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To my wife, Sachiko



Preface

“If I have seen a little further it is by standing on the shoulders
of Giants.” Letter to Robert Hooke, Isaac Newton,
February 5, 1676

In November 1956, T encountered an alkaliphilic bacterium, although not
alkaliphilic in the true sense of the word. I was a graduate student in the
Department of Agricultural Chemistry, University of Tokyo, working under
the direction of Professor Kin-ichiro Sakaguchi. Autolysis of Aspergillus
oryzae was the research theme for my doctoral thesis. The reason why
Professor Sakaguchi asked me to study the autolysis of Asp. oryzae was a
somewhat practical one. He thought the flavor and taste of Japanese sake
came from an autolysate of Asp. oryzae. Every day, I cultured stock strains of
Asp. oryzae. After one week of culture, all I had to do was taste the cultured
fluid. (I used my bero-meter, bero meaning tongue in Japanese.) Naturally, I
was entirely disappointed in microbiology itself.

One day in November, I found one cultivation flask in which mycelia of
Asp. oryzae had completely disappeared. The night before, when I looked at
the flasks, the mold was flourishing in all culture flasks. I still remember
vivid pictures of bacteria thriving and moving. No mycelium could be seen
under the microscope.

The microorganism isolated from that flask was Bacillus circulans, and
strong endo-1,3-B-glucanase activity was detected in the culture fluid. This
enzyme lyzed Asp. oryzae. It was the first time that mold cells had been
found to be lyzed by bacteria, and these results were published in Nature
(Horikoshi et al., 1958). However, this bacterium showed very poor growth
in the absence of mycelia of Asp. onyzae and production of endo-1,3-B-glu-
canase was very low. Therefore, purification of endo-1,3-B-glucanase could
be done only in culture fluid in the presence of mycelia of Asp. oryzae. 1did
not realize at the time that the culture fluid had alkaline pH value. A few
years later, I attempted production of endo-1,3-B-glucanase in conventional
media. I tested many culture media containing various nutrients. Addition
of 0.5% sodium bicarbonate to conventional nutrient culture broth gave
good growth and production of the enzyme. Autolysis of Asp. oryzae
changed the culture medium from weakly acidic to alkaline pH. In this way
I discovered that such a change in pH value accelerated bacterial growth
and production of the enzyme (see p. 41).
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In 1968, I visited Florence, Italy, and saw Renaissance buildings, which
are so very different from Japanese architecture. Centuries earlier no
Japanese could have imagined this Renaissance culture. Then suddenly I
heard a voice whispering in my ear, “There could be a whole new world of
microorganisms in different unexplored cultures.” Memories of experi-
ments on B. circulans done years ago flashed into my mind. Could there be
an entirely unknown domain of microorganisms existing at alkaline pH?
The acidic environment was being studied, probably because most food is
acidic. However, very little work had been done in the alkaline region.
Upon my return to Japan I prepared an alkaline medium containing 1%
sodium carbonate, put small amounts of soil collected from various areas of
the Institute of Physical and Chemical Research (RIKEN), Wako, Japan,
into 30 test tubes and incubated them overnight at 37°C. To my surprise,
microorganisms flourished in all test tubes. Iisolated a great number of al-
kaliphilic microorganisms and purified many alkaline enzymes. The first
paper concerning an alkaline protease was published in 1971.

Then, in 1972, 1 was talking with my father-in-law, Shigeo Hamada,
about alkaliphilic microorganisms. He had been in London almost a centu-
Ty ago as a businessman and was curions about everything. He showed in-
terest in alkaliphiles. These microorganisms were unique, required high al-
kalinity, and they could produce alkaline enzymes such as alkaline proteas-
es, alkaline amylases, etc. As I was speaking, he said, “Koki, wait a minute, |
have an interesting present for vou.” He brought out a sheet of old newspa-
per, Nikkei Shimbun dated June 11, 1958. A short column with one electron
micrograph was like a punch to my head. I had not known this! The article
stated:

In Japan, since ancient times, indigo has been naturally reduced in the
presence of sodium carbonate. Indigo from indigo leaves can be reduced
by bacteria that grow under high alkaline conditions. Indigo reduction was
controlled only by the skill of the craftsman. Takahara and his colleagues
isolated the indigo reducing bacterium from a ball of indigo.

I then carefully checked scientific papers from Chemical Abstracts in the
library of RIKEN. Only 16 scientific papers on alkaliphiles were discovered.”
Alkaliphiles remained little more than interesting biological curiosities. No
industrial application was attempted at all before 1968. I named these mi-
croorganisms that grow well in alkaline environments “alkaliphiles” and
conducted systematic microbial physiological studies on them. It was very

* Johnson, 1928; Downie and Cruickshank, 1928; Vedder, 1934; Jenkin, 1936; Bornside
and Kallio, 1956; Chesbro and Evans, 1959; Kushner and Lisson, 1959; Takahara and
Tanabe 1960; Chislett and Kushner, 1961; Shislett and Kushner, 196lb; Takahara et al.,
1961 ; Takahara and Tanabe, 1962; Wiley and Stokes, 1962; Wiley and Stokes, 1963,
Barghoorn and Tyler, 1965; Siegel and Giumarro, 1966.
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surprising that these microorganisms, which are completely different from
any previously reported, were widely distributed throughout the globe (even
at the deepest point of the Mariana Trench in the Pacific Ocean) produc-
ing heretofore unknown substances. Here was a new alkaline world that was
utterly different from the neutral world.

Over the past three decades my coworkers and I have focused on the
enzymology, physiology, ecology, taxonomy, molecular biology and genetics
of alkaliphilic microorganisms to establish a new microbiology of alka-
liphilic microorganisms. A big question arises, “Why do alkaliphiles require
alkaline environments?” The cell surface of alkaliphiles can keep the intra-
cellular pH values about 7-8 in alkaline environments of pH 10-13. How
the pH homeostasis is maintained is one of the most fascinating aspects of
alkaliphiles. In order to understand this simple but difficult question, we
carried out several basic experiments to establish gene recombination sys-
tems. Finally, after almost two years, the whole genome sequence of alka-
liphilic Bacillus halodurans C-125 was completed. This was the second whole
genome sequence of spore-forming bacteria thus far reported. This se-
quence work revealed interesting results. Many genes were horizontally
transferred from different genera and different species as well. Small frag-
ments of enzyme genes were inserted in opposite directions, or separated by
insertion fragments. Therefore, these bacteria could not produce some en-
zymes. However, we still have not found the crucial gene(s) responsible for
alkaliphily in the true meaning. Our results indicate that many gene prod-
ucts synergistically cooperate and exhibit alkaliphily (or adaptation to alka-
line environments).

Industrial applications of these microorganisms have also been investi-
gated extensively and some enzymes, such as alkaline proteases, alkaline
amylases, alkaline cellulases and alkaline xylanases have been put to use on
an industrial scale. Subsequently, many microbiologists have published nu-
merous papers on alkaliphilic microorganisms in various fields. At the be-
ginning of our studies, very few papers were presented, but now thousands
of scientific papers and patents have been published. It is not clear which
field our study of alkaliphiles will focus on next, but the author is convinced
that alkaliphiles will provide much important information.

The author expresses sincere gratitude to his wife Sachiko for her in-
valuable help over the past 40 years.

Tokyo, Japan
April 2006
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Part I
Alkaliphiles and Their Genetic Properties

Alkaliphiles have been flourishing everywhere on our planet.
Only a few microbiologists, however, have shown interest in this
microbial domain.

There are large numbers of alkaliphiles in garden soil, al-
though frequency is about 1/10 to 1/1000 of whole numbers of
microorganisms depending on the environment in which they
are collected. Why can they thrive in neutral environments as
well as alkaline environments? It is because they can change
their surroundings from neutral to alkaline pH value by produc-
ing basic compounds or by symbiosis. They have their own mi-
crocosm. They can also be isolated from excreta of living crea-
tures because the inside of the digestive tract of animals is usual-
ly alkaline pH.

Microbiologists had ignored this large domain for a long
time. The addition of 1% sodium carbonate opened up this vast
unknown microbial domain. The time has come for microbiolo-
gists to reconsider conventional anthropocentric microbiology.
Many problems, such as why alkaliphiles need alkaline environ-
ments remain to be solved. This question is the same as “why do
neutrophiles require neutral environments for their growth?”

Other matters for investigation include how substrate mole-
cules (including water) in nano-scale spaces react with enzymes
or cell surfaces. What is the pH value in nano-scale volumes? Is
it same as in macro-scale volumes?

The following sections describe the isolation, classification,
physiology and genetics of alkaliphiles. However, the questions
noted above have not vet been solved in their entirety.



1

Introduction

1.1  What Are Alkaliphiles?

There is no precise definition of what characterizes an alkaliphilic organ-
ism. As shown in Fig. 1.1, some microorganisms such as Bacillus pseudofirmus
2b-2, which are obligate alkaliphiles, cannot grow well at neutral pH values.
There are many microbes which can thrive in the range of pH 7 to 10.5.
These microbes are called facultative alkaliphiles and include, for example,
Bacillus halodurans C-125. Furthermore, several microorganisms exhibit
more than one pH optimum for growth depending on the growth condi-
tions such as type of nutrients, metal ions and temperature. In the early
stages of our study, alkaliphiles were thought to require only higher pH val-
ues for growth. In conventional classification experiments, the author not-
ed a strange result. Bacillus sp. No. Ku-1, which was thought to be a faculta-
tive alkaliphilic strain, could grow in a nutrient broth containing 5% NaCl
at pH 7.0, but could not grow in the absence of NaCl (Kurono and

120

100 -

80 |-

Growth
=3
[=
T

pH in media

Fig. 1.1 pH dependence of microorganisms. The tvpical dependence of the growth of neu-
trophilic bacteria (Bacillus subtilis), obligate alkaliphilic bacteria (Bacillus pseudofir-
mus 2b-2) and facultative alkaliphilic bacteria (Bacillus halodurans C-125) are shown
by solid squares, solid circles and solid triangles, respectively.
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Horikoshi, 1973). This was the beginning of physiological studies of NaCl
on the growth of alkaliphiles. Some organisms can appear to be either neu-
trophilic or alkaliphilic depending on the growth conditions in the pres-
ence or absence of sodium ions described above. Therefore, this mono-
graph will use a much simpler and less strict definition. The term “alka-
liphile” is applied only to microorganisms that grow optimally or very well at
pH values above 9.0, but cannot grow or only grow slowly at neutral pH val-
ues of 6.5.

1.2 History of Alkaliphiles

The discovery of alkaliphiles is fairly recent. Only 16 scientific papers on
the topic could be found when the author started experiments on alka-
liphilic bacteria in 1968. The use of alkaliphilic microorganisms has a long
history in Japan. Since ancient times (over 1,000 years ago), indigo, used to
dye cloth, has been naturally reduced under alkaline conditions in the pres-
ence of slaked lime, wood ash and Japanese sake. Indigo from indigo leaves
is reduced by particular bacteria that grow under these highly alkaline con-
ditions in a traditional process called “indigo fermentation.” The most im-
portant factor in this process is the control of the pH value. Formerly indi-
go reduction was controlled only by the skill of craftsmen, adjusting temper-
ature, time and amounts of stepwise addition of the ingredients described
above. Microbiological studies of the process, however, were not conducted
until the rediscovery of these alkaliphiles by the author (Horikoshi, 1982).
Alkaliphiles remained little more than interesting biological curiosities and
no further industrial application was attempted.

Later the author and his colleagues isolated a great number of alka-
liphilic microorganisms and purified many alkaline enzymes. The first pa-
per concerning an alkaline protease was published in 1971 (Horikoshi,
1971a, b). Over the past three decades, his studies have focused on enzy-
mology, physiology, ecology, taxonomy, molecular biology and genetics to
establish a new microbiology of alkaliphilic microorganisms. Industrial ap-
plications of these microorganisms have also been investigated extensively
and some enzymes, such as alkaline proteases, alkaline amylases, alkaline
cellulases and xylanases, have been put to use on an industrial scale.
Alkaliphiles have clearly evolved large amounts of information and ability in
their genes to cope with particular environments, so their genes are a very
valuable source of information waiting to be explored by the biotechnolo-
gist.
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1.3 Why the Author Selected Alkaliphilic Bacillus Strains
for Discussion in This Volume

Many alkaliphiles have been isolated from various sources. These include
aerobic spore-formers, anaerobic non-spore-formers, halophiles, ther-
mophiles including archaea, psychrophiles, piezophiles and others.
However, in this work, the author focuses only on alkaliphilic Bacillus
strains. This is because almost 2,000 scientific papers on alkaliphiles have
been published since 1971, making it difficult to discuss all of them in a
meaningful way. Moreover, recently, the whole genome sequences of three
alkaliphilic Bacillus strains have determined. These data provide much use-
ful information. And finally, the work of the author’s group on alkaliphilic
Bacillus strains paved the way to industrial applications of unique alkaline
enzymes produced by alkaliphilic Bacillus strains.
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Isolation, Distribution and Taxonomy of
Alkaliphilic Microorganisms

2.1 Isolation

Alkaliphilic microorganisms have been isolated in alkaline media contain-
ing sodium carbonate, sodium bicarbonate and potassium carbonate.
Sodium hydroxide is also used in large-scale fermenters using a pH control
device. The recommended concentration of these compounds is about
0.5% to 2%, depending on the microorganisms used, and the pH of the
medium held between about 8.5 and 11. Table 2.1 shows the standard me-
dia in the author’s laboratory containing 1% sodium carbonate. It is most
important that the sodium carbonate be sterilized separately; otherwise the
microorganisms may show poor growth.

Isolation of the microorganisms is conducted by conventional means: a
small amount of sample, such as soil, mud, sediments and feces is suspend-
ed in 1 ml of sterile water and one drop of the suspension is spread on a
Petri dish containing Horikoshi-I or Horikoshi-II medium. The Petri dishes
are incubated at 37°C for several days and the colonies that appear are iso-
lated by the usual method. Enrichment culture is well known in the isola-
tion of specific microorganisms, such as thermophiles and others. Some al-
kaliphiles grow very well under enrichment culture in alkaline conditions
and are predominantly isolated. Very few slow growers are isolated by en-
richment culture. Therefore, in the author’s laboratory direct isolation of
alkaliphiles from soil samples has been recommended. The isolated mi-
croorganisms are then kept at room temperature on slants or by conven-

Table 2.1 Basal media for alkaliphilic microorganisms

Ingredients Horikoshi-I Horikoshi-1I
(g/1 8/
Glucose 10 _
Soluble starch - 10
Polypeptone 5 5
Yeast extract 3 3
K:HPO, i ]
Mg.SO;- 7H,0 0.2 0.2
Na,COs 10 10

Agar 20 20
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Fig. 2.1 Isolation of alkaliphilic microorganisms.
(Reproduced from K. Horikoshi and T. Akiba, Alkalophilic Microorganisms: A New
Microbial World, p.10, Springer : Japan Scientific Societies Press (1982))

tional methods, such as by freeze drving or being maintained in liquid ni-
trogen (Fig. 2.1).

