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Process Optimization for the Production of Microbial Phytase and its
Application in Feed Industry

Priya

ABSTRACT

Phytase breaks the phytic acid molecule and liberates inorganic phosphate and myo-
inositol esters. It also releases other biomolecules attached to the phytate and helps to
overcome the anti-nutritive effect. Due to the lack of certain features of an ideal phytase,
its application on a commercial level is limited. As a feed additive, the demand for phytase
is continuously increasing in the market of feed enzymes. Phytase increases the
bioavailability of nutrients and enhances the nutritional value of feed. It decreases the cost
of livestock feed and load on phosphate reserves. Further, phytase is also involved in
reducing the level of phosphorus, and eutrophication in water bodies, thus mitigating
environmental issues. In the current investigation, among the screening of various
microbes, Penicillium oxalicum PBG30 was selected as the most potent source of phytase.
This fungus was isolated from a rotten orange sample. For the cost-effective production of
phytase, the solid-state fermentation method was applied. In the SSF method, wheat bran
was used as a substrate due to its high nutritional value and cost effectiveness. For the
enhancement of the phytase level, optimization was performed using traditional and
statistical approaches. One variable at a time (OVAT), a traditional method, is used to
study various parameters like the amount of wheat bran, moistening media, substrate and
moisture ratio, incubation temperature, incubation days, and pH. The production of phytase
applying OVAT method reached 200.407 + 6.01 U/g DMR with 10 g wheat bran, mixed
with moistening media (0.5% Urea, 0.1% MgS04.7H20, 0.1% KCl and 0.1% FeSO..7H-0)
of pH 7.0 in a ratio of 1:2, having incubation of 5 days at 30°C. The OVAT approach leads
to a 2.4-fold increase in the phytase production. However, the main drawback of OVAT is
that it examines factors one by one, and not the interaction among the factors, making the
process costly and time-consuming, hence, statistical optimization was conducted. The
statistical optimization includes Plackett-Burman design (PBD) and Response Surface
Methodology (RSM). PBD screened the critical variables essential for the production,
while RSM analyzed the interaction among the variables and provided the exact amount
of that variable required for the production. The four significant variables, viz., magnesium

sulphate, pH, incubation days and Tween-80 were identified by PBD during the study that
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was further examined by RSM. Magnesium sulphate (0.75%), pH (7.0), incubation days
(5), and Tween-80 (3.5%) were the parameters that influenced the phytase production
majorly and enhanced the phytase production by 4.4-fold. The highest production (373.32
+ 3.28 U/g DMR) was obtained when 5 g wheat bran supplied with moistening media
(0.5% ammonium sulphate, 0.01% FeSO4, 3.5% Tween 80 and 0.75% MgS0O4) of pH 7.0
in a ratio of 1:2 having incubation of 5 days at 30°C. For sustainable production, phytase
is produced in trays on a large scale. The amount of phytase was recorded as the highest in
the trays, resulting in a 5.6-fold increase in its production level. After statistical
optimization, the production level of phytase enhanced up to 5.6-fold. Besides phytase, P.
oxalicum PBG30 also produces cellulase (51.06 U/g DMR), amylase (86.20 U/g DMR),
xylanase (18.05 U/g DMR) and lipase (7.05 U/g DMR). The phytase was partially purified
by ammonium sulphate precipitation and dialysis methods and exhibited a 4.9-fold
purification with a 55.31% yield. The biochemical characterization was done to determine
the properties of phytase isolated from P. oxalicum PBG30. The phytase was optimally
active at 70°C and pH 3.0. P. oxalicum PBG30 phytase showed broad substrate specificity
with various substrates which was found maximum with sodium phytate. Phytase is
positively affected by organic solvents such as ethanol, methanol, isopropanol, butanol,
DMSO, and acetone. Tweens and Triton-X-100 considerably increased the phytase
activity, while SDS, EDTA, B-ME, DTT, and sodium molybdate decreased the activity.
The impact of different metal ions was also studied and varied with the microbial species.
P. oxalicum PBG30 phytase is found thermostable with a t1,» value of 1 h, stable in pH 3.0
and pH 5.0 and protease resistant. The Ky, and Vi values were measured as 4.42 mM and
909.1 U/ml, respectively. Phytase showed a long storage life at 4°C and -20°C. P. oxalicum
PBG30 phytase was immobilized with the calcium alginate method and exhibited
reusability up to 5 cycles. Phytase efficiently degrades phytic acid and secretes inorganic
phosphate and other nutritional by-products. The phytase was supplied in fish feed that
shows maximum liberation of inorganic phosphate (33.986 mg/g of feed), reducing sugars
(134.4 mg/g of feed), and soluble protein (115.52 mg/g of feed) with the addition of 200
U of phytase in 0.5 g of feed mixed with 20 ml buffer and incubated at 37°C for 6 h. In
another experiment, phytase was added into experimentally prepared fish feed with
different doses, and the phytic acid hydrolysis was observed. The maximum reduction of
phytic acid was 46.6% occurred with a 1500 FTU/kg phytase dose. Moreover, the effect
of phytase was studied in the hydrolysis of insoluble phytate-metal and phytate-protein and

found efficient in releasing inorganic phosphate with time. In addition, vanadium inhibits
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the phytase activity and enhances the peroxidase activity, thus allowing the phytase to

perform as haloperoxidase. The present study depicts the cost-effective production of

phytase and its utilization as a feed additive in the feed industry.
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CHAPTER 1

INTRODUCTION

1.1 General

Health and food safety are serious concerns as people are suffering from the problem of
malnutrition all over the globe. Environmental pollution and waste management are the other
current issues that must be resolved in the interest of upcoming generations. As, the global
human population exceeds 8 billion, with India at the top (UN, 2022), the demand for food has
increased significantly. To accomplish this, the availability of healthy food is the principal
aspect that needs to be emphasized. Plants and animals are important sources of food, but their
nutritional value is severely affected due to the deficiency of nutrients, mainly phosphorus (P).
P is an essential element for the growth and development of living organisms and is involved
in various metabolic processes for survival, therefore, should be mandatory in the diet (Priya
et al. 2023a). Plant food contains fruits, vegetables, seeds, nuts, grains, legumes, beans, and
oils while animal food includes meat (poultry, beef, pigs), eggs, seafood, milk, cheese, and
yogurt. Most humans prefer animal food over plant food due to the high amount of protein

content, nutrients, and vitamins (Miller et al. 2022).

The aquaculture industry is rapidly growing in the animal food sector. According to
FAO (2023), India’s total food production from the aquaculture sector was 8.64 million tonnes
in 2020. Fish is an important source of dietary food consumed worldwide and carries 16% of
animal protein. Besides, it is a good source of essential amino acids (EAAs), polyunsaturated
fatty acids (PUFAs), especially omega-3 PUFAs, eicosapentaenoic acid (EPA), and
docosahexaenoic acid (DHA) (Priya et al. 2023a). The nutritive value of fish solely depends
upon the formulation of a balanced diet (Afzal et al. 2020). Fishmeal is the prime constituent
in fish feed, highly proteinaceous, having excellent amino acid and fatty acids profile, vitamins,
minerals, digestibility, palatability, and low carbohydrate content. However, due to its
excessive use, rising fish production costs (40%—60%), and limited global supply, it is a
prerequisite to be replaced with a sustainable alternative source of protein such as protein-rich
plants (Priya et al. 2023a). In the last two decades, fishmeal has been replaced with plant protein

ingredients. The different plant meals utilized in the aquaculture industry for fish feed are



canola, soybean, sunflower, safflower, rapeseed, and cottonseed meals (Hussain et al. 2021,

Priya et al. 2023a).

However, plant-based foods are nutritionally deficient due to the presence of phytic
acid (PA), a principal storage form of phosphorus. PA acts as an anti-nutritional component by
chelating metal ions, proteins, and other biomolecules and restricts the bioavailability of these
nutrients. The complex form of PA is known as phytate. Due to the lack of phytate-degrading
enzymes in the gastrointestinal tract (GIT) of monogastric animals, P becomes unavailable and
affects their health. The supplementation of inorganic P from finite P reserves is one way to
attain the insufficiency of P, but they are limited in stock and non-renewable. This additional
inorganic P and phytate-associated P when excreted into water bodies causes algal blooms,
hypoxia, and death of marine animals, leading to severe environmental issues (Handa et al.
2020, Singh et al. 2024). Due to nutritional and environmental issues, researchers were focused
on the phytate degrading enzyme i.e. phytase, which is involved in the phytate breakdown by
releasing the bounded P and other nutrients and making them available for the organisms. Since
P becomes available, it abolishes the need for additional inorganic P and thus protects the P
reserves. It also reduces the P level in aquatic bodies and preserves the environment from P

pollution (Kumari and Bansal 2021a).

Phytase is an important feed industry enzyme and has a high market value around the
globe. Food and Drug Administration (FDA) approved phytase as generally recognized as safe
(GRAYS) in the feed industry and it is utilized in more than 22 countries (Priya et al. 2023a).
Currently, the market value of phytase is enhancing yearly at a 6.3% rate and is predicted to be
more than $1 billion by 2025 (Kumari and Bansal 2021a). In terms of revenue, phytase
occupies 83.6% market share (Thakur et al. 2022). The leading phytase-producing companies
are Novozymes, DuPont (Danisco), AB enzymes, DSM, and BASF (Vasudevan et al. 2019,
Zhou et al. 2022). The phytase market is categorized based on the type of available phytase
(powder, granulated, liquid, thermostable), application in animals (poultry, pigs, aquaculture,
pharmaceuticals), and geographical area. Phytase are mostly found in powder and granular
form, used in poultry feed and North America is the highest producer of phytase (Priya et al.
2023a). The first commercial phytase is Natuphos, discovered in 1991, and comes under first-
generation phytase. Natuphos E is the advanced version that came up in the market in 2016
with improvements in its properties (Singh et al. 2024). The majority of the commercial

phytases are sourced from fungi and come under the Histidine acid phosphatase (HAP)



category. Recombinant phytases are also available on a commercial scale nowadays. OptiPhos

is a recombinant phytase that comes under the second generation of phytase (Priya et al. 2023a).

The research on phytase has been ongoing for the past century and rapidly emerged
over a few decades. Thorough work has been conducted on the optimization and production of
phytase from different sources (bacteria, fungi) and its application in different fields like the
food industry, plant growth, and animal nutrition (poultry, pigs, fish). However, the criteria for
ideal phytase (thermostable, protease-resistant, wide pH range, substrate specificity, catalytic
efficiency, and performance in GIT of animals are still not fulfilled and their production cost
is also high (Handa et al. 2020). The need to produce a cost-effective phytase with the

properties of an ideal phytase is still under consideration.

Although various commercial phytases have been studied in improving fish health, the
impact of supplementation of phytase in the fish feed contains many gaps, like the
accomplishment of desired properties for an ideal phytase required during the feed processing,
cost-effective production of phytase, the effect of phytase on feed material before feeding, the
exact location and mechanism of phytate hydrolysis in the fish GIT, the response of phytase in
varied pH of GIT, applied form of phytase in the feed as a supplement, therefore more
investigation is also needed in these aspects. The focus of the present work is to produce a cost-
effective phytase suitable for the feed industry, evaluate its features to meet the desired

properties of an ideal phytase, and study its effects on feed for enhancing the nutritive value.

1.2 Objectives

Phytase is widely used in the food and feed industry. It ameliorates the nutritive value of food
and feed by overcoming the negative effect of phytic acid. In the aquaculture industry, the
involvement of phytase as a fish feed supplement is complicated due to a variety of fish species
with different characteristics. The study aims to produce a cost-effective phytase from fungal
species and optimize its production followed by purification and characterization of a phytase
that can fulfil the properties of an ideal phytase and its utilization in the feed industry. The

objectives of this study are as follows:
Objective 1. Isolation and identification of potent phytase-producing microbe.

Objective 2. Process optimization for the production of microbial phytase.



Objective 3. Purification and characterization of the microbial phytase.

Objective 4. Immobilization and application of the phytase in the feed industry.

This study showed the production of phytase from Penicillium oxalicum by solid-state
fermentation method using wheat bran as substrate. Solid-state fermentation is adopted for the
work because it uses agricultural waste or lignocellulosic biomass as a substrate and requires a
low amount of water. By using these waste materials, SSF resolves the disposal issue that
occurs through agro-residues and biomass, one of the environmental challenges. The
conversion of these waste into value-added products is beneficial from both economic and
environmental point of view. Wheat bran was selected for the study due to its easy availability
and low cost. It also acts as an inducer for phytase production during the fermentation process.
The production of phytase is optimized through the statistical approach of PBD and RSM
techniques. During the PBD and RSM methods, many factors are optimized simultaneously in
a single set of experiments. To check the sustainability of production, phytase is produced on
a large scale in trays. This entire use of SSF, wheat bran, and optimization through statistical
methods makes the phytase production cost-effective. Further, the enzyme is partially purified
and characterized to know the biochemical properties of phytase. The study of optimal
temperature and pH, thermostability, pH stability, storage life, and action of digestive enzymes
helps in determining the ideal properties of phytase. Also, the effect of phytase in the presence
of metal ions, detergents, inhibitors, and organic solvents is evaluated. Immobilization of
phytase is done with calcium alginate to improve the catalytic activity and to check its
reusability. Finally, the application of phytase in the feed industry is studied to determine the
influence of phytase in the amelioration of nutrition and environmental pollution management.
The involvement of phytase in hydrolyzing phytate-metals and phytate-protein complexes was
assessed. The action of phytase in liberating inorganic phosphate, and reducing sugars and
protein content from fish feed was checked. Also, reduction of phytic acid through phytase in

fish feed was examined.



1.3 Review of Literature

1.3.1 Phytic acid

Myo-inositol hexakisphosphoric acid, IP6 (phytic acid) is the principal storage of organic P
found in all plant seeds. It exists in the free form (without metal) and complex structure (with
metal) at acidic and neutral pH (Priya et al. 2023a). It is present in cereals (aleurone layer),
legumes (globoid crystals), nuts, and oilseeds and occupies 1-5% by weight (Singh et al. 2020).
As its name indicates, there are six phosphate groups attached to myoinositol which can bind
with different metal ions. Its chemical formula is CsH1s024Ps. In plant seeds, phytate constitutes

65-80% of the total P (Gampa et al. 2023).

Fig. 1.1 Structure of phytate molecule

Within the pH of the GIT, phytic acid gets deprotonated becomes negatively charged,
and exists as a phytate molecule by making a binary complex with cations. It also binds to
proteins, amino acids, digestive enzymes, and other biomolecules. In the acidic stomach region,
positively charged amino acids bind to phytate and form phytate-protein complex and reduce
protein digestibility. While in the alkaline intestine, the breakdown of phytate-protein
association occurs in the existence of cations, here the negative charge accommodates over
protein molecules and binds to cations. Thus, a ternary structure is formed as a phytate-cation-
protein, which resists the protease action (Kryukov et al. 2021, Gampa et al. 2023). The
ruminant animals possess phytase activity in the microbes of the gut region, thus degrading the
phytate complex and utilizing P and other nutrients, but non-ruminant animals are unable to do

so and are thus affected by the problem of malnutrition. Asian countries severely face such a



situation as they rely on a cereals-based diet which is rich in phytate amount (Song et al. 2019).
The phytate-minerals complex also leads to a deficiency of minerals creating various disorders
that impact the health of children and human beings. In the order of reduction in stability, the
binding affinity of phytate towards metal is as follows: Cu** >Zn?* > Ni** > Co?*" > Mn?" > Fe**
> Ca?" (Sun et al. 2021). Phytate binds with proteins in acidic and alkaline conditions and
impairs the protein structure, decreasing the enzymatic activity, solubility, and proteolytic
digestibility (Joudaki et al. 2023). Phytate also binds with digestive enzymes such as pepsin,
trypsin, and amylase and lowers their activity. Phytate decreases the energy and amino acids
availability by changing the release of endogenous substances such as digestive enzymes, HCI,
and mucin in GIT (Sharma et al. 2020). Phytate makes a lipophytin complex with lipid

molecules and restricts lipid availability (Coban and Demirci 2017).

Apart from anti-nutritional behaviour, phytate is beneficial for human health. Phytate
has anti-carcinogenic, antineoplastic, antimicrobial, and antioxidant properties (Kumar et al.
2021). It prevents dental cavities and stone formation in the kidney due to the
hypocholesterolemic effect (Nassar et al. 2021, Rizwanuddin et al. 2023a). It also protects from
cardiac disease, neurodegenerative disorders, and breast cancer (Abdulwaliyu et al. 2019). It
has potential against toxic metal ions and also regulates insulin secretion (Bloot et al. 2023).
Phytate also limits putrefaction in fruits and vegetables by restricting the polyphenol oxidase
(Rizwanuddin et al. 2023a). This contrasting behaviour of phytate whether being beneficial or
detrimental needs further exploration. The reported intake of phytate in India is 670-2500 mg
(Sharma et al. 2020), and the limit of phytate content in the food and feed should be balanced
because a low concentration of phytate is friendly, but its excess amount raises nutritional and

environmental issues (Handa et al. 2020).

The phytic acid can be measured through several methods like ferric precipitation,
colorimetric, titration, spectroscopic (UV-VIS, ICP-MS, NMR, FT-NIR), sensor-based
(electrochemical biosensors and nanoprobes), chromatographic (HPLC, GC, TLC), and
electrophoresis (PAGE, CZE) {Sivakumaran and Kothalawala, 2018, Marolt and Kolar, 2020} .
The most commonly used colorimetric method for PA analysis is Wade’s test. During the
protocol, a pink colour developed when PA reacted with the Wade reagent (a mixture of FeCl3
and sulphosalicylic), and the intensity of the colour decreased as the level of phosphorus
increased in the mixture (Wade and Morgan, 1955). This method is easy to perform, accurate,

and less costly. The estimation of PA in wheat, cereals, soybean, maize, rye, sunflower, and



oats through Wade’s method has been mentioned in the literature as well (Gao et al. 2007,

Agostinho et al. 2016, Pragya et al. 2023b).

Phytic acid can be broken down either by traditional food processing methods or an
enzymatic approach. In food processing treatment, activation of endogenous phytase is done
through milling, soaking, germination, autoclaving, cooking, fermentation, malting, ion
exchange, and acid hydrolysis methods. However, these methods are less efficient, time-
consuming, and lower the nutritive value of food (Handa et al. 2020, Joudaki et al. 2023).
Therefore, enzymatic hydrolysis is preferred in which exogenously supplemented phytase

hydrolysis the phytate molecule, improves the nutritional value, and reduces the P pollution.

1.3.2 Phytase

Phytase, chemically known as myo-inositol hexakisphosphate phosphohydrolase (EC 3.1.3.8)
comes under the class of acid phosphatases. It catalyzes the phytic acid and releases inorganic
P and lower forms of myo-inositol sequentially (Filippovich et al. 2023). Initially, it dissociates
IP6 into IP5 completely and then similarly degrades further inositol IP5 into IP4 and so on
(Dersjant-Li et al. 2015). It also releases phytate-associated minerals, proteins, digestive
enzymes, and other biomolecules. The phytase enzyme was first reported in rice bran by Suzuki
et al. (1907).

According to the nomenclature committee of the International Union of Biochemistry
and Molecular Biology, there are mainly two types of phytases: 6-phytase in which phytase
acts on the ester bond at the 6th position and is found in plants while 3-phytase in which phytase
act on the 3rd position and commonly present in microbes, but exceptions are remaining there.
Also, some other phytases like 5-phytase in Selenomonas ruminantium and pollen of Lilium

longixorum, and 4-phytase in rye have been reported (Outchkourov and Petkov 2019).
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Fig. 1.2 Hydrolysis of phytate molecule by phytase enzyme

Another classification of phytases is based on the catalytic properties and they are of
four types, i.e., Histidine acid phosphatase (HAP), B-propeller phytase (BPP), Cysteine
phosphatase, and purple acid phosphatase (PAP) (Singh et al. 2020). In HAP, the enzyme
catalytic site is located at the interface of the conserved N-terminal active site motif
RHGXRXP domain and the C-terminal of aspartic acid (HD) domain. The mechanism behind
the reaction is the nucleophilic attack of histidine (RHGXRXP) on the P and the formation of
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an intermediate—covalent phosphohistidine and then HD donates a proton to oxygen of scissile
phosphomonoester bond make the pH acidic. It includes microbes and plants. The first
commercial phytase “Natuphos” is HAP. -propeller phytase e.g., Bacillus spp. lack such type
of motif and need Ca** for enzyme activity. It dissociates only three phosphates from phytate
and has a narrow substrate range with pH varying from neutral to alkaline. Structurally, it has
a hexameric assembly similar to a six-bladed propeller. At the top of a propeller, a substrate
binding site is present. PAP consists of Fe*", Fe*", Mn*", and Zn** in catalytic centres and is
therefore called purple or pink phytases. It is found in plants, fungi, and mammals. Cysteine
phosphatase resembles the catalytic mechanism with protein tyrosine phosphatase (Singh et al.
2024). It was first reported in S. ruminantium (Mullaney and Ullah, 2006). The active site is
found at the junction of larger and smaller domains, enclosing with a P loop (Chen et al. 2015).
Further based on pH, phytases are acidic, alkaline, and neutral. Fungal phytases and some
bacterial species belong to acidic phytases having a pH range of 2.0-6.0, while plants and
Bacillus spp. comes under alkaline phytases (Singh et al. 2024). Only a few neutral phytases

have been reported in some bacteria and fungi (Singh et al. 2020).

Phytases can be obtained from plants, animals, archaea, and microorganisms (bacteria,
yeasts, fungi) (Singh et al. 2020). It can be found in intracellular, extracellular, or cell-bound
forms (Joudaki et al. 2023). In plants, phytases have been reported in rice, wheat, maize,
soybean, rye, barley, beans, spinach, lettuce, oilseeds, and grass. Among these wheat, barley,
and rye possess a high amount of phytase. However, the extraction of phytase from plants is a
tedious, time-consuming, and costly process (Rizwanuddin et al. 2023b). In animals, phytase
has been reported in the calf liver and blood of lower vertebrates but has low efficiency
(Joudaki et al. 2023). Bacteria, fungi, and yeasts are included under microbial sources of
phytase. A major portion of the work has been done with the production and optimization of
microbial phytase, characterization, and its application in various fields. Fig. 1.3 demonstrates
the framework that enlightens the extraction of phytase enzyme from microbes, upstream and

downstream techniques, applied form of phytase, and its application in different sectors.



11

N ' =
M o | = _
.. N ’ge

S W

SSF B
- SmF Purification ¢ ({%‘-’@\\,
Source ?28&"
Production / L
Filamentous fungi, e (TELRY o _
Mushroom, Yeast

Combating environmental

pollution Food and feed additive =~ Biofuel production Plant growth promotion

Fig. 1.3 Outline view of bioprocessing of phytase along with its application

1.3.3 Microbial source of phytase

Microbes are a preferred source of phytase because of easy culturing, fast growth, high yield,
and the production of stable and cost-effective phytase (Priya et al. 2023a). Microbial phytase
breaks down the phytate molecule completely as compared to endogenous plant phytase (Song
et al. 2019). Phytase can be isolated from three different sources of microbes — bacteria, fungi,
and yeasts. Among microbes, the presence of phytase can be intracellular and extracellular.
The majority of fungal phytases are extracellular, while bacteria and yeasts are cell-bound with
some exceptions (Jain et al. 2016). Microbial phytase can be obtained from the soil, plant
rhizosphere, gut region of animals, and extreme environmental conditions. As shown in Table
1.1, an enormous number of microbes have been isolated for the production of phytase
enzymes. Bacterial phytases have been isolated from Pseudomonas sp., Bacillus sp., Prevotella

sp., Raoutella sp., Pantoea sp., Mitsuokella multiacidus, M. jalaludinii, Aerobacter aerogenes,
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Citrobacter braakii, Klebsiella sp., Enterobacter spp., Bifidobacterium sp., Megasphaera
elsdenii, Lactobacillus sp., S. ruminantium and Escherichia coli (Jain et al. 2016; Rizwanuddin
et al. 2023a, Rizwanuddin et al. 2023b). Bacterial phytases perform mostly in alkaline regions,
usually produced by SmF and are phytate-specific making them less preferable as compared to
fungal phytases which are thermostable, broad substrate specificity, protease-resistant, and
possess chitin wall (Rebello et al. 2017, Singh et al. 2024). As compared to fungal phytase,
they are smaller in size due to the occurrence of glycosylation in fungal phytase (Hussain et al.
2021). Yeast phytases are present in both extracellular and cell-bound forms. Arxula
adeninivorans, Pichia anomala, P. kudriavzevii, Saccharomyces cerevisiae, Clavispora
lusitaniae, Kluyveromyces marxianus, Millerozyma farinosa, Candida glabrata,
Wickerhamomyces anomalus, Hanseniaspora guilliermondii, and Debaryomyces nepalensis

are some examples of yeasts species containing phytase enzyme (Gessler et al. 2018).

At the commercial level, fungi are the preferred source for phytase production due to
the release of extracellular phytase. In the case of fungi, the genera Aspergillus, Penicillium,
Mucor, Rhizopus, Trichoderma, and Myceliophthora, are frequently involved in phytase
production (Joudaki et al. 2023). Fungal phytases are acidic (2.0-5.0) in nature and come under
the HAP category. They can perform in a wide range of temperatures and are highly
thermostable. Fungi have chitin walls that help them to survive in extreme environmental
conditions, are cultured easily, and produce a high yield of enzymes (Rizwanuddin et al. 2023a
and b). Due to these peculiar features, fungi are preferred over bacteria. Various mesophilic
and thermophilic fungi have been mentioned in literature for phytase production. A. niger is
the first fungi species that shows the phytase activity. After that, different species of Aspergillus
(A. ficuum, A. oryzae, A. flavus, A. niger, A. tubingensis, A. niger van teighem, A. fumigatus,
A. carbonarius, Ganoderma applanatum, G. stipitatum, Grifola frondosa, Mucor racemosus,
M. piriformis, Penicillium purpurogenum, Rhizopus oligosporus, R. oryzae, Schizophyllum
commune, Trametes versicolor, Humicola nigrescens, N. sitophila, Cladosporium species, M.
piriformis, Agaricus bisporus, Agrocybe pediades, Ceriporia sp., Lentinula edodes have been
reported for the production of phytase (Jatuwong et al. 2020a, Singh et al. 2024). Thermophilic
molds like Myceliopthora thermophila, Thermomyces lanuginosus, Sporotrichum thermophile,
Chaetomium thermophilum ATCC58420, Rhizomucor miehi ATCC22064, Thermomucor
indicae-seudaticae ATCC28404 were also found as phytase producers. Filamentous fungi can

be grown by both SSF and SmF methods.
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Table 1.1 Location and fermentation method used by phytase-producing microbes.

Source Location Fermentation | References

Fungi

A. niger Extracellular SSF, SmF Sandhya et al. 2015

A. niger NCIM 563 Extracellular SmF, SSF Buddhiwant et al.
2016

A. niger UFV-1 Extracellular SmF Monteiro et al. 2015

A. niger CFR 335 Extracellular SSF Gunashree and
Venkateswaran 2015

A. niger NT7 Extracellular SSF Kumari and Bansal
2021a

A. niger TA-1 Extracellular SSF Neira-Vielma et al.
2018a

A. niger var. phoenicis | Extracellular SmF Nascimento et al. 2022

URM4924

A. fumigatus NF191 Extracellular SmF Gangoliya et al. 2015

A. flavus ITCC 6720 Extracellular SSF Gaind and Singh 2015

A. tubingensis SKA Extracellular SmF Qasim et al. 2017

Muscodor sp. Extracellular SmF Alves et al. 2016

R. oligosporus MTCC Extracellular SSF Suresh and Radha
2015

R. microsporus var. | Extracellular SmF Sato et al. 2016

microsporus

R. oryzae Extracellular SSF, SmF Kanti and Sudiana
2018

S. thermophile BITLR50 Extracellular SSF Kumari et al. 2016

T. lanuginosus SSBP Extracellular SmF Makolomakwa et al.
2017

T. lanuginosus IMI 096218 Extracellular SSF Bujna et al. 2016

N. sitophila Extracellular SSF, SmF Kanti and Sudiana

2018
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N. crassa Extracellular SmF Kanti and Sudiana
2016

Hypocrea lixii SURTO1 Extracellular SmF Thyagarajan et al.
2016

T. purpurogenum NSA20 - SSF Ahmed et al. 2022

Ganoderma sp. MR-56 - SmF Salmon et al. 2016

G. frondosa Extracellular SmF, SSF Huang et al. 2018

T. aurantiacus SL16W Extracellular Semi SSF Tanruean et al. 2021

Bacteria

Streptomyces luteogriseus R10 | Extracellular SmF Aly et al. 2015

Enterobacter sp. ACSS Extracellular SmF Chanderman et al.
2016

E. aerogenes Extracellular SmF Muslim et al. 2018

E. intermedius PHY 03 Extracellular SmF Aziz et al. 2015

E. cloacae strain PSB-45 Extracellular SmF Kalsi et al. 2016

Rahnella aquatilis 17-GX1 Extracellular SmF Lietal. 2021

B.  subtilis subsp. subtilis | Extracellular SSF Das and Ghosh 2015

JX292128

B. subtilis US417 Extracellular SmF, SSF Singh et al. 2013

B. subtilis DR6 Extracellular SmF Kammoun et al. 2012

B. subtilis KT004404 Extracellular SmF Javaid et al. 2022

Serratia sp. PSB-15 Extracellular SmF Kalsi et al. 2016

C. koseri PM-7 - SmF Tripathi et al. 2017

Pediococcus acidilactici | Extracellular SmF Bhagat et al. 2020

SMVDUDB?2

P. acidilactici BNS5B Extracellular SmF Sharma and Shukla
2020

Lactic acid bacteria Intracellular SmF Goswami et al. 2017

Pantoea vagans 3.2 Intracellular SmF Suleimanova et al.
2013

Lactobacillus brevis Intracellular SmF Sumengen et al. 2012

Extracellular
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Bacillus coagulans Intracellular SmF Chatraei and Emtiazi
2019

Yeast

Cystobasidium minutum Extracellular SmF Gowthami and

(Rhodotorula minutum) Gunashree 2023

Cyberlindnera jadinii CJ2 Cell  bound, | SmF Capusoni et al. 2021
Extracellular

K. lactis CBS 2359 Cell-bound SmF Capusoni et al. 2021

K. marxianus Y1058 Cell-bound SmF Capusoni et al. 2021

K. marxianus Extracellular SmF Pires et al. 2019

Hanseniaspora uvarum UMY 514 | Cell-bound SmF Capusoni et al. 2021

H. uvarum UMY 571 Cell-bound SmF Capusoni et al. 2021

Brettanomyces bruxellensis CBS | Cell-bound SmF Capusoni et al. 2021

2499

Lachancea thermotolerans Cell-bound SmF Capusoni et al. 2021

CBS 6340

Torulaspora delbruekii CBS1466 | Cell-bound SmF Capusoni et al. 2021

Zygosaccharomyces Cell-bound SmF Capusoni et al. 2021

kombutchaensis CBS 8849

Meyerozyma guilliermondii | Cell-bound SmF Capusoni et al. 2021

UBOCC-A-214008

M. guilliermondii UBOCC- | Cell-bound SmF Capusoni et al. 2021

A-214143

Rhodotolura mucilaginosa | Cell-bound SmF Capusoni et al. 2021

UBOCC-A-214036

R. mucilaginosa IMUY 14 Extracellular SmF Yu et al. 2015

R. diobovata Mo38 UBOCC-A- | Cell-bound SmF Capusoni et al. 2021

208033

C. atlantica Mo31 UBOCC-A- | Cell-bound SmF Capusoni et al. 2021

208026

C. tropicalis BOM2 Extracellular SmF Ogunremi et al. 2020

D. hansenii BIO2 UBOCC-A- | Cell-bound SmF Capusoni et al. 2021

208002

Williopsis saturnus NCIM 3298 Cell-bound SmF Pable et al. 2019
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Schwanniomyces (. | Cell-bound SSF Molina et al. 2021
Debaryomyces) occidentalis

P. guilliermondii EX15 UBOCC- | Cell-bound SmF Capusoni et al. 2021
A-208004

P. kudriavzevii TY13 Extracellular SmF Hellstrom et al. 2015
P. kudriavzevii OG32 Extracellular SmF Ogunremi et al. 2020
P. membranifaciens S3 | Extracellular SSF Soman et al. 2020
(MG663581)

S. cerevisiae Finarome Extracellular SmF Klosowski et al. 2018

1.3.4 Production and optimization of microbial phytase by SSF

Fermentation is the most frequent method used for enzyme production. Two types of
fermentation processes are commonly utilized for phytase production, solid-state fermentation
(SSF) and submerged fermentation (SmF). A new upcoming approach for the production of
enzymes is the semi-solid fermentation method (SSSF), which is similar to SSF, but requires
more water than SSF. SSF is the method in which microbes are grown on a solid matrix and
the process is carried out in the absence or less amount of water. In this process, the substrate
acts as a solid matrix and requires adequate moisture for the growth of microorganisms. It
provides a similar environment to the microbes from where they are isolated. In SmF, microbes
are grown in a flask having liquid nutrient media (Handa et al. 2020). Phytase yield is
influenced by various factors such as type of strain, culture parameters, nature of substrate, and
bioavailability of nutrients (Handa et al. 2020). The SmF method has been largely used for
phytase production in the case of bacterial species. For eg., B. amyloliquefaciens DS11 and L.
amylovorus B4552 (Hussain et al. 2021), B. subtilis KT004404. However, some fungal species
are also found to produce phytase by SmF like 4. niger var. phoenicis URM 4924 (Nascimento
et al. 2022). Traditionally, SmF is used for the production of enzymes at a commercial scale

but SSF is preferred nowadays due to its advantages over SmF.

SSF includes simple media, easy aeration, less water requirement, high product yield,
low requirement of energy, decreased bacterial contamination, less space requirement, easy
operation, economical cheaper, less time consuming, and high reproducibility (Rizwanuddin

et al. 2023a, Singh et al. 2024). It uses agricultural wastes as a solid material that promotes the
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growth of microorganisms. Agricultural residues are by-products left over after harvesting and
processing of crops. They are accumulated every year in millions of tons and have been a cause
of environmental pollution. To mitigate this issue, researchers are utilizing these by-products
in the production of enzymes or bioethanol formation. They are highly nutritive due to the
presence of cellulose, hemicellulose, lignin, and other polysaccharide components. They are
lignocellulosic and promote the growth of microorganisms (Jatuwong et al. 2020b). Phytase
production in SSF through the utilization of agricultural waste (wheat bran, wheat straw, rice
bran, rice straw, oil cakes, corn cobs, corn bran, sugarcane bagasse, cassava bagasse, oat bran
and soybean bran, coffee pulp, husks, fruit peels and pulps, oat husk, sawdust, sorghum straw,
soybean meal, citrus peels, and coconut oil cakes has been reported in various literature
(Jatuwong et al. 2020b, Hussain et al. 2021, Ahmed et al. 2022, Singh et al. 2024). Semi-solid
fermentation is the least common method and reported in Thermoascus aurantiacus SL16W

(Tanruean et al. 2021).

Filamentous fungi can be produced through both SSF and SmF, however, SSF is a more
common method for the production of phytase from these fungi. For instance, R. oligosporus,
S. thermophile, G. frondosa, A. zeae, A. aculeatus, P. adiposa, A. niger, A. tubingensis, A.
oryzae are the fungi that produced phytase through the SSF method (Suresh and Radha 2015,
Kumari et al. 2016, Huang et al. 2018, Pires et al. 2019, Saxena et al. 2020, Jatuwong et al.
2020b, Kumari and Bansal 2021a, Mahendran et al. 2022, Pragya et al. 2023a). The production
of phytase from yeasts and a few bacterial species has also been done using the SSF method
(Soccol et al. 2017, Jatuwong et al. 2020a). Table 1.2 demonstrates the production of phytase

by using different substrates.

Though the production of phytase and cellulolytic enzymes from 7. aurantiacus
SL16W has been achieved using rice bran as a substrate (Tanruean et al. 2021), wheat bran is
the most commonly used substrate for the production of phytase. It is rich in carbon, nitrogen,
and amino acids and a high amount of phytic acid. Due to the presence of phytate, it acts as an
inducer for the production of phytase (Chanderman et al. 2016), and provides support for the
growth of fungi, easy availability, and low cost (Kumari and Bansal 2021a). The utilization of
wheat bran by different fungi in phytase production has been mentioned such as A. awamori
NRC-F18, A. niger F-258, A. oryzae F -923, S. cerevisiae F-307, A. fumigates NRCF-113, A.
oryzae F -937, T. viride NRCF-107 (Elkhateeb and Fadel 2022), A. tubingensis (Mahendran et
al. 2022), A. niger NT7 (Kumari and Bansal 2021a), A. aculeatus APF1 (Saxena et al. 2020),
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A. oryzae SBS50 (Sapna and Singh 2015), R. oligosporus MTCC 556 (Suresh and Radha

2015).

