
THE CONCEPT OF MICROBIAL AFFINITY FOR LIMITING NUTRIENTS IN 

STEADY STATE AND RHYTHMIC SYSTEMS

A

THESIS

Presented to the faculty of the University of Alaska 

in Partial Fulfillment of the Requirements 

for the Degree of

DOCTOR OF PHILOSOPHY

By

Lewis A. Molot, B.Sc.., M.Sc. 

Fairbanks, Alaska 

May 1981

B IO S C IEH C ES  l s r a f ;
UNIVERSITY OF ALASKA FAIRBANKS



THESIS ABSTRACT

THE CONCEPT OF MICROBIAL AFFINITY FOR LIMITING NUTRIENTS IN STEADY STATE
AND RHYTHMIC SYSTEMS

Lewis A. Molot, Ph.D.
University of Alaska, Fairbanks, 1981 

Supervisor: Edward J. Brown

To evaluate the role of biological rhythms in competition for sur

vival, rhythms in cell division and limiting nutrient transport ability 

induced by light/dark (LD) cycles were investigated for three species of 

pelagic, freshwater algae growing in phosphoruslimited continuous and 

serially diluted batch (SDB) cultures.

Nutrient transport ability of nutrient-starved microbial populations 

was measured as the initial slope (affinity) of a plot of limiting nutri

ent transport rate (V) versus extracellular limiting nutrient concentra

tion (S). A method was devised for the determination of the affinity in 

continuous culture (a^) by monitoring S with time.

Cell division was asynchronous for the green alga, Setenastrum 

cccpricomutwn, grown in LD continuous cultures and a rhythm in a^ for 

soluble reactive phosphate (Pi) was greatly affected by choice of biomass 

parameter. Division was strongly phased in LD SDB culture and weakly 

phased in continuous light (LL) SDB culture, indicating that nutrient 

perturbations have a greater effect on phasing of division than LD cycles 

for S. eaprieomutum. A rhythm in Pi transport rate in LD SDB culture 

was similar to the rhythm in continuous culture when expressed per 

cell volume or cell dry weight but not when expressed per cell number.

iii



Cell division was phased for the green alga, Soenedesmus quadpi- 

oauda, grown in LD continuous culture. A rhythm in for Pi was not 

greatly affected by choice of biomass parameter.

Cell division was also rhythmic in LD for the blue-green alga, 

Syneahoaooaus Nageli.

Syneahococcus was an extremely efficient Pi transporter at low Pi 

concentrations in LD continuous culture, indicating that it should be 

widespread in oligotrophic systems and has probably been overlooked in 

past floristic studies.
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INTRODUCTION

One of the major goals of investigators studying the population 

dynamics of pelagic microorganisms (microplankton) is the prediction of 

species succession and/or coexistence and hence survival competition in 

waters whose productivity is limited by low nutrient inputs. Successful 

prediction of the population dynamics of the primary trophic level would 

facilitate prediction and manipulation of the population dynamics of all 

trophic levels and thus has great importance for commercial fisheries, 

aquaculture and pollution abatement.

Nutrient transport across a cell membrane is of primary importance 

in nutrient limited systems since microorganisms must acquire a growth- 

limiting resource before growth can occur. There have been many investi

gations of the transport and growth kinetics of numerous algal species.

The majority of these investigations, however, were not concerned with 

the effects of light/dark cycles on the kinetics. Recently, there have 

been several reports on the influence of light/dark cycles on soluble 

reactive phosphorus (Pi) transport (Chisholm and Stross 1976a, 1976b, 

Chisholm et al. 1975, Gotham 1977, Sundberg and Nilshammar-Holmvall 1975).

This study examines the Pi transport ability and the cell division 

rates of three pelagic species of freshwater algae grown in phosphorus 

(P) limited systems exposed to both continuous light (LL) and light/dark 

cycles (LD). This study also examines the effects of repeated nutrient 

perturbations in both LL and LD on cell division rates and transport 

ability. A kinetic parameter other than the commonly used Michaelis-

1



Menten half saturation constant is employed in this study because the 

parameter is useful for investigating biological regulation of transport 

ability in continuous culture systems. Phosphorus was chosen as the 

growth-limiting nutrient because the productivity of many aquatic systems 

is limited by the supply of P and because sensitive radiolabelling tech

niques have been developed for the detection of low amounts of P in solu

tion (Brown and Button 1979).
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LITERATURE REVIEW

INTRODUCTION

The growth response of microorganisms in nutrient-limited, aquatic 

systems is mediated primarily by the nutrient in shortest supply, but a 

host of other factors such as light quality, duration and intensity, 

temperature and chemical composition of the environment can also influ

ence growth (Goldman 1979, Goldman and Mann 1980, Hobson 1974, Senft 1978, 

Tilman 1977, Williams 1971, Zevenboom 1980). Satisfactory resolution 

of how these interacting components affect growth has yet to be achieved, 

even with laboratory models. Predation also influences microplankton 

growth in natural systems.

Rhythms in metabolic processes of microorganisms may also affect 

population dynamics of aquatic ecosystems. For example, exposure of 

eucaryotic organisms to 24 hour LD cycles results in 24 hour (circadian) 

rhythms in many physiological processes (Bunning 1973). The purposes 

of many of these rhythms are not entirely understood. However, it seems 

logical to investigate circadian rhythms in laboratory systems when one 

considers that aquatic systems at all latitudes are exposed to natural 

LD cycles.

CIRCADIAN RHYTHMS

Biological rhythms with periods of less than one day to more than 

one year are well documented (Bunning 1973) although the underlying
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molecular mechanism(s) is not well understood (Hastings and Schweiger 

1976). When eucaryotic microbial populations are exposed to regularly 

pulsed environmental variables such as light, temperature or nutrient 

inputs, certain metabolic processes may become entrained with the same 

rhythm (Hansche 1964, Herrmann and Schmidt 1965, Rooney et al. 1977).

For example, cell division may be restricted to a certain part of the 

day (synchronized division) when populations are exposed to LD cycles 

(Cook and James 1960, Ehret et al. 1973, Grant et al. 1978, Marano et 

al. 1978). Well synchronized populations can be used for age-dependent 

biochemical studies since relatively large numbers of cells with narrow 

age distributions can be obtained. For synchronously growing populations 

of Eugtena gracilis in enrichment medium exposed to a cycle of 14 hours 

of light and 10 hours of darkness (LD 14:10), dry weight, RNA, protein, 

chlorophyll a and cartenoids per cell increased linearly during the light 

period, while total P per cell increased exponentially. DNA per cell 

remained constant during the first 8 hours of light and then increased 

linearly. All measured components decreased during the dark period 

(Edmunds 1965). Similar findings have been made for other organisms 

(e.g. Hitchcock 1980, Takabayashi et al. 1976).

A biological clock or pacemaker has been inferred from analyses 

of the behavior of biological rhythms to be the underlying controlling 

mechanism. As yet, the mechanism(s) is not well understood but the 

presence of a clock is assumed when a rhythm meets the following 

operationally defined criteria (Sweeney 1976a):

1. After a rhythm is established with pulsating environmental

conditions (entrained), the rhythm persists under non-pulsed
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environmental conditions with an approximately 24 hour rhythm 

(free-running conditions).

2. The period of the rhythm is not influenced by temperature 

within the physiological range of the organism (temperature 

compensation).

3. When a rhythm free-running in darkness (for example) is per

turbed by a brief light pulse (15 minutes), its phase is grad

ually shifted to a new 'local' time after several cycles. A 

phase response curve can be generated by plotting the phase 

advance or delay against the time the pulse was administered.

A rhythm meeting the above criteria is called a circadian rhythm. 

Circadian rhythms are unique to eucaryotic cells and have yet to be 

found in procaryotic organisms (Brinkmann 1973). Some procaryotes have 

been synchronized (Goodwin 1969, Lindsey et al. 1971), but synchronization 

is considered to be a direct response to the transition or on/off step 

pulsing of an environmental variable rather than a result of entrainment 

of a circadian clock (Sweeney 1976a). The absence of circadian rhythms in 

procaryotes may yield clues about the nature of the clock because of funda

mental differences in the biological organization of procaryotes and 

eucaryotes.

PHYSIOLOGICAL STUDIES OF THE BIOLOGICAL CLOCK

Information regarding the nature of the biological clock has been 

obtained by treating entrained organisms with substances known to 

affect membranes or with other various inhibitors and by work with
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mutants. Treatment of entrained cells with substances that affect mem

branes has been reviewed by Sweeney (1976b). Some substances, such as 

heavy water (D2O) and Li+ , lengthened the cycling period in the dino- 

flagellate, Gonyautax3 and in the plant, Katanohoe, respectively, presum

ably because of diffusion rate differences compared to H^O and K+ .

Methanol and ethanol lengthened the cycling period of bean leaf movement 

rhythm whereas digitonin shortened the period. Ethanol caused phase 

changes in bean leaf movement and Gonyautax bioluminescence rhythms; 

methanol caused phase changes in bean leaf movement rhythm and compound 

action potential frequency rhythm in the eye of the gastropod Aplysia; 

valinomycin, an ionophore which promotes the movement of K+ across membrane 

barriers, caused a phase change in bean leaf movement and Gonyautax

rhythms. Gramicidin, which alters membrane permeability to Na"*" and K*",
+ 2 + 2and A23187, an ionophore for Ca and Mg , were ineffective in shifting 

the phase of bioluminescence in Gonyautax. CCmP (carbonyl cyanide 

m-chlorophenyl hydrazone), an uncoupler of photo- and oxidative-phos- 

phorylations, also caused a phase shift in Gonyautax bioluminescence.

