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1. INTRODUCTION

In a recent review (Haddow 1937) and in
other papers (see Haddow 1936, Haddow and
Robinson 1937) the author propounded the
theory that the cancer cell represents a discontin-

uous and irreversible variant of the corres-
ponding somatic cell, differing from the latter in
the characters of fission-rate and metabolic
behaviour. It wassuggested that the problem of
the origin of cancer might therefore be regarded
as a special case in the origin of cellular varia-
tion, and suggestions were made as to the
fundamental nature of the environmental
changes leading to tumour production. In par-
ticular, it was postulated that these changes
are frequently inhibitory in nature, and that
the increase in growth-rate which marks the
emergence of malignancy is due in many cases
not to any primary stimulation of growth but
represents the emancipation of potentially
variable cells from chronic inhibition. Thus,
evidence was presented to show that a number
of the carcinogenic hydrocarbons exhibit growth-
inhibitory properties not possessed by a con-
siderable number of related non-carcinogenic
substances. It was further found (Haddow,
Scott and Scott 1937) that the inhibitory effect
thus produced differed from that manifested
by diverse toxic substances in its relative pro-
longation even after a single administration and
in its primary independence of toxic action in
the non-specific sense. The stages in the pro-
duction of malignancy by the carcinogenic
hydrocarbons (and possibly by other tumour-
producing agents such as x- and gamma-radiat-
ion) were therefore conceived to be (1) the
enforcement of a sustained retardation in the
rate of growth of the treated normal cells;
and (2), an irreversible dedifferentiation of
the affected but viable cells accompanied by
permanent metabolic alterations, increase in
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growth-rate, and functional release from en-
vironmental inhibition.

It may be asked whether there is any other
instance of the operation of such a principle of
variation, and it is the object of the present
paper to draw attention to such a case. In the
author’s opinion the environmental origin of
organic change can nowhere be so clearly
deciphered, or studied with such a degree of
experimental control, as in the bacteria, and
although the investigation of variation in bac-
teria possesses inherent disadvantages as com-
pared with certain aspects of the same subject
in other living forms, these are partly absent in
the present example. The phenomenon of
secondary colony formation has long been re-
cognised by bacteriological workers, e. g., by
Gilnther 1895, Hartmann 1903 in Torula col-
ticulosa n. sp., Preisz 1904, and Eisenberg 19o6.
But it is almost certainly not familiar to the
generality of investigators in other fields of
biology, and it is clear that relatively little
attention has been concentrated on its wider
significance. It is for these reasons that the
present account is submitted.

II. SECONDARY COLONY FORMATION

The growth of a bacterial colony is in every
case limited by the quantity of available food-
stuff in the surrounding medium, and in certain
cases it i1s also retarded by the local accumu-
lation of inhibitory products of bacterial meta-
bolism. Ordinarily therefore the increase of
such a colony is brought to a close by the oper-
ation of these factors in differing degrees, the
major influence being mostly a decrease in
available nutriment to such a level as to render
protoplasmic synthesis — and cell-division —
no longer possible. In normal circumstances
no further colonial change of any significance
takes place. It is however a matter of old-
standing observation that for certain bacterial
strains the colony evolution is more complex
than the above, since in these cases development
is accompanied or followed by the appearance
of so-called papillae or secondary colonies
(daughter colonies, Knopfe), which apparently
arise from the substance of the primary or mother
colony. It is, further, of the greatest interest
that the cells of these secondary colonies can
frequently be shown to metabolise some con-
stituent of the medium which the cells of the
primary colony are unable to attack. An im-
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portant factor is obviously the inherent capacity
for variation of any given strain, and it seems
clear that “ an organism which has no capacity
for spontaneous variation to a carbon compound
is not caused to vary to it by cultivation in
contact with the compound no matter how long
the contact may be prolonged ” (Lewis 1934).
It is nevertheless probable that daughter colo-
nies may be observed at times in cultures of
all species of bacteria, a view which was sup-
ported by Enderlein.

Klotz (1906) showed that a non-lactose-
fermenting organism B. perturbans, if grown on
solid media containing lactose, produced colo-
nies which developed lactose-fermenting papil-
lae. A further and important example of this
phenomenon was provided in a strain of B. col
studied by Neisser (1906) and Massini (1g9o7)
and referred to by them as Bact. coli mutabile.
When this organism was grown on solid media
containing lactose and a suitable indicator such
as neutral red, it formed primary colonies which
were unable to split the available lactose and
which therefore remained pale. During devel-
opment, however, secondary colonies appeared
which frequently possessed the property of
fermenting lactose. The work of Massini
was repeated by Burk (1908), and the succeeding
years saw a number of papers confirming and
extending these observations. 'Thus Miller
(1909, 1911; see also Benecke 19og) described
the production of papillae by certain strains of
coliform bacilli grown in the presence of ara-
binose. and by B. typhosus when grown on
rhamnose or iso-dulcite. Similary, Burri and
Duggeli (19og) and Burri (1910) described a
coliform bacillus (Bact. imperfectum) not
fermenting saccharose but yielding a saccharose-
fermenting race (B. perfectum) after growth in
medium containing this sugar. Other studies
at that time included those by Kowalenko (1910)
with single-cell technique, Jacobsen (1g10),
Thaysen (1911), Penfold (1911, 1912), Bernhardt
and Markoff (1912), Mandelbaum (1912),
Dobell (1g12-13) and Baerthlein (1913), while
among more recent contributions may be
mentioned those of Stewart (1926, 1927, 1928),
Haag (1927), Hadley (1927), Ramchandani
(1929), Kennedy, Cummings and Morrow
(1932), Lewis (1933, 1934), Kritschewski and
Ponomarewa (1934), Hall (1935), Dulaney and
Michelson (1935) and Deere, Dulaney and
Michelson (1936). ‘