Table 1.2 Optimization conditions of fungal phytase produced through the SSF method.

Source pH | Temperature | Substrate References
A. flavus ITCC 6720 | 6.0 |37 Mustard cake Gaind and Singh 2015
A. oryzae SBS50 5.0 |30 Wheat bran Sapna and Singh 2015
A. niger 5.0 |30 Rice bran Sandhya et al. 2015
R. oligosporus MTCC | 5.5 |30 Mixed substrate | Suresh and Radha
556 2015
A. niger NCIM 563 - 30 Groundnut  oil | Buddhiwant et al.
cake 2016
S. thermophile | - 45 Mixed substrate | Kumari et al. 2016
BJTLRS50
A. niger - 30 Soybean meal Saithi and Tongta
2016
A. ficuum 82 |27 Potato waste Tian and Yuan 2016
A. tubingensis SKA 5.0 |30 Wheat bran Qasim et al. 2017
FSS223 7.0 |65 Wheat bran Yaseer et al. 2018
FSS296 50 |60 Soybean powder | Yaseer et al. 2018
G. frondosa - 25 Brown rice Huang et al. 2018
N. sitophila - 30 Rice straw | Kanti and Sudiana
powder and | 2018
soybean  curd
residue
A. niger TA-1 - 28 Triticale Niera-Vielma et al.
2018a
A. ficuum PTCC 5288 | 5.5 |30 Wheat straw Shahryari et al. 2018
A. zeae B 4.0 |28 Corn meal Pires et al. 2019
T. atroviride - 30 Maize DDGS Prado et al. 2019
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A. niger Str 3 - 30 Coconut oil cake | Kanti et al. 2020
and rice brand
A. aculeatus APF1 3.0 |50 Wheat bran Saxena et al. 2020
P. adiposa 6.0 |30 Water hyacinth | Jatuwong et al. 2020b
A. niger NT7 5.0 |35 Wheat bran Kumari and Bansal
2021a
A. niger 6.0 |35 Rice polish Mahmood et al. 2021
A. awamori NRC-F18 | 6.0 |30 Rice straw Elkhateeb and Fadel
2022
T. purpureogenus | 5.5 | 30 Potato peel Ahmed et al. 2022
NSA20
A. terreus 45 |40 Rice bran Chaudhari and
Peshwe 2022
A. tubingensis 5.0 |30 Wheat bran Mahendran et al. 2022
A. oryzae SBS50 5.0 |30 Mixed substrate | Pragya et al. 2023b
P. purpurogenum 80 |27 Maize cob and | Rizwanuddin et al.
corn bran 2023a

The optimization is a process to identify the best factors involved in enhancing the
production of enzymes significantly. Optimization can be done by traditional and statistical
methods. One variable at a time (OVAT) is an unconventional or traditional approach that
analyses variables one by one during the experiment. Once it fixes the level of one variable,
then it examines others. OVAT is a tedious, costly, and time-consuming process. Statistical
optimization is the most adopted approach in enhancing the production of enzymes. The
method includes Placket Burman Design (PBD) and Response Surface Methodology (RSM)
which analyze multiple parameters in a single experiment. With the help of mathematics and
statistics, an experimental model was designed to analyze the influence and importance of
parameters and their interaction in increasing the production yield (Singh et al. 2024, Kumari
and Bansal 2021b). It reduces the time, number of experiments, and cost taken during the
OVAT experiment. PBD identifies critically important factors useful for the production of
enzymes while RSM depicts the interaction level among the critical factors. Optimization of

variables is necessary to increase the production level of enzymes. Various factors including
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substrate, amount of substrate, moisture level, pH, temperature, incubation days, carbon and
nitrogen source, detergents, amount, and age of inoculum need to be optimized for the highest
production. Different carbon sources (glucose, sucrose, maltose, dextran, galactose, lactose,
mannitol, fructose, starch), nitrogen sources (ammonium nitrate, ammonium sulphate, urea,
yeast extract, potassium nitrate, sodium nitrate, beef extract, peptone, tryptone), detergents
(Tween 20, Tween 40, Tween 60, Tween 80, Triton-X-100) may be employed to the production

media for the enhancement in the yield of an enzyme.

The optimization of phytase has been performed via both OVAT and statistical ways
{Jatuwong et al. 2020b, Kumari and Bansal 2021(a, b), Mahmood et al. (2021, 2022), Pragya
et al. 2023 (a, b), Singh et al. 2024}. The optimized conditions for phytase isolated from A.
awamori NRC-F18 was 5 g rice straw moistened with media (1:2) of pH 5.5 containing glucose
and ammonium phosphate as a carbon and nitrogen source incubated at 30°C for 6 days
(Elkhateeb and Fadel 2022). The production of phytase by A. tubingensis is found maximum
when the moistening media was supplemented with 75 mM glucose, 1% peptone, ImM zinc
sulphate, and 1% sodium chloride along with culture conditions of pH 5.0, 30°C, 200 x 10*
(v/v) inoculum level and 5 days (Mahendran et al. 2022). The best culture conditions for A.
flavus ITCC 6720 were 0.5% malt extract and glucose with a moisture level of 58%, 10% of 3
days old inoculum, incubation period of 4 days, 37°C incubation temperature and 6.0 pH along
with mustard cake substrate (Gaind and Singh 2015). Similarly for A. niger, the growth
conditions were rice bran substrate along with the incorporation of glucose and ammonium
nitrate with pH 5.0 and 30°C for 4 days (Sandhya et al. 2015). Also, other fungal studies
represented phytase production in R. oligosporus MTCC 556 (Suresh and Radha 2015), A.
niger Str3 (Kanti et al. 2020), Neurospora sitophila (Kanti et al. 2020), 7. aurantiacus
(Tanruean et al. 2021), and A. niger (Kumari and Bansal 2021a) were optimized through
OVAT.

In most of the cases, OVAT is performed initially for considering the useful parameters
and then statistical optimization is designed upon it. Kumari and Bansal (2021b) identified a
few variables like the amount of substrate, temperature, incubation period, pH, mannitol level,
and ammonium sulphate through OVAT and finalized 5 g wheat bran with 2% mannitol and
0.5% ammonium sulphate in media of pH 4.3 incubated at 35°C for 5 days via RSM. In the P.
adiposa phytase production, the reported chief components were water hyacinth with 85%
moisture content of liquid medium having pH 6.5 along 30°C incubation temperature for 7 days

through statistical method (Jatuwong et al. 2020b). Statistical optimization has also been
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performed in various fungi such as 4. oryzae SBS50 (Sapna and Singh 2015, Pragya et al.
2023a), A. niger NCIM 563 (Buddhiwant et al. 2016), S. thermophile BITLR50 (Kumari et al.
2016), A. ficuum (Wang et al. 2017), Talaromyces purpureogenus NSA20 (Ahmed et al. 2022)
via PB and RSM. Similarly, in other studies, the involvement of PBD, and RSM has been
mentioned as well (Pragya et al. 2023a, Niera-Vielma et al. 2018a, Shahryari et al. 2018, Qasim
et al. 2017, Kumari et al. 2016, Buddhiwant et al. 2016), as shown in Table 1.3.

The optimization and improvement in strain through mutations or transgenic and
recombination production are the other important techniques performed to enhance the amount
of microbial phytase. For the upgradation of phytase properties at the molecular level, the
phytase variant is developed by protein engineering technology via two approaches directed

evolution and rationale design (Chen et al. 2015).

Table 1.3 Statistical optimization of phytase production by PBD & RSM experiments

Source Optimized conditions via PB | References
& RSM
A. oryzae SBS50 Triton-X-100 3.0%, | Sapna and Singh 2015

magnesium sulphate 0.4%,
moisture ratio of 1:3.5 with an
incubation time of 48 h.

A. niger NCIM 563 5 g of glucose, 10 g of dextrin, | Buddhiwant et al. 2016
200 ml of distilled water
and 1.5 g of MgS04.7H,0O

S. thermophile | yeast extract 1.0 %, Tween 80 | Kumari et al. 2016
BJTLR50 2.5 % and incubated period 48
h

R. oligosporus MTCC | 3.0 g dextrose, 2.5 g | Suresh and Radha 2016
556 ammonium nitrate, substrate
size¢ of 80 mesh, 10 mg

calcium chloride - 116 h




A. niger TA-1

Dextrose  (14%), lactose
(0.6%), Tween 80 (2%), and

potassium chloride (0.15)

Niera-Vielma et al. 2018a

A. ficuum PTCC 5288

0.17 g glucose, 0.068 g

ammonium sulfate, 655 g

moisture content

Shahryari et al. 2018

W. saturnus NCIM 3298

glucose, citric acid, yeast

extract, FeSO4, pH

Pable et al. 2019

P. adiposa 85% moisture content, pH 6.5, | Jatuwong et al. 2020b
30°C, 7 days

A. niger NT7 5 g wheat bran, 2% (w/w) | Kumari and Bansal 2021b
mannitol, 0.5% ammonium
sulfate, pH 5, 35 °C, 5 days

A. niger incubation period (6 days), | Mahmood et al. 2022

incubation temperature
(35°C), initial pH (6),
NH4NO;3 (0.75%), and
tween-40 (0.6%)

A. fumigatus

2.75 ml mineral solution, 1.05
ml Ca-phytate, 0.105 g
CaCl».2H>0, inoculum level

390 spores/ml

Thakur et al. 2022

A. oryzae SBS50

2% glucose, 0.4%
MgSO4-7TH20, 2.5% Tween

80, and 1:4 moisture ratio

Pragya et al. 2023a

1.3.5 Purification and characterization of microbial phytase

22

The purification of an enzyme is a necessary step to extract the desired molecule of
interest. It removes the unwanted molecules and concentrates the desired enzyme by increasing
its purification fold. It includes different stages of precipitation, and dialysis followed by

column chromatography. Precipitation is the most commonly used method for purification and
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can be done by ammonium sulphate, acetone, and ethanol followed by dialysis and column
chromatography (ion exchange, gel filtration) for the complete purification of the enzyme.
After chromatography, electrophoretic analysis is done by SDS-PAGE to show the band of
purified enzyme. Biochemical characterization helps in determining the properties of the
enzyme, its structure and function, and its perspective in different fields. Table 1.4
demonstrates the purification techniques used by the phytase with their biochemical

characteristics.

The phytase is a monomeric protein and its molecular mass varies from 35-700 kDa
(Rebello et al. 2017). It demonstrates different characteristics (optimum temperature, optimum
pH, substrate specificity, resistance from proteolysis) which depend on the type of microbial
species used for extraction (Pragya et al. 2021). Microbial phytases are thermostable and
exhibit a wide range of temperatures. Most of the fungal phytases are HAP and their pH lies
between 2.0-6.0 with some exceptions such as A. bisporus (pH 5-8) and R. microsporus var.
microspores (pH 9.0) (Kaur et al. 2021). The optimal temperature value varies from 37- 67 °C
(Jatuwong et al. 2020a). Also, the effect of metal ions, inhibitors, organic solvents, detergents,
and chaotropic agents was studied to depict the nature of phytase. Niera-Vielma et al. (2018b)
isolated thermostable phytase from A4. niger 7A-1 and purified it up to 7.4-fold with a 15.5%
yield. The K., and Vmax values were 220 uM and 25 uM/min respectively. It showed maximum
specificity with sodium phytate. Similar biochemical properties were recorded in A4. flavus
ITCC 6720 (Gaind and Singh 2015). The purification fold was reported at 34.72, demonstrating
specificity towards sodium phytate and p-nitrophenyl phosphate. A thermostable and protease-
resistant phytase was partially purified from A4. aculeatus APF1 through ammonium sulphate
precipitation and dialysis, showing an optimal pH of 3.0 and temperature of 50°C, respectively

(Saxena et al. 2020).

Table 1.4 Purification and characteristics of microbial phytase

Source MW Optimum Optimum | Purification Reference
(kDa) | temperature | pH process
R. oligosporus | - 55 55 Ammonium Suresh and
MTCC 556 sulphate Radha 2015
precipitation,
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ultrafiltration,
Sephadex

G-25 column

A. flavus ITCC
6720

30

45

7.0

Acetone
precipitation,
Macro-prep high
Q column, Ultra-

filtration

Gaind and
Singh 2015

S. thermophile
expressed in E.

coli

55

60

5.0

Ni-NTA column
chromatography

Ranjan et al

2015

A. niger CFR
335

66

30

4.5

Ammonium
sulphate
fractionation,
Dialysis, DEAE-
Sephadex G-
250, G-150, G-
50 column

chromatography

Gunashree and
Venkateswaran

2015

S. thermophile
expressed in P.

pastoris

70

60

5.0

Ultrafiltration,
fast protein
liquid
chromatography
(FPLC), gel
filtration
chromatography
column
[Sephacryl  S-
200HR(16/60)]

Ranjan and

Satyanarayana

2016

A. oryzae
SBS50

80

50

5.0

Ammonium
sulphate
precipitation,

Dialysis, ion

Sapna and

Singh 2017
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exchange (SP-
Sepharose), gel
filtration (P-60)

A. niger TA-1

&9

56

53

microfiltration,
ultrafiltration,
and DEAE-
Sepharose
column

chromatography

Niera-Vielma et
al. 2018b

A. zeae B

50

Neutral pH

Pires et al. 2019

Aspergillus

Sfumigatus

118

40

6.0

Ammonium
sulphate
precipitation,
Dialysis, ion
exchange
(DEAE-
Sephacel
column), gel
filtration

(sephacryl S200)

Sanni et al. 2019

P. adiposa

42

5.0

Ammonium
sulphate

precipitation

Jatuwong et al.

2020b

A.  aculeatus

APF1

25-35

50

3.0

Ammonium
sulphate
precipitation,
Dialysis, ion
exchange (SP-
Sepharose), gel
filtration (P-60)

Saxena et al.

2020

A. niger NT7

60

2.6,4.8

Kumari and

Bansal 2021b
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Aspergillus 48 45 2.0,5.5 ultrafiltration Caliskan-
tubingensis Ozdemir et al.
TEM 37 2021
T. - 37 55 Ammonium Ahmed et al.
purpureogenu sulphate 2022
s NSA20 precipitation,
Dialysis
A. fumigatus 62 56 5.5 Ammonium Thakur et al.
sulphate 2022
precipitation,
Dialysis,
Sephadex G-100
column
chromatography
A. niger | 65 40 2.1 Ammonium Bhandari et al.
BIONCLS sulphate 2023
precipitation,

Dialysis, DEAE
Sephadex A-50,

Bio-Gel  P-60
column
chromatography

1.3.6 Immobilization of microbial phytase

The immobilization of enzymes is a process in which the enzyme is physically confined within

a matrix so that it can avoid extremely harsh conditions like variations in temperature and pH.

It restricts the structural and functional changes that occur due to environmental conditions

(Filippovich et al. 2023). Besides, it increases the stability of the enzyme and can be reused for

biocatalytic reactions. The immobilization process is greener, highly efficient, and economical.

The immobilization process is dependent upon the interaction between the enzyme and support

matrix and can be done by various approaches- adsorption, encapsulation, entrapment, cross-
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linking, and covalent bonding (Filippovich et al. 2023, Pragya et al. 2021). The use of
nanoparticles in the immobilization is latest in this field and more efficient for the food and
feed industry (Pragya et al. 2021, Filippovich et al. 2023). The type of immobilization
technique adopted for the process must be selected carefully as it affects the properties of the
enzyme. Also, the matrix used in the immobilization should be cheaper, compatible, inert,
physically strong, easily dissolved with enzyme (hydrophilic), and resistant to microbes
(Gampa et al. 2023). Immobilized enzymes are advantageous as they protect the enzyme from
denaturation, provide favourable surroundings for catalysis and have no loss of activity
(Filippovich et al. 2023). Immobilization of phytase with several techniques has been
mentioned in the literature (Coutinho et al. 2020, Lopes et al. 2021, Pragya et al. 2021, Gampa
et al. 2023).

The different matrix have been used for the immobilization of microbial phytases. A
phytase isolated from A. oryzae SBS50 was immobilized on aluminum oxide activated with
glutaraldehyde, showing better characteristics useful for the poultry feed industry than free
enzyme (Gampa et al. 2023). Also, this enzyme was immobilized with calcium alginate and
found effective in food ingredients (Pragya et al. 2023a). Coutinho et al. (2020) investigated
the immobilization of phytase onto hydroxyapatite nanoparticles and applied it in animal feed
because of its high thermostability, acidic pH, protease resistance nature, and 100% recovery
rate. Similarly, phytase was immobilized on monodisperse mesoporous silica nanoparticles via
physical adsorption (Xin et al. 2020). Another study showed the effect of KIT-6 silica
mesoporous containing phytase on Medicago truncatula plant and reported that it is effective
in releasing P for plant growth (Trouillefou et al. 2015). Sirin et al. (2017) immobilized the
phytase of Geobacilllus sp. TF16 in chitosan and Ca-alginate matrix and found that chitosan-
associated phytase represents 38% efficiency while phytase with Ca-alginate matrix depicts
42%. They further analyzed the effect of both immobilized phytases in dephytinizing soymilk.
The comparison of free and immobilized phytase was examined by entrapping Penicillium
purpurogenu GE1 on alginate/carrageenan beads (Awad et al. 2015) and encapsulated phytase
with alginate (Hidayatullah et al. 2020). The cross-linking method is a carrier-free approach
that mainly depends on the covalent association between the molecules. It requires a cross-
linking agent that makes a complex of enzymes with surrounding molecules. Tirunagari et al.
(2018) mixed the phytase enzyme in soymilk and formed CLEA (cross-linked enzyme
aggregates) phytase with 100% efficacy. Similarly, phytase-bound magnesium nanoparticles

were cross-linked with graphene oxide (Dutta et al. 2017). Phytase obtained from Lactarius
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piperatus mushroom was immobilized on magnetic chitosan nanoparticles, and its
dephytinizing effect was examined in cereal products (Onem et al. 2016). The phytase isolated
from cowpea seed was immobilized into polyvinyl alcohol (PVA) nanofiber, and its
biochemical properties were compared with free phytase (Kamaci and Peksel 2022). Belho and
Ambasht (2021) immobilized phytase on chitosan microspheres activated via glutaraldehyde
and studied its structure and kinetic properties. The phytase was immobilized with iron-
modified zeolite and its effect was determined in food and feedstuffs (Lopes et al. 2021). The
immobilization of phytase on monodisperse mesoporous silica nanoparticles through the
adsorption method (Xin et al. 2020) and on carbon nanotubes (Naghshbandi and Moghimi

2020) along with its physiochemical characteristics has been studied as well.

1.3.7 Applications of microbial phytase

Phytases have diversified applications in different fields like human nutrition, animal nutrition,
aquaculture, plant growth, therapeutic, bioethanol formation, and other biotechnological
applications. Since the target applications are broad, a wide range of microbial phytases are
used. For instance, poultry requires neutral phytase whereas acidic phytase performs well in
pigs and fish. Also, the optimal temperature of phytase varies with poultry and aquaculture

feed. (Rizwanuddin et al. 2023a, Singh et al. 2024).

1.3.7.1 Human nutrition

The minerals present inside human food are restricted from utilization due to the presence of
phytate complex and cause health disorders. A deficiency of iron intake causes anaemia in
human beings mainly young women, newborns, adults, and pregnant women (Sharma et al.
2020). Dephytinization is a process of eliminating phytate from the food grains by
supplementing phytase in the food. During the action, inorganic P and other nutritional
components are liberated that have been studied as well in wheat flour, rice flour, maize, oats,
sorghum, wheat-soy flour blend, sesame oil cake, and soy milk (Saxena et al. 2020, Joudaki et
al. 2023, Bhandari et al. 2023). Phytase is also involved in improving the bread quality and
nutritive value after adding phytase to the dough. In the presence of phytase, fermentation time
is reduced, the pH of the dough remains unchanged, and enhancement occurs in the volume of

bread and crumb texture (Handa et al. 2020, Sharma et al. 2020). Chapathi, made from wheat
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flour is the staple food in India and contains phytic acid which decreases up to 45% after the
addition of Candida versatilis phytase (Kaur et al. 2021, Joudaki et al. 2023). The involvement
of phytase has been reported in dephytinizing tandoori, naan, rabadi, and other fermented

products (Ranjan et al. 2015, Joshi and Satyanarayana 2015).

1.3.7.2 Plant growth

P is an important nutrient component essential for the growth and development of plants
(Jatuwong et al. 2020a). In soil, P found in organic and inorganic forms. Organic P contains
phytic acid which holds 50-80% of total soil P while the rest available as inorganic P (Singh et
al. 2020). Phytic acid is found either adsorbed on clays or as insoluble phytate in acidic and
alkaline soils. By chelation, it restricts the minerals essential for soil fertility and plant growth
(Sadaf et al. 2022). Chemical fertilizers are used as a substitute for accomplishing the
requirement of P in plants. But these fertilizers are of high cost, having high transportation rate
and low quality of P and leading to environmental pollution. The supplementation of phytase
is an effective and sustainable approach for the mobilization of P from the breakdown of
insoluble phytate complexes (Joudaki et al. 2023). In the rhizosphere, phytase-possessing
microbes are present that hydrolyze phytic acid and release P, which gets utilized by the plant
to improve its growth (Kaur et al. 2021). Also, phytase-containing microbes such as plant
growth promoting rhizobacteria (PGPR) and plant growth promoting fungi (PGPF) or direct
phytase can be incorporated into the soil for the degradation of insoluble phytate (Singh et al.
2024). Transgenic plants can also be developed by inserting a phytase gene inside the plant so
that P becomes accessible for utilization. Such plants contain low levels of phytic acid in their

seeds (Singh et al. 2020, Kaur et al. 2021).

1.3.7.3 Formation of semi-synthetic peroxidase

Peroxidases are those enzymes that catalyze the oxidation reactions of H.O: (Kaur et al. 2021).
Due to the structural similarity between vanadium-dependent peroxidase and acid
phosphatases, phytase is involved in the synthesis of haloperoxidase. Vanadium acts as a
substitute against phosphate analog and inhibit the activity of phosphatase enzymes (Sharma

et al. 2020). When the incorporation of vanadium ion takes place in the active site of HAP, it
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forms a semi-synthetic peroxidase, which catalyzes the enantioselective oxidation of prochiral
sulphides with H20.. Among the metal oxoanions, only vanadate leads to the formation of
semisynthetic peroxidase (Singh et al. 2024). The modification of phytase into haloperoxidase
through insertion of vanadium has been reported in P. anomala (Joshi and Satyanarayana
2015), S. thermophile (Singh et al. 2018) and A4. oryzae (Pragya et al. 2023b). These semi-
synthetic peroxidases are involved in pharmaceutical uses such as anti-microbial properties,

diagnostic purposes, immunoassays (Kaur et al. 2021).

1.3.7.4 Lower myo-inositol phosphates

Upon hydrolysis of phytate, various myo-inositol intermediates are released. Lower myo-
inositol forms (IP, IP2, IP3, IP4, IP5) are involved in the signaling process (transmembrane
and calcium signaling pathway) {Sharma et al. 2020}. They are pharmaceutically important as
involved in anti-inflammatory, antiangiogenic, chronic renal failure, and other health disorders
(Fig. 1.4) {Handa et al. 2020}. They also act as drug blockers by inhibiting the enzyme. Food
containing unsaturated fatty acid undergoes oxidation reaction leading to spoilage. Phytase acts
as a natural, potent, and non-toxic antioxidant. It possesses anti-neoplastic and anti-tumor
properties, thus preventing the growth of cancer-causing cells in breasts, cervical, and prostate.
It works against coronary heart disease, restricting the agglomeration of platelets hence limiting
cardiovascular disorders. Phytase governs the release of insulin and controls diabetic
conditions. Phytase is also involved in preventing tooth decay that occurs due to

demineralization (Sharma et al. 2020).
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1.3.7.5 Bioethanol production

Though phytase is not directly involved in the bioethanol formation, it increases the production
of starchy and lignocellulosic biomass (Kumari and Bansal 2021a), supports degrading waste,
and makes economical bioethanol along with other enzymes (Rebello et al. 2017). In the paper
and pulp industry, the aging of paper is the main issue that needs to be considered. Therefore,
phytase is employed to detach phytate content from industrial raw materials. Hydrolysis of
phytate is safer and releases non-toxic and non-carcinogenic by-products during the process
(Rebello et al. 2017, Zhou et al. 2022). Phytase is used as a biosensor in the detection of
estrogenic activity in wastewater (Kaur et al. 2021). In agriculture, organophosphorus
pesticides are generally used for killing insects and pests that remain in the soil and become a
part of the food chain. It is a harmful chemical for animals and human beings. Phytase
deteriorates this toxic component that accumulates in the environment. (Shah et al. 2017, Singh

et al. 2024).

1.3.8 Role of phytase in animal nutrition

The monogastric animals including pigs, hens, turkeys, birds, and fishes lack phytase enzymes,
therefore, supplementation of phytase in feed is useful in overcoming the malnutrition and
environmental pollution that occurs due to the accumulation of phytate. The purpose of using
exogenous phytase in the feed is to ameliorate the P level in animal nutrition and reduce the P
level in the environment. Phytase not only enhances the P in the diet but also increases other
essential minerals for the monogastric animals. As an additive, phytase contributes 70% to
animal feed (Rizwanuddin et al. 2023a). The phytase has been incorporated in more than 90%
of poultry and 70% of swine feed (Sharma et al. 2020). There are various phytases used for
animal feed at the commercial scale (Table 1.5). Phytase as a feed additive enhances the growth
parameters, and digestibility of nutrients and minerals thus improving animal health and

nutrition.
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S. No. | Commercial | Source Company Type Reference
Name
1. Natuphos® A. niger BASF, 3-phytase | Bentes et al. 2020,
Germany Fries et al. 2020
2. Natuphos®E | Genetically BASF Hybrid-6- | Rizwanuddin et al.
engineered in | Corporation phytase 2023a, Correa and
A. niger Araujo 2020
3. Ronozyme®P | Peniophora DSM, 6-phytase | Xie et al. 2020,
lycii Switzerland Handa et al. 2020
expressed in
A. oryzae
4. Ronozyme®N | Genetically Novazymes/ 6-phytase | Rizwanuddin et al.
P modified in | DSM 2023a, Correa and
A. oryzae Araujo 2020,
Handa et al. 2020
5. Ronozyme® | C. braakii | Novazymes/ 6-phytase | Rizwanuddin et al.
HiPhos expressed in | DSM 2023a, Correa and
A. oryzae Araujo 2020,
Handa et al. 2020
6. Phyzyme®XP | E. coli | Danisco, UK | 6-phytase | Handa et al. 2020,
expressed in Xie et al. 2020,
Schizosaccha Rizwanuddin et al.
romyces 2023a
pombe
7. OptiPhos® E. coli | Huvepharma | 6-phytase | Handa et al. 2020,
expressed in Xie et al. 2020
Pichia
pastoris
8. Finase®P/L | A. niger | AB Vista 3-phytase | Dersjant-Li et al.

expressed in

2015, Jatuwong et
al. 2020a
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Trichoderma
reesei
9. Allzyme® A. niger Alltech 3-phytase | Rizwanuddin et al.
SSF 2023a, Handa et al.
2020
10. | HiPhorius™ | Genetically DSM - Rizwanuddin et al.
expressed in 2023a
A. oryzae
11. | AxtraPHY® | Buttiauxella | Danisco 6-phytase | Correa and Araujo
Spp. Animal 2020, Handa et al.
expressed in | Nutrition, 2020
T. reesei Dupont, UK
12. | SP, TP, SF A. oryzae Alko - Handa et al. 2020
Biotechnology
13. | Amaferm A. oryzae BioZymes - Handa et al. 2020
14. | Quantum® E. coli | AB vista 6-phytase | Handa et al. 2020,
expressed in Rizwanuddin et al.
P. pastoris 2023a
15. | Quantum E. coli | AB vista 6-phytase | Dersjant-Li et al.
Blue® expressed in 2015
T. reesei
16. | Rovabio Penicillium Adisseo - Jatuwong et al.
Sfuniculosum 2020a

Most of the phytases used in animal feed belong to the HAP category (Kaur et al. 2021).

Phytase degrades phytate and releases P and other nutrients which get utilized by animals

(Handa et al. 2020). The addition of phytase (500-1000 U) in the animal diet can be used in

place of 1 g of inorganic phosphate from phytate and lower the P level by 30-50% in the

environment (Kaur et al. 2021). Phytase is far better than using monocalcium phosphate in the

diet, because it decreases 17 times more global warming, 110 times acidification, and 700 times
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eutrophication (Rebello et al. 2017). Fig. 1.5 demonstrates factors that significantly affect

phytase activity and its response towards animal species.

Animal nutrition Factors affecting animal health
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Fig. 1.5 Application of phytase in monogastric animal nutrition and health
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1.3.8.1 Poultry

The addition of phytase to the broiler diet affects the growth parameters by increasing weight
gain, feed intake (FI), and reducing feed conversion ratio. Further, it enhances the utilization
of minerals and nutrients necessary for eggshell and bone development (Abd-El-Hack et al.
2018). The effect of phytase in improving the growth performance of broilers has been studied
by adding phytase developed from A. niger in P-deficient diets (Kaur et al. 2021) and E. coli
and 4. niger phytase in low-CPME diet (Attia et al. 2021). A balanced ratio of Ca and P affected
the growth performance and nutrient digestibility of the broiler (Ajith et al. 2018). In laying
hens, supplementation of phytase (5000 FTU/kg) from E. coli, A. niger, and T. reesei in the
diet enhances the quality of the egg, reproductive morphology, and productivity (Saleh et al.
2021). The effect of microbial phytase was also studied in pullets having a diet containing high
and low amounts of non-phytate P and observed improvement in pullets fed with low levels of
non-phytate P (Jing et al. 2021). Different dose of A. niger phytase was provided to the diet
and examined its impact on the quality of eggs and utilization of Ca and P in hens
(Englmaierova et al. 2015). Providing a high dose of phytase (20,000 FTU/kg) influences the
rate of egg production positively (Kim et al. 2017). Phytase with a super dose (= 2500 FTU/kg)
showed improvement in energy, protein, and phosphorus digestibility in comparison with

industrial commercial doses (Woyengo and Wilson 2019).

1.3.8.2 Pigs

The supplementation of phytase to the pigs enhances the nutrients and minerals digestibility by
using P from phytate-P. It also reduces the P level in feces (Jatuwong et al. 2020a). The addition
of phytase in the pig diet showed that growth parameters were increased in the starter period
and mineral levels of Ca and P were enhanced in bones and meat (Buzek et al. 2023). The
effect of phytase in improving the mineral digestibility of Ca, P, Mg, Zn, Cu, and Fe was
studied at 1000 FTU/kg in grower-finisher pigs (Czech et al. 2022). The impact of engineered
phytase on pigs’ performance and bone mineralization was evaluated (Wisniewska et al. 2020).
The investigation of P level in the diet and body parts of pigs was done to know the involvement
of phytase in the availability of P (Tsai et al. 2020). The supplementation of phytase with a
super dose amount (2500 FTU/kg) positively influences the health performance of the nursery
phase of pigs more than the grow-out phase (Holloway et al. 2019). Similarly, phytase 20,000
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FTU/kg dose of phytase showed a significant enhancement in the nutrient digestibility and
minerals level in different organs of pigs (Zeng et al. 2015). Irrespective of diet either wheat
or corn-based, 500-2000 FTU/kg dose of phytase demonstrated an improvement in nutrient

digestibility and retention with the maximum at 2000 FTU/kg dose (Dersjant-Li et al. 2017).

1.3.8.3 Aquaculture

The effect of phytase on fish growth performance can be determined by studying various
parameters including weight gain (WQ), FI, feed conversion ratio (FCR), specific growth rate
(SGR), protein efficiency ratio (PER), and apparent net protein utilization (ANPU). Except for
FCR, other variables increase in the presence of phytase (Priya et al. 2023a). Relative growth,
PER, FI, and FCR increased after the addition of phytase in the Oreochromis niloticus diet
(Norag et al. 2018; Rachmawati et al. 2018). Besides, the supplementation of feed with phytase
has shown improvement in the growth performance of several fishes such as Clarias gariepinus
(Uzezi et al. 2019), Labeo rohita (Ali and Kaviraj 2018), Cirrhinus mrigala (Hussain et al.
2017), Psetta maxima (Danwitz et al. 2016), Pelteobagrus fulvidraco (Cheng et al. 2016),
Ictalurus punctatus (Chen et al. 2018), Chanos chanos (Rachmawati et al. 2017), Pangasius
hypophthalmus (Rachmawati and Samidjan 2018b), and Lates calcarifer (Yudhiyanto et al.
2017). The effect of commercial and non-commercial phytases was compared in L. rohita (Roy
et al. 2016) and Cyprinus carpio (Salman and Alkhafaji 2020) and increased growth was
obtained in both cases. The inclusion of phytase in a methionine-supplemented diet showed a
significant improvement in the growth of Myxocyprinus asiaticus (Chu et al. 2016). A positive
effect of neutral phytase was recorded on the growth performance, nutrients, and mineral
digestibility of Carassius auratus (Nie et al. 2017). Rodrigues et al. (2020) stated that Rhamdia
quelen acquires high FCR in a sorghum feed with 1500 FTU/kg of phytase.

The supplementation of phytase in the feed also enhances nutrients and minerals
accumulation in the bone, plasma, and whole body of fish. The assimilation of crude protein
(CP), crude fat, gross energy (GE), and minerals can be determined by calculating the apparent
digestibility coefficient (ADC). The digestibility of CP, crude fat, GE, and minerals improved
significantly due to the supplementation of fish diet with phytases. The involvement of phytase
in increasing protein digestibility in fish is contradictory as in some cases it increases,

decreases, or remains unaffected (Baruah et al. 2017). The involvement of phytase in increasing
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protein digestibility is not direct, in fact it is an outcome of phytase action on the digestibility

of amino acids (Kryukov et al. 2021).

Terrey et al. (2023) studied the effect of microbial phytase with 750 OTU/kg dose in
increasing the growth parameters and P retention level in Sa/mo salar. The influence of phytase
on C. gariepinus performance, antioxidant, and antibacterial properties, and immunological
parameters was found significant when mixed with a soybean diet (Adeshina et al. 2023).
Supplementation of phytase improves the proximate composition of L. rohita fed on a DDGS
diet (Naseem et al. 2021). The maximum enhancement in the growth performance, nutrients,
and mineral digestibility was observed in C. carpio at 950 FTU/kg (Shahzad et al. 2021a), C.
catla at 900 FTU/kg (Shahzad et al. 2020a) dose of phytase with moringa plant diet. Nutrients
(dry matter, CP, GE) and minerals and digestibility increase in O. niloticus after adding 1500
FTU/kg phytase to a P-deficient diet. Moreover, the bioavailability of amino acids such as His,
Leu, Ile, Phe, Lys, Val, Asp, Thr, Glu, Ala, Pro, Gly, and Ser increased by spraying phytase on
the top of pellets (Pontes et al. 2021). Similarly, the addition of 950 FTU/kg phytase in a
moringa-based diet helps in retaining maximum nutrients and improves hemato-
immunological factors (Shahzad et al. 2021b). A diet containing 20% safflower with 2000
IU/kg phytase positively influences the growth factors and digestibility of Oncorhynchus
mykiss and lowers the P level in feces (Cantas and Yildirim 2020). In another study, the addition
of 2500 FTU/kg dose of phytase in the O. mykiss diet enhances their growth and P utilization
at 11 and 15 °C water temperatures (Lee et al. 2020). The role of phytase in degrading phytate
and releasing lower esters of myo-inositol in feces was found higher in O. mykiss than in S.

salar (Greiling et al. 2019).

Moreover, phytase helps in retaining more nutrients inside the fish body (Shahzad et al.
2020b). Increased digestibility of minerals such as Fe, Mg, Ca, P, K, Zn, Cu, Na, Al, Mn, Sr,
Cr, and Pb has been observed in O. niloticus (Sarfraz et al. 2020), C. mrigala (Hussain et al.
2017), L. rohita (Roy et al. 2016), P. fulvidraco (Cheng et al. 2016), and I. punctatus (Chen et
al. 2018) after feeding with phytase-supplemented feed. Besides, increased digestibility of
protein was noticed in C. chanos (Rachmawati et al. 2017), O. niloticus (Rachmawati et al.
2018), P. hypophthalmus (Rachmawati and Samidjan 2018b) and C. carpio (Rachmawati and
Samidjan 2018a). Protein as well as P digestibility was higher when dietary protein and phytase
were added to the diet of C. gariepinus (Kemigabo et al. 2018). Although the apparent

digestibility of protein, ash, and P was higher in P. maxima, the absorption of minerals
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remained unaffected (Danwitz et al. 2016). A positive correlation between phytase and dietary

Ca:P ratio was studied in bone mineralization in C. gariepinus {Uzezi et al. (2016, 2017}.

