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positive control. The method of calculation and presentation
of results were modified for this study to compensate for the
different growth rates observed in TSB and in iron-limited
TSB. The optical density at 600 nm (ODgy) of cultures was
measured before decanting the medium and measuring bio-
film density. The slime index was defined as an estimate of
the density of the biofilm which would be generated by a
culture with an ODgg, of 0.5 {slime index = [mean density of
biofilm (ODgy)] X [0.5/mean growth (ODggo)]}-

To examine the kinetics of slime production during growth
and to assess the effect of increasing levels of iron limitation
on slime production, 24-h broth cultures in TSB and TSB/
E25 were diluted 1:100 in standard TSB and iron-limited
TSB (TSB/E12.5, TSB/E25, TSB/E50, and TSB/E100), re-
spectively. Preliminary experiments had shown that differ-
ences in inoculum size associated with 24-h cultures in TSB
and in TSB/E25 did not significantly affect the amount of
slime subsequently produced. The diluted cultures were
used to inoculate a series of microtiter plates containing
identical dilutions and corresponding to the number of
incubation periods to be examined. Plates were incubated in
a moist chamber and removed for quantitative assay of slime
at specified times, usually after incubation periods of 14, 18,
24, 48, and 72 h. Some assays were performed at incubation
times of 4, 6, 8, 10, and 12 h.

To assess the effect of the initial inoculum on slime
production in subsequent cultures, strain A-73, which dem-
onstrated a dose-dependent increase in slime production in
TSB/E at all stages of growth, was chosen for further study.
Initial inocula examined were a young actively growing
broth culture (TSB, 6 h with shaking), stationary-phase
cultures (TSB, 24 h, and TSB, 48 h), iron-limited cultures
(TSB/E12.5, TSB/E2S, TSB/ES50, and TSB/E100, 48 h), and
washed cells (overnight broth culture washed once in saline,
overnight broth culture washed once in TSB, and washed
saline suspension stored at —70°C). Each initial inoculum
was diluted in five different growth media (TSB, TSB/E12.5,
TSB/E25, TSB/ES0, and TSB/E100), and dilutions were
transferred to microtiter plates for incubation and examina-
tion after 14, 18, 24, 48, and 72 h.

Passage of S. epidermidis strains in TSB/E. Five repeatedly
slime-negative S. epidermidis strains were passaged 10 times
by twice weekly transfer into TSB/E25. After each passage,
tube adherence was assessed. After the final passages, slime
assays were performed on the passage 10 strains and the
unpassaged parents. These experiments employed initial
inocula which had been shown previously to promote the
largest amounts of slime (TSB, 24 h; TSB, 48 h; and
TSB/E12.5, 48 h). Growth media consisted of TSB, TSB/
E12.5, TSB/E25, TSB/ES0, and TSB/E100. Cultures were
assayed for slime at 14, 18, and 24 h.

Statistical analysis. The paired ¢ test was used to compare
slime indices generated in TSB and in moderately iron-
limited TSB (TSB/E50).

RESULTS

Survey of clinically relevant S. epidermidis strains for slime
production in iron-limited and iron-replete conditions. The
investigation of 40 clinically relevant strains of S. epidermi-
dis, assayed for slime production during growth in iron-
depleted TSB and standard TSB, revealed considerable
differences in the slime index and the extent to which iron
limitation affected the slime index. The general pattern of
slime production during growth and under different levels of
iron stress differed between strains but was reproducible for
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individual strains. Strains could be placed into one of three
groups, depending on the capacity to produce slime at
different stages of growth and under various degrees of iron
limitation. Strong slime-producing strains (slime indices of
=1.2 under at least three sets of test conditions) were
classified as group A (n = 8). The reference strain RP62A
belonged to this group. Group B strains (n = 9) were defined
as those which failed to meet the criteria for strong slime
producers but had slime indices of =0.6 under at least three
sets of test conditions. The remaining 23 strains produced
low levels of slime under most test conditions and were
classified as group C. The patterns of slime production by
representative strains belonging to each group are shown in
Fig. 1.

