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§11 The nutrien t statu s of phytoplankto n 

NutrientNutrient limitation vs. eutrophication 
Thee presence and growth of phototrophic microorganisms in surface water envi-
ronmentss (phytoplankton) is not only related to the availability of sunlight and car-
bonn dioxide, but also depends on the availability of certain key nutrients. Of these 
nutrients,, phosphorous (P), nitrogen (N), and iron have attracted the most atten-
tion.. Competitive exclusion theory states that the number of species on the same 
trophicc level cannot exceed the number of limiting resources. This may be true for 
extremelyy low nutrient levels, low nutrient levels (oligotrophic conditions), howev-
er,, allow biodiversity to be high because complex nutritional interrelationships are 
requiredd to ensure a constant flow of materials and energy through the ecosystem. 
Thee competition process in such a complex community may generate non-equilib-
riumrium dynamics, sustaining a large number of coexisting phytoplankton species 
(Huismann and Weissing 1999). This situation, high biodiversity and low turbidity, 
iss associated with a high water quality. At higher levels of nutrients, one type of 
phototrophicc microorganism often becomes dominant: the cyanobacteria. Over-
abundanceabundance of these organisms has a suffocating effect on the aquatic ecosystem. 
Thee increased availability of essential nutrients is mostly caused by our agricultur-
all  and industrial habits. This nutrient enrichment and its ecological consequences 
aree summarised in the term eutrophication, which had its foundation around 1920. 
AA simplified distinction was made between oligotrophic lakes (deep and clear) and 
eutrophicc lakes (shallow and productive). The understanding of lake evolution was 
that,, through progressive siltation and accumulation of catchment export, olig-
otrophicc lakes slowly turned into eutrophic ones (Reynolds 1998 and references 
therein).. When lakes and rivers became enriched with nitrogen and phosphate, this 
wass regarded as accelerated eutrophication. The level of nutrient enrichment and 
consequentt growth potential can be termed nutrient status. 

TheThe toolbox: how to monitor the nutrient status 
Attemptss to control algal blooms have focused primarily on managing the reduc-

tionn of biomass (e.g. Hosper 1997). This initial approach was often appropriate, 

butt in many cases restoration measures have failed to take immediate effect. Now 

aa more balanced approach is required, taking into account the interplay of various 

nutrientss and the effect on community complexity. The ideas of Hecky and Kilham 

(1988)) are still relevant in this respect. According to these authors, we need to 

refinee our understanding of nutrient limitation to be able to manage species com-

position.. Indicators for the physiological and compositional response of phyto-

planktonn cells to nutrient depletion reflect their nutrient status. The term 'diagnos-

ticc tool' has been used to denote a signal (or procedure) that empirically identifies 
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thee symptoms of an environmental constraint on phytoplankton growth rates 

(Falkowskii  et al. 1992; Mann et al. 1994). To account for community complexity, 

assessmentt of the nutrient status of individual cyanobacterial populations is 

required.. Taking population heterogeneity into account, measurements down to the 

singlee cell level are desirable. A direct approach to address this problem is to mon-

itorr the presence of those cell-constituents, which are specifically linked to the 

nutrientt status of interest by fluorescent detection in a flow cytometer (Palenik and 

Woodd 1998; Scanlan et al. 1997). 

WhatWhat type of information can we use to monitor the nutrient status? 
Thee common characteristics of molecular markers of the physiological status of 
thee cell are that they are molecules (e.g. proteins, lipids, metabolites, mRNA) 
whosee expression can be related to its general physiological state or to its physio-
logicall  state relative to specific nutrients. The biochemical information available in 
organismss can be categorized into three major domains: macromolecules, small 
molecules,, and isotope ratios (Brenna, 2001). The results from whole genome 
analysiss reveal an overview of all the genes in model organisms (genomics). The 
next,, elaborate, step is to identify the conditions under which certain genes are 
expressed,, and to determine where in the cell the consequent proteins carry out 
theirr function (proteomics). The metabolic activity of proteins is reflected in the 
presencee and turnover rates of metabolites; the study of these is referred to as 
metabolomics.. Natural isotopic variability, particularly on an intramolecular level, 
givess additional physiological information. Naturally occurring elemental isotopes 
havee fixed ratios. However, biochemical reactions bring about isotopic fractiona-
tion,, dependent on enzymatic conversion rates. The changed isotope ratios there-
foree give information about the growth conditions of living cells (e.g. Laws et al. 
1995;; Popp et al. 1998). This science can be called isotope physiology, or simply 
isotopicss (Brenna, 2001). 

§22 Cyanobacteri a and thei r cel l envelop e 

GeneralGeneral description 

Phytoplanktonn consists of diverse groups of phototrophic microorganisms, such as 

greenn algae, diatoms, and cyanobacteria. Cyanobacteria (synonym: Oxyphotobac-

teria)) are oxygenic photoautotrophic bacteria. They harbour a combination of typi-

callyy prokaryotic cell morphology and a photosynthetic apparatus analogous to that 

off  phototrophic eukaryotes. Like higher plants, cyanobacteria possess two distinct 

chlorophylll  a containing photosystems in specialised membranes, the thylakoids. 

Thesee thylakoid membranes also carry a full respiratory chain with a cytochrome 
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aa33 type terminal oxidase (Peschek 1981). The assembly permits ATP formation 
byy cyanobacteria in the light through oxygenic photo-phosphorylation and substan-
tiall  photosystem-driven cyclic photophosphorylation as well through oxidative 
phosphorylationn ('respiration') in darkness. 

Eutrophicationn problems have discredited cyanobacteria. They are ancient organ-
isms,, however, and an important prerequisite for the way life has developed on our 
planet,, as they are largely responsible for the accumulation of oxygen in our 
atmospheree (Dismukes et al. 2001). Moreover, the endosymbiont hypothesis states 
thatt the chloroplasts, which harbour the photosynthetic apparatus in plants, are 
derivedd from internalised symbiotic cyanobacteria. On the other side, a distinct 
featuree of cyanobacteria is that they lack the membrane embedded chlorophyll a 

andd b containing light-harvesting complex II. Instead, they contain cytoplasm 
exposedd hydrophilic phycobilisome antenna systems with pigmented proteins (blue 
phycocyanin,, red phycoerythrin, and allophycocyanin). Prochlorothrix hollandica 

iss a special case in this respect, as it contains both chlorophyll a and b (the latter is 
normallyy a pigment of eukaryotic algae), but lacks the accessory phycobilins. This 
typee of cyanobacteria is sometimes referred to as Prochlorophytes, or 
Oxychlorobacteriaa (Burger-Wiersma and Matthijs 1990; Matthijs et al. 1993). 
Free-livingg cyanobacteria may be unicellular or form small aggregates (the 
Chroococcales,, e.g. Microcystis sp.). Another type of cyanobacteria forms linear 
associationss (trichomes or filaments), these are referred to as filamentous 
cyanobacteriaa (the Hormogonales). In this thesis I would like to make a functional 
distinctionn of two types of cyanobacteria: on the one hand laboratory model organ-
isms,, and on the other hand organisms that are ecologically relevant for lakes in 
thee Netherlands. At the start of this project, sequence information was available for 
thee genome of one unicellular freshwater cyanobacterium, Synechocystis sp. strain 
PCCC 6803 (Kaneko et al. 1996). This organism (hereafter referred to as 
Synechocystis)Synechocystis) is our main study model. In the following I wil l mention character-
isticss of this organism where relevant. More recently, the genome sequence for 
AnabaenaAnabaena sp. PCC 7120 was published (Kaneko et al. 2001). Genome sequences 
aree expected for Thermosynechococcus elongatus BP-1 (in press), Gloeobacter 

violaceusviolaceus PCC 7421 (annotation phase). Sequencing of Synechococcus elongatus 

