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Pseudomonas fluorescens is predominantly a soil microbe that commonly inhabits the vicinity of plant roots. Owing to its
nutritional versatility, this bacterium is widely utilized in biotechnological processes and is an important model system to
delineate molecular mechanisms that eventually culminate into adaptations to diverse ecological niches. Here, we discuss
how P.fluorescens invokes a variety of metabolic stratagems to combat such toxic metals as aluminum (Al), gallium (Ga),
iron (Fe), and calcium (Ca). While metabolic reprogramming resulting in the production of oxalate helps sequester Al, Fe
is essentially immobilized as oxides in association with lipids. The enhanced generation of bicarbonate (HCO 3-) and an
asparate (Asp) – derived chelator, promote the detoxification of Ca and Ga respectively. This intricate modulation of
metabolic networks that is central to the survival of P.fluorescens lays the foundation to utilize this microbe and/or its
products in metal waste management technologies, CO2-entrapment processes and metal chelation therapy.
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Introduction
P.fluorescens is a gram-negative, rod-shaped, and non-pathogenic bacterium that is known to inhabit primarily the soil,
plants, and water surfaces [1]. It derives its name from its ability to produce fluorescent pigments under iron-limiting
conditions [2]. This microbe has simple nutritional requirements and can readily thrive in mineral media supplemented
with a variety of carbon sources [3]. The catabolic versatility exhibited by this microorganism coupled with its
propensity to survive extreme environments has given P.fluorescens a unique status in biotechnological processes. It is
utilized in suppressing plant diseases [4], in the production of secondary metabolites [5], in bioremediation processes
[6], as biofertilizers [7], and antifreeze agents [8].
P.fluorescens is also an excellent model system to study metabolic adaptation and to delineate molecular networks
conferring organisms their ability to survive in extreme environments. Our laboratory has utilized this microbe to
decipher the biochemical responses to metal pollution [9]. Acid rain, industrialization and anthropogenic activities have
led to a sharp increase in metal pollutants, a phenomenon that can have severe health and ecological implications [10].
In this chapter, we discuss how P.fluorescens modifies its metabolic networks to combat the toxicity of Al, Ga, and Ca.
The significance of these findings in such biotechnological processes as bioremediation, chelation therapy, and CO 2entrapment technology is explained.

Pseudomonas fluorescens and adaptation to Al toxicity
Metal pollution is an ongoing environmental problem that is known to have adverse health and ecological effects.
Although Al is the third most abundant element in the earth’s crust, it has been excluded from biological systems due to
its toxicity. However, increased bioavailability triggered by acidic rain and anthropogenic activities, has become a
major concern. Hence, it is important to devise technologies that will enable the decontamination of Al-polluted sites.
We have uncovered the ability of P.fluorescens to tolerate millimolar amounts of Al (Figure 1) [11] .

Figure 1: Bacterial growth of P.fluorescens, with and without Al addition [11].
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Although a significant diminution of cellular yield is observed in cultures with 15 mM Al, the microbe can withstand
up to 50 mM Al.
Biochemical Toxicology of Aluminum
Al has been observed to interfere with the homeostasis of quite a few metals including Ca, Mg, and Fe [12].
Furthermore, the interference with cell membrane dynamics, DNA binding, and two metabolically relevant metals (Mg
and more so Fe); all contribute to the toxic effect of Al [12]. Membrane lipids are riddled with phosphate groups, which
are an attractive target for Al due to the high negative charge [13].
Once bound to the phospholipids of the cell membrane, the membrane becomes rigid and loses its fluidity [14].
Though this binding of Al to the phospholipids interrupts processes relevant to the survival of the cell, it also provides a
potential candidate for the sequestration and detoxification of Al. As with the binding of Al to the cell membrane, the
dense negative charges provided by phosphate moieties in nucleic acids (DNA and RNA) are also the targets of the Al
(III) cation (Figure 2) [15]. However, unlike Mg, Al binds much stronger with the phosphate backbone disrupting
replicative and transcriptional processes, a feature that can be lethal [15].
Al also has the ability to interfere with the homeostasis of biologically relevant metals such as Ca, Mg, and Fe [16].
Fe is essential for the proper functioning of many enzymes including those involved in cellular energy production [17].
The disruption of Fe-dependent enzymes leads to the production of reactive oxygen species (ROS) [18]. These moieties
create an oxidative environment that is harmful to the cell. The interference with Fe homeostasis therefore has many
implications; free Fe in the cell produces ROS, Fe is required for many key enzymes for oxidation reduction reactions,
and also allows oxidative energy production to occur [17]. Many of the enzymes involved in the production of ATP, via
the citric acid (TCA) cycle and subsequently the electron transport chain (ETC), are reliant on Fe-S clusters or heme
groups [17] (Figure 2).

