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ABSTRACT 

Diatom contamination is a problem in the early cultivation stages of Saccharina latissima. Macro- 

and microalgae compete for the same abiotic resources, and diatoms may overgrow and 

eliminate seedlings of S. latissima if introduced to the macroalgae cultivation system. 

Germanium dioxide (GeO2), which blocks the cell division in diatoms, has been used as a 

diatom controller in the growth medium in cultivation of macroalgae. However, the chemical is 

very expensive and it has been suggested that the chemical inhibit growth of S. latissima 

seedlings. In the present study, it was desirable to establish a sori disinfection method for large-

scale cultivation systems that eliminate diatoms prior to S. latissima spore release. It was called 

for a purely chemical disinfection method as mechanical removal of contamination is labour-

intensive and costly.  

Five chemicals, including 130 different trials, were tested on diatoms in free suspension. Acetic 

acid, sodium hypochlorite and ethanol eliminated diatom growth independent of concentration, 

exposure time and exposure temperature. Formaldehyde and Lugol’s solution revealed surviving 

diatoms in the weaker treatments. GeO2 eliminated growth of Chaetoceros muelleri and 

Skeletonema costatum, but monocultures of Phaeodactylum tricornutum were found at both 

concentrations (0.1mL L-1 and 0.5mL L-1) eleven days after inoculation. Acetic acid, Lugol’s 

solution and sodium hypochlorite were tested as sori disinfectants, and GeO2 was used as a 

negative control for diatom growth. Acetic acid treatments were lethal to both diatoms and S. 

latissima spores, and GeO2 treatments appeared to have negative influence on fertility and 

growth of young seedlings of S. latissima.  

Disinfection with 600ppm sodium hypochlorite or 2% Lugol’s solution, with an exposure time of 2 

minutes and exposure temperature of 10°C, followed by two rinsing baths of sterile seawater, 

gave total elimination of diatoms. No notable effects on spore release, sporophyte growth or 

early development of young seedling were seen. This implies that disinfection of sori can be 

done safely by use of these treatments, without concern about reduced quality or quantity of 

cultivated seaweeds. Sori disinfection was done on disks cut from ripe sori in a disinfecting bath, 

and no mechanical removal of sori contamination was performed. Sodium hypochlorite was 

suggested as a new sori disinfectant based on an apparently good safety margin between lethal 

doses to diatoms and a harmful dose for S. latissima. The chemical also appears to be a 

widespread disinfectant in aquaculture systems, and can easily be neutralized with thiosulphate.
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1 INTRODUCTION 
 

1.1 Global aquaculture of macroalgae  

 

Aquatic plants accounted for 24% of the global aquaculture production, and more than 40% of 

marine aquaculture (mariculture) in 2010 (FAO, 2010a). The production is highly dominated by 

marine macroalgae, often referred to as seaweeds, cultivated in East and Southeast Asia. (FAO, 

2010b). In Japan and China, cultivation of seaweeds for food consumption has been undertaken 

for several hundred years. Algae were traditionally cultivated extensively in polyculture systems 

by rock cleaning just prior to the growth season of the seaweeds; in that way the spores was 

offered a substrate to settle on (Tseng and Borowitzka, 2003). The first production of Saccharina 

japonica on artificial substrate was performed in 1952, and it has been referred to as the birth of 

scientific aquaculture in China (Tseng, 1993). Since then, China has developed into the 

absolute, dominant producer of seaweeds and was responsible for as much as 62.8% of the 

global production in 2010 (FAO, 2010b). Commercial production has been introduced to Europe 

and North America, but the quantity and scale of production is at an early stage compared to 

Asian systems (Bartsch et al., 2008; Kraan, 2010). 

Global aquaculture, with China in the lead, has grown rapidly since the 1950s, and an annual 

increase of 7.7% since 1970 makes aquaculture today the fastest growing food production 

sector in the world (FAO, 2010b).  Monocultures of high value finfish and crustaceans, produced 

in intensive systems, has increased strongly over the last decades (FAO, 2010c). A potential 

problem of intensive farming is discharges from sea cages, this has been estimated to be 60-

80% of the total nutrient added through feed (Islam, 2005). The aquaculture industries have 

received massive criticism from media and research due to environmental impact including 

eutrophication and unsustainable feed resources (Naylor et al., 2000; Drakeford and Pascoe, 

2008; Diana, 2009). As a consequence of this debate, a new interest for environmental friendly 

aquaculture methods has been born (Chopin et al., 2001; Troell et al., 2003; Neori et al., 2004). 

Integrated multi-tropic aquaculture (IMTA) is suggested as an approach to solve the problem of 

eutrophication. The method involves recycling of nutrients into valuable biomass by cultivating 

species from different tropical levels in the same system (Chopin et al., 2001).  Cultivation of 

inorganic extractive species and organic extractive species in short distance from fish farms is 

believed to reduce the nutrient release to the environment. In the North Atlantic region large-
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scale IMTA systems of Atlantic salmon (external fed), seaweed e.g. Saccharina latissima 

(inorganic extractive) and mussels e.g. Mytilus edulis (organic extractive) have been suggested 

(Chopin et al., 2001; Sanderson et al., 2008; Troell et al., 2009; Reid et al., 2010; MacDonald et 

al., 2011). It is believed that by an ecological approach, the aquaculture production will get 

greater acceptance among stakeholders and media. Meanwhile, production of extractive 

organisms may increase the economical sustainability of fish farms (Neori et al., 2007; Neori, 

2008).   

 

1.2 Macroalgae biomass as raw material for biofuel production  

 

Raw material for production of biofuel has been suggested as a market for large-scale cultivation 

of macroalgae, and S. latissima and Alaria esculenta appears to be very well suited for such 

production (Handå et al., 2009; Kraan, 2010; John et al., 2011; Forbord et al., 2012). Algae have 

been suggested as raw material for energy production as early as in the 1950’s, and during the 

1970’s oil crisis, the concept attracted serious attention (Chen et al., 2009). In light of the CO2 

related climate changes and increasing fuel costs, the search for alternatives to fossil fuel has 

increased and the awareness of biofuel have grown the last decades (Nigam and Singh, 2011). 

Bioethanol produced from sugarcane and corns, together with biodiesel produced from 

rapeseeds, are often referred to as first generations biofuel and are the only commercially 

available biofuels today. Lignocellulos biomass, such as woods and agriculture waste which 

cannot be utilized as human food, has been suggested as a second generation biofuel. 

However, as the demand for biofuel increases, it is not sustainable to use either biomass (as in 

first generation biofuel) or water supplies and arable land (both first and second generation 

biofuel) in production of fuel (Kraan, 2010; Nigam and Singh, 2011). Seaweed is regarded an 

interesting source for biofuel production due to the fact that the plants grows two to three times 

faster than sugarcane (Handå et al., 2009), and approximately 60% of the dry weight of 

macroalgae is carbohydrates that can be fermented into bioethanol, yielding close to 0.3 litre of  

ethanol per kilo dry weight biomass. High content of carbohydrates and biomass yield, together 

with absent need for land areas, make marine macroalgae promising as biomass for biofuels 

production (Handå et al., 2009; Kraan, 2010; Nigam and Singh, 2011). 

Natural populations of seaweed are not able to supply the biomass needed for large-scale 

production of biofuel, and large-scale cultivation systems needs to be developed. An area of 
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700km2 for cultivation of S. latissima has been suggested necessary to cover 5% of the 

Norwegian annual consume of transport fuel (calculations based on fuel consume anno 2006; 

Handå et al., 2009). Large-scale production systems of S. japonica are well established in China 

(Tseng, 1993; Troell et al., 2009) and IMTA systems using S. latisima and A. esculenta  are 

under development in Canada (Ridler et al., 2007; Troell et al., 2009). Yet, several challenges 

like cultivation technology and year around supply of seedlings need to be solved if large-scale 

production of seaweeds shall be a reality in Norway and Europe. In Asia, harvesting are mainly 

done by hand in cultivation systems, but that will not be economical sustainable in Norway due 

to higher labour costs (Handå et al., 2009). Offshore cultivation techniques and infrastructure 

must be developed as aquaculture activities tend to be moved further offshore (McHugh, 2003; 

Buck and Buchholz, 2004; Bartsch et al., 2008). Another bottle-neck in development of large-

scale systems is production of juvenile sporophytes on ropes, via gametophytes cultures 

(Bartsch et al., 2008; Handå et al., 2009; Kraan, 2010). Recent research has shown that year 

around supply of sori can be obtained by manipulation of culture conditions in S. latissima 

hatcheries (Forbord et al., 2012), but diatom contamination may eliminate juvenile S. latissima 

seedlings in such hatcheries (Chapman, 1973; Markham and Hagmeier, 1982; Merrill and 

Gillingham, 1991 ; S. Forbord, SINTEF Fisheries and Aquaculture, pers. com.) 

  

1.3 Biology and cultivation of Saccharina latissima 

 

The life cycle of Laminariaceae, which Saccharina latissima belongs to, is an alteration between 

diploid sporophytes and haploid gametophytes. Macroscopic sporophytes produce spores by 

meiosis in special spore holding cells, called sporangia, on adult sporophytes (Kain, 1979). 

Dense area of sporangia, called sori, are produced naturally from October to December in 

Norwegian waters (Forbord et al., 2012). Sori production can also be artificially triggered by 

meristem removal (Buchholz and Lüning, 1999) and exposure to short day conditions (SD; 8 

hours light day-1) throughout the year (Lüning, 1988; Forbord et al., 2012). The blade meristem 

is believed to produce sporulation inhibiting factors and removal of the lower part of the lamina 

relives the tissue from the inhibiting effect (Pang and Lüning, 2004; Kai et al., 2006).  

Sporangia are produced in the outermost layer of the lamina. Each sporangium produce 32 

spores (Kain, 1979), that are soaked in a polysaccharide mucilage of alginic acid and fucoidan 

(Toth, 1976). Spore release can be induced artificially by osmotic shock and preferably a 



  Introduction 

4 
 

temperature change. Dehydration overnight in a cold environment (˂ 10°C), followed by 

rehydration in cool seawater (~10°C) is a well-established method for artificial spore release 

(Merrill and Gillingham, 1991; Arbona and Molla, 2006; Edwards and Watson, 2011). It is 

suggested that hydration of the mucilaginous polysaccharides increase pressure on the 

sporangial cell walls. Paraphyses, thin hair-like filaments, are present in high numbers around 

the sporangia. The pressure from hydrated polysaccharides and the paraphyses may lead to 

burst of the sporangial tip so that spores are released to the environment (Toth, 1976).   

In large-scale cultivation of Laminariaceae spores are seeded onto ropes (Merrill and 

Gillingham, 1991; Arbona and Molla, 2006). After settlement the spores germinate to 

microscopic, haploid gametophytes which extrude a germination tube and the first cell of the 

gametophyte (“primary cell”) is formed at the end of the tube. Half of the gametophytes develop 

into sperm producing males and half is egg producing females. Male gametophytes soon divide, 

while the primary cell of female gametophytes swells to the size of an oogonium (Kain, 1979; 

Lüning, 1981). Blue light induce female gametophytes to become fertile and egg producing 

(Lüning and Dring, 1972), with strongest response at wavelengths close to 430nm and 450nm 

(Lüning and Dring, 1975). Fertilization can be inhibited by exposure to red light (Lüning and 

Dring, 1972) or high temperatures (Kain, 1979), and under such suboptimal conditions 

gametophytes of both sexes show vegetative growth. S. latissima gametophytes  kept under 

optimal growth conditions produce eggs 8 to 10 days after spore settlement (Lüning and Dring, 

1975), and spermatozoids can be observed shortly after (Lüning, 1981). The spermatozoids are 

released and attached directly to the female gametophyte in response to a pheromone called 

lamoxirene released by the female gamete. Only one sperm cell are needed to fertilize an egg, 

actually, polyspermy is believed to be lethal (Lobban and Harrison, 1994). After fertilization the 

zygote swells spherically, followed by elongation and eventually cell division. Young sporophytes 

perform cell division over the whole area, on equal rate, until the sporophyte is about 1mm. At 

some point beyond this size the base of the lamina becomes multi-layered and cell division 

localized to the meristematic region between stipe and lamina (Kain, 1979). The seeded ropes 

are kept in hatcheries until the sporophytes are approximately 4 weeks old or 1-2 mm in length 

(Merrill and Gillingham, 1991).  

Harvest of the cultivation stock is recommended during late spring, after three to five months in 

the sea and before elevated water temperature and epiphytic growth degenerate the sporophyte 

(Merrill and Gillingham, 1991; Arbona and Molla, 2006; Broch and Slagstad, 2011; Edwards and 

Watson, 2011). S. latissima growth is reduced during summer when the sporophyte store 
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carbohydrates, and stays low through the autumn. From late winter until late spring, the 

sporophytes grow rapidly on stored carbohydrates (Sjøtun, 1993). However, the growth 

performance of seaweeds is dependent on several abiotic factors like light, temperature, 

available nutrients and seasonal interactions among these factors (Bartsch et al., 2008). 

Seasonal variations in S. latissima growth have been simulated by a high resolution model. The 

gross daily production of frond area of S. latissima was estimated to increase from ˂0.1 dm2 day-

1 in September, to 0.8 dm2 day-1 in May. From May to September the area production per day 

decreased rapidly (Broch and Slagstad, 2011). A year-around cultivation experiment of S. 

latissima on the coast of central Norway (Bjugn) reported by Forbord et al. (2012) is in 

agreement with the model; fastest growth was obtained in the period February to June.  

 

1.4 Problems with contaminating microalgae 

 

Competition by other organisms for nutrients and substrate are the most common causes of 

failure in early stages of seaweed cultivation. Diatoms are thought to be the most threatening 

algae group for overgrowth and elimination of young seedlings (Merrill and Gillingham, 1991). 

