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Preface

Acidophiles, as an important class of extremophiles, have attracted attention for 
their scientific significance and application value. Acidophiles are microorganisms 
that thrive in acidic conditions and can be found in Bacteria, Archaea, and Eukarya. 
Acidophiles can be identified in both terrestrial and marine environments, includ-
ing acid mine drainage (AMD) from metal and coal mines, iron-sulfur mineral 
mines, hot springs, and sediments. In these acidic ecosystems, acidophiles could 
participate in the element cycles (sulfur, iron, etc.) and promote the generation of 
the acid environment and formation of the acid micro-ecosystem. Acidophiles can 
also be found in the human body. Research on acidophiles can help us understand 
the diversity, adaptation, and functions of these microorganisms and contribute 
to the development and application of new biotechnologies for resolving prob-
lems of resource exploitation, pollution, and human disease. This book provides 
breakthroughs and insights into the research on acidophiles. Chapter 1 introduces 
acidophiles and their important physiological characteristics and industrial applica-
tions. Chapter 2 discusses the two-component signal systems in the regulation of 
sulfur and ferrous iron oxidation in acidophilic bacteria. Chapter 3 focuses on the 
acid-resistance adaptation mechanisms in acidophiles. Chapter 4 introduces the 
quorum sensing system (QS)-mediated communication mode in chemoautotrophic 
acidophilic bacteria and the function of QS in the regulation of bacterial sulfur 
oxidation, ferrous iron oxidation, and mineral oxidation. Chapter 5 discusses the 
application of QS and QS signals on bioleaching industries. The final chapter deals 
with acidophiles in human health, including the immunomodulatory potential of 
Lactobacillus acidophilus and its potential role as a therapeutic for the management 
of inflammation-induced bone disorders.

Jianqiang Lin, Linxu Chen and Jianqun Lin
State Key Laboratory of Microbial Technology,

Shandong University,
Qingdao, China
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Chapter 1

Introductory Chapter:  
The Important Physiological 
Characteristics and Industrial 
Applications of Acidophiles
Linxu Chen, Jianqun Lin and Jianqiang Lin

1. The definition of acidophiles

Acidophiles are an important category of extremophiles that are defined by 
the environmental conditions in which they grow optimally. Acidophile is a broad 
definition that organisms can grow preferentially in environments with a pH at below 
6. In 2007, Johnson proposed a generally accepted classification standard according 
to the optimal pH. The organisms with optimal pH at 3 or below are classified as 
extreme acidophiles, and those with an optimal pH of 3–5 are moderate acidophiles 
[1]. Although some organisms can grow at a pH lower than 5, they are recognized 
as acid-tolerant species because of their pH optima above 5. The research history of 
acidophiles started in the discovery of a sulfur-oxidizing bacteria isolated from a 
compost sample mixed with sulfur, rock phosphate, and soil by Waksman and Joffe 
in 1922 [2]. This bacterium has an optimal growth pH at 2.0–2.8 and is a strict auto-
troph that obtains energy by oxidizing inorganic sulfur substances (elemental sulfur, 
thiosulfate, and hydrogen sulfide). This bacterium was named as Thiobacillus thiooxi-
dans by Waksman and Joffe, and later was reclassified as Acidithiobacillus thiooxidans 
by Kelly and Wood in 2000 [3]. With the development of microbiology and gene 
sequencing technology, more and more acidophiles have been discovered, identified, 
and sequenced. Until now, the most acidophilic organisms are from an archaeal genus 
of Picrophilus, firstly isolated from acidic hot springs and dry hot soil in Hokkaido 
in Japan [4]. Members in Picrophilus have optimal pH at 0.7 and the ability to grow 
at a pH of 0. Moreover, acidophiles are involved not in the domains of Bacteria and 
Archaea, but also in the Eukarya domains, such as some acidophilic fungi, algae, and 
yeast distributed in the acid mine environments.

2. The typical acidophilic bacteria and the applications of acidophiles

Acidithiobacillus is a kind of extensive research and wide application of 
gram-negative acidophiles. Members in this genus are broadly existed in the 
sulfur-containing acidic environments on land or in the sea, such as acid mine 
drainage (AMD), iron–sulfur mineral mines, hot springs, and sediments [5–10]. 
Acidithiobacillus spp., as the important sulfur and iron-oxidizers, participate in 
the element cycles of sulfur and iron, and promote the acid environment genera-
tion and acid microecosystem formation. All Acidithiobacillus strains have the 
capability of oxidizing various reduced inorganic sulfur compounds (RISCs) 
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and elemental sulfur, and some of them also have ferrous iron oxidation ability 
[11]. By the oxidation of sulfur and ferrous, Acidithiobacillus spp. obtains elec-
trons to generate the bioenergy (ATP) and reducing power (NADH/NADPH) 
to fix carbon dioxide for autotrophic growth. More and more species have been 
identified based on their physiological characters and 16S rRNA gene sequences 
(Table 1) [2, 12–16]. Species in Acidithiobacillus can be divided into two groups 
according to their energy-substrates: the sulfur-oxidizing only species, includ-
ing A. thiooxidans, Acidithiobacillus caldus and A. albertensis, and the sulfur and 
ferrous-oxidizing species, including A. ferrooxidans, Acidithiobacillus ferrivorans, 
A. ferriphilus, and A. ferridurans (Table 1).

Acidithiobacillus spp. and other chemoautotrophic acidophilic bacteria have an 
important application in bioleaching. The bioleaching technology is originated 
from the biohydrometallurgy industry, and has become a great potential and 
broad-prospects in non-ferrous metal extraction (golden, silver, copper et al.) 
from various sulfide ores. Acidithiobacillus spp. have the remarkable capabilities of 
metabolizing the sulfur and iron in ores and adapting to extremely acidic environ-
ments, thus they have become the most active and preponderant bacteria used 
in biomining [17, 18]. A. ferrooxidans, A. thiooxidans, and A. caldus are the wide 
used ore leaching species in biomining for mineral extraction from ores [19, 20]. 
In recent years, based on their abilities to produce acid and heavy leaching metals, 
Acidithiobacillus spp. have been used from biohydrometallurgy to the treatment of 
wastes containing heavy metals, such as sewage sludge, spent household batteries, 
mine tailings, and printed circuit boards [21–25]. Moreover, these bacteria have 
been widely studied in microbial desulfurization of coal and gas [26–28]. In a word, 
the great application values of Acidithiobacillus spp. have been exploited from the 
biohydrometallurgy industry to the environmental pollution treatments.

3. The physiological feature of chemoautotrophic acidophiles

Sulfur oxidation is a characteristic physiological feature for many acidophilic 
microorganisms and is an important biochemical process that promotes the generation 
of the acid environment and the formation of acidophilic microbial communities. 
Acidithiobacillus spp., as the first-discovered and the most widespread used acidophile, 
has been attracted extensive attention and has been used as model sulfur-oxidizing 
bacteria to research microbial sulfur metabolism [11, 29–40]. The oxidation states of 
element sulfur are range from −2 to +6, resulting in different kinds of RISCs (tetrathi-
onate (S4O6

2−), thiosulfate (S2O3
2−), sulfite (SO3

2−), sulfide (S2−) et al.), and elemental 
sulfur (S0). Thus, many microbes, particularly autotrophic sulfur-oxidizing microbes, 
have evolved a variety of enzymes and proteins participating in the oxidation of RISCs 
and S0. Research shows Acidithiobacillus spp. have a high-efficient and sophisticated 
sulfur-metabolizing network that could oxidize RISCs and S0 to sulfate. Based on 
metabolic substrates, the sulfur-metabolic enzymes in Acidithiobacillus spp. could be 
categorized as elemental sulfur oxidation enzymes, enzymes in thiosulfate oxidation 
pathways, sulfide oxidation enzymes, and sulfite oxidation enzymes. These enzymes 
work cooperatively in different cellular compartments to oxidize the RISCs and S0 to 
the final product sulfate (Figures 1 and 2) [11]. As shown in Figure 1, the extracellular 
elemental sulfur (S8) oxidation in A. caldus starts from the activation and transporta-
tion of S8 by special outer-membrane proteins (OMP), generating the persulfide 
sulfane sulfur in the periplasm; then the persulfide sulfane sulfur is oxidized to sulfite 
that can directly enter the sulfur oxidizing enzyme (Sox) system or form S2O3

2− via a 
nonenzymatic reaction; the generated thiosulfate is then metabolized by the truncated 
Sox pathway or catalyzed by thiosulfate:quinol oxidoreductase (TQO or DoxDA) to 
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generate S4O6
2−; S4O6

2− is further hydrolyzed by tetrathionate hydrolase (TetH); the 
H2S produced during the activation of S8 can be oxidized by sulfide:quinone oxidore-
ductase (SQR) located in the inner membrane; the periplasmic elemental sulfur (Sn) 
produced from Sox pathway, tetrathionate hydrolysis and sulfide oxidation, could 
be re-activated at the outer membrane region, or be mobilized into the cytoplasm 

Figure 1. 
The model of sulfur oxidation in Acidithiobacillus caldus. OMP, outer-membrane proteins; TQO, thiosulfate 
quinone oxidoreductase; TetH, tetrathionate hydrolase; SQR, sulfide:Quinone oxidoreductase; PDO, persulfide 
dioxygenase; SOR, sulfur oxygenase reductase; TST, rhodanese; HDR, Hdr-like complex; SAT, ATP sulfurylase; 
bd, bo3, terminal oxidases; QH2, quinol pool; NADH, NADH dehydrogenase complex I.

Figure 2. 
The model of sulfur oxidation in A. ferrooxidans. OMP, outer-membrane proteins; TQO, thiosulfate quinone 
oxidoreductase; TSD, thiosulfate dehydrogenase; TetH, tetrathionate hydrolase; SQR, sulfide:Quinone 
oxidoreductase; PDO, persulfide dioxygenase; HDR, Hdr-like complex; SAT, ATP sulfurylase; bd, bo3, 
terminal oxidases; QH2, quinol pool; NADH, NADH dehydrogenase complex I.
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where Sn could be used by cytoplasmic elemental sulfur oxidation enzyme persulfide 
dioxygenase (PDO) and Sulfur oxygenase reductase (SOR); the metabolites from the 
reaction of PDO and SOR could be utilized by cytoplasmic sulfur-metabolic enzymes, 
including the S2O3

2− metabolism via by rhodanese (TST) and the Hdr-like complex 
(HDR), the degradation of SO3

2− via the APS pathway and the oxidation of S2− by 
SQR. During the sulfur metabolic process, the periplasmic sulfur-oxidizing pathways 
(Sox and TetH) are responsible for electron acquisition, thus they are important for 
the sulfur metabolism in A. caldus. Different from ‘A. caldus’ like sulfur metabolism 
network, some sulfur-oxidizers, such as A. ferrooxidans, did not have the Sox pathway, 
but rather a thiosulfate dehydrogenase (TSD) (Figure 2). Interestingly, A. ferrivorans 
possesses both Sox system and TSD enzyme (Table 1). The proposal of sulfur metabo-
lism models provides new knowledge and insights in understanding the metabolism 
and adaptation mechanisms of acidophilic sulfur-oxidizing microorganisms in 
extreme environments.

4. The significance of studying and understanding acidophiles

Acidophiles, as important extremophiles, have presented important scientific 
significance and industrial application values. Researches on acidophiles do not only 
help us understand the diversity and adaptation of life on earth, but also be condu-
cive in developing various new biotechnologies to resolve the problems of resource 
exploitation, pollution treatment, and human health. This book provides some new 
breakthroughs and insights on the researches of acidophiles: the two-component 
system (TCS) in the regulation of sulfur metabolic process; the adaptation mecha-
nisms of acidophiles to low pH; the regulation mechanism and the application 
strategy of quorum sensing in bioleaching bacteria; Lactobacillus acidophilus and its 
application in the human health.

© 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. 
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Chapter 2

Two-Component Systems in the 
Regulation of Sulfur and Ferrous 
Iron Oxidation in Acidophilic 
Bacteria
Lifeng Li and Zhaobao Wang

Abstract

The two-component system (TCS) is a regulatory system composed of a  
sensor histidine kinase (HK) and a cytoplasmic response regulator (RR), which 
participates in the bacterial adaptation to external stimuli. Sulfur oxidation and 
ferrous iron oxidation are basic energy metabolism systems for chemoautotrophic 
acidophilic bacteria in acid mine environments. Understanding how these bacteria 
perceive and respond to complex environmental stimuli offers insights into oxidiza-
tion mechanisms and the potential for improved applications. In this chapter, we 
summarized the TCSs involved in the regulation of sulfur and ferrous iron meta-
bolic pathways in these acidophilic bacteria. In particular, we examined the role and 
molecular mechanism of these TCSs in the regulation of iron and sulfur oxidation 
in Acidithiobacillus spp.. Moreover, research perspectives on TCSs in acidophilic 
bacteria are discussed in this section.

Keywords: Acidithiobacillus, two-component system, ferrous iron oxidation, 
sulfur oxidation, transcriptional regulation

1. Introduction

Acidithiobacillus genus is composed of high acid-tolerance chemolithotrophic 
bacteria that can oxidize various reduced inorganic sulfur compounds (RISCs) and 
ferrous iron to obtain electrons for carbon dioxide fixation and energy produc-
tion [1]. The composition and comparison of the members in this genus has been 
reviewed [2]. As reported, the bacteria can be classified into two groups based on 
their energy resources: the sulfur-oxidizing-only species and the sulfur- and fer-
rous- oxidizing species [3]. Sulfur-oxidizing-only bacteria include Acidithiobacillus 
caldus, Acidithiobacillus thiooxidans and Acidithiobacillus albertensis, whereas 
sulfur- and ferrous oxidizing bacteria include Acidithiobacillus ferrooxidans, 
Acidithiobacillus ferrivorans, Acidithiobacillus ferriphilus, and Acidithiobacillus 
ferridurans. These bacteria are widespread in the bioleaching heap and acid mine 
drainage water environments and play critical roles in bioleaching and wastewater 
treatment [3–6]. Sulfur and iron oxidation capacities are critical physiological fea-
tures of these bacteria, which are also the basis for their applications. The oxidation 
of reduced inorganic sulfur compounds can dissolve ore and produce sulfuric acid, 
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whereas the oxidation of ferrous iron (Fe II) produces ferric iron (Fe III), in which 
sulfuric acid and ferric iron products can attack minerals, releasing metal ions [7]. 
Sulfur metabolism and iron oxidation are complicated and various metabolic genes 
are involved. Thus, the regulation and mechanism of the sulfur and iron oxidation 
in Acidithiobacillus spp. have drawn increasing attention.

Sensing and responding to environmental stimuli is necessary for bacteria to 
adjust the expression of related genes and adapt to changing habitats. The two-
component systems (TCSs) are the most widespread regulation system in bacteria 
[8]. The TCS is mainly composed of two proteins, histidine kinase (HK) and their 
cognate response regulator (RR) (Figure 1). Histidine kinase is a membrane protein 
that can sense extracellular signals and autophosphorylate its histidine. The phos-
phorylated HK can transfer the phosphoryl group to its cognate RR protein leading 
to the phosphorylation of the RR protein at the aspartate residue (Asp) and the 
activation of RR protein. The activated RR protein is able to change its conforma-
tion by dimerization or multimerization and regulates the expression of its target 
genes. In general, the RR protein can regulate gene transcription by binding to 
specific sequences in the promoter region of related genes located upstream of the 
RNA polymerase binding region.

