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Chapter 1 

 
 

Carbohydrate production by phytoplankton and 
degradation in the marine microbial food web –  
The cycling of chrysolaminaran 
 
 
 
 
 
 
 
 
THE MARINE CARBON CYCLE 
 
Two-thirds of the earths’ surface is covered by water, and approximately half of the global 
primary production is produced in the marine ecosystem. The most important process 
responsible for primary production is oxygenic photosynthesis by phytoplankton (Hedges 
1992). Phytoplankton are microscopic plants, mostly algae, which live suspended in the water 
column. All plants use light, to convert carbon dioxide and water to organic compounds and 
oxygen in the photosynthesis process. The organic carbon produced by photosynthesis in the 
sea is respired in the marine food web (Figure 1). In the linear food chain carbon and energy is 
channelled through algae, to herbivores and on to higher trophic levels. In all these processes 
dissolved organic carbon (DOC) is released. DOC is respired by heterotrophic prokaryotes and 
stored as biomass that can re-enter the linear food chain after grazing by protozoans via the 
“microbial loop” (Azam et al. 1983). The prokaryotes play an important role in the marine 
carbon cycle, since an estimated 50% of marine primary production is channelled via the 
microbial loop (Azam 1998). Amongst the prokaryotes, bacteria are the most important 
consumers of DOC in the marine system (Williams 2000). Archaea have been detected in 
virtually all marine systems (Olsen 1994; Stein and Simon 1996) and may play a significant 
role in the carbon cycle in the deep sea (Karner et al. 2001; Herndl et al. 2005). At present, 
however, their role in the global carbon cycle remains largely unknown.  
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Figure 1. Schematic representation of the marine microbial food web. On the left the “linear food 
chain” is depicted, where energy and carbon from photosynthesis in phytoplankton is channeled 
through herbivorous grazers, onto higher trophic levels. On the right the “microbial loop” is depicted, 
in which dissolved organic carbon (DOC) is respired by prokaryotes and stored as biomass that can re-
enter the classic food chain via the protozoans. Although archaea are detected in virtually all marine 
systems, their role in the marine carbon cycle remains largely unknown. High-molecular-weight 
(HMW) DOC is cleaved by either “free” extracellular enzymes, or cell-attached ectoenzymes (“ecto”) 
prior to uptake by bacteria. Energy from the sun fuels phototrophic phytoplankton and prokaryotes. 
Excessive irradiance and especially the UV component may, however, cause damage to phytoplankton, 
prokaryotes and viruses. In addition irradiance may alter properties of DOC. At the bottom the flux of 
sinking particulate organic carbon (sinking POC flux) is depicted. In this way carbon sinks to the deep 
waters and may eventually become buried in sediments, whereby it is withdrawn from the carbon cycle 
for prolonged times (adapted from Karl 1994; Delong and Karl 2005). 

sinking POC flux  

(?)
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The chrysolaminaran cycle 

CARBOHYDRATE PRODUCTION BY PHYTOPLANKTON 
 
The cycling of carbohydrates is a key process in the marine carbon cycle because of the 
abundance and omnipresence of carbohydrates in the marine ecosystem. Carbohydrates form 
an important fraction of the organic carbon produced by phytoplankton (Biddanda and Benner 
1997; Biersmith and Benner 1998). They are major constituents of marine particles and 
sediments (Cowie and Hedges 1984), and marine DOC (Benner et al. 1992). Different types of 
carbohydrates with different functions are produced by phytoplankton. Two major pools are 
extracellular and storage carbohydrates.  

Extracellular carbohydrates are typically large heteropolymers and may form a mucous 
layer around the algal cells (Guillard and Helleburst 1971; Hoagland et al. 1993). In addition, 
phytoplankton release a part of the primary production directly as DOC (Nagata 2000; Teira et 
al. 2001; 2003), a significant part of which typically consists of carbohydrates (Biddanda and 
Benner 1997; Biersmith and Benner 1998; Aluwihare and Repeta 1999). Excess 
photosynthesis, e.g. under high light conditions or nutrient limitation, may enhance release of 
extracellular carbohydrates (e.g. Staats et al. 2000). In this case the contribution of 
extracellular carbohydrates to the phytoplankton carbon will depend on the nutrient status and 
light conditions of the algae.  

Storage carbohydrates are produced in the light and serve as an internal energy and carbon 
reserve. At low light conditions, or at night, this reserve can be used for maintaining cell 
metabolism and protein synthesis (Cuhel et al. 1984; Lancelot and Mathot 1985; Granum and 
Myklestad 2001). In addition, excess photosynthesis may lead to accumulation of storage 
carbohydrates (Myklestad and Haug 1972; Myklestad 1988; Janse et al. 1996b). Therefore, the 
contribution of storage carbohydrates to cellular carbon is highly variable, depending on the 
time of the day, the light intensity and the nutrient status of the cell.  

The storage carbohydrates of most algae are α- or β -glucans. Chrysolaminaran is the most 
abundant type of storage carbohydrate in marine phytoplankton (Figure 2). It is a ß-1,3-D-
glucan with some branching at position 6 and/or 2, typically containing 20-30 glucose 
residues, corresponding to approximately 4 kDa in size. It is also known as leucosin or 
laminarin. The latter name refers to the type of glucan found in some macroalgae (e.g. the 
Phaeophyta), with the same structure but containing mannitol end-groups (Meeuse 1962; 
Craigie 1974; Myklestad 1978; Painter 1983; Janse et al. 1996b). In diatoms chrysolaminaran 
is located intracellular in vacuoles (Chiovitti et al. 2004). Because of its presence in 
phytoplankton all over the world, chrysolaminaran is one of the most abundant carbohydrates 
on earth.  
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Figure 2.  Structure of part of a chrysolaminaran molecule, a ß-1,3-D-glucose backbone with a ß-1,6 
branch. 
 
 
 
CARBOHYDRATE DEGRADATION BY PROKARYOTES 
 
The carbon of phytoplankton becomes available for prokaryotes as DOC after sloppy feeding 
and egestion by zooplankton (Strom et al. 1997; Møller et al. 2003), or cell lysis (Van Boekel 
et al. 1992; Brussaard et al. 1995b; 2005), e.g. as a result of viral infection (Fuhrman 1999; 
Suttle 2005). Although carbohydrates are usually considered to be labile substrates for 
prokaryotes, the high concentration of carbohydrates in marine DOC (Benner et al. 1992), 
marine particles and sediments (Cowie and Hedges 1984), and sediment pore waters (Arnosti 
and Holmer 1999) demonstrates carbohydrates are not always easily metabolized. Whether a 
carbohydrate is utilized by a certain prokaryote largely depends on 1) the chemical structure of 
the carbohydrate and 2) the biochemical capacities of the prokaryote.  

1) The chemical structure of carbohydrates displays a remarkable diversity, a consequence 
of the wide variety of naturally occurring monosaccharides and the different glycosisdic 
bonds. For example two different hexoses can form 16 different disaccharides; three different 
hexoses can form 384 different trisaccharides. There are three levels of structural diversity. 
The primary structure is determined by the type of monosaccharide and their linkage. This 
leads to a secondary structure in the shape of the polymers (e.g. ß-1,3-linked glucans form 
helices). Polymers pack into structures that are held together predominantly by hydrogen 
bonds, determining a tertiary structure (e.g. a loose hydrogel, or a tightly packed network 
structure like cellulose). Since the enzymes involved in degradation of polymers are selective 
with respect to their substrate (Arnosti and Repeta 1994; Warren 1996), this diversity requires 
a similar enzyme diversity. The secondary and tertiary structure may lead to inaccessibility of 
glucosidic bonds. Therefore, simple, linear polymers consisting of just one monosaccharide, 
such as storage glucans, are generally believed to be more labile then heteropolymers with 
complex tertiary structures, such as extracellular mucopolysaccharides or cell wall constituents 
(Warren 1996).  

 12



The chrysolaminaran cycle 

Due to the large diversity and low concentrations of carbohydrates in the marine 
environment, the possibilities of analyzing the structural complexity in marine samples are 
extremely limited. In addition, the properties of carbohydrates released as DOC into the 
marine environment are not static, but influenced by abiotic factors. Polymers assemble 
spontaneously, forming the matrix of hydrogels, supported by ionic interactions such as 
calcium bridges. In this way soluble polymers end up in particles capable of sedimentation 
(Chin et al. 1998; Verdugo et al. 2004) (Figure 1). In addition, it alters the secondary and 
tertiary structure of the carbohydrates. Assembly may, however, be inhibited by ultraviolet 
(UV) radiation. Moreover, UV radiation may disperse assembled gels and even cleave 
polymers (Orellana and Verdugo 2003) (Figure 1).  

2) The biochemical capacities of the prokaryotes largely depend on the properties of their 
enzyme systems. Carbohydrates are degraded by glycoside hydrolases; enzymes hydrolyzing 
the glucosidic bond between two monosaccharides. Since prokaryotes can only transport small 
molecules (< 600 Da) across their cell membrane (Weiss et al. 1991), larger molecules have to 
be cleaved by extracellular enzymes prior to uptake. These enzymes may be “ectoenzymes” 
(Figure 1) that are attached to the prokaryotic cell, either to the cell wall or embedded in 
exopolymer layers, or “free enzymes” that are released into the environment. Free enzymes 
may be actively excreted by cells, but may also have been liberated after cell lysis, e.g. as a 
result of autolysis, viral lysis, or sloppy feeding (Chróst 1991). Ectoenzymes are most 
abundant in the marine environment (Bochdansky et al. 1995). Very little is known about 
properties of enzymes of marine prokaryotes, largely due to low amounts of biomass and slow 
in-situ degradation rates of relevant substrates. Therefore, enzyme characteristics in the marine 
environment have mainly been determined using small substrate proxies, consisting of a 
monomer such as glucose linked to a fluorophore such as methylumbelliferyl (MUF), whose 
fluorescence increases upon hydrolysis (e.g. Martinez et al. 1996; Arrieta and Herndl 2002). 
While these small substrate proxies are easy to apply and the use of fluorophores ensures the 
sensitivity that is required detecting low activities in marine samples, these substrates lack the 
structural properties of macromolecules in solution (Warren 1996).  

 
 

AIM OF THE THESIS 
 
Given the difficulty of direct structural analysis of marine carbohydrates and their slow 
degradation rates in-situ, I chose the approach to study the cycling of a well-characterized, 
relatively simple carbohydrate: chrysolaminaran. Studying the cycling of chrysolaminaran 
enabled me to circumvent the structural diversity of carbohydrates occurring in the marine 
ecosystem, yet the structural complexity to mimic complex macromolecules in solution is still 
present. Therefore, some of the principles found by studying this relatively simple 
carbohydrate may help to elucidate factors hampering rapid carbohydrate degradation by 
prokaryotes and better understand carbohydrate cycling in the marine ecosystem. Moreover, 
chrysolaminaran is one of the most abundant carbohydrates in the marine system, yet little is 
known about factors controlling its production and degradation. This thesis follows key 

 13



Chapter 1 

elements of the chrysolaminaran cycle, specifically its production by phytoplankton and 
subsequent degradation by prokaryotes.  
 
The main research questions are: 

• How is the production of chrysolaminaran by phytoplankton influenced by 
nutrient concentrations and irradiance levels? 

• What are the characteristics of bacterial enzyme systems involved in degradation 
of chrysolaminaran? 

• What is the influence of a massive release of carbohydrates on the abundance and 
activity of prokaryotes? 

 
Some of the principles found by studying this relatively simple carbohydrate provide further 
insights in the carbohydrate production and degradation patterns observed in marine 
ecosystems.  
 
 
OUTLINE OF THE THESIS 
 
The production of chrysolaminaran was studied in the phytoplankton groups Phaeocystis and 
diatoms. Both groups are cosmopolitan algae that often dominate the phytoplankton of 
temperate and polar waters (Nelson et al. 1995; Schoemann et al. 2005). Chrysolaminaran is 
the principal storage glucan of both groups (Paulsen and Myklestad 1978; Painter 1983; Janse 
et al. 1996b). Diatoms are extremely ubiquitous both in the marine ecosystem and in fresh 
water. They may be planktonic, benthic, or growing on sea ice or other organisms, such as 
seaweeds, animals (from crustaceans to whales). Photosynthesis by marine diatoms generates 
as much as 40% of the annual carbon production in the sea (Nelson et al 1995).  

Phaeocystis has a polymorphic life cycle, comprising various stages of single cells of 3-9 
µm in diameter and a colonial stage with cells embedded in a mucous layer usually reaching 
several mm (Rousseau et al. 1994). This mucous layer consists predominantly of extracellular 
carbohydrates (Guillard and Helleburst 1971; Solomon et al. 2003), that form a thin, yet 
strong, gel, surrounding an aqueous lumen (Van Rijssel et al. 1997; Hamm et al. 1999). 
Colonial Phaeocystis forms massive blooms in temperate and polar waters (Lancelot et al. 
1987; Baumann et al. 1994; Mathot et al. 2000; Schoemann et al. 2005). During these blooms 
organic matter is produced that is rich in carbohydrates (Veldhuis et al. 1986a; Fernández et al. 
1992; Janse et al. 1996a) comprising both extracellular mucopolysaccharides and 
chrysolaminaran.  

In chapter 2, a new method is described to separate mucopolysaccharides and 
chrysolaminaran in organic matter derived from Phaeocystis colonies. This method was 
applied during a Phaeocystis bloom in a mesocosm experiment near Bergen, Norway. In 
several experiments, the effect of light intensity and nutrient conditions on the production of 
both chrysolaminaran and mucopolysaccharides was determined.  

The light climate that phytoplankton residing in the water column experience can be highly 
variable due to wind induced vertical mixing. Thus, phytoplankton may be exposed to short 
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The chrysolaminaran cycle 

periods of excessive high light levels, including UV radiation. This requires specific 
acclimation to find a balance between protection against photodamage at high-light levels and 
optimal photosynthesis conditions for sufficient energy for growth at low-light levels (Neale et 
al. 2003). In chapter 3 the production of storage carbohydrates under excessive light 
conditions were investigated in an Antarctic and a temperate diatom. This was part of a 
laboratory study into the effect of acclimation to high-light conditions on tolerance to short 
periods of excessive light conditions. 

The characteristics of enzyme systems of selected marine bacteria involved in degradation 
of chrysolaminaran are described in chapter 4. After a bloom of Phaeocystis in the Dutch 
coastal North Sea several bacterial strains capable of utilizing laminarin as a sole carbon 
source were isolated. The laminarin degradation system of three strains of Vibrio was studied 
in detail in physiological experiments in the laboratory.   

In chapter 5 the dynamics in abundance and activity of prokaryotes was determined in the 
coastal North Sea during a spring and summer season, thus when primary production was 
dominated by diatoms and Phaeocystis. A combination of Catalyzed Reporter Deposition-
Fluorescence In Situ Hybridization with microautoradiography (MICRO-CARD-FISH) was 
applied to combine quantitative detection of specific phylogenetic groups with their group-
specific activity. The results are discussed in relation with the release of carbohydrates 
produced in a Phaeocystis bloom. 

Finally, in chapter 6 the current state of the knowledge on the production of carbohydrates 
by Phaeocystis and their degradation in the microbial food web is reviewed, including the 
results from the previous chapters. 
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Dynamics in carbohydrate composition of Phaeocystis 
pouchetii colonies during spring blooms in mesocosms 
 
 
Anne-Carlijn Alderkamp, Jens C. Nejstgaard, Peter G. Verity, Marnie J. Zirbel, Andrey F. 
Sazhin, and Marion van Rijssel 
 

 
 
 
 
 
The colony-forming microalgae Phaeocystis produces two major pools of carbohydrates: 
mucopolysaccharides in the colony matrix and intracellular storage glucan. Both have 
different functions and separate degradation pathways in the ecosystem, so a partial 
precipitation method was developed to distinguish the dynamics of both pools. Changes 
in concentration in response to variation in nutrients and irradiance were followed 
during a spring bloom of Phaeocystis pouchetii colonies in mesocosms near Bergen, 
Norway. Upon nutrient limitation, the carbohydrate to carbon ratio of the colonies 
increased from 15% during the growth phase, to more than 50% during the decline 
phase. During the growth phase of the bloom, the carbohydrate concentration and 
composition were influenced by irradiance: glucan concentrations showed strong diel 
dynamics and increased with higher light levels, whereas mucopolysaccharide 
concentrations were unaffected. During the exponential growth phase, glucan 
contributed 6-11% to P. pouchetii carbon, depending on the time of the day. During the 
decline of the bloom the carbohydrate contribution increased up to 60%. We provide 
further evidence for the concept that the Phaeocystis colony matrix is built with a 
relatively small but constant amount of carbohydrates, compared to the large quantities 
of glucan produced during Phaeocystis spring blooms. Since a major part of Phaeocystis 
primary production is recycled in the water column by bacteria, this vast glucan 
injection is a potential determinant of the magnitude and composition of the microbial 
community following a bloom. 

Journal of Sea Research (2006) 55, 169-181 



Chapter 2 

INTRODUCTION 
 

Phaeocystis (Prymnesiophyceae), a microalgal genus with a world-wide distribution, is known 
for its massive blooms in coastal seas and in Arctic and Antarctic waters (Lancelot et al., 1987; 
Baumann et al., 1994; Mathot et al., 2000). During blooms most of the cells are present in a 
colonial life stage during which they are embedded in a transparent mucous matrix consisting 
of extracellular polymers, forming hollow spheres with an aqueous lumen (Van Rijssel et al., 
1997). In North Sea coastal regions Phaeocystis blooms occur mainly in spring and are 
important in determining the flow of energy, carbon and nutrients in the ecosystem; 
Phaeocystis may contribute up to 90% of the total phytoplankton cell numbers (Joiris et al., 
1982; Lancelot 1984; Lancelot et al. 1987; Brussaard et al., 1996) and 65% of the local annual 
primary production (Joiris et al. 1982).  

Carbohydrates contribute significantly (up to 90%) to the organic matter of Phaeocystis 
(Rousseau et al., 1990; Fernández et al., 1992), with polysaccharides accounting for the bulk 
of the algal carbohydrates. Two major pools of polysaccharides in Phaeocystis are 
extracellular mucopolysaccharides, which are the main component of the mucous matrix of the 
colonies, and intracellular storage polysaccharides. Besides their different functions, these 
pools have separate degradation pathways in the ecosystem. 

The colony matrix is generally not heavily colonized by bacteria during active growth, but 
mucopolysaccharides can be degraded readily by bacteria (Janse et al., 1999). During 
senescence the colony matrix serves as the site of bacterial growth and remineralisation (Putt 
et al., 1994; Becquevort et al., 1998), indicating its importance in cycling of biogenic matter in 
the microbial loop. The mucopolysaccharides are large polysaccharides, consisting of at least 
nine different monosaccharides (Janse et al., 1996a). Given their nature, they may contribute to 
formation of transparent exopolymer particles (TEP) (Alldredge et al., 1993). Indeed, studies 
have shown that dissolved mucopolysaccharides formed TEP that either sediment (Riebesell et 
al., 1995) or acted as glue, adhering together other materials present during a bloom and thus 
enhancing their contribution to a vertical flux (Passow and Wassmann, 1994).  

Besides a structural function in the mucous matrix, mucopolysaccharides were also 
reported to serve as storage polysaccharides (Lancelot and Mathot, 1985; Veldhuis and 
Admiraal, 1985). The principal storage polysaccharide in Phaeocystis, however, is an 
intracellular β-1,3-glucan with some branching at position 6, with an average size of 3.6 kDa, 
classified as chrysolaminaran (Janse et al., 1996b). It is produced in the light and consumed in 
the dark, when it is apparently used as a respiratory substrate. Beta-1,3-glucan is recognized to 
be the most abundant type of storage carbohydrate in marine phytoplankton (e.g. diatoms) and 
in various macroalgae (Painter, 1983). It can be degraded rapidly by bacteria in the water 
column as well as in the sediment (Arnosti, 2000; Keith and Arnosti, 2001).  

The contribution of storage glucans to the total biomass of algae largely depends on growth 
conditions, nutrient status of the cells and light intensity. In the diatom Chaeotoceros affinis, 
cellular glucan content accumulates markedly under nutrient deficiency (Myklestad and Haug, 
1972; Myklestad, 1974). In Phaeocystis colonies an increase in the ratio of total carbohydrate 
to carbon was reported when nutrient limitation occurred in batch cultures (Van Rijssel et al., 
2000) and at the end of a spring bloom (Lancelot, 1984; Fernández et al., 1992). In addition, 
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carbohydrates oscillate in response to light variations over a diel cycle. In general, when 
nutrients are not limiting, and irradiance is sufficient to sustain high photosynthetic rates that 
exceed metabolic demands, glucan accumulates during the day. During the night, it can be 
respired as an energy supply to maintain cell metabolism and carbon for protein synthesis 
(Cuhel et al., 1984; Lancelot and Mathot, 1985; Granum et al., 2002).  

If we wish to understand the growth of Phaeocystis and follow its carbon fluxes, it is 
important to differentiate between glucan and mucopolysaccharides and investigate the factors 
influencing their production. It is, however, difficult to separate Phaeocystis cells from the 
matrix, because Phaeocystis cells are very fragile and are disrupted easily during commonly 
used filtration methods. In this way, water soluble components such as glucan are released 
(Veldhuis and Admiraal, 1985; Van Rijssel et al., 1997; Mathot et al., 2000). Accordingly, 
there is considerable variation in the reported fraction of total carbon in Phaeocystis that is 
used to build the mucous matrix, ranging from 5% to 90% (Rousseau et al., 1990; Van Rijssel 
et al., 1997; Mathot et al., 2000). Measurements of the incorporation of labelled bicarbonate 
yielded estimates of 18-60% (Lancelot, 1984) and microscopic observations led to an estimate 
of up to 90% (Rousseau et al., 1990). More recent studies that did not use filtration methods, 
found 5-33% for field populations by using the relationship between colony size and carbon 
measurements (Mathot et al., 2000), or colony size, carbon and carbohydrate measurements 
(Van Rijssel et al., 1997). Because this approach assumes fixed contributions of cell carbon 
and matrix carbon, it does not allow analysis of dynamics of carbohydrate pools. In the present 
study we have developed a partial precipitation method to separate mucopolysaccharides from 
glucan, enabling us to circumvent problematic methods of separating cells from mucous 
matrix. This has allowed us to measure the dynamics of both pools during a bloom. To exclude 
the effect of sampling diverse water masses with a different bloom history, a spring bloom of 
P. pouchetii was studied in mesocosms. In addition, short-term dynamics in response to 
variations in irradiance over diel cycles and in the water column were quantified. We provide 
further evidence for the concept that Phaeocystis colonies are built with a rather small but 
constant amount of carbohydrates (Van Rijssel et al., 1997; Hamm et al., 1999; Hamm, 2000), 
whereas the glucan pool shows considerable variation in response to external factors, such as 
nutrient status, stage of the bloom, and irradiance.  

 
 

MATERIALS AND METHODS 
 

Batch culture experiment 
The method for partition of the particulate water extractable carbohydrates into 
mucopolysaccharides and glucan was developed and tested in a batch culture experiment with 
P. globosa. P. globosa (strain L) was isolated by L. Peperzak from the Dutch coastal zone of 
the North Sea in 1992. Cultures were grown in autoclaved seawater collected from the Dogger 
Bank, adjusted to 33‰ salinity with demineralised water, supplemented with sterile solutions 
of nutrients (Guillard and Helleburst, 1971), minor salts, trace elements and a vitamin solution 
(Veldhuis and Admiraal, 1987). Cultures of 250 ml were grown in 1 L Erlenmeyer flasks that 
were autoclaved and cotton plugged. Cultures were grown at 11ºC at an irradiance of 40 µmol 
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photons * m-2 * s -1 in a 14 h: 10 h light: dark cycle and shaken manually every day to keep the 
cells in suspension. Sampling was performed 4 h after the start of the light period. The culture 
was isolated and grown aseptically, but not completely bacteria free. During the exponential 
growth phase, however, bacterial numbers are usually less than 10% of the Phaeocystis 
population (own observations).  

 
Development of a protocol for partition of water-extractable carbohydrates into 
mucopolysaccharides and glucan 
For analyses of particulate water-extractable carbohydrates, 200-250 ml samples of the batch 
culture were filtered onto precombusted (4 hrs, 450°C) glass fibre filters (Whatman GF/F) 
under gravity pressure only. Filters were stored at -20°C until further analysis. Particulate 
water-extractable carbohydrates consisting of mucopolysaccharides and glucan were extracted 
by addition of 5 ml MilliQ water for 30 min at 80°C, followed by centrifugation (10,000 x g 
for 15 min). Carbohydrates were quantified in the supernatant by the modified phenol-
sulphuric acid method described by Liu et al. (1973) with D(+)-glucose as reference. 
Subsequently, mucopolysaccharides were precipitated by addition of 2 volumes of ice-cold 
96% ethanol for 20 min at room temperature. Preliminary tests showed that laminarin (Sigma) 
did not precipitate in ethanol concentrations up to 85 % (v/v). After vortexing and 
centrifugation (14,000 x g for 30 min) at 4°C, the glucan fraction was quantified in the 
supernatant by the phenol-sulphuric acid method, with D(+)-glucose in 60% (v/v) ethanol as 
reference. Mucopolysaccharides were quantified by the phenol-sulphuric acid method after 
dissolving the pellet in 1 ml MilliQ water. Different precipitation times, including overnight 
precipitation, or precipitation at -20°C did not affect the results. Precipitation was reproducible 
(S.D. < 10% of glucan concentration in triplicate assays) and the sum of mucopolysaccharides 
and glucan equalled the water extractable carbohydrates (±10%). Sometimes, however, 
quantification of mucopolysaccharides was irreproducible. Therefore, the quantification of 
glucan analyses was routinely used and the difference between the water extractable 
carbohydrates and the glucan fraction was defined as mucopolysaccharides. 
Glucose content was determined in the mucopolysaccharide and glucan fractions using the 
Boehringer D(+)-glucose test combination (Boehringer Mannheim) after overnight hydrolysis 
in 0.3 M HCl at 100°C (Myklestad et al., 1997) and subsequent neutralization by addition of 
NaOH. Size distribution of the fractions was determined by ultrafiltration through 3 kD, 10 kD 
and 100 kD filters (Centricon, Millipore). To determine the laminarin content of glucan and 
mucopolysaccharides both fractions were digested with the enzyme laminarinase (E.C. 3.2.1.6 
from Trichoderma sp., Sigma) as was described in Van Rijssel et al. (2000). It contains endo-
ß-1,3-glucanase activity and some chitinase, cellulose and α-amylase activity and degrades 
laminarin from Laminaria digitata to monosaccharides (Sigma). 
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Mesocosm experiment 
The dynamics of both mucopolysaccharides and glucan were studied in P. pouchetii blooms in 
mesocosms. The experiment was conducted from 28 February to 4 April 2003 at the Marine 
Biological Field Station in Raunefjorden, outside Bergen, Norway (60°16’N, 05°14’E), using 
three transparent floating polyethylene enclosures (4.5 m deep, 2 m diameter, ca 11 m3, 0.12 
mm thick walls with 90 % penetration of photosynthetically active radiation (PAR). Details of 
the location and general mesocosm design can be found in Svensen et al. (2001) and at the 
website of the University of Bergen (http://www.ifm.uib.no/LSF/inst2.html). Surface 
irradiance (PAR) was registered continuously with a horizontally mounted Li-Cor cosine 
sensor (LI-COR, Lincoln, NE, USA).  The data were averaged for every 15 minutes and stored 
using a Li-Cor Li-1000 data logger. Light penetration in the mesocosms and the fjord water 
was measured daily with a Li-Cor cosine sensor horizontally mounted on an submersible 
frame. 

