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T HAS BECOME INCREASINGLY APPAR-
ENT during the last ten or fifteen years that the
division of the bacterial cell follows a complex
sequence, which, in many respects, resembles that

oceurring in the cellular reproduction of higher forms.
It is now known, for example, that bacterial cell divi-
sion entails division of the nuclear element, division
of the ecytoplasm, secretion of new cell wall material,
and the separation of the daughter cells.

Some or all of the events of this sequence are
readily thrown out of balance, or even completely in-
hibited. Thus bacteria, particularly the rod-shaped or-
ganisms, may be induced to elongate into filaments by
various treatments which apparently inhibit cell divi-
sion but which do not inhibit growth. Such an effect
is produced by various chemical substances, by. sub-
bacteriostatic concentration of certain antibacterial
agents, as, for example, methyl violet (), sulfona-
mides (2), m-cresol (3), and penicillin (4-6), as well
as by physical agents such as irradiation (7-10), or
even higher temperatures of incubation (11).

These changes in morphology induced by chemical
substances are usually temporary, since reversion to
normal form oceurs promptly when the filamentous
bacteria are subcultured in the absence of the inhibi-
tory agents. Irradiation, on the other hand, may give
rise to a temporary (7, 12) or permanent (9) induec-
tion of filamentous cells.

From observations such as these the concept has
arisen that bacterial growth, in the sense of an irre-
versible increase in cell substance or volume, and cell
division may be considered to some extent as separate
and independent processes; at least, in so far as
growth may oceur either with or without the operation
of the cell division mechanism (13-15).

As pointed out by Nickerson (16), it is reasonable
to suppose that the physiological processes resulting
in the growth of microbial cells as elongated filaments
are the same as the processes responsible for growth
when the cells are also dividing. Thus it appears pos-
sible to investigate certain aspects of cell division by
comparative studies of cells of normal morphology
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ciety, Summit, N. J., April 9, 1953. .
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and the filamentous forms produced under conditions
which are only partially or not at all inhibitory to
growth. Such conditions as these may be realized very
simply by growing bacteria in complex media deficient
in ionic magnesium,

Previous studies by the present author (17, 18),
which have been more than confirmed by the work of
Nickerson (16), Hewitt (19), and Shankar and Bard
(20), have shown that variations in the magnesium
content of the culture medium may exert a marked
effect upon the cell division of certain bacteria. Thus
in a peptone medium rendered deficient in ionic mag-
nesium, Gram positive? rod-shaped bacteria grow in
the form of long filaments. These filaments, which, as
shown by previously published photomicrographs (17,
18), frequently appear to possess diameters signifi-
cantly less than those of the original rods, revert to
cells of normal morphology when subcultured in the
same medium supplemented with suitable amounts of
magnesium (17, 18).*Other metals, with the possible
exception of divalent manganese, cannot overcome the
adverse effects of magnesium deficiency on the cell
division process (21). Indeed, the formation of fila-
ments in a magnesium-deficient medium is enhanced
by the addition of certain divalent metallic ions such
as zine and cobalt (16, 21). This may result either
from competitive ion antagonism, as described by Mec-
Leod and Snell (22), between the zinc or cobalt ions
and the residual magnesium present in the medium, or
represent an additional inhibition of the cell division
processes through the inactivation "of essential sulf-
hydryl groups (23).

Inhibition of cell division in cultures of the Grain
positive rod-shaped bacteria occurs not only in pep-
tone media deficient in magnesium but also in these
complex nutrient solutions when supplemented with
excessive amounts of this ion. This latter effect has a
parallel in the fact that certain enzymes which are
activated by metallic ions at low conceentrations are
inhibited by the same ions at higher coneentrations.

3 The terms “Gram positive” and “Gram negative” refer to
the behavior of heat-fixed smears of bacterial cells to the
conventional Gram-staining procedure. The so-called Gram
positive bacteria retain the initial basic dye when mordanted
and treated with neutral solvents such as ethanol or acetone,
whereas the Gram negative organisms are decolorized under *
these conditions and are subsequently stained with a second
dye of contrasting color.
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Cytological examination of the filamentous cells, ac-
cording to the procedures developed by Robinow (24)
and others, shows that it is the final stages of cell divi-
sion (i.e., the formation of transverse plasma mem-
branes and/or ecross eell walls) that fail to oceur in
bacteria grown in media deficient in, or containing ex-
cessive amounts of, magnesium, whereas division of
the nuclear elements appears unaffected.

