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ABSTRACT

PHOSPHORUS METABOLISM OF SEVERAL

AQUATIC MICROPLANKTON
Douglas Lang, M.S.
Univ. of Alaska, Fairbanks, 1980

Supervisor: Dr. Edward J. Brown

Several taxonomically diverse aquatic microplankton
were described growing at phosphorus (P) concentrations that
limit growth 1in many natural aquatic systems. Because
natural aquatic systems are subject to periodié fluctuations
in P levels, both steady-state (via continuous culture) and

transient (vie Dbatch culture) growth were described. Com-

plete growth kinetic descriptions of Synechococcus: Nageli

{(strain—2AY and Scenedesmus quadricauda were used to'predict
the relative competitive abilities of these species when P
w2s the aqgrowth-1limiting nutrient. These descriptions,
céupled to their morphological characteristics, were use§ to
construct pa;tial physiological profiles for each organigm,

Tne profiles indicate that S. Nageli (strain A) (a small

iii
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tnicellular blue-green alga) is better suited for growth in

P-limited oligotrophic niches than 1is S. gquadriceuda (a

green alga). However, results from kinetic experiments with
these and several other microplankton, show that such
physiological profiles are not necessarily indicative of

profiles for taxonomically related species,



TABLE OF CONTENTS

ABSTRACT . . . . .
TABLE OF CONTENTS . .
LIST OF FIGURES . .
LIST OF TABIES . . .
LIST OF SYMBOLS . .
ACKNOWLEDGMENTS . .
INTRODUCTION . . .

LITERATURE REVIEW .

.

-

PHOSPHORUS AND MICROPLANKTON GROWTH

PHOSPHORUS TRANSPORT AND METABOLISM

TRANSPORT AND STORAGE
NUTRIENT TRANSPORT KINETICS
NUTRIENT-LIMITED GROWIH KINETICS
EMPIRICAL GROWTH MODELS

AFFINITY FOR A NUTRIENT

' COMPETITION BETWEEN SPECIES FOR ESSENTTIAL NUTRIENTS

MATERTALS AND METHODS

MATERIALS . .

Microorganisms

Growth Media

Radiophosphorus

.

Page

iii

vii

13
16
20
22

25

25

25

28



METHODS . . . .« « .« .
Culture Methods . . .
Sampling . . . . .
Bicmass Analysis . .
Phosphorus Analyses .

Kinetic Measurements .

Batch culture parameters

Continuous culture parameters

RESULTS . . . . . . .

CONTINUOUS CULTURE . .

-

Kinetic Descriptions of S. Nageli

S. quadricauda .

Kinetic Data for S. Nageli (strain

-

and S. capricornutum .

-

Competition in Continuous Culture

DISCUSSION . . . . . .
CONTINUOUS CULTURE . .

BATCH CULTURE . . .

COMPETITION IN CONTINUOUS CULTURE

PHYSIOLOGICAL PROFILES

TAXONOMIC/PHYSIOLOGICAL SIMILARITIES
}

f
LPLICATIONS . . . .
SUMARY . . . . . ..

LITERATURE CITED .+« . . .

-

. - . - .
- - - - ©
- . . 3 -
. L3 . . -
. 3 - - .
. 3 - - ©
- . - - °
- . - 3 °
. . - . L3
. - . e -
- . - - -

(strain A) and

. - - - e

B), S. obliquus

- . . e °
- . . . -
. . . 3 -
- . - . -
- - * e -
- - . - .
. . - . °
- . s . -
- . . . .
. - . . .

vi

Page
29
29
30
31
31
34
34
34
36
36

39
-39

50
54
57
57
60
62
64
65
66
69

70



LIST OF FIGURES

Page

Ficure 1. Conceptual diagram representing nutrient storage
as a function of time for an individual cell
within a population which experiences first an
excess (perturbation) and then a growth-~limiting
supply of the nutrient. Symbols are defined in :
text. . . . . . . 4 s e h d e e e« 9

Ficure 2. Theoretical relationship between initial reaction
velocity and initial substrate concentration (A)
and their reciprocals (B; Lineweaver-Burke) for
an enzyme—-substrate reaction obeying a simple

Michaelis-Menten equation. Symbols are defined
intext. . . . . . ¢ & ¢ ¢ . 4 .o <11

)

Schematic representation of a typical continuous
culture apparatus (chemostat). S , influent
limiting nutrient concentration; 8 ambient
. limiting nutrient concentration; Q, cell quota;
X, cell biomass. e e s e e e e e e e s 14

5
I
S
w

igure 4. Phosphorus cell quota as a function of time for
S. Nageli (strain a) in nitrogen-limited (0—o)
and phosphorus-limited (e——e) batch cultures. . 38

Figure 5.  Steady-state external phosphate concentration as
a function of growth rate (p) for S. Nageli
(strain A). + ¢« ¢ ¢ 4 e 4 e +« + e« « . 40

FPigai-e 6. teady-state external phosphate concentration as ,
a function of growth rate (u) for S. quadricauda. . 41.

icure 77 Steady-state cell quota as a function of growth
rate (p) for S. Nageli (strain A). e e e e e 42

rry
&
{5
1)

8. Steady-state cell quota as a function of growth
rate (u) for S. guadricauda. e e e e e e ‘43

l“J

0
b
)

9. Steady-state cell yield as a function of growth
rate (p) for S. Nageli (strainda). . . . . . 44

hj

igzzre 10. Steacéy—state cell yield as a function of growth
rate (u) for S. quadricauda. e e e e e e . 45

vii



Figure 11.

Figure 12.

Figure 13.

Figure 14.

Figure 15.

Net steady-state transport rate (uQ) as a function
of external phosphate concentration for
S. Nageli (strain A). . . « + « « o« . .

Net steady-state transport rate (uQ) as a function
of external phosphate concentration for

S. quadricauda. . . « . . . . e a4 . .

Net steady-state transport rate (uQ) as a function
of cell quota (Q) for S. Nageli (strain A). . .

Net steady-state transport rate (uQ) as a function
of cell quota (Q) for S. quadricauda. . e e

Cell dry weights as a function of time for a
Pi-limited, dual-species continuous culture oI
S. Nageli (strain A) (e—e) and S. quadricauda
{(o—0o). e o s e e e e e s e e e

.

At

o

viii

Page

47

48

51

52

55



LIST OF TABLES

_ Table

Table

Table
Table
Table
Table

Table

Table

1.

2.

Page
Continuous culture parameters. . . . . . . . . 15

Mass balance equations for the state variables X,
Q and S under transient and steady-state conditions. 17

Microplankton species examined in this'study. . . . 26
Constituents of PAAP media. . . . . .« . . . . 27
Dry weight conversion factors. . . . . . . . . 32

Batch (transient) culture growth kinetic parameters. . 37

Steady-state growth kinetic parameters for S. Nageli

(strain B) and S. oblicuus. c « « &« « « . . 53
Computed growth kinetic parameters for S. Nageli
(strain A) and S. quadricauda. « « « « <« . . 58



_ LIST OF SYMBOLS

Symbol Meaning
Pt Total inorganic phosphorus concentation
Psol Phosphorus concentration in solution
Pi Inorganic (molybdate reactive) phosphorus
concentration
Pnex Molybdate unreactive phosphorus concentra-
tion
cell Pﬁosphorus concentration in cells
D Dilution rate
L Specific growth rate
Brax . Apparent maximmm growth rate
Q Cell quota
QO Minimum (subsistence) cell quota
Q}-P,Xs Maxi:fmm steadv-state cell quota
Q;‘-L%Xt Maxirum transient cell quota
R Coefficient of luxury consumption
X Dry weight
Y Cell yield
v Instantaneous transport rate
Vn Net transport rate
Vt Gross transportc rate
a affinity
2 Steady-state affinity

Units

nvp

nip

nip

nMpP

P (mg cell)-l
nVP (mng cell)“1
P (mg cell)nl
P (mg cell)

unitless

mg-1 "t

g cell (nMP)-I
nMP (mg cell-day)-1
P (g cell-day) -1
P (g cell-day)_l
1(ng cell-day) *

1(mg cell-day) -1



 ACKNOWLEDGEMENTS

I am grateful for the guidance, advice and collabofa-
tion that my major advisor, Dr. Ed Brown, has given me
throughout this study and the preparation of this thesis. I
wish to acknowledge Dr. Vera Alexander and Dr. Don Button
for helpful discussions. 1In addition, I wish to thank Joan
Forshaug and J. Daniels for their help in reviewing the
thesis.