Figure 2 – Al interferes with the Fe within the Fe-S clusters or heme groups. The disruption of the Fe prosthetic groups leads to the
loss in activity of the enzymes involved in oxidative energy production

The disruption of these key prosthetic groups by Al results in a diminished production of energy via oxidative
phosphorylation [9]. The enzymes which have been observed to be specifically affected by Al within the TCA and the
ETC are aconitase, succinate dehydrogenase (complex II), fumarase, complex I, and complex IV [9]. The cumulative
effect of the perturbance of these enzymes is an alteration of typical metabolism and subsequently ATP production.
Since ATP is the energy currency of the cell, Al can be said to therefore affect all biochemical processes, which take
place within the bacterium. However, despite the toxicity, P.fluorescens survives and multiplies in an Al-environment.
The stratagems P.fluorescens invoke to combat Al can be very useful in the decontamination of this pollutant.
P.fluorescens: an Al tolerant microorganism
For an organism to grow and flourish in the presence of a toxicant, adaptation must take place. P.fluorescens
accomplishes this task by overcoming the deleterious effects which Al presents. In order to survive, it must adapt a
mechanism to produce ATP in an alternative fashion. Substrate level phosphorylation (SLP) has been demonstrated to
be enhanced in P.fluorescens subjected to Al toxicity, as it diverts the energy making burden to non-oxidative/non-iron
dependent pathways [9]. One such pathway that P.fluorescens employs uses the succinate and oxalate generated by the
glyoxylate shunt to fuel an ATP-generating module via oxalyl-CoA transferase (OCT) and succinyl-CoA transferase
[19].
In addition, bacteria subjected to oxidative stress have been demonstrated to enhance glycolysis, another SLP
pathway, in the presence of Al [20]. These adaptations invoked by P.fluorescens allow for the organism to survive
without the use of oxidative phosphorylation. Another moiety that P.fluorescens must curtail is NADH. Because
oxidative phosphorylation is perturbed under Al stress, NADH cannot be oxidized by the ETC. To prevent NADH from
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stockpiling, Al-challenged P.fluorescens has been observed to decrease the activity of several NADH producing
enzymes of the TCA cycle including; NAD dependent isocitrate dehydrogenase (NAD-ICDH), α-ketoglutarate
dehydrogenase (KGDH), and malate dehydrogenase (MDH) [9].
ACN has a labile Fe in its Fe-S cluster which is disrupted during oxidative stress [21]. Upon the loss of the labile Fe,
ACN now assumes the role of a signaling molecule termed the iron responsive protein (IRP-1) [21]. The IRP-1 can
regulate Fe homeostasis, by binding the iron responsive element (IRE) in RNA [21]. In this manner, ACN serves as the
gate-keeper to oxidative metabolism. If Fe is not present or if the oxidative tension within the cell is too large, oxidative
metabolism will be turned off [21]. Citrate, the primer for the TCA cycle, will be devoted to alternative pathways that
do not require oxidative catabolism. P.fluorescens appears to utilize this strategy to quell the insult imposed by Al [19].
To attenuate oxidative stress, P.fluorescens gears its metabolism to anti-oxidant production. The ultimate reductive
source of the cell is NADPH [22]. To acquire more NADPH, P.fluorescens upregulates the activity of NADPH
producing enzymes including NADP-ICDH, malic enzyme (ME), and glucose-6 phosphate dehydrogenase (G6PDH)
[20]. Another anti-oxidant that P.fluorescens calls upon is α-ketoglutarate (KG). This keto-acid is readily pooled by the
downregulation of KGDH and the upregulation of NADP-ICDH [23]. The accumulated KG can then undergo nonenzymatic decarboxylation to detoxify ROS molecules [23]. Other enzymes, including NADP-glutamate dehydrogenase
(GDH), that lead towards KG accumulation are also known to augment under Al stress [24].
Aluminum Immobilization
Circumventing the effects of the Al stress is essential to surviving its presence. However, it is critical that Al is
sequestered and eliminated from the cell. Numerous organisms, including P.fluorescens, are known to utilize charged
anionic organic acids such as citrate, malate, and oxalate to mobilize Al [25]. In this instance, P.fluorescens produces
oxalate to sequester Al [26]. This dicarboxylic acid is very efficient at binding metals and is a prime suspect in the
production of kidney stones, the Ca-oxalate precipitates [27]. Indeed, it has been demonstrated in plants as well that
oxalate is accumulated in an effort to detoxify various heavy metals [28, 29]. P.fluorescens effectively alters its
metabolic pathways to promote oxalate production [25, 30]. An upregulation of isocitrate lyase (ICL) and a
downregulation of NAD-ICDH siphons citric acid toward glyoxylate production. The subsequent step is the oxidation
of glyoxylate to oxalate via acetylating glyoxylate dehydrogenase, which is also increased. The activity of malate
synthase, a competitor for glyoxylate anabolism, does not appear to be affected [31]. Thus, the metabolic network is
geared toward oxalate, an Al-sequester. For P.fluorescens to survive in the presence of Al, the bacteria must not only
adapt to its toxicity; it must sequester the metal and remove the toxicant from the cell.
Lipids and the decontamination of Al
P.fluorescens invokes the participation of lipids to eliminate Al. Phosphatidyethanolamine (PE) in association with
other lipids and oxalate help sequester Al within vesicles inside the cell, effectively segregating it from vulnerable
cellular components (Figure 3) [32].

