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Abstract

The increase in the global population has led to a substantial increase in the demand for food supply as well as food
manufacturing industries that regularly produce large amounts of food waste. Agro-industrial waste has attracted tre-
mendous attention all over the world since ancient times, such waste is usually dumped or burned and poses a threat
to human health and the environment, which has always been a matter of serious concern. However, food waste is a
major source of complex carbohydrates, proteins, lipids, vitamins, minerals, fibers, and helps in the manufacture of raw
materials for a variety of industrial purposes such as the production of biofuels, enzymes, bioactive compounds, bio-
degradable plastics, surfactants. Hence it is necessary to convert food waste into value-added products that reduce
environmental problems. The present review paper attempts to outline and analyze the potential of agro-industrial
residues as cost-effective substrates to produce the enzyme amylase using a wide range of microbial strains.
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Introduction

Enzymes have gained great interest worldwide due to
their wide variety of biomedical, scientific, and indus-
trial applications (Singh et al. 2016). The production
of enzymes traditionally used in food is considered
safe. However, some of the characteristics exhibited
by its chemical nature and origin, such as the allergic,
toxic nature, activity of microbiological residues, and
the toxic potential of chemicals, are highly regarded.
These properties regarding their nature must be dealt
with in the context of increasing enzyme complexity
and uncertainty in the techniques used in the produc-
tion of food-grade enzymes. To guarantee consumer
health, a regular health assessment of all the enzymes
even the ones produced by genetically modified
microbes is necessary (Deckers et al. 2020). Enzymes
that are widely distributed in nature have been used
in the production of several commodities for instance
cheese, wine, beer, and vinegar as well as in the devel-
opment of products such as leather, indigo, linen, etc.
All these processes were dependent on either enzyme
synthesized by randomly grown microbes or enzymes
existing in additional preparation such as the rumen
of calves or papaya fruit. Consequently, enzymes were
not utilized in any pure or characteristic form. The
discovery of fermentation processes over the later part
of the previous century, explicitly aimed at the pro-
duction of enzymes utilizing selective growth strains
which enabled the production of enzymes as pro-
cessed, well-characterized preparations even on a mas-
sive scale (Muthusamy et al. 2022). Enzymes are the
desirable metabolic catalyst that gives different endog-
enous biochemical reactions through a well-defined
pathway. Enzymes enhance various biological reactions
that are essential in maintaining human life by reduc-
ing the activation energy of the reaction without any
significant alteration. Enzymes, varying from a minute
microorganism to plants and livestock are found in all
naturally occurring species and hence can be exploited
for industrial purposes. Moreover, multiple microbial
enzymes are well-identified catalysts for the synthesis
of several products from a diverse range of substrates
under regulated conditions (Singh et al. 2019). Out
of all the enzymes proteases and amylases are of high
industrial significance. Amylase in total accounts for
30% of the production of industrial enzymes world-
wide (Bamigboye et al. 2022).

Amylases

Carbohydrases also termed glycosidase (glycoside
hydrolases) are a group of enzymes that represents dif-
ferent enzymes involved in the hydrolysis and synthesis
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of carbohydrates (Contesini et al. 2013). Amylases are
comprised of this group along with other enzymes like
xylanases, cellulases, etc. It is one of the main industrially
important groups of the enzyme (de Castro et al. 2018).
The types of amylases are shown in fig. 1.

It finds a wide range of applications as a processing
aid in the food and beverage industries such as in the
preparation of different types of sugar syrups, prebiot-
ics, and isomaltulose and to reduce lactose content in
milk (Contesini et al. 2013). Other than these it is highly
applied in the feed, textile, and pharmaceutical industries
(de Castro et al. 2018). The increasing industrial appli-
cations further demand for carbohydrase in the enzyme
market \(Srivastava & Srivastava 2018). Amylolytic
enzymes like a-amylase and glucoamylase are industri-
ally important enzymes among the different enzymes in
the carbohydrase group. The amylolytic enzymes degrade
the substrates like pullulan, glycogen, starch, and other
complex polysaccharides (Jafari et al. 2022). Most of the
amylolytic enzymes are belonging to glycosidase or gly-
coside hydrolases (GHs) and are classified into individual
GH families and subfamilies based on structural differ-
ences and sequence similarity. These enzymes are classi-
fied as exo-glycohydrolase and endo (glycanohydrolase)
enzymes based on the position of the bond cleavage.
Exo-enzymes (B-amylase, EC 3.2.1.2), break a terminal,
non-reducing-end glycose from a glycan like di-, tri- or
oligosaccharides, and produce glucose, maltose, etc. and
endo enzymes (a-amylases, EC 3.2.1.1) hydrolyze inter-
nal a-1, 4 glycosidic bonds of polysaccharides and give
oligodextrins (de Castro et al. 2018).

Further, these a-1,4 and a-1,6 glycosidic bond hydro-
lyzing enzymes are categorized into three types based
on the types of bond cleavage, such as; the first one that
hydrolyzes only a-1,4 glycosidic bond, e.g. a-amylase
and B-amylase (Fig. 1); the second group comprises the
pullulanase and isoamylases which breaks a-1,6 glyco-
sidic bonds, and the third group of enzymes included
in this category is glucoamylases hydrolyzing both
a-1,4 and a-1,6 glycosidic bonds (de Castro et al. 2018).
Amylases catalyze the hydrolysis of starch molecules
into different products including dextrin, oligosac-
charides, and glucose molecules which are among the
most hydrolytic enzymes of high industrial significance
(Far et al. 2020; Movahedpour et al. 2022). Amylo-
lytic enzymes incorporate a vast range of enzymes and
a-amylases, f-amylases, and glucoamylase are the most
common among them and are known more widely.
Alpha amylases catalyze the a-1,4- glycosidic bond divi-
sion as a result, the molecular weight of the substrate
falls rapidly as well as its viscosity. These enzymes act
on the starch to produce polymers composed of glucose
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‘Classification of Amylase ‘

S

a-amylase

+ Calcium
metalloenzyme

« Cleave long chain
carbohydrates

« Major digestive enzyme
in animals

< Also found in plants,
fungi and bacteria

* They have optimum pH
at 6.5-7.2

B-amylase

Synthesized by bacteria,
fungiand plants
B-amylase catalyze the
hydrolysis of second a-
(1-4) glycosidic bond,
working from the non-
reducing end

Present in seeds in an
inactive form prior to
germination

Optimum pH is 4.0-5.0

y-amylase

It cleaves a- (1-4) and
last a- (1-6) linkages
at non-reducing end
Found in plants and
animals

Optimum pH is 3.0

Fig. 1 Classification of amylase (Saranraj & Stella 2013)

units. B-amylases and glucoamylases are the two most
widespread forms of extractive amylases in starch sac-
charification. They function on glycosidic bonds at
the non-reducing ends of amylose, amylopectin, and
glycogen molecules, providing low molecular weight
carbohydrates in the B-anomeric form. Maltose is the
principal product of B-amylase catalyzed hydrolysis
and glucoamylases produce glucose (Babbar & Oberoi
2001). Amylase is widely used to liquefy starch, and
paper, in the preparation of starch coatings for paints,
removal of wallpaper, brewing industry, and for the
processing of starch sugar syrups consisting of glucose,
maltose, and higher oligosaccharides, in pharmaceutical
industries. A low-cost medium is necessary for the syn-
thesis of amylase to meet the demands of these indus-
tries (Bhatt, Lal, et al. 2020). Over the past few years,
researchers have developed a significant interest in the
potential of using microorganisms to synthesize amyl-
ases. Furthermore, bacterial amylases owing to their
rigid stability conditions enhance the enzymatic activ-
ity for controlled potential variables, easy handling,
high productivity, and cost-effectiveness as well as the
availability to acquire genetic modification providing
enzymes with desirable characteristics that dominate
as bioresources in industries. Amylase has been exam-
ined and characterized in past years from several novel
bacterial strains such as that Bacillus subtilis (Almanaa
et al. 2020), Bacillus thuringiensis (Smitha et al. 2013),
Aeromonas veroni, Stentrophomonas maltophilia (Sen
et al. 2014), and Chryseobacterium sp. (Khusro et al.
2017; Bhatt, Prajapati, et al. 2020). There two main
methods to produce amylase enzymes are Submerged
fermentation (SmF) and Solid-State Fermentation (SSF)

(Far et al. 2020). SmF targets the production of microor-
ganisms in an environment where surplus water is flow-
ing. Batch type or continuous type are the two modes
over which it operates. Soluble substrates are readily
dissolved in the liquid phase whilst the non-soluble sub-
strates get suspended. The reaction conditions are suc-
cessfully handled due to this efficient setup with a lesser
rate of production, potential inhibitory compounds also
possess a great threat to the process, and the process
requires a great amount of energy (Kumar et al. 2021).
Solid-state fermentation is a substitute for submerged
fermentation because it resembles the environment in
which microorganisms naturally exist. SSF is practi-
cally better than SmF regardless of its simplicity, low
capital expenditure, low energy consumption, lower
water output, and less foam (Couto & Sanromén 2006).
The solid substrate in the SSF cycle not only provides
the culture with all the vital nutrients but also protects
the microbial cells. The optimum moisture content of
the substrate is necessary because the water content of
the medium changes during fermentation due to loss
of water and metabolic activity (Zehra et al. 2020). The
best substrates for the solid-state fermentation process
are the agro-industrial residues or by-products (Leite
etal. 2021).