2.2 Distribution

There are many reports on alkaliphilic Bacillus strains isolated from soils of
moderate environments as well as of extreme environments, such as alka-
line lakes, deep sea, subground samples, etc.

2.2.1 Soil Samples

Alkaliphilic microorganisms are widely distributed throughout the world.
They can be found in garden soil samples. In addition to bacteria, various
kinds of microorganisms, including actinomycetes, fungi, yeast and phages,
have been isolated.

Our studies indicate that there may be as many microorganisms in the
alkaline pH region as in the neutral region. Alkaliphiles can be considered
to be a new microbial world in nature which may be as large as the neu-
trophilic microbial world. The number of alkaliphilic bacteria found in soil
was about 1/10 to 1/100 that of neutrophilic bacteria (Fig. 2.2). Alkaliphilic
bacteria have very interesting properties, e.g, the ability to change the pH of
their environment to suit their growth, as described in the author’s previous
volume (Horikoshi and Akiba 1982). Using alkaliphilic microorganisms the
author and his colleagues established an alkaline fermentation process that
is entirely different from conventional fermentation processes. Hundreds
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Fig. 2.2 Distribution of alkaliphilic bacteria in soil.
(Reproduced from K. Horikoshi and T. Akiba, Alkalophilic Microorganisms: A New
Microbial World, p.11, Springer : Japan Scientific Societies Press (1982))

of new enzymes have been isolated by this process and their enzymatic prop-
erties investigated. Some of these enzymes have been produced on an in-
dustrial scale.

2.2.2 Deep Sea Samples

Deep sea sediment and deep sea water were also very good isolation sources
for alkaliphilic Bacillus strains. On March 2, 1996, the 3-m long unmanned
submersible Kaiko of Japan touched the bottom of the Challenger Deep in
the Mariana Trench and successfully scooped out a mud sample, the first
obtained at a depth of 10,897 m. Takami et al. (1997; 1999a) isolated thou-
sands of microbes from mud samples collected from the Mariana Trench.
The microbial flora found at a depth of 10,897 m was composed of actino-
mycetes, fungi, non-extremophilic bacteria, and various extremophilic bac-
teria such as alkaliphiles, thermophiles and psychrophiles. Phylogenetic
analysis of Mariana isolates based on 16S rDNA sequences revealed that a
wide range of taxa were represented as shown Table 2.2 and Fig. 2.3.

In order to explore the microbial diversity in various deep sea environ-
ments, Takami et al. attempted to isolate and characterize a number of bac-
teria from deep sea mud collected by the manned submersibles Shinkais
2000 and 6500 (Fig. 2.4). They record considerable bacterial diversity and
the occurrence of extremophilic bacteria at several deep sea sites located
near the southern part of Japan. Hundreds of isolates of bacteria from
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Table 2.2 Isolation of extremophilic bacteria from several deep sea sites

Bacteria recovered

Category Isolation conditions Origin no.(depth) (colonies g ) dry sea mud)
Alkaliphile pH9.7+ 0.3 163(1050 m) 3.0-6.1 x 10°
25°C, 0.1 MPa 214(2759 m) 0.2-2.3 x 10
213(3400 m) 0.9 x 10?
MI1(10897 m) ' 0.4-1.2 x 10°
Thermophile 55°C 163(1050 m) 0.8-2.3 x 10°
pH7.3+0.2,0.1 MPa 214(2759 m) 1.1-7.8 x 10°
213(3400 m) 1.0-6.0 x 10°
MI1(10897 m) " 0.6-3.5 x 10*
Psychrophile 4°C 163(1050 m) 0.8-5.3 x 10°
pH 7.3 +0.2,0.10 MPa  214(2759 m) 1.4-7.8 x 10°
218(3400 m) 1.0 x 107
MI(10897 m) " 2.0 x 107
Halophile 15% NaCl, 25°C 163(1050 m) 4.6 x 107
pH 7.3 £ 0.2, 0.1 MPa 214(2759 m) 3.6 x 10°
213(3400 m) 0.9 x 10°
M1(10897 m)’ -
Acidophile pH3.7 0.2 163(1050 m) -
25°C, 0.1 MPa 214(2759 m) -

213(3400 m) -
MI1(10897 m) "

Nonextremophile 25°C, 0.1 MPa 163(1050 m) 0.5-6.6 x 10"
pH73+0.2 214(2759 m) 0.2-1.1 x 10°

213(3400 m) 8.1-9.4 x 10°

MI(10897 m) 0.2-2.3 x 10°

-, no growth obtained.
" From Takami et al.(1997)

deep sea mud samples were collected at various depths (1050-10897 m).
Various types of bacteria such as alkaliphiles, thermophiles, psychrophiles
and halophiles were recovered on agar plates at a frequency of 0.8 x 10° to
2.3 x 10"/g of dry sea mud. No acidophiles were recovered. These ex-
tremophilic bacteria were widely distributed, being detected at each deep
sea site, and the frequency of isolation of such extremophiles from the deep
sea mud was not directly influenced by the depth of the sampling sites.
Phylogenetic analysis of deep sea isolates based on 165 rDNA sequences re-
vealed that a wide range of taxa were represented in the deep sea environ-
ments as shown in Fig. 2.3. Growth profiles under high hydrostatic pressure
were determined for the deep sea isolates obtained in this study. No ex-
tremophilic strains isolated in this study showed growth at 100 MPa, al-
though a few of the other isolates grew slightly at this hydrostatic pressure.
An extremely halotolerant and alkaliphilic bacterium was also isolated
from deep sea sediment collected at a depth of 1050 m on the Iheya Ridge,
Japan. The strain, designated HTE831 (JCM 11309, DSM 14371), was gram-
positive, strictly aerobic, rod-shaped, motile by peritrichous flagella and
spore-forming. Strain HTE831 grew at salinities of 0-21% (w/v) NaCl at
pH 7.5 and 0-18% at pH 9.5. The optimum concentration of NaCl for
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growth was 3% at both pH 7.5 and 9.5. The G + C content of its DNA was
35.8%. Low level (12-30%) of DNA-DNA relatedness between strain
HTES831 and the species of these genera was found, indicating that HTE831
could not be classified as a member of a new species belonging to known
genera. Based on phylogenetic analysis using 16S rDNA sequencing,
chemotaxonomy and the physiology of strain HTE831, it is proposed that
this organism is a member of a new species in a new genus, for which the
name Oceanobacillus iheyensis is proposed. This strain has been studied its
whole genome sequence to compare with Bacillus halodurans C-125 in many
respects (Lu etal. 2001).

2.2.3 Alkaline Lakes

Many reports have been published after the author’s rediscovery of alka-
liphiles (see previous volumes (Horikoshi and Akiba 1982; 1993; Horikoshi
1999a)). Alkaliphilic bacteria were isolated from soil and water samples ob-
tained from Ethiopian soda lakes in the Rift Valley area—Lake Shala, Lake
Abijata, and Lake Arenguadi (Martins et al. 2001). Sixteen starch-hydrolyz-
ing isolates were characterized, and subjected to 165 rRNA gene sequence
analysis. All isolates except one were motile endospore-forming rods and
found to be closely related to the Bacillus cluster, being grouped with
Bacillus pseudofirmus, B. cohnii, B. vedderi, and B. agaradhaerens. The one ex-
ception had nonmotile coccoid cells and was closely related to Nesterenkonia
halobia. The majority of the isolates showed optimal growth at 37°C and tol-
erated salinity of up to 10% (w/v) NaCl. Both extracellular and cell-bound
amylase activity was detected among the isolates. The amylase activity of two
isolates, related to B. vedderi and B. cohnii, was stimulated by ethylenedi-
aminetetraacetic acid (EDTA) and inhibited in the presence of calcium
ions. Pullulanase activity was expressed by isolates grouped with B. vedderi
and most of the isolates clustered with B. cohnii; cyclodextrin glycosyltrans-
ferase was expressed by most of the B. agaradhaerens-related strains.
Recently, using a metagenomic approach, Rees et al. (2003; 2004) isolated
cellulase and esterase enzyme activities encoded by novel genes present in
environmental DNA libraries which were made from DNA isolated directly
from the Kenyan soda lakes, Lake Elmenteita and Crater Lake.

224 Others

A novel extreme alkaliphile was isolated from a mine water containment
dam at 3.2 km below land surface in an ultra-deep gold mine near
Carletonville, South Africa (Takai et al. 2001). The cells of this bacterium
were straight to slightly curved rods, motile by flagella and formed en-
dospores. Growth was observed over the temperature range 20-50°C (opti-
mum 40°C; 45 min doubling time) and pH range 8.5-12.5 (optimum pH
10.0). The novel isolate described was a strictly anaerobic chemo-organ-
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Deep sea sites for collection of mud samples. Sediment sample no. 163 was collected
from the Nankai Islands, Theva Ridge, by the manned submersible Shinkai 2000.
Sediment samples no. 213 and no. 214 were obtained from the Izu-Ogasawara
Trench (30°07. 05' N, 139° 38. 42' E and 29" 04. 2' N, 140° 43. 3' E), respectivey, by
the manned submersible Shinkai 6500. Deep sea mud (M) from the Challenger
Deep region of the Mariana Trench was collected as described previously.

(Reproduced with permission from H. Takami et al., FEMS Microbiol. Lett., 152,

279(1997))
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otroph capable of utilizing proteinaceous substrates such as yeast extract,
peptone, tryptone and casein. Elemental sulfur, thiosulfate or fumarate,
when included as accessory electron acceptors, improved growth. The G +
C content of genomic DNA was 36.4 mol%. Phylogenetic analysis based on
the 16S rDNA sequence indicated that the isolate is a member of cluster XI
within the low G + C gram-positive bacteria, but only distantly related to
previously described members. On the basis of physiological and molecular
properties, the isolate represents a novel species, for which the name
Alkaliphilus transvaalensis gen. nov., sp. nov. was proposed (type strain
SAGMIT = JCM 10712T = ATCC 700919T).

A novel gram-positive facultatively alkaliphilic, sporulating, rod-shaped
bacterium, designated WW3-SN6, has been isolated from the alkaline wash-
waters derived from the preparation of edible olives (Ntougias et al. 2000;
2001). The bacterium is nonmotile, and flagella are not observed. It is oxi-
dase positive and catalase negative. The facultative alkaliphile grows from
pH 7.0 to 10.5, with a broad optimum from pH 8.0 to 9.0. It could grow in
up to 15% (w/v) NaCl, and over the temperature range 4°C to 37°C with an
optimum between 27°C and 32°C. Therefore, it is both halotolerant and
psychrotolerant.

2.3 Taxonomy of Alkaliphiles

2.3.1 Phylogenetic Analysis of Alkaliphiles Based on 16S
rDNA Analysis

Classic taxonomy of alkaliphiles before the introduction of 168 rDNA analy-
sis has been described previously (Horikoshi and Akiba 1982; Hrikoshi and
Grant 1991; 1998).

Nielsen et al. (1994) analyzed 16S rDNA of 14 alkaliphiles. They con-
ducted comparative sequence analysis on about 1520 nucleotides, corre-
sponding to 98% of the entire 16S rDNA of 14 alkaliphilic or alkalitolerant,
gram-positive, aerobic, endospore-forming bacterial strains. Bactllus
alcalophilus DSM 485T and B. cohnii DSM 6307T were included to represent
the two validly described alkaliphiles assigned to the genus Bacillus. The
majority of isolates (8 strains) clustered with B. alcalophilus DSM 485T form
a distinct phylogenetic group (rRNA group 6) within the radiation of the
genus Bacillus and related taxa. Bacillus cohnii DSM 6307T and two of the
isolates, DSM 8719 and DSM 8723, were grouped with B. fastidiosus and B.
megaterium and allocated to rRNA group 1. The remaining two strains, DSM
8720 and DSM 8721, show an equidistant relationship to both groups.
Then, Nielsen et al. (1995) reported phenetic diversity of alkaliphilic
Bacillus strains isolated from various sources and proposed nine new species.
One hundred and nineteen strains of alkaliphilic and alkalitolerant, aerobic
endospore-forming bacteria were examined for 47 physiological and bio-
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chemical characteristics, and DNA base composition. Numerical analysis (S
J and SSM/UPGMA clustering) revealed 11 clusters comprising three or
more strains. Most of the phena were further characterized by analysis of
carbohydrate utilization profiles using the API 50CH system, but strains of
two taxa could not be cultured by this method. DNA reassociation studies
showed that nine of the phena were homogeneous, but strains of phenon 4
and phenon 8 were each subdivided into two DNA hybridization groups.
The strains could therefore be classified into 13 taxa plus a number of unas-
signed single-membered clusters. Two taxa were equated with Bacillus cohnii
and B. alcalophilus and nine of the remainder were proposed as new species
with the following names: B. agaradhaerens sp. nov., B, clarkii sp. nov., B.
clausii sp. nov., B. gibsonii sp. nov., B. halmapalus sp. nov., B. halodurans
comb. nov., B. horikoshii sp. nov., B. pseudoalcalophilus sp. nov. and B. pseudo-
Sirmus sp, nov. Two taxa were not sufficiently distinct to allow confident
identification, so these have not been proposed as new species (Fig. 2.5).
They described Bacillus horikoshii as follows: Bacillus hortkoshii (ho.ri.ko’ shi.i)
sp. nov. ML gen.’ n, horikoshii of Horikoshi, This description is taken from
their study based on strains of DNA hybridization group 8b. The colonies
are small, circular with an entire margin, shiny surface and a cream-white
color. The cells are rod-shaped (0.6-0.7 x 2.0-4.0 um) with ellipsoidal
spores (0.5-0.7 x 0.7-1.2 pm) located subterminally in a sporangium, which
may be slightly swollen. The strains of this species hydrolyze casein, hippu-
rate, gelatin, pullulan and starch. Three of the four strains hydrolyze
Tween 40 and 60. Growth is observed at pH 7.0, with an optimum at about
pH 8.0. The strains grow between 10 and 40°C. Salt tolerance is moderate,
with a maximum at 8-9% NaCl. The strains do not hydrolyze MUG or
Tween 20, do not delaminate phenylalanine and do not reduce nitrate to
nitrite. No growth is observed on ribose, D-xylose, L-arabinose, galactose,
rhamnose, sorbitol, lactose, melibiose, melizitose, D-raffinose, sorbitol, lac-
tose melibiose, melizitose, D-raffinose or D-tagatose. The G + C content of
chromosomal DNA is between 41.1 and 42 mol%. Source: soil samples.
Type strain is PN-121 (= DSM 8719).

The author’s group has studied extensively the microbial properties in-
cluding molecular biology of the alkaliphilic Bacillus sp. No. C-125 as one
of the representative alkaliphiles that the author isolated. After characteri-
zation of strain C-125, Aono assigned the Bacillus sp. No. C-125 to the
Bacillus lentus group 3 (Aono 1995).

