
The adaptation mechanisms of microorganisms to

alkaline environment have been studied over the last three

decades in many laboratories all over the world. In spite of

considerable contribution of scientists to the study of

alkalophily, the energy coupling principles are not yet

clear in a variety of the alkalophilic bacterial representa�

tives. Isolated in 1989, the alkalophilic bacterium Bacillus

sp. FTU (recently renamed Bacillus halodurans FTU [1])

was one of the objects in our laboratory studies. In the

same period similar investigations of other alkalophilic

bacteria, Bacillus firmus RAB and Bacillus firmus OF4,

were carried out under the direction of T. Krulwich in the

USA. The past decade marked a full revision of numerous

bacterial subdivisions due to the wide use of molecular

biology methods including sequence analysis of 16S

RNA. The revision touched upon the genus Bacillus as

well. A new group of 11 alkalophilic representatives was

proposed within the genus [2]. The two most intensively

studied strains, B. firmus OF4 [3] and B. halodurans FTU

[4], were re�identified at nearly the same time in Russia

and in the USA. Both strains appeared to be representa�

tives of the same new alkalophilic species Bacillus pseudo�

firmus and were renamed. The specific names OF4 and

FTU were left in their new titles. Simultaneous tolerance

to high NaCl concentrations up to 18% (3.1 M) and to

high alkalinity (pH 10) is the feature of the species B.

pseudofirmus. Based on these characteristics the species

appears in the triplet of the most extremotolerant, new

alkalophilic Bacillus species [2, 4] and is close to the

recently identified extremely alkalophilic and halotoler�

ant Oceanobacillus iheyensis isolated from deep�sea sedi�

ments (1050 m) [5].

A reversed ∆pH on the cytoplasmic membranes of

the alkalophilic and alkalotolerant representatives of

genus Bacillus was found as compared to neutrophilic

bacteria, that is, the pH inside the cells is more acidic

than outside the cells by 0.5�2 units under the alkaline

environment. Calculations show [6, 7] that in spite of

higher ∆Ψ the resulting ∆µ~H+ is lower on the membrane

of such bacteria as compared with the neutrophilic

species. Obviously, the proton coupling mechanism of

oxidative phosphorylation with respiration in the way

proposed by P. Mitchell in the chemiosmotic theory is

ineffective in the alkalophilic bacteria. Nevertheless, the

growth yield of the alkalophiles under alkaline environ�

ment is comparable with that of the neutrophilic species.

This implies the alkalophilic bacteria must possess alter�

native effective mechanisms of energy transduction and

accumulation. The sodium cycle proposed by V. P.

Skulachev [8] might be one of the possible findings. The

sodium cycle conception was supported in studies of

many gram�negative alkalophiles. Both primary Na+�

potential generators (NADH�CoQ�reductases) and Na+�

potential consumers (flagella, symporters) were found in

the gram�negative bacteria [9]. The alkalophilic Bacillus

energetics seems to present an alternative way of over�

coming low ∆µ~H+, although part of the elaborated ener�

getic mechanisms are common in all alkalophiles.
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MEMBRANE CYTOCHROMES

One of the common features of alkalotolerant and

alkalophilic bacteria is a multiple magnification of

cytochrome content in membranes as compared with

neutrophilic bacteria. In B. pseudofirmus FTU this mag�

nitude increased threefold upon pH increase from 7 to 8.6

and reached 4.9 nmol/mg protein [10] at the expense of

cytochromes b and in greater extent of induction of

cytochromes c. In neutrophilic bacteria of genus Bacillus,

this magnitude was of 0.76�1 nmol/mg protein [11, 12]

and was comparable with the total cytochrome content in

Escherichia coli. In alkalophilic Bacillus alkalophilus and

B. firmus RAB, the total cytochrome content

(5.5 nmol/mg protein) considerably exceeded the same

value (1.4 nmol/mg protein) in those mutant strains

capable of growth at neutral pH only [13]. An increase in

the cytochrome content in these strains like in B. pseudo�

firmus FTU took place at the expense of the cytochrome

b and increase in cytochrome c. In the facultatively alka�

lophilic strain Bacillus YN�2000 capable of growth at pH

7�10, the cytochrome content increased from 0.9 to

4.7 nmol/mg protein upon increasing the alkalinity of the

medium over the specified pH interval [14]. It was shown

that in alkalophilic Bacillus, cytochromes c were repre�

sented by acidic proteins of redox potential lower by

150 mV on average in contrast to soluble and membrane

cytochromes of neutrophilic species. It was assumed that

a multiple induction of low potential cytochromes c in

membranes allowed alkalophiles to maintain larger ∆Ψ
across the membranes [15].

