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Effect of NaCl on Halomonas subglaciescola DH-1 Incapable of
Growing at Non-Salinity
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A halophilic bacterium, H. subglaciescola DH-1, grew at 2.0 M salinity, but did not grow at 0.8 M salinity
when cultivated at higher temperature (40°C) than optimum (30°C). When the cell extract of strain DH-1 was
heated at 50°C for 60 min in the absence of NaCl, isocitrate dehydrogenase and malate dehydrogenase lost
their activities, but when it was heated in the presence of 2.0 M NaCl, the activity was maintained. Meanwhile,
the cell extract of E. coli did not catalyze the reduction of NAD* to NADH coupled with the oxidation of isoc-
itrate and malate at higher salinities than 1.0 M. The pH range for DH-1 was 7 to 10, and that for E. coli was 5
to 9. DH-1 was not grown in conditions with sodium salts other than NaCl.
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Introduction

Halophilic organisms living in saline conditions are
challenged by high osmotic pressure (ion strength) and low
water potential [19]. Non-halophilic organisms exposed to
salinity must adjust their cytoplasmic water potentials to
levels higher than the surrounding environment, which
occurs through an ATP-dependent biochemical reaction [2].
Various species belonging to genus Halomonas produce
and accumulate compatible solutes [3-5,15,25]. The
compatible solutes added to cultures of H. elongata
extended the range of salinity from 2.0 M to 3.5 M and the
optimal salinity from 1.75 M to 2.5 M [6]. H. variabilis
was dependent on the compatible solutes to protect
themselves against high salinity [11, 12]. A mutant of H.
elongata, which is incapable of synthesizing ectoin,
tolerated elevated salt levels through the addition of
external compatible solutes [16]. In most instances
documented to date, halophiles grew at salinity from 0.05
M to 3.5 M or at non-salinity; one exception to this is H.
eurihalina [22, 29]. However, Ryu et al. [30] reported that
Halomonas subglaciescola DH-1 was not grown in non-
saline conditions or at salinities lower than 0.8 M, and its
salinity range and optimal salinity for growth were not

*Corresponding author
Tel: 82-2-940-7190, Fax: 82-2-919-0345
E-mail: baakdoo@skuniv.ac.kr

enhanced by addition of external compatible solutes such
as choline and betaine.

In this study, we tested the effect of NaCl on viability
and intracellular enzymes in unfavorable conditions, and
compared the sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) pattern of the cell-free extract
of DH-1 grown at different salinities to verify the influence
of NaCl on the physiology of H. subglaciescola DH-1.

Materials and Methods

Microorganism and cultivation

The DH-1 strain [30] was cultivated in a medium con-
taining 100 mM glucose, 2 g yeast extract/L, 1 g peptone/
L,2 g K;HPO4/L, 3.0 M NaCl, and 1 ml trace mineral stock
solution/L.. The trace mineral stock solution contained
0.01 g MnSO4/L, 0.01 g MgSO4/L, 0.01 g CaCl,/L, 0.002
g NiClyL, 0.002 g CoCl/L, 0.002 g SeSO4/L, 0.002 g
WSO4/L, 0.002 g ZnSO4/L, 0.002 g Alx(SO4)3/L, 0.0001 g
TiCl/L, 0.002 g MoSOyL, and 10 mM EDTA. The
bacterial culture was incubated at 30°C with vigorous
shaking at 200 rpm. The pH of the medium was controlled
with 50 mM carbonate buffer (pH 8-10), 50 mM citrate
buffer (pH 3-6), and 50 mM phosphate buffer (pH 7).

Identification
The isolate was identified as Halomonas subglaciescola
using the 16S rDNA sequence, as described in the previous



study [30].

Protein gel electrophoresis

Bacterial cells were harvested and washed three times
with saline (0.85% NaCl) by centrifugation at 5,000 x g for
30 min. The washed cells were resuspended in the SDS-
PAGE sample buffer and then cooked in 100°C water for
20 min. The sample buffer containing bacterial cell
materials was centrifuged at 10,000 x g for 40 min, and the
supernatant was then used as a sample. SDS-PAGE was

basically performed according to Laemmli’s procedure
[20].

Preparation of crude enzyme

Bacterial cells harvested from a 48-hr-old cultures were
washed three times with a 50 mM phosphate buffer (pH
7.0) and disrupted by 2 seconds of on-off-pulsed ultrasonic
disrupter (400 Watt) at 4°C for 60 min. Cell debris was
discarded by centrifugation (5,000 x g at 4°C for 30 min),
and supernatant was filtrated with a 0.22 pm-pore membrane
filter for sterilization. The protein concentration of the cell
extract was determined using Bradford reagent (Bio-Rad,
Sweden). The cell extract was used as a crude enzyme to
assay isocitrate dehydrogenase (iCDH) and malate dehy-
drogenase (MDH). iCDH and MDH catalyze the reduction
of NAD* to NADH coupled to the oxidation of isocitrate to
o-ketoglutarate and malate to oxaloacetate, respectively.
The NAD"-dependent enzymes were chosen based on a
direct assay by spectrophotometry at the same time during
the reactions. NAD*-independent enzymes have to be
indirectly assayed by using analytical methods such high-
performance liquid chromatography (HPLC) and gas
chromatography (GC) after reaction.