Appreciation for the use of facilities and for supéort
is expressed to the staff of the 1Institute of Water
Resources.

I am particularily grateful to Sue who provided moral
supovort and encouragemaznt thoughout this study.

This investigation was supported by an Office of Water
Researchband Technology Grant, number 14-34-0001-9002 and a
Nztional Science Foundation Grant DEB-7708427 A0l to Dr. Ed

Brown.

x1i



INTRODUCTION

Although microplankton in natural aquatic systems may
be limited at any moment by environmental factors such as
temperature, 1light and growth inhibitors (Nicholls and Dil-
lon, 1978}, the single factor most often regulating the
microplankton community is the availability of essential
nutrients (Tempest and Neijssel, 1978). Traditionally, em-
pirical mnodels relating microplankton growth to either
external (Monod, 1942) or internal (cell quota; Droop, 1948)
limiting nutriert concentrations have been used to describe
the interaction between the microplankton community and es-
sential nutrients. These and other models (Caperon, 19587;
Dugdale, 1967) are based primarily on steady-state hyper-
bolic enzvnme fheory. The fitting of data to such models has
enhanced our understanding of the microplankton com~-
munity/Yimiting nutrient relationship.

Many aquatic systems, however, are subject to periodic
nutrient pertdrbations in the levels of essential nutrients.
Microplankton responses to nutrient perturbations can not be
accurately described with steady-state models (Brown and
Harris, 1978). 1In these systems, microplankton production

cen best be related to both fluctuating (transient) and



steady-state levels of essential growth-rate-limiting
nutrients. For this reason, it is important to describe an
organism's response to both steady-state and transient
nutrient levels. Properly designed batch culture experi-
ments give good approximations of transient conditions while
continuous culture experiments best describe an organism's
response to steady~-state conditions.

This work describes the phosphorus-limited growth
kinetics of seven taxonomically diverse microplankton
species. We chose to work with phosphorus as the dgrowth-
liniting ﬁutrient since it has been shown to be a nutrient
which often limits microplankton biomass in many aquatic
systems (Golterman, 1973; Schindler, 1977) 'and because.
radiotracer techniques now allow precise measurements of the
low phosphorus concentrations that control microplankton

growth (Robertson and Rutton, 1979).



LITERATURE REVIEW

PHOSPHORUS AND MICROPLANKTON GROWTH

Phosphorus (P) is an essential nutrient for growth and
metabolism in &all microbes. However, 1its biologically
available form, orthophosphate (Pi),is often present in the
photic zone of natural aquatic systems only in amounts that
limit microbial growth and biomass (Sawyer, 1947, 1952;
Golterman, 1973; Schindler, 1977). 1Increased P levels are
generally recognized as the key factor in the acceleration
of eutrophication in many aguatic systems.

The mechanisms by which P regulates the microbial com-
munity, however, are pcorly understood. This is due largely
to the fact that analytical techniques are not sensitive
enough to accurately assess the dilute Pi concentrations
that regulate microbial communities in situ. Total P (or-
ganic P plus the Qarious forms of-inorganic P), however has
bean related directly to microplankton biomass 1in situ
(Vollenweider, 1976). Unfortunately,. even laboratory
studies which use .conveﬁtional 'chemical analytical tech-
nigues to measure the growth of microplankton have not been
able to describe microbial growth in dilute Pi environments.

However, recent developments in analyticel techniques



incorporating the use of radiophosphorus (32-P; Law et al.,
1976) do allow precise determinations of dilute Pi concen-
trations and its control of microplankton growth. These
developments have enabled the direct measurement of the
external Pi concentrations that control the growth rate of
both a green alga (Brown and Button, 1979) and an aquatic

heterotrophic yeast (Robertson and Button, 1979).

PHOSPHORUS TRANSPORT AND METABOLISM

Microbes actively transport P, principally in the form
of Pi. The transport of Pi has beep linked to specific
binding proteins present in the periplasmic space and trans-
port proteins present in the cell membrane (Argast and Boos,
1980; Rosenburg et al., 1977; Burns and Beever, 1979).
These authors have a2lso shown evidence that Pi transport in
certain microbes consists of two mechanisms, a constitutive
mechanism with a high half saturation constant (called 1low
affinity) and a repressible mechénism with a low half
saturation constant (called high affinity). Tt is
hypothesized that the amount and type of transport is
regulated by the presence and concentration of Pi trans-
porter - proteins, which 1in turn are requlated by cellular
levels of P via genetic feedback control. Some microbes,

undaer conditions of P limitation also excrete extracellular



&)

alkaline phosphatases which enzymatically catalyze the
breakdown of organic P molecules to Pi, which is then
available for transport (Patni et al., 1977; Hassan and
Pratt, 1977). There 1is now evidence that alkéline
phosphatase production and Pi transport are genetically
linked (Aragast and Boos, 1980) in at least some microor-
ganisms. |

Once transported, the cell channels P into a variety
of metabolic pathway whose endproducts can be grouped into
three general catagories ; structural, functional and

storage components (Fuhs, 1972).

Structural components. Phosphorus is required for the:

maintainence and synthesis of certain structural compo-
nents of the cell, including both the genetic (DNA) and
membrane (phospholipids) fractions of the cell. The
requireménts for (but not necessarily synthesis of)
these components are often discontinuous and poteh—
tially cyclic, since the major demand fof phosphorus
for these components occurs immediately prior to cell

division.

Functional components. This category includes those

P-compounds required for cell function including the
low molecular weight phosphorolated metabolic inter-

mediates such as ribonucleic acids (RNA) angd



nucleotides (such as ATP and NADH) . In addition,

intracellular membrane structures such as ribosomes ,

mitochrondia and chloroplasts, which provide energy

charge for «cell function, are 1included in this
category.
Storage components. Many microorganisms accumulate P

above basal physiological requirements into cellular
pools (Fuhs, 1972; Rhee, 1973; Brown and Button, 1979;
Robertson and Button, 19279). Microbial growth and
nutrient wuptake have been related, through hyperbolic
relationships, to such intracellular P pools (Rhee,
19732). At least two major P pools have been iden-
tified. The first, an "acid (TCA) soluble fraction",
consists of poiyphosphate granulés which are composed
of high molecular weight 1linear chain polyphosphates.
This pool 1is characterized by a relatively long turn-
over time. The second type, an "acid (TCA) 1insoluble
fraction 1is composed of polymers of phosphoric acid.
This pool is cheraterized by a relatively rapid turn-

over time.
TRANSPORT AND STORAGE

The ability to transport and store nutrients, such as



P, above basal requirements has been termed luxury uptake.
Luxury uptake has been demonstrated for both P (Rhee, 1973;
Brown and Button, 1979; Fuhs} 1972) and nitrogen (Caperon
and Meyer, 1972; Rhee, 1974) in microplankton species.
Nutrient transportA can be operationally divided into at
least two very distinctive types, each of which are best ob-
served under different environmental and growth conditions.
The first type 1is that transport which is required to
sustain basal growth and metabolism and is called sub-

sistence transport. It is best measured in steady-state

o]
o
ot
rt
[N

ent—-limited continuous cultures where it is charac-
terized as the rate of transport required to sustain a cell-
ulzr nutrient level (Q) which is needed to maintain steady-
tate growth and metabolism at each specific growth rate
(). Many studies have shown thet nutrient transport rates
and Q vary with u, each reaching 2 maximum at the maximum
growth  rate ).

Q maintains a maximum value

“DHAXS) characteristic for every organism. The second type
oi nutrient transport known as overplus (Fuhs, 1972) is best
obsarved when nutrient starved cells are perturbed with a
large excess of that hﬁtrient. ‘Under such conditioné,

transport rates greatly exceed maximum steady-state trans-

4]

port rates. Such roapid transport rates result in a tem-—

porary Q which is much higher than This value,

Oraxs -

Queer v is also variable azmong and characteristic for each



"organism, Under certain conditions cells can maintain a Q

velue between Q

MAXs and Q

MAXL * This can occur when nutrient
starved cells receive a perturbation (but not a large ex-
cess) of that nutrient, or under steady-state conditions
when the cells are not growth-rate-limited by the nutrient
in question, but by another factor which does not affect
transport of this nutrient. These types of transport are
conceptualized in Figure 1.