Figure 3 – Scanning electron micrograph (SEM) displaying Fe and Al (dark spots) being vesicularized within P.fluorescens to
prevent interaction with cellular moieties. A) Fe accumulation around the cell membrane. B) Fe accumulation in a dividing cell. C)
Al accumulation in vesicles. Bar = 0.33 µm

Vesicularization is the first step P.fluorescens takes in isolating the Al from other components of the cell. Following
immobilization of Al, P.fluorescens expels it in the extracellular fluid [32, 33] where the formation of a gelatinous
residue helps confine Al into a non-bioavailable species (Figure 4).
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Figure 4 – SEM of the gelatinous residue extruded from P.fluorescens grown in the presence of A) Al and B) Fe. Note: the round
globules consist of encapsulated Al. Bar = 10 µm

The immobilization of Al into an insoluble gelatinous precipitate is an extremely effective method for the
detoxification of the metal. Not only does it eliminate it from the cell, it also prevents it from being reabsorbed. This
strategy is also utilized to remove Fe, a metal that is toxic if its concentration is high [18]. As with Al, P.fluorescens
then proceeds to extrude the insoluble Fe-lipid chelate (Figure 4). This same decontamination process is utilized if
numerous metals are present in the medium. It appears that lipids are the most effective means of entrapping and
removing metal pollutants. Phospholipids provide excellent binding sites due to their dense negative charge that
interacts with high-charged metals. Furthermore, as the concentration of the lipid metal complex increases, an insoluble
precipitate is formed. This effectively neutralizes the ability of the heavy metal to interact any further with the cell [33].
The seemingly effortless manner with which P.fluorescens tackles Al and Fe can be tailored into bioremediation
technologies aimed at decontaminating these metals and other pollutants in the environment.