Lewis (1933) classified his variable strains
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— of B. mycoides — in three groups as follows :
(1) those obtaining carbon principally from
nitrogen-containing compounds but capable of
variation in relation to sucrose; (2) those giving
secondary colonies on agar contammg protein
alone, variation apparently being related to
some unused fraction of the split protein; (3)
strains giving secondary growth both in the
presence and absence of sucrose but varying
to sucrose in preference to protein. 'The addit-
ion of non-utilisable carbon compounds in
respect of which the organism lacked the
capacity to vary (organic acids as well as
carbohydrates and alcohols) was without effect
in all groups, nitrogen metabolism proceeding
unhindered. The same author (1934) used
eleven strains of colon bacteria variable to
lactose or sucrose, two strains of B. paratyphi B
variable to raffinose, and three strains of
B. typhi varable to rhamnose, and his work
is of special importance as showing that secon-
dary colony formation may occur in synthetic
media containing lactose as the sole source
of carbon. According to Hall (1935) — in
Bact. coli mutabile — * the ‘ mutant ’ type
rarely, if ever when pure, reverts to the parent
type, and, as a rule, is indistinguishable from
it morphologically, culturally, or serologically,
except by its more rapid fermentation of lactose,
and by its inability to form characteristic mul-
tiple papillae or secondary colonies.”

Figs. 1 and 2 show the appearance of secon-
dary colony formation in strains of B. para-
typhosus B in which the secondary variant
possessed the property of fermenting lactose.
Miiller (1909) discovered that B. paratyphosus B
(although not B. aertrycke) produces secondary
colonies when grown in the presence of raffinose,
and Figs. 3-14 trace the development of a single
colony of another strain of the same organism
on raffinose-neutral-red-bile-salt-agar.

III. POSSIBLE INTERPRETATIONS

1. Contamination hypothesis.

It is clear therefore that there is no doubt of
the reality of the phenomenon as one affecting
many strains of a considerable number of bac-
terial species. It must however be recognised
that several interpretations are theoretically poss-
ible, and these may now be examined. It has
been suggested inthe first place that the appear-
ances might depend on a simple contamination of
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the culture by the organism appearing in the
papillae. There is however a considerable body
of evidence to show that no ordinary form of
the contamination hypothesis is sufficient to
account for the facts observed. In particular
it must be stressed that not infrequently the
cells of the secondary colonies can only be shown
to differ from those of the primary colony in
one biological character, that of utilising a
constituent of the medium which the primary
is unable to attack. 'This at least tends to
indicate genetic relationship between the two
forms. Again, secondary colony formation in
a suitable strain is very commonly found to
occur in every colony in each of repeated plat-
ings, and possesses a definite relation in time —
as will be shown — to the development of the
primary colony. Further, admixture of dis-
crete colonies of the two types is not ordinarily
met with : hence purification from the alleged
contaminant is not possible. It is therefore
apparent that contamination in the usual sense
is hardly an acceptable explanation.
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2. Primary selection hypothesis.

Even when the close relationship of the two
forms be admitted, there is however the alter-
native possibility that they co-exist in a natural
mixture or a symbiotic relationship, and that
preponderance of one over the other is brought
about by certain selective factors in the environ-
ment. But any simple selection hypothesis is
greatly weakened by the fact that the behaviour
of strains such as Bact. coli mutabile as des-
cribed above, remains unchanged even after
long continued purification (as by repeated
plating of broth cultures derived from single
colonies). It is further disproved by the results
obtained from single cell isolations (e. g., Kowa-
lenko 1g910; Penfold 1912, p. 215) which Lewis
(1933) regarded as excluding selection in many
cases.

The problem is not unlike that in the work
of Stephenson and Stickland (1933), in which
experiments were conducted to test whether
the hydrogenlyases produced during the 20-hour
period of a culture were the result of selection.
It was shown that when formate is introduced
into a growing culture of Bact. coli the enzyme
appears in full strength before the lapse of a
single generation, 1. e., before any demonstrable
increase in the total or viable count. In this
as in the case under discussion, it seems that



ON SECONDARY COLONY DEVELOPMENT IN BACTERIA

the phenomenon is a transformative rather then
a selective process, and that the cause is repre-
sented by environmental changes in the med-
ium. In any discussion of the possible
selective origin of secondary colony forms it
must be remembered that these variants can
almost invariably be shown to possess 2 meta-
bolic advantage in that they are capable of
utilising a constituent of the medium not
utilisable by the primary form. If their origin
were purely selective therefore one might hope
to detect signs of a continuous utilisation of the
substance in question (e. g., lactose) from the
beginning of the culture. As will be seen sub-
sequently in another connection, this probably
does not occur. While evidence is thus strongly
against simple or primary selection as an expla-
nation of secondary colony formation, there is

no possible doubt that once variation has occurr- -

ed the altered environmental circumstances are|,
such as must exert powerful selective forces,
leading to a relative preponderance of the Variant/
and in many cases to overgrowth of the primar
colony.

2a. Biochemical changes involved, in relation
to primary selection.