The mesocosms were filled on 28 February by pumping nutrient poor fjord water from 5 m 
depth.  The water column was well mixed with an airlift-system, pumping 40 L water * min-1 
(Jacobsen, 2000).  In order to allow the introduction of new species, to avoid substantial pH 
changes due to primary production, and to replace water sampled during the mesocosm 
experiment, 10% of the water was renewed daily in each mesocosm from 3 March by pumping 
(peristaltic) fjord water from 1 m depth outside the mesocosms. On 3 March, mesocosms M2 
and M3 were enriched with nitrate (NaNO3) and phosphate (NaH2PO4) to final concentrations 
of 16 µM and 1 µM, according to the Redfield ratio, to stimulate the development of a bloom 
of P. pouchetii. Mesocosm M1 received no nutrients and served as a control. Nutrient outflow 
with renewal of water was replaced daily. In M2 daily replacement of nutrients was stopped on 
20 March to induce a fast decline of the P. pouchetii bloom. Sampling was performed every 
third day, in the morning 4 h after sunrise, using 15 litre carboys that were filled at the surface 
of the mesocosms. Samples were taken gently to avoid disruption of the colonies. To monitor 
carbohydrate and glucan concentration over a diel cycle, sampling was performed over the day 
at indicated times during the exponential growth phase (18 March) and during the decline 
phase (25 March) of the P. pouchetii bloom (table 1). 

To determine the influence of light intensity on the carbohydrates in P. pouchetii colonies, 
incubation experiments were carried out with samples from M2 during the exponential growth 
phase (19 March) and the decline phase (28 March) of the bloom (table 1). From a 5 L sample 
of M2, P. pouchetii colonies were concentrated onto a 100 µm mesh net that was soaked in 
HCl for 3 hrs and overnight in MilliQ water. While making sure that the mesh did not dry, 
colonies were washed with 0.2 µm filtered water from M2 to remove small algae and free 
bacteria, collected in a beaker glass and the volume was adjusted to 1 L with the same filtered 
water. At noon, the concentrated P. pouchetii colonies were incubated in 50 ml polystyrene 
tubes (TPP) in the fjord, at 1 m depth, 14 m depth (2% of surface irradiance) and wrapped in 
aluminium foil (dark control). Three 50 ml samples of the concentrated P. pouchetii colonies 
and three tubes of each treatment at T = 0 h, T = 3 h and T = 6 h, three samples of each 
treatment were analysed for particulate water-extractable carbohydrate and glucan 
concentration.    
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Table 1. Overview of relevant parameters during the experiments 
 

P. pouchetii 
bloom phase 

Nitrate (µM) 
 

Phosphate (µM) 
 

Experiment Date 
(March) 

 

Radiation 
(MJ m-2 d-1) 

M2 M3 M2 M3 
Diel 18 exponential 4.0 10.04 9.74 0.79 0.79 
 25 decline 3.4 0.02 0.01 0.09 0.07 
Irradiance 19 exponential 1.5 7.14  0.96  
 28 decline 2.4 0.05  0.30  

 
 
 
Biological and chemical analyses 
In the batch culture experiment, biomass was monitored by measuring autofluorescence on a 
Wallack, Victor 1420 plate reader (430 nm excitation, 660 nm emission, Janse et al., 1996b).  

In the mesocosm experiment, phytoplankton abundance and species composition were 
determined in samples of 60 ml, that were fixed with glutaraldehyde (0.5% final 
concentration) and stored at 4°C, until settled in 2, 10 or 50 ml chambers, and analyzed at 
200x, 400x and/or 600x magnification on a Olympus or LUMAM-P8 microscope. Cellular 
carbon of the various phytoplankton species was determined using the conversion described by 
Menden-Deuer and Lessard (2000). To determine the concentration of P. pouchetii colonies, 
samples were concentrated 5-10 times using reverse filtration through a 10 µm mesh. The 
concentrated sample was then placed into 3 ml well plates and allowed to settle for 1 hr at 4°C.  
Colony concentrations were determined by averaging counts of at least four wells using a 
Nikon Diaphot inverted microscope at 200x magnification.  

Analyses of ammonium, phosphate and silicate were conducted on fresh samples. 
Ammonium was measured on a Turner Designs 10-AU fluorometer according to Holmes et al. 
(1999). Phosphate and silicate were measured using a spectrophotometer (Shimadzu UV-160) 
according to Valderrama (1995). Samples (20 ml) for analysis of nitrate were fixed (0.2 ml 
chloroform) and stored at 4˚C until analysis was performed using an autoanalyser (Hagebø and 
Rey, 2004). 

For particulate organic carbon (POC) measurements triplicate 50 - 200 ml samples were 
filtered (< 15 mPa) onto precombusted (4 hrs, 450°C) glass fibre filters (Whatman GF/F). 
Filters were stored at -20°C until analysis on an elemental-analyser type EA 110 (Interscience, 
Breda, The Netherlands). Samples for chlorophyll a (Chl a) were collected each day, filtered 
onto 0.45 µm filters (Sartorius) and analysed according to Parsons et al. (1984) on a Turner 
Designs 10-AU fluorometer. 

For particulate water extractable carbohydrate analysis 200-250 ml samples were filtered 
and analysed for carbohydrate and glucan concentration. At the time of P. pouchetii colony 
dominance, additional samples with an increased amount of colonies were obtained by gentle 
filtration of 500-1000 ml mesocosm water at gravity pressure only, onto a 100 µm mesh net 
that was previously soaked in HCl for 3 hrs and overnight in MilliQ water.  
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Statistical methods 
The partition of carbohydrate fractions during different stages of the P. pouchetii bloom in M2 
and M3 were compared using a paired student t-test. When it was confirmed they were 
different, differences in glucan content between different bloom stages was tested in both 
mesocosms using ANOVA. The Tukey HSD post hoc test procedure was subsequently used to 
determine significant differences at a 95% confidence interval. Differences between the light 
treatments in the incubation experiment were tested using ANOVAs followed by the Tukey 
HSD post hoc test as described above.  
 
 
RESULTS 

 
Carbohydrate partition and characterization in a P. globosa batch culture 
Water-extractable carbohydrates were extracted from P. globosa colonies and separated by 
ethanol precipitation into a mucopolysaccharide and a glucan fraction. Analysis of the glucose 
content of both fractions showed that mucopolysaccharides consisted for 20% of glucose and 
glucan for 97%. Size fractionation showed that all mucopolysaccharides were > 100 kDa. In 
the glucan fraction all polysaccharides were < 100 kDa; 42% < 3 kDa, 40% were 3 kDa - 10 
kDa, and 18 % were 10 kDa - 100 kDa. When an exponentially growing culture of P. globosa 
was placed in the dark, the glucan concentration decreased 70% within 24 h, whereas the 
mucopolysaccharide concentration remained constant for at least 6 days (Figure 1). Because 
the ß-1,3-glucan chrysolaminaran is the only known intracellular storage glucan  
 

   
 
Figure 1. Carbohydrate concentration and partitioning in mucopolysaccharides and glucan of an 
exponentially growing batch culture of P. globosa that was placed in the dark at time 0. Carbohydrates 
are expressed as µmol glucose equivalents per liter. Error bars represent S.D. of triple carbohydrate 
analysis. 
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of Phaeocystis (Janse et al. 1996b) it was tested whether both mucopolysaccharide and glucan 
fraction were susceptible to digestion by the enzyme laminarinase. Of the glucan fraction, 60% 
was quickly degraded to fragments < 1 kDa, whereas the mucopolysaccharide fraction was not 
susceptible to laminarinase, even after prolonged incubation times.  
 
P. pouchetii bloom development in the mesocosms 
The phytoplankton species composition and numbers in each of the three mesocosms 
developed alike during the first thirteen days (Figure 2). A diatom bloom dominated by 
Chaetoceros socialis was growing exponentially until 12 March, reaching a maximum of 
approximately 7 * 106 cells * L-1. During this period the initial silicate concentration of 5 µM 
gradually decreased and was depleted on 7 March. The diatom bloom was followed by a P. 
pouchetii colony bloom in all mesocosms. The duration of the bloom and appearance of 
different types of colonies was similar in all mesocosms, but colony numbers and cell numbers 
were approximately five times higher in the fertilized mesocosms M2 and M3 than in the 
unfertilised control M1 (Figure 2). In M1, the Phaeocystis bloom reached a maximum of 9.2 * 
106 cells * L-1 and 25 * 103 colonies * L-1 on 26 March. At that time P. pouchetii constituted 
63% of the cell numbers and 55% of the algal biomass. Initial nitrate concentrations of 6.5 µM 
gradually decreased and were depleted from 19 March onwards. Initial phosphate 
concentrations of 0.34 µM gradually decreased and were depleted from 23 March onwards. In 
both fertilized mesocosms the P. pouchetii bloom development was similar. Based on the P. 
pouchetii cell numbers we distinguished three phases in this bloom, an exponential growth 
phase, a decline phase and a decay phase. P. pouchetii started to grow exponentially on 8 
March, which lasted until 20 March, with maximum growth rates µ of 0.93 d-1 and 0.74 d-1 for 
M2 and M3 respectively. During this exponential growth phase all observed colonies were 
intact, but when exponential growth ceased, fragmented colonies started to develop in both 
mesocosms (Figure 2). In M2, the bloom peaked at 42.8 * 106 cells * L-1 at 20 March, whereas 
colony numbers peaked a little later on 23 March at 134 * 103 colonies * L-1. P. pouchetii cells 
constituted 89% of the cell numbers and 92% of the biomass. In M3 growth continued until 26 
March, when the bloom peaked at 50.4 * 106 cells * L-1 and at 193 *103 colonies * L-1. P. 
pouchetii cells constituted 91% of the cell numbers and 84% of the biomass. In both 
mesocosms nitrate and phosphate concentrations gradually decreased during this period, 
nitrate was depleted on 20 March, phosphate on 23 March.  

From March 23 onwards the bloom started to decline. In the beginning of the decline 
phase, Chl a concentrations were decreasing (Figure 3A), whereas POC concentrations were 
still increasing (Figure 3B). Nutrient concentrations of both nitrate and phosphate were below 
0.1 µM. From 26 March on we began to observe intact colonies with dispersed cells; cells that 
were not in their usual patches within the colonies and were sometimes moving around within 
the colonies (Figure 2). From 29 March on the C/Chl a ratio increased strongly, from 
approximately 50 during the bloom to 300 for M2 and 250 for M3 (Figure 3C), indicating the 
decay of the bloom. During this period nitrate concentrations remained low, whereas 
phosphate increased slightly to 0.5 µM. 
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Figure 2. Diatom and P. pouchetii cell numbers (A), and P. pouchetii colony numbers (B) in the 
mesocosms during the spring bloom. (A) Diatoms were dominated by C. socialis. (B) The different 
colony types were intact colonies (grey): with intact membrane, without tears or breaks; fragmented 
colonies (dotted): with compromised membrane, but still seemingly viable, i.e. cells are visible in usual 
patches inside the colony matrix; colonies with dispersed cells (black): intact colonies with dispersed 
cells; cells that were not in their usual patches within the colonies and were sometimes moving around 
within the colonies in the mesocosms M1, no nutrients added; M2, initial nutrient addition and daily 
replacement of nutrient outflow until 20 March; and M3 initial nutrient addition and daily replacement of 
nutrient outflow until the end of the experiment. 
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Figure 3. Changes in the Chl a concentration (A), POC concentration (B), and carbon to Chl a ratio (C) 
in the mesocosms M1 (open circle), M2 (grey circle), and M3 (Black circle). 
 
 
Carbohydrate dynamics over the course of the P. pouchetii bloom 
The carbohydrate patterns in samples taken in the morning over the course of the P. pouchetii 
bloom showed a similar trend in M2 and M3 (Figure 4). During the exponential growth phase 
carbohydrates made up approximately 15 (±7.5)% of POC in both mesocosms, increasing to 
more than 50% when exponential growth ceased (Figure 4A). Most of the carbohydrates in P. 
pouchetii colonies (>100 µm fraction) were present as glucan during the  
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Figure 4. Carbohydrate patterns over the course of the P. pouchetii bloom. Percentage of POC in 
the form of particulate water-extractable carbohydrates (A) and partitioning of the carbohydrates in 
P. pouchetii colonies (>100µm fraction) in mucopolysaccharides (plain bars) and glucan (arched 
bars) in M2 (B) and M3 (C). 
 
 
entire bloom period (Figure 4B and C). The contribution of glucan was different during the 
various bloom stages (ANOVA, P < 0.001). During the exponential growth phase the 
contribution of glucan to the carbohydrates in P. pouchetii colonies was 63 (±1.4)%, which 
was lower than during the rest of the bloom (Tukey post-hoc test, P < 0.05). During the 
decline and decay phase of the bloom the contribution of glucan to the carbohydrates in P. 
pouchetii colonies was not different at 82 (±5.6)% (Tukey post-hoc test, P = 0.28). 
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Diel dynamics in carbohydrate pools  
During the exponential growth phase of the P. pouchetii bloom (18 March), when nutrients 
were not limiting (Table 1), the carbohydrate concentration of the P. pouchetii colonies 
showed a strong diel pattern that was similar in both mesocosms (Figure 5A and B). During 
the light period the carbohydrate concentration increased 3.9- fold in both mesocosms, and 
subsequently decreased 55% during the night. The increase in carbohydrate concentration was 
stronger after 8:30 a.m., when the irradiance increased. Partition of the carbohydrates showed 
the largest variation in the glucan pool. During the light period, glucan increased 5.6- and 6.5-
fold respectively for M2 and M3, and decreased 60% in both mesocosm during the night. 
During the day, mucopolysaccharides increased 2.2- and 3.4-fold in M2 and M3 respectively, 
during the night they decreased 44% and 35% for M2 and M3 respectively.  

There was no variation in the carbohydrate concentration over a diel cycle during the 
beginning of the decline phase (25 March) of the bloom. The contribution of glucan was 
constant as well (Figure 5C and D). The light conditions were similar during both experiments 
(Table 1). 
 

 
 

 
 
Figure 5. Diel variations in carbohydrate concentration and composition in P. pouchetii colonies of 
mesocosm M2 (A & C) and mesocosm M3 (B & D) during the exponential growth phase, 18 March (A 
& B) and the decline phase, 25 March (C & D) of the P. pouchetii bloom. 
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Influence of light intensity 
To determine the influence of light intensity on the carbohydrate concentration and glucan 
contribution in P. pouchetii colonies, samples from M2 in which colonies were concentrated, 
were incubated at 1 m depth, 14 m depth (equivalent to 2% surface irradiance) and in the dark 
control both during the growth phase and the decline phase of the bloom (Figure 6). During the 
exponential growth phase of the bloom (19 March), the carbohydrate concentrations were 
positively influenced by irradiance, which was independent of the time of incubation 
(ANOVA, light P < 0.001, time P = 0.54). The total carbohydrate concentrations were 
different following each of the three light treatments (Tukey post-hoc test, P < 0.05). Whereas 
neither the different light treatments nor the time of incubation had an effect on the 
concentration of mucopolysaccharides (ANOVA, light P = 0.69, time P = 0.23), glucan 
concentrations were positively influenced by irradiance, which was independent of the time of 
incubation (ANOVA, light P = 0.001, time P = 0.48).  
During the decline phase of the bloom (28 March) neither the different light treatments, nor 
the time of incubation had an effect on the carbohydrate concentration (ANOVA, light P = 
0.89, time P = 0.11). During this experiment the radiation was higher than during the 
experiment in the growth phase (Table 1). 
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Figure 6. Influence of light intensity on carbohydrate concentration of P. pouchetii colonies of 
mesocosm M2 during the exponential growth phase of the bloom (A, 19 March) and the decline phase of 
the bloom (B, 28 March). At noon (12:00) P. pouchetii colonies (>100µm fraction) were incubated at 
depths of 1 m (white bars), 14 m (grey bars), and in the dark as a control (dark grey bars). The error bars 
represent S.D. of triple incubations. 
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DISCUSSION 
 
In this study the two major carbohydrate pools of Phaeocystis colonies, mucopolysaccharides 
and glucan, were successfully separated. The batch culture experiment showed that 
mucopolysaccharides were not consumed by the algae when cultures were placed in the dark 
(Figure 1), in agreement with their structural role in the colony matrix. The glucan fraction, on 
the other hand, was readily consumed by the algae, demonstrating its storage function.  

Chrysolaminaran was characterized as principle storage glucan in a non-colony forming 
strain of P. globosa (Janse et al., 1996b). In this strain, 95% of water extractable carbohydrates 
consisted of glucose and all glucose polymers were digested by the enzyme laminarinase, 
whereas in a colony forming strain no more than 40-70% of glucose polymers were digested 
(Van Rijssel et al., 2000). In concordance with this, our results showed that only 60% of the 
glucan fraction was digested. There may be differences in chrysolaminaran produced by single 
cells and colonial cells, e.g. in polymer size or in number of branches. Therefore, 
chrysolaminaran from colonial cells may not be fully degraded by the enzyme. Alternatively 
there may be a different type of glucan produced by colonial Phaeocystis cells. From the batch 
culture experiment however, it can be concluded that the whole glucan pool has a storage 
function. If there is another type of storage glucan besides chrysolaminaran, it is not clear if 
this is located in the cells or in the colony matrix, since our method did not separate 
Phaeocystis cells from the colony matrix. Nocturnal usage of carbohydrates from the colony 
matrix has been reported during blooms (Lancelot and Mathot, 1985), and in cultures of P. 
globosa (Veldhuis and Admiraal, 1985). Both studies used filtration to obtain an extracellular 
carbon fraction, containing the colony matrix and intra-, as well as extracolonial carbon. Since 
filtration could lead to the disruption of Phaeocystis cells, this fraction may have contained 
chrysolaminaran as well. Using a similar filtration method, however, Matrai et al. (1995) did 
not observe nocturnal usage extracellular carbon in cultures of an Antarctic clone of 
Phaeocystis spp.  

During the exponential growth phase of the P. pouchetii bloom, glucan synthesized during 
the day is used as a short-term storage to meet nocturnal consumption. In the incubation 
experiment we showed that daytime synthesis of glucan was dependent on the light intensity. 
In addition, we hypothesized that glucan can be used during the light period in case 
photosynthetic irradiance is suboptimal, e.g. due to vertical mixing deep in the water column. 
Under normal bloom conditions, Phaeocystis colonies may be mixed down to several tens of 
meters and still actively grow (Joint and Pomroy, 1993; Arrigo et al., 1999; Wassmann et al., 
2000). We could, however, not measure any significant decrease in the glucan fraction, or 
carbohydrate concentrations of the P. pouchetii colonies incubated at 14 meters depth, or even 
in the dark control. In a recent model for the diatom Chaetoceros brevis (Van Oijen et al., 
2004) showed that respiration rate of glucan during the day was 1.5 to 2.7 times lower than 
during the night. If this difference in respiration rate also applies to P. pouchetii, our procedure 
may not have been sensitive enough to measure a decrease of glucan during the applied 
incubation times.  
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In addition to short-term glucan dynamics, P. pouchetii accumulated glucan under nutrient 
depleted conditions at the end of the bloom. Carbohydrate accumulation as a long-term storage 
of excess energy and carbon is commonly observed in algae under nitrogen or phosphorus 
limitation (Myklestad et al., 1972; Myklestad, 1974; Verity et al., 1988; Van Rijssel et al., 
2000). Stored glucan may be used for survival until growth conditions improve. This may be 
relevant for Phaeocystis, since colonies of P. globosa have been found wintering in the water 
column in the Dutch North Sea (Cadée 1991).  

During the entire P. pouchetii bloom, mucopolysaccharides formed a minor part (< 40%) 
of the carbohydrates. These results support the concept that the colony matrix is built with low 
amounts of carbohydrates (Van Rijssel et al ., 1997; Hamm et al., 1999; Hamm, 2000). In this 
study we did not measure directly which part of the P. pouchetii carbon is devoted to the 
mucus matrix, since the mesocosm POC was measured in > 1 µm samples, whereas the 
carbohydrate partitioning into glucan and mucopolysaccharides was performed in > 100 µm 
samples. However, if we assume that the contribution of carbohydrates to POC is the same in 
the two fractions, the contribution of mucopolysaccharides to the P. pouchetii carbon is less 
than 5% during the exponential growth phase of the bloom, and in the range of  5 - 13% during 
the decline and decay phase. These values are within the range of those reported for cultures of 
polar clones of Phaeocystis spp. (Matrai et al., 1995), P. antarctica in the Ross Sea (Mathot et 
al., 2000) and P. globosa in the North Sea (Van Rijssel et al., 1997), but much lower than 
values of up to 90% for P. globosa in the North Sea that were calculated based on microscopic 
observations by Rousseau et al. (1990).  

 There was a gradual increase in the contribution of glucan to the carbohydrates over the 
course of the P. pouchetii bloom. During a bloom of colonial P. globosa in the North Sea, 
however, the contribution of storage glucan was highly variable over the whole bloom (Janse 
et al., 1996a). Our results show that glucan contribution in P.  pouchetii colonies during the 
exponential growth phase of a bloom is dependent on irradiance. Considering the variations in 
irradiance over a diel cycle as well as in intensity, this may explain the reported large variation 
of the contribution of glucan to the carbohydrates in Phaeocystis colonies in the field.  

If we calculate the contribution of glucan to POC during the P. pouchetii bloom we find 
that this is low during the exponential phase, 6-11%, depending on the time of the day. During 
the decline phase, however, this increases up to 60%. It must be noted that our study was 
conducted in completely mixed mesocosms of only 4.5 meters depth, where the algae received 
much more light than under normal conditions in the field. Therefore, the contribution of 
glucan to colonies in the mesocosm may be higher than in the field. Still, it is evident that 
large quantities of glucan are produced during Phaeocystis spring blooms and subsequently 
channeled into the ecosystem. Since a major part of Phaeocystis primary production is 
recycled in the water column by bacteria  (Wassmann, 1994; Brussaard et al., 1995; Rousseau 
et al., 2000), this vast carbon injection is a potential determinant of the magnitude and 
composition of the microbial community following a Phaeocystis bloom.  
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The influence of photoacclimation on the effects of excessive photosynthetically active 
(PAR: 400 - 700 nm) and ultraviolet (UVR: 280 - 400 nm) radiation was assessed for the 
marine diatoms Thalassiosira weissflogii (Grunow) Fryxell and Hasle and Thalassiosira 
antarctica (Comber). Low and high-PAR acclimated cultures were subjected to simulated 
surface irradiance (SSI) that mimicked irradiance around noon, including UVR. 
Photosystem II (PSII) efficiency, xanthophyll conversion, superoxide dismutase (SOD) 
activity, carbohydrate buildup, and lipid peroxidation were investigated after 30 min SSI 
and during 120 min recovery in low-irradiance. Furthermore, viability loss was 
measured during 4 h SSI. Prior to SSI, the diadino-diatoxanthin pool was increased in 
high irradiance acclimated cells, compared to cells grown under low-irradiance. Thirty 
min SSI caused a pronounced decline in PSII efficiency. This coincided with de-
epoxidation of diadinoxanthin in high-irradiance acclimated cells, which was completely 
reversed during recovery in low-irradiance. De-epoxidation was lower for low-irradiance 
acclimated cells, whereas PSII efficiency and carbohydrate buildup were lower during 
the recovery phase. Furthermore, clear UVR effects on PSII efficiency were observed in 
low-irradiance but not in high-irradiance acclimated cells. Although 30 min SSI did not 
increase cellular SOD activity and lipid peroxidation, prolonged (4 h) SSI caused 
viability loss in low irradiance acclimated cells, which was enhanced by UVR. Therefore, 
PAR and UVR-induced PSII inactivation and viability loss were reduced by high-
irradiance mediated changes in light harvesting and xanthophyll pigments. In addition to 
photoacclimation-modulated differences, minor sensitivity differences were found 
between species. 

Accepted for publication  
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INTRODUCTION 
 

Season, diurnal cycle, weather, and optical properties of particles, detritus, and sediment shape 
the incident irradiance experienced by phytoplankton (Kirk 1994). Furthermore, deep vertical 
mixing of the water column imposes strong irradiance oscillations (Denman and Gargett 1983, 
Neale et al. 2003). This reduces the daily irradiance dose, although phytoplankton occasionally 
experience periods of excessive irradiance when residing near the surface. These continuous 
alterations between low and excessive irradiance require regulation and acclimation of light 
harvesting, photosynthesis, and photoprotection. In response to irradiance limitation, algae 
maximize light harvesting and photosynthetic efficiency, while Calvin cycle activity increases 
at the expense of light harvesting pigments during saturating irradiance (Falkowski and 
LaRoche 1991). However, rapid irradiance fluctuations impose challenges to the 
photoregulation and photoacclimation processes because transition from low to excessive 
irradiance can over-reduce photosynthetic electron transport and initiate formation of reactive 
oxygen species (ROS). ROS are potentially harmful for all biomolecules and can initiate chain 
reactions that destroy membranes (Hideg and Vass 1996). Yet, initial ROS effects are 
primarily observed in the chloroplasts causing the inactivation of PSII reaction centers. 
Protection against excessive irradiance involves down regulation of PSII efficiency to regulate 
excitation energy for photosynthesis. Short term adjustment of light harvesting is achieved by 
thermal dissipation of excessive energy due to de-epoxidation of xanthophylls. The 
xanthophyll cycle of algae comprises enzymatic conversion of carotenoids such as 
violaxanthin to antheraxanthin and zeaxanthin in green algae, and diadinoxanthin to 
diatoxanthin in diatoms (Demmig-Adams 1990, Olaizola et al. 1994, Moisan et al. 1998). It is 
generally accepted that de-epoxidation and epoxidation of xanthophylls is controlled by the pH 
of the lumen (Lavaud et al. 2002). Furthermore, photo-induced PSII damage can be 
compensated by increased turn-over of the D1 reaction center binding protein (Kim et al. 
1993). In addition, ROS accumulation can be prevented by antioxidants such as superoxide 
dismutase (SOD), ascorbate peroxidase and glutathione metabolism in the chloroplasts 
(Miyake and Asada 2003). Overall, sensitivity to excessive irradiance is strongly influenced by 
photoacclimation and nutrient availability because these conditions influence cellular pigment 
composition and protein turnover rates (Geider et al. 1993, Shelly et al. 2003, Poll et al. 2005). 
Interspecific differences in photoacclimation potential have been reported between a diatom 
and a green flagellate (Van Leeuwe et al. 2005). Also, differences in PSI and cytochrome b6f 
content between the marine diatoms T. weissflogii and T. oceanea were suggested to initiate 
changes in sensitivity to fluctuating irradiance (Strzepec and Harrison 2004).  

Current knowledge on the interactive effects between UVR and excessive PAR is still 
scattered. In addition to excessive PAR (400-700 nm), UVBR (280-315 nm) and UVAR (315-
400 nm) cause PSII inactivation that can reduce carbon accumulation under field and lab 
conditions (Cullen et al. 1992, Bracher and Wiencke 2000, Barbieri et al. 2002). Furthermore, 
UVBR is suggested to affect xanthophyll conversion and therefore may influence sensitivity to 
high irradiance (Bischof et al. 2002, Mewes and Richter 2002). However, acclimation to UVR 
exposure by accumulation of UVR absorbing compounds (MAAs) and increased D1 turnover 
are also reported (Helbling et al. 1996, Hazzard et al. 1997). Confusion about the UVBR 
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contribution to overall high irradiance effects are partly due to differences in spectral 
irradiance quality and quantity of UVR sources. Unbalanced UVR and PAR can exaggerate 
UVR effects because important mechanisms involved in prevention and repair of UVR 
induced damage use or are activated by PAR. Estimates of UVBR-induced productivity losses 
in the field vary from not significant up to 10%, depending on exposure scenarios (Smith et al. 
1992, Neale et al. 1998a, Arrigo et al. 2003). Because vertical mixing combined with the 
diurnal cycle limits the period of potential UVR exposure, effects of prolonged UVBR on 
phytoplankton have little ecological relevance in a dynamic irradiance environment. 
Nevertheless, short exposure to surface irradiance can have a pronounced effect on viability, 
whereas reduced photosynthetic efficiency may linger on for some time after exposure (Poll et 
al. 2005). Other variability sources are phytoplankton species composition and the complex 
interactions with their physical environment. UVR effects may be species-specific and can be 
influenced by photoacclimation, nutrient availability, and temperature (Neale et al. 1998b, 
Shelly et al. 2003, Poll et al. 2005).  

