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THE NUTRIENT STATUS OF ALGAL CELLS
IN CONTINUOUS CULTURE :

By M. R. DROOP
Scottish Marine Biological Association, Oban, Scotland

(Text-figs. 1-12)

Chemostats were used to study the relation between growth rate, the rate of nutrient
uptake and internal and external nutrien‘t cogcentra‘qions of two nutrients simultaneously.
(Monochrysis Iutheri: phosphorus and vitamin By,.)

Growth rate and internal concentrations of both limiting and excess nutrients are

related by simple rectangular hyperbolas.

Control was shown to follow a threshold rather than multiplicative pattern; that is,
non-limiting nutrients exert no control at all over the pattern of growth. The limiting
autrient was the one that showed the smallest cell quota:subsistence quota ratio.

Monochrysis populations exhibited two modes of growth.  Slow adapted cells’ differed
from “fast adapted cells’ in the values of the constants for the above relation.

Uptake of both limiting and non-limiting nutrients was found to be controlled by
internal as well as external substrate concentrations. There was thus a limit to luxury
consumption of one nutrient when growth was limited by another.

'The mathematical model formulated for growth in a chemostat (equations (23)-(29))
illowed prediction of external and internal substrate concentrations and rates of uptake
of two nutrients and of biomass, given only the input concentrations of the two nutrients
and the dilution rate. This model should apply equally well to growth in batch cultures;
its possible application to natural populations was discussed. )

INTRODUCTION

It is my contention that the internal status of an algal cell respecting the various
essential nutrients can-be as important as or even more important than the concentration
he nutrients in the environment, depending of course on the circumstance (Droop,
b). Predictive phytoplankton models (e.g. Dugdale & Macisaac, 1971) commonly
of the Michaelis Menten enzyme expression for the uptake of a nutrient. This,
with the assumption that there is direct coupling between the uptake of a
nutrient and growth, leads to the Monod (1942) equation for nutrient limited

) s %
L= . 1
HPm Ks(,u) +s ( )

, since the enzyme reactions that result in growth ‘see’ internal rather than
substrate concentrations, it can be argued that changes in growth rate must be
changes in the concentrations of the various internal nutrient pools, and that
n for instance as to which nutrient is rate limiting hangs upon the relative
ions of these pools and not on the external concentrations directly.

xplanation of the symbols used throughout the paper is given in Table 9 (p. 854).
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It follows from this that a cell’s previous history influences its present behaviy
fact that is well known and that has bedevilled our attempts to describe evens jp tranlsl'r
systems with the aid of Michaelis kinetics solely in terms of external substrate ConCenl
tions. Steady-state systems should not suffer from this difficulty since in them the
is largely eliminated. Such systems have the potential to yield a consistent set of g
contained relationships, which should in principle be applicable to the real worlg of[;
steady-state situations, that is, provided sufficient input information is to hand,

My present objective is to formulate a description of growth of an alga undey
steady-state conditions of a chemostat in terms of internal and external concentragq;
of two essential nutrients, either or both of which may be effecting contro}.

METHODS

The yellow supra-littoral flagellate Monochrysis lutheri (SMBA Strain €0) is a convenj
organism for chemostat work. Skeletonema costarum, a diatom and another possibility, might ha,
been preferable on the grounds of its ecological importance, but it is less easy to handle and ¢y
sequently slower to yield results than the flagellate. The two organisms are similar in cell gize
their behaviour towards vitamin B, limitation (Droop, 1970). It is however obviously desirah
that important conclusions should be confirmed with the diatom. '

The details of the apparatus for continuous culture were described previously (Droop, 195’
The capacity of the culture vessels was 295 ml. The culture medium S 88 (Droop, 1968) w
prepared as a dry mix without the two nutrients, phosphorus and vitamin B,,, which were to’
the subject of the experiment. The chemostat reactors were immersed in a water tath at 20
and received continuous warm white fluorescent illumination of about a K lux,

The choice of the two experimental nutrients was dictated by the method of measuremes
Since the intention was to use radioactive labels the two isotopes had to be mutually distinguishal
so that concurrent measurements of both nutrients could be made on a single sample even with
rather unsophisticated well crystal scintillator available to me. %Co is a y emitter with energi
confined to a narrow band, while 2P is a rather energetic / emitter with an even spread of energi
over a very wide band. For accuracy it was advisable that the contribution of the two isotopes
the total count recorded by the apparatus should be of the same order of magnitude. This
achieved when the specific activity of the *P was 50 times that of the **Co. Thus the culture medi
was charged with Co vitamin B, at the rate of some 02 4#Ci/l and with **PO, at the rate
10 uCi/l. At this rate it was possible to obtain counts of 1000-50000 cpm on material from 50
of culture.

The distinction between the two isotopes was made as follows: Designating the counts (aft
subtracting background) obtained with four different discriminator bias settings as C,, Cs, C3, €
then the total count in the sample due to **P is given by

1 c
P =;[cl-cz—5<c3—c.,>]

and that due to ¥Co by
V= %[CS—Q—dP] ,

where a, b, ¢, d are the relative efficiencies respectively of the C,— C, counts for ¥*P, the Cy—
counts for ¥Co, the C; — C, counts for ¥Co and the C,— C, counts for 32P ; the relative efficien
having been ascertained for each isotope separately and calculated as respectively (Cl‘cz).
and (C,; — C,)/C;. For ¥Co and *P on my apparatus (a 27 in Nal well crystal and photomultipli
type 6079B with Panax autoscaler Type D697) convenient values for the bias settings were 2, 12;
and 25 volts with H.T. setting 1200 volts. With these settings a, b, ¢, d, were found to be, respet
ively, 0-386, 0962, 0-0065 and 0-146.
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require the following information from the chemostat:
Dilution rate, D (= u) = flow rate + culture volume.
,) Cell count, . - . :

s2p and "Co radioaciivities in cells from an aliquot (ca. 50 ml) of culture (designated P, and
spectively). e . .
s2p and ’Co radioactivities in the supernatant from the same aliquot (designated P, and V,
ctively)- . . . )
) The chemostat phosphorus and vitamin B,, input concentrations sz(P) and sg(V).
“hen the concentrations of phosphorus and vitamin in the supernatant culture medium are
1 by, respectively:

fluences its present behayigy,
pts to describe events in trapg;
s of external substrate concey
difficulty since in them the p
to yield a consistent set of g
plicable to the real world of
t information is to hand.
of growth of an alga under

rnal and external concentray; o) = Py.sp(P)
' be effecting control. P+ P
Vs.sr(V)

(V) = Vet Vs

(SMBA Strain 60) is a convepj those of the cell quotas for phosphorus and vitamin, respectively:

1 and another possibility, might

but it is less easy to handle and Q@) = M@.f
y organisms are similar in cell siy P,+P; "x
o). It is however obviously desir

1tomm. 0 (V) = V,.sr(V) 1
described previously (Droop, 19 VoV, "%

re medium S 88 (Droop, 1968)
1s and vitamin B;,, which Were t
- immersed in a water tath at 2
n of about a K lux.
‘ed by the method of measurem
yes had to be mutually distinguish:
nade on a single sample even with
ne. ¥Co is a y emitter with ene
nitter with an even spread of ene
e contribution of the two isotop
same order of magnitude. This
-of the ¥Co. Thus the culture me
#Cifl and with **PO, at the ra
0-50000 cpm on material from §

harvesting and processing the samples: after withdrawing some 55 ml from the chemostat

the cells, in a filter holder so designed as to fit without dismantling into the well of the
rystal. The supernatant was then refiltered through a membrane as a precaution and then
d gently with a few mg of ferric chloride to co-precipitate the orthophosphate and then
d through a 2 mm deep ‘column’ of activated charcoal in another filter holder of the same
These filter holders were simply standard scintillator beakers with their bases cut off and
upside down with the filter pad (or pad and charcoal) resting on a wire gauze. Accidents
GFB glass paper holds back every Monochrysis cell, while 2 mm of charcoal holds more than
of vitamin B,, and 99 9%, of orthophosphate (after precipitation).

sphorus was added to the culture medium as orthophosphate (including the label which was
orthophosphate’ from the Radiochemical Centre, Amersham, at a specific activity of

e label, ‘CTP Cyanocabalamin for injection’, also from the Radiochemical Centre, at a
c activity of usually ca. 0-1 Ci/mg vitamin.

alyses of linear regression were carried out by conventional methods on the data as suggested
linear derivatives of the equations being tested. 95 % fiducial limits were taken as ¢ standard
from the means, and are shown in parentheses.