PCCC 7942 (formerly called Anacystis nidulans R2) is also in progress, presently 
threee cosmids with about 33 kb each have been deposited in Genbank. This strain 
iss genetically very closely related to Synechococcus sp. strain PCC 6301 (Golden 
ett al. 1989). The phosphate uptake system of Synechococcus elongatus is relatively 
welll  characterized. Therefore this strain serves as a reference for the identification 
off  phosphate-related proteins in Synechocystis; it will be referred to as 
Synechococcus.Synechococcus. These unicellular cyanobacteria are rare in the Netherlands howev-
er,, therefore other species have also been subject of study in this thesis; eutrophied 
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Dutchh lakes are often dominated by various filamentous cyanobacteria, predomi-

nantlyy Anabaena sp., Aphanizomenon sp., Planktothrix agardhii, Planktolyngbya 

limneticalimnetica (synonym OscUlatoria cf. limnetica), and ProcMoroihrix hollandica. 

TheThe cell envelope 
Thee work presented in this thesis has focused on the periphery of the cell for two 

reasons.. Firstly, this is where contact with the environment takes place. The 

processs of adaptation to changing conditions in the environment is likely to be 

welll  pronounced in this cell fraction. Secondly, the use of non-intrusive diagnos-

ticss for the nutrient status requires the target to be exposed to the cell surface, to 

minimisee the extent of manipulation of the sample. Both protection against osmo-

siss and specific transport of nutrients are functions of the cell envelope, which acts 

ass a molecular sieve. The thick multi-layered envelopes of cyanobacteria form a 

considerablee mechanical and permeability barrier for most larger molecules 

(Hoiczykk and Hansel, 2000). Further functions associated with the outside of the 

celll  are cell adhesion, motility, and protection against parasites. The cyanobacterial 

celll  wall has features of both Gram-positive (a thick peptidoglycan layer with a 

highh degree of cross-linking) and Gram-negative bacteria (an outer membrane) 

(Jürgenss et al. 1983). In the following I will briefly describe the cell envelope from 

outsidee to inside (see Figure 1). 

1.. Surface layers 
Inn many cases cyanobacteria are surrounded by external polysaccharide layers, 

suchh as slime, capsule or sheath (Weckesser and Jürgens, 1988). However, many 

unicellularr cyanobacteria are devoid of layers outside of the outer membrane 

(Vaaraa 1982). The latter author urges the distinction between glycocalyx layer (thin 

insolublee polysaccharide layer closely associated with the outer membrane and 

withh a diffuse outer boundary), and proper sheath (well-defined electron-dense 

layerr loosely surrounding cells and cell groups). Synechocystis possesses a well-

definedd external layer as seen in electron microscopic images (Engels et al. 1997), 

referredd to as slime by these authors. It is presently unclear, however, what com-

prisess this layer. The few cyanobacterial exopolysaccharides that have been 

definedd structurally show a remarkable resemblance to plant carbohydrates, like 

cellulosee and pectin (Hoiczyk and Hansel, 2000). A permanent carbohydrate sheath 

mayy be produced for protection against unfavourable conditions such as desicca-

tionn (Hoiczyk 1998). Apart from protection, the cell surface has a role in gliding 

motilityy of some filamentous cyanobacteria (Hoiczyk and Baumeister, 1995), and 

thee 'swimming' of marine Synechococcus strains (Brahamsha 1996). The cells are 

nott propelled by flagella, which have never been found in cyanobacteria (Hoiczyk 

andd Hansel, 2000). It is presently unknown how thrust for swimming is generated 
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inn these organisms, but one surface-associated protein, SwmA, definitely plays a 
rolee in it (Brahamsha 1996). Gliding is probably driven by the excretion of slime 
composedd of carbohydrate fibril s (Hoiczyk 1998), guided into one direction by 
helicallyy arranged surface fibrils, consisting of a single rod-shaped protein, called 
Oscillin.. No homologues of this protein have been found in the Synechocystis 

genomee (Hoiczyk and Baumeister, 1997). Pill-lik e structures have been observed 
onn the surface of both unicellular and filamentous cyanobacteria. Various types of 
pilii  facilitate phototactic motility of Synechocystis (Bhaya et al. 1999). 
Thee surface fibrils, if present, are arranged on top of a surface-layer called S-layer. 
Thesee S-layers are two-dimensional crystalline arrays formed by a single species 
off  (glyco)protein that covers the entire surface of a cell. They are involved in cell 
adhesionn and surface recognition, and also function as protective coats, molecular 
sieves,, and as molecule and ion traps. S-layers are common among both Bacteria 
andd Archaea. In cyanobacteria, a sheath always covers the S-layers. The structure 
showss resemblance with the internal gas vesicle membranes of buoyant cyanobac-
teria.. S-layers were found in several Synechocystis, Synechococcus, and 
MicrocystisMicrocystis strains, but are more rare among filamentous cyanobacteria (a com-
pletee overview of publications from 1972-2000 is given in Smarda et al. 2002). 
SynechocystisSynechocystis PCC 6803 has an S-layer (Vaara 1982), comprised of a hitherto 
unknownn exocellular protein containing a surface layer homology (SLH) domain 
(Leibovitzz et al. 1997). These domains connect the S-layer proteins to cell wall 
components,, thereby stabilising the cell wall (Hoiczyk and Hansel, 2000). 

2.. The outer membrane 

*  External polysaccharide layer 

 Outer membrane, covered with S-layer 

 Periplasmic space, containing peptidoglycan 

>> Cytoplasmic membrane 

>> Cytoplasm 
*  Thylakoid membrane 
** Thylakoid lumen 

>> Thylakoid 

Figuree 1. Electron microscopic photograph of Synechocystis sp. PCC 6803; Uranyl acetate 

stainedd thin section of glutaraldehyde fixed cell (Photograph K. A. Sjollema, by courtesy of 

J.. J. van Thor). 
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Thee outer membrane (OM) protects the cell from harmful agents such as proteases, 

bilee salts, antibiotics, toxins and phages, and against drastic changes in osmotic 

pressuree (Cowan et al., 1992). The OM is an asymmetric lipid bilayer. The outer 

monolayerr contains lipopolysaccharide (LPS) as major lipid, whereas the inner 

monolayerr contains phospholipids. The LPS of photosynthetic bacteria frequently 

containn O-methyl sugars, in contrast with their rare occurrence in Enterobacteria 

(Rudrapatnamm et al., 1978). The LPS is anchored in the outer membrane by bind-

ingg to outer membrane proteins, and by non-covalent cross-bridging of adjacent 

LPSS molecules with divalent cations (Benz and Bauer, 1988). Pore-forming pro-

teins,, called porins, mainly determine the permeability of the outer membrane. The 

SynechocystisSynechocystis genome encodes six homologues to the outer membrane porins 

SomAA and SomB with highly conserved SLH domains (Hoiczyk and Hansel, 

2000).. The function and expression pattern of these genes is yet unknown. In addi-

tionn to lipids and proteins, carotenoids are components of the isolated OM frac-

tionss of cyanobacteria (Resch and Gibson 1983; Jiirgens and Weckesser 1985). The 

functionn of these pigments is to protect the cells from oxidative stress, by shielding 

themm from excessive light (Hirschberg and Chamovitz 1994; Miller et al. 2002). 