In this contribution we investigated the interaction between photoacclimation and 
excessive UVR and PAR effects by exposing high and low irradiance acclimated 
Thalassiosira weissflogii and Thalassiosira antarctica to irradiance that mimicked conditions 
near the water surface at noon. These marine diatoms belong to the same genus and are 
commonly observed in the phytoplankton community of temperate and polar waters. By 
comparing these species, we examined potential differences in photoacclimation and excessive 
irradiance responses in species growing under contrasting temperature conditions. 
Photoacclimation and excessive irradiance effects were studied by monitoring pigment 
composition and PSII efficiency after exposure and during subsequent recovery in low 
irradiance. Furthermore, buildup of carbohydrates, the common energy and carbon storage 
products, was analyzed to investigate effects on Calvin cycle activity. In addition, SOD 
activity was used as an indicator for antioxidant capacity, whereas cellular thiobarbituric acid 
reactive substances (TBARS) were used as a measure for ROS-induced lipid peroxidation. 
Finally, photo-induced viability-loss was used to demonstrate differences in excessive 
irradiance sensitivity. 

 
 
MATERIALS AND METHODS 
 
Experimental set-up 
T. antarctica and T. weissflogii were acclimated to low and high irradiance for 3 weeks and 
subsequently exposed to 30 min simulated surface irradiance (SSI). Glass filters were used to 
create 3 SSI treatments with different spectral composition, including UV. After SSI exposure 
the algae were placed for up to 180 min in low irradiance (no UV) for recovery. PSII 
efficiency and pigment composition were investigated before and after SSI exposure and 
during recovery in low irradiance, whereas carbohydrate buildup and SOD activity were 
determined before exposure and after the recovery period. TBARS and viability were 
measured before and directly after SSI. Additional experiments were performed to 
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demonstrate effects of prolonged (up to 4 h) SSI exposure on viability. All measurements were 
performed in duplicate, i.e., algae were obtained from two separate cultures.  

 
Cultivation conditions 
T. antarctica (Comber) (strain CCMP 982) and T. weissflogii (Grunow) Fryxell and Hasle 
(strain CCMP 1049) were cultivated under low (8-9 µmol photons m-2 s-1) and high (290 µmol 
photons m-2 s-1) irradiance from biolux (Osram, Munich, Germany) fluorescent lamps under a 
16-8 h light-dark cycle in f/2 enriched (Guillard and Ryther 1962) autoclaved seawater 
(salinity 35). Irradiance was measured in air with a QSL-100 (Biospherical Instruments, San 
Diego, CA, USA) with a spherical sensor. The algae were grown at least three weeks in these 
irradiance conditions and the medium was changed each week. Experiments were performed at 
4.5ºC and 18ºC for T. antarctica and T. weissflogii, respectively. These temperatures support 
high growth rates of both species and approximate summer temperatures for Antarctic and 
temperate waters, respectively. 

 
Simulated surface irradiance exposure (SSI). 
Prior to SSI exposure, low and high irradiance acclimated T. antarctica and T. weissflogii were 
diluted to 200 x 103 and 40 x 103 cells per mL, respectively, to create transparent suspensions 
with comparable properties (measured for PAR in suspension with a QSL-100). For PSII 
efficiency, pigment, carbohydrate, SOD, and TBARS measurements duplicate quartz vessels 
with each 150 mL of cell suspension were prepared. These were irradiated from below by a 
250 W MHN-TD power tone (Philips, Germany) and 2 UVA 340 (Q-panel, Cleveland, OH, 
USA) lamps. WG 305, WG 335, and GG 385 glass filters (Schott, Mainz, Germany) were used 
to create treatments consisting of PAR+UVAR+UVBR, PAR+UVAR, and PAR, respectively 
(Figure 1, Table 1). Note that spectral irradiance of these treatments does not follow C. I. E. 
definitions. The irradiance conditions were comparable to surface values at noon on a sunny 
day at mid latitudes and therefore were defined as simulated surface irradiance (SSI). For 
comparison, solar irradiance was measured at 13:00 h on 17 June 2005 in Haren, The 
Netherlands, 53º10’N, 6º30’E (Figure 1, Table 1). Irradiance was measured with a MACAM 
SR9910 double monochromator scanning spectroradiometer (Macam Photometrics, 
Livingston, U.K.) and a spherical sensor and was the same as in Poll et al. (2005). Quartz 
vessels were cooled by a temperature controlled water bath (4.5 and 18ºC for experiments with 
T. antarctica. and T. weissflogii, respectively) during SSI exposure. 
 

 
Table 1. Irradiance (W m-2) for the PAR+UVAR+UVBR (WG 305), PAR+UVAR (WG 335), and 
PAR (GG 385) treatments during simulated surface irradiance. For comparison solar irradiance is 
shown for 17 June 2005, recorded in Haren, The Netherlands 53º10’N, 6º30’E) at noon, on a sunny 
day. 
 
 PAR (400-700 nm) UVAR (315-400 nm) UVBR (280-315 nm) 
WG 305 448 50.9 0.608 
WG 335 440 47 0.012 
GG 385 450 25.7 0.005 
Solar 418 62 1.89 
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Figure 1. Spectral irradiance of PAR+UVAR+UVBR (WG 305), PAR+UVAR (WG 335), and PAR 
(GG 385) treatments during simulated surface irradiance. For comparison a solar spectrum (13:00 h, 17 
June 2005, The Netherlands) is shown.  
 
 
 
 
Fluorescence (PSII efficiency after 5 min dark adaptation, Fv:Fm) 
Samples (20 mL, PAR, PAR+UVAR, and PAR+UVAR+UVBR) for fluorescence 
measurements were obtained from the duplicate quartz vessels directly after SSI exposure and 
after 30, 60, and 120 min recovery under low irradiance (9 µmol photons m-2 s-1). 
Measurements were as in Poll et al. (2005). In short, algae were filtered on GF/F (Whatman, 
10 mm) and placed in a cooled cuvette. Variable fluorescence was determined after 5 min dark 
acclimation with a PAM 2000 pulse amplitude modulated fluorometer (Walz, Effeltrich, 
Germany). Samples from low and high irradiance acclimated cultures (no SSI exposure) 
served as control.  

 
Pigments  
Cell suspensions in duplicate quartz vessels were sampled for pigment composition (30 mL, 
PAR, PAR+UVAR, and PAR+UVAR+UVBR) before, after 30 min SSI exposure and after 30, 
60, and 120 min recovery in low irradiance (9 µmol photons m-2 s-1). Samples were filtered on 
25 mm GF/F (Whatman), immediately frozen in liquid nitrogen and stored at -80ºC. Filters 
were freeze dried (48 h) and extracted in 90% acetone (48 h). Pigments were separated and 
quantified on a HPLC system (Waters 2690 separation module, 996 photodiode array detector, 
and a C18 5 µm DeltaPak reversed-phase column, Milford, MA, USA) according to Kraay et 
al. (1992).  
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Water-extractable carbohydrates 
To investigate SSI effects on carbohydrate buildup in low irradiance, samples were exposed to 
30 min SSI (PAR, PAR+UVAR, and PAR+UVAR+UVBR) followed by 3 h low irradiance (9 
µmol photons m-2 s-1)., whereas 3 h low irradiance alone (no SSI) served as control. Samples 
for initial cellular carbohydrate content were obtained from the cultures before SSI exposure. 
Carbohydrate samples (150 mL) were filtered on 25 mm precombusted (4 h, 450°C) GF/F 
filters (25 mm, Whatman), frozen in liquid nitrogen and stored at -20°C. Particulate water-
extractable carbohydrates were extracted in MilliQ (1.5 mL) for 30 min at 80°C, followed by 
centrifugation (10,000 x g; 15 min). Carbohydrates were quantified in the supernatant by the 
TPTZ method described by Myklestad et al. (1997) with D(+)-glucose as reference. 

 
Flow cytometry and viability 
Twenty mL suspension of low and high irradiance acclimated cells were exposed to 4 h SSI 
(PAR+UVAR+UVBR and PAR) in duplicate quartz vessels. Samples (1 mL) for viability 
staining were obtained after 30, 60, 120, 180, and 240 min SSI exposure for low irradiance 
acclimated cells (PAR+UVAR+UVBR and PAR) and only at 240 min for high irradiance 
acclimated cells (PAR+UVAR+UVBR). Samples were incubated (45 min, darkness) with 10 
µL SYTOX Green (Molecular Probes, 100 times diluted in MiliQ) prior to flow cytometry. 
Cell counts and viability measurements were performed with a Coulter XL-MCL flow 
cytometer (Beckman Coulter, Miami, FL, USA) as in Poll et al. (2005).  
 
Superoxide dismutase (SOD) activity 
Cell suspensions in quartz vessels were exposed to 30 min SSI (PAR, PAR+UVAR, and 
PAR+UVAR+UVBR), followed by 3 h low irradiance (9 µmol photons m-2 s-1). Samples (150 
mL) were filtered on 25 mm polycarbonate filters (10 and 2 µm pore size for T. weissflogii and 
T. antarctica, respectively, Osmonics), frozen in liquid nitrogen and stored at -80ºC. Proteins 
were extracted after mild sonification in extraction buffer (0.5 mol L-1 KH2PO4, 0.01 mol L-1 
EDTA, 0.1% Triton X-100, 2% PVP, Complete protease inhibitor, Roche, Germany), followed 
by 20 min centrifugation (20000 x g) and quantified according to Bradford (1976). SOD 
activity was quantified in fresh extracts using the Riboflavin/NitroBlue Tetrazolium assay 
described by Gechev et al. (2003). Nitro Blue Tetrazolium (NBT) reduction was measured 
after 15 min irradiance (56 µmol photons m-2 s-1) for 5 different protein concentrations at 560 
nm on a Cary 3E UV/vis double beam spectrophotometer (Varian, Middelburg, Netherlands). 
SOD activity was defined as the sample amount required for 50% inhibition (Beauchamp and 
Fridovich 1971), which was calculated by regression on the linear part of the natural log 
transformed curve. Specific SOD activity (S. A.) was expressed as activity per mg protein (U : 
mg protein).  

 
Thiobarbituric acid reactive substances (TBARS) 
Cellular TBARS were used as an indicator of ROS induced lipid peroxidation. After 30 min 
SSI (PAR, PAR+UVAR, and PAR+UVAR+UVBR) exposure, TBARS samples (150 mL) 
were filtered on polycarbonate filters (10 and 2 µm pore size for T. weissflogii and T. 
antarctica, respectively), frozen in liquid nitrogen and stored at -80ºC. Analyses were done 
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after Heath and Packer (1968). In short, filters were resuspended in 0.8 mL MiliQ and 0.8 mL 
thiobarbituric acid (0.5% w/v, Sigma) in 20% trichloroacetic acid (TCA). The mixture was 
heated for 30 min at 90ºC and put on ice. After removal of the filter debris the supernatant was 
centrifuged (10 min 20000 x g). TBARS were detected by subtracting non specific turbidity at 
600 nm from TBARS maximal absorption at 532 nm, as measured on a Cary 3E double beam 
UV/vis spectrophotometer. The extraction solvent was used as a blank.  
 
Statistics 
Differences between groups were tested for significance with a type 1 single factor ANOVA 
and were considered significant at p < 0.05. When differences were not significant, data were 
pooled and tested at the next level.  

 
 
RESULTS 
 
Fluorescence: PSII efficiency after 5 min dark adaptation 
Initial Fv:Fm values were different between species and between photoacclimation conditions. 
Lower Fv:Fm was measured in high irradiance acclimated cells than in low irradiance 
acclimated cells. On average, high irradiance acclimated T. antarctica showed a higher Fv:Fm 
than T. weissflogii (0.46±0.001 vs 0.31±0.006, n = 2). In contrast, Fv:Fm of low irradiance 
acclimated T. weissflogii was higher than that of T. antarctica (0.8±0.003 vs 0.69±0.004, n = 
2). 

SSI exposure caused a strong reduction of Fv:Fm which was more pronounced in low 
irradiance acclimated cells (T. weissflogii: 0.10±0.02, T. antarctica: 0.043±0.02, n = 6) than in 
high irradiance acclimated cells (T. weissflogii: 0.124±0.03, T. antarctica: 0.077±0.02, Figure 
2). Differences between spectral irradiance treatments were only significant for low irradiance 
acclimated T. weissflogii; where PAR+UVAR+UVBR caused the highest reduction, (Fv:Fm 
0.08±0.01,n = 2) followed by PAR+UVAR and PAR (Fv:Fm 0.1±0.001, 0.12±0.01, n = 2).  

Pronounced differences between species, photoacclimation conditions, and SSI irradiance 
conditions were observed during recovery in low irradiance. Fv:Fm recovery was faster for high 
irradiance acclimated cells than for low irradiance acclimated cells. For high irradiance 
acclimated cells, the Fv:Fm increase over time was significantly faster in T. weissflogii than in 
T. antarctica. For the former, Fv:Fm after two h of low irradiance was two times higher than 
before SSI exposure. UVR effects during recovery were not found in high irradiance 
acclimated T. weissflogii, whereas slightly lower values were found for PAR+UVAR and 
PAR+UVAR+UVBR exposed T. antarctica, compared to PAR exposed samples. Pronounced 
UV effects were observed during recovery of low irradiance acclimated cells. Two h recovery 
resulted in lower Fv:Fm for PAR+UVA+UVB and PAR+UVA treated cells compared to the 
PAR only treatment. For low irradiance acclimated cells, UVR effects were more pronounced 
in T. weissflogii than in T. antarctica, i.e., Fv:Fm differences between PAR and UVR exposed 
samples were smaller in the latter. 
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Figure 2. PSII efficiency (Fv:Fm) dynamics during PAR+UVAR+UVBR (WG 305), PAR+UVAR (WG 
335), and PAR (GG 385) treatments and recovery in low irradiance for low and high irradiance 
acclimated T. weissflogii and T. antarctica. Mean and standard deviation are shown for two replicates. 
 
 
 
 
 
Pigment composition  
In both species, chlorophyll c2, fucoxanthin, diadinoxanthin, diatoxanthin, chlorophyll a, and β 
carotene were identified. Cellular pigment content, pigment composition, and SSI-induced 
pigment changes were different for low and high irradiance acclimated T. antarctica and T. 
weissflogii (Table 2). Apart from the epoxidation state of diadinoxanthin, no significant 
pigment changes were found after SSI and during recovery in low irradiance when compared 
to initial values, showing that de novo synthesis or degradation of pigments was not significant 
for the investigated time interval. Therefore, all pigment data were pooled for the calculation 
of cellular pigment content (Table 2). 
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Table 2. Cellular pigment composition (chlorophyll c2, fucoxanthin, diadinoxanthin, diatoxanthin, 
cholophyll a, and β carotene in pg per cell) of high and low irradiance acclimated T. antarctica and T. 
weissflogii. Mean and S.D. are shown for 24 measurements. 
 

T. antarctica T. weissflogii  

High irradiance Low irradiance High irradiance Low irradiance 

Chlorophyll c2 0.027 (0.002) 0.052 (0.015) 0.15 (0.014) 0.46 (0.078) 
Fucoxanthin 0.076 (0.005) 0.19   (0.032) 0.67 (0.05) 1.90 (0.265) 
Diadinoxanthin 0.091 (0.002) 0.033 (0.002) 0.40 (0.03) 0.35 (0.028) 
Diatoxanthin 0.014 (0.003) 0.004 (0.003) 0.46 (0.11) 0.016 (0.018) 
Chlorophyl a 0.15  (0.013) 0.19 (0.069) 1.83 (0.18) 4.68 (0.89) 
β carotene 0.019 (0.001) 0.014 (0.003) 0.13 (0.013) 0.18 (0.029) 
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Figure 3. Ratio between the xanthophyll pool (diadinoxanthin, diatoxanthin) relative to light harvesting 
pigments (chlorophyll a and fucoxanthin) for low and high irradiance acclimated T. antarctica and T. 
weissflogii. Mean and standard deviation are shown for 24 measurements.  
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Figure 4. Changes in diadinoxanthin, diatoxanthin and total xanthophylls in pg per cell during 
simulated surface irradiance (SSI) and recovery in low irradiance of low and high irradiance acclimated 
T. antarctica and T. weissflogii.  Mean and standard deviation are shown for 6 measurements (data for 
PAR+UVAR+UVBR, PAR+UVAR, and PAR treatments pooled) and 4 control samples. 
 
 
 
High and low irradiance acclimated cells of T. antarctica contained on average 0.38±0.03 and 
0.47±0.11 pg pigment per cell, whereas this was 3.65 ± 0.3 and 7.58±1.3 pg for T. weissflogii 
(n = 24) Growth in low irradiance caused a 231 and 286% increase in fucoxanthin content of 
T. antarctica and T. weissflogii respectively, relative to growth in high irradiance. Chlorophyll 
a content of T. antarctica was not significantly different between high and low irradiance, in 
contrast to that of T. weissflogii, which was 256% higher in low irradiance compared to high 
irradiance acclimated cells. Differences in the diadino-diatoxanthin pool relative to other 
pigments were found between species and photoacclimation conditions (Figures 3, 4). 
Diadino- and diatoxanthin comprised 16 and 4% of the total pigment pool of high and low 
irradiance acclimated T. antarctica. This was significantly lower for high and low irradiance 
acclimated T. weissflogii (13.7 and 2.5%, respectively). On average, 13.5% was de-epoxidated 
(diatoxantin) before SSI exposure in high and low irradiance acclimated T. antarctica, whereas 
this was 53.3 and 4.2% for high and low irradiance acclimated T. weissflogii, respectively 
(Figure 4). Thirty min SSI caused a significant increase in de-epoxidation of diadinoxanthin 
for all conditions (Figure 4). Because significant UV induced differences were not observed, 
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data of PAR, PAR+UVAR and PAR+UVAR+UVBR treatments during and after SSI were 
pooled. Photoacclimation to high and low irradiance resulted in differences in de-epoxidation 
(of diadinoxanthin) after SSI and epoxidation (of diatoxanthin) during recovery in low 
irradiance. Significantly more diadinoxanthin was de-epoxidized in high irradiance acclimated 
cells (67 and 82%) than low irradiance acclimated cells (47 and 27%) of T. antarctica and T. 
weissflogii, respectively. Most diatoxanthin of high irradiance acclimated cells was converted 
to diadinoxanthin after 30 min recovery in low irradiance. Epoxidation of diatoxanthin during 
recovery in low irradiance was slower in low irradiance acclimated cells, whereas changes in 
epoxidation state were more pronounced for T. antarctica than for T. weissflogii.  

 
Water extractable carbohydrates  
The initial cellular carbohydrate concentration (before SSI exposure , 4 h after the onset of the 
light period) varied among species and photoacclimation state (Figure 5). T. weissflogii 
contained on average 9 times more carbohydrate than T. antarctica, whereas carbohydrate 
content of high irradiance acclimated cells was twice that of low irradiance acclimated cells.  
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Figure 5. Cellular water extractable carbohydrates for low and high irradiance acclimated Thalassiosira 
antarctica and T. weissflogii before simulated surface irradiance (initial), after 3 h recovery in low 
irradiance (3 h rec), and after 30 min SSI and 3 h recovery (SSI+3 h rec). Mean and standard deviation 
are shown for 6 measurements (data for PAR+UVAR+UVBR, PAR+UVAR, and PAR treatments 
pooled). Significant differences from initial values are indicated with asterisks.  
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Changes in cellular carbohydrate of low and high irradiance acclimated cells were different 
after SSI followed by 3 h low irradiance and 3 h low irradiance alone. Because no significant 
UV effects were found for low and high irradiance acclimated cells, data of the (SSI) 
irradiance treatments (PAR, PAR+UVAR, and PAR+UVAR+UVBR) were pooled. Low  
irradiance acclimated cells increased cellular carbohydrate by on average 52% after 3 h low 
irradiance, whereas this was 19% for SSI + 3 h low irradiance exposed cells. Apart from 
higher initial cellular carbohydrate, changes in high irradiance acclimated cells were different 
from low irradiance cells, whereas carbohydrate dynamics were species-specific. For T. 
antarctica, no significant carbohydrate increase was found after SSI + 3 h low irradiance and 3 
h low irradiance alone. In contrast, a 45% decrease in cellular carbohydrate after SSI + 3 h low 
irradiance and 3 h low irradiance alone was found for T. weissflogii. 

 
Viability 
The number of non viable cells before SSI was < 2% for both high and low irradiance 
acclimated T. weissflogii and T. antarctica, with the exception of the high irradiance 
acclimated culture of T. antarctica, where 4% was non-viable (Figure 6). Thirty min SSI did 
not cause significant viability loss for any sample (results not shown). Prolonged SSI exposure 
revealed differences in photo-induced viability loss between species, photoacclimation state 
and irradiance conditions during SSI. Increased viability loss was found during 4 h SSI for low 
irradiance acclimated cells, whereas this was minimal for high irradiance acclimated cells of 
both species. Low irradiance acclimated cells of T. weissflogii were more sensitive than those 
of T. antarctica. Extensive viability loss was observed within 3 h for the former. UVR 
(PAR+UVAR+UVBR treatment) caused increased viability loss over time compared to the 
PAR treatment in both species, i.e., viability loss was observed earlier during UV exposure.  
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Figure 6. Percentage of non-viable cells observed during PAR+UVAR+UVBR (PAB) and PAR (P) 
treatments of simulated surface irradiance for low and high irradiance acclimated Thalassiosira 
antarctica (Ta) and T. weissflogii (Tw). Mean and standard deviation are shown for the mean of 2 
replicates, consisting of flow cytometry measurements on 30x103 cells each. Note that for high 
irradiance acclimated cells only results of PAR+UVAR+UVBR treatments are shown.  
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Table 3. Superoxide dismutase activity (specific SOD activity, normalized to protein) and cellular 
TBARS for low and high irradiance acclimated T. antarctica and T. weissflogii. For SOD activity, 
mean and S.D. are shown for initial values (n=4) and after 30 min SSI Exposure + 3 h recovery in low 
irradiance (n=6, PAR+UVAR+UVBR, PAR+UVAR, and PAR values pooled, except for *) . For low 
irradiance acclimated T. antarctica, SOD activity of PAR+UVAR exposed samples increased 
significantly to 298±43 (n=2, results not shown). TBARS were measured directly after 30 min SSI 
exposure; initial values n= 2; SSI exposed samples n=6 (PAR+UVAR+UVBR, PAR+UVAR, and 
PAR pooled). 
 

SOD activity (protein-1) TBARS (x10-7 mol L-1 cell-1)  

initial SSI (30 min + 3 h 

rec) 

initial SSI (30 min + 3 h 

rec) 

T. weissflogii 

Low irradiance 121.4 (9.6) 106.0 (28) 0.54 (0.58) 0.57 (0.59) 

High irradiance 93.5 (17.5) 92.0 (8.8) 0.56 (1.84) 0.74 (0.53) 

T. antarctica         

Low irradiance 118.6 (8.9) 143.1 (38.0) 1.16 (0.180 1.39 (0.12) 

High irradiance 128.8 (36.5) 120.6 (19.6) 1.24 (0.15) 1.35 (0.15) 
 
 
 
 
Superoxide dismutase (SOD) activity and TBARS 
Calculated cellular protein content was different for T. weissflogii and T. antarctica, but did 
not change during SSI exposure and recovery. Cellular protein was on average 42.3±3.2 pg per 
cell for T. weissflogii (n = 20), whereas no differences between low and high irradiance 
acclimated cells were found. For T. antarctica this was on average 5.28±0.34 and 5.87±0.17 
pg protein for low and high irradiance acclimated cells, respectively (n = 10). Although 
cellular SOD was higher in T. weissflogii compared to T. antarctica, SOD activity between 
species was identical when normalized to protein (Table 3). SOD activity did not change after 
SSI, except in T. antarctica. Low irradiance acclimated cells of this species showed a SOD 
activity increase when exposed to 30 min SSI (PAR+UVAR) and 3 h low irradiance. Apart 
from this, no significant SOD activity changes were documented after SSI exposure and 
recovery.  

Cellular TBARS content was higher for T. weissflogii than for T. antarctica, but was not 
influenced by photoacclimation in both species (Table 3). SSI exposure did not significantly 
affect cellular TBARS (Table 3, PAR, PAR+UVAR, PAR+UVAR+UVBR pooled).  
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DISCUSSION 
 
We investigated effects of simulated surface irradiance in high and low irradiance acclimated 
T. weissflogii and T. antarctica. This provided insight in the relationship between pigment 
composition and PSII protection during excessive irradiance in marine diatoms. The diadino-
diatoxanthin pool size, which is influenced by photoacclimation state, appears decisive in 
preventing PSII damage. Furthermore, the experiments indicate that PSII damage can cause 
photo-induced viability loss during prolonged exposure, despite the reversible nature of PSII 
inactivation. The occurrence of this phenomenon strongly depends on photoacclimation state, 
whereas minor sensitivity differences were observed between the diatom species.  

Acclimation to high and low irradiance resulted in cells with different pigmentation and 
photosynthetic properties, consistent with other documented photoacclimation responses 
(Willemöes and Monas 1991, Falkowski and LaRoche 1991, Poll et al. 2005). Low irradiance 
limited growth in both species, as was shown by the low cellular carbohydrate pool compared 
to high irradiance acclimated cells. In response to irradiance limitation, cells enlarge light-
harvesting capacity by increasing cellular fucoxanthin, chlorophyll a (T. weissflogii) and PSII 
efficiency. A high efficiency to exploit low irradiance was demonstrated by significant buildup 
of water extractable carbohydrates over a 3 h period. In addition, the cellular diadino-
diatoxanthin pool was lower in low irradiance than high irradiance acclimated cells. In contrast 
to low irradiance, high irradiance saturated photosynthesis. Therefore, Calvin cycle activity 
probably increased at the expense of light harvesting pigments such as fucoxanthin and 
chlorophyll a. This reduces the ability to exploit low irradiance, as was shown by a lack of 
carbohydrate buildup (Figure 5). However, high irradiance acclimated cells maintained a much 
larger diadino-diatoxanthin pool than low irradiance acclimated cells, which together with 
reduced light harvesting pigments caused a four fold increased ratio between cellular 
xanthophyll and light-harvesting pigments. 

PSII efficiency was strongly reduced by 30 min SSI, irrespective of UVR exposure. 
However, the nature of PSII down regulation was different for high and low irradiance 
acclimated cells as was shown by differences in recovery dynamics in low irradiance. Reduced 
recovery suggest severe SSI-induced PSII damage in low irradiance acclimated cells, whereas 
this was lower for high irradiance acclimated cells. Furthermore, clear UVR effects were 
observed in low irradiance acclimated cells, whereas these were nearly absent for high 
irradiance acclimated cells. Nevertheless, a small UVR effect on PSII efficiency was found for 
high irradiance acclimated T. antarctica. Presumably, PSII repair processes were slower in T. 
antarctica at 4.5ºC, whereas repair compensated UVR effects at 18ºC in T. weissflogii. 
Carbohydrate buildup in low irradiance acclimated cells was lower after SSI exposure 
compared to non-SSI exposed cells. The reduced capacity to utilize low irradiance provides 
additional evidence for PSII damage, although no UVR effects were found in the carbohydrate 
data. In contrast, no SSI exposure effect was found in carbohydrate dynamics of high 
irradiance acclimated cells. Photoacclimation modulated variation in PSII sensitivity coincided 
with differences in de-epoxidation of diadinoxanthin: In addition to the enlarged diadino-
diatoxanthin pool, de-epoxidation to diatoxanthin was more pronounced during SSI for high 
irradiance acclimated cells. The nature of decreased xanthophyll cycle dynamics in low 
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irradiance acclimated cells is unclear but may be related to the activity of de-epoxidase 
enzymes. Furthermore, epoxidation of diatoxanthin during recovery in low irradiance was 
faster in high than in low irradiance acclimated cells, and this process preceded recovery of 
PSII efficiency. De-epoxidation of xanthophylls has been linked to increased non-
photochemical quenching by facilitating thermal dissipation of excessive energy (Demmig-
Adams 1990, Olaizola et al. 1994). Down regulation of photosynthesis via this process reduces 
excitation pressure on PSII and thus minimizes damage to reaction center proteins, which 
agrees with our results. Furthermore, our data indicate that a large diadino-diatoxanthin pool 
protects against UVR induced PSII damage, whereas UVR irradiance effects on epoxidation 
and de-epoxidation of xanthophylls were not found. Consequently, acclimation to high 
irradiance increases xanthophyll cycle pool and activity, which allows maintenance of active 
PSII in excessive PAR and UVR irradiance with a minimal requirement of energy costly PSII 
repair mechanisms. Thus, photoacclimation state also determines the degree of UVR inhibition 
of photosynthesis in T. weissflogii and T. antarctica, as was also suggested for natural 
phytoplankton assemblages from the Southern Ocean (Neale et al. 1998b). 

