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Abstract. The objective of this study was to evaluate the influence of seawater salts, and more
specially sodium chloride, on the recovery of Escherichia coli cells after exposure to natural
seawater in laboratory microcosms, and the possible adaptation in this bacterium to high salin-
ity. The recovery efficiency of a complex organic medium supplemented with sodium chloride
largely depended on the strain and varied with starvation time and salinity. Moreover, cells
previously grown on salted medium appeared more able to survive after exposure to seawater.
It is assumed that, within E. coli populations, some cells are able to adapt to seawater in the

presence of both salts and organic matter.

Coliform bacteria exhibit a rapid decline in seawater
when enumerated through standard conventional
methods. Such die-off has been described both in
situ [2, 9, 12, 25, 27, 33, 40] and in laboratory exper-
iments [1, 5, 15, 17, 27, 35, 41].

Recently, investigators have challenged such
die-off, with reference to reports indicating the exis-
tence of a sublethal stress in coliforms exposed to
unfavorable conditions such as those found in natu-
ral aquatic environments and especially seawater
{1, 3, 9, 23, 37].

It has been noted that the enumeration tech-
nique itself may be responsible, at least partly, for
the apparent decay of these bacteria in natural wa-
ters [3, 23, 32]. Injured cells are unable to grow on
selective media [3] and exhibit a higher sensitivity
to temperature [1, 23] and salinity [1]. Coliforms
starved in seawater can also undergo morphological
and physiological changes and rapidly evolve to-
ward a ““‘viable but nonculturable®’ state, as demon-
strated for Vibrio cholerae [39] and Salmonella en-
teritidis [35] in freshwater environments.

With the recognition of sublethal stress, studies
were made to improve enumeration methods and
recover injured cells. Processes were proposed,
grounded on the progressive transition from envi-
ronmental to cultural conditions: increase in tem-
perature and inhibitory activity of the medium [36,
37]. In other respects, even when several investiga-
tors have attempted to evaluate the influence of sa-

linity on E. coli die-off in marine or estuarine envi-
ronments [6, 12, 40], only Dawe and Penrose [9]
have evidenced, a contrario, the repairing role of
salts in culture media used for the enumeration of
injured coliforms from seawater.

The present work was developed to analyze the
influence of seawater salts and specially sodium
chloride on the recovery of E. coli cells after expo-
sure to seawater using the membrane filter tech-
nique at high temperature (44.5°C), and the possible
adaptation of this bacterium to high salinity.

Materials and Methods

A nontypable E. coli 12 producing labile enterotoxin (strain
LT+), isolated from human stools in Bengladesh, was mainly
used in this study. It was kindly provided by Dr. Scheftel (Fa-
culté de Médecine, Strasbourg, France). Seven other strains
were used for complementary tests: E. coli B (Institut Pasteur
Collection), E. coli K12 (Institut Pasteur Collection no. 2518), E.
coli CFAI (H 10407, kindly provided by Dr. Le Minor, Institut
Pasteur, Paris), and four wild E. coli strains isolated one week
before test, from wastewater (EE1 and EE2) and polluted seawa-
ter (M1 and M2).

The LT+ strain was maintained and stocked in Evans broth
(EB) [11] or on Evans agar (EA) (EB + 15 g agar/liter).

The survival of this strain in seawater was analyzed in labo-
ratory microcosms formed by use of 1-liter Erlenmeyer flasks
containing 300 ml of natural seawater (NSW) untreated or filter-
sterilized (Millipore filters, pores 0.22 um), collected along the
shore near Nice harbor.

Laboratory microcosms were inoculated with a cell suspen-
sion prepared by inoculation of 5 ml of EB with a loopful of a
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Fig. 1. Survival of Escherichia coli (strain L.T+) in filtered and
unfiltered seawater, evaluated by counting CFU on nutrient agar
medium prepared with distilled water (@), distilled water supple-
mented with sodium chloride (23 g/titer) (M), or artificial seawa-
ter (A), and on mFC agar prepared with distilled water (O) or
artificial seawater (A). Bars represent standard deviations from
three experiments.

previous culture (24 h, 37°C) of the strain in the same medium,
incubation for 6 h at 37°C (end of the logarithmic phase of
growth), and washing cells by centrifugation in artificial seawater
(ASW). The pellet was finally suspended in 10 ml of ASW. The
total contact time of ASW with the cell suspension, including
washing and diluting, was approximately 2 h. Each microcosm
was then inoculated with 0.2 ml of the final suspension and gently
stirred in the dark at room temperature (22° + 2°C).

All microcosms were sampled immediately after inocula-
tion and again at 24 h intervals. Escherichia coli counts were
made in triplicate, using the membrane filter technique (Millipore
filters, porosity 0.45 wm) on different solid media: nutrient agar
(NA) (Difco), NA supplemented with NaCl (23 g/liter) or pre-

‘pared with ASW, and m-FC medium (Difco) prepared with dis-
tilled water or with ASW. Colony-forming units (CFU) were
counted after 24 h incubation at 44.5°C (£0.1°C). The influence
of salts or NaCl on the recovery of E. coli was evaluated by
calculating the ratio between the number of CFU on salted media
and the number of CFU on the corresponding unsalted media.
This recovery factor was also evaluated on NA in the presence of
increasing concentrations of NaCl: 1, 5, 10, 15, and 30 g/liter.

