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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.. Informatio n 
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 limitatio n 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). 
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§§ 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. . 
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Abstrac t t 

Physiologicall  indicators for phosphate (Pj) deficiency in cyanobacteria are 
requiredd in aquatic ecology, because growth limiting Pj-concentrations escape 
chemicall  detection. The adaptive response of cyanobacteria to Pj-deficiency has 
severall  successive stages; changes indicate the onset of limitation (depletion), the 
extentt of limitation, or only occur at extreme deficiency (starvation). The organ-
ismss show both general and specific responses. Batch cultures and continuous cul-
turess both have their own merits for the study of these responses. We used optical 
measurementss of photosynthetic attributes and an alkaline phosphatase (AP) activi-
tyy assay to study the physiological changes in Synechocystis sp. PCC 6803 in 
responsee to different stages of Pj-deprivation. These measurements were combined 
withh an investigation of the changes in expression patterns of periplasmic proteins. 
Growthh was affected by external as well as internal Pj-concentrations. Degradation 
off  photosynthetic pigments took place in Pj-deficient cells, presumably to protect 
thee cells from photo-damage. This is a general response that is most pronounced in 
nitrogenn depletion. AP activity sharply increased at a threshold external Pj-concen-
trationn that was below the detection limit of current analytical methods. This 
responsee is specific to Pj-deficiency. P-limited continuous cultures showed higher 
specificc activities than Pj-depleted batch cultures. The major protein in the 
periplasmicc fraction of Pj-deficient Synechocystis cells was a 150 kDa polypeptide, 
whichh probably is AP. This enzyme was judged to be a good candidate marker pro-
teinn for indication of Pj-deficiency in cyanobacteria. 

KeyKey words: absorbance spectra, alkaline phosphatase, fixed nitrogen replete growth, growth 
curves,, periplasmic proteins, photosynthesis, phosphate replete growth, (Synechocystis 
PCC6803) ) 
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Introductio n n 

Whenn the availability of accessible nutrients in a lake is (temporarily) low, a 

sequencee of specific cellular responses follows in the phytoplankton community. 

Att first, the microorganisms adapt quickly by generating highly specific uptake 

systemss for the nutrient concerned, together with enzymes that convert unusable 

chemicall  forms of the nutrient into usable ones. Previously stored forms of the 

nutrientt can also be utilised. This condition can be referred to as nutrient depletion 

oror hunger (Ferenci 2001). When alternative nutrient sources do not suffice, the 

nextt stage, actual nutrient limitation, arises when the growth rate of the organisms 

iss impaired. A more severe case of nutrient deficiency occurs when the internal 

concentrationn is too low to sustain important functions (e.g. DNA replication, pro-

teinn synthesis, membrane integrity) and general responses can be seen (e.g. 

changess in photosynthetic energy dissipation, protein composition, chlorosis, 

increasedd extra-cellular polysaccharide synthesis). This stage is called nutrient 

starvation.starvation. A final stage is reached when the nutrient concentration decreases to a 

criticall  threshold value, below which any transport of the nutrient ceases because 

off  thermodynamic limitation (Falkner et al. 1989). Cell death occurs in part of the 

population,, while another part of the population may adopt a resting state. The 

transitionn of maximum growth to non-growth or vice versa can be monitored by 

assessmentt of chosen indicators. Expression patterns of marker proteins that are 

potentiallyy suitable as indicator of nutrient deficiency in phytoplankton generally 

reflectt three levels of response (Healey and Hendzel 1975; Graziano et al. 1996). 

Thee first shows rapid change at the onset of limitation, but lacks correlation with 

nutrientt limited growth rate, and shows littl e ongoing change from moderate to 

extremee deficiency. The synthesis of such a marker protein is derepressed if the 

externall  (or periplasmic) concentration of a nutrient falls below a threshold value. 

Thee second indicates the extent of limitation, because change in abundance of the 

markerr is correlated with growth over a range of nutrient-limited growth rates. The 

thirdd only occurs at extreme deficiency (starvation) with littl e or no response to 

limitation.. In contrast to the first two, this indicator does not relate to the onset of 

aa limitation. These indicators reflect severity of nutrient deficiency in a culture. 

However,, in mixed populations of phytoplankton diffuse answers to the nutrient 

availabilityy may result from different threshold concentrations and responsiveness 

betweenn organisms. 

Twoo different paradigms currently determine our thinking about phytoplankton 

growthh and physiological state: the batch culture, and the continuous culture 

(Palenikk and Wood 1998). In a batch culture a small founder population is inocu-

latedd into a fixed amount of medium, which initially provides all required nutri-

ents.. The energy source is continuously provided via artificial lighting and an addi-
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tionall  carbon source is provided by carbon dioxide from air inlets. After inocula-
tionn there is often a brief delay in the initiation of growth (lag phase). Cell num-
berss then start increasing exponentially (exponential phase), and nutrient concen-
trationss do not limit transport rates, so that the growth rate is at its maximum for 
thesee conditions. Inevitably some of the nutrients start running low after a while, 
andd the transport rate starts to slow down. At this point, the cells undergo physio-
logicall  changes in order to optimise their growth rate. This stage can be called 
transitionn phase one, Tl (Palenik and Wood 1998). Eventually the absence of 
nutrientss will temper the growth rate, called transition phase two, T2. In the sta-
tionaryy phase, the growth rate equals the cell death rate. Ultimately growth will 
stopp and the culture dies. 

Too study cells that grow under conditions of very low, but frequently replenished 
nutrientt availability, continuous culturing provides a better model. These cultures 
havee balanced growth at intermediate growth rate, the physiological state is fixed, 
andd cell cycles are often synchronised. The most important feature of a continuous 
culturee is that fresh medium is continuously added at a constant dilution rate D, 
expressedd in volume fraction per unit of time (Herbert et al. 1956). In this medi-
um,, all anabolic substrates needed for growth are present in excess, except one: the 
growth-limitingg substrate (S, with concentration in the medium supply SR). AS the 
mediumm is pumped in, grown cells flow out at the same rate, so that the volume of 
thee culture remains constant. The specific growth rate (JJ.) is the rate of increase in 
biomasss per unit of biomass, therefore its dimension is t . If the flow-rate of fresh 
mediumm remains constant (D), the culture eventually reaches a steady state, pro-
videdd that the dilution rate does not exceed the maximum growth rate (^max)- In 

steadyy state the composition of the culture and all parameters that determine the 
physiologicall  state of the cells are and remain constant. Consequently when the 
biomasss concentration is constant, the rate of production of biomass in the vessel 
iss also constant. Then the growth-rate of the bacteria is equal to the rate at which 
theyy are washed out (which is equal to the preset flow-rate of the medium). Steady 
statee systems (continuous culture) largely eliminate the effect of fluctuations in the 
past.. In continuous flow conditions, control is usually exerted by a single nutrient. 
Thee two types of cultures both have their own merits. Batch cultures are suited for 
studiess of exponential growth, onset of nutrient deficiency (nutrient depletion), and 
stationaryy phase (nutrient starvation). These unbalanced growth conditions can 
providee a model for the way phytoplankton grows during the early stages of a 
springg bloom. The main problem with batch cultures is that the physiological state 
off  the cells changes very rapidly during the transition phases, making it difficult to 
determinee the exact stage of nutrient limitation. Furthermore, the physiological 
statee may be quite heterogeneous, as some cells manage to obtain enough nutrients 
andd others don't. Furthermore, in the natural environment, cyanobacteria divide 
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muchh more lowly than under laboratory (batch culture) conditions. Continuous 

culturess are suited for studies of balanced growth (steady state) at a sub-optimal 

growthh rate (nutrient limitation). The major drawback of continuous cultures is that 

itt is difficult to prevent contamination to maintain axenic cultures. The continuous 

culturee set-up (chemostat) is ideal for studying balanced growth at sub-optimal 

growthh rates, but can also be used to study retarded transient phases before steady 

statee sets in, or after pulsed addition of nutrients. 

Inn the present work, as part of a study to specifically show the response of individ-

uall  phytoplankton populations to nutrient deficiency, we investigate the potential 

off  the enzyme alkaline phosphatase (AP) as an indicator for phosphate (Pj) defi-

ciencyy in the model cyanobacterium Synechocystis sp. PCC 6803. We define at 

whichh stage of deficiency the AP response takes place, and set out to quantitatively 

locatee the enzyme. Furthermore, we compare expression patterns of periplasmic 

proteinss between replete, nitrate-depleted, and Pj-depleted batch cultures, and a P-

limitedd continuous culture. At critical stages, UV/Vis absorbance spectra and low 

temperaturee (77K) fluorescence emission spectra have been recorded to survey the 

consequencess of nutrient deficiency on the photosynthesis apparatus. 

Experimenta ll  procedure s 

CultureCulture conditions 
Exponentiallyy growing, axenic batch cultures of Synechocystis PCC 6803 (here-
afterr referred to as Synechocystis) and Synechococcus elongatus PCC 7942 (here-
afterr referred to as Synechococcus) were washed with BG-11 medium (Rippka et 
al.. 1979) without any nitrate or phosphate. Cell pellets from 5 ml of these pre-cul-
turess were transferred into 50 ml of complete BG-11 medium (17.6 mM NaNC»3~ 
andd 175 uM K 2HP04

2- ; nutrient-replete), BG-11 with 500 u.M N 03 ' (N-deplet-
ed),, or BG-11 with 17.5 uM HPO4 (P;-depleted). The cultures were grown with 

99 1 500 umol.irf^.s"1 photon irradiance at 30 °C. 
P-limitedP-limited continuous cultures of Synechocystis were inoculated with 50 ml of 
exponentiallyy growing batch culture, and grown in flat vessels illuminated with 
eightt Philips PL-L lamps (24W each). Photon irradiance was adjusted with neutral 
densityy grey filters to 150 |umol.m .s"1 for cultures #1 and #2, and to 20 umol.m" 

.s"̂ ^ for culture #3. Air was provided at 30 l.h . Culture #1 was grown with inter-
mediatee Pj-concentration (43.75 ^M), added at dilution rate 0.013 h~'. Culture #2 
wass switched from complete BG-11 (175 uM Pj) to medium with very low Pj-con-
centrationn (0.88 uM), at dilution rate 0.0165 h . Continuous culture #3 was 
grownn in steady-state with low Pj-concentration (4.5 uM) at a dilution rate of 
0.0144 h . Huisman et al. (2002) give a description of this type of chemostat. 
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PhosphatePhosphate measurements 
Thee external Pj-concentration in the cultures was determined after four-fold con-
centrationn via magnesium-induced co-precipitation (MAGIC) of dissolved Pj (Karl 
andd Tien 1992). After complex formation with molybdate and reduction to blue 
Mo(IV) ,, the absorption was measured at 840 nm (Murphy and Riley 1962). The 
(total)) internal Pj-concentration in the cells was determined by filtering 5 ml of 
culturee onto acid-washed filters (Millipor e type GS, 0.22 (im), and heating these in 
16.55 ml of 5% (w/v) K 2S208 for 30 min at 121 °C to disrupt the cells (Wetzel and 
Likenss 1991). Liberated Pj was measured according to Murphy and Riley (1962). 

SpectralSpectral measurements 
Inn vivo absorption spectra from 350 to 750 nm were measured on a photospec-
trometerr (Aminco DW-2000). This spectral domain includes the area of photoac-
tivee radiation (400 to 700 nm). Light scattering at 750 nm (optical density; 
OD750)) was taken as a measure for cell density (Mallette 1969). A relative esti-
matee of photosystem content ratio followed from fluorescence emission in the red 
att 77K from samples excited with blue 440 nm light. A cut-off filter open >650 nm 
wass used to protect the detector against stray light. At low temperature in liquid 
nitrogenn both PS2 and PS1 emit fluorescence, each at a different wavelength. PS2 
emissionn is at around 682 nm, with some minor emission at about 690 nm, PS1 
emissionn is at 690 nm and predominantly at 722 nm. Fluorescence spectroscopy 
wass done on an Aminco-Bowman SP500 instrument (AMINCO cooperation, 
Urbana,, IL, USA) 

AlkalineAlkaline phosphatase activity 
Alkalinee phosphatase activity in the cultures was measured with the classical para-
Nitrophenyll  phosphate (/?-NPP) assay (Bessey et al.1946). The assay was adapted 
forr use in a microplate reader with tunable measuring wavelength setting 
(VERSAmax,, Molecular Devices, USA). To 160 ul of culture we added 40 ul of 
188 mM/?-NPP (Sigma 104 phosphatase substrate), in 1 M Tris-HCl buffer with 10 
mMM MgC^, pH 8.0. Alkaline Phosphatase activity is usually expressed in arbitrary 
unitss (e.g. Hirani et al. 2001, Aiba et a/. 1993), which is quite unsatisfactory, 
becausee the formation of/7-Nitrophenol might not be linear over the whole reac-
tionn time. We followed the formation of yellow dephosphorylation product (p-
Nitrophenolate)) on the plate reader in kinetic mode, which gives the slope of the 
graphh in mOÖ4Q5 per minute. From this value we subtracted the slope of control 
wellss with the same contents except the substrate. The activity was expressed in 
femtomoless per minute per cell counts (CASY 1 Cell Counter, Scharfe System) in 
thee sample in millions. For supernatant samples the activity was normalized to the 
volumee equivalent of million cells. Standard errors and the maximal number of 
degreess of freedom in the end result were statistically evaluated by numerical dif-
ferentiationn of all the partial errors. Experiments were done in triplicate with inde-
pendentpendent cultures. 
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PeriplasmicPeriplasmic protein preparation 
Cellss from 200 ml of culture (OD-J^Q = 0.5) were harvested by centrifugation 
(40000 x g, 20 min, 4°C; Sorvall RC-5B centrifuge, GS-3 rotor), and washed twice 
byy centrifugation in 40 ml of cold wash buffer (10 mM Tris-HCl, pH 7.6). 
Periplasmicc proteins were isolated with the cold osmotic shock procedure, as 
improvedd by Fulda et al. (1999). Cell-free supernatants containing periplasmic pro-
teinss (10 ml) were concentrated by freeze-drying. The proteins were resuspended 
att 5 mg/ml, as measured according to Bradford (1976; BioRad protein assay). 

ProteinProtein separation and visualization 
Proteinn samples were separated by Tris-Tricine SDS-polyacrylamide gel elec-
trophoresiss (Schagger and von Jagow, 1987), in a BioRad mini-gel set-up (protean-
II) .. To visualise the proteins, they were stained with the highly sensitive Sypro 
rubyy protein gel stain (Molecular Probes) and viewed with a UV transilluminator 
(Bioradd gel documentation system). 

Result ss  and discussio n 

CultureCulture characteristics 

Batchh cultures of Synechocystis with different lowered concentrations of phosphate 
(Pj)) and nitrate showed similar initial growth rates (Fig. 1). 

Q Q 
O O 

—— Nutrient replete 

—— P-depleted 

-A—— N-depleted 

Timee (hours) 

Figuree 1. Growth curves of Synechocystis PCC 6803 batch cultures, inoculated with 
washedd cells, and growing in complete BG-11 medium (17.6 mM NO3" and 175 uM 
HP04

2";; nutrient-replete), BG-11 with 500 uM NO3" (N-depleted), and BG-11 with 17.5 
uMM HP04

2" (P-depleted). 
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Inn the exponential phase the doubling time was about 9.3 hours, corresponding to a 
^maxx °f 0.075 h~' under these temperature- and illumination conditions (30 °C; 
500 |imol photons.m ~.s~'). Nitrate-depleted cultures displayed a short and early 
transitionn phase after about 43 hours, and reached stationary phase after 48 hours. 
Inn contrast, Pj-depleted cultures had a long and late transition phase, starting after 
aboutt 53 hours, and reached stationary phase after about 80 hours. We observed 
thatt nutrient replete frequently had lower cell numbers than the Pj-depleted ones 
thee onset of the stationary phase. Apparently, the cells growing in medium with 
loww Pj-concentration had sufficient internal stores of Pj to reach high cell densities. 
Lackk of light presumably hampered formation of high cell densities in Pj-replete 
medium.. The lesser pigment content in cells limited in Pj supported growth of 
higherr cell densities, possibly due to the lack of mutual shadowing. 

Continuouss culture #1 of Synechocystis grew in medium with intermediate Pj-con-
centrationn (SR = 43.75 |iM; D = 0.013 h"^). The growth curves of this culture 
(Fig.. 2 A and B) show modulation of the growth rate until the culture reaches a 
steadyy state. Measurement of the OD75Q (Fig. 2A) was proven empirically equiva-
lentt to actual cell counts (Fig. 2B). Because the culture was initially growing with 
excesss Pj, the polyphosphate-store inside the cells together with the remaining Pj 
inn the medium were sufficient to sustain a growth rate that was higher than the 
dilutionn rate, resulting in an increase of the amount of biomass in the culture. The 
externall  Pj-concentration (Fig. 2C) rapidly decreased, and dropped below 1 |uM 
afterr about 72 hours. The internal Pj-concentration (Fig. 2D) was high in the first 
200 hours, then decreased very rapidly between 21 and 45 hours, and reached a 
steadyy level of about 0.05 nanomole per million cells after 72 hours. The growth 
ratee started decreasing after 72 hours, as is apparent from the turning point in the 
growthh curve (Fig. 2A and B). The culture reached a steady state after about 200 
hours.. The Pj-concentration used and the flow rate of the medium sustained a very 
densee steady state culture (steady state cell density is about 53. 10" cells.ml" , and 
thee OD750 is about 0.8, see Fig. 2A and B). 

Too study the transition from excess to deficient Pj-concentrations, continuous cul-
turee #2 was switched from a high (SR = 175 \\M) to a very low Pj-influx (SR = 
0.888 nM; D = 0.013 h'1) after 164 hours. The external Pj-concentration (Fig. 3C) 
droppedd very steeply directly after 164 hours. The cell density (Fig. 3 A and B) 
reachedd a maximum around 188 hours, after which point washout surpassed the 
growthh rate. Between 164 and 188 hours, growth was thus sustained by internally 
storedd P. To study Synechocystis under steady state conditions more representative 
off  the situation likely encountered under natural conditions, we proceeded with 
continuouss culture #3, which had a 4.5 |iM Pj-concentration in the medium, and 
wass maintained at a similar dilution rate (D = 0.014 h~'). In steady state, the exter-
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nall  Pj-concentration was below the detectionn limit (about 50 nM), and the cell 

densityy was 11.2  0.26.106 celkmH (8 df., 95% CI). 

AlkalineAlkaline phosphatase activity 

Inn continuous culture #1, AP activity had increased ten-fold after 65 hours, and had 
increasedd 340 times after 73 hours (results not shown). This sharp increase in AP 
activityy coincided with the external Pj-concentration falling below the |iM-range. 
Inn this culture, biomass, internal P, external P and AP activity roughly followed the 
Pj-starvationn response model for Escherichia coli by Van Dien and Keasling 
(1998).. Interestingly, we observed significant fluctuations of AP activity at the 
onsett of P-limitation (not shown). We explain this effect by inferring from the star-
vationn response model that at the threshold Pj-concentration, AP is repressed and 
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Figuree 2. Growth curves (A and B), external (C) and internal (D) phosphate concentrations 
inn Pj-limited continuous culture #1 of Synechocystis PCC 6803, inoculated with 50 ml of 
exponentiallyy growing batch culture, and supplied with medium of intermediate phosphate 
concentrationn (SR = 43.75 uM; D = 0.013 IT1). 
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simultaneouslyy the breakdown of polyphosphate stores is de-repressed. The high 
concentrationn of Pj initially liberated inside the cells may cause some leakage into 
thee periplasm, resulting in a down-regulation of AP again (Van Dien and Keasling 
1998;; 1999). 

Continuouss culture #2 showed a more gradual increase of AP activity (Fig. 3D). 
Thee AP activity started increasing after 284 hours, and reached 270 times its 
repressedd value after 764 hours. A segregated Pj-starvation response model for 
EscherichiaEscherichia coli (Van Dien and Keasling 1999) might explain the more gradual 
increasee of AP activity in culture #2. This model accounts for culture heterogene-
ity,, and states that only a fraction of the cells may have their p/zo-regulon dere-
pressedd at a particular time. 
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Figuree 3. Growth curves (A and B), external phosphate concentrations (C), and alkaline 
phosphatasee activities (D) in Pj-limited continuous culture #2 of Synechocystis PCC 6803, 
whichh was switched from a high (SR = 175 u.M) to a very low Pj-influx (SR = 0.88 uM; D 
== 0.013 h" Rafter 164 hours. 
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Nutrientt replete and nitrogen-depleted batch cultures of Synechocystis had a very 

loww AP activity, in contrast to Pj-depleted batch cultures, in which AP activity was 

increasedd (Table 1). In the low-density steady state continuous culture #3, howev-

er,, the AP activity reached a constant value that was much higher than the activity 

inn Pj-depleted batch cultures (Table 1). In the waste bottle of this culture, the activ-

ityy was even higher, reaching a value of over 600 femtomole per million cells per 

minute.. From the results of continuous cultures #1 and #2, we infer that derepres-

sionn of AP took place when the growth rate was still higher than the dilution rate. 

Inn batch culture terminology, induction of AP takes place in state Tl (cf. Introduc-

tion).. In Synechocystis, AP activity therefore is an indicator for the onset of a P-

limitation.. Comparison of batch cultures with continuous culture #3 (Table 1) 

showss that large differences in AP activity are prevalent, according to the severity 

off  the deficiency. The response involving AP thus follows adaptation patterns that 

indicatee the onset as well as the severity of the Pj-deficiency (see: Healey and 

HendzelHendzel 1975; Graziano et al. 1996). 

Tablee 1. Alkaline phosphatase activities of batch and continuous cultures of Synechocystis. 

Culturee AP activity* 

(femtomole.. 106 cells '.min ') 

Nutrientt replete batch cultures 3.1 +/- 1.2 (5) 

Nitrate-depletedd batch cultures 1.8 +/- 1.6 (5) 

Phosphate-depletedd batch cultures 72.1 +/- 1.4(12) 

Phosphate-limitedd continuous culture 288 +/- 6 (18) 

**  Alkaline Phosphatase (AP) activities are expressed in formation rate of yellow />-Nitrophenolate 

fromm the substrate /?-Nitrophenylphosphate, in femtomoles per million cells per minute. Data are 

presentedd in 95% confidence intervals, degrees of freedom are given in brackets. 

Wee compared the AP activities from different fractions of Synechocystis and 

SynechococcusSynechococcus cells to locate the enzyme in these organisms (Table 2). No signifi-

cantt AP activity was detected in whole replete cultures grown with excess phos-

phate.. Low activity was observed in the more accurate measurements of cell free 

culturee supernatant, however, indicating a low constitutive expression level. De-

repressionn in the Pj-depleted conditions was apparent in both strains, although the 

APP activity was much higher in Synechocystis. Most AP activity was found in the 

celll  pellet, but a 10 times lower activity was found in cell free culture supernatant. 

Hencee about 10% of the enzyme(s) was excreted or liberated from lysed cells, 

whilee 90% was bound to the cells. Mild mechanical treatment (bath sonication; 

dataa not shown) gave no significant change compared to whole culture activity, 
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implyingg that the enzyme was firmly associated with the cells. Rupture of 

SynechocystisSynechocystis cells rendered significantly lower activities than in the original cul-

turee samples or in cell pellets. For Synechococcus such a decrease in enzyme 

capacityy was not observed. In Synechocystis, AP is probably susceptible to proteol-

ysiss by proteases released from cytoplasm after cell lysis. Addition of protease 

inhibitorr cocktail (Sigma) during rupture of the cells as well as to intact cells 

decreasedd the AP activity (data not shown). This is likely to be due to the presence 

off  EDTA, a chelator of bivalent cations and therefore an inhibitor of enzymes 

dependentt on these cations, like AP. 

Tablee 2. Comparison of Alkaline Phosphatase activities*  in batch cultures of Synechocystis 
PCCC 6803 and Synechococcus elongatus PCC 7942, grown in excess or lack of phosphate. 

SynechocystisSynechocystis 6803 Synechococcus 7942 

Treatmentt  Replete Prdepleted Replete Prdepleted 

1.Culturee 0.9 ) ) -0.2 + 0.5(9) 14.3 ) 

2.. Culture medium 0.63  0.12 (12) 15.5 ) 0.147  0.022 (16) 1.52 8 (9) 

3.. Cell pellet 1.2 6 (2) 177 3 (10) 0.5 + 2.0(5) ) 

4.. Lysed cells 1.4 8 (7) 98 + 7(15) 0.4 0 (2) 17.6 3 (9) 

**  Alkaline Phosphatase (AP) activities are expressed in formation rate of yellow p-Nitrophenolate from 

thee substrate /j-Nitrophenylphosphate, in femtomoles per minute, normalized per million cells. Data are 

presentedd in 95% confidence intervals; degrees of freedom are given in brackets. 

Thee results are in agreement with observations in early literature in which attention 

wass paid to the location of AP. In Escherichia coii and Pseudomonas sp., cell-

boundd AP was found in the periplasmic space or firmly attached to the outer sur-

facee of the cell wall (Cheng et al. 1971). At least a portion of the enzyme(s) was 

excretedd into the surroundings. The sheath was suggested to act as a secondary 

locationn for AP activity (Cheng et al. 1971). In the cyanobacterium Plectonema 

boryanumboryanum AP activity was located in the periplasmic space, whereas no activity 

wass found in the culture supernatant (Doonan and Jensen 1977). Anabaena vari-

abilisabilis excreted small amounts of AP into the medium after five days in Pj-free 

mediumm (Doonan and Jensen 1977). Coccochloris peniocytis (an unicellular coc-

coid)) showed strong constitutive AP activity of cell-bound enzyme but also excret-

edd it into the medium. Anabaena cylindrica showed AP activity firmly bound to 

thee cell, which increased sevenfold in Pj-depleted conditions. Oscillatoria woroni-
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chiniichinii also excreted small amounts of AP in Pj-depleted conditions (Doonan and 
Jensenn 1980). In fact, many cultured algal species show increased AP activity 
whenn they are subjected to a lack of Pj. For example, AP activity was induced 5-25 
timess in nine cultured species, among which Chlorella pyrenoidosa, Scenedesmus 

dimorpha,dimorpha, Microcystis aeruginosa and Aphanizomenon flos-aqua, the latter also 
showingg constitutive AP activity (Fitzgerald and Nelson 1966). Induction of AP at 
loww Pj-concentrations was also described for Anacystis nidulans, later renamed as 
SynechococcusSynechococcus sp. (Ihlenfeldt and Gibson 1975). Both Oscillatoria sp. and 
AnabaenaAnabaena sp. show no significant constitutive levels of AP activity, and induce the 
enzymee under Pj-deficient conditions (Marco and Orüs 1988). The occurrence of 
Pj-derepressiblee AP in many cyanobacteria and other phytoplankton species sup-
portss the view that AP activity is a useful indicator for Pj-deficiency. 

350 0 
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SpectralSpectral characteristics of photosynthetic pigments 
Phototrophicc microorganisms respond to 
nutrientt deficiency by changing their pho-
tosystemss and accessory pigments, 
becausee the lack of nutrients imposes 
strainn on the metabolism of the cells. 
Absorptionn of visible light at room tem-
peraturee is a relative measure for the pres-
encee of pigments. When the absorption 
spectrumm of Pj-depleted cells (Fig. 4A) is 
comparedd with that of cells grown with 
excesss nutrient, a decrease of chlorophyll 
(Absm axx = 440 nm and 680 nm) and phy-
cocyaninn (Absm ax = 640 nm) relative to 
carotenoidss (Absm ax = 480 nm) is evi-
dent.. Apparently, degradation of the reac-
tionn centres took place to bring about a 
reductionn of the photosynthetic capacity. 
Bleachingg proceeded when the cells were 
inn the stationary phase, and the culture 
becamee visibly lighter in colour. In this 
starvationn phase the absorption by chloro-
phylll  and phycocyanin further decreased 
(Fig.. 4C). The absorption at higher wave-
lengthss (e.g. 750 nm) increases relative to 
thatt of the photosynthetic pigments. The 
celll  numbers are still high in this phase. 
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Figuree 4. Absorption spectra of 
repletee (A), Pj-depleted (B), and 
Pj-starvedd (C) batch cultures of 
SynechocystisSynechocystis PCC 6803. 
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Ass the absorption at 750 nm, which is mostly due to light scattering, is often taken 
ass a measure for cell density, this indicates that the cells have lost most of their 
pigments.. Interestingly, a comparable effect was observed in continuous cultures 
off  Synechocystis (J. Passarge, personal communication). When light-limited con-
tinuouss cultures (370 (iM PJ; D = 0.014 h" )̂ were transferred to medium with low 
Pj-concentrationn (15 \xM PJ; D = 0.014 h"'), the cultures became much lighter in 
colour,, but retained similar cell numbers. In continuous culture #1 the absorption 
off  chlorophyll a and phycocyanin was more or less constant. In contrast, in contin-
uousuous culture #2 the absorption of chlorophyll a and phycocyanin both decreased 
overr time. This indicates a more severe limitation in continuous culture #2, as is 
expectedd from the lower Pj-concentration (Sr) offered. 

Nitrate-depletedd batch cultures became considerable lighter in colour (yellow in 
steadd of green) at a much earlier stage (after about 48 hours) than Pj-depleted 
batchh cultures. Spectral measurements showed complete degradation of phyco-
cyaninn at this stage (results not shown). Phycobilisome (PBS) degradation, a 
processs called chlorosis, has been investigated in detail for Synechococcus elonga-

tustus PCC 7942, and is partial in response to Pj-depletion, but complete in response 
too nitrogen depletion (Collier and Grossman 1994). The degradation is effected by 
aa small polypeptide (NblA; Collier and Grossman 1994), which is controlled by 
thee two-component regulatory system NblS/NblR (Van Waasbergen et al. 2002) 
andd NtcA, the global regulator for nitrogen control (Luque et al. 2001). PBS 
degradationn has two functions: To prevent excessive absorption of light in condi-
tionss in which cell metabolism is slow, and to supply the cell with amino acids 
whenn de novo synthesis is impaired (Bhaya et al., 2000). Long-term nitrogen 
starved-cellss have very low levels of photosynthesis and protein synthesis, but 
remainn viable (Sauer et al. 2001). 

Too study the relative presence of photosystems I and II (abbreviated PS I and PS II 
respectively),, we measured 77K-fluorescence spectra in batch cultures of 
SynechocystisSynechocystis with excitation of chlorophyll at 438 nm (Chi; Fig. 5 A) and of phy-
cobilisomess at 570 nm (PBS; Fig. 5B). At this temperature photochemistry cannot 
takee place, so fluorescence can be measured from the two separate photosystems. 
Thee batch cultures had the following biomass densities: 5.2 10" (std 1.2 105) 
cells.ml"1;; OD7 50 = 1.1 for the replete cultures, and 6.8 106 (std 1.3 105) 
cells.ml"l;; OD750 = 1.3 for Pj-depleted cultures. The AP activity, corrected for the 
celll  density, was 14 times higher in the Pj-depleted culture, whereas the chloro-
phylll  a content was only 50%. Judging from the representative shape of the 77K-
fluorescencee spectrum with chlorophyll a excitation (Fig. 5A), the amount of PS I 
iss more or less the same for both growth conditions. The Pj-depleted culture has a 
lowerr amount of PS II in comparison to PS I. This indicates that the cells prevent 
photo-oxidationn due to radical formation from excess PS II-generated electron 
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floww in the photosynthetic electron transfer chain. Moreover, PS I shows a small 

hypsochromicc shift (shift toward shorter wavelength absorption) in the Pj-depleted 

culture.. Such a shift was described to occur upon the change from trimeric to 

monomericc PS I for Spirulina platensis (Kruip et al. 1999). The much smaller shift 

(aboutt 1 nm) was previously observed in Synechocystis (C. Mullineaux, personal 

communication).. The PBS are thought to be mainly connected with PS II. Judging 

fromm the 77K-fluorescence spectrum with excitation of PBS (Fig. 5A), the emis-

sionn from PS I through PBS excitation decreases relative to the emission from PS 

III  in the Pj-depleted culture. Whether this might be connected to the fraction of 

trimericc PS I as well is a question presently under investigation in our laboratory. 
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Figuree 5. 77K.-fluorescence emission spectra for replete (solid line) and Pj-depleted (broken 
lines)) batch cultures of Synechocystis PCC 6803, showing the relative amounts of photosys-
temss I and II (PS-I and PS-II). A: chlorophyll a (Chl-a) excitation (438 nm), B: phycobili-
somess (PBS) excitation (570 nm). 
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IsolationIsolation of Periplasmic proteins 

AA severe and sudden osmotic down-
shockk liberates the periplasmic proteins 
intoo the supernatant (Koch 1998). An 
initiall  increase in the external osmotic 
pressuree (e.g. by sorbitol, NaCl) dehy-
dratess the cytoplasm causing the 
periplasmicc space to increase in size, 
thenn referred to as plasmolysis space 
(Kochh 1998). Treatment with EDTA 
removess divalent cations from the outer 
membranee by chelation, and conse-
quentlyy disrupts the outer membrane 
(Reschh and Gibson 1983). Subsequent 
resuspensionn of the cells in cold dem-
ineralisedd water quantitatively releases 
thee contents of the plasmolysis space 
(Neuu and Heppel 1965; Fulda et al. 
1999).. Batch cultures of Synechocystis 

weree harvested for periplasmic protein 
isolationn after 48 hours (N-depleted 
cultures),, and 72 hours (Pj-depleted 
andd nutrient replete control cultures). 
Sampless from the low-density continu-

Figuree 6. Sypro-ruby stained proteins in 
periplasmm preparations of nitrate-depleted 
(-N),, nutrient replete (R), Pj-depleted (-P) 
batchh cultures, and a P-limited continuous 
culturee (CC) of Synechocystis sp. PCC 
6803. . 

ouss culture #3 were taken in steady state. All samples were adjusted to 5 ug of 
proteinn per lane for comparison of the different conditions. Clear differences 
betweenn the periplasmic space samples were observed after gel electrophoresis and 
stainingg with the high-sensitivity protein stain Sypro-ruby (Fig. 6; bands of interest 
aree indicated with a white square). A protein with apparent molecular mass of 150 
kDaa was clearly induced in Pj-depleted cells, and was the most abundant protein in 
thee periplasmic fraction of the P-limited continuous culture (Fig. 6). Additionally, 
aa 35 kDa protein was very abundant this fraction. Furthermore, in nutrient defi-
cientt cells several proteins are induced in the 60-70 kDa region, whereas several 
proteinss are repressed in the 30-40 kDa region. From analogy with Synechococcus 

elongatuselongatus PCC 7942, which has a Pj-controlled alkaline phosphatase of 145 kDa, 
calledd PhoA (Block and Grossman 1988; Ray et al. 1991), we suspect that 
SynechocystisSynechocystis possesses an alkaline phosphatase of similar size. This is in agree-
mentt with Northern analyses, showing induction of gene nr. sll0654, encoding an 
APP homologue to the Synechococcus PhoA (Hirani et al. 2001). 
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ConcludingConcluding remarks 
Limitingg the supply of a nutrient to a microorganism has major consequences. In 

thiss study we have analysed the effect of Pj-depletion on the cyanobacteria 

SynechocystisSynechocystis sp. PCC 6803 and Synechococcus elongatus PCC 7942. The appear-

ancee of alkaline phosphatase could be used as a benchmark to characterise differ-

entt patterns in Pj-deficiency. Laboratory culture conditions mimic field conditions 

inn some respect. The choice of culture conditions very much determines the kinet-

icss and amplitude of the induction. Pj-deficiency has both general and specific 

effects.. General responses involved changes in light absorbance and in the struc-

turee of PS I. This response is seen more explicitly in nitrogen-depleted cells. A 

markedd consequence of the change in pigment content is that cells growing with a 

lackk of Pj may accumulate at higher density than cells in control medium. 

Obviously,, the lesser pigment content in cells limited in Pj gives rise to effective 

usagee of light to support growth at higher cell densities, possibly thanks to a lesser 

extentt of mutual shadowing. The overall aim of the current research project is to 

identifyy proteins in the cell periphery that can serve as reporters for Pj-deficiency. 

Forr this purpose, specific responses are required. Alkaline phosphatase has been 

judgedd a good candidate from the present work; the amount of activity of this 

enzymee is very low when Pj-availability is sufficient, is increased manifold at the 

onsett of P-limitation, and increased further in more severe P-limitation. Alkaline 

phosphatasee thus follows adaptation patterns 1 and 2 (Healey and Hendzel 1975; 

Grazianoo et al. 1996). Other proteins induced upon Pj-deficiency were seen in 

periplasmicc space protein isolates; differences between controls, Pj-depleted, P-

limitedd and N-depleted cultures were evident. Work to identify these proteins is 

discussedd in chapter 3 of this thesis. 
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Abstrac t t 

Intactt cells of the cyanobacterium Synechocystis sp. PCC 6803 from phosphate 
surpluss ('control') and phosphate depleted cultures were treated with a non-pene-
tratingtrating biotinylation agent to identify differential expression of proteins at the cell 
periphery.. Use of isolated cell wall fractions and decoration of Western blots with 
aa streptavidin linked luminescent reporter highlighted a subgroup of proteins with 
covalentlyy bound biotin amongst the multiple resolved polypeptides. Biotinylated 
proteinss were mostly present in the Pj-depleted cells. Identification of selected pro-
teinss by N-terminal sequencing and MALDI-TO F mass spectrometry revealed that 
severall  gene products from in particular one of the two pho-regulon units in the 
SynechocystisSynechocystis genome, comprising genes sir 1247-1250 were retrieved. The prod-
uctt of gene sir 1841, an outer membrane phosphate transport porin of 65 kDa, was 
up-regulated,, whereas sir 1908, a 60 kDa porin, was down-regulated in Pj-depleted 
cells.. The expression studies at the protein level have been accompanied by a gene 
arrayy approach to estimate mRNA abundance. 

