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Chapter 1

General Introduction

Environmental bacteria are exposed to stresses such as changes in salinity,
temperature, and pH, etc. When such environmental changes occurred transiently,
bacteria would be injured and dead. Therefore, environmental stress adaptation is
essential for bacteria to survive in the habitat.

Larsen (1986) proposed classification of bacteria into two categories, ‘requirement
for salt’ and ‘tolerance for salt’ based on the growth in the presence of various
concentrations of NaCl (Fig. 1.1). Salt means NaCl. Halophilic bacteria were divided
into four groups. Non-halophilic bacteria are stimulated the growth by the addition of
approximately 1% NaCl (w/v) comparing with that without the addition of NaCl.
Slightly halophilic bacteria can not grow without the addition of NaCl. Moderately and
extremely halophilic bacteria can grow in the range of approximately 5-20% and more
than 20% NaCl, respectively. Halotolerant bacteria were divided into four groups
including non-halotolerant bacteria, that grow in the absence as well as the presence of
approximately 1% NaCl. Slightly halotolerant bacteria can grow in the presence of up to
6-8% NaCl. Moderately and extremely halotolerant bacteria can grow in the absence
and the presence of up to 18-20% NaCl and up to saturated concentration of NaCl,
respectively. Osmoadaptation system(s) of halotolerant bacteria seems to be different
from that of halophilic bacteria. Especially, activities of membrane-binding transporters
in halotolerant bacteria, that function to take osmoprotectants existing externally into

the cytoplasm, seem to be remained in the wide ranges of NaCl concentrations.
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FIG. 1.1 Classification of bacteria based on the growth in the presence of NaCl.
Bacteria classified into “requirement for NaCl” and “tolerance for NaCl” are shown in Fig.

1.1A and 1.1B, respectively. (Slightly modified from Larsen’s paper (1986))

Compounds that can stimulate the growth and the survival at high osmolarity are
called osmoprotectants. Some osmoprotectants such as betaine, proline, and ectoine are
zwitterionic solutes (Table 1.1).

Escherichia coli K-12 accumulates large amounts of K rapidly by uptake systems of
Kdp, Trk, and Kup as the initial response to NaCl stress, and then the strain accumulates
proline and betaine via ProP and ProU (Csonka and Epstein, 1996). Genus Vibrio
belongs to slightly and moderately halophilic bacteria. Vibrio cholerae possesses two
transporters, OpuD and PutP, to take proline and betaine into the cytoplasm
(Kapfhammer et al., 2005). Extremely halophilic bacteria utilize K" to cope with hyper
NaCl stress. For example, Salinibacter ruber, that was isolated from saltern crystallizer
ponds (Anton et al., 2000), and halophilic archaea, Halobacterium halobium and

Halobacterium salinarum (Martin et al., 1999; Oren et al., 2002), accumulate K in the

cytoplasm.


https://en.wikipedia.org/wiki/Saltern

Genus Brevibacterium such as B. casei, B. iodinum, and B. linens are commonly
isolated from milk, cheese, and human skin. A new species, B. antiguum (JCM 133177),
was isolated from 1.8- to 3-million-year-old ancient permafrost sediments, the Kolyma
Lowland, East Siberia, Russia (Gavrish et al., 2004). Coryneform bacteria are included
genus Brevibacterium (Alves et al., 2002). Osmoadaptation of a glutamic acid
producing Corynebacterium glutamicum has been carried out by three transporters, the
proline and ectoine transporter, ProP (Peter et al., 1998), the ectoine, proline and betaine
transporter, EctP (Peter et al., 1998), the betaine transporter, BetP (Schiller et al., 2004),
and the betaine and ectoine transporter, LcoP (Steger et al., 2004).

I examined osmoadaptation of slightly halophilic and non-pathogenic Vibrio sp.
September 1, that was isolated from a ship’s ballast water (Mimura 2005), and
moderately halotolerant Brevibacterium sp. JCM 6894, that was isolated from sea water
(Nagata 1988), under hyper NaCl, or KClI, stress as well as with exposure to
temperature upshift (Yin and Mimura 2020a, Yin and Mimura 2020b). I also examined
mitigation of salt stress to the isolates in the presence of an osmoprotectant such as
betaine, proline, ectoine, or glutamate, etc.

Hyper KCl stress adaptation of marine bacteria has not yet been studied well.
Halophilic archaeon, Haloarcula marismortui, can adapt to the concentrations of KCl
ranging from 8 to 720 mM for the growth (Jensen et al., 2015). Further understanding of
the osmoadaptation system(s) of marine bacteria is expected by studying the hyper KCl

stress adaptation.
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Chapter 2
Changes in the Survivability of Marine Vibrio sp. under Hyper KCI Stress in the

Presence of Betaine as Well as with Exposure to 37°C

Introduction

The stress adaptation of environmental bacteria is vitally important to life and
survival. Osmoprotectants such as betaine, proline, ectoine, and trehalose are newly
biosynthesized and/or transported into the cytoplasm during osmoadaptation to hyper
salt stress. Pathogenic Vibrio parahaemolyticus (Naughton et al., 2009) and V. cholerae
(Pflughoeft et al., 2003) synthesize ectoine and transport betaine into the cytoplasm at
higher concentrations of NaCl. The bacterial transport systems of osmoprotectants
possess the Na'-binding site. For example, the betaine transporter of Corynebacterium
glutamicum (Perez et al., 2014; Ressl et al., 2009) and the proline transporter of
Escherichia coli (Pirch et al., 2002) need Na". Membrane-binding transporters from
Vibrio species are shown in Fig. 2.1 (Herz et al., 2003; Kapthammer et al., 2005; Lee et

al., 2003; Nakamura et al., 1998; Quinn et al., 2012).
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FIG. 2.1 Membrane-binding transporters of osmoprotectants in Vibrio species.
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Excess amounts of Na" in the cytoplasm are toxic to bacterial cells. On the other
hand, K" abundantly existing in the cytoplasm maintains the osmotic pressure, activities
of many enzymes, and intracellular pH and reduces the negative charge of DNA as well.
The high-affinity K'-transporter of E. coli and Bacillus subtilis can bind and transport
K" into the cytoplasm efficiently, even at considerably lower concentrations of K*
existed externally (Csonka and Epstein, 1996; Gundlach et al., 2017). High
concentrations of KCl externally added give bacteria the same cationic and osmotic
stresses chemically as those given by the same concentrations of NaCl. However, the
adaptation and tolerant mechanisms of bacteria under hyper KCl stress seem to be
different from those under hyper NaCl stress. We believe that studying survivability
under hyper KCl stress will contribute to a thorough understanding of bacterial
adaptation to salt stress.

Marine vibrios are slightly halophilic bacteria that require Na" for their growth
(Larsen, 1986). In this study, we examined the function of each externally existing

osmoprotectant to the survivability of marine Vibrio sp. under hyper salt stress.

Materials and Methods
Strain and growth conditions
Non-pathogenic Vibrio sp. September 1 was used in the experiments. The strain,
which was isolated from a ship’s ballast water, could grow at 37°C and metabolize
sucrose (Mimura et al., 2005). The partial rDNA sequences were deposited in the

DDBJ/GenBank/EMBL under accession number AB195981 (Mimura et al., 2005).