The paired ¢ test was used to compare slime indices in TSB
and in moderately iron-limited TSB (TSB/E50) at all incuba-
tion periods tested (14, 18, 24, 48, and 72 h). For strong and
moderate slime producers (groups A and B), there was a
highly significant difference between slime indices in iron-
limited and iron-replete TSB (¢ = 4.79; P < 0.01). When all
40 strains were compared, however, no statistically signifi-
cant difference was found.

These findings indicated that the amount of slime pro-
duced, and hence biofilm density, is dependent on several
factors, including characteristics of the test strain, iron
availability, and stage of growth. Assays performed at only
one stage in the growth cycle may fail to detect slime
production, especially by iron-limited cultures. Further ex-
periments were therefore initiated to examine in more detail
the factors affecting biofilm density.

Kinetics of slime production under iron-limited and iron-
replete conditions. Macroscopic examination of stained mi-
crotiter trays showed that slime was first manifest as discrete
specks of stained material on the base of the wells. These
became larger and more numerous as growth proceeded,
eventually coating the base of the wells with a confluent film
consisting of staphylococci encased in a matrix of slime
(biofilm). For some group A (heavy slime-producing) strains,
specks of biofilm were visible after 4 h of incubation and
peak slime production was seen at as early as 14 h of growth.

Quantitative assays revealed that slime production typi-
cally commenced early in the growth cycle corresponding to
the stage of exponential growth and reached a peak during
the stationary phase, after which there was a reduction in
biofilm density, presumably as a result of loss of biofilm
during growth. Peak slime production could occur as early as
14 to 18 h of growth but for some strains was delayed until 48
or 72 h, particularly in TSB containing the highest levels of
EDDA (50 and 100 pg/ml). Delayed slime production under
iron-limited conditions appeared to be associated with a slow
growth rate, since it occurred in strains that had long
generation times under such conditions. For these strains,
the promotion of slime production by iron stress was not

observed until late in the growth cycle. The results of four

experiments are presented (Fig. 2), illustrating early slime
production in iron-depleted TSB with insignificant levels in
standard TSB (strain A-73), delayed slime production with
significant levels only in TSB/E (strains A-265 and A-271),
and slime production in both media with increased levels in
TSBY/E late in the growth cycle (strain A-274).

Effect of degree of iron limitation on amount of slime
produced. A dose-dependent increase in slime production
was defined as a stepwise increase in the slime index
following growth in TSB containing increasing concentra-
tions of EDDA and a ratio of >3:2 between the highest to
lowest slime indices at a given incubation period. Some
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FIG. 1. Slime indices of three strains classified on the basis of
slime production in TSB (M) and TSB containing 12.5, 25, 50, and
100 pg of EDDA per ml (TSB/E12.5 [@], TSB/E25 [@], TSB/ES0
[A], and TSB/E100 [O]), as (a) group A (strong), (b) group B
(moderate), and (c) group C (weak slime producers). Slime indices

were measured at 14, 18, 24, 48, and 72 h of incubation. (a) Strain
A-263; (b) strain A-279; (c) strain A-277.
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strains demonstrated this effect early in the growth cycle,
but for other strains the stepwise increase was not apparent
until 48 h or more of incubation. Using these criteria, 33 of
the 40 strains demonstrated a dose-dependent increase in
slime production at one or more stages in the growth cycle.
The slime indices of four representative strains during
growth in TSB containing increasing amounts of EDDA are
presented in Fig. 3.

Effect of initial inoculum on slime production. In the
investigations described above, 24-h broth cultures incu-
bated in TSB or TSB/E25 were used to inoculate the growth
media. Quadruplicate assays performed on cultures derived
from the same initial inoculum usually gave highly reproduc-
ible results (Fig. 2 and 3). Occasional exceptions were noted
for assays performed during the short period in the growth
cycle when slime production rose exponentially. The pattern
of slime production by a strain was generally reproducible
between assays. There were, however, some major discrep-
ancies in the amount of slime produced by a given strain on
different occasions. In such instances, it was possible to
demonstrate an inverse relationship between growth and
slime production, and we hypothesized that the observed
differences in the amount of slime produced were due to a
greater ability of stressed cells to switch to slime production.
These observations led us to investigate the effect of major
differences in the nutritional state of initial inoculum on the
amount of slime detectable in subsequent cultures.