KeyKey words: biotinylation, cyanobacteria, gene array, MALDI-TOF mass-spectrometry, outer 

membrane,, phosphate-binding protein, porins 
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Introductio n n 

Cyanobacteriaa are capable of assimilating light energy to fix carbon dioxide in an 

oxygenicc mode. In quite a few cases cyanobacteria fix molecular nitrogen as well. 

Freshwaterr environments often feature sub-optimal availability of one or more 

minerall  factors that are essential for growth. Hence, the growth rate of cyanobacte-

riaa is naturally limited by the availability of nutrients, especially inorganic phos-

phatee (P- Schindler 1977; Hecky and Kilham 1988; Correll 1999). Cyanobacteria 

havee various pre-adaptation strategies to changing environmental conditions. These 

pre-adaptationss are permanent, quantifiable features of the organism, which can be 

invokedd experimentally (Reynolds 1998), and are probably genome-encoded. The 

nucleotidee sequence of the genome of the model cyanobacterium Synechocyslis sp. 

strainn PCC 6803 (Kaneko et al. 1996, 'Cyanobase' 

(http://www.kazusa.or.jp/cyano/)),, hereafter referred to as Synechocyslis, gives a 

comprehensivee overview of all the potential genes in this organism (e.g. Mizuno et 

al.. 1996; Paulsen et al. 1998). However, this information leaves open the condi-

tionss under which these genes are actually expressed. DNA array studies (Bhaya et 

al.. 2000; Hihara et al 2001; Kanesaki et al. 2002) and proteomics (Choi et al. 

2000;; Fulda et al. 2000) have been used to elucidate differential expression under 

changingg light conditions and salt stress. 

Responsess to nutrient deficiency include specific strategies that help bacterial cells 

too increase the availability of the growth-limiting factor. In addition to specific 

adaptations,, nutrient stress responses also provoke changes in key metabolic rates. 

Thee bacterial cell wall, the interface between the cell interior and the outside 

world,, plays an important role in the adaptive response to changes in the environ-

ment.. The cell wall is essential to maintain cell integrity; it combines an osmotic 

barrierr function with selective molecular sieving properties and a mechanical sup-

portt function (Hoiczyk and Hansel 2000). The prominent adaptation is to increase 

thee efficiency of Pj-uptake from environments with a low Pj-concentration by 

inducingg specific channels through the cell wall and membranes. Outer membrane 

poress control the diffusion of ions from the environment into the periplasm (e.g. 

Nikaidoo and Vaara 1985; Benz and Bauer 1988). Anion selectivity of pores is an 

effectivee first step in the uptake cascade. A high affinity Pj-binding protein in the 

periplasmicc space, and an active transport system across the cytoplasmic mem-

branee complete the Pj-uptake system. Together with this uptake strategy the cells 

oftenn display a scavenging strategy; they excrete enzymes that convert otherwise 

unusablee chemical forms of the nutrient. 

Manyy organisms induce a multi-component high-affinity uptake system, when 

facedd with a lack of phosphate (Pj-deficiency). In Escherichia coli the specific 

responsee to Pj-deficiency is very well studied, including both structural and regula-

http://www.kazusa.or.jp/cyano/
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toryy genes of the so-called p/zo-regulon (e.g. Rao and Torriani 1990; Wanner 1996; 
Hofferr and Tommassen 2001). A high affinity phosphate uptake system, called 
phosphatee specific transport (pst) operon, is part of this regulon (Rosenberg et al. 
1977;; Haldimann et al. 1998). The Pst-system consists of a high affinity Pj-binding 
proteinn in the periplasmic space (PhoS or PstS; Magota et al. 1984; Surin et al 
1984),, and an ATP-binding cassette (ABC) dependent transport system through the 
cytoplasmicc membrane (PstCAB; Surin et al. 1985). Homologous Pst-systems 
havee been found in Bacillus subtilis (Qi et al 1997) and Pseudomonas aeruginosa, 

althoughh the pst operon of the latter species lacks the/«/S gene (Nikata et al. 
1996).. The outer membrane porin PhoE (Overbeeke and Lugtenberg 1980; 
Overbeekee et al. 1983; Van der Ley et al.1987), which exhibits strong anion selec-
tivityy (Schirmer and Phale 1999), considerably enhances diffusion of Pj across the 
outerr membrane oïE. coli and other Enterobacteria. The enzyme alkaline phos-
phatasee (AP) that liberates Pj from organic and inorganic phospho-esters (Horiuchi 
ett al. 1959; O'Brien and Herschlag 2002) is co-regulated with the p/70-regulon 
(Willskyy and Malamy 1976; Yagil et al. 1976; Tomassen and Lugtenberg 1980). A 
two-componentt regulatory system PhoBR supplies the main control for the pho-

regulon,, but cross-regulation with other regulatory systems also takes place 
(Wannerr 1992; Kim et al. 1996). For the cyanobacterium Synechococcus elongates 

PCCC 7942 (hereafter referred to as Synechococcus) an analogous system has partly 
beenn characterized. It contains the Pj-binding protein SphX (Scanlan et al. 1993; 
Mannn and Scanlan 1994), two AP enzymes PhoA (Ray et al. 1991) and PhoV 
(Wagnerr et al. 1995), and the sensor/regulator pair SphS/SphR (Aiba et al. 1993). 
Thee genome of Synechocystis contains two pst-Wke operons, sll0679-0684 and 
slrl247-12500 (Kaneko et al. 1996). Recently, the AP encoding gene (phoA) has 
beenn pinpointed (sll0654), and properties of the regulatory genes (Pj-sensing histi-
dinee kinase phoR, sll0337 and response of regulator phoB, slr0081) have been 
describedd (Hirani et al. 2001). A cyanobacterial equivalent to the phosphate selec-
tivee PhoE porin of E. coli has not yet been found. Nonetheless, Hansel et al. 
(1998)) showed that six deduced open reading frames in the Synechocystis genome 
showw strong homology with outer membrane porins characterized in 
SynechococcusSynechococcus sp. PCC 6301. These genes are therefore assigned as encoding 
porinss (Engelhardt and Peters 1998). 

iV-hydroxysuccinimidee (NHS) biotin preferentially labels periplasmic and cell 
membranee proteins, but not cytoplasmic proteins in E. coli (Bradburne et al. 1993). 
Inn vivo biotinylation has earlier found application in the identification of phyto-
planktonn cell surface proteins: nitrogen-regulated Nrpl in a marine alga (Palenik 
andd Koke 1995), and alkaline phosphatase in a marine dinoflagellate (Dyhrman 
andd Palenik 1997). For Synechocystis biotinylation was used to identify thylakoid 
surface-exposedd domains of photo system I (Xu et al., 1994). 
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Inn this study we investigate which of the genes encoding for potential components 

off  the pho-operon are actually expressed in Synechocystis under Pj-depleting 

growthh conditions. Our survey relies on two complementary techniques, protein 

analysiss and comparison of specific mRNA abundance. Both methods bear in com-

monn selective extraction of fractions from the complex pools of cellular macro-

moleculess through biotinylation. Its use for mRNA extraction from the pool of 

totall  RNA will be described in detail elsewhere (Yeremenko et al., in preparation). 

Too investigate changes in protein expression, we used NHS-biotin to probe cell-

surfacee accessible proteins in Synechocystis PCC6803. Because the current resolu-

tionn in separation does not allow a full investigation of both soluble and membrane 

proteinss that are under control of the/?/?o-regulon, we have focused on the periph-

eryy of the cells. A selection of the labelled proteins was purified via biochemical 

approaches.. SDS-PAGE protein separation gives distinct polypeptide patterns of 

Pj-depletedd cells and of control cells grown with excess nutrients, especially clear 

withh the biotin flag as a marker. The full genome sequence of Synechocystis pro-

videdd the requirements for identification of proteins by peptide mass fingerprinting 

inn MALDI-TO F mass spectrometry. We present a qualitative comparison between 

proteinn and mRNA based surveys of Pj-deficiency related expression to support 

novell  findings on Pj-uptake in the model cyanobacterium Synechocystis. 

Experimenta ll  procedure s 

CultureCulture Conditions 
Axenicc batch cultures of Synechocystis sp. PCC 6803 were grown in BG-11 medi-
umm (Rippka et al. 1979) under continuous light (50 (iM photons.m .s"1). Cultures 
weree inoculated with 1/10 volume of exponentially growing pre-cultures from nor-
mall  BG-11 medium (175 jlM Pj) in 9/10 volume of either normal BG11 for con-
troll  cells and in BG-11 without phosphate for Pj-depletion. The latter medium was 
supplementedd with KC1 to retain the original K-ion concentration. Measurement of 
alkalinee phosphatase (AP) activity defined control for the onset of Pj-deficiency, in 
ourr culture conditions at day 5 after inoculation (see results). Cells were harvested 
byy centrifugation (5500 rpm, 10 min at room temp). 

AlkalineAlkaline phosphatase activity 
Alkalinee phosphatase activity in the cultures was measured with the classical para-
Nitrophenyll  phosphate (p-NPP) assay (Bessey et al.1946), adapted for use in a 
microplatee reader with tuneable measuring wavelength setting (VERSAmax, 
Molecularr Devices, USA). A solution of 18 mMp-NPP (Sigma 104 phosphatase 
substrate),, in 1 M Tris-HCl buffer with 10 mM MgC^, pH 8.0 was used in assays. 
Alkalinee Phosphatase activity has been expressed as p-Nitrophenolate formation in 
femtomolee per million cells (CASY 1 Cell Counter, Scharfe System) per minute. 
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Standardd errors and the maximal number of degrees of freedom in the end result 
weree statistically evaluated by numerical differentiation of all the partial errors. Al l 
experimentss were done in triplicate with independent cultures. 

BiotinylationBiotinylation of peripheral proteins 
Biotin-XX-SSEE (6-((6-((biotinoyl)amino)hexanoyl)amino)hexanoic acid, sulfosuc-
cinimidyll  ester, sodium salt, Molecular probes B-6353) was dissolved in fresh 0.2 
MM sodium bicarbonate buffer (pH 8.3) at 20 mg/ml directly before use. Freshly 
harvestedd cells were washed by resuspension in 10 mM HEPES-buffer (N-2-
hydroxyethylpiperazine-N'-2-ethanesulfonicc acid), at pH 7.2, and were subsequent-
lyy centrifuged for 5 minutes at 8000 rpm. After two washing steps, the cell pellets 
weree resuspended in 0.2 M NaHCC>3 to a cell count of about 2*10" cells per ml. 
Thee reaction was started by adding 10-50 ul of biotin-XX-SSE solution to 1 ml of 
cell-suspensionn (equals 0.2 to 1.0 mg biotin-reagent). Incubation proceeded on ice 
forr a range of different time spans from 1 up to 30 minutes, while stirring in dim 
light.. At room temperature the specificity was slightly less (data not shown). The 
reactionn was quenched by addition of 1/100 volume of 0.1 M L-lysine in 1 M Tris-
bufferr at pH 7.4. The cells were pelleted, washed twice with 10 mM HEPES-
buffer,, and the pellet of the last centrifugation was resuspended in 10 mM HEPES 
forr subsequent cell breakage with Zirconium/glass beads (0.1 mm) in a Mini-bead-
beaterr (Biospec products). 
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Figuree 1. Structure of Biotin-XX-Sulfo-Succinimidyl Ester (Haugland 1998) 

CellCell fractionation: Sucrose density gradient ultra-centrifugation 
Sucrosee gradient ultra-centrifugation (Schnaitman 1970) allows separation of the 
threee different membrane systems of cyanobacteria (Omata and Murata 1984): thy-
lakoid,, plasma, and cell wall fractions (Schrader et al. 1981; Resch and Gibson 
1983;; Jiirgens et al. 1983). Cell wall fractions with outer membrane (Jilrgens and 
Weckesserr 1985) were purified by Triton-X-100 extraction (Schnaitman et al. 
1971;; Weckesser and Jiirgens 1988). Recently the sucrose gradient ultra-centrifu-
gationn method was combined with two-phase separation to get pure plasma and 
thylakoidd (Norling et al. 1998) and outer membranes (E Huang, personal commu-
nication).. The latter method was not available to us at the time this work was car-
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riedried out. A discontinuous gradient of sucrose solutions was made in 10 mM 
HEPES,, 6 mM EDTA, 12 mM NaCl, pH=7.2 (from bottom to top 1 ml of 90%, 1 
mll  80%, and 2 ml 55% (w/v) sucrose, in 17 ml clear polythene disposable ultra-
centrifugee tubes. Next, the cell extracts were loaded in 48% (w/v) sucrose, fol-
lowedd by 2 ml 45%, 1.5 ml 30%, and 1.5 ml of 10% (w/v) sucrose). The discontin-
uouss sucrose density gradients were centrifuged (Kontron Instruments, rotor type 
swingg out TST 41.14) at 18,000 rpm for 18 hours at 4°C. The bottom of the cen-
trifugee tubes was punctuated with a needle, connected to narrow gauge tubing 
mountedd in a peristaltic pump. Coloured fractions were collected in microfuge 
tubes.. To the cell wall fraction (in approximately 0.8 ml, 80% sucrose), 12 ml of 
200 mM HEPES, 2% Triton X-100, 10 mM MgCl2 (pH=8.0) was added. Samples 
weree incubated for 30 minutes at 23°C with stirring. Triton X-100 insoluble cell 
walll  fractions were collected by ultra-centrifugation for 1 hour at 40,000 rpm 
(Kontronn Instruments, fixed angle rotor TFT 65.13; 24,000 rpm, g max = 100 k). 
Sampless were suspended in 20 mM HEPES, 10 mM MgG2, pH=8.0 and dialysed 
twicee against this buffer to remove sucrose. Renewed centrifugation for 1 hour at 
40,0000 rpm (Kontron Instruments, fixed angle rotor TFT 65.13; 24,000 rpm) 
allowedd removal of Triton-X-100. The cell wall pellets were resuspended in 50 ul 
off  the same buffer and stored at -80°C. 

ProteinProtein separation and visualisation 
Wholee cell extracts and cell wall fractions were loaded onto a Tris-Tricine SDS-
polyacrylamidee gel (Schagger and von Jagow, 1987), and separated by elec-
trophoresiss in a BioRad mini-gel set-up. The amount of protein per cell varied in 
thee different growth conditions. Therefore we normalised the amount of sample for 
equall  cell numbers, and applied the equivalent of about one million cells on SDS-
PAGE.. For Western blotting (Towbin et al. 1979; Burnette 1981), proteins were 
transferredd onto PVDF-filter (Amersham Hybond-P, pre-wet in methanol) in 
Towbinn buffer supplemented with 0.1% SDS, for 30 minutes at 10V in a semi-dry 
transferr cell (Trans-Blot, BioRad). Following transfer the membranes were equili-
bratedd in phosphate buffered saline (PBS; 0.2 mM KH 2P04, 0.8 mM K 2HP04, 
1.88 mM NaCl). Membranes were blocked for 45 minutes in PBS (PBS-T) and 
5%,, and washed for two times 5 minutes in PBS-T. For detection of biotinylated 
proteins,, membranes blocked with 5% (w/v) skim milk were incubated for 1 hour 
att room temperature with 20 ng/ml streptavidin-horse radish peroxidase (HRP) 
polymerr in PBS containing 0.05% (v/v) Tween20 and 1% skim milk. For immuno-
logicall  detection, the blocked membranes were incubated for 1 hour at room tem-
peraturee with polyclonal antibody raised against PstS of the marine cyanobacteri-
umm Synechococcus sp. WH7803. To improve cross-reactivity, the polyclonal anti-
bodyy was affinity purified. The antibody was bound with the Synechocystis PstS 
onn excised pieces of Western blot and subsequently extracted according to Scanlan 
ett al. (1997). A dilution of 1:10,000 was used for primary antibody incubation (1 
hourr at room temperature). The secondary antibody, HRP-conjugated goat anti rab-
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bitt antibody (BioRad), was added as a 1:50,000 dilution in PBS-T and incubated 
forr 1 hour at room temperature. The membranes were developed at room tempera-
turee by incubation for 5 minutes with Western blotting detection system ECL+ 

(Amershamm Life Science RPN 2132), or the more sensitive SuperSignal West 
Femtoo maximum sensitivity substrate (Pierce). Exposure of the Western blots to 
autoradiographyy films (Kodak Biomax Light) typically took from 15 seconds up to 
300 minutes. Signal density was analysed on a gel-documentation system (Gel doc 
2000,, BioRad) with Quantity One software. 

ProteinProtein identification 
Thee amino-terminal sequence of PstS was determined via Edman-degradation 
(Edmann 1970). Proteins were cut out from Coomassie-stained PVDF membranes 
afterr electro-blotting in CAPS-buffer (Matsudaira 1987), and analysed on a Precise 
modell  494 sequencer (Applied Biosystems). The other proteins were identified by 
in-gell  proteolytic digestion, mass spectrometry, and database searching. In-gel 
digestionn of selected proteins was carried out by a protocol adapted from 
Shevchenkoo et al. (1996). Briefly, bands from Coomassie or silver stained gels 
weree excised, proteins were reduced with dithiothreitol (DTT) and S-alkylated 
withh iodoacetamide, and subsequently digested with trypsin (Roche). Peptides 
weree eluted with 20 mM NH4HCO3, loaded onto ZipTips (Millipore), washed 
withh 1% HCOOH, and eluted with 60% acetonitrile/1% HCOOH. 0.5 1̂ of eluate 
wass mixed with 0.5 u.1 of a-cyanohydroxysucciniminic acid (10mg/ml in 50% ace-
tonitrile// 50% ethanol) on a MALDI target plate. Reflectron MALDI-TOF spectra 
weree acquired on a TOFSPEC 2EC mass spectrometer (Micromass, Whytenshawe, 
U.K.).. Proteins were identified from the translated Cyanobase sequence database 
(http://www.kazusa.or.jp/cyano/)) release May 2002 using the ProteinProbe soft-
waree algorithm (Micromass). Molecular weights of the proteins were calculated 
accordingaccording to Bjellqvist et al. (1993). Homology searches were conducted with the 
BLASTT method (Altschul et al. 1990). 

DNADNA array 
Clonall  arrays with shearing fragments of the complete Synechocystis PCC6803 
genomee on nylon blots were, kindly made available by Dr. S. Tabata (Kazusa 
DNAA Research, Japan). All details on the preparation of RNA, the cleaning of 
cDNAA to select for mRNA encoded product only, blot hybridisation, phospho-
imagee and calculus will be presented elsewhere (Yeremenko et al., manuscript in 
prep.). . 

http://www.kazusa.or.jp/cyano/
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Result s s 

AlkalineAlkaline Phosphatase activity as a guide for pho regulon operation 
APP activity was taken as a guide for /?/?o-regulon related control of differential 
genee expression and protein synthesis. From empirical studies (not shown), it 
provedd optimal to collect representative Pj-deficient cells 5 days 0 h) after the 
inoculationn of a pre-culture in Pj-free BG11 (cf. Experimental Procedures). AP 
activityy in Pj-depleted Synechocystis cultures was 167 + 8 femtomoles p-

Nitrophenylphosphate.1066 cells"1.minute"1 (8 degrees of freedom (df), 95% confi-
dencee interval), and 15.5  1.1 femtomoles. 106 cells"1.minute"1 (9 df) in the cul-
turee supernatant after centrifugation. jO-Nitrophenylphosphate conversion in control 
culturess grown with excess phosphate after a similar time of culture was 0.9  1.3 
(22 df), and 0.63 0 femtomoles. 10̂  cells" ̂ minute"1 (7 df) in the culture super-
natant. . 

BiotinylationBiotinylation of peripheral proteins 

Too be in contact with the cell environment, proteins involved in Pj-uptake must be 
locatedd in the cell periphery. From that notion we pursued the search for inducible 
proteinss by chemical labelling of exposed lysine residues with NHS-biotin (Fig. 1). 
Thee reagent was selected for minimal penetration into the cytoplasm (Bradburne et 
al.. 1993), in order to limit the number of biotinylated proteins only to the easily 
accessiblee ones. The reaction time was optimised to negotiate between labelling 
specificityy and intensity, by quenching of the biotinylation reaction (biotin reagent 
concentrationn 1.0 mg  ml"1) at chosen intervals. P|-depleted and control cells were 
lysedd and processed for protein resolution in SDS-PAGE, followed by Western blot 
transfer,, decoration with avidin-peroxidase conjugate and luminescent detection 
(cf.. Experimental procedures; see Figure 2). 

B B feftfrfeftfr  : Ij^ ^  j ^ ^ | ^ ^  m^m M | 
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Timee (min) 

Figuree 2. Biotinylation time series (time in minutes) and proteolysis with proteinase K (P) 
off  intact Synechocystis cells, grown in nutrient replete (A) and Pj-depleted conditions (B). 
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Inn nutrient replete control cells one polypeptide with an apparent molecular weight 
(M w)) of 60 kDa was intensely labelled, this was a lot less pronounced in P-defi-
cientt cells. A polypeptide of 35 kDa showed intense labelling in Pj-limited cells, it 
lackedd completely in control cells. Other changes in expression at the protein level 
weree only marginal between Pj-limited and control cells, most prominently at 
aboutt 45 kDa, and at about 150 kDa. Additional changes occurred in the 65-90 
kDaa region. Without the help of biotinylation only the difference in expression of 
thee 35 kDa polypeptide would have been pronounced enough to be seen against a 
highh background of other polypeptides in Silver- or Sypro orange-stained gels of 
wholee cell extracts (results not shown). Separation of proteins from cells grown in 
nutrientt replete controls and Pj-depleting conditions allows comparison of expres-
sionn patterns. The nature of the labelled proteins differed between both types of 
cells.. A limited number of proteins were labelled in the biotinylation reaction, 
moree of them in the P-deficient than in the control cells. About 5 major and 20 
minorr cell-surface exposed proteins were visualised. Cells without biotin-reagent 
(Figuree 2, t = 0) proved absence of endogenous biotinylated polypeptides. 
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Figuree 3. Progress of the biotinylation reaction measured from chemiluminescent signal 
densitiess on the Western blots shown Figure 2. The panels show the average overall density 
inn the lanes (A), the most intensely labelled polypeptides in the Pj-depleted cells, which 
havee apparent sizes of 35 kDa (B), and 45 kDa (B), and the most intensely labelled 
polypeptidepolypeptide in the control cells with an apparent size of a 60 kDa (D). Closed triangles rep-
resentt the labelling intensity in Pj-depleted cells, and open circles represent the labelling 
intensityy in control cells. 
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Thee typical biotinylation rate and specificity of labelling from analysed gels led us 
too conclude that the reaction proceeded best on ice. On average the intensity for 
thee selected proteins reached an optimum in 20 to 30 min. Even after 30 minutes 
thee number of different proteins that were linked to the reagent remained fairly 
constant,, although non-specific background stain gradually increased (Figure 2). 
AA time course of biotinylation shows the gradual increase of total biotinylation of 
alll  bands (Figure 3 A) and of three selected bands, two up-regulated ones of 35 and 
455 kDa (Figure 3B,C) and a repressed one of 60 kDa (Figure 3D). Following a 
fastt first biotin label attachment progress was gradual for all bands observed. We 
concludedd to use a standard time of 30 min. 

PenetrationPenetration 'depth' of the reagent 

AA relation between the rate of label attachment and accessibility of the protein 
mightt exist. We monitored the extent of penetration of the biotinylation reagent in 
Pj-depletedd cells by applying a low biotin reagent concentration (0.2 mg/ml) and 
studiedd subsequently the digestion of exposed proteins on intact cells by trypsin 
andd proteinase K. The lower biotin reagent concentration only revealed the major 
exposedd proteins. The 35 kDa protein was the first to be labelled, followed by the 
455 kDa and a 90 kDa protein. These proteins were accessible from the outside as 
seenn from (partial) degradation by protease (Figure 4). Although the 35kDa band is 
thee most intensely biotinylated polypeptide, it was not readily accessible for tryptic 
digestion.. In vivo digestion of intact biotinylated cells with proteinase K demon-
stratedd high accessibility of the 150 kDa polypeptide (Table 1). 

Biotinylationn Proteolysis S i z e 
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Figuree 4. Biotinylation time series and proteolysis with trypsin (time in minutes, last lane 
overnight)) of intact Synechocystis cells, grown Pj-depleted conditions. 

BiotinylatedBiotinylated proteins in cell wall preparations of control and P-limited cells 

Wee fractionated broken cells by sucrose density ultra-centrifugation to reduce the 

overalll  background of proteins on gels in order to enhance secure identification. A 
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diffusee yellow/orange band in the 80% sucrose layer contained the cell wall frac-
tion.. In the Pj-depleted cultures this fraction was intensely coloured (brown) and 
extendedd into the 90% sucrose layer. The 35 kDa polypeptide emerged pro-
nouncedlyy on silver-stained SDS-Polyacrylamide gel with cell wall fractions of Pj-
depletedd Synechocystis cells, and not in control cells (not shown). The biotinyla-
tionn in sucrose gradient purified cell wall samples as judged from analysis of the 
bandingg pattern of proteins by SDS-PAGE and subsequent decoration of Western 
blotss with peroxidase linked streptavidin showed that bands visualised in the crude 
preparationss were mostly retained after the purification (Fig 5A and 5B respective-
ly).. A 45 kDa polypeptide repressed in Pj-limitation did not co-purify with the cell 
wall.. According to expectations, as carried on from whole cell extract results, the 
bandingg pattern of biotinylated proteins from Pj-depleted and control cell wall 
fractionss showed marked differences. Initial sequence information for the 35 kDa 
Pj-depletionn de-repressed protein was derived from N-terminal sequencing by 
Edman-degradation.. The amino-terminal end of this protein was comprised of the 
aminoo acid sequence GTLNGAG, sufficient to identify the protein as PstS 
(slrl247).. The N-terminus of the de-repressed 65 kDa protein was blocked. 
Identificationn of the 65 kDa-, and various other differentially expressed proteins, 
ass well as further confirmation for the identification of PstS was done by in-gel 
proteolyticc digestion followed by peptide mass fingerprinting and screening the 
resultantt mass spectra against the translated Cyanobase. Table 1 lists the major dif-
ferentiallyy expressed proteins: PstS (slrl247), PhoA (sll0654), and an outer mem-
branee porin homologue of 65 kDa (sir 1841) that were derepressed. A 60 kDa outer 
membranee porin homologue (sir 1908) was repressed by Pj-depletion. 

Tablee 1. Identified cell wall bound proteins involved in high affinity phosphate uptake. 

Apparentt Calculated Cyanobase Protein function Protein Expression In situ 
Mw(kDa)) Mw(kDa) gene nr. name (Pj-depleted) digestion* 

1500 149.4 sll0654 Alkaline phosphatase PhoA + 99.4% 
655 67.6 slrl 841 Outer membrane porin Som A - 39.4% 
600 64.5 slrl 908 Outer membrane porin SomB - 21.9% 
355 35.3 slrl 247 P,-binding protein PstS ++ 18.2% 

**  Surface accessibility for digestion by proteinase K. Intact biotinylated cells were incubated with pro-

teinasee K for 30 minutes. Digestion of the biotinylated proteins was analysed on Western blot with 

horseradishh peroxidase conjugated streptavidin. 

PhoPho regulon controlled proteins PstS in replete and P-deficient 
Synechocystis:Synechocystis: Results from Western analysis approaches 

Immuno-decorationn with an affinity-purified polyclonal antibody raised against 

PstSS of the marine cyanobacterium Synechococcus sp. WH7803 (Scanlan et al. 

1997)) rendered independent proof for PstS presence (Figure 5C and 5D). Cross-
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reactivityy occurred in four distinct bands in the cell homogenate from the control 
andd P-replete cells (Fig 5C). In addition to the mature protein in the cell wall of Pj-
depletedd cells, a polypeptide with slightly higher mass (protein plus leader 
sequence)) and two polypeptides with lower apparent molecular mass (breakdown 
productss from redundant gene product) were present in control cells. The absence 
off  the protein with leader-sequence and the breakdown products indicates func-
tionall  use of PstS protein in the Pj-depleted cells. No incorporation of PstS protein 
intoo the cell wall was observed in control samples. 

D D 
+ + 

Figuree 5. Western blot analysis of cell homogenates (A and C) and cell walls (B and D). 
Detectionn of biotinylated proteins with horseradish peroxidase conjugated streptavidin (A 
andd B), and unlabelled proteins by immunological staining with an affinity-purified poly-
clonall  antibody raised against PstS of the marine cyanobacterium Synechococcus sp. 
WH78033 (Scanlan et al. 1997) (C and D). 

ConsequencesConsequences of P/-deficiency: de-repression of gene expression, 

analysisanalysis of relative mRNA abundance by gene array analysis 

Expressionn levels of potential pho regulon components at the mRNA level are pre-
sentedd in Table 2. The pst-opswn 1 (sir 1247-50) was specifically de-repressed in 
thee Pj-depleted conditions, in agreement with the results from the protein analysis 
inn this study. The specificity was confirmed; additional experiments showed that 
thee 35 kDa biotinylated protein in the Pj-depleted Synechocystis cells was absent 
inn nitrate-depleted cells (results not shown). Expression levels of the /w/-operon2 
(sll0679-83)) were also increased in Pj-depletion, but this was not unique for these 
conditions.. The pst-operon2 was also expressed in nitrate-depletion and salt-stress 
(Yeremenkoo et al., manuscript in preparation). An additional open reading frame 
withh homology to pstS, sll0540, showed increased expression levels in the Pj-
depletedd conditions. De-repression of pho A was not apparently differentiated 
betweenn control and Pj-depleted cells from the DNA arrays, neither seemed the 
expressionn of the outer membrane porin gene slrl841 to be affected. Repression of 
thee outer membrane porin slrl908, however, was clearly shown by the DNA array. 

PhoA A 

Porinss + 

PstSS •*• 
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Strongg de-repression was also observed for the gene sir 1622, encoding a cytoplas-

micc soluble inorganic pyrophosphatase. Changes seemed to take place in the 

expressionn levels of regulatory proteins for the pho regulon. However, the data 

supportingg these changes did not reach acceptable significance levels (Yeremenko 

ett al., manuscript in preparation). 

Tablee 2. Differential expression levels of mRNA from genes encoding proteins involved in 
Pj-incorporationn in Synechocystis sp. PCC 6803. 

Gene e 
nr. . 

Function n Protein n 
name e 

PstS S 
PstC C 
PstA A 
PstB B 

SphX X 
PstS S 
PstC C 
PstA A 
PstB B 
PstB B 

Size e 
(aa) ) 

333 3 
328 8 
290 0 
271 1 

336 6 
383 3 
317 7 
287 7 
269 9 
266 6 

Expressionn level* 
Control l 

6 6 
8 8 
8 8 
4 4 

4 4 
5 5 
3 3 

5 5 
6 6 
5 5 

Pj-depleted d 

7 7 
5 5 
5 5 

7 7 

0 0 
5 5 

7 7 
5 5 

5 5 
4 4 

** * 

++ ++ 
++ + 
++ + 
++ + 

++ + 
++ + 
++ + 
++ + 
++ + 
-H--

pst-operonl pst-operonl 
sirr 1247 Periplasmic P,-binding protein 
slrl2488 Pj transport system permease 
sirr 1249 Pi transport system permease 
slrl2500 ATP-binding protein 

psf-operon2 2 
sll06799 Pj-binding protein precursor 
sll06800 P,-binding protein precursor 
SÜ06811 Pi transport system permease 
SÜ06822 P, transport system permease 
sll06833 ATP-binding protein 
SÜ06844 ATP-binding protein 

Additiona ll  Pi-binding protein homologue 
SÜ05400 Putative Pj-binding protein 307 7 3 3 3 3 

Putativee pore-forming proteins 
sirr 1841 
sirr 1908 
slr0042 2 
sll0772 2 
silll  550 
slll271 1 
slrl272 2 

Outerr membrane porin 
Outerr membrane porin 
Outerr membrane porin 
Outerr membrane porin 
Outerr membrane porin 
Outerr membrane porin 
SLH** **  containing protein 

Phosphatases s 
SÜ0654 4 
SU0222 2 
sirr 1622 
silll  546 

Extracellularr alkaline phosphatase 
Putativee purple acid phosphatase 
Solublee inorganic pyrophosphatase 
Exopolyphosphatase e 

Regulatoryy proteins of the pho regulon 
SÜ0337 7 
slr0081 1 
slr0741 1 

Sensoryy kinase 
Responsee regulator 
Regulatoryy inhibitor 

SomA A 
SomB B 
SomC C 
SomD D 
SomE E 
SomF F 

PhoA A 

Ppa a 
Ppx x 

SphS S 
SphR R 
PhoU U 

630 0 
591 1 
576 6 
546 6 
544 4 
572 2 
254 4 

1409 9 
326 6 
233 3 
540 0 

430 0 
262 2 
224 4 

4 4 
47.7Ü.6 6 

7 7 
4 4 
5 5 
5 5 

6 6 

8 8 
3 3 
1 1 
1 1 

2 2 
4 4 
1 1 

4 4 
5 5 
0 0 
3 3 
4 4 
9 9 
3 3 

4 4 
3 3 
5 5 
1 1 

7 7 
4 4 
1 1 

+ + 
--
0 0 
0 0 
0 0 
~ ~ 
--

0 0 
0 0 

++ + 
0 0 

--
++ + 

--

**  Data expressed as percentage of total signal multiplied by 1000 (average  standard deviation of three 

independentt experiments) 
***  Qualitative interpretation of change in expression levels in Pi-depleted cells relative to controls with 
excesss nutrients (0: no change, +: probable increase, ++: significant increase, -: probable decrease, --: 

significantt decrease) 
***SLH :: surface layer homology domain 
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Discussio n n 

Pj-deficiencyy forces cells to differentiate gene expression. In an overall analysis 
severall  hundreds of the 3167 genes in Synechocystis showed very specific or less 
specificc up-regulation or down-regulation (Yeremenko et al., manuscript in prepa-
ration).. Many of those regulated genes have been annotated in Cyanobase as 
'hypotheticall  protein'. A full survey of stress induced changes in gene expression 
eventuallyy requires evaluation of the protein counterpart in which the localisation 
off  proteins in the cell may help to assign functional annotation. 
Inn this work, we have targeted lysine residues accessible from the outside of intact 
controll  and Pj-deficient Synechocystis cells, by covalent bonding to a specific 
agentt with a coupled biotin molecule. The latter served as an easy guide to recog-
nisee the labelled lysine residues in proteins after SDS-PAGE separation from bro-
kenn cell preparations. The biotinylation of surface exposed proteins on intact 
SynechocystisSynechocystis cells and detection with a chemiluminescent method greatly 
enhancedd the visibility of low-abundance proteins in the cell envelopes. The 
labellingg intensity, measured as signal density from Western blots, increased over 
time.. We also observed an increase in background staining, which could not be 
attributedd to specific polypeptides. With a low concentration of labelling agent, 
additionall  polypeptides were labelled during the experiment. This indicates that 
penetrationn of label into additional cell compartments took place within the time-
framee of the experiment. More proteins were found to be labelled before sucrose 
gradientt centrifugation when compared to the situation after purification. 
Differentiall  label incorporation reflects the adaptability of the cell envelope in 
adversee conditions. Depletion of Pj urges the cells to synthesize more proteins in 
thee cell envelope that are in contact with the external medium. The increased reso-
lutionn in the sucrose gradient fractions rendered clearer expression patterns. One 
proteinn of about 60 kDa was repressed in the Pj-depleted conditions, and proteins 
withh estimated masses of 35, 65, 90 and 150 kDa were derepressed. The identity of 
aa number of proteins was deduced from the sequence information in CyanoBase. 
Thesee proteins are specifically expressed under P-deficiency, and functionally con-
tributee to Pj-accumulation. 

ExpressionExpression of Pj-binding protein PstS 
Pj-bindingg proteins are involved in facilitating the diffusion of Pj into the 

periplasmm at low external concentrations by tightly binding Pj and delivering it to 

thee cytoplasmic membrane transporter. Pj-binding protein PstS (slrl247) had a 

veryy high accessibility for biotinylation in intact cells (Figures 1 and 3), but was 

nott readily accessible for proteinase K (Table 1) or trypsin digestion (Figure 4). 

Thee labelling development of PstS showed some interesting characteristics (Figure 
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1).. The polypeptide band widened, and shifted to a higher apparent molecular 
weight.. This can be explained by progressive labelling of additional residual lysine 
sitess on the protein, each biotin moiety adding an extra 0.47 kDa. PstS was at least 
partiallyy co-purified with the cell wall (Figure 5). These results suggest that PstS is 
aa periplasmic protein that is associated with the cell wall. 

