JOURNAL OF BACTERIOLOGY, Aug. 1988, p. 3752-3755
0021-9193/88/083752-04$02.00/0
Copyright © 1988, American Society for Microbiology

Vol. 170, No. 8

Factors Influencing Cell Shape in the Mutans Group of Streptococci
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Electron and light microscopic and growth studies of representatives of the diverse species of mutans
streptococci revealed the cells to be either bacillary or coccoid in shape. Some strains changed from bacillary
to coccoid if the HCO, /K™ ratio of the media was increased and from coccoid to bacillary if the ratio was
decreased. Doubling times of rods and cocci were the same despite an HCO, /K" ratio change between 0.008
and 2.84. For strain 10449S, no tested anions or cations substituted for HCO,~ or K* to produce this effect,
except for B,0,%~. Strain 10449S grown at a high B,0,%~/K* ratio became ellipsoid, and this phenomenon was
associated with slower doubling times. Up to three incomplete septa could be observed in one rod, but no more
than one incomplete septum could be observed in either ellipsoid or spherical cells. Interseptal distances were
greatest in rods, shorter in spheres, and shortest in ellipses. All of the above differences were statistically

significant (P < 0.001).

The mutans group of streptococci is indigenous to the oral
cavity and is the major etiological agent of dental caries (6,
10). These bacterija were apparently named mutans because
they were first found, by Clark (2), to be rods, and thus they
were thought to be mutants of other streptococci. The
bacillary shape of at least some of these cells was again
recognized many years later (4).

Our previous study (14) demonstrated that the shape of
Streptococcus mutans NCTC 10449S can be changed from
bacillary to coccoid, and vice versa, by adjusting the salt
contents of a variety of complex and defined culture media in
which it is grown. Within wide ranges, the shape of this cell
is not dependent on the absolute concentrations of HCO; ™,
K™, Na*, or phosphate; on the ratio Na*/K*; or on the
addition (or deletion) of iron, magnesium, or manganese
salts to (or from) media. The change from rod to coccoid
form is growth dependent and is blocked by protein synthe-
sis inhibitors. Shape change is not dependent on the pH
change of a fermenting culture; it occurs in pH-stat con-
trolled incubations. Rather, the shape of this cell is clearly
dictated by the ratio HCO; /K" in the growth medium.
When the ratio is low (0.008), as in the modified Jordan
complex medium (JM; 9, 13), the cells are bacillary; when it
is high (2.84), as in the defined FMC medium (15), the cells
are coccoid (14).

The present study was concerned with whether shapes of
other strains among the mutans streptococcus group could
be changed by manipulating this ratio, whether ions other
than HCO;~ and K™ could similarly affect cell shapes,
whether change of shape was associated with change of
growth rate, and whether differences in cellular ultrastruc-
ture occurred when the cells grew in diverse shapes.

To test whether the phenomenon of changing shape in
104498 is general among the mutans group of streptococci,
several strains (Table 1) representing its diverse species (3,
11) were grown anaerobically in JM (9, 13) and FMC (15)
liquid media containing 0.5% glucose. Cells were examined
by Gram stain and scanning electron microscopy, as previ-
ously described (14). Cell shapes are reported in terms of
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average length/width ratios (*+standard deviation) in Table 1.
Strains AHT, IB-1600, B13, LM7, and OMZ-175 were bacil-
lary in both media, with ratios of at least 2.0. Strains Fa-1,
BHT, and 6715-13WT were coccoid in both media; i.e., they
had a length/width ratio of approximately 1.0. However,
strain GS-5 was like 104498, bacillary in JM and coccoid in
FMC but vice versa if the HCO, /K™ ratios of these media
were reversed (data not shown, but see reference 14). When
FMC was modified by greatly increasing the HCO,; /K™
ratio, strains AHT, B13, and LM7 became coccoid, but
IB-1600 and OMZ-175 remained rod shaped.