A membrane model of a circadian clock has been proposed (Njus et al. 1974, 

Njus 1976) in which a photosensitive ion gate allows a particular ion to 

move across cellular membranes towards equilibrium. Membrane transport 

of the ion and biochemical coupling of various rhythms to the ion gradient 

rhythm is also postulated.

Fatty acid composition of the media also influences circadian rhythms, 

further implicating membrane involvement because of the high fatty acid 

content of membranes. The period of the free-running spore-forming or 

conidiation rhythm in a fatty acid-requiring mutant of the mold Neurospora



arassa (cel ) increased with addition of unsaturated fatty acids to the 

medium (Brody and Martins 1979). Addition of saturated fatty acids had 

no effect. A rhythm in the ratio of unsaturated to saturated fatty acids 

of the total lipids in the growing frontal region of a Neuvospova mycelial 

mat has also been found (Brody and Martins 1976) .

Other studies have shown that oligomycin-resistant mutants of
J*

Neurospora (oli ) have shortened period lenths in the free-running 

conidiation rhythm (Dieckmann and Brody 1979). This is of interest 

because oligomycin resistance appears to be due to changes in the primary 

structure of a mitochondrial ATP synthetase protein. Further, this 

mutant maps very close to another mutant (frq) with an altered conidia

tion periodicity (Feldman et al. 1979). Growth inhibition by oligomycin 

of oligomycin-sensitive Neurospora can be reversed with the addition of 

unsaturated fatty acids to the medium (Brody and Forman 1980). The effect

of unsaturated fatty acids on the cel mutant discussed above is lost 
— rwhen the cel and oli mutants are crossed. This suggests that unsatu

rated fatty acids affect the mitochondrial ATP synthetase complex.

Vanden Driessche et al. (1970) found that rifampicin, an inhibitor 

of mitochondrial and chloroplastic RNA polymerase, did not prevent 

circadian rhythmicity of photosynthesis in nucleate and anucleate 

Acetabularia (a Charophyte). Actinomycin D, an inhibitor of nuclear 

DNA transcription, did affect the rhythm in nucleate cells only when 

treatment with actinomycin D exceeded one week (Vanden Driessche 1966). 

Therefore the operation of the clock is not dependent on short-lived 

mRNA. However, short-term pulsing with various protein synthesis 

inhibitors affected rhythms (Karakashian and Schweiger 1976a, 1976b,
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Sullivan 1977, Jacklett 1980), thus supporting the hypothesis that daily 

protein systhesis is required for expression of circadian rhythms.

CIRCADIAN RHYTHMS AND THE 'PARADOX OF THE PLANKTON'

The 'Paradox of the Plankton', as first stated by Hutchinson (1961), 

states that coexistence of very large numbers of algal species, apparently 

occupying the same ecological niche, is a contradiction of the competi

tive exclusion principle. Laboratory work as well as theoretical models 

have shown that species cannot coexist under steady state conditions 

unless the number of growth-limiting substrates is equal to the number of 

species (Hansen and Hubbell 1980, Kilham and Tilman 1979, Taylor and 

Williams 1975, Tilman 1977, Titman 1976, Van Gemerden 1974). Therefore, 

aquatic systems are limited by several factors and/or the systems are 

never in equilibrium. Williams (1971) postulated that circadian rhythms 

in nutrient transport rates could account for long-term coexistence of 

algal species if the times of maximum nutrient transport differed among 

the species, thereby reducing competition. It is possible, therefore, 

that natural LD cycles permit coexistence by continually perturbing other

wise steady state aquatic systems.

There are several reports in the literature of rhythms in nutrient 

transport by eucaryotic algae. Nav-icula peli'Lculosa exhibited a rhythm 

in S^(OH)^ transport rate under a 12 hour LD cycle (Sullivan 1977). The 

minimum half-saturation constant for transport (&v) occurred 3 hours and 

the largest apparent maximum transport rate occurred 5 hours after

the beginning of the cell cycle (see page 14, equation[l]). The maximum



ratio, » occurred at 4 hours. Chisholm and Stross (1976a, 1976b)

and Gotham (1977) found periodicities in and for Pi transport in

Euglena gracilis grown under LD 14:10 at 26?C and 24°C respectively. 

Sundberg and Nilshammar-Holmvall (1975) found a rhythm in the transport 

rate of Pi at 150 yM KH^PO^ for Scenedesmus obtusiusculus grown in LD 

15:9 at 30°C. A rhythm in the incorporation of radiolabelled phenylala

nine into the protein fraction of Euglena has been reported for LD 12:12 

at 25°C (Feldman 1968). This rhythmicity could represent changes in the 

rate of synthesis of proteins incorporating phenylalanine, phenylalanine 

transport rate or the size of the intracellular phenylalanine pool.

Field evidence for periodicity in Pi transport by aquatic micro

organisms was obtained by Stross (1980). He found that the time delay

between enrichment of P-limited phytoplankton samples with 0.1 yM Na^PO^ 
14and stimulated CC^ fixation was dependent upon the time of day at which 

the phosphate was administered.

Even if Williams' (1971) hypothesis is verified in the laboratory, 

field verification will be extremely difficult, particularly for P- 

limited aquatic systems, because of difficulties in assigning specific 

Pi transport rates in multispecies assemblages and in measuring low 

concentrations of Pi commonly found in P-limited systems. Qualitative 

information about nutrient competition may be obtained, however, if 

nutrient transport has a definable phase relationship with some easily 

measured cellular process such as cell division (Weiler and Chisholm 

1976). For example, if the difference between the time of maximum cell 

division and maximum nutrient transport rate (phase relationship) is 

species specific and independent of the physiological state of the
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organism as well as environmental factors such as temperature and day- 

length, then a rhythm in cell division can be used as a 'marker' for 

a transport rhythm in a natural system. Phase relationships have been 

found to be constant and independent of growth rate in four species of 

algae (Gotham and Rhee 1980). A constant phase relationship is consistent 

with the hypothesis that unicellular rhythms are all outputs of a single 

'master' clock (McMurry and Hastings 1972). Recently, however, Edmunds 

and Adams (1981) postulated that rhythms in cell division are not strictly 

circadian but may, instead, be due to a coupling of a cell division cycle 

clock and a circadian clock. This would account for synchronously divid

ing populations in which division occurs daily during a regular time 

interval but not every cell divides during each interval (phased division).

There are problems with the idea of using cell division rhythms as 

markers for transport rhythms. Circadian rhythms are known to persist in 

non-dividing (stationary phase) cells (Chisholm and Stross 1976b, Sulzman 

and Edmunds 1972). It is not known whether asynchronously dividing popu

lations of eucaryotes have circadian rhythms. Perry (1976) found that 

division in the diatom, Thalassiosira pseudonana} was asynchronous in con

tinuous culture with LD 15:9 and Marra (1980) reported that a diatom, 

Laudevia borealis, maintained in continuous culture with LD 11:13 did not 

synchronize so it is possible that synchronization may not be universal 

in natural systems. Table 1 lists some reports of naturally occurring 

rhythms in aquatic systems, including cell division.

It is thus apparent that circadian rhythms are widespread among 

eucaryotic microorganisms and that circadian rhythms in the cellular 

transport of a limiting nutrient may play a role in the species composi-



TABLE 1. Diel rhythms of phytoplankton In natural systems.

Rhythm Location Reference

Photosynthesis

Fixation

Nitrate Reductase 
Activity

North Sea 
East Pacific 
Eastern North Pacific 
Baltic Sea 
North Atlantic 
Lake Taupo, N.Z.
Lake Ontario 
Lake George, N.Y.

Arctic Ponds, Alaska 

Western North Pacific

Peru Current

Dohler and Rosslenbroich (1979) 
Malone (]9 7 ])
Prezelin and Ley (1980)
Gargas et al. (1979)
MacCaul and Platt (1977)
Paerl and MacKenzie (1977) 
Harris (1973)
Stross et al. (1973)
Stross and Pemrick (1974) 
Stross (1980)
Stross (1975)

Saino and Hattori (1978)

Eppley et al. (1970)

Dinoflagellate 
Vertical Migration North Atlantic Staker and Bruno (1980)



TABLE 1 (Continued). Diel rhythms of phytoplankton in natural systems.

Rhythm Location Reference

Cell Division Michigan Staley (1971)
North Atlantic Doyle and Poore (1974)
Puget Sound Williamson (1980)
Eastern North Pacific Weiler and Chisholm (1976)

Lewin and Rao (1975)
North Atlantic Smayda (1975)



tion of the phytoplankton community. The next section of this thesis 

discusses the kinetic theory of transport since kinetic theory is the 

basis for interpretation of transport phenomena.
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Kinetic Theory of Nutrient Transport

Previous investigators of nutrient transport have, in general, inter

preted observations in terms of Michaelis-Menten enzyme theory. This 

section outlines some of this theory, discusses its problems, proposes 

an alternative kinetic approach and then applies the alternative approach 

to measurements of transport rates.

Any model of nutrient-limited microbial growth applicable to 

natural systems must incorporate a transport function as a first step 

in simulating population dynamics and must not be restricted to steady- 

state transport. The most widely used transport function is the 

Michaelis-Menten equation from simple enzyme kinetics, as modified by 

Caperon and Meyer (1972),

where V is the transport rate of a nutrient per unit biomass, is the

maximum transport rate, S is the extracellular limiting nutrient concen-

is the half-saturation constant equal to S-Ŝ , when V = 1/2 Inhibi

tion effects of intracellular fractions may be included in equation (1) 

(Engel 1977, Rhee 1980) in which case anĉ  Ky are statistically deter

mined when inhibition is absent (Rhee 1974).

