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Abstract: Our planet is facing a wide range of inevitable and unprecedented changes such as, the water and food
scarcity to the natural calamities, namely flooding, droughts and rising sea levels. All these global challenges had been
addressed through the Sustainable Development Goals (SDGs) drafted by the general assembly of the United Nations.
In light of the current population growth, it is difficult to attain the sustainable development using conventional and non-
renewable natural resources by remaining within the planetary boundaries of Earth. In order to maintain the environment
and ecological integrity, the utilization of renewable living natural resources such as microbes become inevitable. Due
to their roles in geo physio-chemical processes and bioenergy transformations, microbes allow ‘cradle-to-cradle’ model
of development using wastewater as a renewable resource. The circular wastewater economy is the sole sustainable
method to achieve the SDGs of providing clean water and the sanitation to address the issue of water insecurity. The
review presents an inter-connected overview on the roles and functions performed by the prokaryotic (bacteria) and
eukaryotic (algae and fungi) microorganisms, which are crucial for attaining the environment sustainability within the
planetary boundaries. Apart from the environmental roles of microbes, the review also highlights the importance of
human-microbe interactions (gut microbiome) and edible microbial species (algae and fungi) which are essential for
developing sustainable future alternatives to human nutrition, well being and prevention of diseases.
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1. Introduction

The United Nations Sustainable Development Goals are crucial for the future existence of life on Earth, as these
are aimed at resolving the global crisis that the planet is currently facing. The major crisis that relate to every being on
planet are rising global temperatures, and water and food shortages. Subsequently are the driving factors for the health
and wellness of the beings. Thus, holistic approaches must be taken to avoid the phenomenally catastrophic destruction
of the planet. The rising global temperatures and declining water resources are two interconnected factors that have
wide impacts on socio-political and economic sectors of the world.

Food security and nutrition are fundamental and principal human rights. However, these civil rights have been
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critically endangered by the global drivers such as increasing war and political conflicts, climate change, natural
calamities, destitutions, social inequalities, economic diminution, and pandemic diseases. The main factors to ensure
global food security are the definitive sources to obtain quality food and the unperturbed access to the resources for food
production and purchasing. The agriculture-led economic growth tackles both food security and poverty; however, due
to high demands for water and fertilizers, the steady and fast growth in agriculture and related sectors (livestock and
fisheries) demand holistic and sustainable development model.

The major challenges involved in meeting the demands for the resources in the agriculture sector are the abrupt
supplies of fertilizers, water scarcity and climate change. The use of conventional synthetic fertilizers in extensive
agriculture all over the world will become a major limiting factor in attaining the sustainable food, oil, and fodder
crops. The chemical pollution arising from these fertilizers further elevate water scarcity which limit the agriculture
productivity and consequently leading to food insecurity. As animal and aquaculture feed are derived from conventional
agriculture; the livestock and fisheries are also burdened with fertilizers related environmental issues.

Due to high costs and inefficient management, countries of the African, South American and Eastern Europe are
suffering from high phosphorous depletion rates which would ultimately impact agricultural soils worldwide [1]. The
slow geophysical phenomenon of rock weathering and the anthropogenic inputs of inorganic fertilizers are the main
contributors towards the replenishment of phosphorous depletion in the agricultural soils. Phosphate fertilizers are
obtained from the Phosphate Rocks (PR) reserves and approximately 70% of the PR reserves are found in Morocco and
Western Sahara followed by the US and China [2].

In addition to the depleting geological P reserves, the inefficient usage in crop fields is leading to increasing
agriculture run-off discharges into the inland and coastal water bodies causing eutrophication. In addition, the mining
and processing of PR, release by-products such as phosphorgypsum and heavy metals toxic waste containing cadmium
and uranium causing both air and water pollution [2]. The regions of the world such as the US-mid west, Western
Europe, the Ganges Valley and East Asia have high P application rates in their agricultural fields; and thus, will
transgress into the biogeochemical Planetary Boundary for P in a zone of high risk [3]. Tackling the P losses associated
with the cradle-to-grave supply chains could best be achieved, by improving the efficiency of fertilization and recovery
of P from the wastewaters, which also subsequently ensures food security, sustainability, and establishment of circular
economy.

In this paper, we have described the biological measures to overcome the consequences of transgressing phosphate
usage in agriculture for ensuring food security and conservation of freshwater quality. Various types of microorganisms
play influential roles in enhancing the bio-availability of phosphorous in agriculture fields which simultaneously reduce
the fertilizer inputs to the soils and increase the crop yields. The most economical and environmental friendly approach
to restore the phosphorous from wastewater is, through the systematical utilization of microorganisms including
bacteria, fungi and algae. The wastewater treatment integrated with enhanced nutrient recovery and production of
renewable energy such as biogas is the most sustainable model which ensures food-water-energy security. Efficiently
treated wastewaters using a diverse array of microorganisms tackle the major environmental issue of freshwater
eutrophication.

The biologically treated wastewater effluents resourced for irrigation usage become a win-win approach towards
achieving sustainable development goal of food security without burdening the depleting groundwater aquifers. In
addition, the high quality standards of the treated wastewater post nutrient recovery and advanced treatment processes
also address the sanitation issue that has direct influence on human health and well being. From ecological perspective,
the interactions of microorganisms are not restricted to other microorganisms and plants but human well being is also
dependent on various types of microorganisms such as gut microbiome and the edible ones like algae and fungi. Certain
useful microbes, which establish symbiotic associations within the human body play influential roles in their nutrition
and disease prevention.

2. Sustainable development goals and planetary boundaries

The United Nation General Assembly drafted a set of 17 global Sustainable Development Goals (SDGs) in 2015
and laid a policy framework [4] for the period of 2015-2030 as a Network of Targets [5]. According to the critiques, the
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SDGs are unenforceable as countries have to create national or regional plans for execution. The social, economic and
environmental are among the most important pillars of SDGs; however, to achieve the global sustainable development,
the focus for developed nations should be more on their social and environmental policies whereas the developing
countries need to improve their social and economic policies [6]. These measures are a must to attain zero poverty,
global sustainability, equity in the utilization of natural resources and eradication of world hunger. The fundamental
causes of poverty, depletion of natural resources, food insecurity and global malnutrition are extremely complex as these
are linked to political interferences and economic policies. Eradication of these problems cannot be attained merely by
increasing the inputs as the planet Earth has sufficient yet exhaustible natural resources such as fossil fuels, inorganic
nutrients and freshwater.