Modification of FMC medium, e.g., to reduce HCO;™ to
0.6 megq/liter and maintain K* at 6.7 meq/liter (ratio, 0.090),
resulted in growth of 10449S cells, but as a mixture of rods
and spheres (Fig. 1la and Table 2). These forms had statisti-
cally significantly different length/width ratios (P < 0.001).
This FMC formulation was then used as a basal medium to
which various ions were added to determine whether they
might substitute for K* and HCO;~ in modifying the expres-
sion of cell shape. Thus, several cations were added as
chloride salts (all to 58 meg/liter); none of them had the same
effect as K™, viz., growth of only rod-shaped cells (Table 2).
Several anions were added as sodium salts (all to 18 meq/
liter); only HCO,~ and B,O,%~ had effects on 10449S cell
shape (Table 2). In the case of B,0,2~ supplementation, the
cells grew, but as ellipses with length/width ratios of far less
than 1.0. The length/width ratio for ellipses was different
from that for cocci (P < 0.001; Fig. 1b and Table 2). The
same phenomenon occurred with B,0O,%>~ supplementation
of JM modified to contain low K* (Fig. 2a).

Growth rates of 10449S were examined in six culture
media: both JM and FMC, reformulations of JM and FMC
made by exchanging their salts (14), and reformulations of
them made by substitution of B,0,*~ for nearly all of the
HCO,™ in FMC and by addition of B,O,>" to a high level in
JM containing low K*. By these procedures, JM and FMC
were formulated to have the HCO, /K* and B,0,27 /K"
ratios detailed in Table 3.

Alteration of the HCO, /K" ratio was effected by ex-
change of the salts of FMC with those of JM. FMC, as
normally constituted (15), contains 6.7 meq of K* and 19
meq of HCO,~ (added as NaHCO,) per liter, for a HCO; ™/
K* ratio of 2.84. JM, as normally constituted (13, 14),
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TABLE 1. Cell shapes of some strains of mutans streptococci grown in modified JM and modified FMC media

Streptococcus species Serotype (11)

Avg length/width ratio of cell shapes*®

and strains M FMC

S. cricetus AHT a B (.13 +0.22;n= 20)"’ B (2.41 £ 0.27; n = 14)“
S. rattus Fa-1 b C (0.94 = 0.08; n = 22) C(0.98 = 0.12; n = 28)°
S. rattus BHT b C (1.03 £ 0.07; n = 14)° C (1.01 £ 0.04; n = 24)°
S. mutans 1B-1600 c B (2.38 £ 0.30; n = i9y® B (2.80 + 0.55; n = 26)°
S. mutans 10449S c B (2.71 £ 0.50; n = 26)° C (1.01 = 0.06; n = 36)°
S. mutans GS-5 c B (2.55 £ 0.42; n = 22)° C (1.02 = 0.10; n = 20)°
S. sobrinus B13 . d B (2.01 £ 0.29; n = 27)® B (2.10 = 0.55; n = 12)°¢
S. sobrinus 6715-13WT g C (1.03 = 0.08; n = 29)° C (1.01 = 0.05; n = 18)°
S. mutans LM7 E B (2.78 + 0.32; n = 16)° B (3.30 £ 0.72; n = 17)°7
S. mutans OMZ-175 f B (2.86 % 0.34; n = 22)° ‘

B (2.93 * 0.60; n = 20)°

“ The HCO, —/K* ratio is 0.008 in standardly formulated JM and 2.84 in standardly formulated FMC. Values in parentheses are means + standard deviations.

B, Baclllary,C coccoid.

> Measurements were made from projecnons of photographs of Gram-stained smears.

© Measurements were made from scanning electron rmcmgraph data.

4 When FMC medium was modified by greatly increasing the HCO, /K * ratio (10- to ~100-fold), these cells became coccoid.
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FIG. 1. Scanning electron micrographs of S. mutans 10449S
grown in modified FMC (a) containing low HCO,~ and low K*,
exhibiting both rod and spherical shapes, or (b) supplemented with
Na,B,0O,, exhibiting ellipsoid shapes.

contains 65 meq of K* and 0.6 meq of HCO;~ (added as
Na,CO,) per liter. While filter sterilization of FMC results in
no loss of HCO; ™, autoclaving of JM does result in some
loss of HCO;~, with an average HCO, /K" ratio of 0.008
upon analysis (14).