Agro-industrial residues as substrates

Throughout the twenty-first century, the global agricul-
ture and food industries had major problems to address.
Food safety and the adequate disposal of waste materi-
als and by-products stand out among them. Food waste
dominates a rapidly increasing space in the management
of waste plants and disposal sites. Numerous residual
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wastes derived from the food supply chain nowadays
denominate essential resources as well as cause seri-
ous environmental damage. On one side, food waste
has profound socio-economic repercussions for low-
income and third-world countries (Gustavsson et al.
2011). Whereas on the other side, the behavior of cus-
tomers and the extensive use of products or services
allow a large quantity of household waste to be gener-
ated in medium and high-income countries (Usubiaga
et al. 2017). In food industries waste is generated by the
removal of desirable products from unwanted by-prod-
ucts (Kwan et al. 2018). Waste from fruits and vegetables
is the primary cause of environmental degradation (Garg
& Ashfaque 2010). Agro-industrial waste is generated
throughout the industrial processing of agricultural or
livestock products. The main advantages of using these
agro-wastes are that they are organic and cost-effective.
The sources of energy and moisture present in these
wastes provide an ideal basis for microbial growth, and
thereby such wastes can be used as a source of fuel,
energy, or nutrients for the development of a range
of compounds of huge importance (Foyle et al. 2007).
Significant research attempts have been carried out
in recent times to approve waste produced from food
processing to generate bioproducts of substantial qual-
ity. Table 1 shows the major agro-waste usage area and
the components that could be procured for further use.
Renewable conversion of biomass to food waste produc-
ing valuable products not only offers profitable benefits
but in addition reduces environmental and landfill haz-
ards generated by the decomposition of food waste (Bilal
et al. 2018; Hegde et al. 2018). The primary products
that can be manufactured are sugar, glucose, furfural,
protein, and amino acids, secondary metabolites, fats,
lipids, phenols of surfactants, activated carbon, gasoline,
composites of degradable plastics, cosmetics, raisins,
medications, foods, and feeds, biosorbents, biopesti-
cides, fertilizers along with other miscellaneous prod-
ucts (Mtui 2007; Ubalua 2007; Galbe & Zacchi 2007;
Demirbas 2007). Agriculture waste is a starch-based
substrate and provides the requisite carbon and nitrogen
supplies for the metabolism of bacteria. Agro-industrial
wastes or leftovers include a high concentration of nutri-
ents and bioactive substances. As a result of the hetero-
geneity in the content of such wastes, such as minerals,
sugars, and proteins, they should be regarded as “raw
material” rather than “wastes” for other industrial opera-
tions. It can be utilized as solid support in fermentation
processes to produce cost-effective and eco-friendly sub-
strate to manufacture amylase which could be further
used as a source of carbon in the culture medium. Spe-
cific agriculture waste such as millet starch, potato, and
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wheat bran are mostly used to produce amylase (Fig. 2)
(Sajjad & Choudhry 2012).

Fruit processing industry waste

Mangifera Indica

Mangoes are frequently eaten as sweets, although con-
sumption of mango commodities such as canned, frozen,
concentrates, juices, jams, mashed, dehydrated prod-
ucts, and minimally processed mangoes has increased
recently. Byproducts from mango fruit processing
include peels (13-16%) and seeds (9.5-25%) in substan-
tial amounts. Mango seed kernels have a starch yield of
20% and possess properties resembling those of com-
mercial starch (tapioca). The mango seed has a high con-
centration of oleic and stearic acids and is a vital source
of carbohydrates (58—80%), protein (6—13%), and lipids
(6-16%) (Torres-Le6n et al. 2016; Torres-Ledn et al.
2017; Torres-Leon et al. 2018). Kumar et al. (2012) pro-
duced amylase from the kernel of mango using Fusarium
species. Similarly, the mango kernel has been used by
Rizk et al. (2019) to produce amylase by using Aspergil-
lus niger.

Ananas comosus

Pineapple is mainly known for its sweet and sour flavour,
and contains vitamins A, B, and C, minerals, and anti-
oxidants. It also contains bromelain, one of the impor-
tant enzymes in food processing. During the processing
of pineapples, many by-products are generated mainly
consisting of peel and pomace which are rich in dietary
fiber. Pineapple stem is an agricultural waste that is rich
in starch. Its starch is unique compared to corn, rice, and
cassava starch. It has the highest concentration of amyl-
ose, which leads to the highest pasting temperature, gelat-
inization enthalpy, and gelatinization temperature as well
as the lowest paste consistency when cooking normally
(Nakthong et al. 20174, b). Cyprian et al. (2017) used pine-
apple waste to produce amylase by Aspergillus niger.

Banana

Due to their nutritive value, affordability, and digestion,
bananas are among the most consumed fruits in the
world. With over 100,000 ha of farmed land, it is the most
popular fruit in South Asia. As a result, the home and
food industries generate thousands of tonnes of banana
peel waste that is not properly exploited. BP is rich in
lignin (6-12%), pectin (10-21%), cellulose (7-10%), and
hemicelluloses (6—9.4%%), hence has been used as s sub-
strate to produce various enzymes (HappiEmaga et al.
2008). Alpha-amylase by Bacillus subtilis and Penicillium
species is one of the studies that have been designed to
accomplish industrially important enzymes using BP
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Various type of agro industrial wastes
used for the production of amylase

Food and Beverage industry

ﬁ Bio- fule production \
% m Textile industry ‘s

Micro-organisms use
for bioprocessing
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Bioprocessing using agro
industrial waste

w Detergentindustry <
@ Paper and pulp industry

=y

Fig. 2 Amylase bioprocessing and its applications

(Akkarachaneeyakorn et al. 2018). Similarly, Sulong et al.
(2022) used BP to produce microbial amylase by bacterial
isolate.

Grapes

Both fresh and processed grape products, includ-
ing wines, jams, juices, jellies, grape seed extract, dried
grapes, vinegar, and grape seed oil, are consumed by
humans. 51,801.0 tons of waste, or 45.53% of total pro-
duction, are produced. Grape by-products include
the seeds and pomace that remain after the juice has
been extracted. Grape waste including seeds has been
attempted by various authors to produce enzymes such
as Laccase, p-glucosidase, endoglucanase, and other cel-
lulosic enzymes (Diaz et al. 2012; Levin et al. 2012). Iram
et al. (2021) used grape peel to produce amylase by using
Bacillus licheniformis.

Pomegranate

Pomegranate fruit consumption has surged recently
due to its exceptional health benefits and the produc-
tion of large amounts of byproducts that are gener-
ally discarded or used improperly (Gullén et al. 2020).
These by-products and residues are rich sources of

« ‘)~ Pharmaceutical industry /

biomolecules and serve as carbon and nitrogen sources
for microorganisms. Recently, pomegranate peel waste
has been used to produce amylase by Aspergillus ter-
reus (Ahmed et al. 2020).

