




Assessment of Spore as a unique strategy of survival in cyptogams and emerging spore based technologies.


Abstract: Spore biology is a fascinating field with immense potential for fundamental research and its applications. Spores are highly resistant dormant cells with reduced metabolic activity. The spores are found naturally in soil. Spores  have unique features such as haploid nature, asexual reproductive units, extremely resistant cell wall  and ability to survive in extreme conditions. Due to this spores have promising future prospects in research in fields of  biosensing, biocontrol, biofertilizers, biomedicine  biological warfare, probiotics.  and crop improvement.  Because of  resistance in changes in pH, temperature, and other environmental factors, they are used as efficient vaccine vehicles. Certain bacteria have been genetically manipulated to express antigens on the surface of their spores.  Further  bacterial spores can be used to selectively deliver drugs to tumor sites. This offers huge potential of spores in field of medicine.
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Introduction- Microorganisms  colonize the external and internal surfaces of the animal body  and establish mutually beneficial interactions, forming site- and individual-specific microbiota(Hall et al. 2018; Tetz et al. 2017). Several organisms such as bacteria,  algae, fungi, yeast, actinomycetes and protozoa are well known for their ability to form spores.  Formation of Spores  is a distinct  phase in life cycle of these small organisms making them able to resist various unfavourable environmental conditions like extreme temperature, ice, radiations, desiccation, toxic chemicals(Hu et al. 2024). Spore act as unit of asexual reproduction and also unit of survival in these small organisms. (Setlow ,  2023)Spores play an essential role in microbiomes  and seed banks  and are a valuable tool for biotechnology (Cottet et al 2021, Zhang et al 2020;Ting et al .2010, Oomes et al. 2004)
 Keeping in view their huge potential, the use of spores has led to several  upcoming  researches  to develop a large number of spore-based products in the areas of biosensing, biocontrol, biofertilizers, biological warfare, medicine and probiotics.(Woo et al. 2023)  Many of these products are now available commercially and thus offer a great potential of microbial spores. The degradation of complex polysaccharides in the animal gut, the production of useful compounds, protection against pathogenic microorganisms and contribution to the development of an efficient immune system are the main beneficial effects of a balanced microbiota.(Gentry et al. 2004, Singh et al. 2012) The current paper gives information about the utility microbial spores and its potential industrial applications in  above mentioned fields. Furthermore, attention has also been paid to the ass ociated challenges and future perspectives for spore-based technologies.
Characteristics of Microbial spores:
Microbial spores are a special cell with thick wall, metabolically dormant structures that are produced by a process of sporulation to prevail over harsh and unfavorable climatic conditions of starvation, stress of many kinds . Spore production (sporulation) is induced by a variety of environmental conditions that impair cell growth, making the sporulation process a survival strategy.(Setlow 2023; Hamiot et al 2023) In addition to their metabolic dormancy and resistance, the spore has a very different structure from that of a growing cell, including several layers and many constituents that are unique to spores. (Hu et al. 2024; Tahara YO MM 2024,2023, Pophan DL 2002)
The outermost layer is the exosporium. Underlying the exosporium is the spore coat composed largely of proteins. There are multiple proteins in the spore coat and often multiple coat layers and this structure and its constituents are again unique to spores.(Cho WICM 2020, Seo et al. 2021; Weaver et al. 2007; Nicholson et al. 2000) The hardest biological substance sporopollenin found in spore all, makes it resistant to harsh climatic conditions. (Stewart GC 2015)
 The spore is metabolically dormant, and exhibits no significant metabolism of either exogenous or endogenous compounds.(Seo et al 2021) A striking feature of the spore’s metabolic dormancy is the virtual absence of the common high energy compounds present at high levels in growing cells such as adenosine triphosphate (ATP), reduced pyridine nucleotides and acetyl-coenzymeA13. While spores are dormant, they do have significant pools of some metabolic substrates, in particular the glycolytic intermediate, 3-phosphoglyceric acid (3PGA), as well as the enzymes needed for metabolism of this and other substrates .