In experiments with borate, Na,B,0, was added to a
concentration of 19 meg/liter in FMC or JM. The FMC and
JM were formulated at 0.6 meq of NaHCO, per liter, and the
K* was 6.7 meg/liter in both media.

TABLE 2. Effects of ions other than K* and HCO;~ on cell
shape of S. mutans NCTC 10449S

Ions added to
basal medium?

Cell shape(s)® (Iength/width
ratio; mean * SD)

B (2.40 = 0.30; n = 9=
C (1.05 * 0.10; n = 20)°

None (control)

Cations
K* B (2.70 = 0.50; n = 36)°
Na* B,
Li* B,
Mg?* B,C
Rb* B, ¢
Cs* B,
Choline* B, ¢
Anions
HCO;~ C (1.01 = 0.06; n = 36)
F~ B, C
ClI- B,
Br~ B, ¢
I~ B, C
NO,~ B, C
S0z B, C
SCN™ B, C
B,0,*” ) E (0.60 £ 0.10; n = 15)“°

@ FMC medium modified to contain low HCO;~ (0.6 meg/liter) and low K*
(6.7 meq/liter). Cations were added as Cl~ salts (58 meg/liter). Anions were
added as Na* salts (18 meqfliter).

® B, Bacillary; C, coccoid; E, ellipsoid.

¢ Measurements were made from scanning electron micrographs.

4 Differences in length/width ratios between the two-shapes of cells result-
ing from growth in the basal medium were highly significant (P < 0.001).

¢ Differences in length/width ratios among the three shapes of cells resulting
from growth in basal medium supplemented with K*, HCO;~, or B,0,%~ as
indicated were highly sngmﬁcant (P < 0.001).

f Measurements were made from projections of photographs of Gram-
stained smears. Cell dimensions were not statistically different from those of
104498 grown in basal medium.
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FIG. 2. Transmission electron micrographs of S. mutans 10449S which grew as (a) ellipses in modified JM supplemented with Na,B,0,,
(b) spheres in modified JM supplemented with NaHCO,, and (c) rods in unmodified JM.

Strain 10449S was adapted to growth by repeated subcul-
ture, each subculture for a minimum of eight doubling times,
in each of these six media. Growth rates were then measured
turbidimetrically at 600 nm. Plots of log optical density as a
function of time were made (data not shown), and correla-
tion coefficients which described the goodness of fit of linear
regression models were computed. From these data, mean
doubling times were computed, with 95% confidence inter-
vals, for each of the six growth conditions (Table 3). HCO, ™/
K* ratios ranging from 0.008 to 2.84 did not affect the
doubling times of the cultures in either JM or FMC, despite
the growth of cells as rods or spheres, respectively. Dou-
bling times were slightly longer in FMC than in JM.

B,0,?~ substitution for much of the HCO;~ in FMC or its
addition to JM containing low K*, however, retarded cell
growth rate by about twofold and was associated with
ellipsoid cell shape.

To determine whether there were ultrastructural varia-
tions in the cell walls of 10449S when the cells had different
shapes, thin sections of the cells were examined by trans-
mission electron microscopy. Cells were grown anaerobi-
cally either in JM or in modified Jordan media (K,HPO,
reduced from 5 to 0.2 g/liter and containing either 3 g of
NaHCO; or 3 g of Na,B,0, - 10H,O/liter). After at least two
transfers in each of these media, each for at least eight
generation times, cells were harvested at mid-log phase and
prepared for transmission electron microscopy (7).

