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Chapter

Thriving at Low pH: Adaptation 
Mechanisms of Acidophiles
Xianke Chen

Abstract

Acid resistance of acidophiles is the result of long-term co-evolution and natural 
selection of acidophiles and their natural habitats, and formed a relatively optimal 
acid-resistance network in acidophiles. The acid tolerance network of acidophiles 
could be classified into active and passive mechanisms. The active mechanisms 
mainly include the proton efflux and consumption systems, generation of reversed 
transmembrane electrical potential, and adjustment of cell membrane composi-
tion; the passive mechanisms mainly include the DNA and protein repair systems, 
chemotaxis and cell motility, and quorum sensing system. The maintenance of pH 
homeostasis is a cell-wide physiological process that adopt differently adjustment 
strategies, deployment modules, and integration network depending on the cell’s 
own potential and its habitat environments. However, acidophiles exhibit obvious 
strategies and modules similarities on acid resistance because of the long-term 
evolution. Therefore, a comprehensive understanding of acid tolerance network 
of acidophiles would be helpful for the intelligent manufacturing and industrial 
application of acidophiles.
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1. Introduction

Both natural and man-made acidic habitats are widely distributed in global 
land and ocean ecosystems, such as acidic sulfur-rich thermal springs, marine 
volcanic vents, and acid mine drainage (AMD) [1]. However, these unique habi-
tats harbor the active acidophilic organisms that are well adapted to the acidic 
environments. Undoubtedly, acidophiles are distributed randomly throughout the 
tree of life and prevalent in the acidity or extreme acidity habitats, archaea and 
bacteria in particular, and they represent an extreme life-forms [2–4]. Generally, 
acidophilic archaea and bacteria mainly include members of phylum Euryarchaeota, 
Crenarchaeota, Proteobacteria, Acidobacteria, Nitrospira, Firmicutes, Actinobacteria 
and Aquificae such as Ferroplasma, Acidiplasma, Sulfolobus, Acidianus, Acidiphilum, 
Acidithiobacillus, Acidihalobacter, Ferrovum, Acidiferrobacter, Acidobacterium, 
Leptospirillum, Sulfobacillus, Acidibacillus, Acidimicrobium, and Hydrogenobaculum 
[5–7]. More importantly, acidophiles, as an important taxa of microorganisms, 
are closely related to the biogeochemistry cycles, eco-environment and human 
development, such as driving the elemental sulfur and iron cycles [8], the water 
and soil polluted by acidic effluents [9], biomining-bioleaching techniques and 
bioremediation technologies [9–11]. Thus, a comprehensive understanding of 
the acid-resistance networks and modules of acidophiles would be helpful for the 
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understanding of the evolutionary processes, ecological behaviors and industry 
applications of acidophiles.

Acidophiles thrive at an extremely low pH and maintain a relatively neutral 
cytoplasm pH [12], namely maintenance several orders of magnitude difference 
in proton concentrations in cell; thus, one of the main challenges to these micro-
organisms living in acidic habitats is the extremely acidic stress environments. 
Acidophiles have evolved a large number of mechanisms to withstand the deleteri-
ous effects of fluctuations in proton concentration (Figure 1), due to the fact 
that acidophiles face the challenge of maintaining a near neutral intracellular pH. 
Currently, the mechanisms of growth and acid tolerance of typical extreme acido-
philes in extremely low pH environments have been widely studied [13–15]. Herein, 
we, specifically focusing on acid-tolerant mechanisms, strategies, functions, and 
modules instead of species types, reviewed and summarized the current knowledge 
of the acid-resistance networks adopted by acidophiles for coping with acid or 
extreme acid environments. In addition, owing to space constraints and complexity 
of acidophiles types, we limit our discussion of the acid-tolerant adaptation mecha-
nisms to typical acidophiles (archaea and bacteria) that populate acidic habitats.

2. Acid-resistant mechanisms of acidophiles

2.1 Active support of acidophiles pH homeostasis

Microorganisms tend to maintain a high proton motive force (PMF) and a 
near-neutral pH in cytoplasm. The transmembrane electrical potential (Δψ) and 
transmembrane pH gradient (ΔpH) could vary as a function of the external pH. 
The immediately available energy source for acidophilic cell is this pre-existing 
transmembrane proton gradient, due to the external environments are frequently 
in the pH range of 1.0–3.0, while the typical pH of cytoplasms are close to 6.5 

Figure 1. 
The active and passive acid-resistance mechanisms in acidophiles. (a) Proton pump: F1Fo–ATPase complex 
pump protons out of the cells though ATP hydrolysis. (b) Proton consumption modules: GadB-GadC system 
can consume excess intracellular protons. (c) Reversed transmembrane electrical potential (Δψ) modules: 
Generating a reversed Δψ is by positive ions transport (e.g. K+ transport). (d) Membranes system: The highly 
impermeable cell membranes structure. (e) Macromolecules protection modules: A larger proportion of DNA 
and protein repair systems such as Dps, GrpE, MolR, and DnaK proteins. (f) Escaping system: QS system, 
biofilm, chemotaxis and cell motility modules. (g) Other modules: Some possible mechanisms of imperfect 
classification, including iron “rivet”, degradation proteins of organic acids, surface proteins of high pI values, 
and outer membrane porin.
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(that is, the differential proton concentrations of 4–6 orders of magnitude). The 
ΔpH across the membrane is a major part of the PMF, and the ΔpH is linked to 
cellular bioenergetics. Acidophiles, such as Acidithiobacillus ferrooxidans and 
Acidithiobacillus caldus, are capable of using the ΔpH to generate a large quantity 
of ATP [16, 17]. However, this processes would lead to the rapid acidification of 
the cytoplasm of alive cells. Because a high level of protons concentration would 
destroy essential molecules in cell, such as DNA and protein, acidophiles have 
evolved the capability to pump protons out of their cells at a relatively high rate. 
The F1Fo–ATPase consists of a hydrophilic part (F1) composed of α, β, γ, δ, and 
ε subunits and a hydrophobic membrane channel (Fo) composed of a, b, and c 
subunits; among them, the F1 catalyzes ATP hydrolysis or synthesis and the Fo 
translocates protons. This mechanism pumps out protons from cells by hydrolyzing 
ATP (Figure 1), thereby efficiently protecting cells from the acidic environments. 
In several microorganisms, transcriptional level of the atp operon upregulated 
by exposure to the acidic environments, including A. caldus, Acidithiobacillus 
thiooxidans, and Lactobacillus acidophilus [18–20], suggesting its critical role in 
acid resistance of cell. Several proton efflux proteins have also been identified in 
the sequenced genomes of A. ferrooxidans, A. thiooxidans, A. caldus, Ferroplasma 
acidarmanus, and Leptospirillum group II [21, 22]. The H+-ATPase activity and 
NAD+/NADH ratio were upregulated in A. thiooxidans under the acid stress [19]. 
The cells actively pump out protons by a respiratory chain from cell. For example, 
under the acid stress, the A. caldus increases its expression of respiratory chain 
complexes that can pump protons out of the cells [20]. Meanwhile, NAD+ involved 
in glycolysis as the coenzyme of dehydrogenase, generating large amount of ATP 
and contributing to pump protons out of the cells though ATP hydrolysis.

