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ABSTRACT: Competitive ability for phosphorus of 2 heterotrophic bacteria, isolated from the photic 
zone of a lake, was investigated by a growth lunetic characterization in batch cultures using a radioac- 
tive tracer. Key characteristics chosen were based on a competition model verified under both steady 
state and non steady state conditions in previous studies. The characterization included determination 
of P requirement, uptake kinetic parameters and release rates of dissolved inorganic phosphate (P,). 
The 2 bactena exhibited different kinetic properties that may reflect differences in competitive strate- 
gies. Strain 3h seemed to be adapted to competition at more transient or pulsed supply modes ot P,, as 
reflected by its P-specific maximum uptake rate, which was 4 times higher than that of strain 29. Strain 
29, on the other hand, seemed to be a better competitor at un~form or moderately pulsed P, supply 
modes. This is due to a better ability to ma~ntain positive net P, uptake at low concentrations, with the 
critical concentration for positive net uptake being a factor of 2 lower for strain 2g than for strain 3h. A 
comparison with typical values of kinetic parameters published for cyanobacteria and green algae sug- 
gest that cyanobacteria may be better competitors than the heterotrophic bacteria at transient supply 
modes of Pi, whereas green algae have a comparable or better ability than the heterotrophic bacteria to 
compete for P at uniform supply modes of P,. These conclusions are based on relatively few data, with 
considerable within-group variation, and should therefore be cons~dered with caution 
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INTRODUCTION 

Bacteria are normally considered superior competi- 
tors for inorganic phosphate and are therefore be- 
lieved to be limited by carbodenergy (Currie & Kalff 
1984a, b). However, phosphorus (P) sub-saturation of 
heterotrophic bacteria in freshwater and marine sys- 
tems has been reported and the addition of inorganic P 
often stimulates the growth of bacteria (cf. Vadstein et 
al. 1988, Morris & Lewis 1992, Vadstein 1998, Thing- 
stad et al. 1997). These findings may be contradictory 
to the conclusion that bacteria are superior competitors 
for P. In addition to selective loss rates of bacteria (cf. 
Thingstad et al. 1997), this possible discrepancy may 
be explained by an insufficient evaluation of competi- 
tive ability or methodological problems with assess- 
ment of P status of natural bacterial communities. 
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It has been shown that the release or exchange of P 
from planktonic organisms to the surrounding environ- 
ment is a process that, albeit frequently overlooked, 
can dramatically alter the outcome of a competition sit- 
uation (Olsen et al. 1989). Moreover, evaluations of 
competitive ability based solely on uptake kinetics of 
inorganic phosphorus may lead to erroneous conclu- 
sions regarding competitive ability. 

To my knowledge, the release of P from healthy 
heterotrophic bacteria has not been quantified with 
appropriate methods in an ecologically relevant con- 
text, although it is well established that bacteria do 
release P (Rosenberg et al. 1982, Jansson 1988). Be- 
cause such a release to a large extent is counterbal- 
anced by re-uptake in a culture, the estimation of P 
release rates are difficult and may easily be underesti- 
mated. In the literature 2 different methods that take 
into account this problem have been applied to esti- 
mate release rates from planktonic algae: (1) mass bal- 
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ance measurement under steady state conditions 
(Olsen 1989) and (2) kinetic studies using radioactive 
phosphorus (Lean & Nalewajko 1976). 

The aim of the reported study was to characterize the 
competitive ability for P of 2 heterotrophic bacteria iso- 
lated from a limnetic water column, by studying their 
kinetic properties. Chosen key characteristics were 
based on a competition model that has been verified 
under both steady state and non steady state condi- 
tions using a cyanobacterium and a eucaryotic alga 
(Olsen 1988, Olsen et  al. 1989). The model requires 
knowledge on P requirement, uptake kinetic parame- 
ters and release rates of P. 

