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TRIBUTE

The ‘Droop Equation’ — Michael Droop and the
Legacy of the ‘Cell-Quota Model’ of

Phytoplankton Growth

Introduction

The Droop Equation, or the Cell-Quota Model as it
is alternatively known (Droop 1968), is the sum-
mation of a lifetime’s research carried out on the
growth and utilization of nutrients, particularly
organic nutrients, by algal cells. However, to
summarize a lifetime’s work in a single equation
is manifestly unfair, for Michael Droop (Fig. 1), the
author of the model, achieved many other things
as well. Nevertheless, the Cell-Quota Model is
specifically Michael Droop’s legacy to science and
it stands alongside the famous earlier Monod
expression relating microbial growth rate to
ambient substrate concentration (Monod 1942)
Droop’s contribution was to relate growth rate to
the internal nutrient content of a cell (the cell
quota) rather than to the nutrient concentration in
the surrounding medium. The story of how and
why Michael Droop came to achieve this legacy
requires an understanding of his life and the times
in which he lived.

Michael Droop: Biographical Details

Michael Richmond Droop, who is still very much
alive and enjoying retirement near Oban, in
Argylishire, was born in London on November 3
1918. The name Droop is of German origin and is
pronounced to rhyme with ‘soap’; the name
Richmond comes from his great grandmother’s
side of the family. Michael had two sisters, one
older and one younger than himself. His father,
John Percival Droop (1882 —1963), was a Cam-
bridge-educated archaeologist, who spent the
early part of his career working in association
with the British School at Athens. His speciality
was the study of Greek pottery and a type of
Laconian cup was hamed in his honour (the Droop
cup). During the First World War, J.P. Droop was
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attached to the Admiralty (1914—1921). Subse-
quently he was elected to the Charles W. Jones
chair of Classical Archaeology at the University of
Liverpool. Most of Michael's youth was spent in
Liverpool and he remembers at the age of three
being taken for walks in Sefton Park. At the age of
10 he was sent to a preparatory school near
Folkestone in Kent, which was followed, at the age
of 14, by 5 years (1932—1937) at Marlborough
College, a leading public school in Wiltshire. A
tradition spanning many generations had been
established within the Droop family for its boys to
attend Marlborough College, a school originally
founded in 1843 for the sons of Anglican clergy. As
Michael says, “Marlborough taught me how to
survive the rigours of communal life”.

During his time at Marlborough College, Michael
developed interests in biology and painting. His
enthusiasm for biology dated back to his youth in
Liverpool, where he took an interest in pond life,
an activity that was fostered by his contact with Dr
Margery Knight, a phycologist and lecturer in the
Botany Department of Liverpool University and
friend of the Droop family. At Marlborough College
he was taught biology by the ‘legendary’ Ashley
Gordon (Tubby) Lowndes (Wyatt 2005). Boarding
school offered Michael plenty of time and oppor-
tunity to pursue his interest in aquatic organisms
and it was with Tubby Lowndes that Michael first
visited the Marine Station at Millport on the Isle of
Cumbrae. Michael joined a lineage of Old Mal-
burnians, including J.Z. Young, Sir Peter Medawar
and John Cloudsley-Thompson, who subse-
quently became eminent biologists. Michael was
also a keen painter, an activity he pursued mostly
in his spare time, and in one year won all the
school prizes awarded for art.

This combination of interests in biology and art
to some extent determined the final stages of his
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Figure 1. Michael Droop (2006).

time at Marlborough and his subsequent student
career at Cambridge. On entering the sixth form
he first enrolled on the ‘modern’ side but changed
in his final year at school to the ‘science’ side. This
enabled him to sit the 1st MB examination as well
as the School Certificate examination. Both of
these he passed sufficiently well to allow him to
proceed to Trinity College, Cambridge to study
medicine. On arriving at Trinity College in 1937,
Michael found that he was able to combine the
study of medicine with a course in botany and in
this way he was able to maintain his wider
interests in biology. However, this was not
sufficient to resolve the conflict between his
interests in science and the arts and so, for his
second year (1938), he chose to study English
literature. When it came to Part 1 of the Tripos
Examinations in 1939, Michael decided that a visit
to the opera to see The Marriage of Figaro was
more to his liking than sitting an examination. As a
result of his failure to take, let alone pass, his
examinations he was sent down from Cambridge.
His tutor, the historian George Kitson Clark, whose
sister was an archaeologist and had worked with
Michael’'s father, made Michael telephone his
father to explain where the responsibility for this
disaster lay.

The abrupt ending of Michael's student career
at Cambridge in 1939 coincided with the much
larger catastrophe that was about to engulf the
European powers. Michael, how aged 21, was
immediately called up to serve in the army and
was eventually sent to the Royal Military College,
Sandhurst, which housed the Infantry Officer

Cadet Training Unit. Within 3 months the Sand-
hurst authorities decided that Michael was not
‘officer material’. Michael puts this down to his
artistic inclinations and holds no ill feeling about
the decision since it probably saved his life.
However, his artistic interests led to him being
sent to the Royal Engineers Army Camouflage
Unit at Aldershot where his first task was to
calculate, using a set of five-figure trig and log
tables, the shadow length of a 10-foot pole at
hourly intervals for every day of the year. During
the London Blitz (winter 1940), Michael was
transferred to the Royal Engineers Bomb Disposal
Company in South London. Two years later he
volunteered for a radiolocation course, which
involved the study of electronics and radar. This
was followed by a period in the Newcastle area
where he worked on radar associated with the gun
sights of anti-aircraft weaponry. His final military
posting, which lasted 18 months, was to Nigeria
and brought together his respective expertise in
radar and botany. The task before him was to
devise methods of protecting radar installations
from the action of fungal moulds, a major problem
in tropical countries, especially since most of the
electrical wiring used in conjunction with radar
was insulated with an acetate-based plastic. This
was a prescient task, for some years later he was
to work on the utilization of organic substrates by
algal cells.

