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Starvation survival, growth and
recovery of Enterococcus
faecalis in human serum
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The ability of Enterococcus faecalis to survive starvation for long periods in the
obturated root canal is likely to be an important factor in the pathogenesis and
maintenance of a persistent infection after endodontic treatment. The response of

E. faecalis to starvation survival in water and glucose-, phosphate- or amino acid-limited
chemically defined medium was studied, along with the capacity for growth and
recovery of starved cells of E. faecalis in pooled human serum. After an initial rapid fall
in cell numbers, a small remaining population of E. faecalis was able to survive in water
for over 4 months and in nutrient-limited media for extended periods. A high cell
density at the onset of starvation was critical for the ability of E. faecalis to endure
prolonged nutrient limitation. Upon starvation, a static population of starved cells
developed and were apparently in a minimal metabolic state, since blocking cell wall
synthesis with penicillin G or inhibiting DNA synthesis with norfloxacin during
starvation resulted in limited change in the rate of loss of viable cells. In 50% serum,
E. fuecalis grew, then stabilized at a relatively constant population of 10°
colony-forming units/ml for 4 months, irrespective of the initial cell density. In
summary, E. faecalis is capable of withstanding prolonged periods of starvation in a
minimal metabolic state provided that there is a high cell density at the onset of
starvation. Starved cells were capable of recovery upon addition of human serum.
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The principal cause of root canal treatment
failure is generally thought to be the per-
sistence of microorganisms in the apical
part of root filled teeth (39, 40). The mi-
crobial flora in canals after failed endo-
dontic therapy is unlike that found in
untreated teeth, as only one or a few
microbial species are present, there is a
smaller proportion of anaerobic bacteria,
and Gram-positive bacteria dominate
the infection (19, 33, 34, 49). Enterococci
are the most frequently isolated bacteria
from the canals of root filled teeth with
persistent periapical lesions (19, 33, 34,
44, 45, 49).

Enterococcus faecalis is the most pre-
valent species of enterococci in root canals
of failed cases (45, 49) and for it to be

involved in the pathogenesis and mainte-
nance of apical periodontitis, it must sur-
vive in the root filled canal where the
nutrient supply is limited. E. faecalis has
been shown to have a relatively uncommon
capacity to survive in root canals as a
monoculture without the support of other
bacteria (12). E. faecalis is also known to
survive periods of starvation in water (20)
and in infected dentine in water for periods
of at least 10 days (43). A capacity to
endure starvation is a distinctive charac-
teristic that might allow E. faecalis to sur-
vive until an opportunity for acquiring
suitable nutrition becomes available. For
example, after a period of time, breakdown
of the endodontic sealer and microleakage
around a root filling may allow tissue fluid

to enter the root canal space and induce
recovery of starved cells.

Remarkably little is known about what
nutritional substrate is available for micro-
organisms in the root filled canal. Informa-
tion from ultrastructural investigations of
failure cases suggests that bacteria that
survive obturation are likely to be located
either in voids adjacent to dentine, or with-
in dentine in apical areas of the root canal
adjacent to a periapical granuloma (40).
The presence of microorganisms in these
locations suggests that the nutrition re-
quired to sustain the microbial flora prob-
ably comes from fluid in the periapical
tissues. Although the fluid has not been
characterized, it is likely to be composed
of a serum-like substance derived from



surrounding bone and connective tissue
and capable of supporting growth of se-
lected microorganisms (28, 35).

The starvation-survival response has
been studied in many Gram-negative bac-
teria, especially Vibrio cholerae and Es-
cherichia coli (26, 50); however, only a
few studies have examined starvation in
Gram-positive bacteria, in particular Mi-
crococcus luteus (38) and Staphylococcus
aureus (51). Several studies have shown
that E.faecalis can withstand periods of
starvation in low-glucose media or water
(15, 16, 20) and that synthesis of stress-
induced proteins is important for survival.
The dynamics of the starvation response
and role of environmental and cell-density
related factors has not been evaluated in
E. faecalis, yet an ability to endure periods
of limited nutrition or starvation is likely to
be an important characteristic in the patho-
genesis of persistent apical periodontitis.

The aims of this study were to establish
the starvation-survival kinetics of E. fae-
calis, to characterize several factors that
affect survival of starved cells during pro-
longed incubation, and to determine the
ability of E. faecalis to recover from star-
vation in the presence of human serum.