In contrast to pigmentation and PSII efficiency, SOD activity was not affected by 30 min 
SSI exposure in low and high irradiance acclimated T. weissflogii. Yet, UVAR exposure 
appeared to increase SOD activity in low irradiance acclimated T. antarctica, whereas this was 
not found after PAR+UVAR+UVBR and PAR. UVR effects on SOD activity have been 
reported previously in algae and plants, although the data lack consistency (Lesser 1996a, b, 
Hazzard et al. 1997). Possibly, SOD activity changes on a longer time scale than that of our 
experiment (3 h). However, 3 weeks of photoacclimation did not result in significantly 
different SOD activity in both species, suggesting that SSI effects on PSII were not related 
with SOD activity differences. Furthermore, TBARS, an indicator for ROS-induced lipid 
peroxidation, were not increased in both species after 30 min SSI. This indicated that cellular 
scavenging or antioxidant capacity was sufficient to prevent substantial ROS mediated 
membrane damage.  

Overall, our data suggest that excessive irradiance primarily affects PSII. In addition to 
pigment composition, turnover of reaction center components such as the D1 protein are 
modulated by irradiance (Kim et al. 1993). Features of low irradiance acclimation, like 
increased light harvesting pigments, slow D1 turn-over, and small xanthophyll pool size, can 
cause accumulation of damaged, inactivated PSII complexes during excessive irradiance. PSII 
inactivation can be regarded as a short term protection mechanism, because this interrupts non-
cyclic electron transport and thus reduces ROS formation (Chow et al. 2002). Furthermore, 
cells typically harbor excessive PSII capacity, so that inactivation can be compensated and has 
little short term effects (Kaňa et al. 2002). However, continuous decline of active PSII 
complexes decreases non cyclic electron transport mediated production of reductants. In 
addition to the Calvin cycle, these reductants are used to regenerate oxidized equivalents of 
ascorbate and glutathione. We hypothesize that limited reductant supply eventually reduces 
cellular antioxidant capacity, which in turn leads to irreversible ROS induced damage and 
viability loss. Therefore, PSII inactivation of low irradiance acclimated cells can develop 
within hours of surface irradiance exposure to viability loss. Furthermore, this model implies 
that interaction of excessive irradiance with stressors that increase PSII damage enhance 
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photo-induced viability loss during prolonged excessive irradiance exposure. Indeed, UVR 
(PAR+UVAR+UVBR) exposure significantly increased viability loss of low irradiance 
acclimated cells over time, compared to PAR exposure alone. In addition, the suggested 
scheme provides an explanation for the reported variability in UVBR effects, since many 
stressors affect PSII or pigment content and composition. Therefore, the occurrence of UVR 
effects is modulated by photoacclimation state, as demonstrated here, and by nutrient 
availability as was demonstrated in a previous study (Poll et al. 2005). Although this was not 
specifically tested, the PSII data of UVBR exposed cells indicated a small UVBR effect on 
viability loss in our experiments. Previously, this was not found for Chaetoceros brevis in 
similar experiments (Poll et al. 2005). Possibly, this effect remained undetected due to our 1 h 
sampling scheme. Although solar irradiance can mediate viability loss in low irradiance 
acclimated C. brevis, the extent of photo-induced viability loss in the field is unknown. Apart 
from photoacclimation state, this will be determined by the time that algae experience 
excessive irradiance and the time-course of the photoacclimation response to irradiance 
changes. 

Although T. weissflogii and T. antarctica were different with respect to cell size and 
cultivation temperature, responses to SSI were markedly similar for low and high irradiance 
acclimated cells. Therefore, differences in SSI sensitivity were primarily caused by 
photoacclimation, and not by species-specific differences. Nevertheless, species-specific 
photoacclimation characteristics were observed in T. weissflogii and T. antarctica. For the 
former, a consistently lower diadino-diatoxanthin pool relative to light harvesting pigments 
was found during low and high irradiance acclimation, compared to T. antarctica. For low 
irradiance acclimated T weissflogii, the small diadino-diatoxanthin pool size corresponded 
with reduced de-epoxidation during surface irradiance, when compared to low irradiance 
acclimated T. antarctica. Furthermore, low irradiance acclimated T. weissflogii displayed 
increased sensitivity to photo-induced viability loss during prolonged SSI exposure. This 
suggests that small species-specific differences in pigment composition affect photo-induced 
viability loss. Although speculative, our results suggest that the xanthophyll : light harvesting 
pigment ratio is a sensitive indicator of excessive irradiance sensitivity in marine microalgae. 
The presence of mycosporine like amino acids (MAAs) may protect PSII against UVR 
induced damage (Neale et al. 1998c, Litchman et al. 2002) and therefore also influence photo-
induced viability loss. Absorption peaks in methanol extracts indicating the presence of UVR 
absorbing compounds were not observed in high and low irradiance acclimated T. weissflogii 
and T. antarctica before SSI exposure (results not shown), whereas this was not investigated 
during and after SSI. The ability to produce MAAs is species-specific and strongly influenced 
by photoacclimation and spectral irradiance composition (Karentz et al.1991, Helbling et 
al.1996).  

It is not known to what degree pigment composition was influenced by cultivation 
temperature in these experiments. T. weissflogii almost doubled in cellular pigment content in 
low irradiance, in contrast to T. antarctica. Possibly, a higher temperature facilitates larger 
fluctuations in cellular pigment content. The (de-) epoxidation of diadinoxanthin during SSI in 
T. antarctica was not affected by the low temperature, although turn-over of damaged PSII 
may be lower. Furthermore, carbohydrate dynamics caused by utilization of storage sugars 
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may be temperature dependent. The large decrease in cellular carbohydrates during recovery 
of high irradiance acclimated T. weissflogii may explain the higher PSII recovery rate after SSI 
exposure compared to T. antarctica. However, T. weissflogii has a reduced capacity to grow 
under high irradiance, compared to T. antarctica, as was shown by the high de-epoxidation of 
diadinoxanthin and the low PSII efficiency during cultivation in high irradiance. Therefore, the 
reduced ability of T. weissflogii to acclimate to high irradiance may provide an alternative 
explanation for the large difference in cellular pigment content between low and high 
irradiance acclimated cells. In addition, the results show that under the investigated conditions, 
low irradiance acclimated T. antarctica is better protected against excessive irradiance than T. 
weissflogii. We conclude that although minor species-specific differences were observed, 
excessive irradiance sensitivity is primarily determined by intraspecific photoacclimation 
responses.  
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Characterization of marine bacteria and the activity of 
their enzyme systems involved in degradation of the algal 
storage glucan laminarin 
 
 
Anne-Carlijn Alderkamp, Marion van Rijssel and Henk Bolhuis 
 
 
 
 
The algal storage glucan laminarin is one of the most abundant carbon sources for 
marine prokaryotes. Its degradation was investigated in bacteria isolated during and 
after a spring phytoplankton bloom in the coastal North Sea. On average, 26% of 
prokaryotes detected by epifluorescence counts were able to grow in Most Probable 
Number (MPN) dilution series on laminarin as a sole carbon source. Several bacterial 
strains were isolated from different dilutions and phylogenetic characterization revealed 
that they were belonging to different phylogenetic groups. The activity of the laminarin 
degrading enzyme systems was further characterized in three strains of Vibrio sp. that 
were able to grow on laminarin as a sole carbon source. At least two types of activity 
were detected upon degradation of laminarin: the release of glucose and the release of 
glucans larger then glucose. At saturating substrate concentrations the rate of glucan 
release exceeded the rate of glucose release, resulting in accumulation of glucan 
intermediates. At low concentrations, however, the ratio glucose/ glucan release 
increased, as a result of a higher affinity of the glucose releasing enzymes than of the 
glucan releasing enzymes. Therefore, at low substrate concentrations no accumulation of 
glucan intermediates occurred. The expression of laminarinase activity was depended on 
the presence of the substrate, and was repressed by the presence of glucose. In addition, 
low levels of activity were expressed under starvation conditions. Laminarinase enzymes 
showed a minimal activity on substrates with similar glucosidic bonds, but different sizes 
and secondary and/or tertiary structure. The characteristics found in these enzyme 
systems may help to elucidate factors hampering rapid carbohydrate degradation by 
prokaryotes. 
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INTRODUCTION 
  

Microbial communities in marine systems play a key role in the cycling of organic carbon and 
nutrients. An estimated 50% of the primary production is cycled as dissolved organic carbon 
(DOC) through the microbial loop to higher trophic levels (Azam 1998). Most of the bio-
available DOC is present as high molecular weight (HMW) molecules (Amon and Benner 
1994; Amon and Benner 1996) and has to be cleaved by extracellular enzymes prior to uptake, 
since bacteria can only transport substrates with a maximum molecular weight of 
approximately 600 Daltons through their cytoplasm membrane (Weiss et al. 1991). Based on 
the location of the extracellular enzymes, Chróst (1991) distinguished ‘free’ extracellular 
enzymes that occur dissolved in water or attached to surfaces other than the cell that produced 
them, and ‘ectoenzymes’, that cross the cytoplasm membrane and remain associated with the 
producing cell.  

Polysaccharides are important constituents of HMW organic matter produced by algae 
(Biddanda and Benner 1997; Biersmith and Benner 1998). They display a remarkable 
structural diversity as a consequence of the wide variety of monosaccharides and the different 
glycosidic bonds between them. The primary structure is determined by the type of 
monosaccharides and their linkage, which leads to a secondary structure, determining the 
shape of the polysaccharides (e.g. ß-1,3-linked glucans form helices). Polysaccharides may be 
linked to each other by hydrogen bridges, determining a tertiary structure, e.g. a loose 
hydrogel, or a tightly packed network structure like cellulose. 

Polysaccharides are degraded by glycoside hydrolases (EC 3.2.1.-), enzymes hydrolysing 
the glycosidic bond between 2 or more carbohydrate moieties. Based on the site of cleavage, 
enzymes can be classified as exo-acting enzymes that remove one or more sugar units from the 
end of a polysaccharide chain, and endo-acting enzymes that randomly hydrolyze bonds within 
the chains, thereby producing more ends for the exo-enzymes to act upon. Often a synergistic 
action of these different hydrolases is necessary for efficient degradation of polysaccharides 
(Driskill et al. 1999). Therefore degradation of a single substrate requires a carefully 
coordinated expression of the different enzymes, referred to as a system (Warren 1996).   

The polysaccharide laminarin, the storage glucan found in many macro-algae and most 
phytoplankton, is one of the most abundant carbohydrates in the marine ecosystem. It is a 
soluble ß-1,3-D-glucose polymer with some branching at positions C-2 and C-6. The size 
typically ranges from 20-30 glucose residues. It is also known as laminaran, leucosin, or 
chrysolaminaran. In laminarin some chains are terminated by mannitol end-groups, which are 
not present in chrysolaminaran (Meeuse 1962; Painter 1983; Read et al. 1996). 
Chrysolaminaran is the principal storage glucan in diatoms and in the cosmopolitan genus 
Phaeocystis, which are both important phytoplankton groups driving global geochemical 
cycles (Nelson et al. 1995; Schoemann et al. 2005). Photosynthesis by diatoms alone generates 
as much as 40% of the 45 to 50 billion metric tons of organic carbon produced each year in the 
sea (Nelson et al. 1995). Glucan can account for up to 80% of the organic carbon of diatoms 
and Phaeocystis (Meeuse 1962; Myklestad 1974; Janse et al. 1996; Granum et al. 2002; 
Alderkamp et al. 2006). Therefore, an estimated 5-15 billion metric tons of chrysolaminaran 
are produced annually. Chrysolaminaran is located intracellular, in vacuoles (Chiovitti et al. 
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2004). It may be released as dissolved organic carbon (DOC) into the marine environment 
after algal cell lysis (Brussaard et al. 1995), or ‘sloppy feeding’ by copepods (Møller et al. 
2003), where it will be one of the most abundant substrates for marine bacteria. Laminarin 
seems to rapidly degraded in the pelagic system (Keith and Arnosti 2001; Arnosti et al. 2005). 

Very few studies have characterized enzyme systems of marine bacteria degrading 
substrates that are relevant in marine systems. Hydrolyzing activity in the marine environment 
has mainly been determined using small substrate proxies, consisting of a monomer such as 
glucose linked to a fluorophore such as methylumbelliferyl (MUF), whose fluorescence 
increases upon hydrolysis (e.g. Martinez et al. 1996; Arrieta and Herndl 2002). Since they lack 
the structural properties of real substrates, these substrate proxies will likely detect mainly 
exo-type of activities. Therefore, in this study laminarin was used as a relevant carbohydrate 
substrate to study the enzyme systems of marine bacteria that are abundant during a 
phytoplankton bloom in the coastal North Sea.  

 
 

MATERIALS AND METHODS 
 

Sampling 
Surface water samples were collected from the Marsdiep, the Netherlands, during the 

phytoplankton spring bloom in 2002, from April through July. Samples were collected with a 
bucket, at high tide, two times a week. For chlorophyll a (Chl a) analysis, water samples were 
filtered onto Whatman GF/F filters, extracted in 90% (v/v) acetone and analysed 
fluorometrically according to Riegman et al. (1993). Phytoplankton abundance and species 
composition were determined on Lugol preserved samples under a Zeiss inverted microscope, 
using 5 ml counting chambers, as was described by Philippart et al. (2006). Total bacterial 
numbers were counted under an epifluorescence microscope after staining with Hoechst dye 
no. 33258 (Paul 1982) and by the Most Probable Number (MPN) technique (Clarke and 
Owens 1983). Marine medium described by Janse et al. (1999) was used in MPN dilutions, to 
obtain the fraction of culturable bacteria. To obtain bacteria able to grow on laminarin as a 
carbon source in MPN dilutions, 0.01% yeast extract (w/v, Becton Dickinson) and 0.01% 
casamino acids (w/v, Difco) of the marine medium was replaced by 2 mM glucose equivalents 
of laminarin from Laminaria digitalis (Sigma). Since laminarin is a natural substrate with 
variable polymer size, the substrate concentrations are expressed as glucose equivalents. All 
medium components were sterilized by autoclaving, except for the vitamins and the laminarin, 
which were filter-sterilized (0.2µm). The MPN counts were performed in 200µl medium in 
250 µl, 96 well microplates, with 7 replicates, incubated at 12 ºC, for at least three weeks.  
 
Isolation of bacterial strains 
Bacterial strains were isolated from the lowest and the highest positive MPN dilutions of the 
29 June sample and from the highest positive dilution of the 15 July sample, by plating on 
solid medium consisting of the universal medium described above solidified by 2% agar (w/v, 
granulated, Becton Dickinson), incubated at 12 ºC. Bacterial cultures were grown in cotton 
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plugged Erlenmeyer flasks (culture volume <20% of the maximum Erlenmeyer volume), 
under continuous aeration (200 rpm), in the media described above, at 25 ºC.  
 
Sequencing of 16S rDNA gene 
Single colonies from plates were resuspended in sterile MilliQ water and used as templates in 
a PCR reaction using the universal 16S rDNA primers, B8F and U1406R (E. coli) (Sambrook 
et al. 1989). The amplified 16S rDNA gene was sequenced on an ABI automated DNA 
sequencer (PE applied biosystems) with primer U 1406 R. Sequence similarities for at least 
500 bp of the 16s rDNA sequence, were determined by BLAST analysis (Altschul et al. 1997) 
of the National Center for Biotechnology Information database. Phylogenetic analysis of the 
obtained sequences and their close relatives was performed using the Neighbour Joining 
method with 1000 bootstrap replicates using MEGA version 3.0 software (Kumar et al. 2004). 
 
Preparation of extracellular and crude enzyme extracts  
Laminarin degrading activity was examined in pure cultures of bacteria grown on 2 mM 
laminarin as a sole carbon source. 200 ml of culture was harvested in mid-exponential growth 
phase, by centrifugation at 3500 g for 30 min at 4 ºC. To obtain cellular enzymes, including 
ectoenzymes, cell-pellets were washed twice with ice-cold artificial seawater buffered with 
Tris (pH 7.5), and resuspended in 50 mM sodium-phosphate buffer, pH 7. Cells were disrupted 
by French press (9000 bar) and debris was removed by centrifugation at 20,000 g for 10 min at 
4 ºC. Since the cell debris interfered with the laminarinase assay and the supernatant contained 
more than 95% of the laminarin degrading activity, the supernatant was used as a crude extract 
of cellular and ectoenzymes. Extracts were stored on ice until the activity was assayed on the 
same day. To obtain extracellular enzymes, the supernatant from the harvested cultures was 
transferred to clean tubes and centrifuged again at 3500 g for 30 min at 4 ºC. The supernatant 
was stored on ice until the activity was assayed on the same day. 
 
Laminarinase assays 
Extracellular enzymes and crude cell extracts were tested for the capacity to hydrolyze 
laminarin. To the supernatant containing the extracellular enzymes, 10 mM glucose 
equivalents laminarin (final concentration) was added and triplicate samples were incubated at 
25ºC. Crude cell extracts were diluted 1:10 in 50 mM sodium-phosphate buffer (pH 7.5) and 
20 mM glucose equivalents of laminarin (final concentration) was added. Triplicate samples 
were incubated at 25ºC. After 3 h and overnight incubation a sample was taken, heat 
inactivated (3 min at 80ºC) and stored at -20ºC. The release of reducing sugar ends was 
measured according to Myklestad et al. (1997) and the release of glucose was measured using 
the Boehringer D-glucose test combination (Boehringer, Mannheim). The protein 
concentration was measured according to Bradford (1976). To test the effect of the buffer, 
incubations were also carried out using GF/P filtered and autoclaved natural seawater that was 
buffered with Tris (50 µM final concentration; pH 7.5).  
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Kinetic analyses: apparent KM  and Vmax determinations  
Apparent KM and Vmax were determined for crude extracts from each strain. Total activity and 
glucose release were determined at different substrate concentrations (0.1-20 mM glucose eq). 
At least eight substrate/ activity data pairs were fitted according to Michaelis-Menten kinetics 
using the non-linear regression program TableCurve (Jandel Scientific, AISN Software). 
 
Substrate specificity  
The substrate specificity of crude extracts was determined using the enzyme activity assay 
described above using 0.5% (w/v) of the following substrates: curdlan from Alcaligenes 
faecalis (Sigma), ß-glucan, dietary fiber control (Sigma), ß-D-glucan from barley (Sigma), 
lichenan from Cetraria islandica (Sigma), ß-1,3-glucan from Euglena gracilis (Fluka), and 20 
mM glucose equivalents pullulan from Aureobasidium pullulans (Sigma). To determine the 
solubility of these substrates, solutions were incubated at room temperature for 1 hour and 
mixed several times, before centrifugation (14,000 g, 10 min). Total carbohydrate 
concentration was determined in the supernatant by the phenol sulphuric acid method (Liu et 
al. 1973) . 
 
 
RESULTS AND DISCUSSION 

 
Isolation of bacterial strains from MPN dilution series growing on laminarin as a sole 
carbon source 
The phytoplankton bloom of 2002 was dominated by the colony forming Prymnesiophyte 
Phaeocystis globosa from 6 June until 27 June. Prokaryote numbers varied between 2.3 x 109 
and 3.3 x 109 cells l-1 over the period April through July (Figure 1). On average, 26% of the 
prokaryotes detected by epifluorescence microscopy were able to grow in the MPN dilution 
series, both on universal medium and on laminarin medium. The percentage of prokaryotes 
that were able to grow on the universal medium increased from 10-12% during the wax of the 
P. globosa bloom to 73 % during the wane of the bloom (29 June). The percentage of 
prokaryotes able to grow on laminarin was highest (66%) on 5 June and varied between 4-28% 
in the other samples. 

Nineteen bacterial strains were isolated from several dilutions of the MPN series on 
laminarin as a sole carbon source and subjected to phylogenetic analysis (Table 1, Figure 2). 
Strains isolated from the same dilution with identical 16 S rDNA sequences were considered 
to be the same (numbers in brackets in Table 1). The isolates affiliated with different 
phylogenetic groups that are known to be abundant in coastal waters, such as Roseobacter, 
Bacteroidetes, Pseudoalteromonas, and Vibrio (Eilers et al. 2000b; Pinhassi et al. 2004). 
Therefore, the capability of degradation of laminarin is not restricted to a single group of 
prokaryotes, but seems to be a common feature amongst marine bacteria. Since the strains 
isolated from the highest dilutions are abundant in the sea, they are likely to play a role in 
degradation of laminarin in the sea.  
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Figure 1. (A) Temporal dynamics of chlorophyll a during spring and summer 2002. (B) Total 
prokaryote numbers counted by epifluorescence microscopy (black bars) and the Most Probable 
Number (MPN) technique on “universal medium” (light grey bars) and medium containing laminarin 
as a sole carbon source (dark grey bars). Data of MPN counts on universal medium on 15 July are 
missing due to an infection.  Error bars indicate standard deviation of at least 10 counted fields 
(microscopy), or 95% confidence interval of 7 replicates (MPN). 
 
 

 
Members of Roseobacter and Bacteroidetes have previously been isolated from the coastal 

North Sea, and culture independent analysis showed their abundance in marine systems (Eilers 
et al. 2000a; Eilers et al. 2000b). In addition, they were detected during and after a Phaeocystis  
bloom in a mesocosm (Brussaard et al. 2005b) and in stable microbial enrichments degrading 
Phaeocystis carbohydrates (Janse et al. 2000). Gamma-proteobacteria such as 
Pseudoalteromonas and Vibrio have also frequently been isolated, but usually comprise < 1 % 
of the total prokaryote population (Eilers et al. 2000a, 2000b). Yet, bacteria from the genus 
Vibrio are ubiquitous and have long served as models for heterotrophic processes. They play 
an important role in coastal seas and estuaries owing to their widespread abundance and high 
metabolic activities. They are present both as free-living bacteria and attached to particles, 
algae, copepods and fish (Huq et al. 1990; Heidelberg et al. 2002).  They are capable of grow- 
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Figure 2. Neighbor-joining tree based on partial 16S rDNA sequences derived from bacterial isolates 
and close relatives (identified via BLAST search). The scale bar indicates 2% of sequence variation. 

 
 
 

     
Table 1. Bacterial strains isolated from the MPN dilution series on laminarin as a sole carbon source 
inoculated with surface samples from the Marsdiep, the Netherlands 
     
     
Strain Sample date Sample 

dilution 
Presence in 
original sample 
(cells l-1) 

Closest phylogenetic 
match 

B1A 29 June 1:10 5 x 104 Vibrio splendidus 
B1B (4)1 29 June 1:10 5 x 104 Cobetia marina 
B4C 29 June 1: 104 5 x 107 Vibrio splendidus 
C4B 29 June 1: 104 5 x 107 Vibrio sp. PMV19 
C4C 29 June 1: 104 5 x 107 Vibrio sp. PMV19 
C4E 29 June 1: 104 5 x 107 Vibrio splendidus 
ABE3A (2) 15 July 1: 103 5 x 106 Pseudoalteromonas 

tetradonis 
ABC3C (2) 15 July 1: 103 5 x 106 Pseudoalteromonas 

tetradonis 
ABC3A (5) 15 July 1: 103 5 x 106 Sulfitobacter pontiacus 
AB F3A 15 July 1: 103 5 x 106 Uncultured member of 

Bacteroidetes 
1 in brackets are the number of strains isolated from the same dilution sample with identical 16 S rDNA 
sequence 
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ing rapidly under nutrient-rich conditions and surviving prolonged periods of starvation 
(Oliver et al. 1991; Nyström et al. 1992; McDougald et al. 2002) and are known to grow on 
complex substrates such as chitin (Meibom et al. 2004; Li and Roseman 2004). Since members 
of the genus Vibrio were isolated both from enrichments and from the highest dilution, we 
chose three Vibrio strains for further characterization of enzymes involved in the degradation 
of laminarin. 
 
Laminarinase activity in three strains of Vibrio sp. 
The laminarinase activity was not affected by the use of either Tris-buffered, filtered seawater 
or sodium phosphate buffer, therefore the sodium phosphate buffer was used in the assays. 
Laminarinase activity was detected both in the medium and in crude cell extracts of the three 
Vibrio strains, indicating the presence of both extracellular and ectoenzymes. Since more than 
90% of the activity could be detected in the crude cell extract, this was used for further 
characterization of the enzyme systems degrading laminarin. These extracts likely include 
intracellular, periplasmatic and/or ectoenzymes. The total laminarinase activity closely 
followed Michelis-Menten kinetics in each of the three strains (r2 = 0.978, 0.943, 0.944 
respectively). At least two types of activity were detected: release of glucose and release of 
glucans larger then glucose (Table 2). These activities are consistent with the presence of a 
gene encoding an endo-ß-glucanase of the family 16 (EC 3.2.1.39) and genes encoding exo-ß-
1,3 glycosidases of the family 17 (EC 3.2.1.58) in the genome sequence of Vibrio vulnificus 
(Kim et al. 2003). Since substrate cleavage by an endo-ß-1,3-glucanase yields a new free end 
where the exo-ß-1,3 glycosidase can act upon, the synergistic interaction of these enzymes is 
likely to be responsible for an efficient degradation of laminarin. Upon prolonged incubation, 
laminarin was degraded for more than 95% to glucose by the crude extracts of each of the 
three strains. 

Both the total laminarinase activity (Vmax) and the affinity constant (Km) were highest in 
strain B1A and similar in B4C and C4B (Table 2). The Vmax/Km ratio, which represents the 
slope of the Michaelis-Menten equation at low substrate concentrations, is an indicator of the 

  
 
 
 
Table 2. Apparent kinetic parameters for laminarinase activity of crude cell extracts of Vibrio sp. 
strains B1A, B4C, and C4B. One unit of activity is expressed as µmol reducing ends released per hour 
per gram protein at pH 7.5 and 25 ºC. In brackets is the standard deviation (S.D.) of at least eight 
substrate/ activity data pairs. 
     
     
Strain Total activity 

Vmax (U) 
Total activity Km 
(mM) 

Total activity 
Vmax/Km  

Glucose 
releasing activity 
Vmax (U) 

B1A 34.17 (1.84) 4.50 (0.73)  7.6 0.83 (0.03)  
B4C 10.26 (0.67) 0.78 (0.16)  13.1 0.90 (0.02) 
C4B 8.53 (0.36)  0.57 (0.12)  15.0 0.81 (0.03)  
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ability of the strain to obtain high hydrolysis rates at low substrate concentrations (Healey 
1980). This ratio was for strain B1A higher than for strains B4C and C4B, suggesting that 
strain B4C and C4B are better competitors at low substrate concentrations, whereas strain B1A 
would be a better competitor at higher substrate concentration.  

The glucose releasing activity was approximately 10% of the total laminarinase activity at 
saturating substrate concentrations (Table 2). The higher rate of glucan release than that of 
glucose resulted in the accumulation of glucan intermediates during degradation at high 
substrate concentrations (Table 3). At lower substrate concentrations, however, the proportion 
of reducing ends released as glucose increased, suggesting a lower Km value for the glucose 
releasing activity than for the total activity. Release of glucans was also reported during 
microbial degradation of high concentrations (2 % w/v) of complex carbohydrates in 
Laminaria thallus (Uchida 1995). In general, bacterial hydrolysis of polymers of aggregates 
and uptake of low molecular weight compounds may be uncoupled processes, resulting in 
release of free polymers from particles into the surrounding water mass (Cho and Azam 1988; 
Smith et al. 1992; 1995; Unanue et al. 1998; Azúa et al. 2003). In aggregates, the carbohydrate 
concentrations are high (Azúa et al. 2003), leading to high substrate concentrations for 
glucosidases. If the differences in kinetic properties between the release of glucan and glucose 
are exemplary for other endo-hydrolase and exo-hydrolase activities, the higher Vmax of endo-
hydrolases will lead to the release of polymers from particles. Since the ratio glucose/ glucan 
release increased at lower substrate concentrations (Table 3), accumulation of glucan 
intermediates is unlikely to occur in the environment outside aggregates, where substrate 
concentrations are much lower.   

