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AbstraCt:

o The literature pertaining to colony formatioﬁ by
microorganisms is reviewed and it is concluded, that while

this propefty has been extensively utilised, it has been little:
studied for its own sake. Reasons are given why its further

investigation is desirable.

The physical and chemical factors which are important in

regulating the growth and form of a colony of Aerobacter
aerogenes during its.development from a single cell to a thin
mass of cells up to 4 cm. in diameter, have been elucidated.

The behaviour of large numbers of colonies of Aerobacter

aerogenes and Saccharomyces cerevisiae, as populations, has

also been given quantitative expression.

It was observed that colonies of Aerobacter aerogenes

which were able to grow for prolonged periods of time,

" developed from the original circular disc shape'into'a complex
'floral} pattern.- The nature of this phenomenon, which is
closely related to the limitation of the rate of‘bolony growth
by the diffusion of a particular nutrient or toxic by-product,
‘has been demonstrated. It seems that the development takes
place by the self-reinforced deviation from a smoofh line of
the growing front, under the influence of a gradient of sémé
\growth regulating,substance.»~ The process has many.similafitﬁﬁ
with the deveiopment'of a dendritic crystal.  This phenomenon
and its pronoﬁnéed modification by the addifion éf adsorbentsb

to the gel, have been investigated and given semi-quantitatiVé..



description.
These studies have been paralleled with modified strains

of Aerobacter aerogenes whose changed behaviour in forming

colonies has been correlated, to some extent, with their

altered metabolismn.

It seems likely that the principles described apply to
many non-motile organisms and possibly to other systems of

expanding masses of cells. .
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Chapter 1,

Introduction:

Bécterial colonies are closely packed aggregates of
bacterial cells which aré formed by the growth of isolatedv
organisms within a solid medium or on the surface of it. For
reasons which will become clear later, colonies which are
formed inside a sélid medium are of less intérest than those
which have grown on thg surface and because of this, the latter‘
will be discussed predominaifly. It is eésential for the |
formation of a colony that the cells are npn—mdtile oﬁ the'
.surface in question, otherwise a thin film of growth is
"produced, Motile organisms, however, will produce colonies
if steps are - taken to inhibit their motility. In this
| discussion the colonies of other uni-cellular organisms such
.as yeasts, will also be included, since they are quite similar

in many respects to bacterial colonies,

g

Most colonies of microorganisms are large enough to be
seen.with‘the naked eye, since they reach a size of therorder‘
of 1 mm,'and ﬁlthough for the purposes of this study they have
been produced by the deliberate inoculation of cells on to
surfaces; theyvcan be seen to oécur in naturé? rMany deca&ing
organic materials e#hibit small specks, often white in‘c010uf;
whiéhvéreb in fact colonies of microorganisms, | It is well k_t_lown

that for & long time, man used microorganisms unknpwingly_iﬁ§,:.v



-

~such processes as the ﬁétting of flax and hemp; thé 1ea§ening
‘of bread and the production of beer, wine; vinegar and cheese,
Man had suffered pain and even death at the hands of certain
- species and he had actuaily seen microorgénisms_in the form of
nafurally occurring_colonies. In view of the above, his
reluctance to éccept the concept of *microscopic creatufes';

although understandable, is still a little ironic,

As early aé 1546; a view was advan¢ed by Fracastorius of
Verona, -that a 'contagium vivum!? wés the cause of infective
disease, (Wilson and Miles 1957). Such ideas were not tested
experimentally and‘they remainedAas unproven hypotheées, much
as the theories of the early Greeks concerning the ultimate’
ﬁature of matter.had done, Antony van Leeuwenhoek provided
direct pgoof of the existence of microorganisms in 1683, with
‘his inventi&n of the microscope. He was able.ta make detailed
drawings of large numbers of living orgagisms, includingig‘
bacterial and protozoal fofms. The existence of' microorganisms
had thus been cléarly dgmonstrated, but theif role in, for

example; infectious disease and fermentation, was not yet clear,

At this time,(1859);‘there were two opposing schdols‘of
thought on the nature of microorganisms, One believed. that -
such organisms could form. spontaneously under suitable

conditions, as, for example, in the presence of decomposing
organic matter,  The opposing idea was that microorganisms .
were produced in some way from similar pre-existing cells,

The work of Pésteur.déﬁonstrated the correctness of thQ'SGCOhd"



theory and also laid the f&undations of modern practical
techniQue. ‘The methods employed by Pésteur andrhiércolleagues
were, héwever, unsuifable for the isolation}of pure strains of
organisms which was required forAthe further advance of the

science,

In 1881, Robert Koch described a method for preﬁaring
cultures on solid media, which made possible the isdlétion of
pure strains of bacteria from colonies derived from single cells,
Koch used first gelatine and later agar; to solidify various
liquid culture media. -Many important diSCOVQries.folléwed the
provision of this vital practical step and most of thé
experimeﬁtal pfocedures then known have remained in common use,
basically unchanged to thg présent day,‘although some new ones

have been added.

On Studying'thellitefature it becomes -clear that while
célony formation has been used By many workers in a great
variety of afpliéations; ‘there has been relatively little
study of the phenoﬁenon for its own sake, Neverfheiess; thé
.principal uses to which colony formation has been_pﬁt will now
be feviewed, since it illustrates tﬁe general properties of
colbnies and aiso sefves tQ seﬁ the work in this thesis in‘its
general éoﬁtext. |

The main advantage of colony formation is that it can be
~usedifo-pr6vide large numbers of micrbs@oﬂhApure cu1tures, each
~derived from a.single cell, easily and rapidly. For many

organisms there is good evidence that when suspensions of cells



_are-spread on the surface of a suitable nutrient gel, thé
majority of colonies that form originate from single cells,
‘(Stanier; Doudproff and Adelberg; 1958). Thus this procedﬁre
provides a simple and diféct method of counting the number-

of viable organisms in a cell suspension and is in common use,
Under some conditions the number of viable organisms differs
considerably from the total number, (Dean and Hinshelwood,
1966, p 48). Two limitations of this method should be
mentioned, First, occasionally in liquid culture, organisms
clump together in groups of two or more cells, This may be

either a characteristic of the organism, (.e.g. Streptococci),

or may be induced by the conditions in the liquid culture;

(e.g. Aerobacter aerogenes in stale minimal medium),

Obviously, if such suspensions are used in the above procedure,
the viable counts will be lower .than the true values,. but it is
possible to observe clumping éf cells by viewing a sample of

the liquid suspension under a microscope:> A slight degreé of
clumping can be tolerated in view of a second limitation of

this technique, which is that no absolute distinction as to
whether a cell is viable or non-viable exists, ‘Thus, when -
samplés of a susﬁensibn of‘cells are plated oﬁ to full nutrient |
agar and minimal agar, (Chaptér'Z), a higher yiability is
usually obtaiﬁéd on the former, - This finds a simple explanation
.iﬁ physim#chemicai terms;.(Dean‘and Hinshelwood, 1955), '~ Each’
bactériai cell is beiné éubjected tor£wb fypes of:Physical.'

.prqcess; the first is the spbntaneous bréakdown ofﬁfhe_cel;, the
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;Vloss of contents thfough diffusion, this corresponds to'a
thermodynamic increase in entropy. The opposing reactions
are the synthetic reactions of the cell and various repair
processes (Pift'l965, 'maintenance energy')’ these are entropy
reducing reactions, When bacterial celis are placed on a

. gel Sufface, these two types of réaction compete; if the
degrading procesé is sufficiently fast the cell mnever divides,
but dies, However;”if the synthetic reactions are fast enéugh
the cell will divide and a colony subsequently forms, Nutriént
media, such as meat broth, increase the rate of the synthetic“
reactions of the cellé because the average iag times and mean
generation times, (Chapter 2), are feduced while the degredatiwe
feactions, as we have defihed them, are independent of the
nutfient source and hence remain approximétely’constant.

This explains the higher viability which is obtained on nutrignt
media compared with miﬁimal media, The viabilit& of
organisms should, therefore; always be related to the conditions

. X
under which it is measured,

The formation>of a colony by‘an organism‘generally'
classifies it as belonging to a non-motile specieé, althqugh
non-motile mutants of motiie organisms have been reported,
Arristrong éanl.(1967). The colonies formed by a particular-
orgahism are usually chafactefistic in apbearance_for that
'species gnd the 1iferature contains many descriptions 6f the
coloniés'produqéd by ﬁarious drganisms undgf certaiﬁ .7

conditions, (Wilson and Miles, 1957 ; Burrows, 1955), Because .
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of this property, colony-morphdlogy often plé&sran important
part in the identification of unknown organisms, This
techniqne is not confined to pure cultures and altnough motile
organisms can create difficulties on plates of mixed cultures,
it is usually possible to use the method to glve a first.idea
of the species present and also to isolate each organism for
further tests. In screening samples taken from, say,'infected
wounds, the identification of the Organlsms present is often
seoondary to establishing which antibiotic they are most
sensitive to, This is readily done‘br spreading some of the
cell suspension on.an agar plate whioh contains different

~antibiotics in separate sectors of the gel.

By mixing the cells with molten nutrient media containing
egar,' at 40°C, and then allowing it to set, it is usually
.possible to obtain small colonies inside the gel. The shape
ofvsuch colonies, which is similar to a convex 1ens;_is
predominantly determined by the gel strnoture, (S@anier,
Donrdorff and Adelberg, 1958), and‘hencevthey grelless
- characteristic in appearance than surfaoe oolonies. This means
that they are less useful for identificetlonvpurposes,and also

less interesting in the present study.

- The‘characteristio appearance of bacterial colonies'may'
be markedly affected by alteratlons in the chemloal composition
,of the gel and sometimes by the method of cultlvatlon of the

organlsm prlor to- platlng, (for example see ‘rough-smooth

lforms', below). -Bacterial colonies will_sometimes produce‘
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‘quite specific colour changes in certain reagents which have
"been.added to theAgel before it sets and.these colour changes
‘may be ﬁsed, in conjunction with colony morphology, in the
identification of organisms, For example, colonies of

Pseudomonas indoloxidans (and the gel close to them), grown on

agar containing indole, (colourless), become deep blue as the
indole is oxidised and condensed to indigo blue, - Colonies of

Corynebacterium produce characteristic colours when grown on

gels containing tellurite and it is also possible, by this

means, to distinguish between various types of this bacterium,

Similarly, the colonies of Gonococcus and Meningococcus

produce characteristic colour changes when tetramethyl-p-

pﬁenylenediamine solution is applied to them,

In screening the large numbers of microorganisms which is
required when searching for new.antibiotic produging strains,
fcolony fofmatibn has been used extensively. Moitén nutrient
agar is inoculated with suitable numbers of tesf ?rganisms,
against which the antibiotic is reguired to be ac£ive, at 4006,
and allowed fo set. A liQuid suspension cbntaining about
100 cells of the various organisms to be tested for.éntibiotié_
préduction, is spread on the surface of the gel,:a suitable

- period of time after it has set, The surface colonies of’
any'érganism which produceé a diffusible‘ahtibiotic-éubsfance
are surroundédlby a clear =zone ofvagar'where_ﬁhe‘g:owth of the
tost Qrgaﬁiéms within the gél_has been iﬁhibited{' These

inhibition zones may'bé produced by rather general factors, such
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as adverse pH,'buf the method allows the detecfion and -
isolation of all possible strains for their further study in .
pure culture, A rather similar procedure, which is dependent

on the theoretical solution of various diffusion equations, is

employed as a bio-assay for antibiotics, (Cooper 1963 ).

In a similar way to screening mixed cultures, a pure
strain of organism can be examined for the presence of mutant

cells by using colony formation,

Occasionally the parent and the mutant cellsvwill differ
with respect to the production of a pigment, For example, it

has been reported, (Gause 1966) that Staphylococcus aureus

treated with the ultra violet light or various mutagenic
chemicals, produced two types of colonies. -Whitish colonies

of the parent éells were formed and also orange éoloured
colonies from mutant celis. It was Shown that the mutant cells
were oxidatively deficient and produced an intracellular orange
pigment; Gause reports fhatrmany mutant strains“of

" Staphvlococcus aureus and'Staphylococcus afermentans whichvhad

oxidative deficiencies and produced orange pigmentsvwere also
obtained, He suggested that respiratory defects in these
strains might be accdmpanied by some disturbances in the

metabolism of flavins, The production of a yellow pigment by

'an qxidativeiy deficienﬁ strain of.Aerobacter aerogenes is
reéortéd in Chapter 7, Similarly, with organisms whibh anma11y
produceiﬁigments,‘mﬁfaht cells mayipften be aétéétéd‘thrdugh a -
deletion of thié funéti¢n.' A 5actefiéi.9°1°ny represeﬁ?S'a_
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very high concentration of cells and hence is ideally suited
. [

for the detection of the production of intra-or extra-cellular

pigments,

A more general way of illustrating mutant formation through
its modified metabolism is by the addifion of some reégent to'
the gel which produces a differential colouf reaction in or near:
the colonies. Tt has been shown, (Gause_l95%), thﬁt the |
colonies of some muﬁant cells of yeasts induced by trypaflavine,;
camphor and ulﬁra-violet radiation could be readily
distinguished from those of the parent cells by'adding the -
colourlesé leucobase of methylene blue to the gel before
setting, The normal colonies became deep blue‘inlcolour
whereas those of the mutant cells which had respiratory .
deficiencies remained colourless because they were unable to
‘oxidise the ieucobase fo methylene blue, Some'mutanté differ
from thé parent cells in their réte df production of some |
metabolite. Differences in the rate of acid pro&uction, for.
.example, can sometimes be demonstrated by the additibn of an
indicatof to the gel on which the colonies are groﬁing. Such
methods, wﬁich exploit quantitative differences in metabqlic
rates are in principievwidely applicable to the detection of
mutaﬁts.. | ‘ |

Ohe”mutation which seems to be common to maﬁy_spgéies
of bacferia; éffécts fhe appearanqerof tﬁeif.polqnies énd isi

‘known as’thev'rough-smooth' mutation, It was observed that

‘colonies formed by Streptococcus pneumbgjag_whiCh had just
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‘been isolated from an infectéd animal, forﬁed.circular coldniés
with a-émooth gIossy surface, on nutriént agar, On repeateéd -
sub-culture of such a strain in vitro, a second.type of colony
which had a rough'dimpled surfaée, began to appear and was
easily distinguished from‘the first type. It was later shown
that the cells which produced the smooth colonieé were
sﬁrrdunded by a capsule of polysaécharide, while those of‘the
rough colonies did not have tﬁis capsule, The difference in
the colony mqrphology of these tﬁo4types seems to be closely
connected with their respective cell surfaces, (Nutt 1927).
The encapsulated cells were also found to be wvirulent in |
animals, "but those»of the rough’colonies were not; the reason
for this is not yvet clear, It was found that 'rough' type
cells could be transformed to !'smooth! type by contact with
extracts from disrupted ‘'smooth! type cells, In 1944, Avery,
McLeod and McCarty showed thét the transforming substancq
involved was DNA, It seems‘likely, therefore, tyat the
'rough! fype of colonies which appeared with the prolonged in-
vitro culture of the 'smoofh' type was a mutant strain which
did not form a polysaccharide'capsule. 7 Although this cépsule_
was iﬁ some way essential for the viruleﬁce of the organism in 
a host animal, it. is sﬁperfluous in in-vitro qulture. Mahy
:dther genetic transzrmations were subsequenﬁly disdovered, béth
_inApneﬁmocagci and injothgp‘SPeéies of bacterial

K A very éomﬁonidiffefancé bétween‘colohiés df~nofmai_éndx_

mutant cellé is that, while both are baéically:circular,'they
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differ in diahéter,_the'mutants usually being smaller, ‘The
two types of colony are sometimes clearly distinguishable by

inspection, (for example, Saccharomyces cerevisiae treated with

sodium azide, Wild and Hinshelwood 1956), but when the
difference in size is less marked, the presence of two types of
colonies on a plate can often be demonstrated by constructing

a histogram of colony diameters, (saccharomyces cerivisiae

treated with Crystal Violet, Wild and Hinshelwood 1956).
Probably the most thoroughly studied example of these systems

are the 'petite colonies!' which are formed by Saccharomyces

cerevisiae on exposure to acridines, .?he cells of these small
coloniés were found,(Ephrussi, Hottinguer and Chimenes 1949)’

to be genetically stable and to produce small colonies on sub-
culture, It was shown that the mutant cells were oxidatiVély
defiéient and it was suggested, (Tavlitzki 1949) that the
reduced size of the coldnies’that they formed waé due.to their
enforced anaerobic metabolism of glucose which is less efficient
than the almost completely aerobic mode of the no;;al cells,

Gause>(195%0 has reported the production of eleven oxidatively

deficient strains of Saccharomyces cerevisiae by the use of

trypaflavine, camphor and ultra-violet radiation, Oxidatively
deficient strains of various genera of yeast including:

Saccharomyces Candida, Schlzosaccharomyces DebarYomyces

Pichia and Torulops1s were descrlbed by De Deken (1961)

‘Generally it seems that all ox1dat1vely def1c1ent mutant cells

fb;mvcolonies which'are'smaller than thbse of the parent.'
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The océurrencé of various small colony mutants in bacteria has -
also been reported, (Gause 1956), It seéms clear, however, that
small colony forms of bacteria and yeasts can be produced by
mutant cells which have normal respiration_(Bianchi l96la,

196lb?: ‘Gause 1966),

A brief survey of the types of work in which colony
formation has been emp%o&ed has been given, However; the
amount of ﬁork which has been done in studying colonies for
their own sake is quite small, Infbrmation concerning, for
example, the overall kinetics of - the growth of a colony, the
mode of regulation of its growth, whether.some cells are
dividing more rapidiy ﬁhan others and if so, why this should

be, have all been little studied. Also the factors which

2
are instrumental in determining the morphology of a colony

havé not beeq elucidated,. Clearly such information might be
valuable in connection with many of the current applications

of bacterial colonies and might also be useful in connection
with related, but more complex phenomena suéh.as the chemotaxis
of motile organisms. In addition, bacterial'cdlony formation
is quite fundamental in nature and it is of interest in its

own righf. Views similar to the abové were expressed by
Hoffman (1964), In beginning a review article entitled |
'Mdrphogeneéis'of Bacterial Aggregaﬁions' he said, 'The régular,
macroscoplcally v151ble mlcroblal colonles on conventlonal.

;laboratory media are not the characterlstlc aggregatlons

which occur in nature, The wide variety of.irregular
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-formétions,-however, which may be found in the natural
habitat are, in all probability, expressions of the same
mechanisms as those involved in the deveiopment of
macroscopic colonies, Although these mechanisms are

4poorly understood in the case of most micfoorganiSms,

and pafticularly bacteria, it may very well be that increased
attention to such simple models may allow their more
effeétive isolation and definition, It is hoped that the
present review wiil stimulate a'greater interest in the
problems of bacterial aggregation than is evidenced by

the relatively meagré and'uncollected literature, " Increased
understanding’may,not‘only,clarify many aspects of microbial
life, but possibly may'also contfibute significantly towards
elucidation of the more complek_processés of all aggregation
in higher phyla?, | Somé studies of colony formation have
‘been reported in the iiterature; however, notabl} by Pirt
(1967); this and other work will not be reviewed here,
butrwill be discussed later, at points where it ig

appropriate;

Bacterial colonieé are also of interest because they
bear a fundamental similarity to,é tissue in that they afe
'+ growing masses of closely packed cells which develop into'
morﬁhologically-éharacteristic forms, Hoffman;,at:the
end of the abo&e quotétion, suggests that useful ideas might‘.
spring from_this.analogy;" Likewise, Stanier, Doﬁrdorff

and- Adelberg (1958) said,'Like the body of a multicellular
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.orgéhism; a bacterial colony is a population 6f ceils, aﬁd
‘ifs appearance and organisation are determined by the
specific properties of the individual cells and by.the mutual
relationship of thé cells that are in close associationt?,
Altﬁough not referring specifically to colonies, Sussman
(1965), suggested that the study of the developmental
.phenomena of microorganisms wbuld vield useful ideas about
such processes in higher forms,. 'Notwithstanding, one_‘
purpose of thié essay is to cohvince the reader that there
is, in fact, amply common ground between the developmental
phenomena observed in microorganisms and those observed in
higﬁer plants and animals?. Pirt, (1967), supports the
possible usefulnéss of régarding.the bacterial colony as

a model of a tissue, ’;..... oné could régard the colony of
~a microorganism as a simﬁle model of a differentiating tissue
in which one can control the environmental factors and thus

discuss their effects in quantitative terms!',

By studying the growth and developmenﬁ of a bacterial colomy
it ﬁight be possible to suggest mechanisms whiﬁhvcould
operate in the more complex formation of higher tisSueé, ~ In
addition,:the techniqués for the in-vitro culturing of
‘\mammélian cells to produce colonies are improving considerabl&‘
and it is»concéivable that a knowledge of the regﬁléﬁory’
. factors involved‘in.baéterial colonies would be of'ﬁsévih

this new field.
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ChaEter 2.

Bacterial Growth Cycle
and Experimental Procedure,

When baéterial cells are inoculated imto a fixed voiume
of a suitable liquid culture medium, their ensuing growth
follows a characteristic pattern, This type of growth which
is descfibed beloﬁ-is also exhibited by the yeast strain

employved in this work and by many other uni-cellular organisms,

A plot of 'log n; against time, (where !n' is the number
of bacteriai cells per ml, at a given time) is given in
Figure (2—1) and illustrates the basic bacterial growth cycle,
The lag phase 6ccurs immediately after inoculation into a
fresh medium, is accompanied by little gfowth or division and
is a period of édjustment to conditions for which the cells
initially are not ready, The length of.the lag depends oﬁ the
ﬁature of the medium, the age of the parent culture and the
size of the inoculation, There is Wideépread evidence which
suggests that the lag is in fact a period of inténse chemicai .

N

activity direcfed towérd@ restoring the balance of cell

metabolism and establishing growth and division,

During the logarithimic phase thevcglls grow énd divide
so that the rate of synfhesis of new material is proﬁortional
to the amount of material.alreédy present,. Althqugh éﬁité
importént variations in cell size occur during‘the coursé of
a growth cycle, they do not affect the-fotal éeli mass, In
1ogarithmic ploté, moreovef,.moderate deyiations do not‘éhow»

up to any marked extent even when actual numbers of cells are
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uséd.v The growth fate is conveniently expressed as the meén
éenefation time (M.G.T.) which is the average time interval
between divisions and, therefore, the time required for the
bacterial concentration to double, The mean generation time

of Aerobacter aerogenes fully adapted to grow in a synthetic

minimal glucose médium at 35°C is about 33 mins,

The fall in growth rate which heralds the onset of the
stationary phase may be brought about by the accumulation of

toxic products or by the exhaustion of some nutrient.

The accumulation of toxic products makes the medium
unfavourable for growth, Some of these prbaucts may alter
the pH to a value which is itself unfavourable for further
growth, The growth rate then decreases until the stationary
bacterial concentration is reached, As the stationary phase
is prolongeq, effects of the environment cause the cells to
begin to‘die, often at an apﬁroximately logarithﬁic rate

(Hinsheiwodd 1957);

When the exhaustion of a nutrient prevents fu%ther growth,
the growth rate retains its optimum value almost to the vefy
end ahd the lag foilowing subculture to a fresh medium is
émall. Whéf it is desired to ensuré that the lag on |
subsequent subculture is as small as possible,»fhe ﬁarent is.
usually grown in a"limiting' medium in whibh the cohcentrafibn

.of glucosevis high enough to leave the growth rate unaffected

and yet low enough to ensure its eventual exhaustion.

If, during aerobic growth, conditions allow the attainment .
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of a high bactefiai‘concentration, the subplY"ofroxygen mai_b
‘not be able to keep pace withrits,consumption; The ceils_‘
then adjust theméelves to this shortage of oxygen bﬁ partially
-utilising anaerobic growth mechanisms, These mechanisms
involve the reoxidation of certain reduced carriers by the
primary energy source rather than by molecular.oxygen and

ih this process the yieid of cells from a fixed amount of carbon
source is lower than ﬁhen completely aerobic conditions

pfevail;

Experimental Procedure:

Since most of the work to be described in this thesis

has been performed with Aerobacter aerogenes the experimental

procedures for its cultivation will be described first; the
few modifications necessary for the cultivation of a yeast
strain élso employed, will be described afterwards,

Tons of heavy metals are toxic to bacteria and so érowth
media were made up with glass distilled water and fAnalar!

grade chemicals, These solutions were prepared and used in

Pyrex glass vessels,

Methods of Sterilisation:

The usual experimental precéutions agéinst infectioh by '
extraneous microorganisms‘were always observed, Glaséware,
after very thorough washing, (N’a3 Poh‘és detergent) and |
finsing with diStiiled water was_séeriiised by placing in an

air oven at 150°¢ for 40 mins. Liquid'grdwth media, often as

_two or more constituent solutions in Pyrex glass flasks fitted
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wifh non;adsorbent éotton wool plugé, were sterilised by
‘autoclafing at 15 p,s.,i, for 15 mins, The various-solutions '
were mixed aseptically when cooler, Agar media, again in thé
form of twé or more solutions, were autoclaved at 10 p,s.i, for

20 mins,

When it was necessary to sterilise solutions of less
heat-stable substances the procedure of heating to.lOOOC on
three'successive’days was adopted. This kills vegetative
microorganisms and allows spores enough time to germinaté and
thus become vulnerable to subsequent boiling, Solutions of
very heat-sensitive compouhdé can be sterilised by filtration
through a Millipore filter, (Millipore Ltd,, Heron House,

Wembley, Middlesex),

Methods of Culture:

The organlsm was stored on nutrient agar tslopest! in
sealed McCartney bottles. Wlth the ald of a sterlle ‘platium
- wire and‘observing the usual precautions, some cells were
transferred to another bottle containing sterile ﬁgat broth

and the new culture~incubated until visible growth had appeared,

This latter culture was used to inoculate minimal media,

Such cultures of Aerobacter aerogenes in meat broth were

maintéined by subculturing at intervals of about one month,

Cells were grown in minimal media, (usually 20 nl),
6" x 1v boiling tubes ahd subcultured daily. These tubes were.

.placed in a thermostated water bath (35 0'* O 1 C) and were

fltted with cotton wool plugs through Wthh passed Pasteur
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pipettes for the purpose of aeraﬁing éach tube, A_smali o
aquarium type pump was used to provide air for this purpose
which was passed through a filtgr of activated charcoai‘to
.adsorb any oil vapour, followed by pads of glass‘wool>and
cottoh wool to remove contaminating organisms before éntry
into the culture medium via the Pasteud  pipette which itself
contained a cofton wool filter, Occasionally anaerobic
culture conditions were reQuired and this was achieved by
using 'oxygen;free' nitrogen from a cylinder instead of air,

in the above system,

The composition of the principal minimal medium used and

referred to later as 'normal minimal medium'! was as follows: -
Solution A - Glucose, 200 ml, (50 g.p.l,)

( Ammonium sulphate, 100 ml, (5 g.p.1.)

