobacterial origins (Liu et al. 

2008). While not sequenced, A-CP1, a cyanophage of Anabaena sp., was found to 

contain the cpcBA gene, coding for the light harvesting cyanobacterial pigment, 

phycocyanin, when a primer amplified the gene in pure viral lysate (Deng and Hayes 

2008).  

In marine cyanophages of Prochlorococcus and Synechococcus many host genes have 

been discovered, including genes which inhibit the Calvin cycle, increase production in 

the pentose phosphate pathway or are involved in transcription, photosynthesis or 

cobalamin synthesis (Fuller et al. 1998; Chen and Lu 2002; Zhong et al. 2002; Sullivan 

et al. 2005; Thompson et al. 2011; Huang et al. 2012). It is likely that freshwater 

unicellular picocyanobacteria will also contain such genes. For example, the host psbA 

gene, which codes for the D1 protein involved in photosynthesis, was discovered in 

marine cyanophages of Synechococcus (Mann et al. 2003) and Prochlorococcus 

(Lindell et al. 2004; Sullivan et al. 2005), but primers were also able to amplify the gene 

in cyanophages in Lake Constance, Germany, and in lakes in Ontario, Canada (Chénard 
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and Suttle 2008). Gene transfer in eukaryotic algae could be expected to be lower than 

in prokaryotes due to the genetic material of the host being more separate from the viral 

replication (Grimsley et al. 2012). However, homologous genes such as phosphate 

transporter-encoding genes have been found in a range of marine eukaryotic 

phytoplankton species and their viruses (Monier et al. 2012), and therefore may also 

exist in freshwater species. 

The sequencing of entire genomes of viruses also aids the development of PCR primers 

to detect the presence and abundance of the virus of interest in situ (Takashima et al. 

2007). PCR primers used to track viral distribution in situ improve the understanding of 

viral impacts on host populations. For example, a nine month study of the distribution 

of the Ma-LMM01 cyanophage and the M. aeruginosa host found that the host 

abundance peaked when cyanophages were less abundant, and host abundance crashed 

when cyanophages peaked, suggesting viral control of the host population (Yoshida et 

al. 2008a). 

 

2.6 Important methods used in freshwater viral ecology 

2.6.1 Abundances 

TEM (transmission electron microscopy) was originally used to count viruses (Bergh et 

al. 1989), but it is relatively time consuming and there is generally limited access to 

microscopy facilities. However, TEM provides valuable information on the morphology 

of the viruses (Ackermann and Prangishvili 2012). Plaque assay, adding viral samples 

to a lawn of host cells on agar, and most probable number (MPN) assay, adding viruses 

to tubes of liquid media, are techniques to determine the number of viruses within a 

sample that are able to kill a specific host. These assays were and are widely used in 

public health monitoring programs, but are limited to viruses with a host that can grow 

in culture. When sensitive nucleic acid-specific dyes became available, epifluorescence 

microscopy (EFM) of stained viruses collected on 0.02 µm aluminium oxide filters 

became widely used as a relatively affordable technique for enumerating viruses (Suttle 

and Fuhrman 2010). However, it remains difficult to count large viruses which cannot 

be distinguished from small prokaryotes (Sommaruga et al. 1995). Using flow 

cytometry (FCM) to detect and enumerate viruses is faster than EFM, provides more 

accurate counts and allows for the discrimination of different viral clusters (Brussaard et 
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al. 2000). Because FCM has a much faster analysis time per viral particle, fading is not 

such an issue as with EFM and the slightly higher counts as compared to EFM may be 

due to counting of these low fluorescing viruses (Brussaard et al. 2010). Using confocal 

laser scanning microscopes for EFM allows for more precise excitation of stains, by 

repeated scanning of the same field at different planes of focus in order to capture all the 

fluorescent particles which may be obscured due to the uneven filter, and producing a 

composite image of the field (Luef et al. 2009; Weinbauer et al. 2009; Peduzzi et al. 

2012). Digital imaging software can then be used to count the samples automatically or 

semi-automatically (Peduzzi et al. 2012). The repeated scanning also allows viruses on 

aggregates to be counted in samples from highly turbid sites (Luef et al. 2009). 

As mentioned earlier, real-time PCR techniques are increasingly being used to 

enumerate viruses in freshwaters (Fuhrman et al. 2005; Takashima et al. 2007; Rooks et 

al. 2010b; Short et al. 2010; Matteson et al. 2011; Short et al. 2011; Hewson et al. 

2012). While there are no universally conserved genes shared between viral groups, 

PCR primers are used to detect particular groups of viruses (Short et al. 2010). For 

example, primers have been developed for the g20 gene which encodes a T4 portal 

protein homologue in cyanomyoviridae which infect picocyanobacteria, and these have 

been used to quantify these cyanophage in lakes (Matteson et al. 2011). More primers 

were designed for cyanophages infecting Nostoc muscorum, Anabaena sp., M. 

aeruginosa and Arthrospira sp. (Baker et al. 2006; Yoshida et al. 2010; Jacquet et al. 

2012). In quantitative PCR (qPCR), the amount of DNA in a sample can be calculated, 

allowing the spatial and temporal distribution and abundance of a specific virus to be 

determined, and in relation to host cell populations in freshwaters (Takashima et al. 

2007; Rooks et al. 2010b; Matteson et al. 2011; Short et al. 2011; Hewson et al. 2012).  

 

2.6.2 Viral production  

Measurements of viral productivity can be used to estimate the rate of host lysis (Noble 

and Steward 2001). Viral production per cell (the burst size) is needed for estimations of 

the viral impact on host cells (Wommack and Colwell 2000). The burst size can be 

estimated by counting the visibly infected thin sectioned or whole host cells using TEM 

(Wilhelm and Matteson 2008), or by directly counting viruses produced in virus-host 

model systems, such as for the freshwater eukaryotic algae, Chlorella sp. (Van Etten et 

al. 1983). In the field, the virus to bacteria ratio (VBR) is a simple measure to estimate 
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the production of viruses per bacteria (Weinbauer 2004). However, as many factors may 

influence the production and loss of both bacteria and viruses, viral production is more 

accurately measured by deducting the decay rate of viruses from the increase in viruses 

(Heldal and Bratbak 1991; Weinbauer et al. 2010), and decay rates have been measured 

by halting viral production, or using plaque assays to determine the loss of infectious 

viruses (Fuhrman 1999). Viral production can also be measured by the reduction, or 

dilution, approach, where viruses are first removed from the water samples and after 

incubation the viruses produced are counted (Evans et al. 2003; Baudoux et al. 2007; 

Kimmance and Brussaard 2010; Weinbauer et al. 2010). Radioactive (Steward et al. 

1992), and fluorescently labelled (Hennes et al. 1995) viruses have also been used as 

tracers to estimate viral productivity.  

 

2.6.3 Viral induced mortality  

To predict the loss of a freshwater host species due to viral lysis, different methods have 

been developed. Initially, viral induced mortality was determined by counting the 

number of host cells visibly infected by viruses with TEM, and by using an estimate of 

the proportion of the lytic cycle that viruses are visible, calculate the number of cells 

that are infected and will die due to viral lysis (Proctor and Fuhrman 1990). In a later 

method, we need to know the rate of viral production and the burst size (Wommack and 

Colwell 2000), then the viral induced mortality (the number of cells killed by viruses) is 

determined by dividing the number of viruses produced by the burst size (Heldal and 

Bratbak 1991; Weinbauer et al. 2010).  

 

2.6.4 Viral diversity  

The morphological diversity and sizes of viral particles can be examined using TEM. 

PFGE and denaturing gradient gel electrophoresis (DGGE) are molecular techniques 

available to examine the diversity of a viral community (Pausz et al. 2009; Sandaa et al. 

2010). PFGE is a technique used to determine viral genome sizes, and can thus enable 

different viral types to be discriminated in natural environments (Wommack et al. 1999; 

Steward 2001). PFGE has been used to measure the diversity and viral community 

dynamics in many freshwater studies (Honjo et al. 2006; Filippini and Middelboe 2007; 

Lymer et al. 2008b; Tijdens et al. 2008b; Auguet et al. 2009; Wu and Liu 2009; Lymer 
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and Lindström 2010; Colombet and Sime-Ngando 2012b; Hardbower et al. 2012). 

Using DGGE, lengths of dsDNA are separated according to their base composition, 

which differs for different viruses (Short and Suttle 1999). DGGE has been used to 

examine the species richness of the viral community in freshwaters, in combination with 

PCR primers of conserved marker genes to amplify viral DNA (Duhaime and Sullivan 

2012). These genes include viral capsid related genes and virus-encoded DNA/RNA 

polymerase genes. Host photosynthesis genes found in cyanophages have also been 

used to develop primers to detect viruses and study their genetic diversity (Mann et al. 

2003; Millard et al. 2004). In freshwater environments, a number of studies have used 

these primers and DGGE to investigate viral diversity (Dorigo et al. 2004; Short and 

Suttle 2005; Parada et al. 2006; Wilhelm et al. 2006; Short and Short 2008; Wang et al. 

2010; Parvathi et al. 2012). In both DGGE and PFGE, bands can be excised from the 

gel for sequencing (Wommack et al. 1999; Sandaa and Larsen 2006), and with PFGE 

this allows the sequencing of entire genomes using shotgun sequencing methods 

(Wommack et al. 2009). 

Alongside sequencing of isolated viruses, it is now possible to use metagenomic 

techniques of high-throughput, or next-generation, DNA (shotgun) sequencing to 

compile all the viral genomes from an environmental sample (Rooks et al. 2010a; 

Duhaime and Sullivan 2012). Metagenomic studies of viruses in freshwater systems 

have thus far been conducted for lakes in France, the USA and Antarctica, ponds in the 

Mauritanian Sahara, a reservoir in Taiwan, microbialites in Mexico, and aquaculture 

ponds in the USA (Breitbart et al. 2009; Djikeng et al. 2009; López-Bueno et al. 2009; 

Rodriguez-Brito et al. 2010; Fancello et al. 2012; Hewson et al. 2012; Roux et al. 2012; 

Tseng et al. 2013). 

 

2.7 Freshwater viral ecology 

2.7.1 The role of viruses in the freshwater community 

Viral lysis of bacteria and phytoplankton cells has important implications for the aquatic 

biological community as they are a source of prey for higher food levels via protozoan 

grazing (Pomeroy et al. 2007), and their lysis reduces the flow of carbon to higher 

trophic levels, a process labelled the ‘viral shunt’(Wilhelm and Suttle 1999). Overall 

bacteria production may be stimulated through viral lysis, as lysed cell contents are 
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converted to dissolved organic matter (DOM) which is the ideal substrate for bacterial 

production (Thingstad and Lignell 1997). An early model of the impact of viral lysis on 

microbial production predicted that if viruses cause 50% total bacterial mortality (and 

10% of phytoplankton mortality) in the marine environment, there is a 33% increase in 

bacterial production and a 20% decrease in protozoan production, compared to a 

microbial food web without viruses (Fuhrman and Suttle 1993).  

 

2.7.2 Population dynamics 

Viral abundance has generally been found to relate strongly positively to host 

abundance and the environmental factors which influence host growth (supp. data), as 

more hosts produce more viruses. In 22 lakes in Québec (Maranger and Bird 1995) and 

in a lake in the Netherlands (Tijdens et al. 2008b) there was indeed a strong correlation 

between chlorophyll a and viruses. In 16 North American lakes bacteria, cyanobacteria 

and chlorophyll a all explained some variance in viral abundance (Clasen et al. 2008). 

In a eutrophic North American lake (Hardbower et al. 2012), and in Lake Bourget, 

France (Thomas et al. 2011), both temperate, viral and bacterial abundance were 

positively correlated. In three temperate lakes in Sweden, phosphorus and dissolved 

organic carbon (DOC) positively correlated with viral abundance (Lymer et al. 2008b). 

Viruses may potentially influence host community structure by lysing the fastest 

growing and most competitive microbial species and allowing less competitive species 

to propagate (Miki et al. 2008), This process was named ‘killing the winner’ (Thingstad 

and Lignell 1997), whereby if a population within the bacterial community excels, then 

the net production of its bacteriophage may increase in kind, and the extra viruses 

produced will lyse the population. In this manner, high bacterial species diversity may 

be maintained through viral activity, with no one species able to dominate the 

community. However, more research is needed to show that viral activity truly can 

increase species diversity in situ.  

While studies of viruses usually involve samples taken over a broad spatial (one to 

several sites in a water body) or temporal (once, weekly or monthly) scale, on very 

small spatial scales or timeframes there can be high variations in viral abundance (Sime-

Ngando et al. 2008; de Araújo and Godinho 2009), and the proportion of different viral 

types can vary (Personnic et al. 2009a; Wang et al. 2011; Roudnew et al. 2013). 
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Viruses have been implicated in the termination of freshwater cyanobacterial blooms. 

The termination of a bloom of M. aeruginosa in a Japanese pond was apparently due to 

viral lysis, as plaque assays showed that the abundance of the cyanophage of the host 

species increased dramatically (Manage et al. 1999; Manage et al. 2001). Furthermore, 

filamentous cyanobacteria populations in enclosures of water from Lake Loosdrecht 

appear to have collapsed due to viral infection as shown by TEM analysis of infected 

cells, followed by an increase in viral abundance in the surrounding water (van Hannen 

et al. 1999; Gons et al. 2002). Cultures of Arthrospira platensis (Spirulina) grown for 

commercial harvesting in France suffered from sudden collapse, and a lytic virus which 

may have been responsible was subsequently isolated from samples of the lysed 

cultures (Jacquet et al. 2012). Unconcentrated viruses collected from lakes and added 

back to whole lake water incubations in serial dilution were shown to lyse a high 

proportion of filamentous cyanobacteria (Tijdens et al. 2008a). Viruses have been 

reported or isolated for the freshwater harmful bloom species: M. aeruginosa (Phlips et 

al. 1990; Tucker and Pollard 2005; Honjo et al. 2006; Yoshida et al. 2006), 

Leptolyngbya (formerly Plectonema) sp., Lyngbya sp., and Phormidium sp. (Safferman 

and Morris 1963; Daft et al. 1970), Anabaena sp. and Nostoc sp. (Hu et al. 1981), 

Cylindrospermopsis raciborskii (Singh and Singh 1967; Pollard and Young 2010) and 

P. agardhii (Gao et al. 2009), and Lyngbya birgei, A. circinalis, and A. flos-aquae 

(Phlips et al. 1990). 

 

2.7.3 Environmental factors 

Host-virus relationships have long been known to be dependent on environmental 

factors which affect microbial growth, and subsequently viral production (Padan and 

Shilo 1973). In the studies I found, estimates of viral production in freshwaters ranged 

from the lowest rate of 0.05 x105 mL-1 h-1 in a eutrophic tropical reservoir in Senegal to 

the highest rate of 665.3 x105 mL-1 h-1 in the eutrophic temperate Lake Aydat, France 

(Table 2.4). In 21 Swedish lakes, ranging from oligotrophic to eutrophic and clear-water 

to polyhumic, viral abundance increased with lake trophy, and was most strongly 

related to bacterial production, carbon to phosphorus ratio, chlorophyll a, nitrogen to 

phosphorus ratio and total phosphorus (Lymer et al. 2008a). In addition, some 

physicochemical factors may independently affect viruses. For example, they can be 

destroyed by high temperature (Garza and Suttle 1998), which may be due to higher cell 
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exoenzymatic activities resulting in viral capsid degradation (Danovaro et al. 2011). 

Furthermore, solar radiation can damage viruses (Suttle and Chen 1992; Noble and 

Fuhrman 1997), they can be adsorbed to particles (which may then sink) (Mari et al. 

2007) or be consumed by heterotrophic nanoflagellates (HNF) (Manage et al. 2002). In 

another study of 24 Swedish lakes sampled in spring, while viral abundance did not 

relate to total DOC, the VBR was negatively correlated with DOC, suggesting that 

virally induced bacterial mortality was lower in humic lakes (Anesio et al. 2004). In 

microcosm experiments on water from one of the lakes, Anesio et al. (2004) found that 

fulvic acid addition, but not glucose, negatively affected viral abundance, potentially by 

binding with viruses and rendering them uninfective. In the tropical Amazon, pulses of 

allochthonous DOC, and a spatially variable autochthonous DOC supply strongly 

negatively correlated with the bacterial, and consequently the viral abundance in a 

floodplain lake (Barros et al. 2010). In eutrophic Japanese rice paddy fields, viral 

abundance was positively correlated with turbidity, probably due to viruses attached to 

resuspended sediments introduced to the water column, or protected from UV damage 

by shading (Nakayama et al. 2007). In lakes in France, the ability of HNF to graze on 

virus-sized fluorescently labelled latex spheres was used to estimate that as high as 

4.1% of viral production in the lakes could be consumed by HNF (Bettarel et al. 2005). 

The decay rates of several groups of viruses in lakes in New York, USA, ranged from 

0.13 to 5.87% h-1, as determined from incubations in bottles under natural conditions 

where aerobic respiration (and hence viral production) was stopped with 2% NaN3 

treatment (Hewson et al. 2012). In late spring in oligotrophic Lake Kalandsvannet in 

Norway, viruses decayed at a rate of 0.35 to 0.64 h-1 (Heldal and Bratbak 1991). In an 

Austrian alpine lake, the viral abundance was sampled from May to November, with the 

highest abundance under ice cover and the lowest directly after the ice melted, most 

probably due to viral decay resulting from the high solar radiation (Hofer and 

Sommaruga 2001). 

 

2.7.4 Seasonality 

Amongst the freshwater studies which had year-long (or more) sampling, I found the 

highest viral abundances in summer (43%), followed by autumn (23%) and spring 

(20%), with only 11% of water bodies having the highest abundance in winter (Table 

2.5), probably due to the high abundance of host during the phytoplankton growth 
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seasons. In a eutrophic North American lake, viral and bacterial abundance were also 

highest in summer and lowest in winter (Hardbower et al. 2012). However, in 

bimonthly samples taken over a year in a deep ultra-oligotrophic lake on Vancouver 

Island, Canada, virally-infected picocyanobacterial cells and the total free viruses were 

more abundant in spring (Klut and Stockner 1990). In Lake Pavin, France, viral 

abundance peaked in both summer and autumn, along with the abundance of host 

species: bacteria, picophytoplankton (pro- and eukaryotic), and photosynthetic 

nanoflagellates (Colombet et al. 2009). In the limited annual studies of lysogeny I found 

(7), lysogeny was highest in winter; consistent with the theory that lysogeny is highest 

when host production is low (Table 2.5). Thus, seasonal patterns in viral distribution 

occur via the seasonality of their hosts. 

 

2.7.5 Human induced impact on freshwaters affecting viral influence 

With the exponentially increasing population of humans, and our associated urban, 

agricultural and industrial developments and wastes, freshwater systems are under more 

pressure than ever before. Despite our need for clean water supplies, we pollute 

freshwaters. Climate change leads to higher temperatures, and eutrophication results 

from excesses of nutrients, which allow the invasion and growth of toxic cyanobacterial 

and eukaryotic algal species (Moss et al. 2010). The role of viruses in the freshwater 

ecosystem in light of these threats can only be speculated upon. If the viral control of 

host populations is disrupted by human factors, the result could be a compounding of 

feedback mechanisms. The following sections review these impacts and how they could 

affect freshwater viral ecology. 

 

2.7.5.1 Eutrophication  

Eutrophication, the increase of inorganic and organic nutrients in water bodies, is 

generally due to the loss of natural terrestrial and wetland ecosystems which can absorb 

nutrients, in combination with the addition of fertilisers and the excretions from animals 

in agriculture, and the excretions from humans in urban areas (even despite treatment of 

sewage) (Jeppesen et al. 2010). Viral abundance is related to the productivity of waters, 

via the host abundance, therefore, the highest viral abundances could be expected in 

eutrophic waters. However, in this summary of viral studies, the average viral 
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abundance was lower in eutrophic lakes than in mesotrophic lakes, despite a much 

higher average bacterial abundance. This may indicate that in highly productive habitats 

there is lower diversity and fewer host species, or there may be higher rates of viral 

resistance. 

 

2.7.5.2 Contaminants  

Toxic substances from a range of industrial and agricultural processes, and urban areas, 

are released both into water bodies directly and after release to the atmosphere, wide 

dispersal and precipitation (Grimalt et al. 2010). These include organic pollutants which 

persist or degrade very slowly, such as DDT and dioxins, and trace metals, such as 

mercury, cadmium and lead (Grimalt et al. 2010), or substances such as sunscreens, 

personal care products, cosmetics and medicines, either from people’s skin when they 

swim, or via treated waste water. Even banned substances still remain ubiquitously in 

the environment, and many of these substances can induce prophages to lyse their hosts 

(Weinbauer et al. 2007a), and thus potentially alter the host community structure. 

Sunscreen may also be capable of inducing prophages, as a reduction in host and an 

increase in viruses occurred when the substances were added to seawater samples 

(Danovaro and Corinaldesi 2003).  
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Table 2.5. Month (or season) of the highest and lowest viral and bacterial abundance, proportion of lysogenic bacteria, and virus to bacteria ratio in 

freshwater viral studies of nine months to a year or more. 