The coefficient of luxury uptake (R) has been used as
an index of luxury uptake. It was first defined by Droop
{974, 1975) and 1later by Tilman and Kilham (1976) as a
neasure of the nutrient storage capacity of an organism. It

is the ratio of maeximum cellular nutrient content to minimum

cellular nutrient content (QMAX/QO), and is thus dimension-

less. It is important to note that the maximum value for R
s Quaxe/% 219 POT Oupye /%

NUTRIENT TRANSPORT KINETICS

Most models attempting to describe requlation of
microplankton commuﬁities'by essential nutrients assume that
the kinetics of nutrient transport by microplankton can be
described by curves @nalogous to Michaelis-Menten enzyme

hyparbolas. Michaelis and Menten (1913) described an enzyne

3

re

Q

ction rate (equation 1) for a single substrate—enzyme



quota —>-

Cell

Time —>=

Figure 1. Conceptual diagram representing nutrient storage as
a’function of time for an individual cell within a
population which experiences first an excess
(perturbation) and then a growth-limiting supply of

the nutrient. Symbols are defined in text.

g
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catalyzed reaction as:

v = VMAX s0 (1)
o K.+ S
s o
ere v_ is the initi i i i nax-
wh o e inltial reaction velocity, VMAX is the max

imum reaction velocity, S0 is the initial substrate concen-
tration and K is the Michaelis-Menten half saturation rate
constant. KS is equal to the substrate concentration at
which the initial reaction velocity 1is one half Vaiax
Michaelis-Menten half saturation constants have been used as
an index of an enzymes' affinity for its substrate. A low
K, represents a high affinity and vice versa.. This is only
valid, however when comparing enzymes of equal maximum
velocity. K is more useful as an indication of the range
over which an enzyme is responsive to changes in substrate
concentrations.

The Michaelis-Menten rate equation describes a " rec-
tangular hyperbola (Figure 2) when initial reaction velocity
is plotted against initial substrate concentration. A use-
ful linearization of the Michaelis-Menten expression is the
Lineweaver-Burke plot (Figure 2) in which l/So is plotted
ve;sus l/vo. Gfaphicélly this plot yields —l/KS and l)VMAXv
as the ¥ and Y intercepts respectively and & slope of
Ko /Vaay s

It is useful to list the wunderlying assumptions in-

herent in the derivation of the Michaelis-Menten expression,



'<"1/2 Vmax

“s (s] \\ :'%.. A

Figure 2. Theoretical relationship between initial reaction velocity and initial
substrate concentration (A) and their reciprocals (B; Lineweaver-Burke) for
an enzyme~-substrate reaction obeying a simple Michaelis-Menten equation.

Symbols are defined in text.

(1
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~since they must also apply to empirical models of nutrient
transport and microplankton growth when Michaelis-Menten
hyperbolic type kinetics are assumed to hold. These assunp-
tions with reference to the following enzyme (E), substrate

{S) and product (P) reaction include:

k X
E+Sv——}-‘ES 3‘E+P (2)
ky k4

1. steady-state conditions, ie A[ES]/dt=0;

2. reversible reactions, but k assumed

4
negligible;
3. initial rates (v, ) are used, where v0=k3[ES];
4. I[S]>IE] so that [ES]1>[S], and;
5. X is equivalent to k2+k3/kl.
The equation analogous to equation 1 which most models
incorporate for descriptions of nutrient transport by

microplankton is:

Viax S

Vea=x, +s (3)
v

(C2peron, 1%67; Dugdale, 1967, 1977; Droop, 1973, 1974),

£
Wy
t

re V is the instantaneous nutrient transport rate, VMAX

is the maximum nutrient transport rate, S is the ambient
growth~rate-limiting nutrient concentration and Ky is the
half-saturation constant numerically equal to substrate

concentration at one half Vy,v. This expression has been

modified by Caperon and Meyer (1972) to include a threshold
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value for S (St) which 1is the S below which transport

ceases:

Viax (57Sp)

Kv + (S—st) (4)

NUTRIENT~LIMITED GROWTH KINETICS

Many expressions advanced describing microplankton
growth and nutrient transport have been formulated from
steady state experiments. Continuous cultures which allow
cells to be grown and maintained at steady state for long
periods of time have been valuable research tools for
stuéying nutrient-limited microbial growth, A typical con-
tinuous culture apparatus (chemostat) is diagramed in Figure
3 with @ listing of pertinent parameters presented in Table
1. In chemostat cuiture, fresh medium containing a limiting
concentfation of én éésential nutrient (So) is pumpeé ap a
constant flow rate (F) into a culture vessel of volume
(Vol.), causing an egual displacement of the culture. The
dilution rate (D) 1is then equal to F/Vol., with. the
residence timg (1) being the reciprocal of D. Assuming
thorough mixing, the microbial population reaches a biomass
(X) causing a corresponding reduction of § to S, the

O

liniting nutrient concentration in the culture vessel. Each




Feed
Reactor— Waste
(So0:0) \ U (S,Q,X) (s,Q,X)

\ y Peristaltic Q

pump

Figure 3. Schematic representation of a typical continuous culture apparatus (chemostat).
So' influent limiting nutrient concentration; S, ambient limiting nutrient

concentration; Q, cell quota; X, cell biomass.

vt



Tadle 1. Continuous culture parameters.

Sywhol  Parameter Units
F Flow rate 1 (day) -1
Vol. Reactor volume 1
D Dilution rate (F/Vol.) <fiz:1yml
< Residence time day
- Growth rate (D) day'1
SO Influent 1im::Lting nutrient nMP
concentration
S Ambient limit‘:ing nutrient ntp
concentration
X Cell bicmass mg'l‘-l
o) Cell quota NMP (mg ce11)
Cell yield vy cell (mp)
v Instantaneous transport rate P (g cell—c"iay)-—:L
v, Net transport rate NP (mg cell—day)":L

Gross transport rate

nMP (mg cell-day) -1




unit mass of «cells, on a-population averege, contains a
guantity of the limiting nutrient, Q, defined as the cell
cuota.

Mass balance equations can be written for the three
variables X, Q and S (Table 2). Under non steady-state
(transient) conditions each of these equations are time
dependent and thus the relationships on the left side of
Table 2 hold. However, at steady-state dX/¢&t, ds/dt and
dQ/cét all -equal 0, and thus the relationships on the right
side of Table 2 hold. These equations assume no eXxcretion
or loss of S by the microbial population. From the conser-
vation eguations in Table 2, empirical and dgscriptive
modeis have been derived which form the framework of
established models describing microplank:icn growth in

natural aguatic systens.
EMPIRICAL GROWTH MODELS

Monodb(1942) working with bacteria in chemostat culture
was the first to show a hyperbolic relationship between
spacific microbial growth rate and the concentrztion of an
essential growth~ra;e—limiting nutrient anéd described it

with an expression analogous to the Michaelis-“enten enzyme



Table 2. Mass balance equations for the state variables X, Q and S

under transient and steady-state conditions.

17

transient steady-state
dX/dt = pX - DX p=D
dS/dt=D(SO-S)-—VX V = 0

ay/at =V - 10 Q= (So - 8)/X
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kinetic equation (1):

_ Puax S (5)
K + 8
H

where u is the specific growth rate, ¥MAX is the maximum
value of u at saturation levels of the essential nutrient,
S is the ambient concentration of the growth-rate-limiting
nutrient and Ku is the Monod half saturation constant
nunerically equal to the substrate concentration at one half
Max In general KU;KV. In addition, Monod showed a simple
relationship between growth and substrate utilization as

shown in the expression:

ax_ _ ., _as |
ac. -~ Y Tac (6)

where X 1s the concentration of organisms and Y is the yield
coefficient. Yield is thﬁs the unit mass of cell material
produced per unit substrateAconsumed.

Several authors have used the Monod model to success-
fully describe tﬁe nutrient limited growth of organisms in
steady state cﬁltures IPaasche, 1973a, 1973b; Goldman et al,
1974; Swift and Taylor, 1974; Brown and Button, 1979).
However, a majof -drawback yith the Mon&d model is ﬁhat
residual nutrient concentrations must he measured.
Analytical techniques for many nutrients are inadequate to
accurately assess dilute residual nutrient concentrations.