Materials and methods
Bacterial strains and starvation media

Enterococcus faecalis strain JH2-2, which
is derived from the parental strain JH2 (22)
and representative of the species, was used
in all experiments. Two other E. faecalis
strains, OMGS 3264 and OMGS 3372,
originally isolated from dental root canals
(8) and obtained from the Department of
Oral Microbiology, Goéteborg University,
Sweden, were used in some experiments.
Bacteria were grown in a chemically de-
fined medium (CDM) (21).
Glucose-limited and phosphate-limited
media were prepared by lowering the glu-
cose concentration from 1% (wt/vol.) to
0.1% and the phosphate concentration
from 0.18 M to 36 nM of CDM. An amino
acid-limited CDM was prepared by delet-
ing the amino acids from the CDM formula
(21). Distilled, filtered sterile water was
used in prolonged starvation experiments.

Growth and starvation of cells

Cells were grown by inoculating E. faeca-
lis in CDM, incubating at 37°C with shak-
ing, in air, for 24 h. After overnight culture,
cells were harvested by centrifugation
(3200 xg for 10min), washed twice in
phosphate-buffered saline (PBS) by re-
peated centrifugation and resuspended in
PBS. Starvation cultures were prepared by

inoculating the final suspension at approxi-
mately 10% colony-forming units (cfu/ml)
in various nutrient-limited media, includ-
ing phosphate- and glucose-limited CDM,
amino-acid-free CDM, PBS, and water,
incubated at 37°C. Starvation-survival ki-
netics of E. faecalis were established over a
21-day period, but some prolonged starva-
tion cultures extended for over 4 months.
The role of cell density in starvation sur-
vival was determined in experiments with
starting cell densities of approximately 10
to 10® cfu/ml.

Starvation-survival was determined by
viable counts of serial dilutions in PBS;
plating on CDM agar, and incubation at
37°C for 48 h. All incubation was in air,
except for experiments evaluating the role
of anaerobiosis on starvation survival
where E. faecalis was incubated anaerobi-
cally (10% H, and 5% CO, in nitrogen) at
37°C. For anaerobic experiments, PBS and
distilled water were pre-reduced for at least
24h in an anaerobic box.

Growth, survival and recovery of starved
cells in human serum

Sera from three healthy human adults were
pooled, inactivated at 56°C for 30 min, and
stored at —80°C until used. Growth in
pooled human serum (PHS) was deter-
mined by inoculation of mid-log phase
cells into PHS (1%, 5%, and 50% PHS,
diluted in PBS). Long-term survival of
E. faecalis strain JH2-2 in serum was de-
termined by inoculating cells at densities
of 10'-10* cfu/ml in 50% PHS, with sta-
tionary incubation at 37°C for more than
4 months. Viable counts were determined
by serial dilution in PBS and plating on
CDM agar.

Seven-day starved cells were recovered
by mixing serum with the starvation cul-
tures to give a final serum concentration of
50%. After serum addition, the cultures
were incubated at 37°C during the recov-
ery period. Viable counts were determined
as above.

Cell metabolism during starvation

Starvation cultures were established in
water and glucose-limited CDM. At 7d
after onset of starvation, the cell-wall-
synthesis inhibitor penicillinG, or the
DNA synthesis inhibitor norfloxacin, was
added to starvation cultures. Penicillin G
was added to give a final concentration of
20 pg/ml (7 times the MIC), and norflox-
acin at 30pg/ml (10 times the MIC).
Viable counts were established as for star-
vation survival kinetics.
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Results
Starvation survival kinetics

The kinetics of starvation survival of
E. faecalis in water and nutrient-limited
CDM are shown in Fig. 1. In water, both
strains showed a dramatic drop in cell
survival within the first 3 days of entering
starvation, followed by a short period of
adaptation and, thereafter, a relatively stea-
dy population cell density in very gradual
decline. During prolonged starvation in
water, both E. faecalis strains maintained a
viable cell population of around 10* cfu/ml
for more than 4 months, indicating the hardy
starvation-survival capacity of this species.

Starvation in nutrient limited CDM re-
vealed similar patterns of survival with a
pronounced drop in cell numbers initially,
followed by a prolonged period in which
the cell density remained static. In phos-
phate-limited CDM, E. faecalis strain
JH2-2 survived for >4 months (Fig. la),
whereas E. faecalis strain OMGS 3264
showed a gradual decline in culturable cell
numbers, eventually losing viability at 129
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Fig. 1. Starvation-survival response of E. faeca-
lis monitored for >4 months. Starvation survival
kinetics in water (#), phosphate-limited (m) and
amino acid-limited (A) CDM of E. faecalis (a)
strain JH2-2 and (b) strain OMGS 3264.
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days (Fig.1b). In amino acid-limited
CDM, E. faecalis strain JH2-2 lost viability
at 35 days (Fig. la), whereas E.faecalis
strain OMGS 3264 survived for >4 months
(Fig. 1b).