In the membranes from B. pseudofirmus FTU,

cytochromes a, b, and c were found among the heme�

containing proteins [10]. Hemes O and D widely�spread

in most gram�negative bacteria were not detected in those

membranes [16]. Cytochrome bd induction was reported

in B. pseudofirmus OF4 under growth on glucose at neu�

tral pH or under growth on mineral medium at pH 10.5

up to the stationary phase of growth [17], in B. subtilis

under growth on glucose [18], and in thermophilic

species Bacillus stearothermophilus [19] and Bacillus coag�

ulans under the simultaneous temperature increase and

oxygen decrease in the growth medium [20]. Cytochrome

o was found in membranes of some thermophilic species,

B. stearothermophilus [21] and Bacillus PS3 [22].

Cytochrome o was not detected in membranes of other

species, for example in B. subtilis, as well as in the com�

plete sequence of those bacterial genomes. Only the CtaA

gene deletion disturbing heme A biosynthesis in cells led

to cytochrome o induction in B. subtilis [18]. The lack of

cytochrome o in B. pseudofirmus FTU like in B. subtilis is

possibly genetically determined. According to recent data

on the complete genome sequencing, operons of

cytochromes bd and/or bo3 are present in Bacillus halodu�

rans C�125 [23], O. iheyensis [5], and Geobacillus

stearothermophilus [24].

TERMINAL OXIDASES

In view of our negative data on the presence of heme

O in B. pseudofirmus FTU membranes, it became appar�

ent that cytochrome bo playing presumably a role of a ter�

minal oxidase was not a part of the bacterial respiratory

chain, and that another terminal oxidase represented by

cytochromes b functioned in the membranes. Oxidases of

cbb3� and bb3�type, on one hand, and of bo3�type, on the

other, are characterized by similar optical spectra and it is

difficult to draw a conclusion on the presence of any of

them without a chromatographic analysis. We have con�

ducted experiments that enabled to make a clear differ�

ence between the two groups of oxidases [25]. Starting

from heme composition of B. pseudofirmus FTU mem�

branes and isolated oxidases [16] and from the N�termi�

nal sequence of oxidase subunits [1], we concluded that at

least two enzyme complexes, cytochromes caa3 and cbb3,

function in the terminal part of the bacterial respiratory

chain.

Cytochrome�c�oxidase of the caa3�type is a mem�

ber of the Sox M�subfamily [26] of the oxidase super�

family with a heme�copper binuclear center like the

mitochondrial aa3�type oxidase. The caa3�type oxidase

has been found generally in alkalophilic and ther�

mophilic representatives of the genus Bacillus: Bacillus

sp. PS3, B. stearothermophilus, B. firmus RAB, B. pseu�

dofirmus OF4, and thermophilic bacteria. The neu�

trophilic and mesophilic species B. subtilis, Bacillus

cereus, and Bacillus brevis synthesize this oxidase only

during sporulation, whereas the quinol oxidase of the

aa3�type is typical in usual conditions. In the opinion of

some authors, the covalent bond of cytochrome c with

the oxidase subunit II prevents cytochrome c from wash�

ing out of gram�positive bacterial envelopes [27]. Some

other authors associated the caa3 supercomplex emer�

gence with bacterial thermophily. However, none of the

hypotheses explains the reasons for the emergence of

such an enzyme. Interestingly, one more oxidase type

with covalently bound cytochrome c, cytochrome aco3,

was found in alkalophilic Bacillus cognii YN�2000 [28]

and in thermophilic Bacillus sp. PS3 [29]. Cytochromes

c in these oxidases, like other alkalophilic Bacillus

cytochromes c, are characterized by redox potential

much lower than in neutrophilic species. One can

assume the occurrence in bacterial membranes of oxi�

dases with covalently bound cytochrome c is an adaptive

device for alkaline and high temperature environmental

conditions. As shown for B. pseudofirmus OF4, even par�

tial deficiency in the caa3�type oxidase by mutation

made it impossible for the strain to live under alkaline

conditions [30]. Proton pumping by the caa3�type oxi�

dase was studied both in whole cells [22, 31] and in arti�

ficial membranes [32]. However, the H+/e– stoichiome�

try of this energy generator has never been studied thor�

oughly earlier. We have worked out a reconstitution
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method of the caa3�type oxidase into liposomes and

showed the enzyme H+/e– coefficient is 1 and does not

depend on pHout [33].