Thee asymmetry of the outer membrane depends on an intact peptidoglycan layer in 

thee periplasmic space. The outer membrane contains structural lipoprotein, which 

linkss to the underlying peptidoglycan. 

3.. The periplasmic space and the peptidoglycan layer 
Thee layer between inner and outer membrane of Gram-negative bacteria is defined 

ass the periplasmic space, and is estimated to have a volume of about 7% of the 

totall  volume of the cell. The osmotic pressure in the water-filled periplasm is only 

slightlyy higher than that of the medium (Koch 1998). The periplasmic space is 

highlyy anionic as compared to the external medium, however, mainly due to the 

anionicc membrane-derived oligosaccharides (Hagge et al. 2002). The periplasmic 

spacee is much more viscous and dense with proteins than the cytoplasm (Raivio 

andd Silhavy 2001). Soluble proteins in the periplasm are released into the medium 

byy applying cold osmotic shock (Heppel 1967, Fulda et al. 1999). The periplasm 

containss different proteins than the cytoplasm, including binding proteins and 

hydrolyticc enzymes that degrade substances for nutrition (Koch 1998). Most of the 

proteinss identified in the periplasm of Synechocystis represent 'hypothetical pro-

teins'' with unknown function. The majority of the assigned proteins are involved 

inn the generation and modification of the external cell layers. About 10% of the 

assignedd proteins belong to the family of proteases (Fulda et al. 2000). The 

periplasmicc space contains the peptidoglycan layer, or actual cell wall. The pepti-

doglycann (synonym: murein) layer primarily functions in maintaining the cell 

shapee and withstands the very high internal osmotic pressure in dilute environ-
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ments.. It consists of a network of amino sugars and amino acids. Long strands of 

aminoo sugars are covalently cross-linked by pentapeptides, thus forming a giant, 

hollow,, net-like molecule. Regarding the high degree of cross-linking, cyanobacte-

riaa are similar to Gram-positive bacteria. Teichoic acid, however, a phosphate-rich 

constituentconstituent of the cell walls of Gram-positive bacteria is missing in cyanobacteria. 

4.. The cytoplasmic membrane 
Thee cytoplasmic membrane acts as a real diffusion barrier, and contains a large 
numberr of uptake systems for hydrophilic substrates. An interesting approach to 
assesss the transport capability of the cytoplasmic membrane of Synechocystis was 
conductedd by microbial genome analysis (Paulsen et al. 1998). The Synechocystis 

genomee was found to encode 92 transporters. The number of ATP-dependent (see 
below)) transporters was ten times the number of proton motive force dependent 
transporters.. This in contrast to E. coli, which has equal numbers of the two types. 
Anotherr relevant feature of the cytoplasmic membrane is its role in responding to 
fluctuationss in the environment. Two-component regulatory systems allow bacteri-
all  cells to sense specific changes in their surroundings, with sensor proteins locat-
edd in the cytoplasmic membrane (Ronson et al. 1987; Parkinson and Kofoid, 
1992).. The signal is transferred over the membrane and passed on to the transcrip-
tionall  apparatus by corresponding regulatory proteins. 

§33 Importanc e of phosphat e 

KeyKey roles of phosphate 

Thee notion that phosphate may be a limiting factor for algal growth goes back 
moree than a century. For the highlights in the early research on the role of P in 
freshwaterr ecosystems I refer to an excellent summary in a lecture by Shapiro 
(1988).. A more recent review has been written by Correll (1999). I do not attempt 
heree to give a review on the literature, but rather sketch the function that P has in 
phytoplanktonn cells. The important role that phosphate plays in cells is apparent on 
threee levels: 

1.. Structure 
Phosphatee forms covalent ester links between carbohydrate monomers, creating a 

rigidd structure. Organically bound P is found in the peptidoglycan fraction of cell 

wall,, probably to covalently bind polysaccharide to the peptidoglycan matrix 

(Jiirgenss et al. 1983). These compounds give the cell its shape and strength. 

Phosphatee is also part of the structure of nucleic acids: it connects the ribonucleo-

sidee monomers to form the DNA or RNA backbone. 
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Anotherr way in which phosphate gives structure to cell components is by acting as 

ann intermediate for ionic binding. The inner leaflet of the outer membrane consists 

off  phospholipids, which stick together by binding to intermediate divalent cations. 

Thee LPS of cyanobacteria also contains small amounts of bound P (Schmidt et al. 

1980;; Hoiczek and Hansel 2000). 

2.. Energy 
Energy-richEnergy-rich phosphates are involved in the cells' metabolism as universal free 

energyy carriers. The most important energy carrier is adenosine triphosphate 

(ATP).. Energy can be directly stored inside the cell by conversion to poly-phos-

phatee (polyP), or indirectly by generating carbohydrates. The biosynthesis of many 

macromoleculess is accompanied by liberation of pyrophosphate (PPj) as waste 

productt (Lahti 1983). More than one PPj molecule is liberated for every monomer 

inn protein, nucleic acid and polysaccharide (Klemme 1976). Both PPj and ATP can 

bee synthesised phototrophically. Also, many intracellular metabolites contain a 

phosphoryl-group. . 

3.. Information 
Environmentall  and internal variables provide important information for the central 

adaptivee responses of bacteria. Prokaryotic signalling systems are very complex, 

havingg multiple components, interconnections with other regulatory circuits, and 

feedbackk loops (Parkinson and Kofoid, 1992). Nevertheless, these networks con-

tainn transmitter and receiver modules. The communication between transmitter and 

receiverr involves activation by phosphorylation (kinase activity), deactivation by 

dephosphorylationn (phosphatase activity) (Ronson et al. 1987). Well-conserved 

two-componentt regulatory systems (TCRS) function to sense specific changes in 

thee environment (sensory component) and transduce that information to the tran-

scriptionall  apparatus of enzyme systems (regulatory component). The sensor is 

usuallyy a transmembrane protein, which binds to ligands with a periplasmic 

domain,, and transmits the signal to a conserved cytoplasmic domain (transmitter), 

throughh allosteric alteration. The activated sensor interacts with the N-terminal part 

off  the regulator (receiver). The response regulator is usually a DNA binding pro-

tein,, facilitating transcription by activating a promoter. In Synechocystis at least 80 

TCRSS pairs have been found in the genome (Mizuno et al. 1996). About ten major 

polypeptidess can be [-^P]-phosphorylated in Synechococcus and Synechocystis, 

andd many more when 32P-labeled ATP is used as a labelling agent (Mann 1994). 