Although not completely understood, the study of molecular regulation mecha-
nisms in acidophilic bacteria has recently been progressing. In this chapter, we 
discuss the occurrence of the TCS in these bacteria, the regulation mechanism of 
sulfur and iron oxidation, and the future prospects in the TCS regulation research.

2. Discovery of two-component system in acidophilic bacteria

The occurrence of the TCSs in the acidophilic bacteria was compared among 
different species on basis of the reported TspS-TspR, RsrS-RsrR, and RegB-RegA 
two-component systems [7, 9, 10] (Figure 2). The sulfur oxidization (Sox) system 
is a critical sulfur oxidization pathway of chemotrophic sulfur-oxidizing bacteria, 
and the regulation of the Sox system in A. caldus by the TspS-TspR two-component 
system has been reported [10]. Meanwhile, genome sequences were used to 

Figure 1. 
Two-component system regulation mechanism.
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compare the occurrence of TCS similar to that of TspS-TspR in the Acidithiobacillus 
spp.. tspS-tspR-sox gene clusters were found in all the sulfur-oxidizing bacteria 
(Acidithiobacillus caldus, Acidithiobacillus thiooxidans and Acidithiobacillus alberten-
sis), and in one type of the sulfur- and ferrous- oxidizing bacteria, Acidithiobacillus 
ferrivorans. The amino acid similarity of the TspS/TspR ranged from 63% to 81%.

The S4I pathway is also an important thiosulfate oxidization pathway com-
posed of tetrathionate hydrolase (TetH) and thiosulfate: quinone oxidoreductase 
(DoxDA), and its regulation by the RsrS-RsrR system was reported [9, 11]. 
However, a similar distribution of this gene cluster was only found in A. caldus. No 
regulatory system was found in A. thiooxidans. In contrast, a different kind of TCS 

Figure 2. 
Distribution of two-component system in acidophilic bacteria. The identities of corresponding protein 
were indicated by the percentage values with the first line of each part set as 100%. Accession numbers 
(GenBank) for proteins in Sox pathway are as follows, A. caldus MTH-04, sox (A5904_11270–11305); 
A. thiooxidans ATCC19377, sox (ATHIO_RS0101665-RS0101630); A. albertensis DSM 14366, sox 
(BLW97_RS11430-RS11465); A. ferrivorans SS3, sox (Acife_2487–2494). Accession numbers (GenBank) 
for proteins in S4I pathway are as follows, A. caldus MTH-04, RsrR (ANJ65973.1), RsrS (ANJ65974.1), 
TetH (OAN03451.1), DoxDA (OAN03452.1) (GenBank: MK165448); A. caldus ATCC 51756, RsrR 
(ABP38227.1), RsrS (ABP38226.1), TetH (ABP38225.1), DoxDA (ABP38224.1); A. thiooxidans ATCC 
19377, TetH (WP_029316048.1), DoxDA (WP_010638552.1); Acidithiobacillus ferrooxidans ATCC 
23270, TcsS (ACK79489.1), TcsR (ACK79259.1), TetH (ACK80599.1), DoxDA_2 (ACK79881.1), DoxDA_1 
(ACK78481.1); A. ferrooxidans ATCC 53993, TcsS (ACH82290.1), TscR (ACH82291.1), TetH (ACH82292.1), 
DoxDA_2(ACH82311.1), DoxDA_1(ACH82307.1); Acidithiobacillus ferridurans JCM 18981, TcsS 
(BBF65177.1), TcsR (BBF65176.1), TetH (BBF65175.1), DoxDA_2 (BBF65156.1), DoxDA_1 (BBF65160.1). 
Accession numbers (GenBank) for proteins in iron oxidation pathway are as follows, Acidithiobacillus 
ferrooxidans ATCC 23270, AFE_RS14375-AFE_RS16285; A. ferrooxidans ATCC 53993, LFERR_RS13505-
LFERR_RS15550; A. ferrivorans SS3, ACIFE_RS08920-ACIFE_RS09010.
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was found before the tetH gene in Acidithiobacillus ferrooxidans and Acidithiobacillus 
ferridurans with two doxDA genes separated in a different gene cluster.

The RegB-RegA is a well-studied global redox responding regulatory system in 
A. ferrooxidans, and plays roles in the iron and sulfur oxidization regulation [12, 13]. 
RegB-RegA located in the cta and rus operon, which was composed of genes in the 
biogenesis of aa3 type oxidase and iron oxidation pathway. Similarly, the regB-
regA-cta-rus cluster was only found in the sulfur- and ferrous- oxidizing bacteria A. 
ferrooxidans and A. ferrivorans with high identity.

Hence, the TCSs are widespread in the sulfur and iron oxidization bacteria, 
while different distributions are revealed by bioinformatics analysis and different 
regulation mechanism maybe adapted, which deserves further studies.

3. Roles of two-component system in sulfur oxidation

Gene transcription is a fundamental process in bacteria, which is carried out 
by multi-subunit RNA polymerase (RNAP). σ factors determine transcription 
specificity by recognizing specific promoter sequences. Bacterial σ factors can be 
divided into two distinct classes: σ70 and σ54 [14]. σ70 recognizes the consensus −10 
and − 35 regions and recruits RNAP to a specific promoter region to initiate gene 
transcription [15]. σ70 controls transcription of most housekeeping genes, whereas 
σ54 regulates the genes involved in nitrogen assimilation [16], phage shock response 
[17], infection [18], and other cellular stresses [19, 20]. σ54 recognizes distinct 
sequences in the −12 (GC) and − 24 (GG) regions of the promoter. The require-
ment of the bacterial enhancer binding proteins (bEBPs) is a remarkable feature of 
σ54-dependent transcription initiation [20]. Accordingly, two kinds of transcription 
regulation were reported in acidophilic bacteria (Figure 3).

The rsrS-rsrR-tetH-doxDA gene cluster in A. caldus was reported in 2007 [11]. 
The genes in this cluster were proven to be cotranscribed using RT-PCR (Reverse 
transcription PCR), and the results of quantitative PCR and Western blot indi-
cated that the gene cluster was tetrathionate induced. The promoter before tetH 
gene was mapped by primer extension. The verification of the regulation role 
and mechanism of the S4I pathway by the RsrS-RsrR two component system was 
reported in 2016 [9]. ΔrsrR and ΔrsrS strains were constructed using a marker-less 
gene knockout method in A. caldus. The transcription levels of rsrS, rsrR, tetH, and 
doxDA were analyzed by RT-qPCR under the stimulation of K2S4O6 in the wild 
type and two gene knockout strains, and the results indicated that the RsrS-RsrR 
regulated the transcription of tetH and doxDA in a K2S4O6–dependent manner. The 
regulatory protein RsrR was expressed and purified to verify protein and pro-
moter DNA binding using electrophoretic mobility shift assays (EMSAs). A 19 bp 
(AACACCTGTTACACCTGTT) inverted repeat sequence (IRS) was identified to 
be the binding motif of RsrR through EMSA and promoter probe plasmid analysis 
in vitro and in vivo, respectively. Hence, as summarized in Figure 3, the RsrS can 
sense the extracellular tetrathionate signal and autophosphorylated, then RsrR is 
activated by receiving the phosphate from RsrS, the phosphorylated RsrR dimerizes 
and binds on the IRS region of tetH operon and initiates the transcription of the 
genes together with the RNA polymerase.

The RR protein of TCS can function as the activator of σ54-dependent transcription 
initiation, which converts the closed RNAP-σ54 holoenzyme complex to open state to 
initiate transcription. σ54 -dependent RR proteins have been reported in several bacte-
ria [21–23]. It was reported that the two-component system TspS-TspR could regulate 
the sulfur oxidization (Sox) system in Acidithiobacillus caldus and some chemoli-
thotrophic bacteria in a σ54-dependent manner [10]. RT-PCR was used to analyze the 
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composition of the sox operon. Results indicated that the genes in the sox operon were 
cotranscribed whereas the transcription of tspR was independent. The activation of 
σ54 on the transcription of the sox genes was verified by the higher transcripts of the 
operon genes in the constructed rpoN-overexpression strain. Following, the transcrip-
tion initiation site (TSS) of the first gene (sox-X) in the operon was verified using 
5’RACE (Rapid amplification of cDNA ends). Upstream of the TSS (G, +1), the poten-
tial −12 (GC) and − 24 (GG) sites were also identified, which was a typical feature of 
the σ54-dependent promoter. Promoter-probe plasmids were constructed to analyze 
the promoter activity in A. caldus by comparing the wild type (P1) and the mutated 
promoter (GG/GC mutated to AA, P12M, P24M, and P12/24M) containing strains. Hence, 
the σ54-dependent promoter was verified by 5’RACE and promoter-probe plasmid 
activity analysis. As reported, the σ54-dependent transcription requires binding of the 
enhancer binding protein (EBP) to upstream activator sequences (UASs) to activate 
transcription initiation. TspR protein was then expressed and purified to analyze the 
binding of P1 promoter by EMSA. The binding of TspR protein with different length 
promoters with two different predicted UASs was analyzed, and only the promoter 
containing UAS1 (TGTCCCAAATGGGACA) showed a shift lane on the native PAGE. 
To verify the critical sites in UAS1, UASM1 and UASM2 mutants were constructed, which 
converted the bases TGT/ACA to GAG/GTG and changed the variable bases CCC to 
TTG, respectively. TGT/ACA was identified as the critical sites of UAS1 by analyz-
ing the activity of the wild type, UASM1 and UASM2 mutants. Thus, the experiments 
confirmed that the Sox system was regulated by the σ54-dependent two-component 
system TspS/TspR. A signal transduction and transcriptional regulation model for the 
Sox system in A. caldus is depicted in Figure 3. TspS can sense the signal stimuli such 
as thiosulfate and other sulfur substrates, and phosphorylate at a proposed conserved 
His residue. TspS is activated TspR by the transferring phosphoryl group from its His 
residue to the conserved Asp residue of TspR. Subsequently, the activated TspR is 
dimerized and binds to the UAS sequence of promoter P1, meanwhile changing the 

Figure 3. 
Different TCS regulation mechanisms between the sox system and the S4I pathway. Sox system and the S4I 
pathway are important sulfur oxidation system in A. caldus, and the regulation mechanism of which has been 
revealed. The regulation mechanism was summarized in this diagram, the left part represented the regulation 
mechanism of TspS-TspR on the Sox system in A. caldus summarized according to literature [10]. The right 
part was the model of RsrS-RsrR regulating the S4I pathway in A. caldus [9]. The activation signals, the 
interaction between the regulators and key binding motifs of the promoters were showed.
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conformation of the holoenzyme (σ54-RNA polymerase), which binds to the −12/−24 
region to activate the transcription of sox genes. Interestingly, potential −12/−24 
region and UAS sequences were predicted in other bacteria with similar tspS-tspR-sox 
gene composition, which may indicate the importance of TCS in the regulation the Sox 
oxidation system.

4. Roles of two-component system in ferrous iron oxidation

A. ferrooxidans is an important iron and sulfur oxidizing bacterium in the 
Acidithiobacillus genus, which can oxidize Fe (II) and reduced sulfur compounds to 
obtain energy for growth. Compared with Fe (II), sulfur seems to be a better energy 
source because it can provide more ATP at the same molar level [24]. Understanding 
the function and regulation mechanism of the two energy production systems is 
critical in coordinating sulfur and iron oxidation process to avoid the S0 deposition 
and improve the efficiency of bioleaching.

When A. ferrooxidans was cultivated in the presence of both Fe (II) and S0 as 
electron donors, the Fe (II) concentration, bacterial concentration, and pH were 
measured along with the growth process [7]. The results indicated that ferrous iron 
was oxidized before S0. The redox potential increased in the Fe (II) oxidization 
process, while kept stable during sulfur oxidation. Additionally, RT-qPCR analysis 
showed that the Fe (II) oxidization genes (rus, cup, petC1 and cta) transcribed 
before the sulfur oxidation genes (cyoB, hdrA, hdrC, hdrB, sqr and tetH). The 
sensor/regulator two-component signal transducing system RegBA consisting of 
a redox-sensing RegB and a DNA binding RegA, located near the rus operon, was 
also studied. The recombinant RegA was produced and purified and was used in 
the EMSA experiments to analyze its binding with related gene promoters. The 
retarded bands could be detected with the regulatory regions of the Fe (II) oxidiza-
tion genes (rus, petI, cta) and sulfur oxidation genes (cyo, hdr, hdrB, tetH and sqr), 
which indicated the regulation roles of RegA on these genes. As a result, an initial 
model of the RegBA regulation on A. ferrooxidans sulfur and iron oxidation was 
proposed. Both the full-length RegA and the DNA binding domain of RegA could 
bind the rus and hdr operon regulatory regions in the phosphorylated and unphos-
phorylated state [13]. However, the recombinant RegA tagged with six histidines 
had signs of aggregation and precipitation. Moinier et al. attempted to purify the 
RegA protein using the SUMO tag and compared its binding affinity to the target 
genes in four different states [12]. Similarly, different forms of RegA (DNA binding 
domain, wild-type, unphosphorylated and phosphorylated-like forms) are able to 
specifically bind to the regulatory region of the rus, cta, petI, reg, tet, cyo, hdr, and 
sqr genes/operons, and the binding of the target genes leads to the formation of 
multimeric complexes as shown by EMSA results. Further, dynamic light scattering 
(DLS) analysis also confirmed that 6His-SUMO-RegA protein was polydispersed 
according to the increased size of hydrodynamic diameters. The protein in the 
solution (94.6%) had a mean diameter of 7.58 nm, indicating that it was a stable 
dimer without target binding, whereas it multimerized in the presence of its target 
DNA, which was consistent with the EMSA analysis. Acetyl phosphate and amino 
acid mutation was used to change the phosphorylation state of RegA and all the 
treatments showed that the phosphorylation state of RegA had no effect on the 
binding affinity for the targets. TSS was determined for the iron oxidation genes 
(rus, cta, petI, and reg operons) and RISC oxidation genes (tetH, cyo, hdr, hdrB, cyd, 
sqr and doxII operons) using 5′ RACE experiments. The main promoters were σ70-
dependent whereas the tetH gene and the cyd operons had predicted σ54-dependent 
promoters and the cyd operon also had a σ70-dependent promoter. The sequences 
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and the downstream sequences of the RNA polymerase binding site of each gene 
were amplified and used in the analysis. Results indicated that RegA mainly binded 
upstream of the −10 (−12) /−35 (−24) region, except for the PI promoter of the rus 
operon and the tetH operon promoter. However, no RegA binding motifs could be 
found in the binding gene promoter region using several bioinformatics analysis 
methods. Hence, the RegBA is a global regulatory system regulating the expression 
of genes involved in the energy production.

Moreover, other regulatory proteins may be involved in the regulation of these 
genes. The transcription factor Fur was proven to control the transcription of petI 
operon by binding to the promoter region in EMSA experiments [25]. Fur may 
inhibit the binding of RNA polymerase and repress the transcription of petI in the 
presence of high intracellular levels of Fe (II). RegA may impede Fur binding on the 
regulatory region of the petI operon when Fe (II) is present and activate its tran-
scription. However, the interaction between RegA and Fur requires further studies. 
Interestingly, the identification of σ54-dependent promoters in tetH operon was 
parallel to the occurrence of a σ54-dependent transcriptional response regulator and 
cognate histidine kinase at the upstream of tetH operon whereas the role of the TCS 
has not been verified. A σ54-dependent transcriptional regulator was also predicted 
at the upstream of the cyd operon consistent with the existence of this type pro-
moter whereas no histidine kinase was found near the gene [26].