The two revealed and isolated terminal oxidases of B.

pseudofirmus FTU were analyzed for reversible binding of

carbon monoxide (CO). Interestingly, all the examined

oxidases from several bacteria were classed into two

groups: the first bound CO with τ1/2 = 25�30 msec and the

other combined CO much more rapidly, with τ1/2 less

than that in the first group by at least one order of magni�

tude. Oxidases of the aa3�, caa3�, bo3�, and ba3�type

appeared to comprise the first group, and oxidases of the

bd� and bb3�/cbb3�type were assigned to the second group

[34�36]. As followed from our data as well as from the

results of other laboratories, oxidases of the first group

were proton pumps capable of proton translocation from

inside to outside of the cell membrane [33, 37].

Concerning the second group of oxidases, the bd�type

oxidase was found to have no ion translocation activity

[37]. Data on the cbb3�type oxidase are controversial to

date; there are different reports on the H+/e– stoichio�

metry coefficient for the enzyme: 0 [23], 0.2 [38], and

0.6�1 [39]. To study this subject more advanced reconsti�

tution techniques need to be worked out. The common

attribute of cytochrome oxidases of alkalophilic Bacillus

is the higher content of the negatively charged amino acid

residues in the protein structure compared to those of

neutrophilic species. One can assume such characteristics

are an adaptation of the bacteria to alkaline pH of the

environment [40].

OTHER ELECTRON TRANSPORT

CHAIN COMPONENTS

The analysis of the genome sequences testifies that a

NADH�CoQ�reductase of type II (complex I) operates

in the respiratory chain of genus Bacillus representatives.

Such an enzyme of alkalophilic Bacillus YN�1 was isolat�

ed and characterized, and a gene encoding the enzyme

was sequenced [41]. There has been no report on the

presence of the type I H+�NADH�CoQ�reductase and

Na+�NADH�CoQ�reductase (NQR) in Bacillus corrob�

orated by genetic analysis so far, though such enzymatic

activity was stated for alkalophilic Bacillus strains [40,

42]. Genes for succinate�menaquinone oxidoreductase

(complex II) were identified in B. subtilis [43], alka�

lophilic B. cognii YN�2000, and facultative alkalophile B.

pseudofirmus OF4 [15]. The enzyme complex was isolat�

ed and purified from these strains. A bc�complex (com�

plex III) was isolated from thermophilic Bacillus PS3

[44]; its presence was noted also in B. subtilis [45] and in

alkalophilic B. firmus RAB and B. pseudofirmus OF4

[46]. A bc�complex operon (qcr) was found in B. subtilis

[47] and in thermophilic B. stearothermophilus K1041

[48].

LIPID COMPOSITION

The adaptation of bacteria to alkaline environments

is not restricted to the amino acid composition differ�

ence of membrane proteins. The alkalophilic bacteria

contain high concentration of squalene and anionic

phospholipids, especially of cardiolipin [49], as com�

pared to bacteria inhabiting neutral and low�saline nich�

es. The studies of membrane vesicles from the strict and

facultative alkalophiles indicate that membrane perme�

ability decreased upon the squalene concentration

increase and it increased upon diacylglycerol concentra�

tion increase. In the haloalkalophiles, unsaturated fatty

acids predominate over saturated ones. In the mem�

branes of gram�positive bacteria that include representa�

tives of the genus Bacillus, branched fatty acids are bio�

markers. However, unlike the alkalotolerant bacteria,

both strictly alkalophilic and neutrophilic species are

unable to survive the pH shift of the environment respec�

tively in neutral or inversely in the alkaline region.

