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ABSTRACT ARTICLE HISTORY

In present study, the leaf spot disease of cotton plant emerged Received 2 September 2017
in the North Maharashtra region of India was reported. The Accepted 17 January 2018
fungal phytopathogen associated with inducing the leaf KEYWORDS

spot_ disease symptoms was .|solated and characterised. Phytopathogen; leaf spot
The isolated fungus was identified as Corynespora torulosa disease; Corynespora
(Deposition  accession number, MCC-1368; Genbank torulosa; cotton plant; first
accession no. MF462072) based on morphological and report

cultural characteristics and molecular analysis of ITS region.

The pathogenicity of fungal phytopathogen was verified by

Koch'’s postulates. To our knowledge, this is the first report of

incidence of leaf spot disease caused by Corynespora torulosa

on cotton plant.

1. Introduction

Cotton is one of the most preferred and major fibre crop of global significance
and cultivated in almost every tropical country. In India, it is the leading fibre
crop with the largest cultivation area that constitutes about 41% of the global
cotton area (12.846 M ha) (http://cotcorp.gov.in/index.aspx). The cotton is also
serves as the most important raw material (holding 59% share) for the Indian
textile industry (WWEF-India report 2012), which plays a crucial role in Indian
economy and growth rate. Cotton production in India is not only associated with
the economical growth but also plays important role in sustaining the livelihood
of an estimated 5.8 million farmers.

Among the major cotton growing regions of India, North Maharashtra region
alone occupies 0.5 M ha (5.23% of total land of India) area under cotton cultiva-
tion (Patil and Waykole 2013). In this region, the area under Bt cotton cultivation
is around 94.7% of total cotton cultivation. The worldwide cotton production is
severely affected by various biotic and abiotic stresses. Among the biotic stresses,
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fungi and bacteria contribute about 11% of total loss of cotton yield (Oerke and
Dehne 2004). During the survey of various cotton fields of North Maharashtra
region was noticed with leaf spot diseases in cotton cultivation seasons- 2013-2014
to 2014-2015 (June-September). Keeping in view the contribution of cotton in
agriculture, its impact on economy and employment and present seedling disease
prevalence on cotton crop; the present research is associated with disease inci-
dence, severity of seedling disease, isolation and identification of causative agent
and confirmation of pathogenicity by Koch’s postulates.

2. Materials and methods

In order to detect the prevalence of disease, a systematic survey was carried out
in the cotton fields (Bt RCH-2 variety) of North Maharashtra region between two
successive cotton cultivation seasons of year 2013-2014 and 2014-2015 (June-
September). The cotton plants were observed with leaf spots of various severities
and incidences.

In order to isolate the pathogen associated with leaf spot disease of cotton
crop, the leaves with dark brown lesions were collected in sample collection bag
(Hi-media) and brought to the laboratory. The surface sterilisation and isolation
was performed as described by Dau et al. 2008. The diseased plant leaf samples
were washed thoroughly under running tap water to remove the surface con-
taminants. The small sections (0.5 x 0.5 cm) from the diseased area were cut and
surface sterilised with 1% HgCl, solution for 2 min followed by three-four washes
of sterile distilled water and then blotted dry on sterile tissue paper. A symptomless
leaf section was taken as a control and surface sterilised. The surface sterilised sec-
tions were aseptically placed on Czapek dox agar (CDA) medium supplemented
with 1 mg/ml of streptomycin. The plates were incubated in dark condition at
28 °C for six days. The developed fungal colony from the section was further
sub-cultured on fresh CDA plate until pure culture of the isolate was obtained.

The morphological feature of the isolated fungal strain was evaluated using slide
culture assembly. The morphological features (colony characteristics, mycelial
growth pattern, radial growth pattern, spore forms and size of the conidia) were
systematically studied as per the key described by Watanabe 2010; Nghia et al.
2008 and Kumar and Singh 2016.The molecular identification of the fungal iso-
late was carried out at National Centre for Microbial Resource, National Centre
for Cell Science, Pune, India. Amplification of ITS region was carried out with
universal primers ITS4 and ITS5 according to the protocol of White et al. 1990.
The amplified polymerase chain reaction (PCR) products were sequenced using
ABI-Big Dye Terminator v3.1 cycle sequencing kit (Applied Biosystems, USA).
The Basic Local Alignment Search Tool (BLAST) analysis of sequenced data was
performed against the non-redundant nucleotide (nr/nt) database and similarity
analysis was done using Clustal W. The phylogenetic tree was constructed using
MEGA 5.0 software with bootstrap value of more than 50%.
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The pathogenicity of the isolate was confirmed by Koch’s postulates. The coni-
dial suspension of fungal isolate was prepared by scraping the mycelium to ster-
ile distilled water from 7 day old culture. The spore count of spore suspension
was adjusted to 1 x 10° conidia/ml using hemocytometer. The experiments were
performed in greenhouse (30/25 °C day/night temperature with a 16 h of photo
period). The healthy cotton seedlings (Bt RCH-2 seeds) at the four-leaf stage
(18 day older plant) were sprayed with conidial suspension of fungal isolate until
the upper and lower leaf surfaces, petioles and stem were uniformly wet. While
the control plants were sprayed with sterile distilled water. The vigour index and
disease severity index (DSI) of control and test plants were measured as per Islam
and Borthakur 2012; Shtienberg 1996; Zhao et al. 2014, respectively. DSI = ¥, (dis-
ease severity scale point’s x number of plants at each scale point)/(total number of
plants surveyed x disease severity scale of the highest scale point observed) x 100.

The experiment was performed in quadruplets. Koch’s postulates were satisfied
by re-isolating the pathogen from symptomatic test plants.

Analysis of variance (ANOVA) was conducted on the DSI data to determine the
overall effect of the isolate and its interactions with cotton plant. The comparisons
of the mean DSI data were made using Dunnet’s multiple range test (p < 0.05).

3. Results

The survey study revealed that the cotton crop was severely aftfected with leaf spot
disease. The leaf spots were irregular in shape, the spots smaller than 10 mm in
diameter were tan to black in colour and the spots larger than 20 mm appeared
with black borders and yellow halos (Figure 1). The % disease incidence (DI) was
recorded for each surveyed region. The disease incidence was observed between

Figure 1. The brown coloured leaf spots on diseased cotton plant observed during survey.
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5-36%. Maximum DI was recorded in the month of August when the climatic
conditions were congenial for disease development (temperature 22-32 °C, mois-
ture 55-85%).

The leaf spot causing pathogen was isolated from the leaf section of diseased
cotton plant and was further sub-cultured and maintained on CDA medium at
28 + 2 °C. The colony of fungal isolate is slightly polygonal, thick in texture with
smooth margin, dark grey on the surface and dark brown on back side (Figure 2).
The conidia are long, solitary, straight to slightly curved, obclavate to cylindrical,
tapering towards the apex, pale brown, smooth and unbranched (Figure 3). The
Table 1 also describes the detail morphological features and cultural characteristics
of isolated fungal pathogen. Based on morphological and cultural characteris-
tics, the fungus was identified as Corynespora. The BLAST analysis and sequence
identity of ITS region by Clustal W identified the fungal isolate as Corynespora
torulosa (Figure 4). The ITS sequence of Corynespora torulosa was successfully
deposited to NCBI with Genbank accession number of MF462072. The identified
phytopathogenic fungus was deposited at National Centre for Microbial Resource,
National Centre for Cell Science, Pune, India with accession number MCC-1368.

In pathogenicity test, after 14 days of inoculation, the tested isolate showed
leaf spot symptoms in plants treated with conidial suspension which matched
with naturally infected plant symptoms, whereas the control plants were symp-
tomless (Figure 5). There is significant difference in DSI of test plant (44.38) and
control plant (1.88). The vigour index of test plant was reduced with 30.84%
as compare to the vigour index of control plant (Table 2). The fungal pathogen

Figure 2. The 6 day old fungal colony of phytopathogen grown on CDA plate incubated at 28 °C.
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Figure 3. (a) The long thread like septate conidiophore and (b) the smooth and un-branched
conidia of Corynespora torulosa strain L4 observed under 40X objective lens of compound
microscope.

Table 1. Visual growth characteristics of fungal isolate on Czapek dox agar medium after 7 days
incubation period at 28 °C.

Characteristics Description

Growth rate (mm/d)? 9+0.28

Colony diameter (mm)P 56.33+0.58

Mean+SD

Growth pattern Thick in texture, polygon in shape, Moderate growth, flat textured, smooth margin

Colony colour Top — dark grey, Bottom — dark brown

Conidiophore Long thread like, erect to slightly bent, simple, sparingly septate, non stromatic
arising singly from hyphae, branched to unbranched, macronematous

Conidia Long, solitary, straight to slightly curved, obclavate to cylindrical, tapering towards
the apex, pale brown, smooth, unbranched

Conidia size® 35-195X4-16 ym

Septa Distoseptate (4-20)

Sporulation? +++

Notes: *Growth rate was measured in mm/day, ®Colony diameter measured at 7th day of incubation, “Mean values
of length and width of 50 randomly picked conidia + standard deviation, ¢ + Poor sporulation: 1-10 spore/mi-
croscopic field (40x), ++ Medium sporulation: 11-50 spores/microscopic field, +++ Good sporulation: More than
100 spores/microscopic field.

was reisolated consistently from the tissues of treated plant, thereby fulfilling the
Koch’s postulates.

4. Discussion

A number of fungal diseases are prevalent on cotton crop which can cause severe
loss of yield. Indian cotton fields are previously reported to be affected with fun-
gal foliar diseases caused by species of Myrothecium, Alternaria, Cercospora and
Curvularia (AICCIP 2013-2014). Field survey showed that the cultivated cotton
crop is sensitive to leaf spot disease and disease severity index was varied from 5
to 36%. There was no any reported incidence of Corynespora torulosa on cotton.
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Figure 4. The phylogenetic relationship of fungal isolate Corynespora torulosa strain L4 with
related fungal strains based on ITS sequences. The phylogenetic tree was constructed using
MEGA 5.0 software with bootstrap value of more than 50%.

Figure 5. The results of pathogenicity test; (a) test plant with the brown coloured leaf spots and
(b) symptomless control plant.

Table 2. DSI and vigour index of test and control plants observed in pathogenicity test.

Cotton plant DSI Vigour index Decrease of vigour index over control (%)
Test 44.38a (1.77) 2924.78a 30.84
Control 1.88b (0.075) 4229.1b -

Notes: p < 0.05 Vs Control after treatment when calculated by one way ANOVA using Dunnet’s multiple range test
(p > 0.05). Values in the same column followed by different lower case letters are significantly different from each
others. The numbers in parenthesis describes the average infection scale.
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Hence, this is the first report of Corynespora torulosa causing leaf spot disease of
cotton plant. During literature survey it was observed that, there are no reports
of Corynespora torulosa as phytopathogen of cotton but the synonyms of this
fungus; Deightoniella torulosa and Brachysporium torulosum (Crous et al. 2013)
have been previously reported with other host plants like; banana (Kone et al.
2008) and grande naine (Mora et al. 2013).
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Abstract

Proteases are universal in existence in all organisms and are needed for metabolic
activities of the cell. Also, proteases are the paramount hydrolytic enzymes widely used in
industrial sector accounting ~65% of the aggregate worldwide enzyme market. The market
revenue of global protease sale is estimated to be $ 2.21 billion by 2021.

Currently, a widening expectation of biotechnology sector necessitates the availability
of robust protease with industrially suitable operative features. The commercially-compatible
protease should show stability and altered specificity in organic solvents, and be economically
as well as ecologically sustainable.

The proteolytic halophilic and halotolerant microorganisms are a novel source of salt-
stable proteases. Beside stable in the presence of significant amount of salt, the halo-proteases
could occasionally display the polyextremophilic attributes like tolerance to alkaline pH, high
temperature, and organic solvent tolerance etc.

This review describes - halophilic/halotolerant proteolytic microorganisms as source of
salt-stable protease, mechanisms of high salt tolerance, various physical and nutritional
parameters affecting the protease production, purification strategies for protease,
characteristics of salt-stable proteases, and commercial significance of salt-stable proteases.
The study revises the current status of the research on salt-stable proteases obtained from

extremophile with their operative utility in the biotechnology field.

Keywords: Halophiles; Halotolerant; Salt-stable proteases; Organic solvent; Ionic liquids;

Detergent industry; Leather industry; Bioremediation; Biomedical industry; Food industry
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1. Introduction

Proteases are enzymes having the unique significance in cellular and physiological
processes and are synthesized by all organisms. They hydrolyze the protein into soluble
peptides/free amino acids. Nearly 2% of the total genome of typical cell encodes for proteases
which required for various metabolic and physiological functions [1]. Also, the proteases are
extensively used in the industrial sector. Among the industrial enzymes, proteases are the
dominant and largest selling industrial biocatalyst [2, 3]. The global market for industrial
enzymes is growing at a compounded annual growth rate (CAGR) of 7% from 2015 to 2020
and predicted to occupy $ 6.2 billion by 2020 [4]. The global protease market revenue is
estimated to be § 2.21 billion by 2021 [5]. Among various sources like - animals, plants, and
microbes; the microbial sources are preferred for commercial scale protease production. The
microbial fermentative enzyme production offers several advantages like - rapid microbial
growth, low space needed for cultivation and comparatively easy genetic manipulation
protocols [6].

The expanding horizons of biotechnology sector anticipate the availability of robust
protease with important features which make it technologically suitable commodity. Besides
its ability to function at wide range of temperature and pH; the capability to endure in presence
of range of surfactants, soaps, oxidizing agents, bleaches, hydrotropes, stabilizers, brightening
agents, builders, organic solvents and salts. This augments the utility of protease in detergent,
leather, cosmetics, pharmaceutical, textile, food, waste processing industries. Also, a monetary
point of view, the low protease requirement in a typical formulation or biocatalytic reaction
further anticipates the availability of robust and functionally efficient protease. The protease
from halophilic microorganisms could display superior activity and stability under bizarre
conditions like high alkalinity, high temperature, and high salt, organic solvents, ionic liquids,
and ultrasonic vibrations.

The salt-stable characteristics adapted by protease could offer the enzyme to remain
active in low-water environments and capability to remain functional in organic solvents [7].
The functional ability of an enzyme to work in low water medium/ organic solvents is
elucidated as non-aqueous enzymology. The non-aqueous catalysis offers several advantages
like (i) stability improvement, (ii) modifications in substrate specificity, (iii) enantiomeric
peculiarities, and (iv) elevated product yield [8,9]. The enzymes of halophilic microbe are an
appropriate candidate for efficient use in non-aqueous media [10]. From a synthetic point of

view protease in anhydrous organic solvents are useful for enzymatic reactions like trans-



esterification, ammonolysis, thiolysis. Such proteases are also useful for stereo-selective,
region-selective and chemo-selective changes in a substrate [11].

The protease and protease-blended formulations are favoured in progressing scenario
of biotechnological sector. The attributes like - higher reaction rates, operated in ambient
reaction conditions, greater reaction specificity and capacity for regulation makes the
enzymatic transformation more advantageous compare to chemical processes. The enzymatic
protocol also offers environmentally benign set of principles and curtails the usage or genesis
of hazardous substances during fine chemical synthesis.

The use of ionic surfactants, amphoteric surfactants, bleaching agents, oxidizing agents,
stabilizers, builders, alkalies, brightening agents, ionic liquids, hydrotropes, organic solvents,
and occasionally ultrasonic energy in biotechnology sector have generated new challenges on
use of enzyme in this field.

In last decades various salt-stable proteases have been documented to be displayed
better stability in high salt, alkalinity, wide range of temperature, and are found active in a
range of chemicals otherwise behaves as chaotropic agents. Oren has forecasted that the
commercial utility of halophilic microbial proteases would depend on the accumulation of
scientific knowledge about their enzymology and protein structures [12]; here we reviewed the
current trend and utility status of halophilic and halotolerant microbial proteases.

2. Salt dependence of microbes

Salts are ionic compounds consists of metallic ‘cation’ (positively charged) and non-
metal ‘anion’ (negatively charged). The overall electrical charge on the salt molecule is zero.
The cation and anion are strongly bound by ionic bonds. The nature of ionic bond decides the
physical and chemical characteristics of salts. The properties of salts include (i) ordered
structure — crystal lattice, (i1) strong ionic bonds conferring hardness to salt crystal, (ii1) salts
have high melting/boiling point, (iv) salts show electrolytic properties; on dissociation in water
it forms ions, and (v) salt solution conduct the electricity. The force (F) between two electrical

charges in a salt molecule is determined by Coulomb’s law:

Where, F, a force between two electrical charges; qi and q2, electrical charges; r, a
distance between two ions; D, the electric constant of the medium; and k, a proportionally
constant (8.99 x 10° J.m.C?) [13].

Liquid water and dissolved salts are vital for all forms of life. In water, the salts

dissociate as cation and anion and play a significant role in the metabolic process. For example,
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the cell membranes of living organisms have pumps to exclude Na" and to concentrate K' in
the cytoplasm.

An aqueous sodium chloride solution (0.85%, w/v) is generally used as saline to hold
the microbial culture [14]. The saline provides osmotic protection for typical microbial cells.
The excess of salts exerts high osmotic pressure on the cell. An ideal osmotic pressure is
accountable for growth and survival of any organism. The most of terrestrial and freshwater-
based microbes are unable to survive at high osmotic pressure. They get died or became
dormant in high salt containing environs [15].

Also, maintaining osmotic pressure, the salts are physiologically important for the cell
to conduct various biochemical reactions. The typical non-halophilic cell consists of various
inorganic elements; a majority of them are essential cofactors of several important enzymes
[16]. Table 1 summarizes the biological significance of inorganic elements.

The biotopes consisting of saline and hypersaline environments are widely distributed
in various geographical locations like saline soils, saline lakes, salt pans/ marshes, sea water,
marine ecosystems, salted meat, and salt evaporation pools etc. [17-21]. In hypersaline
biotopes, evaporation of seawater is accountable for formation of gradients in salinity.
Hypersaline environments contain extra salts as compared to seawater (3.5% total dissolved
salts). Hypersaline biotopes are grouped into (i) thalossohaline and (ii) athalossohaline.
Thalossohaline biotope is hypersaline environment having a similar salt composition to that of
seawater. Sodium and chloride are dominant cation and anion, respectively followed by Mg**,
Ca?" (cation), and SO4> (anion). The pH of thalossohaline biotope is neutral to slightly alkaline;
hypersaline marine lagoons, solar salterns evaporation pond, Great Salt lake, Utah are examples
of thalossohaline biotope. Athalossohaline environment contains very different salt
composition from that of seawater. It contains a high concentration of carbonate and
bicarbonate while chloride and bromide are dominant ions. It contains very trace amount of
Mg**, Ca**, and SO4> . The pH of athalossohaline biotope is 10-11; alkaline soda lakes, Dead
Sea are examples of athalossohaline environment.

Various microorganisms were isolated from saline soil, seawater, saline/hypersaline
lakes, salt pans, salt marshes, brine springs from underground salt deposits, playas, solar
salterns, soda lakes, salt mines, deep-sea sediments, and fermented fish sauces [19,22-24].
These microorganisms have the ability to survive over a wide range of salinities even at

saturation concentration of salt (>3 M). The archaea are extreme halophiles which grow in



optimum salt concentration (3.4—5.1 M NaCl) [25]. The salt dependence is also be determined
by on physical factors like temperature, pH, and redox potential [26].

Kushner classified the microorganisms depending on their salt requirement. The true
halophilic organisms obligatorily require >3 M NaCl for growth while halotolerant organisms
are not dependent on salt for growth but are able to tolerate the appreciable salt concentration
(<IM NaCl) [27]. The classification of microbes based on their salt concentration requirements
is summarized in Fig. 1.

The halophilic and halotolerant microorganisms are well adapted to higher salt
concentration; the enzymes produced by them must retain activity in higher salinity and low
water activity environs. The halophiles essentially have ability to secret the salt-stabilized
enzymes to retain their survival in salinity. Although the intracellular composition (by virtue
of compatible solute) is not adapted tolerate the high salt; but outside the cell, it should secrete
the high salt-adapted extracellular enzyme. A potential halophilic/halotolerant strain having the
ability to secret substantial extracellular hydrolytic enzymes could be further screened as
commercial producers and used for the biotechnology industry.

2.1. How cell survive in excess /extreme salt concentration?

Typical cell immersed in a relatively higher salt (hypersaline) containing solution than
the cytoplasmic fluid are inescapably lost water and undergo plasmolysis. The effect of surplus
salt on typical non-halophilic bacterial cell has been well documented [28,29]. Halophiles
prefer the high salt concentration for growth and survival. They possess the unusual adaptive
mechanisms as compared to the typical non-halophilic microbes. A perfect model that precisely
clarifies that how the cell stabilizes the osmotic pressure in presence of high salt surroundings
is still waiting for a precise explanation [30]. Rather than a distinct mechanism, multiple
strategies are adopted by halophilic microbes to prevent the loss of cytoplasmic water and to
establish osmotic equilibrium across their cell membranes. Several adaptive mechanisms are
illustrated as follows.

2.1.1. Salt-in-cytoplasm adaptation

It is a process of accumulation of inorganic salts (e.g. sodium, chlorine and potassium
ions) in the cytoplasmic fluid [31]. This involves cations flowing through the membrane into
the cytoplasm (Fig. 2). Archaea accumulate intracellular potassium and exclude sodium,
whereas bacteria accumulate sodium rather than potassium. As a cell immersed in high salt,
the intracellular components (e.g. proteins, nucleic acid, and cofactors) require protection from

the denaturing effects of salt [32].



The adaptation mechanism in the halophilic cell requires a higher concentration of salt. In low-
salt environs, the lesser concentration of salt or scarcity of salt eliminates the ‘shielding effect’
of cations and contributes to rapid denaturation of the three-dimensional structure of
proteins/enzymes. These observations have been well supported by several research
investigators. Salt (particularly of divalent metal) ions autonomously stabilize and regulate the
biocatalysis and structural conformation of RNase H1 from Halobacterium sp. NRC-1 [33].
The role of divalent Ca®* in preventing denaturation and monovalent Na* in the regulation of
enzymatic activity was reported for the protease of Bacillus sp. EMBO [23].

Extremely halophilic archaea and anaerobic halophilic bacteria use salt-in-cytoplasm
strategy [34]. The aerobic archaea such as Halobacterium sp. [35], and Natronococcus occultus
grown in salt rich media [36], and the bacterium Salinibacter ruber [37] use inorganic salts
almost exclusively for osmotic balance.

2.1.2. Compatible-solute adaptation

This adaptive mechanism operates by accumulating a small molecular weight organic
solutes in the cell, while excluding the salts from cytoplasm as much as possible, to balance
osmotic pressure. These small organic and osmotically active molecules are referred as
‘compatible solutes’. These compounds can be synthesized by de novo or imported from the
surrounding medium (Fig. 3). The generation of compatible solutes within cytoplasm is an
energetically expensive process [38]. The compatible solutes also behave as stabilizers for
maintaining the active conformation of various macromolecules within a cell to acclimatize the
extreme conditions (like heat, cold, desiccation, freezing and excess of salts etc). These
compatible solutes are polar and dissolvable zwitterions and described as strong water-structure
formers. They exert a stabilizing effect without any structural distortion of the protein molecule
[34,39-42]. An array of compatible solutes has been recognized from several halophiles (Table
2).

Most halotolerant and moderately halophilic organisms, including the anoxygenic
phototrophic bacteria, aerobic heterotrophic bacteria, cyanobacteria, and methanogens,
maintain a salt-minimized cytoplasm by accumulating/generating compatible solutes [34].
2.1.3. Salt stable cell surface and membranes

Although inside the cell, cytoplasmic environment is safe from the unfavorable effect
of salts by various mechanisms, but externally cell has been enforcedly exposed to high salt

concentrations. The cellular membrane of halophilic bacteria elevates relative higher



proportion of anionic phospholipids with increasing salinity as compare to neutral
phospholipids [34].

These alterations produce additional surface charges to the membrane and help to
maintain the hydration state of the cytoplasmic membrane. Most halophilic archaea possess an
S-layer consisting of sulfated glycoproteins, which surrounds the cytoplasmic membrane. The
sulfate group imparts a negative charge to S-layer and involved in maintaining the structural
integrity in presence of high salt. In addition, archaeal ether lipids are stable in even 5 M salt
concentrations as compared to ester lipids found in the membranes of non-halophilic microbes
[34].

2.2. Salt and protein interaction

The proteins are soluble in low salt solutions, as the ionic forms of salts get to associate
with opposite charges within the protein. This leads to increased hydration of the protein
surface. In contrary, the solution containing high salt exerts the increased surface tension of
water induces competition between protein and salt ions for hydration. The salts ions
responsible for the elimination of an essential layer of water molecules from the protein surface,
this leads to denaturation of the protein [30]. Generally, proteins structure destabilized at high
salt concentration due to hydrophobic interaction. In presence of higher amount of salt, proteins
get altered with respect to (i) solubility, (ii) binding, (iii) stability, (iv) crystallization, (v)
protein aggregation and precipitation [43,44]. These properties of proteins are controlled by
the 1onic interactions of solvent.

In contrary, the presence of salt is an essential to regain the active structural
conformation of halophilic proteins/enzymes [45]. The enzymes of halophiles require the
presence of high salt concentration (4-5 M) for exhibiting the solubility, stability and catalytic
activity [46-48]. Several investigators reported that at low concentrations of salts or in the
absence of salts the structural stability and subsequent enzyme activity was lost [45,49].

The halophilic proteins/enzymes were detected to contain (i) relatively higher number
of acidic amino acids on the surface, (ii) low lysine, (iii) relatively low hydrophobic center of
the protein, and (iv) more salt bridges. Several mechanisms are proposed to know the
requirement of a relatively high amount of salt for stability and activity of halophilic proteins.
2.2.1. Proteins have negatively charged protein-surfaces due to acidic amino acids

A halophilic protein possesses negative charge due to hydrated carboxyl groups. The
negative charges are shielded by a higher amount of salt, this further arrests unfolding and

maintains the solubility of proteins [43,45,50,51] as illustrated in Fig. 4. As compared to
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proteins of non-halophilic microorganisms, the proteins of some halophilic microbes
comprised of the relatively high proportion of acidic amino acids like (i) serine and threonine
[32], aspartic acid and glutamic acid [52,53] and alanine, serine, threonine, and valine [49,54].
Also, a halophilic protein contains a small number of non-polar amino acids like cysteine,
isoleucine, leucine, lysine, methionine, phenylalanine, and valine residues [49,52-54].This
feature is also correlated with the low pl value (4.2 to 6.8) associated with halophilic proteins
[55-57].

These trends were verified by sequence comparison among the protein families. In this
view, comparative sequence analysis of the non-halophilic, halophilic, mesophilic and
hyperthermophilic glutamate dehydrogenase showed that the halophilic protein comprised of
significantly more acidic amino acid residues; with 64% of the total number of charged residues
are being either aspartic acid or glutamic acid [58]. The higher proportions of acidic residues
and reduced proportions of lysine content have been also detected in elongation factor (EF-Tu)
of Halobacterium marismortui [59], and halophilic archaeal dihydrofolate reductase [60]. The
malate dehydrogenase of Haloarcula marismortui contains 20 mol% higher of acidic residues
over basic amino acid residues, compared to only 6 mol% excess for a non-halophilic
counterpart. The structural analysis confirmed that the acidic residues are located at the surface
of the protein and involved to form a strong hydration shell. The crystallographic study based
on halophilic and non-halophilic malate dehydrogenase from Salinibacter ruber and
Chloroflexus aurantiacus respectively revealed that acidic amino acids disrupt the
pentagonally organized network of water molecules of hydration shell within the halophilic
protein [61].

Also, the excess of acidic residues on the enzyme surface confers protection to the
enzyme from aggregation in high salt concentration solutions. Paul et al. suggested that the
surface also displayed a reduction in surface-exposed lysine residue in halophilic proteins [62].
Oren documented the existence of ‘acidic proteomes’ in halophiles. The halophilic proteins are
soluble in presence of high salt environment while non-halophilic proteins precipitate in such
solutions [63]. Based on these studies, the ‘“solvation-stabilization model” [64-66] was
proposed which explains the thermodynamic basis and verifies that the protein solubility and
stability alteration are correlated.

2.2.2. Conglomeration of slightly hydrophobic groups in higher salinity
As previously discussed, the presence of higher amount of salt in solution induces

protein aggregation by enhancing (i) hydrophobic interactions, (ii) increased hydration of ions,
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(ii1) decreased availability of free water, and (iv) preventing intra- and inter-molecular
electrostatic interactions [67,68]. Therefore, the halophilic proteins adapted to preserve the
native conformation and remain functional in the presence of high salt content. The halophilic
proteins have evolved to require potassium rather than sodium. The potassium ions have an
additional advantage of having low water binding nature compared to sodium ions [67].

2.2.3. Presence of spheres of hydration

Halophilic proteins require ‘spheres of hydration’ to resist the protein-aggregate
formation [49,62,69]. Hence, they contain a decreased number of hydrophobic amino acids and
increased number of hydrophilic amino acid on their surface [70,71].

An increased amount of smaller hydrophobic amino acids (e.g. glycine, alanine, and
valine) compared to larger hydrophobic amino acid is a another adaptive mechanism existed in
halophilic enzymes [43,44,49,60,72,73].

It is established from this discussion that halophilic proteins/enzymes are more stable
in salt as they (a) have negatively charged protein surfaces offered by acidic amino acids, (b)
conglomerate slightly hydrophobic groups in high salt concentrations, and (c) get hydrated at
the surface because of carboxylic groups.

On the other side, halotolerant microorganisms grow in low concentration or absence
of salt [74]. Thus, their enzyme activity is unaffected by the presence/absence of salts [52].
Hence, they are not salt-dependent in comparison with halophilic proteins/enzymes [32]. On
the contrary, the halotolerant microbes use the ‘compatible solute strategy’ and other
mechanisms like amino acid, hydrophobicity, and hydration adaptations are not reported in
them [38].

Generally proteins of typical bacteria are soluble in very dilute salt solutions, as the
ionic form of salts associate with opposite charge moieties present in protein. The appropriate
amount of salt leads to increase the hydration of the surface on protein. The increased salt
concentration in solution increases the surface tension of water and creates a struggle between
protein and charged salt ions for hydration. Therefore higher amount of salts or presence of
heavy metal salts (e.g. Hg?") contribute to remove the layer of water molecules from the protein
surface, and exerts conformational alteration and aggregation of the protein.

In halophilic/halotolerant bacterial proteins, the °‘halo-adaptation’ is achieved by
multiple strategies as previously discussed. The halo-adaptation confers the stability to protein
in the presence of higher amount of salts. Also, various studies revealed that the halo-adaptation

mechanism not only confers a salt-tolerance to protein but the structural, functional and
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physiological adaptation mechanisms confers a novel attribute to protein that - the presence of
relatively higher salt is necessary for functioning of these proteins. Therefore, the halo-adapted
enzymes catalyze the reaction with higher rate and more efficiency in the presence of higher
salt concentration as compare to normal enzymes. Besides the capability to tolerate/ require
higher salt concentration, the halo-adaptation mechanism could also confer the stability to these
salt-stable proteins/enzymes to retain their active conformation in various catastrophic agents.
The traditional expectation from enzyme operated at ambient conditions was broaden up and
the catalytic proteins capable to withstand higher amount of salts could be used for catalysing
the reactions/bio-transformations in the presence of anionic/amphoteric/non-ionic surfactants,
soaps, oxidants, bleaches, hydrotropes, stabilizers, and organic solvents, hence will preferred
in modern biotechnology industrial set up.

3. Enzymes of halophilic /halotolerant bacteria

High salt tolerance and a high salt requirement for active conformation of a protein of
halophilic microorganisms suggest that they are a better source of salt-stable enzymes and
offers biocatalysis in presence of high salt. Fascinatingly, several enzymes from halophilic
microorganisms also exhibited a ‘polyextremophilic nature’ and are remain active/stable in
presence of alkaline pH, high temperature and non-aqueous medium besides activity in
presence of salt [22,48].

Some of novel attributes of haloenzymes include: (1) activity and stability in high NaCl
concentrations, (i1) activity in presence of range of salts, (iii) higher resistance towards
denaturation, and (iv) catalysis ability in micro-aqueous or non-aqueous medium [22,43,75].
Halophilic microbes are able to produce some hydrolytic enzymes like amylases, cellulases,
DNases, inulinases, lipases, pectinases, proteases, pullulanases, and xylanases [48,76,77]. The
stability and activity profiles of these enzymes are varied, making the halophilic enzymes as a
valuable commodity in the biotechnology industry. Besides, stability in a wide range of pH and
temperature, if any enzyme is stable/active in presence of salt, this novel feature broadens the
utility of halophilic hydrolytic enzymes in various applications in biotechnology.

3.1. Protease of halophilic /halotolerant bacteria

Among the various microbial enzymes the protease is a key industrial enzyme
accounting for ~60 % of commercially useful enzymes. In the beginning, the industry utilizes
the alkaline proteases obtained from alkali-tolerant, mesophilic bacteria. The discovery of
extremophilic microorganisms like alkalophile, thermophile, and halophile provide new

resource of industrially efficient proteases.
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Generally, the proteases (peptide hydrolases) are mainly grouped as exo-proteases and
endo-proteases. The exo-proteases act only near the end of a polypeptide chain (proximal to
N/C terminus) while endo-proteases cleave internal bonds in polypeptide chains. The protein
breakdown into small peptides/free amino acid is mainly mediated by endo-proteases hence
have commercial significance. The endo-proteases are further classified into sub-subclasses on
the basis of the catalytic mechanism as (i) serine endo-proteases (E.C.3.4.21) have an active
centre serine involved in the catalytic process, (ii) cysteine endo-proteases (E.C.3.4.22) have a
cysteine in the active centre, (iii) aspartic endo-proteases (E.C.3.4.23) depend on an aspartic
acid residue (commonly two) for their catalytic activity, and (iv) metallo endo-proteases
(E.C.3.4.24) use a metal ion (often Zn?", but not always) in the catalytic mechanism. Recently,
sub-subclass E.C.3.4.25 has been added for threonine endo-proteases. Majority of extracellular
proteases from halophilic and halotolerant bacteria are serine proteases and metalloproteases
although rarely cysteine proteases have also been described (Table -8).

3.2. Halophilic protease

Proteolytic enzymes derived from halophilic microbes execute the catalytic function in
Vivo and in vitro in presence of 4-5 M NaCl concentration while get inactivated/denatured in
absence/low salt concentrations [49]. Majority of these proteases showed optimal activity in
the presence of the relatively high concentration of NaCl at pH 5-10 and capable to withstand
temperatures from 40 to 75°C.

Majority of halophilic proteases belongs to ‘serine protease’ group. This group of salt-
stable serine/ subtilisin-like serine protease is denoted as ‘halolysin’. Such halolysins were
detected in Natrialba asiatica 172P1 [78], Haloferax mediterranei VKMB-1538 [79],
Haloferax mediterranei R4 [80,81], Natrialba magadii, and Halobacterium sp. strain NRC-1
[82]. In addition, an unusual extracellular serine protease (130 kDa) was obtained from
Natronococcus occultus [83].

3.3. Halotolerant protease

Halotolerant proteases are capable to tolerate the high salt concentrations, without salt
dependence [43,84]. Majority of extracellular halotolerant proteases are metalloproteases and
serine proteases. Although, halotolerant enzymes were commonly produced by halotolerant
microorganisms, occasionally halotolerant proteins have been also derived from non-
halophiles [25]. The halotolerant proteases are capable to withstand low water availability [85].
The ability to remain active in low water availability (aW) confers the additional attribute to

remain active in organic solvents [10,86]. The salt-tolerant enzymes play a key role in
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numerous processes that require low to high NaCl concentrations which including various
applications in peptide synthesis, detergent formulation, and fish/meat processing industries
[25,85].

Table 3 comprises the list of various microbial proteases secreted by
halophilic/halotolerant microbes isolated from various ecological biotopes.
3.4. Amino acid composition and salt tolerance of protease

The activity and stability of protease is determined by its definite active conformation
oriented by specific physicochemical factors (like pH, temperature, salinity, aqueous /non-
aqueous media or presence of activator/inhibitor) available during catalysis reaction. For
attaining active conformation, the halophilic enzymes have an improved altered amino acid
sequence as compared with typical non-halophilic enzymes. As discussed previously halophilic
proteins possesses (i) nearly 20 % more acidic amino acid residues (Aspartic acid and
Glutamic acid ), localized as clusters on the surface of'a protein, (i1) have fewer lysine residues
and (ii1) increased number of small hydrophobic residues (Alanine and Glycine), and polar
residues (Serine and Threonine) in comparison with non-halophilic enzymes. The altered
amino acid sequence dispenses several negative charges on halophilic proteins which reduces
the hydrophobicity and reduces their propensity towards aggregation at high salt/NaCl. The
amino acid composition in many halophilic proteins sequence so evolved that presence of NaCl
is essential for their activity.

To analyze the trend of amino acid sequence of salt-stable proteases, the amino acids
sequences of comparable length of several halophilic and halotolerant bacteria described in this
review are obtained from “Uniport’ a public online database which provide a comprehensive,
high-quality and freely accessible resource of protein sequence and functional information.
(http://www .uniprot.org). The various amino acid sequences have been aligned by using
‘Clustal Omega’ software for multiple sequence alignments. Depending on their similarity
among the amino acid sequences of serine proteases (Fig. 5) and metallo-protease (Fig. 6) of
various halotolerant and halophilic bacteria were represented in tree. The amino acid sequences
of both types of proteases from same bacteria were selected for alignment. The amino acid
sequence of serine proteases showed 10-85 % similarity while the amino acid sequence of
metallo-proteases showed comparatively higher similarity; 12 to 97 %, suggesting that metal
dependence/tolerance strategy evolved correspondingly among the selected halotolerant and
halophilic bacteria compare to serine protease.

3.5. Protease catalysis mechanism
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3.5.1 Serine proteases catalysis mechanism

Serine endo-proteases (E.C.3.4.21) have an active center- serine which involved in the
catalytic process. Several proteases isolated from halophilic microbes belongs to the serine
proteases. This group of salt-stable serine/ subtilisin-like serine protease is denoted as
‘halolysin’ and are predomimatly present in halophilic archea. Serine proteases consist of three
amino acids — serine (Ser), histidine (His), and aspartic acid (Asp) in their active site. The serine
in the active site of protease is more reactive than other serine in the protein. The serine,
histidine, and aspartic acid which are present apart from each other in protein sequence and
assembled at catalytic site by tertiary structure formation are often referred to as a ‘catalytic
triad’. The serine of the active site is associated with His by hydrogen bond while His is also
connected to Asp by hydrogen bond. The residues of the catalytic triad form a charge-transfer
relay network.

A protease (halolysin) bound to a proteinaceous substrate, then a by covalent catalysis
mechanism, Ser act on the scissile peptide’s carbonyl group of proteinaceous substrate. The
serine oxygen nucleophilically attacks the carbonyl carbon of a scissile peptide bond. The
hydrogen-bonded His functions as a general base to abstract the serine proton, and the
negatively charged Asp stabilizes the positive charge that forms on the His residue. This
prevents the development of a very unstable positive charge on the serine hydroxyl and increase
its nucleophilicity.

This nucleophilic reaction transfer a proton to the imidazole ring of His which leads to
formation of the imidazolium ion. This process is assisted by the polarizing effect of the
carboxylate ion of Asp, which is linked to His by hydrogen bond. Overall rearrangement leads
to formation of tetrahedral intermediate.

The tetrahedral intermediate further splits to the acyl-enzyme intermediate due to
driving force of proton donation from N3 of His. This decomposition reaction is supported by
the polarizing effect of Asp on His. The amine leaving group (the new N-terminus of cleaved
polypeptide chain) is released and replaced by water. General base catalysis and nucleophilic
attack forms second tetrahedral intermediate. The reversal of first step yields the carboxylate
product (the new C-terminal portion of the cleaved polypeptide chain), which dissociates from
the protease, and regain its initial state. In this process, water is the attacking nucleophile and
Ser is the leaving group. The preferential binding of the transition state (tetrahedral
intermediate) over the enzyme-—substrate complex or the acyl-enzyme intermediate is

responsible for much of the catalytic efficiency of serine proteases [13].
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3.5.2. Metallo-protease catalysis mechanism

Several enzyme requires metal ions either (i) as catalytic centre (e.g. Fe?", Fe**, Cu®",
Mn?*, or Co?") which tightly bound as cofactors to enzyme or (ii) for structural stability to form
active conformation (e.g. Na*, K, or Ca?"). The metal ions like Mg?* and Zn** may play a role
in either structural or catalytic mechanism. Majority of enzymes of halophilic/halotolerant
bacteria require presence of Na*, K*, or Ca’*" to compensate the excess negative charges
oriented due to distinctive amino acid sequence.

The Metallo-proteases (E.C.3.4.24) uses metal ion and glutamic acid residue in catalytic
process. The tetrahedral transition state is formed by a penta-coordinated metal ion (usually
Zinc) and the catalysis involves direct hydrolysis by water. The metal ion in catalytic center
acts as a proton to neutralize negative charge. In metal ion—catalyzed reactions, the metal ion
acts like a proton, it neutralizes the negative charge. Actually metal ions are more effective
catalysts compare to protons because metal ions can be present in high concentrations at neutral
pH at which [H+] = 1077 M. A metal ion’s charge make water molecules more acidic to which
it bound as compare to free H>O. Hence, it is a source of nucleophilic OH— ions even below
neutral pH [13].

Cysteine endo-protease and aspartic endo-protease are rarely documented in halophilic
and halotolerant bacteria. Cysteine endo- protease possesses cysteine, histidine, and
aspartate/aspargine in the active site and involves formation of covalent acyl enzyme
intermediate. The aspartic endo- protease consists of a catalytic triad aspartate, tyrosine and
aspartate and mechanism involves direct hydrolysis by water.

4. Fermentative production of salt-stable proteases

The fermentative protease production by halophilic/halotolerant bacteria depends on
various factors like pH, temperature, salinity, inoculum level, agitation/aeration, incubation
period, carbon, and nitrogen sources. The optimization of these factors is primary step to
developing industrial-scale fermentative production with economical protease yield.

The nutritional and physical factors are optimized using (i) classical; one variable at a
time approach (OVAT) and (i1) software assisted; response surface methodology (RSM). The
traditional one-at-a-time strategy for optimization of protease production is criticized as a time-
consuming process, requires an undefined number of experiments and can’t provide the data
of interaction among the all experimental variables [87,88]. Hence, rational and time-saving
response surface methodology provides a suitable alternative for optimization of protease

production by halophilic microorganisms. Both approaches were effectively used by various
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researchers, also prior to experimental designing for response surface method; several
experiments are necessarily based on one variable at a time approach. Table 4 summarizes the
RSM strategy used by various researchers to improve the protease production.

4.1. Optimization of physical factors

4.1.1. Influence of initial pH of the medium

The pH of medium is a crucial factor for achieving desired yield of protease. The media
pH affects (i) the nutrient availability, (ii) metabolic responses, (iii) genetic regulatory
mechanism(s), (iv) product/by-product formation, and (v) alteration in diffusional barrier of
cell membranes [19,89]. The optimum pH required for protease production by various
halophilic/halotolerant microbes is in the range of 7-11 [19,20,90-95]. In addition, pH
adjustment is also important to maintain the active conformation and stability of protease.

The presence of relatively high amount of salt in fermentation media is obvious to
cultivate halophilic/halotolerant microbe. Addition of salts not contributes in pH alteration,
while presence of extremely high concentration of salt imparts slight alkalinity to the medium.
The presence of salt regulates the ionic strength of solution and may alter the behavior of media
components. It is best strategy to sterilize the salt solution separately as their higher
concentration may inactivates/react with other media components to form unusual compounds
which will alerts the media pH and/or partially inhibits the growth of microorganisms.

4.1.2. Effect of incubation temperature on protease production

Generally, incubation temperature is an essential physical factor, significantly modifies
the synthesis and secretion of protease. The cultivation temperature affects the energy
metabolism and oxygen uptake [96], protein synthesis [97], the viscosity/permeability of cell
membrane [98] and normal cell physiology [99]. For halophilic microorganisms, the optimum
temperature is in the range of 30-50°C.

A higher optimal temperature of 55°C was also recorded for salt-stable alkaline protease
production from Bacillus species [93,94,100], while optimum temperature 28°C is responsible
for effective protease production from Actinopolyspora sp. VITSDK?2 [92].

In a large-scale fermentation process, particularly operated at >40°C, it leads to
considerable water loss due to evaporation. The slight decrease in water could alter the ionic
strength of fermentation media as it contains a comparatively high amount of salt. The
evaporation from submerged cultured halophile/halotolerant bacterial process in shake-flasks
at elevated temperatures can alter the salinity of growth medium and excessive loss of water

leads to salt precipitation [101]. Hence, during scale-up and commercial scale fermentative
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protease production using halophilic/halotolerant bacteria, the water losses should be
controlled carefully.
4.1.3. Effect of inoculum size on protease production

Generally the growth rate of halophilic microbe is slow as compare to non-halophile;
even the growth of halotolerant microbe in media of high salinity is often slow [101]. If the
large scale fermentative production of protease initiated with too small inoculum then it extends
for weeks, which is unreasonable as per economic point of view as the fermentation cycle
should complete within few days (ideally 3) rather than weeks. Also, the protease synthesis is
component of primary metabolism; hence too heavy inoculum could not yield the economically
viable amount of protease despite of the good growth.

Based on these factors the inoculum size should be optimized; as appropriate size
inoculum plays a key role in the growth and protease secretion. Mostly, the inoculum size 1 to
3% was found suitable for extracellular protease production by halophilic/halotolerant
microorganisms. Optimum inoculum level is an essential factor for maximal enzyme secretion
because low enzyme production is observed at low inoculum level while inhibition of protease
production is recorded at high inoculum level [102].

4.2. Optimization of nutritional factors
4.2.1. Carbon source

Incorporation of suitable carbon source, such as glucose [91], D-galactose [92],
glycerol [103], maltose [104], mannitol [105], and starch [106] have improved the protease
production from halophilic/halotolerant microbes. Several reports have documented that
nitrogen sources like shrimp shell powder, crab shell powder, and oyster shell powder fulfills
the demand of carbon sources. These are therefore inexpensive and non-conventional carbon
sources [94,100,107,108].

4.2.2. Nitrogen source

The presence of nitrogen source is an essential factor for the growth of heterotrophic
halophilic/halotolerant microbes [19,109]. Yeast extract and/or peptone [90,104,105,110],
casaminoacids [91], casein [92,111], and beef extract [106] are some of the nitrogen sources
used for the production of protease from halophilic/halotolerant microbes.

As described previously, low-cost nitrogen sources such shrimp shell powder and crab
shell powder are used in the production of protease from Bacillus species [93,94]. The nitrogen
sources should be used in specified concentration otherwise an excess incorporation leads to

feedback repression of protease production [112].
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A list of optimum conditions required for the enzyme production from several
halophilic/halotolerant microorganisms is summarized in Table 5.

Optimal production of any biological material needs efficient process development
policies which are cheap, feasible, and robust. The process development is the key step in large-
scale production of a product including the enzymes like proteases. However, enhanced
protease production can be achieved by employing the best combination of essential media
ingredients like carbon and nitrogen sources and, metal ions. The yeast extract and skimmed
milk have been well documented as good carbon as well as nitrogen source respectively for the
production of protease from haloarchaeal microorganisms [113,114].

4.2.3. Salt

Salts are an essential component to cultivate the halophilic bacteria. The salinity of

medium determines the polar lipid composition of the cell membranes of halophilic bacteria.
An increased salt concentration induces the change in the membrane lipids and could alter the
extracellular enzyme secretion and growth rate of bacteria [115].
Also, the salt is needed to stabilize and promote the enzyme activity of halophilic bacteria. The
presence of suitable amount of salt in media confers the specific ionic strength which further
augments the electrostatic coupling between salts and enzyme, and subsequently confines the
enzyme aggregate formations. The degree of stabilization of enzyme/proteins of
halophilic/halotolerant bacteria is determined by the protein—salt ratio [116]. Besides affecting
the bacterial growth, the protease secretion and stabilization is also influenced by salts by
modulating the synthesis of compatible solutes [117] which are further offer stability to salt-
stable enzyme. Although the mechanism is not elucidated yet, the elevated concentration of
NaCl offers protection to the hydrophobic amino acids and improves enzyme activity and
thermal tolerance to protease [116-118]. However, protective effect of NaCl was not apparent
with regard to the enzyme’s thermostability of protease from haloalkalophilic Bacillus
pseudofirmus [119].

The proteases obtained from Halobacterium sp. strain HP25, Bacillus subtilis strain
BLK-1.5, Halobacillus sp. CJ4, and Salinicoccus sp. UN-12 showed maximal protease
production in the presence of 4.3 M, 1.2 M, 2 M, and 0.35 M NaCl, respectively [95,120-122].
These wide differences in protease production from halophilic/halotolerant microbes might be
due to the salt tolerance of species, composition of growth medium, variation in media
ingredient behavior in presence of varied salt concentration and enzyme secretion influenced

by salt dependent altered membrane composition.
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The presence of salts like Ca*>" and K in cultivation media of halophilic/halotolerant
microorganisms is found significant as it offers the thermostability to an enzyme [116,122].
Similarly, the calcium ion is recognized to enhance the protease production in
Halogeometricum sp. TSS101 [113], Jeotgalicoccus sp. [19], Bacillus sp. NPST-AK15 [20],
and Virgibacillus halodenitrificans RSK CAS1 [111]. The range of typical salts and minerals
concentration required for the growth of non-halophile, halotolerant, and halophile [101,123]
is compared in Table 6.

Very less literature is available about large scale fermentative industrial protease
production as the use of halophilic/halotolerant bacteria at industrial scale is not completely
developed field. Based on above discussion the clear advantages of halophilic/halotolerant
bacteria as protease source includes (i) The marine/saline low cost proteinaceous byproducts/
waste could be used as production media/media component, (ii) the hard water could serve the
purpose to cultivate the halophilic/halotolerant bacteria on large scale wherever no alternative
options are available, (ii1) contamination probabilities will greatly reduce as the production
media constitute relatively higher amount of salt which selectively promote the growth of only
desired inoculated bacterium, (iv) appropriate protein-salt ratio or ionic strength maintenance
during termination of fermentation cycle might contribute to stabilize the protease.

The process of fermentative protease production by employing halophilic/halotolerant
bacteria also have several constrains like (i) use of high quality, corrosion resistant fermenters
as excess of salts enhance the corrosion progression, (ii) individual sterilization of media
component; in presence of high temperature during sterilization the reducing sugars and amino
acids could react with abundant salts present in media leads to form several growth/enzyme
inhibitors.

5. Protease purification strategies

Various techniques have been used to recover the extracellular protease from a
fermented broth consisting of a heterogeneous mixture of proteins/enzymes. The purification
of halophilic proteins is a challenging because of excess salts in production media. The
presence of salts is like necessary evil as it required for maintaining the structural integrity of
halophilic proteins throughout the purification. In general, halophilic proteins have acidic
surfaces and the associated negative electrostatic forces may potentially provide a stabilizing
force; these proteins may unfold at low salt concentrations due to the repulsive force exerted

by the acidic residues. Many halophilic proteins also have a low thermal stability in absence of
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appropriate proportion of salt [124]. Overall it is accepted fact that the enzymes of halophiles
are unstable in low concentrations/absence of salts [43].

For the suitable choice of purification technique, the general literature available to
purify the usual enzyme/proteins not gives any clue; the ammonium sulfate precipitation many
times yields the precipitate with a considerable loss of protease activity. The high ionic strength
of salt containing culture broth upsets protein purification protocols based electrophoresis and
chromatography principles by employing traditional gels/media [125]. Hence in succeeding
purification steps, amount of NaCl in buffers should be less than 2.5 M to make the enzyme
purification fruitful by using these media.

Halophilic proteins suspended in desired salt-buffer solution have high electrical
conductivity, which further made the electrophoretic separation more challenging [35]. Also,
crystallization of halophilic proteins in high salt concentration solution is difficult task [124].
5.1. Precipitation and enzyme concentration

In order to purify extracellular proteins/enzymes, the first step is a separation of cellular
biomass either by filtration or centrifugation. The filtrate/supernatant of centrifuged suspension
consists of all secreted proteins. Various strategies were used for concentration of extracellular
proteases like (i) salting out using ammonium sulfate, (ii) solvent extraction by using acetone
[126] and ethanol, and (iii) ultra-filtration [127,128].

Among these strategies salting out and solvent extraction are most commonly use.
Alkaline protease from halotolerant Jeotgalicoccus sp. and Bacillus sp. NPST-AK15 were
concentrated by employing 80% (w/v) ammonium sulfate respectively [19,20], while alkaline
serine protease from a Bacillus pseudofirmus precipitated at 70% (w/v) ammonium sulfate
[119]. Similarly, 50-70% (w/v) ammonium sulfate precipitates the alkaline protease of
Streptomyces pseudogrisiolus NRC-15 [129] while 60-80% (w/v) ammonium sulfate was
required to precipitate the alkaline protease of halo-tolerant Bacillus aquimaris VITP4 [130].