Why gallium, an iron mimetic, is toxic
Gallium (Ga) is a silvery, glass-like soft metal. While elemental Ga does not occur in nature, it can be found as a
trivalent salt in bauxite and zinc ores and can be easily purified from the smelting process. Minute quantities of the Ga
extracted are used for doping and as an alloying element. However, the dominant application of this low-cost
commercially available material is as a component of the semiconductors gallium arsenide and gallium nitride [34]. The
efficiency of these compounds has been a driving factor behind their inclusion in a wide range of electronic devices,
from computers to photovoltaic cells [34]. As new technological developments continue to unfold, it is clear that our
reliance on Ga and its occurrence in the environment will escalate.
It has long been known that Ga exerts its detrimental effects by interfering with the metabolism of Fe. These two
metals share several traits, including their trivalent charge and similar ionic radii [35]. The semblance of Ga to Fe
enables it to act as a Fe mimic in living systems, thus displacing this element in critical molecules. This feature of Ga is
often exploited in cancer therapy. Because rapidly proliferating malignant cells require increased amounts of Fe,
administered Ga tends to concentrate in tumors [35]. Radiolabelled Ga67 permits the visualization of these tumors by
integrating itself into several protein complexes in lieu of Fe. This also aids in the eradication of cancerous cells, as the
substitution of Fe by Ga arrests cellular growth by incorporating itself into several metalloproteins of the TCA cycle
and oxidative phosphorylation [36]. Hypoferremia, a shortage in Fe is one of the most common nutritional deficiencies
and if left unchecked can lead to anemia [37]. Conversely, a surplus of Fe can be just as dangerous, bringing about a
condition known as hemochromatosis [37]. The regulation of Fe levels is aided by two proteins, transferrin and ferritin.
The former is found in the blood plasma and used for the safe and efficient delivery of Fe ions to cells, while the latter
serves as a warehouse for its storage in non-toxic soluble form [38].
Unbound Fe acts as a pro-oxidant, generating damaging ROS, such as hydrogen peroxide, superoxide and the hydroxyl
radical [18].
It is in this way that unchecked Fe can significantly contribute to the oxidative burden of the cell. By displacing Fe,
Ga acts as a double-edged sword, both crippling the aerobic machinery for energy production and increasing the
intracellular concentration of ROS. Hence, Ga toxicity leads to Fe starvation and oxidative stress. Ga severely impedes
cellular growth in P. fluorescens. Whereas this bacterium cultured in a defined growth medium can grow to confluency
within 24 hrs, it takes 68 hrs to reach a similar biomass in the presence of 1 mM Ga. However, 20 µM Fe reverses this
toxic influence [39].
ROS formation and defense mechanisms
Fortunately, organisms propagating in aerobic environments have evolved intricate defense systems specialized in the
detoxification of ROS. The production of the universal energy currency ATP via oxidative phosphorylation generates
basal levels of ROS to which any cell must adapt. In fact, numerous diseases can be brought about by dysfunctional
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ROS defense strategies, including the neurodegenerative disorders of Parkinson’s and Alzheimer’s [40]. Superoxide
dismutase (SOD) catalyzes the dismutation of superoxide into oxygen and hydrogen peroxide [41]. The effectiveness of
SOD lies in its rapidity. As one of the speediest enzymes known to biochemists, SOD can out compete most of
superoxide’s targets, thus hampering the toxicity of this radical [41]. In P. fluorescens exposed to gallium stress, the
activity and expression of SOD is upregulated in order to quell the additional oxidative affliction [18]. Working in
partnership with SOD is the protective enzyme catalase. The latter catalyzes the decomposition of H2O2 into oxygen
and water [41]. Peroxiredoxins, α-ketoacids, and glutathione peroxidase are all equally capable of limiting the
intracellular concentration of H2O2 [41].
Glutathione is a tripeptide formed from the amino acids L-cysteine, L-glutamic acid and glycine. In its reduced state
(GSH), the thiol group of cysteine is capable of reducing ROS, thus rendering them innocuous. This same mechanism is
utilized to keep some endogenous antioxidants such as vitamin E and C in their active forms. GSH is also a required
cofactor for the activity of glutathione peroxidase. These selenoproteins catalyze the reduction of H2O2 to water with the
concomitant formation of glutathione disulfide (GSSG). Glutathione reductase, an enzyme that is inducible upon
oxidative stress, cleaves GSSG to give two GSH molecules which can once again act as antioxidants. This enzyme is
activated in Ga-stressed P. fluorescens [18]. The activity of this enzyme is dependent on NADPH. Therefore, it is
important for any aerobic organism to ensure a steady supply of this reducing agent to keep ROS in check.
It is thought that approximately 60% of the NADPH utilized by the cell is generated in the oxidative phase of the
pentose phosphate pathway [42]. Two enzymes on this path, G6PDH and 6PGDH act on their respective substrates and
utilize NADP+ as a cofactor, subsequently generating NADPH [42]. However, they are not the only sources of this
reducing molecule. While a NADP+ dependent isoform of iscocitrate dehydrogenase helps catalyze the formation of αketoglutarate and NADPH from isocitrate and NADP+, malic enzyme is known to generate NADPH by the oxidative
decarboxylation of malate to pyruvate [43]. Additionally, a NADP+ dependent isoform of GDH can help satiate the
cell’s NADPH demand [24]. Thus, it is not surprising that P. fluorescens treated with gallium overexpresses G6PDH
and ICDH-NADP+ [18]. Moreover, three isoforms of G6PDH are found in the stressed fraction, two of which are absent
in the control [18].
While NADPH helps create a reducing environment in vivo, NADH produces the opposite effect, acting as a prooxidant intracellularly [9]. Therefore, a fine balancing act must exist between these two nicotinamide nucleotides in
order to ensure cell survival. At no time is the dynamics of this relationship more important then when an organism is
subjected to oxidative stress. While NADPH generating enzymes are upregulated in P. fluorescens treated with gallium,
the opposite trend is observed for certain NADH generating enzymes, thus limiting the cell’s exposure to ROS. Of
particular interest is the enzyme KGDH, whose activity is severely diminished in our model system [18]. It is proposed
that this change serves two functions. Firstly, it limits the concentration of the pro-oxidant NADH, a product of this
reaction. Secondly, it allows for the accumulation of a pool of α-ketoglutarate. This metabolite serves as a potent
antioxidant, by succumbing to decarboxylation in the presence of H2O2, with the subsequent formation of succinate,
H2O and CO2 [23]. One of the benefits to this process is its non-enzymatic nature, thus not requiring NADPH. Besides
the downregulation of NADH producing enzymes, there are other mechanisms by which the cell can control the levels
of this dangerous pro-oxidant.
In P. fluorescens challenged by gallium, an H2O dependent NADH oxidase (NOX) is invoked in order to convert
NADH back to NAD+ [44]. The latter is required to propel degradative metabolic reactions, a necessity for cellular
survival. Two other enzymes, NAD kinase (NADK) and NADP phosphatase (NADPase), are increased and decreased,
respectively, in activity following oxidative stress initiated by Ga treatment [18]. NADK ensures a steady supply of
NADP+ for NADPH production by consuming one ATP molecule to phosphorylate NAD+. The reverse reaction is
catalyzed by NADPase, whose activity is diminished to ensure that NADP+ utilizing enzymes are not lacking this
essential cofactor. Thus, it can be seen that P. fluorescens orchestrates a fine metabolic balancing act to increase
NADPH and decrease NADH synthesis in an effort to neutralize the oxidative environment promoted by Ga.
Metabolic shift to Fe-independent enzymes
ACN, an enzyme reliant on Fe, is severely incapacitated by Ga toxicity [44]. To solve this problem, P. fluorescens
activates two downstream enzymes. The upregulation of NADP-ICDH and isocitrate lyase (ICL) allows the metabolism
of citrate to proceed despite a severely limited ACN [44]. This metabolic adaptation enables P. fluorescens to grow in
citrate in a Ga environment. Another stratagem utilized by P. fluorescens to adapt to Ga toxicity is the upregulation of
iron-independent metabolic enzymes. Fumarase (FUM), a Fe dependent enzyme that catalyzes the hydration of fumarate
to malate is known to exist as three isoforms [44]. While FUM A and B are categorized as class I, or iron-dependent
fumarases, FUM C is a class II enzyme, which is iron-independent and heat stable [44]. Because of Ga’s ability to
disrupt the activity of Fe containing enzymes, P. fluorescens promotes the synthesis of FUM C in order to generate
necessary metabolites and maintain TCA cycle flux during oxidative stress [44] (Figure 5).
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Figure 5 – NADH producing enzymes of the TCA cycle are reduced in Al and Ga-stressed P. fluorescens