Based on the reported results, the regulation model for RegBA two-component 
system is portrayed in Figure 4. When Fe (II) is used as the electro donor, RegB is 
able to sense the low potential state and activate through autophosphorylation. It 
then activates the RegA protein by transferring the phosphoryl group to the con-
served Asp residue of RegA. Phosphorylated RegA protein multimerizes and binds 
to the promoter region of the target genes, which may activate iron oxidation genes 
by repressing the binding of other repressor proteins such as Fur for petI as well as 

Figure 4. 
Regulation of sulfur and ferrous iron oxidation by the TCS system. The regulation in A. ferrooxidans 
is complicated because it can oxidize Fe (II) and reduced sulfur compounds to obtain energy for growth. 
Hence, the regulation in this bacterium can be divided according to the energy resources used. The left part 
represents the regulation mechanism when Fe is the electro donor, and the right part represents the case when 
sulfur is the electro donor. Several genes are involved in the regulation summarized according to the studies 
reported [7, 12, 13, 25, 27–29].
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repress sulfur oxidation by interaction with other activator proteins such as σ54-
dependent transcriptional regulator for tetH. In the absence of Fe (II), RegB is not 
activated and other proteins may act together with RegA, leading to the activation 
of sulfur oxidation genes and repression of the iron oxidation genes. The interaction 
between RegBA and other regulatory proteins should be studied further to fully 
understand the regulation mechanism of the iron and sulfur oxidation pathways.

5. Conclusions

Two component systems possess critical roles in the regulation of sulfur and iron 
oxidation in acidophilic bacteria. In the sulfur oxidizing species A. caldus, two typical 
regulatory modes were identified, the σ54-dependent TCS regulation in the Sox system 
and the σ70-dependent TCS regulation in the S4I pathway. Meanwhile, research on the 
global regulatory RegBA system indicates that it could control the transcription of sev-
eral important genes relevant to iron and sulfur oxidation pathways in A. ferrooxidans. 
Although it has been verified that three different two-component systems can partici-
pate the regulation of energy production processes in Acidithiobacillus spp., further 
studies are required in the following aspects: (i) the distribution of similar regulatory 
systems such as TspS-R, RsrS-R, and RegB-A were identified, but the verification of 
their regulatory roles in relative genes awaits further research; (ii) the detailed regula-
tion mechanism of the different two-component systems in the iron oxidation and sul-
fur oxidation bacteria merits investigation, for example, the σ54-dependent TCS in the 
tetH operon in A. ferrooxidans; (iii) studies should examine the interactions between 
the TCS systems and other regulatory proteins to understand the concrete mechanism 
of energy regulation in Acidithiobacillus spp.; (iv) studies should identify the signaling 
molecules and reveal the interaction between the signals and the response proteins;  
(v) the structural studies of the TCSs in Acidithiobacillus spp. await further research. 
Therefore, studies on important TCSs in acidophilic bacteria will benefit the under-
standing of the mechanisms of their environmental adaption and growth as well as 
facilitate applications that take advantage their special properties.
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Chapter 3

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.

Keywords: acidophiles, acid-resistance, pH homeostasis, adaptation, evolution

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 



Acidophiles - Fundamentals and Applications

22

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 
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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.
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Abstract

Communication is important for organisms living in nature. Quorum sensing 
system (QS) are intercellular communication systems that promote the sociality of 
microbes. Microorganisms could promote cell-to-cell cooperation and population 
density to adapt to the changing environment through QS-mediated regulation 
that is dependent on the secretion and the detection of signal molecules (or called 
autoinducers). QS system is also discovered in acidophiles, a microorganism that 
is widely used in the bioleaching industry and can live in an acidic environment. 
An example is the LuxI/R-like QS system (AfeI/R) that has been reported in the 
chemoautotrophic species of the genus Acidithiobacillus. In this chapter, we will 
introduce the types and distribution of the QS system, and the biological function 
and regulatory mechanism of QS in acidophiles. We will also discuss the potential 
ecological function of QS system and the application value of the QS system in the 
control and regulation of the bioleaching process in the related industries and acid 
mine damage.

Keywords: quorum sensing, communication, signal molecules,  
environmental adaption

1. Introduction

Acidophiles is a microorganism that can live in an acidic environment and 
widely distributed in extremely harsh environments such as acid mines, sulfur-
containing hot springs, and volcanic craters [1, 2]. The signal communication and 
cooperation of the bacterial flora could be conducive to the survival and propaga-
tion of acidophiles in an extremely harsh environment. Quorum sensing (QS), as 
an important part of sociomicrobiology, is a group behavior that enables bacteria to 
establish cell-to-cell communication by producing, secreting, and detecting signal 
molecules (also called autoinducers) [3–5]. With the increase of cell density, the 
concentration of signal molecules released by cells becomes higher. When the con-
centration of signal molecules accumulates to a threshold in the local environment, 
the signal molecules bind to the receptor protein to activate or inhibit the expres-
sion of specific genes and then allow bacteria to respond to population density and 
external environment [6, 7]. Diverse biological functions of bacteria are regulated 
by QS systems, such as the formation of biofilm, the production of antibiotics, the 
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expression of pathogenic virulence genes, the luminescence of marine organisms, 
the transfer of Ti plasmids, and so on [8–11].

The research of the QS system has a history of 50 to 60 years [12]. As early as 
1965, Tomasz and Alexander reported the interesting phenomenon caused by QS 
[13]. Hormone-like cell products could control the competence of Pneumococcus and 
promote foreign DNA to enter the cell [13]. Subsequently, Nealson et al. found that the 
luminescence of marine bacteria was positively correlated with the quorum of bacteria 
[14]. The research of the QS system had a major breakthrough with the identification 
of the signal molecules of the QS system and the discovery of luxI/R operon in Vibrio 
ficheri and the regulatory mechanism of the QS system regulating the luminescence 
phenotype of V. ficheri was revealed [15–17]. 3-O-C6-HSL was confirmed as the signal 
molecule of the QS system of V. ficheri, which was synthesized by the synthetase 
encoded by luxI gene. In contrast, the luxR gene encodes the transcription factor that 
binds to the signal molecules. LuxI/R-mediated QS system regulates the expression of 
the lux operon, thereby affecting the luminescence phenotype of V. ficheri [15–17]. In 
recent years, more and more signal molecules, regulatory mechanisms, and functions 
of QS system have been discovered, with the help of modern analytical experimental 
techniques such as bioinformatics, molecular biology, and chemical analysis.

Compared with the well-studied QS systems in model bacteria and some patho-
genic bacteria, the studies on QS system in acidophiles are restricted due to the 
limitations in molecular manipulation techniques. In the present chapter, we will 
introduce the research on the QS system of acidophiles, outline the distribution and 
molecular mechanisms of the QS system in acidophiles, and discuss the function of 
the QS system involved in the control and regulation of the bioleaching process in 
the biomining industry and acid mine damage.

2. Quorum sensing of acidophiles

Acidithiobacillus spp. is an important member of the acidophilic and chemo-
lithotrophic Gram-negative sulfur-oxidizing bacteria [18–20]. Members of 
Acidithiobacillus can grow on reduced inorganic sulfur compounds (RISCs), and 
some of them can use ferrous as the energy substrate [18–20]. In 2005, Farah et al. 
discovered the LuxI/R-type QS system (AfeI/R) in Acidithiobacillus ferrooxidans 
[21]. The AfeI/R system is composed of three genes located on one operon (afeI-
orf3-afeR) [21, 22]. The AfeI is a homologous protein to LuxI, catalyzing the synthe-
sis of signal molecules, while the AfeR is homologous to LuxR protein, functioning 
by recognizing and binding signal molecules and regulating gene expression. The 
Orf3 locus, located between the AfeI and AfeR, has a mysterious existence and its 
function is presently unknown [21, 22].

Bioinformatics analysis revealed that the AfeI/R-type QS system is widely 
distributed in the nine species of Acidithiobacillus reported so far (Figure 1) [23]. 
AfeI/R-like QS system could be identified from Acidithiobacillus ferrooxidans, 
Acidithiobacillus ferridurans, and Acidithiobacillus ferrivorans, which means that in 
addition to Acidithiobacillus ferrianus and Acidithiobacillus ferriphilus, the AfeI/R 
system was found in almost all the sulfur- and ferrous iron-oxidizing species of 
Acidithiobacillus. However, among the sulfur-oxidizing species of Acidithiobacillus, 
only Acidithiobacillus thiooxidans was reported to have a QS system. It is worth noting 
that the conserved afeR-orf3-afeI-type operon can be found in A. ferrooxidans, A. fer-
ridurans, and A. thiooxidans, while in A. ferrivorans were separated afeI and afeR genes. 
Besides, lower homology proteins were found in A. thiooxidans ATCC19377.

AfeI/R-like QS system also found in the genus of sulfur-oxidizing-only bacte-
rium Thiomonas and the Acidiferrobacter reportedly produce acyl-HSL [24]. Further 
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analysis of the acidophilus strains revealed that AfeI homologous proteins were 
found in 7 genera of acidophiles, and AfeR homologous proteins were present in 
17 genera, and Orf3 homologous proteins were found in 12 genera of acidophiles 
(Table 1). AfeI/R-like QS system showed some variations at the gene arrangement 
and protein sequence in acidophilus strains.

Figure 1. 
Distribution of AfeI/R-like QS system in Acidithiobacillus and other acidophiles [23].

AfeI homologous AfeR homologous Orf3 homologous

Acidithiobacillus Acidithiobacillus Acidithiobacillus

Acidocella Acidianus Acidianus

Frateuria Acidilobus Acidomonas

Metallosphaera Acidimicrobium Aciduliprofundum

Nitrosotalea Acidiphilium Caldivigra

Sulfurisphaera Acidisphaera Ferrimicrobium

Thiomonas Acidocella Ferrovum

Acidomonas Nitrosotalea

Caldisphaera Picrophilus

Caldivigra Sulfolobus

Desulfosporosinus Thiobacillus

Ferrovum Thiomonas

Frateuria

Leptospirillum

Picrophilus

Thiobacillus

Thiomonas

Table 1. 
Distribution of AfeI/R- like QS system in acidophiles based on the AfeI/R sequence of Acidithiobacillus 
ferrooxidans alignment in acidophiles.
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In 2007, another QS system (QS-II) of A. ferrooxidans was discovered [25]. This 
QS system includes four co-transcribed genes, glyQ , glyS, gph, and act, which encode 
α and β subunits of glycine t-RNA synthetase, phosphatase, and acyltransferase [25]. 
The reporter bacteria and GC–MS technology confirmed that acyl-HSL (C14-HSL) 
could be synthesized by the act gene heterologously expressed in Escherichia coli [25]. 
Semi-quantitative RT-PCR experiments showed that the expression of act gene was 
higher when cultured in Fe2+-enriched media than that in S0-enriched media [25]. 
However, the regulatory protein that corresponds to Act has not been discovered, 
and whether the Act can synthesize acyl-HSLs or other types of signal molecules in 
A. ferrooxidans has not been reported up to now. Therefore, whether the Act system 
is a functional QS system is still controversial [26]. There are still many unsolved 
mysteries of act operon, which are worthy of in-depth study in the future.

It is worth noting that a thermophilic-like ene-reductase (foye-1) was discovered 
in the acidophilic iron-oxidizing bacterium Ferrovum sp. [27]. The foye-1 gene is 
located directly upstream of luxR gene, and the encoded protein played a major role 
in intercellular communication [7]. Since the luxI gene is absent on the genome of 
Ferrovum sp. JA12, it is speculated that FOYE-1 may replace LuxI and participate in 
the QS process [27].

Interestingly, a diffusible signal factor (DSF) quorum sensing system was 
deciphered in the acidophilic, ferrous-oxidizing species, Leptospirillum ferriphilum 
[28]. This kind of QS system consisted of the rpf operon, which contains four genes, 
rpfF-rpfC-rpfC-rpfG, of which the rpfF gene encodes DSF synthase, the rpfC genes 
encode Hpt domain-containing protein and signal transduction kinase, and the 
rpfG gene encodes a two-component system response regulator [28]. Besides, three 
LuxR family transcriptional regulator proteins and another autoinducer-binding 
domain-containing protein were reported in L. ferriphilum [28]. Sequence align-
ment found the possible DSF perception protein rpfR and the homologous protein 
of rpfC in A. caldus and Sulfobacillus thermosulfidooxidans [29]. The homologous 
protein of rpfG was also found in S. thermosulfidooxidans [29].

Therefore, previous research results and bioinformatics analysis indicated that 
the QS system is universal and unique in acidophiles. Some of the acidophiles such 
as A. ferrooxidans, A. ferridurans, and A. thiooxidans have the complete AfeI/R-type 
QS system, which can synthesize and respond to signal molecules. This type of 
QS system is considered to be a fully functional and undisputed QS system. Some 
of the acidophiles only contain AfeI homologous protein that has the function of 
synthesizing signal molecules. Some acidophiles exist with the orphan LuxR family 
protein and the DSF-type QS system. Besides, more than one QS system were 
reported in some acidophiles.

3. Types of signal molecules synthesized by the QS system

There are many types of signal molecules synthesized and secreted by the QS 
system. The N-acyl homoserine lactone (acyl-HSL) is the prominent and widely 
studied signal molecule of the QS system and is composed of a homoserine lactone 
ring and an amide side chain (Figure 2) [4, 7]. The functional group of the third 
carbon atom has three forms: hydrogen, hydroxyl, and carbonyl [4, 7]. The R chain 
group can be 4–18 carbons, with or without an unsaturated C-C bond [12]. The 
terminal carbon has a branch in some bacteria, and the R chain group in some bac-
teria is an aromatic acid [12]. Furanosyl borate ester was reported to be the signal 
molecules used by the AI-2-type QS system [4]. Quinolone, diffusible signaling 
factor (DSF), hydroxyl-palmitic acid methyl ester (PAME), and small peptide have 
been reported as signal molecules for the QS system [4, 12].
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In 2005, Farah et al. reported that nine acyl-HSLs, namely 3-OH-C8-HSL, 
3-OH-C10-HSL, C12-HSL, 3-OH-C12-HSL, 3-O-C12-HSL, C14-HSL, 3-OH-C14-HSL, 
3-O-C14-HSL, and 3-OH-C16-HSL, were detected in A. ferrooxidans ATCC 23270 cul-
tured in ferrous, elemental sulfur, and thiosulfate energy [21]. The type and function 
of signal molecules produced by the AfeI/R system are confused due to the potential 
Act-type QS system in A. ferrooxidans [25]. In 2020, Gao et al. determined the types 
of signal molecules produced by AfeI by the construction of the gene mutant strain of 
afeI and act [23]. Different types and concentrations of acyl-HSLs were synthesized 
in S0- and Fe 2+-enriched media of A. ferrooxidans, while the acyl-HSLs displayed 
different functions under different energy conditions. The homoserine lactone of 
acyl-HSLs is derived from S-adenosylmethionine (SAM), whereas its acyl side chain 
is derived from fatty acid metabolism and is provided by acyl carrier protein (acyl-
ACP) (Figure 2) [30–32]. The difference in the molecular structure of acyl-HSLs 
depends on the length of the acyl side chain provided by the acyl carrier protein and 
the substituent on the third carbon atom [30–32]. The differences in the metabolism 
of sulfur and ferrous iron under different culture conditions may cause different 
kinds of acyl side chains produced in A. ferrooxidans, which in turn affects the type of 
signal molecules synthesized by AfeI [21, 31, 33]. Therefore, the synthesis process of 
acyl-HSLs by A. ferrooxidans and other acidophilic sulfide and iron-oxidizing bacteria 
under different energy sources will also be the key work of future research, which will 
help to clarify the close relationship between the AfeI/R system and energy substrates.

