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Abstract

When exposed extreme environmental conditions such as sea water, bacteria have been shown different survival strategy for continue their
life. One of this strategy known as viable but nonculturable (VBNC) state which is very important for nondifferiation bacteria. VBNC cells
cause serious human health problems. Little is known, however, about the genetic mechanisms underlying the VBNC state. Under differ-
ent environmental conditions, porins are important in the survival strategy of bacteria. EnvZ/OmpR work together as regulators of ompF
and ompC gene expression. It is known that the EnvZ system has a role in VBNC state. In this study we tried to find out the viability of
EnvZ, OmpC and OmpF mutant £. coli under stress effect of osmolarity, pH and starvation. Bacteria were suspended in filtered-autoclaved
sea water microcosms and numbers determined over 25 day incubation periods by plate count (PC), direct viable count (DVC) and count
of cells capable of respiration (RCC). As regard to results, alkaline pH affected £. coli more than acidic pH, which led to decline in number.
On the contrary glycine betaine addition to sea water protected E. coli porin mutants and also reduced the death rate of bacteria. Under
the effect of pH, osmotic stress and starvation stress, wild type E. coli and porin mutants entered a dormant state or became VBNC with the
exception of MSZ31 (envZ mutant) E.coli cells which did not enter the VBNC state under the three tested stress conditions. This study is
the first report to demonstrate that E. coli could not enter the VBNC state in the lack of EnvZ product under the stress of osmolarity, pH and
starvation and the relationship between EnvZ and VBNC state are not affected by pH, osmolarity and starvation.
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Introduction

The survival of bacteria in non-optimal environ-
ments depends on their ability to regulate and control
their metabolism in such a way that they survive
suboptimal conditions. In the aquatic environment,
various factors including temperature (Ozkanca,
1993), starvation stress (Kjelleberg and Hermannson,
1987), osmolarity (Munro et al., 1989), pH (Rozen and
Belkin, 2001), predation by protozoa (McCambridge
and McMeekin, 1983), bacteriophage infection
(Gurijala and Alexander, 1990), exposure to visible
and UV light (Davies and Evison, 1991) affect the
survival of enteric bacteria. Induction of physiologi-
cal and morphological changes in Escherichia coli
greatly increases its chances of survival in the aquatic
environment. Many enteric bacteria have been shown
to enter a viable but non-culturable (VBNC) state in

response to such conditions (Barcina et al., 1997,
Colwell and Gray 2000). Most microbiologists accept
that the change to a VBNC state is an adaptive response
to adverse environmental conditions in non-spore
forming bacteria which cannot undergo a differen-
tiation process.

The outer membrane consists predominately of
phospholipids, lipopolysaccharide and outer mem-
brane proteins (Koebnik et a/., 2000). The outer mem-
brane is the first important barrier between Gram-
negative bacteria and the surrounding environment.
Outer membrane proteins allow for the passive diffu-
sion of small charged and uncharged molecules into
bacterial cells. The uptake of nutrients from impover-
ished environments or under stress is vital to the sur-
vival of bacterial cells. The major outer membrane
proteins in E. coli are OmpF and OmpC and are re-
gulated at the level of transcription by OmpR which
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responds primarily to changes in osmolarity (Nikaido
and Vaara 1985; Forst and Inouye 1988). OmpF is
a non-specific porin which allows the uptake of small
molecular weight nutrients and has what is widely
regarded as an indispensable function. This type of
porin is widespread among enteric bacteria and is
often one of the most abundant porins in the outer
membrane of rapidly growing cells. Changes in its
concentration in response to environmental stimuli
therefore can have major consequences for the sur-
vival and growth of the bacteria cell. Changes in the
relative amounts of omps (outer membrane proteins)
because of natural environmental conditions affect
E. coli survival (Ozkanca and Flint 2002). Lack of
porin synthesis through the action of the regulatory
proteins OmpR, may cause a serious survival prob-
lem for Escherichia coli in sea water. Although OmpC
porin concentrations are higher in the outer membrane
of E. coli cells when challenged with high concentra-
tions of acid, OmpC does not appear in cells which
have been adapted for growth in alkaline environ-
ments. Also, OmpF porin concentrations are higher
in alkaline environment than in acid environment
(Sato et al., 2000; Sainz et al., 2005; Darcan, 2005;
Darcan et al., 2009). These authors concluded that
some of the pathogenic potential as well as the sur-
vival of E. coli in acid environments was likely to be
due to the relative concentrations of porins, especially
OmpC, OmpF and OmpX, in the outer membrane.
Darcan et al. (2003) showed that mutants with de-
fective or absent omps or with related mutations, such
as those that inactivate the products of the envZ and
ompR genes, survived poorly compared to the wild-
type strain. They suggested that these proteins were
important in determining the entry of E. coli into
the survival state. The omps (especially OmpC and
OmpF), the OmpR regulator protein and the EnvZ
sensor protein play an important role in the membrane
transport of solutes into £. coli and some other Gram-
negative bacteria (Sato et al., 2000). However, the
role of porin proteins in the survival of enteric bacte-
ria in natural environments and their changes during
bacterial starvation, changes in osmolarity and pH and
during the entry into the viable but non-culturable
(VBNC) state still need to be clarified. The pores cre-
ated in the outer membranes by the porin proteins
allow hydrophilic substrate molecules to enter the cell
(Nikaido and Vaara, 1985). Hence, they are important
molecules for the uptake and transport of substrate
scavenged from the aquatic environment. A reduction
in the types and concentrations of porin proteins or
mutations in the sensory and regulatory mechanisms
associated with porins may lead to serious survival
problems for aquatic bacteria. It has previously been
shown that the concentrations of outer membrane
porins changed as bacteria entered the VBNC state
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and adapted to be able to survive stress conditions
(Ozkanca et al., 2002).