At this stage some attention must be devoted
to the evidence which is available regarding
the biochemical changes involved in secondary
colony formation. In the first place it is ob-
vious that one is not justified in assuming that
carbohydrates are not utilised simply because the
medium fails to become acid. This was pointed
out by Merrill (1930) and, in addition, Jones,
Orcutt and Little (1932), working with strains of
atypical colon bacilli, concluded from quantita-
tive determinations that lactose in their experi-
ments was utilised from the beginning of culture,
although the lactose broth remained alkaline for
periods varying from 3 or 4 days to 2 or 3 weeks.
It is a possibility therefore, as has been pointed
out by several workers, that both the parent
and variant strains of Bact. coli mutabile are
able to utilise lactose and that the difference in
their behaviour is due to a difference in type of
sugar metabolism. In 1934 Lewis remarked
“ much has been written on the problem of
whether the specific sugar or alcohol is attacked
from the beginning of a culture or only after a
period of contact with it, but no very definite
experimental evidence is available and opinions
differ. ” 1In 1927 however Stewart had investi-
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gated the same problem by a method employing
B. coli communis as an indicator of the presence
of lactose. He found that before the emergence
of the secondary form Bact. coli mutabile con-
sumed either no lactose or only minute quanti-
ties, e.g., less than 0.0325 per cent. in four days.
On the other hand the primary form varied to
the secondary form in a discontinuous manner,
leading to an abrupt and steep increase in
sugar consumption. In 1936 moreover Deere,
Dulaney and Michelson carried out experiments,
using the official gravimetric method for
lactose determination of the Association of Agri-
cultural Chemists, to determine whether the
primary form of Bact. coli mutabile utilises
lactose from the beginning of growth or only
after the appearance of the secondary form.
The results showed that the parent form of the
organism uses only very small quantities of
lactose, if any, before the secondary variant can
be detected. On the other hand, the primary
form showed similar ammonia production and
pH changes whether grown in plain broth or
lactose broth, indicating that it uses nitrogenous
compounds as its source of energy. Further,
the primary and secondary forms when grown
in plain broth produced like changes in ammonia
concentration and pH. These authors pointed
out however that their results did not eliminate
the possibility that minute amounts of lactose
might be utilised by Bact. coli mutabile, since
the lactose determination was not sufficiently
accurate to estimate the disappearance of traces
from a concentration of one per cent. It is
of interest that for E. coki Hershey and Bronfen-
brenner (1936) found no indication of a lactose-
fermenting mechanism other than preliminary
hydrolysis to the constituent monosaccharides.
Real changes in lactose fermentation may be
attributed to variation in the cellular activity
of lactase, an enzyme which Hershey and
Bronfenbrenner found to be intracellular and
not liberated to any appreciable extent after
death and autolysis of the bacteria.

3. Transformation and secondary selection.

Quite apart from the simple selection hypo-
thesis already considered, the view was put
forward by Smith (1913) and others that variat-
lon occurs in the absence of any specific sugar
and that the sugar when present merely acts as
a selective agent favouring the * spontaneous
variant. Stewart (1927) however thought there
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was no basis for any suggestion that variation
of this type is constantly occurring without the
appropriate stimulus. As has already been
mentioned, there seems little doubt that selec-
tion must operate immediately transformation
has taken place, so that the next phase of the
problem concerns the relation of the sugar to
the induction of variation. Writing in 1933
Lewis thought there could be little or no differ-
ence of opinion that enhancement of fermen-
tative power takes place only when the organism
is cultivated in contact with the specific com-
pound with which the variation is associated...
“ ability to attack unused nutrients is acquired
through variation due to the specific stimulus
exerted by the substance concerned.” But
this author later modified his opinion (1934), and
described experiments which he claimed showed
that variation in certain coliform strains occurred
in the absence of lactose, the variant cells being
however so few as to escape detection by conven-
tional methods of plating. He then regarded the
evidence as conclusive * that variation of muta-
bile strains to a given specific carbon compound
occurs spontaneously in media from which the
compound is absent ”’, and looked on sugars
and alcohols as acting as specific selective agents
rather than as stimulators of variation. While
Lewis still correlated the occurrence of variation
with limitation of growth due to depletion of the
medium, he felt himself obliged to abandon
the theory of a specific inciting stimulus to
variation in mutabile strains of bacteria. In the
writer’s opinion this problem of the relation
between the carbon compound and the induc-
tion of variation is still not solved, and there
appears to be a need for further critical
experiments with purified synthetic media con-
taining no trace of the substance in question.

3a. Specificity of transformation.

It is of interest that the study of training and
adaptation in bacteria gives considerable support
to the theory that primarily non-utilisable
compounds in the substrate may influence
the induction of variation in a more or less
specific fashion. A good account of this subject
is given by Knight (1936), according to whom
‘ the enzymic constitution of bacteria and yeasts
can change under the stimulus of changed
composition of the media in which the cells are
grown, and can respond to different substrates
by production of the appropriate enzyme.”

A. HADDOW M. D,

Among examples of this type of change may be
quoted the work of Dienert (1900) who showed
that a yeast usually unable to ferment galactose
became able to do so after being grown in the
presence of this sugar. Similarly Twort (1907;
see also Penfold 1911, 1912) carried out impor-
tant experiments on the induction of the pro-
perty of lactose-fermentation (normally absent)
in B. typhosus. Twort found that the long-
continued propagation of this organism in a
lactose-containing substrate might be followed
by the appearance of variants capable of fer-
menting this sugar, and in addition he described
a number of similar variations in carbohydrate
fermentation when other organisms were grown
for various periods of time in the presence of
different sugars. Prolonged growth under such
circumstances was thus shown to tend to the
production of variants which fermented the
particular substances with which the strain was
cultured. Although this process was referred
to as “ training ”’, Penfold suggested that the
modus operandi of the sugar might again be
largely selective. Penfold also studied the
fermentation of dulcitol by B. typhosus. Late
fermentation of dulcitol is however recognised
as a frequent ‘“normal ” attribute of this
organism, and this author found that of several
different strains of B. typhosus grown in litmus-
dulcitol-peptone-water some formed acid in
one or two days, although the majority did not
do so till the fourth or fifth day or even later.
When such cultures were plated out daily on
agar containing dulcitol and neutral red, the
proportion of red colonies to white showed a
gradual increase from the second to about the
fifth day, reaching a maximum when the
peptone water culture had become acid.
Arkwright (1930) regarded the history of tbis
variation as ‘‘ a typical case of the transformation
of a culture which is unable to ferment a
certain sugar or alcohol into one capable of
rapidly fermenting it. ” In such a case the
opportunities for the operation of natural selec-
tion are obvious in so far as a few individual
bacteria capable of fermenting the alcohol are
afforded an excess supply of available foodstuff
as compared with the non-fermenters, a pre-
ferential situation which is likely to result in
the overgrowth of the latter by the former.
But the critical point in the underlying biology
is once more the question of the precise mode
of emergence of the fermenting strain, and in
this connection it is of importance that in this
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case also the white colonies of the original
culture on dulcitol-neutral-red-agar in the course
of development produced red papillae composed
of active dulcite-fermenters.