It has been reported in many papers that the phenotype of acidophilus bacteria 
such as A. ferrooxidans, A. ferrivorans, L. ferrooxidans, and Acidiferrobacter sp. strain 
SPIII/3 was affected by acyl-HSLs addition and these acyl-HSLs that influenced 
the growth and metabolism of acidophiles were not synthesized by the strain itself 
[24, 26, 29, 34, 35]. Besides, the synthetic tetrazole analog of acyl-HSLs could also 
stimulate the differential gene expression in A. ferrooxidans [36]. Therefore, it can 
be inferred that cross-communication exists in acidophilus bacteria and related 
research work needs to be carried out in-depth. In addition to the classic acyl-HSLs-
type signal molecules, the DSF was also described in L. ferriphilum [28]. Whether 
there are other types of signal molecules in acidophilus bacteria remains to be 
studied to enrich the types of signal molecules of the QS system in acidophiles.

Figure 2. 
Structure and synthesis process of acyl-HSL.
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4. The regulatory function of the QS system in acidophiles

4.1 QS system and biofilm formation

The quorum sensing system is an important way to regulate extracellular poly-
meric substance (EPS) synthesis and biofilm formation [37–39]. Transcriptome 
data of A. ferrooxidans show that the tetrazole analog of acyl-HSLs stimulated the 
differential expression of more than 100 genes, and 42.5% of the differentially 
expressed genes are related to biofilm synthesis [36]. Laser confocal microscopy 
and atomic force microscopy observed that the addition of acyl-HSLs could affect 
the formation of biofilm formed by acidophiles on the surface of the pyrites [23, 
24, 26]. It is worth noting that the influence of signal molecules on the formation 
of biofilms was specific to the types of acyl-HSLs and bacterial species [14, 24]. 
Studies have shown that the addition of C14-HSL promoted the aggregation of A. 
ferrooxidans and A. ferrivorans cells, and enhanced the formation of biofilms on 
the surface of pyrite [24]. However, although the addition of C12-HSL increased 
the biofilm formation of A. ferrooxidans, it inhibited the biofilm formation of A. 
ferrivorans under the same conditions [24]. Gao et al. found that overexpression 
of afeI could not only promote the EPS synthesis and biofilm formation, but also 
increased the sulfur oxidation ability of cells and enhanced the erosion effect 
of A. ferrooxidans cells on sulfur [23]. In A. thiooxidans, studies confirmed that 
the QS system positively regulated the pel operon, participated in regulating the 
exopolysaccharide biosynthesis, and then affected the formation of biofilms [35]. 
The pelD gene is located in the pel operon and encodes the c-di-GMP-binding 
protein [35]. The interaction between QS system and c-di-GMP pathway to 
regulated EPS synthesis and biofilm formation had been displayed in other bacte-
rial species [40–42]. It is reported that the QS system regulates the expression of 
pelD gene and may also regulate some gene-encoding proteins with c-di-GMP 
synthase activity and/or c-di-GMP degradation activity, resulting in the change in 
intracellular c-di-GMP levels and in turn affecting the formation of biofilm in A. 
thiooxidans [35].

The regulation of the QS system on the dispersion of biofilms has been con-
firmed in many bacteria such as Xanthomonas campestris, Pseudomonas aeruginosa, 
and Staphylococcus aureus [43]. The phenomenon of biofilm dispersal is also found 
in acidophilus bacteria. The addition of DSF family signal molecules caused biofilm 
dispersal of L. ferriphilum and S. thermosulfidooxidans, which strongly inhibited the 
growth and metabolism of bioleaching bacteria [29].

4.2  The regulatory function of AfeI/R in different energy substrate 
environments of A. ferrooxidans

Compared with the QS system in other acidophiles, the research of QS system 
in A. ferrooxidans is more in-depth. As early as 2005, semi-quantitative RT-PCR 
measurements found that the expression levels of afeI and afeR genes in S0-enriched 
media were higher than those in Fe2+-enriched media [21], which suggested that 
the AfeI/R system may function optimally in an environment or medium contain-
ing sulfur. Confocal laser microscopy and atomic force microscopy techniques 
have observed that the AfeI/R-mediated QS system can enhance the formation of 
biofilms of A. ferrooxidans on elemental sulfur or metal sulfide surfaces [26]. The 
lux-box (LuxR family protein-binding sequence) in A. ferrooxidans was predicted 
via a bioinformatic approach [44], and the lux-box sequence upstream of the afeI 
gene was confirmed via in vitro experiments [36]. Due to the difficulty of gene 
manipulation of A. ferrooxidans and other acidophiles, it was not until 2020 that 
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Gao et al. successfully knocked out and overexpressed the afeI gene to determine the 
regulatory role of AfeI/R in the sulfur and iron culture system [23].

Gao et al. revealed that AfeI/R not only played an important role in S0-enriched 
media, but also had a more significant regulatory role in Fe2+-enriched media [23]. 
In S0-media, overexpression of afeI could increase the cell concentration and acid 
production capacity of the strain in the lag phase and exponential phase, but did not 
affect the final population density of the culture system, Therefore, AfeI/R can be 
used as an “accelerator” for A. ferrooxidans cultured in S0-enriched media. Besides, 
the effect of afeI overexpression on EPS synthesis was consistent with that on the 
sulfate yield and cell density of A. ferrooxidans in S0-enriched media. Therefore, the 
regulation of AfeI/R on EPS synthesis was the key strategy for AfeI/R to regulate 
cell growth, metabolism, and population density of A. ferrooxidans. Moreover, the 
AfeI/R-regulating EPS synthesis could also be an important way for A. ferrooxidans 
to adapt to the sulfur substrate in the environments. In Fe2+-enriched media, overex-
pression of afeI significantly inhibited the cell concentration and the ferrous oxidation 
capacity of the strain. Therefore, AfeI/R can be used as an “inhibitor,” regulating cell 
metabolic growth and the final population density in Fe2+-enriched media. The over-
expression of afeI significantly inhibited the expression of the hydrogenase synthesis 
gene cluster (AFE_0700–0719) in A. ferrooxidans in Fe2+-enriched media, suggesting 
that AfeI/R may regulate hydrogen metabolism to influence the growth, metabolism, 
and quorum of the A. ferrooxidans cells during ferrous culture. The results indicated 
that the QS system may have a new regulation function when A. ferrooxidans is culti-
vated with ferrous iron, and research on the related molecular mechanism is needed. 
Energy substrates can affect the acyl-HSLs synthesized by AfeI and the regulatory 
effects of AfeI/R in A. ferrooxidans, and the substrate-dependent regulation strategy 
of the AfeI/ R was proposed based on these research findings.

5. The application of QS in bioleaching

The bioleaching bacteria, as an important class of acidophiles, are widely 
distributed in the acid mine environments [2]. The progress of mineral dissolu-
tion and metal leaching requires the consortium of the bioleaching bacteria and 
the attachment of cells to the surface of the ores [45, 46]. The QS system regulates 
cell aggregation and adsorption, EPS synthesis, and biofilm formation; thus, the 
QS-mediated regulation could be involved in the regulation of the bioleaching 
process. Therefore, the QS system has important application value in the bioleach-
ing industry and the treatment of acid pollution.

In 2013, González et al. found that the addition of C12/C14-HSLs can promote 
the biofilm formation of A. ferrooxidans on the surface of pyrites [26]. Bellenberg 
et al. reported that the acyl-HSLs addition caused different effects on the pyrite 
dissolution of A. ferrivorans, Acidiferrobacter sp., and L. ferrooxidans [24]. Gao et 
al. found that the afeI/R gene cluster overexpression significantly enhanced the 
adhesion and erosion ability of the cells [47]. A model of the QS system partici-
pating in the regulation of the bioleaching progress was proposed [47]. As shown 
in Figure 3, the QS system regulated the EPS synthesis and the biofilm formation, 
stimulating the planktonic cells to transform to the sessile state. Simultaneously, 
the sulfur metabolism, bioerosion capacity, and bioleaching efficiency were 
enhanced by the QS system regulation. The discovery of AfeI/R in regulating 
the bioleaching process indicated that the QS system plays an important role in 
regulating the biooxidation process of minerals, and the QS-regulating bioleach-
ing model provides the theoretical basis for studying the control strategy and 
technologies of acidophilus bacteria in the bioleaching process.



Acidophiles - Fundamentals and Applications

44

6. Conclusion

The regulation function of QS system is an important research content in the study 
of the co-evolution of microbial community and environment. This chapter systemati-
cally describes the QS system in acidophiles including the distribution of QS system, 
the types of QS system signal molecules, the regulatory function, and application of 
QS system. Current research shows that the quorum sensing system is involved in 
the process of cell growth, energy metabolism, the interaction between bacteria and 
minerals, and the co-evolution process of acidophiles and the extreme environment.

The research of QS system in A. ferrooxidans is relatively more extensive than the 
other acidophiles. Taking A. ferrooxidans as an example, the discovery of the energy-
dependent regulatory strategy of the AfeI/ R in A. ferrooxidans indicated that some 
chemoautotrophic sulfur-iron-oxidizing bacteria may use the QS system to build the 
co-evolution process from the response to energy substrates to the regulation on cell 
growth and population density in the sulfur-and-iron-contained environments. This 
QS-regulated adaptive strategy may be an important way for chemoautotrophs to 
adapt to their growth environments and to obtain an ecological competitive advantage.

Due to the complex metabolism and difficulty in the genetic manipulation of acido-
philes, the research progress of the QS system in acidophiles has been slow. There is still 
a lot of room for the research of the QS system in acidophiles. Is there another QS system 
different from the LuxI/R? In addition to the reported acyl-HSLs type of signal mole-
cules, are there other types of signal molecules in acidophiles? What kind of interspecies 
regulatory role of the QS system exists in various acidophiles? Moreover, the regulatory 
functions and molecular mechanisms of the QS system in acidophiles need to be further 
explored and analyzed. The answers to these questions will not only help to recognize 
the regulatory functions and mechanisms of the QS system in acidophiles but also help 
reveal the survival adaptation strategies of microorganisms in extreme environments.
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Figure 3. 
The regulation of AfeI/R on the bioleaching process of Acidithiobacillus ferrooxidans [47].
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Chapter 5

Acidithiobacillus Its Application 
in Biomining Using a Quorum 
Sensing Modulation Approach
Juan Carlos Caicedo and Sonia Villamizar

Abstract

A group of particular acidophiles microorganisms (bacteria and archaea) known 
as chemolithoautotrophs are capable of using minerals as fuel. Its oxidation gener-
ates electrons to obtain energy and carbon that is obtained by fixing CO2 from the 
air. During this aerobic mineral oxidation, metals are solubilized or biodegraded. 
Metal bioleaching usually is used in biomining and urban biomining approaches 
to recovery metals such as copper, gold and zinc. Several species of bacterial genus 
Acidithiobacillus display a great bioleaching activity. Bacterial attachment and 
biofilm formation are the initial requirements to begin a successful bioleaching 
process. Biofilm formation in Acidithiobacillus bacteria is strongly regulated by cell 
to cell communication system called Quorum Sensing. The goal of this chapter is to 
review the Quorum Sensing system mediated by the autoinducer N-acyl- homoser-
ine-lactones in the Bacterium Acidiothiobacillus ferroxidans, in order to enhance and 
to boost the bioleaching technologies based in the use of this bacterium. The main 
applications of the cell-to-cell communication system concepts in A. ferrooxidans 
are reviewed in this chapter. It is that the addition of synthetic autoinducers mol-
ecules, which act as agonist of quorum sensing system, especially those with long 
acyl chains, both as single molecules (C12-AHL, 3-hydroxy-C12-AHL, C14-AHL, and 
3-hydroxy-C14-AHL) or as a mixture (C14-AHL/3- hydroxy-C14-AHL/3-oxo-C14-
AHL) increased the adhesion to sulfur and pyrite and enhance the metal bioleach-
ing in urban biomining approaches.

Keywords: AfeI/R, Biofilm, Bioleaching, EPS, Autoinducer, Synthetic Agonist

1. Introduction

As the world population grows, the reduction of several natural sources becomes 
more evident. One of the major concerns is the fastest decrease of metals ores. 
Currently, the hyper-technological society demands several metals in order to 
attend the rising request for electrical and electronical devices. The fact of the 
production of these devices is gradually cheapest and its useful life is increasingly 
shorter. Equally, the advertising campaigns increase the people desires to renew 
the older devices by a brand-new much faster and modern. It has been triggering 
the generation of waste of electrical and electronical devices (E-waste). It has been 
rising 5 folds in the last 20 years [1]. The organic and inorganic fractions of E-waste 
could be a serious threat to environment and public health if its final disposition 
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is not done accurately. The incineration and landfill are the global strategies fre-
quently applied in a whole world for final disposal of E-waste [2]. Although of its 
highly toxic nature, E-waste particularly, printed circuit boards (PCBs) are a prom-
ising secondary source of metals. The concentrations of copper (Cu) and precious 
metals, such as gold (Au), platinum (Pt) and palladium (Pd), are high compared 
to natural mines [3]. Urban E-waste mining knowing as Biomining is expected to 
be an important secondary source of metals in the near future. PCBs are electronic 
components whose most abundant metal is Cu (roughly 20–25% by weight). PCBs 
are also composed of a substantial amount of precious metals. Precious metals 
constitute the largest fraction of the value of discarded PCBs and are the main 
economic driver of metal recovery [4]. In the last 20 years, great efforts have been 
focused in the recovery of these metals from the E-waste, mainly based in tradi-
tional approaches such as pyrometallurgy and hydrometallurgy. However, these two 
approaches have been inconvenient, due to the high consumption of energy and 
the high emission of polluting gases in the first one approach and in the second one 
the high generation of acid leachates, these leachates could reach easily the subter-
ranean and surface water bodies [5].

Recent biotechnological developments have made possible the adaptation of 
various microorganisms to hostile bioleaching environments. Thus, emerging a 
new approach for the metal recovery from E-waste called biohydrometallurgy. This 
process involve microorganism in order to make use of metal elements for their 
structural and metabolic functions. This process based on the use of biomass has 
the advantages over pyrometallurgy and hydrometallurgy processes such as: it does 
not require the construction of a huge infrastructure, it is not necessary to deal with 
a large amount of harmful residual pollutants generated in the process. However, 
the main bottleneck that prevents this process from being attractive at an industrial 
level despite its high efficiency, it is the drop in yield of metal recovery when using 
large amounts of E-waste. However, the main bottleneck that prevents this process 
from being attractive at an industrial level despite its high efficiency, it is the drop 
in yield of metal recovery when using large amounts of E-waste. The cell-to-cell 
communication system known as Quorum sensing, it allows bacteria to colonize 
new ecological niches, to resist environmental changes and toxic substances, 
enhances its competitiveness and to resist host defenses [6]. As this quorum sensing 
system regulates near to 25% of non-essential genes, its knowledge, understanding 
and modulation could help to enhance the bioleaching reactions at industrial level. 
In this chapter, we focused to review the quorum sensing system in the bacterium 
Acidithiobacillus ferrooxidans, which bacterium is widely recognized by its tre-
mendous bioleaching ability, and discussed the application potential of QS of this 
bacterium in bioleaching.