Among the active mechanisms, the proton consumption systems are necessary 
to remove excess intracellular protons. Once protons enter the cytoplasm, some 
mechanisms and patterns are required to mitigate effects caused by a high concen-
tration of proton in cells. Under the acidic conditions, there is increased expres-
sion of amino acid decarboxylases enzymes (such as Glutamate decarboxylase-β 
(GadB)) that could consume the cytoplasmic protons by the catalytic reactions 
[23]. GadB, coupling with a glutamate/gamma-aminobutyrate antiporter (GadC), 
catalyzed glutamate to γ-aminobutyric acid (GABA) and exchanged with gluta-
mate substrate to achieve continued decarboxylation reactions (Figure 1) [24]. It 
consumed a proton during the decarboxylation reactions and thus supported the 
intracellular pH homeostasis. And, it would contribute to a reversed Δψ in most 
bacteria. Similarly, the gadB gene was found in Ferroplasma spp., and the gene 
transcription was upregulated under acid shock conditions in A. caldus [20, 22]. 
Therefore, in order to maintain pH homeostasis of cell, acidophiles need to be able 
to consume excess protons from the cytoplasm.

A second major strategy for the active mechanisms used by acidophiles to reduce 
the influx of protons is the generation of an inside positive Δψ that generated by 
a Donnan potential of positively charged ions. A positive inside transmembrane 
potential was contributed to a reversed Δψ that could prevent protons leakage 
into the cells. The acidophiles might use the same strategies to generate a reversed 
membrane potential to resist the inward flow of protons, Na+/K+ transporters in 
particular (Figure 1) [25]. Previous data showed that some genomes of acidophiles 
(A. thiooxidans, F. acidarmanus, Sulfolobus solfataricus, etc.) contain a high number 
of cation transporters genes and these transporters were probably involved in the 
generation of Donnan potential to inhibit the protons influx [21, 22, 25, 26]. The 
genome of Picrophilus torridus also encodes large number of proton-driven second-
ary transporters which represents adaptation to the more extremely acidic environ-
ment [27]. Furthermore, we found that the maintenance of Δψ in A. thiooxidans 
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was directly related to the uptake of cations, especially the influx of potassium ions 
[25]. Further evidence of chemiosmotic gradient created by a Donnan potential to 
support acid resistance is the Donnan potential created by a passive mechanism, 
that is, a small residual inside positive Δψ and ΔpH are maintained in inactive 
cells of A. caldus, A. ferrooxidans, Acidiphilium acidophilum, and Thermoplasma 
acidophilum [28–30]. The residual Δψ and ΔpH studies have been criticized because 
of measurement methods [31]. However, subsequent data showed that the energy-
dependent cation pumps played an important role in generating an inside positive 
Δψ. In addition, acidophilic bacteria are highly tolerant to cations and are more 
sensitive to anions. In summary, the inside positive Δψ is a ubiquitous and signifi-
cant strategy in maintaining the cellular pH homeostasis.

Although improving the efflux and consumption of protons and increasing 
the expression of secondary transporters are a common strategy, the most effec-
tive strategy is also to reduce the proton permeability of cell membrane [32, 33]. 
Acidophiles can synthesize a highly impermeable membrane to respond to proton 
attack (Figure 1). These physiological adaptations membranes are composed of 
the high levels of iso/anteiso-BCFAs (branched chain fatty acids), both saturated 
and mono-unsaturated fatty acids, β-hydroxy, ω-cyclohexyl and cyclopropane 
fatty acids (CFAs) [34]. It was found that cell membrane resisted the acid stress by 
increasing the proportion of unsaturated fatty acid and CFAs in some bacteria, such 
as A. ferrooxidans and Escherichia coli [35–37]. Although the cytoplasmic membrane 
is the main barrier to protons influx, the destruction of the membrane caused by 
protons may cause this barrier to break down. The key component of membranes 
preventing acid damage seems to be CFAs, which contributes to the formation of cell 
membrane compactness. Supporting this mechanism is that E. coli with a mutation 
in the cfa gene became quite sensitive to low pH and can overcome this sensitivity 
by providing the exogenous cfa gene [36]. Meanwhile, the transcription of cfa gene 
was upregulated under the acid stress in A. caldus [20], and it suggests that changing 
the fatty acid content of the cell membrane is an adaptive response to acid stress. In 
brief, the CFAs is important for maintaining membrane integrity and compactness 
under the acid conditions.

To maintain the pH homeostasis of cells, acidophilic archaea cells have a highly 
impermeable cell membrane to restrict proton influx into the cytoplasm. One of 
the key characteristics of acidophilic archaea is the monolayer membrane typically 
composed of large amount of GDGTs, which are extremely impermeable to protons 
[38–40]. Although acidophilic bacteria have a variety of acid-resistant adaptation 
strategies, compared with acidophilic archaea, it has not been found that these 
bacteria would exhibit excellent growth ability below pH 1. The special tetraether 
lipid is closely related to acid-tolerance capability, because the ether linkages are 
less sensitive to acid hydrolysis than ester linkages [41]. And, the results of studies 
on acidophilic archaea indicated that tetraether lipids may be more resistant to 
acid than previously thought [42]. Therefore, the contribution of tetraether lipids 
to adaptation of archaea to extremely low pH is enormous. To a certain extent, 
it also supports the reason why dominance of archaea under extremely acidic 
environments. Similarly, the extreme acid tolerance of archaea can be attributed 
to cyclopentane rings and the vast methyl-branches [43]. In addition, it was found 
that the less phosphorus in the lipoprotein layer of acidophilus cell can contribute to 
higher hydrophobicity, which was beneficial for resisting extreme acid shock [13]. 
Irrespective of the basic composition of cell membranes, bacteria and archaea have 
extensively reshaped their membrane components to overcome the extremely low 
acid environments. In summary, the impermeable of acidophilic cell membrane is 
an important strategy for the pH homeostasis of acidophiles formed by restricting 
the influx of protons into the cells.
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3. Passive strategies for acidophiles living