Hllows: Designating the counts (;
ninator bias settings as Cy, G, C,

)]

-INTERNAL SUBSTRATE CONCENTRATION
Introductory

ere is increasing evidence from chemostat work that a simple empirical relation
between the rate of growth of algal cells and the internal concentration (cell quota)
learly limiting nutrient. This can be shown to be so with vitamin B,, with Mono-
}lutherz' (Droop, 1968) and with Skeletonema costatum (Droop, 1970), with nitrate
ochrysis galbana (Caperon, 1968), with phosphorus for Cyclotella nana (Fuhs, 1969),
nitrate for M. Iutheri and C. nana (Caperon & Meyer, 19724, b), with phosphorus

he C,— C, counts for #2P, the G

counts for 3°P; the relative effic
alculated as respectively (C;—G:
‘NaI well crystal and photomult
lues for the bias settings were 2,
s a, b, ¢, d, were found to be, 1€

was used for a Coulter cell count and the remainder passed through a glass filter pad to -

o Ci/mg P). Vitamin B;, was obtained from Glaxo Ltd as ‘100 pg ampoules for injection’
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for Nitzschia actinasteroides (Miiller, 1972), with iron for M. lutheri (Droop, 19735) 4
with silicon for Thalassiosira pseudonana (Paasche, 19734a, b). :
Furthermore, in continuous culture this relation holds whether the nutrient g limit
or not (Droop, 19734, b).
Thus, if one considers two nutrients, one of which may or may not be Iirniting
has in the chemostat* >
D kl()t kIQE

—_— = ] — === = —

D ';7L Q:l QB

so that
!
Qxl _ kQ.ri

QB - kL(QB

which is to say that the ratio of internal concentrations of the various nutrients j
of their apparent subsistence quotas and is independent of the specific growth rate,

ky is a variable quantity, which should be distinguished from the ‘true’ subsiste
quota k. The precise relationship between k, and k¢ depends on the model adopted f
multinutrient limitation, but in any case k is the value k'Q takes when the nutriey
question is clearly limiting.

Thus

k/(.)/, = k()L
and

Ox

!
kQA‘ = k(ﬂ

Or

so that we have
!
R = koy _ ko, Q_\_ _ ko, Spy—Sy
koy koy Qrn  koy Spi—sz

since necessarily

R we may term the ‘luxury coefficient’ because it is a measure of the relative excess 0
non-limiting nutrient over a limiting one. Equation (2) can now be written

D, ' 0

I have suggested and discussed (Droop, 19734, b) a multiplicative model for mult:
nutrient limitation in the polynomial

2_ _k_Qx_l _kOB : "
5~ (-8 (g (e

* This paper is concerned principally with chemostat steady-states when specific growth rate an
dilution rate are theoretically equal. The symbol for dilution rate, D, has been used, since that 18 th
parameter actually measured.

D _ Rk
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r M. lutheri (Droop, 1973 b) there is & very obvious alternative, more in keeping with Leibig’s ‘law of minimum’,

3a, b). ;g what we may term a ‘threshold model’, namely
s whether the nutrient is lim; : D ) Fo. o D ) Eo, e (10)
‘ m=1-7" v = 11— Ctc.
"Dy, [0 Dy, B

may or may not be limiting,
Essentially the multiplicative model states that all nutrients exert at least some control

I the time; while the threshold model states that control is always exerted by a single
auirient, the one that happens to be in shortest supply relative to the needs of the cell.
It will be clear that if equation (9) is true then equation (2) cannot be strictly so under
all conditions, since when for example two nutrients are equally and distinctly limiting
o that both g, = ko, and kg, = kg, we get from equation (9)

Qu Oz

ch is not compatible with equation (2). Therefore, one would expect either non-
earity in equation (2) or a contradiction of equation (9). Equation (10) on the other
and predicts linearity in equation (2) under all conditions.

At the other extreme, when one of the nutrients is very much more limiting than the
mainder, the difference between the two models disappears.

ne can go further and state that, unlike the multiplicative model, the threshold model
dicts that the observed relation, equation (2) applied to a limiting nutrient is un-
octed by the cell status respecting any nutrient, providing the same nutrient remains
miting, however marginally.

hus to distinguish between the two hypotheses it is necessary to have the two
rients as nearly equally limiting as we can, that is we need to have

Q4 _95

kQA - ,kQBf

sreas to establish value for kg, and &g, in the first place we require first the one and
n the other nutrient to be clearly limiting. ‘

summary, the objectives are: first to confirm that equation (2) holds where two
ents are examined simultaneously in a single culture under a variety of conditions
ative input concentrations. Secondly, to decide between the two, models for multiple
tion expressed in equations (9) and (10), and also, incidentally, to decide whether
istinction is at all important from a practical point of view.

1s of the various nutrients s ¢
1t of the specific growth rate,
shed from the ‘true’ subsist
lepends on the model adopte
ue &y takes when the nutrie

ry TSN
Sre —SL

measure of the relative exces:
) can now be written

Results

 chemostats were operated continuously from early January to late November
0 begin with one received 1-44 nM/ml phosphorus and 68 fM/ml vitamin B;,
iment I) and the other 14-4 nM/ml phosphorus and 6-8 fM/ml vitamin B,,
iment II). In May the input concentrations were changed to 1-44 nM/ml phos-
and 21-4 fM/ml vitamin By, (Experiment III) and 1-44 nM/ml phosphorus and
/ml vitamin B,, (Experiment IV). Experiment I had phosphorus clearly limiting
the vitamin in great excess while in Experiment II the vitamin was clearly limiting

a multiplicative model for mi

‘..'), etc.,

fy-states when specific growth @
ate, D, has been used, since that

D . kei_ . Fos , '
A/l—),—m_ 1 =1 (11)
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Experiment | Experiment ||
1.0 + 50 °
. g 1
£ 50
3
£
&
8’ Experiment Ill Experiment IV
10
10
°
®
(]
1
1-0 10

Q (phosphorus)

Fig. 1. Regressions of DQ on Q for phosphorus from Experiments I-1IV. Q in nM/million ce]
DQ in nM/million cells/day.

and phosphorus was in excess. Experiment III proved to have a slight excess
vitamin and Experiment IV a slight excess of phosphorus. :
It gradually became apparent during the experiments that Monochrysis exhibited
modes of growth, which we may term respectively ‘fast adapted’ and ‘slow adap
This phenomenon will be discussed in a later part of this paper. For the mom
suffice to say that the two modes could readily be distinguished and the switch from©
to the other was fairly predictable. The detailed discussion will be confined to 1¢8
since they were more precise than the other set, obtained with the *fast adapted’
ie. to those obtained from the end of February to the end of April and from the
July to mid-November. The 44 steady-states recorded during these two periods
out in Table 1. (The 48 steady-states for slow adapted cells recorded mainly in JaB
and February and again between June and September are shown in Table 6, p-




NUTRIENT STATUS OF ALGAL CELLS

Experiment [l

Experiment | Experiment H

DQ (vitamin B,,)

iment Il Experiment IV
Experiment IV Experimen xperimen

50

Q (vitamin B,;)

Fig. 2. Regressions of DQ on Q for vitamin B,, from Experiments I-IV. Q in fM/million cells.

DQ in fM/million cells/day.
[-IV. Q in nM/million cell

uation (2)

The first task is to show that equation (2) adequately describes these steady-states
th in respect of phosphorus and vitamin B, regardless of which of the two nutrients
s the more limiting. We may examine the eight regressions of DQ on Q and the eight
£ D on 1/Q according to the two linear derivatives of the equation,

have a slight excess o

- Monochrysis exhibited
apted’ and ‘slow adap

s paper. For the mom DQ = D, Q- D,k ] (12)
ed and the switch from _ |

will be confined to res D = Dj,—Di,%, 1 (13)
h the “fast adapted”’ cells Y

"April and from the en
g these two periods ar
ecorded mainly in Jant
own in Table 6, p. 84

ight regressions, since we have two nutrients and four experiments. The regression of
and Q are shown in Figs. 1-2 and the coefficients derived from them in Table 2.
Cregression of D on 1/Q are likewise shown in Figs. 3—4 and the coefficients in Table 3.

eregression of DQ and Q is statistically questionable in that the ordinate and abscissa
§3

MBI 54
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are not independent since they both contain Q, but is none the less useful in bein,
rather more graphic than the other and, moreover, DQ is the rate of uptake, Th
correlation coefficients of this regression are naturally very high indeed. On the othe
hand, high negative correlation coefficients of the regression of D on 1/Q are 200

Experiment | Experiment [i

10

o\ 9

—_

>

i

2

2

[+] 1
Z 2.0
[]

3

[od

—

5

"_3 Experiment Il Experiment IV
=

1/Q (phosphorus)

Fig. 3. Regressions of D on 1/Q for phosphorus from Experiments I-IV. D in vols/day.
1/Q in million cells/nM.

evidence of the appropriateness of the equation for the data. Reference to the tables show!
the lowest coefficient to be 0-982 for the DQ on Q regressions and —0-944 for the D
on 1/Q regressions. These are indeed impressive and we may conclude that equation
accurately describes the relation between D and Q for the chemostat steady-states ov
a very wide range of nutrient input concentrations.