This bring the focus on planetary boundaries, a concept which was first introduced in 2009 and is defined as
the safe operation of human activities within certain environmental limits, else the Earth system is at the risk of
destabilization [3]. Although, this concept of boundaries for the planetary resources has become popular now, but
the idea originated way back in the 1970s when factors namely population, agriculture production, natural resources,
industrial production and pollution were considered as ultimate limits to growth on this planet [7].

The biggest challenge for humanity today, is to fulfill the basic demands for the high quality life for more than 7
billion people through sustainable use of available natural resources, without crossing the planetary boundaries [8]. In
other words, sustainability is directly linked with planetary processes within the defined boundaries. There is growing
scientific consensus about the environmental threats including climate change, water and food shortages and other
depleting resources; yet anthropogenic actions are defying the safe operating limits of environmental sustainability.
The social and economic development based on the construction of new materials is clearly unsustainable. However,
the growth has to be continued; as well as service based business models which take the circular economy approach of
reuse and recycling are the need of the hour [9].

Food and water insecurities are the critical issues for both humans and the environment. Many components
considered under the planetary boundaries concept come under the biogeochemical group including the nitrogen and
phosphorous cycles, freshwater use and land system change, which are the direct threats to food and water security on
a global scale. The disruption of these processes would paralyze the survival of humans and other life forms. The two
most crucial and urgent limits to agricultural food production are arable land and the availability of freshwater; with
limits of water shortages be reaching earlier than land in many parts of the world [7].

The sustainable usage of natural resources in order to uncross the planetary boundaries, is only possible when every
sector pertaining to economic development adopts the approach of circular use of resources. The main aspect of circular
economic development is waste management using technological improvements for an efficient resource recovery
and re-utilization. In the proceeding sections, we will discuss the practical roles of various types of microorganisms in
wastewater management for resource and green energy recovery.

3. Addressing nutrient depletion and food insecurity through soil microbes

The benefits of healthy soil, which hosts a quarter of the planet’s biodiversity include food production, combat
of climate change, and filtering and storing water. As vital biotic components of the soil ecosystems, the microbial
mitigation is one of the most important adaptation methods against the climate change [10]. The high population density
and diversity of soil microbes preserved in viable state in the natural banks of peatlands and paleosols for thousands of
years influence the global carbon and nitrogen biogeochemical cycles which are being destroyed under land use changes
[11].

The diversity of Environmentally Relevant Microorganisms (ERMs) includes both prokaryotes and eukaryotes
namely the bacteria, fungi, viruses, yeast, algae and actinomycetes. The ERMs play active roles in mitigating the
impacts of environmental challenges [12] such as persistent droughts, torrential rains, flooding, heat waves and frost, the
major factors affecting agri-productivities resulting into the food shortages. The domesticated mono-cultivated agricrops
lack the ubiquity and rich genetic diversity of soil microorganisms that would allow crops to show tolerance to abiotic
extremities [13].

The establishment of plant communities whether in the agriculture crop fields or in a natural ecosystem, depends
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solely on the quality and physio-chemical properties of the soil. As an integral part of agriculture, soil act as a primary
source of food nutrition. Soil is a complex mixture of all three states of matter such as liquid, gases, minerals, organic
matter and living beings including microorganisms, worms, and insects. The living organisms names cyanobacteria,
lichens, fungi and mosses which live on the surface and inside the soil forms the soil biocrusts [14] or biological soil
crusts [15]. The microbes involved in the soil formation respond to the environmental fluctuations at the interface within
minutes by changing their phenotypes by switching on and off their gene transcription [15].

Microorganisms play an essential role in soil genesis through the release of metabolic byproducts such as organic
acids that dissolve rock during the weathering process [16]. A rich diversity of soil microorganisms take part in the
biogeochemical cycling of macronutrients names carbon, nitrogen, sulphur and iron through decomposition, hums
formation and mineralization of dead and decaying flora and fauna residues (Figure 1). These entire biogeochemical
processes take place in different spheres of the soil namely, the rhizosphere, drilosphere and the detritusphere within it
[16].

Detritosphere

Figure 1. Soil material cycling involves different biogeochemical processes taking place in different soil spheres

The free living soil microbes as well as those associated with plant roots perform important biotransformations
associated with nitrogen and phosphorous nutrient availability for plant growth [17]. Soil bacteria and fungi
biotransform the natural and synthetic compounds which are used as fertilizers for crop production. For example, the
compound struvite (MgNH,PO,.6H,0), commonly found in bird droppings, fish bones and human kidney stones is a
potential P fertilizer source, which if not biotransformed may cause sanitation problems by blocking the sewage pipeline
system [18].

Microbes improve soil fertility by mobilizing the elemental P,both bacteria and fungi play critical role in P
biotransformation and degradation of environmental pollutants such as, the P-based surfactants. The untreated runoff of
synthetic fertilizers and pollutants, which cause eutrophication in water bodies, also lead to the irreversible loss of non-
renewable phosphorous resources (Table 1).

3.1 Improving phosphate efficiency to enhance crop yields

The intensive farming practices involving the overuse of synthetic fertilizers and high tillage of soil prevail in
many countries such as South Asia and Brazil. Although, extensive agriculture support high food crop and livestock
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production; it is the leading cause of soil degradation and soil erosion. The underutilized fertilizers and chemicals
by the crops are lost as P loadings from agriculture to freshwaters [19]; the consequence of which is described in the
next section. The physio-chemical disturbances in agricultural soil are not only detrimental for the environment but
also cause loss of soil biodiversity including useful microbes. Therefore, soil management is of utmost importance to
ensure both food security and water conservation. The holistic approach by which the soil can maintain its integrity and
remain productive enough to meet the growing global food demands by enhancing the nutrient efficiency of soil through
gradual replacement of synthetic fertilizers with biofertilizers.