Karstrom (1937) investigated the relation
between the presence of specific carbohydrates
in the substrate and the development of the
corresponding carbohydrases in bacteria. As a
result he classified the cell enzymes as (1) con-
stitutive enzymes produced constantly and inde-
pendently of the composition of the media in
which the cells were grown; and (2) adaptive
enzymes produced only in the presence of,
and in response to, specific substrates in the
culture medium. According to Virtanen (1934),
““ in general it seems that the metabolic enzymes
proper are always constitutive, whereas the
enzymes (especially hydrolases) which convert
the nutrients into suitable form for the actual
metabolic reactions may be adaptive . The
apparently adaptive production of hydrogen-
lyases by organisms of the colon group
was examined by Stephenson and Stickland
(1932, 1933) and Yudkin (1932). The last
author discussed the alternative hypotheses of
selection and adaptation as possible explanations
of the phenomenon, and decided in favour of
the latter. Similar evidence was provided by
Stephenson and Stickland, who showed that
while the addition of formate to Bact. coli
growing in tryptic casein-digest medium pro-
duced no simple selective action in either
direction, adaptive production of formic hydro-
genlyase occurred more quickly than would
be expected on a purely selective basis. In a
later study of the formation of galactozymase
by Saccharomyces, Stephenson and Yudkin
(1936) further weakened the selection hypothes-
is by demonstrating that specific and adaptive
enzyme production occurred in the complete
absence of cell growth or multiplication.
According to Knight (1936), “ the training of
an exacting strain to become non-exacting
involves a change in the enzymic constitution
of the organisms. An exacting strain which
requires, for example, tryptophan as an essential
nutrient, when it is trained and becomes non-
exacting and able to use ammonia as sole source
of nitrogen, must bave acquired enzymes to
enable it to synthesise tryptophan using ammonia
as nitrogen source. In general, in the training
of exacting strains to become non-exacting,
enzymes required for the synthesis of proto-
plasm from the simpler nutrients have to be
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produced. The suggestion is, therefore, that
the new enzymes are produced as a direct
reaction to the chemical stimulus of the new
nutrients, in the absence of the normal nu-
trients. 7 In a study by Gladstone (1937) of the
nutrition and nitrogen requirements of .Staphylo-
coccus aureus, the great majority of strains
grew well on media of known chemical com-
position which included 16 amino-acids. Initial
differences in amino-acid requirements were
found to exist among these strains, but as the
organisms were adapted to utilise fewer amino-
acids such differences tended to disappear.
Finally, by a process of training, strains were
produced which could grow on a medium from
which all amino-acids were excluded, and in
which the main source of nitrogen was ammonia.

It must be mentioned that in most cases of
the adaptive production of enzymes by bacteria
the alterations are of the nature of fluctuational
modifications, withdrawal of the specific sub-
strate leading to atrophy or disappearance of
the appropriate enzyme system. But the in-
formation they yield is sufficient at least to
suggest that similar specific relationships may
exist between organism and substrate in the
induction of irreversible and heritable changes.
In the view of Hershey and Bronfenbrenner
(1936) phenomena suggesting the specific ela-
boration of enzymes corresponding to a defined
substance present in the medium indicate no
more than the realisation of a potential and
perhaps latent physiological capacity of the
bacterial species in question. This may be
compared with the earlier suggestion by Grey
(1924) that the bacterial enzymes concerned
in the decomposition of carbohydrates are few
compared with the number of substances
which may be attacked. Grey postulated
five systems which in various combinations
might cause the degradation of such substances :
an enzyme removing hydrogen, an enzyme
removing oxygen, and enzymes splitting off
groups of 1, 2 and 3 carbon atoms respectively,
the last three being interchangeable or at any
rate of common origin.

IV. THEORIES CONCERNING THE MECHANISM
INVOLVED IN TRANSFORMATION

From the evidence detailed above it is reason-
able to conclude that the phenomenon of
secondary colony development involves bio-
logical transformation, and that the main role of
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selection is confined to the period following
emergence of the variant. It now becomes
necessary to consider the various possibilities
concerning the mechanism of change. “In
order that two differentiated halves may be
produced, some event must take place by which
a chemical distinction between the two halves is
effected. ”  (Bateson 1913). Morphological
appearances alone are of little or no value in
deciding this question. The component organ-
isms of secondary colonies may present no
apparent structural divergence from the normal,
although the writer has frequently found evi-
dence of pronounced disintegrative changes
in such cells. In a study of impression films of
the secondary colonies produced by B. para-
typhosus B (Schottmiiller) on raffinose-agar,
Kritschewski and Ponomarewa (1934) described
and depicted an extraordinary series of
large-celled variants of spindle- and trypano-
some-like morphology. But such changes are
irregular in occurrence and difficult of inter-
pretation, and the mechanism of variation can
best be studied from physiological rather than
morphological data.