The VBNC state prevents cells growing on media
normally used for their cultivation but such cells
retain respiration ability and presumably their patho-
genic potential (Sylvester et al., 2001). Any changes
which affect the ability of E. coli to grow on agar
plates has serious consequences when this bacterium
is being use as an indicator of faecal pollution. It is of
great concern that changes in environmental condi-
tions can alter the ability of this organism to produce
colonies when incubated on non-selective or selective
media because the methodologies legally accepted
for detecting E. coli rely on culturing methods. The
aquatic environment has been shown to have serious
effects on the ability of E. coli and other enteric bac-
teria and their ability to survive in a VBNC state is
possible as the respiring cell count is always higher
than the viable plate count.

In this study we tried to understand the effect of
osmolarity, pH and starvation stress on the relation
between VBNC and osmosensor EnvZ and porins.
Moreover, the experiments reported here were carried
out in order to investigate the survival of porin-defi-
cient mutants under the effect of pH, starvation and
osmolarity in filtered-autoclaved sea water. This may
help in understanding the role played by omps in the
survival of E. coli in sea water environments.

Experimental
Material and Methods

Bacterial strains and culture conditions. The
E. coli strains used in this study are shown in Table 1.
These were grown in 5 ml nutrient broth at 37°C. After
24 h incubation the culture was harvested by centrifu-
gation, washed twice in filtered-autoclaved Black Sea
water and resuspended to a final concentration of ap-
proximately 5x 108 colony forming units (cfu) ml!.

Sea water was collected from Black Sea coastal
area in Samsun, Turkey, filtered through a Whatman
No 1 filter and autoclaved at 121°C for 15 min. Flasks
(250 ml) containing filtered autoclaved sea water
(100 ml) were inoculated with 1 ml of resuspended
bacterial culture to give a final bacterial concentration
in the microcosms of 5x 106 cfu mI~".

Where appropriate, flasks were amended with a fi-
nal concentration of 1 mM glycine betaine as an
osmoprotectant. pH of the microcosms was adjusted
to pH 8.3 by the addition of 5 mM N-Tris (hydro-
xymethyl)-methylglycine (Tricine, Serva), to pH 7.2
by the addition of 5 mM 3-(N-morpholino) propane
sulfonic acid (MOPS, Sigma) and to pH 5.5 by the
addition of 5 mM 2-(N-morpholino) ethanesulfonic
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Table I
Escherichia coli strains used in this study

Strain Genotype Reference
W3110 | Wild type Sato et al. (2000)
MHI1160 [ MC4100 ompRI101 Hall and Silhavy (1981)
MSZ31 |W3110 envZ::Kan Sato et al. (2000)
MKCF36 | MH20 (ompF-lacZ)16-21(Hyb) ompF~ ompC::Kan | Sato et al. (2000)
MH621 | MH20 (ompF-lacZ)16-21(Hyb) ompF- ompC* Ferrario et al. (1995)
MKC505 | MH20 (ompF-lacZ)16-21(Hyb) ompF* ompC::Kan | Sato et al. (2000)

acid monohydrate (MES, Serva). All the microcosms
were wrapped in aluminium foil to exclude light and
incubated at 37°C for up to 25 days.