The presence of excess salt in culture broth offers a challenge to obtain the ammonium
sulfate precipitate of protein; an alternative approach of the organic solvent was attempted by
several researchers. In this view, ethanol and acetone precipitation method has been reported
for halo archaeal protease [113,131-133].

Even at large-scale the biotechnological industries prefer acetone precipitation, as it
could be recovered from the batch fractionation [2]. Various acetone proportions were
suggested for precipitation of salt-stable proteins. A chilled acetone (50-80%; v/v) was used to

precipitate the protease from Salinivibrio sp. strain AF-2004 [134], and Bacillus iranensis [21],
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while 80% (v/v) acetone precipitation was reported for proteases of Halobacillus karajensis
and Salinivibrio sp. strain MS-7 [133,135]. An ice-cold ethanol was also attempted to achieve
initial precipitation of Alkalibacillus sp. NM-Fa4 protease [136].

Instead of salt/solvent precipitation method, an ultrafiltration technique is a suitable
alternative to achieve protein precipitation without inducing any denaturation effect on
proteins. The dilute protein solution obtained during chromatographic separation could also be
concentrated using ultrafiltration [137]. The salt-stable alkaline proteases from Halobacillus
karajensis [135], Virgibacillus sp. EMB13 [105], Bacillus pseudofirmus [119], Halobacterium
sp. strain HP25 [120], Marinomonas arctica PT-1 [138] and Bacillus iranensis (X5B) [21]
were precipitated by employing ultrafiltration technique.

5.2. Aqueous two-phase extraction systems

Aqueous two-phase extraction using polymer/s and a salt is the suitable method used to
recover enzymes [139], the use of environment-friendly polymers in this method is an
additional benefit over organic solvent extraction. For the purification of various proteases by
employing aqueous two-phase method the mixture of (i) polyethylene glycol (PEG) and
dextran, (ii) polyethylene glycol (PEG) and salts such as H3PO4, MgSO4 were suggested [140-
142].

The success of aqueous two-phase extraction method depends on various factors like
(1) molecular weight of polymer, (i1) hydrophobicity of polymer, (iii) concentration of polymer,
(iv) nature of salt-multivalent/polyvalent and (v) temperature of two-phase system [143]. The
polymer-polymer phase split into separate phases with lower polymer concentration at lower
temperatures, while polymer-salt phase necessitates high polymer concentrations at lower
temperatures. However, the expense of this approach limits its approval as compared to
traditional methods [144].

5.3. Chromatographic purification

Multi-step chromatographic techniques are employed for the purification of the enzyme after
precipitation/ultrafiltration of halophilic proteins. Chromatographic techniques like gel
filtration, ion exchange, isoelectric precipitation, affinity, hydrophobic interaction, HPLC etc.
results in purer fractions of proteins with increased specific activity.

Ion-exchange chromatography is frequently used to purify non-halophilic proteins.
However, in case of halophilic proteins, the eluting buffer should consist of relatively higher
salt concentration to retain the native/active conformation. The use of a high salt eluting buffer

is a constraint during ion-exchange chromatography which demands the dilution of protease

23



containing fermented broth. The dilution imparts additional constraint as it makes the
purification process cumbersome and at low salt concentration, the conformation of halophilic
protein may denature. The alternative methods like (i) gel filtration, (ii) affinity
chromatography, (iii) hydrophobic chromatography by employing gradient of ammonium
sulfate on carboxymethyl cellulose or Sepharose 4B columns, and (iv) hydroxylapatite
chromatography by using high salt buffer medium were suggested to purify halophilic proteins
[45]. In the initial-to-middle steps of enzyme purification the chromatographic separation by
employing new, rigid and cross-linked agarose gels like - biogel, superose, sephadex,
sephacryl, sepharose, toyopearl and superdex were also suggested. Table 7 summarizes the
various purification approaches employed for purification of salt-stable proteases from
halophilic/halotolerant microbes, by monitoring the protease activity, estimation of total
protein content and SDS-PAGE electrophoresis.

The presence of relatively higher amount of salt is obligatory during purification of salt-
stable protease to sustain the stability or to extend the thermal denaturation. Currently various
hurdles are associated with purification of salt-stable proteases like (i) intricate enzyme
recovery protocol are required to tackle the high amount of salt in fermentation broth, (ii) high
ionic strength of fermentation broth limits the choices of purification gel/media, (iii) salt-stable
proteases suspended in desired salt-buffer solution have high electrical conductivity and make
electrophoretic separation more challenging, and (iv) crystallization of halophilic proteins
suspended in high salt concentration solution is difficult task.

Advances in biotechnology offered improved versions and accessible options to purify
the salt-stable proteases. Acetone precipitation, aqueous two-phase extraction, hydoxylapatite
chromatography columns, and immobilized metal ion affinity chromatography (IMAC) could
improve the efficiency of enzyme recovery. Ample scope is available to design the novel, salt-
stable, rigid and stable gel/matrix for halo-enzyme purification.

6. Biochemical properties of salt-stable protease

Several halophilic/halotolerant microbes have been studied for protease production and
used for various possible industrial applications based on their unique properties and have been
studied extensively (Table 8). The diverged range of proteases produced by
halophilic/halotolerant microbes includes serine protease, metallo protease, serine-metallo
protease, and cysteine protease. The proteases from these microbes showed unique biochemical
properties of industrial significance.

6.1. pH
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The proteases obtained from halophilic/halotolerant microorganisms are functional in
wide array of pH and are usually active in the range of 8-11 [20,95,120,122,138,145,146]. Even
proteases with higher optimum pH (range pH 9-11) are also reported [147]. The salt-stable
proteases with optimal catalytic activity at acidic pH are rarely reported [148].

6.2. Temperature

Proteases from halophilic/halotolerant microorganism are active in a broad range (30
to 80°C), while the protease with higher optimal temperature showing maximum activity at
90°C is reported from Oceanobacillus iheyensis [147]. The presence of salt enhances
thermostability of purified protease [116]. Likewise, PEG and Ca" also play important role in
enhancing the thermostability of enzymes [116,149].

Thermodynamic properties of the salt-stable protease have been rarely described in the
literature. A deactivation rate of the purified protease of Nocardiopsis alba OK-5 in presence
of various concentration of NaCl and compatible solutes was reported with an explanation
based on thermodynamic data [150]. Also, a thermostable protease with optimum activity in 2
M NaCl was reported from haloalkaliphilic Oceanobacillus sp; the protease has unaltered
enzyme activity at optimum temperature (50°C) in presence of organic solvent iso-octane
(30%, v/v) [151].

Raval et al. have coupled the temperature profile of Ve2-20-91protease obtained from
Bacillus pseudofirmus with the salt [119]. The optimum temperature of the protease was
reported to be shifted from 50 to 80°C vis-a-vis increasing NaCl concentrations (0—3 M). This
observation was also confirmed by studying Kcat values determined at various temperatures
and different salt concentrations.

6.3. Salts and metal ions

The catalytic activity and stability of enzymes of halophile require the presence of
specific salts (NaCI/KCI) [152]. These salts should essentially present to adjust the ionic
strength of the solution and for maintaining the active conformation of protease. Also, catalytic
activity and stability of enzymes were depend on the concentration of these salts; halophilic
proteins were active and stable at ~ 4 M NaCl, with optimum range 1-2 M [116,132,153]. The
halophilic proteins were inactivated/denatured at <1 M NaCl and completely lost the activity
in the absence of salt.

The alkaline protease of the haloalkaliphilic Bacillus sp. was active in the range 0.2-0.5
M NaCl and activity gets lowered with the further increase of NaCl [116,147,153,154].

Protease from halotolerant Bacillus cereus SIU1 showed enzyme activity in 0 — 2 M NaCl
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[152]. Likewise, purified protease from Jeotgalicoccus sp. retained >98% activity in NaCl (0—
1.5 M), revealed the halotolerant nature of enzyme [19]. Table 9 summarizes the salt
requirement for catalytic activity of salt-stable proteases derived from halophilic/halotolerant
microorganisms

Besides NaCl, generally other metal ions (Ca?*, and Mg?") also significantly affect the
catalytic efficiency and stability of salt-stable proteases. Metal ions behave as ‘electrophilic
catalysts’ during reactions [130]. Among the various metal ions, Ca?>" was responsible for
stimulation of protease activity and prevention of autolysis [103,155,156]. Several reports were
documented on an enhancement of thermal stability of halophilic proteases in the presence of
Ca®"[20,121,122,157].

Moreover, divalent metal ions like Mg?', Cu®*, Ba**, Co?", Fe**, Zn?*, and Mn*" are
contributed in improving the activity of extracellular proteases obtained from various
halophilic/halotolerant microorganisms [21,107,121,158-160].

6.4. Molecular weight

The molecular weights of salt-stable proteases obtained from halophilic/halotolerant
microbes have been reported in the range 20-71 kDa [91,122,133,138,161]. However, high
molecular weight halophilic proteases with 100 kDa from Halobacillus thailandensis sp. nov
was also documented [162]. A molecular mass of proteases of various halophilic/halotolerant
microbes is listed in Table 8.

6.5. Substrate

Various reports documented that the proteases from halophilic/halotolerant microbes
have the capability to hydrolyze the range of natural and artificial substrates viz. casein, gelatin,
bovine serum albumin, hemoglobin, peptone, tryptone, yeast extract, wheat gluten, azocasein,
casamino acids, skim milk, N-Succinyl-Ala-Ala-Pro-Phe p-nitroanilide (Suc-AAPF-pNA) and
No-Benzoyl-D,L-arginine p-nitroanilide hydrochloride (BApNA).

The presence of higher amount of salt could also affect the structural conformation of
proteinaceous substrate commonly used in the enzyme assay, which further modulates the
enzyme catalysis rate. The presence of NaCl (1.5%) alters the secondary structure of gelatin by
disrupting (i) molecular order of lower helix, (i1) electrostatic forces, (iii) salt bridges, and (iv)
gel strength and textural properties; and forms random coil/disordered structure of gelatin

[163,164].
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The suitable substrates are used to determine the enzyme unit of commercial salt-stable
proteases. Table 10 summarizes the substrate specificity of proteases of halophilic/halotolerant
microbes against various natural proteinaceous substrates.

Kinetic parameters like Km, Keat, Ea, and Vimax of enzymes are important factors in scale
up and economics of biotechnological process based on utility of the enzymes. Several
complexes as well as synthetic chromogenic substrates are used for evaluation of the kinetic
properties of proteases of halophilic/halotolerant microbes. The kinetic parameters of various
proteases obtained from halophilic/halotolerant bacterial strains are summarized in Table 8.

The halophilic/halotolerant bacteria are now well recognized source of diverged range
of kinetically efficient proteases (molecular mass 20-71 kDa) capable of functioning in wide
array of physicochemical factors. Various salt-stable proteases were secreted in substantial
amount and were documented to active and stable in (i) extensive range of pH (8 to 11), (ii)
temperature (30-90°C), (iii) non- or micro-aqueous systems by virtue of their stability in
repertoire of organic solvents, (iv) broad range of salinity (0-4 M NaCl); with obligate or
facultative necessity of salt, (v) wide range of surfactants, bleaching agents, oxidizing agents,
stabilizers, builders, brightening agents, ionic liquids, and hydrotropes. These unique
biochemical characteristics of the salt-stable enzymes have industrial significance which offers
to scale up the massive and economical use of salt-stable enzymes in biotechnological sector.
7. Operative utility of salt-stable proteases in the biotechnology sector

Proteases are most versatile and unique biotech commodity for analytical and industrial
claims in detergent, pharmaceutical, leather, silk, bakery, fish/soy sauce fermentation, soy
processing, feather processing, brewery, meat tenderization, waste treatment and management,
silver recovery, anti-biofilm agents, sub-culturing of cell lines, and peptide synthesis
[19,109,145,165-169]. Proteases from halophilic/halotolerant microorganisms offer major
biotechnological benefits over non-halophilic proteases owing to their catalytic stability and
efficiency at high salinity and other unusual conditions. The salt-stable proteases could be
utilized in biotechnology sector with the broader perspective.

7.1. Detergent and textile industry
7.1.1. Protease in detergent formulation

Proteases are commonly used in household detergent formulations since 1913 [170]. It
specifically added in these formulations to remove the natural proteinaceous stains like blood,
coffee, egg yolk albumin, grass, sweat, sauces, grease/dirty motor oil, spinach, milk, tea, and

keratin [23,91,130,160,169,171]. Protease-based detergent formulations demonstrated better
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cleansing properties with an environment-friendly approach as compared to traditional
synthetic detergents.

The enzyme-detergent formulation consists (w/v): enzymes (protease, lipase, amylase,
and cellulase), 0.004%; ionic surfactants, 0.03%; non-ionic surfactants, 0.02%; and bleaching
and oxidizing agents, 0.14% [172]. Besides this, the detergent industry utilizes various
chemical ingredients to make commercially efficient detergent formulation. Table 11
summarizes the repertoire of ingredients and their role in the detergent formulation.

The proteases thus should be robust to remain stable in the bleaching and oxidizing
reactions happening during fabric washing. The performance of protease in detergent
formulation depends on various imperative factors like (i) the stability of protease in ionic and
non-ionic detergents, oxidizing, bleaching agents, and harsh detergent formulation ingredients,
(ii) tolerance to high pH values (9-11), (iii) to withstand activity in temperature range between
30-60°C, (iv) compatibility with total dissolved solids of water and occasionally high salt
concentration (NaCl and CaClz), and (v) stain degradation and removal potential [19,169,173-
175].

Stability profile of several salt-stable proteases obtained from halophilic/halotolerant
microorganisms in various detergent formulation ingredients is summarized in Table 12. In
commercial detergent formulations and dishwashing solution, detergent compatible proteases
were used in granular or stabilized liquid suspension form [176]. However, a granulated form
of enzymes has limited shelf life as compared to liquid formulations; as they are directly
exposed to bleaching agents for a longer period. Hence, a highly stable enzymes are necessary
for tablet/granulated forms. On the other hand, auto-proteolysis is a major problem for
stabilization of proteases in liquid-formulations [177-179]. Moreover, the concentration and
nature of the surfactants used in the liquid-detergent formulation have a significant influence
on stability during the storage [178].

New proteases with novel catalytic attributes were always preferred to improve the
wash performance of currently used enzyme-based detergent formulations. The catalytic
activity at high salt concentration is the desirable assurance of protease used in detergent, as
NaCl is a key ingredient in the granulation process prior to addition of the protease in the
detergent formulation [174]. In addition, calcium salts were commonly used to stabilize the
enzymes in the liquid detergent formulation [180], the tolerance to calcium ions might
contribute to extending the shelf life of protease in the detergent formulation [19]. Additionally,

saline water/salty water from several Geo-climatic environments and canal command area is
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available for washing purpose, where detergents show ineffective cleaning performance.
Mokashe et al. documented the use of salt-stable alkaline protease of Jeotgalicoccus sp. in
detergents may possibly improve the washing efficiency of detergent in saline water [19].

Currently, importance of detergent-friendly biocatalyst is exponentially growing for
detergent formulators owing to (i) better cleaning potential, (ii) less efforts, (iii) rapidity of
cleaning performance, (iv) environment-friendly approach, (v) restoration of fabric structure,
(vi) ambient washing temperature, (vii) less time of agitation upon prior soaking, (viii) an
increased washing efficiency and less alkaline nature, (ix) reduced water consumption, and (x)
readily biodegradable nature [109]. The compatibility and stability must be evaluated in
detergents for longer periods. Also, the proteases having isoelectric point equal to formulated
detergent pH were found more compatible with enzyme-detergent formulation utility [6].
According to Banik and Prakash the protease should be compatible and remain active for at
least 60-90 min in detergent solution; as this specific time required for cloth washing by either
manually or machine [181].

Natural proteases from halophiles are used in a formulation of detergents [12,182].
Various powdered detergents such as Rin, Surf Excel, Henko, Super Wheel, Wheel, Tide, Tide
Plus, Nirma, Ghari, Henko, Technobright, and Ariel were employed to evaluate the stability
and compatibility of various proteases of halophilic/halotolerant microbes by several
researchers. Ibrahim et al. documented a protease of Bacillus sp. NPST-AK15 which remained
stable in various laundry detergents (Persil, Arial, Tide, Bonux, X-Tra, REX, OMO, and Ayam)
for 1 h at 40°C and have retained ~75—-100% activity in presence of these commercial detergents
[20].

Wu et al. documented a significant compatibility of protease obtained from marine
bacterium Pseudoalteromonas sp. 129-1 with liquid detergents (1%) such as Ariel, Liby Tide,
OMO, and Walch [145]. Also the proteases of Bacillus sp. EMB9 [23], Geomicrobium sp.
EMB?2 [183] or Virgibacillus sp. EMB13 [105] were confirmed as detergent compatible
enzymes. An alkaline protease of Bacillus circulans MTCC 7942 [169] and Salinicoccus sp.
UN-12 [122] were documented as an effective bio-additive for detergent formulations and were
effective in hard water.

Ultrasound aided washing machines were proposed as a new technological alternative
for the removal of tenacious dirt/stains from clothes, dishes, medical device. An ultrasound
intensified detergent compatible proteases from Bacillus circulans MTCC 7942 and

Salinicoccus sp. UN-12 were reported [122,184].
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7.1.2. Protease for improving washing performance

Use of detergents reduces the time and energy required for cleaning by manual and
automated washing [185]. In enzyme-detergent formualtion, the detergent compatible enzyme
contributes to further improvement and acceleration of the washing performance. In this
direction, various techniques are used to quantify the effectiveness of washing. The various
approaches includes - (i) visual analysis, (i1) turbidity measurement, (iii) weight loss
measurement, (iv) reflectance of light measurement, and (v) densitometric scanning. Various
methods employed for evaluation of washing performance by detergent compatible proteases
obtained from halophilic/halotolerant microbes are summarized in Table 13.
7.1.2.1. Visual Analysis

Washing performance is evaluated by visual investigation after deliberate staining,
drying, washing, and drying of cloth. In order to enhance fixation of stain, several researchers
have dried the stained cloth after soaking it in 2% (v/v) formaldehyde for 30 min. A white
cotton cloth is usually needed to compare the contrast developed by stains, prior and after
washing. Generally, blood is used as proteinaceous dirt/stain; alternatively, egg yolk albumin,
grass, sweat, sauces, and milk are also used as proteinaceous dirt/stain. The stained white cloth
is subjected to washing at different conditions like presence/absence of (i) detergent, (ii)
protease, and (iii) protease—detergent formulation [23,91,100,103,105,111,130,169].
7.1.2.2. Turbidity measurement

The fine level analysis of washing performance is measured by evaluating the turbidity.
After staining and subsequent drying, the stained cotton clothes are washed at different
conditions like presence/absence of detergent, protease, and protease—detergent formulation
and the turbidity of a soaked solution is analyzed regularly using turbiditimeter. The turbidity
is correlated with stain removal by different detergent or detergent-enzyme formulations. The
washing performance of protease-detergent mixture and protease from Alcaligenes sp. (MTCC
9730) was evaluated by this approach [186].
7.1.2.3. Weight loss measurement

The efficiency of washing performance was also investigated by weight loss method.
The white cotton cloth was soaked in goat blood for 1 hr at 100°C. The fixed stained on the
cotton cloth was measured initially. The stained clothes were washed at different conditions
like in presence/absence of detergent alone and detergent and enzyme mixture for 15 min at
60°C. After washing, the cotton clothes were rinsed in water and dried (4 hr at 80°C). The

cleaned cotton clothes were finally determined for weight loss. The washing performance is
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calculated as the percent of the blood stain removed. The washing competence of protease from
Trichoderma estonicum was evaluated by employing weight loss measurement technique. A
percent blood stain removed was 59.7% after washing in the protease-detergent mixture and
percent blood stain removed was 55.1% in detergent alone [187].

7.1.2.4. Reflectance of light measurement

A more sophisticated instrumental method - reflectance light measurement was
suggested for evaluating the washing performance in recent years. This approach needs a
special instrument — a reflectance spectrophotometer. The spectrophotometer measures the
reflectance light in terms of K/S value; where K and S are adsorption and scattering coefficient,
respectively. The whiteness of the stained cloth is inversely proportional to K/S.

Sinha and Khare [105] documented the washing performance of a protease obtained
from Virgibacillus sp. EMB13 by measuring the reflectance of the cloth by a GretagMacbeth
color matching spectrophotometer. Similarly, Jain et al. also documented the washing
performance of halo-alkaline protease obtained from Bacillus sp. SM2014 by measuring the
reflectance of stained clothes using UV/Vis spectrophotometer (Shimadzu, Japan) in the range
of wavelength from 300—800 nm in reflectance mode [91]. Recently, Mokashe et al. reported
the washing performance of detergent compatible protease obtained from Salinicoccus sp. UN-
12 by measuring the reflectance of the washed cloth using UV/VIS-reflectance grade
spectrophotometer (Datacolor-600) [122].
7.1.2.5. Densitometric scanning

The washing performance of stained clothes could be visualized by densitometric
scanning. The cleansing efficiency of Microbacterium luteolum protease in a combination of a
detergent was studied by this approach [188].

7.2. Leather industry

In the twenty-first century, the majority of a leather manufactures utilize the principles
of tanning based on received wisdom and experience rather the scientific understanding [189].
In leather industry, the journey of animal hide to quality leather is passes through various steps
including - (i) curing and preservation of hides and skins, (ii) soaking, (iii) dehairing, (iv)
liming, (v) deliming, (vi) bating, (vii) pickling, (viii) tanning, (ix) dyeing, (x) fatliquoring, and
(x1) drying. Traditionally in all steps, the leather industry utilizes various toxic and environment
polluting chemicals like lime and sodium sulpfide. These processes also contributes to the

enormous upsurge of BOD and COD in leather industry effluents.
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Currently, the technology development in tanning and leather industry is fuelled by the
constant reappraisal of enzymology. Use of enzyme in the leather industry can lead to new
thinking, new developments and more profitability in an eco-friendly sustainable approach.

The enzymatic leather processing could be a suitable, eco-friendly approach over
traditional lime-sulpfide process [190-193]. Proteases are suitably used in nearly all process of
leather industry which includes (i) dehairing, (i1) dewooling of leather, and (iii) improvement
in the quality of leather. The leather processed by employing the protease is cleaner, softer with
stronger surface and with fewer spots [2]. The positive attributes of enzymatic leather
processing are (i) reduction/total exclusion of lime and sulpfide use, (ii) negligible hide quality
loss, and (iii) to recover intact hairs as a byproduct (which may be used for other applications
like the manufacturing of synthetic fibres, biogas and a foaming agent).

Enzymatic dehairing contribute in the reduction of total solids and COD by 20%, and
45% respectively [189,194,195]. The proteolytic leather processing in alkaline condition is
precise and easy as the alkaline proteases hydrolyze the swollen hair root and hair follicle. The
alkaline condition contributes in swelling of the hair roots, and the succeeding protease
catalysis of hair follicle protein easily removes the hair without hydrolysis of it [167,196-198].

Throughout the leather making inclusion of various chemical/factor is required to boost
the process, these includes (i) NaCl (6-15%), (ii) biocides (0.1-1%), (iii) surfactants (0.25%),
(iv) lime (3%), and (v) pH (9-11). During soaking and other related procedures, 6-15% NaCl
is used to achieve appropriate swelling and texturing of a hide [189]. Also, it is needed to arrest
the bacterial activity by using biocides. The use of salt-stable protease in overall leather
processing contributes to replace/reduce the use of eco-burden chemicals, and reduction in
process time. The enzymatic soaking reduces 45% time assisted with surfactants. Also, any
salt-stable protease exhibits the elastolytic activity could be useful to process leather with
additional outcomes like (i) leather is more uniformly flat, (ii) the skin is thinner with greater
surface area (as the elastin is degraded), (iii) strength per unit thickness is increased, and (iv)
leather become less stretchy.

The alkaline protease obtained from halophilic/halotolerant Bacillus alkalitelluris
TWI3, Bacillus tequilensis P15 and Vibrio alginolyticus were effectively used for leather
processing [160,199,200].
7.3. Biomedical industry
7.3.1. Proteases as antimicrobial agent

32



Currently, the rapid, widespread and exponential occurrences of antibiotic-resistant
pathogenic microbes are emerging globally; threatening the efficacy of currently available
antibiotics. The antibiotic resistance disaster has been due to irrational use of antibiotics and
lack of new drug development [201-206]. In this view, novel treatment options by green
approach or use of a novel antimicrobial agent is currently one of the most prioritized areas in
medical biotechnology research.

The Enzybiotics consist of enzyme-antibiotic conjugates are useful in bacterial and
fungal infections treatment [175]; this emphasizes the utility of enzyme as an important
pharmaceutical choice. Even the purified microbial proteases were tested as antimicrobial
agents. Alkaline proteases produced by halotolerant Bacillus aquimaris VITP4 exhibited the
antimicrobial activity against pathogens - Escherichia coli, Pediococcus sp, Pseudomonas sp,
Yersinia enterocolytica and Candida albicans, Candida famata and Neurospora crassa [90].
7.3.2. Proteases in tissue culturing and cell lines

During animal cell culturing, the trypsin is commonly used for the detachment and
passaging of the adherent cell culture. The trypsin obtained from mammalian systems (e.g.
porcine derived trypsin) may lead the viral contamination (e.g. porcine parvoviruses). Also, the
trypsin forms aggregate in the cell suspension. Any salt-stable protease physiologically
functional in wide range of buffers/salts and having the same substantiality could be a better
alternative for trypsin. Also based on production economics and contamination problem; the
microbial salt-stable proteases are a better option [207]. Proteases from marine isolates Bacillus
pumilus MTCC 7514 [208], Vibrio sp. V26 [209] were found effective and proposed for
application in tissue culturing and maintaining of cell lines.

7.4. Food industry
7.4.1. Protease in fish sauce fermentation

Fish sauce is a conventional, salty condiment, rich in essential amino acids, vitamin
B12, and minerals [210]. The fish sauce fermenting organisms should possess the capability to
secret protease and active in a high concentration of salt. Therefore, proteolytic
halophilic/halotolerant bacteria are desirable in fish sauce fermentation. Proteases from
Halobacillus sp. SR5-3 [211], Halobacterium sp. SP(1) [212] were documented for their
applications in an acceleration of fish sauce fermentation.

Similarly, the salt-stable proteases are efficiently explored for preparation of salty,
proteinaceous fish- and meat-based products. The production of soy sauce by employing salt-

stable protease was also documented [22].
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7.4.2. Protease in meat tenderization

Meat (pork, beef, lamb, goat, poultry) is a considered as a nutritionally rich food for the
human diet, which provides nutritional protein, essential amino acids, vitamin B, phosphorus,
iron, and zinc [213-215]. Meat tenderness is means of toughness or resistance to cut and it is
an important sensory quality which determines the quality and cost of meat [216].

Currently, repertoires of chemical and physical methods are available for improving
tenderness. The use of exogenous proteases preferred for its efficiency and specificity required
for meat tenderization. Several proteases from the plant, bacterial, and fungal sources having
the potential to alter the structure of the connective tissue and myofibrils were documented for
meat tenderization and allied applications. Protease from Aspergillus oryzae and Bacillus sp.
are capable to tenderize the meat after 24 h at 4°C [217,218]. Mukhopadhyay and Chakrabarti
[219], documented that alkaline protease of Bacillus subtilis AKP(N) has the capability to
tenderize the chicken meat sample rapidly (within 4 h). Malathi et al. reported the meat
tenderization potential of alkaline protease obtained from Vibrio alginolyticus [200].

7.4.3. Biscuit and dough

The salt-stable proteases can be effectively used in dispensation of dough flour for
getting less viscoelastic properties required for preparation of biscuit, wafer, and pizza [220].
It is possible to obtain the desired dough rheological properties by using flours in combination
with salt-stable protease.

7.5. Technical biotechnology industry
7.5.1. Protease in photographic industries

Proteases are suitably used for hydrolysis of gelatin layer and recovery of silver from
used/waste X-ray films. The silver content of X-ray film is 1.5-2%, w/w [221]. Although, it
could be recovered by expensive, tedious and environmentally unsafe chemical methods like
incineration of the films, oxidation of the metallic silver, and chemical stripping of the gelatin—
silver layer [222]. Alternatively, the silver recovery by proteases is effective, economic and
eco-friendly. Additionally, proteolytic recovery ensures the recycling of polyester film [223].

The significance of silver recovery using proteolytic reaction was documented by
several researchers. For this purpose, the protease of moderate halophile Bacillus sp. EMB9
[224], and alkaline protease of Bacillus licheniformis K-3 [225] were efficiently used which is
responsible to hydrolyze the gelatin layer within 8 and 20 min, respectively. The presence of
NaCl (1.5%) affects the structural conformation of gelatin; by distorting the structure in

presence of salt it makes gelatin more susceptible to catalyze by protease [163,164].
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7.5.2. Immobilization of salt-stable protease

The immobilized protease displayed better enzymatic and kinetic properties. It also
ensures the reusability of proteases [226]. The thermally stable immobilized preparation was
able to successfully hydrolyze whey proteins at high temperature with a high degree of
hydrolysis. For immobilization of proteases, various supports were used which includes
carbohydrate polymers [227,228], polyvinyl alcohol beads [229] and microbial
polysaccharides [230]. Freshly the attempts to immobilize the protease using nanoparticles like
TiO2, magnetic, bimetallic Ag-Au, and silica have also been fruitful [231-233]. Sinha and
Khare [234] studied the possibility of silica nanoparticles as an effective enzyme support for
halophilic Bacillus sp. EMB9 protease to prepare an active, stable, recyclable enzyme
formulation.

The halophilic proteases are highly salt-stable, additionally if any salt-stable enzyme if
having stability in higher temperatures, chemical reagents, detergents, chaotropic agents,
organic solvents, and extreme pH values could offer better outcomes on nanoparticle
immobilization [30,183].

7.5.3. Protease as anti-fouling coating agents

Antifouling coatings are used to control biofouling. The biofouling is the accumulation
and adhesion of organisms (bacteria, fungi, algae, and corals) on any surface in the
aqueous/marine environment. The cleaning of biofouling from water intakes, piping systems,
and seawater based cooling devices imparts the huge economic burden. In this view, antifouling
paints containing tributyltin (TBT) were widely used to control biofouling [235,236], but the
TBT is toxic and not effective against non-marine organisms involved in biofouling and ban
by many countries. Currently, copper paints [237]; biocides like dichloroflumid, zine, zineb
irgarol 1051 diuron, chlorothalonil, pyridine, and pyrithione [238,239] are compromised
options for antifouling. The natural products having lesser environment damaging effects could
be a better alternative [236].

In this view, proteases of halophilic microbe are a natural, economic, nontoxic and
effective alternative for antifouling coatings as compared to toxic chemicals. Proteolytic
enzymes derived from halophilic microorganisms demonstrated a significant catalytic activity
at various bizarre environs like high salt, high pH, high temperature, and organic solvent
tolerance/stability. Likewise, Akolkar et al. predicted the use of organic solvent tolerant
protease from Halobacterium sp. SP1(1) as a better alternative for tin- and copper-based

antifouling coating agents [166]. Moreover, Peres et al. documented the performance of papain
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based antifouling coatings in the natural marine environment with environment-friendly
approach [240].

More investigations will be desirable to understand the role of salt-stable proteases in
the development of eco-friendly antifouling coating strategies.
7.5.4. Proteases as anti-biofilm agents

Bacterial biofilm is formed as a result of reversible adherence of bacterial community
and it is embedded in a sticky polymeric matrix comprised of polysaccharides, proteins, and
nucleic acids [241]. Bacterial biofilm naturally develops in various environments and
nosocomial infection. Also, the biofilms are commonly detected on equipment in contact with
natural water (pipelines vessels, aquaculture equipment, cooling water system, marine sensors,
cables, fishing nets, and the pillars of bridges, and oil platforms). The artificial bacterial
biofilms are useful in food, pulp and paper, textiles industry and wastewater treatment.
However, control of biofilm is an important aspect, in order to avoid harmful effect by the
biofilm; it is necessary to search eco-friendly anti-biofilm agents to fight with biofouling.

The proteolytic enzymes have the ability to dissociate proteinaceous polymeric matrix
present within interconnecting bridge of cells in biofilms [242,243]. The cell to cell adhesion
within biofilm could weaken/strengthened depending on the type/concentration of proteases
[244]. Although various proteases are documented as anti-biofilm agents [245,246], very few
are reported from halophilic/halotolerant microbes. Wu et al. documented an alkaline protease
with effective anti-biofilm activity obtained from marine bacterium Pseudoalteromonas sp.
129-1 [145].

7.6. Waste treatment

Salt-stable proteases found several applications for treatment and utilization of waste
with the environmentally-friendly approach. These proteases are accountable for efficient
treatment/mineralization of household, fish, seafood/marine food industrial waste. Fish
processing industry produces above 60% byproducts like head part, skin, trimmings, fins,
frames, viscera and roes as a waste while only 40% part of the product is suitable for human
consumption [247]. Such leftover fish waste creates environmental pollution threat worldwide.
However, these fish wastes comprised of a considerable quantity of proteinaceous material,
which could be converted into a value-added products like animal feed, fish meal, and fertilizer
[248].

Annamalai et al. documented a production of halo-stable proteases from halophilic

bacterial strains using marine waste (crab shell, shrimp shell, and squid pen powder)
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[93,94,100]. Similarly, Maruthiah et al. reported a protease production using marine shell waste
from marine bacterium Bacillus sp. APCMST-RS3 [107]. The protease was found effective for
deproteinization of the shrimp shell waste; the deproteinized shrimp shell hydrolysates also
exhibited appreciable antioxidant activity.

7.7. Bioremediation

The liquid waste generated by leather, marine food industries is hypersaline;
occasionally industrial waste is saline and/or contains the organic solvent [249]. The pre-
treatment of such saline and hypersaline waste is environmentally necessary to protect the
water quality and aquatic life. Currently, chemical methods are only approach to treat the
hypersaline effluents, as the biological approach is unsuccessful due to high salt concentration
and alkaline pH of waste [249]. Availability of salt-stable protease could compensate the need
of robust biocatalytic agent for bioremediation of salty marshes and industrial wastewater
containing hazardous pollutants and organic solvents.

The protease of Alkalibacillus sp. NM-Da2 was available as an efficient and eco-
friendly catalytic substitute for treatment of hypersaline wastewater [250].

7.8. Organic solvent tolerance of salt-stable proteases

Generally, organic solvents are accountable for enzyme denaturation and stripped of
the essential water layer [251-253], which alters the structural stability and reduces the catalytic
activity of an enzyme. The halophilic/halotolerant enzymes are catalytically functional under
extremely high salt concentration and they have been reported to be stable in medium with low
available water activity (aw) [254]. The ability to remain functional in low water activity
confers them a potential to remain active in non-aqueous conditions in presence of several
organic solvent. Hence, the halophilic enzymes could efficiently use for biocatalysis in the
presence of an organic solvents [255].

Traditionally, proteases are used to hydrolyse the protein into peptides/amino acids
(catabolic reaction), but if any protease retains its activity in non-aqueous or semi-aqueous
medium (eg. organic solvents or altered water content) could perform multifaceted catalysis
like it may (i) improve the exquisite catalytic properties, (ii) catalyze reversible reaction and
involved in peptide bonds synthesis (anabolic reaction), (iii) alters the substrate specificity with
regio- and enantio-selectivity and involved in novel biotransformations and contemporary
organic synthesis. This open ups the investigation of proteases at industrial scale for peptide
and fine chemical synthesis [256]. Besides this, the use of organic solvents as medium for

enzymatic reaction offers a number of advantages over traditional aqueous enzymology, which
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includes (i) elevated solubility of hydrophobic substrates, (ii) alteration in hydrolytic
equilibrium in presence of reduced water activity, and (ii1) lower the chances of microbial
contamination in the reaction mixture [86].

The solvent tolerant enzyme does not require special stabilizing methods like
immobilization [257], chemical modification [258] and entrapment of enzyme in reversed
micelles [259] due to natural stability of these enzymes against organic solvents and which
comes to be very useful biocatalysts for non-aqueous enzymology [255,260].

In last decade, very few reports were available on solvent stable halophilic proteases
viz. Salinivibrio sp. strain AF-2004 [134], Halobacterium salinarum [261], Halobacterium
halobium [262], Proteobacterium [263], and Natrialba magdii [264]; the number of
publications on solvent stable proteases of halophilic/halotolerant microorganisms were
enormously increased in recent years. Table 14 summarizes the list of organic solvent stable
proteases of halophilic/halotolerant microorganisms.

7.9. Stability of salt-stable proteases in ionic liquids

Ionic liquids are heat-stable liquids with low vapor pressure. They are favored alternates
for hazardous organic solvents, as ionic liquids are considered as a possible green media for
non-aqueous enzymatic catalysis [133,265]. Besides regio- and enantio-selectivity, the ionic
liquids have also additional attributes like alterable polarity, hydrophobicity, and solvent
miscibility [266,267]. The stable enzyme showing activity in ionic liquids could be used in
non-aqueous enzymology with wider applicability spectrum [269]. The utility of ionic liquids
in non-aqueous enzymology with added additional benefits as compared to organic solvents
and opened the new avenue in biochemical engineering.

The activity of the protease from a halophilic bacterium Salinivibrio sp. strain MS-7 in
imidazolium-based ionic liquids was studied [133]. Recently, Mokashe et al. reported the ionic
liquid (imidazolium) stable protease obtained from Salinicoccus sp. UN-12 [122]. Similarly,
ionic liquid-tolerant Bacillus amyloliquefaciens CMW 1 and its salt-stable protease [269] and
the influence of ionic liquids on hydrolysis of casein by a proteolytic lumbrokinase enzyme
were described [270].

8. Conclusions

Currently, the technology expansion in biotech-industry is powered by the continual
reassessment of various developments in enzymology. The utility of enzyme in the widening
industrial sector can lead to new thinking, new developments and more profitability in an eco-

friendly sustainable approach. Microbial proteases play a significant role in industrial
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processes. The availability of proteolytic enzymes from extremophilic microorganisms fueled
the utility of proteases. A diversity of proteases from various bacteria provides the basis for
their newer applications in various industrial sectors. The salt-stable proteases obtained from
the halophilic and halotolerant microorganisms represents the unique and novel alternative for
biotechnology industries in several claims. As reviewed in this study, the salt-stable protease
obtained from halophilic/halotolerant bacteria are demonstrated to be functioning in wide array
of physicochemical factors. The robustness of these protease against various factors includes —
activity and stability in presence of broad range of salt/s, wide range of pH and temperature,
non-aqueous systems, surfactants, bleaching agents, oxidizing agents, stabilizers, builders,
brightening agents, ionic liquids, and hydrotropes as analyzed by several researchers.

The article reviews the current usefulness and future trends of salt-stable proteases from
halophilic/halotolerant bacteria in detergent and textile industry, improving washing
performance in hard water, in leather industry, in biomedical industry as antimicrobial agent,
tissue culturing and cell lines protocols, for improving quality of foods (fish sauce, meat,
biscuits and dough), anti-fouling coating, anti-biofilm formation, waste treatment and
bioremediation, and fine chemical synthesis in non-aqueous systems (like organic solvents,
ionic liquids or excess salts). Authors believed that even several applications have been
currently undisclosed and could be explored in future with further understanding of protease
structural behavior and ever-flourishing expansions in applied technology field.

Although the current operative utility of salt-stable protease is based on available
intrinsic robustness of them but there is ample scope for structural and functional improvement
of salt-stable protease by various approaches like physical/chemical modification,
immobilization, protein engineering and recombinant DNA perspective in order to design
novel variants of these enzymes that will be custom-made to precise applications and apt for
industrial set up. The utility of novel salt-stable protease from halophilic or halotolerant

extremophilic microorganisms with suitable industrial applications is incessant voyage.
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Figure captions

Fig. 1. Classification of microorganisms based on their salt requirements

Fig. 2. Adaptive strategy of halophiles in saline/hypersaline environment by salt in cytoplasm

mechanism

Fig. 3. Adaptive strategy of halophilic/halotolerant microorganisms in saline environment by

compatible solute mechanism

Fig. 4. Salt stability of halophilic proteins. (A) Enzymes/proteins having negative charges on
protein surfaces conferred by acidic amino acids (denatured conformation); (B) The negative

charges on protein surfaces neutralized it by cation; e.g. Na (active conformation).

Fig 5. The amino acid sequences of serine proteases of various halotolerant and halophilic
bacteria were represented in tree depending on their similarity among amino acids determined

by Clustal omega software.
Fig 6. The amino acid sequences of metallo-proteases of various halotolerant and halophilic

bacteria were represented in tree depending on their similarity among amino acids determined

by Clustal omega software.

71



Tables

Table 1

Biological significance of various inorganic elements

Element (symbol )

Biological importance

Calcium (Ca)

Important ion for movement of molecules inside the cell acts as messenger ion, a constituent
of bacterial endospore (calcium dipocolinic acid)

Potassium (K)

Most abundant cation inside the cell

Sodium (Na) Most plentiful cation outside the cell

Chloride (CI) Most plentiful anion outside the cell

Magnesium (Mg) Needed for proper functioning of many enzymes; component of chlorophyll

Iron (Fe) Essential component of various molecules and is associated with electron transport chain
Boron (B) Acts as a cell signaling molecule, involved in electron transfer and redox sensing
Copper (Cu) Essential component of many metallo enzymes and some naturally occurring pigments
Phosphorous (P) Required for phosphorylation associated with metabolic interactions

Zinc (Zn) Cofactor of alcohol dehydrogenase and carboxyl peptidase

Magnesium (Mg) Cofactor of phosphohydrolases

Manganese (Mn) Cofactor of arginase

Iron (Fe) Component of cytochrome and ferredoxin

Copper (Cu) Cofactor of cytochrome oxidase

Potassium (K) Cofactor of pyruvate kinase

Sodium (Na) Cofactor of ATPase

Molybdenum (Mo) | Cofactor of nitrate reductase

Selenium (Se) Cofactor of glutathione peroxidase

Nickel (Ni) Cofactor of urease
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Table 2

Compatible solutes secreted by halophilic microorganisms [34]

Class of compatible solute | Specific compatible solute Microorganism
Glycerol and arabite Glucosyl- Algae, yeast, fungi
Polyoles glycerol Cyanobacteria
Actinopolyspora halophile, anoxygenic
Betaines Glycine betaine phototrophic bacteria, cyanobacteria, and

methanogens

Amino acids

Dimethylglycine
Proline
a-glutamine
B-glutamine

Methanohalophilus sp.
Bacillus spp. and other Firmicutes
Corynebacteria

Methanohalophilus sp
Marine cyanobacteria

Dimethylsulfoniopropionate
Glutamine amides

N-a-carbomoyl-glutamine
amide
N-a-acetyl-glutaminyl-
glutamine amide

Ectothiorhodospira marismortui
Anoxygenic phototrophic proteobacteria,
Rhizobium meliloti, and Pseudomonas spp.

Acetylated diamino acids

N-o-acetyl-ornithine and N-¢-
acetyl-a-lysine
N-g-acetyl-a-lysine

Bacillus spp. and Sporosarcina halophila,
Methanogens

Ectoines

Ectoine and hydroxyectoine

Proteobacteria, Brevibacteria, gram-positive
cocci, and Bacillus spp.
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Table 3
Protease producing halophilic/halotolerant microorganisms isolated from various ecological
biotopes

. Halophilic
Microbial strain Ec ological /haloltjolerant Na?l Nacl Reference
biotopes . R optimum range
microorganism
Soil sample 17.4%
Halobiforma sp. Sambhar lake, Haloalkaliphilic 3 'M) 11.6-29% [18]
strain BNMIITR Rajasthan, bacterium 2-5M)
northern India.
Saline soil, 0-11.6%
Jeotgalicoccus sp.  Bharwade, Halotolerant 5.8% (1 M) . [19]
. . (0-2 M)
Shirpur, India
Bacillus iranensis ~ >2.ne mud, Moderately 37.5% z.)15%
strain XSB hypersa.hne lake, halophilic (0.87-1.3 (0.44-2.6 [21]
Aran-Bidgol, Iran M) M)
Solvent Moderatel
Bacillus sp. EMB9  contaminated soil, halo hilicy NS NS [23]
New Delhi, India P
Water and
sediment of solar
Pseudoalteromona  salterns and Moderately
S sp. strain CP76 hypersaline soils, halophilic NS NS [76]
Isla Cristina
(Huelva, Spain)
Marine sediments,
Actinopolyspora Marakkanam - 6-18%
sp. VITSDK2 coast, Bay of Halophilic NS (1.035-3.11 [92]
’ Bengal, Southern M)
India
Bacillus firmus Marine Se.d imer.lts o
of Parangipettai, Halophilic NS NS [93]
CAS7 . .
Tamilnadu, India
Bacillus Marine sediments
alveayuensis of Parangipettai, Halophilic NS NS [94]
CAS 5 Tamilnadu, India
. - Soil samples, salt 0 2-12%
z";‘:l'l'l"l‘gsflgb}"s's mines, Karak, Halotolerant 21521 vy (035207 195)
) Pakistan ) M)
Bacillus Marine sediments
halodurans of Parangipettai, Halophilic NS NS [100]
CAS 6 Tamilnadu, India
Effluent waste,
caustic soda
Q,"Eﬁgf%‘;‘f Sp- fz‘r’gzganm’ Haloalkaliphilic ~ NS NS [103]
Tuticorin district,
Tamil Nadu, India
S 5-20%
Salinivibrio sp. Mabharlu salt lake, = Moderately 10% (0.87-345  [104]
strain MS-7 south of Iran halophilic (1.75 M) M.) ’
S Seawater sample,
Virgibacillus sp. g ih Coastof  Moderately NS NS [105]
EMBI13 . . halophilic
Gujarat, India
Mucus of
Halomonas Acropora sp., Moderately
meridiana South east coast, halophilic NS NS [106]
India
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Halophilic

Microbial strain Ec ological /halotolerant Na?l Nacl Reference
biotopes . . optimum range
microorganism
Marine sediment
samples,
i‘;‘,‘é‘ﬁ;ﬁkg I;i‘{l ﬁ?‘j‘mangalam Halophilic NS NS [107]
Kanyakumari,
Tamil Nadu, India
Marine sediment
samples,
i%%ﬁ;;‘_’km I;i{lzkrl;?mangalam Halophilic NS NS [108]
Kanyakumari,
Tamil Nadu, India
Sediment and
water samples,
Bacillus sp. strain ~ Wadi El-Natrun Halotolerant 0-5% 0-20% [110]
NPST-AK15 valley hypersaline (0.87 M) (0-3.45 M)
soda lakes,
northern Egypt
Marine ascidian P.
Virgibacillus mammillata,
halodenitrificans Andaman and Halophilic NS NS [111]
RSK CAS1 Nicobar Islands,
India
Solar evaporated
. salt pond of Extremely 15-20% 8-25%
:)allqg(es()ln(;litrlcum Tuticorin, coastal ~ halophilic (2.6-345 (1.38- [113]
’ area of Tamilnadu, archaeon M) 435 M)
India
Seawater near the
. Moderatel
Bacillus Veraval coast haloalkaliphilic NS NS [119]
pseudofirmus lighthouse, )
. . bacterium
Gujarat, India
Brine, multicolor
solar salt pond
Halobacterium sp. wate, Qy soil. Extremely 30% 20-30%
strain HP25 saling/mNignd halophilic (5.18 M) (3.45-5.18  [120]
raw salt, Emisal ' M)
salt, Lake Qarun,
Fayoum, Egypt
Soil of Chott
Halobacillus sp. Eldjerid Moderately 5% 0-24% [121]
Cl4 hypersaline lake, halophilic (0.87 M) “4.15M)
Tunisia
Salinicoccus sp. Saline soil, 6% 0-16%
UN-12 Shirpur, India Halotolerant 1.035M)  (0-276M) 122
alibaill Alkaline, 500
Alkalibacillus sp. hypersaline lakes . 9.86% .
NM.Fad  © ofthe Wadi An  Halophilic 7wy 272% o [136]
(0.9-3.4 M)
Natrun, Egypt
Halorubrum Woerand 1020%  5-30%
ezzemoulense sediment Sampies, - 1o ohilic (175345  (0.87-5.18  [146]
strain ETR14 solar saltern of M) M)
Sfax, Tunisia
: Salt-enriched soil, 0 5-20%
ﬁ}gig:@ag:;‘;l o salt panes, Okha,  Haloalkaliphilic (125 ?M) (0.87-345  [147]
T Gujarat, India ) M)
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Halophilic

Microbial strain Ec ological /halotolerant Na?l Nacl Reference
biotopes . . optimum range
microorganism
Haloalkaliphilic Salt-enriched soil, 10% 5-20%
bacterium salt panes, Okha, Haloalkaliphilic (1 705 M) (0.87-3.45  [147]
O.M.E;2 Gujarat, India ) M)
Salt enriched soil
(l\;i)f_asrdlopSIS alba (?ol;l;ilélaiggf) :lhg ¢ Halotolerant NS NS [150]
Gujarat, India
Salt enriched soil
S;ea”"bac"'us é"i&%’“j}:& Haloalkaliphilic ~ NS NS [151]
India
S 0-25%
Virgibacillus sp. 1 month-old fish Moderately 5% (0-435 [158]
SK33 sauce halophile (0.87 M) M) '
Virgibacillus .
halodenitrificans lf:elrsgsxft?on gﬁgergﬁ?’ NS NS [159]
SK1-3-7 P
Halobacillus sp. Saline soil, Moderately 12% 0-20% [161]
LY6 Yuncheng, China  halophilic (2.07 M) (0-3.45 M)
. Brine samples, salt 0 20-30%
g'}"j‘{‘z?;"‘“e”“m SP- pans, Kandla, Halophilic ?j i vy (G45-52 [166]
Gujarat, India ) M)
Bacillus 0.12.5%
halodurans Strain ~ Salted compost Halotolerant 0% e [171]
(2.16 M)
US193
Mixed water—
. sediment samples,
ﬁl'l'\‘/[a_'l')baazc'”“s P~ lakes of the Wadi  Halophilic NS NS [250]
An Natrun, North—
Western Egypt
. . 5-20%
Geomicrobium sp.  Sambhar Salt Moderately (0.87-3.45 [256]
EMB2 Lake, India halophile M.) ’
: .. Kumta coastal 1-3% o
\B/?%I,TS aquimaris area, Karnataka, Halotolerant (0.18 — ?6 1-5246 M) [276]
India 0.52 M) '
Hypersaline 15-20% 15-30%
Salicola sp. IC10  habitats, South Halophilic (2.6-345 (26-52 [277]
Spain M) M)
S 0-20%
Virgibacillus Pla-ra, fermented 15%
marismortui fish, Thailand Halotolerant 2.6 M) 1(\9[)' 345 [281]
Halobacillus sp. Marine sediment o
SCSI0 20089 South China Sea  Halophilic NS NS [283]
Salimicrobium . . 0.5-25%
: . Saline soil, Moderately 10%
]flfilv(z)ghllum strain Yuncheng, China  halophilic (1.75M) 5\?15087_4'35 [284]
. - Anchovy sauce
Bacillus subtilis naturally Halophilic NS NS [285]
IM-3
fermented

NS: Not specified
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Table 4

Statistical methods used to improve the protease production from halophilic/halotolerant

microbes

Microorganism Design Software Fold yield | Reference

Virgibacillus halodenitrificans RSK CAS1 RSM Minitab 16 NS [111]

Bacillus sp. EMB9 PBD,CCD | Design expert 25 [224]
software

Geomicrobium sp. EMB2 PBD,cCD | Desien Expert 15, [256]
software
Graphpad Prism 5

Bacillus acquimaris VITP4 PBD, CCD and Design 1.5 [279]
Expert Software

Pontibacillus sp. SY-8 PBD, RSM | Desien Expert | 5 5 [280]
software

NS: Not specified
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Table 5

Optimal fermentation parameters for the production of salt-stable proteases from halophilic/halotolerant microbes