TABLE 3. Doubling times of S. mutans 10449S grown in JM and
FMC media with varied salt compositions

_ o+ Correlation Mean doubling time
Medium gf?;ﬁé B“Or;zti(:K coefficient (h) (95% confidence
(G interval)

M 0.008 0 0.997 1.121 (1.028-1.232)
2.84 0 0.999 1.042 (0.983-1.108)

0.090 2.84 0.998 2.181 (2.092-2.278)

FMC 0.008 0 0.999 1.601 (1.555-1.650)
2.84 0 0.991 1.678 (1.543-1.839)

0.090 2.84 0.998 2.817 (2.705-3.067)

@ Reflects goodness of fit of plots of log optical density against time.

There was no significant difference in cell wall thickness
among the different shapes (Fig. 2); however, septum for-
mation varied. When the cells grew as rods, new septum
formation occurred before complete septation of daughter
cells, so that as many as three incomplete septa could be
found in a single cell (Fig. 2c). However, when the cells grew
as spheres or ellipses (Fig. 2b and a, respectively), the
maximal number of incomplete septa was one per cell. In
this case, therefore, the appearance of new septa followed
completion of daughter cell formation.

Interseptal distances were measured. To avoid measure-
ments of cells not sectioned through their poles, we studied
only cells whose complete cell wall profiles could be dis-
cerned and which appeared in chains. With cocci and
ellipses, distances were measured between incomplete septa
and adjacent complete septa. With rods, distances were
measured between incomplete septa and adjacent incom-
plete septa and also between incomplete septa and adjacent
complete septa. Thus, the average interseptal distance for
the rods was 0.60 = 0.18 wm (n = 91), for the cocci it was
0.45 = 0.07 wm (n = 66), and for the ellipses it was 0.27 = 0.1
pum (n = 74). These values are different from one another (P
< 0.001). As previously reported (14), the widths of rods
were less than those of either cocci or ellipses.

A large number of temperature-sensitive growth or cell
division mutants of Streptococcus faecium have been de-
scribed, and the timing of the events between antibiotically
induced division blocks and cell cycle events has been
characterized (1). However, while surface growth models for
cocci dividing in a single plane have been analyzed (5, 8), the
determinants of cell shape have not. Also, an opaque colo-
nial variant of a Lancefield group A streptococcus has been
reported to be somewhat flattened or ellipsoid in shape,
while the blue transparent colonial wild type of strain S23
was coccoid. However, the mechanisms of these shape
variations have not been explained (12).

Data from the present study can be summarized as fol-
lows. (i) Most, but not all, strains of mutans streptococci
other than 10449S evidenced coccoid or bacillary changes as
a function of the HCO, /K™ ratio. (ii) 10449S may exist as
cocci (at a high HCO, /K™ ratio), bacilli (at a low HCO;™/
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K™ ratio), or a combination of both distinct shapes (at low
concentrations of HCO;~ and K*). (iii) No cations tested
substituted for K* to induce this shape-changing effect; no
anions tested substituted for HCO, ™, except for B,0,>~. (iv)
104498 grown in the presence of a high B,0,27 /K™ ratio had
an ellipsoid shape such that the length/width ratio was less
than 1. (v) Doubling times of rods (at a HCO; /K" ratio of
0.008) or of cocci (at a HCO, /K" ratio of 2.84) were the
same in either FMC or JM; thus, rod and coccoid shapes
were apparently not a function of growth rate. (vi) However,
B,0,2~ substitution for HCO,™ in either medium slowed
growth by almost twofold and was associated, although not
necessarily in a causal fashion, with ellipsoid shape. (vii)
When 10449S grew as rods, three incomplete septa could be
found in a single cell, while only one could be found when
cells were coccoid or ellipsoid. (viii) Interseptal distances
were greatest for rods, shorter for cocci, and shortest for
ellipses.

The mechanisms involved in the observed morphological
variations of S. mutans NCTC 10449S and GS-5 are un-
known. We hypothesize, however, that at least some mutans
streptococci have a gene(s) which controls cell shape and
that expression of this gene is somehow regulated by the
HCO,; /K" ratio. We have undertaken studies to test this
hypothesis.
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