Sequestration of gallium and chelation therapy
An excess of heavy metals can have a debilitating effect on any living organism. While some metals, such as Fe, Mg
and zinc are required in trace amounts, others have no biochemical role in an organism [45]. Elements such as mercury,
lead, arsenic and Ga fall in the latter class of heavy metals and must be promptly removed from the cell if it is to survive
[45]. As discussed previously, a surplus of these metals can cause free radical proliferation, leading to the oxidation of
DNA, lipids, and various enzyme systems [40]. Heavy metal toxicity has been involved in several ailments, including
neurodegenerative disorders, cancer and Minamata disease, caused by severe mercury poisoning [40]. Chelation
therapy, a process of removing surplus metals via the administration of exogenous chelating agents, originated in World
War I, where British Anti-Lewisite (BAL) was used to remedy the effects of the arsenic-based poison gas, Lewisite
[46]. The sulfur groups of BAL allowed for the binding of arsenic, forming a water-soluble compound that could be
removed from the body through the kidneys and the liver [46]. Since then, several other metal chelators have been
developed and applied to treat medical disorders.
P. fluorescens adapts to the toxicity of Ga by evoking an alternate TCA cycle which upregulates antioxidant
production and generates energy via substrate level phosphorylation. However, adaptation is only one step in the
organism’s strategy to subdue metal toxicity. If proliferation is to continue and the bacterium is to resume “business as
usual”, the source of the stress must be sequestered and ejected from the cell.
Many bacteria use siderophores, endogenous iron chelators, in order to bind iron from the environment for use in
metabolic processes [2]. Several of these siderophores contain a characteristic β-hydroxyaspartate residue, which binds
to iron and allows for its influx or efflux through biomembranes [47]. Iron siderophores are also known to bind Ga,
owing to their similar chemical properties [48]. When P. fluorescens is submitted to Ga stress, it produces a βhydroxyaspartate derivative that is involved in the sequestration and removal of Ga [39]. This is accomplished by
upregulating the enzymes malate dehydrogenase, which synthesizes oxaloacetate, and aspartate transaminase, which
generates aspartate and α-ketoglutarate from oxaloacetate and glutamate [36]. This biochemical adaptation ensures the
production of a Ga-specific chelator that helps trap the toxic metal. Hence, the global cellular metabolism has been
remodeled with the intent to detoxify dangerous radicals and sequester the toxic metal. The latter finding lays the
foundation to uncover a metabolite with high affinity for the trivalent metal that may be utilized in metal chelation
therapy.
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Calcium biomineralization and CO2-sequestering technologies
Calcium and cellular processes
Calcium (Ca2+) plays a pivotal role in numerous biological processes such as chemotaxis, chromosome segregation,
fertilization, ion transport, muscle contraction, proteolysis, secretion and substrate uptake. In order for Ca2+ to fulfill
these functions, it is crucial for cytosolic concentrations to be tightly regulated [49]. This regulation is accomplished by
specific pumps and channels in the plasma membrane and subcellular organelles. When cytosolic Ca2+ levels increase,
cells can respond via direct binding of Ca2+-sensitive enzymes such as protein kinase C (PKC) or activation of a protein
transducer like calmodulin and elicit a biological activity [50]. These functions are only possible if levels of Ca2+ are
intricately modulated. Elevated levels of free Ca2+ are known to cause irreversible damage to the cells. Like eukaryotic
cells, microorganisms have evolved intricate extrusive mechanisms in an effort to preserve a constant level of
intracellular calcium in the nanomolar range. In the model organism Escherichia coli, it has been estimated that the
intracellular free calcium concentration are 1000 times lesser than the levels found in the extracellular environment.
This strong gradient can be attributed to three factors: the low permeability of the envelope with a highly regulated
influx mechanisms, the presence of potent buffering controls and effective export systems.
Calcium Homeostasis
2+