Cereal waste

One of the most important sustainable development
techniques that can aid in utilizing waste to create new
commodities is the circular economy. Cereal food waste
and leftovers are a substantial worldwide resource that
may be used as a substrate for solid-state fermentation,
an eco-friendly method of producing enzymes (SSF) (Tei-
giserova et al. 2021). Out of all the waste types, cereal
waste ranks in the second position and is utilized for
enzyme production. These wastes are also referred to as
agro-industrial waste or agricultural residues (Sadh et al.
2018). It includes wastes from wheat, rice, maize, oat,
millet, barley, rye, and sorghum. In terms of lignocellu-
losic biomass, cereal waste is ideally suited as a cheap car-
bon source for solid-state fermentation. According to the
hierarchy of food waste that has recently been modified
(Sanchez et al. 2020), material recycling of unavoidable
inedible waste takes precedence over energy and nutrient
recovery. A recent report from the Knowledge Center for
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Bioeconomy of the European Commission lists enzymes
as one of the principal products from cereal waste, along
with acid and polysaccharides. Enzymes are regarded as
high-value compounds (90-2479 USD/kg) (Teigiserova
et al. 2019). These are used to breakdown the cell com-
ponents to increase the availability of desired compounds
such as the enzymatic hydrolysis in the manufacture of
biofuel, enzyme-assisted extraction of polyphenolics, col-
ourants, and other substances (Boluda-Aguilar & Lépez-
Gomez 2013; Strati & Oreopoulou 2014; Gharib-Bibalan
2018).

Wheat bran

It is the byproduct of the wheat processing industry.
Wheat bran is a portion of the outer pericarp layer that
is left behind after milling. Wheat bran has several bioac-
tive and volatile chemicals with health advantages, along
with being high in minerals, fiber, and vitamin B (Apprich
et al. 2013; Curti et al. 2013). It also contains soluble and
insoluble fiber and complex polysaccharides including
cellulose, hemicellulose, and pentosan (Andersson et al.
2014). In SSF wheat bran has been used as a substrate to
produce amylase by using Bacillus species (EI-Shishtawy
et al. 2014). Similarly, Almanaa et al. (2020) used wheat
bran as the substrate to produce hydrolytic enzymes by
using Bacillus subtilis.

Rice bran

When paddy rice is milled to obtain polished rice, rice
bran, a solid byproduct of agriculture, is produced
(Moongngarm et al. 2012). Rice bran contains many
nutrients such as carbohydrates (34—-62%), lipids (20%),
protein (11-15%), crude fiber (7-11%), and ash (7—10%)
(Alauddina et al. 2017). Rice bran has been successfully
used by Singh et al. (2012) to produce amylase. Similarly,
Paul et al. (2020) used rice bran residue from agricultural
waste to get a high production of amylase by Bacillus teq-
uilensis TB5.

Sugarcane bagasse

The main by-products of the sugar and ethanol indus-
tries are sugarcane bagasse and straw, which can be
valuable sources of sugar for use in biotechnological
processes to produce high-value goods (de Albuquerque
Wanderley et al. 2013). A by-product of the sugarcane
industry called sugarcane bagasse (SCB) is a substan-
tial source of cellulose (45%), hemicellulose (32%), and
lignin (17%) with little ash. Because it is often burned
outside or disposed of incorrectly, creating environmen-
tal contamination, the huge amounts that sugar facto-
ries produce offer a significant environmental concern.
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It serves as a substrate for the synthesis of microbial
enzymes and biofuels since it is a rich supply of fer-
mentable sugars (Yadav et al. 2020). Rajagopalan and
Krishnan (2008) used sugarcane bagasse extract to pro-
duce amylase by Bacillus species while sugarcane press
mud has been used by Rajesh et al. (2020). Diaz et al.
(2020) produced a cocktail of enzymes by Aspergillus
niger by using sugarcane bagasse and cassava bagasse as
a substrate. Table 2 summarizes the potential usage of
several agricultural industrial residues or by-products in
the production of the enzyme amylase.

Other industrial attributes

Laundry, dishwashing, textiles, and other sectors are
now using enzyme-based detergents. The amylase in
the detergent primarily transforms leftovers of starchy
foods like potatoes, oatmeal, gravies, chocolate, cus-
tard, and others into dextrins (Fig. 2). Starch is the
most commonly used sizing agent due to its simplicity
of availability, low cost, and ease of removal. Amylase
holds huge benefits in the paper and pulp industry to
modify the starch-coated paper. Starch is the most pop-
ular substrate for the production of bioethanol since it
is widely accessible and reasonably priced (Balakrishnan
et al. 2019).

Amylases are used in the textile industry to help in the
design process. Desizing is the removal of starch from
fabric, which acts as a strengthening agent to keep the
warp thread from breaking during the weaving process.
Amylases remove the size of the fibers but do not affect
the fibers themselves (Souza & Magalhies 2010).

Amylases are used in a variety of food processing
industries, including brewing and baking, as well as the
manufacture of fruit juices and starch syrups. Bread
toughness is reduced when low molecular weight dex-
trins are present. B. stearothermophilus, o-amylase
has been used as an anti-staling agent in the baking
industry (Patil et al. 2021). Amylolytic enzymes convert
starch from low-cost resources into the sugar syrup.
Chocolate syrup is made by dextrinizing chocolate
starch in cocoa slurries using amylases, resulting in a
thin syrup (Balakrishnan et al. 2019).

Conclusion

Food processing industries produce a large amount of
waste in the form of peels, seeds, straws, stalks, etc. Due
to the lack of commercial usage of such waste, they are
ultimately dumped leading to environmental pollution.
Hence, there is an urgent need to change the percep-
tion of the utilization of agro-waste residues as they can
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Table 2 Potential usage of Agricultural industrial residues in the production of amylase

Agro-waste

Organism

References

Babassu cake

Banana peel

Banana waste

Beetroot peel Powder
Biomass of Cynara cardunculus
Cassava bagasse

Cassava waste

Coconut oil cake

Corn bran

Corn cob

Cotton seed cake
Cow dung

Goat dung

Ground nut oil cake
Groundnut shell and cassava waste
Moong husk
Kitchen waste

Palm kernel Oil cake
Potato peel

Rice flake waste
Rice bran

Rice flour

Sal deoiled cake
Soyabean husk

Spent brewing grain
Brewery waste

Sugar beet molasses
Sunflower oil cake
Sweet Sorghum Bagasse
Wheat bran

Wheat straw

Yam peel
Pomegranate peel
White bread waste
Food waste
Wheat Bran

Aspergillus awamori
Bacillus subtilis

Rhizopus stolonifer, Bacillus subtilis
Monascus sanguineus
Anoxybacillus amylolyticus
Bacillus sp.

Aspergillus niger
Aspergillus oryzae
Aspergillus niger

Bacillus subtilis

Aspergillus niger
Thermomucorindicae seudaticae
Bacillus cereus
Glutamicibacter arilaitensis
Aspergillus oryzae

Bacillus sp.

Bacillus velezensis

Bacillus amyloliquefaciens
Aspergillus oryzae
Anoxybacillus rupiensis
Aspergillus sp.

Bacillus sp.

Bacillus subtilis

Aspergillus flavus
Aspergillus oryzae

A. oryzae
Bacillus subtilis

Paenibacillus chitinolyticus
Bacillus licheniformis
Nesterenkonia sp.

Bacillus lichenformis,
Bacillus amyloliquefaciens
Bacillus subtilis
Aspergillus oryzae

Bacillus sp.

Aspergillus niger

Aspergillus terrus

Rhizopus oryzae

Bacillus licheniformis, Bacillus subtilis
Aspergillus sp.

de Castroetal. 2010

Almanaa et al. 2020

Unakal et al. 2012

Tallapragada et al. 2017

Finore et al. 2014

Gois et al. 2020

Kamaraj & Subramaniam 2020

Ramachandran, Patel, Nampoothiri, Chandran et al. 2004
Sheela et al. 2021

Pranay et al. 2019

Aliyah et al. 2017

Kumar & Satyanarayana 2003

Vijayaraghavan et al. 2015

Aarti etal. 2017

Ramachandran, Patel, Nampoothiri, Francis et al. 2004
Selvam et al. 2016

Bhatt, Lal, et al. 2020

Bhatt, Prajapati, et al. 2020

Ramachandran, Patel, Nampoothiri, Chandran et al. 2004
Tuysuz et al. 2020

Mukherjee et al. 2009

Anto et al. 2006

Pranay et al. 2009

Dash etal. 2015

Melnichuk et al. 2020

Francis et al. 2003; Sahnoun et al. 2015

Blanco et al. 2016
Mihajlovski et al. 2016
Ashraf et al. 2003

Lolasi et al. 2018; Kannan & Kanagaraj 2019; Mojumdar &
Deka 2019; Almanaa et al. 2020

Fadel et al. 2020
Qureshi et al. 2016
Ahmed et al. 2020
Ahmed et al. 2020
Msarah et al. 2020
Naik et al. 2019

be effectively used as sources of carbon and nitrogen
to produce the enzyme amylase which in turn helps in
the bioconversion of waste products into commercially
important products. The utilization of such raw materials
can assist to lower production costs while also contribut-
ing to trash recycling and making the environment more

eco-friendly.