To compare the kinetic parameters with those of different ß-glucosidases present during 
and after a bloom of P. globosa in the coastal North Sea, determined using the fluorogenic 
substrate analogue MUF-beta-D-glucoside (Arrieta and Herndl 2002), we express the Km 
values per mol substrate using an average size for the laminarin molecule of 25 glucose units. 
This leads to Km values for the total activity of 180, 31.2 and 22.8 µmol l-1 laminarin for 
strains B1A, B4C, and C4B respectively. These values are in the range of 12.1 to over 282.7 
µmol l-1 MUF-glucose detected by (Arrieta et al. 2002).  

 
 
 
 
Table 3. The ratio of glucose to glucan formation after overnight incubation of crude cell extracts of  
Vibrio sp. strains B1A, B4C, and C4B with different concentrations of laminarin. 
  
  
Strain Laminarin concentration 
 1 mM 5 mM 10 mM 
B1A 0.85 0.18 0.11 
B4C 0.85 0.15 0.14 
C4B 0.67 0.18 0.11 
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Expression of laminarinase activity in three strains of Vibrio sp. 
When cultures were grown on glucose or pyruvate as a sole carbon source, no laminarinase 
activity was detected in crude extracts (Table 4). When cultures were grown on a mixture of 
laminarin and pyruvate as carbon sources, low levels of laminarinase activity were detected. 
Therefore, we conclude that during the exponential growth phase of the Vibrio strains, 
expression of laminarinase activity was dependent on the availability of laminarin. However, 
when cultures were grown on a mixture of laminarin and glucose, no laminarinase activity was 
detected. This suggests that synthesis of laminarinase is repressed in the presence of glucose. 
In the stationary growth phase, laminarinase activity was detected in all cultures. Stationary 
cultures grown on either pyruvate or glucose expressed low levels of laminarinase activity, 
whereas cultures grown on a mixture of laminarin and glucose, or laminarin and pyruvate 
expressed an intermediate activity.  

Enzyme synthesis triggered by the presence of a suitable substrate and inhibition by 
monomeric compounds is a common feature of beta-glucosidases in marine bacteria (Chróst 
1991; Middelboe et al. 1995). The expression of low levels of activity upon carbon starvation 
resembles the expression of extracellular chitinase activity upon starvation in Vibrio furnisii 
(Bassler et al. 1991; Li and Roseman. 2004). The explanation put forward by Li and Roseman, 
is that secreted chitinase from starving cells comes into contact with the insoluble chitin in the 
microenvironment of the Vibrio and generates a disaccharide and/or oligomer gradient. The 
Vibrio senses the soluble oligomer intermediates and swims up the gradient towards the chitin. 
In addition oligomers induce the expression of the full chitin degradation system.  Although 
laminarin is a soluble substrate, and may therefore directly be sensed by the Vibrio we 
speculate that expression of the laminarin degradation system may be regulated in a similar 
fashion. Thus, expression upon carbon starvation of different extracellular hydrolase enzymes 
may be a mechanism for the sensing of potential substrates in the Vibrio microenvironment. 

 
 
 
 

 
 
Table 4. Relative laminarinase activity normalized to Vmax rates of crude extracts of cells grown on 
laminarin and harvested at mid exponential phase. 
 
Growth phase Carbon- source B1A B4C C4B 
exponential Laminarin 100 % 100 % 100 % 
 Pyruvate ND ND ND 
 Glucose ND ND ND 
 Pyruvate + laminarin 22 % 15 % 11 % 
 Glucose + laminarin ND ND ND 
stationary Laminarin 78 % 132 % 104 % 
 Pyruvate 3 % 3 % 2 % 
 Glucose 9 % 3 % 2 % 
 Pyruvate + laminarin 21 % 29 % 44 % 
 Glucose + laminarin 12 % 32 % 34 % 
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Substrate specificity of the laminarinase enzymes 
The activity of the laminarinase enzymes in the crude cell extracts of the Vibrio sp. strains 
grown on laminarin until mid-exponential phase was tested on several glucose polymers that 
differ from laminarin in size, solubility and structure (Table 5A). Curdlan and glucan from 
Euglena gracilis are both ß-1,3-glucans and thus have a similar primary and secondary 
structure to laminarin, but are much larger in size and are insoluble polymers. There was a low 
activity on curdlan, but no activity was detected on the glucan from Euglena gracilis (Table  
5B). Barley glucan and lichenan have ß-1,3-glucosidic bonds, connecting stretches of ß-1,4-
linked glucose and consequently differ in secondary and tertiary structure form laminarin. A 
low activity was detected on both substrates. Pullulan is a repeating structure of three α-1,4-
linked glucoses (maltotriose) connected by α-1,6- glucosidic bonds, a soluble substrate 
differing from laminarin in its primary, secondary and tertiary structure, on which no activity 
was detected. Although each of the Vibrio strains was able to grow on pullulan as a sole 
carbon source (results not shown), the Vibrio strains apparently used other enzyme systems to 
degrade this substrate. The absence of pullulanase activity in strains grown on laminarin as a 
sole carbon source shows that expression of pullulanase activity is likely to be dependent on 
the presence of pullulan, in a similar way expression of laminarinase activity was dependent 
on the presence of laminarin.  
 
 
Table 5A. Relevant information on the substrates used to determine the substrate specificity of crude cell 
extracts of Vibrio sp. strains B1A, B4C, and C4B grown on laminarin to mid exponential phase. 
 
Substrate Backbone Branches Size Solubility Source 

Laminarin  ß-1,3-glucose ß-1,6 3.9 kD 100 % Food reserve in most algae 
Barley 
glucan 

ß-1,3 cellotriose 
and cellotetrose 

no 49 MD 21.6 % Cell wall constituent in Barley 
and other higher plants 

Lichenan ß-1,3-1,4 
glucose 

no No info 15.7 % Cell wall constituent of Irish 
moss 

Dietary 
glucan 

No info No info No info 5.5 %  

Curdlan ß-1,3-glucose no 100 kD 0.15 % Extracellular bacterial glucan 
Euglena 
glucan 

ß-1,3-glucose no 500 kD 0.12 % Food reserve in yeast 

Pullulan α-1,6-
maltotriose 

no 200 kD 100 % Extracellular polysaccharide in 
yeast, structurally similar to 
amylopectine in starch 

 
 
Table 5B. Relative activity of crude cell extracts of Vibrio sp. strains B1A, B4C, and C4B normalized to 
Vmax rates of crude extracts at mid exponential phase grown on laminarin. 
 
Strain Barley glucan Lichenan Dietary 

glucan 
Curdlan Euglena 

glucan 
Pullulan 

B1A 1.9 % 2.4 % 0.7 3.4 % n.d. n.d 
B4C 1.7 % 1.1 % n.d.* 1.2 % n.d. n.d. 
C4B 0.7 % 1.5 % n.d. 1.9 % n.d. n.d 
*n.d. no activity could be detected, the detection limit being 0.5% of the activity on laminarin 
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The minimal activity of laminarinase enzymes on substrates similar to laminarin with 
respect to their primary and secondary structure may have important implications for polymer 
degradation in the marine environment. Polymers derived from algae are known to 
selfassemble into hydrogels (Chin et al. 1998), that may be the precursor for larger particles, 
such as transparent exopolymeric particles (TEP) or marine snow (Verdugo et al. 2004). 
Although particles are regarded as “hotspots” of microbial abundance and activity (Azam 
1998), assemblage may influence the secondary structure of the polymer, analogous to the 
difference between laminarin and curdlan. If the difference in degradation potential of 
laminarin versus curdlan is exemplary for the difference in degradation potential of “free” 
polymers and polymers embedded in a gel structure, turnover times may be increased from 
days to years. This may be an additional explanation why carbohydrates are usually regarded 
as labile substrates for marine micro-organisms, but nevertheless form an important fraction of 
the DOM in the marine environment (Benner et al. 1992), in marine sediments as well as 
sedimentary pore water (Cowie and Hedges 1984; Arnosti and Holmer 1999). 
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Dynamics of prokaryote abundance and activity in the 
coastal North Sea during spring and summer 
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The improved MICRO-CARD-FISH method of Teira et al. (2004) was applied to study 
the dynamics in abundance and activity of prokaryotes in the coastal North Sea over the 
course of a spring and summer season. During spring, a phytoplankton bloom of the 
Prymnesiophyte Phaeocystis globosa dominated the primary production. Both cren- and 
euryarchaea were detected throughout the study period. Their combined contribution 
was on average 2% of the total prokaryotic community and their abundance was always 
less then 2.8 x 105 cells ml-1. Euryarchaea were generally more abundant then 
crenarchaea. On average 21% of the crenarchaea and 35% of the euryarchaea were 
taking up leucine throughout the study period. 

Members of the Bacteroidetes were abundant during the wax and wane of the P. 
globosa bloom. At the senescent stage of the bloom, Bacteroidetes comprised up to 63% 
of the bacterial community. The abundance of both members of the Roseobacter-clade 
and the SAR-86 cluster was low during this period (on average 2 % each), but increased 
during August. Members of the Roseobacter-clade were generally more active than the 
other two groups; on average 51% of the Roseobacter, 38 % of Bacteroidetes and 39% of 
the SAR-86 cluster were taking up leucine. The highest percentages of active cells were 
detected during and shortly after the decline of the P. globosa bloom, and during August. 
We conclude that due to their high abundance, members of the Bacteroidetes are likely 
to play a role in the degradation on the carbohydrate rich, high molecular weight, 
dissolved organic matter that is released during the P. globosa bloom.  

Submitted 
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INTRODUCTION 

Coastal areas cover only approximately 7% of the global ocean surface, but contribute 30% to 
the global marine primary production (Gattuso et al. 1998). In these waters a significant part of 
the local annual primary production is produced during phytoplankton spring blooms, which 
typically occur when high nutrient concentrations coincide with increased solar irradiance. In 
the temperate southern North Sea, Phaeocystis globosa (Prymnesiophyceae) typically 
dominates the algal community in spring, and forms dense blooms with cell abundances as 
high as 108 l-1 (Cadée and Hegeman 1986; Cadée 1992; Brussaard et al. 1996). These blooms 
may account for as much as 65% of the local annual primary production (Joiris et al. 1982).  

Phytoplankton are the main producers of labile dissolved organic carbon (DOC) that can 
directly be utilized by heterotrophic prokaryotes for respiration and growth (Carlson et al. 
1998). During growth, phytoplankton release part of their photoassimilated carbon as DOC 
(Teira et al. 2001). In addition, DOC is released by “sloppy feeding” by planktonic grazers on 
phytoplankton (Møller et al. 2003). In the case of Phaeocystis blooms, the collapse can be 
sudden, with cell lysis being an important source of mortality (Brussaard et al. 1995, 1996,  
2005b). Through cell lysis, phytoplankton biomass will be partly converted into dissolved and 
colloidal matter and subsequently recycled by heterotrophic prokaryotes rather than transferred 
to higher trophic levels (Brussaard et al. 1996; Fuhrman 1999). Phytoplankton blooms in 
general, and Phaeocystis blooms in particular lead to an increase in the abundance and 
production of heterotrophic prokaryotes (Laanbroek et al. 1985; Blight et al. 1995; Brussaard 
et al. 1996; Becquevort et al. 1998). 

The importance of bacteria in marine biogeochemical cycles is now well established, and 
since the development of culture independent detection techniques based on the 16S rDNA 
gene detection, phylotypes of archaea have been detected throughout the marine environment. 
The two major groups of archaea, crenarchaea and euryarchaea, were detected in the open 
ocean (Fuhrman et al. 1992; Karner et al. 2001), coastal waters (Delong 1992; Preston et al. 
1996; Massana et al. 2001), and salt marches (Munson et al. 1997). In the open ocean 
crenarchaea and euryarchaea, may account for one-third of the prokaryote cells (Karner et al. 
2001) and may play a significant role in the oceanic carbon cycle (Herndl et al. 2005). In 
addition, crenarchaea may play an important role as ammonia oxidizers (Könneke et al. 2005). 
The role of archaea in coastal biogeochemical cycles is however unknown.  

Studies of marine bacterioplankton diversity have shown that essentially three clusters of 
bacteria dominate marine bacterioplankton communities. Bacteria belonging to different 
phylogenetic groups of the Cytophaga-Flavobacteria-Bacteroidetes, now termed 
Bacteroidetes, the Roseobacter clade of the α-proteobacteria, and the SAR86 cluster of the 
gamma γ-proteobacteria are present in coastal sea such as the North Sea (Eilers et al. 2000; 
Alonso and Pernthaler 2005), the Mediterranean (Acinas et al. 1999), but also dominate the 
open oceans such as the Pacific and Atlantic (Mullins et al. 1995). Phytoplankton blooms 
likely have an impact on the bacterioplankton community composition (Arrieta and Herndl 
2002; Pinhassi et al. 2004), but few data exist on the response of members of the three 
dominant clusters. Since most marine bacteria that are abundant in the marine environment 
still resist cultivation in the laboratory (Eilers et al. 2000), little is known about their 
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physiology. Combining the use of oligonucleotide probes in fluorescence in-situ hybridization 
(FISH) with microautoradiography (Micro-FISH), allows determination of the abundance of 
specific groups of bacteria and archaea at a given time and site, and determination of their 
specific uptake of a given substrate. The recently developed protocol for catalyzed reporter 
deposition micro-FISH method (MICRO-CARD-FISH) (Teira et al. 2004), allows the use of 
oligonucleotide probes labeled with horseradish peroxidase, resulting in an enhanced 
sensitivity and a higher detection rate of archaea. Using this technique investigated the 
dynamics of archaea in the highly productive coastal surface waters of the coastal North Sea. 
In addition, we determined the group-specific dynamics in abundance and activity of 
prokaryotes over the spring and summer season, thus during the wax and wane of a 
Phaeocystis bloom. 

 
 

MATERIALS AND METHODS 
 

Sampling, phyto- and prokaryotic plankton analysis 
Coastal North Sea surface water samples were collected with an acid-rinsed bucket from 
Marsdiep tidal inlet, south of the island Texel, The Netherlands, from March until August 
2004. Samples were collected at high tide, twice a week during the spring bloom and weekly 
during the summer.  

Phytoplankton abundance and species composition was determined on Lugol preserved 
samples under a Zeiss inverted microscope using 5 ml counting chambers as described by 
Philippart et al. (2006). Prokaryote abundance was counted in unfiltered samples and in 
samples filtered through polycarbonate filters (3 µm; Millipore). Samples (1 ml) each were 
fixed in glutaraldehyde (0.5% final concentration), incubated for 30 min at 4ºC in the dark, 
flash frozen in liquid nitrogen and stored at – 80ºC until analysis as described by Brussaard 
(2004). After thawing, the prokaryote samples were stained for 15 min in the dark with SYBR 
Green I solution (Molecular Probes, at 2.5 µM final concentration) and subsequently 
enumerated on a FACScalibur (Becton Dickinson) flow cytometer (FCM) with a laser emitting 
at 488 nm wavelength. Samples were run at high speed for (57 µl min-1) and data were 
acquired in log mode until a minimum of 10,000 events had been recorded. The rate of particle 
passage in the capillary was always maintained below 500 events sec-1. Cell concentrations 
were determined from the flow rate, calculated by weighing a sample before and after a 10 to 
15 min run in the FCM. Fluorescent 1 µm latex beads (105 beads ml-1) were added to the 
prokaryote samples as an internal standard (Polyscience, Inc., Europe). Prokaryotes were 
detected by their signature in a plot of side scatter (SSC) versus green fluorescence (FL1) as 
described elsewhere (Gasol and Del Giorgio 2000; Brussaard 2004).  

For MICRO-CARD-FISH analyses, water samples were filtered through polycarbonate 
filters (3 µm; Millipore) and 2 to 5 ml of the filtrate was spiked with 3H-leucine (specific 
activity160 Ci mmol-1; 10 nm final concentration; Amersham) and incubated in the dark at in-
situ temperatures for 3 to 9 h. Controls consisted of samples killed with formaldehyde (final 
concentration 2%) prior to addition of 3H-leucine. Incubations were terminated by adding 
formaldehyde (final concentration 2%), and the samples were fixed at 4ºC in the dark for 12 to 

 65



Chapter 5 

18 h. Thereafter, samples were filtered through polycarbonate filters (0.2 µm, Millipore) 
supported by cellulose acetate filters (0.45 µm, Millipore), washed twice with Milli-Q water, 
dried, and stored at -20ºC until further processing.  

For chlorophyll a (Chl a) analysis, water samples were filtered onto Whatman GF/F filters, 
extracted in 90% (v/v) acetone and analysed fluorometrically according to Riegman et al. 
(1993). 

 
CARD-FISH analysis  
CARD-FISH analysis was performed as described by Teira et al. (2004). Briefly, the cells 
retained on the polycarbonate filter were embedded by dipping the filter in low-gelling-point 
agarose (0.1% [w/v] in Milli-Q water), dried at 37ºC, and subsequently dehydrated in 95% 
(v/v) ethanol. For cell wall permeabilization, filters to be hybridized with bacterial probes were 
incubated in a buffer (0.05 M EDTA, 0.1 M Tris-HCl, pH 6) containing lysozyme (10 mg ml-1; 
Sigma), whereas filters to be hybridized with archaeal probes were incubated in a buffer 
containing proteinase K (1,844 U mg-1, final concentration 2.18 µg/ml; Fluka) at 37ºC for 1 h. 
Thereafter, filters were washed with Milli-Q water (once for filters incubated in lysozyme 
solution, 3 times for filters incubated in proteinase K solution) and incubated in 0.01 M HCl at 
room temperature for 20 min. Next, filters were washed twice with Milli-Q water, dehydrated 
with 95% ethanol, and dried. 

Filters were cut in sections for hybridization with HRP-linked oligonucleotide probes 
Eub338 (bacteria), Non 338 (negative control), CF319 (most of the phylotypes belonging to 
the Bacteroidetes phylum, formerly known as the CFB-cluster) (Amann et al. 1995), Ros537 
(members of the Roseobacter-Sulfitobacter-Silicibacter clade) (Eilers et al. 2001a), SAR86 
(SAR 86 cluster of γ-proteobacteria) (Eilers et al. 2000), Cren537 (marine crenarchaea), and 
Eury806 (marine euryarchaea) (Teira et al. 2004). The HRP probe was added at a final DNA 
concentration of 0.28 ng µl-1 to 300 µl of hybridization buffer (0.9 M NaCl, 20 mM Tris-HCl 
[pH 7.5], 10% [w/v] dextran sulfate, 0.02% [w/v] sodium dodecyl sulfate, 1% [w/v] blocking 
reagent [Boehringer Mannheim, Mannheim, Germany], and 55% [v/v] formamide [for 
Eub338, Non338, CF319, Ros537, Sar86] or 20% [v/v] formamide [for Cren537, Eury806 and 
Non338]). Hybridization was performed at 35ºC for 12 to 15 h. Thereafter, filter sections with 
probes targeting Bacteria were washed in 50 ml pre-warmed washing buffer (5 mM EDTA 
[pH 8], 20 mM Tris-HCl [pH 7.4-7.6], 0.01% [w/v] sodium dodecyl sulfate) containing 13 
mM NaCl at 37 ºC for 15 min. Filter sections with probes targeting archaea were washed in 50 
ml pre-warmed washing buffer containing 145 mM NaCl. Filter sections were then transferred 
to phosphate-buffered saline (PBS) (145 mM NaCl, 1.4 mM NaH2PO4, 8 mM Na2HPO4 [pH 
7.6], containing 0.05% Triton X-100 (PBS-T), in the dark, at room temperature for 15 min. 
Next, filter sections were transferred to 493 µl amplification buffer (10% [w/v] dextran sulfate, 
2 M NaCl, 0.1% [w/v] blocking reagent, and 0.0015%[v/v] H2O2 in PBS) containing 5 µl of 
tyramide-Alexa488 (1 mg/ml) and incubated at 37ºC for 30 min. After amplification, filter 
sections were washed in PBS-T at room temperature, for 15 min, Milli-Q water and 95% 
dehydrated in ethanol. Finally, filter sections were air dried and stored at -20ºC until further 
processing. 
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Figure 1. Trends in phytoplankton and prokaryotic numbers during the 2004 spring and summer season. 
Chl a concentration, total and free-living prokaryotic cell numbers (A), Diatom and P. globosa cell 
numbers (B), and P. globosa colonial and flagellate cell numbers (C). 
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Microautoradiography  
Microautoradiography was performed in a dark room, kept at 15ºC as described by Teira et al 
(2004). The photographic emulsion (type NTB-2; Kodak) was melted in a water bath at 43ºC 
for 1 h. The emulsion was then mixed with ultra pure water (Sigma) in a 1:3 (v/v) ratio, 
divided into aliquots (10.5 ml each), and stored at 4ºC. The hybridized filter sections were 
transferred upside down, onto slides coated with photographic emulsion that was melted at 
43ºC for 30 min. The slides were dried on ice-cold aluminum plates for 5 min. and placed in a 
light-tight box, containing silica gel as a drying agent, and kept at 4ºC for 24 h for exposure. 
Slides were then developed and fixed according to the specifications of the manufacturer 
(KODAK). Before slides were completely dry, filter sections were peeled off and the cells 
remaining in the photographic emulsion were counterstained with DAPI mix (5.5 parts 
Citifluor [Citifuor, Ltd.], 1 part Vectashield [Vector Laboratories, Inc.], 0.5 parts PBS with 
DAPI at a final concentration of 1 µg ml-1). 

Slides were examined under a Zeiss Axioplan 2 microscope equipped with a 100-W Hg 
lamp and appropriate filter sets for DAPI and Alexa488. The presence of silver grains around 
the cells was checked by using the transmission mode of the microscope (Carman 1993). More 
than 200 positive cells, or more than 800 DAPI cells were counted per sample.     
 
 
RESULTS 
 
Temporal dynamics of phyto- and prokaryotic plankton 
In the spring of 2004 the phytoplankton community in the Marsdiep was dominated by a P. 
globosa colony bloom, reaching densities of densities of 33 x 106 cells l-1 (Figure 1B). At this 
time P. globosa cells constituted 89% of the phytoplankton cells. Chl a concentrations reached 
32.9 mg m-3 (Figure 1A). From 22 April onward the P. globosa bloom collapsed and flagellate 
P. globosa cells developed (Figure 1C). The increase in flagellate cells coincided with the 
increase in diatoms. During the development of the P. globosa bloom the number of 
prokaryotes increased 4-fold, but declined as the bloom reached its peak. During the collapse 
of the P. globosa bloom the total prokaryotic abundance increased again with a maximum 
abundance of 7.6 x 109 cells l-1 (Figure 1A). After the spring bloom, Chl a concentrations 
remained rather constant at an average of 5 mg m-3 and the total prokaryotic abundance varied 
between 2.1 and 7.6 x 109 cells l-1, with a peak in early August (Figure 1A).  On average, the 
free-living prokaryotes (<3 µm fraction) accounted for 93% of the total prokaryotic 
community.  
 
Archaeal versus bacterial dynamics 
Over the whole spring and summer period bacteria accounted for the bulk of the prokaryote 
cells (Figure 2A). Although both crenarchaea and euryarchaea were detected throughout the 
spring and summer season, their combined contribution was on average 2% of the total 
prokaryotic community and their abundance was never higher then 2.8 x 105 cells ml-1. 
Euryarchaea were generally more abundant then crenarchaea (Figure 2A).  
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Figure 2. Percentages of bacteria, crenarchaea and euryarchaea normalized to the free-living prokaryotic 
cells (A), percentage of bacteria taking up leucine normalized to the total number of bacteria (B), and the 
percentage of crenarchaea and euryarchaea taking up leucine normalized to the total number crenarchaea 
and euryarchaea (C) during the spring and summer season of 2004. The percentage of archaea taking up 
leucine was only included if more than 50 cells could be detected. 
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The percentage prokaryotic cells taking up leucine was low at the beginning of spring with  

8% of DAPI-stained cells. This percentage increased gradually during the course of the spring, 
reaching 66% on 13 April. During the rest of the spring and summer season, the percentage of 
DAPI-stained cells taking up leucine ranged between 53 and 72%, with an average of 61%. 
The percentage of bacteria taking up leucine followed a similar trend (Figure 2B). On 15 
March, only 2% of the bacterial cells were taking up leucine. This percentage increased during 
early spring reaching a maximum of 73% on 13 April. During the rest of the spring and 
summer season, the percentage of bacterial cells taking up leucine remained high, between 42 
and 73%, with an average of 63%. The percentage of euryarchaea taking up leucine was 
variable over the whole spring and summer season varying between 6 and 61%, with an 
average of 35% (Figure 2C). The percentage of active euryarchaea was always lower than the 
percentage of active Bacteria, except for 15 March. No active crenarchaea were detected on 15 
March, whereas during the rest of spring and summer the percentage of crenarchaea taking up 
leucine varied between 6 and 35%, with an average of 21% (Figure 2C).  
 
Dynamics of Bacteroidetes, Roseobacter and SAR-86 cluster.  
The percentage of bacteria hybridizing with any of the three cluster specific probes varied 
during the spring and summer season between 8 and 64%. During the build-up of the 
Phaeocystis bloom, bacteria from the Bacteroidetes-cluster comprised a substantial part of the 
bacteria (between 6 and 33%, average 17%; Figure 3A). Bacteria from both the SAR86 and 
the Roseobacter cluster comprised a small part of the bacterial community during this period, 
SAR86 at most 6% with an average of 2%, and Roseobacter at most 2% with an average of 
1%. Although not abundant, Roseobacter was the most active group during this period (Figure 
3C). On average, 45% of Roseobacter cells were taking up leucine (Figure 3C), which is 
similar to the average of 44% of total bacterial cells taking up leucine. Both the Bacteroidetes- 
and SAR86 cluster were less active, with 22 and 36%, respectively, taking up leucine (Figure 
3B and D). 

During the collapse of the Phaeocystis bloom bacteria from the Bacteroidetes- cluster 
comprised a substantial fraction of the bacteria, with a maximum contribution of 63% (average 
of 37%; Figure 3A). The contribution of the SAR86 and Roseobacter-cluster remained low, at 
most 7% with an average of 2% for both clusters (Figure 3A). During this period, Roseobacter 
was the most active group, with on average 55% of the cells taking up leucine (Figure 3C), 
which was similar to the average of 61% of bacterial cells taking up leucine. The percentage of 
cells belonging to the Bacteroidetes-cluster taking up leucine increased to 38% (Figure 3B), 
whereas the percentage of SAR86 cells taking up leucine decreased slightly to an average of 
28% (Figure 3D). 

From 14 May onward, after disappearance of the spring bloom, the contribution of bacteria 
from the Bacteroidetes-cluster to the total bacterial abundance varied between 9 and 57% 
(Figure 3A). During the first part of June the contribution was low, increasing during July to a 
maximum of 57% on 28 July. During August, the contribution decreased again. The 
contribution of the SAR86 cluster varied between 1 and 6% during June and July, and 
increased during August, reaching a maximum of 18% at 30 August. The contribution of the  
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Figure 3. Percentages of the Bacteroidetetes, Roseobacter-clade, and SAR 86-cluster normalized to the 
bacteria (A) and the percentage of Bacteroidetes, Roseobacter-clade, and SAR 86-cluster taking up 
leucine normalized to the total number of Bacteroidetes, Roseobacter-clade, and SAR 86-cluster (B, C, 
D). 
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Roseobacter cluster was low during June and July (less than 0.5%), but increased during 
August, reaching a maximum of 13% at 16 August  (Figure 3A).  After the spring bloom, 
members of the Roseobacter-clade remained the most active group, on average 49% of the 
cells were taking up leucine, increasing to 61% during August. This was slightly lower than 
the percentage of bacteria taking up leucine; on average 59% after the spring bloom, 
increasing to 66% during August. The percentage of cells belonging to the Bacteroidetes- and 
SAR 86-cluster taking up leucine were similar with 42% and 49%, respectively, following the 
spring bloom, and 50% and 53%, respectively, during August.  