Ca must cross the cellular membrane in order to accumulate within a cell. The bacterial membrane is selective for the
divalent ions Ca, strontium and barium. Ca2+ can enter the cells via a mechanism where this, and other divalent ions,
such as Mg, manganese, and cobalt, is shuttled with Pi by the phosphate inorganic transport (PIT) system. Primary and
secondary calcium transport systems are also known to transport this essential nutrient. Primary exchangers are driven
by the energy derived from ATP hydrolysis, whereas secondary exchangers use electrochemical gradients of sodium
ions or protons. The primary exchangers form an acyl phosphate with the γ-phosphate of ATP as an intermediate and
undergo rapid dephosphorylation to release its cargo [51]. P-type ATPases have been shown to be responsible for Ca2+
transport across bacterial membranes in species such as the cyanobacterium Synechococcus sp. and the soil and water
bacterium Flavobacterium odoratum. A number of secondary Ca2+ exchangers have also been identified in prokaryotes
including ChaA, a calcium-proton exchanger from E. coli. This exchanger is involved in Ca2+ ion circulation at alkaline
pH and contains aspartic acid and glutamic acid rich sequences associated with Ca2+ binding. These Ca2+-gating systems
help organisms regulate their Ca2+ content [52]. The various Ca transport systems are depicted in Figure 6.