Recently, Takami and Horikoshi (1999b) reidentified alkaliphilic
Bacillus sp. C-125 as Bacillus halodurans. Alkaliphilic Bacillus sp. C-125 was
taxonomically characterized by physiological and biochemical characteris-
tics, 16S rDNA sequence similarity, and DNA-DNA hybridization analyses.
Bacillus sp. strain C-125 was found to be aerobic, spore-forming, gram-posi-
tive, and motile. The morphology of living and non-living stained cells was
observed by light microscopy and transmission electron microscopy, respec-
tively. The cells were found to have numerous peritrichous flagella (Fig.
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Abbreviated dendrogram showing the allocation of strains to clusters based on the
S:/UPGMA analysis of the biochemical and physiological characteristics. Bold
underlined strain numbers indicate those strains for which the full 16S rRNA
sequence has been determined (Nielsen et al.,, 1994); underlined strain numbers
indicate those for which a partial 165 rRNA sequence has been determined
(unpublished).

(Reproduced with permission from Nielsen et al., Microbiology-UK, 141, 1750 (1995))
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Fig. 2.6  Transmission electron micrograph of a negatively stained cell of strain C-125. The
strain was grown aerobically at pH 9.5. For negative staining, one drop of culture
was placed on a copper grid coated with 1% potassium phosphotungstic acid adjust-
ed to pH 6.5 with potassium hvdroxide. (bar = 2 mm)

2.6) and were actively motile when grown at alkaline pH. The characteris-

tics of alkaliphilic Bacillus sp. C-125 are summarized in Table 2.3. The

strain C-125 was found to grow at relatively high temperatures (up to 55°C)
and in the presence of high concentrations of sodium chloride (up to

12%). Isoprenoid quinones were extracted from dried cells with chloro-

form-methanol (2:1) and purified by thin-laver chromatography. The puri-

fied isoprenoid quinones were analyzed by reverse-HPLC12) and the ab-
sorbance was measured at 270 nm using menaquinone as the standard. The

major quinone in the strain C-125 was found to be menaquinone 7.

Phylogenetic analysis of the strain C-125 based on comparison of 165 rDNA

sequences showed that this strain is closely related to Bacillus halodurans.

DNA-DNA hybridization analysis was done comparing C-125 and related

Bacillus reference strains (Table 2.4). The highest level of DNA-DNA relat-

edness (86%) was found between the strain C-125 and B. halodurans. As

shown in Fig. 2.7, those findings demonstrate that the strain C-125 is a

member of the species B. halodurans C-125.

Then, Bacillus sp. AH-101 producing keratinase was also reidentified as
Bacillus halodurans AH-101 (DSM497) by the same methods described above
(Takami et al. 1999e¢).

Then, with a view toward verifving the original classification of alka-
liphilic Bacillus firmus OF4, physiological and biochemical characteristics
were more extensively catalogued than in the original studies, and this cata-
logue was supplemented with 16S rDNA sequence homology and more ex-
tensive DNA-DNA hybridization analvses (Takami and Krulwich 2000).
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Table 2.3 Characteristics of alkaliphilic Bacillus sp. strain C-125

Characteristics Strain C-125
Celi shape Rods
Cell size 0.6-0.7 X 2.5-4.0 pm
Spore shape oval
Sporangium swollen -
Anaerobic growth +
VP reaction -~
pH in VP broth 9.4
Growth at 40°C +
at50°C +
at55°C +
Growth in medium pH 5.7 -
medium pH 7.0 +
Growth in NaCl 2% +
NaCl 5% +
NaCl 7% +
NaCl 10% +
NaCl 12% +
NaCl 16% -
Lysozyme broth +
Acid from p-glucose +
L-arabinose -
D-xvlose W
D-mannitol +
p-fructose +
Hydrolysis of starch +
gelatin +
casein +
Tween 80
Tween 60 +
Tween 40 +
Tween 20 +
Hydrolysis of hippurate W
Use of citrate +
propionate +
NO; from NO3 -
Indole production -
Phenylalanine deaminase +
Lecithinase +
Major isoprenoid quinone 7

W : weak.
(Reproduced with permission from H. Takami et al., Biosci. Biotechnol.
Biochem., 63, 943(1999))

Phylogenetic analysis of this alkaliphile based on a comparison of multiple
16S rDNA sequences from Bacillus species indicated that this strain is most
closely related to Bacillus pseudofirmus. Consistently, in the DNA-DNA hy-
bridization analysis of the alkaliphile and Bacillus reference strains, the
highest level of DNA-DNA relatedness (96%) was found between the alka-
liphile and the B. pseudofirmus type strain (DSM 8715(T)). The findings
support the conclusion that this alkaliphile strain is more closely related to
B. pseudofirmus OF4 than to B. firmus.
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Table 2.4 DNA-DNA hybridization between Bacillus sp. C-125 and other related strains

%DNA-DNA hybridization with

Strain Bacillus sp. C-125  Bacillus halodurans  Bacillus alcalophilus  Bacillus firmus
(JCM 9153) (DSM 497") (DSM 485") (DSM 121

Bacillus sp. C-125 100

(JCM 9153)

Bacillus halodurans 86 100 46 47

(DSM 497%)

Bacillus alcalophilus 41 38 100

(DSM 485")

Bacillus firmus <30 100

(DSM 127)

T : Type strain.
(Reproduced with permission from H. Takami et al., Biosci. Biotechnol. Biochem., 63,
943(1999b))

B. subtilis NCDO 1769
(X60646)

B. licheniformis DSM 137
(X68416)

100

B. alcalophilus
DSM 4857(X76436)

100 Bacillus sp. C-125

N 100 B. halodurans DSM 8718

(X76422)

B. firmus IAM 12464
(D16268)

89 ——— B. sporothermodurans
(L'49078)

B. lentus IAM 12466
(D16272)

B. methanolicus
(X64465)

B. thermoleovorans DSN 5366"
(Z226923)

Fig. 2.7  Unrooted phylogenetic tree showing the relationship of strain C-125 to other alka-
liphilic Bacillus strains. The numbers indicate the percentages of bootstrap values,
derived from 1000 samples, that supported the internal branches. Bootstrap proba-
bility values less than 50 % were omitted from this figure. Bar = 0.01 Knuc unit. T,
Type strain ; { ), accession number.

(Reproduced with permission from H. Takami et al., Biosci. Biotechnol. Biochem., 63,
943(1999b))

In 2005 Nogi et al. reported their extensive phylogenetic studies on al-
kaliphilic Bacillus strains. Unrooted phylogenetic tree of akaliphilic Bacillus
strains isolate in the author’s laboratory since 1968 is shown in Fig. 2.8.
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B. oshimensis 17-1 (AB043843)
B. oshimensis 13 (AB043839)

70| 9 B. clausii DSM 8716' (X76440)
B. clausii H-167 (AB043859)
B. clausii IC (AB043855)
B. cluusii O-4 (AB043850)
B. clausii Y-76 (AB201796)
B. clausii 221 (AB201792)
B. clausii M29 (AB201800)
B subtilis DSM 107 (AJ276351)
89 ————————— B lentus NCIMB 8773 (AB021189)
----------- B. firmus 1AM 12640' (D16268)
B. megaterium 1AM 13418' (D16273)
B. circulans 1AM 12462° (D78312)
95 B. halmapalus DSM 8723' (X76447)
—_{ ‘B. horikoshii DSM 8719' (AB043865)

B. horikoshii KX-6 (AB043862)

, B. cohnii DSM 6307 (X76437)
' : —99‘3. cohnii D-6 (AB043849)
— : B. cohnii 199 (AB043861)

691 B. saliphilus DSM 15402 (AJ493660)

: ‘B. agaradhaerens DSM87217 (X76445)
0 100 B. agurudhaerens S-2 (AB043860)

B. clarkii DSM8720' (X76444)
B vedderi DSM 9768' (Z48306)
99 L . - B. cellulosilyticus N-4' (AB043852)
o B horti JCM 9943' (D87035)
96 -————————— B. mannanilyticus AM-001' (AB043864)
- Paenibacillus polvmyxu 1AM 13419' (AB042063)

Fig. 2.8 Phylogenetic tree of alkaliphillic Bacillus strains. A number in parenthesis is the
GenBank accession number of rRNA.

(Reproduced with permission from Y. Nogi et al., Int. J. Syst. Erol. Microbiol(2005))
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3.1 Flagella

Flagella-based motility is a major mode of locomotion for bacteria. Flagella
are typically as long as or longer than the cell body, varying in length from
one to many micrometers. Several alkaliphilic bacteria demonstrate vigor-
ous motility at alkaline pH. Flagella exposed to alkaline environments and
devices for movement may operate at alkaline pH.

3.1.1 Flagella Formation and Flagellin

Aono et al. (1992a) investigated pH-dependent flagella formation by facul-
tative alkaliphilic Bacillus halodurans C-125. This strain grown at alkaline pH
had peritrichous flagella and was highly motile. However, most of the cells
grown initially at pH 7 were non-motile and possessed a few straight flagella.
Sakamoto et al. (1992) cloned the flagellin protein gene (hag gene) of B.
halodurans C-125 and expressed it in the Escherichia coli system. Sequencing
this gene (Accession Number D10063) revealed that it encodes a protein of
272 amino acids (Mr 29995). The alkaliphilic B. halodurans C-125 flagellin
shares high homology with other known flagellins, such as B. subtilis etc.
However, the sequence of the hag gene shows very low homology with other
flagellins so far tested. This result strongly suggests that codon usage of B.
halodurans C-125 may be different from that of other bacteria (see also
Table 7.3 in Chapter 7, Alkaline Proteases).

3.1.2  Flagellar Motor

Flagellar movement of neutrophilic bacteria is caused by H *-driven motors.
Cells of alkaliphilic Bacillus sp. No. YN-1 (Koyama et al. 1976a,b) in growth
medium consisting of rich broth and NaCl showed vigorous motility be-
tween pH 8.5-11.5. B. subtilis showed motility between pH 6-8. The YN-1
cells were washed and resuspended in TG medium consisting of 25 mM
Tris-HCl buffer (pH 9.0), 0.1 mM EDTA and 5 mM glucose; no translational
swimming cells were observed. The addition of NaCl to the medium, how-
ever, caused quick recovery of swimming. The swimming speed increased
with an increase of NaCl concentration up to 50 mM. Other cations such as
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Table 3.1 Ion specificity of the motility of YN-1

] Swimming
Salts added speed (um/sec)
None 0
Na(l 16
NaNO:; 1 7
Na;HPO;, 15
Na,SO, 18
NaSCN 18
Na-acetate 16
LiCl 0
KClI 0
NH,CI 0
RbCI 0
CsCl 0
CaClg 0

YN-1 cells in TG medium (pH 9.0) were mixed with
15 mM of various salts, and the swimming speed was
measured after 5 min incubation at 30°C.
(Reproduced with permission from M. Hirota, M.
Kitada and Y. Imae, FEBS Lett., 132, 279(1981))

Li"and K" had no effect (Table 3.1). Hirota et al. (1981) reported on fla-
gellar motors of alkaliphilic B. pseudofirmus No. 8-1 and B. halodurans C-125
powered by an electrochemical potential gradient of sodium ions, because
the protein motive force is too low to drive flagellar motors in an alkaline
environment. Such a Na® requirement is a unique property of alkaliphilic
Bacillus strains. In order to clarify the role of Na " in motility, the effects of
various ionophores, valinomycin, CCCP (carbonyl cyanide m-chlorophenyl-
hydrazone), nigericin and monensin were studied (Sakamoto et al. 1992) as
shown in Table 3.2. The results suggest that the membrane potential is a
component of the energy source for the motility of alkaliphilic Bacillus.
Monensin, which catalyzes Na " /H * exchange, caused strong inhibition of
motility, indicating that the flux of Na® by the chemical potential gradient
of Na” is coupled with the motility of alkaliphilic Bacillus strains. Imae and
Atsumi (1989) reported very interesting properties of flagellar motors.
Bacterial flagellar motors are the reversible rotary engine which propels the
cell by rotating a helical flagellar filament as a screw propeller. The motors
are embedded in the cytoplasmic membrane, and the energy for rotation is
supplied by the electrochemical potential of specific ions across the mem-
brane. Thus the analysis of motor rotation at the molecular level is aligned
to an understanding of how the living system converts chemical energy into
two types: one being the H *-driven type found in neutrophiles such as
Bacillus subtilis and Escherichia coli and the other being the Na "-driven type
found in alkaliphilic Bacillus and marine Vibrio. Furthermore, Iwazawa et al
(1993) studied the torque of the bacterial flagellar motor using a rotating
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Table 3.2 Effect of ionophores on the

motility of YN-1
. Swimming
Additions speed (Hm,/sec)
None 22
Valinomycin (10 uM) 22
Valinomycin (10 pM)

+ KCl (60 mM) 0
KCl (60 mM) 22
CCCP (20 uM) 10
Nigericin (2 pM) 0
Monensin (6 pM) 6

Cells in TG medium (pH 9.0) containing 50 mM
NaCl were mixed with ionophores as indicated, and
the swimming speed was measured at 30°C within 1
min.

(Reproduced with permission from M. Hirota, M.
Kitada and Y. Imae, FEBS Lett., 132, 279 (1981))

electric field. In this study the torque generated by the flagellar motor was
measured in the tethered cells of a smooth-swimming E. coli strain using ro-
tating electric fields to determine the relationship between the torque and
speed over a wide range. By measuring the electric current applied to the
sample cell and combining the data obtained at different viscosities, the
torque of the flagellar motor was estimated up to 55 Hz, and also at negative
rotation rates. By this method it was found that the torque of the flagellar
motor decreases with rotation rate from negative through positive rate of
rotation. In addition, the dependence of torque upon temperature was
stronger than at the low speeds encountered in tethered cells.

3.1.3 Inhibitors for Flagellar Motors

These Na *-driven flagellar motors were inhibited by amiloride (Sugiyama et
al. 1988). The inhibition was rather specific and other biological functions
such as pH homeostasis, ATP synthesis and membrane potential formation
were not inhibited. From kinetic analysis of the data, it is evident that
amiloride inhibits the rotation of the Na "-driven flagellar motor by compet-
ing with Na " at the force-generating site of the motor. The Na " interacting
site of the motors is somewhat similar to that of the Na™ channels.
Phenamil, an amiloride analogue, inhibited motor rotation without affect-
ing cell growth (Atsumi et al. 1990; 1992). A concentration of 50 uM
phenamil completely inhibited the motility of Bacillus RA-1 (Fig. 3.1), but
showed no effect on the membrane potential, the intracellular pH, or Na *-
coupled amino acid transport, which was consistent with the fact that there
was no effect on cell growth. As shown in Table 3.3, phenamil is a specific
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Swimming speed (um s)

Phenamil (g M)

Fig. 3.1 Inhibition by phenamil of motility of RA-1 under conditions of growth. The swim-

ming speeds of the cells were measured after incubation for 3 min (2) or 1 h (e) at
35°C.

(Reproduced with permission from T. Atsumi et al., J. Bacteriol., 172, 1636 (1990))

Table 3.3 Effect of phenamil on the motility of various bacterial species

Swimming speed (um/s) !