Thee marine cyanobacterium Synechococcus sp. WH7803 induces a cell wall asso-
ciatedd polypeptide with apparent molecular weight of 32 kDa (Scanlan et al. 1993; 
Mannn and Scanlan 1994) that is homologous to the E. coli periplasmic Pj-binding 
proteinn (Carr and Mann 1994). These authors detected no pstS gene homologues in 
freshwaterr cyanobacterial strains, and no immunological cross-reactivity with anti-
PstSS polyclonal antibodies against the marine cyanobacterium Synechococcus sp. 
WH7803.. In contrast to these findings, we now show clear cross-reactivity with 
thee anti-PstS polyclonal antibodies in Synechocystis sp. PCC 6803 after affinity 
purification.. Cross-reactivity was also detected in Synechococcus elongatus PCC 
79422 and Prochlorothrix hollandica PCC 9006 (unpublished results). The occur-
rencee of four distinct bands with anti-PstS cross-reactivity in the cell homogenate 
fromm the control Synechocystis cells (Figure 6C) could be explained as follows. In 
additionn to a low level of the mature protein that is seen in the cell wall of P{-
depletedd cells, a PstS protein precursor with slightly higher apparent molecular 
masss might have been present in the control cells. Calculation of the size of the 
leaderr sequence (2.8 kDa) from the experimentally determined N-terminus agrees 
withh this difference in apparent molecular weight. The two bands in the 
homogenatee of control cells with lower apparent molecular mass are possibly 
breakdownn products. Much less turnover was observed in the Pj-depleted cells, 
andd PstS is quantitatively exported to the cell envelope (Figure 6D). No incorpora-
tionn of PstS protein into the cell wall was observed in P-replete samples (Figure 
6D).. From these findings we conclude that the expression level of PstS is regulat-
edd at the transcriptional level (de-repression) as well as post-transcriptional level 
(transportt and digestion). 

Twoo complete pst-operons with Pj-specific ABC-transporter and matching Pj-bind-
ingg proteins are encoded in the Synechocystis genome (Kaneko et al. 1996). The 
slrl247-12500 operon contains the pstS gene encoding the cell wall associated and 
biotinylationn accessible Pj-binding protein identified in the present work. It is 
interestingg to note that the sll0679-sll0684 operon has two genes encoding putative 
Pj-bindingg proteins; the sll0679 gene encodes a homologue to the Synechococcus 
SphX-typee Pj-binding protein (Scanlan et al. 1993; Mann and Scanlan 1994), and 
thee sll0680 gene encodes a PstS homologue. Our results show that the sir 1247-
12500 region encodes the primary pst-operon under specific Pj-control. The 
sll0679-sll06844 operon is expressed in several other stress conditions (Yeremenko 
ett al. manuscript in preparation). An additional putative Pj-binding protein, 
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sll0540,, shows an increased expression level in Pj-depleted conditions (Table 2). 

Nonee of these Pj-binding proteins were retrieved by our protein analysis. The pres-

encee of tandem high affinity Pj-uptake systems is an important difference with the 

situationn in Enterobacteria, which possess distinct Pj-uptake systems (Rosenberg et 

all  1977; Willsky and Malamy 1980; Harris et al. 2001). The Pit-system with low 

affinityy for Pj is not found in Synechocystis by BLAST similarity search (Altschul 

ett al. 1990). Instead, Synechocystis has two different high affinity uptake systems, 

off  which one is specifically derepressed in P-depletion. The other system seems to 

bee regulated by a more general response. 

ExpressionExpression of alkaline phosphatase PhoA 
Alkalinee Phosphatase (AP) enzymes have an important function in the recycling of 

organicallyy bound P in aquatic systems (e.g. Siuda 1984; Jansson et al. 1988). The 

increasedd expression levels of this type of enzyme in bacteria experiencing a short-

agee of Pj have long been known (Horiuchi et al. 1959), but are not a common 

propertyy of all microorganisms (Kuo and Blumenthal 1961). The usefulness of AP 

activityy as a test for conditions of P-deficiency for cyanobacteria and other aquatic 

phototrophss was also recognized early (Fitzgerald and Nelson 1966). In early liter-

aturee ample attention was paid to the location of AP. The cell-bound AP is found in 

thee periplasmic space or firmly attached to the outer surface of the cell wall. The 

sheathh may act as a secondary location for AP activity. At least a portion of the 

enzymee is excreted into the surroundings. In the cyanobacterium Plectonema 

boryanumboryanum AP activity is located in the periplasmic space, no activity was found in 

culturee supernatant. Anabaena variabilis excretes small amounts of AP into the 

mediumm after five days in Pj-free medium (Doonan and Jensen 1977). 

CoccochlorisCoccochloris peniocytis (an unicellular coccoid) shows strong constitutive AP 

activityy of cell-bound enzyme but also excretes it into the medium. Anabaena 

cilindricacilindrica shows AP activity firmly bound to the cell that is increased sevenfold in 

Pj-depletedd conditions, and Oscillatoria woronichinii excretes small amounts of 

APP in Pj-depleted conditions (Doonan and Jensen 1980). AP activity measurements 

showedd that both Synechocystis and Synechococcus elongatus PCC 7942 (results 

nott shown) excrete about 10% of AP into the medium; thus most of the enzyme is 

boundd to the cells. Derepression of AP activity at low Pj-concentrations is well 

knownn for Synechococcus sp. (Ihlenfeldt and Gibson 1975). The enzyme responsi-

blee for the increased activity was identified to be a 145-kDa protein (Block and 

Grossmann 1988). Although this enzyme shows littl e sequence similarity with the 

E.coliE.coli AP, it was called PhoA in analogy (Ray et al. 1991). The enzyme is located 

inn the periplasm or loosely bound to the cell wall (Block and Grossman 1988). 

SynechococcusSynechococcus contains a second, but constitutive AP of 61.3 kDa, designated 

PhoVV (Wagner et al. 1995). Recently the increased transcription of a Synechocystis 
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genee (sll0654) was described, encoding an AP homologue to the Synechococcus 

PhoAA (Hirani et al. 2001). Transcription of the other two genes potentially encod-

ingg AP (sll0222 and slr0509) enzymes was not detected in that study by Northern 

analysiss under the conditions used (0 or 2.24 uM K2PO4; Aiba et al. 1993). 

Expressionn levels of mRNA for the potential AP-encoding genes did not increase 

inn Pj-depleted cells. However, both AP activity measurements and identification of 

thee 150 kDa protein as PhoA (sll0654), which is absent in control conditions, 

stronglyy suggest its derepression. The lack of response in the DNA array is proba-

blyy an artefact, resulting from the strong repression of the neighbouring extracellu-

larr nuclease (sll0656), represented in the same clones (Yeremenko et al. manu-

scriptt in preparation). 

ExpressionExpression of outer membrane porins SomA and SomB 

Pore-formingg proteins are the major polypeptides in the outer membrane of gram-

negativee bacteria. They facilitate diffusion of molecules with a relative molecular 

masss of about 600, and are essential for the molecular sieving properties of the cell 

wall.. These proteins, referred to as porins, form stable trimeric channels with an 

apparentt molecular mass of 100 kDa in Enterobacteria (Engel et al. 1985). In addi-

tionn to the major, non-specific porins OmpF and OmpC, E. coli and several other 

Enterobacteriaa induce an anion-selective porin in Pj-deficient conditions 

(Overbeekee and Lugtenberg 1980; Bauer et al. 1985; 1988). This porin (PhoE) is 

partt of the pho regulon in E. coli (Rao and Torriani 1990). A different type of Pj-

deficiencyy inducible outer membrane porins, larger than enterobacterial porins 

(aboutt 48 kDa), is found in the Pseudomonads (Poole and Hancock 1986; Hancock 

ett al. 1990; Leopold et al. 1997). This class of porins is represented by the Pj-

selectivee porin OprP of Pseudomonas aeruginosa (Hancock et al. 1982; Siehnel et 

al.. 1990). Whereas PhoE is only weakly anion-selective, OprP is very strongly 

selectivee for ?x over other anions, due to a Pj-binding site in the channel involving 

threee lysine residues (Hancock et al. 1990). In addition, P. aeruginosa possesses a 

polyphosphate-selectivee porin, OprO (Siehnel et al. 1992). 

Polypeptidee patterns of the outer membranes of several Synechococcus strains are 

dominatedd by two proteins with very similar apparent molecular weights of about 

522 k (Resch and Gibson 1983; Scanlan et al. 1989). The polypeptide patterns of 

celll  wall fractions and isolated outer membranes of Synechocystis PCC 6714 are 

dominatedd by two proteins with apparent molecular weight of 61 k and 67 k 

(Jürgenss et al. 1985; Jürgens and Weckesser 1985). A protein fraction (40-80 kDa) 

fromm the outer membrane of Anabaena variabilis showed pore-forming activity 

(Benzz and Böhme 1985). Thus, the cyanobacterial major outer membrane proteins 

havee a higher apparent molecular weight (50-70 k) than those of most heterotroph-

icc bacteria (30-40 k) (Hoiczyk and Hansel 2000). The two major porins of 
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SynechococcusSynechococcus sp. PCC 6301 were characterized (Hansel et al. 1994; Hansel and 

Tadross 1998) and sequenced (Hansel et al. 1998). These proteins closely migrate at 

aboutt 52 kDa and were called SomA and SomB, after the Synechococcus elonga-

testes PCC 7942 homologue SomA, which was sequenced earlier (Umeda et al. 

1996),, but not recognized as a porin at the time. The presence of a Pj-regulated 

porinn in Synechococcus elongatus PCC 7942 was suggested, because of the 

appearancee of a 32 kDa polypeptide in Pj-depleted cultures (Scanlan et al. 1989). 

Withh the current knowledge, this seems rather small for a cyanobacterial porin, and 

itt is more likely to have been a co-purified Pj-binding protein. The presence of 

multiplee genes encoding outer membrane porins in Synechocystis (Hansel et al. 

1998;; Engelhardt and Peters 1998) invokes questions about their function and 

expression.. Recently, Sauer et al. (2001) have reported the accumulation of the 

porinss SomA and SomB in Synechococcus due to increased expression following 

nitrogen-depletion.. In this contribution, we report the differential expression in Pj-

deficientt conditions of two porins in Synechocystis, sir 1841 and sir 1908. Specific 

regulationn of expression of the major outer membrane porins in cyanobacteria 

probablyy optimises the permeability of the cells for anionic nutrients. 
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Abstrac t t 

Thee cell surface of Synechocystis sp. PCC 6803 has been studied by biotinylation 

off  intact cells and subsequent fractionation of protein pools from phosphate replete 

andd phosphate depleted cultures. The purpose is to determine the location and 

expressionn patterns of those protein components that might contribute to the recog-

nitionn of a typical signature for the 'Prevailing Insufficient Nutrient' (PIN). A num-

berr of suitable proteins have previously been identified in the cell wall domain. 

Thee selection comprises components of the /?&o-regulon and a typical porin for 

phosphatee uptake. The topology of the latter revealed the occurrence of 16 [} -

strandss to form a barrel in the outer membrane. Putative cell-surface exposed epi-

topess could serve as a signature domain for this marker protein. Regulatory pat-

ternss of expression of proteins under control of phosphate availability are dis-

cussed. . 

Keywords:Keywords: cell surface, cyanobacteria, /?Ao-regulon, porins 
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Introductio n n 

Diagnosticc tools that report on the prevailing insufficient nutrient (PEN) would 

improvee understanding of the growth of cyanobacteria in their natural environ-

ment.. Design of such tools could make use of the response that these organisms 

themselvess show to environmental changes. This requires thorough investigation 

off  specifically induced markers on a molecular level. Proteins of which the expres-

sionn is a direct function of growth conditions provide a method for selective 

labellingg of cells. Presence or absence of such a protein target for specific labelling 

ass a function of the growth conditions can be used to report the cells' physiological 

appreciationn of for example phosphorous (P) availability (Jochem 2000; Beardall 

ett al. 2001). In adaptation to nutritional changes, cells must coordinate major 

changess in the rates of transcription, translation, and replication, as well as make 

choicess in the genes expressed (Kolter et al. 1993). Understanding the location, 

topology,, and regulatory pattern of a putative diagnostic molecular marker are 

majorr prerequisites for assessing its potential use. These factors determine the 

accessibilityy of-parts of- the proteins to labelling, and the conditions under which 

theyy are expressed (e.g. is it a general or a specific response). Furthermore, under-

standingg the regulatory function gives insight in the type of environmental signal 

thatt is involved (e.g. internal or external signal). 

Cell-surfacee exposed proteins provide good targets for cell decoration, for the 

labellingg of these is non-intrusive. Decorating intact phytoplankton cells to reveal 

theirr P-status requires for example antibodies (e.g. Graziano et al. 1996; Scanlan et 

al.. 1997; La Roche et al. 1999), labelling reagents that target cell-surface exposed 

aminoo acid residues (Dyhrman and Palenik 1997; this thesis, chapter 3 ), or enzy-

maticc assays (Gonzalez-Gil 1998; Rengefors et al. 2001; this thesis, chapter 5 and 

6).. The amino acid sequence of proteins constitutes the primary structure in which 

informationn for the secondary structure (protein folding) and the tertiary structure 

(three-dimensionall  structure) is embedded. Sequence information derived from the 

publishedd genome sequence of Symchocystis sp. PCC 6803 (hereafter referred to 

ass Synechocystis) can therefore serve as a starting point for selection of surface 

structuress (epitopes) of proteins of interest (Kaneko et al. 1996). 

Labellingg intact cells with a lysine-reactive biotinylation agent (Bradburne et al. 

1995)) on the one hand reports on the accessibility and location of proteins for the 

reagentt and on the other hand allows identification of the proteins in which the 

labelledd amino acid was present. In a previous publication, we have labelled and 

identifiedd cell-surface accessible proteins from intact Synechocystis cells that were 

underr control of P-availability (this thesis, Chapter 3). The specific adaptation of 

SynechocystisSynechocystis to deficiency of inorganic phosphate (Pj) was shown to involve 

derepressionn of components of the ̂ /?o-regulon, encoding a high-affinity Pj-uptake 
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systemm (Pst-system), regulatory proteins, and co-regulated alkaline phosphatase 
(AP).. Two components of the /?/?o-regulon (Pj-binding protein PstS and alkaline 
phosphatasee PhoA) were accessible for cell-surface biotinylation (this thesis, 
Chapterr 3). Both of these types of proteins have served as targets for immuno-dec-
orationn for detecting the P-status in phytoplankton (Graziano et al. 1996; Scanlan 
etal.. 1997). 

Thee first step in high-affinity Pj-uptake involves facilitated diffusion of Pj through 
poress in the outer membrane. The nucleotide sequence (Overbeeke et al. 1983), 
andd crystal structure (Cowan et al. 1992) of the E. coli P ̂ -selective outer mem-
branee porin PhoE are known. PhoE contains cell-surface exposed loops, which can 
bee immunologically detected in intact cells (Van der Ley et al. 1985; Agterberg et 
al.. 1989). The selectivity of PhoE towards phosphate and other strong anions 
involvess attraction of the ions with more or less surface exposed key lysine 
residuess (Hancock et al. 1986; Bauer et al. 1988; Bauer et al. 1989), making this 
proteinn potentially liable to surface biotinylation. Outer membrane proteins have 
servedd as targets for detection in intact cells before. For example, surface-exposed 
epitopess of outer membrane protein F of Pseudomonas aeruginosa have been 
immuno-decoratedd and analysed in a flow cytometer (Hughes et al. 1996). 
Moreover,, an outer membrane protein of Pseudomonas fluorescence Agl has been 
usedused as a Pj-starvation marker (Leopold et al. 1997). These findings underline the 
relevancee of outer membrane proteins as potential cell-surface markers for the P-
status.. Unfortunately, no homologue to PhoE was found in the Synechocystis 

genomee database ('Cyanobase' (http://www.kazusa.or.jp/cyano/); Kaneko et al. 
1996),, using the BLAST algorithm (Altschul et al. 1990). Owing to the efforts of 
Hansell  and colleagues, who characterised (Hansel et al. 1994) and sequenced 
(Hansell  and Tadros 1998) the first cyanobacterial porins, SomAand SomB, in 
SynechococcusSynechococcus PCC 6301, six open reading frames have been annotated as porins 
inn Cyanobase. A SomA homologue from Synechococcus elongatus PCC 7942 
homologue,, had been sequenced earlier (Umeda et al. 1996), but was not recog-
nizedd as being an outer membrane porin at the time. Two of the putative major 
outerr membrane porins homologues in the Synechocystis genome were found to be 
underr control of P^-avai lability, and were accessible for cell-surface biotinylation 
(thiss thesis, Chapter 3). 

Heree we examine the location of proteins in the cell envelope by biochemical 
analysiss of the distribution of biotinylated proteins in different cell fractions. A 
comparisonn is made with the expression pattern in Synechococcus elongatus PCC 
7942,, for which the P-uptake system has been more extensively studied. We dis-
cusss how the amino acid sequences of previously identified proteins offer insight 
intoo the structure and location of these proteins, with reference to the prediction of 
cell-surfacee exposed epitopes. 

http://www.kazusa.or.jp/cyano/
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Usingg the latest developments in porin structure prediction (Diederichs et al. 1998; 

Jacobonii  et al. 2001; Rodriguez-Maranón et al. 2002; Chen and Rost 2002), we 

havee found clear indications for a conformation with 8 surface loops, and 16 f} -

strands.. The contrast with the topology model for SomA and SomB presented by 

Hansell  et al. (1998), proposing a 14 ̂ -strand barrel, prompted us to publish our 

findingss in the present contribution. Finally, aspects of regulation of expression of 

proteinss that are involved in specific and general responses to P-limitation will be 

presented. . 

Experimenta ll  procedure s 

SDS-PAGE SDS-PAGE 
Proteinss were separated on Tris-Tricine SDS-polyacrylamide gels (Schagger and 
vonn Jagow, 1987) in a BioRad mini-gel set-up. For Western blotting, proteins were 
transferredd onto PVDF-filter (Amersham Hybond-P, pre-wet in methanol) in 
Towbinn buffer supplemented with 0.1% SDS, for 30 minutes at 10V in a semi-dry 
transferr cell (Trans-Blot, BioRad). Proteins were visualized with the sensitive pro-
teinn stain SYPRO Ruby {Molecular Probes). 

Biotin-labellingBiotin-labelling of cell-surface exposed proteins 
Biotinylationn and detection of cell-surface exposed proteins was carried out as 
specifiedd in chapter 3 of this thesis. Biotinylated proteins were retrieved from 
Triton-X-extracts,, by incubating the samples with streptavidin-coated magnetic 
beadss (M280; Dynal). After washing, the biotinylated proteins were eluted from 
thee beads with SDS-PAGE sample buffer (3 minutes, 95 °C), and the beads were 
removedd by centrifugation while the samples were still hot. 

Two-dimensionalTwo-dimensional gel electrophoresis 
Biotinylatedd Synechocystis cells were lysed and centrifuged. Proteins were extract-
edd by differential solubihsation (Molloy et al. 1998). The soluble proteins in the 
supernatantt were precipitated with 10% (v/v) trichloro-acetic acid and 20 mM 
dithiothreitoll  (DTT) in aceton (20 minutes at -80 °C). The precipitate was washed 
twicee with aceton, dried, and resuspended in lysis buffer (8 M urea, 40 mM Tris-
Cl,, 10 mM DTT, and 4% (w/v) CHAPS). The insoluble pellet was extracted with a 
combinationn of various detergents and chaotropes (Rabilloud et al. 1997): 7 M 
urea,, 2 M thiourea (Rabilloud 1998), 40 mM Tris-Cl, 2 mM tributyl phosphine 
(Herbertt et al. 1998), 2% (w/v) CHAPS, 1% (w/v) LDAO, and 0. 2% (w/v) lauryl-
maltoside.. The proteins in these three fractions were first separated by isoelectric 
focusingg (IPG pH 3-10, BioRad). The strips were loaded onto SDS-polyacrylamide 
gels,, and electroforesis took place as described above. 
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ImmunologicalImmunological detection 
Blockedd membranes were incubated for 1 hour at room temperature with affinity 
purifiedd polyclonal antibody raised against PstS of the marine cyanobacterium 
SynechococcusSynechococcus sp. WH7803 (this thesis, chapter 3). Detection took place by bind-
ingg with HRP-conjugated goat anti rabbit antibody (BioRad), and developing with 
SuperSignall  West Femto maximum sensitivity substrate (Pierce). 

SequenceSequence analysis 
Proteinn sequences were retrieved from translated genome sequence databases for 
SynechocystisSynechocystis sp. PCC 6803 (Kaneko et al. 1996), Anabaena sp. PCC 7120 
(Kanekoo et al. 2001), and Thermosynechococcus elongatus BP-1 (Nakamura et al 
2002),, which are all available on the Cyanobase sequence database 
(http://www.kazusa.or.jp/cyano/,, release May 2002). Molecular weights of the pro-
teinss were calculated according to Bjellqvist et al. (1993). Homology searches 
weree conducted with the BLAST algorithm (Altschul et al. 1990). Multiple 
sequencee alignments were done with ClustalW (Thompson et al. 1994), and cor-
rectedd by hand. Signal peptides were predicted with SignalP (Nielsen et al. 1997). 
Outerr membrane-spanning regions were predicted with the algorithm developed by 
SchirmerSchirmer and Cowan (1993), which calculates the mean hydrophobicity of one 
sidee of a putative (3-strand by taking the average of the hydrophobic indices of 
everyy second residue within a sliding window of four. To improve the signal-to-
noise-ratio,, the algorithm accounts for the band of aromatic residues in flanking 
positionss of the p-strands by assigning an arbitrarily increased hydrophobicity 
indexx for aromatic residues in these flanking positions. A complementary predic-
tionn of the porin topology was carried out by an artificial neural network 
(Diederichss et al. 1998). Putative epitopes were predicted from hydrophilicity plots 
(Hoppp and Woods 1981; Parker et al. 1986). 

DNADNA array 
Al ll  details on the preparation of RNA, the cleaning of cDNA to select for mRNA 
encodedd product only, blot hybridisation, phospho-image and calculus will be pre-
sentedd elsewhere (Yeremenko et al, manuscript in prep.). 

http://www.kazusa.or.jp/cyano/
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Result ss  and discussio n 

Locationn of biotinylated proteins in the cyanobacterial cell 
envelope e 

InventoryInventory of the location of biotinylated proteins 

Inn order to study the location of cell envelope proteins that are under control of the 
Pj-availabilityy we applied biochemical methods to extract cell envelope layers 
fromm biotinylated cells. Whole cell homogenates of Pj-replete and Pj-depleted cells 
showedd a complex pattern of proteins in SDS-PAGE (Fig. 1). Of these proteins, 
onlyy a few were biotinylated (Fig. IB, lanes 1 and 2). 

Figuree 1. Purification of biotinylated proteins with streptavidin-coated magnetic beads 
(M280).. Panel A shows an inverted image of a Sypro-orange stained gel, panel B shows a 
visualizationn of biotinylated proteins, electro-blotted from the same gel. Lanes 1 and 2 con-
tainn cell homogenates, lanes 3 and 4 Streptavidin-coated bead extracts, and lanes 5 and 6 
Triton-XX insoluble fraction. Odd numbers represent control cells, whereas even numbers 
representt Pj-depleted cells. 

Thee major biotinylated proteins in the whole cell homogenate had apparent sizes 
off  65 kDa (up-regulated), 60 kDa (down-regulated), 45 kDa (up-regulated), and 35 
kDaa (up-regulated); the regulation refers to the intensity of the biotin-avidin com-
plexx signal of proteins from Pj-depleted cells versus those from Pj-replete cells. 
Thee 65 and 60 kDa proteins, membrane porins sir 1841 and slrl908 respectively 
(Chapterr 3, this thesis) co-purified with the cell wall fraction, the abundance of 
thesee proteins rendered clear evidence for their presence in isolated cell wall frac-
tionss with the sensitive general protein stain Sypro-orange. The 45 kDa protein, a 
loww abundance inducible protein of which the identity remained concealed, was 
retainedd in the cell wall fraction as well. The 35 kDa protein was identified as the 
periplasmicc Pj-binding protein PstS (slrl247). Both 45 and 35 kDa were only very 
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faintlyy visible in whole cell homogenates. These experiments show that the 

biotinylationn technique provides a sensitive method to label cells from the exterior 

andd that part of the proteins to which label attaches can be isolated with the cell 

wall.. The likeliness for permeation of the biotinylation agent to the periplasmic 

spacee followed from the labelling of the PstS protein. Excessive penetration of the 

labell  into the cytoplasm seems unlikely. 

Too extract membrane fractions we treated intact biotinylated cells with Triton-X-

100.. The Triton-X-100-insoluble fractions (Fig. 1) displayed mostly similar protein 

bandingg patterns as the whole cell homogenates (not shown). However, the 60 and 

455 kDa biotinylated proteins, were in part removed from the Triton-X-insoluble 

fractions.. To specifically retrieve the biotinylated proteins from the Triton-X-

extracts,, we mixed the samples with streptavidin-coated magnetic beads. As the 

originall  extracts had a very low protein concentration (Figure 1 A, lanes 3 and 4), 

thiss approach permits not only to selectively purify biotinylated proteins but also 

too concentrate them. Only the biotinylated repressed 60 kDa protein and the dere-

pressedd 45 kDa protein were partly purified by this combination of Triton-X-100 

solubilisationn and streptavidin extraction (Figure IB, lanes 3 and 4 respectively). 

Additionall  experiments were done to further specify the location of biotinylated 

proteins.. When outer membranes were removed by treating the cells with 20 mM 

EDTAA (in 10 mM HEPES, pH 7.2, at 37°C, for 30 minutes) prior to biotinylation, 

somee of the proteins in the 60-70 kDa region were not detected. This indicates that 

biotinylatedd proteins in this mass region are from outer membrane origin. 

Treatmentt of intact cells with 2% SDS to remove cell surface proteins diminished 

thee content of a major constitutive 70 kDa protein, and resulted in a much more 

pronouncedlyy biotinylated 45 kDa protein, indicating that the latter protein is 

accessiblee for surface solubilisation, but is tightly anchored to deeper layers. 

Incubationn with demineralised water for 30 minutes at 60°C followed by 2 wash-

stepss with cold water, to strip the S-layers, largely removed the 45 kDa protein in 

thee control conditions, and left other proteins unaffected. The unidentified 45 kDa 

proteinn therefore seems to be a S-layer protein. Isolation of proteins from the 

periplasmicc space by cold osmotic shock treatment (this thesis, Chapter 2) 

revealedd that the major proteins in a P-limited continuous culture were 150 kDa 

(identifiedd as PhoA, unpublished results) and 35 kDa (probably PstS, as explained 

above).. From these results we conclude that both PhoA (slr0654) and PstS 

(sirr 1247) are periplasmic proteins that are partially co-purified with the cell wall. 

Furthermore,, several proteins in the 60-70 kDa region were found in the periplas-

micc preparations, which were differentially expressed. This is in part because the 

coldd osmotic shock treatment involves addition of EDTA to weaken the outer 

membrane,, resulting in the unintended co-purification of outer membrane porins, 

orr their precursors. 
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Two-dimensionalTwo-dimensional gel electrophoresis 
Too further study the solubility of biotinylated proteins, Pj-depleted cells were frac-
tionatedd after biotinylation by successive extraction steps with various surfactants 
andd chaotropes (Molloy et al. 1998) and the proteins separated by two-dimensional 
gell  electrophoresis. The biotinylated proteins in each fraction were made visible 
withh horseradish peroxidase-conjugated streptavidin (Fig. 2). The horizontal axis 
inn Fig. 2 represents the separation by iso-electric focusing (IPG pH 3-10). Proteins 
withh basic pi levels focused on the left hand side, whereas proteins with acidic pi 
focusedd on the right hand side. The vertical axis represents separation according to 
size.. The fractions of soluble proteins (Fig. 2A), proteins extracted with a 
chaotropicc agent (Fig 2B), and integral membrane proteins (Fig 2C) contained dif-
ferentt sets of biotinylated proteins. The observation that biotinylated proteins can 

bee divided in various pools after 
extractionn with selected chaotropic 
agentsagents and detergents is in agreement 
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Figuree 2. Two-dimensional gel electroforeses 
off  different fractions of biotinylated proteins 
inn P;-depleted Synechocystis. A: Soluble frac-
tionn B: Chaotropic extraction C: Membrane 
fraction. . 

withh the findings of Bradburne et al. 
(1993)) that the biotin reagent labels 
proteinss in the outer membrane, 
periplasmicc space as well as the cyto-
plasmicc membrane. Intensely biotiny-
latedd proteins were visible in all three 
fractionss in two-dimensional gel elec-
trophoresis,, in the size-region (32.5 
kDa),, and the basic pi-region (9.89) 
calculatedd for the mature PstS protein 
iss (Bjellqvist et al. 1993). The position 
off  labelled proteins in the gel is affect-
edd by the presence of the biotin label 
(J-W.. Back, personal communication), 
andd the exact position of PstS was not 
verified. . 

BiotinylationBiotinylation and immunological cross-reactivity in other cyanobacteria 

AA survey of cell-envelope biotinylation showed markedly different patterns from 
strainn to strain. Common among Synechocystis (Fig. 3A), Synechococcus elongct-

tustus PCC 7942 (Fig. 3A), Prochlorothrix hollandica PCC 9006 (Fig. 3A), 
MicrocystisMicrocystis aeruginosa (not shown), and Anabaena variabilis (not shown), was 
thee intense biotinylation of a derepressed protein in the 30-45 kDa size region. 
Differencess in the pattern of biotinylated proteins from P. hollandica were not 
clear,, because the 40-150 kDa region of this strain was less resolved, possibly due 
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too the presence of other surface polymers. However, a 45 kDa protein seemed to 
bee derepressed in the Pj-depleted culture (Fig. 3A). Immunological cross-reactivity 
off  Synechocystis, Synechococcus, and P. hollandica proteins with an affinity-puri-
fiedfied polyclonal antibody raised against the phosphate binding protein PstS of the 
marinee cyanobacterium Synechococcus sp. WH7803 (Scanlan et al. 1997) is shown 
inn Fig. 3B. Both Synechocystis and Synechococcus showed decoration of dere-
pressedd proteins in Pj-depleted cells with sizes of 35 and 36 kDa respectively. 
Thesee proteins correspond to the major biotinylated proteins in these strains (Fig 
33 A). The 45 kDa biotinylated protein of P. hollandica did not cross-react with the 
antibody.. However, Pj-depleted batch cultures of P. hollandica showed cross-reac-
tionn to smaller proteins (about 28 and 30 kDa). All three strains showed intense 
anti-PstSS cross-reactivity of proteins about 80 kDa in size, which were up-regulat-
edd in the Pj-depleted cultures. Anti-PstS cross-reactivity of down-regulated pro-
teinss occurred in Synechocystis (about 30 kDa) and Synechococcus (33 kDa). 
Thesee results sketch a complex expression pattern of putative phosphate-binding 
proteins,, including both up- and down-regulated proteins. Biotinylation of Pj-
depletedd Synechococcus cells revealed a protein with strong biotinylation similar 
to,, but displaying a slightly higher apparent size than the Synechocystis protein 
(Fig.. 3A). This protein also cross-reacts with the anti-PstS antibody (Fig. 3B), sug-
gestingg that it is a derepressible and cell-surface exposed Pj-binding protein. This 
observationn is in agreement with the published finding of a derepressed phosphate 
bindingg protein in the 28-35 kDa size region in Synechococcus (Scanlan et al. 
1989;; Wagner et al. 1994). This protein is designated SphX (Aiba and Mizuno 
1994;; Mann and Scanlan 1994), and is related to PstS. The calculated size of the 
SynechococcusSynechococcus Pj-binding protein SphX (36.4 kDa) is in agreement with our 
observations. . 

B B 

68033 7942 9006 

+PP -P +P -P +P -P 

Figuree 3. Biotinylation (A) and immunodecoration with anti-PstS antibody (B) of 
SynechocystisSynechocystis PCC 6803, Synechococcus PCC 7942, and Prochlorothrix hollandica PCC 
90066 batch cultures (nutrient replete: +P, and Pj-depleted: -P). 
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Structur ee and epitop e predictio n of oute r membran e 
porin ss in cyanobacteri a 

OuterOuter membrane porins and cell surface layers 
Althoughh porins of various unrelated bacteria are remarkably similar in their struc-

ture,, they generally do not contain long stretches of conserved amino acids, ham-

peringg homology searches. The most conserved region between cyanobacterial 

outerr membrane proteins contains a surface layer homology (SLH) domain (Lupas 

ett al. 1994; Hansel et al. 1994; 1998). Indeed many cyanobacteria, including 

SynechocystisSynechocystis (Vaara 1982) have regularly structured surface layers (S-layers), 

whichh are two-dimensional crystalline lattices {reviewed by Smarda et al. 2002). 

Manyy unicellular cyanobacteria, however, including Synechococcus, are devoid of 

additionall  layers outside of the outer membrane (Vaara 1982). A biotinylated pro-

teinn about 45 kDa in size, which was derepressed in Pj-depleted Synechocystis and 

wass not co-purified with the cell wall, became much more pronounced in cells 

treatedd with 2% SDS, and could be removed with hot demineralised water (see 

above).. This indicates that it might be an S-layer protein. The gene encoding the 

SynechocystisSynechocystis S-layer protein has not yet been identified. 

Threee classes of proteins have SLH domains: S-layer proteins, extracellular 

enzymes,, and outer membrane proteins (Engelhardt and Peters 1998). The function 

off  SLH domains in Gram-positive bacteria was proposed to be anchoring these 

surfacee proteins to the peptidoglycan layer (Lupas et al. 1994). The mechanism of 

cell-surfacee anchoring was recently elucidated for Bacillus anthracis (Mesnage et 

al.. 2000). Instead of binding directly to the peptidoglycan, the SLH domain binds 

non-covalentlyy to pyruvylated polysaccharides. The operon csaAB is involved in 

pyruvylatingg a polysaccharide fraction, which renders a high affinity for the SLH 

domain.. Mesnage et al. (2000) have proposed that this SLH-mediated cell wall 

sortingg mechanism is widespread among bacteria, and indeed, Synechocystis pos-

sessess a CsaB homologue. Whereas S-layer proteins contain three copies of the 

SLHH domain (Leibovitz et al. 1997), the outer membrane proteins contain only a 

singlee copy (Engelhardt and Peters 1998). Because functional porins are stable 

trimers,, the three SLH domains of the trimers seem to be sufficient to provide for a 

functionall  binding unit (Engelhardt and Peters 1998). A tantalising explanation for 

thee presence of SLH domains in cyanobacterial porins, and absence of a S-layer 

proteinn with three copies of the SLH domain is the potential function of porins as 

too furbish specialised S-layers known as crystalline outer membrane proteins, or 

regularr outer membrane proteins (Kessel 1997). The latter author argues that in 

severall  bacteria porins are present in high enough concentrations to allow the for-

mationn of a two-dimensional crystal within the plane of the outer membrane. 

Obviouslyy the question whether crystalline arrangements of porins are present in 

cyanobacteriaa is a subject that requires further research. 
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TopologyTopology prediction 
Thee presence of a highly homologous SLH domain in cyanobacterial porins per-
mittedd the retrieval of six porin homologues from the genome of Synechocystis sp. 
PCCC 6803 (Kaneko et al. 1996); a multiple sequence alignment with published 
sequencess of two porins in Synechococcus sp. PCC 6301 (Hansel et al. 1998) and 
SynechococcusSynechococcus elongatus PCC 7942 (Umeda et al 1996) is shown in Fig. 6. An 
additionall  open reading frame with S-layer homology (sir 1272) was much shorter 
thann the porins (254 amino acids) and did not reveal the typical porin topology dis-
cussedd below. Seven porin homologues were found in the genome of Anabaena sp. 
PCCC 7120 (Kaneko et al 2001; not shown), and four porin homologues were found 
inn the genome of Thermosynechococcus elongatus BP-1 (Nakamura et al 2002; not 
shown).. Characteristic of outer membrane porins is their (3-strand barrel structure 
(Schulzz 2000). Outer-membrane P-strands are more difficult to predict than the 
alpha-helicess crossing the inner membrane, because P-strands have no long stretch 
off  consecutive hydrophobic residues. Furthermore, these P-strands share littl e 
homology.. Also, the regions in between the P-strands are highly variable (e.g. 
Zhangg et al. 2000; Rodriguez-Maranón et al. 2002). Outer membrane-spanning 
strandss contain alternating hydrophobic and hydrophilic side-chains. Many meth-
odss predict the structure of outer membrane proteins by employing the amphipaci-
tyy and hydrophobicity of P-strands (e.g. Jeanteur et al. 1991; Schirmer and Cowan 
1993).. Hydrophobicity plots according to the algorithm by Schirmer and Cowan 
(1993)) for the porins SomA (sir 1841) and SomB (sir 1908), which are under con-
troll  of Pj-availability in Synechocystis (this thesis, chapter 3), are shown in Fig. 4. 
Thiss simple approach usually does not suffice to clarify porin structure (Schulz 
2000).. Non-linear statistics provide complementary methods to predict porin struc-
turee (e.g. Diederichs et al. 1998; Jacoboni et al. 2001). The neural network of 
Diederichss et al. (1998) predicts the z-coordinate of C-alpha atoms in a coordinate 
framee with the outer membrane in the xy-plane, such that low z-values indicate 
periplasmicc turns, medium z-values indicate transmembrane P-strands, and high z-
valuess indicate extracellular loops (Fig. 5). A recently described neural network 
predictorr (Jacoboni et al. 2001) was not available yet for public use when this the-
siss went into press. 