Adult sporophytes are today collected from nature at the beginning of a cultivation cycle (Merrill 

and Gillingham, 1991; Arbona and Molla, 2006; Edwards and Watson, 2011) and are often 

hosting a rich epiphytic flora (Bartsch et al., 2008) that will be introduced to the production line if 

not treated. In addition to the sori, seawater is an important source for contamination (Merrill and 

Gillingham, 1991). Different methods have been suggested for treatment of contamination.  

 

1.4.1 Chemical disinfection of sori 

Lamina has an outer coating of mucilage. It is assumed that the mucilaginous covering will 

protect the spores from a disinfecting treatment so that the disinfection will work only on the 

contaminating organisms located on the surface of the lamina (Druehl and Hsiao, 1969).  

Disinfection is described as the process that destroys microorganisms or harmful diseases, and 

usually the disinfectant is a chemical agent (Block, 2001). Effectiveness of a chemical 

disinfectant is dependent on the contact time between the microorganism and the disinfectant 

during exposure, together with the initial concentration of the disinfectant and the 

microorganisms (Chick, 1908). Inactivation ability of a given concentration-time relationship may 
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vary with environmental factors such as pH, temperature, organic material in the solution and the 

accessibility to the target organism (Weavers and Wickramanayake, 2001). Increased 

temperature usually increase inactivation rates of microorganisms in agreement with the known 

Arrhenius equation, but temperature may also affect properties like solubility and stability of a 

chemical agent (Weavers and Wickramanayake, 2001; Chang, 2006). Chemicals used in sori 

disinfection should therefore have good effect in the optimal temperature range for seaweeds 

and for the pH of seawater.  

A couple of exclusively chemical methods for sori disinfection have been suggested. Kientz et al. 

(2011) bathed fronds of several seaweed species twice in sterile artificial seawater, followed by 

a 30 seconds bath in a mixture of 40-50% ethanol (dependent on the water content of the algae) 

and 1% sodium hypochlorite. The treatment eliminated all growth of microorganisms on Fucus 

serratus and Chondurus crispus, but a small amount of microorganisms were left on the frond of 

S. latissima. Druehl and Hsiao (1969) established totally axenic cultures of S. latissima, Alaria 

marginata and Nereocyctis luetkeana by bathing sori in an antibiotic solution for three hours 

followed by a 20-30 minutes soak in 1% sodium hypochlorite. For both methods the aim was to 

produce axenic cultures. Axenic cultures should however not be necessary as long as 

microalgae are eliminated (Merrill and Gillingham, 1991, K. Lüning, pers.com., 2010). It has 

even been implied that totally axenic cultures of S. latissima may inhibit the transition from 

vegetative to reproductive phase (Druehl and Hsiao, 1969). 

 

1.4.2 Chemical and mechanical disinfection of sori  

Mechanical cleaning of sori with paper soaked in sterile or natural seawater is probably the 

simplest method for sori disinfection and is widely used (Shi et al., 2005; Shea and Chopin, 

2007; Edwards and Watson, 2011). It has however, been claimed that a combination of 

mechanical and chemical removal of contamination is necessary to obtain unialgal cultures 

(Fernandes et al., 2011). Merrill and Gillingham (1991) suggested a combination of mechanical 

and chemical disinfection of Nereocyctis luetkeana sori by bathing of the sori in an iodine 

solution (0.5% Betadine) for 30 seconds and thereafter in filtered seawater for 5-10 minutes. 

After the baths, the sori were wiped dry. Hsiao and Druehl (1971) suggested to wipe sori with 

paper soaked in a 5% sodium hypochlorite solution, followed by five baths of sterile seawater. 

Fernandes et al. (2011) suggested a decontamination protocol for Hypena musciformis that 

included washing in detergent solution, brushing of the lamina, rinsing in distilled water, and use 
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of GeO2 as a diatom controller in the growth medium after decontamination. Mechanical removal 

of contamination is labour-intensive and time-consuming, and in development of European 

large-scale production systems it is desirable to find a purely chemical method for treatment of 

diatom contamination. 

 

1.4.3 Use of GeO2  

Filtered, sterile water are recommended for all phases of macroalgae cultivation to avoid 

contamination from the water source. Besides that, germanium dioxide (GeO2) can be added to 

the growth medium to avoid diatom contamination of the macroalgae cultures (Merrill and 

Gillingham, 1991; Arbona and Molla, 2006; Edwards and Watson, 2011). Germanium dioxide 

(GeO2) is reported to be a specific inhibitor of silicate utilization, and has been demonstrated to 

reduces diatom cell division, cell wall formation, DNA synthesis and silicate uptake (Lewin, 1966; 

Darley and Volcani, 1969; Azam et al., 1973). Merrill and Gillingham (1991) recommended a 

concentration of 1-2mL saturated GeO2 solution L-1 growth medium in cultivation of Nereocystis 

luetkeana, without reporting any negative effects. On the other hand, Markham and Hagmeier 

(1982) and Shea and Chopin (2007) found lower concentrations of GeO2 to have an inhibiting 

effect on sporophyte growth of S. latissima.  In general, though, seaweeds are far less sensitive 

to GeO2 than diatoms (Markham and Hagmeier, 1982).  Another drawback is that GeO2 is a very 

costly chemical. In 2012 GeO2 cots between 1000 and 1200$ kg-1 and it would be desirable to 

find an alternative to GeO2 in large-scale production (Metal-Pages-Ltd, 2012).  

 

1.5 Experimental chemicals  

a) Acetic acid 

Acetic acid (HC2H3O2) is a weak, organic acid and show an incomplete dissociation in aquatic 

solutions (Chang, 2006). It has been suggested that acetic acid, which is lipid soluble,  penetrate 

the plasma membrane of cells and lower the internal pH of microorganisms with a lethal 

outcome (Greenacre et al., 2003). Weak, organic acids have long history in food preservation 

due to its microbial inhibiting effects (Theron and Lues, 2011). E.g. acetic acid diluted in water, is 

the main ingredient in vinegar (5% or 7% acetic acid), which is inexpensive and sold in common 

grocery shops in Norway.  
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b) Ethanol  

Ethanol (CH3CH2OH) is a widely used nonspecific antimicrobial disinfectant that has been 

reported to cause protein coagulation, dehydration and cell lysis (Ali et al., 2001).  Ethanol for 

industrial uses is relatively cheap (Solomons and Fryhle, 2008), and has been reported effective 

in sori disinfection in combination with sodium hypochlorite (Kientz et al., 2011).  

c) Formaldehyde  

Formaldehyde (HCHO) exists as gas, but is highly soluble in water (Solomons and Fryhle, 

2008). The chemical causes protein denaturation with lethal outcome for microorganisms 

(Hawley and Eitzen, 2001), and aqueous solutions of the chemical are used in disinfection 

(Favero and Bond, 2001)  and preservation (Douglas and Rogers, 1998; Marie et al., 2005). 

However, it is recommended to limit the use of formaldehyde as the chemical can lead to cancer 

and is potential explosive. Environmental release of formaldehyde is highly regulated (Hawley 

and Eitzen, 2001).   

d) Lugol’s solution  

Lugol’s solution is a high-iodine solution with typically 10% potassium iodide (KI) and 5% iodine 

(I2) which is used in preservation of microorganisms (Guillard and Sieracki, 2005). Iodide (I-) 

increases the solubility of elemental iodine (I2) in water, and the high content of iodide in Lugol’s 

solution makes the mixture completely soluble in water. The iodine-water system is complex, 

and iodide concentration and pH has influence on the iodine species represented in an aquatic 

solution (Gottardi, 2001). Iodine (I2) and hypoiodous acid (HOI) are the forms with lethal effect 

on microorganisms, and in the pH of seawater I2 will be the most important disinfectant. 

However, iodine can react with organic matter which is undesirable as such reactions consume 

available iodine. Equation 2 gives the dominant iodine species for Lugol’s solution, (Gottardi, 

1985): 

I2 +I- ↔ I3
-           [1] 

It has been suggested that Lugol’s solution adds iodine to unsaturated fatty acids of the cell 

membrane and in that way damage the membrane so that intracellular material is lost to the 

surrounding water masses (Apostolov, 1980), or that iodine oxidize or iodinate amino acids so 

that DNA and protein synthesis of the cells is damaged (Gottardi, 2001). Betadine, an iodine 
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solution which release free iodine, has been reported to be an effective sori disinfectant (Merrill 

and Gillingham, 1991). 

e) Sodium hypochlorite 

Sodium hypochlorite (NaOCl) is a widespread disinfectant in medicine (Dychdala, 2001), water 

treatment (Clasen and Edmondson, 2006) and aquaculture (Hsiao and Druehl, 1971; Douillet, 

1998; Khomvilai et al., 2006). In contact with water, NaOCl release free chlorine in the form of 

hypochlorous acid (HOCl). Hypochlorous acid together with hypochlorite ion (OCl-) has a lethal 

effect on microorganisms, with hypochlorite ion (OCl-) being the less effective disinfecting agent. 

The two exists in equilibrium (Equation 1), depending on pH.  

HOCl ↔ H+ + OCl-          [2] 

In seawater (pH ~ 8) more than 70% of the free chlorine is in the form of hypochlorite ion (OCl-). 

However, it is unclear if the OCl- is the decisive disinfectant at this pH, or if the equilibrium in 

Equation 1 constantly shifts to the left to replace hypochlorous acid (HOCl) which is believed to 

be a stronger disinfectant than OCl-.  Why HOCl is such an effective disinfectant has not been 

truly understood. It has been suggested that the compound release nascent oxygen, a short-

lived oxygen radical, which destroy organisms by combining with compound in the protoplasm.  

Another theory is that HOCl reacts with ammonia in the water and form chloramines which act 

directly on the microorganism. Chlorine is an oxidative compound, and organic material together 

with inorganic reducing substances (e.g. Fe+, Mn2+, NO2-) in a solution will consume available 

chlorine and reduce the efficiency of the chemical disinfectant (Dychdala, 2001).  

 

1.6 Experimental organisms 

 

1.6.1 Macroalgae: Saccharina latissima 

Saccharina latissima (former Laminaria saccharina) (Lane et al., 2006) has a North Atlantic and 

North Pacific distribution. North Atlantic populations show high growth during winter and early 

spring, and reduced growth during summer (Lüning, 1979; Sjøtun, 1993), and photosynthesis is 

saturated at a photon flux above 150 µmol m-2 s-1 (Lüning, 1979).  Water turbidity influences the 

maximum depth of seaweeds, and distribution down to 25 m has been reported for Spitsbergen 

populations of S. latissima (Bartsch et al., 2008). Optimal sporophytes growth has been reported 
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in in the range 10-15°C, but the gametophytes can survive temperatures up to 22°C without cell 

damage (Bolton and Lüning, 1982). The life cycle of S. latissima is presented in details in 

Section 1.3. 

 

1.6.2 Diatoms; Chaetoceros muelleri and Skeletonema costatum, Phaeodactylum tricornutum  

Most diatoms are unicellular, eukaryotic microorganisms, with a cell wall highly incorporated with 

silica (SiO2). The cell wall consists of two large, sculptured units (valves) at each end of the cell 

which are bound together of thinner, linked structures (girdles). Together the wall components 

are called a diatom frustule. Diatoms are usually pigmented and photosynthetic, even though 

some species can live heterotrophic. A few species have also been described as apochlorotic 

(colourless), and these are solely heterotrophic  (Round et al., 1990). Most diatoms are pelagic, 

but several genus are have be classified as benthic living on moist or submerged surfaces, e.g. 

seaweed (Jones, 2007).  

Chaetoceros muelleri Lemmermann, Skeletonema costatum (Greville) Cleve and 

Phaeodactylum tricornutum Bohlin were chosen as experimental diatom species. All three 

species are present in Norwegian waters (Throndsen et al., 2003), and should be seen as 

representatives for Norwegian phytoplankton community. Limited literature seems to be 

available on species composition of epiphytic diatoms on S. latissima. Diatom species were 

therefore chosen to reflect the variable life forms of diatoms; benthic versus pelagic, centric 

versus pennate, chain forming versus unicellular. Reports of these species as epiphytes on S. 

latissima have not been found. However, Totti et al. (2009) found Cocconeis scutellum, a benthic 

diatom of the same superorder as P. tricornutum, to be the most abundant epiphytic diatom on 

S. latissima collected on Iceland.  

P. tricornutum is an unicellular, pennate diatom that is found in ponds on the rocky shore 

(Throndsen et al., 2003), and is relatively rare in natural phytoplankton communities (Nelson et 

al., 1979; Round et al., 1990). The species occurs in three forms; oval, fusiform and triradiate, 

and it has been suggested that the oval form is benthic while the two others may be planktonic 

because they are more buoyant than the oval form (Round et al., 1990). P. tricornutum show 

high tolerance for  variations in salinity (Abdullahi et al., 2006) and light intensity , and was 

chosen as an experimental organism because the species is very tolerant and regarded a weed 

in aquaculture systems (Nelson et al., 1979).  
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The genus Skeletonema have centric diatoms with a global distribution, and the diatoms of the 

genus are easy to keep in culture and are therefore often used as experimental organism 

(Round et al., 1990). Cells of S. costatum are linked together in chains by a circle of tubes 

attached to the outer edge of the valves (Throndsen et al., 2003). S. costatum was chosen 

because it is a dominant species in the Norwegian spring bloom (Sakshaug and Myklestad, 

1973; Throndsen et al., 2003).  

Chaetoceros ssp. are dominate species in the Norwegian spring bloom (Sakshaug and 

Myklestad, 1973), and C. muelleri is a centric, unicellular diatom of this important pelagic genus. 