 While spores can remain dormant for extremely long periods, they are continually sensing their environment for the presence of nutrients using a group of receptors located in the spore’s inner membrane. (Ramirez et al. 2021 )Different receptors respond to different nutrients and at least some receptors appear to act cooperatively in sensing mixtures of nutrients spores are of great significance.(Ma et al. 2023; Fathahi et al 2022; Li et al 2022;  Yu et al. 2020)  
Applications of Spore forming microorganism and Spore based technologies:
The nutrient supplies of plants are significantly influenced by microorganisms such as bacteria and fungi. Those microorganisms that have a positive effect and stimulate plant growth are defined as plant growth-promoting (PGP) microorganisms. Spore forming microorganism can be used as biofertilizer to improve plant health and crop production (Agake et al. 2021). Currently, some mechanisms related to plant growth promotion have been clarified, such as biological nitrogen fixation, phytohormone production, nutrient solubilization, and siderophore production It can reduce the amout of chemical fertilizers.(Mohsin et al 2021; Zhang et al. 2020) Studies have shown that they show  positive gowth ates unde limited nutrient supply. The biofetilizer made up of zeolite and contains 10 spores per gram. When applied to rice seeds,it can cause seedling to have over 30% more growth.  Trichodema fungus produces growth stimulators such as IAA(Indole acetic acid) and harzianolide. It decomposes soil organic matter and inceases the supply of nutrients.The use of spores on one hand offers  a number of useful applications in various fields, but at the same time, they have also become the major cause for various types of food spoilages and food-borne diseases (Setlow 2023; Setlow and Johnson 2007; Coleman et al. 2010).
 Spores are unique  in resistance properties and environment sensing ability therefore several spore-based technologies have been developed. Spores as a biosensor have been used for the detection of various microbial and nonmicrobial contaminants in various  food stuffs. (Khan et al 2023) Bacteria-based sensing systems have been employed in a variety of analyses as biosensors because of their selectivity and ease of use. (Suntornsuk et al 2020, Herold et al. 2013). Paper based biosensors have become the backbone of the diagnostic industry. The notable work on enzyme electrodes by Clark and Lyons in 1962 denoted the beginning of the field of biosensor. A biosensor is a device which combines a bio-recognition molecule with a transducer and changes the recognition event into an analytical signal. (Dasriya et al 2021, Karanpriya et al 2020, Chamber et al 2008). In today’s world, several biological molecules are engaged in the sensing and recognition processes. These include cells, nucleic acids, enzymes, antibodies, proteins, peptides, etc. spore-based paper strip biosensor which work on the induction principle to detect the ß-lactam group of antibiotics in milk are widely used.(Sharma et al 2020, Thukral et al 2022).These systems have limited applications in the field because of the inability of bacteria to survive long term under extreme environmental conditions. 
The ability of spores to enable bacteria-based sensing systems with long lives, along with their ability to switch over between the vegetative spore state and the germinated living cell, contributes to their usefullness as vehicles for cell-based biosensors spores expressing certain enzymes, proteins,  at  their surface have been presented as a stable tool for the biospecific  recognition of target molecules. A spore-based paper strip biosensor that can detect the ß-lactam group of antibiotics in milk has been developed using an enzyme induction concept. (Ma et al 2023; Lu et al. 2022; Yu et al. 2020; Heffron JD 2009)
Application of spores as a packaging method for whole-cell biosensors, surface display of recombinant proteins on spores for bioanalytical and biotechnological applications, and the use of spores as vehicles for vaccines and therapeutic agents.( Ma et al 2023; Naresh et al 2021) Spores provide a packaging and storage method for whole-cell  biosensing systems.(Dasriya et al 2021) Due to the resistance of bacterial spores to changes in pH, temperature, and other environmental factors, they are used as efficient vaccine vehicles. As described previously, certain bacteria can be genetically manipulated to express antigens on the surface of their spores.(Hu et al. 2024)


Various studies have shown that  germinating properties of bacterial spores can be used to selectively deliver drugs to tumor sites and decrease the toxic effects of chemotherapeutic drugs on patients. (Cottet et al. 2021)Spores have huge agricultural applications, in development of biocontrol agents and biofertilizers.(Agake et al. 2021) Thus the unique  characteristics of spores have proved the spores as a valuable tool for fulfilling the need of present time in the area of crop protection, environment and medicine.(Mohsin et al. 2021)
 Due to their  stability and resistance properties, they are found in different kinds of environments. They are found in soils; aquatic environment; deserts, hydrothermal sites and polar ices. The process of spore formation is known as sporulation. It involves progression through different stages such as sporulation, chromosome segregation, sporulation-specific cell division, differential gene expression and specific signal transduction mechanisms (Cutting and Ricca 2014).