Thee amino acid sequences of the compiled cyanobacterial porins show three typi-
call  polypeptide domains: a signal peptide of about 25 amino acids long, the above-
mentionedd SLH domain, containing an alpha-helix with high propensity for coiled-
coill  formation, and an anti-parallel P-sheet barrel structure, consisting of 16 P-
strandss and 8 cell-surface exposed loops (Fig. 6). The alpha-helix contains highly 
hydrophilicc stretches (Hopp and Woods 1981), and probably functions as a spacer 
unit,, bridging the distance between peptidoglycan and lipid membrane (Engelhardt 
andd Peters 1998). 
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44 9 10 12 1416 
55 6 7 8 | 11|13 15 

2000 400 

Aminoo acid (nr.) 

600 0 

600 0 

Aminoo acid (nr.) 
Figuree 4. Hydrophobicity prediction of outer membrane spanning (3-strands with the 
Hsprime-algorithmm by Schirmer and Cowan (1993) for the porins slrl841 (A) and slrl908 
(B)) of Synechocystis PCC 6803. Values for even- and odd-numbered amino acid residues 
aree plotted as two separate curves. Peaks that have been assigned to transmembrane p-
strandss are numbered 1 to 16. 
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2000 40 0 

Aminoo aci d (nr. ) 

600 0 

L11 L 2 L 3 L 4 L 5 L 6 L 7 L 8 

2000 40 0 

Aminoo aci d (nr. ) 

600 0 

Figuree 5. Artificial neural network prediction (Diederichs et al. 1998) of outer membrane 
porinn topology for the porins sir 1841 (A) and slrl908 (B) of Synechocystis PCC 6803. 
Peakss that have been assigned to cell-surface exposed loops are numbered LI to L8. 
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s l r l 8 41 1 
s l r l 9 08 8 
s l r 0 0 42 2 
S111550 0 
S110772 2 
S111271 1 
SomA_6301 1 
SomA_77 942 
SomB_6301 1 
SomXX 7942 

Signa ll  peptid e 
.. ..  :  >:.-. :  KSLLVSPAVI  :.. ;  .VAGAAS AAPDNVTNA 
NKLTSHLLKK LFPLALGSSL AIVPGAMAQS T  GELATPGDFP 
.MKQYRFTWW LAGFATVTSL TTFPGSAGAQ MLYEDVDPM 

MAIAGGGGG EALAEPGGKI 
TVTIPSEAQTT ISVNEFF P 

11 F  '  GLGAL 
.HGLL ICGLAIASG L 

:QFTCC LSSLGITVL I  TAIVGGGNTE PIFAQSLNNL DNLSTQNNFP 
1KPJJ  FSALLLAPAI 

YIKRLL FSALLLAPAI 
yiKN LL FKVMLAALWP 

AGVA.AGAANN ANGLST 
AGVA.AGAANN ANGLST 
TIVAFAGAAQQ AESLNR 
MII  LA .  IAP G QALSL 

SLH H 
slr!84 11 QVLDQLDQYT AEGQSS A  IDQVTS\SE L 
slrl90 88 RISNQGDSLE LMRRRQNAGT FNAATPDIT D MSQVTS\,SE L 
slr004 22 VITPVQELT T LLDQP MGQVTSVS 
S11155 00 EPLQFGQSVE EMD SNP MGQITS\S E 
S11077 22 PVNRYQLGAS NLGNG VNQVTSVAE 
S11127 11 QRRRLGSTFT VNDNAKTS VSSLQAT MGQATS^DQL 
SomA_63011 EQLQKIDAVT PNGI T SGQIT S 
SomA_79422 EQLQKIDAVT PNGI T SGQIT S 
SomB_63011 DTINQVNAI A NEELP AAQVTS 
SomXX 794 2 DQLQKIDAVT PDGI T SGOITSMNE 

II  TE L 
II  TE L 
I|TQ L L 

L L 

RDVQPTAWAY Y 
RDVQPTAWAY Y 
RDVQPTDWAY Y 
RDVQPTAWAY Y 
RDVQPSDWAF F 
RDVQPTAWAY Y 
SDVKPTDWAY Y 
SDVKPTDWAY Y 
SDVKPTDWAY Y 
SDVKPTDWAY Y 

SLH H 
slrl84 1 1 
slrl90 8 8 
slr004 2 2 
S11155 0 0 
S11077 2 2 
S11127 1 1 
SomA_6301 1 
SomA_77 94 2 
SomB_6301 1 
SomXX 794 2 

EALKSLVERY Y 
EALKSLVERY Y 
EALKSLVERY Y 
EALKSLVERY Y 
AALQSLVERY Y 
EALQSLVERY Y 
QALQSLVERY Y 
QALQSLVERY Y 
QALQSLVERY Y 
OALOSLVERY Y 

GCIVGYPDRT T 
GCIVGYPDRT T 
GCIVGYPDRT T 
GCIVGYPDRT T 
GCLVGYPDRT T 
GCIVGYPDRT T 
GCIVGYPDRT T 
GCIVGYPDRT T 
GCIVGYPDRT T 
GCIVGYPDRT T 

FRGDRA... . . 
FRGDRA... . . 
FRGDRA... . . 
FRGDGA... . . 
YRGDAEGTLR R 
FRGDAEGTLR R 
YRGSRP... . . 
YRGSRP... . . 
YRGSRA... . . 
FRGARP... . . 

•'' L I RI EE A 

......LIRIELIRIE  A 

. . .LIRI EE A 
•••L|R| EE A 
ARPLSRYEE A 
ARPLSR|EE A 
...LSRY EE A 
...LSRY EE A 
. . . L | R Y EE A 
...LSRY EE A 

NlCMNVM M 
IcMNVM M 

ICMNVM M 
jCMNVM M 

N|CLNTI I 
|CMNVM M 

NACLDKV V 
NACLDKV V 
NACLDKV V 
NACLDKV V 

slr!84 1 1 
slrl90 8 8 
slr004 2 2 
S11155 0 0 
S11077 2 2 
S11127 1 1 
SomA_633 0 1 
SomA_77 94 2 
SomB_6301 1 
SomXX 794 2 

ERLIQENVAV V 
ERLIQENVAV V 
ERLIQENVAV V 
ERLIQENVAV V 
EQLLQENVSV V 
ERLIQENAMV V 
IEFAAS... . . 
IEFAAS... . . 
IEFAAS... . . 
IEFAAS... . . 

SLHH (coile d coil ) 
LREDIDKLKR R 
LREDIDKLKR R 
IRADIDKLQR R 
LREDVDKLKR R 
AQGDLDLLKK K 
LREDIDKLKL L 
.KEDLDTLKR R 
.KEDLDTLKR R 
.KEDLDTLKK K 
.KEDIDTLK R R 

LMQEFEAELAA ALGARVDNLE 
LMQEFEAELAA ALGARIDNLE 
LAREFEAELAA ALGARVDNLE 
LAQEFQGELAA ALGARVDNLE 
LAQDFQAELKK QLAVRVDNLE 
LAQQFEQELQQ AYNTRIGNLE 
LTEEFQAELAA TLRGRVDSLE 
LTEEFQAELAA TLRGRVDSLE 
LMEEFQAELAA TLRGRVDSLE 
LTEEFQAELAA TLRGRVDALE 

ARTSFLEDHQ Q 
TRTSFLEDHQ Q 
TRTAYLEDNQ Q 
VRTAYLEDHQ Q 
TRTAFLEDHQ Q 
TRIAYLEDRQ Q 
ARVKELEATR R 
ARVKELEATR R 
ARVTELEATQ Q 
ARTKELEATR R 

Figuree 6. Multiple sequence alignment (ClustalW; Higgins et al 1994) of porins in the uni-
cellularr freshwater cyanobacteria Synechocystis sp. PCC 6803, Synechococcus sp. PCC 
63011 and Synechococcus elongatus PCC 7942. Predicted signal peptides (Nielsen et al. 
1997)) are shown in gray characters; surface layer homology (SLH) domains appear in 
boxes,, the last box representing predicted coiled-coil sections within the SLH-domain 
(Lupass et al. 1991; Berger et al. 1995). 
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slrl84 1 1 
slrl90 8 8 
slr004 2 2 
S11155 0 0 
S11077 2 2 
S11127 1 1 
SomA_6301 1 
SomA_7942 2 
SomB_6301 1 
SomXX 794 2 FSSTT T 

LI I 
I|A|TAIF GG TKK T L N NQTDNNQAVF 

FAMVDQWGG GDKAVDWRQQ DNIDNFGAAA PAPVEENATi 
IISISGAT GG GEP DSDNAQIvJ 

[S|lV SS GD KNNG.T E SITRN .  .  TT L 
TITSLDKVFGG D R V G G G S N E F Q | Q| 

l|viSGVG GG S E QADGPPD Q P V Q N G E | T| 
IISIDAVA NN TAGN ERNQDGAVsI 
I |S |DAVA NN TAGN ERNQDGAVS| 
ILSLDRAFGG PS G LDTGTSF 
I|G|DALA NN SNGN EVNSN|AVS| 

Slrl84 1 1 
slrl90 8 8 
slr004 2 2 
S11155 0 0 
S11077 2 2 
S11127 1 1 
SomA_6301 1 
SomA_7942 2 
SomB_6301 1 
SomXX 794 2 

S3? ? 
SFSGEDLLV V 
SFTGKDLLR R 
SFTGKDALI I 
SFRGDDD|F F 
SFTGKDLFR R 
SFSGEDN|L L 
SFTGKDLLL L 
SFTGKDLLL L 
SFTGKDLLKT T 
SFTGKDLLK| | 

S3/L 2 2 
RLAAGNGNRFF KS F YPTQNVIDP 
RLQAGSVPNLL SGP T G T N M | R § S 
GLQAYNFTAGG KP I  TGTGSVAET 
RLSSGNLEDYY GP | A | T | Q | V 
RLQ|SNFLNGG VE Q TGTNMTRFN 
RLQSANFFLAA R G G S N L T D | N 
RLRARNIETII  QQR L  SlGFNPSGSR 
RLRARNIETII  QQR L  S§GFNPSGSR 
RLRSNSITSPP G L R D F N | G § P ls|l|s|A§ A 
RLRARNIEPII  TN R L  A|qpï|PGS V 

Slrl84 1 1 
slrl90 8 8 
slr004 2 2 
S11155 0 0 
S11077 2 2 
S11127 1 1 
SomA_6301 1 
SomA_77 9 4 2 
SomB_6301 1 
SomXX 794 2 

L22 S 4 
ETGNP|G|VGG D.  .  .  .YYES P TFT .  .  QVHQL S P G D N N N | A§ D|LpY|p| o 
|DGSSS PDNNVD I N K | F | R | P . 
LFP|DAS|L GG E|M|SFN|E |  QFAGFNPQNL QPSCGNNSVC LYKLLYVTP. 
LGATEPP EDGNLS N S V § Y | T | P . 
YDDNSS NNN§E |SHLWYRTP. 
|AAT EE EQGNVN INKMQisi P . 
LDYDGTGSPGG VPNSANT.FF L |KLL |R |P . 
LDYDGTGSPGG VPNSANT.FF L |KLL |R |P . 
LDYDNN ATNAPN|N| F • T L L | T | P . 
LDYGGG NSNNT .  F F Ï |KLY |T | P . 

slrl84 1 1 
slrl90 8 8 
slr004 2 2 
S11155 0 0 
S11077 2 2 
S11127 1 1 
SomA_6301 1 
SomA_7942 2 
SomB_6301 1 
SomXX 794 2 

S5 5 
|G|NFRLNNY Y 
..MGN.LTT W W 
VA!N|T|.. F F 

IAAWGG|WDD D 
I|G|GLALD D D 
G|KAE|TD A A 
1G|GGAFDD D 
GTVGVGYTD D 

LAGNRITMDD D 
TGTAGVQPQD D 
T..AGVQPQD D 
T..SNLQVE D D 
T..VGVGVQE E 

L3 3 
FV|T|NPYF D D 
VFKTYNPYLE E 
FPjlVP|A | | 
FT|TVNVLD| | 
LVDTLTPPTI I 
IMDPLAPYTN N 
YGLSDATFFS S 
YGLSDATFFS S 
ILSTTGTFYA A 
YGMRDATFSS S 

DYTGGKGSLS S 
S..GDSGALS S 

GQGTLS S 
LT T 
PS S 

i s s 
PANTKA A 
PANTKA A 
|Y|S| F F 
ANEGKT T 

S6 6 
QFTAQNPIYS S 
RFSRYSPFVN N 
RAFJ J 

FRKGPANIYE E 

Figuree 6 continued. Predicted surface-exposed loops are shown in bold character and num-
beredd L1-L8 (Diederichs et al.. 1998); hydrophobic residues in transmembrane b-strands 
(Schirmerr and Cowan 1993) are shown in white character on grey background; identical 
aminoo acids are marked with an asterisk. 



88 8 Chapterr 4 

s l r l 8 41 1 
slrl90 8 8 
slr004 2 2 
S11155 0 0 
S11077 2 2 
S11127 1 1 
SomA_6301 1 
SomA_77 94 2 
SomB_6301 1 
SomXX 794 2 

S6 6 
|G|G.TGIG | | 
RGPEGTG.G| | 
•SGGTTETGL L 
L|.EGTGA A A 
RGG|G... . . 
PN.DNSGJG G 
DTRDADTIG G 
DTRDADT§G G 
DADTTNSAG G 
SN...GK§ G G 

S|E|G|LSN L L 
....L|YKF § § 
A|A|GFIYK P P 

LQGTWDK K 

1 1 
N DW W 
LQ. . . 
T|T| ( ( 
T|DLSLGGFY Y 
SKNFSIQAGY Y 
SKNFS|QAGY Y 
SKNFNFGAAY Y 
N|N|S|QLG Y Y 

L4 4 
LASTGNNPSSS GGSVTNPATG 
LADTGQASTPP SDDVFTSGG. 
GSVNAAIPQNN E G 
LAPAGNDPSQ Q 
LATNPNDPDP P 
SAGKGFSPNQ Q 
INRNSADVSTT V N | G | V | G .  . 
INRNSADVSTT V N | G § V | G .  . 
INQN..  .  .  .  G P TTGGNLAS .  . 
LNRG.ADQVGG VDQGG|F|. . 

Slrl84 1 1 
slrl90 8 8 
slr004 2 2 
S11155 0 0 
S11077 2 2 
S11127 1 1 
SomA_6301 1 
SomA_77 94 2 
SomB_6301 1 
SomXX 794 2 

NNYD|S|G§N N 
...NTFRSG N N 
..FP|T|L| A A 

GN N 
SE E 

IITI T T 
T| T T 

DPTS S 
QGTV V 

Q| GG G 
GTGTNSWD D 
GTGTNSWD D 
GVFGADSQTT T 
GT|K|G(D| A A 

Q|TTNIF§R Q|TTNIF§R 
Q|DIKPVDN N 
QLTLYPTEN N 
Q|NYD|S| N N 
QLAYQTAD. . 
QLNYVPAAN N 
QVKYQ..  TD N 
QVKYQ..  TD N 
QLAFK.NDS S 
QLRFE.TDN N 

L5 5 
YTTPD|A|F G G 
YY|d|D... . . 
YHQ .̂.  .|L G 
YNTLDT. . 
YFPAGN. . 
YIPQGQ. . 
LRNGPY. . 
LRNGRY. . 
YRKG.. . . 
LRNDRY. . 

slrl84 1 1 
slrl90 8 8 
slr004 2 2 
S11155 0 0 
S11077 2 2 
S11127 1 1 
SomAA 630 1 
SomAA 794 2 
SomBB 630 1 
SomX~77 94 2 

KGGTQGIVGT T 
INI T T 

|G. . . ..  -LT§ A 
..STG S S 
...TD L L 
..YDS F F 

ATDF F 
..ATD F F 
...PD L L 
..VTD L L 

L5 5 
TAANLNRSELL NDDFVNGLGV GAPPVDAATY NNNVSGGSTS 
GSTGSRR I A SNPFYQAAT 
H T L GG G|P |  T| P 
QRSNFRR YF T ETTFGEAAKT T 
MA|T| SS LL A |Q|FGEVIA T 

FF SALGYTG LAN T DNPFDDAAS 
GTTNN A  FQP .  .  FGATN 
GTTNN A  FQP .  .  FGATN 
ATDLL S  FLPSQFGG|N 
GTTRR A  ERP .  .  FGAAN 

slrl84 1 1 
slrl90 8 8 
slr004 2 2 
S11155 0 0 
S11077 2 2 
S11127 1 1 
SomA_6301 1 
SomA_77 94 2 
SomB_6301 1 
SomXX 794 2 

L5 5 
GNVINPYDFGG GKQTNSYG 

.TMDTYN N 

m m .. .VNSV G 
.SHNAYGG A 
.AGNFYT T 
.STNHYA A 
YNSNSlA A 
YNSNNIA A 
1G|.."L | | 
YNTNNLAA T 

S10 0 
A A 

AlSlAV P P 
AA S  AV T 

G G 
AA S 

PVH H 
NFT T 

SBYG.SYTN N 
SIWF.GYAN N 
|TIY GG .  AYFM 

LKWGJLTKA A 

IIH H G . | F | E E 
EIWG.MYSD D 
SIGIAIAL S S 
S |G |G |GFV V 

HQRSY' ' 
|S|A | | 

L6 6 
VTLIGKDNG. . 
ATAQGFNTGG G 
VDQANGGSAF F 
RTLKSIDLAD D 
|QAQGGGLSN N 
ATAKSGDRQG G 
.EQGTSQNA. . 
NEQGTNQNA. . 
|GFG|NN.. . . 
NVAGGSDSA. . 

Figuree 6 continued. 
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L66 S1 2 
slrl84 11 D l  WT 
slrl90 88 NPQNRD GLGADLWT 
slr004 22 T  D L A S 
S11155 00 ASIGR G SLD I  WN 
S11077 22 LSNGVGGTVL RDVSWNSSAI  | Y 
S11127 11 D  TADI  p 
SomA_63011 T V QN 
SomA_79422 T V QN 
SomB_63011 T V QS 
SomXX 794 2 T I  QT 

S13 3 
DLGKEGNVJG G 
DVFK|GAV«S S 
DAFVEGNT|G G 
DIIKEG : : 
DVG|E|N I I 
DLGKEG: : 
NLFADGNElG G 
NLFADGNElG G 
NLFADGNE|G G 
DLFAKGNSGV V 

YVS S 
YAP P 

JGQPLTRV V 
I|G|QPWV | | 

G|P|TV T T 
VSVGQPPYAS S 

GQQPWVS S 
GQQPWVS S 

JQ|PYVI I 
ITV1QMPYVT T 

L7 7 
slrl84 11 GFTN.NTLGT TFVTT.ANP | 
Slrl90 88 |V|..SLSG D RISNDRNSPY 
sir004 22 GAGNGATLTP ANISNRATPY 
S11155 00 S|S.IV|PD D IATTDID|S | 
S11077 22 ASNLPGAVG QTTPY 
si1127 11 FISNNNNVPD ITPAT |D |P | 
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Figuree 6 continued. 
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Surprisingly,, an area with alternating hydrophobic residues, resembling an outer 
membranee spanning (3-strand is also present in this coiled-coil region. An addition-
all  membrane spanning domain is not in agreement with crystal structures (e.g. 
Cowann et al. 1992), and proposed porin topology models (e.g. Rodriguez-Maranón 
ett al. 2002) with characteristic even numbers of P-strands and the N-terminus pro-
trudingg into the periplasm (Schulz 2000). An additional feature is the strongly con-
servedd C-terminal phenylalanine residue, present in all the found cyanobacterial 
porins.. This residue plays an important role in the appropriate assembly into the 
outerr membrane (Struyvé et al. 1991). The analysed cyanobacterial porins show 
conservationn of secondary structure, but the primary amino acid sequence is less 
welll  conserved. External loops can have a function in voltage induced porin clos-
ing,, also referred to as gating (Soares et al. 1995; Delcour 1997; Schirmer 1998). 
Inn PhoE, voltage gating involves loop 3 (Soares et al. 1995), and may play a role 
inn ion-selectivity (Samartzidou and Delcour 1998). The neural network predictor 
off  Diederichs et al. (1998) revealed that some of the loops are hydrophilic and in 
contactt with the environment (especially loops 1, 4 and 8). Other loops are folded 
inwardd (especially loops 3 and 5), and are possibly involved in gating. The inner 
liningg of the barrel is either hydrophilic and in contact with the aqueous interior, or 
hydrophobicc and in contact with the in-folded loops. Several lysine residues are 
locatedd on the cell-surface exposed loops, forming possible labelling sites for 
biotin-NHS.. Furthermore, epitope prediction (Hopp and Woods 1981; Parker et al. 
1986)) revealed that hydrophilic stretches appear mainly in the external loops, as 
expectedd from their location. SomA of Synechocystis (sir 1841), which is up-regu-
latedd under Pj-deficiency, contains an elongated loop (L5) that is strongly 
hydrophilic,, and contains the putative epitope NRSELNDDF. Similarly, SomB of 
SynechocystisSynechocystis (slrl908), which is down-regulated under Pj-deficiency, contains an 
elongatedd loop (LI ) that is strongly hydrophilic, and contains the putative epitope 
GGDKAVDWRQQDNID.. These stretches could serve to raise antibodies for fur-
therr research on the expression patterns of these porins in Synechocystis. However, 
cell-surfacee exposed regions of porins show a high degree of variability (e.g. 
Rodriguez-Maranónn et al. 2002), and furthermore, epitopes found on the surface of 
intactt cells are mainly conformational (e.g. Zhang et al. 2000). These characteris-
ticss might hamper immunological detection of porin in intact cells. An alternative 
iss to insert foreign epitopes or polyhistidine peptides in these cell-surface exposed 
loopss (see for example Agterberg et al. 1990; Janssen and Tommassen 1994; Xu 
andd Lee 1999). 
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Molecula rr  basi s for differen t stage s in the adaptive 
respons ee to P-deficienc y 

Two-componentTwo-component regulatory systems 
Well-conservedd two-component regulatory systems (TCRS) function to sense spe-
cificc changes in the environment (sensor component) and transduce that informa-
tionn to the transcriptional apparatus (regulatory component). The sensor is usually 
aa transmembrane protein, which binds to ligands with a variable 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 the promoter. The communication 
betweenn transmitter and receiver involves post-translational modifications of the 
proteinss involved. Activation takes place by phosphorylation (kinase activity), 
deactivationn by dephosphorylation (phosphatase activity). The sensor component is 
thereforee often called sensory kinase. It is produced at a much lower level than the 
so-calledd response regulator (Ronson et al. 1987). For many relevant signals spe-
cificc sets of TCRS have been identified. The Synechocystis genome contains 24 
identifiablee genes for TCRS pairs with a consensus sequence (Mizuno et al. 1996). 
Aboutt ten major polypeptides can be [->2P]-phosphorylated in Synechococcus and 
Synechocystis,Synechocystis, and many more when -^^P-labeled ATP is used as a labelling agent 
(Mannn 1994). Prokaryotic signalling systems are very complex, having multiple 
components,, interconnections with other regulatory circuits, and feedback loops 
(Parkinsonn and Kofoid, 1992). Nevertheless, these networks also contain transmit-
terr and receiver modules, and the main mechanism for communication is phospho-
rylation/dephosphorylation.. The phosphoryl transfer pathways may diverge (more 
thann one regulator phosphorylated by one kinase), or converge (more than one 
kinasee phosphorylates one response regulator) (Hellingwerf et al. 1995; 1998). 
Signall  transduction pathways by phosphoryl transfer form a network of functional 
interactionss (e.g. Oshima et al. 2002), which meet all the criteria of a neural net-
workk (Hellingwerf et al. 1998). 

RegulationRegulation of the pho regulon in Escherichia coli 
Thee Pj signalling response in E. coli involves three processes: activation, deactiva-

tion,, and inhibition (Haldimann et al. 1998). The induction of the /?/?o-regulon 

requiress the specific TCRS pair PhoR/PhoB. The sensory kinase PhoR, which is 

thoughtt to be sensitive to the external Pj concentration, activates the regulator 

PhoBB under conditions of Pj-deficiency and thereby de-represses the genes in the 

phopho regulon (up-regulation). Deactivation (repression or down-regulation) of the 

phopho regulon is an intermediate step-down process and requires, in addition to 
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PhoR,, an intact high-affinity Pj-transport system, and a protein with unspecified 

functionn called PhoU (Kim et al. 1996; Haldimann et al. 1998). Inhibition prevents 

phosphorylationn of PhoB when Pj is in excess, and requires all seven Pj signalling 

proteinss (PhoBR, PstSCAB, and PhoU). It was proposed that not PhoR, but rather 

PstSS could be the primary sensor of external Pj (Wanner 1993). The Pj-starvation 

responsee model for Escherichia coli by Van Dien and Keasling (1998) provides a 

usefull  insight in the regulation of the/?/?o-regulon. This model correctly predicted 

thatt the autocatalytic feedbackloop of this positive regulatory system leads to rapid 

inductionn of AP, occurring at a very precise external Pj-concentration (4 U.M for E. 

coli).coli). When Pj is abundant outside the cytoplasmic membrane, a transmembrane 

repressionn complex is formed, which consists of PstS with bound Pj, the ABC-

transporter,, PhoU, and deactivated (=dephosphorylated) PhoR (Wanner 1993). The 

repressionn complex dissociation constant and the rate constant for PhoR autophos-

phorylationn are the key determinants for the behaviour of the pho system, and 

thesee constants are interdependent (Van Dien and Keasling 1999). Nonetheless, it 

wass recently shown that activity of the low-affinity Pj-uptake systems (PitA or 

PitB)) restores Pj regulation of the pho regulon in the absence of PstS (Hoffer and 

Tomassenn 2001). Although the exact function of PhoU is not known, it is not like-

lyy to be involved in transport itself. Wu et al. (2000) have suggested that PhoU has 

aa negative posttranscriptional control on Pj detection in Pseudomonas aeruginosa. 

Itt is probably a regulatory link between the Pj transporter (PstSCAB) and the 

TCRSS PhoBR. Thus repression and inhibition of the pho regulon are effected by 

PhoU,PhoU, which has direct access to the Pj that enters via the intact Pst system. PhoU 

mayy directly repress autokinase activity of PhoR (Hoffer and Tomassen 2001). 

Twoo other, intracellular, controls act on the pho regulon of E. coli. Cross-regula-

tionn takes place from two metabolic pathways that incorporate Pj into ATP 

(Wannerr 1992), and which seem to be coupled to carbon, energy, and Pj metabo-

lismm (Kim et al. 1996). One requires the catabolite regulatory sensor kinase CreC 

(Wannerr 1992), which was originally called PhoM (Ludtke et al. 1984; Makino et 

al.. 1984). The other depends on acetyl phosphate and the osmolarity sensor EnvZ 

(Kimm et al. 1996). Its partner regulator OmpR normally regulates the expression of 

majorr outer membrane porins (Mizuno et al. 1982; Cai and Inouye 2002). 

TheThe pho regulon in cyanobacteria 
Thee study of signalling pathways in cyanobacteria lags far behind the research in 

E.E. coli. The first experimental characterization of a TCRS in cyanobacteria was 

actuallyy the TCRS for the pho regulon in Synechococcus (Aiba et al. 1993; Nagaya 

ett al. 1994), with sensory kinase SphS (homologous to PhoB) and response regula-

torr SphR (homologous to PhoR). Homologues have been described in the marine 

SynechococcusSynechococcus sp. WH7803 (Watson et al.1996), and have recently also been iden-
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tifiedd in Synechocystis (genes sll0337 and slr0081 respectively; Hirani et al. 2001). 
Thiss TCRS regulates the expression of alkaline phosphatase (sll0654), which is 
homologouss to PhoA in Synechococcus (Ray et al. 1991). DNA array analyses 
(Yeremenkoo et al, in prep; this thesis, Chapter 3) suggested that changes take 
placee in the expression levels of regulatory proteins for the pho regulon (Table 1). 
Thee response regulator itself is significantly derepressed in Pj-depleted cells, 
whereass the sensory kinase seems to be up-regulated. Furthermore, the 
SynechocystisSynechocystis genome contains a gene encoding the putative regulatory inhibitor 
PhoUU (slr0741), as inferred from homology with the gene in E. coli. The expres-
sionn of this gene was provisionally judged to be decreased in the Pj-depleted con-
ditionss (Table 1). However, the data supporting the latter two changes did not 
reachh acceptable significance levels due to the still limited amount of replicate 
experimentss used (Yeremenko et al., in prep.). 

Tablee 1. Differential expression levels of mRNA from genes encoding regulatory proteins 
off  the /?/?o-regulon in Synechocystis sp. PCC 6803. 

Genee Function Protein Size Expression level*  ** 
nr.. name (aa) Control Prdepleted 

sll03377 Sensory kinase SphS 430 2 7 
slr00811 Response regulator SphR 262 4 4 ++ 
slr07411 Regulatory inhibitor PhoU 224 1 1 

**  Data expressed as percentage of total signal multiplied by 1000 (average  standard devia-
tionn of three independent experiments) 

***  Qualitative interpretation of change in expression levels in Pi-depleted cells relative to 
controlss with excess nutrients (0: no change, +: probable increase, ++: significant increase, -
:: probable decrease, —: significant decrease) 

RegulationRegulation of general nutrient-deficiency responses 
Phospho-relayy networks probably play a key role in the integration of metabolism. 

Ratess of light energy absorption and nutrient uptake must match anabolic rates, 

otherwisee photo-inhibition and eventually photo-damage may occur (Mann 1994). 

Thiss author speculated that the thylakoids are not just involved in regulating state 

transitions,, but are the site of metabolic integration for a range of disparate signals, 

andd that the mechanism involved in integration is protein phosphorylation. More 

specifically,, a central role of Plastoquinone in redox regulation and beyond has 

beenn advocated (Pfannschmidt et al. 1999). Carbon, nitrogen and phosphate limita-

tionss give induction of not only specific, but also general responses. An important 

generall  deficiency response is attenuation of the light-harvesting pigments. 
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Bleachingg is a component of the response to sulphur, nitrogen, phosphate, and pos-

siblyy carbon dioxide shortages, and also to high light conditions (Collier and 

GrossmanGrossman 1992). Degradation of phycobilisomes (PBS) in Synechococcus is 

effectedd by a small polypeptide, NblA (59 aa). NblR is the response regulator that 

activatess nblA to break down PBS in sulphur and nitrogen depleted conditions, and 

too a lesser extent in Pj-starvation or exposure to high light conditions. It also 

seemss to modulate these functions in replete conditions (Schwarz and Grossman 

1998).. The latter authors suggested that PBS degradation and additional modula-

tionn of the photosystems enhances viability during acclimation to nutrient starva-

tion,, by down-regulating photosynthetic electron transport. These responses are 

alsoo essential to prevent cells from photo-damage in high light conditions. Thus 

thee NblR signal transduction pathway must integrate a number of different envi-

ronmentall  signals. The question is what is the sensor for NblR? There seem to be 

twoo possibilities: cross-regulation via nutrient specific sensors, or presence of a 

specificc sensor for internal conditions. NblR does not influence the nutrient specif-

icc responses for sulphur (Schwarz and Grossman 1998). However, genes in the pho 

regulonn (PhoA sll0654 and PstS duplicate sll0680) are activated when 

SynechocystisSynechocystis is exposed to high light conditions (500 |Limol photons, m ~.s , 

Bhayaa et al. 2000). Interestingly, the gene sir 1841, an outer membrane porin 

homologue,, was repressed in the high light conditions. Bhaya et al. (2000) give 

twoo possible explanations for the induction of/?/?o-genes. Firstly, the uptake of Pj 

mayy be too slow for the growth rate, giving rise to a P-limitation. This seems 

unlikelyy because the SphS sensor would not activate the pho-o^Qrow in a medium 

containingg 1 mM of Vv Their second explanation, cross-regulation via another 

TCRSS seems more plausible. Potential signal inputs are energy charge 

([ATP]/[ADP]]  ratio's), redox state (pyridine nucleotide pools), and concentrations 

off  key metabolites of photosynthetic and respiratory metabolism (Mann 1994, 

Pfannschmidtt et al. 1999). The high free energy content of the histidine-phosphate 

bondd in activated TCRS makes signal transfer depend on a high energy-charge in 

thee cell. A general parameter that modulates signalling intensity is AGp, the phos-

phorylationn potential of ATP hydrolysis (Hellingwerf et al. 1998). This parameter 

mayy be directly influenced by lack of Pj, which is the hydrolysis product. Both 

highh light and low nutrient conditions cause the photosynthetic electron-carriers to 

bee in a relatively reduced state (Schwarz and Grossman 1998). Might this be a 

genuinee case of unwanted cross-talk between general and specific responses? In 

thiss light it is interesting to note that NblR is homologous to the response regula-

torss SphR and OmpR, and has an unidentified homologue in Synechocystis 

(sll0396).. Several low-molecular weight phosphorylated metabolites can transfer 

phosphoryll  groups to response regulators. Acetyl-phosphate is the best-studied 

example;; others are carbamoyl phosphate, phosphoramidate, and imidazole phos-
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phatee (Stock et al. 1995). Although acetyl phosphate was found to play a role in 
thee carbon metabolism of Synechocystis (Hisbergues et al. 2001), no evidence of 
acetyl-phosphatee dependent cross-regulation was found (Hirani et al. 2001). 
Anotherr important response to nutritional strain is growth rate control, down-regu-
lationn of nucleic acid and protein synthesis, and the simultaneous up-regulation of 
proteinn degradation and amino acid synthesis. The global change in the cellular 
metabolismmetabolism in response to amino acid deprivation ('stringent response') in 
Enterobacteriaa is initiated by the accumulation of guanosine tetra- (ppGpp) and 
penta-phosphatess (pppGpp) (Chatterji and Ojha 2001). The presence of ppGpp in 
thee cell, but not its accumulation as a result of starvation, is also important for the 
expressionn of the pho regulon in E. coli (Spira and Yagil 1998). Comparable 
responsess are common between virtually all bacteria, and have also been described 
forr cyanobacteria in the case of light deprivation (Mann and Carr 1974; Suranyi et 
al.. 1987) and nitrogen starvation (Borbely et al. 1980; Friga et al. 1981). We are 
nott aware of any research concerning the influence of ppGpp on expression of the 
phopho regulon in cyanobacteria. 

RegulationRegulation of polyP accumulation; PolyP as regulator 

PolyP-bodiess are also referred to as metachromatic granules or volutin (Kornberg 

1995),, and are similar to acidocalcisomes (Marchesini et al. 2002). PolyP is pres-

entt in these granules in microcrystalline aggregates, which is consistent with their 

veryy high electron density (Ruiz et al. 2001). Many functions are possibly attrib-

utedd to poly P. It is obviously a reservoir for Pj. The polyP-overplus phenomenon is 

thee rapid and extensive polyP accumulation, when Pj is added to cells previously 

subjectedd to Pj-depletion. A function as phosphagen, a store of P-bound energy is 

disputable.. Although high amounts of polyP can be stored in the cells (e.g. the 

equivalentt of 1 M Pj in Dunalieila salina: Pick and Weiss 1991), as the turnover of 

ATPP takes only a fraction of a second, even highly elevated levels of polyP could 

supplyy ATP only for a few seconds (Rao et al. 1998). PolyP is coupled to the ener-

gyy charge of the cell, though, because it is reversibly synthesized from ATP. As 

expectedd for a polyanion, polyP is a strong chelator of metal ions. Chelation of 

variouss metals (e.g. Zn, Fe, Cu, and Cd) may reduce their toxicity or affect their 

functionss (Kornberg 1995). Other functions reported are buffer against alkali ions 

(Pickk and Weiss 1991), and channel for DNA entry (Kornberg 1995). Furthermore, 

polyPP has a function in physiological adjustments to growth, development, and 

deprivations.. In E. coli, polyP accumulation in a Pj-limited medium depends on a 

simultaneouss insufficient supply of amino acids (Rao et al. 1998), and thus seems 

too be connected to the stringent response. As ppGpp inhibits polyphosphatase 

(Ppx)) activity (Rao and Kornberg 1999), it effects control without changing the 

expressionn levels of polyP kinase ippk) ondppx. 
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Surprisingly,, the enzyme that produces ppGpp, pppGpp hydrolase, also has 

polyphosphatasee activity (Keasling et al. 1993). A mutant that lacks the ppk gene 

showedd striking deficiencies in the stationary phase. The mutant survived less 

well,, was less resistant to heat, oxidants, and osmotic strain (Kornberg 1995 and 

referencess therein). It is interesting to note in this respect, that Ppk may also func-

tionn as a nucleoside diphosphate kinase, converting ADP, GDP, CDP, and UDP to 

theirr respective triphosphates. Using a novel, rapid and sensitive assay for polyP, 

Ault-Richéé et al. (1998) have described dynamic accumulation of polyP in E. coli, 

inn response to nutrient limitation and osmotic strain. However, polyP accumulation 

iss not a general deficiency response, as carbon-starvation, temperature- or oxida-

tivee strains do not promote polyP accumulation. It is triggered by salt-stress, but 

nott under control of EnvZ. Secondary effects of the hyperosmolarity, such as nutri-

entent depletion could trigger polyP accumulation. Accumulation of polyP in response 

too N-starvation occurs under control of NtrC and RpoS (Ault-Riché et al. 1998). 