Thus the apparent inability of the Monod relationship to ac-
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curately describe the nutrient-limited growth of some
species may be due to analytical‘problems and not the basic
relationship itself.

A hyperbolic relationship between specific growth rate
and internal cellular nutrient concentration (cell quota; Q)
has been described by Droop (19468) and Caperon (1968). The
general form of this expression is;

u' (O-K,)
b o= MAXQ Q (7)

where p is the specific growth rate, “'MAX is an ex-

trapolated HMAX 0 is the cell quota and KQ the subsistence

with bein smaller
¥MAX 9

YmMax™* MAX
by the factor (1—QO/Q

cell quota. 1In general,

Xu

t ). This expression has

. []

NEN B MAx MAX
been modified by Caperon and Meyer (1972) to include o
threshold value for Q (Qo; minimun cell quota):

MMax (Q—Qé)

Ho= = (8)

_ KQ + (Q Qo) . , B
‘Sguations 6 and 7 are equilvalent only if KQ=QO. These
hyperbolic - relationships have been wused to describe

phesphate (Fuhs, 1969; Fuhs et al., 1972; Rhee, 1973; Gold-

man, 1977; Brown and Button, 1979; Robertson and Button,

|

i279), nitrate (Rhee, 1974, 1978) and ammonia- (Thomas and
Dodson, 1972) limited chemostat growth of several microor-
ganisms. A major advantage of this relationship 1is that

rzsidual nutrient concentrations do not have to be assessed.




These empiricél models which give u=u(S) and u=u(Q)
describe rectangular hyperbolas. Linearizations, such as
the Lineweaver-Burke plot of the Michaelis-Menten hyperbola,
can also be applied. Burmaster (1979) has shown the
mathematical eguivalence of the two hyperbolic growth rate
'relationships and the nutrient transport relationship (equa-
tion 3) wunder steady-state conditions, and thus suggests

each relationship holds if any single relationship holds.

AFFINITY FOR A NUTRIENT

Empirical models based on the previously described
relationships have been used to explain observed microplank-
ton biomass, composition and succession in natural aquatic
systems (Dugdale, 1967; Caperon, 1967; Eppley and Thomas,
1969; Hecky and Kilham, 1974; Taylor and Williams, 1975;

Titman, 1976; Tilman, 1977; Sharp et al., 1979). Constants,

such as the half saturation constants K, and Ku' derived
from empirical models, have been employed to describe 2
species' competitive ability for a limiting nutrient.

Species with large Kv or K values are assumed less ef-
- - . u N

ficient at competing for the growth-rate-limiting nutrient

than are species with Jlower K or K values., However,
]

kinetic constants such eas Kv and K are only useful for com-
]

parisons when the assumptions inherent in the derivation of

"
w
i

!
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the hyperbolic relationship hold (see page12) and the hyper-
bolic maximums, VMAX and Vyax 2re identical fgr all species
(Titman, 1976; Tilman, 1977; Healy, 1980).

| Another estimate of an orgaﬁisms ability to compete for
‘a dgrowth-rate-limiting 1limiting nutrient 1is a different
kinetic constant called affinity (Button, 1978; Brown and
Button, 1979). Affinity for a growth-rate-limiting nutrient
in dilute solution is the maximum slope of a plot of trans-
port rate versus the external limiting nutrient concentra-
tion. 1Tt occurs in the wvicinity of the origin for a
nutrient starved popuiation (Molot and Brown, 1980).

Mathematically it is represnted by the expression:

1im a3V '
a = (—=) (9)
§+5, ' 98 a0,

where a is the affinity, S is the ambient nutrient concen-

tration , St is the threshold velue for S below which

transport rate=0, V 1is the transport rate, 0 is the cell

quota and Q, is the minimum cell quota. Affinity then

represents an organisms ability to sequeéter a nutrient in
dilute solution., Since a family of curves is generated when
plotting Vv wversus S for variﬁus values of Q>(Chen, 1974;
Brown and Harris, 1978; Rhee, 1978); the maximum affinity

(aﬂAX) is the maximum slope for the famity of curves. A
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good approximation of a is the steady-state affinity (ag):

= Au0)
s = Ta(s5 (10)

(Button, 1978). ag has been successfully used to predict
the outcome of competition in dual-species, constant-light,

nutrient—-limited chemostats (Brown and Button, submitted).
CCMPETITION BETWEEN SPECIES FOR ESSENTIAL NUTRIENTS

Although a may accurately represent an organism's

s
ability to sequester an essential growth-rate-limiting
nutrient in dilute solhtion and predict the outcome of
steady-state nutrient-limited competition experiments, it
will not independently describe competition when transient
conditions occur. Under transient conditions, nutrient
transport and thus growth .strategies may vary among or-
genisms . (see page 7). Brown et al. (1978) have shown that
transient nutrient tfansport rates (observed when ptoviding
2 vatqrved population of cells with excess P) can exceed
the maximum observed steady-state transport rates (uQ) and
thus aMAx>as' Also, as_discussed eariier.(see page 7), some
species are able to temporarily maintain higher @ wvalues

unier steady-state conditions (0 Fuhs, 1972;

0 .
MAXt>‘MAXS'
Rnee, 1974; Brown and Button, 1979). Because of this, under

trznsient conditions, nutrient storage capacity (represented
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by R} may be an important kinetic factor. Thus while ag
when coupled with St and p mey best describe the competitive
abilities of species under steady-state growth conditions,
transient growth may best be described by other growth
kinetic parameters.

An underlying assumption ihherent to empirical models
describing microplankton growth 1is that growth kinetic
descriptions obtained from the study of laboratory cultured
species are representative of the growth kinetic descrip-
tions of ecologically important species. The assumption is
thaf kinetic characterizations derived from the study of a
single species can be extrapolated to taxonomically closely
related species. Species, however, are often not chosen for
stuly because of theilr importance in natural systemé, but
rather they are chosen based on their amenability to
leboratory culture and experimentation. This is par—
ticularly true when continuous culturing techniques are used
-because if organisms stick to growth vessels or have mor-
phologicaliy distinct. life phases, complete growth kinetic
descriptions can not be made. In addition, taxonomic
relationships among pl%nkton afe '1arge1y, based on mor-
pholegicel similarities and thus are not useful for inter-

preting any. physiological similarities that may exist

Fitting datae to empirical steady-state models has en-



‘hanced our understanding of the relationsbip between or-
ganisms and steady-state levels of essential growth-rate-
limiting nutrients. However, they have not yet been suc-
cessfully applied to descriptions of microplankton growth,
biomass and composition in natural aquatic systems, Future
experimentel work, must to a greater extent, consider the
physiological respdnses of organisms to both steady-state

and transient environmental conditions.



MATERIALS AND METHODS

MATERIALS

Microorganisms

The microorganisms used in this study were the blue-

green algae Synechococcus Nageli strains A and B; the green

alcae Selenastrum capricornutum, Scenedesmus gquadricauda

th

W

g}

Scenedesmus obliquus; a diatom Navicula pelliculosa;

W
w3
1$1

an aquatic heterotrophic yeast Rhodotorula rubra. Table

w

gives the sources of these organisms. Species were chosen

to be representive of the taxonomic range of planktonic

cecies typically found in natural aquatic systems. All

1]

n

pzcies were maintained bacteria free at 4°C in PAAP liquid

medium (Bartsch, 1271).

Greowth Media

The constituents of the basal medium (Table 4) used for
_trhese experimenté Qas that described 'by Bartsch (1971).
Trnis medium was modified for the diatom by the addition of
2r mg-l~l sodium metasilicate and for the yeast by the addi-
tizn of 100 mg-]—l glucose and 100 mg~l—l (NH4)ZSO4.

25



Table 3.

Microplankton species examined in this study.

26

Soecies

Source

Blue—green algae

Synechococcus Nageli (strain A)l
(formerly Synechococcus cedrorum)

Synechococcus Nageli (strain B)l
(formerly Anacvstis nidulans)

CGreen algae

Selenastrum capr icornutum

Scenedestuis quadricauda (Turp.) Breb.

Scenedesmus oplicquus (Turp.)