Comparative survival tests were made with a clone of the
strain LT+, subsequently isolated and maintained on a salted
medium (Marine Agar, Difco). This salt-adapted strain (SALT+)
was subcultured for a week on MA before the test. A similar
experiment was then performed with the strain SALT+ re-
adapted to freshwater conditions by culture on normal NA
for one week (strain SDALT+).

A shortened study of the survival on filtered seawater of the
seven additional E. coli strains maintained on NA or on MA was
later carried out in the same conditions as described for strain
LT+; the number of recoverable cells on NA and NA supple-
mented with NaCl was evaluated, however, only at the beginning
of the experiment and after 3 days at 25°C.

All survival tests were made in duplicate or triplicate, ex-
cept for the experiments with strain SDALT+ and with various
E. coli strains (one test). In the latter case, an analysis of vari-
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Fig. 2. Variation with time of the efficiency of nutrient agar
medium supplemented with sodium chloride (23 g/liter) (W, O) or
prepared with artificial seawater (A, A), for the recovery of Es-
cherichia coli strain LT+ from filtered and unfiltered natural
seawater (same experiment as in Fig. 1).

ance was performed to define the significance of differences be-
tween strains with respect to their sensitivity to seawater after
culture in freshwater or saltwater medium, and the efficacy of the
salted medium for their enumeration.

Results

Comparative survival studies in filtered or unfil-
tered seawater (Fig. 1) indicated that the decay of
E. coli 12 was almost the same in both conditions
during the first 2 days, further die-off being there-
fore more pronounced in the presence of the natural
microflora of seawater. This observation agreed
with previously published data showing the antago-
nistic influence of indigenous marine flora on en-
teric bacteria in the sea [18, 29, 30].

On the other hand, the enumeration efficiency of
injured cells was largely dependent on the salt con-
tent of the enumeration medium. Highest recovery
rates were observed with the nonselective medium
(NA) supplemented with sodium chloride. On the
contrary, both selective and nonselective media
prepared with seawater were less effective than the
unsalted corresponding media. Besides, the recov-
ery efficiency of NA supplemented with sodium
chloride varied with starvation time (Fig. 2); the
recovery factor increased after 1-2 days of contact
with NSW and reached a maximal value (about
x250) after 4 days. The period of increasing effi-
ciency (2—4 days) corresponded to the faster die-off
of cells.

The survival of the ‘‘salt-adapted’ strain
SALT+ in sterile NSW was much higher than that
of the original LT+ strain (Fig. 3), and the recovery
efficiency of injured cells on Na-salted medium only
increased for strain LT+ and corresponded again to
the faster die-off of cells (1-2 days) (Fig. 4). The
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Fig. 3. Comparative survival in natural seawater of Escherichia
coli previously cultivated on nutrient agar medium (LT+) or
marine agar medium (SALT+). CFU were counted on nutrient
agar medium prepared with distilled water (@), artificial seawater
(A), or distilled water supplemented with sodium chloride (23 g/
liter) (M). Bars represent standard deviations from three experi-
ments.
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Fig. 4. Variation with time of the efficiency of nutrient agar
medium supplemented with sodium chloride (23 g/liter) for the
recovery of Escherichia coli strains LT+ (maintained on fresh-
water medium) and SALT+ (maintained on seawater medium)
from filtered or unfiltered seawater (same experiment as in Fig.
3). Bars represent standard deviations from three experiments.

readaptation of strain SALT+ to freshwater condi-
tions restored its sensitivity to the injuring activity
of seawater (Fig. 5). In other respects, the recovery
efficiency of the nonselective medium varied with
its sodium chloride concentration (Fig. 6) and was
maximal for intermediate values (10-15 g NaCl/li-
ter) between freshwater (0 g/liter) and seawater (23
g/liter).

All of the seven E. coli strains used for comple-
mentary tests showed a more or less developed sen-
sitivity to saline conditions after three days in fil-
tered natural seawater (Fig. 7). Cells previously
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Fig. 5. Comparative survival of Escherichia coli strains LT+
and SDALT+ (SALT+ readapted to freshwater medium) in the
same natural seawater. CFU were counted on nutrient agar me-
dium prepared with distilled water (@), with distilled water
added with sodium chloride (23 g/liter) (W), or with seawater (A).
Bars represent standard deviations evaluated from three numera-
tions of CFU (one experiment).
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Fig. 6. Efficiency of the recovery of Escherichia coli adapted to
freshwater (LT+) or seawater (SALT+), after 3 days in filtered
seawater (same experiment as in Fig. 1), evaluated by counting
CFU on nutrient agar medium supplemented with NaCl at sev-
eral concentrations. Bars represent standard deviations from
three experiments.