The isolate was pre-incubated for 12 h at 30°C in the medium containing 5 g Bacto
Peptone (L) (BD Diagnostics-Diagnostic Systems, Maryland, USA), 1 g yeast extract
(L") (BD Diagnostics-Diagnostic Systems, Maryland, USA), and 0.5 M NaCl dissolved
in 50 mM 2-[4-(2-hydroxyethyl)-1-piperazinyl]ethanesulfonic acid (HEPES) -
tetramethylammonium hydroxide (TMAH) buffer, pH 7.5. Incubation was carried out at
30°C, or 37°C, with the addition of cell suspension to a growth medium containing
various concentrations of NaCl and/or KCI to a one-thousandth dilution. Turbidity in
the medium was measured at given time with a photometer (BioPhotometer #6131,

Eppendorf AG, Hamburg, Germany) at 600 nm.

Preparation of resting cells

The isolate was grown for 8 h at 30°C in the presence of 0.5 M NacCl, or grown for 10
h at 37°C in the presence of 0.8 M KCI and 50 mM NacCl. Cells reached to the early
stational phase of growth were harvested by centrifugation (10,000 % g, 5 min) at room
temperature and washed twice with 50 mM HEPES-TMAH buffer, pH 7.5, containing
the same concentrations of NaCl and/or KCl added to the growth medium. Cell pellet
was then resuspended in the same buffer. Resting cells thus obtained were used for the
surviving experiments. Cell pellet was also resuspended in distilled water for the
measurement of free amino acids pooled in the cytoplasm as well as the content of cell

proteins.

Surviving experiments under hyper salt stress
Resting cells were added to 50 mM HEPES-TMAH buffer, pH 7.5, containing

various concentrations of NaCl at 30°C, or various concentrations of KCI and 50 mM

10



NacCl at 30°C, to give a one-hundredth dilution. Resting cells were also added to the
buffer containing each osmoprotectant and 1.8 M NaCl at 30°C and 37°C, or each

osmoprotectant, 1.2 M KCI and 50 mM NacCl at 30°C and 37°C.

Enumeration of the surviving cells

Resting cells (100 pL) were pipetted out at given time and diluted serially with 50
mM HEPES-TMAH buffer, pH 7.5, containing the same concentrations of salts as
added in the buffer. Each sample was then spread onto an agar plate containing the same
amounts of nutrients used for the growth experiments and 1.5% agar in seawater. After
incubation for 2d at 30°C, colonies on the plates were counted. The data are shown as

colony-forming units (CFU)-mL".

Measurement of free amino acids pooled in cytoplasm

Six percent trichloroacetic acid (2 mL) was added to the cell suspension (2 mL), and
the sample was kept at 4°C for 1 d. After centrifugation (10,000 X g, 5 min), supernatant
was taken and kept in a tube with a screw cap until use. Samples thus obtained were
analyzed with an amino acid analyzer (L-8900, Hitachi High-Technologies Corporation,

Tokyo, Japan) in the Global Facility Center, Hokkaido University.

Cell protein assay
The protein content for each sample was assayed by bicinchoninic acid (BCA)
protein assay kit (Thermo SCIENTIFIC, Rockford, IL, USA) following the instruction

manual. Bovine serum albumin was used as a standard.
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Results and Discussion
Importance of hyper KCl stress experiments by using resting cells

Osmoadaptation of bacteria has been well studied focusing on the growth in a
nutrients medium containing high concentrations of NaCl. In the medium, the strain can
synthesize and/or transport osmoprotectants to cope with hyper NaCl stress during an
adaptation period and exponential phase of growth (Csonka and Epstein, 1996;
Ongagna-Yhombi and Boyd, 2013). On the other hand, survivability of resting cells
under hyper salt stress primarily depends on chemical species and concentrations of free
amino acids and their related compounds accumulated in the cytoplasm. The most
functional osmoprotectant, that is farther required by the isolate to mitigate hyper salt
stress, can be determined at 30°C as well as with exposure to 37°C by using resting
cells.

Chemical properties of KCl are similar to those of NaCl. Nevertheless, bacteria
recognize the structural difference of K™ with Na* precisely and transport K* selectively
into the cytoplasm at hyper NaCl stress (Csonka and Epstein, 1996). It seems interesting
to study the differences of osmoadaptation responses at hyper KCl stress with those at
hyper NaCl stress. The study will contribute to a thorough understanding of bacterial

osmoadaptation.

Growth at hyper salt stress

Growth of the isolate was examined in the presence of NaCl up to 1.5 M at 37°C as
well as in the presence of 0.5 M NaCl at 30°C (Fig. 2.2A). The isolate grew well at 0.5
M NacCl at 30°C and 37°C, and the values of doubling time (h) at the exponential phase

of growth were 0.56 £ 0.02 h at 30°C and 0.46 = 0.02 h at 37°C (n = 3). Growth could
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reach the early stationary phase within 8 h of incubation in the presence of 1.2 M NaCl
at 37°C, and the value was 0.59 = 0.01 h. Growth was not observed in the presence of
1.5 M NaCl at 37°C. Growth experiment was also carried out in the presence of up to
0.8 M KCl with and without 50 mM NacCl at 37°C (Fig. 2.2B). The isolate could grow
even in the presence of 0.8 M KCl with the addition of 50 mM NacCl at 37°C, and the
value showed 0.60 + 0.01 h.

Growth of the isolate was strongly repressed under hyper KCl stress. However, the
growth drastically improved with the addition of a relatively small amount of NaCl,
indicating that externally existing Na" plays an essential role in improving the growth of
the isolate under hyper KCl stress, such as the coupling ion of the symporter with a
nutrient across the membrane (Perez et al., 2014; Pirch et al., 2002; Ressl et al., 2009;

Wilson and Ding, 2001).

13
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FIG. 2.2 Growth curves of Vibrio sp. September 1 under hyper salt stress.

Growth experiments were carried out in the presence of 0.5 M NaCl at 30°C (closed circles)
and 37°C (open circles), 1.2 M NaCl at 37°C (open triangles), and 1.5 M NaCl at 37°C
(open squares) (Fig. 2.2A). The experiments were also carried out at 37°C in the presence
of 0.5 M KClI (open circles), 0.5 M KCl and 50 mM NaCl (closed circles), 0.8 M KCl (open
triangles), and 0.8 M KCl and 50 mM NacCl (closed triangles) (Fig. 2.2B).

Each experiment was carried out three times independently, and the averaged value + SD

is shown here.

Changes in the survivability of resting Vibrio sp. cells after exposure to hyper salt
stress

Survivability was examined at hyper salt stress. After 24 h at 30°C, the numbers of
surviving cells at 1.2 M and 1.5 M NaCl alone were reduced to 10> *%3 and 103 *%3
(CFU-mL™"), respectively, from the initial number of 107! *%2 (CFU-mL™") (Fig. 2.3A).
The values were reduced almost exponentially with exposure to 1.8 M NacCl, and it

showed 10*7*%4 (CFU-mL"") for 12 h.
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Changes in the number of surviving cells with exposure to KCl up to 1.2 M were
examined in the presence of 50 mM NacCl at 30°C (Fig. 2.3B). The value was reduced
slightly to 10%7*%2 (CFU-mL™) after 24 h at 0.5 M KCI. Reduction of the value was
maintained within a 3-log cycle for 24 h at 0.8 M KCIl. It was reduced exponentially to
10*9*%8 (CFU-mL™") for 5 h at 1.2 M KCl.

The extrusion of K" from the cytoplasm is necessary to cope with the inflow of K*
into the cytoplasm when cells are exposed to hyper KCl stress. V. parahaemolyticus
possesses at least three K* extrusion systems, such as a potassium-specific K*/H"
antiporter system and two Na'/H" antiporter systems that work as to pump out K" as
well as Na" (Radchenko et al., 2006). The survivability of resting cells under hyper KCl1
stress was obviously weaker than that under hyper NaCl stress, indicating that the K™
regulatory system(s) is inducible, or the system(s) as constitutively expressed is

inactivated at higher concentrations of externally existing K.