Thee role in osmoregulation was clarified recently for Chlamydomonas reinhardtii. 

Ruizz et al (2001) found that polyP bodies coalesce to form contractile vacuoles. 

Thiss complex accumulates water and ions and discharges its contents outside the 

celll  by fusion with the plasma membrane. In this organism, polyP hydrolysis 

occurss after hypo-osmotic shock and vice versa. The balance in the synthesis and 

hydrolysiss of polyP could also have a role in the regulation of the relation between 

thee redox-state and the ATP/ADP ratio. The reactions carried out by Ppk, Ppa, and 

ATPasee together form a futile cycle, resulting in net dissipation of free energy. 

However,, in cyanobacteria both light driven and linear (O2) e" transport take place 

inn the same membrane, the thylakoid. Thus, the ATP/ADP ratio can also be regu-

latedd by cyclic e" transport around photosystem I. Studies of the regulatory func-

tionss of polyP are scarce. A study with Synechococcus showed that extensive 

polyPP formation occurred transiently when P-limited cells were repleted with Pj 

(Grill oo and Gibson 1979). This has been called the polyP overplus phenomenon. In 

thatt study, the changes in Ppk activity were found to be in parallel to the changes 

off  AP activity in P-limited continuous cultures and batch cultures. The activity of 

Ppaa was almost unvarying. 

Inn the results from our differential display experiments with Synechocystis 

(Dignumm et al., Chapter 3 this thesis; Yeremenko et al. in prep), we found no 

changess 'mppk or ppx expression in cells in the transition phase. Large amounts of 

dissolvedd and particulate polyP have been observed in nutrient-deficient 

Synechocystis,Synechocystis, using in vivo 3 1P NMR spectroscopy and transmission electron 

microscopyy respectively (Lawrence et al. 1998). Recently, Morohoshi et al. (2002) 

showedd that a mutation of the phoU gene, which encodes a negative regulator of 

thee pho regulon, led to high levels of accumulated polyP in both E. coli and 

Synechocystis. Synechocystis. 
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PjPj -uptake kinetics in Synechococcus 
Inn a series of studies on Synechococcus elongatus PCC 7942, the bioenergetics and 
physiologyy of Pj-uptake of this organism were meticulously investigated (Wagner 
ett al. 2000, and references therein). When Pj-availability was limiting the growth 
rate,, the high affinity Pj-uptake system of Synechococcus was very active and the 
externall  concentration rapidly dropped below the thermodynamic threshold con-
centration,centration, below which incorporation is energetically impossible (typically 3-10 
nM;; Falkner et al. 1989). However, the threshold concentration is influenced by 
thee activity of the uptake system, such that an increase in activity decreases the 
thresholdd value. The Pj uptake rate by Synechococcus near the thermodynamic 
equilibriumm was found to be linearly dependent on the free energy of polyphos-
phatee formation and the pH-gradient at the thylakoid membrane (Wagner et al, 
1995).. In this situation, Pj-uptake and growth were not directly coupled; the 
growthh rate was rather related to the amount of stored phosphate, as intuited by 
Droopp (1973; 1974). When the Pj-concentration rose to more than 100 nM, initial-
lyy fast uptake of Pj into polyphosphate pools occurred. The initial high uptake rate 
changedd within minutes as the uptake system made a transition from the more 
activee to the less active state, with a more favourable linear operation mode. In 
cellss that were pre-incubated with 10 U.M Pj, however, this change in kinetics had 
alreadyy taken place (Wagner et al, 1995). The properties of the uptake system were 
maintainedd following a decrease of the external concentration. When the Pj con-
centrationn remained high, this led to an excessive polyphosphate formation that 
diminishedd the available energy. Repression of the high affinity uptake system and 
aa decrease in the degree of coupling then became necessary, leading to a further 
decreasee in uptake rate after some transition time, typically 24-48 hours (Falkner 
ett al. 1989). The Pj-uptake at higher concentrations is an active process, and prob-
ablyy also ATP-dependent (Ritchie et al. 1997). A SphX knockout mutant of 
SynechococcusSynechococcus had altered Pj-uptake kinetics (Km =500 nM instead of 120 nM), 
butt still had the ability of incorporating Pj from low external concentrations. 
However,, the capacity to adapt to a sudden increase in external Pj concentration 
wass impaired (Falkner et al. 1998). Thus the wildtype is better adapted to fluctua-
tionss near the thermodynamic threshold level. 

Twoo different studies mention that in contrast to E. coli, which has two different 
typess of Pj-uptake systems, Pj-uptake in Synechococcus is regulated by differential 
expressionn of a single, high-affinity system (Grillo and Gibson 1979; Ritchie et al. 
1997).. However, the absence of a low-affinity uptake system does not prove that 
theree is only one high-affinity uptake system in Synechococcus. In line with the 
resultss presented for Synechocystis in this chapter and chapter 3 of this thesis, the 
observedd adaptation flexibilit y in Synechococcus could be a consequence of the 
staggeredd interplay of several parallel uptake systems that show variable adapta-
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tionn to elevated phosphate concentrations. Such a set of simultaneously operating 

uptakee systems with distinct affinities allows the observed flexibilit y towards Pj 

concentrationss fluctuating around the thermodynamic threshold. 

Genera ll  conclusion s 

Cyanobacteriaa show complex adaptive responses to Pj-deficiency. Presence of 

multiplee uptake systems allows cyanobacteria to fine-rune with their environment, 

andd cope with fluctuating Pj-availability. The expression level of several proteins 

inn the cell envelope is specifically under control of Pj-availability, and can be dis-

cernedd from general responses to nutrient deficiency. The expression patterns of 

thesee proteins can thus be used as a typical signature for the status of the cell with 

respectt to the prevailing insufficient nutrient. Pj-binding protein PstS and alkaline 

phosphatasee PhoA indicate induction of/j/?o-regulon. Of special interest are the 

outerr membrane porins, which are present in multiple gene-copies that show dif-

ferentt expression patterns. Cell-surface exposed loops on these porins provide the 

handless to tackle fundamental questions in future research. 
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Abstrac t t 

Alkalinee phosphatase (AP) activity provides a suitable indicator for the nutrient 
statuss of phytoplankton. The novel alkaline phosphatase substrate, ELF-97 phos-
phate,, yields intensely green fluorescent precipitates upon enzymatic dephosphory-
lation,, and therefore traces AP activity back to its producer. Both fluorescence 
microscopyy and flow cytometry allowed detection of cells with AP induced fluo-
rescencee with UV excitation. Several, but not all tested cyanobacteria showed AP 
inducedd fluorescence after staining with the ELF substrate. The presence of 
endogenouss fluorescent pigments in photoautotrophic organisms allowed flow 
cytometricc distinction (blue excitation) of different clusters in the phytoplankton 
communityy in Lake Loosdrecht (the Netherlands): eukaryotic algae (diatoms and 
greenn algae), chlorophyll a and b containing but phycobilin-less cyanobacteria 
(predominantlyy Prochlorothrix hollandica), and phycocyanin-containing cyanobac-
teriaa (predominantly Planktolyngbya limneticd). AP induced fluorescence adds an 
extra,, nutrient status related parameter in flow cytometry (UV excitation). The 
dominantdominant cyanobacterium in Lake Loosdrecht (the Netherlands), P. limnetica, pos-
sessess a derepressible AP, whereas in the second most abundant strain, P. hollandi-

ca,ca, AP is absent. Within the population of P. limnetica variable sensitivity towards 
ELF-977 staining was found, resulting in distinct groups with different nutrient sta-
tus. . 

KeyKey words: Alkaline phosphatase, fluorescence, flow cytometry, nutrient status, 

ELF F 
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Introductio n n 

Enzymaticc analyses to detect alkaline phosphatase (AP) activity provide informa-

tionn about the nutrient status with respect to surplus/lack of inorganic phosphate 

(Pj)) in phytoplankton. Although bulk AP activity has been widely used as a means 

off  diagnosing Pj-deficiency, an important flaw in its use as a Pj-deficiency indica-

torr is the uncertainty in the origin of the enzymes. In many older studies, AP activ-

itiess are assumed to be of algal origin and used as indicator for Pj-deficiency with-

outt any proof of their origin (Jansson et al. 1988). In search for suitable indicators 

forr the phytoplankton nutrient status that trace molecular markers back to the cells 

thatt produced them, several reviews have been published in recent years (Palenik 

andd Woods 1998; La Roche et al. 1999; Scanlan and Wilson 1999; Jochem 2000; 

Beardalll  et al 2001). Molecular methods such as fluorescent in situ hybridisation 

orr immuno-fluorescence require many reaction steps. A biochemical indicator like 

thee enzymatic assay approach is very straightforward and convenient, and com-

prisess only one reaction step and short staining time compared to immuno-

labelling. . 

Manyy cultured algal species show increased AP activity when they are subjected to 

aa lack of Pj. For example, AP activity was induced 5-25 times in nine cultured 

species,, among which Chlorella pyrenoidosa, Scenedesmus dimorpha, Microcystis 

aeruginosaaeruginosa and Aphanizomenon flos-aqua, the latter also showing constitutive AP 

activityy (Fitzgerald and Nelson 1966). Induction of AP at low Pj-concentrations 

wass also described for Anacystis nidulans, later renamed as Synechococcus sp. 

(Ihlenfeldtt and Gibson 1975). Both Oscillatoria sp. and Anabaena sp. show no 

significantt constitutive levels of AP activity, and induce the enzyme in Pj-deficient 

conditionss (Marco and Onis 1988). This is in agreement with data for Anabaena 

flos-aqua,flos-aqua, A. variabilis, A. spiroides and A. cilidrica, but AP activity was not 

inducedd O. spiroides and O. prolifera (Marco and Orus 1988). AP activity thus 

seemss ubiquitous among many, but not all algae. 

Floww cytometry is a valuable tool in aquatic microbiology due to its speed in 

determiningg numbers and size of microorganisms (e.g. Vives-Rego et al. 2000). 

Additionall  biochemical and physiological information is provided by the detection 

off  fluorescent molecules present in the cells. The objective of this study was to 

developp a simple, direct method to detect the cellular response of freshwater phy-

toplanktonn to phosphate deficiency in a flow cytometer. The presence of endoge-

nouss fluorescent pigments in photoautotrophic organisms on the one hand allows 

distinctionn of different populations, but on the other hand limits the choice of 

probes.. Members of the ELF-97™ substrate family (Huang et al. 1993; Haugland 

1995)) have suitable excitation and emission wavelengths. ELF-97 phosphate yields 

intenselyy green fluorescent precipitates upon enzymatic dephosphorylation, and 



Alkalinee phosphatase detection in flow cytometry 105 

thereforee traces AP activity back to its producer. Application of this substrate to 

phytoplanktonn and its use in flow cytometry was first published by Gonzalez-Gil 

ett al. (1998), and was recently described in a review by Jochem (2000). The first 

applicationn to freshwater phytoplankton was recently published (Rengefors et al. 

2001),, but did not involve flow cytometry. In the present work we have studied AP 

activityy in several strains of cyanobacteria, and tested the applicability of the ELF-

977 method in flow cytometry with samples from a highly eutrophied lake in the 

Netherlands,, Lake Loosdrecht, which is dominated by filamentous cyanobacteria. 

Experimenta ll  procedure s 

GrowthGrowth conditions 
Batchh cultures were growing exponentially until the onset of phosphate deficiency. 
Too arrive at these conditions we diluted (1:10) pre-cultures from complete BG-11 
mediumm (Rippka et al. 1979), containing 175 (iM Pj, into BG-11 medium without 
phosphate.. This medium was substituted with 175 uM KNO3 to replace potassium 
normallyy provided as K2HPO4. Incubation time was 5-7 days. Control (nutrient 
replete)) cultures were growing in the same conditions with complete BG-11 medi-
um.. Field samples were taken from Lake Loosdrecht, a shallow eutrophic lake in 
thee Netherlands (52°11 'N, 5°3'E; area 9.8 km2; mean depth 1.85 m; Pt o t al = 40-60 
u.g.L~*).. Due to prolonged external nutrient loading, this lake is dominated by fila-
mentouss cyanobacteria and has a low transparency (Secchi-disc depth about 0.5 
m). . 

AlkalineAlkaline Phosphatase assays 
Thee classical assay (Bessey et al. 1946) for AP activity with the substrate para-
Nitrophenyl-phosphatee (/?NPP) was adapted for measurement at 405 nm in a 
microplatemicroplate reader (VERSAmax, Molecular Devices, USA). To 160 |ul of culture 
wee added 40 \i\ of 18 mM /?-NPP (Sigma 104 phosphatase substrate), in 1 M Tris-
HC11 buffer with 10 mM MgCf), pH 8.0. The AP activity was expressed per optical 
densityy unit at 730 nm. The novel alkaline phosphatase substrate 2-(5'-chloro-2'-
phosphoryloxyphenyl)-6-chloro-4-(3H)-quinazolinone(ELF-97™,, Molecular 
Probes;; Huang et al. 1993; Haugland 1995) was applied to several freshwater 
cyanobacteria.. Cells were centrifuged for 15 minutes at a maximum of lOOOx g 
andd resuspended into the buffer provided with the endogenous phosphatase detec-
tionn kit. Because the salt concentration was very high in the buffer (3M NaCl), the 
followingg alternative buffers were tested: 1/5 dilution of the provided buffer in 
waterr or 1/10 dilution in 30 mM HEPES pH 8, 1 mM MgCl2, 0.1 mM ZnCl2. The 
optimall  reaction time was empirically determined to be 30 minutes at room tem-
perature. . 
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FluorescenceFluorescence Microscopy 
Visuall  inspection of the progress of the ELF-97 hydrolysis was carried out on a 
Zeisss standard RA instrument with UV epifluorescence furnishing: excitation filter 
(bandpasss 415 5 nm), dichromatic mirror (FT 460), and suppression filter 
(longpasss 475 nm). Samples were centrifuged for 5 minutes at lOOOx g and resus-
pendedd in 10-25 ji l of mounting buffer provided with the endogenous AP detection 
kitt (Molecular Probes) for temporary storage, Fluorescence microscopic images 
weree taken on a Leica DIALUX 20 EB microscope (Leitz Wetzlar, Germany) fit-
tedd with a Ploemopak filtercube with excitation filter (bandpass 390  35 nm), 
dichromaticc mirror (RKP 455), and suppression filter (longpass 470 nm). The high 
intensityy of the green fluorescent ELF-97 signal permitted the use of background 
lightt (clear field) to distinguish non-stained cells. The microscope was equipped 
withh a Sony (Japan) DXC-950P 3CCD colour video camera and CMA-D2 camera 
adaptor. . 

FlowFlow Cytometry 
Sampless were filtered over a 70 (im plankton filter to prevent obstruction of the 
floww cytometer. Some samples were mildly fixed with final concentrations of 
0.01%% w/v para-formaldehyde and 0.1% w/v glutaraldehyde. Flow cytometric 
analysess were carried out on an Epics Elite instrument (Coulter, Hialeah, Florida, 
USA),, equipped with a gated amplifier facility for measuring with two lasers suc-
cessively.. The water-cooled Argon-Krypton lasers (Coherent 70C) were set on 80 
mWW output of 488 nm wavelength and 60 mW output on multiline UV (350.7-
356.44 nm). The trigger was set on Chlorophyll fluorescence emission peak. 
Forwardd scatter light was filtered with a 488  10 nm bandpass filter before hitting 
thee photodiode. The 90° light beam first hit a 45° 488 nm dichroic longpass filter. 
Thee reflected light from this 488 DL was filtered through a 488  10 nm bandpass 
filterfilter  and measured with a photomultiplier as side scatter. After the 488 DL the 
lightlight passed through a 488 nm blocking filter, and was separated using a 45° 550 
nmm longpass filter. A 525  20 nm bandpass filter was used in front of the PMT for 
measuringg the green fluorescence of ELF-97 alcohol excited by the UV laser. The 
remainingg light was separated using 45° 660 nm dichroic longpass filter to meas-
uree orange fluorescence of phycocyanin (bandpass 637  10 nm) and red fluores-
cencee of chlorophyll (bandpass 675  20 nm). The 525 nm UV pre-amplification 
wass set to 1.0, and the threshold for CHLpklO was adjusted to suppress the extra 
backgroundd noise resulting from higher amplification. All variables were measured 
onn a four-decade logarithmic scale of the integrated signal. WinMDI version 2.8 
softwaree (J. Trotter, 1999) was used to create Figs. 3, 5, 6, and 8 offline. 
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Figuree 1. Reaction scheme for enzymatic conversion of ELF-97 substrate (water soluble 
andd weakly blue fluorescent with UV excitation) to ELF-97 alcohol, which precipitates into 
micro-crystalss that are strongly green fluorescent with UV excitation. 

Figuree 2. Fluorescence microscopic images 
(UVV excitation) of cells with alkaline phos-
phatasee related fluorescence after ELF-97 
stainingg of nutrient replete and Pj-depleted 
batchh cultures of Anabaena variabilis (A and 
BB respectively) and Synechococcus elongatus 
PCCC 7942 (B and D respectively), and alka-
linee phosphatase related fluorescence after 
ELF-977 staining of a sample from Lake 
Loosdrechtt (E). 
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Result s s 
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Figuree 3. Histograms showing the number 
off  events with 525 nm green fluorescence 
(UVV excitation) in samples from batch cul-
turess of model cyanobacteria Anabaena 
variabilisvariabilis (A and B), Synechococcus elon-
gatusgatus PCC 7942 (C and D), and 
SynechocystisSynechocystis sp. strain PCC 6803 (E and 
F).. ELF-stained samples have a grey back-
ground,, and control treatments (same treat-
mentt as ELF-stained cells, without the ELF-
977 substrate) are shown in overlay. A, C, 
andd E: Nutrient replete cultures. B, D, and 
F:: Pj-depleted cultures. Discrete intensity 
levelss of 525 nm emission are marked: low 
(Ml) ,, intermediate (M2), and high (M3) 
5255 nm fluorescence intensity respectively. 

Enzymaticc dephosphorylation of the 

ELF-977 alkaline phosphatase substrate 

(Fig.. 1) yields highly green fluorescent 

micro-crystalss of ELF-alcohol at the 

sitee of enzymatic activity. The high 

intensityy of the ELF-97 signal permit-

tedd the use of background light (clear 

fieldd microscopy) to distinguish non-

stainedd cells. The staining gives a cell-

boundd fluorescent signal, referred to as 

APP induced fluorescence, examples of 

whichh are shown in clear field/fluores-

cencee microscopic images of Anabaena 

variabilisvariabilis (Fig. 2A,B), Synechococcus 

elongatuselongatus PCC 7942 (Fig. 2C,D), and a 

typicall  sample from lake Loosdrecht 

(Fig.. 2E). Green fluorescent micro-

crystalss had a low abundance in cells 

fromm batch cultures of A. variabilis and 

S.S. elongatus with excess Pj (Fig. 

2A,C),, but were much more abundant 

inn Pj-depleted cells (Fig. 2B,D). In the 

lakee water sample, filamentous 

cyanobacteriaa with various amounts of 

APP induced fluorescence were seen 

(Figg 2E), among which Planktolyngbya 

limneticalimnetica (synonym Oscillatoria cf. 

limnetica,limnetica, may include several closely 

relatedd strains, see Komarkova-

Legnerovaa and Cronberg 1992), 

ProchlorothrixProchlorothrix hollandica (Burger-

Wiersmaa et al. 1989), Planktothrix 

agardhii,agardhii, Limnothrix redekei, 

AphanizomenonAphanizomenon flos-aquae, and 

AnabaenaAnabaena spp. Several eukaryotic 

speciess showed AP induced fluores-

cencee among which we visually identi-

fiedd the green algae Pediastrum spp., 



Alkalinee phosphatase detection in flow cytometry 109 

andd Scenedesmus spp., and the diatoms 

DiatomaDiatoma elongatum, Cyclotella spp., and 

NaviculaNavicula spp. (not shown). 

Usingg the UV laser facility on the flow 

cytometerr to excite the cell-bound ELF 

product,, fluorescence emission at 525 

nmm was detected in single filaments of 

A.A. variabilis (Fig. 3A,B), and in single 

cellss of S. elongatus (Fig. 3C,D) and 

SynechocystisSynechocystis sp. PCC 6803 (Fig. 3E,F). 

Cyanobacteriall  strains relevant to lake 

Loosdrechtt were subjected to the same 

assay.. The presently dominant cyanobac-

teriall  strain in the lake Loosdrecht is 

PlanktolyngbyaPlanktolyngbya limnetica. The chloro-

phylll  a and b containing, phycobilin-less 

cyanobacteriumm Prochloro-thrix hol-

landicalandica (Burger-Wiersma et al. 1986) is 

thee second most abundant species. 

Relativelyy rare filamentous cyanobacte-

riaa in lake Loosdrecht are Limnothrix 

redekei,redekei, Planktothrix agardhii, 

AphanizomenonAphanizomenon flos-aquae, and 

AnabaenaAnabaena spp. Filamentous colonies 

fromm batch cultures of P. limnetica strain 

MR11 (Fig. 4A, B), which was isolated at 

thee Centre for Limnology, P. hollandica 

strainn PCC 9006 (Fig. 4C, D), and P. 

agardhiiagardhii (Fig. 4E, F) show different lev-

elss of 525 nm emission intensity. Most 

cellss from batch cultures of 

AphanizomenonAphanizomenon flos-aquae 1401/7 

showedd lysis after ELF-staining, which 

biasedd the results, and the ELF-staining 

off  this strain is therefore not shown. 

Inn some strains, a fraction of the cells 

hadd increased levels of green autofluo-

10'' icr 10 
'525nmm ( r f u ) 

Figuree 4. Histograms showing the number 
off  events with 525 nm green fluorescence 
inn samples from batch cultures of filamen-
touss cyanobacteria relevant for Lake 
Loosdrecht:: Planktolyngbya limnetica 
MR1(AA and B), Prochlorothrix hollandica 
PCCC 9006 (C and D), and Planktothrix 
agardhiiagardhii (E and F). ELF-stained samples 
havee a grey background, and control treat-
mentss culture (same treatment as ELF-
stainedd cells, without the ELF-97 substrate) 
aree shown in overlay. A, C, and E: Nutrient 
repletee cultures. B, D, and F: Pj-depleted 
cultures.. Discrete intensity levels of 525 
nmm emission are marked: low (Ml) , inter-
mediatee (M2), and high (M3) 525 nm fluo-
rescencee intensity respectively. 

rescence,, which was not due to ELF-staining (e.g. Fig. 3D, F and Fig. 4A, E, F). S. 

elongatuselongatus and P. limnetica showed three distinct peaks with different levels of 525 

nmm emission intensities (Fig. 3D and Fig. 4B respectively). 
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Figuree 5. Histograms showing the number of 
eventss with 525 nm green fluorescence (UV 
excitation)) in samples from Lake Loosdrecht 
onn two dates. ELF-stained samples have a 
greyy background, and control treatments 
(samee treatment as ELF-stained cells, without 
thee ELF-97 substrate) are shown in overlay. 
A:: sample from 15-10-2001. B: sample from 
10-12-2001.. Discrete intensity levels of 525 
nmm emission are marked: low (Ml) , interme-
diatee (M2), and high (M3) 525 nm fluores-
cencee intensity respectively. 

Lakee samples also showed a partition 

intoo three discrete intensity levels of 

5255 nm emission (Fig. 5), therefore 

wee classified these peaks as low, inter-

mediatee and high 525 nm fluorescence 

intensityy respectively. Quantification 

off  the relative numbers of particles 

withh increased (intermediate and high) 

levelss of 525 nm fluorescence after 

subtractionn of the percentage of parti-

cless in control treatments without 

ELF-substrate,, referred to as AP 

inducedd fluorescence, is presented in 

Tablee 1, along with AP activity meas-

urementss with the classical para-

Nitrophenyll  phosphate (joNPP) assay. 

Pj-depletedd batch cultures of S. elon-

gatusgatus showed high activity in the 

pNPPP assay as well as AP induced flu-

orescencee with ELF-97 substrate. 

Surprisingly,, Synechocystis sp. PCC 6803 showed high activity in the pNPP assay, 

butt no ELF-signal. A. variabilis shows quantitative induction of ELF-signal in 

batchh cultures. Batch cultures of P. limnetica strain MR1 showed intermediate and 

highh AP induced fluorescence in flow cytometry. A fraction from the filaments 

fromm nutrient replete batch cultures of P. hollandica strain PCC 9006 showed inter-

mediatee 525 nm fluorescence after incubation with ELF-97 phosphate. This signal 

didd not increase in Pj-depleting conditions. Visual inspection by fluorescence 

microscopyy revealed no visible ELF-signal, and thepNPP assay produced no sta-

tisticall  confidence for this species (Table 1). Batch cultures of P. agardhii showed 

highh 525 nm fluorescence in nutrient replete cultures, which was even increased in 

Pj-depletedd cultures. The AP induced fluorescence in batch cultures of S. elongatus 

andd P. limnetica were susceptible to inhibition by high concentrations of Pj. When 

cellss grown in lack of Pj were incubated with 400 uM of Pj for 5 minutes before 

stainingg with ELF-97-phosphate, the ELF-signal in the high 525 nm intensity peak 

wass halved, and after incubation with 2 mM of Pj or higher concentrations, none 

off  the cells had any high ELF-signal (results not shown). 
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25 5 

200 40 

Timee (minutes) 

Too optimise the staining procedure, samples of lake Loosdrecht water were incu-

batedd with ELF-97 substrate and sampled in a time series. The experiment demon-

stratess that there was hardly any staining development within the first 5 minutes 

(Fig.. 6A). After 10 minutes, more than 20% of the cyanobacteria in the sample had 

ann intermediate 525 run intensity, while about 5% show high 525 nm fluorescence. 

Afterr this time, the fraction of cells with high intensity gradually increased, at the 

expensee of the intermediate 525 nm fluorescence fraction. The reaction reached 

saturationn after 30 minutes (Fig. 6A). 

AA plot of the mean relative fluores-

cencee (relative to the base peak of 

non-stainedd cells, expressed in relative 

fluorescencee units at 525 nm, 

r fu525nmm per cell) in time shows lin-

earr increase of the fluorescence inten-

sityy in the different fractions (Fig.6B). 

Afterr 30 minutes of reaction, the mean 

intensityy in the group with intermedi-

atee 525 nm fluorescence was about 

1000 times higher than that in the 

groupp with low 525 nm fluorescence. 

Thee mean intensity in the group with 

highh 525 nm fluorescence was about 

9000 times higher than that in the 

groupp with low 525 nm fluorescence. 

Becausee the salt concentration was 

veryy high in the buffer (3M NaCl), 

cellss were liable to break when sub-

jectedd to the low salt concentrations 

andd high pressure differences in the 

sheathh fluid of the flow cytometer. 

Whenn the reaction was carried out 

withh a 1 in 5 dilution of the provided 

bufferr in water, staining was even bet-

terr than with undiluted buffer (results 

nott shown), but with 1 in 10 dilution 

noo AP induced fluorescence was 

detected.. However, 1/10 dilution in 30 

mMM HEPES pH 8 with 1 mM MgCl2 

andd 0.1 mM ZnCl2 gave a strong ELF 

signall  (also not shown). 

600 0 

400 0 

200 0 

200 40 

Timee (minutes) 

Figuree 6. Time series of ELF-97 staining of a 
samplee from Lake Loosdrecht. 
A.. Percentages of particles in the clusters with 
highh and intermediate fluorescence intensity at 
5255 nm. Fractions of the total of particles are 
shownn in open symbols (dashed lines), and 
fractionss of the particles in cyanobacterial clus-
terr are shown in closed symbols (solid lines). 
Circless represent high 525 nm fluorescence 
intensity,, and squares represent intermediate 
5255 nm fluorescence intensity. B. Mean rela-
tivee fluorescence in the three intensity clusters. 
Triangles,, squares, and circles represent the 
clusterss with low, intermediate, and high 525 
nmm fluorescence intensity respectively. Linear 
fitsfits are shown in solid lines. 
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Floww cytometric analysis of freshwater samples from lake Loosdrecht (the 
Netherlands)) with blue (488 nm) excitation, allows separation of phytoplankton 
accordingg to differences in photosynthetic pigmentation. In a bivariate plot of 
chlorophylll  a (675 nm) vs. phycocyanin (640 nm) fluorescence (Fig. 7A), the phy-
toplanktonn community separated into clusters of eukaryotic algae, chlorophyll a 

andd b containing but phycobilin-less cyanobacteria (prochlorophytes), phycobilin-
containingg cyanobacteria, and detritus. Treatment with ELF-97 phosphate caused 
thee clusters in the 675 nm vs. 640 nm plot to draw towards each other (Fig. 7B). 
Thee cyanobacterial cluster shifted to lower 640 nm intensity as well as lower 675 
nmm intensity. The prochlorophyte cluster shifted only in 675 nm, resulting in over-
lapp of the clusters. Higher amplification of both 640 and 675 nm photomultiplier 
tubess allowed the clusters to be separated again (Fig. 7C). In the ELF-stained sam-
pless an extra cluster appeared parallel to the cluster of cyanobacteria. 
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Figuree 7. Two-dimensional histograms (dot plots) of red chlorophyll a fluorescence (y-axis, 
6755 nm) vs. orange phycocyanin fluorescence (x-axis, 640 nm) with blue excitation at 488 
nmm (samples from 15-10-2001). A: Sample directly injected into flow cytometer, showing 
goodd separation of clusters of eukaryotic algae (I), prochlorophytes, predominantly P. hol-
landicalandica (II), phycocyanin-containing cyanobacteria, predominantly P. limnetica (III) , and 
detritus,, predominantly dead phytoplankton cells (IV). B: After ELF-staining the clusters 
movee towards each other with voltage of photomultiplier tubes set at 1000V. C: Voltage of 
photomultiplierr tubes set at 1500V gives separation again. The arrow indicates an additional 
clusterr of cyanobacteria that appears only after ELF-97 staining. 

Thee three groups of different 525 nm intensities are separately represented in two-
dimensionall  chlorophyll vs. phycocyanin fluorescence plots (Fig. 8). The low 525 
nmm intensity group contains all clusters, whereas the intermediate 525 nm intensity 
groupp is relatively enriched in cyanobacteria, and contains much less detritus. The 
highh 525 nm intensity group mainly contains eukaryotic algae and cyanobacteria, 
andd is low in prochlorophytes and detritus. Particles in the anomalous cluster of 
cyanobacteriaa have a very strong ELF-signal (Fig. 8C). We have some morpholog-
icall  indications, for example the presence of heterocysts, that this might be 
AphanizomenonAphanizomenon flos-aquae. 
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Summationn of the number of parades in the intermediate and high 525 nm intensi-

tyy groups gave the following relative quantities after subtraction of the numbers in 

thee control treatment: of all particles, about 11.5% had AP induced fluorescence; 

off  the eukaryotic algae (about 1% of all particles), about 39% had AP induced flu-

orescence;; of the P. hollandica cluster (about 10% of all particles) about 13% had 

APP induced fluorescence; of the cluster of phycocyanin-containing cyanobacteria, 

includingg the ' Aphanizomenon cluster (about 22% of all particles), about 27% had 

APP induced fluorescence, and in the cluster of detritus (about 60% of all particles), 

aboutt 4% had AP induced fluorescence. 
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Figuree 8. Cluster analysis in two-dimensional histograms (dot plots) of red chlorophyll a 
fluorescencee (y-axis, 675 nm) vs. orange phycocyanin fluorescence (x-axis, 640 nm) with 
bluee excitation 488 nm (samples from 15-10-2001). A: Particles with low green fluores-
cencee (gate Ml in Fig. 5B). B: Particles with intermediate alkaline phosphatase induced flu-
orescencee (gate M2 in Fig. 5B). C: Particles with high alkaline phosphatase induced fluores-
cencee (gate M3 in Fig. 5B). Clusters that contain eukaryotic algae (I), P. hollandica (II), P. 
limneticalimnetica (III) , and detritus (IV), and an additional cluster of cyanobacteria (arrow) are indi-
cated. . 

Discussio n n 

Thee ELF-97 AP substrate provides a readily applicable method to determine the P-
sensingg status of freshwater phytoplankton, expanding the use of UV excitation in 
floww cytometry. Flow cytometry gives quantitative measurements in terms of rela-
tivee fluorescence, if these measurements are taken after saturation of fluorescence 
accumulationn or at a specific time point (Jochem 2000). No cells with ELF-97 sig-
nall  were visible within the first 5 minutes of incubation. Fluorescence intensity 
increasedd linearly over time and did not reach a maximum within the experimental 
periodd (1 hr). These results indicate that the rate-limiting step for the formation of 
ELF-977 alcohol is not the enzymatic conversion, but rather a transport process, 
suchh as diffusion of the rather large substrate across the outer cell layers. 
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Inn the product information provided by the manufacturer a staining time of 30 sec-
ondss is recommended (Haugland 2001). According to our experiments the partition 
off  cells with ELF-97 signal reached a steady level after 30 minutes, corresponding 
too the staining time found in literature (Gonzalez-Gil et al. 1998; Dyhrman and 
Palenikk 1999). The observation that the increase in fluorescence intensity contin-
ued,, while the division of cells into distinct intensity groups stabilized, suggests a 
biologicall  origin of this division. The ELF-signal was therefore expressed in per-
centagee of particles in defined groups or clusters. It is interesting to note that the 
ELF-signall  was not evenly distributed over the cells, but was localized in spots. 
Thiss punctated labelling pattern was previously described (Gonzalez-Gil et al. 
1998;; Dyhrman and Palenik 1999), and can be explained by nucleation of micro-
crystals;; at the site where the first crystallization nuclei form, crystallization of 
moree ELF-97 alcohol would take place in a confined space. Lack of staining in 
1:100 diluted reaction buffer was probably due to the dependence of the enzymatic 
activityy on the presence of zinc and magnesium. Providing these cofactors in 
HEPESS buffer did not give satisfactory results, probably due to the lack of other, 
unknownn factors provided in the reaction buffer of the endogenous phosphatase 
detectionn kit. The ELF-signal was susceptible to inhibition by prior addition of 
millimolarr concentrations of Pj. Pj is a strong competitive inhibitor of AP activity 
(Healeyy 1973; Siuda and Chróst 1987; O'Brien and Herschlag 2001). Nutrient 
repletee batch cultures of the tested cyanobacteria showed low levels of AP activity, 
duee to a constitutive level of AP expression. These results indicate that the ELF-
signall  originates from Pj-inhibitable enzymes, probably only AP. 
Presencee of endogenous fluorescent pigments in photoautotrophic organisms 
allowedd flow cytometric distinction (at blue excitation) of different clusters in the 
phytoplanktonn community in Lake Loosdrecht (the Netherlands), consisting of 
eukaryoticc algae (diatoms and green algae), chlorophyll a and b containing but 
phycobilin-lesss cyanobacteria (predominantly Prochlorothrix hollandica), and phy-
cocyanin-containingg cyanobacteria (predominantly Planktolyngbya limneticd). The 
fluorescentt signal varies linearly with the length of filamentous cyanobacteria 
(Hofstraatt et al. 1991), and the amount of both pigments does not vary independ-
ently.. This resulted in long-stretched clusters of cyanobacteria in bivariate 675 nm 
vs.. 640 nm plots (Fig. 7 and 8). P. hollandica, which contains mainly chlorophyll 
a,, littl e chlorophyll b, and no phycocyanin, had a normal distribution in these 
plots.. The cluster of eukaryotic algae represents low numbers of many different 
species,, and is therefore amorphic. ELF-97 phosphate was shown to add a parame-
terr to flow cytometric analysis of phytoplankton; its spectral characteristics do not 
interferee with the autofluorescence of these photosynthetic organisms. The staining 
proceduree had an adverse effect on the separation of the clusters, which was coun-
teredd by increasing the voltage of the photomultiplier tubes. 
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Cyanobacteriall  filaments were weakened towards mechanical strain after the ELF-

977 staining procedure, probably due to the high concentration of NaCl (3M) in the 

detectionn buffer provided with the endogenous AP detection kit. The staining, 

especiallyy after longer storage time (hours) and after washing in sheath fluid, 

causedd filaments to break during flow cytometry. Omission of washing steps and 

restraintt of centrifugal force to 1 OOOx g did not prevent the filaments from break-

ing.. Use of ethanol to dehydrate the cells, as recommended in the product protocol 

(seee also Rengefors et al 2001), resulted in changed properties of the photosynthet-

icc pigments. Mil d fixation with low concentrations of glutaraldehyde and 

formaldehydee gave good preservation of filaments after ELF stain, and did not 

influencee photosystems fluorescence. In contrast to the findings of Rengefors et al. 

(2001)) these fixation conditions did not hinder AP induced fluorescence. AP 

inducedd fluorescence depended on P-concentration in batch cultures; the tested 

organismss showed a variable sensitivity towards ELF-97 staining. The dominant 

cyanobacteriumm in Lake Loosdrecht (the Netherlands), P. limnetica, was shown to 

possesss a derepressible AP, whereas in the second most abundant strain, P. hol-

landica,landica, AP induced fluorescence is absent. In spite of the discrepancy in the stain-

ingg of Synechocystis PCC 6803, we believe that AP induced fluorescence reflects 

species-specificc variation in the adaptive strategies towards P-deficiency. 