Location Name Viral abundance Bacterial abundance Lysogenic bacteria (%) Virus to bacterium ratio  Authors 

  Highest         Lowest Highest       Lowest Highest     Lowest Highest     Lowest  

Germany Lake Constance July April April April - - - - Hennes and Simon 1995 

Austria Lobau October January October January - - - - Mathias et al. 1995 

US Lake Superior July - Summer-July - Summer - Summer-July - Tapper and Hicks 1998 

Austria Alte Donau February Summer-July Summer-June Spring-May - - Winter-Feb Summer-July Fischer and Velimirov 2002 

Austria Gossenköllesee September Summer-June Summer-Aug Spring-May - - Spring-May Summer-June Hofer and Sommaruga 2001 

USA Mahoning River Spring Summer Summer Autumn - - Summer Autumn Baker and Leff 2004 

USA Talladega Wetland Autumn-Oct Spring-May Autumn-Oct Summer-July - - - - Farnell-Jackson and Ward 2003 

UK Priest Pot Summer-July Winter-Feb Summer-July Winter-Feb - - - - Goddard et al. 2005 

China Donghu Lake Summer-July Winter-Jan Spring-May Winter-Jan - - Autumn-Nov Winter-Jan Cheng et al. 2010 

Sweden Erken Summer-Aug - Summer-Aug - - - Winter-Feb - Lymer et al. b 2008 

Sweden Fyrsjön Winter-Feb - Summer-June - - - Winter-Feb - Lymer et al. b 2008 

Sweden Klockjärn Autumn-Oct - Autumn-Oct - - - Spring-May - Lymer et al. b 2008 

China Liangzi Lake - - - - - - Winter-Dec Summer-June Cheng et al. 2010 

Czech Republic Svratka River Autumn-Oct Summer-June Autumn-Oct Spring-May - - Spring-May Autumn-Oct Slováčková and Maršálek 2008 

Czech Republic Morava River Autumn-Oct Summer-June Autumn-Oct Spring-May - - Spring-May Summer-June Slováčková and Maršálek 2008 

Switzerland Lake Hallwil Spring Autumn Spring Autumn - - Winter Summer Filippini et al. 2006 

France Lake Pavin Summer-Aug - Summer-Aug - - - Autumn-Oct - Colombet et al. 2009, 2012 

Japan Rice paddies Summer-June - Summer-July - - - - - Nakayama et al. 2007 

France Lake Grangent Summer-Aug Summer-Aug Summer-Aug Autumn-Nov - - - - Pradeep Ram et al. 2009 

France Lake Vassivière Spring-May - Summer-June - - - Spring-May - Pradeep Ram et al. 2011 

France Lake Pavin Summer-Aug - Summer-Aug - - - Autumn-Sep - Pradeep Ram et al. 2011 

France Lake Aydat Summer-June - Summer-July - - - Summer-June - Pradeep Ram et al. 2011 

France Lake Bourget Winter-Feb Summer-Aug Spring-May Winter-Jan Winter Spring-May Winter-Jan Spring-Apr Thomas et al. 2011 

USA Lake Erie Summer - Summer - - - - - Matteson et al. 2011 

Antarctica Highway Lake Autumn-Apr Spring-Nov Summer-Dec/Jan Spring-Nov - - Winter-July Summer-Jan Madan et al. 2005 

Antarctica Ace Lake Summer/Spring-Jan/Oct Spring-Nov Autumn-Apr Winter-July - - Winter-July Summer-Dec Madan et al. 2005 

Antarctica Pendant Lake Summer-Dec Spring-Nov Autumn-May Summer-Feb/Dec - - Summer-Dec Summer-Dec Madan et al. 2005 

Antarctica Ace Lake Summer-Jan Summer-Dec Spring-Nov Spring-Nov Spring-Sep Summer-Jan Summer-Dec Spring-Nov Laybourn-Parry et al. 2007 

Antarctica Pendant Lake Winter-July Summer-Jan Spring-Nov Summer-Dec Spring-Oct Summer-Jan/Feb Summer-Dec Spring-Nov Laybourn-Parry et al. 2007 

Antarctica Lake Druzhby Summer-Jan Autumn-May - Winter-June Summer-Dec - Winter-June Autumn-May Sawstrom et al. 2007 

Antarctica Crooked Lake Autumn-May Summer-Jan - Winter-July Winter-Aug - Winter-July Summer-Jan Sawstrom et al. 2007 

Australia Brisbane River Spring-Sep Spring-Oct Summer-Dec Summer-Feb - - Summer-Feb Spring-Oct Steenhauer et al. 2013 

Australia Lake Samsonvale Spring-Sep Spring-Oct Spring-Sep Summer-Feb - - Summer-Feb Spring-Oct Steenhauer et al. 2013 

Australia Lake Somerset Spring-Sep Summer-Dec Spring-Sep Summer-Feb - - Summer-Feb Summer-Dec Steenhauer et al. 2013 

Australia Lake Wivenhoe Spring-Sep Spring-Oct Autumn-Mar Summer-Feb - - Summer-Feb Spring-Oct Steenhauer et al. 2013 

Australia Lake Wivenhoe Summer-Dec Winter-July Summer-Jan Winter-July Winter-July - - - Sawstrom and Pollard 2012 

Proportion of highest values in spring 20% 32% 24% 28% 29% 33% 18% 30%  

Proportion of highest values in summer 43% 44% 52% 28% 29% 67% 36% 50%  

Proportion of highest values in autumn 23% 8% 24% 12% 0% 0% 11% 15%  

Proportion of highest values in winter 11% 16% 0% 32% 43% 0% 36% 5%  
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2.7.5.3 Climate change 

Climate change will have a great impact on inland waters, and it will also interact with 

and compound other impacts such as eutrophication, toxic substance contamination, 

acidification and hydromorphological changes (Nickus et al. 2010). Temperature 

determines the rates of primary productivity, microbial productivity and 

evapotranspiration in freshwaters. Warming resulting from climate change is predicted 

to change river flows (Parry et al. 2007). In temperate regions with snow, winter flows 

will increase and summer flows decrease; as glaciers retreat, river flows will increase in 

the short term, but decrease over the next few decades; in warmer regions, changes in 

rainfall will lead to higher flows in the peak flow season, and lower flows or extended 

dry periods during the low flow season (Parry et al. 2007). Lake levels may fall due to 

increases in evaporation but rise in the case of increased precipitation. Air temperature, 

precipitation and wind changes will alter stratification and mixing regimes, changing 

flows from catchments, and reducing ice cover, leading to altered physicochemical 

conditions in water bodies which will in turn alter the biological community (Nickus et 

al. 2010). The strongest determinant of viral impact will be the population dynamics of 

their host communities, which will be strongly impacted by the changes in the 

physicochemical environment. In particular, reports of cyanobacteria blooms are 

increasing in frequency, duration, biomass and distribution (Carey et al. 2012). Direct 

effects of climate perturbations on viruses may also occur. For example, higher 

temperatures are associated with higher viral decay rates (Danovaro et al. 2011). Inputs 

of DOM, which can bind viruses and reduce their infectivity (Mari et al. 2007), may 

increase after high rainfall. Solar radiation is known to inactivate viruses (Suttle and 

Chen 1992), and may increase if cloud cover is reduced. These factors could potentially 

result in the disruption of the natural viral control of host populations. 

 

2.7.5.4 Host cell defence and resistance 

The development of host resistance in response to viral infection is a rapid process in 

microbes, which usually results in a loss of cell fitness. Viruses may use surface 

proteins needed for nutrient uptake to attach to cells, and when the host changes these 

proteins to become resistant, their nutrient uptake ability is reduced (Winter et al. 2010). 

Restriction-modification (RM) systems are host defence mechanisms which can 
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recognise and destroy viral genomes (Makarova et al. 2011). These methylate specific 

sites in the host DNA so that the non-methylated viral DNA is cleaved by endonuclease 

subunits (Makarova et al. 2011). However, lysogenic infections can also provide 

immunity to lytic infection by coding for repressor and superinfection exclusion 

functions (Brüssow et al. 2004), to prevent other closely related viruses that use 

comparable attachment sites from infecting the cell (Stern and Sorek 2011). Clustered 

regularly interspaced short palindromic repeats (CRISPR) are found in the genomes of 

microbes. These defend the host against viral infection through incorporating fragments 

of viral DNA which are transcribed into guide RNA, and the guide RNA is used to 

recognise and cleave the invading viral DNA via the Cascade complex (the RNA 

interference principle) (Makarova et al. 2011). When CRISPR were added or deleted in 

bacteria the strains were then rendered susceptible or resistant to infection (Barrangou et 

al. 2007).  

Toxin-antitoxin (TA) systems cause cell suicide or dormancy when a viral infection 

inactivates the antitoxin, and the toxin can then kill the cell or induce dormancy 

(Makarova et al. 2011). Abortive infections (Abi) arrest viral infections and cause cell 

death (Makarova et al. 2011). TA and Abi-mediated cell death protect the surrounding 

cells as they prevent the virus from propagating and spreading the infection (Stern and 

Sorek 2011). A drawback of these defence mechanisms is the high energy cost to the 

cell of carrying the additional genetic material, and therefore, usually only a small 

proportion of the population carries the defence mechanism, either as a plasmid or 

paradoxically: a prophage (Stern and Sorek 2011). A further risk of defence 

mechanisms is autoimmunity, whereby the cell cannot distinguish between ‘self’ and 

virus and will trigger the response without infection (Stern and Sorek 2011). Quorum-

sensing, the regulation of gene expression in response to very high cell density, may 

also play a role in defence against viruses, by way of protecting cells during conditions 

of high risk of infection (Høyland-Kroghsbo et al. 2013).  

The extent of host cell defence mechanisms in genomes of freshwater prokaryote 

species will be increasingly revealed as more sequences of isolates and metagenomes 

become available, for example, many CRISPR sequences have been detected in strains 

of the cyanobacteria M. aeruginosa (Kuno et al. 2012; Kimura et al. 2013).  
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2.7.5.5 Viral lysis vs grazer mediated mortality 

Estimates of the impact of viral lysis on bacterial mortality in freshwaters diverge 

vastly, from 0.2% (Lymer et al. 2008a) to 97.3% (Weinbauer and Hofle 1998) of 

bacterial production (Table 2.5). Several studies have compared the impact of grazing 

with that of viral lysis on bacteria (Weinbauer and Hofle 1998; Bettarel et al. 2005; 

Jacquet et al. 2005; Jardillier et al. 2005; Šimek et al. 2007; Personnic et al. 2009b; 

Berdjeb et al. 2011a; Berdjeb et al. 2011b; Colombet and Sime-Ngando 2012a), and 

bacterial mortality due to viral lysis seems secondary to loss from grazing, which has 

been estimated at 27% (Bettarel et al. 2003; Bettarel et al. 2004) to 298% (Lymer et al. 

2008a). Dilution methods (Kimmance and Brussaard 2010) have recently been used to 

determine the relative impact of grazers and viruses on populations of eukaryotic 

phytoplankton in a Canadian pond, finding that viral lysis was the only significant 

source of mortality for Chlorellales (Chlorophytes), Chlamydomonadales 

(Chlorophytes) populations had both significant grazing and viral lysis, and 

Chroococcales (cyanobacteria) and Prymnesiales (Prymnesiophytes) only had 

significant mortality from grazing. (Staniewski et al. 2012). Therefore, within the 

phytoplankton community the impact of viruses varied amongst host groups. Thus, to 

truly estimate the importance of viral lysis on the host populations, more research on the 

impact of viral lysis on individual species populations is necessary. 

 

2.7.6 Effect of viruses on biogeochemical cycling 

Viral activity in freshwaters must play a substantial role in biogeochemical cycling. The 

flow of carbon up the food web to support the production of higher trophic levels (via 

grazing of bacteria), may be prevented by viral lysis of cells and instead ‘shunted’ into 

DOC and subsequently stimulate the growth and respiration of bacteria, and therefore 

the release of CO2. In cultures of the marine eukaryotic algae Micromonas pusilla, viral 

lysis resulted in 2.6 times higher final concentrations of DOC (Lønborg et al. 2013). 

However, information on the fate of viral lysis products is scarce for most freshwaters. 

In a subtropical Australian river, high allochthonous input of DOC from adjacent 

terrestrial zones led to high bacterial production, and subsequently high rates of viral 

lysis, thereby stimulating further bacterial production and enhancing a viral bacterial 

loop which ultimately leads to high rates of CO2 release (Pollard and Ducklow 2011).  
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Primary production is dependent on nutrient availability, and viral lysis of cells releases 

nutrients into the water column, which stimulates microbial growth. However, little is 

known about the form of the nutrients in these lysed cell contents, or the fate of the lysis 

product in different water bodies. Phosphorus released by lysis may be bound in organic 

complexes which will require enzymatic breakdown before it is available for 

phytoplankton growth, limiting its availability to species that can produce alkaline 

phosphatase (Wilhelm and Matteson 2008). Therefore, the form of the nutrients released 

may influence the species composition in a water body.  

 

2.8 Freshwater ecosystems 

2.8.1 Lakes and reservoirs 

Studies of the freshwater viral community are most commonly conducted in lakes or 

reservoirs (89%) (Table 2.6), with the first aquatic viral field studies conducted in 

Sproat Lake in Canada (Klut and Stockner 1990) and Lake Pluβee in Germany (Bergh 

et al. 1989). Lakes have the highest viral abundance compared to the other water body 

types: on average, 5.19 x107 mL-1. However, this was not true of oligotrophic lakes, 

which have low viral abundances (an average of 1.84 x107 mL-1), comparable with the 

lowest average values found in rivers and streams. The average VBR (virus to bacteria 

ratio) of lakes was 14.6, but ranged from below one to 131. An early study of 22 lakes 

in Canada, ranging from oligotrophic to eutrophic, enabled the first exploration of 

relationships between viral abundance and the abundance of bacteria, bacterial 

production, concentrations of chlorophyll a, total phosphorus (TP) and DOC, and in 

relation to lake trophic status (Maranger and Bird 1995). In the study, viral abundance 

correlated positively with bacterial production, chlorophyll a, and TP (Maranger and 

Bird 1995). This is consistent with 27 studies conducted since then which have also 

related the abundance of viruses to measures of host related variables, which found 

either no relationship (41%) or a positive relationship (59%) (but never a negative 

relationship) between viral and bacterial abundance (supp. data). Overall, viruses 

correlated mostly positively with other variables, including bacterial production (83%), 

chlorophyll a (56%), TP (67%) and DOC (50%), or no relationship was observed. 

These relationships, found in high spatial or temporal resolution studies of lakes, reflect 

the tight coupling between viruses and their hosts, and may also indicate that viral lysis 

can enhance bacterial and phytoplankton production due to the increase in DOM and 
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nutrients from lysed cells (Fuhrman 1992; Fuhrman and Suttle 1993). However, viral 

abundance correlated negatively with eukaryotic algal groups in Lake Pavin in France 

(Colombet et al. 2009; Colombet and Sime-Ngando 2012a), and eukaryotic algal groups 

and ciliate or HNF grazers in three Antarctic lakes (Madan et al. 2005). Negative 

relationships observed between particular phytoplankton groups or species and viral 

abundance, while the total algal biomass (as measured by chlorophyll a concentration) 

is positively related, or not related, to viruses, support the concept that viral lysis 

significantly reduces populations of individual species (‘killing the winner’), but 

stimulates the total community biomass. 

 

2.8.2 Rivers and streams 

Just a handful of viral studies have been conducted in freshwater rivers or streams 

(Hennes and Suttle 1995; Hewson et al. 2001b; Baker and Leff 2004; Peduzzi and 

Schiemer 2004; Bettarel et al. 2006; Olapade et al. 2006; Slováčková and Maršálek 

2008; Pollard and Ducklow 2011), therefore, these are a very under-represented system 

for viral research. Viral abundance is lower in rivers and streams than in the other 

freshwater types (average of 1.33 x107 mL-1) (Table 2.4). However, the average 

abundance of bacterial host cells and chlorophyll a was not the lowest among the water 

body types, suggesting that either viral production is lower, or viral decay may be 

higher, in rivers and streams than in other freshwaters. The average VBR of rivers and 

streams is 9.8, but was as high as 95. Amongst the rivers and streams sampled, the 

highest viral abundances were recorded in the eutrophic sub-tropical Bremer River in 

Australia (10.03 x107 mL-1) (Pollard and Ducklow 2011), which is probably attributable 

to the very high bacterial production (0.2 h-1 to 1.8 h-1) recorded in the study. As in 

lakes, correlations between bacterial and viral abundance vary, sometimes positively 

related, as in two rivers in the Czech Republic, (Slováčková and Maršálek 2008), and 

sometimes not related, as in the Mahoning River, Ohio, USA (Baker and Leff 2004) 

(supp. data).  
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Table 2.6. Comparison of data from viral studies in freshwaters averaged by water body 

types and climatic regions. 

Water body type n 

Viral 

abundance 

(x107 mL-1) 

Bacterial 

abundance 

(x106 mL-1) 

Chlorophyll  

a  

(µg L-1) 

Total 

phosphorus  

(µg L-1) 

Total  

nitrogen  

(µg L-1) 

Dissolved 

organic carbon 

 (mg L-1) 

Reservoirs 10 4.38 (0.3-32.4) 3.93 (0.4-19.6) 10.4 (4.0-40.0) 17.8 (16-40) 373.8 (460-890) 7.0 (5.3-9.8) 

Rivers or streams 18 1.33 (0.2-9.6) 4.33 (0.2-27.9) 12.6 (1.3-122.1) 46.3 (15-610) 345.7 (370-3900) 8.6 (5.8-12.6) 

Wetlands, ponds or 

oxbow lakes 6 2.78 (0.0-11.7) 9.71 (0.3-9.5) 49.5 2.3 33.7 2.5 (1.1-8.2) 

Lakes 190 5.19 (0.0-98.0) 4.62 (0.0-63.8) 8.3 (0.0-432.0) 21.9 (1-70) 418.1 (150-45500) 5.6 (0.2-45.0) 

  Eutrophic lakes 17 13.45 (0.0-13.0) 20.24 (0.0-29.7) 33.1 (0.3-146.7) 3.7 (40-70) 

 

4.9 (9.2-14.5) 

  Mesotrophic lakes 17 16.43 (0.9-98.0) 8.60 (0.4-63.8) 3.0 (0.0-40.0) 18.1 (3-45) 707.1 (540-860) 10.7 (9.0-14.8) 

  Oligotrophic lakes 90 1.84 (0.0-43.0) 1.15 (0.0-18.3) 2.4 (0.1-11.8) 26.7 (1-41) 450 (150-860) 5.2 (0.2-45.0) 

Polar 78 1.2 (0.0-12.6) 1.3 (0.0-29.7) 0.8 (0.1-7.5) 

  

3.4 (0.2-45.0) 

Temperate 128 4.9 (0.0-64.0) 4.6 (0.0-28.3) 10.9 (0.0-432.0) 14.4 (2-70) 501.4 (150-45500) 7.7 (0.8-17.6) 

Subtropical 10 5.7 (0.2-32.4) 4.6 (0.4-19.6) 12.6 (4.0-40.0) 39.7 (15-610) 584.7 (370-3900) 7.7 (5.3-12.6) 

Tropical 8 21.1 (0.5-98.0) 29.1 (1.0-63.8) 17.5 (2.5-11.2) 22.7 (1-41) 8 

 

        Totals 

 

4.39 (0.0-98.0) 4.75 (0.0-63.8) 9.8 (0.0-432.0) 22.1 (1.0-610.0) 380.3 (150-45500) 6.0 (0.2-45.0) 

Water body type n 

Virus to 

bacterium 

ratio 

FVIC 

(%) 

Burst 

size 

Viral  

production (x105 

mL-1 h-1) 

Estimated virus 

loss factor for 

bacteria 

production 

(%) 

Estimated 

grazing loss 

factor for 

bacteria 

production 

(%) 

Lysogenic 

bacterial 

cells 

(%) 

Reservoirs 10 11.2 (3-78) 8.8 18 0.1 13.8 

 

10.3 

Rivers or streams 18 9.8 (0-95) 0.3 34 0.41 2.5 
 

7.1 
Wetlands, ponds or 

oxbow lakes 6 10.5 (0-39) 2.7 26 1.27 3.1 

  Lakes 190 14.6 (0-131) 8.4 28 101.06 (0.0-665.3) 11.0 58.3 14.5 

  Eutrophic lakes 17 10.6 (0-37) 4.3 41 106.40 (262.8-665.3) 7.9 27.3 0.4 

  Mesotrophic lakes 17 29.6 (4-131) 40.0 

       Oligotrophic lakes 90 11.8 (0-127) 4.5 7 
 

14.0 
 

21.6 

Polar 78 10.3 (0-127) 

 

3.5 

    Temperate 128 20.2 (0-131) 10.7 27.3 168.0 (0.0-665.3) 15.8 58.3 21.6 

Subtropical 10 15.7 (3-95) 

 

13.0 

   

28.0 

Tropical 8 6.9 (4-22) 0.5 31.6 0.5 3.8 

 

2.1 

         Totals 

 

13.8 (0-131) 7.4 25 56.35 (0.0-665.3) 10.6 58.3 12.5 

 

 

2.8.3 Wetlands 

Wetlands are also a highly under-represented freshwater system amongst viral field 

studies, and I could find only six sites that could be classed as natural wetlands: the 

marshes in the littoral zone of a Swiss lake (Filippini et al. 2006), a riverine wetland in 

the USA (Farnell-Jackson and Ward 2003), oxbow lakes adjacent to the River Danube 

(Mathias et al. 1995; Fischer and Velimirov 2002), and ponds in Senegal (Bettarel et al. 

2006) and Denmark (Noble and Fuhrman 1997). As in rivers, the relatively low average 

viral abundance, despite very high average bacterial abundance and high chlorophyll a 

concentration, suggests that viral removal is high in natural wetlands. In wetlands viral 

decay may be high due to adsorption to plant surfaces, sediment and suspended 

particles. There has been a great deal of interest in the ability of constructed wetlands to 



42 

 

 

 

remove pathogens, including viruses (Jackson and Jackson 2008), and these studies 

suggest that this may be viable. 

 

2.8.4 Groundwaters 

Goundwater systems can be highly heterogeneous due to the complex physicochemical, 

geological and hydrological factors present. The viral community in an aquifer system 

in South Australia reflected this heterogeneity with high spatial variability in the 

relative abundance of three different types of viruses (Roudnew et al. 2013). Viruses are 

able to persist far longer in groundwater due to less decay from solar radiation (Yates et 

al. 1985). Using TEM, a range of viral types were found in groundwaters up to 450 m 

deep in a borehole in Sweden (Kyle et al. 2008), including polyhedral, tailed, 

filamentous and pleomorphic forms typical of bacteriophages and archeoviruses. 

 

2.8.5 Sediments 

Viruses are found in the sediments of lakes, reportedly at much higher concentrations 

than the water column. For example, in a river system in Senegal, viruses were 5 to 50 

times more abundant in the benthos than in the water column, and highly positively 

correlated with benthic chlorophyll a (Bettarel et al. 2006). Higher concentrations of 

viruses in the benthos are likely due to protection from decay provided by the sediments 

(Danovaro et al. 2008). At up to 40 cm deep in the anoxic sediment of Lake Pavin, 

France, bacteriophages from the water body were found alongside archeoviruses similar 

in morphology to viruses from geothermal and hypersaline environments, as well as 

visibly infected archaea (Borrel et al. 2012). Other studies of the viral community of the 

freshwater benthic habitat have been conducted in Lake Hallwil, Switzerland (Filippini 

et al. 2006; Filippini et al. 2008) and Kühwörter Wasser, an oxbow lake, in Austria 

(Fischer et al. 2004), Lakes Geneva and Bourget (Duhamel and Jacquet 2006) 

Rostherne Mere, UK (Hargreaves et al. 2013), the Seine River (Leroy et al. 2008), a 

reservoir, Lake Grangent, France (Pradeep Ram et al. 2009) and Lake Gilbert, Quebec 

(Maranger and Bird 1996).  
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2.8.6 Extreme environments 

Viruses have also been sampled in extreme geothermal sites with high acidity and 

temperatures worldwide (Prangishvili and Garrett 2004; Häring et al. 2005; Bize et al. 

