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(Summary of included papers.)

These investigations arose, originally,

from the field and laboratory studies made

by the author upon diseases of salmon and
freshwater fish.
It was observed that water temperature

was of great importance in the initiation of

naturally occurring epidemics (a circumstance

already investigated by the Furunculosis Committee), and the first experiments were des-

igned to investigate whether normally non patho^epic bacteria, which were found to
occur, with considerable frequency, in the

body- cavities and tissues of fish, might be

stimulated to active pathogenesis by an
increase in temperature.
It was discovered (1) (2) that this was
so, but that an even more striking effect

of increased temperature was an increase in
the immune response of the animal.

This

effect was, in fact, exceedingly complicated,

because, whereas acquired immunity (i.e. the

production of immune bodies) was thus stimulated, the immediate, natural resistance of
the fish was decreased (3),

It was also

discovered that it was not the production of
antibodies which was thus affected, but their
release into the blood serum (4).

Immunity

might develop at a low temperature, but did
not manifest itself until the temperature was
raised, and was again suppressed when it was

reduced,

Thie phenomenon occurred under

natural conditions (6) (7), and was responsible for a well- marked, seasonal fluctuation
in the degree of infection of fresh -water fish

with their normal, bacterial flora.
These bacteria were apparently, otherwise

saprophytic water -bacteria (1) (5) (6) (7),
which are capable of invading the tissues
through the mucous membranes of both gut and
gill, and, in the case of soft -skinned animals,

the entire surface.

A review of the liter-

ature, with particular reference to this point,
is included (5),
The controlling effect of temperature

upon antibody formation prompted an investigation of the underlying endocrine mechanism.
It was found (ß) that the suppression of

antibody release by low temperatures could
be overcome by the administration of adrenal

conical hormones, but that the mechanists
of immuni cation, and of natural immunity

were unaffected.

This interpretation of

temperature control as a suppression of the
adrenal cortical hormones is borne out by

anatomical considerations in the difference
between the structure of this gland in
warm- blooded and cold- blooded vertebrates.
Thus an explanation is provided of some

of the phenomena of epidemiology in cold -

blooded animals, and, at the same time,
further evidence is presented in the complex
problem of the endocrine basis of immunity.
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THE EFFECT OF TEMPERATURE ON NON-SPECIFIC
INFECTIONS OF FISH
K. A. BISSET
From the Bacteriology Department, University of Edinburgh

IN the course of investigations of bacterial infections of fish and

lower vertebrates, several workers have encountered organisms
belonging to groups which are usually considered to be essentially
saprophytic in habit.
Epidemics of disease among roach and other fresh -water fish were studied
by Wyss (1898) and Babes and Riegler (1903), and in both instances the infecting
organism was identified as Proteus. An infection of frogs and fish was reported
by Sanarelli (1891), and later Russell (1898) isolated a similar bacterium from
a disease of frogs. It appeared to be a member of the Pseudomonas group.
Hume Patterson (1903), from his studies of " fungus disease" of salmon, concluded that the fungus represented a secondary infection and that the primary
infecting organism was a " liquefying bacillus " which he did not identify.
Cultures obtained from " fungus disease " of salmon, and exactly resembling
those described by Hume Patterson, were examined by the author and found
to consist of a mixture of a typical Proteus and Pseudomonas fluorescens. The
pigmentation of the latter organism was suppressed in the mixed cultures,
except for an occasional clouding of the medium as reported by Hume Patterson.
Anderson (1909) examined lesions in fish taken from the vicinity of a sewer
and isolated from them bacteria which he identified as Staphylococcus and
typical Escherichia coli. Anderson apparently considered that the organisms
responsible for the disease were derived from the sewage. Williamson (1929),
in a review of bacterial infection of the lower vertebrates, concluded that in
certain circumstances saprophytic water bacteria might become pathogenic
for these animals. Calmette (1922) expressed similar opinions with regard to
saprophytic Mycobacteria.

Preliminary observations
In the course of numerous routine examinations of fish in
connection with the laboratory services under the Diseases of Fish
Act, the writer has many times isolated what appeared to be
saprophytic water bacteria from pathological conditions in salmon
and fresh -water fish. These appeared to belong mainly to the
Proteus, Pseudomonas and Achromobacter groups, although representatives of other genera were also encountered.
From a number of salmon, organisms with the characters of the
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Proteus group have been isolated, in some cases apparently associated
with lesions. Similar organisms have been found in the tissues of
healthy trout taken from hatcheries in the course of examination
for carriers of B. salmonicida. These frequently differed from the
classical strains of Proteus in their ability to ferment mannitol.
Goldfish have been frequently observed to carry large numbers of
bacteria, Ps. fluorescens being exceedingly common. For this reason
these animals were first chosen for the experimental work recorded
in this paper.
It had been noticed, in relation to other diseases of fish, that
temperature is of prime importance in the occurrence and severity
of the disease (see Second Interim Report, Furunculosis Committee,
1933), and accordingly it was decided to test the effect of varying
temperatures upon the incidence of the non -specific infections referred
to above. Goldfish were considered specially suitable from this
viewpoint also, as they are capable of existing comfortably at
temperatures over a considerable range.
S

Experimental observations

Experiment

1

In the first experiment 47 goldfish were used. A few drops of peritoneal
fluid were aspirated from each with a sterile hypodermic syringe, cultures were
made on yeastrel agar and incubated at 22° C. A bacterial growth was obtained
in this manner from 21 fish ; the remaining 26 appeared to carry no cultivable
bacteria in the peritoneal cavity. The organisms isolated were mainly proteolytic
Gram -negative bacilli of the Proteus, Pseudomonas, Chromobacter and Achromobacter groups, diphtheroid bacilli and Micrococcus, both the latter being of
low fermentative power and non -proteolytic ; a proteolytic Sarcina and a
Staphylococcus were also isolated from time to time. The growths were usually
mixed, although occasional pure cultures were obtained.
Infected and uninfected fish were each divided into two groups, one group
of each category being placed in a thermostatically controlled tank at 10° C.,
the other in a similar tank, the temperature of which was gradually raised
over 2 or 3 hours to 23° C. and maintained at that temperature.
The fish were distributed as follows

:-

Tank

1. 23° C.
2. 23° C.
3. 10° C.
4. 10° C.

11

10
13
13

infected fish
uninfected fish
infected fish
uninfected fish

Each tank was aerated by means of a small jet of water directed continuously
upon the surface. The fish were fed on alternate days with dried Daphnia.

The tanks were examined at frequent intervals throughout the
day and fish which died were at once removed and cultures made
from the peritoneal fluid. In all cases a profuse growth was obtained.
At the end of twelve days all surviving fish were killed and
cultures were made from the peritoneal fluid. These were incubated
at 22° C. and the growths obtained were recorded as " profuse " or
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" slight ", the former indicating numerous colonies or a confluent
growth, the latter a small number of discrete colonies. Judged by
TABLE

I

Time of death of fish (expt.

1)

Day of experiment

Total
deaths

Temp.
1

Tank

1

If

2
3

23° C.

2

3

1

1

4

5

6

1

7

9

8

10

11

12

4

1

1

1

10° C.

1

1

4

1

1

the same criteria the amount of growth in the original cultures from
the living fish was usually slight in proportion to the comparatively
large inoculum of peritoneal fluid used in those cases.
Cultures from surviving fish. The bacteria in these cultures were
much the same as those obtained originally from the fish, but the
proportion of Gram -negative bacilli was somewhat greater, particularly
in those with a heavy infection and including those dying during the
experiment, all of which were heavily infected, as already stated.
These results indicate that, when infected fish are maintained at the
higher temperature, the degree of infection increases and may prove
fatal in a small proportion of cases. That the increase of temperature
TABLE II
Result of cultures from surviving fish (expt.

Tank

Profuse growth

Slight growth

1)
No growth

1

3

3

1

2

0

0

9

3

1
1

8

1

4

7

4

alone is not the cause of death is shown by the fact that the fish in
tank 2, which was also at a temperature of 23° C., showed a deathrate identical with that among the fish in the two cold tanks (table I).
The degree of final infection in the previously infected fish kept in the
cold tank 3 remained moderate : the uninfected fish in the warm tank 2
remained uninfected (table II). In the cold tank 4 the fish showed
some tendency to acquire new infection from the tank water, which
always contained a large number of bacteria.

Experiment 2
The experiment was then repeated with a larger number of fish.
Out of 103, 67 were found to be infected, 36 uninfected. These were
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divided as before and placed in tanks at 10 and 23° C., numbered
as in the previous experiment. The results are shown in table III.
TABLE

III

Time of death of fish (expt. 2)
Day of expt.

Tank

23° C. 32 infected fish

1

2
3

4

1

2

3

4

1

2 2

1

uninfected fish
10° C. 29 infected fish
21 uninfected fish
15

5

6

7

1
1

1

9 10 11 12 13 14 15 16 17 18

8

Total
9

1

1

1

1

0

In all cases profuse growths were obtained in cultures made from
dead fish.
By comparison with later experiments (vide infra), made without
prior examination of the fish, it appears probable that the wound in
the peritoneal wall made' by the insertion of the hypodermic needle
may have contributed slightly to the higher death-rate in both the
preceding series.
On the 19th day the survivors were killed and cultures made
from the peritoneal fluid (table IV).
TABLE

IV

Results of cultures from surviving fish (expt 2)
Profuse growth

Tank

Slight growth

No growth

1

2

2

2

1

1

19
12

3

10

4

1

7
3

16

3

Comparison of the figures for tanks 1 and 3 and with the corresponding figures for the previous experiment shows that the
increased degree ofinfection of the previously infected fish (previously
observed to occur in the course of approximately 12 days at the
higher temperature) is followed in the course of the succeeding week
by a decrease, the surviving fish apparently clearing themselves of
infection. During the same time, the relationship between host and
parasite in the cold tanks remains unaltered and the uninfected fish
at the higher temperature acquire no new infection.

Experiment

3

In order to confirm these results still further,

146 fish were taken

and divided arbitrarily into two groups without previous examination.
As before, they were placed in tanks at 23° and 10° C. respectively.
These fish were all in exceptionally good condition, and since there

NON -SPECIFIC INFECTIONS OF FISH

255

was no trauma from an initial examination, as in the previous
experiments, the actual death -rate was low. Two fish died in the
warm tank, one on the 7th and one on the 11th day. None died in
the cold tank.
Samples of equal numbers of fish from each tank were taken at
intervals. They were killed and cultures were made from the peritoneal
fluid. The results are shown in table V.
TABLE V

Growth in culture from sample fish (expt. 3)
Growth on culture

Day of (apt.

10

20
30
45
55

No. of fish from

Cold tank (10° C.)

Warm tank (23° C.)

each tank

Profuse

Slight

None

Profuse

Slight

None

10
12

4

2

4

3

2

7

2

2
5

5

3

24

4

3

9
7

9

0
0

17
10
11

6

15
12

3
5

1

2

9

1

These results may be expressed as
unit of uninfected fish in each sample

the"

:-

5

ratio of infected fish per

Data of sample

Warm tank

Cold tank

Day 10

1.5
0.7
0.4
0.5
0.1

1.0
1.5
1.7
2.0
0.3

20
30
45
,, 55

5

With the exception of the last figure in the cold tank series, this
shows, in the warm tank, a gradual decrease in infection and in the
cold tank a corresponding increase. As the bacterial content of the
water was high throughout in both tanks, it would appear that initial
infection or reinfection of healthy fish takes place more readily at
the lower temperature.

Experiment 4
To test the effect of a temperature intermediate between 10° and
23° C., cultures were made from fifty living fish, and the infected

ones, thirty -three in number, were placed in a tank at 15° C. Sample
fish were killed at intervals in the course of the next month. There
were no spontaneous deaths and no reduction of infection. It may
therefore be assumed that the critical temperature for these phenomena
lies between 15° and 23° C.
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Experiment 5
The ability of fish to clear themselves of infection more rapidly
lo' ' temperatures was confirmed by an experiment
originally intended to test the pathogenicity for fish of hemolytic
streptococci isolated from an infected throat in the human subject.
Twenty -four large goldfish were injected intraperitoneally with
0.5 c.c. of a dense emulsion of a 24 hours' culture of a group C hemolytic streptococcus. Eight fish were placed in a tank at 10 °, eight at
20° and eight at 30° C. Only one death occurred, in the tank at 20° C.
immediately after injection. The other fish showed no signs of illhealth and it is improbable that the solitary death was due to the
streptococci. These organisms were present in the tissues, but in no
greater quantity than in the first healthy samples. At the end of a
week two fish were. killed from each tank and cultures made from
heart blood, liver, kidney, spleen and peritoneal fluid. Similar samples
were taken at intervals. The results are shown in table VI. At the

at high than at

TABLE

VI

Streptococci in the organs of experimentally infected goldfish
Temp.oftank

Organs

7days

16

30

30° C.

20° C.

10° C.

K
++++++++ ++++++++++ -- +- + + ++
+ + + + +
+ S

+++++-I-+-I--I-+
H = heart
S

L

= spleen
= liver

S

+

+

+

P

+

K = kidney
P = peritoneal fluid

end of thirty days streptococci were thus still present in large numbers
in all the organs of the fish in the coldest tank ; at 20° C. the fish
cleared themselves slowly and at 30° C. more rapidly. At both 20°
and 30° C. the blood -stream, if ever infected, was most rapidly cleared.
Discussion
It appears from the data recorded above that fish may become
parasitised, sometimes heavily, by saprophytic water bacteria. Normally this causes little pathological effect, but under exceptional
circumstances disease and even death may result. There appears to
exist, at low temperatures, a balance between the aggressive action
of the bacterium and the defensive powers of the host. Under such
conditions the infected fish might be likened to a healthy carrier of
a specific pathogenic organism. When the temperature is raised the
balance is upset, probably by changes in the metabolic activity of
both host and parasite. In these circumstances, if the fish is previously
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uninfected its defences will be so greatly increased that it becomes
completely resistant to infection. If, on the other hand, bacterial
parasitism has already become established, the bacteria tend at first
to increase and a proportion of the fish may die. In time, however,
the surviving fish succeed, in many cases, in eliminating the bacteria
from their bodies.
These points have been demonstrated in a striking manner by the
investigations of Markoff and Jatschewa (1939) on disease of trout
in a Hungarian lake, the main infecting organism being Proteus.
These writers draw attention to the fact that the fish had previously
been subjected to considerable changes of température without ill effect, but that after the commencement of the infection among them
the severity of the disease was greatly accentuated by increased
temperature.
The survival of hæmolytic streptococci in the tissues of fish at
low temperatures is parallelled by observations made by Harkins
(1927), Brunner (1937 -38) and Hettche (1937 -38), who reported the
survival in fresh -water fish of Erysipelothrix rhusiopathics derived from
the offal of infected pigs. On occasion this has been reported as
resulting in the infection of persons handling the fish.
Steinhaus (1940) quotes numerous accounts of the survival of
bacteria, both saprophytes and human pathogens, in Arthropoda.
The adoption of a parasitic and even a pathogenic habit by an
otherwise completely saprophytic species must be of basic importance
in the study of the nature of bacterial disease in animals generally.
It is notable that bacteria provide, similarly, the only examples of
parasitic species which can readily be constrained to adopt a saprophytic existence in artificial culture.

Summary
1. Fresh -water fish may become parasitised by what are ordinarily
saprophytic water bacteria.
2. These do not normally give rise to pathogenic effects, but
may on occasion cause disease or death.
3. Experiments on goldfish have shown that a rise in temperature
from 10° to 23° C. will upset the balance between the host and these
ordinarily harmless parasites.
4. When this occurs there is at first an increase in the number of
bacteria in the tissues of the fish, which may result in death. If the
fish survives, the number declines and the tissues become cleared of
infection.
5. Because of this increase in the anti -bacterial defences of the
fish, they are enabled, at the higher temperature, to withstand initial
infection more successfully.
6. At low temperatures the efficiency of these defences is so low
that even organisms which appear devoid of pathogenic power towards
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fish, e.g. hæmolytic streptococci, are not eliminated from their systems
over a period of some weeks, whereas at higher temperatures their
elimination is rapid and complete.
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THE EFFECT OF TEMPERATURE ON
IMMUNITY IN AMPHIBIA
K. A. BISSET
From the Bacteriology Department, University of Birmingham
LITERATURE

the early work on immunity in cold- blooded vertebrates was intended
to test their resistance to bacterial pathogens of man and other mammals.
Mesnil (1895), Ledingham (1922) and others tried unsuccessfully to infect fish
and frogs with Bacillus anthracis, and agreed that their main defence was
phagocytic. Similar experiments have been many times repeated, and, since
the pioneer work of Metschnikoff (1884, 1887), the importance of phagocytosis
in bacterial disease of lower animals has usually been emphasised. However,
there is some evidence of the occurrence of humoral antibodies, both natural
and acquired, in cold -blooded vertebrates.
Phisalix and Bertrand (1895) found anti -venin in the blood of snakes, and
Friedenthal (1900) demonstrated lysis of foreign blood cells by the sera of
numerous lower vertebrates. Tchistovitch (1899) found a hnmolysin active
against many species in the blood of eels, and Kulp and Borden (1942) produced
agglutinins in a bull frog by repeated injections of a bacterial vaccine.
There is much evidence that infection in lower vertebrates is frequently
caused by non -specific organisms. Wyss (1898), Babes and Riegler (1903) and
Markoff and Jatschewa (1939) reported infection of fish with Proteus. Nobécourt
(1923) produced a fatal infection in frogs by a plant pathogen (Bacillus carotovorus). Calmette (1922) and Williamson (1929) believed that infection of fish
and frogs with saprophytic bacteria might occur. Miura (1924) described cases
in which phosphorescent bacteria derived from marine fish were pathogenic
to freshwater fish. Griffith (1941) found snakes susceptible to avian strains
of Mycobacterium tuberculosis. Harkins (1927) and others described the
survival of Erysipelothrix rhusiopathice in fish. Davis (1921 -22) and Garnjobst
(1945) described the infection of fish with a Myxococcus, normally harmless,
but capable of the invasion of injured tissues at high water temperatures.
In a previous paper (Bisset, 1946), I have demonstrated that fish may
become infected naturally with saprophytic water bacteria, between whose
invasive powers and the defences of the fish a balance appears to exist at low
temperatures. A rise in temperature to about 20° C. will upset this balance,
and the bacteria may then produce disease and even the death of the fish. If
the fish survives, however, it will clear itself completely of infection. Fish
appear also to have much greater resistance to initial infection at higher than
at lower temperatures.
In the bacterial disease of frogs known as " red -leg ", first studied by
Sanarelli (1891) and Russell (1898), it was discovered by Emerson and Norris
(1905) that, in frogs already infected with the disease, its course was completely
controlled by the temperature and could be arrested by placing the frogs at a
little above freezing point. In a similar infection, Ernst (1890) had observed
that frogs appeared to have a greater resistance to initial infection at a higher
than at a lower temperature.
MUCH of
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These observations are entirely compatible with my previous
findings in fish, and accordingly I decided to extend my investigations
to amphibia.
EXPERIMENTAL OBSERVATIONS

The first experiments were attempts to raise the tadpoles of Rana
temporaria in a sterile condition. It is quite simple to remove the
ova from a female frog and fertilise them in vitro with an emulsion of
the testis of a male ; but it is impossible to avoid contamination with
bacteria, derived apparently from the oviduct, which gradually increase
and spread through the albumin of the spawn.
In numerous unsuccessful attempts to sterilise the outside of the
spawn with such substances as KMnO4, mercurochrome, chloroform
and so forth, the minimum concentration necessary to inhibit bacterial
growth was invariably found to be greater than the maximum
tolerated by the embryo. Penicillin was found ineffective because of
the high proportion of Gram -negative bacteria present. It was also
somewhat toxic to the embryo in high concentrations.
Eventually success was achieved by permitting the fertilised ova
to absorb a solution of streptomycin (20 units per c.c.) in the process
of the swelling of the albumin. Completely sterile embryos were
raised up to the commencement of feeding. Because streptomycin is
difficult to obtain this technique had to be discontinued, and it was
therefore decided to employ a pigmented organism that was easily
distinguishable from the bacteria occurring fortuitously in the tadpoles.
Since the degree of infection of the peritoneal cavity was found to be
small, and since fluorescent bacteria were seldom present, a strain
of Pseudomonas fluorescens isolated from water was used for the
remainder of the experiments. This organism was exceedingly
tolerant of temperature variation, growing well at 37° C. and below
10° C., with an optimum in the region of 20° C. It rapidly produced
a strong pigment and was thus readily detectable in impure cultures.

Inoculation of tadpoles

In the first experiments, 0.05 c.c. of a suspension made by
emulsifying a few loopfuls of a 24 -hour culture in 5 c.c. of saline was
inoculated intraperitoneally into each of a large number of tadpoles.
The death -rate from this inoculation was invariably high -from 30
to 70 per cent -and no significance has therefore been attached to it
in the experiments on tadpoles. Conclusions have been drawn solely
from the degree to which the bacteria were able to survive in the
peritoneal cavity of inoculated specimens.
After inoculation the tadpoles were kept for 24 hours at room
temperature, to which they had been accustomed, and the survivors
were then placed in wide -mouthed 50 c.c. flasks -ten to a flask.
Half of the flasks were kept at 8° C. and half at 20° C. The tadpoles
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were fed on sterile minced meat, and at the end of a week they were
killed by placing them in a solution of 5 per cent. urethane in water.
They were then left for a few minutes in 1 per cent. mercuric chloride
solution and opened with sterile precautions ; cultures were made
from the peritoneal fluid.
The results (table) show that the survival of bacteria is much
greater at the lower than at the higher temperature.
TABLE

Survival of Ps. fluorescens in tadpoles at 8° and 20° C.
Batch

Temperature

Total no.

No. carrying Ps. fluoreseens

1

8° C.

31

20° C.

5

21
18
10

27
17
19

6

20

2

3

4

20

3
3

14

There was no apparent difference in the health of the two groups.