. Carbon Nitrogen Temperature | Agitation | Incubation | Yield
Bacteria source Source Salt Inoculum | pH ©C) (rpm) period (h) U/ml Reference
NaCl, CaCl,,
Jeotgalicoccus sp. | None Peptone KH,POs4, NS 10 37 100 40 256 [19]
MgSO4
Bacillus sp. Casamino
SM2014 Glucose acids NaCl NS 7 37 150 120 NS [91]
Bacillus firmus Shrimp and Shrimp and NacCl,
crab shell crab shell K,HPO;,, 1% 9 55 150 60 2478 [93]
CAS 7
powder powder MgSOy,
Bacillus Shrimp shell NaCl,
alveayuensis ; depr None K.HPO,, 1% 9 |55 150 60 2872 [94]
CAS 5 pow MgSO,,
Bacillus subtilis
strain BLK-1.5 NS NS NaCl NS 10 37 NS NS NS [95]
. . NaCl
Bacillus Shrimp shell ’ o
halodurans CAS6 | powder None K>HPOy, 1% 9 50 150 60 3413 [100]
MgSOq,
Micrococcus
sp. VKMM 037 Glycerol Peptone NaCl NS 10 40 250 NS NS [103]
NaCl,
Salinivibrio sp. Peptone, Yeast | MgSOs,
strain MS-7 Maltose extract CaCly, NS 8 30 180 72 494 [104]
MgCl,
. NaCl, KCl,
virgibacillus sp. |\ g il | Yeastextract, |y 4% 8 |30 150 24 270 [105]
EMBI13 peptone
MgCl,
Halomonas KHPO,,
0,
meridiana RA0O] Starch Beef extract MgSOsq, 10% 7 37 140 NS NS [106]
FeSO4
Bacillus sp Shrimp &
APCMST-RS3 Oyster shell | None NaCl NS NS | 50 150 48 4000 [107]
powder
Bacillus sp. NacCl, CaCl,,
NPST-AK15 Fructose Yeast extract BaCl, NS 11 40 200 48 1263 [110]

78




. Carbon Nitrogen Temperature | Agitation | Incubation Yield
Bacteria source Source Salt Inoculum | pH ©C) (rpm) period (h) U/ml Reference
Virgibacillus .
halodenitrificans sgm(g shell | o qein ?Aacsl(’) 1% 7 |40 125 48 1461 [111]
RSK CAS] pow §34
Salinicoccus sp. Soyabean
UN-12 Glucose moal NaCl NS 7.5 |30 100 -- -- [122]
Geomicrobium s Casamino
EMB? P | None acids, yeast NaCl, MgCl, | 3% 85 130 150 96 721 [256]

extract
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Table 6

Salts and minerals requirement for the growth of non-halophile, halotolerant, and halophile

Component Halophile (g/1) | Halotolerant (g/l) | Non-halophile(g/l)
NaCl 125-250 50-100 5-8
KH>PO4 - 0.01-0.28 1.0-4.0
MgS04.7H,0 10.0-29.0 0.1-20.0 0.25-0.30
KCl 2.0-6.0 0.02-2.0 0.5-12.0
CaCOs3 - - 5.0-17.0
FeS0O4.4H,0 - - 0.01-0.1
ZnS04.8H,0 - - 0.1-1.0
MnSO4.H>O - - 0.01-0.1
CuS04.5H20 - - 0.003-0.01
NaxMo004.2H,O | - - 0.01-0.1
Na citrate 3 3 -

K>SOq4 0-5 - -

KoHPO4 0-0.5 0.5-7.5 -
(NH4)2S04 0-1 0-2 -
MgCl.6H,O 20-50 - -
CaCl.6H,O 0.2-1.1 0-0.36 -

NaBr 0-0.8 0-0.23 -

NaHCO;3 0-0.2 0-0.06 -
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Table 7

Various strategies applied for purification of salt-stable proteases from halophilic/halotolerant microorganisms

Microbial source Purification methods Pur;f:)clztion Recovery (%) MW (kDa) Reference
Culture supernatant 1 100

Jeotgalicoccus sp. (Sljzizsesgplr z;lpltate ;(6) Z? 51 [19]
DEAE-Cellulose 39 38
Cell free supernatant 1 100

Bacillus sp. NPST-AK15 (NH4)50. precipitate L6 662 32 [20]
DEAE-Sephadex G-50 15.6 18.6
Sephadex G-50 16 18.3
Crude 1 100

) ) ) Acetone precipitation 1.29 72

Bacillus iranensis (X5B) . 48-50 [21]
Ultrafiltration 4.34 61
Carboxymethyl (CM) 45.19 55
Culture supernatant 1 100

Bacillus sp. EMB9 (NH4)2SOy4 precipitate 15.2 7.6 29 [23]
CM-cellulose 488.9 2.8
Culture supernatant 1 100

Pseudoalteromonas sp. strain CP76 Q-Sepharose ion exchange 21.4 11.3 38 [76]
Superdex 200 64.8 2.9
Culture supernatant 1 -

) . Membrane filtration 19 -

Bacillus aquimaris VITP4 — 34 [90]
(NH4)2SO4 precipitate 23 -
Dialysis 32 -
Culture supernatant 1 100

Bacillus sp. SM2014 (I\'IH4)2.SO4 precipitate 5.49 84.08 7 911
Dialysis 19.97 76.33
Sephadex G-100 64.11 54.4
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. - . : o
Microbial source Purification methods Purg:)clztlon Recovery (%) MW (kDa) Reference
Culture supernatant 1 100
NH4),SO4 precipitate 1.1 38.6
Bacillus firmus CAS 7 (NH.):504 precip 21 [93]
DEAE-cellulose 1.7 18.7
Sephadex G-50 2.6 12.3
Culture supernatant 1 100
) . (NH4)2SO4 precipitate 2.15 46.48
Bacillus alveayuensis CAS 5 33 [94]
DEAE-cellulose 6.29 15.88
Sephadex G-75 7.77 12.86
Culture supernatant 1 100
) (NH4)2SO4 precipitate 1.92 51.93
Bacillus halodurans CAS6 28 [100]
DEAE-cellulose 5.57 17.93
Sephadex G-50 7.96 12.54
Culture supernatant 1 100
Micrococcus sp. VKMM 037 (NH4)2SOy4 precipitate 2.30 55 41 [103]
Q-Sepharose 9.43 21
Crude 1 100
. Ultrafiltration 2.1 33
Virgibacillus sp. EMB13 49 & 54 [105]
DEAE-cellulose 2.5 5.6
Sephadex G-75 4.2 3.1
_ Culture filtrate 1 100
Bacillus sp. APCMST-RS3 (NH4),SO4 precipitate 3.48 53.22 40 [107]
Gel filtration (G-75) 8.49 22.66
Culture filtrate 1 100
Bacillus sp. APCMST-RS7 (NH4)2SO4 precipitate 2.93 3591 32 [108]
DEAE-Sepharose 6.60 24.30
Viraibacillus halodenitrifi Culture supernatant 1 100
irgibacillus halodenitrificans —
RSK CASI (NH4)2S04 precipitate 2.13 52.47 21 [111]
DEAE-Cellulose 5.97 21.702
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Microbial source Purification methods Pur;f:)clztion Recovery (%) MW (kDa) Reference
Sephadex G-75 8.7 15.33
Culture supernatant 1 100

Bacillus pseudofirmus (NH4)2SO4,prempltate >.88 3745 372 [119]
Ultrafiltration 7.95 12.48
Phenyl Sepharose 15.64 15.77
Culture supernatant 1.4 100

. ) Ultrafiltration (Amikon) 14 87

Halobacterium sp. strain HP25 a ; 21 [120]
Dialysis 18 64
Superdex 200 HR 167 31
Culture supernatant 1 100

Salinicoccus sp. UN-12 (NFL4»504 precipitate > 26 63 [122]
DEAE-Cellulose 11 19
Sephadex G-100 17 4
Culture supernatant 1 100

Salinivibrio sp. strain MS-7 80% acetone precipitate 32 68 21 [133]
DEAE-cellulose 3.6 55.6
Culture supernatant 1 100

Alkalibacillus sp. NM-Fa4 Ethanol precipitate 4.5 48.4 19.7 [136]
Q-Sepharose 9.8 15.5
Cell culture supernatant 1 -

Marinomonas arctica PT-1 (NH4)ZSO4 precipitate ! - 63 [138]
Amicon ultra filters 21 -
DEAE-Sepharose chromatofocusing 42.7 -
Culture supernatant 1 100

Pseudoalteromonas sp. 129-1 (NI,{4)ZSO4 precipitate 28 72 35 [145]
Anion exchange 6.5 43
Superdex gel-filtration 14.95 21

Oceanobacillus sp. Culture supernatant 1 100 30 [151]
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Microbial source Purification methods Pur;f:)clztion Recovery (%) MW (kDa) Reference
(NH4)2SOs precipitate 3.62 35
Phenyl Sepharose 6FF HIC 27.83 28
Culture supernatant 1 100
o o (NH4)2SO4 precipitate 2.2 76
\S/E?'_g"j‘;"'us halodenitrificans Phenyl-Sepharose 37 31 20 & 36 [159]
DEAE-Sephacel 9.4 20
Source Q 14.1 5
Culture supernatant 1 100
Halobacillus sp. LY6 (NH4)2S04 precipitate - - 69 [161]
Sephacryl S-100 23.6 18.1
Crude extract 1 100
Bacillus halodurans US193 (NH4)2SO4 precipitate 3 54 37 [171]
FPLC (Anion exchange) 4.9 21
Culture supernatant 1 100
Alkalibacillus sp. NM-Da2 Ethanol precipitate 5.5 399 35 [250]
Q-Sepharose 13.3 11.3
Culture filtrate 1 100
(NH4)2SO4 precipitate 3 81.5
Bacillus safensis S406 Sephadex G-75 4.67 43.76 29 [278]
Mono-Q 8.18 35.51
Ultrafiltration 12.70 20.29
Culture supernatant 1 100
Protein concentrator Nalgene (50kDa) 12 77
Chromohalobacter sp. TVSP101 Ethanol precipitate 16 60 66 [282]
Phenylsepharose 6B column 30 55
Gel permeation G-100 180 22
. Culture supernatant 1 100
Halobacterium sp. SP1(1) 42.1 [286]
10 kDa concentrate 2.25 89.34
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Microbial source Purification methods Purg‘:)clztlon Recovery (%) MW (kDa) Reference
Sephacryl S-200 111.254 17.41
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Table 8

Biochemical properties of salt-stable proteases obtained from halophilic/halotolerant microbes

. Optimum
Bacteria Optimum Temperature Protease Inhibitor Mw Km, Vimax, and Keat Other activity Reference
pH °C) type (kDa)
Halobiforma sp. .
strain BNMIITR 9 55 Serine PMSF NS NS NS [18]
Enhanced activity in
Jeotgalicoccus sp. 10 48 Metallo EDTA 51 NS presence of thamnolipid & [19]
cyclodextrin
Bacillus sp Cm - _2.4;52n51g/m1, Detergent-, solvent- and
NPST-AK15 10.5 60 Serine PMSF 32 uM/min/mg, and Ke - s?ll(t-lgompatltble thermoactive | [20]
392.46 x 10¥/min a'kaline protease
Bacillus iranensis Km - 0.126 mM and Moderately halophilic and 21]
(X5B) 9.5 35 Serine PMSF 48-50 Vimax - 0.523 mM/min, can activated by metals
Keat - 3.284 x 107%s! especially Ca?*
Stable in hydrophilic and
Bacillus sp. EMB9 9 60 Serine PMSF 29 Kin - 2.22 mg/ml, Vinax - hydrophobic organic [23]
1111.11 U/ml
solvents
Pseudoalteromonas
sp. strain CP76 8.5 55 Metallo EDTA 38 NS NS [76]
Bacillus aquimaris Antimicrobial activity
g 8 40 Metallo EDTA 34 NS against common bacterial [90]
VITP4
and fungal pathogens
Stable in presence of various
Bacillus sp. SM2014 | 10 60 Serine PMSF 71 Ki-0.57 mg/mland | o o ants, bleach, [91]
Vinax — 445.23 U/ml .
oxidizing agents, solvents
. Protease retains 96% activity
Actinopolyspora sp. . PMSF, . .
VITSDK?2 10 60 Serine DEP 22 NS aRf;er 10 days incubation at [92]
EDTA, Quite stable in the presence
Bacillus firmus 1,10 of anionic, non-ionic
CAS 7 1 70 Metallo Phenanthro 21 NS surfactants and organic [931]
line solvents
Bacillus alveavuensis Highly stable in presence of
y 9 50 Metallo EDTA 33 NS ionic, non-ionic surfactants [94]

CAS S

and commercial detergents
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Optimum

Bacteria Optimum Temperature Protease Inhibitor Mw Km, Vimax, and Keat Other activity Reference
pH °C) type (kDa)
Bacillus subtilis
BLK-15 10 50 NS NS 38 NS NS [95]
Bacillus halodurans Potential additive for
CAS6 10 70 Metallo EDTA 28 NS detergent and antioxidant [100]
synthesis
Stable/only marginally
MiCrococeus s inhibited in presence of
P: 10 40 Serine PMSF 41 NS various organic solvents, [103]
VKMM 037 .
surfactants and reducing
agents
EDTA,
Virgibacillus sp. 1,10 Km - 7.5 mg/ml, Vmax - | Remarkable stability in
EMBI13 73 >0 Metallo Phenanthro 49,54 156.25 p/min/ml presence of salt and solvents [105]
line
Detergent stable, stain
Bacillus sp. . K - 0.6666 g/l, Vimax - | removal and
APCMST-RS3 ? 60 Serine EMSF 40 1111.11 U/ml deproteinization with proven [107]
antioxidant potential
Bacterium effectively
Bacillus sp. ¢ K - 0.0002 g/l and deproteinized shrimp shell
APCMST-RS7 8 >0 S PMSF 32 Vimax -1428.57 U/ml waste with maximum [108]
protease activity
Virgibacillu fevels ottt metal fons
halodenitrificans 9 50 Metallo EDTA 21 NS ves ’ ’ [111]
organic solvents and
RSK CASI .
commercial detergents
Haloalkaliphilic . K - 0.153 mg/100 ml, .
bacterium 11 37 Serine PMSF 30-32 Voo - 454 U/ml SDS and Triton X-100 stable | [118]
. Km - 0.08 mg/ml, Viax - . .
BS"*eCu'ggfsirmus 10 50 Serine PMSF 37.2 6.346 WM/min, St“(‘ib(lf o varous surfactants | g,
p Kow - 3.991025"! and detergents
. Stability in presence of
Halobacterium sp. 8 60 Serine PMSF 21 Kun - 523 pg/ml, Vinax - organic solvents and laundry | [120]

strain HP25

2500 pg/min/ml

detergents
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Optimum

Bacteria Optimum Temperature Protease Inhibitor Mw Km, Vmax, and Keat Other activity Reference
pH °C) type (kDa)
Highly stable in organic
Halobacillus sp. CJ4 | 9 45 Serine PMSF NS NS solvents and detergent [121]
additives
Salinicoccus sp. UN- 2.5 55 Serine PMSF 63 NS Ultrasc.)un.d active, stable in [122]
12 ionic liquids
Streptomyces K -025 Laundry detergent additive
pseudogrisiolus 9.5 50 Serine PMSF 20 V“‘ i '72 8 m to improve washing [129]
NRC-15 max - /26 {/NE performance
. L K= 0.817 mg/ml/min,
Bacillus aquimaris . Surfactant stable and
VITP4 Strain 8 40 Serine PMSF 347 V;ag 1- g._éll72 mg/ml, e detergent compatibility [130]
PMSF, Outstanding activity in
T . . Pefabloc .
Salinivibrio sp. strain 3 50 Serine 3C 7 Km - 1.14 mg/ml, Vinax - | organic solvents and [133]
MS-7 Metallo ’ ) 130 U/mg imidazolium-based ionic
chymostati liquids
n, EDTA
Stability towards SDS,
Alkalibacillus sp. . Km - 1.3 mg/ml, Vinax - H,0,, urea, and retained
NM-Fa4 b 9:3 4 Cysteine U/ 19.7 1111 mg/n;gin/ml most of its activity in [136]
presence of Tween 80
Skim milk
Km - 1.16 x 10 mg/ml
Marinomonas ) Vimas - 7 102U, and
arctica PT-1 8 37 Serine PMSF 63 Gelatin NS [138]
Km - 7.60 x 10 mg/ml
and
Vinax - 0.2 x 103 U
Pseudoalteromonas Valuable additive in laundry
8 50 Serine PMSF 35 NS detergent and non-toxic anti- | [145]
sp. 129-1 .
biofilm agent
Halorubrum
ezzemoulense strain | 9 60 NS NS NS NS Good temperature, pH, and ) )4 o,
ETR14 salinity tolerance
Oceanobacillus 1 50 NS NS 35 NS NS [147]

iheyensis O.M.A 8
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Optimum

Bacteria Optimum Temperature Protease Inhibitor Mw Km, Vmax, and Keat Other activity Reference
pH °C) type (kDa)
Haloalkaliphilic
bacterium O.M.E,2 11 50 NS NS 29 NS NS [147]
Extreme
- istance against urea
Nocardiopsis alba . Km - 0.50 mg/ml and N . e
OK-5 10-11 70 Serine PMSF 20 Voo - 3634.12 U/min denatgraﬂon, oxidizing and [150]
reducing agents
and surfactants
Enzyme retained 70%
Oceanaobacillus sp. 10 50 NS NS 30 NS activity in 10% (v/v) [151]
isooctane
Virgibacillus High stability towards
halodenitrificans 9 60 Serine PMSF 20and 36 | NS organic solvents, surfactants, | [159]
SK1-3-7 and oxidizing agents
Halobacillus sp. LY6 | 10 40 Metallo EDTA 69 NS Stable in presence of various | 1, ¢4
metal ions
Bacillus halodurans . Bio-additive in
US193 10 70 Serine PMSF 37 NS detergent industry [171]
Alkalibacillus s Degrade the dissolved
P- 9 56 Serine PMSF 35 NS protein in synthetic sea [250]
NM-Da2
water system
. . Km - 0.48 mM and Deproteinization of shrimp [278]
B. safensis S406 11 60 Serine PMSF 29 Vi -52.63% 107 Ulmg | waste
Unique cold-active
; Metallo thermolysin-like protease
Halobacillus sp. 8 30 (thermolysin- | EDTA 35 NS with potential in both basic | [283]
SCSIO 20089 . . .
like) research and industrial
application
Salimicrobium Stable in presence of
halophilum strain 10 80 Serine PMSF 30 NS surfactants and water soluble | [284]
LY20 organic solvents
Fish sauce fermentation,
Halobacterium sp Kun - 0.262 mg/ml and possible application as a
' 8 37-40 Serine PMSF 42.1 Vinax - 40.984 U/ml in [286]

SP1(1)

presence of 2 M NaCl

antifouling coating agent
alternative
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Table 9

Salt requirement for the catalytic activity of salt-stable proteases obtained from
halophilic/halotolerant microorganisms

Bacteria Optimum salt (range) Reference
Halobiforma sp. BNMIITR NS [18]
Jeotgalicoccus sp. 0(0-15M) [19]
Bacillus sp. NPST-AK15 0.26 M (0 - 3.5 M) [20]
Bacillus iranensis X5B 0.98 M (0 -3 M) [21]
Bacillus sp. EMB9 0.18 M [23]
Pseudoalteromonas sp. strain CP76 0-1 M (0-4M) [76]
Bacillus aquimaris VITP4 OM(O0-4M) [90]
Bacillus sp. SM2014 2.6 M (0-52M) [91]
Actinopolyspora sp. VITSDK2 NS [92]
Bacillus firmus CAS 7 52M(0-6.05M) [93]
Bacillus alveayuensis CAS 5 6.05 M (0 - 6.05 M) [94]
Bacillus subtilis BLK-1.5 0.35M (0.18 - 0.87 M) [95]
Bacillus halodurans CAS6 52M(0-52M) [100]
Micrococcus sp. VKMM 037 0.85M (0-3.42 M) [103]
Virgibacillus sp. EMB13 0.18 M (0 - 2.6 M) [105]
Bacillus sp. APCMST-RS3 25M(0.5-3.5M) [107]
Bacillus sp. APCMST-RS7 1.5M(0.5-2.5M) [108]
Virgibacillus halodenitrificans RSK CAS1 | 4.31 M (0 - 6.9 M) [111]
Haloalkaliphilic bacterium 0.035M (0 -0.18 M) [118]
Halobacterium sp. strain HP25 3M(5-431M) [120]
Halobacillus sp. CJ4 0.4M (0-5M) [121]
Salinicoccus sp. UN-12 0(0-4M) [122]
Salinivibrio sp. strain MS-7 0-IM(0-3M) [133]
Alkalibacillus sp. NM-Fa4 1M (0-3.5M) [136]
Marinomonas arctica PT-1 NS [138]
Pseudoalteromonas sp. 129-1 0.87M(0-52M) [145]
Halorubrum ezzemoulense strain ETR14 1.73 M (1.73 -4.31 M) [146]
Oceanobacillus iheyensis O.M.A ;8 NS [147]
Haloalkaliphilic bacterium O.M.E,2 NS [147]
Nocardiopsis alba OK-5 4M(0-4M) [150]
Oceanobacillus sp. 2M(1-4M) [151]
Virgibacillus halodenitrificans SK1-3-7 0.5M((0-4M) [159]
Halobacillus sp. LY6 1.73M (0 -4.31 M) [161]
Bacillus halodurans US193 025M (0-2M) [171]
Alkalibacillus sp. NM-Da2 27M(0-3.1M) [250]
Halobacillus sp. SCSIO 20089 NS [283]
Salimicrobium halophilum strain LY20 216 M (0 -3.4 M) [284]

NS: Not specified
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Table 10

Substrate specificity of salt-stable proteases obtained from halophilic/halotolerant microbes

Microorganism Substrate specificity Reference
Jeotgalicoccus sp. Casein>BSA>hemoglobin>gelatin [19]
Bacillus sp. strain NPST-AK 15 Casein> gelatin>BSA [20]
Actinopolyspora sp. VITSDK?2 Casein>gelatin>BSA [92]
. . Casein>haemoglobin>gelatin> azocasein >egg
Bacillus firmus CAS 7 albumin>BSA [93]
Bacillus alveayuensis CAS 5 Casein>gelatin>hemoglobin> azocasein>BSA [94]
. Casein>gelatin>azocasein>egg
Bacillus halodurans CAS6 albumin>hemoglobin>BSA [100]
Virgibacillus sp. EMB13 Casein>hemoglobin>BSA>gelatin [105]
Bacillus sp. APCMST-RS3 Casein> gelatin>BSA [107]
Bacillus sp. APCMST-RS7 Casein> gelatin>BSA [108]
Virgibacillus halodenitrificans RSK CAS1 Casein.>hem0glObin>gelatin> azocasein>egg [111]
albumin>BSA
Salinicoccus sp. UN-12 Casein > gelatin > haemoglobin >BSA >keratin | [122]
Bacillus aquimaris VITP4 Casein>gelatin>BSA>egg albumin [130]
Alkalibacillus sp. NM-Fa4 Casein>pept9ne> skim milk>BSA>wheat [136]
gluten>gelatin
Marinomonas arctica PT-1 Skim milk>gelatin>casein [138]
I Yeast extract> casein>tryptone>peptone>
Alkalibacillus sp. gelatin>BS A>wheat glutyelil>skinll) P [250]
NM-Da2 . .
milk>hemoglobin
Salicola sp. IC10 Egg albumin>gelatin>BSA>casein [277]
Halobacillus sp. SCSIO 20089 Caseigzgelatin>BS A>hemoglobin> [283]

collagen>elastin>feather
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Table 11

Role of various detergent formulation ingredients in detergent industry

Detergent formulation

of detergent in product. Examples- Sodium xylene
sulfonate and Sodium cumene sulfonate

Importance in detergent formulation Reference

component

SDS Ionic surfactant and surface active agent [112]

. Acts as a bleaching agent and starting material for [112]

Hydrogen peroxide oxygen-based bleach systems

Sodium perborate Serves as a source of active oxygen in many detergent [112]
formulations

Disodium cocoamphodiacetate Foam booster, viscosity builder, and conditioning agent | [122]

Sodium chloride Pr1nc1pa1. component in the granulation process during [174]
formulation of detergent

Ethanol, Glycerol, Methanol Used as solublhzer.s and co-solvent for preparation of [275]
detergent formulation

Cyclodextrin Freshening agent or used for removal of malodor [271,272]
Prevent gelation process in both concentrated and

Hydrotropes diluted detergent systems, for enhancing the solubility [273.274]
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Table 12

Stability and compatibility of various salt-stable proteases of halophilic/halotolerant microbes in detergents and detergent ingredients

Detergent formulation ingredients

Bio-
Microorganism Tonic N Oxidizing/ bleaching/ surfactant/Hydrotropes/ | Commercial detergents Reference
Nonionic surfactants .
surfactants perturbing agents other detergent
formulation component
Tween 80
0.5% - 120%
Halobiforma sp. | 1% - 60%; 1riton X-100
strain BNMIITR CTAB 0.5% - 50%, NS NS NS [18]
0.5% - 90% 1% - 80%;
1% - 80% ’ Tween 20
0.5% - 102%,
1% - 120%
H>0, o -
Jeotgalicoccus sp. | SPS 1% Triton X-100 - 58.1%, | 1% -105.2%, i 2/‘1 %ﬁ;jmn"hpld i NS [19]
’ 1% - 33.7% 1% Tween 80 - 74.7% Sodium perborate 1% C c’lodextrin - 112.8%
1% - 81.5% oY o
Triton X-100
0.5% - 82.5%,
DS 1% - 77.1%, Persil - 80%,
0.1% - 66.3% 5% - 68%; Tide - 78%,
_ 0'5% i 41'2%f Tween 80 H,0, Bonux - 62%,
Bacillus sp. strain dTAB B 0.5% - 104.2%; 0.5% -102.5%, NS X-Tra - 80%, [20]
NPST-AK15 0.5% - 51.5% 1% - 102.3%, 1% - 102.3%, REX - 85%,
1% 35 5% ’ 5‘%.).— 85.6%; 5% -93.7% Ay.am - 90%,
50 22'3%’ Brij™ 93 Arial - 36.2%,
’ 0.5% - 91.3%, OMO - 45.9%
1% - 89.5%,
5% -92.2%
Tween 80
1% - 88% .
. - SDS o A0/ Sodium perborate
Bacillus firmus 1%-78.33%, | 1076-72.33%; 1% - 80.33%, 10% - NS NS [93]

CAS 7

10% - 70.33%

Triton X-100
1% - 75.67%,
10% - 70.33%

74.67%
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Detergent formulation ingredients

Bio-
Microorganism Ionic .. Oxidizing/ bleaching/ surfactant/Hydrotropes/ | Commercial detergents Reference
Nonionic surfactants .
surfactants perturbing agents other detergent
formulation component
Tween 80
1% - 90.33%, Rin - 80.33%;
Bacillus SDS Triton X-100 NS NS Ariel - 72.48%; [94]
alveayuensis CAS 5 | 1% - 66% 1% - 78.33%; Henko - 80.26%;
Sodium deoxycholate Tide - 79.38%
1% - 69.33%
Tween 80
1% - 94.33%, Rin - 88.34%,
Bacillus halodurans | SDS Triton X-100 Ariel - 79.00%,
CAS6 1% - 82.34% 1% - 72.67%,; NS NS Henko - 85.67%, [100]
Sodium deoxycholate Tide - 76.67%
85.67%
5 mM Tween 20 -
)
135.65%, Surfexcel - 111.11%,
5 mM Tween 40 - ol o
i
Bacillus sp. SDS . ’ id - 124.58%,
APCMST-RS3 SmM-121% | >.mM Tween 60 - % NS Rin - 99.65%, [107]
125.21%, .
Technobright - 94.87%,
5 mM Tween 80 - Henko - 98 65%
119.65%, 5 mM Triton X- o
100 - 63.38%
_ )
5 mM Tween 20 - 95.04%, Surf excel - 126.24%.
5 mM Tween 40 - . o
11¢.52% ?r(liel ] 1133182)83‘;)’
Bacillus sp. SDS . i o ide - .48%,
APCMST-RS7 S mM - 28.75% | > ™M Tween 60 -95.61%, | NS NS Rin - 111.13%, [108]
5 mM Tween 80 - 90.69%, .
. Technobright - 117.05%,
5 mM Triton X-100 - Henko - 119%
29.78% e
Triton X-100 . 0
Virgibacillus SDS 1% - 65.17%, ilr?ei%%’/
halodenitrificans 1% - 59.21%, 10% - 57.41%; NS NS Henko — 7'1 12‘:,’/ [111]
RSK CASI 10%-51.10% | Tween 80 e

1% - 70.41%,

Tide - 67%
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Detergent formulation ingredients

Bio-
Microorganism Ionic I Oxidizing/ bleaching/ surfactant/Hydrotropes/ | Commercial detergents Reference
Nonionic surfactants .
surfactants perturbing agents other detergent
formulation component
10% - 61.26%;
Sodium deoxycholate
1% - 79.31%,
10% - 70.25%
Halobacterium sp. | SDS Urea Ariel - 93%,
strain HP25 0.1% - 5% NS 8 M - 30% NS Persil - 91% [120]
SDS 10% Tween 20 - 86.9%,
Halobacillus sp. 1% - 87.7%, 10% Tween 40 - 97.5%, H>0, Na,CO3 NS [121]
Cl4 CTAB 10%Tween 80 - 98.4%, 1% -50.4% 100 mM - 100%
25 mM -89.6% | 10% Triton X-100 - 90.7%
0 T 0
. H,0, 1 A> Cyclodextrm 112.8% Nirma - 95.3%
SDS 1% Triton X-100 — Disodium .
. 1% - 100.77%, . Rin - 92.8%
Salinicoccus sp. 1% - 130.52%, 47.30%, 1% Tween 80 — . cocoamphodiacetate, o
Sodium perborate . Surf Excel - 92.1% [122]
UN-12 CTAB 112.62%, 1% - 99 41% Sodium xylene sulfonate Tide - 94.1%
1%- 55.03% 1% Tween 20 — 103.82% ~N N (%),Sodium cumene o5 a0
Ghari - 92.4%
sulfonate (%)
Surf Excel - 64.85%,
3 _ 0
Triton X-100 A'rlel 82.14%,
Tide - 97.90%,
SDS 1% - 100%, . o
Rin - 75.89%,
1 mM - 5% - 93.03%; Usala - 88.08%
Bacillus aquimaris 98.45%, SmM | Tween 80 SDS Hénko - 9f 07‘;’
VITP4 q -90.91%; 1% - 80.89%, 1 mM - 95.34%, NS Ponvandu ’ 34 g’l"/ [130]
CTAB 5% -69.17%; 5mM -86.41% S
Arasan - 99.12%,
1 mM -100%, Tween 20 Surf - 81.05%
5mM -87.91% | 1% - 95.89%, ; o0
504 - 82 12% Tide plus - 93.01%,
oTR e Wheel - 76.31%,
Mr. White - 46.04%
0.1% Triton X-100 -
. 94.7%;
Salinivibrio sp. SDS 1% Tween 20 - 100%, H:0; NS NS [133]

strain MS-7

1% -10.5%

5% Tween 20 - 91%;
1% Tween 80 - 100%,

1% - 75.4%
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Detergent formulation ingredients

Bio-
Microorganism Ionic I Oxidizing/ bleaching/ surfactant/Hydrotropes/ | Commercial detergents Reference
Nonionic surfactants .
surfactants perturbing agents other detergent
formulation component
5% Tween 80 - 83%
Triton X-100
12/0—112%,. . H,0,
5%-No activity; 1% -112%
Alkalibacillus sp. | S0 Tween 50 5% -134%;
’ 1% - 166%, 1% - 94%, ’ NS NS [136]
NM-Fa4 Urea
5% - 197% 5% - 55%, o
Tween 20 i ﬁ ) }22;’
1% - 53%, i ’
5% - 44%
Liquid detergents
OMO -91.2%,
Pseudoalteromonas | SDS 1% Triton X-100 - 98.2%, | H,O; NS Ariel - 87.7%, [145]
sp. 129-1 0.5% - 85.2% 1% Tween 80 - 98.4% 1% -112% Tide - 92.1%,
Walch - 96.8%,
Liby - 91.4%
Virgibacillus DS 10% Tween 80 - 93%, 0
halodenitrificans | 1<, o1, 10% Tween 40 - 94%, |59 - 08% NS NS [159]
SK1-3-7 ’ 10% Triton X-100 - 67% )
Liquid detergent
SDS 10% Tween 20 - 70.9%, Detch - 97.59%,
Bacillus halodurans | 1% - 52.4%, 10% Tween 40 - 85.5%, H,0, Na, COs Judy - 96.44% [171]
US193 CTAB 10% Tween 80 - 90.4%, 1% - 30.4% 100 mM - 119.6% Solid detergents
25 mM - 60% 10% Triton X-100 - 80.7% Skip -100%,
Ariel - 95.49%
Tween 20
1% - 4%,
5% - 56%
L SDS . H,0,
Alkalibacillus sp. 1% - 65%, Tween ?0 1% - 46%, NS NS [250]
NM-Da2 5% - 57% 1% - 81%, 5% - 124%
5% - 44%,
Triton X-100
1% - 21%,
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Detergent formulation ingredients

Bio-
Microorganism Ionic Nonionic surfactants Oxidizing/ bleaching/ surfactant/Hydrotropes/ | Commercial detergents Reference
surfactants perturbing agents other detergent
formulation component
5% -0%
Tween 20 Solid detergents Dixan
1% - 138%, Nadhif
504 - 115% H>0, Ariel
> o/ _ o
0.1% - 87,839, | Tween 80 38000, MO
. A0 - . o, o/ _ N (I . ()
B.safensis $406 0.5% - 51.01%, ;;) ] }géé ’ Sodium perborate NS Liquid detergents [278]
1%-3445% | 200 5 100 1% - 99% Lav+
1% - 123% 2% - 71% Textile
59 - 109% ’ Carrlefour
Arie
Salimicrobium
. . SDS 1% Tween 80 - 98.9%,
halophilum strain | 16 N 85.19% | 1% Triton X-100-97.2% | N NS NS [284]

LY20
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Table 13

Methods employed for evaluation of washing performance by detergent compatible proteases
from halophilic/halotolerant microbes

Microorganism Stain removed Washing evaluation method Reference
. Visual method, reflectance, and
Bacillus sp. EMB9 Blood whiteness index measurement method [23]
. Blood, Tomato sauce, Visual method, reflectance, and
Bacillus sp. SM2014 Turmeric whiteness index measurement method [o1]
Bacillus alveayuensis CAS 5 | Blood Visual method [94]
Bacillus halodurans CAS6 Blood Visual method [100]
Micrococcus sp. VKMM 037 | Blood Visual method [103]
. Visual method, reflectance, and
Virgibacillus sp. EMBI13 Blood whiteness index measurement method [105]
Virgibacillus .
halodenitrificans RSK CASI1 Blood Visual method [111]
Salinicoccus sp. UN-12 Blood , Egg yolk albumin, Visual method, reflectance method [122]
Grass, Tomato sauce
Bacillus aquimaris VITP4 Blood, Tea, and Coffee Visual method [130]
Bacillus halodurans US193 Blood Visual method [171]
Bacillus tequilensis P15 Blood Visual method [199]
Vibrio alginolyticus Blood Visual method [200]
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Table 14

Organic solvent stability of various salt-stable proteases obtained from halophilic/halotolerant
microbes and their possible applications

iso-octane, methanol, n-
hexadecane, toluene

reactions and detergent
formulation industry

Bacteria Organic solvent Applications Reference
Acetone, benzene,
chloroform, dimethyl ether, Non-aqueous. oreanic
Bacillus sp. strain NPST-AK15 | diethyl ether, isopropanol, 45 & [20]
synthesis
ethanol, methanol, and
toluene
Bacillus iranensis strain X5B Butanol, chloroform ethanol, | Peptide synthes1s in non- [21]
hexane, and methanol aqueous media
Benzene, butanol
cyclohexane, decane, Non-aqueous oreanic
Bacillus sp. EMB9 dodecane, ethanol, heptane, qt g [23]
synthesis
methanol, octane propanol,
and toluene
Acetone, benzene, butanol,
. DMSO, decane, hexane, . .
Bacillus sp. SM2014 heptane, isooctane, toluene, Peptide synthesis [91]
xylene
Acetonitrile, benzene, Non-aqueous oreanic
Bacillus firmus CAS 7 ethanol, ethyl ether hexane, at & [93]
) synthesis
isopropanol, and methanol
Acetonitrile, benzene, Non-aqueous oreanic
Bacillus alveayuensis CAS 5 ethanol, ethyl ether hexane, at & [94]
) synthesis
isopropanol, and methanol,
Bacillus halodurans CAS6 Benzene, hexane, Non-aqueous organic [100]
isopropanol and xylene synthesis
. Acetone, butanol, ethanol, Non-aqueous organic
Micrococcus sp. VKMM 037 ethylene glycol, and DMSO synthesis [103]
Acetonitrile, benzyl alcohol,
butanol, cyclohexane, Non-adueous oreanic
Virgibacillus sp. EMB13 decane, dodecane, ethanol, at & [105]
synthesis
hexane, heptane, methanol,
octane, propanol, and toluene
Acetone, butanol, benzene,
Bacillus sp. APCMST-RS3 chloroform, ethanol, hexane, Non—aqgeous organic [107]
methanol, 2- propanol, synthesis
petroleum ether and xylene
Acetone, benzene, Non-aqueous organic
Bacillus sp. APCMST-RS7 chloroform, DMSO, ethanol, qt & [108]
synthesis
hexane, and methanol
L .9 Acetonitrile, benzene .
Virgibacillus halodenitrificans ethanol, ethyl ether, hexane, Non—aqgeous organic [111]
RSK CASI . synthesis
isopropanol and methanol
Halobacterium sp. strain HP25 Butanol, ethanol, hexane Organic §olvent bgsed [120]
methanol, and propanol enzymatic synthesis
Acetonitrile, benzene, Organic synthesis, peptide
. chloroform, cyclohexane, synthesis, and enzymatic
Halobacillus sp. CJ4 DMSO, ether, isopropanol, esterification of [121]
methanol, and toluene oligosaccharides
Acetonitrile, DMSO, Biocatalytic agent for
salinicoccus sp. UN-12 glycerol, ethanol, hexane, non-aqueous environ [122]

Salinivibrio sp. strain MS-7

Chloroform, DMSO, ethanol,
ethyl acetate, n-hexane, and
toluene

Non-aqueous organic
synthesis

[133]
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Bacteria Organic solvent Applications Reference
Benzene, butanol, Non-aqueous organic
Alkalibacillus sp. NM-Fa4 chloroform, ethanol, hexane, qt g [136]
. synthesis
isopropanol, and methanol
Chloroform, DMSO, ethanol,
ethyl acetate, isopropanol, . .
Pseudoalteromonas sp. 129-1 isoamyl alcohol, hexane, and Peptide synthesis [145]
methanol, xylene
Virgibacillus halodenitrificans Acetonitrile, butanol, DMSO, Biocatalyst in aqueous-
ethanol, ethyl acetate and 2- . [159]
SK1-3-7 organic solvent systems
propanol
Bacillus halo- Acetonitrile, DSMO and . 4
durans US193 methanol Peptide synthesis [171]
Alkalibacillus sp. Benzene, isopropanol and Blpremedlatlon of saline
soils and treatment [250]
NM-Da2 ethanol . .
industrial wastewater
Benzene, butanol,
Geomicrobium so. EMB2 cyclohexane, n-decane, n- Non-aqueous organic [256]
p- dodecane, ethanol, heptane, synthesis
isooctane, and toluene
Acetone, acetonitrile,
Salimicrobium halophilum strain benzene, dodecane, DMF, Non-aqueous organic
P DMSO, ethanol, hexane, qt g [284]
LY20 . synthesis
heptane, isooctane and
methanol
10
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ARTICLE INFO ABSTRACT

A novel protease secreting bacterial strain was isolated from the gut of Tribolium castaneum residing in stored
Glycine max (soybean) seeds. The strain was identified as Bacillus subtilis AU-2. A response surface approach
using Plakett-Burman Design (PBD) was used for the screening and a Central Composite Design (CCD) was used
for the optimization of production parameters. An elevated protease production (580 U/mL) was achieved in
optimised medium comprised of (g/L) soy bean meal, 10 g; glucose, 7.5 g; KH,PO,4, 1.0 g; CaCl,, 1.0 g and pH,
7.0 by using 3.5% inoculum at 37 temperature in agitated (60 rpm) batch culture after 48 h.

The three step enzyme purification achieved 26.81 fold purified protease which yielded a specific activity of
22773 U/mg and 34% recovery. The purified extracellular protease of B. subtilis AU-2 has molecular mass
38kDa. The protease was documented as metallo-protease having optimum pH 7.5 and temperature 40. The
purified protease showed appreciable endurance in presence of sodium dodecyl sulphate, Triton X-100, hy-
drogen peroxide and sodium per-borate. The protease efficiently digests proteinaceous substrates like casein,
soybean flour, bovine serum albumin, haemoglobin, and egg albumin. The protease of newly isolated B. subtilis is
now available for various food applications like soybean hydrolysate preparation, meat tenderisation, casein
lysate preparation, milk clotting, and food waste treatment.

Keywords:

Protease

Bacillus subtilis

Response surface methodology
Food-grade protease

1. Introduction

Microbial proteases are prevalent enzyme for biotechnology sector,
comprise of 60% utility and are largest selling biocatalyst for industrial
applications (Li et al., 2013; Mokashe et al., 2018). The scientific un-
derstanding of enzymology has promoted the utility of this age-old food
commodity in the current context of food applications. The enormous
biodiversity of microorganisms advocates the search for new proteases
and continuous innovation in existing knowledge of protease en-
zymology. Bacterial proteases exists in massive range of variants and
specificity (Mokashe et al., 2018) and have been appreciated for their
utilisation profile in food sectors like meat tenderisation, milk clotting,
protein hydrolysate preparation, bioactive peptide synthesis, and allied
food manufacturing process (Contesini et al., 2018). The safety of the
enzyme secreting strain should be the principal attention in proposing
usefulness of enzyme for food application (Pariza and Johnson, 2001).

The widening applications of proteases are dependent on bio-

prospecting for efficient protease secreting source. The insects are the
most diverse and adapted to varied ecological niches; they harbours
~10 times more microbes in their gut than total cells of the insect
(Rajagopal, 2009). The insect gut possesses enormously diverse mi-
crobiota which consists commensal, parasite and mutualistic microbe
(Mrazek et al., 2008). The studies on insect-microbes symbiosis re-
vealed that the insect do not possess the several enzymes to digests the
nutrients and they depend on their gut microbiota for utilization of
polymeric nutrients (Douglas, 2013). The dependence of several insects
on microbes for lignocellulose utilization is well documented (Ni and
Tokuda, 2013). Also, the gut microbiota has improved digestion effi-
cacy in several insects (Santo Domingo et al., 1998; Broderick et al.,
2004).

The present study is based on the assumption that the legume pod
borer insect might harbour the proteolytic commensal bacteria which
could secrete the efficient protease of industrial use. The legume seeds
(family Fabaceae) consist of abundance of nutritious proteins (~40%)
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(Baudoin and Maquet, 1999). Majority of insects are reported to reside
and live by causing damage to seeds in storage period. The proteinac-
eous seed kernel consumed by insects residing in seed metabolizes it to
easily absorbable fundamental units by taking advantage of gut mi-
croflora (Priya et al., 2012). This study revealed the presence of novel
protease secreting bacterium in the gut of insect Tribolium castaneum
collected from stored soybean seeds. The aim of the research work is
statistical production optimisation and characterisation of extracellular
protease secreted by newly isolated Bacillus subtilis AU-2. The protease
of newly isolated bacterial strain is suggested for commercial food ap-
plications viz. (i) soybean hydrolysate preparation, (ii) meat tender-
isation, (iii) casein lysate preparation, (iv) milk clotting, and (v) food
waste treatment.

2. Materials and methods
2.1. Chemicals and media

All chemicals and media were purchased from HiMedia, SD Fine
(India), Sigma-Aldrich (USA).

2.2. Insect collection

Live insects were collected from six month naturally stored Glycine
max seeds (Nandurbar, India). The collected insects were released in
glass jar with a one inch layer of dried plaster of Paris at bottom. The
containers were placed in individual plastic bags with sterile moist
cotton to provide necessary humidity for transportation to the labora-
tory. The insects were sterilized by exposing to UV light for 1 min, to
reduce external bacterial contamination.

Fifteen live insects randomly collected were rinsed with sterile
distilled water 3 times. Then each insect was rinsed in 70% ethanol for
2min, followed by three quick rinses of sterile phosphate-buffered
saline (PBS) having composition, NaCl, 0.88 g; KCl, 0.02 g; Na,HPOy,,
0.144 g; KH,PO4, 0.024 g in 100 mL distilled H>O; pH 7.0 (1 X ). The
insect were ice-anesthetized and then peripheral, anterior, and pos-
terior parts were detached with sterile forceps, and the gut fluid was
obtained in sterile PBS (1 X ).

2.3. Identification of insect

The morphological features of insect were documented and used for
identification. Also, a phylogenetic trait was analysed by studying mi-
tochondrial cytochrome oxidase gene of insect. The phylogenetic study
was determined at National Centre for Microbial Resource (NCMR),
Pune.

For this, adult insect collected was ground into fine powder by using
a mortar and pestle. The total DNA was extracted from the insect by
using the protocol of DNase easy Blood & Tissue Kit (Qiagen, Hilden,
Germany). The quality of the extracted DNA samples were patterned on
0.8% agarose gel, and DNA concentration was measured using a
NanoDrop ND-1000 spectrophotometer (Nano Drop technologies,
Willing Minton, USA). The extracted DNA samples were stored at
—20°Cuntil further processing. The cytochrome oxidase (COI) gene
sequence was amplified using primers, (COIf: 5’- GGTCAACAAATCAT
AAAGATATTGG -3’ and COIr: 5-TAAACTTCAGGGTGACCAAAAAA
TCA-3") (Folmer et al., 1994). The amplified products were directly
sequenced using the ABI PRISM Big Dye Terminator v3.1 Cycle Se-
quencing kit on a 3730x] Genetic Analyser (Applied BioSystems). The
sequence data obtained was assembled and analysed using DNA se-
quence assembling software ChromasPro. The similarity search of
newly generated COI gene sequences was performed on the NCBI da-
tabase.

The COI sequences were aligned using Clustal X version 2.0 (Larkin
et al., 2007), and the same sequences were grouped under one haplo-
type. The phylogenetic analyses based on the neighbor-joining (NJ) and
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maximum likelihood (ML) methods were performed using MEGA 5.05
(Tamura et al., 2011). The sequence was published on GenBank by
assigning the accession number.

2.4. Isolation of bacteria from insect gut

The insect gut homogenate was quickly inoculated in Erlenmeyer
flask containing enrichment medium - soybean meal broth comprising
of (g/L) - soybean meal powder, 10; yeast extract, 1.0; and glucose, 1.0.
The inoculated medium was incubated at 37°Cfor 72h incubation on
rotary shaker (100 rpm). After 72h incubation, 0.1 mL aliquot of cul-
ture broth was spread on sterile skim milk agar medium containing (g/
L)- skim milk powder, 28; yeast extract, 2.5; glucose, 1.0; agar, 30 and
incubated at 37°C for 48 h. Among various isolated bacterial strains, the
AU-2 strain exhibiting zone of proteolysis was selected for further
identification.

2.4.1. Identification of bacterial strain

Various morphological, cultural, biochemical and ribotyping char-
acteristics were examined for identification of isolated strain. The
phylogenetic taxonomic depiction was determined on the basis of nu-
cleotide sequences at National Centre for Microbial Resource (NCMR),
National Centre for Cell Science, Pune. For the phylogenetic identifi-
cation, the total genomic DNA of bacterial strain AU-2 was obtained as
per Sambrook et al. (1989). Subsequently, the 16S rRNA gene was
amplified from the total chromosomal DNA using universal eubacteria
specific primer 16 F27 (5-CCA GAGTTTGATCMTGGCTCA-3’) and 16
R1525 x P (5'TTC TGC AGTCTAGAAGGAGGTGWTCCAGCC-3) by
PCR. The reaction mixture (25uL) consists of 10 X buffer (2.5uL),
2mM dNTP (2.5 pL), 10 pMol/1 16F27 (1.25 L), 10 pMol 17R1525XP
(1.25 uL), 10U Taq DNA polymerase (0.2 uL), template DNA (2 pL) and
water (15.3uL). The PCR amplification were attuned by setting the
cycles - (i) denaturation at 95°C for 1 min, (ii) annealing at 55°C for
1 min, (iii) extension of annealing at 55°Cfor 1 min and (iv) final ex-
tension at 72°C for 10 min. The PCR was operated for 35 cycles on PCR
cycler (Applied Biosystem PCR system). The amplified DNA was further
purified with PEG-NaCl and incubated for 10 minat 37°C. The pre-
cipitate was collected by centrifugation at 16000 x g for 15 min at 4°C.
The pellet was washed twice with 70% ethanol, dried under vacuum,
re-suspended in distilled water at concentration of > 0.1 pmol/uL and
the purified DNA was sequenced using BIGDYE terminator kit 3.1 CABI
PerkinElmer, USA. The sequencing reactions were run on ABI-PRISM
31D automated sequencer (Model 3730; Applied Biosystem, USA).

The 16S rRNA nucleotide sequence obtained was aligned by BLAST
analysis at NCBI server (http://www.ncbi.nlm.nih.gov/BLAST). The
nucleotide sequence of AU-2 strain has been submitted to the GenBank
database and assigned with accession number. For establishing phylo-
genetic relationship with other bacteria, currently accessible sequences
at NCBI were used and performed multiple sequence alignment by
using BLASTN 2.2.20 +.

2.5. Protease assay

The protease activity was assessed by spectrophotometric method
described by Nakanishi et al. (1974). For this, 1.0 mL suitably diluted
protease was allowed to react with 1.0 mL of buffered substrate. The
buffered substrate consists of 0.65%, w/v casein prepared in 0.2M
Phosphate buffer having pH 7.5. The reaction mixture was kept at
40 °C. After 10.0min the catalytic reaction was stopped by 3.0mL
chilled Trichloro-acetic acid (TCA) reagent. The released fragmented
peptides were spectrophotometrically (UV-VIS 1700, Shimadzu, Japan)
measured at 275 nm by using tyrosine as the standard. At pH 7.5 and
temperature 40°C, the amount of protease required to produce the
peptide-fragment equivalent to 1.0 ug tyrosine per min per mL is con-
sidered as one unit (U) of protease.
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2.6. Growth of bacteria

The bacterial growth was determined in terms of cell density. For
this a biomass was harvested by centrifugation (12000 x g for 10 min at
4°C) and washed thrice with cold distilled water. The washed bacterial
biomass was vacuum dried at room temperature till a constant weight
was attained.

2.7. Optimization physical and chemical parameter for protease production

Based on literature survey several provisional experiments were
conducted based on one variable at a time (OVAT) approach to resolve
the range of crucial growth factors like pH, temperature, agitation and
inoculum. Also, the suitable carbon source and nitrogen source for
protease production were screened. For this a basal medium consists of
(g/L) KH,PO,, 1g; CaCl,, 1g; MgSO47H,0, 0.05g; pH, 7.0 was sup-
plemented with 1% w/v carbon source (starch, glucose, fructose, mal-
tose, xylose, sucrose and molasses) individually. A control set without
any carbon source was also kept. Also, various nitrogen sources (beef
extract, bovine serum albumin, casein hydrolysate, casein, gelatin,
peptone, skim milk, soy meal, and yeast extract)were supplemented
(1%, w/v) individually in basal medium consists of (g/L) glucose, 1;
KH,PO,, 1g; CaCl,, 1g; MgS0,7H,0, 0.05g; pH, 7.0. All inoculated
flasks were incubated at 37°Cunder agitation (100 rpm) and the pro-
tease yield after 48 h.

2.8. Statistical optimization of protease production media

To evaluate the optimum parameter for maximum growth and
protease production a software-aided statistical approach was used. The
Plackett-Burman design (PBD) was employed for preliminary screening
of factors. The screened and potentially influencing factors were further
optimised by response surface methodology using Central Composite
Design (CCD) for determining the optimum values of individual factors.

2.8.1. Plackett-Burman design (PBD)

Based on these trial experiment seven factors viz. pH, agitation,
glucose, soybean meal, KH,PO,4, CaCl, and inoculum subjected for
screening for their influence on growth and protease production. A two
level (low and high) of seven factors was tested by this approach viz. pH
(6, 8); agitation (0, 120 rpm); glucose (0, 1.5 g/L); soybean meal (0.5,
1.5 g/L); KH,PO,4 (0.1, 0.5 g/L); CaCl, (0.1, 0.5 g/L) and inoculum (1,
6mL). Total twelve experiments designed by the Plackett-Burman
method were performed in single block as described in Table 1. The
protease activity and growth (responses) were evaluated and docu-
mented. These responses were analysed for getting regression equa-
tions.
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2.8.2. Central composite design (CCD)

The five factors pH (6.0-8.0), agitation (0-120rpm), glucose
(0-1.5g/L), soybean meal (0 to 5g/L), and inoculum (1-6ml) ex-
hibited their significant influence on protease production were further
subjected to a 2" factorial Central Composite Design (CCD) for opti-
mizing their values. The CCD suggested a set of 32 experiments which
were accordingly performed (Table 2). Growth and protease production
were documented as response. The response data were investigated by
the Minitab software, the 3D contour plots generated to analyse the
interaction among screened factors. Validity of chosen quadratic model
predicted by Minitab software was confirmed experimentally.