2008; Redder et al. 2009). Viruses isolated from these systems are generally 

archeoviruses of hyperthermophilic archaea (those which grow optimally above 80oC), 

(Prangishvili 2011). In metagenomic studies of hotsprings in Yellowstone National 

Park, USA, many diverse viral sequences have been discovered (Schoenfeld et al. 2008; 

Garrett et al. 2010). 

 

2.8.7 Climatic regions 

2.8.7.1 Temperate regions 

Most studies of viruses in freshwater habitats have been conducted in temperate water 

bodies (128 of 224 sites) (Table 2.4). A study of Lake Pluβee, Germany, was part of the 

research which first discovered the extremely high concentration of viruses in natural 

waters, with up to 2.5 x108 mL-1 counted using TEM, 65% with capsids 30-60 nm and 

3% with capsids >100 nm (Bergh et al. 1989). Within temperate regions, values range 

from 0.1 x106 mL-1 in the riverine Talladega Wetlands in the USA (Farnell-Jackson and 

Ward 2003), to a high of 6.4 x108 mL-1 in the mesotrophic Lake Bourget in France 

(Berdjeb et al. 2011a), and the average VBR was 20.2. The average viral abundance in 

temperate regions falls in between the low mean for polar regions and the higher 

average value for subtropical and tropical sites (Table 2.4). Within temperate regions, 

water bodies have been sampled from Scandinavia to the Czech Republic, from the 

Alps in France and Austria, to the reclaimed deltas of the Netherlands, to Canada and 

the USA. Absent from this list are temperate regions in the southern hemisphere: New 

Zealand, southern Australia, Africa and South America. Field viral studies are needed in 

these regions, where different climatic, topographic and human influences prevail and 

may influence viral functioning in unpredictable ways. 

 

2.8.7.2 Subtropical and tropical regions 

To date, the few studies that have investigated freshwater viral communities in the sub 

tropics and tropics show that these systems differ from temperate regions with on 

average higher viral abundance, and high viral diversity (Peduzzi and Schiemer 2004; 
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Bettarel et al. 2006; de Araújo and Godinho 2009; Barros et al. 2010; Pollard and 

Ducklow 2011; Fancello et al. 2012; Säwström and Pollard 2012) (Table 2.4). Four 

rocky pools in the Sahara (Mauritania) were investigated for viral diversity using 

metagenomics, with sequence composition differing significantly among all the ponds 

(Fancello et al. 2012). More than 70% of the sequences in the ponds had no homologs 

in databases (Fancello et al. 2012), an indication of how much viral diversity remains to 

be discovered in under-represented habitats. In Senegal, West Africa, viral abundance 

was very high, ranging from 1.1 x107 to 7.2 x108 mL-1, and was positively correlated 

with bacterial abundance and phosphate concentration (Bettarel et al. 2006). In a study 

of an Amazonian floodplain lake, viral and bacterial abundance were also positively 

correlated, however both viral abundance and virus to bacteria ratio were low for a 

freshwater system (x107mL-1 viruses, and <7 VBR respectively), which may indicate a 

loss of viruses due to high solar radiation (Barros et al. 2010). 

 

2.8.7.3 Polar regions 

Polar regions are reasonably well represented in freshwater viral research studies, with 

the second highest number of sites of all the regions (78 of 224) (Table 2.4). In these 

oligotrophic to ultra-oligotrophic systems, viral abundances are relatively low, ~x106-

107 mL-1, with a lower average VBR of 10.3. However, a relative large proportion of 

virally-infected bacterial cells has been observed compared to other regions (up to 34%) 

(Säwström et al. 2008a). Thus, viral lysis seems especially important for the recycling 

of carbon in Antarctic and Arctic lakes. Polar lakes are characterised by ice cover for up 

to the whole year and very low primary production (Säwström et al. 2008a). In ten 

Antarctic lakes, the abundance of viruses was 0.7 to 1.3 x106 mL-1, with VBRs from 4 to 

33, with viral abundance positively related most strongly to bacterial production, 

chlorophyll a, and DOC (Säwström et al. 2008b). A study of the viral diversity of an 

Antarctic lake on Livingston Island, using TEM and metagenomics, revealed mainly 

small viruses (<30 nm) in spring before the icemelt, but mainly larger (>30 nm) viruses, 

mostly phycodnaviridae, after the icemelt in summer (López-Bueno et al. 2009). Lopez-

Bueno et al. (2009) found that the majority (88%) of the sequences of the virome from 

the lake were unique, and the most similarity was with sequences from other (very 

limited) freshwater viral metagenomes, with exceptionally high diversity: 12 virus 
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families, 5130 viral genotypes in spring and 9730 in summer (comparable with some 

marine systems).  

A unique type of lake in the polar regions is epishelf lakes: freshwater systems 

overlying colder denser sea water without mixing. An epishelf lake, Beaver Lake, was 

sampled in the Antarctic with viral abundance between 0.1 to 30.2 x105 mL-1, matching 

or exceeding the abundance of bacteria, and thus resulting in very low VBRs of 0.4 to 7 

(Laybourn-Parry et al. 2013). Here, viral abundance positively correlated most strongly 

with chlorophyll a, DOC and bacterial production (but not bacterial abundance), 

suggesting that viral production was linked to cyanobacterial production, followed by 

bacterial production, and with DOC concentrations in the system a product of viral lysis 

of bacterial cells (Laybourn-Parry et al. 2013). Currently lakes deep under the ice are 

being drilled into to collect water samples, which will reveal the most isolated viral 

communities on the planet (Schiermeier 2012). 

 

2.9 Conclusions and future research directions 

Since viral research of freshwater species began around 50 years ago, and studies in 

natural freshwater ecosystems began 25 years ago, the amount of freshwater viral 

research has been increasing substantially. We now have indications of the potential 

impact of viruses on the abundance and diversity of the biological community, the role 

of viruses in biogeochemical cycling within a system, and the mechanisms of viral 

control of cyanobacterial blooms. New improved methods for understanding the 

diversity of viruses are leading to remarkable discoveries of the role of virus in gene 

transfer within and between host species. More, well-targeted, research will allow us to 

better understand and predict the ecological role of viruses in diverse freshwater 

systems, in different geographic and climatic zones. 

Research strategically focused on characterising viruses of freshwater species and their 

dynamics, will improve the prediction of the role of viruses in a range of freshwater 

ecosystems. When the ecological role of freshwater viruses is better understood, we can 

more accurately model the functioning of these ecosystems, especially in relation to 

environmental perturbations due to human impact. Research topics that in my opinion 

need special attention include the study of (a) viral abundances and diversity, and their 

relationship to host populations and communities in thus far under-represented water 
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body types and geographic regions, at higher spatial, temporal and taxonomic resolution 

(by using DGGE, PFGE, metagenomics and virus-specific PCR primers), and (b) the 

potential use of viruses to control unwanted bloom-forming cyanobacterial species by 

inducing prophage to terminate blooms. 
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Supplementary data table 2.1. Correlations reported in viral studies, between viral and host abundance, production and host related variables in studies 

with high spatial or temporal resolution in freshwaters, ‘+’ denotes a positive correlation, ‘-’ denotes a negative correlation, ‘0’ denotes no correlation, 

blank areas denotes there was no data to test for correlation. ‘BA’ denotes bacterial abundance, ‘BP’, denotes bacterial production, ‘PP’ primary 

production, ‘Chl a’ denotes chlorophyll a, ‘EA’ denotes eukaryotic algae, ‘HF’ denotes heterotrophic flagellates, ‘TP’ denotes total phosphorus, ‘TN’ 

denotes total nitrogen, ‘DOC’ denotes dissolved organic carbon. 

 

Location Site Water body type Trophic status BA BP PP c14 Chl a EA Ciliates HF TP TN DOC Authors 

Canada 22 lakes Lake 

 

0 + 

 

+ 

   

+ 

 

0 Maranger and Bird 1995 

France Lake Redό Lake Oligotrophic 0 
  

0 
      

Pina et al. 1998 

Austria Gossenköllesee Lake Oligotrophic + 

  

0 

      

Pina et al. 1998 

Austria Gossenköllesee Lake Oligotrophic 0 

  

0 

      

Hofer and Sommaruga 2001 

France Lake Pavin Lake Oligomesotrophic + 
    

0 0 
   

Betteral et al. 2003, 2004 

France Lake Aydat Lake Eutrophic + 

    

0 0 

   

Betteral et al. 2003, 2004 

Sweden Gäddjärn Lake Oligotrophic 0 

  

0 

      

Vrede et al. 2003 

Sweden Fisklösen Lake Oligotrophic 0 

  

+ 

      

Vrede et al. 2003 

Antarctica Highway Lake Lake Oligotrophic 0 

  

+ - 0 - 

  

+ Madan et al. 2005 

Antarctica Ace Lake Lake Oligotrophic 0 

  

+ - - 0 

  

0 Madan et al. 2005 

Antarctica Pendant Lake Lake Oligotrophic + 

  

+ - - 0 

  

0 Madan et al. 2005 

Sweden 21 lakes Lake Oligo-eutrophic + + 
 

+ 
   

+ 
 

+ Lymer et al. 2008 

Antarctica Beaver Lake Lake Oligotrophic 0 + 

 

+ 

     

+ Laybourn-Parry et al. 2013 

Antarctica Ace Lake Lake Oligotrophic 0 0 + 
       

Laybourn-Parry et al. 2007 

Antarctica Pendant Lake Lake Oligotrophic + + 0 

       

Laybourn-Parry et al. 2007 

the Netherlands Lake Loosdrecht Lake Eutrophic 0 

  

+ + 

     

Tijdens et al. 2008 

Sweden Erken Lake Mesotrophic + 

         

Lymer et al. b 2008 

Senegal Lake Retba Lake Eutrophic 

       

+ 

  

Betteral et al. 2006 

France Lake Pavin Lake Oligomesotrophic + 
   

- + 
    

Colombet et al. 2009, 2012 

Czech Republic Svratka River River 

 

+ 

  

0 

      

Slováčková and Maršálek 2008 

Czech Republic Morava River River 

 

+ 

  

+ 

      

Slováčková and Maršálek 2008 

Japan Rice paddies Rice paddies     Eutrophic +  

        

Nakayama et al. 2007 

Brazil Lake Batata Lake Oligotrophic + 

         

Barros et al. 2010 

France Lake Grangent Reservoir Eutrophic + 
         

Pradeep Ram et al. 2009 

France Lake Bourget Lake Mesotrophic 0 + 

 

0 

      

Thomas et al. 2011 

Australia 4 sites Reservoirs/river Mesoeutrophic + 

  

0 

   

0 0 0 Steenhauer et al. 2013 

Australia Lake Wivenhoe Reservoir Mesoeutrophic + 

  

+ 

   

+ + + Sawstrom and Pollard 2012 

USA Lake Mataoka Lake Eutrophic + 

  

0 

   

- 

  

Hardbower et al. 2012 
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Chapter 3. Viral dynamics in subtropical reservoirs and river 

system, Queensland, Australia 

 

3.1 Abstract 

The relationship between viruses, their hosts and the environment has seldom been 

investigated in the sub-tropics. In three reservoirs and a river I studied the spatial and 

temporal dynamics of viruses, in relation to their potential hosts (heterotrophic bacteria, 

cyanobacteria, eukaryotic algae, and indicators of human pathogens: Escherichia coli, 

enterococci, coliforms and thermotolerant coliforms) and physiochemical variables, 

from the austral spring 2008 to autumn 2009 (nine months). In the reservoir system 

cyanobacteria commonly bloom in warmer months, resulting in deteriorating water 

quality. Cyanobacteria were the most dominant phytoplankton in the reservoirs, (>74% 

of the total phytoplankton counted), and the main differences between the water bodies, 

sampling months and seasons were variations in the counts of individual cyanobacterial 

genera. In the water bodies total viruses ranged from 0.2 to 32.4 x107 mL-1 (average 6.4 

± 0.5 x107 mL-1), with virus to bacteria ratios from 3 to 95 (average 17 ± 2). The 

abundance of viruses and their bacterial hosts was higher upstream than downstream. 

Viruses did not correlate with the total cyanobacterial abundance, chlorophyll a, or most 

measures of physicochemical variables, but was significantly negatively correlated with 

two cyanobacteria genera, Aphanocapsa and Microcystis, and positively correlated with 

total bacterial counts. These relationships may indicate that viruses have the capacity to 

influence the abundance and species composition of the microbial community in this 

sub-tropical reservoir system. 

 

3.2 Introduction 

Viruses are an extremely abundant, ubiquitous presence in aquatic systems (Bergh et al. 

1989), hypothesised to structure species succession and affect biogeochemical cycles 

(Suttle 2005). Viral abundance is generally higher in freshwater than in marine 

environments (Wilhelm and Matteson 2008). Along with viruses produced in the water 

body: bacteriophages, cyanophages and algal viruses; viruses from allochthonous 

sources (e.g. terrestrial plants, animals and human origin) may be present. Putative 
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viruses of terrestrial origin have been detected in two lakes in New York, USA, after 

rainfall events causing runoff into the lakes (Hewson et al. 2012).  

As viruses are dependent on hosts for their replication, viruses have generally been 

found to positively correlate with their microbial hosts in freshwater systems (Maranger 

and Bird 1995; Clasen et al. 2008; Thomas et al. 2011; Hardbower et al. 2012). Positive 

relationships between counts of viruses and hosts have been found in many studies in 

freshwaters: in lakes in Québec, Canada, chlorophyll a concentration correlated 

positively with viral abundance (Maranger and Bird 1995), in North American lakes 

viruses correlated positively with bacteria and cyanobacteria, and chlorophyll a 

concentration (Clasen et al. 2008), and in a subtropical Australian reservoir viral counts 

positively correlated with bacteria picocyanobacteria counts, and chlorophyll a 

concentration (Säwström and Pollard 2012). However, viral infection may also 

potentially suppress populations of individual species in the community. For example, a 

cyanophage and its host: Microcystis aeruginosa, were found to negatively correlate in 

Japanese ponds (Manage et al. 1999; Manage et al. 2001), and a Japanese lake (Yoshida 

et al. 2008a). Viruses may be more abundant in the spring and autumn, when primary 

production is highest, as was found in Lake Erie, USA, French lakes and Antarctic lakes 

(Madan et al. 2005; Pradeep Ram et al. 2009; Matteson et al. 2011; Pradeep Ram et al. 

2011). Viruses may also be linked to physicochemical conditions within the water body 

via host production, with increasing numbers of viruses and their bacterial and 

phytoplankton hosts with higher trophic status in 21 Swedish lakes (Lymer et al. 

2008a). Dissolved organic carbon (DOC) supply strongly influenced the abundance of 

bacteria and consequently viruses in a tropical Amazonian floodplain lake (Barros et al. 

2010). Viruses and bacteria were also positively correlated with suspended sediments in 

the Brisbane River (Hewson et al. 2001b). Conversely, viruses may also be removed 

from a water body by being adsorbed to particles that then sink (Mari et al. 2007), 

which may be of importance when high inputs from catchments flow into water bodies. 

Lakes Wivenhoe, Somerset and Samsonvale are reservoirs that, along with the Mid 

Brisbane River, supply drinking water to the South East Queensland (Australia) water 

grid and service around 4.5 million people (Seqwater Strategy, 2010). The reservoirs 

differ in surface area, catchment area, and ratio of forest to agricultural/residential land 

use, and are characterised by high temperatures, infrequent inflow events and long 

residence times (Burford et al. 2007). The significant development pressure and the 

potential use of reclaimed and recycled water in these catchments may lead to more 
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sediment and nutrient inputs to the reservoirs in the future (Queensland Water Seqwater 

2010). This has the potential to increase the frequency and intensity of cyanobacterial 

blooms (defined as a cell concentration of at least 2.0 x104 mL-1 (Falconer et al. 1999)), 

which degrade the water quality. Indeed, a previous study of the reservoirs has 

discovered that the concentrations of toxic (colonial) cyanobacterial and total algal cells 

are higher in the reservoirs with more human influence in the catchments (less forest 

and more agriculture), probably due to increased inorganic nitrogen and phosphorus 

concentrations (Burford et al. 2007). Viral infection and lysis may influence 

cyanobacterial populations in these reservoirs.  

The objective of this study was to investigate the spatial and temporal distribution of 

viruses, in relation to their potential hosts, over a nine month period from spring to 

autumn, in three subtropical reservoirs and a river. In this study we: a) measured 

correlations between the abundance of viruses and their potential hosts (total bacteria, 

genera or species of cyanobacterial and eukaryotic phytoplankton, and indicators of 

human pathogens (Escherichia coli, enterococci, coliforms and thermotolerant 

coliforms), b) examined the spatial and temporal distribution of viruses and their 

potential hosts between seasons, months, upstream and downstream sites, and between 

water bodies, and c) examined correlations among viruses, and physicochemical 

variables, and the host community. My objective is to describe viral distribution in the 

context of potential hosts in the reservoir system.  

 

3.3 Materials and methods 

3.3.1 Sampling 

Lakes Wivenhoe, Somerset and Samsonvale are drinking water reservoirs located in 

sub-tropical southeast Queensland, Australia (Fig. 1). The three reservoirs, and the mid 

Brisbane River which discharges from Lake Wivenhoe, were sampled monthly for nine 

months from September (Austral spring) 2008, to May (Austral autumn) 2009. 

Wivenhoe is the biggest reservoir with a surface area of 110 km2, and a catchment area 

of 5680 km2 (Table 3.1). At least two sites were sampled in each reservoir and the river 

(a downstream and an upstream site). In Lake Wivenhoe the upstream site was not 

sampled in May due to drought making sampling impossible, while in the Brisbane 

River the March viral and bacterial samples were not available due to an error by   
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Figure 3.1. Map of the study region showing upstream and downstream sampling sites (grey triangles) of the three reservoirs and the Mid Brisbane River
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samplers. An integrated water sample was collected from reservoirs from the surface to 

a depth of 3 m. In the river the sample was taken just below the surface. This was done 

using a tube sampler made from a 3 m long 20 cm diameter PVC pipe that was lowered 

into the water vertically, with the ends closed to retain the water ‘core’ (Utkilen et al. 

1998; Wetzel and Likens 2000). Water samples were homogenised in a bucket and then 

one litre was subsampled.  

 

Table 3.1. Physical characteristics of the three sub-tropical reservoirs in southeast 

Queensland, Australia.  

 Reservoir 
Shoreline 

(km) 

Surface 

area (km2) 

Volume 

(ML) 

Mean 

depth (m) 

Ratio forest: 

residential/ 

agricultural 

Age 

(y) 

Catchment 

area (km2) 

North Pine 167 21.2 215000 10.1 60:40 33 349 

Somerset 237 39.7 369000 9.3 50:50 56 1330 

Wivenhoe 462 110 1150000 10.5 55:45 25 5680 

 

 

3.3.2 Physicochemical variables 

Rainfall data were obtained from the Australian Bureau of Meteorology (BOM, 

http://www.bom.gov.au), which collects daily data from rain gauges located at the 

reservoirs. Physical and chemical properties (dissolved oxygen, redox, temperature, 

conductivity, turbidity, chlorophyll a fluorescence and pH) of the water column were 

measured at each site using a multiprobe SONDE (YSI Model 6600). Secchi depth and 

air temperature were measured, and cloud cover recorded, at the point of sampling. The 

remaining analyses were conducted at Queensland Health, Forensic and Scientific 

Services, Australia, a laboratory accredited by the Australian National Association 

Testing Authority (NATA), using standard methods (Eaton and Franson 2005). They 

included: dissolved organic carbon, nutrients (ammonia nitrogen, dissolved reactive 

phosphorus, total nitrogen and total phosphorus), suspended solids, true colour, 

methylisoborneol (MIB – intra and extracellular cyanobacterial metabolites) and 

chlorophyll a, and pathogen indicators (E. coli, coliforms, thermotolerant coliforms and 

Clostridium).  Dissolved organic carbon (DOC) concentrations were measured with a 

combustion-infrared method using a total organic carbon analyser (Eaton and Franson 

2005). Water samples for total nitrogen (TN), and total phosphorus (TP) were persulfate 

digested and concentrations were measured using a flow-injection analyser, with the 
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detection limit at 2 mg mL-1 (Eaton and Franson 2005). All samples collected were kept 

on ice until they were returned to the laboratory. Samples for dissolved fractions of 

DOC and nutrients were filtered through a sterile 0.45 µm syringe membrane filter 

(Millipore) in the field and kept on ice until they were returned to the laboratory, where 

they were stored at -20°C. Suspended solids were determined by filtering a water 

sample through a pre-weighed, pre-combusted GF/F glass fibre filters (Whatman, 

Maidstone, UK), dried at 103 and 105°C, and measuring the increase in weight. GF/F 

glass fibre filters (Whatman, Maidstone, UK) for chlorophyll a analysis were extracted 

in acetone and measured spectrophotometrically (Eaton and Franson 2005). Water was 

tested for the taste and odour compound 2-methylisoborneol (MIB), a metabolite of 

cyanobacteria, using a purge-and-trap gas chromatograph–mass spectrometry technique 

(Eaton and Franson 2005).  

 

3.3.3 Microbial Abundances 

Samples for identification and enumeration of photoautotrophs (eukaryotic algae and 

cyanobacteria) were fixed with Lugol’s iodine solution (0.6% final concentration) in the 

field and submitted to the Phycology Laboratory at Queensland Health Forensic and 

Scientific Services (QHFSS). Algal taxa were identified to species level where possible 

and cells were counted using a light microscope at 400x magnification using a phase 

contrast objective (Lund et al. 1958).  