Two widely used equations for the prediction of growth rate are the 

Monod equation, which relates growth rate (p) to S. The first (modified 

from Monod 1942) is,

V (1)

tration, is the intercept on the abscissa (Ŝ , = S when V = 0) , and

14



where y,,.„ is the maximum growth rate and K is the half-saturation MAX y
constant for growth (K = S-S when y = yMAY/2). The second is the cell

JL IYLA_/v

quota equation, which relates y to the intracellular limiting nutrient 

concentration (Q),

yMAX(Q Vy = ----- ^---—  (.3)

where is the minimum Q (Droop 1968, 1973, 1974, 1975). Equations 

(2) and (3) are steady state formulations.

The applicability of models derived from steady state equations to

describe natural systems is questionable although they are sometimes

used (e.g. Titman 1976, Tilman 1977) since it is implied that organisms

can adapt instantaneously to a perturbation and that circadian rhythms

are insignificant. The enrichment experiments of Stross (1980), however,

showed that time delays between phosphate enrichment and stimulated 
14CO2 fixation in a P-limited lake occur and the magnitude of the delay 

depends upon the time of day the fertilzer is applied. Therefore a more 

accurate predictor of growth rate would be time-dependent (Chisholm and 

Nobbs 1976).

Kinetic models are potentially useful for predicting the outcome of 

competition between species for a limiting nutrient (Taylor and Williams 

1975, Tilman 1977, Titman 1976). Some investigators have compared species 

on the basis of their values for (Hecky and Kilham 1974, Sharp et al. 

1979). Thus a species with a large is assumed to be less efficient



transporting a limiting nutrient at low concentrations than a species 

with a smaller ICy However, such comparisions are valid only when the 

values of VMAY are identical for all species compared (Tilman 1977,

Titman 1976).

An alternative kinetic parameter is the initial slope of a V versus 

S plot. The discussion below provides a general theoretical framework 

for the interpretation of initial slopes and describes the utility of 

this parameter for continuous culture studies.

The initial slope of a V versus S plot is,

a = lim Ws+sT ss q- %

with a being the microorganism's affinity for a limiting nutrient (initial 

slope). Affinity, then, is the maximum slope of a plot of transport rate 

versus limiting nutrient concentration and is measured in a non-rhythmic, 

nutrient-starved population to avoid inhibition of transport by intracel

lular fractions (Button 1978, Law and Button 1977) and to avoid circadian 

rhythms.

Equation (4) can be applied to any V = f(S). The Michaelis-Menten 

equation [equation (1)] is only one example of a function that can be 

fit to V versus S data. Other mathematical formulations are possible 

such as those listed by Jassby and Platt (1976). They fit eight dif

ferent expressions to photosynthetic rate versus light intensity data.

The relationship between photosynthetic rate and light intensity is a 

saturation curve similar to a V versus S curve, excluding photoinhibi

tion. Only two parameters are needed in these equations - the initial

16



17

slope and the maximum photosynthetic rate. All of the equations are 

reduced to a linear form in the vicinity of the x-intercept.

There are numerous reports of short-term, perturbation studies of 

batch and steady state populations in which the nutrient transport rate 

increases as the concentration of intracellular nutrient decreases (i.e., 

as the period of nutrient-starvation increases) for a given extracellular 

nutrient concentration (Brown and Harris 1978, Chen 1974, Fuhs et al.

1972, Rhee 1973, Rosenberg et al. 1969, 1977, Vaccaro and Jannasch 1966, 

Zevenboom and Mur 1979a). However, steady state net transport rates (yQ) 

of a limiting nutrient are positively correlated with Q in several algal 

species (Brown and Button 1979, Droop 1973, 1974, Lang 1980, Zevenboom 

and Mur 1979b). There are several hypotheses that can account for this 

apparent discrepancy. One hypothesis is that nutrient limitation pro

duced in nutrient-limited continuous culture is severe enough to reduce 

the efficiency of transport systems and that feedback inhibition does not 

occur until an optimal intracellular nutrient level is reached. An alter

native hypothesis is that, for microorganisms with more than one trans

port system for a given substrate, the 'high affinity' system(s), which 

operates more efficiently at low S, is not affected by Q while the 'low 

affinity' system(s) operating at higher S is affected by Q. However, the 

data of Chen (1974) for the bacterium, Corynebacter'iwi bovis, and Zeven

boom and Mur (1979b) for the blue-green alga, OsailZatoria agavdhii, are 

not consistent with the first hypothesis because they observed a decrease 

in V at high S with increasing dilution rate or Q. Their data are con

sistent with the second hypothesis. The data of Rosenberg et al. (1977)
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for the bacterium, Escherichia coli, are not consistent with the second 

hypothesis because they observed intracellular nutrient inhibition of the 

'high affinity' system, although the concentrations used were large.

In addition to the conflicting data which makes interpretation of 

transport inhibition difficult, there have also been many reports of 

nutrient transport that do not adhere to simple Michaelis-Menten kinetics. 

Deviations from simple Michaelis-Menten kinetics have been observed for 

Pi transport by Neurospora crassa (Beever and Burns 1977, Burns and 

Beever 1977), the green algae Selenastrum caprioomutum rown et al. 1978) 

and Chlorella pyrenoidosa (Jeanjean 1973), nitrate transport by Osoilla- 

toria agardhii (Zevenboom and Mur 1979a), histidine transport by the yeast, 

Saccharomyces cerevisiae, (Crabeel and Grenson 1970) and arginine trans

port by a marine bacterium, Vibrio sp. (Geesey and Morita 1979). Only 

the work of Brown et al. (1978) with Selenastrum, Zevenboom and Mur (1979a) 

with Oscillatoria and Geesey and Morita (1979) with Vibrio used environ

mentally realistic concentrations. The kinetic data as well as results 

from studies with mutants of E. coli (Argast and Boos 1980, Gerdes et al. 

1977, Medveczky and Rosenberg 1971, Rosenberg et al. 1977, Tomassen and 

Lugtenberg 1980, Willsky et al. 1973, Willsky and Malamy 1980a, 1980b) 

are consistent with the hypothesis that two simultaneously operating, 

simple, Michaelis-Menten transport mechanisms, derepressed or activated 

selectively (Brown et al. 1978) and most likely having different values 

for S^, occur in these organisms. The 'high affinity' systems are more 

efficient at low S and the 'low affinity' systems are more efficient at 

high S. Equation (4) describes the initial slope of the 'high affinity' 

system in a microorganism with moie than one transport mechanism.



If the microorganism demonstrates simple Michaelis-Menten kinetics 

for transport of a nutrient (i.e. one transport system with a single 

affinity) then from equations (1) and (4) a = for a starved

population (Healey 1980). However, can only be accurately calculated 

with knowledge of S^, although values for are generally an order of 

magnitude greater than S^. Therefore, a cannot be accurately extra

polated from data obtained at high concentrations. In addition, extra

polation may cause the investigator to overlook the presence of a 'high 

affinity' system operating only at low concentrations (Brown et al. 1978 

Geesey and Morita 1979, Zevenboom and Mur 1979b). In short, there is no 

substitution for measurements of transport rates at low substrate concen 

trations.

An approximation of affinity as defined in equation (4) can be 

obtained in nutrient-limited, steady-state, continuous culture for a 

given temperature and light (if applicable) regime. The steady-state 

affinity, a„, has been defined by Brown and Button (1979) as,
u

where D is the dilution rate. Although a  ̂does not strictly adhere to 

the conditions that S->S,j, and Q = Q , it nevertheless is a good approxi

mation of a as long as the culture is nutrient limited. For example,

the maximum Q (Qw ,,,.) for P in P-limited, steady state continuous culture x MAX
of Selenastrum is only 6.4% of for P in nitrogen-limited batch
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culture. Extracellular Pi concentrations range from 15 to only 60 

riM in P-limited, steady state continuous culture (Brown and Button 1979). 

Steady state, Pi affinities have been obtained for several microorganisms. 

The values for Selenastrum3 the yeast Rhodotorula rubra, the green alga 

Scenedesmus quadricauda and the blue-green alga Synechococcus Nageli are 

2.5, 30.7, 4.7 and 68.6 l*(mg dry weight*day) ^ respectively (Brown and 

Button unpublished data, Lang and Brown 1981, Robertson and Button 1979). 

In practice, S and a are statistically determined with a geometric meanX j
regression analysis (see Ricker 1973) using data obtained from several 

dilution rates (Lang and Brown 1981). It may also be possible to measure 

in a substrate-limited, batch culture in stationary phase.

Zevenboom and Mur (1979b) found that perturbations of nitrogen- 

limited steady state Oscillator -La agardhii cultures with nitrate resulted 

in biphasic hyperbolic V versus S plots. The initial slope of the 'high 

affinity' system was approximated by a^. The initial slope of the curve 

fit to high values of S underestimated a„.
J

One would expect Pi concentrations of P-limited, natural systems 

to be in the neighborhood of the threshold values of the dominant micro

plankton species. The Pi threshold values for Selenastrum3 Rhodotorula3 

Scenedesmus and Synechococcus using radiolabelling, tracer techniques 

are 10, 3, 36, and 2 nM Pi respectively (Brown and Button 1979, Lang and 

Brown 1981, Robertson and Button 1979) which are below the limit of Pi 

detectability using the spectrophotometric method. Therefore, a system 

with Pi detectable by the spectrophotometric method may not be P-limited, 

although the spectrophotometric can overestimate Pi concentrations (Brown 

et al. 1978).