One would expect D), to be the same for all the regressions and especially from th
phosphorus and vitamin pair in each experiment. This was generally the case,

o
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it is none the less useful ip beip
r, DQ is the rate of uptake, Ty
lly very high indeed. On the oth
regression of D on 1/Q are £04

ypetiment II showed a higher D;, than the other three. I cannot explain this anomaly,
especially as conditions other than those varied intentionally were uniform throughout
the series. We/note that &, for vitamin B, in the two vitamin-limited cultures was
fCSPectively 2-37 and 2-54 fM/million cells. This compares quite well with the figure of

E i tll
Xperimen Experiment | Experiment Il
10 - 1o
o |
w ®
°
< 1 1
[
# 0-05 04

&
2
5

Experiment IV =
a Experiment Ill Experiment IV

0-4
rus) 1/Q (vitamin B,,)

Experiments I-IV. D in vols/day.

i Fig. 4. Regressions of D on 1/Q for vitamin By, from Experiments I-IV. D in vols/day.

1/Q in million cells/fM.

data. Reference to the tables shoy
regressions and —o-944 for the,
we may conclude that equation (
r the chemostat steady-states

9 obtained with the same organism in 1967 (Droop, 1968). We may take it that the
€ kg of vitamin B, for Monochrysis is of this order. Similarly the kg for phosphorus
bably lies between 036 and 0-38 nM/million cells. '

egressions and especially from
This was generally the case,
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TABLE 1. CHEMOSTAT STEADY-STATES, ‘FAST ADAPTED’ CELLS (s HERg RER
TO TOTAL DISSOLVED SUBSTRATE)

D . x s (P) s(V) om Q)
Date (vols/day) (millions/ml) (nM/ml) (fM/ml) (oM/million  (fM fmill
cells) celly)
I. 5z (P) = 1-44 nM/ml, sz (V) = 68 fM/ml (i.e. vitamin in great excess)
1. iii. 0633 148 —0-0138 6-28 0916 390
6. iii. 0650 162 0247 550 0733 385
12, iii, 0724 135 0'179 615 0930 457
16, iii. 0752 1-40 0-0812 657 0-967 38
19. iit. 0-800 1-03 0144 777 126 585
23. iii. 0855 0'939 0'0590 513 1-47 670
6. iv. 0162 301 0114 9-60 0°440 194

19. iv. 0175 265 0290 102 0°433 218

I1. sz (P) = 14°4 nM/ml, sz (V) = 6:8 fM/ml (i.e. phosphorus in great excess)
1, iii. 0-694 1-18 8-27 0728 516 514
6. iii. 0719 1'0§ 921 0415 4'93 610
12. iii. 0774 0-804 9-65 1-00 5-87 721
16, iii. 0754 0-970 931 0'949 521 603
19, iif. 0-862 0812 918 0603 639 763
23, iii. 0-871 0719 9°40 114 692 788
28. iii. 0858 0728 10°1 0633 5-83 848
6. iv. 0211 1:94 778 1-06 3:39 295
19, iv. 0219 1-87 829 1-09 325 305

III. sz (P) = 1-44 nM/ml, sz (V) = 204 fM/ml (i.e. vitamin in slight excess)

1. viii. 0°458 1-97 0127 3-01 0664 881

8. viii. 0452 1-97 00656 345 0695 853
11. Ix. 0°459 2-24 0-130 1-63 0584 8:38
19. ix. 0475 2416 00574 365 0637 774
25, ix. 0°591 1-67 0:0954 3-00 0-303 104
28, ix. 0587 157 0155 279 0-815 112

1. X. 0586 1-66 00781 242 0818 108

3. X. 0704 143 0124 2-38 0917 126

8. x. 0709 1-23 0128 191 1-06 15:0
10. X. 0705 1:31 0:0678 396 1:04 12°5
15. X. 0-644 1-38 00256 1-61 1-02 136

2. xi. 0116 277 0-0663 323 0496 621
12, xi. 0123 3-39 00885 319 0398 5-08

IV. sz (P) = 1-44 nM/ml, sz (V) = 6-8 fM/ml (i.e. phosphorus in slight excess)

1. viii, 0'559 1-12 0-122 0-804 1-17 535

8. viii. 0°546 1-28 00195 0-370 111 465
13. viii. 0’572 1-37 0110 0619 0965 450
11. ix. 0531 1-11 0141 0-856 1:17 538 .
19. Ix. 0518 1:20 00277 0°909 1-18 492
25. ix. 0-644 1-14 0-0539 0-682 121 535
28. ix. 0643 1:06 0101 0619 ) 1-26 584

1. X. 0642 104 00276 0848 1-36 574

3. X. 0729 1-03 0-238 0-841 1-16 576

8. x. 0-760 0749 00449 0-674 1-86 818
10. X. 0-763 0798 0-0360 0612 1-76
15. X. 0736 0-829 0263 0563 143

2.xi. . 0140 1-86 0113 145 0713
12. xi. 0134 2:02 0169 1:47 0626
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Equation (3)

TE) A corollary of equation (2) is that the quotas of the two nutrients are always in the
Q@) Q(V) same ratio as the respective apparent subsistence quotas (equation (3)). In the event,
(nlvéglrllsx;hon (ﬂ\ﬂfgm"n ; although individual steady-states showed some variation in the Q ratios in each experi-
. , . \ .
n in great excess) ment the means of the ratios agreed very well with the calculated &j, ratios (Table 4).
0916 390 TABLE 2. COEFFICIENTS ASSOCIATED WITH THE REGRESSIONS
0'733 385 1 ’
0930 45'7 (A), DQ = D;,0-D;k; AND (B), O = —-DQ+k;
Q (4
0967 438 D
14213 ggg (D, derived from (A) and kj, from (B). 95 % fiducial limits shown in parenthesis.
Data from Table 1.)
0440 194
0433 218 ' D, %,
orus in great excess) Fxperiment Nutrient (Vols per day) (Moles per 10° cells) r
516 514 1 1 113 (+0°03) 0361 (+0-05) 107 0-996
4'93 610 J§81 1-10 (+003) 0390 (£ 0-05) 10~* 0-989
587 721 v Phosphorus 1'11 (+0°04) 0'539 (+0-09) 10~° 0-982
521 6-03 1I 1-52 (£ o005) 2-76 (£0-27) 10™° 0'993
639 763 1 116 (£ 0-02) 17:3 (£17) 1075 0'998
6-92 788 901 Vitamin 1-07 (+0-03) 4'91 (X054) 1072 0-990
583 8:48 v 1:09 (+0-02) 2:42 (+0-28) 1071 0'991
339 295 iI 1-27 (£ 0°03) 2-56 (+0°23) 10718 0'998
325 305 ‘
min in slight excess) TABLE 3. COEFFICIENTS ASSOCIATED WITH THE REGRESSIONS,
0664 881 , sy 1 i1 1
0695 858 (A) D = D;,—D, k 0 AND (B), "% DLF D
ggg; ggi (Dy, derived from (A) and & from (B). 95 % fiducial limits shown in parenthesis.)
0-803 104 D! R
0-815 112 ; . . m e .
o818 108 -Experiment Nutrient (Vols per day) (Moles per 10° cells) r
0917 126 1+16 (+0°09) 0373 (£ 0°032) 10™° —0-989
1-06 150 1:09 (+012) 0393 (4 0-040) 107° —0'957
104 125 : Phosphorus 1:15 (+0-13) 0599 (£ 0:069) 10~ —0994
1-02 136 I 1:56 (£013) 286 (+0°19) 107° —0-987
T 0496 621 117 (£008) ~ 17'6 (+2-0) 10718 —0992
0398 5-08 Vitamin 1-06 (+ o-ug 497 (+ 0-483 10-15 —0964
. 1-09 (+0-08 245 (£0-20) 10715 —0'974
horus in slight excess) 1-24 ( £0:06) 248 (+0r14) 10-5 — 0904
1+17 535
1-11 465 ; L. . . .
096 450 riment I11 provided the worst fit, but even here the difference was not significant.
965 : p , g
1:1; Z:gz of O (phosphorus) against Q (vitamin) for Experiments IIT and IV can be seen in
121 535 8 and 9 (pp. 839, 840). It would appear to be a legitimate conclusion that the Q
1'22 g‘%  do reflect the k&, ratios and that they are constant for any given input nutrient ratio
1. * . .
13 P dless of the dilution rate.
1-86 818 o .
176 ;Zg ms (9) and (10)
1°43 ’ oy . o qe s .
0713 223 ' distinguish between the threshold and multiplicative models for simultaneous
0626 2°

tion it is necessary to rely mainly on data from the two experiments with the two
ents more or less evenly balanced, namely Experiments III and IV.

point was made earlier that when two nutrients are equally or nearly equally
g equation (9) and equation (2) could not both be strictly true: the multiplicative
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Experiment | Experiment I

Experiment il Experiment V

Dilution rate (vols/day)
Ditution rate (vols/day)

] i
10 1.0
Q (phosphorus)

Fig. 5. Plot of D on Q for phosphorus from Experiments I-IV. D in vols/day. Q in nM/million -
cells. Lighter curves: prediction according to multiplicative hypothesis (equation (9)). Heavier
curves: prediction according to threshold hypothesis (equation (10)). .