Michael returned from the tropics, via the
Caribbean and Freetown, to a Britain at the end
of 1945 enveloped in icy temperatures and
austerity. Without a job and unsure of what he
wanted to do next, he joined the Wilson Barrett
repertory company in Edinburgh as a scenic artist
earning £5 per week. At the same time he showed
a portfolio of his paintings to Professor Randolph
Schwabe at the Slade School of Fine Art, London.
He was accepted as a student but, again,
indecision about the direction of his future career
caused him to turn down the offer. Instead,
Michael decided to return to academia, this time
in Liverpool, to read science. Thus in autumn 1946
he enrolled onto a Zoology and Botany degree
course at the University of Liverpool. He renewed
his acquaintance with Dr Margery Knight, who had
already been an influence earlier in his life, and at
last felt comfortable about the direction of his
career. After 3 years of study he gained a first
class pass in his examinations. This was followed
by a fourth year during which he specialized in
botany finally graduating with a first class honours
degree. During his 4 years as a student in
Liverpool he accompanied Dr Margery Knight at



least four times on field courses to Port Erin, Isle of
Man and so gained acquaintance at first-hand of
working with marine algae. On one summer
vacation he was sent to Kew by the then professor
of botany, John McLean Thompson, and set to
work on a thirty year old collection of myrtaceous
plants from Malaya. The outcome of this experi-
ence was that he would “have no further truck
with dead plants”. Living plants were to be the
object of his study for the rest of his life. The link
between the Liverpool Botany Department and his
future study of living plants (algae) was to be a
slender volume entitled Pure Cultures of Algae
written by Ernst Georg Pringsheim (1946}, at that
time working in Cambridge. As a result of reading
this book, Michael wrote to Pringsheim and
secured a studentship funded by Liverpool Uni-
versity to study in Cambridge under his tutelage.
This had the joint effect of allowing Michael to
work on living plants and also of returning to
Cambridge, where he renewed his connection
with Trinity College.

Professor Ernst Georg Pringsheim (1881 —1970),
who was to become Michael's PhD supervisor,
was born in Silesia and studied first in Munich and
then Leipzig under the great plant physiologist
Wilhelm Pfeffer. After a period at Breslau he
obtained a lectureship at the Halle University in
1909. The interruption of the First World War
provided him with experience in practical bacter-
iology. After the war he worked in Berlin and in
1923 was appointed to the Chair of Plant
Physiology at the German University of Prague. It
was here that he laid the foundations of his algal
culture collection and carried out pioneering work
on the nutrition of heterotrophic flagellates. Pring-
sheim remained in Prague until 1938 when the
political situation forced him to flee Czechoslova-
kia with his family and culture collection and take
up residence as guests of Professor FE. Fritsch at
Queen Mary College, London. From 1939—1945
the staff and students of Queen Mary College were
evacuated to Cambridge and both Fritsch and
Pringsheim moved to the Cambridge Botany
School. Pringsheim and his wife Olga, remained
in Cambridge until his retirement in 1952 after
which he returmed in 1953 to Germany and
continued to work in the Pflanzenphysiologisches
Institut, Gottingen (Droop 1971a; Mollenhauer
2003). When Michael moved to Cambridge in
1950, he joined a group of four comprising
Pringsheim, his wife Olga, a technician and Eric
George, who was later to become Curator of the
‘Cambridge Culture Collection’. Richard Starr, who
ultimately founded and assembled the UTEX
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Culture Collection in the USA, spent a sabbatical
year (1950—1951) in the Pringsheim laboratory on
a Fulbright Scholarship.

Research Studentship at Cambridge

At the time of Michael’s arrival in Cambridge in
October 1950, Pringsheim had just returned from
a collecting trip to the Tvarminne archipelago in
Finland and brought back with him a box full of
mud samples collected from coastal rock pools,
which he passed on to Michael “to make what he
could of them”. Use of the Pringsheim ‘micropip-
ette’ method of single cell isolation, removal of
bacteria by repeated washing in sterile medium,
and axenic cultivation of flagellates in precisely
constructed media, permitted Michael to make
painstaking observations on a wide range of rock-
pool flagellates, in particular of cells attributable to
the genus Haematococcus Agardh. As part of his
study Michael visited the Tvarminne archipelago in
July 1951. The immediate results of this visit were
published in his first major paper (Droop 1953a).
This is of particular interest because it includes not
only a combination of ecological and taxonomic
information but also physiological data clearly
demonstrating a desire by the author to move
beyond straightforward descriptive ecology into
experimental areas. A total of 147 rock pools were
sampled, including those defined as brackish, rain
and peat pools. Fifty-two flagellate species were
identified including three new descriptions: Mono-
chrysis lutheri Droop (= Paviova lutheri (Droop)
Green); Nephromonas hyalina Droop; Pedinomo-
nas upsilon Droop. The two most common
flagellates to be found were Oxyrrhis marina
Dujardin and Brachiomonas submarina Bohlin
(Volvocida). Axenic cultures of some of these
species now available in culture collections
around the world date back to Michael’s 1951
Tvarminne visit.