Thee phosphoryl transfer pathways may diverge (more than one regulator phospho-

rylatedd by one kinase), or converge (more than one kinase phosphorylates one 

responsee regulator) (Hellingwerf et al. 1995; 1998). According to these authors, 

signall  transduction pathways by phosphoryl transfer may meet all the criteria of a 
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neurall  network. Recent work to detect in vivo cross-talk in E. coli, however, has 
nott confirmed these ideas experimentally (Verhamme et al. 2002). 

PhosphatePhosphate incorporation 

Orthophosphatee (H2PO4", HPO42", or PO^"), synonymous with inorganic phos-
phatee (abbreviated Pj), is the only directly available P source for phytoplankton. 
Bio-availablee P can be defined as the sum of immediately available P (Pj), and P 
thatt can be transformed by naturally occurring physical (e.g. desorption), chemical 
(e.g.. dissolution) and biological processes (e.g. enzymatic degradation) (Boström 
ett al. 1988). Three factors determine the efficiency of Pj-uptake: The permeability 
off  the cell membranes, the relative concentrations of Pj in- and outside the cells, 
andd the capacity to use a variety of phosphorylated compounds. Pj incorporation in 
cyanobacteriaa takes place in several steps (Falkner et al. 1989), schematised in fig-
uree 2. 

Phosphat e e 
ester s s Polyphosphat e e 

O O  p >> ATP - ^ — >  Nuclei c acid s 
Phospholipid s s 
etceter a a 

Mediu mm Cell envelop e 

PP P 

Cytoplas m m 

Figuree 2. Cellular phosphate incorporation, numbers indicate the following enzymes: 
1:: Phosphatases, 2: Pi-transport system, 3: ATP synthase, 4: Polyphosphate kinase, 
5:: Polyphosphatase, 6: Pyrophosphatase, and 7: Anabolic enzymes. 

Organicc or inorganic phospho-esters are converted into Pj by the activity of 
Alkalinee Phosphatases (AP) outside the cell, at the cell-surface or in the periplasm. 
Transportt through the cell membrane is an active, energy dependent process, but 
nett fluxes are low compared to sodium or bicarbonate uptake, and are not likely to 
imposee a large metabolic cost to the cells (Ritchie et al. 1997). At low concentra-
tionss many organisms can induce a high affinity uptake system, which transports 
Pjj  at the expense of ATP. Uptake of Pj ceases at a threshold concentration because 
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thee energy available for the uptake process then becomes insufficient. Pj is subse-

quentlyy converted into ATP. The energy required to drive this process is provided 

byy photo-phosphorylation coupled to proton flux across the thylakoid membranes 

(Simoniss and Urbach, 1973). Excess Pj is stored inside the cells as polyphosphate 

granuless (PolyP), providing enough for growth of about 6 generations (Falkner et 

al.. 1989). PolyP formation is a close-to equilibrium reaction that does not require 

ann energy source apart from that provided by ATP itself. 

Semantics Semantics 

Thee terminology in studies concerned with bacterial responses to lack of nutrients 
hass different connotations, and can therefore be confusing. For clarity, I wish to 
definee the terms deficiency, depletion, deprivation, limitation, starvation and stress. 
Thee term nutrient deficiency has long been used as a general term to describe the 
physiologyy of cells with a lack of a certain nutrient (e.g. Healey, 1973). 
Alternatively,, nutrient deprivation is used as a general term (Matis et al. 1989). 
Nutrientt depletion is specifically defined from an experimental point of view, 
meaningg a batch culture with a reduced amount of one nutrient. In a batch culture, 
thee physiology of the cells rapidly progresses through different stages of response 
too the lack of nutrient (Healey and Hendzel, 1975; Graziano et al. 1996). The term 
'nutrientt stress' is often used for the general response that can be observed in the 
metabolismm or morphology of the organisms when confronted with a low level of 
nutrients;; this term seems to be anthropomorphic, and does not consider the fact 
thatt sub-optimal growth is the natural condition for most microorganisms, while 
growingg at a maximal rate could also be seen as causing 'stress'. Similarly, the 
termm 'hunger state' was recently proposed for the specific cellular responses that 
accompanyy growth at nutrient levels in between excess (replete) and starvation 
(Ferencii  2001). Nutrient starvation is a case of severe shortage of nutrient, eventu-
allyy causing cell death and survival responses. Nutrient limitation was defined to 
specificallyy refer to situations where the growth rate is balanced, but controlled by 
aa well known, sub-maximal availability of a nutrient in question, especially in con-
tinuouss culture (Herbert et al 1956; Droop 1973; Matis et al. 1989). 
Thee term nutrient limitation itself is subject to some confusion in the ecological lit-
eraturee (Hecky and Kilham 1988). It is important to distinguish between limitation 
off  biomass production (Liebig's definition) and limitation of instantaneous growth 
ratee (Falkowski et al. 1992; Beardall et al. 2001). This wil l be explained in more 
detaill  in the next paragraphs. To contemplate another potential source of confu-
sion,, consider the following situation: cells can sense a lack of Pj in the environ-
ment,, while at the same time they have sufficient Pj for growth inside the cells, 
duee to internal reserves. Some other factor could then be limiting the growth rate, 
whilee at the same time the P;-concentration is under the threshold concentration at 
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whichh specific hunger responses are induced. This leads to another set of confus-
ingg terms. Cells constantly produce constitutive enzymes, independent of an acti-
vatorr or deactivator. Induction means that synthesis starts in the presence of suit-
ablee inducers. Repression occurs when a compound, often the end product of the 
enzyme-catalysedd reaction pathway, turns off the enzyme synthesis. Consequently, 
derepressionn is the onset of enzyme production after the depletion of the repressor 
(Janssonn et al. 1988). High levels of Pj repress the synthesis of proteins involved 
inn high affinity Pj uptake; hence the expression of this system when Pj is depleted 
shouldd be referred to as derepression. In many articles, however, the term induc-
tionn is used synonymously with the term derepression. Inhibition takes place when 
aa compound reacts with the enzyme itself and stops its activity. For example Pj is a 
commonn inhibitor of alkaline phosphatase (AP), and competes with phosphate 
esterss for the active sites of the enzyme, a mechanism called competitive inhibition 
(Janssonn et al. 1988). 