Although phytase is produced at a commercial scale by various companies all over the
world, there is still a requirement to develop an economical and efficient microbial phytase that
meets all the properties of an ideal phytase, including thermostability, resistance to proteases,
and broad pH. The use of modern molecular biology, genetic engineering and bioinformatics
tools and techniques combined with fundamental approaches will aid in the identification and
development of a single novel and ideal phytase suitable as a feed additive to improve the
nutrition and growth performance of monogastric animals. Using such microbial phytase could
limit phosphate reserves, improve their health and nutrition, and reduce environmental
problems. Many studies are underway to work on these aspects but their applicability in
aquaculture feed is the target for future research. In addition, due to the diverse pH conditions
of the digestive tract of different species of fish, a single phytase cannot be an ideal additive

for fish diets, therefore emphasis should be given to investigating potent phytases.
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CHAPTER 2

MATERIALS AND METHODS

2.1 Materials and Chemicals:

Chemicals — Sodium chloride, Luria-Bertani agar, Nutrient agar, Mueller-Hinton agar, Potato
dextrose agar, D-glucose, Calcium chloride, Ammonium sulphate, Potassium chloride, Ferrous
sulphate, Magnesium sulphate, Manganese sulphate, Sodium phytate, Agar-Agar, Cobalt
chloride, Ammonium vanadate, Ammonium molybdate, Glycerol, Potassium dihydrogen
phosphate, Trichloroacetic acid, Sulphuric acid, Hydrochloric acid, Sodium hydroxide, Sodium
acetate, Soluble starch, Beef extract, Urea, Calcium phytate, Carboxymethylcellulose,
Birchwood xylan, Xylose, p-nitrophenyl laurate, Bovine serum albumin, Sodium carbonate,
Copper sulphate, Sodium potassium tartrate, 3,5-dinitrosalicylic acid, Sodium sulphite, Barium
chloride, Tris-base, Ferric chloride, B-mercaptoethanol (B-ME), Sodium azide, Sodium
molybdate, Ethylenediaminetetraacetic acid (EDTA), Dithiothreitol (DTT), Trypsin, Pepsin,
Hydrogen peroxide (H20-), Sodium alginate, Magnesium chloride, Manganese chloride, Zinc
chloride, Lysozyme, Sulfosalicylic acid {Hi-Media, India}, Tween-80, Glacial acetic acid,
Phenol crystals, Glycine Acetone, Methanol, Ethanol, Butanol, Isopropanol, Dimethyl
sulfoxide (DMSO), Tween-20, Tween-60, Sodium dodecyl sulphate, Triton X 100, Guaiacol
{Merck Pvt Ltd, India}, Folin-Ciocalteu reagent, Lactophenol cotton blue {Sisco Research
Laboratories (SRL), India}, Dialysis tubing, p-nitrophenyl phosphate, Glucose-6-phosphate,
Adenosinetriphosphate (ATP), Adenosine diphosphate (ADP), Adenosine monophosphate
(AMP) {Sigma-Aldrich, USA}, Wheat bran, Orange, fish feed, soybean, wheat flour {local

market}.

Glassware — Petri plates, flasks (150, 250, 500, 1000 ml), test tubes, Eppendorf, slides and
coverslip, reagent bottles (100, 250, 500, 1000 ml), falcons, beaker (100, 250, 500, 1000 ml),
measuring cylinder (10, 25, 50, 100, 250, 1000 ml), glass pipette, glass rod, round bottom flask.

Instruments — Incubator (Remi), Laminar (Hicon), Autoclave, Shaker, Microscope,
Hemocytometer, -20°C deep freezer, Hot-air oven, pH meter, Centrifuge (Sigma), weighing
balance, vortex, UV-VIS spectrophotometer (Shimadzu), water bath, magnetic stirrer,

Lyophilizer, Pelletizer.
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Miscellaneous items — Inoculation loop, burner, 70% ethanol, L-shaped spreader, parafilm,
tissue, distilled water, cotton plug, sealed plastic bags, micropipette, micropipette tips, funnel,
muslin cloth, Oakridge tubes, test tube stand, Eppendorf stand, wash bottle, aluminium foil,
spatula, Whatman filter paper no. 1, cuvette, dilution tubes, needle, enamel coated metallic
tray, wrap roll, magnetic beads, ice box, thread, scissor, cellotape, syringe, pestle and mortar,

mixer-grinder

2.2 Methodology

OBJECTIVE 1: Isolation and identification of potent phytase-producing microbes.

2.2.1 Isolation and screening of microbes

The samples were collected from different conditions like soil beneath the decayed leaves,
agricultural land, nursery, manure and rotten orange from Delhi and NCR region (Noida) in a

sterile polythene bag separately, and processed further in the laboratory.

2.2.2 Qualitative screening of phytate hydrolyzing activity

The 1 g soil sample was added into 100 ml autoclaved normal saline (0.85% NaCl and 0.1%
Tween-80) and serial dilution was done. Inoculated 1 ml suspension from the last diluted tube,
spread on an autoclaved agar plate of different media (LB, NA, MHA, PDA, Czapek-Dox) and
incubated at 30°C for a few days. Similarly, the microbes from a rotten orange sample were
spread on a PDA plate. The cultures obtained on different agar plates were further screened on
PSM plates and incubated at 28°C. The composition of PSM (g/ml) is as follows: D-glucose
(2%), CaCl..2H:O (0.2%), (NH4)2SOs (0.5%), KCl (0.05%), MgSO4+.7H.O (0.05%),
FeS0.4.7H20 (0.001%), MnSO4.H20 (0.001%), sodium phytate (0.4%), agar-agar (1.5%)
having pH 5.0 (Suleimanova et al. 2015, Jatuwong et al. 2020b). D-glucose and sodium phytate
were filter sterilized. A clear zone of hydrolysis at the centre indicates the presence of phytase
activity in the microbes. To avoid false selection of phytase-producing microbes, further

screening was carried out. For the double confirmation of the hydrolysis zone, PSM plates were
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flooded with 2% cobalt chloride solution and kept for 5 min at room temperature and then
replaced with equal volumes of 6.25% ammonium molybdate and 0.42% ammonium vanadate
solution. The culture plates were incubated for 5 min at room temperature and then observed

the hydrolysis zone after decanting the solution (Bae et al. 1999).

2.2.3 Maintenance of microbes

The phytase-producing microbes were maintained on slants and broth at 4°C and also stored at

-20° C in glycerol stock.

2.2.4 Quantitative screening

For quantitative screening, phytase-containing microbes were cultured in 50 ml liquid PSM
(without agar) for phytase production. The 1 ml of microbial inoculum was dissolved in PSM
and incubated at 28°C for 3 days on a shaker with 200 rpm. Whatman filter paper No. 1 was
used to filter the phytase production media. The supernatant was used to detect the phytase

activity through assay.

2.2.5 Enzyme assay

2.2.5.1 Standard curve for inorganic phosphate

The different concentrations of potassium dihydrogen phosphate (KH2PO4) were used to create
a standard curve of inorganic phosphate. Stock solution of KH>PO4 was prepared and then used
to make dilution range from 25-250 pg/ml. In the 1 ml of solution, added 1 ml (10%
trichloroacetic acid, TCA), 1 ml distilled water and 0.5 ml 9 N H2SO4. Tubes were kept for the
incubation period of 10 min at room temperature. Thereafter, 0.5 ml of ammonium molybdate
(6%) was added and mixed with vortex and kept for 15 min in dark. Further, 0.5 ml freshly
made FeSO4 (8% FeSO4- 2g in 20 ml of distilled water with the addition of 0.5 ml 9 N H2SO4
and made the volume up to 25 ml with distilled water) was added. Mixed it properly, kept it
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for 30 min in the dark and took the absorbance at 660 nm with a spectrophotometer against

blank (Fiske and Subbarow 1925).

2.2.5.2 Quantitative estimation of phytase

Phytase activity was determined by measuring the release of inorganic phosphate from the
substrate at 50°C with pH 5.0 through the Fiske and Subbarow (1925) method. One ml reaction
mixture contains 0.5 ml substrate dissolved in 0.1 M sodium acetate buffer (pH 5.0) and 0.5 ml
enzyme diluted with buffer. Blank and control (substrate and enzyme) were also set during the
experiment, and all were performed in triplicate. Substrate and enzyme control represented 0.5
ml substrate with 0.5 ml buffer and 0.5 ml enzyme with 0.5 ml buffer respectively. Kept the
tubes for 5 min incubation at 50°C in a water bath. After that, | ml TCA was added to stop the
reaction. The quantity of inorganic phosphate was measured by the above-mentioned procedure
at 660 nm. Phytase activity was calculated using the regression equation of the standard graph
of KH2PO4 (Sapna and Singh 2013). One unit of phytase is defined as the amount of enzyme

used to liberate 1 nmol of inorganic phosphorus per second under assay conditions.

2.2.6 Selection of the best phytase producer microbe from the isolates

The microbe showing the maximum hydrolysis zone and highest phytase activity among the

isolates was selected and used in further experiments for the production of phytase.

2.2.7 Identification of selected microbe

2.2.7.1 Morphological identification

The fungal isolate was cultured on a potato dextrose agar media plate and incubated at 30°C
and the plate was regularly observed by the naked eye. Microscopic features were examined

under light microscopy. A liquid droplet of distilled water was put on the glass slide and the
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mycelium was kept on it. Then, it was torn apart with the help of a needle and stained with

lactophenol cotton blue. Kept the coverslip on it and viewed it under the microscope (100X).

2.2.7.2 Molecular identification

Molecular identification was done by ITS sequencing through the ITCC facility available at
the Division of Plant Pathology, Indian Agricultural Research Institute (IARI), New Delhi. The
obtained sequence was compared through the BLAST program and multiple sequence

alignment was done by the MEGA software and a phylogenetic tree was also constructed.

2.2.8 Maintenance and culture conditions of Penicillium oxalicum PBG30

Inoculation of the Penicillium oxalicum PBG30 was done on the potato dextrose agar media
and kept in the incubator for 3 days at 30°C. Further, the fungus was maintained on agar slants

and glycerol stock and was stored at 4°C and -20°C respectively.

OBJECTIVE 2. Process optimization for the production of microbial phytase.

2.2.9 Preparation of spore suspension of P. oxalicum PBG30

The spores were scrapped from a 3-day-old culture via a sterile loop by adding 25 ml
autoclaved normal saline solution containing 0.1% Tween 80. The spore suspension was
filtered through a sterile filter assembly, and the spore count was measured by a

hemocytometer.

2.2.10 Production by solid-state fermentation

Wheat bran was sieved, washed with tap water, and then distilled water. Dried the sample at
55°C in a hot air oven or sun-dried and packed in a sealed polythene bag. Phytase production

was carried out by four fermentation media (pH 5.0) in 250 ml Erlenmeyer flasks (Table 2.1).
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5 g wheat bran was used as a substrate, moistened with 10 ml media (1:2), and autoclaved at
121°C for 20 min. After that, cool down the flask at room temperature, inoculated with 1ml of
spore suspension (7.7 X 107 CFU/ml), and kept in the incubator for 3 days at 30°C without
shaking. After 3 days of incubation, the enzyme extraction was done by adding 50 ml of normal
saline solution in the flask and shaking at 30°C with 200 rpm for 1 h. The extract was filtered
by double-layered muslin cloth, and the filtrate was centrifuged at 10,000 rpm for 10 min at
4°C. The supernatant was used to test the phytase activity by using calcium phytate substrate
in the assay, and the fungal biomass was dried in an oven at 60°C and measured as dry mouldy

residue (DMR). All the production trials were performed in duplicate.

Table 2.1 Different moistening media used for the phytase production

S. No. Composition Reference

Media I Distilled water Sapna and Singh 2014

Media II 1.5% Starch, 0.6% Beef extract, 0.01% | Sapna and Singh 2014
FeS04.7H-0, 0.05% KCI

Media III 0.5% (NH4)2SO4, 0.5% MgS04.7H-0, | Sapna and Singh 2014
0.03% FeS04.7H-0, 0.1% NaCl

Media IV 0.5% Urea, 0.1% MgS04.7H20, 0.1% | Mahmood et al. 2021
KCl, 0.1% FeSO4.7H20

2.2.11 Optimization of phytase by one variable at a time (OVAT) method

OVAT is an approach to optimize the production of enzymes by considering one variable at a
single time and keeping other variables constant. Factors such as wheat bran amount, substrate
and moistening media ratio, temperature, pH, and incubation days were studied to know the

effect of these parameters on phytase production.

2.2.11.1 Wheat bran concentration

The 5, 10, and 15 g of wheat bran were used in the production media (0.5% Urea, 0.1%
MgS0.4.7H-0, 0.1% KCI and 0.1% FeSO4.7H-0) with a moisture ratio of 1:2. The media was
autoclaved and incubated for 3 days at 30°C with pH 5.0 and 1 ml of spore suspension. The
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culture filtrate was obtained and centrifuged at 10000 rpm for 10 min at 4°C. The assay

determined phytase activity in the supernatant.

2.2.11.2 Ratio of substrate and moistening media

10 g wheat bran was mixed with a moistening agent in different ratios of 1:1, 1:1.5, 1:2, 1:2.5,
and 1:3. Autoclaved the media at 121°C for 20 min and kept for cooling at room temperature.
Add 1 ml fungal inoculation and kept for incubation at 30°C for 3 days, and phytase assay was

performed with supernatant.

2.2.11.3 Different incubation temperature

The 1 ml spore suspension was inoculated in fermentation media, and incubated at different
temperatures of 25°C, 30°C, 35°C and 40°C, and the activity of phytase was evaluated from

supernatant.

2.2.11.4 Different incubation time

The P. oxalicum PBG30 spore suspension (1 ml) was mixed into production media and kept in

an incubator at 30°C for 1-7 days and phytase activity was analysed after each time interval.

2.2.11.5 Different pH

The production media was set with varied pH conditions (4-8) and autoclaved. After that, flasks
were inoculated with 1 ml of P. oxalicum PBG30 spore suspension and incubated at 30°C for

5 days. Later on, the amount of phytase activity was measured.

2.2.12 Presence of other hydrolytic enzymes in the crude extract obtained from P.

oxalicum PBG30

After the optimization of parameters, the phytase production was carried out by 10 g wheat
bran dissolved with 20 ml moistening agent of pH 7.0 in a 1:2 ratio, incubated at 30°C for 5
days. The extraction was done and different enzyme assay was performed and the activity was

mentioned in U/g DMR.
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2.2.12.1 Phytase assay

Phytase activity was assessed at 70°C with calcium phytase substrate through the Fiske and

Subbarow (1925) method (as mentioned above).

2.2.12.2 Cellulase assay

The reaction mixture includes 0.5 ml crude extract and 0.5 ml carboxymethyl cellulose
substrate (1%), both dissolved in buffer and incubated at 70° C for 5 min (Sapna and Singh
2014). The cellulase activity was determined by released reducing sugars measured via
dinitrosalicylic acid (DNS) method (Miller, 1959). One unit of activity is defined as the amount
of enzyme required to liberate 1 nmol of reducing sugar from glucose per sec under the

reaction.

2.2.12.3 Xylanase assay

Xylanase activity was estimated by using birchwood xylan as a substrate dissolved in buffer
(Sapna and Singh 2014). Similarly, the reaction was conducted at 70°C for 5 min. The quantity
of liberated sugars was determined by using the DNS method (Miller, 1959). One unit is
defined as the quantity of enzyme used in the release of 1 nmol sugars from xylose per sec per

ml in the reaction mixture.

2.2.12.4 Amylase assay

The amylase activity was analyzed by incubating crude extract with 1% soluble starch substrate
at 70°C for 5 min (Sapna and Singh 2014). The reducing sugars were quantified by using the
DNS method (Miller, 1959). One unit is defined as the quantity of enzyme needed to liberate

1 nmol of reducing sugars from glucose per sec per ml under the reaction conditions.

2.2.12.5 Lipase assay

The lipase assay was assessed by mixing the crude extract with p-nitro phenyl laurate substrate
solution (Singh and Satyanarayana 2006) and observing the absorbance at 410 nm every min
up to 10 min. One unit is defined as the amount of enzyme required to release 1 nmol of p-

nitrophenol from the substrate per sec per ml from the reaction.
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2.2.13 Analytical procedures for estimating reducing sugars and protein

2.2.13.1 Soluble protein content

The amount of soluble protein was measured by Lowry et al. (1951) method and Bovine serum
albumin (BSA) was used as a reference. In the 0.5 ml reaction sample, 2.5 ml reagent D [98 ml
reagent A (2% sodium carbonate dissolved in 0.1 N sodium hydroxide), 1 ml reagent B (0.5%
copper sulphate) and 1 ml reagent C (1% sodium potassium tartrate)] was added and kept for
15 min at room temperature. In the dark surroundings, 250 pl reagent E (equal ratio of Folin-
Ciocalteu reagent and distilled water) is added and vortexed immediately and kept for 25-30

min at room temperature in the dark. Absorbance was taken at 660 nm with blank.

2.2.13.2 Reducing sugars

Reducing sugars were quantified by the DNS method (Miller, 1959) with a standard curve of
glucose. DNS reagent was prepared by mixing 10 g/l of sodium hydroxide, 2 g/l of phenol
crystals and 2 g/l of 3,5-dinitrosalicylic acid. Before using, 0.05% (w/v) sodium sulphite was
added to it. To 1 ml of sample solution, 1 ml of DNS reagent was added and boiled for 20 min
in a water bath set at 100° C. Cooled down the solution and added 200 pl of sodium potassium

tartrate (33% w/v). The absorbance was noted at 540 nm along with blank.

2.2.14 Statistical optimization

Statistical optimization includes two steps; the first one is Plackett Burman Design (PBD) and

the next one is Response Surface Methodology (RSM).

2.2.14.1 Plackett-Burman Design

The Plackett-Burman method helps identify the significant factors useful for producing
phytase. In this design, a total of 11 variables (n) were considered with their high (+) and low
(-) concentration values and 12 runs of the experiment (n+1) were performed (Table 2.2). Each
experiment has an equal number of positive (n+1/2) and negative (n-1/2) balance. The selected
independent factors were wheat bran, pH, incubation days, nitrogen source (ammonium
sulphate, urea), carbon source (starch, glucose), metal ions (ferrous sulphate, calcium chloride,

magnesium sulphate) and detergent (Tween 80). The difference between the average of one
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variable at high and low levels provides the impact of that variable on the production, which

was calculated by

: SPi+ — SPi—
E(Xi) = R ) ) (Eq.2.1)

Here, E(Xi) denotes the impact of each variable, Pi+ and Pi- means high and low values, and
N means the total number of runs performed in the experiment. The PB experimental design is
represented in Table 2.2. All the runs were carried out in duplicate and phytase activity was

calculated, and the critical factors were determined by pareto chart.

Fig. 2.1 Optimization of phytase production by PBD

Table 2.2 Factors studied during the Plackett Burman experiment

RunNo | A B C D |E |F |G H | I J K
1 5 5 5 1 2 0 1 (005/00]05] 0
2 10 | 5 3 0 2 2 1 10.00/02]05(| 0
3 10 | 8 3 1 2 0 1 ]0.00/00]01] 1
4 5 8 3 0 0 2 1 ]0.05/00]05] 1




5 5 8 5 0 2 1 ]0.00| 02| 0.1
6 10 | 5 5 0 0 1 ]0.05|02 0.1
7 10 | 8 3 0 0 0 ]0.05|02]0.5
8 5 5 3 2 2 0 ]0.05|02 0.1
9 5 8 5 2 0 0 (0.00]0210.5
10 5 5 3 0 0 0 (0.00|0.00.1
11 10 | 5 5 0 2 0 ]0.00| 00|05
12 10 | 8 5 2 2 0 ]0.05| 0.0 0.1
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{A — Wheat bran (g), B — pH, C — Incubation period (days), D — Urea (% w/v), E — Starch (%
w/v), F — Glucose (% w/v), G -Ammonium sulphate (% w/v), H — Ferrous sulphate (% w/v),
— Calcium chloride (% w/v), J — Magnesium sulphate (% w/v), K — Tween 80 (% v/v)}

2.2.14.2 Response Surface Methodology

Four independent factors pH (A), incubation days (B), MgSO. (C), and Tween 80 (D) obtained

from PBD, were evaluated further by the RSM experiment. The optimal level and interaction

effect of these parameters on phytase production is determined using central composite design

(CCD) Version 6.0.7, Stat-Ease and Minneapolis, MN (RSM). In addition, 0.5% ammonium

sulphate and 0.01% FeSOa4 supplied as a supplement. Five different levels (-a, -1, 0, +1, +a)

were assigned to these parameters, and 30 experimental runs were conducted as shown in

Tables 2.3 & 2.4.

Table 2.3: Parameters with their assigned level in RSM for phytase production

S. No. Parameters Level of parameters
-a -1 0 +1 +a
1. pH 5 6 7 8 9
2. Incubation 3 4 5 6 7
days
3. Tween 80 0.5 1 2 3 3.5
(%)
4. MgSO4 (%) 0.25 0.50 0.75 1.00 1.25




Production of phytase is measured by the following equation:
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Y="80+ B:1A +62B + 3:C + 4D + B11A2% + 322B? + 353C? + 44D? + 3:3.AB + B:13:AC

+ B1B4AD + 3.6:BC + 3.6.BD + 3:8.CD

(Y- phytase production, Bo - intercept, B1, B2, B3, B4 - linear coefficients, Bi1, B2z, Bss, Bas - squared
coefficients, B:B2, B18s, B84, B283, B2B4, BsB4 - interaction coefficients, A, B, C, D, AB, AC, AD,

BC, BD, CD - variables and their interaction. Statistical software was used to design the

experiment and produce 3-D contour plots. In this method, predicted and experimental values

were compared and statistical analysis was done by ANOVA.

Fig. 2.2 Optimization of phytase production by CCD of response surface method

Table 2.4 Experimental design for RSM by CCD

Incubation period Tween 80 Magnesium sulphate
Run No pH (days) (%) (%)
1 7 5 2.0 0.75
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2 6 4 3.0 0.50
3 7 5 2.0 1.25
4 6 6 1.0 0.50
5 8 6 3.0 1.00
6 6 3 1.0 0.50
7 8 6 3.0 0.50
8 9 5 2.0 0.75
9 7 5 0.5 0.75
10 6 4 1.0 1.00
11 6 6 3.0 1.00
12 6 6 1.0 1.00
13 7 4 2.0 0.75
14 7 4 2.0 0.75
15 8 4 1.0 0.50
16 7 5 2.0 0.75
17 6 4 3.0 1.00
18 7 5 3.5 0.75
19 8 4 3.0 0.50
20 8 4 1.0 1.00
21 8 6 1.0 0.50
22 6 6 3.0 0.50
23 7 5 2.0 0.75
24 7 7 2.0 0.75
25 8 4 3.0 1.00
26 8 6 1.0 1.00
27 5 5 2.0 0.75
28 7 5 2.0 0.75
29 7 5 2.0 0.25
30 7 5 2.0 0.75
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2.2.15 Optimization of phytase production on a large scale

The optimized parameters chosen through PBD and RSM were used to enhance the phytase
activity and sustainability on a large scale. Phytase production was carried out in flasks (250-
1000 ml) and enamel-coated metallic trays (27 cm x 22 cm X 5 ¢cm, 35 cm x 32 cm X 5 cm)
containing wheat bran (5, 10, 20, 100, 150 g) moistened with the medium in a 1:2 ratio. The
flasks were autoclaved at 121°C for 20 min and cooled down. Inoculated with a spore
suspension of P. oxalicum PBG30, mixed with a sterile spatula, covered with a clean wrap for
trays, and incubated for 5 days at 30°C. The samples were collected from different sections of

the tray, and extraction was performed, as mentioned earlier.

Fig. 2.3 Phytase production in trays on a large-scale




55

OBJECTIVE 3. Purification and characterization of the microbial phytase.

2.2.16 Phytase purification

The phytase was partially purified by conventional methods and concentrated by salt

precipitation, dialysis and lyophilization.

2.2.16.1 Ammonium sulphate precipitation

The crude enzyme solution was taken in the beaker and kept on the magnetic stirrer. The
amount of ammonium salt was added slowly to the extract until it reached 80% saturation. The
entire procedure was performed at 4°C, followed by overnight incubation to settle down the
precipitated enzyme. Centrifuged at 10,000 rpm for 10 min at 4°C and re-suspended the pellet
in a minimum volume of 0.1 M sodium acetate buffer (pH 3.0). The phytase activity and soluble

protein were calculated from the sample.

2.2.16.2 Lyophilization

The crude extract was concentrated in a powder form in a round bottom flask by lyophilizer.
The phytase activity was estimated in the lyophilized sample by dissolving powder in a

minimum volume of 0.1 M sodium acetate buffer (pH 3.0).

2.2.16.3 Dialysis

A desired length of the dialysis membrane was cut and activated via pre-treatment. Cooled
down the membrane, filled it with precipitated enzyme and tied from both sides. The dialysis
bag was dipped in the 20 mM sodium acetate buffer (pH 3.0) and kept over a magnetic stirrer
at 4°C. The buffer was changed at least three times and then centrifuged at 10,000 rpm for 10

min at 4°C. The supernatant was used to check the phytase activity and protein content.
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2.2.17 Characterization of partially purified phytase enzyme

2.2.17.1 Effect of temperature on phytase activity

The optimum value of reaction temperature was determined by analyzing phytase assay at
different temperature ranges from 30°C to 80°C in 0.1 M sodium acetate buffer (pH 3.0) with

1 mM calcium phytate as a substrate.

2.2.17.2 Effect of pH on phytase activity and stability

The optimum value of pH was estimated at 70°C by dissolving phytase in a buffer of different
pH range 2.5-8.0 (0.1 M glycine buffer pH 2.5, 0.1 M sodium acetate buffer pH 3.0-6.0, 0.1 M
tris buffer pH 7.0-8.0) and the assay was conducted.

2.2.17.3 Thermal stability of phytase enzyme

The thermostability of phytase was evaluated by incubating phytase at 70 and 80 °C in a buffer
of pH 3.0 for 2 h. Samples were taken at 0, 5, 10, 30, 60 and 120 min, and the assay was
performed at 70°C (pH 3.0).

2.2.17.4 pH stability of phytase enzyme

The pH stability of phytase was assessed by mixing phytase in the buffer of pH (3.0, 5.0) and
incubated at 70°C. Samples were taken at 0, 5, 10, 30, 60 and 120 min, and the assay was
carried out at 70°C (pH 3.0).
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2.2.17.5 Determination of substrate specificity

The specificity of phytase towards different substrates, viz, sodium phytate, calcium phytate,
glucose-6-phosphate, p-nitrophenyl phosphate, ATP, ADP and AMP were examined. The
phytase assay was performed at 70°C with pH 3.0. Calcium phytate (1 mM) is considered as a

reference and its value was taken as 100%.

2.2.17.6 Effect of organic solvents on phytase activity

Different organic solvents (ethanol, methanol, butanol, isopropanol, acetone, DMSO) with
concentrations of 2 and 5% were provided to the reaction mixture and a phytase assay was

performed.

2.2.17.7 Effect of detergents on phytase activity

The experiment was conducted to determine the influence of detergents (SDS, Tween-20,
Tween-60, Tween-80, Triton-X) on the activity. In the reaction mixture, different

concentrations of detergent (0.1 and 0.5%) were added and the assay was carried out.

2.2.17.8 Effect of metal ions on phytase activity

The effect of metal ions was studied by incubating phytase with different metal ions (Ca*,
Co?*, Cu?", Mg?*, Mn*', Fe**, Fe?", Na*) with 1 mM and 5 mM concentrations in the reaction

mixture. The enzymatic assay was performed along with the control.
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Fig. 2.4 Stock solution of different metal ions

2.2.17.9 Effect of inhibitors on phytase activity

The effect of inhibitors on phytase activity was analyzed by providing different inhibitors
(sodium azide, EDTA, sodium molybdate, 3-ME, DTT) in the reaction mixture with 1 mM and

5 mM concentrations and a phytase assay was conducted.

2.2.17.10 Determination of kinetic parameters

The kinetic values (K, and Vi) were evaluated from the Lineweaver-Burk plot by using
different concentrations of calcium phytate (0.1-2 mM) and the assay was estimated at 70°C

(pH 3.0).

2.2.17.11 Effect of proteolytic enzymes on phytase activity

The phytase enzyme was incubated with 1% of trypsin and pepsin for 2 h at 37°C. The samples

were taken at the desired interval (0, 30, 60 and 120 min) and a phytase assay was performed.
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2.2.17.12 Effect of storage conditions on phytase activity

Phytase was kept for 6 months in different conditions (room temperature, 4°C, -20°C) and its

activity was determined at the desired interval. Activity on the 0™ day is considered 100%.

2.2.17.13 Effect of vanadium on the phytase activity

Phytase was dissolved with ammonium metavanadate (5 and 10 pM) and incubated at 30°C for
4 h with 100 rpm. Added H20: and guaiacol to the solution and observed the absorbance at 470
nm for each minute up to 10 min. The relative activity of phytase was also calculated during

the experiment.

OBJECTIVE 4. Immobilization and Application of the phytase in the feed industry.

2.2.18 Immobilization of phytase through the calcium alginate method

Partially purified phytase was mixed with 3% sodium alginate (dissolved in buffer) on a
magnetic stirrer. A sterile syringe was used to add the mixture drop by drop into 0.2 M calcium
chloride solution (chilled) in the form of beads. The prepared beads were kept in the solution
for 1.5 - 2 h, washed with distilled water 3 - 4 times, and then stored in a buffer at 4°C. The

phytase activity was determined by using 5 or 10 beads in a reaction tube.

2.2.19 Reusability of immobilized phytase

For the determination of reusability, the assay was carried out at 70°C with 10 beads of
immobilized phytase in a reaction mixture. The beads were removed and used again in the next
reaction and the step was repeated up to 5 cycles. The first cycle is considered to show 100%

activity.
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2.2.20 Applications of phytase in the feed industry

2.2.20.1 Preparation and hydrolysis of insoluble phytate salts:

Metal phytates (Ca?*, Co?", Mg?*, Mn*', Fe?*, Cu?*, Zn*") were formed by mixing each metal
ion along with sodium phytate. The 100 mM stock solution of metal ions (CaCl..2H-O,
CoCl2.2H-0, FeSO4.7H.0, MgCl..6H-0, MnCl..4H-0, ZnCl..7H-0) and 10 mM of sodium
phytate were prepared in distilled water separately (Sapna and Singh 2013). Both were mixed
in equal volume and kept at 4°C for overnight incubation. The precipitated salts were
centrifuged at 10000 g for 5 min at 4°C. Discard the supernatant, wash the pellet three times
with distilled water and finally suspend in 5 ml of 0.1 M Na-acetate buffer (pH 3.0). Each
phytate salt was treated with 20 U of phytase and incubated at 37°C and 50°C. Samples were
taken at different intervals (3, 6, 12, 24 h) and salts were pelleted by centrifuge. The supernatant

was used to determine the amount of released inorganic phosphate at 600 nm.
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Fig. 2.5 Insoluble salt complex after mixing of phytate with different metal ions

2.2.20.2 Preparation and hydrolysis of insoluble protein-phytate:

The protein-phytate complex was made by adding an equal amount of lysozyme (2.5 mM) in
distilled water and sodium phytate (3 mM) in distilled water and kept overnight at 4°C.
Centrifuge the solution at 10000 g for 5 min at 4°C and discard the supernatant. Washed the
pellet three times with distilled water, dissolved in buffer and 20 U of phytase was added into
it. The reaction was incubated at 30°C and samples were collected at defined intervals (0, 5,
10, 30, 60, 120 and 360 min). Centrifuged the sample, and inorganic phosphate was estimated

in the supernatant at 600 nm.
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2.2.20.3 Dephytinization of fish feed by P. oxalicum PBG30 phytase

The commercial fish feed was brought from the local market of Delhi. The feed was ground
into fine powder by pestle and mortar and washed with distilled water. Dried the sample at

55°C in a hot air oven and kept it in a sealed polythene bag.

2.2.20.3.1 Effect of phytase in dephytinizing feed at different temperatures

One gram feed was dissolved in 20 ml sodium acetate buffer (0.1 M, pH 3.0) and autoclaved
at 121°C for 20 min. Phytase from P. oxalicum PBG30 (80 U) was mixed and incubated at
37°C, 50°C, and 70°C with shaking at 100 rpm. Samples were taken at different time intervals,
kept at 4°C, and centrifuged at 10,000 rpm for 10 min. The supernatant was used to detect
inorganic phosphate, reducing sugars and soluble protein content by Fiske and Subbarow

(1926), Miller’s DNS method (Miller 1959) and Lowry et al. (1951), respectively.

2.2.20.3.2 Effect of phytase in dephytinizing feed with different doses of phytase

The 1 g of commercial fish feed was dissolved in 20 ml sodium acetate buffer (0.1 M, pH 3.0),
mixed with different phytase doses (25-200 U) and incubated at 37°C. Samples were taken at
desired intervals for the estimation of inorganic phosphate, reducing sugars and soluble protein

content.

2.2.20.3.3 Effect of phytase in dephytinizing feed with different feed amounts

Different amounts of feed varied from 0.5-2 g were dissolved in 20 ml sodium acetate buffer
(0.1 M, pH 3.0) with supplementation of 200 U of phytase. The mixtures were kept in an
incubator at 37°C and samples were collected within a definite period. Further, inorganic

phosphate, reducing sugars and soluble protein content were measured.

2.2.20.3.4 Effect of incubation time in dephytinizing feed

The 0.5 g of commercial fish feed was dissolved in 20 ml sodium acetate buffer (0.1 M, pH
3.0). Kept for incubation at 37°C after the addition of phytase. Samples were collected up to

48 h and nutritional by-products were estimated.
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Fig. 2.6 Processing of commercially brought feed from market
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2.2.20.4 Determination of phytic acid content in fish feed
2.2.20.4.1 Preparation of experimental diets

The formulation of the feed sample is mentioned in Table 2.5 containing 35% protein in the
diet. The control diet contains plant protein sources without the supplementation of phytase.
Other experimental diets include the composition of the control diet along with different doses
of crude phytase (500 FTU/kg, 1000 FTU/kg, 1500 FTU/kg). One FTU is defined as the
amount of enzyme used to liberate 1pumol of inorganic phosphorus from calcium phytate under
the test conditions. All the feed ingredients were mixed properly and pellets of different
experimental diets were formed with the help of a pelletizer and dried overnight at 30°C. After

drying, pellets were kept in a sealed polythene bag and stored at 4°C for further analysis.

Table 2.5 Formulation of experimental feed

Feed ingredients (g) | Diet I | DietII Diet 111 Diet IV
(Control)

Soybean flour 181.57 181.57 181.57 181.57

Wheat flour 118.40 118.40 118.40 118.40

Fish oil 3.00 3.00 3.00 3.00

Vitamins and minerals | 1.20 1.20 1.20 1.20

Phytase - 500 1000 1500
FTU/kg FTU/kg | FTU/kg

2.2.20.4.2 Standard curve of sodium phytate for phytic acid measurement

For the quantification of phytic acid in a sample, a standard of phytic acid needs to be made.
Here, the sodium phytate is used as a reference. A stock solution of 1 mg/ml was prepared and
further diluted to make a 0.1 mg/ml solution. Next, the dilutions were made from 2.5-25 pg/ml
from this solution. In the 1 ml solution of different concentrations, 500 ul Wade reagent was
added (mixture of 0.03% ferric chloride and 0.3% sulfosalicylic acid) and kept for incubation
of 20 min. The absorbance was taken at 500 nm by UV-VIS spectrophotometer. Distilled water

is used as blank. All the experiments were performed in triplicate.
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Fig. 2.7 Pelleting of feed was done with the help of pelletizer
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2.2.20.4.3 Estimation of phytic acid level in prepared fish feed

The determination of phytic acid in the phytase-treated and untreated feed pellet was performed
by using Wade reagent colorimetric method (Wade and Morgan 1955). Firstly, the sample was
treated with 10 ml of 2.4% HCI and kept on a shaker for 16 h at 220 rpm. Centrifuged at 10,000
rpm for 20 min at 10°C and the obtained supernatant was shifted to falcon consisting of 1 g
NaCl. Again, the mixture was shaken at 350 rpm for 20 min so that salts dissolved completely
and settled it by keeping at 4°C for 60 min or -20°C for 20 min. Centrifuge for 20 min at 10,000
rpm. The supernatant was diluted by 25X and used to estimate the phytic acid content by adding
500 pl Wade’s reagent and kept for 20 min incubation. The absorbance was taken at 500 nm
(Gao et al. 2007). The phytic acid was calculated from the regression equation of the sodium

phytate standard.

o DIET 2 (500V) B
Pellet

DIET 4 (CONTROL)
fellet

Fig. 2.8 Pellets of different feed with and without phytase treatment
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CHAPTER 3

RESULTS AND DISCUSSION

3.1 Results

OBJECTIVE 1: Isolation and identification of potent phytase-producing microbes.