Strain A-73 produced the lowest levels of slime when the
initial inoculum was a young (6-h) broth culture or a highly
stressed culture (initial inoculum grown in TSB/ES50 or
TSB/E100 for 48 h), regardless of the level of iron depletion
in the growth medium. Washed cells suspended in saline and
stored at —70°C also performed poorly. In all growth media,
the largest amounts of slime were produced by inoculation
with moderately stressed cells (initial inoculum grown in
TSB for 24 h or in TSB/E12.5 or TSB/E25 for 48 h and
washed cells freshly prepared from 24-h TSB cultures).
Figure 4 shows the effect of the initial inoculum on the
amount of slime produced by strain A-73 in two different
growth media (TSB/E12.5 and TSB/E100).

Passage of strains in iron-depleted TSB. Of the five slime-
negative strains passaged in TSB/E, one strain (A-62) con-
verted from tube adherent negative to strongly positive after
only two passages and remained positive throughout the
experiment. In quantitative assays, A-62/passage 10 was
strongly slime positive and A-62/unpassaged produced little
or no slime under all conditions tested. Slime indices ranged
from 0.04 to 0.12 before passage and from 1.37 to 2.51 after
passage. The other four strains showed smaller increases in
slime production after passage and not under all test condi-
tions. These results indicate that at least some S. epidermidis
strains are capable of switching to high-level slime produc-
tion when subjected to conditions of iron limitation.

DISCUSSION

The data we present demonstrate that slime production by
S. epidermidis cultures typically begins early in the logarith-
mic phase of growth, after which the rate of slime deposition
increases rapidly, reaching a peak during stationary-phase
growth. Under conditions of stress, such as those created by
iron limitation, the generation time is extended and slime
production is frequently delayed. Thus, the incubation pe-
riod at which peak slime production occurs depends on
growth conditions.

Macroscopically, the earliest demonstration of biofilm
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FIG. 2. Kinetics of slime production (ODgy). Four experiments in which S. epidermidis strains were grown in TSB (O) and TSB
containing 100 pg of EDDA per ml (TSB/E100) (B), illustrating early slime production only in TSB/E100 (strain A-73), delayed slime
production in TSB/E100 (strains A-265 and A-271), and slime production in both media, but delayed until late in the growth cycle in TSB/E100
(A-274). Means of four readings and standard deviations (error bars) are indicated. (a) Strain A-73; (b) strain A-265; (c) strain A-271; (d) strain

A-274.

formation consists of specks of stained material on the base
of wells, which extend and eventually become confluent.
These observations suggest that only a proportion of cells in
a population is initially capable of slime production. Once
part of the biofilm, these cells replicate, perhaps incorporat-
ing other slime-positive and slime-negative cells that become
attached to the biofilm.

This study clearly demonstrates that in vitro conditions of
iron depletion generated by the addition of EDDA to the
growth medium promotes slime production by most strains
of S. epidermidis. Progressive depletion of iron results in
increasing levels of slime being produced. The nutritional
state of the initial inoculum also had a marked effect on the
amount of slime produced in subsequent cultures. Young,
rapidly growing cultures in the logarithmic phase of growth
and washed saline suspensions after storage at —70°C gen-
erated low levels of slime, even when transferred to iron-
limited conditions, whereas moderately stressed initial inoc-

ula, whether washed or unwashed, promoted heavy biofilm
regardless of the growth medium. These observations stress
the importance of using carefully controlled conditions for in
vitro adherence assays and could have relevance regarding
the choice of inoculum used in animal models of catheter-
associated infection.