Plate counts. The culturability of E. coli was as-
sessed by estimation of a viable count using a standard
surface spread plate technique. All microcosms were
sampled immediately after incubation and at regular
intervals thereafter. Samples were serially diluted in
quarter strength Ringers’ solution and aliquots (100 pl)
spread on triplicate nutrient agar plates. Bacteria were
incubated for 36 hours at 37°C and were counted as
colony forming units after this period of incubation.

Direct viable count. The method of Kogure et al.
(1979) was used to estimate the direct viable count.
Nucleopore track-etch membrane (25 mm diameter,
pore size 0.1 pm, Whatman) filters were used for epi-
fluorescent microscope counts. Filters were immersed
in a solution of Sudan Black B for 48 h. Stained filters,
supported on a Swinnex 25 mm diameter filter discs
(Millipore, Watford, Herts, UK) were washed with
double distilled water before passage of the sample.
After filtration, 0.5 ml acridine orange (0.01% w/v)
in 6.6 mM phosphate buffer, pH 6.7) was dropped onto
the filters for few minutes. The filters were air dried
and cut into pieces. One piece covered with immer-
sion oil and a cover slip and examined using a fluo-
rescence microscope (Nikon Eclipse E 600) under UV
light. The number of bacteria was determined in each
square of eyepiece graticule. Bacteria were counted
from 20 random fields from the central point to edge.

Respiring cell count. 5-Cyano-2,3 ditolyl tetrazo-
lium chloride (CTC) was used to obtain a respiring cell
count in the samples using the method of Rodriguez
et al. (1992). 1 ml sample was transferred to the test
tube then CTC was added to tubes and final concen-
tration adjusted to 2 mM. The test tubes were wrapped
with aluminium folio and shaked 160 rpm at 37°C for
3 hours. After that, 0.5% of formaldehyde was added
to tubes for fixation in order to stop bacterial activity.
After filtration (Nuclepore track-etched membrane),
0.5 ml DAPI (final concentration 15 pg/ml) was
dropped onto the filters for 10 minutes. The filters were
dried in the air and counted under the epifluorescence
microscopy with appropriate an optical standard filter

combination for visualization of the dyes. The respir-
ing cell counts were examined CTC formazan crys-
tals by using blue light excitation filter, then the filter
set was changed to a UV excitation filter set to deter-
mine total cell counts by DAPI. Bacteria were counted
from 20 random fields from the central point to edge.

Expression of count data. All count data were
expressed as mean of log counts from four replicate
experiments. The gradients of the log linear survival
curves are expressed as k d”! and the time needed for
a two log drop in number is expressed as ty, value.

Results

Incubating the various E. coli strains used in this
study in the dark and in the presence and absence of
glycine betaine or changing pH should enable a fur-
ther insight into the behaviour of enteric bacteria in
response to changing environmental conditions from
a rich environment such as nutrient broth to an im-
poverished environment such as filtered-autoclaved
sea water. Determination of the numbers of bacteria
surviving under each condition by viable plate count,
direct viable count and respiring cell count will
enable the determination of the entry into the VBNC
state for these strains under these conditions. The dif-
ference in counts between the viable plate count and
the respiring cell count is taken to mean that there is
a proportion of the bacterial population which cannot
grow on non-selective medium despite still being
capable of respiration. The use of strains deficient in
a number of omps and the mechanism for regulating
changes in porin concentrations in the outer mem-
brane will also highlight the importance of the outer
membrane in the survival process of bacteria, the
relation between EnvZ and VBNC state.

The effect of starvation stress on porin-deficient
E. coli. Wild-type E. coli W3110 and porin-deficient
mutants were incubated in filter-autoclaved sea water
for 25 days at 37°C. Plate counts were carried out
every 5 days during this period (Fig. 1). Respiring cell
count and direct viable count were carried out every
5 days started after 15 days of incubation. Table II
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Fig. 1. Survival of Escherichia coli in filtered autoclaved sea water.