Strain
—Na’ +Na’ +Na +
phenamil
Motility tightly Na' —dependent
Alkaliphilic Bacillus strains :
RAB (RA-1) 0 22 0
202-1 0 41 0
81 0 19 0
YN-1 0 28 6
YN-2000 0 21 6
Marine Vibrio sp., V. alginolticus 0 69 1
Neutrophiles
E. coli 28 29 33
B. subtilis 22 21 22
B. sphaericus 35 37 36

+‘Motility was measured in TG medium. The pH of the medium was 9.5 for alkaliphiles
and 7.5 for neutrophiles and the Vibrio sp. For alkaliphiles and neutrophiles, the medi-
um was supplemented with 50 mM KCI (— Na™) of 50 mM NaCl (+ Na'). For the Vibrio
sp., the medium was supplemented with 400 mM KCI (— Na") or 400 mM NaCl

_(+Na"). Phenamil was added to a final concentration of 100 pM.

“Motility at pH 7.5 was also tightlv Na~ dependent and was completely inhibited by 100
uM phenamil.
{Reproduced with permission from T. Atsumi et al., J. Bacteriol., 172, 1638 (1990))
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and potent inhibitor for the Na -driven flagellar motors not only in various
strains of alkaliphilic Bacillus sp., but also in marine Vibrio sp.

In 1999, Kojima et al. (1999) reported that the rotation of the Na *-dri-
ven flagellar motor is specifically and strongly inhibited by phenamil, an
amiloride analogue. This was the first evidence that phenamil interacts di-
rectly with the Na *-channel components (PomA and PomB) of the motor.

Recently, Sugiyama et al. (2004) analyzed the rotational characteristics
of Na *-driven flagellar motor in the presence and absence of coupling ion
by the electrorotation method. The motor rotated spontaneously in the
presence of Na ™, and the rotation accelerated or decelerated following the
direction of the applied external torque. The spontaneous motor rotation
was inhibited by the removal of external Na *; however, the motor could be
forcibly rotated by relatively small external torque applied by the electroro-
tation apparatus. . The observed characteristic of the motor was completely
different from that of ATP-driven motor systems, which form a rigor bond
when their energy source, ATP, is absent. The internal resistance of the fla-
gellar motor increased significantly when the coupling ion could not access
the inside of the motor, suggesting that the interaction between the rotor
and the stator is changed by the binding of the coupling ion to the internal
sites of the motor.

Then, Ito et al. (2004) identified the stator-force generator that drives
Na "-dependent motility in alkaliphilic Bacillus pseudofirmus OF4 to be
MotPS, MotAB-like proteins. These genes are downstream of the ccpA gene,
which encodes a major regulator of carbon metabolism. B. pseudofirmus
OF4 was only motile at pH values above 8. These DNA sequences did not
show homology to those of B. halodurans C-125, but decoded amino acids
sequences exhibited very high homology to those of B. psuedofirmus OF4. As
shown in Fig. 3.2, disruption of motPS resulted in a nonmotile phenotype,
and motility was restored by transformation with a multicopy plasmid con-
taining the motPS genes. Purified and reconstituted MotPS from B. pseudo-
Sfirmus OF4 catalyzed amiloride analogue-sensitive Na* translocation. In
contrast to B. pseudofirmus, Bacillus subtilis contains both MotAB and MotPS
systems. The role of the motPS genes from B. subtilis in several motility-
based behaviors was tested in isogenic strains with intact motAB and motPS
loci, only one of the two mot systems or neither mot system. B. subtilis MotPS
(BsMotPS) supported Na *-stimulated motility, chemotaxis on soft agar sur-
faces and biofilm formation, especially after selection of an up-motile vari-
ant. BsMotPS also supported motility in agar soft plugs immersed in liquid;
motility was completely inhibited by an amiloride analogue. BsMotPS did
not support surfactin-dependent swarming on higher concentration agar
surfaces. These results indicate that BsMotPS contributes to biofilm forma-
tion and motility on soft agar, but not to swarming, in their laboratory
strains of B. subtilis in which MotAB is the dominant stator-force generator.
BsMotPS could potentially be dominant for motility in B. subtilis variants
that arise in particular niches.
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Fig. 3.2 The effect of motABand motPS on chemotactic behavior of B. subtillis.
A. The indicated isogenic strains of B. subtills as thev appear after 16 h of incubation
on chemotaxis plates containing 1 mM added Na " and either 0.2 mM proline (top)
or 0.3 mM asparagine (bottom).
B. Wild-type, AB:: Tn-M and AB:: Tn-APS strains as they appear on chemotaxis plates
containing 200 mM added Na " and either 0.2 mM proline (top) or 0.3 mM as-
paragine (bottom). After 24 h of incubation of the AB:: Tn-M and AB:: Tn-APS
strains, the wild-type strain was inoculated on to the plates, and incubation was con-
tinued for an additional 16 h. Thus, the image is after 40 h of incubation for the AB::
Tn-M and AB:: Tn-APS stains and 16 h of incubation of the wild-type strain.
(Reproduced with permission from M. Ito et al., Mol. Microbiol., 53, 1035(2004) )

Further work on alkaliphilic bacteria in this field is expected to yield
more results of strong interest.

3.2 Cell Wall
3.2.1 Cell Wall of Neutrophilic Gram-positive Bacteria

The cell wall of bacteria not only provides shape, rigidity and gram-stainabil-
ity but is also responsible for some biochemical reactions such as serological
properties and phage absorption. The cell wall of gram-positive bacteria is
usually thicker than that of gram-negative bacteria. The walls range from 15
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Fig. 3.3 Peptidoglycan of Bacillus species.

and 50 nm in thickness and are relatively featureless in thin section by elec-
tron microscopy. Growth conditions, age of culture and sporulation cause
variations in thickness. The cell wall of gram-positive bacteria (Bacillus sp.)
is composed of three main components: (1) peptidoglycan; (2) polysaccha-
rides, teichoic acid or teichuronic acid; and (3) proteins. Biochemical ex-
periments and a knowledge of the strength of these gram-positive walls sug-
gest that there must be some ordered infrastructure within their matrices.
Peptidoglycan is a heteropolymer composed of glycan strands bound
through two cross-linked peptide chains. The components of the glycan
strands are Macetylglucosamine and Macetylmuramic acid, which are alter-
nately linked by a B-1,4 bond. The peptide chains show great variation in
amino acid composition among different genera and species of bacteria.
Based on the anchoring point of the cross-linkage between the two peptide
chains, the peptidoglycans have been classified into two main groups, A and
B, each of which is further divided into several subgroups depending on the
variation in the kind of interpeptide bridges and of the amino acids in posi-
tion 3 of the peptide chain. The general structure of peptidoglycan of the
genus Bacillus is shown in Fig. 3.3. A cross-linkage is formed between the &-
amino group of diaminopimelic acid in position 3 of a peptide chain and
the carboxyl group of D-alanine in position 4 of another adjacent peptide
chain. This type of peptidoglycan is classified as the Aly-type, which is the
most common structure of the genus Bacillus. 1-Alanine is linked by its N-
terminus to the carboxy group of muramic acid. The amino acid in posi-
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tion 2 is pD-glutamic acid, which is linked by its y-carboxyl group to meso-di-
aminopimelic acid in position 3, and position 4 is occupied by p-alanine. It
is noted that amino acids with the D~configuration are present in the pepti-
doglycan, and these D- and I-amino acids occur in an alternating arrange-
ment.

Teichoic acid is a polymer consisting of phosphoric acid and ribitol or
glycerol to which p-glucose and D-alanine are attached (Fig. 3.4). The phos-
phoric acid and ribitol or glvcerol are bound by ester linkage.
Polysaccharide (teichuronic acid) contains glucose, galactose, mannose or
rhamnose and their uronic acids derivatives. Teichoic acids and polysaccha-
rides can be extracted by cold trichloroacetic acid (TCA) from wall fraction.
Both components have serological activity and phage adsorption activity.
Phosphate groups in the teichoic or in the teichuronic acid cause electron
negative charge of the cell surface.

3.2.2 Cell Wall of Alkaliphilic Bacillus Strains

A. Composition of cell wall of alkaliphilic Bacillus strains

The cell wall is directly exposed to high alkaline environments, but the in-
tracellular pH of alkaliphilic bacteria is neutral (pH 7-8.5), so the pH dif-
ference must be due to cell surface components. It has been observed that
protoplasts of alkaliphilic Bacillus strains lose their stability against alkaline
environments (Aono et al. 1992b). This suggests that the cell wall may play
some role in protecting the cell from alkaline environments. The compo-
nents of cell wall of several alkaliphilic Bacillus strains have been investigat-
ed by Aono and Horikoshi (1983), Ikura and Horikoshi (1983), and Aono
et al. (1984) in comparison with those of neutrophilic B. subtilis. Table 3.4
summarizes the composition of the cell wall of alkaliphilic Bacillus strains
isolated in the author’s laboratory.

B. Composition of the peptidoglycans

As shown in Table 3.5, the peptidoglycans appeared to be similar in compo-
sition to those of B subtilis. Major constituents detected commonly in hy-
drolyzates of the peptidoglycans were glucosamine, muramic acid, p- and L-
alanine, p-glutamic acid, meso-diaminopimelic acid and acetic acid.
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Table 3.5 Composition of the peptidoglycan of alkaliphilic Bacillus strains’

meso-DAP Molar ratio to meso-DAP M()l%r ratio
Culture  content of GleN +
Strain PH  (Hmol/mg) Giex  Mur p-Ala 0-Glu 1-Aln NHy  ooor 0
A-40-2 10 0.94 0.91 098 086 094 064 0.09 0.83
2b-2 10 0.82 0.86 099 0.82 1.0 087 0.04 0.91
C-11 10 1.1 0.84 093 (.81 093 052 043 0.94
C-125 7 0.90 0.83 099 0.88 1.0 0.70  0.02 0.72
10 0.93 0.87 1.0 1.0 1.1 0.54 0.01 0.80
Y-25 7 0.84 0.99 1.1 1.0 1.0 0.60 0.06 0.72
10 0.93 0.81 0.97 095 1.0 0.54 0.02 1.1
A-59 7 0.83 0.91 1.1 1.0 1.1 0.62 0.03 0.84
10 0.87 0.89 1.1 1.0 1.1 0.64 0.01 0.87
C-3 7 1.1 0.87 097 086 1.0 0.74 0.05 0.80
10 0.99 0.96 0.84 0.80 1.1 0.60 0.04 0.74
C-59-2 10 0.94 0.91 090 0.75 1.0 0.75 0.08 1.0
M-29 7 0.84 0.91 1.1 1.0 1.0 0.81 0.16 0.88
10 0.94 0.83 1.0 0.97 1.0 0.86 0.33 0.98
57-1 7 0.81 0.93 1.1 1.0 098 045 031 0.84
10 0.87 1.1 1.1 0.93 1.1 062 049 1.2
B. subtilis 7 0.97 0.80 0.86 083 087 059 043 0.82

GSY 1026

" Abbreviations: Ala, alanine ; GlcN, lucosamine ; Glu, glutamic acid ; meso-DAP, meso-di-
aminopimelic acid ; Mur, muramic acid.

Essentially, the composition of peptidoglycan was not changed whether the
strain was cultured at pH 7 or 10. It was therefore concluded that all of the
peptidoglycans of the alkaliphilic Bacillus strains so far examined are of the
Aly-type of peptidoglycan, which is found in the majority of the strains of
the genus Bacillus.

C. Acidic polymers in the cell wall of alkaliphilic B. halodurans C-125
Most strains of group 2 can grow at neutral pH and require the presence of
sodium ions. The same acidic amino acids and uronic acids are found in
much smaller quantities in the walls prepared from bacteria grown at neu-
tral pH. This indicates that the acidic components in the cell walls of the
group 2 bacteria play a role in supporting growth at alkaline pH. One of
the alkaliphilic Bacillus strains isolated in our laboratory, B. halodurans C-
125, the whole genome sequence of which was determined by Takami et al.
(2000), grows well at neutral pH. The chemical composition of its nonpep-
tidoglycan components was relatively simple compared with other group 2
strains (Aono 1985).
1. Teichuronic acid in the Nonpeptidoglycan

The nonpeptidoglycan components (TCA-soluble fraction) of alkaliphilic B.
halodurans C-125 grown at alkaline or neutral pH contained two acidic
structural polymer fractions (Fig. 3.5). The Al polymer of alkaliphilic B.
halodurans C-125 was a teichuronic acid composed of glucuronic acid, galac-
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Fig. 3.5 DEAE-<ellulose chromatography of the nondialyzable fraction of TCA extracts. The
nondialyzable fraction of TCA extracts from the alkaline walls were dissolved in 50
mM-acetic acid/NaOH buffer (pH 5.0) and loaded on a column (2.5 x 85 cm) of
DEAE-ellulose equilibrated with the same buffer. The column was eluted as de-
scribed in the text. Fractions (12 ml) were collected and assayed for uronic acids
(®), amino sugars (a), L-glutamic acid (<) and NaCl (=). Fractions 142-157 (frac-
tion Al) and 168-186 (fraction A2) were pooled.

(Reproduced with permission from R. Aono, J. Gen Microbiol., 131, 108 (1985))

turonic acid and Macetyl-p-fucosamine in a molar ratio of 1:1:1(Aono et al.
1986). It is noteworthy that the amount of teichuronic acid is enhanced in
the cell walls of B. halodurans C-125 grown at alkaline pH. This teichuronic
acid amounted to 390 ug per mg peptidoglycan in the walls of the bacteri-
um grown at an alkaline pH, 80 ug per mg at a neutral pH. The molecular
weight of the teichuronic acid from the cells grown at alkaline pH was ap-
proximately 70,000 compared to a molecular weight of 48,000 at a neutral
pH as estimated by gel chromatography.
2. Poly-y-L-glutamic acid

The other fraction (A2) contained glucuronic acid and L-glutamic acid in a
molar ratio of 1 : 5. This fraction was called “teichuronopeptide” by Aono
(1989a; Aono and Ohtani 1990). In 1987, he isolated poly-y-L-glutamic acid
(plg; Mr about 43,000), but could not find glucuronic acid-glutamic acid
copolymer (Aono 1987). Therefore, the acidic polymer found in the cell
wall of B. halodurans was concluded to be a mixture of two kinds of polymers
(poly-y-L-glutamate and polyglucuronate). Then they made several mutants
from wild B. halodurans C-125 (Aono et al. 1994; 1995). One of them, C-
125-90 did not have plg in the cell walls and its growth in alkaline media was
very poor. Aono et al. (1999) cloned tupA gene capable of restoring plg
production and high alkali-tolerant growth (Fig. 3.6). Their results demon-
strate that the acidic polymer plays a role in pH homeostasis in B. kalodurans
C-125.
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Fig. 3.6  Cell surface model of alkaliphilic Bacillus halodurans C-125.