Magnesium sulphate, 20 ml, (1 g.p.1,
: (+FeSOh5m€;P1))
Potassium di-hydrogen ortho phosphate,
200 ml,

( 9 g.p.1. brought to
pH 7. 1, with IN Na OH)

Solution B -

Solutions A and B were autoclaved separately and mixed :
aseptically when cool,
The 'normal minimal agar! used in this work had the

following composition:-
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(Mg so4 7H o 0.05 gm, -

g (NHA) 80, 0.6 gm, .

é Na HPO, 3.16 gm,
KH, PO, | 1.5 gm,
Agar Powder 10,0 gm,
Glass distilled water 600 ml,

P~ \/‘\

B Glucose, 200 ml, (13.33 g.p.1.).

The two solutions were auteclaved separately at 10 p.s.i,
for 20 mins, and mixed aseptically when the temperature had
dropped to about 60°C. Difco Bacto agar powder was normally
used, but in somebof the experiments it was replaced by other
:brands, any chahges being clearly indicated in the teit.

The alternatives were:-

Difco Purified agar (Difco Ltd.)
Oxoid Ion agar , 4 <
Oxoid Agar No., 3 (0xo Ltd.)

Oxoid Nutrient agar No.2

To prepare agar plates molten agar'was pipettea into
sterile Petri dlshes, taking the usual precautions aga1nst>
“ihfectien and allowed tq set. The plates were left overnlght
“in a dry incubator at 3500 in order to remove excess moisture
ffom the.surface of the gel At the beglnnlng of thls work,
glass Petrl dlshes of 9 cm, diameter were employed -The

“bases of these dlshes were somewhat 1rregu1ar and 25 ml, of .
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agar was used to minimise any errors incurred by this.  Later,
disposable plastic Petri dishes were adopted, these proved
much more saﬁisfactbry and were used in conjunction with 15 ml,

of agar, (t’n“ 2,’-} mm, deep).

Agar plates were either inoculated by spreading 0.5 ml.
of a suitable dilution of cells in 1% sodium chloride solution
over the surface of ﬁhe gel with a bent glassrrod or by a
single inoculation using the tip of a platinum wire, The
plates were then left for about 10 mins, to allow excess 1iquid
to be adsorbed by the gel, before inverting and placing in an

incubator,.

Colony Measurements:

Colony sizes were measured under a low power microscope
with a calibrated evepiece scale or by calculation from
measurements on enlarged photographs and drawings, ‘The area
of certain large single colonies was esﬁ}mated by viewing

against a ruled grid, N

Measurement of Populations of
Suspensions of Cells:

Measurements of the Optlcal den51ty of bacter1a1'
suspensions, as determlned in a Unicam SP 500 Spectrophotometeq
were used to estimate‘the_number of cells per ml, in that
suspénsion;' The validity of>this,method'has.been.deméhstréted
and fully 1nvest1gated by Dean (1967) It was found quite

suitable in the present study.
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The sﬁectrOphotometer was calibrated in the following way.

A fully grown culture of Aerobacter aerogenes in normal minimal

medium was diluted, in kﬁown amounts, wifh phosphate buffer
(pH 7.1), A ‘calibratior.l curve was constructed of optical .
‘density at BBOTW.against the cell population as a fraction of
the undiluted culture, _ The curve was theﬁ expressed in terms
of cells per ml, of suspension by directly counting a sample

using a haemocytometer chamber and a microscope. It was
. : : 9

found that fully grown suspensions contained about 10

cells per ml,

Bacterial Strains:

The bacterium used, Aerobacter (Klebsiella) aerogenes,

(N.C.I.B, 418 Bact. aerogenes no, 240), was kindly supplied by

Dr, A.C.R, Dean, the Physical Chemistry Laboratory, Oxford,
" This strain of organism has been extensively studied in that
laboratory for several years, (Dean and Hinshelwood 1966), and

investigations are still being actively pursued there,

It was decided, for the purposes of the present
investigation, to prepsre modified strains of fhe above
organism which were resistant to.various toxic agents, It
‘has bsen knoQ; for some time that by culturing ah organisﬁ_in
the presence of a sub lethal concentration of a tox1c agent
('tralnlng ) 1t is often pOSS1b1e to produce a strain wh1ch

is much more re51stant to the substance in questlon than the

'original cells were, Such reS1stant-stra1ns ‘exhibit modified
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biochemidal'propérties, (in the absence of the toxiq agenﬁ),
“and it ié for this reason that they are of intérest in the
present investigation. Two opposing gxplahations for the
phenomenon of ;training' have been.advanced. One states that
in the adverse envirdnment, the selectionAof a small number of
mutant cells ﬁhich'are resistant to the toxic substance occurs,
while the other proposeé that a modification to the majority
of the population is taking place, (for example, Wolstenholme
and O!Connor (1957); Dean and Hinshelwood (1966)). However,
as it will apﬁear later, for the purpéses of the present
investigation it is immaterial which of these mechanisms'is

operéting in these particular examples,

Cells of Aerobacter aerogenes were cultured aerobically in

normal minimal medium containing a low concentration of a

particular drug or dye. The exact concentration initially
'employed depended on the toxicity of the agent, bﬁt in the
absence of any published data, the percentage sﬁrvival on
. _

various agar plates proved a very useful guide, By comparing
the numbers of colonies which fofm on normal minimal égar and
on agars containing various concentrations bf a given toxic
agent, when spfead with the same volume of a given Suspensipn
.of cells, it is possible to estimate a suitable'initial'
concéntration for training in liquid media, |

Plating on agar media also provides a very .go_od method 3

fdr-following the impfdvemeﬁt ih,?esistance of a particular'
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- strain during training and this is illustrated in Figure (2-2)

for a strain resistant to Brilliant Green.

A list of the resistant strains of Aerobacter aerogenes,
(somé of which were obtained from Dr, Dean), and the maximum.
concentrations of toxic agent to which they were resistant

is given in Table (2-1),

Yeast:
Some experiments were performed with a yeas%,

Saccharomyces cerevisiae, Park Royal strain 4264, which was

kindly applied by Messrs, Guinness Ltd,. The procedure for
the cultivation of this organism was the same as that just

described for Aerobacter aerogenes except £fér the following

points,
The organism was stored on wort agar slopes and

transferred to strong hopped worts. Tt was grown in the

following minimal medium at 20%. -

Solution A -~ 500 ml, Glucose (100g.;

(
{ Nacl (0.1?. :
| Ca Cl,.2H,0 0.1g.)
Solution B ~ 300 ml, ( NH4)2 HPO, (1.14g,)
( KH2 P0)+ . (8'0 g.)
- CH, CO0 Na . 3H,0 (5.0g.)
Solution C - - 100 ml, Mg S0,.7H,0 ' (0.5g)
Solution D - 100 ml.r Hop extract ,(75 mg.)
Solution E -~ 1 ml, "Trace elements solutioﬁ’ (see belbw)-
Solution P - 1 ml, . ‘'Vitamin solution' (see below).
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Figufe- (2-2) -

® Normal strain

0 Strain trained to 35 mg./1.

1'd' — . .20

Concentration of Brilliant green. (mg./1)

© 30
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TABLE (2-1) LIST OF DRUG-RESISTANT STRAINS. i

Substance to which Maximum Remarks.
cells were made concentration
resistant by serial reached
sub-culture. (mg/1)
Crystal violet . 30
Brilliant green - 500
Methylene blue 11400
Janus black 690
5- aminoacridine = 91
Streptomycin ' 2
Barbitone -8500
" Chlorampenicol : 59
(Streptomycin : ' 1) Simultaneous
(Sulphanilamide 1000 ) ‘resistance induced

- (Chloramphenicol 30 ) (see Bolton et al 1967)

Anaerobic strain ' " 200 sub-cultures.
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 The vitamin solution was sterilised by filtration through
a 'Millipore' filter and the other solutions by autoclaving; -
They were mixed aseptically when cool, The compositions of the

vitamin and trace elements solutions are given below,

Vitamin Solution:

Biotin (10 mg/1)

Calcium D-pantothenate (400 mg/1)

Trace Elements Solution:

Boric acid (500 mg/1)
Cupric sulphate (40 mg/1)
Potassium ijodide (100 mg/1)
Ferric chloride (200 mg/1)

Mamrganese chloride (400 mg/1)
Sodium molybdate (200 mg/1)

Zinc sulphate (400 mg/1)

To prepare agar plates the minimal liquid medium was

solidified with 1.25% w/iy of ’DifcoABacto' agar ‘powder,
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Chapter 3,

Factors affecting the Growth
of Colonies on a Plate,.

The Final Average Size of Colonies,

For these studies a suspension of cells was Spread on

"the surface of agar, 15 ml, in a Petri dish, diameter 9 cm.

With the normal strain on the normal minimal agar at BSOC,
isolated colonies becéme visible 10 to 24 hours after inoculation
They were whitiéﬁ in colour and circular when viewed from |
above, They increased in size until all wvisible growth ceased
from 2 to 10 days after inoculation.v With more than 1OLL cells
a cpnfluent‘layer was produced: with smaller inocula the
coloniés remained és aisfinct entities wﬁen all growth had

stopped,

Histograms of final colony diameters were constructed from
méasurements‘on plates haviné different numbers of colonies,
Tﬁe hiétograms have a sihgle maximum and are approximately
symmetrical, so that the most frequent diémeter is nearly equal
to the average.  Gaussian curves have beeﬁ verified to fit
some of‘tﬁé histograms, most of which are of similar form,

though some show a somewhat wider spread on the side of
increasing diameter,

The spread of the distribution of diameters varies with
the conditions on the pléfe. 7 It is defined as the ratio of the
width,of the distribution curve betweén the points'where‘the

frequency is half the maximum to the'moét frequent diameter., .



This is egual 2.3'times'the coefficient of variation in a
truly Gaussian distribution, The spread in the area is double
that in the diameters, The diameter spread ranges from 0.1

to 0,6 according to conditions which will become clear later,

As shown in Figure (3-1) the final average diameter, D,
decreases as the number, N, on the piate increases; all other
factors being kept‘constant. Microscopic examination showed
that the.veftical thickness of the colonies was small compared'
with their diameter and for the time being we may accept the
approximation of treating them as discs (cf. Pirt 1967). Thg-.
»value of ND2 is proportional to the total volume of colony
material on the platé. The horizontal portion of the graph in
Figure (3—2) where ND2 is plotted against N suggeSts thatr
exhaustion of some medium constituent is limiting grbwth, A The
fall in ND2 at lower values of N suggests, however, that with
fewer growing cenfres this constant amount of total growth can
no longer be atfained, presumably because the 1im%ting constit-
uent is now being used less completely or inAa'less efficient
manner, When N is small the colonies reach a larger size..
They have a greater available area of agar from which to draw
nutrients and into which to discharge products, The total time
of growth for largé colonies is greater than for smalléf, both
becauée the former preéent a smalier tbtal‘interface wiﬁﬁ the
medium and also because the greater amounts of nutrient which
fhey éventﬁaily épnsumé hésvhad on thexaverége furﬁher»tb

'diffuse;
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.Figure (3-3) showsrthat for large values of N, NDzkis
linearly related to the volume of the agar, the diameter of the
Petri dish being constant, This fact suggests that growth is
limited by exhéustion of_some constituent of the agar, The
averége colony diameter falls with reduction in the phosphate‘
"buffer concentration (Figure'(B—l)) and an approximate linear
relation is found between ND2 and the amount of buffer in unit

volume, Thus in these experiments the growth-limiting

constituent seems to be the buffer,

Doubling the standard glucose concentration gave smaller
colonies (Figure (3-1)) rather resembling éged calonies on the -
standard agar. Possibly excess glucose reaching the inner
parts of the growing colony is now wastefully fermented to yield
more than normal amounts of products whiéh can contribute tb the
stopping of,growth; If this is so, it would imply that with
‘the standard minimal agar thé-giucose concentration ihside the
grown colonies has fallen to a low value, At any stage during

growth, and especially in the interior of a colony, increased

agid formation may occur as a result of oxygen shortage

(cf. Pirt 1967). . Since, however, with Aerobacter the
anaerobic growth rate is about two thirdé of the aerobic rate,

oxygen shortage itself will never be the sole limiting factdr,

Factors affecting the Growth of ah Individual Colony:
Lag Times:
" As in liquid cultures, cells inoculated on to an agar plate

show lags of varyihg_lengths before they begin to divide,
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Presently the colony radius increases linearlyiwithttime_énd»-
because of the initial lag, plots of diameter against time cut
the time axis at differentvpoints. The intercepts aré not |
gquite the same thing as the true delay béfore the firét
division, bﬁt they serve well as a measure of the relafive
delay which each colony suffers before a steady sfate of growth

is established,

Histograms of colony lags were constructed by measuring
uﬁ&er the microscope, the diameters of about.60 colonies on one
spread plate at a series'of times soon after visible growth
appeared, Plots of these diameters against time were nearly
paraliel so that extrapolation to obtaiﬁ the intercepts was . «u
reasonable, The type of histogram obtained is showﬁ in
Figure (3-4) and the spreads as defined earlier are shown in

Table (3-~1).

If the lag is L and the total time of growth T, £he time
6f active growth T'is T - L, . The absolute variatiohs infi'
will be due to those in L since T is a fixed peri;a for all the
vcoloniés. If area were determined solely by T' then the
spread in area would be greater or less than that‘in L.-A
according as T' were smaller‘or greater than L, In'factrT'i
is often'éonsiderably grgatér than‘L. ‘Itvwill in fgct appear
tﬁatbthe spread 6f lagé»ié‘inspfficient to account.fof §ommonli

observed spreads.in colony diameter,

By the time a coldny hasAreachéd about'O.Bme in_diameter,

it has eéntered the phase of growth where the "diameter increases
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TABLE (3-1) DISTRIBUTION OF LAG TIMES OF INDIVIDUAL

COLONIES.
Number of washed Average lag ~ Spread
cells inoculated time : o
on plate. : , (h)
100 ‘ 9.17 Gl
1900 | 9.25 0.15

3000 . 8.15" A 0.15
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‘liﬁearly with time.  The kinetics of still éarlier growth were
not étﬁdied in these experiments but it is reasonable to assume
that at the very.outset it is exponential, as in a uniform
liquid medium, and that then mutual interactions of the cells

slow down the rate, (for general dis cussion cf Hoffman 1964).

Phase of Growth where Diameter increases
linearly with time:

This linear law i often quite closely followed not only

by Aerobacter but by other organisms (Dean & Hinshelwood 1956;

Plomley 1959; Pirt 1967) and some typical growth curves are.
shown in Figure (3-5) which refers to spread plates containing
about 100 colonies, - On them, the linear phase continues until
the colon& reaches about 80 per cent of its final size. Later
the law of growth changes, For similar inocula the upper limit
of the linear region is affected by the buffer and glucose
éoncentratiqhs in muchlthe same way as the final size,

Table (3-2a) however, shows that the actual rate is practicaily
independent of these concentrations, This implie's that for the
colonies growing on the normal minimal agar, the raté'at which
diameter increases in this region is not limited by.the rate of

diffusion of glucose or of phosphate buffer,

This phase of growth may be explained by a quite simple
" model in which active growth in the colony is regarded as being

- confined to an annulus of goBstant-width.and:: vertical
thickness. At this stage, moreover, growth is limited by
"fabfors_other,thanidiffuéion, ekceptAin so far as upward-

diffusion may have determined the vertical height (cf. Pi?t 1967)
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EFFECT OF BUFFER OR GLUCOSE CONCENTRATION
ON GROWTH RATE OF COLONIES.

TABLE {3-2a)

Concentration of Concentration of Mean rate.‘

buffer relative ~ glucose relative to
to standard. standard.

tdiameter growth ratef mm/h.

2.0 - 1 . ~ 0.084
1.0 | 1 0.100
0.5 - 1  o.1z5
0.1 1 ’ 0.094
1.0 2 | 0.105

TABLE (3-2b)

tarea growth rate! sq. mm/h.
1.0 < .. 1. 0.98
0.5 - 1 : 1.30
0.4 . 1 1.9
0.3 1 | ~ 2.30
0.2 T 1 0.58
0.1 : . 1 | | 0.09

1.0 2 o ~ 0.06
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The volume of the annulus is proportional toA2wﬂ~A
and by;hypoﬁhesis the rate of increase of cell mass is
proportional to this. The total mass is proportional to

U éawhere g is the vertical thickness,

.dfﬁrzgz

Then dt = constant 27+4 whence dr/dt is constant, so

long as A is constant,

Attempts to verify this model were made by sprinkling fine
particles of washed, sterile carborundum dﬁst on to a colony
growing in the linear phASe and taking microphotdgraphs at
intervals, ~In a series of such photographs the particles
showed no detectable movement relative to one aﬁother.. Thus

"the colony is not expanding uniformly throughoﬁt its mass, Ir
the'annﬁlar model is correct the width of the growing zone must
be quite small relative to fhe colony diameter (Pirt_estimated-

" about 0,09 mm, from fhe mean generation time and the cqlony

growth rate of Escherichia coli). The experiments described

do not rule out the possibility of growth in a very thin layer

~adjacent to the agar but the implied slip between the upper

and lower parts which this would involve is questionable,

Later stages of Growth:

With small inocula, permitfing the colonies to attain a
considerable size, a slower phase ensues during which a »
diffefent rate law holds, This.ﬁhase has. been studied‘in more
detail with single colonies‘obtained by inoculating one point
oﬁ an agar plate w1th tlp of a platinum- w1re. The ensuing

growth was followed for about 3 weeks and typlcal growth curves
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are givén in Figure (3-6) which shows that the'area;'rather1;
than tﬁe'diaﬁetef of the colony, now increases 1inéarly with
fhe time, ‘The area law correSpdnds to slower growth fhan the
radial 1aw,_and naturally in a gradual transition from growth
according to the latter to éomplete arrest the area law must be
 followed transiently at séme stage and so need not be of deep
significance, . The law, however, is sometimes followed over-
a quite considerable_?ange, so that an approximate theoretical
model to account for it has some interest, - The radial law |
followed from the assumption that growth occurred in an annulus
of‘constapt width, The érea law would require a steadily
diminishing fraction of the annulus to be avail;ble for growth,
This is what would héppéﬁ if an outflowing tide of, for example,
aéid from the whole colony could no longer be ﬁeﬁtralised .
throughout the Qhole énnulus by an inflowing tide of buffer, or
ihdeed if some other toxic pfoduct éould escape prégressively
less easily, If we assume, as an example, that there is a
criticél aci& concentrafion below which érowth ceases, that the
aéid is formed throughout the colony at a rate propbftional to
its area while the rate of escape is proportional +to fhé |
perimeter, then a simple calculation shows that tﬁe available
width of the annulus islinversely proportional to r, the‘radiﬁs

of the colony, Thus the equation of the last section becémes

d: (wr )* constant 2w r % = constant>‘which‘is the area law.
The model is only a rough one, but the law to whlch 1t applles

1s an approx1mate one. : The main assumptlon namely that

s,
diffusion is now beglnnlng to plaY a more. domlnant role ?
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Figure (3-6).
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however, consistent with other evidence to be brought forward,

In the regioh of the radius law the rate is nearly indepen-
dent of the buffer cencentration, (Table (3—2a)), but .in the
rregion where growth apprpXimates to the area law the relation
- of rate to buffer concentration becomes more coﬁplex. From
10 te 30 per cent of the standard_eoncentration the rate rises .
steeply, passes through a maximum at about LO per cent and
- then drops again, But at 100 per cent it is still greeter
than at 10 per cent, (Table (3-2b)):. Toxic products such as
alcohols formed by fermentation in the interior of the colony
may well play a part and inhibit growth at the‘perimeter, a
. possibility strengthened by the observation that in this phase
doubling the glucose concentration has a strongly inhibitory

action,

The experilments oflPirt'(l967) use conditions which are
intermediate between the 'early! and 'late! phases of growth
described above, but appear on the whole to be consistent with

the present ones,

Measurements of Diffusion in Agar Gel:

Measurements of fhe diffusion of glucose into a c?lindef
'of agar gel from an aqueous solﬁtion were made to vefify that
the standard dlffu51on laws could be used for the l 25 per cent
agar gel w1th whlch most of the experlments were made, The
,molten aqueous agar solutlon was sucked into a length of 6 mm,
bore prec151on glass tublng and held in place by suctlon tlll

bset._‘ Several such tubes were set up vertlcallY Wlth one end
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~immersed in a stirred glucose solution, and after sﬁitable_
periods of time agar was removed and cutAinto portions of 1 to

2 cm. length which were analysed for glucdSe.

A typical graph of glucose concentration against distance
from the face in contact with the solution is shown in
Figure (3—7a). For simple one dimensional diffusion the

following equation should apply

_.‘ ‘ .X
e = c erfc (- S TRE )
where ¢ is- the concentration at time t and distance x and co
the constant concentration in the reservoir, K is the.

diffusion coefficient,.

Plots of e—=xgtrmwt x against th&é square root of time
should be linear for each value of c/co, and the approximate

applicability of the formula is shown in Figure (3-7b).

Comparison of experimental and theoreticai curves shpws
that glucose diffuses more slo&ly at its higher cqncentrations.
To obtain accurate agreement with the classical diffusion
formula rather elaborate corrections~woﬁld be needed. For the
pfesent, howevef, it will appear that Very accurate valﬁés for
diffusion’éoefficients wiil not be required’and it can be
concluded that the behaviour of glucose in 1,25 per cent agar
gel is not very different from 1tq behav1our in water
(cf. Stlles and Adair 1921 Hill 1928, 1965, Friedman and .

AKraemer1930).
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Likely Role of Diffusion in . T o ;
Colony Growth on Plates: ' . :

The standard diffusion equations apply well enough to
justify the followihg approiimate calculation which indicetes,
with some margiﬁ of safety, that rate of diffusion, whether of
glucose or buffer, up to the colony ie unlikely to determine
the rate of increase of diameter on plates containing a
considerable number ef'colonies, where ?he final diameter is in
the neighbourhobdvof>1 mm, and where most of the growth is over

within a day.

On the other hand, with the protracted growth of a few
colonies on a sparsely covered plate, the final rate is likely

to be governed by diffusion;

-Let Figure (3-8) represent a eolony on a plate, The
complicafed geometry ef the sitgation is idealised as follows,
The volume indicated by the dotted lines is allocated as private
to the colony vertically above it, medium constitﬁents which
have oﬁce diffused into it being assumed unavailaBle for any of
the competitors, Let the area of the clyindrical wells‘be A,
D1ffus1on from remoter parts of the plate through this area will
not be 1ess than from a square prism of cross section A (since
in fact with the actual circular section‘of the plate material
wili con&erge from a larger volume than with the sqﬁare prism,
We shail be on the safe side if we uee the simple formula of
I@Page 50 »  In that formula ¢ = <§° at x = 0 and at ¢ =_A'o;._
 c'¥ 0 everywhere else, but for the present s1tuatlon these'

=0, c=c

Vconditions‘must be ehangedlto c =0 atx = 0 and at t sy 7 %o
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 everywhere else, Thus the ¢ of the former equation becomes
c, - ¢ and c/cé becomes (1 - c/co) and the solution is- now
S , ' ‘
1 , _ 2 _
q/co = erf x/2(Kt)?, We will take K to be the 10 4 om~ min T

and plot curves in Figure (3-9).

At time t areas such as OAB in this Figure represent the
concentration per unit cross section lost to the system, the
amount having diffused into the dotted region of Figure (3-8)
(at x = 0) being given by c_ x area OAB, At t = 10 the mass
lost is found by measurement of area to be.approiimately C.Oh
co g/cmB. If <, is taken as the initial concentration of

phosphate in the agar, 1072 g/em>, the flux into the sink is

L x 10—h‘g/cm3 in 10 min.,

Now a total area of colonies of 25 cm2 consumes about 0,2 g
phosphate so that é colony 1 mm, in diameter and 0,31 cm;iﬁ
pircumference would have consumed 6.3 x 10—5 g, But in 10 miﬁ.
diffusion coﬁld provide up to 4 x lO-'Ll g pér unit area of the
cylindrical dotted surface in Figure (3-8). The area of this

surface is approximately 0,31 x 0,5 cm2,

the depth of the agar
on the plate being at most 0,5 cm, Thus in 10 min the supply
is 4 x 10 -k x 0,15 which is 6 x 10"5 g. vThis is nearly the

‘ same as the estlmated requirement for the actual growth whlch

in fact occurred not over 10 but over more llke 1000 min. T

Thus we may conclude w1th some margin of safety that 1n
“the early stages of" reasonably densely spread plates dlffu51on :

- will have‘played very llttle part in llmltlng g;owth.



Figure (3-9).
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:Figure (3—-9) however, shows that in 1000 min qnlsr‘ about
-fhree times as much will be supplied by diffusion és in 10 min,
and by the‘time a colony has reached a diametér of a centimeter,
which may take a week or more, diffusion will almost certaiﬁly

have assumed the major role,

Later, anrestimaté of the time at which diffusion
Becomes limiting with a single colony will be made., The final
size of colonies on spread plates is, however, a separate
matter since limitation of actual growth rate, and limitation
of final size are different problems,’ On a spread plate the
final sizes will be partly determined by competition between
the‘colonies themselves, If the colonies on a standard plate
are surrounded by circles just touching one anbther, the averaée
radius would be about 0.1 cm with- 2000 colonies and'about 0.45cm,
ﬁith 100, With the more populous plates the diffusion times
will remaiﬁ sﬁall until the plate is nearly exhaﬁsted; so that
we have the equiﬁaient of a sti;red medium, Thus ¢ompefition
will remain relatively unimportant until the end éf'growth.
as numbers fall and diff@sion timeé lengthen the system more
and more assumes the chaﬁacter of competing sinks,‘and as
shown latef, the final' size of individual colonies is‘more and>
mofe‘determinedvby the free area which they happen o have. -
\;round them, | | . |

Populations of'Colonies on Plates:

In the llght of the precedlng sectlons it appears that

dlfferent colonies have varylng starts one on the other in

virtue of.varying lags, and that thereafter for some tlme theY
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grow accérding td_fhe 1aw‘ofvlinear increase in>diaﬁeter with
time, diffusion at~fhis stage not seriously‘limiting théir
actual rate of increase : that before growth ceases thé law
changes, and in a‘way which cén be explained in terms bf
increasing dependence on diffusion, This change will eiplain
several other interesting phenomena, With sPread‘plates the
diffusion stage involves competition for nﬁtrient or for
buffering capacity with neighbouring " colonies, Th@se facts
prove fo be very relevant to the statistical distriﬁution’of

colony sizes at various times,

Probability Considerations relating to
Colony Size Distribution: )

Colonies randomly distributed over a plate differ from one
another in fhe extent of the competition from neighbours and
in the relative areés of plate available for supplying them or
fbr receiving their waste préducts. Since the rigorous
soiution of this diffusion problem is somewhat formidable;
geometric measures might be chosen to reﬁresent tpe 'free area'!

around a colony, or conversely the degree of exposure to

competition or interference by neighbours,

A test.was first made‘by scattering7grains of sand §n-
a.ci:cular area of sqﬁared;paper and marking their positionsrby
dots._- A given dét’was.jpined by pencil lines to’iﬁs next
héighbours ih every dirécfion; apd the radial lines ﬁeré»thehv
Abisected so that the mid-poinfs cquldfbe_jqiﬁed té give an‘A

irregularAmultiapointed'étar.» The areas of these stars were o
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" measured by square countiﬁg and histograﬁs were construCtéd

fér the frequency distribution of the areas, Smoothed cﬁrves
from the histograms were roughly Gaussian, with somé distortion
probably attributable to the finite size of the circle,  The
modal values of the areas; which are not far from the average
values, were recorded, and also the width of the distribution;
which was again measured by the ratio of the distancé'between
the points where the frequency was half the maximum;té tﬁe
average value, Table (3-3) shows that if the final area of a
colony was determined by the free space measured in this way,
the width or spread of the distribution would be in the range

1 to 1.4, In terms of actual colony diameters the corresponding

spreads would be 0.5 to 0,7.