The species is reported to occur in brackish waters close to shore (Throndsen et al., 2003), but 

is not considered to be among the common Chaetoceros species in Norwegian waters (J. Arff, 

SINTEF Fisheries and Aquaculture pers. com., 2012). C. muelleri was chosen as a 

representative for the genus Chaetoceros which is common in Norwegian waters (Sakshaug and 

Myklestad, 1973), due to its frequent use in aquaculture experiments (e.g. Liang et al., 2006a; 

Michels et al., 2010; Reitan, 2011) and relatively high tolerance for variations in abiotic factors 

(Fujii et al., 1995; Rousch et al., 2004). 
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1.7 Study aims and approach 

 

The aim of this study was to establish a disinfecting method that relieves sori from diatom 

contamination, without damaging spores or affect early development of young sporophytes. 

Disinfection was undertaken in agreement with Druhel and Hsiao’s (1969) assumption that the 

mucilaginous covering of lamina protected spores from the disinfectant. The intention was to 

suggest a disinfecting method suitable for large-scale production of S. latissima. Two 

adjustments were made to fit the industrial demands; a) mechanical removal of contamination 

was avoided and b) disinfection of punched, circular, sori pieces was tested in order to 

standardize the disinfection dose.   

Three sub-objectives were formulated:  

1. Evaluate the lethal effect on diatom after exposure to different disinfecting chemicals 

(ethanol, formaldehyde, sodium hypochlorite, acetic acid and Lugol’s solution).  

2. Evaluation of S. latissima spore survival and germination after exposure to effective 

diatom disinfectants found in 1. 

3. Evaluation of early development of S. latissima seedlings after sori disinfection.



  Materials and Methods 

13 
 

2 MATERIALS AND METHODS  

 

Three experiments were performed from February to November 2011. First, a laboratory 

experiment was conducted on the lethal effect of diatoms after exposure to 130 different 

disinfection trials. Second, an experiment with sori disinfection was performed to evaluate the 

effect on S. latissima sori and spores of the disinfecting treatments that successfully eliminated 

diatoms in the former experiment. Third, an experiment was conducted to evaluate the early 

development of young S. latissima seedlings after sori disinfection on a two to three days 

interval over a period of three weeks.  

 

2.1 Effect of chemical treatments on diatoms 

 

2.1.1 Diatom species  

Skeletonema costatum (Greville) Cleve (NIVA BAC 1), Pheaodactylum tricornutum Bohlin 

(CCAP 1052/1A) and Chaetceros muelleri Lemmermann (CCAP 1010/3) were chosen as test 

organisms for the chemical survey. The three species were taken from dense and healthy stock 

cultures that were checked for contamination by a microscope survey before the experiment was 

started. It has been suggested that the S. costatum strain, NIVA BAC 1 should be allocated it to 

S. pseudocostatum (ISO, 2008), the present study will however, refer to it as S. costatum.  

 

2.1.2 Culture conditions 

S. costatum, P. tricornutum and C. muelleri were cultivated semi-continuously in 1,5L soda 

bottles under constant light exposure (70-90µmol photons m-2s-1) and temperature (20°C). 

Cultures were bubbled with air added 0.2% CO2, and pH of the cultures was measured during 

the first cultivation week to ensure that the rate of bubbling gave acceptable gas exchange. Two 

cultures were run for each diatom species, and the cultures were diluted on a two or three day’s 

interval in order to keep algae in a steady growing phase. One replicate of each species were 
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restarted every tenth day to ensure the supply of healthy and steadily growing cultures at all 

times. Diatoms were inoculated by 20mL algae stock solution to 1L growth medium.  

 

2.1.3 Growth medium  

Sterile seawater (SSW) was used for cultivation of diatoms. Sand filtered seawater, taken from 

90m depth in the Trondhjemsfjord, was autoclaved in bottles (NALGENE 5GAL, 10L) in a high 

pressure stem sterilizer (TOMY SX-700E) for 20min at 120°C. A modified version of the 

standard Conwy medium, with less manganous chloride than in the Walne (1979) standard 

version, was used in cultivation (Table 1). The modified version is the default medium used at 

NTNU Centre of Fisheries and Aquaculture and SINTEF SeaLab (D. Altin pers.com., 2012). 

Metasilicate (0.3%) was used as silica source for diatoms, and was obtained by dissolving 3g 

Na2SiO3 • 9H2O in 100mL distilled freshwater. For cultivation, 1mL of Conwy medium and 1mL 

of metasilicate (0.3%) were diluted in 1L of SSW.  

 

2.1.4 Sampling 

Optical density (750nm), a measurement of diatom biomass, was measured daily in the cultures 

by use of a spectrophotometer (UviLine 9100), and the cell concentrations of the cultures were 

calculated according to Equation 3-5. Equations found by Jørgensen (1998) were used for cell 

concentrations of S. costatum and C. muelleri. For S. costatum, the number of cells (y) in 

millions mL-1 was calculated as (Jørgensen, 1998):  

y = 10.7x – 0.5          [3]  

where x is the measured optical density at 750nm and y is number of cells in millions mL-1. For  

Chaetoceros muelleri, number of cells (y) in millions mL-1 was calculated as (Jørgensen, 1998):  

y = 8.15x- 0.66         [4]  

where x is the measured optical density at 750nm and y is number of cells in millions mL-1.  

For P. tricornutum, a relationship between cell density and optical density was established prior 

to the main experiment. Cell density in P. tricornutum cultures were estimated from manual 

counting of cells in a  r  ner Chamber along with measurements of optical density (750nm). An 
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equation for the relationship between cell density and optical density was established by linear 

regression (Equation 5), giving the relationship:  

y = 20.0x – 2.0          [5]  

where x is the measured optical density at 750nm and y is number of cells in millions mL-1.  

An algae stock solution (referred to as the mixture of diatoms) of the three diatom species was 

prepared for the chemical survey; 40.000 cells of each species were diluted in 90mL of SSW.  

Table 1: Modified Conwy growth medium used in cultivation of diatoms 

Chemical  Amount  

 

NaNO3 (Sodium Nitrate) 100.0g 

Na-EDTA (EDTA disodium salt) 45.0g 

H3BO3 (Boric Acid)    33.6g 

NaH2PO4•2H2
O (Sodium Phosphate, monobasic) 20.0g 

FeCl
3
•6H

2
O (Ferric Chloride, 6–hydrate) 1.3g 

MnCl2•4H2
O (Manganous Chloride, 4–hydrate) * 0.136g 

Vitamin B1 (Thiamin HCl) 0.1g 

Vitamin B12 (Cyanocobalamin)  0.05g 

Trace Metal Solution **  1mL 

Distilled water  1000mL 

*modified concentration.  

**Trace Metal Solution:  

 

       ZnCl
2 (Zinc Chloride) 2.1g 

       CoCl
2
•6H

2
O (Cobalt Chloride, 6–hydrate)  2.1g 

       (NH
4
)
6
Mo

7
O

24
•6H

2
O (Ammonium Molybdate, 4–hydrate) 2.1g 

       CuSO
4
•5H

2
O (Copper Sulphate)  2.0g 

       Distilled water 100mL 
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2.1.5 Chemical survey 

Five chemicals, in total 130 different trials, were tested in order to identify a disinfecting 

treatment that mitigates diatom growth. The trials were a combination of five chemicals at three 

concentrations (four for acetic acid), two reaction temperatures and four reaction times (Table 2), 

together with a positive (untreated diatoms) and two negative controls (GeO2 enriched growth 

medium) for diatom growth. A saturated solution of GeO2 was prepared by dissolving 0.894 g 

GeO2 in 200mL distilled water. The saturated solution of GeO2 was added to the Conwy growth 

medium of unexposed diatoms in two concentrations (0.1mL L-1 Conwy medium and 0.5mL L-1 

Conwy medium) that were chosen based on previous research (Shea and Chopin, 2007).  

Lugol’s solution was prepared from 45g potassium iodide (KI) and 30g iodine (I) that was diluted 

with distilled water until the total weight of the solution was 750g. The concentration of free 

iodine was approximately 9.5% in the undiluted Lugol’s solution, and the sodium hypochlorite 

solution had approximately 12% free chlorine. The pH was measured in all chemical stock 

solutions. 

Table 2: Chemical treatments used in diatom exposure and control treatments 

Chemical Concentration Exposure time  Exposure temperature 

 

Acetic acid 

 

1%, 7%, 35%, 50% 

 

2, 4, 10, 30min 

 

10°C, 15°C 

Ethanol 25%, 50%, 70% 2, 4, 10, 30min 10°C, 15°C 

Formaldehyde 0.04%, 0.4%, 4% 2, 4, 10, 30min 10°C, 15°C 

Lugol’s solution  0.02%, 0.2%, 2% 2, 4, 10, 30min 10°C, 15°C 

Sodium hypochlorite  6ppm, 60ppm, 600ppm 2, 4, 10, 30min 10°C, 15°C 

GeO2* 0.1mL L-1 , 0.5mL L-1   

Control    

*Added to the Conwy growth medium of unexposed diatoms 

 

The different treatments will be named in the following order; first letter of chemical - 

concentration - exposure time - exposure temperature. For instance samples treated with 1% 

acetic acid and an exposure time of 2 minutes and exposure temperature of 10°C will be named 

A-1%-2min-10°C. Exposure of the diatoms to the different chemical trials (Table 2) was carried 

out in wells on a multi-well plate (see Section 2.1.6), and the initial concentration of diatoms after 

dilution of the mixture of diatoms with the chemical solution was 0.33 cells µL-1 with an equal 

distribution of the three diatom species. Six replicates were used for each trial.  
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2.1.6 Experimental setup 

A Heto water bath with a circulator (HAAKE DC 30), covered by a Plexiglas plate, was used to 

establish stabile reaction temperature throughout the experiment (Figure 1). Two bottles 

(PYREX®, 80mL) for chemicals and one Erlend Meyer flask (90mL) containing the mixture of 

diatoms, were immersed into the water bath through holes in the Plexiglas plate. The right 

temperature in the solutions was established after approximately 30 minutes.  

For each treatment 4,5mL of the chemical and 1,5mL diatom mixture were added to six, out of 

twelve, wells on a FALCON MULTIWELLTM 12 Well plate; giving place for two treatments to be 

done simultaneously. Stock solutions of chemicals were prepared so that the desired 

concentrations (given in Table 2) were obtained in the well after dilution with the mixture of 

diatoms. The well-plate was placed on an aluminium block in the water bath and a hole was 

made in the Plexiglas plate above it. In that way the well-plate was made available for pipetting 

and the temperature was kept stabile. Acetic acid stock solutions were added to the well after 

the mixture of diatoms; to keep the reaction temperature as stable as possible. For the rest of 

the treatments the mixture of diatom was added to the chemical stock solutions. The 

temperature was measured (by a DuaLogRTM THERMOCOUPLE THERMOMETER) in each well 

when the chemical stock solution was diluted with the mixture of diatoms, in that way it was 

registered if the exposure temperature was disturbed by the mixing. A FINPIPETTE® pipette (1-

5mL) was used throughout the experiment. 

A HUGER timer was used to keep the reaction time.  After completed reaction time 4,5mL of the 

sample was transferred to a hand filter unit (Millipore swinnex®-25), and the solution was filtered 

through a MF-Millipore Membrane filter (pore size 0.45µm). The filters were rinsed with 10mL 

SSW (20mL SSW for Lugol’s solution due to colouring of the filter) before they were placed in 

individual wells on a new well-plate. Each well contained 4,5mL Conwy and silica enriched 

seawater (1mL Conwy and 1mL Matasilice-stoc solution L-1 SSW), and all samples were 

incubated in a cabinet holding 20±1˚C and constant light (100µmol photons m-2s-1).  



  Materials and Methods 

18 
 

 

 

Figure 1: Experimental set-up for chemical exposure of diatoms. 1. Chemical solutions of two 

concentrations and the mixture of diatoms were immersed into the water bath to ensure stable 

temperature. The multiwell plate in which the chemical exposure was performed was located on 

an aluminium block to maintain the reaction temperature. 2. A hand filter unit was used to filter 

end rinse diatoms after the chemical exposure. 3. Growth of surviving diatoms was stimulated in 

an incubation cabinet. 4. Optical density (750nm) was measured two to four times in a plate 

reader.  
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2.1.7 Analysis of diatom growth after exposure 

Optical density (750nm), of the samples on the well-plate, was measured on a plate reader 

(Epoch BioTek®) after minimum one day of incubation (Figure 1). The filter was removed from 

the well by use of tweezers prior to the first measurement.  Measurements of optical density 

were repeated 1-3 times within a maximum of 14 days to detect any growth of surviving diatoms. 

Visual changes in the colour of the samples were registered, but only samples with reaction 

temperature 15°C and GeO2 treated samples were checked in the light microscope when visual 

changes and changes in optical density were observed.   

 

2.1.8 Evaluations of growth rates 

Specific growth rate (SGR) of populations of diatoms, which resulted from both cell division and 

growth in size of existing cells, is defined by Equation 6 (Støttrup and McEvoy, 2002). In 

calculation of SGR, the optical density (OD) was used as a measurement of biomass.   

SGR = [ln(ODt) – ln(ODt0)] / (t - t0)       [6] 

where ODt is the optical density at the end of the incubation (t) and ODt0 the first optical density 

measurement at day t0. Equation 6 can be rewritten so that the equation gives a linear increase 

of lnOD with SGR expressed as the slope and lnOD0 as the intercept 

ln(OD) = SGR (t - t0) + ln(OD0)         [7] 

Equation 7 states a linear relationship between SGR of diatoms and measurements of the 

natural logarithm of optical density. The slope (SGR) can therefore be found by linear 

regression. Linear regression allows all measurements during the period of exponential growth 

to be included in the SGR estimate (Vadstein and Olsen, forthcoming). A generalized linear 

model (GLM, a non-parametric regression model) was used to find an estimate of mean SGR as 

described in Section 2.3.1.  
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2.2 Effect of chemical treatments on S. latissima sori and spores 

 

Two experiments were performed from September to November 2011 on the tolerance of S. 

latissima to the disinfectants. The first experiment (referred to as Experiment 1) was a test of 

spore survival and success, and the second experiment (referred to as Experiment 2) was a 

survey on early development of S. latissima seedlings after the disinfection. Treatments used in 

the Experiment 2 were chosen based on the results in Experiment 1. A test of the method that 

compared the disinfection of sori disks contra disinfection of whole sori was performed in June, 

prior to Experiment 1 and 2.  