Samples for enumeration of heterotrophic bacteria and viruses were kept at 4oC, and 

two replicate slides were made as soon as possible after sample collection (within 12 

hours of sample collection). Samples were not fixed as using fixatives greatly reduces 

the abundance of viruses (Wen et al. 2004; Suttle and Fuhrman 2010). Samples were 

stained with SYBR® Gold (InvitrogenTM, Life Technologies, Eugene, OR, USA) 

following the method of Patel et al., (2007), whereby the samples were stained with 5 

µL of 1% stock SYBR® Gold (final concentration 5 x 10-4 of commercial stock) for 15 

min in the dark, after which it was diluted with 900 μL of 0.02 µm filtered autoclaved 

Milli-Q water and filtered through a 0.02 μm Anodisc aluminium oxide filter 

(Whatman, Maidstone, UK), with a 0.2 μm-pore-size backing membrane filter. After 

drying, the filter was mounted on a glass slide with a drop of Slow Fade® antifade 

(Molecular Probes®, Life Technologies, Eugene, OR, USA) solution. Heterotrophic 

bacteria and viruses were viewed at 1000x magnification using a Leica DM 4000 
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epifluorescent microscope (Leica Microsystems, Sydney, Australia, using UV light with 

a blue filter (<490 nm excitation, > 515 nm emission). The microscope view was 

photographed immediately using a Leica DC digital camera for later counting from 

photographs. Photograph images of the slides were compared with the view in the 

eyepiece to ensure that the same amount of viruses and bacteria were counted from 

photographs as with the eyepiece. For each filter, > 200 viruses and > 100 bacteria were 

counted on 10-15 fields of view selected randomly.  

 

3.3.4 Data analysis 

To normalise the data I log(x+1) transformed before analysis. To determine differences 

in viral and bacterial abundance among sampling months, seasons and sites within each 

water body, ANOVA with post hoc TukeyHSD tests were performed, using R (v 2.15.1) 

software. To determine differences in measures of all the explanatory variables 

(physiochemical, human pathogen indicators and phytoplankton data), as a community, 

among sampling months, seasons and sites, and between upstream and downstream 

sites, a Bray–Curtis resemblance matrix was constructed and analysis of similarities 

(ANOSIM) was performed, followed by pairwise comparisons calculated using the 

Betadisper and Permutest functions, using the vegan package (CRAN) in R (v 2.15.1) 

software (Oksanen 2011; Oksanen et al. 2012). To determine the contribution of each 

explanatory variable to the differences among sampling months, seasons and sites, 

SIMPER analysis was used to generate similarity/distance percentages and rank each 

variable. The total viral abundance for all samples was correlated with explanatory 

variables using Pearson’s product moment correlation analysis in SIGMAPLOT (v. 12) 

software. To investigate which variables (physicochemical variables and viral 

abundance) most explained the variance in the biological community (abundance of 

bacteria, phytoplankton and human pathogen indicators) in the water bodies, the 

multivariate ordination method, redundancy analysis (RA), was performed using 

CANOCO (v. 4.5) software. The RA method was chosen after a detrended 

correspondence analysis determined that gradient lengths were less than 4 standard 

deviations (ter Braak and Smilauer 1998). Forward selection allowed the 21 

physicochemical variables to be reduced to the most important 14 variables for the final 

model. Briefly, RA uses linear regression to calculate both dependent (response: i.e. 

viral or bacterial abundance data) and independent (explanatory: i.e. measures of 
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physico-chemical variables) variables, and plots the results in ordinations. In the 

ordinations the variables are converted to arrows (vectors), and plotted on the ordination 

with two axes that account for the maximum amount of variance in the data. The length 

of the arrow and its proximity to the axes denotes the relationship of the species with 

the axes. In addition, vectors close to each other, pointing in the same direction or 

opposite to each other, are correlated, and those perpendicular to each other are not 

correlated. Numerical scores of these relationships in the ordinations are also generated 

(not presented).  

 

3.4 Results 

3.4.1 Physicochemical variables 

The water temperature in the water bodies ranged from 18.6 to 27.9oC (supplementary 

data). In the Brisbane River suspended solids, with a mean of 14.0 mg L-1, were higher 

than in the three reservoirs, which were 0.5 to 5.5 mg L-1. Dissolved organic carbon 

(DOC) was lowest in Lake Wivenhoe at 5.5 mg L-1 and highest in the Brisbane River at 

10.8 mg L-1. Ammonia nitrogen and dissolved reactive phosphorus concentrations were 

higher in the Brisbane River than in all the reservoirs, at 0.793 and 0.117 mg L-1 

respectively.  

 

3.4.2 Biological variables 

Lake Samsonvale had both the lowest (6.5 µg L-1) and highest (21.5 µg L-1) 

concentrations of chlorophyll a of the reservoirs (there were no chlorophyll a 

measurements for the Brisbane river) (supplementary data). Phytoplankton abundances 

in the reservoirs were highest in Lake Somerset in December (summer) with 6.8x104 

cells mL-1, while the Brisbane River had the lowest abundances of all the water bodies 

(Fig. 2). The composition of the phytoplankton community was dominated by 

cyanobacteria every month in all the reservoirs, and was never less than 74% of the total 

phytoplankton abundance. However, in the Brisbane River, chlorophytes were at similar 

quantities to cyanobacteria, and dominated for four months. In all the water bodies 

chlorophytes were the next most abundant phytoplankton group after cyanophytes, but 

diatoms (bacillariophytes), chrysophytes, cryptophytes, dinophytes and euglenophytes 

were also present. While no one genus or species of cyanobacteria was blooming in the 
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reservoir, the number of total cyanobacteria cells exceeded bloom abundance levels of 

2.0 x104 mL-1 on 63% of the sampling occasions. The most abundant species (with the 

highest concentration) was Planktolyngbya limnetica, while species of Aphanocapsa 

were the most prevalent (occurring most often) (supplementary data). Viruses ranged 

from 0.9 to 16.8x107 viruses mL-1 and were on average 6.4 ± 0.5 x107 viruses mL-1. The 

highest monthly average abundances were in Lake Somerset and Lake Wivenhoe in 

September (spring) (16.8 and 14.6x107 mL-1 respectively), and lowest were in the 

Brisbane river in October. Bacteria were an average of 4.7 ± 0.3 x106 cells mL-1, and 

were highest again in Lake Somerset in September (10.9x106 cells mL-1) and lowest in 

the Brisbane river in February (summer) (0.8x106 cells mL-1). Virus to bacteria ratios 

ranged from 3 to 95 with an average of 17 ± 2. 

  

3.4.3 Statistical analyses 

When comparing upstream with downstream sites within each water body, viruses were 

more abundant upstream on 88% of sampling occasions for the Brisbane River, 78% for 

Lake Somerset, 67% for Lake Wivenhoe, and 33% for Lake Samsonvale (the most 

forested catchment), on average 1.8 fold higher upstream overall (Fig. 3). The higher 

viral abundance at upstream sites was only significant on five sampling occasions 

(ANOVA, P<0.05), but upstream sites were never significantly less abundant (Table 

3.2). Bacteria were more abundant upstream on 63% of occasions for the Brisbane 

River, 56% for Lake Somerset, and 44% for Lakes Wivenhoe and Samsonvale, on 

average 1.3 fold higher overall, and significantly higher in Lake Samsonvale in 

September (spring) (ANOVA, P<0.05). 

The virus to bacteria ratio (VBR) was higher at upstream sites on 75% of sampling 

occasions for the Brisbane River, 67% for Lakes Somerset and Wivenhoe, and 71% for 

Lake Samsonvale, on average 1.4 fold higher overall, which was significant on two 

occasions (Lake Samsonvale in September and the Brisbane River in October) 

(ANOVA, P<0.05). For all sites, in the month of February (summer) the VBR was the 

highest, both upstream and downstream.  
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Figure 3.2. Abundance (top charts) and composition (bottom charts) of the phytoplankton community in the three reservoirs and the Brisbane River over 

the nine month sampling period. 
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Figure 3.3. Viral, bacterial and cyanobacterial abundance, and virus:bacterium ratio (VBR) at upstream (dotted line) and downstream (solid line) sites in 

the three reservoirs and the Brisbane River over the nine month sampling period. In Lake Wivenhoe the upstream site is missing in May due to drought, 

while in the Brisbane River the March samples were unavailable.  
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Table 3.2. Analysis of variance of differences between the upstream and downstream 

abundance of viruses and bacteria per monthly sampling occasion in the three reservoirs 

and the Brisbane River in southeast Queensland, Australia. Only the months and 

reservoir or Brisbane River with significant differences between upstream and 

downstream abundances are shown.  

Variable Month Location Upstream Downstream P value 

Viruses x107 mL-1 September Lake Samsonvale 11.44 4.13 0.0010 

  September Brisbane River 6.40 2.48 0.0489 

  October Brisbane River 2.20 0.39 0.0098 

  May Lake Samsonvale 6.60 1.24 0.0481 

  May Lake Somerset 2.13 1.65 0.0074 

Bacteria x107 mL-1 September Lake Samsonvale 0.66 0.43 0.0238 

Virus to bacterium ratio September Lake Samsonvale 14.9 9.7 0.0337 

 October Brisbane River 15.3 2 0.0144 

 December Lake Somerset 2.7 4.6 0.0295 

 

While viral abundance did not differ significantly among months or seasons, bacteria 

were significantly lower in February than in all other months, and were significantly 

lower in October than September and December (ANOVA post hoc (TukeyHSD) 

testing, P<0.05) (Table 3.3a). The VBR also differed significantly among months, with 

February significantly higher than all other months, which is probably due to the low 

abundance of bacteria in February, and the VBR was also higher in September (spring) 

than October, December and January (ANOVA post hoc (TukeyHSD) test, P<0.05). 

Viral abundance differed significantly between just two water bodies: the Brisbane 

River was lower than Lake Somerset (ANOVA post hoc (TukeyHSD) test, P<0.05), 

while bacterial abundance was significantly lower in the Brisbane River than all the 

other sites (ANOVA post hoc (TukeyHSD) test, P<0.05). VBR and the explanatory 

variables did not differ significantly among the water bodies. 

Of the variables measured that may explain the viral and bacterial abundance 

(cyanobacteria or eukaryotic algae, physicochemical variables, or indicators of human 

pathogens), the months of September and October both differed significantly (P<0.05) 

from December, January, February and March (but not from each other), and November 

also differed from March (P<0.05), as was shown by an analysis of similarity 

(ANOSIM) with betadisper and pairwise comparisons (Table 3.4a). Of all the 

explanatory variables measured, the difference between the months was mostly due to 

the variable amounts of cyanobacteria, and sometimes eukaryotic algae, as was shown 

with SIMPER analysis (Table 3.4b). 
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Table 3.3a. Analysis of variance of the differences in viral and bacterial abundance, and 

virus to bacterium ratio, among sampling months, seasons and water bodies in the three 

reservoirs and the Brisbane River in southeast Queensland, Australia. Significant P 

values are highlighted in bold. 

Analysis of variance Virus P values Bacteria P values Virus:bacterium ratio 

Month 0.4360 0.0000 0.0000 

Season 0.9790 0.3890 0.6310 

Water body 0.0030 0.0003 0.5780 

 

Table 3.3b. Analysis of variance post hoc (TukeyHSD) multiple comparisons, of the 

differences in viral and bacterial abundance, and the virus to bacterium ratio, among 

sampling months, seasons and water bodies in the three reservoirs and the Brisbane 

River in southeast Queensland, Australia. Only the post hoc comparisons with 

significant interactions are shown.  

Tukey(HSD) multiple 

comparisons of means Compared means  Difference P value 

Bacterial abundance by month February and April -0.8302 0.0000 

  February and December -0.9098 0.0000 

  October and December -0.4083 0.0477 

  January and February 0.8853 0.0000 

  March and February 0.8329 0.0001 

  May and February 0.5768 0.0270 

  November and February 0.7994 0.0001 

  October and February 0.5016 0.0050 

  September and February 0.8196 0.0000 

  September and October 0.3180 0.0127 

Virus:bacterium ratio by month February and December 0.8977 0.0000 

 

October and February -0.7520 0.0000 

 

January and February -0.7676 0.0000 

 

February and April 0.6738 0.0000 

 

November and February -0.6729 0.0000 

 

March and February -0.7099 0.0000 

 

September and October 0.3415 0.0000 

 

September and December 0.4871 0.0000 

 

September and February -0.4106 0.0008 

 

May and February -0.5414 0.0011 

 

September and January 0.3571 0.0065 

Viral abundance by water body Lake Somerset and mid Brisbane River 0.4359 0.0012 

Bacteria abundance by water 

body 

Lake Samsonvale and mid Brisbane 

River 0.2644 0.0565 

  Lake Somerset and mid Brisbane River 0.4210 0.0003 

  Lake Wivenhoe and mid Brisbane River 0.3567 0.0028 
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Table 3.4a. Results of the analysis of similarities (ANOSIM), followed by betadisper 

and permutest pairwise comparisons, of explanatory variables (physico-chemical, 

phytoplankton and pathogen indicators measures) among sampling months in the three 

reservoirs and the Brisbane River in southeast Queensland, Australia. The R statistic 

denotes the average dissimilarity among the months.  

Pairwise comparisons: September October November December January February March April 

October 0.305               

November 0.189 0.071             

December 0.049 0.017 0.673           

January 0.013 0.005 0.462 0.760         

February 0.002 0.001 0.266 0.518 0.745       

March 0.000 0.000 0.028 0.098 0.180 0.256     

April 0.367 0.183 0.926 0.669 0.498 0.338 0.108   

May 0.252 0.113 0.996 0.711 0.520 0.330 0.052 0.939 

ANOSIM statistic R: 0.064, Significance: 0.041. 

 

While viral and bacterial quantities and the VBR did not differ among seasons (spring, 

summer and autumn), there were significant differences (ANOSIM – betadisper and 

permutest pairwise comparisons, P<0.05) in the explanatory variables, with spring 

differing from both summer and autumn. This was again explained most strongly by 

cyanobacterial species, particularly: Planktolyngbya limnetica, Psuedanabaena sp., 

Myxobaktron and Cylindrospermopsis raciborskii (SIMPER analysis) (Table 3.5).  

Viral abundance was positively and significantly correlated most strongly with bacteria, 

followed by true water colour (an indicator of the dissolved organic substances and 

minerals), the Euglenoid Trachelomonas sp. and the filamentous cyanobacterium 

Cuspidothrix issatschenkoi (Table 3.6). Viruses were negatively correlated with water 

temperature, the colonial cyanobacteria Microcystis sp. and the picocyanobacteria 

Aphanocapsa sp., and the xanthophyte: Centritractus sp.  
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Table 3.4b. Results of the SIMPER analysis to determine which explanatory variables 

contributed the most, and to what extent, to the differences among the months in the 

three reservoirs and the Brisbane River in southeast Queensland, Australia. Only the ten 

most important variables are shown, ranked in order of importance. Only groups with 

significant pairwise interactions are shown.  

  

Differences  between  September  and 

December

Phylum Contribution Cumulative Differences  between  October 

and January

Phylum Contribution Cumulative

Planktolyngbya limnetica Cyanophyte 1.7% 3.3% Pseudanabaena spp. Cyanophyte 1.1% 2.4%

Nostocales Cyanophyte 1.3% 5.9% Myxobaktron spp. Cyanophyte 1.1% 4.7%

Cylindrospermopsis raciborskii Cyanophyte 1.3% 8.4% Cylindrospermopsis raciborskii Cyanophyte 1.1% 7.0%

Cyanocatena spp. Cyanophyte 1.2% 10.7% Planktolyngbya limnetica Cyanophyte 1.1% 9.3%

Myxobaktron spp. Cyanophyte 1.1% 12.9% Monoraphidium spp. Chlorophyte 1.0% 11.3%

Anabaena spp. Cyanophyte 1.1% 15.1% Chlorophytes Chlorophyte 1.0% 13.4%

Pseudanabaena spp. Cyanophyte 1.1% 17.3% Planktolyngbya minor Cyanophyte 0.9% 15.3%

Chlorophytes Chlorophyte 1.0% 19.2% Nostocales Cyanophyte 0.9% 17.2%

Cyanogranis libera Cyanophyte 1.0% 21.1% Cyanogranis libera Cyanophyte 0.9% 19.0%

Cyanodictyon  spp. Cyanophyte 0.9% 22.9% Microcystis spp. Cyanophyte 0.8% 20.7%

Differences  between  September  and January Differences  between  October and February

Planktolyngbya limnetica Cyanophyte 1.6% 3.1% Myxobaktron spp. Cyanophyte 1.1% 2.3%

Nostocales Cyanophyte 1.5% 6.1% Pseudanabaena spp. Cyanophyte 1.1% 4.7%

Pseudanabaena spp. Cyanophyte 1.3% 8.6% Planktolyngbya limnetica Cyanophyte 1.0% 6.7%

Cylindrospermopsis raciborskii Cyanophyte 1.3% 11.1% Cylindrospermopsis raciborskii Cyanophyte 0.9% 8.7%

Myxobaktron spp. Cyanophyte 1.2% 13.4% Merismopedia spp. Cyanophyte 0.9% 10.6%

Cyanogranis libera Cyanophyte 1.1% 15.5% Chlorophytes Chlorophyte 0.9% 12.5%

Cyanocatena spp. Cyanophyte 1.1% 17.7% Geitlerinema spp. Cyanophyte 0.8% 14.3%

Anabaena spp. Cyanophyte 1.1% 19.7% Monoraphidium spp. Chlorophyte 0.8% 16.0%

Monoraphidium spp. Chlorophyte 1.1% 21.8% Cyanonephron spp. Cyanophyte 0.8% 17.7%

Chlorophytes Chlorophyte 1.0% 23.8% Planktolyngbya minor Cyanophyte 0.8% 19.4%

Differences  between  September  and February Differences  between  October and March

Nostocales Cyanophyte 1.4% 2.6% Cylindrospermopsis raciborskii Cyanophyte 1.1% 2.2%

Planktolyngbya limnetica Cyanophyte 1.3% 5.1% Pseudanabaena spp. Cyanophyte 1.1% 4.4%

Pseudanabaena spp. Cyanophyte 1.3% 7.5% Myxobaktron spp. Cyanophyte 1.0% 6.5%

Myxobaktron spp. Cyanophyte 1.2% 9.8% Monoraphidium spp. Chlorophyte 1.0% 8.5%

Cylindrospermopsis raciborskii Cyanophyte 1.1% 11.9% Planktolyngbya limnetica Cyanophyte 1.0% 10.5%

Anabaena spp. Cyanophyte 1.1% 14.0% Woronichinia spp. Cyanophyte 1.0% 12.5%

Merismopedia spp. Cyanophyte 1.0% 16.0% Chlorophytes Chlorophyte 1.0% 14.5%

Rhabdoderma spp. Cyanophyte 1.0% 17.8% Romeria spp. Cyanophyte 0.9% 16.3%

Chroococcus spp. Cyanophyte 1.0% 19.7% CRYPTOPHYTES Cryptophyte 0.8% 17.9%

Chlorophytes Chlorophyte 0.9% 21.4% Unidenti fied unicel lular a lgae 0.8% 19.6%

Differences  between  September  and March Differences  between  November  and March

Planktolyngbya limnetica Cyanophyte 1.5% 2.7% Woronichinia spp. Cyanophyte 0.9% 2.4%

Cylindrospermopsis raciborskii Cyanophyte 1.3% 5.1% Pseudanabaena spp. Cyanophyte 0.9% 4.9%

Nostocales Cyanophyte 1.3% 7.4% Planktolyngbya minor Cyanophyte 0.8% 7.0%

Pseudanabaena spp. Cyanophyte 1.2% 9.6% Myxobaktron spp. Cyanophyte 0.8% 9.1%

Monoraphidium spp. Chlorophyte 1.1% 11.7% Cylindrospermopsis raciborskii Cyanophyte 0.8% 11.1%

Myxobaktron spp. Cyanophyte 1.1% 13.7% Romeria spp. Cyanophyte 0.8% 13.1%

Romeria spp. Cyanophyte 1.1% 15.6% Merismopedia spp. Cyanophyte 0.7% 15.1%

Chlorophytes Chlorophyte 1.1% 17.6% Merismopedia punctata Cyanophyte 0.7% 17.0%

Woronichinia spp. Cyanophyte 1.1% 19.5% Planktolyngbya limnetica Cyanophyte 0.7% 18.8%

Anabaena spp. Cyanophyte 1.0% 21.3% Microcystis spp. Cyanophyte 0.7% 20.6%

Differences  between  October and December

Planktolyngbya limnetica Cyanophyte 1.2% 2.5%

Cylindrospermopsis raciborskii Cyanophyte 1.1% 4.9%

Myxobaktron spp. Cyanophyte 1.0% 7.1%

Pseudanabaena spp. Cyanophyte 1.0% 9.2%

Chlorophytes Chlorophyte 1.0% 11.2%

Nostocales Cyanophyte 0.9% 13.2%

Planktolyngbya minor Cyanophyte 0.9% 15.1%

Monoraphidium spp. Chlorophyte 0.9% 17.0%

Cyanocatena spp. Cyanophyte 0.9% 18.9%

Anabaena spp. Cyanophyte 0.8% 20.6%
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Table 3.5a. Results of the analysis of similarities (ANOSIM) followed by betadisper 

and permutest pairwise comparisons, of explanatory variables (physico-chemical, 

phytoplankton and pathogen indicators measures) among sampling seasons in the three 

reservoirs and the Brisbane River in southeast Queensland, Australia. The R statistic 

denotes the average dissimilarity among the months.  

Pairwise comparisons: Spring Summer 

Summer 0.0000   

Autumn 0.0048 0.3955 

ANOSIM statistic R: 0.067, Significance: 0.0378. 

Table 3.5b. Results of the SIMPER analysis to determine which explanatory variables 

contributed the most and to what extent, to the differences among the seasons in the 

three reservoirs and the Brisbane River in southeast Queensland, Australia. Only the ten 

most important variables are shown, ranked in order of importance. Only groups with 

significant pairwise interactions are shown.  