Thus, both strains of E. faecalis survived
in water for extended periods, but there
was strain-specific variation for survival in
nutrient-limited media.

Role of cell density and aerobic/anaerobic
environment in starvation survival

The role of cell density in starvation survival
is shown in Fig.2. When cells were sus-
pended in water at densities of <107 cfu/ml,
E. faecalis strain JH2-2 lost viability after 3—
14 days. However, if the initial cell density
was >10% cfu/ml at the onset of starvation,
E. faecalis survived for prolonged periods
(Fig.1 and 2). Starvation cultures were
mostly incubated at 37°C; however, some
experiments were carried out at 25°C (data
not shown), which resulted in slightly better
survival than incubation at 37°C.

Because growth under anaerobic condi-
tions may involve alternate metabolic
pathways, we compared starvation survi-
val of E. faecalis under anaerobic and aero-
bic conditions with a range of starting cell
densities. Molecular analysis has shown
differential expression of some genes for
aerobic versus anaerobic growth in E. fae-
calis (47); however, we found no differ-
ence in the nature or duration of starvation
survival (data not shown).

Growth of E. faecalis in serum and
role of cell density

Initial growth experiments showed that
there was no difference between 100%
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Fig. 3. Growth of E.faecalis strain JH2-2 in
50% serum for around 4 months. Starting cell
densities were 5.1 x10* (m), 5.0 x10° (a),
3.4 x10% (»), 10" (o) cfu/ml.

and 50% serum in supporting growth (data
not shown). When F. faecalis was incu-
bated in 50% PHS, cells were capable of
growing and surviving for more than
4 months (Fig.3). Interestingly, irrespec-
tive of the starting concentration (10-10*
cells), E.faecalis grew to a density of
around 10° cfu/ml within 2-4 days, with
the population density remaining static
thereafter for more than 4 months. These
experiments were conducted with heat-in-
activated serum. However, in some experi-
ments cells were grown with untreated
serum and there was no discernible differ-
ence in growth (data not shown).

A clear pattern of survival was observed
for E. faecalis in minimal concentrations of
serum, even when the initial cell density
was low (Fig.4). Regardless of the initial
population numbers, both E. faecalis
strains JH2-2 and OMGS 3264 showed
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Fig. 2. Effectofcell density at the onset of starva-
tion on survival of E. faecalis strain JH2-2, with
aerobic incubation for 21 days. Starting cell dens-
ities were 3.3 x10° (m), 3.3 x107 (A), 3.3 x10°
(®),3.3 x10° (0), 3.3 x10* () cfu/ml.
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Fig. 4. Growth of E.faecalis strain JH2-2 in
1% serum for 21 days. Starting cell densities
were 1.6x 10° (m), 1.6 x107 (), 1.6 x10°
(@), 1.6x10° (»), 1.6x10* (&), 1.6x10°
(O) cfu/ml.
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Fig. 5. Effect of inhibition of cell wall and DNA
synthesis on starvation-state cells. Starvation of
E. faecalis strain JH2-2 in water followed by
addition of inhibitors on day 7 (|): penicillin G
(m), norfloxacin (¢) and water controls (). Cell
densities at onset of starvation (day0) were
1.0 x10%, 3.2 x10%, 6.9 x 108, respectively.

similar growth characteristics in 1% and
5% serum (data not shown). These experi-
ments demonstrated that as little 1% serum
was sufficient for the survival and growth
of low cell numbers of E. faecalis.

Metabolic activity of E. faecalis during
starvation survival

When penicillinG was added to cells 7
days after onset of starvation, no reduction
in viable cell numbers was observed for
11 days after inhibitor addition, compared
with untreated cells. Fourteen days after
inhibition of cell wall synthesis, there was
a decline in viable cell numbers; the result
of a representative experiment is shown in
Fig.5. On inhibition of DNA synthesis
with norfloxacin, there was no change in
cell viability during the first week; there-
after, there was a gradual decline in viable
cell counts during the second week, com-
pared to untreated starved cells (Fig. 5).

Revival of starved cells by serum

Addition of serum to starvation-state cells
resulted in recovery and resumption of
growth of E. faecalis (Fig. 6). Even when
the number of starved cells was low
(~10cfu/ml), a serum fed recovery en-
sued, which was in contrast to controls
where cells at densities below 10*cfu/ml
lost viability after the addition of PBS.