« Cell division of Gram negative rod-shaped bacteria
in peptone media, while inhibited by excessive
amounts of magnesium, is unaffected by reduction in
the magnesium coneentration. One contributory factor
to this marked difference in the behavior of the Gram
positive and Gram negative rods is possibly related
to the fact that the former accumulate magnesium
during growth and incorporate it as an essential com-
ponent in the structure of the “Gram complex” (25).

The difference between the amounts of magnesium
necessary to support optimal growth of Gram positive
and Gram negative bacteria is particularly apparent
when the bacteria are cultivated in very simple chem-
ically defined media composed only of inorganic salts
and suitable single sources of carbon and nitrogen
(26). In the absence of magnesium, these nutrient
solutions are unable to support bacterial growth. With
increasing concentrations of magnesium, the amount
of growth increases to a maximum and then tends to
decrease. Moreover, it is readily apparent from a
study of the growth of a number of different bac-
terial species in such simple media that the concen-
tration of magnesium necessary to support optimal
growth of Gram positive bacteria, some 20-40 parts
per million (ppm), is about ten times greater than
that required by the Gram negative organisms under
the same conditions. :

In these simple chemically defined solutions, where,
in contrast to the effects observed in peptone media,
suboptimal amounts of magnesium predominantly in-
hibit bacterial growth, low econcentrations of mag-
nesium do not induce the formation of filaments in
cultures of the Gram positive bacilli. In faet, under
these conditions cell division is normal throughout
the restricted populations that the media are able to
maintain.

The concentration of magnesium necessary to sup-
port maximum growth in simple chemically defined
media is reduced markedly by the addition of amino
acids, and even for Gram positive bacilli may beecome
as low as 2-3 ppm if complex mixtures of amino acids
and growth factors are added (27).* Under these con-
ditions, further inereases in the magnesium econcen-
tration (to 100 ppm) are without effect wpon the
amount of growth.

The differences observed between the magnesium re-

teria for growth in the simple synthetic media are also
apparent in these complex chemically defined solu-
tions. Thus, although the relationship between growth
4 Details of the procedures adopted to eliminate magnesium

- and other trace metals from the organic constituents of the

complex chemically defined nutrient solutions are recorded
in the paper cited in reference 27.
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quirements of Gram positive and Gram negative bac- "

and magnesium coneentration is, of course, dependent
upon the organie composition of the medium, in gen-
eral Gram positive bacteria fail to grow when the
magnesium content is less than .6 ppm, whereas this
concentration is almost sufficient to maintain maxi-
mum growth of Gram negative species (27).

In these complex chemically defined solutions the
magnesium requirements for cell division in ecultures
of the Gram positive rods are higher than for growth.
Thus, in solutions containing low concentrations of
magnesium (i.e., 1-6 ppm), as in peptone media, the
cell division of the Gram positive rod-shaped bacteria
is inhibited. The cells grow in the form of long fila-
ments, which, when subcultured in the same medium
containing increasing amounts of magnesium, change
in appearance from filaments to chains and thence to
isolated rods of normal morphology. However, under
the same conditions, no significant changes are ob-
served in the morphology of Gram negative rod-
shaped bacteria. As it has been shown that a deficiency
of ionic magnesium restricts the growth of other
microorganisms such as yeasts (I6), actinomyecetes,
Polytomella, and algae (28) to a greater or lesser
degree, but has little or no effect upon their morph-
ology, the inhibitory effects of magnesium deficiency
upon cell division appear to be confined to the Gram
positive rod-shaped bacteria. As it is unlikely that
the Gram positive and Gram negative rod-shaped bac-
teria divide by essentially different mechanisms, or
that magnesium is essential for the cell division of
the former, but not of the latter, the difference in
response of the Gram positive and Gram negative
bacteria to reduced amounts of magnesium becomes
of particular interest. From the foregoing consider-
ations it appears that the formation . of filaments in
magnesium-deficient cultures of the Gram positive or-
ganisms is not due to a direct inhibition of the cell
division mechanism, but is an indireet result of the
inhibition of certain assimilatory or metabolic reac-
tions. No evidence has been obtained throughout this
work that the formation of filamentous cells in the
magnesium-deficient cultures is due to the accumula-
tion of produets arising from partially inhibited, or
altered metabolism, which are themselves inhibitory to
cell division (28). However, through the application
of the analytical techniques developed by Davidson
and Leslie (29) in their biochemical studies on the
growth and development of avian cells in tissue cul-
ture, it has been possible to show that the growth of
Gram positive bacteria in magnesium-deficient media
is accompanied by a decrease in the rates of amino
acid assimilation and protein synthesis relative to the
rates of synthesis of other cellular constituents.