For fully grown and exhausted plates at long times the
spread is indeed in this sort of range, suggesting that free

épace may well be a 1afge1y determining factor,

Another way of assgssing the degree of poteﬁtial mufual
interference of colonies'is to count the number of'competitor
colonies included within a circle of assigned radius about the
" centre of the given colony,. The radius must be.chosen heithef
‘ toq great nor too small, ' If too great,,fhe numbers of
intruders iﬁto the doméins of the individual-colonies wili be
determined only by +the avéfage density : if too small, the
humber.will tend always to zero, For-randomly\distributedh
colonies there will be fo; each~a,ﬁosf.pfoﬁﬁb1e numbef of
_viﬁtfuders within é‘given circumééribing_éircie, and.wheﬁﬁer  '

or ndt_tﬁé actual number is above or below this value can be
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TABLE (3-3) STATISTICS OF RANDOM GRAIN DISTRIBUTION.

Total grains in Modal value NA x 10"4 Spread.
circular ares. ‘of 'free area' :
(sq. mm.).
N A
44 320 - 1.25 ' 1.22
100 125 | '1.40 ~ 1.05

284 50 1.40 1.40



correlated with observations on
colony.

Consider a small area a on
randomly distributed colqnies.

colonies in the area a is given

T e G
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the size attained by thatr

a plate of area A containing N
The chance that there are r

by

(1-2)%r

The maximum value of P can be found by the standard method and

the use of Stirling's approximation to  occur when r/N = a/A,

The value of P/P can also be
- max .

or r and a frequency distribution curve plotted,

examples where v
p max

the distribution was about 0,7,

calculated for various values

In two

was 6 and 10 respectively the spread of

This simple criterion of the

number of intruders into the assigned domain of a given colony

can sometimes be informative,

A rather slow-growing strain

of Saccharomyces cerevisiae which according to the consideration

advanced above would be unlikely for a long time to have its

'
\

growth limited by diffusion, was plated on an agar medium and

7

- the colonies were photographed as soon.as tthey had ceased to

increase appreciably in size,

On an enlarged print of this the

diameters were measured, and for each colony the number of

_dintruders Within'circles of 1.0

and 1,75 cm, radius respectively

was counted, For 11 colonies above the median diamater the

' total numbers of these intruders were 14 and 33 respectively  ~

and for 11 colonies below the median they were 15 and 36,

Thus the influence 6f competition is here seen to‘be.small.‘
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On the other hand, when a similar test was carried out with

the faster growing Aerobacter aerogenes, although competition

had little effect on coiony diameter in the early stages'of
growth, as time increased and accordingly diffusion beéame more
and more importaht, paucity of intruders increasingly favoured
above average diameter. This is shown in Table (3-4) wheré
the results refer to a plate containihg ébout 200 co;onies,_

which was photographed at various times after spreading,

These photographs were also used in a more elaborate test
of mutual interference, In them each colony was joined by a

'_ straight line to any other colony not eclipsed by an intervening

one, If the distances are X, X5y X 3~ the expression
L , now gives a qualitatively reasonable measure of
x 1 . '

interference or competition and 1/2;%32 ‘a corresponding measure
of !'free space', £ , This can be elaborated by a rough
éllowance for the differing sizes of the neighbours and f-can

2
be replaced, by f£! which is 1/2{5@_ where D, , D, DB'____

are the diameters, In Figure (3-10) the colony diameters at
22 and 135 hrs. are plotted against £, There is little o
no dépendénCe on the free area at the earlier time, buf a
marked‘dependence at fhe later time, Tcielimihate_subjegtiVe
ﬁias lines through the'obéervatiohal points were calculated by

thelmethod of least squéres with the follpwing.results:
at. 22 hrs, D = 1,15 + 0,02 £1 .

at I35 hrs. D= 2.34 + 5.32 £V



TABLE (3-4)

Time

(h)

17.3
22.8
1 40.5
83.0

135.0

For colonies
above- average
diameter.

.4‘4
5.0
4.14

3.23

3.33

EFFECT OF FREE AREA AROUND COLONIES
ON COLONY DIAMETER.

Average number of competitors
within chosen reference circle.

For colonies

below average
diameter.

4.04

4.80
5.18
5.83

5.90

62.

Ratio.

1.09
1.05

0.80

 0.55

0.57



0.80

£ (mﬁ.z)

0.40

-

:Eigure (3-10).

o 22 hr.

® 135 hr.

63.

. Colony diametér (mm.)
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The dependence of diameter on £' is shown by the ratio of the
term involving f' to the intercept. This is 0.017 at 22 hrs.,

but 2.31 at 135 hrs. and thus the dependence increases

135 times between the earlier and later measurements. When

the less elaborate function, £, was used the corresponding

increase was 30-fold.

Statistical spread of Colony Areas:

Some typical histograms of colony sizes are showh in
Figure (3-11). A precise mathematical treatment would be
very complicated but the following semi-quantitative discussion

- shows the main principles.

When N, the nuhber on the plate, is large and the colonies
are small, distances are such that diffusion‘does not limit
supply rate and growth is determined by slower internal
'procésses. All colonies will cease to expand at the same
time when, what is the equivalent of a stirred medium becomes
unsuitable for further growth. The size variations will be

mainly determined by differences in the individual lag times.

On‘a mean lag of aboﬁt 10 hours there 1is a spread of ébout
15 per ceﬁf, that is about 1.5 hdurs.- The shortest time of
éctual growth, that is the time from the end of the lag to the
:mOment of size measufemeht, is also about 10 houfs,vand‘the
Qariation in this will thus be 15 per cent also. Tt is) |
howeyer,.a constant absolute tihélana its pfopo;fional‘effect_
gets-pfogressivelyxleés as time ihc;easés”and the coionies :1

becéme-bigger. The fihai.radiqs‘of fhé_colony_is 



Figure (3-11).
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probor%ionai sometimes to the growth time: in other
'jCircumstances the area rather than the radiué increases
linearly with time. In the first case the spread in area
. will be 30 per cent and in the second 15. We shall assume
roughly that the measurements at about 10 hours will show a
spread midway between these, that is 22 per cent. This will,
however, increase if the lag is more prolonged. It will
apply only to densely populated plates at a total time of about
20 hours.  From this‘point on,the influencerof the variable
lag time will become,telatively less and less important} The
observed spread in area, however, increases considerably
and this is due to the increasing influénce of diffusion rate
in determining growth, and consequent dependence on free aréa.
When growth is entirely limited by diffusion the spread in
area will be determined by competition between fhe randomly
‘scattered growth centtes.' The considerations 6f the foregoing
sections suggest g figure of 100 to léotper cent for the spread
due to tﬁis factor. Thus we might expect a Chaﬁée in the
spread from about 0.22 or somewhat more téfabout«l.ZO as the

ratio of diffusion time to inherent growth time increases.

This ratio increases as the number of colonies on the
plate decreases and for a given number of colonies it increases

as the plate moves towards exhaustion.

The variétion of the spread for fully grown colonies with
the number is compared w1th expectatlon in Flgure (3 12)

_The varlatlon from the early to the late stages of growth 1s

ﬂ-']

USRS SRR DN
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Figurel(3-12).'
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implicit in Figure (3-10) where the dependence on free area, -
which implies depehdence on diffusion, is shown to increase
very markedly with the stage of growth (for a plafe containing

about 150 colonies).

A precise theoretical treatment of the variation of spread
with the number of colonies on the plate is scarcely possible,
each colony being surrounded by a variable number of neighbours
all at different distances. But a relatively crude model
will suffice to show that the observed behaviour is consistent

with the order of magnitude of the diffusion times.

Consider the case of two sinks where the concentration is
kept at zero in a medium where the initial concentration
is SEe Let the sinks be one cm® in area and the distance

h apart. The integration of the diffusion equation gives
2

, . - . -.3x,2 : ’
c/c = 4 [sinTTx e (F) Kt + 1 sin 3Tx e {&=)“Kt. .- :1- -
, 1 sin 57X e, 5x,2 j'i,z;ﬁ
-5' T (ﬁ) Kt .‘: . .
c being~éero at x=0 and x=h. From this x can be plotted at
points from O to h. A graphical integration-easily gives the

total amount of material which has disappeared into the sinks.
,_at time f and thisvcan be calculated for various values of

h and t. A pldt can then be ﬁade of tﬁe time needed for

the regiduai.amouﬁt of méterial in the medium to drop below,

say, ‘5 per Cent as;a function of h.
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Now h the»distance between the sinké might;be érudely coﬁpared
to thé average.distance between colonies, or to twice.the |
radius of the ffree area' round the average cOlony; On this
basis and with K faken as 104 cn® nin~! we have with N = 400
a diffusion time of about 1050 min and at N = 50 of about

4700 min. If the times taken for colonies to reach 95 per
cent of thé final size at these populations are calculated by
the radius law we find they woula have been 1550 and'4400 min.
respéctively. The former is substantially greater than fhe
diffusion time and the latter slightly smaller. Thus at

N = 400 radial law growth could be maintained for most of.the
time, whereas in thé case of N = 50 it would have been scarcely
possible to maintain it.‘ We might conclude that on rather
densely spread plates almost complete growth could occur
'withouf limitation by diffusion while with sparsely covefed

. plates diffusion would have played a limiting role for a

considerable part of the time.

The correspoﬁd@d@!ﬁbetween the system of coloniesAon the

- plate and the two‘sinks being only rough it is hardiy'possible
to eétimate more closely where the transitibn wouid occur, but .
it is clear that the right general region is prediéted. Oné
further consideration is, however, relevant. OWing tb thei
‘random distribution of colonies on tﬂe spread platé, thé'laW‘ .
- of which ié'givenvapproximately in the previous seéfion, the |
radius'of the ffree'area' around about 6ne‘in éight_of the

) colonies‘will be greater'than thé averagé byimoféitﬁan,a‘third
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(calculated by éssumihg_é Gaussian disfribufioﬁ)." ThisA_
would -have corresponded to a diffusion time of 7000 mih.,.so
fhat for these;-growth would have been even more délayed by
diffﬁsion. Nevertheless, the interplay of the various
diffusion fields will be highly complex and, for a proportion
of colonies at thellast stages of growth, slow communication

with distant parts of the plate will be of'significance.

-Later Stages of Growth:

Instability of Perimeter.

After the earliest stages, when the colony is still below
the threshold of visibility to the naked eye, it can for some
time be treated as a regular circular disc of approximatély
constant thickness. With a consideréble number on the plate,
growth has usually reached a point near its limit before there
is any perceptible distortion of this circular‘pattern. But
" as the number dimiﬁisﬁes so thaf growth can be'protraéted and

a large area reached, new phenomena make their appearance.

They begin with an'instability of_the perimeter,‘Which‘loses

its smooth circular form and develops undulations. "Thése )
become more and more exaggerated>as time goes on, but accofding
to a patternvdependihg upon the strain of organism, thé
composition of the solid subétrate and the bﬁffer concentrétion;
The morbhologicai changeé will be discussed in the next_chépter;
”but’fi;st fu%ther evidence that this'pfblonged_growth'is
'.regulated by the diffusion of nutrients or hyprbdﬁcts wiil bé

- presehted..
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Figure (3—13) shows the growth rate of a single coiohy
on a circular plate and the rate at which the réquired '
material could be sﬁpplied by diffusion if this limited
growth. The experimental growth rate for a colony of the
methylene blue-resistant strain is aléovshOWn. The
calcuiation is made with K = 10—47cm2 min™1 and is an
approximate one only, by the method of finife differences
appiied to successive 0.5 cm. zonés. It is not very
accurate, but it is eQideht that only after several days
would diffusion be slow enough to limit growth and it is just

about at this time that the change of appearance in the colbny

sets in.

To apply a sharper test, a special experiment was made>in
which normal agar, 0.5 cm. deep, was contained in a long .
narrow rectangular dish and}inoculated with a layer of cells
across one end.‘ The progress of the front along the trough
was then measured and compared with the diffusiop rate, which
could now be calculated from the linear diffusion law.. The
results are giVen in Figure (3-14); for this ?alculatién
diffuéion'of buffer was taken as_the‘most importént quantity.
it can bQ séen that there is quite good agreement between the
’.theorefically p;edicted:and»the exXperimentally obgerVéd rates

of advance..



Colony diameter (cm.)

signs of fern-like
o pattern first appear.

. . o
’ N . ™ £
3 R H )

Fiéure.(s-ls)._igf

10
Time (days).

‘2L



Distance x (cm.)

Figure (3-14).

-

-~
-
-~
P
. -
P
_ ‘
~
. . Theoretical P < ‘./‘
0.8 - ‘
Ll - :
-
- ~
~ ) ' P )
(] : .
P Experimental
0.4
¥ X ) - - 4‘!
8 12 16

Time (days).



Chapter &4,
- Morphological Changes.

In Chapter 3, it was shown from theoretical and
experimental studieé, that for a;single colony on an agar
plate the diffusion of nutrients and by-products becomes |
important at about two days after inoculation, Thus, the
rate at which the colony increases ih area after this time
(page 45 ) depends upon the concentration of buffer and
glucose in the agar and hence upon the rate at which these
substances can diffuse towards the colony and inhibitory
by-products.of growfh away from it,. In this section the
morphologicélbchanges which take place in a colony of

Aerobacter aerogenes during this prolonged growth, will be

considered,

The brand of agar powder used to make the gel has quite
an imporfant effect upon the growth of a large colony! this
iis discussed in Chapt;r 5, but for the‘preéentvstudies, on;
brand of agar was used throughout, namely "Difco Bacto Agar"

‘,

(see Chapter 2 for more detail),

Plate (4-1) shows the development of a typical colony

formed by the normal stféin of Aerobacfer_aerogenes on normal

minimal agar, and in Figure (ﬂ—l) the perimeter of suchAa |
colony atvdifferent times during its grbwth’is illustrated.
_From this figure it can be seen that‘duriﬁg fhe first

5-6 days 6f‘growth the small irregula;ities_in‘the ﬁerimeter
¢éﬁsed'b§ thé inocﬁlation are reproduced, sometimes being |

‘sligﬁtlyidecféésed; andvthe‘périmefer_remainé Basi6a11y3¢0n§éx,

" -~ . . . ) e S e, D " a
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Figure (4-1)

Colony perimeter at various times.
"(Numbers refer to the age of the colony :
in days). ' :

6 % Actual size.
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.At abdﬁt 7 days points at the centre ofithe hitheftt
small indentations on the perimeter (such as A in Figure
(4-1), slow down considerably in their outward growth and
virtually cease growing altogether soon afterwafds.' Such
points éan be seen to form the origins of the fjord-like;
indentations observed in 3-week old colonies, The slight
protuberances in the perimeter between theée indentations
continue to advance;nbut later they too may become flattened
and subdivided by the formation of inlets, (sée for example

point B in Figure (4-1).

An inépection of Figurer(h—l) also shows that the pattern
of colony growth detelops essentially because some parts of
the perimeter slow down and stop growing, while other regions
continue at approximately the same rate as they did in the .
first week of growth,  vIt is evident from Plate (4-1) that
the‘frequency with which inlets form in the petimeter

increases in the later stages of the growth of the colony.

The whiter sectors which appear after abdut 7 days of
incubation (Plate: k-1), are regions where the colony has a
greater vefticai thickness, This is‘readily deteptea by
viewing the surface of the colony by reflected lighte; These
“régiqns are very gimiiar to. some reported to occur in cplonies

of Penicillium Yotatum and other moulds, by Portecorvo and

Gemell. (19hh) who stated that the sectors occurred

spontaneously,following the 1rradiation of a colony with a

sublethal ‘dose of x-rays or by the mixed inoculation of two
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' strains of organisms. The types of sectors obtained by
Ponfecorvo and Geﬁell'and which were classified by them are
illustrated in Figure (4-2). They interpreted the various
shapes of sectors iﬁ terms of mutants whose reiative-
advantages sometimes varied with the changing conditions in
the eqlony during its growth. Thus the 'whiter 1ooking'
sectors whose sides open at an increasing angle and terminate
in a bulge at the perimeter were considered to be most
probably regions inﬂwhich the cells were growing‘faster than
those in the rest of the colony. A mutant whose initial
advantage over the parent strain became a disadvantage as the
conditions changed during the growth of the colony, was posfu—
lated to be responsible for the formation of. the lens shaped

sectors shown in Figure (4-2).

Portecorvo and Gemell succeeded in imitatingrthe various
'seetors‘by plating mixed inocula of various strains. Although
they did not report subculturing cells picked from the |
sectors and showing that they had intriﬁsically highexr growth
rates, which would be the most direct proof that these sectors
originated from mutants, the evidence which they preseﬁt is
nevertheless quite strong. They do not report any development
of the'colonies into ﬁore’complex.shapes than thbse'shown
'in Figure (4-2).-‘ : - |

The similarity in appearance between the mould

colonies described above and the colonies of Aerobacter

aerogenes duringffhe’fi:sf'week_ofvgiowth,‘suggeéted that'

an investigation of the possible role of mutants in the
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Figure (4-2).

Colony perimeter at different times.
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latter colonies should be undertaken.

From the work on spread plates, which was described in

Chapter 3, it would appear that the strain of Aerobacter

aerogenes used in these experiments remains essentially

homogeﬂ%ué, in the mode of culture employed - at least as far

as lag time and rate of growth‘of-cultures-or rate of increase

in colony diameter are concerned. Thus histograms of the lag

times of cells inoculated on to an agar plate are uni-modal

suggesting that the population is composed of one fype of cell,

(Chapter 3, and also found by a more direct method by

J.B. Woof and Sir Cyril Hinshelwood, F.R.S. 1960).

The histegramseof colony diameter obtained are also
uni-modal in contfast to those which are obtained with a
population containing mutants. In these circumstances ;
histognams of the type shown in Figure (4-3a) are obtained.
ﬁowever, eQen when the distribution is definitely bi-modal
this is not in itself unambiguous evidence for the presence
of mutantsvunder all conditions, Figure (4-3b) snows a
histogtam which hes been derived thedreticelly for a
homogenous population of cells, and Figure (4-3c) shows an
experimental histogfam obteined with a population;that
“was probably homogenous (Dean and Hinshelwood 1966, page 308).

Later in this Chapter e#periments will be deécfibed in

which the pefimetet of a colbny of Aerobacter aerogenese

became 1rregu1ar under condltlons of very adverse pH (434)@ﬁ

It has been shown (Eddy and Hlnshelwood 1953) that a
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pbpulation of cells of Aerobacter aerogenes does not become
more tolerént toAlow pPH levels and so the development of
peripheral irregularity just mentioned cannot be explained

simply in terms of selection of mutants.

Peripheral irregularity can also develop due to a
shortage of glucose and here again rhe production of a mutant
which can grow faster or more efficiently +than the‘normal
strain seems unlikely since the latter has been groWn in a
glucose medium for a great many genergtions, hence selection
should have already taken place. Moreover, the optimum rate
of growth in glucose medium has not changed during serial sub-

culture carried out over the last thirty vears.

The conclusion appears inescapable, therefore, that a
‘selection of mutahts cannot account for all of the morphological

changes observed in large colonies of Aercobacter aerogenes,

but, hevertheless, as a more direct test, the folloWing
“experiment was also performed. - Small portions were picked
with the tip of a fine platinum ﬁire from different regions

of single colonies of 6 and 19 days of age and inoculated on
to fresh-plates - the location of the samples being sh§wn by tt
points such as A B C D. in Piate (4-1). It was found that

all the samples exhibited the séme type of develbpmentai
"patterns_as the parent colony. The growth rates of the
.varioué.colonies produéed in this way ére shown in Tablg,(4fl);
- each reading is'usuaily the éverage fromlz or 3 COloniesf_“
No_genéral trend ié.discernable'andlthe samplesrwﬁich wduld be
eﬁpectéd rolyiéld the fasfést growing coibnies iffﬁutant4¢ells

.
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' TABLE (4-1).

Age of parent Growth rate of sub-cultured colony
colony when (sq. mm/day) and region from which the
sub-cultured. sample was taken. (See Plate (4-1)
(days)
(&) (B) (©) (D)
6 i 47.4t 2.5 40.8 44.0%2.9 | 47.9% 5.9
19 41.5t5.7 | 41.0%t 3.7 | 38.3 42.2%7.5

see Plale (4-1) for an explanation

of the terms A, B, C and D : i



84,

were producing the 'sectors' and irregularities in the parent

colony, do not in fact do so.

Another method of investigating this phenomehon is to
grow a colony on a permeable membrane resting on the‘surface
of a reservoir of sfirred liquid medium. This may be
achieved by using a membrane which is permeable to both

nutrients and by-products whilst retaining the cells.

The apparatus used was kindly lént by Dr. J. Russell
and was originally described by Loﬁgheed (1958). For the
present purpose it was used in a modified form‘which is shown
dismantled in Plate (4-2a) and completely assembled in
Plate (4-2b). Figure (4-4) shows diagramatically, the

construction of fhe growth cell.

A black 'Millipore' filter, (type HABG 14200), proved a
satisfactory membrane when useq upside déwn to prevent the grid
‘lines on it from modif&ing the colony pattern, (Chapter 5).
This filter was fragile while it was dry, but wa? considerably
stronger when wet and was thus kept moist with sferile
distilled water prior to filling fhe cell with normal minimal
medium. - The sti:ring system was adjusted so‘thét the surface
of fhe liquid, when'thé lower half of the cell was completely

filled, moved dlowly and did not form a vortex. In this way

‘good contact betweén the 1iquid‘and'the filter was assured.

1
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The growth cell was completely assembled, connected to
its two subsidiary vessels and autoclaved; sudden changes in
pressure were avoided. When codl, normal minimal medium was
mixed aseptically in the reservoir and admitted slowly to the
cell. For simplicity, the medium was not allowed to flow
through the cell continually, but the level was adjusted at
12 hr. intervals. The temperature of the vessel was

maintained at about 33°C.

Plate (#-3) shows the appearance of a colony prbduced'
under these conditions following the single inoculation with

cells of the normal strain of Aerobacter aerogenes. The' colony

attained the size shown‘after 5 days of growth at which time
cells from the colony penetrated the filter and multiplied
rapidly in the liquid beneath. Due to the productioﬁ of
unfavourable growth conditions in this way the colony ceased
growing and retained the appearance shown for the next(two

days after which the growth cell was dismantled.

On comparing Plate (4-3) with the appearancé_of a normal
colony developing on agai, (Plafe (4-1)), it can bé_seen that
the colony produced over stirred minimal medium exhibits
no 'sectors’' andia éractically circular perimeter, (the small
protrusion in‘the’perimefer waé found to be'cau§ed‘by growth
‘x'around a fibre, prdbably'from'the cotton wool plug,

'v(c.f. Chaptef.S),
Thus it apﬁéafs tﬁat ihe»presehCe_of unifbrﬁlcoﬁééntrafién

of growth by-prdducts’béneath a Qering coiony is insufficient
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to cause it to form 'sectors' or develop peripheral
irregularities which strengthene earlier conclusions that

mutant cells are not responsible for the development’ of the

different regions in a colony of Aerobacter aerogenes.

Another possibility is-that in somejnaﬁvthe_micro-
structure of the agar gel directs the growth of the cell;'
In this connection the growth of blue-green algae and of
myxobacteria on the surface of the agar plates has been shown
(Stanier 1947 Stanler 1942) to be orlentated along the lines
of stress in the gel. Weiss (1929) has shown that fibro-
blasts grow preferentially parallel to.a strees in a gel

rather than normal to this direction. Thus the development

of irregularities in a colony of Aerobacter aefogenes might
indeed be closely related to regions of changing stress in the
gel, such as stress patterns set up as the gel solidifies.
Alternatively radial lines of stress could arise from
hydrolysis of the agar beneath the colony by the acids.

produced as by-products of the growth of the cefie.

To study the effect of the structure of the agar gel on
colony development, a sterile cellulose acetate 'Millipore!

filter type HA, 0.45 mfﬁ pore size was placed on the sufface_

of a solidified agar plate and some cells of Aerobacter
‘faerogenes_inoculated on fo the‘top of the filter withpthe tip
of a platinnm wire..' The appearance of the colony at 30 days
'after 1nocu1at10n is shown in Plate. (4 4) together w1th a.

: colony grown directly on the surface of an ‘agar gel as a.
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.control. The growth of the dolony on top of the 'Milliporé'
filter wasvslower than in the control test, but tﬁe'essentially
similar character of the two paftérhs 3uggeéts that the st
structure of thergel is not ofrprime importance in controlling
the form of colony development. Nevertheless, its influende
in a secopdary capacity must not be disregarded, since
markedly different colony patterns are obtained with different
brands of agar (Chépter.5). This may be partly due to
physical differences but local differences as, for example,
in diffusibility from one region of the gel to another, might

also be involved even in the colony growing on the filter.

A third possible factor which may influence the

development of the morphology of a large colony of Aerobacter
aerogenes is the'existence of some sort of more or less
specific interaction between two dividing cells. Such a
'mechanism seems to be'impoftant in the growth of Bacillus
mycolides on agar surfaces, The fype of colony obtained is
shown in Figure (4-5), (Gause G.F. 1940). Gause attributes
the formation of this patterﬂ to a reaction between a spiral
twisting action as the cells divide and the agar surface.
Thus the pattern'is not obtained if thé‘gel iS‘toovsoff.
This organism, it is claimed, exists in two genetically‘
'diffefent typeS’which,are‘characferised 5y-sinistra1 and

dextral coidny forms, Figure (4-5). HoweVer, as far as

Aerobacter aerogenes is concerned, observations on the division

of céllsl(Dean and HinShelwood 1957) do not suggest that any
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Figure (4-5).

