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ABSTRACT

Of all the molecular determinants for growth, the hydronium and
hydroxide ions are found naturally in the widest concentration range, from
acid mine drainage below pH 0 to soda lakes above pH 13. Most bacteria
and archaea have mechanisms that maintain their internal, cytoplasmic pH
within a narrower range than the pH outside the cell, termed ‘‘pH
homeostasis.’’ Some mechanisms of pH homeostasis are specific to
particular species or groups of microorganisms while some common
principles apply across the pH spectrum. The measurement of internal pH
of microbes presents challenges, which are addressed by a range of
techniques under varying growth conditions. This review compares and
contrasts cytoplasmic pH homeostasis in acidophilic, neutralophilic, and
alkaliphilic bacteria and archaea under conditions of growth, non-growth
survival, and biofilms. We present diverse mechanisms of pH homeostasis
including cell buffering, adaptations of membrane structure, active ion
transport, and metabolic consumption of acids and bases.
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ABBREVIATIONS

CFAs cyclopropane fatty acids
cFSE carboxyfluorescein diacetate succinimidyl ester
GFP green fluorescent protein
OMPs outer membrane porins
PMF protonmotive force
RSO right-side-out
SCWPs secondary cell wall polymers

1. INTRODUCTION

All microbes have evolved to grow within a particular range of external pH.
Historically, pH has played many key roles in the development of
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microbiology. Since ancient times, fermentation has produced storable food
products containing inhibitory acids, such as dairy products and vinegar
(Buckenhüskes, 2001; Johnson and Steele, 2001) or foods containing alkali,
such as natto from soybeans and dadawa from locust beans (Wang and Fung,
1996). Acidophiles have been exploited for thousands of years for the
recovery of valuable minerals (Olson et al., 2003; Rohwerder et al., 2003) but
they also cause pollution and corrosion (Johnson and Hallberg, 2003).
Alkaliphiles have been exploited for natural products, especially enzymes
with high pH optima (Horikoshi and Akiba, 1982; Horikoshi, 1999).

The external pH partly determines the cytoplasmic or intracellular pH,
which affects enzyme activity and reaction rates, protein stability, structure of
nucleic acids, and many other biological molecules. However, most microbes
maintain some degree of pH homeostasis such that the cytoplasmic pH is
maintained within a narrower range than external pH, usually closer to
neutrality (Fig. 1). For example, Escherichia coli during optimal growth
conditions maintains its cytoplasmic pH within a range of pH 7.4–7.8 over an
external pH range of 5.0–9.0 (Slonczewski et al., 1981; Zilberstein et al., 1984;
Wilks and Slonczewski, 2007), and a similar range is observed for Bacillus
subtilis (Shioi et al., 1980). On the other hand, the alkaliphile Bacillus
pseudofirmus OF4 shows a range of cytoplasmic pH 7.5–8.3 over the range
of external pH 7.5–10.6 (Sturr et al., 1994; Krulwich, 1995) and resting cells
of Acidithiobacillus ferrooxidans maintain an internal pH between 6.0 and
7.0 over an external pH range of 1.0–8.0 (Cox et al., 1979).

Microbes grow in different ranges of environmental pH, from pH 0
(Nordstrom and Alpers, 1999; Nordstrom et al., 2000) to above pH 13
(Roadcap et al., 2006). It is intriguing that over the range of microbes
studied, the crossover point where cytoplasmic pH equals external pH lies
between pH 7 and 8, although not all species can actually grow at this point.
Actual pH ranges vary in breadth and transmembrane pH difference (DpH)
but, in general, acidophiles are defined as organisms growing optimally
within the pH range 0.5–5, neutralophiles within pH 5–9, and alkaliphiles
within pH 9–12. Bacteria and archaea adapted to different habitats in
different ranges of environmental pH have evolved diverse mechanisms of
pH homeostasis, while some common principles of homeostasis apply across
the pH spectrum. In this review, we compare and contrast the mechanisms of
cytoplasmic pH homeostasis in acidophilic, neutralophilic, and alkaliphilic
bacteria and archaea. We aim to synthesize patterns of cytoplasmic pH
behavior across the range of pH environments, seeking connections that
may be overlooked when only one range is considered. For example, the
relationship between the DpH and the transmembrane electrical potential
(DC) in maintaining pH homeostasis shows a striking pattern of pH
dependence across many species, as discussed below.
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1.1. Perturbation of Cytoplasmic pH

The cytoplasmic pH is buffered by small organic molecules such as amino
acids, as well as by ionizable groups on proteins and inorganic polymers
such as polyphosphate; typical buffering capacities for different species
range from 50 to 200 mM protons per pH unit shift (Slonczewski et al., 1982;
Zychlinsky and Matin, 1983b; Krulwich et al., 1985a; Rius et al., 1995;
Rius and Lorén, 1998; Leone et al., 2007). As discussed in detail below, the

Figure 1 Cytoplasmic pH as a function of the external pH among acidophiles
(’), neutralophiles (K), and alkaliphiles (~). Acidophiles: (1) Picrophilus torridus
(Fütterer et al., 2004); (2) Ferroplasma acidarmanus (Baker-Austin and Dopson,
2007); (3) Acidiphilium acidophilum (dark purple; external pH 1–4.5; Matin et al.,
1982); (4) Bacillus acidocaldarius (dark blue; pH 2–4.5; Krulwich et al., 1978);
(5) Acidithiobacillus ferrooxidans (red; pH 1–7; Cox et al., 1979); and (6) Acid-
ithiobacillus thiooxidans (Baker-Austin and Dopson, 2007). Neutralophiles:
(7) Bacillus subtilis (black; pH 4.5–8; Shioi et al., 1980); (8) Escherichia coli (green,
pH 5–9; Slonczewski et al., 1981); and (9) Bacillus licheniformis (Hornbæk et al.,
2004). Alkaliphiles: (10) Bacillus cohnii (orange; pH 7.5–9.5; Sugiyama et al., 1986);
(11) Bacillus pseudofirmus RAB (turquoise; pH 9–10.5; Kitada et al., 1982);
(12) Bacillus alcalophilus (Hoffmann and Dimroth, 1991); and (13) B. pseudofirmus
OF4 (brown; pH 7.5–11.2; Sturr et al., 1994). (See plate 1 in the color plate section.)

JOAN L. SLONCZEWSKI ET AL.4



approximate degree of cytoplasmic buffering appears remarkably similar
for most bacteria across the range of environmental pH.

Despite the various sources of buffering, in the absence of active
mechanisms of pH homeostasis, ionophores or permeant acids or bases
rapidly shift the cytoplasmic pH via influx or efflux of protons. Membrane-
permeant acids such as fermentation acids become concentrated within
the cytoplasm. This concentrative effect is observed when there is a pH
difference across the membrane with the cytoplasmic pH higher than the
external pH. Such a pH difference is generally small in neutralophiles but is
very large in acidophiles, thus making membrane-permeant acids corre-
spondingly more toxic in acidophiles. The accumulation of acids in the
cytoplasm results in partial or complete failure of pH homeostasis, and may
increase the concentration of an organic acid that can retard growth
(Kihara and Macnab, 1981; Salmond et al., 1984; White et al., 1992).
Similarly, the accumulation of membrane-permeant bases such as poly-
amines is favored under conditions in which the cytoplasmic pH is lower
than the external pH. Under these conditions, the uncharged base that
enters the cell is protonated in the cytoplasm and this consumption of
cytoplasmic protons can impair pH homeostasis (Repaske and Adler, 1981;
Yohannes et al., 2005).

In growth media with high organic amine content, alkaliphilic bacteria
are at special risk for cytoplasmic accumulation of ammonium at the
expense of cytoplasmic protons, thus compromising pH homeostatic
mechanisms. In alkaliphilic B. pseudofirmus OF4, an ammonium efflux
system has a role in facilitating growth under these conditions (Wei et al.,
2003). Müller et al. (2006) studied the effect of high ammonium concentra-
tions on several neutralophilic bacteria and concluded that high ammonium
concentrations were not generally detrimental. However, B. subtilis
mutants lacking one of the cation/proton antiporters important for alkaline
pH homeostasis show a large decrease in expression of ammonium
transport system, for example, 17-fold decrease in nrgA (Wei et al., 2006).
The down-regulation of the ammonia transport in the antiporter mutant
implies that ammonia is detrimental to the cell under alkali stress. It would
be of interest to re-visit the issue of general ammonium toxicity for
neutralophiles under alkaline conditions.

Depending upon whether the cytoplasmic pH is higher or lower than the
external pH, the DpH contributes or detracts from the total protonmotive
force (PMF) that drives bioenergetic work. The PMF is an electrochemical
or chemiosmotic gradient of protons that is established by active proton
pumping and modulated by secondary ion movements (Mitchell, 1961;
West and Mitchell, 1974; Booth, 1985; Macnab and Castle, 1987). The PMF
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comprises the chemical gradient of protons (DpH) and the transmembrane
electrical component (DC). The PMF in millivolts (negative) is equal to
DC�60DpH at 25 1C; thus, a DpH (alkaline inside) contributes to the PMF.
The PMF energizes most active processes that contribute to bacterial pH
homeostasis; drives ATP synthesis and ion-coupled solute uptake or efflux;
and motility. The PMF must be sufficiently persistent to drive energy
requiring processes and therefore, the membrane is proton impermeable
such that the PMF is not rapidly dissipated by proton and/or charge move-
ments across the membrane. While there are mechanisms for maintaining
homeostasis of membrane ion permeability, especially proton permeability
(Albers et al., 2001), certain membrane lipids (such as the tetraethers in
acidophilic archaea) confer greater proton impermeability on some species
than others.

Other conditions can deplete the PMF such as the presence of an
ionophore. For example, dinitrophenol or combination of permeant ions
can cause a failure of cytoplasmic pH homeostasis (Khan and Macnab,
1980; MacLeod et al., 1988). Another factor to consider in connection with
PMF generation by proton-pumping complexes is that bacteria and archaea
exhibit an amazing range of electron donors used for energy generation.
Interestingly, use of some substrates mandates an extreme lifestyle. An
example noted by Ferguson and Ingledew (2008) is that oxidation of
ferrous iron by microorganisms such as A. ferrooxidans occurs at low pH
because low pH minimizes auto-oxidation and maximizes solubility but also
because the mid-point potential of the oxygen/water couple is higher at pH
2 than at pH 7. Since the mid-point potential for the ferrous/ferric couple
does not change concomitantly, more energy is available from ferrous
oxidation, which improves the energetics at low pH.

The balance between DpH and DC across many species shows distinctive
patterns that reflect dependence upon pH. Acidophiles, as well as
neutralophiles that survive under extremely acidic conditions (below
pH 3) maintain a cytoplasmic pH that is much less acidic than the external
pH, and they exhibit an inverted DC (inside positive) which subtracts from
the PMF while helping to maintain a cytoplasmic pH that is only mildly
acidic (Foster, 2004; Baker-Austin and Dopson, 2007). Thus, in extreme
acid, the DpH solely contributes to the PMF in the chemiosmotically
productive direction. Conversely, at high external pH, alkaliphiles as well
as neutralophiles have an inverted DpH (acid inside) that subtracts from
the PMF but results in a cytoplasmic pH that is only mildly alkaline even
when the external pH is above pH 9 (Yumoto, 2002; Saito and Kobayashi,
2003; Padan et al., 2005). Under these conditions, the DC is the only
chemiosmotically productive component of the bulk PMF. However, there

JOAN L. SLONCZEWSKI ET AL.6



is evidence that proton sequestration occurs near the outside of the
bacterial membrane and/or proton translocation near the outer membrane
surface occurs faster than the equilibration of pumped protons with the
bulk liquid phase outside the cell (Heberle et al., 1994; Mulkidjanian et al.,
2006; Brändén et al., 2006). During growth under alkaline conditions, the
concentration of such surface-associated protons relative to the cytoplasmic
proton concentration could constitute a DpH that is more chemiosmotically
favorable than the bulk DpH (Krulwich, 1995; Mulkidjanian et al., 2006).

Outside the range of pH permitting growth, pH homeostasis gradually or
abruptly fails. Nevertheless, many species can survive (remain viable) for
extended periods at pH values outside their growth range, ready to grow
again when the pH returns to the optimum. For instance, clinical isolates of
E. coli can survive several hours of exposure below pH 2 (Gorden and
Small, 1993; Buchanan and Edelson, 1999; Price et al., 2000). E. coli as well
as Vibrio cholerae also survive but do not grow in some of the alkaline–
saline waters into which they are released during their passage from animal
hosts (Colwell and Huq, 1994; Rozen and Belkin, 2001). Acid- or base-
resistant strains generally express inducible mechanisms of ‘‘acid resis-
tance’’ or ‘‘base resistance,’’ enabling them to survive without growth at
extreme pH (Small et al., 1994; Foster, 2004). These mechanisms have some
factors in common with the pH homeostasis mechanisms of extreme
acidophiles and alkaliphiles. It is also evident that different bacteria vary
not only in their capacity for pH homeostasis, but also in their ability to
survive or even grow when their cytoplasmic pH is significantly below or
above the pH range tolerated by most bacteria (see Fig. 1).

1.2. Mechanisms of pH Homeostasis

Diverse mechanisms that maintain active pH homeostasis greatly supple-
ment the contribution of passive cytoplasmic buffering. Major categories
of active pH homeostasis mechanisms include: coupling transmembrane
proton movements to an energetically favorable exchange with cations
(Kþ, Naþ) or anions (Cl�), a strategy that is the central active component
of alkaline pH homeostasis (Macnab and Castle, 1987; Padan et al., 2005;
Krulwich et al., 2007); metabolic switching to generate acidic or neutral
end-products (Stancik et al., 2002; Wei et al., 2006); acid-induced amino acid
decarboxylases, and base-induced amino acid deaminases (Blankenhorn
et al., 1999; Foster, 2004; Richard and Foster, 2004); use of urease activity,
sometimes working together with carbonic anhydrase activity, to regulate
cytoplasmic and periplasmic pH (Stingl et al., 2001, 2002; Sachs et al., 2005,
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2006); synthesis of acid-resistant membrane structures such as cyclopropane
fatty acids (CFAs; Cronan, 2002) and tetraether lipids (Baker-Austin and
Dopson, 2007) or increased synthesis of anionic phospholipids or specific
neutral lipids at high pH (Clejan et al., 1986); and chaperone protection from
temporary damage due to pH shift (Stancik et al., 2002). Some mechanisms
are regulated as components of larger regulons, such as the RpoS-dependent
acid resistance Gad regulon (Ma et al., 2004). Others respond to pH with
a combination of transcriptional responses together with a substantial
component of activity control by pH. For example, the major Naþ/Hþ

antiporter of E. coli, NhaA, is transcriptionally regulated by both sodium and
by an RpoS-mediated response to the growth phase (Karpel et al., 1991;
Dover and Padan, 2001) but antiport activity is also dramatically and directly
enhanced by alkaline pH activation (Padan et al., 2004; Padan, 2008). High-
resolution structural information recently obtained for NhaA (Hunte et al.,
2005) has made it possible to integrate extensive biochemical and genetic
data into a detailed model for the mechanism of activity control of the
antiporter by pH (Padan, 2008). Structural biological studies will similarly be
central to understanding the specific adaptations in the proton-translocating
complexes of the proton cycles that support pH homeostasis in acidophiles
and alkaliphiles.

Some extremophile adaptations were found in functional assays, but
additional examples are emerging as more extremophile genome data
becomes available. Examples of adaptations in proton pumps include: the
sequence-based proposal that the cytochrome oxidase of two iron-oxidizing
acidophiles lacks one of the proton channels found in homologues from
neutralophiles (Ferguson and Ingledew, 2008); adaptions of extremely
alkaliphilic Bacillus species in cytochromes, including cytochrome c, that
greatly reduce the mid-point potentials of the alkaliphile proteins relative
to neutralophile homologues (Lewis et al., 1981; Yumoto et al., 1991; Hicks
and Krulwich, 1995; Goto et al., 2005); alkaliphile-specific sequence motifs
in both the caa3-type cytochrome oxidases (Quirk et al., 1993); and
alkaliphile-specific motifs in the proton-translocating a- and c-subunits of
the ATP synthase that are important in proton capture and retention
during ATP synthesis at high pH (Ivey and Krulwich, 1992; Arechega and
Jones, 2001; Wang et al., 2004; Liu et al., 2009).