Professor Fritsch, after he retired from Queen
Mary College, London, retained a room in the
Cambridge Botany School where Michael would
often meet him for a discussion on Saturday
mornings. During one such meeting in 1952,
Fritsch mentioned that a job was available at the
Marine Station in Millport on the Isle of Cumbrae.
Michael, having originally visited the Millport
Station with his biology teacher in the 1930s, duly
applied for the position and was interviewed by
Professor Maurice Yonge, who at the time was
Regius Professor of Zoology at Glasgow University
and President of the Scottish Marine Biological
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Association (SMBA). Michael was offered the job
with almost complete freedom to develop his
research interests as he wished. This was a
considerable act of faith, for at the time Michael
had only just completed his second year of a
postgraduate studentship and was still 3 years
away from submitting his PhD thesis. Never-
theless, the job offered him the time and oppor-
tunity to pursue his interest in rock pool flagellates
using the techniques he had learnt at Cambridge
with Pringsheim, and to combine it with the
possibility of developing more sophisticated
methods of culture. His wish to achieve the latter
came about as a result of reading Jacques
Monod’s (1942) book entitled Recherches sur la
Croissance des Cultures Bacteriennes.

The Marine Laboratory, Millport: Rock
Pool Flagellates and Auxotrophy

The Marine Station at Millport had its origins in a
small flat-bottormed barge known as the Ark,
which was moored on a flooded quarry at
Granton, near Edinburgh (Marshall 1987). The
barge was converted into a floating laboratory,
which was commissioned for work in 1883,
making it the oldest marine laboratory in the
British Isles. In 1885 the Ark was transferred to
Port Foy, near Millport on the Isle of Cumbrae. In
1897 the barge was replaced by an onshore
building which became the Millport Marine Sta-
tion. In 1901 The Marine Biological Association of
the West of Scotland was formed and member-
ship was open to the public. This was subse-
quently 1 renamed the Scottish Marine Biological
Association (SMBA). Funding for the laboratory
came from the membership of the SMBA, from
donations, bequests and from money paid directly
by the Government to the laboratory in the form of
a grant-in-aid from the Development Commission.

Michael’s research priority was now to complete
the work for his PhD thesis, the main theme of
which was a study of the Family Sphaerellaceae
( = Stephanosphaeraceae Korshikov, 1938; Hae-
matococcaceae G.M. Smith, 1950), in particular
Haematococcus pluvialis Flotow and its allies. This
work required further isolation and cultivation of
flagellates from the supra-littoral rock pools in the
vicinity of Millport. Interestingly, many of the
species found in pools on the exposed Devonian
rocks of Cumbrae were equivalent to those that
had previously been found in pools on the
glaciated granite of the Baltic. Michael’s thesis,
entitted 'On the Biology of Haematococcus

pluvialis Flotow’, was awarded a Cambridge PhD
in 1956; Dr John Lund of the FBA Windermere
Laboratory was the external examiner. The con-
tents of the thesis were subsequently published in
six papers which dealt with the complex nomen-
clature and taxonomy of Haematococcus pluvialis
and its allies, as well as the factors that affected
encystment and governed the production of the
bright red carotenoid pigment, astaxanthin (Droop
1952, 1954b, c, 1955c¢, 19564, b, see also 1961b,
1971b).

The supra-littoral rock pools of Cumbrae were
not only productive in terms of providing culture-
able flagellates for experimentation but also in
initiating Michael's long-term research career in
algal growth and nutrient uptake kinetics (Droop
1955b). Following in Pringsheim’s footsteps, Mi-
chael pursued his interest in the composition of
culture media and, in particular, in the hon-mineral
(organic) components required for cell growth.
Having achieved bacteria-free, clonal cultures
(Droop 1954a) it was then possible to ascertain
the minimum growth requirements of individual
species. Whilst some algae, for example Phaeo-
dactylum tricornutum Bohlin, were able to grow on
inorganic salts alone, others had an obligate
requirement for specific organic supplements
(auxotrophy). One of the first species that Michael
studied in this context was Oxyrrhis marina, the
phagotrophic colourless dinoflagellate (Droop
1953b). He had already obtained this species in
monoxenic, bacteria-free cultures with the food
organism, a pure culture of Brachiomonas, at
Cambridge. Now, during the course of the next 10
years in Millport, he was to achieve Oxyrrhis in a
completely defined medium without solid prey
(see below). The next three species he tested were
Paviova (Monochrysis) lutheri, Prymnesium par-
vum Carter and Syracosphaera elongata Droop
where, under normal circumstances, axenic cul-
tures were grown in natural seawater supplemen-
ted with soil or preferably liver extract. Droop
(1954d, 1955a) was able to replace the seawater
by a synthetic metal-buffered medium containing
guanine and glycine (cf. Provasoli and Pintner
1953) and the soil and liver extracts by a
combination of cobalamin (vitamin By,) and
thiamine (vitamin B4). The requirement for coba-
lamin was absolute and quantitative whereas
thiamine appeared to be a ‘stimulating’ substance
(Droop 1954d).