Differences between spring and summer Phylum Contribution Cumulative 

Planktolyngbya limnetica Cyanophyte 1.30% 2.65% 

Pseudanabaena sp.  Cyanophyte 1.16% 5.02% 

Myxobaktron sp.  Cyanophyte 1.13% 7.33% 

Cylindrospermopsis raciborskii Cyanophyte 1.12% 9.62% 

Nostocales Cyanophyte 1.12% 11.90% 

Chlorophytes Chlorophyte 0.96% 13.85% 

Anabaena sp.  Cyanophyte 0.94% 15.77% 

Monoraphidium sp.  Chlorophyte 0.92% 17.65% 

Planktolyngbya minor Cyanophyte 0.91% 19.50% 

Cyanocatena sp.  Cyanophyte 0.89% 21.32% 

        
Differences between spring and autumn       

Planktolyngbya limnetica Cyanophyte 1.17% 2.32% 

Pseudanabaena.sp. Cyanophyte 1.00% 4.31% 

Chlorophytes Chlorophyte 0.98% 6.25% 

Aphanothece sp. Cyanophyte 0.97% 8.18% 

Nostocales Cyanophyte 0.93% 10.03% 

Cyanophytes Cyanophyte 0.93% 11.88% 

Cyanodictyon sp. Cyanophyte 0.93% 13.72% 

Planktolyngbya minor Cyanophyte 0.91% 15.52% 

Aphanocapsa sp. Cyanophyte 0.90% 17.31% 

Cylindrospermopsis raciborskii Cyanophyte 0.90% 19.10% 
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Table 3.6. Pearsons Product Moment Correlation of viral abundance with explanatory 

variables. Only significant correlations are shown (P<0.05).  

Variable Correlation coefficient P value 

P-value Bacteria 0.642 0.000 

Cuspidothrix issatschenkoi - Cyanophyte 0.574 0.010 

True colour 0.445 0.000 

Trachelomonas sp. - Euglenophyte 0.505 0.007 

Water temperature -0.307 0.014 

Aphanocapsa sp. - Cyanophyte -0.260 0.012 

Centritractus sp. - Xanthophyte -0.974 0.001 

Microcystis sp. - Cyanophyte -0.355 0.024 

 

 

 

Forward selection performed in redundancy analysis (RA), to determine the extent of 

the variance explained by each variable, allowed the number of explanatory variables 

(physicochemical variables and viruses) to be reduced from 21 to 14 for the final model 

(supp. data). The RA showed that rainfall was the only physicochemical variable 

correlated (negatively) with the first (most important) axis that explained 23.2% of the 

variation in the biological community (first two axes explained 27.7% of the variation 

in the data, all axes 30.3%, first axis P=0.002, all axes P=0.002) (Fig. 3.4). Most of the 

species of phytoplankton correlated negatively with this (first) axis (and therefore were 

positively correlated to rainfall). The viral abundance correlated positively to a fourth 

axis (not shown), and therefore was not significant to the community variation, apart 

from bacterial abundance, which was also associated with this axis. All the other 

variables, apart from ammonia nitrogen, suspended solids and turbidity, were associated 

with the second axis. Dissolved organic carbon (DOC), redox, site depth and cloud 

cover at the sampling point, were the variables most strongly positively correlated with 

the second axis and correlated with the biological community variables: chlorophyll a, 

the cyanobacteria Microcystis sp., and the chrsyophyte Dinobryon sp. and the human 

pathogen indicators (coliforms, thermotolerant coliforms, and E. coli).  
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Figure 3.4. Ordination diagram for the redundancy analysis of the biological community 

(abundance of bacteria, cyanobacteria, eukaryotic algae and measures of human pathogen 

indicators) (dotted lines), and its explanatory variables (physicochemical variables and 

viral abundance) (solid lines). Of the biological community, only the most significant 

variables/arrows are labelled. The length of the arrow, and the distance of the arrow from 

the axes and from other variables denotes the importance of the variable in the 

community, and its relationship to the other variables, i.e. arrows pointing in the same 

direction are positively correlated while arrows pointing in the opposite direction are 

negatively correlated. Axis one is horizontal, axis 2 is vertical, axis 3 and 4 are not shown 

on the diagram. Percentages refer to the variance explained by each axis.  
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3.5 Discussion 

The total viral abundance correlated positively with the abundance of a host group, 

bacteria. Other studies have also found positive correlations between viruses and 

bacteria, in lakes in Québec (Maranger and Bird 1995), North America (Clasen et al. 

2008; Hardbower et al. 2012), France (Personnic et al. 2009a; Personnic et al. 2009b; 

Thomas et al. 2011), and in the Netherlands (Tijdens et al. 2008b). As I did not measure 

populations of different heterotrophic bacterial species and types of viruses in this 

study, populations of certain bacterial species may well have been negatively correlated 

with viruses, with other species filling their niche, as was shown by the marine study of 

Needham et al. (2013) where the individual bacterial groups and T4-like myoviruses 

fluctuated highly (with hosts and their viruses abundances correlated), on a daily basis, 

while total bacterial and viral communities remained stable over weeks to months. 

However, this study is unique in that I was able to compare abundances of total viruses 

with populations of cyanobacterial and eukaryotic algal genera and species. I found 

viruses correlated positively with the cyanobacteria Cuspidothrix issatschenkoi, and a 

species of Trachelomonas, a Euglenophyte, which could mean that these species are 

resistant to viral infection, or can benefit from nutrients released by increased viral lysis. 

Viruses were negatively correlated with the cyanobacteria genera, Microcystis and 

Aphanocapsa, and the xanthophyte Centritractuss sp. I speculate that populations of 

these species may be impacted by mortality due to viral infection, as viruses of 

Microcystis aeruginosa have been isolated (Tucker and Pollard 2005; Yoshida et al. 

2006), and cyanophage was found to negatively correlate with the host in several 

different studies (Manage et al. 1999; Manage et al. 2001; Yoshida et al. 2008a). 

Additionally, in Lake Erie, cyanomyoviruses correlated negatively with all chlorophyll 

a size fractions (pico, nano and micro) (Matteson et al. 2011).  

Viral counts were not higher in spring or summer than in autumn, and also did not differ 

among months, despite changes in the cyanobacterial populations over seasons, thus, 

the viral population was stable year round – in contrast to other studies in temperate 

lakes in the USA and France, and in Antarctic lakes (Madan et al. 2005; Pradeep Ram et 

al. 2009; Matteson et al. 2011; Pradeep Ram et al. 2011). I found the highest amount of 

viruses at upstream sites, which was most likely due to higher amounts of bacterial 

hosts upstream. The finding of more viruses at upstream sites in the Brisbane River was 

also observed by Hewson et al. (2001b). There were also less viruses in the river than in 

the reservoirs, which is probably due to less bacteria found in the river. However, as the 



67 

 

 

 

VBRs were also higher upstream, phytoplankton hosts or the input of allochthonous 

viruses from the catchment may also contribute to the total viral abundance upstream. 

At times of high rainfall and runoff, the catchment can be a source of viruses to the 

reservoir system (Hewson et al. 2012). Indeed, in the most forested catchment (Lake 

Samsonvale), there were often more viruses downstream, which may imply that the 

other more agricultural catchments were supplying inputs of allochthonous viruses. 

Alternatively, high resource inputs from the catchment at upstream sites may stimulate 

host growth, leading to a subsequent increase in viral production. 

I did not find that viral abundance correlated with any physicochemical variables apart 

from water colour and temperature. Among other causes, water colour may be an 

indicator of cyanobacterial cell biomass (Codd et al. 1999) and increased temperatures 

may increase host species growth (Paerl and Huisman 2008), therefore, relationships 

between viruses and these parameters may be indirectly related to the increased growth 

of cyanobacterial and heterotrophic bacterial hosts.  

Of all the physicochemical and biological parameters measured, cyanobacterial genera 

or species were the variable that differed most between the water bodies and sampling 

months. Cyanobacteria were the most dominant phytoplankton group in all the 

reservoirs, at upwards of 74% of the total phytoplankton count. The total number of 

cyanobacterial cells exceeded bloom levels (>2.0 x104 cells mL-1) on more than half the 

sampling occasions, however, no one species reached this level, and along with the 

negative correlation I observed between viruses and Microcystis sp., I speculate that this 

could be due to viral control preventing the dominance of one species and thus 

influencing the cyanobacterial community structure. However, more research is needed 

to test the direct impact of viruses on host populations. 

The host community was more strongly correlated with physicochemical variables than 

with viruses, but as resources and viral abundance together explained just 30.3% of the 

variation in the host community, heterotrophic nanoflagellate, ciliate and zooplankton 

grazing may have influenced community structure (Burns and Galbraith 2007). 

However, I did not measure grazers in this study.  

In summary, the positive and negative correlations between the abundance of viruses 

and their hosts I found could potentially be a result of viral induced mortality 

influencing host species population dynamics in this sub-tropical reservoir system. To 
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fully reveal the impact of viruses on these communities, further research is needed, such 

as sampling the sites with fine spatial and temporal resolution, using metagenomics to 

discriminate between viruses, and conducting experiments to investigate viruses and 

host systems. 
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Supplementary data table 1. Physicochemical variables, viral and bacterial abundance 

and virus:bacterium ratio (VBR) in the three sub-tropical reservoirs and river each 

month. Means of the sites within each water body are shown. (N.B. table continues over 

three pages). 

 Month Rainfall Water  

Temp 

Sample 

Site  
Depth 

Secchi 

Disc 
Depth 

Suspended 

Solids 

True 

Colour 

Oxidation/ 

reduction 
potential 

(Redox) 

pH 

    mm oC m m mg L-1 HU mV   

Lake Samsonvale                 

  September 2008 24.0 21.7 13.8 1.8 2.8 17.8 87.1 7.93 

  October 2008 51.8 23.9 14.3 1.9 1.8 9.8 90.8 7.94 

  November 2008 168.4 24.3 15.5 1.6 2.0   146.2 7.77 

  December 2008 171.0 26.8 17.5 1.4 2.0 19.0 17.3 7.78 

  January 2009 29.6 27.4 15.0 1.3 3.0 19.5   8.00 

  February 2009 236.2 26.9 17.5 1.2 0.5 18.5 11.0 7.91 

  March 2009 85.4 26.2 18.5 1.3 3.5 17.0 39.1 7.75 

  April 2009 357.3 23.2 23.5 0.8 5.5 38.5 122.7 7.55 

  May 2009 197.1 20.8 24.0 1.3 2.0 30.0 217.5 7.46 

  mean 146.8 24.6 17.7 1.4 2.6 21.3 91.5 7.79 

Lake Somerset                 

  September 2008 76.2 22.1 20.5 1.5 3.0 25.4 111.4 8.14 

  October 2008 81.0 23.5 17.7 1.5 4.5 24.0 137.6 8.26 

  November 2008 86.6 24.2 19.0 1.3 3.5 18.5 122.1 7.83 

  December 2008 206.8 27.1 20.0 1.4 4.5 16.0 146.0 8.30 

  January 2009 44.4 26.5 20.0 1.5 4.5 7.5   7.98 

  February 2009 107.6 27.0 22.0 1.5 1.5 17.5 13.1 7.88 

  March 2009 36.4 26.2 15.5 1.8 3.0 17.0 -34.2 7.66 

  April 2009 185.0 23.3 20.5 1.2 4.5 33.5 105.4 7.79 

  May 2009 1.6 20.8 22.0   1.5 30.5 204.5 7.52 

  mean 91.7 24.5 19.7 1.5 3.4 21.1 100.7 7.93 

Lake Wivenhoe                 

  September 2008 35.6 21.7 15.0 1.3 4.6 15.7 129.3 8.18 

  October 2008 46.8 23.8 15.2 1.1 3.6 8.3 117.8 8.19 

  November 2008 84.4 24.0 19.0 1.3 5.0 7.5 145.5 8.03 

  December 2008 182.6 27.9 16.0 1.3 4.0 11.0 112.9 8.42 

  January 2009 35.2 26.6 19.0 1.4 4.0 11.0   8.27 

  February 2009 93.8 27.3 17.5 1.3 2.5 7.5 -1.6 8.40 

  March 2009 55.0 26.2 15.5   3.0 10.5 155.4 8.14 

  April 2009 126.8 23.8 24.0 1.2 2.0 11.5 125.1 8.22 

  May 2009 20.0 20.8 26.0 1.6 1.0 10.0 164.7 7.73 

  mean 75.6 24.7 18.6 1.3 3.3 10.3 118.6 8.17 

Brisbane River                 

  September 2008 52.6       5.3 15.8     

  October 2008 41.2       1.6 5.0     

  November 2008 83.4       5.5 9.5     

  December 2008 103.8       16.0 44.0     

  January 2009 28.6       7.5 12.0     

  February 2009 102.8       4.5 7.5     

  March 2009 138.4       10.5 47.0     

  May 2009 23.6 18.6     61.0 45.0 169.4 8.09 

  mean 71.8 18.6     14.0 23.2 169.4 8.09 

 

  



70 

 

 

 

Supplementary data table 1. continued 

Month  Chlorophyll 

fluorescence in 
field 

Specific 

conductance 

Turbidity Chlorophyll a Dissolved 

Oxygen 

Dissolved 

Organic 
Carbon (DOC) 

   %FS µS cm-1 NTU µg L-1 mg L-1 mg L-1 

Lake Samsonvale              

September 2008  -1.08 295.8 0.20 7.5 8.84   

October 2008  -0.07 313.7 0.43 7.8 10.44   

November 2008  0.55 297.5 0.00 11.5 6.66   

December 2008  2.30 281.0 1.00 15.0 5.11   

January 2009  2.10 288.0 0.25 19.0 7.48   

February 2009  2.45 280.5 0.45 21.5 6.76 8.10 

March 2009  2.20 284.5 0.00 16.5 6.10   

April 2009  2.00 221.0 9.35 12.0 5.68 6.85 

May 2009  0.70 212.0 0.60 9.0 5.15 6.20 

mean  1.24 274.9 1.36 13.3 6.91 7.05 

Lake Somerset              

September 2008  -0.47 217.3 0.03 7.5 9.61   

October 2008  2.60 229.3 0.77 11.0 10.74   

November 2008  0.45 221.0 0.60 15.5 7.74   

December 2008  0.75 227.5 0.70 12.5 8.78   

January 2009  1.30 231.0 0.70 13.5 7.41   

February 2009  1.55 231.0 0.00 12.0 6.40 9.40 

March 2009  1.70 236.0 0.90 14.0 6.72   

April 2009  1.85 208.5 3.15 14.5 6.40 6.20 

May 2009  1.30 183.5 1.15 6.5 4.83 6.50 

mean  1.23 220.6 0.89 11.9 7.62 7.37 

Lake Wivenhoe              

September 2008  1.78 343.6 1.84 10.8 9.68 6.92 

October 2008  1.88 373.0 0.88 10.0 10.23 6.97 

November 2008  0.05 384.0 1.15 12.0 15.17 6.45 

December 2008  1.45 371.0 0.00 15.5 6.11 7.10 

January 2009  1.40 371.0 1.30 16.0 7.84 5.90 

February 2009  2.45 371.5 0.45 19.0 8.59 7.15 

March 2009  2.05 378.0 0.10 18.5 7.46 6.15 

April 2009  1.35 369.0 0.00 13.5 6.85 5.45 

May 2009  0.50 342.0 1.50 7.0 6.71 6.30 

mean  1.43 367.0 0.80 13.6 8.74 6.49 

Brisbane River              

September 2008            6.48 

October 2008            6.60 

November 2008            6.50 

December 2008            10.80 

January 2009            6.25 

February 2009            7.25 

March 2009            6.60 

May 2009  0.70 309.0 21.80   8.12 8.80 

mean  0.70 309.0 21.80   8.12 7.41 
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Supplementary data table 1. continued 

 Month Ammonia 

Nitrogen  
(NH3-N) 

Dissolved 

Reactive 
Phosphorus 

(DRP) 

Total 

Nitrogen 
(TN) 

Total 

Phosphorus 
(TP) 

Viruses  

  

Bacteria   

 

VBR 

    mg L-1 mg L-1 mg L-1 mg L-1 ( x107) mL-1 (x106) cells mL-1    

Lake Samsonvale               

  September 2008 0.003 0.003 0.515 0.024 10.8 7.4 14.5 

  October 2008 0.002 0.002 0.508 0.023 2.4 2.5 9.7 

  November 2008 0.006 0.002 0.515 0.021 2.4 4.9 4.9 

  December 2008 0.002 0.004 0.565 0.023 6.1 7.6 8.0 

  January 2009 0.002 0.002 0.560 0.028 4.5 4.1 11.0 

  February 2009 0.002 0.003 0.550 0.023 2.5 0.4 58.8 

  March 2009 0.003 0.002 0.525 0.020 6.1 2.2 27.9 

  April 2009 0.020 0.003 0.735 0.034 8.0 4.8 16.8 

  May 2009 0.009 0.002 0.600 0.016 11.0 4.5 24.6 

  mean 0.005 0.003 0.564 0.023 6.0 4.3 19.6 

Lake Somerset               

  September 2008 0.002 0.002 0.515 0.024 16.8 10.9 15.5 

  October 2008 0.002 0.002 0.510 0.029 9.2 4.2 22.0 

  November 2008 0.002 0.002 0.550 0.030 7.4 4.1 17.9 

  December 2008 0.002 0.003 0.530 0.030 1.3 3.8 3.4 

  January 2009 0.002 0.002 0.570 0.023 5.0 6.0 8.4 

  February 2009 0.002 0.003 0.490 0.022 5.2 1.8 28.9 

  March 2009 0.002 0.002 0.530 0.024 4.4 6.7 6.6 

  April 2009 0.007 0.005 0.625 0.035 7.5 6.3 12.0 

  May 2009 0.025 0.010 0.605 0.035 1.9 1.4 13.6 

  mean 0.005 0.003 0.547 0.028 6.5 5.0 14.2 

Lake Wivenhoe               

  September 2008 0.002 0.002 0.540 0.026 14.6 6.2 23.7 

  October 2008 0.002 0.002 0.530 0.029 2.4 3.2 7.4 

  November 2008 0.004 0.002 0.665 0.026 6.4 7.8 8.2 

  December 2008 0.002 0.003 0.595 0.030 4.9 9.6 5.2 

  January 2009 0.002 0.002 0.565 0.028 4.6 6.9 6.7 

  February 2009 0.002 0.002 0.515 0.027 3.5 0.6 60.4 

  March 2009 0.002 0.002 0.550 0.027 3.7 9.0 4.2 

  April 2009 0.002 0.002 0.585 0.025 5.1 7.1 7.2 

  May 2009 0.008 0.004 0.550 0.022 7.8 4.8 16.4 

  mean 0.003 0.002 0.566 0.026 5.9 6.1 15.5 

Brisbane River               

  September 2008 0.008 0.020 0.490 0.042 4.6 1.7 26.5 

  October 2008 0.004 0.005 0.408 0.023 0.9 1.2 7.2 

  November 2008 0.011 0.020 0.475 0.038 5.0 2.8 18.0 

  December 2008 0.019 0.129 0.875 0.240 3.4 5.1 6.7 

  January 2009 0.005 0.032 0.520 0.079 4.4 5.7 7.8 

  February 2009 0.020 0.023 0.510 0.062 5.0 0.8 59.2 

  March 2009 0.016 0.023 0.810 0.095 5.4 4.9 11.0 

  May 2009 0.041 0.081 2.255 0.360 3.6 4.2 8.5 

  mean 0.015 0.041 0.793 0.117 4.0 3.3 18.1 
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Supplementary data table 2. The 15 most abundant or prevalent species from the 105 

samples collected, ranked from most (1) to least abundant or prevalent. 

Location Type Abundance ranking Prevalence ranking 

Planktolyngbya limnetica Cyanophyte 1 7 

Aphanocapsa spp. Cyanophyte 2 1 

Aphanothece spp. Cyanophyte 3 2 

Cyanocatena spp. Cyanophyte 4 6 

Cyanodictyon spp. Cyanophyte 5 4 

Monoraphidium spp. Chlorophyte 6 16 

Pseudanabaena spp. Cyanophyte 7 11 

Merismopedia spp. Cyanophyte 8 15 

Cylindrospermopsis raciborskii Cyanophyte 9 24 

Planktolyngbya minor Cyanophyte 10 10 

Anabaena spp. Cyanophyte 11 12 

Microcystis spp. Cyanophyte 12 31 

Unidentified unicellular algae NA 13 14 

Unidentified Chroococcales Cyanophyte 14 3 

Cyanogranis libera Cyanophyte 15 23 

Chroococcus spp. Cyanophyte 16 8 

Chroococcus minimus Cyanophyte 18 5 

Chroomonas spp. Cryptophyte 20 9 

Cyclotella spp. Diatom 30 13 
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Supplementary data table 3. Forward selection results of the redundancy analysis 

(RDA) to examine the variance in the biological community (bacteria, cyanobacteria, 

eukaryotic algae, and indicators of human pathogens) in relation to physicochemical 

variables and viruses. Conditional effects explanatory variables highlighted in bold are 

the variables chosen for inclusion in the final redundancy analysis. 

Marginal Effects 

 

Conditional Effects 

   Variable Lambda1 Variable LambdaA P F 

Dissolved organic carbon 0.07 Dissolved organic carbon 0.07 0.002 7.21 

Total Nitrogen 0.04 Study site depth 0.04 0.004 5.21 

Study site depth 0.04 ORP (Redox) 0.06 0.002 7.01 

Non-purgable organic carbon 0.04 Cloud Cover 0.04 0.004 5.92 

Water Temperature 0.04 Specific conductance 0.02 0.090 1.92 

pH   0.03 Dissolved oxygen 0.02 0.068 1.96 

Specific conductance 0.04 Suspended solids 0.01 0.092 1.91 

Water Body Depth  0.03 Water Body Depth  0.02 0.068 2.10 

Suspended solids 0.03 Water Temperature 0.01 0.114 1.73 

Dissolved oxygen 0.03 pH   0.01 0.074 1.82 

Secchi Depth 0.03 Turbidity 0.01 0.138 1.56 

ORP (Redox) 0.03 Rainfall 0.01 0.308 1.14 

Ammoniac nitrogen 0.03 Virus  0.01 0.324 1.03 

Dissolved reactive phosphorus 0.02 Ammoniac nitrogen 0.01 0.284 1.12 

Total Phosphorus 0.02 Secchi Depth 0.01 0.270 1.16 

Rainfall 0.02 Dissolved reactive phosphorus 0.00 0.494 0.82 

Turbidity 0.02 Total Phosphorus 0.01 0.296 1.05 

Cloud Cover 0.02 Air Temperature 0.01 0.516 0.77 

Air Temperature 0.01 Total Nitrogen 0.00 0.686 0.66 

Virus  0.01 True Colour 0.01 0.608 0.70 

True Colour 0.01 Non-purgable organic carbon 0.00 0.794 0.57 

  

The marginal effects columns list the explanatory variables in order of the variance they explain singly, 

i.e. when that particular variable is used as the only explanatory variable (lambda-1). The conditional 

effects columns list the explanatory variables in order of their inclusion in the model, together with the 

additional variance each variable explains at the time it was included (lambda-A) and its significance at 

that time (P-value).  
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Chapter 4. Lysogenic infection in sub-tropical freshwater 

cyanobacteria cultures and natural blooms 

 

4.1 Abstract 

Lysogeny has been reported for a few cultivated freshwater cyanobacteria taxa, but its 

prevalence in freshwater cyanobacteria in situ is unknown. Here I tested for lysogeny in 

(a) eight cultivated Australian species of subtropical freshwater cyanobacteria, (b) seven 

cultivated strains of one species: Cylindrospermopsis raciborskii, and (c) six 

cyanobacterial blooms in drinking water reservoirs in South East Queensland, Australia. 