.Colony patterns formed by sinistral
(L) and dextral (D) strains of -

Bacillus mycoides,
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consistent orientating effect operated.

Thus, it would appear that none of the three mechanisms
discuséed above, each of which has been’shown to be mainly
responsible for the morphdlogical pattern in the specific
examples, can be nominated as the prime agent in the present

one.

In Chapter 3 the conclusion was drawnrthét the rate of
growth of a single colony one week old is dependent on the
rate at which nutrients can diffuse towards it and by-producfs
away from it. Experiments will next be described which
suggest that the morphological development of such a colony is
also closely related to the diffusion of nutrients ard
by-products. Soﬁe general comments on the problems involved

must £first be made however.

The effect of the composition of the agar gel on. the

morphology of colonies of Aerobacter aerogenes could, in

| principle, be demonstrated by comparing the appeﬁrance'of
célonies of the same age on agar gelé of vgrying.composition.
The development of a colony of the normal strain which was
described earlier in thi$ Chapter, is,however, a contihﬁous

and complex process and hencevit is difficult to say readily
thét.one colony is "md;e“developed“ thah another. v Ihe .
formatiop of various méthemafical funétions,-such aé the |
aVerage deviétion‘of the célony radius'frpﬁ the mean value, és
a~méasuré-of the develdpment'of‘a colohy, Wi%l.beﬂdiSCUS$§d in :
Chapferls. The,éhéicé of such‘criterionvis; howéver,;éomeWﬁat

-
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arbitréry and one simple mathematical function  is

.unlikely to characterise all the chénges_taking piace. Thus
the applicability of some numericai function to describe the
development of a colény is a topic in its own right,

(see Weiss (1955)-regarding the development of an embryo),
and so for the present slightly modifiedvsystems will be
considered in which the colony development is more ontogenic
and hence facilitates a comparative study of the effect of

.changes in the concentration of nutiients in the agar.

Regardihg the actual experiments themselves; they were

carried out with a strain of Aerobacter aerogenes resistant to

methylene blue (Chapter 6) and they show directly that
peripheral irregularity can result from the reduction of the
flux to or from the colony of some nutrient or by-product, to

a certain critical level. In them}a strain of Aerobacter

aerogenes resistant to methylene blue, was stabsed on to the
: surface of minimal agar containing 10, 20, 30 or 40 per cent
of the standard buffer concentration (Chapter 2)2 In other
respects the compqsition of the gel was unchanged. The colény
which formed had a smooth perimeter with only a few gentle
indentations (Plate 4-5a) throughout thé time intefvai in
which'itsvarea iﬂcreased linearly with‘time.b -Latér the rate
6f growth of 'the cdlbny siowed,down abruptly and aﬁter thisl>
had occurred ‘the perimeter became irregular over a further.

period of two days, (Plate 4-5b). It has been shown (page$$ )
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vthat the average rate at which material can be supplied foAa
colony by diffusibn ovef a given period of time ié ﬁrbportional
to the basal concentration in the agar of the substancé in
question. This coﬁclusion was reached by assuming fhat the
concentration of a nutrient was maintained at zero level

‘ invthe-gel immediately beneath the colony and such an
assumption 1éd to the formation of a suitable model based on *i:
the application of simple diffusion equations to the system.
This model of thé colony would be open to criticism if. it was
used to calculate absolute values of’fluxeé reaching or

leaving a colony, but in comparative studies these objections
are largely overcome. In Figure (4—6a) the time of growth
before}theuperipheral frill appeared on the colonyiis plotted
against the concéntration of buffer in the agar, while in
Figure (4-6b) the colony area at the time the peripheral

£frill appeared is related t§ the concentration of buffer in

the agar. Both of these plots show directly that the
peripheral frill develops when the declining flux of buffer
reaching the colony‘perimeter falls to a certain critical

level.

This example of’periéheral irregularity seems to be
.iegulated by the balance between outward diffuéing by-prdducts
of an acidic nature gnd-inward diffusing Buffer.. A éolony-
can also be induced to develob.an irregular periﬁéter if
conditionsAaré §0 §:ranged that the flu# df nutrient ieaching-

the perimeter declines suffiéiehtly; _'Plate (4-6) shows the.
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appearance ai’lorand 18 days after inoculatioh of colonies of

a strain of Aefobacter’aérogenes, resistant to methylene blue,;
on drug free platesvcontaining decreasing concentrations of
glucose. It can be seen that atra given time, the colonies
become progressively}more irregular as the concentration of
glucose in the agar decreases. The use of a ﬁathematical
function to deécribe this irregularity is disqussed.in
Chépter_B._ It has been mentioned that for coloniéé on spread
plates, doubling the glucose concentration in the agar, led
to a‘severe inhibition of the growth of the colonies. Such
an effect (compare Pirt 196%) could result from the
férmentation of thé glucésevreaching the centre of the coloﬁy
leadind to the formation of excessive quantities of toxic
by-products although the conditions are such as to inhibit the
division of the cells. It might, therefore, be suggested
that the develépment of an irregular perimeter which has béen
ascribed to a shortage of glucose is in fact a consequence
of excess of the by-products préduced 6; the cells themselves.
That this‘is not so is shown by the finding that when low .
‘concehtfétions of glucose were used and hence smaller quantities

of by-products would be ékpecﬁed to be produced; peripheral
‘irregularity developed earlier. |

WhénAlarge numbers-of cells (3,000) are spread_dn the

' surfaée of an agar plate avconfluent-film Qf growth is R

obfained.' In such a situation many cells start growing very






100.
close.to each'other and the film produced is much
‘thinner than the vertical height of isolated'colonies.
(The factors which reguiate the vertical height of a colony
are discussed in Chapter 7). On the other hand, when the
inoculum contains less than 3,000 cells there is still plenty
of free agar surface around the colonies when growth ceases.
Since it has been shown in Chapter 3 that the growthdstcps due |
to the exhaustion ofvthe gel, the formation of isolated
colonies indicates that unit area of gel can support less
than unit area of colony. Thus all colonies on a spread
plate should some time in their growth pass throuch a position
of instability like that described for a single isolated
bcolcny. No irregular colonies were found on plates containing
more than about 600 colonies since here diffusion is effectivdy
. faster over the shorter inter-colony distances on these densely
inoculated plates. Thus the time intervallbetdeen'the phase
at which an unstable perimeter.would be expected and the
- cessation of growth due to the complete exhaustion of gel, is
about comparable to the growth rate of the perimeter. Witn‘a_
decreasing number of colonies on a plate this time interval

becomes longer and progressively irregular colonies develop.

‘ ‘The view of a developing colony whlch has been reached
,therefore, is that after the first two days of growth any
.subsequent progress becomes dependent upon the'rate at Wthh
nutrlents or by~ products can dlffuse to or from the colony.

The amounts of nutrlents consumed and by products produced may

.be regarded to a f1rst approx1matlon, as belng proportional
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: to the area of the eolony and the rate at which these
Amaterlals can enter or leave the colony as proportlonal to the
'length of the perlmeter.  For a c1rcu1ar colony, therefore,
the increase in the demand for nutrients and in the production
;of by-products are both proportionel to the sqﬁaferof thetime
of incubation. However, the escape of metabolites is only
‘linearly related to the time. This ds certainly a simplified
“and rather @mpirical approach to the problem, but it "I ~stir=v
illustrates another factor which increesee the instability of

' the expanding circular colony.

As a result of this initial growth, gradient540f .
nutrients towards the coiony'and of by-products away from it
arise and the rate of diffusion of any one of‘these substances
may become the growth regulating factor. Under these
conditions any slight irregularities present in the perimeter
resulting from the method of inoculation with a platinuﬁ wire
or from‘slight hetereéeneities in the surface of the gel will
ebecome exaggerated. Any ;egions of cells which.protrﬁde
slightly further out from the colony than their neighboure
will be in an environment which is‘more suifable for growth
since not only will nutfients be.more plentiful,.but also the
concentration of toxic metabolic products will be lower.
These small gfoups of_pfotruding eells will, therefore, tend
| to grow faster than those in neighbouring regions, and in so
‘doing will tend to reinforce their advantage. Moreover, not

Oniy are small peninsulae of growth self-amplifying, but also

by their production of toxic by-products and their consumption:
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of inWardlyAdiffnsing nutnients,bfhey will»alsn-inhibit gronth
;iin'fhe“intervéning regions. n.The déveiopnenf nf-an irrééulaf
perimeter‘in a colony ‘is thus éncouragéd fnr'several reasnns.
This devéibpmental process repeats.continually at vérious-

, points on the perimeter as the various peninsulat regions
»become unstable in the same manner as the original circular

colony did.

These ideas are borne out by an éxamination of the
perimeter of colonies at different stages during incubation
A(see Figure 4-1). Initial small irregularities'inAthe
périmeter, probably, as a1ready pointed out, re§u1ting from
the inoculation with a platinum wire, are reproduced with
little or no change in shape in the subsequent perimeter
arising over the first few days of growth (Figure (4-1),
points E,R. for example). These small irregularities are
‘the origin of the main large peninsulae nbserved'in the three
weeks old colony. It can also be seen from Figure (4-1) that
. the rate of advance of ény region of the perimeter of the
colony never risés abnve that occurring during the first few
days of growth. The pattern develops since, as mentioned
eariier, some regions of the perimeter can maintain
'approximately fheir earlier rate of growth, while at points

"in between growth slows down and:then stops.

This mode of development of a large single colony of

Aerobacter aerogenes resembles in some ways the dendritic

growth of crystals. Crystai growth is a complex phenomenon,

but for the purpose of the present somewhat limited comparison



103.

j:a dlstlnctlon may be made between two types of growth | In

‘ one, the crystal grows by the more or less unlform dep051tlon
:of material on to_1ts faces; in this way_the geemetry of the
crystal is.maintained although in some cases certain faces
wiil grow faster than others leading to a distortion of the
basic-shape. This type of'growth may be likened te the

early stages in the growth of a colony in which the perimeter
is stable and maintains its basic circular shape. The second
mode.of crystal growth, which ie of interest in the present
‘context, is tne 'dendritic' type. An example of the dendriti
crystal growth is shown in Plate (7-2b5. Cabrera and Coleman
(Gilman 1963) describe dendritic growth as follows:- !"From
the experimental point of view dendritic growth appears to be
favoured by the following conditions:- (1) a volume diffusion
field operates which faﬁours the non-singular surfaces, end
(2) high supersaturation and high equilibrium concentration
producing a high rate of growth in such a way that the

_ growing surface does nof wait for the condensing atoms to
diffuse to it but goes forward to catch them"; They suggest
that the situation is actually more complicated and state
thaf‘no serious theoretical analysis of whether the above two
conditions are sufficient te explain dendritic growth exists,

but they conclude that these factors must be important.

Thus, apart from the obvious differences which are

dictated by the need for the crystal to conform to eertain
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R geometrlcal 11m1tat10ns the (ba51c) dr1v1ng force for the

deve10pment of a. dendrltlc crystal and a large colony of

. Aerobacter aerogenes would appear to be very similar. Both

-systems remove 'nutrlents', (e.g. glucose in the case of
..colonies and molecules iﬁ the case of a dehdrifié crystal),
; from their immediate surroundings at a sufficiently_high rate
. to maintain a diffusion gradient of this material. The
resultant pattern represents the prefefred growth of éertain
regions of the growing front, due initially to a slight
positional advantage in tﬁe case of a developing colony and
probably to rather more’compiex reasons in the case of a
crfstal, at the expense of their neighbouring rééions; Both
patterns represent the fastest way of gathering material from
é inen area for each system. Under normal conditions a

large colony of Aerobacter aerogenes bears little resemblance

to a dendritic modified crystal. Plate (7-2a) shows,
however, that under slightly modified conditions, a colony
very similar in form to a dendritic snow crystal can arise.

The reasons for this difference aM discussed in Chapter 7.
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~Chapter 5.

" General Investigation.
In Chapter 4, experiments wé;e described which showed

why a smdofh circular cdlony of Aerobacter aerogenes should

develop into an irregular !'floral' pattern with prolonged
‘growth. In this chapter, experiments of several différent

typeé which give information about the conditions inside such

a colony, are discussed.

Brand of Agar Powder:

The growth of a single colony of the normal strain of

Aerobacter aerogenes on normal minimal medium solidified with

1.25% w/v of different brands of agar powder has. been studied.
Plate (5-1) shows the appearance of . such colonies at 20 days
after inoculation; (fuller details of the brands of agar
powder used are.given in Chapter 2). It can be seen that a
charactefistic paftern develops on each agar. Figure (5-1) -
shows the area of'these colonies plotted against‘time, from
which it can be seen that an approximately linear relafionship
was obtained, (see Chapterw3), on all agars. Growth rates,
which are.the average of readings 6n at least two colonies are
reported in Table (5-1). 'Aithough the rates of colony growth
vary consideribly on different brands of agar; the mqrphologic
- development proceeded along similarly general lines in each
case and this, together with the fact that the kinetics of |
growth are the séme, suggests that the basic mode of Qrowth is

common throughout.
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TABLE (5-1).

Agar.

Oioid
Diféo
Oxoid
Difco

Difco

agar No. 3
Bacto agar

Yon agar

Purified agar

Nutrient agar

Growth Rate (sq. mm./day).

45.1
22.2
19.1

10.3

' 108.
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'  To aéébunt'fcr ;he Vériétioﬁ in tﬁe.ratéé of éblony-growt'
;éﬁ-tﬁe_vériqus aééré; fwoftypes of_diffe:ences inltﬁe gels,
nahely“phyéical and chemical; méy be cited. v‘The physical
natgré of the surface does ndt seem to be of prime ihportance,

since a colony of Aerobacter aerogenes growing on a sheet of

porous cellulose acetaté,resting on an agar plate is very
similar in appearance to its control colony,. (Plate (4-4))
(page ﬁo ). The former colony is slightly slower growing
than a normal one, but this is not necessarily a direct
consequence of‘the difference in the sﬁrface, but may, for
example, be due to lower diffusion coefficients within the
cellﬁlose.acetate membraﬁe, which from the considerafions.
advahced in Chapter 3, would be important. A physical factor
which could exert a direct effect on the rate of growth of a
colony is the variation of the diffusion coefficients of
sﬁbstancés important in its growth, from one gel to another.
It has been shown that the diffusivity of a gel decreases only
slightly with increasing conéentration of gelling agents

(e.g. K for NaCl at 40°C in 1% and 2% agar gels is 2.143 x 10~
cm.? sec™! and 2.084 x 1077 cm.2 sec-l'respectively). Thus

, it seems that differences in, say, the water content of the
~various powdefs will not contribute much.to differences in the
}diffusivity of the final gel and hence, frbm the consideration

of Chapter 3, to the rate of growth of the colony.
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A Variatlons in the gel structure dueAto dlfferences in the
' methods of manufacture of the powder, probably exert little |
»1nf1uence on the dlffu51v1ty of the gel ’ Stlles and Adair
(1921) found that the diffusion c0eff1c1eﬁt of sodium chloride
in similar gels made with cqmpletely different gelling agents,

(agar and gelatin), were very similar, e.g.

4% aqueous gelatin gel, 20°C, K(NaCl) = 1.242 x 10~°
' cm.? sec™t

-4% aqueous agar gel, 20°C, K (NaC1) = 1.290 x 107>
- _ cm.? sec™?!

This latter result would be expected from the conclusion that
diffusion coefficients in dilute gels (1.25% agar), are very
similar to those in pure water and hence that the gelling

agent exerts little effect on diffusion (Chapter 3).

Three physical properties of gelsiﬁhich could have
influenced the development of colonies growing on them, have
been considered. They are:-

‘1. The physical nature of the gel'sdrface.
2. The effective concentrétion of the gel connected

‘with variations in the 'purity’ 6f_the agar péwde:s.'

3; The’modification of the gel structure due to differences

in the various methods of manufacture.

From what has been said, however, it would appear that in this
case all of these factors can exert, at most, a rather

'secondary effect.
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-”i'Thé'differences obServéd in colony éiowth.féte-are '
‘prébabiy'dué téIChemidal vafiations;inithe'agaf‘pbwders.
Variations in the concentrations of metal'ioné presehtras
impuritiés‘could have a profound effect. Ions sucﬁ as
Pﬁtf* or Cr+*+ are toxic even in quite small concentrations
fwhile others, such as M6+ are esséntial for growth. | The
.extremely low rate of colony groﬁth which was observed on
'difco Purified Agar®' (which is a much refined pioducf), may
have beenAcaused by low concentrations of essential metal ions
~that are present in adequate amounts in the less refined aéars.
Another pqssibility is that the agar powders contain_certain

, bioiogically active organic cdmpounds, either of a growth
accelerating or retarding nature. Oxoid Agar No. .3 may
contain traces of amino acids, since the rate of growth of

Aerobacter aerogenes on this agar was similar to that which

was obtained when small amounts of meat broth were added to

normal minimal agar (page [34).

Thus‘the.use of agar powder introduces rather unknown
factors into a study of thé growth of large bacterial colonies.
There are two alternative gelling agents, gelatine and sodium
silicéte. Gelatine would in principle be suitéble since it

is not liquified by Aerobacter aerogenes as is the case with

some organisms. It is, however; no more precisely defined
in its chemical composition than agar powder and is a
relatively weak gelling‘agent. Moreover, a 15-20% solution

would be necessary and the temperature of incubation reduced



112,
 to 25?C. | Similarly soaiﬁﬁ silicate, aithough é.moré
’pqtept’géliingnageﬁt than'géiatine, has-mény disadvéntageé.
The gels, which are rather tedibus t§ prépare,(Jéckson ét al
1949,_);_ , exhibit a tendency to crack and have a rather
-higﬁ ionic strength. They proved toxic to some of the
vmodified strains. Also sodium silicate is not very well
'defined chemically, e.g. "Abou't 18%,w/w NaZO and 36% VW/W

Si 02".»

 A1though colony morphology and growth rate can vary

considerably because of'its rather ill;defined chemical
composition and hence 'purity!, from one brand of agar to
aﬁother and quite probably between batches of the same brand,
it is still the most suitable gelling agent. However, since
one batch of 'difco Bacto! agar has been used throughout
- this work to keep the 'unknown variables' as constant as'
possible and in conjunction with control experiments this has

permitted general trends to be detected.

The Effect of Aeration:

In this section the possibility that all the oxygen in
the air over the gel in a Petri dish may be consumed during th

growth of a colony is considered.

The stoichiometyy of the complete oxidation of glucose ma;
be represented as follows:-

0 %’302 =

N\
+ 180 gms. 3 x 22.4 litres.

6 6‘CO

2

-+ §H 2o

Ce 712
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From thls equatlon 1t can be calculated that enough oxygen_
is present in the air over the agar 1n a 9 cm. dlameter

”Petrl d;sh to Qx1dlse about half of the glucose present in

the usual volume, (iS ml.) of fNo:maI;minimal' agar. However,
the exhaustion of oxygenAcan nevér by itself CaUSe'the complete

arrest of Aerobacter aerogenes since growth can continue

~anaerobically at a decreased rate. Nevertheless, in
anaerobic growth, the gluaose is used less efficiently’and
more acid by-products are produced in the formation of a
H;iven number of cells (page l4-2) and so if oxygen did become
exhausted in the latter part of the growth of a large single

colony it would be expected,'in the lighf‘of Chapter 4, that

this would have some effect on the colony pattern.

To test the idea that anaerobic growth might produce a
different colony pattern than ae;obic growth, an experiment was
devised in‘which a constant atmosphere, either of air or
nitrogen could be maintained inside a Petri dish. For this
a bent Pasteur pipette was used as shown in Figure (5-2).
'Oxygen-free'! nitrogen was—passed through a charcoal filter,
(Chapter 2), and then through two Dreschel bottles in series
containing glass distilied water and finally into the Petri
’dish through the bent pipette. A flow rate of about 25 c.c.
per minute>was maintained and the Dresheéd& bottles were placed
inside the incubator in order to saturate the gas with water“
at the temperature at which thé colonies were growing (35°C).

- Unless this précaution was-takén the agar gel dried out rather

quickly.
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Figure (5-2).
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- The appearance of a colony of Aerobacter aerogénes

'grown anaerobicaily; (i.e. in a‘nitrogen;étmosphere),k
at 20 days after inoculation is shown in Plate (5-2a).
It is clear that enforced anaerobic growth has considerably

impeded the development. This result was verified by a

duplicate experiment. It has been mentioned that Aerobacter
aerogenés produces more acid when growing anaerobically than
aerobically and hence it might be'expected that.somé
similarity would exist between the mode of growth of a colony
under anaerobic conditions on 'Norma1' minima1 agar and that .
of one growing on agar coﬁtaining é reduced concentration of
buffer. In fact, the growth rate and morpholdgy of an
‘anaerobicall& grown colony are similar to that obtained under
normal conditions on agar containing 10% of the standard

concentration of buffer.

Plate (5-2b) shows a colony of Aerobacter aerogenes

which had been grown in a Petri dish continuall& eluted

with sterile air using the same procedure as described above
for nitrogen. - This colony is very normal in appearance, (c;f;
‘Plate (4-1) and this result was verified in a duplicate

- experiment.

In conclusion, although the absence pf.oxygen produces
‘disti%ct changes in colony deveiopment, this dpeé not seem té
occur during the‘growth of a colony under normal conditions
since éontinually replacing the air over it préduces no.

- pronounded changes. This implies that either a Petri dish

coptains enough oxygen to oxidise the glucose consumed during
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-tﬁe:gfowth of a colony or that adequate diffusion’of aif into ‘
" the dish occurs.

Effect of varying Glucose Concentrations:

The prolonged growth of single colonies of Aerobactér

aerogeneS‘ihlminimal agar containing vatious concentrations of
glucose was next studied. At all of the glucose concentrat-
ions enployed (i.e. 0.33 - 6.67 g.p.1.) the area of the

colony increased approximately 1ineaf1y with time over the
period from 4 to 25 days after inoculation. The variation of
this growth rate with glucose concentration is shown in

Figure (5-3a). Up to about 4.3 g.p.1l. glucose, the colony
growth rate increased in a linear manner in direct proportion
to the glucose concentration and this fact has alieady been
cited, (Chapter 3), as indicating that growth in this region
lis limited by the diffusion of glucose to the colony. At
:glucose.concentrations greater than 4 g.p.1., however, a

sharp decrease in the growth tate was observed and this was

, accompanied by a change in the appearance of the colony from-
the normal whitish colour to a light brown. Similar

- inhibition of growth has been reported earlier for spread

, plates containing high glucose concentrations (Chapter 3)

and also by Pirt’(1967)_who’suggected that excess glucose was
beingvfermented to produce toxic by-products. A similar
effect is produced in a single colony when, due tc the

higher basal concentration in the gel, the flux of glucose
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‘ Vreé§hing tﬁe cqiony i$ sufficiént1y\high so that it is not-ali
-cohsumed‘byithe activélyﬁdividipg éelis‘at“the'péfimefer,
(pagét#é ), thus allowing some fo¢reach the centre regions of‘
-the colony. There, although the cells are unable to divide
dﬁe to the presence of high concentrations of véfious toxic
“by-products, (page'q‘o), fermentation of,glﬁcose can occﬁr,
jthefeby polluﬁihg the conditions at the eage of the colony,

and so inhibiting its growth.

Plate (5-3) shows the appearance of typical colonies at
20 dafé after inoculation on agars containing glucose at the
_.various concentrations tested in Figure (5-3a). - It can be
seen that the colonies in the range where the diffusion of
glucose limits the growth rafe are very similér. The
transition from this state to the one in which growth is
regulated by the outward diffusion of toxié by-products,
Jis accompanied by a distinct change ihnthe.morphological

pattern. This is discussed more fully in Chapter 8.

Effect of varying Buffer Concentrations:

The effect of varying the buffer concentration in the
‘agar, (not the initial pH), on the prolonged growth of a singl
colony has also been investigated. At concentrations between
10% and 200% of the hormal buffer concentrations, the colony
area increased linearly with time over a period of about
" 3 weeks. Colonies groWing on 10% buffer agar gave growth
curves with a slightly étepped structure and this>behaviburris

disgussed in Chapter 9.
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- A plot of the colony growth rate for the normal straln,
.-.(ayerage of 2 plates), agalnst the buffer concentratlon 1n"
the agar is given in Figure (5-4)., Work to be described later
in this_chapter, shows thatvthe pPH inside a colony growing on
10% buffer agar is near to 4,a value that has been found, |

(Lodge & Hinshelwoid)to be the lowest at which Aerobacter

. .aerogenes will grow. It seems, therefore, that the inward
diffusion of buffer is the rate controlling factor in this
caser The linear increase in the rate of growth from 10%

i to 30% of buffer (Figure 5-4) appears to be caused by an'
increasing flux of buffer reaching the colony and so permitting
'faster growth. At concentrations of.buffer greater than 30%
offnormal the rate of colony growth decreases progressively.
’ihis general type of behaviour was also obseryed'when‘the
’vglucose concentration was varied, (previous sectlon), andeit
seems probable that a similar explanation applies to both
cases; At the maximum rate of growth, (i.e. when the buffer
concentration was about 30% of normal), the dividing cells at
the perimeter of the colony are be1ng kept supplled with
adequate buffer to ma1nta1n their env1ronment suitable for
growth, while the pH in the centre of the colony is sufr1c1entl
low to inhibit the fermentation of the small quantities of
glucose-which arrive there when the normal concentration of
~uglucose is employed. .If excess buffer is present, however,
the pH could conceivably beumaintained at a level allowing
fermentatlon to proceed w1th the consequences already descrlbed

in the last section.



Figure (5-4).

2.0 7

Late phase growth rate (sq.mm/hr.)
e A
o
|

"

so - 100

" &% Buffer relative to normal = °

122



. Effect of varying the Concentratlon
‘of the Nitrogen Source:

F1gure (5- 3b) shows the varlatlon in slngle colonyAgrowth
rate as the concentration of ammonlum sulphate in normal
:m1n1ma1 agar is altered. It can be seen that up to 0.4 g.p.l.
-ammonium sulphato,xthe rate was proportional to the
concentration and hence the diffusion of this substance was
limiting growth. At concentrations greater than 0.4 g.p.1l.
the growth rate was independent of the ammonium sulphate a5 7

> concentration and hence regulated by other factors.

pH Changes'

The pH values at p01nts in the agar gel in and around a
growing colony are not in themselves of great interest, but
when'they are compared with data obtained from the growth

of Aerobacter aerogenes in various minimal liquid media they

can provide interesting information about the conditions
inside a colony.
For the purposes of this present study, the factors which

may. cause Aerobacter aerogenes to stop growing may be

classified as follows:-
1. Nutrient exhaustion, e.g. glucose, ammonium sulphate
4 o
Mg - etc.
2. Adverse pH.