When the cells are attacked or stressed by higher concentrations of protons, 
the passive mechanisms of pH homeostasis would support the active mechanism. 
If protons penetrate the acidophilic cell membrane, a range of intracellular repair 
systems would help to repair the damage of macromolecules [13]. The DNA 
and protein repair systems play a central role in coping with acid stress of cells 
(Figure 1). Because DNA carries genetic information of cell life and protein plays 
an important role in the physiological activities of cells, DNA or protein dam-
age caused by protons would bring irreversible harm to cells. When the cells are 
exposed to a high concentration of proton environments or protons influx into the 
cells, a great number of DNA repair proteins and chaperones (such as Dps, GrpE, 
MolR, and DnaK protein) would repair the damaged DNA and protein [19, 44, 45]. 
Previously reported study showed that a great number of DNA and protein repaired 
genes presence in wide range of extreme acidophiles genomes might be related 
to the acid resistance, for example, a large number of the DNA repaired proteins 
genes in P. torridus genome [27, 46]. Indeed, the transcription and expression of 
these repair systems were upregulated under the extreme acid stress, for example, 
the transcription of molecular chaperones repair system-molR and DnaK were 
enhanced in A. thiooxidans [19]. In addition, the GrpE and DnaK proteins expres-
sion were significantly improved in Acetobacter pasteurianus for coping with acetic 
acid stress [47]. Similarly, the molecular chaperones involved in protein refolding 
were largely expressed in L. ferriphilum under the AMD biofilm communities [48]. 
And, the chaperones were also highly expressed in F. acidarmanus during aerobic 
culture [49].

Quorum sensing (QS) system is a ubiquitous phenomenon that establishes 
the cell to cell communication in a population through the production, secre-
tion and detection of signal molecules. In addition, The QS system is also widely 
involved in various physiological processes in cell such as biofilm formation, 
exopolysaccharides, motility, and bacterial virulence [50–52]. Moreover, the QS 
system can contribute to bacteria tolerating extreme environmental conditions by 
regulated biofilm formation. For example, bacteria showed the strong resistance 
to extremely low pH, due to these bacteria grown in a biofilm environment [53]. 
In case of acidophiles, QS system has been reported in A. ferrooxidans by produc-
ing the stable acylated homoserine lactones (AHLs) signal molecules under acidic 
conditions and overexpression strains promoted cell growth by regulated genes 
expression [54, 55].

Flagella is an important cell structure for the motility and chemotaxis in most 
bacteria, and is also involved in the biofilm formation [56]. Flagella-mediated che-
motaxis is essential for cells to respond to environmental stimuli (pH, temperature, 
osmotic pressure, etc.) and find nutrients for growth. The chemotaxis and motility 
of cells is a complex physiological behavior regulated by the diverse transcription 
factors, such as RpoF (σ28 or FliA) of the σ factors and ferric uptake regulator (Fur) 
of the global regulator, and has strictly spatiotemporal characteristics [20, 56]. For 
example, the mutant strain of A. caldus fur gene significantly upregulated some 
genes (cheY, cheV, flhF, flhA, fliP, fliG, etc.) related to cell chemotaxis and motil-
ity under the acid shock conditions [20]. Similarly, F. acidarmanus was capable of 
motility and biofilm formation [57]. This indicates that although the chemotaxis 
and cell motility ability of acidophiles cannot directly involve in acid resistance and 
maintain cell pH homeostasis, they have the ability to avoid extremely unfavorable 
acid environments to improve cells survival. Altogether, we suggest that the QS 
system and chemotaxis and cell motility are essential part of escaping the extremely 
acidic environments in passive mechanisms (Figure 1).
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It could be seen from the classification description above that there are a variety 
of mechanisms and strategies by which acidophiles can tolerate or resist the acidic 
or extremely acidic environments. However, some possible mechanisms have been 
imperfectly understood or classified, for example, the distinctive structural and 
functional characteristics of extremely acidophilic microorganisms (Figure 1) 
[13, 15]. First, iron may act as a “rivet” at low pH, which plays an important role in 
maintaining proteins activity, for example, the high proportion of iron proteins in 
F. acidiphilum. And, it has been found that the removal of iron from proteins can 
result in the loss of proteins activity [58, 59]. Secondly, the strategy of cell surface 
charges. The surface proteins of acidophiles have a high pI values (a positive sur-
face charges), which can act as a transient proton repellent on the cell surface. For 
example, the isoelectric point (pI) of the OmpA-like protein in the outer membrane 
of the A. ferrooxidans is 9.4, whereas that of E. coli OmpA is 6.2 [60]. It may be the 
functional requirements that the possession of positive surface charges could reduce 
the permeability of A. ferrooxidans cells to protons. Then, adjustment of pore size 
of membrane channels is also used to minimize inward proton leakage under acid 
stress. For example, under the acid shock, the expression of outer membrane porin 
(Omp40) of A. ferrooxidans was upregulated [61], which could control the size and 
ion selectivity of the entrance to the pore. Ultimately, since organic acids could 
diffuse into the cells in the form of protonation at low pH environments and then 
the proton dissociation quickly acidify the cytoplasm, the degradation of organic 
acids might be a potential mechanism for maintaining pH homeostasis, especially 
heterotrophic acidophiles. Although the genes that degrade organic acids in some 
acidophile (such as F. acidarmanus, P. torridus) have been identified, it is unclear 
whether the degradation of organic acids would contribute pH homeostasis [27, 62]. 
In summary, these possible mechanisms remain to be confirmed but these genes of 
existence and identification could be a mechanism associated with low pH tolerance.