 

2.2.1 Origin of sorus 

S. latissima sporophytes, for all surveys, were collected by divers from the rocky, sublittoral zone 

at Vanvi an (63°52’N, 9°37’E) in the Trondheimsfjord. Sori production was induced by removal 

of meristem (15cm above the stipe) and light manipulation. The light regime was set to 8 hours 

light and 16 hours darkness (short day conditions), which together with meristem removal 

simulated late autumn conditions; when sori is produced naturally by the seaweed (see Section 

1.3). Sporophytes were kept in heavy aerated tanks (160L), holding sand filtered water from 90m 

depth with a water exchange rate of 2L min-1, until sori appeared. The light intensity was kept at 

100µmol photons m-2s-1 at the surface of the tank, and the tank was located in a room with a 

constant temperature of 10°C. 

 

2.2.2 Test of method; disinfection of sori disks 

It was intended to use disks cut from ripe sori to standardized disinfection method. Natural sori 

are of variable size, and in order to produce true replicates it was necessary to standardize the 

area of disinfected sori (Disks; ø=12mm). For large-scale production, it will be desirable to avoid 

disinfection of surplus sori, both in light of the environment and the costs of disinfectants; hence 

the test on sori disks was also important for development of large-scale systems. The test was 

performed to investigate whether disks of sori exposed spores to the disinfectant (through edges 

of the sori) with a lethal outcome for the spores.   
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Disks (ø=12mm, n=6) were cut from ripe sori, and disinfected, seeded and incubated after the 

method presented in Section 2.2.3-2.2.4 and Figure 2. Whole sori were used as control, and 

these were disinfected, seeded and incubated in the same way as the disks. However, a bigger 

volume of the disinfectant was needed due to the larger surface area of a whole sorus. Sodium 

hypochlorite in two concentrations (6ppm or 60ppm), an exposure time of 10 minutes and an 

exposure temperature of 10°C was used in the test. Growth of juvenile sporophytes were 

registered as positive or negative after two weeks of incubation by use of an inverted 

microscope (Nikon eclipse TE2000-S). The disk method proved successful and was utilized in 

the experiments presented in Section 2.2.4 - 2.2.6.  

 

2.2.3 Method for sori disinfection and spore release used in Experiment 1 and 2 

Three plastic buckets (1000mL) were immersed into a Heto water bath for the disinfection of sori 

(Figure 2A). The water bath was covered by a Plexiglas plate which together with a circulator 

(HAAKE DC 30) ensured stable temperature (10°C) in the buckets. Disks (ø=12 mm) were cut 

from ripe sori, and immersed within a sieve into the first bucket holding 400mL of a given 

disinfectant (Table 4 or Table 6 for Experiment 1 and 2, respectively). The sieve was left 

undisturbed, as long as the sori were not clustered, throughout the exposure time of 2 or 10 

minutes. Sori were rinsed twice by immersing the sieve into two plastic buckets (30 seconds in 

each bucket) holding 400mL sterile seawater (SSW). The sieve was shaken during rinsing so 

that all parts of the sori were thoroughly rinsed.  

Disinfected sori were stored separately in empty wells on a well-plate (FALCON MULTIWELLTM 

12 Well plate). The plate was covered by a plastic bag and left overnight in a fridge holding 

6±1˚C. Strong dehydration of sori was avoided by placing a wet paper (soaked in SSW) 

underneath the well-plate, inside the plastic bag.   

Spore release was induced by rehydration of the sori; 5mL SSW (10⁰C) was added to each well 

on the well-plate (Figure 2B). After 15 minutes of spore release, 1mL spore solution was 

transferred to a dish (NunclonTM Δ surface, squared (2x2mm) dish) holding 15mL precooled 

(10⁰C) Conwy enriched SSW (1mL Conwy L-1 SSW). Some adjustments of the seeding 

procedure were done in Experiment 1 and these are described in Section 2.2.5.  
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Figure 2: Setup for sori disinfection and spore release. A: Sori were immersed into the 
disinfectant and the two rinsing baths in a perforated bucket, and placed individually in empty 
wells on a multiwell plate. B: after one night in the fridge spores were released by adding 5mL 
SSW to each well. 1mL of spore solution as transferred to a Nunclon dish holding 15mL of 
growth medium for incubation.  

  

A 

B 
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2.2.4 Incubation of S. latissima seedlings in Experiment 1 and 2 

The dishes (NunclonTM Δ) with newly seeded spores were sealed with parafilm and left 

undisturbed in a room holding 10˚C. The light intensity over the dishes was 30µmol photons m-

2s-1 and the light regime was set to 16:8 (day:night). The Conwy growth medium was prepared in 

the way presented in Section 2.1.3, but metasilicate was not added to the final growth medium. 

Incubation conditions were slightly different for the two experiments, and the differences are 

given in Table 3.  

Table 3: Incubation conditions of during Experiment 1 and Experiment 2 

Growth conditions  Experiment 1 Experiment 2 

 

Incubation period 

 

 

4 weeks  

 

3 weeks 

Addition of nutrients  

(Conwy medium) 

 

Once  

(at seeding) 

Twice  

(at seeding and after two weeks) 

Distance of the dishes to  

the light source 

Not given any attention Equal  

 

 

2.2.5 Experiment 1; Effect of different disinfection treatments  

The aim of the experiment was to evaluate spore survival and growth of juvenile sporophytes 

after sori disinfection with the most promising diatom disinfectant from the experiment on diatom 

survival.  Based on the results from the diatom experiment, 19 different trials were chosen for 

sori disinfection. The trials included acetic acid (1% or 7%), sodium hypochlorite (6ppm, 60ppm 

or 600ppm) and Lugol’s solution (0.02%, 0.2% or 2%) with an exposure time of 2 or 10 minutes 

at an exposure temperature of 10°C (Table 4). Untreated sori were used as a positive control for 

sporophyte growth and diatom contamination.  GeO2 (0.1mL L-1 and 0.5mL L-1), added to the 

growth medium after spore release from untreated sori, was used as a negative control for 

diatom contamination.  
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Six replicates were performed for each trial. Eight different sporophytes were used in the 

experiment, arranged to include sori from six sporophytes in each trial. Hence, every replicate 

(n=6) of a given treatment had sori from a different sporophyte. 

Table 4: Chemical treatments used in sori disinfection and control treatments  

Chemical Concentration Exposure time  Exposure temperature 

 

Acetic acid 

 

1%, 7% 

 

2, 10 min 

 

10°C 

Lugol’s solution  0.02%, 0.2%, 2% 2, 10min 10°C 

Sodium hypochlorite 6ppm, 60ppm, 600ppm 2, 10min 10°C 

GeO2* 0.1mL L-1 , 0.5mL L-1   

Control    

* in the Conwy medium of spores released from untreated sori  

Three parameters were registered for Experiment 1:  

1. Relative spore density, during spore release 

2. Sporophyte density, four weeks after seeding of the spores  

3. Presence of diatom contamination, four weeks after seeding of the spores 

 A sample of spore solution was observed under the microscope after 15 minutes of spore 

release, and 1mL of spore solution was transferred to a Nunclon dish if swimming spores were 

seen. If swimming spores was absent, the spore release was continued for another 15 minutes. 

Delayed spore release, as a consequence of the disinfection, was in that way registered. If non 

swimming spores were observed after 15 minutes of spore release, spores were seeded both 

after 15 and 30 minutes. Table 5 shows a relative scale established for recording the amount of 

swimming spores after 15 or 30 minutes of spore release. 

Table 5: Relative scale for spore density during spore release  

Number of swimming spores  

(counted at 40x magnification) 

Degree of spore release 

˂5 Limited 

5-10 Medium 

10-20 Great 

˃20 Vast 
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After four weeks, the number sporophytes larger than 3 cells were counted in an inverted 

microscope (Nikon eclipse TE2000-S). Ten squares in the Nunclon dish were counted for each 

replicate of the different trials. Hence, 60 squares were counted for each trial. Presence of 

diatoms was recorded as positive or negative for each Nunclon dish. 

 

2.2.6 Experiment 2; Early development after sori disinfection  

The aim of the experiment was to examine if disinfection affected early development and growth 

of S. latissima seedlings. The highest concentration of Lugol’s solution (2%) and sodium 

hypochlorite (600ppm) with an exposure time of 2 minutes and an exposure temperature of 10°C 

(L-2%-2min and S-600ppm-2min) were chosen for this survey (Table 6) based on previous 

results (Experiment 1). Untreated sori were used as a positive control for sporophyte growth and 

diatom contamination. GeO2 (0.1mL L-1) added to the growth medium after spore release from 

untreated sori, was used as a negative control for diatom contamination.  

Table 6: Chemical treatments used in sori disinfection and control treatments 

Chemical Concentration Exposure time  Exposure temperature 

Lugol’s solution  2% 2min 10°C 

Sodium hypochlorite 600ppm 2min 10°C 

GeO2* 0.1mL L-1    

Control    

* in the Conwy medium of spores released from untreated sori  

All samples had sori disks (n=3, ø=12mm) cut from the same sorus (the same sporophyte). Any 

variations in spore release from different individuals were in this way eliminated.  Disks were cut 

from the centre of the sorus as near each other as possible to ensure as identical conditions as 

possible for each replicate and treatment. Disinfection and spore release was performed after 

the method described in Section 2.2.3 - 2.2.4 and Figure 2. 

The incubation period was three weeks, and pictures of the replicates were taken on a two or 

three day’s interval. Four parameters were registered in Experiment 2:  

1. Appearance of first egg  

2. Number of female and male gametophytes  

3. Sporophyte density, three weeks after seeding of the spores  

4. Length of sporophytes, three weeks after seeding of the spores  
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From day 8, the samples were checked for egg production, as an indication of reproductive 

phase in the female gametophyte. Numbers of male and female gametophytes were counted for 

replicates on day 11. Ten squares per replicate were counted, and the Female: Male ratio was 

calculated. The numbers of sporophytes were counted after 21 days, and the length of 10 

sporophytes per replicate (n=3, except GeO2 n=1) of the trials was measured by use of the free 

software ImageJ. Statistic tests were not run on results from Experiment 2 due to low sample 

size (n=3). 
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2.3 Statistics  

 

2.3.1 Tolerance of diatoms 

Normality and log-normality was rejected for optical density by a Shapiro-Wilk test, at a 

significant level of p≤0.05. Hence a generalized linear model (GLM), a non-parametric 

regression method, was used to estimate SGR for the phase of exponential growth. OD data 

were ln-transformed and plotted against days of incubation in order to locate the period of 

exponential growth. The slopes of the curves expressed SGR, and values were estimated for 

each replicate of a treatment in the period of constant, exponential increase. Evaluation of OD 

data included in the SGR estimate for the control treatment is given as an example in Section 

3.1.1. If the exponential growth phase were absent after the chemical exposure, a SGR estimate 

was made for the entire period of incubation.   

Kruskal-Wallis significance test were run on groups consisting of control and the four treatments 

run at the same concentration and reaction temperature (Appendix I). A significance level of 

p≤0.05 was used. The Krusal-Wallis tests were followed up by a visual inspection of the graph 

and Mann-Whitney tests when the figures revealed SGR close to the SGR of the control 

treatment. Non-parametric tests were chosen due to non-normal distribution and low sample 

size (Siegel, 1957). Statistical analyses were performed and figures were created by use of IBM 

SPSS statistics 19. 

 

2.3.2 Experiment 1: Survival and growth of S. latissima seedlings after disinfection 

Normality was rejected for sporophyte density by a Shapiro-Wilk test. A significance level of 

p≤0.05 was used.  Kruskal-Wallis significance test was run on groups consisting of control and 

treatments with the same disinfecting chemical. Krusal-Wallis tests were followed up by a visual 

inspection of the graph and Mann-Whitney tests when the figures revealed sporophyte density 

close to the density of the control treatment. The significance level used was p≤0.05 for both 

tests. Non-parametric tests were chosen because of non-normal distribution and low sample 

size (Siegel, 1957).  Statistical analyses were performed and figures were created by use of IBM 

SPSS statistics 19. 
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3 RESULTS 

 

3.1 Effect of chemical treatments on diatoms to the disinfectants 

 

3.1.1 Growth of diatoms in the control treatment 

Alteration in optical density (OD, 750nm), a measure of diatom growth, in the control treatments 

(n=6) during an incubation period of eight days is shown in Figure 3. Visual inspection of the OD 

data revealed stagnation in growth, most likely a lag-phase, during the first three days. The lag-

phase was followed by constant, an apparent exponential growth phase from day 3 to 7, 

followed by declining growth rate from day 7 to 8. Replicate 3 showed a slightly different pattern 

with a lag-phase from day 2 to 3, exponential growth from day 3 to 4, a plateau phase from day 

4 to 7, and declining growth from day 7 to 8.   

 

Figure 3: ln-transformed data of optical density (750nm) of unexposed diatoms (the control, 
n=6) over eight days of growth.  
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A Mann-Whitney test gave significantly higher mean OD on day 8 compared to day 2 (p ˂ 

0.005), and ln-transformation of the OD data revealed an overall exponential growth of diatoms 

from day 3 to 7. The exponential growth estimate (Mean SGR = 0.45±0.09day-1, Figure 4) was 

hence calculated from day 3 to 7, with exception of replicate 3 (SGR calculated from day 3-4). 