IsIs Pj the limiting factor for growth of phytoplankton in lakes? 
Sincee the beginning of eutrophication management in the 1970's there has been 
generall  agreement that phytoplankton biomass production is limited by the total 
availabilityy of phosphate in the majority of lakes. In experimental lakes both con-
centrationss of chlorophyll and carbon varied proportional to the Pj concentrations 
(e.g.. Schindler 1977). The reason for this is that organisms can draw on the mas-
sivee atmospheric sources and sinks for carbon and nitrogen to maintain, on aver-
age,, C:N:P ratios to meet their requirements for growth. The energy requirements 
off  phototrophic organisms are met by light irradiance, which is ubiquitous in sum-
mer,, but can be limiting in winter. No external mechanisms exist for phosphorus, 
whichh has no gaseous atmospheric cycle. It follows that P ultimately controls phy-
toplanktonn abundance in aquatic environments. Even while a sudden increase in 
thee phosphate input (P-pulse) may cause algae to show symptoms of N- or C-limi-
tation,, there are long-term processes at work in the environment which cause these 
deficienciess to be corrected, leaving phytoplankton growth proportional to the con-
centrationn of phosphate (Schindler 1977; Hecky and Kilham 1988). Any single 
speciess within a community however, can be limited by its growth coefficient, its 
losss terms (dilution, sedimentation, physiological death and grazing), or by both. 
I.e.. when a population is prevented from increasing, presenting a limitation of pri-
maryy production, this does not automatically mean a growth rate limitation. 
Populationn increase can occur at both low and high cellular growth rate; therefore 
aa low abundance does not mean that the cellular growth rate is limited in any way. 
Basedd on the potential complexity of population dynamics, all the phytoplankton 
populationss are - or given their capacity for exponential increase, soon must be -
limitedd by something. It is simplistic to assume that all the species in a community 
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aree limited by a single factor. In fact, multiple resource limitation of phytoplankton 

growthh has been demonstrated both theoretically and empirically (Hecky and 

Kilham,, 1988; Van den Berg, 1998; Huisman and Weissing 2001). 

MethodsMethods to determine nutrient limitation in phytoplankton 
Severall  classical approaches for detection of nutrient limitation in phytoplankton 

havee been described (e.g. reviewed in Hecky and Kilham 1988; Beardall et al. 

2001).. Dissolved nutrient concentrations present negative evidence: low nutrient 

concentrationss are likely to limit algal production. However, phytoplankton species 

andd communities have such high affinity for N and P that nutrient limitations occur 

att concentrations not analytically detectable. Cellular elemental ratios have often 

beenn used to indicate nutrient limitation. However, these ratios are fortuitous con-

sequencess of the absolute availabilities. They are not specific for one element, but 

aree related to carbon. Changes in light intensity can considerably influence the C-

contentt of the cells (Riegman and Mur 1986). Light conditions also significantly 

influencee the N-content of the cells (e.g. Zevenboom et al. 1980). Nutrient 
enrichmentt bioassays are operational tests in which one or more nutrients are 

addedd to a volume of water to determine if algal growth is stimulated. The test 

resultt is likely to be dependent on the complexity of the natural components used 

inn the system (whole lake nutrient enrichment; laboratory scale enclosure; continu-

ouss culture). Higher complexity-level systems, especially natural systems are capa-

blee of much more complex responses at longer time scales. The only level of con-

cernn to aquatic resource managers is the highest level, but inferences are often 

madee based on evidence from lower complexity-level test systems. Furthermore, 

thesee experiments reflect a 'Liebig' limitation, indicating that if growth continues, 

onee nutrient wil l eventually limit the total amount of biomass (Beardall et al. 

2001).. If calculated fluxes of nutrients can show that growth is dependent on one 

nutrientt rather than any other, then that nutrient may limit algal growth. Note the 

analogyy with a continuous culture: in steady state the growth rate of the cells 

equalss the dilution rate of the culture. Problem is that the system must be very well 

definedd and all the nutrient inputs must be measured, which is difficult to apply for 

aa natural system. Physiological responses to nutrient limitation can be used as 

directt indicators for the nutrient status. Prolonged incubations are not required, but 

repetitivee sampling to characterize the general state of an ecosystem is. Examples 

off  nutrient status indicators are: variation in cell contents, maximum uptake rate, 

maximall  growth yield estimations based on variable fluorescence (Healey and 

Hendzell  1980), bio-availability to reporter strains (e.g. Pat et al. 2001), immuno-

fluorescentt detection of specific markers (Scanlan et al. 1997; see also the reviews 

byy La Roche et al. 1999; Jochem 2000; Beardall et al. 2001), and enzymatic assays. 
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§44 Adaptatio n to P-deficienc y 

AdaptationAdaptation strategies 
Ass Pj is essential for the growth of microorganisms, and is required at relatively 
highh levels, microorganisms will most probably have developed strategies to be 
ableable to cope with conditions of (temporary) Pj-depletion. These growth strategies 
underliee the ecological patterns that allow us to interpret and understand the 
processess of community assembly. They are pre-adaptations that are permanent, 
quantifiablee features of the organism, which can be evoked experimentally 
(Reynoldss 1998). Generally, there are three functions that help to survive Pj-defi-
ciencyy (Falkner et al 1998): Firstly, the cells can extend the range of P-forms that 
aree utilised. Secondly, the cells can activate uptake systems that operate efficiently 
att very low Pj concentrations. Thirdly, Pj can be stored inside the cells to secure 
thee availability in times when Pj-uptake ceases, the cellular growth rate can then 
bee independent of external concentrations, but proportional to the amount of Pj 
storedd in the cells. In the following, I explore well-known models for cellular 
growthh to survey the possibilities that a cell has to adapt to low nutrient concentra-
tions.. In the Monod model, the cellular growth rate (|j.) depends on the external 
nutrient-concentrationn (S) and an intrinsic saturation constant (Ks), as expressed in 
thee equation: (I = M^ax . S / (S + Kg). Growth can be seen as a complex interplay 
off  enzymatic reactions and transport processes. Hence a relation exists between 
growth-- and enzyme-kinetics. If a nutrient is available in growth-limiting concen-
tration,, then the uptake rate for that nutrient wil l be limiting the growth rate. The 
kineticss of enzymatic reaction or transport rate (v) is described by the Michaelis-
Mentenn equation: v = vm ax . S / (S + Km), in which v m ax is the maximal uptake 
rate,, and K m an affinity constant. A restricted amount of biomass can be formed 
fromm a certain amount of nutrients, which are anabolic substrates. This is 
expressedd in JI = Y x . v, in which Yx is the specific growth yield on nutrient x. 
Thiss gives a new relation between the specific growth rate and nutrient concentra-
tion,, resembling the Monod equation: |i = Y x . v m ax . S / (S + Km). The problem 
withh this equation is that ( i m ax is a constant, but v m ax is not. Furthermore, Kg 

doess not equal Km. The model for uptake based on the Michaelis-Menten enzyme 
equationn should be replaced by one that contains an element of product control 
(Caperonn and Meyer 1972). The observable consequence is that it is not possible 
forr an organism to completely deplete its environment of a limiting nutrient. In 
otherr words, a (thermodynamic) threshold exists where substrate uptake equals 
substratee leakage. The potential of a body of water for supporting further growth 
mayy depend as much on the nutrient already inside the cells, as that yet to be taken 
upp (Droop 1974). Furthermore, Michaelis-Menten kinetics solely considers the 
presentt external substrate conditions, and not previous states (Droop 1974). The 
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Monodd equation can be adapted for considerations on the internal Pj-concentration 

(Vann Dien and Keasling 1998; 1999). Alternatively, the Droop model describes the 

dependencee of the cellular growth rate on cell quota of the nutrient. In the Droop 

model,, the growth rate depends on the cell quota (concentration of the limiting 

nutrientt in the cell; q) and minimal cell quota (minimal concentration of the limit-

ingg nutrient in the cell; qo) of the nutrient, thus taking internal storage into 

account:: \i = nm a x ' . (1 - q0 / q). 