Table 1. List of important bacterial and fungal species which show P biotransformation capabilities

Soil microorganism

(B, bacteria; F, fungi) Element Mechanism of biotransformation References
Pseudomonas (B) P Inorganic P solubilization by secretion of organic acids [20]
Bacillus (B) P Inorganic P solubilization by secretion of organic acids [16]
Erwinia (B) P Secretion of organic acids [21]
Azotobacter (B) P Secretion of organic acids [21]
Pantoea anantis, P Solubilization of inorganic P compounds in [22]
Bacillus thuringiensis (B) soils through pH reduction
Enterobacter sp. (B) P Solubilize and release through secretion of acids and enzymes [23]
. . - Colonize, penetrate, solubilize and precipitate minerals through
Aspergillus niger (F) Mn, La, U, P, Al Ti, Fe excretion of metabolites such as H+, oxalic acid, citric acid (18]
Pseudomonas butanovora, Pollutant degradation of
P. oleovorans, polyfluoroalkyl phosphates [24]
P. fluorescens (B) and fluorotelomer alcohol

Biotransformation occurs through hydrolysis, hydroxylation, [25]

Aspergillus sydowii (F) Triphenyl phosphate degradation methylation and sulfonation

Synthetic P fertilizers may also contain toxic elements such as fluorine, lead, cadmium, arsenic, mercury,
chromium and radium and in alkaline soils with high calcium carbonate minerals, the efficiency of P uptake by plants
is compromised [26]. Therefore toxic heavy metal stabilization and immobilization are essential to prevent their uptake
by food crops and cereals. In this regard, the Phosphate Solubilizing Microorganisms (PSMs) including bacteria and
fungi play a key role in soil bioremediation process, which simultaneously improves P efficiency. For example, the
rhizospheric and endophytic bacteria increase the P efficiency of wheat cultivars by enhancing the root and shoot
growth leading to high grain yield [26]. Similarly, the phosphate solubilizing fungus Penicillium oxalicum improves
the growth of wheat and maize fertilized with rock phosphate in alkaline soils [27]. Thus, the phosphate solubilizing
microorganisms contribute to plant nutrition by transforming insoluble forms of P present in rock phosphates to
accessible soluble form that are can readily be taken up by the staple food crops such as corn, rice, wheat and sorghum
[28].

In addition to the cereals crops, the PSMs bacterium Pseudomonas putida improves the rhizobium-legume
efficiencies between Bradyrhizobium japonicum and Sinorhizobium meliloti and alfalfa and soybean respectively [29].
Apart from the PSMs, the arbuscular mycorrhizal fungi Glomus mosseae improve the phosphorous efficiency of paddy
crop, thereby improving the rice production [30]. Although PSMs prove beneficial in improving the productivities
of various crops under different soil regimes and act as biofertiliser; these microorganisms also play a role in the
biogeochemical P cycle through processes such as dissolution-precipitation, sorption-desorption, and weathering [31].
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3.2 Crossing of planetary boundary for P cycling

As an irreplaceable and limiting nutrient, the P usage under industrialized agriculture set up had crossed 90% of
the planetary boundary a decade ago [32]. The unidirectional flow of phosphorous to the inland water bodies driven
by imprudent applications for agriculture and aquaculture production is causing the proliferation of toxic blooms
and impedes global P cycling. The high deposition of phosphorous at the water interface and in the sediments of the
aquaculture lakes occurs due to the decomposition of organic matter, which includes dead phytoplankton and fish
debris, leading to permanent burial [33]. The unrestricted P loadings in the freshwater bodies from wastewater changing
the habitat conditions, and favor the dominance of opportunistic species, adapted to high nutrient loadings and low
oxygen content. The high primary productivities in the surface waters consequently lead to continuous mineralization
of degradable organic matter, creating O, depletion at the sediment-water interface. This phenomenon further enhance
eutrophication as O, hypoxia trigger the release of orthophosphate from the internal P loadings [34]. In addition, the
anoxic conditions cause the reduction and dissolution of iron oxide, which release additional P and Fe (II) from the
sediments [33]. The internal P loadings in aquatic lakes change the dynamics of P cycling which is influenced more by
the climate change than the anthropogenic activities that reduces the mobility of phosphorous, particularly in alpine
lakes [35]. The increasing temperatures enhanced microbial activity and mineralization of organic matter leading to
the migration of sediment Fe/Al/Ca-P [33]. The reduced water quality due to mobile P pool in lakes and inland water
bodies, which are important drinking water resources also suffer from delays in the mitigation of eutrophication and
toxic blooms. The internal P release degrade lentic habitats by turning macrophytes-dominated clean water ecosystem
into turbid water with proliferated growth of invasive blooms [35].

Therefore, the restoration of P from the polluted freshwater bodies is necessary to mitigate various environmental
challenges such as invasion of toxic species, change in prey-predator dynamics, water scarcity and to overcome
depleting P reserves.

3.3 Impacts of P depletion on food-water-renewable energy

The perturbations in P biogeochemical cycling due to excessive internal loadings, eutrophication and climate
change are accumulatively causing the depletion of P reserves which is subsequently leading to global hikes in the
cost of fertilizers. As P is the second greatest used nutrient element worldwide for food production, the high costs of
fertilizers directly affects the availability and affordability of food supply [36]. Apart from the worldwide shortages
of fertilizers, the fresh water resource required for the irrigation of intensive food and feedstock crops are also under
the threats of extinction due to excessive nutrient loadings as discussed in the previous section. The changing land use
pattern to expand the agriculture set up, cause the destruction of biodiversity. These are other planetary boundaries that
humanity is crossing which will have dreadful consequences. The perennial ecosystems are being replaced with fields to
undertake the industrial production of monoculture biofuels crops such as sugarcane and corn to meet the global demand
for the fossil fuel alternatives. In addition to the nutrients, the intensive agriculture practices also require great inputs of
freshwater which is competing with the domestic and industrial demands. The polluted waters are neither suitable for
domestic or industrial usage nor for the generation of hydroelectric energy. Therefore, P plays a pivotal role in the food-
water-energy security nexus [37]. Apart from freshwaters, the marine or sea ecosystems are also endangered due to the
release of internal phosphorous under anoxic conditions, for example the Baltic Sea, Gulf of Mexico, Maowei Sea [38].

3.4 Microbial remediation and recovery of phosphorous

Different methods to improve the water quality by restoration of P include chemical inactivation and artificial
oxygenation to retain P and sediment removal. The major drawbacks of geoengineering (artificial oxygenation) and
chemistry (use of metal oxides/hydroxides as adsorbents) are that these are more expensive and may cause the release
of toxic substances to surface waters; thereby raising additional environmental concerns [39]. The inadequacies of these
technologies to sustain the excess P in both inland and coastal waters is an urgent call for adopting bio-based strategies
using microorganisms, microalgae, seaweeds and plants, which are cost effective with low environmental risks [38].

The wastewaters and aquatic sediments (inland and coastal) are two main reservoirs of waste and used phosphorous
containing compounds including agriculture and aquaculture fertilizers, and industrial and household P-based synthetic
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products. The microbial diversity, particularly of bacteria and microalgae play an influential roles in mitigating this
unidirectional loss of phosphorous by restoration and recovery of phosphorous through both ex-situ and in-situ
approaches (Figure 2).