Poly-y-L-glutamate has been found widely in other bacteria of the genus
Bacillus, e.g., B. anthracis, B. mesentericus and B. subtilis. These are capsular
structures or extracellular mucilaginous material, and do not bind to the
peptidoglycan layer of the cell wall. Recently, the whole genome sequence
of B. halodurans C-125 was determined (Takami et al. 2000) and Ashiuchi
and Misono (2002) found an operon of poly-y-L-glutamate synthetase genes
(Accession Numbers AB071407; AB071408; AB071409) activated by an op-
erator in tupA gene fragment (Accession Number AB028644) (see section
6.2.3). These results show that the cells of B. halodurans C-125 are shaped
by the Aly-type of peptidoglycan, and the peptidoglvcan is enclosed by at
least two acidic polymers such as teichuronic acid and poly-y-l-glutamatic
acid with highly negative charges (Fig. 3.7). Donnan equilibrium in the
bacterial cell wall was calculated to estimate the pH values inside the poly-
mer layer of the cell walls when the outer aqueous solution is alkaline in na-
ture. The fixed charge concentration in the polymer laver was estimated to
be 2-5 mol/1 from the data reported for gram-positive bacteria, particularly
for an alkaliphilic bacterium B. kalodurans C-125. According to Tsujii’s cal-
culation (Tsujii 2002) the pH values estimated to exist inside a polymer lay-
er (cell wall) are more acidic than those of the surrounding environment by
1-1.5 U. Therefore, acidic polymers of poly-y-L-glutamic acid and teichuron-
ic acid are one of the important components in the cell wall of the alka-
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Fig. 3.7  Cell surface model of some alkaliphilic Bacillus strains. TUA, teichuronic acid; Plg,
poly-y-L-glutamic acid.

liphilic B. halodurans and contribute to the regulation of pH homeostasis in
the cytoplasm.

D. Non-peptidoglycan of other bacteria
To obtain further information on group 2 cell walls of alkaliphilic Bacillus
strains were prepared from four B. halodurans strains (A-59, C-3, C-11 and Y-
25) and analyzed. Although several components with different composi-
tions were detected, the cell walls commonly contained a polypeptide of
acidic amino acids such as poly-y-L-glutamatic acid. These results suggest
that the substances were similar to one another in chemical structure (Fig.
3.7) (Aono et al. 1993a). As far as the author’s group have tested, no v-
polyglutamate was detected in B. pseudofirmus group (2b-2 and A-40-2).
Gilmour et al. (2000) characterized an S-layer protein with a role in al-
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kaliphily of Bacillus pseudofirmus OF4. The large majority of proteins of alka-
liphilic B. pseudofirmus OF4 grown at pH 7.5 and 10.5 did not exhibit signifi-
cant pH-dependent variation except a new surface layer protein (SIpA).
They cloned the gene encoding SlpA and deposited it as AF242295.
Although the prominence of some apparent breakdown products of SipA in
gels from pH 10.5-grown cells led to the discovery of the alkaliphile S-layer,
the largest and major SIpA forms were present in large amounts in gels
from pH 7.5-grown cells as well. SlpA RNA abundance was, moreover, un-
changed by growth pH, and electrophoretic analysis of wholecell extracts
further indicated the absence of a 90-kDa band in the mutant.
Logarithmically growing cells of the two strains exhibited no significant dif-
ferences in growth rate, cytoplasmic pH regulation, starch utilization, motil-
ity, Na "-dependent transport of a-aminoisobutyric acid, or H *-dependent
synthesis of ATP. However, the capacity for Na *-dependent pH homeosta-
sis was diminished in RG21 upon a sudden upward shift of external pH
from 8.5 to 10.5. Therefore, the constitutive presence of SIpA enhances the
capacity of the bacterium to adjust to high pH.

3.3 Cell Membrane

Cell membranes are critical cell structures. They function first and fore-
most as the cell’s permeability barrier-the gatekeeper of substances that en-
ter and leave the cell-but also as an anchor for many proteins and as the
structural basis for ion gradient-mediated energy conservation reactions.
The general architecture of all cell membranes is basically the same.
Membranes of alkaliphilic Bacillus strains consist of proteins and lipids with
hydrophilic external surfaces and hydrophobic internal matrix as well as
those of neutrophiles. These form a lipid bilayer that can work concentrat-
ing, marinating dissolved substances in their cytoplasm, and keep the intra-
cellular pH lower than the extracellular pH. The properties of lipids in the
membranes are discussed in this section, although no systematic investiga-
tion has been reported. Few papers have been reported even though after
1990. In 1991, Dunkley et al. (1991) reported that facultative alkaliphiles
lacked fatty acid desaturase activity and lost the ability to grow at near-neu-
tral pH when supplemented with an unsaturated fatty acid. Two obligate al-
kaliphiles (Bacillus alcalophilus and B. firmus RAB) were found to have high
levels of fatty acid desaturase, whereas two facultative alkaliphiles (B. firmus
OF1 and OF4) had no detectable activity. The obligate strain outgrows the
facultative strain in a chemostat at very high pH, whereas the converse is
true at a pH 7.5, and the two strains grow equally well at pH 9.0. Thus the
obligate strain is compromised at a near-neutral pH but is better adapted
than a related facultative alkaliphile to an extremely alkaline pH. This was
the first study on an enzyme of fatty acids in alkaliphiles.

Then the B. pseudofirmus OF4 cls gene was cloned and its gene product
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was characterized (Guo et al. 1998). The gene that codes for cardiolipin
(CL) synthase and an adjacent gene that codes for a MecA homologue in
the alkaliphilic bacteria B. pseudofirmus OF4 have been cloned and se-
quenced (GenBank Accession Number U88888). The ¢Is gene contains
1509 nucleotides, corresponding to a polypeptide of 57.9 kDa. The predict-
ed amino acid sequence has 129 identities and 100 similarities with the E.
coli CL. synthase. Homologies were also noted with polypeptide sequences
from putative cls genes from B. subtilis and Pseudomonas putida. Conserved
histidine, tyrosine and serine residues may be a pair of the active site and
participate in phosphatidyl group transfer. The B. pseudofirmus OF4 cls
gene product was inserted into plasmid pET3 to form a recombinant plas-
mid pDG2, which overproduces CL synthase in E. coli,. A membrane frac-
tion containing the overproduced enzyme converts phosphatidylglycerol to
CL and glycerol. The B. firmus enzyme is stimulated by potassium phos-
phate, inhibited by CL and phosphatidate. And it has a slightly higher pH
optimum than the E. coli enzyme. Further role for alkaliphily was not dis-
cussed.

In 1999, the effect of growth pH on the phospholipid contents of the
membranes from alkaliphilic bacteria was investigated by Enomoto and
Koyama (1999). An aerobic alkaliphile Bacillus sp. YN-2000 and a faculta-
tively anaerobic alkaliphile BL.77/1 are able to grow over the wide pH range
of 7-10.5. Net surface charge on the membranes from YN-2000 and BL77/1
were negative above pH 4, and the amounts were significantly increased
when the bacteria were cultured at pH 10 as compared with those cultured
at pH 7.5. Phospholipid contents of the membranes from both bacteria
grown at pH 10 were much higher than those from the bacteria grown at
pH 7.5, Phospholipids of the membranes from YN-2000 and BL77/1 were
composed mainly of cardiolipin (CL), phosphatidylethanolamine (PE) and
phosphatidylglycerol (PG). It is suggested that the increases by growth at
pH 10 of negative charges on the membranes from the bacteria result main-
ly from the increases of acidic phospholipids such as CL and PG. Increases
of phospholipid contents and/or negative charges on the membranes seem
to contribute to the adaptation of YN-2000 and BL77/1 to an alkaline envi-
ronment.

Although it is still premature to speculate relationships among pH,
transport systems and lipids in alkaliphilic Bacillus strain membrane, lipids
are probably an important component for maintaining pH homeostasis in-
side of cells.
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4.1 Growth Conditions

Alkaliphiles require alkaline environments and sodium ions not only for
growth but also for sporulation and germination. Sodium ion-dependent
uptake of nutrients has been reported in some alkaliphiles. Many alka-
liphiles require various nutrients, such as polypeptone and yeast extracts,
for their growth; several alkaliphilic Bacillus strains (B. halodurans C-125, A-
59, C-3 and AH-101) can grow in simple minimal media containing glyc-
erol, glutamic acid, citric acid, etc. One of the best strains for genetic analy-
sis is alkaliphilic B. halodurans C-125 and its many mutants have been made
by conventional mutation methods. Recently, whole genome sequence was
determined and annotated (Takami et al. 2000).

4.1.1 pH Values of Culture Media

A. External pH values

Alkalinity in nature may be the result of the geology and climate of the area,
of industrial processes, or promoted by biological activities. The most stable
alkaline environments on earth are the soda lakes and soda deserts distrib-
uted throughout the world in tropical and sub-tropical areas. These envi-
ronments are about pH 10-11.5. Many microorganisms have been isolated
from these alkaline environments. More transient, localized alkaline envi-
ronments due to animal excreta and such may exist in soils that are not al-
kaline overall. Therefore, many alkaliphilic bacteria can be isolated more
commonly from soil (see Section 2.2). Some alkaliphilic bacteria can
change external pH value to a pH suitable for growth and create their own
world, as described in the following section.

Since 1968, Horikoshi and his coworkers have systematically studied al-
kaliphilic microorganisms (Horikoshi 1971a). They have paved the way in
establishing a new microbiology, alkaliphilic microbiology, to use these mi-
croorganisms as microbial and genetic resources. These bacteria have an
optimum pH value for growth of about 9 to 10.5 in Horikoshi-I medium.
None of the alkaliphilic bacteria could grow at pH below 6.0 and all indicat-
ed optimum pH value for growth above 8. Therefore, bacteria with pH op-
tima for growth in excess of pH 8, usually pH 9 to 11, are defined as alka-
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liphilic bacteria. This property is the most characteristic feature of these
bacteria.

B. Internal pH values
The faculeative alkaliphile, B. halodurans C-125, grows between pH 6.8 and
10.8. Quantities of poly-y-L-glutamic acid (plg) in the cell walls increase
with increasing culture pH. In the range of pH 7.0-10.7, which was the
physiological pH range for the organism, the cytoplasmic pH was main-
tained at 7.2-8.0 under the experimental conditions. Aono et al. (1997) de-
veloped a new method to measure the cytoplasmic pH of the facultative al-
kaliphilic Bacillus halodurans C-125. The bacterium was loaded with a pH-
sensitive fluorescent probe, 2',7"-bis-(2-carboxyethyl)-5(and-6)-carboxyfluo-
rescein (BCECF), and cytoplasmic pH was determined from the intensity of
fluorescence of intracellular BCECF. The activity of the organism to main-
tain neutral cytoplasmic pH was assessed by measuring the cytoplasmic pH
of the cells exposed to various pH conditions. At pH above 10.7, the organ-
ism lost its pH homeostatic activity. B. halodurans C-125 does not grow at
pH above 10.8. B. subtilis GSY1026 became sensitive when exposed to extra-
cellular pH above 8.2 (Fig. 4.1). B. subtilis GSYI026 does not grow at pH val-
ues above 8.5.

The cytoplasmic pH maintenance activity of B. halodurans C-125 in-
creased with increasing culture pH, indicating that the activity was regulated

10[‘

Cytoplasmic pH

6 7 8 9 10 11 12

Extracellular pH

Fig. 4.1 Cytoplasmic pH of C-125 cells as a function of the extracellular pH. B. halodurans C-
125 was grown at pH 7.0(:0), 8.5(2) or 10.0(c). B. subtillis GSY1026 (<) was grown at
pH 7.0 and used as a reference strain. The cells in the stationary phase of growth
were loaded with BCECF. The cells were incubated for 30 min in 0.1 M TES or
glycine buffer containing 0.1 M NaCl/0.1 M KC1/0.1% glucose at various pH values.
Measurement of fluorescence intensity of the intracellular BCECF is detailed in the
text. Cytoplasmic pH of the cells was calculated mainly from the Ratiosi s0. The pH
above 9 was calculated from £5,0.

(Reproduced with permission from R. Aono et al., Microbiology, 143, 2531(1997))
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in response to the culture pH. A mutant C-125-90 lacking plg could grow
between pH 6.8 an 10.5, but did not grow at pH 10.8. At pH 10.5, the mu-
tant exhibited poor growth rates, only 20% that of parental C-125. The mu-
tant C-125-9 restores plg synthesis by the introduction of the gene “tupA”
cloned from the parental strain and its alkaliphily. Further details are dis-
cussed in the Section 6.3.4.

C. External pH change during cell growth

Alkaliphilic bacteria can change their environment to a pH value suitable
for growth. Bacillus clausii No.221, which is a good alkaline protease pro-
ducer, can grow slowly at neutral pH, changing the pH of the culture broth.
It was found that once the pH reached about 9, the bacteria began to grow
rapidly and produced a large amount of the same alkaline protease.
Ueyama and Horikoshi (unpublished data) isolated an alkaliphilic
Arthrobacter sp. which utilizes an e-caprolactam polymer. This microorgan-
ism was also capable of changing the broth pH to an optimum (Fig. 4.2).
The author conducted another experiment, which has not been published.
The following microorganisms were used in the experiment: 1) Aspergillus
oryzae, 2) Bacillus circulans IAM 1165, which produces an enzyme that lyses
A. oryzae at pH 7-8, 3) alkaliphilic Bacillus pseudofirmus A-57, which can grow
in the range pH 8-10. These three strains were mix-cultured in Horikoshi-
II medium of pH 5 in the absence of 1% Na.CQOs. The cultivation was car-
ried out for a week with continuous shaking at 30°C. A. oryzae grew in the
medium first. After 3 days incubation, A. oryzae began to autolyze and the

Time(h)

Fig. 4.2 Change in external pH values during cultivation of Arthrobacter sp.
(Reproduced from K. Horikoshi and T. Akiba, Alkalophilic Micoroorganisms, p.36,
Springer: Japan Scientific Societies Press (1982))
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Fig. 43 pH and enzyme activities during mixed cultivation of A. oryzae, B. circulans and B.
pseudofirmus. A-57.

pH of the broth increased to 6-7. Then B. circulans started to grow and
produce the lytic enzyme which lysed A. oryzae. The pH of the broth gradu-
ally increased to 8. As a result, alkaliphilic B. pseudofirmus A-57 grew well
and produced an alkaline protease (Fig. 4.3). This phenomenon is very in-
teresting from the ecological point of view, because it may be the reason
why alkaliphilic bacteria can create a microcosmos and live in acidic soil.

4.1.2 Sodium Ion

A. Growth

Another characteristic property of the alkaliphilic Bacillus strains is that for
many of them sodium ions are an absolute requirement for growth and
motility (see Section 3.1). The first finding of the sodium requirement was
described by Horikoshi and Kurono in a patent application for the extracel-
lular production of catalase from alkaliphilic Bacillus sp. No. Ku-1 (FERM:
No. 693). The strain isolated could not grow in nutrient broth in the ab-
sence of NaCl, but the addition of NaCl (1-5%) induced good growth in
the nutrient broth, even though the pH value of the broth was not changed.
In 1973, two scientific papers were published (Boyer et al. 1973; Kurono
and Horikoshi 1973), but the sodium requirement was cited as only one of
the cultural characteristics. No one was interested in sodium ions until
Kitada and Horikoshi’s paper was published (Kitada 1977). Amino acid up-
take into the cells as a function of NaCl was exhibited and they concluded
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that the presence of NaCl plavs an important role in the active transport
mechanism of amino acid into the cells. This section discusses the effects of
sodium ions on growth, sporulation, germination and flagellar motors. In
some alkaliphilic Bacillus strains, K * ions can be substituted for Na * ions.