It is theoretically possible to calculate a for a limiting substrate 

in continuous culture at a given dilution rate provided the threshold is 

known for the organism in question. This follows from a consideration 

of the rate of change of substrate in the growth vessel,

dS/dt = D(S -S) - VN (6)

where Sq is the incoming substrate concentration, S is the substrate 

concentration in the growth vessel, V is the transport rate per unit bio

mass and N is the biomass concentration. Rearranging equation (6) and 

substituting into equation (4),

D(S -S) - dS/dt 
aT = N(S—S ) ‘ ^

Calculation of â , from equation (7) requires a series of measurements over 

time. Therefore, equation (7) could prove useful for monitoring circadian 

rhythms in affinity. N and S are the mean values of two successive mea

surements and dS/dt can be approximated by AS/At although functions can 

be fit to the time series data. Frequent measurements should be made in 

order to minimize biomass changes between measurements. Equation (7) has 

not, to my knowledge, been used to calculate affinities. The time series 

data of Gotham (1977) for Euglena gvaeilis grown in P-limited continuous 

culture and LD 14:10 were used to compare and aT (Fig. 1),

assuming a threshold value of 10 riM Pi. The curves are very similar.

21
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Figure 1. Affinity versus time for Euglena gracilis grown in LD, P-limited 
continuous culture with D = 0.028 hr and = 5.28 yM P. A thres
hold (S ) of 10 nM Pi was assumed. Symbols: (A) (•) aj'>
shaded bar represents the dark period. Data reworkedtrom Gotham 
(1977)
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Equation (6) has been used to calculate diel changes in nitrogen 

transport rates in continuous culture (Caperon and Ziemann 1976, Eppley 

et al. 1971) but changes in V may have been due to changes in S as well 

as biological regulation. Normalization of V with S-S^ [equation (7)] 

facilitates investigation of biological regulation of transport by empha

sizing potential changes in part of the V versus S curve - the inital 

slope, provided the substrate in question is growth-limiting. Conway et 

al. (1976) used equation (6) to monitor long-term changes in the net trans

port rates of several limiting and non-limiting substrates in nutrient- 

perturbed continuous culture. However, their interpretation of the 

changes in transport rates did not account for the possibilities of feed

back inhibition or diel changes in V due to LD cycles.

The affinity is only one kinetic parameter and cannot be used as an 

index of competitive ability by itself. If a system is not perturbed 

with nutrients, has continually low S and is devoid of allelopathic 

(excreted chemical) interactions and high grazing rates (see Keating 1977, 

Ryther and Sanders 1980), dominance, as determined by the highest transport 

rate, can probably be predicted with ag, S and S^. If a system is per

turbed with nutrients, transport rates at saturating substrate concentra

tions and feedback effects would be required. Storage capacities would 

also be important (Lang 1980). Kinetic parameter values are also 

affected by physical and chemical environmental factors such as light, 

temperature and pH (Chen 1974, Fuhs et al. 1972, Goldman 1977, 1979,

Reshkin and Knauer 1979, Rosenberg et al. 1969, Senft 1978, Zevenboom et 

al. 1980). Circadian rhythms in transport rates caused by LD cycles may 

also influence the outcome of competition (Williams 1971).



The organism which is the most efficient sequesterer of a limiting 

nutrient should dominate a system, regardless of its ensuing growth rate 

Relative population biomass is important (Kayser 1979) but this should 

not be confused with y. In steady state, V = yQ but the growth rate of 

all species approaches the same value which is the dilution rate, D, in 

continuous culture. In perturbed systems, V f yQ. This follows from a 

consideration of the rate of change of Q in continuous flow growth vesse

g  = V - DQ (8)

which is the difference between the net transport and washout rates. 

Equation (8) is a summation of rates and is not based on physiological 

processes. At steady state, dQ/dt = 0 ,  y = D and therefore V = yQ.

When dQ/dt ^ 0, V = dQ/dt + DQ and y / D. In batch culture, D = 0 and 

V = dQ/dt. Studies with non-steady state populations have shown that 

y is affected by Q, or some fraction of Q, and that Q affects V (Brown 

et al. 1978, Droop 1975, Fuhs et al. 1972, Rosenberg et al. 1969, 1977, 

Vaccaro and Jannasch 1966) but equation (8) does not provide an adequate 

description of this relationship.

No attempt will be made to relate a to y in this study. Transport 

and growth rates are considered loosely coupled processes for the 

reasons stated above although <2g appears to be independent of y because 

a„ is derived from measurements made at several steady state dilution 

(growth) rates. The apparent independence of a and y could be due to 

the severe nutrient limitation inherent in P-limited continuous cultures



One further point is that the affinity model does not account for 

increases in S at low D observed with some microorganisms (see the review 

by Rhee 1980). Explanations of this 'hookback' phenomenon will undoubt

edly come from biochemical studies.

In summary, the affinity, a, for a nutrient by a microorganism is 

the initial slope of a V versus S curve and is measured in a non-rhythmic 

population starved for that nutrient and at very low nutrient concentra

tions. The affinity will have a constant value within these restricted 

conditions. It is postulated that the steady state affinity, a , approxi

mates a. Equation (7) can be used to detect rhythms in affinity in 

entrained populations.
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OBJECTIVES

This study examines Pi transport and cell division rhythms in three 

pelagic species of freshwater algae grown in LL and LD, P-limited systems. 

The affinity parameter, a , is used to investigate the kinetics of bio

logical regulation of transport ability at very low Pi concentrations in 

perturbed continuous cultures. This study also provides comparative 

information on the effects of LD cycles on eucaryotes (possessing circa

dian clocks) and procaryotes (without circadian clocks).
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MATERIALS AND METHODS

MICROORGANISMS

Microorganisms used were the green algae Selenastrum caprioomutum 

Printz, described by Brown and Button (1979) and Scenedesmus quadricauda 

(UTEX 76, University of Texas Culture Collection, Austin, Texas), and 

the blue-green alga Synechococcus Nageli (ATCC 27146, American Type 

Culture Collection, Rockville, Maryland). All cultures were maintained 

bacteria free.

Stock cultures were maintained at 4°C in liquid Provisional Algal

Assay Procedure (PAAP) medium (Toerien et al. 1971) described below.

Transfers were made every 3 weeks and these cultures were grown for 1

week at 25 ± 2°C on a rotary shaker before being stored. 'Cool-White'

fluorescent light provided continuous incident radiation of 8 x 10̂ ""*
-2 -1quanta*cm *sec . A small amount of each stock culture was routinely 

spread on nutrient or plate count agar to check for bacterial and/or 

fungal contamination.

MEDIA

The organisms were grown in PAAP culture medium prepared from the 

stock solutions listed in Table 2. Stock solutions were stored in the 

dark at 4°C and were made fresh every 6 months. Unmodified PAAP contains 

20 yM K^HPO^ (batch strength). Continuous culture and serially diluted 

batch culture (see below) media were buffered with 12.1 g Tris (hydro-

27
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TABLE 2. Composition of culture media.

Compound Concentration of stock 
solution (g*l“l)

Volume added 
(ml*l- 

Continuous

to media 
!)

Batch

1. FeCl3*6H20a 0.053 2.5 10
Na2EDTAa 0.111

2. NaHC03 5.0 --- 10
100.0° 1 —

3. MgCl2-6H20b 4.05
MgS04 *7H20b 4.99 2 10
CaCl2 -2H2Ob 1.179

4. NaN03 8.50 2 10

5. k 2h p o4c 0.1679 Variable Variable

6 . KC1 0.70 2 10

7. MnCl„*4Ho0d 1.385
2 AZnCl„ 0.109

dCoSO,•7Ho0 2 0.0065 0.25 1
CuCl2*2H20 0.00004

8. Na2B204 *8H20e 1.045
Na„MoO.*2Ho0eL H 1 0.024 0.25 1
Na2EDTA-2H2Oe 0.00744

Stored together, 
d g’ Mixed separately but stored together. 
Autoclaved in ampules.



xymethyl)-aminomethane dissolved in 100 ml of water and 6.5 ml of concen

trated hydrochloric acid per 20 1 of medium. The pH was 7.8 after auto- 

claving. Water for the stock solutions and media was de-ionized and then 

filtered through a 0.22 pm membrane filter.

RADIOPHOSPHATE LABELLING

32Phosphorus was labelled by adding carrier-free radiophosphorus ( P)
32to the culture media. The P was obtained as orthophosphate in dilute

32hydrochloric acid, pH 2-3. Greater than 98% of the P was present as 

orthophosphate and less than 1% as pyrophosphate or polyphosphate. Radio

activity was measured by placing samples into a 2:1 toluene/Triton x-100 

cocktail (v/v) and counting in a liquid scintillation counter.

CONTINUOUS CULTURE

The continuous culture apparatus (Fig. 2) was a single phase, single

stage system (Brown and Button, 1979). Medium was pumped from a 20 1

carboy with a variable speed peristaltic pump into a silicone stoppered,

500 ml, flat bottom boiling flask containing a magnetic stir bar. The

dilution rate for all experiments ranged from 0.027 to 0.030 hr The
16 -2incident radiation was 3 x 10 quanta*cm *sec. When required, a light/ 

dark cycle of 14 hours of light and 10 hours of dark (LD 14:10) was 

maintained with a programmable timer. Each culture was started by inocu

lating 7 ml of exponentially growing cells into a half-full growth vessel 

and allowing the cells to grow undiluted (batch) for 1-2 days after which

29



Figure 2. Schematic diagram of single stage, single phase continuous 
culture apparatus.
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the pump was started for continuous flow culture. All experiments were 

conducted at 25 ± 2°C.

