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The events responsible for the transition of Lactobacillus bulgaricus 1243-F
from long filamentous chains to short bacilloid rods were examined in a cation-
depleted liquid medium. In the presence of magnesium only, cells grew as long
chains of unseparated cells. The addition of 100 ,uM to 1 mM calcium or manga-

nese to this medium resulted in the dechaining of these cells to short bacilloid rods.
Fe2 , Zn2+, Co2 , and Cu2+ failed to induce dechaining. Induction of calcium and
manganese dechaining functioned under controlled pH maintained at 5.0 and 6.0
but not at pH 7.0. This was consistent with a previous report showing failure in
synthesis of dechaining enzymes by L. bulgaricus under pH conditions approach-
ing alkalinity (S. K. Rhee and M. Y. Pack, J. Bacteriol. 144:865-868, 1980). We
conclude that under pH conditions which permit synthesis of dechaining en-

zymes, calcium and manganese are necessary for dechaining activity.

Lactobacillus bulgaricus is a gram-positive,
thermophilic microorganism used in the manu-
facture of numerous dairy products, including
Swiss cheese, mozarella cheese, and yogurt.
Within designated strains of L. bulgaricus, di-
verse colonial variants exist (1). Morphological
variants of the lactobacilli have been shown to
display different susceptibilities to environmen-
tal stress. In general, lactobacilli possessing
short bacilloid rod morphologies exhibit superi-
or survival during frozen storage over filamen-
tous forms of these organisms (12). In a previous
study (19), we isolated two morphological vari-
ants from a parent culture of L. bulgaricus 1243.
The first isolate, designated L. bulgaricus 1243-
F, was rough and translucent on agar plates.
Gram stains of L. bulgaricus 1243-F grown in a
basal broth medium revealed that this organism
grew as rods which existed singly or in pairs.
The second isolate, L. bulgaricus 1243-0, was
opaque and smooth on agar plates. In broth
culture, this organism existed in chains, often
exceeding 40 cells per chain, which exhibited
clumping during growth in broth media. Al-
though morphology did not influence the suscep-
tibility of either variant to death during frozen
storage, growth in media supplemented with
calcium before freezing prevented death in both
isolates. However, the role of calcium in pro-
moting cellular stability was unknown. It was
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also unclear why these variants displayed such
diverse morphologies.

Divalent cations have been reported to medi-
ate cell division and separation during cellular
growth (6, 13). Calcium was found to enhance
cell division in a species of Erwinia and was
responsible for the pleomorphic transition of
Lactobacillus bifidus from branched to bacilloid
forms. Autolytic enzymes also function to medi-
ate cell division in bacteria. Under appropriate
conditions, these lytic enzymes hydrolyze spe-
cific bonds in the cell wall peptidoglycan, per-
mitting cell surface growth and cell division (9).
Most bacterial species studied appear to have a
variety of specificity in their autolytic enzyme
activities. Of these lytic activities, dechaining
enzymes were reported to be involved in the
separation of Bacillus subtilis and Diplococcus
pneumoniae (4, 7, 10). Purification of the de-
chaining activity from these organisms revealed
that N-acetylmuramyl-L-alanine amidases were
the lytic enzymes responsible for dechaining. N-
Acetylmuramyl-L-alanine amidases isolated
from B. subtilis required calcium, magnesium,
and manganese for maximum activity (7).
The present study was conducted to examine

the influence of calcium on the growth and
cellular morphology of two colonial variants of
L. bulgaricus 1243. The influence of environ-
mental pH during growth in the presence of
calcium was also examined to further under-
stand the influence of this parameter on the
cellular morphology of L. bulgaricus. Previous
evidence (15) has shown that environmental pH
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dramatically influences the chain length of L.
bulgaricus NLS-4. We present evidence that
defines a requirement for calcium or manganese

in dechaining of L. bulgaricus 1243 to short
bacilloid rods.