The multiplicity of mechanisms and adaptations observed for bacterial
pH homeostasis is perhaps to be expected, given that in principle, every
macromolecule with pH-titratable residues is a potential ‘‘pH sensor.’’
Thus, evolution has generated numerous pH-detecting devices that operate
independently. Some categories of pH protection mechanisms are
ubiquitous, such as cytoplasmic buffering or almost ubiquitous, such as
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transmembrane proton transport of some type that is observed in all but a
few bacteria that confine themselves to a narrow range of pH for example,
Clostridium fervidus (Speelmans et al., 1993). Other mechanisms are
associated with groups of microorganisms that are adapted to particular
ranges of environmental pH (for reviews see Slonczewski and Foster, 1996;
Padan et al., 2005; Baker-Austin and Dopson, 2007). Acidophiles include
iron and sulfur bacteria such as A. ferrooxidans, as well as archaea such as
Ferroplasma acidiphilum that grow under the most extreme acid conditions
(close to pH 0). Archaeal acidophiles possess tetraether membranes that
are highly impermeable to protons. Neutralophiles include the majority of
organisms that grow in association with human bodies as well as a majority
of those that inhabit soil and most freshwater habitats. Neutralophiles show
a wide range of pH-regulating mechanisms that involve heterotrophic
metabolism and inorganic ion exchange. Alkaliphilic bacteria that grow
well at pH values up to 10.5, for example, the extensively studied
B. pseudofirmus OF4 or Bacillus halodurans C-125, were isolated from soil
or marine environments that are not consistently extremely alkaline
(Krulwich and Guffanti, 1989; Takami et al., 1999). Even more extreme
alkaliphiles have been isolated from natural enrichments such as soda lakes
that typically have a pH above 10 or industrial enrichments, for example,
indigo dye plants (Jones et al., 1998; Wiegel, 1998; Roadcap et al., 2006).
In the alkaliphiles studied to date, a Naþ transport cycle that is coupled
to cytoplasmic proton accumulation plays a major and indispensable
role in pH homeostasis (Padan et al., 2005; Krulwich et al., 2007). However,
extreme alkaliphiles have been isolated from non-saline groundwater
with a pH of 11.4. Some of these bacteria, for example, Bacillus foraminis
CV53T, grow better in the absence than in the presence of sodium (Tiago
et al., 2004, 2006). Therefore, net proton uptake cycles that are based
on coupling ions other than sodium are likely to be employed in some
environments.

2. CYTOPLASMIC pH MEASUREMENT

The study of cytoplasmic pH requires careful means of controlling and
measuring pH, both inside and outside the cell. The pH of the medium
must be maintained either in batch culture, through use of buffers that are
pH-appropriate and non-metabolized, or through continuous culture
(chemostat). Cytoplasmic pH is measured either by membrane-permeant
radiolabeled probes of DpH, or by indicators of cytoplasmic pH that are
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independent of external pH, such as fluorimetry and phosphorus NMR.
The relative merits and limitations of these approaches are discussed below.

2.1. Buffered Batch Culture Versus Chemostat Culture

The first requirement for any study of cytoplasmic pH is to establish
effective means of maintaining a constant pH of the extracellular medium
or to incorporate changes in external pH into the study. In either case,
accurate measurements of external and cytoplasmic pH are essential. Most
commonly, pH homeostasis is assessed under conditions in which the pH is
held constant. This establishes the homeostatic capacity under a specific
condition in studies of different mutants or inhibitory conditions. However,
there is sometimes merit in studying pH homeostasis during either acidifi-
cation or alkalinization of the medium caused by bacterial metabolism.
Such conditions mimic the niches of bacteria that have relatively small
volumes and/or buffering capacities, or that grow in biofilms and in high-
density habitats such as the colon.

When the external pH is fixed, the external medium must have sufficient
buffering to overcome the effects of metabolism on external pH. The most
common approaches to this problem involve batch culture with non-
metabolizable buffers, or the use of chemostat cultures. Usually, changes in
absorbance and/or cell protein measurements are used to monitor growth.
However, there is enormous value in tracking the viable count since this
provides an indication of the proportion of cells in the population that
retains the capacity for colony formation (Padan et al., 2005). Limitations of
batch culture are that (1) the buffer(s) must have appropriate pKa for the
pH range of interest but not be inhibitory to the bacteria in question;
(2) concentrations as high as 50–100 mM are required for extended culture
of rapidly growing cells; and (3) metabolic breakdown of buffers may occur
when working with organisms whose full spectrum of degradative
capacities are unknown, generating unknown byproducts (for discussion
see Slonczewski and Foster, 1996). Limitations of chemostat culture include
(1) the difficulty of establishing biologically independent replicate cultures;
(2) the need to sample the chemostat in order to assess the cytoplasmic pH
of the culture at intervals until it becomes feasible to use continuous
measurements routinely, for example, by fluorimetry. In a review that
highlights recent applications of chemostat cultures to studies of bacterial
populations, mutations, and evolution, Ferenci (2008) points out that these
cultures do not achieve a true steady state for bacterial populations with
fixed characteristics that can be readily compared.
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2.2. Radiolabeled Membrane-Permeant Probes

Radiolabeled membrane-permeant weak acids and weak bases are used to
measure the bulk transmembrane DpH, which is added to the extracellular
pH to yield cytoplasmic pH. Cells or membrane vesicles of either the right-
side-out (RSO) orientation or inside-out orientation can be used for the
assays (Padan and Schuldiner, 1986). The cells are collected by filtration or
by centrifugation; the cytoplasmic volume must be determined simulta-
neously by a different radiolabeled probe (Small et al., 1994; van den
Vossenberg et al., 1998b; Richard and Foster, 2004).

The weak acid or weak base probe must not be actively transported
by the bacteria under study, as this would confound the measurement.
Rather, the principle behind use of weak acid and weak base probes
depends upon the relative impermeability of the membrane to the charged
species of the acid or base in the absence of a transporter. In the absence of
a transporter, the charged species do not significantly enter the cell or RSO
vesicle and it is the uncharged species that is presumed to diffuse. If
the cytoplasmic or intravesicular pH is higher than the external pH, the
uncharged protonated weak acid that enters will dissociate more to the
charged form than the probe that remains outside. The charged form that is
generated inside is then trapped there and so its concentration relative to
the probe concentration outside can be assayed. Weak base probes also
enter in the uncharged form if the internal pH is lower than the outside pH,
and more of the internalized probe than the probe remaining outside will
become protonated. The charged protonated form of the basic probe traps
the probe inside the cell and facilitates measurement of the inside versus
outside probe concentration. If the pH gradient is small, it is advisable to
conduct separate assays with a weak acid and weak base on the same
preparations. The results should be the inverse of one another and such
results help to validate findings of small gradients.

In all instances, a major challenge is correcting the total non-internalized
cell- or vesicle-associated probe. The challenge is especially great because
the amount of binding may be different among preparations from different
mutants or may be affected by different treatments. Usually binding
controls are conducted by permeabilization with either solvent, for
example, toluenized or butanol-treated cells or membranes or with treat-
ment of the preparation with an ionophore or combination of ionophores
that abolishes the pH gradient (Rottenberg, 1979). To assess the optimal
binding control with different cells and preparations, it is best to conduct
preliminary assays with pH-equilibrated cells or vesicles in which pH
gradients of known dimension are established by a sudden shift in external
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pH. The other parameter that can be established in such preliminary
experiments is the lowest concentration of probe that will be sufficient to
saturate the non-specific binding sites while providing a measurement of
the imposed pH gradient. It is important to ascertain this value because if
the probe concentration is too low, it does not measure the actual gradient
but is largely bound non-specifically. If the concentration is too high, the
weak acid or base probe will change the pH gradient too much.

Calculation of the intracellular or cytoplasmic pH value (pHint) requires
the following equation:

pHint ¼ log
½Ain�

½Aout�

� �
10pKa þ 10pHout
� �

� 10pKa

� �

where [A] represents the concentration of the radiolabeled permeant-acid
probe, such as benzoate (pKa ¼ 4.2) or salicylate (pKa ¼ 3.0). At extra-
cellular pH values higher than the pHint, an analogous equation applies to
a permeant base such as methylamine (pKa ¼ 10.6). For acid conditions,
the pKa of the probe should be sufficiently low that the protonated
concentration is small (preferably well below the cytoplasmic pH) but not
so low that the membrane permeation rate of the anion becomes
comparable to that of the protonated species. Thus, for example, benzoate
is an appropriate probe for use at external pH 5–7, whereas salicylate is
optimally used at pH 3–6 (Small et al., 1994; van den Vossenberg et al.,
1998b; Richard and Foster, 2004). At pH values below pH 3, the sensitivity
of salicylate decreases because most of the probe is protonated.

As permeant acids and bases provide only indirect measures of the pH
gradient, the results should be validated to the extent possible with other
data about the system. The advantage of permeant-acid and -base probes is
that a large number of samples can be measured conveniently. These
measurements are reasonably sensitive, that is, over a large pH range, DpH
values can be reproducibly assessed within 0.2 unit and such measurements
correlate with fluorescence-based assays (Ito and Aono, 2002). A limitation
is that these are steady-state type measurements and thus do not support
kinetic analysis so that studies of pH homeostasis over time are limited to
relatively long time intervals.

2.3. Fluorimetry and Fluorescence Microscopy

Fluorescence of a pH-titratable fluorophore yields a direct measure of
cytoplasmic pH that is independent of extracellular pH (Olsen et al., 2002;
Wilks and Slonczewski, 2007). Fluorescent proteins provide highly sensitive
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detection, do not require indicator loading, and lack phototoxicity. The
most effective methods use pH-sensitive derivatives of green fluorescent
protein (GFP) such as GFPmut3* and YFP (Andersen et al., 1998; Kneen
et al., 1998; Llopis et al., 1998; Robey et al., 1998; McAnaney et al., 2005).
The pH dependence of fluorescence intensity is based on protonation of
the phenolate moiety of the fluorophore derived from tryptophan, an
exchange reaction occurring in less than a millisecond (Dickson et al., 1997;
McAnaney et al., 2005). Thus, GFP observation allows assessment of the
cellular rate of pH change in response to a rapid shift in extracellular pH, or
to addition of a permeant acid. Fluorescence spectroscopy or fluorimetry of
E. coli and B. subtilis cell suspensions yields kinetic data on a timescale as
short as 4 seconds (Fig. 2A) (Wilks and Slonczewski, 2007; Kitko and
Slonczewski, unpublished data). For optimal observation of cytoplasmic
pH, the GFPmut3* is best expressed from a high-copy plasmid using a
constitutive promoter (Kitko and Slonczewski, unpublished data). Use of
current GFP probes is limited to cytoplasmic pH values above pH 5, as the
protein denatures in acid. The optimal range of pH sensitivity of current
proteins is about pH 5.5–8.5.

GFP fluorimetry can also be used to measure the periplasmic pH
independently from the cytoplasmic and external pH values (Wilks and
Slonczewski, 2007). The GFPmut3* fusion strain is expressed with a TorA
signal peptide that can either retain the fusion protein in the cytoplasm or
direct its transport to the periplasm via tat transport, a system in which the
pre-folded GFP is transferred across the membrane (Thomas et al., 2001;
Barrett et al., 2003; Mullineaux et al., 2006). Arabinose incubation induces
GFP transport, and eliminates GFP from the cytoplasm; thus, the
periplasmic signal can be isolated. This method was used to show that
periplasmic pH (unlike cytoplasmic pH) shifts according to external pH,
with no apparent homeostasis (Fig. 2B).

pH-dependent fluorescence of cells is also observed by microscopy. For
example, Olsen et al. (2002) used microscopy to observe GFP fluorescence
as a function of pH in isolated cells of E. coli and Lactococcus lactis. The
advantage of microscopy over fluorimetry is that it enables observation of
individual cells within a population. Low noise level relative to signal
permits ratiometric analysis, in which the ratio is obtained between
fluorescence intensity at two excitation wavelengths, one of which increases
with pH, and one of which decreases. The ratiometric method improves
accuracy by eliminating intensity differences not associated with pH. On
the other hand, microscopy necessitates cumbersome quantitation proce-
dures that introduce error and limit the timescale of observable signal such
that kinetic observations are limited compared to fluorimetry.
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Figure 2 Cytoplasmic pH and periplasmic pH of E. coli K-12 observed by
fluorimetry. Strain MC4100AR TorA-GFPmut3*. Cultures suspended in pH 7.5 M63
medium (5 mM HOMOPIPES) were tested (A) without further incubation and
(B) after 3 h of incubation in the absence of arabinose. At time zero, the external pH
was shifted from pH 7.5 to 5.5 by adding 8.5 mM HCl. For the control, at time zero,
(A) 8.5 mM KCl (pH 7.5) was added or (B) 20 mM sodium benzoate (pH 7.0) was
added to cultures suspended in pH 7.0 M63 medium (50 mM HOMOPIPES). The
fluorescence signals from three independent cultures were averaged for each condition,
and pH values determined from a standard curve based on cells with DpH collapsed by
20 mM sodium benzoate. [Adapted from Fig. 8 of Wilks and Slonczewski (2007).]
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In Gram-positive bacteria, pH has been measured by microscopy using
exogenous fluorophores such as derivatives of carboxyfluorescein. For an
exogenous fluorophore, the challenge is to introduce a non-toxic probe into
the cells that has an appropriate pKa near that of cytoplasmic pH, and
that remains in the cell without breakdown or excretion. Breeuwer et al.
(1996) devised a method based on the use of carboxyfluorescein diacetate
succinimidyl ester (cFSE) in L. lactis and B. subtilis. Within the cell, cFSE
becomes hydrolyzed to carboxyfluorescein succinimidyl ester and is
subsequently conjugated to aliphatic amines. The conjugated form appears
to remain stable within the cell. Fluorescence is observed ratiometrically
based on excitation wavelengths of 490 and 440 nm, with an approximate
pKa of pH 7.0. This method has been used to measure the internal pH of
Bacillus cereus (Ultee et al., 1999; Thomassin et al., 2006) and Lactobacillus
species (Siegumfeldt et al., 1999), including dynamic changes on a timescale
of 30–60 seconds (Siegumfeldt et al., 2000).

Fluorescence microscopy can reveal the pH of a bacterial cellular
compartment, such as the forespore compartment of Bacillus megaterium
(Fig. 3) (Magill et al., 1994, 1996). The fluorophore used is 2u,7u-bis-(2-
carboxyethyl)-5-(and 6-)carboxyfluorescein (BCECF). Cells are loaded with
the acetomethoxyester of BCECF (BCECF-AF), which is membrane-
permeant and non-fluorescent. The probe becomes hydrolyzed by cellular
esterases, releasing the pH-dependent fluorophore. Fluorescence excitation

Figure 3 Fluorescent ratio image analysis of intracellular pH in sporulating
Bacillus megaterium. Sporulating cells were loaded with BCECF-AM. Fluorescence
ratios were measured and converted to pseudocolor images calibrated to pH as
shown. Bacteria appear as chains of four to eight cells, in which the forespore
components show lowered pH. The figure was adapted from Fig. 4 of Magill et al.
(1994) with permission from American Society for Microbiology. (See plate 2 in the
color plate section.)
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ratios between 500 and 440 nm are calibrated to pH and represented by false
color in the micrograph. During forespore development in the mother cell,
the pH declines from pH 8.1 in the mother cell to pH 7.0 in the forespore.

2.4. Phosphorus NMR

Cytoplasmic pH can be measured simultaneously with extracellular pH
using 31P NMR observation of titratable phosphate resonances (Fig. 4)
(Slonczewski et al., 1981, 1982). NMR shifts are observed for inorganic
phosphate (pKa 7.1) and methylphosphonate (pKa 7.5), which is taken up
from the medium by E. coli cells. The observation of cytoplasmic pH
requires highly concentrated cell suspensions, typically 20–200 optical
density units at 600 nm, as the relative signal intensities of intracellular and
extracellular phosphates depend on the cell volume. Cell suspensions are

Figure 4 Cytoplasmic pH (pHint) of E. coli K-12, and extracellular pH (pHext),
measured by 31P NMR. The chemical shifts were observed for inorganic phosphate
(closed symbols) and methylphosphonate (open symbols). The pH was altered
continuously by addition of acid (1 M HCl), then base (1 M NaCl), starting at the
times indicated. [Adapted from Fig. 2 of Slonczewski et al. (1981).]
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observed with aeration in a wide-bore tube of an NMR spectrometer, with
field strength of at least 145 MHz. The use of two phosphorus probes
with different pKa values provides an intracellular confirmation of the
pH calibration scale. Another advantage of NMR is that phosphorus
resonances can be measured simultaneously for nucleotide phosphoryl
groups and glycolytic intermediates, enabling assessment of the energetic
state of the cell (Slonczewski et al., 1981; Lohmeier-Vogel et al., 2004).