As reviewed by Leigh and Coplin (17), extracellular slime
layers are produced by virtually all plant-associated bacteria
and have been extensively studied in that group. Slime
layers consist of carbohydrate polymers that remain loosely
adherent to the cell wall and are also secreted into the
surrounding medium. For most plant-associated bacteria,
the genes for polymer synthesis are clustered on the chro-
mosome and include both positive and negative regulatory
mechanisms. A common feature, however, is the presence
of a two-component global regulatory system consisting of
an environmental sensor located in the plasma membrane
and an effector protein located in the cytoplasm. Under
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FIG. 3. Effects of EDDA concentration on slime production by four strains of S. epidermidis. Slime indices after growth for 14 (0) and
48 () h in TSB containing EDDA (concentrations ranging from 12.5 to 100 pg/ml) are shown. Means of four readings and standard deviations
(error bars) are indicated. Strain A-73 (a) produces slime only under iron-limited conditions, strains A-265 (b) and A-271 (c) show a
dose-dependent increase in slime production with increasing concentrations of EDDA, and strain A-274 (d) produces large amounts of slime
in both iron-limited and iron-replete conditions after incubation for 48 h or longer.

nutritional stress, these systems can increase extracellular
polysaccharide production to enhance survival in the envi-
ronment or to increase pathogenic potential. When energy
sources are required for growth and repair, expression of
exopolysaccharide is decreased.

Several human pathogens possess similar environmentally
sensitive regulatory systems that simultaneously control the
expression of several virulence determinants (6). A low level
of available iron, used by mammalian hosts as a defense
mechanism against bacterial invasion, is one such environ-
mental stimulus (20). These findings, together with our
observation that slime production by S. epidermidis is pro-
moted by low levels of iron, have led us to speculate whether
slime production and possibly other virulence determinants
of S. epidermidis are regulated by iron limitation in vivo. The
possession of global regulatory mechanisms by coagulase-
negative staphylococci was first proposed by Christensen et
al. (3). More recently, a genetic locus which hybridizes with

the agr regulatory locus of Staphylococcus aureus has been
identified in S. epidermidis (25). The presence of a global
regulatory mechanism that controls slime production does
not explain why different cultures of the same strain, sub-
jected to the same degree of iron stress, can vary in the
amount of slime produced. This behavior suggests random
phenotypic switching and is consistent with studies on the
pleiotropic variation displayed by S. epidermidis RP62A (3)
and a strain of S. epidermidis isolated from a patient with
native valve endocarditis (9, 12) and with variation in the
expression of cell surface hydrophobicity by S. epidermidis
(10).

The findings reported in this paper may explain the dis-
crepancies that have been reported in the literature between
in vivo and in vitro adherence and slime production. Scan-
ning electron microscopic studies have demonstrated bio-
films on all catheters removed from patients with catheter-
associated infection (23). In most in vitro studies, slime-
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FIG. 4. Effect of initial inoculum on amount of slime produced in
subsequent cultures: kinetics of slime production by strain A-73
during growth in TSB containing 12.5 (a) and 100 (b) ng of EDDA
per ml (TSB/E12.5 and TSB/E100). Growth media were inoculated
with a 1:100 dilution of TSB incubated for 6 h with shaking (), 24-h
TSB (M), 48-h TSB/E25 (&), or 48-h TSB/E100 (N).

positive isolates were more commonly isolated from
infections than from the skin or environment (5, 7, 8, 14, 15,
27), but some studies have failed to demonstrate an associ-
ation between adhesion and disease (11, 13, 16, 18, 19, 26).
Younger et al. (27) reported that not all adherent staphylo-
cocci are slime positive, and Bayston and Rodgers (1) found
no correlation between the ability to produce extracellular
slime (assayed chemically) and adherence to plastic materi-
als in vitro. Furthermore, Patrick et al. (21) found that
slime-producing and non-slime-producing S. epidermidis
strains were associated with similar frequencies of abscess
formation in a mouse model of catheter-associated infection.
These findings are consistent with the hypothesis that pro-
motion of slime by the low levels of available iron found in
human tissues enables normal skin staphylococci to exploit
the presence of an implanted plastic device by growing as an
adherent biofilm. After transfer to rich laboratory media,
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however, the ability to produce slime may not be retained.
Further studies are now required to define more precisely
the in vitro conditions that promote slime production by S.
epidermidis and to determine whether all strains produce
slime, given the appropriate conditions.
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