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Abstract
Heavy metals (HMs) are versatile elements of nature with five times higher 
atomic weight and density than water. HMs are ubiquitous in nature due to the 
industrial, domestic, agricultural, medical and technological applications. These 
are toxic at trace levels and therefore attract more and more interest for their least 
bioaccumulation and thus high persistence in the environment. Among HMs, 
arsenic, cadmium, chromium, lead and mercury rank as priority metals that are 
of public health significance and ecological concern. Interestingly, bacteria have 
been found as efficient tool for heavy metal degradation as well as resistance. 
Several bacteria have been reported for the HM accumulation which has been 
controlled by the metal resistance gene, carried on genome or in plasmid. In 
nature, Gram-negative bacteria are dependent on plant-derived simple carbon 
(C) compounds. In HMs abundant flora and fauna, they survive by different cel-
lular mechanisms like metal sorption, mineralization, uptake and accumulation, 
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extracellular precipitation, enzymatic mechanisms for oxidation or reduction to 
a less toxic form and efflux of heavy metals from the cells to adapt in HM 
stresses. Hence, here we focus on the mechanism of microbial interaction with 
these heavy metals which can open the new horizon for the exploitation of Gram-
negative bacteria and their gene pool as HM remediator agents, biological indi-
cator and plant growth promoters.

Keyword
Metal resistance · Toxicity · Gene · Mechanism · Adaptation

7.1	 �Introduction

The extensive existence of the anthropogenic-based pollutant and effluent are the 
important stress factors that have been responsible for several diseases all over the 
biological kingdom of environments. Among them, the metals and metalloids with a 
density above 5 g−1 cm3, known as heavy metals (HMs), are increasing day by day and 
are a global threat to living beings and ecological health on earth (Zhou et al. 2015). 
HMs are high-density nondegradable naturally occurring earth crust compounds, 
which are much toxic even at a very trivial dosage or concentration. HMs are problem-
atic to environment because of their nonbiodegradability, higher toxicity and bioac-
cumulation in food chain of living organism. They enter our systems through 
inhalation, adsorption by cell surface contact within industrial exposure, manufactur-
ing, agriculture and residential settings. HMs are represented by arsenic (As), cad-
mium (Ca), chromium (Cr), cobalt (Co), lead (Pb), mercury (Hg), nickel (Ni), selenium 
(Se) and zinc (Zn) which are highly toxic even in trace amounts (Turpeinen et  al. 
2002; Siddiquee et al. 2015). HMs basically come from naturally as well as anthropo-
genic sources (Fu and Wang 2011). Some important natural sources of heavy metals 
are natural rock weathering process, volcanic eruptions, forest fires, sea salt sprays, 
wind-borne soil particles and biogenic sources. Industrial activities such as leather 
tanning, energy production, electroplating, oil industries including crude oil and 
hydrocarbon exploration and utilization, emissions from vehicular traffic gas exhausts, 
fuel production and downwash from power lines are also the major sources of HMs. 
However, the growth and development of living beings require some traces of heavy 
metals like Fe, Cu, Zn, Mo, etc., but the excess of these metals can be harmful for 
plants as well as concerned food chain for animals (Wintz and Fox 2002). For exam-
ple, during plant growth, if they accumulate the HMs in more concentration, the plant 
growth and cellular metabolism, absorption as well as transportation of vital compo-
nent will be inhibited (Xu and Shi 2000). Robin et al. (2012) have reported the harmful 
effects of HMs to plant growth and development, which are responsible for various 
diseases in animal. Studies have revealed that HM pollution is a serious global envi-
ronmental problem which is adversely affecting the composition and activity of soils 
and its microbial communities (Xie et al. 2016).
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HM pollutants consistently get deposited in the major sink of nature, “the soils”. 
In the nature, the cycle of elements and metals is managed by soil bacteria, fungi, 
actinomycetes, algae and other microorganisms, and they are responsible for the 
decomposition of material elements and nutrient conversion via various biochemi-
cal reactions in the soil. Soil microbes are more sensitive to soil conditions than 
large animals or plants, and hence they serve as an indicator for soil environmental 
quality (Dian 2018). But the HM pollution can alter the soil microbiota and their 
activity such as soil enzyme activity, composition of soil microbial community and 
structure, plant growth, etc. (Sadler et al. 1967; Giller et al. 1998; Rajapaksha et al. 
2004; Singh et al. 2017). Gülser and Erdoğan (2008) studied the effects of HM pol-
lution on microbial enzyme activities and basal soil respiration of soils. Mills and 
Colwell (1977) found that HMs are detrimental to microorganisms even at the low 
concentrations. Ahmad et al. (2005) reported microbial diversity losses in soil by 
metal toxicity and which was validated by microcosm test. The study revealed that 
Pb, Mn and Ni were highly toxic, followed by Cd, Hg, Cr and Cu and Zn were the 
least. However, the toxicity of HMs was concentration as well as time dependent.