31P NMR studies can yield kinetic data on rapid perturbation of
cytoplasmic pH, with a 12-second time resolution (Slonczewski et al.,
1982). However, in these experiments the cytoplasmic pH does not begin to
recover from an external pH shift until approximately 2 minutes after
HCl addition. By contrast, the fluorimetry data show a dip and initiation
of recovery within 10–20 seconds (Fig. 2). A likely reason for this difference
may be the relatively stressed condition of the cells in the NMR experiment,
which are harvested in late log phase and/or are re-suspended at high density
so that aeration comparable to optimal growth conditions is not feasible.

3. pH HOMEOSTASIS DURING GROWTH

pH homeostasis is required during growth of acidophiles (Fig. 5),
neutralophiles (Figs. 6 and 7A), and alkaliphiles (Fig. 7B), in part due to
the production and consumption of protons during metabolism. In most
bacteria and archaea, primary pumps produce a PMF, although some
marine bacteria and specialized fermentative bacteria also generate and
drive bioenergetic work with a sodium motive force (Dimroth and Schink,
1998; Häse and Barquera, 2001; Müller et al., 2001; Hayashi et al., 2001;
Dimroth, 2004). The PMF is generated by respiration, by other primary
proton pumps, or by PMF-generating solute efflux cycles (Mitchell, 1961;
Konings et al., 1997; Schäfer et al., 1999; Friedrich and Scheide, 2000). The
modulation of the PMF and specific mechanisms to achieve pH homeostasis
differ among acidophiles, neutralophiles, and alkaliphiles. The centrality of
pH homeostasis mechanisms for most bacteria and archaea also has
secondary effects on the choice of protons versus sodium used to power ion-
coupled solute uptake and flagellar-based motility, as described below.

3.1. Acidophiles

Acidophiles maintain a more alkaline cytoplasmic pH that is typically 4–5
pH units above the external pH (Fig. 1). Additional acidophile cytoplasmic
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pH values to those given in Fig. 1 include Thermoplasma acidophilum that
maintains an internal pH around pH 5.5–6.5 (Hsung and Haug, 1977),
Picrophilus oshimae has an internal pH 4.6 at external pH values between
0.8 and 4.0 (van den Vossenberg et al., 1998b), and Sulfolobus solfataricus
grows at pH 2–4 with a cytoplasmic pH E6.5 (Moll and Schafer, 1988).
Acidophiles maintain an inverted transmembrane potential (DC, discussed
below); thus, the pH gradient across the cytoplasmic membrane is the only
chemiosmotic productive parameter of the PMF. pH homeostasis requires
that any influx of protons for support of bioenergetic work such as ATP
synthesis and proton-coupled solute uptake (as well as proton-coupled
motility for some eubacterial acidophiles) must be balanced by proton
extrusion by electron transport or by an alternative primary pump.
Consistent with this expectation, inhibition at any point of electron
transport halts metabolism in Acidithiobacillus caldus (Dopson et al., 2002),

Figure 5 Schematic of general acidophile pH homeostatic mechanisms creating
a near-neutral cytoplasmic pH despite an acidic external environment. 1The internal
positive membrane potential (potentially generated by potassium uptake) creates a
chemiosmotic gradient that protons have to be transported against to enter the
cytoplasm. 2The cytoplasmic membrane is extremely resistant to the influx of
protons. 3Respiration-dependent primary proton pumps remove protons from the
cytoplasm that 4re-enter to generate ATP via the F0F1-ATPase. 5,6Secondary
symporters and antiporters can be used to remove excess protons from the
cytoplasm. [Adapted from Fig. 1 of Baker-Austin and Dopson (2007).]
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Acidiphilium acidophilum (Matin et al., 1982), and Sulfolobus acidocaldar-
ius (Lübben and Schäfer, 1989). It was also demonstrated that metaboli-
cally active A. acidophilum cells maintained a stable external pH, consistent
with the anticipated balance between proton consumption and proton
pumping (Matin et al., 1982).

Although the cytoplasmic membrane must allow flow of ions and
molecules to support ATP synthesis, transport, and metabolism, the
acidophile membrane must hinder the entry of protons (Fig. 5). Indeed,
acidophile cell membranes (and in particular archaeal membranes) are

Figure 6 Acid stress during growth: mechanisms contributing to pH homeostasis
in respiratory neutralophiles E. coli and B. subtilis. Acid up-regulates NAD(P)H-
dependent substrate dehydrogenases, which enhance proton export. The F1F0-ATP
synthase is partly down-regulated to limit proton re-entry. Kþ and Naþ flux
balances the charge flow. Hydrogenases convert protons to H2, which diffuses from
the cell. Amino acid and other substrate decarboxylases consume protons and
generate polyamines, which are exported from the cell. In E. coli, polyamines block
outer membrane porins from uptake of antimicrobial agents, including permeant
organic acids. Acid up-regulates cfa, which synthesizes cyclopropane fatty acids
(CFAs) in the inner membrane. (Based on Neely and Olson, 1996; Chang and
Cronan, 1999; Tanner and Bornemann, 2000; Foster, 2004; Hayes et al., 2006; Pagès
et al., 2008; Wilks et al., 2009; others cited in text.)
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highly impermeable to passive influx of protons down the concentration
gradient from the outside to the inside of the cell (Konings et al., 2002).
This impermeability is vital as protons are more able to cross the
membrane than other monovalent cations (van den Vossenberg et al.,
1995). It has been demonstrated that the proton permeability of archaeal
membranes increases by only a factor of 10 from pH 1 to 11 (Nichols and
Deamer, 1980; Nagle et al., 2008), whereas there is a linear increase in
the permeability of other ions. Proton translocation is suggested to be
mediated by chains of hydrogen-bonded water (Deamer and Nichols, 1989)
and therefore, archaeal membranes also have a low influx of water
(Dannenmuller et al., 2000). The cytoplasmic membrane of most bacteria
consists of a lipid bilayer containing fatty acids ester-linked to a glycerol
moiety whereas, archaea have ether linkages (Gliozzi et al., 2002). Bipolar

Figure 7 Interacting proton and sodium cycles in neutralophilic B. subtilis and
alkaliphilic B. pseudofirmus OF4. The pHin, pHout, and DC (inside negative) are
shown for an alkaline pH that supports growth. 1Both species have exclusively
proton-pumping respiratory chains; the caa3-type cytochrome c oxidase (Cco) of the
alkaliphile plays a major role in oxidative phosphorylation in the alkaliphile but not
in the neutralophile. 2Both organisms have proton-coupled ATP synthases. The
alkaliphile synthase has specific adaptations of the proton-translocating a- and c-
subunits that are required for ATP synthesis and/or cytoplasmic pH homeostasis at
pH 10.5 (Ivey and Krulwich, 1992; Wang et al., 2004; Liu et al., 2009). The dashed
lines connecting the cytochrome oxidase of the alkaliphile respiratory chain and the
ATP synthase indicate the existence of incompletely elucidated mechanisms for
sequestered proton transfer between the respiratory chain and the synthase in the
alkaliphile (Krulwich et al., 2007). 3The multi-subunit Mrp Naþ/Hþ antiporter has a
major role in Naþ resistance in B. subtilis (Kosono et al., 1999; Ito et al., 1999) and a
major role in pH homeostasis and in Naþ resistance in alkaliphilic B. halodurans
C-125 (Hamamoto et al., 1994). 4The TetL antiporter plays a major role in pH
homeostasis of B. subtilis strains that have this tetracycline and monovalent cation/
proton antiport system and additional antiporters with supportive roles in pH
homeostasis are found in both organisms (Padan et al., 2005). 5,6Ion-coupled solute
uptake is exclusively coupled to sodium in the alkaliphile whereas B. subtilis can
couple these processes to either protons or sodium. Sodium entry by these routes
supports ongoing Naþ/Hþ antiport at high pH. 7A polarly localized voltage-gated
sodium channel, NaVBP is found in the alkaliphile that contributes to sodium entry
to support pH homeostasis at high pH. Its function is required for normal
chemotaxis and it co-localizes with chemotaxis receptors (shown as an MCP-
CheW,CheA complex) (Ito et al., 2004b). The SCWPs indicated by the line
surrounding both cells indicates the presence of secondary cell wall polymers. In
alkaliphilic B. pseudofirmus OF4, the S-layer protein SlpA supports pH homeostasis
(Gilmour et al., 2000) and in alkaliphlic B. halodurans C-125, teichuronic acid
components of the SCWPs have a major role in pH homeostasis and alkaliphily
(Aono and Ohtani, 1990; Aono et al., 1999).
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tetraether archaeal lipids have a monolayer organization with cyclopentane
rings and a network of hydrogen bonds between the sugar residues on the
outer face of the membrane (Elferink et al., 1994) and tight lipid packing
(Komatsu and Chong, 1998). Most acidophilic archaea contain tetraether-
linked lipids (Macalady et al., 2004) that have been identified in
F. acidiphilum YT and Y2 (Batrakov et al., 2002; Golyshina et al., 2000;
Pivovarova et al., 2002), ‘‘Ferroplasma acidarmanus’’ (Macalady et al.,
2004), P. oshimae (van den Vossenberg et al., 1998b), S. solfataricus (van
den Vossenberg et al., 1998a), and T. acidophilum (Shimada et al., 2002).
These results are supported by data from S. acidocaldarius liposomes
(Elferink et al., 1994; Komatsu and Chong, 1998) that were less proton
permeable than liposomes from E. coli and Bacillus stearothermophilus.

Related to pH homeostasis and maintaining a pH gradient across the
membrane is the size and permeability of membrane channels in either the
outer or inner membrane that allow the influx of protons. The response of
A. ferrooxidans to acid stress–identified up-regulated genes coding for
putative lipoproteins and outer membrane proteins, suggesting that this
bacterium may alter its outer membrane structure to reduce proton
permeability (Chao et al., 2008). In another study, the A. ferrooxidans outer
membrane protein Omp40 was up-regulated as a result of a pH drop
from pH 3.5 to 1.5 in a similar response to heat shock (Amaro et al., 1991).
Outer membrane porins (OMPs) from Gram-negative neutralophiles are
trimeric structures that form water filled channels through which nutrients
may pass (Nikaido, 2003). The A. ferrooxidans Omp40 has a large external
L3 loop that may control the size and ion specificity at the entrance of the
porin (Guiliani and Jerez, 2000). It also has an estimated isoelectric point
of 7.21 and the L3 loop has a charge of þ2 at pH 2.5 (compared to �4 for
the E. coli homologue at pH 7) that may be adaptations to limit the passage
of protons into the cytoplasm (Guiliani and Jerez, 2000). Omp40 has been
shown to be potentially involved in Fe2þ oxidation by interaction with the
substrate (Castelle et al., 2008) although its role in response to a sudden
drop in pH has not been elucidated. A. ferrooxidans is thus far the only
acidophile in which the membrane is known to change in response to acid
stress. There is a need for further studies of the porins of acidophile
membranes in relation to acid stress, especially in an acidophilic archaea.

A further feature of pH homeostasis in acidophiles is the generation of
an inverted transmembrane potential (DC), positive inside relative to
outside (Fig. 5). This is opposite to the orientation of the DC, inside
negative, of neutralophiles and alkaliphiles. The DC has been measured in
a number of acidophiles including þ10 mV in A. ferrooxidans (Cox et al.,
1979), þ73 mV in A. acidophilum (Matin et al., 1982), and approximately
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þ20 mV in T. acidophilum (Michels and Bakker, 1985). The inside-positive
DC in acidophiles helps to maintain the large DpH and hence pH
homeostasis by impeding entry of protons down their chemical gradient.
A small internal positive potential is also observed in de-energized
cells that counterbalance the pH gradient (DpH) across the membrane
such that the PMF is zero in T. acidophilum (Hsung and Haug, 1977),
Bacillus acidocaldarius (Oshima et al., 1997), A. caldus (Dopson, 2001),
A. ferrooxidans (Cox et al., 1979), and A. acidophilum (Goulbourne et al.,
1986). Problems of accurately measuring such small potentials and
correcting for probe binding were noted (Michels and Bakker, 1985).
However, as recently described by Ferguson and Ingledew (2008), the
inside-positive DC in acidophiles is necessary to maintain a cytoplasmic pH
much closer to neutrality than the outside pH, and this is clearly critical for
cell metabolism and growth. Further, they note that under survival – only
conditions such as de-energization or after treatments that increase proton
permeability, the pattern of a counterbalanced inside-positive DC and
a DpH, acid outside, would be expected to persist, as has been reported,
unless a permeant anion is present. A permeant anion would collapse the
inside-positive DC and that in turn would lead to collapse of the DpH.

There have been suggestions that potassium ions play a role
in generation of the acidophile PMF and its inside-positive DC (Fig. 5).
For example, proton translocation during respiration and PMF generation
in Sulfolobus spp. is dependent on the presence of Kþ ions (Schäfer, 1996)
and generation of the DC in Acidithiobacillus thiooxidans depends upon
the presence of cations with Kþ being most effective (Suzuki et al., 1999).
Some of the effects of Kþ could result from the stimulation of respiration-
dependent PMF generation secondary to PMF depletion during Kþ uptake
as described by Bakker and Mangerich (1981). Richard and Foster (2004)
describe a series of reactions, including amino acid carboxylases and
electrogenic substrate/product exchange during acid adaptation of E. coli
that could contribute to formation of the inside-positive DC generated
in this neutralophile (see Section 4.1). The nature and origin of the inside-
positive DC merits further investigation across a spectrum of acidophiles
and acid-tolerant neutralophilic bacteria, as this potential plays a key role
in maintaining pH homeostasis.

3.2. Neutralophiles: pH Homeostasis in Acid

Bacteria growing at near-neutral pH show fewer membrane adaptations
than do acidophiles. At near-neutral values of external pH, both
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respiratory neutralophiles and neutralophiles that lack respiratory chains
are able to grow without pH homeostasis when the PMF is diminished or
eliminated by an uncoupler. E. hirae grows at pH 7.1–7.8 with DpH and the
proton potential eliminated by 1 mg/ml gramicidin D (Harold and Van
Brunt, 1977). Respiratory bacteria such as E. coli grow at pH 7.4–7.6 with
the proton potential collapsed by 50 mM of the protonophore carbonyl
cyanide m-chlorophenyl hydrazone (Kinoshita et al., 1984) or at pH 7.0–8.0
in the presence of benzoate, which diminishes or eliminates DpH (White
et al., 1992). In these cases, growth requires rich medium, with energy
obtained through substrate-level phosphorylation on catabolites such as
glucose or amino acids. Some organisms may in fact sacrifice pH homeo-
stasis in order to avoid low pH-driven uptake of fermentation acids
(discussed below, Section 3.3). For instance, the pathogen E. coli O157:H7
allows its internal pH to decrease below pH 7 in order to avoid acetate
accumulation (Diez-Gonzalez and Russell, 1997). However, in most cases
the loss of pH homeostasis allows growth only when the external pH is at or
near the optimal value of cytoplasmic pH.

Exposure of neutralophiles to low pH requires adjustments, as discussed
below, and induces structural changes in membranes, most notably an
increase in production of CFAs (Grogan and Cronan, 1997). The means by
which CFAs strengthen the membrane are unclear, but the lowering of
membrane proton conductance may play a role. E. coli cells defective for
the enzyme CFA synthase (cfa) lose the ability to survive an acid shift from
neutral pH to pH 3 (Chang and Cronan, 1999). In E. coli, cfa is up-
regulated both by low pH (Hayes et al., 2006) and by acetate, which
acidifies the cytoplasm at neutral pH (Rosenthal et al., 2006). Up-regulation
of cfa is RpoS-dependent, as are major mechanisms of acid resistance
such as the Gad regulon (discussed below). The cfa enzyme is similarly
up-regulated by acid in Salmonella enterica (Kim et al., 2005), L. lactis
(Budin-Verneuil et al., 2005), and Oenococcus oeni (Grandvalet et al.,
2008). External acid and base also differentially regulate a number of outer
membrane proteins, whose role in acid resistance remains unclear (Stancik
et al., 2002; Maurer et al., 2005; Hayes et al., 2006). As in the acidophile
A. ferrooxidans, the OmpR/EnvZ regulation of porins enhances E. coli
growth at low pH (Sato et al., 2000). Some amino acid decarboxylases
maintain pH homeostasis in enteric bacteria surviving at pH values below
their growth range, in part through generation of an inverted electrical
potential (Foster, 2004; see Section 5.1).