15
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FIG. 2.3 Changes in the survivability of resting cells after exposure to hyper salt stress.

Resting cells prepared from the cells grown for 8 h at 30°C in the presence of 0.5 M NaCl
were used in the experiments. Changes in survivability were examined in the presence of
0.5 M NacCl (closed circles), 1.2 M NaCl (closed triangles), 1.5 M NaCl (closed squares),
and 1.8 M NaCl (closed diamonds) at 30°C (Fig. 2.3A). Experiments were also carried out
in the presence of 0.5 M KCl and 50 mM NaCl (open circles), 0.8 M KCl and 50 mM NaCl
(open triangles), and 1.2 M KClI and 50 mM NaCl (open diamonds) at 30°C (Fig. 2.3B).

Each experiment was carried out three times independently, and the average value £+ SD is

shown here.
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Changes in free amino acids pooled in the cytoplasm of cells grown with hyper salt
stress

Glutamate was the most abundant free amino acid when the isolate was grown in the
presence of NaCl of up to 1.2 M (Table 2.1). The occupation ratios were 70.7% and
66.3% in the concentration of total free amino acids for the isolate grown at 30°C and
37°C, respectively, in the presence of 0.5 M NaCl. The high occupation ratio of 75.3%
was maintained even when grown in the presence of 1.2 M NaCl at 37°C. The
accumulation of glutamate as a major free amino acid is consistent with accumulations
previously reported for a marine bioluminescent bacterium, Beneckea harveyi
(Makemson and Hastings, 1979), and a marine halotolerant Brevibacterium sp. JCM
6894 (Mimura et al., 1994).

The occupation ratio of glutamate was drastically reduced to less than 30.0% when
grown at 0.8 M KCl and 50 mM NaCl. As for the other negatively charged aspartate,
the occupation ratio was relatively higher than those at hyper NaCl stress. Negatively
charged amino acid is quite important for neutralizing positively charged inorganic
cations Na" and K" in the cytoplasm. In addition to the glutamate pooled, the aspartate
pooled seems to play an important role in mitigating hyper KCl stress. The occupation
ratios of a-aminoadipic acid and citrulline at 0.8 M KCI and 50 mM NaCl were 3.6
times and 7.6 times higher than those at 1.2 M NaCl at 37°C, respectively. The
compounds also seem to mitigate hyper KCl stress.

The concentration of total free amino acids pooled in the cytoplasm of the isolate
grown in the presence of 0.5 M NaCl at 37°C was 726.5 (nmol mg-protein™'), the value
of which was 48.5% lower than that at 30°C. The isolate might use free amino acids

primarily to synthesize heat shock proteins at a moderately high temperature (Koga et
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al., 1996). As for adaptation to hyper KClI stress at 37°C, the concentration of total free
amino acids, 444.1 (nmol mg-protein'), was obviously lower than that at hyper NaCl
stress. Free amino acids are dissolved in the internal water volume in the cytoplasm, the
value of which reduces with the increase in salt stress (Nagata et al., 1991). For
example, the water volume of halotolerant Brevibacterium sp. JCM 6894 was 5.5 £ 0.1
(uL mg-protein™) at the statainary phase of growth in the absence of salts. The value
reduced sharply to 4.0 + 0.4 (uL mg-protein') when grown at 2 M NaCl. The halophilic
isolate used in the experiments might adapt to hyper KCI stress by reducing the water

volume more than that at hyper NaCl stress.
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Effect of osmoprotectants and related compounds externally existing on the
survivability of resting cells at hyper salt stress (grown at 0.5 M NaCl at 30°C)

The reduction of a 2-log cycle from the initial number of resting cells was observed
after exposure to 1.8 M NacCl for 6 h at 30°C (Table 2.2). The value was maintained
within the reduction of a 1-log cycle by the addition of 50 mM betaine as a final
concentration, glycine derivatives such as dimethylglycine and sarcosine, choline
chloride, and proline. The reduction of the 2-log cycle was observed in the presence of
sodium glutamate, citrulline, and ectoine, and it was a 3-log cycle in the presence of
trehalose.

When the temperature in the buffer was increased to 37°C, the number of surviving
cells at 1.8 M NaCl was reduced by a 3-log cycle from the initial number of resting
cells. The value remained within the reduction of a 2-log cycle when sodium glutamate,
proline, or betaine existed externally. On the other hand, the values were reduced by a
4-log cycle with the addition of glycine derivatives sarcosine and dimethylglycine. In
the presence of citrulline, choline chloride, ectoine, or trehalose, no mitigation effect
was observed.

Survivability was drastically reduced when the temperature in the buffer was raised to
37°C. However, glutamate, proline, and betaine maintained the number of surviving
cells at a 1-log cycle higher than that in the presence of 1.8 M NaCl alone, indicating
that those osmoprotectants also mitigate thermal injury of the resting cells at hyper
NaCl stress. Dimethylglycine shows the heat stress—relieving property (Bashir et al.,
2014). However, the compound externally added did not enhance survivability at 37°C,

indicating that the isolate’s transport system(s) itself is temperature sensitive.

20



The number of surviving cells was reduced by a 2-log cycle from the initial number
of resting cells with exposure to 1.2 M KCI and 50 mM NacCl for 3 h at 30°C. The
values in the presence of each osmoprotectant, except of ectoine, reduced obviously
more than that of the control. Especially, in the presence of sodium glutamate, the value
reduced a 3-log cycle more than that of the control. The isolate accumulated glutamate
and citrulline as major osmoprotectants when grown in the presence of 0.8 M KCl and
50 mM NacCl at 37°C. However, those osmoprotectants as well as others examined did
not mitigate hyper KCl stress, indicating that externally existing osmoprotectants,
except for ectoine, disrupt the osmoadaptation system(s) of the resting cells under hyper
KCl stress. The concentration of Na* in the cytoplasm increases during the
accumulation of osmoprotectants when Na" is co-transported into the cytoplasm
coupled with betaine (Perez et al., 2014), or proline (Pirch et al., 2002), via the
Na'/osmoprotectant symporters. The Na“/H" antiporters regulate intracellular Na*
concentration as well as pH (Padan et al., 2001). Reduction of the efficient extrusion of
Na' via the Na'/H" antiporters might occur at hyper KCl stress exposed externally to the
resting cells.

The number of surviving cells was almost zero regardless of the presence and
absence of each osmoprotectant at 1.2 M KCl and 50 mM NaCl when exposed at 37°C.
Those results indicate that the osmoadaptation system(s) constitutively expressed is

obviously temperature sensitive in the presence of hyper KCl stress.
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Effect of osmoprotectants and related compounds externally existing on the
survivability of resting cells at hyper KCl stress (grown at 0.8 M KCI and 50 mM
NaCl at 37°C)

The numbers of surviving cells maintained at a 3-log order of magnitude after
exposure to 1.2 M KCl and 50 mM NaCl for 3 h at 37°C (Table 2.3). The value
maintained a 1-log order of magnitude higher in the presence of 50 mM betaine, or 50
mM proline, than that of the control. The survivability of resting cells prepared from
cells grown at 0.5 M NacCl at 30°C was quite low regardless of the presence or absence
of those osmoprotectants (see Table 2.2). When resting cells, that were prepared from
preadapted cells in the growth to 0.8 M KCl and 50 mM NaCl at 37°C, were used,
increased survivability was confirmed by exposure to 1.2 M KCl stress. In the growth
condition, the occupation ratio of proline pooled as a free amino acid was 0.3% (data
not shown). Those results indicate that the role of proline as an osmoprotectant is not
primarily important to adaptation to the isolate’s hyper KCI stress. Ectoine did not
mitigate hyper KCI stress as well as it did hyper NaCl stress to resting cells regardless
of the growth conditions so far examined, indicating that the transport system(s) of
ectoine might be lacking in the isolate while V. parahaemolyticus possess the sole
ectoine transporter, VP1456, that is induced at hyper NaCl stress (Ongagna-Yhombi et
al., 2015) and the compound is critical for survivability at the given hyper NaCl stress
(Ongagna-Yhombi and Boyd, 2013).