RELEVANT PROCESSES AND PARAMETERISATION 
OF THE COMPETITION MODEL 

T i e  evaluation of compeiiiive ability is based on 
a physiological model that includes concentration- 
dependent uptake of phosphate, ability to retain ac- 

Table 1. List of symbols used in the text 

Concentrations 
Pi Dissolved inorganic phosphate, pg P I-' 
P' Steady state concentration of Pi at which the net 

uptake equals p Q, pg P l-l 
Pc Steady state concentration of Pi at which the net 

uptake is zero and the uptake equals the release. 
pg P 1:' 

Qp Phosphorus per unit bacterial biomass, pg P (mg 
c)-l 

Q,, Subsistence quota, i.e the value of Qp at which p = 

0,  pg P (mg C)-' 
Q, Lowest value of Qp at which maximum growth rate 

occurs, pg P (mg C)-' 
Qs Value of Q at P saturation, pg P (mg C)-' 
km Half saturation constant for uptake, pg P I-' 
kS Half saturation constant for growth, pg P 1-' 

Rates 
p Specific growth rate, h-' 
p Maximum specific growth rate, h-' 
p',,, Apparent maximum spec~fic growth rate, i.e. the 

value of p when yield is extrapolated to zero, or at 
infinite Q as given by the Droop model, h-' 

v Specific cell carbon based uptake ratc, pg P (mg C 
h]-' 

U Specific cell phosphorus based uptake rate, h-' 
V,,, Maximum specific cell carbon based uptake rate, 

pg P (mg C h)-' 
U Maximum specific cell phosphorus based uptake 

rate, h-' 
Ac Cellular C based aff~nity of the P, uptake (i.e. V,,, 

k;'), I (mg C h)-' 
A, Cellular P based affinity of the P, uptake (i.e. U,,, 

km-'), I (mg P h)-' 
SRp Specific cellular P based release rate of P,, h-' 

quired P, and utilisation of P for growth. The ability to 
store P is also considered. These factors are sufficient 
to predict the outcome of competition for phosphorus 
between a cyanobacterium and a eucaryotic alga 
under various phosphate supply modes (Olsen 1988, 
Olsen et al. 1989). Those studies indicate that the 
release of P from organisms may affect the outcome of 
species competition for P. 

The gross uptake of dissolved inorganic phosphate 
(Pi) by microorganisms is usually described by a satu- 
ration hyperbola of the Michaelis-Menten type (Cem- 
bella et al. 1984, Vadstein & Olsen 1989), where the 
specific uptake rate (U) is a function of the Pi concen- 
tration and can be expressed by the maximum specific 
uptake rate (U,) and the half saturation constant (k,): 

(symbols defined in Table 1). At high concentrations of 
Pi the uptake rate of the organism is well described by 
U,, whereas at  low P, concentrations it is described by 
the affinity (Ap). Here I have defined affinity as the first 
derivative of Eq. (1) at zero P, concentration; i.e. U,/k, 
(Healey 1980). Instead of P-specific uptake, normaliza- 
tion can also be made to carbon biomass by multiplica- 
tion of U, U, and Ap with Q, to obtain v, V, and Ac, 
respectively. 

The phosphorus-specific release rates of P, (SRP) can 
be calculated as the difference between the gross spe- 
cific uptake of Pi (U) and the net specific uptake rate at 
a given concentration of Pi, which is the sum of the spe- 
cific growth rate (p) and the specific change in the cel- 
lular phosphorus content (Qp): 

At steady state growth, no changes in the cellular 
phosphorus content occur, and Eq. (2) reduces to: 

Both U and p can be averaged on a daily basis or any 
other appropriate time interval. Previous studies, al- 
though limited, have shown that inorganic phosphate 
is the main form of released P from a variety of 
microorganisms (Lean & Nalewajko 1976, Robertson & 
Button 1979) and from higher plants (Bieleski & Fergu- 
son 1983). 

Droop (1968) demonstrated that there was a hyper- 
bolic relationship between the cellular concentration 
or cell quota (Qp) of the limiting nutrient, in this case P, 
and the specific growth rate (p):  

The parameter p', is the asymptotic value of p for infi- 
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nite Qp, and the parameter Q. is the minimum cell 
quota necessary for growth and is termed the subsis- 
tence quota. The growth rate is equal to the maximum 
growth rate (pm) when Q 2  Q,. The Droop model can be 
applied to describe P-limited growth of heterotrophic 
bacteria (Vadstein 1998); the variations in cellular P 
content with growth conditions make the Monod model 
inappropriate under non steady state conditions. 

Cells have a maximum attainable cellular phospho- 
rus content (Qs) that can be reached under phosphorus 
sufficient conditions. The ratio between Qs and Q,, 
which may be termed the specific storage capacity of 
phosphorus, reflects the maximum biomass increase 
possible without further supply of phosphorus. Qs must 
not be confused with Q,, which is the lowest Qp SUP- 

porting a growth rate equal to pm. 
From the above equations the relationships between 

ambient concentration of P, and kinetic parameters can 
be calculated. Eq. (3) can be rearranged to express the 
steady state gross specific P, uptake as a sum: 

By substituting U with Eq. (1) in Eq. (5), and solving for 
the steady state Pi concentration that gives an uptake 
sufficient to supply steady state growth (P') ,  the fol- 
lowing relationship is obtained: 

When U, + (p + SRp), Eq. (6) reduces to: 

P' is the variable normally used to predict competitive 
ability of a species (Tilman 1977, Tilman et al. 1982) 
and is usually described by the Monod model. As pre- 
viously noted, the Monod model applies only to steady 
state conditions and deviations from the model have 
been observed at  low growth rates (Droop 1983, Olsen 
1989). 