Microorganisms remediation of phosphorous

Phosphorous solubilizing

Phosphorous accumulating microotganisms (PSMS)

microorganisms (PAOs)

L

‘ Remove P from wastewaters | | Release of organic acids ‘ ‘ Bioleaching

%

| Anaerobic ‘ ‘ Aeroi)ic | Baclterif;l |

i

Bacteria Algae

phosphorous
mining

Figure 2. Phosphorous mining using different types of microorganisms from wastewaters and sediments. Source of information [38]

To overcome the P depletion crisis, it is inevitable to integrate the removal process with recovery and reuse in
the form of biofertilizers. The phosphorous or polyphosphate accumulating organisms commonly used in Enhanced
Biological Phosphorous Removal (EBPR) for the treatments of various types of wastewaters best representative
working units for simultaneously achieving removal and reuse [40]. The EBPR is a cyclic anaerobic and aerobic
process by which the different forms of phosphorous accumulating bacteria affluently take up inorganic P in excess
of their metabolic needs and store it as poly-phosphate [41]. The common sewage bacteria found in activated sludge
and are used for wastewater treatment for EBPR called Candidatus accumulibacter can accumulate large amounts of
intracellular poly-phosphate [41]. The Polyphosphate Accumulating Organisms (PAOs) utilize aerobically stored poly-P
to support their metabolic uptake of carbon under anaerobic conditions such as Tetrasphaera spp., Pseudomonas and
Microlunatus phosphovorus [42]. The P accumulating capabilities of PAOs is much higher than heterotrophic microbes
and therefore, EBPR-integrated wastewater treatment plants can remove up to 85% P from the influent streams [43].

The activated sludge carrying poly-P containing microbes is partly circulated back to the anaerobic process for
metabolic C uptake by the PAOs and the remaining sludge is most often used as fertilizer or is incinerated. Alternatively,
the poly-P rich sludge can be treated with organic reagents such as trichloroacetic acid to precipitate out the phosphate
residues from the microbial biomass. Due to their thermally stability, the another method to obtain crude form of poly-P
in different chain lengths is high temperature calcinations [40].

Sewage sludge ash is being considered as a secondary source of phosphorous; however, it contains toxic levels
of heavy metals. The sulfur-oxidizing bacteria which are also known as bioleaching bacteria create acidic conditions
suitable for phosphate dissolution along with heavy metals which are subsequently separated through electrodialysis to
obtain phosphorous [44].

3.5 Algae-based nutrient recovery from wastewaters

Algal-based waste water treatment specifically involves the removal of both phosphorous and nitrogen along with
elimination of coliform bacteria, heavy metals, and xenobiotic compounds and lowering the chemical and biological
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oxidation demand. The principle underlying the treatment of wastewater by microalgae incorporates the removal of
contaminants by accumulating them or utilizing them in their cells. The add-on advantages of using microalgae for
nutrient recovery from wastewater are reduction in sludge formation, no aeration required, reduction in greenhouse
gases such as methane and CO, and instead it captures the atmospheric CO, for intracellular production of biomass
suitable for bio-fuels, bio-polymers, bio-fertilizers, paints, dyes, and colorants. Algae biomass derived from the
upstream waste water recycling and nutrients recovery process is a rich source of various nutrients such as proteins,
sugars, oils and essential nutrients. The biomass paste rich in proteins has a desirable amino acid composition and is
therefore a suitable feed for both aquaculture and animal farms. Thus, algae make an ideal alternative to P rich synthetic
aquaculture fertilizers that are massively contributing to the internal P loadings in the marine sediments. The usage of
microalgae in WWT plants has two main aims: (1) the direct uptake or transformation of water contaminants, and/or (2)
improving the purification performance of bacterial systems (microalgae-bacteria aggregates) by providing additional
oxygen from photosynthesis (symbiotic co-cultures), thus reducing the total energy costs of direct (gassing performance)
or indirect (stirring performance) oxygen supply [45].

The microalga Chlorella sorokiniana cultivated in anaerobically treated blackwater with different N:P ratios of
15,17, 20, 23 and 26 show retention time of 10 days for complete assimilation of both the nutrients [46]. The nutrient
rich biomass of microalgae is efficiently used in the form of biofertilizer [47]. The hydrochar made from microalgae
Chlorella vulgaris and Microcystis sp. grown in wastewater from poultry farms lead to slow and persistent release of
P which enhanced the P-use efficiency in wheat crop. Therefore, charring in algal fertilizers simultaneously substitute
mineral P fertilizer and improve the phosphate use efficiency in food crops [48].

4. Resource recovery from decentralized wastewater treatment for clean water-energy

By transitioning from pollutant removal toward resource recovery, the wastewater is no more considered as
waste stream but as a renewable resource. By establishing more circular resource flows, wastewaters can contribute to
sustainable development in food, water and power sectors. The redesigning of wastewater treatment plants from mere
treatment facilities into water resource factories is an emerging opportunity for establishing circular economies. Most
water management utilities still focus on wastewater collection and treatment rather than resource recovery. Thus, there
is a need for water management utilities across the globe to strategically plan the transition from treatment toward
resource recovery via decentralized treatment systems. The principal component of wastewater is water which is around
99% and the remaining 1% accounts for the suspended, colloidal and dissolved solids. The wastewater, particularly the
domestic and agriculture is rich in phosphorous which would be exhausted in less than 100 years. Therefore, P must be
recycled and recovered from the wastewaters.

4.1 Wastewater transformations to renewable energy

As opposed to the current linear economy which can better be described as cradle-to-grave, the cradle-to-grave
approach for resource recovery from sewage could tackle water scarcity problems and meet our pressing water needs
without amplifying the carbon footprints. The biological interventions using diversity of bacteria and algae help to
achieve accessibility to potable water and carbon-neutral energy. These are the best contenders for attaining sustainable
development goals by establishing a circular bio-economy. The use of prokaryotic and eukaryotic microorganisms and
their consortia provide potential benefits of improving nutrient recovery efficiencies with simultaneous production
of biomass rich in revenue generating bio-products. The potential benefits of biomass production, nutrient recovery,
renewable biofuel generation and fixation of atmospheric CO, are a win-win situation in sustainable economic
development.