The basis of the investigations of Davidson and
Leslie is the experimental finding of a constant aver-
age value for the deoxyribonucleic acid content of the
interphase cell nuclei in all somatic tissues of any one
animal species (30, 31). This provides a chemical unit
which can be used both as a measure of cell multi-
plication and as a standard of reference by which
changes in the relative amoufts of other cell constitu-
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ents may be determined (29). Recent investigations
have shown that the cells of a given bacterial species
in the stationary (resting) state, in common with the
interphase cells of plant and animal tissues contain
a constant amount of deoxyribonucleic acid (32-34;
see also Table 1). Furthermore, determinations of the
average content of deoxyribonucleic acid per cell in
cultures of Escherichia coli (32) and Clostridium
welchii (Fig. 1) throughout the growth eycle show
that the deoxyribonucleic acid content inereases during
the lag phase to approximately twice its initial value.
This maximum is reached at the transition between
the lag and log phases, just before the onset of cell
division. Once active multiplication is established, the
average deoxyribonucleic acid content of the cells
from growing cultures does not vary greatly from
that of the resting cells. Thus it is obviously possible
to use the deoxyribonucleic acid content of the normal
bacterial cell as a standard of reference in growth and
metabolic studies.

The average deoxyribonucleic acid content of fila-
mentous cells harvested at the end of growth from
cultures of the Gram positive rod-shaped bacteria in
peptone media deficient in magnesium shows a con-
siderable variation when each filament is counted as a
single cell (Table 1). The magnitude of this variation
is dependent upon the mean length of the filaments.
However, when each filament is counted as the equiva-
lent number of normal cells, a value is obtained for
the average deoxyribonuecleic acid content of the “unit
cell” which is independent of filament length. Further-
more, if allowance is made for inaccuracies associated
with the visual estimation of the number of unit cells
per filament, there is close agreement between the
values found for the deoxyribonucleic acid content of
the normal cells in the stationary state, and that of the
unit eell of the filamentous forms (Table 1). This re-
lationship, which has been shown to be of general
application, is similar to that found by Caldwell and

TABLE 1

DEOXYRIBONUCLEIC Acip ProspuORUS (DNA P)
CONTENT OF THE NORMAL AND FILAMENTOUS
ForMs oF Cl. welchii

Normal cells Filaments*
mg DNA = o DNA mg DNA
F/cell P/filament P/unit cell
(x10%) (x 10%2) (x 10%2)
2.29 6.60 . 2.24
2.21 T 6.26 2.05
2.14 15.0 2.73
2.50 214 2.60
2.27 28.4 2.69
2.40 75 2.06
9.44 26.7 2.40
2.30 7.10 2.11
Mean = 2.32 Mean = 2.36

* The filamentous cells were harvested from 16-18 hr cul-
tures incubated at 87° in a magnesium-deficient peptone
medium, the cells of normal morphology from cultures of
similar age in the same medium supplemented with 0.0159%
MgSO0, « TH,0.
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F1G. 1. Variation with the age of the culture of the aver-

age deoxypentose nucleic acid content per cell (or unit cell)
of Clostridium welchii. Solid line, magnesium-deficient (fila-
mentous) culture. Dotted line, control cultures containing
0.015% MgSO0, - TH,0.

Hinshelwood (34) for the filamentous ecells induced in
cultures of Aerobacter aerogenes by the presence of
m-cresol. Moreover, on the assumption that all the
deoxyribonuecleic acid of the bacterial cell is located
in the nucleus (or its equivalent), as suggested by
Boivin (35-37), the results of the chemical analyses
(Table 1) are in accordance with the eytological evi-
dence which, as mentioned above, shows that the con-
ditions of magnesium deficiency leading to an inhibi-
tion of cytoplasmic division are without effect upon
the division of the nuclear structures. It must be em-
phasized, however, that without supplementary eyto-
logical evidence, it would be unjustified to claim that
the values presented in Table 1 represent the average
deoxyribonucleic acid content of the nuclear element
of the resting Cl. welchii cell.