4. Evolution of low pH fitness of acidophiles

In the past few decades, studies have confirmed that acidophilic microorganisms 
are widely present in the three domains of bacteria, archaea and eukarya, indicating 
that acidophiles have gradually developed in the evolution of life on earth, rather 
than from a single adaptation events. Although the extremely acidic environments 
are toxic to most organisms, there are still large number of indigenous microorgan-
isms that can thrive in these habitats. The generally accepted view is that acidophiles 
can be divided into moderate acidophiles that have pH optima of between 3 and 
5, extreme acidophiles that have pH optima for growth at pH < 3, and hyperacido-
philes that have pH optima for growth below pH 1 [1]. Generally, with the acidity 
becomes more extreme, biodiversity also gradually decreases. Accordingly, as would 
be anticipated, the most extremely acidic environments hold the less biodiversity, 
for example, hyperacidophiles includes the relatively few species (e.g. F. acidarma-
nus and Picrophilus oshimae) [1]. Acidophiles can survive in the acidic or extremely 
environments and are the source of acidity environment [1, 63, 64]; thus, they have 
the ability to resist the acidic environments that evolved during evolution.

Acidic hydrothermal ecosystems, such as Tengchong hot springs, Crater Lake, 
and Yellowstone National Park, are dominated by archaea [40, 65], and suggest-
ing that the acidophilic archaea evolved in the extremely acidic hydrothermal 
environments after the emergence of oxygenic photosynthesis [66]. Based on the 
niche similarity and physiological adaptation among archaea, it showed that the 
long-term acidity stress is the main selection pressure to control the evolution of 
archaea and leads to the co-evolution of acid-resistant modules [66]. Although the 
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species diversity decreases significantly as the pH decreases, the high abundance 
of acidophilic taxa, such as Gammaproteobacteria and Nitrospira, was detected in 
acid habitats. Indeed, for the dominant lineages such as Acidithiobacillus spp. and 
Leptospirillum spp., this pH-specific niche partitioning was obvious [67]. Consistent 
with this, Ferrovum is more acid-sensitive than A. ferrooxidans and L. ferrooxidans, 
and prefers to grow under the near-moderate pH [68]. Interestingly, the majority of 
acidophiles growing at extremely acidic (i.e. pH < 1) are heterotrophic acidophiles 
that are capable of utilizing organic matter for growth such as T. acidophilum and 
P. torridus. In addition, although the Acidiplasma spp. and Ferroplasma spp. can 
oxidize ferrous iron in biomining, organic carbon can also be used for growth, and 
their relative abundance would increase with the mortality of other bioleaching 
microorganisms [69, 70]. Therefore, they can be regarded as scavengers of the dead 
microorganisms and help the material and energy cycle in acidic habitats. To sum 
up, coexisting species may occupy different niches that could be affected by the pH 
changes, resulting in the changes in their distribution patterns.

The reasons for the dominance of these particular microorganisms in acidic eco-
systems are presumed to their adaptive capabilities. Adaptations to acid stress dictate 
the ecology and evolution of the acidophiles. Acidic ecosystems are a unique ecological 
niche for acid-adapted microorganisms. These relatively low-complexity ecosystems 
offer a special opportunity for the evolutionary processes and ecological behaviors 
analyses of acidophilic microorganisms. In the last decade, the use of high-throughput 
sequencing technology and post-genomic methods have significantly promoted our 
understanding of microbial diversity and evolution in acidic environments [68]. At 
present, metagenomics studies have revealed various acidophilic microorganisms 
from environments such as the AMD and acidic geothermal areas, and found that 
these microorganisms play an important role in acid generation and adaptability to 
the environments [71, 72]. For example, because the comparative metagenomics and 
metatranscriptomics directly recover and reveal microbial genome information from 
the environments, it has the potential to provide insights into acid-resistance mecha-
nisms of the uncultivated bacteria, such as clpX, clpP, and sqhC genes for resistance 
against acid stress. In addition, metatranscriptomics and metaproteomics analyses 
further uncovered the major metabolic and adaptive capabilities in situ [71], indicat-
ing the mechanisms of response and adaptation to the extremely acid environments.

The continuous exploration of acidic habitats and acidophilic microorganisms 
is the basis for comprehending the evolution of acidophilic microbial acid-tolerant 
modules, strategies, and networks. First, methods based on transcriptomics and 
proteomics are the key to understanding the global acid-tolerant network of 
individuals under acid stress [19, 73]. Secondly, comparative genomics plays a vital 
role in exploring the acid adaptation mechanism of acidophiles and studying the 
evolution of acidophiles genomes [74]. Ultimately, the emerging metagenomics 
technologies play an important role in evaluating and predicting microbial commu-
nities and their adaptability to acidic environments [75]. Moreover, metagenomics 
approaches could also provide a large amount of knowledge and functional module 
analysis on the acid tolerance of acidophiles to fully develop their potential in the 
evolution of acid tolerance [76]. With the publication of large number of metage-
nomics data, the evolution of the acid-tolerant components of these extremophiles 
would be better illustrated in the future.

5. Conclusions

Understanding the maintenance of pH homeostasis in acidophiles is of great 
significance to comprehend the mechanisms of cells growth and survival, as well as 



Acidophiles - Fundamentals and Applications

8

to the eco-remediation and application of biotechnology; thus, it is essential to fully 
understand the acid-tolerant networks and strategies of acidophilic microorgan-
isms. The aims of this chapter presents the acid-resistant modules and strategies of 
acidophiles in more detail, including the proton efflux and consumption, reversed 
membrane potential, impermeable cell membrane, DNA and protein repair sys-
tems, and QS system (Figure 1). However, at present, several of the pH homeostatic 
mechanisms still lack clear and rigorous experimental evidence to support their 
functions from my point of view. In addition, we also discussed the evolution of 
acidophiles and its acid-resistant modules. In brief, the true purpose of acidophilic 
microorganisms evolving these mechanisms is to tolerate the extremely acidic 
environments or reduce its harmful effects for cell survival.

Acidophiles are known for their remarkable acid resistance. Over the last 
decades, the combination of molecular and biochemical analysis of acidophiles 
with genome, transcriptome, and proteome have provided new insights into the 
acid-resistant mechanisms and evolution of the individual acidophiles at present. 
Using these genome sequences in a functional context through the application 
of high throughput transcriptomic and proteomic tools to scrutinize acid stress 
might elucidate further potential pH homeostasis mechanisms. However, the 
disadvantages of genomics, transcriptomics, and proteomics are that the data are 
descriptive and analogous and more work is required to verify the hypotheses such 
as the mutational analyses and genetic markers. One of the main obstacles to the 
current research on acid tolerance of acidophiles is the lack of genetic tools for 
in-depth analysis. Therefore, the development of genetic tools and biochemical 
methods in acidophile would facilitate elucidating the molecular mechanisms of 
acidophile adapting to extremely acidic environments, such as vector development 
remain largely unexplored. In addition, as most acidophiles are difficult to isolate 
and culture, our ability to understand acid resistance of acidophile is limited. The 
emerging omics technologies would be a crucial step to explore the spatiotemporal 
transformation patterns of acidophilic microbial communities, microbial eco-
physiology and evolution in the future.