Diztom

Navicula pelliculosa (breb) Hilse

Azuatic yeast

Rhodotorula rubra

UTEX 6908

ATCC™ 27344

Brown and Button, 1979
UTEX 76
UTEX 1450

UTEX 668

Robertson and Button, 1979

see Rippka et al., 1979

Cniversity of Texas Culture Collection; Bustin, Texas

srerican Type Culture Collection; Rockville, Maryland




Table 4, Constituents of PAAP medium.
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Reagent Source

Mutrient Concentration

wg/1
N (nifrogen) NaNo, 14.00
p K,HPO, 0.62
X K,HPO, 1.56
Mg MgCl, 9.68
1950, - TH,0
s 4GS0, TH,O 6.37
ca CaCl," 24,0 4.01
c NaHCO, 100.00
Fe FeCl, 0.11
3 H,BO, 0.11
s MCL, 0.38
Zn ZnCl, 0.05
o CoCl, 0.0012
Cu cucl, 0.00001
Yo Na, 00, " 2,0 0.0096
- Na,EDA" 2H,0 -
1
N (zmonia) (NH4) 2804 100.00
- .gluc:'osel 100.00
si® Na,§10, - 91,0 20.00
1

e3i=d only for experiments with R. rubra

2d2ed only for experiments with N. pelliculosa -



For batch culture growth experiments full strength PAAP

medium was used. After autoclaving , sterile KZHPO4 was

added to make the medium either phosphate (1 nMP) or
nitrogen (20 nMP) 1limited. Sterile carrier—-free or-
thophosphate (32Pi) was also added to the medium after

autoclaving.

For the dilute biomass (0.5~15 mg dry wgt~l_1) growth.

expériments utilizing continuous culturing techniques, a
nodified PAAP medium was used. The medium was prepared by
adding 20% strength phosphate-free PAAP medium to a 20 1
pre-conditioned (Brown et al, 1978) glass carboy containing
0.6 g-l'-l tris (hydroxymethyl) aminomethane buffer dissolved
in 6.5 ml concentreted . hydrochjoric acid. Prior to
’autoclaving, K HPD, was added to bring the Pi concentration
to 964 nMP. After autoclaving, the medium was allqwed to
cool and a sterile solution of NaHCO; wos added to yield a
final concentration of 0.1 g-l—l. Sterile dgionized water
was then used to replace any water evaporated during

autoclaving. Finally, 1-5 microcuries of sterile carrier

2 . . .
free 3 Pi was added to the medium reservoir.

Radiophosphorus

Radioactive H3 PO, was obtained in 2~5 millicurie quan-

tities from the Amersham Corporation., Des Plains, 7Illinois
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(catalogue $#PBS.11A) as carrier free radiolabelled or-
. 2. . . ~
thophosphate (3 Pi). The radiochemical purity is reported

to be greater than 98% as 32Pi and less than 1% as

py:ophosphate or polyphosphate. The 32Pi was stored frozen

until use.
METHODS

Culture Methods

For the batch culture experiments, logarithmically
growing <cells were 1inoculated into pre-conditioned 500 ml
Erlenmeyer flasks containing either phosphorus or nitrogen
limited media. The cells were grown at 25°¢ under consﬁant

16 -1 =2
aguanta-s *cm

illumination of approximately 1.0 X 10
provided by cool white fluorescent lights.

The continuous culture apparatus used for the dilute
bionass. experiments . consisted of a one-phase systenm
previously described (Brown and Button,1979). All con-
‘tinuous culture experiments were conducted at 25 C under
constant 1illumination of 2.4_)('1016 guanta s:ém_z (as
neasured 1inside the culture vessel containing a‘typical
dilute biomasg concentration) provided by‘ cool white

fluorescent 1lights. The culture vessel was a 500 nl pre-

conditioned, round-bottomed, rubbered-stoppered glass



“boiling flask. 5-10 ml of -batch culture log-phase cells

6

( 2 X 10~ cells/ml) were inoculated into 100 ml of fresh

nedium. A peristaltic pump was then started and the vessel
filled to begin continuous flow cultivation.

All experiments were performed under aseptic conditions
using axenic cultures. Cultures were periodically checked
for bacterial contamination by phase and epifluorescent

nmicroscopic examination and by plating onto nutrient agar.

Sanvoling

To sample the batch cultures 5-10 ml were aseptically
renoved. Immediately after removal, a poftion of the sample -
was filtered through a 0.22 micrometer (ym) membrane filter
to effect rapid separation of the cells from the medium. A
portion of the filtrate and a non-filtered portion were
analyzed immediately for ‘biomass {non~filtered) and
phosphorus (both) analyses.

Due to the large size variation among the organisms
étudied, different sampling techniques had to be eﬁployéd to
ensure rapid séparation of the cells from the medium in. the

continuous culture experiments. For S. Nageli strains A and

™
jat}
o)

:nd S§. obliguus the sampling procedure was identical to
that wused by Rrown and Button (1979), except that 0.22 um

menbrane filters were used to separate cells from the



‘mediun. - S. quadricauda was sampled by clamping off the con-

tinuous culture effulent line and quickly removing 15-20 ml

of culture using a sterile syringe. Immediately after

renoval, 10 ml of the sample were filtered through a 0.22 um
membrane filter Vof which 8 ml of the filtrate were frozen
for later phosphorus analyses. A portion of the remaining
filtrate and a non-filtered portion were immediately
analyzed for biomass (non-filtered) and phosphorus (both)

cencentrations.

Bionass Analysis

Approximately 10 ml of a non-filtered sample were
reeded for each biomass analysis. Cell number and median
cell volume were determined wusing an electronic particle
counter 2and sizer. Dry weights were estimated for each
spacies from dry weight conversion factors calculated from
conventionally determined dry weights (membrane filtered

*1s were dried 24 hr at 55°C under 15 inches mercury

~
1%

D

vacuum; the wéight of the dAried filter was measuréd before
anc after filtering), and then applying dry weight conver-

sion factors (presented in Table 5) for each species.

bphosphorus 2nalyses

Total P (Pt) and solution P (Psol) were determined by




Table 5. Dry weight conversion factors.
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Species

Conversion Factor

Blue—green algae
S. Nageli (strain A)
S. Nageli (strain B)

Green algae

S. capricornutum

|

quadricauda

i

obliquus

Diatom .

|2

. pelliculosa
Aguatic yeast

R. rubra

mg (um3 cell)"9

0.52

0.55
0.33
0.33
0.23

0.80

0.41

1 Brown and Button, 1979

2 sullivan, 1979



~edding 1 ml of non-filtered and filtrate samples respec-
tively to triton-X toluene scintillation cocktails and

counting the radiophosphorus label with a liquid scintilla-

tion counter. Since the 32

3??

Pi added was carrier free, the

percent in any fraction reflected the percent 32? in

that fraction (Kuenzler and Ketchum,1962). Cell phosphorus

D . was determined di - i
( ]l) 7 e as the difference of Pt Psol since
=p___+ .
Pt sol Pcell
For the continuous culture experiments, Psol was

further separated into molybdate reactive and molybdate un-
reactive frsctions by treating 2 ml of the 0.22 um filtrate

with 1.8 mg anmonium molybdate in 0.2 ml of 0.2 N H con-

250
teining -0.04 ma antimony potassium tartrate (catalyst). The
nelybdate reactive fraction was partioned into isocamyl al-
cohol. Radioactivity in untreated filtrate (Psol)' in
three combined 1isoamyl alcohol extracts conteining the
nolybdate reactive complex (Pi), and in the aqueous phase
containing the unreactive fractions (pnex)' were anaivzed as
zbove. Since the radiochemical purity was <2% polyphosphate

en? pyrophosphate combined, when P was <2%, P ex could

ol
not be neasured accurately. This is because any
polyphosphate and pyrophosphate contaminants not hyrolyzed
by organisms would remain in the unreactive fraction.

Pi concentrations of continuous culture media were also

colorimetrically determined wusing a modified (Eisenreich,
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1975) Murphy and Riley (1962) technique at the completion of
each experiment to ensure that feed Pi levels remained
chemically stable for the entire experiment (up to 6

months) .