TABLE 4. MEAN RATIOS OF CELL QUOTA OF PHOSPHORUS (Q(P)) TO THAT OF VITAM
B,, (O(V)) FROM TABLE 1 COMPARED WITH THE MEAN RATIOS OF kj FOR PHOSPHOR
(ky(P)) TO THAT OF VITAMIN B, (k,(V)) TAKEN FROM TABLES 2 AND 3 |

(95 % fiducial limits in parentheses (those of the k;, ratios were calculated by the
‘Monte Carlo method’).)

Experiment  Mean ratio Q (P):Q (V) Mean ratio kg (P): kg (V)

I 00213 (+0'0013) 10° 00210 ( + 0-0042) 10°
III 0°0764 ( +0°0026) 10° 00792 (+0'0162) 10°
v 0224 (+0°009) 10° 0234 (+0°055) 10°
II 0-923 (+0-12) 10° 1-11 (£0-19) 10°
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e hypothesis (equation (9)). Heavier
rion (10)).

Fig. 6. Plot of D on'Q for vitamin B,, from Experiments I-IV. D in vols/day. Q in fM/million
cells. Lighter curves: prediction according to the multiplicative hypothesis (equation (9)).
Heavier curves: prediction according to the threshold hypothesis (equation (10)).

ORUS (Q(P)) TO THAT OF VITAM
N RATIOS OF k; FOR PHOSPHOR
I TABLES 2 AND 3 '

model requires non-linearity in equation (2). However, as we have seen equation (2)
appears to fit the data even when the two nutrients are nearly equally limiting, so we
might conclude that the threshold model is the better model. We have not, however,
shown that the two nutrients were sufficiently neatly balanced in Experiments III and
IV for differences between the two hypotheses to manifest. This is done by calculating D
by the two methods (equations (9) and (10)) from the measured steady-state Q values.
The eight plots of D on Q are shown in Figs. 5-6. The curves calculated from equa-
tion (9) are shown as light and those calculated from equation (10) as heavy lines. £, for
¢ach nutrient was taken as the mean of the two lower values of &g of Table 2 and D, as
the mean value for the appropriate experiment, also from Table 2. In the case of Experi-
ments T and 11 the pairs of calculated curves were so nearly superimposed that only one

ratios were calculated by the
y

an ratio &y (P):k;, (V)

0210 ( £0°0042) 108

0792 (+0°0162) 108

234 (£0°055) 10°
11 (£0-19) 108
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could be shown at the scale of the diagrams. This confirms that any difference betwee
the models disappears with extreme imbalance of the two nutrients. All the other cury,
clearly indicate that it is the threshold hypothesis that gives the better fit of the fact
The multiplicative model underestimates the growth rates.

[
'Y
o8 /o 08
o 05 |- ® © 0o
a ® o
= ° o
=}
: * 00?5 ©
@ (o]
4 Q‘; o
~ E
a o ©
L S, o
o
(o]
Y
& l 0
05 10

D as measured

Fig. 7. Computed values of D/Dy,, against D as measured (Experiments III and IV). Open circles
D|D’, computed by equation (9) (multiplicative hypothesis). Close circles D|D;, computed by °

m

equation (10) (threshold hypothesis). The line is the graph of D/D/, on D, D;, being given the
mean of the values obtained in Experiments 11T and IV as shown in Table 2. :

A further check was made by calculating D/Dj, first by equation (9) and then by eqli
tion (10) from the steady-state values of O (phosphorus) and Q (vitamin) in Experimeny
I1I and IV and those of %, as above and plotting D/D}, so obtained against D as measure
This should give a straight line with slope 1/D;, passing through the origin. The op
circles in Fig. 7 are calculated by equation (9) and the closed circles by equation (1
The slope of the line drawn is that of the reciprocal of the mean D;, of Experiments I
and IV taken from Table 2. Again it is clear that the good fit is provided by equation (1
and not equation (9). And again one observes the multiplicative model underestima
the growth rate.

Figs. 8 and 9 show the steady-states of experiments IITand IV plotted on O (phosph
and Q (vitamin) coordinates. The actual position of the points is indicated by the de
point. The numbers are the steady-state dilution rates. The contours are those o
calculated from equation (9) in Figure 8 and from equation (10) in Figure 9. Once aga
the better fit is seen to be given by the contours calculated from equation (10).

Equation (4)

It is now necessary to check that, as predicted by the threshold model, the relatl
between specific growth rate and cell quota of a limiting nutrient is unaffected by st@
respecting any nutrient provided the same nutrient remains (even marginally) limi
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t;V:; no;‘.:1 possible fron.1 the four experiments already carried out to observe the effect
s gI :1 e i(;(;‘tlii:entrauon of the limiting nutrient while holding the non-limiting one

! .Ina experiment therefore, both chemostats were oj i
: . given input concentra-
hg:pfl)lf; r144nM/m1 Phosphorus and 13:6fM/ml vitamin B,,, that is Svith the san?e
tiHclearluslj as.l.ixpernnent II but with double the amount of vitamin. The latter was
¥ limuting, however, so that a direct comparison could be made with the vitamin

ed by the threshold model, the re
limiting nutrient is unaffected by
jent remains (even marginally) lims

1. thi i 4
$ experiment D}, was 0-955 (+ 0-06) and kg 1-83 (+0-28), based on the re-

ession of
D on 1/Q. These values are somewhat smaller than those obtained from

X‘ 13 1 . .
fPeriment 11, but it will be recalled that that experiment yielded abnormally high
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values. The only conceivable effect of raising the input concentration of the limigs
nutriént would be to increase k?. That it was margin.ally decreased merely increaseq
margin of error and does not disprove the hypothesis.

076
076
15
074
0-64 08
0-64
0-64
g 0-53¢.73
5 055 071
% 10 | 070 .64~ 71 — 07
: 057 070
o 5.590°5 06
014 045 .
013 0-48046 0
0-46 04
05 0-11 8%
012 8.1
I | |
5 10 15

Q (vitamin B,,)

Fig.9. Contoursof D on Q (phosphorus) and Q (vitamin) coordinates computed according to equa-
tion (10) (threshold hypothesis). Experimental steady-states of Experiments III and IV are indi-
cated by the position of the decimal points.

Comment and conclusions

Equations (2) and (3) have been convincingly confirmed, namely that under
steady-state conditions of a chemostat it is possible to express growth rate in terms 0.
internal concentration of both a limiting and a non-limiting nutrient, and that the r
of these concentrations is independent of the growth rate.

Secondly, the subsistence quota of a limiting nutrient is invariant and independe
the cell’s status respecting other nutrients and it is considered a useful measure of
level of requirement. The apparent subsistence quota of a non-limiting nutrient, on
other hand, is larger and variable and its ratio to the true subsistence quota is a mea
of the degree of excess of that nutrient. The term ‘luxury coefficient’ was coined for
ratio,
" Thirdly, limitation, at any rate as far as phosphorus and vitamin By, are concet
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put concentration of the limit

follows 2 threshold pattern. That is either one or the other effects control, The con-
ly decreased merely increased g

rrolling nuirient shows the smaller quota to true subsistence quota ratio (Q : k) and for
it the true and apparent subsistence quotas are identical. The alternative suggestion, that
the tWO nutrients might be exerting simultancous, though not necessarily equal, control
the so-called multiplicative model (Droop 19734, b)) has definitely been shown not to
pe applicable.