MATERIALS AND METHODS

Organism. L. bulgaricus 1243 and its homologous
phage were obtained from the National Collection of
Dairy Organisms, National Institute for Research in
Dairying, Shinfield, Reading, England. Morphological
variants of this organism were isolated and stored as

described previously (19). Both isolates displayed
equal sensitivity to lysis by the homologous phage.
Growth medium. Basal broth used in these studies

has been described previously (19) and consisted of
yeast extract (BBL Microbiology Systems, Cockeys-
ville, Md.), 5.0 g; beef extract (Difco Laboratories,
Detroit, Mich.), 10.0 g; Proteose Peptone no. 3
(Difco), 10.0 g; dextrose, 20.0 g; and Tween 80 (Fisher
Scientific Corp., Raleigh, N.C.), 1.0 g in 1 liter of
distilled water. The pH of the medium was adjusted to
6.5 with 12 N HCl before autoclaving (121°C for 15
min). To remove divalent mineral ions, basal broth
was exchanged through Chelex 100 cation-exchange
resin (Na+ form; 200 to 400 mesh; Bio-Rad Labora-
tories, Richmond, Calif.) at 25°C in a Pyrex column (66
by 4.5 mm inner diameter) at a flow rate of 10 ml/min.
After medium exchange, the resin was regenerated to
the Na+ form in the following sequence: 2 bed vol-
umes of 1 N HCI, 5 bed volumes of distilled water, and
4 bed volumes of 0.5 M sodium acetate buffer (pH
6.25). Exchanged medium was sterilized by autoclav-
ing at 121°C for 15 min. Mineral analysis of the
medium was performed by using a Perkin-Elmer
Atomic Absorption spectrophotometer (Perkin-Elmer
Corp., Norwalk, Conn.) according to the manufac-
turer's recommendations for sample treatments.
CuSO4 H20, MgSO4 * 7H20, FeSO4 * 7H20, and
chlorides of Ca2 , Zn2+, Co2", and Mn2+ were supple-
mented to Chelex-exchanged basal broth (CEB) to

do

TIME (HOURS)

yield divalent cation concentrations ranging from 1
,M to 100 mM.
Growth studies. Spectrophotometric growth studies

were conducted at 650 nm with a Bausch & Lomb
Spectronic 70. Cultures had been propagated from
frozen stock and transferred twice through basal broth
at 37°C before use. Cells from 10-ml cultures were
harvested by centrifugation at 10,400 x g for 10 min
and resuspended in 2 ml of Chelex-exchanged medi-
um. Sterile matched cuvettes containing 10 ml of
divalent cation-supplemented basal broth were inocu-
lated to an initial optical density of approximately 0.05
at 650 nm. Cultures were incubated at 37°C, and the
optical density at 650 nm was monitored at hourly
intervals.
Growth studies under controlled pH. For growth

studies under controlled pH, a 500-ml final working
volume of Chelex-exchanged medium was placed in a

sterile fermentor connected to a New Brunswick auto-
matic pH controller (New Brunswick Scientific Co.,
Edison, N.J.) maintained at 37°C with continuous
agitation. For media at pH 4.0, 5.0, and 6.0, the initial
pH was adjusted with sterile 85% lactic acid (Fisher).
A neutralizer consisting of 20% Na2CO3 and 20%
NH40H was used to initially adjust media to pH 7.0,
and this neutralizer was used to maintain the pH in all
fermentor studies. Growth was monitored at hourly
intervals by agar plate count on Difco MRS agar.
Chains and clumps of cells were disrupted by mild
sonication and then plated by using the Spiral Plate
Technique (Spiral Systems, Inc., Bethesda, Md.) as

described previously (19).

RESULTS

Growth studies. Growth and cellular morphol-
ogy of L. bulgaricus 1243-F and 1243-0 were

monitored in CEB supplemented with various
concentrations of divalent mineral ions. Without
mineral supplementation, CEB failed to support

the growth of either isolate (Fig. 1 and 2).

0.2

0.0

-0.2

-0.4
ci

o -0.6

07
-1 -0.6

-1.0

-1.2

-I'1

B

0 1 2 3 4 5 6

TIME (HOURS)

FIG. 1. Growth response of L. bulgaricus 1243-F to magnesium and calcium. (A) CEB supplemented with 1
mM Mg2" (A), 5 mM Mg2+ (A), 10 mM Mg2+ (E), 20 mM Mg2+ (H), and 30 mM Mg2+ (0). (B) CEB containing
30 mM Mg2+ supplemented with 1 ,uM Ca2+ (A), 10 ,uM Ca2+ (A), 100 1±M Ca2+ (O), and 1 mM Ca2+ (U). 0,

CEB. Mg2+ and Ca2+ were added as solutions of MgSO4 * 7H20 and CaCl2 * 2H20. O.D., Optical density.
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FIG. 2. Growth response of L. bulgaricus 1243-0 to magnesium and calcium. (A) CEB supplemented with 1
mM Mg2" (A), 5 mM Mg2e (A), 10 mM Mg2" (O), 20 mM Mg2+ (A), and 30 mM Mg2+ (0). (B) CEB containing
30 mM Mg2+ supplemented with 1 ,uM Ca2+ (A), 10 ,uM Ca2+ (A), 100 ,uM Ca2+ (O), and 1 mM Ca2+ (A). 0,
CEB. Mg2+ and Ca2+ were added as solutions of MgSO4 * 7H20 and CaCl2 * 2H20. O.D., Optical density.