Inoculation of adult frogs

For the subsequent experiments adult frogs were used. Two large
frogs were kept at 8° C. and two at 20° C.: all were injected with
0.25 c.c. of a killed suspension of Ps. fluorescens intramuscularly in
the thigh at intervals of two days. After 18 days they were killed
and decapitated, and a few c.c. of blood were taken from each.
Agglutination tests were performed against the homologous organism,
which was agglutinated to a titre of 1 : 2000 by the serum of each of
the two frogs immunised at the warmer temperature. The serum
of the frogs immunised at the lower temperature gave no reaction
at a titre of 1 : 80 -the lowest dilution tested. The serum of two
non -immunised frogs kept at 20° C. for a similar period gave no
agglutinins.
Lastly, two strains of the same organism, which initially had a
low pathogenicity for frogs, were passaged through two groups of frogs
at 8° and 20° C. respectively. 0.25 c.c. of a suspension made by rubbing
up a few colonies in 10 c.c. of saline was injected intraperitoneally.
After two days a few drops of peritoneal fluid were aspirated with a
syringe and cultivated on an agar plate at 20° C. As soon as sufficient
growth had appeared, a few colonies were picked off and suspended
in 10 c.c. of saline, and 0.25 c.c. was injected into the next frog. This
technique was adopted instead of direct reinoculation of the peritoneal
fluid in case any frog should be carrying other bacteria in its body
cavity -as sometimes happened.
From the first six frogs at each temperature, cultures were made
from aspirated fluid at 2 -day intervals and it was discovered that the
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degree of infection at 8° C. remained unchanged for at least two
weeks in every case. Some frogs kept at 20° C. became completely
sterile in four days ; others did not completely clear themselves in
two weeks, although the degree of infection was greatly reduced.
During the 7th, 8th and 9th passages, the strain being passaged
at 8° C. was found to be losing its power of producing pigment.
Much as usual, this appeared after 18 -20 hours' incubation, but it
never developed its full brilliance and faded almost completely after
3 -4 days. To discover whether this was due to conditions of passage
or was an effect of temperature alone a strain of the original organism
was subcultured at 8° C. at 2 -day intervals. After three weeks its
power of pigment production was unchanged.
After the 9th passage, the two strains of bacteria were inoculated
into two groups of six frogs, each of which received 1.5 c.c. of a very
heavy suspension intraperitoneally ; all were kept at room temperature.
After 24 hours, all six of those which had received the strain passaged
at 20° C. (strain A) were dead. One only of those receiving the strain
passaged at 8° C. (strain B) was dead, but during the next day three
more died, though the other two survived. A similar dose was given
to two groups, each of twelve frogs. All that received strain A died
two that received strain B survived. Most of those that received
strain A died much more rapidly than those that received strain B.
Two groups, each of nine frogs, were then given graded. doses of
from 0.1 to 0.9 c.c. of a rather weaker suspension of each strain. In
24 hours, two that received strain A survived, one of which was
moribund ; five that received strain B survived. Before passage,
the original strain was not strongly pathogenic and similar doses
had in all cases failed to produce death. These experiments indicate
that the increase in virulence caused by passage at 20° C. is much
greater than that caused at 8° C.
In the frogs dying of infection there was some slight evidence that
the invasiveness of strain A was also greater ; because, in addition
to the greater speed of death, cultures taken from the muscles of
the thigh showed a more profuse growth of strain A than of strain B
Cultures from the heart blood and from the peritoneal cavity showed
profuse growth in all cases.
Agglutinating antisera were prepared in three rabbits against
strains A and B and the original strain. Cross - agglutination reactions
showed that strain B and the original strain were antigenically
indistinguishable, but strain A did not agglutinate to so high a titre
as the homologous organism with antisera prepared against the other
two strains (1 : 500 for strain A and 1 : 1000 for the homologous
organisms).
;

DISCUSSION

From the above data it appears that the phenomena previously
recorded in fish (Bisset) may be general for cold -blooded vertebrates.
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Bacteria and host, which are tolerant of one another at low
temperatures, become intolerant when the temperature is raised.
To some extent, this fact is explained by the present demonstration
that the production of circulating antibodies in the frog, which is
both potent and rapid at 20° C., is completely inhibited at 8° C.
None the less, the remaining defences of the frog appear to be sufficient
at the lower temperature to restrain the invasiveness of the bacterium
and to induce it to adopt a condition of balanced parasitism, although
it remains potentially capable of producing disease and death.
Paillot (1921) has made a similar observation in insects, but he
claims that phagocytosis is also inhibited. The available evidence
on this point is more fully discussed elsewhere (Bisset, 1947). At the
higher temperature, the infecting bacterium appears also to become
more readily exalted in virulence and correspondingly changed in
antigenic structure, although it grows well at both temperatures.
SUMMARY AND CONCLUSIONS
1. Both adult and larval frogs rid themselves of bacterial infection
more rapidly at 20° C. than at 8° C. At the lower temperature a
condition of symptomless parasitism may result.
2. The production of agglutinins is inhibited at 8° C., whereas at
20° C. they are produced in high titre by inoculation with heat -killed
vaccines.
3.
passage
frogs produces a much greater increase in
virulence in a strain of Pseudomonas fluorescens at 20° C. than at

8° C.

4. A technique is described for the production of sterile amphibian
embryos by the use of streptomycin.
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NATURAL AND ACQUIRED IMMUNITY IN FROGS AND FISH

K. A. BISSET
Department of Bacteriology, University of Birmingham

In two previous papers (Bisset, 1946, 1947a) I have described the effect of
temperature upon the host -parasite relationship in bacterial infections of cold blooded vertebrates. The balance which exists at low temperatures is disturbed,
when the temperature is raised, by increases in both the virulence of the
infecting organism and the immunological responses of the host. In particular,
antibody production is inhibited at temperatures below about 12° C.
Because of the emphasis so often laid in the past upon the importance of
" natural " phagocytic defence in the lower animals (see review of the literature,
Bisset, 1947b), the present experiments were undertaken to discover whether
the observed phenomena of readier elimination of avirulent bacteria from the
tissues and increased antibody production at 20° as compared with 8° C. were
accompanied by a corresponding increase in protection against lethal doses of
virulent bacteria.
It was also hoped that protection experiments might provide a sensitive
test of immunity conferred by short periods of immunisation, in view of the
prolonged courses of inoculation required to produce high -titre antibodies in frogs.
Methods

Frogs were immunised by inoculation intramuscularly in the thigh. Test
inoculations were given intraperitoneally.' The frogs were kept in glass tanks
with an inch of water to prevent drying ; they did not feed in captivity, so
that freshly- caught well -fed animals were essential.
Fish were inoculated through the body -wall, the needle being passed forwards
between the scales. They were fed upon scraps of meat.

Experimental observations

Experiment 1. Two groups of six frogs were inoculated with 0.5 c.c. of
killed suspension of a virulent (passaged) strain of Pseudomonas fluorescens,
one group being kept at 20 °, the other at 8° C. A second inoculation was
given after two days. Three unimmunised frogs were also kept at 20° C. After
two more days all were inoculated with 0.25 c.c. of a suspension of a living
culture and retained at 20° C. Within 24 hours all the unimmunised controls
were dead and all six of the group immunised at 8° C. ; of the group immunised
at 20° C. three had died and three survived.
Experiment 2. The experiment was repeated in a more elaborate form.
Four groups were taken : two of sixteen frogs each were kept at 20° C., of
which only the first group was immunised. The third and fourth groups, of
twelve frogs each, were kept at 8° C., the third being immunised, the fourth
not. Three protective inoculations were given at two -day intervals and, two
days after the last injection, all the groups were inoculated with graded doses
of living culture, from 1 c.c. to 0.1 c.c. of a suspension made from a 48 -hour
agar slope in 10 c.c. of saline. Immediately before the test inoculation one
frog in the first group and six in the second group died, so that the groups
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tested numbered fifteen, nine, twelve and twelve respectively. The dosage w
arranged so that as nearly as possible proportional numbers in these unequa
groups received 1, 0.5, 0.25 and 0.1 c.c. of the test culture.
Within 72 hours three of the fifteen frogs in the first group had died, five
out of nine in the second, and nine and eight respectively out of twelve in the
third and fourth groups.
The last three figures are not significantly different, but the death -rate in
the group immunised at 20° C. was only a third of that in the other groups.
The two experiments show that a considerable degree of protection is conferred
by a very short course of immunisation at a suitable temperature.
Experiment 3. The comparison in experiment 2 between the two unimmunised groups could not be regarded as satisfactory because of the high
death -rate in the second group before the test, which, by removing the more
susceptible individuals, might have reduced the death -rate resulting from the
test. In order to check this point two groups, each of eleven frogs, were kept
unimmunised for a week at 8° and 20° C. They were then inoculated with
similar graded doses of the living organism and left at 20° C.
After 48 hours there were seven deaths in the group which had been kept
at 20° and only two in that kept at 8° C. This remarkable result appeared to
suggest that although acquired immunity was greater after a period in a warm
than in a cold environment, the reverse applied to natural immunity.
Two further experiments were made to verify this.
Experiment 4. One group of seventeen frogs was kept unimmunised at
20° and another at 8° C. After a week all were inoculated with graded doses
of the virulent organism and left at 20° C. After 48 hours there were six deaths
in the first and four in the second group.
Experiment 5. For this experiment " Bronze Carp " (i.e. feral goldfish)
were used. Twelve fish were kept in a tank at 10° and twelve at 20° C. ; the
warm tank was aerated by a jet of water, the cold tank was not aerated. After
the same test inoculation as the frogs had received they were all transferred to
15° C. and the temperature raised, in the course of 3 or 4 hours, to 20° C., so
that all the fish had undergone similar treatment in this respect. In 48 hours
three deaths occurred in the group previously kept at 20° C. The only death
in the other group was of a fish heavily infected in the gills with Saprolegnia
fungus, which died very soon after the temperature was raised. This death can
be discounted.
Experiment 6. To test the effect of temperature upon inflammatory
response, a strain of Bacillus was employed which had been observed to produce
local inflammation when inoculated into frogs. Two groups of ten frogs each,
at 8° and 20° C. respectively, were inoculated intramuscularly in the thigh with
0.2 c.c. of a heavy suspension of the organism.
In 48 hours all those at 8° C. had produced a considerable swelling of the
inoculated thigh, which spread to the other thigh within the next two or three
days. The skin was reddish and the surface vessels were dilated. The inflammation persisted until, ten days later, the animals were killed as serum
controls in another experiment. Only two of those at 20° C. produced observable
swellings, and these lasted only three or four days. Thus although the organism
was, as usual, more rapidly eliminated at the higher temperature, inflammatory
reaction occurred strongly at 8° C.
Discussion
These experiments indicate that although active immunisation of cold
blooded vertebrates is effective at high and ineffective at low temperatures,
natural immunity is actually greater in animals which have been kept at lower
temperatures, although the protection conferred is small by comparison with
-
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the degree of immunity which can be produced by immunisation at 20° C.
It is not improbable that the unfavourable conditions under which the animals
live during laboratory experiments may accentuate these differences in the
unimmunised animals. Those kept at warm temperatures appear to exhaust
themselves more rapidly and are more liable to die at any time than those
kept in the cold. This might be expected from their presumably higher rate
of metabolism. Nevertheless some such conclusion might have been anticipated
from the exceedingly anomalous nature of much of the evidence that has been
recorded of the effect of temperature upon bacterial disease in cold- blooded
animals generally. This has been fully discussed elsewhere (Bisset, 1947b) and
does not require further elaboration here.
It also appears probable that my previous observation upon fish
initial infection takes place more readily at low temperatures (Bisset, 1946)
is open to the interpretation that infection takes place just as readily, or more
so, at higher temperatures, but that the invading bacteria are more rapidly
eliminated.
Summary
1. Active immunisation of frogs at 20° C. confers considerable protection
against a lethal dose of virulent bacteria.. No protection is afforded by
immunisation at 8° C.
2. Natural immunity to infection is slightly greater in frogs and fish which
have previously been kept at the lower temperature.
3. These conclusions assist in the reconciliation of previous anomalous
findings on the effect of temperature in diseases of cold -blooded animals.

that

-
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IN bacterial infections of fish and amphibia, the balance between bacterium
and host which exists at low temperatures is upset if the temperature is raised
(Bisset, 1946) ; there is an increase in both the offensive power of the microbe
and the defensive activity of the host (Bisset, 1947a). This balance is delicate
and complicated, because, while immunity is much more readily acquired at
higher temperatures, antibody production being inhibited below about 12° C.
(Widal and Sicard, 1897 ; Cushing, 1942 ; Bisset, 1947a ; and others), natural
resistance is distinctly higher at low temperatures (Bisset, 1947b). Similar effects
have been reported by Paillot (1921) in insects.
This complex situation may account to some extent for the anomalous
reports of the effect of temperature upon bacterial diseases of cold-blooded
animals. Emerson and Norris (1905) reported that the course of " red -leg "
disease of frogs might be arrested by placing them at a temperature a
little above freezing point. Ernst (1890), working with a similar disease of
frogs, reported that their resistance to infection was greater at higher temperatures. Davis (1921 -22) found that injured fish became infected at high water -

temperatures.
The same anomalies have been reported among the invertebrates. Chorine
(1933) reported that lowering the temperature cured infected caterpillars,
whereas Pospelov (1926) produced the same effect in locusts by raising it. The
available evidence is more fully discussed elsewhere in a review of the literature
(Bisset, 1947e).

Preliminary observations
The initial observations from which the present studies arose
were made upon perch (Perca fluviatilis) and powan (Coregonus
clupeoides) under natural conditions.
It is known that fish are often parasitised by what are otherwise
saprophytic water bacteria (Williamson, 1929 ; Bisset, 1946), and
it was observed that the degree of infection decreases in summer as
the water temperature rises, and increases in autumn (Bisset, 1948) .
It was also observed that as the temperature increases the fish may
rid themselves completely of certain bacterial species. If these
bacteria are commonly present in the water, the fish must resist
reinfection for a certain period. They are nevertheless found to be
infected once more at the end of the winter. Thus the immunity which
they acquire and maintain while the temperature is high must be lost
when it falls.
87
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Experiments were devised to investigate this phenomenon under
laboratory conditions. The common frog (Rana temporaria) was
employed for serological work because these animals survive handling
better than fish, and the available evidence indicates that their
immunological reactions are identical.
Methods

Frogs were immunised by intramuscular inoculation in the thigh with a fine
needle. Serum was taken after decapitation, a few c.c. of blood being collected
drop by drop in a test tube, in four or five minutes, while the action of the
heart still persisted. Clotting was slight, but the corpuscles sedimented readily
and a cell -free serum was easily obtained.
It was found possible to produce agglutinins to high titre in suitably chosen
specimens, but only after repeated inoculation over a period of several weeks.
The final titre depended greatly upon the size and condition of the frog and
end -points were difficult to detérmine. The agglutination reaction progressed
slowly for several days at room temperature until sedimentation of the controls
began to obscure the result. Accordingly a standard test was adopted, giving
final dilutions of 1 : 5, 1 : 10, 1 : 25 and 1 : 50, the results being read after
24 hours at room temperature. Since frogs immunised at 20° C. normally gave
agglutination at much higher titres than 1 : 50, a strong reaction in the final
tube was recorded as 1 : 50+ and taken as the full positive figure. Comparison
of titres in the higher ranges was not attempted, because, as will be seen below,
it was irrelevant to the study of the phenomena under investigation.

Experimental
Expt. I. One group of four frogs was kept at 8° C. and another
at 20° C. ; both groups were immunised on six successive days with
a killed suspension of Pseudomonas fluorescens. The day after the
TABLE

Effect of temperature during and after immunisation on the agglutinin titres
developed by frogs in response to Ps. fluorescens
Temperature ( °C.)
Frog no.

1

2
3

4
5
6
7
8

during
immunisation

7 days after
immunisation

for

Agglutinin titre

50 +

20
20

20
20

20
20

8

1:50+
1:5

8

Nil

8
8

8
8

Nil
Nil

8

20
20

1:10
1:25

8

1 :

last inoculation the two groups were subdivided into four pairs
(table). The first pair, which had been immunised at 20° C., remained
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at that temperature ; the second pair was transferred to 8° C. The
third remained at 8° ; the fourth was transferred to 20 °. After a
week, during which the frogs were not immunised further, they were
killed and their serum was tested against the homologous organism.
Both frogs in the first pair gave agglutination at 1 50+, those in
the third gave no agglutination. The second pair gave only 1 5 for
one frog and nil for the other, showing that they had lost their
agglutinins on transfer from warm to cold, as had been anticipated.
An unexpected result was obtained with the fourth pair, which gave
agglutination at 1 10 and 1 25, showing that antibodies not apparent
when the animals were kept at 8° C. had been produced, without
further immunisation, on their transfer to the higher temperature.
It appeared possible that this result might have been due to antigen
remaining in the bodies of the animals, and to examine this possibility
another experiment was devised.
Expt. II. Six frogs were immunised at 8° C., three being given
two inoculations on alternate days, the other three being given four.
The day after the last inoculation in each case they were removed to
20° C. for a further week and then killed.
The serum of one frog in the first group gave agglutination at
1
5, the other two gave no agglutination in the dilutions tested.
Those in the second group gave agglutination at 1 : 5, 1 5 and 1 : 10.
If residual antigen had been responsible for the antibodies produced,
no great difference between these groups or between them and the
third pair in the previous experiment would have been expected.
The foregoing experiments were regarded as preliminary. For
the succeeding experiments a standard immunisation technique was
adopted. All the animals were inoculated on six alternate days and
control groups were tested which provided positive and negative
:

:

:

:

:

:

points for comparison. The positive control group was composed
of five frogs immunised at 20° C. and tested 24 hours after the
completion of the course: Their sera gave agglutination at 1 : 50+
in each case. The negative control group consisted of three frogs
immunised at 8° C. This group was tested at dilutions down to
1 : 2 and gave no agglutination.
Expt. III. The appearance of antibodies in frogs immunised at
8° C., after their transfer to 20° C., was checked on this scale of
comparison. A group of three frogs was transferred 48 hours after
the completion of the course and tested after a week at the higher
temperature. Their serum gave agglutination at 1 : 10, 1 : 25 and
1 : 25.
In the four examples of this type of experiment, therefore,
the titre of agglutinins was roughly proportional to the immunisation
received before transfer, although so long as the animals remained
in the cold no antibodies were detectable.
Expt. IV. The loss of antibodies when immunised animals were
transferred from warm to cold conditions was further investigated.
Two groups each of nine frogs were immunised in the manner described
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at

after immunisation the first group was transferred to
;
They were then tested in batches of three after two, four and
seven days. Both the first and second batches produced agglutination
at 1 : 25, 1:25 and 1 10, the third at 1:25, 1 : 10 and 1 : 5. Thus the
original figure of 1 : 50+ was greatly reduced after only two days at
the lower temperature ; it fell only slowly thereafter. The second
group of nine was left at 20° C. and tested in batches of three after
three, seven and fourteen days. All these frogs gave the full positive
titre of 1:50 +.
Expt. V. A group of five frogs was immunised at 20° C. and
transferred for a week to 8° C., after which they were re- transferred
to 20° C. for a further period of four days, killed and tested. All
five gave agglutination at 1 50 +. It may be assumed that the
titre of circulating antibody in the serum of this group after a week
at the lower temperature would not have exceeded 1 25, and was
probably much less (see expt. IV), so that these figures indicate an
immediate restoration of antibody titre on return to 20° C. The
experiment was repeated with a further group of three frogs and
identical results obtained.
Expt. VI. In order to discover whether the antibodies which
appeared and disappeared in this manner from the serum of frogs
could be detected in their tissues, the livers of three frogs immunised
at 20° C. and giving serum agglutinins at 1 50 +, and of two frogs
immunised at 8° C. which gave no agglutination at 1 2, were ground
up with sterile sand and suspended in saline. The livers (weight
approximately 0.5 g. each) were suspended in 1 c.c. of saline, which,
after the sedimentation of the larger particles, gave a dilution of
roughly 1 4. The suspensions were centrifuged for a few minutes
at low speed, and final dilutions of 1 : 12, 1 : 24 and 1 : 50 were made
with a suspension of the homologous organism. No agglutination
occurred in 48 hours at room temperature in any of these dilutions,
and no difference could be detected between the reactions of the
two groups.
20° C.

8° C.

:

:

:

:

:

:

Discussion

It appears from these observations that it is possible for coldblooded animals to acquire immunity at low temperatures, although
it is not manifested until the temperature is raised. Similarly, an
animal immunised at a high temperature does not exhibit immunity
as long as the temperature is kept low. Two distinct mechanisms,
therefore, seem to operate in the process of immunisation. The first
is the acquisition of the potential for antibody manufacture, the
second the actual production of antibodies and their appearance in
the blood. Of the two, the production process is the more affected
by temperature ; unless this is sufficiently high production of antibodies is inhibited, and if these have already been produced they
commence to disappear from the serum.
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Thus under natural conditions immunity is presumably raised and
lowered according to the seasonal changes of temperature and requires
no prolonged period of immunisation to replace it when lost. This
hypothesis, taken in conjunction with the greater natural resistance
which such animals exhibit at lower temperatures, goes far to explain
the contradictory accounts, previously mentioned, of the affect of
temperature upon actual diseases of both invertebrates and cold blooded vertebrates. If the infecting bacteria are antigenically
unfamiliar to the animal the initial infection will progress more readily
at high temperatures. If, on the other hand, some degree of equilibrium
is already established between parasite and host, the increase in
temperature will upset it, and unless the virulence of the bacteria is
so greatly enhanced as to enable them to destroy the animal they
will be eliminated (Bisset, 1946).
It appears .possible that the techniques here initiated may be of
value in the elucidation of some basic problems of immunology.
Summary

Frogs immunised at 8° C. do not produce serum agglutinins.
When transferred without further immunisation to 20° C. they
commence to produce agglutinins.
2. Frogs immunised at 20° C. produce serum agglutinins, often
to a very high titre. If the frogs are transferred to 8° the titre is
at once reduced to a very low figure. On their return to 20° it is
restored.
3. Experiments suggest that similar phenomena occur in nature
in fresh -water fish.
4. Acquisition of the potential for antibody production is thus
distinct and separable from the production of antibodies and their
appearance in the circulation. In cold -blooded animals the second
stage is the more affected by temperature.
5. It is suggested that the techniques described in this work may
usefully be employed in the study of more general immunological
problems.
1.

I wish to express my thanks to the Royal Society for a grant in aid of this
work.
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INTRODUCTION
Since the discovery in the seventies of the last
century of the influence of bacteria in the causation
of disease, almost the whole of the research on such
diseases, the modes of action of pathogenic bacteria
and immunological reactions has been carried out on
man and other warm- blooded animals. Yet it is
recognized that infection and immunity occur in all
classes of animals. In fact, bacteria are known to
attack almost all living organisms which to some
degree all show immunological response, not always
in complete accord with the hypotheses derived
from observations on warm- blooded animals.
There is some justification for dividing bacterial
diseases, for purposes of study, into those that affect
animals possessing an effective temperature -regulating mechanism, and those that affect the remainder of the animal kingdom, in which temperature regulation is less exact. The latter group
comprises many diseases having certain characters
in common, namely, the tendency to be generalized
conditions lacking any regional inflammatory
reaction (Sweetman, 1936; Bisset, 1946), to be
greatly influenced by the external temperature, and
often to be caused by common saprophytic or gutor ecto- parasitic bacteria.
The study of this group of diseases is complicated
by the fact that most cold -blooded vertebrates and
invertebrates, except insects, are aquatic and usually
marine. Consequently many observations have been
made on animals in aquaria, where conditions are
not normal, and little is known of the diseases
affecting the majority of invertebrate groups. On
the other hand, information on the diseases of insects
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is comparatively plentiful. The interest in diseases
of insects has been much greater in France and in the

United States than in Great Britain, largely due to
the greater importance of agricultural pests in those
countries, and in France to the economic value of
the silk industry. Possibly for the latter reason,
almost all the extant work on immunity in insects
has been performed upon caterpillars of the Lepidoptera.
Unfortunately, specific names have often been
given to bacteria apparently causing disease,without
adequate evidence of their pathogenicity or comparison with similar bacteria occurring elsewhere.
This practice seems to have led to several widely
distributed saprophytic bacteria being each given
several specific names, and to mixed being mistaken
for pure cultures. A classical case is that of the
Cocco- bacillus acridiorum of d'Herelle (1911, 1914),
which was isolated from an epizootic of locusts in
Mexico, and widely distributed for control purposes.
The purity of the cultures, and the justification of
the specific rank were strongly criticized in many
quarters (Paillot, 1933). This did not deter Kufferath
(1921) from according the same distinction to the
next organism, a Staphylococcus, to be isolated from
an epizootic oflocusts, this time in Greece. Similarly,
the bacillus described by Patterson (1903) as the
primary infective agent in Saprolegnia disease of
salmon was discovered to be a mixture of Proteus and
Pseudomonas fluorescens (Bisset, 1946). Such instances could be multiplied indefinitely.
In the group of animals under consideration
diseases due to ultra -microscopic viruses, protozoa
and fungi appear to be as widely distributed as are
those due to bacteria, but are not discussed.
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2. BACTERIAL DISEASES OF COLD -

BLOODED VERTEBRATES

Fish
Diseases of fish have attracted attention on many
occasions in the past. It is recorded that in 1680 fish
died in large numbers in a lake in Mansfeld, their
bodies being covered with violet patches (Ozanam),
and many other instances might be given, but for the
fact that from the accounts. in the early literature
mass mortality from other causes cannot readily be
distinguished from mortality due to bacterial
(a)

disease.