shows the k and ty, values calculated for this experi-
ment and Table III shows the values for the various
methods of plate counting after 25 d incubation. After
25 days of incubation, the wild type strain had re-
duced in viable count by 2.3 logs compared to the ini-
tial count. The decline in numbers was log linear with
a k value of —0.0983 d"! and a t,, of 20.3 d. E. coli
MSZ31, the strain deficient in envZ gene survived for

exactly the same length of time (t,,=21.4 d). The
porin-deficient mutants MH621 (ompF~), MKC505
(ompC~) and MKCF36 (ompF~ and ompC~ double
mutant) had ty, values of 18.3, 13.0 and 9.9 d respec-
tively (Table II). OmpR regulator mutations resulted
in 4.2 log reduction in cell number with a ty, value of
11.7 d. The lack of omps seriously affects E. coli sur-
vival. In addition to determination of viability through

Table I1
The effect of starvation on the viable count of Escherichia coli in filtered-autoclaved
sea water in the presence and absence of the osmoprotectant glycine betaine

Absence of glycine betaine Presence of glycine betaine
Strain

k '[99 k too
W3110 (wild type) —-0.0983 20.3 -0.092 21.7
MH1160 (ompR") -0.1714 11.7 -0.1331 15.0
MSZ31(envZ) —-0.0931 21.4 -0.1069 18.7
MKCF36 (ompF ompC") -0.2023 9.9 —0.1069 18.7
MKC505 (ompC") —0.1537 13.0 -0.1034 19.3
MH621 (ompF") —0.1091 18.3 —0.0983 20.3

Table 111

The effects of starvation in the presence and absence of glycine betaine on the survival of Escherichia coli in filtered-
autoclaved sea water by a variety of enumeration methods after 25 days of incubation (Initial bacterial count is approxi-
mately 6.6 cfu/ml)

Viable plate count Direct viable count Respiring cell count Total cell count
Strain (VO) DVC) (RCO) (TC)

+ GB -GB +GB -GB +GB -GB +GB -GB
W3110 (wild type) 44+0.06 | 43+0.10 | 45+0.06 | 44+0.10 | 52+0.03 | 48£0.05 | 6.0+£0.02 | 59+0.04
MH1160 (ompR") 36£0.10 | 24+0.07 | 3.7+0.10 | 2.5+0.10 | 46+0.07 | 45+£0.03 | 5.7+0.09 | 5.6+0.06
MSZ31 (envZ) 414003 | 44+0.04 | 42+0.05 | 45+0.04 | 41+0.07 | 44£0.06 | 59+0.03 | 5.8+0.02
MKCF36(ompFC) | 3.7+0.04 | 1.4+0.30 | 3.9+£0.06 | 1.6+0.40 | 48+0.01 | 41+0.02 | 5.6+0.09 | 5.6+0.06
MKC505 (ompC") 41+£0.08 | 26+0.08 | 42+0.09 | 2.8+£0.05 | 49+0.07 | 45+0.04 | 58+0.04 | 5.8+0.03
MH621 (ompF") 43+£0.06 | 3.8+0.10 | 44+0.06 | 3.9+£0.10 | 49+0.06 | 47+£0.07 | 59£0.03 | 5.8+0.07

All counts are expressed as mean log count per ml + standard deviation of 4 replicates.
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Fig. 2. Survival of Escherichia coli in filtered autoclaved sea water in the presence of glycine betaine.

the determination of viable cells able to form colonies
using a plate count technique, respiring cell count and
direct viable count were also carried out as a measure
of possible entry into a VBNC state in filtered-auto-
claved sea water microcosms. The total cell count did
not change in any of the samples as there was no
significant difference between the final total counts in
any sample. The respiring cell count also revealed
similar values in all cases although the direct viable
count and viable plate count values are markedly dif-
ferent. The decline in direct viable count mirror those
of the plate count and suggest that although cells are
still capable of respiration they cannot grow on nutri-
ent agar plates (a characteristic of the VBNC state).
Interestingly, there was no difference between plate
count and respiring cell count in envZ mutant cells.
The effect of osmolarity on VBNC related to
EnvZ/OmpR phosphorelay system. Glycine betaine

Logplate count / ml

is often used as an osmoprotectant and was added to
filtered-autoclaved sea water to investigate the effect
of addition of an osmoprotectant on survival of porin-
deficient mutants in sea water. The addition of gly-
cine betaine to sea water microcosm led to an increase
in the survival time of the wild type E. coli W3110
from a ty, value of 20.3 d than 21.7 d (Fig. 2 and
Table III). This was a small put reproducible increase
in survival in the presence of the osmoprotectant.
With the exception of the envZ mutant, glycine betaine
led to an increase in the survival times for all the omp
mutants tested. Notable the survival of the ompF/ompC
double mutant was increased from a ty, value 0f 9.9 d
in the absence of the osmoprotectant to 18.7 d in the
presence of it. As in the absence of glycine betaine,
the total cell count remained relatively constant
throughout the 25 day incubation period (Table III).
An interesting result obtained here that the addition