Supplementation of this medium with magne-
sium resulted in a growth response proportional
to the concentration of magnesium used. Levels
of 30 mM magnesium were optimal for the
growth of these isolates, and both isolates dis-
played identical growth responses (Fig. 1A and
2A). CEB containing 30 mM magnesium (CEB-
Mg2+) was used throughout this study. Morpho-
logically, L. bulgaricus 1243-F and 1243-0
grown in CEB-Mg2+ were indistinguishable and
existed in long filamentous chains. Cells grown
in CEB-Mg2+ exhibited clumping.

Neither morphology nor growth response was
affected by the addition of various concentra-
tions (1 ,uM to 10 mM) of Fe2+, Cu2+, Co2+, or
Zn2+ to CEB-Mg2+ (data not shown). The addi-
tion of calcium at levels ranging from 1 ,uM to 1
mM to CEB-Mg2+ did not affect growth rate
(Fig. 1B and 2B); however, a morphological
response was observed. Increasing the calcium

concentration of the growth medium resulted in
the transition of L. bulgaricus 1243-F from long
filamentous chains to short bacilloid rods (Fig.
3). At calcium concentrations exceeding 1 mM,
precipitation was observed in culture tubes.
Under conditions where calcium remained solu-
ble, 1 mM calcium facilitated maximum dechain-
ing in this organism. Cells which exhibited
clumping when grown in CEB-Mg2' displayed
even turbidity throughout culture tubes when
the medium contained 100 ,uM to 1 mM calcium.
Unlike L. bulgaricus 1243-F, L. bulgaricus 1243-
0 failed to respond morphologically to the addi-
tion of calcium to CEB-Mg2' and remained in
long chains (data not shown).
Manganese was also found to exert a similar

morphological effect when added to CEB-Mg2+
at concentrations identical to those of calcium.
Growth rate remained unaffected, and, as ob-
served with calcium, manganese concentrations

FIG. 3. Morphological response of L. bulgaricus 1243-F to calcium. Photomicrographs were prepared from
Gram stains of 6-h cultures propagated in CEB supplemented with (A) 30 mM Mg2+, (B) 30 mM Mg2' and 1 ,uM
Ca2', (C) 30 mM Mg2+ and 10 ,uM Ca2+, (D) 30 mM Mg2' and 100 ,uM Ca2+, and (E) 30 mM Mg2+ and 1 mM
Ca2+. XlOO.
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TABLE 1. Magnesium, manganese, and calcium
content of basal broth

MuM of (mean value + SD):
Medium

Mg2+ Mn2+ Ca2+

Unexchanged 264.4 ± 24.7a 1.5 0.ob 93.4 ± 9.4a
Exchanged 0.65 ± 0.64C 1.2 ± 0.15d 4.1 ± 2.7c

a Five analyses.
b Two analyses.
c Forty-seven analyses.
d Eighteen analyses.

of 100 ,uM to 1 mM facilitated dechaining of L.
bulgaricus 1243-F (data not shown). L. bulgari-
cus 1243-0 again failed to respond morphologi-
cally to the addition of manganese to the growth
medium.
Mineral content of basal broth medium. Atom-

ic absorption analysis of basal broth and CEB
was performed to determine levels of magne-
sium, manganese, and calcium in the growth
media (Table 1). Magnesium and calcium were
present in high concentrations in unexchanged
medium, and levels of these ions were substan-
tially reduced by Chelex exchange. Although
detectable levels of calcium remained in the
exchanged medium, these levels were not suffi-
cient to induce a morphological response in L.
bulgaricus 1243-F, as complete dechaining did
not occur until 100 ,uM to 1 mM calcium was
present in CEB-Mg2+. Manganese, which was
present at extremely low concentrations in un-
exchanged medium, was not further reduced by
Chelex exchange.
pH effects. The influence of environmental pH

on the growth response and morphology of L.
bulgaricus 1243-F was examined. Cells were
grown at divalent cation concentrations known
to inhibit dechaining (magnesium only) and
those which facilitated dechaining (1 mM Ca2+
or 1 mM Mn2+); environmental pH was varied
between 4.0 and 7.0. When L. bulgaricus 1243-F
was grown in CEB-Mg2+, poor growth was