Under non steady state conditions, another variable 
is more appropriate for predicting competitive ability 
of a species at low P, concentrations (Olsen 1988, Olsen 
et al. 1989). This variable is defined as the P, concen- 
tration at which the uptake rate of P, equals the release 
rate; i.e. when the net uptake rate equals zero (P,): 

If U, S SRp, Eq. (8) reduces to: 

For both P '  and Pc, low values indicate good competi- 
tive ability for P at low concentrations. 

Because the uptake curve approximates a straight 
line with slope Ap at low P, concentrations, predictions 
of competitive ability between species by use of both 
P' and P, will be equal only if the affinities of the spe- 
cies are equal. If the affinities are different, predictions 
of competitive ability may be different, depending on 
whether they are based on P '  or Pc (Olsen 1988). 
Competition experiments and model simulations have 
shown that use of Pc leads to better predictions of com- 
petitive ability for Pi than use of P '  (Olsen et  al. 1989). 

In summary, the ability of a species to compete for 
phosphate under uniform or moderately pulsed supply 
modes can be predicted from the Pc value. This van- 
able is proportional to the release rate of phosphate 
(SRp) and inversely proportional to the affinity for 
phosphate (Ap). Under variable or pulsed supply 
modes of phosphate, the maximum uptake rate (U,,) 
and the storage capacity (Qs:Qo) are important in addi- 
tion to the Pc. For extremely pulsed supply, the maxi- 
mum specific growth rate (p,) is also of significance. 

MATERIALS AND METHODS 

Organisms and culture conditions. The 2 bacterial 
strains used were isolated from epilimnetic water dur- 
ing summer in the eutrophic Lake Nesjavatn, Central 
Norway. Water was spread on agar plates made from 
the WC mineral medium of Guillard & Lorenzen (1972) 
with 1.0 g glucose and 15 g agar (Difco) added per litre. 
Pure cultures were kept in liquid medium made 
according to the same recipe, but with Tris-HC1 buffer 
of pH 7.0 added for pH control. Both strains were Gram 
negative rods. Whereas strain 3h was not motile and 
did not produce acid from glucose, strain 29 had both 
these characteristics. 

Inoculum for the cultures was made by incubation of a 
culture overnight to obtain exponentially growing cells. 
The cultures (0.5 1 culture volume) received a 5.0 m1 in- 
oculum at the start of the experiment, and at  time zero P 
in bacterial cells was <0.5 % of total P in the culture. The 
temperature was kept at 20.0 c 0.5OC. Mixing and oxy- 
gen supply were provided by bubbling with sterile, 
moist air. Total P was 154 and 309 pg P 1-I for strain 2g 
and 3h, respectively. Growth of the cultures was fol- 
lowed by optical density measurements (420 nm) in a 
Shimadzu double beam UV-150-02 spectrophotometer. 
The readings were converted to particulate carbon by 
empirical relationships established for each bacterial 
strain. Strain 29: mg C 1-' = 237[1- d(1- 0.849 A420)] and 
strain 3h: mg C 1-l = 300[1- J(1-  0.501 A,,,)]. 

For both species 2 cultures were inoculated simulta- 
neously. The 2 cultures were identical in all respects 
except that 3 3 P - ~ 0 ,  was added to one of them to a final 
radioactivity of 10 000 - 30 000 CPM ml-'. 
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Measurement of phosphorus compartments. The 
distribution of 33P in the cultures with time was used to 
determine the distribution of dissolved and particulate 
P through the growth phase. At intervals indicated in 
Figs. 1 & 2,  2 samples of 0.5 m1 each were used to 
determine total 3 3 ~ .  TWO 2.5 m1 samples were filtered 
on membrane filters (Millipore GS, pore size 0.22 mm) 
under weak suction (<0.2 bar), and the filtrate was 
used to determine total dissolved and dissolved or- 
ganic P. 