The prokaryotic life forms such as anaerobic bacteria treat wastewater to generate bio energy in the form of biogas
via the process of anaerobic digestion. Biogas is generated by the anaerobic digestion of organic matter such as sewage
sludge, animals, and municipal waste. Biogas forms a vital source of energy in heat and electricity generation along
with being the worthiest renewable source of energy globally. It comprises of methane (55-60%), carbon dioxide (35-
40%), hydrogen (2-7%) hydrogen sulphide (2%), ammonia (0-0.05 %) and nitrogen (0-2%). The methane undergoes
a scrubbing process to remove other gases to obtain pure methane. This methane gas then passes through a fuel cell
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to produce electricity and is also used as a source of energy for heating purposes. The production of biogas from the
wastewater fills in the gap created between the demand and supply of electricity due to water shortages in the power
sector.

Microbial driven approach for the direct generation of electricity using wastewater through the use of ‘Microbial
Fuel Cell’ (MFC) serve as an innovative technique to offset the pressure on the energy grid. Technically, the MFC
comprises of anode (in an anaerobic environment) and cathode (in the aerobic environment) separated by a cationic
selective membrane which are linked together with an external conductor through a load. The input of organic fuel,
i.e. the wastewater into the anodic chamber (comprising of microbes) results in oxidation of the substrate by microbes
to generate ATP that fuels the cellular machinery forming electrons, protons, and carbon dioxide as the by-products.
The electrons produced pass from the anode to the cathode through an external load connection, generating an electric
current. At the same time, the protons migrate to the cathode chamber from the anode chamber freely through the
protonic selective membrane separating the two chambers. The sediment microbial fuel cell is also promising in
immobilizing phosphate for mitigation of P pollution in lakes [34].

4.2 Circular wastewater bio-economy

As an obligation towards the goal SDG 6, in the 2030 sustainable development agenda of the United Nations,
countries must reduce their grey water footprint to ensure potable water and sanitation. An alternative approach is to
develop biorefinery that converts waste water to economically valuable resources and support various sectors of the
economy. From the biotechnological perspective, various types of micro and macro organisms such as bacteria, fungi,
algae and plants are exploited in the biological water reclamation processes with co-production of renewable bioenergy
and bioproducts. The conversion of the organic and inorganic nutrients present in wastewater, into the renewable and
utillizable form of biomass present the best option for a circular economy in which the raw materials and final products
are obtained from within the same process cycle.

When exploited sustainably, biomass is a renewable resource and effectively processing each of its constituents
individually to produce different kinds of products is defined as a biorefinery. When the biomass is derived via water
treatment and reclamation process plant, it is called wastewater biorefinery. Important considerations during the setting
up of wastewater biorefinery include the composition and complexities of the wastewater and the market assessment
for the co-products recovered from the refinery [49]. For example, the baker’s yeast wastewater or the vinasse has
a very high Chemical Oxygen Demand (COD) of 29,000 mg/l with acidic pH of 4-5 is a cost-effective substrate for
fermentation growth of the protein rich filamentous fungi which is subsequently grown with suitable bacteria for further
breakdown of organic nutrients via anaerobic digestion. Thus with a two step wastewater biorefinery process, the
chemical oxygen demand is lowered with co-production of protein rich biomass and methane rich biogas [50].

In comparison to other micro and macro organisms, the microalgae presents unique characteristics such as a)
their abilities to drive nutrition via photo-, hetero- and mixo-trophically b) pollutant scavenging c¢) CO, assimilation
and sequestration d) synergistic growth with bacteria e) production of numerous bioproducts. Due to these advantages,
microalgae can be simultaneously exploited for treating wastewater from industries, agriculture and municipalities along
with the co-production of industrial products. On the other hand, the commercial production or microalgae farming
have several constraints such as high production cost, nutrient requirement which has high environment footprint, water
scarcity and need for phosphorous which is a non-renewable resource [51]. Therefore, wastewater becomes a necessity
for sustainable and economical farming of microalgae. Thus, the ‘marriage’ of microalgae and wastewater treatment is
inevitable.

5. Microbial influence on human health and well-being

The presence of microbes in the human body has always been associated with the cause of disease; however,
several microbes residing in the human body impart beneficial effects. Microorganism readily colonizes surfaces
of human bodies such as skin, oral cavity, and respiratory tract, urogenital and gastrointestinal tract. When these
microbes establish symbiotic associations with their human host, they are referred to as “ Microbiota” or “Microflora”
[52]. The human gut houses the largest accumulation of microbial flora, comprising of 10-100 trillion cells [53],
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which are mutually and intrinsically associated with the gut’s environment. These interactions aid in developmental,
immunological, physiological and nutritional functions, which impact the overall health and disease manifestation in
the host [54]. The human gut microbiota comprising of the bacteria, bacteriophages, viruses, fungi, protozoa, and the
archaea greatly influence the human health. The bacterial cells remarkably exceed the human cells numbers (10-40
trillion cells) [55] by 3 to 10 times [56]. Viruses may actually outnumber bacterial cells, while fungi are present in the
least amounts. The microbial cells account for 1-3% of human body mass [57].

The gut harbours most of the microbiota cumulatively present in the human body. The members of the microbiota
largely fall under three major domains of life on planet Earth - Bacteria, Archaea and Eukarya. The 90% of the bacteria
fall under two major phylotypes - the Bacteroidetes and the Firmicutes [52]. Major bacterial phyla, which inhabit
the gut ecosystem include Actinobacteria, Bacteroidetes, Cyanobacteria, Firmicutes, Fusobacteria, Lentisphaerae,
Proteobacteria, Spirochetes, TM, Verrucomicrobia and Euryarchaeota [52]. The variation in the gut microbiota along
the different anatomical sections of the Gastro Intenstinal (GI) tract is as mentioned:

* Stomach - Lactobacillaceae, Veilonellaceae, Helicobacterceae.

» Small Intestine - Bacillaceae, Streptococcaceae, Actinomycinaeae, Corynebacteriaceae, Veilonellaceae.

» Large Intestine - Lachnospiraceae, Bacteroidacease, Prevotellaceae, Clostridium, Lactobacillaceae,
Enterococcaceae, Bacteroidaceae, Bifidobacterium, Streptococcaceae, Enterobacteriacea, Enterococcaceae,
Clostridium, Lactobacillacea, Ruminococcaceae [52].

The establishment of the gut microbiota starts in utero or immediately after the birth and the composition
drastically changes to match the adult-like composition as early as 2-3 years of age [58]. However, once established the
microbiota tend to be relatively stable over time, but is distinct for different individuals. These differences in microbial
composition are attributed to genetic, physiological, and psychological factors. However, each person has a few standard
GI microbiota [59].