Two general mechanisms of acid pH homeostasis occur among
neutralophiles: (1) ATPase-dependent proton extrusion in non-respiratory
bacteria and (2) ATPase-independent ion transport and catabolic acid
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consumption in respiratory bacteria. The first class includes bacteria lacking
a respiratory chain, such as Enterococcus hirae (formerly Streptococcus
faecalis), which inhabits animal intestines (Kakinuma, 1998). E. hirae
primarily uses the F1F0-ATPase to expend ATP to expel excess protons
(Kobayashi and Unemoto, 1980; Kobayashi et al., 1982; Shibata et al.,
1992). Both the expression and activity of the ATPase are increased at low
external pH; and mutants in the ATPase fail to grow below pH 7 (Suzuki
et al., 1988). The ATPase similarly serves as the primary means of acid
reversal for lactococci (Hutkins and Nannen, 1993) and for oral streptococci
(Kuhnert and Quivey, 2003), although supplemented by catabolic mechan-
isms such as amino acid decarboxylases (Curran et al., 1995).

In most respiratory neutralophiles, no one mechanism is known to be
essential for growth below pH 7 (Fig. 6). The F1F0-ATPase acts primarily as
the ATP synthase coupled to electron transport. In fact, the atp operon is
up-regulated at high external pH, suggesting a need to compensate for the
lower PMF under conditions of inverted DpH (in E. coli K-12, Maurer
et al., 2005; in B. subtilis, Wilks et al., 2009; in Desulfovibrio vulgaris, Stolyar
et al., 2007). In E. coli, potassium transport has been associated with pH
homeostasis (Bakker and Mangerich, 1981; Roe et al., 2000; Buurman et al.,
2004). Nevertheless, no one potassium transport system is essential for
growth at low pH. A triple mutant for potassium transport systems, deleted
for kdpABC trkA trkD, requires high extracellular Kþ for pH homeostasis
and growth below pH 7.5 (White et al., 1992). In standard laboratory
strains, Kþ is not required for reversal of transient effects of acid exposure
on cytoplasmic pH, even when the exposure is an abrupt acid shift
(Wilks and Slonczewski, unpublished data).

A diverse collection of catabolic enzymes and substrate transporters are
transcriptionally regulated so as to favor acid consumption and base
production at low pH (and the reverse at high pH). The best characterized
example is that of lysine decarboxylase, cadAB, and the regulator cadC
(Slonczewski et al., 1987; Meng and Bennett, 1992a, b; Dell et al., 1994;
Neely et al., 1994; Neely and Olson, 1996). Amino acid decarboxylases
consume an acidic group, usually with release of a polyamine (for details,
see Section 4.4). Low pH also up-regulates hydrogenase complexes, which
may consume protons to release as hydrogen gas (King and Przybyla, 1999;
Hayes et al., 2006). Both decarboxylases and hydrogenases show acid-
enhanced expression primarily under anaerobiosis. Aerobic conditions lead
to acid-up-regulation of proton pumps such as the NADH dehydrogenases
and cytochrome d oxidase (Maurer et al., 2005). In B. subtilis, acid also
up-regulates numerous NAD(P)H-dependent substrate dehydrogenases,
which could channel electrons into respiration and accelerate proton export
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(Wilks et al., 2009). The mechanism of the acid-stress decarboxylase induc-
tion response of B. subtilis is beginning to be unraveled with the finding
that the s-like protein YvrI works with a pair of co-regulators to control
levels of the oxalate carboxylase OxdC that is implicated in the acid-stress
response (Tanner and Bornemann, 2000; MacLellan et al., 2009).

A special case is that of Helicobacter pylori, a neutralophilic epsilon
proteobacterium that has the ability to persistently colonize the epithelium
of the extremely acidic human stomach, where it is associated with peptic
ulcers and gastric cancer (Fig. 8). Under laboratory culture conditions in
the absence of urease, H. pylori behaves like a neutralophile in that it
grows primarily between external pH 5 and 7.5 (Bauerfeind, et al., 1997;
Slonczewski et al., 2000). By contrast, other pathogenic neutralophiles
survive while passing through the stomach but do not grow in highly acidic
environments or colonize them (Blaser and Atherton, 2004; Sachs et al.,
2005). The median pH of the gastric lumen in the absence of food is about
pH 2; although there is controversy about the pH at the gastric surface,
consistency between genes induced upon an in vitro acid shift and exposure
to the in vitro environment support the conclusion that the acid pH
challenge to H. pylori is formidable (Wen et al., 2003; Scott et al., 2007).
H. pylori differs from both bona fide acidophiles and other neutralophiles
that can survive an acid challenge in not exhibiting the inside-positive DC
found in these other organisms. Instead, H. pylori maintains a small DC
(B�25 mV) in the chemiosmotically productive orientation (inside
negative) while also maintaining a very large DpH (alkali inside), and a
cytoplasmic pH in the near-neutral range during colonization of the acidic
gut (Sachs et al., 2005, 2006).

Not surprisingly, H. pylori use a unique pH homeostasis strategy. An
important initial clue was the finding of particularly high constitutive levels
of urease (Mobley et al., 1995; van Vliet et al., 2001), which is increased to
even higher levels during growth in acid (Slonczewski et al., 2000). In acidic
media containing urea, urea passes through an OMP and is taken up by the
UreI inner membrane urea channel that is proton gated and is associated
on the cytoplasmic side with the cytoplasmic urease (Sachs et al., 2005,
2006). The combined actions of the cytoplasmic urease and a cytoplasmic
carbonic anhydrase release ammonia and carbon dioxide. Some ammonia
may scavenge protons in the cytoplasm, but it is largely expected to diffuse
into the more acidic periplasm along with the carbon dioxide. Some of the
ammonia may escape into the outside medium and scavenge protons there
but much of the ammonia and carbon dioxide remain in the periplasm
where they mediate pH homeostasis of that compartment (Fig. 8). The
regulation of periplasmic pH is in contrast with other neutralophiles such as
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E. coli, in which the periplasmic pH appears to be continuous with that of
the exterior (Wilks and Slonczewski, 2007). In H. pylori, a periplasmic pH
B6.1 is maintained through the proton capture by ammonia and the
generation of a large amount of buffering bicarbonate from the carbon
dioxide by the activity of a periplasmic carbonic anhydrase. The

Figure 8 pH homeostasis in H. pylori growing in extreme acid. Urea-dependent
pH homeostasis as an adaptive strategy in H. pylori requires passage of urea into
the cytoplasm via the UreI channel and production of ammonia and carbon dioxide
by the actions of cytoplasmic urease and carbonic anhydrase (CA). The abundant
carbon dioxide and ammonia diffuse into the periplasm where a periplasmic
carbonic anhydrase produces bicarbonate; the ammonia scavenges the protons
released in the carbonic anhydrase reaction so that a ‘‘cloud’’ of buffering
bicarbonate remains to support the periplasmic pH 6.1 and protect the cytoplasm
within (After Sachs et al., 2005). Among the strategies that are employed to limit
proton uptake is the down-regulation of the ATP synthase (Wen et al., 2003).
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well-buffered periplasmic compartment thus produced adds an extra layer
of protection for the cytoplasmic compartment.

Induction of urease, as well as additional ammonia-generating enzymes,
and of carbonic anhydrase was observed in an in vitro experiment; motility
and chemotaxis genes were also induced, consistent with mutational
evidence that these activities are necessary for colonization (Scott et al.,
2007). Mutational loss of urease, the urea channel and the carbonic
anhydrase all result in defective pH homeostasis (Eaton et al., 1991;
Mollenhauer-Rektorschek et al., 2002; Marcus et al., 2005; Bury-Moné
et al., 2008). Potassium uptake by the HpKchA channel of the RCK domain
family is also necessary for gastric colonization by H. pylori, providing a
specific biological function for a prokaryotic potassium channel (Stingl
et al., 2007). The ATP synthase that brings protons inward as it functions
is down-regulated (Wen et al., 2003). This down-regulation of the ATP
synthase in Helicobacter is consistent with the observations of up-regulation
of ATP synthase expression in several neutralophiles under alkaline
challenge (Maurer et al., 2005; Stolyar et al., 2007; Wilks et al., 2009).

3.3. Neutralophiles: pH Homeostasis in Base

In alkaline pH homeostasis, both non-respiratory and respiratory neutra-
lophiles show a central role for cation/proton antiporters. These secondary
membrane transporters use the PMF developed by primary pumps such as
the proton-pumping respiratory chain components of respiring bacteria
or ATP-dependent proton pumping by the hydrolytic activity of F1F0- or
Hþ-coupled P-ATPases. In order to support net proton accumulation in the
cytoplasm, a Naþ/Hþ antiporter would have to transport more protons
inward than the number of sodium ions transported outward during each
turnover. Such an electrogenic antiport whose exchange involves a Hþ:Naþ

ratio W1, and thus translocates net positive charge inward, could be
energized by the DC component of the PMF. Such an activity could thus
achieve cytoplasmic proton accumulation (Booth, 1985; Macnab and
Castle, 1987; Padan et al., 2005). A Kþ/Hþ antiporter could achieve acidifi-
cation of the cytoplasm even if it functioned via a 1:1 electroneutral
exchange, since it could use both the DpH component of the PMF and get
the added energy required to reverse that gradient from the outwardly
directed gradient of the efflux substrate, Kþ, which exists under most
physiological circumstances (Booth, 1985; Padan et al., 2005). A detailed
characterization of a typical bacterial complement of cation/proton anti-
porters (often more than 5) has yet to be reported for any species and is a

JOAN L. SLONCZEWSKI ET AL.28



challenging task; selected examples from the bacteria that have been most
completely characterized will be discussed but even these bacteria have
predicted antiporters whose activities and roles are not known. It is further
likely that some of the membrane proteins of unknown function will turn
out to have (novel) activities that contribute to pH homeostasis.

With respect to adaptation to alkaline pH, E. hirae is among the most
intensively studied non-respiratory neutralophiles (Kakinuma, 1998). In
the presence of bicarbonate, E. hirae grows at pH values as high as 10.5,
and exhibits a cytoplasmic pH of 7.8 at an external pH 8.4, and a
cytoplasmic pH of 8.2 at an external pH 9.5 (Kakinuma, 1987a). Kakinuma
(1987b) proposed that alkaline pH homeostasis is supported by a
constitutive Naþ/Hþ antiporter energized by the PMF produced by the
Hþ-pumping F1F0-ATPase that is up-regulated by alkali. It was further
predicted that E. hirae also supports sodium extrusion with an inducible
sodium ATPase. This ATPase activity would also increase the inwardly
directed sodium gradient available to drive sodium-coupled transport
activities at high pH. Evidence was also found for the involvement of a Kþ/
Hþ antiporter in E. hirae pH homeostasis since a mutant with deficient pH
homeostasis was also deficient in Kþ/methylamine exchange (Kakinuma
and Igarashi, 1999). Subsequently, a Naþ/Hþ antiporter from E. hirae was
identified and characterized. It was designated NapA (Waser et al., 1992)
and it became one of the founding transporters of the Cation:Proton
Antiporter-2 (CPA2) family in the Transporter Classification System (Saier
et al., 1999; Saier, 2000).

The anticipated Naþ-coupled ATPase has also been identified and
studied in detail. Encoded by the ntp operon, the ATPase product is a
V(vacuolar)-type ATPase that uses a rotary mechanism. It works only in
the hydrolytic, Naþ extruding direction and is composed of nine NTP
proteins (Kakinuma, 1998; Murata et al., 2005). Consistent with roles in
support of alkaline pH homeostasis and Naþ-resistance, expression from
the ntp promoter is increased by elevated pH or elevated Naþ (Ikegami
et al., 1999). Another special feature of the ntp operon underscores the
relationship between Naþ cytotoxicity, Kþ requirements, and alkali stress.
This relationship is as follows: at high pH, cells become more sensitive to
growth inhibition by Naþ, but the Kþ status strongly influences cytoplasmic
Naþ toxicity. Even at very high pH, the toxicity of Naþ is lessened if
cytoplasmic Kþ is elevated (Padan et al., 2005; Wei et al., 2007). In E. hirae,
induction of V-ATPase-mediated Naþ extrusion at high pH allows the
bacterium to address the increased toxicity at alkaline pH even when Naþ

concentrations are not substantially elevated. In addition, the ntpJ gene
encodes a protein that is not part of the V-ATPase but, rather, is a subunit
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of an E. hirae KtrII-type Kþ uptake system. Induction of the ntp operon, by
either high pH or high sodium, addresses the threat of increased Naþ

cytotoxicity both by increasing extrusion of the toxic ion but also by
lessening its cytotoxicity through increasing the ameliorating Kþ levels
(Kawano et al., 2000).

Some lactic acid bacteria, of which E. hirae is often considered a relative
or member, do not grow at alkaline pH, but many members of the genus
Lactobacillus are capable of growth up to pH 8.5 or even 8.9. These strains,
as well as some of those that are less able to grow at elevated pH, acidify
their cytoplasm relative to the external medium during growth (Sawatari
and Yokota, 2007). One of the most efficacious strains, L. acidophilus JCM
1132T exhibited greater cytoplasmic proton accumulation in the presence of
Naþ than in its absence, suggestive of Naþ/Hþ antiporter involvement.

Among the respiratory neutralophiles, alkali-adaptation mechanisms to
support pH homeostasis have been most intensively studied in the model
Gram-negative and -positive organisms E. coli and B. subtilis, respectively.
In both of these bacteria, the properties and roles of many, but still not all,
of the cation/proton antiporters predicted in the genome have been studied
(Padan et al., 2005). In E. coli, NhaB is a modestly electrogenic Naþ/Hþ

antiporter (1.5 Hþ:1 Naþ) that appears to have a housekeeping role (Pinner
et al., 1993, 1994). In contrast, NhaA has a Hþ:Naþ coupling stoichiometry
of 2 (Taglicht et al., 1993) and is a high-affinity, high-turnover antiporter
that is highly regulated and tremendously activated by elevated pH
(Padan et al., 2004; Padan, 2008). Its properties suggest that it has a major
role in Naþ extrusion and proton capture at high pH. The high-resolution
structure of NhaA offers insights into one of the problems of cation/proton
antiporter function in alkaline pH homeostasis, that is, the problem of
capturing protons from a highly alkaline bulk phase with kinetics that
support an activity level that, in turn, achieves pH homeostasis. The NhaA
structure contains two negatively charged funnels, one on each side of the
membrane, that are proposed to foster efflux of the cytoplasmic Naþ and
entry of the periplasmic Hþ (Hunte et al., 2005).