Enzyme assay

The reaction mixture was composed of 5 mM NAD*, 10
mM substrate (isocitrate or malate), crude enzyme (2 mg
protein/ml as final concentration), 50 mM phosphate buffer
(pH 7.0), and 2.0 M NaCl. The substrate was omitted from
the reaction mixture for the control test. Dehydrogenase
activity of the cell extract was spectrophotometrically assayed
at 340 nm by measuring the NADH reduced coupled to the
enzymatic oxidation of substrates. The specific activity was
determined by the concentration (UM) of NADH produced
coupled to the oxidation of substrates per minute and mg
protein. The extinction coefficient of NADH (£349) is 6230
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M lem™.

Heat treatment of crude enzyme

Crude enzyme of DH-1 was incubated at 30°C, 40°C,
and 50°C for 60 min in the absence of NaCl or in the
presence of 2.0 M NaCl, and activity was assayed at 2.0 M
salinity.

Results

Bacterial metabolism can be influenced by environ-
mental variation, which can be estimated by differences in
protein expression. Soluble protein patterns of DH-1 grown
in the salinity range from 0.8 to 3.6 M for 24 and 48 hr
were compared. As shown in Fig. 1, SDS-PAGE patterns of
the soluble proteins were entirely the same, and were not
related to the NaCl concentration. This shows that no specific
protein expression was induced by NaCl, or that NaCl
cannot be a factor that acts to regulate gene expression.
Generally, NaCl added to bacterial culture is not transferred
into the cytoplasm, but instead increases external osmotic

Fig. 1. SDS-PAGE pattern of the soluble protein of H. subgla-
ciescola DH-1 grown in medium containing 0.8 M NaCl (lane
1), 1.3 M NaCl (lane 2), 1.8 M NaCl (lane 3), 2.3 M NaCl (lane
4), 2.8 M Na(Cl (lane 5), 3.3 M NaCl (lane 6), and 3.6 M NaCl
(lane 7) for 24 hr (upper) and 48 hr (lower).
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Fig. 2. Influence of heat treatment on the activity of isocitrate dehydrogenase (A,B) and malate dehydrogenase (C,D) of H. subgla-
ciescola DH-1 crude enzyme. The enzyme was incubated at 30°C (O), 40°C (Vv), and 50°C ([ for 60 min in the condition without (A,C)
and with 2.0 M NaCl (B,D), respectively. The enzyme activity was assayed in the presence of 2.0 M NaCl, and the protein concentrations

of enzymes were adjusted to a final 2 mg/ml.

pressure, which causes non-halophilic bacterium such as E.
coli to consume more energy. Crude enzyme extracted
from E. coli catalyzed the reduction of NAD* to NADH to
a large extent, coupled to oxidation of isocitrate (14.6 UM
NAD* min"'mg protein™) or malate (22.7 mM NAD* min’!
mg protein’) at non-salinity, but did not have the same
effect at 1.0M salinity. When the cell extract of DH-1 was
incubated at 30°C, 40°C, and 50°C for 60 min in the
presence of 2.0 M NaCl, iCDH and MDH did not lose their
activities, as shown in Fig. 2. When the same experiments
were performed in the presence of other alkaline metal ions
(K*, Li*, Cs*, and Rb*), iCDH and MDH completely lost
their activities. The iCDH and MDH of E. coli was not
detected at 1.0 M salinity, even without heat treatment.
This result presents the possibility that DH-1 may survive
or grow at higher temperatures depending on the NaCl
concentration. As shown in Fig. 3, DH-1 even grew at
40°C in the presence of 2.0M NaCl. However, the bacterial
growth was greatly decreased at 30°C, and stopped at 40°C
in the presence of 0.8M NaCl, which is the minimal salinity
required for
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Fig. 3. Growth of H. subglaciescola DH-1 at different tempera-
tures and NaCl concentrations (O, 0.0 M; v, 0.8 M; (1, 2.0 M)
for 48 hr.

DH-1. This result is a clue that at least optimal salinity
(1.5~2.5 M) may be required for DH-1 to tolerate higher
temperatures. Meanwhile, pH variation also may be an
environmental factor for halophiles or non-halophiles. High
sodium ion concentrations around bacterial cells may allow
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Fig. 4. Growth of E. coli (O) and H. subglaciescola DH-1 (V)
at different pH for 48 hr. The medium pH was adjusted by mix-
ing with citrate buffer, phosphate buffer, or carbonate buffer after
autoclaving. E. coli growth was tested to compare the optimum pH
between a halophilic and a non-halophilic bacterium. The NaCl

contained in medium was adjusted to 2.0 M for H. subglaciescola
DH-1, but was adjusted to only 0.17 M for E. coli.