For diverse biotechnological and bio-anatomy-related
applications, starch-based amylases and nano-structured
metal-oxide-based amylase sensors should be created
with high sensitivity, rapid reaction time, and stability/
shelf-life. Food, pharmaceutics, and starch-based sectors
will be the main targets for these biocatalysts and bio-

sensors in the future.



Naik et al. Food Production, Processing and Nutrition (2023) 5:30

Acknowledgments
Not applicable.

Authors’ contributions

Conceptualization, VK, and BN,; validation, VK, Vivek K, BN, RS, MC and AKG, SR,
SG.; formal analysis, VK, BN, Vivek K, MC, RS writing—original draft preparation,
VK, BN, writing—review and editing, VK, BN, Vivek K, AKG, SR, SG, RS, supervi-
sion, BN, VK; project administration, BN, VK. The author(s) read and approved
the final manuscript.

Funding
None.

Availability of data and materials
The datasets used and analyzed during the present study are available from
the corresponding author upon reasonable request.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
None.

Author details

'Department of Food Science and Technology, Graphic Era (Deemed to be
University), Dehradun, Uttarakhand 248002, India. Himalayan School

of Biosciences, Swami Rama Himalayan University, Jolly Grant, Dehradun, Utta-
rakhand 248140, India. *Department of Microbiology, Graphic Era (Deemed

to be University), 248002 Dehradun, India. “Department of Food Technology,
UCALS, Uttaranchal University, Dehradun, Uttarakhand, India.

Received: 2 October 2022 Accepted: 14 February 2023
Published online: 03 May 2023

References

Aarti, C, Khusro, A, & Agastian, P. (2017). Goat dung as a feedstock for
hyper-production of amylase from Glutamicibacter arilaitensis strain
ALA4. Bioresources and Bioprocessing, 4(1), 43. https://doi.org/10.1186/
540643-017-0174-4.

Abd El-ghfar, M. A, Ibrahim, H. M., Hassan, I. M., Abdel Fattah, A. A, &
Mahmoud, M. H. (2016). Peels of lemon and orange as value-added
ingredients: Chemical and antioxidant properties. International Journal
of Current Microbiology and Applied Sciences, 5, 777-794.

Aboul-Enein, A. M., Salama, Z. A, Gaafar, A. A, Aly, H. F, Abou-Elella, F, &
Ahmed, H. A. (2016). Identification of phenolic compounds from
banana peel (Musa paradaisica L.) as antioxidant and antimicrobial
agents. Journal of Chemical and Pharmaceutical Research, 8(4), 46-55.

Ahmed, N. E, El Shamy, A. R, & Awad, H. M. (2020). Optimization and immobi-
lization of amylase produced by aspergillus terreus using pomegran-
ate peel waste. Bulletin of the National Research Centre, 44, 109 (2020).
https://doi.org/10.1186/542269-020-00363-3.

Akkarachaneeyakorn, S., Suwakrai, A, & Pewngam, D. (2018). Optimization of
reducing sugar production from enzymatic hydrolysis of banana peels
using response surface methodology. Songklanakarin Journal of Science
and Technology, 40(1), 1-8.

Alauddina, M., Islama, J,, Shirakawaa, H., Kosekib, T,, & Ardiansyahc, K. M. (2017).
An overview of the conversion of Rice bran into a superfood/functional
food. In V. Waisundara, & N. Shiomi (Eds.), Superfood and Functional Food
- An Overview of Their Processing and Utilization Intech Open. https://doi.
0rg/10.5772/66298.

Aliyah, A, Alamsyah, G, Ramadhani, R, & Hermansyah, H. (2017). Production
of a-amylase and B-glucosidase from aspergillus Niger by solid state
fermentation method on biomass waste substrates from rice husk,

Page 9 of 12

bagasse and corn cob. Energy Procedia, 136, 418-423. https://doi.org/10.
1016/j.eqypro.2017.10.269.

Almanaa, T. N,, Vijayaraghavan, P, Alharbi, N. S, Kadaikunnan, S., Khaled, J. M.,

& Alyahya, S. A. (2020). Solid state fermentation of amylase production
from Bacillus subtilis D19 using agro-residues. Journal of King Saud
University-Science, 32(2), 1555-1561.

Andersson, A. A. M., Dimberg, L, Aman, P, & Landberg, D. (2014). Recent find-
ings on certain bioactive components in whole grain wheat and rye.
Journal of Cereal Science, 59(3), 294-311.

Anto, H., Trivedi, U. B, & Patel, K. C. (2006). Glucoamylase production by solid-
state fermentation using rice flake manufacturing waste products as
substrate. Bioresource Technology, 97(10), 1161-1166. https://doi.org/10.
1016/j.biortech.2005.05.007.

Antoni¢, B, Jancikova, S., Dordevi¢, D, & Tremlova, B. (2020). Grape pomace
valorization: A systematic review and meta-analysis. Foods, 9(11), 1627.

Apprich, S, Tirpanalan, O, Hell, J, Reisinger, M., Bshmdorfer, S., Siebenhandl-
Ehn, S, ... Kneifel, W. (2013). Wheat bran-based biorefinery 2: Valorisa-
tion of products. LWT-Food Science and Technology, 56(2), 222-223.

Ashraf, H,, Igbal, J, & Qadeer, M. A. (2003). Production of alpha amylase by
Bacillus licheniformis using an economical medium. Bioresource Tech-
nology, 87(1), 57-61. https://doi.org/10.1016/50960-8524(02)00198-0.

Babbar, N., & Oberoi, H. S. (2001). Enzymes in value-addition of agricultural and
agro-industrial residues. In S. K. Brar, & M. Verma (Eds.), Enzymes in value-
addition of wastes, (pp. 29-50). Nova publisher.

Balakrishnan, D., Kumar, S. S., & Sugathan, S. (2019). Amylases for food applica-
tions—Updated information. In Green Bio-processes, (pp. 199-227).
Singapore: Springer.

Bamigboye, C. O,, Okonji, R. E,, Oluremi, . O,, & James, V. (2022). Stain removing,
juice-clarifying, and starch-liquefying potentials of amylase from Pleuro-
tus tuberregium in submerged fermentation system. Journal of Genetic
Engineering and Biotechnology, 20(1), 1-10. https://doi.org/10.1186/
$43141-022-00298-4.

Barreira, J. C,, Arraibi, A. A, & Ferreira, I. C. (2019). Bioactive and functional com-
pounds in apple pomace from juice and cider manufacturing: Potential
use in dermal formulations. Trends in Food Science and Technology, 90,
76-87.

Benabda, O, M'hir, S., Kasmi, M., Mnif, W,, & Hamdi, M. (2019). Optimization
of protease and amylase production by Rhizopus oryzae cultivated
on bread waste using solid-state fermentation. Journal of Chemistry.
https://doi.org/10.1155/2019/3738181.

Bhatt, B., Prajapati, V., Patel, K, & Trivedi, U. (2020). Kitchen waste for economical
amylase production using Bacillus amyloliquefaciens KCP2. Biocatalysis
and Agricultural Biotechnology, 26, 101654. https://doi.org/10.1016/].
bcab.2020.101654.

Bhatt, K, Lal, S., Srinivasan, R, & Joshi, B. (2020). Bioconversion of agriculture
wastes to produce a-amylase from Bacillus velezensis KB 2216: Purifica-
tion and characterization. Biocatalysis and Agricultural Biotechnology, 28,
101703. https://doi.org/10.1016/j.bcab.2020.101703.

Bilal, M., Rasheed, T, Zhao, Y, Igbal, H. M., & Cui, J. 2018). Smart chemistry
and its application in peroxidase immobilization using different sup-
port materials. International Journal of Biological Macromolecules, 119,
278-290. https://doi.org/10.1016/j.ijbiomac.2018.07.134.

Blanco, A. S, Durive, O. P, Pérez, S. B, Montes, Z. D., & Guerra, N. P. (2016).
Simultaneous production of amylases and proteases by Bacillus subtilis
in brewery wastes. Brazilian Journal of Microbiology, 47(3), 665-674.
https://doi.org/10.1016/j.bjm.2016.04.019.

Bodie, A. R, Micciche, A. C, Atunguly, G. G, Rothrock Jr, M. J, &Ricke, S. C.
(2019). Current trends of Rice milling byproducts for agricultural appli-
cations and alternative food production systems. Frontiers in Sustainable
Food Systems, 3,47. https://doi.org/10.3389/fsufs.2019.00047.