The number of surviving cells was reduced to 10*°*%5 (CFU-mL"!) form 10%>+°!
(CFU-mL™") after 3 h of exposure to 0.8 M KCI and 50 mM NaCl at 37°C when resting
cells examined was prepared from cells grown at 0.8 M KCl and 50 mM NacCl at 37°C

(see footnotes in Table 2.3). The number of surviving cells was maintained when
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exposed at 30°C in the buffer containing the same concentrations of KCI and NacCl as
those examined at 37°C, indicating that osmoadaptation system(s) is temperature
sensitive even for the resting cells prepared from pre-adapted cells in the growth to

relatively high concentrations of KCl in the presence of 50 mM NacCl at 37°C.

TABLE 2.3 Effect of an osmoprotectant and related compounds
externally existing on the survivability of resting cells at hyper KCl stress
(grown at 0.8 M KCl and 50 mM NaCl at 37°C).

Osmoprotectant Surviving cells (CFU - mI'')* after exposure to 1.2
(50 mM) M KCl and 50 mM NaCl for 3 h at 37°C
None 103004

Sodium L-Glutamate 1?2 *0!

L-Citrulline 1020 %05

L-Proline 1o*4=0

Choline chloride 1025 +0-1

Sarcosine 1032%02

Dimethylglycine 10%6%02

Betaine 104903

Ectoine 103.3:!:0.1

Trehalose 102403

* The initial number of resting cells was 106>+ (CFU - ml'l). The
numbers of surviving cells after 3 h of exposure at 30°C and 37°C in the

buffer containing 0.8 M KCl and 50 mM NaCl were 10°°*%'and 10*°*

0> (CFU - ml'l), respectively. Surviving experiment was carried out at
least three times independently, and the data are shown as the averaged
value = SD.
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Negative effect of relatively higher concentrations of betaine or proline externally
added on the survivability of resting cells under hyper KCl stress (grown at 0.8 M
KClI and 50 mM NacCl at 37°C)

A maximum concentration in each compound resulting in the highest number of
surviving cells was 50 mM in the range of up to 200 mM (Fig. 2.4). The difference in
the number of surviving cells at 50 mM as compared with 200 mM was a 3-log cycle.
Relatively higher concentrations of such compounds seem to disrupt the
osmoadaptation system(s) even for the resting cells described above when rapid
adjustment of the osmotic balance across the cell membrane becomes necessary to

survive under hyper KCI stress.

Survivability (log(CFU-mL™")

0 . s
0 100 200
Concentration (mM)
FIG. 2.4 Changes in the survivability of resting cells with an increase in the concentrations
of betaine, or proline, under hyper KCl stress.
Resting cells prepared from cells grown for 10 h at 37°C in the presence of 0.8 M KCl and
50 mM NaCl were used in the experiments. Resting cells were added to give an initial
number of 1063 * %! (CFU-mL") in 50 mM HEPES-TMAH buffer, pH 7.5, containing
various concentrations of betaine (open circles), or proline (open triangle), as well as 1.2 M
KCI and 50 mM NaCl. After 3 h of exposure at 37°C, the number of surviving cells was

counted by the colony-counting method. Each experiment was carried out three times

independently, and the average value + SD is shown here.
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Osmoadaptation of marine Vibrio sp. at hyper KCl stress

It took 24 h for getting the reduction of a 2-log cycle from the initial number of
resting cells, 1071 *%2 (CFU-mL""), that were prepared from cells grown for 8 h at 0.5 M
NaCl at 30°C, when exposed to 1.2 M NaCl at 30°C (Fig. 2.3). The period became
shortened to approximate 3 h in the presence of 1.2 M KCl and 50 mM NaCl at 30°C,
indicating that hyper KCl stress is more severe stress for the isolate than that of NaCl.
The number of surviving cells drastically reduced to less than 10! (CFU-mL™!) at 37°C
after 3 h of exposure to 1.2 M KCl and 50 mM NacCl (Table 2.2). Temperature
sensitivity was also observed even when resting cells,10%°*%! (CFU-mL™"), that were
prepared from cells grown for 10 h in the presence of 0.8 M KCl and 50 mM NaCl at
37°C, were exposed to the same concentrations of KCI and NaCl for 3 h at 37°C (see
footnote in Table 2.3). The results indicate that the osmoadaptation system(s) of the
isolate to cope with high concentrations of KCI externally existing is vulnerable at 37°C.

We examined the effect of each osmoprotectant as well as its related compounds
externally existing on the survivability of resting cells at hyper salt stress (Table 2.2 and
Table 2.3). As a result, the number of surviving cells in the presence of 50 mM sodium
glutamate, 50 mM proline, or 50 mM betaine was maintained a 1-log order of
magnitude higher than that at 1.8 M NaCl alone at 37°C (Table 2.2). As for the
adaptation to hyper KCl stress, the number of surviving cells was maintained a 1-log
order of magnitude higher than that of the control, 10*¢*%4 (CFU-mL™") when resting
cells, that were prepared from preadapted cells grown in the presence of 0.8 M KCl and
50 mM NacCl at 37°C, were exposed to 1.2 M KClI and 50 mM NacCl at 37°C in the

presence of 50 mM betaine, or 50 mM proline (Table 2.3). The results indicate that a
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betaine and proline transporter(s) of the resting cells functions to mitigate hyper KCl

stress at 37°C.

Summary

Survivability at hyper KCl stress was examined at 30°C and 37°C in the presence and
absence of an osmoprotectant by using resting cells prepared from marine Vibrio sp.
grown at early stationary phase. Survivability was decided by counting colonies. The
number of initial cells, 107! *%2 (CFU-mL™), was reduced to 10>! *%3 and < 10!
(CFU-mL1)at 30°C and 37°C, respectively, by the exposure of resting cells, that were
prepared from cells grown for 8 h at 0.5 M NaCl at 30°C, to 1.2 M KCl and 50 mM
NaCl for 3 h. Betaine externally existed as a final concentration of 50 mM mitigated
hyper KCl stress to the resting cells at 37°C. The number of surviving cells was
maintained 10*°*%3 (CFU-mL™") when resting cells, 10%°>*%! (CFU-mL™"), that were
prepared from pre-adapted cells to relatively high concentration of KCl in the growth
for 10 h at 0.8 M KCI and 50 mM NacCl at 37°C, were exposed to 1.2 M KCI, 50 mM
NacCl, and 50 mM betaine at 37°C for 3 h. The results indicate that osmoadaptation
system(s) in resting cells is temperature sensitive and betaine functions to mitigate

hyper KCl stress to the resting cells at 37°C.
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Chapter 3
Mitigation of Hyper KCI Stress at 42°C with Externally Existing Sodium

Glutamate to a Halotolerant Brevibacterium sp. JCM 6894

Introduction
Halophilic and halotolerant bacteria inhabit seawater. Halophilic bacteria require Na*
for growth, while halotolerant bacteria can grow in a wide range of NaCl
concentrations, including without the addition of NaCl (Larsen, 1986). An
osmoadaptation system is essential to preventing the movement of water molecules to
the outside from the cytoplasm by accumulating osmoprotectants. In general, betaine,
proline, ectoine, and glutamate, etc. function as osmoprotectants. Halophilic Vibrio
parahaemolyticus (Naughton et al., 2009) and V. cholerae (Pflughoeft et al., 2003)
synthesize ectoine and transport betaine externally existing into the cytoplasm at higher
concentrations of NaCl. Ectoine was the most accumulated osmoprotectant of
Brevibacterium sp. JCM 6894 when grown in a medium containing 2 M NaCl at 30°C
(Nagata et al., 1996).