3.1.1 Isolation of microbes

The total of 55 isolates collected from the various samples, such as soil beneath the decayed
leaves, agricultural land, nursery, manure and rotten orange. These cultures were grown on
agar plates of different media, Luria-Bertini (LB), Nutrient agar (NA), Mueller-Hinton agar
(MHA), Potato dextrose agar (PDA), and Czapek-Dox, as shown in fig. 3.1.

3.1.2 Qualitative screening for phytase activity

A massive screening was conducted to isolate potent phytase producers. The qualitative
screening was done based on the plate assay, and isolates were screened on PSM plates to
observe the phytate hydrolyzing activity. Phytase activity was shown by the zone of hydrolysis
formed in the surroundings of the isolates (Fig. 3.2). Among isolated microbes, only 8 isolates
represented phytase activity. The zone of hydrolysis was also confirmed by double staining

method.



Fig. 3.1 Isolation and culturing of microbes on different agar plates
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Fig. 3.2 Formation of hydrolysis zone by microbes on PSM plates

3.1.3 Quantitative screening

For the estimation of the quantity of phytase enzyme, these isolates were cultured in the liquid
PSM. The supernatant was used to determine the phytase activity through phytase assay. The
phytase activity was found in the range from 9.085 — 51.40 U/ml. The highest activity was
recorded in case of isolate 4 (51.40 = 0.05 U/ml), while the lowest is obtained with isolate 8
(9.085 + 0.08 U/ml), as shown in Table 3.1. Hence, isolate 4 is selected further for phytase

production through the solid-state fermentation method.
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Table 3.1 Quantitative estimation of phytase production through microbes

Sample Phytase (U/ml)
Isolate 1 9.635+0.05
Isolate 2 18.237+0.37
Isolate 3 17.087+0.16
Isolate 4 51.40+0.05
Isolate 5 27.005+0.03
Isolate 6 13.669+0.13
Isolate 7 18.054+0.05
Isolate 8 9.085+0.08

3.1.4 Identification of selected fungal isolate

The isolated fungus was grown on a PDA plate for 3 days at 30°C. Fig. 3.3 shows the
morphological growth of the fungus. The fungus was initially white and became dark green on
maturation. The texture of the colonies was velvety and had powdery growth. Under the
microscope, the fungal hyphae were septate, branched conidiophores and conidia (fungal
spores) were found in a chain with conidiophore (Fig. 3.5), a characteristic feature of

Penicillium genus.

The isolated fungus was confirmed as Penicillium oxalicum by ITS sequencing
analysis. The sequence was amplified by PCR and then BLAST and MSA were performed to
obtain sequence similarity. The phylogenetic tree was constructed by MEGA software (Fig.

3.6). PBG30 showed 99% similarity with P. oxalicum strain WZ-119 (MN856268.1).



71

Fig. 3.3 The growth of Penicillium oxalicum on PDA plate (a) front side (b)
backside

Fig. 3.4 A zone of hydrolysis formed by Penicillium oxalicum




Fig. 3.5 Microscopic view of P. oxalicum shows (a) fungal hyphae
(b) branched conidiophores (c) chain of conidia
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Fig. 3.6 Phylogenetic tree representing the isolated fungus as P. oxalicum PBG30
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OBJECTIVE 2. Process optimization for the production of microbial phytase.

3.1.5 Phytase production in SSF by using wheat bran

Among the different production media for SSF, media IV (0.5% Urea, 0.1% MgS0..7H:20,
0.1% KCI and 0.1% FeSO4.7H-0) supports the maximum phytase production (84.600 + 2.54
U/g DMR) with wheat bran, as shown in Fig. 3.7. However, the phytase activity from other

moistening media was considerable low.
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Fig. 3.7 Production of P. oxalicum PBG30 phytase on wheat
bran by using different production media

3.1.6 Optimization of phytase production by OVAT

3.1.6.1 Effect of wheat bran amount

Production media is supplemented with different amounts of wheat bran (5, 10, 15 g), and the
best results come out with 10 g wheat bran (98.85 = 2.96 U/g DMR). A significant amount of

phytase was produced with 5 g wheat bran. However, a high amount of wheat bran leads to a
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decline in the production level. As shown in Fig. 3.8, there was a decrease in the phytase

activity on applying 15 g of wheat bran.

3.1.6.2 Effect of temperature

Different temperatures (25°C, 30°C, 35°C, 40°C) were given to the production media. The
highest yield of phytase was obtained (102.50 + 3.07 U/g DMR) at 30°C temperature.
However, there was a sharp decrease in the production level at higher temperatures (Fig. 3.9).
More than 50% activity was reported at 25°C and 35°C, while the lowest production was
observed at 40°C.

3.1.6.3 Effect of substrate and moisture ratio

Wheat bran is mixed with a moistening solution in the ratio of 1:1, 1:1.5, 1:2, 1:2.5, 1:3, and
the maximum phytase (121.02 + 3.63 U/g DMR) was reported with 1:2 ratio of substrate and
moistening media. Below and above this ratio, there was a reduction in the phytase amount
(Fig. 3.10). Approximately, a similar amount of phytase was obtained with a 1:1.5 and 1:3 ratio

and the minimum activity was obtained with a 1:1 ratio.
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Fig. 3.8 Production of P. oxalicum PBG30 phytase with
different concentrations of wheat bran
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Fig. 3.9 Production of P. oxalicum PBG30 phytase with different temperatures
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Fig. 3.10 Production of P. oxalicum PBG30 phytase with
different substrate to moisture ratio
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3.1.6.4 Effect of incubation days

The maximum phytase production (153.41 + 4.60 U/g DMR) was obtained after 5 days of
incubation of fermentation media followed by a reduction in the phytase level due to restriction
of P. oxalicum PBG30 growth in the absence of nutrients. A linear increase in the phytase level

was acquired with an increase in the incubation period (Fig. 3.11).

3.1.6.5 Effect of pH

The different pH conditions (4, 5, 6, 7, 8) were provided for the growth of P. oxalicum PBG30
and phytase production. The highest yield was obtained at pH 7.0 (200.41 + 6.01 U/g DMR),
depicting the neutral nature of phytase. Also, phytase production was higher with pH 8.0 as

compared to the acidic range. More than 50% of activity was reported in the pH range of 6.0-

8.0 (Fig. 3.12).

After applying the OVAT approach in SSF, a 2.4-fold enhancement occurred in the
production level of phytase. The production level was increased from 84.600 +2.54 U/g DMR
t0 200.41 = 6.01 U/g DMR.

3.1.7 Presence of other hydrolytic enzymes

The highest amount of phytase production was achieved (200.41 £ 6.01 U/g DMR) with 10 g
wheat bran moistened with media (0.5% Urea, 0.1% MgS0O4.7H-0, 0.1% KCI and 0.1%
FeS04.7H20) in 1:2 ratio of pH 7.0, incubated at 30°C for 5 days via OVAT. Along with
phytase, P. oxalicum PBG30 exhibited the presence of other hydrolytic enzymes such as
amylase, xylanase, cellulase, and lipase. The activity of cellulase, xylanase, amylase, and lipase

were 51.06, 18.05, 86.20, and 7.05 U/g DMR respectively.
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Fig. 3.11 Production of P. oxalicum PBG30 phytase with different incubation time
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Fig. 3.12 Production of P. oxalicum PBG30 phytase with different pH
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A PBD experiment was performed with 11 variables and 12 experimental runs with their high

(+) and low (-) level. Table 3.2 shows the phytase production of 12 experimental runs. A pareto

chart was created to determine the impact of variables on phytase production (Fig. 3.13). The

positive and negative values in the pareto graph show the importance of individual components

in production. Run no. 9 shows the maximum output.

Table 3.2 Factors studied during the Plackett Burman experiment

RunNo | A B |C |[D |E |F G H | I J Phytase Activity

(U/g DMR £ S.E)
1 5 5 5 1 2 0 1 10.05/ 00105 108.56 + 10.01
2 10 | 5 3 0 2 2 1 10.00102]05 24.01 £15.51
3 10 | 8 3 1 2 0 1 10.00| 0.0 0.1 150.5+31.80
4 5 8 3 0 0 2 1 10.05/ 00105 239.81 £0.08
5 5 8 5 1 0 2 1 10.00f0.2]0.1 97.24 + 8.84
6 10 | 5 5 0 0 0 1 ]0.05/02]0.1 102.29 + 3.93
7 10 | 8 3 1 0 0 0 1005102105 59.36 + 18.96
8 5 5 3 1 2 2 0 ]0.05|0.2]0.1 97.54 £ 14.40
9 5 8 5 0 2 0 0 1000102105 268.77 £0.03
10 5 5 3 0 0 0 0 10.00| 0.0 0.1 575+ 1.94
11 10 | 5 5 1 0 2 0 10.000.0]0.5 102.06 +39.92
12 10 | 8 5 0 2 2 0 10.05|0.00.1 137.578 £ 1.47

A — Wheat bran (g), B — pH, C — Incubation days, D — Urea (% w/v), E — Starch (% w/v), F — Glucose (% w/v),

G -Ammonium sulphate (% w/v), H — Ferrous sulphate (% w/v), I — Calcium chloride (% w/v), J] — Magnesium

sulphate (% w/v), K — Tween 80 (% v/v)

This experiment concluded that among the 11 factors, pH, incubation days, MgSO., and Tween

80 are the critical variables that contribute more to the production of P. oxalicum PBG30

phytase, and others have low contributions and thus are less significant.
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Fig. 3.13 Pareto chart showing the screening of variables
through Plackett Burman experiment

3.1.9 Optimization by Response Surface Methodology

The parameters selected through PBD were further analyzed with RSM by the CCD model to
determine the optimum level of the variables. A total of 30 experiments were designed via
CCD using 5 g wheat bran, 0.5 % ammonium sulphate, and 0.01% ferrous sulphate as fixed
parameters and pH, incubation period, magnesium sulphate, and Tween 80 as essential
parameters (Table 3.3). The best result of phytase activity (373.32 U/g DMR) was found in the
flask containing 5 g of wheat bran moistened with 10 ml of media including 0.5% ammonium
sulphate, 0.01% FeSO4, 3.5% Tween 80 and 0.75% MgSOs with pH 7.0 and 5 days of

incubation. The phytase production was elucidated by the following model equation:
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Y (U/gDMR)=117.85-3.12 A-20.67B+79.26 C-7.61 D - 26.70 A>+ 48.85 C*- 9.95 D?
+8.64 AB-7.87AC-1228 AD-2937BC+533BD-1749CD......c.cccevnnnn... (Egq. 3.1)

ANOVA is used for evaluating the data designed by the RSM experiment as shown in
Tables 3.4 & 3.5. The Pred R? value is 0.9571 depicting the correlation between the predicted
and experimental values. R? value, i.e., the coefficient of determination, is found to be 0.99,
indicating 99% variability within the model’s parameters. Adequate precision gives us a signal-
to-noise ratio that should be > 4 for better results (Joshi and Satyanarayana 2015). The ratio in
this model comes out to 44.209, delivering more than a sufficient signal to navigate the design
space. The significance of the model is determined by the F value, which is 127.35 in our
experiment, indicating that the model is significant and Prob>F was less than 0.05, which
implies that there is only a 0.01% chance that the occurrence of the F value is due to noise
(Pragya et al. 2023a). Significant model terms were B, C, D, A2, C?, D?, AB, AC, AD, BC, BD,
and CD which significantly affected the phytase production in SSF.

Table 3.3 Phytase activity of RSM experimental runs

Phytase activity (U/g DMR)
Incubation Magnesium
Run Period Tween 80 | sulphate Experimental Predicted
No pH (days) (%) (%) value value
1 7 5 2.0 0.75 114.74 £ 14.70 117.85
2 6 4 3.0 0.50 27839+ 17.17 297.11
3 7 5 2.0 1.25 64.48 + 6.39 62.82
4 6 6 1.0 0.50 12.27 £ 1.85 18.60
5 8 6 3.0 1.00 120.42 + 7.47 124.90
6 6 3 1.0 0.50 51.28 +6.91 50.25
7 8 6 3.0 0.50 177.51 £12.47 188.98
8 9 5 2.0 0.75 13.28 £ 1.74 4.82
9 7 5 0.5 0.75 109.57 + 6.68 108.87
10 6 4 1.0 1.00 60.27 £ 8.02 62.80
11 6 6 3.0 1.00 141.69 +6.17 154.13
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12 6 6 1.0 1.00 76.52 + 6.48 73.58
13 7 4 2.0 0.75 144.09 +7.34 138.52
14 7 4 2.0 0.75 145.74 + 8.06 138.52
15 8 4 1.0 0.50 44.36 + 4.56 45.92
16 7 5 2.0 0.75 114.74 £ 14.70 117.85
17 6 4 3.0 1.00 264.27 £ 18.60 260.82
18 7 5 3.5 0.75 373.32+£3.28 346.66
19 8 4 3.0 0.50 278.09 £ 1.28 282.42
20 8 4 1.0 1.00 25.71 +8.49 30.45
21 8 6 1.0 0.50 65.12+5.90 69.95
22 6 6 3.0 0.50 172.45 £ 15.59 169.09
23 7 5 2.0 0.75 114.74 £ 20.79 117.85
24 7 7 2.0 0.75 82.73 +£7.41 76.52
25 8 4 3.0 1.00 191.39 £ 14.52 197.01
26 8 6 1.0 1.00 80.52 +£9.68 75.81
27 5 5 2.0 0.75 2421 +5.56 17.28
28 7 5 2.0 0.75 114.74 £ 14.70 117.85
29 7 5 2.0 0.25 106.99 £7.15 93.25
30 7 5 2.0 0.75 114.74 £ 14.70 117.85
Table 3.4 ANOVA for Response Surface Reduced Quadratic Model
Source Sum of dF Mean F value | Prob>F
Squares square
Model | 2.121E+005 13 16315.40 127.35 <0.0001 significant
A 226.28 1 226.28 1.77 0.2025
B 11156.38 1 11156.38 87.08 <0.0001
C 1.245E+005 1 1.245E+005 971.51 <0.0001
D 1349.22 1 1349.22 10.53 0.0051
A2 20241.05 1 20241.05 157.99 <0.0001
C2 28704.97 1 28704.97 224.05 <0.0001
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D2 2813.01 1 2813.01 21.96 0.0002
AB 1527.12 1 1527.12 11.92 0.0033
AC 947.85 1 947.85 7.40 0.0151
AD 2310.40 1 2310.40 18.03 0.0006
BC 17622.46 1 17622.46 137.55 <0.0001
BD 580.75 1 580.75 4.53 0.0491
CD 4683.10 1 4683.10 36.55 <0.0001
Table 3.5 ANOVA regression analysis
Std. Dev. 11.32 R? 0.9904
Mean 122.61 Adj R? 0.9827
C.V. 9.23 Pred R? 0.9571
PRESS 9188.99 Adeq Precision 44.209

Response surface graphs showed the optimum level of parameters and interaction
among them on which phytase activity is demonstrated on the Y-axis and influencing
parameters on the X-axis and Z-axis (Kumari and Bansal 2021b). The peak denotes phytase
production with the optimal value of each variable (Mahmood et al. 2022). Fig. 3.14(I) shows
the relation between pH and incubation period. At pH 7.0 and 5 days of incubation, production
is higher than below or above the values of both factors. Similarly, the interactions of pH and
MgSOs4, pH and Tween 80, incubation period and Tween 80, Tween 80 and MgSO4 and
incubation period and MgSO4 were shown in 3D graphs and contour plots (Fig. 3.14). The trial
showing maximum phytase titre was repeated further to validate the experiment and found to

be 339.94 U/g DMR which was closer to the estimated value of 346.66 U/g DMR.

Optimization through statistical methods significantly enhanced phytase production. In
our results, the phytase activity showed 4.4-fold enhancement after statistical optimization

compared to un-optimized conditions.
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3.1.10 Optimization of phytase on large-scale production

The RSM model was validated by performing phytase production in Erlenmeyer flasks (250
ml-1000 ml) and enamel-coated trays on a large scale using 5-150 g of wheat bran, as shown
in Table 3.6. The amount of substrate was enhanced from 5 g wheat bran in a 250 ml flask (Fig.
3.15) to 150 g wheat bran in the enamel-coated metallic tray (Fig. 3.16). The phytase
production was found sustainable in the range of 394.95 — 475.42 U/g DMR and validated the
model at a large scale. Among flasks, the 500 ml flask showed the highest phytase amount
(431.25 + 48.33 U/g DMR), while the tray having 100 g wheat bran exhibited the maximum
level (475.42 £ 77.31 U/g DMR). These results uplift the optimization of P. oxalicum PBG30
phytase via SSF under a pilot scale. Moreover, phytase production showed an overall 5.6-fold

enhancement, making the fermentation process less costly.

Table 3.6 Phytase production on a large scale in flasks and trays under optimized conditions

S.No. Flasks/Trays Amount of substrate Phytase production (U/g
used (g) DMR) + S.E

1. 250 ml 5 394.95 + 34.63

2. 500 ml 10 431.25+48.33

3. 1000 ml 20 432.81 £ 15.99

4. Tray (27 cmx 22 cm x 5 100 47542+ 77.31
cm)

5. Tray 35cmx32cmx 5 150 463.42+92.16
cm)




Fig. 3.15 Phytase production on a large scale in different flask
(250-1000 ml)

Fig. 3.16 Phytase production on a large scale in enamel-coated trays
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Statistical optimization leads to more enhancement fold in the phytase production as
compared to the OVAT method. The statistical approach provided a 5.6-fold while OVAT

leads a 2.4-fold enhancement in phytase titre over the unoptimized production (Table 3.7).

Table 3.7 Enhancement of phytase production through optimization

S.No. Conditions Phytase Fold
production (U/g enhancement
DMR) + S.E
1. Unoptimized 84.60 +2.53 1
2. OVAT 200.41 £6.01 24
3. PBD and RSM 373.32 +3.28 4.4
4. Trays 47542 +£77.31 5.6

OBJECTIVE 3. Purification and characterization of the microbial phytase.

3.1.11 Partial purification of phytase from P. oxalicum PBG30

The P. oxalicum PBG30 phytase was partially purified by ammonium sulphate precipitation
and dialysis. The total activity, specific activity, and fold enhancement are shown in Table 3.8.
The crude sample expressed the lowest specific activity (0.31 U/mg) with a total enzyme
activity of 381.57 U. After 80% ammonium sulphate precipitation, the sample showed 357.48
U activity with 1.23 U/mg specific activity. Further, the dialyzed sample exhibited 1.52 U/mg
specific activity with total enzyme activity (211.04 U). The enzyme was purified to
homogeneity with 4.9-fold from the crude sample having 55.31% yield. Further, purification
by column chromatography was omitted to make the process cost-effective. The lyophilized

sample exhibited 2.99 U/mg phytase activity (Fig. 3.17).



Fig. 3.17 Lyophilization of P. oxalicum PBG30 phytase
enzyme: a) Lyophilizer b) Lyophilized sample
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Table 3.8 Purification table of Penicillium oxalicum PBG30 phytase

Sample Total Protein | Specific Yield | Purification
enzyme (mg) activity (%) fold
activity (U) (U/mg)

Crude 381.57 1212.33 0.31 100 1

enzyme
Ammonium 357.48 289.98 1.23 93.69 3.97
precipitated

Dialysed 211.04 138.88 1.52 55.31 4.90

3.1.12 Biochemical characterization of P. oxalicum PBG30 phytase

3.1.12.1 Effect of temperature

The P. oxalicum PBG30 phytase exhibited a significant amount of activity during the
temperature range from 30°-80°C. More than 80% of activity was shown within a range
between 55°C to 80°C (Fig. 3.18). The optimal value was found at 70°C showing its survival

at high temperature.
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Fig. 3.18 Effect of temperature range (30°C — 80°C) on phytase activity.




90

3.1.12.2 Effect of pH

The phytase was active in the acidic range (2.5-5.0) and found optimum at pH 3.0 (sodium
acetate buffer) during the assay, while the phytase activity declined under alkaline conditions,

hence it is considered as an acidic phytase (Fig. 3.19).
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Fig. 3.19 Effect of pH range (2.5 — 8.0) on phytase activity.

3.1.12.3 Thermostability

The thermostability of phytase is studied at 70 and 80 °C as shown in Fig. 3.20. The P. oxalicum
PBG30 phytase is found thermostable at 70°C with half-life found at 60 min. A loss of 30%
activity occurred within 10 min while maintaining 50% activity up to 1 h. At 80°C, ti2 of

phytase was 6-7 min and lost 70% activity within 60 min.
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Fig. 3.20 Thermostability of phytase at 70°C and 80°C

3.1.12.4 pH stability
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The stability of pH was checked at 3.0 and 5.0. At pH 3.0, 50% phytase activity was retained

for up to 60 min, while at pH 5.0, 40% activity was lost within 10 min and maintained 50%

activity for up to 40 min. Phytase was found to exhibit a similar response (Fig. 3.21) and found

stable at both pH.
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Fig.

3.21 Stability of phytase with pH 3.0 and 5.0
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3.1.12.5 Effect of substrate
Phytase exhibited broad substrate specificity as shown in Fig. 3.22. The highest specificity is
observed with sodium phytate and considered as best substrate for P. oxalicum PBG30 phytase.

The order of specificity is sodium phytate> calcium phytate> p-nitrophenyl phosphate> ATP>
ADP> Glucose-6-phosphate> AMP.
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Fig. 3.22 Effect of different substrates on phytase activity

3.1.12.6 Effect of organic solvents

Phytase activity increases in the presence of ethanol, methanol, butanol, isopropanol, acetone,
and DMSO (Fig. 3.23). Ethanol showed the maximum stimulatory effect on both 2 and 5%
concentrations. Methanol and Propan-2-ol exhibited a similar positive effect on both
concentrations. In the case of acetone and butanol, there is a less increment in the phytase

activity at 2% and more at 5%. However, in the presence of DMSO, opposite results were

obtained.
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Fig. 3.24 Effect of different detergents on phytase activity

3.1.12.7 Effect of detergents

In the present study, the Tween 20, Tween-60 and Tween-80, Triton-X-100 considerably
increased phytase activity, while the SDS decreased its activity (Fig. 3.24). The maximum
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activity was obtained with Tween-20 at both concentrations, followed by Tween-80 and Triton-
X-100 respectively. However, in the case of Tween 60, the activity of phytase was higher at a

concentration of 0.5%, which is at level with Tween 80.

3.1.12.8 Effect of metal ions

The results showed a significant enhancement in the activity of phytase in the presence of Ca?",
Co?*, and Cu?" with highest activity at | mM and lowest at 5 mM. The Mg?* represented a slight
increment in the activity at both concentrations. At ImM concentration of Mn?*, phytase
activity was stimulated moderately but inhibited at high concentration. No significant effect of
Fe** on phytase activity, while Fe?" inhibited the activity at 1 mM. In fact, the activity of phytase

was lower than the control at both the concentrations of Na* ions (Fig. 3.25).

3.1.12.9 Effect of inhibitors

In the present study, except for sodium azide, rest of the inhibitors (EDTA, B-ME, DTT, sodium
molybdate) were involved in suppressing the phytase activity (Fig. 3.26). The maximum
inhibition was shown with sodium molybdate. Both DTT and sodium molybdate exhibited the
same pattern in inhibiting the phytase activity with high at | mM and low at 5 mM. EDTA and

R-ME inhibitors also showed the reduction in activity of phytase at both the concentrations.
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3.1.12.10 Determination of Kinetic parameters

The K and Vimax were calculated from the Lineweaver-Burk plot and found to be 4.42 mM and

909.1 U/ml respectively (Fig. 3.27).
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Fig. 3.27 Lineweaver-Burk plot for P. oxalicum PBG30 phytase representing K and Vimax

3.1.12.11 Effect of protease

As shown in Table 3.9, there is no significant reduction in the activity of phytase against trypsin
and pepsin treatments, substantiating the protease resistant nature of enzyme. Pepsin showed 8
and 12% reductions in the activity of phytase after the incubation of 1 and 2 h respectively

while trypsin exhibited 10-20% reduction in the activity of phytase within 1-2 h.

Table 3.9 Effect of proteases on phytase activity

Sample Incubation time and phytase activity
O min | 30 min 60 min 120 min
Control 100 95+0.98 [92+0.99 | 89+0.32

Pepsin treated 100 99+0.77 [92+0.09 | 88+0.18
Trypsin treated | 100 90+124 |90+1.40|80+1.31
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3.1.12.12 Storage life

The storage condition of P. oxalicum PBG30 phytase was analyzed at room temperature, 4°C
and -20°C (Fig. 3.28). Phytase kept at room temperature lost 50% activity after 2 months, while
samples stored at 4°C and -20°C maintained 50% activity after 4-5 months. 43% of phytase
activity is exhibited at -20°C and 38% at 4°C after 6 months, while 15% of the activity is left
with phytase stored at room temperature. The results showed that the stability of P. oxalicum

PBG30 phytase is higher with lower temperatures (4°C and -20°C) as compared to room

temperature.
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Fig. 3.28 Effect of storage conditions (RT, 4°C and -20°C) on phytase activity

3.1.12.13 Effect of vanadium on the phytase activity

The incubation of P. oxalicum PBG30 phytase with ammonium metavanadate modifies the
phosphatase nature of phytase into peroxidase at both 5 and 10 uM concentrations. This
synthetic haloperoxidase enhances the peroxidase activity while decreasing the phytase
activity. The enhancement in peroxidase activity was observed up to 10 min (Fig. 3.30). As

shown in Fig. 3.29, phytase activity was reduced with an increase in the incubation period.
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OBJECTIVE 4. Immobilization and application of the phytase in the feed industry.

3.1.13 Immobilization of P. oxalicum PBG30 phytase

P. oxalicum PBG30 phytase was immobilized in calcium alginate beads by entrapment method
using 3% sodium alginate and 0.2 M CaCl, as shown in fig. 3.31. The reusability of beads was
studied by analyzing phytase activity in the continuous cycles. The 30% activity of phytase
was lost with the initial two cycles and the 20% activity was left within immobilized beads for

up to 5 consecutive cycles.

Fig. 3.31 Immobilization of P. oxalicum PBG30 phytase in calcium-alginate beads
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Fig. 3.32 Reusability of P. oxalicum PBG30 phytase beads

3.1.14 Applications of P. oxalicum PBG30 phytase in the feed industry
3.1.14.1 Hydrolysis of insoluble metal-phytate complex

As shown in Fig. 3.33 and 3.34, P. oxalicum PBG30 phytase is capable of hydrolyzing
insoluble metal phytate complex at both 37°C and 50°C. It releases inorganic phosphorus from
the metal ions complex which increases with time. All the metal ions complex of Ca?*, Co*,
Mn?*, Cu*, and Zn** showed efficient hydrolysis and release of inorganic phosphate except
Mg?', and Fe?". The maximum liberation of inorganic phosphorus occurred with Co?* after 24

h, was 1022.15 £ 30.66 pg/ml at 37°C and 1192.15 £+ 35.76 pg/ml at 50°C.

3.1.14.2 Hydrolysis of insoluble protein-phytate complex

A turbid solution was observed due to the insoluble complex formation between sodium
phytate and lysozyme. As the phytase is supplied to the complex, the liberation of inorganic
phosphate was observed. This release of inorganic phosphate was increased with time as shown

in Fig. 3.35. The amount of released inorganic phosphate was 182.15 + 5.46 pg/ml at 30°C.
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Fig. 3.35 Hydrolysis of lysozyme-phytate complex by P. oxalicum PBG30 phytase
at 30°C

3.1.14.3 Dephytinization of commercial fish feed

3.1.14.3.1 Dephytinization of feed at different temperatures

The liberation of inorganic phosphorus from the fish feed is observed at 37°C, 50°C, and 70°C
with 2, 4, and 6 h by using P. oxalicum PBG30 phytase. A high release of inorganic phosphorus
(14.993 mg/g feed) is recorded at 37°C during 6 h [Fig. 3.36 (i)]. Also, nutritional by-products,
soluble protein (69.08 mg/g feed), and reducing sugars (133.2 mg/g feed) are liberated from
the feed [Fig. 3.36 (ii) and (iii)] treated with phytase due to the presence of other hydrolytic
enzymes in P. oxalicum PBG30. Also, 12.793 mg/g feed of inorganic phosphorus, 128.28 mg/g
feed of reducing sugar and 81.48 mg/g feed of soluble protein was observed after 6 h at 50°C.
Similarly, at 70°C for 6 h, a low amount of inorganic phosphorus, reducing sugar and soluble

protein was reported as 4.293, 0.56, and 6.16 mg/g feed respectively.
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Fig. 3.36 Dephytinization of phytate by P. oxalicum PBG30 phytase at different
temperatures (37°C, 50°C and 70°C) (i) inorganic phosphorus (ii) reducing sugar (iii)
soluble protein
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3.1.14.3.2 Dephytinization of feed by using different doses of phytase

The results showed that the liberation of inorganic phosphate enhances as the amount of dose
increases. The total amount of inorganic phosphorus secreted after 6 h with phytase doses of
25,50, 75, 100 and 200 U was 8.79, 11.29, 13.29, 14.99 and 26.19 mg/g feed respectively [Fig.
3.37 (i)]. Inorganic phosphate is found maximum with 200U (26.193 mg/g feed). Along with
this, 138.48 mg/g feed (reducing sugars) and 96.5 mg/g feed (protein content) are obtained
respectively [Fig. 3.37 (ii) and Fig. 3.37 (iii)].

3.1.14.3.3 Dephytinization effect in varied feed amounts

The effect of phytase on varied amounts of feed (0.5-2 g) was studied and the secreted amount
of inorganic phosphate with 0.5 g, 1.0 g, 1.5 g and 2.0 g was 33.986 mg/g feed, 21.693 mg/g
feed, 13.325 mg/g feed and 12.596 mg/g feed respectively, as shown in Fig. 3.38 (i). The results
concluded that 0.5 g feed releases inorganic phosphate at the rate of 33.986 mg/g feed, at the
most. Similarly, reducing sugar is found unaffected (134.4 mg/g feed) and protein is enhanced

(115.52 mg/g feed) [Fig. 3.38 (ii) and Fig. 3.38 (iii)].
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Fig. 3.37 Dephytinization of phytate by P. oxalicum PBG30 phytase with different
phytase doses (25U, 50U, 75U, 100U, 200U) (i) inorganic phosphorus (ii) reducing
sugar (iii) soluble protein
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Fig. 3.38 Dephytinization of phytate by P. oxalicum PBG30 phytase with different feed
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3.1.14.3.4 Dephytinization of feed with incubation period

Further, the dephytinization was performed up to 48 h. The secretion of inorganic
phosphate was 26.096, 28.396, 32.896, 32.996, 33.396 and 33.796 mg/g feed with their
respective time at 2, 4, 6, 12, 24, and 48 h. the degradation of phytic acid with phytase shows
the highest liberation of inorganic phosphate, soluble protein, and reducing sugars at 6 h and

maintained up to 48 h (Fig. 3.39).
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Fig. 3.39 Dephytinization of phytate by P. oxalicum PBG30 phytase at 37°C with 200U
in feed

The maximum hydrolysis was observed with 200 U of P. oxalicum PBG30 phytase
added in 0.5 g of feed dissolved in 20 ml buffer and incubated at 37°C for 6 h. The highest
level of inorganic phosphorus (33.986 mg/g of feed), reducing sugars (134.4 mg/g of feed),

and soluble protein (115.52 mg/g of feed) were found during the experiment.

3.1.14.4 Phytic acid estimation in experimentally prepared feed

As shown in Table 3.10, the control diet (without the addition of phytase) showed 50.43 mg/g
phytic acid content while the phytase-added diet exhibited less phytic acid amount. The
reduction of phytic acid in the presence of phytase depicts the hydrolysis action of phytase in
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the diet. The level of phytic acid decreases as the phytase dosage increases in the diet. The diet
containing SO0FTU/kg phytase has 33.00 + 0.13 mg/g feed phytic acid with a 34.6% reduction
as compared to the control diet. The sample with 1500 FTU/kg exhibited minimum phytic acid
content (26.91 + 0.83) with a 46.6% reduction of phytic acid level.

Table 3.10 Estimation of phytic acid in experimental feed

Sample Phytic content (mg/g feed) Reduction in phytic acid level (%)

Diet I 5043 +£1.15 100
(Control)

Diet I1 33.00+0.13 34.6
(Control + 500 FTU/kg
phytase)

Diet 111 30.37+0.45 39.8
(Control  + 1000
FTU/kg phytase)

Diet IV 26.91 £ 0.83 46.6
(Control  + 1500
FTU/kg phytase)




109

3.2 Discussion

3.2.1 Isolation of phytase-producing microbes

Phytase is an enzyme that hydrolyses phytate molecules and releases myo-inositol, inorganic
phosphate, and other associated elements. Microbes are the best source of phytase, among
these, filamentous fungi are excellent in producing extracellular phytases (Singh et al. 2024).
Owing to the importance of microbial phytases in improving the nutritional quality of a feed
and reducing environmental pollution, due to the accumulation of excessive P, researchers have
isolated phytases from various fungi such as Aspergillus niger (Niera-Vielma et al. 2018a,
Kumari and Bansal 2021a, Nascimento et al. 2022), A. fumigatus (Sanni et al. 2019, Thakur et
al. 2022), A. tubingensis (Qasim et al. 2017, Caliskan-Ozdemir et al. 2021, Mahendran et al.
2022), A. ficuum (Shahryari et al. 2018), A. foetidus (Ajith et al. 2019), A. aculeatus (Saxena
et al. 2020), A. terreus (Chaudhari and Peshwe 2022), Penicillium oxalicum (Kaur et al. 2017),
R. oryzae (Arora et al. 2017), Thermomyces lanuginosus SSBP (Makolomakwa et al. 2017),
Grifola frondosa (Huang et al. 2018), Pholiota adiposa (Jatuwong et al. 2020b), Thermoascus
aurantiacus SL16W (Tanruean et al. 2021) and Talaromyces purpureogenus NSA20 (Ahmed
et al. 2022). Also, the fungal phytases possess thermostability, resistance towards protease,
acidic pH, and a wide substrate range, making them more feasible to use in the feed industry.
Since different species of fish exhibit the diverse pH conditions of the digestive tract, therefore,
a single phytase could not be an ideal additive for fish feed, hence it is important to investigate

the potent phytases.

3.2.2 Qualitative and Quantitative Screening

In the current study, 55 microbial species were obtained from different samples and cultured
on agar plates containing different media. These isolates were further screened on PSM agar
plates. Out of a total of 55 isolates, only 8 isolates exhibited a clear zone of hydrolysis against
sodium phytate. The zone of hydrolysis of these 8 isolates was confirmed by a two-fold staining
method (Bae et al. 1999) to avoid false results that occurred due to acid-producing microbes
which also formed a zone around the microbe by secreting organic acids such as acetic acid,

citric acid, malic acid, and others. These organic acids reduce the pH and solubilize the phytate
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that forms the zone of hydrolysis (Mahendran et al. 2022). Additionally, the quantitative
estimation of phytase in these 8 isolates was done and found to be in the range of 9.085 — 51.40
U/ml. The highest activity of phytase was obtained with isolate 4 (51.40 £ 0.05 U/ml) and
selected for subsequent experiments. The screening of phytase-producing microbes through
qualitative and quantitative methods has been documented in various studies by using different
compositions of phytase screening media (Kaur et al. 2017, Puppala et al. 2018, Yaseer et al.
2018, Jatuwong et al. 2020b, Sharma and Shukla 2020, Nagar et al. 2021, Kumari and Bansal
2021a, Chaudhari and Peshwe 2022, Mahendran et al. 2022). Isolate 4 was identified through
morphological and microscopic features. The morphology of the fungus revealed its dark green
colour, velvety texture, and powdery growth of colonies. At the microscopic level, the septate
hyphae, branched conidiophores, and spores were present in a chain, indicating that the fungus
belongs to the Penicillium genus. For the identification at the species level, ITS sequencing
was performed concluding that the isolated fungus is Penicillium oxalicum. However, limited
work has been done on phytase production from the Penicillium sp. from their original strain
(Tseng et al. 2000, Awad et al. 2014, Kim et al. 2015, Lee et al. 2015, Kaur et al. 2017, Kalkan
et al. 2020) while most of the studies have been carried out on recombination and engineering
of phytase isolated from Penicillium sp. (Lee et al. 2007, Zhao et al. 2010, Correa et al. 2015,
Ya-nan et al. 2020).