Boluda-Aguilar, M., & Lopez-Gémez, A. (2013). Production of bioethanol by
fermentation of lemon (Citrus Limon L.) peel wastes pretreated with
steam explosion. Industrial Crop Production, 41, 188-197. https://doi.
org/10.1016/JINDCROP2012.04.031.

Contesini, F. J,, de Alencar Figueira, J., Kawaguti, H. Y, de Barros Fernandes, P. C,,
de Oliveira Carvalho, P, Nascimento, M. D. G,, & Sato, H. H. (2013). Poten-
tial applications of carbohydrases immobilization in the food industry.
International Journal of Molecular Sciences, 14(1), 1335-1369

Couto, S. R, & Sanromén, M. A. (2006). Application of solid-state fermentation
to food industry—A review. Journal of Food Engineering, 76(3), 291-302.
https://doi.org/10.1016/jjfoodeng.2005.05.022.


https://doi.org/10.1186/s40643-017-0174-4
https://doi.org/10.1186/s40643-017-0174-4
https://doi.org/10.1186/s42269-020-00363-3
https://doi.org/10.5772/66298
https://doi.org/10.5772/66298
https://doi.org/10.1016/j.egypro.2017.10.269
https://doi.org/10.1016/j.egypro.2017.10.269
https://doi.org/10.1016/j.biortech.2005.05.007
https://doi.org/10.1016/j.biortech.2005.05.007
https://doi.org/10.1016/s0960-8524(02)00198-0
https://doi.org/10.1186/s43141-022-00298-4
https://doi.org/10.1186/s43141-022-00298-4
https://doi.org/10.1155/2019/3738181
https://doi.org/10.1016/j.bcab.2020.101654
https://doi.org/10.1016/j.bcab.2020.101654
https://doi.org/10.1016/j.bcab.2020.101703
https://doi.org/10.1016/j.ijbiomac.2018.07.134
https://doi.org/10.1016/j.bjm.2016.04.019
https://doi.org/10.3389/fsufs.2019.00047
https://doi.org/10.1016/J.INDCROP.2012.04.031
https://doi.org/10.1016/J.INDCROP.2012.04.031
https://doi.org/10.1016/j.jfoodeng.2005.05.022

Naik et al. Food Production, Processing and Nutrition (2023) 5:30

Curti, E,, Carini, E.,, Bonacini, G, Tribuzio, G., & Vittadini, E. (2013). Effect of the
addition of bran fractions on bread properties. Journal of Cereal Science,
57(3),325-332.

Cyprian, E. O, Henrietta, O. O,, Eguakun-Owie, S. O, & Omonigho, S. E. (2017).
Fruit wastes as substrate for the production of amylase by aspergillus
Niger. Tropical Journal of Natural Products and Resources, 1(4), 182-185.

Das, H., & Singh, S. K. (2004). Useful byproducts from cellulosic wastes of
agriculture and food industry—A critical appraisal. Critical Reviews in
Food Science and Nutrition, 44(2), 77-89. https://doi.org/10.1080/10408
690490424630.

Das, R, & Kayastha, A. M. (2019). 3-Amylase: General properties, mechanism
and panorama of applications by immobilization on nano-structures. In
Biocatalysis, (pp. 17-38). Cham: Springer.

Dash, B. K., Rahman, M. M., & Sarker, P. K. (2015). Molecular identification of a
newly isolated Bacillus subtilis BI19 and optimization of production
conditions for enhanced production of extracellular amylase. BioMed
Research International. https://doi.org/10.1155/2015/859805.

de Albuquerque Wanderley, M. C,, Martin, C, de Moraes Rocha, G. J., & Gouveia,
E.R.(2013). Increase in ethanol production from sugarcane bagasse
based on combined pretreatments and fed-batch enzymatic hydrolysis.
Bioresource Technology, 128, 448-453.

de Castro, A. M., de Andréa, T. V., dos Reis Castilho, L., & Freire, D. M. G. (2010).
Use of mesophilic fungal amylases produced by solid-state fermen-
tation in the cold hydrolysis of raw babassu cake starch. Applied
Biochemistry and Biotechnology, 162(6), 1612-1625. https://doi.org/10.
1007/512010-010-8942-7.

de Castro, A. M., dos Santos, A. F, Kachrimanidou, V., Koutinas, A. A, & Freire,

D. M. (2018). Solid-state fermentation for the production of proteases

and amylases and their application in nutrient medium production. In
Current developments in biotechnology and bioengineering. Elsevier.
185-210.

Deckers, M., Deforce, D, Fraiture, M. A, & Roosens, N. (2020). Genetically
modified Micro-organisms for industrial food enzyme production: An
overview. Foods (Basel, Switzerland), 9(3), 326. https://doi.org/10.3390/
foods9030326.

Demirbas, A. (2007). Products from lignocellulosic materials via degradation
processes. Energy Sources, Part A: Recovery, Utilization, and Environmental
Effects, 30(1), 27-37. https://doi.org/10.1080/00908310600626705.

Devendra, K, Yaday, K. K., Muthukumar, M., & Neelima, G. (2013). Production
and characterization of a-amylase from mango kernel by fusarium
solani NAIMCC-F-02956 using submerged fermentation. Journal of
Environmental Biology, 34(6), 1053-1058.

Diaz, A. B, De-Ory, I, Caro, I, & Blandino, A. (2012). Enhance hydrolytic enzymes
production by aspergillus awamori on supplemented grape pomace.
Food and Bioproducts Processing, 90, 72-78.

Diaz, G.V,, Coniglio, R. O, Alvarenga, A. E,, Zapata, P. D, Villalba, L. L., & Fonseca,
M. 1. (2020). Secretomic analysis of cheap enzymatic cocktails of
aspergillus Niger LBM 134 grown on cassava bagasse and sugarcane
bagasse. Mycologia, 112(4), 663-676.

El-Shishtawy, R. M., Mohamed, S. A, Asiri, A. M., et al. (2014). Solid fermentation
of wheat bran for hydrolytic enzymes production and saccharification
content by a local isolate Bacillus megatherium. BMC Biotechnology, 14,
29. https//doi.org/10.1186/1472-6750-14-29.

Fadel, M., AbdEl-Halim, S, Sharada, H., Yehia, A., & Ammar, M. (2020). Production
of Glucoamylase, a-amylase and Cellulase by aspergillus oryzae F-923 cul-
tivated on wheat bran under solid state fermentation. Journal of Advances
in Biology & Biotechnology, 23(4), 8-22. https://doi.org/10.9734/jabb/2020/
v23i430149.

Far, B. E, Ahmadi, Y, Khosroshahi, A. Y, & Dilmaghani, A. (2020). Microbial alpha-
amylase production: Progress, challenges and perspectives. Advanced
Pharmaceutical Bulletin, 10(3), 350.

Finore, I, Di Donato, P, Poli, A, Kirdar, B., Kasavi, C,, Toksoy, E. O, et al. (2014).
Use of agro waste biomass for a-amylase production by Anoxybacil-
lus amylolyticus: Purification and properties. Journal of Microbial and
Biochemical Technology, 6, 320-326. https://doi.org/10.4172/1948-5948.
1000162.

Foyle, T, Jennings, L., & Mulcahy, P. (2007). Compositional analysis of lignocel-
lulosic materials: Evaluation of methods used for sugar analysis of waste
paper and straw. Bioresource Technology, 98(16), 3026-3036.

Francis, F, Sabu, A, Nampoothiri, K. M., Ramachandran, S., Ghosh, S., Szakacs,
G., & Pandey, A. (2003). Use of response surface methodology for

Page 10 of 12

optimizing process parameters for the production of a-amylase by
aspergillus oryzae. Biochemical Engineering Journal, 15(2), 107-115.
https://doi.org/10.1016/51369-703X(02)00192-4.

Galbe, M., & Zacchi, G. (2007). Pretreatment of lignocellulosic materials for effi-
cient bioethanol production. In Biofuels, (pp.41-65). Berlin: Springer.

Garg, N, & Ashfaque, M. (2010). Mango peel as substate for production of
extracellular polygalacturonase from aspergillus fumigatus. Indian
Journal of Horticulture, 67, 140-143.

Gharib-Bibalan, S. (2018). High value-added products recovery from sugar
processing by-products and residuals by green technologies: Opportu-
nities, challenges, and prospects. Food Engineering Reviews. https://doi.
0rg/10.1007/512393-018-9174-1.