Transporters located in cell membranes play an important role in growing and
surviving the strain at high concentrations of NaCl in the presence of osmoprotectants.
Some transporters possess a Na'-binding site. For example, the betaine transporter,
BetP, of soil bacterium Corynebacterium glutamicum (Kramer and Morbach, 2004;
Perez et al., 2014; Ressl et al., 2009) and the proline transporter, PutP, of Escherichia
coli (Bracher et al., 2016) need Na*. Glutamic acid is transported coupled with Na* and
H' by symporters such as GItTBs of Bacillus stearothermophilus and GItTBc of

Bacillus caldotenax (Tolner et al., 1992).
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Membrane-binding transporters from halotolerant bacteria are shown in Fig. 3.1
(Krdmer and Morbach, 2004; Kronemeyer et al., 1995; Ochrombel et al., 2011; Peter et
al., 1998; Schiller et al., 2004; Steger et al., 2004; Trotschel et al., 2003; Wang et al.,

2018).

MscCG2

K+ Betaine Na* Betaine H" .

Ectoine Na* Proline H* Glutamate

Ectoine H* P
Betaine Na* -
Proline Na* Na*
Ectoine Na* Betaine Na* GIeS
Glutamate
GluABCD

FIG. 3.1 Membrane-binding transporters from halotolerant bacteria.

Excess amounts of Na" in the cytoplasm are toxic to bacteria. On the other hand, K*
abundantly existing in the cytoplasm helps maintain the osmotic balance across the
membrane, the activities of many enzymes, and the intracellular pH, as well as reducing
the negative charge of DNA. High-affinity K" -transporters, such as KdpFABC of E. coli
(Csonka and Epstein, 1996) and KtrAB of Bacillus subtilis (Gundlach et al., 2017), can
bind and transport K™ into the cytoplasm efficiently, even with considerably lower
concentrations of K* existing externally. High concentrations of KCl1 added externally

give bacteria the same cationic and osmotic stresses chemically as those given by the
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same concentrations of NaCl. However, the adaptation and tolerance mechanisms of
bacteria under hyper KCl stress are different from those under hyper NaCl stress (Yin
and Mimura, in press). We believe that studying survivability under hyper KCl stress
will contribute to a thorough understanding of bacterial adaptation to salt stress.

Marine Brevibacterium sp. JCM 6894 can grow in wide ranges of KCI as well as
NaCl concentrations. In this study, we examined the mitigation of hyper NaCl or KCl
stress with each osmoprotectant existing externally to the strain with exposure to 30, 37,

and 42°C.

Materials and Methods

Strain and growth conditions

Halotolerant Brevibacterium sp. JCM 6894 that was isolated from seawater (Nagata,
1988) was used in the experiments. The strain was pre-incubated at 30°C for 28 h in the
medium containing 5 g Bacto Peptone (L) (BD Diagnostics-Diagnostic Systems,
Maryland, USA) and 1 g yeast extract (L") (BD Diagnostics-Diagnostic Systems,
Maryland, USA) in 50 mM 2-[4-(2-hydroxyethyl)-1-piperazinyl]ethanesulfonic acid
(HEPES)—tetramethylammonium hydroxide (TMAH) buffer, pH 7.5. Incubation was
started with the addition of cell suspension (50 pL) to the medium (50 mL)—at 30°C or
37°C—which contained no salts, 2.3 M NaCl, 2.3 M KCl, 2.6 M NacCl, or 2.6 M KCI.
Turbidity in the medium was measured at a given time with a photometer

(BioPhotometer #6131, Eppendorf AG, Hamburg, Germany) at 600 nm.
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Preparation of resting cells

The strain was grown for 28 h at 30°C, or 18 h at 37°C, in the medium without salts
added. The strain was also grown for 189 h in the medium containing 2.3 M NaCl at
30°C, 2.3 M KCl at 30°C, 2.3 M KCl at 37°C, and 2.6 M KCl at 30°C. Cells that had
reached the early stationary phase of growth were harvested by centrifugation (10,000 x
g, 5 min) at room temperature and washed twice with 50 mM HEPES-TMAH buffer,
pH 7.5, with or without the same concentration of NaCl or KCI as in the growth
medium. A cell pellet was then resuspended in the same buffer. Resting cells thus
obtained were used for the surviving experiments. The cell pellet was also resuspended
in distilled water for measuring the free amino acids pooled in the cytoplasm as well as

the content of cell proteins.

Surviving experiments under hyper salt stress

Surviving experiments were carried out at 30°C, 37°C, and 42°C by adding resting
cells to 50 mM HEPES-TMAH buffer, pH 7.5, containing various concentrations of
NacCl or KCI to obtain a one-hundredth dilution. The experiments were also carried out

in the presence of each osmoprotectant in 3.3 M NaCl at 42°C or 3.3 M KCl at 42°C.

Enumeration of the surviving cells

Resting cells (100 puL) were pipetted out at a given time and diluted serially with 50
mM HEPES-TMAH buffer, pH 7.5, containing the same concentration of NaCl or KC1
as in the washing buffer. Each sample was then spread onto an agar plate containing the

same amounts of nutrients used for the growth experiments and 1.5% agar in seawater.
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After incubation for 5 d at 30°C, colonies on the plates were counted. The data are

shown as colony-forming units (CFU)-mL.

Measurement of free amino acids pooled in cytoplasm

Six percent trichloroacetic acid (2 mL) was added to the cell suspension (2 mL), and
the sample was kept at 4°C for 1 d. After centrifugation (10,000 x g, 5 min), the
supernatant was collected and kept in a tube with a screw cap until use. Samples thus
obtained were analyzed with an amino acid analyzer (L-8900, Hitachi High-
Technologies Corporation, Tokyo, Japan) in the Global Facility Center, Hokkaido

University.

Cell protein assay
The protein content for each sample was assayed by bicinchoninic acid (BCA)
protein assay kit (Thermo Fisher Scientific, Rockford, IL, USA) as directed in the

instruction manual. Bovine serum albumin was used as a standard.

Results and Discussion
Usefulness of resting cells for studying osmoadaptation under hyper salt stress in
the presence of an osmoprotectant
Brevibacterium sp. JCM 6894 can grow in the absence or presence of high
concentrations of KCl as well as NaCl (Nagata, 1988), indicating that survivability at
hyper KCl stress can be comparable to that at hyper NaCl by using resting cells

prepared from cells grown in the absence of salts. In addition to that, a highly functional
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osmoprotectant can be determined by examining survivability. Resting cells are also
available to determine the functional osmoprotectant in relation to the growth with non-
salt stress and high concentrations of NaCl or KCI with exposure to temperatures higher

than that in which the strain can grow.