Figure 6 - Calcium transport systems in bacteria.

Biomineralization of Ca
Living organisms are also known to store essential metals like Ca2+ as carbonates and phosphates. Biomineralization,
the controlled formation of inorganic minerals in organisms that results in crystalline and/or amorphous materials with
magnificent form, symmetry and ultrastructure, is a key process invoked to fulfil this need. Biominerals are crystallochemically tailored to specific biological functions such as structural support (bones and shell), mechanical strength
(teeth), iron storage (ferritin), magnetic and gravity reception. It is important to note that many biominerals are often
deposited in order to regulate levels of free cations and anions in cellular systems. Biominerals are the best buffers
involved in Ca2+ homeostasis. Ca mobilization in bones and the mobilization of Fe in ferritin are two excellent
examples [53].
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Table 1. - Common CaCO3 biominerals [54].

Mineral
Calcium carbonates
Calcite

Formula

Organism

Function

CaCO3

Aragonite

CaCO3

Vaterite
Amorphous

CaCO3
CaCO3•nH2O

Algae
Trilobites
Fish
Mollusks
Ascidians
Plants

Exoskeleton
Eye lens
Gravity devices
Exoskeleton
Spicules
Ca2+ stores

Pseudomonas fluorescens and calcium biomineralization
In our efforts to elucidate how organisms survive and adapt to elevated levels of metal pollutants in their environment,
we have uncovered the ability of P. fluorescens to deposit calcite, crystalline CaCO3, in order to control intracellular
Ca2+ concentrations. When P. fluorescens were cultured in medium with citrate as the sole source of carbon and stressed
with 10mM Ca2+, the bacterial cultures grew as effectively as a Ca2+-free control culture. As growth progressed, no
significant increase in cytoplasmic Ca2+ levels was observed. After about 16 h of growth, exocellular deposition of a
calcium containing residue was observed and this deposition continued during the stationary phase of growth. Over time
most of the Ca2+ in the medium was sequestered in this precipitate. No exocellular residue was evident if the culture
medium was not inoculated and the pH rose up to 10.0. These confirmed that the bacterium was necessary for the
formation of white crystalline product [55]. Hence, P. fluorescens promotes the formation of calcite in a Ca-rich
environment (Figure 7).