5.1 The functionality of gut microbiota

The gut microbiota offers a large array of benefits to humans. The microbial richness and diversity of a healthy
gut microbiota enhance several metabolic pathways, offers resistance to infection and inflammation, retards the growth
of the tumour cells, protects against autoimmunity, and improves endocrine signalling and brain functioning [60]. The
microbiota potentially carries out these functions by the secretion of factors that influences intestinal permeability, the
mucus layer, innate and adaptive immunity and neurotransmission. Likewise, the gut microbiota provides nourishment
to the intestine membrane by the generation of Short-Chain Fatty Acids (SCFAs), which plays a vital role in energy
production, and epigenetics, and possess anti-inflammatory effects inside the body [59]. Furthermore, the gut microbiota
plays a significant role in nutrient and drug metabolism, regulating the strength of the gut mucosal barrier and protecting
against invading pathogens [61].

5.2 Factors altering the gut microbiota and its impact on human health

The human gut microbiota fluctuates with age, diet and antibiotic exposure. The endogenous microbiota drastically
deviates during infancy and old age, when the immune system is unstable, indicating that microbiota holds an important
spot in determining the immunity of an individual. For example, the mode of delivery of an infant majorly determines
the composition of the microbiota. The vaginally delivered infants acquires mother’s vaginal microbiota, while the
infant born through C-section acquires the microbiota from the environment and the mother’s skin [62]. The microbial
composition of an infant delivered through different modes is as mentioned.

 Natural birth - Lactobacillus, Prevotella, and Sneathia [63], Bifidobacterium longum and Bifidobacterium
catenulatum [64), Escherichia coli, Staphyloccocus, Bacteroides fragilis and Streptococcus [62].

* Birth through C-section - Staphylococcus, Corynebacterium, Propionibacterium spp. [63]. It is noteworthy, that
the intestinal microbial diversity of vaginally delivered infants, is much higher than the infant born through C-section
procedure [64].

The microbial community of the vaginally delivered infant remains much more stable (up to 2 months) than the
infant delivered through the C-section [65]. The manifestation of immune diseases such as asthma, allergy, inflammatory
bowel disease, and type 1 diabetes is also observed to be higher in the Cesarean births [66].
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It has been observed that the gut microbiota of old age people is quite different in composition when compared to
a healthy adult, which could be attributed to the alteration in the lifestyle and dietary patterns, compromised immune
system, recurring infections, hospitalization, medication, and reduction in overall functionality [67]. The gut microbiota
of the elderly population illustrates a significant decrease in the bacterial diversity involving a drastic shift of dominant
species, a steep decline of good microbes and an increase of facultative anaerobes [68]. The short chain fatty acids
(SCFAs), primary metabolite of the gut microbial community decrease in the elderly population, which are responsive
towards regulating glucose homeostasis, appetite energy intake, neuronal activity and inflammatory response [69].
Similarly, in several metabolic diseases such as obesity, obesity-related disease - Nonalcoholic Fatty Liver Disease
(NAFLD), type 2 diabetes [70], cardiovascular diseases [71] as well as in cognitive well-being [72], the SCFAs play a
central role. The altered microbial composition in the elderly population has been repeatedly linked with frailty [73].

Diet plays the most crucial role in determining the composition of the gut microbiota. The diet influences the
gut microbiota as early as the infant stage. A striking difference is observed in the breastfed and formula-fed infants.
Escherichia coli, Bacteroides, and Clostridium difficilelargely colonize the gut of formula-fed infants as compared
to breastfed infants [74], while breastfed infants comprise a more complex diversity of Bifidobacterium as compared
to the formula-fed infants [75]. One of the fermentative products of Bifidobacterium is SCFAs which impart several
health benefits to the infant as discussed above. However, these differences almost coincide during the weaning period.
The microbial community predominately comprises of Bifidobacterium, Clostridium coccoides, and Bacteroides after
weaning [76]. Likewise, maintaining a healthy gut microbiota during pregnancy could also influence the composition of
the milk microbiota and proves to be beneficial for the newborn. Therefore, the procedure of child birth as well as the
neonatal dietary patterns play significant role in determining the composition of gut microbiota through the early age of
humans.

The gut microbial composition of vegetarians/vegans and omnivores/non-vegetarians also illustrates a prominent
difference. Plant-based diet possesses the potential of promoting the colonization of diverse microbial communities
which are responsible for regulating BMI, obesity, and arterial stiffness [77]. A plant-based diet demonstrates a higher
abundance of Bacteroidetes and lower numbers of Firmicutes regulating obesity. An obese person comprises a lower
ratio of Bacteroidetes: Firmicutes. Similarly, Prevotella, a genus of Bacteroidetes phyla appears to be significantly
diverse in the vegan diet. Some of the mice studies suggests links of Prevotellain enhancing glucose metabolism by
improving glycogen storage in the body [78]. The Bacteroides forms one of the major constituents of the gut microbiota
of vegetarians/vegans. These Bacteroides, ferment the dietary carbohydrates into the volatile fatty acids that are
reabsorbed by the host intestine and suffice the daily energy requirements of the host [79]. Long-term consumption of
fruits and vegetables seems to have an association with the abundance of Ruminococcus, which positively influence the
BMI, lowering of the endotoxemia and the arterial stiffness, as well as reduces the risk of cardiovascular diseases [80].
Compared to an omnivorous diet, the vegan diet has a larger amount of dietary fibers which promotes the growth of
more beneficial microbes. The higher content of polyphenol in vegan diets increase the abundance of Bifidobacterium
and Lactobacillus which are beneficial for promoting the cardiovascular health and anti-inflammatory response [81].

Antibiotics act as the major destroyer of the healthy gut microbiota, resulting in both long-term and short-term
consequences. The intense complexity and interdependency of microbial diversity and host metabolism, play a vital
role in maintaining the normal functioning and development of the body, as well as in maturing the adaptive immune
response. However, the antibiotic exposure, significantly reduces the gut microbial diversity and richness; thereby,
altering the metabolic activities. Overuse of antibiotics promotes the development of the antibiotic-resistant organism
(pathogenic species), which could likely cause short-term impacts, such as antibiotic-associated diarrhea and recurring
infection of Clostridioides difficile [82]. The long-term impact of gut microbiota alteration involves the development of
allergic conditions, namely - asthma or food allergies and obesity [83].

Several studies link the early childhood exposure to antibiotics to various gastrointestinal, immunologic
and neurocognitive disorders. The renewal of the healthy gut microbiota in children destructed due to antibiotic
exposure appears to occur approximately after 1 month [84]. Similarly, in adults, a combined course of meropenem,
gentamicin and vancomycin leads to an increase in Enterobacteriaceae communities, while significantly reducing the
Bifidobacterium and butyrate-producing species [85]. The consequences of higher levels of Enterobacteriaceae include
the dysbiosis associated with Inflammatory Bowel Disease (IBD) pathogenesis and development [86]. Additionally, the
reduction in the butyrate-producing species leads to a sharp decrease in the anti-inflammatory activity of the gut [87]. In
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adults, the restoration of the normal gut microbiota reverts within 1.5 months [85].