observed at pH 4.0, 5.0, and 7.0 (Fig. 4A, B, and
D). At pH 6.0 (Fig. 4C), cells grown in CEB-
Mg2+ achieved high population levels during the
12-h growth period. Morphologically, all cells
grown in CEB-Mg2+ existed as long chains of
unseparated cells. When cells were grown in
CEB-Mg2+ containing 1 mM calcium, at pH 5.0
and 6.0, luxuriant growth resulted. Growth at
pH 7.0 was poor, and no growth was observed at
pH 4.0. L. bulgaricus 1243-F grown in CEB-
Mg2+ containing 1 mM calcium at pH 5.0 and 6.0
existed as short, bacilloid rods (Fig. 5A and B).
When cells were grown at pH 7.0, however,
even in the presence of 1 mM calcium, long
filamentous growth of L. bulgaricus 1243-F was
observed (Fig. 5C).

APPL. ENVIRON. MICROBIOL.

In CEB-Mg2+ containing 1 mM manganese,
growth at pH 5.0, 6.0, and 7.0 approximated the
growth response observed with 1 mM calci-
um (data not shown). However, under con-
trolled pH, manganese was not as efficient in
facilitating dechaining of L. bulgaricus 1243-F as
was calcium. At pH 6.0, in medium containing 1
mM manganese, cells existed in short chains of
rods (Fig. 6). Again, as observed with cells
grown in medium containing 1 mM calcium at
pH 7.0, even in the presence of 1 mM manga-
nese, long filamentous growth of L. bulgaricus
1243-F was observed.
Appearance of membrane protrusions. During

the growth of L. bulgaricus 1243-F in medium
containing low levels of calcium or manganese,
cells existed as long chains of connected cells.
Concomitant with the failure of separation by
these cells under reduced concentrations of min-
eral ions, spherical protrusions were observed at
regular, discreet intervals on the cell surface.
These evaginations appeared to be portions of
the cell membrane, as they existed as nonstaina-
ble particles when cells were stained with Gram
stain (Fig. 7). When cells were propagated in the
presence of increased levels of calcium (1 mM),
membrane protrusions could not be observed.

DISCUSSION
In this study, we examined the influence of

calcium and other divalent cations on the growth
and cellular morphology of two colonial variants
of L. bulgaricus 1243. The bacilloid rod mor-
phology exhibited by L. bulgaricus 1243-F was
under the direct influence of the calcium content
of the growth medium. When L. bulgaricus
1243-F was grown in a divalent cation-depleted
liquid medium which contained magnesium
only, this organism existed as long chains of
unseparated cells. The addition of 1 mM calcium
to this medium facilitated dechaining of L. bul-
garicus 1243-F to short bacilloid rods. Of other
divalent cations examined, Fe2+, Zn2+, Co2+,
and Cu2+ failed to induce dechaining. In static
culture, manganese was found to facilitate de-
chaining at concentrations identical to those of
calcium. In addition to being calcium and man-
ganese dependent, dechaining of L. bulgaricus
1243-F was under the direct influence of envi-
ronmental pH. At pH 5.0 and 6.0 in media
containing 1 mM calcium, L. bulgaricus 1243-F
grew as short, bacilloid rods. However, at pH
7.0, even when 1 mM calcium was present in the
growth medium, L. bulgaricus 1243-F existed as
long filamentous chains of cells.
The specific role of calcium and manganese in

promoting dechaining is unclear. Dechaining in
bacterial cells is an enzymatic function, and, to
function as such, this activity must be highly
regulated during cellular growth and division.
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FIG. 4. Influence of environmental pH on the growth response of L. bulgaricus 1243-F. (A) pH 4.0; (B) pH
5.0; (C) pH 6.0; (D) pH 7.0. 0, CEB containing 30 mM Mg2+; 0, CEB containing 30 mM Mg2' and 1 mM Ca2+.
Counts are expressed as log10 CFU per milliliter on MRS agar.