SGR for all the 130 treatments was based on OD data evaluated in the same way as given 

above for the control treatment; mean SGR, standard error of mean SGR,  p-values of 

significance tests, period of exponential growth, number of OD measurements and number of 

replicates for the 130 different treatments are given in Appendix I.  

 

3.1.2 Growth of diatoms in treatments with germanium dioxide  

SGR estimated for the two treatments with GeO2 enriched growth medium (0.1mL L-1 and 0.5mL 

L-1) together with untreated diatoms (control) are given in Figure 4. Both treatments with GeO2 

enriched growth medium (the negative control for diatom growth) showed SGR well below the 

SGR estimate for untreated diatoms. Diatom growth was considerable faster in the higher 

concentration of GeO2 (0.5mL L-1) than for the lower GeO2 concentration (0.1mL L-1).  

Monocultures of P. tricornutum were found in both treatments by a microscope survey after 

eleven days of incubation. This observation indicated that GeO2 did not completely eliminate 

growth of P. tricornutum, but appears to eliminate growth of C. muelleri and S. costatum.  

  

Figure 4: SGR (day-1) for untreated diatoms and when GeO2 was added to the growth medium 
after spore release. All treatments were significantly different from each other. Values are mean 
of all replicates (n=6). Error bars indicate ±1SE. *= significantly different from the control. 
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A Kruskal-Wallis test revealed significant differences among the three control treatments (p˂ 

0.005), and when followed up by a pairwise Mann-Whitney test showed that both concentrations 

of GeO2 showed significantly lower SGR than the untreated control (p ˂0.005). Samples treated 

with GeO2 (0.5mL L-1) showed significantly higher SGR than those treated with GeO2 (0.1mL L-

1). The diatoms showed exponential growth from day 3 to 7 in the highest concentration of GeO2 

(0.5mL L-1), and day 2 to 9 in the lower concentration (0.1mL L-1). Hence, SGR were calculated 

based on measurements from these time periods (Appendix I).  

 

3.1.3 Growth of diatoms in treatments with acetic acid 

Figure 5 shows SGR for diatoms exposed to treatments with acetic acid. Panel A gives 

treatments with an exposure temperature of 10°C and Panel B treatments with an exposure 

temperature of 15°C. SGR of the control treatment is given in the same figure (striped bar). All 

treatments with acetic acid were lethal to diatoms independent of exposure time and exposure 

temperature. SGR were estimated based on measurements from the entire incubation period 

(varying from five to eleven days) as no variation in growth or colour was observed after 

exposure (Appendix I). White needle-like precipitations were seen in the pre-diluted bottles of 

acetic acid and seawater. However, the precipitation did not appear to influence the results.  

 

3.1.4 Growth of diatoms in treatments with ethanol 

SGR of diatoms exposed to ethanol treatments are given in Figure 6, together with SGR of the 

control treatment.  Ethanol treatments were lethal to diatoms. At exposure temperature 10°C, 

the SGR ~ 0.1 was estimated for several treatments, but no visual change in colour was 

observed in the samples. However, a change towards pale white was seen when ethanol was 

diluted with seawater and precipitation of what was most likely salt crystals were observed in the 

microscope. There was presumably a reaction between seawater and ethanol, and the 

precipitation may have disturbed the growth measurements so that SGR was estimated from 

other particles than diatoms. A Kruskal-Walis test confirmed that SGR estimated for all ethanol 

treatments, independent of exposure temperature and time, were significantly lower than SGR of 

the control treatment. SGR were estimated from the entire incubation period (varying from six to 

eleven days) (Appendix I). 
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Figure 5: SGR (day-1) for untreated diatoms (control) and diatoms treated with different 
concentrations of acetic acid at reaction temperature 10°C (A) and 15°C (B).  Values are mean 
of all replicates (number of replicates for the individual treatments are given in Appendix I). Error 
bars indicate ±1SE.  
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Figure 6: SGR (day-1) for untreated diatoms (control) and diatoms treated with different 
concentrations of ethanol at reaction temperature 10°C (A) and 15°C (B).  Values are mean of 
all replicates (number of replicates for the individual treatments are given in Appendix I).  Error 
bars indicate ±1SE.  
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3.1.5 Growth of diatoms in treatments with formaldehyde 

Figure 7 shows SGR of diatoms exposed to formaldehyde along with SGR of the control 

treatment. Growth of diatoms was found in all treatments with the lowest concentration of 

formaldehyde (0.04% formaldehyde); in all exposure times and both exposure temperatures. 

The medium concentration (0.4% formaldehyde) revealed growth in the two shortest exposure 

times (2 and 4min) at the highest exposure temperature (15°C). Visual change in colour of the 

samples and growth was registered after minimum one and maximum four days of incubation for 

the above mentioned treatments, and highest SGR was observed at an exposure temperature of 

10°C. Diatoms were killed by all other treatments with formaldehyde.   

Mann-Whitney tests were run on the treatments that revealed growth of diatoms. The treatment 

with 0.04% formaldehyde, an exposure time of 10min and an exposure temperature of 10°C (F-

0.04%-10min-10°C) showed significantly lower SGR than the control. The three other treatments 

of this concentration and exposure temperature (F-0.04%-2min-10°C, F-0.04%-4min-10°C, F-

0.04%-30min-10°C) showed a SGR similar to the control treatment. In treatments with an 

exposure temperature of 15°C, all treatments that showed growth (F-0.04% all exposure times, 

and F-0.4%-2min-15°C and F-0.4%-4min-15°C) showed significantly lower SGR than the control 

treatment with exception of treatment F-0.04%-4min-15°C. SGR were calculated for the period 

of exponential growth (varying from three to seven days) in samples with diatom growth, and for 

the entire incubation period for the treatments with lethal effect on diatoms (Appendix I).  

P. tricornutum and one unknown, contaminating diatom species, most likely Navicula ssp., were 

found in all treatments with an exposure temperature of 15°C after 7 days of incubation. 

Unfortunately, samples with exposure temperature 10°C were not checked in the light 

microscope.  

 

3.1.6 Growth of diatoms in treatments with Lugol’s solution 

Diatom growth after exposure to Lugol’s solution is shown in Figure 8, together with growth of 

diatoms in the control treatment. Exposure to the lowest concentration of Lugol’s solution (0.02% 

Lugol’s solution), at the lowest exposure temperature (10°C) and all four reaction times, gave 

visual change in colour of the samples and diatom growth similar to the growth in the control 

treatment. Elevated concentration (0.2% or 2% Lugol’s solution) or temperature (15°C) 

eliminated diatom growth in all other treatments.  
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Significance tests supported the result; all treatments, except for the treatments with the lowest 

concentration (0.02%) and an exposure temperature of 10°C (L-0.02%-2min-10°C, L-0.02%-

4min-10°C, L-0.02%-10min-10°C and L-0.02%-30min-10°C), showed significantly lower SGR 

than the control treatment (p ˂ 0.01). SGR were calculated for the period of exponential growth 

(varying from two to three days) in samples with diatom growth, and for the entire incubation 

period for the treatments with lethal effect on diatoms (Appendix I).  

 

3.1.7 Growth of diatoms in treatments with sodium hypochlorite 

Growth of diatoms exposed to sodium hypochlorite treatments, together with the control 

treatment, is given in Figure 9. A distinct difference between growth of diatoms exposed to 

sodium hypochlorite and unexposed diatoms was seen at all concentrations (6ppm, 60ppm or 

600ppm sodium hypochlorite), at all exposure times (2, 4, 10 or 30min) and for both exposure 

temperatures (10°C and 15°C). Diatom growth was significantly affected (p ˂0.005) by exposure 

to sodium hypochlorite according to a Kruskal-Walis test. A visual inspection of the graph 

revealed a notable difference in SGR from the control treatment and pairwise Mann-Whitney 

tests were not considered necessary. SGR were estimated from the entire incubation period 

(varying from 5 to 8 days) as no variation in growth or visual changes in colour of the samples 

were observed after exposure (Appendix I). 

 

3.1.8 pH of experimental chemicals 

The pH in the different dilutions of the exposure chemicals is given in Figure 10; Panel A to E 

represent the different chemicals. All dilutions of acetic acid had a pH ˂ 2.8. For the other 

chemicals, pH ranged from 7.7 to 9, with highest pH measured in the highest concentration of 

sodium hypochlorite (600ppm sodium hypochlorite) and lowest pH in the medium concentration 

of Lugol’s solution (0.2% Lugol’s solution).   
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Figure 7: SGR (day-1) for untreated diatoms (control) and diatoms treated with different 
concentrations of formaldehyde at reaction temperature 10°C (A) and 15°C (B).  Values are 
mean of all replicates (number of replicates for the individual treatments are given in Appendix I) 
Error bars indicate ±1SE. a = Mann-Whitney test, *= Mann-Whitney test gave significant 
difference from the control.  
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Figure 8: SGR (day-1) for untreated diatoms (control) and diatoms treated with different 
concentrations of Lugol’s solution at reaction temperature 10°C (A) and 15°C (B).  Values are 
mean of all replicates (number of replicates for the individual treatments are given in Appendix I) 
Error bars indicate ±1SE. a = Mann-Whitney test, *= Mann-Whitney test gave significant 
difference from the control.  
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Figure 9: SGR (day-1) for untreated diatoms (control) and diatoms treated with different 
concentrations of Sodium hypochlorite at reaction temperature 10°C (A) and 15°C (B).  Values 
are mean of all replicates (number of replicates for the individual treatments are given in 
Appendix I) Error bars indicate ±1SE.  
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Figure 10: pH of dilutions of Acetic acid (A), Ethanol (B), Formaldehyde (C), Lugol’s solution (D) 

and Sodium hypochlorite (E) used in exposure of diatoms.  
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3.2 Test of method for sori disinfection 

A test on spore survival from sori disks (cut from mature sori) disinfected with sodium 

hypochlorite was performed prior to the sori disinfection experiments (see Material and Method 

Section 2.2.2). 

 

3.2.1 Disinfection of sori disks; a test of method 

Swimming spores were released from the disinfected disks of mature sori, and sporophyte 

growth was registered as positive in all replicates of the treatments. No noticeable differences in 

spore release and number of sporophytes (after two weeks of growth) were found between 

samples that were disinfected with the two concentrations of sodium hypochlorite (6ppm or 

60ppm). However, the density of sporophytes (after two weeks of growth) appeared to be higher 

when spores were released from sori disks, than when spores were released from whole sori 

(control treatment). The observed difference was probably caused by a lower density of spores 

in the spore solution at inoculation of the control samples, because the spores were released in 

a larger volume of sterile seawater. The results indicated that spores inside disks of sori survived 

disinfection of sori disks. Sori disks may therefore be used in standardization of a disinfection 

method for large-scale production of S. latissima. 
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3.3 Experiment 1: Survival and growth of S. latissima seedlings after 

disinfection  

The experiment on diatom survival after exposure to potential disinfectants (presented in Section 

3.1) was followed by a survey on the tolerance of S. latissima spores. Sori were disinfected with 

the most promising diatom disinfectants; acetic acid, Lugol’s solution and sodium hypochlorite 

(see Material and Methods Section 2.2.5). Spore density was registered during spore release, 

and sporophyte density and diatom contamination were registered after four weeks of growth. 

 

3.3.1 Control treatments  

The registrations of spore densities (during spore release), sporophyte densities (four weeks 

after spore release) and diatom contamination (four weeks after spore release) of the control 

treatments are shown in Figure 11. The line and the right y-axis in Panel B gives the relative 

spore density (mean of n=6), on a relative scale during spore release (see Materials and 

Methods, Section 2.2.5). The bars and the left y-axis in Panel B gives the mean number of 

sporophyte (number mm-2, n=6) four weeks after seeding of the spores. Panel A, gives the 

percent of replicates (n=6) per treatment that were contaminated by diatoms four weeks after 

spore release. The different treatments are given on the x-axis.  

Untreated sori (positive control for sporophyte growth and diatom contamination, referred to as 

the control) showed an average sporophyte density of 3±1.2 sporophytes mm-2, and 50% of the 

replicates were highly contaminated by diatoms. Spores released from untreated disks and 

grown in GeO2 enriched Conwy medium (negative control for diatom contamination in 

sporophyte cultures), showed a slightly lower sporophyte density than samples from the control 

treatment. Number of sporophytes decreased with increasing concentration of GeO2. However, 

no significant differences in sporophyte density were found between treatments (Kruskal-Wallis 

test, p˃0.5). Surprisingly, diatoms were only present in the highest concentration of GeO2 (0.5mL 

GeO2 L-1), yet in limited amounts (33%of the replicates) and at low cell density. 
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Figure 11: Bars indicate number of sporophytes (sporophytes mm-2) after four weeks of growth 
(mean values ± 1SE, n=6). Relative spore density is shown as a line and right y-axis (Vast, 
Great, Medium, Limited). Upper panel shows contamination of diatoms (% of replicates with 
diatom contamination after four weeks of growth).  
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3.3.2 Treatments with acetic acid  

Spore density (at spore release), sporophyte density (four weeks after spore release) and 

diatom contamination (four weeks after spore release) after disinfection with acetic acid are 

given in Figure 12. The different treatments are given on the x-axis, and are named after the 

system introduced in Section 2.1.5 (first letter of chemical - concentration - exposure time; 

exposure temperature was 10°C for all treatments and is therefore excluded from the lables). 

Spores were seeded both after 15 minutes and 30 minutes (indicated with * in the text on the x-

axis) of spore release, in case the release was delayed by the disinfecting treatment (Section 

2.2.5).  