The concentration of total dissolved P was deter- 
mined by measuring 33P in 0.5 m1 of the filtrate. The 
concentration of dissolved organic P was determined 
in samples after extraction of the phosphate-molyb- 
date complex into an  organic solvent (Koroleff 1976). 
An appropriate amount of P molybdate reagents was 
added to a 2 m1 sample, which was then allowed to 
stand for 30 rnin in a closed centrifuge tube. Isobutyl- 
acetate was added in a water:solvent ratio of 1:2, and 
the sample was vigorously shaken for 1 min. After the 
extraction, the sample was centrifuged to separate the 
organic and the aqueous phases, and the solvent was 
removed and discharged. Samples of 0.5 m1 were 
taken from the aqueous phase and used for counting of 
33P. Tests demonstrated >99% extraction efficiency 
under these conditions. The concentration of dissolved 
inorganic P was estimated as the difference between 
total dissolved P and dissolved organic P. 

Fractionation of cellular P into some main cellular 
compartments was done at early stationary phase. 
Samples of 2.5 m1 were collected on membrane filters 
(Millipore GS with pore size 0.22 mm), and the specific 
activity of 33P was used in all quantifications. Metabo- 
lites were extracted with 5 % ice-cold TCA (tnchloro- 
acetic acid) for 5 min, and extracted inorganic and 
organic P were used as measures of inorganic and 
organic cytoplasmic P, respectively. TCA-insoluble 
polyphosphates were determined by hot water extrac- 
tion according to the method of Fitzgerald & Nelson 
(1966). TCA and hot water insoluble material was con- 
sidered to be DNA+RNA+phospholipid P. All determi- 
nations were done in triplicate, and the coefficient of 
variation in the determinations was <12%.  

Concentration of P was calculated from 33P counts by 
assuming the same specific activity in all pools. Spcc- 
trophotometrical measurement of total P (cf, below) 
and total "P was used in the calculations. 

Measurement of uptake and uptake kinetics of 
phosphate. At early stationary phase, the initial uptake 
rate of dissolved inorganic phosphate (P,) of the bacte- 
ria was measured at  8 or 9 different P, concentrations 
ranging from 0.5 to 90 pg P 1-'. To avoid reductions in 
the P, concentration and thus concentration-dependent 
non-linearity in the uptake rate during the incubations, 
the cultures were diluted 100 to 200x with P-free 

medium and allowed to equilibrate for 30 min to re- 
establish the external equilibrium concentration. 
Turnover experiments of P, (cf. below) demonstrated 
that such dilutions did not affect the P status of the cells 
or their uptake characteristics. Sub-samples of 50 m1 
were transferred to acid-washed glass bottles. An 
appropriate amount of P, supplemented with 33P-P04 
was added, after which the culture was strongly 
shaken for 10 S. Six 1 m1 samples were removed during 
the first 6 min of incubation, collected on membrane 
filters (Millipore GS, pore size 0.22 mm) applying weak 
suction, and repeatedly washed with the mineral 
medium of Guillard & Lorenzen (1972) to remove dis- 
solved 33P. For the highest concentration the uptake 
was followed for approximately 2 h. 

At each concentration the uptake rate of P, was cal- 
culated as the slope of the uptake curve by linear 
regression of uptake versus time. In all incubations the 
uptake was linear for the first 6 min. Conversion to P, 
uptake rates were made on the basis of the specific 
activity of the Pi mixture. The initial uptake rates (U) 
were related to ambient concentrations (Pi) using the 
Michaelis-Menten type hyperbola (Eq. 1). The para- 
meters of the equation (U,,, and km) were estimated by 
non-linear regression using the Simplex algorithm 
(SYSTAT, Inc.). 

The uptake rate of ambient Pi (turnover experiments) 
was measured as for P, uptake rates, after the addition 
of tracer only. In these experiments an exponential 
decrease in uptake of tracer with time was obtained. 
The initial uptake rate constant was estimated by lin- 
ear regression of ln(disso1ved 33P) versus time for the 
linear part of the curve. The absolute value of the slope 
of the line was used as an estimate of the uptake rate 
constant. 