 
 

DISCUSSION 
 

We applied the improved MICRO-CARD-FISH method of Teira et al. (2004) to samples from 
the coastal North Sea, in order to study the dynamics and activity of the prokaryote community 
during the wax and wane of a Phaeocystis bloom. A crucial step in this method is the transfer 
of the prokaryotic cells hybridized with the HRP-oligonucleotide probes from the 
polycarbonate filter to the glass slide coated with photographic emulsion. During this step up 
to 50% of the cells remained on the filter during this study and thus escaped analysis. When 
examining the polycarbonate filters prior to transfer to the glass slides we found that > 96% of 
DAPI cells hybridized with either the bacterial, euryarchaeotal, or crenarchaeaotal probe (n=5, 
results not shown), whereas upon examination of the glass slides this percentage varied 
between 39 and 76%. Comparing the results of the hybridizations on the filters with those on 
the glass slides, we did not find a bias, i.e. none of the studied clusters were preferentially 
transferred to the glass slide. Therefore we used the sum of the cells hybridized with the 
bacterial, euryarchaeotal, or crenarchaeaotal probe as the total abundance of prokaryotic cells 
in Fig. 2. A high percentage of DAPI-stained cells hybridizing with oligonucleotide probes 
was also reported for North Sea samples by Pernthaler et al. (2002a). This indicates a low 
percentage of dead cells, which was confirmed by a similar percentage of active DAPI-stained 
cells and bacterial cells taking up leucine (results not shown). 

In our study we analyzed the free-living prokaryotic community. Although they formed 
generally the bulk of the total prokaryotic community, it should be noted here that there may 
be major differences in community structure and activity of particle-attached versus free-living 
bacteria (Becquevort et al. 1998; Moeseneder et al. 2001). Therefore, particle attached bacteria 
will likely have an impact on the dynamics of the prokaryotic community which we did not 
take into account in this study.  

Cren- as well as euryarchaea formed a minor fraction of the prokaryotic community during 
the spring and summer season. Cultivation independent techniques have revealed the presence 
of archaea in virtually every ecosystem investigated (Olsen 1994; Stein and Simon 1996) 
including coastal seas like the North Sea (Pernthaler et al. 2002b; Wuchter et al. 2003). Few 
studies, however, used a quantitative approach to define the contribution of archaea to 
biogeochemical cycles, and even fewer have studied the in-situ uptake of substrates by archaea 
(Ouverney and Fuhrman 2001; Herndl et al. 2005). A quantitative study using rRNA targeting 
fluorescent probes showed that in the open ocean (Pacific, Hawaii) euryarchaea were found in 
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low numbers throughout the water column, whereas crenarchaea were found to be as abundant 
as bacteria at depths below 1000 m (Karner et al. 2001). Herndl et al. (2005), using the same 
MICRO-CARD-FISH technique as applied in this study, found that archaea are actively taking 
up substrate (amino acids and bicarbonate) in deep waters of the Atlantic Ocean. Therefore, 
archaea may play a significant role in the oceanic carbon cycle. In addition, recent evidence 
suggests that crenarchaea may play a role as ammonia oxidizers at the study site in the coastal 
North Sea in the fall and winter (Wuchter et al. submitted), as indicated by the close 
correlation between crenarchaeotal abundance and the copy number of the amoA gene as 
determined by quantitative PCR corroborating the findings of  Könneke et al. (2005). Our 
results, however, show that although cren- and euryarchaea are present and taking up leucine 
throughout the spring and summer season, neither one of these two major groups of archaea is 
likely to be a major player in the biogeochemical cycles at the study site during spring and 
summer.  

Bacteria belonging to the Bacteroidetes were abundant throughout the spring and summer 
season and became the dominant group following the P. globosa spring bloom. Generally, 
Bacteroidetes are abundant in seawater (Glöckner et al. 1999; Eilers et al. 2001b; Kirchman 
2002; Cottrell and Kirchman 2003), and previous studies have also shown a response to 
phytoplankton blooms of diatoms (Riemann et al. 2000; Pinhassi et al. 2004) and P. globosa ( 
et al. 2005b). Therefore, members of this group are though to be the main consumers of high 
molecular weight DOM released during the wane of phytoplankton blooms (Kirchman 2002). 
P. globosa is known to produce large amounts of carbohydrates during spring blooms. Their 
colony matrix consists of complex mucopolysaccharides, that are released into the 
environment during the wane of a bloom (Janse et al. 1996). Degradation of such complex 
carbohydrates often requires specific extracellular enzymes, and therefore bacteria, or 
consortia of bacteria especially adapted to these complex biopolymers will develop. Members 
of the Bacteroidetes are chemo-organotrophic, and known for their capacity to degrade 
complex carbohydrates such as pectin, cellulose and chitin (Reichenbach and Dworkin 1991; 
Cottrell and Kirchman 2000; Kirchman 2002). Members of this group were detected in 
microbial enrichments degrading Phaeocystis mucopolysaccharides (Janse et al. 2000). In a P. 
globosa dominated mesocosm, a member of the Flexibacter, belonging to the Bacteroidetes, 
was disappearing as disintegrated colonies became abundant (Brussaard et al. 2005b). This 
illustrates the diversity within the group of Bacteroidetes that hybridizes with our probe. 

A large fraction of bacteria belonging to the Roseobacter clade have been associated with 
high primary production and algal blooms (Zubkov et al. 2001; Pinhassi et al. 2004; Alonso et 
al. 2005). In addition, a member of the Roseobacter clade was observed in the bacterial 
community degrading mucopolysaccharides that was mentioned above (Janse et al. 2000). Yet, 
during and after the spring bloom, only a minor fraction of prokaryotes were affiliated to the 
Roseobacter clade. Roseobacter are regarded as key participants in dimethylsulfonium 
propionate (DMSP) assimilation (Malmstrom et al. 2004; Zubkov et al. 2001). DMSP is 
released during the collapse of P. globosa blooms (Liss et al. 1994), yet members of the 
Roseobacter clade formed only a minor part of the bacterial community during the collapse of 
the P. globosa spring bloom. Brussaard et al. (2005b) observed repression of a member of the 
Roseobacter clade during the collapse of a P. globosa bloom in a mesocosm. They argued that 
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the disappearance of the Roseobacter member was related to the predominance of 
disintegrating colonies and accompanying transparent exopolymer particles (TEP), since the 
member stayed present in a mesocosm where only a low amount of colonies disintegrated. In 
concordance with this, we found members of the Roseobacter clade constituting up to 18% of 
the bacterial community in August, coinciding with another small P. globosa bloom. We 
speculate that during this bloom the number of disintegrating colonies was lower than during 
the spring bloom. Although forming a low percentage of the bacterial community, members of 
the Roseobacter clade were the most active clade based on the percentage of cells taking up 
leucine throughout the spring and summer season.   

Members of SAR86 cluster are cosmopolitan members of the gamma proteobacteria, and 
are abundant in the free-living communities of marine bacterioplankton (Mullins et al. 1995; 
Acinas et al. 1999; Eilers et al. 2000). We found low, but consistent percentages of cells 
throughout the season.  

 
Conclusions 
Both crenarchaea and euryarchaea were present in the coastal North Sea throughout the spring 
and summer season, but never abundant. Archaea were taking up leucine, although the 
percentage of cells taking up leucine was lower than the percentage of total bacterial cells. We 
conclude that archaea do not play a major role in biogeochemical cycles of the coastal North 
Sea during spring and summer.  

Bacteria belonging to the Bacteroidetes were dominant during the spring and summer 
season, but especially during the collapse of P. globosa spring bloom. Probably certain taxa of 
this cluster are involved in degradation of mucopolysaccharides as previously reported in 
mucopolysaccharide degrading bacterial communities. Members of the Roseobacter clade 
were forming a minor part of the bacterioplankton community during the spring and summer 
season, but generally exhibited the highest percentages of cells taking up leucine.  
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The ubiquity and high productivity associated with blooms of colonial Phaeocystis makes 
it an important contributor to the global carbon cycle. During blooms organic matter is 
produced that is rich in carbohydrates. We distinguish five different pools of 
carbohydrates produced by Phaeocystis. Like all plant cells, Phaeocystis cells contain (1) 
structural carbohydrates, mainly as part of their cell wall and (2) monosaccharides, that 
are present as intermediates in the synthesis and catabolism of cell components. Both 
solitary and colonial cells produce (3) an intracellular storage glucan, whereas colonial 
cells of Phaeocystis excrete (4) carbohydrates that are the main constituent of the mucous 
colony matrix and (5) extracolonial dissolved organic carbon (DOC) rich in 
carbohydrates. In this review the characteristics of these pools are discussed and 
quantitative data are summarized. 

When nutrients are limited, Phaeocystis blooms reach a stationary growth phase, 
during which excess energy is stored as carbohydrates. This so-called overflow 
metabolism increases the carbohydrate to POC ratio to 0.6. Overflow metabolism can be 
channelled towards both glucan and mucopolysaccharides. Summarizing the available 
data reveals that during the stationary phase of a bloom glucan may contribute between 
0-51% to POC, whereas mucopolysaccharides contribute between 5-60%. The 
accumulation of carbohydrates leads to an increase in C/N and C/P ratios of Phaeocystis 
organic material.  

At the end of a bloom lysis of Phaeocystis cells and deterioration of colonies leads to a 
massive release of dissolved organic matter (DOM) rich in glucan and 
mucopolysaccharides. Laboratory studies have revealed that this organic matter is 
potentially readily degradable by heterotrophic bacteria. However, observations in the 
field of accumulation of DOM and foam indicate that microbial degradation may be 
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hampered. The high C/N and C/P ratios of Phaeocystis organic matter may lead to 
nutrient limitation of microbial degradation. Upon prolonged degradation times 
carbohydrates self-assemble into hydrogels. This may have a profound effect on carbon 
cycling, since hydrogels provide a vehicle to move DOM up the size spectrum to sizes 
subject to sedimentation. In addition, it changes the physical nature and microscale 
structure of the organic matter encountered by bacteria, thereby affecting the 
degradation potential of the Phaeocystis organic matter.  
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INTRODUCTION 

 
Phaeocystis is a marine planktonic algal genus with a worldwide distribution. It is present 
from tropical to polar regions and can form blooms in areas with high nutrient concentrations, 
such as coastal or upwelling regions (Baumann et al. 1994; Lancelot et al. 1998; Schoemann et 
al. 2005). One of the characteristics of Phaeocystis species is the complex polymorphic life 
cycle. It consists of different stages of free-living cells 3-9 µm in diameter, alternating with 
colonial stages usually reaching several mm in diameter (Kornmann 1955; Rousseau et al. 
1994; Peperzak et al. 2000), sometimes up to 3 cm (Chen et al. 2002). Although single-celled 
Phaeocystis are ubiquitous in the worlds oceans, it is the colonial form that has attracted most 
attention due to its massive blooms (Lancelot et al. 1987a; Schoemann et al. 2005). At present 
six Phaeocystis species have been described (Zingone et al. 1999) of which only three are 
reported to form blooms; P. globosa in temperate regions (English Channel, coastal North Sea, 
China), P. pouchetii in temperate to polar waters of the Northern hemisphere, and P. 
antarctica in (sub) polar waters of the southern hemisphere (Schoemann et al. 2005). During 
blooms Phaeocystis may contribute over 90% to the total phytoplankton abundance and can be 
responsible for up to 65% of the local annual primary production (Joiris et al. 1982; Veldhuis 
et al. 1986b; Lancelot and Mathot 1987b). The high productivity associated with blooms and 
its ubiquity make Phaeocystis an important contributor to the global carbon cycle (Smith et al. 
1991; Arrigo et al. 1999; DiTullio et al. 2000; Schoemann et al. 2005). A substantial part of 
this carbon is produced as carbohydrates (Lancelot et al. 1987b; Rousseau et al. 1990; 
Fernandez et al. 1992; Mathot et al. 2000). In general, most of Phaeocystis organic matter is 
remineralized within the water column (Wassmann 1994). To understand the impact of this 
vast carbon injection on the ecosystem, it is important to consider the different types of 
carbohydrates that are produced. In the following sections we will first discuss the current state 
of knowledge with respect to the characteristics and quantities of different pools of 
carbohydrates produced during the various life cycle stages. Secondly, mechanisms of DOM 
release during and following a bloom will de discussed, and finally, the fate of carbohydrates 
in the microbial food web. 
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PHAEOCYSTIS CARBOHYDRATES AND THEIR CHARACTERISTICS 
 

Carbohydrates in algae and plants are often classified based on methodological discrimination. 
The structural carbohydrates are not water soluble, whereas the other types of carbohydrates 
are water soluble and typically extracted in hot water. In Phaeocystis five different pools of 
carbohydrates can be distinguished. Like all plant cells, Phaeocystis cells contain (1) structural 
carbohydrates, mainly as part of their cell wall and (2) monosaccharides, that are present as 
intermediates in the synthesis and catabolism of other carbohydrates. Both solitary and 
colonial cells produce (3) an intracellular storage glucan, whereas colonial cells of Phaeocystis 
excrete (4) carbohydrates that are the main constituent of the mucous colony matrix and (5) 
extracolonial dissolved organic carbon (DOC), rich in carbohydrates.   
 
Structural polysaccharides 
Structural carbohydrates are mainly present as cell wall constituents. Flagellate Phaeocystis 
cells are covered with body scales consisting of flat plates with a pattern of radiating ridges 
(Parke et al. 1971; Moestrop 1979; Hallegraeff 1983; Baumann et al. 1994). In two other 
haptophytes, Pleurochrysis scherfelii and Chrysochromulina chiton the scales contained 
acidic, sulfated pectin-like polysaccharides, cellulose and glycopeptides (reviewed by 
Leadbeater 1993). In a culture of Phaeocystis sp. in the stationary phase, structural 
carbohydrates in the organic matter made up for 13 % of the TOC (Biersmith and Benner 
1998).  

In addition to intracellular structural carbohydrates, flagellate cells of Phaeocystis excrete 
filaments composed of α-chitin, forming star-like structures. In many morphological 
descriptions based on electron microscopic observations, five-rayed filamentous stars were 
observed around flagellate cells of P. pouchetii, P.  antarctica, P. globosa, and P. cordata, 
whereas nine-rayed  stars were observed around P. scrobiculata (Parke et al. 1971; Moestrop 
1979; Baumann et al. 1994; Chretiennot-Dinet et al. 1997; Zingone et al. 1999). The biological 
function of the chitin filaments remains a mystery up to now (Chretiennot-Dinet et al. 1997).  

 
Monosaccharides 
Monosaccharides are the first products of photosynthesis and form the precursors for 
biosynthesis of most molecules. Moreover, during catabolism of storage glucan 
monosaccharides are formed as intermediates (Granum and Myklestad 1999). In addition to 
intermediates in metabolic processes, they serve a role in osmoregulation (Craigie 1974; 
Dickson and Kirst 1987a; 1987b). The monosaccharide concentration in phytoplankton cells is 
quite stable; for example in diatoms monosaccharide concentration was hardly influenced by 
light (Vårum et al. 1986; Van Oijen et al. 2003). During a bloom of P. globosa in the 
Marsdiep, The Netherlands, the monosaccharides made up for 28-60% of water extractable 
particulate carbohydrates (Alderkamp, unpublished data). This ratio was similar to an 
Antarctic community dominated by diatoms (Van Oijen et al. 2003). 
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Storage glucan 
Most algae contain an intracellular food reserve in the form of α- or β -glucan. The actual type 
of glucan is an important taxonomic characteristic. In the class of Prymnesiophyceae the 
reserve polysaccharides are of the laminarin type (van den Hoek et al. 1993). They can be 
divided into laminarins, chrysolaminaran and paramylon, distinguished mainly on the basis of 
chain length and presence of mannitol end groups. All have an essentially linear β -D-(1,3)-
glucose backbone with some branching at position 6 (Percival 1970; Craigie 1974; Myklestad 
1978; Paulsen and Myklestad 1978). Variations have been reported in the glucan structure of 
the prymnesiophycean Emiliania huxleyi, that consists of a mainly β -D-(1,6)-linked glucose 
backbone with branching at position 3 (Vårum et al. 1986). The glucan of Phaeocystis is of the 
chrysolaminaran type (Janse et al. 1996b), a type of laminarin devoid of endstanding mannitol 
groups, and containing typically 16-38 glucose residues (Craigie 1974). In algal cells 
chrysolaminaran is located in vacuoles, as was observed microscopically in Phaeocystis 
(Kornmann 1955; Parke et al. 1971; Chang 1984) and using immunolocalization of 1,3 beta-D-
glucan in cell sections of the diatoms Phaeodactylum tricornutum, Cilindrotheca fusiformis 
and Thalassiosira pseudonana (Chiovitti et al. 2004). Chrysolaminaran is the most common 
storage glucan in phytoplankton, including diatoms (Myklestad and Haug 1972; Myklestad 
1978; 1988; Paulsen et al. 1978). Due to the presence in ubiquitous bloom forming 
phytoplankton chrysolaminaran it is considered to be one of the most abundant types of 
carbohydrate in the marine environment (Painter 1983). 

Chrysolaminaran was characterized as principal storage glucan in a non-colony forming 
strain of P. globosa (Janse et al. 1996b). In this strain, 95% of the water extractable 
carbohydrates consisted of glucose and all glucose polymers were digested by the enzyme 
laminarinase (E.C. 3.2.1.6 from Trichoderma sp.). This enzyme preparation contains endo-ß 1-
3 glucanase activity and some chitinase, cellulase and α-amylase activity. Laminarin from the 
brown seaweed Laminaria digitata was digested to monosaccharides by this enzyme 
preparation. In colony forming strains of P. globosa, however, no more than 40-70% of 
glucose polymers were digested (van Rijssel et al. 2000; Alderkamp et al. 2006). The reason 
for this partial digestion may be differences in the type of chrysolaminaran produced by single 
cells and colonial cells, e.g. with respect to polymer size or number of branches. Therefore, 
chrysolaminaran from colonial cells may not be fully degraded by the enzyme laminarinase. 
Alternatively, there may be a different type of glucan produced by colonial Phaeocystis cells. 
If there is another type of storage glucan besides chrysolaminaran, it is not clear if this is 
located in the cells or in the colony matrix.  

In all plants photosynthetic rates exceed metabolic demands when nutrients are not limiting 
and irradiance is optimal. The excess energy thus produced is stored as glucan. This glucan 
can be used as a respiratory substrate to maintain growth when irradiance is sub-optimal, for 
example during the night. Chrysolaminaran is produced in the light and its production is 
dependent on light intensity. Nocturnal respiration of chrysolaminaran provides energy to 
maintain cell metabolism and its carbon skeletons can be used for protein synthesis (Cuhel et 
al. 1984; Lancelot and Mathot 1985; Janse et al. 1996b; Granum et al. 1999; Alderkamp et al. 
2006). Diel rhythms in storage carbohydrates concentrations have been well documented in 
laboratory cultures of diatoms (Hitchcock 1980; Vårum et al. 1986), field populations of 

 78



Phaeocystis carbohydrates 

pelagic marine phytoplankton dominated by diatoms (Barlow 1982; Hama and Handa 1992) 
and mesocosms dominated by P. pouchetii (Alderkamp et al. 2006). Notably the diel 
variations in carbohydrates can be a direct result of the variations in light intensity, or the 
result of an intrinsic rhythm (Post et al. 1985; Falkowski and Raven 1997). For instance, 
Loogman (1982) showed that the diel dynamics in carbohydrate concentrations introduced by 
a diel light cycle, continued for several days after the light was switched to a continuous 
regime. 

Under normal bloom conditions, Phaeocystis will receive varying light conditions during 
the day. On top of this, upon vertical mixing in the water column colonies may be mixed down 
to sub-optimal light conditions, or even below the euphotic zone (Joint and Pomroy 1993; 
Arrigo et al. 1999; Wassmann et al. 2000). A capability to store energy is therefore likely to be 
important during the daylight as much as during the night. This may especially be relevant for 
P. globosa, since blooms often occur in turbid waters with high mixing rates, such as the 
coastal North Sea and estuaries. During sudden transitions from high to low light levels, 
carbohydrates can provide energy until cells are acclimatized to the new situation, as was 
shown in the diatom Thalassiosira weisflogii (Post et al. 1985). This was, however, not 
confirmed during a mesocosm study of P. pouchetii. Carbohydrate concentrations were 
unaffected by placing cells at low irradiances or in the dark during the day (Alderkamp et al. 
2006). 

Upon nutrient limitation excess energy and carbon tend to accumulate as storage glucan 
because the Calvin cycle and the tricarboxylic acid (TCA) cycle are uncoupled. Carbohydrate 
accumulation has been observed during the stationary growth phase of a single cell culture 
(Janse et al. 1996b), colonial cultures (van Rijssel et al. 2000), and a bloom of P. globosa 
(Veldhuis et al. 1986a), and at the end of P. pouchetii blooms in mesocosms (Alderkamp et al. 
2006). This so-called overflow metabolism under nutrient limitation is common in 
phytoplankton (Myklestad 1974; Myklestad 1988). It leads to an increased contribution of 
carbohydrates to the organic matter produced during bloom and an increased C/N ratio. C/N 
ratios up to 20.5 were reported in nutrient limited mesocosms of P. pouchetii (Verity et al. 
1988), up to 17.5 during blooms of P. pouchetii and up to 30 during blooms of P. globosa at 
low ambient inorganic nitrogen concentrations (Baumann et al. 1994). During the stationary 
phase of a P. pouchetii bloom in mesocosms the ratio glucan/mucopolysaccharides increased 
(Alderkamp et al. 2006), whereas it decreased during the stationary phase of cultures of 
colonial P. globosa (van Rijssel et al. 2000). Therefore, it seems energy and carbon produced 
during overflow metabolism in Phaeocystis can be channeled towards both glucan and 
mucopolysaccharides.    

From the above it may be concluded that the concentration of storage glucan in 
phytoplankton is highly variable; it is dependent on the time of the day, light intensity and 
nutrient status of the cell. To evaluate the contribution of glucan to Phaeocystis carbon, 
quantitative data on the contribution of glucose to the particulate water extractable 
carbohydrates were compiled (Table 1a). Assuming that mucopolysaccharides consist for 10 
% of glucose (Janse et al. 1999), the remaining glucose can be attributed to glucan. This leads 
to a contribution of glucan to the particulate water-extractable carbohydrate fraction of 
Phaeocystis  colonies  between  14-85%  during  the  exponential  growth  phase, and  between 
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0-85% during the stationary phase. Alternatively, glucan and mucopolysaccharides were 
separated based on polymer size differences by ethanol precipitation. During the growth phase 
of a P. pouchetii bloom in a mesocosm, glucan contributed 46-78% to particulate water 
extractable carbohydrates, depending on the time of the day. This increased to 82% during the 
stationary phase of the bloom (Alderkamp et al. 2006). To compute the contribution of glucan 
to colonial Phaeocystis POC, the carbohydrate/POC ratio of Alderkamp et al. (2006) was used 
(Table 2). This leads to a contribution of glucan to POC of 2-11% during exponential growth, 
dependent on the time of the day. During the stationary phase the contribution ranges between 
0-51%. In a non-colony forming strain of P. globosa, chrysolaminaran contributed 40% to 
TOC during the stationary phase (Janse et al. 1996b). 

 
Mucopolysaccharides 
The mucus matrix of Phaeocystis colonies consists predominantly of carbohydrates (Guillard 
and Helleburst 1971; Painter 1983; Lancelot et al. 1985; Eberlein et al. 1985; Van Boekel 
1992). Qualitative staining of the colony matrix indicated the absence of lipophilic compounds 
and chitin, but the presence of amino groups (Hamm et al. 1999). MALDI analysis showed 
that N was not proteineous, but probably present in aminosugars (Solomon et al. 2003). The 
presence of the aminosugar sialic acid was confirmed by aminolabeling (Orellana et al. 2003). 
The presence of aminosugars may affect the C/N ratio of mucopolysaccharides, leading to a 
small difference between C/N ratios of single cells and colonial cells (Verity et al. 1988). 
Verity et al. (1991) concluded that the C/N ratio of the mucus constituents is lower than 9, 
whereas Biersmith et al. (1998) measured a C/N ratio of 15.6 in the fraction containing 
mucopolysaccharides. 

The monosaccharide composition of P. globosa and P. pouchetii carbohydrates has been 
studied in bloom samples and in strains from different origins (Table 1A). The main non-
glucose monosaccharides are arabinose, galactose, mannose and xylose. In addition a minor 
contribution of rhamnose was detected in all samples, whereas fucose, glucuronic acid, ribose, 
O-methylated hexoses and O-methylated pentoses were detected in some samples only. The 
glucosamine detected by two groups may have been derived from copepod chitin 
contamination in the samples. The monosaccharides detected in Phaeocystis material are the 
same as those detected in other phytoplankton extracellular carbohydrates (Hoagland et al. 
1993; Biersmith et al. 1998), however the ratio of constituents seems specific for Phaeocystis. 
There were no major differences in the presence or ratio of constituents between a bloom 
sample from Balsfjord, Norway, dominated by P. pouchetii and a sample from the North Sea 
dominated by P. globosa (Janse et al. 1999). However, no data are available for other species 
of Phaeocystis, including P. antarctica. In five strains of P. globosa differences in the ratio of 
constituents were small and probably determined by environmental factors present in the 
seawater from different locations in which the algae were cultured (van Rijssel et al. 2000). 
Nutrient status of the cells does not seem to influence the ratio, as was shown in a batch 
culture of P. globosa (van Rijssel et al. 2000) or in bloom samples taken at different stages of 
a bloom (Janse et al. 1996a). This is different from the situation reported in diatoms, where 
upon nutrient limitation, the benthic diatom Cylindrotheca closterium excretes a separate 
extracellular polysaccharide with a different monosaccharide composition (de Brouwer et al. 
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2002; Underwood et al. 2004). The change in colony shape and appearance during Phaeocystis 
blooms (e.g. Verity et al. 1988; Rousseau et al. 1994) is therefore not reflected in the 
monosaccharide composition of the mucopolysaccharides.  

Phaeocystis acts as a secretory cell, actively excreting mucopolysaccharides similar to 

animal cells and vascular plants in which the regulated export of cellular products takes place 
via exocytosis. While stored in secretory vesicles inside the cells, the mucopolysaccharides 
remain in condensed phase. Upon exocytosis, they undergo a characteristic phase transition 
accompanied by extensive swelling resulting in the formation of hydrated gels (Chang 1984; 
Chin et al. 2004). The negatively charged mucopolysaccharides become entangled and form 
ionic links, such as calcium bridges (Van Boekel 1992). They then form a thin, yet strong, 
semi permeable colony matrix, with a pore size between 1 and 4.4 nm diameter, with plastic 
and to a limited extent also elastic properties (Kornmann 1955; Hamm et al. 1999). Electron 
microscope studies of a Phaeocystis sp. from Tasman Bay, New Zealand, show that the matrix 
has a multilayered gelatinous structure, with an average thickness of 5 µm (Chang 1984). Van 
Rijssel et al. (1997) calculated a thickness of 7 µm based on carbohydrate measurements and 
the assumption of a mucous layer with a fixed thickness for various colony sizes, whereas a 
thickness of 10 µm was determined based on confocal laser scanning imagery. As colonial 
cells of Phaeocystis have similar (Baumann et al. 1994), or even higher growth rates (Veldhuis 
et al. 2005) compared to single cells, the allocation of the material needed to build the colonial 
matrix obviously does not hamper cell metabolism.  

The contribution of mucus carbon to Phaeocystis organic carbon can be assessed in three 
different ways. In the first, cells are mechanically separated from the mucus matrix by 
filtration through GF/C filters. This method yields contributions of 5-80% of mucus-carbon to 
POC (reviewed by Riegman and Van Boekel 1996). As many have pointed out, however, 
Phaeocystis cells are fragile and may be disrupted by filtration (Veldhuis and Admiraal 1985; 
van Rijssel et al. 1997; Mathot et al. 2000). By releasing their water soluble carbon the fraction 
of mucus-carbon may be overestimated. On the other hand, mucopolysaccharides may form 
gels on the filter (Chin et al. 1998) as a result of which their contribution may be 
underestimated. Therefore, all studies in which colonies were fractionated by filtration or 
centrifugation have to be interpreted with care. 