Although I believe these conclusions to be well founded, they do only refer to the
steady-state conditions of a chemostat, and we shall require to consider how generally
relevant they are. A key question in this context is how it comes about that the rates of
uptake of two nutrients are in constant proportipn regardless of the dilution rate, given

constant inputs; the proportion being

08
R(kQN/ kQL)'
The parameter R is apparently determined solely by the input nutrient ratio and
30.64_0,71 o7 should, therefore, be expressible in these terms. The rectangular hyperbola defining R,,,
1 1\sp, B 1
o L (o) B 1
06 R G et s (4
05 provides a moderately good fit. It has the property that when the two nutrients are
04 equally limiting R = 1, while at the other extreme R = R,,. R, is thus seen as a reflexion
03 - of the limit to luxury consumption of one nutrien. in relation to limitation by another.
92 R,, for vitamin B,, with phosphorus limiting is very large (1/R,, = —0-012, 95% limits
0 +0:026); indeed R appears to be directly proportional to the ratio of input concentra-

 tions. When vitamin B, is limiting, on the other hand, we get R, for phosphorus ca. 11-0
(1/Rm = 0091 + 0-034). It would appear that the luxury uptake of phosphorus is more
dependent on the uptake of vitamin By, than is that of the vitamin on the uptake of
phosphorus. :

Since # = DQ in the steady-state, for any given values of spy and sp, from equa-
tion (6):

4 '
15

rdinates computedaccording to equa-
of Experiments I1I and IV are indi-

- = "—_“_: (15)

ons

onfirmed, namely that under
express growth rate in terms of
imiting nutrient, and that the 1
| rate. . '

ent is invariant and independet
considered a useful measure of
2 of a non-limiting nutrient, 0o
true subsistence quota is a mea
xury coefficient” was coined for

= BTN R, (16)

where F (s;) is to be determined.

~ If now one considers a batch culture of infinite capacity in which a few cells have
ved a steady-state of growth the same relations apply. Interpreting s as the initial
strate concentration, the steady-state can be said to persist until such a time as s differs
ificantly from s. Thus even in a batch culture, although the uptake ratio of two
ents is F(sy, sy), namely (szy —Sx)/(Sgy —Sz)s it is not necessarily (sn/sp)-

also possible to extend the reasoning to the non-steady-state condition of incipient
texhaustion. However now

e (17)

rus and vitamin B,, are concet®
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so that

0 -0+ w-nQd

and it is not immediately plain during the transitional phase that Q\/Q; and 4
equal. That this is the case can be demonstrated by computer simulation, [
discuss the practical application of the model to batch cultures at a later date,

v/ Uy, ar
hOpe 1

EXTERNAL SUBSTRATE CONCENTRATION
Introductory

Since nutrients are provided by the external environment their availability for gro
depends, #nter alia, on the kinetics of uptake. The Michaelis Menten equation,
I mentioned earlier, has usually been employed to describe the dependence of upt
upon substrate concentration (e.g. Wright & Hobbie, 1966; Eppley & Thomas 19
Eppley, Rogers & McCarthy, 1968 ; Caperon & Meyer, 1972 5) and indeed was an essen
part of the model for nutrient limitation discussed by myself (Droop, 1968, 19734,

The Michaelis equation is based on the following reactions.

S+E I# X —]>3 P+ E.
ks

The first reaction is reversible whereas the second is not. The overall reaction is t
unidirectional with no equilibrium state and its rate is proportional to the concentra
of the intermediate (X). One would therefore expect the rate of uptake to relate to s
strate concentration independently of the specific growth rate and the status of the
respecting other nutrients, and limitation of growth by one nutrient should lead to ¢
tinuing luxury consumption of the remainder and hence to there being no limit t
nutrient content of cells, which is an absurdity. This model leaves the Monod equat
(equation (1)) for substrate limited growth intact (Droop 19734, b) and we should the
fore expect to find the growth rate/substrate curve passing through the origin.
Alternative hypotheses including some sort of ‘product control’ could be formula
by making the second reaction above reversible:

S+E A@ X ; P+E.

ks ky
Now the velocity of the reaction is no longer simply proportional to the concentrati
the intermediate but is also influenced by the concentration of product. The 0
reaction now has an equilibrium state in which net uptake is zero from a finite substs
concentration. Consequently the growth rate/substrate curve would no longer
through the origin and the simple form of Monod’s equation would have to be abandon
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The chemostat data

Q) dt

At first sight the substrate data from present experiments are not easy to interpret.
Apart from anythmg else, by comparison with the internal substrate data they are
extremely erratic.

The plots of D,u and Q on the measured substrate concentrations are shown in

Fig. 11. One may observe first that in no case is there any suggestion that the curves for
-~ pandupass through the origin, as would be predicted by the Monod equation. Secondly,
g1l the sets of vitamin B,, data show negative slopes in part so that the curves seem to
pave the form of a C. Furthermore, accepting the threshold hypothesis for nutrient
[imitation, it follows from equation (6) that a negative slope on the curve for a non-
limiting nutrient could only be produced by a negative slope on the curve for a limiting
one. Accordingly, we may infer that the slopes of the phosphorus curves for Experiments I
and I1T are also negative in part. Incidentally, it can also be inferred from equation (6)
that any scatter in the substrate concentration of a limiting nutrient that is not due to
errors of measurement is necessarily reflected magnified R (k,,/k,,) times as scatter in
the observed concentration of a non-limiting nutrient. Thus, the poor showing of the
vitamin substrate data in Experiments I and III results from the poor phosphorus sub-
strate data in these experiments.
Previously I was able to show that the negative slope in the curves of D and # on s in
vitamin B,,-limited chemostat cultures was due to a combination of two factors, neither
of which alone could produce it (Droop, 1968). These were, first, sequestration of the
by a protein excreted by the cells, which rendered it unavailable to them, and
nd, a small amount of excretion of the vitamin. The two factors could be quantified
the ensuing modification to the Monod equation was

onal phase that Qy/Qy, and uyfu, ,
1 by computer simulation. I hop,
atch cultures at a later date. :
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‘product control’ could be form

represents the total bound plus free vitamin as measured and fs, the residual
lus bound) vitamin, being the concentration at which excretion and uptake are
and-in equilibrium, i.e. at zero growth rate. £ is the ratio of total to free vitamin.

>+ E.
the binding constant for vitamin By, and Monochrysis, was calculated as 3-27
ly proportional to the concentratt
oncentration of product. The 0
t uptake is zero from a finite sub
bstrate curve would no longer
s equation would have to be aband

logous equation for uptake is simply obtained from equation (19) since both
> and « and Q are uniquely related (equations (2) and (17)):

xr _ B(s —50) '
U, PBlley+E—s))’ (21)

and Fypy Ky [k—;%? +1].

B = (E>.B—f1. | ' (20) |

x was expressed as millions/ml and D as volumes/day). This figure may beused in-
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The plot of D on s (i.e. calculated free vitamin, fs=f) for the two vitamin-ljm;;
experiments (Experiments II and IV) is shown in Fig. 10. Both Ky, and 5 had
value of ca. 0-03 fM/ml. The 1968 figure for K, was 0:095 fM/ml, but thig my
also have included s;, a fact which escaped me at the time.

10

1 ]
0-2 0-4
S

Fig. 10. Plot of D against s corrected for binding. Data from Experiments II and IV (vitamin B,
limiting). The curve computed according to equations (19) and (20) with Kypy = s, = 0-03 fM/m]
and D,, = 0'9 vols/day.

Turning now to the phosphorus substrate data, it was pointed out that qualitativel
these must have some of the properties of the vitamin data, in particular a negatiy
slope, so that they might with profit be treated mathematically in the same way (withou
however, necessarily inferring that phosphorus excretion and phosphorus binding wef
involved). Equation (20) would be used for the calculation of 7/«, substituting for .

K

Kp is the apparent saturation constant obtained by applying the Monod equa
(equation (1)) to the actual data:

—~

’ Dm
s(p) = (f - 1)/))5-

Unfortunately the phosphate data in Experiments I and II were too scattered to al
any useful calculation by this method, so values 7/x, s, and K5, were chosen by trial
error. These are entered in Table 5 under phosphorus. They are emphatically not p
sented as estimates of the individual parameters; all one can say is that the prod
(Kypy+ o) (1/k) is of the correct order.