The curves (Fig. 1), showing the variation during
growth of the average content of deoxyribonucleie
acid in normal cells and the unit cells of the filamen-
tous forms of Cl. welchii, are closely similar. Thus,
both show an initial increase in deoxyribonuecleic aecid
content to a maximum at the end of the lag phase.
The fact that the deoxyribonueleic acid content of the
unit cell in the filamentous cultures, where the lag
phase is somewhat prolonged, does not increase to the
same extent as does the deoxyribonucleic acid content
of the normal cells is probably due to the decreased
rate of growth (i.e., rate of increase in dry weight)
of Cl. welchii in the magnesium-deficient medium.

With the constant deoxyribonucleic acid content of
the resting cell or unit cell as a standard of reference,
attempts have been made to determine changes in the
relative amounts of other components of the bacterial
cell as a result of growth in magnesium-deficient pep-
tone media. In these experiments media of three dif-
ferent magnesium contents have been used. The first
of these, the deficient medium (medium 1), was pre-
pared from a concentrated aqueous solution of the
peptone rendered deficient in magnesium by treatment
with ammonium hydroxide in the presence of free
phosphate ions in the normal way (17), whereas the
second and third (media 2 and 3) consisted of medium
1 supplemented with 4 ppm and 15 ppm magnesium,
respectively. Cells harvested at the end of growth in
these nutrient solutions were submitted to extensive
chemical analysis. The results of these determinations,
full details of which will be published elsewhere, may
be summarized as follows.
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Relative to the deoxyribonucleic acid content, no
uniform or significant changes are detected in the
amounts of intracellular acid-soluble phosphorus,
ribonucleic acid phosphorus, total carbohydrate, or
total lipid and phospholipid phosphorus in either
Gram positive or Gram negative bacteria as a vesult
of growth in the magnesium-deficient media (media
1 and 2).

In Gram positive rod-shaped bacteria harvested at
the end of growth in medium 2, where the concentra-
tion of magnesium is intermediate between that re-
quired for the growth of the organisms as long thin
filaments and that necessary for the growth of cells
of normal morphology and leads to the development
of populations consisting mainly of chains of nor-
mal-sized cells together with some short filaments, the
relative amounts per unit cell of both acid-soluble
nitrogen and protein nitrogen are significantly less
than the corresponding values found for cells grown
in medium 3.

The relative amounts per unit cell of acid-soluble
nitrogen and protein nitrogen of the abnormal, long,
thin, filamentous forms of the Gram positive rods har-
vested from the magnesium-deficient medium (medium
1) are greater than those of cells grown in the medium
containing intermediate concentrations of magnesium
(medium 2) and may even approximate the values
found for cells grown in the presence of adequate
amounts of magnesium (medium 3). These results are
in accordance with those of Nickerson and Sherman

(38), who found little or no difference between the

ribonuecleic acid and protein nitrogen contents ex-
pressed as a percentage of the dry weight, of the
normal and magnesium-deficient, filamentous forms of
B. cereus.

With the Gram positive microcoeci, where, in gen-
eral, reduction in the magnesium content of the
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Fi1c. 2. Effect of magnesium on the variation with the

age of the culture of the relative contents of protein nitrogen
(solid line) and ribonucleic acid phosphorus (dotted line) in
Clostridium welchii cells grown in a peptone medium defi-
cient in magnesium. Shaded circles refer to culture grown in
the absence of additional magnesium ; open circles to cultures
grown in the deficient medium supplemented with 0.015%
MgSO, - TH,0.
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¥F16. 3. Effect of magnesium on the variation with the
age of the culture of the relative contents of acid-soluble
nitrogen (solid line), phospholipid phosphorus (dotted line)
and phosphoprotein phosphorus (dotted and dashed line) in
Clostridium welchii cells grown in peptone medium deficient
in magnesium. Shaded circles refer to cultures grown in the
absence of additional magnesium ; open circles to cultures _
grown in the deficient medium supplemented with 0.0159%
MgSO0, - TH,0.
medium predominantly inhibits growth and has no
effect upon the morphology of the cells, growth in
medium 1 effects an even greater reduction in the
relative amounts per cell of acid-soluble nitrogen and
protein nitrogen than does growth in medium 2.