Probably the first disease offish to be scientifically
investigated was an epizootic which occurred among
perch, in Lake Geneva, between 1866 and 1868
(Ogle, 1873). It took the form of a generalized
bacteraemia (as diseases of fish so often do), and
much interest was caused at the time by the fact
that bacteria appeared in the blood stream during
the life of the fish. Because of the obvious cloacal
discharge it was called `Fish Typhoid'.
Of the bacterial diseases of fish so far described
the most economically important is Furunculosis'
of the Sahnonidae (Plehn, 1924; Mackie et al. 1930;
and others). The name is an unfortunate one,
because, although the disease is associated in some
cases with boil -like lesions in the surface muscles,
it is a generalized bacteraemia characterized by rapid
liquefaction of the kidney. The causative organism,
usually called Bacterium salmonicida, is a small,
motile, Gram -negative rod, producing an intense,
brown, diffusible pigment in culture.
From an original focus, probably in Denmark or
North Germany, this disease has been disseminated
by hatchery -bred trout over much of the Northern
Hemisphere. The trout, although not highly susceptible as adults, may suffer from the disease when
young, and after recovery carry the organism in the
kidney whence they excrete it into the water.
Salmon, however, are highly susceptible, and in the
late nineteen -twenties this disease caused such havoc
in Scottish salmon rivers that, in 1937, it became
a `notifiable disease', by Act of Parliament. Certainly the first disease of fish to be accorded this
distinction.
One of the most interesting infections of fish to
have been investigated bacteriologically occurs in the
Mississippi basin and is caused by a Myxococcus
(Davis, 1921; Garnjobst, 1945). The organism is
commonly present in the slime of the fish and is
normally harmless. Under conditions of high temperature and low water, however, it may cause an
epizootic disease with heavy mortality.
Many other bacteria, of a wide variety of groups,
have been isolated from infections in fish; e.g. phosphorescent bacteria (Miura, 1924; Harvey, 1940),
acid -fast bacilli (Sutherland, 1922; Aronson, 1926),

Erysipelothrix (Harkins, 1927; Brunner, 1938
Hettche, 1938), Proteus (Wyss, 1898; Babes
Riegler, 1903; Markoff & Jatschewa, 1939), Gram
positive cocci (Anderson, 1909; Bisset, 1946),
Bacillaceae (Ceresole, 1900).

&

(b) Amphibia and reptiles
Among cold -blooded vertebrates, other than fish,
the disease which has received most attention is that
known as Red -Leg' in frogs (Sanarelli, 1891;
Russell, 1898). The name is derived from the sub.
cutaneous haemorrhages in the belly and thighs
which are a constant sign of the disease. The
organism is usually described as Proteus hydrophilus,
but doubt has been cast on the validity of the generic
name (Wilson & Miles, 1946). Although originally
described in aquaria and frog farms it occurs in
nature (Kulp & Borden, 1942). Infections of a
similar kind have been reported by Ernst (1890),
Venulet & Padlewski (1913) and many others.
References to diseases of reptiles are uncommon,
Snakes have been found to be infected with acid-fast
bacilli (Sibley, 1889; Griffith, 1941) and possibly
with Gram -positive cocci (Cockburn, 1946).
(c) Immunity in cold -blooded vertebrates
Since the work of Metschnikoff (1884, 1887),
Balbiani (1886), Ruffer (1891) and others, great
emphasis has been laid on the importance of phago
cytosis in the immunity of lower animals. This

question has been so fully studied that a complete
review'is not attempted here.
Phagocytosis has frequently been demonstrated
in cold-blooded vertebrates, usually in the course of
experiments designed to test their resistance to
pathogens of mammals, and in particular the anthrax
bacillus (Mesnil, 1895; Ledingham, 1922). A very
full account of phagocytosis in the frog was given by
Kanthack & Hardy (1892), but here again the
organism studied was not a natural pathogen of
frogs but the anthrax bacillus. T3ie complete
immunity of cold -blooded animals to this organism
seems to have occasioned surprise.
The striking nature of the phenomena of phago
cytosis, combined with the unexpected oomph.
cations in the production of humoral antibodies in
cold -blooded animals, appears to have led to a wide
spread belief that antibodies were completely absent.
There is much evidence to the contrary, however.
Agglutinins have been produced in both fish and
frogs by the inoculation of these animals with
bacteria, living or dead (Widal & Sicard, 1897;
Pliszka, 1939; Kulp & Borden, 1942; Bisset, 1947),
or foreign proteins (Allen & McDaniel,1937 ; Cushing,
1942). In almost every case these investigators drew
attention to the paramount importance of tempera.
ture. Widal & Sicard, who employed living cultures
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of typhoid bacilli as antigen, found that frogs would
produce agglutinins at 37 and 21° C. but not at 12° C.

Pliszka, Bisset, Allen & McDaniel discovered that at
temperatures between 18 and 25° C. agglutinins

produced, whereas below 10° C. they were
entirely absent. Cushing, employing temperatures
of 15 and 28° C., was able to produce antibodies in
were

fish

at both temperatures, but much more rapidly

at the higher one. The paradoxical results of Kulp &
Borden (1942), who after repeated failures succeeded
in producing agglutinins in a bull -frog, were probably

to the same cause. This almost certainly applies
numerous failures in the past to demonstrate
antibodies in the blood of cold-blooded animals.
In all the experiments just mentioned controls
were used; unimmunized animals produced no antibodies at either temperature, except in the case of
carp, used by Cushing, which showed natural
agglutinins in low titre at both temperatures for the
sperms of the sea- urchin. Schwarzmann (1927)
stated, however, that normal frog serum contains
haemolysins and haemagglutinins for the erythrocytes of various mammals, and that these vary in
titre according to the season of the year. It may be
assumed that here also temperature is the important
clue

to the

factor.
This effect is further discussed in a later section.
3.

BACTERIAL DISEASES OF
INVERTEBRATES

(a) Protozoa
Bacterial infections of Protozoa have been studied.
Bourne (1891) observed what he believed to be
infecting bacteria in a large Amoeba, and Petschenko
(1910) observed the course of a bacterial infection in
Paramecium, which resulted in the destruction of the
nucleus. Petschenko showed that, in culture, a strain
of Paramecium was rapidly evolved, which was much
more resistant to the disease.
The question of immunity in Protozoa was discussed by Métalnikov (1926), who quoted evidence
that an individual might be trained greatly to
increase the rapidity of its elimination of harmful
particles. Although this may be regarded as an
immunological reaction its connexion with food -

selection mechanisms is apparent.
(b)

Insects

It is not surprising that the diseases of insects of
which we have the most information are those
affecting the insects domesticated by man, the silkworm and the honey -bee. In both it is the larva
which most usually suffers from bacterial infection.
The various foul- broods' of the bee (Tarr, 1937,
1938 a, b ; and others) are exceptional among diseases
of insects in that they are usually caused by Grampositive bacteria, the celebrated Bacillus larvae of
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American Foul Brood being probably the best known
of all insect pathogens ; Gram-positive cocci have
also been incriminated in the production of foul brood' (Davis & Tarr, 1936). The spores of B. larvae
are carried about the hive by adult worker bees, the
larvae are infected in the brood cells and rapidly
reduced to glutinous, brown masses. Thereafter the
bacteria sporulate until redisseminated by workers
cleaning the cells. The adult bees appear to be totally
immune. The infection is probably carried from hive
to hive by the theft of honey from weak, infected
colonies by strong, uninfected ones, which thus
infect themselves. Other bacterial brood diseases of
the bee are similar but have been less fully worked
out.
Gram -positive cocci have been isolated from a
small number of other infections of insects ; e.g. a
Streptococcus from a disease of caterpillars of the
gipsy -moth (Glaser, 1918 b), which was also exceptional in being, experimentally, fairly specific for
its host ; a Staphylococcus from locusts (Kufferath,
1921); and a Staphylococcus in one of the rare
examples of a disease of adult house -flies (Glaser,
1924), producing, after a lengthy period of incubation, distension of the abdomen and death.
The majority of recorded bacterial infections of
insects have been caused by small, Gram -negative
cocco-bacilli (Paillot, 1933), and the best known
diseases are those collectively entitled `flâcherie' in
silkworms. The literature on the subject is extensive
and not very enlightening. It was reviewed by
Glaser (1914) and Paillot (1927, 1933).
These infections are generalized, bacteraemic conditions, usually commencing in the gut by the ingestion of potentially pathogenic bacteria. Indeed,
as in the case of cold -blooded vertebrates, almost all
bacterial infections of insects appear to be generalized (Sweetman, 1936).
Disease has long been recognized as important in
checking the ravages of insects among crops,
especially in warm climates. Krasilshtshik (1893)
described two infections among swarms of grasshoppers in Russia. One of them, because of the
blackening which it caused in the body of the insect,
he termed graphitose'. Destructive diseases of
larvae of agricultural importance have often been
reported in America (White, 1923 a, b), including the
infamous Colorado beetle (White, 1928, 1935).
Paillot (1917, 1919c) described an epizootic disease
of cockchafers caused by a bacillus of remarkable
morphology, resembling Pseudomonas malvacearum
(Stoughton, 1929) and other plant pathogens in its
chromatinic structures.
The lethal effect of a disease oflocusts, observed in
Mexico by d'Herelle (1911, 1914), led to attempts to
utilize the infecting organism for control purposes.
Some success was achieved (Sergent & l'Héritier,
1914), but not sufficient to warrant continuation of
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the method. Biological control of insects by means
of bacterial disease has been widely attempted,
particularly in the case of the beetle larva known as
the European corn-borer (Chorine, 1931), and certain
caterpillars (King & Atkinson, 1928), but the results
have not been uniformly encouraging. Much of the
information on this subject is to be found in the
works of Paillot (1933), Sweetman (1936) and
Fernald & Shephard (1942).

Vicher, 1928). Métalnikov believed natural immunity to be exclusively phagocytic (1925), although
he showed that some insects could acquire powerful
antibodies by immunization, within a few hours
(1920d; Métalnikov & Gaschen, 1922). This pheno.
menon was also demonstrated by Paillot (1920 a, b)
who emphasized the importance of humoral anti.
bodies. In the earthworm phagocytosis has been
studied by Lim Boon Kong (1895) and Cameron
(1932), and in insects by Cameron (1934) and others,
Particular attention has been paid to the destruction
(c) Other invertebrates
bacillus (Hollande, 1920 ; Hollande &
Information on diseases of invertebrates other of the tubercle
1928; Hollande & Gély, 1929). Fiessinger
Aghar,
than insects is very scanty. ZoBell (1946) gives a observed (1920) that this
after ingestion
short summary of some recorded instances in marine by the phagocytes of theorganism,
bee -moth, retained its
animals, but it is the author's opinion that some of
for guinea -pigs. Métalnikov (1920e)
the examples quoted as bacterial infection are ex- infectiveness
that
this was due to the survival of
believed
ceedingly doubtful. Among the best documented of
for exceptional periods. Zernoff
occasional
bacilli
such diseases are a general infection of `sand -fleas' (1928) showed that passive immunity
could be con.
(the amphipod Crustacea, Orchestia and Taloron the larva of the bee -moth by the injection
ferred
chestia) by a luminous bacterium, causing the ineither of washed leucocytes or of cell-free serum
fected animals to appear luminous (Inman, 1927), from an immune larva.
and a shell disease of lobsters (Hess, 1937) caused by
The extreme rapidity with which certain insects
thitinoclastic bacteria.
acquire immunity, apparently both humoral and
phagocytic, after injection with heat -killed vaccines,
(d) Immunity in invertebrates
enabled Métalnikov (1926, 1932) to perform a
It is well known that phagocytosis was first number of remarkable experiments. The most
observed in an invertebrate, Daphnia (Metschnikoff, interesting were those in which he showed that in
a caterpillar, tightly ligatured about the middle,
1884), and, as has been remarked in the case of cold blooded vertebrates, much weight, perhaps over- immunization of the posterior half conferred
much, has since been placed upon it. A great deal of immunity upon that half alone ; while immunization
the anterior half produced immunity in the entire
evidence exists however, to demonstrate the presence
of humeral antibodies in the blood and body fluids of animal, apparently transferred by the nervous'
invertebrates. It is rather surprising to find that our system.
It should be noted that in the majority of cases
knowledge of immunological reactions in invertebrates, especially marine forms, greatly exceeds our where phagocytosis has been observed, and has been
meagre information of their actual diseases. Some claimed to be the main if not the sole defensive
of this immunological work has been reviewed by mechanism, no attempt whatever has been made to
Cantacuzène (1919b), and more recently by Huff discover whether humoral antibodies exist. Where
(1940). The question of the protective function of they have been sought they have usually been
insect blood is also referred to by Mellanby (1939). found.
An exactly similar observation to that made by
Cantacuzène demonstrated agglutinins, lysins and
complement -fixation in several species of crab several workers (p. 129) on the influence of tempera
(1912 a, 1913 a, b, c), agglutinins in a snail (1916), ture on the production of antibodies in cold -blooded
an ascidian (1919 a), Sipunculus (1922 a, b, c), Maia vertebrates was made by Paillot (1921 b) on cater
(1923) and P.hascolosoma (1925). His attempts to pillars of the bee -moth. Paillet claimed, however,
demonstrate the presence of complement in marine that a reduction in temperature from 20 to 10° C.
invertebrates were, however, unsuccessful (1912 b), inhibited, not only the production of antibodies, but
as were those of Hollande (1919) and Paillet (1921 a) also phagocytosis.
It is not intended to discuss here the question of
with insects. Despite the absence of complement,
haemolysis and bacteriolysis have frequently been bacterial symbionts' in insects. Insects like other
described in insects (Paillot, 1919 b, 1920 a, b, 1921 a, animals carry bacteria in the gut, these appear to be
c; Métalnikov & Gaschen, 1922 ; Métalnikov, 1923; mainly the species which occur commonly in thee
Couvreur & Chahovitch, 1921 a, b). Agglutinins in food (Cao, 1906; Muzzarelli, 1925). There is some
insect blood have been demonstrated in vitro by evidence that these bacteria are beneficial or even
Glaser (1918 a). Passive immunity has been con- necessary to the host, in order to break down other
ferred on insects by the inoculation of immune wise unassimilable foodstuffs (Leach, 1931, 1940;
serum of the same species (Zernoff, 1928 ; Hollande & Steinhaus, 1940; Blewett & Fraenkel, 1944). Bacteria
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thus acquired by the larva seem to be able to survive
pupation and reappear in the imago (Petri, 1910;
Glaser, 1923; Leach, 1926, 1934; Johnson, 1930),
although the degree of infection may diminish considerably on emergence (Bacot, 1911 a, b; Ledingham, 1911). In some genera (e.g. Culex) this phenomenon is not found, and the imagines emerge sterile
although the larvae may have been heavily infected
(Violle & Sautet, 1937). Some work has been done
on the comparative resistance to bacterial infection
of the various stages in the life of an insect. Chigasaki (1925 a, b) found the larva of Galleria more
resistant than the imago. The pupa had less resistance than either. Their capacity to acquire immunity
by `vaccination' was in like proportion. Métalnikov
(1925) found little difference between the stages,
while Li Hap (1937) reported that phagocytosis by
wandering haematocytes was much less marked in
the imago. It is worthy of notice that the great
majority of recorded diseases of insects affect the
larva alone, although in the case of a fatal infection
of house -flies the bacterium, which is acquired during
the larval stage, produces the disease only at or after
metamorphosis (Roubaud & Déscazeaux, 1923).
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caterpillars, Pospelov (1926) in locusts, Inman (1927)
in sand -fleas, Cameron (1934) in caterpillars of the
bee -moth, and Davis & Tarr (1936) in bees. While,
experimentally, Toumanoff (1925) found the stick
insect to be highly susceptible to infection with B.
tumefaciens, a plant pathogen, Métalnikov (1920a, b)
showed that insects are highly susceptible
to inoculation with many common saprophytes.
Cases have also been reported where a specific
disease appears to be associated regularly with the
occurrence of more than one bacterium, although
only one of these is capable of causing the initial
infection ( Paillot, 1919a; Trensz, 1933).
Among the factors determining the appearance of
pathological effects in a previously harmless infestation, temperature and humidity appear to be
specially important. Pospelov (1926) found that a
temperature of 20° C., with a high humidity, caused
a normal gut -parasite of locusts to produce disease
and death. A fall in humidity and a rise in temperature to 28° C. cured most of the survivors of
infection. King & Atkinson (1928), working with
a disease of Euxoa caterpillars, found that the
bacterium was normally present in many of the
insects, but that epizootics started only in hot,
humid weather.. Chorine (1933) found that when
4. INFECTIONS BY BACTERIA COMMONLY
infected caterpillars were brought from the extreme
REGARDED AS NON -PATHOGENIC
heat of the desert into the laboratory, they were
Many workers have expressed the opinion that frequently cured by the fall in temperature.
saprophytic bacteria, or normally non -pathogenic
In insects, the introduction of gut-parasites into
gut- or ecto- parasites, may upon occasion cause the haemocoel will frequently cause disease (Sawa disease and death of cold-blooded animals. The dis- mura, 1906; Chatton, 1913). On the other hand,
tinction between saprophytes and gut- parasites of diseases caused by bacteria that are normally gut such animals is not a clear one. As noted on p. 131, parasites may be confined to the alimentary tract
the gut -parasites of insects are usually those bacteria (Picard & Blanc, 1913; Paillot, 1927).
occurring commonly in their food. In the case of
In both the cases recorded on p. 131, of disease
cold -blooded vertebrates also, the bacteria present in marine invertebrates, the organism incriminated
in their food and in the surrounding water are usually was indistinguishable from non -pathogenic forms.
to be found in their gut (Houston, 1905; Bettencourt
The luminous bacterium causing disease of Amphi& Borges, 1909; Browne, 1917). With animals
pod Crustacea appeared to be a normal gut -parasite,
possessing a moist integument bacteria may invade causing disease only in hot August weather (Inman,
the tissues through this surface. This has been shown 1927).. Similarly, chitinoclastic bacteria, apparently
to occur in earthworms (Cameron, 1932) and goldfish identical with those causing disease in lobsters (Hess,
(Bis:-,A, 1946), and the author has also demon1937), are common, sea.-water dwelling saprophytes.
strated it in slugs by the method employed by It was observed that lobsters from lobster -pounds
Cameron on earthworms, which consists simply in were often more seriously diseased than were `wild'
placing the outside of the animal in contact with lobsters caught in the same area.
a culture of an easily recognized, pigmented
Among the cold -blooded vertebrates a very similar
organism, which can afterwards be recovered from state of affairs appears to exist. In addition to the
the body cavity of experimental animals but not of wide variety of infecting organisms recorded already,
controls. Normally the defences of the host appear Nobécourt (1923) produced a fatal infection in frogs,
to be sufficient to keep in check the potential patho- with a plant pathogen, B. carotovorus, while Cal genicity of the bacterium, but occasionally disease mette (1923), Williamson (1929) and Bisset (1946)
may result. Balbiani (1886) first observed this believed that fish and frogs might become infected
phenomenon in a variety of species of Arthropoda, with saprophytic water bacteria. Here also temKrasilshtshik (1893) described it in grasshoppers, perature appears to be an important factor, and in
Sawamura (1906) in silkworms, Chatton (1913) in many cases infections of cold-blooded vertebrates
cockchafers and silkworms, Glaser (1925) in tent- are completely controlled by it (Ernst, 1890;
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Emerson & Norris, 1905; Markoff & Jatschewa,
1939; Bisset, 1946, 1947).
Some of the apparent anomalies with respect to
the effect of temperature are discussed in the next
section.
Damage to tissues caused by handling may be
sufficient to permit the entrance of otherwise harmless bacteria, and so cause disease in fish (Davis,
1921) ; and a mixed infection with what appeared to
be water bacteria has been observed in the swim bladder of trout suffering primarily from a helminthic disease (Drew, 1909). Similarly, RavitchStcherbo (1936) described a pigmented bacillus,
normally confined to the gut of Amphioxus, which
under aquarium conditions was liable to cause a
generalized infection.
5.

THE INFLUENCE OF TEMPERATURE
ON BACTERIAL DISEASES OF

COLD -BLOODED ANIMALS
The importance of the external temperature has
already been remarked, but its effects are frequently
anomalous ; for instance, Emerson & Norris (1905)
reported that, in frogs infected with `Red -Leg', the
course of the disease might be arrested by placing
them at a temperature a little above freezing- point,
but it would run its usual course when they were
restored to room temperature. While Ernst (1890),
working with frogs suffering from a similar disease,
reported that their resistance to initial infection was
greater at higher temperatures, Davis (1921) found
that injured fish readily became infected at high
water temperatures, and Mackie et al. (1930) found
that outbreaks of Furunculosis' among salmon and
trout coincided with warm weather and low river
levels. The same anomalies have been reported
among the invertebrates. Several workers have
observed the increased incidence of epizootics among
insects in hot, humid weather (Fernald & Shephard,
1942), whereas Pospelov (1926) found that a rise in
temperature would cure locusts suffering from a gut
infection.
Bisset (1946) reported that when fish, parasitized
by what appeared to be saprophytic water bacteria,
were placed at a temperature of 20° C. the degree of
infection increased and some of the fish died, but the
survivors cleared themselves completely of infection.
In groups of fish kept constantly at 10° C. they
appeared incapable of clearing themselves and a
condition of symptomless parasitism persisted. Uninfected fish were much more resistant to initial
infection at 20 than at 10° C.
It has already been recorded that in both insects
and lower vertebrates a reduction in temperature
from 20 to 10° C. results in an almost complete
.

cessation of production of humoral antibodies. It
has also been shown (Bisset, 1947) that whereas

infected with Pseudomonas fluorescens,
eliminate it from their bodies much more rapidly at
20 than at 8° C., the bacterium, although capable
of growing well at both temperatures,is more greatly
enhanced in virulence by passage through a series of
frogs,

frogs at 20 than at 8° C.
It is perhaps in the interplay between the effect of
temperature upon the invasiveness of bacteria and
upon the defences of cold -blooded animals that the
explanation of some of these anomalies is to be

found.
DISCUSSION
A review is given of some of the literature concerned
with bacterial infections and immunity in inverte
braces and cold -blooded vertebrates. Among the
former, insects have been most fully studied,
although a certain amount is known of the immunological reactions of marine invertebrates. Diseases
of insects are mainly generalized, bacteraemic conditions, and the great majority are caused by Gramnegative cocco-bacilli. Diseases 'of cold- blooded
vertebrates also are usually generalized, but bacteria
from a very wide variety of groups have been isolated
from them.
It is probable that this resemblance in the in.
fections of these widely separated groups of animals
is due to the fact that, unlike mammals and birds,
with whose reactions we are more familiar, the
regulation of their temperature and the constitution
of their body fluids is not exact. This toleration of
wide variations of their own physical and chemical
constitution must reduce their sensitivity to the
changes produced by infection, and hence decrease
the likelihood of a local reaction, designed to confine
the invading organism to the immediate region of
its point of entry, i.e. a local inflammation.
The production of humoral antibodies appears to
be almost universal in the animal kingdom, although
greatly affected by changes in temperature.
The effect of temperature upon the balance between host and parasite is also discussed. This
question bears upon the problem of occasional pathogenesis by saprophytes. Even among mammalian
pathogens the borderline between parasite and saprophyte is an indistinct one, especially in such cases
as Proteus and Pseudomonas pyocyanea, and even
those species which are usually regarded as exclusively parasitic may readily be constrained to
adopt a saprophytic existence on artificial culture.
Where cold -blooded animals are concerned the
boundary is even more difficult to draw, and it is
possible that under suitable conditions, bacteria
which are normally saprophytes may be capable of
causing infection. This point will be impossible of
proof until more sensitive means of definition of
bacterial species are discovered.
6. SUMMARY AND
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ledge of the relationship between animal host and

7. CONCLUSION

Although the study of disease of lower animals was
nitiated in the early days of bacteriology, and a
3onsiderable amount of work has from time to time
been performed, it has not received wide attention,
3ither from medical bacteriologists or from biologists,
and research has been sporadic and disconnected.
Phis has resulted in an exceedingly one -sided know-
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Even the brief mention which has been possible
in this review of the unexpected phenomena of
immunity in some of the neglected 99 % of animal
species may serve to indicate how much light may
yet be thrown upon the general nature of infection
and immunity by a wider extension of the field of
inquiry.
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INTRODUCTION
The problem of bacterial infection in cold -blooded
animals is a complex one. Evidence has been pre-

sented that infections of aquatic animals are
frequently caused by saprophytic water bacteria
(Williamson, 1929; Bisset, 1946), although specific
pathogens may also be responsible, as in the case of
'furunculosis' of the Salmonidae (Mackie, Ark wright, Pryce -Tannatt, Mottran, Johnston, Menzies
& Martin, 1930). External conditions, especially
temperature, appear to influence very greatly the
nature of the infection (Bisset, 1947b). It has been
shown (Bisset, 1946, 19.47a), that there exists, at
low temperatures, a balance between the body
defences of cold-blooded vertebrates and the pathogenic powers of their bacterial parasites. At higher
temperatures the mutual tolerance is upset by
increases in both these factors and disease and
death of some of the animals may result, but the
survivors usually clear themselves completely of
infection. The balance is also affected by the fact
that whereas acquired immunity in these animals is
very much greater at higher temperatures, natural
immunity to new infection is somewhat greater at
lower temperatures (Bisset, 1947e). Antibody production is especially sensitive to changes in temperature and is inhibited below about 10° C. (Widal &
Sicard, 1897; Pliszka, 1939; Bisset, 1947a).
The object of the present study was to determine
the nature and extent of bacterial infection in
fresh -water fish under natural conditions, and the
effect upon it of seasonal changes in temperature.