Growth at hyper salt stress with exposure to 37°C

Growth of the strain was examined in the absence or presence of high concentrations
of NaCl or KClI at 30°C (Fig. 3.2A) and 37°C (Fig. 3.2B). Growth in the presence of 2.6
M KCl was better than that in the presence of 2.6 M NaCl at 30°C (Fig. 3.2A). It took
more than 170 h for the strain to reach the early stationary phase in the presence of 2.3
M KCl at 37°C (Fig. 3.2B). Growth at 2.3 M NaCl was strongly repressed.

The strain is a halotolerant bacterium, which can grow in the absence or presence of
high concentrations of NaCl (Larsen, 1986; Nagata, 1988). Previously published data
showed that the strain grew in the presence of up to 3 M NaCl or KCl at 30°C, and
growth was slightly better with the addition of NaCl than that with the same
concentration of KCl (Nagata, 1988). The results obtained from the present experiments
at 30°C were inconsistent with the previously published data for growth at hyper salt
stress. The difference might depend on small amounts of inorganic salts such as CaCly,
MgSO4, NH4Cl, KoHPO4, and KH>PO4 externally added to the nutrient medium
(Nagata, 1988). The strain grew well at 37°C in the presence of 2.3 M KCl, but not at

2.3 M NaCl, indicating that hyper KClI stress functions to mitigate temperature stress.
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FIG. 3.2 Growth curves of Brevibacterium sp. under hyper salt stress in response to
incubation temperatures of 30°C, 37°C, and 42°C.

Growth experiments were carried out at 30°C in the absence (open diamonds) and presence
of 2.3 M NaCl (open circles), 2.3 M KCI (open triangles), 2.6 M NaCl (closed circles), and
2.6 M KCI (closed triangles) (Fig. 3.2A). The experiments were also carried out at 37°C in
the absence (open diamonds) and presence of 2.3 M NaCl (open circles), 2.3 M KCl (open
triangles), 2.6 M NaCl (closed circles), and 2.6 M KCI (closed triangles) (Fig. 3.2B).

Each experiment was carried out three times independently, and the averaged value £ SD is

shown here.
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Changes in survivability of resting cells after exposure to hyper salt stress at 30,
37, and 42°C (grown in the absence of salts at 30°C)

The initial number of resting cells, 1074*%! (CFU-mL""), was maintained within a 7-
log order of magnitude after 120 h at 30°C in the absence of salts (Fig. 3.3A). The
number of surviving cells was reduced to 10*! *%2 (CFU-mL™) after 72 h at 37°C. At
42°C, it was reduced exponentially to less than 10°° (CFU-mL™') within 24 h. The
values showed more than 10°° (CFU-mL™!) even when the exposure time was prolonged
to 120 h at 37°C and 48 h at 42°C in the presence of 3.3 M NaCl (Fig. 3.3B). The values
for 120 h at 37°C and 120 h at 42°C were 10*?*%3 (CFU-mL"!) and 10*°*°7 (CFU-mL"
1, respectively, in the presence of 3.3.M KClI (Fig. 3.3C).

The strain increases heat resistance for a short period, such as within 30 min, by
exposure to high concentrations of NaCl or KCl existing externally (Mimura and
Nagata, 1998). In the present study, it was found that hyper KCI stress rather than hyper
NaCl stress could mitigate heat stress to the strain for a prolonged period (Fig. 3.2B and

Fig. 3.3C).
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FIG. 3.3 Changes in the survivability of resting cells at hyper salt stress with exposure to
temperature stress.

Resting cells, which were prepared from cells grown for 28 h at 30°C in the absence of
externally added salts, were used in the experiments. Changes in survivability were examined
in the absence of salts at 30°C (open circles), 37°C (open triangles), and 42°C (open squares)
(Fig. 3.3A), in the presence of 3.3 M NaCl at 30°C (open circles), 37°C (open triangles), and
42°C (open squares) (Fig. 3.3B), and in the presence of 3.3 M KCl at 30°C (open circles), 37°C
(open triangles), and 42°C (open squares) (Fig. 3.3C).

Each experiment was carried out three times independently, and the average value + SD is

shown here.

Changes in the survivability of resting cells after exposure to 3.3 M KCl at 37 and
42°C (grown in the presence of 2.3 M KCl at 37°C)

The initial number of resting cells, 1044+ %! (CFU-mL™"), was reduced gradually to
10°!#%1 (CFU-mL™) for 240 h at 37°C in the presence of 2.3 M KCl (Fig. 3.4),
indicating that the concentration of KCl osmotically damages the strain, although the
strain could grow at 2.3 M KCl at 37°C in the nutrient medium. The value was reduced
to 10*4*%!1 (CFU-mL"") when exposed to 3.3 M KCI for 240 h at 37°C. It was 1034+ 0

(CFU-mL™") after 120 h at 42°C.
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The time of exposure required to obtain a 3-log cycle of reduction at 37°C was 120 h
longer for resting cells prepared from pre-adapted cells grown in the presence of 2.3 M
KCl at 37°C than for resting cells prepared from cells grown in the absence of salts at
30°C. Similar results were observed at 42°C (see Fig. 3.3C). The strain grown with 2.3
M KCI1 seemed to synthesize stress-induced proteins that contribute to an increase in

survivability (Hantke et al., 2019; Lindquist, 1992).

Survivability (log(CFU)-mL!)

O 1 1
0 100 200 300
Time (h)

FIG. 3.4 Changes in the survivability of resting cells at hyper KCl with exposure to
temperature stress.

Resting cells, which were prepared from cells grown for 189 h at 37°C in the presence of 2.3
M KCl, were used in the experiments. Changes in survivability were examined in the presence
of 2.3 M KCl at 37°C (open circles), 3.3 M KCI at 37°C (open triangles), and 3.3 M KCI at
42°C (open squares).

Each experiment was carried out three times independently, and the average value + SD is

shown here.
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Changes in free amino acids accumulated in cytoplasm when grown in the absence
and presence of hyper salt stress at 30 and 37°C

Concentrations and compositions of free amino acids accumulated in cytoplasm were
measured when grown in the absence (Table 3.1) and presence of hyper NaCl or KCl
stress at 30 and 37°C (Table 3.2).

The value of the total content, 517.4 (nmol mg-protein'), was less than 50% for the
strain grown at 37°C in comparison with that at 30°C (Table 3.1). Glutamic acid,
hydroxyproline, and proline were major free amino acids when grown at 30°C without
salts added externally. The occupation ratios of glutamic acid were more than 70% of
the total content at 30 and 37°C. At 37°C, the total content was reduced to less than half
that at 30°C.

The strain might utilize free amino acids preferentially to synthesize stress-induced
proteins when grown at 37°C (Hantke et al., 2019; Lindquist, 1992). The occupation
ratios of f-alanine and f-aminoisobutyric acid were less than 0.3%. Amino acids
seemed to increase in the cytoplasm when inorganic salts were added to the nutrient
medium to enhance the growth of the strain at 30°C (Mimura et al., 1994).

The total content—569.9 (nmol mg-protein™')—of free amino acids accumulated in
the cytoplasm in the presence of 2.3 M KCl at 30°C was less than 60% of that obtained
in the presence of 2.3 M NacCl at 30°C, although the major compositions of free amino
acids were not changed, except for y-aminobutyric acid (Table 3.2). The amino acid was
not detected in cells grown in the presence of 2.3 M KCl at 30 and 37°C. The content of
hydroxyproline grown at 37°C in the presence of 2.3 M KCI was 5 times higher than
that at 30°C. Hydroxyproline accumulated in the cytoplasm seems to contribute not only

to mitigating hyper KCl stress but also to mitigating temperature stress to the strain. The
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total content of free amino acids accumulated in cells grown in the presence of 2.6 M

KClI at 30°C was 1.2 times higher than that in the presence of 2.3 M KCI at 30°C.