B. Sporulation

Sporulation and germination are typical differentiation processes of bacte-
ria. B. subtilis has been studied biochemically and genetically for many
years. Several types of evidence suggest that a specific change in transcrip-
tion level causes dramatic differentiation. In particular, sigma or sigmalike
subunits are responsible for the specificity of transcription in the differenti-
ation process.

A sodium requirement was also observed in the differentiation process,
spore formation and germination. However, only one report on sporula-
tion of an alkaliphilic Bacillus strain has been published. Kudo and
Horikoshi (1979) isolated alkaliphilic Bacillus pseudofirmus No. 2b-2 from
soil. This strain showed excellent spore yield in alkaline Schaeffer medium.
The optimum pH for sporulation is close to that for growth, but the range is
narrow. The optimum temperature for sporulation was almost the same as
that for growth (34-37°C). Growth at 45°C was faster than at 34°C. Table 4.1
shows the effect of NaCl concentration on sporulation. The optimum con-
centration was similar to that for growth, but the range was narrow.

Table 4.1 Effect of NaCl concentration on sporulation of Bacillus sp. No. 2b-2

NaCl concentration (M) Final ODg0t Growth rate Percent of sporulation
0 2.9 54 0
0.02 3.7 46 30-40
0.2 4.7 44 70
0.4 4.0 44 30-40
1 2.9 46 1

* The final OD and the sporulation rate were measured after 47 h of incubation at 37°C.
(Reproduced from T. Kudo and K. Horikoshi, Agric. Biol. Chem., 43, 2613 (1979))

C. Germination

Kudo and Horikoshi (Kudo 1983a, b) reported germination of alkaliphilic
B. pseudofirmus No. 2b-2. In 0.2 M NaCl solution spores of B. pseudofirmus
No. 2b-2 germinated very well in the presence of both I-alanine and ino-
sine, but germinated poorly in the presence of only t-alanine. However, no
germination was observed in the absence of NaCl (Table 4.2). The opti-
mum temperature for germination was about 37°C, and germination oc-
curred in the range of pH 8.5 to 11.1. The optimum pH for germination
was around 10.0 (Fig. 4.4). The optimum concentration of NaCl for the
germination was 0.1 to 0.5 M. Other cations such as K", NH;", Rb", Cs~
and Ca*” did not show this stimulating effect. Only Li * showed weak stimu-
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Table 4.2 Germination of Bacillus sp. No. 2b-2 spores

Compound added"! Absorbance reduction (%)’
Alanine + Inosine + NaCl 46
Alanine + Na(Cl 10
Inosine  + NaCl 3
Alanine + Inosine 0
NaCl 0

"'The final concentration of all germinants was 0.4 mM and the final concentration of NaCl
was 0.2 M.

"*Germination is expressed as the optical densitv reduced (%) after 60 min at 37°C.
All experiments were conducted in 0.1 M 2-amino-2-methyl-1,3-propanediol (AMPD) buffer
(pH 9.7).
(Reproduced from T. Kudo and K. Horikoshi. Agric. Biol. Chem., 47, 666 (1983))
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Fig. 44 Effect of pH on germination of spores of Bacillus sp. No. 2b-2.
(Reproduced from T. Kudo and K. Horikoshi, Agric. Biol. Chem., 47, 666 (1983))

lation. In the absence of Na ", loss of heat resistance, acquisition of stain-
ability and decrease in absorbance were not observed at all even in the pres-
ence of germinants such as 1-alanine and inosine. However, when Na* was
added to the medium at the times indicated by arrows the absorbance de-
creased immediately (Fig. 4.5).

About two decades after of Kudo's paper, Krulwich’s group reported
that Orf9 was responsible for cation transport (Wei et al. 2003). A putative
transport protein (Orf9) of alkaliphilic B. pseudofirmus OF4 belongs to a
transporter family (CPA-2) of diverse K™ efflux proteins. Orf9 greatly in-
creased the concentration of K* required for growth of a K” uptake mu-
tant of E. coli. Nonpolar deletion mutants in the orf9 locus (Accession
Number U89914.2) of the chromosome were isolated. During extensive ge-
netic studies of the mutants, they found endospore formation in amino
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Absorbance reduction (%)

Time(h)

Fig. 4.5 Effect of Na” on decrease in absorbance. NaCl was added at the times indicated by
arrows to the germination medium (pH 9.7, without NaCl).
(Reproduced from T. Kudo and K. Horikoshi, Agric. Biol. Chem., 47, 667 (1983))

acid-rich medium to be significantly defective and germination modestly de-
fective in the orf9and orf7-0rf10 deletion mutants.

Sporulation agar plates containing L-glutamate were incubated at 30°C
for six days. Spores were harvested from the surface and washed in ice-cold
deionized water. For the wild type, washed-spore preparations were about
95% phase-bright spores. Spores were stored at —20°C in deionized water.
Spore germination was measured by the change in optical density (OD) of
samples at 490 nm after being heat activated in water at 70°C for 30 min.
The germination was then carried out in 125 mM 2-amino-2-methyl-1-
propanol (AMP) buffer, pH 10.0, with appropriate germinants (200 mM
NaCl and either 10 mM inosine, or 10 mM L-alanine with 5 g of O-carbamyl-
D-serine). A 50% loss in OD corresponded to 100% germination of the B.
pseudofirmus OF4 wild-type spores. There was no dramatic indication of the
involvement of the orf9 gene locus. Some modest differences in germina-
tion properties were observed, however, which may still reflect undetected
differences between the wild-type and mutant spores rather than a direct re-
lationship between the mutations and germination. Incubation of wild-type
spores in AMP buffer at 30°C with either NaCl or KCl, at 200 mM, but not in
their absence, resulted in slow germination after a significant lag, as mea-
sured by the reduction in OD at 490 nm. NaCl was significantly more effica-
cious than KCI in supporting germination and was used for subsequent
studies. pH 10 was used routinely after it was found that germination of
wild-type spores was comparable at pH 10 to 11.9 but was barely detectable
at pH 9 and below. As shown in Fig. 4.6A, germination of wild-type spores
in the presence of 200 mM NaCl was significantly enhanced by the addition
of either L-alanine or inosine. Although not shown, neither of the organic
germinants resulted in any germination when added to AMP buffer in the
absence of NaCl or KCl. As shown in Fig. 4.6B and C, the germination re-
sponse of the orf9 mutant strains was less than that of the wild type with
NaCl and either L-alanine or inosine. Although it is premature to discuss
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Fig. 4.6 Germination of spores from B. pseudofirmus OF4 wild tvpe and orf9 mutant strains.
(A) Germination of B. pseudofirmus OF4 wild tvpe in 200 mM NaCl(triangles), 200
mM NaCl plus 10 mM r-alanine (squares), and 200 mM NaCl plus 10 mM inosine(cir-
cles). (B) Germination in 200 mM NaCl and 10 mM inosine of B. pseudofirmus OF4
wild type(triangles), orf7-orf10 deletion mutant{squares), and o7f9 mutant(circles).
(C) Germination in 200 mM NaCl and 10 mM vL-alanine of B. pseudofirmus OF4 wild
tvpe(triangles), orf7-orf10 deletion mutant(squares), and orf9 mutant{circles).
(Reproduced with permission from Y. Wei et al., /. Bacteriol., 185, 3133(2003))

the step stimulated by Na™ and K7, these ions stimulate the uptake of the
germinants into the spores.

4.1.3 Temperature and Nutrition

High temperature for growth is not a characteristic property of alkaliphiles.
The highest temperature for bacteria so far reported is 57°C for Bacillus
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Table 4.3 Media for Bacillus halodurans C-125

Horikoshi minimal medium Glutamate 0.2%
Glvecerol 0.5%
KiHPO, 1.4%
KH.PO;, 0.4%
MgSO; - TH,O 0.02%
NAQ(:O;; 1 ()%
“.//\.

Aono and Horikoshi synthetic medium Citric acid 0.034%
Glucose 0.5%
Ammonium sulfate 0.1%
KNO: 0.1%
K:HPO, 1.37%
KH.PO, 0.59%
MgSO; - TH,O 0.05%
Nag(IO;; 10%
w/v

Modified DM-3 protoplast regeneration medium Agar 1.0%
Sodium succinate 0.5 M
Casamino acid(Difco) 0.5%
Yeast extract(Difco) 0.5%
K.HPO, 0.35%
KH.PO, 0.15%
Glucose 2.0%
MgCl, 0.1 M
CaCly 1.25 mM
Bovine serum albumin 0.04%
Chloramphenicol 2.5 mg/ml
pH 7.3-6.8

clausii No. 221 (ATCC 21522), which is an alkaline protease producer.
Kimura and Horikoshi (1988) isolated several psychrophilic alkaliphiles.
One of them, strain 207, which is an aerobic coccus 0.8-1.2 um in diameter,
can grow at temperatures of —5 to 39°C at pH 8.5. The optimum pH value
for growth changed from 9.5 at 10°C to 9.0 at 20°C. But almost all alka-
liphilic bacteria showed optimum growth at 25-45°C.

No precise experiment has been reported on nutrient requirements.
During the development of new host-vector systems, Aono investigated
more than 20 strains of alkaliphilic Bacillus strains and demonstrated that vi-
tamins such as biotin, thiamine and niacin are required for some alka-
liphilic Bacillus strains. Kudo et al. (1990) found that some alkaliphilic
Bacillus strains could grow on minimal media; alkaliphilic B. halodurans C-
125 (FERM No. 7344) grows well on a minimal medium containing gluta-
mate and glycerol, as shown in Table 4.3.

4.2 Mutants, Antiporters and Alkaliphily

How alkaliphiles adapt to their alkaline environments is one of the most in-
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teresting and challenging topics facing microbiologists. The followings are
the first reports of a DNA fragment responsible for the alkaliphily of alka-
liphilic microorganisms. These fragments (in early works they were called
pALK, then Mrp by Krulwich et al., and Sha by Kosono et al.) were first dis-
covered in work on alkaliphilic Bacillus halodurans C-125. Breakthrough
studies in alkaliphilic B. halodurans C-125 by the present author’s group ulti-
mately led to the discovery of a novel gene locus that encodes the crucial al-
kaliphile Na™/H " antiporter for pH homeostasis (Kudo et al. 1990;
Hashimoto et al. 1994).

4.2.1 Isolation and Properties of Alkali-sensitive Mutants

Two series of experiments have been conducted by the author’s colleagues.
Kudo et al. (1990) focused on the cell membrane of B. halodurans C-125,
mainly on H*/Na " antiporters that regulate intracellular pH values. Aono
et al. (1992b) analyzed the cell walls of B. halodurans C-125 and found that
cell walls as well as the cell membrane are responsible for pH homeostasis
(see the Section 3.2).

4.2.2 Antiporter (pALK) Mutants

A. Isolation of alkali-sensitive mutants
Kudo et al. (1990) reported alkali-sensitive mutants of alkaliphilic B. halodu-
rans C-125 by mutagenesis. This strain was selected for the following study
since it grows well in Horikoshi minimal medium over the pH range of 7 to
11.5 at 37°C. Alkaliphilic B. halodurans C-125 (Trp~ Ura~ Cm’) was treated
with nitrosoguanidine in 25 mM glycine-NaOH-NaCl buffer of pH 8.5 and
plated on Horikoshi-II medium (pH 7.5) containing 5g/1 NaCl instead of
sodium carbonate. Colonies that appeared on the plates were transferred
onto Horikoshi-II medium (pH 10.3). After 16 h of incubation at 37°C, sev-
en alkalisensitive mutants that could not grow at pH 10.5 but grew well at
pH 7.5 were obtained from 7 x 10" colonies. Two mutants, Nos. 18224 and
38154 which showed different properties from each other, were selected
(Table 4.4).

One of the mutants, No. 38154, was unable to sustain low internal pH
in the presence of either Na,CO; or KyCOs. The internal pH was 10.4,
which was the same as that for all strains in the presence of KyCOs.
Although the other mutant, No. 18224, cannot grow at pH > 9, the internal
pH of the mutant was 8.7 in the presence of Na;COs;. This value is close to
that of the parent strain (pH 8.6). Mutant No. 18224 cannot maintain a low
internal pH in the presence of K:COs. It is suggested that mutant No.
38154 was defective in the regulation of internal pH, whereas mutant No.
18224 apparently showed normal regulation of internal pH values: Na " ion
is also assumed to play an important role in pH homeostasis.
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Table 4.4 Alkalisensitive mutants of alkaliphilic Bacillus halodurans C-125

Strain Growth Internal Cell

No. capable pH pH’ morphology
12797 <85 8.55 Curling
13797 <85 8.64 Curling,

elongation

18224 <85 8.72 Elongation
19363 <85 8.92 Elongation
47629 <85 8.64 Curling
38154 <85 10.40 Normal
C-125 <11.0 8.64 Normal

"Measured by incorporation of "C-methylamine into cells at pH 10.5.

(Reproduced with permission from M. Hashimoto et al., Biosci. Biotechnol. Biochem., 58, 2090
(1994))

Fig. 4.7
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Effect of pH on growth of alkali-sensitive mutant 38154 and its derivatives. pH was
adjusted by the addition of NaOH, Na.COs, NaHCOs, or NaCl. Overnight cultures
were added to fresh Horikoshi-Il medium at an absorbance at 660 nm (Ass) of 0.01.
Each point represents cell growth after 7h at 37°C. Parental strain C-125 (e), mu-
tant 38154 (m), mutant 38154 carrving pHW1 (), and mutant 38154 carrying
PALKZ2 (c) were cultivated.

(Reproduced with permission from T. Kudo et al., J. Bacteriol., 172, 7283 (1990))

B. Molecular cloning of DNA fragments conferring alkaliphily
The DNA fragment of the parental B. halodurans C-125 that restores alka-
liphily to the alkali-sensitive mutant strain No. 38154 was found in a 2.0-kb
DNA fragment, which was cloned in a recombinant plasmid pALK2 (Fig.
4.7). Another recombinant plasmid, pALKI, also restored alkaliphily to an-
other alkali-sensitive mutant strain, No. 18824.

Nucleotide sequence analysis and restriction mapping indicated about
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Fig. 4.8 Restriction maps of plasmids pALK1, pALKI11, and pALK2. Restriction sites and their
coordinates are indicated.
(Reproduced with permission from T. Kudo et al., J. Bacteriol.,, 172, 7283 (1990))

Table 4.5 Intracellular pH of mutants 18224 and 38154 and of transformants’

Strain Intracellular pH
C-125 8.64
18224 8.72
38154 10.40
38154 (pALK2) 8.80

" Cells were grown to stationary phase at pH 8, washed with 20 mM Tris buffer (pH 8), and sus-
pended in 100 mM carbonate buffer (pH 10.4) prepared with NaxCOs. The cell suspensions
were incubated for 10 min at 25°C with vigorous aeration in the presence of 2.2 uM He-
methylamine. Samples were removed after 10 min and filtered for determination of ApH.
Control experiments in which 20 uM gramicidin was included in the incubation mixture
were conducted for each assay. Assuming that ApH = 0 in the presence of gramicidin, inter-
nal pH was calculated from the difference in the presence and absence of gramicidin.
(Reproduced with permission from T. Kudo et al., J. Bacteriol., 172, 7283 (1990))

1.6 kb of common sequence between pALKI] and pALK2 (Fig. 4.8). Plasmid
pALKI conferred alkaliphily on mutant 18224 but not on mutant 31154.
Mutant 38154, which could not regulate its internal pH value in alkaline
media, recovered pH homeostasis after the introduction of pALK2 (Table
4.5) but not after the introduction of pALKl. These results indicate that
there are at least two factors involved in alkaliphily located in a closed
linked region of chromosomal DNA, although the precise functions of
these two DNA fragments are not known vet. These results strongly suggest
that at least two genetic loci that are required for alkaliphily and that they
are clustered on the chromosome.