0 5 10

—o— W3110
—o— MKCF36 ompC ompF

—a— MH1160 ompR
—&— MKC505 ompC

15 20 25
Days

—a— MSZ31 envZ
—=— MHG621 ompF

Fig. 3. Survival of Escherichia coli in filtered autoclaved sea water at pH 5.5.
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Fig. 4. Survival of Escherichia coli in filtered autoclaved sea water at pH 7.2.
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Fig. 5. Survival of Escherichia coli in filtered autoclaved sea water at pH 8.3.

of glycine betaine to envZ mutant E. coli environment
resulted in increase survival on the contrary to with-
out addition. The respiring cell count was also little
different in the presence or absence of glycine betaine
and the better survival is down to the increased viable

count on agar plates. The addition of glycine betaine
must encourage cells to remain more active in the
presence of the salinity of the sea and a lower number
of cells enter a VBNC state. In the case of envZ muta-
tion, the addition of osmoprotectants did not cause any

Table IV
The effect of different pH adjustments on the survival of Escherichia coli in filtered-autoclaved
sea water microcosms. k = days™'; t,, = days

) pHS5.5 pH 7.2 pH 8.3
Strain

k to k too k too
W3110 wild type -0.0263 76.0 -0.0429 46.6 -0.104 19.2
MH1160 (ompR") -0.0869 23.0 -0.0863 23.2 -0.1691 11.8
MSZ31 (envZ’) -0.0611 32.7 -0.0589 33.9 -0.096 20.8
MKCF36 (ompF-ompC-) -0.0749 26.7 -0.0714 28.0 -0.196 10.2
MKC505 (ompC) —0.0669 29.9 -0.0537 37.2 —0.1554 12.8
MH621 (ompF") -0.0571 35.0 -0.0714 28.0 -0.108 18.5




Table V
Effect of pH on the survival of Escherichia coli in filtered-autoclaved sea water by different methods of enumeration after 25 days

(Initial bacterial count is approximately 6.6 cfu/ml)

TC
5.8+0.1
5.6+£0.1
5.9+0.07
5.8+0.03
5.8+0.04

5.8+0.04

RCC
5.1+£0.1
4.4+0.1

4.3+0.09

4.2+0.08

4.7+0.08

4.8+0.05

pH 8.3

DVC
44+0.1
2.4+0.20

4.4+0.1

1.8+0.10
2.7+0.10

3.9+0.06

VC
43+0.2
2.5+0.02
4.3+0.09

1.6 +0.20
2.7+0.10

3.9+0.05

TC
6.4+0.06
6.3+0.06
5.9+0.08
6.2+0.02

6.2+0.03

6.1 £0.02

RCC
6.0 £0.05
5.5+£0.05
53+02
52+0.08
5.7+0.09
5.6+0.05

pH 7.2

DVC

5.7+0.07
4.6 £0.05

52+0.2
49+0.10

54+0.10

4.7+0.05

vC
5.7+0.1
45+0.2
5.1£0.05

4.9+0.10

5.4+0.07
4.7+0.07

TC
6.4+0.01

6.3+0.10

6.2+0.04
6.2+0.04

6.4£0.05

6.3+0.04

RCC
6.3+0.02
5.5+0.07

54+03

5.0+0.20
5.4+0.10

5.6+0.09

pH 5.5

DVC

6.2+0.03

4.6+0.10

53+0.2
4.8+ 0.07
5.1+0.10
5.3+£0.09

vC

6.1 £0.06
4.6+0.10

52+02
4.8+0.10

5.0+0.2
5.3+0.06

Strain

W3110 (wild type)
MH1160 (ompR")
MSZ31 (envZ")

MKCF36 (ompFC)

MKC505 (ompC-)
MH621 (ompF")
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changes in RCC and plate counts. The rate of VBNC
was changed in envZ mutant E. coli.

The effect of different pH values on survival of
porin-deficient Escherichia coli. The effects of pH
amendments on the survival of the various mutants
were made by adjusting the pH of the sea water to
three pH values between 5.5 and 8.3 using buffers.
The normal pH of Black Sea water is around pH 8.3
and salt concentration is 0.16%. The results in Figu-
res 3-5 for pH 5.5, 7.2 and 8.3, respectively, show
a log linear decline in survival with time and Tables IV
and V show the effects of changing the pH on the ty,
and respiring cell count values. As in the previous ex-
periments, the decline in bacterial numbers is mainly
log linear in the semi-log plots.