1. Hybridisation.

Attention must first be directed to the hypo-
thesis which posits a sexual process in bacteria
and hybridisation as the source of such variants.
While the study of variation in bacteria is
undoubtedly subject to certain disadvantages,
it has been widely assumed that since such cells
divide as a rule by asexual binary fission with
a complete absence of the fundamentally non-
essential influence of sex and conjugation,
variation by hybridisation can well be excluded.
But although one must always entertain the
possibility of an autogamous or even syngamous
fusion in bacteria as the lowest order of sexuality,
it is curious to find that the mere occurrence
of discontinuous and heritable variation has
been regarded as evidence of sexual reproduct-
ion in these forms, a view dismissed by Henrici
(1928) as a quite unwarranted assumption.
From time to time however certain authors
have attempted to describe or interpret the
phenomena of bacterial variation in the terms
employed for higher forms. Thus in a study
of diphasic variation in the Salmonella White
(1925) thought there could be no doubt that
specific and non-specific qualities were in
general alternatives comparable almost to a
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pair of Mendelian allelomorphs. Stewart (1926,
1927, 1928) is however perhaps the only author
to attempt a description of secondary colony
formation in Mendelian terms. He chose the
paracolon bacilli and the colon bacilli as exam-
ples of stable and true-breeding non-lactose-
fermenters and lactose-fermenters respectively,
with Bact. coli mutabile as an unstable non-
lactose fermenting organism regularly giving off
a fermenting daughter-race; and he brought
forward evidence which he interpreted as
showing that these three groups are Mendelian
variants of one species, of which paracolon is
the homozygous dominant, mutabile the hetero-
zygote, and colon the homozygous recessive.
Since the positive character for fermentation is
recessive he regarded the dominant factor —
for Bact. coli mutabile probably correctly as
will be seen later — as an inhibitor, and claimed
that while all three groups have the power
of fermenting lactose, the dominant and hetero-
zygote also carry a factor which inhibits this
property. Representing the inhibitory factor
as I, its absence as i, and the factor for lactose-
fermentation as F, he described the constitu-
tion of the three groups as follows : paracolon
IIFF, Bact. coli mutabile IiFF, colon 1iFF.
The regularly recurring variation of mutabile
Stewart represented as Mendelian variation
brought about by the segregating of allelomorphs
in a heterozygote, IiFF dividing to IIFF, LiFF
and iiFF. The most powerful objection to
such a hypothesis is the fact that the IIFF form
is not found among the descendants of the
papillae of mutabile in culture, a difhculty which
Stewart suggested might be explained by an
overgrowth of this form by the IiFF form, or
by the association of a lethal factor with the
IIFF combination. In discussing the objection
that hybridisation must depend on gametic
union, Stewart pointed out the lack of positive
evidence that bacteria do not in fact conjugate
and the possibility that, even if they do not,
a heterozygote may arise by mutation affecting
one member only of an allelomorphic couple.
As a result of his studies Stewart drew up the
following as the laws governing variation in
native heterozygous bacteria : * 1. A bacterium
heterozygous in a given character (e. g., power
of fermenting lactose), if exposed to the appro-
priate stimulus, will give descendants of two
kinds : (a) heterozygous like the parent, (b)
homozygous recessive (fermenting lactose). Since
the positive character is recessive to the negative,
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the formulae of the two must be written liFF/L
for the heterozygote, and iiFF/L for the reces-!
sive. 'The homozygous dominant, IIFF/L, a
paracolon, has not been found among the
offspring of native heterozygotes. 2. The
homozygous recessive or red race breeds strictly
true, even after many subcultures on media
indifferent for the character concerned. 3. If
a race is heterozygous for two or more characters
(e. g., fermentation of lactose and dulcite),
and if it is exposed to the stimulus appropriate
for one character it will segregate in this char-
acter only. 4. Segregation will only take place
in answer to a definite stimulus and in adaptat-
ion thereto. There is no basis for the sugges-
tion that variation is constantly taking place
without the appropriate stimulus, but that the
varying forms only survive when selected by
appropriate surroundings, and that in conse-
guence the variation falsely appears adaptive, ”’

Stewart’s hypothesis has not received any
degree of support, although it represents a very
necessary and complete examination of one of
the more important possible mechanisms
involved in this type of variation. Henrici (1934)
however thought there was no justification
for regarding these variations as evidence of
sexual reproduction, and opinion is general
that the facts can be interpreted on a simpler
basis. According to Henrici * we have ample
evidence that variations similar to those exhib-
ited by bacteria occur in other organisms
known not to exhibit sexual reproduction.
We may observe variants arising in secondary
colonies or in sectors, in cultures of moulds
and yeasts and unicellular green algae. In
moulds, little localised tufts of aerial mycelium
differing from the parent type in colour or spore
formation may be considered homologous with
secondary colonies. Now when moulds and
yeasts reproduce sexually they form typical
sexual spores, ascospores or zygospores, which
may be readily observed and recognised. Cul-
tures of moulds and yeasts may be found to
exhibit all of the types of variation encountered
in colonies of bacteria, without exhibiting any
sign of sexual spores. The author has observed
a dissociation of the yeast Torula pulcherrima
into red and white strains and into smooth and
rough forms without any trace of ascospore for-
mation. Moreover, it has been possible to
demonstrate typical variations of this type in
cultures of a fungus (one of the smut parasites)
which was started from a single spore known

to be in the haploid state. Here there could
be but one sex in the culture, yet permanent
variations occurred > It is of further interest
that Erikson (1935), in a study of the aerobic
streptothrices, and Sherman and Wing (1937),
for the coli-aerogenes group, were unable to
obtain any evidence of a sexual mode of repro-
duction.

2. Segregation of characters in non-equational
Jission,

Topley and Ayrton (1923-24) pointed out
that if the variations of bacteria are to be inter-
preted on the basis of genetics, the facts may
be fitted to the theory more readily if we assume
that a segregation of characters has occurred
during a non-equational cell-division, rather
than assuming that they have resulted from a
re-combination of characters in a sexual fusion of
cells (see Henrici 1934). “ The biological
factors discussed must have a material basis,
and the suggestion that the variations observed
are due to an unequal distribution of the sub-
stances concerned, at the moment when division
of the bacillus occurs, is so obvious that it may
well be provisionally accepted as a working
hypothesis. Such acceptance does not imply
any specific view as regards the structure or
mode of reproduction of the bacilli. We know
that multiplication by binary fission occurs, and
this form of growth gives ample opportunity
for such a segregation as we have suggested.”