Certain antibiotics such as ampicillin, sulbactam and cefazolin, not only disrupt the gut microbial ecology but
also impact the production of strong metabolites such as acetyl phosphate and acetyl-coA, that have several cellular
functions [88]. The antibiotic Clindamycin, leads to the active destruction of anaerobic gut microbes, which are crucial
in maintaining a healthy gut. Consequently, leading to the pseudomembranous colitis, that manifests into the abdominal
pain, tenderness, cramps, diarrhea and other associated symptoms [88].

The reduction of microbial diversity post-antibiotic exposure, not only reduce the number of bacteria but also
diminishes its diversity. Thus, with the decrease in the antibiotic susceptible microbes, the resistant microbes flourish.
The antibiotic-resistant infections necessitate the utilization of second and third-line treatments which could largely
cause side effects such as organ failure which requires a prolonged care and recovery. In conclusion, the synthetic
compounds such as antibiotics are detrimental to both, human and the environment health. By altering the endogenous
microbial populations, antibiotic resistance affect human health; similarly, overuse of these compounds in food
production (livestock, aquaculture) seemingly impact the quality of produce and destroy the biodiversity in the natural
environment.

6. Gut microbiome promote health by reducing disease manifestation

The global malnutrition is the core challenge associated with human health and well being. The lack of adequate
amounts of nutrients is one of the global health issue. Food shortages in poor countries due to war and other socio-
political factors affect, populations, particularly children and women who tend to be immobile, and therefore suffer
extreme malnutrition. In contrast, the malnourished people in rich countries suffer from ill-nourishment due to high
consumption of industrially produced or processed food commodities. The raw materials for industrially produced
food, originates in intensive agriculture farms, that demand high inputs of resources including water, land and synthetic
fertilizers. The food grown and produced through conventional method is neither sustainable nor healthy, as they are
laden with many synthetic compounds, which alter the human-microbiome associations within the body and manifest
many metabolic disorders including diabetes and obesity.

The primary microbial metabolites released in human gut are SCFAs such as acetate, butyrate and propionate (Figure
3). Trial studies have demonstrated link between microbial metabolites and the lower incidence of diet-associated
obesity.

Butyrate Acetate Propionate

* Main energy source * Regulates cholesterol * Regulates liver
ofhuman colonocytes. and lipogenesis. gluconeogenesis.

* Induces apoptosis of the * Plays a vital role in * Involved in satiety
colon cancer cells. central appetite signaling.

» Prevent gut microbiota regulation.

dysbiosis.

* Activates intestinal
gluconeogenesis, positively
influencing glucose and
energy homeostasis.

Figure 3. Beneficial roles of small chain fatty acids released by microbial community in the human gut [89]
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Most of the studies illustrate dysbiosis and characteristically low microbial diversity in obese individuals [89].
Gut microbiota dysbiosis encourages diet-induced obesity and other related metabolic complication by a variety of
mechanisms including immune dysregulation, changed energy regulation, altered gut hormone regulation and pro-
inflammatory processes [90]. The administration of beneficial strains of Lactobacillus, is linked with the decrease in
the amount of weight gained due to the consumption of a high-fat diet, fat accumulation, and metabolic disturbance
associated with diet-induced obesity [91]. Similarly, consumption of the fermented milk, rich in Lactobacillus
rhamnosus NCDC 17, significantly reduce the body weight, epididymal fat mass, fasting blood glucose levels and
serum insulin levels in mice fed with a fat-rich diet [92]. Apart from beneficial bacteria, the consumption of yeasts
(Saccharomyces boulardii), promote healthy gut microbiota such as the Bacteroidetes and simultaneously decrease the
Firmicutes, resulting in a steep decline in host adiposity and circulating inflammatory markers [93].

The gut microbial enzymes also have interesting roles during the bile acid metabolism such as, producing
unconjugated and secondary bile acids that serve as signalling molecules and metabolic controllers of the important
host pathways [94]. Besides producing SCFAs, the gut microbial community appears to control the Lipopolysaccharide
(LPS) levels which are involved in the development of diabetes [95]. The intake of dietary fibres increase the diversity
and stability of gut microbiota, which generate more SCFAs. These SCFAs regulate the mechanism of glucose
homeostasis, and are therefore crucial for preventing the diabetes in host [96]. Similarly, intake of high-fibre food,
increases the abundance of Bacteroidetes, Actinobacteria, and decreases the Firmicutes: Bacteroidetes ratios, which are
be responsible for SCFAs production, and regulation of gene expression related to the glycan and lipids metabolism [97].

Furthermore, a low-fat diet has been associated with the expanded numbers of Bacteroidetes and low numbers of
Firmicutes, which prevents the development of Insulin resistance and type 2 diabetes. Increased in the abundance of
Bifidobacteria and Bacteroidetes improve glucose tolerance, stimulate the secretion of GLP-1 (Glycogen-like peptide)
from L-cells and reduc the low-grade inflammation and oxidative stress [97].

The high abundance of Bifidobacterium spp. in humans resulted in improved glucose tolerance, enhanced mucosal
membrane function and normalized inflammatory tone associated with diabetes. Thus, diet and gut microbiota plays
significant roles in the prevention of the chronic diseases such as diabetes [98].

Apart from metabolic disorders, the microbes also influence the hypersensitive immune responses such as allergies.
Allergies occur when the host immune system reacts to a foreign substance, such as pollen, molds, animal dander,
insect venoms and certain foods. Most food allergies are associated with the composition of gut microbiota which
is established during the infancy. The early colonization of healthy gut microbiota in new born translates to a lower
risk of developing allergies in later years of life. The higher gut richness and lower ratio of Enterobacteriaceae to
Bacteroidaceae ratio (at 3 months) is associated with the low to negligible food sensitization at age one and vice versa
[99]. A substantial increase in Leuconostocaceae families and a decrease in Streptococcaceae, Lachnospiraceae genera,
occurred in non-egg-allergic children as compared to egg-allergic children, characterized by intestinal dysbiosis [99].
Similarly, the milk-allergic children had a higher abundance of Lachnospiraceae and Ruminococcaceae. Thus the gut
microbiota varies largely among the allergic and non-allergic populations and is associated with allergic responses.