At pH 5.5 the wild type survives extremely well
with a ty value of 76 d (Fig. 3) and the plate count and
respiring cell count are very similar values (Table V).
The survival of the various mutants flows that seen in
the other experiments with the envZ mutant surviving
better than the mutants with defective or absent outer
membrane proteins or a defective regulatory system.

As the pH was increased from 5.5, the survival
times for the wild type declined with ty, value decreas-
ing to 46.6 d at pH 7.2 and to 19.2 d at pH 8.3. The
survival times for all the other mutant strains also
declined as the pH became more alkaline. The rela-
tive survival times were virtually the same at all the
pH values with the ompR~ and the ompF/ompC double
mutants showing shorter survival times (Figs 4, 5
and Table 1V).

With all the mutant strains, there was a much
greater similarity in the plate viable count and the re-
spiring cell count in the samples incubated at pH 5.5
for 25 d. This suggests that at this acidic pH although
survival as measured through growth on agar plates is
apparently little impaired compared to other pH values
tested very few of the cells enter the VBNC state and
ultimately this will have much greater effect on the
long term survival of the bacterial cells (Table VI).
The greatest differences between the respiring cell
count and the plate counts are at the alkaline pH sug-
gesting that entry into the VBNC state is faster at an
alkaline pH than at an acidic or neutral one.

Discussion

Several important factors have an effect on the sur-
vival of enteric bacteria in marine environments.
These include the availability of nutrients, the
changes in osmolarity and the pH to which the bacte-
ria are subjected ant the physical stress imposed on
the bacteria by exposure to sunlight and photo-sensi-
tizers (Komerik and Wilson, 2002; Kussovski et al.,
2001; Sinton et al., 2002). Many of these stresses
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have been shown to lead to the formation of dormant
bacteria or to the establishment of the VBNC state in
the bacteria (Ozkanca et al., 2002). This state leads to
apparent loss of viability in bacteria because they
cease to grow and produce colonies on agar media.
However, the cells may still retain the ability to carry
out respiration as observed by direct microscopy and
can, therefore, often be resuscitated given the appro-
priate optimal conditions.

The outer membrane is the first important barrier
between Gram-negative bacteria and the surrounding
environment. Even changes in the relative amounts of
omps because of natural environmental conditions
affect the survival of E. coli (Ozkanca and Flint, 2002).
The outer membrane proteins, OmpC and OmpF, the
OmpR regulator protein and the EnvZ sensor protein
play important roles in transport of solutes across the
outer membrane of E. coli and some other Gram-
negative bacteria (Sato et al., 2000). However, the
role of porin proteins and their changes during bacte-
rial starvation and the entry of enteric bacteria into
dormancy and survival in natural aquatic environ-
ments still need to be clarified. The OmpR regulator
protein has a function in the regulation of OmpC and
OmpF synthesis. Deletion of the ompR gene E. coli
MH1160 produces a mutant which is unable to regu-
late the synthesis of other outer membrane proteins in
response to changes in environmental conditions.

As the major outer membrane proteins, OmpF and
OmpC, respond primarily to changes in osmolarity and
mutants which cannot regulate the relative amounts
of these two porins in the outer membrane will be im-
paired in their ability to survive the change in osmolar-
ity which an enteric bacterium, such as E. coli, would
experience when discharged into a marine environ-
ment (Nikaido and Vaara 1985; Forst and Inouye
1988). EnvZ/OmpR system is known to be two-com-
ponent phosphorelay system and to regulate the syn-
thesis of the OmpF and OmpC porin proteins through
a series of kinase/phosphatase catalysed cascade reac-
tions (Russo and Silhavy, 1991). The EnvZ protein is
an environmental sensor that is bound to the inner
membrane and has kinase and phosphatase activities
(Forst et al., 1987; Igo and Silhavy, 1988). OmpR is
a cytoplasmic DNA-binding protein that is needed to
activate the transcription of OmpC and OmpF (Aiba
et al., 1989). Osmotic signals regulate the level of
the cellular concentration of OmpR-P by modulating
the ratio of kinase to phosphatase activity through the
bifunctional enzymatic activities of EnvZ.