3. Inhibitory concentrations of toxic by-products other.

+
than H .
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'A‘Thls cla551f1cat10n is somewhat arb1trary 51nce, fcr example,.
adverse pH may be regarded as caused by excessive by product
formation or 11m1tatron'by nutrlent exhapstlon (buffer).

The categories, however, are_convenienf in view of the types
 of measurements that can readily be made on colonies or
suspensions of celle, fcr exaﬁple,»the effect of pH or
dependence of final population on fhe concentrationrof, say,
glucose. Also, a more precise specification of the reason
for the cessation of growth may in fact be rather difficult
to‘give, because of the complex interaction of possible ¢
individual causes. Thcs, for example, certain by-products
are known to become'mOre toxic at adverse pH, (Albert,

1951 ), and also the operation of an effect known

as 'Substrate accelerated death', (Postgate & Hunter (1964)).

In the latter ,the addition of a substrate, say glucose,
“to celis which have stopped growing because of the exhaustion
of some other nutrient, increases the death rate of these
‘cells.- Varicus effects observed in liquid culrures will now
be described. Their relevance to colony growth will bacome

apparent later in this section.

First, it has been shown, (Lodge.and Hinshelwood (1939);

' Dagley, Dawes and Foster'(1953)), that for Aerobacter

aerogenes growing in iiquid media, decreasing the initial

PH from its optimum growth value near 7.0 to 4.0)decreased
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' the maximum population, (cells per ml.), attainedvin_a given
‘batch culture. Such changes in the initial pH of the growth
media had little effect on the mean generation time of the

organism until pH 3.8 - 4.0, when no growth tbok place.

' Secondly, in normal minimal medium'containing conéentra—
-tions of glucose up to 1 g.p.l., growth ceases due to
| glucose exhaustionfsince the final pH is still qﬁiter
favéurabie for growth, (6.8), the final cell population being
‘proportional to the poncentratioh of glucose in tﬁis region

(Chapter 6).

-Thirdly, the growth of Aerobacter aerogenes in aerated

liquid batch culture ceases because of ‘adverse pH when the
glucose concentration is raised to 10 g.p.l. and the buffer
concentration kept the same, but its initial pH adjusted to
‘5.5 (Chapter 2). This effect is illustrated in Figuré (5-5)
in which the variation of the pH of the culture with time is
also displayed. . In»this medium, the final population of cells
. is independent of slight variations in the glucose
concentrations, (Chaptexr 6), and this, together with the sharp
drop in pH whiéh éccurs at the end of the logarithmic phase
lsuggests that adverse pPH is here causing the organisms to
istop growing. The slbpe of the growth curve (i.e. tﬂe growth
rate), in Figure (5—5)-did'not décrease appreciably until the
PH of the medium had fallen below 4; this'is in agreement with
tﬁg findings of previous workers; (Lodge and-Hinshelwood 1939;
’Dégiey, Dawes and Foster 1953),-éée page 22 -A.-

When‘thé initial pH of the above medium was ragsed to
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7;1 (i.e.’normai minimal ﬁédium)‘a simiiaf‘forﬁ of curve'tb.._
"Figufé (5455-w55_obtaiﬁed, but the fé11-iﬁ fhé_pH which
accémpanies thé end of the logérithmic phase wasiless steep

: énd it seems likely that other tokiq by—products are also

- playing a part in inhibiting growth.

When a culture of Aerobacter aerogenes which has qeaéed

: gréwing at a pH of about 4‘i$ left to stand for 2 or 3 days, - -
the pH of the medium rises due to the Breakdown of the

acids which were initially produced as by-products, .

(Dr. A.C.R. Dean - personal communicétion). | This could be
‘due to the adaptatibh of the‘cells to these acids and
subsequent growfh or to the aisruption of dead cells releasiﬁg

components which neutralise or break down the acids.

Changes in the pH observed in bacterial colonies will

now be discussed.
t

While chemical indicators can be used to.give a rough
idea of thé pH in the agar gel around a growing colony,
(methyl red), it was‘fe1t that the use of a giass
electrode and pH meter would,§ie1d the most accurate
information. Figufe (5-6) shows how a glass electrode and
a calomel’ reference electrode were used to investigate the
pPH on an agar plate. The glass electrode, ('Sbff'Tissue'
type No. 42593) and the centre of the calomel reference
electrode (No. 42529) were obtained from Cambridge
Instruments Company Ltd. The Qﬁter vessel for the calomel

- electrode was made from a drawn out'léngfh of glass fubing,
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'_the:end of wﬁiqh,was plugged;wifh Qottoh'WOol th¥ough ﬁbich
lffhe:eétﬁrafedvselutioh of pbtaeSiﬁm cﬁloride percoiated
slowly to make electrical contact with the gel surface. It
was established that the pH reading5'obteined in this way |
- were 1ndependent of the distance between the two electrodesb

and the reproducibility was found to be about O. 1 of a pH unit

The variation with time of the pH in a plate of normal
miniﬁal agar containing 10% of the normal buffer concentration
and on which about 1,000 cells had been spreed is shown in
Figure‘k5—7). The average diameter of the colonies after
2 days of .incubation, when they have virtually finished
"growing, is well below that obtained on 'normal' minimal
agar, (normal buffer) and the pH of the gel is very close to
‘a completely inhibitory value. Evidence has already been
presented (Chapter.3), suggesting that ehe exhaustion of the
‘buffer limited the size of the colonies on minimal agar
containing 10% of the normal concentration of the buffer and
- these changes in pH are in aceord with this. The pH of the
gel rose from‘4.1 at 4 days to 4.7 at 6 days and this is

similar to the changes in liquid culture discussed earlier.

The sequence of events on a plate ofAnormal minimal agar
(normal bUffer) spread‘With about 1,000 cells is shown in
Figure (5-8). A pattefn similar to that found on 10% buffer
agar’ (Figure 5-7) was in evidence, in that an initial sharp .

drop followed by a gradual rise and levelling out took'place.
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 Figure (5-7).
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V'Figu:e;(S—B)ﬂ
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'The ninimal Value’observed about 5 5, is not rn 1tse1fi
‘:"strongly growth 1nh1b1tory, but the dependence of the total
area of colonies, (d)ND ), upon the buffer concentratlon from
.10%‘to 260% of the normal level, as descrlbed in Chapter 3,
-indicates that the cessation of growth is closely related to
: buffer.exhaustlon. These pH measurements suggest that the
-effect of'buffer exhaustion in limiting_growth is an indirect
one; since a direct inhibitory effect would require a pH as
low as 4. It may be that some growth by-product is the
limiting factor, but that this only becomes toxic when the pH
falls to a certain low level Another pos51b111ty 1s that
the reduced pPH of 5.5 11m1ts growth in much the same way as
it reduces the total population attained in batch liquid

culture, which was reported earlier in this section.

Figure (5-§)'shows the variation of the pH at the centre
Aof a single colony on one plate with time.  The generai
downward trend which is produced by growth on glucose is
similar to that which was observed for a spread plate with the
same agar. The lowest pH recorded (5.7) was reached after

21 days, whereas on a spread plate (Ficure S-S)_this same
 value was reached after 1 day. This more‘gradual decrease in
the case of the single colony correlates to some extent with
its slower and more prolonged growth. The horlzontal portion

in the middle of the curve in Figure (5 -9) is probably due to

a tendency for the pH in the centre_of the colony to rise,



’
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‘_whlle ac1d 1s still belng produced by the actlvely growrng
:cells at the perlmeter.-' ThlS 1dea is- supported by ‘the pH
values observed at dlfferent points in a colony since the
level at the perimeter was found to be slightly lower thau at
the centre. Although this evidence by itself does not reveal
anything about the glucose concentrations in the centre of the
colony, it does suggest that the conditions there are rather .

similar to those in an old liquid culture.

Growth on other Substrates:

';Replacing the glucose in the normal minimal agar medrum
with the same concentration of glycerol had little effect on
‘the eppearance of the colopy (Plate 5-4a). Nor did the ;
addition of 1 ml. of meat broth to 15 ml. of the normal
(glucose) minimal agar resulf in any pronounded changes in
‘appearance (Fidure(5;4b», elthough, as would be expected,
the.rate'of growth was augmented considerably. -

A ds . e 41 hol c thes Toni .
growth—rate—wilinowbediscussed—

The addition of meat broth to normal minimal agar produce
an increase inicolony growth rate which was much greater than
the corresponding effect in liquid media. The M.G.T.

(Chapter 2), of Aerobacter aerogenes in normal minimal ‘liquid

' medium is about 32 minutes and this falls to about 20 minutes
with the addition of meat broth, (Stephens and Hinshelwood
(1949)), which represents a 1.6-fold increase in growth rate.

‘Ap’experiment comparing iarge single colonies of Aerobacter
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aérdéenes showed é rate of Qiowfh>of 27.8 sq. mm;/day on
-nqrmai‘minimaiuagar and 64.0:sq. mm,/dayrén’normai minimal
agar (15 mi.), containing méa% Broth (l.ml.) i.e. a 2.3-fold
increase. This increase probably resulfs from a combination
‘of{fwo factors. First, the.addition of meat brbth to normal
" minimal medium will increase the growth rate of the cells by a
factor of about 1.6, as‘in liquid medium,'but, since the
colony growth is diffusion'controlled, (Chapter 3), raising
the basai nutrient concentration will aiso increase the |
growth rate by an additional factor. This is feasible when
‘-meat broth is the hutrient, since the by-products of growth

" on it-are 1ess‘acid'than those produced from gluédse,

(WilSon and Miles, 1957, page 116).

Direct Physical Means of controlling Colony Shape:
Two physical methods of influencing colony shape were

investigated during this work and they are described below.

Plate (5-5a) shows the way in which a fine plastic
fibre resting on the surface of the gel can 'lead' the

perimeter of a colony of Aerobacter aerogenes. This effect

is very probably connected with the channel of liquid

produced by the formation of a meniscus against the fibre.

"Aerobacter aerogenes is non-motile and the work of Armstrong,
Adler and Dahl (1967) suggests that the movement of such.
bacteria by diffusion is not rapid. It seems probable,

therefore, that the cells in the liquid channel advance by
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vdividing; much'as'fhe.cells onAthe>neighbouring gelnsurface
' dc, but that th1s process is faster in the 11qu1d perhaps

because the packing of the ce11s is less close._

Plate (5-5b) shows a colony of Aerobacter aerogenes

| growing on a 'Millipore' filter, (Type HABG, Chapter 2),
‘resting on the surface of a plate of normal minimal agar.

It can be seen that althoughrthe colony can cross the gfid
lines ruled on the filter, it does not do so readily. This
seems to be connected with the fact that the grid on these

filters is impermeable.
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'vChaptef 6.

" Modified Strains. .

It was thought that an investigation of the metabolism and

colony formation of various modified strains ofiAerobacter

aerogenes ﬁould be interesting in its own rigﬁt. Such studies
‘might_also suggest possible factors which are important in the
regulation of colony growth generally or illustrate certain
ideas which have been developed from the work carried out on

* the normal strain,

The modified strains weré prepéred by sub-culturing the
'orgénism in minimal media éontaining progressively higher
'conceﬁtrations of a particular drug or dye. In this way
strains which wére able to tolerate the toxic agent iﬁlmuch
higher concentrations than the original strain were.obtained.'
Details of the strains and their preparation are given in
-Chaptérlz. A sfrain was also prepared by prélonged sub-cultur

in minimal mediuﬁ under anaerobic conditions in view of a
report (Warburg‘1956), that continuél culture in the absenqe of

oxygen caused the degeneration of some yeasts,

There has been considerable controversy over whether the
acquisition of resistance to a particular agent by a strain of

bacteria takes place by the selection of a small number of

mutent cells or by a modification to the majority of the
population, (for example, Wolstenholme and O'Connor (1957);
Dean’and Hiﬁshelwood, (1966). For\thé presgnt'purpose,Aj

however, we are only interested-in correlating the changed
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Ubiochemical properties of the resistant strains with éhangéé in
their colony formation and are not concerned with the mechanism

by which these modified cells have been produced. .

Growth Rate in Liquid Culture:

The exponential growth rates (Chapter 2), in normal
‘minimal medium free of any drug or dyé, are shown in
Table (6~1). Generally, drﬁg-or~dye-reéistant cells have a
‘lower growth rate in minimal medium than the normal strain,
" since the latter is the fastest growing system by viftue of
its evolutionary selecfion and modifications to its metabolism
to resist the action of éome toxic substance, ho&ever incurred;

will be accompanied by deviations from this optimum pattern.

It has beeﬁ suggested that strains of organisms‘prepared
by eXposure fo agents suéh as acridines and cationic dyes,
grow by enforced anaerobic metabolism, (Ephrussi 1949;

Gause 1966), Data for the normal strain under anaerobic
culture conditions‘has,‘therefore,»been included in this and

subsequent tables for comparison with the resistant strains,

Glucose and Ammonium Sulphate Utilisation:

The efficiencies of glucose utilisation, in the absence

§f ahy drug or dye, of several modified strains of Aerobacter
aerogenes have 5een determined by growing fhe strains in.
minimal media containing varying concentrations of glucose and
meaéuring the concentration of célls_when_growth ceased,

Figure (6-la) shows the final cell population relative to a



TABLE (6-1) GROWTH RATES IN LIQUID MEDIUM.

" 8train resistant
to

(Normal)
5-Aminoacridine
Janus black

' Anaerobic strain

Normal strain
(anaerobic growth)

Mean generationu
ttime in liquid
medium (min).

33,34,34,35
49,50
75,76,77,80

35,39

45

Av34
Av49.5
Av77

Av37

Av45

141,

Inverse ratios
i.e. relative
rates.

1.0

0.8

0.44
0.92

0.75
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fstandardAcuiture; (Chapter 2), for the normalnStrainnin
aefated_tubes,'as a'fnnction of glucose;ccncentrétion. The

- form of this curve has been discussed in Chapter 5 with the

factors which can cause é cﬁifure of'Aerobacter aerogenes'to
stop growing, (page [23 .). In the first»parf of the curve,

. 8lucose exhaustion ic the dominant factor, since in this

: region the limiting population of cells isvpropcrtional.to the
glucose concentration and the final pH level (635), is still

‘ suitablé for further growth. At higher glucose concentrations
the accumulation of toxic by-products, tcgether with associated
low pH levels limit grOWth, sincc here the final cell
population is independent of the glucose conccntration and;thc

final pH (4-0) is quite adverse for growth,

The limiting popnlation for the normal strain girown nnder
anaerobic conditions, (tubes eluted with nitrogen), is shown
in Figure (6-la) as a function of the glucose concentration,
It can be seen that at a given-concentrationAof glucose, the
1imiting cell density under anaerobic conditions is alwqjs
much leés than that attained aerobically. This demonstrates .
'thc’reduced efficiéncy with which the cells can utilise

" glucose by anaerobic metabolism,

The curves for aerobic and anaerobic cultures are of theA
same form; however, which suggests that for both conditions, -
the exhaustion-of giucose was limiting the growth at low

glucose concentrations, whilst at higher concentrations the -

accumulation of toxic by—prdducts WaS'the 1imiting factor,
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o The final cell population as a function of the glucose
concentration, obtained under aerobic and anaérobic conditions,

-with a strain of Aerobacter aerogenes resistant to

5 —~ aminoacridine is shown in Figure (6—15); it is interestin
that whilebthe efficiencieé of the norméi andAthe acridine— |
resistant strain are similar under anaerobic conditions, they
rdiffer considerably in aerobic culture, Thus éhe normal
strain utilises glucose apbroximately four.timesmere
,.efficiehtly aerobically than anaerobically, but for the

acridine~resistant strain this ratio is about +two,

:The suggestibns‘of various workers that strains of
organisms resistant to drugs, in pafticular acridines,.have
lan impaired respiration and thus can only metabolise giucose
by anaerobic routes havé already been referred to, That this
mode of growth could be operating inbthe acridine-resistant

strain of Aerobacter . aerogenes is suggested by its generally

lowered efficiency of utilisation of glucose under aerobic

. conditiqns and its similarity, in glucose u@ilisation, to the
normal strain under anaerobic Conditions; The metabolism of
glucose by the écridiné-resistanf strainAdoes ﬁot, however,
proceed_entirely by the anaerobic route, since glucosg is
utilised with an efficiency which is diStinctly higher than
that found in anaerobic cultures of the normal stra‘in._v In
addition,.differences in the éfficiency do exist between the

aerobic and anaerobic cultures of this resistant strain, which

would not be so if complete anaerobic metabolism WaS'OPerating.

et e+ e et an et st wr e bl g



fIn-Figure,(6e2), the glucose utilisation curves

obtained under aerobic conditions, with the normal strain of

Aerobacter aerogenes, a straiprresistaht to Brilliant Green
and a'strain résistant to 5 -«amiﬁbacfidine are shown.
Altﬁough the- strains différ'in the efficiency with which they
utilise glucose it is .evident thaf the curves are all of fhe
same forﬁ. The principle source of experimentél errorrin the
individual points seems to be due to variations in the rate of
~ Supply of air to the individual tubes, If the flow to a
particuiér tube falls sﬁfficienfly or stops altogether for a
.while, anaerobic growth-will take place and a lower final
Apopulatibn will‘be'obtained. ~ The scatter is particularly
noticeable in the horizonfal parts of the curves where it hgs
been shown that toxic by-products are causing growth to cease,
Some of these products aré volatile and it is possible to remov
them by vigorously aerating a'culture, (A.C.R, Dean, personal
'éommunication). Variabie rates of aeration could thus affect
‘fhe final population,

The eff;ciency-with which glucose was utilised was also
meésured for other modified strainé. ' Rather'than construct
complete éurves;‘however, a simpler proceduré was adoPted. In
it, measurements were made of the limiting cell.p0pu1ation
reached in several dupliéate tﬁbes of minimal media containing
l g.p.1, and 10 g,p.1l, of glucose, It can be seen from
Figure (6-2) that such points are characteristic of the whole

curve. The value obtained at 1 g.,p.l, is a measure simply of

e e e e e e e m i oy s mea e e
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7f_'thé efficiencY:with‘which the cells can utilise glucbée, since

growth in this region is limited by its‘exhéusfiqn. ‘The final
pdpulation‘pbtained at 10 g.,p.1l., however,>depend$ upbn the
efficiency of glucose consumption and alsdron by-product |
productiOn, |

The data obtained in this way is given in Table (6-2),
columns é and 3; each result is.the average of at least two

duplicate tubes, The‘high values recorded for the barbitone-

resistant strain are in agreement with the work of Dean and

b"Mbéé 1967, In general, the efficiencies are less than that

of the normal as would be expected from similar arguments to”
thosa»uséd in the section dealing with growth rates in liquid
media. Nevertheless, there appears to be no correlation betwe.-

the growth rates in liquid media and the efficiency with which

- glucose is converted into bacterial substance, presumably

Zbecause the great variéty of different processes within the

cell which determine these two properties are not necessarily

_ ail common o0 both,

For the various strains studied; the results obtained when
1 g.p,l, of glucosé was used showed‘aﬁ lS%,average deviation
from,the mean, whilé the correéponding figure for culture in
10 g.p.1, élucosé-media was 41%, This 18% variation is a
measure of the differences in_the‘efficieﬁcy‘of glucose
utilisation between the-various strains, On the other hand,

the value of 41% obtained when glucose was present in excess



TABLE (6-2)..

Strain resistant

to

5-Aminoacridine
Chloramphenicol
Crystal violet
(Normal strain)
Barbitone
Brilliant green
Methylene blue

Janus black

Population in liquid medium

relative to Standard.:

1 g/1 glucose.

|
i

10 g/1 glucose.
final pH in

brackets.

0.35 (4.7)
0.55 (4.3)
0.56 (3.3)
1.00 (3.75)
1.30 (4.65)
0.40 (4.5)
1.25 (6.2)
0.66 (6.3)

ND

499

“1ll22

1862
1946

2220

2910

2
(mm.2/plate)

NDZ.

2 )

relative

to normal.

0.26 .
0.58.

0.96

X2
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"Qf rééuirémenté,;suggesfs.pdftlyIa;gfeatef erfof in fhe
.vexperimehta} results, as_diséﬁsséd éarlief,'bué possibly élso
that the strains vary in ﬁheirléroductibnvof by-products or
in their susceptability to these subétances; Thé variation in

'~ the final pH values reported in Table (6-2) support the latter

suggestions,

. The efficiencies with which the ﬁormal and the acridine-
resistant strains utilised ammonium sulphate under aerobic and
~banaerobicvconditions were compared in a similar manher to that
just'deé;ribed'fof glucose, These results are given in
Figure (6-3) which shows that the relétive velues for the .

limiting bopulations of these two strains were similar to those

in Figure (6—1), where the glucose concentration was varied,

It has already been pointed out, (Chapter 5), that for

large single colonies of the normal strain of Aerobacter

aerogenes growing on normal minimal agar, ammonium sulphate was
not growth limiting and, furthermore, that the growth of the
colony could in most circumstances be interpreted in terms of
glucosé,‘buffef or by—produé£ fegulation. It can be argued;
thereforé; that for the purposes of the preseﬁt study, the
efficiencies of utilisation of NHﬁ+ by the variousxmodified
sffains are probably of Secondary importance and for this'

reason they have not been included,
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"boibh&wﬁofmatibn oh.Spreéd fiates:

| fIt;was.stafed in Chaptef 3 that with the normal étréin,
ﬁhen more than 1,000 colonies were presén&»on a~p1ate; the
final‘tdﬁél area of the colonies waélcoﬁstant and independent
_of the number, N, This'waé shown by the hofizontalfpbrtion
in the plot of ND2 againsf N, (Figure‘(3—2_) page 37 ), where
D is the average coiony diameter. It was also suggested that
~ the observed result was a consequeﬁce of the cessation §f

&~ growth due to the exhaustion of some nutrient in ﬁhe gel or to
the accamulation there of some by-product up to a critical
concentration, This was supported. by the'facf that the
limiting vaiué of ND.2 Qas found to be proportioﬁal tbithe

volume of the gel and also to the initial buffer concentratibn;

The limiting values:of ND2 obtained with some of the
modified strains on normal ﬁinimal agar, (nd drﬁg'or‘dye
present), are given in Table (6~2), columns 4 and 5, Fér the
normél strain on normal minimal agar, the limiting value of
ND2 is a meésure of the maximum number of cells, in the form of
colonies, which the normal %olume of thé gél,will‘suppoft. It
.might'be expected, therefore,bthat there woﬁld be a
proﬁortiohality bétween the values of ND2 for the various
strains and the efficiency with‘which they utiiise glucose in
.iiquid culture, For this to be'so, it is necessary that’ali

the colonies are of approximately the same vertical height,

It was observed, that while this criterion was satisfied by the

'colonieé of the majority of the strains, those formed by the
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" Brilliant Green 7'reéistént s%raih'were s;gnifipantlyfthihnér.v
This could provide an explanation for the relatively high
‘value of ND? observed in this case, (The_fabtoré which regulat

the vertical height of a colony are discussed in Chapter 7).

‘The values of ND® for fhe various strains listed in

f’.Table (652); (except the‘Briiliant Green-resistant), are
plotted égainst the corresponding population densities
obtained in liquid minimal mediﬁm containing 1 g.p.l. glucose,

'bin FPigure (6—4a). The péstulated proportionality, is,
howéver, not in evidence, Figure (6-4b) shﬁws a similar test,
but in this case the values of ND2 fdf the varioﬁs strains are
plotted against the limiting population reached in minimal
medium containing 10 g.p:l. of glucose, Here; in contrast,

a fough dependence of the two functions is observed,

This rather approxiﬁate dependence suggests that while the
bésic reiaﬁionship exists, other factors are also in operatibn,
The fact that some sort Qf proportionalitf is detectable in
Figure (6-4b) and not in Figure (654a) also suggests, that as

with the normal strain, tokic by-product accumulation rather

than glucdse exhaustion limits growth on such plafes._

Colony Growth Rates:

The kinetics of colony growth during the period
immédiately after the initial aivision of the inodculated cell
have not been studied in these ekperiments. Tt is reasonable
to assume, however, that it is exponential and ifst; the

srowth rate of the colony at this stage should be directly

e o e e e e e e emm— s e i s 22 o e et s g g
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'félafed.to”thé:reciprbbal of the mean generation'timé of the

particular strain in uniform liquid media, '~ As the colony

gfows; physical or chemical interactions between the cells slow

down the rate, (Hoffman 1964), and when the diameter is 0,4mm.

the tlinear! phase (below), is reached,

oo

The diameters of colonies of Aerobacter aerogenes on

>sParsely spread plates; increase lineariy with time in the

range O.4 - 4,0mm,, (.Chapter 3)." It was concluded that the

ﬁ most 1i@§ly explanation for this was that growth was confined

to the cells in a narrow annulus.at the perimeter of the
colony. No measurements have been made on the growth rate

of colonies of the modified strains of Aerobacter aerogenes

in this early phase, but the work of Pirt, (1967), using

slightly different conditions, is interesting in this respect,

 Pirt produced colonies by forming a small pool of a susPension

of cells of various Organisms on the surface of an agar plate,
Cdnfluent grbwth took place rapidly within this area and the
diameter ofvthe colony which formed was fouhd td'increase
linearly with bime in the range 2,0 - 5.0 mn, Whilst such a
colony does behave in some respects in a similar‘manner to a
colony formed from a single céll; thére are certain differences

as discussed in Chapter 3.

Pirt varied‘the intrinsic growth rate of cells of E, colil

by adding sulphanilamide to the agar gel and observed that the

Alinéaf rate‘df’growth of the colony was proportional to the

sduare root of the growth rate of the organism in ligquid medigm



TheApfééise'feéson for this rélationship is not clear, but it.
seems 1ikely that factors other ‘than the intrinsid‘érOWth rate
of the organism are becoming important,

4The'rate of colony growth of some of the modified strains

- of Aerobacter aerogenes in the phase where the area increases
~ linearly with time are shown in.Tablev(6-3). The colony
gréwth rates show ho proportionality to those obtained in
liquid medium, quite probably because growth in this phase is
 )§rimarily limited by the diffusion of nutrients and by-products,
as with the normal strain, (Chapter 3). If this were‘éo it
might be expected that colony growth rates would be proportional
to the final populations reached in the glucose utilisation
tests or to the values of ND2 obtained with Sprgad plates, Né
such relationship is exhibited, however, although the
5 - aminoacridine—resistént strain is noteworthy in the low
values both of its co1ony growth rate and of ND2. The
methylene blue and Janus black-resistant étrains, which show

particularly low colony growth rates, also exhibit

morphological peculiarities which will be discussed later,

in concluSion; only a rcughvcorrelation between the
' properties of é particular straih in liquid culture and ité
behaviour on solid media has been found. | When mpre than 1,000
colonies are present on the plates’and the final size of the
colonies relatively small, N_D2 has beép shown to be approximate.

proportional to the vield of cells obtained in liquid medium



'TABLE (6-3) RATES OF COLONY GROWTH.