 During germination initiation of metabolism takes place resulting in ATP formation and synthesis of RNA and proteins.(Sorg JA 2008) Eventually replication of DNA results in vegetative cell (Setlow 2023; Paidhungat and Setlow 2002) . A new formed vegetative cell is able to grow, to duplicate and eventually to sporulate again( Hamiot et al. 2023; Cowan et al. 2003)
The Green Revolution significantly increased the use of synthetic pesticides, which, while causing an increase in agricultural production, also led to indiscriminate pollution in the air, soil, and water( Khan et al 2022; Mocali et al. 2022). Due to this problem, alternative methods for controlling agricultural pests and pollution have been sought. Common  among them are biopesticides.  The biopesticides can be defined as the  pesticides which have biological origin. The use of biopesticides offers several advantages  over chemical pesticides. (Amran  2004; Schisler et al 2004, )Biopesticides are   safe to humans and the environment, are cheap and  more target specific. Spores of Bacillus thuringiensis (BT) are frequently used in agriculture to target insects and pests. Spores of B. sphaericus are also known to develop a parasporal body during the process of sporulation which has toxic properties against mosquito’s larvae(Setlow 2023).  Metarhizium anisopliae and Beauveria bassiana are filamentous fungi that belong to the orders Hypocreales, family Clavicipitaceae, and Cordycipitaceae, respectively.The spores of these fungi are widely used in formulations of biopesticides.
 Probiotics are defined as “live microorganisms which, when administered in adequate amounts, confer a beneficial effect on host health” (Hill et al., 2014). Probiotics are being developed commercially for both human use, as dietary supplements, and in animal feeds for the prevention of gastrointestinal infections,(Trotter et al. 2020) Higher resistance of microbial spores to high temperatures, low pH and high pressures coupled with characteristics such as good stability and rapid germination make their use extremely desirable for the innovative formulation of several probiotic foods. Probiotics are capsules or tablets or liquid composed of lyophilized preparations of bacteria which promote a healthy gut. (Garvey et al. 2022; Brutscher et al. 2022) Spore forming probiotics have already been widely marketed as supplements (capsules) for human consumption. The effective use of spores in these areas will depend on the ability to scale up spore generation, which still needs to be optimized for batch production., (Mandarino et al 2023)Probiotic spores are resistant to several processing conditions employed in the food industry, thus presenting high feasibility of effects. Among the large number of probiotic products in use today are bacterial spore formers, mostly of the genus Bacillus,  Lactobacillus (Patch et al. 2023).
Biological warfare is the use of biological toxins  such as bacteria, viruses, insects, and fungi with the intent to kill or harm humans, animals or plants. Biological weapons  are living organisms. Biological agents for smallpox, pneumonic plague have the capability of person-to-person transmission via aerosolized respiratory droplets. ( Kelle et al 2009; Garfinkel et al 2007; Fraser et al. 2001) Biological weapons, as opposed to nuclear weapons, are easier to produce and require  less money investment and human resources. Infectious diseases have always played a major role in limiting military campaigns, and invading armies.( Epstein GL 2001) Appropriate dispersion of even a small volume of biological warfare agent may cause high morbidity and mortality, which may be multiplied by public panic and social disruption.( Calfee et al 2011; Guillemet et al 2010,) Biological weapons have a  very high destructive potential;  the consequences of biological attacks are often unpredictable and are therefore of little strategic interest in conventional war; these weapons can be cheap and relatively easy to prepare with a minimum of scientific expertise.( Unal et al 2016; Petro et al. 2003) Theoretically, novel approaches in biotechnology, such as synthetic biology can  be used in the future to design new  types of biological warfare agents, to render a vaccine ineffective;  enhance the virulence of a pathogen, increase the transmissibility of a pathogen;(Khan et al 2022; Mocoli et al 2022; Gupta et al. 2022) Western powers,  had biological research programmes for both offensive and defensive purposes, and several other nations are known or thought to have such programmes.(Miller et al 2001)