Cultures were made upon Zemeo agar and were
incubated at 20° C. aerobically. As sterilization of
instruments was impracticable, where large numbers
of fish were examined under field conditions, the
following technique was adopted for taking inocula
from the peritoneal cavity. A transverse incision
was made in the abdominal wall near the posterior
end of the cavity. The opening was held apart with
forceps, and the inoculating wire was passed
forward into the cavity, so as to avoid touching the
sides of the incision, or the part of the cavity which
might have been liable to contamination through the
.

opening. The wire was, of course, sterilized before
and after each culture was made.
POWAN (LOCH LOMOND)
The Powan, which is an aberrant member of the
fished
in Loch Lomond
during the summer months. Samples of about 100
fish were taken on three occasions in 1947, in the
third week in July, the second week in August, and
the second week in September. Cultures were made
from the peritoneal cavity and the opercular cavity.
The bacteria isolated from the latter being assumed
to represent the external flora of the fish, uncon-

taminated by handling.
After incubation for 48 hr. at 20° C. the cultures
were classified as profuse, if consisting of numerous
colonies or confluent growth; slight, where the
number of colonies was small; and nil, if there was
no growth. Cultures from the opercular cavity were
invariably profuse. The results of cultures from the
peritoneal cavity were as shown in Table 1.

TECHNIQUE

Table

The fish studied were Powan (Coregonus clupeoides)
from Loch Lomond and Perch (Perca fluviatilis) from

Lake 'Windermere, and from Whitacre Reservoir,
Warwickshire. The fish were examined bacteriologically immediately after being caught, and in
most cases had not been dead for more than a few
minutes. It is therefore assumed that the bacteria
isolated from them represented the flora of the fish
during life. The perch were trapped in wire traps, on
the lobster -pot principle; the powan were netted.
The fish were not in either case subjected to gross
damage or mishandling.

1

Cultures from

Water
temp. No. of
Date
July
August
September

peritoneal cavity

(° C.)

fish

Profuse

Slight

Nil

14.0
16.5
18.0

118
99
83

91

23
36
28

13
14

50
41

4

Thus the degree of infection showed a steady
decrease throughout the warm season.
In any batch of fish the bacteria isolated from
the peritoneal cavity were morphologically and
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culturally identical with those from the opercular
cavity. A batch consisted of the fish taken in a
particular cast of the net, of which five or six were
represented in each monthly sample. There was
some variation between the batches. In the July
cultures an easily recognized Gram -negative coccobacillus, producing a canary yellow colony, may be
taken as an example. This organism occurred in all
the cultures from both gill and peritoneal cavity in
two batches, in three - quarters of the cultures from
both sites in one other batch, and was almost
completely absent from the remaining two batches.
Each batch, or cast of the net, may reasonably be
taken to represent a portion of a single shoal,
feeding in one place.
The species of bacteria in each monthly sample
were very much the same, differing only in the
proportions in which they occurred. They resembled
common species of water bacteria; chromogenic
organisms were common, and both Gram -positive
and Gram -negative forms were represented.

PERCH (LAKE WINDERMERE)*
The technique of examination of these fish differed
from that described above, because a large proportion of them were alive when examined. A drop
of peritoneal fluid was aspirated from the cavity
with a sterile syringe, and cultivated upon agar.
Cultures from the gill were made in the usual
manner. Samples, each of about 120 fish, were
taken at the beginning and end of May 1947. The
average temperature of the lake for the week preceding the first sample was 5.6° C. Preceding the
second sample it rose from 14 to 17° C. during the
week. Cultures were made from the opercular
cavity and peritoneal cavity, and from the gut
contents in twenty -five cases. All cultures from the
opercular cavity and gut were profuse, in both
samples. The results of cultures from the peritoneal
cavity are as shown in Table 2.
Table

2

Cultures from

Water
temp. No. of

peritoneal cavity

Date

(° C.)

fish

Profuse

Slight

Nil

28 April
28 May

5.8
17.0

118
120

46
19

44

28
45

56

The considerable increase in water temperature
over this short period was thus paralleled by a
marked decrease in the degree of bacterial infection
of the fish. The bacteria were of about a dozen
different species, and. were the same whether derived from the peritoneal cavity, gill or gut content.
* A preliminary note upon some of these observations
has been included in another paper: Bisset, 1948.

Dr C. B. Taylor, who kindly examined a representa.
tive selection of these organisms, expressed the
opinion that they were water bacteria of types
commonly occurring in Lake Windermere. All were
Gram -negative bacilli and pigmented and fluorescent species were common.
It was noticeable that in the second sample
several bacterial species were absent which had
been conspicuously present in the first sample.
This was very obvious in the case of an organism
producing a dark indigo pigment, which was to be
found in almost every culture from the first sample,
and in none from the second. The majority, however, of bacterial types were present in both
samples.

PERCH (WHITACRE RESERVOIR)
Weekly samples, varying in number from 20 to 60
fish, were trapped in this water from the second
half of July to the end of October 1947. The water
was filtered and was consequently of a much lower
bacterial content than the natural waters. This was
reflected in the degree of infection in both the
peritoneal and opercular cavities of these fish,
which was much less than in the foregoing examples.
Cultures from the gut contents were invariably
profuse. The species of bacteria cultured from the
various sites were the same. Only three or four
species were present, all of which were Gram.
negative bacilli; the usual chromogenic and fluorescent bacteria were absent from the fish and also
from the water.
Water temperatures were high throughout the
summer months, ranging from 18 to 20° C. By the
end of September the temperature had fallen to
15° C. and by the end of October to 11° C. The
percentage of fish in each sample showing profuse,
slight, and nil cultures from both opercular and
peritoneal cavities, is shown in Table 3. The
proportion of negative cultures is shown in Fig. 1.
It can be seen that the degree of infection fell
rapidly from July to early September, and thereafter rose again as the temperature fell. The
opercular cavity was always more heavily infected
than the peritoneal cavity, but unlike the preceding
examples, it gave more than 10 % of sterile cultures
throughout August and September. Cultures were
taken from the muscles of occasional, small numbers
of fish. These showed a slight degree of infection
with the same bacteria in about 20 % of the fish
examined.
DISCUSSION
These observations indicate that considerable
seasonal changes .occur in the bacterial flora of
fresh -water fish. High temperatures encourage the
development of immunity in these animals, and
enable them to free themselves progressively of

Seasonal changes in the normal bacterial flora
Table

Date
22. vii. 47
29. vii. 47
6. viii. 47
19. viii. 47
26. viii. 47
2. ix. 47
9. ix. 47
16. ix. 47
23. ix. 47
7. x. 47
14. x. 47
22. x. 47

Water
temperature (° C.)

of fresh -water

No. of fish Profuse
34
67
47

21

18.5
18.0
15.5
12.0
12.0
11.0

56

41

37
47
34
34
24

0
19

30

15

15

30

47
53
50

18
13

Profuse

Slight

Nil

6

88

12

27
43
46

42
36

52

0
6
13
22

51
39

39
47
9
14
27
45
76
70
29

75
95
59
46
70
23
29
37

11

22
24

Cultures from opercular cavity

Nil

26
25
36

21
13
14
5

46
43

20.0
19.5

Slight

68
48

96

3

Cultures from peritoneal cavity

19.0
21.0
18.5
20.0

fish

40
58
39
43
38
18
24
67

14,
33
47
30
17
6
6

4

100 %

50%

2

July

3

4

5

Aug.

6

7

8

9

10

11

12

13

Sept.

Perch from Whitacre Reservoir. The full line shows the percentage givin
the peritoneal cavity, and the broken line the percentage If sterile cultures from

Fig.

1.

14 Weeks

te

ultures, from

rcular- avity.
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infection, exactly as has been shown to occur under
laboratory conditions (Bisset, 1946, 1947a).. 'When
the rise in temperature is large and rapid the
reduction in infection may be correspondingly
rapid ; but even when the increase is small, continued
warm conditions induce a gradual increase in
immunity and a reduction in infection. When the
temperature falls infection at once increases,
indicating that the recently acquired immunity is
lost or greatly reduced. This has been shown to
occur, under experimental conditions, with amphibia (Bisset, 1948).
The similarity of the bacterial species isolated
from various sites, inside and outside the body of
the fish, and the apparent identity of these, where
they can be identified, with bacteria from the same
water, confirms previous observations that water
bacteria which are usually saprophytic may parasitize aquatic animals. It is especially interesting
to observe the small number of bacterial species
isolated, and the low degree of infection of the
opercular cavity of Perch living in filtered water;
whereas the same species of fish, from the impurified

water of Lake Windermere, gave uniformly profuse
cultures from this site, even when the proportion
of sterile cultures from the peritoneal cavity had
risen to almost half of the total number of fish in
the sample.
SUMMARY
Bacteriological examination of large samples
of Perch and Powan from natural and artificial
waters has shown that a considerable decline in the
normal bacterial flora of the fish occurs during the
summer months. Reinfection occurs when the
1.

temperature falls.
2. These variations are largely attributable to
the effect of temperature upon the immunological
responses of the fish.
3. The bacteria concerned appear to be water
bacteria, which invade the muscles and body cavity
of the fish, as well as the gill and gut- content.
4. The degree of infection is also influenced by
the bacterial content of the water.
I wish to express my thanks to the Royal Society
for a grant in aid of this work.
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NATURAL ANTIBODIES IN THE BLOOD SERUM OF
FRESH -WATER FISH
By K. A. BISSET, Department of Bacteriology, University of Birmingham
venosus, which became dilated. The blood cells
INTRODUCTION
separated rapidly and a clear serum was obtained.
The opinion that infections of aquatic animals may
Frogs were bled by decapitation.
be caused by saprophytic water bacteria has
OBSERVATIONS
frequently been expressed. Some of the relevant
literature has been reviewed by the author (Bisset, The first batches of fish were obtained towards the
1947 a). It has been shown that the degree of inend of May. An antigen was prepared of a killed
fection produced by these bacteria in fresh -water suspension of bacteria cultured from the peritoneal
fish decreases as the temperature rises and increases cavities of the same batch of fish. A similar susas it falls (Bisset, 1946, 1948a), and it has been sug- pension of bacteria from their opercular cavities was
gested that this phenomenon is due to changes also prepared. The bacteria from the two sites
in the immune response of the fish at different appeared identical, as had previously been observed
temperatures. Laboratory experiments have shown (Bisset, 1948a), and the pooled sera of the fish
that antibody production in amphibia is in- agglutinatedwithbothsuspensionsto a titre of 1 : 10.
hibited at low temperatures (Bisset, 1947 b, 1948 b).
The sera of subsequent batches of fish were tested
Although some evidence has been offered, com- against these suspensions and against similar ones.
plete proof of the identity of the parasitic bacteria prepared from themselves. The pooled sera of fish
with the water bacteria, which they resemble obtained in the middle of June gave agglutination at
closely, has not been established, and the present 1 : 25 against all these antigens, and by the beginning
work is intended to indicate the presence, in fish and of July the titre had risen to 1 : 60. The sera of the
frogs, of serum agglutinins specific for the water latter batches of fish were also tested against mixed
bacteria of their environment, as well as for the suspensions of cultures of bacteria derived from the
bacteria derived from their own body cavities. It is water of the reservoir, with which they gave agglualso intended to show that the seasonal variation in tination to the same titre.
antibody titre, which was postulated to explain the
Sera from one early and one late batch were tested
observed changes in intensity of bacterial parasitism, against suspensions of Salmonella typhi and S.
does in fact occur under natural conditions.
paratyphi A, which they failed to agglutinate.
From late May to early July the water temperature had remained fairly constant, at about
TECHNIQUE
15° C., which is thus shown to be above the critical
Perch (Perca fluviatilis), trapped in Whitacre reser- temperature for antibody production. To verify this
voir, were brought alive to the laboratory in fry point a batch of twelve fish was taken, of which six
tanks, and were examined without delay. The were examined upon arrival in the laboratory, and
batches varied from twelve to thirty fish, and were six were placed in an aerated tank at 20° C. and
taken at weekly intervals.
examined after 3 days. The agglutinin titre of the
At first it was attempted to measure the antibody six which had been examined on arrival was 1 25,
content of the fluid expressed from the minced which was the normal at the date of the experiment;
muscles of the fish, but this was found to precipitate the water temperature was 15° C. The titre of the
spontaneously at room temperature, producing a six fish which had been kept in the tank was also
heavy, flocculent deposit. It was, however, found 1 25. It may be deduced, therefore, that the propossible to obtain blood from the pericardial cavity. gressive rises in titre which occurred in the course of
The fish was stunned by a blow on the head, and the the summer were due mainly to the length of time
pericardial cavity was opened while the heart con- which the fish had spent at a temperature high
tinued to beat. The ventricle was punctured, and enough for progressive development of immune
blood pipetted from the cavity, where it collected response. The low titre of agglutinins found at the
quite rapidly. If the heart failed too soon, a small beginning of the warm season was presumably due
amount of blood could be obtained from the sinus to the effect of the low winter temperatures (Bisset,
:

:
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1948 b). In February the temperature of the reservoir was as low as 3° C.
The bacteria isolated from both fish and water
were typical water bacteria. They included Gram negative bacilli, Gram -positive cocci andnon -sporing
Gram -positive bacilli, all of low fermentative power.
Confirmatory observations were made upon twelve
frogs which had been kept for about a fortnight in
an open -air tank containing 1 in. of water which had
deliberately been permitted to become dirty, and
was heavily contaminated with fluorescent bacteria.
A few drops of peritoneal fluid, aspirated from each
frog with a sterile hypodermic syringe, were inoculated upon agar, and produced a heavy growth of
bacteria, culturally similar to those from the water,
in every case. This was a much higher incidence of
infection than would have been expected in frogs
which had been kept in clean water (Bisset, 1947b,
1948 a).
The sera of these frogs agglutinated at 1 : 15 with
suspensions of bacteria isolated from the peritoneal
fluid and from the water, but gave no agglutination
with Salmonella typhi or S. paratyphi A.

CONCLUSIONS
The presence in fresh -water fish and frogs of serum
agglutinins specific for the bacterial parasites of

these animals and also for the water bacteria, which
the parasitic forms so closely resemble, provides
additional evidence that the two are, in fact,
identical, and that the water bacteria are capable of
invading the tissues of aquatic animals.
The rise in agglutinin titre, during the first part
of the summer, serves to verify the author's previous
conclusions, that the decrease in bacterial parasitism which occurs during the summer months is
due to an increase in the immune reactions of the
fish (Bisset, 1948a).
SUMMARY
1. Fresh -water fish possess serum agglutinins
specific for the bacteria which parasitize their
peritoneal and opercular cavities, and also for
the bacteria inhabiting the water in which they
live.
2. The titre of these agglutinins is low in, spring
and rises during the summer months, in a manner
which corresponds to the summer decrease in infection.
3. Similar agglutinins are found in frogs.
4. These observations provide additional evidence
that water bacteria are capable of parasitizing
aquatic animals.
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It has been

shown that antibody production in cold-blooded animals is inhibited at
temperatures in the region of 10° C. [Bisset, 1947 a, b]. It is mainly the release of
antibodies into the serum which is thus prevented low temperatures have much less
effect upon the acquisition of the potential for antibody formation, during the process
of immunization [Bisset, 1948]. Frogs immunized at 8° C. do not produce antibodies
so long as they remain at that temperature, but commence to do so when the temperature is raised to 20° C., although the titre may not be as high as if the original
immunization had been conducted at 20° C. Similarly, frogs immunized at 20° C.
cease to produce antibodies when cooled to 8° C., and regain the power when the
temperature is restored.
It is apparent that this phenomenon provides a means by which the processes of
acquiring immunity and of actual antibody release may to some extent be studied
separately. The hormonal mechanisms which control immunity have been investigated
with contradictory results. Dougherty, Chase & White [1945] and Chase, White &
Dougherty [1946] found that the concentration of circulating antibody was increased
by injection of adrenal cortical hormones or pituitary corticotrophic hormone,
whereas Eisen, Mayer, Moore, Tarr & Stoerk [1947] and Stoerk, John & Eisen [1947]
claimed that neither antibody titre nor serum protein turnover was affected.
Robertson [1948] found that, in vitro, these extracts failed to produce the lysis of
lymphocytes which Dougherty and his co- workers had correlated with increase of
antibody titre.
The influence of adrenal cortical extracts upon temperature -immunity phenomena
in cold- blooded vertebrates is the subject of the present study.
;

EXPERIMENTAL

Experiment

1

Twenty -four frogs were immunized by intramuscular inoculation in the thigh, with
0.25 ml. of a heat -killed suspension of Pseudomonas fluorescens, upon 8 successive
days; they were kept at 20° C. After immunization they were divided into three
groups ; one group of five frogs was left at 20° C. without further treatment, and was
killed after 3 more days. A second group of five frogs was transferred to a temperature
of 8° C. for 3 days before being killed. The third group of fourteen frogs was trans -.
ferred to a temperature of 8° C. for 3 days; on the 2nd day each frog in this group was
injected intraperitoneally with 0.2 ml. of adrenal cortical extract (Parke, Davis and
Co., Eschatin), and on the 3rd day, 4 hr. before being killed, was again injected with
0.5 ml. of extract. The frogs were killed by decapitation and their blood collected in
test -tubes. Agglutination reactions were performed with the serum against the
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homologous bacterium. Of the five frogs in the first group, which was left at 20° C.,
after immunization three gave agglutination to a titre of 1:50, and two to 1:25. This
was in accordance with previous findings for a similar period of immunization. Of the
second group, which had been transferred to 8° C., one gave no agglutinins, two gave
agglutination at 1:5, and two at 1:10. This was also in accordance with previous
findings, the titre being greatly reduced by transfer to a lower temperature [Bisset,
1948]. The fourteen frogs treated
adrenal cortical extract gave agglutination at
1:50 in nine cases and at 1:25 in the remainder. Thus the reduction in agglutinins
resulting from the transfer from 20 to 8° C. was fully compensated by the administration of the hormone. The experiment was repeated with a different cortical
hormone preparation (Allen & Hanbury's Eucortone), with identical results.
The frogs used in this group of experiments were large specimens of about 20 g.
weight.
Experiment 2
The experiment was also repeated using oestrone (Parke, Davis and Co., Theelin)
instead of adrenal cortical extract, and also with chorionic gonadotrophin (Organon,
Pregnyl), with negative results in both cases.