2. Acidiothibacillus ferroxidans

The gram-negative bacterium A. ferrooxidans belongs to a gamma-proteobac-
terium group. A. ferrooxidans is a facultative anaerobe bacterium, which is able to 
grow from oxic to anoxic environments. A. ferrooxidans is acidophile, mesophilic 
and chemolithoatotrophic, that obtain energy mainly by the oxidation of ferrous 
iron (Fe2+), elemental and inorganic sulfur and other sulfur compounds [7]. A. 
ferrooxidans grows optimally at temperature of around 30°C and pH below 2. This 
bacterium is a natural inhabitant of ecological niches associated to pyritic ores, 
coal deposits and acid drainages [8]. Another exceptional aspect of A. ferrooxidans 
is its outstanding ability to thrive in environments with higher concentration of 
dissolved Fe2+ around of 1016 folds superior that neutral environments. Opposing 
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to what would expect that this massive soluble Fe concentration leads to bacterial 
DNA and protein damage, A. ferrooxidans uses Fe as micronutrient and energy 
source, which makes it an exceptional model microorganism for the homeostasis 
and assimilation of Fe [9].

The genome size of A. ferrooxidans is 2.98 MB with 58.7% of G + C, a total of 
3217 protein encoding genes of which 2070 have a putative function [10]. Like 
others bioleaching bacteria, A. ferrooxidans must face with huge heavy metal 
concentration in their natural niches. Diverse gene cluster have been related with 
the tolerance to mercury, arsenic and copper. These genes including: copper extru-
sion system, resistance-nodulation cell division family transporters and encoding 
copper translocating ATPases [10]. Two Quorum Sensing systems mediated by the 
autoinducer acyl homoserine lactones molecules (AHLs) have been described in 
A. ferrooxidans, the first one AfeI/R resembling to classical LuxI/R system presents 
in numerous gram-negative bacteria [11] and the second one called act for de acyl 
transfer function also produces AHL autoinducer molecules [12]. The review of 
these quorum sensing systems in A. ferrooxidans, its conformation likewise, the 
biological traits regulated by these communication systems such as: energy metabo-
lism, attachment, biofilm production and toxic tolerance are the main purpose of 
this chapter.

3. Bioleaching reaction by A. ferrooxidanss

In the bacterium Acidithiobacillus ferroxidans, bioleaching is carried out by three 
types of mechanisms: (i) contact, (ii) independent contact and (iii) cooperative. 
These three mechanisms are not mutually exclusive and generally work synergisti-
cally. The contact mechanism is characterized by the imperative need for the bacte-
rial production of Extracellular Polymeric Substances (EPS). This EPS is essential 
for the subsequent formation of biofilms that will facilitate the contact between 
the bacterial wall and the surface of the E-waste and thus achieve the oxidation of 
the metal.

Previous studies have shown that A. ferroxidans bacteria do not adhere randomly 
to solid surfaces, but there is still a fine chemotaxis mechanism involved in prefer-
ential adherence to metals [13]. In the independent contact mechanism, the bacteria 
are not attached to the surface and the oxidation of Fe2+ in solution to Fe3+ occurs. 
Fe will subsequently act as an oxidizing agent, solubilizing the metals contained in 
the E-waste particles [14]. The cooperative mechanism is a combination of the two 
previous mechanisms in which the attached bacteria and the oxidizing agent Fe3+ 
in solution cooperate to oxidize the metals present in the E-waste particles. In the 
E-waste, specifically in PCI, metals are not present in the form of metallic sul-
phides. These are present as zero valence metals such as Cu0, Zn0, Ni0, etc. Thus, the 
ferric ions and/or protons produced biologically from ferrous ions or the reduced 
sulfur compounds are responsible for the conversion of insoluble neutral metals to 
water soluble metallic ions.

4.  Quorum sensing systems in extremophiles and its biotechnological 
applications

Cooperative bacterial behavior is one of the most intensively studied topics of 
microbial ecology in recent decades. The understanding of this lifestyle allows us 
to revel the fitness strategies of bacteria to thrive in very different environmental 
niches. Quorum sensing (QS) is a system of bacterial cell–cell communication 
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that enables the microorganism to sense a minimum number of cells (quorum) in 
order to respond to external stimuli in a concerted fashion. QS system is based on 
the production, releasing to the extracellular environment and perception of small 
diffusible molecules known as auto-inducers (AI) [15]. Thus, this communication 
allows the bacteria to detect changes in the density of the population, which leading 
to generate variations in the concentration of nutrients, oxygen, inorganic mol-
ecules, pH and osmolarity in the extracellular environment. In this way, an increase 
in the bacterial population causes the accumulation of the AI molecule in the 
medium, which, when detected by the bacteria, generates changes in the expression 
of several target genes in order to regulate phenotypes traits in pathogenic or envi-
ronmental bacteria. The main traits regulated are: attachment, virulence, resistance 
and bioluminescence among others [16].

In Gram-negative bacteria including the extremophiles (i.e. thermophiles, halo-
philes, psychrophiles and acidophiles) the most studied system involves AI mol-
ecules of the N-acyl homoserine lactones (AHLs) or autoinducer-1 (AI-1) type. This 
QS system is involved in intra-species and inter-species communications [17]. It was 
first described in the bioluminescent marine bacterium Vibrio fischeri. This system 
is considered as the QS paradigm in Gram-negative bacteria, which includes at least 
four elements: (i) AHLs as signal molecule or AI-1, (ii) an AHL synthase protein 
responsible for the synthesis of AI-1, (iii) a transcriptional regulator (belonging to 
the R protein family) and (iv) a cis-active palindromic DNA sequence that is the 
target of the R-AHL binary complex [18]. The general mechanism of action of AHLs 
molecules is to diffuse into the target cell and bind to an R-type transcriptional 
regulator to generate its dimerization (Figure 1). This occurs when the concentra-
tion of AHLs in the extracellular medium is adequate to generate a gradient towards 
the intracellular space [19]. The concentration of AHL molecules in the extracel-
lular environment not only depends on their synthesis, but also on their diffusion, 
transport and degradation. The diffusion of AHL molecules depends on their size. 

Figure 1. 
Schematic representation of Quorum Sensing system type I AI-1. AHLs are synthesized inside the bacteria by 
protein I. The AHLs molecules diffuse towards the extracellular environment, increasing their concentration 
both in the internal and external environment of the cell in proportion to the increase in the cell population. 
Upon reaching the threshold concentration, the AHLs molecules bind with the R protein, which dimerizes and 
promotes or represses the transcription of target genes. Some of these target genes have a binding site for the  
R/AHL complex in their promoter region.
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Short acyl chain AHLs diffuse freely across the cell membrane [20], while long 
chain AHLs are excreted by transporters [21].

The biological meaning of cell to cell communication in extreme environments 
is not completely comprehended, however, this communication systems play a 
pivotal role in the survival to fitness to these restrictive habitats. However, a better 
understanding about the adaptation strategies regulated by quorum sensing in these 
extreme ecological niches, could possibly contribute to the design and development 
of innovative approaches for the biotechnological solutions with industrial, medical 
and research applications.

Most of the Quorum sensing systems present in mesophyll bacteria are shared 
by thermophilic bacteria. Bioinformatic analysis revealed the existence of complete 
AI-2 systems in 17 thermophilic bacteria from phyla Deinococcus-Thermus.

For other hand, 18 show incomplete QS systems having only LuxS [22]. 
Particularly interesting is the AI-2 production in the bacteria Thermotoga maritima 
and Pyrococcus furiosus. These two hyperthermophiles bacteria produce AI-2 signals 
despite lacking of synthase enzyme LuxS [23]. T. maritima and P. furiosus have genes 
that encode for the SAH (S-adenosylhomocysteine) hydrolase, which catalyzes 
the cleavage of SAH producing adenosine and homocysteine. Then, the adenosine 
produced is transformed to AI-2. This production of AI-2 in independent fashion 
of luxS could be explained by the action of the rearrangement of phosphorylated 
ribose, which rearrangement seems to be modulated by temperature depending 
mechanism [24].

Psychrophile bacteria produce DiKetoPiperazine (DKPs) molecules, which can 
activate the LuxR circuit. Pseudoalteromonas haloplanktis bacterium produce eight 
different types of DKPs [25]. DKPs shows a great potential for disruption of the 
AHLs quorum sensing system in the pathogenic bacteria Burkholderia cenocepacia 
and Pseudomonas aeuroginosa. It results from the direct inhibition of AHL synthase. 
This fact represents a great potential for the alternative treatment of disease such as 
cystic fibrosis [26]. Another industrial application mediated by QS in psychrophile 
bacteria is the alginate overproduction at low temperature by the Pseudomonas 
mandelii. Pseudomonads bacteria produce alginate by the expression of genes algU 
and mucA. These genes expression are QS regulated [27]. In the biofilm formation 
process at low temperature (4–15°C) the alginate operon transcription is keeping 
active because its repressor is downregulated. Biofilm formation shows to be an 
adaptation strategy for survival at low temperatures [28].

Acidophiles bacteria have endowed with Quorum Sensing systems such as: AI-1, 
AI-2 and CAI-1. The genome of acidophilic iron oxidizing bacterium Ferrovum 
sp. harbors a thermophilic ene-reductase (ERs). The ERs Family enzymes has 
shown that it could play a role in the Quorum Sensing mediation of oxidative stress 
response [29]. Ferrovum sp. lacks of encoding gene for the AHL synthase LuxI. The 
gene foye-1 in the genome of Ferrovum is located directly downstream of the LuxR. 
A previous study suggests that ERs FOYE-1 in this bacterium could be responsible 
for the production of HLA and triggers the LuxR perception [30]. The ene-reduc-
tase enzymes have increasing relevance in the field of bio-catalysis because of its 
superior stability. This fact rises the biotechnological potential of these ERs.

Enteric pathogenic bacterium Vibrium cholerae produces and senses three AIs 
such as: AI-1, DPO and CAI-1. The first two are recognized for the interspecies 
communication role, while the last one is employed as intra-genus communication 
AI. These all three QS systems work together for the transition from an aerobic to an 
anaerobic environment. This QS represses the virulence and biofilm formation in 
the Vibrium cholerae bacterium at high cell density [31].

The bacterium Acidithiobacilus ferrooxidans widely recognized by its bioleach-
ing ability displays two quorum sensing systems, (i) a completely functional 
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LuxI/R like, encoding the gene cluster afeI-orf3-afeR [32]. At. ferrooxidans is able to 
produce nine types of AHLs with acyl chains, whose length ranges between 8 and 
16 carbons. A recent study shows that depending on energy substrate, the protein 
AfeI synthetizes different types of acyl-HSLs, similarly, the regulation of different 
metabolic systems also depends on substrate energy [33]. (ii) The second Quorum 
Sensing system in A. ferrooxidans has been identified using a reporter strain strat-
egy. This QS system was termed act QS system. This reporter strain evidenced the 
production of HLA molecule e.g. C14 acyl-HSL by E. coli cloned with the act gene 
[34]. The quorum sensing system act is mainly expressed when A. ferrooxidans cells 
are grown in culture medium enriched with Fe+2 than when the cells are cultivated 
in microbiological medium enriched with sulfur. The role of act Quorum Sensing 
system of A. ferrooxidans remains uncertain.

Synthetic biology is based on the use of engineering principles to design and 
apply new biological components, besides to integrate functions and traits into the 
present ones in order to standardize or modulate their behavior. The completely 
understanding of a particular Quorum sensing circuit enable to design tools to 
precisely and predictably manipulate cell responses under quorum sensing regula-
tion. That is, QS and synthetic biology research have been highly complementary, 
with QS research expanding the synthetic biology toolkit and synthetic biology 
providing new tools for investigating QS [35]. The HLA QS system is a relatively 
simple system to synthetic biology approaches, due to few components to comprise 
the circuit. Several studies using synthetic biology to engineer cell were performed 
to modulate behavior when the phenotype is depending on cell density. One of the 
most usual approaches in this case is the manipulation of the regulator protein LuxR 
i.e. modifying its affinity to is cognate or not cognate AHL signals, regulating the 
transcription to control the number of copies of LuxR and by modifying the AHL 
binding site [36, 37]. Some of the above mentioned approaches were used with 
success in the biomining sewage bioremediation [38].

5.  Improving of bioleaching ability through EPS regulation synthesis in 
A. ferrooxidans

Secretion of EPS (Extracellular Polymeric Substances) by A. ferrooxidans is 
a determinant factor for biofilm formation and an essential feature for mineral 
dissolution in bioleaching process [39]. Bioleaching denotes direct and indirect 
actions exerted by microorganisms that lead to the dissolution of metals in ores or 
urban biomining strategies. It has been widely demonstrated that bacterial attach-
ment to various mineral surfaces and the formation of a well-established biofilm, 
contribute significantly to enhancing bioleaching activity, since, the biofilm allows 
the formation of reaction space identified as “surface conditioning layer” between 
the ores or E-waste and bacteria [40]. A previous urban bioleaching study was 
done using a partition system based on a semipermeable layer, in order to avoid the 
contact between bacteria and E-waste. This study showed that the lack of bacterial 
attachment reduced 25% the recovery of copper [41]. These physiological steps 
are mediated by extracellular polymeric substances (EPS), which are composed of 
polysaccharides, proteins, and lipids. Furthermore, by increasing EPS secretion 
and biofilms formation on mineral surfaces, attached cells extend their reactive 
space and obtain significantly higher amounts of substrate than planktonic cells 
[42]. Thus, the increase of EPS secretion could increase bioerosion capacity of the 
overexpression strain on the substrates and enhance the efficiency of the bioleach-
ing process.
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Early studies showed that it is feasible to modulate A. ferrooxidans adhesion to 
pyrite particles by addition of synthetic AHL and HLSs analogues. Nevertheless, the 
questionable point of this study was that the results were obtained using an indirect 
approach, i.e. the number of the residual planktonic cells was employed in order 
to calculate the number of cells attached to the surface of pyrite [43]. Subsequent 
studies based on the use of different microscopy techniques provided conclusive 
evidence on the effect of bacterial adhesion on bioleaching efficiency [44]. In 
the bioleaching process, a bacterial attachment to copper sulfide minerals occurs 
selectively [45]. Thus, in the cell population that interacts electrostatically or hydro-
phobically with pyrite or sulfur surfaces, an increase in cell densities is observed 
on these surfaces. It triggers the activation of Quorum sensing regulon in those 
cells that remaine attached to solid surfaces much faster than in planktonic cells. 
This activation could contribute to favor the biofilm producer phenotype at the cell 
population. As it was mentioned above, the AfeI/R Quorum Sensing system pro-
motes the EPS production and consequently contributes to the biofilm formation. 
Based on these observations, several studies have been implemented the addition 
of synthetic auto-inducers in order to make the bioleaching reaction more effi-
cient and get a higher yield of metals. The QS agonists employed were principally 
those with Carbon long length e.g. C12-C14 [46]. In a previous study using direct 
microscopy technics, the researchers reported that AHLs with long acyl chains used 
as single molecules (C12-AHL, 3-hydroxy-C12-AHL, C14-AHL, and 3-hydroxy-C14-
AHL) or as a mixture (C14-AHL/3- hydroxy-C14-AHL/3-oxo-C14-AHL) increased 
the adhesion to sulfur and pyrite [47]. Though, studies focused on elucidating and 
clearly understating all molecular steps produced by the addition of different AHLs 
autoinducers, and its effects on biofilm formation are required.