Starvation stress is one of the important factors
that affect survival of enteric bacteria in sea water. As
these coliform organisms are routinely used as indi-
cators to evaluate the level of faecal contamination of
water, it is important to understand how their survival
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may be affected by changes in environmental condi-
tions. Any process that reduces the ability of these
bacteria to grow on agar plates, still widely regarded
as a true measure of viability, could have serious con-
sequences for human health especially with the in-
creasing use of bathing beaches round the world.

There have been some previous studies on the in-
volvement of porin protein expression in relation to the
survival of bacteria under starvation stress (Ozkanca,
1993; Liu and Ferenci, 2001; Darcan et al., 2003,
Darcan 2005). The changes in the OmpF and OmpC
porin proteins linked to changes in bacterial growth
rate have been investigated (Liu and Ferenci 1998).
In this present study, the impact of deletion or impair-
ment of the function of the genes responsible for
OmpF and OmpC synthesis and control on the sur-
vival of E. coli in filtered-autoclaved sea water mi-
crocosms was investigated and showed that porin pro-
teins played an important role for the survival of
E. coli in sea water under starvation stress. This study
was carried out for 25 days of incubation in filtered-
autoclaved sea water under starvation stress.

In filtered-autoclaved sea water, survival was de-
pendent upon the effects of salinity on the bacteria.
The wild type organism survived for 20.3 d in the
absence of the osmoprotectant glycine betaine and for
a reproducible slight increase in survival of 21.7 d in
the presence of the osmoprotectant. Bacteria produce
and store some osmoprotectants under osmotic stress
in sea water environments (D’Souza-Ault ef al., 1993).
It has been shown that in the presence of glycine be-
taine E. coli do not lose the ability to produce colo-
nies as quickly in sea water due to osmotic stress. The
addition of glycine betaine to stressed cultures in-
creases the proportion of the population capable of
producing colonies after exposure to stress in sea water
(Roth et al., 1988). All the outer membrane protein
mutants survived for a shorter period of time with the
double ompF/ompC mutant and the organism deficient
in the regulatory protein OmpR always surviving for
the shortest periods of time in the microcosms not
amended with glycine betaine. The ompF mutant and
the envZ mutant usually survived for time not very
different from the wild-type. Both these organisms
showed that these genes are less important than the
ompC gene and the regulatory gene in determining
how well the organism survived in sea water. In gen-
eral, the addition of glycine betaine to sea water led
to an increase in colony counts compared to the con-
trol, especially for the ompC-ompF double mutant
which almost doubled the time taken for a two log
drop in numbers from 9.9 d to 18.7 d. Comparison
between the numbers of cells capable of respiration
and those capable of producing colonies on nutrient
agar plates showed a much closer comparison between
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the samples in microcosms amended with glycine be-
taine than in the unamended microcosms. This indi-
cates that entry into the VBNC state is being slowed
considerably with the addition of the osmoprotectant
and cells have changed their mode of response to stress.
The normal response seen in the unamended micro-
cosms is for the plate count to drop rapidly and for the
respiring cell count to remain relatively high suggest-
ing that a much larger proportion of the population is
still capable of producing colonies than actually does.
In the presence of the osmoprotectant the response to
stress is changed and the counts are virtually identical
in all strains. This shows that the VBNC state is a re-
sponse to stress and that alleviation of some of the
effects of stress by the addition here of an osmopro-
tectant does protect cells from damage and so prevents
entry into the VBNC state. One possibility shown
from this work is that the authorities should consider
the routine addition of glycine betaine to samples col-
lected from sea water in order to minimize the loss in
colony forming E. coli before samples are tested.

The effect of amending the pH to impose a further
stress on the cells was also studied in sea water. It has
been reported that pH could be one of the more im-
portant factors which affect the survival of E. coli in
sea water (Dawe and Penrose, 1978; Rozen and
Belkin, 2001). The pH range of the Black Sea is usu-
ally between 8.1 and 8.3. In this study, all the E. coli
strains survived for longer at pH 5.5 than at pH 7.2 or
8.3 with the ty, value changing from 76 d at pH 5.5 to
19.2 d at pH 8.3 for the wild type. It seems that the
survival of E. coli was more dependent on pH than
the osmolarity of sea water. The ompF/ompC double
mutant and the ompR regulatory mutant both showed
the lowest survival at all pHs studied but did show
some increase in survival in the acidic samples. A lack
in the environmental sensor protein, EnvZ, may not
cause a serious survival problem for E. coli in sea wa-
ter (wild type 20.3 day and envZ mutant 21.4 day in
sea water; wild type 19.2 and envZ mutant 20.8 day
with the ty, value at pH 8.3). But when the sea water
pH was 5.5 and 7.2, envZ mutation caused a serious
survival problem for E. coli. While survival of wild
type E. coli was 76 days at pH 5.5 and 46.6 at pH 7.2,
it was 32.7 days at pH 5.5 and 33.9 days at pH 7.2 for
envZ mutant cells with the ty, values. It seem that
EnvZ is much more important at acidic pH than in
alkaline pH sea water