Inn phytoplankton ecology three different strategies to cope with temporary nutrient 

limitationss are usually distinguished (Sommers 1989; Ducobu, 1998). These strate-

giess may operate separately or in co-operation. Cells with a growth strategy use 

transientt nutrient enrichment to achieve a high growth rate by optimising their spe-

cificc yield (Yx). A well-known example of the growth strategy to cope with short-

agee of phosphate is the replacement of the P-containing cell wall component tei-

choicc acid by teichuronic acid in Gram-positive bacteria. In phosphate-rich condi-

tionss 15% of the cellular phosphate of Bacillus subtilis is stored in the cell wall 

polymerr teichoic acid. During P-deficiency this compound is replaced by 

teichuronicc acid, which contains no phosphate but excess carboxylic acid groups 

(e.g.. Lahooti et al. 1999). The result is a higher amount of biomass on the same 

amountt of P, and also a higher growth rate with a lower P-concentration. 

Cyanobacteriaa do not have these Gram-positive cell wall compounds. Although 

cyanobacteriall  peptidoglycan has phosphate links, as far as I know this strategy 

hass never been described for cyanobacteria. Alternatively, cells can increase the 

maximumm uptake rate (vm a x) , by making more uptake proteins, or changing the 

affinityy of uptake proteins for their substrate. This is connected to the affinity 

strategy,strategy, in which new synthesis of an uptake system with higher affinity for the 

nutrientt causes a decrease of the affinity constant (Km). Affinit y strategists effi-

cientlyy grow at low external nutrient concentrations. A potential response is the 

inducedd synthesis of a high-affinity uptake system for Pj. Directional attraction 

towardd a nutrient could be considered as an extremely high affinity for this nutri-

ent,, or as a way the cells change the external nutrient-concentration. Although 

chemotaxiss toward Pj is known in several heterotrophic bacteria (e.g. Kato et al. 

1994;; Kusaka et al. 1997), I have found no literature about this phenomenon in 

cyanobacteria.. The internal status of an algal cell with respect to the various essen-

tiall  nutrients can be as important as, or even more important, than the concentra-

tionn of the nutrient in the environment (Droop 1973). Cells with a storage strategy 
securee the Pj-availability in times when uptake ceases, by build-up of internal sup-

plies.. This implies synthesis of enzymes that transform Pj into insoluble macro-

moleculess inside the cell, to control osmotic pressure. The internal supply may 

enablee the cells to produce significant offspring when external nutrient concentra-

tionss are low. Gloeotrichia echinulata (an ^-fixing, filamentous cyanobacterium 
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whichh forms spherical colonies) has a unique growth strategy and occupies an 
extremee position in the storage strategy. There is evidence that large G. echinulata 

coloniess (diameter 1-2 mm) assimilate P in the sediments prior to their migration 
too the water column, and use only their internal P stores during epilimnetic growth. 
Alkalinee phosphatase activity of the colonies was much lower than that of the rest 
off  the phytoplankton in lake Erken (a moderately eutrophic, stratified lake in 
south-easternn Sweden). Organic P is thus not an important P source for this organ-
ism.. On the contrary, organic P seemed to be released from the cells, which even 
mightt benefit other bacteria and algae (Istvanovics et al. 1993). To these strategies, 
aa fourth can be added: the scavenging strategy. This strategy involves the induced 
synthesiss of enzymes that transform phosphate-containing compounds into a form 
thatt the cell can use. The above-mentioned alkaline phosphatase activity is an 
examplee of this strategy. Organisms using the scavenging strategy are able to use 
organicc derivatives of the required nutrient, or they may be able to use alternative 
inorganicc forms of the nutrient. 

TheThe pho-operon: a high-affinity Pj uptake system 
Mechanisticc information on Pj-uptake in cyanobacteria is relatively scarce. 

However,, Pj-uptake has been extensively studied for some Gram-negative bacteria. 

Ass was discussed before, there are some important similarities between the Gram-

negativee bacteria and cyanobacteria. Therefore, studies for some Enterobacteria 

andd Pseudomonads (specifically Escherichia coli and Pseudomonas aeruginosa) 

aree discussed in the following. While E. coli is an intestinal bacterium that encoun-

terss high nutrient concentrations inside animals and low nutrient concentrations 

whenn excreted, freshwater cyanobacteria permanently live in nutrient-poor sur-

roundings.. Therefore most cyanobacteria have a greater need for high-affinity 

uptakee systems. The hypothesis is that in Pj-deficient conditions, cyanobacteria 

wil ll  express a high-affinity Pj-uptake system, analogous to that of Enterobacteria 

andd Pseudomonads. 

Thee uptake of Pj in E. coli occurs by kinetically distinct types of systems, with low 

affinityy for Pj (Pit systems; Harris et al.2001), and with high affinity for Pj (Pst 

system).. E. coli cells grown in media devoid of Pj deplete an internal Pj-pool, 

whichh is rapidly refilled when cells are presented with Pj. The two systems func-

tionn simultaneously during the fillin g of the pool, but thereafter uptake takes place 

onlyy by the low-affinity system. The Pj is taken up as such, and esterification of Pj 

startss soon after it has entered the cell. In a Pj-depleted environment, Pj is taken up 

againstt a steep concentration gradient in an energy-dependent process (Medveczky 

andd Rosenberg, 1971). Two single-gene Pit systems are currently known, of which 

PitAA is constitutively expressed, whereas PitB is repressed in low Pj-concentra-

tionss (Harris et al.2001). Pj-uptake by the Pit system depends on coupling to the 
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energisedd membrane state. Because of its constitutive expression, PitA is not a use-

full  marker for the Pj-sensing status. The Pst system, however, is carefully regulat-

ed,, and is ATP-driven (Rosenberg et al., 1977). Transport systems may be classi-

fiedfied in different groups, as distinguished by biochemical and genetic methods, as 

welll  as by their mode of action and energization. The Pst system is an example of 

ann active transport system sensitive to a cold osmotic shock. These active transport 

systemss are equipped with periplasmic substrate binding proteins, which are 

releasedd by the osmotic shock procedure (in Gram-negative organisms). Binding of 

thee solute on the outside of the osmotic barrier may be regarded as the first step in 

thee transport process (Boos, 1974). Periplasmic and outer membrane proteins that 

aree Pj-depletion derepressible will be useful in this research, and therefore, the Pst 

systemsystem is of major interest. 