6. Conclusions

The cell communication system Quorum sensing is a ubiquitous phenomenon 
in prokaryotes. This communication system modulates near to 25% of no essential 
genes. Induction or quenching of quorum sensing system could be a high valu-
able tool to select the desire trait in bacteria. The bacterium A. ferrooxidans is 
equipped with a fully functional Quorum Sensing system AfeI/R, which promotes 
the EPS secretion and biofilm formation. These traits are extremely desirable for 
the bioleaching reaction both for natural ores and urban biomining processes. 
However, special care must be taken in order to choose the energy source for the 
media culture where the bacteria will be grown and the bioleaching reaction will 
take place. As mentioned before, long chain synthetic agonists of AHL Quorum 
sensing system could favor the biofilm formation when the Sulfur is provided as 
energy source, otherwise, the addition of AHL synthetic agonist of long chain 
in microbiological media culture using iron as energy source, reduce drastically 
the bacterial growth and repress the genes responsible for the EPS and biofilm 
formation. Act, the second Quorum system in A. ferrooxidans has shown an over 
expression cultured in the media enriched with iron. Nevertheless, the mecha-
nistic details about its encoding genes and their biological roles remain unclear. 
In addition to modulating the biofilm formation, AfeI/R Quorum Sensing system 
in A. ferrooxidans controls the grown rate, the metabolic systems and membrane 
permeability. Finally, the synergism between synthetic biology and Quorum 
sensing research enables a wide specter of approaches, in order to modulate the 
behavior of acidophile microorganisms with potential applications in the biomin-
ing industry.
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Abstract

Lactobacillus acidophilus is homofermentative anaerobic rod-shaped gram-positive 
bacteria. L. acidophilous is one of the most common probiotics and is used for 
the treatment of various gastrointestinal, metabolic and inflammatory disorders. 
L. acidophilous produces antimicrobial compounds, maintains gut permeability and 
prevents dysbiosis. L. acidophilus also shows various other properties such as: it is 
anticarcinogenic, lowers serum cholesterol level and improves lactase metabolism 
of host. One of the most significant property of L. acidophilous is that it modulates 
the immune system and can prevent various inflammatory disorders. L. acidophi-
lous influences several immune cells such as Th17 cells and Tregs. Various studies 
reported that inflammation induces bone loss and leads to several bone patholo-
gies such as osteoporosis, rheumatoid arthritis and periodontitis. Recent studies 
have shown the potential of probiotics in preventing inflammation mediated bone 
loss. L. acidophilous is one of these probiotics and is found capable in inhibition of 
various bone disorders. L. acidophilous restores the dysregulated immune homeo-
stasis and prevents inflammatory bone loss. Thus, L. acidophilous can be a potential 
therapeutic for the management of various bone pathologies. In this book chapter 
we reviewed various immunomodulatory properties of L. acidophilous along with 
its efficacy in preventing dysbiosis and maintaining gut permeability. We also 
discussed the potential role of L. acidophilous as a therapeutic for the management 
of inflammation induced bone disorders.

Keywords: probiotics, Lactobacillus acidophilus, immune cells, dysbiosis,  
gut permeability, bone

1. Introduction

The word “Probiotics” is derived from Latin language meaning life [1] and came 
into attention in 1953 by the German scientist Werner Kollath who defined them as 
“active substances that are essential for healthy development of life”. Later on, in 
1992 Fuller defined them as “a live microbial feed supplement which beneficially 
affects the host animal by improving its intestinal microbial balance” [2]. Currently 
probiotics are defined as “live organisms that when administered in adequate 
amounts confer health benefits on the host” and are specified by the Food and 
Agriculture Organization of the United Nations and the World Health Organization 
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(FAO/WHO, 2001). Probiotics are present mainly in fermented foods like cheese, 
bread, wine, kefir and kumis and are commercially available in the market as 
powders, tablets and packets [1]. Probiotics are used from centuries for the treat-
ment of various diseases but it was not known until the 20th century that probiotics 
are healthy bacteria that replace harmful microbes in the gut and regulate gut flora 
[3]. The most extensively used probiotics are Lactobacillus and Bifidobacterium. 
Other common probiotics are Bacillus, Streptococcus, Enterococcus and the fungus 
Saccharomyces [4]. Probiotics are used for the treatment of various gastrointestinal 
disorders like irritable bowel syndrome (IBS), inflammatory bowel disease (IBD), 
infectious diarrhea, Clostridium difficile colitis and antibiotic associated diarrhea 
and many other metabolic disorders such as obesity, diabetes and non-alcoholic 
fatty liver disease [5, 6]. Several mechanisms are involved in preventive activities of 
probiotics such as they modulate the immune system, regulate gut barrier and pro-
tect from pathogens [7]. For a probiotic to be successful it should have various qual-
ities like it should be resistant to the low pH present in gastrointestinal tract, able 
to colonize in the gut, adhere to the epithelium and be able to activate the immune 
system. It should also have several other qualities such as it should be of human ori-
gin, non-pathogenic, noncariogenic and influence the local metabolic activity [4]. 
Lactobacillus acidophilus (LA) is one of the most common probiotics and is present 
in several commercially available food products and dietary supplements [8]. LA 
exhibits antimicrobial, anticarcinogenic and anti-inflammatory properties [8, 9]. 
LA has various properties that make it a good probiotic such as it is acid tolerant, 
bile tolerant, has lactase activity, can adhere to the human epithelial cells, lowers 
serum cholesterol level, prevents infection, modulates immune response, improves 
lactose metabolism of host, etc. [10]. Several commercially accessible strains of LA 
have probiotics ability like LA-1 to LA-5 (Chr. Hansen, Demark), NCFM (Dansico, 
Madison), SBT-2026 (Snow brand milk products, Japan), DDS-1 (Nebraska cul-
tures, Nebraska), etc. LA NCFM is the most common LA strain and is regarded safe 
by the US Food and Drug Administration (FDA) [10]. LA has immunomodulatory 
properties and is considered for the treatment of various inflammatory diseases 
such as IBD, cancer, etc. [11, 12]. Use of probiotics for the prevention of bone loss 
has recently gain much attention. Probiotics prevent osteoporosis and other bone 
diseases like arthritis and periodontitis by influencing the immune system or via 
other mechanisms. Various studies have shown the potential of LA in preventing 
bone diseases [9]. Bone disorders like osteoporosis, rheumatoid arthritis (RA) 
and periodontitis are immune disorders and it is observed that LA has potential of 
preventing these disorders by modulating the immune system. Thus, LA can act as a 
therapeutic for the treatment of various bone fragilities.

In this chapter we summarized some of the mechanisms which are responsible 
for the health promoting effects of LA focussing primarily on immunomodulatory 
properties of LA. We also discussed the role of LA in preventing inflammatory bone 
loss and how modulation of gut microbiota and maintenance of gut integrity by LA 
can play a role in regulating bone health.

2. Lactobacillus acidophilus

LA is a type of lactic acid bacteria (LAB). LAB constitute a group of gram-
positive, acid tolerant, catalase negative, non-sporulating and generally rod-shaped 
bacteria [13] that are frequently associated with dairy, meat and plants [14]. LAB 
produce lactic acid from carbohydrate fermentation which make them important 
in fermentation and agriculture-based industries. They are used for imparting 
unique textures and flavors and for preservation and acidification of different food 
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items [10]. LAB comprised a number of genera such as Lactobacillus, Enterococcus, 
Streptococcus, Cornobacterium, Leuconostoc, Lactococcus, Bifidobacterium and 
Sporolactobacillus which are further subdivided into species, subspecies, variants 
and strains [15, 16]. Lactobacillus is the largest genus of lactic acid bacteria having 
more than 145 species [17]. Lactobacilli is part of human microbial flora which 
colonizes in the human gastrointestinal and urinary tract [18]. Lactobacillus spe-
cies are the first ones to colonize the gut after birth where they provide various 
health promoting effects. Lactobacillus species have various qualities that make 
them suitable as probiotics. They are resistant to stomach pH and bile juices, can 
adhere to the mucosa, inhibit growth of other harmful bacterial species and have 
immunomodulatory properties [19]. Lactobacilli encompass a wide range of species 
that have role in various biochemical and physiological functions [10]. LA is one of 
the most known species belonging to Lactobacillus genus. LA was earlier named as 
Bacillus acidophilus and first isolated in 1900 from the human infant feces by Moro 
[19]. Almost 80% of the yogurts in America have LA [19]. LA is rod shaped homo-
fermentative anaerobic having size of approximatively 2–10 μM. LA is a thermo-
phile and grows optimally at a temperature of 37 to 450 C and at pH range of 4–5 
[16]. Highest growth is observed at pH between 5.5 and 6.0 whereas growth ceases 
at pH 4. Diet is one of the major source of LA in gut. Various commercially available 
food products such as yogurt and milk are supplemented with LA due to its probi-
otic value [19]. LA is part of human microbiota and is isolated from digestive, oral 
and vaginal areas but Claesson’s characterization revealed that gastrointestinal tract 
is its main environment [19]. It is observed that LA supplementation to humans in 
heat killed form is completely safe. It is observed that heat killed LA provides pro-
tection to immunodeficient mice infected with Candida albicans [20]. Simakachorn 
et al. also reported that LA supplementation induces no adverse effect in children 
having diarrhea [21]. LA is found effective in the treatment of various inflamma-
tory disorders like IBD, diabetes, cancer, etc. [19]. LA prevents these inflammatory 
disorders by regulating the immune homeostasis. Therefore, the immunomodula-
tory potential of LA can be used for the management of various disorders. From 
recent studies it is observed that LA also inhibits inflammatory bone loss and can 
prevent various bone fragilities such as osteoporosis, RA and periodontitis. Below 
we reviewed the various immune modifying properties of LA. Later in the chapter, 
we discussed the role of immune modification by LA in prevention of inflammation 
induced bone loss. Apart from immunomodulation LA also prevents dysbiosis and 
increase in gut permeability which are discussed later in the chapter.

2.1 LA role in modulating the immune system

LA has great immunomodulatory properties. Because of the immune modify-
ing properties of LA it is considered for the treatment of various inflammatory 
diseases. LA can be an inexpensive therapeutic for treatment of numerous clinical 
manifestations involving malfunctioning of the immune system. Here we discuss 
various studies highlighting the importance of LA as a potential therapeutic for 
the prevention of several immune related disorders. It is observed that LA and L. 
plantarum supplementation for 60 days enhanced the expression of genes related 
to innate immune response in crayfish [22]. Feeding of probiotic “dahi” consisting 
of LA and Bifidobacterium bifidum reversed decrease in immune response in aging 
mice [23]. LA and Bifidobacterium animalis subspecies lactis decreased inflamma-
tion of intestinal epithelial cells by modifying the toll like receptor 2 (TLR2) medi-
ated Nuclear Factor kappa-light-chain-enhancer of activated B cells (NF-κB) and 
mitogen-activated protein kinase (MAPK) signaling pathways [24]. Feeding of milk 
fermented with LA and L. casei increased both the phagocytic and lymphocytic 
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activity in swiss mice [25]. LA strain NCFM increased gram-positive immune 
response in C. elegans by modulating key immune signaling pathways such as p38 
MAPK and β-catenin signaling pathways [26]. LA can be used for the prevention 
of obesity related effects. LA-KCTC3925 supplementation significantly attenuated 
the levels of splenic and hepatic cyclooxygenase-2 (COX-2) mRNA expression and 
intracellular adhesion molecule-1 (ICAM-1) expression in high fat diet induced 
obese mice [27]. LA supplementation generated non-specific immune response in 
germ free mice [28].

LA regulates the secretion of cytokines from various immune cells and main-
tains the balance between inflammatory and anti-inflammatory cytokines. It is 
observed that LA treatment significantly altered the production of interleukin 
(IL)-4 and interferon (IFN)-γ from splenocytes in the presence of purified tumor 
antigen. LA and L. reuteri modulated the cytokine response in neonatal gnotobiotic 
pigs infected with human rotavirus (HRV). LA and L. reuteri treatment in HRV 
infected pigs significantly enhanced the production of Th1 and Th2 cytokine 
responses as indicated by the higher concentration of IL-12, IL-10, IL-4 and INF-γ 
in these pigs. Treated pigs also had higher concentration of transforming growth 
factor (TGF)-β as compared to the controls. Thus, LA and L. reuteri supplemen-
tation can maintain immune homeostasis by regulating TGF-β level after HRV 
infection [29]. LA induced the production of cytokines such as IL-1β, TNF-α, IL-10 
and IFN-γ from human peripheral blood mononuclear cells (PBMCs) [30]. LA 
significantly downregulated the production of anti-inflammatory cytokines and 
reactive oxygen species (ROS) whereas increased the production of anti-inflamma-
tory cytokines from PBMCs isolated from Parkinson’s disease patients [31]. Chen 
et al. showed that LA suppressed IL-17 production in experimental colitis model 
by suppressing expression of IL-23 and TGF-β1 and downstream phosphorylation 
of phospho-signal transducer and activator of transcription 3 (p-STAT3) [11]. It is 
observed that LA downregulated the expression of IL-1α, IL-1β, IL-8, monocyte 
chemoattract protein (MCP)-1 and C-X-C motif ligand 3 (CXCL3) in bovine 
mammary epithelial (BME) cells after Lipopolysaccharide (LPS) challenge. LA 
also increased the expression level of negative regulators of TLRs viz. toll interact-
ing protein, ubiquitin-editing enzyme A20 and single immunoglobulin IL-1 single 
receptor in BME cells after LPS challenge [32]. Thus, LA can be a treatment option 
for bovine mastitis which is characterized by inflammation of the mammary 
glands. LA treatment significantly enhanced the expression of IL-1β, IFN-α, IFN-γ, 
interferon regulatory factor (IRF)-7, interferon-inducible transmembrane protein 
M3 and 2′,5′-oligoadenylate synthetase in chicken macrophages in response to 
avian influenza virus [33]. LA induced the production of TGF-β and inflammatory 
cytokines such as IL-6 and tumour necrosis factor (TNF-α) in dendritic cells (DCs) 
cocultured with intestinal epithelial cells [34]. It is observed that administration of 
LA strain L36 to germ-free mice induced higher expression of cytokines associated 
with Th2 cells such as IL-6, IL-5 and TGF-β and Th17 cells like IL-17A, IL-6 and 
TNF-α [35]. In dextran sodium sulphate (DSS) induced colitis LA administration 
suppressed the production of pro-inflammatory cytokines such as IL-6, TNF-α and 
IL-17 in colon tissues. In vitro LA treatment stimulated Tregs and the production of 
IL-10 [36]. LA treatment downregulated the expression of inflammatory cytokines, 
chemokines and myeloperoxidase in mice model of DSS induced colitis [37]. LA 
treatment also restored the number of colon goblet cells by inducing IL-10 expres-
sion and suppressing proinflammatory cytokines expression in DSS induced colitis 
[38]. LA treatment induced various antiviral cytokines and chemokines such as 
IL-1β, regulated upon activation, normal T cell expressed and presumably secreted 
(RANTES), macrophage colony stimulating factor (MCSF), eotaxin and IFN-α in 
lung and IL-17 in peyer’s patches of influenza virus infected mice [39].
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One of the mechanisms by which LA inhibits the progression of inflamma-
tory diseases is by modulating T cells (Figure 1). It is observed that LA-CGMCC 
7282 along with C. butyricum CGMCC 7281 exerts strong anti-inflammatory 
effects and can prevent Th1 and Th2-type ulcerative colitis [40]. LA protected the 
β-lactoglobulin sensitized mice by reducing the allergic inflammation [41]. LA 
treatment was found to be positively associated with decreased mRNA expression 
of IL-17 and RORγt and reduced proliferation of Th17 cells under both in vitro and  
in vivo models of β-lactoglobulin allergy [41]. In case of HRV infection it is observed 
that varied doses of LA induced different effects. Wen et al. showed that low dose 
of LA enhanced IFN-γ producing T cell response but decreased Tregs response 
the production of TGF-β and IL-10 from Tregs. On the other hand, higher dose 
of LA upregulated Tregs response in gnotobiotic pigs infected with HRV [42]. 