Change in the lipid composition of the membranes is one

of the specific adaptation mechanisms of tolerant

microorganisms that make it possible for them to with�

stand sharp salinity and alkalinity decreases in the envi�

ronment. Phosphatidylglycerol and cardiolipin content

in the membranes of facultative alkalophile Bacillus spp.

was shown to rise during cultivation at extremely alkaline

pH in contrast with the same under neutral pH condi�

tions [15]. The cardiolipin content in B. pseudofirmus

OF4 membranes increases by a factor of 1.3 during the

transition from neutral to alkaline pH in the growth

medium and it is more than 5 times higher compared

with the same value in neutrophilic B. subtilis [50].

Comparative study of liposomes from strictly alkalophilic

B. firmus RAB and facultative alkalophilic B. pseudofir�

mus OF4 demonstrated that the membranes of the obli�

gate alkalophiles characteristic of higher unsaturated and

branched fatty acid content lost integrity at neutral pH.

The facultative alkalophiles have lower passive conduc�

tivity at both neutral and alkaline pH as compared with

strict alkalophiles. It was shown that cardiolipin and/or

phosphatidylglycerol, glycolipid, and branched fatty acid

content increased in the lipid composition of gram�pos�

itive bacteria on increase in medium salinity [51].

Adaptation to changed pH and salinity is followed in a

few minutes upon the effect by a sharp and manifold

increase in the rate of synthesis of the substituting lipid

that continued during the next 1�2 h simultaneously with

a full stop of bacterial growth [52]. Thereafter a return to

the initial rates of lipid synthesis and growth recovery

takes place. The pathways of energy supply in bacteria

during adaptation conditions have been poorly studied.

An application of the “free” respiration concept to the

study of this problem substantially extends understand�

ing of energetic mechanisms of tolerant bacteria adapta�

tion [53]. One can assume that the concentration of fatty
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acids increased in cells during reconstruction of lipid

composition in bacterial membranes at the expense of

fatty acid biosynthesis activation, and fatty acids thereby

effect the proton conductivity of the membranes. We

have found that low concentrations of fatty acids had

“mild” uncoupling effect on B. pseudofirmus FTU

though they were ineffective in decreasing membrane

potential in cells during the action of respiratory pumps

[54]. The value of the “mild” uncoupling effect of natu�

ral uncoupler fatty acids found in bacteria might be in

“free” respiration induction similar to the well studied

effect in mitochondria.

FEATURES OF THE Na+�CYCLE

The genomic epoch has opened possibilities to iden�

tify a set of halo� and alkalotolerant bacterial phenotype

characteristics by comparison of alkalophilic and neu�

trophilic bacterial genes. The complete genome sequence

has become available for at least six representatives of the

genus Bacillus: two halo� and alkalophilic species, B.

halodurans C�125 [23], O. iheyensis [5], and four moder�

ately halotolerant, neutrophilic species, B. subtilis [55],

Bacillus anthracis [56], G. stearothermophilus [24], and B.

cereus [57]. In 2002, the comparison of the genomes of

the first three species and several gram�positive non�

bacillus neutrophilic species was carried out [5]. Among

the observed adaptation mechanisms, the following

devices might be important for the alkalophily: 1) ABC�

transporters of branched amino acids; 2) acidic polymers

of the cell wall; 3) H+� and Na+�symporters of dicarb�

oxylic acids; 4) Na+/H+�antiporter coded by the Mrp and

Nha genes; 5) Na+�channel in Na+�dependent flagellar

motor. Halotolerance might be provided by osmoprotec�

tor accumulation by means of the following systems: 1)

K+� and glycine�betaine�transporters, and 2) Na+/pro�

line/pantothenate�symporters. One can see that all Na+�

cycle elements are used by gram�positive representatives

of alkalophilic Bacillus species. The following consumers

of Na+�potential in all alkalophilic Bacillus were brought

out reliably: Na+�dependent flagellar motor, and trans�

porters of sugars, dicarboxylic acids, and proline [15].

Among the well�known Na+�pumping structures,

Na+/H+�antiporters encoded by the Mrp and Nha genes

may provide a mechanism for the reduction of Na+ bal�

ance inside the cell and closing the Na+�cycle.

Alkalophilic Bacillus bacteria thereby use a different vari�

ant of the Na+�cycle as compared with alkalophilic gram�

negative bacteria. They seem to use any primary pump for

the Na+�potential generation but they do apply a second�

ary Na+�pump. The scheme shows the Na+�cycle known

for B. pseudofirmus at present.
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