During the long-term exposures and history of HM contamination, several 
microorganisms have followed the resistance strategies and developed the detoxifi-
cation or assimilation or bioremediation mechanisms to counter the toxic effects 
(Azarbad et al. 2016; Tipayno et al. 2018; Yang et al. 2019). The term “resistance to 
HMs” refers to the mechanism of detoxification of toxic metals by bacteria (Gadd 
1992). Khan et  al. (2016) isolated the HM-resistant Gram-negative bacteria 
Salmonella enterica 43Ca and found that the resistance was in order of Pb2+ > Cd2

+ > As3+ > Zn2+ > Cr6+ > Cu2+ > Hg2+. The metal resistance mechanisms allow the 
microbial populations to survive and maintain the functional sustainability of their 
communities. Moreover, the HM resistance in bacteria allow them to be employed 
as potential eco-friendly and cost-effective bioremediation tools for HMs which 
transform the toxic HMs into a less harmful state (Abbas et al. 2014; Ma et al. 2016; 
Ndeddy and Babalola 2016). Some of the metal resistance factors such as bioaccu-
mulation (Jin et al. 2018), reduction (Nies 1999), biosorption (Quintelas et al. 2011), 
siderophore production (Singh et al. 2019; Prajakta et al. 2019) and the formation of 
biofilms (Von Bodman et al. 2003) have been explored for the control of metal pol-
lution with a view to promote mitigation of the environmental impacts.

Gram-negative bacteria are attractive model microorganisms for the laboratory 
because of their fast growth, easy manipulation, genetic stability in large cultures and 
well-studied secretion system. Gram-negative bacteria have been studied extensively 
for the metal resistance. Moreover, Gram-negative microbes and their secreted prod-
ucts are also utilized at commercial scale which has made it more biotechnologically 
relevant for researchers, who have focused significantly on the homeostasis and resis-
tance of Gram-negative bacteria in the presence of HMs. Therefore, it can open the 
opportunity for microbial mediated alleviation of HM stress and decreased accumu-
lation of metals in agriculture. Hence, the critical evaluation of mechanistic system 
of Gram-negative bacteria is needed. So, the present chapter is aimed to display the 
resistance capabilities and mechanism of Gram-negative bacteria to cope with toxic 
concentrations of HMs generally considered to be environmental pollutants.
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7.2	 �HM Resistance in Gram-Negative Bacteria: Molecular 
and Ecological Prospective

In the course of evolution, bacteria adapted to the increased content of HM ions in 
places of ore deposits. Its adaptation ensured the appearance in bacteria of various 
mechanisms for the protection of sensitive components from the action of heavy 
metal ions such as the type and number of pathways for the transport of metal ions 
into the cell; the localization of resistance genes on the chromosome, plasmid or 
transposon; and the role of these ions in normal cell metabolism (Choudhury and 
Srivastava 2001; Subhashini et al. 2017). Resistance to HMs in Gram-negative bac-
teria is described here according to previous research. Basically, the protection 
mechanisms are driven by some fundamental procedures, such as biosorption, intra-
cellular sequestration, extracellular sequestration, extracellular barrier for prevent-
ing the metal entry into the microbial cell, methylation of metals and reduction of 
heavy metal ions by the microbial cell (Gomathy and Sabarinathan 2010; 
Chandrangsu et al. 2017). An illustration of HM resistance in Gram-negative bacte-
ria is shown in Fig. 7.1.