However, no swimming spores or sporophytes were seen in any of the samples (panel B), and it 

is clear from Figure 12 that acetic acid treatments were lethal to both diatoms and S. latissima 

spores. Diatom contamination (panel A) was only found in one replicate (16%) of the lowest 

concentration and reaction time (A-1%-2min). The results showed that acetic acid in the 

concentrations tested here, can be eliminated in the search of a sori disinfectant for mitigation of 

diatom contamination in S. latissima cultures.   
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Figure 12: Bars indicate number of sporophytes (sporophytes mm-2) after four weeks of growth 
(mean values ± 1SE, n=6). Relative spore density is shown as a line and right y-axis (Vast, 
Great, Medium, Limited). Upper panel shows contamination of diatoms (% of replicates with 
diatom contamination after four weeks of growth). The x-axis gives the different treatments with 
acetic acid (first letter of the chemical - concentration - exposure time), *= spores were seeded 
after 30 minutes of spore release.  
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3.3.3 Treatments with Lugol’s solution  

Spore density (at spore release), sporophyte density (four weeks after spore release) and 

diatom contamination (four wee s after spore release) from treatments disinfection with Lugol’s 

solution are given in Figure 13. Sori disinfected with the highest concentrations and shortest 

exposure time of Lugol’s solution (L-2%-2min) showed the highest mean number of sporophytes 

(n=6, bars and left y-axis in Panel B). Spores were seeded both after 15 and 30 minutes of 

spore release when disinfected with the highest concentration (both exposure times). Slightly 

higher sporophyte densities were registered in the samples that was seeded after 30 minutes of 

spore release (indicated with * in the text on the x-axis). However, no significant differences in 

sporophyte density from the control, or between concentrations of Lugol’s solution, were 

revealed (Kruskal-Wallis test, p˃0.5).  

For both exposure times, the intermediate concentration (0.2% Lugol’s solution) showed the 

highest percent of diatom contamination; 100% and 50% for exposure time 2 minutes and 10 

minutes, respectively (Panel A). Whenever diatoms were present, the density of cells was high. 

Treatments with 2% Lugol’s solution were free of diatom at both exposure times. 

From Figure 13 it appears as the highest concentration of Lugol’s solution gave the lowest spore 

densities (during spore release) at both exposure times. It should, however, be kept in mind that 

spore density was measured on a relative scale that is associated with high uncertainty. Based 

on these results L-2%-2min was chosen for the second experiment.  
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Figure 13: Bars indicate number of sporophytes (sporophytes mm-2) after four weeks of growth 
(mean values ± 1SE, n=6). Relative spore density is shown as a line and right y-axis (Vast, 
Great, Medium, Limited). Upper panel shows contamination of diatoms (% of replicates with 
diatom contamination after four weeks of growth). The x-axis gives the different treatments with 
Lugol’s solution (first letter of the chemical - concentration - exposure time), *= spores were 
seeded after 30 minutes of spore release. 
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3.3.4 Treatments with Sodium hypochlorite  

Figure 14 shows the spore density (during spore release), sporophyte density (four weeks after 

spore release) and diatom contamination (four weeks after spore release) after exposure to 

sodium hypochlorite. The sporophyte density increased with increasing concentration of the sori 

disinfectant; sodium hypochlorite (Panel B). The highest sporophyte density was found after sori 

disinfected with the highest concentration (600ppm) and shortest reaction time (2 minutes). 

Significantly lower sporophyte density (Mann-Whitney test, p˂0.005) was found in the samples 

from sori disinfected with the lowest concentration (6ppm sodium hypochlorite) and longest 

exposure time (10 minutes). Samples of this treatment (S-6ppm-10min) were incubated in the 

outer range of the light source and the low density of sporophytes may have been caused by 

light limitation.  

The treatments with the highest concentration of sodium hypochlorite (600ppm) were free of 

diatom at both exposure times (Panel A). The medium concentration (60ppm) gave samples free 

of diatom only at the shortest exposure time (2 minutes). The density of contamination was high 

whenever diatoms were present.  

Spore density (during spore release) was lowest when sori were disinfected with the highest 

concentration of sodium hypochlorite and highest after disinfection with the lowest concentration 

of sodium hypochlorite.  

The results indicated that higher concentrations of sodium hypochlorite were lethal to diatoms, 

without having a significant effect on the sporophyte density. Based on the results, 600ppm 

sodium hypochlorite with exposure time 2 minutes was chosen for the second experiment. 
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Figure 14: Bars indicate number of sporophytes (sporophytes mm-2) after four weeks of growth 
(mean values ± 1SE, n=6). Relative spore density is shown as a line and right y-axis (Vast, 
Great, Medium, Limited). Upper panel shows contamination of diatoms (% of replicates with 
diatom contamination after four weeks of growth). The x-axis gives the different treatments with 
sodium hypochlorite (first letter of the chemical - concentration - exposure time), *= significantly 
lower sporophyte density than the control treatment. 
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3.3.5 Variations between replicates of the same treatment  

Notable differences in sporophyte size and development were observed between replicates of 

the same treatment. Figure 15 A-B shows two replicates from the control treatment after four 

weeks of growth, and is an example of difference in growth observed among replicates of the 

same treatment. The size difference of the sporophytes was remarkable. On the sporophytes in 

Figure 15 A pale cells can be seen, which may imply low concentration of photosynthetic 

pigments and can be a sign on nutrient deficiency, which may explain the difference in growth.   

Figure 15 C-D shows an example of differences in development stage among replicates of the 

same treatment (L-0.02%-2). Figure 15C shows a relatively big sporophyte, while Figure 15D 

shows gametophytes in early reproductive phase. The differences in development may have 

been caused by unequal light conditions.  

 
Figure 15: Young seedlings of S. latissima after four weeks of growth. A-B: Replicates of 
untreated control, A: magnification 20x, B: magnification 10x. C-D: Replicates of L-0.02%-2, 
magnification 20x.  

 
Based on knowledge gained in this experiment some adjustments were done for the second 

experiment. Nutrients were resupplied after two weeks of growth, NunclonTM Δ dishes were 

placed in equal distance to the light source during incubation and all sori disks were taken from 

the same ripe sorus to eliminate natural variations in spore release among different sori. 
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3.4 Experiment 2: Effect on early development of S. latissima 

 

A final experiment was carried out to describe the early development of S. latissima seedlings 

when sori were disinfected with the disinfectants described in Section 2.2.6.  

 

3.4.1 Gametophyte development 

Figures 16-17 show the development of seedlings during 21 days of growth after disinfection of 

sori. Primary cells were visible in all treatments after three days of incubation, and from day 6 it 

was possible to determine the gender for the main part of the gametophytes. Female:Male ratios 

were calculated on day 11 when the gender easily was determined for all gametophytes (Table 

7). The Female:Male ratio was close to 1, yielding 50% of females for all treatments. This 

suggests that disinfection did not affected germination and determination of gender.   

Gametophytes from sori disinfected with Lugol’s solution or sodium hypochlorite used eleven 

days after spore release to produce eggs, while seedlings from untreated sori used eight days 

(Table 7). Only one replicate of sporophytes grown in GeO2 (0.1mL L-1) enriched growth medium 

entered reproductive phase during the 21 days of survey, and for this sample eggs were 

registered after 11 days. The delay in egg production suggested a negative effect of sori 

disinfection on gametogenesis.   

Table 7: Female: Male ratio at day 11 and time of egg release for the different treatments.  

Treatment Nr. Replicates Female: Male Day of first visible egg 

 

Control 

 

3 1.04±0.56 8 

GeO2 (0.1mL L-1) 3 1.01±0.60  11* 

L-2%-2min 3 0.98±0.66 11 

S-600ppm-2min 3 0.91±0.45 11 

The Female: Male ratio are means (n=3, ±SE) for all treatments. *n=1.  
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3.4.2 Sporophyte growth and survival  

 

Only one replicate of the GeO2 treatment was able to produce eggs and sporophytes, and the 

growth in that sample was slow compared to the control (Figures 16-17); sporophytes were not 

observed before day 21, and the density of sporophytes and their mean length was the lowest 

recorded (Table 8). However, diatoms were not observed in any of the replicates of GeO2 

treated samples.  

At day 14, most seedlings in the control and from the two disinfecting treatments (L-2%-2min 

and S-600ppm-2min) entered the sporophyte generation. Among those treatments, samples 

disinfected with sodium hypochlorite showed the lowest density of sporophytes, but exhibited the 

highest mean length (Table 8). Sori disinfected with Lugol’s solution showed a similar 

sporophyte mean length as the control, however, the mean sporophyte density was only 50% of 

the control density. Sporophytes in one of the control replicates were lumpy and irregular at day 

21, and the sporophyte length measurements could not be accomplished. However, pale cells 

as observed in Experiment 1 were not seen in this experiment, presumably due to the addition of 

nutrients after two weeks.  

Table 8: Sporophyte density and length for the different treatments. 

Treatment  Nr. of replicates Mean nr. of sporophytes mm-2 

 

Control (untreated) 

 

3 

 

14.0±6.5 

GeO2 (1mL L-1) 3 1.0±1.1 

L-2%-2min 3 7.0±1.5 

S-600ppm-2min 3 2.5±0.1 

Treatment  Nr. of replicates Mean length of sporophytes (mm) 

 

Control (untreated) 

 

2 

 

0.2±0.0 

GeO2 (1mL L-1) 1 0.1 

L-2%-2min 3 0.2±0.1 

S-600ppm-2 3 0.4±0.1 

Values are means (±1SE, except GeO2 (0.1mL L
-1

) length data).  

From Figures 16-17 it was evident how the diatoms contamination was developing over time in 

the control, while diatoms are absent in the other treatments.  The results showed that the two 
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disinfecting treatments were effective in killing contaminating diatoms, without notably influence 

on sporophyte density and length. Both S-600ppm-2min and L-2%-2min may be sufficient as 

sori disinfectants in S. latissima cultivation. 
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Figure 16: S. latissima growth day 3-11. The red, dotted line encircles eggs. ♀=Female 
gametophyte. ♂=Male gametophyte. Magnification 20x. 

 

 

 

 

Day 3 Day 6 Day 8 Day 11 

C
o
n
tr

o
l 

G
e
O

2
 (
0
.1

m
L
) 

L
-1
) 

L
-2

%
-2

 
S

-6
0
0
p
p
m

-2
 

♀ 

♂ 



  Results 

53 
 

 

 

Figure 17: S. latissima growth day 14-21. Magnification 20x. 
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4 DISCUSSION 
 

4.1 Successful mitigation of diatoms after sori disinfection  

 

The present study has demonstrated that sodium hypochlorite and Lugol’s solution can be 

promising chemicals for a disinfecting method that mitigate diatom contamination from S. 

latissima sori. Sodium hypochlorite (600ppm) and Lugol’s solution (2%), with an exposure time 

of 2 minutes and an exposure temperature of 10°C, followed by two rinsing baths in sterile 

seawater for 30 seconds (10°C), gave total elimination of diatoms in cultures of S. latissima. No 

notable effects on spore release, sporophyte growth or early development of young seedling 

were registered after sori disinfection. This suggests that disinfection of S. latissima sori can be 

done safely, by use of these treatments, without concern about reduced quality or quantity of 

cultivated seaweeds. Sori disinfection with acetic acid was lethal to S. latissima spores at all 

concentrations and exposure times tested. The other treatments with Lugol’s solution and 

sodium hypochlorite, with exception of S-60ppm-2min, revealed diatom contamination in some 

samples after 4 weeks of growth.  

 

4.1.1 Control of diatom growth after disinfection 

All the treatments with sodium hypochlorite were lethal to diatoms when the treatments were 

done to diatoms alone (Figure 9). However, when sori were disinfected with sodium 

hypochlorite, diatom contamination was found in samples with both exposure times of the lowest 

concentration (6ppm, 2 minutes or 10 minutes), and in the medium concentration (60ppm) with 

an exposure time of 10 minutes (Figure 14). Jeong et al. (2002) found a sodium hypochlorite 

concentration close to 3ppm to be lethal to 50% of the cells in a culture of S. costatum and 

Thalassiosira rotula after 10 minutes of exposure, while much higher concentrations 

(10,000ppm) have been suggested for sori disinfection (Druehl and Hsiao, 1969; Hsiao and 

Druehl, 1973; Kientz et al., 2011). The results found in those studies, seem to be in agreement 

with the present study; higher concentration of sodium hypochlorite seem to be necessary for 

elimination of diatoms from sori, compared to diatoms in free suspension. As mentioned in the 

introduction, organic material in a solution will consume available chlorine. Extracellular 

polysaccharides from microbial aggregates has been reported to consume and interact with 
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hypochlorite (Characklis and Dydek, 1976), and it is possible that the mucilage of 

polysaccharides consumed available chlorine. The sporophytes, from which the sori were taken, 

were kept in heavy contaminated water prior to the disinfection. Organic detritus may therefore, 

have been attached to the mucilage and consumed active chlorine during the disinfecting 

treatment. Additionally, the mucilage may have worked as a matrix that hindered the 

disinfectants in reaching the target organism. Accessibility to the target organism is important for 

how efficient the disinfectant work (Weavers and Wickramanayake, 2001). Armstrong et al. 

(2000) demonstrated that the heterotrophic diatom Nitzschia alba borrows itself into the 

mucilage of Laminaria digitata and may even penetrate the cell wall. By immersing into the 

mucilage, diatoms are less available for disinfection and by such behaviour the effect of the 

disinfectants on the diatom cells may have be reduced. However, literature on such performance 

by autotroph diatoms has not been found, yet it is likely that diatoms to a certain degree will be 

protected by the surrounding mucilage. Debeer et al. (1994), reported that only 20% or less of 

total chlorine in a liquid penetrates biofilms (a layer of mucilage that covers microorganisms), 

and suggested that to be the reason for a higher chlorine demand for inactivation of cells in a 

biofilms compared to planktonic cells.  