Experiment 3
Four frogs were immunized at 20° C. for 8 days and transferred to 8° C. for 3 days,
after immunization. On the 3rd day, 4 hr. before being killed, each was injected
intraperitoneally with 1 ml. of serum freshly taken from unimmunized frogs which
had spent the previous 10 days at 20° C. In this case also the titre of agglutinins was
between 1:5 and 1:10, showing no significant increase resulting from the serum
injection. This indicates that the amount of circulating hormone in unimmunized
frogs, even at the higher temperature, was not great enough to be transferred passively
to another frog, although the amount of serum transferred was about half the total
obtainable from a 20 g. frog by decapitation.
Experiment 4
It has been observed previously [Bisset, 1947 e] that a short course of immunization
may be unsuccessful in producing humoral antibodies in cold -blooded vertebrates, but
may confer protection against a lethal dose of a living culture of bacteria. Accordingly
four groups of frogs were immunized daily for 3 days with a killed suspension of
a proteolytic water bacterium. Two groups were kept at 8° C. during the process of
immunization, and two at 20° C.; one group at each temperature being injected
intraperitoneally with 0.1 ml. of Eschatin daily. The frogs were killed as soon as the
course of immunization was completed, and their serum was tested against the
homologous organism. The frogs which had been kept at 8° C. gave no agglutinins,
those which had been kept at 20° C. gave slight agglutination at 1:5. There was no
difference between the groups which did and did not receive the hormone.
Experiment 5
The previous experiment showed that the failure of a short course of immunization
to produce strong agglutinins in frogs was not affected by Eschatin. To test the effect
upon the protection conferred by a similar course of immunization three groups, each
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of five frogs, were immunized on 2 successive days with a mixed culture of water
bacteria. The first group was kept at 20° C. and the second and third at 8° C. The third
group also received 0.1 ml. of Eschatin each day. On the 3rd day, each group was
inoculated with graded doses of from 0.2 to 1 .ml. of a thick suspension of the living
bacteria. After 24 hr. all the frogs in groups 2 and 3 were dead; one survived in
group 1.
The experiment was repeated with two groups of seven frogs which were immunized
with P. fluorescens. Both were kept at 8° C. and one group received 0.1 ml. of Eschatin
with each of the two immunizing injections, as before. When tested with graded
doses of 0.1 -0.5 ml. of living suspension, all the frogs of the group receiving Eschatin
died within 24 hr. ; two survived in the control group.
Thus administration of the adrenal cortical hormone does not appear to increase
the protection obtained by a short course of immunization.
In both the above experiments the earliest deaths occurred in the cold-control
group. No explanation of this fact can be suggested.
The frogs used in the protection experiments were small specimens, weighing
about 7 g.
Experiment 6
It has been shown [Bisset, 1948] that frogs immunized at a low temperature
commenced to produce antibodies when the temperature was raised, after the
completion of the period of immunization. The titre of agglutinins produced under
these circumstances was about half or a third of what might have been expected if
the immunization had also been conducted at the higher temperature. The next
experiment was accordingly devised to observe the effect of Eschatin during the
period of immunization, in frogs which were enabled, in this manner, to develop the
immunity which might otherwise remain latent. This experiment was, in a manner,
the converse of Exps. 1 and 2.
As a preliminary test three groups, each of two frogs, were immunized for 10 days
with a killed suspension of S. paratyphi (B), one group being kept at 20° C., and two
at 8° C. All received 0.2 ml. of suspension each day, and one of the two groups at
8° C. was also given 0.1 ml. of Eschatin each day. At the end of the course of
immunization all three groups were left for 3 further days at 20° C. On the 4th day
they were killed and their serum tested against the homologous organism. Both frogs
in the first group gave agglutination at 1:50, which was the highest dilution tested.
All the remainder gave a titre of 1: 25, and there was no observable difference between
those which had and those which had not received the hormone preparation.
This experiment was repeated with two groups of six frogs, both of which were kept
at 8° C., and one of which received Eschatin during the period of immunization,
exactly as before. The 20° C. control group was omitted. The two groups were
immunized for 10 days and then transferred to 20° C. for 3 days, as before. In this
case also, both groups gave agglutinins at 1:25. The administration of the hormone
during the process of immunization thus had no affect upon antibody titre, even when
this was allowed to develop at the higher temperature.
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Experiment 7
In the course of an investigation, which will be the subject of a separate report, it
has been observed that fish may produce serum agglutinins against the bacteria
which they carry in the peritoneal and opercular cavities.
In the batches of Perch employed for these experiments the agglutinin titre was
1:25 against a mixed suspension of bacteria from the peritoneal cavities of the same
fish. Six fish were injected with- 0.1 ml. each of Eschatin, and after 24 hr. were given
a second dose of 0.1 ml. They were killed 4 hr. later, and their serum tested against
the same suspension; the titre was found to have increased to 1:125. The experiment
was repeated with ten Perch, which were injected with 0.2 ml. instead of 0.1 ml. of the
hormone. The titre was increased as before, however, from 1:25 to 1:60. Control
fish which were left in the same tank for 24 hr. (six fish), and 48 hr. (three fish).,
showed no increase in titre.
These findings confirm the initial experiments in frogs, indicating that the adrenal
cortical hormone serves to stimulate the release of antibodies in previously immunized
animals. In a similar experiment performed with two groups of six frogs, a very
similar result was obtained.
DISCUSSION

The interpretation of the results of these experiments is greatly assisted by consideration of the author's previous observations on the effect of temperature upon antibody
production in amphibia [Bisset, 1948]. In that work the evidence appeared to
indicate that low temperature inhibited mainly the release of antibodies, rather than
their formation. This technique of temperature control was employed in the present
study to enable the effect of the adrenal cortical hormone or hormones upon these
functions to be examined separately. Here also it has been discovered that antibody
release rather than the process of immunization is affected.
In Exp. 1 all the frogs were immunized at 20° C. and would have been expected,
by analogy with the previous findings, to give agglutinins to a titre of up to 1: 50. This
was confirmed by the control group which remained at the original temperature. In
the two groups which were transferred to 8° C. a considerable reduction in titre was
to be expected, and was shown by the second control group. In the Eschatin- treated
group, however, the titre was maintained at the original figure. In this experiment
the hormone affected only the period of antibody release; the treatment of the three
groups during the period of immunization was identical.
In Exp. 6 it was the period of immunization which was under examination. The
two groups of frogs which were immunized at 8° C. would not have been expected to
produce any antibodies at all, so long as they remained at that temperature. When
transferred to 20° C., after immunization, a low titre of agglutinins was produced,
although not as high as if the immunization had been conducted at 20° C., which was
done with one control group, giving a titre of 1:50, as before. All three groups were
treated identically after immunization, and the administration of the hormone while
immunization was in progress, at the lower temperature, had no observable effect.
This absence of effect upon the process of immunization is confirmed by Exps. 4 and 5.
Exp. 7 confirms the effect of the hormone upon the release of antibodies, this time
in another species, the Perch.
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It appears logical to conclude that the failure of the adrenal cortex to produce an
adequate supply of hormone is the cause of the previously recorded loss of immunological response in cold- blooded animals at low temperatures. Temperature and
hormone alike affect the mechanism of release and have little influence upon the
acquisition of the potential of antibody production. Gersh & Grollman [1941] have
stated that cold- blooded vertebrates lack the fascicular structure of the inter -renal
cells which enables mammals to achieve sudden, large increases in the productivity
of the adrenal gland. It is probáble, therefore, that the general reduction in metabolic
activity at lower temperatures cannot be compensated by a relative increase in the
activity of the adrenal cortex, and the level of circulating hormone falls below that
necessary for the maintenance of antibody production.
The very diverse conclusions which different workers have recorded in this field
may to some extent be due to differences in the dosage employed. Chase et al. [ 1946],
who found that the hormone stimulated antibody production, used what appeared to
be very large doses, although accurate comparisons between biological preparations
of this type are difficult to make. In the present case also, a dose of 0.2 ml. of Eschatin,
containing 50 `dog units' per ml., must be considered large for a 20 g. frog.
SUMMARY
1. The release of serum agglutinins, which is inhibited at low temperatures, in
frogs and fish is restored by injection of adrenal cortical extracts.
2. These extracts have no effect upon the process of immunization.
3. The phenomena of temperature -immunity control in these animals are probably
due to inhibition of production of adrenal cortical hormones at low temperatures.
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SUMMARY: In those members of the genera Bacterium and Bacillus studied, the
constituent bacteria of Smooth cultures are typically unicellular, containing two
chromatinic bodies. On division, a membranous septum is first formed, the bacillus
subsequently dividing by constriction at this point.
The constituent bacteria of Rough cultures may comprise several cellular units,
typically four, each containing a single chromatinic body and separated by membranous septa which, as growth proceeds, are transformed into true cell-wall septa,
by the splitting of which the bacillus divides.

In previous papers (Bisset, 1938, 1939a, b) I described the structure of Rough
and Smooth colonies, and the characteristics of the constituent bacteria. The
structure of a Rough colony is that of the `Medusa -head' colony of Bacillus
anthraces, and the bacilli tend to be longer, and squarer at the ends, than do
those of a Smooth colony, which is relatively structureless, and in which the
bacilli lie separately. At cell division, transverse septa were observable in the
unstained condition, only in Rough forms, the Smooth forms appeared to
divide by constriction (Bisset, 1939 a).
The present study is intended to extend these observations, and especially
to discover, in these variants, the behaviour of the chromatinic bodies (Badian,
1933; Piekarski, 1938, 1939; Robinow, 1942, 1944, 1945).
METHODS

The strains employed were Gram -negative intestinal bacteria of various
species including Bacterium coli, isolated during routine examinations of
faeces. These were usually Smooth on isolation, and dissociation was induced
in them by growth in meat broth for periods of a week or more, and subculture
upon agar. Stock cultures of this type of organism were usually Rough. Gram positive, sporing bacilli were isolated from dust in the laboratory, and were
either Smooth or Rough upon isolation. Preparations were made from
cultures aged 2-10 hr., grown aerobically upon nutrient agar at 37 °.
At first, several methods of staining were tried, but the osmic acid fixation,
acid - Giemsa staining, and Tannic- acid -violet techniques of Robinow (1945).
were found to be best, especially for photography, and were eventually
employed almost exclusively. The chromatinic bodies and cell membranes can,
however, be demonstrated by many_ of the usual cytological staining techniques, especially by iron -alum haematoxylin. Water mounts were always
employed for photography.
In the study of the Gram-negative bacteria of intestinal origin it was noticeable that the Smooth and Rough strains differed greatly in their staining
reactions.. Using the acid - Giemsa technique Smooth strains required only
about 10 min. in N -HC1 at 60 °, and 0.75 hr. in the staining solution at 37 °;
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whereas Rough strains required from 0.5 to more than 1 hr. in, the acid and
then up to 5 hr. in the staining solution. Too short a period in the acid resulted
in a uniform violet appearance when stained. The bodies were seen most clearly
after about 3 hr. incubation for Smooth strains and about 5 hr. for Rough.
RESULTS.

The observations which were made agree, for the most part, with those of
Robinow (1945), but as the author's interpretation is somewhat different, a full
description is given.
When stained by acid- Giemsa, the appearance of the two forms of the
intestinal bacteria was quite distinct. The Smooth bacilli normally contained
two chromatinic bodies, division of which usually preceded that of the cell,
producing four bodies distinctly arranged in pairs. Between the two pairs of
bodies, at the point of division of the bacillus, a septum, staining clearly with
acid -Giemsa, was sometimes seen (Pl. 1, fig. 1a), and usually some degree of
constriction was also visible at the point of division.
In the Rough forms there were usually four chromatinic bodies. The bacilli
divided after the division of the bodies, and the point of division was marked,
long before actual separation, by an unstained gap, which, as transpired
subsequently, represented a septum, continuous with the cell wall and
unstainable by Giemsa (Pl. 1, fig. 2 b). The two halves of the bacillus were
subdivided by septa which resembled those of the Smooth forms, and stained
distinctly by Giemsa (Pl. 1, fig. 2a). Thus the Rough bacilli were, in fact,
four- celled, and each cell was occupied by a single chromatinic body, sometimes
in process of division.
A large number of strains of Gram -positive sporing aerobes were also
examined. The genus Bacillus is peculiar in that its members are naturally
either of Rough or Smooth morphology. The author has never observed this
type of variation to occur spontaneously in the group. Of the 40 strains
examined, all the large-celled species were of Rough morphology, and produced
`Medusa -head' colonies, some of the small-celled species were Rough, and some
Smooth.
The structure of the Rough intestinal bacteria was repeated with great
clarity in these Rough Bacillaceae. The unit was a bacillus containing four
chromatinic bodies, each divided from the next by a septum (Pl. 1, fig. 3).
Division of the bacilli occurred at the middle septum, immediately after, or
during the division of the four chromatinic bodies into eight. Bacillaceae of
Smooth morphology also resembled Smooth intestinal bacteria, except that
the chromatinic bodies were smaller in proportion to the size of the bacilli,
which were also longer in proportion to their breadth.
When the various types of bacteria were stained with tannic-acid -violet to
demonstrate the cell walls, an entirely different appearance resulted. In the
Smooth forms, only the cell outline was stainable, sometimes showing constriction at the point of division (Pl. 1, fig. 4; Pl. 2, fig. 5). The septa, which
stained clearly with acid -Giemsa, did not appear at all by this method,
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indicating that they were not of the same material as the cell wall, and were
probably derived from the cell membrane. In the Rough forms stained by tannic acid- violet it was obvious that the central division, an unstained gap in Giemsa
preparations, was occupied by a septum continuous with the cell wall (Pl. 2,
figs. 6, 7). The subsidiary septa, which stained with Giemsa, showed as faint
shadows, presumably representing partial secretion of cell wall material within
their thickness. No evidence either of centrifugal or centripetal `iris diaphragm'
formation of the new cell walls was observed. In these cells division was
indicated by a slight indentation in the sides of the bacillus at the completed
septum. There was no considerable degree of constriction.
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Figs. 1 and 2. Membranes in dividing cells of Rough and Smooth variants.
The cell wall is shown by heavy line, the cell membrane by hatched line.

DISCUSSION

The division of certain bacteria by septa staining well with basic dyes in their
young stages, and of others by constriction, was recorded by Schaudinn
(1902, 1903) and by many subsequent workers. The occurrence of multicellular
bacteria is also fully established and has been well described by Robinow
(1945) for some of the larger species. The process of cell division appears to
occur in two main stages: first the formation of a transient septum, stainable
with Giemsa, and presumably continuous with the cell membrane. The new
cell wall forming the ends of the divided bacillus is then secreted by this
membrane, but the manner in which this is accomplished differs in the two
types of cell. In Rough bacilli the membranous septum is formed long before
actual division occurs, two of the three partitions in a four -celled bacillus
are of this nature (Figs. 1 and 3 -6). The third, central partition is a true
septum, continuous with the cell wall, and is secreted within the membranous
septum. It is not stained by `nuclear' dyes and the appearance of a fine,
unstained line within the thickness of the strongly staining membranous
septum is clearly shown in Schaudinn's illustrations. More recently it has been
clearly described by Knaysi (1930). It is also visible in the unstained condition
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(Bisset, 1939 a). As the two new bacilli separate, a very slight degree of
constriction accompanies the division of this septum. It has not as yet proved
possible to determine whether the septum, as originally formed, is single or
double, but its thickness does not appear to be greater than that of the cell
wall. The claims of workers, from Schaudinn onwards, that transverse septa
are formed either by a centripetal ingrowth or by a centrifugal outgrowth, are
not supported by this work. The first appearance of the new cell walls was as
shadows within the membranous septa, and occupying their entire area (Pl. 2,
figs. 6, 7). This suggests that the former is composed of cell wall material

3
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5

Figs. 3 -6. Cell division in a Rough variant. The cell wall is shown by fine
external line, the cell membrane by heavy line.

secreted internally by the latter, exactly as transverse cell walls are reported
to be formed in higher plants (Martens, 1937). In Smooth forms the membranous septum is formed immediately before the division of the unicellular
bacillus, and instead of secreting an entire, new cell wall, in one piece, the
existing cell wall grows inward, by constriction, to form the ends of the
new cells (Figs. 2 and 7 -10). Presumably this extension is secreted by the
membranous septum, as is the cell wall by the cell membrane. This process
also is clearly shown in Schaudinn's figures.
Robinow (1945) appears to have observed cell division by septation in a Rough
Bacillus sp. and by constriction in a Smooth Bacterium sp., and to have assumed
that these modes of division were respectively characteristic of the two groups
of bacteria.
It has been suggested that the different degree of apparent constriction
shown by the two types at the actual separation of the daughter bacilli, may
be due to the more voluminous `slime layer' of the Smooth forms, which forces
apart the newly formed surfaces (Dr J. P. Duguid, personal communication).
Interpretation of the behaviour of the chromatinic bodies is less obvious. It
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is exceedingly difficult to judge the exact condition of a rapidly growing
organism which can justifiably be considered to be the resting stage. In both
types the bodies usually divide immediately before the bacillus, although
exceptionally they may do so afterwards, and if the condition immediately
after division is to be taken as the criterion of chromosome arrangement, then
the Rough bacillus may be considered as possessing two cells, each with two
chromosomes, exactly as in the unicellular Smooth bacillus. However, in any
preparation of a Rough culture, the great majority of organisms appear to be
in the four -celled condition, each of the original chromosome pairs being
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Figs. 7 -10. Cell division in a Smooth variant. The cell wall is shown by fine
external line, the cell membrane by heavy line.

separated by a membranous septum and the entire bacillus halved by the new
cell wall. At this stage the chromosomes proceed to divide, giving a total
number of eight, before the division of the bacillus.
Chromosome changes in bacteria have been observed before. The suggestion
of chromosome reduction in connexion with sporulation has several times been
made (Badian, 1933; Allen, Appleby & Wolf, 1939; Klieneberger-Nobel,
1945). The appearances recorded here, however, occur equally in sporing and
non -sporing genera.
The parallel between colony structure of Smooth and Rough variants in the
Bacteriaceae and that of the two morphological types in the Bacillaceae is
shown to be based upon strong resemblances in minute structure. The significance of the variation, however, is still to seek.
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EXPLANATION OF PLATES
All x 3000.
PLATE 1
1. Bact. coli, Smooth, acid -Giemsa. Bacteria at various stages of division; membranous
septum at a. Several bacteria are in the resting condition.
Fig. 2. Bact. coli, Rough, acid -Giemsa. Membranous septum at a; septum at b continuous
with cell wall, showing unstained.
Fig. 3. Bacillus sp., Rough morphology, acid -Giemsa. Membranous and cell wall septa are
clearly shown. Compare fig. 2.
Fig. 4. Bact. coli, Smooth, tannic -acid -violet, showing constriction of cell wall at point of
division in numerous cases.

Fig.

PLATE 2

Fig. 5. Bacillus sp., Smooth morphology, tannic-acid -violet. Note the absence of transverse

septa.

Fig. 6. Bact. coli, Rough, tannic -acid -violet. Note the transverse septa, and in right-hand
bacillus, which is about to divide, the shadows of new septa forming. Compare fig. 2.
Fig. 7: Bacillus sp., Rough morphology, tannic- acid-violet. Note the transverse septa and
the shadows of new septa forming in those about to divide. Compare fig. 3.
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The Cytology of the Gram - positive Cocci
BY K.. A. BISSET
The Department of Bacteriology, University of Birmingham

SUMMARY: The long- chained and short -chained variants of Streptococcus pyogenes,
Str. viridans and Str. faecalis possess a structure closely resembling that of rough and
smooth bacillary variants. Cocci of the long-chained strains are frequently divided
by transverse cell walls into two cells, each containing a single chromatinic body.
Short- chained strains fail to form transverse cell walls, the cocci dividing by constriction; they are unicellular and usually contain a pair of chromatinic bodies.
Analogous types occur in Staphylococcus aureus and Staph. albus. In one of these
types the cells contained a well-defined central granule, dividing with the coccus.

It

has been pointed out (Bisset, 1938) that there is a close analogy between
the smooth and rough morphological types of rod -shaped bacteria on the
one hand, and the short-chained and long-chained streptococci and pneumococci on the other. The long - chained streptococci, like the rough bacilli,
adhere to one another after cell division and form a `Medusa -head' colony
(Pl. 1, fig. 1) whereas the short -chained cocci, like the smooth bacilli, separate
more or less completely, and form relatively structureless colonies (Pl. 1, fig. 2).
This variation is entirely independent of those usually described as S -+R in
the pneumococcus, or ` matt ' -+` glossy ' in the streptococcus, each of which is
concerned only with the capsular material. In a recent paper (Bisset, 1947)
the author has shown that rough variants of species both in the Bacteriaceae
and the Bacillaceae are often divided by transverse cell walls and septa into
several cells, each containing a single chromatinic body. The unicellular smooth
variants contain a pair of bodies and do not form transverse cell walls. In the
present study the minute structure of the two types of streptococcus, and of
certain types of staphylococcus, is compared with that of the bacillary variants.
Nuclear structures have been reported in various Gram-positive cocci
(Piekarski, 1938; Robinow, 1942; Knaysi, 1942), and single, double, and
multiple nuclei have been described, although not in a streptococcus. Knaysi
& Mudd (1943) failed to demonstrate nuclear structures in a streptococcus with
the electron microscope, but claimed to have done so in a staphylococcus.
METHODS

The osmic -acid, HC1- Giemsa, and tannic-acid- violet techniques of Robinow
(1945) were used throughout, and water mounts were always employed. The
value of these techniques in the examination of bacterial chromatinic apparatus
and cell walls depends upon the removal of the staining capacity of those
portions of the cell which it is not intended to demonstrate. By hydrolysis
with HC1, the polysaccharide material which probably forms the major portion
of the cell wall is rendered unstainable and at least partially destroyed. After
this treatment bacteria appear much reduced in size by the loss of this surface
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material. Tannic acid leaves the cell wall unharmed, and destroys or renders
unstainable the protein contents of the cell, which appears as if empty. Taken
together, these methods probably give a reasonable picture of the structure
of bacteria.
The streptococci studied were stock cultures of Streptococcus pyogenes, Str.
viridans and Str. faecalis used for the production of Lancefield grouping sera,
and strains recently isolated from both the human subject and dogs. They were
of various antigenic groups and were either alpha- or beta -haemolytic. Neither
of these characters was correlated with the morphólogical variation under
examination; the strains were either long- chained or short -chained upon
isolation and some had since produced variants. Colony form and habit of
chain length was examined by means of impression preparations (Bisset, 1938).
Strains of Staphylococcus aureus and Staph. albus were examined. Some
strains were stock cultures, and others were newly isolated from pathological
material or from random, air-borne contaminants. A stock culture of Sarcina
lutea was also examined. Cultures were made upon horse -blood agar plates,
and were examined when about 24 hr. old.
OBSERVATIONS

When stained by tannic- acid -violet to demonstrate the cell walls, the two types
of streptococcus were markedly different in appearance. The long- chained
forms, which were mainly Streptococcus pyogenes and Str. viridans, were almost
completely spherical, and a large proportion of cocci had obvious transverse
septa, continuous with the cell wall. Recently divided cocci were closely
applied together, and no great degree of constriction was observed in their
division (Pl. 1, fig. 3). The short -chained forms, which were strains of Str.
pyogenes and Str. faecalis, were lanceolate in outline and without transverse
septa. Marked constrictions appeared between the dividing cocci and separation was complete or almost so (Pl. 1, fig. 4). The newly formed cell walls
between recently divided cells of this type were unmistakably different from
the septa, which, in the long- chained forms, halved otherwise entire cocci. The
occasional long filaments which appeared in both types of coccus, as also in
both S and R bacilli, occasionally exhibited what appeared to be transverse
septa, even in the short- chained types. As the same filament might also show
signs of division by constriction, however, it is probable that these apparent
septa were indicative of past, rather than future division, and merely marked
the failure of the new sub -units to separate after the formation of the new cell
wall (Pl. 1, fig. 5).
When stained with Giemsa, after hydrolysis for about 2 hr., long- chained
cocci showed a varied appearance (Pl. 1, fig. 6). In the majority of cells the
protoplasm retained its staining capacity, the most obvious feature being
the unstained bar, representing the septum. Where hydrolysis was more
complete, the only structures retaining the stain were relatively long, narrow
chromatinic bodies, arranged in pairs. These pairs were sometimes so close
together as to be almost touching, and sometimes more widely separated.

K. A. Bisset

128
By superimposing tracings of photographs, taken at the same magnification, it
was possible to establish that the former pairs were capable of being contained
within a single coccus, presumably on the point of division, whereas the latter
were so spaced as to lie in each half of a divided or septate organism (Fig. 1).
In the short- chained form stained by acid -Giemsa, the majority of cocci
contained two bodies, which, though apparently spherical, were probably
merely unresolved. A minority contained only one (Pl. 2, fig. 7; Fig. 2).

et, or)
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Fig. 1. Composite tracing from
Pl. 1, figs. 3 and 6.

Fig. 2. Composite tracing from
Pl. 1, fig. 4 and Pl. 2, fig. 7.