Michael’s culturing work during the first half of
the 1950s coincided with a general upsurge of
interest in vitamins as nutritional supplements for
algae and protozoa. Whilst thiamine (vitamin B4)



had been isolated in its pure form in 1926 and its
structure was fully elucidated and the vitamin
synthesized in 1936, it was not until 1948 that
cobalamin (vitamin B4,) was produced in its pure
form and at this time the structure of the molecule
had not been fully described. Seymour Hutner
(1911—2003), working at the Haskins Labora-
tories in New York, discovered that axenic cultures
of Euglena gracilis inoculated into a defined
medium were incapable of growth without the
addition of an extract of animal proteins (Hutner
1936). In particular, liver concentrates devised to
combat pernicious anaemia were highly stimula-
tory to the growth of this alga. Eventually, Hutner
et al. (1949) demonstrated that the active ingre-
dient in these various extracts was vitamin B4,
and based on this finding he was able to devise an
assay involving Euglena for the determination of
vitamins in human tissues. In this rather curious
manner, progress in understanding the metabo-
lism of vitamin B45 in animals became linked to
studies on algae and protozoa.

The Eighth International Botanical Congress in
Paris (1954) provided Michael with an opportunity
to meet Luigi Provasoli, who at that time was
working with Seymour Hutner at the Haskins
Laboratories in New York. It quickly became
apparent that they shared many common re-
search interests and so Luigi extended an invita-
tion to Michael to visit New York for 3 months in
1955. This visit was seminal for Michael’s future
work not only for the expertise that he gained but
also for the many contacts he made both in
the world of algal culturing and phytoplankton
ecology.

During the second half of the 1950s, much effort
was put into determining the vitamin requirements
of different algae and certain patterns emerged
(Droop 1955b, 1957a, b, 1958b, 1962b). About
60% of species tested had an obligate exogenous
vitamin requirement (auxotrophs), the remainder
being self-sufficient in this respect (autotrophs).
Commonly three vitamins were utilized: biotin (B-),
thiamine (B4) and cobalamin (B1,). However, of the
three, use of B> was the most widespread with
about 80% of auxotrophic species demonstrating
a B4» requirement. There are three groups of By»
analogues utilized by flagellates with individual
species having a particular requirement for one or
more of these forms (Droop 1962b). Thiamine (B4),
required by about 50% of auxotrophs, comprises
a thiazole and pyrimidine moiety. Again some
species had an absolute requirement for one or
other of these moieties and some species for both
(Droop 1958b; Droop et al 1959).
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During the period 1958 —1962 two interesting
diversions interrupted the general thread of
Michael’s vitamin work on photoautotrophic fla-
gellates. Both had their origin in organisms
isolated from supralittoral rock pools; one, a study
of the nutritional requirements of Oxyrrhis marina,
related back to the Tvarminne collecting trip of
1951 (Droop 1959a, b); the other, involving
Heteramoeba globosa Droop, was quite different
in that it involved the discovery of a sexual phase
in the life-cycle of an amoeba (Droop 1961a,
1962c). The work on Oxyrrhis is particularly
interesting since this phagotroph, which normally
requires a particulate prey, can be grown axeni-
cally without a prey but with complex organic
supplements, such as soya meal, corpus luteum
extract, cream and beef extract, thus probably
satisfying a fat requirement (Droop 1959a, b).
Success in growing Oxyrrhis in this way was first
achieved by John McLaughlin at the Haskins
Laboratories but not brought to a conclusion by
him. Michael took on this work and using his
Tvarminne culture of Oxyrrhis found that he could
maintain a monoxenic, bacteria-free culture by the
addition of sterile neutralized, strained but unfil-
tered lemon juice. A carbon tetrachloride extract
of lemon rind and extracts of grass clippings were
also capable of supplying the critical growth
factor. At a later stage Michael, with the assis-
tance of Doyle from Millport and subsequently
Pennock from Liverpool, was able to demonstrate
that the active ingredient in the extracts of lemons
and grass cuttings was ubiquinone (Droop and
Doyle 1966; Droop and Pennock 1971). From this
combination of studies Michael was able to
conclude that Oxyrrhis conformed to being an
‘acetate flagellate’ with respect to its carbon
nutrition since it used acetic acid and ethanol for
growth, but not glucose nor the carbon of amino
acids (Droop 1959b). With respect to sources of
nitrogen for growth, these must be in the form of
ammonia or any one of a number of simple
organic compounds provided they can be made
to yield an amino group. The requirement for
ubiquinone highlighted the fact that, at the very
minimum, the prey particles phagocytosed must
supply this component for growth to occur.