Acknowledgements

We are grateful to Pro. Jianqiang Lin from Shandong University for providing 
the opportunity to review the acid-resistant mechanisms of acidophiles and Pro. 
Linxu Chen (Shandong University) for suggestions and comments on the outline 
and manuscript. We also thank Wenwen Xiang (Xiamen University) and Yujie Liu 
(Shandong University) for English language editing.

Conflict of interest

We declare no conflicts of interest.



9

Thriving at Low pH: Adaptation Mechanisms of Acidophiles
DOI: http://dx.doi.org/10.5772/intechopen.96620

Author details

Xianke Chen1,2

1 Research Center for Eco-Environmental Sciences, Chinese Academy of Sciences, 
Beijing, China

2 Sino-Danish College of University of Chinese Academy of Sciences, Beijing, China

*Address all correspondence to: chenxianke20@mails.ucas.ac.cn

© 2021 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms 
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited. 



10

Acidophiles - Fundamentals and Applications

[1] Johnson DB, Aguilera A.  
Extremophiles and Acidic 
Environments. In: Schmidt TM, 
editor. Encyclopedia of Microbiology 
(Fourth Edition). Oxford: Academic 
Press; 2019. p. 206-27. DOI:10.1016/
B978-0-12-809633-8.90687-3

[2] Meyer-Dombard DA, 
Shock E, Amend J. Archaeal 
and bacterial communities in 
geochemically diverse hot springs 
of Yellowstone National Park, 
USA. Geobiology. 2005;3:211-27. 
DOI:10.1111/j.1472-4669.2005.00052.x

[3] Mirete S, Morgante V, 
González-Pastor JE. Acidophiles: Diversity 
and Mechanisms of Adaptation 
to Acidic Environments. In: 
Stan-Lotter H, Fendrihan S, editors. 
Adaption of Microbial Life to 
Environmental Extremes: Novel 
Research Results and Application. 
Cham: Springer International 
Publishing; 2017. p. 227-51. 
DOI:10.1007/978-3-319-48327-6_9

[4] Arce-Rodríguez A, Puente- 
Sánchez F, Avendaño R,  
Martínez-Cruz M, de Moor JM, 
Pieper DH, et al. Thermoplasmatales 
and sulfur-oxidizing bacteria 
dominate the microbial community 
at the surface water of a CO2-rich 
hydrothermal spring located in Tenorio 
Volcano National Park, Costa Rica. 
Extremophiles. 2019;23(2):177-87. 
DOI:10.1007/s00792-018-01072-6

[5] Dopson M. Physiological 
and Phylogenetic Diversity of 
Acidophilic Bacteria. 2016. p. 79-92. 
DOI:10.21775/9781910190333.05

[6] Golyshina O, Ferrer M, 
Golyshin P. Diversity and Physiologies 
of Acidophilic Archaea. 2016. p. 93-106. 
DOI:10.21775/9781910190333.06

[7] Chen L-x, Huang L-n, Méndez- 
García C, Kuang J-l, Hua Z-s, Liu J,  

et al. Microbial communities, 
processes and functions in acid mine 
drainage ecosystems. Current Opinion 
in Biotechnology. 2016;38:150-8. 
DOI:10.1016/j.copbio.2016.01.013

[8] Druschel GK, Baker BJ, Gihring TM,  
Banfield JF. Acid mine drainage 
biogeochemistry at Iron Mountain, 
California. Geochemical 
Transactions. 2004;5(2):13. 
DOI:10.1186/1467-4866-5-13

[9] Johnson DB, Hallberg KB. Acid mine 
drainage remediation options: a review. 
Science of The Total Environment. 
2005;338(1):3-14. DOI:10.1016/j.
scitotenv.2004.09.002

[10] Clark ME, Batty JD, van Buuren CB, 
Dew DW, Eamon MA. Biotechnology 
in minerals processing: Technological 
breakthroughs creating value. 
Hydrometallurgy. 2006;83(1):3-9. 
DOI:10.1016/j.hydromet.2006.03.046

[11] Hedrich S, Johnson DB. 
Remediation and Selective Recovery 
of Metals from Acidic Mine Waters 
Using Novel Modular Bioreactors. 
Environmental Science & Technology. 
2014;48(20):12206-12. DOI:10.1021/
es5030367

[12] Matin A. Keeping a neutral 
cytoplasm; the bioenergetics of obligate 
acidophiles. FEMS Microbiology 
Letters. 1990;75(2):307-18. 
DOI:10.1016/0378-1097(90)90541-W

[13] Baker-Austin C, Dopson M. Life in 
acid: pH homeostasis in acidophiles. 
Trends in Microbiology. 2007;15(4):165-
71. DOI:10.1016/j.tim.2007.02.005

[14] Slonczewski JL, Fujisawa M, 
Dopson M, Krulwich TA. Cytoplasmic 
pH Measurement and Homeostasis 
in Bacteria and Archaea. In: 
Poole RK, editor. Advances in 
Microbial Physiology. 55: Academic 

References



11

Thriving at Low pH: Adaptation Mechanisms of Acidophiles
DOI: http://dx.doi.org/10.5772/intechopen.96620

Press; 2009. p. 1-317. DOI:10.1016/
S0065-2911(09)05501-5

[15] Krulwich TA, Sachs G, 
Padan E. Molecular aspects of bacterial 
pH sensing and homeostasis. Nature 
Reviews Microbiology. 2011;9(5):330-
43. DOI:10.1038/nrmicro2549

[16] Dopson M, Lindström BE, 
Hallberg KB. ATP generation during 
reduced inorganic sulfur compound 
oxidation by Acidithiobacillus caldus 
is exclusively due to electron transport 
phosphorylation. Extremophiles. 
2002;6(2):123-9. DOI:10.1007/
s007920100231