2.9. Purification of protease

The B. subtilis strain AU-2 was cultured in optimised medium, the
cell broth was centrifuged (12000 X g, 10 min, 4 °C). The cell-free su-
pernatant was sequentially precipitated with increasing concentration
of ammonium sulphate. The protein-precipitate recovered using am-
monium sulphate (75% w/v) was dialyzed (dialysis membrane number
110, HiMedia, Mumbai) using phosphate buffer (pH 7.5). The proteins
were further fractionated by using Sephadex-G-75 (Sigma, USA) and
DEAE- cellulose (HiMedia, Mumbai, India) as described previously
(Patil et al., 2016). All purification steps were executed at 4°C. The
molecular weight and homogeneity of purified protease were evaluated
with sodium dodecyl sulphate polyacrylamide gel electrophoresis
(12.0%, SDS-PAGE) as per protocol of Laemmli (1970), the protein
bands were visualised by Coomassie brilliant blue R-250 staining. The
molecular mass of the protease was determined by comparing its
electrophoretic mobility with commercial protein markers (Standard
medium range protein marker, Genei, Bangalore, India).

2.10. Effect of temperature and pH on protease activity and stability

The effect of temperature on activity and stability of purified pro-
tease of B. subtilis AU-2 was evaluated at different temperatures
(20-70 °C). Also, the thermal stability of enzyme was evaluated by
incubating the protease at various temperature (25 to 75°C) for 30 and
60 min. The protease assay was performed at 40°C. Similarly, the effect
of pH on purified protease on activity and stability was assessed over a
wide pH range (6.0-10.0) using various buffers at 40°C. An aliquot of
the purified protease of B. subtilis AU-2 and substrate was prepared with
various buffers viz.- 0.2M glycine-HCI buffer (pH 2.0); 0.2M acet-
ate-sodium acetate buffer (pH 3.0-4.0); 0.2 M monobasic-dibasic so-
dium phosphate buffer (pH 6.0-8.0); and 0.2 M carbonate-bicarbonate
buffer (pH 9.0-10.0). For evaluating the stability at various pH, the
purified protease aliquot were prepared in various buffers (as described
above); for an hour and protease assay was performed at 40°C with

Table 1
Plackett-Burman (2-level factorial) experimental design for screening of various parameters; growth and protease yield of respective experiments using Bacillus
subtilis AU-2.

Expt. No. Glucose (%, w/ pH KHyPO4 (%,w/ Soybean meal (%, Agitation (rpm) CaCl, (%, w/ Inoculum (%, w/  Protease activity (U/mL) Growth

v) V) wW/V) v) v)
Dry weight (mg/mL)

1 1.5 6 0.5 1.5 0 0.5 1 5.42 = 0.69 0.09 = 0.01

2 0.0 8 0.1 0.5 0 0.5 6 34.94 * 1.30 0.32 = 0.07

3 0.0 6 0.1 0.5 0 0.1 1 8.43 = 1.78 0.1 += 0.05

4 1.5 8 0.5 0.5 120 0.5 1 198.19 + 7.62 1.12 = 0.10

5 1.5 6 0.5 0.5 0 0.1 6 79.52 * 4.12 0.61 = 0.05

6 1.5 6 0.1 0.5 120 0.5 6 13.86 = 2.01 0.71 = 0.10

7 0.0 6 0.5 1.5 120 0.1 6 27.71 + 3.59 0.38 = 0.10

8 0.0 8 0.5 0.5 120 0.1 1 42.77 * 1.90 0.41 = 0.04

9 1.5 8 0.1 1.5 0 0.1 1 450.00 + 6.12 2.04 = 0.07

10 1.5 8 0.1 1.5 120 0.1 6 505.42 = 5.52 2.18 + 0.14

11 0.0 6 0.1 1.5 120 0.5 1 6.02 = 0.98 0.1 = 0.03

12 0.0 8 0.5 1.5 0 0.5 6 182.53 + 4.52 1.22 * 0.16
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Table 2
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Central composite design and respective responses (growth and protease yield) using Bacillus subtilis AU-2.

Expt. No. Glucose (%,w/v) pH Soybean meal (%,w/v) Agitation (rpm) Inoculum (%,w/v) Protease activity (U/mL) Growth (Dry weight)
(mg/mL)

1 0.75 7 0 60 35 274.10 + 6.30 1.15 = 0.05
2 1.5 8 0.5 120 1 340.96 + 2.50 1.15 + 0.02
3 1.5 6 1.5 120 1 162.65 + 1.80 0.34 = 0.04
4 0 8 0.5 120 6 314.46 + 1.40 1.03 = 0.03
5 1.5 8 1.5 0 1 460.84 = 3.60 1.35 + 0.05
6 0.75 9 1 60 3.5 151.20 + 1.20 0.41 = 0.04
7 0.75 7 1 - 60 35 97.59 * 1.40 0.94 = 0.05
8 0.75 7 1 60 3.5 491.57 += 4.50 1.23 = 0.03
9 1.5 6 1.5 0 6 203.01 + 2.30 1.43 + 0.02
10 0 6 1.5 120 6 10.84 + 1.10 0.14 = 0.01
11 0.75 7 2 60 35 550.00 + 4.80 1.09 = 0.01
12 0.75 7 1 60 3.5 492.77 * 4.50 1.23 + 0.02
13 1.5 6 0.5 120 6 392.17 + 3.50 0.84 = 0.03
14 0 8 0.5 0 1 153.01 = 2.20 0.61 += 0.04
15 0.75 7 1 60 3.5 498.80 * 3.40 1.24 + 0.04
16 0.75 7 1 60 -1.5 0+0 0+0

17 1.5 6 0.5 0 1 257.83 = 2.11 1.11 + 0.01
18 0 8 1.5 120 1 33494 + 1.20 1.54 = 0.02
19 0.75 7 1 60 3.5 501.20 + 4.30 1.22 + 0.04
20 0 6 0.5 120 1 5.42 + 0.80 0.1 = 0.00
21 0 6 0.5 0 6 3.01 = 0.00 1.3 = 0.01
22 0 6 1.5 0 1 5.42 + 0.80 0.11 = 0.02
23 2.25 7 1 60 3.5 124.10 = 1.40 0.4 = 0.03
24 -0.75 7 1 60 35 0+0 0+0

25 1.5 8 0.5 0 6 280.12 + 2.40 0.7 £ 0.01
26 0 8 1.5 0 6 368.07 + 1.10 1.3 * 0.02
27 1.5 8 1.5 120 6 568.07 + 1.20 2.3 £ 0.03
28 0.75 7 1 180 3.5 535.54 + 2.30 1.21 += 0.02
29 0.75 7 1 60 3.5 492.17 * 3.50 1.29 + 0.02
30 0.75 7 1 60 8.5 356.63 + 3.40 1.5 £ 0.01
31 0.75 5 1 60 35 0+0 0+0

32 0.75 7 1 60 3.5 498.80 + 4.50 1.25 = 0.02

buffered casein substrate (pH-7.5).

2.11. Effect of inhibitors on protease activity

The interaction of protease with repertoire of well-known protease
inhibitor like phenyl methyl sulfonyl fluoride (PMSF), N-ethylmalei-
mide, ethylenediaminetetraacetic acid (EDTA) and 1, 10 phenanthro-
line gives clue about type of protease. For this, the enzyme aliquots
were prepared in buffer containing respective protease inhibitor
(5mM), and pre-incubated for 1 h at 27 °C. The enduring protease ac-
tivities were assessed and equated with a control.

2.12. Effect of metal ions on protease activity

The effect of metal ions on protease activity was evaluated. In this
experiment, purified protease was pre-incubated independently with
5mMchloride salt of respective metals (BaCl,, CaCl,, CdCl,, CuCl,,
FeCl,, HgCl,, KCl, LiCl, MgCl,, MnCl,, NaCl, NiCl,, SnCl,, and ZnCl,)
for 1hat 27°C. The influenced protease activity was assessed and
comparing it with a control.

2.13. Effect of surfactants and oxidizing agents on protease

The activity of purified protease was also analysed in the presence
of various surfactants, and oxidizing agents (1%, w/v). For this, the
aliquot of purified enzyme was pre-incubated with anionic detergent
(Sodium dodecyl sulphate), non-ionic detergents (Triton X-100, and
Tween-20) and oxidizing agents (Hydrogen peroxide and sodium per-
borate) at 27°Cfor 1 h, and subsequently assayed for the residual pro-
tease activity.

2.14. Substrate utilization profile

The ability of protease to act against the range of natural substrates,
like bovine serum albumin (BSA), casein, egg yolk albumin, gelatin,
haemoglobin, and soybean flour was evaluated. For this, 1.0 mL of each
substrate (2%), prepared in phosphate buffer (pH 7.5) was mixed with
purified protease and incubated at 40°C for 10 min. One unit (U) of
protease activity was defined as that amount of enzyme required to
produce peptides equivalent to 1.0 ug tyrosine in the filtrate per minute
per millilitre at pH 7.5 and 40 °C.

2.15. Statistical analysis

The reported enzyme units were the average value of results of three
independent experiments. All the data are expressed as average *
standard deviation (SD). Statistical analysis was performed using
Microsoft Excel. The production media and physical factors optimisa-
tion were achieved by response surface approach. A software package
Minitab” 18.1 (Trial version) was used for the design of screening and
optimisation experiments, data analysis, quadratic model building, re-
sponse surface and 3-D contour plots generation to understand the in-
teraction of different variables.

3. Results and discussion
3.1. Insect

The insect was collected from stored Glycine max seeds. It was
identified as Tribolium castaneum (Coleoptera: Tenebrionidae) on the
basis of the morphological features using the taxonomic key suggested
by Bousquet (1990). The identification was further confirmed by ana-
lysing the phylogenetic attributes of insect. The partial DNA sequence
of mitochondrial cytochrome oxidase (COI) gene of studied insect was
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Fig. 1. Phylogenetic relationship of newly isolated strain Bacillus subtilis AU-2.

used for identification and the sequence had been submitted to Gen-
Bank databases with accession number: MH442992.

The Tribolium castaneum, also known as red flour beetle commonly
is a tropical beetle pest of stored grains and pulses (Hagstrum and
Subramanyam, 2009). The presence of Tribolium castaneum insect on
stored soybean was also reported by LeCato and McCray (1973). These
insects digestive system is adapted consume proteinaceous diet ob-
tained from Glycine max seeds. Based on assumption that the gut mi-
crobiome of Tribolium castaneum (residing in Glycine max seeds); could
contain an efficient protease producing bacterial strain, further ex-
perimentation was lineated.

3.2. Microorganism

On basis of morphological, cultural, biochemical characteristics
(Table S1) and phylogenetic analysis, the efficient protease secreting
bacterial strain AU-2 was identified as Bacillus subtilis. The partial DNA
sequence of 16S rRNA gene (1479 bp) of AU-2 strain was documented
with accession number - MF538574.1 at NCBI database. This partial
DNA sequence was also compared with related strains to establish the
phylogenetic relationship with correlated bacterial strains (Fig. 1).

The present investigation has revealed the presence of protease se-
creting Bacillus subtilis in gut of Tribolium castaneum. The Bacillus subtilis
is present as commensal in Tribolium castaneum gut was also docu-
mented previously (Kumari et al., 2011). The B. subtilis has been re-
viewed by the Food and Drug Administration (Centre for Veterinary
Medicine) and included it in list of Direct-Fed microorganisms (US Food
and Drug Administration, 1999). Also, B. subtilis was reported to be
used for preparation of East Asian fermented foods —natto (Hosoi and
Kiuchi, 2003). The Hong et al. (2009) documented that B. subtilis had
adapted to survive as human gut commensals and mediate important
roles like biofilm formation, and antimicrobial secretion. Likewise, the
quorum sensing molecules (QSMs) secreted by B. subtilis strain JH 642
are found to be play a substantial role in safeguarding the intestinal
health (Fujiya et al., 2007). The probiotic preparation supplemented
with Bacillus subtilis are commercially available in several countries

which includes - BioPlus-2B° (Denmark), Anaban™, and Biosporin®
(Europe) (Elshaghabee et al., 2017). Moreover, B. subtilis strains have
been conferred GRAS (Generally Recognized as Safe) status by the Food
and Drug Administration (Contesini et al., 2018).

Hence, by considering the safe nature of this insect gut commensal
strain, the protease obtained from it could offer potential application in
food industry. The food manufacturers are inclined towards safe and
mild enzymatic methods to replace traditionally used strong acid hy-
drolysis.

3.3. Statistical optimization of protease production media and physical
factors

The suitability of any protease secreting strain for industrial appli-
cation depends on enzyme yield. The protease production and growth is
depends on the media composition and physical factors. In current in-
vestigation, total seven factors (glucose, pH, KH,PO,, soybean meal,
agitation, CaCl,, and inoculum size) were selected for primary
screening by Plackett-Burman design (PBD). All the experimental sets
were incubated for 48 h, as it yields highest enzyme and further pro-
longed incubation not contribute to increase protease yield. The ex-
perimental PBD design with respective responses (protease activity and
growth) is summarised in Table 1. Based on the regression coefficient
values of responses; Glucose (79.2); pH (106.0); Potassium dihydrogen
phosphate (—40.2); Soybean meal (66.7); Agitation (2.8); Calcium
chloride (—56.1); and Inoculum (11.1); further five factors which
showed positive influence on protease production were further selected
for central composite design (CCD) of response surface method. The
K,HPO, and CaCl, showed a minimum effect were taken in low-level in
subsequent experimentation.

By using various levels of glucose, pH, soy bean meal, agitation, and
inoculum; the CCD designed experiments were accomplished conse-
quently (Table 2). The responses (growth and protease activity) were
inputted to Minitab software to generate the quadratic regression
equations and 3D contour plots.
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Fig. 2. The interacting prominent effects of optimised parameters (a) glucose and pH; (b) inoculum and glucose; (¢) glucose and agitation; and (d) glucose and soy

bean meal on protease production by Bacillus subtilis AU-2.

3.3.1. Quadratic regression equation

To get 3D contours graphs, the protease activity was analysed by
taking two factors at a time and other three at a fixed level. Fig. 2 shows
the various interacting effects of glucose, soybean meal, pH, agitation,
and inoculum. The resulted protease production based on their mutual
interaction is depicted as response surface plots, which shows the
combined effects of these factors. Each 3D contours graph generated is
almost convex contour plot, which designates that there were precise
optimum levels.

Fig. 2a shows that increasing the concentration of glucose and pH
leads to elevate protease production by B. subtilis AU-2, while further
raise (i) beyond 1% glucose and, (ii) pH towards alkaline range has
lowered the protease production. The B. subtilis AU-2 strain grew in pH
range of 6.0 to 9.0; while the maximum protease production was de-
tected at pH 7.0.

Also, the protease production was promoted with increase of agi-
tation rate and inoculum level up to optimum frontier, while further
boost of these factors has lowered the protease production by B. subtilis
AU-2, as shown Fig. 2b and c. The protease production by altering the
glucose concentration with specific bio-inoculum load and efficient
utilization of available oxygen was assessed by this interaction.

As shown in Fig. 2d, the presence of organic nitrogen source —
soybean alone was not adequate to maximize the protease production;
addition of carbon source like glucose was essential for the improving
the protease production of the strain. Although, the glucose promoted
protease production up to 1% concentration further increase in glucose
level has lowered the protease yield. Similarly, protease production was
detected to be suppressed by glucose beyond 1.0% concentration in
almost all interactions — glucose-pH, glucose-inoculum, and glucose-
agitation (Fig. 2a, b and 2c); this emphasizes that excess glucose beyond
the optimum concentration might repressed the protease production or
altered the osmoregulation which further adversely affected the growth
of strain and protease secretion. The soybean meal showed vis-a-vis
response on protease production and even 2% soybean meal was en-
dured by the strain. For large scale commercial enzyme production, the
use of cost-effective media is vital. The ability to utilize soya bean by
the B. subtilis AU-2 is a positive gain as the soybean meal is a

comparatively cheap and easily obtainable media component, its in-
dustrial appropriateness for economical protease production at large
scale is an encouraging factor.

The optimum values of selected factors for maximum protease pro-
duction were calculated using the quadratic regression equation.

Protease activity = 4167 + 639 Glucose + 1192 pH + 65.5 Inoculum
- 649 Soybean meal+ 0.19 Agitation - 159.2 Glucose*Glucose
- 86.1 pH*pH- 9.68 Inoculum*Inoculum - 8.1 Soybean meal*Soybean meal-
0.00718 Agitation*Agitation - 42.6 Glucose*pH + 0.8 Glucose*Inoculum-
20.0  Glucose*Soybean = meal + 0.175 Glucose*Agitation
+ 1.6 pH*Inoculum+ 115.0 pH*Soybean meal + 0.203 pH*Agitation
- 24 Inoculum*Soybean meal+  0.194 Inoculum*Agitation
- 0.67 Soybean meal*Agitation

The optimized medium evaluated using response surface approach
consists (g/L) - soy bean meal, 10 g; glucose, 7.5 g; KH5POy4, 1 g; CaCl,,
1 g and the pH should be 7.0. The batch culture consists of the opti-
mized medium inoculated with 3.5% inoculum and agitated at
60 rpm at 37°C yielded 580 U/mL after 48 h. Further incubation has not
contributed to increase the protease yield and leads to slight decline in
protease level. Hence the incubation period for optimized protease
production was kept 48 h. Protease activity obtained from fermentation
medium using OVAT approach was 158 U/mL. Hence, the systematic
response surface approach has enhanced to 4.0 fold improvements as
compare to the production using basal medium. Relatively higher fold
(7.0-fold) enhancement in enzyme production was achieved using re-
sponse surface approach from Bacillus subtilis FBL-1, which yielded 578
U/mL protease in optimized medium (Kim et al., 2016).

3.4. Purification of protease

Extensively purified protease has been a prerequisite to characterise
the enzyme for studying the biochemical profile and to confirm the
suitability of enzyme to use in food biotechnology. Various approaches
have been utilised for purification of extracellular proteases secreted by
Bacillus strains (Mokashe et al., 2018); in this study the first step of
purification was concentration of proteins by ammonium sulphate



A.R. Patel, et al.

Table 3
Purification summary for protease obtained from Bacillus subtilis AU-2.

Biocatalysis and Agricultural Biotechnology 19 (2019) 101122

Total
Protein (mg)

Purification steps Total activity (U)

Specific activity (U/mg) Recovery (%) Purification fold

Crud broth 309.8 = 10.7 264257 + 19514
(NH,4),SO, precipitation (75%) 229.3 + 15.8 208635 *+ 13092
Ion exchange-DEAE-Cellulose 169 + 1.5 131225 + 3931
Gel filtration-Sephadex G-75 3.8 = 0.02 88675 + 1870

853 + 66 100 = 0 1.00 + 0.00
908 = 7 79 £ 1 1.07 = 0.09
7782 * 623 50 = 2 9.16 = 1.06
22773 = 361 34 =2 26.81 + 2.47

precipitation method. Subsequently, chromatographic separation was
carried by using DEAE-cellulose and Sephadex G-75 columns. The se-
quential three step purification scheme yielded 26.81-fold purification
with a specific activity of 22773 U/mg and 34% recovery (Table 3). The
purification results were consistent with the purification strategy em-
ployed previously for isolation of proteases from various strains of
Bacillus subtilis. A 24% recovery and 27.63 fold purified protease with
11.33 U/mg specific activity (Maruthiah et al., 2013) and 17.87% re-
covery and 10 fold purified protease with 87.79 U/mg specific activity
(Sathishkumar et al., 2015) were obtained from Bacillus subtilis AP-MSU
6 and Bacillus subtilis GA CAS8 respectively.

The purified protease of B. subtilis AU-2 was detected as a single
band on polyacrylamide gel. The molecular mass of extracellular pro-
tease of B. subtilis AU-2 was estimated as 38 kDa by SDS-PAGE (Fig. 3).
The documented results are in consistence with recently reported
37.6 kDa metallo-protease from Bacillus subtilis (Si et al., 2018). The
molecular weight of the purified proteases of different strains of Bacillus
subtilis was determined as 44kDa (Yang et al., 2000) and 41kDa
(Sathishkumar et al., 2015). In contrary, several reports described low
molecular-weight extracellular proteases (15-28kDa) from different
strains of Bacillus subtilis (Adinarayana et al., 2003; Kim and Kim, 2005;
Maruthiah et al., 2013; Rehman et al., 2017).

Fig. 3. Electrophoretic separation (SDS-PAGE) of purified protease of Bacillus
subtilis AU-2; Lane 1: purified protease, and Lane 2: standard molecular weight
markers.

The purified protease of B. subtilis AU-2 also confirmed to be
homogenous by using gel electrophoresis was further subjected for
biochemical characterization. The biochemical characterization of the
protease is an authoritative obligation for newly reported enzyme as the
applicability enzyme in food applications depends on various factors
like sensitivity to pH, temperature, and ability to remain active and
stable in presence of several surfactants, salts, and oxidising agents.

3.5. Effect of pH on protease activity and stability

Most of the proteases obtained from Bacillus sp. are alkaline pro-
teases (Maruthiah et al., 2013; Si et al., 2018) with exception of pro-
tease of Bacillus subtilis KT004404 which has optimum pH 6.0 (Rehman
et al., 2017). The protease of B. subtilis AU-2 studied in this investiga-
tion was active in the broad pH range of 6.0-10.0 with optimum ac-
tivity at pH 7.5. It was remain active and stable at neutral pH while also
showed appreciable stability in alkaline pH range compare to acidic pH
(Fig. 4). Henceforth, the protease produced by B. subtilis AU-2 is a
neutral protease like extracellular protease secreted by B. subtilis Y-108
(Yang et al., 2000).

Several food preparation are processed using a neutral protease
hence protease from B. subtilis AU-2 could be utilized like commercially
available Neutrase in food industry. The ability of protease active at
neutral to slightly alkaline pH range offers its potential to apply as key
commodity for fish protein hydrolysate preparation.

3.6. Effect of temperature on protease activity and stability

Purified protease of B. subtilis AU-2 has showed activity in broad
temperature range of 20-60°Cwith the optimum temperature 40
°C(Fig. 5a). The protease get totally inactivated at 70°C. Also, thermal
endurance was determined after 30 and 60 min at various temperature
25-65°C (Fig. 5b); the enzyme has retained 74% and 62% activity after
heating at 55°C for 30 and 60 min respectively. The enzyme get rapidly
inactivated beyond 55°C. These results are in accordance with

Fig. 4. Effect of pH on enzyme activity and stability of purified protease ob-
tained from Bacillus subtilis AU-2.
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Fig. 5. (A) Effect of temperature on enzyme activity of purified protease ob-
tained from Bacillus subtilis AU-2; (B) Thermal stability evaluated at various
temperature after 30 and 60 min.

extracellular protease of Bacillus subtilis AP-MSU6 (Maruthiah et al.,
2013). Previously, thermo-stable proteases having optimum tempera-
ture 50-55°Cwere reported from Bacillus subtilis Y-108 (Yang et al.,
2000) and Bacillus subtilis KT004404 (Rehman et al., 2017).

3.7. Effect of inhibitors on protease

The effect of various inhibitors on protease activity is summarized in
Table 4. The enzyme was inhibited by EDTA, and 1, 10 phenanthroline
suggesting that the protease of B. subtilis AU-2 is the metalloprotease.
Similarly, metallo-proteases were reported from Bacillus subtilis
KT004404 (Rehman et al., 2017), Bacillus subtilis Y108 (Yang et al.,
2000; Si et al., 2018). In addition, serine proteases form Bacillus subtilis
PE-11 (Adinarayana et al.,, 2003) and Bacillus subtilis DR8806
(Farhadian et al., 2015) have also been described.

3.8. Effect of surfactant and oxidizing agents on protease

The effect of various chemicals such as surfactants, and oxidising
agent on protease activity was examined. The protease showed appre-
ciable endurance (80 to 96%) in presence of Tween-20, SDS, Triton X-
100, H,0, and sodium per-borate) as summarised in Table 4. Com-
parable outcomes were documented for metallo-protease obtained from
Bacillus subtilis FBL-1 (Kim et al., 2016).

Food grade hydrogen peroxide (H,O,) used as a strong oxidising
agent and effective antimicrobial agent in food industry. The hydrogen
peroxide is used to improve or preserve the quality of margarine,
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Table 4
Effect of various activators/inhibitors on the purified protease of Bacillus subtilis
AU-2.

Inhibitors/activators Relative protease activity (Mean = SD)

Protease inhibitors

Control 100.36 = 0.75
PMSF (5 mM) 98.77 + 2.47
N-ethylmleimide (5 mM) 94.06 = 4.49
1, 10 Phenanthroline (5 mM) 10.51 = 1.36
EDTA (1 mM) 19.55 = 1.50
EDTA (5 mM) 16.22 = 1.03
Surfactant and oxidising agents (1%)

Triton X-100 83.42 = 1.21

Sodium dodecyl sulfate (SDS) 85.45 + 3.62
Tween 20 77.55 + 1.80
Hydrogen peroxide (H>05) 93.63 = 1.78
Sodium per-borate 96.81 + 0.55

Metal ions (5 mM)

BaCl, 96.09 + 3.60
CaCl, 112.24 = 1.95
CdCl, 53.73 + 6.65
CuCl, 69.51 + 1.52
FeCl, 105.36 = 2.30
HgCl, 0.29 = 0.33

KCl 107.82 = 1.40
LiCl 95.66 + 2.84
MgCl, 110.35 = 1.70
MnCl, 117.02 = 3.14
NaCl 91.46 + 0.38
NiCl, 69.73 + 1.93
SnCl, 90.95 + 2.89
ZnCl, 105.07 = 1.33

cheese, instant tea, wine, or juice, corn syrup, and starch. These foods
are treated with 0.05 to 1.5% (v/v) hydrogen peroxide. The capability
to withstand active conformation in presence of H,O, by protease of B.
subtilis AU-2 could advises its utility in food industry.

3.9. Effect of metal ions on protease

The relative activity of protease was conserved in presence of Ba>*,
Li*, Na*, and K*, (5mM) salts. The protease activity was elevated in
the presence of Ca*>*, Fe**, Mg>*, Mn**, Zn** as compare to control;
however the enzyme was significantly get inhibited by Sn?* Cd*",
Cu®*, Hg?*, and Ni®*. The effect of metal ions on protease activity of
B. subtilis AU-2 was shown in Table 4.

Similar effect of metal ions on protease activity has been testified
earlier. Metal ions like Fe>*, Hg?* ,and Cu®* have lowered the activity;
while Co?*, Ca®*, Mn®*, Ni?*, and Zn>* have enhanced the activity of
protease obtained from Bacillus subtilis KT004404 (Rehman et al.,
2017). Also, protease from Bacillus subtilis DR8806 showed enhanced
activity in presence of metal ions like Ca®*, K*, Mg®*, Fe*>* while the
activity was lowered in the presence of Hg®*, Ba®", and Cu®*
(Farhadian et al., 2015).

3.10. Substrate specificity of protease

The protease of B. subtilis AU-2 has ability to digest several protei-
naceous substrates. The purified protease was tested with different
natural proteinaceous substrates like bovine serum albumin, casein, egg
albumin, gelatin, haemoglobin, and soybean flour. The purified enzyme
has substrate utilisation profile as - casein (277 * 12 U/
mL); > soybean flour (250 = 3 U/mL); >BSA (219 =+ 3 U/
mL); > haemoglobin (216 = 9 U/mL) > egg albumin (210 = 7 U/
mL) > gelatin (0.0 U/mL). The gelatin was very slowly degraded by
this enzyme even after 10 h incubation it showed poor proteolysis (16.6
U/mL). The results were in consistent with recent study about B. subtilis
which reported the protease which unable to digest gelatine (Si et al.,
2018).
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The capability of this protease to utilize wide range of proteinaceous
food substances like casein, egg albumin, haemoglobin, and soybean
flour emphasizes its utility in enzymatic protein lysate preparation from
milk, egg, meat, soybean flour. Although, the enzyme showed poor
activity against gelatin, it could be a positive gain for specific proteo-
lysis without impairing gelatin present in food as gelling agent. The
gelatin used in wide range of food products as gelling agent due to its
elasticity and clarity (Saha and Bhattacharya, 2010). The protease of B.
subtilis AU-2 hence used for precise proteolysis application without
upsetting the consistency of gelatin-stabilised food preparation.

4. Conclusion

The Bacillus subtilis AU-2 strain investigated in this study is an insect
commensal and could be suitably used in food sector for food grade
protease production like other Bacillus subtilis strains reported earlier.
The improved production of protease by B. subtilis AU-2 in medium
containing soybean meal (nitrogen source) revealed that the strain has
been well adapted to utilise the soy bean seed proteins. The protease of
B. subtilis AU-2 was found active in ambient physical parameters (pH,
temperature) emphasises its utility in food applications. The metal ion
reliant feature of metallo-protease from B. subtilis AU-2 and its cap-
ability to remain active in presence of various inorganic salts also
provides assurance of activity and/or stability of this biocatalyst in the
presence of various salts usually present in food.

The most significant findings includes the capability to catalyse
various proteinaceous substrates like casein, egg albumin, hae-
moglobin, and soy bean flour, this accentuates its utility in enzymatic
protein lysate preparation from milk, egg, meat, and soybean flour. The
poor enzymatic activity of this protease against gelatin could be pre-
cisely utilize for achieving organized protein digestion without im-
pairing the gelatin content which further assists to maintain consistency
of gelatin-stabilised food preparation. Also, the capability to withstand
H,0, by protease of B. subtilis AU-2 advises its utility in improving/
digesting the peptide contents of H,O,-preserved proteinaceous food.
For food applications, the safety of the production strain is the most
crucial factor; hence the protease of newly isolated insect commensal
Bacillus subtilis AU-2 could be effectively used in food sector. The no-
teworthy outcomes of food related applications were also investigated
which will be documented in subsequent study.
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Abstract The finding described in this study is the first
report of leaf spot disease of cotton caused by Curvularia
verruculosa surveyed in the state of Maharashtra (India).
The isolated phytopathogenic fungal strain was identified
using morphological characteristics and molecular identi-
fication of ITS gene sequence (MF784436) and D1D2
region of LSU gene (KY978073). The ability of fungal
strain to secrete hydrolytic enzymes viz., pectinase, xyla-
nase, protease, cellulase and lipase was detected. The
secretion profile of hydrolytic enzymes by C. verruculosa
was also examined in planta and in vitro. The secretion of
cellulase, xylanase and protease was found to be inducible
on cotton-stalk powder containing media; while secretion
of pectinase and lipase was constitutive in glucose con-
taining medium. The hydrolytic enzymes secretion during
etiological progression of disease was detected on cotton
leaves at regular interval of 24 h up to 10 days. A signif-
icant correlation (P < 0.05) was observed between hydro-
lytic enzymes secretion and disease severity index. The
increased level of hydrolytic enzymes in infected plant
sample indicates their role in disease progression. The
newly documented fungal phytopathogen Curvularia ver-
ruculosa was deposited at National Fungal Culture Col-
lection of India, Pune with accession number of NFCCI-
41109.
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India is the second largest cotton producer in the world
(22% of the global cotton production) with largest culti-
vation area (30% of global cotton area) among the major
cotton growing countries (WWF-India report 2012).

The cotton crop is prone to several fungal, bacterial and
viral diseases; among these infections the fungal infections
are predominant on cotton and cause the major yield loss
(Bell 1999). In India, the various fungal diseases reported
on cotton includes fusarium wilt, verticillium wilt, grey
mildew, alternaria leaf spot, myrothecium leaf spot, root
rot and anthracnose (AICCIP 2005-06, 2013-14). The
disease establishment by phytopathogenic fungi utilizes
different mechanisms like synthesis and liberation of cell
wall degrading hydrolytic enzymes, toxin production and
synthesis of metabolites which interfere with the normal
growth of host plant. The hydrolytic enzymes are foremost
virulence factors of the fungal phytopathogen for disease
establishment (Gour and Dube 1975; Have et al. 2002;
Kikot et al. 2009; Bellincampi et al. 2014; Kubicek et al.
2014). The present study focused on isolation of fungal
phytopathogen associated with the infected cotton plant
leaves and detection of its enzymatic virulence factors.

In the cotton cropping seasons of 2013—14 and 2014-15
(June—September), the cotton plants in Maharashtra (India)
were surveyed. The plants were observed with leaf spots
that started as minute, irregular in shape (5-18 mm in
diameter) with chlorotic area around the spots. However,
the mature spots turned into necrotic lesion with a halo
center inducing leaf chlorosis and premature senescence.
The estimated disease incidence and disease severity index
(DSI) were 36 and 49.38% respectively. The maximum
disease incidence was recorded in the month of August.
The disease prone climatic conditions in this month (tem-
perature, 25-32 °C; humidity, 55-90%) could have sup-
ported the fungal infection.
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The infected leaves with prominent brown lesions sur-
rounded with chlorotic region (Fig. 1a) were collected
from different cotton growing fields in the surveyed area.
The fungus was isolated from the section of diseased leaf
on Czapek Dox Agar (CDA) media containing strepto-
mycin (50 pg/ml). The morphological identification was
carried out by the key described by Webster and Weber
(2007) and Watanabe (2010). The fungus attained 90 mm
wide colony on CDA in 6 days at 28 °C. The colony
appeared as greenish gray on CDA, having pale colored
fimbriate margin with grayish black reverse. The colony
had circular, flat, filamentous appearance with slightly
hairy, spreading and aerial mycelia with abundant sporu-
lation. The hyphae were septate, branched, sub-hyline to
brown in color. The conidiophore aroused singly, simple to
rarely branched, macronematous, septate, sub-hyline to
brown in color (Fig. 1b) on CDA. The conidia developed
17-38 um long and 10-17 um wide, with 2—4 cells broadly
ellipsoidal, straight to slightly curved with one of the
central cell being darker and larger, second and third cells
appeared brown to pale brown while apical and basal cells
were sub-hyaline, without hilum basally on slide culture
assembly.

The morphology of the fungus is similar with that
described for genus Curvularia (Kusai et al. 2016). The
molecular characterization of isolated fungal culture was
carried out at National Fungal Culture Collection of India
(NFCCI-ARI) Pune, India. The ITS gene was amplified
with fungal universal primers ITS-4 and ITS-5. The D1D2
region of LSU-rDNA gene was amplified by using primers
LROR and LRS5. The sequencing PCR was set up with
ABI-Big Dye terminator v 3.1 cycle sequencing kit. The
BLAST analysis and sequence identity of ITS and D1D2
region by Clustal W identified the fungal isolate as
Curvularia verruculosa. The sequences of ITS and D1D2
region of LSU-rDNA genes of C. verruculosa were
deposited to NCBI with Genbank accession numbers

Fig. 1 a Symptomatic cotton
leaf, b conidiophore of C.
verruculosa
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MF784436 and KY978073 respectively. This newly iso-
lated fungal phytopathogen—Curvularia verruculosa was
deposited at National Fungal Culture Collection of India,
Agharkar Research Institute (NFCCI-ARI) Pune, India
with deposition accession number of NFCCI-4119.

The pathogenicity of isolated fungus was assayed by
spraying the spore suspension (I x 10° spores ml~") on
healthy plants at the four-leaf stage (18 days older plant).
The control plants were treated with sterile distilled water.
All the tested cotton plant leaves developed typical disease
symptoms after 10-12 days of inoculation while control
plants were symptomless. The vigor index and disease
severity index (DSI) of control and test plants were mea-
sured as per Islam and Borthakur (2012) and Zhao et al.
(2014) respectively. The DSI of test plants was 30 and a
decrease of 29.75% in vigor index over control plant was
also observed. The fungus was re-isolated from the leaf
spots of treated cotton plants as an endorsement of Koch’s
postulates.

Hydrolytic enzymes are considered as most commonly
produced than any other virulence factors by the fungal
pathogens for disease establishment. The role of hydrolytic
enzymes in penetration and break down of cuticular, cel-
lulosic and pectic layers of plant cell wall is well docu-
mented (Have et al. 2002; Bellincampi et al. 2014; Kubicek
et al. 2014). The detection of extracellular hydrolytic
enzyme (viz. pectinase, xylanase, protease, cellulase and
lipase) secretion by C. verruculosa was detected on solid
media containing respective substrates. The zones of
hydrolysis were produced around the fungal colony as a
result of secretion of hydrolytic enzymes. The activities of
hydrolytic enzymes were also determined in basal liquid
media [g/l; NaNOs, 2; K,HPO,, 1; MgSOy, 0.5; KCI, 0.5;
FeSQO,4, 0.01] supplemented with 1% cotton stalk powder
and 1% glucose. The secretion of pectinase, Xxylanase,
protease, cellulase and lipase in basal liquid medium
(supplemented with 1% cotton stalk powder) was recorded
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as 1.46, 291, 2.18, 0.74 and 3.14 U/ml respectively
(Fig. 2). The activity of pectinase and lipase in liquid
medium supplemented with 1% glucose powder was 1.03
and 0.82 U/ml respectively, whereas the activity of xyla-
nase, cellulase and protease was not detected in the glucose
containing liquid medium (Fig. 2). These results indicated
that the expression of cellulase, xylanase and protease was
inducible while the expression of pectinase and lipase was
constitutive in Curvularia verruculosa. According to the
study of Kapat et al. (1998), the constitutive as well as
induced type of enzyme secretion is important for disease
development. The constitutive enzyme secretion during
early phase of infection may help the pathogen for faster
penetration.

The secretion of hydrolytic enzymes during pathogen-
esis was analyzed on cotton leaves after the regular interval
of 24 h up to 10 days post inoculation (Fig. 2). The
secretion of pectinase was found maximum (0.91 U/ml)
among the studied enzymes. The secretion of pectinase was
observed from 1st day of inoculation; the level of enzyme
secretion was continuously increased and found maximum

at 8th day of inoculation. The xylanase secretion in cotton
leaf tissues was negligible at 1st day of inoculation but rose
progressively and found maximum at 8th day. The con-
siderable level of lipase was detected at 1st day of inocu-
lation and a linear increase in activity was noticed till 6th
day of inoculation, later on, a gradual decrease in activity
was noticed. Cellulase secretion was found maximum at
6th day with a gradual increase in activity, right from 1st
day of inoculation. The protease was least secreted enzyme
among all the hydrolytic enzymes. The secretion of pro-
tease was observed from 2nd day of inoculation and found
maximum at 7th day.

The hydrolytic enzyme secretion and disease develop-
ment was correlated by analyzing the enzyme secretion and
disease severity index (leaf area covered by disease) over
10 days of incubation. The enzyme secretion potential and
DSI values were found to be elevated with increase in
period of incubation (Fig. 2). The correlation between
hydrolytic enzyme (pectinase, xylanase, protease, cellulase
and lipase) production and disease rating scale was studied
by Pearson Correlation Coefficient (P < 0.05). A

Fig. 2 In vitro secretion of hydrolytic enzymes by C. verruculosa in basal liquid medium containing cotton stalk powder/glucose as a carbon
source and In planta secretion of hydrolytic enzymes by C. verruculosa during pathogenesis and its correlation with disease rating scale
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significant correlation between hydrolytic enzymes (pecti-
nase, xylanase, protease, cellulase and lipase) secretion and
DSI was observed (P < 0.05). The presence of significant
correlation between enzyme production and disease
development indicated that, the hydrolytic enzymes act as
an arsenal for penetration and colonization of phy-
topathogenic fungus within the host, which in turn devel-
ops disease. It was also observed that extracellular
hydrolytic enzyme secretion pattern greatly differs during
in planta and in vitro condition. This may be due to some
inducing factors present in plant as well as some plant
defense reactions and pH of cell sap.

In the present study, the phytopathogen associated with
leaf spot disease of cotton was isolated and identified as
Curvularia verruculosa. Although, C. verruculosa has been
previously reported as a causative agent of leaf spot disease
of Typha (Tandon and Bilgrami 1962), Sorghum, Triticum,
Oryza (Sivanesan 1987) and Cynodon (Huang et al. 2005),
the incidence of C. verruculosa infection to cotton plant
has not been reported. Hence, to the best of our knowledge,
this is the first report of C. verruculosa causing leaf spot
disease of cotton. Moreover, this is the first approach to
study in planta and in vitro secretion of hydrolytic enzymes
by C. verruculosa on host plant.

Though the leaf spot disease caused by Curvularia sp. is
concerned as minor disease, the outcomes of disease survey
and pathogenicity test indicated that, C. verruculosa can
cause serious outbreaks in the state of Maharashtra, which
may lead to severe loss of cotton production under
unpredictable global climatic vicissitudes. The findings of
this study could be helpful for development of potential
control measures and management of the newly isolated
fungus in India. In addition to this, the studied enzymatic
virulence factors may be appropriate targets for antifungal
therapy.
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Abstract

An in vitro organogenesis protocol for Carissa carandas L. was developed using an auxin transport inhibitor (quercetin) and
silver nitrate (AgNQOs3), an inhibitor of ethylene action, in association with cytokinins in the culture medium. This protocol
produced the maximum number of shoots from aseptic seedling-derived shoot apex explants of C. carandas. The highest rate
of shoot multiplication was recorded on MS medium containing 2.0 mg L™ 6-benzylaminopurine; 0.5 mg L™ kinetin, and
0.75 mg L ™" quercetin at after 4 wk of culture. Similar results were obtained when MS medium fortified with 2.0 mg L™ BAP,
0.5 mg L' kinetin, and 1.5 mg L' AgNO; was used. However, successful rooting was achieved on quarter strength MS medium
with 0.5 mg L™! indole-3-acetic acid. In this study, an inhibitor of auxin transport and ethylene action maximized shoot
multiplication in medium fortified with cytokinins. The established rapid micropropagation method could be used to conserve

elite genotypes of C. carandas.

Keywords C. carandas - Quercetin - AgNOj3 - Cytokinins

Carissa carandas (L.), an important shrub of the
Apocynaceae family, usually grows in hilly or forest areas. It
is native and common throughout India, Java, Malaysia,
Myanmar, Pakistan, and Sri Lanka (Motwani et al. 2012).
The plant produces berry-size fruits, which are traditionally
used in the treatment of malaria, diarrhea, and skin infections.
The roots are used as a stomachic and antihelminthic, the stem
is used to strengthen tendons, and leaves are used as a remedy
for fever (Kirtikar and Basu 1998). The plant extracts and the
isolated single compounds have been reported to have several
pharmacological activities such as antioxidant, anti-inflamma-
tory, and cytotoxic activity (Begum et al. 2013; Galipalli et al.
2015; Bhadane and Patil 2017). A wider group of bioactive
metabolites such as triterpenes, sesquiterpene, flavonoids, and
phenolics have been reported in different parts of C. carandas
(Naim et al. 1988; Itankar et al. 2011; Patil et al. 2012). It is
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also reported to be a potential source of anthocyanin, which is
used to color food products (Iyer and Dubash 1993).

The variety of medicinal applications of this plant has led to
overexploitation, which has endangered its existence. Thus,
for the preservation of elite genotypes of this plant, conserva-
tion efforts are urgently needed. Earlier studies reported veg-
etative propagation methods such as cutting, grafting, and air
layering as conservation strategies for C. carandas (Misra
2007). Previous studies on air layering of C. carandas report-
ed problems with callus formation instead of root formation
from the explant and requires elevated amounts (5.0 to
20.0 g L") of plant growth hormones (Raut et al. 2015).
Moreover, these strategies are rarely used because of the long
time required for conservation. Besides vegetative propaga-
tion, seed sowing in soil is used as an alternative method for
conservation. However, seeds of C. carandas are basically
recalcitrant in nature with short viability, and therefore storage
of these seeds is not possible. It has been reported that with a
long period of preservation (up to 60 d), seeds lost their via-
bility and had a 20% germination rate (Vanajalatha 2013). It
appears that relevant research has not been done on these
conventional methods for propagating C. carandas.

There has been renewed interest and progress in plant tis-
sue culture for in vitro propagation and mass multiplication of
elite, rare, and endangered plants with important medicinal
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properties (Arora and Bhojwani 1989). Attempts have been
made for in vitro propagation of C. carandas using nodal
shoot tip cultures from mature plants. These studies revealed
successful propagation of C. carandas in a culture medium
containing auxins, cytokinins (Rai and Misra 2005; Hasmah
et al. 2013), and adenine sulfate at varying concentrations
(Imran et al. 2012).

Quercetin belongs to the flavonoid group and seems to
have a synergistic effect with cytokinins on shoot multiplica-
tion. It has been reported that flavonoids are auxin transport
inhibitors and that they are responsible for iz vivo inhibition of
auxin synthesis in plants (Brown ef al. 2001), in a similar
fashion as has been reported for synthetic auxin transport in-
hibitors such as 2,3,5-triiodobenzoic acid (TIBA) and 1-
naphthylphthalamic acid (NPA), which inhibit auxin transport
and promote shoot multiplication of in vitro cultured plants
(Singh and Syamal 2000; Lall e al. 2005). Jacobs and Rubery
(1988) reported that quercetin acts as a competitive inhibitor
of NPA and binds at auxin binding sites available in mem-
brane receptors of plant cells. This mechanism has been found
to disable auxin efflux to maximize shoot proliferation by
inhibiting auxin transport. Therefore, quercetin could be used

as a natural and effective source to improve the shoot multi-
plication of in vitro cultured plants.

In addition, there is increasing interest in the use of AgNO;
for shoot multiplication of in vitro cultured plants. It acts as a
source of nitrate in the tissue culture medium and favors the
shoot multiplication process. It has also been reported to be an
inhibitor of ethylene action in in vitro cultures.

The present study reports a novel in vitro propagation pro-
tocol using quercetin and AgNQO3, as inhibitors of auxin trans-
port and ethylene action in the culture medium, respectively.
These results could be useful for in vitro propagation of elite
plants such as C. carandas.

All of the chemicals and the plant growth regulators used
were purchased from Hi-Media®, Mumbai, India. Seeds from
ripened fruits of C. carandas were collected during the sum-
mer from Aner River Forest, Dhule, India (400 m AMSL,
21.26°N, 75.11°E). All seeds were surface sterilized inside a
LAF (laminar air flow) cabinet as described in the method of
Bhadane and Patil (2016). Seeds were sterilized using a 0.1%
(v/v) solution of commercial bleach Lizol® containing 4%
(w/v) benzalkonium chloride (Reckitt Benckiser, Gurgaon,
India) for 5 min, and rinsed with sterile distilled water

Table 1 Effect of 6-

benzylaminopurine (BAP) and BAP Kinetin Quercetin Mean number of shoot Mean length (cm) of

kinetin with quercetin on shoot (mg L™ (mg L™ (mg L per explant shoot per explant

multiplication of Carissa

carandas after 4 wk of culture 1.0 - - 0+ 0.000 0.00 = 0.00m
2.0 - - 2+ 1.51n 1.20 + 1.05k1
3.0 - - 3+ 1.35mn 1.39 + 0.53jkl
4.0 - - 3 £0.67Im 1.64 + 0.21jj
1.0 0.5 - 2 + 1.54mn 1.08 + 0.741
2.0 0.5 - 4 + 1.14kl 1.45 + 0.24ijk
3.0 0.5 - 5+ 1.30jk 1.58 + 0.19ij
4.0 0.5 - 5+ 1.47jk 1.73 + 0.16hij
1.0 - 0.75 6 £ 1.08ij 1.81 + 0.30hi
2.0 - 0.75 7 £+ 1.87hi 2.18 £0.21fg
3.0 - 0.75 7 £ 1.14hi 227021 fg
4.0 - 0.75 8 + 1.04gh 2.40 + 0.28ef
1.0 - 1.5 9 + 1.03fg 2.03 +0.17gh
2.0 - 1.5 10 + 1.70cde 2.45 £ 0.23def
3.0 - 1.5 10 £ 1.37def 2.18 £ 0.27fg
4.0 - 1.5 9 + 1.40efg 2.54 £ 0.28cdef
1.0 0.5 0.75 11 +231cd 2.81 +0.22bcd
2.0 0.5 0.75 15+ 1.62a 3.24 £0.28a
3.0 0.5 0.75 11 +2.37cd 2.76 + 0.30bcd
4.0 0.5 0.75 12 + 1.96¢ 2.90 + 0.28bc
1.0 0.5 1.5 11 + 1.79cd 2.74 + 0.25bcde
2.0 0.5 1.5 13 + 1.56b 2.92 +0.21ab
3.0 0.5 1.5 11 + 1.79cd 2.77 £ 0.13bcd
4.0 0.5 1.5 11 + 1.75¢cd 2.82 +0.30 bed

The values correspond to the means + standard deviation of 10 replicates. Means in each column followed by the

same /etter were not statistically different according to DMRT (Duncan’s multiple range test) at p < 0.05
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followed by treatment with 70% (v/v) ethanol for 30 s, then
rinsed with sterile distilled water three times. After drying the
seeds for 5 min on sterile Whatman® filter paper no.1 (Sigma-
Aldrich®, St. Louis, MO), they were inoculated onto half-
strength MS medium (Murashige and Skoog 1962). The pH
of the medium was adjusted to 5.8 (before autoclaving)
with 0.1 N HCI or 0.1 N NaOH using a digital pH meter
(Aquasol, Rakiro Biotech, Mumbai, India) and gelled with
0.8% (w/v) bacteriological agar (Hi-Media®) for aseptic
seed germination. Shoot apices of 6-wk-old seedlings were
used as a source of explants. MS medium with varying
concentrations and combinations of 6-benzylaminopurine
(BAP), kinetin, AgNOs, and quercetin were used as the
shoot multiplication medium. All media were autoclaved
at 121 °C and 108 kPa pressure for 20 min. 6-
benzylaminopurine, kinetin, AgNO;_ and quercetin were
added to the medium after autoclaving when the medium
was cooled to 55 °C.

Shoot multiplication studies were conducted using M'S me-
dium containing (i) 1.0, 2.0, 3.0, or 4.0 mg L' BAP, cither
alone or in combination with 0.5 mg L' kinetin, (ii) BAP
alone or in combination with kinetin plus 0.75 or 1.5 mg L™’

Fig. 1 Growth response of
Carissa carandas shoot tips on an
MS medium (Murashige and
Skoog 1962) protocol (A) day 1;
(B) with 3.0 mg L' 6-
benzylaminopurine (BAP) and
0.5 mg L™ kinetin; (C)

20mg L BAP,0.5mgL"!
kinetin and 0.75 mg L™
quercetin; (D) with 2.0 mg L'
BAP, 0.5 mg L' kinetin and
1.5mg L' AgNO; after 4 wk.

— (.5 cm

— (.5 cm

quercetin, and (iii) BAP alone or in combination with kinetin
plus 1.0 or 1.5 mg L™ AgNO;.

After aseptic inoculation of explants in a LAF cabinet, they
were kept in a culture room under controlled conditions of 25
+2 °C, 55+ 5% relative humidity, and a 16-h photoperiod
with photon flux of approximately 40 pumol m 2 s™' provided
by white fluorescent light (Philips, Kolkata, India). Data on
the total number and length (cm) of the shoots were recorded.

Microshoots (>2 cm long) obtained from the shoot multi-
plication study were used for in vitro rooting. Prior to cutting
shoots from the callus clumps, they were gently stirred in
sterile double-distilled water to remove any excess agar.
Explants were further blotted to remove traces of water.
These shoots were then cultured on half strength and quarter
strength MS medium fortified with 0.25, 0.5, 1.0, or
2.0 mg L indole-3-acetic acid (IAA) or indole-3-butyric acid
(IBA) alone. After 4 wk of culture, data on root formation
from each explant was recorded.