TABLE 3.1 Free amino acids pooled in the cytoplasm of cells grown without salts

externally added.

Cells were grown without salts added externally at

Amino acid®

30°C for 28 h

37°C for 18 h

nmol/mg Ocupation

nmol/mg Ocupation

d d
protein  ratio (%)° mM protein  ratio (%)° mM
Asp 10.9 1.0 2.0 6.4 1.2 1.2
Thr 14.1 1.3 2.6 6.3 1.2 1.1
Ser 243 2.3 4.4 5.5 1.1 1.0
Glu 797.5 75.3 145.0 400.8 77.5 72.9
Gln 29.9 2.8 5.4 33.0 6.4 6.0
Lys 3.9 0.4 0.7 6.0 1.2 1.1
Hypro 93.8 8.9 17.1 25.1 4.8 4.6
Pro 51.7 4.9 9.4 20.8 4.0 3.8
Total® 1026.1 96.9 186.6 503.9 97.4 91.7
1059.1 5174

* When the occupation ratio of an free amino acid was less than 1.0% in the sample, the

data is not shown here.

® The concentration of free amino acids (nmol/mg protein) in this table is shown above,
and the value of total free amino acids detected is shown below.

¢ The occupation ratio was calculated by the following equation: (Concentration of each
free amino acid / Total concentration of free amino acids) x 100.

9 Internal water space of 5.5 (uL/mg protein) was used to estimate each amino acid content
(mM) in the cytoplasm (Nagata et al., 1991).

43



"D.LEPUB(OEIB DI N €T el 210w pue ) 0¢ 18 [DBN N €7 [PIM UMO0I3 91oMm S[[30 udym wse[dojAo aip ur (JAW) UOReNUIIUOD PIOL OULIR
OB 9JewINSd 0} pasn sem (1661 T 12 B1e3eN) D.0€ 18 [DEN N 0°Z PIM umois S[[o0 woyj paurelqo sem jey ‘(urojoxd Swy1m) (' Jo oords 10jem [euroju] >

‘001 x (SPIoe OUIWE 931) JO UOHBNUIIUOD [B)0 ], / PIOB OUIWIE 331 (o8I JO UOHRNUIIU0))) :uonenba Surmo[[of a1 Aq paje[nofes sem oner uonednodo Ay

UMOUS ST PaJOdJOP SPIOE OUIUIE 33I] [£10) JO UONLHUIIUOD A} PUE “0A0GE UMOYS ST 3[qe) SIY) Ul (urdjoid Suyjout) SpIoe oIt d31) JO UONENUIUOD Y], .

"219Y UMOYS JOU SI B1ep Y} ‘d[duies oy} Ul 9,()" | UBY) SSI[ SeM PIOB OUIUE 931 UB JO OfRI U0NBdNI00 Y} UdyA ,

1°L89 079 6°69S 0°€S6
L €91 'S6 vs9 ol TY6 9'¥8¢ 8'CEl TS6 8 TS 06°0€¢C 0896 0°€To JBoL
- - - - - - - - - €Y 8’1 I'L1 vav-4
'l 9°0 'y 91 01 7’9 L0 S0 8T [ S0 LY old
VLI 1’01 $'69 0°LE 8'¢C 6'Ly1 €L 'S 1'6¢ §0¢ 8Tl 8'ICI oxdAyg
Sl 60 09 6'1 [ 9°L S'1 I'l 1’9 91 L0 9 sK
LT 91 801 7'l 60 9°¢ 0'¢ 7'l 0’8 4 0’1l 00T dig,
T €1 L8 8T 81 I'TT 6’1 €1 V'L A% 81 9Ll elv
6'S 7'e 9°¢T 6'S 8¢ 9°¢C L€ 9'C 67l €6 6'¢ ['LE un
1'¥Cl1 L 96V 808 0°9¢ €LYE CIIT 0°8L L'yvy 'S91 €69 L7099 non
8’8 'S 0°S¢ 8'8 LS 'S¢ S'L 4 8°6¢C 6’11 0°S S'Ly dsy

A (%) onel Mﬁoa AW (%) oner M@oa A (%) oner M_Boa AW (%) oner M_Boa
uonednoy suwy/jowru uonednoy suw/[owu uonedno suw/[owu uonedno suw/[owu _pIoe ounuy

Do0€IBIDAIN 9T DoLEYRIDA N €T D0EIIDI N €T D0EYe DN N €T

YA UMOIS 9I9M S[[?)

‘ssans J1es JodAy ym umois s[[ao Jo wse[dojAo ayp ur pajood sproe ourwe 931, 7°€ ATAV.L

44



Changes in the survivability of resting cells after exposure to 3.3 M NaCl or KCl in
the presence of each osmoprotectant at 42°C

The initial number of resting cells—1074*%! (CFU-mL!)—that were prepared from
cells grown without salts added to the nutrient medium at 30°C was reduced to four
orders of magnitude after exposure to 3.3 M NaCl alone for 36 h at 42°C (Table 3.3).
The number of surviving cells was maintained within the reduction of a 1-log cycle
when 50 mM of proline, betaine, or ectoine existed externally. A 2-log cycle reduction
from the initial number of resting cells was observed in the presence of 50 mM sodium
glutamate.

The reduction was a 3-log cycle in the presence of 3.3 M KCl alone for 72 h at 42°C.
That was hardly reduced by the presence of 50 mM sodium glutamate, but not of
potassium glutamate. The number of surviving cells for potassium glutamate was a 2-
log cycle lower than that for sodium glutamate. As for proline, the reduction was a 2-log
cycle. Betaine, hydroxyproline, or ectoine at 50 mM did not mitigate hyper KCl stress
to the strain. When the exposure time was prolonged to 120 h, the most functional
osmoprotectant was sodium glutamate.

The strain seems to express constitutively the Na'-coupled transporters for proline,
betaine, and/or ectoine, such as PutP for proline uptake (Bracher et al., 2016; Olkhova
et al., 2011), BetP for betaine uptake (Giiler et al., 2016; Koshy et al., 2013; Krdmer and
Morbach, 2004; Perez et al., 2014; Ressl et al., 2009), and TeaABC for ectoine uptake
(Grammann et al., 2002; Marinelli et al., 2011). The constitutive expression of those
transporters is thought to play an important role in the strain’s adaptation to rapidly
changing salt stress. A Na" transported into the cytoplasm with each osmoprotectant

seems to be exchanged with external H* via the Na*/H" antiporter (Hunte et al., 2005).
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TABLE 3.3 Effect of each osmoprotectant externally existing on the survivability of
Brevibacterum sp. after exposure to hyper salt stress at 42°C.

Resting cells” were exposed to

Osmoprotectant (50

mM) 3.3 M NaCl 3.3 M KCI
for 36 h at 42°C for 72 hat42°C  for 120 h at 42°C

None 10%0*02 10%0%05 1029 %07
Sodium L-Glutamate 10°2%92 1072 %01 105601
Potassium L-Glutamate  10°¢*?- 1051 %02 1039205
L-Proline 1071%02 106501 10%2 %06
L-Hydroxyproline 108103 10%0%03 102504
Betaine 1008+01 103807 1027 =07
Ectoine 1008402 104707 1o%4 04

“ Resting cells, that were prepared from the cells grown in the absence of salts for 28 h

at 30°C, were used in the experiments. The initial number of resting cells was 1074+01

(CFU-mL™).
b Surviving experiment was carried out three times independently, and the data are
shown as the averaged value + SD.

