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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 

350 0 

4500 550 650 

Wavelengthh (nm) 

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. 

4500 550 650 

Wavelengthh (nm) 

4500 550 650 

Wavelengthh (nm) 

750 0 

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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