In spite of the efficacy of NhaA and supporting role of NhaB, it was clear
from mutant studies that there must be additional contributors to pH
homeostasis since double nhaA, nhaB deletion strains were very sensitive
to Naþ but still grew well in media at pHW8 if the Naþ concentration was
kept low (Pinner et al., 1993). Plack and Rosen (1980) present evidence that
E. coli has a Kþ/Hþ antiporter that also has a role in pH homeostasis.
A third E. coli antiporter, designated ChaA because of its Ca2þ/Hþ

antiport activity as well as Naþ/Hþ (Ivey et al., 1993), was shown to support
not only sodium and calcium circulation (Ohyama et al., 1994; Shijuku et al.,
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2002) but also to have Kþ/Hþ antiport activity. ChaA functions best as a
Kþ/Hþ antiporter at and just above pH 9.0, where NhaA is less efficacious
(Radchenko et al., 2006). There are two well-studied two-component
transporters of the CPA2 family that have a role in electrophile resistance
in E. coli, KefFC and KefGB (Booth et al., 2003). These transporters have
recently been shown to carry out Kþ/Hþ antiport (Fujisawa et al., 2007) but
KefFC and KefGB have not been shown to play a role in pH homeostasis.
Nor have two members of the CPA-1 family predicted in E. coli to have
such a role. The one additional antiporter that has been shown to support
alkalitolerance via low affinity (Naþ)Kþ/Hþ antiport above the pH range
for NhaA is a known multi-drug antiporter of E. coli, MdfA (Lewinson
et al., 2004). It is interesting that a drug/Hþ antiporter has cation/proton
activity in both E. coli and B. subtilis. These findings may have implications
with respect to pathways by which drug/Hþ antiporters evolve and also
with respect to how they sometimes persist even without selective pressure
of the drug (Krulwich et al., 2005). The neutralophile B. subtilis can grow at
pH values about 8.5–9.0, and in pH 8.5 media, it maintains a cytoplasmic
pH B7.5 (Cheng et al., 1994, 1996). Elements of the B. subtilis active ion-
transport cycles that support pH homeostasis include a diverse array of
antiporters (Fig. 7A). These antiporters include a chromosomal tetra-
cycline–metal/proton antiporter TetL that has a major role in alkaline pH
homeostasis by virtue of its additional capacities for Naþ/Hþ and Kþ/Hþ

antiport activities (Cheng et al., 1994, 1996). However, wild-type B. subtilis
keeps its cytoplasmic pH at 7.5 after a shift of external pH 7.5 to 8.5, if
either Naþ or Kþ is present (Table 1). However, B. subtilis cannot maintain
a cytoplasmic pH at 7.5 in their absence or in the absence of a functional
tetL; nor can it regulate its pH if subjected to the much greater challenge of
a pH between 8.5 and 10.5 that can be handled by an alkaliphilic Bacillus.
Although tetL deletion mutants are viable, these mutants exhibit a complex
pattern of changes in the transcriptome that are apparent adjustments to a
more sodium- and alkali-challenged state; most of these changes are not
reversed upon re-introduction of tetL to the chromosome (Wei et al., 2006).
The 14-TMS drug/Hþ antiporters are hypothesized to have evolved from
the more common 12-TMS bacterial antiporters that had a housekeeping
function. Sequence analyses suggest that the two middle TMS were inserted
late and the subsequent selection ultimately led to the final constellation of
capacities (Griffith et al., 1992). This is supported by the fact that when the
two middle TMS of TetL were removed to create a 12-TMS TetL, this
engineered transporter was still incorporated into the membrane and
retained the Naþ- and Kþ-related transport functions but could no longer
carry out tetracycline–metal/proton antiport (Jin et al., 2001).
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Another important and unusual B. subtilis antiporter, the Mrp
antiporter, was first discovered as the major Naþ/Hþ antiporter of
alkaliphilic B. halodurans C-125 (Hamamoto et al., 1994). This widespread
antiporter is part of a unique type of cation/proton antiporter and hence

Table 1 pH homeostasis in neutralophic Bacillus subtilis and alkaliphilic Bacillus
pseudofirmus OF4: effects of mutations in transporters or a secondary cell wall
polymer.

(A) Cytoplasmic pH (10 minutes after shift)

pH 7.5-8.5 pH 8.5-10.5

Choline Cl NaCl KCl NaCl KCl

B. subtilis WT Malate 8.5 7.5 7.6 10.5 10.5
DtelL Malate 8.5 8.5 8.5 – –
DmrpA Malate 8.5 7.6 7.6 – –

B. pseudofirmus
OF4

WT Glucose – – – 8.4 9.2
WT Malate 8.5 7.5 8.4 8.2 10.5
DslpA Malate – – – 9.1 10.5

(B) Cytoplasmic pH (10 minutes after shift)

pH 8.5-10.5

B. pseudofirmus OF4 strain 100 mM Naþ 2.5 mM Naþ

Wild type 8.46 9.03
SC34, NavBP deletion (DncbA) 8.66 9.43
SC34R-NavBP restored
(DncbA, ncbA restored)

8.48 9.02

Mot6, non-motile (DmotPS) 8.52 9.03
SC34/Mot6, double NavBP,
MotPS mutant (DncbA, DmotPS)

8.72 9.51

The indicated strains of neutralophilic B. subtilis or B. pseudofirmus OF4 were grown at pH 7.5
or pH 10.5, respectively in malate-containing media, washed and equilibrated at the starting
pH for particular shift experiments in buffers to which no choline, sodium, or malate were
added but which contained the indicated carbon source. A sudden alkaline shift was then
imposed and the cytoplasmic pH was determined 10 minutes after the shift. (A) Left: Cells
were equilibrated at pH 7.5 and shifted to pH 8.5 in the presence of malate in buffer containing
added choline chloride, NaCl, or KCl (50 mM). Right: Cells were equilibrated at pH 8.5 and
shifted to 10.5 in malate- or glucose-containing buffer with either NaCl or KCl (100 mM)
(Cheng et al., 1996; Gilmour et al., 2000). (B) Cells of alkaliphile strains were subjected to an
alkaline shift from pH 8.5 to 10.5 as described above except that the shift buffer contained no
carbon source and efficacy of two different concentrations of NaCl were compared (Ito et al.,
2004b). The strains were: wild type; SC34 gene encoding NaVBP deleted; SC34R, NaVBP gene
restored; Mot6, deletion of motPS; SC34/Mot6, double NaVBP and MotPS mutant.
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classified in its own family, CPA-3 family (Saier et al., 1999; Saier, 2000).
Mrp antiporters are encoded in operons that have six or seven genes whose
products are all very hydrophobic membrane proteins and are all required
for activity (Hiramatsu et al., 1998; Ito et al., 1999, 2000). All seven
B. subtilis Mrp proteins form a hetero-oligomeric complex presumed to be
the active form of the antiporter (Kajiyama et al., 2007). The Mrp antiport
is electrogenic, although the precise stoichiometry is not yet known for any
Mrp system since the complexity of these systems makes purification and
functional reconstitution especially challenging (Swartz et al., 2007). In
B. subtilis, Mrp only plays a significant role in pH homeostasis if tetL is
absent or disrupted (Ito, unpublished data; see Table 1 for the absence of
an effect of a mrp deletion in a homeostasis assay in B. subtilis). However,
mrp mutants of B. subtilis are particularly sensitive to Naþ inhibition
(Ito et al., 1999; Kosono et al., 1999). Additional antiporters include two
members of the NhaC antiporter family that play modest roles in pH
homeostasis or growth at low PMF (Wei et al., 2000) and NhaK, that
exhibits Naþ(Liþ)(Kþ)/Hþ antiport but has no established function
(Fujisawa et al., 2005) (Fig. 7A). Active proton uptake by the Naþ/Hþ

antiporters is energized by the PMF generated by respiration and is critical
for alkaline pH homeostasis in which the cytoplasmic pH is lower than the
external pH. The PMF also energizes ATP synthesis and Hþ-coupled
solute transport systems (Hþ/solute symporters) so protons also enter by
these routes in support of pH homeostasis. The ongoing availability of
cytoplasmic sodium to act as an efflux substrate for the Naþ/Hþ antiporters
requires re-uptake routes for sodium which are comprised of Naþ-coupled
solute uptake systems (Naþ/solute symporters) as well as a second motility
system that uses Naþ-coupled MotPS, an alternative motility system that is
particularly active at elevated pH, sodium, and viscosity (von Blohn et al.,
1997; Ito et al., 2004a).

3.4. Alkaliphiles

Studies of non-respiratory alkaliphiles that grow well at pH values above 9
have demonstrated a variety of interesting ATPases, some of which are dis-
cussed in a later section. This group of anaerobic or facultatively anaerobic
alkaliphiles exhibits pH homeostasis that, as in respiratory alkaliphiles,
depends upon Naþ. For example, Exiguobacterium aurantiacum sustains a
cytoplasmic pH that is B0.3 pH units higher than the starting cytoplasmic
pH 8.1 after a shift in external pH to 9.4 (McLaggan et al., 1984). The
thermophilic, anaerobic alkaliphile Clostridium paradoxum maintains a
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DpH (acid inside) of as much as 1.3 units during increases of pH from 7.6 to
9.8 (Cook et al., 1996). At present, much less is known about the specific
transporters or other factors that help sustain the cytoplasmic pH in the
non-respiratory alkaliphiles but this should change as more genomic data is
obtained and comparisons with extensively studied respiratory alkaliphiles
can be conducted.

The extreme respiratory alkaliphiles whose pH homeostasis has been
studied most are Bacillus species (Kitada et al., 2000; Krulwich et al., 2007)
(Fig. 7B). Extreme alkaliphiles such as B. halodurans C-125 and
B. pseudofirmus OF4 and many other distinct strains, maintain a
cytoplasmic pH that is Z2 pH units lower than the external medium
(Hamamoto et al., 1994; Goto et al., 2005; Padan et al., 2005; Krulwich et al.,
2007). For example, B. pseudofirmus OF4 maintains a cytoplasmic pH
8.2–8.3 when growing on malate at pH 10.5 (Guffanti and Hicks, 1991;
Sturr et al., 1994) (Fig. 1) and can even do so after an abrupt pH 8.5-10.5
shift (Table 1A). This remarkable ability for pH homeostasis is dependent
upon Naþ, which cannot be replaced by Kþ as apparently is the case in
neutralophilic E. coli and B. subtilis (Padan et al., 2005; Krulwich et al.,
2007) and has been suggested for acidophiles (see Section 3.1). In the pH
shift assays, non-fermentable malate is usually present as an energy source
to support respiration and antiport. When glucose is added instead,
overall homeostasis is not quite as good as with malate but there is a
Naþ-independent capacity for modest pH homeostasis that is not observed
with non-fermentable malate (i.e., the cytoplasmic pH is kept below 10.5 in
the presence of Kþ when glucose but not malate is present during a pH
8.5-10.5 shift). This capacity is presumed to reflect metabolic acid
generation in the cytoplasm when glucose is present (Table 1A).

The Mrp antiporter is critical for alkaliphily and alkaline pH homeostasis
in extremely alkaliphilic respiratory Bacillus species. This was shown in
B. halodurans C-125 which was viable but non-alkaliphilic when mrp was
mutated (Hamamoto et al., 1994). Thus far, attempts to make deletions in
the more extremely alkaliphilic B. pseudofirmus OF4 have not succeeded,
probably because the deletion is lethal (Ito, unpublished data). As with
B. subtilis, B. pseudofirmus OF4 Mrp forms hetero-oligomeric complexes
containing all 7 Mrp proteins (Morino et al., 2008); such complexes include a
species that is approximately the expected size of a complex containing one
of each protein, similar to the species observed for B. subtilis Mrp by
Kajiyama et al. (2007). In the alkaliphile preparations, there are also larger
hetero-oligomers that could be a dimer of a full complex (Morino et al.,
2008). It has been hypothesized that the multiple Mrp proteins may
have several different transport activities that share synergies and
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present a large protein surface to the outside by forming a complex.
The Mrp complex surface could be engineered to effectively funnel protons
into the antiporter(s) of the complex from a very alkaline medium
(Swartz et al., 2005). If a larger size distribution of alkaliphile Mrp com-
plexes compared to neutralophile complexes is confirmed, it could represent
an adaptation that promotes adequate proton gathering in the more alkaline
milieu. Like B. subtilis, alkaliphilic Bacillus species also express additional
Naþ/Hþ antiporters (Fig. 7B), one of which, NhaC, has been shown to make
a small but discernible contributions to pH homeostasis and sodium-
resistance (Ivey et al., 1991; Ito et al., 1997). There is also a two-component
KþðNHþ4 Þ=H

þ whose only demonstrated physiological role is in ammonium
efflux that prevents interference with pH homeostasis during growth in
media with high amine contents (Wei et al., 2003; Fujisawa et al., 2007).

Other aspects of the intersecting proton and sodium cycles of respiratory
alkaliphiles are quite distinct from those in neutralophilic B. subtilis
(Fig. 7A). Oxidative phosphorylation is proton-coupled in all respiratory
alkaliphiles in spite of the low-bulk PMF that directly results from pH
homeostasis (i.e., the inside-acidic DpH detracts from the PMF) (Krulwich,
1995; Krulwich et al., 2007). Some sort of sequestration of protons is widely
thought to be used for proton-coupled alkaliphile oxidative phosphoryla-
tion, but the relative contributions of specific membrane lipids, particular
acidic protein segments near the membrane surface, and specific adapta-
tions in the proton pumps and ATP synthase still need to be defined
(Mulkidjanian et al., 2006; Krulwich et al., 2007). All other ion-coupled
bioenergetic work, solute transport, and motility are sodium coupled (Ito
et al., 2004a; Krulwich et al., 2007; Fujinami et al., 2007b). Use of sodium is
observed even among alkaliphiles that live in environments with low
sodium concentrations. Its use as the major coupling ion for bioenergetic
work is clearly an adaptation to the low PMF that exists at high pH. Even if
the sodium concentration is not high, the sodium motive force is generally
much higher than the PMF at very high pH. In addition to facilitating
solute uptake, the sodium that enters the cells with solutes during symport
has been shown to be a major source of the cytoplasmic sodium. This is in
turn required to sustain continued antiporter activity in the alkaliphile in
support of pH homeostasis (Krulwich et al., 1985b). In the presence of
sodium and a solute that can help it cycle, there is no discernible rise in the
cytoplasmic pH or growth arrest as seen with neutralophiles directly after a
large alkaline shift (Wang et al., 2004; Padan et al., 2005).

If solutes that enter B. pseudofirmus OF4 with sodium are largely
omitted from the medium, sodium can re-enter via the sodium-coupled
MotPS, in which it is the only stator-force generator for alkaliphile motility
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(Ito et al., 2004a), or via a voltage-gated sodium channel shown to be an
alkali-activated voltage-gated sodium channel that was named NaChBac
(Ren et al., 2001; Ito et al., 2004b) (Table 1B). Since B. halodurans C-125 is
not genetically accessible, a deletion strain (SC34) of the ncbA gene that
encodes the B. pseudofirmus OF4 homologue, NaVBP was constructed.
The B. pseudofirmus OF4 NaVBP channel is required for full motility, for
normal as opposed to inverse chemotaxis, and for fully normal growth at
high pH (Ito et al., 2004b; Fujinami et al., 2007a). In pH shift experiments in
the media with greatly decreased levels of substrates that enter with
sodium, the NaVBP mutant shows a deficit in pH homeostasis that increases
if MotPS is also deleted (Table 1B) (Ito et al., 2004b). The channel
co-localizes with the polar chemotaxis receptors (MCPs) and deletion of
the channel reduces the polar localization of the channel and vice versa
(Fujinami et al., 2007a). The mechanism and nature of the channel effect on
chemotaxis will be of interest in other organisms in which channels may
also interact with the chemotaxis pathway.

Finally, we note that properties of the membrane and secondary cell wall
polymers (SCWPs; see Fig. 7) of alkaliphiles appear to play a role in
alkaliphily that still needs more intensive investigation. Alkaliphilic
Bacillus species have particularly high cardiolipin contents that are highest
at very alkaline pH and there is also an interesting complement of neutral
lipids (Clejan et al., 1986). For example, it is possible that the high
cardiolipin content of alkaliphile membranes fosters closeness of respira-
tory chain elements with the ATP synthase. Evidence for dynamic physical
interaction between the terminal oxidase and ATP synthase of
B. pseudofirmus OF4 has been shown under conditions in which the two
complexes were present together in artificial phospholipid preparations
(Krulwich et al., 2007; Liu et al., 2007).

In addition to the membrane lipids, a characteristic of the extreme
alkaliphiles is that the hydrophilic loops of membrane proteins that are
exposed on the outer surface have a much higher content of acidic residues
than their homologues in neutralophiles, thus further increasing the
negative charge near the membrane surface (Krulwich et al., 2007). Figure 9
depicts a segment of the CtaC protein of caa3-type cytochrome oxidase that
is close to the outside of the membrane in proximity to the subunit, CtaD,
from which pumped protons emerge. In alkaliphilic Bacillus species, this
region is much more acidic than the same segment of neutralophile
homologues (Quirk et al., 1993; Hicks and Krulwich, 1995).