. Strain resistant
to

5-Aminoacridine
Chloramphenicol
Crystal violet
Barbitone

" Brilliant green
Methylene blue
Janus black
‘Streptomycin
Streptomycin )
Sulfhanilamide ;
Chloramphenicol ;

Normal strain

Rate of growth i.e. d(area)/dt
relative to normal strain.

0.06

0.92
0.60
0.87
0.67
0.22
0.39

0.97

1.00

Normal strain ~ anaerobic growth 0.05

Anaerobic strain - aerobic growth 0.67

156.
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'.ﬁébpfai#iﬁg 10:g.p;l‘ of glucose. ATheAgroﬁth ratés'éf-the
large coionies obtained.on sparSély inoéﬁiated-ﬁlateé»reﬁain
difficult to relate to other parameteré observed in liquid
culfurés.v | | |

‘The cblony growth rates in the phase of growth where the
._érea iﬁcreases linearly:with time have been méasured for
- some strains growing on different agar géls. The results. are
summarised in Table (6-4) and it can be seen, that althougﬁ
 the rates differ considerably on normal égar,'they are very
Similar on agar containing one;tenth of the nofmal buffer
concentration, The most probable explanation w6u1d'appear to
be that when the basal concentration‘of buffer in the gel is
low the‘rate of its diffusion towards the colony is the principal
rate~controlling factor for all the strains, thervarious
metabblic differences between them becoming of éecondéry
importance, A similar effect, produced by the excessive
formation of by-products may exist on the 'double glucose!
'agar plates, alfhbugh since this agar was toxic to the methylene
blue -~ and Janus black - resistant strains,'some caution is

- hecessary in drawing conclusions.

It is of interest to note here that some of the modified
strains, particularly those resistant to methylene‘blue apd to
.Janué black, appeared to be Senéitive #o @edia of high osmotic
strength, Thus, with the above strains the ‘viability

on fl/lO buffer?! agar was higher than on the normal agar and

| they would not grow at all on minimal agar containing double



TABLE (6-4). - , |
Large Colony Growth Rates (sq. mm./day). . -

Strain resistant ' Normal agar. '1/‘10 buffer' agar. '2 x glucése' agar.
to | | ' - T
(Normal) o 34, 37 . 3.6, 2.8 2.7, 1.3 ;
5-Aminoacridine 1.1, 1.3 2.4 | | 2.0, 2.3
‘Methylene blue 7.8 2.3 -
Janus black C 13.8 | 2.4 C

"8ST
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:the nb;mal giuéqse boncént;étion-or>on normél minima}.agar'
',to~whi¢h §odiuﬁ éhloride;i(ﬁ:»o.s%-W/v:);'had been édded,

The faster growtﬁ rafe of theiSfaminoacridiﬁe-resisfant
strain on '1/10 buffer' and on 'doﬁble glucose' agar relative
to its performance on the normal gel is surprising,

‘ (Tablé (6-4)), but its colony behaviour in’general seems

rather anomalous.

Colony Morphology:

Colonies of the various strains on spread plates do
exhibit some variation in morphology, for example, the
‘Brilliant Green-resistant strain forms colonies which are
particularly thin, but this is much less striking than the
differences observed in'éolonies which have been produced by
inoculation with a platinum wire in the centre of a plate and

subsequently allowed to grow for about two weeks.

?late (6-1) shows coloniés of some of the various strains
at 15 gdays after inoculation on normal minimal agar. For a
given strain, two colonies were of a reéognisably similar |
pattern although they were not identiqal to the extent of being
éuperimposable. Also, the pattérn characteristic of one
strain can in general, be distinguished from that of’another,
It was stated in Chépter»l that different spééies'of
microorganisms produéed characteristic colonies, but from the
above; it appears that even modified strains of the same

organism can produce distinguishable patterns. The colony
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s

,moiphology,'in fhis'prolonged phase of growth, is thus
: befy sensitive‘to the metabolism of the partiéula# célls.
In this connection, it has.already'beeh mentioned that

colony morphology is influenced by the compoéition of the

agar gel, (Chapters 4 and 5).

The morphological devélopment of the norﬁal straiﬁ has
already beén_described, (Chapter 4).  The colony was:obsérved
to pass from a circulér form with a unifbrm internal density,
., to one having a highly irrégular perimeter and of somewhat
variable internal appearance. In general, there is good:.
evidence that colonies of the modified strains developed
according to the same general pattern and for the same réasons
as the normal strain. In contrast with this moae, the
colonies of the methylene blue and Janus black-resistant
bstrainsvdeveloped much more slowly, (Plate (6-1)), and this
finds good correlation with their particulaf metabolism.  The
biochemical properties of these two strains were reported’
‘earlier in this Chapter. Both strains grew at a low rate in
liquid medium, utilised'glﬁcose réasonably efficiently and had
a low colony growth rate. ThéfinallpH in liquid medium was:
high. . In the light of the discussion in Chéptér 4, of the-
'factoré which are important in colony develobment, it can be
seen that each of the above characteristics is in'accord

with the slow development of the colonies of these strains.

‘The morphology of the acridine resistant strain is

. .

notéworthy, but mainly because of a very 1ow'gr0wth rate which
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hés‘bééh‘diééﬁééed eqriief;-. Tﬁe colony»ﬁétterns ofAthe_
iremaihing straiﬁs differed‘ffom 6ﬁe énothér in rather more
subtlé ways than in the examples just given. For the
purposes of the_following diSCusSion, dolony mqrphology-will

be considered as:-

a) The patterns present in the interior of the colony.

-

b)_ The forﬁ of the perimeter of fhe colony,

It seems likelyrthat a detailed and in some way:
quéntitaﬁive analysis of the different types of internal
patterﬂs must be made before any general correlation can bg
expected between the'biocheﬁical properties of a_straiﬁ and
this aspect of itsvpolony morphology. “ However, to classify
in detail the characteristic patterns Qithin the various
coionies.would be a considerable task and not really
appropriaté in the present study especially, as in its present
state, the theoretical understanding is unlikely to be
édequate té correlate fully,the differences with metabolic

factors,

’The development‘of the perimeters éf the colonies, on the
other hénd,‘is,rather more amenabié to mathematical analysis,
both from a éemi-empirical approach involving geometric
considerations and theoreticall&; employing calculated
concentration gfadients of nutrients and b&—products. 1One‘
limitation of studying the irfegularity of the perimeter as a

measure of the development of a.colbny, should be mentioned.
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'Pértiéﬁiér;f-iﬁa wgllxdeveloﬁéd boioq&, the periﬁetéf may

- not ﬁe élearly defined, since thé sﬁall rédial inlets are

often of rather indefinite length and merge graduaily with
.the_internal struéture of:the colony. Tﬁué, the two factors
which were postulated abdve as éharacteristic of the morphology
df a colony; namely infernal patterns‘and‘the shape of the
"petimeter, are not completely independeﬁt; Nevertheless, it
is possible to detect many interesting trends in the
3~develqugnt of colonies using measurements made on fheir
perimeters, which are of necessity, approximate,. These

studies are reported in Chapter 8.

@ oo 4 e et i i bt wees b e+ e 3 e an are o e —
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Chaptér.z} .

Effect of Adsorbents,

In Chaptef 4, evidence was presented which suggeéted that
the deveioPment, with prolonged growth, of a smooth circular

colony Qf-Aerobaéter aerogenes into a complex 'floral!? patterh,

was the result of an instability of the perimeter incurred by
the decreasing rates of supply of.nutrients to the colony or of

removal of toxic by-products from it,

N | Various experiments have been performed with the intehtion
of éesti;é this hypothesis and clarifying the factors which
regulate coiony groﬁth. Ope such ijidea, which has.yielded
interesting results and is described in_tﬁis Chapter, ié that
by adding adsorbents to the agar, toxic by—broducts produced

by the cells in the colony might be adsorbed and the colony

development delayed or accelerated,

The adsorbent ﬁhiéh.produced the most intereéting‘results
was activated charcoal, (E.D.H. Ltd.). This was washed
several times with hot glassfdistilied water and dried at
15000. It was added to the agar prior to autoclaving,

Plate (7-1) shows the appearance of a colony of the normal

strain of Aerbbacter aerogenes af various times after
'iﬁocuiation on to normal minimal'agar containing 1.0% w/ v

of activéted charcoal, The appearance of:a control colony
growing on normal minimal.agér,'(no charcoal), is also shown.
These photographs demonstrate that the addi%ion éf onevpervcent

of acfivated charcoal to the agar reduces the rate of increase
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in the'area of the colony and also mOdlfleS tﬁe shape
»_conslderably. Both conclu51ons were verlfled in duplicate
exPeriménts. The basic tran51t10n from a compact shape with
‘a smooﬁh perimeter into a highly ifregular patfern,'as

incubation proceeded, was common to both agars.

‘ -The siénificantly'reduced size 6f a colony growing on

1,0% charcoal—-agar suggests that thﬁ charcoal may be inhibiting
~the growth of the.cells, This coﬁld‘be due to some adsorption
?effect;,(i.e. of diffusible intermediates, Dean and Hinshelwood
| 1966), or by the. presence of.traces of some toxic substance.
The lag:fimes between inoculation and the appeafaﬁc; of visible
growth, however, were similar on both agéfs which does got
support either mode éf ihhibition, A colony formed on 1;0%
-chafcoa; agar was observed to be considerably thicker than a
colony on normal agar; an effect wﬁich also occurréd, although
“to a lesser extent, with other adsorbents, These facts suggest
that possibly the effect of charcoal upon cdlony gfowfh is not
simply to inhibit growth; but rather to modify the shape of the

colony.

Further experiments were cafried out using'normal minimal
- agar containing 1.0% w/v actlvated charcoal which had been
autoclaved and then allowed to stand for a few days. It was

then heated until fluid, the charcoal removed by filtration and

plétes prepared, Cells of the normal strain of Aerobacter
: aerbgenés were inoculated on to these plates and the colonies

which formed were observed to develop in a very similar manner



167.

> to control colonles on normal mlnlmal agar.;‘ Thus charcoal
. must be present in the agar to modlfy the growth and morphology

- of colonies, Also, charcoal does not produce 1ts effect by

permanently changing the gel structure, nor does,it appear to
release appreciable concentrations of toxic substances into the

medium or to adsorb the various nutrients in the agar

tsufficiently to influence growth.

The effect upon colony growth of charcoal in the range of

“concentrations from 0.007% w/~ to 5.0% w/-y in normal minimal

agar was next investigated, At concentrations of 0.007%,
0.033% and 0.330% the growth rates and morphology were similar
to those obtained in its absence except that at the latter two
concentrations some thickening of the colonies was observed,

At concentrations of 2.0% and 5.0% w/~+ of activated charcoal,
the low coloﬁy growth rates observed and the morphology,

(normal strain), were similar to those reported earlier for
t1/10 buffer agar!, (Chapter 5). Moreover;‘on 2,0% charcoal
agar the colonies showed a greatlyoreduced tendency to form the
splky irregularities observed at the 1, O% level and at the

5% level 'spikes! were never observed, It appears, therefore,

that the addition of various concentrations of activated

charcoal to normal minimal agar modifies the growth rate and
the morphology of a colony growing in such a gel. The type of
development illustrated in Plate (7-1) can, however, only be

produced over a relatively narrow range of concentrations of

charcoal,
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The growth of the normal straln of Aerobacter aerogenes

:on normal m1n1ma1 agar, contalnlng 1. O% actlvated charcoal

' at'thé ﬁormal depth (Chapﬁer 2), and two and three times this
has also been inyestigatéd. It was found that the time of
growth'elapéing before 'spikes!?! appeared.at the perimeter:of a
. colony, (Plate (7-1)), was lengthened by increasing the depth
of fﬁe agar, (10 days at.the normal depth and 1% days at 2x

normal), This will be discussed later,
. ‘\

Other Adsorbents:

The effect onlcolony growfh of adding otﬁer adsorbénts to
normal.minimal agar has been invesfigated by preparing.gels-
containing ﬁicrogranular'ceflulose powder, (Whatman Chromedia
CC31) and silica gel powder) (Whatman sch1), both at 1% w/V/
in the normal minimal agar. - However, single colonles of the

normal strain of Aerobacter aerogenes after. prolonged.incubatio

on both of these agar gels were little different from those on
minimal agar. A slight thickening of the colonies was

nevertheless in evidence,

Clearly the most interesting modifications to colony

"morphology occurred when the normal strain of Aerocbacter
aefogenes was grown on normal minimal agar containing 1.0% W/~
of activated charcoal, More detailed consideration of this

. type of growth will therefore be given,

- As on the normal agar, coiony development in the presence

u of 1,0% w/v of charcoal.félls into two stages. There is an
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:inif351 phésé 6figrowth;in'§hich thevcoibny“remainé ﬁniform ini
appeaf&hCe:and its perimeter smoéth and later, é ﬁeridd in |
thich the éalony develops into a‘complex shape, Thése
findingé,_togethér with the expérimental‘results reported
eaplierAiﬁ this Chaptér, parficularly the fact that.the onset
of colony—irfegulérity is delayed on deeper gelé, suggest that
althdugh thé colony growth rate and.morphology are drasticall&
changed from those on normal minimal agar, the basic-mode-of
>growth is the same in the présence and in the absence of

charcoal,.

On normal minimal agar, a colony of the normal strain of

Aerobacter aerogenes remained of uniform appearance and had a

smooth perimeter for.about 2-3 days after indculation,
(Chapter 4). When 1% of charcoal was present a smooth’
perimeter and a uniform internal appearance were maintained

for 7-10 days after inoculation, (Plate (7-1)). The

development of the colonv, as described in Chapter 4, has thus

been retarded and it c0u1d be argued that this.ié a consequence
ofAthé adsorption by the charcoal of toxic érowth by;products.
Howéver, the reduéed size‘of a colony growing on 1.0%'
chafcoal—agar requires some eiplanation before this'hypothesis

is acceptable,

‘ Evidence has already been presented which suggested that

charcoal did not reduce the colony area through a growth

-inhibiting’effect, but rather modified the cross-section to
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producé.thiCkerVCOloﬁies of smallér areé fhan ih normal
' ciréumstances. Pirt (1968), >has sugge'st'ed ‘rthatA the vertical
héight of the colonies of sdme org#nisms is regulated by the
. diffdsioh of nutriehfs through the colony to the actively

growing cells at the surface, Cells of Aerobacter aerogenes

can grow aefobicaily or anaerobically and in this case, there-
fore, there seems no reason, at.least in the-early staées of
the colony's development, why growth should be confined to its
ﬁsurface." Immediately aftér the division of the initial cell
inoculated on the gel a 'colony' may be regarded as expénding
in the form of a hemisphere, a process which will most
probably continue until 5 nﬁtrient or by-product becomes growth
limiting. -This will occur first along theraxis of the
hemisphere, thereby regulating the vertical heighf:of the colony
which will now grow predominantly atlitsrpenimeter. Thﬁs, if
a toxié¢ by-product did regulate the vertical height of a colony
in this way, (which is quife feasible from the work described
in Chapter 5), and if this éubstance was adsorﬁed on charéoal,
7 a thicker colony would result., Through this méchanism, thicker
and.more compact colonies could be produced on 1.0% |

charcoal-agar than on normal minimal agar,

When small spike-like pfotrusions appear around the
perimeter of a colony growihg on 1;0% Eharcoal—agar, it seems
that fhis is the start of fhe diffuéion regulated or fdentritic?
type of growth, (Chapter 4). The reasons why the patterh'

should be so different from that obtainediih-the absence of.
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fcharcoal are considered below, but first a further modification"
fto the pattern on' 1.0% charcoal agar will be mentioned.

Plate (7-2a) shows the appearance of a coldny of the normal

'strain of Aerobacter aefogenes 8 weeks after inoculation on to
1,0% charcoal—agaf of twice the ﬁormal depth, (Chapter 2).
Thus, when prolbnged growth is possible, as on deeper agar,

the radially directed 'spikes! such as those in Plate (7-1),
acquire branches at right angles, Plate (7-2b) shows a
ﬂhenﬂri#ic snow cryéfal, (Bentley and Humphreys, 1931), which is
a common natural type. The similarity of these two patterns
is most striking and correlates well with tﬁe suggéstion

advanced in Chapter 4 that the development of a large colony of -

Aerobacter aerogenes proceeds by.a mechanism analogous to that

of dendritic crystal growth, The similarity is limited by the
crystals geometry, but also these fofmations are quite differént
in sizé, (Plate’(7-2)). waéver, the important morphology
regulating factors such as the rate of grbwth, the diffusion
coefficients in.the sufrdﬁnding medium and the volumé ratio for
the éonversion of the diffusing material into substance of the
gfowing pattern also differ cqnsidefably in magnitude, The fac
. that a snow crystal éan form a dendritic pattern of a smaller
size and in a medium §f a‘hiéher diffusion coefficient thaﬁ a

may correlate with the much greater tate of growth

colony does,

of the former,

- S8ince there is now good evidence that the }Spikes'
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.‘producéd by.§’c§1§n& of the ndrmal S£rain.of Aefdbacfer
aerogenes cultured for a prblongéd_periéd.oﬁ 1,0% éharcoai—
. rva:gar, (Plates (7-1) and (7-2)), are a form of the tdendritic!
typé of colony grbwth described in Chapter h; the nature of

their .formation will next be considered,

‘It was mentioned in Chapter 4 that the gradients of
nutrients and by-products around a large single colony are
instrumental in determining its morphological development.

S . , : .

.Thus, the characteristic pattern formed on 1,0% charcoal-agar
may'cﬁrrelate with the differeﬁt terowth fegulating gradients!
in the presence of an adsorbent, Various calculations of the
diffusion of nutrients towards'énd of by-products away from a-
groﬁiné colony, have been reported in Chapter 3., These results
wére based on a rigoroué solution of the diffefential egquation
for a particular case of one—dimensioﬁal diffusion, As the
preéent inﬁestigation progfessed, howevér, it became clear that
‘a more general procedure for calculating the relationship
between concentration and disfance‘was desirablé. For example,
using rigorous methods.it isinot easy to allow for the‘advance
of the edge of the colony or for cases in which a nutrient is_
céﬁsumed or a by-product produced,'at‘a cbnstant rate, To
this end, a cémputer programme Vas written by which diffusion
concentration;disfance curves couid‘be calculated using a
method of successive approximations’ (c.f., Barrow et al 19#7).
Thls programme and various modifications of it to flt other

cases are descrlbed in an appendlx, a test to verlfy the



':teeeefeeynef;the procedqre is eiso'given:":
'Usihg'a>modified‘fprﬁ of this basie computer ﬁregramme;

it is possible to study the effect of the edsorpfiongby

~ charcoal on the diffusion of some nutrient or by-prodﬁct.

Sinee it-is not known what growth regulatiné subsfance is beiﬁg

adsorbed,vabsolute computations of diffusion -gradients cannot b

made.._ However, as mentioned previously, the calculation of

diffusion.gradients around a growing colony is approximate for

f’several_reaeons and in the present case particularly, the

relative nature of the gradients with and without adsorbents,

is the principal point of interest.

Figure (7-1) shows the coecentratioh of some material
diffusing'into a finite cylinder S cm. in length, a distance
~which is approximately the radius of a Petri dish. VThe
diffusing material is maintained at a concentrafiop, Co (g./ml.)
ef the origin, and 'ADS' is the coﬁcentratien of adsorbed
material in the tube as a percentage ef Co neceseary to
'satﬁrate the charcoal. This case corresponds to the
outward diffusion of a grOWth by;product from a colony‘
and it can be seen from Figure (7 -1) that the presence of an
adsorbent in the gel leads to the productlon of steeper
difoSion gradients of these materials, if they are adsorbed.
The gradients become steeper as tﬁe amount of material adsorbed
per unit volume is increaeed, If an inwardly diffusing
nut:ient is belng adsorbed, the samebconclesions also'appiy end

the concentrationsdistance curves are those obtained by
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»ihverfiﬁg Figu?en(7—i) abodtifﬁe line ¢ ;'50.

. In Chapter k4, it ‘was stated 'fhat when a colony began to
’ develqp on nofmal agar, the'éells in small protruéions in the
perimétef had a slight growth advantage over thoée.invthe
intervening regions,-by virtue of their being at a higher..
;concehtrétion on a gradiené of a_nutriénﬁ-or aiternatively a
- lower concentration_qﬁ a gradient of soﬁe'toxic by—product;
Thus the‘tibs of sdcﬁ';maii*ifrégﬁiérities tended to grow
¥ : o
faster than the less favoured regions, thereby reinforcing'ahy
initial advantage and leading to the formation of therlarge
peninsulaé observed in developed colonies, On an agar gel
containing 1.0% of - charcoal, on to which the growth regulating
substances are tovéome extent adsorbed, the concentration
gradients which are respbnsible for the development of thg
colony will be .steeper than in the absence of charéoal. It
might 5e argued, therefore, that in presence of charcoal thé
tiﬁs of any small protfusions in;thé.perimeter‘of a colony find
éhemselves at such.a great_adVantégeiover the intervening
regions that they form the spike-liké shapes shown in Plate (7-1
Tﬁis mode of growth takes place wiﬁh.littie lateral expansion
because outward growth ié much more favoured, However, from
work to bérdescribed in Chapfer 8, it seems that pbssible'
modifications to the various concentration gradients can only
partly explain this spike-like form of growth, Calculations
- based on diffﬁsion gradients suggest that the peninsulae |

around a developing colony should become slightly longer and
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thinner in the presence of charcoal, but definitel& not torthe

extent which is observed in practice,

Earlier in this Chapter it was pointed out that iﬁ the 
"presence of charcoal in ﬁormal minimal agar the coloniesvwere
much thicker than in ité absence and it was éuggested that this
effect could be explained by the adsorption of toxic growth
by-products. This thigkening effect was not, however,
confined to the early étages of colony growth and in fact the
!'spikes! which weré produéed on prolonged growtﬁ were
éonsiderably thicker than.the peninsulae of a colony on normal
minimal agar. It seems qﬁite possible,Atherefore, that,

Just a§ the original colony growing on 1.0% charcoal-agar
remained small inAarea due to its dqeward growth, the regions of
-irregular growth alsb tend to remain>compact énd the predominant
' horizontél expansion fakes place at the favoured tipsof the
peninsulae, When the supply of nutrients to or thq removallof
by—products‘from these spikes falls, the& too becodme

unstable and branches.develop at right angles; theréby repeating
tﬁe>earlier patfern.A |

Although it seems most probable that the @echaﬁism by
which charééalnmodifies the»célony_morpholbg&,is by.the 7
-aasorption of toxic by-products,’itiis diffi§ult-to.§pécifyrf
which Subsfancé is affected because of fhé enormous range of .
possibiiities. V‘Howevgr,Aih thi§ 9onn§§fion, the-litératupq'
fpeffaininé fo‘the ;éwafﬁing; of some Proteus spééies is

' interesting.



”7If~hés»been’observed'that when cells of motile Proteus

1speciés éuéh és Proteus vﬁlgaris'and.Protéus miiabilis were
inoculated on to the surface of éuitablé agar gels,.they
produced a small compact colony initiall&. A few houfs 1atéf,'
strings of cells beéan to migrate, (!swarm'), from fhis colony
and settied in a ring concenéric wifhlit. After further
.grOWth in this ring, more cells migratedioutwards and formed
another_concentric ring; this process was repeated and led
“to the_fgrmation of several rings of growth, It was observed,
(e.g. Lominski and Lendrum, 1947), that this phenomenén'Was :
induced by ceftain growth by-prodﬁcts of the Qells. | Latér; it
was found, (Alwen and Smith, 1967), that 'swafming' could be
completely inhibited and a small compact colony producéd, by
the addition of 1% w/~r of activated charcoal to the gel, Thesé
authors suggésted that the by~§roducts responsiﬁle for
'swarming! had beenvadsorbed on to the charcoal, It can be see
that there is a similarity bétﬁeen the phenomenon of the
tswarming' of Proteus and the development of irregular

perimeters in colonies of Aerobacter aerogenes.

Smith and Alwen suggestéd that the‘by~productskwhich were
'-fesponsible for inducing"sﬁarming' in Proteﬁs were long-chain
fatt& acids..r These’subsfénces were kﬁown to bg produced

bj the cells, were toxic tdlthem and would have béen strongly
aﬁsorbed'on charcoal, | By these same'criteria, long-chain

fatty acids might possibly be the;regula%ing substances in the
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_ 'grdwfh_Of'a cciopy"of Aerobacter aérdgéneé on 1.0%

lAcharcoa;Eaggr. | To i§vesfigate>fhis-hypofﬁesis it wa; decided
‘to.add various fatty acids fo noimél minimal agar'contaiﬁing |
1.0% w/v activated charcoal and»stﬁd& the effect on the
motphology of colonies g:owing éh such gels. Three‘acids,
palmitic, stearic and myristic, which are abundant in fhe

- 1ipids of Aerobacter aerogenes, (Dr. A.M. James; personal

communication), and are thus possible growth by-products, were
_\employed. When they were present in concentrations. of about

1074

M. and 10_6 M., colonies with a growth rate and morphology
somewhat similar to those obtained on '1/10 buffer' agar
(Chapter 5), were préduced. Plate (7-3) shows the appeafance

of a colony of the normal strain of Aerobacter aerogenes at

30 days after inoculation on;to normal minimal agar containing
. 1.0% w/v activated charcoal and the above three acids at
concentrafions sufficiént to saturate the gel and the charcoal.
The acids, palmitic, (0.0IM.), stearic, (0.004M.) and myristic,
(0.002M.), in the proportions in which they occur in the lipié
system of.the céll,were added directly to the moiten charcoal-
agar whichvwaé then éhaken immediately and also on several
successive days afterrremelting the gel. AA_compariQOn of-

~ Plate (7-3) with Plate (7-1) shéws that the colony which fo rmed
_in these COnditions bears a very strong resembiance to a colony
growing in the absence of charcoal, although the growth rate of
therfOImer colony is reduced. The white specks visiblé‘in

Plate (7-3) are cbmposed,of the excess of fatty acids.
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- Aitﬁéﬁgh it'iszpossiﬁié to inhibit fhéléffect 6f'¢harc§alﬁ
'lon COlon§ mdrphology-b&.the\addifion of fétty acid$ as described
overlééf, it cannot be claimed from this that long-chain fatty
acids afe necessafi}y tﬁé‘importént colony growth fegulating
VSubstaﬁces. In theory,vany Suitable adsb;bate'added“to agar
Aconﬁaiﬁing charcoal,.in sufficieﬁt quantitieéjtd séturate the
charéoal surface, should lead to thé-ocburreﬁce of relatively
'normél? looking colonies on the gel, Rather, the reSult

f%f the experimént pertaining to Plate (7-3) shoul& bé interprete
as supporting the conclusions advanced earlier in this Cﬁapter'
.that charcoa; modifies colony morphology by its operation as

an adsorbent and not throﬁgh'some modification to the gel
-structufe or by some inter-cellular effect. This experimental
result is not incompatible with the hyﬁothesis that long-chain

fatty acids could be important growth regulating substances in

. the development of a colony of Aerobacter aerogenes on normal

minimal agar containing 1.0% w/v charcoal,

Modified Strains:

The growth of some modified strains of Aerobacter aerogenes

»(Chapter 2), on normal minimal aga? containing adsdrbents has
;also been inveétigated. ;Cellulbée‘and«siiicé'gel powders
(Whatman, see earlier in this Chapter), at a concentration of
1.0% w/v proauced only a slight effect on colonies of the
acridine-, barbitone-, crystal violet-resistant and the :

tanaerobic! strains, The morphological appearance ef t hese
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‘colonies being similar to that of colonies grown on normal

minimal agar although occasionally some vertical thickeningA

. -did oeeur. Colonies of the methylene blue-resistant strain

growing on agar containing'l.d% w/v cellulose poﬁder‘were
.interesting in that a.distinct yellow spot, about ‘2 mm, in
diameter formed in the centre of the colony at about 5 days
after inoculation. It is not clear why this should have
happened but it might have been a pigment analogous to the
S

orange pigments produced by certaln oxidation deflclent strains

of Staphylococci reported by Gause, (1966).