Kinetic Measurements

Batch culture parameters

The following growth kinetic parameters were determined
by growing the organisms in batch culture; apparent maximum
growth rate (UMAX)' naxinum and minimum cellular phosphorus
concentrations (QbmxtBNd Q0 respectively) end the coef-
ficient of 1luxury consumption (R). The apparent MMAX was
determined using regressidn analysis of exponential (lnf‘in~
crease of cell dry weight versus time. Cell guota (Q) is a
measure of the nutrient (e.g., phosphorus) content per cell

édry weight (Droop,1968). O was determined as the maximum

MAX
2 neasured during early -logarithmic growth of nitrogen—
- limited cells (QMAXt)' Oo was determined as the minimum Q
measured in stationary phase cells growing in phosphorus-
limited Dbatch cultures. R was determined from the ratio of

0 to O (Tilman and Xilham,1975).

MAXE

Continuous culture parameters

Considering the population of cells within the culture



‘vessel rather than individual cells, the dilution rate (D)
represents the specific growth rate (pu; Novick and szilard,
1850). At steady state, the net specific Pi transport rate
(Vn) is equal to the product opr.QMAXS was determined from
the maximum Q expected (by extrapolation) at MMax when Pi
was the growth-rate-limiting factor. A complete listing and

description of pertinant continuous culture parameters is

given in Table 1.




RESULTS

BATCH CULTURE

Table 6 shows apparent maximum growth rates (uMAX)’
nmaximum and minimum cellular phosphorus concentrations
(QMAXt and QO respectively), coefficients of luxury con-
sunption (R) and median cell volume ranges for all of the
microplankton species studied. The apparent MMAX represents
the highest ohserved growth rate for each species studied.
mupyx ¥as calculated from the slope of the 1ln increase of dry

weight versus time and not the slope of the ln increase of

9]

ell numbers versus time. Calculations of cell quota wsre
zlso based on dry weights rather than cell number (see
Droop, 1979). QMAXt is the mazximum value of Q under tran-
sient conditions when P is not growth-rate-limiting while Q0
is the minimum value of Q when P is growth-rate-limiting.
Figure 4 shows the relationship between @ and time after in-
noculation for both phosphorus-limited and nitrogen-limited
batch cultures of E. Ndgeli (strain A). Results from ‘batCh
cultures of all other organisms studied were similar to
Figure 4. Table 6 also gives coefficients of 1luxury con-

sumption (the ratio of Q to Q0 ) which represent each
MAXt o p

36




Table 6. Batch (transient) culture growth kinetic parameters.

. Apparent 0 0 R Median
Species ‘ MAXt (o) Volume
MMax Rangev
cfiay-l . nMP (mg cell)“l nMP (mg cell)-:L - um3
Blue-green algae
S. Nageli (strain A) 1.0 987 14 70.5 1-3
S. Nageli (strain B) 1.4 950 15 63.0 1-3
Green algae
S. capricornutum 1.2t 22601 a0t 56.5 50-130
S. quadricauda 2.0 960 100 9.6 850-1400
S. obliquus 0.6 2433 173 14.0 50-130
Diatom
N. pelliculosa 1.6 6873 124 55.0 20-80
Aquatic ycast
R. rubra 5.8 1397 145 9.6 30-80

1 Brown and Button, 1979

2

Robertson and Button, 1979

Le
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Figure 4. Phosphorus cell quota as a function of time for
S. Nageli (strain A) in nitrogen-limited (e—o) ard

. phosphorus-limited (e—e) batch cultures.



organism's ability to transport and store P above its
ninimum requirements (Tilman and Kilham, 1976). Cell volume
is known to be variable depending on many environmental con-
ditions such as degree of nutrient limitation, growth rate
and phase of growth cycle (Robertson and Button, 1979). The
observed cell volume ranges for each species are given in

Table 6.

CONTINUOUS CULTURE

Xinetic Descriptions f S. Nageli(strain a)

o1}
3
Q

|

S. quadricauda

Figures-5 and 6 show the relationships between external
phosphate (Pi) concentration and growth rate (D) for

&, Nageli (strain A) and S. guadricauda respectively.

Evxternal Pi concentrations of 4 nMP for §. Nageli (strain A)

and 138 nMP for S. quadricauda occured at one half the ap-

parent ...
Growth rate has also been related to Q and cell yield
(Y; Droop, 1968; Button et al., 1973; Rhee, 1973; Chen,

19724). The relationships between Q and dilution rate and Y

arnd dilution rate for S. Nadgeli (strain A) and

S. quadricauda are given in Figures 7 and 8 and Figures 9

and 10 respectively. Cell yield is defined as the unit mass
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. Figure 5. Steady-state external phosphate concentration as a

function of growth rate (u) for S. Nageli (strain A).
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Figure 6. Steady-state external phosphate concentration as a

function of growth rate () for S. gquadricauda.
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Figure 7. Steady-state cell quota as a function of growth

rate (1) for S. Nageli (strain a).
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Figure 8. Steady-state cell quota as a function of growth

rate (#) for S. quadricauda. Error bars fall within

diameter of points.
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Figure 9. Steady-state cell yield as a function of growth

rate (u) for S. Ndgeli (strain A).
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Steady-state cell yield as a function of growth
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for S. quadricauda. Error bars fall within

of points unless otherwise roted.
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of cell matter produced per P consumed and is mathematically

defined as (van Uden, 1969):

_ X
Y = m‘ ‘ (11)

where X 1s the unit mass of cell material (dry weight).

Since the reciprocal of equation (9) gives:

1 P, . Pi 12)
Y X X ‘
and since:
0 = Peenn o Pt _ Pi _ Pnex (13)
X X X X
then:
1 _ nex
y T2 7% (14)

EXxcreted P products on a dry weight basis never exceeded 4%
of 0 for both organisms and thus within experimental error
(vhich, because .of possible 32P contamination, could have
ranged from 15-100% of solution P depending on D), cell
auota 1is equal to reciprocal cell vyield,

The relationship between net 'steady-state transport
rate (Vn) ané. Q0 1is shown in Figures 11 and 12 for boﬁh
species. Steady-state affinities for P can be appoximated
from the slopes of the plots in Figures 11 and 12. These
steady-state affiﬁities are 58 1 (mg cell—day)“l for

S. Mageli (strain A) and 4 1(mq cell—day)n1 for
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Figure 11. Net steady-state transport rate (uQ) as a function

of external phosphate concentration for S. Nageli

~ (strain A).
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'§. cuadricauda. Extrapolations of the lines presented in

Figures 11 and 12 yield concentration intercepts. These
intercepts give Pi thesholds (Pi concentrations below which
Vn=0). These threshold values are 30.0 nMP and 1.8 nMP for

S. guadricauda and S. Nageli (strain A) respectively.

The gross transport rate (vt)'at steady—-state is:
Pt~P1

V, = uf{ X

4
[

) (15)

As previously shown, the net transport rate (Vn) is equal

to 10 at steady-state so that:

P .
- o — cell
and since:
Peell _ P PL-Pex (17)
X X ' ‘
then:
Pt . - Pi PneX ’
Vn = u{ - - % - 3 ) (18)

a

As discussed earlier, Pnex/x is neglible for both species,
therefor, within eiperimental erroyr, Vé' is >approximately
eguzal  to Vn at steedy state. This agrees with the data for

the green alga Selenastrum capricornutum (Brown and Button,

1279). However, V,_ may not be equivalent to v for all or-
gzrisms or for all nutrients when excreted products are sig-

nificant (Robertson and Button, 1979).
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The relationships between u¥Q and Q are presented in
Figures 13 an¢ 14 for both species. Such relationships have
been used to describe nutrient-limited growth kinetics when
the external concentration of the growth-rate-limiting
nutrient cannot be measured (see Droop, 1968). The X inter-
cept is a kinetic parameter called Qo (Droop, 1968). The X
intercepts are 98 nMP(mg cell)_l and 80 nMP(mg cell)_l for

S. Nageli (strain A) and S. quadricauda respectively.

Kinetic Data for S. Nageli (strain B), S. obliquus and S.

carvricornutun.

Table 7 shows kinetic parameters obtained from growing
S. Nageli (strain B) and S. obliquus at several growth
rates. Neitﬁer species could be completely described in
this study due to their spacific morphological charac-
teristics. §S. Nageli (strain B) adheres to reactor vessels
and S. obliguus exhibits a sexual life cycle. These traits
complicate accurate assessments of hiomass and maintenance
of steady states. If P__ /X is negligble for both S. Nageli

(strain B) and S. obliaguus, V, is approximately equal to v,
for both species. The steady-state affinity for S. Nageli
(strain B), based on uQ versus Pi data for three growth

-1 .
rates 1is 32 l{(mg cell-day) with a correlation coefficient

of 0.97. Since kinetic data for only a single growth rate
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Figure 13. Net steady-state transport rate (uQ) as a function

of cell quota (Q) for S. Nageli (strain A).
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fable 7. Steady-state growth kinetic parameters for S.