The majority of strains of both Staph. aureus and Staph. albus examined
bore a close resemblance, in their minute structure, to long-chained streptococci. Well- marked transverse septa were observed (Pl. 2, fig. 8) their position
being indicated in the Giemsa preparations by an unstained bar across the
middle of the coccus (Pl. 2, fig. 9). Unlike the streptococci, however, the
succeeding division was often at right angles to the preceding one, and it was
common to find a recently divided coccus in which one of the daughter cells
had subdivided in this manner, before complete separation had occurred (Pl. 2,
a in figs. 8 and 9). Cells of abnormal length were not found, but occasional
cocci, greatly swollen in all dimensions, were to be seen. In the ordinary
processes of growth the increase in size was three- dimensional, and not by
elongation as in the streptococci. In staphylococci with this morphology a
unicellular coccus was the exception rather than the rule. Chromatinic bodies
were even less clearly defined than in the long- chained streptococci, appearing
merely as comparatively heavily stained central areas in the cytoplasm. The
cytoplasm strongly resisted hydrolysis with HCl and retained its staining
capacity after many hours. The second morphological type of staphylococcus
was much less commonly found, although it included saprophytic albus strains
and haemolytic aureus strains isolated from pathological material. The cells
contained a clearly defined granule, central or slightly eccentric in position
(Pl. 2, fig. 10). Division of the granule preceded that of the coccus, and growth
was mainly, although not exclusively, by elongation. This type of coccus did
not form transverse septa, and was apparently unicellular (Pl. 2, fig. 11).
Morphologically this type of staphyloco.ecus was similar to the strain of
Sarcina lutea examined, although only the Sarcina was arranged in the typical
packet -of-eight. The existence of discrete, central chromatinic bodies in this
genus is already fully recorded (Piekarski, 1938; Robinow, 1942).
DISCUSSION

The demonstration of chromatinic bodies in Streptococcus and Staphylococcus
by means of Robinow's modification of Feulgen's reaction, serves merely to
bring these genera into line with the other bacterial groups which have been
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studied in this way. A separate discussion of the significance of the finding is
not 'appropriate to this paper. The present observations are of assistance,
however, in the interpretation of some of the previously recorded observations
upon the nuclear apparatus of staphylococci. Knaysi (1942) appears, from his
photographs, to have been observing a septate staphylococcus, although the
septa are not described. The multiple granules demonstrated in a staphylococcus by Knaysi & Mudd (1943), by means of the electron microscope, may
possibly be interpreted as the effect of desiccation upon the same type of
coccus in a multicellular condition, as in Fig. 5, no. 2.

Fig. 4

Fig. 3

i

Fig.
Fig.
Fig.
Fig.

3.
4.
5.
6.

2

3

4

Fig. 6
Fig. 5
Short-chained streptococcus in process of division. Suggested interpretation.
Long- chained streptococcus in process of division. Suggested interpretation.
Septate staphylococcus in process of division. Suggested interpretation.
Non -septate staphylococcus in process of division. Suggested interpretation.

It is of interest to observe that the parallel between smooth and rough
variants in the bacillary genera, and short- and long- chained streptococci,
appears to extend to their minute structure. In both groups, the variant which
adheres in chains after division, and consequently forms Medusa -head'
colonies, also produces multicellular bacilli or cocci, possessing transverse cell
walls, and with each cell containing a single chromatinic body, except,
probably, immediately before division (Fig. 4). Similarly, in both groups, the
variant which separates completely after division fails to form transverse cell
walls, and divides by constriction, producing unicellular bacteria, each of
which contains a pair of chromatinic bodies (Fig. 3). This resemblance between
the streptococci and the bacillary genera is enhanced by the observation that
both types of streptococcus grow by elongation, and when normal cell division
fails to take place produce long, filamentous elements of normal breadth,
analogous to those occurring in cultures of bacilli. In fact, the only basic
difference between a streptococcus gtnd a bacillus is average cell length.
Although the staphylococci also produced septate and non-septate forms, the
analogy cannot at present be carried any further. The septate form does indeed
resemble closely the long- chained streptococcus, but differs in that it is a true,
radially symmetrical coccus, increasing in size in all dimensions, and capable
of dividing in any plane (Fig. 5). The non -septate form is quite unlike either
of the streptococcal forms in its possession of a single chromatinic granule,
which, from its resemblance to the acknowledged nuclear apparatus of Sarcina,
can fairly be regarded as a discrete nucleus (Fig. 6).
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EXPLANATION OF PLATES
PLATE 1

Fig.
Fig.
Fig.
Fig.
Fig.

1. Long -chained streptococcus colony, impression preparation. x 500.
2. Short -chained streptococcus colony, impression preparation. x 500.
3. Long- chained streptococcus showing transverse septa. Tannic-acid -violet. x 3000.
4. Short -chained streptococcus dividing by constriction. Tannic- acid -violet. x 3000.
5. Short -chained streptococcus. The long filament shows a point of constriction near

one end, and an apparent septum, probably representing an uncompleted division.
Tannic -acid -violet. x 3000.
Fig. 6. Long-chained streptococcus. The central group is fully hydrolysed and only the
pairs of chromatinic bodies are stained. In the rest of the field the entire cytoplasm of
the cell is stained in most cases, and the unstained gap, representing the septum, is
clearly shown. Acid-Giemsa. x 3000.
PLATE 2

Fig. 7. Short- chained streptococcus showing double chromatinic bodies in most of the cells.
Acid -Giemsa. x 3000.
Fig. 8. Septate staphylococcus. a is a coccus dividing at right angles to the previous
division. Tannic -acid -violet. x 3000.
Fig. 9. Septate staphylococcus. a is a coccus producing a secondary septum at right angles
to the primary one. Acid- Giemsa. x 3000.
Fig. 10. Non -septate staphylococcus. Acid- Giemsa. x 3000.
Fig. 11. Non -septate staphylococcus. Tannic-acid -violet. x 3000.
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Nuclear Fusion and Reorganization in a Lactobacillus
and a Streptococcus
BY K. A. BISSET

Department of Bacteriology, University of Birmingham
SUMMARY: There is an apparent cycle of nuclear reorganization in Lactobacillus sp.
Nuclear fusion occurs between the units of a multicellular bacillus. The organism
then increases in length, the nucleoplasm being redistributed throughout the resulting
filament, which by fragmentation returns to the bacillary condition. A very similar
cycle is seen in Streptococcus faecalis.

Although the subject has not been very fully studied, a number of observations
suggestive of nuclear reorganization in bacteria have been made. Stoughton
(1932) and Braun & Elrod (1946) produced strong evidence of conjugation in
phytopathogens. Badian (1933) and Klieneberger-Nobel (1945) described
a process of nuclear fusion as a preliminary to sporulation in species of Bacillus
and Clostridium. Although sporulation was described as autogamous, it has
been observed that bacilli of the types studied by Badian and KlienebergerNobel are usually multicellular (Robinow, 1945; Bisset, 1947), so that it is not
unlikely that conjugation between the cells of multicellular bacilli was in fact
observed.
The regular, if infrequent, occurrence in bacterial cultures of forms suggestive
of such nuclear changes, led the author to search for a non -sporing species in
which their occurrence was sufficiently frequent to enable them to be studied
with advantage. These requirements were fulfilled by a number of strains of
Lactobacillus sp., isolated in almost pure culture from a high proportion of
samples from carious teeth. Observations were made upon 10 different strains
which, although by no means identical, were all small, Gram -positive, acidophilic bacilli, of the general appearance of lactobacilli. In view of our limited
knowledge of the taxonomy of this group, further identification was not
attempted. Observations were also made upon a strain of Streptococcusfaecalis
in which similar forms were found.
METHODS

The bacteria were cultivated aerobically at 37° upon nutrient agar containing
0.2 % glucose, at pH 5. Growth in 24 hr. under these conditions was slight;
no growth at all was obtained at pH 7. Cultures were examined at various ages
from 4 to 72 hr., but those from 18 to 24 hr. old were found to be most
productive of the types of cell which it was desired to examine.
Films were stained by Robinow's (1945) modification of the Feulgen
technique. Robinow's tannic- acid -violet technique for the demonstration of
cell walls was also employed. Wet preparations were always used.
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OBSERVATIONS

The lactobacilli were. of Rough morphology, they formed medusa -head'
colonies and possessed the multicellular structure and transverse septa typical
of this state (Bisset, 1938, 1947) (Pl. 1, fig. 1). The chromatinic bodies were
also arranged in the usual pattern of a Rough bacillus, each of the two or four
cells of a bacillus containing a single body, probably an unresolved pair of
chromosomes.
The bacteria in which apparent nuclear reorganization was observed were
of two main types : (1) bacilli in which all the nuclear material appeared to
have fused in the central region (Pl. 1, figs. 2-11); (2) filamentous organisms
(Pl. 1, figs. 12 -16). In the first type the size and appearance of the fused mass
was variable. Usually there was some degree of central constriction, and sometimes the separate bodies composing it could be distinguished (Pl. 1, figs. 3,
5, 10). Most frequently the dimensions were those of a four -celled bacillus, but
some were little bigger than a two -celled bacillus. Comparison can readily be
made in Pl. 1, fig. 2, where one of these forms and a typical four -celled bacillus
are lying side by side. It should be noted that the apparent gap between the
two halves of the latter represents a transverse septum, continuous with the
cell wall (Pl. 1, fig. 1). The membranous septa which subdivide the two halves
are better shown in the dividing bacillus on the right of Pl. 1, fig. 3. In the
second type the organisms varied in length from a little longer than the
preceding type, to filaments, apparently unicellular, and as much as six or
seven times as long. The smaller filaments contained one or more large,
discrete masses of chromatinic material, and occasionally smaller, scattered
masses (Pl. 1, figs. 12-15). In some of the larger filaments the chromatinic
material was more evenly distributed, and signs of fragmentation of the
filament were observed (Pl. 1, fig. 16).
Similar observations were made upon a strain of Strep. faecalis (Pl. 1,
figs. 17 -22). In this case the original fusion nucleus appeared to consist of
a longitudinal bar of chromatinic material (Pl. 1, figs. 17, 18). The other forms
which were observed closely resembled those seen in the lacto- bacilli, except
that the lanceolate form of the coccus was always discernible, and the filaments
formed were seldom very long (Pl. 1, figs. 19 -22).
DISCUSSION

It appears logical to assume that a long filament is most probably derived from
a shorter one, and can become short only by fragmentation, or by rejection of
a portion of its material. Shrinkage in length alone is unlikely. It is therefore
probable that the bacilli which contain the central mass of chromatinic
material are derived from a normal bacillus (Figs. 1, 2), and grow into short
filaments in which the chromatinic material is partly redistributed (Figs. 3, 4).
These are transformed into longer filaments, where redistribution is completed
and which return, by fragmentation, to the original bacillary condition (Fig. 5).
The process in the streptococcus (Figs. 6 -10) appears to follow a very similar
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pattern, although it is not clear whether the fusion nucleus is derived from
a single coccus or, by conjugation, from more than one. A similar process was
tentatively suggested by Robinow (1944) in his descriptions of certain types of
cell found in cultures of Escherichia coli and Proteus vulgaris. His figures appear
to represent similar forms to those described in the present paper, and he refers
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Figs. 1-5. Suggested interpretation of nuclear reorganization in Lactobacillus sp.
(diagrammatic).
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Figs. 6 -10. Suggested interpretation of nuclear reorganization in Strep. faecalis

(diagrammatic).

to the final step, the fragmentation of the filaments, in another publication
(1947). The process also bears a resemblance to that described by KlienebergerNobel (1945) as a preliminary to sporulation, at least so far as the original
nuclear fusion and redistribution is concerned. The reduction of chromatinic
material which accompanies the actual process of sporulation has no obvious
parallel in the present case, although it is not impossible that it may occur in
the process of fragmentation, or by absorbtion of nuclear material in the
cytoplasm in the manner described for Cytophaga (Krzemieniewska, 1930).
This possibility is perhaps enhanced by the fact that the nuclear reorganization
of Cytophaga takes place in a filamentous type of cell. It is also conceivable
that the nuclear material in the filamentous form is not exclusively derived
from the redistribution of the fusion nucleus, but that some portion arises
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the cytoplasm, or from structures analogous to a nucleolus. Studies
by the author of these processes as they occur in Gram -negative, intestinal
bacteria (Bisset, 1948) suggest that the chromosomes, which behave throughout as paired structures, divide once in the fusion nucleus and once during the
redistribution; thus each chromosome of the three pairs which take part in the
formation of the fusion nucleus gives rise eventually to a single bacillus containing two pairs of chromosomes. In the case of the Lactobacillus sp., where the
bacillus contains four cells, each with a single pair of chromosomes, the details
must be rather different, although, where they can be resolved the chromosomes appear to follow a similar general plan.
de novo in
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EXPLANATION OF PLATE
All x 3000

Fig. 1. Lactobacillus sp., preparation of cell walls, showing septa. Tannic-acid -violet.
Figs. 2-11. Lactobacillus sp., forms showing fusion nuclei. Acid -Giemsa.
Figs. 12-16. Lactobacillus sp., filamentous forms showing redistribution of nuclear material.
Acid -Giemsa.
Figs. 17-18. Streptococcus faecalis, forms showing fusion nuclei. Acid -Giemsa.
Figs. 19 -22. Strep. faecalis, filamentous forms showing redistribution of nuclear material and
fragmentation of filaments. Acid -Giemsa.
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INTRODUCTION
The fusion nuclei, first described by Robinow (1944)
in Proteus a;nd Bact. coli, were later shown by Bisset'
(1948) to be stages in a cycle of nuclear reorganization in non -sporing Eubacteria, having points of
resemblance with the cycle described in spore bearing genera by Klieneberger -Nobel (1945). In
cultures of Lactobacillus and Streptococcus the chromosomes fused into a central nuclear body. The cell
containing the fusion nucleus then grew considerably
in length without dividing, and the nuclear material
was redistributed throughout the resulting filament,
which eventually returned, by fragmentation, to the
bacillary or coccal form. The bacteria studied were
small in size, and the behaviour of the individual
chromosomes could not be followed throughout the
process. The present study is an attempt to remedy
this defect, the bacteria employed being the slightly
larger Gram -negative intestinal genera, in some of
which the individual chromosomes may be observed
with reasonable clarity.

11

Text-Figures)

where they are large enough to be resolved by the
microscope, bacterial chromosomes, like those of
other living organisms, are found to be in pairs.
Previous descriptions of single chromosomes, by the
author and by others, probably refer to optically
unresolved pairs. Indications can be found that
even the minute and apparently spherical chromatinic bodies of a streptococcus are in fact paired

structures.
Staining with tannic- acid-violet revealed occasional elongated cells with a thickening of the cell
wall corresponding in position and size to the fusion
nucleus. These cells were internally undivided, and
showed no sign of the constriction of the cell wall
which accompanies division in smooth cultures.
(Pl. 7, fig. 3). This constriction of the cell wall should
not be confused with the production of a transverse
septum, derived from the cell membrane, which is
referred to above.
In many of the fusion nuclei, it was possible to
estimate the number of chromosomes taking part in
its composition; this usually appeared to be six
(Text-figs. 1, 2). In the latter stages of the fusion

TECHNIQUE
Robinow's modification of the Feulgen reaction for
nuclear -apparatus, and the same author's tannic acid- violet stain for cell walls, were used throughout.
Preparations were always examined in the wet
condition.
OBSERVATIONS
A large number of preparations were made of Gram negative intestinal bacteria. In young cultures
fusion nuclei were regularly found (Pl. 7, figs. 1 -4).
Some of the cells which contained them were distinctly enlarged (Pl. 7, fig. 2), but more frequently
they were similar in breadth to a normal bacillus,
and about twice the length. Pl. 7, fig. 1, which shows
a fusion nucleus, together with a single cell, and
a dividing bacillus, in which the transverse septum,
derived from the cell membrane, is clearly seen,
enables a comparison to be made. The resting cell
contains two pairs of chromosomes and the dividing
cell four pairs. The term `pairs of chromosomes' is
employed because it is the author's experience that,

1 and 2. Tracings of fusion nuclei in Plate 7
and 4, showing combination of six chromosomes. Fig 1. corresponds to Plate 7, fig. 4, and Fig. 2
to Plate 7, fig. 1.

Text -figs.
figs.

1

process, when the nucleus had commenced to expand, the number of chromosomes was seen to have
increased (Pl. 7, figs. 5-7). When the chromosomes
had moved out still farther along the growing filament, it was observable that their number increased
to approximately double the original three pairs,
indicating a single nuclear division (Pl. 7, figs. 8, 9).
Further growth of the filament, and another doubling
of the chromosomes was followed by fragmentation
and a return to the bacillary condition (Pl. 7, figs.
10-12).

Nuclear reorganization in non- sporing bacteria
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These observations exactly parallel those described for Lactobacillus and Streptococcus (Bisset,
1948), but, in addition, it has been found possible to
follow the behaviour of the individual chromosomes
throughout much of the process. The regular
occurrence of three chromosome pairs in the fusion
nuclei makes it necessary to postulate the existence
of a pre-fusion stage, containing three pairs of
chromosomes instead of the usual two, and, in fact,
such bacilli are found (Pl. 7, figs. 13, 14). They are
not at all common in their occurrence, but the complete absence of any other form containing an odd
number ofpairs of chromosomes, makes it reasonable

may give rise to a single bacterium, after fragmentation of the filament has taken place. This, however,
is problematical, until it can be proved that reduction of nuclear material does not take place at the
fragmentation stage, or, alternatively, that new
nuclear material is not derived from the cytoplasm.
The mode of formation of the trinucleate bacillus
is not easy to understand. The production of an
uneven number of chromosome pairs may conceivably indicate some process of reduction at this
stage.
The obvious pairing of the chromosomes provides
additional evidence, that the nuclear apparatus. of
:{

f

®
®

--[

{

3

4

7

8

10

Text-figs. 3 -11. Chromosome behaviour in a bacterium (diagrammatic). 3 -5. Normal cell division, 6. Trinucleate cell (autogamy and reduction?). 7 -8. First fusion division. 9 -10. Second fusion division.
10 -11. Fragmentation.

to suppose that they represent the immediate precursor of the fusion nucleus. In the case of the
Lactobacillus, previously described, the organism
was of multicellular, rough morphology, and there
was no occasion to presuppose the existence of such
a form. Preparations were also made in the present
case from a number of cultures of varying degrees of
roughness, but in these no fusion nuclei were observed. Most rough cultures contained filaments,
but these merely repeated the nuclear pattern of the
individual bacilli (Pl. 7, fig. 15). When stained by
tannic- acid -violet these filaments appeared as chains
of bacilli.
DISCUSSION
The foregoing observations indicate that the previously described nuclear fusion and redistribution
in non-sporing bacteria entails one chromosome
division within the fusion nucleus, and a second
division during the redistribution of the chromosomes throughout the elongating filament (Text figs. 7 -10). Thus each chromosome of the trinucleate
cell, which precedes the fusion nucleus (Text -fig. 6),

bacteria is not sui generis, as has been supposed, but
closely resembles that of other organisms.
Recent observations by Klieneberger -Nobel (1947)
appear to indicate that the occurrence of fusion
nuclei is more frequent in bacteria which have been
grown at low temperatures, but no explanation of
this can, at present, be suggested.
SUMMARY
The process of nuclear fusion and reorganization as it occurs in members of the Bacteriaceae is
described.
2. The chromosomes behave as pairs at all times,
the normal bacillus, of smooth morphology, contains
two pairs.
3. The fusion nucleus contains three pairs and is
preceded by á corresponding trinucleate bacillus.
4. One division of the chromosomes takes place
in the fusion nucleus, and another during the process
of redistribution of the chromosomes. The second
division is followed by fragmentation, and return to
the bacillary condition.
1.

JOURNAL OF HYGIENE, VOL. 46, NO. 2

PLATE

.

111.

t

7

K. A. BISSET

175

REFERENCES
BissET, K. A. (1948). J. Gen. Microbiol. (In Press.)
KLIENEBEROER-NOBEL,E.(1945). J. Hyg.,Camb., 44, 99.

KLIENEBEROER-NOBEL,E.(1947).J.Hyg.,Camb.,45,410.
RoBiNOw, C. F. (1944). J. Hyg., Camb., 43, 413.
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Fig. 1. Bact. dysenteriae Flexner, normal cell, dividing cell and fusion nucleus. (x 2000.)
Fig. 2. Bact. dysenteriae Flexner, fusion nucleus. (x 2000.)
Fig. 3. Bact. dysenteriae Flexner, cell walls of dividing bacilli, showing constriction, and of cell Containing fusion

nucleus. (x 2000.)

Figs. 4, 5. Bact. coli, fusion nuclei, normal and dividing bacilli. (x 2000.)
Figs. 6, 7. Bact. dysenteriae Flexner, expanding fusion nuclei. (x 2000.)
Figs. 8, 9. Bact. dysenteriae Flexner, growing filaments, showing redistribution of chromosomes after first division.

(x 2000.)

Figs. 10-12. Bart. dysenteriae Flexner, fragmenting filaments; figs. 10 and 11 stained to demonstrate chromosomes,
fig. 12 to demonstrate cell wall. (x 2000.)
Figs. 13, 14. Bact. dysenteriae Flexner, trinucleate bacilli. (x 2000.)
Fig. 15. Bact. coli, rough culture showing filaments. (x 1000.)
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This paper, which consists mainly of new observations, is also intended to correlate, expand and revise
some of the material contained in the author's
previous studies upon bacterial cytology.

TECHNIQUE
The majority of the observations were made upon

water -mounted preparations stained by the acidGiemsa technique (Robinow, 1942). This method
employs acid hydrolysis to reduce the affinity for
stain of the cell membranes and cytoplasm. Myxobacteria, which lack the cell wall of the Eubacteria,
stain readily with Giemsa alone, whereas the Gram negative cocci resist these methods and reveal their
nuclear structures best when stained with methylene
blue and differentiated with eosin, according to the
technique of Badian (1933). This method is not easy;
but it produces preparations of great beauty, with
blue cytoplasm and red nuclei.

Figures in the Text)
Azotobacter
Azotobacter chroococcum was grown upon Petri
dishes of moistened soil. This bacterium, despite its
size, has cytological characters resembling those of
the unicellular cocci. It divides by simple constriction (Pl. 9, fig. 5), and possesses a spherical, slightly
eccentric nucleus (Pl. 9, figs. 6, 7). The cells are
frequently coccal, and appear to be capable of

1

OBSERVATIONS
Gram- negative cocci
The strains examined were derived from the
respiratory passages and faeces of man and labora-

tory animals, and cultivated upon routine media.
Like the staphylococci (Bisset, 1948 a), the Gramnegative cocci may be unicellular or divided into two
cells by a transverse membrane. The latter, two celled cocci are the typical Neisseria, and their
morphology is clearly visible by simple staining
techniques. In this they differ from the Gram positive cocci which appear as undifferentiated
spheres when unsuitably stained. The great majority
of Gram- negative cocci which were studied, however, were unicellular, and possessed a spherical
nucleus, usually slightly eccentric in position
(Pl. 9, fig. 1; Text -fig. 1). They divided by simple
constriction (Pl. 9, fig. 2), and dividing cells contained
two or more nuclei. Occasional short filaments were
seen, containing as many as five nuclei (Pl. 9,
figs. 3, 4). Although this form of nucleus is apparently
simple in morphology, it is near the limit of optical
resolution and cannot be examined critically. Some
evidence as to its nature may be obtained, at least
by analogy, from the nucleus of Azotobacter, which is
described in the next section.