Anthrax is a severe disease caused by Bacillus anthracis, in which an itchy, painless sore that looks like an insect bite is produced. The sore may blister and form a black scab . Bacillus anthracis  is a gram-positive capsulated bacterium that can survive in the presence or absence of oxygen and can develop spores when exposed to the environment through various body fluids of a deceased animal . This disease impacts both domestic animals and wild animals., It can also affect humans, leading to a global spread of the outbreak. Anthrax can be transmitted through inter-animal or zoonotic transmission Anthrax endospores exhibit resistance to desiccation, high temperatures. ( Cote et al 2015; Oliva et al. 2008;  Hart 2001)
 The World Health Organization estimated that 50 kg of B anthracis released upwind of a population center of 500000 would result in up to 95000 fatalities, with an additional 125000 persons incapacitated(Huxsoll et al 1989)
Smallpox (variola) was a devastating disease with a high case-fatality rate. Although the disease was eradicated in 1977, the remaining stocks of smallpox virus constitute one of the most dangerous threats to humanity. The smallpox virus is highly specific for humans and non-pathogenic in animals. There is no antiviral treatment and a vaccine is active only if administered in the first four days post-exposure. Smallpox virus is a  a potential biological weapon that could be used by terrorists, Variola is highly contagious and is transmitted from patients by droplets and sometimes  by aerosols. Smallpox has proved potential as a biological warfare agent even before any possible genetic enhancement in weapons programmes. Smallpox is a potential biological weapon because it can be used to intentionally spread the variola virus, which causes the disease. Although smallpox has been eradicated, public health authorities prepare for the possibility of a bioterrorist attack. Smallpox can be grown in large quantities, It can spread through the respiratory route It has a 30% mortality rate There is no specific therapy for smallpox
In addition, Botulism is a rare but severe illness caused by the neurotoxin  produced by the vegetative form of C. botulinum after spore germination.  (Wilcox et al. 2011)In a case of a bioterrorist attack using aerosolized C. botulinum spores it might be predicted that C. botulinum, after spore germination, could produce an infection with release of the neurotoxin in  gastrointestinal tract  of injured persons.(Gaur et al. 2014;Paredes-Sabja 2011; Wilcox et al. 2003) Although there are no reports on the use of C. botulinum spores in bioterrorism events, the spore dormancy makes spores harmless to anyone (a bioterrorist) handling them. Furthermore, the ease of handling spores in comparison with manipulation of toxins makes spores as the ideal weapons to disseminate C. botulinum . Each of the described pathogens (B. anthracis, C. botulinum, C. difficile, C. perfringens and C. burnetii) is relatively easy to grow in specific culture media to allow the production of high titres of the resistant forms: spores.  
Emerging themes and future directions
Future trends in spore biology include the use of artificial cells and the development of new therapies for spore-forming infections.  Artificial cells  cells are like lipid vesicle protocells, can help study molecular biology. These cells can help study how molecular concentration variations and macromolecular crowding affect cells. Further by using metabolomics and other omics tools to gain biochemical insights and link molecular insights with spore behaviors. Combining omics with single-spore techniques  and available literature can lead to new possibilities in the field of spore biology. This can help in developing new agents for the biocontrol of pathogens in agriculture.
Further, as a substrate for delivery of biomolecules and second as a source for understanding  self assembling molecules spore research offers huge potential.. As a delivery vehicle the spore coat has been shown to provide a suitable surface for display of heterologous antigens. As vaccine vehicles spores have a number of advantages. It is probable that other spore coat proteins can be used for surface expression and delivery and indeed spore forming species other than B. subtilis could be developed. The spore coat carries scores of different protomers of which some self-assemble although little is currently known about how this occurs. Accordingly, the assembly processes that form the spore coat as well as the nature of individual proteins could provide a rich source of hitherto unknown self-assembling molecules. In addition, microfluidic technologies have the potential  to visualise biological events at the single-cell level, leading to important scientific discoveries, revealing phenomena and behaviors that had remained masked by macro-scale, population-level approaches. This can lead to phenomenal exploration in the field of spore research.
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