We are now in a position to simulate the complete operation of the chemostat fro
single set of constants and to express this simulation in terms of any pair of parame
associated with a limiting or a non-limiting nutrient. The seven equations providin
complete empirical description of the steady-state in terms of two nutrients (one of whi
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¢ vitamin, fs+f) for the two vitamin-lip;
s shown in Fig. 10. Both K and s; hyg
e for Kpy was 0-095 fM/ml, but this 5

TABLE 5. CONSTANTS FOR EQUATIONS 23-39 USED IN
£ COMPUTING THE CURVES IN FIG. 11
D, vols/day

y ime. 1-
d me at the ‘gme Phosphorus 18 Vitemin B
moles/10° cells/day* 1-4 100 s 2
o017 107 2321(1)0-15
° 0004 10~° . _
. 3 10-15
moles/10° cells 0'37 1079 i
e G ml /106 cells/day 213 ;;}; 10-18
11-0 (vitamin limiting) o0 (phosphorug limiting)
v Expt I Expt IIT Expt I Expt IV
(phosphorus) moles/m] 144 10-° 144 100 o P
vitamin) moles/ml 68-0 1015 204 1015 - S . 1:44 10~
) A 6-8 10-15
* See equation (21).
limiting) are re-stated for convenience bel
- ow. The constants used ; .
L I ¢ listed in Table 5. sed in the computations
)-2 0-4
s U, = —M
. - - R+ (s —55,)° (23)
ing. Data from Experiments II and IV (vitamin B, 0z,
yuations (19) and (20) with Kyp) = 5, = 0-03 IM/n] D — D;n (1 —@> )
Qs (24)
rate data, it was pointed out that qualita # =DQ _
of the vitamin data, in particular a neg (25)
ated mathematically in the same way (w: Ox = sp—ps, (26)

horus excretion and phosphorus binding}

. . . Un _ Spy—Pusy ko
or the calculation of 7/«, substituting for § 7. = ot = RTON

UL Sri—Prsy kor’ (27)
K 1 ( 1\k,. s
, - 5= (1-=|%ex Sr; 1 _
s(oy T 5o R m)kQL.’SRN_’—Rm’ (28)
t obtained by applying the Monod eq 7 T ox
=-—.5+1.
<D . (29)
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Fig. 11. Chemostat steady-states (Experiments I-IV): plots of D, u and Q on external substrat
concentrations (8s) as actually recorded. The curves are computed according to equations (23)-(29), -
with the constants as set out in Table 5. A, phosphorus. D as vols/day, Bs as nM/ml, Q as nM/
million cells, # as nM/million cells/day. B, vitamin By.. D as vols/day, fsasfM/ml, Qasf M/million

cells, « as fM/million cells/day. :

Gomment and conclusions

According to our model, therefore, while uptake of a limiting nutrient is a function
available substrate as defined by equation (23), uptake of a non-limiting nutrien
proportional to that of the limiting nutrient regardless of the growth rate. This imp
that control of uy is exerted by Q. On the other hand, control is exerted also by’
substrate available since R is a function of sp,/sp,. Thus we have uptake of a ot
limiting nutrient controlled by both substrate and product.

R defines the limit of luxury consumption of a non-limiting nutrient and, in as far
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Ris circumscribed by R,,, we have both a relative and absolute limit to luxury consump-

| pon. ‘
The fact that the growth and uptake curves of limiting nutrients intercept the s axis
at 5, implies an equilibrium at zero growth rate,

uptake = excretion,

and of necessity implies product control in some form. To put (s —s,) for sin the Michaelis
quation, though from a practical point of view the obvious thing to do, knocks away
| iy theoretical foundations the equation may have had. All one can say is that the equa-
tion in its new form (i.e. equation (23)) may be regarded as an empirical approximation
o some very complex equation in terms of rate constants that would describe the kinetics
f a fully reversible chain of chemical reactions such as

ps (vitamin B,,)

ky ko
S+E=X =P+E.
: % %

These conclusions refer to vitamin B,, and probably to phosphorus but they may be
f more general application. Several workers in this field have found it necessary to
troduce a term s, in their equations describing substrate limited uptake and growth;
or example Miiller (1972) (phosphate-limited Nitzschia actinasteroides), Caperon 8;

Meyer (1972b) (nitrate-limited Cyclotella nana) and Paasche (1973b) (silicon-limited
¢ | halassiosira pseudonana).
My data suggest that phosphorus behaves as if it were bound and made unavailable
much the same way as vitamin B,,, only to a lesser degree. This may be so, but the
° - £ evidence hardly warrants more than a tentative suggestion. Miiller (1972), while working
ith phosphate limitation in N. actinasteroides, obtained C-shaped growth rate/substrate
1 curves, and was of the opinion that the explanation was increased mortality at very low

11
L
o] o
AL
I
5

ps (vitamin B,,)

I, IV g0 . : o e
s E; ° | ;ow,th rates. ?t.ls difficult to see how this in itself could prevent the curve passing
W, tirough the origin. :
T rr( . . . . . .
: _ There 15 an interesting consequence of the chance (if indeed chance it is) that s, and
$s (vitamin B.,) sn) appeared to be equal in value. Equation (19) can then be written, assuming
(D) = S0
plots of D, # and Q on external substrat D »
computed according to equations (23)~(29 —_— =1 _%
15, D as vols/day, s as nM/ml, Q as 1M Dm s (30)

D as vols/day, fs as TM/ml, Q as fM/millio

clusions o
e of a limiting nutrl.en'.c is a func?o O Fogy+5° (31)
, uptake of a non-limiting nutre

rdless of the growth rate. This im koD,

er hand, control is exerted also byf Qn = D,,—D, (32)
[sp;- Thus we have uptake of 2 d

d product. 50Dy

 non-limiting nutrient and, in asf ks = D,—D,° . (33)

—j
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Thus in a steady-state system
— DQHZS

U .
kyg)+s

Therefore, if one were to attempt to express uptake by an equation of Michaelj fo
one should find ‘s, ” varying with the growth rate. Caperon & Meyer (19722) dig i
this when they followed the time course of nitrate uptake by Cyclotella cells in the grow
chamber of a chemostat in the minutes following the stopping of the flow. Their Parame
b 1s the equivalent of Q,, above. It is significant that K, and s, in their experimep,
appeared to be equal in value. It follows that while #,, of Caperon & Meyer’s equatiog
(p. 630) is equivalent to DQ,,, while u,, of their equation 2 on the same page js ¢
equivalent to D,,Q,, and it is therefore not admissible to insert 4 in their equatig
By the same token £, in the two equations stand for different things, namely Ry an
Ry The confusion arises from the fact that when s, is introduced into the Michge
equation for uptake and, in so far as it can be equated to K, ), then the equatiop f
Q vs s, and not # vs s has the form of a Michaelis equation (or Langmuir isotherm),

This implies a very simple ‘envelope’ relationship between internal and extey
substrate concentration, namely that of reversible adsorption, for equation (31) desci
the equilibrium k

Ry
free substrate = adsorbed substrate.
Ry

One notes that the curve for Q vs available substrate would pass through the origin wej
it not for the binding factor and the fact that Q cannot drop below .

SLOW AND FAST ADAPTED GROWTH.

One hesitates to suggest that algal populations may show adaptation to diffe
growth conditions, since it considerably complicates any ecological interpretation
might be put on laboratory results. However, since I based my thesis on only half o
steady-states recorded — it could have been based on the other half with, however, ra
less precision - it is incumbent upon me to substantiate my reasons for suggesting
population adaptation is taking place.

The steady-states not used are set out in Table 6, and the coeflicients associated
the eight regression of DQ on Q in Table 7. It will be noted that the latter are
different from and invariably lower than their respective counterparts in Table 2. Fig
shows the DQ on Q regression for phosphorus in Experiment II. The ‘slow adap
cells are shown as open circles and the fast adapted as filled circles. There is no d
that we have here two different populations (in the statistical sense) and the signifi
thing is, as will be seen in Experiment II in Tables 1 and 6, that, with the exceptio
the very last reading of all, the steady-state judged to be slow adapted occurred bef
1 March. Some time between 23 February and that date the character of the populd
changed. A similar change occurred at about the same time in Experiment I.