On normal minimal agar containing 1,0% w/V activated
charcoal, colonies of the !'anaerobic! strain and the crystal

violet~_, barbitone- and acridine-~resistant strains all showed

’
some distinct tendency to form 'spikes! although in all cases
this was less pronounced than in the coloniee of the normal
strain. The methylene blue- and Janus black-reésistant strains
on~the other hand formed simple 'florali type patterns and
showed no tendenci to*form }spikes' at.all. It was. observed
however, that colonies of the methylene blue-re51stant strain
produced a few dlstlnct 'splkes' on agar conta1n1ng 5. 07 w/v

charcoal, This may correlate, to some extent, with its lower

metabolic rate.

%
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3 Chapter‘8 ' '

Measurement and Simulatlon of
Colony Development

When the morphological development of large colonies of

Aercobacter aerogenes was first cons1dered (Chapter 4),

was pcinted out that in comparing two such colonies it was
difficult to decide which was the mofe developed,  Thus, in
- the ensuing investigation of this phencmenon, experiments were
employed which obviated the need for such comparisons.'
Nevertheless, a function to describe the degree bf development
of a colony would be useful in the further study of this
effect and also in any applications of this behaviour, The
'tmeasurement of colony development! is considered below, while
later in this Chapter attempts to simulate the Shape of a
developing colony are described. .
vWeiss; (1955), in‘discassing development in higher animals
- said that it was not possible to measureﬂthe degree of
development, but only to‘study developing systems, This
statement reflects the difficulty‘of rationalising the complex
interplay of the varloas changes whlch take place durlng the

develOpment of these higher forms, which also applies albeit

‘to a much lesser extent, t0'large single colonies of

Aerobacter aerogenes and has heen mentioned earlier, Fofv
‘example, in the development of a colony of the’normal strain'
of the organism, (Chapter 4), it wasvreported that, in
addition to distinct changes in the shape of the pefimeter
‘complex changes in the internal appearance of the colony also

took place, Also, when the morphologies of 1arge colonies_
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- of the various modified strains of Aerobacter aerogenes were

compared, (Chapter 6), it was concluded that in addition to

’distihct differences in the shapes of the perimeters the

e

1nterna1 appearance of the colonies also varied cons1derab1y.
The overall development of large colonies is thus sufficiently
rcpmplex to defy.simple numerical representation. However,
enough is known about the mechanism of this deveiopment to
justify measufing it in the first instance, inrferms of the
shape o{_the perimeter only, A practicalilimitation of this
idea which has been mentioned previously, (Chapter 6), is that
in a very irregular colony, the perimeter is not absolﬁtely
defined due to the rather indetermiﬁant length of the many

radial’ iniets, The above has limited the accuracy of such a

procedure, but not prevented its successful application,

There are various criteria which the-function whicﬁ is
ehosen to describe the irregularity ef the colony perimeter.
should satisfy. First,ithe fuhctien should be eontinueus and
incfease unifofmly durihg the development of a typical colony.

Secondly, it should beva dimensionless quantity and thus a

. measure of shape and independent pf.the size of the celony.

Various'ideas were,tested usingvcolonies which had been
photographed against a scale and then drawings of known
magnlflcatlon were made with the aid of the negatives and an

enlarger, In view of the previous discussions of colony

”development it would seem that some function based oh the

variatlon of the colony radius would be the most direct
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. measure -of peripheral irregularity. Drawings were made, as
~ described abové, from a colony of the normal strain of

"Aerobacter aerogenes at 5, 11 and 20 days after inoculation

oh normal minimal agér.'. The perimeter of the colony was
markedvoff with a large number of points equally spaced at a
distance of approximafely 1% of the total length of the
'perimeter. Two arbifrary cartesian axes were set up beside
the drawing of the colony and the coordinates of all the abqvé

“*points recorded,

For colonies formed by inoculation with a blatinuﬁ Qire,
it is‘sometimes possible to sée the ofiginal 'centfé' of tﬁe
colony._ However, this is not always true and it is generally
easier.to define the colony centre as having the coordinateé
formed by separately averaging thé absciséae'and ordinates of
all the peripheral points for a given drgwing. The distances,
(R); of each of the points on the péfimete: from the colony
‘centre! were then calculated, = This data is shown in the form
of histoérams of common area at the above three times during‘
‘the development of this colony, (Figure (8~1)). These
histogfams show clearly the expected increase in spread as the

- colony develops; Figure (é—h); page /92 shows the form of the

perimeter bf'this colony at 5, 11 and 20 days after inoculation,

Since the histograms were not suitable for quantitative
measurement, the average deviations from the mean, irrespective

. of sign, were calculated directly from the individual R values
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' and tﬁéy_érerpiotted against time_in-Figure (8_2). .I£.i§
jappé.renf fromvfhié Figure.fhat the éverage'défiétion from the
mean of the colony. tradius!, as defined above,_Satisfies the
criteria advanced éarlierrfbr a suitablé function.to describé
the'development of a_colony‘perimeter. However, this.-
.function.has the disadvantage.that its evaluation is rather

tedious.
3 |
It is possible to devise functions as measures of colony

ﬁ‘development which are based on the length of the,perimefer.

) It has been mentioned; (Chabter h),'that one way of regarding
éolony development is to‘take the amount of nutrients consumed
and by—products‘produced és proportional to the colony area and‘
vthe cross-sectional area through which these materials can
diffuse to and from the colony as proportional to the length
‘of the colony perimefer. Thus, when a colony of basically
-circular form is increasing in area linearly wifh time, as is
observed . in practice, the rates of consumption of nutrients
and production of‘by—products are also increasing linearly with
. time.,  However, thé increase in the rates of supply and
remdvalrof these substanqes'ére prbportionél to>the sguare root
of the time. As alréady ppinted out, the smooth circular
perimeter of the colonykgventually becomes unstable and»the‘
development of'irregularitiés is regarded, in this approach,

és a result of a tendency to maintain the fatio of the above

two factors constant, This has already been aqknowledged as

a somewhat arbitrary approach to the phénomenon,bbut
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Figure (8-2)

(‘wm) ¥ uy uorzeyrasq abexany

O
B
L. 1N
~
O
-
-

L} ) ., 0

" Q- ;

- - _ o

(dayé)

‘Time



'.nevertheless it does mean that functlons based on e1ther the

'1ength of the perimeter or on perimeter to area ratios as

"

measures of colony development have a certain degree of

‘theoretical Significance in addition to the purely geometrical

viewpoint,

Scale drawings of colonies, (often 10 x actual size), were

prepared‘as,deSCribed earlier in this Chapter, The lengths

of the colony perimeters were measured with a piece of cotton
thread and the areas using a planimeter, The results
described below have all been verified as applicable to

duplicate colonies, but for simplicity, the diagrams are based

on measurements of one colony only.

The length of the perimeter of a developing colony of the

normal strain of Aerobacter aerogenes grown on normal minimal

agar is plotted against its area in Figure (8-3a)., The
perimeter of a circhle of common area is also shown; this

represents the minimum perimeter of any shape surrounding a

- given area, This figure shows clearly the divergence of

these two patterns with respect to the lengths of their
perimeters; The lengths of the perimeters of the above
eolony and of the circle of .equal area have also been plotted
against the age of the colony (Figure (8-3b)). Since the
colony area increases approximateiy lineariy‘with time

in the region of growth studied.(ChapterVB), Figures (8-3a)

and_(8-3b) are very similar, but as the variation with respect
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to tlme is nore relevant 1n connectlon w1th coiony development
thls will be used henceforth It can be seen from Flgure
(8-3b) that while there is very 11ttle dlfference between the
-b two curves at 5 days after 1n0culatlon from thls tlme on the
‘curves diverge, (see Figure (8 L)) which shows the colomy
perimeters). This is in agreement with the conclusions

:, reached earlier from diffusion calculations;and morphological
Studies that peripheral irregularity starts at about this

It is also-of interest, in comnection with the approach
to colony development described earlier in this'section, to
enquire how the perimeter to area ratio changes during the
development of thevcolony. Thebvariation with time of this
"ratio for the colony and for a circle of equal area is shown
in Figure (8-5). A distinct difference is:apparent,
the colony development tending to maintain this ratio at a

higher value than that observed with the circle.

' Nevertheless , neither the colony berimeter nor the
perimeter to area ratio are ideally suitable functions to
describe the degree of develOpment of a colony as both have
- dimensions and are dependent‘upon the 51ze of a colony.
However, a suitable function can be obtained by dividing the
length of the coiony perimeterjby‘the perineter of a circle

of equal area, The -variation of this function with time for

a colony of the normal strain of Aerobacter aerogenes growing

on normal minimal agar is shown in Figure (8-6). This functio
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Perimeters of 'Normal' colony at
5, 11 and 20 days..

(5 x Actual Size).



. Figure (8-5);

Time (days)

0.5 |
o
—
2
0 0.4 Colony
0 : .
.U o——
[ , |
1Y
2 0.3
o ’ t . .
H .
o .
0 ‘ :
| X \
o 0,2 : ; Circle
——"
<
™
Q.1
T ) ) J T
-0 5 { 10 15 20

‘€61



194.

'  1$ dlﬁen51on1ess ana it can be seen from Flgure (8 6) that 1t
 1ncreases in magaltude unlformly durlng the development of the

colony. In addition, the function is qulte easy te_evaluate

and:is,‘therefore, a_good measure of the degree of development

of a colony.

Our knowledge of the mode of development of large single

colonies of Aerobacter aerogenes is sufficiently complete from

‘the work described in previous chapters to enable suggestions
*to be maae as to the effect upon colony development of changing
certain parameters, For example, on'shallower agar, the
cross-aeptional area through which nutrients and by-products
_can diffase to and from a growing colony is less and the
tendency for the colony to develop into an irregular pattern
is'conSequently greater, Previouely:»spch theories could not
be tested because it was nof generally possible te‘compare the
degree of development of two colonies, The effectiveness of
the above function, namely the length of the colony perimeter

- divided by the perimeter of a circle of common area, will now

- be investigated in such a role,

“This function, (hereafter 'P colony/P circle') was

evaluated for colonles of the normal strain of Aerobacter

aerogenes growing on dlfferent depths of normal minimal agar
and the results are given in Figure (847). It can be seen
- that the degree of development, as measured by this function,

increases as the depth of the gel is'decreased and this is in

agreement with the conclusions reached in‘Chapter L,
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};The'gfféét.upon'coldny déveibpmentfof vArying the

temperaturé of ingubation has also beénninvesfigatéd. It -

o

would be expected, that since decréasing the temperature of
incubation below 35°C reduces the growth rate of théldrganism;‘

the:colohies formed by it at these lower temperatures should

develop irregular perlmeters more slowly much as colonies of

the slow—grow1ng methylene blue and janus black-resistant

strains do at normal,temperatures (Chapter 6). The

concomltant decrease in the dlffu51on coefficient at lower
temperatures will tend to oppose this trend, but the change in
it is of a much smaller magnitude than that in the growth rate
of thg célls and hence the effect should still be obsgrved;

(% 5% change in diffusion coefficient vs. 200-300%4 change in
intrinsic cell. growth réfe). That this is indeed the case is
shown in Figure (8-8) where the variation of P coldny/P circle'!
with the temperature of.inCubation for colonies of the normal

strain of Aerobacter aerogenes on normal minimal agar is

~plotted.

‘The growth and development of colonies of the normal

‘strain of Aerobacter aerogenes on Millipore filters resting on

‘vnormal minimal agar was,described in Chapter U4, By using this

method of culture it is possible to transfer a growing colony

to a fresh agar plate without disfunbing the colony pattérn.

. Transferring colonies in this way would be expected to retard

the development of irregularities. 'p colony/ P circle' for

colonies growing on Millipore filters resting on hbrmal'minimal
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- agarﬁafe'shdwh'ih'riguféﬂ(8-9), Each'point is the average
i_of readings for tﬁo coloniesﬁf the pair wnich were transferred
. were moved at 1ntervals of six days. Although the*transferred
“colonies were less developed at all times than the controls
A'the difference was not as. great as might be expected This
' may be due to the retention of growth by—products in the ‘
filter and in a thin adhering layer of.gel or to the periods

betweenﬁtransfer-being too long,

Tt was mentioned in Chapter 4 that colonies of the .. =

methylene blue-resistant and normal strains of Aerobacter
aerogenes were obserVed‘to develop more rapidly as the
concentration of glucose in the gel was reduced, The type
of criteria of development employed in this case were the
formation of gentle undulations in tne perimeter and the
transition from a uniforn~to a patterned internal appearance
br the colonies, Relatively low concentrations of glucose
were used and the changes took place at quite an early-stage
However, when 'p colony/P circle!' was calculated from
photographs of the above colonies, the results'showed no such
general'trend. This illustrates two limitations to the

" use of such a function as a measure of colonr develOPment,
First, the:function is not sensitive enough to distinguish
between the'degree of development of colonies.which have only
slightly irregular perimeter_s. Second, as already pointed out,
colony development also entails complex changes in internal

,appearance which were not considered in the fo rumlation of the
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""function 'P colony/P circle!,

" Simulation of Colony Development:

Tt was felt that the simulation of the perimeter of a
.deve;oping coiony using a mathematicalvmodel weuld-be'Ofr-~¢;;4
fundamental significance in the study of this phenomenon

and would also be interesting in.vits own right.

'oﬁe such possible approach wonld involve drawing a circle
5 to represent the initial colony‘perimeter and marking this off
into:a iarge number of small elements, These-could then be
advanced radially at a rate‘similar to the observed'experimenta
Qalue for>a small colony. V'To simulate the development of
peripheral irregularities: certaln elements or groups ef )
elements would need to be advanced at a faster rate for a short
time. Somre allowance for the advantage which these regions
would then possess due to the various diffusion gradients
would also be made. Slnce in a model of thls_klnd a large
number of elements are considered,the use of a compufer seems

inevitable, preferably one with graphical output.

" Preliminary studies were carried out but were not

proeeeded with for the following reasons:é

First, it was neeessary to make various assumptions
regarding, for example, the method of'choesing the eiements
“to advance‘at an extra raﬁe; how much faster to advance them
and the way in which to incorporate the 'diffusionvadvantage
b

,effeetﬁ quantities which are difficult to estimafe-
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"m-experimentally,"_Often the choice was_at'bestién arbifrary

one, based on a value which would give rise to the observed

experimental observation,  There ﬁas,'therefore, a very real}
danger that the computer modei‘would,become di#orced from the
s&stem thaf it was'supp05ed to represent and hence even if
similar patterns to colonies could be produced’ this'need not
be significant, » |
Furthermore, such a project would require a considerable
;'amount of computer tiﬁe.j However, such an apprbach would be
very interésting; but it was décided inappropriate to proceed

IWith it in the present investigation,

Nevertheless, it was possible to devise a less time
consuming procedure to represent the development of a part of

the colony such as a single peninsula,

The probable mechanism of the development of small
tbumps! on the perimeter mush first be considered, It seems

reasonable to assume that cells of Aerobacter éerogenes are

not able to respond individua;ly to gradients of groﬁfh limitin
subStanées*and, therefore,.thatbthe expaﬁsion of a mass of

Such cells can only ﬁake piacé'in é,direction normal to the
.exigting perimeter, Whén,-however; a gradiént of the'growth .
regulating substance is bresenf in the geirbeneath the. |
expanding mass of celis, the rate of outward growth will vary
froﬁ point to‘point along‘the perimeter and in cbnsequence the

shape of the perimeter will change. This effect is



fillnetrated in:Fignre (8—l0) forla eemiclrcnlar'brotrueion of

' l.mn.'radius. The pointe.on the'perimeter_expand faster at’
the higher nutrient eoncentrationS»or'atlthe lower coneentration
of some toxic by—product depending upon. which ie growth.
'11m1t1ng. It can be seen that these two conditions will
produce basically the same effect, This relatively simple

. mechanism lends itself to a stepwise graphical procedure.

To implement the above procedure it ls necessary to be
fable to estimate the relevant diffusion gradients; In

Chapter 3 it was assumed that the concentration of some growth -
limiting nutrient was maintained at zero in the gel 1mmed1ately
beneath the colony. This procedureAgaveAthe'maximum rate at
which material could diffuse to a colony and was useful in
estimatlng When,the diffusion of'nutriénts would become limiting.
In a similar form it was also applied to the outward diffusion
of by—products.and'in addition has proved satisfactory'in other
situations, (page £g ). For the present purpose, ho&ever, it
is of no use since we have postulated that gradients of growth
regulating substances must exist beneath the developing'regionS'

.of the colony's perimeter,

One way of overcoming this:difficulty is to assume that the
orlgln of the diffusion gradient is S1tuated at some point

between the 'centre! of the colony and its perlmeter,

Another limitation to this method of simulating

peripheral development is that, in practice small protrusions

develop as such for a shortAtine,.but'later they subdivide
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as they too beoome_nnStablé. ' This effect is rather
~difficult to copy using the present simple model,

The treatment alsovneglects the modification of the
dlffu51on gradlents by the growth of the penlnsula itself

and apart from being compllcated in this manner the dlffu51on

Wlll in practlce almost certainly be of a 3—dimen51ona1 nature,

In view of the operation of such factors as the above; it&
awas felt best to adopt a fairly arbitrary approach to the
simulation of the development of small peninsulae rather than

attempt to represent growth in specific cases,

uIn the following calculations a small initiai protrusion -
on the'perimetér of a colony was represented as n semicircle
of 1 mm, radius which was drawn on a much larger scale, A
one—dimensional diffusion grndient (see diffusion programme,
Appendix) of the gnowth‘regulating snbétance was then assumed
to exist in a direction parallel to the axis of the semicircle,
(seelFigure (8~10)), The assumption was also made that when
the concentrations of nutriénté and by—producté were not
-11m1t1ng, the perlmeter of thls semlclrcle would expand atAthe
same rate as that found experlmentally for a small colony of

Aerobacter aerogenes, (0.05_mm/hr;, Chapter 3). Figure

(8-11:.), which is adapted from some results obtained with
this organism in liquid culture, (Dean and’Hinshelwood_1966),
shows the colony perimeter growth rate as a function of

phosphate concentration, Tt appears from the work of-f



Growth rate mm./hr.

Figure (8-11).
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.;Monod (19h2);Athat the cﬁrve felatipg gfoﬁthrréte.to'giucose‘
coﬁcentration is oan similar'fdrm. S | -

" A colony starts to develop 1rfegular1t1es at about
>lOO hours after 1noculat10n and the concentratlons fed into
the model at ‘the beginning were those produced by diffusion
for this same perlod At successive 20 hr. 1ntervals,
points on the perimeter of the semicircie were'advanéed 0utwerd
in a direction normal to the perimeter by an amount calculated
" from the averaged éoncentrafion of growth regulating substance

during this time increment,

Figure (8-12a) shows fhe development of a semicircle of
1 mm, radius for a period of 120 hr, startihg at 100 hr.'afﬁer
diffusion had begun, The inward diffusion of phosphate. was
assumed to be growth limiting and the‘diffusion 'sink' to be
4 mm, behind the diameter of the semicircle. It was found
that the concentration of both phosPEate'and glueose given by
the_conditions of this model Were low enough to be growth
limiting.

The effect of moving the diffusioxi sink to 2 mm.; behind
the diameter of the semicircle is shown in Flgure (8-12b) in
which all other parameters were kept the same as in Flgure
(8-12a),. The pattern is now reduced in.size due to the

lower nutrient concentrations and also the shape‘is modified.
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' Figure (8-12a).
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' Figure (8-12b).
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_ The simulated effect - of addlng charcoal to the agar,
(Chapter 7), is 111ustrated in Flgure (8—12c), in which the
concentrations employed weme those calculated with a computer

' programme, (Appendix), in which the mass of adsorbed material
per litre of gel was 50g§nu This ease is-similarnto,that of
Figﬁre (8-12a) in all ofher respects except for the time at
whlch it was postulated that the sem1c1rcle started to |
develop, It was also assumeé that development would begin

:hwhenvthe concentration of diffusing material at the diameter

of the-eemicircle was the same as in the absence of charcoal,-

Thus, the growth represented in Figure (8-12c) began at

200 hrs, and finished at 320 hrs,‘after the start of diffusion.

From a comparison of Figﬁres (8512a) and (8-12¢) it can be

seen that the>presence of charceal‘in the gel causes .the
semicircle to grow further from the parent colony radially, in

a given period of time, The shapes of the two formations are

not very different, that produced in the presence of charcoal

having, however, a very slightly_greater 1ength'to 5readth
ratio, This contrasts with what is observed in praetice,
(Chapter 7).

It will be apparent that some of the pétterns which arer
produced in this way do bear a close resemblance to small "
regions of the perimeter of a developed'colony, (c.f.page 7é ).
However; it must be remembefed that we have simulated fhe
development of only & single'outgrowth; while the developmentof

a celony‘involVes the complex interaction of many such events.



Figure ( 8-12c)'.
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Discussion."

~ The growth of the colonies of Aerobacter aerogenés has
 been studied ih_this thesis and classified into several phases.
There is goodfevidence that many other organisms may be =

similarly treated.

Immédiately after its inoculation onto an agar plate,
the bacterial cell suffers a lag, the length of which is
governg@ by the same factors as thoée pertainihg to liquid
culture, (Chapter 2 and Dean and Hinshelwood 1966). This
phase is terminated by the division of the inoculated cell
from whehce follows é phase in which the numbers of cells
increase approximately exponeﬁtially with time. So far, the
-Qrowth has been vefy similar to that in liquid media, but
sooﬁ, due to physicallor chemical factors, the growth of the
"c§10ny' slows down. This transition, which has not been |
investigated in the present study, is complete by the time the

colony has reached a diameter of about 0.3 mm.

The colony retains fhé shape of a flét circular disc
énd increases its diameter lineafly with time in fhe raﬁge
0;3 - 4.0 mm. These.kihetics ha&e previously been reported.
by.others for several different organisms, for example,

Chaetomium globosum, (Plomley 1959), Escherichia coli and

- Streptococcus faecalis, (Pirt, 1967). It seems that the most

likely explanation for this type qf'growth is that the

,.actiVely;dividing cells are confined to a peripheral annulus
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1of flxed w1dth : Experlments descrlbed in Chapter 3 1end

_:'some support to thls.

T,o:  Later this phase ‘gives way td a‘siower one in which the
bcoldhy area increases approximateiy linearlyiwith\time. |
This type of growth is only clearly distinghishable when singie
.colonles are grown on agar plates and their growth followed
-for the perlod from about 5 to 30 days after inoculation.

It has been shown, (Chapter 3), that growth under these
condittens ie regulated by the diffusion of nutrients or
by-products to and from the colony. ihis phase of growth is
accompanied by complex morphological chandes in the colony |
which have in themselvee, formed a large part of the work |

described in this thesis.

Mathematically, the linear increase of colony areavwith
time may be explained in terms of a decrease ih the width of
the aetively growing annulus inversely proportional to the
colony radius. On spread plates, however, any operation of
this areawlinear growth is generally short-lived since it 1s
soon terminated by the general decrease in growth rate as the
agar becomes depleted of some essential nutrient, (Chapter 3).
The progressive depletion of the agar by randomly spaced |
circular colonies preeents a somewhat fotmidablefdiffusion
problem for rigorous solution, even when certain assumptions
are made. Instead, various semi-empirical functions have
,been dev1sed as measures of the interaction of colonles in

thls,way. The operatlon of competltlon among 1nd1v1dua1
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'h cpiohieé.of Agrdbactervaerogenes ohispfeéd plates has been
déﬁbhétf&ted andrso also has‘its‘efféct'updn fhe distribution
of Cblony sizes, (Chapter 3). = The fact that cdmpetition was
hot evident on spread plates of the slowef growing 6rganism,

‘Saccharomyces cerevisiae provides an indication of the

delicate balance that exists between the rates of supply of
-nutrients, (or removal of by-products), by diffusion and their
rates of consumption, (or production), by the cells in the

colonies.

The ﬁorphological changes which are observed on the
prolonged growth of single colonies have beén extensively
studied, (Chapter 4). These changes involve the appearance
of regions of different thickness in the colony and the |
progressive development of the smooth circular perimeter of the
latter into a complex 'floral' type of pattern, (Plate 4-1)
page 75 ). Experiments have shown fhat the production and
selection of mutant cells is not important in this phenomenon
and similarly specific cellfcell‘interactions (c.f. Bacillus
mycoides, Chapter 4), and the efféct_of gel strucéure have
“been :u1ed_ouf.1 If was proposed fhat as the diffusion of a
’ndtfient or a By-product became growth limiting for a colony,
the smooth perimeter of the 1atter became unstable. Thus,
‘under these diffusion limited conditions, any small protrusions
in the perimeter would be at éh gdvantagé over the'femainder
Sy yirtue of being at a higher concentration of soﬁe_growth

1limiting nutrient or at a lower concentration of a rate
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 1imifing by-producf. " The éméllxprotrﬁsioné woﬁldv¥hﬁs'Q£0w
.'fASfér’than tﬁé;intéfVéﬁing rééions and reinfofcé‘theirv
advénfage; With time; these 1;r§e peninsuia;like‘regions.of
>growth woﬁidfthemselves develop unstable perimeters and the
above procedure wodld repeat ifself 1éading to the‘eventual'
'fformation of the complex patternAObserved in practicét The

- analogy between this proposed mechanism and that of dendritic

crystal growth was pointed out.