Samples of SeZenastvum and Synechococcus cultures from the growth 

vessel were obtained by clamping off the effluent line and inserting a 

sterile, 20 gauge, syringe needle through the stopper. Within the needle 

was a 0.25 mm (inside diameter), stainless steel capillary tube which was 

inserted through the needle into the vessel. The needle was withdrawn 

so that the vessel contents flowed through the capillary tube (Robertson 

and Button 1979). The effluent was continuously filtered at 330 mm Hg 

through a 0.45 ym membrane filter or collected unfiltered. Samples of 

Scenedesmus culture were continuously collected in a 50 ml syringe fitted 

with an 18 gauge needle. When sampling during the dark period, the cultures 

were covered with foil and light was provided by a dim, incandescent bulb.

SERIALLY DILUTED BATCH (SDB) CULTURE

Serially diluted batch cultures were diluted 2:1 with fresh medium 

daily (at the same time) by removing half of the culture contents and 

adding an equal volume of fresh medium or by doubling the culture content 

volume with fresh medium. Daily dilutions were begun after each starter 

culture reached the late exponential phase of growth. Cultures were con

sidered stable after 6 dilutions. Culture flasks were shaken continuously 

on a rotary shaker or stirred with a magnetic stir bar. Incident radia

tion was 6 x 10̂ "* quanta*cm 2-sec.
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BIOMASS MEASUREMENTS

Total cell number, size distributions and cell volume measurements 

were determined with an electronic particle counter and pulse height 

analyzer.

Fifty ml of culture were filtered at 330 mm Hg through a rinsed, 

dried (60°C for 24 hours) and pre-weighed 0.45 ym membrane filter. The 

filter was dried again for 24 hours at 60°C and weighed. Cell dry 

weights were then determined from the difference between the weighings 

and the total cellular volume filtered.

GLASSWARE CONDITIONING

All new glassware was soaked for one week in strong hydrochloric 

acid, rinsed several times, filled with de-ionized water, autoclaved and 

left standing for several days filled with water before final rinsing. 

For use as a growth vessel, the glass was further conditioned by filling 

with a stock culture of algae and left standing for several days before 

use. For reuse, growth vessels were thoroughly rinsed, filled with 

deionized water and left standing overnight.

PHOSPHORUS ANALYSES

The procedure for analyses of intracellular P and solution Pi have 

been described by Brown and Button (1979). Reagent stock solutions are
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listed in Table 3. The reagent mixture for analysis of Pi consisted of

2 ml of ammonium molybdate, 5 ml of 1 ml of potassium antimonyl

tartrate and 2 ml of ascorbic acid. Two ml of culture filtrate were

mixed with 0.2 ml of the reagent mixture in a test tube and incubated

at room temperature for 20-30 minutes. One-half ml of isoamyl alcohol

was then added to extract the phosphomolybdate complex. After addition

of the isoamyl alcohol, the sample was mixed and the alcohol fraction

removed and placed into a scintillation vial. The alcohol extraction

was repeated twice more and the fractions were combined. The aqueous

fraction was then pipetted into a separate vial. The test tube and pipet

used to remove the alcohol were rinsed with 1 ml of ethanol which was

then poured into a third scintillation vial. Ten ml of toluene/Triton-

x-100 scintillation cocktail were added to each vial. Each sample was

analyzed in duplicate. Pi in the culture filtrate was determined by
32multiplying the fraction of the total P in the combined isoamyl alcohol

31extracts and ethanol rinse by the total P concentration in the culture 

filtrate.

TRANSPORT RATE MEASUREMENTS

Duplicate 50 ml samples were taken from non-radiolabelled SDB cul

tures and placed into sterile, 125 ml Erlenmeyer flasks. Sterile phos

phate (final concentration of 3.25 yM K^HPO^) was added to one flask and 
32 5enough P to make 10 cpm/ml was added to both flasks. Five ml were

withdrawn 0.5, 1, 2, 5, 10, 20 and 45 minutes after addition of the 
32K^HPO^ and P, filtered through 0.45 ym membrane filters (which were



TABLE 3. Phosphorus assay reagents.

Reagent Concent ration Storage

1. Ammonium molybdate 30 g-1"1 In plastic bottle

2. H2S04 4.85 N In glass bottle

3. Potassium antimonyl 
tartrate

1. 36 g •1 1 Refrigerate in 
plastic bottle

4. Ascorbic acid 5 4 g - r 1 Freeze in aliquots

34
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pre-rinsed with 5 ml of water), rinsed again with 5 ml of water and placed

in scintillation vials containing 10 ml of scintillation cocktail.

Transport kinetics were first order, i.e. dS*/dt = KS* where S* is 
32the amount of P in solution and K is the rate constant. Therefore, K

was the slope of In % S* versus time. Data were not used after more 
32than 5% of the P was taken up by the algae. Orthophosphate transport 

rates were then calculated as KS/N where S and N are the added unlabelled 

orthophosphate and biomass concentrations respectively (Brown et al. 1978).



RESULTS

SELENASTRUM CAPRICORNUTUM 

Continuous Culture

The results for SeXenastvwn capvicomutwn are based on four P-limited 

(0,96 pM P) continuous cultures with a dilution rate (D) of 0.028 ± 0.002 

hr 1 under LD, free run and steady state (LL) conditions (Figs. 3-6), The 

first 24 hours of constant light after repeated LD cycles is referred to 

as the free run and the 'subjective' dark in the free run is the time 

during which the lights are normally off.

Cell division patterns in LD and free run conditions are similar to 

steady state (Fig. 3a) and are therefore asynchronous. The relative 

increases in cell concentration ([maximum - minimum]/minimum) were 11,

20 and 9% for LD, free run and steady state conditions respectively. The 

coefficient of variation for cell concentration for any given sampling 

(reported cell concentrations are means of three replicate counts of each 

sample) was typically less than 3%.

Rhythms with periods of approximately 24 hours were observed in mean 

cell size, W, during LD and free run conditions (Fig. 3b) and Q during 

LD conditions (Fig. 4a). Q in free run continued to decrease in the 

'subjective' dark. Rhythms in W are probably circadian, according to the 

criteria of Sweeney (1976a, see page 4) although temperature compensation 

and phase shifting were not studied. The relative increases in Q during 

LD, free run and steady state conditions were 54, 21 and 12% respectively.
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Figure 3. (a) Cell concentration versus time and (b) mean cell size
versus time for Selenastrum caprioomutum grown in P-limited con
tinuous culture. Symbols: (• ) LD; (a ) free run; (x ) LL; shaded 
bar represents dark period in LD and 'subjective' dark in free run.
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grown in P-limited continuous culture. Symbols: (• ) LD; (A) free 
run; ( x ) LL: shaded bar represents dark period in LD and 'subjective' 
dark in free run.



Pi data for three experiments are shown in Fig. 4b. The concentra

tions ranged from 30 to 41 ng-at P*1 1 with a slight increase at 1400 

hours (the lights were turned on at 0000 hours).

Pi affinities, a^, for LD, free run and LL conditions are calculated 

from equation (7) using S^ = 10 nM Pi (Fig. 5). The relative changes for 

LD, free run and steady state conditions were 21, 26, and 22% respectively 

and the mean values with 95% confidence limits were 0.21 ± 0.02,
Q _ *| _ -J

0.29 ±.0.03 and 0.22 ± 0.02 1*10 cells •hr respectively. Light con

ditions appear to have a negligible effect on a^. The steady state 

affinity, a„, with 95% confidence limits obtained from a geometric mean
u

regression (Ricker 1973) of DQ versus Pi (E. J. Brown, unpublished data)
gfor six dilution rates was 0.24 ± 0.06 1*10 cells *hr , indicating that 

a,̂ compares well to on a per cell basis for Selenastrum. Since the 

conditions of low Q and low S are met in the continuous cultures, a^ in 

steady state is probably a good estimate of a and therefore of a.b
The affinities expressed on a cell volume basis are shown in Fig. 6a. 

There is now a pronounced 24 hour rhythm for in LD and free run condi

tions compared to the variability observed in steady state a^, with 

maxima occurring shortly after the lights are turned on. The relative 

changes were 68, 52, and 22% for LD, free run and steady state conditions 

respectively compared to 21, 26 and 22% when expressed on a per cell 

basis. The mean a^ in steady state with 95% confidence limits was 28.8 

± 1.8 l*ml cell ^*hr A dry weight conversion factor (Lang 1980) and

a ratio of 1.07 for mean to median cell size was used to convert the LL 

a value with 95% confidence limits of 0.104 ± 0.021 l*mg dry wgt ^*hr 1
u
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in P-limited continuous culture. Symbols: (• ) LD; (* ) free run; 
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dark in free run.
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(Brown and Button unpublished data; their dry weight measurements were

based on median cell size) to 33.7 ± 6.7 l*ml cells ^*hr Although

most of the values for a,̂  (Fig, 6a; LD, free run and LL) are within the

95% confidence limits for aQ, rhythms in LD and free run a are stillo 1
apparent when compared to LL a^. Similar results were obtained for LD, 

free run and LL expressed on a cell dry weight basis (Fig. 6b). The 

dry weight conversion factor was time dependent in LD and the conversion 

factors used to convert LD and free run cell volume to cell dry weight 

were derived from LD SDB culture (Fig. 8). The mean value with 95% con

fidence limits for LL a^ was 0.083 ± 0.005 l«mg dry wgt ^*hr

Although the precision of the affinity measurements is good, the 

accuracy cannot be estimated because of possible complexities in the cor

relation of Pi concentrations with true dissolved inorganic orthophosphate 

concentrations. It is known that the low pH of the phosphate assay re

action mixture hydrolyzes some organic P compounds (Leloir and Cardini 

1957) which would lead to overestimates of the true dissolved inorganic 

orthophosphate concentrations if these hydrolyzable compounds are present 

in culture filtrates.