[17] Apel WA, Dugan PR, Tuttle JH. 
Adenosine 5′-triphosphate formation 
in Thiobacillus ferrooxidans vesicles by 
H+ ion gradients comparable to those 
of environmental conditions. Journal 
of bacteriology. 1980;142(1):295-301. 
DOI:10.1128/JB.142.1.295-301.1980

[18] Kullen MJ, Klaenhammer TR. 
Identification of the pH-inducible, 
proton-translocating F1F0-ATPase 
(atpBEFHAGDC) operon of 
Lactobacillus acidophilus by differential 
display: gene structure, cloning 
and characterization. Molecular 
Microbiology. 1999;33(6):1152-61. 
DOI:10.1046/j.1365-2958.1999. 
01557.x

[19] Feng S, Yang H, Wang W. 
System-level understanding of the 
potential acid-tolerance components 
of Acidithiobacillus thiooxidans 
ZJJN-3 under extreme acid stress. 
Extremophiles. 2015;19(5):1029-39. 
DOI:10.1007/s00792-015-0780-z

[20] Chen X-k, Li X-y, Ha Y-f, Lin 
J-q, Liu X-m, Pang X, et al. Ferric 
Uptake Regulator Provides a New 
Strategy for Acidophile Adaptation 
to Acidic Ecosystems. Applied 
and Environmental Microbiology. 
2020;86(11):e00268-20. DOI:10.1128/
AEM.00268-20

[21] Tyson GW, Chapman J, Hugenholtz P, 
Allen EE, Ram RJ, Richardson PM, et al. 
Community structure and metabolism 
through reconstruction of microbial 
genomes from the environment. Nature. 
2004;428(6978):37-43. DOI:10.1038/
nature02340

[22] Ni G, Simone D, Pamla D, 
Broman E, Wu X, Turner S, et al. A 
Novel Inorganic Sulfur Compound 
Metabolizing Ferroplasma-Like 
Population Is Suggested to Mediate 
Extracellular Electron Transfer. Front 
Microbiol. 2018;9. DOI:10.3389/
fmicb.2018.02945

[23] Richard H, Foster JW. Escherichia 
coli Glutamate- and Arginine-
Dependent Acid Resistance Systems 
Increase Internal pH and Reverse 
Transmembrane Potential. Journal 
of Bacteriology. 2004;186(18):6032. 
DOI:10.1128/JB.186.18.6032-6041.2004

[24] Ma D, Lu P, Yan C, Fan C, Yin P, 
Wang J, et al. Structure and mechanism 
of a glutamate–GABA antiporter. 
Nature. 2012;483(7391):632-6. 
DOI:10.1038/nature10917

[25] Suzuki I, Lee D, Mackay B, 
Harahuc L, Oh JK. Effect of Various 
Ions, pH, and Osmotic Pressure on 
Oxidation of Elemental Sulfur by 
Thiobacillus thiooxidans. Applied 
and Environmental Microbiology. 
1999;65(11):5163. DOI:10.1128/
AEM.65.11.5163-5168.1999

[26] She Q , Singh RK, Confalonieri F, 
Zivanovic Y, Allard G, Awayez MJ, 
et al. The complete genome of the 
crenarchaeon Sulfolobus solfataricus 
P2. Proceedings of the National 
Academy of Sciences. 2001;98(14):7835. 
DOI:10.1073/pnas.141222098

[27] Fütterer O, Angelov A, Liesegang H, 
Gottschalk G, Schleper C, Schepers B, 
et al. Genome sequence of Picrophilus 
torridus and its implications for 
life around pH 0. Proceedings of 



Acidophiles - Fundamentals and Applications

12

the National Academy of Sciences. 
2004;101(24):9091. DOI:10.1073/
pnas.0401356101

[28] Cox JC, Nicholls DG, Ingledew WJ. 
Transmembrane electrical potential 
and transmembrane pH gradient in the 
acidophile Thiobacillus ferro-oxidans. 
Biochemical Journal. 1979;178(1):195-
200. DOI:10.1042/bj1780195

[29] Goulbourne Jr E, Matin M, 
Zychlinsky E, Matin A. Mechanism 
of ΔpH maintenance in active and 
inactive cells of an obligately acidophilic 
bacterium. Journal of Bacteriology. 
1986;166(1):59-65. DOI:10.1128/
jb.166.1.59-65.1986

[30] Hsung JC, Haug A. Membrane 
potential ofThermoplasma acidophila. 
FEBS Letters. 1977;73(1):47-50. 
DOI:10.1016/0014-5793(77)80012-4

[31] Michels M, Bakker EP. Generation 
of a large, protonophore-sensitive 
proton motive force and pH 
difference in the acidophilic bacteria 
Thermoplasma acidophilum and 
Bacillus acidocaldarius. Journal of 
Bacteriology. 1985;161(1):231-7. 
DOI:10.1128/jb.161.1.231-237.1985

[32] Siliakus MF, van der Oost J, 
Kengen SWM. Adaptations of archaeal 
and bacterial membranes to variations 
in temperature, pH and pressure. 
Extremophiles. 2017;21(4):651-70. 
DOI:10.1007/s00792-017-0939-x

[33] Konings WN, Albers S-V, 
Koning S, Driessen AJM. The cell 
membrane plays a crucial role in 
survival of bacteria and archaea in 
extreme environments. Antonie van 
Leeuwenhoek. 2002;81(1):61-72. 
DOI:10.1023/A:1020573408652

[34] Oger PM, Cario A. Adaptation 
of the membrane in Archaea. 
Biophysical Chemistry. 2013;183:42-56. 
DOI:10.1016/j.bpc.2013.06.020

[35] Mykytczuk NCS, Trevors JT, 
Ferroni GD, Leduc LG. Cytoplasmic 
membrane fluidity and fatty acid 
composition of Acidithiobacillus 
ferrooxidans in response to pH stress. 
Extremophiles. 2010;14(5):427-41. 
DOI:10.1007/s00792-010-0319-2

[36] Chang Y-Y, Cronan JE. Membrane 
cyclopropane fatty acid content 
is a major factor in acid resistance 
of Escherichia coli. Molecular 
Microbiology. 1999;33(2):249-59. 
DOI:10.1046/j.1365-2958.1999.01456.x

[37] Shabala L, Ross T. Cyclopropane 
fatty acids improve Escherichia coli 
survival in acidified minimal media 
by reducing membrane permeability 
to H+ and enhanced ability to extrude 
H+. Research in Microbiology. 
2008;159(6):458-61. DOI:10.1016/j.
resmic.2008.04.011