Furthermore, nucleotide sequence analysis showed that pALK2 con-
tained parts of two ORFs (ORFI and ORF3) and one complete ORF
(ORF2) (Fig. 4.9). To identify the region in pALK2 responsible for comple-
mentation of the defect in mutant 38154, three deleted derivatives of
PALK? were constructed and each was tested for the capacity to restore al-
kaliphilic growth in mutant 38154 (Hamamoto et al. 1994). The A¥-depen-
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Fig. 4.9 Restriction maps of a DNA fragment from strain C-125 responsible for the recovery
of alkaliphily in the 38154 mutant. A 2.0-kb Hind III fragment cloned in pALK2 is
shown together with the open reading frames(arrows) located in the fragment. The
subcloned parts of the Hind III fragment are indicated by the thick line. The regions
shown by dots were deleted in subcloning parts of the insert from pALK2. The effec-
tiveness of each plasmid in restoring alkaliphily, as determined by testing transfor-
mants for the ability to grow in Horikoshi-II liquid medium (pH 10.0) at 37°C, is
shown on the right. The DNA fragment that appears to be responsible for the recov-
ery of alkaliphily is shown by a shaded box.

(Reproduced with permission from T. Hamamoto et al., Mol. Microbiol., 14,
939(1994))

dent Na*/H " antiporter activity expressed by each of these types of trans-
formants was then examined by measuring H" influx into right-side-out
membrane vesicles. Consistent with these growth phenotypes, imposing an
artificial AY¥ resulted in intravesicular acidification in the case of the 38154
(pPALK2021) and 38154 (pALK2101) transformants, whereas Na "loaded
vesicles derived from the 38154 (pALK2002) transformant exhibited no H”
influx. These results indicate that the mutation site in the genome of mu-
tant 38154 is in the DNA region between the Bcll and Acd sites in ORF1
(Fig. 4.9), and that the ORF1 product is responsible for the Na*/H" an-
tiport activity that is important for the alkaliphily of the parental strain.

To identify the mutation site in the genome of mutant 38154, the nu-
cleotide sequence of the corresponding DNA fragment was determined.
Direct sequencing revealed a substitution mutation from G to A that results
in a single amino acid change in the 393rd residue in the ORFI product
(Fig. 4.10). A 5.1-kb DNA fragment containing ORF1 to ORF4 was then
cloned, and a restriction map of the entire cloned fragment is shown in Fig.
4.8. Another alkali-sensitive mutant, strain 18224, was found to have a mu-
tation resulting in an amino acid substitution in the 82nd residue in the
ORF3 product (Seto et al. 1995). Mutant 18224 still retains the ability to
control the internal pH, although it shows alkali-sensitive growth
(Hashimoto et al. 1994). It appears that ORF3 is not involved in Na"/H "
antiport itself but it may be involved in a regulatory process or some other
function associated with ion transport. This is the first report of a DNA
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Fig. 4.10 Positions of amino acid substitutions responsible for the alkali sensitivity of mutants
38154 and 18224. A 5.1-kb Ero RI-Hind III fragment from strain C-125 is shown to-
gether with ORF1 to ORF4(arrows) located in the fragment. A Hind Il fragment
cloned in pALK2, which restores the alkaliphily of the mutant 38154, is indicated by
a thick line. Amino acid substitutions from "“Gly to Arg in the ORF1 product and
from *Gly to Glu in the ORF3 product are responsible for the alkali sensitivity of
mutants 38154 and 18224, respectively.

(Reproduced with permission from T. Hamamoto et al., Mol. Microbiol., 14,
939(1994) and Y. Seto et al., Biosei. Biotechnol. Biochem., 59, 1364(1995))

fragment responsible for an Na”/H ™ antiporter system in the alkaliphily of
alkaliphilic microorganisms.

C. Other DNA fragments conferring alkaliphily in B. halodurans
C-125

Aono et al. (1992¢) analyzed the acidic components constructing the cell
wall of facultative alkaliphile B. halodurans C-125. Cell wall-defective mu-
tants were previously isolated from the parental strain. During the course of
studies, several alkali-hypersensitive mutants, whose cell walls did not appear
to be defective were isolated. A threonine auxotrophic C-125-001 was first
isolated from wild strain C-125 treated with 1% ethylmethanesulfonate
(EMS) in Aono’s alkaline synthetic medium (see Table 4.3). A convention-
al penicillin-screening method was used for the C-125-001 cells mutage-
nized with 1% EMS. The alkalisensitive mutants that grew on a neutral
complex medium (pH 7.2) but not on an alkaline medium (pH 10.3) were
selected by the replica method. About 0.5% of the colonies grown at pH
7.2 showed somewhat poorer growth at pH 10.3 than the parent strain. Our
collection of mutants isolated while looking for cell wall-defective mutants
contained three types of alkali-sensitive mutants in pH-dependent growth.
Among these, a type 1 mutant (AS-399) was duly alkali-sensitive. The upper
limit of pH for growth was about 10, and that of the parent strain C-125 was
about 11. The pH-dependent growth of these mutants appeared to be simi-
lar to those of mutants 18224 and 38154. Type 2 mutants (AS-187, -292 and
-350) were more sensitive than mutant AS-399 (Fig. 4.11). The upper limits
were almost identical to that of neutrophilic Bacillus subtilis GSY1026 used as
a reference strain. A type 3 mutant (AS-409) was extremely alkali-sensitive
and grew only at around pH 7.5. Phenotypes of these mutants may become
neutrophilic. However, none of the mutants in this study grew at pH below
6.5. The lower limit of pH for growth of the mutants was identical to that of
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Fig. 4.11 pH-dependent growth of C-125 wild strain and alkali-sensitive mutant AS-350.
Medium was adjusted to various pHs indicated in the figure by addition of NaCl,
NaHCOs, Na;COs, and NaOH. Both strains were grown in neutral medium (pH 7.3)
at 37°C for 12 h. Each culture was diluted 100-fold with fresh media of various pH.
All the subcultures were aerobically incubated at 37°C. Absorbance at 660 nm of
each culture was recorded after 8 h.

the parent strain. Therefore, these mutants did not phenotypically become
neutrophiles. Measurement of 9-aminoacridine incorporation in cells of
the mutants indicated that the mutants were defective in the regulation of
internal pH in an alkaline environment.

A gene that complemented the mutation in AS-350 and restored the al-
kaliphilic growth of the mutant was cloned from the parent strain (Aono et
al. 1993c). Of approximately 1,000 chloramphenicol-resistant transfor-
mants, two grew on the alkaline medium. Plasmids harbored by these two
transformants were found to be the same in size and restriction map. The
plasmid, designated pAG10, grew in the alkaline medium as well as the par-
ent strain C-125 (Fig. 4.12). The upper and lower limits of pH for growth
of AS-350 carrying pHG10 were the same as those of the parent strain. The
plasmid pAGI10 restored only mutant AS-350 to alkaliphily. The pH range
for growth of AS-350 carrying pAG10 was not expanded in comparison to
that of the parent strain. Other type 2 mutants (AS-187 and -292) were also
restored to alkaliphilic growth with pAG10. On the other hand, a type 1
mutant did not change to alkaliphilic. A type 3 mutant (AS-409) was par-
tially restored to alkaliphily with the plasmid. The plasmid pAG10 con-
tained an approximately 2.7-kb foreign DNA in the Bcll side of the vector
pHWI. Various deletion plasmids were prepared. As shown in Fig. 4.13,
the mutation in the AS-350 should be complemented with a 1.0-kb Dral-Xbzl
region of the plasmid, but there is no homology between pAG10 and
pALKI or pALK2. These results indicate that all the genes responsible for
alkaliphily are not clustered on the same loci.



54 4 Physiology

o

Asio

0.1

0.05

o Wild

AS 350 (pAGI0)

AS 3350 (pHWI)

Time (h)

Fig.4.12 Restoration of alkaliphily in mutant AS-350 transformed with pAG10. C-125 wild
strain carrying pHWI, mutant AS-350 carrving pHW1 or pAG10 was aerobically
grown in alkaline medium (pH 10.3) containing chloramphenicol (10 pg/ml) at
37°C. Absorbance at 660 nm (Ags) was measured periodically.
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Fig. 4.13 Deletion derivatives from pAG10. Each plasmid from pAGI11 to 18 is a deletion de-
rivative from pAG10. Mutant AS-350 carrving each plasmid was examined on the al-
kaline agar plate (pH 10.3) for whether alkaliphily would be restored (+) or not
(-). Cm’, chloramphenicol-resistant gene.
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4.2.3 Ubiquitous Distribution of Mrp Operons

After whole DNA sequence analysis, direct evidence for a pALK/ mrp/ sha
operon has been shown in B. subtilis, B. halodurans C-125, B. pseudofirmus
OF4, Oceanobacillus iheyensis, B. clausii etc., as shown in Fig. 4.14.

The functional studies conducted to date on individual pALK/Mrp/Sha
systems include limited assays of cation and proton fluxes in whole ceils
and in everted membrane vesicles. To avoid confusion, the author use Mrp
system for the pALK/Mrp/Sha system. Information from these assays is
supplemented by inferences drawn from physiological experiments on Na -
or K "-sensitivity, Na * exclusion from whole cells or the cation-dependence
of Mrp-dependent pH homeostasis. Mrp-dependent antiporters in alka-
liphilic Bacillus and in B. subtilis can be energized by an imposed transmem-
brane potential (Hamamoto et al. 1994; Ito et al. 1999; 2000) as well as by
an imposed transmembrane ApH (Hiramatsu et al. 1998; Ito et al. 2001),
l.e. Mrp-dependent monovalent cation/proton antiporters behave as ex-
pected for a secondary antiporter energized by the Ap. The energization by
an imposed transmembrane electrical potential is consistent with an electro-
genic monovalent cation/proton exchange that involves net movement of
charge during each antiporter turnover, e.g., a Na “/H" antiporter for
which the stoichiometry of H": Na” transported per turnover is more than
I(Swartz et al., 2005). An electrogenic Na"/H " antiporter can utilize the
energy of the transmembrane potential component of the Ap, the AY¥ (in-
side negative in whole cells or right-side-out membrane vesicles) that is a
useful feature for antiporters supporting alkaline pH homeostasis. No de-
tailed biochemical characterization of a Mrp antiporter has yet been con-
ducted in membrane vesicles, e.g. measuring kinetic parameters, nor are
there yet any data reported for a purified, reconstituted Mrp system.

As described in the previous section, the first role established for a Mrp
antiporter was in cytoplasmic pH homeostasis of alkaliphilic B. halodurans C-
125 at highly alkaline external pH, studies that also demonstrated a Mrp
role in Na *-resistance (T. Hamamoto et al. 1994; M. Kitada et al. 2000;
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MapA B C D E F G
B. halodurans BH 1319 BH1318 BHI1317 BH1316 BH1315 BHI1314 BHI1313
Palk ORF1 ORF2 ORF3 ORF4 ORF5 ORF6  ORF7
B. pseudofirmus mrpA mrpB mrpC mrpD mrpE mmpF mmpG
Oceanobacillus iheyensis
OB3109 OB3108 OB3107 OB3106 OB3105 OB3104 OB3103
B. clausii ABC1635 ABC 1634 ABCI633 ABC1632 ABC1631 ABC1630 ABC1629

Fig. 4.14 pALK/mrp/sha Operon in alkaliphilic B. halodurans, B. pseudofirmus, B. clausii,
Oceanobacillus iheyensis and B. subtilis subsp. subtilli 168.
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Krulwich et al. 2001). The Na"/H" antiporter activity is attributed to
MrpA since the point mutation that leads to a non-alkaliphilic phenotype
was in mrpA. The finding that a mutant in MrpC is also non-alkaliphilic
(Seto et al. 1995) raises the possibility that additional mrp genes play critical
roles even if MrpA contains the cation and proton translocation pathways.
A requirement for multiple mrp genes in the extreme alkaliphiles is consis-
tent with our inability to recover mutants of genetically accessible B. pseudo-
Jfirmus OF4 when attempts were made to disrupt any one of several mrp
genes. The major Na*/H ™ antiporter of alkaliphilic Bacillus species may be
required throughout their pH range. The Na"-specific monovalent
cataion/proteon antiporter is necessary for the alkaliphile to maintain a cy-
toplasmic pH of 8.2 to 9.5 at external pH values from 10.5 to 11.2.

In neutrophilic B. subtilis, the Mrp system has a role in Na "-resistance
and in both Na *-and K *-dependent alkaline pH homeostasis (Ito et al.
1999). Recently, Kosono et al. (2004) reported that a mrpA/shaA mutant of
B. subtilis changes its use of the diverse ECF (extracytoplasmic function),
oW and o-dependent transcription in transition phase this is consistent with
complex stress reaction. In contrast to the central role of Mrp in pH home-
ostasis of alkaliphilic Bacillus species, Mrp is not the dominant antiporter in
this process in B. subtilis; that role belongs to the multifunctional (tetracy-
cline-divalent metal)™ (Na ")(K")/H " antiporter Tet” (Ito et al. 1999).
On the other hand, the B. subtilis Mrp system plays a dominant role in Na "~
resistance in this organisms, as indicated by the Na "-sensitive phenotypes of
mrp/ sha mutants. This result suggests that mrp is the essential gene of B.
subtilis as examined on LB medium even though a mrp null strain is viable
(Ito et al. 2000). As Swartz reviewed (2005), it will be of interest to compare
the activity versus pH profile of alkaliphile and B. subtilis Mrp in many re-
spects.

The other transport substrate for a Mrp system has been mentioned, i.e.
a capacity for cholate efflux by the B. subtilis Mrp system (Ito et al. 1999;
2001). A mrp null strain of B. subtilis, from which the entire mrp operon is
deleted, exhibits significantly reduced resistance to growth inhibition by the
addition of cholate that is complemented by the introduction of the mrpF
gene into the chromosomal amyE locus under the control of an IPTG-in-
ducible promoter (Ito et al. 2000). Reduced cholate efflux was observed in
starved whole cells of the mutant relative to the wild type. This defect is
complemented significantly by the re-introduction of mrpF. Homology has
been noted between MrpF and Na “-coupled bile transporters (Ito et al.
1999) and between MrpF and a region of voltage-gated Na* channels
(Mathiesen et al. 2003). However, no crucial experimental data for MrpF-
mediated coupling between Na ™ and cholate fluxes has been found (Ito et
al. 1999).

According to Swartz’s review paper (2005), it has been considered that
physiological role in alkali-, Na *- and K "-resistance may secondarily impact
processes such as sporulation and nitrogen fixation in particular species.
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The Mrp antiporter system may have a substrate or activity in addition to
the primary process/es, although still no clear result has been found yet.