grown on freshwater medium appeared less able to
survive in seawater (significant to the 0.1% level),
wild strains recently isolated from natural waters
being more resistant. Furthermore, the recovery
rate of cells on salted nutrient agar was highly de-
pendent on the strain regardless of previous culture
history or exposure to seawater: except for strains
CFAI and B, no statistically significant difference
was found between CFU counts with respect to salt
content of the enumeration medium. For strains B
and CFAI, the recovery rate was yet very high:
X8600 and x47 for strain CFAI cultivated on fresh-



6{Numeration of CFU at To [__] and after 3days in sea water on:
NA NA NaCl

5

44
E
~ 34
>
w
V]
_g.’ 2

1

355 T

PrTvious[‘234567]112345671 ! 234567] 1234567,
cultyre on : FWM SWM

SWm
Escherichio coli STRAINS

Fig. 7. Influence of the previous adaptation of Escherichia coli
strains to salinity on their survival in natural seawater and on the
recovery efficiency of salted NA medium for counting CFU after
0 and 3 days in seawater: NA, nutrient agar medium prepared
with distilled water; and NA NaCl, the same added with 23 g
NaCl/liter. Each strain was previously cultivated on freshwater
medium (FWM) or seawater medium (SWM). Escherichia coli
strains: 1, K12; 2, B; 3, CFAI; 4, EEl; 5, EE2; 6, M1; and 7, M2.
Bars represent standard deviations for three numerations of
CFU (one experiment).

water or seawater media, respectively, and X33 for
strain B maintained on freshwater medium.

Discussion

The addition of sodium chloride to an organic com-
plex medium like nutrient agar made it possible to
recover an important fraction of E. coli cells from
seawater microcosms. Nevertheless, the recovery
factor largely differed with strains (from Xx1.2 to
X8600) and varied with starvation time in seawater.
This could lead to a misinterpretation of results pre-
sented in Fig. 7: for some E. coli strains, the higher
recovery rate of cells on salted medium could have
been reached after a shorter or a longer exposure to
seawater. On the other hand, none of the eight
tested strains was completely recovered on salted
medium, as previously reported by Dawe and
Penrose [9] in the case of fecal coliforms maintained
for 6 days in the marine environment and counted
on NA prepared with natural seawater. On the
other hand, the recovery rate was significantly dif-
ferent in different experiments carried out with the
same strain (X60 to X250 for LT+). This could, at
least partly, be due to the seasonal variation of the
antibacterial activity of natural seawater, which has
been previously reported [19, 31]; our experiments
were effectively performed with natural seawater
collected from November to March. In other re-
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spects, these discrepancies could not be due to vari-
ations in temperature, which can influence the sur-
vival of enteric bacteria in seawater [1, 7, 12, 14, 23,
31]: all the tests were performed at a nearly con-
stant temperature (22°-23°C), whatever the temper-
ature of seawater in situ. Besides, the unfavorable
influence of ASW observed in these experiments
could be a consequence of the antagonistic effect of
its metallic components, as already stated by Jones
[20, 21].

Three successive phases were observed in sur-
vival experiments with strain LT+, regarding the
recovery efficiency of the salted medium (Fig. 1).
During the first day, the number of culturable cells
decreased to about 50% of the initial population and
their ability to grow on enumeration media was not
significantly modified by salts or sodium chloride.
During the next 1-3 days, most of the remaining
cells disappeared, or possibly evolved to a non-
culturable state, recoverable cells exhibiting a
higher need for sodium chloride or a higher accom-
modation to salt. The corresponding increase of the
ratio between the number of CFU on salted medium
and the number of CFU on unsalted medium was
then probably due to an increase in the numerator
(cells repaired by, or adapted to salts) rather than to
a decrease in the denominator (cells able to readapt
to an unsalted medium). The strain LT+, previously
grown on saline organic medium, was equally cul-
turable on salted or unsalted nutrient agar after up
to 6 days in the same seawater microcosm (Fig. 3).
Later, the remainder of the culturable cells, repre-
senting less than one-thousandth of the initial
population, evolved more slowly; bacterial growth
was then less and less influenced by salt, a property
that seems to characterize salt-adapted cells.

In other respects, these results emphasize the
influence of organic matter in enhancing survival of
fecal coliforms in seawater, often previously de-
scribed [7, 14, 22]. Furthermore, they suggest a re-
versible adaptation of cells to seawater in the pres-
ence of both salts and nutrients. Such physiological
accommodation could result from the development
of an osmoregulatory mechanism induced by salts
and probably sodium chloride, and from the intra-
cellular accumulation of organic components such
as amino acids [28, 37, 38], polyhydroxy alcohols
[4], or carbohydrates [34] from available organic nu-
trients. It could also be a consequence of some
structural modifications in the outer membrane of
salt-medium grown cells, as previously described
(8, 26].

On this assumption, the survival capability of
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E. coli and possibly other related enteric bacteria in
marine environments could be greatly increased
every time they are simultaneously brought in the
presence of salts and organic matter: this is particu-
larly the case for marine sediments, where coli-
forms can actually survive far longer than in water
[10, 13, 16, 24].
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