Vitamin B4,, Monochrysis ( = Pavlova)
lutheri and Chemostat Experiments

Throughout the 1960s, in addition to full-time
research work, Michael was regularly involved in
writing review articles. These included detailed
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appreciations of synthetic media for marine algae
(Droop 1961d, e); organic micronutrients (Droop
1962b); algae and invertebrates in symbiosis
(Droop 1963a). However, the major theme of his
work during the 1960s centred on the vitamin B,
requirement of Paviova (Monochrysis) lutheri
(Droop) Green (Droop 1957b, 1961c, 1966b,
1968). Monochrysis lutheri (Chrysophyceae) was
one of the flagellates Michael had named from the
Tvarminne collections he made in 1951. As a
result of a detailed ultrastructural study (Green
1975), this species was later re-allocated to
Paviova Butcher (Prymnesiophyceae). However,
the name Monochrysis lutheri will continue to be
used here for the sake of consistency since it is
mentioned in all the Droop publications of this
period and is still used world-wide in the oyster-
rearing industry. In 1954 Michael had demon-
strated that Monochrysis had an absolute require-
ment for vitamin Bq, (Droop 1954d). Since so
many flagellates have subsequently been shown
to have an obligate requirement for this vitamin the
possibility has arisen that vitamin B4, might exert
a controlling influence on the growth and limitation
of phytoplankton populations and productivity in
natural water masses (Droop 1962b). To investi-
gate this possibility Michael carried out an
experiment in which he determined the response
of Monochrysis to various ‘dosages’ (initial con-
centrations) of vitamin B4, (as the limiting nutrient)
in batch culture (Droop 1957b). The relationship
between yield and dosage he obtained was linear
between 0.1 and 10 pg vitamin Biocm ™. Within
this range each pg of vitamin Bz suppor‘ted
approximately 8 x 10° cells, that is about 540 mo-
lecules V|tam|n B> per cell, or reckoning on
200pum~2 as the mean volume of a Monochrysis
cell, 3molecules pm 2 of living alga. Concentra-
tions of vitamin B4, in the open sea (northern
North Sea) vary from 0.5 to 1.0pgcm 3. Based on
the Monochrysis requirement for vitamin Bis,
natural concentrations of this vitamin would be
sufficient, without limitation, to support the known
population densities of phytoplankton that gen-
erally occur in the North Sea. Only in the case of
‘red tides’ would the availability of vitamin B4, be
likely to become limiting (see also Droop 1961c).
In response to the 1957 paper (Droop 1957b)
several criticisms were made (Daisley 1957, Ford
1958) including: (i) that the concentrations of
vitamin B4, in natural seawater might be an
overestimate because some of the vitamin mea-
sured might in reality be bound and therefore
unavailable to algal cells, (ii) that the calculated
magnitude of vitamin B4, required by each

Monochrysis cell (3 molecules pm 2 of alga) might
be an underestimate and (jii) in nature, competition
between phytoplankton species might be more
affected by the dosage/growth rate relationship
rather than the dosage/yield ratio as measured by
Droop (1957b). In response to these criticisms
Michael performed a further series of batch
culture experiments in which, at three tempera-
tures, he measured growth of Monochrysis in
medium with vitamin Bi, dosage increasing
geometrically from 0.1 to 100pgcm 3 (Droop
1961c). The outcome of these experiments was
that, irrespective of vitamin By, dosage or
temperature, all cultures grew at a rate of
approximately 1.1divisions day '. Then as the
vitamin B4, content of the medium became
exhausted the growth curve flattened so that, for
the range of vitamin dosages used in each
experiment, the final cell numbers gave the
familiar linear dosage/yield relationship. In these
experlments each pg of vitamin By> supported
5.5 x 10° cells, a similar ratio to that obtained in
the earlier experiment (Droop 1957b). Michael
came to the conclusion that limitation of the
division rate must occur at vitamin B4, dosages
below 0.1 pgcm 2 and that to achieve measur-
able limitation of growth rate in batch cultures was
probably impossible. Thus use of a continuous
culture system would be required to obtain the
parameters of the vitamin Bis, requirement of
Monochrysis (Y (yield constant) and K (saturation
constant)).

One of Michael's tasks at the Millport Labora-
tory was to assist zoologists with the cultivation of
oyster larvae by producing suitable cultures of
algal flagellates as food organisms. In 1959 he
designed and built two continuous culture sys-
tems for the routine supply of unicellular algae
(Phaeodactylum and Monochrysis) for oysters
(Marshall 1987). The experience he gained with
these chemostats was to be good training for the
more exacting vitamin By, work that he was about
to undertake (Fig. 2). His initial aim in this context
was to measure the parameters of vitamin Bis
requirement (Y and Ks) in Monochrysis. However,
the results obtained during the first series of
chemostat experiments (Droop 1966b) produced
discrepant results when compared with the values
that had been gained from earlier batch culture
experiments (Droop 1957b, 1961c). The yield
constant (2.5 x 10°cells.pg vitamin Bq,-1) was
about one third that obtained from earlier batch
culture experiments and the saturation constant
(2—6pg vitamin Bi,cm ) was at least 20 times
the maximum value suggested in the earlier work.
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Figure 2. Schematic diagram of the chemostat used for vitamin B> experiments with Monochrysis lutheri
(not to scale). The air pump, air saturator, inoculating port on the reactor and thermostat water bath are not

shown.

culture medium; — — — —air;— ¢« — «air and medium. The clipped ends of the sampling ports are

kept in 70% ethanol. SF = sterile filter; SV = solenoid valve; D = dosage system; h = measure of culture
medium dosage. Reproduced from Droop 1966b with permission of the Journal of the Marine Biological

Association UK.