The extracellular barrier is an important mechanism to prevent these ions from 
going into the cell. The membrane of the cell, cell wall or capsule can avoid entry of 
the metal ions within the cell. Different taxonomic groups of bacteria can bind metal 
ions by polarized groups of the cell wall or capsule (phosphate, carboxyl, hydroxyl 
and amino groups) (Taniguchi et al. 2000). Sorption is considered as a passive pro-
cess, and during this process, bacterial cells of dead bacteria bind with the ions of 
metal. It was shown that bacterial cells killed by heating possessed a similar or 
higher sorption capacity as viable cells.
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Fig. 7.1  Metal resistance system in Gram-negative bacteria
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A passive sorption of ions of heavy metal was observed in nonviable cells of P. 
putida at high levels, while some studies revealed that the accumulation of metal 
ions by viable bacterial cells occurs in two stages – rapid non-specific sorption on 
the surface of the cell wall and, far along, long-term gathering of these ions of metal 
in the cytoplasm (Gadd 1990, McEldowney 2000). HM ions can also be bound by 
bacterial capsular polymers, mainly carboxyl groups of polysaccharides. The ability 
to bind metal ions by extracellular biopolymers was observed in Marinobacter sp. 
and Acinetobacter sp. (Bhaskar and Bhosle 2006). Interestingly, in P. aeruginosa 
biofilm cells had a significantly higher resistance to HMs (Cu, Pb and Zn) (Teitzel 
and Parsek 2003).

Active transport or, in other words, efflux represents the most extensive system 
for the resistance of bacteria to metal ions. By active transport, bacteria can remove 
metal ions from the cell. Efflux systems can be encoded by both chromosomal 
(Franke et  al. 2001) and plasmid genetic determinants (Cervantes and Gutierrz-
Corona 1994).

HM resistance in Gram-negative bacteria is mostly contributed by lipopolysac-
charide of cell walls, a significant component of the outer membrane. The outer layers 
of cells probably determine how much of a metal penetrates the cytoplasm. HM resis-
tance in Gram-negative bacteria also relates to secretion system that deliver multiple 
effector proteins into cells or into the extracellular milieu. Wang et al. (2015) have 
revealed that T6SS4 of Y. pseudotuberculosis have a prominent role in transporting 
the zinc ions (Zn2+) from the environment into bacterial cells to mitigate the detrimen-
tal hydroxyl radicals induced by multiple stressors and prevent the cells from having 
oxidative damage. Similarly, an H3-T6SS secreted effector TseF (PA2374) of P. aeru-
ginosa is involved in iron uptake by interacting with outer membrane vesicles (OMVs) 
and the Pseudomonas quinolone signal (PQS) system (Lin et al. 2017).

7.2.1	 �Lead (Pb)

Pb is not known to be of any biological significance but is toxic at very low concen-
trations (Bruins et al. 2000). However, the bioavailable fraction of Pb(II), to which 
microbes are exposed, may be rather low (Kotuby-Amacher et  al. 1992). In the 
Micrococcus luteus and Azotobacter sp., the cell wall and several functional macro-
molecules are involved in binding Pb(II). The ions were revealed to be presented in 
the cell wall and cell membrane, and the least portion was found in the cytoplasmic 
fraction (Tornabene and Edwards 1972; Tornabene and Peterson 1975). 
Jarosławiecka and Piotrowska-Seget (2014) have reviewed Cupriavidus metalli-
durans CH34 for its unique mechanism combining efflux and lead precipitation. 
Pb(II) toxicity can alter the conformation of nucleic acids and proteins, inhibit the 
enzyme activity and disrupt the membrane functions and oxidative phosphorylation, 
as well as osmotic balance disruption (Bruins et al. 2000). Hasnain et al. (1993) 
have isolated the Pb(II)-resistant Gram-negative bacteria (P. marginalis, P. vesicu-
laris and Enterobacter sp.) from metal-contaminated soils, industrial wastes and 
plants growing on metal-contaminated soils.
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7.2.2	 �Cadmium (Cd)