Duringg periods of Pj-depletion, alkaline phosphatase (AP) serves to scavenge Pj 

fromm organic phosphomonoesters and polyP in the medium. The efficiency of Pj-

uptakee from environments with a low Pj-concentration is considerably enhanced 

by:: channels through the outer membrane that exhibit strong anion selectivity, spe-

cificc Pj-binding sites in these channels, and a high affinity Pj-binding protein in the 

periplasmicc space (the affinity must be higher than that of the channels). Indeed, a 

high-affinityy Pj-binding protein (PBP), which is localised in the periplasm, is syn-

thesisedd at low Pj concentrations in E. coli. Furthermore, in the outer membrane of 

E.E. coli two proteins, OmpF and OmpC, are involved in the formation of non-spe-

cificc aqueous pores through which hydrophilic molecules with a molecular weight 

off  up to approximately 600 can pass via a diffusion-like process (Overbeeke et al, 

1983).. At low external Pj concentrations, an additional, Pj-selective pore protein is 

synthesisedd (PhoE), which is also co-regulated with AP (Tomassen and 

Lugtenberg,, 1980). 

Thee pathway for Pj-uptake into cells grown under Pj-depleting conditions is sum-

marisedd in figure 3. It starts with the passage of Pj or phosphorylated compounds 

throughh an outer membrane pore protein channel (PhoE or a non-specific porin) 

intoo the periplasmic space. In the periplasm, the phosphorylated compounds will 

bee hydrolysed by AP, and Pj will be captured by the /«fS-encoded PBP, and direct-

edd to the ATP-binding cassette-dependent (ABC) transporter in the cytoplasmic 

membrane.. This transporter consists of two integral membrane-bound proteins, 

PstAA and PstC, and a cytoplasmic peripheral membrane protein, PstB (Silver and 

Walderhaug,, 1992). 

Participationn of Pj in the regulation of AP has been recognised since the first 

descriptionn of this enzyme in E. coli. Because the formation of AP stopped imme-

diatelyy after addition of Pj to the medium, a negative feedback mechanism was 

suggestedd to occur with Pj as a repressor (Horiuchi et al., 1959). Elucidation of the 

regulatoryy system for Pj-uptake started in the early 1960's, and at least three regu-
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latoryy genes were mentioned to be required for repression of AP synthesis (Garen 
andd Otsuji, 1964). Regulation of expression of the pst and pho genes is dependent 
onn the regulatory proteins PhoR, PhoB, and PhoU. PhoR and PhoB are members 
off  a family of bacterial two-component regulatory systems (TCRS). PhoR is an 
integrall  membrane sensor protein and PhoB is a soluble cytoplasmic DNA-binding 
effectorr protein. PhoU connects the ABC transporter with the TCRS, and is proba-
blyy a regulatory inhibitor (Kim et al. 1996; Haldimann et al. 1998). 

Cell-surfac e e 

Figuree 3. High-affinity phosphate uptake: the Escherichia coli pho-operon (after Silver and 
Walderhaugg 1992), PhoA: Alkaline phosphatase, PhoE: Pj-selective outer membrane porin, 
PstS:: Pj-binding protein, PstABC: ATP-binding cassette transporter, PhoR: sensory kinase, 
PhoB:: transcription regulator, PhoU: tentative inhibitor of p/io-expression. 

Similarr Pj-uptake systems have been found in cyanobactcria, and have most exten-
sivelyy been studied for Synechococcus. For this cyanobacterium the Pj-binding 
proteinn SphX (Scanlan et al. 1993; Mann and Scanlan 1994), two AP enzymes 
PhoAA (Ray et al. 1991) and PhoV (Wagner et al. 1995), and the sensor/regulator 
pairr SphS/SphR (Aiba et al. 1993) have been described. The genome of 
SynechocystisSynechocystis contains two pst-like operons, sll0679-0684 and sir 1247-1250 
(Kanekoo et al. 1996). Recently, the AP encoding gene (phoA) has been identified 
(sll0654),, and the genes encoding regulatory proteins (Pj-sensing histidine kinase 
phoRphoR (sll0337) and response regulator phoB (slr0081)) have been described 
(Hiranii  et al. 2001). Expression patterns and location of components of the Pst sys-
temss in Synechocystis are discussed in detail in chapters 3 and 4 (this thesis). 
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§55 Techniqu e and stud y sit e 

FlowFlow cytometry applied to phytoplankton 
Floww cytometry offers several advantages for aquatic microbial ecology: data on 

largee numbers of cells can be obtained in short time, on a scale relevant for indi-

viduall  cells or colonies. The instrumental set-up allows multi-parametric analysis, 

andd separate investigation of groups of cells (clusters) by gated amplification. 

Furthermore,, the sorting capacity of the flow cytometer offers the possibility to 

transferr cells for further analysis elsewhere (see Vrieling and Anderson 1996; 

Daveyy and Kell 1996; Collier and Campbell 1999; Vives-Rego et al. 2000; 

Reckermannn and Colijn 2000). Flow cytometry can on the one hand estimate the 

fractionn of a population with a positive reaction of an indicator. On the other hand, 

itt can provide a quantitative measure in terms of relative emission intensity 

(Jochemm 2000). Furthermore, flow cytometry allows assessment of population het-

erogeneityy (Davey and Kell 1996). 

Centrall  to flow cytometric phytoplankton analysis is the detection of inherent cell 

propertiess (e.g. Yentsch 1990; Jonker et al. 1995). Forward angle scatter of the 

excitationn light is a measure for cell size, whereas side angle light scatter depends 

onn cell shape. Moreover, spectral characteristics due to specific endogenous pig-

mentationn (autofluorescence) provide the means to discriminate phytoplankton 

speciess (Hofstraat et al. 1991; Becker et al. 2002). The emission spectra of phyto-

planktonn show red fluorescence of the photosynthetic pigment chlorophyll a, with 

aa maximum at about 685 nm. In addition, cyanobacteria have accessory pigments, 

thee phycobiliproteins, which emit in the orange and red regions of the spectrum. 

Phycoerythrinn has an emission maximum in the 560-590 nm or in the 620-650 nm 

range,, depending on the type of pigment present. Phycocyanin has an emission 

maximumm of about 652 nm. Orange-red autofluorescence is therefore a highly 

selectivee property for the detection of cyanobacteria (Hofstraat et al. 1991). 

Currently,, efforts focus on determining nutrient availability on the individual cell 

levell  (Jochem 2000; Beardall et al. 2001) to improve the discriminative power of 

floww cytometry, by including physiology-related optical attributes. Such diagnostic 

toolss should comprise fluorescent stains that are optimised for broad applicability, 

nutrientt status specificity, and non-interference with the autofluorescence. 

Furthermore,, to be useful, they must identify those processes that 1) impose a truly 

physiologicall  limitation, 2) are uniquely affected by a specific limiting factor, 3) 

aree broadly applicable across phylogenetic lines, and 4) can be used in the field 

(Falkowskii  et al. 1992). One approach is the development of antibodies against 

antigenss that are accessible in intact cells and are specifically under control of P-

availabilityy (e.g. Graziano et al., 1996; Scanlan et al. 1997; see also the review by 

Laa Roche et al. 1999). An alternative is the application of non-fluorescent sub-
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stratess that are processed by metabolic reactions of interest, and release strong fiu-

orogenss upon cleavage (Jochem 2000). In contrast to antibodies with mostly 

species-specificc cross-reactivity, these enzymatic assays are applicable to a wide 

varietyy of species (e.g. Gonzalez-Gil et al. 1998), and may have an enormous 

amplificationn factor. 