Lysogenic infection in cyanobacteria was induced by mitomycin C. By measuring the 

decline in host cell numbers and the concomitant increase in VLPs over the course of 

the experiment I observed lysogenic infection in five of the eight species of 

cyanobacteria, i.e. Anabaena circinalis, Anabaenopsis arnoldii, Aphanizomenon 

ovalisporum, Microcystis aeruginosa and Anabaena spp., and in four of the seven 

strains of C. raciborskii, but only in two of the six natural cyanobacteria blooms. 

Lysogeny dominated cultivated laboratory strains whereas in natural blooms of 

cyanobacteria few species were lysogenic (i.e. not mitomycin C inducible). Thus, 

lysogenic laboratory cultures may not necessarily reflect the genetics nor the physiology 

of a natural cyanobacterial population, and more information on both forms is needed to 

better understand how cyanobacteria behave and exist in their natural habitat. 

 

4.2 Introduction 

Viral infection of cyanobacteria can be lytic, causing cell lysis, or lysogenic, where the 

viral genome is maintained as a prophage incorporated into its host’s genome but 

remains inactive until some external factor induces the lytic cycle (Wommack and 

Colwell 2000). Viruses capable of forming a prophage are known as temperate phages, 

and the infected host is known as a lysogen. Lysogeny (a latent viral infection) in the 

environment has been found to coincide with reduced host abundance, resource 

limitation or adverse environmental conditions (McDaniel et al. 2002; Lisle and Priscu 

2004; McDaniel and Paul 2005; Laybourn-Parry et al. 2007; Säwström et al. 2007a), 

while prophage induction can occur in rapidly growing cells (McDaniel and Paul 2005). 

Thus, lysogeny may be a strategy of temperate phages to preserve the host and phage 

system when host productivity is low. This allows viral production and host lysis to 
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occur when the phage progeny are most able to re-infect new cells (Weinbauer et al. 

2007b; Miller and Day 2008). Furthermore, due to lysogenic conversion, the lysogenic 

host may potentially express beneficial prophage genes, altering the physiology of the 

host (Little 2005; Miller and Day 2008).  

Some species of cyanobacteria can dominate planktonic and benthic primary production 

in a range of aquatic habitats due to efficient nutrient uptake and storage, their ability to 

fix atmospheric dinitrogen, and their buoyancy regulation capability (Paerl and Paul 

2012). Eutrophication of freshwater bodies and higher temperatures due to climate 

change provide increasingly favourable conditions for cyanobacteria blooms (Sigee 

2005; Paerl and Huisman 2008). Some cyanobacteria produce a range of toxins which 

can accumulate in the tissues of invertebrates and fish (Ibelings and Chorus 2007), and 

cause illness in animals or humans that consume or have contact with the affected 

water. The most widely-distributed planktonic toxin-producing cyanobacteria include 

the N2 fixing genera Anabaena, Aphanizomenon, Cylindrospermopsis, and Nodularia, 

and the non-N2 fixing genera Microcystis and Planktothrix (Paerl and Paul 2012). 

Phytoplankton blooms, i.e. a cell concentration 2.0 x104 mL-1 (Falconer et al. 1999), 

may collapse due to lytic virus infection (Suttle 2005; Brussaard and Martinez Martinez 

2008) and/or induction of a lysogenic cyanobacteria population into the lytic cycle. 

Induction of a prophage in the marine filamentous cyanobacteria Lyngbya majuscula 
may have caused termination of a bloom in Morton Bay, Brisbane (Hewson et al. 

2001a). Lysogeny has been reported for only a few cultures of freshwater cyanobacteria, 

notably: Plectonema boryanum (Padan and Shilo 1973) and Synechococcus (Dillon and 

Parry 2008). However, the extent of lysogeny is still unknown for most cultivated 

species of the planktonic, bloom forming and toxin-producing freshwater cyanobacteria, 

and for uncultivated species in the natural environment. I have observed immunity to 

cyanophage infection and spontaneous lysis of cultures of Cylindrospermopsis 

raciborskii, which may indicate lysogeny (unpublished data). I have also observed that 

cultures which were previously susceptible to viral infection (Pollard and Young 2010) 

subsequently became resistant to further infection by the same virus (unpublished data). 

Thus, I began to question if cyanobacterial cultures may be lysogenic.  

Different Australian strains of C. raciborskii with high (>99.8 %) 16S rRNA gene 

nucleotide sequence similarity can vary widely in their physiology (straight or coiled, 

toxic or non-toxic, with or without heterocysts, or differing cell length) (Saker and 
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Griffiths 2000; Saker and Neilan 2001). Lysogenic conversion may be one potential 

cause of these variations, but to the best of my knowledge, C. raciborskii has never 

before been tested for lysogeny, nor has lysogeny been tested among strains of any 

other freshwater colonial species. 

My objectives were to test for lysogeny in natural, subtropical, filamentous 

cyanobacterial blooms, and at the same time test different cyanobacterial species and 

strains from culture collections. I used colonial freshwater cyanobacterial species 

typically observed in natural blooms in subtropical Australia. Furthermore, as viral 

infection is often species-specific and can even be strain-specific, I also focused on 

intraspecies variation by testing seven strains of C. raciborskii, known to form toxic 

blooms in drinking water reservoirs of Queensland. 

 

4.3 Materials and methods 

4.3.1 Cyanobacterial isolates 

Cultures of the subtropical freshwater cyanobacteria: Nodularia spumigena, Anabaena 

circinalis, Anabaenopsis arnoldii, Aphanizomenon ovalisporum, Microcystis botrys, 

Microcystis aeruginosa, Cylindrospermopsis raciborskii and Anabaena spp were 

obtained from QHFSS (Queensland Health Forensic and Scientific Services, Australia), 

CSIRO (Commonwealth Scientific and Industrial Research Organisation, Australia) 

Microalgae Research and Southern Biological, Australia (Table 4.1). All cultures were 

maintained in MLA medium (Bolch and Blackburn 1996) except Microcystis species 

which were maintained in BG medium (Thompson et al. 1988) at 24 to 26 °C under a 

16 h light 8 h dark cycle. 
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Table 4.1. Identification and origin of the cyanobacteria strains used in the experiments. 

NA = none available. 

Genera Strain I.D. Year of 

isolation 

Site Origin Toxicity 

Nodularia spumigena FSS1-115/1   South East 

Queensland 

Toxic 

Anabaenopsis arnoldii FSS1-118/1   South East 

Queensland 

Non-toxic 

Anabaena circinalis FSS1-124/1   South East 

Queensland 

Non-toxic 

Aphanizomenon ovalisporum FSS1-103/1   South East 

Queensland 

Toxic 

Microcystis botrys * FSS1-121/1   South East 

Queensland 

Non-toxic 

Microcystis aeruginosa * NA   South East 

Queensland 

Unknown 

Anabaena NA   Unknown Unknown 

Cylindrospermopsis 

raciborskii 

CS-506 1996 Palm Island North Queensland Toxic 

Cylindrospermopsis 

raciborskii 

CS-508 1997 Townsville North Queensland Non-toxic 

Cylindrospermopsis 

raciborskii 

CS-509 1995 Mount Isa North Queensland Non-toxic 

Cylindrospermopsis 

raciborskii 

AWT-205 1996 Sydney New South Wales Toxic 

Cylindrospermopsis 

raciborskii 

NP04 2004 Lake Samsonvale South East 

Queensland 

Unknown 

Cylindrospermopsis 

raciborskii 

WIV09 2009 Lake Wivenhoe South East 

Queensland 

Unknown 

Cylindrospermopsis 

raciborskii 

FSS1-121/1 2007 Lake Samsonvale South East 

Queensland 

Toxic 

 

* non-filamentous colonial cyanobacteria 

 

 

4.3.2 Induction of lysogens in cyanobacterial cultures 

All cyanobacterial cultures were tested for the presence of inducible prophage using 

mitomycin C. Test cultures were incubated at 24 to 26°C under a 16 h light 8 h dark 

cycle, light intensity: 55 μmol quanta m2 sec-1. Three replicates of each strain were 

treated with mitomycin C (Sigma-aldrich, Sydney, Australia) in 24 well multiwell plates 

(Cellstar, Greiner Bio-One, GmbH, Frickenhausen, Germany), with 2 ml of culture in 

each well. For initial counts of cyanobacteria, bacteria and viruses, 100 L aliquots of 

each culture were fixed with 0.02 m prefiltered (Whatman anodisc 25 mm aluminium 

oxide filters, Maidstone, UK) glutaraldehyde (final concentration 2%) (Grade II, Sigma-

aldrich, Sydney, Australia) prior to the addition of mitomycin C. Mitomycin C was then 

added to a final concentration of 1 g ml-1 to the wells (Paul and Weinbauer 2010). The 

treatments were incubated until culture lysis was observed as determined by measuring 

the decline in phycocyanin fluorescence using a Varian Cary Eclipse Scanning 

Fluorescence Spectrophotometer (Varian, Inc, Agilent, Santa Clara, USA), generally 

after 6 days. For 3 species (N. spumigena, A. ovalisporum and M. botrys) the 

incubations were left for 9 days as no lysis was observed after 6 days. After 6 or 9 days 
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300 L aliquots of each replicate were fixed with 0.02 m prefiltered glutaraldehyde at 

a final concentration of 2%, and cyanobacteria and viruses were counted within 24 

hours of fixation. Phage induction was indicated by a significant reduction in 

cyanobacteria cells, with a concomitant increase in virus like particles (VLPs) in the 

mitomycin C treatment after 6 or 9 days, compared with the start of the experiment 

(cyanobacteria species), or compared to the control treatment without mitomycin C (C. 

raciborskii strains). As additional controls, cultures were also grown in wells with no 

mitomycin C added to ensure that culture growth was normal.  

The cultures were not axenic, and contained heterotrophic (and potentially also 

autotrophic) bacteria which could also be lysogenic and produce bacteriophages with 

mitomycin C treatment. Therefore, to calculate the proportion of cyanophages of the 

total virus abundance, I subtracted the amount of estimated bacteriophage induced from 

lysogenic bacteria in additional control cultures treated with mitomycin C. These 

controls consisted of the culture filtrate after 2 µm filtering (Whatman nucleopore 2 µm 

polycarbonate filters, Maidstone, UK) to remove the large cyanobacteria and retain only 

cells smaller than 2 µm. None of the cyanobacteria cells were observed in the filtrate 

(results not shown). These filtered incubations were also placed into the dark upon 

mitomycin C addition to prevent the growth and induction of lysogenic autotrophic 

bacteria which may have been present. Dark is known to prevent or strongly reduce 

cyanophage production in picocyanobacteria (Suttle 2000; Clokie and Mann 2006; 

McDaniel 2011). In Anacystis nidulans the burst size during incubation in the darkness 

was 2% of that in cultures in continuous light (Allen and Hutchison 1976). 

Prochlorococcus cyanophage replication was reduced 4-fold in the dark compared with 

in the light (Lindell et al. 2005). The average of the replicates of the filtered dark control 

was subtracted from each replicate of the unfiltered cyanobacteria mitomycin C 

inductions in the light.  
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The fraction of lysogenic cyanobacteria (%FLC) was calculated according to Paul and 

Weinbauer (2010):  

 

%FLC = [(Vt – Vc)/Bz]/Bc x 100 

 

Where: Vt is the viral counts in the treatment 

Vc is the viral counts in the control 

Bz is the average burst size 

Bc is the cyanobacterial counts in the control  

 

I assumed a burst size of 75 for these cyanobacteria based on published values for the 

species from Franche (1987), Pollard and Young (2010) and Yoshida et al. (2006). I 

also used burst sizes estimated in the present study: as the number of produced 

cyanophages estimated divided by number of lysed cyanobacteria.  

 

4.3.3 Induction of lysogens in natural cyanobacteria blooms 

Six reservoirs which supply drinking water to the south-east of the state of Queensland, 

Australia were sampled during colonial cyanobacterial blooms in November (late 

Austral spring) 2009, with the exception of North Pine which was sampled in August 

(late Austral winter) 2009. The reservoirs were chosen for the lysogeny experiment due 

to colonial cyanobacteria (not including picocyanobacteria) abundance at bloom level. 

An integrated water sample (surface – 3 m depth) was collected using a tube sampler 

made from a 3 m long 20 cm wide solid PVC pipe which can be lowered into the water 

vertically and the ends closed to retain the water ‘core’ (Chorus and Bartram 1999; 

Wetzel and Likens 2000). Unfiltered samples (containing cyanobacteria and bacteria) 

and 2 m pore sized filtered samples (containing bacteria only) were treated with 

mitomycin C and incubated in wells in the light and dark with the same protocol as the 

experiments on cultivated species. For the samples from North Pine dam sampled in 

August, cell lysis was observed in the samples after five days, and for the remaining 
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reservoirs sampled in November, cell lysis was observed after fourteen days. After cell 

lysis, two replicate 16 ml aliquots of both unfiltered and 2 m filtrate were fixed with 

0.02 m prefiltered glutaraldehyde at a final concentration of 2%, and cyanobacteria, 

bacteria and viruses were counted within 24 hours of fixation. Cyanophage and 

bacteriophage production were again estimated using the filtrate/dark method of the 

experiments on the cultivated species. Prophage induction was indicated by a significant 

reduction in cell numbers (cyanobacteria and bacteria) with a concomitant increase in 

viral numbers in the mitomycin C treatment, compared with the control treatment 

without mitomycin C. 

 

4.3.4 Cell and viral counts 

Counts of cyanobacteria, bacteria and viruses were performed at x 1000 magnification 

using a Leica DM 4000 epifluorescent microscope (Leica Microsystems, Sydney, 

Australia). Bacteria and viruses were counted using SYBR Gold (Molecular Probes 

Inc., Eugene, OR, USA) following the method of Patel et al., (2007). The 100 μL 

glutaraldehyde fixed sample was stained with 5 µL of 1% stock SYBR Gold (final 

concentration 5.00 x 10-4 of commercial stock) for 15 min in the dark, after which it was 

diluted with 900 μL of 0.02 µm filtered autoclaved Milli-Q water and filtered through a 

0.02 μm filter, with a 0.2 μm-pore-size backing membrane filter. After drying, the filter 

was mounted on a glass slide with a drop of Molecular Probe Slow Fade antifade 

(Invitrogen, Life Technologies, NY, USA) solution. For each filter, > 200 viruses and > 

100 bacteria were counted on 10-15 fields of view selected randomly. Bacteria and 

viruses were visualised and counted using the UV light with a blue filter (excitation 

<490/emission >515 nm). Cyanobacteria were counted from the -20oC frozen SYBR 

Gold slides within 5 days, cells were visualised using autofluorescence of the 

photopigments phycocyanin and chlorophyll a with the green filter (excitation 530-

560/emission >580 nm). For each filter, > 400 cyanobacteria cells were counted in 20 

randomly selected fields of view, or, when cyanobacterial cell concentration was low, in 

transects across the centre of the filter. For prophage induction in the field bloom 

samples, cyanobacterial abundance was determined by filtering 5-15 mL of water onto a 

black 0.2 µm pore-size polycarbonate filter, and counted as described above. 
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4.3.5 Statistical analysis 

Statistical analyses were performed in Excel and SPSS (version 17.0 for Windows). The 

Shapiro-Wilk test confirmed the data was normally distributed. For the cyanobacteria 

species the increase in virus and decrease in host due to lysogenic induction was 

confirmed by subtracting the final abundance of host and phage in the mitomycin C 

treatment from the abundance at the beginning of the experiment. However, in the later 

experiments of the C. raciborskii strains and the natural bloom samples the increase in 

virus and decrease in host due to lysogenic induction was confirmed by subtracting the 

final abundance of host and phage in the mitomycin C treatment from the abundance in 

the control culture without mitomycin C at the end of the experiment. In the first 

experiment I compared viral abundance before and after induction in the same culture, 

as in measurements of viral production (Weinbauer et al. 2010). For the C. raciborskii 

strains and the field samples, viral abundance in the treatment was compared with viral 

abundance in the control, as per Paul and Weinbauer (2010). 

 

4.4 Results 

The natural cyanobacterial blooms in the six drinking water reservoirs consisted of five 

different dominant colonial species: A. circinalis, A. ovalisporum, M. aeruginosa, C. 

raciborskii and Psuedanabaena (Fig. 4.1). All species of phytoplankton present in a 

total of 15 reservoirs were identified and enumerated, but only the six sites with colonial 

cyanobacterial species with cells greater than 2 µm were included in the study. In four 

reservoirs, the bloom was comprised of two species (A. circinalis with either A. 

ovalisporum or C. raciborskii), although in the bloom in Moogerah reservoir A. 

circinalis dominated. In the two remaining reservoirs blooms consisted of only one 

species; M. aeruginosa in North Pine reservoir and Pseudanabaena for Borumba 

reservoir. Lysogenic cyanobacteria were induced in two of the six reservoirs, Baroon 

and Borumba. There was no apparent relationship between lysogeny and nutrient 

concentrations, algal abundance or chlorophyll a in the reservoirs. Both reservoirs 

contained A. ovalisporum, which was not found in the other reservoirs. The estimated 

number of cyanophages produced upon induction was 7.6 x 107 mL-1 in Baroon and 6.8 

x 107 mL-1 in Borumba (Table 4.2). Burst sizes were estimated at 4184 and 523 putative 

cyanophages per cell for Baroon and Borumba respectively, however, as naturally co-

occurring, single-celled picocyanobacteria were also present in the samples, they may 
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have produced cyanophages through lysogenic induction, which could have resulted in 

overestimating the burst size for larger cyanobacteria in Baroon reservoir. The fraction 

of lysogenic cyanobacteria (FLC) in the blooms was 100% in both reservoirs. 

In culture, eight cyanobacterial species were tested, of which four were also present 

in the reservoirs studied. All species lysed eventually with mitomycin C treatment, for 

most species lysis was complete by six days but for three species (N. spumigena, A. 

ovalisporum and M. botrys) the incubations took until nine days, compared to the 

control which grew normally as can be seen in cell or colony counts (Fig. 4.2). Of the 

cultures of species also present in the reservoirs, three were estimated to produce 

cyanophages after induction with mitomycin C in the light; A. circinalis, A. 

ovalisporum, and M. aeruginosa, but not C. raciborskii (Fig. 4.3). Amongst the cultures 

of species which did not occur in the natural blooms, two species, N. spumingena and 

M. botrys were not estimated to produce cyanophages, whereas Anabaena sp. produced 

putative cyanophages upon induction. For most lysogenic cyanobacterial species the 

production of putative bacteriophages from contaminating bacteria was low (< 3.4 % of 

the total VLPs produced). Only for A. circinalis were the numbers of bacteriophages 

and cyanophages estimated in the same order of magnitude (65% of total VLPs). The 

FLC in the blooms was lowest in M. aeruginosa (3%), and highest in A. arnoldii (26%). 

The six strains of C. raciborskii all produced putative cyanophages upon induction with 

mitomycin C, but two strains (WIV09 and CS-509) did not show an accompanying net 

loss of host cells (Fig. 4.4). An increase in putative cyanophage with no net loss of host 

cells may be calculated if the bacteria in the culture produced more viruses than 

estimated, or some infected cyanobacteria lysed while others remained growing. The 

estimated number of cyanophages produced per cell varied between cultures, and was 

not correlated with the cell concentration of the culture. For example, strain AWT-205 

had a low concentration of cells at 13.7 x106 cells mL-1, but had the highest estimated 

cyanophages production of 76.0 x106 mL-1, whereas strain FSS1-121/1 had a reasonably 

high cell concentration of 42.5 x106 cells mL-1, but had the lowest cyanophages 

abundance calculated, just 1.8 x106 mL-1. This was reflected in the wide range of 

estimated burst sizes, from 12 to 847. The FLC was as low as 6% in strain FSS1-121/1, 

but 100% for two strains (AWT-205 and NP04). 
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Table 4.2. Mean ( standard error) abundance of cyanobacteria, the abundance of total virus (cyanobacteria culture with heterotrophic 

bacteria present) and bacteriophages (culture of heterotrophic bacteria in the dark only), abundance of cyanophages produced, induced 

burst sizes, fraction of lysogenic cyanobacteria (FLC), and the determination of lysogeny after the addition of mitomycin C to cultures and 

reservoir bloom samples.  