A transport system without coupling Na™ is necessary for transporting proline into the
cytoplasm when the strain is exposed to hyper KCl stress in the absence of Na* at 42°C.
As a possible transport system, the strain might possess an ATP-binding cassette (ABC)
transporter, such as the OpuF transporters of Bacillus infantis and Bacillus
panaciterrae, to transport proline and/or other amino acids (Teichmann et al., 2018).
Mitigation by externally existing sodium glutamate was higher than that of potassium
glutamate to the strain at 3.3 M KClI, indicating that glutamic acid is transported
coupled with Na". Externally existing betaine did not mitigate hyper KCl stress. That
means that the coupling ion with betaine is not K but Na” when the strain transports

betaine into the cytoplasm.
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The concentration dependence of each externally existing osmoprotectant on
survivability with 3.3 M KCI for 72 h at 42°C was examined by using resting cells
prepared from pre-adapted cells grown in the presence of 2.3 M KClI at 37°C (Fig. 3.5).
The number of surviving cells at 3.3 M KCl alone was reduced to 1037*%2 (CFU-mL™)
from 10%%*%! (CFU-mL™"). The value was increased with an increase in the
concentrations of sodium glutamate and showed the maximum value—10%8*0%1
(CFU-mL")—at 50 mM. The value barely changed up to 200 mM. In the presence of
proline, the maximum value of 10%°*%! (CFU-mL!) was obtained at 100 mM.
Mitigating hyper KClI stress to resting cells was hardly observed in concentrations of
ectoine up to 200 mM. The value was reduced gradually with an increase in the
concentrations of hydroxyproline, reaching 10>°*%2 (CFU-mL") at 200 mM. A 2-log
cycle of the number of surviving cells was reduced in the presence of 1 mM betaine,
and the values were hardly changed in concentrations up to 200 mM.

Externally existing sodium glutamate was found to be the most functional
osmoprotectant examined thus far for mitigating hyper KClI stress at 42°C on the strain
regardless of growth conditions (see Table 3.3 and Fig. 3.5). On the other hand,
externally existing proline, betaine, and ectoine (50 mM) functioned better than sodium
glutamate to mitigate hyper NaCl stress at 42°C. These results indicate that the strain
can recognize differences in each hyper salt stress and adapt to it by using different
kinds of osmoadaptation systems. As for the uptake of sodium glutamate into the
cytoplasm at hyper KCl stress, the strain might possess a binding protein-dependent
transport system belonging to ABC transporters (Kronemeyer et al., 1995). In the
presence of more than 1 mM betaine, survivability was weakened when resting cells,

which were prepared from pre-adapted cells grown at 2.3 M KCl at 37°C, were exposed
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to 3.3 M KCl at 42°C. Giiler et al. (2016) reported that K™ binding reduces the
interaction of BetP with negatively charged phospholipids in the cell membrane of C.
glutamicum by competing with positively charged residues of BetP. The phospholipid
dependency of stress-sensing and adaptation mechanisms is essential in E. coli (Rowlett
et al., 2017). The reduction of survivability in the presence of 1 mM betaine might be
related to changes in the composition ratios of phospholipids in the cell membrane,

which are interacting with betaine and its transporters in the presence of 3.3 M KCIl.

Survivability (log(CFU)-mL-1)

O 1 11 11111l 1 11 1111l
1 10 100 1000

Concentration (mM)

FIG. 3.5 Changes in the survivability of resting cells after exposure to 3.3 M KCl at 42°C in
the presence of different concentrations of each osmoprotectant.

Resting cells, which were prepared from cells grown for 189 h at 37°C in the presence of 2.3
M KCI, were used in the experiments. Changes in survivability were examined after exposure
to 3.3 M KClI for 72 h at 42°C in the presence of betaine (open circles), sodium glutamate
(open triangles), proline (open squares), hydroxyproline (open diamonds), and ectoine (cross
marks).

Each experiment was carried out three times independently, and the average value £ SD is

shown here.
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Summary

Halotolerant Brevibacterium sp. JCM 6894 grew at 37°C in the presence of 2.3 M
KCl, while the growth was repressed with the same concentration of NaCl. When
resting cells, 1074*%! (CFU-mL""), prepared from cells grown in the absence of salts at
30°C, were exposed to 3.3 M NacCl for 36 h at 42°C, reduction of the number of resting
cells was maintained within a 1-log cycle in the presence of proline, betaine, or ectoine
(50 mM). In the presence of 3.3 M KCl, the most functional osmoprotectant was sodium
glutamate (50 mM), and the value was 1072 *%! (CFU-mL™!) when exposed for 72 h at
42°C. In the absence of osmoprotectants, the value was reduced to four orders of
magnitude in each experimental condition. The number of resting cells, 1058* 0!
(CFU-mL™"), prepared from grown cells pre-adapted to 2.3 M KCl at 37°C, was hardly
reduced when exposed to 3.3 M KCl in the presence of sodium glutamate more than 50
mM for 72 h at 42°C. Those results indicate that the isolate can sense the difference in

hyper KCl stress as opposed to hyper NaCl stress, and different kinds of

osmoadaptation systems can function to cope with each hyper salt stress.
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Chapter 4
General Conclusion

As for a halophilic marine Vibrio sp. September 1, Na* externally existing was
essential for the growth under hyper KCl stress at 37°C. The result indicates that
osmoprotectants are transported coupled with Na* via membrane-binding transporter(s).
Sodium cation that was co-transported with osmoprotectants into the cytoplasm needs to
be excluded from the cytoplasm by membrane-binding Na"/H" antiporter. Those
transporters need not to be inactivated by the exposure to higher concentrations of KCI.
Resting cells, that were prepared from cells grown in the presence of 0.5 M NaCl at
30°C, showed temperature sensitivity when exposed to 1.2 M KCI and 50 mM NaCl at
37°C, regardless of the absence and presence of osmoprotectants. The adaptation
system(s) of the strain to hyper KCl stress is temperature sensitive.

In general, bacterial osmoadaptation study has been focused on the osmoadaptation
system(s) that functions to cope with higher concentrations of NaCl existing externally.
However, a halotolerant marine Brevibacterium sp. JCM 6894 could grow in the
presence of 2.3 M KCl at 37°C, while the growth was strongly repressed in the presence
of 2.3 M NaCl at 37°C. The result indicates that the osmoadaptation system(s) of the
strain to hyper NaCl stress 1s temperature sensitive. Osmoadaptation of Brevibacterium
sp. JCM 6894 to hyper KClI stress with exposure to temperature stress was different
with that of Vibrio sp. September 1. Osmoadaptation system(s) of Brevibacterium sp.
JCM 6894 that functions under hyper KCl stress coexisting with temperature stress
might be unique. Further study is necessary to make clear how the strain can adapt to

hyper KCl stress with temperature stress simultaneously existing.
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Betaine and proline (50 mM) externally existing mitigated hyper NaCl stress to
Vibrio sp. September 1 at 30 and 37°C. Glutamate (50 mM) was the most functional
osmoprotectant to mitigate hyper KCl stress to Brevebacterium sp. JCM 6894 at 42°C.
Those osmoprotectants need to be accumulated in the cytoplasm after transported via
transporters. Therefore, salt tolerance of transporters is primarily essential to survive
when cells are exposed to hyper salt stress in the presence of osmoprotectants.
Throughout the experiments, it was suggested that bacterial halotolerance depended on
the function of constitutively expressed membrane-binding transporters that were not

inactivated by the exposure to higher concentrations of salts.
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