 
 
 

Table 2. Particular water extractable carbohydrate/POC ratios  
    
    
Species Growth stage Carb/POC ratio Reference 
P. pouchetii mesocosm Exponential 0.13 Alderkamp et al. 2006 

P. pouchetii mesocosm Stationary 0.60 Alderkamp et al. 2006 

P. globosa culture Exponential 0.1 Van Rijssel et al. 2000 
P. globosa bloom No info 0.19-0.35 Van Rijssel et al. 2000 
Phaeocystis sp. culture Stationary 0.38  Biersmith and Benner 1998 
Phaeocystis sp. culture All 0.2-0.3 Biddanda and Benner 1997 
P. globosa single cell culture Stationary 0.40 Janse et al. 1996b 
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Table 3. Characteristics of Phaeocystis DOM 
      
      
Species Growth stage % diss. 

carbs. of 
DOC 

C/N % DOC 
of TOC 

Reference 

Phaeocystis sp. 
(culture) 

Exponential 
through stationary 

25-50% 19.3 (HMW)  
6.3 (LMW) 

27% Biddanda and 
Benner 1997 

Phaeocystis sp 
(culture) 

Stationary 56% 19.3 (HMW) 14% Biersmith and 
Benner 1998 

Phaeocystis sp 
(culture) 

Late 
exponential 

>67% 
(HMW) 

12 (HMW)  Aluwihare and 
Repeta 1999 

P. globosa 
(culture) 

Late exponential  8.3 (axenic)  
7.4 (xenic) 

 Solomon et al. 
2003 

P. antarctica 
(culture) 

Late exponential  6.9 (axenic) 
6.2 (xenic) 

 Solomon et al. 
2003 

 
 
When assuming that carbohydrates are the only significant source of carbon in the mucus 

matrix, the second method consists of determination of the contribution of 
mucopolysaccharides to the water extractable carbohydrates. Mucopolysaccharides consist of 
all non-glucose constituents and for 10% of glucose. Based on the monosaccharide 
composition the contribution of mucopolysaccharides to the water extractable particulate 
carbohydrates is between 15-86% during the exponential growth phase, and 15-100% during 
the stationary phase (table 1A and references therein). Alternatively, glucan and 
mucopolysaccharides were separated based on polymer size differences (Alderkamp et al. 
2006). During the exponential growth phase, mucopolysaccharides contributed 38% to the 
water extractable carbohydrates, decreasing to 9% during the stationary phase. When using 
carbohydrate to carbon ratios of Alderkamp et al. (2006) (Table 2), the contribution of 
mucopolysaccharides to POC is computed to be between 2-11% during exponential growth 
and 5-60% during the stationary phase.  

The third method to estimate the carbon of colony matrices is based on conventional 
conversion factors for determining the carbon content of the average cell biovolume of 
Phaeocystis cells and an additional carbon content of the mucus matrix. In P. antarctica, 
Mathot et al. (2000) found on average 14% of POC devoted to matrix formation, increasing to 
a maximum of 33%. In P. globosa Rousseau et al. (1990) calculated that up to 90% of POC 
may be devoted to matrix formation in large colonies. Van Rijssel et al. (2000), assuming a 
hollow colony surrounded by a thin mucus layer, calculated a contribution of 10-35%. 
Comparisons of estimates obtained by these authors, however, show similar estimates for 
colony sizes predominantly observed in the field (reviewed by Schoemann et al 2005).  

In addition to a structural function in the mucous matrix, mucopolysaccharides were also 
reported to serve as storage polysaccharides as nocturnal consumption of extracellular 
polysaccharides was reported in P. globosa (Lancelot et al. 1985; Veldhuis et al. 1985). In 
both studies cells were separated from mucous matrix by filtration under pressure. Since this 
treatment may cause cells to break thus releasing intracellular substances (see above), 
nocturnal consumption of intracellular chrysolaminaran may have been classified as 
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consumption of extracellular substances. Using the same method to separate extracellular 
material from cells, Matrai et al. (1995) report no nocturnal utilization of extracellular 
polymers in an Antarctic strain of Phaeocystis. Also, when mucopolysaccharides and glucan 
were separated based on polymer size differences, no utilization of mucopolysaccharides was 
reported when a culture of P. globosa was placed in the dark for prolonged times (Alderkamp 
et al. 2006). Given the size and structure of mucopolysaccharides it seems unlikely that they 
serve as storage carbohydrate. Degradation and uptake of these complex polysaccharides 
would require a complex enzymatic cleavage and transport system in the cells. Moreover, 
since the gel matrix is such a definite structure stabilized by ionic bridges, it will be hard to 
“disentangle” polymers from the gel.  

 
Extracolonial DOM  
Extra-colonial DOM rich in carbohydrates was reported in cultures of colonial Phaeocystis 
and blooms of Phaeocystis (Table 3 and references therein). Carbohydrates similar in 
monosaccharide composition and ratio to that of mucopolysaccharides form a major 
contribution to this DOM (Table 1b). There seem to be two different pools of DOM; a high 
molecular weight (HMW)-DOM pool with a high C/N ratio of over 12 and a carbohydrate 
content of over 67% and a low molecular weight (LMW)-DOM pool with a low C/N ratio of 
6.3. The overall C/N ratio of the DOM is low, around 7 (Biddanda and Benner 1997; Solomon 
et al. 2003). Similar to mucopolysaccharides, extra-colonial polymers self assemble in 
hydrated polymer gels on a time-scale of approximately two days (Solomon et al. 2003). 

High DOM concentrations have been reported in natural assemblages dominated by 
Phaeocystis (Eberlein et al. 1985), and high DOM-excretion rates in cultures (Guillard et al. 
1971). Upon careful filtration, however, true extracolonial DOM excretion was lower, 14% of 
primary production in the late exponential phase of a P. globosa culture (Veldhuis et al. 1985; 
1986a; Biersmith et al. 1998), and  2-14% of primary production in natural assemblages 
dominated by P. globosa (Laanbroek et al. 1985; Veldhuis et al. 1986a; Lancelot et al. 1987b). 
Similar values were observed for P. pouchetii (1-19%) (Verity et al. 1991), and during a 
bloom of P. antarctica (11%) (Carlson et al. 1998).  

DOM production seems to be restricted to colonial Phaeocystis, since low production of 
DOM was reported in cultures of single cell P. pouchetii and P. globosa (Guillard et al. 1971; 
Janse et al. 1996b). 

 
 
MECHANISMS OF DOM RELEASE DURING A PHAEOCYSTIS  BLOOM 
 
In general 10-25% of phytoplankton primary production is excreted directly as DOC (Sharp 
1977; Larsson and Hagström 1979; Lignell 1990; Teira et al. 2003; Marañón et al. 2004). The 
three main mechanisms of DOM production are 1) release after cell lysis, e.g as a result of 
viral infection, protozoan sloppy feeding and egestion, 2) bacterial cleavage of 
exopolysaccharides (Smith et al. 1995), or 3) direct release as a physiological process of intact 
cells (reviewed by Nagata 2000). Two physiological mechanisms of DOC production have 
been advocated: a passive diffusion of small metabolites through the cell membrane (Bjørnsen 
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1988) and an overflow mechanism whereby excess photosynthetic products are actively 
released when the C fixation rate exceeds the rate of macromolecular production (Fogg 1983).  

During the exponential growth phase of a Phaeocystis bloom DOM release as a result of 
non-physiological processes will be low. In a P. globosa bloom rates of cell lysis were low in 
the growth phase (Van Boekel et al. 1992; Brussaard et al. 1995; 1996; 2005a), therefore 
DOM release as a result of cell lysis will be insignificant. Since Phaeocystis colonies largely 
escape grazing control (Breteler and Koski 2003; Nejstgaard et al in prep), sloppy feeding will 
not be a cause of significant DOM release either. In a diatom bloom it was shown that healthy, 
actively growing Chaetoceros and Thalassiosira cells were colonized by bacteria with high 
ectoenzyme activity. When the hydrolysis rate of phytoplankton surface material by bacteria 
exceeds the uptake rate, DOM will be released into the environment (Smith et al. 1995). 
Although the growth phase of P. globosa blooms are typically accompanied by an increase in 
bacterial numbers, bacterial production, and enzyme activity (Billen and Fontigny 1987; Van 
Boekel et al. 1992; Putt et al. 1994; Brussaard et al. 1996; 2005b; Becquevort et al. 1998; 
Arrieta and Herndl 2002), young healthy colonies are generally free of bacteria (Thingstad and 
Billen 1994; Lancelot and Rousseau 1994). Therefore, it is unlikely that hydrolysis of the 
mucous matrix by bacteria will lead to significant DOM production during the growth phase of 
the bloom. During all growth stages DOM excretion from healthy cells was observed in 
cultures of Phaeocystis sp. (Biddanda et al. 1997), and therefore this is probably a significant 
mechanism for DOM production during the growth phase of a bloom. 

During the stationary phase of a bloom colonies become disrupted, and flagellate cells 
begin to develop from the colonial cells (Peperzak et al. 2000). Due to the overflow 
metabolism towards mucopolysaccharides and glucan, the ratio of carbohydrates to POC 
increases. During this phase of a bloom DOC production through cell lysis will be high. Cell 
lysis rates of up to 33% d-1 were observed at the peak of P. globosa blooms (Van Boekel et al. 
1992; Brussaard et al. 1995; 1996; 2005a). In this way the carbohydrate rich cell content will 
be released as DOM. When the flagellate cells that develop inside colonies detach from the 
colony matrix, they are readily grazed upon by microzooplankton (Weisse and Scheffel-Möser 
1990; Tang et al. 2001). In this way DOM may be released through sloppy feeding. During the 
stationary phase of a bloom, bacterial communities attach to Phaeocystis colonies and to ghost 
colonies that originate when flagellate cells that develop inside colonies detach from the 
colony matrix. Bacteria with high glucosidase activity are present in both free-living and 
particle attached communities (Billen et al. 1987; Becquevort et al. 1998). If hydrolysis rates 
of mucopolysaccharides from the colony matrix exceeds uptake of the polymers, 
mucopolysaccharides may be released as DOM.  

The physiological mechanism of excess release of DOC under nutrient limitation has not 
been observed in Phaeocystis. In Phaeocystis sp. cultures DOC production was coupled to 
POC production at different growth stages (Biddanda et al. 1997). Also in enclosures of P. 
antarctica, ratios of recently produced DOC increased only slightly after nutrient depletion, 
(Smith, Jr. et al. 1998; Carlson et al. 1998). This indicates that nutrient limitation does not lead 
to increased excretion of DOC resulting from an overflow mechanism. 
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MICROBIAL DEGRADATON 
 
Generally, most of the biomass produced during Phaeocystis blooms is remineralized in the 
water column (Wassmann 1994), where DOM is remineralized by heterotrophic bacteria. 
Occasionally, however, accumulation of DOM and foam have been reported (e.g. Eberlein et 
al. 1985; Lancelot et al. 1987a; Seuront et al. in prep). This seems to indicate that bacterial 
degradation of organic matter produced by in Phaeocystis blooms varies between blooms, and 
sometimes is hampered. There may be various reasons for slow degradation and they may be 
different in different stages of a bloom.  
 
Microbial degradation of Phaeocystis carbohydrates 
During the growth phase of a bloom of P. antarctica all DOC produced was found to be 
rapidly degraded by bacteria (Smith et al. 1998). With time the composition and contribution 
of organic matter that can be utilized by bacteria will change from readily degradable freshly 
excreted DOC during the growth phase, to the DOC dominated by mucopolysaccharides and 
glucan during the senescent stage. This DOC may be more recalcitrant to bacterial 
degradation. In laboratory experiments, however, it was shown that carbohydrates derived 
from P. globosa and P. pouchetii colonies were readily degraded by bacterial communities 
under both oxic and anoxic conditions. In enrichment cultures of these bacterial communities 
on the Phaeocystis carbohydrates, degradation of glucan was rapid, but degradation rates 
slowed down markedly during degradation of remaining mucopolysaccharides (Osinga et al. 
1997; Janse et al. 1999). The monosaccharide composition and ratio of constituents remained 
unchanged during degradation of the mucopolysaccharides, showing no indication of 
refractory parts within the mucopolysaccharide fraction (Janse et al. 1999).  

Identification of bacteria involved in mucopolysaccharide degradation revealed the 
presence of bacteria from different phylogenetic groups, such as α- and γ-Proteobacteria, 
Cytophaga-Flavobacter (CF) cluster of the Bacteroidetes and the Planktomycetes and 
Verrucomicrobiales clade. The species composition of the bacterial community remained 
unchanged during mucopolysaccharide degradation, indicating that degradation of 
mucopolysaccharides in itself does not require a succession of species (Janse et al. 2000). 
During a P. globosa bloom in a mesocosm, however, the bacterial community showed distinct 
changes with time. These changes were related to the growth stage of the bloom and 
subsequent enhanced cell lysis and concominant release of DOM, whereas the nature of the 
phytoplankton growth controlling substrate (i.e. N or P) did not influence the microbial 
community (Brussaard et al. 2005b). Degradation of polymers requires specialized enzyme 
systems, and is mediated by specific extracellular enzymes that hydrolyze large molecules 
prior to uptake (Chróst 1991). Arrieta and Herndl (2002) revealed a succession of different 
types of bacterial ß-glucosidases during a P. globosa bloom, which was related to a change in 
the bacterial community. Therefore, the copious amounts of glucan and mucopolysaccharides 
produced during a Phaeocystis bloom may shape the composition of bacterial communities 
specialized in degradation of complex carbohydrates. Bacteria appearing during the senescent 
stage of the blooms mainly belonged to the α-Proteobacteria and CF-cluster of the 
Bacteroidetes (Brussaard et al. 2005b). In the coastal North Sea, bacteria from CF-cluster of 
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the Bacteroidetes were dominant during and following a bloom of P. globosa (chapter 5). 
Members of the CF-cluster are chemo-organotrophic, and known for their capacity to degrade 
complex carbohydrates such as pectin, cellulose and chitin (Reichenbach and Dworkin 1991; 
Cottrell and Kirchman 2000; Kirchman 2002), therefore it may be that certain taxa of this 
cluster have adapted especially to degradation of complex mucopolysaccharides produced by 
Phaeocystis. 

Mineral nutrient limitation of microbial degradation has been put forward as an 
explanation for accumulation of carbon rich DOM after a Phaeocystis bloom (Thingstad et al. 
1994). The increase in carbohydrate to POC ratio and therefore C/N and C/P ratio due to the 
overflow metabolism will give rise to a substrate for bacteria with an unfavourable high 
carbon content. Since the C/P ratio of bacteria may be considerable lower than that of 
phytoplankton (Vadstein et al. 1988), especially phosphate limitation may hamper microbial 
degradation (Thingstad et al. 1997). In addition, since P. antarctica was found to remove more 
CO2 per mole of phosphate than do diatoms (Arrigo et al. 1999), phosphate limitation during 
bacterial degradation of Phaeocystis material may be more severe than during degradation of 
diatom material. Indeed, while bacterial growth was carbon limited during the growth phase of 
a bloom of P. globosa, bacterial growth was also phosphate limited during the massive release 
of the glucan and mucopolysaccharides at the end of the bloom (Kuipers and Van Noort, in 
prep). This may impede degradation of carbohydrates that are otherwise easily degradable, and 
prolong the degradation times.  

 
Formation of hydrogels by Phaeocystis carbohydrates 
Prolonged degradation times may lead to assemblage of carbohydrates into hydrogels. As was 
discussed above, mucopolysaccharides spontaneously form polyanonic gels in aqueous 
environments. These polymer gels can than penetrate neighboring gels, and anneal them 
together increasing the size spectrum. In addition to gel formation by mucopolysaccharides, ß-
1,3-glucans are also known to form non-ionic gels in aqueous environments (Renn 1997; Kim 
et al. 2000). In general gelling properties of β-glucans are dependent on the concentration of 
the molecules, their size, primary and secondary structure and temperature (Bohm and Kulicke 
1999; Lazaridou et al. 2003). Therefore, gel forming properties of laminarin in the marine 
environment are hard to predict. Preliminary results from our laboratory show that dissolving 
laminarin in seawater leads to an increase in viscosity, but to our knowledge no further 
investigations have been conducted to this end. Seuront et al. (in prep) showed that 
Phaeocystis derived polymeric matter could increase seawater viscosity up to two orders of 
magnitude. Because of the high aggregation potential of both glucan and 
mucopolysaccharides, the carbohydrates released during senescence of the Phaeocystis bloom 
will likely contribute to the increase in seawater viscosity (Figure 1)  

Recent discoveries have highlighted the importance of polymer gels for biogeochemical 
cycling of organic carbon (see the review by Verdugo et al. 2004). Gels form an abiotic 
vehicle to move organic molecules up the size spectrum to sizes capable of sedimentation, and 
may also form an intermediate in the formation of the foam often observed after Phaeocystis 
blooms (Figure 1). Large gel particles, also known as transparent exopolymeric particles 
(TEP) can be significant in sedimentation processes, either by direct sedimentation 
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(Wassmann et al. 1990; Riebesell et al. 1995; Hong et al. 1997), or by acting as glue, adhering 
together other materials present during a bloom and thus enhancing their contribution to a 
vertical flux (Passow and Wassmann 1994). Mari et al. (2005) showed that the properties of 
TEP produced under N or P limitation are different, as a result of which the export versus 
retention balance of the organic matter may be affected.  It is tempting to speculate that the 
different N/P ratios may determine whether overflow metabolism is directed towards either 
glucan or mucopolysaccharide production. In this way the glucan/mucopolysaccharides ratio 
may influence properties of the hydrogels and TEP that is formed, and thereby the degradation 
potential of Phaeocystis organic matter. In addition, the effect of iron limitation on overflow 
metabolism is unknown. In P. antarctica in the Ross Sea, where iron limitation is likely to 
occur, only a minor increase in C/N ratio was reported upon nutrient limitation (Smith et al. 
1998). An explanation would be that overflow metabolism does not occur upon iron limitation, 
thus increasing the degradation potential of P. antarctica derived organic matter.  

 
 
 
 

 
 
Figure 1. Conceptual representation of the formation of marine gels from different pools of 
Phaeocystis organic matter (after Verdugo et al. 2004). 
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Microbial degradation of hydrogels 
In general HMW-DOC and gels have a higher rate of biodegradation and turnover than LMW-
DOC (Amon and Benner 1996). Gels may serve as nutrient and/or attachment surfaces and 
offer hot-spots of high substrate concentrations for bacteria. They enclose microenvironments 
of substrate for bacteria to colonize, release their extracellular enzymes and efficiently take up 
the degradation products at high local concentrations (Azam 1998; Azam and Long 2001). 
Indeed, following a P. globosa bloom bacteria attached to particles were more active than the 
free-living community (Becquevort et al. 1998). On the other hand, assembly of free polymers 
into gels may complicate degradation. In chapter 4 it was shown that degradation of 
carbohydrate polymers that form insoluble gels was approximately 50 times slower than the 
degradation of polymers that do not produce a gel structure, but otherwise contained the same 
type of monomer linkages. If this difference is exemplary for the difference in degradation 
potential of “free” polymers and polymers embedded in a gel structure, turnover times may be 
slowed down from days to years. 
 
 
 

 
 
Figure 2. Conceptual representation of biotic and abiotic processes altering the size and 
recalcitrance of marine gels.  
 
 

 89



Chapter 6 

LMW products will be released from the hydrogels when hydrolysis rates exceed the carbon 
demand of the bacteria (Smith et al. 1992) (Figure 2). This may also be a result form the 
kinetic characteristics of the enzyme systems of marine bacteria. In chapter 4 it was shown that 
during degradation of polymers to monomers, intermediates accumulate when polymer 
concentrations are high. This situation may be comparable to the high substrate concentrations 
in hydrogels. In addition, polymer photocleavage by ultraviolet radiation can shorten polymer 
chains making tangled networks unstable (Edwards 1986) and can readily disperse marine 

polymer gel matrices (Orellana and Verdugo 2003). These two processes produce a random 
fragmentation yielding both LMW products that may be readily incorporated and metabolized 
by bacteria (Mopper et al. 1991; Moran and Zepp 1997; Mopper and Kieber 2001), thereby 
enhancing degradation rates of the gels. On the other hand, polymers will be released that are 
too large to permeate the bacterial membrane, yet too small to assemble into stable networks 
that bacteria can colonize and efficiently degrade with their extracellular enzymes. These 
polymers may contribute to the formation of refractory DOM. This is in accordance with the 
high concentrations of carbohydrates found in the oceans DOM (Benner et al. 1992). 

Besides diminishing gels, bacterial activity may also increase aggregation of gels (Figure 
2). Studies on bacterial exopolymer production suggest that a significant portion of assimilated 
carbon is incorporated into exopolymer capsular envelopes (Stoderegger and Herndl 1998). 
These capsular exopolymers increase aggregation probabilities of phytoplankton and other 
particles and act as stabilizers of already existing aggregates (Allison and Sutherland 1987; 
Decho 1990; Heissenberger and Herndl 1994). In addition, bacterial exopolymers are likely to 
be resistant to bacterial enzymatic degradation. Since a considerable fraction of bacterial 
extracellular enzymes are embedded in the exopolymer capsule, the exopolymers will be 
resistant to these enzymes. Therefore, release of bacterial derived exopolymers decreases the 
degradation potential of hydrogels. In addition, selective degradation of readily degradable 
compounds may alter the composition of the gels, and decrease the degradation potential of the 
remaining gel (Sannigrahi et al. 2005). 

 
 
CONCLUSIONS 
 
Phaeocystis produces at least five different pools of carbohydrates, each with their own 
characteristics. Since the overflow metabolism during the stationary phase of a bloom can be 
channeled towards glucan and mucopolysaccharides, these two pools are quantitatively the 
most important when the impact on the ecosystem is considered. A conceptual representation 
of their contribution to marine hydrogels is presented in Figure 1. At this stage, however, it is 
difficult to predict the contribution of either of the two pools.  

Phaeocystis derived organic matter appears to be readily degradable, however, the high 
C/N and C/P ratios may give rise to mineral nutrient limitation of bacteria and therefore 
hamper degradation. Subsequent assembly into gels could have a dramatic effect on bacterial 
degradation of Phaeocystis derived organic matter (Figure 2). Gels may provide an easy 
microhabitat to colonize and degrade with extracellular enzymes, thereby enhancing 
degradation rates of organic matter. On the other hand bacterial activity may reduce the 
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degradation potential of gels by selective degradation of labile organic matter in the gels, and 
by incorporation of carbon into bacterial capsular material. 

Gels may offer microhabitats with different biogeochemical characteristics, thereby 
enhancing the microbial diversity. Indeed the bacterial species composition in seawater varies 
at the millimeter scale (Long and Azam 2001). In research on the role of bacteria in 
degradation of organic matter derived from Phaeocystis blooms, a clear distinction has been 
made between the role of “attached” bacteria versus “free” bacteria (Becquevort et al. 1998). 
With the concept of marine gels as intermediates in the DOM-POM continuum, this distinction 
may not be so clear.  
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Summary 

 
 
 

In this thesis I describe studies relating to the cycling of the algal storage glucan 
chrysolaminaran. Chrysolaminaran is the most abundant type of storage carbohydrate in 
marine phytoplankton. I choose it as a model substrate to study factors influencing the cycling 
of carbohydrates, one of the most important processes in the marine carbon cycle. 
Carbohydrates comprise an important fraction of the biomass of phytoplankton. Upon release 
into the environment, they are usually readily degraded by prokaryotes in the microbial loop. 
Sometimes, however, degradation may be hampered and carbohydrates end up in refractory 
dissolved organic matter (Benner et al. 1992), in marine particles, and in sediments (Cowie 
and Hedges 1984). Research into factors hampering the degradation of carbohydrates is 
complicated by a number of factors, such as 1) the vast diversity of naturally occurring 
carbohydrates, 2) the low in-situ rates of degradation, and 3) the low concentrations. By 
studying the cycling of a relatively simple carbohydrate that is structurally well characterized, 
some of these problems can be circumvented. Moreover, chrysolaminaran is one of the most 
abundant carbohydrates in the marine system, yet little is known about factors controlling its 
production and degradation. 

The aim of this study was to elucidate factors influencing production and degradation rates 
of carbohydrates in the marine ecosystem by following the steps of the chrysolaminaran cycle. 
In chapter 1 three research questions were formulated: 
 

• How do nutrient concentrations and irradiance levels influence the production of 
chrysolaminaran by phytoplankton? 

• What are the characteristics of bacterial enzyme systems involved in degradation of 
chrysolaminaran? 

• What is the influence of a massive release of carbohydrates on the abundance and 
activity of prokaryotes? 

 
Some of the principles found by studying this relatively simple carbohydrate provide further 
insights into the carbohydrate production and degradation patterns observed in marine 
ecosystems.  

 



Summary 

How do nutrient concentrations and irradiance levels influence the production of 
chrysolaminaran by phytoplankton? 

 
Phaeocystis is a cosmopolitan microalga genus often dominating the phytoplankton population 
in temperate and polar waters, and known for the production of copious amounts of 
carbohydrates. It produces two major pools of carbohydrates; extracellular 
mucopolysaccharides in the colony matrix and storage glucan, of which chrysolaminaran is the 
main constituent. In chapter 2 the question how nutrient concentrations and irradiance levels 
influence the production of storage glucan and mucopolysaccharides is addressed. This was 
studied during a spring bloom of Phaeocystis pouchetii in a mesocosm near Bergen, Norway. 
Chapter 2 describes a partial precipitation method to separate both pools and study their 
dynamics in response to variations in nutrients and irradiance. During the growth phase of the 
bloom the glucan content of the colonies showed a diel cycle, the amplitude of which 
increased with higher light levels, whereas the mucopolysaccharide content was unaffected. 
Following nutrient limitation, the bloom reached a stationary phase, during which the 
carbohydrate to carbon ratio of the colonies increased. This was mainly caused by an increase 
in glucan content. It was shown that the Phaeocystis colony matrix is built with a relatively 
small but constant amount of carbohydrates, whereas the glucan contents is highly variable 
and increases upon nutrient limitation and high light levels. At the end of the bloom glucan 
contributed up to 60% to the Phaeocystis carbon. Since a major part of Phaeocystis primary 
production is recycled in the water column by prokaryotes, this suggests that glucan and hence 
chrysolaminaran is an abundant substrate for prokaryotes after a Phaeocystis bloom.  

Diatoms are responsible for as much as 40% of the annual marine CO2 uptake (Nelson et 
al. 1995). Chrysolaminaran is the principal storage glucan of diatoms and therefore represents 
a major part of their biomass. The effect of excessive light conditions on the production of 
chrysolaminaran in the marine diatoms Thalassiosira weissflogii and T. antarctica was 
investigated in chapter 3. This was part of a laboratory study of the effects of high-light 
acclimation on tolerance to excessive photosynthetically active (PAR) and ultraviolet (UVR) 
radiation light conditions. Cultures acclimated to either low or high PAR conditions were 
subjected to simulated surface irradiance (SSI) that mimicked irradiance around noon, 
including UVR. A number of physiological indicators of stress related to high-light conditions 
were determined after 30 min SSI and during 120 min recovery in low irradiance. In both T. 
weissflogii and T. antarctica the chrysolaminaran content of high-light acclimated cells was 
higher when compared to low-light acclimated cells, consistent with the results of chapter 2. In 
high-light acclimated cells the pool of xanthophyll pigments was higher and the efficiency of 
PSII was lower compared to low-light acclimated cells. The SSI treatment caused a decline in 
the PSII efficiency, coinciding with de-epoxidation of diadinoxanthin. During recovery these 
processes were reversed, but in low-light acclimated cells reversion was not completed within 
three hours. This resulted in a reduction in carbohydrate build-up in low-light acclimated cells. 
In high-light acclimated cells reversion was complete after one hour of recovery. In high-light 
acclimated T. antarctica the chrysolaminaran content was unaffected by both the SSI treatment 
and the control treatment, whereas in high-light acclimated T. weissflogii the chrysolaminaran 
content decreased after both treatments. The incapability to build up chrysolaminaran during 
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the recovery period was probably caused by the reduced efficiency of PSII in high-light-
acclimated cells. In T. weissflogii the carbon and energy stored in the chrysolaminaran was 
likely mobilized during recovery. The UVR component of the SSI treatment had no influence 
on the chrysolaminaran content of any of the cultures.  

 
 

What are the characteristics of bacterial enzyme systems involved in degradation of 
chrysolaminaran? 
 