Secondary cell wall teichuronic acids are essential for alkaliphily in
B. halodurans C-125 (Aono and Ohtani, 1990; Aono et al., 1999). This is
not the case with the S-layer polymer (SlpA) of B. pseudofirmus OF4. SlpA

JOAN L. SLONCZEWSKI ET AL.36



is not essential for growth of B. pseudofirmus OF4 at pH 10.5. However,
the cells exhibit a distinctly greater lag at pH 10.5 and even more so at pH
11; a deficiency in pH homeostasis by the slpA mutant is also observable in
pH shift experiments (Table 1A) (Gilmour et al., 2000). A deletion mutant
lacking the slpA gene grows better than the wild type at pH 7.5.
Nonetheless, high levels of the major cell surface polymer are present in
both pH 7.5- and 10.5-grown cells (Gilmour et al., 2000). This indicates that
the organism is ‘‘hard-wired’’ for alkaliphily, ready to support pH homeo-
stasis and grow optimally if there is a sudden alkaline shift even at the
expense of growth at near-neutral pH.

3.5. pH Perturbation and Recovery

When growing cells are exposed to environmental pH near the acidic or
alkaline limits of their growth range, especially if the transition is abrupt,
this is respectively termed ‘‘acid shock’’ or ‘‘base shock.’’ Under such
conditions, the growth rate is suboptimal, presumably due to partial loss of
pH homeostasis. Acid or base shock typically leads to up-regulation of gene
products that enhance growth under the pH stress condition. Such shock
also leads to generation of compounds that increase survival at pH values
above or below the pH range for growth. Responses that increase survival

Figure 9 Alkaliphile-specific sequence motif (or two) in the cytochrome
oxidase. The protein sequences of subunit II of Bacillus sp. cytochrome caa3
oxidases were aligned using the ClustalW program. Shown is the alignment of the
region corresponding to residues 207–227 of the mature B. pseudofirmus OF4
protein. Acidic residues are boxed and basic residues are circled. The predicted
isolectric point (pI) of the region was taken from the DS gene program. The
accession number and residue numbers for each species is as follows (residues are
given for the mature protein): B. pseudofirmus OF4, Q04441, and 207-227;
B. halodurans C-125, NP_243481, and 206-228; B. clausii, YP_175889 and 205-225;
B. amyloliquefaciens, YP_001421069 and 216-237; B. pumilus, YP_091295 and 216-
238; B. subtilis, NP_389372 and 216-237; B. thuringiensis, YP_896312 and 209-231;
and G. kaustophilis, YP_146935 and 215-237.
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in extreme acid are known as ‘‘acid tolerance’’ or ‘‘acid resistance’’ (Foster
and Hall, 1991; Lin et al., 1995; Foster, 2004). Acid resistance and base
resistance are discussed in Section 5.

Acidophiles, particularly extreme acidophiles (growing below pH 3) need
to maintain the largest DpH of any known organisms. Acidophiles use this
large DpH across the cytoplasmic membrane to generate ATP, drive
proton-coupled solute transporters and, in some cases, energize motility,
but re-extrusion of the protons is critical, as noted above. There are
relatively few studies of acidophiles subjected to acid shock. One such study
of acid-stress of A. ferrooxidans (Chao et al., 2008) involved ‘‘acid shock’’
as defined here. In this study, an organism that grows optimally at pH 2.3
was exposed to pH 1.3. Interestingly, the acidophile exhibited up-regulation
of many of the same key acid-response genes observed in neutralophiles:
RpoS and other stress sigma subunits, the Fur iron-acid regulator, the
EnvZ/OmpR envelope stress regulator, and a number of OMPs.

Neutralophiles exhibit the same sorts of responses in challenges that are
mediated either by direct pH shifts or by mutations in transporters with
important roles in pH homeostasis. The SOS response, a prototypic stress
response of neutralophilic E. coli, is induced by cytoplasmic alkalinization
in cells that lack the full complement of active pH homeostasis mechanisms
(Schuldiner et al., 1986) and mutants in particular two-component systems
of E. coli, including an ArcAB deletion strain, show an alkaline-sensitive
growth phenotype (Zhou et al., 2003). In neutralophilic B. subtilis, alkali
shock results in induction of a constellation of genes that significantly
overlapped with the sW regulon that is involved in the cell wall stress
response (Wiegert et al., 2001; Cao et al., 2002).

The actual process of pH perturbation and recovery has been observed
with maximal time resolution in E. coli and in Bacillus species. In well-
energized cultures of E. coli K-12, a rapid shift of external pH from pH 7.5
to 5.5 causes the cytoplasmic pH to decrease by more than 1.5 units
(Fig. 1A, Wilks and Slonczewski, 2007) with recovery beginning within
10 seconds of acid addition. The recovery is biphasic, with a rapid recovery
of most of the cytoplasmic pH value occurring within half a minute,
followed by more gradual recovery approaching pH 7.4 over the next
4 minutes. By contrast, addition of 20 mM sodium benzoate permanently
depresses cytoplasmic pH without recovery. Lower concentrations of
benzoate allow partial, slow recovery, without the initial rapid phase. The
measurement of pH recovery ultimately should provide clues as to the
mechanism. So far, pH recovery rates show no correlation with flux of ions
such as Kþ or Naþ (Wilks and Slonczewski, unpublished data). An alkaline
shift of E. coli from pH 7.2 to 8.3 results in a rapid and transient
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alkalinization during which the cytoplasmic pH briefly reaches the new
external pH. Growth arrests after the shift and does not resume until the
cytoplasmic pH is about 7.9, about 15 minutes after the shift and complete
restoration of the pre-shock cytoplasmic pH is observed about 30 minutes
after the shock (Zilberstein et al., 1984). In B. subtilis, a general stress
response that depends upon sB is involved in acid adaptation (Hecker and
Volker, 2001; Hecker et al., 2007). As noted by Earl et al. (2008), B. subtilis
strains survive passage through the human gastrointestinal track and acid
fermentation conditions. At the alkaline side, B. subtilis cells have been
shifted from a medium pH 6.3 to either pH 8.8 or 9.0 resulting, respectively,
in a growth arrest of about an hour and 5 hours followed by restoration of
growth. Shifts to pH 9.3 or higher led to growth arrest that was not reversed
after 20 hours (Wiegert et al., 2001).

3.6. Membrane-Permeant Organic Acids and Bases

Membrane-permeant weak acids that primarily cross the cell membrane
as the hydrophobic protonated form can depress cytoplasmic pH (Kihara
and Macnab, 1981; Salmond et al., 1984; Russell and Diez-Gonzalez, 1998).
Their net uptake is driven by DpH; thus, at low external pH, a high
concentration of protons is released upon deprotonation of the weak acid
that is internalized. This can exhaust the cell’s buffering and proton export
capacity that leads to depression of the internal pH. Low molecular weight
organic acids with a pKa in the range of pH 3–5 are toxic to neutralophiles,
and even more so to acidophiles. These organic acids of moderately
low pKa are fully protonated at the low pH typically used for growth of
acidophiles. Due to their small size and neutral charge, they easily pass
the cytoplasmic membrane; hence the term ‘‘permeant weak acids.’’
Once the permeant weak acid is inside the cell, the cytoplasmic pH is
above the pKa for the dissociation of the proton that results in acidification
of the cytoplasm (Alexander et al., 1987; Ciaramella et al., 2005). Of the
tested organic acids in A. ferrooxidans, propionic acid was the least
effective at lowering the pH and the chloroacetic acids were the most
effective; this difference corresponds with decreasing pKa values with the
time course of the drop in DpH over the first 10 minutes (Alexander et al.,
1987). A further study of A. ferrooxidans demonstrated that Fe2þ and
sulfur oxidation as well as growth were inhibited by low molecular
weight organic compounds including organic acids (Tuttle and Dugan,
1976). It was shown that the monocarboxylic organic acids completely
inhibited growth on S0 whereas other organic acids increased the lag phase
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from 1 day in the absence of organic acid to 5–6 days during growth on S0

but they did not completely inhibit growth (Tuttle and Dugan, 1976).
However, some of the inhibitory action was due to direct inhibition of Fe2þ

oxidation.
Compared to acidophiles, neutralophiles tolerate higher levels of

permeant acids, which induce various means of adaptation. The depression
of internal pH by permeant acids induces acid resistance genes in the
neutralophilic Gram-negative pathogen S. enterica (formerly S. typhimur-
ium) (Bearson et al., 1998). In E. coli, permeant acids such as benzoic acid
and acetic acid mediate pH taxis (Kihara and Macnab, 1981; Repaske
and Adler, 1981). In lactococci, buildup of lactic acid limits the growth of
competing organisms (Hutkins and Nannen, 1993). At low concentration,
radiolabeled permeant acids serve as tools to measure internal pH
(discussed above). Higher concentrations of a permeant acid that depress
internal pH are useful to distinguish cytoplasmic effects from external pH
(Slonczewski et al., 1987; Kannan et al., 2008). Exposure to a permeant acid
or an uncoupler has been used to select for acid-sensitive mutants of E. coli
(Slonczewski et al., 1987), S. enterica (Foster and Bearson, 1994), and
Mycobacterium smegmatis (Tran et al., 2005).

The effect of permeant organic acids on cytoplasmic pH is complicated
by several other kinds of effects. The most common naturally occurring
organic acids are fermentation products, such as lactic, acetic, and formic
acids, all of which have specific metabolic roles in cells (Russell and
Diez-Gonzalez, 1998). Where DpH is maintained, the conjugate base
accumulates in the cell in proportion to the DpH and specific compounds
may elicit specific cellular responses. For example, in E. coli, acetate
and formate up-regulate expression of completely different protein
complements in proteome studies (Kirkpatrick et al., 2001). Even a
substance not metabolized by E. coli, such as benzoic acid, up-regulates a
specific drug resistance regulon, Mar (Rosner and Slonczewski, 1994). In
addition, compounds such as benzoic acid and salicylic acid are sufficiently
hydrophobic to cross the membrane in the deprotonated form, thus partly
collapsing DC as well as DpH, and acting as uncouplers, that is, able to
equilibrate protons across the membrane, resulting in depletion of the
PMF. The degree of uncoupler effect will depend upon the pKa and the
membrane solubility of the compound (Salmond et al., 1984).

Permeant bases cross the membrane in the deprotonated form, picking
up protons inside the cell; at high concentration and high external pH,
polyamines may raise cytoplasmic pH. In E. coli, exogenous spermine
enhances bacterial survival in extreme acid, but diminishes survival in
extreme base (Yohannes et al., 2005). Production of polyamines can
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counteract acidity (see Section 4.4). A number of commonly used biological
buffers, such as tris(hydroxymethyl)aminomethane (Tris) and triethanola-
mine, act as permeant bases, even causing a pH-dependent chemotactic
response (Repaske and Adler, 1981). The sensitivity of bacteria to
inhibition by permeant bases can be used. Hsieh et al. (1998) noted an
enormous increase in sensitivity of Staphylococcus aureus to cationic and
weakly basic antimicrobials at alkaline pH, an effect that was synergistic
with mutation of the multi-drug resistance gene norA. They suggested that
such a strain would be useful for natural product screening.

4. pH CORRECTION MECHANISMS

If an excess of protons and hydroxide ions bypass the cell’s pH homeostatic
mechanisms and enter the cytoplasm, then the cell requires means by which
to ameliorate the potential damage to the cell, and provide tolerance to
cytoplasmic pH above or below its optimum. Some of these mechanisms
are common between the neutralophiles, acidophiles, and alkaliphiles, such
as cytoplasmic buffering that acts either to decrease or increase the
cytoplasmic pH to regain optimum pH. Other mechanisms are found in
particular species, such as catabolism that eliminates the uncoupling action
of organic acids (discussed below).

4.1. Cytoplasmic Buffering

One method by which microorganisms may counteract changes in their
internal pH is via the buffering capacity of the cytoplasm, in which
pH-titratable cell components sequester or release protons according to the
flux in pH. Cytoplasmic buffering molecules include proteins, polyamines,
polyphosphates, and inorganic phosphate. Protein amino acid side chains
offer potential buffering over a wide range of pH. Polyphosphates as
well as inorganic phosphate have pKa values around 7.2; thus, in principle,
they could offer good buffering capacity near the optimal internal pH of
neutralophiles. Polyphosphates are involved in many extreme stress
adaptations (Seufferheld et al., 2008) including acid exposure of Burkhol-
deria (Moriarty et al., 2006). Polyamines are also associated with acid
resistance (Wortham et al., 2007). Both polyphosphates and polyamines
contribute to biofilm formation, a context in which passive buffering might
provide particularly useful protection from pH shift.
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Cytoplasmic buffering capacity is challenging to measure; in one
example, the buffering capacity of non-growing E. coli cells (i.e., cells
unlikely to accomplish significant enzymatic consumption of acids or bases)
was estimated at 50 mM per pH unit, based on titration of intracellular pH
by addition of the permeant acid sodium benzoate (Slonczewski et al.,
1982). Subsequently, Zychlinsky and Matin (1983) used the acid titration of
unpermeabilized and permeabilized cells, as developed by others (Scholes
and Mitchell, 1970; Maloney, 1979), to compare the buffering capacity of
metabolically compromised A. acidophilum and E. coli giving values of
97 and 85 nmol Hþ per mg protein, respectively. Measurement of the
cytoplasmic buffering capacity of an acidophilic bacterium (strain PW2)
also gave a buffering capacity of 85 nmol Hþ per mg protein from a proton
influx of 14.4 nmol Hþ per mg protein (Goulbourne et al., 1986). This
amount of proton influx had little effect on the cytoplasmic pH although the
anticipated effect would have been reduction of the cytoplasmic pH to 2 in
the absence of cytoplasmic buffering capacity.

In a comparative study of acidophilic, neutralophilic, and alkaliphilic
Bacillus species conducted using the same acid titration methodology on
whole and permeabilized cells, the most striking finding was that high pH-
grown alkaliphiles exhibited an especially high cytoplasmic buffering
capacity at pH 8–9.5, the highest pH used in the study, whereas the highest
buffering capacity for B. subtilis was at BpH 5 (Krulwich et al., 1985a).
A more refined methodology was subsequently developed by Rius et al.
(1995) and applied to a group of Gram-negative and later to Gram-positive
bacteria (Rius and Lorén, 1998); decay of an acid pulse was measured in a
protocol that avoided the use of permeabilized preparations. They
confirmed the high cytoplasmic buffering capacity in pH 10.5-grown cells
of Bacillus alcalophilus and found that pH 8.5-grown cells of the alkaliphile
had much lower cytoplasmic buffering, lower than that of neutralophiles
B. subtilis and S. aureus. The cytoplasmic buffering capacity of diverse
Gram-negative bacteria was in a comparable range to those found in other
studies, in general showing little correlation with growth optima. Cytoplas-
mic pH buffering is a ubiquitous component of pH homeostasis in
microorganisms at all pH levels although the capacity for growth at very
high or very low pH does not appear to directly correlate with the level of
buffering, consistent with the importance of active mechanisms. Specific
buffering molecules of particular importance have not been identified in
acidophiles or alkaliphiles; thus there may be many nuanced variations in the
poising of cytoplasmic buffering.

Many studies have calculated cytoplasmic buffering capacity (Bi) from
the difference between whole intact cell buffering (Bo) and total buffering
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of permeabilized preparations (Bt). These studies consistently showed that
the buffering of the cell surface is a significant proportion of the total, as
expected from the presence of numerous charged components of the outer
cell membrane(s), cell wall, and SCWPs; this outer buffering is also likely
to be protective and changes in the total surface buffering by increased
synthesis of particular polymers is a strategy that can supplement active
processes, for example, as with the secondary cell wall teichuronic acid
polymers of alkaliphilic B. halodurans C-125 (Aono and Ohtani, 1990;
Aono et al., 1999).