DH-1 to adjust to higher pH. As shown in Fig. 4, DH-1
grew in the pH range from 7 to 10, which is considerably
higher than the pH range of 5 to 9 for E. coli, and the
optimal pH for DH-1 and E. coli was around 8 and 6,
respectively. It is possible that DH-1 may have a different
metabolic system from other halophiles or halotolerant
bacteria that are capable of growing in a wide salinity range
from 0.05 to 3.0 M NaCl. The E. coli strain used for this
research is halotolerant, and can grow in the salinity range
from 0 to 0.9 M NaCl. Alkalophiles have been known to
grow in alkaline environments and generate ATP in a
manner dependent on the sodium motive force. This means
that other alkaline metal ions such as potassium, lithium,
cesium, and rubidium cannot substitute for sodium in
generating ATP. The effects of different salts such as
NaNO;, Na,SO,, Na,HPO,, KCl, LiCl, RbCl, and CsCl on
the growth of DH-1 was tested to verify which specific salt
may substitute for sodium salt. As shown in Table 1, DH-
1 never grew in media containing salts other than NaCl.
This is clear evidence that DH-1 depends on the proper
concentration of salts to produce energy, but not to
maintain osmotic pressure. Theoretically, the osmotic
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pressure can be regulated with other sodium salts such as
potassium ions, which function as a factor for the
maintenance of the proton motive force [1].

Discussion

In previous research [30], it was confirmed that DH-1
did not grow at salinity lower than 0.8 M, the optimal
salinity range for DH-1 was 1.5~2.5 M NaCl, and the
growth of mutants of DH-1 incapable of growing at higher
salinity than 1.0 M was not enhanced by the addition of
external compatible solutes (choline and betaine) or the cell
extract of DH-1. The cell extract of DH-1 is believed to
contain compatible solutes. These results act as evidence
that DH-1 is not dependent on the compatible solutes for its
tolerance to high saline conditions. In general, the com-
patible solutes confer protection of non-halophiles, slight
halophiles, and moderate halophiles against the deleterious
effects of high salinity [1, 8,9, 14,22]. The reports on
compatible solute synthesis show that specific enzymes
may be differentially expressed in halophilic bacteria
grown at the different salinities [10, 17, 21]. Mojica et al.
[23] reported that soluble proteins synthesized in H.
elongata grown at different salinities differed according to
the NaCl concentration. However, no specific protein band
was observed on the SDS-PAGE patterns of soluble
proteins extracted from DH-1 grown at different salinities.
DH-1 is capable of adapting to various salinities, from 0.8
to 3.6 M NaCl, without production of specific protein and
physiological variation, which makes it different from other
halophilic bacteria capable of synthesizing the compatible
solutes [7, 13, 16]. DH-1 did not grow at non-salinity or at
salinities lower than 0.8 M, and never grew in conditions
with sodium and chloride salts other than NaCl. The iCDH
and MDH lost their activities following heat treatment in
the absence of NaCl. The iCDH and MDH may be not
representative of all intracellular enzymes, but are essential
enzymes for energy metabolism, which are only found in
the TCA cycle. The most likely explanation of these results
is that NaCl may be absolutely required for some intra-
cellular enzymes of DH-1, and a proper concentration of

Table 1. Growth of H. subglaciescola DH-1 in the presence of different salts, of which the concentrations were adjusted to 2.0 M.

Salts NaCl LiCt KCl

RbCl1 CsCl

NaNO; Na,SOy4 Na,HPO,

Growth

(OD at 660 nm) 12 0.028

0.008

0.023 0.011

0.035 0.042 0.031
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NaCl may still exist in the cytoplasm. Some data reported
by other researchers show results that are very similar to
ours. Peterson and Salin [26] reported that hydroperoxidase
purified from Halobacterium halobium was greatly
diminished at low salinity, and later [27] reported that the
catalase that was purified from the halophilic archaeon,
Halobacterium halobium, lost its activity when incubated
in a buffer lacking NaCl. Kobayashi et al. [18] reported that
the amylase purified from a Haloalkaliphilic archeon
exhibited maximal activity and was stable at 2.5 M salinity.
From these results, we cannot establish why NaCl is
absolutely required for the growth and enzyme activity of
DH-1 in both normal and unfavorable environments. If the
growth and metabolism of DH-1 depend on Na', the
optimal pH for growth should be higher than 7 because the
external Na* level must be higher than the internal level.
DH-1 grew maximally at pH 8, and was capable of
growing at pH 10, which is similar to the growth pattern of
alkalophiles for pH. Some alkalophiles were reported to
depend on Na' to generate an ion gradient between the
outside and the inside of bacterial cells and to maintain the
membrane potential [24, 28]. In a previous study [30], the
proton translocation measured with DH-1 was activated by
the addition of NaCl. NaCl-dependent growth and proton
translocation activation do not provide definitive evidence
that DH-1 produces energy in its coupling with the Na*-
motive force, but may be a clue that NaCl is a nutritional
factor for DH-1 rather than an environmental factor.
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