Nageli (strain B)

and S. obliquus.

Parameter  Units S. ‘Néigcli (strain B) S. obliquus
" day ™t 0.336 0.392 0.432 0.420
P, P 500. 00 500. 00 1000. 00 964. 00
P, P 9.95 5.35 14.63 5.10
Pi nMP 2.39 2.41 4.32 2.75
P P 7.56 2.94 10.32 2.35
Py TP 490.05 494.65 985.40 958. 90
X mg-17t 3.00 3.10 ©3.40 6.76
0 nMP (mg cell) L 116.50 160. 00 289.80 142.00
y ug cell (nvp) "L 0.0060 0.0063 0.0034 0.0070
V. (Q  nmg cell-day) Tt 55.90 62.30 125.20 59. 64
v, nMP (ny cell-day) ™ 70.20 63.10 126.50 59.72

€9



were obtained for S. obliquus, a steady-stete affinity could
not be computed. However, a minimum measure of this or-
ganism's affinity was estimated from uQ/S. For S. obliguus
+0/S is 22.7 l(mqg cell—day)_l at p=0,42 day“l.

Steady-state growth kinetic data were also obtained at
one growth rate for both carbon (bicarbonate; u=0.46 dav_l)
and nitrogen (nitrate; u=0.69 davul) limited
S. capricornutum continuous cultures. 32P labelled Pi was
used in these experiments, thus phosphorus cell quote (Qp)
could be monitered. The values for QP under steady—étate

carbon and nitrogen 1limited growth are 208 and 452

n.’*‘:P(mg—cell)—l respectively.

Competition in Continuous Culture

Figure 15 shows the results of a dual species Pi-
linited continuous culture of S. Nigeli (strain A) and

S. guadricauda. The experiment was begun by injecting

S. guadricaude into a continuous culture of S, Nageli

(strain A) at a growth rate of 0.336 day—l. The S. Nageli

(strain 2) was not maintaining a stable population and was
declining 1in .biomass. The first response observed was a

bionass increase in §. guadricauda indicating no inhibition

from  the 1low undectable biomass of S. Migeli (strain A).

However, as predicted by the steady-state growth descrip-
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Figure 15. Cell dry weights as a function of time for a Pi-limited, dual-species

continuous culture of S. Nageli (strain A) (e—e) and S. quadricauda (0—o).
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tions of both organisms, S. Nageli (strain 2) eventually

displeced S. quadricauda. The original declining bionass of

S. Nageli (strain A) may have been caused by either an in-

S
hibiting factor in the vessel which was removed by

S. guadriceuda or an essential micronutrient provided by

- S. guadricauda. Neither possibility was tested.

~——




- DISCUSSION

CONTINUOUS CULTURE

The continuous culture results give kinetic descrip-
tions of the steady-state Pi-limited growth of §. Nageli

(strain A) and S. quadricauda and some kinetic information

about 8. Ndgeli (strain B) and S. obliquus. Since empirical
kinetic. models are frequently used to describe the type of
data reported in this thesis, the Monod (1942) model and the
modified cell quota model of Droop (Caperon and Meyer, 1972)
were both used to describe the steady ~state Pi-limited

growth of S. Nageli (strain A) and S. quadricauda. Table 8

shows the calculated growth kinetic parameters computed by
data fit to both the Monod and modified Droop (Caperon ang
Meyer, 1972) models. Both models provided a fair descrip-
tion of the steady-state growth of these two species. It
was not possible to use theée models to describe the limited
smount of data from S. Nageli (strain B) and S. obliquus
continuous cultures.

Affinity (a; not half éaturation constant) is an index
of the substrate éollection ability of microorganisms. The

steady-state affinity (as) is a good approximation of
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Teble 8. Computed growth kinetic parameters for S. Nageli (strain A)

2
¥

and S. quadricauda.

*
Mcnod Model Modified Droop Model
Species
A ]
K, YMAX o ¥ Max
nMP day"l nMpP day'—1
S. Nageli (strain A) 8.1 1.54 74.0 0.90
S. icauda 126.80 1.70 27.0 0.75

14

*
based on Qo values calculated via extrapolation from Figures 13 and



affinity for a growth-rate-limiting nutrient (Law and But-

ton, 1978). The steady-state Pi affinities for §. Nageli

1 and

(strain A) and S. quadricauda are 58 1l(mg cell-day)
£ 1(mg cell-day)"1 respectively. An estimate of as for Pi
for S. Nageli (strain B) based on three steady-state arowth

1

rates is 38 1l(mg cell-dav) ~ (r=0.97). Since kinetic data

for only a single growth rate was obtained for S. obliquus,
a2 value for ag for Pi could not be computed. However, an
approximation was calculated from p0/S for the measured
growth rate (y=0.42 day Y). This value is 22.7 l(maq cell-
.day)-l.. The ag values for Pi found for these organisms com-
pare with reported a wvalues for Pi of 2.8 ‘l(mg cell—day)—l

1

and 30.7 l(mg cell-day)’ for the green . alga

S. . capricornutum (Brown and Button, 1979) and the aquatic

heterotrophic yeast R. rubra (Robertson and Button, 1979).
respectively. When growing in mixed populations the
ricroplankton species with the highest ag for the gfowth—
rate~limiting nutrient should exclude 1its competitors |if
steady-state conditions exist. Dual species continuous cul-
ture experiments have confirmed that this does occur (. J.
Brown, unpublished data).

Phosphorus cell quota was measured in two confinuous

culture experiments with §. capricornutum when P was not the

growth-rate-limiting fector. When carbon (bicarbonate) and

nitrogen (nitrate) limited growth, Q for P (Qp) approximated
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the QMAXS for P found by Brown and Button (1979). under

these conditions, Qp did not approach QMAXt for P. This
suggests that neither carbon nor nitrogen limitation has a
significant effect on the éteady—state transport and ac-
cunulation of P. Rhee (1974) similarily found that the max-~

inum Qp under nitrogen limitation approximated for P

QMAXS
under steady-state Pi-limited conditions., Thus, it appears

that although cells growing wunder steady-state conditions
are capable of transporting and accumulating non-limiting
nutrients azbove basal requirements, this storage does not

approach the maximal transient storage capacity (as measured

with R).
327TCH CULURE

When transient (non-steady state) conditions exist,
conpetition dependent factors can not be directly related to
‘steady—state-kinetics. Brown ét al. (1978) have shown that
transient transport rates observed when providing a
P-starved population of cells with excess phosphorus may ex-
ceed the maximum observed steady-state transport rates, thus
'éuggesting that a, may underestimate the maximum affinity
obsarved under trensient conditions. Fuhs et al. (1972),
Rhee (1974) and my data show that «cell phosphorus pool

concentrations under transient conditions reach a maximum
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? . .
(QMAXt) at a2 hiadher concentration than observed at MMAX

under steady-state diti .
Yy conditions (QMAXS) 0 Xt for
S. Ndgeli (strain A) and S. quadricauda are 987 and 9560
-1 .
nMP(ma cell t .
(ma ) respectively 0 <s for

S. Nageli (strain A) is 506 nMP(mg ce1l) "1, A value for

QMAXs for S. quadricauda could not be calculated due to a
curvilinear 1 versus Q plot (Fig. 3).