Genera Cyanobacteria x 104 mL Total virus x106 mL Bacteriophage x106 mL Cyanophage  Cyanophage FLC % FLC % 

 Control Treatment Control Treatment Control Treatment x106 mL burst size based on the 

calculated  

burst size 

Based on  

literature burst  

size of 75 

Nodularia spumigena  320.8 ± 26.5 0.0 ± 0.0 6.5 ± 0.9 12.0 ± 0.8 1.6 ± 0.3 8.2 ± 1.2 - - - - 

Anabaenopsis arnoldii # 160.1 ± 23.4 56.5 ± 3.9 30.5 ± 1.6 62.1 ± 4.6 13.9 ± 3.0 4.4 ± 0.5 31.6 31 65 26 

Anabaena circinalis # 87.4 ± 12.5 6.9 ± 5.5 13.0 ± 0.7 23.4 ± 1.2 2.0 ± 0.6 6.1 ± 1.5 6.3 8 92 10 

Aphanizomenon ovalisporum # 83.7 ± 17.0 9.4 ± 2.2 6.8 ± 1.1 16.1 ± 1.0 10.4 ± 6.6 7.3 ± 1.2 9.2 12 89 15 

Microcystis botrys  21.5 ± 7.8 4.3 ± 1.5 64.3 ± 17.8 24.0 ± 1.2 1.2 ± 0.2 4.0 ± 0.7 - - - - 

Microcystis aeruginosa # 337.1 ± 40.3 4.3 ± 2.6 5.7 ± 0.2 14.3 ± 1.9 4.8 ± 0.2 2.9 ± 0.9 8.7 3 99 3 

Anabaena sp.# 200.7 ± 73.1 85.7 ± 37.9 6.1 ± 0.6 42.6 ± 1.4 2.2 ± 0.5 3.5 ± 0.5 35.2 31 57 23 

C. raciborskii CS-506 91.7 ± 2.0 0.0 ± 0.0 10.8 ± 1.3 18.6 ± 1.1 3.4 ± 0.5 16.0 ± 0.7 - - - - 

           
Strain           

 C. raciborskii CS-508 # 79.8 ± 11.2 22.2 ± 0.9 1.8 ± 1.0 51.9 ± 23.0 0.8 ± 0.3 23.7 ± 7.0 27.3 47 72 46 

 C. raciborskii CS-509 6.9 ± 2.1 7.0 ± 2.2 3.3 ± 1.1 14.8 ± 6.1 0.3 ± 0.2 8.7 ± 3.3 3.1 - - - 

 C. raciborskii AWT-205 # 13.7 ± 1.8 4.7 ± 0.0 1.2 ± 0.2 92.1 ± 40.6 0.5 ± 0.2 15.4 ± 0.6 76.0 847 65 >100 

 C. raciborskii NP04 # 18.5 ± 6.6 2.1 ± 0.8 3.2 ± 1.4 29.3 ± 3.7 2.4 ± 1.0 9.0 ± 1.0 19.5 119 89 >100 

 C. raciborskii WIV09 # 40.0 ± 6.8 53.2 ± 25.2 13.8 ± 4.2 32.7 ± 13.2 1.4 ± 1.2 3.1 ± 1.9 17.2 - - - 

 C. raciborskii FSS1-121/1 42.5 ± 2.7 27.0 ± 0.1 3.7 ± 2.7 8.8 ± 2.5 3.0 ± 2.7 6.3 ± 1.6 1.8 12 37 6 

           
Reservoir           

North Pine 0.6 ± 0.1 0.0 ± 0.0 12.3 ± 0.8 9.5 ± 0.0 8.2 ± 1.2 9.0 ± 0.8 -  - -  

Baroon # 1.8 ± 0.3 0.0 ± 0.0 107.7 ± 12.3 193.3 ± 9.5 30.7 ± 8.2 40.5 ± 9.0 75.8 4184 100.7 >100 

Moogerah  3.1 ± 1.1 0.0 ± 0.0 210.8 ± 0.0 129.6 ± 0.0 142.4 ± 0.0 114.7 ± 0.0 -  -  -  

Borumba # 13.0 ± 15.7 0.0 ± 0.0 88.4 ± 0.0 156.3 ± 0.0 143.5 ± 0.0 73.5 ± 0.0 68.0 523 >100 >100 

Wivenhoe 11.3 ± 9.4 0.0 ± 0.0 81.9 ± 0.0 8.4 ± 0.0 32.2 ± 0.0 6.8 ± 0.0  - - -  

Somerset  12.4 ± 7.3 0.0 ± 0.0 264.1 ± 0.0 108.1 ± 0.0 38.0 ± 0.0 97.2 ± 0.0  - - -  
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 Figure 4.1. Abundance and species composition of cyanobacteria in blooms in reservoirs. 

 

 

Figure 4.2. Laboratory cultures of cyanobacterial species, abundance in the control and in 

the mitomycin C treatment after nine days incubation (counts are of number of colonies, 

with the exception of Nodularia spumigena whereby cells were counted). Values for 

Microcystis botrys are not shown as the species formed one large colony that could not be 

separated for counting without harming the cells 
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Figure 4.3. The reduction in cyanobacterial host cells, and the increase in cyanophage, at 

the end of the experiment. * represents a significant difference in the abundance in cells 

or viruses between the start and finish of the incubation with mitomycin C (ANOVA P 

value < 0.05). 
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Figure 4.4. The reduction in Cylindrospermopsis raciborskii host cells, and the increase 

in cyanophage, compared to the control. * represents a significant difference in the 

abundance in cells or viruses between the control and mitomycin C treated cultures at the 

finish of the experiment C (ANOVA P value < 0.05). 

 

 

4.5 Discussion 

This study shows that a large variety of freshwater cyanobacteria were potentially 

lysogenic, but the extent was higher in the cultivated strains than in the field. Five of the 

eight cultivated species were lysogenic, versus only two of the six natural 

cyanobacterial bloom species. In the six reservoirs with blooms, there was potentially 

lysogenic induction of A. circinalis and A. ovalisporium (Baroon) and of A. ovalisporum 

(Borumba). Either or both of the species in the Baroon reservoir may be lysogenic, 

especially as I found laboratory cultures of both species lysogenic. To the best of my 
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knowledge, there are no other previous reports of lysogeny in freshwater cyanobacteria 

blooms. In an estuary, the collapse of a Lyngbya masjuscula bloom may have been 

caused by lysogenic induction, as a temperate phage was induced from filaments with 

UV light treatment (Hewson et al. 2001a). A proportion of the Synechococcus that was 

blooming in the Strait of Georgia, British Colombia, Canada also contained lysogenic 

cyanobacteria (Ortmann et al. 2002).  

I speculate that cultures of cyanobacteria may have a higher proportion of lysogeny than 

natural blooms. For instance, the filament or cell selected for isolation may already be 

lysogenic, especially if lysogens were easier to grow due to lysogenic conversion 

advantages (Brüssow et al., 2004). Alternatively, if temperate cyanophages are present 

in the initial sample and infect a cell during the early isolation period, lysogens may 

replicate in a low proportion in the culture. Then the whole culture could gradually or 

suddenly become lysogenic, particularly if nutrient limitation or pH increases (i.e. due 

to high abundance of cells) and induces lysogens to producing viruses which infect the 

whole culture.  

Amongst freshwater colonial cyanobacteria, only a few cultures have been found to be 

lysogenic; Plectonema boryanum, Anabaenopsis (Padan and Shilo 1973), Anabaena 

variablis, Nostoc (Padhy and Singh 1978; Khudyakov and Wolk 1996) and M. 

aeruginosa (Sedmak et al. 2009). Dillon and Parry (2008) found that 84% of the smaller 

picoplankton freshwater Synechococcus strains they tested were lysogenic. In marine 

cyanobacteria, temperate cyanophages have been discovered for Phormidium 

persicinum (Ohki and Fujita 1996), strains of Trichodesmium may potentially be 

lysogenic (Ohki 1999; Hewson et al. 2004), and lysogeny was induced in 11 of 24 

Synechococcus isolates (McDaniel et al. 2006).  

I found a high proportion of strains of the species C. raciborskii to be lysogenic (4 of 7 

strains), evidence that lysogeny is not ubiquitous for a species, nor is it a certain 

outcome of isolation or culture maintenance. With both lysogenic and non-lysogenic 

forms of a species existing, it may also be possible that some intrastrain variation in 

cyanobacterial species is caused by lysogenic conversion due to genes provided by the 

integrated prophage.  

Viral infection burst sizes of the cultured lysogenic species were on average 33 (when 

excluding the one high burst size estimate of 847 for C. raciborskii strain AWT-205), 
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which is in the range of published burst size estimates for freshwater cyanobacteria. For 

lytic viruses, burst sizes of 28 (Tucker and Pollard 2005) and 50 to 120 (Yoshida et al. 

2006) are reported for M. aeruginosa, and Gao and colleagues (2009) estimated burst 

sizes of 340 cyanophages per cell for the freshwater filamentous Chinese cyanobacteria 

Planktothrix agardhii.  

Scientists researching cyanobacteria blooms should be aware of the implications of a 

lysogenic population. As evident from reviews of cyanobacteria blooms in response to 

climate change, such as by Paerl and Paul (2012), experiments on cyanobacteria in 

culture are used as a tool to predict the response of cyanobacteria in nature to 

environmental changes (such as a rise in temperature, a decrease in pH, an increase in 

CO2 or UV). However, lysogenic cells may be induced to produce phages and lyse by a 

range of naturally occurring (or human induced) factors: high temperatures or UV (Paul 

2008), possibly phosphate enrichment (McDaniel and Paul 2005), peptides produced by 

cyanobacteria (Sedmak et al. 2008; Sedmak et al. 2009), heavy metals (Lee et al. 2006), 

or other unknown factors. Also, the physiology of lysogenic cells may be altered by the 

prophage DNA expression (Canchaya et al. 2004) and the growth response of a 

lysogenic cell in culture may differ extremely from a non-lysogenic cell in the wild, or 

vice versa.  

I do need to point out that in this study I have used mitomycin C to induce lysogens, 

while it is known from genomic analysis that some stable lysogens are not inducible 

with mitomycin C, probably due to the prophages being inactivated or decaying 

(Brüssow et al. 2004). Therefore, my conclusion that some cultivated and natural 

cyanobacteria were not lysogenic may be due to them not being inducible with 

mitomycin C. However, mitomycin C remains the most effective known method for 

inducing lysogeny (Paul and Weinbauer 2010), and will therefore reveal inducible 

lysogens in natural water and cultures of cyanobacterial populations. 

In summary, this study showed that many of the harmful blooming species of 

cyanobacteria can contain temperate phages, both in the wild and in cultures. In the 

cultures I tested, there was a higher proportion of lysogeny than in the wild, and this 

may be due to the procedures of culture isolation and maintenance causing lysogenic 

infections in cyanobacteria. In the wild these infections may play a significant role in 

bloom dynamics, either terminating blooms due to mass induction of the lysogenic 

cyanobacteria in response to environmental stimuli, or forming blooms due to enhanced 
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fitness conferred by genes supplied by an integrated prophage. In the laboratory, 

lysogenic cultures may spontaneously lyse, be immune to phage infection in 

experiments, or differ in unknown ways to non-lysogenic cyanobacteria. Further 

investigation of the extent of lysogeny in these species in the wild is needed, and 

researchers need to be aware that their cultures may contain integrated phages.  
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Chapter 5. First description of a virus infecting the invasive 

filamentous cyanobacterium Cylindrospermopsis raciborskii 

in the Netherlands 

 

5.1 Abstract 

Cylindrospermopsis raciborskii is a bloom forming and potentially toxic invasive 

species that has only recently been found in the Netherlands. A lytic virus that infects a 

European strain of the freshwater filamentous cyanobacterium C. raciborskii was 

isolated from a lake in the Netherlands, brought into culture and characterised. 

Transmission electron microscopy (TEM) analysis of the dsDNA virus, CrV, revealed 

that it belongs to the Siphoviridae family, with an icosahedral capsid around 60 nm 

wide, and a long non-contractile tail with a length of around 600 nm. In TEM 

micrographs of ultrathin sections of infected cells I counted up to 269 viral capsids. 

PFGE analysis revealed that the virus had a genome size of approximately 120 kbp. The 

virus was resilient, surviving treatment at temperatures ranging from -196oC to 40oC. 

The cyanophage has a lytic latent period of 20-24 h, and is highly host specific, not 

infecting other filamentous cyanobacteria species isolated from the same lake, nor four 

strains of C. raciborskii from Australia. The discovery of CrV infecting this species has 

potentially important implications for predicting the bloom dynamics and spread of this 

invasive cyanobacterium across Europe. 

 

5.2 Introduction 

Cylindrospermopsis raciborskii is a potentially toxic, invasive cyanobacterial species 

which has the potential to outcompete native phytoplankton species and dominate the 

community, due to its wide temperature tolerance and the ability to fix atmospheric 

nitrogen. While it is classified as a tropical to subtropical species, in recent years the 

occurrence of the species in new areas has increased (Briand et al. 2004) particularly in 

temperate regions where it has never before been seen, i.e.: Europe, New Zealand, Japan 

and Canada (Wood and Stirling 2003; Hamilton et al. 2005; Wiedner et al. 2007; 

Zarenezhad et al. 2012). In the Netherlands, C. raciborskii was first observed in 2001 

(Mooij et al. 2005). The spread of C. raciborskii is likely related to increased 

temperatures due to climate change (Sinha et al. 2012).  
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In freshwaters, viruses have been discovered which lyse cyanobacterial species, and 

they may therefore be a cause of the termination of blooms. For example, sudden 

decreases in the colonial species Microcystis aeruginosa in a Japanese pond may have 

been due to viral lysis, as the abundance of its infective cyanophage increased 

concurrently (Manage et al. 1999; Manage et al. 2001). Cyanophages of M. aeruginosa 

also appear to have terminated blooms of the cyanobacteria in early spring and late 

summer when they were negatively correlated with the abundance of the host in a 

Japanese lake (Yoshida et al. 2008a). Cultures of M. aeruginosa isolated from a 

reservoir in Australia were lysed within six days by the addition of viral samples from 

the same lake, and the cyanophage Ma-LBP was subsequently isolated (Tucker and 

Pollard 2005). A lytic cyanophage of Arthrospira platensis (Spirulina), isolated from 

samples of lysed cultures grown for commercial harvesting, may have caused the 

sudden collapse of the cultures (Jacquet et al. 2012). Microcosms of Anabaena flos-

aquae were lysed within three days of the addition of its isolated cyanophage (Wu et al. 

2009), and viruses collected from lakes in the Netherlands and added back to whole lake 

water incubations were also shown to lyse a high proportion of filamentous 

cyanobacteria (Tijdens et al. 2008a). C. raciborskii has also been shown to be sensitive 

to viral infection. In 1967 plaque assays first suggested the presence of a virus infecting 

C. raciborskii (then known as Anabaenopsis raciborskii), and recently a virus was 

shown to infect and kill an Australian strain of C. raciborskii (Pollard and Young 2010). 

To our knowledge, no viruses infecting C. raciborskii have been brought into culture 

and characterised yet. 

Viruses infecting and lysing the harmful algal bloom species C. raciborskii may provide 

a natural control on the species growth, reducing its invasion and spread to new areas, 

and terminate blooms. On the other hand, a virus of the species may assist in the spread 

of C. raciborskii, as viral infection and lysis was shown to fragment colonies of the 

filamentous species allowing it to spread more easily (Pollard and Young 2010). 

Furthermore, if climatic or physicochemical conditions change and affect the infectivity 

of viruses, the natural control on the species may be lost and the species may bloom and 

spread. Viruses can be inactivated by high temperatures (Garza and Suttle, 1998), solar 

radiation (Noble and Fuhrman, 1997; Suttle and Chen, 1992), adsorption to particles 

(Mari et al., 2007), or consumption by heterotrophic nanoflagellates (Manage et al., 

2002). By understanding the nature of the cyanophages and their relationship with their 

cyanobacterial host, we can more accurately predict the growth and spread of these 
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invasive species. As an essential first step, I isolated, brought into culture and largely 

characterised a lytic cyanophage for the species C. raciborskii. 

 

5.3 Materials and methods 

5.3.1 Isolation and culturing 

Water for Cylindrospermopsis raciborskii and cyanophage isolation was collected from 

the Reeuwijkse Lakes in the Netherlands in October 2010 and August 2012 respectively 

(Fig. 5.1). The complex of 12 adjoining and linked lakes has a total surface area of 700 

ha and an average depth of 2 m, with a maximum depth of 7 m (Wijmans and Beekman 

2003). Water samples (500 ml) were collected from the shore at a depth of 0.3 m below 

the surface. The samples were transported unpreserved to the laboratory, cooled to the 

ambient water temperature of 15oC and kept in darkness. 

 

 

Figure 5.1. Map of Reeuwijkse Lakes, the Netherlands, showing the sampling site 
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The C. raciborskii trichome (filament) was isolated from the water sample collected in 

October 2010 by concentrating the sample with a 20 µm mesh sieve to remove smaller 

phytoplankton species. The filament was observed in the sample with an inverted 

microscope (2010 - Leica DMI 4000B, Wetzlar, Germany, 2012 - Zeiss Axiovert 200, 

Jena, Germany). The filament was selected and isolated using a micropipette method, 

whereby a glass Pasteur pipette with a tip stretched thin over a flame was used to suck 

up the filament and wash it in serial drops of CHU-10 medium (Stein 1973). The 

isolated filament was placed in a well of a 96 well plate (Cellstar, Greiner Bio-One, 

GmbH, Frickenhausen, Germany) in CHU-10 media (Bolch and Blackburn 1996), and 

kept at 22oC at 16:8 h light:dark at 140 μmol quanta m-2 s-1 light intensity. When 

multiplication of filaments was observed the culture was transferred to 50 ml 

polystyrene cell culture flasks (TPP, Trasadingen, Switzerland) and sub-cultured (5% 

w/v) 2-3 weekly. Two other species of cyanobacteria used in this study: Aphanizomenon 

skujae and Anabaenopsis cunningtonii, and another strain of C. raciborskii, were 

isolated from the same lake in August 2012. 

Samples for cyanophage isolation were collected in August 2012. A 200 ml sample was 

pre-filtered through 20 µm mesh to remove plankton, then the filtrate was filtered 

through a 0.45 µm cellulose acetate sterile syringe filter unit and this filtrate through a 

0.2 µm cellulose acetate sterile syringe filter unit (both filters were purchased from 

Whatman, Maidstone, UK). The 200 ml of filtrate was then concentrated using an 30 

kDa Amicon Ultra-15 centrifugal filter (Millipore, Darmstadt, Germany), whereby the 

retentate was collected and 1% v/v was added to exponentially growing cultures of C. 

raciborskii (strain 2010). The culture lysed (cleared) within five days and the lysate was 

collected, 0.2 µm filtered again, and added to a new exponentially growing host culture. 

Freshly prepared and 0.02 µm filtered (Anotop™ syringe units, Whatman, Maidstone, 

UK) lysate did not lyse exponential growing C. raciborskii cultures, implying the lysing 

agent was viral. Autoclaved lysate also did not result in lysis of the cyanobacterial host. 

An end-point dilution procedure was then performed to obtain a clonal cyanophage 

isolate (Middelboe et al. 2010) using 10-fold serial dilutions (12 levels) in 96 well 

multiwell plates (Cellstar, Greiner Bio-One, GmbH, Frickenhausen, Germany). The 

lysate from clear wells with the highest dilution was collected, 0.2 µm filtered and 

added again to a new serial dilution in a well plate with host culture, a process which 

was repeated three times to ensure a clonal cyanophage isolate. Finally, the lysate from 
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the most diluted lysed well was selected for further characterisation. The cyanophage, 

CrV, is now part of the viral collection of the Royal Netherlands Institute for Sea 

Research (NIOZ), propagated on fresh host cultures at one to two weekly intervals.  

A one-step cyanophage growth cycle was determined for the lytic viral isolate. 

Triplicate cultures of exponentially growing C. raciborskii 6.0x10-6 cells mL-1) received 

1.5% v/v freshly prepared 0.2 µm pre-filtered (sterile cellulose acetate syringe filter 

units; Whatman, Maidstone, UK) viral lysate which resulted in a cyanophage to 

cyanobacterial host cell ratio of approximately 500. The cultures were infected six hours 

after the beginning of the light period. The non-infected control cultures received equal 

volumes of medium. As progeny cyanophages were not released before 16 h post 

infection (p.i.) during preliminary growth curves, sampling for host and cyanophage 

counts was performed after this point. 

 

5.3.2 Host and viral abundances 

Cyanobacterial cells and filaments were counted using a Fuchs-Rosenthal 

Haemocytometer counting chamber (Hausser Scientific, PA, US), at x100 magnification 

bright field using an epifluorescent microscope (Zeiss Axioplan2, Jena, Germany). Cell 

abundance was estimated by measuring the length of each filament and dividing the 

length of the filament by the average cell lengths, which was determined by measuring 

120 cells in both virally infected and control cultures. In the virally infected culture cells 

were 30% longer (average 9.2 µm) than in the control culture (average 6.3 µm), just 

before lysis. At least 200 cells were counted in a minimum of ten fields, or where all 

cells were lysed, the whole chamber area was scanned for cells.  

Viruses were enumerated from 0.5% final concentration glutaraldehyde (EM-grade, 

Sigma-Aldrich) fixed and flash-frozen samples using a bench-top Becton Dickinson 

FACSCalibur flow cytometer (FCM) equipped with a 488 nm argon laser, according to 

Brussaard et al. (2010). Thawed samples were diluted with TE buffer (10 mM Tris-HCl 

and 1 mM EDTA, pH 8) and stained with the green fluorescent nucleic acid-specific 

dye SYBR Green I (Molecular Probes®, Invitrogen Inc., Life Technologies™, NY, 

USA) at a final dilution of 0.5 x10−4 of the commercial stock, in darkness in a water 

bath at 80oC for 10 min. Viruses were discriminated based on their fluorescent signature 

in bivariate scatter plots of green fluorescence versus side scatter (Brussaard 2004). The 
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cluster absent from the non-infected control cultures, was identified as the putative CrV 

cyanophage and was similar to cyanophages infecting another filamentous freshwater 

species, Arthrospira platensis (Jacquet et al. 2012) and a single celled marine 

Synechococcus sp. (Brussaard 2004). 

 

5.3.3 Virus visualisation 

Samples of virally infected and non-infected cyanobacteria were examined at x 1000 

magnification using an epifluorescent microscope (Zeiss Axioplan2, Jena, Germany). A 

40 µL unpreserved sample was stained with SYBR Gold (Molecular Probes®, Invitrogen 

Inc., Life Technologies™, NY, USA) (final concentration 5.0 x 10-4 of commercial 

stock) for 15 min in darkness (Patel et al. 2007), after which it was filtered through a 

0.02 μm pore-size Anodisc aluminium oxide filter (13 mm diameter; Whatman, 

Maidstone, UK) (Budinoff et al. 2011). Filters were examined using the UV light with a 

blue filter (excitation <490/emission >515 nm), and were photographed using an 

Axiocam camera with Axiovision acquisition software. To confirm the viruses 

contained dsDNA, counts were also made of lysate stained with the dsDNA-specific 

dye (4′,6-diamidino-2-phenylindole (DAPI; Invitrogen Inc., Life Technologies™, NY, 

USA) and compared with SYBR Gold counts. Viral samples were stained with 1 µg ml-

1 final concentration of DAPI for 30 min after which it was filtered through a black 0.2 

µm polycarbonate filter (25 mm diameter; Whatman, Maidstone, UK). 