Shoots with well-developed roots were removed from the
culture vessels, and roots were washed with sterile distilled
water, and transferred to a 100-mL glass beaker containing a
mixture of autoclaved garden soil and vermicompost (1:1

— ().5 cm

— (.5 cm
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Table 2 Effect of 6-

benzylaminopurine (BAP) and BAP (mg L) Kinetin (mg L)

kinetin with AgNO3 on shoot

multiplication in Carissa

carandas after 4 wk of culture 1.0 -
2.0 -
3.0 -
4.0 -
1.0 0.5
2.0 0.5
3.0 0.5
4.0 0.5
1.0 -
2.0 -
3.0 -
4.0 —
1.0 -
2.0 -
3.0 -
4.0 -
1.0 0.5
2.0 0.5
3.0 0.5
4.0 0.5
1.0 0.5
2.0 0.5
3.0 0.5
4.0 0.5

AgNO; (mg L")

Mean number of
shoots per explant

Mean length (cm) of
shootlet per explant

- 0 + 0.00q 0.00 £+ 0.00k

- 2+ 1.51p 1.20 £ 1.05jj

- 3 £ 1.35nop 1.39 £ 0.53hijj
- 3 £ 0.67mno 1.64 £ 0.21fgh
- 2 + 1.540p 1.08 + 0.74

- 4 + 1.14klm 1.45 + 0.24ghi
- 5+ 1.305k1 1.58 + 0.19fgh
- 5+ 147k 1.73 + 0.16¢efgh
1.0 4 + 0.90Imn 1.86 + 0.14cdef
1.0 4 £ 0.77klm 2.04 £ 0.26 bede
1.0 6 + 1.00hijj 2.08 + 0.31bcde
1.0 6 + 1.43fghi 2.14 + 0.23bcd
1.5 6 + 1.52ghij 1.80 + 0.18defg
1.5 6 + 1.49fghi 2.19 £ 0.27bc
1.5 7 + 1.70 cdefg 2.11 = 0.18bed
1.5 7 + 1.37defg 2.21 +0.19bc
1.0 7 £ 1.76efgh 2.05 £ 0.22bcde
1.0 9 + 0.85abc 2.30 £ 0.22b
1.0 7 £ 1.17cdefg 2.17 £ 0.27bc
1.0 8 + 1.35cdef 2.15 + 0.27bcd
1.5 8 + 1.56bcde 2.09 £ 0.24bcd
1.5 10 = 1.95a 3.08 +0.18a
1.5 8 + 1.07abed 2.23 + 0.14bc
1.5 9 + 1.56ab 222 +0.14 be

The values correspond to means + standard deviation of 10 replicates. Means in each column followed by the
same /etter were not statistically different according to DMRT (Duncan’s multiple range test) at p < 0.05

ratio) for acclimatization. The plantlets were irrigated with
1/10 diluted MS salt solution without sucrose every 24 h.
The beakers containing plantlets were covered with polyeth-
ylene bags to maintain proper humidity. The acclimatized
plantlets were transferred to 10-cm® plastic pots containing
natural soil, covered with polyethylene bags and placed in a

Fig. 2 In vitro Carissa carandas
root induction of cultured shoots.
(A) Root induction of the shoots
cultured on quarter-strength MS
medium (Murashige and Skoog
1962) containing 0.5 mg L™
indole-3-acetic acid. (B) A
shootlet with multiple roots after
4 wk of culture.

—_— (.5 cm

@ Springer

shed house for secondary hardening at 28 +2 °C and a 12-h
light cycle using natural light.

Experiments were conducted in a randomized block de-
sign, and the results were presented as mean + SD of ten
replicates. Data from shoot multiplication and in vitro rooting
were subjected to analysis of variance (ANOVA) to determine

— (.5 cm
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Table 3 Effect of indole-3-acetic

acid (IAA) and indole-3-butyric IAA (mg L) IBA (mg L") Mean number of roots Mean length (cm) of
acid (IBA) on in vitro rooting of per explant roots per explant
Carissa carandas shoots in
quarter strength MS medium 0.25 - 0+0.00c 0.00+0.00b
(Murashige and Skoog 1962) 0.5 - 8+3.16a 1.21£0.65a
after 4 wk of culture 10 - 441.35b 0.89+0.36a

2.0 - 3+£0.67b 0.90£0.17a

- 0.25 0+0.00b 0.00+0.00a

- 0.5 1+0.92ab 0.47+0.72a

- 1.0 1+1.08a 0.49 +0.60a

- 2.0 Callusing Callusing

The values correspond to means + standard deviation of 10 replicates. Means of each auxin treatment within
column followed by same /etter were not statistically differ according to DMRT (Duncan’s multiple range test) at

p<0.05

the significant variations. The data processing was completed
using software XLSTAT version 16 (Addinsoft, New York,
NY), and the means were compared according to Duncan’s
multiple range test (DMRT) at p <0.05.

Shoot development was observed at the cut edges of asep-
tically derived explants (shoot apices) on the 13th d of incu-
bation on MS medium fortified with 3.0 mg L' BAP and
0.5 mg L™ kinetin. On this medium, the average number of
shoots was 5+ 1.30 with a recorded length of 1.73+0.16 cm
(Table 1). Figures 1A, B reveal growth of explants in the cul-
ture medium on the 1st and 13th day. Addition of quercetin to
cytokinin-containing medium resulted in a significant increase
in the number of shoots per explant and shoot length (Table 1).
The results demonstrated that 2.0 mg L' BAP in combination
with 0.5 mg L™ kinetin and 0.75 mg L™ quercetin induced
significant (p <0.05) shoot multiplication and growth in
C. carandas (Fig. 1; Table 1).

Similar results were obtained when AgNO; in combination
with BAP and kinetin was used in the culture medium for
shoot multiplication. A significant increase (p < 0.05) in shoot
numbers (10+1.95) and shoot length per explant was ob-
served in MS medium containing 2.0 mg L™' BAP,
0.5 mg Lfl, kinetin, and 1.5 mg L AgNO3 after 4 wk of
incubation (Table 2; Fig. 1D). Moreover, shoot multiplication
in culture medium with BAP alone and in combination with
AgNO; was found to be significantly lower than in medium
with a combination of BAP, kinetin, and AgNO; at the tested
concentrations.

Well-developed shoots were transferred to MS medium
containing different concentrations of IAA and IBA. It was
found that quarter strength MS medium induced rooting at all
the concentrations of IAA and IBA tested, except at
0.25 mg L™". The primordial tiny roots on the shoots formed
during the 2nd and 3rd wk of incubation (Fig. 2A). Of the
concentrations of IAA tested, the maximum number of roots
(8 £3.16) per shoot, and their average length (1.21 +0.65 cm)
after incubation for 4 wk was observed at 0.5 mg L'

(p <0.05) (Fig. 2B). IBA, however, could induce rooting on
developed shoots, but the response was low compared to TAA.
Roots formed in quarter strength MS medium with 1.0 mg L ™"
IBA were found to be much smaller (0.49 +0.60 cm) and
fewer in number (only one per shootlet; Table 3). The entire
process of hardening took 8 wk, and all the plantlets showed
satisfactory growth during this period (Fig. 3). The survival
frequency of plantlets during hardening was about 70%.

It is a well-known fact that cytokinins are involved in bud
breakage, cell division, and shoot initiation and multiplication
from explants (George et al. 2008; Mazri 2015). The present
results on the use of quercetin are in agreement with the earlier
research of Krishnan and Siril (2015), in which quercetin was
used in combination with kinetin and BAP for shoot multipli-
cation of Oldenlandia umbellata. Silver nitrate in the medium
was believed to induce a less-oxidized cellular environment
and upregulation of cytokinin biosynthetic genes, which fa-
vored shoot multiplication (Paladi et al. 2017). The increase in
the number of shoots in the present study may also possibly be
attributed to the effects of quercetin and silver nitrate.

Fig. 3 Acclimatized and established Carissa carandas plantlets in plastic
pots containing natural soil after 8 wk.

@ Springer
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The earlier studies on successful micropropagation of
C. carandas have shown the impacts of different concentra-
tions and combinations of phytohormones. Hasmah et al.
(2013) reported 5.5 shoots per explants, with an average shoot
length of 3.3 cm, on MS medium containing 4 mg L' BAP.
Earlier, Rai and Misra (2005) reported 12.54 shoots per explant
with a height of 4.39 cm in MS medium containing 13.32 uM
BAP. On the other hand, Imran et al. (2012) employed a com-
bination of 1.5 mg L' BAP, 1.0 mg L ™" kinetin, 1.0 mg L™
TDZ, and 15 mg L™ adenine sulfate in MS medium and ob-
tained 27 shoots per explant. Apparently, the use of inhibitors
(AgNOj5 and quercetin) in the culture medium resulted in im-
proved organogenesis and shoot multiplication in the present
study and is a novel result for C. carandas.

In the micropropagation of Wrightia tinctoria, higher con-
centrations of the medium constituents and combinations of
auxins resulted in the cultured shoots forming callus tissue,
instead of root formation (Purohit and Kukda 2004). In anoth-
er study, rooting of C. carandas was achieved on half-strength
MS medium (Rai and Misra 2005). In the present study, root
induction on cultured shoots was successfully established in
quarter-strength MS medium supplemented with lower con-
centrations of auxins without callus formation.
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The human microbiota plays a crucial role in educating the immune system and influencing host health right since birth.
Various maternal factors along with the vertical microbial transfer from the mother, as well as the horizontal environmental
transmission and internal factors relating to the infant, play a crucial role in modulating the gut microbiota. The early life
microflora is highly unstable and undergoes dynamic changes during the first few years, converging towards a more
stabilized adult microbiota by co-evolving with the host by the age of 3—4 years. Microbiota studies have underlined the
role of dysbiosis in developing several metabolic disorders like obesity, diabetes and immune-related disorders like asthma,
to name a few. Thus, understanding early life microbial composition and various factors affecting the microbial community
will provide a platform for developing strategies/techniques to maintain host health by restoring gut microbial flora. This
review focuses on the factors that affect the microbial composition of the foetus in utero, during birth, infancy through

childhood.

Keywords.

1. Introduction

The study of the human gut microbiome has gained impor-
tance in past years due to the important contribution of
microbes in host health, stimulating immune system devel-
opment, host nutrient metabolism, as well as promoting
differentiation of mucosal structure and function. These
actions of the microbiota have a widespread impact beyond
the gastrointestinal tract (Tremaroli 2012; Doré et al. 2013;
Cénit et al. 2014). The gastrointestinal tract (GIT) is known
to be the most densely populated anatomical site forming a
‘mini-ecosystem’ (Tojo et al. 2014). Thus, characterizing the
gut microbiota is one of the most important aspects of
understanding the host microbiome relation. The flexibility
of the human gut microbiome is a characteristic feature as,
despite the daily oral intake of particular food, the

http://www.ias.ac.in/jbiosci

Birth mode; infants; maternal health; microbiome

composition of the microbiota and the metagenome remains
essentially unaffected. Influences on the microbiota are
evident across the human lifespan and depend on various
internal and external factors (Ottman et al. 2012; Odamaki
et al. 2016; Korpela and de Vos 2018).

Post birth, the composition of the microbiota is initially
derived from colonization by the early settlers to which a
baby is exposed in their environment, and during delivery,
which, along with other factors, such as diet and medica-
tions, substantially affect the entry of subsequent microbial
species into the suitable micro-environments in the host.
Before birth, the foetus is highly protected and isolated by
the mother with everything being filtered by the mother’s
organs before reaching the baby in utero (Perez-Muiioz et al.
2017). At birth, the immune system of a foetus is thus not
well educated, which is partially beneficial as the foetus
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cannot mount a severe reaction against the maternal antigens
(Yan et al. 2004; Al-Hertani et al. 2007; Gervassi and
Horton 2014). Studies suggest that the GIT microbiota acts
as a major source of antigens including peptidoglycan,
lipoproteins, lipopolysaccharides and flagellin. All of these
antigens shape, activate and educate the innate and adaptive
immune systems (Schwandner ef al. 1999; Wang et al. 2001;
Patten and Collett 2013). Thus, an individual requires a
stable microbial composition (microscopic composition),
along with a suitable macro environment (as the bod-
ily/surrounding environment affects the microbial diversity),
for normal metabolic functioning of the microbiota.

While a dysbiotic microbial composition can disturb the
biological functions in the host, a healthy microbial com-
munity is needed for maintaining sound health. The inter-
action between the microbiome and host is most crucial
during the early lifetime as critical changes in the abundance
and composition of the microbiome prevail in early life,
which becomes more or less stable and remains throughout a
lifetime, thus dictating the health of future adult life (Neu
2015). During the early years of life, the intestinal micro-
biome is relatively dynamic, and these initial dwellers have a

Figure 1.
childhood stage).
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key impact on the host health throughout life (Scholtens
et al. 2012; Tanaka and Nakayama 2017). Thus, it is
important to understand the factors that influence and modify
the microbiome at various stages of life for an individual,
with an emphasis on early life. This review focuses on the
various factors that affect the microbiota of children from
infancy to childhood.

2. Phase 1: Foetal stage
2.1  Maternal diet during pregnancy

The bacterial colonization of the neonatal gut begins when in
utero and the maternal intestinal flora is a major source of
healthy microbiota for the infant, which persists during the
early weeks of life (Vaishampayan et al. 2010). Gut micro-
bial composition varies with the diet and health status of the
host, and these factors during pregnancy can affect the
maternal gut microbiota, which in turn can affect the infant
in utero and even post birth (figure 1). Previous studies have
not only shown a clear association between diet and gut

Overview of the factors influencing the gut microbiome at different stages from phases 1 to 3 (foetal stage, infancy, toddler and
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microbiome but have effectively proved the importance of
maternal dietary modulations in influencing the changes in
the gut microbiome (Chu ef al. 2016; Lundgren ef al. 2018).

Recently, Kristen Meyer et al. using two dietary treat-
ments in a longitudinal study reported that modifying the
maternal diet (like changing fat to carbohydrate intake or
changing consumption of specific sugars) is associated with
significant alterations in the milk microbial composition and
human milk oligosaccharide (HMO) composition (Meyer
et al. 2017). The breast milk microbiome and HMOs come
in direct contact with the breastfeeding infants and thus can
modify their gut microbial composition (Jost et al. 2015).
The results thus suggest a possible role of maternal food
habits during and post pregnancy on infant gut microflora
development (Meyer et al. 2017).

In another study in mice, Gohir ef al. (2015) looked into
how the maternal diet (before and during pregnancy) affects
the gut microbial composition. In case of high-fat fed female
mice, the authors observed significant changes in the gut
microbiota composition later in pregnancy, compared to
those fed on a normal chow diet. Mothers fed with a high-fat
diet before and during pregnancy had higher levels of
Akkermansia and Bifidobacterium. These changes in the
microbial composition can alter the abundance of genes that
favour various metabolic processes during pregnancy (Gohir
et al. 2015) and thus can affect the inceptive microbial
composition of the infant. Further, Gibson et al. demon-
strated that exposure to specific food items, such as fish oil
(PUFA rich diet) to rat dams, resulted in a decrease in
microbial richness and altered intestinal microbial compo-
sition (Gibson ef al. 2015). The authors also observed that
offspring born to mothers consuming fish oil showed an
abundance of taxa of opportunistic pathogens like Bilophila
wadsworthia, Enterococcus faecium and Bacteroides fragilis
in their gut which can lead to altered immune response
(Gibson et al. 2015). Also, studies have shown that risks for
spontaneous preterm delivery (Myhre er al. 2011) and
childhood allergic diseases (Bertelsen et al. 2014) are
reduced by habitual maternal intake of probiotic-containing
food.

A recent study in Macaca fuscata, a primate model,
revealed that maternal consumption of high-fat diet during
pregnancy or post birth results in dysbiosis of the neonatal
intestinal microbiome (Ma et al. 2014). They observed the
dominance of Bacteroidetes and the absence of Spirochetes
in the gut of high-fat diet fed dams. These shifts were
accompanied by a decrease of Treponema and increased the
abundance of Prevotella (Ma et al. 2014). Similar to the
results obtained in primate studies, Chu et al (2016)
demonstrated that in humans too, a high-fat maternal
diet alters the neonatal gut microbiome independent of the
maternal body mass index. They observed that the infant gut
microbial composition varied by maternal diet during preg-
nancy with Bacteroides levels reduced in infants born to
mothers consuming a high-fat diet during pregnancy (Chu
et al. 2016). Another less studied factor is alcohol
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consumption during pregnancy and its ill effects on faecal
microbiome development. Alcohol consumption during
pregnancy has been associated with various disorders
(Ouellette et al. 1977) in the neonate and preterm birth
(Miyake et al. 2014). It is well known that alcohol con-
sumption alters the gut microbial composition (Dubinkina
et al. 2017) even during pregnancy (Labrecque ef al. 2016).
These changes in the maternal gut microbial composition
can affect the initial infant gut colonization, making it more
prone to infections and diseases later in life. All in all, these
studies emphasize that the maternal diet during pregnancy
strongly influences the infant gut microbiota development.

2.2 Maternal health during pregnancy

Mothers share their microbes and metabolites with the foetus
in utero, during delivery and lactation, and thus the maternal
health during pregnancy affects the development of the
foetus. The commensal microbial community in the human
gastrointestinal tract plays crucial roles in the immune
response and metabolic homeostasis, metabolic adaptations
and, thus, in normal pregnancy (DiGiulio et al. 2015;
Gomez-Arango et al. 2016; Smid et al. 2018).

Studies have shown that offspring of mothers suffering
from any type of diabetes or having high BMI (overweight/
obese) are at risk of developing diabetes and obesity in later
life (Weiss et al. 2000; Whitaker 2004; Pirkola et al. 2010;
Deierlein et al. 2011; Mehta et al. 2012; Gaillard et al
2013). It is hypothesized that maternal diabetes and obesity
influence the offspring’s risk for developing chronic meta-
bolic diseases, through changes in the maternal microbial
composition during pregnancy and lactation (Singh ef al.
2017). These alterations in microbial composition can have a
negative impact on maternal and offspring health, by altering
host metabolic pathways due to its effect on the abundance
of genes that favour these metabolic pathways (Collado et al.
2010; Gaillard ef al. 2013; Galley et al. 2014; Gallardo et al.
2015; Gohir et al. 2015; Hussen et al. 2015).

Direct studies trying to find the link between maternal
health and infants have found that the microbial composition
of infants born to obese mothers is distinct as compared to
those born to lean mothers (Collado et al. 2010; Galley et al.
2014) and the offspring are associated with increased
oxidative stress (Gallardo et al. 2015). Collado et al. anal-
ysed the gut microbial composition by fluorescent in situ
hybridization with flow cytometry (FCM-FISH) and by
quantitative real-time polymerase chain reaction (QPCR) in
overweight and normal-weight pregnant women and
observed that the infant’s faecal microbial community was
relatable to maternal weight gain during pregnancy. The
authors found significant alterations in the gut microbial taxa
in the two groups, of which Bacteroides and Staphylococcus
were distinctly higher in overweight and obese women
(Collado et al. 2008).
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In another study, Collado et al. observed that high weight
and BMI of mothers were associated with increased Bac-
teroides, Clostridium and Staphylococcus levels and
decreased the abundance of the Bifidobacterium group. The
presence of Akkermansia muciniphila, Staphylococcus and
Clostridium difficile groups was decreased in infants born to
mothers in the normal BMI range during pregnancy (Collado
et al. 2010). Another study involved analysing the compo-
sition of the gut microbiota in 50 pregnant women in Spain
by qPCR; they observed that Enterobacteriaceae, Escher-
ichia coli and Staphylococcus numbers were increased, but
Bifidobacterium and Bacteroides numbers were significantly
reduced in overweight and obese pregnant women, which is
contradictory with the previous study (Santacruz et al.
2010). Another study demonstrated that the microbiome
associated with obese/overweight mothers leads to offspring
with higher chances of obesity at early age. They reported
that this can be extrapolated from the early life microbial
composition of infants which can act as an indicator of
obesity development in later life (Stanislawski et al. 2018).

Inflammation of the placenta and changes in feto-placental
functions are seen as some of the adverse effects associated
with maternal obesity or excess gestational weight gain
(Challier et al. 2008; Kaphingst et al. 2008; Ditchfield ef al.
2015). Though there is no definitive evidence supporting this
hypothesis yet, new evidence from studies suggests that
dysbiosis of the placental microbiota may be responsible for
complications during pregnancy (Prince et al. 2016). The
altered placental microbiome could be associated with
ascending vaginal infections or oral commensal bacteria
(Fardini ez al. 2010). Out of the several factors that can affect
the placental microbiota, gestational diabetes mellitus
(GDM) is one. But only a few studies have investigated the
effect of GDM on the placental microbiota (Bassols et al
2016; Zheng et al. 2017). The authors in these studies
confirmed the hypothesis that the placenta microbial com-
position in women diagnosed with GDM was different from
that of normoglycaemic women. They observed a decrease
in the abundance of the order Pseudomonadales and the
genus Acinetobacteria in GDM women (Bassols et al. 2016)
along with a rise in Proteobacteria levels, and a decrease in
Bacteroidetes and Firmicutes in women with GDM (Zheng
et al. 2017). Kumar et al. showed that neonates born to
females with GDM are at high risk of developing atopic
dermatitis and risk of allergen sensitization (Kumar et al.
2009), further associating GDM with childhood disorders.

To understand the effect of maternal diabetes on the
microbiota of infants, a study analysed the meconium of
neonate subjects born to mothers with diabetes before
pregnancy and gestational diabetes and observed that their
gut microbial composition grouped differently from those
born to mothers without diabetes (Hu et al. 2013). Specifi-
cally, the meconium samples from the diabetes group had
enriched levels of Bacteroidetes, members of the Lach-
nospiraceae family and Parabacteriodes genera, with lower
levels of Proteobacteria. These alterations in the gut
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microbial composition were not affected by delivery mode,
indicating the chances that maternal diabetic condition may
have an impact on the foetal microbial composition, which
in turn may affect the foetal health (Hu ef a/. 2013). It can be
concluded from the above-mentioned studies that the main
patterns seen in mothers suffering from obesity are high
levels of Bacteroides, Staphylococcus and Enterobacteri-
aceae, with high levels of Proteobacteria and lower levels of
Acinetobacter, Bacteroides and Firmicutes seen in mothers
showing GDM. These changes predispose the offspring to
higher chances of developing metabolic syndromes during
childhood due to the dysbiotic microbial composition. Due
to the higher chances of morbidity in offspring born to
mothers with GDM or obesity, research is now focused on
the effects of probiotics on pregnant women with GDM and
obesity. Studies have shown that administration of probiotics
to mothers with GDM results in better glycaemic control
(Laitinen et al. 2009; Karamali et al. 2016), cholesterol
levels, reduced insulin resistance and weight gain (Do-
latkhah et al. 2015; Jafarnejad et al. 2016; Karamali ef al.
2016) and reduced the risk of GDM (Laitinen et al. 2009;
Luoto et al. 2010). Though there are studies which
demonstrate no significant effects of probiotics during GDM
and obesity in pregnancy (Lindsay ef al. 2014, 2015; Zheng
et al. 2018), none report any harmful effects.

It has also now been demonstrated by several studies that
the baby in ufero is not in a sterile environment and the
amniotic fluid surrounding the foetus has its own unique
microflora. Recent studies have observed higher microbial
diversity and reduced alpha diversity in amniotic fluid
samples associated with preterm deliveries (DiGiulio et al.
2008; Urushiyama et al. 2017). Another study by 16S rRNA
gene sequencing identified S. sanguinegens and F. nuclea-
tum in amniotic fluid as causes of preterm birth (Young-Ah
et al. 2016). These studies indicate that maternal health
during pregnancy must be closely monitored as any com-
plications during pregnancy affect both the maternal and
foetal health.

2.3 Vaginal health

The vaginal microbiome plays a possible role in the health of
the mother and the newborn due to its direct contact with the
foetus, and its possible role in colonizing the placenta.
Vaginal dysbiosis during pregnancy is observed to be asso-
ciated with negative reproductive outcomes, risk of post-
abortal infection (Larsson ef al. 1992), early (Donders ef al.
2000) and late miscarriage (Hay ef al. 1994; Llahi-Camp
et al. 1996) and premature rupture of foetal membrane and
preterm birth (Hillier er al. 1995; Flynn et al. 1999;
Maclntyre et al. 2015; Brown et al. 2018). The vaginal
microbial composition of healthy mothers consists of
members of the orders Lactobacilliales, Clostridiales, Bac-
teroidales and Actinomycetales (O’Hanlon et al. 2013).
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To understand the role of vaginal health during pregnancy
and its effect on infant health, Aagaard et al. studied the
vaginal microbial composition of 24 healthy pregnant sub-
jects. The authors observed that both richness and diversity
were reduced during pregnancy with Lactobacillus being the
dominant species observed (Aagaard et al. 2012). Romero
et al. similarly reported the dominance of Lactobacillus spp.
in healthy pregnant women in the first-ever longitudinal
study of vaginal microbiota during pregnancy and also
described increased stability of vaginal microbiota in preg-
nant woman compared to non-pregnant women of repro-
ductive age (Romero et al 2014). Similarly, Walther-
Antoénio et al. studied the vaginal microbiota of 12 women
during their healthy pregnancy at equal intervals of eight
weeks in a longitudinal study and observed low microbiome
diversity accompanied with high stability and dominance by
Lactobacillus spp. (Walther-Antonio et al. 2014). In another
longitudinal study, Maclntyre et al. analysed the vaginal
microbiota of 42 subjects during healthy pregnancy and the
post-partum period. The authors reported that while the post-
partum vaginal microbiome is not Lactobacillus dominant, it
is more rich and diverse than the vaginal microbiota of
ongoing pregnancies (Maclntyre et al. 2015). A study per-
formed recently including 492 subjects confirmed the pre-
vious results and observed that the vaginal microbiome of
women with healthy ongoing pregnancies has a relatively
lower richness and diversity, along with a high abundance of
Lactobacillus with a lower prevalence of Mycoplasma and
Ureaplasma, which is otherwise related to preterm birth and
low birthweight (Freitas et al. 2017), thus building our
understanding of the vaginal microbiome in pregnancy.
Other studies have suggested that the place of birth, that is
either hospital or home, can also have an impact on the
vaginal microbiota, which in turn can affect the infant gut
microbial diversity which may last for long periods. They
reported higher levels of Clostridium (Van Nimwegen et al.
2011; Combellick ez al. 2018) and Enterobacteriaceae family
(Combellick et al. 2018) in infants born in hospital as
compared to those born at home. Nimwegen ef al. reported
that Vaginal home delivery was associated with a decreased
risk of eczema, sensitization to food allergens and asthma
(Van Nimwegen ef al. 2011). Lactobacillus species (i.e., L.
iners, L. crispatus, L. jensenii and L. gasseri) maintain
vaginal health by maintaining a low pH and inhibiting the
growth of pathogens (due to lactic acid production by fer-
mentation of the available glycogen) and by producing a
protein called bacteriocin that can actively kill unwanted
bacteria (O’Hanlon et al. 2013). In a meta-analysis study, it
was observed that bacterial vaginosis caused by the alter-
ation in bacterial composition doubles the risk of preterm
delivery and preterm labour, also predisposing the mother to
higher chances of miscarriages and infection (Leitich and
Kiss 2007). A large population-based study indicates that
women with improper blood glucose levels have higher
chances of vulvovaginal candidiasis infections as compared
to those with controlled glucose levels (Faraji 2012; Sharma
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and Solanki 2014). Additionally, a few studies also report
that the risk of vaginal mycoses in pregnant women with
improper glucose levels is nearly two times higher (Now-
akowska et al. 2004) compared to that in a pregnant woman
with a controlled glucose level (Nowakowska et al. 2004;
Lukic et al. 2017).

These studies indicate that the vaginal discharge during
pregnancies (especially with GDM) must be checked for
vaginosis and baseline data of the vaginal microbial com-
position and its abundance during pregnancy must be
established to prevent pregnancy complications.

2.4 Maternal exposure to antibiotics

Exposure to antibiotic therapy and its modulatory effects on
the human microbiome can begin in utero and continue
throughout critical growth and development stages. Tanaka
et al. 2009 demonstrated that alterations in the gut micro-
biota of infants whose mothers were treated with antibiotics
were found to be similar to the alterations seen in infants
treated with antibiotics, highlighting the influence of
maternal medications on infant health (Tanaka et al. 2009).
For example, it was observed in one of the previous studies
that in mice, prenatal antibiotics reduces the diversity and
structure of the microbiota in offspring (Tormo-Badia e? al.
2014).

A recent study involving 36 overweight pregnant women
studied the effect of the use of two intrapartum antibiotics
Cephazolin and Benzylpenicillin by mothers on their infant’s
oral and gut microbial composition. They observed a high
abundance of the family Streptococcaceae, Gemellaceae and
Lactobacillales in infants born to mothers who were not
exposed to intrapartum antibiotics. Along with this, families
belonging to phylum Proteobacteria were found to be
abundant in infants exposed to intrapartum antibiotics, a
pattern often regarded as a signature of dysbiosis and
inflammation (Gomez-Arango et al. 2017). Another study
observed the effect of maternal antibiotic consumption on
mothers and their nursing infant’s gut microbiome. In this
longitudinal study, breast milk and infant stool samples were
collected at six time points from birth to one-month post-
antibiotic initiation. It was reported that the relative richness
of Bifidobacteria and Veillonella lowered after antibiotic
treatment in most of the infant gut samples affecting the
early colonizers of the infant gut (Rachel Rock et al. 2017).

A study by Gonzalez-Perez et al. 2016 demonstrated that
in mothers treated with antibiotics during pregnancy and
lactation, there were profound alterations in the composition
of the gut microbiota in mothers and infants. Streptococcus
spp. dominated the GIT microbiota of treated mothers,
whereas Enterococcus faecalis predominated within the
infant gut (Gonzalez-Perez et al. 2016). Another study
demonstrated that the use of broad-spectrum antibiotics by
pregnant mothers and infants at an early age can cause a shift
in the gut microbial composition and may increase the
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chances of development of colitis in susceptible offspring by
affecting a critical stage of their microbial and immune
development (Miyoshi et al. 2017). These findings point to
the fact that uptake of antibiotics by mothers can affect the
infant gut microbiome, which in turn can affect the infant’s
health and development and thus must be well observed and
monitored.

3. Phase 2: Early infancy
3.1 Mode of delivery

The gut microbiome undergoes co-evolution with the host
itself being influenced by various factors. The mode of
delivery has a crucial impact on the type of microbiota
ingested by the infant during birth. The delivery mode
impact persists for months, and perhaps longer, after the
birth as it contributes to microbiota development which can
affect the normal physiological processes and disease
development (Salminen et al. 2004; Dominguez-bello et al.
2010; Lorenza et al. 2014; Kumbhare ef al. 2017). If a baby
is normally delivered (vaginal delivery), the neonate comes
in contact with the vaginal and the gut microbiome of the
mother. The major microbiota colonizing the infant’s gut is
thus similar to the composition of the vaginal microbiome
with a minor component being from the surrounding envi-
ronment. On the other hand, a newborn delivered by cae-
sarean section does not come in contact with the mother’s
vaginal microbiome, and the major component of the infant
gut microbiome in this case is contributed by the nosocomial
surrounding and the mother’s skin microbiome. Recent
studies reported a relatively increased risk of asthma (Chu
et al. 2017b), obesity (Kuhle and Woolcott 2017; Rutayisire
et al. 2016b), coeliac disease (Mérild et al. 2012) and type 1
diabetes (Cardwell et al. 2008; Adlercreutz et al. 2015) in
children born via C-section, along with a lower frequency of
atopic sensitization and allergy development in the vaginally
delivered infants (Eggesba et al. 2003; Negele et al. 2004;
Bager et al. 2008; Huurre et al. 2008).

In particular, to determine whether the mode of delivery
has an impact on the microbiome composition of the infant,
researchers have studied the gut microbial diversity of infants
from their birth to an age of 5-7 years as after this age an
adult microbiome is established which remains throughout
life. Earlier studies, such as those performed by Grolund in
1999, showed that the gut microbiome composition of infants
delivered by caesarean delivery (CD) was significantly dif-
ferent when compared to vaginal delivery (VD) babies
(Gronlund 1999). Vaginally delivered newborns exhibit
bacterial taxa composed of various genera including Lacto-
bacillus, Prevotella, Escherichia, Bacteroides, Bifidobac-
terium and Streptococcus spp. (Penders et al. 2006; Huurre
et al. 2008; Dominguez-bello et al. 2010; Fallani et al. 2010;
Azad et al. 2013; Liu et al. 2015). Another study by Biasucci
et al. demonstrated that the gut microbiota of the caesarean
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delivery infants was less diverse than the microbiota of
vaginally delivered infants, which may have long-term
effects on the health of the infants (Biasucci et al. 2008), such
as stronger immunological response (Huurre et al. 2008). In
particular, it was demonstrated that CD delivered infants had
minor amounts of Bifidobacteria (; Chen et al. 2007; Huurre
et al. 2008; Dominguez-bello et al. 2010; Azad et al. 2013;
Rutayisire et al. 2016a) and Escherichia-Shigella and
absence of Bacteroides (Fallani et al. 2010; Song et al. 2013;
Jakobsson et al. 2014), while VD delivered infants were
characterized by Bifidobacteria (Hansen et al. 2015; Pandey
et al. 2012), predominantly B. longum and B. catenulatum
species (Gronlund 1999; Biasucci et al. 2008; Dogra et al.
2015) with higher amounts of Klebsiella in CD delivered
infants (Dogra et al. 2015). Chu et al. 2017a, b and Dom-
inguez-bello et al. 2010 showed that the differences in the
intestinal gut microbiota of neonates were significant and
seemed to be driven by the mode of delivery, demonstrating
an increased association of Propionibacterium, Corynebac-
terium and Streptococcus with caesarean-born neonates
resembling the skin surface microbiota, whereas Lacto-
bacillus and Prevotella were observed to be associated with
vaginally delivered neonates, which was more similar to their
mother’s vaginal microbiota.

It is also demonstrated that the mode of delivery and
feeding habits have combined effects on the infant’s gut
microbiome (Song et al. 2013). It was found that Bifi-
dobacteria, which is the dominant bacteria in VD delivered
infants, has several beneficial effects for the infant’s health,
the growth of which in turn is affected by several stimulating
factors present in human milk (Sela et al. 2008; Thurl et al.
2010). It is generally observed that caesarean section born
infants have delayed colonization of Bifidobacteria and
Bacteroides with over-representation of Clostridium and
Staphylococcus and the Enterobacteriaceae family. To
overcome this dysbiotic state and mimic the flora of vaginal
birth infants in caesarean section infants, a new technique
called vaginal swab seeding was introduced. The technique
involves modulating the microbiota of caesarean section
infants by swabbing the infants with mother’s vaginal
microbiome during birth. The first paper published by
Dominguez-Bello and colleagues on vaginal seeding
demonstrated that such swabs could restore the microbial
composition of caesarean born infants, though partially, in a
manner which was similar to the vaginal infant’s micro-
biome (Dominguez-bello et al. 2016). This approach may
not help to restore the exact microbial composition but will
help in increasing microbial diversity and reduce the risk of
immune-related disorders, but more studies on larger cohorts
and longitudinal follow-up for longer durations are required
to confirm the benefits.

3.1.1 The preterm and full-term birth: The pattern of gut
microbial colonization in premature infants in an intensive
care setting varies when compared with that of healthy, term
and breastfed infants (Penders et al. 2006; Arboleya et al.
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2012; Hill et al. 2017; Itani et al. 2017). Preterm infants
(usually having very low birthweight) are at a downside in
case of harbouring a well-developed set of gut microbiota.
These observations can be attributed to several factors such
as mode of delivery (mostly caesarean section). Thus, they
never come in contact with the vaginal microbiome of the
mother; another reason is the very low birthweight of the
infants, which calls for special care to be taken, as a result of
which they are usually not breastfed and are fed by other
sterile means parenterally, with delayed complete nutritional
feeding.

Furthermore, preterm infants are at a higher risk of
infections due to living in an intensive care unit with a high
bacterial load and frequent exposure to antibiotics, along
with a delay in exposure to mother’s skin and breast milk
microbiome. These factors are together responsible for the
reduced gut microbial diversity in preterm infants with
increased colonization by pathogenic microorganisms.

In preterm infants with a gestational age of <33 weeks,
the intestinal microbiota had reduced bacterial diversity
(Gewolb et al. 1999; Rougé et al. 2010; Moles et al. 2013).
Arboleya et al. (Arboleya et al. 2012) studied the gut
microbial colonization in preterm and full-term infants and
reported that preterm infants showed high levels of faculta-
tive anaerobes such as FEnterococcus, Enterobacter and
Lactobacillus, and lower levels of strict anaerobes like Bi-
fidobacterium, Bacteroides and Atopobium when compared
with term infants (Schwiertz et al. 2003; Magne et al. 2006;
Arboleya et al. 2012). These results were similar to those
reported by Magne et al. 2006 and Schwiertz et al. 2003 also
reported higher levels of FEnterococcus, Staphylococcus
genera and the Enterobacteriaceae family. Also, it is
observed that Proteobacteria and Firmicutes are among the
phyla that dominate in PT infants when compared to FT
infants (Embleton ez al. 2017; Hill et al. 2017). Preterm
infants thus show a perturbed early microbial composition
compared to full-term infants, which increases their chances
of developing immune system disorders, making them more
prone to infections due to inadequate immune maturity
linked to the dysbiotic microbiota.

3.2 Feeding

Human milk, mostly the first dietary exposure to the neo-
nate, is the best link between the mother and the infant. It has
a complex and dynamic composition which is very different
when compared to the formula-based products in all aspects
including nutritional value and its composition, such as the
presence of certain growth factors and enzymes (Guaraldi
and Salvatori 2012; Scholtens et al. 2012). These bioactive
compounds (like human milk oligosaccharides), which are
present in human milk, are beneficial to infants as they not
only help better development but also strengthen the
immune system of the newborn (Xiao ef al. 2017), provide
protection against allergies (Oddy 2017) and may also offer
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protection from coeliac disease (Akobeng 2005; de Palma
et al. 2012), obesity (Miralles et al. 2006), type-2-diabetes
(Pettitt and Knowler 1998; Pereira et al. 2014), diarrhoea
(Strand ef al. 2012) and many other metabolic disorders
(Horta et al. 2007; Hoddinott et al. 2008; Walker 2010;
Zivkovic et al. 2011). The WHO recommends that an infant
must be breastfed for at least the first six months of life,
following which introduction of solid foods should be done.
Though a single component of breast milk does not influence
the infant gut microbiota, there is evidence that human milk
oligosaccharides (HMOs) play a significant role by stimu-
lating the growth of Bifidobacteria and Bacteroides (Boehm
and Moro 2008; Marcobal and Sonnenburg 2012). Human
milk oligosaccharides modulate the health of infants by their
actions such as prebiotic effect, modulating innate immune
responses and intestinal cell responses and anti-inflamma-
tory effects (Boehm and Moro 2008; Kuntz et al. 2008;
Thurl et al. 2010). It is also demonstrated that human milk
contains certain proteins and stimulation factors which
enhance the growth of beneficial bacteria in the infant’s gut
which further help in the breakdown of complex oligosac-
charides present in human milk (Thurl ez al. 2010; Marcobal
and Sonnenburg 2012).

To settle the question of whether the feeding habits have
an impact on the gut microbial diversity of infants, many
researchers have tried to study the faecal microbiota of
infants fed with different feeding habits. Based on their
study, Tannock demonstrated that there are differences in
bacterial groups present in human milk and formula food
(Tannock 1994). Cong et al. examined the relationship of
feeding types and the infant gut microbiome; Breast milk
feeding was found to be associated with a higher diversity of
the infant’s gut microbiome compared to non-breast milk
feeding (Cong et al. 2016). Further, it has also been reported
that in breastfed infants, Bifidobacterium species, specifi-
cally B. breve, B. longum, B. dentium, B. infantis and B.
pseudocatenulatum, are the most prevalent Actinobacteria
(Harmsen et al. 2000; Jost et al. 2012; Song et al. 2013;
Béckhed et al. 2015; Stewart et al. 2018). Also, Firmicutes
phylum is constituted primarily of Lactic acid bacteria such
as Lactobacillus, Enterococcus as well as Clostridium spe-
cies (Harmsen et al. 2000; Bergstrom et al. 2014). Breastfed
and vaginally delivered term infants show lower levels of C.
difficile and E. coli and higher levels of Bifidobacterium
spp., which are beneficial for infant health (Penders et al.
20006).

Based on the influence of feeding habits on the gut
microbial composition of infants, a few studies are found to
be contradictory and suggest that there are no significant
differences in the bacterial composition of breast and for-
mula-fed infants (Penders et al. 2006; Adlerberth and Wold
2009). However, most of the studies support the finding that
Clostridium and the Streptococcus species, Bacillus subtilis,
Bacteroides, Escherichia coli (Benno 1984; Fanaro et al.
2003; Penders et al. 2006; Adlerberth and Wold 2009; Fal-
lani et al. 2010; Bergstrom et al. 2014; Timmerman et al.
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2017) and Enterococcus (Fanaro et al. 2003; Adlerberth and
Wold 2009), in the formula-fed infants were significantly
higher than those in the breastfed infants. Further studies
have shown that maternal health during lactation affects the
milk microbiome. Since milk is a direct and major source of
microbiome for the offspring, any changes in the milk
microbiome can directly modulate the infant’s gut micro-
biome which can have detrimental effects on the offspring’s
health. Milk from obese mothers has been found to contain a
different and less diverse bacterial community compared
with milk microbiota from normal-weight mothers (Cabrera-
rubio 2012). It was observed that Bifidobacterium levels
were reduced and those of Staphylococcus were increased in
the milk samples of obese mothers as compared to the
normal-weight mothers (Collado et al. 2012). Huurre and
co-workers demonstrated lower levels of Bifidobacterium
spp. in infants at an early age who were shown to mount a
stronger humoral immune response, suggesting the vulner-
ability of the gut barrier (Huurre et al. 2008). Another recent
study has demonstrated that feeding habits may interact with
other factors such as child race/ethnicity to affect the infant
gut microbial composition (Savage et al. 2018). Yet another
study suggests that there is a complementarity relationship
between breast milk composition and the associated micro-
biome, wherein bacteria producing specific amino acids
present in reduced amounts in breast milk complement the
composition, thus maintaining infant protein balance (Bau-
mann-Dudenhoeffer ef al. 2018).

3.3 Use of antibiotics in neonates

The use of antibiotics causes changes in the gut microbial
composition by inhibiting the growth or killing of both bene-
ficial and pathogenic species, thereby allowing the overgrowth
of strains resistant to antibiotics, making the individual more
susceptible to infections. These changes in the composition of
gut microbiota caused by antibiotics can last for weeks to
several months. The use of broad-spectrum prophylactic
antibiotics in preterm or low birthweight infants is a very
common practice. Because of the high susceptibility to infec-
tions in newborns with low birthweight/preterm and the diffi-
culty in diagnosing infections in preterm infants, antibiotics are
the most commonly prescribed class of medications in the
neonatal intensive care unit (NICU) (Clark 2006; Patel et al.
2009). Consequently, this intervention reduces the diversity of
gut flora (Fricke 2014) and delays the colonization of com-
mensal flora and thus affects the host metabolic activity (Zhu
et al. 2017). Of interest is the fact that studies have shown that
the use of antibiotics and its prolonged exposure results in
alterations in gut microbial ecology (Neu 2015; Cong et al.
2016), increased risk of inflammatory bowel disease in child-
hood (Hviid et al. 2011; Mérild et al. 2013) and can lead to
antibiotic-associated diarrhoeas (AAD) due to nosocomial
pathogens (Song et al. 2008). These negative outcomes are
often associated with pathogens such as Klebsiella pneumoniae
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and Clostridium difficile (Young and Schmidt 2004; Song et al.
2008), which can lead to the development of Clostridium dif-
ficile associated diarrhoea (Beaugerie et al. 2003). Studies have
also linked increased antibiotic exposure and decreased
microbial diversity to increased risk for necrotizing enterocol-
itis (NEC) in premature infants (Alexander e al. 2011; Brower-
Sinning et al. 2014; Hourigan et al. 2016). Gibson et al
observed the antibiotic resistome of premature infants in
response to varying antibiotic exposures. They reported that the
preterm gut microbiome has relatively reduced species rich-
ness; resistome analysis showed that meropenem, ticarcillin-
clavulanate and cefotaxime treatments led to decreased species
richness, while gentamicin and vancomycin had variable
effects on species richness, highlighting the varying effects of
antibiotic classes (Gibson et al 2016). It was reported in
another study that preterm infants who were exposed to
antibiotic treatment for more than 5 days are associated with
low bacterial diversity and an increased risk of sepsis (primarily
caused by group B Streptococcus), necrotizing enterocolitis
and death (Kuppala et al 2011; Greenwood et al. 2014).
Tanaka et al. 2009 and Fouhy et al. 2012 studied the microbiota
of neonates treated with antibiotics in the early days of life and
reported similar results. They observed that antibiotic exposure
reduced the diversity of the infant’s gut microbiota as well as
altered its composition, with a decrease in levels of Bifi-
dobacterium and rise in Proteobacteria levels. They observed
that though the levels of gut flora bounced back by the study’s
end, the species diversity did not (Fouhy et al. 2012). Also, it
has been observed that antibiotic resistance genes are present in
infants at an age as early as two months, even though they were
not subjected to antibiotic treatment (Zhang et al. 2011). Some
possible reason for the same can be the vertical transmission of
antibiotic-resistant organisms from the mother’s milk, GIT or
even from hospital environments where a high level of
antimicrobial resistant organisms are observed (Leta et al.
2016), thus making the infant’s gut a potential source of AMR
genes. It is observed that antibiotic uptake during early life
increases the risk of overweight and obesity in children in later
life (Ajslev et al. 2011; Trasande et al. 2013; Bailey et al.
2018). Similar results about higher chances of adiposity due to
early antibiotic exposure were reported by studies performed in
mice models (Cho et al. 2012). Apart from obesity, the early
use of antibiotics is also associated with increased risk of
allergy development (Mckeever et al. 2002; Johnson et al.
2005). These studies suggest that the merits of administering
broad-spectrum antibiotics in infants should be reassessed and
other narrow-spectrum antibiotics must be sought for use for
the shortest period possible.

4. Phase 3: Childhood
4.1 Diet

The beginning of weaning for infants marks the steady and
slow approach of their gut microbial composition to that of
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adults with some major shifts in taxonomic groups, and an
increase in gut microbial diversity, thus pointing to the role
diet plays in modulating the microbial community (Stark and
Lee 1982; Koenig et al. 2011; Béckhed et al. 2015; Stewart
et al. 2018). Turnbaugh et al. performed experiments in
germ-free mice by colonizing them with human microbial
communities and observed that the bacterial community that
colonizes initially is unstable and can be altered by diet even
within a single day (Turnbaugh et al. 2009b). The intro-
duction of solid food to the breastfed infant causes an
increase in Enterobacteria and Enterococci, along with
colonization by Bacteroides spp., Clostridium and Strepto-
coccus. In contrast, formula-fed infants do not display such a
sharp transition of gastrointestinal flora on the introduction
of outside solid food (Stark and Lee 1982). This is because,
since birth, formula-fed infants are exposed to a diet which
includes certain complex compounds, thus establishing the
microbial community to support the food habits.

The type of diet further affects the community structure of
the gut microbiota. Carlotta De Filippo and colleagues
analysed the faecal microbiota of European children (EU)
and children from a rural African village consuming a
western diet and a diet rich in fibre, respectively. They
observed that children with the high fibre diet displayed a
considerable increase in the Bacteroidetes level with a
decrease in the level of Firmicutes. These results were
accompanied by higher short-chain fatty acid levels in the
rural diet of children than in the EU children with an
abundance of a distinctive set of bacteria from the genus
Prevotella and Xylanibacter, known to be responsible for
fermenting cellulose and xylan to liberate energy (De Filippo
et al. 2010).

Further, microbes in the distal gut contribute to host health
through the biosynthesis of vitamins and essential amino
acids, as well as the generation of important metabolic by-
products from dietary components left undigested by the
small intestine and producing SCFAs (Whitt and Demoss
1975; Walker et al. 1998; Metges et al. 1999; Magnusdottir
et al. 2015). The type of SCFA and microbial species
dominance depends majorly on the type of substrate avail-
able. For example, high levels of the Bacteroidetes phylum
are seen in subjects consuming a high fibre and polysac-
charide diet, while high levels of Firmicutes are seen in
high-fat diet consumers (De Filippo et al. 2010; David ef al.
2014; De Filippis et al. 2016). Changes in the gut microbial
composition are also seen when the diet is switched from
meat-based to a vegetarian diet (David et al. 2014; Gomez
et al. 2016). It was reported that children consuming a more
rural and less westernized diet had a gut microbial com-
munity structure that differed from those consuming a
westernized diet. In a study that compared the gut microbiota
of Bangladeshi and US children, it was observed that the
Bangladeshi children who consumed a carbohydrate and
rice-rich diet with bread and lentils and rarely any meat
reported a dominance of Prevotella in these children when
compared to the US children whose diet included animal
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meat and proteins, showing a dominance of Bacteroides (Lin
et al. 2013). Another study reported that in children from
Leyte, the occurrence of a particular type of microbial
community was linked to a diet-dependent nutrient bias. In
particular, the high-fat westernized diet of children from
Ormoc was found to have association with a lower abun-
dance of Prevotellaceac (P-type) microbiota, while the
children from Baybay who consumed a carbohydrate-rich
diet showed lower Bacteroidaceae and higher P-type
microbiota, suggesting that the altered microbial composi-
tion could be a reason for obesity in children from Ormoc
(Nakayama et al. 2017).

Bergstrom et al. assessed the faecal microbiota composi-
tion of 330 subjects and observed that changes in the gut
microbiota occurred post weaning, from age 9 to 18 months;
these changes include decrease in levels of Lactobacilli,
Bifidobacteria and Enterobacteriaceae which dominate
breast milk microbiota with an increase in Clostridium and
Bacteroides spp. (Bergstrom et al. 2014).

The importance of the gut microbiome in the carbohydrate
metabolism is seen in a case of dysbiosis caused by dis-
ruption of the mucous membrane, such as in the case of IBD
or Crohn’s disease, which results in a shift of the gut
microbiome from obligatory aerobes to facultative aerobes
and a reduction in the metabolism of carbohydrates to pro-
duce SCFAs, thus leading to intestinal inflammation (Mor-
gan et al. 2012). Overall, shifts in the diet can modulate the
bacterial composition which leads to the prevalence of
microbes possessing genes responsible for the metabolism of
various compounds (Gritz and Bhandari 2015).

4.2 Exposure to antibiotics during childhood

Antibiotic therapies worsen the situation by negatively
influencing the already unstable gut microbiota in the sub-
jects under medication. In addition, these alterations in
microbial compositions can remain for long periods of time,
spanning months and even years with partial or complete
recovery (De La Cochetiere et al. 2005; Huse et al. 2008;
Dethlefsen and Relman 2011; Panda et al. 2014; Rashid
et al. 2015). Use of broad-spectrum antibiotics allows
growth of the pathogen Clostridium difficile which results in
infections and severe diarrhoea (Stevens et al. 2011; Brown
et al. 2013). Moran Yassour and colleagues investigated the
effects of multiple antibiotic treatments in the first three
years of life and found results very similar to those seen in
adult studies. They measured the diversity and richness of
the microbiota at the species and strains level and reported
that antibiotic-treated children had less diverse and more
unstable gut microbial composition compared to untreated
children (Yassour ef al. 2016). Another study on a cohort of
142 Finnish children aged 2—7 years reported that the use of
macrolide was associated with enduring changes in micro-
bial composition and reduced diversity. Certain variations,
such as the abundance of Bifidobacterium and Bacteroides
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and antibiotic resistance, were restored within a year after
the antibiotic course. However, the abundances of certain
other genera and diversity did not recover for about a couple
of years after the course. Also, it was noted that penicillin
use did not have as severe an influence on the microbiota,
suggesting the varying influence of distinct antibiotics
(Korpela et al. 2016).

Antibiotic resistance is a serious issue worldwide due to
its effect on the resistome profile of the microbiome (Jern-
berg et al. 2007; Bengtsson-Palme et al. 2015), which is
growing due to the ever-increasing use of antibiotics, as well
as the slow-moving drug development due to economic and
regulatory challenges (Piddock 2012). Multidrug-resistant
(MDR) bacterial infections are rising rapidly in US children
and causing longer hospital stays, according to a new study
in the Journal of the Pediatric Infectious Diseases Society. In
another study involving a culture-based method, the authors
demonstrated that even healthy untreated children from
various cities across three continents acted as reservoirs of
multidrug-resistant genes, implying that healthy isolates
from certain regions can also act as a source of MDR genes
(Lester et al. 1990). A study in Bangladesh reported the
increasing cases of MDR in children. Using a culture-based
technique in 15 children, the authors observed that the gut of
toddlers in Bangladesh acts as a reservoir for MDR bacteria
of the family Enterobacteriaceae, with many bacteria con-
taining plasmids with antibiotic resistance genes (Monira
et al. 2017). Thus, it is now important to illustrate the ill
effects of antibiotics abuse to prevent self-prescription and to
spread awareness and implement the use of antibiotic
stewardship programmes which will help curb the spread of
antibiotic resistance in the population and reduce the spread
of infections.

4.3  Hygiene and microflora hypothesis

In 1976, Gerrard et al. studied a relationship between the
occurrence of allergy, atopic disease and stated, ‘atopic
disease is the price paid by some members of the white
community for their relative freedom from diseases due to
viruses, bacteria, and helminths’ (Gerrard et al. 1976). Later,
on similar lines, Strachan proposed the hygiene hypothesis
suggesting that a lack of exposure to germs and infections,
with an extremely clean environment during early child-
hood, may not be able to challenge the immune system
enough to gain memory and be prepared for future infec-
tions, acting as a risk for developing childhood diseases.
Strachan proposed that this inadequate development of the
immune system in children may pose a threat to children’s
health by elevating the risk of allergies and other immune
hypersensitivities in life. This exposure to a wide variety of
germs in early life was linked to unhygienic contact with
siblings or play areas (Strachan 1989). This theory was aided
by the results of a study in a large cohort of children where
the occurrence of hay fever was found to be inversely
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proportional to family size (Strachan et al. 1996). Since then,
the theory has been supported by results from many studies
stating that early-life exposure to germs through contact with
pets or older siblings, as well as a larger family size,
enhances the rate of maturation of the microbiome (Stewart
et al. 2018) and acts as a shield against the risk of devel-
oping allergic disease and asthma (Ball et al. 2000). In
contrast, certain studies suggest that exposure to cats, in
particular, may lower the risk of allergic disease or asthma
development but exposure to dogs may increase the risk
(Takkouche et al. 2008), while some suggest the opposite
(Hugg et al. 2008).