Discussion

The species E.faecalis has adapted to a
diverse range of nutritional environ-
ments—in its natural habitat in the human
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Fig. 6. Recovery of 7-day starvation-state cells
of E. faecalis strain OMGS 3372 in 50% serum.
After starvation for 7 days, serum (solid lines) or
PBS (dashed lines) was added (shown as day 0)
to starting cell densities of 1.8 x 10* (@),
1.8 x10° (A), 3.3 x10? (@), 2.7 10" (m)cfu/
ml. In controls, PBS was added to equivalent
starting cell densities (corresponding open sym-
bols).

or animal gut it can benefit from a nutri-
tionally rich milieu, yet as it leaves the
digestive system it must endure periods of
starvation if it is to survive and ultimately
populate in a new host. This ability of
E. faecalis to survive extended periods in
nutritionally limited environments may be
an important characteristic for the patho-
genesis of E. faecalis in endodontic treat-
ment failures. E.faecalis has frequently
been recovered from failed cases where
the root canal system had been obturated
many years previously (45, 49), which
would suggest an ability to endure a pro-
longed period of nutritional deprivation.
As well as ensuring its survival for long
periods, a starvation-induced survival state
seems to confer some protection against a
range of environmental stresses (13, 15,
16). Here, some features of starvation sur-
vival were characterized as well as growth
of E. faecalis and recovery of starved cells
in human serum. After the onset of nutrient
limitation, the number of cultivable cells
fell sharply in the first days. A small po-
pulation survived, however, in a relatively
static starvation state for many months.
When starved cells encountered a nutri-
tional upshift upon the addition of human
serum, they were able to recover and to
resume normal growth.

E. faecalis survived in nutrient-limited
media for extended periods and endured
starvation in water for more than 4 months.
The number of cells at the start of starva-
tion had a significant impact on starvation
survival. When the cell density at the onset
of starvation was <10 cfu/ml, loss of via-
bility occurred after 3—14 days. However,

when starvation commenced at a cell den-
sity >10% cfu/ml, E. faecalis survived for
more than 4 months in water. These find-
ings confirm other reports of starvation
survival in water, where long-term survival
of E.faecalis with a high cell density
(>10%cfu/ml) at the onset of starvation
(6, 20) has been observed, whereas starva-
tion initiated with lower cell densities
(~10 cfu/ml) resulted in a loss of viable
cells in a much shorter period (31). A
similar relationship between high initial
cell density at the onset of nutrient limita-
tion and starvation survival has also been
reported for S. aureus (9, 51). The reason
for the nexus between cell density and
starvation survival may be found in studies
that have investigated cell-to-cell commu-
nication and regulation of multi-cell activ-
ity.

Many genes are regulated by cell-den-
sity-induced signals (2, 10, 14, 46). Cell-
to-cell communication allows a critical cell
mass to be reached where the group can
collectively achieve enhanced nutrition, or
initiate alternative growth patterns when
nutrition has been depleted (25, 27, 46).
For example, in Bacillus subtilis, multiple
signaling molecules are known to interac-
tively sense and co-regulate cell-density,
onset of starvation and sporulation (27). In
this study, prolonged starvation survival of
E. faecalis was dependent on a high cell
density at the onset of starvation. Whilst
cell-density signaling is implicated in the
regulation of several virulence-related
genes in E. faecalis (10, 11, 18, 41), it
has yet to be determined whether signaling
molecules are involved in the induction of
a starvation-survival state.

Little is known about nutrients available
in the apical part of a filled root canal. The
nutrition required to sustain the microbial
flora may come from fluid within dentinal
tubules and/or fluid from the periapical
tissues. As it is likely that the latter fluid
is composed of a serum-like substance
derived from surrounding tissue (28, 35),
the growth and survival of E. faecalis was
evaluated in human serum. In 50% serum,
E. faecalis was able to survive for more
than 4 months (Fig.3). The observation
that E. faecalis grew in serum is consistent
with previous reports (1, 17, 28), but this is
the first report of long-term survival of
E. faecalis in serum. When E. faecalis
was cultured in concentrations as low as
1% and 5% serum (Fig.4), the growth
values were comparable to those observed
in higher serum concentrations. These ex-
periments demonstrated that as little as 1%
serum was sufficient for the growth and
survival of very low numbers of E. faeca-
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lis, compared to complete nutrient depri-
vation in water where initial cell densities
of >10® cells were necessary for survival.