3

Text -figures 1-3. Bacteria possessing a discrete nucleus.
1, Coccus; 2, Corynebacterium; 3, Azotobacter. Thick
line represents cell wall; thin line, cell membrane..
Capsule of Azotobacter is shown hatched.

dividing at right angles to the previous plane of
division, which true bacilli are not. This can be
deduced from the arrangement of cells within the
common, mucous capsule (Pl. 9, fig. 8). The nucleus
resembles that of the Gram -negative cocci in that it
can readily be stained by the methylene-blue -eosin
technique, but resists acid -Giemsa. When fully
differentiated the nucleus appears as a vacuole,
surrounded and partly obscured by chromatinic
granules, and closely resembling the nucleus of
certain yeasts (Pl. 9, fig. 7; Text -fig. 3). It is not
impossible that the smaller spherical nuclei of
the Gram -negative cocci also have this type of

structure.
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Other bacteria possessing spherical nuclei

Certain other bacteria possess spherical nuclei, or
appear to do so. Like the staphylococci, the streptococci vary in this respect. The lanceolate, short chained streptococci possess a structure analogous
to that of some rod -shaped bacteria, and will be
discussed in the next section. Other types resemble
the staphylococci more closely (Bisset, 1948a)
(Pl. 9, fig. 9). The Corynebacteria are markedly
multicellular, and the component cells, which often
are almost spherical in shape, possess central nuclei
(Pl. 9, fig. 10; Text -fig. 2). These nuclei are perfectly
distinct from the metachromatic granules' which
are artefacts. This question is the subject of a
separate study.

bacillus contains two pairs of chromosomes, whose
division precedes that of the cell, exactly as is the
case with plant or animal cells (Pl. 9, fig. 11; Text fig. 4a). The short - chained streptococci possess a
similar morphology to the smooth bacilli, which they
resemble in other respects (Bisset, 1948a) (Text fig. 7a).
The bacteria of this type, whose nuclei are most
frequently found in the chromosomal condition,
possess an alternative nuclear pattern. The chromo.
somes appear to fuse in the centre of the bacillus,
forming a nucleus, the pattern of which varies
somewhat in the different genera (Pl. 9, figs. 12, 13,
15; Text -figs. 4b, 5b, 6b, 7b). The chromatinic
material is redistributed throughout the elongating
bacillus, which then divides into several daughter

a

7

a

a

Text -figures 4-7. Types of bacteria possessing chromosomes. a, chromosomal condition; b, fusion nucleus.
4, Rod -shaped Eubacteria, smooth morphology; 5, Rod-shaped Eubacteria, rough morphology; 6, Myxobacteria; 7, Short - chained Streptococci. Thick line represents cell wall (absent in Myxobacteria), thin line
cell membrane.
cells (Bisset, 1948 b, 1948 c). The details of the process
Rod -shaped Eubacteria
probably vary considerably, but in coliform bacteria
The great majority of rod -shaped Eubacteria ofsmooth morphologya single division of the chromodiffer from the genera described in the preceding somes occurs within the nucleus, and a second
paragraphs in that their nuclei are most frequently division before fragmentation into daughter bacilli.
observed in a condition in which they consist of a Types of fusion nuclei are shown in Text -figs. 4b,
number of paired chromosomes. These are the 5 b, 7 b. This process of nuclear reorganization has so
far been observed only in non -sporing genera, and is
' dumb- bell -shaped chromatinic bodies' described by
Robinow (1942) and other workers. The small size of quite distinct from the various cytological processes
the chromosomes and the difficulty of resolving connected with sporulation. These have recently
them optically has resulted in unresolved pairs being been reviewed by Knaysi (1948).
described as single bodies. The author has previously
Myxobacteria
described the four- celled, rough type of bacillus as
having a single chromatinic body in each cell, but
In addition to the processes concerned with
more recent observations make it appear that this microcyst formation, Myxobacteria give evidence of
body represents a pair of chromosomes (Bisset, undergoing a nuclear cycle similar to that described
1947) (Text -fig. 5a). The unicellular, smooth type of in the rod -shaped Eubacteria. The vegetative cells
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Observations upon the bacterial nucleus
composing the mature swarm possess two pairs of
chromosomes, similar to those of a smooth Eubacterium but lying together near the centre of the cell
(Pl. 9, fig. 14; Text -fig. 6a). In the early stages of
the swarm, however, a high proportion of cells
contain fusion nuclei, and many are filamentous
(Pl. 9, fig. 15; Text -fig. 6 b). These forms closely
resemble those described in the previous section, and
are not concerned, as far as can be determined, with
microcyst formation or germination.
(I am indebted to Miss J. B. Grace for the material
from which the observations of Myxobacteria were
made.)
SUMMARY AND CONCLUSIONS
Two different types of nucleus are found to occur in
bacteria. The first is a spherical, central or eccentric

266

body occurring in some types of cocci and in Corynebacteria. By analogy with a similar structure in
Azotobacter, it is considered that the nucleus may be
of vesicular form, surrounded by chromatinic
granules, and resembling the nuclear vacuole of
certain yeasts.
The second type of nucleus consists of paired
chromosomes, usually either one or two pairs. These
chromosomes form fusion nuclei within which
chromosome divisions take place; they are then
redistributed to a number of daughter cells.
The majority of rod-shaped Eubacteria, including
the lanceolate-celled streptococci, have this type of
nucleus, which is also found in Myxobacteria. The
nuclear cycle is quite distinct from the cytological
processes which accompany spore and microcyst
formation and germination.
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EXPLANATION OF PLATE
Fig. 1. A Gram- negative coccus isolated from faeces.
Methylene -blue -eosin x 3000.
Fig. 2. A Gram-negative coccus isolated from faeces.
Tannic- acid -violet. x 3000.
Figs. 3, 4. A Gram -negative coccus isolated from faeces.
Methylene -blue -eosin. x 3000.
Fig. 5. Azotobacter chroococcum. Methylene blue.
x 3000.

Figs. 6, 7. Azotobacter chroococcum. Methylene -blueeosin. x 3000.
Fig. 8. Azotobacter chroococcum. Basic fuchsin. x 3000.
Fig. 9. Streptococcus pyogenes. Acid -Giemsa. x 3000.

9

Fig. 10. Corynebacterium sp. of vaginal origin. Acid Giemsa. x 3000.
Fig. 11. Bast. dysenteriae (Flexner). Composite photograph. Acid -Giemsa. x 3000.
Fig. 12. Streptococcusfaecalis. Fusionnucleiandfilament.
Acid -Giemsa. x 3000.
Fig. 13. Lactobacillus sp. Fusion nucleus. Acid -Giemsa.
x 3000.
Fig. 14. Chondrococcus exiguus. Vegetative cells.
Giemsa. x 3000.
Fig. 15. Chondrococcus exiguus. Fusion nuclei. Giemsa.
x 3000.

(MS. received for publication 20. v. 48. -Ed.)

Reprinted from THE JOURNAL OF GENERAL MICROBIOLOGY
VoL. 3, No. 1, January 1949
(All rights reserved)

PRINTED IN GREAT BRITAIN

Observations upon the Cytology of Corynebacteria
and Mycobacteria
BY K. A. BISSET

Department of Bacteriology, University of Birmingham
SUMMARY: Bacilli in young cultures of Corynebacteria and Mycobacteria are
multicellular. The individual cells are almost spherical, and a single bacillus may
contain from one to twelve or more units. Reproduction may take place by division
of the constituent cells, followed by simple fission of the bacillus, or alternatively by
fragmentation into single cells which subdivide without separating, and grow into
multicellular bacilli once more. The latter phenomenon may account for previous
descriptions of life cycles in these genera.
The nuclear units are small, spherical granules, resembling those of some species
of cocci. The characteristic morphology of Corynebacteria and Mycobacteria is an
artefact, resulting from drying and heat -fixation. These genera do not appear to
possess any morphological characters in common with the true Actinomyces, with
which they are at present classified.

In the study of the morphology of the Corynebacteria great confusion has been
caused by attempts to interpret the appearance of Corynebacterium diphtheriae
when stained by the various diagnostic methods which have been employed in
routine work. It is not proposed to attempt to review the literature on the nature
of the metachromatic granules which has accumulated in the last 50 years, most
of which ignores the fallacy of attempting to base cytological conclusions upon
the evidence of heat -fixed material. Various members of the group have also
been described as `barred' in appearance, and it is the opinion of the author
that these two characteristics have often been confused. In the Mycobacteria
also, both granules and barring have often been described. Porter & Yegian (1945)
have shown that the granules in Mycobacterium tuberculosis are staining artefacts,
and have also demonstrated chromatinic bodies in this organism, by Robinow's
method. Brieger & Robinow (1947) have confirmed this latter observation in
the avian type of bacillus. Discrete Feulgen- positive granules have also been
observed in M. tuberculosis by Epstein, Ravich -Birger & Svinkina (1936).
Brieger & Robinow (1947) tried to demonstrate the transverse septa which
consideration of its morphology led them to expect in this organism, but failed
to do so. In the present paper it is intended to show that these septa do in fact
exist. They also appear quite clearly in an electron micrograph by Brieger,
Crowe & Cosslett (1947), although their presence is not commented upon in the
text. The similar multicellular structure of C. diphtheriae is demonstrated by
Burdon (1946) in drawings intended to illustrate the lipid content of the
organism.
Materials and methods. The bacteria employed were freshly isolated strains
wherever possible, and were grown upon routine culture media. Preparations
were stained by Robinow's (1945) methods for nuclear materials and cell walls.
Wet preparations were used throughout.

K. A. Bisset
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Observations
A large number of preparations were made from eight strains of C. diphtheriae (four gravis, two mitts, two intermedios) isolated from routine throat

swabs. When stained by Neisser's stain these showed the characteristic morphology of the species, with obvious metachromatic granules (Pl. 1, fig. 1).
When stained by tannic -acid-violet, they appeared much larger and were seen
to consist of from one to six or seven almost -spherical cells (Pl. 1, fig. 2).
Acid -Giemsa preparations showed that each cell was occupied by strongly

ti)
A

Fig.

1

Fig. 2

Fig. 1. Mycobacterium or Corynebacterium. Alternative modes of reproduction. Above.
Division of bacillus preceded by multiple cell division. Below. Fragmentation and
regeneration from individual cells.
Fig. 2. Corynebacterium diphtheriae. A. Interpretation of actual morphology. B. `Typical'
morphology as produced in fixed, dried preparations. Note the effect of shrinkage.

stained protoplasm containing a small central granule (Pl. 1, figs. 3, 4). Other
Corynebacteria of human origin, which did not exhibit metachromatic granules
when stained by Neisser's stain, showed the same cytological appearances
(Pl. 1, figs. 5, 6). These included two strains from the nasal passage and two
from the vagina. The granule divided before the cell, and its appearance was
very similar to that of the nuclear granules which have been reported in some
cocci (Knaysi, 1942; Bisset, 1948). These appearances were best seen in young
cultures; after 18 to 24 hr. growth they became difficult to stain.
Two methods of reproduction appeared to occur (Fig. 1). Division of the
bacillus was sometimes preceded by cell division, producing a stage with a large
number of small cells which then divided into two normal bacilli. Alternatively
the bacillus was sometimes observed in the process of fragmentation into its con stituent cells, from which, by growth and cell division, the bacilli were reformed.
These two methods of reproduction occurred simultaneously in a single culture.
The Mycobacteria which were examined were stock cultures of M. tuberculosis
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(cold -blooded) and M. phlei, and one newly isolated strain of M. tuberculosis
(human). All were difficult to stain; but a preliminary treatment with warm
70 % ethanol rendered them more readily stainable. The resemblance of their
cytological structure to that of the Corynebacteria was very great (Pl. 1,
figs. 7-10). The tubercle bacilli also consisted of one to twelve or more small
cells, each containing a chromatinic granule, although the latter, because of its
small size, was difficult to resolve.
DISCUSSION

The `characteristic morphology' of C. diphtheriae appears to be an artefact.
The barred appearance of this species, and also of the tubercle bacillus, in
dried, heat -fixed films, is due to shrinkage of the individual cell- contents away
from the cell wall, producing gaps between them (Fig. 2). The metachromatic
granules are probably mere condensations of stainable material within the
dried cell. The present study has not attempted to add to the already considerable mass of contradictory evidence upon the nature of the material of
which these metachromatic granules are composed. They do not correspond to
the nuclear granules, as these are present in other types of Corynebacteria
which do not exhibit metachromatic staining. It is probable, however, that the
metachromatic material accumulates around the nuclear granules, as indicated
in the diagram.
Some of the life -cycle theories which have been suggested in the tubercle
bacillus may well be based upon observations of a system of reproduction
involving fragmentation of the bacilli into their constituent cells. This multi cellular structure has also a bearing upon reports of true branching in these
genera. None of the strains examined possessed a cytological structure resembling that of the sporing Actinomyces as described by Klieneberger -Nobel
(1947), in which the individual cell is branched. Nor do the branching tubercle
bacilli illustrated by Brieger & Robinow (1947) appear to possess such a
structure. There seems little morphological basis for the belief that the `higher
bacteria' are related to the true Actinomyces.
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EXPLANATION OF PLATE
Fig. 1. C. diphtheriae (gravis), Neisser's stain. x 3000.
Fig. 2. C. diphtheriae ( gravis), tannic- acid -violet. x 3000.
Fig. 3. C. diphtheriae (gravis), acid -Giemsa. x 3000.
Fig. 4. C. diphtheriae (intermedius), acid -Giemsa. x 3000.
Fig. 5. Corynebacterium sp. (human vaginal origin), tannic-acid -violet. x 3000.
Fig. 6. Corynebacterium sp. (human vaginal origin), acid-Giemsa. x 3000.
Fig. 7. M. tuberculosis (human), acid-Giemsa. x 3000.
Fig. S. M. tuberculosis (cold -blooded), acid -Giemsa. x 3000.
Fig. 9. M. tuberculosis (cold -blooded), tannic- acid-violet. x 3000.
Fig. 10. M. phlei, tannic-acid -violet. x 3000.

(Received 23 April 1948)

ADDENDUM (17 November 1948). In the 1948 edition of Bergey's Manual
of Determinative Bacteriology (6th ed. Baltimore: Williams and Wilkins) the
Corynebacteria are separated from the Mycobacteria and placed with the
Eubacteria. The cytological findings in the present paper are even more at
variance with this classification than with that in the 1939 edition.
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The occurrence in Myxobacteria, including Cytophagas, of a complex cycle of nuclear changes, is well
known (Krzemieniewski, 1928; Badian, 1930, 1933a;
Beebe, 1941). A recent description by KlienebergerNobel (1947) has clarified the evidence of the
existence of an autogamous or sexual nuclear fusion
preceding microcyst formation in Myxobacteria.
This process is clearly seen in Cytophagas also

bacteria in young cultures, differed notably from the
structures which were described by Stoughton.
Robinow stated that, in cultures older than a few
hours, the chromatinic bodies could not be defined
microscopically.
The behaviour of the chromatinic bodies, in nonsporing bacteria, has been more fully investigated by
the author (Bisset, 1948 a, b), and they were shown to

Text -fig. 1. A, simple vegetative reproduction (primary nuclear phase); B, sexual vegetative reproduction (primary
nuclear phase); C, direct microcyst formation; D, microcyst formation from secondary nuclear phase.
a, Microcyst; b, c, germination of microcyst; d, vegetative cell, primary nucleus phase; e, vegetative fusion
cell; f, vegetative cells, secondary nuclear phase.

(Krzemieniewska, 1930; J. B. Grace, personal communication). An analogous process, resulting in the
production of a nucleated `coccus' from a phytopathogenic bacterium, was described by Stoughton
(1929, 1932). Stoughton also described, in ageing
cultures of the same organism, a dumb- bell -shaped
nucleus, which divided with the cell. This body was
not, however, demonstrable in young cultures, and
the chromatinic bodies which were so strikingly
demonstrated by Robinow (1946), in the cells of

behave in a manner analogous to that of the chromosomes of plants and animals, being paired structures,
and dividing by longitudinal fission (Text -fig. 1 A).
They were also shown to take part in an alternative
method of reproduction, occurring in young cultures, in which three pairs of bodies, contained in an
enlarged cell, became fused at the centre of the cell,
and there underwent two nuclear divisions. The
resulting chromatinic material was then redistributed throughout the growing, filamentous cell,
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which afterwards fragmented into bacilli (Text -fig.
1 B). This process was found to occur also in Myxobacteria (Bisset, 1948c).
It is a matter of common experience that, in
cultures more than 12-24 hr. old, the nuclear
structures are difficult to demonstrate, and accordingly a large number of strains were examined in an
attempt to overcome this difficulty. It was found
that strains of Bacteriaceae were occasionally encountered which stained well at all ages, and which
showed evidence of the existence of a life cycle closely
resembling that of the Myxobacteria. This cycle also
showed certain points of resemblance to the system
of nuclear changes described in sporulation in the
Bacillaceae (Badian, 1933 b; Klieneberger- Nobel,
1945; Flewett, 1948), where an autogamous fusion
has also been described. Some points in connexion
with the nuclear cycle in morphological variants of
sporing and non-sporing genera were also investigated, and observations were made upon the primary
and secondary nuclear phases, described by Piekarski
(1937).

TECHNIQUE
Preparations were stained by the HCl- Giemsa technique of Robinow (1946), and were always mounted
in water for examination.
Eight strains of Bact. coli and Bact. aerogenes and
one of Pseudomonas pyocyanea, which had been
found to stain well at all ages, were examined. All
were freshly isolated. Three rough strains of Bact.
coli were also examined, and some comparative observations were made upon spore -bearing bacilli,
lactobacilli and cytophagas. The two last were cultivated upon glucose agar andfilter -paper respectively,
and the remainder upon meat -infusion agar, at
37° C. Ageing cultures were usually left at room
temperature.
A large number of strains which were testedproved
difficult or impossible to stain suitably, except in
very young cultures. These were rejected. There did
not appear to be any other difference between the
stainable and unstainable cultures.
OBSERVATIONS
Young cultures. In cultures from approximately
2 until 24 hr. old the bacteria were large in size, and
the paired chromatinic bodies were clearly visible,
arranged in their characteristic mitotic figures (Pl. 5,
fig. 1, Text -fig. 1A). At this stage the alternative
method of reproduction (Bisset, 1948 a), by nuclear
fusion, growth and fragmentation, was also to be
found (Pl. 5, figs. 2, 3 ; Text-fig. 1 B). In cultures aged
from 24 hr. to 4 or 5 days (the period differing with
the individual strain) the nuclear material of the
bacteria was irregularly scattered in the cell, or
arranged in the form of a beaded rod, longitudinally
disposed (Pl. 5, figs. 4, 5).

Formation of microcysts. In older cultures, up to
weeks, an increasing proportion of bacteria
were observed to have assumed a spherical or oval
shape, containing an eccentric chromatinic body.
This body could sometimes be observed to lie at the
edge of a large, unstained, central nucleus (Pl. 5,
figs. 6, 7 ; Text -fig. 2g). In addition to these spherical
forms, a number of characteristic conditions of the
bacterial cell were observable in these ageing cultures. In some of these the central chromatinic rod
was to be seen, but was usually constricted centrally,
or was divided into two halves (Pl. 5, figs. 5, 8;
Text -fig. 2c). In other cells the two halves of the
rod had rounded off, and the cell was constricted
centrally, as though in the process of division (Pl. 5,
figs. 8, 9; Text -fig. 2d). In other forms these two
nuclei had once more fused at the centre of the cell,
which became, by degrees, transformed into a
mature coccus or microcyst (Pl. 5, figs. 6, 9 ; Text -fig.
2e, f, g). These appearances were capable of interpretation as an autogamous or a sexual fusion, but it
was not possible to determine which was, in fact,
occurring. Most of the oval, nucleated bodies, which
were always found in company with the conjugating
cells (Pl. 5, figs. 6, 9) were almost certainly immature
microcysts, but some may have been gametes produced by the division of the binucleate precursor
cells, and subsequently conjugating sexually.
The entire picture bore a most striking resemblance to the process of microcyst formation in Myxobacteria (Text -figs. 5, 6) and differed from the
coccus ' formation, described by Stoughton (1929,
1932, Text -fig. 9), mainly in that the latter described
the coccus as being extruded from the side of the
bacterium. The size of the microcysts was variable;
usually they were small by comparison with the
vegetative cell, but some were almost as large
2 or 3

(Pl. 5, figs. 6, 7, 10, 11).
The secondary nuclear cycle. The cycle in some
strains included a stage in which the cells contained
a single, central nuclear body, dividing with the cell
(Pl. 6, fig. 12, Text -fig. 1D). This was observed, and
described as the `secondary' nucleus, by Piekarski
(1937). The organism studied by Stoughton (1929,
1932) was also in this condition (Text -fig. 9), but
could not be stained, by Stoughton's technique, in
very young cultures, when it may be assumed to have
been in the `primary' condition, typical of young
bacterial cultures.
The cultures studied in the present investigation
usually passed from the primary to the secondary
phase after 24 or 36 hr., and thereafter the cells were
gradually transformed into microcysts, without any
of the obvious cytological changes which occurred
when the microcystic stage was derived directly
from cells in the primary nuclear phase, as described
in the previous section (Text -fig. 1). The formation of
the resting nucleus by this method was not, however,
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Text -fig.

2.

Microcyst formation in Bact. coli, smooth variant.

d

a

Text -fig.

3.

Microcyst formation in Bact. coli, rough variant.

a

Text-fig.

4.

Microcyst formation in Lactobacillus sp.

d

a

Text-fig. 5. Microcyst formation in Cytophaga sp., after Grace (unpublished).

a

Text -fig.

6.

Microcyst formation in Mxyococcus sp., after Klieneberger -Nobel (1947).

b

Text -fig.

7.

c

Spore formation in Bacillus sp., rough morphology, partly after KlienebergerNobel (1945), Flewett (1948).

/'

o
d

Text -fig.

8.

v

Spore formation in Bacillus sp., smooth morphology (original).