Experimentai support for this theory includes the fact

that for a modified strain of Aerobacter aerogenes the age and
area of a colony growing_on a gel of relatively low buffer
concentration when peripherél irregularity developed were both
Vfound to be proportional to the concentration of buffer in the
gel, (page 97 ). Also, it was found that for colonies of

the same strain on a series of plates of different low glucose
'boncentrations, peripheral.irregularity and internal
inhomogeneity appeared affer a.period of growth which was

proportional to the concentration of glucose in the particular

plate. ' These, together with other experiments, showed that

the dévelopment of colohies of Aerobacter aerogenes into
cémpiex patterns could be induced by a shortage of an eésential
nutrient or by by-products. That gradients of these
materials are requirédvfor this processbwassillustrated by the
retention of a smooth perimeter in a colony growing on a
_Miiiipore filter in contact with the surface of stirred

: Vminimal.medium, (page 88 ). 'Less'direct‘experimeﬁts have
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>f.vshOWh'tha£”£he<réte ofidevelbpmént*ofvperiphéyal

irregularity ih_colonies-of'fhe-ﬁbxméi sfrain.increases'witﬁ
the température of incubation.andtdecreéses with the depth of
‘ thetgelz (Chapter 8). - Both of tﬁése observations find réady.

'éxPlanation in the proposed. 'dendritic' type of growth.

;  WHen 1% w/v of activated charcoaliis present in the norma
minimaliagar, a colony which resembies a dendritic crysfal
in geoﬁetrié form is produced, (page (72 ). Apart from this
striking similarity, such a colony pattern shows that new
growth takes place normél to the existing perimeter and hence
in the same direction as the various gradients of nutrients

and by-products.

The brand of agar powder used to form the gel was found
‘to have a considerable effect‘upon the colony growth rate and
morphoiogy. It seems that the most probable reason for this

is chemical in origin (ChapterVS).

It has also been shown that replacing the subply of air
.to‘a colony by nitrogen céused marked changes in the growth |
rate (reduced) and the morphology. This may be due
direétly to fhe reduced efficiency of glucose utilisafion
under anaerobic conditions or to the relatively greater
production of toxic by—produéts. However, due to the
siﬁilarity in the appearance‘of such a colony to one grown
on agaf containing twice the normal glucose concentration,

it would seem that toxic by-products are the gfowth regulating
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' The fact that aeratihg a platé did not modify .the

‘ morphology of a colony appreciably suggésts that the exhaustio

'of‘oxygen is not important in the normal méthod of incubation.

‘The effect of varying the glucose concentration has been'
investigated, (Chapter 5), and it was found that on agar of
'v glucose concentrations greater than 4’g.p.1., the growth of

coléhies of Aerobacter aerogenes was considerably inhibited.

This has also been reported by Pirt (1967) for spread plates
of this organism and it seems most likely:that it is due to
the production of excessive quantities of'toxic by-products;
direqt measurement of the pH in such colonies supports this
idea. This result also implies thét the glucose
concentration in the'centre_of a large colony on normal

minimal agar is quite low..

The variation of the growth rate of large coldnies‘as the
buffer.éoncentration‘was,altered has been investigated and
found to pass through a maxXimum. Af-low-concentrations, the
growtﬁ was regulated by the diffusion of buffer to tﬁe colony,
whilé at higher concentrations fhe deérease in growth rate was
attributed tolthe'degree of toxic by—produdf'production which
~the increasing buffer tide permitted at the centre of the

. colony.

These results illustrafe that a colony, (or any

.~ expanding mass of cells), will not necessarily grow faster
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':simply’by'inéfeaSing the nutrient supply to it. .

" The reduction in the concentration of ammonium sulphate-
in the gel lowered the colony growth rate proportionally,'
but no inhibition of this rate was obserVed'at‘higBer
concentrations, presumably because excess of this substance
does not lead to the production of toxic-by-products as in
the case of glucose. At higher concentrations of amnonium

sulphate the colony growth rate is regulated by factors other

than the inward diffusion of this substance to the colony.

The changes in the pH in a growing colony have béén
'inveStigated, (Chapter 5), and good correlation with the

behaviour of Aerobacter aerogenes in liquid culture was

obtained. On spread plates, with glucose as the carbon
‘'source, the pH initially fell to a level governed by thg
,concentfation of buffer in the gel. Between one and two days
later this level rose somewhat, due probably to the breakdown
of the initially producéd acid by-products. This behaviour
was observed in spread plates and single colonies; the pH in
the centre of a single laréé colbny was generally slightly

higher than that at its perimeter for the same reason.

Attempts have been made to correlate certain

~characteristics of the colony formation of various modified

’strains of Aerobacter aerogenes with-their biochemical
properties. A rough dependence of the total area of colonies

- on spread plates on the maximum populations reached in liquid
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:;minimal ﬁediﬁﬁ cbniéiniﬁgrlb'g;p.l;:élucbseaﬁas‘beéﬁ 
demoﬁst:atgd'fdr sdmé Of thevsf;ains. Flif'was propééed B
.tﬁat, as with the normal strain, toxic by-producf accumulatidn
rather than élucoée exhaustion 1imifs growth oh such plates.

| The growth rates, hoWever,'of large single coldﬁies of the
modified strains remained difficult to correlate with other
paremeters. This may have been partly due to the fact that
theivarying properties of the modified strains caused different
factors to be growth-limiting in each case. It was found,
that by reducing the concentration of‘buffer in the gel to
1/10 of the normal, the diffusion of this became the rate
controlling factor_énd the growth rates of several strains

were observed to be similar.

All of the modified strains were found, on prolonged
cuitﬁre,,to develop in the éame general way as the normal
étrain, but at very different rates. Although it seemé most
probable that the colonies of the modified strains developed
by the same general mechanism as the normal strain, the
colonies produced however,EWeie characteristic of a particular
strain and generally distinguiéhable from those‘of other strai
Colonies of the methylene blue- and Janus black-resiétant,
strains developed irregularities relatively slowiy compared
"with the other strains and this fact has found‘géodkcorrelation
with the biochemicai properties of these strains, (Chapter 6).

The majority of the modified strains exhibited reduced
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_effic1enc1esrof glucose ctlllsatlon ﬁhlch could oe explalned
’1n terms of a certaln degree of their metabollsm proceedlng
by anaeroblc routes, but only the acrldlne—reslstant strain
reflected thls trend apprec1ab1y in 1ts colony morphology, '

" (c.f. Plate (6- 1) page /60)

The prolonged culture of Aerobacter aefogenes in minimal

medium under anaerobic conditions did not seem to produce a
strain with markedly altered pfoperties and this contrasts
with the report of Warburg (1956) regarding the culture of

yeasts.

In the light of the proposed mechanism of colony'
developﬁent the effect of adding adsorbents to the gel has
proved interesting. Activated charcoal at 1% w/v in normal
‘minimal agar produced most striking changes in the colony

morphology of the normal strain of Aerobacter aerogenes.

‘During the first 10 days of growth, a colony retained a
ﬁniform internal appearance and a smooth perimeter relative
to one on normal egar;'in the presence of the adsorbent,
colonies of«significantly greater thickness were-produced.
It appears that the adsorptlon of tox1c growth by- products

'produced these effects

After this initial period of growth, spike-like
protrusions appeafed around the berimeter of the colony.
Experimental evidence showed that although these outgrowths
differed considerably in appearance-from the floral-type |

lof‘gatterns produced in the absence of the adsorbent they
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'fwere nesertheless a manlfestatlon of the same type of growthv
and resulted from an 1nstab111ty of the or191na1 smooth t |
-perimeter of the colony. . The partlcular mechanism for the
formatlon of these splkes has been consldered. While it is
true that the diffusion gradlents of all growth regulatlng
‘substances w111 be steeper in the presence of charcoal than
ih itslabsence,(assumingvthat such substances are adsorbed),
the‘modifieation to the development of any outgrowths which
would take place by this means does not seem to be as
extensive as that which is observed in practice. It was
proposed, therefore, that just as the presence of charcoa;
Aproduced colonies ihitially of much smaller area and.greater
thickness than those on normal agar, probably by adsorbing
toxic by-products, so too the form of the peninsula regions
is modified in a similar way. .

The very close similarity in pattern, (though not in size
wh1ch old colonies on 1% charcoal -agar bear to dendr1t1c snow
crystals has been p01nted out and is very 1nterest1ng in the
light of the. proposed mechanism of development of large

colonies of Aerobacter aerogenes. It was shown that the

addition of 1% charcoal-agar of appreciable amounts of certain
fatty~acids, (which werejknown to be‘produceo by the cells),

' caused a colony to develop into a basically normal pattern,
(Chapter 7) This result may be taken as indicating that
wh11e such ac1ds may be the growth regulatlng substances in

thls case, as other workers have suggested, this has not been

‘proﬁed.



Several of the. modlfled stralns of Aerobacter aerogenes

“were found to y1e1d colonles whlch produced 'splkes' on 1%
.charcoa1~agar, but to a lesser extent than the normal sfrein.
However, the methylene blue- re31stant strain d1d ‘not produce
jsuch 'spikes?’ until the charcoal concentration in the gel was
'u:aised-to 5% w/v, which correlates well with its much lower

- metabolic rate, (Chapter 7).

The compafison of the degree of develobment of large
colonies of Aerobaeter aerogenes by visual inspection has
proved difficult. A mathematical function, which increased
uhiformly during the development of a normal colony and was
based on measurements of the perimeter, was devised. This
function, 'P colony/P circie', has been used to show that
colonies develop irregular patferns more rapidly on shallower
agar and also at higher incubation temperatures, results which
are bofh in keeping with the propesed mechanism of colony
develepment. However, this same function was not able to
differen¢£ate between coionies with only slight irregularities
in-their perimeters and eiso made no allowahce for the complex
internal changes in the:eppearance of a colony which takes
place during the de&elopment of periphereikirregularity,

~ (for example, Plate (6-1), Barbitone-resistant strain).

The wayrin which shall peripheralvbumps modify in shape
by interacting with a diffusion gradient of a growth regulating
substance has been demonstrated. The successfhl‘simulation of
" the shape of the entire colony perlmeter would requ1re ‘a |

computer model. Pl an S LT LalZis e
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QJHewevef,prathef more mnSt be‘known about cettain quantitative'
aspects of thls phenomenon in order to av01d the 1ntroduct10n

of several arbitrary factors to enable any representatlon to

be meanlngful.

The analogles between a colony and a: mammallan tlssue,
Wthh 1t was suggested in Chapter 1 might exist, w111 now be

considered.

It has already been.reported that small colonies of many
:'microbrganisms exhibit a phase of growth in which the celony
diameter inc;eases linearly with time. The colony at this
stage exhibits little tendency to modify itslmorphology and a
‘tumour might be considered to represent a similar mass of
mammalian cells. It is, therefore, ef interest to note that
certain tumours exhibit a linear increase in diameter with
time, kMaynearde1932; Schrek 1935, 1936). The most probable
Aexplanation for this behaviour is that growth in each case is
‘confined to a thin peripheral region, an annulus in the case

N of‘a colony and a shell for a spherical tumour. The thickness
of this growing layer is;determined by the penet:atiOn of some
nutrient diffusing into.the‘mass of celisiwhich are consuming
it, (ec.f. Hill 1965). Alternatinely, an explanation could

also be provided in terms of some toxic growth by-product.
- The current method of culturing.colonies of mammalian
'cells is on glass slides immersed in a suitable liquid nutrient

medium, (Puck and Marcus 1955), and hence comparison with
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;}bacfef151:¢§1onies iél;atﬂet difficu1£, " Fisher ana
Yeh»(iQé?) observed'an expohéntial.ihdreééé.in fhe diamefer'-
~of émail cglonies of the Chinese-haﬁster'cell line CHL-1 |
cultured in this way. Oﬁ'the otherihand they'feported that
the mammalian cell line 3T3 showed only a linear increase in
colony diémeter with time because. these cells Suffered
'qontacf’inhibitionuof replicatibnf and hence only the

pe;ipherél cells of the colony were able to divide..

As the techniques for culturing macroscopic colonies of
mammalian cells are improved they may well‘provide a very
interesting way of studying such cells under,defihed tissue-
like conditions. . |

Embryonic development in higher animals is extremely -
complex ahd our undérstanding of it is still rather fragmentary
A possible classification involves a progressive reaction
between the codingibuilt iﬁto the nuclei of the ceils and
a physica} type of effect produced by.the'environment of the
individual cells, (Weiss 1955). This 'in-built' type of |
behaviour has been demonstféted by thé abilify of individuai
celis or small groups of cells-Which have been: removed from
. an embryovand-artificially culturéd, to form.a:mass of
characteriétic shape, perhaps similar to that produced in the
‘lactﬁal embryo. The poséible operation of envirénhental
factors on the other hand, has been shown by the orientation
of éells growing in a gel along lines of sfrain, (Weiss'1929,

- 1933).



e 225,

3.sIf seems,;easonab1e,-hOwever, thst badterisl ceils,
.wﬁich'oniy-fofmvCOloniés by Vi;tﬁejof:being placed'on a solid
suffscé, possess'no'predeterminedncoding with regard to the
development of the ensuing coiony; - Some micrgp;ganisms do
Aténd to form aggregates in 1iquid culturé andAisnsudh cases
~this cqnclusionlmay not be so clearly justified. Tﬁus; any '
-hbrPholbgical modifications exhibited by colonies of Aerobacte
aerogenes must be produced by mechanisms of the so—called
environmental type and although this represents a iimifation
of the possible similarity to mammalian tissues, it does
mean that such colonies are unique in illustrating the sole

operation of these factors.

One very direct analogy has already been drawn between
_mammalian tumours and smali_bacterial colonies, but the most -
interesting'aspect of colony growth is observed sn prolonged
culture,. The morphology of large colonies of the normal

strain of Aerobacter aerogenes is very sensitive to such

factors as the brand of agar powder, depth of the gel,
temperature of incubation, concentration and nature of -
nutrients and ais suppiy. Responses of_this type would be‘
‘expected more from devsloping’tissués than frbm me:e'

" expanding masses of cells.

Under a given set of conditions, colonies of the normal

strain of Aerobacter aerogenes form patterns which are

recognisably similar, but not superimposable. This again is
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'xcharacter1st1c of a glven reg1on of cells in dlfferent

specimens of the same type of mult1cellu1ar organ1sm.

Similarly; the morphology of large colonies of the various
mod1f1ed stralns exhibited great sens1t1v1ty to the compos1t1on
-of the agar, oftenreantlng in completely dlfferent ways to a
glven change. Each strain also produced characteristic, but

not superimposable patte:ns; under a given set of conditions.

Weiss (1955) has already been reported as stating thaf'
embryonic development is such a complex phenomenon that it
cannot be classified in terms of a one—aimensienal scale;

This difficulty has.been experienced to some extent in
connection with the internal'patterns of colonies, but
nevertheless the principle morphological change in such systems
is the development of the perimeter and this has proved

amenable to simple mensuration.

In the present investigation, it has generally been

satisfactory to postulate either nutrients or by-products as

and this appears to contrast

the growth regulating substances,

with mammalian tissues in which quite specific substances may
conurol a reglon of growth or 1n1t1a;e some developmenu

Nevertheless, colonies of Aerobacter aerogenes do show

_considerable specificity in their morphology with respect

fo the substance which is regﬁlating the development of -
peripheral irregularity. Fof example, the type of morphology
which is exhibited by a'colony growing on '1/10 buffer-agar’',

in which the rate of diffusion of buffer to the COlonyfis the
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rate controlllng factor. is completely dlfferent from that
j'observed ‘when glucose is the rate controlllng factor. To a

certain extent modified strains of Aerobacter aerogenes

»produce dlfferent colony patterns when the same substance is

~growth regulating.

éolouies of the normal strain ofﬁAerobacter:aerogenes

' on'l/lO'buffer-agar' were observeo occasionally to exhibit a
stebwiseAtype of growth in which periods of arrest of 2-3 days
duration were observed. Probably the low flux of}buffer
reachiﬁb the colony allowed tbe PH .there to fall to a value
of about 4, which is growth inhibiting. The cells stopped
growing, concomitant with this the pH rose due to the reduced
acid production and the cells exhibited a lag due to their
‘exposure to acid conditions, (this is well known from work
with liquid cultures). A satisfactory explanation can thus
be giVen for the observed periods of arrest and growth.

~ (The similarity of this type of behaviour to the phenomenon
of 'hunting' in certain control systems will be apparent).
Likewise, during the development of tissues‘in higher animals,
periods‘of complete arrestfare sometimes observed - This may
be a prerequ1slte for the formation of certain complex

structures.

- In principle, there is no reéason wby the type of
'dendriticf‘growth already shown to occur in bacterial
“colonies should not take place in certainAregions of developing

embryos;  Embryonic cells can divide as rapidly as bacterial
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- ,»cells, (Burrows 1955), a&iﬁb sultable gradlents of growth

'_11m1t1ng substances could be produced and by thls means the
_ transltlon‘from a smooth 1nterface of cells into an 1rregu1ar

form is possible.
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7_AEEendix.'

"Computer Programmes for one-dimensional Diffusion.

' The basic programme uses a method.of,suCCeséive
approximafions, (Barrow et. al. 1947), in Whicn Fick's first
law ie'applied‘to small sequential'distance.elements for
‘short periods of time. .'Alternative methdds for the numerical
solution of diffusionAequations are givenvin Carslau and

Jaeger, (1959); Crank (1956).

_AM§.O cm. length was treated as 50 cells of 0.1 cm. and
1.0 min. Was found to be a suitable time increment. lThe
programme, which was wrltten in Fortran IV language and ran
on an IBM 7090 digital computer, consisted of 2 concentric
'DO' loops. The inner one of these loops applied Ficks
 first law to calculate the amount of material diffusing from
the nth to the (n+41)th distance element over the range of
n from 1 to 49, during one time increment. The outer 'DO!
loop increased the total time by 1.0 min. at the end of each

distance scan.

One commonly used way.cf testlng the validity of the

, results obtained by such proceduree involves varv1ng the size
of the tlme and dlstance increments. 7 The computed
concentrations of dlffu51ng materlal should be 1ndependent of
such changes. In the present case, however, calculated
concentrations were compared directly with.those obtained
_frcm the rigorous solution of the one-dimensional diffueion

equation (Chapter.3) at a timedbefore'the diffusing substance
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had made qonta;t'with_fhe end wall. The iesults_at 10 hr.
after the start of diffusion were found to be virtually
‘identical by both methods. The test corresponds to 600
cycles of the computer programme and it seems, therefore, that

the procedure is reasonably accurate.

9 min. of computer time were required to simulate
500 hr. of diffusion, using the programme which is given
on page236.

A modified form of this programme which takes into
‘account the adsorption of the diffusing material within the

gel is given on page 240 .

These computer programmes can be modified quite easily to
study the diffusion from a source where material is being
produced at a constantiréte rather than from a reservoir 6f
constant concentrafioh. The: programme could also be
modified to allow for the advancé of the colony perimeter.
Moreover, also using an extended form of this procedure, it

might be possible to study cases of two-dimensional diffusion.



“TFLUX

DC
_-AvVC

DT

DX

' Key to Symbols used in

Computer Programmes.

Total flux of diffusing material.

Amount dlffu51ng (gm.) in each

" small 1ncrement.

Time average concentration in the nth
cell during small diffusion step.

Time increment (sec.).

‘Distance increment (cm.).

Diffusion coefficient (cm.2 sec.-l).

Cross sectional area through which
diffusion is taking place (sq. cm.).

Mass of diffusing material (as a
percentage of Co) adsorbed per cc.’
of gel.



THIS PRIGRAM- SIUDIES A 5.0 CM: LENGTH .AS 50 CELLS OF. 0.1.CM.
AND USES 1 MIN TIME_INCREMENTS. R

< COMMON G ELLy DyAs Ny DC4AVG 3 DIy FLUX, T IMES TFLUX
FLUX=U.0..

CCELLINI=0.0:
4000.. CUNTINUE

,WRITE TlTLt,
FCALL UUTPLIL)

START TIME INCREMENTILOGP
-D0-2000 1=1, 26800 . .

. bTART DlSTANCt 1
CELL{L)= 100.0
—AVC=100.0 :
Sou- 1000: N~1.49




CALCULATE DCy THE MASS TO FLOW FROM GELLINI-TD CELL(N#1):
DC=D*AXL (AVC=CELL{N+1))/DX)*DT _

1F (DC.LI.U 000000116010 1900

 UBTRACT T HLS MAS STERGCE LT

?1900 CALL RFLUX -

f’lIMt RSV T
;lle 1[Mt1300.0
¥1C= 11300_




TEN(S)-

SUBRUUTINE QUTP{IJK)®
DIMENS IUN CELL150)..
S ET T CUMMON L CELL 4 Dy Ay Ny UL,AVL,D!.PLUX,IIM&,T#LUXm
LW 1JK=1.0UTP TITLE _
18 1JR=2-0UTP RESULTS
R G0 TO. llOyZU).IJKW

oL 0UIPUT TITLE
1077 WRITE(6;1010) "
;1010 FORMAT (LHLy 20X, 33HONE_DIMENSIONAL DIFFUSION MARK. 2.)

: i?wxxrt(b,1oa0) TIME R
1020. kURMAlllX[bX,ZBHCDNLtNiRA}IONb WHEN_TIME IS 4F8.3)

‘030“FJRMAI(IX'Stbx,lotrT 302X 110
o HRITEC 6y 10401 TIME, TELUX




SIBETC DFLUX:

EN SUURCETSTATERENT

COSUBROUT INERELUX =
y_DthNSlUN CELL{50) . .
-~ CUMMON CELL,DsAsN3DCy AVC'DT:rLUX,IIME'IFLUXBE
. TFLUX=0.0 . . .

7200 3000.:N= 2,505,~ 8 s

CIF(CELLUN) &L T, 0.0000001) GO. 0.5001
fﬁﬁlrLux—TrLux+ctLL(N)~,_ :

0 .CUNT.INUE
1. REVURN-




H£IBFTC MAWPRO

1MAHPRD 'ﬂ,ﬂé;ffFNﬁ,

SOURCE STATEMENT - IFN(S) ’;:W“”

'THis PROGR AN
“AND USES 1 MIN TIME- INCREMENTS: o FEEEI
; DIFFUSING MATERIAL Is ASSUMED ro BF ADSORBED e e e

LEN TH,AS SOZCELLS OF o 1 CM.

LROUTINE 10 INITIALISE VARIABLES AN, CONTROL EXFCUTION OF PROGRAM

" DIMENS ION CELL(50)ySTORE(50)" e R
COMMON CELL,STDRE,D.A ,NyDC ,AVC 4DT,FLUX, TIME r:c TFLUX1ADS

© L FLUX=0.0" '

. TIME=0.0
te=0."
 AVC=0.0_
DT=60.0°
DX=0.1 .
7 D=0.00001 -

A=10.0
Y ADS=50.0 -
~ ZEROQ ARRAYS
7 'po 4000 N=1,50:
C CELL(N)=0.0
T STORE(N)=0.0
'CONT INUE

d‘iHRITEﬂ ITLE
CALL OUTP(1):

. START TIME INCREMENT-LQOP-
. .D0.2000_ 1=1, 28800

 START DISTANC
S CELL{1)=100.0:
AVC=100,0
=-D0 100G :N=1 49




ECALCULATE DCITHE FLOW FROM CELLINI TG CELL (N+1) 5 e ol i i o i s
DC=D*A%{ (AVC-CELL{N+1))/DX)*DT
~IF (DC,LT.C.0000001) GO TO 1900

COTF(STORE(N+41 )oEQLADSY GO TO 1800 - =2 oo i T e
. IF(STORE(N+1)+DC.EQ.ADS) CALL ADSB(]i )

- IF {STORE(N+1)+DC, EQ ADS) GD TO 1260 -
- IF({STORE(N+1)+DC.LT.ADS) CALL ADSB(B)
. IF(STORE(N+1)+DC.LT<ADS) 60 ,

. CALL ADSE(2)

+.60 T0-1000:

USURTRACTETEIST “MASS: FROM-CELL (N
CCELL

“L” _CALCULATE TIMF AVERAGED ON IN CELL (N+1) -
L Aves CELL(N+1)4DC/2.0 o ELL e T e
CSET CONCENTRATTON TN CELL(N¥T)
CELL(N+1)=CELL{N+1)+4DC
 CONTINUE -
. CALL RFLUX

T USUM TIME T
T TIME=]
S TIME=TIME/200.
© TIC=1/300
.IF(TIME EQ.TIC) CALLZDUTP( 2):
0 CONTINUE
2001 ST0P-
e END

UV U PO OGS S



£IBFTC OUTPD

OUTPDK

SUBRUUTINE DUTP(IJK) T
"BIMENSION CELL(50)4STORE(

 _COMMON CELL,STORE,DyA
IR [JK=1 OUTP TITLEL.
~IF 1JK=2 DUTP RESULTS
0 GO TO (10,200, 14K=

S 1 ouTPUTETITL
C WRITE{6,1010)
FORMAT{1H1,10X,42HONE DIMENSTONAL

T QUTPUTTRESULTS

5 'waRITE(e,lozo) TIMET 0 ~ SR T e B
_1939_FURMAT(Lx/ex,ZBHCONCENTRATloNs WHEN TIME'IS .Fe.ayb_Mﬂ

}f{.waxrex6,1030)(CELLtN),N 1,50)
T WRITE(6y1030)(STOREIN)yN=1750)
- 1030_FORMAT(1X,5(6X,10(F743,2X)/))_

'“t'4wRITE(6'1040) TIME TFLUXW_M




ZIBFTC DADSB.

" DADSB jL,iﬁfEFNIT*SUURCE STATEMENT - rentsy - o

" SUBROUTINE ADSBIIJK)
©" DIMENSION CELL(50)sSTORE(50) - B N R R
~_COMMON CELL STORE Dy AsN, Dc.Avc DT, FLUX,TIME th TFLUX,ADS o
7760 TO (30440,50), 19K : - cLT L
-~ HERE (ADS- STGRE(N+1)) IS GREATER,THAN DC
730 STORE(N+1)=ADS |
 CELLIN)= CELL(N) o
RETURN = : e N
 HERE (ADS—STORF(N+1)) IS LESS THAN DC
CELL(N+1)=CELL{N+1)+DC+STORE(N+1)=ADS = =+ "~
_ SUBTRACT DC FROM CELLIN) _
S CELLIN)=CELL(NI=DC + i ] : e IR DR
CALCULATE TIME AVERAGED CDNCENTRATION IN CELL(N+1)AM”MMW‘

L AVC=CELL(N+1)-0.5%(DC+STOREIN+ L) =ADS) oo oo
. STORE(N+1)=ADS
T URETURND

M,sroREt




»£I EFTC DFLUX

:DFLUX ” fff;§E@T ﬁSOURCEVSTATEMENT"

j;'SUBRDUTINE“RFLUX o
“DIMENSTON CELL(50),STORE{50)

. TFLUX=0.0" 4
D0 3000 N= 2 50 - i
O TF{CELLIN) 4LT.0. 0000001)}60 02300

"3000’CONTINUE§
RETURN

COMMON CELL,STORE D.A,N DC,AVC,DT.FLUX‘TIMF Tlc,TFLux.Aos “
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