3.2.3 Phytase production in SSF and optimization by OVAT

The solid-state fermentation is an effective method for the production of microbial enzymes
and other secondary products. In this process, microbes are grown on a solid substrate in either
the absence or a low amount of water (Rizwanuddin et al. 2023a). The agricultural waste or
residues are commonly utilized as a solid substrate that makes the production cost-effective
and also resolves the issues that occur due to their accumulation. Among the various substrates
used for the SSF method, wheat bran is commonly used because it is rich in carbon, nitrogen,
amino acids, and a high amount of phytic acid (Suresh and Radha 2015). Due to the presence
of phytate, it acts as an inducer for the production of phytase (Chanderman et al. 2016). It is
easily available, has a low cost, and provides support to the growth of fungi (Qasim et al. 2017,
Kumari and Bansal 2021a). Moreover, optimization is a requisite for the identification of
essential components and culture conditions necessary for the fungal growth and production of

enzymes. The composition and types of chemicals used for the production are necessary factors
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that should be considered in the optimization process as they provide adequate nutrients for the
growth of microorganisms (Pragya et al. 2023b). In this experiment, the media used for phytase
production from P. oxalicum PBG30 contains 0.5% Urea, 0.1% MgS0..7H20, 0.1% KCI, and
0.1% FeS04.7H20. The moistening media including K:HPO4 (0.5%), (NH4)2SO4 (0.4%), CaCl.
(0.03%), MgS0.4.7H20 (0.3%), FeSO4.7H20 (0.03%) supported maximum production of 5.05
U/g DMR in A. oryzae SBS50 (Sapna and Singh 2015), while distilled water (208.30 U/g
DMR) suited best for 4. niger NT-7 phytase (Kumari and Bansal 2021a). Media containing
magnesium sulphate (0.5%), ferrous sulphate (0.5%), and ammonium sulphate (0.5%) resulted
in 361.88 U/g DMR phytase from A. oryzae SBS50 (Pragya et al. 2023b). Similarly, P.
oxalicum EUFR-3 possess 12.80 U/g phytase with 0.2% NaNOs, 0.1% K2HPQO4, 0.05% MgSOa,
0.05% KCl and 0.001% FeSOa. (Kaur et al. 2017).

An adequate amount of wheat bran produces phytase while beyond that it acts as a
limiting factor and restricts the production level (Kumari and Bansal 2021a). In the present
study, 10 g wheat bran promotes the highest production of phytase, that corroborates the
findings of previous studies on phytase production by 4. oryzae SBS50 (Sapna and Singh
2015), A. tubingensis (Qasim et al. 2016), A. tubingensis FSS223 (Yasser et al. 2018) and A.
fumigatus (Mahendran et al. 2022) where applying 10 g wheat bran results into the highest
production of phytase. However, 5 g wheat bran has also supported phytase production in other
cases such as P. oxalicum EUFR-3 (Kaur et al. 2017) and 4. niger NT-7 (Kumari and Bansal
2021a). Besides wheat bran, other substrates such as soybean meal, rice polish, rice bran, and
rice straw have also been used for the production of phytase through SSF, in 4. niger (Saithi
and Tongta 2016), A. niger (Mahmood et al. 2021), T. aurantiacus SL16W (Tanruean et al.
2021) and 4. awamori NRC- F18 (Elkhateeb and Fadel 2022) respectively. Further, the use of
mixed substrate has also been considered good for phytase production. A mixture of sugarcane
bagasse and wheat bran for the production of phytase in S. thermophile BJTLR50 (Kumari et
al. 2016) and wheat bran and rice straw in 4. oryzae SBS50 (Pragya et al. 2023b) have been

suggested as well.

Temperature is a significant component of the fermentation process. All fungi have an
optimum temperature for their growth. Enzymes are generally produced in the exponential
phase, however beyond that growth and production are reduced (Qasim et al. 2017). The poor
growth and denaturation of enzymes also occurred at high temperatures (Suresh and Radha
2016). It is shown in the results that the production of phytase is maximum at 30°C and

decreases at high temperatures, which is in accordance with previous results on phytase
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production from A. oryzae SBS50 (Pragya et al. 2023b), A. aculeatus APF1 (Saxena et al.
2020), A. tubingensis (Mahendran et al. 2022), A. tubingensis SKA (Qasim et al. 2017), A.
flavus (Onibokun et al. 2022) and 4. niger (Nascimento et al. 2022). These studies also showed
the maximum production of phytase at 30°C. However, other researchers reported increased
phytase production at 32°C in 4. niger SBS49 (Singh et al. 2015), 35°C in A. niger NT-7
(Kumari and Bansal 2021a), and 4. niger (Mahmood et al. 2021), and 40°C in A. terreus fsp-4
(Chaudhari and Peshwe 2022).

The level of moistening media affects both the growth of fungus and phytase
production. When the moisture level becomes higher than optimum, it leads to a reduction in
the porosity, decreases oxygen transfer, and changes in the size of the particle, and formation
of the aerial mycelium, thereby influencing the activity of phytase. If the moisture level
becomes low, it creates high water tension, low nutrient solubility, and increases its
concentration (Gaind & Singh 2015), therefore, an adequate ratio is required. Phytase isolated
from P. oxalicum PBG30 showed the highest production with a 1:2 ratio. Below and above this
ratio, the production level decreases. Similar to the results, the highest production of phytase
from 4. oryzae SBS50 (Sapna and Singh 2015), and 4. niger NT7 (Kumari and Bansal 2021a)
occurred with a 1:2 substrate and moisture level ratio. Opposite to this, a 1:4 ratio was reported
in A. awamori NRC- F18 (Elkhateeb and Fadel 2022) and 4. oryzae SBS50 (Pragya et al.
2023b).

The production of enzymes is directly linked to the growth of microbes. Therefore,
initially, the level of enzyme is generally low, but gradually reaches its highest level, and after
that, decreases due to a low level or deficiency of nutrients (Chaudhari & Peshwe 2022). The
present study showed a low level of phytase production at the initial stage, reached maximum
at the 5™ day of incubation, but decreased beyond that. The maximum production has also been
observed at 5 days of incubation in 4. tubingensis FSS223 (Yasser et al. 2018), 4. niger NT-7
(Kumari and Bansal 2021a), A. niger (Mahmood et al. 2021), 4. tubingensis (Mahendran et al.
2022) and A. oryzae SBS50 (Pragya et al. 2023b). However, the level of phytase production
was high after 4 day of incubation in 4. tubingensis SKA (Qasim et al. 2017), 12 days in T.
aurantiacus SL16W (Tanruean et al. 2021) and after 6 days of incubation in A. awamori NRC-
F18 (Elkhateeb and Fadel 2022), A. terreus fsp-4 (Chaudhari and Peshwe 2022) and T.
purpureogenus NSA20 (Ahmed et al. 2022).
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The pH has a significant effect on the extracellular enzyme activity and metabolic
reactions of microbes, therefore affecting enzyme production (Qasim et al. 2017). P. oxalicum
PBG30 phytase has shown the highest production of phytase at pH 7.0, which substantiates the
findings of Yasser et al (2018). They also suggested pH 7.0 optimal, for the production of
phytase from A. tubingensis FSS223 (Yasser et al. 2018), while an acidic pH leads to reduced
growth and production (Suresh & Radha 2016). Contrary to this, the maximum production of
phytase was recorded at pH 5.0 in several fungi such as A. oryzae SBS50 (Pragya et al. 2023b),
A. tubingensis SKA (Qasim et al. 2017), A. niger NT-7 (Kumari and Bansal 2021a) and 4.
tubingensis (Mahendran et al. 2022), pH 6.0 in A. niger (Mahmood et al. 2021) and A. awamori
NRC- F18 (Elkhateeb and Fadel 2022) and pH 4.5 in A4. terreus fsp-4 (Chaudhari and Peshwe
2022).

P. oxalicum PBG30 exhibited the presence of other hydrolytic enzymes such as
cellulase, amylase, xylanase, and lipase in the crude enzyme solution along with phytase.
Phytase showed the highest activity while others reported a low amount of activity. These
enzymes directly or indirectly influence the phytase activity and its effect. In the similar
findings, 4. oryzae SBS50 showed the secretion of amylase, cellulase, pectinase, and xylanase
enzymes with phytase (Sapna and Singh 2015). In another study, carboxymethyl cellulase,
amylase, acid, and alkaline phosphatase were produced from 4. flavus ITCC 6720 along with
phytase (Gaind and Singh 2015). Kanti and Sudiana (2018) demonstrated the activity of
phytase, amylase, and cellulase after the extraction of crude enzyme solution from three
different fungi (4. niger, R. oryzae and N. sitophila. The simultaneous production of phytase,
protease, and xylanase from A4. niveus was reported and their utilization in animal feed was also

studied (Simas et al. 2024).

3.2.4 Statistical optimization of phytase production by PBD and RSM

Statistical optimization is preferred over the conventional method (OVAT) due to the fast
process, cost-effectiveness, and examination of multiple factors in a single duration with their
interaction level. PBD and RSM are the commonly used statistical methods that enhance the
production of enzymes via the design of experiments (DoE) approach. The optimization of
phytase production by using PBD and RSM has been mentioned in the literature as well
(Jatuwong et al. 2020b, Kumari and Bansal 2021b, Javaid et al. 2022, Pragya et al. 2023a). In
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the present study, incubation period, pH, MgSQO4, and Tween-80 are the significant parameters
that were identified through PBD. In other studies, the factors selected through PBD were
glucose, moisture content, MgSO4, and dextrin for A. niger phytase production (Buddhiwant et
al. 2016). Similarly, yeast extract, incubation period, and Tween-80 were found as critical
parameters for S. thermophile (Kumari et al. 2016), glucose, FeSOa, pH and citric acid for W.
saturnus (Pable et al. 2019), water hyacinth and moisture content for P. adiposa (Jatuwong et
al. 2020b), amount of wheat bran, pH, temperature, mannitol, incubation period and
ammonium sulphate for 4. niger NT7 (Kumari and Bansal 2021b), temperature, Tween-40,
pH, incubation period and NH4NOs for A. niger (Mahmood et al. 2022) and glucose, MgSOa,
moisture content and Tween-80 for 4. oryzae (Pragya et al. 2023a) phytase production through
PBD method.

The time of incubation is an important variable in enzyme production. Most of the
enzymes are produced in the logarithmic phase. However, a long period of duration decreases
the production level of enzymes due to nutrient deficiency and cell lysis (Chaudhari and
Peshwe 2022). The results showed maximum production of phytase within 5 days of incubation
period, thereafter, the phytase yield decreases due to a deficiency of nutrients for the growth of
fungi. Likewise, the 5 days incubation period was also adequate for maximum phytase
production from A. niger NT7 (Kumari and Bansal 2021b) and R. oligosporus (Suresh and
Radha 2016). However, in the case of A. oryzae SBS50 (Sapna and Singh 2015) and S.
thermophile (Kumari et al. 2016) only 2 days of incubation period was sufficient for the
maximum production of phytase. In contrast, the 6 days incubation period was required for the
optimum level of phytase production from 4. niger (Mahmood et al. 2022). pH is crucial factor
for all metabolic processes, and it strongly affects phytase production. The optimum pH for P.
oxalicum phytase is 7.0. Opposite to this, 4. niger NT7(Kumari and Bansal 2021b) and
Williopsis saturnus NCIM 3298 (Pable et al. 2019) require pH 5.0 and A. niger requires pH 6.0

(Mahmood et al. 2022) for the maximum production.

Tween-80 is one of the surfactants that significantly affects the production of phytase,
as it permeabilizes the cell membrane and releases more protein/enzyme in the medium (Priya
et al. 2023b). In the case of P. oxalicum PBG30, Tween-80 exhibits its highest effect at 3.5%
concentration, whereas in the case of S. thermophile (Kumari et al. 2016) and 4. oryzae (Pragya
et al. 2023a) 2.5% concentration of Tween-80 could exhibit its highest effect on phytase
production. The metal ions such as magnesium are a requisite for the fungus growth (Pragya et

al., 2023a). In this experimental study, 0.75% MgSO. was involved in increasing the
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production of phytase, while 0.4% MgSOs. is found for A. oryzae SBS50 (Pragya et al. 2023a)
and 1.5% for A. niger (Buddhiwant et al. 2016).

The optimization through statistical methods significantly enhanced phytase
production. In this study, the level of phytase production increased 4.4-fold after statistical
optimization (373.32 U/g DMR) as compared to un-optimized conditions (84.60 U/g DMR).
A 36.67-fold enhancement has also been observed in the phytase production from A. niger
(Buddhiwant et al. 2016), 11.6-fold from S. thermophile (Kumari et al. 2016), 2.73-fold from
R. oligosporus (Suresh and Radha 2016), 3.15-fold from P. adiposa (Jatuwong et al. 2020b),
6.8-fold from A. niger (Kumari & Bansal 2021b), 1.37-fold from A. niger (Mahmood et al.
2022) and 2.29-fold from 4. oryzae (Pragya et al. 2023a) through statistical approaches.

In this study, for the sustainable production of phytase on a large scale, the optimized
conditions were performed in flasks and trays. Increased phytase production in the case of trays
indicates that the conditions were suitable for the production of phytase and sustainably useful
and feasible for large-scale production. On a large scale, production of phytase in trays is
influenced by substrate amount, the presence of oxygen, and uneven allocation of inoculum
and bed height (Suresh and Radha 2015, Arora et al. 2017). If the amount of substrate is more
than sufficient, oxygen becomes unavailable to fungus, and production decreases (Suresh and
Radha 2015). A 1.5-2 cm bed height is considerable for the production, but it is not compulsory.
It may vary depending upon the production system, kinetic parameters, and operating
conditions above 2 cm, influence on cell biomass and production due to a high level of substrate
and less availability of moisture and oxygen. (Arora et al. 2017). The sustainable production
of phytase in flasks and trays on a large scale has also been studied in 4. oryzae SBS50 (Sapna
and Singh 2015), R. oligosporus MTCC 556 (Suresh and Radha 2015), S. thermophile (Kumari
et al. 2016), R. oryzae (Arora et al. 2017) and A. niger 7A-1 (Neira-Vielma et al. 2018a).
Moreover, phytase production showed an overall 5.6-fold increase, making the fermentation
process less costly. The approach of fermentation in trays can be upgraded by using bioreactors
for the production of phytase, which provides constant temperature and moisture (Suresh and

Radha 2015).
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3.2.5 Partial purification

Purification is a process to purify the enzyme in concentrated form leading to its homogeneity
by removing impurities from the crude enzyme extract. It includes a series of steps such as
precipitation, dialysis, and chromatographic techniques. Precipitation can be done by either
salts or organic solvents. Salt precipitation or more commonly ammonium sulphate
precipitation is used for purification. The solubility of protein is affected by ionic salt
concentration. At low concentration, solubility enhances (salting-in) while decreases at high
concentration (salting-out). During the ammonium salt precipitation method, ammonium ions
having a positive charge associated with phytase having a negative charge and aggregate the
enzyme (Saxena et al. 2020). P. oxalicum PBG30 phytase was partially purified by ammonium
sulphate precipitation and dialysis methods. Further, the dialysis was performed with 20 mM
acetate buffer by changing the buffer at least three times. The phytase is purified up to 4.9-fold
with a 55.31% yield. Gunashree and Venkateswaran (2015) isolated phytase from Aspergillus
niger CFR 335 which showed a 66.8% yield with 4.1-fold purification after the precipitation
and dialysis methods. Similarly, Saxena et al. (2020) reported 1.42-fold purification after the
dialysis of Aspergillus aculeatus APF1 phytase with a 25.54% yield. Also, the 3.4-fold
purification was reported in Aspergillus fumigatus with a 40% yield of phytase after ammonium
sulphate precipitation (Thakur et al. 2022). Further, a 5.9-fold purification of phytase was
observed in 7. purpurogenus NSA20 after dialysis (Ahmed et al. 2022).

3.2.6 Biochemical characterization of P. oxalicum PBG30 phytase

During food and feed processing, enzymes have to face extreme temperatures that influence
the enzyme activity by modifying their structure or kinetic energy, therefore they must be
resistant to high temperatures. In the present investigation, the optimum temperature for P.
oxalicum PBG30 phytase was 70°C, which resembles with the optimal temperature of 7.
lanuginosus IMI 096218 phytase (70°C) (Bujna et al. 2016). A decrease in phytase activity
could be observed at both extremes due to loss of kinetic energy and collision of molecules at
below optimal temperature and denaturation at above (Pragya et al. 2023). The optimal
temperature value for fungal phytases has been reported 37°C in the case of A. foetidus MTCC
11682 (Ajith et al. 2019), 40°C in 4. niger BIONCLS (Bhandari et al. 2023), P. oxalicum (Kaur
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et al. 2017), and 4. fumigatus (Sanni et al. 2019), 50°C in R. oligosporus MTCC 1116 (Suresh
and Radha 2016), Rhodotorula mucilaginosa (Yu et al. 2015), A. aculeatus APF1 (Saxena et
al. 2020), and A. oryzae (Pragya et al. 2023a), 55°C in A. fumigatus (Thakur et al. 2022), 56°C
in A. niger 7A-1 (Niera-Vielma et al. 2018b) and 60°C in the case of A. niger NT7 (Kumari
and Bansal 2021a). The variation in the temperature values might be due to the source of the

phytase from which it was isolated.

The pH is a critical parameter because it influences the activity of an enzyme by
changing the ionic composition in its microenvironment. As the human and animal stomach is
acidic (pH lies from 1.5-3.5), phytases possessing acidic pH are considered to be useful in the
food and feed industry. In this study, P. oxalicum PBG 30 phytase was found optimally active
at pH 3.0. The phytase obtained from 4. aculeatus APF1 (Saxena et al. 2020), and A. niger
(Singh et al. 2015) also exhibited the optimum pH at 3.0, thus validating the findings of this
work. In contrast, the phytase obtained from P. oxalicum EUFR-3 was active at the neutral pH
(Kaur et al. 2017). However, phytase activity declined in alkaline conditions due to changes in
the ionic state of amino acids. Studies conducted on P. oxalicum KCTC6440 (Kim et al. 2015),
R. oligosporus MTCC 1116 (Suresh and Radha 2016), A. niger NT7 (Kumari and Bansal
2021a), A. niger BIONCLS (Bhandari et al. 2023), A. niger 7A-1 (Niera-Vielma et al. 2018b)
and 4. oryzae (Sapna and Singh 2017, Pragya et al. 2023a) showed a decrease in activity of

phytase within the alkaline region.

It has been suggested that phytase should be thermostable and pH stable for its
utilization in the feed industry. The results showed that P. oxalicum PBG30 phytase is
thermostable and stable in acidic pH. However, the studies carried out on the A. niger
BIONCLS showed that it lost 70% phytase activity (Bhandari et al. 2023), A. fumigatus lost
86% (Sanni et al. 2019) and 4. niger CFR 335 lost 80% phytase activity within 1 h at 80°C
(Gunashree and Venkateswaran 2015). In the case of A. niger 7A-1, only 9.3% phytase activity
is left after 5 min of incubation at 80°C (Niera-Vielma et al. 2018b), and 4. oryzae retains only
4.2% phytase activity after 1 h (Gampa et al. 2023). A reduction in the phytase activity of R.
mucilaginosa was observed within 10 min (Yu et al. 2015), and only 20% activity was left in
A. fumigatus phytase after 1 h (Sanni et al. 2019) at 70°C. Phytase obtained from A. fumigatus
showed 90% activity after 20 min while exhibiting more than 50% at 2 h (Thakur et al. 2022).
The thermostable half-life of A. oryzae phytase was found as 300 min at 50°C (Sapna and Singh
2017), while at 70°C phytase lost its activity within 100 min (Pragya et al. 2023a). After an
incubation period of 60 min and 90 min at 70°C, A. oryzae left with 50.2% and 41.6 % phytase
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activity (Gampa et al. 2023). In present study, the P. oxalicum PBG 30 phytase was found
stable at both pH 3.0 and pH 5.0 with 50% activity maintained up to 60 and 30 min respectively.
About 80% of phytase activity was retained for 45 min at pH 3.0 and 100 min at pH 5.0 in A.
oryzae (Sapna and Singh 2017). 4. niger BIONCLS phytase exhibited stability at pH 2.0 and
8.0. However, at pH 2.0, phytase showed 80% activity with an incubation period of 24 h, while
at pH 8.0, it retained more than 50% activity within the same duration (Bhandari et al. 2023).
The phytase obtained from P. oxalicum PBG 30 exhibited a broad substrate specificity, a
characteristic feature of an enzyme to be used for animal feed. It shows the highest specificity
against sodium phytate and has also been reported in the case of phytase obtained from P.
oxalicum PJ3 (Lee et al. 2015), R. oligosporus MTCC 556 (Suresh and Radha 2016), and A.
niger TA-1 (Niera-Vielma et al. 2018b), that demonstrated maximum specificity with sodium

phytate.

Organic solvents have a positive impact on the activity of phytase enzyme. The impact
of hydrophobic residues on the activity of phytase is negligible. All the organic solvents used
during the experiment exhibited a stimulatory effect. In the existence of ethanol, methanol,
butanol, and acetone, phytase activity was enhanced in A. oryzae (Sapna and Singh 2017). The
inhibitory effect of ethanol, butanol, isopropanol, and acetone was observed in A. niger
BIONCLS (Bhandari et al. 2023). The functional group and molecular structure of organic
solvents are accountable for designing the artificial environment around the enzyme, which
affects the enzyme structure and its catalytic properties. Depending upon the type of
conformational modifications, phytase activity is affected. It can either stimulate or inhibit the
enzyme activity (Sapna and Singh 2017). Limited literature is available on the effect of organic
solvents on phytase. Due to the presence of organic solvents solubility of hydrophobic residues
is enhanced, it avoids reactions with water molecules, makes enzymes more stable and

reusable, and protects them from microbial contamination (Caliskan-Ozdemir et al. 2021).

The results of present study showed that although SDS inhibits the phytase activity, but
stimulates in the presence of Tweens. In a previous study carried out on P. oxalicum PBG 30,
SDS has been reported as an inhibitor of phytase activity (Kaur et al. 2017). Moreover, SDS
inhibits the activity of phytase obtained from A. oryzae (Sapna and Singh 2017) and A4.
fumigatus (Sanni et al. 2019). Detergents can also increase or decrease the activity of enzyme,
depending upon the type of interacting molecule whether it is anionic, cationic, or non-ionic.
It binds with protein molecules and changes the tertiary structure of protein (Sapna and Singh

2017). SDS is an anionic detergent that is not specific and can attach anywhere to the protein
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and unfold it. It imposes conformational changes in the active site and thus inactivates the
enzyme. Non-ionic detergents such as Tweens and Triton X-100, bind on the surface of the
protein and thus either stimulate or do not influence the activity of phytase by making the

conformational changes in the enzyme structure.

The involvement of metal ions in the regulation of enzyme catalysis is crucial. The
effect of different metal ions was observed on the activity of phytase. The inhibition of phytase
activity is possibly due to the association of metal and substrate complex, which restricts the
binding of the substrate with enzyme or the modification of enzyme active site due to the
binding of ions (Saxena et al. 2020). An enhancement in the phytase activity might be due to
the requirement of metal ions in the activation of enzymes. The impact of metal ions on enzyme
activity depends on the microbial species that produce the enzyme (Yu et al. 2015). In this
study, Ca**, Co?*, and Cu?" enhance the phytase activity obtained from P. oxalicum PBG 30.
Similarly, the involvement of Ca*" in increasing the phytase activity of 4. niger NT7 (Kumari
and Bansal 2021a), A. fumigatus (Sanni et al. 2019), and 4. oryzae (Sapna and Singh 2017) has
also been reported in literature as well. Also, Co*" was found to stimulate the phytase activity
in A. niger NT7 (Kumari and Bansal 2021a) and A. oryzae (Sapna and Singh 2017), but in
contrast, Cu?** inhibited the phytase activity in 4. niger NT7 (Kumari and Bansal 2021a), and
A. oryzae (Sapna and Singh 2017). In other reports, Ca** and Cu?** decrease the activity of
phytase isolated from P. oxalicum KCTC6440 (Kim et al. 2015) and P. oxalicum PJ3 (Lee et
al. 2015). Although the effect of Mg?" on phytase activity found positive, but did not show a
significant difference. A similar stimulatory effect of Mg?* has been recorded in R.
mucilaginosa (Yu etal. 2015) and A. oryzae (Sapna and Singh 2017). Mn** showed the variable
effects on phytase activity, positive at low and negative at high concentrations. Mn?" decreases
the activity of phytase extracted from 4. flavus (Gaind and Singh 2015). The inhibitory effect
of NaCl is observed with P. oxalicum phytase, which is in accordance with the study of Kaur
et al. (2017) in P. oxalicum. In turn, Na* enhances the activity of phytase isolated from R.

mucilaginosa (Yu et al. 2015).

The results of present study showed that phytase activity was inhibited in the presence
of EDTA, sodium molybdate, 8-ME, and DTT, but stimulated in the presence of sodium azide.
Similarly, EDTA inhibited the activity of phytase obtained from P. oxalicum (Kaur et al. 2017),
and A. tubingensis TEM 37 (Caliskan-Ozdemir et al. 2021), indicating the requirement of metal
ions for maintaining the activity of an enzyme. Inversely, EDTA largely increased the activity

of phytase obtained from Rhodotorula mucilaginosa (Yu et al. 2015), however, there was no
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impact of EDTA on the activity of 4. oryzae phytase (Sapna and Singh 2017). 8-ME and DTT
were also reported to decrease the activity of A. niger UFV-1 (Monteiro et al. 2015) and P.
oxalicum (Kaur et al. 2017) phytase, depicting the importance of sulthydryl groups in the
catalysis of phytase (Monteiro et al. 2015). Sodium molybdate and sodium azide were found
to be involved in lowering the activity of A. oryzae phytase (Sapna and Singh 2017) and 4.
tubingensis TEM 37 phytase (Caliskan-Ozdemir et al. 2021) respectively.

In this study, the K, and Ve values of P. oxalicum PBG 30 phytase were 4.42 mM
and 909.1 U/ml respectively. The high K., indicates a low affinity between substrate and
enzyme, and a high concentration of substrate is required to achieve the Vmax. The K and Vinax
values of 4. oryzae phytase were 1.14 mM and 58.82 umol/ml/min (Sapna and Singh 2017),
A. aculeatus APF1 phytase were 3.21 mM and 3.78 U/mg (Saxena et al. 2020), and of 4.
fumigatus phytase were 0.75 mM and 345 pmol/min/mg-protein (Thakur et al. 2022) with the
calcium phytate. In other studies, the K, and Vi values of phytase with sodium phytate were
0.545 mM and 600 U/mg in the case of P. oxalicum PJ3 (Lee et al. 2015), 0.48 mM and 672
U/mg in P. oxalicum KCTC6440 (Kim et al. 2015), 0.815 mM and 1092 U/mg in R.
mucilaginosa (Yu et al. 2015) and 1.98 mM and 99 U/mg in the case of A. niger NT7 (Kumari
and Bansal 2022).

Pepsin and trypsin are two important digestive enzymes present in the animals and
human beings. Phytase must have the ability to resist the action of both pepsin and trypsin for
supplementing animal feed with phytase. The P. oxalicum PBG 30 phytase retained 88 and
80% activity after the treatment with pepsin and trypsin up to 2 h, indicating that there is no
significant effect of digestive enzymes on phytase. Moreover, the phytase obtained from P.
oxalicum PBG 30 is protease-resistant. Similarly, 88 and 98 % phytase activity was observed
after 120 min in 4. tubingensis TEM 37 when treated with pepsin and trypsin respectively
(Caliskan-Ozdemir et al. 2021). The phytase isolated from A. niger UFV-1 exhibited more than
90% activity in the presence of pepsin and trypsin treatment carried out for 1 h (Monteiro et al.
2015). The protease-resistant phytase have also been isolated from other microorganisms such
as S. thermophile (Ranjan et al. 2015), R. mucilaginosa JIMUY 14 (Yu et al., 2015), A. niger
NT7 (Kumari and Bansal 2022).

Over the period, the activity of an enzyme gets reduced, therefore it is necessary to
study the effect of storage conditions on the activity of enzymes. The stability of an enzyme

depends upon the molecule and storage conditions, and thus their shelf-life duration varies from
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a few days to a year (Sapna and Singh 2017). When the enzyme is stored in liquid, frozen, or
powder forms at different temperatures, it faces stress due to changing micro-environmental
conditions, thus conformational modification occurs in the enzyme (Sapna and Singh 2017).
The P. oxalicum PBG30 phytase maintained its activity for a long time at 4°C and -20°C.
Similarly, Sapna and Singh (2017) found 4° C as the most suitable storage condition retaining
63% activity in A. oryzae phytase after 6 months while 56% activity remain persists with
phytase kept at -20°C. Moreover, 4. niger CFR 335 showed more than 80 % phytase activity
at room temperature after the incubation of 3 months (Gunashree and Venkateswaran 2015)
and P. adiposa phytase expressed a reduction in its activity after incubation of 24 days at room

temperature, 32 days at -20°C and 42 days at 4°C (Jatuwong et al. 2020b).

The results indicated that P. oxalicum PBG30 phytase acts as haloperoxidase in the
presence of vanadium. The vanadium ion gets incorporated in the active site of phytase and
makes a semi-synthetic peroxidase. This peroxidase tends to catalyze the sulfoxidation of
thioanisole. Structurally, vanadium chloroperoxidase resembles with acid phosphatases and
acts as a substitute for phosphate and binds to phosphoryl transfer enzyme, thus reaching to
intermediate state of reaction and decreasing the phytase activity. Vanadate acts as an anion
and binds with positively charged amino acids present in the active site of phytase. By
interfering with the phosphoesterase activity, it changes the enzyme functionality and develops
a vanadate-dependent haloperoxidase. Only HAP phytase behaves as haloperoxidase due to the
similarity in its active site (Joshi and Satyanarayana 2015, Singh et al. 2018). The semi-
synthetic peroxidase behaviour of phytase has also been studied as well in S. thermophile
(Singh et al. 2018), P. anomala (Joshi and Satyanarayana 2015), and A. oryzae (Pragya et al.
2023b). The application of vanadate-dependent haloperoxidase found in the formation of
radiolabelled monoclonal antibodies, quantification of chloride amount in samples, diagnostic
purposes, antimicrobial work, and immunological studies (Joshi and Satyanarayana 2015,

Singh et al. 2018).

3.2.7 Immobilization of P. oxalicum PBG30 phytase

Immobilization is a widely adopted technique used to prevent enzymes from harsh
environmental conditions and denaturation and provide stability to enzyme activity. The

process is beneficial as it is reusable, easy to handle, has no loss of enzyme, easy to carry, and
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prevents activity for a long time. Alginate has been commonly utilized as a matrix for the
immobilization of enzymes as it provides a long shelf-life and enhances enzyme performance.
Matrix is made up of cross-linking polymers of barium chloride, calcium chloride, poly-L-
lysine with carboxylic group of a-L-guluronic acid and has no harmful impacts as the enzyme

is captured mechanically in the matrix (Qamar et al. 2020).

Selection of a suitable concentration of sodium alginate is necessary for the
immobilization. As the high concentration leads to reduced gel porosity and limited diffusion
of a substrate, the addition of more than sufficient alginate makes the solution more viscous
leading to a difficult entrapment procedure. Furthermore, low concentration developed beads
with huge pore sizes, which is responsible for enzyme loss occurring due to leakage from pores
(Bilal et al. 2018, Aslam et al. 2021). The P. oxalicum PBG30 phytase is immobilized in the
form of calcium alginate beads. Sirin et al. (2017) immobilized phytase isolated from
Geobacillus sp. TF16 via calcium alginate method with 42% binding efficiency rate. In another
study, A. oryzae phytase showed 53% efficiency through the alginate process (Pragya et al.
2023a). The reusability of calcium alginate beads was studied and found effective up to 5
consecutive cycles. A decrease in phytase activity was found after each consecutive cycles
because of enzyme leakage conditions arise due to the washing of beads at the end of each
cycle. In the last cycle, beads become fragile and unable to be extracted from the reaction

mixture.

3.2.8 Applications of P. oxalicum PBG30 phytase in the feed industry

3.2.8.1 Hydrolysis of the insoluble metal-phytate complex:

Phytic acid is associated with various metal ions and is available in the complex form of
insoluble metal phytate. These insoluble complexes are unable to be digested by monogastric
animals and restrict the assimilation of P and other essential metal ions. In the case of plants,
phytic acid is adsorbed on clays or found in the form of insoluble salts of Fe and Al (acidic
soils) or salts of Ca (alkaline soils). These insoluble forms of salts are unable to be utilized and,
hence must be hydrolyzed before their absorption (Sapna and Singh 2013). The hydrolysis of
these insoluble salts could accomplish with the help of phytase enzymes. In animals, these

insoluble metal phytate complex leads to malnutrition conditions (Kumari and Bansal 2022).
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The hydrolysis of the metal-phytate complex by P. oxalicum PBG30 phytase was studied at
both 37°C and 50°C and exhibited the highest efficiency at 37°C. The hydrolysis of insoluble
salt phytates has also been studied using A. oryzae phytase (Sapna and Singh 2013). The
hydrolysis action occurred at 50°C was better than the action taken at 25°C and liberation of
the inorganic phosphate was enhanced with time (Sapna and Singh 2013). The effect of S.
thermophile phytase on the hydrolysis of metal phytate was found higher at 60°C in comparison
to 26°C (Singh and Satyanarayana 2010). 4. niger NT-7 phytase was also found capable of
releasing metal ions from the insoluble metal phytate complex and showed more liberation of
Zn?"™> Ca®"> Co?">Fe?">Fe* at 50°C than that of the 37°C (Kumari and Bansal 2022). Phytate
complexes of Ca, Mn, Mg, Zn, and Cd were hydrolysed more efficiently by A. niger phytase
than the complexes of Al and Fe-phytates (Sun et al. 2021).

3.2.8.2 Hydrolysis of insoluble protein-phytate complex:

Phytic acid also makes complexes with proteins, amino acids, and enzymes and restricts their
utilization. Plant-based proteins are usually found as insoluble protein-phytate complex forms,
therefore, these are incapable of being utilized by monogastric animals. Due to the phytate-
protein complex, turbidity occurred in the solution (Tran et al. 2011). The effect of P. oxalicum
PBG30 phytase in degrading phytate-lysozyme complex was represented by the release of
inorganic phosphorus with time. Similar work was performed on the hydrolysis of phytate
association with BSA and lysozyme by using the phytase of 4. oryzae. Further, they described
the time-dependent relationship between inorganic phosphorus and the absorbance of the
solution. Inorganic phosphorus was increased while absorbance was decreased with time
(Sapna and Singh 2013). Also, the hydrolysis of complexes between phytate-lysozyme,
phytate-BSA, phytate-calcium, and phytate-lysine was studied by Tran et al. 2011. Among
them, the phytate-lysozyme complex was considered as best substrate for the hydrolysis and
liberation of inorganic phosphate. They also observed that the release of inorganic phosphate
was correlated with the turbidity of complex. As the amount of inorganic phosphate increased,
the level of turbidity decreased. Kumari and Bansal (2022) also studied the relation of the
absorbance of turbid solution with the release of inorganic phosphate from phytate-lysozyme
complex in the presence of A. niger NT-7 phytase. A decrease in absorbance value was seen
with the hydrolysis action of phytase, indicating that a drop in turbidity level is inversely

proportional with the liberation of inorganic phosphate.
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3.2.8.3 Dephytinization of commerecial fish feed

Agricultural feed additives contain phytic acid that binds minerals, proteins, and other
biomolecules and makes phytate complex, which restricts the availability of nutritional
components and lowers down the nutritive value of feed. Phytase is effective in phytate
hydrolysis and releases inorganic phosphate, soluble protein, and reducing sugar. Monogastric
animals like humans, poultry, birds, and fish lack phytase in their gastrointestinal region. Due
to this, phytate accumulates in their body and remains undigested and excreted out in manure,
runs off through erosion, reaches water bodies, thereby pollutes the aquatic environment.
Dephytinization is the best-selected approach to hydrolyze the phytate and release the P and
other essential components by supplementing phytase exogenously. The addition of phytase as
a feed additive not only ameliorates the feed's nutritive value but also reduces phosphorus
pollution (Priya et al. 2023b). The present study demonstrated the impact of P. oxalicum
PBG30 phytase on hydrolyzing phytate molecules present in the feed. With time, the liberation
of inorganic phosphate, reducing sugar, and soluble protein is enhanced due to the

supplementation of phytase in the diet (Jain et al. 2018).