This question of the characteristics of bacterial enzyme systems involved in degradation of 
chrysolaminaran was the base of chapter 4. After a bloom of Phaeocystis globosa in the 
Dutch coastal North Sea several bacterial strains capable of utilizing laminarin as a sole carbon 
source were isolated. On average 26% of prokaryotes detected by epifluorescence counts were 
able to grow in Most Probable Number (MPN) dilution series on laminarin as a sole carbon 
source. Several bacterial strains were isolated from different dilutions and phylogenetic 
characterization revealed that they were belonging to different phylogenetic groups. The 
activity of the laminarin degrading enzyme systems was further characterized in three strains 
of Vibrio sp. that were able to grow on laminarin as a sole carbon source. At least two types of 
activity were detected during degradation of laminarin: the release of glucose and the release 
of glucans larger than glucose. At saturating substrate concentrations the rate of the glucan 
release exceeded the rate of the glucose release, resulting in accumulation of glucan 
intermediates during degradation of high concentrations of laminarin. At low concentrations, 
however, the ratio glucose/ glucan release increased, as a result of a higher substrate affinity of 
the glucose releasing enzymes than of the glucan releasing enzymes. Therefore, at low 
substrate concentrations no accumulation of glucan intermediates occurred. The kinetic 
properties of the laminarin degrading enzyme system may thus explain the observation that 
bacterial hydrolysis of polymers of aggregates and uptake of low molecular weight compounds 
are sometimes uncoupled processes, resulting in release of free polymers from particles into 
the surrounding water mass (Cho and Azam 1988; Smith et al. 1992; 1995; Unanue et al. 
1998; Azúa et al. 2003). In aggregates the carbohydrate concentrations are high (Azúa et al. 
2003), leading to high substrate concentrations for glucosidases. If the kinetic properties of the 
laminarin degrading enzymes were exemplary for other hydrolase systems, this would explain 
the release of polymers from particles.  

Laminarinase enzymes showed a minimal activity on substrates with similar glucosidic 
bonds, but a different size, secondary, and /or tertiary structure. In an aqueous environment 
polymers tend to self-assemble into hydrogels (Chin et al. 1998; Verdugo et al. 2004),  thereby 
altering their tertiary structure and accessibility of the linkages for the enzymes. If the 
difference in degradation potential of laminarin versus the substrates with a different size 
and/or structure is exemplary for the difference in degradation potential of “free” polymers and 
polymers embedded in a gel structure, turnover times may be slowed down from days to years.    
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What is the influence of a massive release of carbohydrates on the abundance and 
activity of prokaryotes? 

 
The effect of a spring bloom of Phaeocystis globosa on the microbial community is 
investigated in chapter 5 to study what is the influence of a massive release of carbohydrates 
on the abundance and activity of prokaryotes. MICRO-CARD-FISH analysis was applied to 
samples collected from the coastal North Sea over the course of a spring and summer season to 
determine the abundance and activity of different groups of prokaryotes. The abundance, as 
well as the fraction of active prokaryotes increased during the initial development of the P. 
globosa bloom. At the peak of the bloom, the prokaryote numbers decreased, but increased 
again during the decline of the bloom. The activity of the prokaryotes remained high 
throughout the spring and summer. Bacteria belonging to the Bacteroidetes were dominating 
the prokaryote community during the wax and wane of the P. globosa bloom. They have been 
associated with degradation of complex carbohydrates (Kirchman 2002), and therefore are 
probably involved in degradation of Phaeocystis carbohydrates. Members of the Roseobacter 
clade always showed the highest fraction of active cells, however, they comprised a minor part 
of the prokaryote community. Two groups of archaea, crenarchaea and euryarchaea, were 
detected throughout the study period. Their combined contribution was on average 2% of the 
total prokaryotic community, and the active fraction of archaea was always lower than the 
fraction of active bacteria. Therefore we conclude that archaea do not play a major role in the 
biogeochemical cycles of the coastal North Sea during spring and summer.  

 
 

Conclusions: The carbohydrates of Phaeocystis and their degradation in the microbial 
food web – a review 
 
The conclusions from the previous chapters are integrated in chapter 6 to discuss the 
production of carbohydrates by Phaeocystis and their degradation in the microbial food web. 
Since chrysolaminaran comprises an important fraction of Phaeocystis biomass, especially at 
the end of a bloom when nutrients are limited, it is an important component of the 
biogeochemical cycle following a Phaeocystis bloom. Hence, it should be considered 
alongside the mucopolysaccharides that have received much more attention so far. Lysis of 
Phaeocystis cells and deterioration of colonies releases the biomass as dissolved organic 
matter (DOM) during the wane of a bloom. Laboratory studies have revealed that both 
mucopolysaccharides and chrysolaminaran are potentially readily degradable by heterotrophic 
bacteria (Janse 2000b). In particular bacteria belonging to the Bacteroidetes benefit from the 
carbohydrate rich DOM. Observations of accumulation of DOM and foam after blooms of 
Phaeocystis (Eberlein et al. 1985; Lancelot et al. 1987a), however, indicate that the DOM may 
be persistent. One of the reasons put forward is the high C/N and C/P ratio of Phaeocystis 
organic matter, which may lead to nutrient limitation during microbial degradation, thereby 
prolonging degradation times. Upon prolonged degradation times carbohydrates can self-
assemble into hydrogels (Chin et al. 1998). This may have a profound effect on carbon 
cycling, since hydrogels provide a vehicle to move DOM up the size spectrum to sizes subject 
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to sedimentation. In addition, it changes the physical nature and microscale structure of the 
organic matter encountered by bacteria, thereby affecting the degradation potential of the 
Phaeocystis organic matter.  
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Samenvatting 

    
De cyclus van koolhydraten (suikers) is een belangrijk proces in de mariene koolstof cyclus. 
Koolhydraten worden geproduceerd door algen. Microscopisch kleine algen, het   
fytoplankton, zijn de belangrijkste producenten. Als fytoplankton dood gaat, komen 
koolhydraten vrij in het mariene milieu. In het microbiële voedselweb, worden ze afgebroken 
en geconsumeerd door bacteriën en archaea, de prokaryoten. De meeste koolhydraten zijn 
polymeren en te groot om door een celmembraan getransporteerd te worden. Daarom scheiden 
prokaryoten extracellulaire enzymen uit, die de polymeren buiten de cel afbreken tot kleine 
stukken die kunnen worden opgenomen. Een gedeelte van de koolhydraten wordt echter niet 
volledig afgebroken. Dit vormt recalcitrant opgelost organisch materiaal, dat decennia lang in 
de zee aanwezig kan blijven voor het wordt afgebroken. Het is niet bekend waarom sommige 
koolhydraten niet volledig worden afgebroken. Onderzoek hiernaar wordt bemoeilijkt door de 
grote diversiteit in koolhydraten, lage concentraties van koolhydraten in het mariene milieu en 
de traagheid van afbraakprocessen. 

Fytoplankton produceren verschillende soorten koolhydraten. Twee soorten die in grote 
hoeveelheden worden geproduceerd door fytoplankton zijn 1) extracellulaire polysaccharides 
(grote suiker moleculen) die mucus (slijm) vormen buiten de cel en 2) reservesuikers die in 
cellen opgeslagen worden. Extracellulaire polysacchariden die mucus vormen, worden 
mucopolysacchariden genoemd. Ze worden door veel soorten fytoplankton geproduceerd. Het 
zijn grote, complexe moleculen die uit verschillende monosacchariden bestaan. Een 
fytoplankton soort dat bekend staat om het uitscheiden van mucus is de schuimalg, ook wel 
Phaeocystis genoemd (figuur 1). Deze microalg heeft een complexe levenscyclus, die bestaat 
uit verschillende stadia van ééncellige algen en een stadium waarin de cellen in kolonies 
voorkomen. De kolonie matrix wordt gevormd door mucopolysacchariden, die een mucuslaag 
vormen waarin cellen ingebed liggen. Deze laag omvat een holle kolonie. Phaeocystis groeit in 
gematigde en polaire zeeën met hoge nutriënt concentraties. In het voorjaar, als het langer licht 
wordt, kunnen algenbloeien van Phaeocystis kolonies ontstaan. Als de nutriënten op zijn gaan 
de algen dood en komt de celinhoud vrij in het water. Er kan zich dan schuim vormen op 
stranden en zandbanken (figuur 1).   
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Vanwege de grote hoeveelheden die geproduceerd worden is chrysolaminaran een belangrijk 
element in de mariene carbon cyclus. In hoodstuk 1 staan de drie hoofdvragen van mijn 
proefschrift geformuleerd: 

 
• Hoe wordt het chrysolaminaran gehalte van fytoplankton beïnvloed door de 

concentratie van nutriënten en het lichtniveau? 
• Wat zijn de kenmerken van microbiële enzym systemen die chrysolaminaran 

afbreken? 
• Wat is de invloed van het vrijkomen van een grote hoeveelheid koolhydraten op 

verschillende groepen van prokaryoten? 
 
Door de cyclus van chrysolaminaran te bestuderen, hopen we meer inzicht te verkrijgen in 

de processen die de productie en afbraak van koolhydraten in het mariene milieu beïnvloeden. 
Omdat chrysolaminaran een goed gekarakteriseerd en relatief eenvoudig koolhydraat is, zijn 
deze processen gemakkelijker te bestuderen. Op deze manier hopen we principes te vinden die 
meer algemeen van toepassing kunnen zijn.   
 
 
Hoe wordt het chrysolaminaran gehalte van fytoplankton beïnvloed door de concentratie 
van nutriënten en het licht niveau? 
 
Hoofdstuk 2 beschrijft een nieuwe methode om de mucopolysaccharides te scheiden van de 
reservesuikers in Phaeocystis kolonies. Deze methode wordt vervolgens toegepast om de 
invloed van het nutriënten gehalte en lichtniveau op het gehalte van beide soorten 
koolhydraten te bestuderen tijdens een voorjaarsbloei van Phaeocystis pouchetii in een 
mesocosm in de buurt van Bergen, Noorwegen (figuur 2). De reservesuikers bevatten vooral 
chrysolaminaran, maar mogelijk ook nog een ander type glucan. Gedurende de groeifase van 
de voorjaarsbloei is er een sterk dag-nacht ritme in het reservesuiker- gehalte van de kolonies. 
Ook is er een positieve relatie tussen de lichtsterkte en het reservesuiker-gehalte. Er is geen 
invloed van lichtsterkte op het gehalte aan mucopolysacchariden. Wanneer er nutriëntlimitatie 
optreedt en er geen groei meer plaatsvindt, neemt het koolhydraat-gehalte van de kolonies toe. 
Dit wordt voornamelijk veroorzaakte door een toename in het reservesuiker-gehalte. Aan het 
einde van de bloei vormt het reservesuiker 60% van het koolstof van de Phaeocystis kolonies. 
Aangezien de prokaryoten de belangrijkste consumenten zijn van het organisch materiaal dat 
afkomstig is van Phaeocystis, zal reservesuiker en dus chrysolaminaran een belangrijk 
substraat zijn voor de prokaryoten na een Phaeocystis bloei. 
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ltures opgegroeid onder lage lichtsterkte. In cellen opgegroeid onder 
 het gehalte aan xanthophyll pigmenten hoger en de efficiëntie van 
 dan in cellen opgegroeid onder lage lichtsterkte. Blootstelling aan SSI 

e in photosysteem II efficiëntie wat samenviel met de omzetting van 
iatoxanthine. Gedurende de herstelperiode vonden de omgekeerde 
  in de cellen aangepast aan lage lichtsterkte was het omkeerproces niet 
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compleet in drie uur. Dit resulteerde in een verminderde chrysolaminaran opbouw. In cellen 
aangepast aan hoge lichtsterkte was het omkeerproces compleet na één uur herstel. In T. 
antarctica cellen die aan hoge lichtsterkte waren aangepast bleef het chrysolaminaran gehalte 
onveranderd, zowel na de SSI behandeling, als ook in de controle. In T. weissflogii nam het 
chrysolaminaran gehalte af na beide behandelingen. Het onvermogen om chrysolaminaran te 
produceren gedurende herstel periode werd waarschijnlijk veroorzaakt door de verminderde 
efficiëntie van photosysteem 2 in de cellen aangepast aan hoge lichtsterkte. Waarschijnlijk is 
het chrysolaminaran in T. weissflogii gebruikt voor reparatie processen gedurende de herstel 
periode. De UV component van het licht had geen invloed op het chrysolaminaran gehalte. 

 
 

 
Figuur 3. Experimenten met fytoplankton in het microalgen laboratorium in Haren (foto-Willem van 
de Poll).  
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Wat zijn de kenmerken van microbiële enzym systemen die chrylaminaran afbreken? 
 

Een studie naar de kenmerken van microbiële enzymen die chrysolaminaran afbreken staat 
beschreven in hoofdstuk 4. Om deze te bestuderen werden verschillende bacteriën geïsoleerd 
die chrysolaminaran als koolstofbron kunnen gebruiken. Tijdens en na een voorjaarsbloei van 
Phaeocystis globosa voor de Nederlandse kust en in de Waddenzee, kon gemiddeld 26 % van 
de prokaryoten, die met behulp van een fluorescentie microscoop geteld konden worden, 
chrysolaminaran als koolstofbron gebruiken. De genetische informatie van de prokaryoten 
wees uit, dat het allemaal bacteriën waren, die tot verschillende groepen behoorden.  

De activiteit van de laminarinase enzymen van drie bacterie stammen die tot het genus 
Vibrio behoren, werd verder bestudeerd. Tijdens de afbraak van chrysolaminaran werden 
tenminste twee types activiteit ontdekt. Er kwam glucose vrij, maar ook reactieproducten van 
meerdere glucose eenheden (glucanen). Aangezien de eigenschappen van deze twee processen 
verschilden, zijn verschillende enzymen verantwoordelijk voor de processen. Tijdens afbraak 
van hoge substraatconcentraties werden er meer glucanen gevormd dan glucose moleculen. De 
maximale reactie snelheid van het enzym dat glucan vrijmaakt is dus groter dan die van het 
enzym dat glucose vrijmaakt. Bij lage substraat concentraties, echter, werd er meer glucose 
gevormd. Dit betekent dat de substraat affiniteit van het enzym dat glucose vrijmaakt, groter is 
dan de affiniteit van het enzym dat glucan vrijmaakt.  

Tijdens de afbraak van zwevende deeltjes in de waterkolom is vaak geobserveerd dat er 
reactieproducten vrijkomen. Deze reactieproducten worden niet opgenomen door de 
prokaryoten die vastzitten aan de deeltjes en deze afbreken, maar door andere, vrijlevende, 
prokaryoten. Dit zou verklaard kunnen worden door aan te nemen dat de eigenschappen van 
het laminaran afbraak systeem vergelijkbaar zijn met de eigenschappen van andere hydrolase 
systemen. Aangezien de substraatconcentratie in zwevende deeltjes hoog is, is deze situatie 
vergelijkbaar met het vrijkomen van glucan tijdens de afbraak van hoge concentraties 
laminaran. Buiten de deeltjes is de substraatconcentratie veel lager en worden de polymeren 
tot monomeren afgebroken. 

De laminarinase enzymen hadden minimale activiteit op substraten die hetzelfde type 
glucose verbinding hebben, maar een andere grootte of vorm van het polymeer. Als dit 
resultaat doorgetrokken wordt naar het mariene milieu, kan het verklaren waarom sommige 
koolhydraten niet, of niet volledig, worden afgebroken. Koolhydraten opgelost in water 
vormen, over enige tijd, vaak een gelstructuur. Aangezien gelvorming de vorm van het 
koolhydraat kan beïnvloeden, betekent dit dat de gelstructuur de afbreekbaarheid van de 
koolhydraten kan beïnvloeden. Als de invloed van de polymeervorm op de afbraaksnelheid 
een algemeen principe is, kan de afbraak van een koolhydraat in een gel jaren duren, terwijl 
het originele koolhydraat snel af te breken zou zijn.  

 
 

 
 
 

 118



Samenvatting 

Wat is de invloed van het vrijkomen van een grote hoeveelheid koolhydraten op 
verschillende groepen van prokaryoten? 

Op deze 
ma

 vormden ze een groter aandeel in de 
pop

k 4) en eerdere studies hebben laten zien 
dat hetzelfde geldt voor de mucopolysacchariden. Met name bacteriën die tot de Bacteroidetes 
behoren, lijken te profiteren van het koolhydraat rijke Phaeocystis materiaal na de 

oorjaarsbloei (hoofdstuk 5). Echter, uit de literatuur blijkt dat er regelmatig ophoping van 
rganisch materiaal is waargenomen, volgend op Phaeocystis bloeien. Eén van de redenen die 
 het verleden is gegeven is de hoge C/N en C/P ratio van het organisch materiaal, wat kan 

leiden tot een tekort aan fosfor (P) of stikstof (N) bij de prokaryoten. Hierdoor kan het langer 

 
In hoofdstuk 5 wordt een onderzoek beschreven naar het effect van het vrijkomen van een 
grote hoeveelheid koolhydraten na een voorjaarsbloei van P. globosa op de prokaryote 
gemeenschap. Hiertoe werd een recent ontwikkelde methode gebruikt, de MICRO-CARD-
FISH methode. Dit is een microscoop methode, waarin van elke prokaryote cel kan worden 
vastgesteld of deze een substraat opneemt. Vervolgens wordt met behulp van genetische 
markers vastgesteld of de cellen tot bepaalde phylogenetische groepen behoren. 

nier kan per groep gekeken worden wat hun aandeel in de prokaryote gemeenschap is en of 
de cellen die onder de microscoop te zien zijn, actief danwel inactief of dood zijn.  

Het aantal en de activiteit van de prokaryoten nam toe in het voorjaar, gelijktijdig met de 
ontwikkeling van de voorjaarsbloei. Bacteriën die tot het fylum Bacteroidetes behoren 
domineerden de prokaryoten populatie gedurende de P. globosa bloei. Aangezien veel 
bacteriën die tot dit fylum behoren in staat zijn gebleken complexe koolhydraten af te breken, 
is het waarschijnlijk dat ze na een bloei betrokken zijn bij de afbraak van P. globosa 
koolhydraten. Bacteriën die tot het genus Roseobacter behoren bleken de grootste fractie 
actieve cellen te hebben. Ze vormden echter een klein gedeelte van de prokaryoten populatie 
gedurende de P. globosa bloei. Later in het seizoen

ulatie. Twee groepen archaea, de Crenarchaeota en de Euryarchaeota werden gedurende 
het hele voorjaar en zomer waargenomen. Archaea hadden echter steeds een minimaal aandeel 
in de populatie en de fractie actieve archaea was altijd lager dan de fractie actieve bacteriën. 
De conclusie was dan ook dat archaea geen belangrijke rol spelen in de biogeochemische cycli 
van de Noordzee gedurende in het voorjaar en de zomer, inclusief de P. globosa bloei periode.  

 
 

Conclusies: De koolhydraten van Phaeocystis en hun afbraak in het microbiële 
voedselweb - een review 

 
Hoofdstuk 6 is een review van beschikbare literatuur over productie van koolhydraten door 
Phaeocystis en de afbraak ervan in het microbiële voedselweb. De conclusies van de 
voorgaande hoofdstukken zijn hier in opgenomen. Het blijkt dat chrysolaminaran een 
substantieel deel vormt van Phaeocystis biomassa, in het bijzonder onder nutriënt limiterende 
condities zoals aan het eind van een bloei (hoofdstuk 2). Hieruit volgt dat chrysolaminaran, 
naast mucopolysacchariden, een substantieel onderdeel is van de biochemische cycli in 
gebieden waar Phaeocytis bloeien voorkomen. Chrysolaminaran is in principe snel af te 
breken door verschillende soorten bacteriën (hoofdstu

v
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duren voordat het organisch materiaal wordt afgebroken. In de tussentijd kunnen de 
koolhydraten spontaan gelstructuren vormen. Deeltjes kunnen zinken naar de bodem, 
waardoor organisch materiaal dat oorspronkelijk opgelost, zwevend materiaal in de 
waterkolom was, naar de diepte getransporteerd wordt. Ook kan gelvorming gevolgen hebben 
voor de afbraak van het materiaal. De omgeving van de prokaryoten kan op microschaal 
veranderen en de vorm van de polymeren en daarmee de afbreekbaarheid kan beïnvloed 
worden door de gelstructuur (hoofdstuk 4).  
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“Alle wegen gaan naar Rome als je weet waar Rome ligt.” 
De Dijk in: Met alles wat ik heb 
 

Terugkijkend op mijn promotietijd is het gemakkelijker te zien dat alle verschillende wegen 
die ik tijdens mijn promotieonderzoek bewandeld heb, hebben bijgedragen tot het uiteindelijke 
resultaat. Die wegen liepen bepaald niet rechtstreeks en ik heb me meer dan eens afgevraagd 
of ik het eindpunt wel zou halen. Gelukkig zijn er gaandeweg veel mensen voorbijgekomen 
die eraan hebben bijgedragen dat dit boekje er toch is gekomen. 

 
In volgorde van opkomst wil ik graag de volgende mensen bedanken: Jan Gottschal, je hebt 
me al als student warm gemaakt voor microbieel oecologisch onderzoek en hebt voor een 
groot deel bijgedragen aan mijn liefde voor heldere proefjes met een ecofysiologische 
vraagstelling. Ik hoop dat je geniet van het leven in Noorwegen. 

Marion van Rijssel, dank je wel voor alle begeleiding en steun gedurende het hele project. 
Ik heb veel van je praktische kijk op onderzoek geleerd. Je hebt de begeleiding zelfs weten 
voort te zetten nadat je wetenschappelijke contract ten einde was, wat zeker aan het 
eindresultaat heeft bijgedragen. Dankjewel voor alles! 

Winfried Gieskes, vanaf het begin was je op de achtergrond aanwezig en je enthousiasme 
werkt aanstekelijk. Door me vanaf het begin bij de SCOR werkgroep te betrekken, kreeg ik de 
kans mee te lopen in het internationale gezelschap van Phaeocystis onderzoekers, wat een 
leuke en zeer leerzame ervaring is gebleken.  

Gerhard Herndl, you have “adopted” me along the way and directed me into the world of 
microbial oceanography. Thank you for giving me the opportunity to finish the work for my 
thesis at the NIOZ. Working at the NIOZ was a refreshing change from Haren, a very 
productive period, and a valuable complement to my thesis.   

Henk Bolhuis, door jouw bemoeienissen is het onderzoek een echte microbieel-marien 
biologische samenwerking gebeleven, zoals het ooit begonnen was. Het is bijzonder prettig om 
met je samen te werken en je liefde voor het onderzoek is zeer motiverend.   

Anita Buma, dank je wel voor de structurele begeleiding van de afgelopen jaren. Door het 
komen en gaan van begeleiders bleven er nogal wat gaten over en jouw bemoeienissen hebben 
de continuïteit een stuk verbeterd.  

Ten slotte Wim Wolff, je hebt ervoor gezorgd dat dit project er is gekomen en bent steeds 
op de achtergrond aanwezig geweest. Gedurende mijn “heroic struggle to finish” (jouw 
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woorden!) zijn die bemoeienissen een stuk meer naar de voorgrond gekomen. Dank je wel 
voor alle steun en het snelle nakijken van de manuscripten. 

I want to thank the reading committee for their evaluation of the thesis. 
Marc van der Maarel, bedankt voor je interesse in mijn onderzoek en voor de mogelijkheid 

om mee te doen met de “carbohydrate lunches” van het CCB. Dit vergrootte mijn kennis op 
eiwit- en koolhydraatstructuur gebied en je komt er ook nog leuke mensen tegen. Hans, 
Coenie, Slavko, Rachel, Thijs en andere CCB leden, dank jullie wel voor het aanhoren van al 
mijn marien-biologische koolhydraat verhalen, fietstochten en borrels. 

I want to thank Peter Verity for inviting Marion and me to join the “Biocomplexity” 
experiment in Bergen. A successful experiment and a great experience, not in the least due to 
the presence of Stuart Borrett and Jens Nejstgaard. Thanks for becoming friends! 

Alle mede-marien biologen bij de vakgroep mariene biologie in Groningen en in het 
bijzonder de “micro-groep” wil ik bedanken voor de goede werksfeer. Dat die sfeer zich 
uitstrekte tot ver voorbij het werk (kroeg-, concert-, film-, museum- en theaterbezoek, 
schaatsen, zeilen en nog veel meer), is vooral te danken aan Peter, Karin, Willem, Anja, Tim, 
Deniz, Ronald, Paul, Maria & Jacqueline. Joukje en Gezien, bedankt voor alle dingen die jullie 
geregeld hebben terwijl ik al in Californië zat. 

De reisjes naar het NIOZ werden omlijst door de goede verzorging van Wouter en Oscar: 
dankjewel voor de gezellige avondjes in Den Helder! I’d like to thank Txetxu, Eva, Anna, 
Anne-Claire and Veronica for their help and the good atmosphere on Texel. Piet, Jan en 
Bouwe, het was leuk om een poosje in jullie lab te bivakkeren, dank voor de 
gedachtenwisselingen. 

Wonen in “Villa Paddepoel” was één groot feest! Jeroen, Anouschka, Kobus, Peter, 
Eduard, Marieke, Anna, Penelope en Riek, dank voor de koffie, feestjes, kerstdiners, cocktails, 
pannenkoeken, zappiekankaas, DVD-avondjes, geweldige klus operaties en voor de 
noodopvang in tijden van stress. Thomas, je bent een waardige opvolger, dank je wel voor je 
vriendschap. Dat geldt ook voor Saskia, Annemiek, Stijntje, Erwin, Paulien en Jan Willem. 

Karin en Kobus, jullie hebben de afgelopen jaren van dichtbij meegemaakt en ik vind het 
geweldig dat jullie mijn paranimfen zijn. Karin, terwijl je zelf midden in je eindspurt zit, heb je 
ook nog even een super voorkantje gemaakt. Dank jullie wel voor alle dingen die jullie 
geregeld hebben terwijl ik al in Californië zat. 

Ooms, neef, nichten en ouders, dank jullie wel dat jullie er zijn! Dit boekje is voor jullie. 
Papa en mama, dank jullie wel voor het grenzeloze vertrouwen wat jullie altijd in me hebben 
gehad. Lieve Thijs, samen met jou is alles leuker! Dankjewel voor alles en nog meer. We 
kunnen weer samen onderweg naar nieuwe avonturen. 

 
 
 
 

Anne-Carlijn 
Stanford, maart 2006 
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De auteur van dit proefschrift werd geboren op 30 december 1975 te Zwolle. Ze bracht haar 
jeugd door aan de IJssel, in Vorchten.  Daar stond ook de Zwanenburgh school, die ze met 
succes doorliep. Van 1988 tot 1994 fietste ze elke dag naar de CSG “De Heertganck”, te 
Heerde, om daar het Atheneum te bezoeken. Daarnaast werkte ze zich gedurende weekenden 
en vakanties op tot veerpontschipper op het Wijhese Veer. Het volgende jaar besloot ze een 
kijkje te nemen aan de andere kant van de wereld en vertrok ze voor 9 maanden naar Australië 
om rond te reizen en te werken. Hier kwam het besluit om te kiezen voor de studie van het 
leven: biologie. Dus fietste ze van 1995 tot 2000 op-en-neer van Groningen naar Haren om 
biologie te studeren aan de Rijksuniversiteit Groningen. Tijdens de doctoraal fase dook ze in 
het kuilvoer-onderzoek, op zoek naar melkzuurbacteriën die ervoor zorgen dat het kuilvoer 
geconserveerd blijft. Dit alles onder leiding van dr. Janneke Krooneman en dr. Jan G. 
Gottschal bij de vakgroep Microbiële Ecologie in Haren. Vervolgens ging ze weer down-under 
om meer te leren over de ecofysiologie van ultra-microbacteriën die voorkomen in de open 
oceaan. Dit onderzoek werd uitgevoerd bij de vakgroep Microbiology and Immunology van de 
University of New South Wales, in Sydney, Australië, onder leiding van Martin Ostrowski en 
dr. Rick Cavicchioli. Direct na haar afstuderen in 2000, begon ze aan haar promotieonderzoek 
bij de vakgroepen Mariene Biologie en Microbiële Ecologie van de Rijksuniversiteit 
Groningen. Het onderzoek naar de productie van koolhydraten door marien fytoplankton en de 
afbraak ervan door mariene micro-organismen heeft geleid tot dit proefschrift. Vanaf 1 juni 
2006 gaat ze in het zonnige Californië aan de slag als Postdoc aan Stanford University. Daar, 
in de kelder van het Department of Geophysics, gaat ze onder begeleiding van prof. Kevin 
Arrigo de respons van Antarctisch fytoplankton op verschillende lichtregimes bestuderen. 
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