HistoryHistory of the Loosdrecht lakes 

Too test applicability of an indicator for the P-status in the field a case study is pre-
sentedd in this thesis. The Loosdrecht lakes (52°11 'N, 5°3'E) form a system of shal-
loww interconnected lakes with a total water area of 14.5 km , and a mean depth of 
1.855 m. The object of our studies is the central section of this lake area, called 
Lakee Loosdrecht. The lakes originate from peat mining that started in 1633, and 
reachedd their present morphometry by the end of the 18tn century. In that period 
thee water was clear, strongly nutrient limited, without submerged plants (period 
1800-1920).. In 1932 the Amsterdam Municipal Waterworks started to use water 
fromm one of the adjacent polders for drinking water supply. Water from the adja-
centt Polder Bethune and the River Vecht was let in to supplement the water that 
wass withdrawn. The river water was highly polluted with organic waste and nutri-
entss from the city of Utrecht. The initial inflow of nutrients allowed submerged 
macrophytess to thrive (period 1930-1955). After continued nutrient loading, the 
trophicc status changed to domination by phytoplankton (period 1960-1980), lead-
ingg to low transparency of the water (Secchi depth < 0.4 m; Hofstra and Van Liere 
1992).. Remedial measures were then taken to reduce the external P loading rate. 
Constructionn of sewage systems in the catchment area, and installation of sanitary 
facilitiess in recreational areas gave some reduction in P input. In 1984 the inlet of 
waterr was replaced by chemically dephosphorylised (Pj-depleted) water from the 
Amsterdam-Rhinee Canal, considerably reducing the P loading rate. Reparation of a 
lockk gave a further reduction of leakage of P-rich water from the river (Van Liere 
ett al. 1991; Engelen et al. 1992; Van Liere and Janse 1992). Since 1984, these 
measuress have only resulted in minor visible improvement of the water quality in 
thee Loosdrecht lakes (for a recent review, see Gulati and Van Donk 2002). 
Additionall  measures are planned to dredge deeper areas were particulate matter 
cann settle, and rerouting of nutrient rich water from adjacent polders (M. Ouboter, 
personall  communication). 



26 6 Chapterr 1 

§§ 6 Scop e and outlin e of thi s thesi s 

Literaturee study and experiments at the Centre for Limnology at the Netherlands 

Institutee of Ecology (NIOO) have shown that the availability of phosphorus for 

phytoplanktonn growth in Lake Loosdrecht is currently low. Restoration measures 

havee probably led to growth-limiting Pj-concentrations, but the number of 

cyanobacteriaa has not declined over the years. The formulation of the problem, 

"Howw does phosphate availability determine the persistence of cyanobacteria in 

eutrophiedd freshwater systems?1' is thus related to a regional social issue, "How do 

wee get Lake Loosdrecht clear again?", pursued by local water managers such as 

thee Water Management and Sewerage Service (Dienst Waterbeheer en Riolering; 

DWR),, and the Municipal Waterworks Amsterdam (Gemeente Waterleidingen 

Amsterdam;; GWA). The answer to the first question probably lies in the notion 

thatt cyanobacteria are very resilient organisms that can readily adapt to changing 

environmentall  conditions. Their adaptation strategies can be inferred from growth 

theory,, and have their parallel on the molecular level. The cell envelope forms the 

cellularr interface with the environment, and is therefore considered as the key 

compartmentt where adaptive responses to fluctuating P-availability are most 

stronglyy expressed. The over-all objective of the current line of research in the lab-

oratoryy of Aquatic Microbiology at the University of Amsterdam in which this the-

siss is embedded is to design non-intrusive diagnostics as components of a 'molecu-

larr toolbox' to monitor the nutrient status of phytoplankton in lakes. The work pre-

sentedd in this thesis is thus based on the integration of knowledge about bio-mole-

culess with microbial physiology and their relevance in answering ecological ques-

tions.. This is a discipline that can be referred to as molecular ecophysiology. 

Inn chapter 1,1 have shown that phosphorus (P) is a key element that determines 

thee growth rate of algae in lakes; the efficiency of P incorporation depends on the 

conversionn of organic P-esters (P0) outside the cells (scavenging strategy), trans-

portt of inorganic phosphate (Pj) through the cell envelope (affinity strategy), and 

storagee of surplus P (polyP) inside the cells (storage strategy). 

Inn chapter 2, we describe preparatory work to define the growth conditions that 

aree optimal to get the type of information needed to study the onset of a Pj-defi-

ciencyy in cyanobacteria. We show that the model cyanobacterium Synechocystis 

hass a specific adaptive response (variation of protein synthesis) as well as a gener-

alal response (attenuation of photosynthetic activity and growth rate) to changes in P 

availability. . 
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Inn chapter 3, we identify potential targets for a diagnostic tool for the P-sensing 

status:: Proteins in the cell wall of the model cyanobacterium Synechocystis sp. 

PCCC 6803 that are controlled by Pj-availability. Starting point is the published 

genomee of this organism, and the approach is to label cell-surface accessible pro-

teins.. After cell fractionation and protein separation, we use mass spectrometric 

analysiss to identify the proteins. Results are compared with a parallel experiment 

withh DNA arrays to study gene expression at the transcriptional level. 

Inn chapter 4, candidate marker proteins for diagnosing Pj-deficiency in algae that 
havee been identified in chapter 3 are further dissected to analyse their localisation, 
topologyy and expression patterns. In addition to biochemical localisation, we have 
usedused in silico techniques like multiple sequence alignments and hydrophobiciry 
plots,, and present a literature study on the regulation of responses to Pj-deficiency. 

Inn chapter 5, the activity of one of the identified proteins, alkaline phosphatase, 

providess a biochemical means for fluorescent detection of the response to Pj-defi-

ciency.. The ELF-97 phosphatase substrate yields highly fluorescent precipitates at 

thee site of enzymatic activity (AP induced fluorescence), which allows recognition 

off  the nutrient status of cells in conjunction with separation of phytoplankton 

groupss according to content of endogenous fluorescent pigments. Optimisation of 

thee use of this detection method in flow cytometry is described, along with a sur-

veyy of the strain specificity. We evaluate the method on a technical and a physio-

logicall  level. 

Inn chapter 6, we apply ELF-97 as a diagnostic tool in conjunction with isotope 
ratioo mass spectrometric assessment of in situ growth rates for a specific case 
studyy of a Dutch lake, Lake Loosdrecht. The dominant filamentous cyanobacteri-
umm Planktolyngbya limnetica in this lake shows seasonal variation and population 
heterogeneityy in AP induced fluorescence with ELF-97 as a substrate. We evaluate 
thee ELF-method on the physiological and the ecological level. 

Inn chapter 7,1 discuss the ecophysiological perspective of my work in the light of 

thee literature, with additional data from NIOO-CL and DWR on a longer time-

scale,, concerning the P-concentrations and -fluxes in Lake Loosdrecht. The 

resiliencee of the present state of Lake Loosdrecht is probably largely based on self-

shadingg and self-feeding capacities of the dominant filamentous cyanobacteria, 

resultingg from the prior switch to eutrophied conditions; the switch back requires 

additionall  measures. I evaluate my work and sketch some topics for future 

research. . 