With Gram negative bacteria no significant differ-
ences are found between the contents of acid-soluble
and protein nitrogen in cells harvested from either
medium 1, medium 2, or medium 3.

The results discussed above have been obtained with
cells harvested at the end of growth, i.e., from cul-
tures in the stationary state. However, throughout the
growth of the Gram positive rods there is a marked
reduction in the acid-soluble nitrogen and protein
nitrogen contents of the cells as a result of growth in
the magnesium-deficient medium. This is illustrated
by the results presented in Figs. 2 and 3, which show
the variation in relative amounts of certain cell con-
stituents during the growth of heavy inocula of C1.
welchii (derived from an overnight culture in medium
3) in media 3 and 2. '

There appears little doubt, therefore, that an inade-
quate supply of ionic magnesium in the culture me-
dium adversely affects certain aspects of the nitrogen
metabolism of Gram positive bacteria. Furthermore,
the analytical results reveal not only that the changes
induced in the relative contents of protein nitrogen
and acid-soluble nitrogen of the Gram positive rods
in magnesium-deficient media are diminished when
growth oceurs in the form of filaments, but also that
there is an essential difference between the effects of
magnesium deficieney on the chemieal composition of
Gram positive and Gram negative bacteria.

Thus, although the mechanism by which the cell
division processes are held in check to permit growth
in the form of filaments is still unknown, it now ap-
pears possible to advance certain tentative sugges-
tions which may explain the formation of these ab-
normal cells in magnesium-deficient cultures. For ex-
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ample, it has been shown by (Gale and his colleagues
that the Gram positive and Gram negative bacteria |
differ markedly in their amino acid metabolism (39-.
41). Thus, it has been established that Gram positive
bacteria assimilate preformed amino acids from the
external medium and concentrate them within the cell
(40). Gram negative bacteria, however, do not effect
this internal concentration. The amino acids which ac-
cumulate within the Gram positive cell form a reser-
voir for protein synthesis and for other metabolic
processes. The assimilation of glutamic acid (and, pre-
sumably, certain other amino acids which enter the cell
by an “activation” process) by Gram positive cells
(Staph. aureus) requires a source of energy, which
may be supplied by the exogenous metabolism of glu-
cose, and either magnesium or manganese, or both
(42). It is now known from the work of Nickerson
and Sherman (38) that although no significant dif-
ference can be detected between the rates of endog-
enous respiration of the normal and magnesium-de-
ficient filamentous forms of B. cereus, the oxidation
of added substrate (e.g., glucose, pyruvate, alanine,
or glutamate) by the filamentous cells proceeds at
‘rates only 1/3 to 1/6 of those exhibited by the cells
with uninhibited division mechanisms.

It seems possible, therefore, that a reduction in the
magnesium content of complex nutrient solutions con-
taining preformed amino acids may lead to a reduc-
tion in the rate of amino acid assimilation and a con-
sequent decrease in concentration of amino acids
within the cell. This decrease in the internal amino
acid concentratior/, reflected in the analytical deter-
minations by a reduction in the content of acid-soluble
nitrogen, would result, in turn, in a decrease in the
rate of protein synthesis. A decrease in the rate of
protein synthesis, relative to the rates of synthesis-
of other cellular components, would lead to the re-
duction in the relative protein content of the cell
shown by chemical analysis. The maintenance of cer-
tain proteins, at least, at a eritical level must be essen-
tial for the growth of the cell. Thus, unless the bac-
terium can increase its rate of protein synthesis by in-
creasing the rate of assimilation of amino acids, the
growth of the culture is inhibited. With the Gram
positive rod-shaped bacteria the formation of long
filamentous cells appears in some way to provide a
means of overcoming the effects of magnesium defi-
ciency on amino acid assimilation and protein syn-
thesis. Moreover, from such considerations it is pos-
sible to account not only for the production of the
filamentous forms of the Gram positive rods and the
inhibition of the growth of the Gram positive cocei
in magnesium-deficient complex media, but also to
offer an explanation for the fact that in simple chem-

ically defined solutions, where the essential amino acid
components of the cellular protein constituents are
not assimilated directly, but are built up from the
components of the medium, a deficiency of magnesium
predominantly inhibits growth and is without effect
upon the morphology of the Gram positive rods.
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