In the hazardous substance list, Cd is also in the priority list and is classified at the 
seventh place by the Agency for Toxic Substances and Disease Registry (ATSDR) in 
2017 (ATSDR 2017). Several studies have marked Cd as a highly toxic element even 
at low concentrations (Figueira et  al. 2005, Lima et  al. 2006, Aksoy et  al. 2014, 
Vinodini et al. 2015). Tremaroli et al. (2009) have reported that the exposure to met-
als changes bacterial metabolism and altered growth pattern in time-dependent man-
ner (Khan et al. 2016). Fazeli et al. (2010) have found that Gram-negative bacteria 
were less sensitive to cadmium compared to the Gram-positive bacteria. During the 
experiment, 23–50 mg kg−1 cadmium (drinking water) was given to healthy mice, 
and after 45 days intestinal microflora was aseptically collected and bacterial count 
was performed. In comparison with the control, it was revealed that bacteria of gen-
era Bacillus cereus, Lactobacillus spp., Clostridium spp., E. coli, Klebsiella spp., 
Pseudomonas spp., Enterococcus spp. and Proteus spp. were presented which could 
be due to their possible ability to uptake the Cd ions. In E. coli, Cd effects by extend-
ing the lag phase of cultures, though normal proliferation was detected at the end of 
the lag phase (Jaiganesh et al. 2012). Among the microbial plethora, plant-associated 
soil bacteria are of great interest because of their potentiality in nitrogen fixation, 
agriculture and industrial production, crop protection and plant-mediated biodegra-
dation (Singh et al. 2016, Singh et al. 2019, Prajakta et al. 2019, Yang et al. 2019). 
High Cd resistance in soilborne bacterium Enterobacter sp. strain EG16 was found 
in multimetal-polluted site of Dabao Mountain, Guangdong, China. It tolerates high 
level of Cd2+ concentrations (MIC, >250 mg). Strain EG16 accumulated the 31% of 
the total Cd by surface biosorption (Chen et  al. 2016). Similarly, Rhizobium sp. 
strain E20–8, isolated from Pisum sativum root nodules, grown at non-contaminated 
field in Southern Portugal was reported as Cd tolerant (Matos et al. 2019).

7.2.3	 �Mercury (Hg)

In HMs, Hg is in any form poisonous, is persistent in nature and has been ranked 
third by the US Government Agency (1999) for Toxic Substances and Disease 
Registry. These most toxic elements or substances are continuing to be dumped and 
spilled into the soil, water and atmosphere and consumed by living beings (Clifton 
2007). Currently, Hg resistance in bacteria is in its fifth decade. Unfortunatelly, the 
bacterial metal resistant mechanism is leads to transformation of its toxic target at 
large scale (Barkay et al. 2003). The Gram-negative bacteria consist of a regulatory 
gene (merR), an operator/promoter region and at least three structural genes merT, 
merP and merA as Hg-resistant elements (Etesami 2017). Regulatory genes are 
basically encoded for three components – a membrane transport protein, a Hg2+-
binding protein for periplasmic and an enzyme subunit for mercuric reductase and 
participated as central player for Hg resistance. In Gram-negative bacteria, the mer 
operons, a fairly high GC content, averaging 61% overall ((Liebert et al. 2000), have 
been studied extensively for the bacterial Hg resistance. However, mer operons are 
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highly homologous in most of Gram-negative bacteria (Trajanovska et al. 1997). 
Hg(II) in Gram-negative bacteria competes with MerT’s cytosolic cysteines as a 
dithiol derivative which is a substrate form for MerA. MerC is also the most com-
mon in Gram-negative bacteria, but the presence of MerF and MerE in sequence 
data is also recorded. Resistance to inorganic and organic mercurial in bacteria 
drives with MerB.  Recently, MerG, a speciously periplasmic protein, has been 
reported in some Gram-negative bacteria. Moreover, in several Gram-negative bac-
teria, an additional protein, MerD, appears which antagonizes MerR’s activation of 
mer operon transcription. Parkhill and Brown (1990) have reported the presence of 
MerO, an 18-bp hyphenated dyad with 7-bp palindromes flanking a 4-bp AT-rich 
centre, in most Gram-negative bacteria.