Analytical methods. Samples for recording optical 
density and fractionation of 33P were collected asepti- 
cally through a sample port. Samples for analysis of 
particulate carbon and nitrogen were collected on 
acid-washed and ignited glass fibre filters (Whatman 
GF/F) and washed with carbon-free medium to reduce 
problems with background due to dissolved carbon. 
Different culture volumes were filtered, and retention 
efficiency of cells for comparable volumes was deter- 
mined by comparing particulate 33P retained on GF/F 
versus membrane filters. Carbon and nitrogen on GF/F 
filters were measured with a Carlo Erba elemental 
analyser (model 1104), after removal of inorganic car- 
bon by HC1 fume. Bacterial carbon and nitrogen were 
determined as the slope of the retention corrected val- 
ues versus filtered volume by linear regression. This 
procedure allowed correction for residual dissolved 
organic carbon on the filters. Total phosphorus was 
determined as dissolved inorganic phosphorus after 
persulphate oxidation according to Koroleff (1976). 
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The radioactivity in water samples and on the filters 
was assayed in a Packard model 3375 scintillation 
counter using Optifluor (Packard) as the scintillation 
cocktail. Counting efficiency was found to be equal for 
water and filter samples. 

Calculations. The realized maximum growth rate 
(prn, cf. Table 1) of the strains was estimated both on a 
C and a P basis during exponential growth by linear 
regression of In C or In P versus time. The release rates 
of P were calculated as the difference between gross 
uptake of P, and P utilized for growth, using Eq. (2). In 
the calculations, negligible death rates of the bacteria 
were assumed. 

RESULTS AND DISCUSSION 

Growth kinetics of cultures 

Strain 3h grew exponentially from the beginning, in 
terms of both cellular C and P (Fig. lA ,  B), and the 2 
parallel cultures exhibited fairly identical growth pat- 
terns (Fig. 1A). Maximum growth rates were 0.132 
and 0.130 h-' on a C and a P basis, respectively. 
Whereas the increase in cellular P levelled off due to 

Time ( h )  

depletion of P, 40 h after inoculation (Fig. TB), the 
increase in biomass continued for an extra 40 h 
(Fig 1A). This continued lncrease in biomass must 
have been based on cellular P, as reflected in the con- 
tinued decrease in the P:C ratio (Q) of the cells after 
depletion of P, (Fig. 1C).  Qp was not calculated in 
cases where optical density readings used to deter- 
mine biomass were close to the detection limit. Aver- 
aging the values for the exponential phase, the total 
range in Q, was 5.7 to 72 1-19 P (mg C)-'. The average 
concentration of P, during early stationary phase was 
0.32 1-19 P 1-', whereas dissolved organic P averaged 
0.6 1-14 P 1-' (not shown). The cellular nitrogen quota of 
strain 3h was 130 1-19 N (mg C)-' at early stationary 
phase (not shown). 

The growth of strain 29 progressed in a similar man- 
ner (Fig. 2). The maxinlum growth rate was 0.174 and 
0.162 h-' on a C and a P basis, respectively. Biomass for 
this strain also continued to increase after depletion of 
P,, which again was reflected in the total variation in 
Q 12.6 to 46 pg P (mg C)-'; Fig. 2C]. The average value 
during exponential growth was 34 1-19 P (mg C)-'. Dur- 
ing early stationary phase the average concentration of 
dissolved inorganic and organic P averaged 0.15 and 
0.4 1-19 P 1-', respectively. The cellular nitrogen quota of 

1 ooo! 

0 i J  
0 20 40 60 80 100 

Time (h) 

Fig. 1. Time course of bacterial biomass as (A) carbon, (B) cel- Fig. 2. Time course of bacterial blomass as (A) carbon, (B)  cel- 
lular P (PP) and d~ssolved inorganic phosphate (P,), and (C) lular P (PP) and dissolved inorganic phosphate (P,), and (C)  

cellular P quota of strain 3h. Curves drawn by eye cellular P quota of strain 2g. Curves drawn by eye 
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Table 2. Kinetic parameters estimated by fitting the Michaelis-Menten model to the uptake data of strains 3h and 2g (Fig. 3) 
Results are given for normalization to both cellular P (Ap) and cellular C (Ac). For dimensions see Table 1 

km Urn Vn1 AP Ac r2 N 

Strain 3h 3.0 i 0.6 9.4 + 0.5 54 i 3 3.2 i 0.6 18.0 * 3 0.974 8 
Strain 2g 3.3 * 0.8 2.4 + 0.2 30 i 3 0.74 i 0.20 9.3 * 2.5 0.933 8 

Pi (pg P litre-') 

Fig. 3. Phosphate uptake kinetics of strain 3h (0) and 2g (0) 
at early stationary phase. Lines represents model curves (cf. 