Gois, I. M., Santos, A. M., & Silva, C. F. (2020). Amylase from Bacillus sp. produced
by solid state fermentation using cassava bagasse as starch source.
Brazilian Archives of Biology and Technology, 63, €20170521. https://doi.
0rg/10.1590/1678-4324-2020170521.

Gullon, P, Astray, G, Gullén, B, Tomasevic, I, & Lorenzo, J. M. (2020). Pomegran-
ate Peel as suitable source of high-added value bioactives: Tailored
functionalized meat products. Molecules., 25(12), 2859. https://doi.org/
10.3390/molecules25122859.

Gustavsson, J., Cederberg, C, Sonesson, U., Van Otterdijk, R, & Meybeck, A.
(2011). Global Food Losses and Food Waste: Extent, Causes and Prevention.
Rome: Food and Agriculture Organization of The United Nations (FAO).

HappiEmaga, T, Robert, C,, Ronkart, S. N., Wathelet, B, & Paquot, M. (2008).
Dietary fibre components and pectin chemical features of peels during
ripening in banana and plantain varieties. Bioresource Technology.,
99(10), 4346-4354. https://doi.org/10.1016/j.biortech.2007.08.030.

Hegde, S, Lodge, J. S, & Trabold, T. A. (2018). Characteristics of food processing
wastes and their use in sustainable alcohol production. Renewable and
Sustainable Energy Reviews, 81, 510-523.

Iram, N., Shakir, H. A, Irfan, M., Khan, M., Ali, S, Anwar, A, ... Qazi, J. 1. (2021).
Statistical optimization of amylase production using grape fruit peels in
submerged fermentation. Acta Scientiarum. Technology, 43, e50538.

Jafari, F, Kiani-Ghaleh, F, Eftekhari, S., Razzaghshoar Razlighi, M., Nazari, N.,
Hajirajabi, M., & Sharafieh, G. (2022). Cloning, overexpression, and struc-
tural characterization of a novel archaeal thermostable neopullulanase
from Desulfurococcus mucosus DSM 2162. Preparative Biochemistry &
Biotechnology, 1-12.

Javed, A, Ahmad, A, Tahir, A, Shabbir, U, Nouman, M., & Hameed, A. (2019).
Potato peel waste-its nutraceutical, industrial and biotechnological
applications. AIMS Agriculture and Food, 4(3), 807-823.

Kamaraj, M., & Subramaniam, D. (2020). Amylase production by aspergillus
Niger in submerged cultivation using cassava. Journal of Applied Biology
and Biotechnology, 8(6), 82-87. https://doi.org/10.7324/JABB.2020.
80613.

Kannan, T. R, & Kanagaraj, C. (2019). Molecular characteristic of a-AMYLASE
enzymes producing from Bacillus lichenformis (JQ946317) using
solid-state fermentation. Biocatalysis and Agricultural Biotechnology, 20,
101240 (2019).

Katileviciute, A, Plakys, G., Budreviciute, A, Onder, K,, Damiati, S., & Kodzius, R.
(2019). A sight to wheat bran: High value-added products. Biomolecules,
9(12), 887.

Khusro, A, Barathikannan,K, Aarti, C, &Agastian, P. (2017). Optimization of
thermo-alkali stable amylase production and biomass yield from Bacil-
lus sp. under submerged cultivation. Fermentation, 3(1): 7 doi: https://
doi.org/10.3390/fermentation3010007

Kirk, O, Borchert, T. V, & Fuglsang, C. C. (2002). Industrial enzyme applications.
Current Opinion in Biotechnology, 13(4), 345-351. https://doi.org/10.
1016/50958-1669(02)00328-2.

Kumar, D, Yadav, K. K., Muthukumar, M., & Garg, N. (2012). Production and
characterization of [alphal-amylase from mango kernel by Fusarium
solani NAIMCC-F-02956 using submerged fermentation. Journal of
Environmental Biology, 34(6), 1053.

Kumar, S., & Satyanarayana, T. (2003). Purification and kinetics of a raw starch-
hydrolyzing, thermostable, and neutral glucoamylase of the thermo-
philic mold Thermomucor indicae-seudaticae. Biotechnology Progress,
19(3), 936-944.

Kumar, V., Ahluwalia, V., Saran, S., Kumar, J,, Patel, A. K, & Singhania, R. R. (2021).
Recent developments on solid-state fermentation for production of
microbial secondary metabolites: Challenges and solutions. Bioresource
Technology, 323, 124566.


https://doi.org/10.1080/10408690490424630
https://doi.org/10.1080/10408690490424630
https://doi.org/10.1155/2015/859805
https://doi.org/10.1007/s12010-010-8942-z
https://doi.org/10.1007/s12010-010-8942-z
https://doi.org/10.3390/foods9030326
https://doi.org/10.3390/foods9030326
https://doi.org/10.1080/00908310600626705
https://doi.org/10.1186/1472-6750-14-29
https://doi.org/10.9734/jabb/2020/v23i430149
https://doi.org/10.9734/jabb/2020/v23i430149
https://doi.org/10.4172/1948-5948.1000162
https://doi.org/10.4172/1948-5948.1000162
https://doi.org/10.1016/S1369-703X(02)00192-4
https://doi.org/10.1007/s12393-018-9174-1
https://doi.org/10.1007/s12393-018-9174-1
https://doi.org/10.1590/1678-4324-2020170521
https://doi.org/10.1590/1678-4324-2020170521
https://doi.org/10.3390/molecules25122859
https://doi.org/10.3390/molecules25122859
https://doi.org/10.1016/j.biortech.2007.08.030
https://doi.org/10.7324/JABB.2020.80613
https://doi.org/10.7324/JABB.2020.80613
https://doi.org/10.3390/fermentation3010007
https://doi.org/10.3390/fermentation3010007
https://doi.org/10.1016/s0958-1669(02)00328-2
https://doi.org/10.1016/s0958-1669(02)00328-2

Naik et al. Food Production, Processing and Nutrition (2023) 5:30

Kwan, T.H., Ong, K. L, Haque, M. A, Kwan, W. H., Kulkarni, S., & Lin, C. S. K.
(2018). Valorisation of food and beverage waste via saccharification for
sugars recovery. Bioresource Technology, 255, 67-75.

Leite, P, Belo, I, & Salgado, J. M. (2021). Co-management of agro-industrial
wastes by solid-state fermentation for the production of bioactive
compounds. Industrial Crops and Products, 172, 113990.

Levin, L, Diorio, L., Grassi, E., & Forchiassin, F. (2012). Grape stalks as substrate
for white rot fungi, lignocellulolytic enzyme production and dye decol-
orization. Revista Argentina de Microbiologia, 44(2), 0325-7541.

Lolasi, F, Amiri, H., Asadollahi, M. A, & Karimi, K. (2018). Using sweet sorghum
bagasse for production of amylases required for its grain hydrolysis via a
biorefinery platform. Industrial Crops and Products, 125,473-481.

Mahmood, S., Shahid, M. G,, Irfan, M., Nadeem, M., & Syed, Q. (2018). Partial
characterization of a-amylase produced from aspergillus Niger using
potato peel as substrate. Punjab University Journal of Zoology, 33(1),
2-27. https://doi.org/10.17582/pujz/2018.33.1.22.27.

Mamma, D., & Christakopoulos, P. (2014). Biotransformation of citrus by-
products into value added products. Waste and Biomass Valorization,
5(4), 529-549.

Melnichuk, N., Braia, M. J.,, Anselmi, P. A, Meini, M. R,, & Romanini, D. (2020).
Valorization of two agro-industrial wastes to produce alpha-amylase
enzyme from aspergillus oryzae by solid-state fermentation. Waste
Management, 106, 155-161.

Mihajlovski, K. R, Radovanovi¢, N. R, Veljovi¢, B. N, Siler-Marinkovi¢, S. S., &
Dimitrijevi¢-Brankovi¢, S. I. (2016). Improved 3-amylase production on
molasses and sugar beet pulp by a novel strain Paenibacillus chitinolyti-
cus CKS1. Industrial Crops and Products, 80, 115-122.

Mojumdar, A, & Deka, J. (2019). Recycling agro-industrial waste to produce
amylase and characterizing amylase—-gold nanoparticle composite.
International Journal of Recycling Organic Waste and Agriculture, 8,
263-269. https://doi.org/10.1007/540093-019-00298-4.

Moongngarm, A, Daomukda, N., & Khumpika, S. (2012). Chemical composi-
tions, phytochemicals, and antioxidant capacity of rice bran, rice bran
layer, and rice germ. APCBEE Procedia, 2, 73-79.