Kaeriyama et al. (2006) found that growth was di-
minished by the deletion of ompC and ompF in high
osmolar alkaline media with pHs above 8.0. Such
growth reduction was not observed at near neutral pH
under hypo- and hyperosmosis. Thus, it was suggested
that OmpC and OmpF are required for adaptation to
hyperosmosis at pHs above 8.0 but not acidic media.
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Similar results were reported by Wang et al. (2007).
It has been reported that disrupted ompC causes osmo-
sis sensitivity of E. coli in alkaline medium. A porin
double mutant E. coli (ompC ompF) was effected by
alkaline pH stronger than at acidic and neutral pH
(Table IV-V).

As with the decrease in stress shown in response to
the osmoprotectant and osmolarity, there was a much
closer correlation between respiring cell counts and
plate viable counts in the acid amended samples com-
pared to the more alkaline samples where there was
a rapid decline in viable count compared to the de-
cline in ability to show respiration activity. This again
supports the idea that alleviation of stress reduces
entry into the VBNC state.

The measurement of the respiring cell count is an
important technique that can be used to determine the
number of cells capable of respiration but unable to
form colonies in aquatic environments. In this study
plate viable counts and respiring cell counts were car-
ried out at the same sampling time in order to investi-
gate any relationship between the survival of wild-
type and porin-deficient mutants under starvation,
osmotic and pH stress. Results from the determina-
tion of the respiring cell counts suggested that there
was a still a population of cells capable of respiring
but not capable of growth on agar plates. These re-
sults showed that E. coli and porin-deficient mutants
entered the viable but nonculturable state at different
rates according to the stress conditions to which the
cells were subjected. Previously, Darcan et al. (2003)
had showed that the envZ mutation could prevent
E. coli cells entering the VBNC state. The loss of the
EnvZ protein has no effect on survival as determined
by the plate count, but it could prevent the organism
sensing the changes in the environment through
which entry into the survival state is triggered. Here,
in all cases, the respiring cell count and the plate
viable count were not different for E. coli MSZ31
envZ . Again this implies that these organisms cannot
sense stress changes in the environment and therefore
cannot enter a VBNC state. All the other organisms
including the wild type show a significant difference
between the plate count and respiring cell count under
some conditions with the respiring count always being
higher suggesting that there are cells in a population
capable of respiration but not growth. The highest
number of cells entering the viable but nonculturable
state was detected with the porin double mutant
E. coli MKCF36 (ompC ompF). A similar loss of porin
proteins in S. fyphimurium LT2 cells subjected to oxi-
dation stress also led to loss of porin proteins, loss of
viability and entry into VBNC state (Ozkanca et al.,
2002). Muela et al. (2008) also reported that chan-
ges in E. coli OMPs under environmental conditions
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effecting viable but non culturable state. Moreover,
Asakura et al. (2008) suggested that outer membrane
protein W (OmpW) expression was induced in VBNC
state in E. coli O157:H7.

Finally, the outer membrane is the first important
barrier between Gram-negative bacteria and their sur-
rounding environment. EnvZ acts as an osmosensor
to monitor the changes in the external osmolarity and
modifies OmpR activity by phosphorylation and de-
phosphorylation (Forst ef al., 1989). OmpR is a tran-
scriptional activator of both ompC and ompF genes
(Tsui et al., 1988). Therefore the effect of starvation,
osmolarity and pH stresses on the EnvZ/OmpR sys-
tem is important in terms of the survival of E. coli in
sea water. Here, we have shown that there were some
changes in terms of colony counts, direct counts and
respiring cell counts of E. coli wild type and porin
deficient mutants in response to changes in the exter-
nal environment. The most obvious result is that the
envZ mutant survived for longer in terms of plate
counts but ultimately would disappear from culture
first as it cannot sense the environmental changes and
respond by entering the VBNC state. pH, starvation
and osmolarity did not affect the interrelation between
EnvZ and VBNC state of E. coli. While all tested
porin mutants E. coli strains entered VBNC state this
was not the case for envZ mutants.
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