In addition to the physical health, the healthy gut microbiota is also linked to healthy mental health and normal
functioning of the central nervous system. The gut microbiota releases several hormones, neurotransmitters and
immunological factors, which are involved in signals to transmission the brain. Recently, there has been an exponential
rise in the studies recognizing the part of the Brain-Gut-Microbiota axis (BGM axis) in the stages of neurodevelopment.
The intestinal microbiota plays a significant role in neurodevelopment and was effectively studied by performing
experiments on germ-free mice. The experiment on germ-free mice illustrated an increase in exploration activity and a
decrease in the levels of anxiety in mice with healthy guts [59].

Another method illustrating the role of gut microbiota in brain development involves the colonization of an
expecting GF mouse with a strain of a specific bacterium and observing the development of the nervous system of the
infant. Through the use of this model, pregnant GF mice were colonized with an infant’s microbiota which showed poor
growth. The decrease in the expression of neuronal nuclei (marker for neuronal structure development) showed in this
study indicate uneven development of the nervous system [100].

A recent research [101] illustrated the association of gut microbiota with COVID-19 disease manifestation. The gut
microbiota appears to be significantly altered in the COVID-19 patient, as compared to COVID-19 negative patients.
Various gut microbial communities known for immunomodulatory potentials such as Faecalibacteriumprausnitzii,
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Eubacterium rectale and bifidobacterial were in decreased abundance in the COVID-19 patients. This altered
composition demonstrate a link with disease severity, with respect to elevated concentrations of inflammatory cytokines
and blood markers [101]. Furthermore, the gut microbial dysbiosis post-COVID-19 infections, could form persistent
symptoms, representing the need to further understand the role of gut microbiota, and gut microbial modulation during
the inflammation and COVID-19 infections.

7. Sustainable and alternative foods to attain better health

The sustainable nutrition security will continue to be a pressing national issue for low-income countries. For
instance, in India where more than 70% of population is protein deficient due to their dietary habits and religious
choices, it is necessary to develop the alternate and non-conventional protein sources. This is particularly important
during the pandemic times for the urban populations, where sedentary lifestyles and new norms on ‘work from home’
are impacting their muscle health. Another alarming reason, that global population will be deficient in protein and other
minerals, is the alarming increase in atmospheric CO, and global warming. These are influencing both macro and micro-
level climatic changes across the living planet which have severe direct and indirect consequences on our health and
immune response to various ongoing and upcoming pandemic diseases. As the deficiencies of various micronutrients
such as iron, vitamin A, iodine and Zn inflict global populations due to poor and constricted diets [102]. The elevated
CO, levels will further reduce the content of proteins and several minerals such as zinc (Zn) and iron (Fe) in the foliar
and edible tissues of the major cereal crops [103]. Under the future climate change scenerios, the growing need for
climate proof and nutritional alternatives to the conventional food is not only relevant but has become a necessity.

Microorganisms including algae and fungi provide various forms of nutrients and health promoting benefits in
the form of single-cell proteins. These do not rely on arable land; can be grown indoors, both autotrophically and
heterotrophically and in saline waters. Their rich abundance and diversity, for example conservative estimate of the total
number of fungal species residing on the planet comes approximately near to 1.5 million [104] is useful and renewable
natural resource which must be tapped. Although in the form of molds, certain types of fungi do harm the food and
agriculture sector and could cause several infectious diseases in humans and animals; these heterotrophic microbes have
several health benefits (Figure 4) which need to be considered.

antiviral,
antibacterial, antiparasitic,

anti-inflammatory,
hepatoprotective -
& antidiabetic activities. zﬂn

Figure 4. Heath benefits of Fungi (Illustration by author after [105] and [106])

Another unconventional and sustainable dietary protein source is algae, which provide omega fatty acids, vitamins,
anti-oxidants and various other bio active compounds. Apart from the nutritional benefits, compounds sourced from
alga have therapeutic properties as well. The bioactive secondary metabolites derived from algae such as cyanobacteria
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(Spirulina) can activate our immune response and alleviate RNA virus induced oxidative stress [107]. Spirulina derived
nutraceuticals have been well explored in clinical studies and reported to boost our innate and adaptive immunity;
therefore, it can act as potential therapeutic against the deadly viral infections including the COVID-19 [108].

Algae had been an integral part of complementary food solutions for the humans. Microalgae species namely
Spirulina, Chlorella, Dunaliella, Haematococcus, Schizochytrium, Porphyridium cruentum, Phaeodactylum tricornutum
and Crypthecodinium cohnii are useful source of protein, omega-3 fatty acids, vitamins and antioxidant compounds.
These have been categorized as ‘Generally Regarded as Safe’ (GRAS) species and have been exploited as novel and
functional foods in the global market. The Chlorella whole microalgal protein has also got approval from the Food
and Drug Administration (FDA). These microbial options offer climate proof, less resource intensive and sustainable
nutrition source for the growing malnourished populations worldwide, without compromising the environmental
integrity; and therefore, within the safe planetary boundaries.

8. Conclusions

The world is facing acute food shortages and the planet is running out of the freshwater due to melting of glaciers
and intrusions of sea water into the inland freshwater aquifers. Food insecurity is interconnected with other phenomena
such as high calories uptake, nutrient deficiencies, inequity in distribution, food wastage, poverty, loss of biodiversity,
crossing planetary boundaries and capitalism. To attain food security, it must be produced in sustainable manner which
should protect both humans and natural resources from deficiencies and depletion. As nutrition is fundamental right for
all living creatures, the production of food for humans should not completely rely on the use of toxic fertilizers which is
the leading cause of destruction of both soil and water by impacting its biodiversity which is another planetary boundary
that is being transgressed. Climate crises and conflicts have aggravated the food crisis globally as its production is
dependent on fossil fuels. Strategically, the world is living in the era of socio-political conflicts which further is an
important threat to the global food security particularly in the poor and developing nations where the hunger and
malnutrition is an existing issue. Anthropogenic exploitation of environmental resources is reaching beyond the limits
of Earth’s carrying capacity and we have already overstepped some planetary boundaries namely biogeochemical
flows for nitrogen and phosphorous, lost natural genetic diversity, land-system change and climate change (including
ocean acidification) which have caused unacceptable environment consequences. Microorganisms are the greatest
renewable resources which perform numerous ecological functions including conversion of wastewater into biorefinery,
decontamination of hazardous wastes and positively impacting crop yields. Being the progenitors of life on our planet,
microorganisms are irreplaceable and are indispensable for sustenance of future lives on Earth.
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