The only explanation that could account for the
anomalies encountered was that there had been a
release of protein-bound vitamin into the medium
(Droop 1966b).

Michael nhow embarked on his most ambitious
and comprehensive experiment to date (Droop
1968). In terms of concept, technical difficulty and
mathematical analysis, it was to surpass by far all
that had gone before. The basis of the experiment
was to use °’Co-labelled vitamin B, to study the
kinetics of vitamin B4, limitation in Monochrysis
lutheri in continuous and exponentially growing
batch cultures and in washed cell suspensions
(see Fig. 2). The overall aim of the chemostat
experiments was to relate specific growth rate to
substrate (vitamin Bi,) concentration and, in
particular, to determine whether a protein-bound
interfering factor was released into the medium as
a result of growth (Droop 1966b). In practical
terms the experiment involved the measurement
of dilution rate, cell number, substrate concentra-
tion in the input, in the culture vessel, both as free-
and protein-bound vitamin, and in the cells for
numerous steady-states of the chemostat be-

tween zero dilution rate and the washout point.
Batch cultures were used to supplement these
results by supplying information on maximum
exponential growth rates in high nutrient condi-
tions.

The results of this experiment had far-reaching
consequences. The specific growth rate (1) of
Monochrysis in the chemostats was found not to
depend directly on medium substrate concentra-
tion, as would be expected in the classical Monod
manner. However, as Michael puts it, the one
relationship that did stand out “in all its pristine
beauty” was that growth depended on the
intracellular concentration of vitamin Bq, (cell
quota Q) (Fig. 3).

The relationship between specific growth rate
(1) and cell quota (Q) took the form of a
rectangular hyperbola (Fig. 3) summarized by
Eq. (1) below, with one intercept (k;) on the
abscissa and the asymptote being u/,;:

_ v (1_ka
=it (1-8). (1)
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Figure 3. Chemostat steady states. Relation be-
tween dilution rate (D) and cell quota (Q). Repro-
duced from Droop 1968 with permission of the
Journal of the Marine Biological Association UK.

The parameter k,, the value of the intercept, is
interpreted as the minimum quota necessary for
life (the subsistence quota) and represents the
value of Q at zero growth rate. /., is the growth
rate at infinite internal nutrient content (maximum
specific growth rate when 7/Q =0) and is an
abstraction (Droop 1968, 1983; Tett and Droop
1988). This must not be confused with .. the
maximum growth rate of the Monod equation,
which is always less than i/,,. The overall specific
rate of vitamin Bi, uptake by exponentially
growing cells in dilute batch cultures obeyed the
conventional Langmuir isotherm in relation to
medium concentration. Since, under steady-state
conditions, the cell quota is the quotient of the
specific rates of uptake and growth, the saturation
constant for growth could be obtained and had
the value of 0.142 pg vitamin B1» cm 3. This value
accords well with that estimated from earlier batch
culture work (Droop 1961c).

This experiment also gave insights into the
mechanism of vitamin B4, uptake by Monochrysis.
When vitamin-starved cells were presented with a
replenishment of vitamin, adsorption on to the cell
surface was rapid, more rapid than the steady-
state rate of uptake, but the cell surface capacity
was small compared with the maximum steady-
state cell quota. Thus it was possible to distin-
guish the rates of adsorption and transport.
Adsorption was more-or-less irreversible. Vitamin
B,» concentrations in the chemostats failed to
reach the very low values predicted by classical
equations. This was due to excretion of a non-
dialysable, heat-labile inhibitor at an apparently
constant relative rate that combined with

soluble vitamin rendering it unavailable (Droop
1968).

This publication of the 1968 ‘milestone’ paper
(Droop 1968) coincided with major administrative
changes at the Millport Marine Station. By 1966
the Development Commission, which, since 1921,
had provided financial support for the grant-aided
marine laboratories, handed over responsibility to
a newly constituted larger body, the Natural
Environmental Research Council (NERC). This
body gave its approval to plans for a new
mainland laboratory for west of Scotland and
authorized the spending of the first instalment of
the grant in 1966—1967 on a building at Dun-
staffnage, just north of Oban. The original plan had
been that some research work, particularly on
shellfish, would remain in Millport, whilst the
remainder would move to the new laboratory.
However, in 1968 NERC decided to withdraw
funding from Millport and so the relationship
between the SMBA and Millport, which started
with the establishment of this laboratory, was
finally brought to a conclusion (Marshall 1987).
Michael moved, together with his chemostats and
culture collection, to Dunstaffnage in 1969.