Variation by non-equational division is pro-
bably best exemplified by the phenomenon of
colonial sector-formation. It has long been
observed that whole sectors of a colony may
show obvious variation from the remainder
in one or more of a number of characters (e. g.,
microscopic or gross structure, opacity or con-
sistency; biochemical activity such as pigment
production or specific fermentations). A gener-
al study of the subject was given by Nirula
(1928) and a mention of sector-formation in
Ascomycetes by Dodge (1936), while Punkari
and Henrici (1935) described interesting variat-
ions in a chromogenic asporogenous yeast
(T.pulcherrima) involving both secondary colony
formation and sectoring. It is of some
interest that the angulation of the sector, and
the distance of its apex from the centre of the
colony, give a measure of the time of emergence
of the variant in relation to the growth of the
colony as a whole. It is also striking that such
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sector-formation in colonial organisms is the
simplest possible example of modification within
the ¢ Woodger’s cell-cone ” of developmental
biology (see Woodger 1931; and Needham 1936,
Fig. 13 and p. 63). Fig. 15 illustrates the ap-
pearance of lactose fermenting sectors in a non-
lactose-fermenting organism, and other examples
have been observed by the writer from time to
time. Thus when certain plate-cultures of
B. paratyphosus B (Tidy) were examined under
the Leitz Ultropak at a magnification of about
50 diameters and in conditions of dull illumin-
ation, it was found that the colonies, which
under other conditions of magnification and
illumination appeared perfectly uniform, were
sharply divided into two types according to
colour. While some were dull white, others
possessed a delicate olive-green colour, and in
addition a number of colonies showed remar-
kably beautiful sector-variation in these two
colours. Such appearances were probably de-
pendent on differences in the surface structure
of the two colonial types.

It is found as a rule that the cells of the sector
breed true, while the bulk of the colony gives
rise to further colonies which may show sector-
formation in turn. That is, the relation be-
tween primary cell and variant is the same as in
the case of secondary colony formation. This
physiological similarity is of interest in the
study of secondary colonies themselves, since
the possible influence of selection in the induc-
tion of these variants can be discounted much
more readily in sector-formation, for obvious
reasons, than in the case of secondary colony
formation. It is also of importance that Nirula’s
studies on sectoring were carried out with
isolated cells obtained by a modification of
the Burri single-cell technique.

3. Dedifferentiation,
reduction.

dissociation, adaptive

It is probable from the relation between
normal and variant strains both in secondary
colony formation and in sectoring that the variant
is derived from the parent by a process involving
dedifferentiation or loss. Since the change
results in the manifestation of a character
(e. g., lactose-fermentation) previously appar-
ently absent, it follows that the material lost
must be regarded as an inhibitor of the reaction
or enzyme-system concerned. Such changes
are usually discussed under the heading of
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¢ bacterial dissociation ", a term however which
Gardner (1935) regarded as inept, and to which
he preferred ¢ adaptive reduction . If the
change under discussion is indeed a metabolic
dedifferentiation which permits the utilisation
of an otherwise inaccessible substrate, it may
be compared with the metabolic reversions
described by Fildes (1934). ‘It appears poss-
ible to assume that when an organism adjusts
itself to a simple substrate with which normally it
cannot deal, it is because at one time in the
history of the species it had been in the habit
of using that substrate, that the process is a
process of atavistic reversion ”’, (as in the syn-
thetic adjustment of the typhoid bacillus in the
presence of ammonia, with which it cannot
normally deal, but absence of tryptophan, on
which it normally is dependent).

It is important that more than one degree of
dedifferentiation may be shown. Thus Stewart
(1927) described a typhoid race * Bucknall ”
which achieved full dulcite-fermenting capa-
city by two discontinuous steps, each of which
took place in papilla formation on dulcite.
The race thus formed pale red papillae from
which came white and pale red colonies. The
pale red colonies in their turn formed dark red
papillae, which gave pale red and dark red
colonies on subculture. 'The white, pale red
and dark red forms were quite distinct and
remained so after growth on dulcite-free media.
Stewart interpreted the phenomenon as due
to the successive segregation of two inhibitory
factors. Lewis (1934) also noted tertiary colony
formation on continued ageing.

4. Bacterial mutation.

The question now arises whether the emer-
gence of secondary growth can justifiably be
referred to as bacterial mutation. Although
the term has been freely employed in bacterio-
logical literature, note must be taken of certain
objections and qualifications to its use. Jollos
was among the first to point out that the term
“mutation”, coined for sudden changes occurr-
ing in the forms of life with sexual reproduc-
tion (metaphyta and metazoa), is not applicable
to asexual bacteria in which testing of the muta-
tion process by crossing experiments is impos-
sible. Again, in the opinion of Haldane (1933)
a given difference between two somatic cell
types cannot be proved or disproved, by
genetical methods, to be due to chromosomal
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aberration or gene mutation, since such cells
do not reproduce sexually and it is only by sex-
reproduction that the geneticist can distinguish
nuclear from plasmatic changes. ¢ The proof
that a change is due to a gene mutation can only
be given if the altered gene segregates from its
normal allelomorph at meiosis according to
Mendel’s laws... ” (Haldane (1934). But ac-
cording to the same author (1932) ¢ there is
no reason to think that bacterial mutation is a
phenomenon essentially different from muta-
tion in higher organisms, and it is not even clear
that it is commoner. ”