Gary Huffnagle proposes that the real reason for this
relation between certain immune diseases and environmental
pressure is that the western lifestyle limits microbial expo-
sure to a great extent and thus modifies our gastrointestinal
microflora, leading to establishment of tolerance, allergies
and other inflammatory diseases, an idea called the ‘mi-
croflora hypothesis’ (Huffhagle and Noverr 2005). Bisgaard
et al. studied children (» = 411) at high risk of developing
asthma and reported that reduced microbial richness was
inversely related with the possibility of allergic sensitization,
peripheral blood eosinophils and allergic rhinitis in the first
few years of life (Bisgaard et al. 2011).

In another study, microbial diversity and composition
were studied in children at the age of 2 from two different
regions. It was observed that infants with allergic diseases
had decreased levels of Lactobacilli and Bacteroides and
higher levels of Staphylococcus aureus with higher propor-
tions of aerobic microbes as compared to non-allergic chil-
dren (Bjorkstén et al. 1999). Overall, it can be hypothesized
that sequential changes in lifestyle can lead to changes in the
gut microbial composition, which in turn can affect the
maturation of the infant immune system and increase the risk
of allergic disease development.

4.4 Host genetics and gut microbiome
during childhood

Host genetic interactions act as a part of a complex network
of factors affecting the microbial composition. The answer to
how host genetics and environmental exposure modify the
gut microbiota has been obtained through targeted and
candidate gene approach studies.

Evidence for the influence of genetic make-up on micro-
bial composition is provided by many studies reporting the
link between the absence of FUT2 gene and alteration in gut
microbial composition. The FUT2 gene encodes an enzyme
o-1,2-fucosyltransferase responsible for the expression of
ABO histo-blood-group antigens on mucosal surfaces (Kudo
et al. 1996; Koda et al. 2000). Due to their enzyme secreting
status, individuals who carry one or both the alleles are
known as ‘secretors,” whereas those possessing nonsense
mutations without the enzyme are known as ‘non-secretors’.
Studies have reported that the Non-secretors are at a
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disadvantage and are more prone to inflammatory disorders
such as coeliac and Crohn’s disease (McGovern ef al. 2010;
Forni et al. 2014), which may be possibly due to modifi-
cations in the gut microbiota (Rausch et al. 2011; Tong et al.
2014). In humans, twin pairs make it easier to study geno-
type changes and its health influences; thus, most of the
studies providing such valuable information are based on
twin pair studies.

Stewart and colleagues used temporal temperature gradi-
ent gel electrophoresis (TTGE) to understand the link
between host genetics and microbial composition in chil-
dren. While studying the Eubacterial population, the authors
observed that the degree of similarity in the bacterial com-
munity was higher in identical compared with non-identical
twins and was lowest in the unrelated control group (Stewart
et al. 2005). Authors in another study further observed the
role of several functional genomic variations linked to IBD
in the genes NOD2, CARD9, ATG16L1, IRGM and FUT2.
Analysis revealed that in healthy controls a higher genetic
risk of IBD was associated with a decrease in the genus
Roseburia of the phylum Firmicutes (Imhann et al. 2016).

In a recent study, Kumbhare et al. showed that the gut
bacterial community structure in 13—14-year-old Indian and
Finnish children differs significantly. Specifically, the Fin-
nish children possessed higher Blautia and Bifidobacterium,
while genera Prevotella and Megasphaera were predominant
in the Indian children. The study also demonstrated a strong
influence of FUT2 and birth mode variants on specific gut
bacterial taxa, the influence of which was noticed to differ
between the two populations under study (Kumbhare et al
2017).

Apart from the studies performed in children, many
studies have been performed in adults (Zoetendal et al. 2001,
Turnbaugh er al. 2009a; Goodrich et al. 2014) involving
gene targeted approaches which provide clear evidence that
the host genetic make-up influences the gut microbial
composition. Elaborate studies in human children are thus
needed to provide a detailed understanding of the relation-
ship between gut microbiota and host genotype from the
initial stages; thus, it can act as a guide for microbiota tar-
geted approaches.

5. Conclusion

A significant revolution in the sequencing technologies in
the past decade has enabled researchers to decipher the
‘host-microbe’ interplay in a more robust and cost-effective
way than earlier. This has enriched our understanding of the
role of microbiota in human health and disease development,
proving microbiota to be a major influencer of host health.
The research studies discussed in this review have furthered
our understanding of how the factors influence or are asso-
ciated with immune and physiological development, the
mechanisms of which are now known to be mediated
through the microbiome. Thus, studies in this direction are
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needed to delineate the core microbial composition during
early age and understand the role of the microbiome in host
health development.

Understanding the changes in the gut microbial commu-
nity right from the early stages may advance our knowledge
of dysbiosis associated with the development of allergies,
gastrointestinal diseases and metabolic disorders such as
obesity and diabetes during childhood. These efforts will
lead to the development of disease-specific biomarkers that
can be used potentially for diagnostics and eventually to
design treatment strategies.

Additionally, it is now evident from many studies that
exploring the diversity of host-associated microbes will
provide only a partial picture of the actual host-microbiome
interactions; thus, use of multi-omics approaches will help
us determine the functionality of these gut residents and
provide deeper insights into the complex interactions. This
integrated approach will eventually help in designing holistic
treatment regimens, especially in the early stage of life, to
improve both maternal and child health.

Considering the recent advancements in microbiome
studies, the therapeutics for modulating the microbiome for
health has now moved from being ‘community medicine’ to
‘personalized medicine’, thus posing a serious need to carry
out comprehensive studies to understand the individual
responses to the interventions carried out worldwide. These
efforts will help in creating a personalized intervention,
especially in mothers and infants, to modulate the micro-
biome and thus improve health.

It is to be noted that this review makes an attempt to
summarize the current understanding based on the studies
published till the time of constituting this article, and the
authors sincerely apologize if not all the recent studies have
been cited in this article.
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1 | INTRODUCTION

The family Apocynaceae is one of the largest and important families in angiosperm. Several mem-
bers of this family have medicinal properties and have been in the treatment of various ailments.
Most of them are consumed as food by tribal people whereas a few plants are used as source of
poison. Members of family Apocynaceae are rich in alkaloids, terpenoids, steroids, flavonoids, gly-
cosides, simple phenols, lactones, and hydrocarbons. Other compounds such as sterols, lignans,
sugars, lignans, and lactones have been isolated and systematically studied. Few studies have
reported antioxidant, anti-inflammatory, antimicrobial, and cytotoxic activities of crude extracts
as well as single compound(s) isolated from various members of the family Apocynaceae.
Holarrhena antidysenterica, Rauvolfia serpentina, Carissa carandas, and Tabernaemontana divaricata
are the extensively studied plants in this family. The present review provides a detailed outlook
on ethnopharmacology, phytochemistry, and biological activities of selected members of this
family. Moreover, it also covers the biotechnological advances used for large-scale production
of bioactive compounds of therapeutic interest along with plant tissue culture-based approaches

for conservation of this medicinally valuable family.
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Apocynaceae, alkaloids, terpenoids, steroids, flavonoids, anti-inflammatory, cytotoxic, conservation

Apocynaceae is one of the largest families in the plant kingdom. Robert
Brown (1810) separated Asclepediaceae from Apocynaceae for a prac-
tical reason. Due to the taxonomic conflict between the families
Asclepediaceae and Apocynaceae, there is variation in exactly how
many species or genera belong to Apocynaceae family. Endress,
Liede-Schumann, and Meve (2014) reported a revised and recently
updated classification for the Apocynaceae family. According to this
updated classification, family Apocynaceae consists of 424 genera
with more than 4,600 species distributed in five subfamilies such as
Rauvolfioideae, Apocynoideae, Periplocoideae, Secamonoideae, and
Asclepiadoideae.

The plants of family Apocynaceae are native throughout India,
Pakistan, China, Bangladesh, and Sri Lanka (Mahmood, Meer, Munir,
Nazar, & Naveed, 2011). Apocynaceae members are the shrubs,
woody, or herbaceous plants containing milky latex. Most of the plants
of this family are rich in alkaloids and have immense medicinal impor-
tance. Several species are also widely grown ornamentally. Some mem-
bers of Apocynaceae are consumed by people in the rural area as a
food and some others are used as a poison (Aiyambo, 2010). The plants

of Apocynaceae have been used worldwide for medicinal applications,
and hence, they are included in different traditional systems of medi-
cine such as Indian, Chinese, and Thai (Bhat, Hegde, & Hegde, 2012).
In the present review, we have made an attempt to provide informa-
tion about habitat, medicinal uses, phytochemistry, and pharmacology
of some widely studied species of family Apocynaceae. The recent bio-
technological advances to produce bioactive compounds of plant ori-
gin are also highlighted. Thus, there are significant possibilities of
finding the novel bioactive compounds with medicinal and pharmaco-
logical properties from various members of the family, and it will yield

to new sources of lead compounds for future applications.

2 | HABITAT

Apocynaceae plants show naturalized distribution, and birds and
human activities have led to their dispersal. The members of this
family are distributed in the tropical, subtropical, and temperate
zones. The plants of this family are mainly trees and shrubs; how-
ever, subshrubs and, rarely, herbs are also found. Alstonia scholaris
(R. Br.) is distributed throughout the tropics and rainforests of West

Phytotherapy Research. 2018;1-30.
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and Central Africa (Oze, Nwanjo, & Onyeze, 2007). Carissa carandas
(Linn.) is native and common throughout India, Sri Lanka, Java,
2012).
Catharanthus roseus (Linn.) was originally native from Madagascar

Malaysia, Myanmar, and Pakistan (Motwani et al.,
island and widely cultivated for hundreds of years and can now
be found growing wild in most warm regions of the world (Aslam
et al., 2010). Holarrhena antidysenterica (Wall) is found throughout
India up to the altitude of 4,000 ft. It is especially abundant in
the sub-Himalayan tract (Shah et al., 2010). Nerium oleander is an
ornamental tree with 10-12 ft in height planted in gardens for its
fragment and beautiful flowers. This plant is native from North
Africa and Southeast Asia and grows in subtropical regions
(Dolgova & Ignateva, 1963). Rauvolfia serpentina (Benth. ex Kurtz)
is widely distributed in Asian countries, Burma, and Thailand. In
India, it abundantly grows in Punjab, Sikkim, Bhutan, and in sub-
Himalayan tract up to altitude of about 4,500 ft (Vakil, 1955).
Tabernaemontana divaricata (Linn.) is found in the Konkan, Western
Ghats in Malabar, through North India up to an elevation of
3,000 ft (Muzaffar & Daulatabadi, 1986). Thevetia peruviana
(SCHUM), commonly known as yellow oleander, is distributed in
tropical and subtropical regions (Langford & Boor, 1996). Wrightia
tinctoria (R. Br.) is distributed globally and is also abundantly found
in India where it is commonly known as Indrajav or jaundice cura-
tive tree particularly in South India (Ramchandra, Basheermiya,

Krupadanam, & Srimannarayana, 1993).

3 | ETHNOMEDICAL USES OF SOME
MEMBERS OF FAMILY APOCYNACEAE

Plants from Apocynaceae family are known globally to possess
broad-spectrum ethnomedicinal uses. Table 1 summarizes the
ethnomedicinal importance of various plants of family Apocynaceae.
Some important members of this family, namely, Catharanthus roseus,
Alstonia scholaris, Rauvolfia serpentina, Holarrhena antidysenterica,
Nerium indicum, and Thevetia peruviana have been documented in
books of Ayurveda, Siddha, Unani, and Homeopathy. The plants
and their parts described in this section are used in indigenous sys-
tems of medicines for the treatment of various diseases and
disorders.

Carissa carandas produces berry-sized fruits that are traditionally
used as stomachic, antidiarrheal, and antihelminthic; stem is used to
strengthen tendons, fruits are used in skin infections, and leaves as a
remedy for fever (Kirtikar & Basu, 1998). Tabernaemontana divaricata
has been used for the treatment of fever, pain, and dysentery
(Boonyaratanakornkit & Supawita, 2005). It is also known to treat var-
ious disorders such as asthma, diarrhea, epilepsy, eye infection, fever,
fractures, headache, inflammation, leprosy, rheumatic pain, ulceration,
and vomiting. It has been used as antihelminthic; antihypertensive;
aphrodisiac; diuretic; a remedy against poison; and tonic for brain, liver,
and spleen (Warrier & Nambiar, 1993). Alstonia boonei stem bark is uti-
lized for treating febrile illness, painful urination, rheumatic conditions
and jaundice, malaria, fever, and intestinal helminthes (Bello et al.,
2009; Majekodunmi & Odeku, 2009; Olajide et al., 2000). Catharanthus

roseus (Linn.) is used for the treatment of diabetes, fever, malaria,

throat infections, and chest complaints. It is also used for the regula-
tion of menstrual cycles (Santhi, Muthulakshmi, Amutha, &
Karpakaselvi, 2016). The parts of Holarrhena antidysenterica have been
used in the treatment of dysentery and diarrhea. In the Ayurvedic and
Unani system of medicine, it is used as antihelmintic and antidiarrheal
and is also used to treat skin diseases (Shah et al., 2010). Nerium olean-
der has been traditionally attributed with several medicinal properties
such as kustha or leprosy, valipalita or aging (Charak), upadamsha or
syphilis (Sushruta), indralupta or alopecia (Vagbahtt), and netra-kopa
or conjunctivitis (Chakara dutta; Banerjee, Vasu, Pancholi, Rajani, &
Nivsarkar, 2011).

4 | PHYTOCHEMISTRY

Extensive work has been carried out on phytochemical aspects of
many members of family Apocynaceae. A number of spectroscopic
and chromatographic methods are used for structural elucidation of
the metabolites. A detailed account of phytoconstituents isolated from

various parts of Apocynaceae plants is summarized in Table 2.

4.1 | Alkaloids

Apocynaceae is well known as alkaloid-rich family, and several species
have earlier been evaluated for the presence of different types of alka-
loids. The types of alkaloids isolated and reported from different mem-
bers are indole, iboga, and vinca alkaloids (Figure 1). Arambewela and
Ranatunge (1991) evaluated 11 indole alkaloids including voacangine,
voacristine, vobasine, and tabernaemontanine (1-4) from different
extracts of Tabernaemontana divaricata leaves, flowers, and stem bark.
The structural identification was elucidated by infrared (IR) and nuclear
magnetic resonance (NMR) spectral data. Further, crude extracts com-
prising these alkaloids were shown to have antibacterial potential.
Kam, Loh, and Wei (1993) isolated conophylline (5) and conophyllidine
(6) as two new dimeric indole alkaloids with a yield of 3.5 mg/kg from
it. Recently, Kam, Pang, Choo, and Komiyama (2004) evaluated a total
of 42 different types of bioactive alkaloids from Tabernaemontana
divaricata with new ibogan (Conolabines A and B; 15) and vallesamine
alkaloid (16) derivatives. Low et al. (2010) reported Lirofoline B (7) as a
new pentacyclic indole alkaloid in its stem bark with a yield of 3.2 mg/
kg. Another important member of this family, Catharanthus roseus, is
reported to possess more than 130 alkaloids in different parts. Five
monoterpene indole alkaloids (vinblastine, serpentine, vincristine
ajmalicine, and 3',4'-anhydrovinblastine; 8-12) of Catharanthus roseus
are reported to have therapeutic properties (Oudin, Courtois, Rideau,
& Clastre, 2007). The activities shown by these compounds are
anticancer, antineoplastic, and anti-hypertensive (Van der Heijden,
Jacobs, Snoeijer, Hallard, & Verpoorte, 2004). Further, Svoboda,
Neuss, and Gorman (1959) reported vinca alkaloids leurosine and
vincaleukoblastine (17, 18) with anticancer activity against P-1534 leu-
kaemia in mice model. A monoterpenoid indole alkaloid picrinine (13),
as well as E and Z-alstoscholarine (14), were reported in Alstonia
scholaris (Xiang-Hai, Ya-Ping, Tao, & Xiao-Dong, 2008).

These alkaloids have 19 or 18 carbon atoms in their structure and

are previously reported for anticancer and antifertility potential
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FIGURE 1 Chemical structure of alkaloids
isolated from Apocynaceae plants

(Jagetia & Baliga, 2006; Kamarajan, Sekar, Mathuram, & Govindasamy,
1991). Besides indole, ibogan, and terpenoidal alkaloids, Bhutani et al.
(1988) reported steroidal alkaloid regholarrhenine (19) and its deriva-
tives from Holarrhena antidysenterica with a total yield of alkaloids
0.44%. Recently, a new steroidal alkaloid holadysenterine (20) was iso-
lated from Holarrhena antidysenterica with a few previously known ste-
roidal alkaloids such as conessine, isoconessimine, and kurchessine
(21-23; Kumar et al., 2007). The identification and structure elucida-
tion of these compounds were mostly done by 1D- and 2D-NMR
and high-resolution mass spectrometry techniques.

4.2 | Flavonoids

Many members of family Apocynaceae are reported to possess flavo-
noids, but their contents were proportionally lower than alkaloid con-
tent. Muruganandam et al. (2000) isolated rutin as a major
constituent from fresh leaves of three different species of Wrightia
genus. In another study, Patil et al. (2012) reported rutin, epicatechin,

quercetin, and kaemferol (24-27) in Carissa carandas fruits as

principal flavonoids (total flavonoid content 4.8 mg/100 g). Similarly,
quercetin, kaemferol, and isorhamnetin (28) were also reported in
leaves of Alstonia scholaris with newly isolated 3-0-beta-D-
galactopyranoside derivatives of quercetin, kaemferol, and
isorhamnetin (29-31; Hui et al, 2009). Root and stem extracts of
Tabernaemontana divaricata were also found to contain novel flavo-
noids, namely, calycosin (32), formononetin (33), and farnisin (34;
Liang et al., 2006). Thereafter, Jain et al. (2013) isolated three flavo-
noids (ellagic acid, hyperoside [35, 36] and quercetin) from
Tabernaemontana divaricata and characterized them by thin-layer
chromatography (TLC) analyses. All these flavonoids showed anti-
inflammatory potential against croton oil-induced edema in an albino
mouse model with I1Csq of 500 pg/ml. Figure 2 shows isolated flavo-

noids from Apocynaceae plants.

4.3 | Terpenes

Like alkaloids, the abundance of terpenes and their derivatives has

been reported in many members of family Apocynaceae. Carissa genus
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of this family contains comparatively higher amount of terpenoids
(mono, sesqui, and tri terpenoids). In the systematic review of Kaunda
and Zhang (2017), 22 triterpenes, 18 monoterpenes, and 16 sesquiter-
penes from different species of Carissa genus were reported. Among
all, maximum terpenoids were reported in Carissa carandas. The
monoterpenoids were found at maximum abundance in flowers of
Carissa carandas (37-45; Zaki et al., 1981). Sesquiterpenes (46-49)
were found to be uniformly distributed in roots and flowers (Singh &
Rastogi, 1972) whereas triterpenoids (50-56) were found evenly dis-
tributed in leaves, roots, and fruits (Arif & Fareed, 2011; Naim et al.,
1985 & 1988; Pakrashi et al., 1968; Singh & Uppal, 2015). The sesqui-
terpene-carrisone, triterpene-lupeol, and oleanolic acid (71) were
found to exhibit anti-inflammatory activity against proinflammatory
mediators such as nitric oxide (NO), tumor necrosis factor-a, and
interlukin-1b (Itankar et al., 2011). On the other hand, carandinol
(73), the first isohopane-type triterpenoid from Carissa carandas leaves,
had significant cytotoxic effect against Hela, 3T3, and PC-3 cancerous
cell lines (Begum et al., 2013).

Another genus Nerium of this family also contains different
types of triterpenoids. Leaves of Nerium oleander are the richest
source of triterpenoids. Siddiqui et al. (1988) isolated oleanderol
(60) with other known triterpenoids such as betulinic acid, betulin
(59), oleanolic acid, and ursolic acid. Later on, cis-karenin and
trans-karenin were isolated by Siddiqui et al. (1995) as cytotoxic
pentacyclic triterpenoids. These compounds were novel and found
to contain moieties of ursane and caumaric acid. Begum et al.
(1997) isolated two new triterpenoids (69-70) from fresh uncrushed
leaves of Nerium oleander and structures of the probable compounds
were elucidated by one- and two-dimensional NMR spectroscopic
studies. Recently, a total of 15 triterpenoids including previously
known and newly isolated oleandric acid and oleanerolide (61-62)
from Nerium oleander were evaluated for their anti-inflammatory
and anticancer potential (Fu et al., 2005). Among them, oleandric
acid, ursolic acid, betulinic acid, betulin, and derivatives of
epoxydammarane 3f3,25-diol showed significant anticancer activity
against lung carcinoma cell line HepG2.

Wrightia tinctoria of this family contains Wrightial (64)—a new
triterpenoid along with known compound B-amyrin (58; Ramchandra
et al.,, 1993). a-amyrin, a-amyrin acetate (57), and taraxasterol ace-
tate (65) were isolated from the roots and stem of T. divaricata (Liang
et al., 2006). Alstonic acids A and B as well as 2,3-secofernane (66—
67) triterpenoids were reported from the leaves of Alstonia scholaris
(Wang et al., 2009). Colorless crystals of betulinaldehyde (72) and

FIGURE 2 Chemical structure of flavonoids
isolated from Apocynaceae plants

lupeol, as well as white crystals of betulinic acid, were isolated from
Holarrhena antidysenterica seeds (Bhattachartya et al., 2009). The
molecular characterization of triterpenoid synthesis in Catharanthus
roseus was studied by Huang et al. (2012), and they reported that
cuticular wax layer of Catharanthus roseus leaf is the site for ursolic
and oleanolic acid synthesis. These triterpenoids seem to have anti-
microbial, anti-inflammatory, and antitumor activity. Recently, El-
Kashef, Hamed, Khalil, and Kamel (2015) reported more than 95
common terpenoids from different plants of 36 genera of family
Apocynaceae. Figure 3 represents structures of selected terpenes
isolated from Apocynaceae plants.

4.4 | Glycosides

Glycosides are the group of phenolic compounds present only in cer-
tain plant species. The cardiac glycoside is a major class of glycosides
and widely used in the treatment of heart failure. In all, genera Thevetia
and Nerium are reported to possess the highest glycosides (Figure 4).
Siddiqui et al. (1986) isolated two cardiac glycosides, namely,
kaneroside and neriumoside (74, 75), from the leaves of Nerium olean-
der. Thereafter, cardiac glycosides (76-79) from N. indicum were stud-
ied for molluscicidal activity against Pomacea canaliculata (Dai et al.,
2011). The activity shown by all tested cardiac glycosides (LCso at
3.71 mg/L) was found to be lower than standard metaldehyde
(3.88 mg/L). Cardiac glycosides were also isolated from the roots of
Carissa carandas and characterized spectroscopically (FT-IR, *H-NMR,
and 13C-NMR) as odoroside H, rhamnoside, rhamnoglycoside, and
evomoside (80-83; Hegde et al, 2009). Similarly, thevetin and
acetylthevetin (84, 85) were isolated from the seeds of Thevetia
peruviana (Kohls et al., 2012). Cardenolides, an important class of car-
diac glycosides were found to be present in Nerium oleander and
Thevetia peruviana. The isolated cardenolides of Nerium oleander leaves
(75 mg/g),
neritaloside (80, 86-88) reported for central nervous system-depres-

were odoroside-H, neridiginoside nerizoside, and
sant activity on mice (Begum et al, 1999). However, neriifolin,
peruvoside, thevefolin, and (20S)-18,20-epoxydigitoxigenin R-L-
thvetoside (89-92) are the cardenolides of T. peruviana. All these
cardenolides were screened for TRAIL (tumour necrosis factor-related
apoptosis-inducing ligand) resistance-overcoming activity. Among
them, thevefolin was reported to be effective for TRAIL resistance in
human gastric adenocarcinoma cells (Miyagawa et al., 2009).

Unlike cardiac glycosides and cardenolides, other important types

of glycosides such as flavonoid glycosides and terpenoids glycosides
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FIGURE 3 Chemical structure of terpenes
isolated from Apocynaceae plants

FIGURE 4 Chemical structures of glycosides
isolated from Apocynaceae plants
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are also reported in different species of family Apocynaceae. Sesqui-
terpene glucoside, that is, carandoside (93) was isolated from Carissa
(Wangteeraprasert & Likhitwitayawuid, 2009).
Anthocynidin glycosides (94, 95) were isolated from orange-red

carandas stem

flowers of Catharanthus roseus (Toki et al., 2008). Secoiridoid glyco-
side (96) and isoflavone glycosides (97, 98) were isolated from
Alstonia scholaris (Thomas et al., 2008). Brun et al. (1999) isolated
syringetin-3-O-robinobioside as a flavonol glycoside (99) from the
stem of Catharanthus roseus. Later, antioxidative flavonol glycosides
(glucoside and galactoside of kaempferol, quercetin, and
isorhamnetin; 100-105) were isolated from different parts of
Catharanthus roseus (Ferreres et al., 2008). All these glycosides have
marked DPPH, superoxide, and NO radical scavenging potential with
maximum protective activity against NO (ICso 232 pg/ml). Another
flavonol (106) and flavanone glycosides (107, 108) were isolated
from leaves of Thevetia peruviana and reported for their anti-HIV-1
reverse transcriptase (RT) and anti-HIV-1 integrase activities

(Tewtrakul et al., 2002).

4.5 | Sterols

Sterols, also referred as phytosterols or steroid alcohols, are present
with potential bioactivity in several Apocynaceae plants. Bioactivities
shown by sterols include hepatoprotective, anti-inflammatory, and
antihyperlipidemic activities (Al-Youssef & Hassan, 2014). Among all
members, Wrightia tinctoria and Alstonia scholaris are quite rich with
different kinds of phytosterols (Figure 5). Stigmasterol, B-sitosterol,
and campesterol (109-111) are commonly present in different parts
of these plants (Adotey et al., 2012). Jain and Bari (2010) isolated stig-
masterol and campesterol from Wrightia tinctoria stem extract, and
structural elucidation was carried out using UV-Visible, FT-IR, H-
NMR, and **C-NMR spectrophotometric analyses. Besides, a gas chro-
matography-mass spectrometry (GC-MS) analysis was also carried out
to study percent abundance of reported compounds. In an earlier
study, some uncommon sterols (112-116) from unsaponifiable lipids
of Wrightia tinctoria seeds are reported (Akihisa et al., 1988). Another
singular sterol, that is, 7-dihydrositosterol (117) was isolated from

Rauvolfia serpentina roots (Karmakar & Chakraborty, 1983). Sitosta-
5,23-dien-3B-ol (118) was isolated from the stem bark of Holarrhena
antidysenterica (Usmani, 1995). Moreover, B-sitosterol, stigmasterol,
sitosterol glucoside (119), and cholest-5-en-3-B-ol (120) were previ-
ously isolated from Carissa carandas roots by various researchers
(Balakrishnan et al., 2011; Bhaskar & Balakrishnan, 2015; Hegde
et al., 2012). The stigmasterol from Carissa carandas was reported for
marked anti-inflammatory activity (Galipalli et al., 2015). Recently,
Bhadane and Patil (2017) investigated antioxidative and anti-inflamma-
tory potential of methanolic extracts of Carissa carandas leaves by
activity-guided fractionation and 20-hydroxypreganan-18-oic acid
(121) was reported as a potential antioxidative and anti-inflammatory
steroid with t ECsq values 546.4 and 498.5 pg/ml, respectively, for
DPPH and OH radical scavenging activities.

4.6 | Simple phenolic compounds

Simple phenolic compounds are mostly derivatives of hydroxybenzoic
and hydroxycinnamic acid, which contain C6C1 and C6C3 skeleton
with carboxyl group attached to aromatic ring (Dewick, 2002;
Figure 6). They have been studied for potential bioactivities in some
members of family Apocynaceae (Bhaskar & Balakrishnan, 2015). In a
systematic review of Kaunda and Zhang (2017), a total of 16 simple
phenolic compounds from different species of Carissa genus were
reported. Among them, simple phenolics such as syringic acid, vanillic
acid, p-coumaric acid, caffeic acid, and chlorogenic acid (122-126)
were isolated from Carissa carandas fruits (Patil et al., 2012). Scopoletin
(127) was isolated from the roots of the same plant with anti-inflam-
matory activity and chlorogenic acid was reported for preventing
Type-Il diabetes mellitus (Begum et al., 1999). Chlorogenic acid, as well
as vanillic acid, along with gallic acid, hydroxytyrosol, and ferulic acid
(128-130), were also isolated from Catharanthus roseus leaves (Choi
et al., 2004; Proestos et al., 2005). Further, three different derivatives
of caffeoylquinic acid (131-133) were isolated from Catharanthus
roseus leaf vacuoles and studied for their localized interaction with
Class Il peroxidases. All these phenolics act as a substrate for per-
oxidase and showed higher H,O, scavenging up to 9 mM/s

FIGURE 5 Chemical structure of sterols
isolated from Apocynaceae plants



BHADANE ET AL

WILEY——%

FIGURE 6 Simple phenolic compounds isolated from Apocynaceae
plants

(Ferreres et al, 2011). The same compounds were isolated by
Wong et al. (2014) from six different plants of Apocynaceae family
including Nerium oleander and Catharanthus roseus. Coumarins were
reported in abundance in the preliminary phytochemical analysis of
ethanolic extracts of Wrightia tinctoria and Nerium oleander flowers
(Joselin, Brintha, Florence, & Jeeva, 2012).

4.7 | Lignans

A few reports are available on lignans from some members of family
Apocynaceae. Kaunda and Zhang (2017) reported a number of
lignans from Carissa edulis and Carissa spinarum. An earlier study on
isolation of lignan from root extract of Carissa carandas reveled
carinol (134) as phenolic lignan (Pal et al., 1975). Thereafter, three
new lignans, namely, (6R,7S,85)-7a-[(b-glucopyranosyl) oxy]
lyoniresinol, carissanol, and (-)-nortrachelogenin (135-137; Figure 7)
were isolated from Carissa carandas stem (Jagetia & Baliga, 2006).
Recently, syringaresinol 4-O-b-glucopyranoside (138) was isolated

from Vinca major (Sohretoglu et al., 2013).

4.8 | Others

In addition to these major phytoconstituents, many Apocynaceae

plants also possess other compounds with diverse biological activities.

FIGURE 7 Chemical structure of lignans isolated from Apocynaceae
plants

These mainly include fatty acids and esters, hydrocarbons, vitamins,
and glycoproteins. A wide range of fatty acids and esters were
reported in Apocynaceae plants. Shrivastava and Bakodia (1979) iso-
lated eicosanoic acid, hexadecanoic acid, octadecanoic acid, 9Z,127-
octadecadienoic acid, and 9Z-octadecenoic acid (139-142) from the
seed oil of C. carandas. Fatty acids such as pentadecanoic acid ester
(143) along with hexadecanoic acid, 15-methyl ester isolated from
Wrightia tinctoria flower extract and exhibited antioxidant and antimi-
crobial activities (Ramalakshmi et al., 2012). A total of 17 fatty acids
were isolated from Catharanthus roseus leaves and analyzed by GC-
MS analysis (Brun et al., 2001). Among all these fatty acids, some of
them were common in Tabernaemontana divaricata, Holarrhena
antidysenterica, Carissa carandas, and Wrightia tinctoria, whereas com-
pounds (144-148) were found to be uncommon (Ali Khan et al.,
2013; Paramanantham & Murugesan, 2014). Besides fatty acid esters,
a new arabinogalactum (149) was isolated from leaves of Nerium olean-
der, which acts as immunologically important glycoprotein (Dong &
Fang, 2001); L-ascorbic acid (Rastogi et al., 1966), dihydrojasmone,
and two other compounds (150-153; Patil et al., 2012) were isolated
from different parts of C. carandas. Vitamin E (154) was reported in

Tabernaemontana divaricata flowers (Ali Khan et al., 2013).

5 | PHARMACOLOGICAL PROPERTIES

Ethnomedicinal uses and traditional knowledge of Apocynaceae plants
have resulted in the extensive evaluation of pharmacological properties
of many plants of this family. The crude extracts, as well as the isolated
compounds, are known to possess a wide range of bioactivities such as
antioxidant, antimicrobial, anti-inflammatory, hepatoprotective, and
cytotoxic. Despite the fact that many species of this family are known
for ethnomedicinal potential, very few of them have been systemati-
cally studied and evaluated pharmacologically. The ensuing paragraphs
and Table 3 provide a detailed outlook of biological activities exhibited
by plant extracts, fractions, and single isolated compounds.

5.1 | Antioxidant activity

Phenolics are abundantly present in plants of the family
Apocynaceae. The distinctive characteristics of phenolic compounds
make them as potential reducing agents, metal chelators, and free
radical quenchers (Rice-Evans, Miller, & Paganga, 1996). Various
methods have been used to study in vitro antioxidative potential
of plant extracts (Krishnaiah, Sarbatly, & Nithyanandam, 2011).
Though there are several reports on in vitro antioxidant activity,
reports of in vivo study are very few. The antioxidant activity of
Nerium oleander flowers methanol extract was evaluated by DPPH,
reducing power, ABTS, hydroxyl radical scavenging, and other three
methods (Singhal & Gupta, 2012). Among all these assays, the test
extracts strongly scavenged the DPPH radicals with ICsq
193.37 pg/ml, which was found comparable to BHT (189.57 ug/
ml). Using the same methods, the antioxidative potential of Wrightia
tinctoria was also evaluated and the ethanolic flower extract showed
maximum scavenging potential against DPPH radicals with 1C5q of

43.16 pg/ml (Ramalakshmi et al., 2012). Another member of the
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family, Tabernaemontana divaricata, was also studied for its antioxi-
dant activity using metal chelating, DPPH, and superoxide radical
(Anbukkarasi,
Geraldine, 2016). Qualitative and quantitative DPPH scavenging

scavenging methods Thomas, Sundararajan, &
assays were studied to determine the antioxidative potential of
Tabernaemontana divaricata leaves extract (Rumzhum, Rahman, &
Kazal, 2012). Recently, Bhadane and Patil (2017) evaluated antioxi-
dant activity of methanolic leaves extract and column eluted steroi-
dal fraction of Carissa carandas by TLC bioautography method. The
results indicated a yellow colored DPPH radical scavenging band
by the antioxidant compound on TLC plates against the purple back-
ground. Holarrhena antidysenterica showed significant ROS scaveng-
ing potential and the activity was attributed to the higher total
phenolic content of plant extract (Ganapathy, Ramachandra, & Rai,
2011). James et al. (2011) studied the antioxidative potential of
Alstonia scholaris flower extract, and the reported activity was found
higher than fruit extract. Further, significant DNA damage inhibition
and antioxidative potential of Carissa carandas were studied by

Verma, Shrivastava, and Kumar (2015).

5.2 | Anti-inflammatory/analgesic activity

Inflammation and pain are the prime signs of acute and chronic
conditions in various diseases. NSAIDs (nonsteroidal anti-inflamma-
tory drugs) are commonly used to treat inflammatory conditions;
however, their prolonged use has adverse side effects. Several
plants of family Apocynaceae are known for the in vitro and
in  vivo anti-inflammatory  activity.  Arulmozhi, Mazumder,
Sathiyanarayanan, and Thakurdesai (2012) showed the potent anti-
inflammatory activity of dichloromethane fraction from ethanolic
extract Alstonia scholaris leaves. Subraya and Gupta (2012) studied
in vivo anti-inflammatory activity of Alstonia scholaris stem bark
methanol extract in rat paw edema models. The reported activity
of the extract was found comparable to indomethacin (10 mg/kg)
with paw edema inhibition of 64.86% and 67.29%, respectively, in
carrageenan-induced rat paw edema models. Similarly, Jain et al.
(2013) reported significant anti-inflammatory activity of different
fractions of Tabernaemontana divaricata leaves extracts against cro-
ton oil-induced edema in male albino mice model. The activity of
hexane and methanolic fractions was found comparatively better
than indomethacin with ICsq less than 500 pg/cm?. Purified bioac-
tive compounds such as lupeol, stigmasterol, oleanolic acid,
carissone, and scopoletin from Carissa carandas roots showed inhib-
itory potential against proinflammatory mediators (Galipalli et al.,
2015). Among them, scopoletin and carissone showed significant
inhibition of NO with ICso 24.6 and 20.1 pg/ml, respectively.
Recently, in vitro anti-inflammatory activity of steroidal derivative
from Carissa carandas leaves was studied by erythrocyte membrane
stabilizing potential and the activity was found comparable to

diclofenac sodium at 3.5 mg/ml (Bhadane & Patil, 2017).

5.3 | Anticancer/cytotoxic activity

Conventional anticancer drugs exert a cytotoxic effect by inhibiting

the cell division. However, several side effects on normal cells have

restricted the use of many anticancer drugs. Plant-derived com-
pounds are less toxic and have lesser or no adverse effects and,
therefore, are preferred in cancer treatment all over the world. A
number of in vivo and in vitro studies have been carried out by var-
jous researchers to evaluate anticancer and cytotoxic potential of
Apocynaceae plants. Among them, the potent cytotoxic activity of
methanolic extract of Tabernaemontana divaricata leaves was
reported by Rumzhum et al. (2012) using brine shrimp lethality bioas-
say. Wang et al. (2012) reported cytotoxic activity of eight different
indole alkaloids from Catharanthus roseus against human breast can-
cer cells (MDA-MB-231) using MTT assay. Among them, leurosine
showed higher inhibition of cancer cells with ICsq 0.72 uM, which
is comparable to standard vinblastine (IC5q 0.67 uM). Siddiqui et al.
(2012) reported cytotoxic compounds (Odorosides A and B,
oleandrin, adynerin, and doxorubicin) from Nerium oleander leaves
showing growth-inhibiting activities against four human cancer cell
lines, namely, MCF-7 (breast), SF-268 (central nervous system), HT-
144 (skin), and NCI-H 460 (lung). In vitro anticancer effect of Alstonia
scholaris was studied on mammary gland carcinoma cells using cyto-
solic marker enzymes. It revealed cytotoxic as well as the antiprolifer-
ative effect of plant extract on tumor cells (Surendren, Jayanthi, &
Smitha, 2012). Thereafter, Begum et al. (2013) reported carandinol,
a first isohopane triterpene from Carissa carandas leaves with a
potent cytotoxic activity against cancer cell lines. In another study,
methanolic extract of Thevetia peruviana fruit extract (50 and
100 mg/kg) showed a significant antitumor activity against Ehrlich's
ascites carcinoma cell line in albino mice (Haldar, Karmakar,
Chakraborty, Ahmad, & Haldar, 2015). Cardenolides from Thevetia
peruviana have been reported as a potent anticancer agent with
growth inhibition against Hep G,, HL-60, and PC 62 cancerous cells.
Among them, maximum inhibition was recorded against HL-60 cells
at a dose of 200 pg/ml (Barbon, da Silva, Sampaio, & Baldo, 2012).
Similarly, reserpine, an indole alkaloid from Rauvolfia serpentina, was
reported as a potent cytotoxic compound against drug-resistant
tumor cells and it was concluded that the reserpine could be used
in cancer therapy (Abdelfatah & Efferth, 2015).

5.4 | Cardioprotective activity

Cardiac glycosides and cardenolides discussed in the earlier section
were referred to be potential cardioprotective agents in various
heart-related disorders. Nerium oleander and Thevetia peruviana are
the most important members of this family used in the treatment of
cardiovascular complications. The antiatherogenic potential of the
Alstonia scholaris stem bark extract was evaluated by Bandawane,
Juvekar, and Juvekar (2011), and it was observed that low-density lipo-
protein (LDL)-cholesterol lowering potential of the extract possibly
may be involved in the prevention of cardiovascular complications.
Gayathri et al. (2011) studied the cardioprotective effect of Nerium ole-
ander flower extract on experimental rats by inducing myocardial oxi-
dative stress using isoproterenol and concluded that tested extract
was highly effective in cardioprotection by improving the antioxidative
defense during myocardial necrosis. In another study, methanolic
extract of Rauvolfia serpentina roots provided dual protection, that is,

antidiabetic and cardioprotective to the alloxan-induced diabetic mice
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(Azmi & Qureshi, 2012). In this study, the extract was found to signif-
icantly (p < .05) lower total cholesterol, LDL, and very LDL level in the

experimental animals.

5.5 | Antidiabetic activity

A number of plants of family Apocynaceae are known to exhibit antidi-
abetic activity. The antidiabetic effect of the extract could be due to
the improvement in the utilization of glucose by peripheral tissues,
due to the increased sensitivity of target tissues towards insulin, or
due to the better glucose metabolism. The bark of Alstonia scholaris
exhibited potential antidiabetic effect in rats, which demonstrated its
usefulness in long-term complications associated with diabetes
mellitus (Bandawane et al., 2011). The ethanolic extract of Holarrhena
antidysenterica seeds showed antihyperglycemic activity by lowering
serum glucose level in diabetic albino rats and significantly increased
glucose tolerance. It also prevented weight loss in diabetic rats and
corrected biochemical parameters (Keshri, Chandra, & Sharma, 2012).
In another study, Rahman, Islam, Ali, Islam, and Hossain (2011) found
that methanolic extract of flowers of Tabernaemontana divaricata has
considerable effect in lowering fasting blood glucose level in alloxan-
induced diabetic mice and it was comparable to metformin at the plant
extract dose of 300-mg/kg body weight experimental rats. The meth-
anolic extract and partially purified ethyl acetate fraction of Carissa
carandas unripe fruit significantly lowered the blood glucose level in
the experimental animals. Both, the extract and fraction at 400 mg/
kg, when given orally to alloxan induced experimental rats, showed
potent antidiabetic activity (Itankar et al., 2011). Similarly, significant
antidiabetic activity of Wrightia tinctoria fruit extracts at 300 mg/kg
in alloxan-induced rat model was reported by Rani, Pippalla, Mohan,
and Gangaraju (2012).

5.6 | Antimalarial activity

The use of plant metabolites for the treatment of malaria is well doc-
umented in the traditional system of medicine. The first antimalarial
drug, quinine, was isolated from the bark of Cinchona species. Several
alkaloids with potent antimalarial activity have been reported in
members of family Apocynaceae (Miettinen et al., 2014). Recently,
antiplasmodial activity of alkaloids as well as phenolics and flavonoids
of 10 different genera of Apocynaceae were systematically reviewed
by Chan, Wong, and Chan (2016). lyiola, Tijani, and Lateef (2011)
investigated in vivo antiplasmodial activity of ethanolic extract of
Alstonia boonei stem bark in Plasmodium berghei NK-65-infected mice.
Significant (p < .05) and a dose-dependent antiplasmodial activity
were observed in early infection and curative stages when the
extract was administered orally. In another study, Ravikumar,
Inbaneson, and Suganthi (2012) reported in vitro antiplasmodial activ-
ity of Catharanthus roseus and Thevetia peruviana against Plasmodium
falciparum. Of the two plants, Catharanthus roseus showed powerful
antiplasmodial activity (ICso 49.63 pg/ml). Mosquitos are the vectors
of malaria, and hence, mosquito larvicidal activity is also considered
as a preventive measure in combating it. In this direction, mosquito
larvicidal activity of Rauvolfia serpentina seed extracts was reported

by Das and Chandra (2012). The higher mortality of mosquito larvae

was recorded with petroleum ether extract at 100-ppm level after
24 hr. Later on, the larvicidal activity of Wrightia tinctoria fruit and
leaves extracts were reported against malaria, filaria, and
chikungunya causing Culex quinquefasciatus and anopheles vectors

(Sakthivadivel et al., 2014).

5.7 | Anti-HIV activity

HIV (human immunodeficiency virus) causes AIDS (acquired immune
deficiency syndrome), which leads to generalized immunosuppression.
The plants with anti-HIV activity possess phytochemicals as potent
immunomodulators. Several investigations have reported antiviral
activities of many members of family Apocynaceae. Recently,
oleandrin from Nerium oleander was reported for its anti-HIV activity
(Singh et al., 2013). In vitro assay was performed to evaluate anti-
HIV potential by infecting HIV viruses to the HeLa CD4-LTR/B-gal
human cell lines. These infected cell lines were treated with oleandrin
and Azidothymidine (AZT) and incubated further for 2 hr, and the level
of viral infection was measured by assaying RT activity. The results
revealed that oleandrin reduced the amount of envelope proteins of
virus whereas AZT inhibited viral replication in infected cells by reduc-
ing RT activity. In another systematic study, moderate anti-HIV-1
activity (40%-60% inhibition) of alkaloid-rich extracts of Catharanthus
roseus and Alstonia scholaris leaves, as well as from Rauvolfia serpentina
roots, was reported (Sabde et al., 2011). Betulinic acid (Moghaddam,
Ahmad, & Samzadeh-Kermani, 2012) and ellagic acid (Narayan & Rai,
2016) from different plant sources were reported for their anti-HIV
potential. The other members of family Apocynaceae such as Carissa
carandas, Nerium oleander, Holarrhena antidysenterica, and
Tabernaemontana divaricata are known to contain betulinic acid and
ellagic acid as a major phytoconstituents. However, their anti-HIV

activity is not yet established.

5.8 | Gastroprotective activity

Gastric and duodenal ulcers are the most prevalent gastrointestinal
disorders all over the world. There is an urgent need to develop a
well-targeted therapeutic strategy for the treatment of these ulcers.
Tabernaemontana divaricata was earlier reported to be effective in
gastroprotective complaints. In vivo studies carried out by pyloric liga-
tion (Khan, 2011) as well as aspirin and ethanol (Ali Khan et al., 2013)
induced gastric ulceration in rat models. In both studies, methanolic
extract of Tabernaemontana divaricata flowers significantly (p < .05)
reduced ulcer index, total acidities, and volume of gastric juice. The
results were found comparable with standards omeprazole (8 mg/kg)
and misoprostol in both the studies. The antiulcer activity of alcoholic
extract of Carissa carandas roots was studied in acetic acid-induced
chronic gastric ulcer in a female rat model (Merai & Jadhav, 2014). This
study revealed that alcoholic extract more significantly (p < .001)
reduced ulcer index and resulting effect was similar to the effect of
Ranitidine at concentration 500 mg/kg. Besides ulcer index, other
parameters such as free acidity, total acidity, mucin, and pepsin con-
tent as well as total protein content were also evaluated in control,
extract, and standard treated groups. The gastroprotective effect of

Thevetia peruviana volatile oil (linalool and 1,8-cineole as principal
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constituents) was evaluated in mice (Kumar, Shukla, Shukla, & Alok,
2015). Oral as well as inhaled (for 60 min) volatile oil (100 ul/kg)
showed significant activity against ethanol-induced gastric ulcers but
did not show a protective effect in indomethacin-induced mice model.

5.9 | Hepatoprotective activity

Hepatoprotective activity of Nerium oleander flower (Singhal & Gupta,
2012) and Carissa carandas leaves (Bhati, Shukla, & Sharma, 2014) was
evaluated in carbon tetrachloride (CCly)-induced hepatotoxicity or liver
injury in albino rats. In both the studies, hepatoprotective activity was
evaluated by histopathological observations and by measuring total bil-
irubin, serum glutamate pyruvate transaminase and serum glutamate
oxaloacetate transaminase. Similarly, reduced level of bilirubin, serum
glutamate pyruvate transaminase, and serum glutamate oxaloacetate
transaminase also revealed potent hepatoprotective activity. Besides
that, a root extract of Carissa carandas was used as hepatoprotective
medicine by tribal people of the Western Ghat and was validated by
Hegde et al. (2009). Similarly, the hepatoprotective activity of
Catharanthus roseus leaves extract was reported in simvastatin-
induced hepatotoxicity in rats (Ahmed & Srinivasa Rao, 2013). More-
over, the hepatoprotective activity of ethanolic extract of the whole
plant of Tabernaemontana divaricata was reported in DEN as well as
Fe NTA-induced liver injury in Wistar albino rats (Poornima, Chella
Perumal, & Gopalakrishnan, 2014).

5.10 | Antimicrobial activity

Antimicrobials are the compounds that inhibit the growth of microor-
ganisms even at low concentrations. Antimicrobial compounds are
secondary metabolites synthesized by microorganisms themselves or
by plants. A wide range of metabolites such as alkaloids, terpenoids,
phenolics, steroids, and flavonoids are known to have antimicrobial
activity (Ncube, Afolayan, & Okoh, 2008). Different extracts of
Tabernaemontana divaricata leaves were studied for antibacterial
potential against bovine mastitis-causing bacteria isolated from clinical
cases of particular disease (Gopinath, 2012). Isolated strains were
Streptococcus agalactiae, Streptococcus uberis, Escherichia coli, and
coagulase-negative Staphylococcus aureus. Among all these strains,
Staphylococcus aureus was found most susceptible to methanolic
extract with zone of inhibition of 26 mm, and the least response was
shown by Streptococcus agalactiae with zone of inhibition of 18 mm.
Besides that, ethanolic extract of Wrightia tinctoria flowers (at
250 pg/ml) showed broad-spectrum antibacterial activity against both
Gram-positive and Gram-negative bacterial strains (Ramalakshmi et al.,
2012). Maximum zone of inhibition (14 mm) was recorded against
Staphylococcus aureus whereas the least response was shown by Kleb-
siella pnuemoniae. The GC-MS analyses of this extract revealed
hexadecanoic acid as a major component. Similarly, the antibacterial
potential of different parts (leaves, stem, roots, and flowers) of
Catharanthus roseus was evaluated against common human pathogens
(Govindasamy & Srinivasan, 2012). Ethanolic extract of Catharanthus
roseus leaves showed excellent antibacterial activity against tested
pathogens. However, the antifungal activity of Tabernaemontana

divaricata, Catharanthus roseus, and Nerium oleander was reported only

against Candida albicans (Wankhede, Routh, Rajput, & Karuppayil,
2013). In this study, the Minimum Inhibitory Concentration (MIC) of
ethyl acetate extracts of Tabernaemontana divaricata, Nerium oleander
and methanolic extract of Catharanthus roseus was found to be 1
mg/ml. The Minimum Fungicidal Concentration (MFC) of different sol-
vent extracts of Nerium oleander was recorded as 8 and 16 mg/ml. Fur-
ther, this study concluded that Nerium oleander could be used topically

in vaginal candidiasis or other Candida infections.

5.11 | Other effects

Arulmozhi, Mazumder, Sathiyanarayanan, and Ashok (2011) studied
the in vivo antiarthritic activity of ethanolic extract of Alstonia scholaris
in Freund's adjuvant-induced arthritis in a rat model. The levels of glu-
tathione, glutathione peroxidase, superoxide dismutase, malonalde-
hyde, and myeloperoxide from synovial tissue of a sacrificed animal
after 28 days were found to be elevated. On the other hand, the
myeloperoxidase arthritic index, gastric lesions indices, and gastric
juice secretion were found to be significantly decreased.

The antidiarrheal potential of Rauvolfia serpentina (Ezeigbo et al.,
2012) and Tabernaemontana divaricata (Raj, Balasubramaniam, &
Nadeem, 2013) was evaluated by castor oil-induced diarrhea in mice
and rat, respectively. The extracts of both the plants showed a signifi-
cant dose-dependent antidiarrheal activity. All doses of extracts (100-
400 mg/kg) of Rauvolfia serpentina showed comparable antidiarrheal
activity with standard drug atropine sulphate (3 mg/kg) with a reduc-
tion in intestinal weight and fluid volume. Similarly, Tabernaemontana
divaricata extract doses (100-300 mg/kg) resulted in significantly
(b < .05) reducing the wet feces in rats comparable with standard
loperamide (5 mg/kg).

Tabernaemontana divaricata was further found to have anticonvul-
sant (Basavaraj, Shivakumar, Shivakumar, & Manjunath, 2011) and
antifertility activity (Mukhram, Shivakumar, Viswanatha, & Rajesh,
2012). Anticonvulsant activity was analysed by estimating gamma-
aminobutyric acid level in various convulsion (maximal electroshock,
pentalenetetrazol, strychnine, picrotoxin, and isoniazid) induced albino
mice. This study concluded that alcoholic extract of Tabernaemontana
divaricata flowers had potent anticonvulsant activity at various doses
(100, 200, and 400 mg/kg). The resulting activity of reduced duration
of tonic extensor phase in tested animals was comparable to standard
diazepam at 5 mg/kg. An increased gamma-aminobutyric acid level in
serum was also reported after treatment with extract and gabapentin
at 20 mg/kg. In another study, different extracts of Tabernaemontana
divaricata flowers were found to have antifertility activity. The metha-
nolic extract of flowers at 500-mg/kg body weight showed a signifi-
cant estrogenic as well as the early abortifacient activity in female rat
model. Similarly, the anticonvulsant activity was also reported in
Tabernaemontana divaricata and in Nerium oleander (Singhal & Gupta,
2011). In this study, hydroalcoholic extract (100 and 200 mg/kg) of
Nerium oleander flower significantly reduced (p < .01) spontaneous
locomotors activity with protection against electroshock-induced
convulsions.