Serially Diluted Batch (SDB) Culture

The data shown in Figs. 7-9 are taken from one SDB culture of Sele-

nastrum grown in medium identical to continuous culture medium (0.96 yM P)
32except that it did not have P. The culture was diluted daily for 6
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Figure 6. Affinity, a , versus time for Selenastrum accpvicomutum grown 
in P-limited continuous culture. Symbols: (• ) LD; (♦ ) free run;
(X ) LL; shaded bar represents dark period in LD and 'subjective' 
dark in free run.
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days and sampling began 24 hours after the final dilution. Division rate

data for a duplicate experiment sampled the day of the final dilution is

also shown in Fig. 7b. Division rates between two consecutive samples
r twere calculated from C „ = C ,e where C „ is the cell concentration att2 tl t2

time t2, C  ̂ is the cell concentration at time tl, r is the division rate

and t = t2 - tl.

SetenastTum exhibited rhythms with periods of approximately 24 hours 

in r and W (Fig. 7). Division rate was maximal in the latter part of the 

dark phase. Ideally, perfect synchronization (all cells dividing at 

exactly the same time) would result in a step increase of n-fold in cell 

concentration where n is the average number of autospores or daughter 

cells produced per parent. The cell concentration does not decrease after 

division unless dilutions are continued. Cell concentration increased 

75% during the first 24 hours which is equivalent to an average divi

sion rate of 0.023 hr The average dilution rate was 0.029 hi

This is a good degree of synchrony if only two autospores are produced. 

However, if four autospores are produced, only 25% of the population 

divided. Therefore the population doubling time would be 30.1 hours and 

the average cell generation time would be four days. If four autospores 

are produced, perfect synchrony would require a growth rate of 1.39 day 

(0.06 hr ^) which is greater than the reported maximum of 1.2 day 1 at 

20°C (Brown and Button 1979). Imperfect synchrony is called phased cell 

division (Chisholm et al. 1975).

Dry weights per cell volume are shown in Fig. 8. The maximum occurred 

towards the middle of the dark period. This data was used to determine
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(A ) mean cell size; (b) (4 ) division rate; (#) division rate for 
a duplicate experiment. Measurements were made during the 24 hours 
following the final dilution for the duplicate experiment; shaded 
bar represents dark period .
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Figure 8. Dry weight versus time for Selenastrum oapv-Loomutum grown in 
LD, P-limited SDB culture. Shaded bar represents dark period.



cell volume to dry weight conversion factors for LD and free run continuous 

cultures (see page 41).

Transport rate measurements were begun 24 hours after the final 

dilution (Fig. 9) so that Q would be low in order to minimize feedback

inhibition of transport (see page 14). In a 2.89 yM P SDB culture radio-
32 -1labelled with P, Q was 106 yg-at P*ml cells 23 hours after the final

dilution. This is a low Q since it is less than 6% of the 1900 yg-at P*

ml cell 1 observed early in a 5 yM P, continuous light batch culture.

Therefore, when initial phosphate transport rates (V) were measured in a

0.96 yM P, LD SDB culture, Q (although not measured) was likely to be

very low. The phosphate transport rates were measured by adding 3.25 yM
32 32K^HPO^ labelled with P (Fig. 9a) and also by adding carrier-free P

(Fig. 9b). The rhythms in V when 3.25 yM K^HPO^ was added differ, 

depending on which biomass units were used to normalize the data, although 

maximum rates are only separated by several hours. Rhythms in the carrier- 

free rate constants (K/N) are more difficult to interpret because actual 

transport rates could not be measured since the Pi concentrations were not 

known (K/N could not be multiplied by S to yield V; see page 35). Even 

small fluctuations in S of 5 ng-at P*1 1 would cause relatively large 

changes in V and initial values of S (S decreases with time due to trans

port) must be constant to facilitate comparison of V measured at different 

times. However, it appears that the carrier-free transport rate constant, 

K/N, peaks early in the light period, at least when expressed on a dry

weight basis (Fig. 9b). Controls containing 40 mg*l 1 HgC^ and auto-
33 33claved treated cells did not result in significant adsorption of P ( P 

was obtained from New England Nuclear for phosphate transport rate experi-
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ments not shown here) to glassware, filters or cells at concentrations 

of 109 cells*l-1.

Selenastrum was also grown in 2.84 yM P SDB culture under continuous 

light to determine whether daily nutrient perturbations alone could syn

chronize cell division. The results for duplicate experiments are shown 

in Figs. 10 and 11. Measurements began 18 hours after the final dilution. 

Rhythms were not evident for cell volume but division rates are more 

difficult to interpret. The average division rates were 0.042 and 0.031 

hr 1 for experiments A and B (Fig. 11), compared to the average dilution 

rate of 0.029 hr Comparison of LL SDB division rates (Fig. 11) with 

LD SDB division rates (Fig. 7b) indicates a much weaker phasing of cell 

division in LL SDB culture. Division rates were asynchronous in LD con

tinuous culture with a constant rate of nutrient supply (Fig. 3a). 

Therefore, nutrient perturbations appear to affect phasing of cell divi

sion in Selenastrum more strongly than LD cycling but a combination of 

both types of perturbations produces strong phasing and thus is a syn

ergistic interaction.

SCENEDESMUS QUADRICAUDA

Cell division in populations of Scenedesmus quadricauda grown at D = 

0.03 hr 1 in LD and free run, P-limited (0.96 yM P), continuous culture 

was rhythmic (Fig. 12). The maximum division rate (r + D) occurred about 

the middle of the light period. Approximately 56% of the colonies divided 

during the first 6 hours of the free run. Changes in W also occurred 

(Fig. 13) but the rhythm is probably not circadian because W continued to
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Figure 10. (a) Cell concentration versus time and (b) mean cell size
versus time for duplicate experiments of Selenastrum aapriaomutum 
grown in P-limited, LL SDB culture. Symbols: (• ) experiment A;
(a ) experiment B.
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Figure 11. Division rate versus time for duplicate experiments of
Selenastrwn oavrn,aormutvm grown in P-limited, LL SDB culture. Symbols: 
(• ) experiment A; (A ) experiment B. The data to the right of the 
break in the lines were collected before the data to the left of the 
break but are plotted to the right to facilitate comparison with 
Figure 7b.
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Figure 12. (a) Cell concentration versus time and (b) division rate
versus time for Scenedesmus quadricauda grown in P-limited continu
ous culture. Symbols: (# ) LD; (4 ) free run; shaded bar represents 
dark period in LD and 'subjective' dark in free run.



52

TIME, HR

Figure 13. Mean colony size versus time for Saenedesmus auadvioauda
grown in P-limited continuous culture. Symbols: (•) LD; (a ) free 
run; shaded bar represents dark period in LD and 'subjective' dark 
in free run.
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increase during the 'subjective' dark period rather than decrease as 

occurred during the dark period in LD. The patterns in cell division and 

W are very different from those of Selenastrum (Fig. 3). Rhythms in Q 

and Pi are shown in Fig. 14.

The affinity, a^, using = 36 ng-at P*1 1 (Lang and Brown 1981) is 

rhythmic (Fig. 15). The shape of the curve is not greatly affected by 

the choice of biomass parameter. The maximum occurred at 14.9 hours 

and the relative change was 397% when expressed on a per colony basis and 

338% when expressed on a total cell volume basis. A dry weight conversion 

factor (Lang 1980) and a ratio of 1.1 for mean to median cell size was 

used to convert the LL a„ values with 95% confidence limits of 0.194 ± 

0.085 l*mg dry wgt ^*hr 1 (Lang and Brown, unpublished data; their dry

weight measurements were based on median cell size) to 61 + 27 l*ml cell 1
-1 9•hr . The value of a^ based on colony number is 89.7 ± 36 1*10

colonies ^*hr 1 (Lang and Brown, unpublished data).

If the increase in a^ were due to a decrease in Q, one would expect 

a negative correlation between a^ and Q. However, the correlation is not 

negative and therefore changes in a^ are probably not due to feedback 

inhibition (Fig. 16). The closed loop in Fig. 16 is indicative of a 

repeated, but not completely reproducible, rhythm. Variability (drift) in 

values for cell concentration, W and a^ at time t and at t + 24 hours 

occurred in Scenedesmus (Figs. 12, 13 and 15) as well as Selenastrum 

(Figs. 3 and 6).
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Figure 14. (a) Intracellular P concentration, Q, versus time and (b)
dissolved Pi concentration versus time for Scenedesmus quadviaauda 
grown in P-limited continuous culture. Symbols: (•) LD; (A ) free 
run; shaded bar represents dark period in LD and 'subjective' dark 
in free run.
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quxdriaauda grown in LD, P-limited continuous culture. Arrows refer 
to time sequence.