Much of the difficulty is due to the use of
the term without adequate definition, and con-
fusion has arisen through insufficient appre-
ciation of, or respect for, its technical use,
with all its added implications derived from
plant and animal genetics. Further, many
geneticists appear disinclined to allow the word
in any but its artificial or technical sense. The
situation is exactly similar to that in the
description of the malignant cell as a somatic
mutation (see Haddow 1937). It may be noted
on the other hand that a definition of mutation
sufficiently wide to include micro-organisms
(and somatic cells) was given by Gates (1915).
According to Bernhardt (1915) the term
“ mutation ’ must be used in bacteriology in
a sense other than that of de Vries, and as
implying that the descendants show new

heritable characters, regardless of the means by |
which their hereditary constitution has been:

influenced, or of the extent of the change.
Assuming that the conception of mutation is
valid in the present example, the simpler
mechanisms may briefly be reviewed. The
possibility of mutation by factorial loss (and
especially by the loss of an enzyme inhibitor
in non-equational fission) has already been con-
sidered as a probable interpretation in some of
the cases at least. It is naturally of especial
importance in circumstances where dediffer-
entiation or degradation of various kinds (e. g.,
serological) have been experimentally demon-
strated, and it permits less scope for reversi-
bility than other explanations. But apart from
the loss (or gain) of individual factors, variation
may be due to the temporary inhibition of
one by another, a conception referred to by
Toenniessen (1921) as * Valenzwechsel der
Erbfaktoren . The changes occurring in the
cell were also likened (by Gates) to the shift
of a polygon of forces moving to a new position

of stability. Lastly, according to Henrici (1934)
the assumption of a tautomeric structure of
the living protoplasm of bacteria may explain
the changes occurring in the genetic elements
by means of mutation, and the resultant per-
manent modification forms or mutants. Thus
Gotschlich (1929) considered it possible that the
genes behave in a manner similar to tautomeric
forms which exist in equilibrium while
their substitution forms are unequivocal and
definite.

5. The side-chain theory.

Miiller (1911) regarded the type of variation
under discussion, and particularly that shown
by B. typhosus in the presence of iso-dulcite,
as an adaptation to a substance which otherwise
inhibits growth. Further, he sought to inter-
pret such changes on the basis of Ehrlich’s
side-chain theory. According to this view
B. typhosus possesses receptors which anchor
iso-dulcite : growth is therefore inhibited since
the bacillus is not able to use these receptors for
assimilation. 'There is considerable likelihood
that this conception is fundamentally correct,
and experimental evidence is available to
support it. Thus Knight (1936) discussed
the inhibition of growth in nitrifying bacteria
(Nitrosomonas, Nitrobacter) produced by organic
compounds such as glucose, urea and asparagine,
with special reference to the work of Wino-
gradsky on inhibition of growth and of Meyerhof
on inhibition of respiration. In such experi-
ments respiration and growth are inhibited in
parallel, growth-inhibition resulting from a
respiratory inhibition which is due in turn to
displacement of the normal respiratory substrate
(in this case ammonia or nitrite) or to a block
of the respiratory catalyst (as by glucose when
applied in the absence of normal substrate).
Similarly, Sobotka, Holzman and Reiner (1936)
found that non-utilisable pentoses, and parti-
cularly xylose, have a retarding effect on the
rate of fermentation of hexoses by brewer’s
yeast, an effect due mostly to competitive diffus-
ion. Miiller’s hypothesis, that certain non-
utilisable compounds in the substrate may
inhibit growth through interference with the
assimilation of utilisable compounds, is there-
fore seen to be an entirely reasonable one.
Assuming its correctness he postulated that the
mutation consists in the emergence of a race
capable of overcoming this receptor-block,
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V. CELLULAR INHIBITION AND THE ORIGIN OF
DISCONTINUOUS VARIATION

1. The general concept.

There can be no doubt that the cellular chan-
ges under discussion are intimately bound up
with antecedent or coincident changes in the
bacterial environment. In this regard Miller’s
application of Ehrlich’s hypothesis is of much
greater interest than any of the theories already
discussed, since it suggests both cause and
mechanism, while the others are concerned with
alternative mechanisms alone. The mere proof
of the correctness of any one of these alterna-
tives (e. g., simple segregation, sexual segre-
gation, or the various possibilities included
under bacterial mutation) might in no way
elucidate the real problem, viz., the nature of
the force which induces such change. To the
writer, the side-chain hypothesis seems of par-
ticular interest as representing a special case
of what may be suggested as a principle of
wider application, namely, that cellular inhibit-
ion of various kinds and degrees is the initial
process in the induction of dedifferentiating,
irreversible and therefore heritable changes in
asexual cells, The source of inhibition appears
to be mainly if not exclusively environmental
in origin, so that knowledge of the nature of
the significant environmental alterations gives
an opportunity to correlate these with the
resultant biological change. In this connection
Table I shows the development of raffinose-
fermenting secondary colonies in B. para-
typhosus B (Tidy) — on 1 per cent. raffinose-
neutral-red-bile-salt-agar — in relation to the
growth of the primary (five colonies). The
aggregate of these data is presented in Fig. 16,
and data based on Figs. 3-14 are shown
graphically in Figs 17 and 18. Lemon (1933)
suggested that the maximum expansion rate in
a bacterial colony be indicated by plotting the
actual increase in unit intervals of time. If for
each period of time (T) the bacterial count or
area is Ny, N;, N,.. at times t; t;, t,..,
the following formula is used :

(Ny-N,) (Np-Ny)
(trto)y (1) () (T Ty Ty

. etc.,

where the suffix of the denominator indicates
the mid-point of the period during which the
increase has occurred. Fig. 18 shows the advan-
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tage of this method in demonstrating the rela-
tion of the emergence of secondary colonies
to inhibition of the growth of the primary
colony.