In the present study, the effect of P. oxalicum PBG30 phytase on dephytinizing feed
was studied at 37°C, 50°C, and 70°C. The less difference was observed in the amount of
inorganic phosphorus between 37°C and 50°C showing the activeness of phytase enzyme at
both temperatures. Further, a low secretion of inorganic phosphorus at 70°C might be due to
the denaturation of enzyme for a long period of incubation or disruption of nutritional
components of the feed. The reduction of phytic acid in flours has also been studied at 50°C
and 37°C by adding phytase isolated from A. oryzae and exhibited maximum secretion of
inorganic phosphate, soluble proteins, and reducing sugars at 50°C (Pragya et al. 2023b). The
dephytinization of feed samples showed maximum liberation of nutritional components at
50°C with 4. oryzae phytase (Sapna and Singh 2017), and at 55°C with R. oligosporus phytase
(Suresh and Radha 2015). In another study, the dephytinization of poultry feed was carried out
at 37°C using A. niger phytase (Buddhiwant et al. 2016). Similarly, inorganic phosphorus was
released after the addition of phytase isolated from recombinant Pichia anomala in poultry feed
at 40°C (Joshi and Satyanarayana 2015). The involvement of phytase obtained from
recombinant strain P. griseoroseum T73 in dephytinizing pig feed (corn, soybean, and wheat)
was evaluated at 37°C. The liberation of inorganic phosphate in corn, soybean, and wheat was

recorded as 85%, 67%, and 73% respectively (Correa et al. 2015). Also, the hydrolysis of
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commercial pig feed was assessed at 50°C with phytase isolated from 4. niger UFV-1 that
secreted 15.3 pmol phosphate/ml during the experiment (Monteiro et al. 2015). The inorganic
phosphate was released from the feedstuffs including rice bran, soybean meal, and corn meal
upon treatment with P. oxalicum phytase at 55°C (Kim et al. 2015). The dephytinization of
feed was also studied at 25°C by phytase extracted from Morchella importuna. The inorganic
phosphate obtained after degradation of phytate was 3.15 + 0.29 mg from soybean meal, 2.60

+ 0.32 mg from rapeseed meal, and 2.82 + 0.31 mg from corn meal (Tan et al. 2017).

During the present investigation, different doses of phytase (25-200 U) were supplied
to the feed and evaluated their impact on phytate degradation. Phytase exhibited a dose-
response relationship. The secretion of inorganic phosphorus is enhanced as the amount of
phytase doses increases and phytase removes an organically bound phosphate associated with
the phytate molecule and reaches a plateau when the phytate becomes deficient (Thorsen et al.
2021). Results of the present study showed that there is a simultaneous increase in the inorganic
phosphorus with an increase in phytase dose. In contrast, poultry feed treated with different
doses of S. thermophile showed equivalent nutritional amounts at 50 and 100 U phytase doses
(Kumari et al. 2016), while in flours, it was observed that the increment of released components

gradually increased with phytase dose and declined after a certain level (Pragya et al. 2023b).

In this study, the highest dephytinization was found with 0.5 g feed. This might be due
to the highest binding between active sites of substrate and enzyme in 0.5 g feed. As the amount
of feed increases, no more enhancement is observed due to the possibility of no more binding
site availability or the presence of substrate in insoluble form. Reduction in the liberation of
inorganic phosphorus might be due to negative feedback inhibition of inorganic phosphorus

(the hydrolytic end product) on the phytase.

The maximum liberation of nutritional by-products was found within 6 h of incubation
period. The release of inorganic phosphorus in poultry feed by rSt-Phy was evaluated with 25,
50, and 75 min, and the highest secretion was found with 50 min (Ranjan and Satyanarayana
2016). At 2.5 h, the pig feed represented the maximum release of inorganic phosphorus with
A. niger UFV-1 phytase (Monteiro et al. 2015). The supplementation of 4. niger NT7 phytase
in cattle feed secretes the highest inorganic phosphate up to 72 h (Kumari and Bansal 2021a).

The application of immobilized phytase on feed and flours has also been studied,
showing the release of inorganic phosphorus, reducing sugars, and soluble proteins with time

(Lopes et al. 2021). The comparison effect of free and immobilized phytase was evaluated on
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the hydrolysis of a legumes-based diet. The immobilized phytase exhibited more efficiency
than free phytase in the hydrolysis of legumes-based diet (Onem et al. 2016). However, in
another study, the efficiency of free and immobilized phytase was almost similar (Coutinho et
al. 2020). Dahiya et al. (2020), performed the dephytinization of flours by supplementing both
phytase and xylanase and showed the highest liberation due to the synergistic effect of both of

the enzymes.

3.2.8.4 Phytic acid estimation in experimentally prepared feed

Several methods like high-performance liquid chromatography (HPLC), gas chromatography
(GC), fourier transform infrared radiations (FTIR), nuclear magnetic resonance (NMR),
spectrophotometry, or colorimetric methods can be applied for the detection of phytic acid in
food and feed samples. However, a colorimetric method is preferred due to its cheaper and easy
availability. The modified colorimetric method with the use of Wade reagent is commonly
utilized for the estimation of the phytic acid amount in food and seeds. In this method, pink
colour is developed due to a reaction between phytic acid and Wade reagent (a mixture of ferric
chloride and sulphosalicylic acid). In the plant-based feed, phytic acid is present in major
amounts. In the present study, the application of phytase in the formulated fish feed is analyzed
to determine the reduction of phytic acid in the feed. The extraction was done by 2.4% HCI as
it promotes hydrolysis of phytic acid and liberates the phosphate group in an acidic condition.
HCl provides H* ions to the phosphate, separates it from the phytic acid molecule, and releases
minerals. The secreted phosphate ions make monobasic and dibasic phosphate salts with the
HCI, which are soluble in solution. After centrifugation, these phosphate salts and hydrolyzed
phytic acid accumulated in the supernatant, which reacts further with the Wade reagent (Pragya

et al. 2023b).

The phytic acid content was checked in the control and phytase-treated diet. The diet treated
with P. oxalicum PBG30 phytase showed a reduction in the phytic acid amount, which was
further lowered with an increase in the phytase dose. The minimum amount of phytic acid was
found with the diet IV (1500 FTU/kg phytase). The reduction of phytic acid content is due to
the hydrolysis action of phytase. Similarly, the effect of phytase in the degradation of phytate
was evaluated by adding S. cerevisiae MTCC 5421 phytase in refined wheat flour and pearl

millet flour for the formation of naan and rabadi respectively. A 95% reduction was found in



127

the case of naan while complete hydrolysis was observed with rabadi (Roopashri and Varadaraj
2015). In another experimental work, bread was formed with the insertion of a recombinant
phytase enzyme obtained from Sporotrichum thermophile in wheat flour. Naan and tandoori
roti were also made from this enzyme. A decrease in phytic acid content was recorded as 70,
62.5, and 75% in bread, naan, and tandoori roti respectively (Ranjan et al. 2015). Also, tandoori
and naan were made from the supplementation of phytase isolated from a recombinant strain
of Pichia anomala showed a decrease in phytic acid amount by 67.5% and 23.2% respectively

(Joshi and Satyanarayana 2015).
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CHAPTER 4

SUMMARY, CONCLUSION AND FUTURE SCOPE

4.1 Summary

The phytic acid is a storage form of phosphorus and are commonly found in plant seeds such
as cereals, legumes, oilseed, nuts and pollen grains. Phytate (a complex form of phytic acid)
associates with metal ions, proteins, enzymes, and other biomolecules and restricts their
absorption. Phosphorus is an essential element for the growth and development of living
organisms. It is involved in various metabolic and signalling pathways. Phytase degrades
phytic acid and releases inorganic phosphate and lowers esters forms of myo-inositol. Phytases
are commonly present in plants, animals and microbes (bacteria, fungi and yeast). Among
them, microbial phytase showed excellent phytate degrading activity. Both enzymatic and non-
enzymatic methods are involved in the reduction of phytic acid. The non-enzymatic method
includes physical and chemical processes that lower the nutritional value of food and feed,
therefore, using phytase (an enzymatic way) could be an efficient approach. Phytase is absent
in monogastric animals like fish, hence, the supplementation of exogenous phytase in the feed
is essential for their nutrition. Phytase liberates phosphate molecules from the phytate-
phosphorus and enhances the phosphorus level in the diet. Along with phosphorus, it also
increases the availability of other essential nutrients remain limited due to phytate. Phytase has
diverse applications in the food and feed industry, pharmaceutical, bioethanol formation,

enhancement of plant growth and reducing environmental pollution.

In this research work, 55 microbes were screened through the samples collected from
various sources. Penicillium oxalicum PBG30 was selected as a potent phytase-producing
fungus among all the microbes screened, and used for the phytase production. P. oxalicum
PBG30 is identified by morphological features and molecular identification via ITS
sequencing. P. oxalicum PBG30 is cultured on potato dextrose agar medium and incubated at
30°C for 3 days. The morphological description of P. oxalicum PBG30 was an initial white
colour that became dark green on maturation. The texture of the colonies was velvety and had

powdery growth. Under the microscope, the fungal hyphae were septate, branched
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conidiophores and conidia (fungal spores) were found in a chain with conidiophore, a

characteristic feature of Penicillium species.

Phytase is produced through the SSF method with wheat bran substrate. Wheat bran is
commonly used for SSF because it is rich in carbon, nitrogen, and amino acids, and has a high
amount of phytic acid. Due to the presence of phytate, it acts as an inducer for the production
of phytase. It is easily available at low cost and also provides a matrix for the growth of fungi.
The factors such as wheat bran concentration, moisture and substrate ratio, incubation days,
pH, and temperature were optimized by OVAT. After applying OVAT, the production of P.
oxalicum PBG30 phytase was recorded with 10 g wheat bran with production media of pH 7.0
in a 1:2 ratio, incubated at 30°C for 5 days. Production media includes 0.5% Urea, 0.1%
MgS0.4.7H-0, 0.1% KCl and 0.1% FeSO4.7H20. A 2.2-fold phytase level was increased during
OVAT.

The statistical optimization including PBD and RSM was performed after OVAT
leading to a 4.4-fold enhancement in phytase production. Incubation period, pH, magnesium
sulphate and Tween 80 were found as a significant variables by PBD. The best production was
obtained with 5 g wheat bran with 10 ml production media (including 0.5% ammonium
sulphate, 0.01% FeSOa, 3.5% Tween 80 and 0.75% MgSO.) of pH 7.0 in 1:2 ratio with
incubation at 30°C for 5 days in the RSM experiment. The phytase production was also
performed in flasks and trays on a large scale. On a large scale, the production of phytase
increases by 5.6-fold. Additionally, P. oxalicum PBG30 also produces other hydrolytic
enzymes such as cellulase (51.06 U/g DMR), amylase (86.20 U/g DMR), xylanase (18.05 U/g
DMR) and lipase (7.05 U/g DMR) along with phytase.

P. oxalicum PBG30 was partially purified by ammonium sulphate precipitation and
dialysis. The optimal temperature and pH were 70°C and 3.0, respectively. The thermostable
half-life of phytase was 1 h at 70°C. P. oxalicum PBG30 exhibited broad substrate specificity
and the maximum is shown with sodium phytate. The K., and V.« values were 4.42 mM and
909.1 U/ml. The phytase activity was influenced by organic solvents, detergents, metal ions,
and inhibitors. Organic solvents exhibited a positive impact. Except for SDS, other detergents
were involved in enhancing the activity. Among inhibitors, EDTA, B-ME, DTT and sodium
molybdate inhibited the activity. P. oxalicum PBG30 phytase showed resistance against pepsin
and trypsin. The shelf life of P. oxalicum PBG30 phytase represented more stability at 4°C and
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-20°C compared to room temperature. Besides that, the phytase of P. oxalicum PBG30 also

possesses the ability to act as haloperoxidase.

The phytase is immobilized into calcium alginate beads by entrapment method. The
beads retained phytase activity up to 5 consecutive cycles. P. oxalicum PBG30 phytase
catalyzes the complex of insoluble phytate with metal and proteins. Except Mg?", Fe*, all the
metal ions complex of Ca2*, Co?*, Mn?*, Cu*', Zn** showed release of inorganic phosphate. The
liberation of inorganic phosphate increases with time. A similar result was obtained with the
phytate-lysozyme complex. The dephytinization of fish feed was studied at 37°C with the
release of inorganic phosphate, reducing sugars and protein. The maximum hydrolysis was
observed with 200 U of P. oxalicum PBG30 phytase added in 0.5 g of feed dissolved in 20 ml
buffer with 6 h of incubation. Moreover, the reduction of phytic acid was examined after
mixing different doses of phytase in the ingredient of fish feed and the highest degradation
(46.6%) was observed with 1500 FTU/kg feed.

4.2 Conclusion

» Through screening, P. oxalicum PBG30 was found as the most suitable fungus
for the production of phytase, which was identified based on morphological

features and molecular sequencing.

» Wheat bran is a low-cost and easily available agricultural waste commonly used
for phytase production. The utilization of wheat bran as a substrate resolves its

disposal issues as well as environmental problems.

» The highest secretion of P. oxalicum PBG30 phytase (475.42 + 77.31 U/g
DMR) was obtained with 5 g of wheat bran mixed with 10 ml moistening media
of pH 7.0 incubated at 30°C for 5 days. Moistening media contains 0.5%
ammonium sulphate, 0.01% FeSOs4, 3.5% Tween 80 and 0.75% MgSOea.

» Statistical optimization includes PBD and RSM enhanced the production level
by 5.6-fold.
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Along with phytase, P. oxalicum PBG30 also secretes other hydrolytic enzymes
like cellulase (51.06 U/g DMR), amylase (86.20 U/g DMR), xylanase (18.05
U/g DMR) and lipase (7.05 U/g DMR).

Partially purified phytase of P. oxalicum PBG30 exhibited optimum activity at
70°C and 3.0. The phytase obtained from P. oxalicum PBG30 is found
thermostable and protease-resistant. Also, it has an acidic nature, broad
substrate specificity and is stable in storage conditions. Due to these
characteristics features, it can be applicable in food and feed industries to

overcome the anti-nutritional effect of phytate.

Phytase behaves as a haloperoxidase in the existence of vanadium ions.

Phytase of P. oxalicum PBG30 is immobilized on calcium alginate beads that

retain phytase activity up to 5 cycles.

P. oxalicum PBG30 phytase hydrolyzed insoluble metal phytate and protein

phytate complex and gradually released inorganic phosphate with time.

The dephytinization of fish feed by P. oxalicum PBG30 phytase liberates
inorganic phosphate, reducing sugar and soluble protein with time. The highest
dephytinization was obtained with 200 U of P. oxalicum PBG30 phytase added
in 0.5 g of feed dissolved in 20 ml buffer with 6 h of incubation.

The involvement of P. oxalicum PBG30 phytase in lowering phytic acid in the
fish feed is studied with a 1500 FTU/kg dose of phytase showed the highest
reduction (46.6%).
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4.3 Future Scope

e The phytase possesses features of an ideal phytase (thermostable, protease-resistant,

wide pH range, acidic, broad substrate specificity, long shelf life) and can be applicable

in the food and feed industry.

e Production of phytase can be enhanced by using bioreactors or cloning and

recombination techniques by inserting phytase gene into a suitable host.

e Recombination and protein engineering are the alternatives that can be chosen to

enhance the properties of an ideal phytase.

e Immobilization of phytase by nanomaterials can be used to improve the reusability of

phytase.

e The in-vitro and in-vivo study of phytase impact on monogastric animal nutrition as a

feed additive needs more examination.

e Phytase exhibits haloperoxidase behaviour in the presence of vanadium requires further

investigation.
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Abstract

Fishmeal is the most preferred protein source in aquafeed industry due to its
balanced amino acid and fatty acid profile, but its limited global supply and high price
value, necessitates researchers to focus on sustainable alternative sources of
protein and plant-based feed, to meet the growing demand of fish feed. Phytate is a
reservoir of phosphorus present in the plants; however, its chelating ability makes it
anti-nutritional. Phytate forms complexes with minerals, proteins, lipids and carbohy-
drates, confining their accessibility in fish feeds, hence, additional dietary nutrients
are required in the fish feed to overcome nutritional deficiencies. The elimination of
phytate-phosphorus through animal faeces and its pass on to aquatic bodies leads to
enrichment of nutrients, eutrophication and algal blooms. Microbial phytase segre-
gates phosphorus, minerals, proteins and lower inositol phosphates from phytate.
The supplementation of fish feed with microbial phytase enhances the digestibility of
minerals, due to which less nutrients are excreted in the faeces; therefore, minimizing
pollution in water bodies. Monogastric and agastric animals inherently exhibit the
deficiency of phytase; hence, supplementation of dietary material with phytase has
been an emerging choice to make dietary nutrients available for fish. Moreover,
microbial phytases have a broad pH range and are thermostable, which makes them
an excellent choice for commercial fish feed production. Additionally, microbial
phytase improves fish growth as these enzymes enhance nutrients bioavailability and
their digestion. This review article presents the application of microbial phytases as a

feed additive, and their role in enhancing fish growth.

KEYWORDS
fish feed, growth performance, nutrients digestibility, phosphorus, phytase, phytate

rare. Fish provides up to 10% of the protein of animal origin caught

on the continents of Europe and North America, 17% on the African

The United Nations projected that the current world population will
rise to 9.7 billion by the end of the year 2050%; therefore, meeting the
food requirement of growing human population is a challenging task.
Food of animal origin is necessary for global food security as it
accounts for 25% of protein and 18% of calorie intake around the
world.2 Fish is the only source of protein, accounting for almost 16%
of the animal protein consumed by the world's population. This is

mainly a vital source of protein in countries where farm animals are

continent, 22% in China and 26% in the rest of Asia.® In addition, fish
is a good source of essential amino acids (EAAs), polyunsaturated fatty
acids (PUFAs), especially omega-3 PUFAs, eicosapentaenoic acid
(EPA) and docosahexaenoic acid (DHA). Being an important source of
dietary food, fish should be healthy and nutritious as well.

The aquaculture industry is considered as the rapidly growing
food-producing sector in the world and has raised expectations of

bridging the gap between fish demand and supply.* The development

Rev Aquac. 2023;1-21.
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of aquaculture industry mainly depends on the supply of high-quality
feed for farmed fish.”> Fishmeal is a commonly used protein source in
aquafeeds because of its high protein content, excellent amino acid
and fatty acids profile, vitamins, minerals, digestibility, palatability and
low carbohydrate content.® However, due to excessive use, rising fish
production costs (40%-60%) and limited global supply of fishmeal, it
must be replaced with a sustainable alternative source of protein such as
the protein-rich plants.”® Among various plants, legumes and oilseeds
are chosen as substitutes for protein sources because they contain an
enormous amount of protein.” ! Plant-based feed ingredients are rich in
phytate content, which act as an anti-nutritional factor. Phytate masks
the absorption of minerals and other nutrients in the fish digestive tract;
therefore, having a poor or meagre influence on fish growth.*?

Phytic acid or phytate (when in salt form) is the phosphorylated
derivative of myo-inositol, chemically termed myo-inositol hexakis-
phosphate (IP6), which accounts for 50%-85% of total phosphorus (P) in
plants.’® P is a vital element for the growth and development of living
organisms and regulates various metabolic processes.'* It exists as phy-
tate salts, stored inside the legume seeds, cereals, oilseeds, nuts, pollens,
spores and vegetative tissues (root, stem, leaves).'® Phytate has anti-
nutritional properties due to its binding nature with minerals, proteins
and other biomolecules.***® Therefore, agastric or monogastric fish

either cannot utilize these minerals or absorbs them partially, thus having

Problems due to phytate
¢ Phosphorus in bound form
e Unavailability of essential
nutrients
Phosphorus pollution
Eutrophication
Formation of algal blooms
Hypoxia
Death of aquatic animals

Protein/Starch

a negative impact on their health. The breakdown of phytic acid occurs
enzymatically and non-enzymatically. The non-enzymatic breakdown
occurs through various chemical and physical processes, reducing the
nutritional value of feed. Indeed, the enzymatic breakdown of phytic acid,
using enzyme like phytase, is an eco-friendly and sustainable approach.
Phytase releases P and other essential nutrients hence ameliorating the
nutritive value of feed.!” Phytase-producing fungi and bacteria are pre-
sent in the gut of ruminant animals; but absent in monogastric animals
like fish.2> Such animals depend on the supplementation of their diet to
acquire adequate nutrition; hence, their diet is often fortified with inor-
ganic P to achieve their optimal growth and development. The addition
of inorganic P leads to the accumulation of dietary P inside the body of
fish, which is released out in manure or excreta, causing algal blooms,
hypoxia, death of aquatic species and nitrous oxide production.*?° Due
to the lack of adequate amount of phytase in digestive tract of agastric
and monogastric fish, phytate-P is also excreted in aquatic bodies leading
to environmental problems such as eutrophication and P pollution.

The application of exogenous phytase is a requisite to release P
from phytate rather than supplying inorganic P in their feed. Indeed,
the supplementation of fish feed with microbial phytases can
improve the utilization of P from phytate-P, it avoid the use of inor-
ganic P in feed, minimize P discharge in water bodies, decrease

aquatic pollution and preserve the aquatic environment (Figure 1).2

,,,»'Ca\_‘_
| or  Anion
(I:Hz Mg
NH;
PHYTATE

FISH FEED
(Contains phytate)

Positively modulate the health of
fishes
e Make phosphorus
bioavailable
e Release essential minerals
and nutrients

FIGURE 1

Mitigating environmental issues
e Reduced environmental

phosphorus pollution

e Reduced algal blooms and

eutrophication

e Reduced death of aquatic flora and

fauna

A diagram illustrating the effects of phytase addition to fish feed
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Plant growth
promotion

Combating environmental
pollution

FIGURE 2 Multifarious applications of phytases

Although, exogenous phytase provides P from phytate, it enhances
the bioavailability of minerals such as magnesium (Mg), iron (Fe), cal-
cium (Ca), copper (Cu), zinc (Zn), manganese (Mn) and increases the
protein accessibility, amino acids and energy. Hence, researchers rec-
ommend phytase for feed industry to fulfil the requirement of P and
to improve the nutritional value of dietary components by hydrolyz-
ing phytate. Besides, phytase has been applied in various fields
(Figure 2). Although phytases can be obtained from several sources
such as animals, plants, and microbes, the latter are considered to be
a potent source of phytases.?>"2* On a commercial scale, microbes
can be easily propagated, and the phytase produce by them is stable
and usable under different aquaculture conditions.?> Over the last
decades, considerable progress has been made to understand the
effect of microbial phytases as feed additive and their impact on fish
growth performance.?®2%2” The role of phytases in improving the
growth performances and nutrition in aquaculture has been docu-
mented earlier.2>2%-%° However, these review articles emphasized on
the effect of phytate in fish, phytase and its source, dephytinization
methods, factors affecting phytase activity, phytase impact on cold
water and warm water species, effect on growth, nutrients and min-
eral digestibility but lacking information including hydrolysis pathway
of phytate in the gastrointestinal tract, impact of phytase with other
additives in improving fish nutrition and role of immobilized phytase.
This review article describes the role of phytate in the growth and
digestive enzymes of fish, factors affecting the role of phytase in fish
feed and nutrients bioavailability using phytases in fish feed. It also
describes the role of immobilized phytases in improving fish nutrition
along with current status, applications and future technologies in this
field.

Animal nutrition
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AND DIGESTIVE ENZYMES OF FISH

IMPACT OF PHYTATE ON GROWTH

Phytate is a significant reserve of P and myo-inositol found in plant
seeds. It exists in free form (without metal) and complex structure
(with metal) at acidic and neutral pH.*®*” Phytate isolated from the
plants is called phytin. The amount of phytate differs among plant
seeds. Cereal grains contain 0.04%-3.3%, nuts 0.2%-9.4% and oil-
seeds 0.4%-5.7%,'%%1 legumes 1.0%-1.5% (soybean), rapeseeds
5.0%-7.5% and sesame seeds possess 2.4% of phytate.?’ Phytate hin-
ders essential minerals and amino acids and negatively affects the
absorption of fish nutrients.%? Several elements (viz., P, Mg, Zn, Ca,
Fe, Cu, K, Mn, Na, Al, Ni and Cr) have been found to be associated
with phytate, therefore, not readily available for fish.> Besides min-
eral nutrients, phytate also restricts metabolism of lipids and proteins
consequently affecting their weight gain (WG), feed intake (Fl), feed
conversion ratio (FCR), protein efficiency ratio (PER) and specific
growth rate (SGR; Figure 3).32 The amount of phytate in feed variably
affects growth parameters of fish. The SGR of rohu (Labeo rohita) and
mrigal (Cirrhinus mrigala) significantly reduced when phytate was more
than 1% of total diet.>* Similarly, growth parameters such as WG, Fl,
PER, SGR significantly decreased in Japanese Flounder (Paralichthys
olivaceus),®® turbot (Psetta maxima),> gilthead sea bream (Sparus aur-
ata)®” and Nile Tilapia (Oreochromis niloticus)*® due to the formation
of phytate complex. Likewise, 2.6% of phytate in the feed of chinook
salmon (Oncorhynchus tshawytscha) reduced its overall growth perfor-
mance. The presence of 0.5% or 1.0% phytate content in the feed of
agastric common carp (Cyprinus carpio), significantly decreased growth

and nutritional value of feed, and 2.2% of phytate content had a
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FIGURE 3 Various growth and nutritional parameters affected by supplementation of phytase in fish feed

significant reduction in WG, feed efficiency, and Zn level in channel
catfish (Ictalurus punctatus).?’ The diet of Atlantic salmon (Salmo salar)
containing 2.07% phytate content significantly reduced the growth
performance, availability and utilization of minerals (P, Ca, Zn and
Mg).2%%? The reduced availability of nutrients may be due to the forma-
tion of insoluble complex on interaction of phytate with nutrients in
the upper small intestine, where absorption of minerals usually takes
place. The formation of phytate-nutrients complex attributes to
restricted absorption of these nutrients, therefore, affecting growth
and development of fish. Further, declined growth performance and
lower mineral absorption were reported in striped bass (Morone saxati-

).4% A reduction in

lis) in the presence of high content of phytate (1.31%,
Ca and Zn absorption, but not of Mg, Cu and Fe was reported in the
plasma of C. carpio when its feed was supplemented with more than
1% of phytate,>*>?? which may be due to more affinity of Ca and Zn

ions towards phytate than with the Mg, Cu and Fe ions, hence

preventing their availability to fish utilization. Phytate has been found
to reduce reabsorption of endogenous Zn and availability of dietary Zn
too.*

As phytate is a negatively charged molecule, pH is a crucial
parameter for the interaction of phytate with proteins. During acidic
conditions, phytate binds with the amino group, imidazole group and
guanidyl group of proteins in the stomach of O. niloticus*? and makes
a complex with protein in the digestive system of S. salar.*®> Whereas,
at the alkaline pH of intestine, the phytate-protein association makes
a ternary complex with cations, restricting protein digestibility.*2
There is no direct effect of phytic acid on the digestibility of protein,
rather it is a consequence of amino acid digestibility affected due to
enhancement in loss of endogenous amino acid in the intestine.?” The
digestibility of protein and the growth of rainbow trout (Oncorhynchus
mykiss) remarkably decreased on the supplementation of feed with
0.5% phytate, however, feed containing 0.8% phytate though affects
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protein digestibility of S. salar, does not affect its growth.** On inter-
acting with lipid molecules, phytate restricts energy utilization, as has
been demonstrated in C. mrigala and triggers low-fat content.?? Phy-
tate largely affects digestive enzymes of fish, therefore, these diges-
tive enzymes do not act properly, as has been revealed in the case of
S. salar feed, where 2.07% phytate content drastically reduced trypsin
activity.®” Further, Khan and Ghosh*® discussed the inhibitory effect
of phytate on digestive enzymes in major Indian carps and found a
severe effect of phytate on the activity of protease as compared with
amylase. The activity of amylase and protease were reported low in
the intestine of O. niloticus due to phytate content.3® The effect of
phytate on digestive enzymes was studied in vitro. Phytate make a
binary complex with pepsin and affects its action on the digestibility
of dietary proteins. Similarly, it makes a ternary complex (phytate-

Ca-trypsin) and inhibits trypsin activity.2°

3 | MICROBIALPHYTASES WITH IDEAL
PROPERTIES AS FISH FEED ADDITIVE

Phytases (myo-inositol hexakisphosphate phosphohydrolases) are a
class of phosphatases (EC 3.1.3) that breaks phytic acid into ortho-
phosphates and esters of myo-inositol phosphates, therefore, render-
ing P available for absorption. Depending upon the hydrolysis
position, the Nomenclature Committee of the International Union of
Biochemistry and Molecular Biology (NC-IUBMB) classified phytases
into two classes: 3-phytase and 6-phytase, but other phytases such as
2-phytase, 4-phytase and 5-phytase are also mentioned in the litera-
ture.r? The 3-phytase can be obtained from a wide array of microor-
ganisms and releases P from the third carbon of the inositol ring,
whereas the 6-phytase is obtained from plants and removes P from
the sixth carbon of phytate.*>*> However, Bhavsar and Khire*®
detected 3-phytase in soybean and 6-phytase in Escherichia coli. A
5-phytase was extracted from lily pollen grains and the anaerobic
ruminant bacterium Selenomonas ruminantium.*” Based on the pH tol-
erance, phytases are classified as acidic and alkaline. The optimum pH
of acidic phytase is around 5.0 or lesser. They exhibit a broader speci-
ficity towards phytate free from metals, whereas the optimum pH for
alkaline phytase is about 8.0. Phytases exhibit specificity strictly
towards metal-bound phytate.?®*® Four phytases are categorized
based on the catalytic mechanisms, histidine acid phosphatase (HAP),
B-propeller phytase (BPP), cysteine phosphatase (CP) and purple acid
phosphatase (PAP).*3

Phytase is absent in monogastric and agastric fish; therefore, its
application as a feed additive in fish nutrition is highly recom-
mended.*® Due to its importance, more than 22 countries are using
this enzyme as a feed additive with the approval of the Food and Drug
Administration (FDA).***° It contributes more than 80% of feed
enzymes in the global market share.®® A few examples of microbial
phytases used in fish feed have been compiled and summarized in
Table 1. It has been suggested that 500-1000 units of phytase could
replace about 1 g of inorganic P and decrease 30%-50% excreted P in

manure or excreta.”® Phytases are present in plants, animals and

microorganisms.*® Among plant species, wheat, rye, barley, maize,
rice, pea and soybean have been explored as well for the phytase

1323 \while animal phytases are extracted from the calf liver

production,
and lower vertebrates' blood, including birds, sea turtles and
reptiles.*>%> Generally, the efficiency of animal phytase is negligible
compared to plants and microorganisms. As far as microbes are con-
cerned, phytase has been extracted from Bacillus spp., Anabaena,
Gloeobacter, Streptomyces, Flavobacterium, Prosthecochloris, Desulfuro-
monas, anaerobic rumen bacteria, Pseudomonas, Azospirillum, Raoultella
spp., E. coli, Citrobacter braakii, and Enterobacter spp.t??>°” The most
commonly studied fungal species for phytase production are Aspergil-
lus niger, A. oryzae, A. terreus, A. ficuum, A. carbonarius, A. fumigatus,
Myceliophthora thermophila, Thermomyces lanuginosus, Rhizopus
oligosporus, Chaetomium thermophilum, Rhizomucor miehi, Rhizomucor
pusillus, Thermoascus aurantiacus, Agaricus bisporus, Ceriporia spp.,
Ganoderma stipitatum, Agrocybe pediades, Lentinula edodes, Grifola
frondose, Schizophyllum commune, Peniophora lycii, Pleurotus cornuco-
piae, Trametes pubescens, Cladosporium spp., Trichoderma spp., Penicil-
lium spp, Mucor spp, Schwanniomyces castellii, Pichia anomala and
Saccharomyces cerevisige.*®%%~24

Indeed, numerous microbes are utilized for phytase production,
but only a few are producing potent marketable phytases. The reasons
behind their failure could be the high temperature during extrusion pro-
cessing, limited pH range, high price and storage instability.”® Studies
revealed that phytase produced from bacteria possesses an optimum
pH range between neutral and alkaline.?® In contrast, fungal phytase
have an optimum pH range from 2.0 to 6.0.2>?* Due to their properties,
such as heat tolerance, chitinase activity, and extracellular nature, fun-
gal phytases are preferred over bacterial phytases.'?> Among fungi, A.
niger is the most preferred fungus for phytase production due to its bio-
chemical properties like acidic nature and heat stability. Bacterial phy-
tases are highly substrate-specific, least sensitive toward proteolysis
and have better catalytic efficiency.'® Usually, fungal phytases are
extracellular, whereas most bacterial phytases are cell-associated,
except Lactobacillus amylovorus, Bacillus subtilis and Enterobacter sp. 4.2°
In comparison to plants, microorganisms exhibit better phytase activity,
which might be due to their ability to produce phytases that are stable
at a broad pH range (even below 3.0 and above 8.0); however, plant
phytases show stability at a narrow pH range (4.0-7.5). Plant phytases
undergo pre-treatment with high production costs.”® The broad pH
range, thermal stability, high specificity, genetic modification and large-
scale production make microbial phytases an ideal choice for feed addi-
tives in order to improve nutritional quality.*%18%?

FDA has approved phytase as generally recognized as safe
(GRAS) status.'®® The first commercial phytase, Natuphos produced
from A. niger became available in 1991 by Gist Brocades. It was intro-
duced as a first-generation phytase.?24¢ The OptiPhos is referred to
as a second-generation phytase, which was extracted from E. coli and
expressed in Pichia pastoris, exhibiting greater catalytic efficiency and
resistant to pepsin.*’ Besides, Finase from Alko Co. (Finland), Allzyme
from Altech (USA), granulated BioFeed® Ronozyme from Novo Nor-
disk and Quantum™ phytase from Syngenta Animal Nutrition, Inc.