SYNECHOCOCCUS NAGELI

The results for the procaryotic alga Synechococcus are based on two 

P-limited (0.96 yM P) continuous cultures with a dilution rate of 0.03 

hr 1 under LD, free run and continuous light conditions (Figs. 17-20).

Cell division rates (r + D) were rhythmic in LD 14:10 but cell concentra

tions continued to increase during the 'subjective' dark period of the 

free run (Fig. 17). It is unlikely, therefore, that cell division rhythms 

are coupled to a circadian clock. The 24 hour rhythms in cell concentra

tions were not completely reproducible from cycle to cycle. However, the 

average division rate during the 14 hour light period was 0.042 hr 1 

which means that 80% of the cells divided during that 14 hour period 

(Fig. 17).
W was rhythmic in the LD and free run experiments with the cells

increasing in size during the light and decreasing during the dark and
3 - 1'subjective' dark (Fig. 18). Overall, W ranged from 2.3 to 2.8 ym *cell

Q decreased during the light period in the LD and free run experi

ments but failed to increase during the 'subjective' dark. Q increased 

in the dark in LD (Fig. 19a). Pi values are shown in Fig. 18b, Values 

were very low and ranged from 0.6 to 2.3 ng-at P*1 1 without any apparent 

24 hour rhythms.

Affinities were calculated using a threshold value of 0 and are 

shown in Fig. 20. The dry weight conversion factor of Lang (1980) and a 

ratio of 1.1 for mean to median cell size was used to convert the LL 

values of Lang and Brown (1981) to 1351 ± 621 l*ml cells ^*hr 1 (limits
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Figure 17. Cell concentration versus time. (a)_ 24 hour experiment and 
(b) 48 hour experiment for Syneohococeus Nageli grown in P-limited 
continuous culture. Symbols: (•) LD; (A) free run; shaded bar 
represents dark period in LD and 'subjective' dark in free run.
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Figure 18. Mean cell size versus time for Synechococaus Nageli grown in 
P-limited continuous culture. Symbols: (• ) LD; (A) free run; 
shaded bar represents dark period in LD and ’subjective' dark in 
free run.
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Figure 19. (a) Intracellular P concentration versus time and (b) dis
solved Pi concentration versus time for Syneohoooaous Nageli, grown 
in P-limited continuous culture. Symbols: (• ) LD; (i ) free run; 
shaded bar represents dark period in LD and ’subjective' dark in 
free run.
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Figure 20. Affinity, a^, versus time for Syneahoaoaaus Nageli grown in 
P-limited continuous culture. Symbols: (• ) LD; (a ) free run, 
shaded bar represents dark period in LD and 'subjective' dark in 
free run.



are 95% confidence limits). It is doubtful whether equation (7) can be 

used to calculate a for efficient microorganisms such as Synechoeooaus. 

Changes of 1 or 2 ng-at P*1 1 will result in large changes in a and it 

is unlikely that the methodology for measurement of Pi employed in this 

study can resolve such small differences accurately. Regardless of the 

actual values for a^} Synechoaooaus can utilize extremely low Pi concen

trations since the total dissolved P never exceeded 11 ng-at P*1 \  com

pared to a minimum of 38 for Selenastrum and 31 for Scenedesmus.
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DISCUSSION

SELENASTRUM CAPRICORNUTUM

The results show that rhythms with periods of approximately 24 hours 

in W and (expressed per cell volume or dry weight) are induced by 

exposure to LD cycles (Figs. 3b and 6) and rhythms with periods of approxi

mately 24 hours in cell concentration, W, dry weight to cell volume ratio 

and V are induced by exposure to a combination of LD cycles and nutrient 

perturbations (Figs. 7-9). Although some of the time series values for 

aij in LD, free run and LL fall within the 95% confidence limits for LL 

a„, rhythms in LD and free run aT (expressed per cell volume and dryD X
weight) are apparent when compared to time series values of LL a 

Furthermore, the maximum (per cell volume and dry weight) and maximum 

V occur at approximately the same time in LD. Therefore calculation of 

the initial slope of a V versus S plot with equation (7) (â ,) is possible.

Interpretation of rhythms in transport activity, however, may be 

obscured because standardization of activity with different population 

biomass parameters leads to different results. This is clearly shown for 

Selenastrum (Figs. 5, 6 and 9). On the other hand, rhythms in a T for 

Scenedesmus were only slightly dependent upon choice of biomass unit (Fig. 

15). Therefore, it may not be possible from kinetic evidence alone to 

determine whether apparent rhythms in transport activity are caused by 

rhythms in biomass parameters or by biological control of transport 

mechanisms.
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The following model illustrates the limitations of transport data 

when attempting to interpret rhythms in transport ability. It is a 

simplified model involving several assumptions and is offered as an aid 

in a qualitative, rather than a quantitative, sense.

Let T^ be the concentration of available transporters of system i in 

a growth vessel. Assume that the substrate in question can only be trans

ported by system i. Then,

dT.
— —■ = b.T. - DT. (9)dt 1  1  1

where b^ is a rate constant reflecting biological control of T_̂  and may 

include synthesis, degradation, energy limitation and switching on and 

off of transporters. At steady state, dT^/dt = 0 and b^ = D. At non

steady state,

T. = T. exp [/b.dt - Dt] (10)i,t i,o r x

where T. is T. at time t and T. is T. at time 0. l,t 1 1,0 1
The transport rate of a nutrient (VN) is assumed to be a function of 

S, T^ and the shear velocity of the fluid (Pasciak and Gavis 1975) when 

the transporters are not saturated with substrate. The shear velocity 

affects the size of the laminar layer surrounding individual cells and 

thus influences the diffusion rate of substrate across the layer to the 

transporters. When initial S and shear velocity are constant and change 

in S is minimized by terminating a transport rate measurement after 5% '
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of the substrate is transported (see page 35), VN is a function only of 

T\, but no information about the individual components of b_̂  can be deter 

mined. In the experimental design used in this study, S was not constant 

in continuous culture so a,pN is considered instead of VN. In Selenastrum

LD a^N versus time is relatively constant compared to Scenedesmus (Fig.

21a). Therefore is relatively constant in LD continuous culture for 

Selenastrum and b_̂  = D. The change in LD when expressed per cell 

volume or per dry weight probably reflects changes in cell volume or dry

weight (Fig. 21b). In this model, changes in V or will reflect circa

dian control of T^ only if Q is low, D is constant and all components of 

b^ are constant with the exception of the circadian component. The cri

teria of low Q and constant D are met in both LD continuous and SDB cul

tures employed in this study, but there is no way of evaluating whether 

the last criterion is met. Biochemical studies are probably required to 

elucidate the nature of the individual components of b^.

The need for two entraining variables, LD cycles and nutrient per

turbations, to strongly phase cell division in Selenastrum is surprising 

although asynchronous division in continuous culture exposed to LD cycles 

is known. Perry (1976) found that division in the P-limited diatom, 

Thalassiosira pseudonana, was asynchronous with LD 15:9. She did not 

detect a rhythm in Pi transport rate regardless of whether the rates were 

expressed per culture volume, per cell or per weight of chlorophyll a. 

Division was also asynchronous for the diatom, Lauderia borealis, with 

LD 11:13 (Marra 1980). Since cell division rate in continuous culture 

and a^ (per cell volume or dry weight) were not in phase (uncoupled) in
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LD, division rate, which has been suggested as a marker of in situ trans

port activity (Weiler and Chisholm 1976), may not be generally useful.

SCENEDESMUS QUADRICAUDA

Rhythms in cell division rate and W were observed in LD continuous 

culture (Figs 12 and 13). The division rate rhythm is similar in free 

run and is therefore circadian in nature but the W rhythm is apparently 

not circadian because W continues to increase in the free run 'subjective' 

dark period. This is opposite of what was observed for Selenastrum 

(Fig. 3).

The rhythm in LD (Fig. 15), unlike Selenastrum, is only slightly 

dependent upon choice of biomass parameter which suggests that the rhythm 

might be circadian in nature. Fig. 21a shows that there is a 24 hour 

rhythm in LD a^N and hence in T_̂ , the concentration of transporters 

assumed to be responsible for the transport of Pi. Fig. 21b shows that 

there is not a strong correlation between LD a^ and biomass (cell volume/1).

SINECHOCOCCUS NAGELI

Syneehooooeus is able to remove lower concentrations of Pi than can 

either Selenastrum or Seenedesmus. If the kinetics of these three algae 

are typical of their taxonomic groups, we would expect to find small, 

unicellular, blue-green algae widespread in oligotrophic systems which 

are frequently P-limited if it is assumed that laboratory kinetics reflect 

in situ kinetics. Reports of Syneehooooeus occurring in natural systems
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have been rare but Syneohoooaous may have been overlooked due to their 

extremely small size and bacterial morphology. Recently, there have 

been reports of small, unicellular cyanophytes in the North Atlantic and 

Sargasso Sea (Johnson and Sieburth 1979, Waterbury et al. 1981). Water- 

bury et al. (1981) estimate that Syneohooooous spp. may be responsible 

for 15-40% of the total primary productivity in the Sargasso Sea and 10% 

in the more productive waters of Woods Hole, Mass. Small plankton less 

than 3 pm in diameter account for between 20 and 70% of the primary 

productivity in a number of New Zealand and North American lakes (unpub

lished data cited in Paerl and Mackenzie 1977).