4.2. Primary Proton Pumps

A key mechanism for acid pH homeostasis is transport of protons out of the
cytoplasm by primary proton pumps. Primary proton pumps of acidophile
electron transport chains for which descriptions encompassing experimen-
tal evidence have been presented include pumps in: A. ferrooxidans
(Chen and Suzuki, 2005; Ferguson and Ingledew, 2008); ‘‘F. acidarmanus’’
Fer1 (Dopson et al., 2005); and a number of thermoacidophilic archaea
(reviewed in Schäfer et al., 1999). In addition, primary proton pumps
have been identified by sequencing data in Leptospirillium group II
(L. ferriphilum) and Ferroplasma type II (Tyson et al., 2004). Based on the
DpH decrease during anaerobiosis and the addition of a protonophore,
it was concluded that the DpH is maintained in B. acidocaldarius and
Thermoplasma acidiphilum by active PMF generation (Michels and
Bakker, 1985). All of the available genomes from acidophiles that respire
have elements that could be involved in PMF generation in support of pH
homeostasis. Interestingly, cytochrome c oxidase into which the electrons
from ferrous iron directly enter in A. ferrooxidans exhibits a deviation from
the consensus that eliminates one of the two putative proton pathways
found in neutralophile homologues from the cytoplasm into the hydro-
phobic core of the oxidase (Ferguson and Ingledew, 2008). Models have
been presented to account for PMF generation in this and related
acidophiles. A. ferrooxidans also has two putative proton-efflux P-type
ATPases (Valdés et al., 2008) and putative proton pumps are also found in
genomes of A. caldus and A. thiooxidans (Holmes, unpublished data).

As noted earlier, the F1F0-ATP synthase is proton-coupled in non-marine
respiratory alkaliphiles in spite of the low-bulk PMF, even though much of the
other bioenergetic work of the aerobic alkaliphiles is coupled to sodium
(Fig. 7B). The ion-translocating complexes of the respiratory chains of these
organisms are proton pumping, for example, the Complex III (bc1 complex)
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and caa3-type cytochrome oxidase of B. pseudofirmus OF4 (Krulwich et al.,
2007). Like neutralophilic B. subtilis, the alkaliphilic Bacillus species for which
there are genomic data lack a proton pumping, Complex I type NADH
dehydrogenase. For electron input into the respiratory chain, they possess
multiple type-II NADH dehydrogenases that carry out transfer of electrons
from NADH to (mena)quinone but do not pump ions as well as additional
non-pumping electron input enzymes such as succinate dehydrogenase and
malate:quinone oxidoreductase (Gilmour and Krulwich, 1996; Liu et al.,
2008). There are several indications of a special role for the proton-pumping
terminal oxidases of alkaliphiles. In B. pseudofirmus OF4, the caa3-type
cytochrome oxidase encoded by the cta operon is up-regulated at high pH
(Quirk et al., 1993) and disruption of cta results in an inability of the alkaliphile
to grow non-fermentatively even though alternative terminal oxidases are
retained and even up-regulated (Gilmour and Krulwich, 1997). A character-
istic noted earlier, that has consistently been observed with respiratory chain
components of different alkaliphilic Bacillus species, is that many of the
species, especially of cytochrome c, have been found to have much lower mid-
point potentials than their homologues from neutralophiles (Lewis et al., 1981;
Yumoto et al., 1991; Hicks and Krulwich, 1995; Goto et al., 2005). Goto et al.
(2005) and Muntyan and Bloch (2008) reported that the cytochrome a mid-
point potential in terminal oxidases of alkaliphilic Bacillus species is normal
and thus the lower than normal mid-point potential of cytochrome c species
that donate to the terminal oxidase may permit an unusually high capture of
energy at this critical segment of the respiratory chain.

4.3. Inorganic Ion Fluxes: Co-Transport and Antiport

Acidophiles use secondary transporters such as ion-coupled co-transporters
(symporters) that utilize the DpH to energize solute transport (Albers et al.,
2001; Ferguson and Ingledew, 2008). In B. acidocaldarius, the uptake of
a lactose homologue is inhibited by uncouplers that reduce the DpH
suggesting that lactose is coupled to proton uptake (Krulwich et al., 1978).
The uptake of glucose is also suggested to be coupled to proton uptake as its
transport collapses the DpH by 20% (Matin et al., 1982). The
potential importance of Kþ uptake has also been noted, and is reflected
in the large number of secondary cation transporters in the sequenced
genomes of Picrophilus torridus (Fütterer et al., 2004), ‘‘F. acidarmanus’’
(http://genome.ornl.gov/microbial/faci/), S. solfataricus (She et al., 2001), and
Leptospirillium group II (Tyson et al., 2004). The S. solfataricus genome
contains a predicted Trk-like Kþ transporter that might contribute to
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production of the inside-positive DC, symporters that are expected to use
the DpH for uptake of sugars and peptides (15 encoded proteins), and high-
affinity ABC-type transporters coded by 11 operons that are probably
uptake systems as they include both permeases and extra cytoplasmic-
binding proteins (She et al., 2001). The genome sequence of A. ferrooxidans
also contains a large number of secondary transporters including an Naþ/Hþ

antiporter, several Kþ transporters including a voltage-gated channel, Kþ

uptake and efflux proteins, and two copies of an ABC Kþ import system
(Valdés et al., 2008). The H. pylori homologue of the E. coli NhaA Naþ/Hþ

antiporter has been extensively studied and found to have lower pH range
for activity than E. coli NhaA, a range that suggests a role for the antiporter
at the upper edge of its range of pH for growth (Inoue et al., 1999). Perhaps
the A. ferrooxidans Naþ/Hþ antiporter provides protection against ‘‘alkali
shock’’ or against the increased toxicity of cytoplasmic Naþ when the
organism finds itself above its very acidic growth range. The establishment
of roles for the other cation transporters and the special contribution of Kþ

in particular, requires further investigation in the acidophiles.
In respiratory alkaliphilic Bacillus species, the only process other than

oxidative phosphorylation that requires proton uptake from the highly
alkaline external milieu by these alkaliphiles is cytoplasmic pH homeostasis
itself, since it is dependent upon active inward transport of protons by
antiporters (Hamamoto et al., 1994). For the alkaliphilic Bacillus species,
use of the Mrp complex as the major antiporter has been hypothesized to
provide a large protein surface on the outside that could be adapted to act as
a proton-concentrating and funneling element to support antiport-based pH
homeostasis (Swartz et al., 2005; Morino et al., 2008). However, the other
ion-dependent bioenergetic work in the alkaliphilic Bacillus species is driven
by a sodium motive force established by the vigorous efflux due to Naþ/Hþ

antiport activities (see Fig. 7B). The sodium motive force is constituted by
an inwardly directed Naþ gradient and the large chemiosmotically
productive DC (inside negative); it is much larger than the PMF because
it is not adversely affected by the acid-inside DpH. Both ion-coupled solute
transport and motility of the extreme alkaliphiles is coupled to sodium, even
when growth is at near-neutral pH and it has been noted that these
processes of extreme alkaliphiles require higher sodium ion concentrations
at near-neutral pH than at high pH (Gilmour et al., 2000; Fujinami et al.,
2007b). This apparently reflects an optimization of the sodium-coupled
processes of alkaliphiles to function at high pH. The optimization is
apparently accompanied by an inhibitory effect of the increased proton
concentration at near-neutral pH. Other, more moderate alkaliphiles
and alkali-adaptable neutralophiles either possess distinct sodium- and
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proton-coupled transporters and motility channels (see Fig. 7B) or have
transporters or motility channels that can use either a sodium motive force
or a PMF, depending upon the conditions (Pourcher et al., 1995; Franco and
Wilson, 1996; Terahara et al., 2008). The pH-dependent sodium versus
proton preference of a bi-functional motility channel of alkaliphilic Bacillus
clausii can be altered in either direction by pairs of mutations in the MotB
component of the channel (Terahara et al., 2008).

Genomes from aerobic alkaliphiles are predicted to encode a large
number of ATP-dependent transporters, especially ABC-type transporters,
as well as ion-coupled transporters (Takami et al., 2000). In non-respiratory
alkaliphiles, several P-type ATPases have been intensively studied (Suzuki
et al., 2005). In view of the prediction by Niggli and Sigel (2007) that
antiport is a mechanistic feature of P-type ATPases it would be interesting
to probe whether P-type ATPases that pump Naþ contribute to pH
homeostasis by taking up Hþ.

4.4. Production and Consumption of Acids and Bases

As noted in Section 3.3, acidophiles are especially sensitive to uncoupling
by organic acids and their production during fermentation as terminal
electron acceptors would be highly toxic to the cell. It is possibly due to this
that no fermentative acidophiles have been identified. It is also interesting
to note that the most extreme acidophiles such as Ferroplasma spp. are
chemoorganotrophs (Dopson et al., 2004) that are capable of metabolizing
organic acids and thus, ameliorating their toxic effects. Due to the fact that
the acidophiles are able to gain organic carbon and energy from the organic
acids, it is impossible to discern if the expression of proteins for their
degradation is a pH homeostasis response. Examples of genes involved
in organic acid degradation are found in acidophile genomes including
P. torridus (Angelov and Liebl, 2006) and ‘‘F. acidarmanus’’ Fer1 (http://
genome.ornl.gov/microbial/faci/). The enzymes encoded include propionyl-
CoA synthase, two acetyl-CoA synthetases, and lactate-2-monooxygenase
that convert lactate to pyruvate (Ciaramella et al., 2005).

In neutralophilic heterotrophs, a large number of different amino acid
decarboxylases and related degradative enzymes are up-regulated at low
pH (Table 2). These enzymes offer the opportunity to remove a proton
from the cytoplasm through outward diffusion of CO2 while retaining an
alkaline product such as an amine, or exporting it through a cognate
transporter (Fig. 6). In most cases, the decarboxylase is co-expressed with
an antiporter that exchanges the substrate with a decarboxylated product,
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under regulation of one or more regulators sensitive to external pH and
anaerobiosis (Meng and Bennett, 1992a, b). The net result of these
decarboxylases is release of CO2 and an amine, with net removal of a
proton from the system. For example, in the case of lysine decarboxylase,

Table 2 Enzymes consuming acids or bases.

Enzyme substrate Gene(s) Organism(s) Reference(s)

Decarboxylases and other enzymes up-regulated at low pH
2-Acetolactate alsD B. subtilis Wilks et al. (2009)
Agmatine

(deiminase)
aguA1 Lactococcus

brevis
Lucas et al. (2007)

Arginine speA E. coli, B. subtilis Gong et al. (2003), Stim and
Bennett (1993), Wilks et al.
(2009)

Arginine
(deiminase)

arcA Streptococcus
spp., Lactococcus
spp.

Dong et al. (2002), Cotter
and Hill (2003)

CO2 (carbonic
anhydrase)

aac,
aphA

H. pylori Bury-Moné et al. (2008)

Glutamate gadA, B E. coli, L. lactis Castanie-Cornet et al.
(1999), Nomura et al.
(1999), Richard and Foster
(2004)

Glycine gcvPA,
PB

B. subtilis Wilks et al. (2009)

Histidine Lactococcus spp. Fernández and Zúñiga
(2006)

Lysine cadA E. coli Auger and Bennett, 1989,
Watson et al. (1992)

Malate maeA B. subtilis Wilks et al. (2009)
Ornithine speF E. coli Kashiwagi et al. (1992)
Oxalate yvrK B. subtilis Tanner and Bornemann

(2000)
Phosphatidylserine psd B. subtilis Wilks et al. (2009)
Tyrosine tyrDC Lactococcus spp. Fernández and Zúñiga

(2006), Wolken et al. (2006)
Urea (urease) ureA Helicobacter

pylori, Yersinia
enterocolitica

Stingl et al. (2002), Young
et al. (1996)

Deaminases up-regulated at high pH
Arginase (removes

urea)
rocF B. subtilis Wilks et al. (2009)

Serine sdaA E. coli Yohannes et al. (2004)
Tryptophan,

cysteine, and
serine

tnaA E. coli Blankenhorn et al. (1999),
Bordi et al. (2003)
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cadAB, low external pH is detected by the regulator cadC (Slonczewski
et al., 1987; Meng and Bennett, 1992a, b; Neely et al., 1994; Neely and
Olson, 1996). CadC is a fused ToxR-type two-component regulator whose
extracellular domain detects pH (Dell et al., 1994). Through CadC, low pH
induces expression of both the lysine decarboxylase (CadA) and the lysine-
cadaverine antiporter (CadB). The decarboxylase converts lysine into CO2

and cadaverine, a basic polyamine. The polyamines generated by amino
acid decarboxylases have an alkalinizing effect that may raise the external
pH. In addition, they block OMPs thus retarding the influx of some organic
permeant acids (Pagès et al., 2008).

Different species express different sets of acid-dependent decarbox-
ylases. E. coli expresses the catabolic decarboxylases for lysine and arginine
(Stim and Bennett, 1993), ornithine (Kashiwagi et al., 1992), and glutamate
(Hersh et al., 1996; Castanie-Cornet et al., 1999). Expression is maximal
anaerobically at low pH. Lactococci express the glutamate and arginine
systems (Nomura et al., 1999; Cotter and Hill, 2003) as well as decarbo-
xylases for tyrosine, histidine, and agmatine (Cotter and Hill, 2003;
Fernández and Zúñiga, 2006). In B. subtilis, proteins up-regulated at low
pH include decarboxylases for arginine, 2-acetolactate, glycine, malate,
phosphatidylserine (Wilks et al., 2009), and oxalate (Tanner and
Bornemann, 2000).

The assessment of metabolic contributions to pH homeostasis is
complicated by the fact that these systems are subject to multiple
layers of regulation. For instance the lysine decarboxylase and cognate
lysine-cadaverine antiporter are co-induced by acid, anaerobiosis, and
lysine (Meng and Bennett, 1992a, b). The Gad system, including glutamate
decarboxylase and antiporter plus an associated acid fitness island (Mates
et al., 2007) are induced by the stationary-phase RpoS regulon at low pH
under aerobic conditions (Lin et al., 1995; Masuda and Church, 2003;
Foster, 2004), but RpoS also enables Gad induction at high pH under
anaerobiosis (Hersh et al., 1996). In H. pylori, the urease extreme-acid
protection system is maximally expressed in the presence of urea, nickel,
and low pH (Slonczewski et al., 2000; van Vliet et al., 2001).

In most cases the actual contribution of acid-up-regulated metabolism
to pH homeostasis has been difficult to demonstrate in growing cells,
because such a large number of systems are available. However, the
requirement for several specific decarboxylases has been documented
for pH homeostasis during non-growth survival (see Section 5.1).
Other enzymes that provide protection against acid during bacterial
survival at extreme low pH include urease and carbonic anhydrase that
function in H. pylori as discussed earlier, and that are also used by
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bacteria that only survive but do not colonize the acid regions of the gut
(see below).

At high external pH, neutralophiles tend to catabolize amino acids and
related substrates by different pathways that release ammonia rather than
CO2 (Blankenhorn et al., 1999; Bordi et al., 2003; Yohannes et al., 2004;
Hayes et al., 2006). Like the decarboxylases, the amino acid deaminases
show enhanced expression under anaerobiosis when the absence of oxygen
limits metabolic options. The tryptophan deaminase tnaA is of particular
interest as it catabolizes serine and cysteine as well as tryptophan. The base-
up-regulated roc pathway of B. subtilis generates two or three NH3 plus
TCA cycle acids, differing markedly from the acid-up-regulated arc pathway
of streptococci (Chen et al., 2002) which generates one NH3 plus polyamines.
The alkali-adaptive activities of the B. subtilis roc pathway are consistent
with its induction in tetL-deficient mutants (Wei et al., 2006). Nevertheless,
some ambiguous cases remain to be explained; for example, glutamate
decarboxylase is also induced at high pH, particularly under anaerobiosis
and stationary phase (Blankenhorn et al., 1999; Hayes et al., 2006). The
effects of amino acid catabolism at high pH are poorly characterized.

Acid and base modulate several other pathways of anaerobic catabolism.
In Leuconostoc lactis, low pH shunts fermentation to the neutral product
acetoin (Cogan et al., 1981) and in Lactobacillus plantarum acetoin
production is associated with improved pH homeostasis (Tsau et al., 1992).
In B. subtilis, low pH favors production of lactate (Schilling et al., 2007).
E. coli limits internal acidification by producing lactate instead of acetate plus
formate (Bunch et al., 1997) and by conversion of formate to H2 and CO2

(Rossman et al., 1991). Low pH up-regulates several hydrogenases, which
interconvert protons with H2 (Hayes et al., 2006). Low pH appears to
enhance catabolism of sugar derivatives whose fermentation minimizes acid
production, including sorbitol, glucuronate, and gluconate (Hayes et al.,
2006). Above pH 7, the favored fermentation products are acetate and
formate (Wolfe, 2005) and the favored pathways of sugar catabolism are
those related to glucose (Hayes et al., 2006). High pH also up-regulates amino
acid deaminases that remove ammonia and direct carbon into the TCA cycle,
such as tryptophan deaminase and serine deaminase (Stancik et al., 2002).