The 1968 paper introducing the Cell-Quota
Nutrient Model was to have far reaching con-
sequences for phytoplankton physiology and
ecology. The earlier Meonod (1942) equation for
substrate-limited growth of microorganisms had
been widely accepted by microbiologists, parti-
cularly for studies of bacterial growth limited by
the supply of an organic substrate. The Monod
model explicitly stated that the rate of utilization of
a limiting nutrient by a microorganism was in
constant proportion to its rate of growth. Whilst
this generality usually applies to osmotrophic
protista in steady-state conditions, in fluctuating
substrate conditions nutrient uptake and cell
growth are usually no longer closely linked and
attention focuses on the nutrient content within
the cell (Q) (Droop 1973b). Whereas the Monod
model can be visualized as comprising one
compartment, the cell biomass, which is linked
by the specific growth rate to the external
substrate, the Cell-Quota model comprises two
compartments: (1) the cell quota, which is linked
by the specific nutrient uptake rate to the external
substrate. (2) the biomass of the cell, which is
linked to the cell quota by the specific growth rate
(Droop 1983). There are several advantages of the
Cell-Quota model over the Monod model, in
particular: (i) the Cell-Quota model makes allow-
ances for transient situations characteristic of
natural environments, (i) the Cell-Quota model



has the advantage of being easier to apply than
the Monod model because rate-limiting external
substrate concentrations are frequently below the
limits of chemical analysis whereas the cell quota
(Q) and subsistence quota (k,) are usually easily
measured, (iii) the prediction of potential biomass
in an isolated water body is likely to be consider-
ably higher according to the Cell-Quota model
because the Monod equation only takes account
of the ambient nutrient whereas the Cell-Quota
model takes account of the level of nutrient
already in the cells, which is usually greater than
the ambient nutrient concentration because of
luxury consumption.

The Cell-Quota model did not come about in
isolation. ‘Luxury consumption’ of nutrients, parti-
cularly phosphorus, was already a well-known
phenomenon. Ketchum (1939) and Kuenzler and
Ketchum (1962) showed that the diatom Phaeo-
dactylum tricornutum, when inoculated into fresh
medium, completely depleted the medium of
phosphorus within the first few hours of culture.
Subsequent algal growth was therefore indepen-
dent of the phosphorus content of the medium
and control of growth had to be viewed in terms of
the internal concentration. Phosphorus is not
unique in this manner for much evidence has
now accumulated that luxury consumption of a
nutrient is the rule under such circumstances.
Almost contemporaneously with Michael’'s work,
Caperon (1968}, working with Isochrysis galbana
Parke in chemostat experiments in which nitrate
was a limiting nutrient, appreciated that the
concentration of internal nitrogen controls growth
rate when nitrogen supply in the medium is
limiting. He too obtained a hyperbolic relationship
relating growth rate to the inferred internal nitro-
gen concentration. However, it was Michael who
produced and championed the Cell-Quota equa-
tion that is now in common use.

The Cell-Quota Model and
Phytoplankton Ecology

To some extent Michael’'s research work can be
considered in decades. The 1950s focussed on
determining the precise nutritional requirements of
flagellates; the 1960s were dominated by the
vitamin By, work. Now, during the 1970s, Mi-
chael’s major interest centred on the applicability
of the Cell-Quota model to other nutrients essen-
tial to phytoplankton growth, particularly phos-
phorus and nitrogen, and the relevance of the
model in all its ramifications to phytoplankton
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populations in the natural environment. Michael’s
output of publications during the 1970s became
more expansive and mathematical. He was able to
develop his ideas through a combination of
original research papers and review articles
(Droop 1973a, 1974a, 1975a, b, 1977).

Michael took his three postulates relating
specific growth rate in steady state systems to
nutrient status and subjected them to experimen-
tal scrutiny (Droop 1973a, b). In particular he was
interested to test how the Cell-Quota model would
adapt to transient conditions in culture. For
instance he investigated the effects of one limiting
nutrient on the uptake and quota concentrations
of others since the unavailability of one nutrient
would not necessarily affect the uptake of other
non-limiting nutrients. He also investigated the
effects of two nutrients (vitamin By>, and phos-
phorus on Monochrysis) where either or both
together effected control of growth (Droop
1973a, b, 1974a, 1975b). Two possibilities were
hypothesized; either one or other of the limiting
nutrients would exert control over growth, the
threshold hypothesis; or, secondly, the effects of
two nutrients would be multiplicative in that they
would interact with each other to affect growth.
Michael’s work showed that the threshold hypoth-
esis was operational and that growth was not
affected by non-limiting nutrients (Droop 1974a).
From these experiments Michael generated a
model that could, with a single set of constants,
predict simultaneously biomass, medium and cell
phosphorus; and medium and cell vitamin B4, at
any time subsequent to the lag phase of cultures
of Monochrysis lutheri (1974a, 1975b). He coined
the term ‘luxury coefficient’ (p) for the factor by
which an excess of nutrient was enlarged. Later
the term was refined to refer to the ratio between
the standardized rate of uptake of an excess
nutrient compared to that of a limiting nutrient at
the same growth rate (Droop 1983).

Michael and his co-workers (Droop et al. 1982)
expanded the Cell-Quota model to include the
interaction of light on nutrient uptake and growth
of Monochrysis. Their aim was to ftreat light
limitation and excess in terms compatible with
nutrients in the model. Adaptation of the Cell-
Quota model to include light involved the concept
of a ‘cell quota for light’ analogous to the nutrient
cell quota. This required a study of energy
budgets as well as cell quotas under different
light and nutrient regimes. In extending the Cell-
Quota model to the natural environment, Michael
in collaboration with Paul Tett, a Millport and
Dunstaffnage colleague of long standing, sought
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to apply the Cell-Quota model to nutrient/growth
interactions in natural phytoplankton populations.
Their conclusion was that, although there re-
mained gaps, the Cell-Quota model provided “a
substantially complete, internally consistent, and
simple but adequate physiological account of
algal growth processes, suitable for incorporation
into a range of ecological models of planktonic
processes” (Tett and Droop 1988).