 

Diatoms in free suspension that were exposed to treatments with Lugol’s solution (Figure 8), 

were eliminated in all treatment except for treatments with the lowest concentration and 

exposure temperature (0.02% Lugol’s solution, all exposure times, 10°C). However, diatoms 

were completely eliminated from sori only when 2% Lugol’s solution used as disinfectant (Figure 

13). A survey on cell shrin ing as an effect of preservation with Lugol’s solution, reported 

successful preservation of diatom cells with a concentration down to 0.5%  (Menden-Deuer et 

al., 2001). Other has reported preservation by use of 1% Lugol’s solution (Ehrenhauss and 

Huettel, 2004; Guillard and Sieracki, 2005), which is in the range of the lethal concentrations 

(0.2%-2%) for diatoms found in the present study. Betaiodine has been used as sori disinfectant 

in combination with mechanical removal at a concentration of 0.5% yielding ˂0.005% free iodine 

(Merrill and Gillingham, 1991). In the present study, diatom contamination was revealed in 

treatments disinfected with 0.2% Lugol’s solution yielding close to 0.002% free iodine. Fries 

(1963) obtained axenic cultures of red algae by disinfection with 0.01% free iodine for 2 minutes 

(cited in Chapman, 1973), while Kientz et al. (2011) found 4.5% iodine to stain the tissue of 

Palmaria palmata and suggested that the iodine penetrated the mucilage with potential harm to 

the seaweed. It may therefore, be assumed that the critical level of iodine lies between 0.002% 

and 0.01% for diatoms, and presumably below 4.5% for seaweeds. As for sodium hypochlorite, 
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stronger concentrations of Lugol’s solution were needed in the present study to control diatom 

contamination in sori disinfection compared to pure cultures of diatoms. The thick 

polysaccharide mucilage that covers ripe sori may have reduced the disinfecting capacity of the 

disinfectant. Iodine is known to interact with polysaccharides (Gaillard et al., 1969; Gaillard and 

Thompson, 1971), and Brown et al. (1995) mentioned a non-significant decrease in disinfecting 

activity when alginic acid was added to planktonic cultures of the bacteria Pseudomonas 

aeruginosa. Alginic acid, together with fucoidan, is the dominate polysaccharides of seaweed 

mucilage, and the results may strengthen the assumption of iodine being consumed by the 

seaweed mucilage. Additionally, Brown et al. (1995) found the diffusion of iodine into biofilms to 

be restricted, and suggested that to be the main reason for increased resistance of cells in a 

biofilm compared to cells in free suspension. It is therefore likely that mucilaginous protection of 

sori may have increased the demand for Lugol’s solution.  

 

The concentration of epiphytes is crucial for the disinfecting efficiency, and the required reaction 

time for successful disinfection will increase with the initial concentration of diatom cells, 

according to Chicks law about disinfection (Chick, 1908). The density of epiphytes on sori was 

not investigated in the present study. Hence, sori may have contained a higher cell density of 

epiphytes than the mixture of diatoms, which may help to explain the higher need for free 

chlorine and iodine in sori disinfection. Epiphytic growth increases with the age of the sporophyte 

(Christie et al., 1998) and the water temperature (Laycock, 1974). Stronger disinfecting 

treatments than those tested in this study, may therefore be needed if the epiphytic 

contamination is more dens. Increased concentration, exposure times and exposure 

temperature implies stronger disinfection according to the theory presented in the introduction. 

However, exposure time and temperature appeared to have little effect on diatom survival in the 

present study. Only diatoms exposed to Lugol’s solution showed reduced survival when the 

exposure temperature was elevated to 15°C in the diatom experiment, and the overall 

impression was that concentration of the disinfectants was the decisive variable for diatom 

elimination.  

 

The SGR of diatoms presented in this study was estimated from a mixture of three diatom 

species, making comparison to SGR achieved from other studies difficult. When cultivated 

individually, under constant light and temperature close to 20°C, a SGR of 2.3 day-1 has been 

reported for  P. tricornutum (Ben-Amotz and Gilboa, 1980) and  a SGR of 2.0 day-1 for S. 

costatum (Mortain-Bertrand et al., 1988).  Another study, with cultivation temperature of 18°C 
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and 12h light day-1, reported a SGR of 2.5 day-1 for S. costatum isolated from the Oslofjord 

(Paasche, 1980). For C. muelleri, Liang et al. (2006b) found a SGR of 0.8 day-1 under PAR light 

16:08 (light: dark) and nitrate enriched f/2 medium. Størseth et al. (2005) on the other hand, 

reported SGR of C. muelleri to be 0.45 day-1  after one day of growth in f/2 medium at 18-20°C 

under continuously light of 140µmol photons m-2s-1.  SGR in all these studies, except the study 

by Størseth et al. (2005), were high compared to SGR estimated for the control in the present 

study (0.45±0.09 day-1). The growth conditions on the multi-well plate were likely suboptimal for 

the selected diatoms. Temperature was stable at 20±1°C and the light (100µmol photons m-2s-1) 

was constant, but cultures were left without mixing and nutrients renewal.  As a consequence of 

absent mixing, limited gas exchange possibly occurred in the cultures which may have 

contributed to elevated pH, oxygen supersaturation and probably a nutrient and gas gradient 

evolved around the cells. The absent mixing can also have caused light limitation in parts of the 

well, giving less photosynthetic activity and growth. 

 

4.1.2 Sporophyte density   

Experiment 1 and 2 gave contradicting results with regard to the effect of sori disinfection on 

sporophyte density. In Experiment 1 all treatments that were free of diatom four weeks after 

seeding, showed a mean sporophyte density that was higher than in the control treatments 

(which had diatom contamination in 50% of the samples). The highest sporophyte densities were 

registered in the samples treated with the highest concentration of sodium hypochlorite 

(600ppm), at an exposure time of 2 minutes. The treatment gave 42% higher sporophyte density 

than in the control treatment. Disinfection with 2% Lugol’s solution for 2 minutes and a spore 

release of 15 minutes gave a sporophyte density that was 32% higher than in the control 

treatment. However, no significant differences in sporophyte density were found between 

treatments in the first experiment (p-values in Appendix II), but it should be kept in mind that 

small sample sizes increase the chance of type II errors (Mittendorf et al., 1995). In this 

particular case this means an increased chance for concluding with non-significant differences in 

sporophyte density when there actually are significant differences.  

 

The results from Experiment 1 may give the impression that high sporophytes densities were 

caused by improved culture conditions in absent of diatoms. Contamination has been asserted 

to be the most common cause of failure in gametophyte cultures, and diatoms to be the most 

threatening algae for overgrowth and elimination of young seedlings (Chapman, 1973; Markham 
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and Hagmeier, 1982; Merrill and Gillingham, 1991; Fernandes et al., 2011). Most algae are 

photosynthetic and will compete for the same abiotic factors like nitrogen and phosphate, light 

and substrate. Commercial production of Phorpyra ssp. (Nori) in Japanese coastal waters is on 

a regular basis subject to nitrogen deficiency caused by blooms of the diatom Eucampia 

zodiacus, and demonstrate a very expensive incident of how diatoms and seaweeds compete 

for the same nutrients (Nishikawa et al., 2007). Succession studies on colonization of hard 

substrate have shown that diatoms are a primary colonizer on substrate that is suitable for 

seaweeds (Niell, 1979; Campana et al., 2009), and microalgae tend to outgrow seaweed due to 

higher growth rates (Fernandes et al., 2011). All these studies support the assumption of 

improved culture conditions for macroalgae in the absent of diatoms. 

Nevertheless, Experiment 2 showed a sporophyte density that was considerably higher in the 

control treatment than in the disinfected samples, even though Figures 16-17 show diatom 

contamination only in the control treatment. Sporophyte density in samples disinfected with 

600ppm sodium hypochlorite for 2min was 52% lower in Experiment 2 than Experiment 1. The 

control treatment on the other hand, showed nearly five times higher density in the second 

experiment, while samples treated with Lugol’s solution were 37% higher in the second 

experiment than in first experiment. It should be kept in mind that only three replicates were 

performed for experiment two, and it is problematic to conclude anything from the experiment 

due to low statistical power. Hence, the results should only be seen as indications on how the 

disinfectants may affect S. latissima seedlings. 

Unfortunately, little literature has been found on sporophyte densities of young sporophytes of S. 

latissima. However, Chapman (1984) reported a maximal number of sporophytes to be 0.24 

sporophytes mm-2 for Laminaria digitata, and 6.6 sporophytes mm-2 for Saccharina longicruris in 

a year-around experiment with spore traps on the floor of a kelp bed. The density found for S. 

longicrucis in that study, is comparable to densities found for samples given the disinfecting 

treatment S-600ppm-2min and L-2%-2min in Experiment 1 of this thesis. The highest sporophyte 

densities in the present study is in agreement with Contreras et al. (2007) which in a culture 

experiment found sporophyte density of Lessonia nigrescens to be close to 10 sporophytes mm-

2 after approximately 5 weeks of growth.  

It has been found that number of sporangia per mm2 in Laminaria hyperborea sori decrease over 

the time period of ripe sori (Kain, 1975), which may indicate that sori will hold gradually less 

sporangia and release gradually less spores per area during the sporangial period. The mean 

sporophyte densities in Experiment 1 had wide standard errors, which indicated high variability 
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in sporophyte density among the different replicates of each treatment. It was not registered how 

long the different sori had been mature in the present study, and the variable spore release and 

sporophyte density may have been caused by unregistered differences in the age of sori. To 

avoid this effect, all sori disks were therefore taken from one sorus, as near each other as 

possible, in Experiment 2. The density of the spore release was not registered in Experiment 2, 

but mean sporophyte density showed high standard errors also in that experiment.  

Spore density during spore release seem to vary among different sporophytes, but also internal 

in one sorus. Higher spore densities are usually obtained from the centre than from the edges of 

a sorus, yet two adjacent sori pieces may release very variable amount of spores (S. Forbord, 

SINTEF Fisheries and Aquaculture, pers. com., 2011). In a survey on in situ spore release in the 

macroalgae Ecklonia maxima, Joska and Bolton (1987) recorded high variability in spore release 

among sporophytes, but also with seasons. Both these observations strengthen the suggestion 

that natural variation in spore release may lead to high variability in sporophyte density. It is 

therefore likely that the contradicting results on sporophyte density in the two experiments were 

caused by natural variations in spore release from mature sori. The results of the present study 

implies that it will be difficult to standardize an area of sori necessary to seed e.g. one meter of 

rope, and it should be a priory to establish the relationship between sporophyte and spore 

densities in S. latissima as the relationship is important for a predictable large-scale production 

of the seaweed.  

 

4.1.3 Development after sori disinfection  

Sori disinfection with S-600ppm-2min and L-2%-2min did not seem to depress the development 

and length of the sporophytes, regardless of the differences seen in sporophyte density. 

Sporophytes from sori disinfected with sodium hypochlorite in Experiment 2 showed about the 

double length of the sporophytes in the control, despite a sporophyte density nearly 1/5 of the 

control treatment. Low-density conditions apparently, led to better culture conditions for the 

individual sporophytes when 600ppm sodium hypochlorite was used as disinfectant. The mean 

length of the control in the present study, was very similar to results obtained from untreated sori 

by Shea and Chopin (2007), and S-600ppm-2min treatments in the present study had 

comparable length with their longest sporophytes (GeO2 treated; 0.5mL L-1) giving an indication 

of normal growth after disinfection in the present study. Density-dependent survival of young 

sporophyte was not considered in the present survey; sporophyte density was registered only 
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one time (after four weeks).  Studies have, however, showed that high population densities have 

negative impact on growth and survival of sporophytes (Schiel, 1985; Creed et al., 1998; 

McConnico and Foster, 2005), and small, slow growing individuals are more likely to be ripped 

loose by wave motions because of smaller haptera (Dean et al., 1989). Figures 12-14 implies 

inverse relationship between sporophyte density and spore release, and it would be interesting 

to look further into that as the result obtained in Experiment 1 was based on a relative scale and 

therefore associated with high uncertainty. It appears that longer sporophytes can be obtained 

by lower sporophyte density, which seems to be desirable for a large-scale macroalgae 

production due to stronger haptera and reduced loss of biomass loss at sea, and production 

methods favouring low densities may therefore be advantageous.    

Seedlings from disinfected sori appeared to develop normally (Figures 16-17). Eggs were found 

in the control treatment after 8 days of growth, which is suggest to be the earliest possible 

appearance of eggs under optimal conditions (Lüning and Dring, 1975). For sodium hypochlorite 

and Lugol’s solution disinfected samples, eggs were not seen before day 11. However, as 

samples were checked every third day eggs could have been present already at day 9 which is 

in the time interval of 8-10 days defined as normal egg release under optimal conditions (Lüning 

and Dring, 1975; Lüning, 1981). The Female:Male ratio is a measure of normal development, 

and for all treatments the ratio was close to 1 which indicates that the treatments did not 

influence the distribution of S. latissima gender. Hsiao and Druhel (1971) found Female:Male 

ratios close to 1 for  a variety of culture conditions, and it may be assumed that the gender ratio 

is a relatively robust parameter. It can be argued that the S-600ppm-2min and L-2%-2min 

disinfection of sori did not influence the early stages of development of S. latissima seedlings. 

However, the low sample size in the experiment (n=3) should be kept in mind.  