4.2.4 Respiration-dependent ATP Synthesis

Alkaliphiles maintain a cytoplasmic pH lower than that of the outside pH.
The proton motive force is about —50 mV at pH 10.5, which is the optimum
pH value for many alkaliphiles, and this value is not sufficient to thrive in an
alkaline milieu. Therefore, alkaliphiles must develop strategies for energy
conservation. One possibility is to change the coupling ion, such as Na "~
coupled ATPase. Krulwich and her colleagues reported, however, that res-
piratory chains that pump H " ion outward and H "-coupled ATP synthases
are almost the same as these of neutrophilic microorganisms. Another pos-
sibility is that protons produced by electron transfer systems are not re-
leased into free solution but directly coupled to ATP synthase. Recently,
Wang et al. (2004) showed that ATP synthesis at pH 10.5 in B. pseudofirmus
OF4 depended upon alkaliphile-specific feature in the proton pathway
through a- and esubunits ATP synthase. They introduced site-directed
changes in the ¢ and ¢ subunits of the ATP synthase corresponding to the
consensus sequence for non-alkaliphilic Bacillus. Five of the six single mu-
tants assembled an active ATPase/ATPsynthase, and four of these mutants
exhibited a specific defect in non-fermentative growth at high pH values.
Most of these mutants lost the ability to generate the high phosphorylation
potentials at low bulk Ap that are characteristic of alkaliphiles. These re-
sults strongly indicate that there are still many problems to be solved care-
fully. Further discussion on alkaliphily is conducted in a later section.

4.3 Intracellular Enzymes

When the author began to study the physiology of alkaliphiles in the 1970’ s
the properties of intracellular enzymes of alkaliphilic microorganisms were
very attractive. How did extreme environments affect intracellular en-
zymes? Were there critical differences between intracellular enzymes of neu-
trophiles and alkaliphiles? Many intracellular enzymes were isolated and pu-
rified, and their properties investigated. Some enzymes exhibited relatively
higher pH optima than neutrophilic bacteria. However, there appeared to
be nothing exceptional in intracellular enzymes. Cellfree protein synthesis
systems showed maximal activity at between pH 8 and 8.5, but this was only
0.5 pH unit higher than that observed for neutrophilic B. subtilis. This is ap-
parently due to the ability of alkaliphiles to regulate intracellular pH to-
wards neutrality.
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4.3.1 o- Galactosidases

The first work on these enzymes was done by Akiba and Horikoshi (1976a,b;
1978). Two kinds of o-galactosidase-producing bacteria, Micrococcus sp. No.
31-2 and Bacillus sp. No. 7-5, were isolated from soil on a modified
Horikoshi-l medium (1% raffinose was substituted for glucose). Alkaliphilic
Macrococcus sp. No. 31-2 induced a cytoplasmic o-galactosidase while alka-
liphilic Bacillus sp. No. 7-5 produced an extracellular a-galactosidase consti-
tutively. The properties of these enzymes resembled each other, as shown
in Table 4.6. The optimum pH range of these enzymes was higher than
that of yeast, mold and plant seeds.

Table 4.6 Comparison of the enzvmatic properties of a-galactosidase between
alkaliphilic and neutrophilic microorganisms

Property Mierococcus sp. Bacillus sp. Mo_ﬂierella
No. 312 No. 73 vinacea

Molecular weight 367,000 312,000

Optimum pH 7.5 6.5 4.0-6.0

pH stability range 7.5-8.0 6.0-8.5 7.0-11.0

Optimum temperature, °C 40 40

Km ONPG ', mM 0.47 1.0 0.36 £ 0.014
Meliboise, mM 1.5 7.9 0.39 = 0.029
Raffinose, mM 12.6 24.1 1.83£0.13

! o-Nitrophenyl-a-D-galactoside.
(Reproduced from K. Horikoshi and T. Akiba, Alkalophilic Microorganisms, p.55, Springer:
Japan Scientific Societies Press (1982))

4.3.2 B-Galactosidases

B-Galactosidase was produced by alkaliphilic B. halodurans C-125 not only in
alkaline medium but also in neutral medium. However, the induction of
the enzymes was much faster at pH 10.2 than at pH 7.2. The enzymes pro-
duced in media of different pH values possessed the same enzymatic prop-
erties (Ikura et al. 1979a, b; 1988). The molecular weight of the enzyme was
about 185,000. The enzyme was most active at pH 6.5 and stable over the
pH range 5.5 to 9.0.

Choi et al. (1995) extracted a B-galactosidase from alkaliphilic and ther-
mophilic Bacillus sp. TA-11. The enzyme was purified 20-fold from the crude
extract by ion exchange and gelfiltration chromatography. The molecular
mass of the native enzyme was estimated to be 200 kDa. SDS/PAGE re-
vealed three protein bands of 62, 40 and 34 kDa. Maximum enzyme activity
was observed at pH 6.0 and 40°C, but the enzyme was stable over the pH
range of 6-12 and below 55°C. These results strongly suggest that the enzy-
matic properties of B-galactosidases are essentially similar to those of neu-
trophilic Bacillus species.
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4.3.3 RNA Polymerases

Many alkaliphilic Bacillus strains have been isolated in the author’s laborato-
ry, but no information on the differentiation of these bacteria was obtained.
Kudo and Horikoshi (1978a, b) studied the RNA polymerase from vegeta-
tive cells and spores of alkaliphilic B. halodurans 2b-2, which is the best
spore former, to ascertain whether any changes occurred during the differ-
entiation process. The molecular weight of Bf', 6 and a was 165,000,
97,000(?) and 42,000, respectively. These subunits were essentially identical
to those of B. subtilis. The o factor was the same as 6-43 in B. subtilis.
Another ¢ factor was also found in Bacillus sp. No. 38-2, which corresponds
to 6-30.

4.3.4 Protein Synthesizing System

Only one paper has been published on a cellfree protein-synthesizing sys-
tem using alkaliphilic B. halodurans A-59 and C-125 (Ikura et al. 1978).
Microorganisms grown in Horikoshi-I medium were collected by centrifuga-
tion (6,000 x g) and washed twice with 0.01 M Tris-HC] buffer (pH 7.5)
containing 0.01 M MgCl,, 6 mM 2-mercaptoethanol and 0.06 M KCl (TMM
buffer). The enzymes were extracted with TMM buffer equivalent to twice
the volume of cells ground with two to three times their weight in alumina
in a prechilled mortar. The extract was centrifuged twice at 30,000 x g for
30 min. The upper two-thirds of the supernatant was dialyzed against TMM
buffer for 3 h. From this supernatant fluid, ribosomes were precipitated by
centrifugation at 105,000 x g for 2 h, washed once with TMM buffer, and fi-
nally resuspended in TMM buffer. The supernatant was centrifuged at
105,000 x g for 2.5 h and the upper two-thirds used as the $-100 fraction.
tRNA was prepared from the cells by the conventional method.

The optimum pH for protein synthesis directed by poly-U or endoge-
nous mRNA was about 8.5, which was about 0.5 higher than that of B. sub-
tilis (Fig. 4.15). As the reference, the protein synthesizing system of B. sub-
tilis was tested under the same condition. To confirm this result, protein-
synthesis directed by endogenous mRNA was performed and the optimum
pH was also slightly higher than that of B. subtilis (about pH 8.5).

Ribosomes of alkaliphilic B. halodurans A-39 and C-125 were of the 70S
type, and no difference was observed in their thermal denaturation curves.
Phenylalanyl-tRNA synthetase activity at different pH values also indicated
no remarkable difference between alkaliphilic Bacillus and B. subtilis
Marburg 168. Phenylalanine incorporation was tested in a series of homo-
geneous and heterogeneous combinations. The results are shown in Table
4.7. In the systems containing alkaliphilic Bacillus ribosomes or S-100,
phenylalanine incorporation at pH 8.4 was higher than at pH 7.5, although
the activity of heterogeneous systems was lower than that of homogenous
systems. In conclusion, alkaliphilic B. halodurans A-59 grows well under
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Fig. 4.15 Effect of pH on incorporation of amino acid mixture into protein directed by
endogenous mRNA. Bacillus halodurans A-59 system contained 0.2 mg ribosomal
protein and 0.35 mg S-100. The Bacillus subtilis system contained 0.32 mg of
ribosomal protein and 0.45 mg $-100. Zero time values were subtracted. Other
conditions are described in the text. ®—®, B. halodurans A-59, x---x, B. subtilis.
(Reproduced from Y. Ikura and K. Horikoshi, Agric. Biol. Chem., 42, 755 (1978))

Table 4.7 Phenylalanine incorporation in homogeneous and heterogeneous systems

Phenylalanine Ratio
Ribosomes S-100 incorporated (nmol) between
pH7.5 pH 8.4 pH 8.4
t0 7.5
Bacillus halodurans A-59 B. halodurans A-59 5.82 9.37 1.61
— B. halodurans C-125 6.12 8.65 1.41
— B. subtilis 5.84 6.37 1.09
B. halodurans C-125 B. halodurans A-59 5.17 6.62 1.28
— B. halodurans G-125  5.32 8.12 1.53
— B. subtils 5.63 6.46 1.15
B. subtilis B. halodurans A-39 6.31 7.15 1.13
— B. halodurans C-125  6.71 8.34 1.24
— B. subtilis 9.65 6.59 0.68

The reaction mixture contained 0.2 mg ribosomal protein and 0.3 mg of S-100 protein; the
other conditions are described in the text. Blanks (— polv U) are subtracted.
(Reproduced from Y. Ikura and K. Horikoshi, Agric. Biol. Chem, 42, 756 (1978))
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highly alkaline conditions, but the protein-synthesizing mechanism is essen-
tially the same as that of B. subtilis.

No direct method has been established for determining the internal
pH. The pH optimum of the protein synthesizing mechanism strongly sug-
gests that the internal pH value may be 8 to 8.5, not 10. Heterogeneous
combination also supports this possibility. The results clearly indicate that
the differences between alkaliphilic Bacillus and neutrophilic Bacillus exist
in the cell surface and not within the cells.



5
Molecular Biology

At the early stage of the author’s works, no genetic studies of alkaliphiles
were carried out. No genetically manipulated alkaliphiles, of course, could
be investigated. Only E. coli and B. subtilis systems had been developed be-
fore the author’s works on gene engineering. Thus, his colleagues had to
start selecting parental strains of alkaliphilic Bacillus strains from hundreds
of stock cultures in the author’s laboratory. Although the optimum pH val-
ue for growth depend on media used, the stock cultures can be roughly di-
vided into two groups. One group of alkaliphilic Bacillus strains can grow in
the range of pH 6.5 to 10.8 as shown in Fig. 5.1, this group belongs to
Bacillus halodurans. The other group can not grow at neutral pH values and
grow well in the pH range of 7.5 to 11. The author decided to use the B.
halodurans group and to make deletion mutants that could not grow at pH
10 and tried to isolate the DNA fragment/s responsible for alkaliphily. The
following genetic works were conducted mainly using B. halodurans as the
parental strain.
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Fig. 5.1 Effects of pH on growth of the parental strain (C-125). pHs were adjusted by the ad-
dition of NaHCO3 or Na;COs. Overnight cultures were added to fresh alkaline medi-
um at an optical density at 660 nm of 0.02. Each point represents cell growth after 8
h at 37°C.
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Apart from the isolation of mutants, little is known about the genetics
and molecular biology of alkaliphiles. No detailed genetic map has been
constructed except for an incomplete map of Bacillus halodurans C-125
(Sutherland et al. 1993). It is perhaps inevitable that the techniques of mol-
ecular biology, developed using other organisms, have been applied to alka-
liphiles (mainly bacilli) and a significant number of genes from alkaliphiles
have been cloned into alkaliphilic or neutrophilic hosts. This may have ad-
vantages such as increased levels of expression of the required enzyme in
the host, alterations in the properties of the enzyme and excretion of nor-
mal intracellular enzymes into the medium.

5.1 Alkaliphilic Microorganisms as DNA Sources
5.1.1 Secretion Vector

The author and his coworkers have tried to produce Fscherichia coli strains
which could secrete gene products from the cells. E. coli is widely used in
genetic engineering experiments because it has been extensively studied
and much is known about its genetics and biochemistry. Unfortunately,
with the exception of a few proteins such as colicin, cloacin and hemolysin ,
E. coli does not secrete gene products from the cell. If E. coli could be modi-
fied to secrete recombinant DNA products, it would be of considerable in-
terest from an industrial point of view.

One of the most important processes in the fermentation industry is the
extracellular production of proteins. The reasons are as follows: (1) If gene
products remain in the cells, the products cannot exceed the maximum vol-
ume of cells. Also, the process of secretion allows for production from con-
tinuous culture, and substances which have an inhibitory effect to microbial
metabolism may be produced as extracellular products from cells. (2)
Usually, the number of proteins secreted from a cell is not so large, so that
purification processes are relatively simple and can be used in fermentation
industries.

A. Cell surface of bacteria

Bacteria are classified into two groups, gram-positive and gram-negative, ac-
cording to the nature of the cell surface. Gram-positive bacteria have a plas-
ma membrane and a peptidoglycan layer in the cell surface, while gram-
negative bacteria have a plasma membrane (inner membrane), peptidogly-
can and an outer membrane (Fig. 5.2). The plasma membrane is a phos-
pholipid bilayer containing approximately 300 different proteins, many of
which are involved in respiration, electron transport, nutrient uptake and
membrane biogenesis. The outer membrane in gram-negative bacteria is a
glycolipid-phospholipid bilayer, with the polysaccharide groups of the gly-
colipid being exposed on the outer surface of the cell. The periplasm con-
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Fig. 5.2 Cell surfaces. (a) Gram-positive bacteria, (b) Gram-negative bacteria. CM,
Cytoplasmic membrane; OM, Outer membrane; PM, Periplasm; PG, Peptidoglycan;
TA, Teichoic acid; LPS, Lipopolysaccharide; PL, Phospholipid.

tains approximately 100 proteins involved in nutrient uptake and catabo-
lism. Protein molecules have signal peptides which allow for their secretion
into either the culture medium in the case of gram-positive bacteria or into
the periplasmic space in the case of gram-negative bacteria, In the case of
gram-negative bacteria such as E. coli, the outer membrane acts as a barrier,
and the protein molecules are trapped in the periplasmic space.

B. Changing E. coli to become permeable

A penicillinase gene from alkaliphilic Bacillus sp. No. 170 was cloned in E.
coli HB101 by using pMB9. Plasmid-borne penicillinase was found to be
produced in the culture medium (Kudo et al. 1983¢), as shown in Fig. 5.3.
The alkaliphilic Bacillus sp. No. 170, a penicillinase producer, was digested
with HindIIl or EcoRI restriction enzymes and shotgun cloned in pMB9 by
conventional means. Two plasmids, pEAP] and pEAP2, were obtained from
the transformants. The cleavage maps of pEAPI and pEAP2 are shown in
Fig. 5.4. The 2.4-kb HindIII fragment containing the penicillinase gene was
located in the middle of the 4.5-kb EcoRI fragment. The plasmid-encoded
penicillinase was immunologically crossed with penicillinase III o