Figure 1. 
Schematic diagram depicting immumodulatory properties and effect of LA on gut permeability and 
dysbiosis. (A) LA influence the activity of various immune cells such as Tregs and Th17 cells, dendritic cells, 
macrophages, natural killer cells, γδ T cells and B cells. (B) LA prevents the increase in gut permeability 
which leads to various diseases such as IBD, IBS, etc. (C) LA restores gut microbiota composition in dysbiotic 
conditions.
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LA strain L-92 attenuated the progression of 2, 4-dinitroflurobenzene induced 
contact dermatitis by regulating Tregs in spleen and cervical lymph nodes. LA-L-
92 administration also enhanced FoxP3, IL-10 and TGF-β levels as compared 
to the controls [43]. LA and B. longum administration to the colitis mice model 
upregulated the number of Tregs and γδ T cells in intraepithelial lymphocytes 
[44]. Li et al. showed that LA prevents β-immunoglobulin allergy by regulating the 
balance the Tregs/Th17 cells and activation of TLR2/NF-Κb signaling pathways 
[45]. It is observed that LA lysates administration in DSS induced colorectal cancer 
mice model suppressed macrophage (type 2 i.e. M2) polarization, increased the 
number of CD8+ T cells and effector memory T cells and decreased the number of 
Tregs in tumor microenvironment [12]. It is reported that when LA is administered 
after saline challenge in pigs, it increased the number of leucocytes and CD4+ T 
cells whereas when challenged with LPS decreased the number of both CD4+ and 
CD8+ T lymphocytes, leukocytes, expression of IL-6 and TNFα as compared to the 
control diet. LA modulates the activity of other immune cells also. LA enhanced the 
production of IL-10 and IFN-γ from splenocytes induced with concanavalin A (Con 
A) and significantly increased the phagocytic activity of peritoneal macrophages 
[46]. Surface layer protein (Slp) isolated from LA-NCFM reduced the production 
of IL-1β, TNF-α and ROS in LPS induced RAW 264.7 cells via suppression of MAPK 
and NF-κB signaling pathways. Slp also attenuated the production of nitic oxide 
(NO) and prostaglandin E2 (PGE2) by inhibiting the expression of inducible nitric 
oxide synthase (iNOS) and COX-2 [40]. SLP derived from the LA-CICC6074 also 
like LA-NCFM decreased the secretion of TNF-α and enhanced the secretion of NO 
in RAW 264.7 cells [47]. LA stimulated M2 macrophages in peritoneal cavity and 
Tregs and Th2 cells in spleen of DSS treated mice [38]. Administration of LA, L. 
rhamnosus and Bifidobacterium lactis to the mice significantly enhanced the phago-
cytic activity of leukocytes and peritoneal macrophages as compared to the controls 
[48]. It is observed that non-LPS component of LA strain DSS-1 induced the IL-1α 
and TNF-α production by macrophages [49]. Moreover, LA treated macrophages 
showed higher expression of IFN-γ and costimulatory molecule CD40 [33]. LA 
induces activation and maturation of DCs [50]. LA stimulated the IFN-β response 
in DCs in a myeloid differentiation primary response 88 (Myd88) dependent man-
ner [51]. Konstantinov et al., showed that major SlpA of LA-NCFM interacted with 
the DCs via their receptor dendritic cell-specific intercellular adhesion molecule-
3-grabbing non-integrin (DC-SIGN) and modulated the function of DCs and T cells 
[52]. LA-NCFM upregulated the expression of defense genes in DCs such as IL-12 
and IL-10 in a TLR-2 dependent manner [51]. LA administration also decreased the 
degranulation of mast cells and eosinophils [53]. It is observed that pre-treatment 
with LA-L-92 enhanced the natural killer (NK) cells activity in lung [39]. L-92 
also reduced the number of neutrophils in lung of influenza treated mice [39]. It is 
reported that heat killed LA 205 increased the cytolytic activity of NK cells in a time 
and dose dependent manner. LA enhanced the cytotoxicity of NK cells by elevating 
the expression of granulysin which is cytolytic granule component in NK cells [54]. 
In elderly population administration of LA and Bifidobacterium bifidum enhanced 
the frequency of B cells in peripheral blood [55]. LA prevents various diseases by 
modulating the level of antibody production. LA can be beneficial in prevent-
ing food allergy. It is observed that LA-AD031 and Bifidobacterium lactis ADO11 
administration significantly decreased the ovalbumin (OVA) specific IgE, IgA and 
IgG1 in OVA and cholera toxin sensitized mice [53]. Oral administration of heat 
killed LA attenuated hypersensitivity responses in bovine β-lactoglobulin sensitized 
mice model. LA administration decreased inflammatory cells and IgE production. 
Along with IgE production LA treatment enhanced mRNA expression levels of 
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CD25, FoxP3 and TGF-β whereas decreased the expression of IL-17A, RORγt and 
IL-10 in allergic group [56]. Intermediate dose of LA increased rotavirus specific 
IgA and IgG antibody secreting cells and memory B cells in response to rotavirus 
vaccine. Thus, LA administration can be used to improve the efficacy of rotavirus 
vaccine and thus can be effective against rotavirus diarrhea [57]. LA increase the 
IgA, IL-10 and IFNγ producing cells in small intestine [58]. LA improved the immu-
nogenicity of Newcastle Disease vaccines (NDV). Chicks treated with both LA and 
vaccine have increased IgG and NDV antibody titres than the only vaccinated group 
[59]. Feeding of probiotic “dahi” (curd) containing LA and L. casei ameliorated the 
secretory IgA and lymphocyte proliferation in Salmonella enteritidis infected mice 
[60]. These probiotics also increased the proliferative response of splenocytes to 
LPS and con A [48]. Su et al. showed that LA SW1 could function as a promising 
immune adjuvant in DNA vaccine against foot and mouth disease (FMD). Oral 
LA-SW1 enhanced the levels of anti-FMDV antibody titres and FMDV neutral-
izing antibodies [61]. LA lysates also increased the antitumor activity of CTLA-4 
monoclonal antibody [58]. LA not only promotes immune response but also inhibits 
unnecessary lethal immune responses. It is observed that LA along with B. bifidus 
or B. infantis suppressed the mitogen activated cell proliferation of splenocytes and 
PBMCs and arrested the cell cycle at G0/G1 phase. At higher concentrations these 
probiotics inhibited the mitogen activated overactive immune response and at lower 
concentration skewed the balance of Th1/Th2 balance towards Th1 [62].

On the basis of these above discussed studies, we can consider that LA has 
immune regulatory properties. LA has capabilities of regulating various innate 
and adaptive immune cells and therefore can maintain immune homeostasis. 
Altogether, these studies suggest that immunomodulatory properties of LA 
can be employed for regulating the disrupted immune homeostasis in various 
 inflammatory diseases.

2.2 LA role in preventing dysbiosis

Trillions of microbes reside in human gastrointestinal tract. These microbes 
contribute in number of vital functions related to health. These are source of 
essential vitamins and nutrients. Microbes extract energy from food, modulate 
immune system and maintain gut permeability. Gut microbiota usually promotes 
human health but alteration in the gut lead to various clinical manifestations. 
Alteration in gut microbiota is termed as dysbiosis. Gut microbiota can be altered by 
various factors like diet, toxins, pathogens, drugs, antibiotics, etc. [63]. Dysbiosis is 
reported in various diseases like IBS, IBD, diabetes, obesity, cardiovascular diseases, 
asthma, allergy, etc. [63–67]. Dysbiosis is also observed in leukemia where selec-
tive modulation of Lactobacillus species is reported [68]. Dysbiosis is the reason for 
various vaginal diseases like aerobic vaginitis, bacterial vaginosis and vulvovaginal 
candidiasis. In vagina of reproductive aged women microbial homeostasis is main-
tained by the mutualistic relationship between microbes and the host which provide 
protection against vaginal infections by preventing the colonization of opportunis-
tic pathogens [69]. LA, L. iners and L. crispatus are the most abundant bacterial spe-
cies in vaginal tract [70]. Role of LA in preventing dysbiosis is reported by various 
studies. LA-DSS-1 administration improved the abundance of beneficial bacteria 
like Lactobacillus spp. and Akkermansia spp. in caecum [71]. In ulcerative colitis 
patients, supplementation of LA, Lactobacillus salivarius and Bifidobacterium bifidus 
along with anti-inflammatory drug mesalazine prevented intestinal dysbiosis [72]. 
LA also decreased dysbiosis and inflammation induced by Salmonella typhimurium 
infection in Th1 and Th2 biased mice [73]. LA reversed the alterations in the gut 
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microbiota composition caused due to administration of high fat diet in animals 
[74]. Oral administration of LA along with cobiotic ginger extract encapsulated in 
calcium-alginate beads modulated gut microbiota and prevented 1,2 dimethylhy-
drazine (DMH)/DSS induced colitis and precancerous lesions in rats [75]. Probiotic 
combination consisting of LA, L. helveticus, L. gassari, L. crispatus and L. salivarius 
prevented vaginal dysbiosis by restoring the altered vaginal microbiota to normal 
level. Probiotics combination enhanced the abundance of Lactobacillus while 
decreased the abundance of Enterobacter and Enterococcus [76]. Antibiotics use 
provide protection against wide number of pathogens but also disturb the intestinal 
microflora balance. On the contrary LA is found to be capable of restoring intestinal 
microbial homeostasis. It is observed that LA prevent the dysbiosis induced by 
antibiotic Azithromycin [77]. Synbiotic consisting of inulin, LA, L. plantarum W21, 
L. lactis and Bifidobacterium lactis W51 prevented stress induced dysbiosis and thus 
can be useful in preventing dysbiosis induced in stress related diseases like IBS and 
IBD [78]. LA administration is found effective in treatment of dyspepsia caused 
by dysbiosis [79]. It is observed that the oral intake of LA-GLA-14 and L. rham-
nosus HN001 mixture along with bovine lactoferrin prevent vaginal dysbiosis and 
improve vaginal health. After oral ingestion both the LA-GLA-14 and L. rhamnosus 
HN001 colonize and restore the vaginal microbiota [69]. LA supplementation in 
mice increases short chain fatty acid (SCFA) producing bacteria and thus decreases 
the gram-negative bacteria [80].

2.3 LA role in maintaining gut permeability

Gut barrier is very important for the regulation of the immune homeostasis 
and for preventing the access of pathogens into the gut lumen. Through the leaky 
gut, pathogens invade into the lumen and lead to uncontrolled inflammation. 
Gut barrier is regulated by tight Junctions (TJs) which are present between the 
intestinal epithelial cells. TJs are transmembrane proteins and are divided into four 
groups: claudins, occludin, tricullin and junctional adhesion molecules (JAMs). 
Transmembrane TJs are linked with the actin cytoskeleton through the cytosolic 
scaffold proteins like zona occludens (ZOs) which are of three types ZO-1, ZO-2 
and ZO-3 [81]. Alteration in expression of TJs leads to increase in gut permeability 
and intestinal inflammation which is responsible for various inflammatory diseases 
like IBD [82–86], colon cancer [87] and RA [88].

Several studies have shown that LA administration maintain gut permeability. 
It is observed that the mixture of LA-KLDS1.0901 and L. plantarum KLDS1.0344 
prevents chronic alcohol liver injury in mice by improving the gut permeability. 
Lactobacillus mixture inhibits the increase in gut permeability and reduces the 
abundance of gram-negative bacteria resulting in decrease of LPS entering the 
portal vein thereby suppressing alcohol promoted liver inflammation [80]. LA 
along with L. rhamnosus and B. bifidumi prevented high fat diet induced increase in 
gut permeability and LPS translocation [74]. LA in combination with ginger extract 
restored colonic permeability in DMH-DSS induced colon cancer in Wistar rats [75]. 
Conditioned media of LA significantly prevented the increase in IL-1β induced 
increase in gut permeability. Conditioned media of LA inhibits IL-1β stimulated 
decrease in occludin and increase in claudin-1 expression and thus preserve intes-
tinal permeability by normalizing the expression of occludin and claudin-1 [89]. 
Probiotic combination of LA, L. reuteri, L. casei, Streptococcus thermophiles and 
Bifidobacterium bifidum significantly reduced diabetes incidence and gut perme-
ability [90]. Administration of probiotics LA and Bifidobacterium infantis to the 
pregnant women daily from embryonic day 15- to 2-week-old postnatally main-
tained the intestinal integrity of preweaned offspring. Thus, LA supplementation 
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to pregnant women can promote barrier function of developing offsprings [91]. LA 
and Streptococcus thermophilus enhanced the barrier function of epithelial cells and 
protected the epithelial cells from infection induced by enteroinvasive E. coli by 
limiting its adhesion and invasion [92].