(USA) are also available in the market.?* These enzymes are used as a



TABLE 1 A table showing the variety of microbial phytases used in fish feed
Microbes/commercial phytase Fish species References
AxtraPHY Oreochromis niloticus 51,52
Quantum Blue Oncorhynchus mykiss 44
Oreochromis niloticus 53
Natuphos Labeo rohita 54
Rhamdia quelen 55,56
Clarias gariepinus 57-59
Psetta maxima 36
Oncorhynchus mykiss 60
Salmo salar 61
Rhamdia voulezi 62,63
Chanos chanos 64
Pangasius hypothalamus 65
Oreochromis niloticus 66
Ictalurus punctatus 67
Ctenopharyngodon idella 68
Phyzyme XP Cirrhinus mrigala 69
Catla catla 70,71
Labeo rohita 72,73
Biophos-TS Labeo rohita 74
Bacillus subtilis subsp. subtilis Labeo rohita 75
Lactobacillus plantarum (LP20) Seriola dumerili 76
Bacillus licheniformis Labeo rohita 77
Ronozyme Cyprinus carpio 78,79
Oreochromis niloticus 80
Piaractus mesopotamicus 81,82
Pagrus major 83
Oncorhynchus mykiss 84
Salmo salar 84
Ronozyme HiPhos Oreochromis niloticus 85
Oncorhynchus mykiss
CIBENZA® PHOS Pelteobagrus fulvidraco 86
Stenotrophomonas maltophilia strain KUAKSP1 Labeo rohita 87
Pedobacter sp. MJ11 Myxocyprinus asiaticus 88
Escherichia coli Pelteobagrus fulvidraco, 89
Oncorhynchus mykiss 90
S. cerevisiae Ctenopharyngodon idella 68
Pichia pastoris Oncorhynchus mykiss 91
Phytase Aska-25 Cyprinus carpio 78
SMIZYME Oreochromis niloticus 92
OPTIPHOS® Oncorhynchus mykiss 93

powder, granular or in liquid form with the feed during post-pelleting

Salmo salar

ideal phytase include heat tolerance, protease resistance, low pH tol-

or pre-treatment.?® Though various commercial phytases are available erance, broad pH range and cost-effectiveness. The selection of the
in the market, there is still a need for a more efficient phytase to meet phytase source plays a critical role for its production. Besides this, the

the required condition of an ideal phytase. The characteristics of an processing of phytase is also cumbersome.
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Cost-effective phytase production requires upstream (choice of
strain, improvement of strain, bioreactor designing and fermentation)
and downstream processing (separation methods, purification, formu-
lation of end product). The selection of production method depends
upon culture conditions, strain type, substrate nature and nutrients
availability, as production yield is essentially affected by these fac-
tors.2°? Since, the yield of phytase from naturally occurring strains
is meagre, improvement is needed for their production. Phytase
activity can be increased by improving strains through genetic
approaches such as changes at the gene level, transgenic
approaches, protoplast fusion to develop hybrid strains, and of
course, direct evolution, statistical methodology for optimization
and immobilization techniques.*®* Many approaches require
researchers' attention, like low-temperature active phytase for
aquaculture, engineering a suitable phytase based on 3D structure

and engineering of protein refolding pathways.”®

4 | FACTORSAFFECTING PHYTASE
EFFICACY IN FISH FEED

41 | pHvalue

Among different factors, pH is one of the crucial factors affecting
phytase activity and efficacy as fish feed additive. Microbial phytases
require an optimum pH for maximum efficiency; however, it varies
among species.?>2! Broadly, there are two fish categories—gastric
and agastric. Gastric fish such as O. niloticus, I. punctatus, have acidic
stomach, and agastric fish like L. rohita, thaila (Catla catla) are sto-
machless having neutral to alkaline pH in their digestive system.
However, the activity of commercial microbial phytase is in the
range of 2.5-5.5,°* which is suitable only for gastric fish as reported
in I. punctatus having stomach pH between 2.0-4.0.1°% The lower
gastrointestinal pH in gastric fish favours efficient breakdown of
phytate by the microbial phytases in such species. While common
carps possess pH 6.5-8.4 in their digestive system, which is not suit-
able for phytase action.?® The large difference of pH between opti-
mal phytase activity and digestive tract of agastric fish may be a
possible cause of the poor efficacy of phytase in the stomachless
fish.2? For the action of phytase in agastric fish, either organic acids,
neutral phytase or pre-treated phytase can be used as feed addi-
tives.?”?8 The efficiency of phytase and its utilization increased on
the supplementation of citric acid, fumaric acid, lactic acid and formic
acid in the feed of agastric fish as these organic acids lower the feed
acidity, reduce the pH of digestive tract and amplify the activity of

supplied phytase.??:103

4.2 | Effect of temperature
Temperature is another critical factor affecting the phytase efficacy in
fish gastrointestinal tract as well as during feed pelleting. The opti-

mum temperature range of microbial phytase is 45-60°C. During the

feed extrusion process, phytase faces high temperatures (>80°C),
which denatures phytase activity. The high temperature during extru-
sion process leads to the partial destruction of intrinsic phytase in
feed ingredients and thereby limiting the availability of P and trace
elements present in plant-based feed. Therefore, phytase is gener-
ally applied to the feed before treatment or after the feed proces-

d.28:2¢9 retaining activity at high

sing metho The phytases
temperature are considered desirable for feed industry as feed pel-
leting involves a brief exposure to higher temperature (up to 85°C).
Vohra and Satyanarayana®* purified phytases from Schwannio-
myces castellii and Arxula adeninivorens which were remain active at
the high temperature (up to 80°C). Some phytases are found to be
more efficient at higher water temperatures as compared to lower
water temperature.3%8119% Also, the effect of phytase on cold-
water fish species is different from warm water species because
the warm water species provide better environment for phytase
action. In cold water species, lower temperature influences the

44,106

phytase activity and reduces its efficacy and phytase shows

better activity at 237°C.78107:108

4.3 | Effect of calcium:phosphorus ratio

Both Ca and P are crucial for maintaining the optimal development of
bone and different growth stages of fish. Since Ca and P have vital
role in bone development, it is of utmost importance to take in to
account the ratio of Ca and P in the fish diet. However, a high level
of Ca:P ratio affects phytase activity in many ways. Ca either bound
to phytate and makes a more complex insoluble structure, or acts as
phytase inhibitor, which blocks the phytase active site in phytate, or
it can increase the pH and disturbs the phytase activity.282%:107
Similarly, a high level of P also hampers phytase activity by end-
product inhibition. Phytases can perform efficiently only when the
amount of non-phytate P is less than the amount of required P in
fish.28 The excessive Ca:P ratio in fish severely affects bone
development by interfering with their bone metabolism and disturbing
the bone mineral homeostasis. Therefore, it is recommended that Ca
to P ratio should be maintained in the range of 1.1-1.4:1 for better

phytase performance as fish feed additive, 2827107110

44 | Feed processing methods

As described earlier, extrusion is the commonly used method during
fish feed manufacturing. In this method, heat treatment denatures the
phytase added during the pelleting process. Once the enzyme is dena-
tured, it loses its activity. Hence, phytase is incorporated into feed to
pass through the heat without inactivation. Either pre-treatment of
feed or dephytinization can be performed before the formation of
pellets, or phytase can be sprayed onto pellets, or liquid formulation
of phytase can also be applied after the formation of pellets.2811?
Coating of phytase with fat or salt does not influence the specific
activity of phytase but has a less effect in improving thermostability.*”
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FIGURE 4 Degradation pathway of phytic acid by (i) 3-phytase, (i) 6-phytase and (iii) B-propeller phytase

Spraying phytase on the top of pellets is a better approach used now-

adays to retain phytase efficacy.?”1'?

5 | HYDROLYSIS OF PHYTATE BY
PHYTASES

The degradation of phytate by phytase takes place sequentially. Phy-
tase dissociates the entire IP6 into IP5 (inositol pentaphosphate) and
then breaks down into lower inositol phosphates. In the in vivo condi-
tions, hydrolysis occurs partially; therefore, it provides a mixture of
lower ester forms, that is, IP5, IP4 and IP3. The dissociation of phytate
complex initialized during diet preparation, and then further hydrolysis
occurs in the fish stomach.2®*1® Phytase has been found to degrade
phytate in the stomach region of S. salar.*® During the first few hours,
hydrolysis of IP6 to lower inositols (IP3-IP5) takes place in the stom-
ach region.'°? Similarly, in S. aurata, most of the degradation of phy-
tate complex occurred in the stomach after 1-2 h of ingestion of feed
by the fish. Phytate is more soluble at lower pH, and after feeding, the
stomach pH declines, making phytase more active for the hydrolysis
of solubilized phytate.*** The mechanism behind the phytate degrada-
tion in the fish gastrointestinal tract is still unknown. However, phy-
tases are involved in the stepwise breakdown of phytates, releasing
intermediate products of myo-inositol phosphates, inorganic phos-
phate and minerals. Phytate degradation occurs via different path-
ways among fish species, depending on the types of phytases. The
mechanism of phytate hydrolysis by histidine acid phytases (HAPs)
occurs in two steps. Initially, the histidine residue of the conserved
sequence (RHGXRP) attack at the phosphate group formed a phos-
phohistidine bond, which was further released by the aspartate resi-
due of the C terminal motif (HD). The degradation pathway is shown
in the Figure 4, and found that Ins(2)P4 is the final product in both
cases of 3-phytases and 6-phytases.'®> Whereas, B-propeller phytases
provide inositol triphosphate (IP3) as the end product. The breakdown
of phytate has been observed in O. mykiss and S. salar, whereas O.

mykiss followed the 3-phytase pathway and S. salar followed the
6-phytase pathway.®* The IP3 acts as an intracellular secondary mes-
senger in calcium signalling. It increases the proliferation of the intes-
tinal mucosa in fish and improves the absorption of nutrients. It also
increases the activity of digestive enzymes such as chymotrypsin,
amylase and lipase, thereby improving fish growth and health. IP3
plays a role in osmoregulation, regulates antioxidant activity and pro-

tects fish from stressful conditions.**¢

6 | ROLE OF PHYTASES IN GROWTH
PERFORMANCE OF FISH

The effect of phytase on fish growth performance can be determined
by studying various parameters including WG, FI, FCR, SGR, PER and
apparent net protein utilization (ANPU) as shown in Table 2. Except
for FCR, other variables increase in the presence of phytase.
Mahmoud et al.**” observed enhanced body weight, SGR, and length
of O. niloticus. The WG in the body might be due to digestive
enzymes, which are also responsible for protein and lipid digestibility
and making more P available from phytate. Relative growth, PER, FI,
and FCR increased after the addition of phytase.>>*8 Besides, the
supplementation of feed with phytase has shown improvement in the
growth performance of several fish such as African catfish (Clarias
gariepinus),57 L. rohita,®” C. carpio,124 C. mrigala,129 C. catla,*>%! O.
mykiss,11 P. maxima,*® yellow catfish (Pelteobagrus fulvidraco),®? |.
punctatus,®” milkfish (Chanos chanos),®* grass carp (Ctenopharyngodon
idella),*>2 red sea bream (Pagrus major),2® S. salar,®* catfish (Pangasius

), and Asian sea bass (Lates calcarifer).*®” The effect

hypophthalmus
of commercial and non-commercial phytases were compared in L.
rohita’* and C. carpio®?® and increased growth was obtained in both
the cases. The inclusion of phytase in a methionine-supplemented diet
showed a significant improvement in the growth of Chinese sucker
(Myxocyprinus asiaticus).®® A positive effect of neutral phytase was

recorded on the growth performance, nutrients and minerals
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TABLE 2 A table showing the effect of phytase on growth and performance of fish

S. No
1.

10.
11.

12.

13.
14.
15.

Fish species

Oreochromis niloticus

Clarias gariepinus

Labeo rohita

Pelteobagrus fulvidraco

Ictalurus punctatus

Cyprinus carpio

Oncorhynchus mykiss

Psetta maxima

Cirrhinus mrigala

Chanos chanos

Catla catla

Ctenopharyngodon idella

Pagrus major
Salmo salar

Cromileptes altivelis

Phytase dose/kg
1000 U

500 mg

500 U

1000 U

1000 FTU
250 FTU

2000 FTU
250 FTU
1000 FTU
750 FTU

Stenotrophomonas maltophilia
(KUAKSP1)

Bacillus licheniformis (LF1 and
LH1)

Bacillus licheniformis LF1 (40
FTU)

30FTU

Bacillus subtilis subsp. subtilis
(40%)

1000 IU + 10 g NaH,PO4

1500 FTU
950 FTU
4000 U

1000 U
2000 U

2000 FTU

1000 FTU

1000 FTU
900 FTU

1500 U

500 FTU + 1.5% MCP
2000 FTU + 5 g NaH,PO,
250 U

500 FTU

Feed

Corn-soy

Soy protein concentrate
Soybean meal

Soybean-maize yellow corn
meal

Mixed diet
Soybean
Groundnut diets
Mixed diet
Soybean meal
Plant-based diet
Corn gluten meal
Sunflower meal
Cottonseed meal
Canola meal

25% fermented leaf of
Ipomoea aquatica

30% Fermented sesame
oilseed meal

Sesame oilseed

Sesame oilseed

Fermented sesame meal

Plant-based diet

Plant-based diet
Moringa seed + leaf meal
Commercial feed

Lentil

Mixed feed
20% safflower meal
Fishmeal + MCP

Rapeseed protein
concentrate

Soybean meal

Sunflower meal

Mixed feed

Moringa seed meal
Moringa seed + leaf meal
Moringa leaf

Plant-based feed

Plant-based feed
Soybean meal
Soy Protein Concentrate

Artificial feed

Effect

WG, Length 7

No improvement, FCR T
WG, SGR, PERT FCR|
WG, SGR, length{

RGR, PERT FCR|
WG, PER] FCR|

WG, SGR, FIf FCR|
WG, SGR] FCR|
WG, FIf FCR|,

WG, SGR]

WGT FCR |

WG, FIf FCR|,

WG, FIf FCR|,

WG, FI, SGR| FCR|
WG, SGR, PER] FCR|

WG, SGR, PER, ANPUT FCR|

WG, SGR, PERT FCR|

WG, SGRT FCR|
WG, SGR, PER, ANPUT FCR|

Protein retention efficiency|
FCR|

WG, SGR, PERT FCR, FI|
WG, SGRT FCR|
WG, SGR, FCET FCR|

WG, Fl, FCE, RGR, SGR{
FCR|

RGR, PER FCR|
WG, SGR] FCR|
WG, SGR] FCR|

No improvement

WG FCR|

WG FCR|

RGRT FCR|

WG, FI, SGRT FCR|

WG, FI, SGR] FCR|

WG, FI, SGRT FCR|

WG, SGR, FIT (pre-treated
phytase); PERT FCR|
(spraying)

WG, FI, SGR, PERT FCR|

WG, SGRT FCR|

WG

RGR{ FCR|
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TABLE 2 (Continued)
S. No Fish species Phytase dose/kg Feed Effect References
16. Piaractus mesopotamicus 4001.1 £ 160.0 PU Corn meal No effect 81
17. Rhamdia quelen 1500 FTU Sorghum feed No significant interaction 55
Rice grits No effect 56
18. Carassius auratus gibelio 500 U Plant meal No improvement 135
19. Scophthalmus maximus 30% phytase treated Soybean meal No significant result 136
20. Lates calcarifer 1000 FTU Soybean meal RGR, PERT 137
21. Pangasius hypophthalmus 750 FTU 30% Cottonseed meal WG, length, SGRT FCR| 138
300 FTU Mixed diet SGR, EFU, PERT 65
22. Myxocyprinus asiaticus 1500 FTU Soybean meal + methionine WG, SGR, PERT FCR| 88
23. Oreochromis mossambicus 500 FTU Plant-based diet No effect 139

Abbreviations: ANPU, apparent net protein utilization; EFU, efficiency of feed utilization; FCE, food conversion efficiency; FCR, feed conversion ratio; Fl,

feed intake; PER, protein efficiency ratio; RGR, relative growth rate; SGR, specific growth rate; WG, weight gain.

digestibility of goldfish (Carassius auratus).**® Rodrigues et al.>> stated
that silver catfish (Rhamdia quelen) acquires high FCR in a sorghum
feed with 1500 FTU/kg of phytase. In contrast, an insignificant
growth performance of pact (Piaractus mesopotamicus)® turbot

)36 and Oreochromis mossambicus*®? has also

(Scophthalmus maximus
been recorded after the addition of phytase to the fish feed. The
effect of phytase was also insignificant on fish growth and body com-
position.>® Likely, there has been no effect of neutral phytase (500 U/
kg) on the growth parameters of crucian carp (Carassius auratus gibe-
lio)*2% and C. idella,**® substantiating the fact that efficacy of microbial

phytases varies among different fish species.

7 | NUTRIENTS DIGESTIBILITY

Phytate restricts the absorption of minerals, proteins, amino acids,
lipids, and carbohydrates in fish species. Inversely, phytase supplemen-
tation in the feed enhances nutrients and minerals accumulation in the
bone, plasma and whole-body of fish. The assimilation of crude protein
(CP), crude fat, gross energy (GE) and minerals can be determined by
calculating the apparent digestibility coefficient (ADC). The digestibility
of CP, crude fat, GE and minerals improved significantly due to the sup-
plementation of fish diet with phytases (Table 3). The involvement of
phytase in increasing protein digestibility in fish is contradictory as in
some cases it increases, decreases or remains unaffected.**® The
involvement of phytase in increasing protein digestibility is not direct,
in fact, it is an outcome of phytase action on the digestibility of amino
acid.*® Phytase helps in retaining more nutrients inside the fish
body.327071131 Increased digestibility of minerals such as Fe, Mg,
Ca, P, K, Zn, Cu, Na, Al, Mn, Sr, Cr and Pb has been observed in O.
niloticus,®14° C. mrigala,u&129 C. carpio,124 L. rohita,”4*** P. fulvidraco,®®
S. salar®t and I. punctatus®” after feeding with phytase-supplemented
feed. Besides, increased digestibility of protein was noticed in C.
chanos,®* O. niloticus,®® P. hypophthalmus,®® C. carpio'?” and P. major.2®
Protein as well as P digestibility was higher when dietary protein and
phytase were added to the diet of O. mykiss®® and C. gariepinus.**’

Although, the apparent digestibility of protein, ash, and P was more in
P. maxima, the absorption of minerals remained unaffected.>¢ A positive
correlation between phytase and dietary Ca:P ratio was studied on
bone mineralization.?%1® The positive effect of neutral phytase
(500 U/kg) was further recorded on the digestibility of CP and DM in
C. auratus gibelio.*>> Moreover, the bioavailability of amino acids such
as His, Leu, lle, Phe, Lys, Val, Asp, Thr, Glu, Ala, Pro, Gly and Ser
increased by spraying phytase on the top of pellets.?” In contrast, pro-

¢ crude protein in C. idella®® and the

tein digestibility in C. carpio,*?
digestibility of DM and CP in S. maximus did not show a significant

change in the supplementation of phytase to the fish feed.*®

8 | PHYTATE DIGESTION AND
BIOAVAILABILITY OF PHOSPHORUS

P is an essential element for fish, which can be absorbed by skin, gills
or fins, but the level of P is low in water and thus fulfilment of P can
be done by feed. Feed contains phytate-P which remains undigested
by fish.1*° Therefore, supplementation of phytase is a cost-effective
solution for the bioavailability of P by degrading phytate in the feed.
The digestion of phytate is a stepwise removal of orthophosphate and
lower forms of inositol ester. It relies on two factors—the supply of
adequate phytase in the feed, and the amount of phytate accessible
to react with phytase in the feed.*® Since monogastric fish lack phy-
tase, the inclusion of microbial phytase in the fish feed is essential.
The phytate complex dissociates and makes P available for fish nutri-
tion.'* The bioavailability of P is determined by how much phytate-
bound P is digestible in the fish feed. It depends upon many factors
such as rearing phase, fish species, pH, gastrointestinal condition, meal
type, dietary inorganic P content, phytate quantity, feed additives
supplementation and phytase dosage. The accessibility of P can also
be indicated by the declining P level in the waste. In the fishmeal, con-
sumable P is 60%, whereas, in plant-based meals, only 0%-20% P is
available due to phytate; therefore, exogenous microbial phytase is

required in the diet to utilize adequate amount of P.1%*
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TABLE 3 A table showing the effects of phytase on nutrients and minerals digestibility of fish

S. No
1.

10.
11.

12.

13.

14.

Fish species

Labeo rohita

Catla catla

Cyprinus carpio

Oreochromis niloticus

Cirrhinus mrigala

Clarias gariepinus

Chanos chanos
Pangasius hypophthalmus
Ctenopharyngodon idella

Psetta maxima

Rhamdia voulezi

Oncorhynchus mykiss

Pelteobagrus fulvidraco

Ictalurus punctatus

Phytase dose/kg
750 FTU

500 FTU

40 FTU (Bacillus
licheniformis, LF1), 30
FTU (commercial)

Bacillus licheniformis
(LF1 and LH1)

900 FTU

950 FTU
1000 FTU
950 FTU

600 FTU
1000 FTU
2000 U
1000 FTU

1000 FTU

500 FTU

4000 FTU

1250 FTU

250 FTU

1000 FTU

300 FTU

550 FTU (both microbial

strain and commercial
enzyme

2000 FTU

1500 FTU

2000 U

4000 FTU
2000 U

1000 1U + 10 g
NaH,PO4

1500 FTU

Diet

Cottonseed meal

Sunflower meal
Canola meal

Corn gluten meal

Dry bread meal

Distiller's dried grains
with solubles (DDGS)

Sesame

30% Fermented sesame
oilseed meal

Moringa leaf
Moringa products
Moringa seed
Moringa products
Mixed diet

Moringa products

Moringa leaf
Mixed diet
Fishmeal + MCP
Sunflower meal

Soybean

Soybean
Groundnut
Mixed diet
Plant-based diet
soybean diet
Mixed diet
Mixed diet

Defatted rice bran

Rapeseed

Corn, sorghum, wheat
bran

Different meal

20% Safflower meal

Mixed diet
Fishmeal + MCP
Plant based diet

Plant-based diet

Effect

Ca, P, Na, K, Fe, Cu, Zn, Mn1 CP,
crude fat, GE]

Ca, P, Mg, Na, K, Fe, Cu, Mn?
CP, crude fat, GET

Crude fat, GET

Ca, P, Mg, Na, K, Fe, Cu, Zn7
Ca, P, Na, K, Fe, Cu, Zn, MnT
CPT Moisture|

CP, crude fat, ash{ P, Ca, Mn,
Cu, Fel

CP, crude fat, GE, P, Ca, Mn, Cu,
Fel

CP, GE1

Ca, Na, Fe, Cu, Mn, P71

CP, crude fat, GET

CP, crude fat, GE; Ca, K, P, Mn?
CP, P?

CP, crude fat, GET ash, CF,
moisture |,

Mg, Na, K, Cu, Zn, Fe, Cr, Cal
CP, P

PT

CP, crude fat, GE1

CP, crude fat, GE; Ca, P, Na, Fe,
Cul

CP, P17 crude fat, GE|

CP, GE, crude fat?

CP, P71 crude fat, GE|

CP, P

CP, Ash, Moisture? P, Ca, Zn1
CP, Py

CP, PT

P, Mg, Fe, CP1 (strain);

DM, lipid, ash{ moisture |
(enzyme)

No improvement

CP1 (wheat bran), DM, GET
(Sorghum), P (corn)

CP, crude fat, GE, DM7
(Soybean), ash1 (canola)

Protein and P digestibility rate(
CP, crude fat, DM7

Ash, CP, P, Ca
PT
CP, P71

CP, Cu, Fe?
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TABLE 3 (Continued)

S. No Fish species Phytase dose/kg Diet Effect References

15. Piaractus mesopotamicus 0.2g Different meal (fishmeal, Fe, Zn, P, CP7 (high in plant 82

plant-based meal) meal)

16. Scophthalmus maximus 30% phytase treated Soybean meal DM, CP?1 136

17. Salmo salar 250U Soy protein concentrate Zn, Cal 61

18. Carassius auratus gibelio 500 U Plant meal CP, P, DM? 135

19. Pagrus major 2000FTU +5¢g soybean meal CP, P, Mgt 83

NaH,PO,
20. Lates calcarifer 1000 FTU Soybean meal CP, P{ crude fat| 137
21. Myxocyprinus asiaticus 500 FTU Soybean meal + CP? 88

methionine

Abbreviations: CF, crude fibre; CP, crude protein; DM, dry matter; GE, gross energy.

The addition of phytase in the fish feed declines the phytate level
and gradually generates P, indicating the digestion of phytate.®* In the
C. idella diet, about 95% of the P becomes accessible on addition of
phytase.® In common carps about 20%-40% of P was liberated on
addition of exogenous phytase.**° The digestibility of P increases in C.
gariepinus,®” M. asiaticus®® and L. calcarifer by supplementing their
feed with phytase!®”; however, the P digestibility further improved in
M. asiaticus using phytase (1500 FTU/kg) in the methionine supple-
mented feed.®® Even at the low water temperatures (11°C and 15°C),
phytase efficiently produces P in O. mykiss** and increase its

11152 \which is eventually lowered the secretion of P in the

utilization,
faecal matter.”® Studies revealed that the dietary intake of P and its
excretion decreases with a rise in the phytase dose, but their reten-

tion level increased.

9 | EFFECTS OF PHYTASES AND OTHER
ADDITIVES IN IMPROVING FISH FEED
NUTRITION

The effect of phytase in improving fish nutrition is significant, but the
combination with other substances enhances its efficacy in fish
(Table 4).

9.1 | Organic acids

The addition of organic acids in the fish feed decreases the intestinal
pH and improves the solubility of phytate-P thereby provides more P
to fish. They act as a chelating agent, bind minerals along the intestine
and enhances the absorption of these minerals. They also improve
absorption by prompting proliferation of epithelial cell in the gastroin-

22155 and provide more time for the action of phy-

testinal mucosa,
tase.'! The positive effect of the combination of citric acid (CA) and
phytase on the nutrients bioavailability and growth performance in
terms of WG, SGR, survival rate (SR) and digestibility of CP, crude fat
and GE's and in the FCR value has been observed in C. mrigala

fingerlings.2>3~15% Interaction between phytase and CA influenced the

composition of the whole body with improved levels of crude protein,
ash, P, and Ca and low total lipid content.> The favourable influence
of CA and phytase in boosting the growth of O. mykiss was studied by
Singh et al.2®® Increased activities of digestive enzymes such as amy-
lases, lipases and proteases were recorded in L. rohita after addition of
CA and phytase in its feed.>” The CA and phytase enhanced P con-
sumption in C. carpio.”’ However, a few researchers observed no
influence on the growth and digestibility of DM, protein and P in P.

161

fulvidraco®® and in L. rohita®* when organic acid was supplemented

along with phytase in their feed.

9.2 | VitaminD

Vitamin D influences the growth, development, bone mineralization
and maintain Ca & P homeostasis in fish.'”* Vitamin D, (cholecalcif-
erol) and its compounds might be involved in improving phytase
response in fish. It increases Ca absorption and restricts it from mak-
ing phytate-Ca complex which indirectly stimulates the breakdown of
phytate and enhances the utilization of hydrolyzed P.282782 As
reported in O. mykiss, providing low level of vitamin D; with phytase
in soy protein concentrate feed enhances WG.282? Opposite to this,
there is no effect of supplementing vitamin D5 on P. fulvidraco along
with phytase.?’?

9.3 | Enzymes cocktail

The digestibility of nutrients has been improved when phytase was
added in combination with other hydrolytic enzyme like xylanases,
cellulases, proteases and pectinases in feed of fish. The enzyme cock-
tail in the feed supplemented with phytase could increase WG, SGR,
FI, PER and decrease FCR in O. mossambicus.>’® A significant improve-
ment in the growth of O. niloticus was recorded upon supplementa-

1.1¢3 compared

tion of its feed with phytase and xylanase. Maas et a
the combined effect of phytase and xylanase on different feeds
(wheat bran, sunflower meal, citrus pulp). They inferred that the effi-

cacy of enzymes is related to dietary components. The combined and
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TABLE 4 A table showing the effects of phytase combination with other compound in fish health

S.No Fish species

1.

5.

Cirrhinus mrigala

Labeo rohita

Oreochromis niloticus

Oncorhynchus mykiss

Cyprinus carpio

Dosage

2.5% CA
750 FTU/kg

5% CA
500 FTU/kg

2.5%
CA 1000 FTU/kg

3% CA
1000 FTU/kg

4%

CA 400 FTU/kg
2%

CA 1000 FTU/kg

3% CA
1000 FTU/kg

Phytase (1000 FTU/kg)
Xylanase (4000 U/kg)
Phytase (660 FTU/kg)
Xylanase (6000 FTU/kg)
Phytase (1000 FTU/kg)
Xylanase (6000 FTU/kg)

Bacillus amyloliquefaciens

(60 mg/kg)

Phytase (1000 FTU/kg)
Xylanase (4000 XU/kg)

B-glucanase (500
BGU/kg)

Phytase (300 mg/kg)
Protease (200 mg/kg)

Carbohydrase
(300 mg/kg)

3% papain
0.1% phytase

Natuzyme (1.5 g/kg)

1.5% CA
1200 FYT

10% sodium diformate

4000 FTU/kg

Phytase and protease

(1-2 g/kg)

Phytase, cellulase and
pectinase (0.33 g/kg)

0.22% CA
750 FYT/kg

Phytase (0.3%)
Pepsin (0.6%)

Diet

50% Canola meal

30% Corn gluten

Guar based meal

Sunflower meal

Canola meal
Soybean diet

Cottonseed meal

Sunflower meal

Soybean meal

Soybean diet

Different diet

Different diet

Mixed diet

Mixed diet

Commercial feed

soybean meal

Fishmeal

Plant-based diet

Soybean

Canola meal

Soybean meal

Different meal

Effect
WG, SGR1 FCR| CP, crude fat, GE|

DM, CP, crude fat, GE, WG FCR| Ca, P,

Na, K, Mg, Fe, Cu, Mn, Zn1

WGT FCR| DM, CP, crude fat, GET Ca, P,
Na, K, Mg, Fe, Cu, Mn, Zn1

Ca, P WG, SGR1 FCR| DM, crude fat, GE{
P, Ca, Mn, Zn, Fe, Na, K1

Ca, P, Mg, K, Na7
Crude fat, GET P, Ca, K, Fe, Cut
Ca, P, Na, K, Mg, Fe, Cu, Mn, Zn1

SGR7 FCR| DM, crude fat, Crude ash? Ca,
Cu, Fe, P, Na, K1

No significant effect
SGRT FCR|

WG, SGR, FI, PERT FCR|
FCR| Ash, Energy, P, Cal

No significant effect

No significant effect

No significant effect

No combinatory effect

Protein retention rate|

P and N retention rate(
WG, SGR, PER] FCR|

WG

No significant effect

Not effective

Py

No combinatory effect
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TABLE 4 (Continued)
S.No Fish species Dosage Diet Effect References
6. Pelteobagrus fulvidraco 4g/kg Mixed diet No significant effect 86
1000 IU/kg
7. Oreochromis mossambicus  Natuzyme50 (0.50 g/kg)  Kikuyu-based diet WG, FI, SGR, PERT FCR| CP1 protease, 170

cellulase, amylase, lipase

Abbreviations: CP, crude protein; DM, dry matter; FCR, feed conversion ratio; Fl, feed intake; GE, gross energy; PER, protein efficiency ratio; SGR, specific

growth rate; WG, weight gain.

separate effects of the enzymes (phytase, xylanase) and probiotics
were examined on the growth, body composition and nutrients
absorption. This cocktail of enzymes and probiotics showed greater
performance of O. niloticus. Moreover, the recent studies carried out

151165 revealed that growth and nutrients assimilation

by Maas et a
was remained unchanged with the supplementation of phytase,
xylanase and B-glucanase in the feed of O. niloticus. The effect of
phytase was found to be independent of the feed quality (either
high quality or low quality) in regulating growth and nutrition.2¢*
Although, the combination of phytase, protease and carbohydrase
did not alter the growth performance of O. niloticus,*®® the rate of
protein retention increased significantly due to the incorporation of
phytase at the rate of 0.1% and papain 3% in the feed of O.
niloticus,’? and there was no change in the energy retention. The
retention rate of P was maximum in O. niloticus after adding Natu-
zyme in soybean meal, indicating more accessibility of P, and less
discharge in water bodies.'®” On the other hand, an insignificant
response in the growth, body composition, and nutrients digestibil-
ity in O. mykiss was noticed on adding phytase and proteases*®? as
well as phytase, cellulase and pectinase in its feed.”*

10 | IMMOBILIZED PHYTASES IN
FISH FEED

As described earlier, during feed processing, enzymes often face
extreme conditions such as high temperature, causing their denatur-
ation. To overcome the problem, immobilization process is adopted
to maintain enzyme activity and its stability”” that not only preserves
enzyme from inactivation but also provides a support to survive in
the acidic pH and resists the enzyme from proteolytic degrada-
tion.?”? Immobilization can be performed by various approaches
such as adsorption, entrapment, cross-linking, covalent bonding and
encapsulation.” Vandenberg et al.»”® investigated the effect of free
and encapsulated phytase on the excretion of P. The activity of
encapsulated phytase was low for liberating P due to limited interac-
tion between entrapped phytase and phytate. The effects of immo-
bilized phytase and free phytase were compared in vitro according
to gastrointestinal condition of O. niloticus. Both free and immobi-
lized phytase were incubated for 1 h at pH 2 and 3. Free phytase
retains its activity on both pH values but immobilized phytase lost its
40% activity in these acidic conditions.?¢ Likewise, Coutinho et al.”?

analysed the impact of free and immobilized phytase by incubating

them at pH 2, 2.5 and 3 for 1 h followed by 1 h incubation at pH 7.
They concluded that both phytases lost its activity up to some
extent but remains effective in the intestine (pH 7). Also, the immo-
bilized phytase was found to be protease resistant when it was trea-
ted with pepsin and trypsin.

11 | CURRENT STATUS, APPLICATION
AND NOVEL TECHNOLOGIES IN USING
PHYTASE

Phytase is an important enzyme used in the feed market world-

wide.r*

Its demand has increased up to a market contribution of US
$592.5 million in 2021,Y7° which is projected to provide a net worth
of more than USD 1.0 billion by 2025 with 6.3% compound annual
growth rate (CAGR).}7%'77 Though phytase has been majorly utilized
in the animal feed industry, mainly in the poultry and piggery feed for
decades, its necessity is increasing in the aquaculture industry as it
helps in mitigating P pollution and conserving the limited P reserves,
which makes it vital for the environmental protection agency. Besides,
the food, beverages and pharmaceutical industries also stimulate phy-
tase growth in the market. The global phytase market is the leading
market and is classified on the basis of type, application and region.
Based on type, phytases are available in the form of granulated, liquid,
powder and thermostable. Among them, powder and granular forms
share more than 60% of the feed market. In upcoming years, the
requirement for liquid phytase may further increase as it avoids the
heat treatment process of pelleting.>”® A new water-soluble form of
phytase has been created by Huvepharma.'”” Another criterion of
application categorized phytase into swine, poultry, aquaculture and
pharmaceuticals in which the poultry section has the largest contribu-
tion. North America is the largest producer of phytase and the Asia
Pacific comes under the fastest-growing region for the phytase mar-
ket. Various companies are manufacturing phytases. Among them,
Cargill, Incorporated, BASF SE, DuPont, Bluestar Adisseo Co., Ltd,
DSM, BASF, AB Vista and Danisco Animal Nutrition (DuPont) are the
leading firms involved in the production of phytase at the commercial
scale. Recently, Danisco introduced a novel phytase “Axtra PHY
GOLD” in Malaysia, Thailand and Australia on 15 July 2021.*73
Although phytase is produced at commercial scale by various
companies all over the world, there is still requirement for an
ideal phytase suitable for the application in a specific field like

aquaculture. Therefore, there is an utmost demand to improve the
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performances of phytases using newer technologies to develop a
cost-effective ideal phytase such as immobilization, gene cloning,
site-directed mutagenesis, random mutagenesis, protein engineering
and structural modifications. These technologies can be utilized to
enhance phytase properties such as thermal stability, catalytic effi-
ciency, pH range and resistivity against protease. Many studies are
underway to work on these aspects but their applicability in aquacul-
ture feed is the target for future research.

12 | CONCLUSIONS AND FUTURE
PROSPECTS

Finding fishmeal alternatives for fish nutrition is the utmost need for
sustainable production in aquaculture. Plant-based feed contains phy-
tate, an anti-nutritional factor; hence need supplementation of
phytate-degrading enzymes during or after pelleting of the feed as a
green solution for mitigating environmental problem caused by the
excess deposition of P in aquatic environments. Phytase supplementa-
tion has improved the digestibility of nutrients and minerals, resulting
in fewer nutrients being excreted in the faeces reaching water bodies,
eventually minimizing the pollution. Phytase further reduces the use
of additional inorganic P in the feed, thereby decreasing the stress on
phosphate reserves and reducing the overall cost of fish feed by
avoiding the use of dietary supplements. However, the concentration
of phytase in the fish feed have been a matter of concern in the fish
growth. In addition, the interaction of phytase with other compounds
also affects the health of fish species.

The mechanism of phytate hydrolysis through phytase in the gas-
trointestinal tract of fish needs to be evaluated, the impact of phytase
on cold water species is still unclear, limited studies have been con-
ducted with neutral phytase, and thus it is remaining an area to be
explored. Mechanisms behind the involvement of phytase in improv-
ing amino acids or protein digestibility, the cause and effect relation
between minerals and protein digestibility, the interaction of phytase
with dietary components, effect on physiological, endocrine, immunol-
ogy and hormone levels need to be investigated. The optimum dosage
requirement for fish feed needs to be standardized. Transgenic fish
can be created so that it can produce its own digestive phytase. In
future, it will be vital to develop an economical and efficient microbial
phytase meeting all the properties of an ideal phytase, including ther-
mostability, resistance to proteases and broad pH. The use of modern
molecular biology/genetic engineering and bioinformatics tools and
techniques combined with fundamental approaches will aid in the
identification and development of a single novel and ideal phytase
suitable as feed additive to improve nutrition and growth performance
of fish. Using such microbial phytase will limit phosphate reserves,
improve fish health and nutrition and reduce environmental problems.
In addition, due to diverse pH conditions of digestive tract of different
species of fish, a single phytase cannot be an ideal additive for fish
diets, therefore emphasis should be given to investigate potent

phytases.
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ABSTRACT

The study aims to statistically optimize the phytase production by Penicillium oxalicum PBG30 in
solid-state fermentation using wheat bran as substrate. Variables viz. pH, incubation days, MgSO,,
and Tween-80 were the significant parameters identified through the Plackett-Burman design
(PBD) that majorly influenced the phytase production. Further, central composite design (CCD)
method of response surface methodology (RSM) defined the optimum values for these factors i.e.,
pH 7.0, 5days of incubation, 0.75% of MgSO,, and 3.5% of Tween-80 that leads to maximum phy-
tase production of 475.42U/g DMR. Phytase production was also sustainable in flasks and trays of
different sizes with phytase levels ranging from 394.95 to 475.42U/g DMR. Enhancement in phy-
tase production is 5.6-fold as compared to unoptimized conditions. The in-vitro dephytinization of
feed showed an amelioration in the nutritive value by releasing inorganic phosphate and other
nutrients in a time-dependent manner. The highest amount of inorganic phosphate (33.986 mg/g
feed), reducing sugar (1344 mg/g feed), and soluble protein (115.52mg/g feed) was achieved at
37°C with 200U of phytase in 0.5g feed for 48 h. This study reports the economical and large-

KEYWORDS
Dephytinization; fish feed;
large-scale; P. oxalicum;
phytase; statistical
optimization; wheat bran

scale production of phytase with applicability in enhancing feed nutrition.

Introduction

Phytic acid (myo-inositol hexakis dihydrogen phosphate) is
a reserve of organic phosphorus and exists as phytate, i.e.,
the more complex form of phytic acid. Phytate binds cations
and other essential biomolecules like amino acids, lipids,
proteins, digestive enzymes, and carbohydrates and acts as
an anti-nutritional factor for monogastric animals.”*!
Besides, it causes severe phosphorus pollution due to the
enrichment of nutrients and algal bloom formation in water
bodies leading to hypoxia and the death of aquatic
animals.*’!