[38] Jacquemet A, Barbeau J, Lemiègre L, 
Benvegnu T. Archaeal tetraether bipolar 
lipids: Structures, functions and 
applications. Biochimie. 2009;91(6):711-
7. DOI:10.1016/j.biochi.2009.01.006

[39] Koga Y, Morii H. Recent Advances 
in Structural Research on Ether Lipids 
from Archaea Including Comparative 
and Physiological Aspects. Bioscience, 
Biotechnology, and Biochemistry. 
2005;69(11):2019-34. DOI:10.1271/
bbb.69.2019

[40] Xie W, Zhang CL, Wang J, Chen Y, 
Zhu Y, de la Torre JR, et al. Distribution 
of ether lipids and composition 
of the archaeal community in 
terrestrial geothermal springs: 
impact of environmental variables. 
Environmental Microbiology. 
2015;17(5):1600-14. DOI:https://doi.
org/10.1111/1462-2920.12595

[41] Mathai JC, Sprott GD, Zeidel ML. 
Molecular Mechanisms of Water and 
Solute Transport across Archaebacterial 
Lipid Membranes. Journal of Biological 



13

Thriving at Low pH: Adaptation Mechanisms of Acidophiles
DOI: http://dx.doi.org/10.5772/intechopen.96620

Chemistry. 2001;276(29):27266-71. 
DOI:10.1074/jbc.M103265200

[42] Macalady JL, Vestling MM, 
Baumler D, Boekelheide N, Kaspar CW, 
Banfield JF. Tetraether-linked membrane 
monolayers in Ferroplasma spp: a key 
to survival in acid. Extremophiles. 
2004;8(5):411-9. DOI:10.1007/
s00792-004-0404-5

[43] Langworthy TA. Long-chain 
diglycerol tetraethers from 
Thermoplasma acidophilum. Biochimica 
et Biophysica Acta (BBA) - Lipids and 
Lipid Metabolism. 1977;487(1):37-50. 
DOI:10.1016/0005-2760(77)90042-X

[44] Tomoyasu T, Ogura T, Tatsuta T, 
Bukau B. Levels of DnaK and DnaJ 
provide tight control of heat shock 
gene expression and protein repair 
in Escherichia coli. Molecular 
Microbiology. 1998;30(3):567-81. 
DOI:10.1046/j.1365-2958.1998.01090.x

[45] Calhoun LN, Kwon YM. Structure, 
function and regulation of the DNA-
binding protein Dps and its role in 
acid and oxidative stress resistance in 
Escherichia coli: a review. Journal of 
Applied Microbiology. 2010.

[46] Ciaramella M, Napoli A, Rossi M. 
Another extreme genome: how to 
live at pH 0. Trends in Microbiology. 
2005;13(2):49-51. DOI:10.1016/j.
tim.2004.12.001

[47] Andrés-Barrao C, Saad MM, 
Chappuis M-L, Boffa M, Perret X, 
Ortega Pérez R, et al. Proteome analysis 
of Acetobacter pasteurianus during 
acetic acid fermentation. Journal 
of Proteomics. 2012;75(6):1701-17. 
DOI:10.1016/j.jprot.2011.11.027

[48] Ram R, Verberkmoes N,  
Thelen M, Tyson G, Baker B, 
Blake R, et al. Community Proteomics 
of a Natural Microbial Biofilm. Science. 
2005;308:1915-20. DOI:10.1126/
science. 1109070

[49] Dopson M, Baker-Austin C, 
Bond PL. Analysis of differential 
protein expression during growth states 
of Ferroplasma strains and insights into 
electron transport for iron oxidation. 
Microbiology. 2005;151(12):4127-37. 
DOI:10.1099/mic.0.28362-0

[50] Montgomery K, 
Charlesworth JC, LeBard R, 
Visscher PT, Burns BP. Quorum sensing 
in extreme environments. Life (Basel). 
2013;3(1):131-48. DOI:10.3390/
life3010131

[51] Abbamondi GR, Kambourova M, 
Poli A, Finore I, Nicolaus B. Chapter 
4 - Quorum Sensing in Extremophiles. 
In: Tommonaro G, editor. 
Quorum Sensing: Academic Press; 
2019. p. 97-123. DOI:10.1016/
B978-0-12-814905-8.00004-6

[52] Mamani S, Moinier D, 
Denis Y, Soulère L, Queneau Y, Talla E, 
et al. Insights into the Quorum Sensing 
Regulon of the Acidophilic 
Acidithiobacillus ferrooxidans Revealed 
by Transcriptomic in the Presence of an 
Acyl Homoserine Lactone Superagonist 
Analog. Front Microbiol. 2016;7:1365-. 
DOI:10.3389/fmicb.2016.01365

[53] Li Y-H, Hanna MN, Svensäter G, 
Ellen RP, Cvitkovitch DG. Cell Density 
Modulates Acid Adaptation in 
Streptococcus mutans Implications 
for Survival in Biofilms. Journal of 
Bacteriology. 2001;183(23):6875. 
DOI:10.1128/JB.183.23.6875-6884.2001

[54] Farah C, Vera M, Morin D, Haras D, 
Jerez CA, Guiliani N. Evidence for a 
Functional Quorum-Sensing Type AI-1 
System in the Extremophilic Bacterium 
Acidithiobacillus ferrooxidans. Applied 
and Environmental Microbiology. 
2005;71(11):7033. DOI:10.1128/
AEM.71.11.7033-7040.2005

[55] Gao XY, Fu CA, Hao LK, Gu XF, 
Wang R, Lin J, et al. The substrate-
dependent regulatory effects of the 



Acidophiles - Fundamentals and Applications

14

AfeI/R system in Acidithiobacillus 
ferrooxidans reveals the 
novel regulation strategy of 
quorum sensing in acidophiles. 
Environmental Microbiology. 2020. 
DOI:10.1111/1462-2920.15163

[56] Yang C-L, Chen X-K, Wang R, Lin 
J-Q , Liu X-M, Pang X, et al. Essential 
Role of σ Factor RpoF in Flagellar 
Biosynthesis and Flagella-Mediated 
Motility of Acidithiobacillus caldus. 
Front Microbiol. 2019;10:1130-. 
DOI:10.3389/fmicb.2019.01130