Furthermore,, we found heterogeneous sensitivity towards ELF-97 staining within 

thee population of cyanobacteria in the lake, resulting in discrete groups with appar-

entt different nutrient status. This heterogeneity cannot be attributed to the exis-

tencee of multiple closely related strains, as pure cultures of S. elongatus, P. limnet-

ica,ica, and P. agardhii also showed discrete intensity peaks. In a recent study using 

floww cytometric detection of endogenous AP in mammalian cells (Telford et al. 

2001),, similar subsets with varying levels of AP induced fluorescence were found 

inn the context of cell cycle analysis. The intra-specific variation of AP induced flu-

orescencee in filamentous cyanobacteria poses an interesting physiological problem, 

whichh we will address to in chapter 6. 
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Abstrac t t 

Too determine nutrient availability and growth rates on a population level, improve-
mentt of discriminative power in fluorescence-activated cell sorting (FACS) is 
required.. We have combined fluorescence of the endogenous photosynthetic pig-
mentss chlorophyll a and phycocyanin with a phosphate deficiency related stain 
(ELF-97),, referred to as alkaline phosphatase (AP) induced fluorescence, to sort 
phytoplanktonn from Lake Loosdrecht (The Netherlands). Stable isotope labelling 
off  the phytoplankton with ' 3C-enriched CO2 enabled assessment of specific gross 
growthh rates of sorted phototrophic populations by pyrolytic methylation-gas chro-
matographyy and in-line compound specific isotope-ratio mass spectrometry (py-
GC-IRMS).. The dominant population in the lake, Planktolyngbya limnetica, was 
growingg under P-limitation in spring, but the P-availability increased in summer, 
possiblyy due to increased mineralization. Continuous addition of phosphate to a 
laboratoryy scale enclosure of lake water resulted in washout of the cells with AP-
inducedd fluorescence, and increased growth rates. In addition, this study revealed 
populationn heterogeneity within the cluster of phycocyanin-containing cyanobacte-
ria.. AP-induced fluorescence thus reflects the level of P-deficiency and growth 
potentiall  of freshwater cyanobacteria and eukaryotic algae, but is modulated by the 
vitalityy of subsets in the population. 

KeyKey words: Alkaline phosphatase induced fluorescence, fluorescence-activated cell 

sorting,, isotope-ratio mass spectrometry, in situ growth rate, phytoplankton 
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Introductio n n 

Floww cytometry enables detection and sorting of individual phytoplankton cells by 

autofluorescencee of photosynthetic pigments. Flow cytometric analysis of fluores-

cencee emission intensities at 675 and 640 nm originating from 488 nm blue excita-

tionn of chlorophylls and phycobilisomes reveals separate clusters of green algae 

andd cyanobacteria (Hofstraat et al. 1991; Vives-Rego et al. 2000; Becker et al. 

2002).. Molecular genetic techniques and analysis of protein patterns expand the 

knowledgee of diversity and dynamics in communities of filamentous cyanobacteria 

inn lakes (Lyra et al. 1997; Zehr and Voytek 1999). Furthermore, natural isotopic 

variabilityy due to fractionation-inducing biochemical reactions (Brenna 2001) 

retainss information about the physiological state of phototrophic (sub-)populations 

(e.g.. Popp et al. 1998). By linking fluorescence-activated cell sorting (FACS) and 

isotope-ratioo mass spectrometry through in-line pyrolytic methylation, the cells can 

bee probed for their population-specific 8'^C signature. This novel method allows 

assessmentt of growth rates of selected species of phytoplankton in situ, if the cells 

aree labelled with ^C-carbonate (Pel et al., 2002a+b). Population dynamics can 

thuss be studied in detail. Currently, efforts have focused on determining nutrient 

availabilityy on an individual cell level (Jochem 2000; Beardall et al. 2001), to 

improvee the discriminative power of flow cytometry by including a physiology-

relatedd optical attribute (this thesis, chapter 5). 

Cyanobacteriaa present a nuisance when abundant, and their growth potential often 

dependss on the availability of phosphorus (P). Because it has no atmospheric 

sourcee for replenishment, P is the most likely of the macronutrients to become the 

growthh limiting factor in natural freshwater conditions, and its availability in lakes 

cann change dynamically (Schindler 1977; Hecky and Kilham 1988; Correll 1999). 

Alkalinee Phosphatase (AP) activity increases the spectrum of P-compounds avail-

ablee for transport and assimilation (Siuda and Chróst 1987). AP enzymes are syn-

thesizedd in many microorganisms only when they lack directly available P, ortho-

phosphatee (Pj). The presence and activity of these enzymes thus represents a useful 

aspectt of the phosphate sensing-status of the cells. Similarity in AP activity, 

expressedd per unit of ATP in particulate matter, among several natural and cultured 

phytoplanktonn species was sufficient to allow definition of AP activity values char-

acteristicc of severe, mild and no limitation (Healey and Hendzel 1979). In natural 

sampless AP activity correlated with other signs of P shortage. For example, AP 

activityy reached equilibria in continuous flow cultures of natural phytoplankton 

communities,, showing a hyperbolic relationship between equilibrium AP activity 

andd growth rate (Smith and Kalff 1981). Such an inverse relationship, with rapidly 

increasingg AP activity at low growth rates, is probably due to variation in respon-

sivenesss between populations when P is the limiting factor (Siuda and Chróst 
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1987).. A similar response curve exists for the relation between AP activity and cel-
lularr P in the phytoplankton biomass of Minnesota lakes (Gage and Gorham 1985), 
betweenn AP activity and Pj concentration in eutrophic lakes in general (Siuda and 
Chróstt 1987), and between enzyme activity and Pj concentration for 
SynechococcusSynechococcus sp. PCC 7942 specifically (Schreiter et al. 2001). 
APP activity seems useful as an indicator for the onset of P-deficiency. Bulk AP 
activity,, however, is not an ideal indicator for several reasons (Graziano et al. 
1996).. Firstly, the enzyme activity follows different patterns in various organisms, 
inn some it is even constitutive or completely absent. Secondly, heterotrophic bacte-
riaa are often responsible for a significant fraction of the measured activity. Thirdly, 
measuredd rates are relative and do not always co-vary with other indicators of P-
deficiency.. Usually most of the AP activity is confined to the periphery of cells 
andd only a small fraction is excreted. The use of a novel substrate that yields high-
lyy fluorescent precipitates at the site of enzymatic activity (Huang et al. 1993; 
Hauglandd 1995), largely meets the objections against bulk AP activity measure-
ments.. The enzyme-labelled fluorescence (ELF) phosphatase substrate, member of 
thee ELF-97 ™ substrate family, is suitable for application to the detection of 
endogenouss AP in complex mixtures of phytoplankton in a flow cytometer 
(Gonzalez-Gill  et al. 1998; Dyhrman and Palenik 1999; Jochem 2000), and is also 
applicablee to freshwater phytoplankton (Rengefors et al. 2001). In this study we 
assesss the Pj sensing-status of individual cells and colonies in the phytoplankton 
communityy of Lake Loosdrecht (the Netherlands) with a flow cytometer and link 
thiss information to in situ growth potentials of selected population clusters. 

Experimenta ll  procedure s 

StudyStudy site 
Lakee Loosdrecht, a shallow eutrophic lake in the Netherlands (52°H'N, 5°3'E; 
areaa 9.8 km2; mean depth 1.85 m; Pto ta] = 40-60 u.g.L_l; N t o t a( = 1.4-1.9 mg.L' 
1),, is part of a system of interconnected lakes originating from industrial peat min-
ingg (for details, see Hofstra and Van Liere 1992). It is generally completely wind-
mixed,, and has a very low transparency (Secchi-disc depth almost always <0.5 m; 
Gonss et al. 1992). Since 1932 water from one of the adjacent polders was pumped 
throughh the Loosdrecht lakes to supply drinking water for the city of Amsterdam. 
Thee water was supplemented from the nearby River Vecht, which was highly pol-
lutedd with organic waste and nutrients. Due to this prolonged external nutrient 
loading,, the lakes have changed from mesotrophic clear water dominated by sub-
mergedd plants, to highly eutrophic water with low transparency dominated by fila-
mentouss cyanobacteria. In 1984 remedial measures were taken to reduce the exter-
nall  P loading rate. Most importantly, the inlet of water was replaced by chemically 
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"dephosphoryzed""  water from the Amsterdam-Rhine Canal (Hofstra and Van Liere 
1992).. In this study, water samples were collected at weekly intervals (April-
Decemberr 2001) from a single sampling point off the West-End harbour jetty in 
Lakee Loosdrecht. In Lake Loosdrecht various filamentous cyanobacteria are pres-
ent.. The currently most abundant strain was formerly called Oscillatoria cf. lim-
netica,netica, but later proved to belong the Pseudanabaena group. 16S-rRNA and DGGE 
analysess have revealed multiple closely related strains belonging to this group in 
Lakee Loosdrecht (Zwart, personal communication), morphologically identical with 
PlanktolyngbyaPlanktolyngbya limnetica (Komarek and ?aslavska, 1991; Komarkova-Legnerova 
andd Cronberg 1992). The second most abundant population is Prochlorothrix hol-
landicalandica (Burger-Wiersma et al. 1986). This organism has no phycobilins, and has 
littl ee chlorophyll h (Matthijs et al. 1994). 

CultureCulture conditions 
Laboratoryy scale enclosures (Rijkeboer et al. 1990) filled with water from Lake 
Loosdrechtt (130 L) had a temperature of 16 °C, and a light regime of 230 umol 
photons.m"2.sec"11 photosynthetically available radiation (PAR) just below the sur-
facee with a light:dark cycle of 16:8 h. The cultures were continuously mixed and 
aerated.. A continuous flow of mineral medium was added at a rate of 240 ml.h"1. 
AA solution with 1.7 mM P; ( K 2H P 0 A) was added at a rate of 10 ml.h'1. In addi-
tion,, a solution containing l. l lmg.r1 FeC^^F Ô and 1.33 mg.1"1 Na2EDTA was 
addedd at a rate of 10 ml.h'1. The total medium dilution rate was 0.05 d"1. 
Subculturess from the LSE or lake water samples were incubated in 13C-labeling-
enclosuress (1.4 1; optical depth 0.1 m) under the following conditions: temperature 
166 °C, pH 8, light regime 47 umol photons.m"2.sec_1 (PAR); light:dark cycle 16:8 
hh (halogen 7 IPR lamp, Mazda 1500 W), and no fresh medium supply. Dissolved 
inorganicc carbon (DIC) in the subcultures was supplemented with 6 mg 13C-
NaHCC "̂"  (99 atom% 13C) to an enrichment grade of 1500%0. In situ population-
specificc growth rates of phototrophs were estimated from the rate of  1 3C-C02 

incorporationn in mono- or polyunsaturated fatty acids over 24 hours according to 
Pell  et al.2002a (see also below). 

EnzymeEnzyme labelled fluorescence (ELF) 
Thee alkaline phosphatase substrate 2-(5'-chloro-2'- phosphoryloxyphenyl)-6-
chloro-4-(3H)-quinazolinonee (ELF-97™) was part of an endogenous phosphatase 
detectionn kit (Molecular Probes USA). Cells were centrifuged for 15 minutes at a 
maximummaximum of lOOOx g and resuspended into the buffer provided with the kit. To 
preventt cell lysis during cell sorting, washing steps were omitted. The samples 
weree kept on ice instead and diluted straight into 1% isoton for insertion into the 
floww cytometer. Visual inspection of the ELF-97 signal was carried out on a Zeiss 
standardd RA instrument with UV epifluorescence furnishing: excitation filter 
(bandpasss 415  25 nm), dichromatic mirror (FT 460), and suppression filter 
(longpasss 475 nm). 
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FlowFlow Cytometry 
Sampless were filtered over a 70 |im plankton filter to prevent obstruction of the 
floww cytometer. Part of the samples were lightly fixed (final concentrations 0.01% 
w/vv para-formaldehyde and 0.1% w/v glutaraldehyde) to give better preservation 
off  filaments during and after their handling in ELF-staining and subsequent cell 
sorting,, while fully retaining autofluorescence. Flow cytometric analyses and 
FACSS were done on an Epics Elite instrument (Coulter, Hialeah, Florida, USA), 
equippedd with a gated amplifier facility for measuring with two lasers successive-
ly.. Two water-cooled Argon-Krypton lasers (Coherent 70C) were set on 80 mW 
outputt of 488 nm wavelength and 60 mW output on multiline UV (350.7-356.4 
nm).. The trigger was set on Chlorophyll fluorescence emission peak. Forward 
scatterr light was filtered with a 488  10 nm bandpass filter before hitting the pho-
todiode.. The 90° light beam first hit a 45° 488 nm dichroic longpass filter. The 
reflectedd light from this 488 DL was filtered through a 488  10 nm bandpass filter 
andd measured with a photomultiplier as side scatter. After the 488 DL the light 
passedd through a 488 nm blocking filter, and was separated using a 45° 550 nm 
longpasss filter. A 525  20 nm bandpass filter was used in front of the PMT for 
measuringg the green fluorescence of ELF-97 alcohol excited by the UV laser. The 
remainingg light was separated using 45° 660 nm dichroic longpass filter to meas-
uree orange fluorescence of phycocyanin (bandpass 637  10 nm) and red fluores-
cencee of chlorophyll (bandpass 675  20 nm). To get a good separation of clusters, 
thee photo-multiplier tubes were set to PMT640 = 1450 V and PMT675 = 1300 V. 
Thee 525 nm UV pre-amplification was set to 1.0, and the threshold for CHLpklO 
wass adjusted to suppress the extra background noise resulting from higher amplifi-
cation.. All variables were measured on a four-decade logarithmic scale of the inte-
gratedgrated signal. Histograms (Fig. 4) were created with WinMDl version 2.8 (J. 
Trotter,, 1999). Settings for sorting were: frequency 21.3-21.4 KHz, drive 65%, 
deflectionn amplitude 48-50%, drop delay 21.0-25.9, 3 drops sorted, coincidence 
abortt on. After flow cytometric sorting, the identity of the phytoplankton fractions 
wass confirmed microscopically. 

Isotope-ratioIsotope-ratio mass spectrometry and population-specific 13C-labeling 
Phototrophss collected by flow sorting were applied to py-GC-IRMS analysis in the 
followingg way (Pel et al. 2002a+b). Cells were pelleted by centrifugation (12 min-
utess 12000 rpm). Using a u.l-syringe, total amounts of 8x104 to 3xl05 cells/fila-
mentss were deposited onto ferromagnetic wires (Curie-point 480 °C) together with 
trimethylphenylammoniumm hydroxide in methanol as derivatising agent. Pyrolysis 
wass performed using a micro-volume Curie-point reactor (FOM-4LX) developed 
byy FOM Amolf (Amsterdam, The Netherlands). Loaded wires were allowed to dry 
att room temperature under reduced pressure and continuous rotation. A quantita-
tivee release of cellular fatty acids by in situ methylation was achieved by a 3-s 
pyrolysiss time (Dworzanski et al. 1990). Volatilised methylated fatty acid con-
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stituentss were swept splitless into a capillary gas chromatograph coupled to a 
Finnigann Delta-S isotope ratio monitoring mass spectrometer via a Finnigan type II 
combustionn interface (py-GC-IRMS). Carbon isotopic composition is reported in 5 
notation:: 513C in parts per thousand (%o) = [ ( l 3 C/ l 2 Cs a m pi e~1 3C/1 2Cr e f e r e n c e) -
1]]  x 103 (Pel et al., 1997). Diel-averaged growth rates (d"l) were calculated from 
thee rate of '-'C-CĈ  incorporation into population-specific fatty acids according to 
Pell  et al. 2002a+b: poly-unsaturated Cjg were used for cyanobacteria and green 
algae,, C14.] and C ^ .j for P. hollandica and diatoms, respectively. 

Result s s 

LaboratoryLaboratory Scale Enclosure (LSE) 
AA large volume of lake water (130L) was incubated under light conditions that 

resemblee the natural springtime irradiance. The temperature was 16°C, which was 

highh compared to the in situ lake temperature at the time of sampling (  6°C). At 

saturatingg P-loading rate (96.8 fig P.r^.day'1) the Pj input exceeded the capacity 

off  the particles for Pj-uptake after 3 days (Rijkeboer et al. 1990). These conditions 

allowedd the phytoplankton populations to increase in density during about 14 days 

(Fig.. 1A and Fig. 2A). A marked decrease in length of filamentous cyanobacteria 

wass observed during the first three days, resulting in a decreasing biomass volume 

(Fig.. 1 A). Subcultures (1.4L) were incubated with ' 3C-bicarbonate at the begin-

ningg of the experiment (Day 0), in the growth phase (Day 7), and in the declining 

phasee (Day 14). Incorporation rates of  l3C-labeled CC»2 into membrane fatty acids 

correlatee to the growth rates of the cells. Phytoplankton clusters were sorted by 

floww cytometry, according to their content of fluorescent pigments. In bivariate 

histogramss (e.g. Fig. 4A and B) plotting chlorophyll a (Chl-a) fluorescence (Em. 

6755 nm; Ex. 488 nm) against phycocyanin fluorescence (Em. 640 nm; Ex. 488 

nm).. The cyanobacteria can be separated into a phycocyanin-containing cluster 

(predominantlyy P. limnetica) and a phycocyanin-less cluster (predominantly P. hol-

landica).landica). Although the type of flow cytometer used in this study cannot distinguish 

diatomss and green algae, differences in the fatty acid profiles of these two groups 

(Pell  et al. 2002a+b) allowed separate estimation of their growth rates (Table 1). In 

thee field sample (Day 0) the growth rates of all phytoplankton groups were about 

equall  to the dilution rate of the LSE. In the growth phase (Day 7) the growth rates 

weree much higher. Hereafter (Day 14) the growth rate was markedly lower for all 

groups,, except the phycocyanin-containing cyanobacteria. Cyanobacteria were 

dominantt at the start of the experiment, and during the experiment they increased 

moree in biomass than the other groups. Samples taken from the LSE at Day 0, 3, 

10,, and 16 were stained with the ELF-97 AP substrate. 
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Figuree 1. Phycocyanin-containing cyanobacteria in a laboratory scale enclosure (LSE) of 
Lakee Loosdrecht water. A: Microscopic counts (closed squares with 95% confidence inter-
vals),, flow cytometric counts (closed diamonds with solid line), and biomass volume (open 
triangless with broken line). B: Flow cytometric determination of the number of filaments 
withh AP-induced fluorescence in ELF-stained samples from the LSE. The total number of 
phycocyanin-containingg cyanobacteria is presented in closed circles (solid line). ELF-
stainedd samples (open circles) are separated into particles with low green fluorescence emis-
sionn (broken line) and particles with AP-induced fluorescence (solid line). 
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Figuree 2. Eukaryotic algae in a laboratory scale enclosure (LSE) of Lake Loosdrecht water. 
A:: Microscopic counts of diatoms (closed diamonds with 95% confidence intervals), and 
greenn algae (open diamonds with 95% confidence intervals). B: Flow cytometric determina-
tionn of the number of eukaryotic algae (diatoms and green algae together) with AP-induced 
fluorescencee in ELF-stained samples from the LSE. The total number of cells is presented 
inn closed squares (solid line). ELF-stained samples (open squares) are separated into cells 
withh low green fluorescence emission (broken line) and particles with AP-induced fluores-
cencee (solid line). 
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Thee number of cyanobacteria that T a b le , G r o w th r a t es ( d- 1 }  of phytopi ankton 

showedd intense green fluorescence (525 populations in a laboratory scale enclosure 
nm)) after incubation with the ELF-97 separated by flow cytometry, as estimated 
phosphatasee substrate and with UV  f rom l 3 c" c o2 incorporation in cellular fatty 

excitation,, compared to control samples " 

(referredd to as AP-induced fluores- a^ n n \A 
,, - , T ^  - Cluster 0 7 14 

cence),, during the LSE experiment is 

shownn in Fig. IB. About 45% of the Cyanobacteria 0.02 0.36 0.40 
cyanobacteriaa had AP-induced fluores-

cencee on Day 0, and about 43% on Day Phollandica 0.01 0.24 0.17 
3.. The number of cells with AP-induced 

Diatomss 0.08 0.85 0.30 

Greenn algae 0.07 0.51 0.15 

fluorescencee gradually decreased to 
aboutt 15% on Day 10, and about 5.5% 
onn Day 16. The decrease of the number 
off  cells with AP-induced fluorescence is 
aboutt 0.06 day" , which is close to the 

dilutionn rate (0.05 day"*). At the same time, the number of cells with low 525 nm 
fluorescencee increased rapidly to a maximum between Day 3 and 13. The growth 
ratee was about 0.09 day , calculated from the FCM growth curve (Fig 1A and B), 
andd 0.19 calculated from the microscopic counts (Fig. 1A). These values were cal-
culatedd from the increase between day 3 and day 13, and not corrected for the dilu-
tionn rate. P. hollandica did not have any AP-induced fluorescence (results not 
shown).. Microscopic counts of eukaryotic algae (Fig. 2A) showed that the growth 
off  green algae slowed down at an early stage (between Day 9 and 13). Growth 
ratess of diatoms and green algae were very high on Day 7, but had decreased on 
Dayy 14. Of the total (diatoms and green algae), about 40% had AP-induced fluo-
rescencee on Day 0, increasing to 58% on Day 3, and then decreasing to 11% on 
Dayy 10 and 14% on Day 16 (Fig. 2B). The total number of eukaryotic algae 
reachedd a maximum around Day 10, and then declined (Fig. 2B). 

SeasonalSeasonal variation of AP-induced fluorescence in Lake Loosdrecht 
Inn the period March to December 2001 measurements of AP linked fluorescence 

weree done with water samples from Lake Loosdrecht. Fig. 3A shows the seasonal 

populationn densities of phycocyanin-containing cyanobacteria (predominantly P. 

limnetica),limnetica), phycocyanin-less cyanobacteria (predominantly P. hollandica), and 

eukaryoticc algae (both diatoms and green algae), as determined by flow cytometry. 

Inn histograms plotting green fluorescence (UV excitation, emission at 525 nm; e.g. 

Fig.. 4C and D), two distinct subsets with different emission intensities were 

observedd after ELF-staining (Fig. 4D), as compared to non-treated control samples 

(Fig.. 4C). 
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Onn average, the mean intensity of particles in subset II I with intermediate 525 nm 

emissionn intensity was about 45 times higher than that in subset I with lowest 525 

nmm emission intensity. The average intensity of particles in subset IV with high 

5255 nm fluorescence was about 600 times higher than that in subset I. Between 4 

too 25% of all particles, and 3 to 30% of phycocyanin-containing cyanobacteria had 

aa high intensity of 525 nm fluorescence throughout the year. 
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Figuree 3. Seasonal variation of AP-induced fluorescence in phytoplankton from Lake 
Loosdrechtt in 2001. A: growth curves of phycocyanin-containing cyanobacteria, comprising 
predominantlyy Planktolyngbya limnetka (circles), phycocyanin-less cyanobacteria, compris-
ingg predominantly Prochlorothrix hollandica (triangles), and eukaryotic algae, comprising 
bothh diatoms and green algae (squares). B, C, and D: Total number (closed symbols) and 
numberr with AP-induced fluorescence (open symbols) of phycocyanin-containing 
cyanobacteriaa (B), phycocyanin-less cyanobacteria (C), and eukaryotic algae (D). E: 
Numberr of particles in an anomalous cluster of diazotrophic filamentous cyanobacteria 
(probablyy Aphanizomenon spp.) with very high AP-induced fluorescence emission intensity. 
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Thee number of events in subsets III and IV were added up, and minus the number 
off  events in these intensity regions in control experiments, this represents the num-
berr of particles with AP-induced fluorescence. The fraction of cyanobacteria that 
showedd AP linked fluorescence was higher in spring and early summer, but 
decreasedd in late summer. The number of cyanobacteria with AP-induced fluores-
cencee remained stable in autumn, while the number of cyanobacteria without AP-
inducedd fluorescence decreased (Fig. 3B). Avery low fraction ofProchlorothrix 

hollandicahollandica showed increased 525 nm fluorescence (Fig. 3C). Eukaryotic algae 
showedd a variable fraction of cells with AP linked fluorescence (Fig. 3D). After 
ELF-stainingg an anomalous cluster of cyanobacteria appeared next to the normal 
clusterr (marked with an arrow in Fig. 4B). Filaments in this cluster were morpho-
logicallyy identified as Aphanizomenon spp., comprised up to 5% of the total frac-
tionn of phycocyanin-containing cyanobacteria, and showed extremely abundant 
AP-inducedd fluorescence. The cell-numbers in this cluster fluctuated strongly in 
summerr (Fig. 3E). 

inin situ specific growth rates of subsets of cyanobacteria 
AA laboratory enclosure (1.4L) of lake water was incubated with JC-NaHC03" (99 
atom%% ^C) to an enrichment grade of 1500%o. In situ specific growth rates were 
estimatedd from the uptake of dissolved inorganic carbon and the rate of incorpora-
tionn in C^-polyunsaturated fatty acids over 24 hours. The following fractions 
weree collected by FACS: the total cyanobacterial cluster consisting mainly of P. 

limneticalimnetica filaments (64% of all particles in the samples, and 83% of the live phy-
toplankton;; Fig. 4B), a subset of cyanobacteria with low 525 nm fluorescence (Fig. 
4D;; I), a subset with increased 525 nm autofluorescence (Fig. 4D; II), a subset 
withh intermediate AP-induced fluorescence (Fig. 4D; III) , and a subset with high 
AP-inducedd fluorescence (Fig. 4D; IV). Several parameters were recorded for all 
off  these subsets (Table 2). To compare the Pj-sensing status (AP-induced fluores-
cence)) and vitality of the cells (Chl-a fluorescence), we inspected bivariate plots of 
Chl-flrr fluorescence (Ex. 488 nm, Em.675 nm) vs. AP-induced fluorescence 
(Ex.3533 nm, Em.525 nm). Subset I with low 525 nm fluorescence had low 675 nm 
fluorescencee (Table 2). The filaments in this subset had a much lower mean fila-
mentt volume, and the estimated growth rate was lower than that of the other sub-
sets.. Subset II (emission intensity 15 times that of subset I) was most abundant. 
Thesee filaments also had lower than median 675 nm fluorescence, were of medium 
volume,, and their growth rate was slightly lower than the median for these subsets. 
Thee fraction of cyanobacteria with AP-induced fluorescence was 34.8%. Subset III 
(emissionn intensity 150 times that of subset I) had higher Chl-a fluorescence than 
thee median, slightly larger filament volume, and a median growth rate. Subset IV 
(emissionn intensity 700 times that of subset I) had the highest Chl-a fluorescence, 
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averagee filament volume, and a slightly but not significantly higher growth rate 

thann average. 
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Figuree 4. Histograms of unstained control samples (A, C) and ELF-stained samples (B, D) 
fromm Lake Loosdrecht (23-04-2002). A and B: Bivariate plots of chlorophyll a fluorescence 
(Em.. 675 nm; Ex. 488 nm) and phycocyanin fluorescence (Em. 640 nm; Ex. 488 nm) show-
ingg clusters of eukaryotic algae (Fig. 4A: a), phycocyanin-less cyanobacteria (Fig. 4A: b), 
phycocyanin-containingg cyanobacteria (Fig. 4A: c), and detritus (Fig. 4A: d). The total clus-
terr of cyanobacteria that was sorted and described in Table 2 is shown in Fig. 4B. Note that 
ann anomalous cluster of cyanobacteria appears next to the normal cluster, indicated by the 
arrow.. C and D: Histograms showing AP-induced fluorescence (Em. 525 nm; UV-excita-
tion).. Subsets of cyanobacteria with different 525 nm emission intensities are depicted in 
Figg 4D: low 525 nm fluorescence (I), increased 525 nm autofluorescence (II), intermediate 
AP-inducedd fluorescence (III) , and high AP-induced fluorescence (IV). 
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Discussio n n 

Inn this contribution we have combined three novel developments in aquatic micro-

biall  ecology to study population specific growth of freshwater phytoplankton, fully 

employingg the gating operability of the flow cytometer. Firstly, fine-tuning of the 

droplett delay settings of the flow cytometer allowed FACS of filamentous 

cyanobacteria,, despite the fact that trichome lengths by far exceeded the 60-70 |im 

diameterr of the sort droplets (Pel et al. 2002a). Secondly, the ELF-97 AP substrate 

providedd a readily applicable method to determine the P sensing status of freshwa-

terr phytoplankton, resulting in AP-induced fluorescence that added a physiology-

relatedd parameter for UV excitation in FACS (this thesis, chapter 5). Thirdly, 

labellingg of the phytoplankton with the stable isotope J^C enabled assessment of 

specificc gross growth rates of sorted phototrophic populations by a combination of 

FACSS and pyrolysis-GC-IRMS (Pel et al. 2002a). 

AA marked increase in spring phytoplankton biomass from Lake Loosdrecht in a 

laboratoryy scale enclosure with continuously added phosphate strongly suggested 

thatt Pj was limiting the growth in the lake at that time of year. About half of the 

phycocyanin-containingg cyanobacteria in the lake showed AP-induced fluores-

cence.. The filaments with AP-induced fluorescence disappeared at a rate that was 

similarr to the dilution rate of the LSE. AP is stable for days if not weeks (Jansson 

ett al. 1988); therefore it is likely that no new AP was produced after three days in 

thee LSE with Pj added. Presumably, cells that contain the enzyme were washed 

out,, and newly formed cells did not show any AP-induced fluorescence, because 

theirr growth was not limited by P-availability. The numbers of cells/filaments in 

thee LSE did not increase at the rate estimated from 13C-incorporation. The domi-

nantt cyanobacterial strain, P. limnetica, even showed a high estimated growth rate 

onn day 14, when the increase of filament numbers and biomass volume had 

alreadyy subsided. This implies significant losses, possibly by viral lysis (Gons et 

al.. 2002). In contrast, the growth rates of the other phytoplankton populations had 

declinedd on day 14, probably due to shading by the increased P. limnetica popula-

tion,, and in the case of diatoms by silicon-deficiency. 

Thee P. limnetica population in Lake Loosdrecht grew to a maximum of about 

2.1055 filaments-ml"1 in the summer of 2001. In spring the number of filaments 

withh AP-induced fluorescence kept pace with the overall biomass increase, indicat-

ingg P-limited growth. When the population size stabilized in summer, the number 

off  filaments with AP-induced fluorescence decreased, indicating that the P-limita-

tionn was relaxing. This may have been due to an increased mineralization rate in 

thee sediment, following the higher summer temperatures. ELF staining allowed 
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floww cytometric enumeration of an additional population of cyanobacteria, mor-
phologicallyy identified as Aphanizomenon flos-aqua, which has a low and fluctuat-
ingg abundance. The P. hollandica population grew to a maximum of about 7.1CP 
filaments.mll  . This strain has a low background of green fluorescence, not due to 
derepressiblee AP (this thesis, chapter 5). The eukaryotic algae in the lake reached a 
maximummaximum about 3.10̂  cells.ml . The proportion of cells with AP-induced fluores-
cencee did not show much seasonal variation. A further indication that AP may be 
veryy stable, and function in the degradation and reuse of cellular detritus came 
fromm microscopic observations of the green algae Scenedesmus sp. and the diatom 
MonoraphidiumMonoraphidium sp. showing AP-induced fluorescence in 'empty' cell walls 
(resultss not shown). The detritus fraction showed AP-induced fluorescence (not 
shown),, of which the origin was not established, but must be either heterotrophic 
bacteriaa or derived from phytoplankton. Part of the samples were fixed with low 
concentrationss of glutaraldehyde and formaldehyde to avert breakage of the fila-
mentss during cell sorting (this thesis, chapter 5). In some of the fixed samples 
increasedd levels of green autofluorescence were associated with the filaments, 
whichh was absent in samples after control treatment. A potential source of green 
backgroundd fluorescence might have been flavonoids released from lysed cells; 
fixationn of cells could link released compounds from broken cells to the outside of 
intactt cells, explaining why the increased background of green fluorescence in 
fixedfixed samples could not be washed away. Fluorescence microscopic inspection 
revealedd that another source of background fluorescence came from amorphous 
light-greenn and blue-green fluorescent particles (size about 10 fim). Presumably 
thiss originated from fulvic acids adsorbed to particulate organic matter, e.g. peat, 
whichh emit light in the 525 nm region after UV excitation, and are especially pres-
entt in degraded peat land (Kalbitz et al. 2000). 

ELFF staining revealed heterogeneity within the P. limnetica cluster; AP-induced 

fluorescencee divided the cluster in discrete subsets with different emission intensi-

ties.. This could not be explained by the presence of other cyanobacteria in this 

cluster,, although the P. limnetica group itself may include several closely related 

speciess with trichomes of highly variable length and width (see Komarkova-

Legnerovaa and Cronberg 1992). Differences in the thickness of the cells' outer lay-

erss and subsequent longer diffusion time may have caused uneven staining among 

cells.. Another explanation, however, is that population heterogeneity arises from 

thee cells being in different growth phases. In this view, some of the cells are 

activelyy growing while others are in a resting state. The most vital cells may 

expresss the most urgent need for nutrients, and show the first signs of limitation. 

Other,, less vital cells may express less AP. A subset of extremely limited cells may 

nott be vital enough to respond to their environment with the synthesis of new 
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enzymes.. The results from the ^C-labeling experiment support this view; both 

Chl-<33 fluorescence and estimated growth rates increased with increasing AP-

inducedd fluorescence. An interesting parallel was found in a recent study using 

floww cytometric detection of endogenous AP in mammalian cells (Telford et al. 

2001).. Similar subsets with varying levels of ELF-97 signal were detected, and 

explainedd in the context of cell cycle-associated protein expression. In an immuno-

fluorescentt method to detect cell-surface exposed epitopes of protein F on 

PseudomonasPseudomonas aeruginosa by flow cytometry, the percentage of positively stained 

cellss was also lower than expected (Hughes et al. 1996). The explanation, offered 

alsoo by these authors, was that the cell-surface marker protein was being surface 

accessiblee to various degrees during the cell cycle. Support for this view comes 

fromm a segregated Pj-starvation response model for Escherichia coli (Van Dien and 

Keaslingg 1999), which accounts for culture heterogeneity, and states that only a 

fractionn of the cells may have their AP derepressed at a particular time. 

Furthermore,, Parpais et al. (1996) have reported a remarkable, irreversible arrest 

off  the marine cyanobacterium Prochlorococcus spp. in the DNA replication (S) 

phase,, when subjected to P-starvation. Moreover, these authors suggested that 

examinationn of the cell cycle of natural populations could be used to determine 

whetherr they are limited by P (Parpais et al. 1996). 

Attemptss to restore the trophic status of a lake by reducing the external P loading 

ratee do not always succeed, primarily because a decrease in P concentrations is 

preventedd by internal supplies of P (Marsden 1989). Lake Loosdrecht is a typical 

examplee of a lake for which restorative measures (implemented in 1984) have not 

yett resulted in a return of the preferred clear water situation with submerged 

macrophytes.. The response of a lake community may show considerable resilience 

too recovery, resulting in a discontinuous response of filamentous cyanobacteria to 

changess in the total P concentration (Mur et al. 1989). In Dutch shallow lakes the 

filamentouss cyanobacteria are either a minor component of the phytoplankton 

community,, or they are strongly dominant (Scheffer et al. 1997). High abundance 

off  these cyanobacteria occurs predominantly under shady conditions, whereas no 

correlationn was found with total P concentration (Jensen et al. 1994; Scheffer et al. 

1997).. Thus, the low depth averaged light rather than high nutrient availability in 

eutrophicc lakes leads to dominance. These low light conditions have been promot-

edd by increased (eukaryotic) algal growth and frequent resuspension of the sedi-

ment,, and the cyanobacteria also promote shady conditions themselves. Normally, 

verticall  light attenuation increases with the P level. When cyanobacteria dominate, 

thee attenuation wil l be higher at the same nutrient concentration (Mur et al. 1989). 

When,, starting from a low total P level in a lake not dominated by filamentous 

cyanobacteria,, the nutrient loading is slowly increased, light attenuation will grad-
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uallyy increase too. Above a critical total P value, a sudden increase in turbidity 
occurs,, because cyanobacteria become dominant. If the total P concentration is 
reducedd again, the cyanobacteria will stay dominant until a much lower critical 
nutrientt is reached, and the system returns to a less turbid state dominated by other 
algae.. It can be inferred from this pattern that filamentous cyanobacteria are much 
moree persistent in lakes that have a high background turbidity (Scheffer et al. 
1997),, as is the case for Lake Loosdrecht. Rapid recycling of P in the lake, aided 
byy the synthesis of AP to convert organic P into Pj, and adsorption of Pj to detritus 
(Rijkeboerr et al. 1991; Gons et al. 1991), may explain part of the resilience of 
cyanobacteriaa to restoration by reduction of the P load. The ELF-97 method, com-
binedd with FACS and growth rate estimations from py-GC-IRMS offers insight in 
thee population dynamics in relation to the nutrient status of freshwater phytoplank-
ton,, by tracing the AP activity back to the individuals that produced it. 
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Abou tt  thi s chapte r 

Thee development of a diagnostic tool for investigating the phosphate status of phy-
toplanktonn as presented in this thesis mainly entailed work on the levels of bio-
chemistryy and microbial physiology. However, the application of this tool is con-
nectedd with ecological and policy problems. Therefore, in this final chapter, we 
attemptt to view analytical procedures and obtained results in the broader light of 
phytoplanktonn ecophysiology and lake restoration. Although the techniques pro-
posedd in this thesis are broadly applicable among various ecosystems, practicality 
hass prompted us to focus on their application in Lake Loosdrecht. This nearby lake 
hass been extensively studied in the 1980's, and has served as a model study to 
monitorr the effects of nutrient reductions in other Dutch lakes under rehabilitation 
(Vann Liere et al. 1991; Gulati and Van Donk 2002). After the intensive studies of 
thee workgroup Water Quality research Loosdrecht lakes (WQL; Van Liere et al. 
1992)) had ended in 1992, routine water quality monitoring continued at individual 
organisations,, but was not published. Therefore, we have also taken unpublished 
dataa into account. 