Such results suggest that different metabolic
mechanisms may control cell-nutrient levels, transport rates
and growth rates when transient rather than steady-state
conditions exist. While transient transport rates for low
cpncentrations of Pi are diffucult to measure expe:imen—
tally, they have been shown to be regulated by cellular P.
levels (Rhee, 1973, 1974; Chen, 1974; Argast and Boos, 1980)
which in turn are ultimately controlled by the cellular
storage capacity. Thus, the coefficient of luxury consump-
tion (R) is a useful index of transport capacity and ability
to compete under transient conditions. R was first defined
by Droop (1974, 1975) and latér by Tilman and Kilham (1976)
as a measure of'nutrient storage capacity. It is the max-
irmum observéd ratio of QMAX to Qo' and is thﬁs dimension-
less. Notice  that the maximum value for R occurs at
QMAXt/Oo and not QMAXS/QO‘ The coefficients of luxury con-
sumption for P for all organisms studied are presented in

Table 6. These compare to reported values of 82 and 6.6 for
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Asterionella formosa and Cyclotella meneghiniana respec-

tively (Tilman and Kilham, 1976). R values are calculated
from Q wvalues standardized to unit cell mass rather than
cell numbers. Dry weight per cell is a multiple function of
volume, density, growth rate and degree of nutrient limita-
tion. 1In order for comparisons of nutrient storage capacity
among organisms to be valid, all of these faétors nust be

taken into consideration.
COMPETITION IN CONTINUNOUS CULTURE

Many complex models, usually based on Monod or Droop
relationships, have been advanced to predict the outcome of
competition among microplankton for limiting nutrients (Dug-
dale, 1967; Caperon, 1968; Eppley and Thomas, 1969; Hecky
and Kilham, 1974; Taylor and Williams, 1975; Lehman et 21l.,
1975; Titman, 1976; Tilman, 1977). In these models, healf
saturation constants are used to assess felative competitive
a2hilities and thus to predict gpecies dominance when various
nutrients limit growth.. However, half saturation constants
ara not always good indicators of competitive sbilities for
limiting nutrients (Healy, 1980). 1In addition, most of the
nodels are based on steady-state enzyme type kinetics and

thus are bound to the same conditions assumed to be valid

for a single enzyme-substrate reactinn (see page 12'. Since
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most natural sygfems are rarely at steady-state for long
periods of time and since nutrient transport and nutrient
limited growth are not single enzyme-substrate reactions,
steady-state based models fail to accurately describe
nicroplankton growth. Any attempt to predict microplankton
biomass, composition and succession in natural aquatic
systems as related to a growth limiting nutrient, must con-
sider Dboth steady-state and transient 1levels of that
nutrient. Relative competitive abilities for microplankton
species when steady-state growth conditions exist are best
described by the steady-state affinity (as) coupled to the
threshold concentration for the growth-limiting 'nutrient
(St) and the apparent maximal growth rate ("MAX)' Transient
growth is best described by transient affinities (if they
can accurately be measufed) coupled to luxury storage
capacity (as measured through R) , subsistence cell quota
(Qo) and apparent Muax
The P—dependént growth kinetic data for S. Nageli

(strain A) and S. quadricauda indicate that

5. Nageli (strain A) should outcompete S. quadricauda for P

when both steady-state and transient conditions exist, if no

other factors {such as . allelopathy) are involved.

S. Nageli (strain A) was shown to outcompete S. quadricauda

in Pi-limited dual species continuous culture (Figure 15).

gince elimination does not occur under batch culture condi-
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tions, the outcome of competition under transient conditions
is diffucult to gauge. However, in dual species batch cul-

tures, S. Nageli (strain A) does predominate.

PAYSIOLOGICAL PROFILES

From the continuous and batch culture results, it is
possible to construct partial physiological ©profiles for

S. Nageli (strains A and B) and S. quadricauda. These

profiles are useful for determining the ecological niche
that each species occupies in an environment. Kuenen and
Harder (1980) suggest that an ideal oligotroph would exhibit
a vphysiological profile with such characteristics as a2 high
surface to volume ratio, a high affinity for nutrient tran-
sport and nutrient transport coupled to stored polymer
vtilization. On this basis, S. Nigeli (strains A and B) ex~
hibit physiological characteristics that more cloéely

resemble those of an oligotroph than does §S. quadricauda.

Ttherefor, the blue-green alga should be most competitive in
nutrient poor environments (if the environment is P-limited,
as many aquatic systems are). 2 large propoftion of the

bismass in an oligotrophic marine environment has been re-

9]
m
!

121y reported to consist of small unicellular blue-green

zlgae (Johnson and Sieburth, 1979). S. quadricauda on the

other hand should predominate in eutrophic and/or tran-
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¥
siently eutrophic environments. This green alga has been

found to dominate the phytoplankton community of a

hypereutrophic pond (Vincent, 1980).
TAXONOMIC/PHYSIOLOGICAL SIMILARITIES

An inherent‘assumption of models predicting microplank-
ton biomass, competition and succession in natural aquatic
systems is that growth kinetic deécriptions obtained from
the study of 1laboratory cultured species will represent
growth of taxonomically closely related ecologically sig-
nificant species. However, taxonomic relationships are
based largely on morphological similarities and may not be
useful for predicting physiological similarities that may
exist among spegies.

Overall my results show , that as a group, the
microplankton species studied exhibit relative uniformify in
their phdsphorus dependent growth kinetic chéracteristics.

In comparison to other major groups of microorganisms, such

‘as Escherichia coli and other gut microbes, the microplank-
ton spacies I studied have much highef affinifies and yields
and have 10Qer Q6 values for P. Within ﬁhe' group of
microplankton species studied, however, variability did
exist, and this variability did not always occur along tax-

onomic lines. For example, while the two blue-green species
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studied exhibited close physiological similarities in their
P-dependent growth kinetic characteristics (both transient

and steady-state), the two Scenedesmus species studied dif-

fered significantly in both their transient and steady-state

P-dependent growth kinetic <characteristics. 1In addition,

S. guadricauda differed significantly from the Scenedesmus

sv. Rhee (1973, 1974) studied. Therefor, it is not ac-
curate to extend growth kinetic descriptions of easily cul-
turad organisms to predictions of the biomass and composi-

tion of taxonomically related species 1in natural aquatic

IMPLICATIONS

A major focus of 1limnological aﬁd oceanographic
rasearch has been to gain an understanding of the fundamen-
tzl processes responsible for controlling microplankton
bionass, composition and succession in natural aquatic
sys*ens. Microplankton proddction has been traditionally
relzted to the concentration of an essential factor (most

n an essential nutrient) to steady~state models.

olte
Fi-zing data to these steady-state models has indeed en-
hanced our understanding of the relationship between

icroplankton production and 1limiting nutrient concentra-

tinns. Several attempts have also been made to apply these
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empirical models to .natural systems wusing laboratory

microcosms (Jassby et al., 1977), large scale outdoor batch
(DeNoyelles and O'Brien, 1278) and continuously fertilized
(Malone et al., 1978) culture studies. The approach used in
these xenic outdoor <culture studies 1is to observe, over
time, changes in various parameters as caused by nutrient
enrichment and/or nutrient ratio modification to growing
microplankton speéies. However, these attempts have had
limited success 1in accurately predicting observed events.
Until more is known about microplankton eco-physiology, it
is unreasonable to assume that steady-state empirical models
are a good approximation of microplankton growing in natural
aquatic systems which are often subject to periodic nutrient
perturbations; Further experimental work must, to a greater
extent, consider the physiological responses of microplank-
ton to both steady-state and transient environmental condi-
tiéns (see Burmaster, 1978).

Knowledge of the processes regulating the microplankton
community in natural aquatic systems has many applications.
It will be useful be predicting microplankton biomass, com-
position and succession in natural aQuatic éystems, thereby
providing a means in controlling nuisance species and their
bloons. It- will also be utilized in devising management
schenes for maximal production of desirable microplankton

species in artifical wupwelling areas and fish production
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ponds. Further, the ability to model

and understand a
nztural system would allow accurate assessments of perturba-
tion effects to that system., This would be of value for as-
sessmenﬁs of the potential effects of substances such as

pesticides, petroleum, mine slag, cannery wastes, etc...

added to natural aquatic systems.



SUMMARY

In this thesis I have described the P-limited growth of
several aguatic microplankton species, living in P concen-
trations that are typical of many natural aquatic systems.
Because natural systems are subject to periodic fluctuations
in P-levéls, both steady-state (via continuous culture) and
transient (via batch culture) growth were described.. From
the detailed growth kinetic analyses of S. Nageli (strain A)

and 8. cgusadricauda, I was able to predict the competitive

abilities of these organisms when P-limited. 1In addition to

describing competitive abilities, I used growth kinetic

descriptions and morphological characteristics to construct-

partial physiological profiles for several of these species.
However, I found that these physiological profiles could not
be extrapolated to other taxonomically -related species.
Discovering the factors that regulate the microplankton com-
munity in natural systems provides further insight into
euvtrophication processes, fiéhery managemént and aquatic

system modelling.

4
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