8ts
Text-fig. 9. Microcyst formation in Bact. malvacearum, modified after Stoughton (1929, 1932).
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devoid of some suggestion of a sexual mechanism.
Pairs of bacilli, apparently attached end -to -end,
with their nuclear material concentrated at the
point of contact, were often seen (Pl. 6, figs. 12, 13;
Text-fig. 3c), and as exactly similar appearances,
preceding `coccus' formation, were interpreted by
Stoughton (1932) as indicative of conjugation, the
suggestion cannot be disregarded (Text -fig. 9).
The rough strains of Bact. coli which were examined appeared invariably to adopt this mode
of microcyst formation. The young, multicellular
bacterium, each cell of which contained a single pair
of chromosomes (Bisset, 1947), developed, apparently by simple growth and fragmentation, into
individual `secondary' bacilli, which were transformed into microcysts (Pl. 6, figs. 12, 13 ; Text -fig. 3).
Lactobacilli, which possess the rough morphology,
tended to retain the four -celled structure throughout the cycle. Each cell became a microcyst while
remaining in contact with its three neighbours
(Pl. 6, fig. 14; Text -fig. 4).
Germination of microcysts. When the microcysts
were transplanted upon fresh medium they rapidly
regained the typical morphology of a young culture.
Usually the transformation was complete in 2 hr.
The germination commenced as an increase in the
size of the microcyst and the transformation of the
nucleus into a single, transverse bar (Pl. 6, figs. 15,
16a, b; Text -fig. lb). The bacterium then further
increased in length, and the single bar divided into
two (Pl. 6, figs. 15, 16c). The two bars migrated towards the poles of the cell and were transformed into
the paired chromosomes of the `primary' nucleus.
In rough variants the process was similar, but proceeded to the formation of a multicellular bacterium
(Pl. 6, fig. 17).
Some of the stages of this process are figured by
Robinow (1946), as types of cells found in young
cultures. One of the cells figured is a mature micro cyst, as yet ungerminated.
Sporulation in bacilli of, smooth morphology. The
mode of spore formation in rough, multicellular
bacilli is well known (Badian, 1933 b; KlienebergerNobel, 1945; Flewett, 1948), although the multi cellular structure of the organisms described has not
always been made clear; mainly because the cell
membranes and nuclear structures are difficult to
demonstrate at the same time. This process differs
markedly from that of microcyst formation in the
non-sporing genera of similar morphology, described
in a previous section, in that the nuclear units of
three out of the four cells of the bacillus are rejected,
and only one is included in the spore (Text -fig. 7).
A small number of observations was made upon the
sporulation of three strains of smooth, unicellular
bacilli (Text -fig. 8). It was seen that a rod -shaped
fusion nucleus was formed, as in the case of rough
strains (Pl. 6, fig. 18), and thereafter two nucleoids

were formed, of which one was included in the
spore, and one rejected (P1. 6, fig. 19). Thus a
reduction process appears to occur in the sporulation of both morphological types of spore -bearing
bacillus.
DISCUSSION

The conception of a vegetative phase, succeeded by
a phase of conjugation, in bacterial cultures, is not
new. Dubos (1946), from a discussion of theoretical
considerations, has concluded that this normally
occurs. Autogamous or sexual processes preceding
the formation of the spore in Bacillaceae and the
microcyst in Myxobacteria are now fully established.
The present work serves to bring the Bacteriaceae
into line with other bacterial groups, but as the life
cycle described in this paper is based upon a subjective interpretation of the observed changes in the
appearance of the bacteria, at various ages, it is
necessary to discuss the logical arguments in favour
of the adoption of this interpretation, however much
the same objection may be held against almost all
previous cytological studies.
The nuclear structures and their behaviour during
the period of active reproduction have already been
fully reported. Their description in this paper is
intended only to give a picture of the entire life
cycle, and to place the initial stages of the culture in
perspective as a period of microcyst germination.
This may be of importance in explaining the
phenomena associated with the lag phase of a culture, and the absence of lag when inoculation is made
from the active phase of the parent culture. In the
latter case the bacteria are already in the nuclear
condition associated with active reproduction, and
no delay occurs. The mode of division involving
simple fission of the chromatinic bodies, and that
which involves the more complex processes of fusion
and redistribution, are probably merely alternative
modes of vegetative reproduction, and the possibility
that the latter includes a sexual process is perfectly
compatible with this view.
The general arrangement, in time, of the various
stages in the culture, is readily observable. Very
young cells (Pl. 6, figs. 15, 16) precede mature, reproductive forms (Text -fig. 1A), and these are followed
after a period of hours or days, by cells with apparently disorganized nuclear material, or containing
a central, chromatinic bar. Cultures of increasing
age contain an increasingly high proportion of
mature microcysts, so that the logical problem is
simple to arrange the intervening stages in their
probable order, and here a complete series of stages,
representing the division of the central bar and its
refusion as a spherical nucleus, is available. The
alternative explanation, that division is complete,
and the subsequent recombination sexual, rather

The nuclear cycle in bacteria
than autogamous, is equally well admitted by the
observed facts.
In addition to the difficulty of arranging these
stages in any other logical order, the resemblance
between this type of process and the known nuclear
cycle in Myxobacteria and Cytophagas is so great
that to ignore it would be impossible. The author has
studied the cytological appearances of these organisms also, and considers that the identity of the two
cycles is complete. The further observation (Bisset,
1948 c) that the alternative method of reproduction,
by nuclear fusion and redistribution (Text -fig. 1B)
occurs also in Myxobacteria, indicates that the
complete, nuclear cycle of Myxobacteria and nonsporing Eubacteria is the same, except that Eubacteria, like Cytophagas, fail to form complex fruiting
bodies. The processes described by Stoughton (1929,
1932) appear to be no more than a rather unusual
version of the same life cycle, as it arises from the
secondary nuclear phase (Text -figs. 1D, 3, 9). It is
probable that the early stages of the cultures which
he examined would have proved to be in the primary
nuclear phase, had they been stained by a technique
capable of overcoming the masking effect of the
strongly staining cytoplasm and cell membranes in
the young bacteria, which he describes as staining
uniformly. The author has accepted Stoughton's
interpretation of the, apparently, conjugating cells
which are found in the secondary nuclear phase,
when it occurs. It appears entirely logical to do so,
because it renders the two methods of microcyst
formation essentially similar.
The relationship of the mature, resting nucleus, as
found in the microcyst, to the paired chromosome like bodies of the primary phase, vegetative cells is
problematical. It seems possible that these structures are chromosome complexes, such as occur in the
mitosis of yeasts (Lindegren, 1946). The nuclei of the
microcysts resemble the vesicular nuclei of yeast cells,
and also resemble that of Azotobacter and of certain
types of coccus (Bisset, 1948 c). If the microcyst
nucleus represents the resting nucleus of the bacterium, and the `chromatinic bodies' are mitotic
complexes, we are led to the remarkable, but not inconceivable conclusion, that these bacteria remain
permanently in the mitotic condition throughout
the period of active cell division.
The exact form of the chromosome complexes is
not easy to determine. As they have a marked
tendency to present a long axis to the observer, it
might be postulated that they are disk- shaped
structures, resembling the nuclei of Caryophanon
(Peshkoff, 1940). In other preparations they give the
impression of ribbons wound around the axis of the
cell. The chromosomes proper, in their dispersed
condition, may be too small to be resolved, or may be
represented by the beading upon the central, chromatinic rod (Pl. 5, figs. 4, 5). The occurrence of a rod
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of this type is a feature of both spore and microcyst
formation, andwas first observed by Schaudinn (1902,
1903). In a recent review, Lewis (1941) attempted to
explain the numerous, recorded observations of such
rod -like nuclear structures by the suggestion that
they represent the stainable contents of the cell,
compressed centrally by an accumulation of fat
globules. But there seems little doubt that it is a
regular stage in nuclear development.
Spore and microcyst formation differ from one
another in that a reduction process is obvious in the
former, where half or three- quarters of the nuclear
material is excluded from the spore, and apparently
lacking in the latter. This difference is especially
striking in the case of rough variants. In the spore forming genera, one bacillus forms a single spore,
whereas each cell of the non -sporing bacillus goes to
form one microcyst; whether, as in the case of the
lactobacilli, they remain attached in fours, or
whether, as in the case of the rough variants of Bact.
coli, the cells first separate into individual, secondary
phase bacilli (Text -fig. 3). The general pattern of
microcyst or spore formation is the same in smooth
or rough variants, as far as can be determined. The
formation of the secondary nuclear phase may be
indicative of a reduction process, and Allen, Appleby
& Wolf (1939) described a process which they considered indicative of meiosis, preceding sporulation
in a large Bacillus, but the appearances which they
figure do not appear to be commonly observable in
other bacteria. It appears axiomatic, however, that
where conjugation of any kind occurs, reduction
must also take place. Demerec & Latarjet (1946)
have produced evidence of increased rate of segregation of heterozygotes during late bacterial generations. This may be considered as evidence of the
occurrence of reduction, and also of a sexual process
in ageing cultures.
SUMMARY
1. Strains of Bact. coli and related bacteria possess
a life cycle resembling that of Myxobacteria. The
vesicular, resting nucleus is contained in a microcyst, which is formed by a process suggestive of
sexual conjugation.
2. The microcyst germinates by the transformation of the resting nucleus into the chromosome -like
bodies typical of active, vegetative cultures. These
may be analogous to the chromosome complexes of
yeasts. The period of germination of microcysts
corresponds to the lag phase of cultures.
3. The nucleus remains permanently in the
mitotic condition during the active, vegetative phase
of growth, and reproduces by an asexual and a
sexual method.
4. Older cultures may be transformed directly
into microcysts or may first adopt a secondary,
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vegetative phase, in which the nucleus is in the form
of a single, central body.
5. Microcyst formation differs from spore forma-

tion in that it lacks the obvious reduction processes
associated with spore formation, upon which a few
original observations are included.
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EXPLANATION OF PLATES
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AND

6

All the preparations are stained by acid -Giemsa, and the magnification is x 3000 in all cases.
PLATE 5

Fig. 1. Bact. coli, young vegetative cells.
Figs. 2, 3. Bact. coli, vegetative fusion cells.
Fig. 4. Bact. coli, cells with central nuclear rods.
Fig. 5. Bact. aerogenes, cells with central nuclear rods.
Fig. 6. Bact. coli, microcysts.
Fig. 7. Bact. aerogenes, microcysts.
Figs. 8, 9. Bact. coli, stages in microcyst formation.
Fig. 10. Bact. coli, rough variant, microcysts.
Fig. 11. Cytophaga sp., microcysts.
PLATE 6

Figs. 12, 13. Bact. coli, rough variant, secondary nuclear phase.
Fig. 14. Lactobacillus sp., microcysts, retaining arrangement in fours.
Figs. 15, 16. Bact. coli, germinating microcysts.
Fig. 17. Bact. coli, rough variant, germinating microcysts.
Fig. 18. Bacillus sp., smooth morphology, showing nuclear rods, early stage of sporulation.
Fig. 19. Bacillus sp., smooth morphology, later stage of sporulation than fig. 18, showing rejection
of one nucleoid.
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The Relationship of Certain Branched Bacterial Genera
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SUMMARY: The aerobic sporing Streptomyces may be distinguished from the
parasitic anaerobic Actinomyces by the type of branching which they possess. It is
proposed that they should be assigned to separate orders, Streptomycetales and
Actinomycetales. The latter order is subdivided according to the type and arrangement of the component cells, and consists of two Families. The first, Actinomycetaceae, includes anaerobic actinomyces, and also `soil diphtheroids' for which a new
genus, Jensenia is proposed. The second, Mycobacteriaceae, includes Mycobacterium,
Corynebacterium and Nocardia.

The true relationship of those bacterial genera which have, at various times,
been grouped with the Actinomyces, is not easy to establish. In most early
classifications the character of branching, however occasional, has been given
great weight, although the techniques employed for the definition of this
character have not always been adequate to the task; many genera, having
little else in common, have been classed together for this reason. More recent
amendments of the original schemes have been based largely upon the original,
inadequate evidence (Waksman & Henrici, 1943). A return to the primary
basis of classification, morphology, and a re- examination of the evidence in this
respect, might remove some of the anomalies of the present position.
The name Actinomyces was originally given to the filamentous organism
which was responsible for actinomycosis in animals; later the fungus -like
organisms, now often called Streptomyces, were included in the genus. The
present classification of Bergey (1948) restores the distinction between the two
groups but retains them in a single order.
Lehmann & Neumann (1896) proposed the genera Corynebacterium and
Mycobacterium, primarily for the pathogenic bacteria causing diphtheria,
tuberculosis and leprosy. Later the genus Corynebacterium was extended to
include almost any Gram -positive, non -motile, non -sporing bacterium showing
any morphological irregularity; and the genus Mycobacterium to include any
acid -fast organism.
As indicated by Conn & Dimmick (1947), each genus had species assigned to
it which differed more from other species in the same genus than did the type
species from one another. The classification of Bergey (1948), which limits the
genus Mycobacterium to M. phlei, M. lacticola and the usual pathogens, appears
to be sound, but the separation of Corynebacterium from Mycobacterium, and
the introduction of the family Corynebacteriaceae into the Eubacteriales is
unjustifiable, in view of the close morphological resemblance between the type
species of the two genera (Bisset, 1949). The present genus Nocardia is heterogeneous; Umbreit (1939) divides the genus (alternatively called Proactinomyces)
into a and fl forms, the former resembling corynebacteria and the latter forming
a stable mycelium, but without spores. Umbreit suggested that the acid -fast
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and non -acid -fast a-Proactinomyces might be related to Mycobacterium and
Corynebacterium respectively, and also related, via the 13-Proactinomyces, to
Streptomyces. Jensen (1934) suggested a similar relationship, regarding the
various intermediate forms as evidence that these genera form a natural group.
Biochemically the streptomyces, actinomyces, mycobacteria and corynebacteria are well defined, whereas the nocardia, as at present defined, are
heterogeneous, but can be divided into two rather ill- defined sub -groups, one
of which resembles the mycobacteria in being non -proteolytic, and failing to
produce acid from sugars. The second group resembles the streptomyces, being
proteolytic and able to hydrolyse starch. It is probable that these two subgroups are not closely related.
MATERIALS AND TECHNIQUE

Morphological examinations were made by Gram's method and by Robinow's
(1945) tannic acid violet stain for cell- walls. Preparations made by the latter
method are of such value in the elucidation of the morphology of bacteria, and
the technique is so simple to perform, that any morphological study which fails

to make use of it, and thus fails to determine whether the organism described
is composed of one cell or many, must be regarded as incomplete.
The following strains of bacteria were examined:
Pathogenic actinomyces. Eight newly isolated strains, two from human, and
six from bovine infections, all were anaerobic on isolation.
Other parasitic organisms. Two non -sporing, actinomyces -like organisms from
the human mouth, aerobic and apparently non -pathogenic. Four sporing
actinomyces (Streptomyces) from the healthy mouths of laboratory animals.
Soil diphtheroids' and nocardia. Thirty strains of these organisms were
isolated from soil, and six strains of Gray & Thornton's (1928) Proactinomyces
were obtained from the National Collection of Type Cultures.
Streptomyces. Thirty -one strains were isolated from soil and water, in
addition to the four from animal sources mentioned above.
OBSERVATIONS

The pathogenic actinomyces were grown an aerobically upon nutrient agar
containing 1 % glucose. The colonies were adherent to the medium and consisted of radiating filaments (Pl. 1, fig. 1), in which little or no branching was
observed. This contrasted strongly with the appearance of the aerobic, sporing
organisms (Streptomyces) which branched very obviously (Pl. 1, fig. 2), and
in which the branched condition of the component cells, as described by
Klieneberger-Nobel (1947), was readily seen.
In smears stained by tannic acid violet the pathogenic forms showed
occasional, short branches, which soon became separated from the main stem.
This type of branching is more accurately described as budding (Pl. 1, figs. 3,
4). The strains from human and bovine sources, including the two aerobic
strains from the normal human mouth, were alike in this respect, but differed
in that the filaments of the human strains were invariably much longer than
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in the bovine strains. The component cells were also of great length in the
human strains (Pl. 1, figs. 5, 6). The constancy of this difference throughout
several weeks of culture suggests that this species may be subdivided into
human and bovine types analogous to those of M. tuberculosis. On sub - culture
the anaerobic character progressively diminished, and disappeared after a few
weeks. The colonies also tended to become less adherent.
A more complete examination of the morphology of the sporing strains was
not attempted, as these organisms have already been competently described
(Klieneberger -Nobel, 1947).
The soil bacteria and proactinomyces were of two major morphological
groups. Those corresponding to the general description of `soil diphtheroids',
branched only occasionally and the branch was separated from the parent cell
(Pl. 1, fig. 7). In some strains the cell-wall was highly irregular, and produced
a fallacious appearance of branching in a Gram -stained film (Pl. 1, fig. 8).
These bacteria were unicellular, and quite distinct from the true corynebacteria,
which are multicellular (Bisset, 1949). In the early stages of growth all the
strains of this group produced an unstable mycelium which later fragmented
into bacillary forms. Surface colonies on Lemco agar were pinkish, glistening
and easily emulsified.
The second type consisted of more filamentous organisms, and formed surface
colonies on Lemco agar which were white, waxy and difficult to emulsify. The
filaments were frequently branched and were composed of numerous very
short cells. They bore a general resemblance to the branching mycobacteria
described by Brieger & Fell (1945). As with all other forms observed, except
streptomyces, the mature branch was separated from the parent filament, and
the component cell was not branched (Pl. 1, fig. 9). By Gram's method, the
shrunken cell contents formed Gram-positive granules in the Gram -negative
filament (Pl. 1, fig. 10).
DISCUSSION

We have attempted to discover a series of morphological criteria by which the
various types of branched bacteria might be classified. There is no real justification for the present habit of confining morphological examination to Gram stained, heat -fixed preparations, especially as the tannic acid violet technique,
which reveals the cell boundaries, is simpler than Gram's method to perform.
We consider that the sporing aerobic Streptomyces are entirely distinct from
the other organisms described, and propose a separate Order, Streptomycetales,
for them, retaining the Order Actinomycetales to include the remainder of the
groups under discussion. The character of acid -fastness is widely distributed in
both orders, and, unless pronounced, is not of great importance. Bacteria of
the `soil diphtheroid' type have not, in the past, been well described, and
individual species have been assigned to various genera, especially Corynebacterium, Mycobacterium and Nocardia. A new genus, Jensenia, is proposed to
include the aerobic, unicellular bacteria of this type.
The two orders are defined as follows.
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Order STREPTOMYCETALES
Filamentous, branching bacteria. (Their position in the Schizomycetes is
assumed but is questionable.) Mature branch continuous with parent stem.
Cell branched. Spores formed (Fig. 1).
There is one family, Streptomycetaceae, consisting of two genera, Streptomyces and Micromonospora, defined as in Bergey (1948).

(a)

Fig. 1. Streptomyces.

(a)

(b)

Fig. 2. (a) Actinomyces
(b) Jensenia.

(b)

Fig. 3. (a) Nocardia, (b) Mycobacterium and Corynebacterium.

Order ACTINOMYCETALES
Filaments or rods, sometimes branched. The mature branch is divided from
the parent filament by a partition. Cell unbranched. Spores not formed.
Two families are described, which are distinguished by the length of the cells
comprising the bacillus or filament.

Family I. ACTINOMYCETACEAE
Cells several times as long as broad. Individual bacillus unicellular.
Genus A. Actinomyces
Filamentous, often anaerobic or microaerophilic. Animal parasites and
pathogens (Fig. 2 a).
Genus B. Jensenia
`Soil diphtheroids'. Aerobic, short, often irregular in shape, occasionally
branched (Fig. 2 b).

Family II. MYCOBACTERIACEAE
Breadth of cells approximately the same as length. Individual bacillus is
multicellular.

Genus C. Mycobacterium
branched (Fig. 3 b).
acid
-fast.
Occasionally
Strongly
Genus D. Nocardia
Slightly or non -acid -fast. Filamentous, often branched (Fig. 3 a).

Non -acid -fast.
(Fig. 3 b).

Genus E. Corynebacterium
Short, unbranched. Animal parasites and pathogens
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In this classification no effort has been made to accommodate the various
genera (e.g. Erysipelothrix) of which adequate morphological descriptions are
not available, and which we have not examined. We consider that the criteria
of types of branching and types of cell are sufficiently clear-cut to make
allocation to families relatively easy, once these genera are properly described.
The greatest defect of the proposed system is that the characters defining the
various groups are relative, that is to say, they may sometimes lie within the
limits of variability of a single species at various ages and conditions of culture.
Very small corynebacteria may often consist of a single cell; aged cultures of
actinomyces are sometimes composed of multicellular, bacillary forms; in the
initial stages, all branches may be alike, and so forth. Nevertheless, we consider
that the scheme approximates more closely to the true relationship of the
bacteria, and is more readily applicable to the description of new genera and
species, and the rearrangement of those already recorded, than those now in
general use.
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EXPLANATION OF PLATE
Fig. 1. Actinomyces bovis, edge of colony on agar, unstained. x 350.
Fig. 2. Streptomyces sp., edge of colony on agar, unstained. x 350.
Figs. 3, 4. A. bovis, budding and separation of branches. Tannic acid violet. x 3000.
Fig. 5. A. bovis, bovine type, typical short filaments. Tannic acid violet. x 3000.
Fig. 6. A. bovis, human type, typical long filaments. Tannic acid violet. x 3000.
Fig. 7. Jensenia sp. bacillary forms and small branch. Tannic acid violet. x 3000.
Fig. 8. Jensenia sp. showing irregular outline. Tannic acid violet. x 3000.
Fig. 9. Nocardia sp. multicellular, branched filament. Tannic acid violet. x 3000.
Fig. 10. Nocardia sp. granular appearance by Gram's stain. Granules are shrunken cell
contents. x 30006
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The Sporulation of Clostridium tetani
BY K. A. BISSET
Department of Bacteriology, University of Birmingham

SUMMARY: In the sporulation of Clostridium tetani, a rod -like fusion nucleus is
formed from the two nuclear units typical of a `smooth' bacillus. The fusion nucleus
divides into two smaller rods, one of which degenerates ; the other is included in the
spore. The nucleus remains rod-shaped until the maturation of the spore is almost
complete, when it is transformed into a spherical, eccentric spore nucleus.

The cytology of sporulation in certain types of bacillus is well known (Badian,
1933; Klieneberger-Nobel, 1945; Flewett, 1948), and it is generally agreed that
the four nuclear units of the bacillus form a rod-shaped fusion nucleus, from
which, usually after a cell division, the four units are regenerated. One unit is
enclosed in the spore and the other three are rejected.
In my experience this scheme is applicable only to bacilli of `rough' morphology, which are multicellular and have one nuclear unit in each cell, and not
to those of `smooth' morphology, which possess two nuclear units in each
unicellular bacillus (Bisset, 1948).
The present study describes the sporulation of Clostridium tetani, a species
which is normally `smooth', and which also differs from the species previously
described in producing a very large terminal spore. The large size of the spore
enabled the behaviour of its nuclear material, during maturation, to be observed with reasonable clarity.
MATERIALS AND METHODS
Two strains of Cl. tetani were used. One was isolated from a fatal case of
tetanus in man, the other from horse -dung. They were grown anaerobically
upon pepsinized blood -agar, at 37 °. Preparations were stained by the acid Giemsa technique.
Observations

Sporulation was well advanced in cultures 24 hr. old (Pl. 1, figs. 1, 2).
Vegetative cells contained the two pairs of chromosomes typical of the smooth
morphology (Fig. 1 a). The formation of the fusion nucleus (Fig. 1 c) was
preceded by a stage in which an irregular, broken rod was formed (Fig. 1 b). The
fusion nucleus then assumed its compact rod shape, and divided into two
(Fig. 1 d). Up to this point the process was exactly comparable with that
described by Klieneberger- Nobel; but thereafter was markedly different. The
division of the nuclear rod was not followed by division of the bacillus, which
remained entire. One of the daughter rods retained its form, and became the
nucleus of the spore, the other became spherical in form, and then disintegrated (Pl. 1, fig. 3; and Fig. 1 e, f). The granular remains of this disintegrated
nuclear unit were often seen in bacilli containing young spores (Pl. 1, fig. 2).
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The remaining nuclear unit retained its rod shape, and was surrounded by
a sharply bounded, refractive area which increased in size until it completely
filled the swollen extremity of the bacillus (Pl. 1, fig. 2; and Fig. 1f, g, h). As
the spore matured, the nuclear body was transformed from a rod to an eccentric,
spherical body (Pl. 1, figs. 2, 3; and Fig. 1h, i, j).
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b

d

Fig.
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1.

f

g

h
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Sporulation in Cl. tetani.

DISCUSSION

In the sporulation of Cl. tetani it appears that the formation of a rod -shaped
fusion nucleus, a short -lived diploid stage, is followed by a reduction division,
in which half the nuclear material is rejected. This process differs from that
described by several authors as occurring in bacilli of rough' morphology, in
which a cell division may precede sporulation, and in which three out of four
nuclear units are rejected. It differs also in that the discarded nuclear material
is absorbed into the cytoplasm, whereas in the `rough' forms of other species
its disappearance accompanies the dissolution of the bacillus and release of the
spore.

The behaviour of the spore nucleus during maturation is of interest. The
retention of the rod shape within the almost spherical spore may be taken to
indicate that this nuclear form is not simply that imposed upon a mass of
nuclear material lying within a rod -shaped cell, but that it possesses some
structural coherence. The drumstick appearance of the sporing bacillus, which
is not seen in water-mounted preparations, is presumably an artefact due to
drying.
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EXPLANATION OF PLATE
Fig. 1. Cl. tetani, vegetative cells and stages in sporulation. x 3000. (a) Vegetative cell;
(b) fusion nucleus; (c) fusion nucleus after division; (d) early stage of spore formation;
(e) later stage of spore formation.
Fig. 2. Cl. tetani, stages in sporulation. x 6000. (a) Enclosure of one nucleoid in spore,
degeneration of the other; (b) early spore containing rod -shaped nucleus; (c) later spore,
containing spherical nucleus.
Fig. 3. Cl. tetani, one cell showing divided fusion nucleus, the other showing half of the
nucleus commencing to degenerate. Also a mature spore. x 6000.
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