Dataa were gathered from long-term routine measurements at Municipal 
Waterworkss Amsterdam (Gemeente Waterleidingen Amsterdam; GWA), the Centre 
forr Limnology (part of the Netherlands Institute for Ecology; NIOO-CL) and the 
regionall  Water Management and Sewerage Service (Dienst Waterbeheer en 
Riolering;; DWR). I wish to thank Hans Hoogveld, Roel Pel, Jeannine Ebert, 
Maartenn Ouboter, and Jeanette de Groot-Abbenes for their cooperation. Pj-concen-
trationss were measured using a continuous photometric method in accordance with 
NEN6663.. For total P measurements, P was liberated by destruction in sulphuric 
acidd in accordance with NEN6645. Numbers of filamentous cyanobacteria were 
determinedd by microscopy (1988-1992) and flow cytometry (1997-2002). 

§11 Role of phosphat e in lake ecolog y 

PjPj -concentrations in lakes 

Inn a classical experiment in 1956 the Canadian limnologist F.H. Rigler charged an 

entiree lake with inorganic phosphate, partially presented as -^P-phosphate, which 

permittedd tracking of the uptake of phosphate by the algal population. He showed 

thatt the algae maintained the phosphate concentration in the lake water at a con-

stantt level even after repeated additions of phosphate (Rigler, 1956). These obser-

vationss were fundamental to appreciate the meaning of the very low phosphate 

concentrationn in freshwater ecosystems, and the scavenging effect of the algae. 



142 2 Chapterr 7 

Accordingg to Rigler (Rigler 1966, Shapiro 1988), Pj-measurements using the 

Murphy-Rileyy technique (Murphy and Riley 1962), which lowers the pH to about 

0.7,, probably yield much more orthophosphate (Pj) than seen by the organisms. 

Thiss could lead to a gross overestimation of Pj-concentrations, especially when 

theyy are very low. In the opinion of Shapiro (1988), there are two cases of phos-

phatee presence in lakes to be distinguished: lakes in which the Pj-concentrations 

aree high where the Murphy-Riley method is legitimate, and those in which the Pj-

concentrationss are low (less than 3 mg.1"1; equivalent to 30 nM), where other 

methodss are needed. Several improvements have been suggested to extend the sen-

sitivityy of the Pj-measurements into the nanomolar range, for example by com-

plexationn with malachite green (Hess and Derr 1975; Van Veldhoven and 

Mannaertss 1987; Baykov et al. 1988) or rhodamine B (Debruyne 1983). In our 

handss none of these older methods gave a sufficient increase of the detection 

threshold.. A newer useful method, called MAGIC, first concentrates the Pj from a 

largerr water sample by co-precipitation with Mg(OH)2 before standard measure-

mentt with the Murphy-Riley method (Karl and Tien 1992). Other attempts to 

devicee more accurate ways for measurement of the very low Pj-concentrations at 

stakee include enzymatic determination (Petterson 1979; Webb 1992). However, 

regardlesss of the observations documented in the above reports that the concentra-

tionn of Pj in lakes is usually too low to be estimated with acceptable reliability, the 

methodss are still widely used. 

AA new method for estimating phosphate concentrations was recently suggested by 

Hudsonn et al. (2000), referred to as steady state Pj. Basic to their calculation are 

thee assumptions that the turnover of P is rapid, and that the flux into (uptake) and 

outt of (regeneration) the plankton must be approximately equal. From measured 

uptakee rates for Pj and estimated regeneration rates, the steady state Pj concentra-

tionss were calculated for 56 lakes. The estimated steady state Pj concentrations 

weree largely in the picomolar and lower nanomolar range, and showed large dis-

crepanciess with earlier, measured Pj concentrations. Thus the Pj-concentration is a 

misleadingg parameter for measuring eutrophication potentials; the concentration of 

totall  P is more meaningful (Correll 1999). However, total P represents an indica-

tionn for the amount of biomass, rather than the nutrient status. This lack of a direct 

P-statuss indicator has prompted us to develop a method that uses the response that 

phytoplanktonn cells themselves show to lack of Pj. 

Itt is important to emphasize that concentrations of Pj are not nearly as important as 

ratess of supply (Shapiro 1988). These supply-rates are in turn conditioned by the 

algall  uptake rates. Dissolved Pj in eutrophic surface waters has a turnover time of 

minutes,, and a small pool size (1-2 mg.l"1; 10-20 nM) is sufficient to saturate algal 

growth.. Because the P-influx in lakes is a complex ensemble of factors related to 

thee total water balance, we can calculate, but not directly measure it. 
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Thee P-cycle in an eutrophic lake is almost closed, and the continuous external P-
loadd may be as low as only 3-5% of the total P-cycle. Sedimentation after adsorp-
tionn to particulate matter or precipitation with calcium or magnesium is the major 
sinkk for this element, and the losses of P to deep bottom sediments approximately 
equall  the external P-load, resulting in a sheer stagnating eutrophic situation (Siuda 
1984).. It can take centuries before the increased amounts of P are permanently 
fixedd in the sediment. Any available P is rapidly incorporated into living cells. This 
leadss to a circulating pool of P, incorporated in or adsorbed to organic compounds. 
Successivee phytoplankton blooms develop mainly by utilising P regenerated from 
thesee organic compounds. Shallow lakes have a capacity to recycle the same nutri-
entt over and over again, because, by definition, they cannot export products to 
depth.. When the retention time is also high, enriched shallow lakes can maintain 
muchh higher average levels of biomass than the external load would appear to per-
mitt (Reynolds 1998). 

InfluenceInfluence of biota 
Inn a P-limited ecosystem, living cells rapidly absorb all incoming P. Currie and 

Kalfff  (1984) found that by far the greatest part (more than 90%) of Pj uptake is 

duee to bacteria (cells smaller than 3.0 mm), which have much higher uptake rates 

off  Pj than any other organism. These authors found that algae utilise primarily 

organicc P from bacterial excretion, and are responsible for uptake of 99% of this 

fraction.. The total fluxes of Pj and organic P are of similar magnitude. Dissolved 

organicc P arises from plankton excretion, death, and decomposition. The bacterio-

planktonn is probably not P-limited, but rather limited by the supply of reduced car-

bon,, which they obtain to a large extent from the phytoplankton. The phytoplank-

tonn and bacterioplankton dynamics are therefore probably tightly coupled (Currie 

andd Kalff 1984a). Variation of phytoplankton abundance among lakes depends on 

totall  P, and is also related to bacterial activity (and not bacterial abundance per se). 

AA complicating factor is that Pj uptake is basically an indicator of bacterial activi-

ty,, and only secondarily determines phytoplankton abundance. As the total P con-

centrationn increases above a level of 5 to7 mg P.L~* (corresponding to 160-225 

nMM inorganic phosphate equivalents), partitioning of uptake between algae and 

bacteriaa increases in favour of the algae (Currie 1990). Rapid initial P uptake by 

bacteria,, followed by more gradual but steady P uptake by cyanobacteria may 

reflectt mutually compatible P utilisation strategies aimed at avoiding direct compe-

titionn for this resource. Bacteria are often closely associated with the phycosphere 

surroundingg cyanobacterial cells, and exchange of several nutrients takes place 

(Pearll  1996). Low molecular weight forms of P exist in lake water. These might 

resultt from initial bacterial uptake of Pj, followed by excretion of an organic P-

esterr that can be assimilated by the host cyanobacteria. Organisms higher up in the 
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food-chain,, such as zooplankton and fish are also a sink for P, and higher plants fix 

PP by absorption through their leaves and by holding sediment particles with their 

rootss (e.g. Van Liere and Janse 1992; Havens and Schelke 2001; Gulati and Van 

Donkk 2002). However, these higher organisms are outside the scope of this study, 

whichh focuses on microbial ecology. 

Virusess or phages may contribute to the recycling of P. Bacterial cell lysis by 

phagee infection gives very high release rates for dissolved organic compounds 

(Scanlann and Wilson 1999). For marine systems these authors argue that both the 

productt of viral lysis and the viral DNA itself may become components of the 

organicc P pool. Conversely, the P status of the cells was shown to exert control 

overr the ultimate outcome of cyanophage-host interactions, presumably reflecting 

thee high P demand of cyanophage replication in the host cells. Thus, a fast-grow-

ingg abundant population that is controlled by viral lysis may depend on its own 

organicc P as a source for P. For coastal waters, it has been established that viral 

lysiss may account for up to 50% of the mortality of heterotrophic bacteria, and up 

too 100% of the mortality of algae (Fuhrman 1999). Populations of cyanobacteria in 

laboratoryy scale enclosures (LSE) of Lake Loosdrecht water (cf. chapter 6, this 

thesis)) repeatedly showed mass mortality (Gons et al. 2002). Phage-like particles 

weree found in the water and on dead cyanobacterial cells. The lysis was probably 

aidedd by the increased P-availability (Scanlan and Wilson 1999), and washout of 

detrituss particles that compete for phage binding. Mass lysis was not observed in 

LSE-experimentss in which growth was P-limited. 

EffectEffect of abiota 
Anotherr very important notion, pioneered by Mortimer (1941, reference in Shapiro 
1988),, is the release of P from sediment and suspended organic particles (detritus). 
Particulatee P and dissolved organic P are not inert, but these forms of P can be 
convertedd to dissolved Pj under appropriate conditions. These dynamic equilibria 
aree known as the P buffer mechanism (e.g. Rijkeboer et al.1991), and include 
adsorption/desorption,, phosphatase activity and mineralization in bottom sediment. 
Inn eutrophic lakes, the bottom waters become anoxic during growing season. This 
bringss about a more rapid regeneration of Pj from the sediments, thus generating 
substantiall  P-pulses in warm windless weather (Shapiro 1988; Correll 1999). 
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§22 Phosphat e in the Loosdrech t Lakes 

P-loadingP-loading rates in the Loosdrecht Lakes 
Eutrophicationn of the Loosdrecht lakes area is a result of prolonged external nutri-
entt loading in the twentieth century (for a recent review, see Gulati and Van Donk 
2002).. Due to measures taken by The Municipal Waterworks Amsterdam (GWA) 
andd The Water Authorities of the Province of Utrecht the external P-load was 
reducedd in 1984 (Hofstra and Van Liere 1992). Calculation of P-loading rates 
dependss on assumptions in the water supply from various sources. For example, 
masss balance calculations (Engelen et al. 1992) in the period after dephosphoryla-
tionn of intake water had started (1984-1987) gave external P-loading rates of 0.8 
mgg P.m"2.d_1 (= 0.29 g P.m"2.y_1), of which 30% came from the Gooi catchment, 
30%% was intake from the Bethune polder, 10% supply from Amsterdam-Rhine 
canal,, and 30% leakage from locks, precipitation, tourism, and unsewered housing. 
Onn the basis of the same data, with different assumptions about the water supply, 
M.. Ouboter at DWR calculated P-loading rates of 1.25 mg P.m^.d"1 (= 0.46 g 
P.m'^.y"1)) (M. Ouboter, personal communication). An overview of calculated P-
loadingg rates in Lake Loosdrecht is given in Table 1 (values were taken from sev-
erall  sources, e.g. Van Liere et al. 1989a; Van Liere et al 1990; Van Liere and Janse 
1992;; Hofstra and Van Liere 1992). From these studies, the P-loading rates over 
thee period 1984-1987 comes to an aver-
agee of 0.41 g P.m .y'1, which is in better 
agreementt with the value calculated by 
M.. Ouboter (see above). Reduction of the 
P-loadd after 1984 is evident; the relative 
increasee in 1986-1987 was attributed to 
leakagee of sluices (Van Liere and Janse 
1992),, which were later repaired. A recent 
seriess of wet winters has probably led to 
increasedd P-loads 

Inn the period 1984-1987, the internal P-
loadd was about 0.11 g P.m"2.y"% mineral-
izationn was 1.1 g P.m"2.y"l, and diffusive 
releasee was 0.11 g P.m"2.y~l (Engelen et 
al.. 1992). According to Engelen et al. 
(1992),, downward seepage (0.29 g P.m" 

.y_1)) balanced the major part of the 
externall  P-load. The higher estimations 
forr the external P-load mentioned earlier 
wouldd mean that P was still accumulating 

Tablee 1. External P-loading rates in the 

wholee Loosdrecht lakes area. 

Periodd (year) 

1932-1944 4 

1947-1957 7 

1959-1970 0 

1970-1975 5 

1976 6 

1977-1983 3 

1984-1985 5 

1986-1987 7 

1988-1992 2 

1996-2001 1 

P-loadingg rate 

(gg P-m-ly1) 

0.57 7 

1.12 2 

0.98 8 

1.23 3 

4.03 3 

1.10 0 

0.35 5 

0.47 7 

0.35 5 

0.36-0.58* * 

*:: M. Ouboter, personal communication. This 

estimationn were calculated from hydrological 

dataa and checked with the chloride balance, but 

nott corrected for the development of biomass. 
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inn the system in this period. However, further reduction of external P-loading due 

too decrease of P-loading from leakage, tourism, and unsewered housing in later 

yearss must have reduced the total amount of P in the system (M. Ouboter, personal 

communication).. Settling of particulate matter is a major loss process for P from 

thee water column of lakes, but the sediments is also a potential source of P, espe-

ciallyy after resuspension during storms. The amount of potentially bio-available P 

inn the upper 10 cm of the sediment of lake Loosdrecht was less than 15% of the 

totall  P content of the sediment, but was still 3 times larger than the annual external 

P-loadd (Keizer and Sinke 1992). The uptake capacity of the aerobic sediment was 

0.22 g P.m .y" . Recycling of P also takes place within the water column itself. 

Dissolvedd organic matter in the water mainly comes from lysis and further decom-

positionn of phytoplankton cells {Otten et al. 1992). P in the water column (both 

algaee and detritus) comprised about 16% of the total amount of P in the P cycle of 

Lakee Loosdrecht. It is difficult, however, to separately quantify adsorption/desorp-

tionn processes between living and dead material within the complex resuspension-

sedimentationn compartment (Van Liere and Janse 1992). P recycling further 

dependss on grazing by zooplankton. In lake Loosdrecht, zooplankton daily 

removedd 4-6% of the P-stock (years 1987-1990), but returned more than half as 

egestion,, mostly detrital P (Van Liere and Janse 1992). Despite the relevant inter-

nall  P-load in the lake, growth of phytoplankton has shifted from being P-saturated 

(light-limited)) in 1985 (Riegman and Mur 1986) to being P-limited in 1987 (M. 

Rijkeboer,, internal report; see Rijkeboer and Gons 1991). 

BiomassBiomass and phosphate concentrations 

Thee preferred trophic status of a lake is not necessarily oligotrophic. To indicate 

thee natural trophic level of polluted lakes, Vighi and Chiaudani (1985) used a mor-

phoedaphicc index (MEI), the ratio between total dissolved solids and mean depth. 

Accordingg to these authors, the ratio between conductivity (mS.1-1), alkalinity 

(mequiv.1""  ), and mean depth is a measure for the natural background loading. 

Dataa from 53 lakes with various depths and with negligible P-load due to human 

influencee were analysed to derive an empirical equation (Vighi and Chiaudani 

1985).. In Lake Loosdrecht, the average conductivity in the years 1999-2001, 

measuredd at temperatures around 20°C, was 419  70 (iS/cm (9 df., 95% CI; data 

weree kindly provided by M. Ouboter from DWR, see also fig 1C). This gives an 

estimatedd background total P value of 4.7  1.2 ug P.1"1 (50 df, 95% CI). This 

valuee may give an indication for the highest possible level of water quality 

improvementt obtainable. For practical reasons, however, this value seems extreme-

lyy low. Furthermore, the ecological target for the Loosdrecht lakes, clear water 

withh submerged plants, refers to the (mesotrophic) situation around 1940, and not 

too the original oligotrophic conditions before 1920 (Hofstra and Van Liere 1992). 
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Figuree 1. Routine measurements of nutrient and biomass parameters in Lake Loosdrecht. 
A:: Orthophosphate concentration (Pj), the broken line marks the detection limit. B: Total 
phosphoruss concentration (including particulate matter), the broken line marks the target 
value.. C: conductivity. 
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250 0 

19899 199 0 199 1 199 2 199 3 199 4 199 5 199 6 199 7 199 8 199 9 200 0 200 1 200 2 

19899 199 0 199 1 199 2 199 3 199 4 199 5 199 6 199 7 199 8 199 9 200 0 200 1 200 2 

3E+5 5 

19888 198 9 199 0 199 1 199 2 199 3 199 4 199 5 199 6 199 7 199 8 1 20000 200 1 

Figuree 1 continued. Routine measurements of biomass parameters in Lake Loosdrecht. 
D:: Chlorophyll a concentration, the broken line marks the desired ecological quality. E: 
Transparencyy (Secchi-disc depth), the broken line marks the desired ecological quality. F: 
Numberss of filamentous cyanobacteria, separated into phycobilin-containing trichomes, pre-
dominantlyy P. Hmnetica (closed symbols), and phycobilin-less trichomes, predominantly P. 
hoUandicahoUandica (open symbols). Data in the series 1988-1992 were calculated from the total 
numberr of cyanobacterial trichomes as determined by light microscopy (see Fig. 2), and the 
fractionss of P. limnetica/P. hollandica as determined by red/orange fluorescence microscopy 
(Ex.. 546 nm, Em. >590 nm; Van Liere et al. 1989). Data in the series 1997-2002 were 
determinedd by flow cytometry (chapter 5 and 6, this thesis). 
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Trichomess (n.ml"1) 
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Generally,, the maximum tolerable concentration (MTC) for nutrients in shallow 

lakess in the Netherlands is based on 'desired ecological quality', described by 100 

figg chlorophyll a.\~* (Van Liere and Jonkers 2002). In 1980, the critical summer-

averagee concentration of total P was chosen at 150 fig P.l"1, derived from a data 

sett of 80 lakes, mainly dominated by green algae (CUWVO 1980). A data set of 

1200 lakes showed that in 1987 many of these lakes were dominated by cyanobac-

teriaa (CUWVO 1987). The critical summer-average concentration found in the lat-

terr study was much lower (70 ug P . l ), but this has not led to any policy change 

(Verkeerr en Waterstaat 1999). For heavily eutrophied shallow lakes dominated by 

cyanobacteriaa the ecological target, clear water, wil l probably only be met at total 

PP concentrations lower than 50 ug P.l" . In lake Loosdrecht the summer-average 

concentrationss of total P (Fig. IB) decreased from over 100 fig P.l-1 in the years 

1982-19900 to about 60 ug P.l"' in the last ten years. The chlorophyll a concentra-

tionn (Fig. ID) decreased from over 100 ug.1 in the years 1982-1990 to about 60-

800 ug.1'1 in the last ten years. The Secchi-disc depth (Fig. IE) increased from 0.35 

inn the years 1982-1990 to 0.40 in the last ten years. A change has taken place in 

thesee values in the years 1990-1992, bringing the indicators within the range of the 

standardd values. Measurements of Pj-concentrations (Fig. 1A) in Lake Loosdrecht 

weree found to be around the detection level of the photometric methods (10 fig P.l" 
11 or 0.32 fiM; NEN standard 6663:1983), and are thus not very useful. 

Inn an effort to estimate actual Pj-concentrations, Hudson et al. (2000) calculated 

steadyy state Pj concentrations from measured uptake constants for Pj and estimated 

regenerationn rates of P from algal biomass. According to these authors, actual Pj-

concentrationss are thus related to the biomass indicator total P, and this relation 

cann be described by an empirical relation between the two. For a total P value of 

1000 jig P.l'1 (3.2 uM P) this gave a steady state Pj concentration of 0.55 nM. 

Measuredd total P values in lake Loosdrecht (Fig IB), averaged over the summers 

2000-2002,, are: 62  13 ug P.l"1 (13 df, 95% CI). This total P value equals 2.00

0.200 (iM P (13 df., 95% CI), and gives a steady state Pj concentration of 0.38 nM. 

Thesee extremely low values (picomolar range) are only approximations (Hudson et 

al.. 2000), and should be corrected for the detritus/live cell ratio, but nevertheless 

illustratee the great difficulty of estimating real Pj-concentrations. 

Thee densities of the cyanobacterial populations in lake Loosdrecht fluctuate with 

thee seasonal temperature and light variations (Fig. 2). The total number of filamen-

touss cyanobacteria in the lake water increased from 75 to 250.10̂  ml"1 in the 

yearss 1984-1990, and varied from year to year between 120 and 250.103 ml" . 

Thiss increase in the size of the cyanobacterial community after the implementation 

off  restoration measures in 1984 implies that the filamentous cyanobacteria have 

profitedd from the decreased P-loading rates. During the interdisciplinary project 

forr monitoring the water quality in Lake Loosdrecht (Water Quality Research 
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Loosdrechtt Lakes (WQL); e.g. Van Liere et al. 1992), which stopped in 1993, 
elaboratee microscopic counts of phytoplankton populations were conducted. In 
1985,, the phycobilin-less filamentous cyanobacterium Prochlorothrix hollandica 

wass discovered in lake Loosdrecht (Burger-Wiersma et al. 1986). The relative 
numberss of phycobilin-containing filamentous cyanobacteria (predominantly P. 

limnetica)limnetica) and the phycobilin-less filaments (predominantly P. hollandica) were 
determinedd in the period 1988-1993 by fluorescence microscopy (Van Liere et al. 
1989).. Flow cytometric monitoring of the cyanobacterial community in Lake 
Loosdrechtt started halfway through 1997; this leaves a gap of three and a half 
yearss in the determination of the numbers of filamentous cyanobacteria P. hol-

landicalandica and P. limnetica (Fig IF). Although the two data series were determined 
withh different methods (fluorescence microscopy and flow cytometry respectively), 
deviationss between the two methods were less than 5 % (H. Hoogveld, personal 
communication).. Comparison of summer averages of the relative amounts of P. 

hollandicahollandica in the total number of filamentous cyanobacteria in the two periods 
(Tablee 2) revealed that this species was relatively less abundant in 1997-2002 than 
inn 1988-1993. Despite these subtle changes in dominance, the populations are 
remarkablyy stable (J. Huisman, personal communication). 

Tablee 2. Summer averages of the 
fractionn of P. hollandica in the total 
off  filamentous cyanobacteria in Lake 
Loosdrecht t 

Year r 

1988 8 
1989 9 
1990 0 
1991 1 
1992 2 
1993 3 

1997 7 
1998 8 
1999 9 
2000 0 
2001 1 
2002 2 

*Confidence e 

Fractionn P. hollandica 

0.411 +/-0.19(5) 
0.30+/-0.122 (8) 
0.38+/-0.122 (9) 
0.244 +/- 0.26 (6) 
0.311 +/-0.14(6) 
0.33+/-0.144 (8) 

0.109+/-0.0244 (19) 
0.188+/-0.0500 (21) 
0.175+/-0.0288 (46) 
0.170+/-0.0477 (39) 
0.2088 +/- 0.036 (24) 
0.216+/-0.0333 (14) 

intervalss (95%) with degrees 

off  freedom in brackets 
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§33 Physiologica l and bio-energeti c consideration s 

ClassificationClassification of the adaptive strategies 
Microorganismss growing at maximal rate are probably rare in nature; the physio-

logicall  conditions of a laboratory culture in exponential phase therefore represent 

ann unrealistic point of reference. Sub-optimal growth rates always affect the physi-

ologicall  state of cells, regardless of which factor is limiting. It is therefore impor-

tantt to distinguish general from specific responses. P-depleted cyanobacteria dis-

playy several phenomenological changes compared to when they are growing expo-

nentially.. The colour of cultures changes from intense blue-green to yellowish 

(bleaching,, chlorosis), the cells look smaller through a microscope (metabolic 

changes),, and sometimes foam appears on the culture (cell lysis). According to La 

Rochee et al. (1999), phytoplankton cells exhibit three major categories of respons-

ess to nutrient limitation: retrenchment, compensation and acquisition. 

Retrenchment,Retrenchment, or down-regulation of physiological rates is a progressive and 

reversiblee response, resulting in a modulation of the overall growth rate and 

changess in biochemical composition of the cells (instantaneous growth rate limita-

tion).. We observed changes in the relative amounts of photo-pigments in absorp-

tionn spectra and 77K-fluorescence spectra (chapter 2, this thesis), and also 

observedd a decrease in phycocyanin concentration in SDS-PAGE, albeit to a lesser 

extentt and at a later stage than in N-deficient cultures (not shown). A marked 

decreasee in RNA content in Pj-depleted cells that very much hampered the differ-

entiall  array experiments shown in chapter 3 (N. Yeremenko, personal communica-

tion)) is another example of retrenchment observed in our studies. This last obser-

vationn is in line with results from a study with Synechococcus cells that are grow-

ingg with a P-limitation, in which the RNA contents varies directly with the growth 

ratee (Grillo and Gibson 1979). 

CompensationCompensation includes all cellular responses that alleviate the effects that the lack 

off  nutrients imposes (La Roche et al. (1999), exemplifying a general response. For 

example,, the lack of Pj in the cells obstructs energy transfer from chemiosmotic 

photosyntheticc electron transfer to the ATP pool. It is not the light conditions that 

havee changed as such, but the cells compensate for photo-inhibitory stress as if 

theyy were experiencing excessive light conditions. This results in the increased 

synthesiss of carotenoids in the outer membrane as was seen in the sucrose gradi-

entss that were described in chapter 3. 

AcquisitionAcquisition is the development of more efficient uptake systems, which is a spe-

cificc response. This is the main focus of this thesis, and involves synthesis of both 

high-affinityy Pj-uptake system and alkaline phosphatase enzymes that convert 

alternatee chemical forms of P. To explain the kinetic behaviour of P in continuous 

cultures,, Monod had already mentioned sequestration of P: by cell excretions, but 
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hee hesitated to postulate protein binding of Pj (Droop 1974). It is now clear that 

thiss sequestration indeed takes place by Pj-binding proteins in the periplasmic 

spacee of cyanobacteria (chapter 2 and 3, this thesis). The derepression of the Pst 

systemm in cyanobacteria described in this thesis is a clear example of an affinity 

strategy.. The synthesis of AP to liberate Pj from organic sources can be referred to 

ass a scavenging strategy, which the cells use to influence the external substrate 

concentration.. The storage strategy does not fit in this classification very well, but 

cann be placed between compensation and acquisition. 

PjPj -uptake kinetics and its implications for adaptive behaviour 
Pj-uptakee of Synechococcus elongatus PCC 7942 efficiently takes place near the 
thermodynamicc threshold concentration, below which incorporation is energetical-
lyy impossible (chapter 4, this thesis; Wagner et al. 2000 and references therein). A 
thermodynamicc threshold in the lower nanomolar range seems contradictory to the 
steadyy state Pj-concentrations mentioned earlier, which were estimated to be in the 
picomolarr range. There are few explanations for this discrepancy. Either the affini-
tyy of natural populations for Pj is so high that the threshold is even lower than for 
SynechococcusSynechococcus in laboratory conditions, the estimations made by Hudson et al. 
(2000)) are invalid, or the threshold determinations by Falkner et al. (1989) are 
overrated.. Interestingly, Synechococcus had different threshold concentrations for 
densee and more dilute cell suspensions. This could be explained as follows: in the 
moree dense suspension the external Pj concentration following a pulse decreases 
soo rapidly that the change in uptake behaviour does not occur. In the more dilute 
suspension,, external Pj is less rapidly incorporated and as a result the cyanobacte-
riaria are exposed to higher substrate concentrations for a period of time long enough 
forr them to adapt. This situation then provokes a less active state of the high-affin-
ityy uptake system. As a consequence, under natural conditions of fluctuating phos-
phatee supply the uptake behaviour ceases to be an objective property of the indi-
viduall  organism but becomes a function of the activity of the whole population 
(Wagnerr et al, 1995; Wagner et al 2000). The authors suggest that cyanobacteria 
havee a capacity to "memorise" nutrient fluctuations for several hours and the 
naturee of this adaptive response to changes in the external concentrations appears 
too be an index of previous growth conditions, and reflect the whole concentration 
rangee the population has previously experienced (Falkner et al. 1993; Wagner et al. 
1995).. The information about previous P-supply is lost with a complete growth 
arrestt (Falkner et al. 1996). Experiments have clearly shown that the absolute 
externall  Pj-concentration that was offered did not determine the adaptive alteration 
off  the properties of the uptake system (Wagner et al. 2000). Rather, the relative 
concentrationn change during Pj-pulses contained the relevant information, inde-
pendentpendent of the amount of Pj inside the cells. The pulse pattern also affected the 
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cytoplasmicc Pj-concentrations. The cells were able to independently change their 

kineticc and energetic properties, and seemed to optimise the efficiency of Pj-

uptake,, rather than absorb as much as possible. Moreover, the authors concluded 

thatt the memory effect of previous P-supply patterns potentially provides a means 

too adjust growth rate to Pj-availability. Analysis of the uptake activity of phyto-

planktonn by the methods developed in these studies may also serve as a proper tool 

forr monitoring Pj inflow into lakes, and to establish threshold concentrations 

beloww the normal measurable range (Falkner et al 1993; Aubriot et al. 2000). 

RegulationRegulation of the response to Pj -deficiency 
Thee specific response of cyanobacteria involves a high-affinity uptake system (Pst) 
andd a co-regulated alkaline phosphatase (AP). Enterobacteria and cyanobacteria 
havee highly homologous Pst-systems (chapter 3 and 4). The regulation of the pho 

systemm also appears to be similar, with the two-component regulatory system 
PstRSS (PhoBR in E. coli) and putative inhibitor PhoU {chapter 4). The analogy 
withh Enterobacteria only holds to a certain level, as cyanobacteria do not seem to 
containn a low-affinity Pj-uptake system similar to that of Enterobacteria (the Pit-
system),, but instead possess parallel high-affinity systems with different expres-
sionn patterns. This is consistent with the environmental conditions of cyanobacte-
ria,, which continually live in water with nutrient concentrations around the ther-
modynamicc threshold, as opposed to Enterobacteria, which spend most part of 
theirr existence in the gut with plenty of phosphate. The signal that triggers the up-
regulationn of the specific response (external Pj concentration, sensed by PstRS) 
probablyy differs from the signal that triggers the down-regulation (internal Pj con-
centration,, sensed by repression complex involving the Pst system and PhoU; 
chapterr 4, this thesis). The signal that starts the general response, summarised as 
bleachingg (chapter 2, this thesis), is unknown, but probably involves cross-regula-
tionn via other regulatory systems. Potential signal inputs are energy charge 
([ATP]/[ADP]]  ratio's), redox state (pyridine nucleotide pools), or concentrations of 
keyy metabolites of photosynthetic and respiratory metabolism (chapter 4, this the-
sis).. In this respect, the response to Pj-deficiency resembles the response to high 
lightt conditions, even to the extent that the Pst system and AP are up-regulated in 
highh light stress in Synechocystis (Hihara et al. 2001). Cyanobacteria seem to be 
adaptedd to fluctuating Pj-concentrations more than low Pj-concentrations. Internal 
P-storess cannot provide the signal for growth rate changes directly, because polyP 
itselff  is inert. From the studies reviewed in this paragraph it became apparent that 
previouss P-supply patterns potentially provide a means to adjust growth rate to Pj-
availability.. The regulation of parallel high-affinity uptake systems, attenuation of 
photosyntheticc activity and growth rate is very complex and provides an area for 
futuree research. 
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§44 Ecologica l rol e of phosphatase s 

P-availability:P-availability: importance ofAP 
Althoughh Pj and some small organic phosphate esters are readily available for phy-
toplankton,, these compounds are usually present in lakes in only minute amounts 
(seee paragraphs 1 and 2, this chapter). Dissolved organic phosphates are predomi-
nantlyy of large molecular weight or colloidal material (Bentzen et al. 1992). These 
aree not ubiquitous (Jansson et al. 1988; Rijkeboer et al. 1991), but the available 
fractionn is actively utilised by the algae (Bentzen et al. 1992; Cotner and Wetzel 
1992).. The colloidal-P is very stable and resistant against dephosphorylation 
(Olssonn and Jansson 1992). Particulate matter is another welcome source of sub-
strates.. Particulate organic P is found to be available to phytoplankton to a certain 
extentt (see Boström et al. 1988). In other words, Pj is released either directly from 
deadd cells, or from dissolved substrates supplied from living or dead particulate 
matterr (Jansson et al. 1988). The main forms of P in this detrital matter are proba-
blyy adsorbed Pj, sugar phosphates, glycerophosphate, polynucleotides and phos-
pholipidss (e.g. Pant and Reddy 2001). All naturally produced organic phosphorus 
compoundss are esters of orthophosphoric acid. Potential substrates for AP are 
phospho-monoesters,, but also phospho-ester bonds of polynucleotides as well as 
inorganicc pyrophosphate, polyP, and short chain metapolyP (Siuda 1984). The P-
moietyy in these compounds is only available after hydrolysis of the phosphate ester 
bond.. This reaction is carried out mainly by phosphohydrolases. These can be clas-
sifiedd as phosphomonoesterases, phosphodiesterases, triphosphoric monoester 
hydrolases,, hydrolases splitting anhydride bonds in phosphoryl-containing anhy-
drides,, and hydrolases splitting P-N bonds (Siuda 1984). The term phosphatases is 
mostlyy used synonymously with non-specific phosphomonoesterase. These phos-
phatasess are broad in specificity towards different substrates, their activity is only 
restrictedd to the P-0 bond on the phosphomonoesters. The fact that phosphatases 
aree synthesized in large amounts in situations of P-deficiency, in combination with 
thee notion that the end product of the reaction catalysed by these enzymes, Pj, is 
readilyy assimilated by phytoplankton, provides the basis for the hypothesis that 
phosphatasess have an essential function in the nutrient dynamics of lakes (Jansson 
ett al. 1988). According to Currie and Kalff (1984°), a consequence of the hypothe-
siss that algal P comes predominantly from organic P is that there is no theoretical 
reasonn to expect algal growth to depend on ambient Pj-concentrations, nor to 
expectt that resource competition among freshwater phytoplankton should depend 
onn interspecific differences in Pj-kinetics alone. Probably, resource competition 
dependss on the combination of uptake-, storage-, and conversion-capacities in rela-
tionn to the availability of P. The ubiquity of inducible AP among phytoplankton 
(chapterr 5 and 6, this thesis) supports these conclusions for sub-saturating P-loads. 
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ShortcomingsShortcomings of AP as indicator for P-deficiency 
Thee activity of AP can be used as an indicator for P-deficiency, where direct meas-

urementss of the Pi-concentration do not suffice (chapter 5 and 6, this thesis). 

Theoretically,, the production rate of derepressible phosphatases should give the 

bestt measurement of P-deficiency. In practice, the potential phosphatase activity 

andd its variations have been used as an indicator of P-deficiency. Potential phos-

phatasee activity is assayed with a suitable artificial substrate, at substrate concen-

trationss near the saturation concentration, to allow the reaction to proceed at maxi-

mumm rate. The AP activity measured in routine assays cannot be used for predic-

tionss of in situ hydrolytic activity, for the following reasons (Jansson et al. 1988): 

First,, natural substrate concentrations, and thus conversion rates are much lower 

thann those used in the assays; Second, standardised pH and temperature are not 

realisticc compared to those in lake waters; And third, the artificial substrates may 

nott be representative of the structure of the natural substrates. Although bulk AP 

activityy has widely been used as a means of diagnosing P-deficiency, an important 

flaww in the use of AP activity as a P-deficiency indicator is the uncertainty about 

thee origin of the enzymes. Cells may actively excrete dissolved enzymes, although 

anotherr important but a-specific contribution is delivered from the cytoplasm of 

dyingg and disintegrating cells (Jansson et al. 1988). Apart from this, confusion 

mayy also be caused by the persistence of AP in supply water. 

Inn most cases, the de-repression of AP takes place at the onset of the depletion. 