Michael officially retired from the Dunstaffnage
Laboratory in 1983. However, he continued to work
in the laboratory for some time post-retirement and
still contributes notes to journals, mainly about
comments and criticisms of his Cell-Quota model
(Droop 1978, 1979, 2003). In 1983, 15 years after
the first publication of his model, Michael published
a retrospective appraisal of algal growth kinetics
over 25 years in which he was able to review the
success of his original model in the context of
general algal physiological and ecological studies
(Droop 1983). He was able to list 35 publications by
other authors in which there was a hyperbolic
relationship between specific growth rate and cell
quota. However, there have been a few instances
when the equation was not applicable, most
notably with nitrogen- and ammonium-limited
growth in Monochrysis and Dunaliella (Caperon
and Meyer 1972; Laws and Caperon 1876). There
have been suggestions that the model applies best
to ‘minor’ cell nutrients and not to the major
requirements, such as nitrogen and carbon. How-
ever, looking at the list of successful applications of
the Cell-Quota model, phosphorus and nitrogen
make a frequent appearance. The number of
compartments has also been questioned (Davis
et al. 1978) with suggestions that there should be
three or more. Michael responds to this in two
ways, the first being that the model should be kept
as simple as possible; the second being that, in
some instances, an additional pool (e.g. the soluble
silicon compartment within a diatom cell) might be
so small as to add complication for a very minor
gain. Michael is not dogmatic in defending his
model and concludes in the Droop (1983) article by
saying that the Cell-Quota model “has the mini-
mum structure necessary both for functioning in
transient situations and for handling more than one
nutrient or organism simultaneously”.

Postlude
As recorded here, Michael’s work was an integral

part of his life although it was not his only interest
in life. His wife Margarete who he met in

Cambridge and married in 1951, died in 1996.
His three sons, all of who were educated at
Marlborough College, and their families remain an
important part of his life. He has retained his
interest in painting, which is primarily for his own
satisfaction although he has exhibited locally and
elsewhere (Fig. 4). His research work was what
would now be described as ‘curiosity-driven’ in
that at no time did he set out with a ‘life plan’ but
pursued what was interesting at the time. How-
ever, this was not as casual as it might appear for
he was constantly expanding and refining the
questions he was asking. It took Michael some
time to decide upon his career. To some extent he
had a false start at Cambridge and it was good
news for algal physiology and ecology that The
Marriage of Figaro deflected Michael from his
examinations in 1939. His career was interrupted
by the war, which meant that he was a mature
student by the time he became an undergraduate
at Liverpool University. His return to Cambridge to
work with Pringsheim was also an opportunity to
‘mend fences’ with Trinity College and went some
way to demonstrating to his father that he was not
as feckless as he might have appeared. His
transfer to the remoteness of the Marine Labora-
tory at Millport suited his temperament, for here he
was given a free hand to pursue his research
career relatively untroubled by the distractions of
teaching and administration.




Michael was by nature a bench worker prefer-
ring to design and carry out experiments himself
rather than delegate the tasks. His work bears the
hallmarks of a craftsman; the technical skills
required for the acquisition of axenic, clonal
flagellate cultures are painstaking in the extreme,
and they were only the prerequisite to work that
was to come. No doubt Pringsheim, with his
Germanic fastidiousness for single cell isolations
as detailed in his book (Pringsheim 19486), pro-
vided good training for Michael’'s future work. It is
noticeable, even in his earliest papers, that
Michael was keen to include quantitative and
experimental components wherever possible to
enhance what could otherwise be called descrip-
tive ecology. As Pringsheim once said to Michael
“have you always got to count cells?” His move
into continuous culture work, initially to provide
algal cultures for oyster larvae, called upon his
skills of designing and building apparatus since
this period predated the era of commercially
available kits. Nevertheless, building equipment
from scratch appealed to his work ethic. Perhaps
the most striking developments to be noted in his
papers, particularly during the 1970s and early
1980s, are the increasing technical complexity of
his experiments, including the use of radiolabelled
nutrients and the multiplicity of variables mea-
sured, and the increasingly complex mathematical
methods used to analyse the collected data.
Michael makes light of his mathematical ability
but essentially in this respect he was self-taught
on the basis of extensive reading. He considers
that the progression he made from natural history
to mathematical modelling has something to do
with the artistic side of his make-up and his
appreciation of pattern, an attribute he shares with
many mathematicians.

Michael was an innovator; his work and life have
all the hallmarks of a pioneer in that he was
restlessly inquisitive, ascetic, self-contained, com-
mitted and determined to achieve. He was clearly
an original thinker and flourished during a period
when researchers were given time and freedom to
pursue their own ideas. Whether or not his work
was fully recognized for the quality of its content is
a matter of debate. He was elected a Fellow of the
Royal Society of Edinburgh in 1962. Michael was
not a politician; he shunned the limelight and did
not court friends for his own ends. He was highly
regarded by his colleagues and was supportive of
the next generation as witnessed by the help he
gave Paul Tett and others. The fact that his work
and, in particular, the Cell-Quota model still
shapes thinking on phytoplankton physiology
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and ecology today is a measure of the enduring
importance of his legacy to science.
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