 

4.1.4 The recommended disinfectant in the new method  

Sodium hypochlorite emerges as a better disinfecting agent in the mitigation of diatom 

contamination in large-scale S. latissima cultivation There are indications on much higher 

tolerance for sodium hypochlorite by S. latissima than tested in this survey (10,000ppm for 10-30 

minutes,  Druehl and Hsiao, 1969; Kientz et al., 2011), and a good safety margin between lethal 

doses for diatoms and a harmful dose for S. latissima will be desirable if the contamination on 

sori is more dens than tested in the present study. The upper limit for sodium hypochlorite 

exposure should be established so that severe amount of epiphytes can be treated without 
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concern about the quality of the seedlings. Additionally, the chemical appears to be a more 

widespread disinfectant in aquaculture systems (Druehl and Hsiao, 1969; Merrill and Gillingham, 

1991; Douillet, 1998; Støttrup and McEvoy, 2002; Hirvela-Koski, 2004; Kientz et al., 2011) than 

Lugol’s solution do. Also, it has a lower toxicity and easier waste handling than Lugol’s solution. 

Actually, sodium hypochlorite can easily be neutralize by addition of thiosulphate and thereafter 

be discharged directly to nature (Merrill and Gillingham, 1991; Støttrup and McEvoy, 2002). The 

direct interaction between diatom cells and the disinfectant was not investigated in the present 

study, and it is therefore difficult to draw any conclusions regarding the disinfecting mechanics in 

this survey. It may be important to understand how the disinfectants inactivate diatom cells to 

avoid any potential negative influence on S. latissima, and that should probably be looked into in 

further research.   

 

 

4.2 GeO2 as a diatom controller in S. latissima cultivation 

 

The present study demonstrated that the germanium dioxide (GeO2) is efficient in control of the 

diatoms C. muelleri and S. costatum, but P. tricornutum show a higher tolerance for the 

chemical. However, the results suggest that GeO2 may have an inhibiting effect on the growth 

and development of S. latissima seedlings.  

Monocultures of the diatom P. tricornutum were registered at both concentrations of GeO2 

(0.1mL or 0.5mL per L Conwy medium), the negative control for diatom growth, when the 

mixture of diatoms was grown in GeO2 enriched Conwy medium. The results are in agreement 

with Lewin (1966) who found P. triconutum to be less sensitive to GeO2 inhibition in a survey of 

several diatom species.  P. triconutum is a gently silicified diatom with less than 1% silica in the 

cells (Lewin and Guillard, 1963), and the low silica requirement probably explains why P. 

tricornutum show higher tolerance for GeO2 than S. costantum and C. muelleri in the present 

study. The SGR of diatoms in free suspension in both concentrations of GeO2 were significantly 

lower (p ˂0.005) than in the control, but surprisingly, the treatment with GeO2 (0.1mL L-1) 

showed significantly lower (p ˂0.05) SGR than the treatment with GeO2 (0.5mL L-1). When GeO2 

was used to control diatom growth in cultures of S. latissima, diatoms were found in 33% of the 

replicates of the higher concentration (GeO2 0.5mL L-1), while the lower concentration (GeO2 

0.1mL L-1) was free of diatom in both cultivation experiments. Other studies have suggested an 

increased inhibition of diatom growth with increasing GeO2 concentration in the growth medium 
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(Lewin, 1966; Azam et al., 1973). The contradicting results in this study compared to Lewin 

(1966) and Azam et al. (1973), may be explained by difference in initial cells concentration or 

improved culture conditions for P. tricornutum in the highest concentration. Diatoms cells are 

known to form aggregates (Round et al., 1990; Hansen et al., 1995), and S. costatum produce 

particularly sticky cells during exponential growth (Kiørboe and Hansen, 1993). Even though the 

diatom stock cultures and the mixture of the three diatom species were properly mixed prior to 

the experiments; an uneven distribution of cells may have caused higher initial concentration of 

cells in the treatment with highest concentration of GeO2. Another possible explanation is that 

the higher concentration gave a stronger and more rapid inhibition of S. costatum and C. 

muelleri growth, and in that way released nitrogen and phosphorus sources to be used by 

P.tricornutum. The species is very tolerant and has been reported to tolerate a wide salinity 

(Abdullahi et al., 2006) and light intensity range, which makes it a robust contaminator that is 

hard to eliminate if introduced to the aquaculture systems (Nelson et al., 1979). However, P. 

tricornutum is relatively rare in natural, marine phytoplankton communities (Nelson et al., 1979; 

Round et al., 1990), and it is unlikely that the diatom is a common epiphytic species on S. 

latissima sori.   

 

The sporophyte density in the treatments with GeO2 appeared to decrease with an increasing 

concentration of GeO2, however, no significant differences between concentrations or the control 

treatment was found (p˃0.1), but as mentioned before, low samples sizes (n=6) increases the 

chance for type II errors. Sporophytes grown in GeO2 enriched growth medium developed slowly 

(Figure 16-17) and the sporophyte density was relatively low in both experiments (˂2 

sporophytes mm-2). The second experiment suggested reduced fertility and sporophyte length 

for the seedlings grown in GeO2 enriched growth medium. In Experiment 2, only one out of three 

replicates had seedlings that entered reproductive phase during the three weeks of growth. And 

the mean length of sporophytes in that replicate was 50% of the mean length in the control 

treatment. Five out of six replicates produced sporophytes in the first experiment, hence the 

seedling must have entered reproductive phase, but the day by day development or length of 

sporophytes in the samples were not registered. Therefore, the reproductive phase could have 

been delayed compared to the control also in the first experiment. Markham and Hagmeier 

(1982) demonstrated a moderate reduction in growth rate of  young S. latissima seedlings when 

exposed to 0.5mL GeO2 per liter growth medium, which is in agreement with the present study, 

and a strong reduction in growth rate was seen in treatments with to 2mL GeO2  per liter growth 

medium in that study. Shea and Chopin (2007) on the other hand, found 0.1mL or 0.5mL GeO2 
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per liter growth medium to give significantly longer sporophytes than in the control treatment, 

and suggested normal development and timing of the life cycle of S. latissima grown in GeO2 

enriched medium. Merrill and Gillingham (1991) recommended a much higher concentration of 

GeO2 (1-2mL L-1) in cultivation of Nereocystis luetkeana, yet no deformities or retained growth 

were discussed in that report. The timing of GeO2 addition in the different studies may explain 

the contradicting results. In this study GeO2 was added at time zero while Merrill and Gillingham 

(1991) waited 24 hours, and  Shea and Chopin (2007) postponed the addition until day 8 which 

is after the time of normal egg release. If GeO2 have an inhibiting effect on the transition from 

vegetative to reproductive phase the problem may be avoided by postponing the addition of 

GeO2 until after fertile females have been observed. However, the results in this thesis imply that 

use of GeO2 should be unnecessary if the culture medium is sterile and sori are disinfected after 

the method introduced here. 

 

4.3 Evaluation of the other disinfecting treatments 

 

Ethanol, acetic acid and formaldehyde were tested as potential disinfectants on diatoms in free 

suspension. Ethanol and acetic acid eliminated growth of diatoms at all concentrations (25%, 

50% or 70% ethanol, 1%, 7%, 35% or 50% acetic acid) all exposure times (2, 4, 10 or 30min) 

and both exposure temperatures (10°C or 15°C). Diatoms that was exposed to formaldehyde 

revealed growth after exposure to the lowest concentration of the chemical (0.04%), at both 

exposure temperatures and at all exposure times, and to the two lower exposure times (2 or 4 

minutes) of the medium concentration (0.4%) at an exposure temperature of 15°C. However, all 

samples with an exposure temperature of 15°C revealed contamination of another diatom 

together with growth of P. tricronutum.   

Acetic acid was the only treatment of the three that was tested as a sori disinfectant, but 

appeared to be lethal to the spores. The general pH tolerance of marine microalgae is between 

6 and 9 (Støttrup and McEvoy, 2002), while the optimum for daitoms are reported to be in the 

range 8.0 to 8.5 (Taraldsvik and Myklestad, 2000; Søgaard et al., 2011). It has been suggested 

that phytoplankton are unable to maintain the intracellular pH when extracellular pH is extreme 

(Coleman and Colman, 1981; Nimer et al., 1994), hence the acetic acid treatments with pH˂2.8 

probably led to denaturation of DNA and proteins (Puppels et al., 1994; Nelson and Cox, 2008). 

Still, it would be interesting to explore in more detail the tolerance limits for diatoms and S. 
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latissima to acetic acid, as the low toxicity and costs of the chemical makes it attractive in large-

scale production of S. latissima.   

Ethanol has been suggested as an effective sori disinfectant in combination with sodium 

hypochlorite (Kientz et al., 2011). In the present study, ethanol seemed to react with seawater 

and was therefore not tested as sori disinfectant. Further research may be done on ethanol as a 

potential disinfecting agent. However, disinfecting properties of ethanol seem to be dependent 

on the water content of the algae as high water content tend to dilute the ethanol on the surface 

of the algae (Kientz et al., 2011), and it may therefore be difficult to standardize a disinfecting 

dose. Combinations of ethanol and sodium hypochlorite have been suggested as powerful 

disinfectants (Kientz et al., 2011), and it may be interesting to compare combinations of sodium 

hypochlorite and ethanol to the disinfection with sodium hypochlorite demonstrated in this study.  

The contamination of the samples exposed to formaldehyde made it difficult to suggest a lethal 

dose of the chemical, and formaldehyde was not chosen for further investigation. A 

concentration of 5% has been suggested for fixation of microalgae (Guillard, 1973) and 

preservation of sori (Chapman, 1984), and the results in this study indicate that 4% is lethal to 

diatoms. Presumable there may be a limited safety margin between lethal dose to diatoms and 

harmful dose to S. latissima. Glutaraldehyde has been used successfully in disinfection of fish 

eggs (Salvesen and Vadstein, 1995), and is a widely used fixative in microalgae studies 

(Menden-Deuer et al., 2001). However, aldehydes are toxic (Hawley and Eitzen, 2001; Scott and 

Gorman, 2001), and if it is possible to use other chemicals as sori disinfectants that would be 

desirable in a large-scale production, due to environmental and health issues. 
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4.4 Concluding remarks 

 

The concentration of acetic acid, ethanol, formaldehyde, Lugol’s solution and sodium 

hypochlorite seemed to be the decisive variable for elimination of diatom in the present study. 

Since the study was conducted on concentration intervals at a power of ten, further testing with 

concentrations of higher resolution may in time reveal a more optimal concentration for sori 

disinfection. Epiphytic growth varies with the season and the need for a stronger disinfection 

may appear to be necessary. The upper tolerance of S. latissima to sodium hypochlorite should 

therefore be established.   

It would also be interesting to investigate low concentration (˂1%) of acetic acid as a potential 

alternative sori disinfectant to sodium hypochlorite. Combinations of ethanol and sodium 

hypochlorite may also be looked into. Potential inhibiting effects on S. latissima seedlings after 

use of germanium dioxide should be investigated in more detail due to contradicting results.   

The potential need of a diatom controller in S. latissima cultures after sori disinfection with the 

method presented in this study together with harmless GeO2 concentration for S. latissima 

seedlings should be further investigated.  

The method used for disinfection in the present study, one disinfecting bath followed by two 

rinsing baths of sterile seawater (SSW) holding 10°C, can be used for small scale disinfection of 

S. latissima sori. If large-scale cultivation systems of S. latissima are developed it may be 

necessary to develop a larger disinfection system. A production line with one container holding 

sodium hypochlorite followed by two containers holding sterile seawater (all precooled to 10°C) 

may be suitable for production on an industrial scale. Sori should be placed in a perforated 

bucket and immersed into the baths. Optimal seeding density and methods to estimate spore 

release from mature sori should also be investigated. 
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5 CONCLUSION 
 

The present study demonstrated that sori disinfection in 600ppm of sodium hypochlorite for 2 

minutes at an exposure temperature of 10°C, followed by two baths of sterile seawater (10°C) 

for 30 seconds, can be a successful disinfection method to mitigate diatom contamination from 

S. latissima sori. Disinfection of disks cut from ripe sori proved to be successful. The method in 

the present study implies that diatoms contamination can be removed by a purely chemical 

disinfection, and mechanical removal can be avoided. Sodium hypochlorite is suggested as sori 

disinfectant due to an apparently large safety margin between lethal dose for diatoms and 

harmful dose for S. latissima, together with easy neutralization by use of thiosulphate and a 

widespread use in aquaculture systems. 

Diatoms in free suspension were significantly affected (p ˂0.05) by all treatments except the 

lower concentrations of Lugol’s solution and formaldehyde.  Ethanol and formaldehyde were not 

tested as sori disinfectants, but acetic acid proved to be lethal to spores even at the lowest 

concentration (1%) tested. The concentration of the chemical agent seemed to be the decisive 

variable for diatom elimination while exposure time and exposure temperature appeared to have 

limited effect on the diatoms.  

Sori disinfection with both 600ppm sodium hypochlorite and 2% Lugol’s solution gave total 

elimination of diatoms. Swimming spores were released from the disinfected sori, and the 

sporophyte densities were comparable to the control treatment after four weeks of incubation. A 

delay was seen in egg release in samples from disinfected sori, but no influence was seen on 

the gender ratio 11 days after seeding, or sporophyte length measured three weeks after 

seeding. The results in the present study indicated that a stronger disinfecting treatment was 

needed to disinfect S. latissima sori than to control microalgae growth in pure cultures of 

diatoms. 

Germanium dioxide eliminated growth of C. muelleri and S. costatum. However, P. tricornutum 

seemed to survive GeO2 treatments. Sporophytes grown in a GeO2 enriched growth medium 

showed retarded growth, and there were indications on delayed transition from vegetative to 

reproductive phase. S-600ppm-2 appears to be an effective disinfectant in the mitigation of 

diatom contamination from sori, and the need for GeO2 to control diatom contamination should 

be limited after use of the disinfecting method.  
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APPENDIX II 
Table 11: Sporophyte density and diatom contamination in Experiment 2. 
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