The presence of cyanophages within cyanobacterial host cells was confirmed with 

transmission electron microscopy (TEM). Infected cells were collected and pelleted 

using low speed centrifugation (3000 g, 10 min, using A-4-62 swing-out rotor in 5810R 

centrifuge, Eppendorf). The cell pellet was resuspended in TE buffer, transferred to 2 ml 

microcentrifuge tubes (Eppendorf) and fixed with 4% final concentration 

glutaraldehyde (EM grade, Sigma-Aldrich) for 1 h at room temperature, postfixed in 1% 

OsO4 in 0.1 M Cacodylate buffer for 1 h at 4°C, dehydrated in a graded ethanol series, 

and embedded in epon. Ultrathin sections (100 nm) were poststained with uranyl acetate 

and lead citrate and viewed with a Tecnai 12 electron microscope (FEI) at 120 kV, 

equipped with a 4K Eagle CCD Camera (FEI). 
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5.3.4 Host range and thermostability 

The host specificity of the cyanophage was tested using another strain of C. raciborskii 

isolated from the same lake and four strains of C. raciborskii isolated in Australia 

(CSIRO, strains CS-505, CS-506, CS-509, CS-510); other cyanobacteria species, 

including two different filamentous species from the same lake (A. skujae and A. 

cunningtonii); and a filamentous marine cyanobacterial species (Geitlerinema sp.) 

isolated from an intertidal benthic microbial mat in Denmark. Freshly produced 0.2 µm 

filtered viral lysate (syringe filter units, Whatman, Maidstone, UK) was added to 

exponentially growing algal cultures at a ratio of 10% v/v lysate to culture, in a 24 well 

plate using three replicate wells and three controls per species, and kept at the culture 

conditions described above. The wells were monitored for host cell lysis for two weeks 

using an inverted microscope (Zeiss Axiovert 200, Jena, Germany) to view wells. 

Cultures that did not lyse were considered resistant to the cyanophage CrV.  

The sensitivity of CrV to heat and freezing treatments was tested, with fresh viral lysate 

treated for over 1 h at 40oC, 4oC, -20oC, -80oC and -196oC (liquid nitrogen), and 

autoclaved for 15 mins at 121oC, as per Brussaard et al. (2004). CrV lysate was added 

to 24 well multiwell plates (Cellstar, Greiner Bio-One, GmbH, Frickenhausen, 

Germany) of the C. raciborskii culture at a ratio of 10% v/v. Three control and 

cyanophage-treated replicates were used. Cultures were checked daily for host cell lysis 

for up to two weeks using an inverted microscope as described above. 

 

5.3.5 Viral genome size and primer tests 

To estimate the genome size of CrV, lysate was 0.2 µm filtered (syringe cellulose 

acetate filter units, Whatman, Maidstone, UK)), followed by concentration using 30 

kDa cut-off Amicon Ultra-15 centrifugal filter units (Millipore, Darmstadt, Germany). 

Agarose plugs were prepared for pulsed field gel electrophoresis (PFGE) according to 

Baudoux and Brussaard (2005). Equal volumes (50 µL) of retentate and molten 1.5% 

(w/v) agarose (InCert, Cambrex Bioscience, Rockland, ME, USA) were dispensed into 

plug moulds (BIO-RAD, article number: 70-3713, Richmond, CA, USA) and left to 

solidify for 3 min at -20oC. The plugs were incubated overnight at 30oC while placed in 

microtubes containing 800 µL of lysis buffer (250 mM EDTA, 1% SDS (v/v), 1 mg ml-1 

proteinase K, all from Sigma-Aldrich, the Netherlands). After decanting and washing 

the plugs for 30 min in TE 10:1 buffer (10 mM Tris–Base, 1 mM EDTA, pH 8.0), they 
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were stored at 4oC in TE 20:50 (20 mM Tris, 50 mM EDTA, pH 8.0) until analysis. The 

viral plugs and Lambda concatamer marker plugs (Bio-Rad, Richmond, CA, USA) were 

loaded onto a 1% SeaKem GTG agarose gel (Cambrex Bioscience, Rockland, ME, 

USA) prepared in 1 x TBE gel buffer (90 mM Tris–Borate and 1 mM EDTA, pH 8.0). 

Wells of the gel were overlaid with 1% molten agarose, after which the samples were 

electrophoresed in 0.5xTBE tank buffer (45 mM Tris–Borate and 0.5 mM EDTA, pH 

8.0) using a Bio-Rad DR-II CHEF Cell unit (Bio-Rad, Richmond, CA, USA) operating 

at 6 V/cm with pulse ramps of 20 to 45 s at 14oC for 22 h. The gel was stained for 1 h 

with SYBR Green I (1 x 104 of commercial solution) (Molecular Probes®, Invitrogen 

Inc., Life Technologies™, NY, USA), destained for 10 min in autoclaved milliQ water, 

and digitally analysed for fluorescing bands using a FluorS (Bio-Rad, Richmond, CA, 

USA). 

To further characterize the CrV genome, viral DNA was extracted from concentrated 

viral lysate using the MoBio PowerWater® DNA Isolation Kit (MoBio Laboratories, 

Inc., CA, USA) and CSP1 and CSP8 cyanophage primers were used to target the g20 

gene encoding the viral capsid structure of cyanomyovirus of the marine Synechococcus 

(Zhong et al. 2002), and CAP and CAP2 cyanophage primers were used to target the 

g23 gene encoding the capsid of myoviruses and siphoviruses of the marine filamentous 

cyanobacterium Nodularia sp. (Jenkins and Hayes 2006). Each PCR mixture contained: 

5 µL Qiagen PCR Buffer (contains 15mM MgCl2), 5 µL DNTP’s (Eurogentec, 2.5 

mM), 0.20 µL of each primer (50 mM), 1 µL BSA (20 mg ml-1), 10 µL Q-solution 

(enhancer belonging to the Qiagen taq kit), 0.2 µL Qiagen Taq (5 units µL-1), 23.4 µL 

PCR H2O, 5 µL DNA template. After an initial denaturation step at 94oC for 4 min, the 

PCR programmes followed 40 cycles at 94oC for 30 s, annealing at 42oC for 30 s, 

extension at 72oC for 60 s and a final extension step at 72oC for 420 s. For a positive 

control virus M3 of Synechococcus DC2 was used.  

 

5.4 Results 

The virally infected cultures of C. raciborskii lysed quickly after 28 h p.i. (Fig. 5.2A). 

At about the same time, the average number of cells per filament dropped, due to 

breaking up of the filaments (Fig. 5.2B). The latent period for CrV was 20-24 h (Fig. 

5.2C). Using epifluorescence microscopy, it became clear that the host cells in the 

filaments were individually infected and that regularly the filament would break upon 
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lysis of the cell (Fig. 5.3). I also observed filaments with only the heterocysts remaining 

and all other cells lysed leaving only ‘ghost’ cells. Predominantly, one type of virus 

with long non-contractile tails (average length of around 600 nm), and icosahedral 

capsids with diameters of around 60 nm, was observed in the negatively stained lysate 

visualised using TEM (Fig. 5.4). In TEM thin-sections of virally infected C. raciborskii 

cells virus-like particles (also 60 nm diameters) with icosahedral capsids were observed 

in the cytoplasm of the host cell, while no viral particles were present in non-infected 

cells from the control culture. On average 139 ± 29 virus-like particles per thin-

sectioned cell image were recorded. 

  The host range tests showed that CrV had a restricted host range as none of the 

tested strains and species (Aphanizomenon skujae, Anabaenopsis cunningtonii, 

Geitlerinema sp.) lysed upon addition of the viral lysate, including another strain of C. 

raciborskii that was isolated from the same lake, and at the same time, as the virus was 

isolated. The cyanophages remained infective at all temperatures tested (40oC, 4oC, -

20oC, -80oC and -196oC), but, as expected, lost their infectivity upon autoclaving and 

after filtration through 0.02 µm pore-size Anotop syringe filters. The dsDNA CrV had a 

genome size of approximately 120 kbp (Fig. 5.5). PFGE also showed a faint band of 

about 35 kbp (data not shown), indicative of bacteriophages from the contaminating 

heterotrophic bacteria. I attempted to separate the cyanophages from the contaminating 

bacteriophages using Optiprep density gradients according to Lawrence and Steward 

(2010) but this failed as both the two adjacent bands contained CrV viruses. As 

expected for the cyanosiphophage CrV, the viral lysate DNA extract did not amplify 

with the CSP1-CSP8 primers used to target the g20 gene encoding the capsid structure 

of marine Synechococcus cyanomyovirus primers. The CAP1 and CAP2 primers used 

to target the g23 gene encoding the capsid of myoviruses as well as siphoviruses of a 

brackish Nodularia species, however, also did not result in a positive amplification. 
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Figure 5.2. a. cell abundance, b. the number of cells in the filaments, and c. viral 

abundance, in the Cylindrospermopsis raciborskii culture without (control, open circles) 

and with (virus, closed squares) addition for a period of 56 h post infection. 
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Figure 5.3. Visualisation of the Cylindrospermopsis raciborskii filaments stained with 

SYBR Gold using epifluorescence microscopy in (A) non-infected control culture, (B-C) 

virally infected cultures. Panel (B) shows cells in a filament that has just lysed, leaving 

only the heterocyst. Panel (C) shows an infected filament with empty lysed ‘ghost’ cells 

(indicated by the arrow).
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Figure 5.4. Transmission electron micrographs of the virally infected Cylindrospermopsis 

raciborskii cells. a. thin sections of healthy colony and cells in the control culture with no 

viral infection, b. transverse thin section of a healthy cell in the control culture, c, d, e. thin 

sections of virally infected cells with viral particles with icosahedral capsids within, with 

free viral particles from lysis of another cell outside the cell, f. thin section of a recently 

burst cell with only a cloud of viral particles remaining, surrounded by the remnants of a 

lysed cell wall, g, h. negatively stained viral particles showing an icosahedral capsid and a 

long non-contractile tail.
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Figure 5.5. Pulsed field gel electrophoresis (PFGE) visualisations. a. Lane 1: 5 kb ladder, 

lane 2 and 3: viral lysate, the dark band which doesn’t reach the ladder is the cyanophage, 

the smaller band (approximately 35 kb) are bacteriophages as the cyanobacterial cultures 

were not axenic. b. Lane 1 and 2: Lambda ladder, lane 3 and 4: viral lysate, the 

cyanophage is approximately 120 kb. 
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5.5 Discussion 

I present the initial characteristics of a novel lytic dsDNA cyanophage, CrV, infecting 

the filamentous freshwater cyanobacteria species Cylindrospermopsis raciborskii, 

invasive to Dutch lakes. With its long, non-contractile tail, CrV appears to belong to the 

family Siphoviridae. The approximately 120 kbp genome size of CrV falls within the 

range of published freshwater cyanosiphophages, such as the freshwater Ma-LMM01 of 

Microcystis aeruginosa (162 kbp) (Yoshida et al. 2008b), and the tail-less PaV-LD of 

Planktothrix agardhii (95.3 kbp) (Gao et al. 2009). The tails of the cyanophage were not 

seen in the thin section of cells, but this is not to be expected unless the slice through the 

embedded pellet contained a longitudinal section of a cyanophage. CrV showed a highly 

species- and strain-specific host range, similar to other freshwater cyanophages 

infecting filamentous cyanobacteria such as siphoviruses isolated from the freshwater 

cyanobacteria Anabaena lemmermannii and Anabaena solitaria (Deng and Hayes 

2008). As Australian strains of C. raciborskii have been found to be lysogenic (Chapter 

4, this thesis) I tested lysogeny using mitomycin C to induce prophage, and found a 4% 

increase in potential CrV viruses with a concurrent complete lysis of the host population 

(data not shown). However, I cannot exclude the possibility that potentially lysogenic 

heterotrophic bacteria in the cultures were also induced. If the induced prophage is CrV, 

its ability to form a lysogen may provide a means of survival for the virus during 

conditions of low host production. 

I observed ghost cells in filaments while other cells were whole and also found that the 

size of filaments in the infected cultures reduced over time. The breaking of the 

filaments upon lysis of cells within the filaments has been proposed as a process which 

enhances the dispersal rate of the host species (Pollard and Young 2010), which will 

increase the ability of the cyanobacteria to spread to new areas. It is likely that the 

cyanophage plays an ecologically relevant role in the population dynamics of this 

potentially toxic species in the lake system. The abundance of C. raciborskii was very 

low during discovery and isolation, and found within blooms of Aphanizomenon skujae 

in autumn of both 2010 and 2012. 

In recent decades C. raciborskii has been reported in more temperate climates, which is 

most likely a result of the species outcompeting native species due to increases in 

eutrophication from pollution and temperatures due to climate change (Sinha et al. 

2012). In particular, C. raciborskii is able to use very low concentrations of phosphorus 
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and bioaccumulate the nutrient, and use specialised heterocysts for nitrogen fixation, 

and therefore has a competitive growth advantage over other phytoplankton. 

Furthermore, specialised dormant resting cells, akinetes, allow the species to survive 

low temperatures, and germinate when the bottom temperatures are warm enough. 

However, blooms of this species have never been reported in the Netherlands, even 

though temperatures in summer and eutrophication levels are high enough to cause a 

bloom. It may be that the presence of this lytic virus has prevented the species from 

dominating in this lake, and possibly in other lakes in this region, by infecting and 

killing the host at the beginning of a bloom event (in a “killing the winner” event 

whereby, when the host starts to excel, the viral activity is also enhanced in kind 

(Thingstad and Lignell 1997)). In other regions of the world where C. raciborskii 

blooms are a problem, resistance to the virus may have developed in the species. One 

possible cause of resistance is a lysogenic host: a host infected with a prophage. I have 

previously shown that there are both lysogenic and non-lysogenic forms of C. 

raciborskii in Australian cultures, where this toxic species is one of the most prevalent 

bloom species of harmful cyanobacteria (McGregor and Fabbro 2000). If this European 

strain of C. raciborskii should become lysogenic, and thus resist lytic infections, blooms 

of the species may also regularly occur in Europe. Therefore, this virus should be 

further investigated for its potential to form lysogens.    

In the future, temperatures and precipitation are predicted to increase in the Netherlands, 

with consequences for the shallow lake communities typical of the country including 

increased precipitation supplying phosphorus to water bodies, and increased nitrogen 

losses (Mooij et al. 2005). With the ability of C. raciborskii to use and store phosphorus 

highly efficiently, to fix nitrogen, and its high temperature tolerance (Sinha et al. 2012), 

the species could easily outcompete native species. Further examination of the effects of 

environmental factors (e.g. temperature, light and nutrients) on viral infection of C. 

raciborskii, will allow insights into the role of viral control on the population dynamics 

of this invasive species. This will enhance our ability to predict the spread of the 

unwanted and potentially toxic cyanobacterium in the context of predicted future 

climatic disruptions and temperature increases.  
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Chapter 6. Conclusions and future research 

 

In this thesis I investigated viral interactions with cyanobacterial populations in 

freshwaters, particularly focusing on artificial lakes. After a comprehensive review of 

the literature, viral field studies were combined with laboratory experiments to gain the 

best insight into freshwater viral ecology. 

In a comprehensive review of freshwater viral literature, I evaluated past research to 

understand the functioning of viruses of freshwater aquatic species. Studies of viruses in 

at least 224 freshwater sites worldwide showed that viral abundance was closely 

positively linked to the abundance of the host community. Viral abundances were 

highest in tropical systems and lowest in polar systems, and higher in eutrophic than in 

oligotrophic systems. Freshwater viruses and their host species have been studied and 

sequenced, revealing complicated interactions such as: the development of resistance in 

response to infections, forming symbiotic relationships, and sharing genes involved in 

growth. Many types of water body and regions of the world were under-represented, 

especially wetlands and rivers, and tropical regions where viral decay and diversity 

seem to be higher than average.  

The investigation into the distribution of aquatic viruses and their hosts in a reservoir 

system in subtropical Australia, and the interactions between viruses and their 

cyanobacterial hosts, provides new insight into the dynamics of harmful cyanobacterial 

species in freshwaters. Viral abundance was found to be very high in the reservoirs of 

Brisbane, and closely correlated with the total abundance of the hosts, and the viruses 

may negatively influence populations of individual cyanobacterial host species. I have 

found that cyanophages commonly form lysogenic infections with cyanobacteria in 

cultures. This type of infection may alter the physiology of host species when viral 

genes are expressed, and consequently cyanobacterial populations in the environment 

may not grow as predicted. The finding of a lytic cyanophage in the Netherlands that 

can effectively lyse Cylindrospermopsis raciborskii, opens the way to future work such 

as sequencing the virus to develop primers to measure its distribution in water bodies 

and to examine gene transfer between the virus and host, experiments to determine the 

rate of infection in different environmental conditions, and investigation of the potential 

of the virus as a biocontrol of the species. 
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In the study of the reservoir system cyanobacteria was the most dominant type of 

phytoplankton, at a minimum of 74% of the total abundance. I found the highest viral 

abundances at inflow sites, alongside the maximum abundances of heterotrophic 

bacteria. I did not find any variables related to inputs from the catchments (measures of 

indicators of human pathogens, rainfall, suspended sediments or turbidity) correlating 

with measures of viral abundance.  

While cyanobacterial cells were more often than not at bloom concentrations, no one 

single species was in bloom in the reservoirs. While more research is needed to test the 

direct impact of viruses on host populations, viral control could conceivably prevent the 

dominance of a single species and influence the cyanobacterial community structure.  

Viral abundance was positively correlated with bacteria, three genera or species of 

cyanobacteria, and two genera or species of eukaryotic algae, which may be hosts to 

viruses. Viral abundance was negatively related to two of the cyanobacteria genera, 

Microcystis sp. and Aphanocapsa sp., and the xanthophyte Centritractus sp., therefore, 

it may be worth experimentally investigating if viruses can control populations of these 

species. Also, it would be of value to conduct studies of viral distribution in the 

reservoirs that define the potential temporal and spatial variation in the samples. For 

example, sampling hourly over a weekly period, and daily for a month, taking multiple 

samples within a 3m radius, and within a hundred metres. And, ideally, metagenomics 

studies would be undertaken to shed light on the genetic composition of the viral 

community in the reservoirs. 

In no other study have viral abundances been compared with individual cyanobacteria 

or eukaryotic algal genera or species in a freshwater body, therefore, there has been 

little evidence that viral infection suppresses host populations in freshwaters. In 

previous studies generally only measures of total chlorophyll a or total phytoplankton 

were compared with viral abundance and found to have either no relationship or 

positive relationships. Multivariate analysis showed that the spatial and temporal 

distribution of the microbial community (bacteria and phytoplankton) abundances were 

only weakly explained by measures of resources and viral abundance combined (30.3% 

in total), suggesting this community is more influenced by grazing by heterotrophic 

nanoflagellates, ciliates and zooplankton, or other unknown factors, which were not 

included in this study.  
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In the study of 15 reservoirs in the south east Queensland region, six had cyanobacteria 

populations at bloom levels, and in two of these blooms I detected lysogenic viral 

infections. In Lake Baroon the lysogenic bloom was composed of two species: 

Anabaena circinalis and Aphanizomenon ovalisporium, and either or both species may 

have been lysogenic, while in Lake Borumba the bloom was only of one species: A. 

ovalisporum. In laboratory cultures both species were lysogenic, along with three other 

species, a total of five of eight cyanobacterial species tested. The finding of lysogeny in 

cyanobacterial blooms in freshwaters has implications for our understanding of bloom 

dynamics. Blooms may develop due to growth enhancement from lysogenic conversion: 

fitness conferred by the expression of viral genes. Or blooms may collapse due to the 

induction en masse of lysogenic cyanobacterial cells in response to environmental 

stimuli. It also raises the prospect of a new form of biocontrol: inducing lysogenic 

infection in order to lyse unwanted harmful blooms, if problems such as the swift 

development of viral resistance could be overcome. This study is the first evidence of 

lysogeny in blooms of harmful cyanobacterial species in freshwaters. There was a 

higher proportion of lysogeny in the laboratory cultures tested, which could be a result 

of lysogenic cells being easier to isolate due to competitive growth advantages, or 

viruses from the samples infecting the cultures early in the isolation. With both 

lysogenic and non-lysogenic strains of C. raciborskii, a possible explanation for some 

intrastrain variation in cyanobacterial species may also be lysogenic conversion.  

In the final study a new lytic cyanophage, CrV, was isolated and brought into culture. 

CrV infects the European strain of C. raciborskii isolated from a lake in the 

Netherlands, and was highly host specific, not infecting two other cyanobacterial 

species isolated from the same lake, nor four strains of C. raciborskii from Australia. 

The virus is a cyanosiphovirus, a type known to form lysogenic infections, and a small 

increase in cyanophages after treatment with mitomycin C to induce lysogeny suggests 

lysogenic cells may be present in a low proportion of the C. raciborskii population. This 

cyanophage may be providing a natural control on this species in the region, as blooms 

have never been reported either from this lake or anywhere in the Netherlands. Indeed, 

only one colony of this strain was found and isolated after many samples had been 

searched for the species, from 14 different lakes throughout the Netherlands. Therefore, 

if cyanophage control is undermined, or resistant strains of C. raciborskii develop, the 

species may form blooms. The potential of CrV to be a biocontrol of the species in lakes 

and water storages in Europe where it does cause a problem is also worthwhile 
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investigating. This cyanophage-host model system can well serve studies investigating 

the influence of changed environmental factors due to anthropogenic activities on 

cyanophage-virus interactions and spread of the invasive C. raciborskii. It would also 

be of value to isolate other viral genotypes which may also infect this strain of C. 

raciborskii from other sites in the same lake or in the same region. 

In conclusion, the research in this thesis provides insight into the complex relationships 

between viruses and cyanobacteria in freshwaters. It is a step forward in our 

understanding of cyanobacterial bloom dynamics, and therefore, the management of 

water bodies for ecosystem health and human use. Cyanophages are clearly capable of 

lysing the invasive and toxic cyanobacterial species that threaten our water supplies, and 

one of these cyanophages, CrV, is now in isolation ready for further investigation. I 

recommend that this cyanophage is sequenced and primers be developed to trace the 

natural abundance of this cyanophage in relation to its host in any water body. 

Furthermore, the sequence of the virus can be compared with that of its fully sequenced 

host, with other sequenced viruses, and with other sequenced hosts, to gain insight into 

the process of gene transfer and co-evolution of the virus and host.  
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