Several studies have revealed the Hg-resistant Gram-negative bacteria. Pérez-
Valdespino et al. (2013) isolated the Aeromonas strains from diarrhoea sample and 
showed that Hg resistance occurs via mercuric ion reduction and indicated the pres-
ence of high variable mer operons in Aeromonas. Hg-resistant Aeromonas strains, A. 
hydrophila, A. caviae, A. veronii, A. aquariorum and A. media were characterized in 
Mexico (Aguilera-Arreola et al. 2007). Hg-tolerant P. aeruginosa has isolated from 
hospital sewage of Brazil (Lima de Silva et al. 2012), surface river water of Pole 
Khan and Pole Petroshimi stations, Iran (Mirzaei et al. 2013). Gram-negative bacte-
ria from water samples were reported to be resistant at 110–200 μg/ml (Shakoori 
and Muneer 2002, Alam and Imran 2017). Beijerinckia and Azotobacter sp., N2-
fixing bacteria, have been reported for their ability to remove Hg (Ray et al. 1989).

7.2.4	 �Chromium (Cr)

Cr is also speculated as one of the 17 extremely hazardous chemicals by the US 
Environmental Protection Agency (USEPA) (Marsh and McInerney 2001). Cr(VI) 
compounds are not only toxic for humans but also responsible for the alteration of 
bacterial diversity in soil ecosystem (Turpeinen et al. 2004; Viti 2006). Moreover, 
the bacterial growth rate declines (Garbisu et al. 1998), or the lag phase is extended 
with uncoupling of energy (Nepple et al. 2000), as the chromate concentration is 
progressively increased (Chardin et al. 2002). The toxicity of Cr(VI) in bacteria also 
affected the morphological symmetry and filamentous growth, altered the gene 
expression, activated the SOS response to counteract the oxidative stress and 
resulted in the induction of prophage-related genes (Ackerley et al. 2006). Chourey 
et al. (2006) have revealed that Cr stress also negatively affected the cell division, 
DNA metabolism and gene regulation, chemotaxis and protein transport system, 
biosynthesis and degradation of murein, membrane response and environmental 
stress protection mechanisms.

Cr resistance in bacteria has been generally observed in chromium-contaminated 
habitats such as soil, wastewater, industrial effluents, etc. (Pal et  al. 2005). 
Pseudomonas sp., a Gram-negative bacterial strain, was first reported as Cr(VI) 
resistant and has the ability to reduce Cr(VI) (Romanenko and Korenkov 1977). Cr 
detoxification was observed by the reduction of Cr(VI) to Cr(III), through Cr(V) 
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and Cr(IV) intermediates through P. aeruginosa (Bopp and Ehrlich 1988a). 
Interestingly, chromium (III) is less toxic than chromium (VI) (approximately 1000 
times) due to their impermeability to cell membrane. Several studies have already 
been revealed the resistance of Gram-negative bacteria to Cr such as Cr-resistant 
and Cr-reducing bacteria Serratia marcescens (Campos et al. 2005) Acinetobacter 
and Ochrobactrum isolated from the activated sludge of a wastewater treatment 
plant, Portugal (Francisco et al. 2002), E. casseliflavus (Saranraj et al. 2010) E. gal-
linarum with the ability to reduce the chromate to 100% at a concentration of 
200 mg/l (Sayel et al. 2012). The removal of Cr(VI) from aqueous solution using 
kaolin-supported bacterial biofilms was evaluated by Khyle et  al. (2018). They 
revealed that the adsorptive capacity of Gram-negative E. coli is higher than the 
Gram-positive S. epidermidis. Thacker and Madamwar (2005) have isolated and 
identified the Cr-resistant (>300  ppm) Ochrobactrum sp. DM1 from chemical 
industry sites and speculated 30 kDa inducible protein for chromium reduction.