The in vivo and in vitro studies were conducted to prove
antiurolithic activity of crude extract of Holarrhena antidysenterica

seeds (Khan, Khan, & Gilani, 2012). In vivo assay was studied using
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ethylene glycol-induced calcium oxalate (CaOx) urolithiasis rat model
and in vitro assay by inhibition of CaOx crystal aggregation potential.
The in vitro study showed that crude extract did not show nucleation
but had the ability to inhibit CaOx crystal aggregation similar to potas-
sium citrate (a well-known CaOx crystallization inhibitor). Similarly,
results of an in vivo study showed inhibition of calcium oxalate
monohydrate crystal formation in urine. These results suggested that
the crude extract of Holarrhena antidysenterica seeds has potential to
reduce the risk of stone disease.

Of late, hexane and water extracts of Thevetia peruviana leaves
and fruits respectively were evaluated for their wound healing poten-
tial (Rahman, Rahman, Haris, & Mahmood, 2017). The activity was
studied on incision, excision, and using dead space wound rat models.
Both the extracts showed the highest wound breaking strength on skin
collagen tissue development as well as early epithelization. This wound
healing potential was also proved by enhanced antioxidant activity and
histological data on more collagen formation.

5.12 | Toxicity studies

Despite ever-increasing interest in the medicinal uses of Apocynaceae
plants, only a few reports are available on toxicological aspects of these
plants. Some members of this family are reported for pediatric
poisoning, but reports on serious poisonings are very rare
(Saravanapavananthan & Ganeshamoorthy, 1988). Besides that, some
of the plants are reported for emetic potential and have antitoxins
against snake poisoning. The plants with poisonous effects have
already been documented in the U.S. FDA poisonous plant database
(www.accessdata.fda.gov/scripts/) as well as documented in different
books and research articles (Campbell, 1983; Eddleston & Persson,
2003). According to Eddleston et al. (1999), seeds of Thevetia peruviana
cause dizziness, vomiting, and cardiac dysrhythmias upon ingestion.
Scientific investigations suggested that in vivo rat models could tolerate
2,000-mg/kg body weight dose of Nerium oleander extract after oral
administration during 14 days of observation (Singhal & Gupta, 2011).
Similarly, no mortality as well as no adverse effect have been observed
throughout 14 days observation with a dose of 2,500-mg/kg body
weight of Wrightia tinctoria extract that was administered in ICR mice
(Jain, Bari, & Surana, 2011). In another study, ethanol, methanol, and
chloroform extracts of Carissa carandas were studied for acute oral tox-
icity and none of them showed any sign of toxicity during observation
period (Alam, Shahriar, & Bhuiyan, 2014). A range of 0.1-, 0.5-, and 1-
g/kg body weight dose of Catharanthus roseus extract was given orally
up to 14 days to the Sprague Dowley rats (Kevin, Hussin, Zhari, & Chin,
2012). The serum biochemistry, as well as liver and kidney functions,
were determined. After 14 days, no significant changes were observed
in body weight as well as organ weight, serum biochemistry, and liver
and kidney functions. Prior to determining the antifertility potential of
Tabernaemontana divaricata, methanolic and aqueous extracts were
evaluated for their acute oral toxicity in Swiss and Wistar albino mice
(Mukhram et al., 2012). No morbidity and mortality were shown by
both animal models upon administration of 2,000-mg/kg body weight
dose of methanolic and aqueous extracts. Acute toxicity of different
fractions and methanolic extract of Carissa carandas fruits was evalu-

ated to prove its nontoxic nature. But all extracts and fractions of

Carissa carandas showed decreased blood glucose level in oral glucose

tolerance test (Itankar et al., 2011).

6 | BIOTECHNOLOGICAL STRATEGIES
USED FOR PRODUCTION OF BIOACTIVE
METABOLITES

Plant secondary metabolites have widely been used as drugs, pig-
ments, food supplements, fragrance, and biopesticides. However,
indiscriminate use and overharvesting have threatened many medici-
nally valuable plant species. Therefore, there is a need to explore alter-
native approaches to obtain commercially/medicinally important
metabolites of plant origin in a sustainable manner. Various biotechno-
logical tools have been used for the large-scale and sustainable produc-
tion of bioactive compounds. Several members of Apocynaceae have
been studied for in vitro propagation, hairy root culture using tools
and techniques of plant tissue culture (Ref) Callus and cell suspension
culture are widely used for the production of bioactive metabolites
similar to native plant. Of late, Agrobacterium rhizogenes-mediated
transformation is largely explored for bioactive metabolite production
using hairy root culture.

6.1 | Callus and cell suspension culture

Callus is an unorganized and proliferative mass of cells growing on
artificially prepared solid medium. In vitro callus induction can be
achieved by supplying essential nutrients such as carbon and nitrogen
source, vitamins, minerals, and phytohormones in the medium (Perez-
Jimenez, Lépez-Soto, & Cos-Terrer, 2013). Callus consists of varying
cell lines that differ in secondary metabolite production. Some cell
lines show intracellular metabolite synthesis, and some others show
extracellular. Hence, callus tissue upon extraction in suitable solvent
releases several bioactive metabolites (Karuppusamy, 2009). Screen-
ing of maximum bioactive metabolite producing as well as genetically
stable cell line from callus is therefore most important. If such
screened cells are used as inoculum for cell suspension culture, it
gives increased production of the desired compound. The cell sus-
pension culture is nothing but growth of in vitro grown friable callus
in moving liquid culture medium. Cell suspension culture improves
nutrient utilization ability of plant cells as compared to callus culture,
and it also yields maximum cell biomass (Raharjo, Eucharia, Chang, &
Verpoorte, 2010). In this system, stable cell lines from callus show
luxuriant growth with increased secondary metabolite production.
The metabolite yield can be further improved by precursor feeding
or elicitors treatment. Elicitation triggers bioactive metabolite produc-
tion by applying chemical or physical stress in moving liquid cultures.
Nowadays, elicitation treatment is found to be effective for the
increased production of such metabolites that are usually not pro-
duced by plant cells.

In vitro grown callus of Holarrhena antidysenterica was reported
to possess bioactive metabolites like the host plant. Phytochemicals
such as steroids were isolated from callus of this plant, and callus
extract was reported for antimicrobial activity against Staphylococcus

aureus, Salmonella typhimurium, and Escherichia coli (Mahato, Mehta,
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& Roy, 2013). Bioactive glycosides such as Thevetin B, peruvoside,
digitoxigenin, and neriifolin were qualitatively and quantitatively
determined by high-performance liquid chromatography from the cal-
lus of Thevetia peruviana (Taha, Farag, Shams, Abdel-Azim, & Seif El-
Nasr, 2011). Cell suspension culture strategies have also been
employed for the large-scale production of secondary metabolites.
A number of reports are available on cell suspension culture of
Catharanthus roseus and Tabernaemontana divaricata for the produc-
tion of alkaloids. Stafford, Smith, and Fowler (1985) studied the reg-
ulation of growth and alkaloid synthesis in suspension culture of
Catharanthus roseus up to 45 days and reported increased biomass
with alkaloid content. Indole, as well as terpenoidal indole alkaloid
synthesis, was also reported in cell suspension culture of
Tabernaemontana divaricata (Dagnino, Schripsema, & Verpoorte,
1993; Van der Heijden, Lamping, Out, Wijnsma, & Verpoorte,
1987). The alkaloid-producing cell lines were further reported for bio-
transformation of indole alkaloids when fed in suspension culture.
Panda, Mishra, and Bisaria (1992) reported maximum alkaloid produc-
tion (0.66 g/100 g cell biomass) in Holarrhena antidysenterica cell sus-
pension culture. Of late, several researchers studied the effect of
precursors and elicitors to enhance secondary metabolite production
in cell suspension culture. El-Sayed and Verpoorte (2002) studied the
effect of precursor feeding on alkaloid accumulation in Catharanthus
roseus cell suspension culture. They reported increased methyl
jasmonate accumulation in culture upon feeding with tryptamine
and loganine. On the other hand, elicitation with methyl jasmonate
in cell suspension culture of Thevetia peruviana enhanced peruvoside
(cardenolide) production (Zabala, Angarita, Restrepo, Caicedo, &
Perea, 2010). The highest oleandrin (antitumor metabolite) produc-
tion was reported with Nerium oleander suspension culture in a
medium fortified with progesterone and cholesterol (Ibrahim et al.,
2009). In another study, oleandrin production was achieved using
the combined mechanism of Agrobacterium tumefaciens mediated
transformation and fungal elicitation in Nerium oleander cell suspen-
sion culture (lbrahim et al., 2007). Arias, Zapata, Rojano, and Arias
(2016) studied the effect of different light wavelengths on cell bio-
mass accumulation, phenolic content, and antioxidant activity. The
results of this finding showed that phenolic content and antioxidant
capacities of light-treated cultures were lower than that of culture
treated in dark. However, total phenols were found between 7.21
to 9.46 mg gallic acid equivalent (GAE)/g of cell biomass extract for

all light conditions.

6.2 | Hairy root culture

In recent decades, hairy root culture has received renewed interest
all over the world. Secondary metabolite production using hairy
roots attributed to expression of tDNA from Ri plasmid of
Agrobacterium rhizogenes. Growth capacities of hairy roots are due
to the lateral root formation from the first day to 1 week
1993).
Sometimes, exogenously supplied auxin in trace amount is reported

(Maldonado-Mendoza, Ayora-Talavera, & Loyola-Vargas,

to increase both elongation and lateral branching (Hashimoto,
Yukimune, & Yamada, 1986). Several researchers have reported

long-term genetic stability of hairy roots during culture (Baiza,

Quiroz-Moreno, Ruiz, & Loyola-Vargas, 1999). In addition to growth,
hairy root culture has showed unique secondary metabolite produc-
tion abilities, which may not always be the same as that of plant
roots (Parr & Hamill, 1987). Besides that, hairy root culture can pro-
duce secondary metabolites that parallel with root growth. Hence, it
is possible to continuously obtain secondary metabolites during
hairy root culture, which is not possible with cell suspension cul-
tures (Holmes, Li, Green, Ford-Lloyd, & Thomas, 1997).

Hairy root culture has been successfully established for many
medicinally important plants. Among selected members of
Apocynaceae family, Catharanthus roseus and Rauvolfia serpentina
are only reported for Agrobacterium rhizhogenes-mediated gene trans-
fer in hairy root culture. Several reports are available on hairy root
culture of Catharanthus roseus and Rauvolfia serpentina for the pro-
duction of alkaloids. Bhadra, Vani, and Shanks (1993) reported indole
alkaloid producing hairy roots from seedling of Catharanthus roseus
through infection of Agrobaccterium rhizogenes strain 15834. The
same strain as well as strain A4 was used to produce alkaloids from
hairy roots of Rauvolfia serpentina. Thereafter, inventions on hairy
root culture from both the plants are continuously on. Sim, Chang,
Liu, and Jung (1994) reported production of catharanthine and
ajmalicine (67 and 30.2 mg/L) from fungal elicited and A. rhizogenes
(15834) infected hairy roots. The same compounds were also isolated
from 2-year-old transformed hairy roots of Catharanthus roseus. The
infection and elicitation respectively were carried out using
Agrobacterium rhizogenes strain 1855 and methyl jasmonate, fungal
homogenates of Aspergillus sp. and Trichoderma sp. Later, production
of catharanthine using NO elicitation (Zhou, Zhu, Shao, Wu, & Tang,
2010) and terpenoidal indole alkaloids (ajmalicine and serpentine)
have also been reported from hairy roots of Catharanthus roseus
(Batra, Dutta, Singh, Kumar, & Sen, 2004). Three new sarpagine
group monoterpene alkaloids were isolated from hairy root culture
of Rauvolfia serpentina (Sheludko, Gerasimenko, Kolshorn, & Stockigt,
2002). Recently, Hanafy, Matter, Asker, and Rady (2016) reported
maximum accumulation of vinblastine, vincristine, and catharanthine
in hairy root culture of Catharanthus roseus in full strength liquid
MS medium. Besides, a potential antimicrobial activity of these iso-
lated compounds was reported against tested Gram-positive bacteria,
fungi, and yeast.

6.3 | Plant endophytes

Endophytes are the microorganisms that colonize inside the host plant
tissues without causing any harm to them (Bacon & White, 2000).
Endophytes mostly establish a symbiotic relationship with their plant
host, but some act as parasites, and these complexities are varied
among hosts and microbes (Verma, Kharwar, & Strobel, 2009). During
their association with the host plants, they produce similar phytochem-
icals as that of their host plants (Puri, Verma, Amna, Qazi, & Spiteller,
2005). Hence, there are huge possibilities to explore endophytic micro-
organism for production of bioactives in a sustainable manner. Sustain-
able secondary metabolites production can be achieved after
successful isolation of endophytic microorganism followed by its mass
cultivation.
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A plethora of secondary metabolites have been isolated from
endophytic microorganisms. Among these, fungi are the most widely
(2005)
epoxycytochalasin derivatives and xylobovide from endophytic fungi

explored group of endophytes. Hundley isolated
(genus Xylaria) of Alstonia scholaris. The isolated compounds were
reported for in vitro cytotoxic activity against HeLa cancer cells. The
anticancer metabolite vincristine and vinblastine were isolated from
Fusarium oxysporum, an endophytic fungus of Catharanthus roseus
(Kumar, Patil, Rajamohanan, & Ahmad, 2013). The culture filtrate
(1 L) yielded 67 and 76 pg vincristine and vinblastine, respectively.
Besides that, endophytic Penicillium sp., Colletotrichum gloeosporioides,
and Aspergillus awamori have been isolated from Rauvolfia serpentina
(Nath, Chattopadhyay, & Joshi, 2015). The extract obtained from cul-
ture filtrates of these endophytes revealed the dominant presence of
phenolic compounds, steroids, and flavonoids. Further, these extracts
exhibited strong antimicrobial, antioxidant, and hypocholesterolemic
activities. Huang, Cai, Hyde, Corke, and Sun (2007) isolated more than
15 endophytic fungi from Nerium oleander, and the culture filtrate was
studied for antioxidant activity. Among all these isolates, Chaetomium
sp. contained the maximum phenolics and showed strong antioxidant
activity. Further, Carissa carandas is another potential member of
Apocynaceae family, which is reported for the presence of various bio-
active compounds in different parts. A total of 126 endophytic fungi
from 12 different genera were isolated from the leaves of Carissa
carandas (Tenguria, Firodiya, & Khan, 2012), but bioactive secondary

metabolites from these fungi are yet to be described.

7 | MICROPROPAGATION: A STRATEGY
FOR CONSERVATION OF APOCYNACEAE
PLANTS

Tissue culture is based on the theory of totipotent ability of the plant
cell to regenerate the entire plant from explant tissue. Nowadays,
medicinal and aromatic plants are the main objects for in vitro propaga-
tion and large-scale production of secondary metabolites with pharma-
ceutical, food, and cosmetic applications (Karuppusamy, 2009). Due to
overutilization of medicinal and aromatic plants for commercial pur-
pose, many species are already extinct and remaining are under the
endangered category. Micropropagation is considered as the best solu-
tion for the conservation of elite genotype of plants. Successful shoot
tip/meristem culture, lateral bud culture, and somatic embryogenesis
can lead to conservation of plant genotypes. The formation of bud
from explant of tobacco led to the discovery of kinetin and many func-
tional cytokinins (Miller & Skoog, 1953). Somatic embryogenesis for
carrot explant using coconut milk as a source of nutrient was reported
(Steward, 1958). Single cell by somatic embryogenesis has potential to
regenerate entire plant due to the totipotent ability of cell. Embryo-
genesis and organogenesis from pollen culture of datura anthers were
studied by Forster, Heberle-Bors, Kasha, and Touraev (2007).

Due to overexploitation, many species of family Apocynaceae are
on the verge of extinction and conservation efforts are urgently needed.
Clonal propagation has already been used for conservation of a few
plants. The plants such as Holarrhena antidysenterica and Carissa

carandas bear various bioactivities, and they are slow growers, and seeds

of these plants have limited viability and poor germinability. The seeds of
Carissa carandas are quite delicate and need to be sown immediately
after they are picked up from the fruit. The seeds of these plants also
cannot be preserved for a longer duration. Attempts of preservation
led to loss of their germination ability. In vitro propagation of Holarrhena
antidysenterica using plant growth regulators in solid MS medium was
also reported (Kumar, Sharma, & Agrawal, 2005; Mallikarjuna &
Rajendrudu, 2007). Plant growth regulators (PGRs) employed were 6-
Benzylaminopurine (BAP), kinetin, 1-Naphthaleneacetic acid (NAA),
Thidiazuron (TDZ), and adenine sulphate for multiple shoot induction
from nodal cuttings of the wild plant. Similar attempts have been made
for the propagation of Carissa carandas using shoot apex and nodal part
(Hasmah, Bhatt, & Keng, 2013; Imran, Begum, Sujatha, & Mallaiah, 2012;
Rai & Misra, 2005). Some reports are available on in vitro propagation of
Rauvolfia serpentina (Sarker, Islam, Islam, Hoque, & Joarder, 1996) and
Nerium oleander (Botelho et al., 2017; Vila et al., 2010). Among them,
Nerium oleander was propagated for ornamental purpose because some
members of this family are garden plants. More combinations of PGRs at
increased concentrations were used in earlier studies for in vitro propa-
gation, which ultimately enhanced the production cost. Hence, there is a
need to use alternate and economical source of PGRs to reduce produc-
tion cost as well as to get maximum shootlet production in lesser time.
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Abstract

Bioconversion of three different agro-residues (groundnut shells, pigeon pea husk and wheat straw) was studied using
endophytic fungi with a view to increasing the nutritive value and to evaluate its feasibility as poultry feed. An endo-
phytic fungal isolate obtained from Celastrus paniculatus, effectively biotransformed selected agro-residues in solid
state fermentation. After 21 days incubation, isolate CPL-1significantly altered the nutritional values of all tested agro-
residues. Cellulose, hemicellulose, and lignin content were significantly reduced (P < 0.05) whereas, total carbohydrates
were significantly increased in the biotransformed waste as compared to untreated residues. Of the three agro-residues
studied, the groundnut shells were found to have maximum carbohydrate content (13.92+0.7 g/100 g) after the treat-
ment. Similarly, the total crude protein and total nitrogen contents of the treated waste were also significantly improved
(P<0.05) as a function of treatment with the isolate CPL-1 with their highest contents (24.95+ 1.4 and 15.53+1.2 g/100
g, respectively) recorded in the treated groundnut shells. The isolate CPL-1 was identified as Colletotrichum spp. based
on the morphology. The tannins and phytate contents were found to be significantly lower (P <0.05) in the processed
wastes. Application of treated agro-residues in poultry diets revealed that the biotransformed groundnut shells and
pigeon pea waste can be added up to 20 and 10%, respectively to the commercial poultry diet used in the study without
any adverse effects. The results showed that the treated residues of groundnut shells can be used as a partial substitute
to the conventional poultry diets as they are rich in enzyme phytase and other nutrients and have good digestibility.

Keywords Bioconversion - Agro-residues - Endophytic fungi - Crude protein - Poultry diet

1 Introduction

Feed is the most important factor in the poultry business
which constitutes around 70% of the total production
cost [1]. A number of ingredients are used to formulate
the poultry diet. It mainly uses maize and soybean meal as
the carbon and protein source, respectively. Several coun-
tries use other grains such as wheat, sorghum, canola and
sunflower meal as well as animal-derived protein ingre-
dients like fish and meat meal [2]. Mineral supplements
play a vital role in the development of poultry. Poultry,
being the monogastric animal, cannot fully assimilate the

inorganic supplements which are provided in the form of
calcium and phosphorus supplements that includes dical-
cium phosphate, rock phosphate and bone meal [3]. The
increasing cost and decreasing feed production are the
major hurdles in the progress of poultry industry in the
developing countries. Moreover, diversion of food grains
such as maize and sorghum from feed market to ethanol
production has dramatically increased their cost globally
[4, 5]. Therefore, there is the urgent need to use alterna-
tive feedstuffs and look into the possibilities of biocon-
version of agro-residues into feed in a sustainable way.
Globally, 140 billion metric tons of lignocellulose biomass
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is generated every year from agriculture. India, being the
agro-based country, the huge amount agro-wastes has
raised the challenge to dispose or reuse this biomass. Min-
istry of New and Renewable Energy (MNRE 2009), Govt. of
India estimated that about 500 Mt of crop residue is gen-
erated every year. These wastes are usually destroyed by
burning that create environmental pollution [6]. Cellulose,
hemicellulose, and lignin are the major polymers present
in agro-residues which are used as a cheaper feed source
for ruminants. However, digestibility of these polymers is
the major concerns for their utilization as feed especially
in a monogastric animal such as poultry. Thus, bioconver-
sion of these complex polymers into readily available sim-
ple sugars and amino acids using endophytic fungi can
significantly increase the digestibility and palatability of
the agro- residues. Moreover, utilization of such waste for
poultry feed cannot only reduce feed cost of the poultry
farming but also reduce the environmental pollution.
The conversion of lignocellulosic biomass into digestible
carbohydrates is biologically feasible and can be easily
adopted for bioconversion of agricultural wastes. The
world over, attempts have been made for bioconversion
of agricultural residues into value-added products such as
pulp, animal feed, poultry feed and biofertilizer through
the action proteolytic and lignin-degrading enzyme
secreting microorganisms such as bacteria and fungi [7].
Although significant scientific work has been undertaken
in this direction, no efforts made to develop and scale up
the process for the production of valuable end products
such as poultry feed using the endophytic fungi. Endo-
phytic microorganisms multiply inside the living tissues
of the plant without causing any negative effect on their
host. Biotechnological potential of a number of endo-
phytic fungi is well established [8]. In the present work, we
made an attempt to isolate, identify and evaluate biocon-
version potential of phytase producing endophytic fungal
isolates obtained from Celastrus paniculatus. The study also
evaluated the nutritional quality of the biotransformed
residue and evaluated its suitability as substitute for com-
mercially used poultry feed in broiler chicken.

2 Materials and methods

2.1 Source of endophytic fungi for bioconversion
studies

Endophytic fungi were isolated from the symptomless
parts of C. paniculatus like leaves and twigs. Plant speci-
mens were collected from Toranmal forest, MS, India (1115
m AMSL, 21.26° N, 74.09° E and 21.26° N, 27° E) India. The
mature and healthy plant specimens were brought safely
to the laboratory and processed immediately to reduce

the risk of contamination. Plant material was thoroughly
washed with running tap water and air dried in laminar
flow hood. Washed tissues of leaves, bark, and twigs were
surface sterilized using 0.5% sodium hypochlorite (vol/vol)
for 5 min followed by 70% ethanol (vol/vol) for 3 min, and
finally rinsed with sterile distilled water 5 times. After sur-
face sterilization, the samples were air dried under laminar
flow hood. The samples were cut into small pieces (approx-
imately 0.5 cm x 0.5 cm) with the sterile scalpel. A piece
of inner tissue (0.5 cmx 0.5 cm) was placed aseptically
on the surface of sterile water agar plates and incubated
at 25 °Cfor 12 h dark and light cycle until fungal hyphae
emerge out of plant tissue. After incubation of 10 to 15
days, fungal hyphae were observed. Individual hyphal tips
were removed from the plate and aseptically transferred
onto fresh sterile potato dextrose agar (PDA) medium
supplemented with chloramphenicol (40 ug/mL) to avoid
bacterial contamination [9]. Plates were incubated for 1 to
2 weeks at 25 °C to obtain a pure culture of fungi. Isolated
endophytic fungal cultures were designated a code based
on the plant sample from where they were isolated. All
the isolates were maintained by subculturing at monthly
intervals and stock cultures were preserved at 4 °C. From
actively growing a stock culture, sub-culturing were made
on fresh slants and after 7 to 8 days of incubation at 25 °C
these were used as starting a culture for identification as
well as for bioconversion studies.

2.2 Screening for phytase production

The isolated strains of the endophytic fungi were screened
for their ability to produce phytase. The screening was car-
ried out by growing the isolated fungi on agar plates con-
taining (g/L) Dextrose 12; NH,NO; 4.0; MgSO,-7H,0 0.5;
KCl 0.5; MnSO,-7H,0 0.01; FeSO,-7H,0 0.03 and calcium
phytate 5 as a source of phosphorus (pH 5.5, after steriliza-
tion). The isolates producing clear halos were selected as
phytase producers. The isolates showing halos in the pri-
mary screening were subjected to secondary screening in
a shake flask culture. The sporal suspension was obtained
by scrubbing the pure culture with 5 mL of a sterile aque-
ous solution of 2% tween 80. Inoculum was developed by
inoculating 5 mL spore suspension (approximately 10°
spores/mL) in 250 mL Erlenmeyer flask containing 50 mL
seed medium containing (g/L) glucose 20; NH,NO; 5.0;
MgS0O,-7H,0 0.5; KCI 0.5; MnSO,-7H,0 0.01 FeSO,-7H,0
0.03 and calcium phytate 5. After the development of suf-
ficient biomass, 10% of inoculum was transferred to pro-
duction medium with the same composition. The pH of
the media was maintained at 5.5 (after sterilization). The
fermentations were carried out at 30 °C and 150 rpm on
a rotary shaker (Steelmate Novatech, Pune, India) in a 500
mL shake flask containing 150 mL of production medium.
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At the end of the process, fungal biomass separated by
centrifugation, dried and the clear supernatant was used
for determining the enzyme activity.

2.3 Bioconversion studies of various agro-wastes
using phytase positive endophytic isolates
in solid state fermentation (SSF)

Different agricultural wastes were collected from nearby
farms of Shirpur city. The agricultural wastes selected for
the study included wheat bran, pigeon pea husk and shells
of groundnut. The good quality, low-density agro-residues
of the selected crops were washed thoroughly with boiling
water; sun dried and pulverized using to obtain particles
of 4 to 5 cm size. Flat glass bottles (18 cmx 7.5 cm) with
a volume of 350 mL were filled with 15 to 20 g of respec-
tive agro-residue and sterile distilled water was added
to achieve different moisture levels (50%, 60%, 70% and
80%). Large scale bioconversion studies were carried out
using shallow bamboo trays. The baskets were filled with
pre-washed; sun dried and pulverized agro-residues of
the selected crops. The solid matrix was supplemented
with 2% ammonium nitrate and glucose as nitrogen and
carbon source, respectively. Spore suspension (102 spores
per gram of solid matrix) of the bioassay positive test fungi
was inoculated aseptically onto the surface of the solid
matrix. The bottles were incubated at 30 °C for 3 weeks
and the growth of fungi was monitored. After 3 weeks, the
bioprocess was terminated and the nutritional parameters
of the processed material were determined.

2.4 Determination of nutritive value
of agro-residues before and after bioconversion

Cellulose, hemicellulose, and lignin were determined as
per the methods described by Huang et al. [25]. Total N
was determined by the Kjeldahl’s assay. Total protein con-
tent was determined by precipitation of washed sample
with trichloracetic acid (TCA) followed by the Kjeldahl’s
assay. The nitrogen (N) content was calculated from the
titer value and the crude protein was obtained by multi-
plying the N content by a factor (N x6.25). A blank deter-
mination was carried out simultaneously. Tannins were
determined as per the previously reported spectrophoto-
metric method [10]. The phytate content was measured by
ferric chloride assay. Standard ferric chloride precipitates
phytate in acidic conditions [11]. The mineral (Ca, Fe, Cu,
Zn, Mg, and Co) contents were determined on aliquots
of the solutions of the ash by established atomic absorp-
tion spectrophotometer procedures using a Perkin-Elmer
atomic absorption spectrophotometer (model 372), while
Na and K were analyzed with a flame photometer. Dry
weight (DW) was determined gravimetrically by drying at

105 °C to a constant weight. Total carbohydrates and total
fats were measured as per the methods of analysis of the
AOAC International [12].

2.5 Animal feed, feed preparation using fermented
biomass and poultry trials

A commercially available broiler feed (SKM Animal Feeds
& Foods Limited, TN, and India) was purchased from the
local market and used as a starter and basal diet for broiler
chickens. Broiler Starter-Crumble Broiler was used as the
basal diet for chicks of 0 to 4 weeks of age. Whereas, Broiler
Finisher-Mash Broiler was used in the young chickens from
4 to 6 weeks as per the manufacturer’s recommenda-
tions. The test diets (starter and finisher) were prepared
by supplementing the standard basal diet with 5% and
20% (wt/wt) of fermented biomass. The poultry trials were
conducted using 600 one-day-old white broiler chicks up
to 6 weeks of age at Wathoda Poultry Farm, Shirpur, MS,
India. The birds were divided into 4 groups (n=100). Group
A birds were fed standard diets supplemented with 5%
fermented biomass. Groups B and C chickens were fed
the basal diet plus 10% and 20% fermented biomass,
respectively. Group D served as a standard control which
received normal basal and finisher diet as per manufac-
turer’s recommendations. Birds were housed in the poultry
farm and were exposed to light 24 h a day. The feed and
water were provided ad libitum and the animals were vac-
cinated as per the schedule.

3 Results
3.1 Endophytes isolation and preliminary screening

Total 18 strains of endophytic fungi were isolated from
the various parts of C. paniculatus. The isolates were des-
ignated by different codes and were maintained at 4 °C. All
the isolates were subjected for preliminary screening to
evaluate their phytase activity and bioconversion potential
in solid state bioprocess. Based on their potential in the
screening experiments, 2 isolates were selected for bio-
conversion studies.

The phytase activity screening using calcium phosphate
containing agar plates relies on the formation of clear
halos as an indicator of phytase activity [13, 14]. Accord-
ing to the phytase screening test, one of the isolate-CPL-1,
identified as Colletotrichum spp. produced extracellular
phytase resulting in the formation of the clear zone on
a calcium phytate-containing agar plate. Another isolate
obtained from the same plant, designated as CPBA-2
and identified as Togninia spp. did not showed a signifi-
cant zone of clearance though it showed considerable
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bioconversion potential. The phytase production ability
of CPL-1 was also checked in liquid media. The growth of
isolate-CPL-1 in phytate-containing media was found to
be comparable to a negative control lacking phytate in the
cultivation media. The results demonstrated that isolate-
CPL-1had the ability of extracellular production of phytase
when cultivated in submerged cultures. The phytase activ-
ity of isolate-CPL-1 was found to be 0.89 and 0.24 U/mL.
Figure 1 represents the colonial morphology and micro-
scopic structure of sporangium of the two selected iso-
lates. Isolate CPL-1 and CPBA-2, obtained from a leaf and
bark tissue of C. paniculatas were identified as Colletotri-
chum spp. and Togninia spp. respectively based on their
morphological characters. Therefore, based on the results
of the screening studies, both the isolates-Colletotrichum
spp. and Togninia spp. were selected due to stronger deg-
radation ability of cellulosic and hemicellulose waste. Both
the strains grew on tested raw agro-wastes such as wheat
straw, groundnut shells, and pigeon pea waste when cul-
tivated in SSF for 3 weeks and significantly transformed
the waste residue (Fig. 2). It was observed that the mois-
ture content of the matrix has a profound effect on the
growth of the test fungi and the bioconversion of residue.
The maximum growth was observed at 70% moisture level
and the lowest at 50% for both the isolates. The insuffi-
cient moisture level may alter the physical properties of

Fig. 1 Isolate CPL-1 Colletotri-
chum spp. (a) and structure
of hyphae (b). Isolate CPBA-2
Togninia spp. (c) and structure
of sporangium (d)

the solid substrate thereby affecting the growth of mycelia
[15]. On the other hand, a higher than optimum moisture
level reduces oxygen transfer and impedes fungal growth
[16]. Both the endophytic isolates could produce large
amounts of extracellular cellulase and hemicellulase in
the SSF process that resulted in excellent growth on cel-
lulosic residue.

3.2 Nutritive value of bioprocessed residues

The proximate composition of the agro-residues before
and after fermentation using Colletotrichum spp. and
Togninia spp. is shown in Tables 1 and 2, respectively. The
results reveal that Colletotrichum spp. have better bio-
conversion activities as compared to Togninia spp. Colle-
totrichum spp. mediated process significantly altered the
nutritional values of all tested wastes. Cellulose, hemicel-
lulose, and lignin content were significantly reduced in the
bio-transformed waste as compared to untreated residues.
On the other hand, total carbohydrates were significantly
increased all treated waste with groundnut being the best
with maximum g carbohydrates (13.92+0.7 g/100). Total
crude protein and N content of the treated waste were
significantly improved. Crude protein and N content were
the highest (24.95+ 1.4 and 15.53+ 1.2, respectively) in the
bio-transformed groundnut shells using Colletotrichum
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Fig.2 Growth of endophytic isolates in various agro-wastes in solid state fermentation (a). The agro-residue after bioconversion (b)

Table 1 Proximate

. Parameter Unfermented waste Fermented waste

composition of the treated

and untreated wastes on dry Wheat Pigeon pea Groundnut Wheat Pigeon pea  Groundnut

matter basis (/100 g) using

isolates CPL-1 Colletotrichum Cellulose 3480+1.2 2265+14 645+25 20.2+1.1 13.23+0.8 30.2+2.1

spp Hemicellulose 2236+09 18.20+09 11.2+0.5 122+08 9.90+0.6 8.2+04
Lignin 15.58+0.7 10.23+0.5 12.2+04 10.23+0.5 8.2+0.4 8.2+0.5
Crude protein 345+0.2 84105 4.35+0.2 10.20+0.8 1641+1.2 2495+14
Total carbohydrates 1.32+0.1 732+03 732103 10.22+0.6 11.32+0.7 13.92+0.7
Nitrogen, % 6.23+0.2 821+0.2 7.23+03 1420+0.9 13.21+1.1 15.53%1.2
Total fat 222+02 6.22+02 9.32+04 6.20£0.2 9.22+0.24 832+0.8
Ash 523+0.2 1.95+02 2.01%0.1 52+0.2 295+0.32 3.06%£0.7
Tannin and phytate content, ug/100 g of waste
Tannins 702+10.1 665+09.1 454+08.1 502+11.1 589+09.9 314%07.1
Phytate 200+07.1 611+£10.5 465+09.1 175+£05.1 298+05.5 303+08.3

Values are means of 3 replicates +SD. Statistical significance between treated and untreated waste was
evaluated using Student’s t test. P<0.05 was considered the statistically significant difference between

treated and untreated waste

spp. The tannins and phytate content was also found to
be altered significantly when the waste was subjected
for bioconversion using Colletotrichum spp. (Table 1). The
phytate is responsible for chelating divalent cations such
as Ca, Fe, Mg, and Zn, which leads to a dietary deficiency
of these important minerals and ultimately retards the
growth of animals. The phytate content of the fermented
sample was reduced significantly as a result of microbial
bioconversion.

Tannins impart a dark color to the waste whereas the
phytate is known for its anti-nutrient effect as they che-
late various metal ions such as Ca*?, Mg*?, Fe*?, and Zn*2.
Moreover, poultry birds are unable to metabolize the
phytate and therefore it has to be supplied in the form

of inorganic phosphate through diet to avoid phosphate
deficiency in these animals. Therefore, phosphate utili-
zation in these animals can be improved using the feed
rich with microbial phytase. The endophytic fungi in our
studies produced phytase thereby reducing the phytate
content and ultimately reduced its anti-nutrient effects.

3.3 Poultry trials using supplementation
of bio-transformed waste

Based on the obtained results of the nutritional evalu-
ation, groundnut shell waste was found to have a high
nutritional value and hence the treated groundnut shells
waste was selected for poultry trials. The suitability of the
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treated groundnut waste as feed was evaluated on broiler
chickens (Fig. 3). The commercial poultry diet was supple-
mented with 5%, 10% and 20% of fermented biomass and
its effect on body weight; feed conversion ratio and feed
consumption behavior of broiler chickens were evaluated.

The data on the effect of a diet supplemented with
5%, 10% and 20% of fermented biomass on body weight
of the chickens is shown in Table 3. No significant

difference (P < 0.05) was observed on the body weight
of test groups animals fed with different test diets. The
highest body weight (1930.3 +5.89 g) was achieved
when the broilers were fed with feed supplemented with
20% fermented biomass. The body weight gain at the
end of the study was even better (1920.3+6.41 g) than
the test group fed with the standard diet. The pattern of
weight gain of all test groups (groups A, B, and C) was

Table 2 Proximate

o Parameter Unfermented waste Fermented waste

composition of the fermented

ground shells wastes on dry Wheat Pigeon pea Groundnut Wheat Pigeon pea  Groundnut

matter basis (g/100 g) isolate

CPBA-2 Togninia spp. Cellulose 3480+1.2 2265+14 645125 29.2+1.6 19.21+£0.9 41.2+3.1
Hemicellulose 22.36+09 1820+0.9 13.2+£0.6 13.2+0.7 10.90+0.7 7.2+04
Lignin 15.58+0.7 10.23+0.5 12.2+04 11.23+£0.5 79104 8.8+0.5
Crude protein 3.45+0.2 841+0.5 4.35+0.2 6.45+£0.4 1542+1.2 09.20+0.5
Total carbohydrates 1.32+0.1 732+03 7.32+03 11.22+0.8 10.32+0.7 10.42+0.9
Nitrogen, % 6.23+0.2 8.21+0.2 7.23+0.3 10.32+1.2 11.21+1.2 10.29%+0.7
Total fat 2.22+0.2 6.22+0.2 932104 520104 7.21+£0.25 6.32+09
Ash 5.23+0.2 1.95+0.2 2.01+0.1 1.2+0.8 256+040 2.26%0.8
Tannin and phytate content, ug/100 g of waste
Tannins 702+10.1 665+09.1 454+08.1 658+10.8 611+£09.1 398+07.1
Phytate 200+£07.1 611105 465+09.1 195+07.1 5907+11.8 445+09.8

Values are means of 3 replicates + SD. Statistical significance between treated and untreated waste was
evaluated using Student’s t test. P<0.05 was considered the statistically significant difference between
treated and untreated waste

Fig.3 a Large-scale biocon-
version of groundnut waste
using in bamboo trays; b
bioprocessed waste

Table 3 Body weights (g) of

broiler poultry fed with 5%, Age of birds Groups

10% and 20% (w/w) fermented A B C D (control)

biomass
24hold 37.8+2.09 38.2+1.09 37.8+£2.09 37.2+2.12
1st week 150.5+3.14 120.5+2.14 150.5+3.14 151.5+£3.22
2nd week 385.6+3.28 312.6+3.18 385.6+3.28 395.6+4.21
3rd week 751.3+4.23 690.3+4.33 751.3+4.23 745.3+4.89
4th week 1002+4.55 1012+£4.15 1002+4.55 1020.5+5.55
5th week 1590.5+5.96 1568.5+5.23 1590.5+5.96 1690.5+6.33
6th week 1910.3+5.89 1901.3+6.78 1930.3+5.89 1920.3+6.41

Values are means of three replicates +SD
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also found normal and it was consistent with the stand-
ard group (group D).

The feed consumption profile of the broiler chickens
fed with 5%, 10% and 20% (wt/wt) of bioprocessed mate-
rial is represented in Table 4. No significant difference was
observed in feed consumption in the groups given dif-
ferent dietary treatment. Feed consumption was slightly
decreased as the percentage of fermented biomass con-
centration is increased. The lowest feed consumption
(3529.92 +4.55) was noticed when the finisher diet sup-
plemented with 20% bioprocessed waste (Table 5). Moreo-
ver, the feed conversion rate was found to be improved
when the animals were fed diets supplemented with 15%
of bio-transformed agro-wastes. No significant difference
was observed in the feed conversion rate of the test birds
at the tested percentage.

4 Discussion

Use of cheaper agro-residues as a feedstuff in the poul-
try diet has the potential not only to support the poultry
business economically but it will also enhance the envi-
ronmental sustainability. A number of agro-wastes have
been evaluated for their suitability as poultry feed with
varying success [17]. Portsmouth et al. [18] obtained sat-
isfactory growth of chickens fed on diets containing 2.5%
feather meal but failed with 5%, while Thomas et al. [19]
obtained satisfactory performance with 7% feather meal.
The processed material of groundnut in our study showed
excellent palatability in broiler chickens. The proximate
chemical analyses data reveals that the nutritive value of
groundnut waste is improved after fermentation using
Colletotrichum spp.

The mycelial growth and enzyme action during the SSF
break down the complex polysaccharides into simple hex-
oses which are less complex structures and easily degra-
dable [20]. Therefore, bioprocessed groundnut shells have
improved the nutritional value of the test diet, suggesting
that they can be potentially be used for supplementing
the poultry feed.

Table 5 Feed conversion ratio of broiler fed with 5%, 10% and 20%
(wt/wt) fermented biomass

Age of birds Groups
A B C D (control)

1st week 1.09 1.09 1.07 1.07
2nd week 1.19 1.25 1.19 1.14
3rd week 1.40 1.49 1.38 1.44
4th week 1.67 1.61 1.56 1.63
5th week 1.89 1.83 1.78 1.77
6th week 1.98 1.95 1.89 2.60

The crude protein content found to be doubled in the
treated waste. The increase in crude protein may be due to
release mycelial proteins of the fungi or the degradation of
complex polysaccharides to form single cell protein (SCP)
by the growing fungus during the fermentation process
[21]. Secretion of extracellular enzymes such as pectinases,
xylanases, cellulases and amylases by the fungus for uti-
lization of the complex polysaccharides may responsible
for increased protein content of the bioprocessed material
[22-24]. The decrease in tannin and phytate content of the
waste material may be due to phytase producing ability of
the test fungi.

Total carbohydrates were also found to be increased
indicating the release of hexoses as a function of produc-
tion of extracellular protease by the Togninia spp. No sig-
nificant decrease was reported in the tannins and phytate
content in all three treated residues. The findings of the
study demonstrated the economic and environmentally
benign bioconversion of solid agro-residues into economi-
cally important products such as poultry feed using the
endophytic microorganisms in SSF. Endophytic fungi used
in the present study effectively transformed the cellulose
and lignin-rich waste into simple hexoses. It appears that
biological transformation of agro-waste using the endo-
phytic fungi is economically feasible and can be easily
adopted for bioconversion of agricultural wastes.

India is the agriculture based country where disposal of
agro-wastes is the huge challenge. Thus, utilization of such

Table 4 Feed consumption of

broiler fed with 5%, 10% and Age of birds Groups

20% (w/w) fermented biomass A B C D (control)
1st week 181.23+3.47 180.21+3.19 179.37+2.81 185.04+3.23
2nd week 512.12+2.23 520.06+3.55 562.02+3.60 538.35+3.17
3rd week 1010.33+4.89 1133.42+4.19 1120.53+3.97 1042.51+£4.30
4th week 1789.71+£3.92 1791.37+4.51 1793.26+4.39 1855.17+£3.98
5th week 2867.09+3.95 2799.23+3.49 2857.77 £4.59 2902.06+£3.74
6th week 3586.21+4.42 3632.21+£3.35 3529.92£4.55 3556.24+3.21

Values are the mean SD + of 10 observations
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waste by bioconversion can be a sustainable approach
because the recycling and reduction of waste can reduce
environmental pollution as well as it will reduce our depend-
ence on conventional food grains as animal feedstuff.
Although significant scientific work has been undertaken
in this direction [17, 26] there have been no efforts made to
develop and scale up the process for the production of valu-
able end products such as poultry feed using endophytic
fungi. Findings of this study are a step forward in commercial
exploration of endophytic fungi.

5 Conclusions

Fungal bioconversion of agro-residues improves their
nutritional and energy profile. Both the endophytic fungi
are able to transform the selected agro-residues into the
digestible hexoses and significantly improved the protein
and nitrogen content. The bio-transformed groundnut shell
waste has highest total proteins, total carbohydrates, and
digestible fats. Moreover, the phytate and tannin content
was significantly lowered. Thus, the bioprocessed agro-res-
idue using endophytic Colletotrichum spp. can be used as
a partial substitute for energy and protein in poultry diet,
especially in the countries where these products are grown
and are widely available. The inclusion percentage of the
supplement in this study will significantly reduce the use of
conventional feed ingredients in poultry diet and ultimately
reduce the cost of poultry diet. However, better understand-
ing and more study on palatability, digestibility and feed
intake are needed for increasing the inclusion percentage
of bio-transformed waste into poultry diet is needed.
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six indigenous medicinal plants. PL catalyzes absorption and hy-
drolysis of triglycerides into di-glycerides into mono-glycerides
and free fatty acids. PL inhibitors are well-known for the disrup-
tion of pancreatic lipase activity. The quest for novel pancreatic
Pancreatic lipase Citrus lemon lipase ?nh.ibitors is crucially impmjtant owing to their t.herf‘ipeutic
Withania somnifera, endophytic fungi potential in the treatment of obesity and related chronic diseases.
TLC bio-autography The present dataset provides information about the presence of
endophytic fungi in the internal tissues of selected plants and the
PL inhibitory potential of their metabolites using bioassay based
screening. Absence of the yellow zone surrounding the standard
Orlistat and test extract indicated PL inhibition due to the cumu-
lative effect of metabolites present in the extract. The data suggests
that TLC bio-autographic method is simple, rapid and reproducible
and therefore it could be effectively used for high throughput

screening of PL inhibitors from natural sources.
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Specifications Table

Subject area Biology

More specific subject area Secondary metabolites and enzyme inhibition

Type of data Tables and figures

How data was acquired TLC Bio-autography on silica gel 60 F354 25 x 25 cm plates (Merck, Germany) using Spraylin
automatic sample applicator (Aetron, India).

Data format Analysed

Experimental factors The endophytic fungi were isolated from the differnet tissues of various indigenous
medicinal plants and cultivated at shake flask. Metabolites were extracted using ethyl
acetate.

Experimental features Inhibitory effects of extracts of endophytic fungi against PL

Data source location North Maharashtra, MS, India. (21.26°N and 75.11°E). Data analysis: Shirpur, MS, India

Data accessibility The data is available with this article.

Value of Data

e The dataset can be useful in the field of rapid throughput screening of fungal extracts for the presence of enzyme
inhibitors.

e The data provides in vitro validation for significant PL inhibitory effect, which is an important target for the development
of anti-obesity lead compounds.

o This data may suggest further studies on the detailed characterization of PL inhibitors from endophytic fungi for possible
future therapeutic application.

1. Data

The data summarized in Table 1 lists the percent inhibition of PL by inhibitors present in crude
extract of endophytic fungi isolated from their host plant. A total of eighteen fungal endophytes were
isolated from the different parts of the selected plants. Data shown in Fig. 1 represents inhibition of PL
by extracts of endophytes using phenol red olive oil agar method. Complete absence of yellow halo
surrounding standard, Orlistat well and extract of CLL-2 showed complete inhibition of pancreatic
lipase by the metabolites present in the test extract. However, partial inhibition was seen in the well
containing the extract CLL-1. Tube assay in Fig. 2 showed a dose dependent PL inhibition by the selected
extract. Color intensity in the tube 2—6 in (Fig. 2) changed from pink to red as function of inhibition of
PL. Data shown in Fig. 3 represents TLC bio-autography based screening of fungal extract for PL inhi-
bition. In order to confirm the effectiveness of enzyme assay, extract of endophytes was screened for
pancreatic lipase inhibition by modifying TLC bio-autographic method. This modified method is rapid
and a large number of samples can be screened in a single TLC plate in a shorter duration [1,2]. Change
in the colour of the plate from red to orange yellow indicated PL activity in the control while absence of
yellow halo indicates PL inhibition (Fig. 3).

2. Experimental design, materials and methods
2.1. Microorganisms and preparation of extract

Endophytic fungi were isolated from various tissues of the selected plants as per standard isolation
method [3]. After isolation, pure culture of each isolate was maintained on sterile potato dextrose agar
(PDA) medium as a stock culture at 4 °C.

The isolated endophytic fungi were grown on agar plugs [4]. After visible growth, the agar plugs
were crushed and metabolite extraction was carried out using ethyl acetate. All the crude extracts of
each isolated fungi were screened out for qualitative inhibition of pancreatic lipase by various methods.

2.2. PL inhibition assay: chromogenic olive oil plate method

The ethyl acetate extract of the test endophytes was screened for pancreatic lipase inhibitory ac-
tivity by chromogenic olive oil plate method. This method is based on change in the color of media due
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Table 1
Source of endophytic fungi and their lipase inhibitory potential.

Sr. No. Host plant Tissue Isolated endophytic fungi Lipase inhibition % inhibition
1 Citrus lemon Leaves CLL1 +++ 100
2 Leaves CLL2 + 50
3 Leaves CLL3 + 50
4 Bark CLB1 + 50
5 Bark CLB2 — Nil
6 Nerium oleander Leaves NOL1 + 40
7 Bark NOB1 - Nil
8 Withania somnifera Leaves WSL1 — Nil
9 Leaves WSL2 - Nil
10 Bark WSB1 4 100
11 Bark WSB2 - Nil
12 Aloe vera Leaves AVL1 —+ 40
13 Bark AVB1 — Nil
14 Bark AVB2 - Nil
15 Punica granatum Leaves PGL1 — Nil
16 Bark PGB1 - Nil
17 Catharanthus roseus Leaves CRL1 — Nil
18 Bark CRB1 ++ 60
19 Orlistat standard +++ 100

(120 mg/ml)

+-+-+: Complete inhibition, ++: Moderate Inhibition, +: Low inhibition, -: No inhibition. The values are average of triplicate

samples (n = 3).

The isolates designated with bold font show 100% inhibition of the PL. It for the purpose of readers’ attention only.

Fig. 1. Olive oil plate method for screening of endophytes, C: control; T1: test extract of CLL1; T2: test extract of CLL-2; S: Standard

Orlistat.

Fig. 2. Lipase assay in tube: 1: control, 2—6: crude extract of endophyte
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Fig. 3. TLC Bio-autography. (a) Control. (b) Test extract of endophytes. (c) Standard Orlistat.

to acid production as result of enzyme activity [5]. Plates of Olive oil agar were prepared and wells were
punched. Then, 100 pL of preincubated master-mix of porcine pancreatic lipase (PPL, 50 uL) and extract
(50 puL) of each endophyte was loaded in a well. The control well comprised of PPL preincubated with
distilled water instead of culture extract. Orlistat (120 mg/mL) were preincubated with PPL and used as
standard inhibitor of PPL. All plates were incubated at 37 °C for 24 hr.

2.3. Lipase inhibition assay using tube method

PPL enzyme (100 pL, 10 mg/mL) in phosphate buffer (pH 7.4) was preincubated with same volume of
the test extract and the Orlistat standard (1—-10 mg/mL) separately. Distilled water instead of test
extract or Orlistat was used as control. All tubes were incubated at 37 °C for 20 min. After incubation,
100 pL of substrate prepared in distilled water (pH 7.4) was added in each tube and again incubated at
37 °C for 20 min. After incubation, phenol red indicator (10 pL) was added to each tube and the tubes
were observed for the change in color. Assay was performed in triplicates.

24. TLC bio-autography

The aluminum coated TLC (silica gel Fa54 25 x 25 cm) sheets were used for TLC bio-autography. The
data was obtained by spotting test extracts and standard PL inhibitor, Orlistat (100, 50 and 10 pug/mL)
onto a separate TLC plate (2.5 x 10 cm). Ethyl acetate was spotted on another TLC sheet and used as
control plate. After complete drying of spots, Whatmann filter paper was impregnated with PPL so-
lution (10 mg/mL) in phosphate buffer (pH 7.4) was overlaid on the all spotted plates. All the plates
were incubated at 37 °C for 15 min for enzyme-inhibitor interactions. Substrate agar solution with few
drops of phenol red indicator was poured on the all plates after the filter paper was peeled off [6,7].
Thereafter, all the plates were incubated at 37 °C for 20 min for enzyme substrate reactions.