Movahedpour, A, Asadi, M., Khatami, S. H., Taheri-Anganeh, M., Adelipour, M.,
Shabaninejad, Z,, ... Mousavi, P. (2022). A brief overview on the applica-
tion and sources of a-amylase and expression hosts properties in order
to production of recombinant a-amylase. Biotechnology and Applied
Biochemistry, 69(2), 650-659.

Msarah, M. J,, Ibrahim, I, Hamid, A. A, & Agma, W. S. (2020). Optimisation and
production of alpha amylase from thermophilic Bacillus spp. and its
application in food waste biodegradation. Heliyon, 6(6), €04183. https://
doi.org/10.1016/j.heliyon.2020.e04183.

Mtui, G. Y. (2007). Trends in industrial and environmental biotechnology
research in Tanzania. African Journal of Biotechnology, 6(25), 2860-2567.

Mukherjee, A. K., Borah, M., & Rai, S. K. (2009). To study the influence of different
components of fermentable substrates on induction of extracellular
a-amylase synthesis by Bacillus subtilis DM-03 in solid-state fermenta-
tion and exploration of feasibility for inclusion of a-amylase in laundry
detergent formulations. Biochemical Engineering Journal, 43(2), 149-156.

Muthusamy, S., Ajit, S., Nath, A. V., Anupama Sekar, J,, & Ramyaa Lakshmi, T. S.
(2022). Enzymes from genetically modified organisms and their current
applications in food development and food chain. In A. Dutt Tripathi, K.
K. Darani, &S. K. Srivastava (Eds.), Novel food grade enzymes. Singapore:
Springer. https://doi.org/10.1007/978-981-19-1288-7_13.

Naik, B, Goyal, S. K, Tripathi, A. D., & Kumar, V. (2019). Screening of agro-
industrial waste and physical factors for the optimum production of
pullulanase in solid-state fermentation from endophytic aspergillus sp.
Biocatalysis and Agricultural Biotechnology, 22, 101423.

Nakthong, N., Wongsagonsup, R., & Amornsakchai, T. (2017a). Industrial crops
& products characteristics and potential utilizations of starch from
pineapple stem waste. Industrial Crops and Products, 105, 74-82. https://
doi.org/10.1016/j.indcrop.2017.04.048.

Nakthong, N., Wongsagonsup, R., & Amornsakchai, T. (2017b). Characteristics
and potential utilizations of starch from pineapple stem waste. Indus-
trial Crops and Products, 105, 74-82.

Othman, S. B, Jéudu, I, & Bhat, R. (2020). Bioactives from Agri-food wastes:
Present insights and future challenges. Molecules, 25, 510.

Padam, B. S, Tin, H. S, Chye, F. Y., & Abdullah, M. I. (2014). Banana by-products:
an under-utilized renewable food biomass with great potential. Journal

Page 11 of 12

of Food Science and Technology, 51(12), 3527-3545. https://doi.org/10.
1007/513197-012-0861-2.

Pandey, A. (2003). Solid-state fermentation. Biochemical Engineering Journal,
13(2-3), 81-84.

Patil, A. G, Khan, K, Aishwarya, S., Padyana, S., Huchegowda, R, Reddy, K. R, &
Zameer, F. (2021). Fungal amylases and their industrial applications. In
Industrially important Fungi for sustainable development, (pp. 407-434).
Cham: Springer.

Paul, J. S, Beliya, E, Tiwari, S., Patel, K, Gupta, N., & Jadhay, S. K. (2020). Produc-
tion of biocatalyst a-amylase from agro-waste 'rice bran’by using Bacil-
lus tequilensis TB5 and standardizing its production process. Biocatalysis
and Agricultural Biotechnology, 26, 101648.

Pranay, K., Padmadeo, S. R, & Prasad, B. (2019). Production of amylase from
Bacillus subtilis sp. strain KR1 under solid state fermentation on differ-
ent agrowastes. Biocatalysis and Agricultural Biotechnology, 21, 101300.

Qureshi, A. S, Khushk, I., Ali, C. H., Chisti, Y., Ahmad, A, & Majeed, H. (2016).
Coproduction of protease and amylase by thermophilic Bacillus sp.
BBXS-2 using open solid-state fermentation of lignocellulosic biomass.
Biocatalysis and Agricultural Biotechnology, 8, 146-151.

Rajagopalan, G., & Krishnan, C. (2008). a-Amylase production from catabolite
derepressed Bacillus subtilis KCC103 utilizing sugarcane bagasse hydro-
lysate. Bioresource Technology, 99(8), 3044-3050.

Rajesh, R, & Gummadi, S. N. (2020). a-Amylase and cellulase production by
novel halotolerant Bacillus sp. PM06 isolated from sugarcane pressmud.
Biotechnology and Applied Biochemistry, 69(1), 149-159.

Rajesh, R, & Gummadi, S. N. (2022). a-Amylase and cellulase production by
novel halotolerant Bacillus sp. PM06 isolated from sugarcane pressmud.
Biotechnology and Applied Biochemistry, 69(1), 149-159.

Ramachandran, S,, Patel, A. K, Nampoothiri, K. M., Chandran, S., Szakacs, G.,
Soccol, C. R, & Pandey, A. (2004). Alpha amylase from a fungal culture
grown on oil cakes and its properties. Brazilian Archives of Biology and
Technology, 47(2), 309-317.

Ramachandran, S., Patel, A. K., Nampoothiri, K. M., Francis, F, Nagy, V., Szakacs,
G., & Pandey, A. (2004). Coconut oil cake——A potential raw material for
the production of a-amylase. Bioresource Technology, 93(2), 169-174.

Ren, X, Liu, T,, Awasthi, M. K, Varjani, S., Pandey, A, & Zhang, Z. (2021). Munici-
pal solid waste biorefineries: A case study in China. In Waste biorefinery,
(pp. 439-457). Elsevier.

Rizk, M. A, El-Kholany, E. A, & Abo-Mosalum, E. M. R. (2019). Production of
a-amylase by aspergillus Niger isolated from mango kernel. Middle East
Journal of Applied Sciences, 9(1), 134-141.

Sadh, P.K, Duhan, S., & Duhan, J. S. (2018). Agro-industrial wastes and their
utilization using solid state fermentation: A review. Bioresources and
Bioprocessing, 5(1), 1-15.

Sahnoun, M, Kriaa, M., Elgharbi, F, Ayadi, D. Z,, Bejar, S., & Kammoun, R. (2015).
Aspergillus oryzae S2 alpha-amylase production under solid state
fermentation: Optimization of culture conditions. International Journal
of Biological Macromolecules, 75, 73-80.

Sajjad, M., & Choudhry, S. (2012). Effect of starch containing organic substrates
on alpha amylase production in Bacillus strains. African Journal of Micro-
biology Research, 6, 7285-7291.

Sanchez, J,, Commission, E., Caldeira, C., Laurentiis, V. De, Commission, E., &
Sala, S, Commission, E. (2020). Brief on food waste in the European
Union, JRC nr: JRC121196.

Saranraj, P, & Stella, D. (2013). Fungal amylase—A review. International Journal
of Microbiological Research, 4(2), 203-211.

Selvam, K, Selvankumar, T, Rajiniganth, R, Srinivasan, P, Sudhakar, C,, Senthil-
kumar, B, & Govarthanan, M. (2016). Enhanced production of amylase
from Bacillus sp. using groundnut shell and cassava waste as a substrate
under process optimization: Waste to wealth approach. Biocatalysis and
Agricultural Biotechnology, 7, 250-256.

Sen, S. K, Raut, S, Satpathy, S, Rout, P. R, Bandyopadhyay, B., & Mohapatra,

P K. D. (2014). Characterizing novel thermophilic amylase producing
bacteria from Taptapani hot spring, Odisha, India. Jundishapur. Journal
of Microbiology, 7(12), €118002.

Sheela, J. M., Divya, K, & Premina, S. (2021). Amylase production by aspergillus
Niger and Penicillium species by solid-state and submerged cultivation
using two food industrial wastes. Nature Environment and Pollution Tech-
nology, 20(3), 1127-1135.


https://doi.org/10.17582/pujz/2018.33.1.22.27
https://doi.org/10.1007/s40093-019-00298-4
https://doi.org/10.1016/j.heliyon.2020.e04183
https://doi.org/10.1016/j.heliyon.2020.e04183
https://doi.org/10.1007/978-981-19-1288-7_13
https://doi.org/10.1016/j.indcrop.2017.04.048
https://doi.org/10.1016/j.indcrop.2017.04.048
https://doi.org/10.1007/s13197-012-0861-2
https://doi.org/10.1007/s13197-012-0861-2

Naik et al. Food Production, Processing and Nutrition (2023) 5:30

Siddig, M., Sogi, D. S., & Roidoung, S. (2017). Mango processing and processed
products. Handbook of Mango Fruit: Production, Postharvest Science,
Processing Technology and Nutrition, (pp. 195-216).