Cr resistance in bacterial cell was clearly illustrated by Ahemad (2014). He 
reported that Cr enters into the bacterial cell via sulphate transporter (encoded by 
chromosomal DNA), which is due to the homology between Cr and sulphate. 
Bacterial cells resist to chromate toxicity by exorcise the intracellular chromates 
outside through efflux systems (encoded by plasmid DNA). Aerobic and anaerobic 
reduction of Cr(VI) ion into Cr(III) ion involves soluble reductase which requires 
NAD(P) and electron transport pathway by cytochrome b or c along the respiratory 
chains in the inner membrane, respectively. While, Cr(VI) ion redox cycle produced 
the Cr(V) ion by the production of reactive oxygen species (ROS) in oxidative 
stresses.

7.2.5	 �Copper (Cu)

Cu is an essential element required in traces for cellular process and participates as 
component of proteins. But, during changes in cuprous and cupric, it generates the 
reactive toxic radicals (Ridge et al. 2008). Hiniker et al. (2005) reported that free 
copper causes the cellular sulfhydryl pool depletion and decreases the cellular via-
bility. Hence, the bacterial system has evolved the mechanism to control the intra-
cellular copper level and save itself from Cu cation toxicity (Waldron and Robinson 
2009).

Biocidal action of Cu ions is due to the electrostatic attraction with cell mem-
brane and is affected more in Gram-negative bacteria than Gram-positive bacteria 
(Vergara-Figueroa et  al. 2019). The excess of Cu in Gram-negative bacteria is 
mainly controlled by the cue regulon which is composed by CueR, included with 
P1B-1-type ATPase coding genes (a periplasmic multicopper oxidase (MCO)), for 
sensing the Cu(I) ions’ presence in cytoplasm and small metal chaperones of cyto-
plasm (Outten et al. 2000, Espariz et al. 2007, Zhang and Rainey 2008). Cu(I) export 
from cytoplasm to the periplasm is done by ATPase (Rensing et al. 2000), and Cu(I) 
is converted into a less toxic Cu(II) by oxygen-mediated oxidation governed by 
MCO (Singh et al. 2004). Majorly, periplasmic Cu homeostasis in aerobic condition 
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is maintained by the above described mechanisms in Gram-negative bacteria. In E. 
coli, CueR regulon is composed by the ATPase (copA) and the MCO, while in P. 
fluorescens SBW25 it is by the ATPase and the Cu chaperone-coding genes, respec-
tively (Outten et al. 2001; Zhang and Rainey 2008).

Cu-resistant P. syringae was reported by Cha and Cooksey (1991), which has the 
ability to produce Cu-inducible proteins CopA, CopB and CopC that are responsi-
ble for binding bacterial cell and copper ions. Moreover, the long-term exposure of 
Cu also stimulates the genetic determinants for Cu adaptation. Five isolates from 
three Gram-negative genera, Sphingomonas, Stenotrophomonas and Arthrobacter, 
were procured and all were resistant (3.1–4.7 mM) to Cu (Altimira et al. 2012). The 
Gram-negative Enterobacteriaceae (E. coli and S. enterica) encoded the homolo-
gous Cue-responsive regulon system (Samanovic et al. 2012). Gram-negative strains 
of E. coli, Enterobacter spp., Klebsiella pneumoniae and Pseudomonas aeruginosa 
have been isolated from the hospital environment of AGH University of Science and 
Technology, Kraków, and all were more sensitive to copper (Różańska et al. 2018).

7.2.6	 �Arsenic (As)