Table 2) 

Time (rnin) 

Fig. 4 .  T ~ m e  course in P uptake of strain 3h (0) and 2g (Oj at 
saturating concentrations of P,. Cells from early stationary 

phase. Solid lines indicate initial uptake rate 

strain 2g was 208 pg N (mg C)-' at early stationary strain 3h maintained the maximum uptake rate only for 
phase (not shown). 10 min, strain 2g maintained its maximum rate for 

approximately 50 min after phosphate was added. 
Although strain 3h demonstrated an initial uptake rate 

Uptake kinetics of dissolved inorganic phosphate 4  times higher than that of strain 2g, the total uptake 
and phosphorus storage capacity on a C basis was similar after approximately 2 h. 

The change in cellular P quota (Qp) after a pulse of 
Typical saturation kinetics was observed for the ini- P, high enough to saturate the uptake rate revealed 

tial P, uptake rate of both strains (Fig. 3).  For both the same differences between strains as suggested by 
strains, saturation of the uptake occurred at Pi concen- the uptake kinetics (Fig. 5) .  A more rapid initial in- 
trations > l 0  pg P 1-'. The Michaelis- 
Menten model described the data in a 

50 I I 50 I 
good manner (Table 2). The 2 strains 
exhibited comparable half-saturation 
constants, but differed by a factor of - 40 

I 

A B 
- - 40- 

nearly 4 In P-based maximum uptake -3 
rate (U,,). This entails a comparable F 30- 

difference in P-normalized affinity. 
When the kinetic parameters are nor- 3 20 - - 

malized to carbon, the differences in & 
maximum uptake rate and affin~ty are 10 - 
so evident due to the higher 4 of ( 

strain 2g compared to strain 3h during 

10- 

0 

- 

I l I I 0 
the early stationary phase. 0 60 120 180 0 60 120 180 

An evaluation of the ability of the 2 Time (rnin) Time (m~n) 

strains maintain a high uptake rate Fig. 5. Increase in cellular P:C ratio (Q) of (A) strain 3h (0) and (B) strain 2g (0) 
for prolonged periods demonstrated after addition of surplus of P,. Cells from early stationary phase. Lines are model 
clear differences (Fig. 4 ) .  Whereas curves (cf. text) 
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S l ra~n  3h Exponential, surplus P, (11 = L I , , , )  1 19 1 1  0 92 
Exponential, P, depleted ( p  = p,,,) 0 43 0.42 0.98 
Early stationary (p < 0.05p,,,) 0.91 0.91 1.00 

Table 3. Measured specific uptake rate of ambient P, ( L I )  and est~rnated specific No detectable release of '"P from the 
release rdtes of P (SRp) during different growth phases of the cultures cells was found in strain 3h during 

early stationary phase after pulsing 

Stl-aln 29 Exponential, surplus P, ( p  = L I , , , )  2 6 2 4 0.93 
Late exponential (p  = 0.66p,,,) 2 0 2 0 1 00 
Early stationary (p < 0.05)1,,,) 0.10 0.10 1 00 

Growth condit~ons [I [ h  ' 1  SR,, [ h  ' l SR,:LI 
suggesting this method to be inade- 
quate for measurements of P release 
und.er these experimental conditions. 

with 2 p31 non-radioactive phosphate, 

Fractionation of cellular phosphorus 

I I 
Fractionation of cellular P revealed 

that for both strains approximately 
Table 4. Absolute and percent distribution of phosphorus In b loche~n~cal  pools of 60'% of the P was bound in structural 

the 2 strains in early stationary phase. compounds a t  early stationary phase 

1 I (Table 4).  For other cellular pools 
Strain 29 Strdin 3h 

pg P (mg C).' ' X  pg P (rng C)-' ' X ,  
- 

Cytoplasmic P, 1.3 10.3 0.3 5.9 
Cytoplasmic organic P 0.2 1.9 1.0 17.6 
TCA-insoluble polyphosphate 3.2 25.3 1 .O 16.8 
DNA+RNA+llpid 7.9 62.4 3.5 59.7 

some variation was observed between 
the 2 strains. TCA-insoluble poly- 
phosphates made up  a sixth of total P 
in strain 3h, whereas they constituted 
a fourth of cellular P in strain 2g Total 
cytoplasmic P of the 2 species differed I Sum 100 5 9 100 1 by a factor of approximately 2, with 