Figure 7: SEM of the exocellular calcite crystals being formed by P.fluorescens [55]

This crystalline CaCO3 allows the organism to survive in the Ca2+-stressed surrounding by contributing to the
maintenance of a low intracellular concentration of the divalent element. The formation of the insoluble residue tends to
increase once the cultures have reached stationary growth phase and intracellular levels of calcium are probably
maintained by Ca2+/ATPase pumps and Ca2+/proton antiporters during exponential phase of growth. Once the stationary
phase has been reached, the availability of citrate is scarce, leading to better utilization of energy by the bacteria.
Perhaps this is the reason the microorganisms favor biomineralization over ATP-dependent pumps [56].
How P. fluorescens generates the biomineral calcite
Although CO3 and PO4 are the two inorganic moieties involved in the biomineralization of Ca2+, calcium biominerals
have a variety of structures and forms. This is accomplished with the use of organic material like proteins,
carbohydrates, and lipids which are used as the thread to stitch together the complicated structures. This process can be
biologically induced or biologically controlled. The latter is directly controlled by the organism while the former results
from the simple interaction of the organism with its environment. Essential to all biologically controlled
biomineralization is that the mineralization always takes place within a designated space that is delineated by a
structured organic matrix. This can vary from simple intracellular lipid vesicles (in the case of magnetotactic bacteria)
to more complex extracellular macromolecular framework (such as the organized collagen fibrils in the bone). The
three-dimensional shape of the mineralization site acts as an important mechanism of morphology control by dictating
the final morphology of the precipitated biomineral by spatial constraint. For Ca2+ biomineralization, these
macromolecules are highly acidic, rich in aspartate and glutamate and often contain bound polysaccharides. The
repeating negative charge offered by the Asp/Glu residues may bind Ca2+ ions, and may modulate crystal growth. The
formation of calcite under Ca2+ stress requires the maintenance of an environment supersaturated in carbonate and Ca2+
ions. P. fluorescens invokes carbonic anhydrase, an enzyme known for its ability to generate bicarbonate (HCO3), a
ready source of CO32-. Ca2+ is immobilized in a protein matrix on the surface of the cell with the help of negatively
charged hydroxyaspartate. This matrix sequesters and concentrates the free Ca2+ ions. The carbonate formed by
carbonic anhydrase reacts with the mobilized Ca2+ in the matrix to form CaCO3 crystals in a very organized manner, a
feature critical to the formation of the defined shape of calcite [57] (Figure 8).
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Figure 8: P.fluorescens offers a potential CO2-sequestering system through the solubilization of atmospheric CO2 by carbonic
anhydrase. This is then entrapped as calcite.

Conclusion
With the ever-growing concern of global warming and the rising atmospheric levels of CO2, new methods of CO2
entrapment have to be developed. Nowadays, efforts are made to capture CO2 from the atmosphere through biological,
chemical, or physical processes. Examples of modern CO2 sequestering techniques include tree planting or burying
biomass under ground thus imitating the natural process of fossil fuel production. Other strategies include fertilization
of the oceans with iron or urea (a nitrogen rich source) in order to promote plankton and phytoplankton growth. These
organisms, being photosynthetically active, take in the CO2 and metabolize it into longer carbon chains, ultimately
creating biomass [58]. P. fluorescens uses a unique stratagem to solubilized CO2 by upregulating the enzyme carbonic
anhydrase. This CO2 is subsequently sequestered in calcite. The calcite precipitate can be collected and used in the
production of steel, cement, marble, limestone and as a soil conditioner. Hence, this microbial process may provide an
interesting route to mitigate the greenhouse gas CO2 by trapping it in calcite. The immobilization of Al and Fe by lipids
provides an effective means of managing metal pollutants. The ability of P. fluorescens to produce a chelator directed
towards Ga, indeed lays the foundation to apply this finding in metal chelation therapy. The modulation of metabolic
networks does reveal numerous biotechnological prospects harboured by P. fluorescens (Figure 9).
Environmental
stress

Biotechnological
applications
Metal sequestration
CO2 entrapment

TCA

Bioremediation
Metabolic
shift

P. fluorescens
Figure 9 – Metabolic plasticity exhibited by P. fluorescens offers potent biotechnological prospects.
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