[57] Baker-Austin C, Potrykus J, 
Wexler M, Bond PL, Dopson M. Biofilm 
development in the extremely 
acidophilic archaeon ‘Ferroplasma 
acidarmanus’ Fer1. Extremophiles. 
2010;14(6):485-91. DOI:10.1007/
s00792-010-0328-1

[58] Golyshina OV, Golyshin PN,  
Timmis KN, Ferrer M. The ‘pH 
optimum anomaly’ of intracellular 
enzymes of Ferroplasma 
acidiphilum. Environmental 
Microbiology. 2006;8(3):416-25. 
DOI:10.1111/j.1462-2920.2005.00907.x

[59] Ferrer M, Golyshina OV, Beloqui A, 
Golyshin PN, Timmis KN. The cellular 
machinery of Ferroplasma acidiphilum 
is iron-protein-dominated. Nature. 
2007;445(7123):91-4. DOI:10.1038/
nature05362

[60] Chi A, Valenzuela L, Beard S,  
Mackey AJ, Shabanowitz J, 
Hunt DF, et al. Periplasmic Proteins 
of the Extremophile Acidithiobacillus 
ferrooxidans: A High Throughput 
Proteomics Analysis*. Molecular 
& Cellular Proteomics. 
2007;6(12):2239-51. DOI:10.1074/mcp.
M700042-MCP200

[61] Guiliani N, Jerez CA. Molecular 
Cloning, Sequencing, and Expression 
of omp-40 the Gene Coding for the 
Major Outer Membrane Protein 
from the Acidophilic Bacterium 

Thiobacillus ferrooxidans. Applied 
and Environmental Microbiology. 
2000;66(6):2318. DOI:10.1128/
AEM.66.6.2318-2324.2000

[62] Angelov A, Liebl W. Insights into 
extreme thermoacidophily based 
on genome analysis of Picrophilus 
torridus and other thermoacidophilic 
archaea. Journal of Biotechnology. 
2006;126(1):3-10. DOI:10.1016/j.
jbiotec.2006.02.017

[63] Johnson D, Quatrini R. Acidophile 
Microbiology in Space and Time. 
Current Issues in Molecular Biology. 
2020;39:63-76. DOI:10.21775/
cimb.039.063

[64] Kirk Nordstrom D, Blaine 
McCleskey R, Ball JW. Sulfur 
geochemistry of hydrothermal waters 
in Yellowstone National Park: IV Acid–
sulfate waters. Applied Geochemistry. 
2009;24(2):191-207. DOI:10.1016/j.
apgeochem.2008.11.019

[65] Ward L, Taylor MW, Power JF,  
Scott BJ, McDonald IR, Stott MB. 
Microbial community dynamics in 
Inferno Crater Lake, a thermally 
fluctuating geothermal spring. The 
ISME Journal. 2017;11(5):1158-67. 
DOI:10.1038/ismej.2016.193

[66] Colman DR, Poudel S, Hamilton TL, 
Havig JR, Selensky MJ, Shock EL,  
et al. Geobiological feedbacks and 
the evolution of thermoacidophiles. 
The ISME Journal. 2018;12(1):225-36. 
DOI:10.1038/ismej.2017.162

[67] Kuang J, Huang L, He Z, Chen L, 
Hua Z, Jia P, et al. Predicting taxonomic 
and functional structure of microbial 
communities in acid mine drainage. 
The ISME Journal. 2016;10(6):1527-39. 
DOI:10.1038/ismej.2015.201

[68] Kuang J-L, Huang L-N, Chen 
L-X, Hua Z-S, Li S-J, Hu M, et al. 
Contemporary environmental variation 
determines microbial diversity 



15

Thriving at Low pH: Adaptation Mechanisms of Acidophiles
DOI: http://dx.doi.org/10.5772/intechopen.96620

patterns in acid mine drainage. The 
ISME Journal. 2013;7(5):1038-50. 
DOI:10.1038/ismej.2012.139

[69] Golyshina OV, Timmis KN. 
Ferroplasma and relatives, recently 
discovered cell wall-lacking 
archaea making a living in 
extremely acid, heavy metal-rich 
environments. Environmental 
Microbiology. 2005;7(9):1277-88. 
DOI:10.1111/j.1462-2920.2005.00861.x

[70] Golyshina OV, Tran H, Reva ON, 
Lemak S, Yakunin AF, Goesmann A, et 
al. Metabolic and evolutionary patterns 
in the extremely acidophilic archaeon 
Ferroplasma acidiphilum YT. Scientific 
Reports. 2017;7(1):3682. DOI:10.1038/
s41598-017-03904-5

[71] Chen L-x, Hu M, Huang L-n, Hua 
Z-s, Kuang J-l, Li S-j, et al. Comparative 
metagenomic and metatranscriptomic 
analyses of microbial communities in 
acid mine drainage. The ISME Journal. 
2015;9(7):1579-92. DOI:10.1038/
ismej.2014.245

[72] Menzel P, Gudbergsdóttir SR, 
Rike AG, Lin L, Zhang Q , Contursi P, 
et al. Comparative Metagenomics of 
Eight Geographically Remote Terrestrial 
Hot Springs. Microbial Ecology. 
2015;70(2):411-24. DOI:10.1007/
s00248-015-0576-9

[73] Mangold S, rao Jonna V, Dopson M. 
Response of Acidithiobacillus caldus 
toward suboptimal pH conditions. 
Extremophiles. 2013;17(4):689-96. 
DOI:10.1007/s00792-013-0553-5

[74] Zhang X, Liu X, He Q , Dong W, 
Zhang X, Fan F, et al. Gene Turnover 
Contributes to the Evolutionary 
Adaptation of Acidithiobacillus caldus: 
Insights from Comparative Genomics. 
Front Microbiol. 2016;7:1960-. 
DOI:10.3389/fmicb.2016.01960

[75] Cowan DA, Ramond JB,  
Makhalanyane TP, De Maayer P.  

Metagenomics of extreme 
environments. Current Opinion 
in Microbiology. 2015;25:97-102. 
DOI:10.1016/j.mib.2015.05.005

[76] Cárdenas JP, Quatrini R, Holmes DS. 
Genomic and metagenomic challenges 
and opportunities for bioleaching: a 
mini-review. Research in Microbiology. 
2016;167(7):529-38. DOI:10.1016/j.
resmic.2016.06.007