12.6 
the highest content recorded in strain 

I I 

3h. For cytoplasmic P, a corresponding 
difference was observed between the 

crease was observed for strain 3h, with clear indica- 2 strains, but the highest content was observed in 
tions of saturation in Q), after 2 h.  For strain 29 only a strain 2g (Table 5). 
moderate tendency toward saturation in P content 
was observed during the incubation (2.3 h ) .  Fit t~ng the 
data to an  exponential model indicated a difference of Summary of properties relevant for evaluation of 
a factor of 3 in the rate constant for the increase in Q,. competitive ability 
Saturation levels in Qp (i.e. Qs) were 36 and 65 pg P 
(mg C) - '  for strains 3h and 2g, respectively. The more A summary of kinetic parameters relevant for evalu- 
rapid feed-back on maximum uptake rate for strain 3h ation of competitive ability under P limitat~on 1s pre- 
(Fig. 4 )  may have resulted from a more rapid satura- 
tion of cellular P pools for this strain. Results for both 
strains suggest that in the early stationary phase a Table 5. Summary of Important kinetic properties which de- 
negative feed-back on P, uptake rate is manifested termlne the competltlve ability for phosphorus of the 2 strains 
when doubles to the in;. under P limitat~on. Standard error of the mean included tor 

measured parameters when available tial value. 

Release rates of phosphorus from cells 

Using Eq. (2), uptake rate and the data given in 
Figs. 1 & 2,  release rates of P have been calculated 
(Table 3 ) .  For both strains a clear effect of phosphorus 
status on P release rates was observed, with higher 
rates under P-sufficient conditions. Under P-sufficient 
conditions, the release rates are more comparable for 
the 2 strains than under strong P limitation. In the lat- 
ter case, release rates of P were considerably higher for 
strain 3h. Under all conditions, more than 90 of the P 
taken up was released. 

Variable Strain 3 h  Strain 29 Dimens~on 
-. 

Pm 0.13 ? 0.01 0.17 + 0.02 h-' 
QO 5.7 + 0.5 13 + 1 P 9  P Img Cl-: 
Q,,, 72 + 2 34 + 7 Pg P (m9 Cl 
Q,,: Qo 13 2.7 Dimensionless 
Q> 36 65 1.19 P (m9 C) ' 
Qs: Q(, 6.3 5.2 Dimensionless 
UI, 9.4 a 0.5 2.4 + 0.2 h- ' 
AP 3.2 a 0.6 0.74 + 0.20 l (pg P h) - '  
SRP 0.91 0.10 h- '  
P' " 0.33 0.20 pg P I-' 
pc. 0.32 * 0.02 0.15 + 0.07 pg P I - '  

"Calculated assuming p = 0.25plrl 
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sented in Table 5. Q,, and Q,,, are given averages of 
measured values of Cap during early stationary phase 
and exponential phase, respectively. The maximum 
storage capacity (Qs) is estimated from extrapolation of 
the long term increase in under saturating condi- 
tions of P, uptake (Fig. 5). Pc is given a parameter value 
equal to measured concentration during early station- 
ary phase, whereas P' is estimated from Eq. (6). Other 
values are taken from Tables 2 & 3. 

One inconsistency is observed for strain 3h, because 
the value of Q, is larger than the value of Q,. There is 
no evident explanation for this discrepancy. It should 
be noted, however, that Qs of strain 2g is based on 
extrapolation far beyond the observed values. Both Qs 
values should therefore be used with caution. How- 
ever, except for extremely pulsed or transient P, supply 
modes, this parameter is not critical. 

The summary in Table 5 suggests that the 2 species 
have different competitive strategies. Strain 3h seems 
to have a better competitive ability for P than strain 2g 
at transient or pulsed supply modes of Pi. This is 
reflected in U, which is a factor of 4 higher. Strain 2g, 
on the other hand, is a better competitor at uniform or 
moderately pulsed P, supply modes. This is based on 
Pc, which is a factor of 2 lower for strain 29 than for 
strain 3h. It should be noted that the difference in Pc 
results from the superior ability of strain 2g to retaln 
acquired P (cf. Eqs. 8 & g), i.e. its low release rate of P 
(SRp, cf. Eq. 8). If an evaluation of competitive ability 
was based on uptake kinetics, using solely U,,, and A,, 
one would have concluded that compared to strain 2g, 
strain 2h is the superior competitor for P whether the 
supply mode of P, is pulsed or uniform. 