For the successful induction of discontinuous
and permanent variation in any cellular character
two main factors thus appear to be necessary : (1)
an environmental source of interference with,
or inhibition of, the given character, of such
a nature as to be long-continued but never-
theless admit of the survival of the majority of
the affected cells; (2) an organism possessing the
inherent capacity for variation in respect of the
character in question. The general concept
has been well expressed by Noel Paton (1926)...
“If changes in environment lead to changes
in the chemical processes in the living units
they may so alter the conditions that continued
existence is impossible, or may lead to adaptation
to the chemical changes, provided that the
modification is not detrimental to existence under
the altered conditions.” In the theoretical
case of an organism growing in a completely
unimpeded manner in a medium to which it
is ideally adapted, no variation of any kind will
be expected to occur. Such a state is most nearly
approached in the logarithmic phase of bacterial
growth, and Winslow (1935) has shown that if
one transfers a culture in this phase of growth
to a fresh medium of the same kind, the cell
characters remain strikingly constant. It has
already been suggested that depletion of food-
stuff is the most important factor in the inhibit-
ion of growth of a bacterial colony growing in a
limited medium, and it is certainly significant
that the influence of increased density of inoc-
ulation is to accelerate secondary colony form-
ation and the effect of frequent subculture to
postpone both papillation and variation. ¢ If
subcultures are made daily on to fresh media,
the change which initiates papilla formation can
be deferred indefinitely in the bacteria carried
on, for variation does not appear in them even
if the appropriate sugar is continuously pre-
sent. ” (Stewart 1927). Papillation may also
be prevented by the addition of utilisable
substrate : thus Lewis (1933) described a pro-
tein-sparing effect in an interesting strain of
B. mycoides in which, although secondary colo-
nies appeared on agar containing protein alone,
the variation apparently being related to some
unused fraction of the split protein, no
secondary growth occured on the addition of
sucrose.
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3-14. The development of secondary colonies in B. paratyphosus B on neutral-red-bile-salt-raffinose-agar.

Fias.
Appearance of a single colony at 12, 18, 24, 30, 42, 54, 66, 78, go, 114, 162 and 222 hours after inoculation.
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2. The nature of the inhibitory process and
adaptive response.

Speaking of the induction of heritable varia-
tion in general terms, it seems probable that
identical end-results may be produced through
inhibitory effects of different kinds. It may be
regarded as certain that the gradual inhibition
in growth-rate of a developing bacterial colony
is not dependent on intrinsic causes, as was
assumed by Stewart (1927; cf. Winslow 1933,
above). The effect appears to be conditioned
entirely by environmental changes, and the
nature of these may now be discussed.

The physiological results of these changes
constitute senescence. In relation to the induc-
tion of variation it is therefore important that
secondary colony formation is closely depend-
ent on the ageing of the primary colony, and
that papillae appear first on the older or more
central portions, where inhibitory changes are
likely to be more intense. Inhibition of growth
is almost certainly dependent on a metabolic
inhibition, and it is of interest that Wooldridge,
Knox and Glass (1936), in a study of the effect
of age of culture on bacterial enzymes, found
that the activity of most bacterial dehydrogen-
ases appears to increase at first, to reach a
maximum -— usually within 24 hours — and
subsequently to diminish. The same close
relation between enzyme activity and phase of
growth was further studied by Wooldridge and
Glass (1937; see also the data given by Bach
1936 for decline in activity of various dehy-
drogenases in B. proteus in the first g6 hours of
culture).

Lewis (1933) recognised the arrest of growth
as due not to intrinsic but to extrinsic factors,
the chief being depletion of nutrients. But
he also described experiments to show that
metabolic changes in the medium, quite apart
from simple depletion, influence secondary
colony formation. Lewis regarded it as improb-
able that any general law could be applied
to all cases but thought that different extrinsic
factors might cause arrest of growth in different
organisms. In some cases for example retard-
ation is probably assisted by alkaline changes
in the medium — a circumstance which must
imply an additional advantage to the acid-pro-
ducing organisms of the secondary colonies —
while in others inhibition is known to be due
in part to accumulation of peroxides. Gause
(1934) found that the growth of populations
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of Saccharomyces cerevisiae ceased before ex-
haustion of the energy sources of the medium,
the effect being due to the establishment of
a definite ratio between the concentrations of
alcohol and sugar. Brown (1937) has recently
discussed the production of growth-inhibiting
substances by fungi. For a general account of
the causes of inhibition of bacterial growth,
whether by depletion or intoxication of the
medium or by physical crowding, see Gay
(1935)-

In an interesting study of a luminous organism
in relation to bacterial nutrition on agar Cruick-
shank (1934) investigated the question whether
growth is limited by the accumulation of toxic
substances or is the result of exhaustion of the
nutrient substances of the medium. The acti-
vity of light production appeared to bear a
direct relation to the state of growth (see also
Harvey 1928, Shoup 1929 and Johnson 1936 on
oxidation intensity and luminescence in bac-
teria. Harvey found exact agreement in the
oxygen consumption of luminous bacteria as
determined by the Thunberg microrespirometer
and by the time which elapses before the lumin-
escence of an emulsion of the bacteria in sea
water begins to dim, when over gg per cent.
of the dissolved oxygen has been consumed).
By using the light production of the colonies,
recorded photographically, as a measure of
metabolic activity, Cruickshank found that
diffusible food substances are rapidly consumed
from the agar in the neighbourhood and sub-
sequently from a distance. It is of interest
that the rate of diffusion of essential food sub-
stances was found to correspond approximately
to that of haemoglobin in agar. Since the
same principle appeared to apply in the case
of other organisms, it was concluded that the
important factor in determining the final amount
of growth is the volume of agar from which the
organisms may ultimately draw their food
supply. Experiments were also described to
show that whereas luminosity declined with
exhaustion of the medium, it became restored
following replenishment by agar patching.
Cruickshank found it difficult therefore to
explain his findings on the basis that arrest of
growth is due to inhibition by metabolic pro-
ducts, but concluded that from the time that
growth commences there is set up a gradient
of concentration of nutritive material, and
that with continued growth the concentration
throughout the agar surrounding the colony











