Arsenic (As) is also often present in the environment and is very toxic for most 
microorganisms. For the resistance, some microbial strains have genetic determi-
nants, e.g. bacterial plasmids. In Gram-negative bacteria, it encodes specific efflux 
pumps that have the ability to extrude the As from cell cytoplasm. The efflux pump 
consists of a two-component ATPase complex (ArsA and ArsB) and is integrated 
with membrane subunit (Rosen and Liu 2009; Yang et al. 2012). arsBC gene pair is 
commonly found in Gram-negative bacterial chromosome. Several studies have 
reported the various genes and gene clusters associated with plasmids as well as 
chromosomes, for example, As-resistant arsRBC or arsRDABC gene cluster associ-
ated with plasmids in E. coli and A. multivorans AIU 301 (Suzuki et al. 1998), ars 
operon variants in the marine strain P. fluorescens MSP3 (Chen et  al. 2016), As 
genomic island of SinA plasmid in Sinorhizobium sp. and Thiomonas sp. (Freel 
et al. 2015). The diversity analysis of the arsenic-contaminated old tin mine area in 
Thailand has procured 262 isolates, and among them, A. koreensis and 
β-proteobacteria were found as the dominant species of the soil. Interestingly, 
Areonmit et al. (2010) have revealed that majority of the As-resistant isolates were 
Gram-negative bacteria. Harmin et  al. (2018) have isolated the As-resistant E. 
asburiae, S. paucimobilis, Pantoea spp., Rhizobium rhizogenes and R. radiobacter 
(MIC of >1500 mg/L of As).

7.2.7	 �Iron (Fe)

In HM resistance, iron uptake system is very significant in bacteria because 
Fe-mediated gene expression is controlled by the “global” transcriptional regulator 
fur, which is conserved in many bacterial genera. More than 90 genes in E. coli and 
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87 in P. aeruginosa are known to be regulated by fur. Studies revealed that Fur also 
regulates a varied range of metabolic functions in bacteria, such as respiration, che-
motaxis, the tricarboxylic acid cycle, glycolysis, amino acid biosynthesis, DNA 
synthesis and sugar metabolism, protecting the cell from oxidative damage and 
redox stress conditions. Typically, genes that are involved in Fe uptake are expressed 
only when Fe is deficient (Guerinot and Yi 1994). Some of the bacteria like B. 
japonicum is best exemplified to know the regulatory function of fur protein (Singh 
et al. 2011). In B. japonicum, the symbiont of soybeans, an outer membrane protein 
that is made in response to Fe starvation is similar to the hydroxamate receptor, 
FhuA, of E. coli (James et al. 2008). When Fe is replete, Fur, which interacts with 
Fe, binds to DNA sequences (fur boxes) that overlap the target promoters, repress-
ing their transcription (Guerinot and Yi 1994, Braun et al. 1998). In the absence of 
Fe, Fur no longer binds, allowing transcription to occur. Fur also affects the tran-
scription of genes concerned with traits as varied as toxin production, superoxide 
dismutase or acid tolerance (Tsolis et al. 1995). At some promoters, Fur is a positive 
regulator, in response to the cell’s Fe status (Tsolis et al. 1995). Viable fur alleles 
have also been isolated in P. aeruginosa, based on the fact that fur mutant strains are 
manganese resistant (Prince et al. 1993).

7.3	 �Biotechnological Prospective of Heavy Metal Resistance

Interactions of microorganisms with HMs are vital for various biotechnological 
interests. Tolerance to HMs is generally present in bacteria due to the horizontal 
gene transfer (Ianeva 2009). Naturally occurring microorganisms are capable of 
reducing and detoxifying heavy metal contamination from industrial effluents. This 
adaptation occurs due to the development of the cellular protection mechanism 
system against toxic metal ions of microorganisms. Naturally occurring bacteria 
such as Gemella sp. and Micrococcus sp. showed biodegradation capacity to metals 
like cadmium (Cd), chromium (Cr) and lead (Pb) where Hafnia sp. showed resis-
tance to cadmium (Cd) (Marzan et  al. 2017). Several studies have revealed that 
Gram-negative bacteria are likely to be more tolerant to HMs than Gram-positive 
(Silva et al. 2012). HM resistance in biotechnology has great importance for creat-
ing the value-added product by adding metal resistance to a microorganism for the 
facilitation of biotechnological process, biomining of expensive metals and biore-
mediation of metal-contaminated environments. Bacteria might be established in 
the sewage plant or plasmids with a broad host range of replication, and it could be 
cloned into the bacterial community for economic and social uses. For HM resis-
tance E. coli, Pseudomonas sp., etc. could be a better system to understand how 
bacteria manage metal homeostasis via several mechanisms and timing of metal 
sequestration.
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