The recovery of E.faecalis in serum
(Fig. 6) may simply be associated with a
nutritional upshift, but the involvement of
growth-signaling molecules cannot be ex-
cluded. Some bacteria, such as Micrococ-
cus luteus and Mycobacterium
tuberculosis, enter a latent state under
starvation or anoxic conditions (24, 52)
and revival from this state is apparently
induced by an extracellular resuscitation-
promoting-factor, Rpf (3, 23, 36, 37).
Starved cells of S. aureus are also revived
by a factor in spent culture supernatant (7).
It is unknown whether E. faecalis requires
similar recovery signaling molecules, but a
sequence search of the E. faecalis genome
database shows no homologous sequence
for the gene encoding the Rpf protein.

In the long-term growth experiment
(Fig.3), a population density of around
10° cfu/ml was reached within some days
of culture in 50% serum and the population
density remained static for more than
4 months, regardless of the initial cell con-
centration (10-10%). Similarly, in experi-
ments with as little as 1% serum, a
population density of ~10°cfu/ml was
reached within 7 days, irrespective of the
starting cell concentration  (Fig. 4).
Although the mechanism for control of
these events is unknown, it would not be
unlikely if the management of such a well-
regulated cell density were mediated by
cell-cell communication.

There is general agreement from starva-
tion-survival studies that bacteria in a nu-
trient-limited environment consist of three
population groups—a decreasing number
of starving (viable, but possibly injured)
cells, non-culturable cells with intact cell
membranes, and dead cells (including their
constituents). It has been suggested that
starvation under certain conditions pro-
duces a population of viable but not cultur-
able (VBNC) cells that have the capacity
for subsequent resuscitation, and some ex-
perimental data apparently support this
view (42, 53). However, there is good
evidence that cells which are seemingly
VBNC are simply revived viable cells
(4, 6).

A number of studies have purported to
show a VBNC state in E. faecalis (29-32,
48). In some experiments (data not shown),
we added serum to starvation cultures that
had no apparent viable cells (10° cfu/ml-
starting-density; starvation for 21 days).
Surprisingly, an apparent ‘recovery’ of
cells was observed; however, the effect
was inconsistent and repeated attempts to
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reproduce resuscitation reliably were un-
productive. There are two possible expla-
nations for the ‘recovery’. One possibility
is that some cells enter a VBNC state and
can be revived by the addition of serum. A
second, more likely explanation is that low
numbers of injured cells survive starvation
and are at the detection limit for viable
plate counts, but the few remaining cells
are enough for recovery to begin upon
addition of serum. We intended to clarify
whether or not E. faecalis enters a VBNC
state, but it became evident from recent
rigorous analysis that incontrovertible
proof of the existence of a VBNC state
is lacking (4, 6), and that authentication of
a VBNC state cannot be achieved because
current techniques are not necessarily reli-
able or accurate markers of viability (5).

Instead, we sought to clarify the condi-
tion of the starvation-state cells, which had
been observed in static numbers for many
months after the onset of nutrient limita-
tion. The relatively constant density of
starved cells could be due to a few active
but ‘normal’ cells with a low rate of cell
wall growth and division, or alternatively a
small population of cells with minimal
metabolic activity. If the static cell density
were due to the former, then adding the
cell-wall-synthesis inhibitor penicillin G,
or the DNA synthesis inhibitor norfloxacin
should hasten the death of the cells. When
an inhibitory concentration of penicillin
was added to starved cells there was mini-
mal change in the rate of loss of viable cell
numbers compared with untreated cells,
whereas inhibition of DNA synthesis led
to a slight fall in viable cell numbers
(Fig.5). Because the doubling time of
growing E. faecalis cells is 65min (6),
the minor impact of these inhibitors on
cell viability implies that starved cells were
in a minimal metabolic state with limited
cellular activity.

Taken together, these experiments show
that E. faecalis is capable of enduring pro-
longed starvation and that starved cells can
recover if serum is available—conditions
that E. faecalis is likely to experience in
many of its natural environments. If E. fae-
calis has an opportunity to access serum or
serum-like fluid, even a small number of
cells can gain the nutritional support re-
quired for survival. These characteristics
are advantageous for E. faecalis to persist
as a pathogen in the root canal—where a
few cells may survive the antimicrobial
measures during root canal treatment, be
capable of multiplying in the presence of
serum-derived nutrients, and therefore
have the potential to maintain a periapical
lesion.
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