3. Bone remodeling

Bone is a dynamic and metabolically active organ that is being remodeled 
throughout the life of the organisms. Bone remodeling is regulated by three dif-
ferent types of bone cells viz. osteoclasts (bone eating cells), osteoblasts (bone 
forming cells) and osteocytes. Osteoblasts are derived from multipotent stem cells 
that also give rise to fibroblasts, adipocytes, chondrocytes and myoblasts [93]. 
Osteoblasts are responsible for formation of osteoid matrix by depositing col-
lagen which later on get calcified. The major constituent of osteoid matrix is type 
1 collagen which provide resistance against fractures. Osteoid matrix also consists 
of various other non-collagenous proteins which are responsible for various criti-
cal functions of bone [94]. Osteoblast differentiation depends on a number of 
paracrine and transcription factors such as Runx2 and osterix and members of 
bone morphogenetic protein (BMP) family [94]. Osteoclasts are giant polynuclear 
cells that have special ability of resorbing bone [95]. Osteoclasts differentiate from 
monocytic progenitors that also give rise to cells of other monocytic lineages such as 
macrophages, dendritic cells, granulocytes and microglia. Osteoclast differentiation 
depends on two important cytokines: MCSF and receptor activator of nuclear factor 
кb ligand (RANKL). MCSF stimulate proliferation and differentiation of osteoclast 
progenitors. RANKL acts with the help of its receptor RANK and coupling molecule 
TNF receptor associated factor 6 (TRAF 6) to promote the differentiation and 
commitment of precursor cells [95]. Bone resorption starts when osteoclasts attach 
to the surface of bone and form a unique structure called sealing zone. Sealing zone 
permit the osteoclasts to form resorption space. Osteoclasts acidifies the resorp-
tion space to degrade the mineral and organic compartment of the bone. For this 
osteoclast secrete various lysosomal enzymes such as cathepsin K into the resorp-
tion space. To mediate bone resorption osteoclasts, form a specialized structure 
called as ruffled border that increase the surface area for active transport of H+ 
through proton pump. Osteoclasts comparatively resorb a large area of bone and 
then die by apoptosis [94]. Osteocytes are osteoblasts that have been entrapped in 
the osteoid matrix during matrix calcification under the influence of bone specific 
alkaline phosphatase produced by osteoblasts [93, 94]. Osteocytes sense mechanical 
force and tissue strain and send signal to the other osteocytes and osteoblasts by 
forming cellular network termed as canaliculi permeating the entire bone matrix 
[93, 94]. Dynamic equilibrium between the osteoblasts and osteoclasts maintains 
bone integrity. Multiple interactions take place between the bone forming osteo-
blasts and bone resorbing osteoclasts to regulate the process of bone remodeling 
[96]. Osteoblasts positively regulate osteoclast differentiation by secreting RANKL 
and MCSF at pre-osteoblastic stage and negatively by secreting the RANKL decoy 
receptor osteoprotegerin (OPG). Bone remodeling restore microdamages and 
ensure the release of calcium and phosphorus in normal host physiology [97]. 
Bone remodeling consist of four phases viz. activation phase, resorption phase, 
reversal phase and formation phase [97]. In activation phase, MCSF and RANKL 
induce the differentiation of osteoclast progenitors into osteoclasts. During resorp-
tion phase pre-osteoclasts migrate at the surface of bone and get differentiated 
into mature osteoclasts and start resorbing bone. Resorption phase is followed by 
reversal phase where mononuclear cells remove the collagen remnants and prepare 
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the surface for osteoblasts where they can next start the process of bone formation. 
Mononuclear cell also provides various signals for the differentiation and migration 
of osteoblasts [93, 97]. During formation phase osteoblasts replace the resorbed 
bone with new bone [97] (Figure 2). Bone remodeling is regulated by various 
factors such as hormones like estrogen and parathyroid hormone and immune 
cells like T cells and B cells. Below we next discusse the role of immune system in 
regulation of bone health and the potential of LA in preventing bone resorption via 
immunomodulation.

4. Bone and immune system

Bone is an immunomodulatory organ and various immune cells affect the devel-
opment of bone. Bone cells and immune cells interact with each other in the bone 
marrow which is the common niche for the development of both bone and immune 
system. In bone marrow, bone cells and immune cells interact with each other and 
affects each other development. The interaction between the bone and immune sys-
tem is now studied under a new field of immunology termed as Osteoimmunology, 
a term coined by Choi et al. in 2006. Impact of various immune cells and cytokines 
secreted by immune cells on bone development is now known [97]. It is observed 

Figure 2. 
Schematic representation of bone remodeling. Bone remodeling occurs in four phases viz. 1) Activation phase: 
MCSF and RANKL induce the differentiation of osteoclast progenitors into osteoclasts. 2) Resorption phase: 
Mature osteoclast with unique ruffled border starts resorption of bone by secreting cathepsin K, and H+ in 
sealing zone. After resorption osteoclasts detach from the surface of bone and undergo apoptosis. 3) Reversal 
phase: During reversal phase osteoblasts precursor get differentiated into mature osteoblasts and are recruited 
to the resorption site. 4) Formation phase: Osteoblasts get occupied in the resorbed lacuna and start depositing 
the bone matrix. After formation phase osteoid gets mineralized and bone surface returns to resting phase with 
bone lining cells.
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that cytokines such as IL-1, TNF-α, IL-6, IL-11, IL-15 and IL-17 induce bone resorp-
tion whereas cytokines such as IL-4, IL-10, IL13, IL-18, IFN-γ and granulocyte 
macrophage colony stimulating factor (GM-CSF) prevent bone loss. In various bone 
disorders the role of immune system has been discovered such as osteoporosis, RA 
and periodontitis. Osteoporosis is an inflammatory disease and several immune 
cells affect the development of osteoporosis. To study the immunology of osteopo-
rosis we integrative biology started a novel field termed by us as “Immunoporosis” 
which deals specifically with the role of immune cells in osteoporosis [96]. Th17 
cells and Tregs have most vital role in the development of bones and their balance 
is required for proper regulation of bone mass. CD4+FOXP3+ Tregs enhance bone 
mass by inhibiting osteoclastogenesis by directly suppressing the production of 
RANKL and MCSF [98]. Another mechanism by which CD4+FOXP3+ Tregs inhibit 
osteoclastogenesis or bone loss is by interacting with the CD80 and CD86 present 
on osteoclast precursors via CTLA-4, thereby inhibiting osteoclast differentiation 
[96]. Not only CD4+FOXP3+ Tregs, now the effect of CD8+FOXP3+ Tregs on bone 
is also discovered. It is observed that the CD8+ Tregs prevent bone loss by inhibit-
ing the formation of actin ring resulting in suppression of osteoclastogenesis [99]. 
Unlike Tregs, Th17 cells promote bone loss by inducing osteoclastogenesis via 
secretion of RANKL. Th17 also secrete IL-17 which induce bone loss by promot-
ing RANKL expression on osteoclastogenesis supporting cells and by stimulating 
expression of inflammatory cytokines such as TNFα, IL-1 and IL-6 which further 
upregulate RANKL expression [9, 100]. Imbalance of Tregs and Th17 cells leads 
to bone loss which occurs during post-menopausal osteoporosis (PMO). Lack of 
estrogen promotes PMO. Estrogen prevents osteoporosis by inhibiting osteoclasto-
genesis but estrogen deficiency causes increased osteoclastogenesis by stimulating 
differentiation of Th17 cells. We also found in our studies that level of Th17 cells and 
inflammatory cytokines such as TNFα, IL-6, IL-17 and RANKL increased during 
post-menopausal osteoporosis [9, 101, 102]. Several studies have shown the role of 
Tregs and Th17 cells imbalanc in pathogenesis of RA [103]. The frequency of Th17 
cells are enhanced in the joints and synovial fluid of RA patients [104] whereas the 
percentage of Tregs get significantly decreased in RA patients [105]. Similarly, the 
role of Tregs and Th17 cells imbalance is also found to be associated with periodon-
titis inflammation [106] and osteoarthritis [107]. Apart from these various other 
immune cells such as Th1, Th2, Th9 cells and γδ T cells are also involved in regulat-
ing bone health [97].

4.1 Role of LA in regulation of osteoimmune system

As immune system has such an important role in regulation of bone health, 
proper maintenance of immune homeostasis is very much required. Immune homeo-
stasis for bone regulation is maintained by various factors such as estrogen hormone. 
Various strategies are used to prevent bone loss due to immune disruptions such as 
Denosumab, rituximab and TNF blockers [108, 109]. These strategies are proven 
effective but they also exert various adverse effects in the long run. Recently the use 
of probiotics is found to be effective in treatment of various inflammatory disorders 
such as IBD, obesity, diabetes, etc. [110–112]. Probiotics are also considered for the 
treatment of various bone disorders. LA is one of these probiotics. It is observed 
that LA has great potential of treating various bone pathologies. From comparison 
of different Lactobacillus species, it is observed that the effect of Lactobacillus on 
bone health is species dependent and LA has showed the most significant effect on 
bone parameters such as bone mineral density (BMD) and bone mineral content 
(BMC) among other Lactobacillus species [113]. In rat model of apical periodontitis, 
it is observed that level of alkaline phosphatase is significantly higher whereas the 
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level of TRAP and RANKL is significantly lower in LA consumed groups [114]. It is 
reported that LA has antiarthritic properties and prevented Fruend’s complete adju-
vant mediated arthritis in female wistar rats [115]. It is observed that LA supernatant 
increased the proliferation of bone marrow stromal cells derived from rats [116]. It is 
observed in study from our group that LA can prevent bone loss by modulating the 
host immune system. We reported that LA improved both cortical and trabecular 
bone microarchitecture as well as enhanced the BMD and heterogeneity of bone in 
ovariectomized mice by skewing the Treg-Th17 cell balance (Figure 3). LA admin-
istration promoted the development of anti-osteoclastogenic Tregs and inhibited 
the osteoclastogenic Th17 cells in ovariectomized mice. LA supplementation also 

Figure 3. 
Role of Tregs/Th17 cells axis in regulation of bone health: (A) Tregs inhibit the differentiation of osteoclasts 
by secreting IL-10. Tregs also suppress osteoclastogenesis or bone loss by interacting with the CD80 and CD86 
present on osteoclast precursors through cytotoxic T lymphocyte associated antigen 4 (CTLA-4). Th17 promote 
osteoclastogenesis via secretion of RANKL and IL-17. IL-17 induce expression of RANKL on osteoclastogenesis 
promoting cells. (B) In normal healthy conditions there is balance between Tregs and Th17 cells but during 
osteoporosis or other bone diseases like RA and periodontitis number of Th17 cells is increased which further 
leads to bone loss. LA treatment in these diseases restores the balance of Tregs and Th17 cells and thus prevent 
bone resorption.
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S.No. Commercially 
available strains 
of LA

Source Effect on bone Reference

1. ATCC 4356 ATCC Modulated Treg-Th17 cell axis 
and inhibited the expression of 
inflammatory cytokines

[9]

2. ATCC 314 ATCC Prevented freund’s complete 
adjuvant induced arthritis by 
decreasing the oxidative stress

[115, 118]

2. ATCC 11975 ATCC NR —

3. ATCC 4375D-5 ATCC NR —

4. ATCC 53671 ATCC NR —

5. ATCC 4355 ATCC NR —

6. ATCC 4357 ATCC NR —

7. ATCC 9224 ATCC NR —

8. ATCC BAA-2832 ATCC NR —

9. ATCC 13651 ATCC NR —

10. ATCC 11975 ATCC NR —

11. ATCC 832 ATCC NR —

12. ATCC 43121 ATCC NR —

13. ATCC 53544 ATCC NR —

14. ATCC 53545 ATCC NR —

15. ATCC 53546 ATCC NR —

16. ATCC 4796 ATCC NR —

18. ATCC 53671 ATCC NR —

19. ATCC 700396 ATCC NR —

20. LA-1 Chr. Hansen, Demark Decreased the levels of 
inflammatory cytokines and 
enhanced the levels of anti-
inflammatory cytokines in joints 
of osteoarthritic rats

[117]

21. LA-2 Chr. Hansen, Demark NR —

22 LA-3 Chr. Hansen, Demark NR —

23 LA-4 Chr. Hansen, Demark NR —

24 LA-5 Chr. Hansen, Demark NR —

25 LA-14 Chr. Hansen, Demark Decreased the inflammatory 
cytokines IL-1β and IL-6 in 
experimental apical periodontitis

[119]

26 DDS-1 Nebraska cultures, 
Nebraska

NR —

27 NCFM Dansico, Madison NR —

28 SBT-2026 Snow brand milk 
products, Japan

NR —

ATCC: American Tissue Culture Collection.
NR: Not reported.

Table 1. 
Different strains of LA and their effects on bone.
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attenuated the expression of osteoclastogenic cytokines such as IL-6, IL-17, RANKL, 
TNF-α and increased the expression of anti-osteoclastogenic cytokines like IL-10 
and IFN-γ. Thus, LA has therapeutic effects and it can be used as an osteoprotec-
tive agent [9]. LA prevented monosodium iodoacetate induced osteoarthritis and 
reduced cartilage destruction via inhibition of proinflammatory cytokines produc-
tion [117]. LA supplementation along with L. rhamnosus significantly decreased the 
inflammatory cytokines IL-1β and IL-6 and enhanced the expression of IL-10 as 
compared to the controls in experimental apical periodontitis [114]. LA supplemen-
tation upregulated anti-inflammatory cytokines and downregulated inflammatory 
cytokines in serum in experimental arthritis model [118]. Thus, LA has great ability 
of preventing inflammatory bone loss and of regulating osteoimmune system 
(Table 1).

5. Bone and dysbiosis

A number of microbes are localized in the gut. Some of them are beneficial for 
health whereas others are pathogenic and a balance of these microbes is required 
for normal physiological functioning of body. But due to several reasons like 
surgery, medications, irradiation and antibiotics this balance is dysregulated which 
leads to modifications in gut microbiota composition [3]. Dysbiosis is observed in 
various bone pathologies. Normally gut is dominated by four types of microbial 
phyla: Firmicutes, Bacteroidetes, Proteobacteria and Actinobacteria. Firmicutes and 
Bacteroidetes constitutes over 90% of the total gut microbiota and dysregulation of 
Firmicutes/Bacteroidetes ratio affect various biological processes like bone remodel-
ing. During osteoporosis Firmicutes counts significantly increases whereas counts 
of Bacteroidetes significantly decreases [120–122]. In osteoporosis increase in the 
number of Faecalibacterium and Dialister genera is also reported [123]. Dysbiosis 
is also observed in RA and periodontitis [124, 125]. Although, LA mainly prevents 
bone loss by regulating immune homeostasis it also restores the gut microbiota 
composition in various diseases as discussed above. Thus, it can be possible that LA 
can also inhibit bone resorption by preventing dysbiosis.

6. Bone health and gut permeability

Gut permeability has very important role in regulation of bone health. Various 
studies have shown that increase in gut permeability is associated with bone loss. 
Collins et al. group measured the intestinal permeability after 1, 4 and 8 weeks 
of ovx surgery and they found increased intestinal permeability one week after 
ovariectomy along with the increase in inflammatory cytokines like IL-1β and 
TNFα which are responsible for bone loss [126]. Estrogen deficiency during post-
menopausal osteoporosis is responsible for increase in gut permeability. Estrogen 
has very significant role in regulating the gut barrier. It maintains gut barrier 
through its receptors which are present on the intestinal epithelial cells. There are 
two types of estrogen receptors: ERα and ERβ. ERβ has very important role in the 
regulation of TJs as ERβ−/− mice has disrupted expression of tight junction proteins 
[39]. Various other studies proved the role of estrogen in regulation of gut barrier. 
Langen et al. reported decreased expression of ERβ and increased gut permeability 
in IBD patients [127]. Gut permeability decreases during oestrous phase whereas 
it is increased during dioestrus phase of rats and this increase in intestinal perme-
ability during dioestrus phase can be prevented by treatment with oestradiol which 
upregulate the expression of occludin [128]. Estrogen and progesterone treatment 
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decreases gut permeability and thus prevent secretion of inflammatory cytokines in 
IBD models [129]. LA prevents leaky gut in various diseases as discussed above and 
thus it can be possible that LA is effective in preventing leaky gut induced bone loss 
also. In summary we can say that by maintaining immune homeostasis and regulat-
ing both gut permeability and dysbiosis LA prevents bone resorption (Figure 4).

7. Conclusion

In the last few years, several studies have delineated the role of LA in preventing 
a number of inflammatory and metabolic disorders. LA prevents these disorders 
through various mechanism such as by modulating the host immune system, by 
maintaining the gut permeability along with preventing dysbiosis. The role of LA 
in suppressing bone loss also highlights the importance of LA in regulating bone 
health. LA enhances bone mass and prevents several bone diseases like osteopo-
rosis, arthritis and periodontitis via regulating the immune homeostasis. Thus, 
immunomodulatory property of LA is of utmost importance in management of 
various bone pathologies. LA can also prevent bone resorption by regulating the 
leaky gut and dysbiosis. Thus, LA has immense potential as a probiotic and can be 
used as a medical therapy for treatment of bone loss in humans but before that a lot 
of research is further needed to be done on the efficacy along with the associated 
pros and cons of LA on human health.
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