Phytase (myo-inositol hexakisphosphate phosphohydro-
lases) is a significant enzyme in the food and feed industry
that makes phytate-restricted nutrients accessible for utiliza-
tion. It catalyzes the hydrolysis of phytic acid sequentially
and liberates inorganic phosphate and lower esters of myo-
inositol. It also removes metal ions, proteins, enzymes, and
other biomolecules associated with the phytate complex.
Plants, animals, and microbes produce phytases in intracel-
lular and extracellular forms. Microbial phytases are prefer-
able over other phytase sources because of their
thermostability, wide pH range, and resistance toward pro-
teases.!'® It has applications in animal nutrition, human
nutrition, pharmaceutical, plant growth, bioethanol produc-
tion, environmental and  transgenic  plant
formation.*”!

issues,

Both solid-state (SSF) and submerged fermentation (SmF)
are applicable for phytase production, but acceptance of SSF
over SmF is more due to its simple process, low cost, and
yield of more end product.”®) In SSF, microbes are grown
on solid material in the absence of oxygen and require
adequate moisture for the growth,?®! and agricultural resi-
dues are used as a substrate for the fermentation process
because being lignocellulosic, they stimulate the growth of
microorganisms and are less costly."?) One variable at a
time (OVAT) approach analyses the factors one by one,
which is more time-consuming, laborious, and costly. At the
same time, the statistical methods (PBD and RSM via CCD)
involve an experimental design that examines various
parameters in a single duration and their relation with the
help of mathematics and statistics. Furthermore, it creates
two- and three-dimensional contour plots to demonstrate
the optimization of parameters and interaction among
them.!"® Previous literature also supported the use of statis-
tical methods in enhancing phytase production via SSF
using Aspergillus niger,'?! A. oryzae SBS50,°%1 Sporotrichum
thermophile,""”! Rhizopus oligosporus,'*®! Pholiota adiposa,*
A. niger NT7,' A, tubingensis,[m] A. niger.[zz]

The plant-based feed contains anti-nutritional factors
(ANFs) like phytic acid, oxalates, saponins, and tannins
which deprive the nutrients in the feed. Up to 80% of phos-
phorus in the plant feed exists as phytate-phosphorus (P).
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Due to the lack of phytase in monogastric animals, phytate-
P remains undigestible; thus, additional inorganic phosphate
(Pi) is requisite in the diet to fulfill the demand of P, which
affects the finite P reserve stock. Also, unutilized phosphorus
in the form of phytate-P and Pi excreted in feces causes P
pollution in aquatic bodies.!'®’ Moreover, the phytate-metal
complex inhibits the activity of digestive enzymes in the
gastrointestinal region, thus regulating the digestibility of
protein, lipids, and starch. Supplementation of phytase is the
practical approach that degrades phytic acid, makes
nutrients available for utilization, improves the quality of
feed, and reduces P pollution.””!

The phytases involved in the fish feeding are mostly com-
mercial and obtained by SmF while, this work is utilizing
SSE for phytase production from a new fungal isolate, P.
oxalicum. SSF is economical cheaper method than SmF and
makes a cost-effective process for phytase production. The
phytase is useful in removing ANFs, mainly phytate and
makes the feed healthy and nutritious. Initial degradation of
phytate is started in the formulated feed. The determination
of phytate hydrolysis is necessary to understand the impact
of phytase in the feed before fish feeding. Therefore, in-vitro
analysis of plant-based feed is requisite. Most of the investi-
gation is done on the fish growth and its performance (in-
vivo) by adding phytase to their diet.”?*! But limited
research is available on the dephytinization of fish feed at
in-vitro level. Dephytinization is a process of phytic acid
degradation and liberation of inorganic phosphorus on the
addition of phytase in the diet. Besides, it also releases
reducing sugars and soluble protein. These products
enhance the nutritional value of diet.

The study investigates the extracellular phytase produc-
tion from Penicillium oxalicum in SSF using wheat bran as a
substrate and its enhancement through statistical optimiza-
tion. Here, the study also evaluates the production of cost-
effective phytase on large scale. The in-vitro effect of par-
tially purified phytase in dephytinizing plant-based fish feed
and ameliorating its nutritional value was analyzed.
Optimization of various factors (temperature, dose, amount
of feed, incubation time) were performed to know the best
conditions for the operation of phytase in fish feeding. This
research indicates the potential of P. oxalicum phytase as a
supplement in feed industry.

Materials and methods
Microorganism and culture conditions

The fungus was isolated from the rotten orange peel col-
lected from the local market of Delhi. The mold was identi-
tied as Penicillium oxalicum PBG30 on the basis of
morphological features as well as ITS sequencing (data not
shown). The mold was cultured on the potato dextrose agar
media at 30°C and stored at 4°C and at —20°C in glycerol
stock.**

The fungal spores were scrapped from 3-day-old culture
via a sterile loop by adding 25ml normal saline solution
containing 0.1% Tween 80. The spore suspension was

filtered through a sterile filter assembly, and the spore count
was measured by a hemocytometer.”®!

Phytase production in solid-state fermentation

Phytase production was carried out using four different
moistening media (pH 5.0) in 250ml Erlenmeyer flasks
(Table 1). Wheat bran is used as a substrate (5g) with 10 ml
moistening media (1:2), and autoclaved at 121°C for
20min. After cooling at room temperature, inoculated with
1 ml of spore suspension (7.7 x 107 CFU/ml) and kept in the
incubator for 3 days at 30 °C. After 3 days of incubation, the
enzyme extraction was done by adding the 50ml normal
saline solution with 0.1% Tween 80 in the flask and shaking
at 30°C with 200rpm for 1 h. The extract was filtered by
double-layered muslin cloth and centrifuged the filtrate at
10,000 rpm for 10 min at 4°C. The supernatant was used to
test the phytase activity, and the residual substrate was dried
at 60°C for 24 h.1*¢!

Phytase assay

Phytase activity was determined by measuring the release of
inorganic phosphate from the calcium phytate substrate at
70°C with 0.1 M sodium acetate buffer (pH 3.0) through!®
method. Blank and control (substrate and enzyme) were also
set during the experiment, and all were performed in tripli-
cate. Phytase activity was calculated using the regression
equation of the standard graph of inorganic phosphate
(KH,PO,). The phytase activity is expressed as unit per
gram dry moldy residue (U/g DMR).**! One unit of phytase
is defined as the amount of enzyme used to liberate 1 nmol
of inorganic phosphorus per sec under assay conditions.!**!

Optimization of phytase production by statistical
approach

Plackett-Burman design

The optimization of phytase production from P. oxalicum
includes two steps. In the first step, the Plackett-Burman
method helps to identify the significant factors useful for
production.[zs] In this design, a selection of 11 variables (n)
with their high (4) and low (-) concentration values and 12
runs of the experiment (n+ 1) was set in an equal manner

Table 1. Different moistening media used for the phytase production.

S. No. Composition of moistening media Reference
Medium | Distilled water [371
Medium I Starch — 1.5% (w/v), [37]
Beef extract — 0.6% (w/v),
FeS04.7H,0 — 0.01% (w/v),
KCl — 0.05% (w/v)
Medium I (NH,4),504 — 0.5% (w/v), [37]
MgS0,.7H,0 — 0.5% (w/v),
FeS04.7H,0 — 0.03% (w/v),
NaCl — 0.1% (w/v)
Medium IV Urea — 0.5% (w/v), [21]

MgS0,.7H,0 — 0.1% (w/v),
KCl — 0.1% (w/v),
FeS04.7H,0 — 0.1% (w/v)




Table 2. Factors studied during Plackett Burman experiment.
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Phytase Activity

Run No A B C D E F G H | J K (U/g DMR £S.E)
1 5 5 5 1 2 0 1 0.05 0.0 0.5 0 108.56 +10.01
2 10 5 3 0 2 2 1 0.00 0.2 0.5 0 24.01+15.51
3 10 8 3 1 2 0 1 0.00 0.0 0.1 1 150.5+31.80
4 5 8 3 0 0 2 1 0.05 0.0 0.5 1 239.81+0.08
5 5 8 5 1 0 2 1 0.00 0.2 0.1 0 97.24+8.84
6 10 5 5 0 0 0 1 0.05 0.2 0.1 1 102.29+3.93
7 10 8 3 1 0 0 0 0.05 0.2 0.5 0 59.36 +18.96
8 5 5 3 1 2 2 0 0.05 0.2 0.1 1 97.54+14.40
9 5 8 5 0 2 0 0 0.00 0.2 0.5 1 268.77 +0.03
10 5 5 3 0 0 0 0 0.00 0.0 0.1 0 5.75+£1.94
1" 10 5 5 1 0 2 0 0.00 0.0 0.5 1 102.06 +39.92
12 10 8 5 0 2 2 0 0.05 0.0 0.1 0 137.578 £1.47

A — Wheat bran (g), B — pH, C - Incubation period (days), D — Urea (% w/v), E — Starch (% w/v), F — Glucose (% w/v), G -Ammonium sulfate (% w/v), H —
Ferrous sulfate (% w/v), | — Calcium chloride (% w/v), J - Magnesium sulfate (% w/v), K - Tween 80 (% v/v).

(Table 2). The selected independent factors were A) wheat
bran, B) pH, C) incubation days, D) ammonium sulfate, E)
urea, F) starch, G) glucose, H) ferrous sulfate I) calcium
chloride, J) magnesium sulfate, and H) Tween 80. The dif-
ference between the average of one variable at its high and
low levels provides the impact of that variable on the pro-
duction, which was calculated by

2(SPi+ — IPi-)

E(Xi) = N

Here, E(Xi) denotes the effect of each variable, Pi+, and Pi-
means high and low values, and N means the total number
of runs performed in the experiment.**! All the runs were
performed in triplicates, phytase activity was calculated, and
the critical factors were determined by a pareto chart.[*?!

Response surface methodology

In the second step, four independent factors, pH (A), incu-
bation time (B), MgSO, (C), and Tween 80 (D) obtained
from PBD, were evaluated further by the RSM experiment.
The optimal level and interaction effect of these parameters
on phytase production is determined using central compos-
ite design (CCD Version 6.0.7, Stat-Ease, and Minneapolis,
MN). In addition, 0.5% ammonium sulfate and 0.01% FeSO,
supplied as a supplement. Five levels (-o, —1, 0, +1, +a)
were assigned to each parameter, and 30 experimental runs
were designed as shown in Tables 3 and 4 respectively.

Production of phytase is measured by the following
equation:

Y= B8+ A +8B + B;5C + 8,D + B;A2
+ BpB*+ B33C*+ RuD?>+ BiB3,AB + B;8;AC
+ $,84AD + 3,8;BC + £$,8,BD + R3:6,CD

(Y- predicted phytase production, £, - intercept, $3;, £3,,
B3, 84 - linear coefficients, 35, £, 833, 8844 - squared
coefficients, 3,13,, 3,885, B3;8,, B,85, 13,88,, 858, - interaction
coefficients, A, B, C, D, AB, AC, AD, BC, BD, CD - varia-
bles and their interaction.**! Statistical software was used to
set up the experiment and created 3-D contour plots.!"" In
this method, predicted and experimental values were

Table 3. Parameters with their assigned level in CCD method of RSM for phy-
tase production.

Level of parameters

S.

No. Parameters -0 -1 0 +1 +o
1. pH 5 6 7 8 9

2. Incubation period 3 4 5 6 7

3. Tween 80 (%) 0.5 1 2 3 35

4. MgSO, (%) 0.25 0.50 0.75 1.00 1.25

compared, and statistical analysis was done by analysis of
variance (ANOVA).!4?!

Phytase production in flasks and trays

Phytase production was carried out in flasks (250-1000 ml)
and enamel-coated metallic trays (27cm x 22cm X 5cm,
35cm x 32cm x 5cm) containing wheat bran moistened
with medium (5, 10, 20, 100, 150) in a 1:2 ratio. The flasks
were autoclaved at 121°C for 20 min and cooled down.”®!
Inoculated with a spore suspension of P. oxalicum, mixed
with a sterile spatula, covered with a clean wrap for trays,
and incubated for 5days at 30°C. Samples were collected
from different sections of the tray, and extraction was per-
formed, as mentioned earlier.!'”!

Dephytinization of feed by P. oxalicum phytase

In-vitro hydrolysis of phytate was performed by adding par-
tially purified phytase to the feed and analyzing the quantity
of released inorganic phosphate, reducing sugar and protein
content. Partial purification of phytase is done by salt pre-
cipitation and dialysis method. One gram of commercial
fish feed was dissolved in 20ml sodium acetate buffer
(0.1 M, pH 3.0) and autoclaved at 121 °C for 20 min. Phytase
from P. oxalicum (80U/g) was mixed and incubated at
37°C, 50°C, and 70°C with shaking at 100 rpm. Samples
were taken at different time intervals, kept at 4°C, and cen-
trifuged at 10,000 rpm for 10 min. The supernatant was used
to detect inorganic phosphate, reducing sugars and soluble
protein content by thel®'*?’! respectively. Further experi-
ments with different doses of phytase (25-200U/g), feed
amount (0.5-2g), and incubation time (2-48h) were per-
formed at 37°C.°®! All the experiments were conducted in
triplicates and statistical analysis was done by showing
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Table 4. Phytase activity of RSM experimental runs designed by CCD method.

duction, as shown in Figure 1. Different fungi were studied

Incubation Phytase activity (U/g DMR £S.E)
Run Period Magnesium sulphate
No pH (days) Tween 80 (%) (%) Experimental value Predicted value
1 7 5 2.0 0.75 114741470 117.85
2 6 4 3.0 0.50 278.39+17.17 297.11
3 7 5 2.0 1.25 64.48 +6.39 62.82
4 6 6 1.0 0.50 12.27 £1.85 18.60
5 8 6 3.0 1.00 12042 £7.47 124.90
6 6 3 1.0 0.50 51.28+6.91 50.25
7 8 6 3.0 0.50 17751 £12.47 188.98
8 9 5 2.0 0.75 13.28+1.74 4.82
9 7 5 0.5 0.75 109.57 £6.68 108.87
10 6 4 1.0 1.00 60.27 +8.02 62.80
1" 6 6 3.0 1.00 141.69 £6.17 154.13
12 6 6 1.0 1.00 76.52+6.48 73.58
13 7 4 2.0 0.75 144.09+7.34 138.52
14 7 4 2.0 0.75 145.74 £ 8.06 138.52
15 8 4 1.0 0.50 44.36 +4.56 45.92
16 7 5 2.0 0.75 11474 £14.70 117.85
17 6 4 3.0 1.00 264.27 +18.60 260.82
18 7 5 35 0.75 373.32+3.28 346.66
19 8 4 3.0 0.50 278.09 +1.28 282.42
20 8 4 1.0 1.00 25.71+8.49 30.45
21 8 6 1.0 0.50 65.12+5.90 69.95
22 6 6 3.0 0.50 172.45+£15.59 169.09
23 7 5 2.0 0.75 114.74 £ 20.79 117.85
24 7 7 2.0 0.75 82.73+7.41 76.52
25 8 4 3.0 1.00 191.39£14.52 197.01
26 8 6 1.0 1.00 80.52 +9.68 75.81
27 5 5 2.0 0.75 24.21+£5.56 17.28
28 7 5 2.0 0.75 114.74+£14.70 117.85
29 7 5 2.0 0.25 106.99 £7.15 93.25
30 7 5 2.0 0.75 114.74+£14.70 117.85
significant differences (p < 0.05) via using one-way ANOVA 100
and Tukey’s post hoc tests. GraphPad Prism software ver-  _
sion 10.0 (GraphPad Software, San Diego, CA, USA) is used E -
for the statistical analysis. Sigma plot (version 10.0) is used 5
for the creating the graphs.[34] S
& 60
2
g
Results and discussion g 40+
-
Phytase production in SSF -E
Among the different production media for SSF, media IV I 20
(84.60 £2.54 U/g DMR) supports the maximum phytase pro- .
3 i
[ it

for producing phytase through SSF by using wheat bran as
substrate.!'>%%323¢) Wheat bran is commonly used for SSF
because it is rich in carbon, nitrogen, and amino acids and
high amount of phytic acid. Due to presence of phytate, it
acts as inducer for the production of phytase.”) It also pro-
vides support for the growth of fungi, easily available, and
low cost.'™®! The production of phytase via wheat bran as
substrate has been reported in A. oryzae SBS50 (5.05U/g
DMR) using 10 g substrate in 1:2 ratio of moistening media
incubated at 30°C for 4days.*® Similarly, R. oligosporus
MTCC 556 produced 15.8 U/gds,*” 208.30 U/gds by A.
niger NT7"! and 225.6U/g by A. tubingensispo] using
wheat bran as substrate. " studied the phytase production
with different fungal strains on wheat bran and reported
that A. oryzae F-923, A. oryzae F-937, A. niger F-258, A.
awamori NRC- F18, A. fumigatus NRCF-113, Trichoderma
viridle. NRCF-107 and Saccharomyces cerevisiae F-307

Different production media

Figure 1. The graph shown the involvement of different media in the produc-
tion of phytase.

secreted phytase as 66.56, 58.19, 110.62, 143.67, 60.24, 54.41
and 64.86 IU/g, respectively.

Screening of critical components through PB design

Plackett-Burman is a majorly adopted statistical method
used for studying several factors together, which consumes
less time and provides significant factors that influence the
production of phytases. The factors showing a high impact
on phytase production are considered critical or essential
parameters. A PB design was performed with 11 variables
and 12 experimental runs with their high (+) and low (-)
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Figure 2. Pareto chart showing the effect of different variables on phytase
production.

level. Table 2 shows the phytase production of 12 experi-
mental runs. A pareto chart was created to determine the
impact of variables on phytase production (Figure 2). The
positive and negative values in the pareto graph showed the
importance of individual components in phytase production.
Run no. 9 showed the maximum output in term of phytase
production. This experiment concluded that among the 11
factors, pH, incubation time, MgSO,, and Tween 80 are the
critical variables that contribute more to the production of
P. oxalicum phytase, and others have low contributions and
thus are less significant. Surfactants like Tweens and Triton
X-100 seem to affect the fungus growth and enzyme produc-
tion and hence, involved in the enhancement of enzyme
yield. Surfactants solubilize proteins on the membrane that
increases cell permeability and more liberation of
enzymes.!'"”! Tween-80 has been reported for enhancing the
phytase production by S. thermophile!’”’ and A. oryzae
SBS50.1*) Triton X-100 enhanced phytase production by A.
oryzae SBS50°°°! and Tween-40 by A. niger'®*! in SSF.

Moisture content is also one of the factors that affect the
phytase production. At low moisture content, substrate
becomes dry and at high level, the substrate air content is
decreased. So, an optimum moisture is required for the
grow‘(h.[3 I It has been mentioned as important component
in the production of phytase from A. oryzae SBS50,1*°) A.
niger,! P. adiposa'? and A. oryzae SBS50.**) Metal ions
like MgSO,, are necessary for the growth of fungi but have
no influence on phytase activity.**) Many studies showed
the importance of MgSO, in phytase production from A.
oryzae SBS50,°°! A, niger® and A. oryzae.!*”

The impact of incubation period and pH occurs on the
metabolic process during the fungal growth and they also
help in stabilizing the enzymes.'”! Incubation period is
shown as a major component for production of phytase in
A. oryzae SBS50,° S. thermophile,"”! A. niger NT7!" and
A. niger.*?! Similarly, pH is found necessary in the phytase
production from Williopsis saturnus NCIM 3298,1*”) A. niger
NT7) and A. niger.??) Other useful factors involved in the
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Table 5. ANOVA for response surface reduced quadratic model.

Sum of Mean
Source Squares dF square F value Prob>F
Model  2.121E4005 13 16315.40 12735 <0.0001 significant
A 226.28 1 226.28 1.77 0.2025
B 11156.38 1 11156.38 87.08  <0.0001
C 1.245E + 005 1 1.245E+005 97151 <0.0001
D 1349.22 1 1349.22 10.53 0.0051
A 20241.05 1 20241.05 157.99  <0.0001
c 28704.97 1 28704.97 224.05  <0.0001
D? 2813.01 1 2813.01 21.96 0.0002
AB 1527.12 1 1527.12 11.92 0.0033
AC 947.85 1 947.85 7.40 0.0151
AD 2310.40 1 2310.40 18.03 0.0006
BC 17622.46 1 17622.46 137.55  <0.0001
BD 580.75 1 580.75 4.53 0.0491
cD 4683.10 1 4683.10 36.55  <0.0001
Table 6. ANOVA regression analysis.
Std. Dev. 11.32 R 0.9904
Mean 122.61 Adj R? 0.9827
V. 9.23 Pred R* 0.9571
PRESS 9188.99 Adeq Precision 44.209

production of phytase were selected through PBD like glu-
cose and dextrin for A. niger,”?! yeast extract for S. thermo-
phile,"7! glucose, FeSO,, citric acid for W. saturnus,'*”
water hyacinth for P. adiposa,''?) amount of wheat bran,
temperature, mannitol and ammonium sulfate for A. niger
NT7,['¢! temperature and NH,NO; for A. niger,?! glucose
for A. oryzae.>”

Optimization by response surface methodology

A total of 30 experiments were designed via CCD using 5g
wheat bran, 0.5% ammonium sulfate, and 0.01% ferrous sul-
fate as fixed parameters and pH, incubation period, magne-
sium sulfate, and Tween 80 as varying parameters. The best
result of phytase activity (373.32U/g DMR) was found in
the flask containing 5g of wheat bran moistened with 10 ml
of media including 0.5% ammonium sulfate, 0.01% FeSOy,,
3.5% Tween 80 and 0.75% MgSO, with pH 7.0 and 5days
of incubation. The phytase production was elucidated by fol-
lowing model equation:

Y (U/g DMR) = 117.85 —3.12 A —20.67 B
+79.26 C—7.61 D —26.70 A” +48.85 C*— 9.95 D*
+8.64 AB —7.87 AC — 12.28 AD —29.37 BC
+5.33 BD — 17.49CD

ANOVA is used for evaluating the data designed by the
RSM experiment as shown in Tables 5 and 6 The Pred R’
value is 0.9571 depicting the correlation between the pre-
dicted and experimental values. R* value, i.e., the coefficient
of determination, is found to be 0.99, indicating 99% vari-
ability within the model’s parameters. Adequate precision
gives us a signal-to-noise ratio that should be > 4 for better
results.!'? The ratio in this model comes out to 44.209,
delivering more than a sufficient signal to navigate the
design space. The significance of the model is determined
by the F value, which is 127.35 in our experiment, indicating
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Figure 3. 3D response surface plot showing interaction between I) pH and incubation period 1) pH and MgSO, lll) pH and Tween 80 IV) incubation period and

Tween 80.

that the model is significant and Prob>F was less than
0.05, which implies that there is only a 0.01% chance that
the occurrence of the F value is due to noise.*” Significant
model terms were B, C, D, A®, C?, D?, AB, AC, AD, BC,
BD, and CD that significantly affected phytase production
in SSF.

Response surface graphs showed the optimum level of
parameters and interaction among them on which phytase
activity is demonstrated on the y-axis and influencing
parameters on the x-axis and z-axis.'® The peak denotes
the phytase production with the optimal value of each vari-
able.[?) Figure 3(I) shows the relation between pH and the
incubation period. At pH 7.0 and 5 days of incubation, pro-
duction is higher than below or above the values of both
factors. The trial showing maximum phytase titer was
repeated further to validate the experiment and found to be
339.94U/g DMR which was closer to the estimated value of
346.66 U/g DMR.

Optimization is requisite for the identification of essential
components and culture conditions necessary for the fungal
growth and production of enzymes. Incubation time is a sig-
nificant influencing variable in enzyme production. In the
logarithmic phase, most of the enzymes are produced. A
long time period decreases the production level due to a
deficiency of nutrients and cell lysis.*®! The results showed
maximum production within 5days of incubation; after that,
phytase yield decreases due to a deficiency of nutrients for
the growth of fungi. Likewise, the incubation period was

also found 5 days for A. niger NT7!" and R. oligosporus.'*"!

In contrast, 2 days were reported for A. oryzae SBS50°°! and
S. thermophile!’” and 6 days for A. niger.*?!

Medium pH is crucial for all metabolic processes and
strongly affects phytase production. The optimum pH for P.
oxalicum is 7.0, i.e., neutral pH. Opposite to this, A. niger
NT?7 requires pH 5.0,'®! and A. niger requires pH 6.0'*?! for
high phytase production. Tween-80 is one of the surfactants
that significantly affects the production level as it permeabil-
izes the cell membrane and releases more proteins/enzymes
in the medium.®! At 3.5% concentration, Tween-80 depicts
its highest effect. Tween-80 (2.5%) was found optimum for
phytase production from S. thermophile!’”’ and A. oryzae
SBS50.%°1 Metal ions such as magnesium are requisite for
the fungus growth but barely affect the phytase produc-
tion.*®! In our results, 0.75% MgSO, was involved in
increasing the production of phytase, while 0.4% MgSO, is
found for A. oryzae SBS501°*° and 1.5% for A. niger.'*!

Optimization through statistical methods enhanced phy-
tase production significantly. In our results, the phytase
activity showed 4.4-fold enhancement after statistical opti-
mization compared to unoptimized conditions. Similarly,
3.35-fold enhancement has been mentioned in the phytase
production from A. oryzae SBS50,°°! 36.67-fold in A.
niger,”! 11.6-fold in S. thermophile,"'”! 2.73-fold in R. oligo-
sporus,'** 3.15-fold in P. adiposa,''?) 6.8-fold in A. niger,!"®
1.37-fold by A. niger® and 2.29-fold in A. oryzae SBS50!**
through statistical approaches.



Optimization of phytase on large scale production

The RSM model was validated by performing phytase pro-
duction in Erlenmeyer flasks and trays on a large scale using
5-150 g of wheat bran, as shown in Table 7. The amount of
substrate was enhanced from 5g wheat bran in a 250 ml
flask to 150 g wheat bran in the enamel-coated metallic tray.
The phytase production was found sustainable in the range
of 394.95—-47542U/g DMR and validated the model at
large scale. These results uplift the optimization of P. oxali-
cum phytase via SSF under pilot scale. On a large scale, trays
production is influenced by substrate amount, presence of
oxygen and unevenly allocation of inoculum and bed
height.!"] If the amount of substrate is more than sufficient
level, oxygen becomes unavailable to fungus, and production
decreases.™ A 1.5-2 cm bed height is considerable for the
production, but it is not compulsory. It may varies depend-
ing upon the production system, kinetic parameters and
operating conditions Above than 2 c¢m, cell biomass and pro-
duction are affected due to high level of substrate and less
availability of moisture and oxygen.!"! Similarly, sustainable
production of phytase in flasks and trays on a large scale
was studied in A. oryzae SBS50,°*) R. oligosporus MTCC
556,%1 S. thermophile,'”! R. oryzae!"! and A. niger 7 A-1.1*°)

Table 7. Phytase production on large scale in flasks and trays.
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Moreover, phytase production showing overall 5.6-fold
enhancement makes the fermentation process less costly.
The approach of fermentation in trays can be upgraded by
using bioreactors for the production of phytase which pro-
vides constant temperature and moisture. >

Application of phytase in dephytinization of feed

Agricultural feed additives contain phytic acid that binds
minerals, proteins, and other biomolecules and makes phy-
tate complex which restricts the availability of nutritional
components and lowers downs the nutritive value of feed.
Phytase is effective in phytate hydrolysis and releases inor-
ganic phosphate, soluble protein, and reducing sugar.
Monogastric animals like humans, poultry, birds, and fishes
lack phytase enzyme in their gastrointestinal region. Due to
this, phytate accumulates in the body and remains
undigested and excreted out in manure, runs off through
erosion reaches water bodies, and pollutes the environment.
Dephytinization is the best-selected approach to hydrolyze
the phytate and release the P and other essential compo-
nents by supplementing the phytase exogenously. The add-
ition of phytase as a feed additive not only ameliorates the
feed’s nutritive value but also reduces phosphorus pollu-
tion.* The study demonstrated the impact of P. oxalicum
phytase on hydrolyzing phytate present in the feed. With
time, the liberation of inorganic phosphate, reducing sugar,
and soluble protein is enhanced due to the supplementation
of phytase in the diet.!""!

In this experiment, the effect of P. oxalicum phytase in
dephytinizing fish feed is performed at different tempera-
tures (37°C, 50°C, and 70°C). The liberation of inorganic

A (iii)

Amount of Phytase

substrate production
S.No. Flasks/Trays used (g) (U/g DMR) + S.E
1. 250ml 5 394.95 +34.63
2. 500ml 10 431.25+48.33
3. 1000ml 20 432.81+£15.99
4, Tray (27cm x 22cm x 5cm) 100 475.42 +77.31
5. Tray (35cm x 32cm x 5cm) 150 463.42 +92.16

A(i) A (ii)
. 37°C 200
20
@ 50°C

&= 70°C

Inorganic phosphate released (mg/g feed)
Reducing sugar content (mg/g feed)

Incubation period (h)

B (i)

40

Incubation period (h)

- 37°C o
- - 37°C

[=F1 == 50°C

&= 70°C 100 &= 70°C

Protein content (mg/g feed)

. 25U

Inorganic phosphate released (mg/g feed)

Incubation period (h)

4
Incubation period (h)

Protein content (mg/g feed)

Incubation period (h)

Figure 4. Dephytinization of feed by phytase from P. oxalicum A) at different temperature (37°C, 50°C, 70°C), B) with different dose (25U, 50U, 75U, 100U,
200 U): i) inorganic phosphate ii) reducing sugar iii) protein content. The data showed as means + standard deviation. Samples were studied in triplicates. Means

with different letters represent values significantly different (p < 0.05).
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phosphorus from the fish feed is observed at 37°C, 50°C,
and 70°C with 2, 4, and 6h by using P. oxalicum phytase.
A high release of inorganic phosphorus (14.993 mg/g feed) is
seen at 37°C (Figure 4A). Less difference is found in the
amount of inorganic phosphorus between 37°C and 50°C
showing the activeness of phytase enzyme at both tempera-
tures. But, at 70°C, there is almost a low secretion of inor-
ganic phosphorus might be due to the denaturation of
enzyme for a long period of incubation or disruption of
nutritional components of feed. Also, nutritional by-prod-
ucts, soluble protein (69.08 mg/g feed), and reducing sugars
(133.2) are liberated from the feed treated with phytase due
to the presence of other hydrolytic enzymes in P. oxalicum.
The amount of soluble protein is found more at 50°C
(81.48 mg/g feed). A significant variation (p <0.05) was
observed between feed sample treated at 37°C and 70°C
after the supplementation of phytase.

Likewise, the reduction of phytic acid in flours was
studied at 50°C and 37°C by adding phytase isolated from
A. oryzae and exhibited maximum secretion of inorganic
phosphate, soluble proteins and reducing sugars at 50 °C."**!
Dephytinization of feed samples was analyzed at 50 °C with

A1)

40

B/t ©

&8&&E&

30 b a b

20 4

Inorganic phosphate released (mg/g feed)

2 4 6

Incubation period (h)

A (i11)
140
059
= 1.0g
120 arb, | 159
2 = 2.0g
& 100 4 a,
%: arb :
E 4/
£ 60 a
8 a a a, 2 a b2
R b
& 40 4
e b
S
-
20 4

2 4 6
Incubation period (h)

A. oryzae phytase,*®! and at 55°C with R. oligosporus phy-
tase’®®! and poultry feed at 37°C by A. niger phytase'”
showed maximum liberation of nutritional components.
Similarly, the release of inorganic phosphorus after the add-
ition of phytase is studied in poultry feed by rPPHY at
40°C,"*) animal feed by P. griseoroseum T73 at 37°C,*! pig
feed by A. niger UFV-1 at 50°C,/*") feedstuffs by P. oxali-
cum at 55°C,M'* fish feed by Morchella importuna at
25°C.*1

Also, different phytase doses (25-200 U/g) were supplied
to the feed and evaluated their impact on phytate degrad-
ation (Figure 4B). Phytase exhibits a dose-response relation-
ship. The secretion of inorganic phosphorus is enhanced as
the amount of phytase doses increases as the phytase
removes an organically bound phosphate associated with the
phytate molecule and reaches a plateau when the phytate
becomes deficient.!”*! The results showed that the liberation
of inorganic phosphate enhances as the amount of dose
increases. At 25U/g (8.79mg/g feed), 50U/g (11.29 mg/g
feed), 75U/g (13.29mg/g feed), 100 U/g (14.99 mg/g feed),
and 200U/g (26.19mg/g feed) of inorganic phosphate
released. Inorganic phosphate is found at maximum with

A (11)
160
g i 0.5
arc a,lc, b, 3 1.0g
149: atc, | @159
a. b, . | 209
120 - b,
b b,
100 A
a b‘
80 4 abg [,

60

40 1

20

Reducing sugar content (mg/g feed)

0 -

2 4 6
Incubation period (h)

—@— Inorganic phosphate
180 —O— Reducing sugar
—w— Soluble protein

160

1404 S—3p 5 5 5 5

120 4
ol I//—H——i

80

60

Released content (mg/g feed)

40 4

-G ————&——%

20

2 4 6 12 2 48
Incubation period (h)

Figure 5. Dephytinization of feed by phytase from P. oxalicum A) with varied amount of feed (0.5g, 1.0g, 1.5g, 2.0 g): i) inorganic phosphate ii) reducing sugar iii)
protein content, B) with different incubation period. The data showed as means + standard deviation. Samples were studied in triplicates. Means with different let-

ters represent values significantly different (p < 0.05).



200U/g (26.193mg/g feed). Along with this, 138.48 mg/g
feed and 96.5mg/g feed amount of reducing sugar and pro-
tein content are obtained respectively. Reducing sugar is not
much affected by increasing the phytase dosage, whereas sol-
uble protein is enhanced. In contrast, poultry feed treated
with different doses of S. thermophile showed equivalent
nutritional amounts at 50 and 100 U,!*”! while in flours it
was observed that increment of these released components
is gradually increased with phytase dose and declined after a
certain level.**!

The effect of phytase on varied amounts of feed (0.5-2g)
concluded that 0.5g feed releases inorganic phosphate
(33.986 mg/g feed) at the most (Figure 5A). This might be
due to highest binding between active sites of substrate and
enzyme in 0.5g feed. As the amount of feed increases, no
more enhancement is observed due to the possibility of no
more binding sites availability or presence of substrate in
insoluble form. Reduction in liberation of inorganic P might
be due to negative feedback inhibition of inorganic P (the
hydrolytic end product) on the phytase. Similarly, reducing
sugar is found unaffected (134.4mg/g feed) and protein is
enhanced (115.52 mg/g feed).

Further, the dephytinization was performed for up to
48h. Degradation of phytic acid with phytase shows the
highest liberation of inorganic phosphate, soluble protein,
and reducing sugars at 6h and maintained up to 48h, as
shown in Figure 5B. Likewise, the release of inorganic phos-
phorus in poultry feed by rSt-Phy was evaluated on 25 min,
50 min and 75min, with 50 min exhibited highest secre-
tion.®!! At 2.5h, pig feed represented the maximum release
from A. niger UFV-1 phytase.?*! Supplementation of A.
niger NT7 phytase in cattle feed secretes the highest inor-
ganic phosphate up to 72h.!**!

Maximum hydrolysis was observed with 200U of P. oxa-
licum phytase added in 0.5g of feed dissolved in 20ml buf-
fer and incubated at 37°C for 6h. The highest inorganic
phosphorus  (33.986mg/g of feed), reducing sugars
(134.4mg/g of feed), and soluble protein (115.52mg/g of
feed) were found during the experiment.

Also, the application of immobilized phytase on feed and
flours has been studied showing the release of inorganic
phosphorus, reducing sugars and soluble proteins with
time.'®) The comparison effect of free and immobilized
phytase was evaluated on the hydrolysis of a legumes-based
diet and concluded that immobilized phytase hydrolyzed
more efficiently!®®! while the efficiency of free and immobi-
lized phytase is observed similar.!”! [ performed the dephy-
tinization of flours by supplementing both phytase and
xylanase and showed the highest liberation due to the syner-
gistic action of both enzymes.

Conclusion

In the present study, phytase production was enhanced by
5.6-fold by Penicillum oxalicum PBG30 as a result of statis-
tical optimization in SSF using wheat bran as substrate. The
maximum phytase production (475.42U/g DMR) was
obtained with 5g wheat bran mixed with moistening media

PREPARATIVE BIOCHEMISTRY & BIOTECHNOLOGY e 9

in a 1:2 ratio at 30°C, pH 7.0, and 5 days of incubation. pH,
incubation period, MgSO,, and Tween 80 are essential com-
ponents that majorly influence phytase production. Phytase
production was sustainable in shake flasks and trays of dif-
ferent sizes. In addition, partially purified phytase is applied
in the feed to determine the hydrolysis of phytate. It effect-
ively degrades phytate and liberates inorganic phosphate
from the fish feed. Also, it lessens the requirement for add-
itional dietary inorganic phosphate in the feed. Therefore,
cost-effective phytase from P. oxalicum can be produced at
industrial scale and can be considered an excellent additive
for fish feed in aquaculture and other industries.
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