A summary of the history of the four cultures will help to make clear what I be
to have been happening. Experiments I and II were set up in January with inoc
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Q8 TABLE 6. CHEMOSTAT STEADY-STATES, ‘SLOW ADAPTED’ CELLS |
ots (s HERE REFERS TO TOTAL DISSOLVED SUBSTRATE)
. . D X s(P) (V) QP) !
S I‘llptake é’Y an e‘l;a;lon of MlChZehS e (vols/day)  (millions/ml) (aM/ml) (fM/ml) (nM/million cells) (fM%gl)lion |
/th rate. Caperon eyer (1972b) di . ;
. P yer ( 9.7 ) dig U'sz(P) = 144 nM/ml, 55(V) = 68 fM/ml (i.e. vitamin in great excess) cells)
rate uptake by Cyclotella cells in the gy 0364 551 00353 ) s
ng the stopping of the flow. Their par 0364 496 016 33 0254 116
. . . ay 0-388 51 5 423 0257 129
int that K, 5, and s, in their experimen 3 33 0-104 112 0-380 162 :
- while u,, of C & Meyer’ el Y a8 340 0536 272 |
- while u,, o1 Laperon Cyer’s equat 0411 223 00840 803 0858 , 22'
" their equation 2 on the same page j gg; i‘gg 0-092_7 904 0685 3 0.?
.. . . . g " (o} . ‘
admissible to insert b in their equatiy 0538 165 0.12 837 0736 330 ' |
. . 138 . 05 558 0-809 379 :
stand for different things, namely ks(o) 04 : 1 23 00419 991 10§ 37 |
. . . A . 1-07 . . c
it when s, is introduced into the Mic 3.;‘3 1_73 2'23;70 g.gg 0825 364 |
be equated to K, then the equatioy 0410 1-54 00976 12:4 g:ggg gg:g ‘
:haCI-IS eql.latxon (or Léngmmr isothern) IT. sz(P) = 144 nM/ml, sz(V) = 68 £M/ml (i.e. phosphorus in great excess) |
elationship between internal and exg 0372 234 — .
. . . : 0-372 > 0570 655 2:67
sible adsorption, for equation (31) des 0'227 : g g 'Og 0372 382 263
) 7 0369 81 i |
o 124 448 o687 60 494 |
0445 - 1-16 11-8 0323 22 i “
dsorbed substrate. 0454 106 665 S 7 5-60 |
2 .
o431 140 508 0771 2.63 Z;‘i
o 0584 1:69 480 0571 567 .
ubstrate would pass through the origin 0539 1-33 723 0869 668 2 5?
6551 1:67 815 . - :
it Q cannot drop below k. 327 79 635 gz;i 5'38 522
0487 1-07 842 . 319 424
) 4 115 553 501
DAPTED GROWTH. ur. SR(P) = 144 nM/nﬂ: SE(V) = 204 fM/ml (i.e. vitamin in slight excess)
. . ‘ 0194 387 00955 282 .
ulations may show adaptation to dift 0191 3-66 00938 391 gggs igf
mplicates any ecological interpretation g_;gi Z:‘:g g:‘fés 272 0184 238
-, sirice I based my thesis on only halfd 0341 328 o121 ;.6;- g:zgi 364
. . . ’ ‘11
ased on the other half with, however,! g_ggg zgg o132 398 0-504 2.3 n
. . . [0} -
substantiate my reasons for suggestin 0311 1-95 O,é; s g'gg 2:237 2'34
0311 2-05 0120 s12 o6 9 60
i - 0322 20 . . 40 747
Table 6, and the coefficients associat 0314 2.13 g_gggg gfg 0'248 774
. ’ : O .
7. It will be noted that the latter IV’ 53(P) = 144 nMJrol, 53(V) = 6:8 EMJrmd (. o o onu 720
r respective counterparts in Table 2. i o199 210 > Sr o ml (ie. p 6OSphorus in slight excess)
. . ' 1:62 . . ]
orus in Experiment I1. The ‘slow ady 0203 244 0-0884 P 0’570 2:36 |
. . 0191 200 . rog . 0552 209
adapted as filled circles. There is n 0262 151 8_8472 174 0697 2-54
. (in the statistical sense) and the sig o311 11 0.1‘37 > gfg;g 364
. Tables 1 and 6, that, with the exce : gig ;fg 0-0313 0881 0866 g.‘;g
judged to be slow adapted occurred 0426 124 oy 4 ;:g;s 23 506
. Q .
ind that date the character of the po ’ g_ggg 123 0121 0901 107 451';2 |
. . . 1- . . ;
1t the same time in Experiment 1. 0393 20 0145 1-02 1-08 483 |
. o 111 0110 113 1-20 1 |
tures will help to make clear what I o_gzg 115 0107 175 ras ‘51‘32 |
1:36 0109 0765 0976 443

id IT were set up in January with 1m0
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TABLE 7. COEFFICIENTS ASSOCIATED WITH THE REGRESSIONS,
(&), DQ = D,,0—Dj,k, AND (B), Q = (1/D},) DQ+k

(D, derived from (A) and k, from (B). 95 % fiducial limits shown in parentheses.)

;, 2
Experiment Nutrient (Vols per day) (Moles per 10° cells)

I 0536 (+0-05) 0090 (F0°13) 107°
1Ir 0359 (+0-02) 0082 (+0-09) 107°
Phosphorus 0613 (£ 0-03) 0421 (+o019) 107°
iy 0545 (£ 0-06) o777 (£2°2) 107°
0554 (£0-03) 482 (£57) 1075
0-365 (+0°02) 1-11 (£ 1:4) 1078
0592 (+0-02) 1-67 (£0°54) 107%
- 0587 (+0°06) 0-913 (+1+6) 107"

Vitamin

Fig. 12. Phosphorus data from Experiment II; plot of DQ on Q. Open circles, ‘slow adapted’.
cells; filled circles, ‘fast adapted’ cells. O as nM/million cells; DQ as nM/million cells/day.

presumably ‘slow adapted’, from the culture collection. The chemostats were runl
low dilution rate at first and the rate was gradually increased over the next six we
during which time some eleven steady-states were recorded in each experiment
although there was a great deal of scatter, a clear pattern did emerge. We have now reac.
the end of February and dilution rates in excess of o- 5/day were being recorded
next readings showed a dramatic change in both chemostats, which was particul
pronounced in the phosphorus Q values in Experiment II (the one shown in Fig.
where there was a big drop..

In the weeks that followed, during which time the dilution rates were increased
further, a new pattern, characterized by a doubling of the slope of the DQ on Qre
sion, emerged with some clarity in both experiments. At the beginning of April
dilution rates were reduced suddenly to below o-2/day, but in spite of this the
pattern was apparently maintained for more than a fortnight, as indicated by the
steady-states recorded during this period. At the end of April my absence from
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- country forced me to let both chemostats idle at zero dilution rate for a full month.
When they were set going again and allowed to equilibrate at between 0-4 and o-5/day
all the readings from both chemostats fell in with the earlier pattern; evidently the pro-
Jonged forced idleness had caused the population once again to become slow adapted.

TED WITH THE REGRESSIONS,
D (B), Q = (1/D;,) DQ+kq

% fiducial limits_ shown in parentheses.)

A . The input nutrient concentrations were now changed and Experiments III and IV
) (Moles per 10 cellj) arted. Once again the dilution rate was made slow at first and increased gradually and
;gg s Eig:;gg it 1 ,nce again a change in th.e, pattern occurred when the rate topped o-45/day at the be-
3 0421 (£0'19) 10°°  ginning of August. Lowering the dilution rates to between 0-4 and 0-3/day on 13 August
6) o777 (£2°2) 1or9 1 jow caused an immediate reversion to the earlier pattern, and increasing the rate once
323 ffi E i 2;73 13:1;, . :again (on 4 September) il.nmediately ca}used t?le la'ter pattern to return. This was then
gg é:gz 3(z_r f-ﬁg 12:12 ;maintained for the next six weeks, during which time the dilution rates were kept at a

igh level. As in the earlier two experiments when the dilution rates were suddenly
 rastically lowered (on 15 October) and kept low the later pattern was maintained for a
good month but finally reverted after a period of forced idleness during my absence from
e laboratory.

If one accepts that there are two patterns of growth, the one associated with dilution
ates below 0-45 and the other with rates above this, what can one infer about the condi-
ions effecting the switch from one pattern to the other? In the first place, if the popula-
ion is “slow adapted’ it will remain so as long as the dilution rate is kept low, while if
is ‘fast adapted’ that mode will be maintained so long as the rate is kept high. Secondly,
the population has been maintained without change of mode for a long time sudden
and drastic change in dilution rate effects no immediate change in mode, whereas if a

o hange in mode has recently taken place a change in dilution rate across the threshold
alue (0°45/day?) is followed more or less immediately by an adjustment to the appro-
riate mode. It is possibly significant that the threshold dilution rate is not too different

sfo ‘ 7f5 the D, associated with the slow adapted mode. :

is not possible on the available evidence to decide whether the change in mode is
nduced or whether we are dealing with a genetic inhomogeneity in the clone of Mono-

lot of DQ- . Open circles, ‘slow adapte s s . i
ot of DQ on Q. Open circles, '¢ > ‘which is now 20 years old. The effect observed in both cases would be population

A [million cells; DQ as nM/million cells/day.

the change in mode occurred simultaneously in phosphorus limited and vitamin
cultures one cannot identify the immediate cause as either phosphorus or

» limitation. The immediate cause would appear to be a change in the growth
d the machinery affected directly to be ‘down stream’ of, or in parallel to, both
sphorus and vitamin B;, uptake mechanisms.