Singh, R, Kapoor, V., & Kumar, V. (2012). Utilization of agro-industrial wastes for
the simultaneous production of amylase and xylanase by thermophilic
actinomycetes. Brazilian Journal of Microbiology, 43, 1545-1552.

Singh, R, Kumar, M., Mittal, A, et al. (2016). Microbial enzymes: industrial
progress in 21st century., 3 Biotech 6, 174. https://doi.org/10.1007/
$13205-016-0485-8.

Singh, R. S, Singh, T, & Pandey, A. (2019). Microbial enzymes—An overview. In
Advances in Enzyme Technology, (pp. 1-40). Elsevier.

Smitha, R. B, Jisha, V. N,, Sajith, S., & Benjamin, S. (2013). Dual production of
amylase and &-endotoxin by Bacillusthuringiensis subsp. kurstaki dur-
ing biphasic fermentation. Microbiology, 82(6), 794-800. https://doi.org/
10.1134/50026261714010147.

Souza, P.M. D,, & Magalhaes, P. D. O. (2010). Application of microbial a-amylase
in industry-a review. Brazilian Journal of Microbiology, 41, 850-861.

Strati, I. F., & Oreopoulou, V. (2014). Recovery of carotenoids from tomato pro-
cessing by-products-a review. Food Research International, 65,311-321.

Sulong, M. R, Hamid, H., Abdullah, H., & Ibrahim, M. (2022). Response surface
methodology based optimization of microbial amylase production
using Banana peels as carbon source. In Proceedings of the interna-
tional halal science and technology conference (Vol. 14(1): 12-21).

Tallapragada, P, Dikshit, R, Jadhav, A, & Sarah, U. (2017). Partial purification
and characterization of amylase enzyme under solid state fermenta-
tion from Monascus sanguineus. Journal of Genetic Engineering and
Biotechnology, 15(1), 95-101.

Teigiserova, D. A, Bourgine, J, & Thomsen, M. (2021). Closing the loop of cereal
waste and residues with sustainable technologies: An overview of
enzyme production via fungal solid-state fermentation. Sustainable
Production and Consumption, 27, 845-857.

Teigiserova, D. A, Hamelin, L, & Thomsen, M. (2019). Review of high-value
food waste and food residues biorefineries with focus on unavoidable
wastes from processing. Resources, Conservation and Recycling, 149,
413-426. https://doi.org/10.1016/j.resconrec.2019.05.00.

Tengerdy, R. P, & Szakacs, G. (2003). Bioconversion of lignocellulose in solid
substrate fermentation. Biochemical Engineering Journal, 13(2-3),
169-179. https://doi.org/10.1016/51369-703X(02)00129-8.

Torres-Ledn, C,, Ramirez-Guzman, N., Londofio-Hernandez, L., Martinez-
Medina, G. A, Diaz-Herrera, R, Navarro-Macias, V,, ... Aguilar, C. N.
(2018). Food waste and byproducts: An opportunity to minimize mal-
nutrition and hunger in developing countries. Frontiers in Sustainable
Food Systems, 2, 52. https://doi.org/10.3389/fsufs.2018.00052.

Torres-Ledn, C, Rojas, R, Contreras-Esquivel, J. C, Serna-Cock, L., Belmares-
Cerda, R. E, & Aguilar, C. N. (2016). Mango seed: Functional and nutri-
tional properties. Trends in Food Science & Technology, 55, 109-117.

Torres-Ledn, C, Rojas, R, Serna-Cock, L., Belmares-Cerda, R, & Aguilar, C. N.
(2017). Extraction of antioxidants from mango seed kernel: Optimiza-
tion assisted by microwave. Food and Bioproducts Processing, 105,
188-196.

Tuysuz, E., Gonul-Baltaci, N, Omeroglu, M. A, et al. (2020). Co-production
of amylase and protease by locally isolated thermophilic bacterium
Anoxybacillus rupiensis T2 in sterile and non-sterile media using
waste potato peels as substrate. Waste and Biomass Valorization, 11,
6793-6802. https://doi.org/10.1007/512649-020-00936-3.

Ubalua, A. O. (2007). Cassava wastes: Treatment options and value addition
alternatives. African Journal of Biotechnology, 6(18), 2065-2073. https://
doi.org/10.5897/AJB2007.000-2319.

Ugury, G. C, Akinyanju, J. A, & Sani, A. (1997). The use of yam peel for growth
of locally isolated aspergillus Niger and amylase production. Enzyme
and Microbial Technology, 21(1), 48-51. https://doi.org/10.1016/50141-
0229(96)00225-6.

Unakal, C, Kallur, R. I, & Kaliwal, B. B. (2012). Production of a-amylase using
banana waste by Bacillus subtilis under solid state fermentation. Euro-
pean Journal of Experimental Biology, 2, 1044-1052.

Usubiaga, A, Butnar, I, & Schepelmann, P. (2017). Wasting food, wasting
resources: Potential environmental savings through food waste reduc-
tions. Journal of Industrial Ecology, 22(3), 574-584. https://doi.org/10.
1111/jiec.12695.

Vijayaraghavan, P, Kalaiyarasi, M., &Vincent, S. G. P. (2015). Cow dung is an
ideal fermentation medium for amylase production in solid-state

Page 12 of 12

fermentation by Bacilluscereus. Journal of Genetic Engineering and Bio-
technology, 13(2), 111-117. https://doi.org/10.1016/jjgeb.2015.09.004.

Yadav, A. L, Sairam, V., Muruganandam, L., & Srinivasan, K. (2020). An overview
of the influences of mechanical and chemical processing on sugarcane
bagasse ash characterisation as a supplementary cementitious mate-
rial. Journal of Cleaner Production, 245, 118854.

Yadav, P, Tiwari, S. K, Kumar, V, Singh, D., Kumar, S., Malik, V., & Singh, B. (2022).
Sugarcane bagasse: An important lignocellulosic substrate for produc-
tion of enzymes and biofuels. Biomass Conversion and Biorefinery.
https://doi.org/10.1007/513399-022-02791-9.

Zehra, M,, Syed, M. N., & Sohail, M. (2020). Banana peels: A promising substrate
for the coproduction of pectinase and xylanase from aspergillus
fumigatus MS16. Polish Journal of Microbiology, 69(1), 19-26.

Zuorro, A, Fidaleo, M., & Lavecchia, R. (2011). Enzyme-assisted extraction of
lycopene from tomato processing waste. Enzyme and Microbial Technol-
ogy, 49, 567-573. https://doi.org/10.1016/j.enzmictec.2011.04.020.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions



https://doi.org/10.1007/s13205-016-0485-8
https://doi.org/10.1007/s13205-016-0485-8
https://doi.org/10.1134/S0026261714010147
https://doi.org/10.1134/S0026261714010147
https://doi.org/10.1016/j.resconrec.2019.05.00
https://doi.org/10.1016/S1369-703X(02)00129-8
https://doi.org/10.3389/fsufs.2018.00052
https://doi.org/10.1007/s12649-020-00936-3
https://doi.org/10.5897/AJB2007.000-2319
https://doi.org/10.5897/AJB2007.000-2319
https://doi.org/10.1016/s0141-0229(96)00225-6
https://doi.org/10.1016/s0141-0229(96)00225-6
https://doi.org/10.1111/jiec.12695
https://doi.org/10.1111/jiec.12695
https://doi.org/10.1016/j.jgeb.2015.09.004
https://doi.org/10.1007/s13399-022-02791-9
https://doi.org/10.1016/j.enzmictec.2011.04.020

	Agro-industrial waste: a cost-effective and eco-friendly substrate to produce amylase
	Abstract 
	Introduction
	Amylases
	Agro-industrial residues as substrates
	Fruit processing industry waste
	Mangifera Indica
	Ananas comosus
	Banana
	Grapes
	Pomegranate
	Cereal waste
	Wheat bran
	Rice bran
	Sugarcane bagasse

	Other industrial attributes
	Conclusion
	Acknowledgments
	References