Thiss is not always the case. The chlorophyte Dunaliella tertiolecta, for example, 

onlyy induces AP in starved cultures, not in steady state, limiting conditions. For 

thiss organism the AP activity responds only to extreme nutrient stress (Graziano et 

al.. 1996). Another problem is that the constitutive activity can be highly variable 

amongg species (see chapter 5, this thesis), and increased phosphatase activities can 

bee induced by other conditions than just low P-supply (Jansson et al. 1988). An 

importantt deviation from the pattern of AP induction is the loss of activity in case 

off  extreme P-deficiency, due to requirement of some level of metabolic activity for 

thee maintenance of enzymatic binding sites and production of enzymes (Healey 

andd Hendzel 1975). The absence of AP induced fluorescence in a fraction of the 

cyanobacteriall  population seen in chapter 6 of this thesis may be an example of 

thiss phenomenon. The exact nature of the natural substrates for phosphatases 

remainss obscure. The greatest difficulty is that in lake water the phosphatases 

hydrolysee substrates immediately after their exposure to the enzymes. In a nutrient 

dynamicall  approach, effort should be spent in studying both the connection 

betweenn the enzymes and their producers, and between the enzymes and their sub-

stratess (Jansson et al. 1988). Two promising methods for the characterisation of 

organicc P were recently described: 31P nuclear magnetic resonance (NMR) spec-

troscopyy (Pant and Reddy 2001), and combined assays with the Pj-releasing 
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enzymes,, phytase, AP, nuclease, and nucleotide pyrophosphatase (Olsson and 
Janssonn 1992; He and Honeycutt 2001). Another problem is that polynucleotides 
aree degraded by 5'-nucleotidase (5PN). The phosphate forms a diester bond 
betweenn nucleotide monomers, which can be hydrolysed by either AP or 5PN 
(Bentzenn et al. 1992). The mechanism of 5PN is more specific, and recognizes the 
carbonn moiety of 5'-nucleotides. DNA was not reported as a bioavailable P-source 
byy Cembella et al. (1984); other studies however, report that nucleic acids may 
becomee available, be it at a slower rate than phosphomonoesters (Boström et al. 
1988).. In conclusion, AP induced fluorescence (from conversion of the ELF-97 
phosphatasee substrate) is a useful indicator for monitoring the origin of AP activi-
ty.. However, this method does not allow conclusion about the actual conversion 
ratee of organic P in the lake. In general, AP activity extends the residence time of P 
inn the water phase; the rate at which organic P becomes available probably does 
nott depend on enzymatic rates, but rather on the rate at which the organic com-
poundss become available. The absence of knowledge about the nature of AP sub-
strates,, and the rates at which they become available is an important flaw in aquat-
icc microbiological research. 

§55 Implication s of changin g P suppl y to growt h 
andd communit y structur e of phytoplankto n 

PhytoplanktonPhytoplankton species composition 
Inn a nutrient-poor (oligotrophia lake complex, negative feedback mechanisms 
existt that keep the water clear (Havens and Schelke 2001). Plants fix P directly 
(through(through the leaves) and indirectly (by holding sediment particles with their roots). 
Increasedd P-loading rates lead to increased growth of submerged plants. Algal bio-
masss also increases, but zooplankters find sufficient shelter from fish among the 
plants,, and are able to keep the algae under control. At a certain critical P-loading 
rate,, algae are able to overgrow the plants, which then disappear because light is 
blockedd by the suspended algae. In such a eutrophied lake, negative feedback 
mechanismss exist that keep the water turbid. These complex mechanisms include 
biological,, physical and chemical processes, such as uptake and storage by algae, 
sorptionn /desorption of P to sediment, and high turnover rates of P because of min-
eralizationn of high biomass density, aided by AP activity. Even when the external 
P-loadingg rate is decreased, P will be delivered from the sediment for a long time 
(internall  loading). A large build-up of dead cell material (detritus) adds to the 
maintenancee of the turbid state. Moreover, the phytoplankton biomass density 
itselff  does not increase gradually with the P levels in a lake due to species succes-
sionn taking place. When cyanobacteria dominate, the turbidity is higher at the 
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samee nutrient concentration than when eukaryotic algae are dominant, leading to a 
discontinuouss response to changes in nutrient level (Mur et al. 1989). In lakes 
wheree the Pj concentration is continually and substantially below 1-2 mg P.L"̂  
(30-600 nM), the phytoplankton is likely to tend quickly towards dominance by 
high-affinityy species (Reynolds 1998). 

Thee above-mentioned negative feedback mechanisms cause forward and backward 
switchess between clear and turbid states to occur at different critical conditions, as 
illustratedd in an ecosystem response curve for a fictitious example in Fig. 3 (Janse 
andd Van Liere 1995). This pattern, called hysteresis, is thought to occur pro-
nouncedlyy in shallow lakes (Scheffer et al 1997), and is a probably a result of 
complexx interactions of several feedback mechanisms, and not due to instable 
equilibriaa in the competition for Pj and light only (J Huisman, personal communi-
cation).. The hysteretic effect has several implications. When one monitors the sys-
temm on a stable branch before a switch, littl e change in its state is observed. 
Graduallyy changing conditions may have littl e effect on the state of an ecosystem, 
butt nevertheless reduce its resilience, the maximum perturbation that can be taken 
withoutt causing a switch to the alternative state. At some critical threshold, howev-
er,, a 'catastrophic' transition to another state occurs. An important issue for water 
qualityy managers is that to induce a switch back, it is not sufficient to restore the 
environmentall  conditions of before the collapse, but one needs to go back to a 
muchh lower P-loading rate. 
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Figuree 3. Hysteretic effect of P-loading rate on chlorophyll concentration in a shallow lake 
(fictitiouss example based on Janse and Van Liere 1995, by courtesy of L. van Liere, RIVM). 
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Ourr case study, Lake Loosdrecht, has dramatically switched from clear water with 

submergedd vegetation to a turbid state dominated by filamentous cyanobacteria, 

accompaniedd by loss of transparency and vegetation. Although the lake encounters 

frequentt temporary turbid phases due to resuspension of peat particles from the 

sedimentt during storms (Gons et al. 1991), the present, continuous turbidity is 

mainlymainly caused by cyanobacterial detritus, which sink much more slowly then peat 

particles.. Restorative measures (70% reduction in total P-load since 1984) have led 

too only a minor reduction of the phytoplankton biomass, as was discussed in para-

graphh 2 of this chapter. The current condition of the Loosdrecht lakes is therefore 

ann example of persistence of an undesired ecosystem, maintained by the resilience 

off  the current dominant phytoplankton community. From the hysteresis effect dis-

cussedd above we infer that restoration of the clear water state may happen at sub-

stantiallyy lower nutrient levels than those at which the collapse of the vegetation 

occurred. . 

CompetitionCompetition in Lake Loosdrecht 

Generally,, filamentous cyanobacteria are either a minor component of the phyto-

planktonn community in lakes, or strongly dominant. The fact that the filamentous 

cyanobacteriaa that dominate the eutrophic Lake Loosdrecht contain high-affinity 

Pj-uptakee systems (H. Ducodu, 1998) implies that another reason than inability to 

competee for Pj must account for their absence in oligotrophic systems (Molot and 

Brownn 1986). Indeed, high abundance of filamentous cyanobacteria occurs pre-

dominantlyy under shady condition, whereas no correlation with total P was found 

(Jensenn et al. 1994; Scheffer et al. 1997). Cyanobacteria are generally good com-

petitorss for both light and Pj (J. Passarge, manuscript in preparation). The domi-

nancee of filamentous cyanobacteria in Lake Loosdrecht has thus probably emerged 

fromm a combination of low light levels due to shading by other algae and lowered 

Pjj  concentrations. 

Fromm competition experiments between planktonic desmid species, Spijkerman 

(1998)) concluded that in continuous limitation of P species with high AP activity 

ass well as a high affinity uptake system have the advantage; under pulsed P0 con-

ditions,, however, Pj uptake kinetics are more decisive to the outcome of competi-

tionn than AP activity characteristics. Taking into account that large organic phos-

phorylatedd compounds cannot be taken up by cells (paragraph 4, this chapter), it is 

clearr that in case of a low Pj load, most of the available Pj will be quickly 

absorbedd by organisms with high affinity for Pj. Most of the P-stock in the water 

wil ll  then be organic (in biomass). This benefits scavengers for P0 that also have a 

highh affinity for Pj. Furthermore, a dense population responds differently to a P-

pulsee than a dilute population (paragraph 3, this chapter; Wagner et al, 1995; 

Wagnerr et al 2000). A short P-pulse is absorbed rapidly by the most abundant pop-
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ulationn and by the population with the highest affinity. These notions offer insight 

inn the abundance of different species in Lake Loosdrecht. Resource competition in 

Lakee Loosdrecht occurs mainly between the dominant populations of filamentous 

cyanobacteria.. Eukaryotic algae are less abundant, although their in situ growth 

ratee is high (Pel et al. 2002a + , submitted). This is probably due to the preference 

thatt grazers have for the soft and single-celled eukaryotic cells over the filamen-

touss and tough cyanobacteria. Although diatoms are good competitors for Pj, and 

alsoo possess AP (Chapter 6, this thesis), they are only a minor component of the 

phytoplanktonn community in Lake Loosdrecht. 

Thee phytoplankton community in Lake Loosdrecht is dominated by filamentous 

cyanobacteria.. The phycobilin-Iess filamentous cyanobacterium P. hollandica is an 

affinityy and a storage strategist sensu Sommers (1989), and a very good competitor 

forr Pj under regimes of pulsed P supply (Ducobu, 1998). Its niche is probably a P-

limitedd ecosystem in which P is delivered in distinct pulses and in which the pres-

encee of large amounts of particles (e.g. peat and detritus) reduces light penetration 

(Ducobuu et al, 1998). The combined affinity and storage strategy worked well 

whenn the internal P loading rate in Lakee Loosdrecht was very high due to the pres-

encee of a very high amount of P in the sediment (Keizer and Sinke 1992). 

PlanktothrixPlanktothrix agardhii has a higher maximal growth rate (|!max = 0.036 h~') than 

P.P. hollandica ()Jmax = 0.025 h"1), but needs a higher external P-load to compen-

satee for its low affinity for P-uptake (Ducobu et al. 1998). Anabaena sp. and 

AphanizomenonAphanizomenon flos-aquae are both heterocystous diazotrophs, having the advan-

tagee in N-limiting conditions. Because ^-f ixin g cyanobacteria have a lower yield 

onn light compared with non-diazotrophs, they will be outgrown in N-sufficient, 

light-limitingg conditions. Anabaena sp. is a growth strategist for light (sun species) 

andd an affinity strategist for P; better competitor for rest concentrations of P than 

AphanizomenonAphanizomenon flos-aquae. If the two tested strains are representative for the 

behaviourr of the two genera, the presence of an Anabaena bloom may indicate 

lightt sufficient, ^-f ixing, P-limited conditions, or conditions with all nutrients in 

excess.. The growth conditions favouring Aphanizomenon blooms are not clear, but 

itss presence may indicate light-limiting conditions, because of its higher photosyn-

thesiss efficiency combined with ^-fixin g and P-sufficient conditions (De Nobel 

ett al, 1997a+b). However, Aphanizomenon flos-aquae may be a better competitor 

forr organic P, due to its capacity to make large amounts of AP (chapter 5 and 6). 

Thesee species are only a minor part of the cyanobacterial community in Lake 

Loosdrecht.. The ecophysiological characteristics of dominant P. limnetica are less 

welll  studied. Nevertheless, in chapters 5 and 6 of this thesis we have shown that 

thiss species is capable of responding to changes in P-availability with differential 

expressionn of AP, representing a scavenging strategy. The differences in adaptation 

strategiess between the two most ubiquitous algal species in Lake Loosdrecht offer 

interestingg subjects for further study. 
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Changess in biomass indicators were observed in Lake Loosdrecht around 1990 
(paragraphh 2, this thesis). In the 1980's, the cyanobacterial community seemed to 
bee growing, but the populations of P. limnetica and P. hollandica have become 
remarkablyy stable since 1990. By comparing the fraction of P. hollandica in the 
periodd 1988-1993 to that in the period 1997-2002 (Fig IF and Table 2), this 
speciess seems less abundant in recent years. Frequent resuspension of the upper 
sedimentt layers in Lake Loosdrecht by wind action may have benefited the P. hol-

landicalandica population in the 1980's by providing a variable P availability originating 
fromm suspended sediment particles (Marsden 1989). The amount of Pj in the water 
phasee (seston) is currently below the detection limit, and negligible as a P pool. 
Detritus,, however, comprises an important P pool (Rijkeboer et al. 1991). The ses-
tonicc detritus consists of peat fragments and fine-sized (< 15 mm) particles derived 
fromm the phytoplankton. Lake Loosdrecht contains more detritus than phytoplank-
tonn cells; the phytoplankton to particulate detritus ratio was estimated to be 0.3 in 
19888 (Gons et al. 1992). Dissolved organic matter mainly originates from lysis and 
furtherr decomposition of phytoplankton cells. The phytoplankton detritus is about 
equallyy distributed between seston and the sediment/water interface (epipelon). 
Thee detritus is resuspended frequently, and fine-sized particles remain in the water 
columnn for several weeks (Otten et al. 1992). It is difficult to separately quantify 
adsorption/desorptionn processes between living and dead material within the com-
plexx resuspension-sedimentation compartment (Van Liere and Janse 1992). Part of 
thee organic P in the detritus must be bio-available, however (Rijkeboer et al. 1991; 
Hee and Honeycult 2001). In contrast to P. hollandica, P. limnetica expresses AP, 
andd can therefore use this pool of P. The population of P. limnetica has remained 
dominantt and relatively constant throughout recent years. The increased domi-
nancee over P. hollandica may well be a result of the scavenging strategy (expres-
sionn of AP combined with a high affinity uptake system) of this species. Although 
thee overall AP linked fluorescence indicates an all-year P-limitation, the capability 
ofof P. limnetica to recycle phosphate by combining AP activity and high P-affinity, 
ensuress the availability of P. Cellss quickly reabsorb P that is liberated from detri-
tus,, and the dominant species with the highest affinity will get the greatest share. 
Coincidencee of relapse in population size and activity of the grazer Euchlanis 

dilatatadilatata that has a preference for filamentous cyanobacteria (Pel et al. 2002"), is 
ann indication that P. limnetica further benefits from this property by allowing part 
off  the slowly growing population in Lake Loosdrecht to die so that other parts can 
continuee to grow more vitally (R. Pel, personal communication). 
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§66 Genera l conclusion s and futur e prospect s 

Cyanobacteriaa are able to efficiently scavenge and transport phosphate at concen-

trationss in the nanomolar range, below the limits of the current detection methods, 

duee to the use of parallel high-affinity uptake systems. This implies that turnover 

ratess are more important than actual concentrations. Turnover rates, however, can-

nott be measured directly in lakes, without intrusive methods such as ^^P-charging. 

Therefore,, we have developed a different approach to detecting Pj-deficiency in 

phytoplankton,, involving direct interrogation of phytoplankton cells on their nutri-

entent status. Three factors determine the efficiency of Pj-uptake: the capacity to use 

aa variety of phosphorylated compounds, the permeability of the cell membranes, 

andd the relative concentrations of Pj in- and outside the cells. Phytoplankton has 

strategiess to deal with each of these factors using the following processes: conver-

sionn of PQ (scavenging strategy; AP), high affinity Pj-uptake (affinity strategy; Pst 

system),, and P-storage (storage strategy; polyP). The use of two complementary 

shotgunn methods (La Roche et al. 1999) for expression analysis on protein and 

RNAA levels, combined with sequence analysis, has revealed a wealth of informa-

tionn allowing a funded choice for markers of the P-status (chapter 3, this thesis). 

Wee have focused on the targeting of marker proteins for P-deficiency and the 

applicationn of a suitable diagnostic tool to detect these proteins. Cell surface mark-

err proteins are adequate indicators of nutrient limitation because their expression is 

highlyy sensitive to changes in nutrient concentration; their expression is specific 

forr each nutrient, can potentially be quantified per cell, and is possibly taxon spe-

cificc (Scanlan and Wilson 1999). Alkaline phosphatases (AP) play a key role in the 

recyclingg of organic P in lakes. Relevant components contributing to the dynamics 

off  the internal P-cycle are sediment, detritus, bacteria, and phages. In spite of its 

shortcomings,, the ELF-97 AP substrate was proven to be a useful indicator for P-

deficiencyy (chapters 5 and 6, this thesis). To study the nutrient status of the phyto-

planktonn in more detail, we have applied the ELF-97 AP substrate in flow cytome-

try.. This method satisfies the criteria for diagnostic tools proposed by Falkowski et 

al.. (1992): to be useful the tools must be broadly applicable in the field across 

phylogeneticc lines, they must identify those processes that impose a truly physio-

logicall  limitation, and they must be uniquely affected by a specific limiting factor. 

Afterr the development and testing stage presented in this thesis, the issues of cali-

bration,, quantification, and normalisation in routine research all lie ahead. 

Too get a complete picture of the present conditions and the nutrient history, more 

aspectss of the P-status should be monitored. In conjunction with probes for 

species-specificc resolution, these provide insight in factors that constrain produc-

tivity ,, and also affect community structure and species succession (Fitzgerald and 

Nelsonn 1966; La Roche et al. 1999). 
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Thee affinity, scavenging, and storage status give complementary information, 

reflectingg the present growth conditions and the cells' nutrient history. Future work 

shouldd therefore involve development of indicators for the P-affinity status and the 

P-storagee status, for example by creating antibodies against PstS or porins, and by 

optimisingg polyP staining (e.g. Ault-Riché et al. 1998). To answer the question 

whichh organic phosphomonoesters can be hydrolysed and assimilated by 

cyanobacteria,, several compounds could be tested in enzymatic assays (Plant and 

Reddyy 2001) as well as in growth experiments. 

Wee have presented a case study (Lake Loosdrecht) and applied our diagnostic tool 

inn this lake. Due to restoration measures, the chlorophyll a concentrations in Lake 

Loosdrechtt are currently below 100 fig.1"1, giving a transparency of about 0.5 m. 

Thee phytoplankton community is growing under P-limitation, with a total P con-

centrationn of about 50 ug P.l" . These slight improvements of the major biomass 

indicatorss have made the water quality acceptable by the national standards 

(Verkeerr en Waterstaat 1999), but are not sufficient to reach the ecological target 

forr the lake: clear water with submerged plants. On the contrary, the measures 

havee led to the adverse effect of increased cyanobacterial dominance. This domi-

nancee is likely due to the excellent adaptation capabilities of the cyanobacteria, 

allowingg them to thrive at extremely low Pj-concentrations and light intensities. A 

moree flexible approach to nutrient standards is therefore required, oriented to spe-

cificc regions (see also Gulati and Van Donk 2002). This flexibilit y is provided with 

thee establishment of the European Water Framework Directive (Commissie 

Integraall  Waterbeheer 2002). 

Thee presented results have revealed differences in adaptation strategies between 

thee two dominant populations in Lake Loosdrecht: Planktolyngbya limnetica and 

ProchlorothrixProchlorothrix hollandica. The idea that phosphatases play a key role in the recy-

clingg of P in the lake gives insight in the resilience to recovery of the water quali-

ty:: a dense community of phytoplankton is inert to changes, owing to 'self-shad-

ing'' and 'self-feeding'. Additional measures are required to further improve the 

waterr quality, along with continued monitoring of species composition, nutrient 

status,, and light climate in the lake. Finally, to get full benefit from the newly 

developedd methods to address questions concerning the P-status in Dutch lakes, 

conclusivee random sampling strategies are required instead of explorative judg-

mentt sampling used in this study. Therefore, spatio-temporal analysis of the nutri-

entt status needs to be implemented in routine measurements. Currently, a new 

monitoringg programme is being set up in the Loosdrecht lakes, together with addi-

tionall  measures to restore the water quality. Monitoring the phytoplankton nutrient 

statuss over the coming years is therefore of interest, both from a water manage-

mentt and a scientific point of view, as this might be a unique chance to monitor 

thee switch from cyanobacterial dominance to clear water. 
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Summar y y 

Thee persistence of algal blooms in lakes depends on the nutrient status and 
lightt climate in the water. Phosphorus (P), mainly incorporated in the form 
off  dissolved inorganic orthophosphate (Pj), is a key element for the growth 
off  freshwater algae (phytoplankton). Measures to reduce the external P-
loadd in heavily eutrophied lakes have brought Pj-concentrations below the 
detectionn limits of current analytical methods. The often-encountered domi-
nancee of cyanobacteria in such lakes is due to their excellent adaptation 
capabilities,, allowing them to thrive at extremely low Pj concentrations and 
lightt intensities. Efficiency of P-incorporation at low concentrations 
dependss on three processes: conversion of organic P-esters (P0) outside the 
cellss (scavenging strategy), Pj-transport through the cell envelope (affinity 
strategy),, and saving of surplus P (polyphosphate) inside the cells (storage 
strategy).. Because the nutrient status cannot be inferred from Pj measure-
ments,, water quality research will benefit from the recently renewed inter-
estt in the use of biochemical characteristics of the algae as indicator for 
theirr physiological status. In addition to determinations of the species com-
position,, a desired 'toolbox' of nutrient status indicators contributes to 
improvedd understanding of the state of a lake. A large part of the work in 
thiss thesis has been devoted to the design of methods for the marking of 
cells. . 

Thee model cyanobacterium Synechocystis sp. PCC 6803 shows successive 
responsess to diminishing availability of Pj, consisting of specific adapta-
tionss (variation of protein synthesis) as well as general stress responses 
(attenuationn of photosynthetic activity and growth rate). The genome of 
SynechocystisSynechocystis encodes tandem high-affmity Pj-uptake systems (Pst) one of 
whichh is specifically expressed in Pj-deficient conditions. This Pst-system 
containss a periplasmic Pj-binding protein, and is co-regulated with alkaline 
phosphatasee (AP); two pore-forming proteins in the outer membrane 
(porins)) are also under control of Pj-availability. Each of these proteins is a 
candidatee to serve as marker protein for diagnosing Pj-deficiency in algae; 
Pj-bindingg protein PstS is widespread among cyanobacteria; the porins 
SomAA and SomB have surface exposed loops that may serve as antigenic 
markers;; the activity of AP enzyme PhoA can be easily made visible. In 
spitee of its shortcomings, AP activity was proven to be a useful indicator 
forr Pj-deficiency in algae. The ELF-97 phosphatase substrate yields highly 
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fluorescentt precipitates at the site of enzymatic activity (AP induced fluo-
rescence).. This allows recognition of the nutrient status of individual cells 
inn a flow cytometer. 
Inn a case-study performed in Lake Loosdrecht, The Netherlands, we have 
appliedd the ELF-method in conjunction with separation of the present phy-
toplanktonn groups on the basis of their endogenous fluorescent pigments. 
Thee nutrient status of the cells could be related to their actual growth rate, 
determinedd from the relative incorporation of natural carbon-isotopes in the 
membranee fatty acids. 
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Samenvattin g g 

Dee hardnekkigheid van algenbloei in meren wordt vooral bepaald door de 
voedingstatuss en het lichtklimaat in het water. Fosfor (P), voornamelijk 
opgenomenn als opgelost anorganisch fosfaat (Pj), speelt een sleutelrol in de 
groeii  van zoetwater algen (fytoplankton). Maatregelen om de externe 
fosfaat-toevoerr in zwaar geèutrofiëerde meren te verlagen hebben de 
concentratiee ervan tot onder de detectiegrens van gangbare meetmethoden 
gebracht.. De dominantie van cyanobacteriën die vaak optreedt in zulke 
merenn hangt samen met hun buitengewone aanpassingsvermogens, die hen 
inn staat stellen om te gedijen bij extreem lage Pj concentraties en lage licht 
intensiteiten.. De efficiëntie van P-incorporatie bij lage concentraties hangt 
aff  van drie processen: omzetting van organische fosfaat esters (PQ) buiten 
dee cellen (sprokkelstrategie), Pj-transport door de cel enveloppe 
(affiniteitstrategie),, en het bewaren van overbodig P (polyfosfaat) binnen in 
dee cellen (opslagstrategie). Omdat de voedingstatus niet afgeleid kan 
wordenn van Pj metingen, heeft het waterkwaliteitsonderzoek baat bij de 
recentt vernieuwde belangstelling in het gebruik van biochemische 
karakteristiekenn van algen als indicator voor de fysiologische status. Naast 
bepalingenn van de soortensamenstelling, draagt een 'gereedschapskist' met 
voedingsstatuss indicatoren bij aan een beter begrip van de toestand in een 
meer.. Het ontwerp van methoden voor het markeren van P-gelimiteerde 
cellenn is een belangrijk deel van het werk in dit proefschrift geweest. 
Dee model cyanobacterie Synechocystis sp. PCC 6803 vertoont 
opeenvolgendee responsen op verminderde beschikbaarheid van Pj, 
bestaandee uit zowel specifieke aanpassingen (variatie in de aanmaak van 
eiwitten),, als algemene responsen (verlagen van de photosynthese activiteit 
enn groei snelheid). Het genoom van Synechocystis codeert voor meerdere 
hoge-affiniteitt Pj-opname (Pst-) systemen, waarvan er één specifiek wordt 
aangemaaktt in Pj-arme omstandigheden. Dit Pst-systeem bevat een 
periplasmischh Pj-bindend eiwit, en wordt gereguleerd samen met het 
enzymm alkalisch fosfatase dat P0 omzet in PJ; twee porie-vormende 
eiwittenn (porines) in het buitenmembraan staan ook onder controle van de 
Pj-beschikbaarheid.. Elk van deze eiwitten is een kandidaat om te dienen 
alss merker eiwit voor de diagnose van Pj-deficientie in algen; het Pj-
bindendd eiwit PstS is wijdverbreid onder cyanobacteriën; de porines SomA 
enn SomB hebben cetoppervlakte blootgestelde lussen die kunnen dienen als 
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antigenee merkers; de activiteit van het AP enzym PhoA kan gemakkelijk 
zichtbaarr gemaakt worden. Ik heb aangetoond dat AP activiteit een 
bruikbaree indicator voor Pj-defïcientie in algen is. Het ELF-97 fosfatase 
substraatt levert sterk fluorescente neerslag op de plaats van enzymatische 
activiteitt (AP geïnduceerde fluorescentie). Dit stelt ons in staat om de 
voedingsstatuss van individuele cellen te bepalen in een flow cytometer. 
Inn een casestudy in de Loosdrechtse Plassen (Nederland), hebben wij de 
ELF-methodee toegepast in samenhang met scheiding van de aanwezige 
fytoplanktonn groepen op basis van hun eigen fluorescente pigmenten. De 
voedingsstatuss van de cellen kon gerelateerd worden aan hun actuele 
groeisnelheid,, bepaald aan de hand van de relatieve incorporatie van 
natuurlijkee koolstof-isotopen in de membraanvetzuren. 
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Abbreviation s s 
ABC: : 

Absmax: : 

AP: : 
ATP: : 
BG-11: : 
BLAST: : 
C: : 
Chl-fl : : 

C-terminal: : 
D: : 
DGGE: : 
DIC: : 
DNA: : 
DTT: : 
DWR: : 

EDTA: : 
ELF: : 
FACS: : 
ppGpp: : 
pppGpp: : 
GWA: : 

HEPES-buffer: : 
HRP: : 
kb: : 
kDa: : 
K m : : 

K s: : 

LPS: : 
LSE: : 
MAGIC: : 
MALDI-TOF: : 

N: : 
NEN: : 
NHS: : 
NIOO-CL: : 

N-terminus: : 
OD: : 
OM: : 
P: : 
PAR: : 
PBP: : 

ATP-bindingg cassette 
Absorptionn maximum 
Alkalinee phosphatase 
Adenosinee 5'-triphosphate 
Minerall  medium for growth of phytoplankton 
Basicc local alignment search tool 
Carbon n 
Chlorophylll  a 
Carboxy-terminall  end of protein 
Dilutionn rate 
Denaturingg gradient gel electrophoresis 
Dissolvedd inorganic carbon 
Deoxyribonucleicc acid 
Dithiothreitol l 
Dienstt Waterbeheer en Riolering 
(Waterr Management and Sewerage Service) 
Ethylenediaminotetraacetate e 
Enzyme-labelledd fluorescence 
Fluorescence-activatedd cell sorting 
Guanosinee tetraphosphate 
Guanosinee pentaphosphate 
Gemeentee Waterleidingen Amsterdam 
(Municipall  Waterworks Amsterdam) 
N-2-hydroxyethylpiperazine-N'-2-ethanesulfonicc acid 
Horsee radish peroxidase 
Kilobasepairss (length of DNA chain) 
Kilodaltonn (atomic mass unit) 
Affinit yy constant 
Substratee saturation constant 
Lipopolysaccharide e 
Laboratoryy scale enclosure 
Magnesium-inducedd co-precipitation 
Matrix-assistedd Laser Absorption Ionisation-Time Of Flight 
Masss Spectrometry 
Nitrogen n 
Netherlandss Normalisation Institute 
jV-hydroxysuccinimidee ester 
Centree for Limnology, 
partt of the Netherlands Institute for Ecology 
Amino-terminall  end of protein 
Opticall  density 
Outerr membrane 
Phosphorus s 
Photosyntheticallyy available radiation 
Pj-bindingg protein 
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PBS:: Phycobilisome(s) 
PBS-buffer:: Phosphate buffered saline 
PCC:: Pasteur Culture Collection 
PhoA:: Alkaline phosphatase 
PhoB:: Transcription regulator ofpho regulon 
PhoE:: Pj-selective outer membrane porin 
Porin:: Pore-forming protein 
PhoR:: Sensory kinase, regulator of pho regulon 
PhoU;; Tentative inhibitor of p/ro-expression 
P/jo-regulon:: All genes involved in high-affinity Pj-uptake response 
PJ:: Inorganic phosphate (orthophosphate) 
Pitt system: Low affinity Pj-uptake system 
p-NPP:: para-Nitrophenyl phosphate 
P0:: Organic P-esters 
PolyP:: Poly-phosphate 
PPJ:: Pyrophosphate 
PS:: Photosystem (I and II) 
Pstt system: High-affinity Pj-uptake system 
PstABC:: ATP-binding cassette transporter, part of Pst system 
PstS:: Phosphate-binding protein, part of Pst system 
PVDF:: Polyvinyl difluoride 
Py-GC-IRMS:: Pyrolytic methylation-gas chromatography coupled to isotope-

ratioratio mass spectrometry 
q:: Concentration of the limiting nutrient in the cell 
qQ\qQ\ Minimal concentration of the limiting nutrient in the cell 
RNA:: Ribonucleic acid 
S:: External nutrient-concentration (S) 
SDS-PAGE:: Sodium dodecyl sulphatc-Polyacrylamide Gel Electrophoresis 
S-layers:: Regular surface-layer 
SLHH domain: S-layer homology domain 
SphX:SphX: Pj-binding protein, related to PstS 
Sj :̂: Concentration of growth-limiting substrate in supply medium for 

continuouss culture 
Tl :: Initial transition phase from exponential growth to stationary 

phase e 
TCRS:: Two-component regulatory systems 
UV/Vis:: Ultraviolet and visible light 
UV:: Ultraviolet 
v:: Enzymatic reaction or transport rate 
Y x:: Specific growth yield on nutrient x 
(3-strands:: Beta-strand, secondary protein structure 
\i:\i:  Specific growth rate (or micro-) 
| i m a x:: Maximum growth rate 
5PN:: 5'-Nucleotidase 
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Persoonlij kk  woor d 
Ditt boekwerk bestaat eigenlijk uit twee delen. Het eerste deel gaat over het zoeken 

naarr -en identificeren van- eiwitten die betrokken zijn bij fosfaat-opname in 

eencelligee algen (het fundamentele, moleculaire deel). Het tweede deel gaat over 

hethet gebruik van een kleuringsmethode om informatie te krijgen over de toestand 

vann een meer (het toegepaste, ecophysiologische deel).Deze tweedeling heb ik ook 

tott uiting laten komen in de omslag. Aan de bovenkant staat een microscopische 

fotoo van de modelcyanobacterie Synechocystis; aan de onderkant een 

microscopischee foto van een fluorescentie-gekleurd watermonster uit de 

Loosdrechtsee Plassen. De "zandloper" die op alle hoofdstuktitelpagina's te vinden 

is,, symboliseert het verloop van dit proefschrift nog verfijnder. Na de brede ingang 

vann hoofdstuk 1 spits ik me steeds verder toe op kleine details, tot aan het 

moleculairee niveau in hoofdstuk 4. Daarna ga ik weer de breedte in met het 

toepassenn van een kleuring op cellen in hoofdstuk 5, op populaties in een meer in 

hoofdstukk 6, en ik bekijk vervolgens het bredere verband in het afsluitende 

hoofdstukk 7. Voor een groot deel was de tweedeling ook fysiek: het werk is in 

tweee verschillende laboratoria tot stand gekomen. Mijn basis, het eerste deel, lag 

bijj  de werkgroep Aquatische Microbiologie aan de Universiteit van Amsterdam, 

hett tweede deel heb ik uitgevoerd bij het Centrum voor Limnologie in 

Nieuwersluis,, onderdeel van het Nederkands Instituut voor Ecologie. 

Tenn eerste gaat veel dank uit naar mijn begeleiders in Amsterdam. Hans, je stond 

altijdd voor me klaar, hield een vinger aan de pols, en leefde met me mee. Luuc, 

bedanktt voor al je goede raad en hulp, vooral bij het voorbereiden van het 

vervolgproject:: het staat op de rails! Ten tweede wil ik graag alle collega's 

bedankenn bij Aquatische Microbiologie ('de negende verdieping'), met wie ik 

kortee of langere tijd te maken heb gehad. Jef, de nieuwe groepsleider, met je 

nauwgezetheidd heb je me op scherp gezet. In de huidige groep heb ik heel prettig 

samengewerktt met Natascha en Vladimir, Jutta, Suzanne, Edwin, Jolanda, Corrien, 

Petra,, Maayke, Linda, Florence, en natuurlijk Hans, mijn trouwe kamergenoot: 

bedanktt voor de prettige gesprekken die we hadden. Ook een aantal voormalige 

collega'ss wil ik bedanken: Hélène, mijn voorganger op fosfaat gebied; Elly, je hebt 

mijnn werk van een afstand gevolgd, dank je voor de uitnodiging naar Potsdam 

(Gabb ook bedankt); En natuurlijk Ernesto, de gangmaker van de afdeling, het was 

eenn stuk saaier nadat je weg was; Verder nog Josje, Claudia, Eveline, Babette, Stef, 

Maria,, Natascha, Karin, Pirn, Robert, Jeroen, ik hoop dat ik niemand vergeten ben. 

Ichh danke auch den deutschen Studenten Torsten und Silke. Van de studenten heeft 

ookk Lenny een speciale vermelding verdiend. 
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Vann het NIOO-CL 'Nieuwersluis' gaat mijn dank speciaal uit naar mijn begeleiders 
Rikss en Roel, en naar Hans, Herman en Virgilio : Het werk met julli e was 
essentieell  voor mijn proefschrift. Gabriel bedankt voor je gedegen commentaar bij 
mijnn presentaties. Aan alle andere collega's daar zeg ik: julli e zullen me in de 
toekomstt vaker zien, tijd genoeg om elkaar beter te leren kennen. Dan dank ik de 
mensenn van de andere Microbiologie-afdeling 'de achtsteverdieping': Jasper, ji j 
hebtt mij deze promotie plek getipt; Klaas, ji j hebt uiteindelijk mijn proefschrift ge-
proofread;; verder Wim, Jocelyne, Andrea, Daniel, Betsie, Frank, Robert, en alle 
anderen.. Ook de afdeling Massa Spectrometrie heeft veel bijgedragen aan dit 
onderzoek:: JW, Henk, Luitzen en Anton. I am grateful to Nick Mann and Dave 
Scanlann for making my working visit to the University of Warwick possible. James 
andd Emma, thanks for the good times we had on the campus. I wish to thank all 
thee other people in the lab, and especially Deana for suggesting me to work on 
biotinylation.. Veel dank gaat ook uit naar de medewerkers van de bibliotheek 
Rikkie,, Stephen en Marijke (de biebduyf): Jullie deelden altijd mijn enthousiasme 
omm artikelen uit moeilijke tijdschriften na te zoeken. Verder heb ik heb veel geleerd 
vann alle docenten en mede-promovendi die ik heb leren kennen bij bijeenkomsten 
enn cursussen van SENSE, IBED, NVvM, NIBI, LAC, en Biocentrum. 

Persoonlijkk heb ik heel veel te danken aan Lennie, mijn geliefde, partner, en 
paranimf:: Jij bent met me door het diepe dal gegaan. Bedankt ook voor de moeite 
diee je hebt genomen om een aantal teksten van me te corrigeren. Ook Nafysa wil 
ikk bedanken: Je hebt mij de rol van vader leren kennen, en me tegelijkertijd weer 
eenn beetje kind laten zijn. Via Lennie ben ik terecht gekomen bij mijn 
psychosynthesegidss Inez: Je hebt me geholpen om de krachten in mezelf weer te 
lerenn waarderen. Mijn beste vriend Ries en zijn huisgenoten: Bedankt voor al julli e 
hulpp toen ik het hard nodig had. Vooral Alies verdient een vermelding: Zonder jou 
hadd ik niet geweten hoe ik aan de lay-out moest beginnen. Van mijn vrienden 
noemm ik hier ook Suly, mijn tweede paranimf. Mijn WingTsun familie, en vooral 
Si-Fuu en Simo wil ik bedanken, zonder julli e had ik waarschijnlijk een flinke RSI 
opgelopen.. Als laatste wil ik nog mijn familie bedanken, vooral mijn vader, die me 
opp alle mogelijke manieren heeft geholpen om dit werk af te krijgen. 

Marcoo Dignum, 2003 
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