5. pH HOMEOSTASIS UNDER NON-GROWTH CONDITIONS

The ability of microorganisms to remain viable during conditions not
permitting growth is essential for persistence in a changing environment.
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Many neutralophiles possess inducible means of maintaining limited pH
homeostasis for several hours under ‘‘extreme’’ pH conditions, enabling
survival below pH 3 or above pH 10. Such microorganisms are commonly
said to be ‘‘acid resistant’’ or ‘‘base resistant,’’ respectively. The pheno-
mena of extreme-acid survival in neutralophiles are highly important for
microbial ecology, such as nitrogen-fixing rhizobia (Dilworth et al., 1999;
Tiwari et al., 2004), as well as for human and animal pathogens such as
E. coli O17:H7 (Lin et al., 1996) and Yersinia entericolitica (de Koning-
Ward and Robins-Browne, 1995). In extreme base, survival of pathogens
such as Listeria monocytogenes is important for food treatment (Giotis
et al., 2008).

5.1. Extreme Acid: pH Homeostasis Without Growth

The terminology for various conditions of extreme-acid survival has shifted
over the years (Gorden and Small, 1993; Slonczewski and Foster, 1996;
Foster, 2004). Generally, the term ‘‘acid survival’’ or ‘‘acid resistance’’
refers to the ability of a substantial portion of cells (W10%) to retain
colony-forming potential at pH 7 following 2–4 hours exposure at an
external pH value below pH 3. Acid resistance factors may be constitutive,
such as the low Hþ conductance of membranes, or the buffering capacity of
the cell, or the presence of constitutive ion transporters. Alternatively,
acid resistance may be increased under various environmental conditions
such as stationary phase, mediated by the RpoS regulon. Acid resistance
‘‘inducible’’ by growth in moderate acid is also called ‘‘acid tolerance.’’ The
distinction between constitutive and inducible is blurred, however, as
(1) ‘‘constitutive’’ acid resistance may turn out to require unidentified
inducible factors; (2) ‘‘inducible’’ acid resistance of a laboratory strain may
turn out to be constitutive in wild strains or clinical isolates; and (3) the
transition between the ranges of growth and survival may be unclear, and
may be strain-dependent.

A growing number of metabolic systems are known to help bacteria
survive at pH below their growth range (Young et al., 1996; Richard and
Foster, 2003; Foster, 2004; Sachs et al., 2005). Some of these systems are
acid-independent, such as the RpoS-dependent acid tolerance response of
E. coli, whereas others such as the Gad regulon are induced during growth
at low pH and/or by other factors such as anaerobiosis. Some components
help raise the pH homeostasis; whereas others help cells cope with lower
pH for example by chaperones removing misfolded proteins. Here we focus
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on systems that enhance pH homeostasis while maintaining a relatively
large DpH.

In E. coli, several metabolic systems governed by overlapping regulons
contribute to acid resistance. The stationary-phase expression of RpoS
confers acid resistance through a poorly understood mechanism involving
cAMP activation and the F0F1-ATP synthase (Castanie-Cornet et al., 1999;
Ma et al., 2003; Richard and Foster, 2004). RpoS also enhances expression
of the glutamate-dependent Gad system (Lin et al., 1995; Richard and
Foster, 2004). The glutamate decarboxylases (GadA and GadB) and the
glutamate-2-ketoglutarate antiporter (GadC) consume protons through
production of polyamines and CO2, enabling E. coli to survive for many
hours at pH 2.5 (Fig. 10). Survival at pH 2.5 in minimal medium requires
the presence of glutamate. Analogous acid survival mechanisms have been
demonstrated for arginine and lysine (Lin et al., 1995; Gong et al., 2003;
Iyer et al., 2003). Besides the polyamines that buffer pH, the CO2 generated
by decarboxylases and other metabolism enhances acid resistance by
an unknown mechanism (Sun et al., 2005). RpoS also amplifies the acid
induction of cycopropane fatty acid synthesis, which increases survival in
extreme acid (Chang and Cronan, 1999; Kim et al., 2005).

The E. coli survival mechanism at pH 2.5 involving glutamine or arginine
(and possibly lysine) requires maintenance of cytoplasmic pH at a
minimum of pH 4, with the DC inverted (inside positive) (Iyer et al.,
2002; Richard and Foster, 2004). The source of the inside-positive DC
remains unclear, although the ClC-type proton-chloride antiporter may
play a role (Fig. 10). The inverted DC enables cells to sustain a DpH for an
extended period without ongoing energy expenditure. The ClC Hþ/Cl�

antiporter may also help the cell recover its inside-negative DC after the
external pH recovers above a critical acid threshold, at about pH 4–5. Thus,
cytoplasmic pH homeostasis in extreme acid extends strategies used during
growth in moderate acid, such as the amino acid decarboxylases, while
adding a mechanism found in extremophiles, the inversion of DC.

An analogous form of acid resistance is also exhibited by H. pylori,
which can survive below its growth range of gastric acid by maintaining
a cytoplasmic pH B4.9 at an outside pH B1.3 (Stingl et al., 2001). As
discussed above for growth of H. pylori (Section 3.2), survival below
external pH 2 requires uptake of urea into the cytoplasm by UreI, cyto-
plasmic urease and carbonic anhydrase and a periplasmic carbonic
anhydrase to maintain a periplasmic pH that is much higher than the
external pH and a cytoplasmic pH that is even higher (Fig. 8) (Marcus et al.,
2005; Stähler et al., 2005; Bury-Moné et al., 2008). At pH 2, these
mechanisms may support sufficiently robust pH homeostasis to ensure
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survival with growth arrest, while they can support colonization and growth
in somewhat less extremely acidic surface of the gut.

Acid-induced urease similarly enhances the acid resistance of enteric
pathogens Yersinia enterocolitica and Morganella morganii (Young et al.,
1996). Like H. pylori, Y. enterocolitica employs urease to survive passage
through the very acidic stomach; it differs from H. pylori in that it does not
colonize a very acidic niche, but moves on to colonize the more hospitable
intestine (de Koning-Ward and Robins-Browne, 1995, 1997; Young et al.,
1996). The cytoplasmic urease of Y. enterocolitica is activated 780-fold
by low-pH conditions and exhibits a lower pH optimum than most
ureases, in a range of 4.5–5.5 (Young et al., 1996; De Koning-Ward and

Figure 10 Acid resistance mechanisms in E. coli surviving at pH values below its
growth range. Proton leakage into the cell is limited by the inverted Dc (inside
positive). The ClC chloride-proton antiporter may help cells restore the inside-
negative Dc following neutralization of external acid (Iyer et al., 2002). Sodium
transport contributes to the inside-positive charge. Decarboxylases of glutamate,
arginine, and lysine consume protons, exporting amines plus CO2 (Iyer et al., 2002;
Foster, 2004; Richard and Foster, 2004). CO2 enhances acid resistance by an
unknown mechanism (Sun et al., 2005). CFAs in the inner membrane increase acid
resistance, possibly by lowering proton conductance (Chang and Cronan, 1999).
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Robins-Browne, 1997). This is lower than the pH optimum for the H. pylori
urease, consistent with the Yersinia use of urease for survival rather than to
facilitate growth (Sachs et al., 2006). Mutants of Y. enterocolitica with a
disrupted urease gene exhibited a 1,000-fold decrease in acid survival
in vitro relative to wild type and a 10-fold reduction in viability after
passage through the stomach of mice (de Koning-Ward and Robins-
Browne, 1995).

Acid resistance mechanisms, both constitutive and acid-induced, are
now known to be widespread among neutralophiles. Other examples
not discussed above include the enteric organisms Shigella flexneri and
S. enterica (Gorden and Small, 1993; Lin et al., 1995); Lactobacillus brevis,
involving agmatine deiminase and tyrosine decarboxylase (Lucas et al.,
2007); L. lactis, involving chloride transport (Sanders et al., 1998) as well as
mycobacteria, staphylococci, and other Gram-positive organisms (reviewed
by Cotter and Hill, 2003). In some bacteria, acid resistance requires
increased tolerance to metals. Adaptation for acid survival of Lactobacillus
bulgaricus includes up-regulation of metal-transporting CPX-Type ATPases,
believed to contribute to copper homeostasis (Penaud et al., 2006). Similar
protection from copper toxicity contributes to acid resistance of Rhizobium
leguminosarum and Sinorhizobium meliloti (Reeve et al., 2002).

Like the neutralophiles, even extreme acidophiles need to survive in
environments at extreme pH values below their growth range, such as Iron
Mountain, CA where pH values have been measured as low as pH �3.6,
termed ‘‘super acids’’ (Nordstrom and Alpers, 1999). The reporting of
negative pH values is controversial as by the classical definition, only pH
values between 1 and 13 are possible and a new model based on sulfuric
acid solutions is used (Nordstrom and Alpers, 1999). The extremely low-pH
mine waters are formed due to the rock consisting of 95% pyrite, the
temperature and humidity being near optimal for net proton producing
acidophile catalyzed mineral dissolution, concentration of protons by
evaporation, and the formation of soluble, efflorescent salts containing
acidity that can be re-dissolved during periods of higher water levels
whereby, the acidity is released (Nordstrom et al., 2000).

Microorganisms are found in the Iron Mountain site at pH values
ranging from 0 to E2.5 (Robbins et al., 2000) including eukarya, bacteria,
and archaea (Edwards et al., 1999). Based on fluorescent in situ hybridiza-
tion, ‘‘F. acidarmanus’’ Fer1 constituted up to 85% of the population with
low numbers of Leptospirillium spp. at a pH 0.3–0.7 area of the mine
suggesting the microorganisms were active and therefore, able to balance
their internal pH (Bond et al., 2000; Edwards et al., 2000). At a second
extremely acidic site between pH 0.6 and 0.8, Ferroplasma spp. constituted
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52% of the microbial population once again with low numbers of
Leptospirillium spp. (Espana et al., 2008). ‘‘F. acidarmanus’’ Fer1 (Edwards
et al., 2000), Ferroplasma thermophilum (Zhou et al., 2008), Ferroplasma
cupricumulans (Hawkes et al., 2006), and other species from the genus
Picrophilus (Schleper et al., 1995) are capable of growth at between pH 0 and
0.4. Although ‘‘F. acidarmanus’’ Fer1 cannot grow at pH �2, it has been
shown to survive at this pH though it cannot survive at pH �3.6 (Edwards,
personal communication). A study of the extremely acidophilic archaeon
P. oshimae cytoplasmic pH shows that it has an internal pH around 4.6 up to
an external pH 4.0, and above this value the cells rapidly lysed (van den
Vossenberg et al., 1998b). The DpH of P. oshimae was found to be greater
than 4 pH units, rapidly declining as the external pH is raised, since internal
pH remains constant (van den Vossenberg et al., 1998b). Over the same
external pH range, the DC decreases from 100 to 45 mV giving a PMF of
�175 mV at pH 1.0 that decreases upon increasing external pH. Therefore,
the study suggests that extreme acidophiles utilize similar pH homeostatic
mechanisms and, as a consequence of their low internal pH, their enzymes
may show unusually low optimum pH (Golyshina et al., 2006).

5.2. Extreme Base: pH Homeostasis Without Growth

Survival of neutralophiles in extreme base has been less studied than acid
survival. Interestingly, in E. coli base survival requires RpoS, as does acid
survival (Small et al., 1994; Bhagwat et al., 2006). Survival of an RpoS-
positive strain at pH 10 requires prior growth to stationary phase at pH 8.
In L. monocytogenes, an alkali-inducible base resistance has been demo-
nstrated, involving glutamine and phosphate transporters, among other
components (Giotis et al., 2008). The role of cytoplasmic pH homeostasis in
these cases has not been characterized.

5.3. Biofilms

An intriguing question for further study is the role of pH homeostasis in
biofilms. In principle, biofilm formation should enhance pH homeostasis
since the ratio of cytoplasmic to extracellular volume is increased by the
close proximity of cells. The increased relative volume of cytoplasm should
offer greater opportunities for pH maintenance, while also posing greater
challenges for expulsion of excess acids and bases. Biofilms are associated
with various kinds of stress protection, including acid resistance. In the oral
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bacterium Streptococcus mutans, surface adhesion and biofilm development
enhance survival at pH 3–3.5 (Zhu et al., 2001; Welin et al., 2003; McNeill
and Hamilton, 2004; Welin-Neilands and Svensäter, 2007). In oral biofilms,
arginine catabolism to polyamines may contribute to caries formation
(Burne and Marquis, 2000). Maintenance of pH homeostasis is important
for S. mutans biofilms under acid stress. Biofilm formation may also
contribute to acid resistance of H. pylori (Stark et al., 1999). Biofilms of
nitrifying bacteria appear to balance acid-producing with acid-consuming
forms of metabolism (Gieseke et al., 2006).

In extremely acidic environments, acidophiles often exist as biofilms
such as the ‘‘F. acidarmanus’’ Fer1 dominated site at Iron Mountain, CA
(Edwards et al., 2000) (discussed in Section 5.2) and the Acidithiobacillus
spp. dominated snottites in the Frasassi cave system, Italy (Macalady et al.,
2007). Further analysis of the approximately pH 1 Iron Mountain biofilms
revealed various defined stratified structures with the less acid-tolerant
Leptospirillium group II in a dense layer at the bottom of the biofilm and
the archaea in the surface areas in a mature pool pellicle biofilm (Wilmes
et al., 2008). However, a community proteomics analysis of an Iron
Mountain biofilm did not reveal any particular pH homeostatic mechanisms
(Ram et al., 2005). The pH 0–1 environment in the Frasassi cave system is
generated by H2S oxidation and is extremely low for the acidithiobacilli
identified that habitually inhabit environments around pH 2–3 (Macalady
et al., 2007). The acidic biofilms were much lower in diversity than in
neutral areas of the cave system and they are one of the simplest biofilm
communities known. The biofilm was unusual in that it was dominated by
bacteria rather than archaea that are usually prevalent at very low-pH
values and this may be reflected by the electron donor being sulfide (and
the lack of Fe2þ) that is less commonly oxidized by the extremely
acidophilic archaea. That the bacteria were growing in a biofilm may
provide some degree of protection against the low pH in the cave.

6. CONCLUSIONS

The balance of protons and hydroxyl ions is of universal importance for
microbial growth and for survival outside the growth range of pH. Bacteria
and archaea adapted to acid maintain a cytoplasmic pH higher than that of
the exterior, whereas those growing in base maintain a lower pH (Fig. 1).
To maintain cytoplasmic pH at the more neutral value, cells accept a
substantial energy loss through inversion of Dc in extreme acid and
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expenditure of Dc in extreme base. Intriguingly, over the range of microbes
studied, the crossover point where cytoplasmic pH equals external pH lies
between pH 7–8, although not all species can actually grow at this point.

The observation and study of microbial pH is challenging for several
reasons. Observation of pH within the cell requires use of probes labeled
by radioactivity, fluorescence, or NMR, all of which can only be used for
particular ranges of pH and culture conditions. Numerous organic and
inorganic molecules within the cell can generate or consume protons.
Multiple mechanisms contribute to cytoplasmic pH, often preventing
isolation of mutants with a defective phenotype. Cells include various
compartments such as periplasm and forespore whose pH may or may not
equal that of the cytoplasm.

The mechanisms of pH homeostasis are manifold and often redundant;
thus, multiple Kþ and Naþ transporters contribute ion fluxes that balance
proton flow, and multiple catabolic enzymes consume and generate
protons. Membrane and envelope adaptations are most pronounced in
acidophiles, although lipid and porin adaptations are also seen in
neutralophiles and alkaliphiles. While diverse mechanisms predominate
in particular species, such as urease/carbonic anhydrase-dependent protec-
tion from acid in H. pylori and Naþ/Hþ antiporters in alkaliphilic Bacillus
species, general classes of metabolic, transport flux, and membrane-based
mechanisms appear throughout the range of pH-adapted microorganisms.
Thus, the study of pH homeostasis in any given species may yield clues as
to mechanisms in very different species.
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Bury-Moné, S., Mendz, G.L., Ball, G.E., Thibonnier, M., Stingl, K., Ecobichon, C.,
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