For dechaining to occur, environmental condi-
tions must be established whereby dechaining
enzyme synthesis occurs (15); enzymes must be
bound to suitable sites, namely, teichoic acids,
in the cell wall (8); divalent cations, specifically
manganese and calcium, must be present (7). It
is apparent from this study that calcium and
manganese are required for dechaining of L.
bulgaricus 1243-F. However, whether these di-
valent cations affect the activity or binding of
dechaining enzymes was not determined. Mu-
tants which filament due to a failure of cells to

separate after cell division have been described
in a number of bacterial systems (2, 5, 18). Often
these mutants either lack lytic activities respon-
sible for cell separation or are deficient in tei-
choic acid-binding sites for dechaining enzymes
(8, 10). L. bulgaricus 1243-0 failed to dechain
under all growth conditions, including supple-
mentation with calcium or manganese. This sug-
gests that 1243-0 was deficient in dechaining
enzymes or appropriate binding sites for the
enzymes and thus remains unresponsive to cat-
ions which may promote dechaining activities.
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A B. C.

FIG. 5. Morphological response of L. bulgaricus 1243-F to environmental pH. Photomicrographs were
prepared from Gram stains of 6-h cultures propagated in CEB containing 30 mM Mg2' and 1 mM Ca2+. (A) pH
5.0; (B) pH 6.0; (C) pH 7.0. xIOO.

When morphological variants of L. bulgaricus
1243 were first isolated (19), L. bulgaricus 1243-
F existed as short, bacilloid rods when propagat-
ed through basal broth medium. Examination of
the cation content of this medium indicated that
calcium levels would be sufficient to permit
dechaining and the consequent morphological
effects. It is interesting that basal broth contains
little manganese and suggests that in basal broth
medium, calcium provided for the main dechain-
ing activity. The fact that these organisms dem-
onstrated dechaining activity in the presence of
manganese or calcium may be a function of their
ecological niche. Lactobacilli are commonly iso-
lated from milk and fermenting green plant mate-

rial, which are rich sources of calcium and
manganese, respectively.

Previous reports have suggested that the mor-
phological state of the bacterial cell has a pro-
found influence on cell resistance to freezing
death and injury (12). Examination of a freeze-
sensitive cell type of Lactobacillus acidophilus
RL8K revealed blebs protruding from the cell
wall at regular intervals. It was proposed that
these blebs represent membrane evaginations
through the cell wall and are thus susceptible
targets for structural damage during freezing.
Detection of membrane evaginations or blebs
have been reported previously for lactobacilli
(11). In two reports, appearance of these struc-

A B

FIG. 6. Morphological response of L. bulgaricus 1243-F to manganese. Photomicrographs were prepared
from Gram stains of 6-h cultures propagated in CEB (pH 6.0) containing (A) 30 mM Mg2+, (B) 30 mM Mg2' and 1
mM Mn2. x100.
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FIG. 7. Photomicrograph of L. bulgaricus 1243-F cells with blebs (indicated by arrows) after 5 h of growth at
37°C in CEB containing 30 mM Mg2+. Ten percent sucrose was added to the growth medium to stabilize these
structures. Cells were stained with Gram stain. x100.

tures was attributed to cell wall damage via
penicillin disruption of peptidoglycan cross-link-
ing (16) and autolysin activity (9). In the present
study, cells propagated in a medium containing
low levels of calcium showed bleb-like protru-
sions from the cell wall. The addition of calcium
to the medium eliminated bleb formation. Not-
ing the demonstrated ability of divalent cations
to retard autolysin activity (3) and the correla-
tion of autolysis with bleb formation (9), it
appears probable that calcium may act to mini-
mize autolysin-induced wall damage in L. bul-
garicus 1243-F. Furthermore, L. bulgaricus
1243 grown in the presence of calcium is more
resistant to freezing and freeze-drying than cells
propagated in the absence of calcium (19). Ap-
parently, calcium and other divalent cations
which play a role in the growth and cell assem-
bly of L. bulgaricus 1243-F ultimately influence
the freeze stability of this organism.
Although the use of L. bulgaricus in the food

and dairy industry is widespread, the nutritional
requirements of this organism are poorly under-
stood. Previously, no role has been ascribed to
calcium for this organism, other than its necessi-
ty for bacteriophage adsorption (17). In the
preparation of culture concentrates of the lacto-
bacilli, the bacilloid rod morphology is desirable
in that those cells are easily centrifuged and
concentrated. Cells which exist in long filamen-
tous chains exhibit a clumping phenomenon,
similar to the agglutinin phenomenon (14), mak-
ing their use unsuitable for milk fermentations.
The necessity of magnesium, calcium, and man-
ganese for the growth and proper cell assembly
of L. bulgaricus cannot be overlooked and raises
concern over current methods of L. bulgaricus
culture preparation and propagation, in which
phosphated media are employed.
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