Ability to compete for phosphate may be a general feature of most 

blue-green algae. The maximum (see page 19) for Anabaena flos-

aquae, a species commonly found in eutrophic systems, grown in LL batch 

culture is 15.2 l*mg dry wgt ^*day 1 (Nalewajko and Lean 1978) which is

four to five times higher than the a„ values for Selenastrum (Brown ando
Button 1979) and Scenedesmus (Lang and Brown 1981) and higher than the

V„,,,r/K values of 0.7 for the diatom Navicula vellioulosa and 2.6 for MAX v r
Scenedesmus quadricauda (experiment 2)(Nalewajko and Lean 1978). However,

the maximum V„,A,r/K value for Anabaena is less than the a„ value for MAX v S
Syneohooooous (Lang and Brown 1981). If other filamentous blue-green 

algal species commonly associated with eutrophic systems are found to 

have high affinities for phosphate, mechanisms other than inability to 

compete for phosphate must be postulated to account for their absence 

from oligotrophic systems. These filamentous species are certainly large 

enough not to have been overlooked in floristic studies. Perhaps



eutrophic cyanophytes have unusually low yields (or high Q ) and/or 

their phosphate transport ability is relatively inefficient in LD systems. 

The reason for their absence may be related to pH, total dissolved 

inorganic carbon concentration or inorganic carbon speciation. Shapiro 

(1973) found that the species composition of a small, shallow lake shifted 

from dominance by blue-green algae to dominance by green algae when the 

pH was lowered from 9.8 to 5 or 6, or CC^ was bubbled through the water 

column resulting in a lowered pH and therefore a higher concentration of 

dissolved inorganic carbon with a different relative speciation.

The role of 24 hour rhythms in the metabolism of procaryotic micro

organisms is not well understood although rhythms in several processes 

have been observed. Daily rhythms in nitrogen and CC^ fixation and divi

sion rates have been reported for blue-green algae (Keller and Paerl 1980, 

Lindsey et al. 1971, Paerl 1979, Paerl and Keller 1979, Paerl and 

MacKenzie 1977, Saino and Hattori 1978). Paerl and his colleagues argue 

that CO^ and nitrogen fixation rates have evolved out of phase with each 

other in Anabaena to minimize competition for light-generated reductant.

In this study, division was rhythmic in LD (Fig. 17) and the percentage 

of dividing cells per day was 80% at 25°C. The percentage of dividing 

cells in Anacystis nidulans (now known as Syneohoooccus) grown at 39°C 

with LD 9:15 was 100% per day (Lindsey et al. 1971).

It was observed from measurements of cell number during two sucessive 

cycles in a continuous culture of Syneehooooeus (Fig. 7b), as well as other 

rhythms in Selenastrum and Scenedesmus, that the rhythms were not com

pletely reproducible. Chisholm and Costello (1980) have also found that



division rate patterns were dependent upon the physiological state of 

the inoculum. Future studies of should incorporate a greater number 

of cycles for statistical treatment and should also investigate the effects 

of the physiological state of the inoculum.

COEXISTENCE AND THE 'PARADOX OF THE PLANKTON'

A number of explanations can be invoked to account for coexistence 

of microorganisms in aquatic systems including temporal or spatial 

separation of nutrient requirements (Williams 1971, Goldman et al. 1979), 

multiple resource limitation (Tilman 1977), temporal distribution of 

nutrient perturbations and allelopathy (stimulation or inhibition of 

growth via excreted metabolites). Keating (1977) demonstrated that 

allelopathy was also responsible for species succession rather than co

existence in a community dominated by blue-green algae.
MAXThe maximum affinity, , expressed on a cell volume basis occurred

early in the light period for Selenastrum and at the end of the light

period for LD Scenedesmus (Figs. 6a and 15). The initial transport rate

for Selenastrum at 3.25 yM K„HPO, in SDB culture was maximal at the end2 4
MAXof the dark period (Fig. 9a) which agrees well with the timing of a^ in

MAXLD and free run continuous culture. The occurrence of the â , 's at 0000 

{Selenastrum) and 1454 hours (Scenedesmus) makes these two microorganisms 

potentially useful in a test of Williams' (1971) hypothesis of temporal 

separation of limiting nutrient requirements as a solution to the paradox 

of the plankton (see Literature Review). In a competition experiment, an
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inoculum of Scenedesmus injected into a LD continuous culture of Sele

nastrum could not compete and washed out. Filtrate experiments to look 

for allelopathic effects were not done.

Comparisons of Pi, biomass and a in LD single species continuous

cultures for Selenastrum and Scenedesmus suggest that conditions for

coexistence with one limiting resource in a well-mixed continuous culture
MAXare rather restrictive. Although the a values (per cell volume) are 

well separated temporally and Scenedesmus r a^ is higher than a^ in Sele- 

nastrum about half of the LD cycle, Selenastrum was able to remove Pi at 

lower concentrations of Pi and the Selenastrum biomass (cell volume per 

liter) remained twice that of Scenedesmus. Hence, while temporal separa

tion of nutrient requirements may be important, transport thresholds of 

the growth-limiting nutrient and yields of cells on growth limiting 

nutrient are also important. Williams' (1971) hypothesis may still be 

valid for some species, but it is unlikely to account for the coexistence 

of large numbers of species in natural assemblages grown in continuous 

culture with LD cycles (Harrison and Davis 1979, Paul et al. 1979, Turpin 

and Harrison 1979, Thomas et al. 1980). The only report of coexistence 

of microbial species in axenic continuous culture with one limiting 

resource is by Van Gemerden (1974). He reported the coexistence of two 

sulfide-limited photosynthetic bacteria in LD. Tilman (1977) and Titman 

(1976) reported the coexistence of two diatoms, one of which was P-limited 

and the other silicate-limited, grown in SDB culture in LD. While multiple 

resource limitation may account for the coexistence of some species, it 

is an unlikely explanation of the coexistence of large numbers of species,



such as the 17 diatoms in the 2000 liter outdoor, continuous culture of 

Paul et al. (1979), because of the large number of different substrates 

which are necessary.

Species specific response to nutrient perturbations when growing in 

LD, such as the transport rhythm on a per cell basis in Selenastrum 

requiring two entraining variables, may play a role in the outcome of 

competition in nutrient limited systems. This has implications for aqua

culture since proper timing of fertilizer applications may favor a species 

with high food value. Turpin and Harrison (1979, 1980) found that the 

species composition of 3 liter continuous and SDB cultures of natural 

assemblages with the same dilution rate depended on the application scheme. 

In one experiment (Turpin and Harrison 1980), fertilizer was applied con

tinuously, every 3 days or weekly. In another experiment (Turpin and 

Harrison 1979), fertilizer was applied continuously, 8 times per day or 

once per day at the same average rate. The natural assemblages of the 

latter experiment were seeded with laboratory strains of algae. Their 

findings of differing species composition in each experiment can be 

interpreted on the basis of varying storage capacity (Lang and Brown 1981) 

as well as effects of nutrient perturbations on transport activity.

Large systems are probably not as well mixed as small continuous 

cultures and thus may contain spatially heterogeneous distributions of 

nutrients (Goldman et al. 1979, McCarthy and Goldman 1979). Even if the 

supply rate is constant, spatial distributions may behave like temporal 

distributions to a given subpopulation. Scaling up to large continuous 

culture could account for the unusual observations of Malone et al. (1975)
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who found that division in the diatom, Chaetoaeros sp., when grown in

2000 liter, outdoor continuous cultures was synchronized at a dilution
-1 -1 rate of 2.0 day but not at lower rates of 0.5, 1.0 and 1.5 day

Coexistence in natural assemblages grown in small scale, LD contin

uous cultures (Harrison and Davis 1979, Thomas et al. 1980) can be 

accounted for by the effects of LD cycles and multiple resource limita

tion although these mechanisms may not account for large numbers of co

existing species for the reasons stated above. Perhaps mutually growth- 

stimulating, biochemical interactions (allelopathy) occur. Such inter

actions could evolve during the life span of the aquatic system and would 

not be likely to occur among laboratory strains of microorganisms.
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CONCLUSIONS

It is unlikely that V and hence a can be measured with short term, 

phosphate perturbation experiments because of difficulties in accurately 

measuring phosphate transport rates at very low concentrations. Changes 

of only several ng-at P*1 1 will result in large changes in rate constants. 

Continuous culture methods, however, offer an alternative strategy for 

the investigation of rhythms and other changes in transport activity at 

low Pi concentrations. Changes in Pi concentration in non-steady state 

continuous cultures do, however, preclude the use of V as calculated from 

equation (6) because changes in substrate concentrations at non-saturating 

concentrations result in changes in V. Instead, the use of initial slopes 

as measured by equation (7) (â ,) can be used for nutrient-limited, non

steady state continuous cultures. Measurements of may not be possible 

for efficient exploiters of very low limiting nutrient concentrations 

such as Syneohoooaous. Rhythms in transport activity may be biased by 

the choice of biomass unit so comparison of rhythms between species 

should include a comparison of rhythms in biomass.

This study has shown that cell division rates may not be a useful 

marker of in situ transport activity because rhythms in cell division and 

transport activity are not necessarily coupled. It was shown that a^ 

on a per cell basis is constant and cell division in Selenastrum is not 

phased when exposed only to LD cycles and only slightly phased when 

exposed to cyclic nutrient perturbations in LL. However, the combination 

of LD cycles and cyclic nutrient perturbations is synergistic resulting-
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in strong phasing of cell division as well as a rhythm in V on a per cell 

basis in Selenastrum. Thus, in situ cyclic nutrient perturbations may be 

another possible mechanism for coexistence and/or species succession.
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