¢ collection. The chemostats were
adually increased over the next six
s were recorded in each experimen
ar pattern did emerge. We have nowe
cess of 0-5/day were being recorded
both chemostats, which was partic

Experiment 1T (the one shown in Fi
DISCUSSION

escription of the steady-state chemostat in terms of two nutrients embodied in
3)~(29) (p. 845) is satisfactory in so far as it enables one to predict any
sociated with a particular steady-state solely from the three controllable
amely the dilution rate and the input concentrations of the two nutrients.
80 be used to simulate a batch culture correctly its potential as a predictive
ton model would be greatly enhanced. This possibility is being investigated.

time the dilution rates were increast
ubling of the slope of the DQ on Q1
periments. At the beginning of Apt
low 0-2/day, but in spite of this
than a fortnight, as indicated by
t the end of April my absence fror
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What an empirical model cannot do of course is to provide any precise picture of
biochemical control mechanisms, though in this case it seems to be fairly clear that
model for uptake based on the Michaelis-Menten enzyme equation should be reply
by one which contains an element of product control, an observable feature of whic
that it should not generally be possible for an organism completely to deplete its envi
ment of a limiting nutrient,

The residual concentration of available nutrient, however, is likely to be smal]
possibly at the limit of detection and therefore not of great practical consequence,
the other hand, if there is sequestration of the nutrient by cell excretions, although
residual available may be small the total might be large and easily detectable, as ing,
it is when the nutrient is vitamin B,,. Evidence for sequestration of vitamin B,
excreted proteins is secure and moreover not derived merely from steady-state Kineg
data (Kristensen, 1956; Daisley, 1961; Droop, 1968), but the latter can only be gypic
factorily explained in terms of a phenomenon, which if it is not sequestration ig
logous. Furthermore, they make it quite plain that no model involving algal cells
vitamin B,,, whether in the laboratory or in the field, can claim any veracity unles
takes full account of the binding phenomenon. Thus, the ratio of total to availah]
vitamin is a function of the time integral of the algal biomass, which in a steady-stys
system simplifies to equation (20) (p. 843).

I suggested that phosphorus was behaving kinetically in a similar manner in
chemostats and drew attention to the work of Miiller (1972) though I do not believe
explanation, i.e. cell death at a low growth rate, could adequately account for the typ
C-shaped curves. On the other hand, although one would hesitate to postulate prot
binding of orthophosphate, there are other forms of sequestration, such as precipita
of ferric phosphate by the algal secretion of hydroxyl ions.

Without doubt the most far-reaching feature of our model for algal growth is-
inderdependence of specific growth rate and internal nutrient concentration; and -
most important implication of this is that the potential of a body of water for suppor
further growth may depend as much on the nutrient already inside the cells, as that
to be taken up (Droop, 19734, b). Ox+s

Xmax = ~— ¢ -
3 7

Consequently, except in the early stages of a spring increase, particulate nutrient wo
have the greater bearing on the subsequent course of events, though it is clearly desira
that both parameters should be measured. ,

The late John Strickland (see Eppley & Strickland, 1968) was probably the first
express the idea of internal substrate dependent growth and a subsistence level below w:
no growth was possible. He was also aware that the latter could vary according to exte!
nutrient conditions, a fact which has led Eppley & Renger (1974) to question the uti
of growth models based on the cell quota parameter. However the present observati
of the cell status respecting non-limiting nutrients lead one to distinguish betwee
‘true’ (and constant) and an ‘apparent’ (and variable) subsistence quota, the for!
associated with the controlling nutrient, the latter with the remainder. Furthermore,
can use the discrepancy between the apparent and true subsistence quotas to gauge




.DROOP

NUTRIENT STATUS OF ALGAL CELLS 853

ee to which a nutrient is in excess of requirement. I coined the term ‘luxury
cﬂeﬁicient’ (R) for this. The constancy of the true subsistence quota is of course hypo-
esis but is essential to the model developed here. In point of fact the subsistence quota
for vitamin B, and Monochrysis is as constant as any parameter I have attempted to
peasure. 1 Dow have four independent estimates of the vitamin By, kg for Monochrysis
from four chemostat runs in which the vitamin was the limiting nutrient, but between
which there was a wide range in the ratio of phosphorus to vitamin input concentrations.
hese are set out in Table 8. With phosphorus also there is considerable agreement
perween subsistence quota values. I am indebted to my colleague Paul Tett for the
fouowmg computations from the literature: Chaetoceros gracilis (Thomas & Dodson,
1968), 0:001 at. P/at. C; Cylotella nana (Fuhs, 1969), 0-009 at. P/at. C (this is the lower
several values); and Monochrysis lutheri (the present paper), 0-0007 at. P/at. C.

‘course is to provide any precise picture of
in this case it seems to be fairly clear thy,
~Menten enzyme equation should be rep,
duct control, an observable feature of whjg
-an organism 'completely to deplete its enyj;

e nutrient, however, is likely to be sma]j;
refore not of great practical consequence|
f the nutrient by cell excretions, althoughj
might be large and easily detectable, as ipj
Evidence for sequestration of vitamin B
- not derived merely from steady-state
Droop, 1968), but the latter can only be g
1enon, which if it is not sequestration is k
plain that no model involving algal cells;
r in the field, can claim any veracity unlgy
ymenon. Thus, the ratio of total to avsj

TABLE 8. SUBSISTENCE QUOTAS FOR VITAMIN B,, ESTIMATED FROM VITAMIN
LIMITED CULTURES WITH WIDELY VARYING PHOSPHORUS INPUTS

Input concentrations (sz)
AL

r Al

. L. )id v
| of the algal biomass, which in a steady- (nM/ml) (fM/ml) (fl&z/gﬁ) cells)
) ) L. . L. . 575 6-8 23 Droop, 1968
\aving kinetically in a similar manner i 144 68 256 Experiment 11
k of Miiller (1972) though I do not beliey 144 136 1:86 Experiment V
144 68 2:42 Experiment IV

h rate, could adequately account for the
hough one would hesitate to postulate pr
r forms of sequestration, such as precipit
~of hydroxyl ions. ,
feature of our model for algal growth i
and internal nutrient concentration; and
the potential of a body of water for suppo
he dutrient already inside the cells, as tha

footing than any relation proposed here or elsewhere between external substrate
tration and specific growth rate. Not only do interesting external substrate con-

ions tend to be at the limit of measurement but too frequently they are not what
em,

Qx+s
ko

of a spring increase, particulate nutrient
it course of events, though it is clearly des
& Strickland, 1968) was probably the il
dent growth and a subsistence level below
e that the latter could vary according to éxt
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 parameter. However the present observgz
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he latter with the remainder. Furthermog
arent and true subsistence quotas to gauj

y of introducing
¢ zooplankton grazing, a feature that is virtually absent from Loch Creran.

¢ remarked on the similarity of models developed by myself and those developed
eron (Caperon & Meyer, 19725). Each owes something to the other. It is a curious
wever, that the picture presented by vitamin B,, should so resemble those pre-
¥ aitrate, phosphate and silicon. One is driven to the conclusion that the bio-
al details of uptake and utilization of the various nutrients have very little bearing
Appearance of the kinetic relationship between substrate concentration and
It 1_s.un1ike1y that for example the whole phosphorus, or as Paasche (1973 a)
ed, S%hcon content (cell quota) of cells has control over growth rate, for nearly all
In diatom cells occurs as inert wall material and phosphorus may be stored as
osphate. All one can suppose is that within the confines of our experimental

F:
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conditions the active pool is proportional to the total. The burden of this argument holg
some comfort for ecologists, for it suggests that they may be spared the necessity
becoming biochemists in addition to being mathematicians.

Mathematical models of phytoplankton growth have great relevance in the laborgy
but their predictive value in the field is severely limited, apart from anything el
their being concerned with single species or even single clones. Their value Woulé
greatly enhanced if, and perhaps it is not too fantastic an idea, they could be applieq.
mixed populations and even to adapting species and species successions. The phy
plankton of a region might be regarded as an envelope, the sum of its component pa
and it would be interesting to know whether the kinetic properties (i, i, ko, etc;
this envelope show any coherence.

TABLE 9. NOTATION EMPLOYED IN EQUATIONS (1)~(35)

Rates (dimensions 1) K7 Apparent value of K (= K,
. . . s,
Variables: L 4 :s(g) Saturaqon constant in equation relatiy
. X aturation con i
7 Specific growth rate (— = ) st on constant in equation relat
x ;
D Dilqtion rate in chemo§tat: rate of flow per Coefficients (dimensionless)
unit volume of vessel (in steady-state D = p)  Variables:
L. 1 ds Cell quota or dem ient:
u Rate of uptake per unit biomass (——.—) Q o d 1 * demand coefficient:
x'dt internal nutrient per unit biomass
Constants; N R vl to available matios:
Lo Value of x if s were infinite edinm vatlable nutrient i
D,, Value of D if s were infinite
D, Value of D if Q were infinite Constants:
U, Value of u if s were infinite ko Subsistence quota of 2 limiting nutr
zero growth rate
- . - 7 .
Concentrations (dimensions m %) ko Apparent Su'bsrstence' quota
Variables: O Value of Q if s were infinite
x Biomass R,, Value of R if the ratio spy:sp were
s External available substrate concentration
Sg Concentration of substrate in inflow of chemo- Other
stat (also initial substrate concentration of a TlK (Dimensions ¥ m~* t~!) Binding con
batch culture)
Constants: Additional suffixes
So Value of s when u, D or u are zero A, B Referring respectively to nutrients 4
Ky Saturation constant in equation relating g or L Referring to the limiting nutrient
Kypy | Dtos N Referring to a non-limiting nutrient
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