Comparison of kinetic parameters and competitive 
ability with other planktonic bacteria and algae 

The minimum cell quota (Qo) of the 2 strains 3h and 
2g are in the lower end of what is reported for hetero- 
trophic bacteria (cf. Vadstein 1998). Yet Q estimated 
in the present study is considerably higher than Q. 
recorded for eucaryotic algae, and for one strain even 
higher than Q. for cyanobacteria (Table 6, and see 
Vadstein & Olsen 1989, Andersen 1997). Whereas the 
Q,:Qo ratio is comparable to the typical ratio In 

cyanobacteria and algae, it seems that green algae In 
particular have a considerably higher ability than bac- 
teria to store P, as reflected by their Qs:Qn ratio 
(Table 6, and Andersen 1997). Measured N:C ratios of 
the investigated bacterial strains are 130 and 208 (g N 
(mg C)- ' ,  and somewhat higher than normally found in 
N-saturated eucaryotic algae (Gismervik et al. 1996). 

There is a limited number of heterotrophic bacteria 
for which uptake and release of phosphorus have been 

determined. The rates for maximum uptake (U,,,) and 
affinity (Ap) determined in the present study fall within 
the range reported previously (cf. Vadstein & Olsen 
1989). Compared to eucaryotic algae U,,, and partl- 
cularly Ap are considerably higher for the 2 strains in- 
vestigated here (Table 6, and Andersen 1997). When 
compared with cyanobacteria the 2 strains have con- 
siderably higher Ap and considerably lower U, 
(Table 6). Although release of P is well documented for 
heterotrophic bacteria (see above), release rates 
appropriate for comparison to those presented here are 
not available. Release rates may, however, be calcu- 
lated from the data reported by Vadstein & Olsen 
(1989) using Eq. (3). Such calculations give SRp values 
of 0.02 to 0.09 h-' for P-limited bacteria, which are cer- 
tainly considerably lower than those recorded for 
strain 3h, which attained the highest rates in this inves- 
tigation. Also, few data on release rates for cyanobac- 
teria and algae are available in the literature. Whereas 
typical release rates of green algae seem to be consid- 
erably lower than those recorded for heterotrophic 
bacteria, release rates of cyanobacteria are more com- 
parable (Table 6). 

It has been claimed that heterotrophic bacteria are 
superior competitors compared to algae, both at high 
and low concentrations of Pi (e.g. Currie & Kalff 1984a, 
b), i.e. at both pulsed and uniform supply modes. If 
based on uptake kinetics only, similar conclusions may 
be reached from the data for the 2 bacterial strains 
used in the present study (cf. Table 6). If the release 
rate of P is considered, a rate that has been shown to 
have a dramatic effect on the outcome of a competition 
situation (Olsen et al. 1989), the conclusion from the 
comparisons is somewhat different. Typical values of 
kinetic parameters for cyanobacteria and green algae 

Table 6 .  Typical kinetic properties predicting competitive 
ability for phosphorus of cyanobacteria and green algae (from 
Olsen 1988). The background data and references are avail- 

able on request from the author of this paper 

Vanable Cyanobacteria Green algae Dimension 

Pm 0.034 0.075 h-' 
Q o  4.6 2.1 PCl P (mg C)-' 
Qm : Qn 5.7 7.4 Dimensionless 
Qs:Qo 12 23 Dimensionless 
urn 14 1.8 h-' 
AP 0.39 0.15 l ( ~ g  P h)-' 
km 3 6 12 ,gl p I-' 
SRP 0.1ld  0 01.5 h -  
P' 0.30 0.21 pg P I-' 
pc 0.28 0.10 pg P I-' 

"Value for severely starved Mjcrocystjs aeruginosa (p = 

0-2S~m) 
- 
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(Table 6) emerging from a review made by Olsen 
(1988) suggest that cyanobacteria may be better com- 
petitors than heterotrophic bacteria at transient supply 
modes of Pi (typical U, of 1 4  h-'), whereas green algae 
have a comparable or better ability than heterotrophic 
bacteria to compete for P at uniform supply modes of P, 
(typical Pc of 0.10 pg P 1-l) These conclusions are 
based on relatively few data and should therefore be 
considered with caution. They do, however, exemplify 
that conclusions regarding competitive ability based 
on uptake kinetics are not straightforward. Extrapola- 
tion to natural ecosystems may be even more problem- 
atic as selective loss rates of a superior competitor for a 
limiting nutrient may facilitate coexistence (Pengerud 
et al. 1987, Thingstad et al. 1997). The high release 
rates of P from heterotrophic bacteria may, however, 
explain why bacteria often appear to be sub-saturated 
or limited by phosphorus in natural ecosystems (Vad- 
stein et al. 1988, Morris & Lewis 1992, Thingstad et al. 
1997, Vadstein 1998). 
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