2.5. Data analysis

Data reveals formation of yellow halo due to the enzyme (PL) activity; whereas absence of yellow
halo surrounding the standard and test extract of endophytic fungus showed complete inhibition of PL
by the metabolites present in the test extract. A dose dependent inhibition of PL was observed in tube
assay. TLC bio-autographic data confirmed the presence of PL inhibitory metabolites in the test extract.
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ABSTRACT

Hyaluronidase (hyase) is a hyaluronic acid (HA) depolymerizing enzyme produced by many patho-
genic bacteria as a virulence factor to establish and spread infections. Present studies established
that a steroidal fraction (SF) isolated from leaves of Carissa carandas act as a strong hyase inhibi-
tor. The kinetic parameters involved in the inhibition of hyase by purified SF were studied and
compared with standard hyase inhibitor quercetin. The purified SF showed the highest inhibition
with an IC50 of 5.19 mM in comparison with a standard inhibitor, quercetin (IC50 8.63 mM). The
inhibition constant (Ki) of purified SF determined by Dixon plot was 8.32 mM, which was signifi-
cantly lower than that of quercetin standard. The kinetic behavior of enzyme hyase revealed to be
more complex than classical competitive and uncompetitive inhibition where inhibitor affects
both Km and Vmax. The inhibitor (I) favored the binding to the enzyme-substrate (ES) complex
where Km value appeared to decrease (Kmapp < Km). The inhibitor also leads to decrease in the
apparent maximum velocity of the enzyme-substrate reaction (Vmaxapp < Vmax). These results
signpost toward mixed nature of inhibition of enzyme hyase by purified SF. Anti-hyaluronidase
activity by a bioactive metabolite from C. carandas has not been reported so far and has high
therapeutic potential against spread of pathogen and its toxins in the host.

GRAPHICAL ABSTRACT

Introduction
enzymes capable of depolymerizing HA. They are ubiqui-

Microbial hyaluronidases (hyase, EC 4.2.2.1) are the glycosi-
dase enzymes capable of depolymerizing hyaluronic acid
(HA) present in the extracellular matrix. Hyases degrade
HA by cleaving the f-1, 4-glycosidic bond between N-ace-
tyl-D-glucosamine and D-glucuronic acid to produce disac-
charide units.!") A wide variety of microorganisms produce

tously distributed in nature and are found in mammals,
invertebrate animals, animal venoms, pathogenic fungi, bac-
teria and also bacteriophages.'

In humans, a ground substance present in connective tis-
sues provides a line of defense against pathogenic bacteria.
The viscous nature of such a substance usually acts as a

CONTACT Bhushan Chaudhari @ blchaudhari@hotmail.com @ Department of Microbiology, School of Life Sciences, Kavayitri Bahinabai Chaudhari North
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barrier for penetration of pathogens and their extracellular
products; however, some bacteria have adapted ways to
weaken the limits of connective tissues. Many pathogenic bac-
teria are able to establish and spread infections at the mucosal
or skin surface by producing the enzyme hyase as their poten-
tial virulence factor.!” This potent virulence factor of patho-
gen plays a pivotal role in several life- threatening diseases,
such as gangrene, meningitis, synovitis, hyperplasia, nephritis,
mycoplasmosis, periodontal disease, mastitis, pneumonia,
septicemia, syphilis, toxic shock syndrome, and wound infec-
tions.* ) HA is a major constituent of most connective tis-
sues, particularly in the skin, hyase acts as an important
weapon of pathogens facilitating their spread from an initial
site of infection. While the resulting disaccharides serve as an
important energy source for the pathogenic bacteria to grow
and spread the infection through tissues.”'”) Moreover, the
polymer HA plays an important role in immune system func-
tions.!"!! The breakdown of HA by the hyases of pathogenic
organisms may lead to the modulation of immune system,
facilitating the growth of pathogens in the host.”!

The microorganisms capable of producing enzyme hyase
include various species of Streptococcus, Staphylococcus,
Peptostreptococcus, Propionibacterium, and Clostridium.!'*™*")
While it has also been reported in different species of
Candida, including C. albicans, C. krusei, C. tropicalis, C.
parapsilosis, and C. guillermondii.'® The fungal strains of
Penicillium sp. (P. funiculosum, P. purpurogenum),'”)
Streptomyces sp., Pseudozyma aphidis, Cryptococcus lauren-
tiil'® were reported for the production of enzyme hyase.
The invertebrates like leeches (Hirudo medicinalis,
Nephelopsis obscura, Desserobdella picta and Glossiphonia
complanata),“g] spiders (Vitalius dubius, Loxosceles interme-
dia and Hippasa partita),*>*") social wasp (Polybia pau-
lista),!?*! honey bees (Apis dorsata and Apis mellzfem),[m
scorpions (Palamneus gravimanus and Buthus martensi)>**"!
also produce hyase. The causative agent of syphilis -
Treponema pallidum and Treponema pertenue are also
reported to produce hyase.*®’ The veterinary pathogens,
Streptococcus uberis and Streptococcus dysgalactiae that cause
mastitis have also shown the synthesis of hyaluronidase.!*”~*"!
Recently, hyases were reported as important virulence factors
of Group B Streptococcus (GBS) involved in ascending vaginal
infections in pregnant women leading to increased fetal inju-
ries, preterm birth defects, and fetal demise.**>"!

In view of combating such life-threatening bacterial infec-
tions, there is an urgent need to develop exceptional thera-
peutic strategies against bacterial infections.*?! Anti-
virulence therapeutic agents could be developed against bac-
terial infections; since HA is a major constituent explicitly
targeted by hyase.[*1*333°

In the present study, the plant Carissa carandas (Family:
Apocynaceae) was used since it is a common drought-tolerant
plant found in Indian subcontinent. A bioactive metabolite
from its leaves was isolated, purified, and characterized by
thin layer chromatography (TLC) and gas chromatography
high-resolution mass spectroscopy (GC-HRMS) analysis as a
steroidal compound. The crude extract and purified steroidal
fraction of C. carandas was proved to be a strong hyase

inhibitor in qualitative and quantitative hyase inhibition assay.
The kinetic parameters of hyase in presence and absence of
inhibitor were studied and the mechanism of inhibition of
enzyme by purified steroidal fraction was also elucidated.
Many plant derived natural bioactive compounds were proved
to be a potent hyase inhibitors, which includes alkaloids,"*®’
flavones and flavone analogs,””**! terpenes,’**! saponins,!*”!
and polyphenols.!!! The shrub C. carandas was reported to
have various pharmacological activities such as, anti-pyretic,
analgesic, anti-rheumatic, anti-convulsant, anti-inflammatory,
anti-helminthic, anti-diabetic, anti-diarrheal, anorexia, astrin-
gent, and appetizer,[42_44] however, its anti-hyaluronidase
activity remains unexplored.

Experimental
Chemicals and reagents

Sodium salt of hyaluronic acid from Streptococcus equi as a
substrate and other chemicals like Gram’s iodine (HiMedia,
Mumbai, India), quercetin (Sigma-Aldrich, Bangalore, India)
were used. While solvents used were of analytical grade and
purchased from Merck, Mumbai. The enzyme hyaluronidase
was prepared from a newly isolated bacterial strain
Brevibacterium halotolerans DC1 (unpublished data). This
enzyme was purified by using ammonium sulfate (70%) pre-
cipitation, ion exchange chromatography (DEAE-cellulose)
and gel filtration chromatography (Sephadex G-100).

Plant material and extraction

The leaves of Carissa carandas were collected from Aner
reservoir forest region (2126° N, 75.11 E), North
Maharashtra, India. The whole plant and its leaves were
identified and authenticated by an expert plant taxonomist,
and a voucher specimen (RCP-11/2016) was deposited at the
Department of Botany, R. C. Patel ACS College, Shirpur.
The leaves were thoroughly washed with water, shade dried
and ground to make a fine powder. The polarity based
extraction of powdered plant material was carried out by
soxhlet apparatus using organic solvents with increasing
polarity that included hexane, ethyl acetate, and metha-
nol.*) A 100 g of powdered plant material was soaked for
48 hr in each solvent sequentially at room temperature. The
supernatant was recovered, and respective solvents were
added twice to the residue. After extraction procedure, the
solvent was evaporated and the residue was concentrated
under reduced pressure using rotary vacuum evaporator
(Equitron, Mumbai, India)."* A gummy solid of dark
brownish colored residue obtained after evaporation was
stored in a refrigerator at 4 °C until further use.

Plate assay for the screening of hyaluronidase inhibitor

The plate assay of Patil and Chaudhari *”! with slight modi-

fications was used for the screening of hyase inhibitor from
a crude methanolic extract of leaves of C. carandas.



In brief, the plate contained a 20 ml of medium com-
prised of polymer substrate hyaluronic acid (0.4 mg/mL)
and agarose (1%) as a solidifying agent. The medium was
sterilized and poured into Petri plate up to a depth of 3-4
mm. Upon solidification, four equidistant wells of 5 mm
diameter were punched with the help of sterile cork borer
and emptied by suction to which 50 pL of assay mixture
containing 30 pL enzyme hyaluronidase (1 mg/mL), and 20
pL of test extract was aseptically dispensed. The negative
control was comprised of 30 pL of enzyme hyaluronidase
and 20 uL of sterile saline while quercetin was served as a
positive control.*®*8) The plate was then incubated for 1 hr
at 37 °C. After incubation, the plate was flooded with
Gram’s iodine for 1 min to visualize clear zones around
the wells.

Purification and characterization
of hyaluronidase inhibitor

The crude semisolid extract (5 mg) obtained after extraction
was dissolved in 10 mL methanol and applied on precoated
silica gel TLC plate (Silica gel F 254, Merck, Darmstadt,
Germany) using Spraylin-V automated sample applicator
(Aetron, Mumbai, India). The TLC plate was developed in
pre-saturated chamber containing Toluene: Methanol (8:1)
as a mobile phase. After development, the plate was air
dried and derivatized using 10% ethanolic sulfuric acid as a
spraying reagent*”! and followed by heating at 110 °C for
10 min to develop characteristic color spots.

The crude methanolic extract of C. carandas was sub-
jected for activity guided fractionation using silica gel
(60-120 mesh size) column chromatography.”®® The dried
crude extract (2 g) was dissolved in 8 mL methanol and
adsorbed on to the silica gel. The slurry was air dried and
applied on packed silica gel column (30 cm x1.8 ¢cm) and
eluted with mobile phase Toluene: Methanol (8:1). The frac-
tions of 5 mL each were collected and checked by TLC for
homogeneity in same mobile phase and fractions bearing
similar Ry values were pooled together and allowed to form
crystals for further characterization.

Hyaluronidase inhibition assay

Hyaluronidase activity was determined by a turbidometric
method of Di Ferrantel®!! with some modifications. In this
assay, inhibition of hyaluronidase by plant extracts and
quercetin standard was indicated by a slower loss of absorb-
ance compared with hyaluronidase alone.

In brief, a crude methanolic extract, purified fraction,
standard hyase inhibitor quercetin, stock solutions of HA
(0.5 mg/mL) and hyaluronidase (1 mg/mL) were prepared
in acetate buffer (0.2 M sodium acetate-acetic acid, pH 6.0,
containing 0.15 M NaCl). The assay mixture comprised of
acetate buffer, 200 pg hyaluronic acid, 30 pg hyaluronidase,
and 0-70 pL of diluted crude methanolic extract or purified
fraction as an inhibitor to a final volume of 0.5 mL. The
mixtures were incubated at 37 °C for 15 min, and the reac-
tion was stopped with the addition of 2 mL of cetyl tri-

PREPARATIVE BIOCHEMISTRY AND BIOTECHNOLOGY 3

Figure 1. Plate assay for the screening of hyaluronidase inhibitor from C. caran-
das leaves extract (Hyase: Hyaluronidase enzyme; CExt: Crude methanolic
extract of C. carandas leaves; PSF: Purified steroidal fraction; and Qtn: Quercetin
as a standard hyaluronidase inhibitor).

methyl ammonium bromide (CTAB) (2.5%) in NaOH (2%,
pH 12.5). All assays were performed in triplicate. After 10
min, the Ay of each sample was measured against a blank
containing 0.5 mL acetate buffer and 2 mL CTAB. The unit
of enzyme activity was expressed as the quantity of enzyme
which produces a 50% reduction of the turbidity given by
the initial quantity of the substrate.

Determination of kinetic parameters

The kinetic profile of hyaluronidase inhibition by using
crude extract, purified fraction of C. carandas leaves and
standard inhibitor quercetin was determined. The initial rate
of reaction was calculated by using Michaelis—-Menten equa-
tion, where velocity was plotted against substrate concentra-
tion.!” The substrate concentration range was used as 5,
10, 15, 20, 50 and 100 mM. The Michaelis-Menten constant
(Km) and maximum velocity (Vmax) of enzyme-substrate
reaction were determined by using Lineweaver-Burk double
reciprocal plot.** Inhibition constant (Ki) for C. carandas
crude extract, purified fraction and quercetin standard were
determined using Dixon plot (1/V versus (1]).°* The inhib-
ition behavior was determined by using Dixon plot in con-
junction with Lineweaver-Burk plot.”>**) A turn over
number (Kcat) of an enzyme was determined in presence
and absence of inhibitor.*”"**) The IC50 value was deter-
mined for crude methanolic extract, purified steroidal frac-
tion and quercetin. The assay mixture containing an enzyme
(300 puL), the substrate (300 pL) and inhibitor (1 pL) was
incubated at 37 °C for 10 min. The reaction was terminated
by using CTAB and the enzyme activity was determined by
the turbidometric method.”™ The log (inhibitor) versus
response curve model was used for data analysis.
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Figure 2. Michaelis-Menten plot (A) and Lineweaver-Burk double reciprocal plot (B) for enzyme hyaluronidase in absence of inhibitor.

Figure 3. Mixed inhibition of enzyme hyaluronidase by crude methanolic extract of C. carandas, (A) Michaelis—Menten plot, (B) Lineweaver—Burk double reciprocal

plot, and (C) Dixon plot, where I: Inhibitor and S: Substrate.

Gas chromatography high-resolution mass spectroscopy
(GC-HRMS) analysis

The purified fraction of C. carandas leaves extract near to
homogeneity showed a strong hyase inhibition activity which
was further subjected to GC-HRMS analyses for the identifi-
cation of bioactive compounds. GC-HRMS was performed by
using Agilent 7890-5 GC (Santa Clara, USA) having HP-5
fused silica capillary column (30 m x 0.20 mm) with the
phase thickness of 0.25 um. It is coupled with Jeol Accu TOF
GCV mass spectrometer with flame ionization detector (FID).

The inlet temperature was 250 °C while injection volume was
10 pL. The injection was carried out in a split mode at the split
ratio of 10:100 with the gas flow rate of 1 mL/min.
Identification of purified fraction was done by comparing the
mass spectrum with those present in the NIST 05 database.

Statistical analyses

All the experiments were carried out in triplicate and the
results presented as mean * SD. The kinetic data and the



Table 1. Kinetic parameters of hyase in presence and absence of inhibitors.
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With inhibitor

C. carandas
Sr. No. Parameters Without inhibitor Crude methanolic extract Purified steroidal fraction Standard hyase inhibitor (Quercetin)
1. Vmax (mM/min/mg) 130.9+9.18 NA NA NA
2. Km (mM) 65.1+8.55 NA NA NA
3. Vmaxapp (MM/min/mg) NA 113.11+£5.81 106.34 + 6.56 120.18 +5.29
4, Kmapp (MM) NA 47.21+5.20 41.17 £5.67 52.79+4.81
5. Ki (mM) NA 11.27+£1.17 8.32+1.01 12.65+1.08
6. IC 50 (mM) NA 12.87+£2.23 5.19+2.14 8.63+2.43
7. Kcat sec” 0.654 0.632 0.597 0.636
8 Inhibition type NA Mixed Mixed Mixed

Data presented as mean + SD in three separate experiments. NA = Not applicable.

Figure 4. Mixed inhibition of enzyme hyaluronidase by purified steroidal fraction of C. carandas, (A) Michaelis—Menten plot, (B) Lineweaver-Burk double reciprocal

plot and (C) Dixon plot, where I: Inhibitor and S: Substrate.

graphs were analyzed using Graph Pad Prism 5 (San Diego,
USA) and Sigma Plot 12.0 software (Bangalore, India).
However, the kinetic parameters of hyase inhibition were
obtained by nonlinear regression analysis using the
same softwares.

Results and discussion
Plate assay for the screening of hyaluronidase inhibitor

In plate assay, the distinct zone of clearance (23 £+ 0.9 mm)
was appeared around the negative control well of enzyme
hyase, whereas the zones of clearance failed to appear
around the wells filled with crude extract of C. carandas
leaves, steroidal fraction purified from it and quercetin
standard indicative of inhibition of hyase activity (Fig.1).

The assay involved the radial diffusion of an enzyme sample
in agarose, hydrolyzing the substrate hyaluronic acid
blended with it. The undigested hyaluronic acid forms a
dark yellow colored complex with Gram’s iodine causing the
appearance of a zone of clearance due to the depolymeriza-
tion of substrate HA. In negative control well, hyase depoly-
merized substrate HA in medium making it unavailable to
form a dark yellow colored complex with Gram’s iodine and
form a zone of clearance. This indicated that the crude
extract of C. carandas leaves, steroidal fraction purified from
it and quercetin showed inhibition of enzyme hyase.

Determination of kinetic parameters

The kinetic parameters of hyaluronidase catalyzed reaction
in presence and absence of inhibitor were determined by
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Figure 5. Mixed inhibition of enzyme hyaluronidase by standard inhibitor quercetin, (A) Michaelis—Menten plot, (B) Lineweaver-Burk double reciprocal plot and (C)

Dixon plot, where I: Inhibitor and S: Substrate.

using single substrate - single inhibitor approach. The
order of reaction was studied by plotting the substrate
concentration [S] against the rate of reaction (V) through
Michaelis-Menten equation (Fig. 2A). The Km and Vmax
values in the absence of inhibitor were calculated as 65.1
+ 855 mM and 130.9 + 9.18 mM/min/mg respectively by
using Lineweaver-Burk plot (Fig. 2B). While, in the pres-
ence of purified steroidal fraction as an inhibitor, the
apparent Km (Km,,,) and apparent Vmax (Vmax,pp)
were decreased to 41.17 + 5.67 mM and 106.34 *+ 6.56
mM/min/mg respectively (Fig. 4A and B; Table 1). The
turn over number of the enzyme (Kcat sec”!) in absence
of inhibitor was calculated as 0.654 sec”™' (Table 1), which
decreased in presence of crude as well as a purified form
of inhibitor. The inhibition constant (Ki) of the enzyme
with the purified steroidal fraction as an inhibitor was
observed as 832 * 1.01 mM (Fig. 4C). Similarly, the
crude extract of C. carandas leaves and quercetin standard
showed a decrease in Km,,, and Vmax,,, (Fig. 3 and 5;
Table 1). In all the above results, the interaction between
the inhibitor and enzyme seems to be more complex than
classical competitive and uncompetitive inhibition where
inhibitor affects both Km and Vmax. The inhibitor (I)
favored the binding to the enzyme-substrate (ES) complex
where Km value appeared to decrease (Kmapp < Km).
The inhibitor also leads to a decrease in the apparent
maximum velocity of the enzyme-substrate reaction
(Vmaxapp < Vmax) which is in tune with previous

Figure 6. TLC profile of crude extract (Lane-1) and purified steroidal fraction
(Lane-2) of C. carandas.

assumptions of Storey.[6°] These entire results signpost

towards the mixed nature of inhibition of enzyme hyase
by the inhibitor molecule.”*®" The purified steroidal frac-
tion exhibited an IC50 of 5.19 = 2.14 mM, which showed
strong and better inhibition potential than positive con-
trol, quercetin (IC50 of 8.63 + 2.43 mM) and crude
extract (IC50 of 12.87 + 2.23 mM) (Table 1). The inhib-
ition constants (Ki) of crude extract, purified steroidal
fraction and the standard inhibitor quercetin were found



Figure 7. Gas chromatogram of the purified steroidal fraction of C. carandas.

Figure 8. Mass spectrum analysis of the purified steroidal fraction [Pregnane-

3,11,20,21-tetrol, cyclic 20,21-(butyl boronate), (3x, 58, 115, 20R)] of
C. carandas.
to be 11.27 + 1.17, 832 * 1.01 and 12.65 + 1.08 mM

respectively. Moreover, the values of turnover number
(Kcat) were significantly reduced (0.597 sec™') in presence
of purified steroidal fraction as an inhibitor.
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Characterization of hyaluronidase inhibitor

Various mobile phases were tested on TLC for the separ-
ation of bioactive metabolites from a crude extract of C. car-
andas leaves. The best separation was achieved with
Toluene: Methanol (8:1) and 10% ethanolic sulfuric acid as
a spraying reagent (Fig. 6).

In total 74 fractions of 5 mL each were eluted in the sil-
ica gel column chromatography, the eluted fractions were
checked for the presence of single band on TLC plate. The
fractions 28-43 that showed single blue colored fluorescence
(R¢ - 0.62) were pooled and used for the hyase inhibition
activity. The fraction numbers 1-27 and 44-74 were also
tested for hyase inhibition activity, but they did not show
hyase inhibition potential. While the fraction number 28-43
showed the strong hyase inhibition activity and hence fur-
ther characterized on TLC. On TLC it showed blue colored
characteristic fluorescence with 10% ethanolic sulfuric acid
as a spraying reagent (Fig. 6).

The gas chromatogram of the purified fraction of C. car-
andas revealed a single major peak (RT 29.42 min) (Fig. 7).
The mass spectroscopic analyses followed by library search
revealed a steroidal compound namely Pregnane-3, 11, 20,
21-tetrol, cyclic 20, 21-(butyl boronate), (3o, 56, 11§, 20R)
[C,5Hy43BO,] (Fig. 8). On the basis of results of TLC, gas
chromatogram and mass spectroscopic analysis, it was con-
cluded that the purified fraction of C. carandas leaves has
steroidal nature.[*?!

Conclusions

The results of the present study concluded that the purified
steroidal fraction from C. carandas leaves extract has poten-
tial hyase inhibition activity. The hyase inhibitor was puri-
fied by silica gel column chromatography by using Toluene:
Methanol (8:1) as a mobile phase. The kinetic parameters
for the inhibition of the hyase by crude extract and purified
steroidal fraction revealed the mixed mechanism of inhib-
ition; since inhibitor affects both Km and Vmax of the reac-
tion. The bioactive compound namely Pregnane-3, 11, 20,
21-tetrol, cyclic 20, 21-(butyl boronate), (3x, 56, 11§, 20R)
[C,5H43BO,4] was identified as the main constituent by GC-
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HRMS. This natural and plant-derived potent hyase inhibi-
tor can serve as an important pharmacological and thera-
peutic tool. This could be effectively employed in the
development of an anti-hyaluronidase therapeutic agent that
can specifically target the pathogen by inhibiting the activity
of hyase, which is a potent virulence factor of pathogens.
This hyase inhibitor from C. carandas can also be employed
in the development of anti-venom preparations; since hyase
is an important constituent of venom that allows the venom
components to spread.
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Abstract

Dhule district of Maharashtra state comprises four tehsils viz. Dhule, Shirpur,
Sakri, and Shindkheda. The soil quality and productivity are being affected
badly in the southern parts of Shirpur tehsil. It is necessary to evaluate the
adverse impacts of chemical fertilizers in the Shirpur tehsil. The present
study is organized in order to find out the farmers attitude towards organic

fertilizer application in the Shirpur. 598 farmers from 12 villages of four

Keywords: tehsils were questioned for their perspective towards organic and chemical

fertilizer application in the farm. The research outcome reveals different
Agriculture; attitudes for organic fertilizer application and benefits in different groups i.e.
Fertilizers; education levels of farmers, farm size, and villages. The large farm size
Organic; farmers and educated farmers are more in numbers compared to small size
Productivity; farmers and illiterate farmers. Therefore an attempt has been made to find out
Soil; the attitude of farmers towards utilization of organic fertilizer in the farms for

. sustainable farming.
farm size etc.
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1. Introduction

The soil quality and productivity are being badly affected by the overconsumption of chemical
fertilizers in the southern part of Shirpur tehsil. The soil and environment protection are one of the basic
principles of the organic farming and it advocates the natural ways of improvement in the environment. In the
organic farming the synthetic fertilizers, herbicides, and medicines are hardly applied [12]. The concept of
organic agriculture builds on the efficient use of locally available resources, and the use of technologies like
soil fertility management, the closing of nutrient cycles, control of pests and diseases by means of natural
antagonists.

From the mixed farming point of view, it is necessary to investigate the opportunities and limitations
of stockless organic farming with regard to both agro-ecological, economic stability, and sustainability of
farming systems [2]. The mixed farming concept opens up new ways of achieving sustainable development
[11]. The share of corn, sunflower, and rape in crop mix the investment in precision farming is paid off after
six years under Hungarian conditions [4]. The implementation of precision farming promotes the rational
application of chemicals but requires capital investment. According to K. Takacs-Gyorgy, the reduction of
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chemical use and environmental load in agriculture is increasingly desired. Developed countries promote the
minimum use of pesticides and farmers have to change traditional practices accordingly. Organic agriculture
has the potential to improve the soil fertility, biodiversity conservation, and sustainable agricultural
production. It also improves agronomic and economic performance to yield more stable tropical ecosystems,
especially in risk-prone tropical ecosystems. Organic farming is having good potential to achieve better food
quality and food security [5]. Chemical farming or conventional agriculture often creates an unstable
ecosystem in which the potential for maximum yield is inevitably associated with risks due to ecosystem
instability [10].

Farmers’ groups are increasingly adopting organic techniques as a method of improving
productivity and food security in these systems. However, no systematic attempt has hitherto been made to
track the extent to which these approaches are being employed, or their effectiveness compared to other
approaches, in meeting economic, social and environmental objectives [8], [11]. An important issue with the
development of organic farming is tillage, tillage intensity in particular. Despite the suggestions of mentors
of the organic farming theory and of farmers associations to reduce tillage intensity, the majority of organic
farmers still apply deep inversion tillage with a plough [3],[6], [9].

1.1 Location and Extent of Study Region

Shirpur tehsil is located in Dhule district of the northern part of Maharashtra state. Dhule district
comprises four tehsils. The Shirpur tehsil has covered an area of 804.02 sq. km. Shirpur tehsil is lying
between 21°11 north and 21°38 north latitudes and 74°41 east and 75°11 east longitudes.

Figure 1 Location Map
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2. Research Method

2.1 Source of Data

The relevant primary data are obtained from the respondents (farmers) by administering a well-structured
interview schedule. The researcher has made a visit to each and every household and relevant data are
obtained from them by establishing a good rapport with them.

The interview questionnaire covers topics such as irrigation, use of inorganic, organic inputs, attitudes of the
farmers and their awareness on sustainable development practices. In addition, Focus Group Discussions was
held with the farmers to gain insights and obtain more qualitative data. Official statistical data were obtained
through secondary sources such as official records and census reports.

2.2 Data Analysis

The important independent variable for the analysis of the data is farm size, respondent’s education level
and size of the village. The collected data are classified and tabulated. The chi-square test is applied to
examine the association between socioeconomic status of farmers and their awareness and adoption of
organic farming practices. Further percentages and averages are applied depending on the requirement of the
situation.

2.3 Methodology

The primary data was collected through questionnaire and interactions with farmers (respondents) of four
villages in Shirpur tehsil. The data was processed for estimation of organic fertilizer application level in the
study area. Then Chi-square test has been used to find out the correlation of organic fertilizers application to
farm size and education level of farmers.

2.4 Sampling Locations

Shirpur tehsil of Dhule district is focused on the present study. The tehsil is predominantly an agrarian
region. Agricultural is done in all villages of the tehsil. Shirpur tehsil has six circles Arthe, Shirpur, Thalner,
and Holnanthe are agriculturally developed in terms of yield potential and irrigational facilities. Boradi and
Sangavi are agriculturally backward because most of the areas of it consist by Satpura mountain ranges.

The size of the study sample is limited to two villages of each circle the tehsil and ten percent of the
farmers from the sample villages. The study sample villages and the respondents (farmers) were drawn by
adopting Multi-Stage Stratified Random Sampling Technique to represent marginal, small, medium and large
farmers. Accordingly, a survey of twelve villages in Shirpur tahsil named Boradi, Balkuwe, Sangavi, Rohini,
Arthe Bk, Jalod, Shirpur, Untawad, Thalner, Asli, Hol, and Tonde was undertaken and a total of 598 farmers
were studied.

2.5 Sampling Procedure

In the first phase, the researcher has selected one developed village one backward village from each circle
of the study region.

According to the Table. 1 in the second phase is the selection of sample villages from each circle. There
are six blocks or revenue circles in Shirpur tehsil. Shirpur tehsil has 147 revenue villages. Thus, a total of 12
villages are selected from six blocks representing 10% of the farmers in each village.

Tables and Figures are presented center, as shown below and cited in the manuscript.

Table 1. In the third stage involves the selection of farmers from study villages.

Sr. No. Circle/Block | Sampling Village No. of farmers 10 Ic;{;’lrsni:eerzted
T —— g
02 Sangavi SI:E}%;:? Zgg Zg
03 Arthe JAarlt(})l; ; ;461 ;g

Shirpur 1034 103

o Shirpur Untawad 236 2
05 Thalner T}Zliﬁer gzz 2(6)
06 Holnanthe TIjr(l)iie ;g? ;‘z
Total 5967 598

Source: Collected and Tabulated by Researcher
From each village 10% of the farmers are selected as sample, thus totally 598 farmers are selected
from six blocks of Shirpur tehsil.
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3. Results and Analysis

3.1 Application Level of Organic Fertilizers

The application of organic inputs (fertilizers) is discussed in relation to use of green manure, compost, ash
and animal dung. Data presented in Table. 2 indicate the farm size wise respondent’s application of organic

fertilizers.

It is noticed that out of the total 598 respondents 11.37% farmers used bio-fertilizers for cultivation. More
than 70 % of the respondents of Arthe, Thalner, Hol and Tonde Village apply cow dung and ash as bio-
fertilizer for cultivation. Out of 598 respondents, 23.58 % of them use chemical fertilizer for cultivation.
65.05% farmers in the Shirpur tehsil are utilizing both bio and chemical fertilizers. This level of application

is prominent among the farmers of Shirpur, Boradi, Hol, Asli, Jalod and Balkuwe villages.

Table 2. Village wise number of consumers of organic fertilizers and chemical fertilizer

Villages Bio-fertilizers E he.”? ical Both Total
ertilizers

Boradi 4 17 40 61
(6.56) (27.87) (65.57)

Balkuwe 3 15 33 >3
(9.43) (28.30) (62.27)

Sangavi 11 16 48 75
(14.67) (21.33) (64.00)

Rohini 11 14 44 69
(15.94) (20.29) (63.77)

5 6 27 38
Arthe (13.16) (15.79) (71.05)

Jalod 3 7 17 27
(11.11) (25.93) (62.96)

Shirpur 11 31 61 103
(10.68) (30.10) (59.22)

3 5 16 24
Untawad (12.50) (20.83) (66.67)

Thalner 6 14 >0 70
(8.57) (20.00) (71.43)

Asli 5 8 23 36
(13.89) (22.22) (63.89)

Hol 1 4 12 17
(5.88) (23.53) (70.59)

Tonde 3 4 18 25
(12.00) (16.00) (72.00)

Total 68 141 389 598
(11.37) (23.58) (65.05)

Chi square value = 12*

df =22

* = Significant at 5 percent level= 33.92

Source: Collected and Tabulated by Researcher

The chi-square test is applied for to verify the significance. The computed chi-square value is 12
which is smaller than its tabulated value at 5 percent (33.92) level of significance. Hence, there is a
significant difference among the farmers of different villages with respect to their choice of crop cultivation.
It implies a homogeneous trend among the farmers of the study villages. Most of the farmers in Shirpur tahsil
used organic as well as chemical fertilizers because of boi fertilizers like oil cake, green manure, compost,
ashes and animal dung easily available in villages.
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Figure 2 Village wise numbers of consumers of organic fertilizers and chemical fertilizer

Moreover, 65.05 percent of the farmers apply bio-fertilizer as well as chemical fertilizers for
cultivation. This level of mixed application of fertilizers is reported by more than a half of the respondents of
all sampled villages.

Table 3. Farm size wise Respondents’ Application Level of Organic Fertilizers

Farm Size Bio-fertilizers Fce r:’(temlz((:e?’ls Both Total
Marginal 31 18 27 76
(40.79) (23.68) (35.53)
Small 25 87 152 264
(9.47) (32.95) (57.58)
Medium 8 27 154 189
(4.23) (14.29) (81.48)
Large 4 9 56 69
(5.80) (13.04) (81.16)
Total 68 141 389 598
(11.37) (23.58) (65.05)

Chi-square value = 112

df=6

* = Significant at 1 percent level = 16.81

Source: Collected and Tabulated by Researcher

Table 3 presents data on the farm size wise respondents’ application level of bio-fertilizers for crop
cultivation. A half of the large and medium farmers (50%) apply mixed fertilizers for cultivation. A more
than half of the small farmers (57.58%) also used mix fertilizer and 40.79 % of marginal farmers giving
preference to the use of biofertilizer.

-

Respondents in %

-

90.00
80.00
70.00
60.00
50.00
40.00
30.00
20.00
10.00

0.00

A M Bio-fertilizers M Chemical Both
| Fertilizers
Marginal Small Medium Large
Farm Size

\

J

Figure 3 Farm size wise Respondents’ Application Level of Organic Fertilizers
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The data analysis from this study shows, the bio-fertilizers are mostly used by the medium and
small-scale farmers and the multiple fertilizers is the applied by the medium and large farmers in the study
region.

The chi-square test reveals positive association. The computed chi-square value is 112 which is
greater than the tabulated value (16.81) at 1 percent level of significance. Hence, the difference in farm size
is statistically significant with respect to farmers’ application level of cow dung and ash as bio-fertilizer. A
similar result has been observed with respect to the application of oil cake as bio-fertilizer and also green
manure and compost as bio-fertilizer.

The marginal farmers apply more quantity of cow dung and ash as bio-fertilizer per hectare cropped
area than others. This is due to easy availability in their farms as bio-waste. The medium farmers and large
farmers apply more quantity of oil cake and green manure as bio-fertilizer compared to others.

Table 4. Education wise Respondents Application Level of Organic Fertilizers

Education Bio-fertilizers Che_rmcal Both Total
Fertilizers
. 27 49 76
literate (17.76) (32.24) (50.00) 152
Primar 20 >0 11 181
y (11.05) (27.62) (61.33)
10 26 151
Secondary (5.35) (13.90) (80.75) 187
1 16 51
Degree (14.10) (20.51) (65.38) 78
68 141 389
Total (11.37) (23.58) (65.05) 598

Chi-square value = 39*

df=6

* = Significant at 1 percent level= 16.81
The computed chi-square value for table 4 is 39 which is greater than its tabulated value (16.81) at 1

percent level of significance. Hence, the difference in educational status is statistically identified as
significant with respect to farmers’ choice of fertilizers selection.

Source: Collected and Tabulated by Researcher

-

90.00
80.00
70.00
60.00
50.00
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20.00
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0.00
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Figure 4 Education wise Respondents Application Level of Organic Fertilizers
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Table 5. Village Wise Respondents’ Views on Advantages of Bio-fertilizers

Advantages of Bio-fertilizers
Village Production of Free Eco-friendly All Total
Nutritious food from disease method
Boradi (5527) (6.382) (9.‘(‘)9) @3 11.‘2‘32) 4
Balkuwe ( 42161 D) (7.389) (10‘.‘53) (39137) i
Sangavi 25 i ; ;. 59
(42.37) (13.57) (8.47) (35.59)

Rohini ( 452 25) (738) (5 ,315) (4 12.382) >
Arthe (55_600) (9‘33 8) (12%50) (28?1 2) 32
Jalod (5 51 _100) (10%0()) 5 ,1)0) (30?00) 20

Shirpur (35_572) (1312;9) (1 1?1 1) (4(?.928) 2

Untawad (631 21 6) (5.126) (10%53) 2 1‘.‘05) 19
Thalner (3(1).736) (12?50) (16?07) (4 12.%)7) >0
Asli (461,343) (10%7 1) (7.21 4) (351 .(;2) 28
Hol ( 46?1 5) (15%3 8) (7 ,169) (30‘.‘77) 13

Tonde (521.13 8) (143.29) (9,252) (23?8 1) 21

Total (423(,)?6) (13 ,972) (91.1855) (3}36-357) il

Source: Collected and Tabulated by Researcher
Chi-square value = 20*
df =33
* = Significant at 1 percent level = 16.81

The degree of freedom is more than 30, therefore, the significance of chi-square value is 20 which is
greater than the calculated value (16.81) 1 percent level of significance. Hence, the difference among the
villages is statistically identified as significant with respect to respondents’ views on advantages of the use of
bio-fertilizers for cultivation and maintenance the fertility of the land.

4 )

Production of nutritious
food

35%
44% Free from

disease

M Ecofriendly method

10% Al
11%

- J
Figure 5 Village Wise Respondents’ Views on Advantages of Bio-fertilizers
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3.2 Views on Bio-fertilizers

Data presented in Table 5 reveals the village-wise respondents’ views on advantages of applying
bio-fertilizers. Out of total respondents, 457 respondents having a positive view on advantages of bio-
fertilizer application for crop cultivation. Out of total respondents (457), some are used only organic
fertilizers for cultivation while some are used mixed fertilizers (organic and chemical).

Out of the total 457 respondents, 43.76 % of them hold the view that through the application of bio-
fertilizers, they can produce food with high nutritious value. More than 52 % respondents from Untawad,
Jalod, Boradi, and Tonde believe that the application of bio-fertilizer leads high crop yield with good
nutrition values.

10.72 % of total and 15.38 % respondents of the Hol village think that bio-fertilizers can produce
disease-free food.

9.85 % of the total and more than 11% of Thalner, Arthe and Shirpur villagers feel the advantage of
applying bio-fertilizers in terms of eco-friendly method of cultivation than other advantages.

Moreover, 35.67% of the respondents believe the multiple advantages of applying bio-fertilizers,
such as the production of production of disease-free food, food raised through bio-fertilizers give more
strength and stamina to consumers. The majority of the respondents of Rohini village (41.52%) Thalner
village (41.07%) Shirpur village (40.28%), Balkuwe village (39.47%) and Asli village (35.72%) prefer all
multiple advantages of applying bio-fertilizers to raise their crops.

Table 6. Farm size wise Respondents’ Views on Advantages of Bio-fertilizers

Advantages of Bio-fertilizers
Farm Size Produ_ct_lon of Free Eco-friendly Total
nutritious from All
. method
food disease
. 41 4 7 6
Marginal (70.69) (6.90) (12.07) (10.34) >3
o1 32 15 39
Small (51.41) (18.08) (8.47) .03 | 77
Mediom 51 g 16 87 162
(31.48) (4.94) (9.88) (53.70)
Lo 17 5 7 31 60
g (28.33) (8.33) (11.67) (51.67)
Total 200 49 45 163 457
(43.76) (10.72) (9.85) (35.67)

Source: Collected and Tabulated by Researcher
Chi-square value = 75%
df=9
= Significant at 1 percent level=21.66
Data presented in Table 6 indicates the farm size wise respondents views on advantages of applying
bio-fertilizers to raise their crops. It could be noted that a considerable majority of the marginal farmers
(70.69 %) prefer the advantage of applying bio-fertilizers in terms of possession more strength and stamina
by consuming food raised through bio-fertilizers and 18.08% of the small farmers say it as the production of
disease-free food. A considerable majority of the medium farmers (53.70 %) and large farmers (51.67 %)
opine the multiple advantages of applying bio-fertilizer to raise their crops, such as production of nutritious
food, disease-free food, food raised through bio-fertilizers gives more strength and stamina to consuming
human beings and animals and it is an eco-friendly method.
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Figure 5 Farm size wise Respondents’ Views on Advantages of Bio-fertilizers

Marginal

The computed chi-square value for table 6 is 75 which is greater than its tabulated value at 1 percent
(21.66) level of significance. Hence, the difference in farm size is statistically found to be significant with
respect to respondents’ views on advantages of applying bio-fertilizers to raise their crops. A similar result
has been observed with respect to the application of chemical fertilizers. It is obvious from the above analysis
that the medium and large farmers mainly refer the multiple advantages of applying bio-fertilizers and
chemical fertilizers. Whereas the majority of the small farmers and marginal farmers highlight the individual
advantage of applying bio-fertilizers and also chemical fertilizers.

Table 7. Education-wise Respondents’ Views on Advantages of Bio-fertilizers

Advantages of Bio-fertilizers
Education Production of Free Eco-friendly All Total
Nutritious food from disease method
. 73 9 7 14
literate (70.87) (8.74) (6.80) (13.59) 103
Primar 81 19 6 25 131
y (61.83) (14.50) (4.58) (19.08)
28 17 26 90
Secondary (17.39) (10.56) (16.15) (55.90) 161
Degree 18 4 6 34 62
& (29.03) (6.45) (9.68) (54.84)
200 49 45 163
Total (43.76) (10.72) (9.85) (35.67) 457

Chi-square value = 199*

df=9

* = Significant at 1 percent level=21.66

Source: Collected and Tabulated by Researcher

Table 7 presents data on the education level and respondents’ views on advantages of applying bio-
fertilizers and chemical fertilizers. It is noted that the majority of the illiterate respondents prefer the bio-
fertilizers for advantages of high-quality food for humans and animals. According to primary educated
respondents group, the bio-fertilized food and crops are more nutritious.

The majority of the (16.15 %) secondary level educated farmers prefer bio-fertilizer due to its eco-
friendly nature.
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Figure 7 Education-wise Respondents’ Views on Advantages of Bio-fertilizers

More than a half of the degree (54.84 %) and secondary (55.90 %) level educated farmers to feel
that the multiple advantages of applying bio-fertilizers, such as the production of nutritious food, disease-free
food production, food that gives more strength and stamina and as an eco-friendly method.

The computed chi-square value for table 7 is 199 which is greater than its tabulated value at
1 percent level (21.66) of significance. Hence, the difference in educational status is found to be statistically
identified as significant with respect to respondents’ views on advantages of applying bio-fertilizers to raise
their crops. A similar result has been observed with respect to the application of chemical fertilizers.

The above analysis reveals that degree level educated farmers to realize more on multiple
advantages of applying bio-fertilizers rather than an individual advantage. It is pointed out that the majority
of the illiterate and primary level educated farmers to perceive mainly on the individual advantage of either
applying bio-fertilizers or chemical fertilizers to raise the crops.

3.3 Discussion

Many researchers have highlighted the importance of the application of bio-fertilizers in cultivation.
They have realized the problems associated with the application of chemical fertilizers particularly it affects
the health of the soil and human beings. Hence, there is a need to review works in this regard [7]. have
pointed out the implications of integrated nutrient management in terms of organic manures, green manures,
crop inoculates. They have reported that this type of nutrient management in agriculture reduces pollution
and maintains soil productivity and agricultural output [1]. have analyzed the components of the agricultural
system and identified the conflict between organic and chemical agriculture. Further, they came to a
conclusion that application of composting as the best strategy to increase the agricultural production. Food
and fertilizer technology center (1995) has identified the evils of application of weedicides to destroy the
weeds in the cropped area. Application of bio-fertilizers good for soil health and better way for deduction of
input cost of cultivation. Government and NGO’s should be promoted and motivate framers for use of bio-
fertilizers.

4. Conclusion

From the complete analysis, it can be concluded that there are different attitudes regarding the use of
organic fertilizers and benefits of its application according to farm size and education level of farmers. Large
farm size farmers and educated farmers used more organic fertilizers compared to small size farmers and
illiterate farmers. Some educated large and medium land size holding farmers adopted both fertilizers but
small land size holding farmers mostly used chemical fertilizers because they trying for maximum production
from a small piece of land. Bio-fertilizers and chemical fertilizers both are highly used by educated medium
farm size farmers. The degree level educated farmers are more conscious about multiple advantages of
applying bio-fertilizers rather than a single advantage. Small farm size farmers focus on maximum
production from available small agricultural land and hence they do not pay any attention to the benefits of
bio-fertilizers. The education wise result reveals that the degree level educated farmers are more aware of the
multiple advantages of applying bio-fertilizers and the negative impacts of chemical fertilizers. The majority
of the illiterate and primary level educated farmers to concentrate mainly on the individual advantage of
either bio-fertilizers or chemical fertilizers application.
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Tagore’s Sublime Views on Life in Poetry

Abstract: Rabindranath Tagore, a universally acknowledged poet, loved life and he
found it worth celebrating. Though he is considered as a mystic-philosopher, he is
basically a poet who passionately adores life with all its beauty and oddity. He accepts
life as a gift of divine and for him divine is not separated from the life and nature. Rather
he reflects the philosophy of Upanishads which relates that Brahma reflects in the forms
of living and non-living in the world. Love for life is a motif of his poetry.

Key Words: Celebration, Death, Galvanizing, Life, Sublimity

Rabindranath Tagore is primarily well known among non-Bengali readers for his
devotional poems in Gitanjali. Rather his other poetic anthologies such as Crossing,
Lover’s Gift, Poems, Child, Fruit Gathering, The Crescent Moon and Gardener are
equally great. The anthologies sometimes surpass Gitanjali so far as variety, melody,
diction and liveliness are concerned. These anthologies display poet’s passion for life.
The poet loves one and all without condition and without restriction. His love for life, his
bonding with the fellow beings, his deep insight into the world of child and his empathy
of lovers get reflected in these anthologies. Even Gitanjali, though popular for mystic and
devotional element, consists some of poems displaying his urge for life.

Rabindranath Tagore’s views towards life are completely fresh and anew. He
passionately and intensely met the life. He was not a poet sitting in ivory tower and
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writing of the fantasy. In fact, he lived his life fully and undergone through all the
unavoidable circumstances. He encountered joys and grieves. He rejoiced births and
endured the grief of deaths of near and dear ones. He lived in the metro of that time,
Calcutta among the elites and lived on the bank of Padma among the peasants. He
travelled enormously in the country and abroad. He saw the various hues and shades of
life. Direct contact with fellow beings and nature; and the influence of folk songs like
Baul songs deepened his understanding of life. His curiosity of life was never
diminished. Asit Bandyopadhyay while commenting on Tagore’s Prabhatsangit writes
about him in an essay Rabindranath Tagore: Poet and Dramatist: “The poet no longer
wanted to lead a lonely and desolate life in the languor of the evening; he wanted to meet
the world and embrace it with love and joy”. Prabhatsangit is one of the earlier poetic
anthologies of the poet written I Bengali. In it, the poet says: “I do not know how my
heart opened up today/To greet the entire world in a loving embrace”.

His affinity with the world finds expression in his poems. In Chabi O Gan he
paints the pictures of joys and sorrows of daily life. In, Kadi O Komal he deifies the earth
and celebrates the earthy existence: “I do not want to die in this beautiful world/ I want to
live in the midst of men”.

In his later life when he had gone to Lake Balaton in Hungary for the rest after an
illness, he was invited to plant a tree in the neighboring garden. He planted a tree and
wrote a few lines:

When I am no longer
On this earth,
My tree will let the ever renewed
Leaves of thy spring
Murmur to the wayfarer-
The poet did love while he lived...
Tagore’s affection for life is pure, genuine and intense. His commitment to life is

unparalleled. For him, life is carnival. In Poem 16 in Gitanjali, Tagore describes how he
lived and loved the life:

I have had my invitation to this world’s
Festival, and thus my life has been blessed.
My eyes have seen and my ears have heard.

It was part at this feast to play upon my instrument,
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And I have done all I could.

The poet realizes that the life which came to his share is absolutely lovely. Life
is beautiful in itself and moreover his love makes the life more beautiful. Consequently
he sings in Gitanjali:

WHEN 1 go from hence let this be my parting word, that what I have
seen is unsurpassable.

I have tasted of the hidden honey of this lotus that expands on the
ocean of light, and thus am I blessed — let this be my parting word.

In this playhouse of infinite forms I have had my play and here have I
caught sight of him that is formless. (Poem No .96)

Rabindranath Tagore is very fortunate since the good and kind people came into
his life. He acquired knowledge from them, he acquired wisdom from them, and he
shared the sense and sensibility with them. Moreover he received an appreciative attitude
from them. In a small poem he says:

Thy gift of the earliest flower came

to me this morning, and came

the faint tuning of thy light.

I 'am a bee that has wallowed in the

heart of thy golden dawn,

My wings are radiant with its pollen.

I have found my place in the feast of

songs in thy April, and I am freed

of my fetters like the morning of

its mist in a mere play. (Poem 41 Crossing)

Rabindranath was a staunch pioneer of freedom. He believed that a person
could live his life copiously and spontaneously only when he is free from all sort of
bondages. He solicits for the freedom in the poem 42 in Crossing:
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Free me as free are the birds of the
wilds, the wanderers of unseen

paths.

Free me as free are the deluge of rain,
and as the storm that shakes its

locks and rushes on to its un-

known end.

Free me as free is the forest fire, as is
the thunder that laughs aloud

and hurls defiance to darkness.

Rabindranath reveals the secret how he loved the life. He lived the life
passionately and experienced its essence with his senses. In another poem, he says that
total acceptance of life makes one to accept the death as the death itself is an offshoot of
the life itself:

I have kissed this world with my eyes and my limbs;

I have wrapt it within my heart in numberless folds;

I have flooded its days and nights with thoughts till the world
And my life have grown one,--

And I love my life because I love the light

of the sky so enwoven with me.

If to leave this world be as real as to love it—

Then there must be a meaning in the meeting

and the parting of life.

If that love were deceived in death,

Then the canker of this deceit would eat into all things,
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And the stars would shrivel and grow black. (Poem 53 Fruit —Gathering).

In poem number 67 in Poems he rejoices the life:

I have seen, have heard, have lived;
In the depth of the known have felt
the truth that exceeds all knowledge
Which fills my heart with wonder and

I sing. (12-16)

Rabindranath had seen the deaths of his near ones and he had undergone through

the agony of inevitable and everlasting agony. Even the sorrowful experiences made him
to realize the beauty of life which is consequent result of shortness of the life. For him,
life of a person may end but the human life is ever flowing:

NONE lives for ever, brother, and nothing lasts for long.
Keep that in mind and rejoice.

Our life is not the one old burden,

our path is not the one long journey.

One sole poet has not to sing one aged song.

The flower fades and dies; but he who wears the flower has not to mourn
for it for ever.

Brother, keep that in mind and rejoice. (Poem No. 68 The Gardener)

The poet celebrates the life and loves it but at the cost of nothing. He finds that

the life is not only worth loving and but worth worshipping also. In Poem 2 of The
Gardener, he proclaims that he is a poet of life and he sings the songs of life. Nothing
can attract him as the life itself. The world beyond has no charm for him as he finds the
pleasure and grief, hope and disappointment worth celebrating:

"I am ever as young or as old as the youngest and the oldest of this
village.” "Some have smiles, sweet and simple, and some a sly
twinkle in their eyes.”

"Some have tears that well up in the day light, and others tears that
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are hidden in the gloom.”

"They all have need for me, and I have no time to brood

over the after-life.” "I am of an age with each, what matter

if my hair turns grey?"

The poet does not mind of mourning but he does not wish to squander his life only in
mourning:

“It is sweet to sit in a corner to muse and write in thymes that
you are all my world.

It is heroic to hug one's sorrow and determine not to be
consoled.

But a fresh face peeps across my door and raises its
eyes to my eyes.

I cannot but wipe away my tears and change the tune of my
song.

For time is short.” (17-25 Poem 46 The Gardener)

Rabindranath Tagore’s love for the life does not come as a mere theme in his
poetry, but it is the essence of his solicitous contemplation. As a leaf of a tree is green in
and out, as a droplet of water is wet in and out, so is his love for life. He loved as he lived
and he lived as he loved. Loving the life is his religion. In Poem 75 in The Gardener, he
narrates a story an ascetic who renounces his home, family, wife and child. The ascetic
calls them as delusion and discards all in exploration of God, while Tagore considers
them as forms of the divine. On the ascetic’s decision of leaving the home, the God sighs
and protests. The poet’s God does not wish the sacrifice of life on the part of devotee
rather He wishes people to accept the life as a divine gift:

AT midnight the would-be ascetic announced:

"This is the time to give up my home and seek for God. Ah, who has held
me so long in delusion here?"
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God whispered, "I," but the ears of the man were stopped.

With a baby asleep at her breast lay his wife, peacefully sleeping on one
side of the bed. The man said, "Who are ye that have fooled me so long?”

The voice said again, "They are God," but he
heard it not. The baby cried out in its dream,
nestling close to its mother.

God commanded, "Stop, fool, leave not thy home," but still he heard not.

God sighed and complained, "Why does my servant wander to seek me,
forsaking me?”

The life has showed the poet how to live and the great souls he met during his life time
endowed him the love and joy. The poet is grateful to them:

Blessings have I own in this life

of the Beautiful.

In the vessel of men’s affection I taste
His own divine nectar.

Sorrow, hard to bear,

has shown me the unhurt,
unconquered soul.

On the day when felt death’s
impending shadow,

fear’s defeat has not been mine.

The great ones of the Earth

have not deprived me of their touch,

their undying words have stored
in my heart.

Grace I had from god of life;

this memory let me leave
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in grateful words.( Poem No.120 Poems)

The poetry of Rabindranath has an inherited quality of sublimity. His love for life and his
contemplation over it makes the readers enthralled. Moreover, his poetry shapes the
views of the readers and makes them to love and cherish the life. The greatness of a poet
lies in the transforming and galvanizing capacity of his poetry and it is certain that the
poetry of Rabindranath retains this quality.
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