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ABSTRACT

Aquafeed performance improvement provides an opportunity to enhance the
sustainability of aquafarming practices, sourcing the expanse of this
‘fast-growing food sector’ catering to global nutrition requirements.
Aquaculture productions are largely dependent on availability of quality
aquafeeds that govern fish nutrition. World over, nearly half of the
aquaculture production is feed-based. With growing food fish demand, feed-
based aquaculture will dictate future aquaculture growth and sustainability.
Moreover, sustainable aquaculture growth will be dependent on finding
alternative feed ingredients as suitable replacements to compensate
fishmeal, fish oil scarcity and impelled increments in feed costs. Judicious
storage of feed can suitably meet nutritional demands of fed-aquaculture.
Largely, the nutrient profile of aquafeed determines fish welfare and
consequent consumer health. Additionally, proper storage of feed have
important role in the economic, health and welfare aspect of aquaculture
production. Appropriate storage and timely utilization of feed can prevent
induction of food linked hazards in the food chain. Storage conditions,
especially duration and temperature are important factors affecting
biochemical profile viz; fatty acid, protein, amino acid and vitamin
composition as well as microbiological quality of feeds. Effects of duration
and temperature variables on stored feed rations requires timely
assessments as a measure for assurance of feed quality.

Present work is designed to evaluate effect of different storage conditions
on feed nutrient quality. The study aims at assessing incurred losses in
nutritional quality of compounded feeds stored over long-term duration under
variable condition of storage temperatures. This work also aims at
determining the effects of feed composition and feed processing technique
on the nutritional quality of feeds.The study is based on evaluation of impact

of storage variables, temperature and duration, on the quality parameters of
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formulated aquafeeds. Greater duckweed, Spirodela polyrhiza was used as
alternative feed ingredient for partial substitution of fishmeal in extruded diet
(diet1) and non-substituted pelleted diet (diet 2) is taken as control. Feeds
were stored at four different temperature conditions comprising low
temperatures (LT1= -20° C, LT2= 4° C); ambient (AT = 17°C - 31.5°C for
diet1; 15.8°C -31°C for diet 2) and high temperature (HT= 45° C), for six
months. Bimonthly assessment of nutritional profile for biochemical
composition; ash, moisture, crude lipid, crude protein, carbohydrates as
nitrogen free extract (NFE), is performed along with changes in storage
profile of essential, non-essential, free amino acids; saturated, unsaturated,
free fatty acids; fat and water-soluble vitamins; micro and macro-elements,
gross energy (GE), assessing aflatoxin incidences, if any; at variable
temperature conditions during storage. From the results it is noteworthy that
storage temperature and duration have highly significant effects (P< 0.05)
on changes in crude protein, crude lipid, moisture, NFE, and GE content of
feeds. Incurred losses in vitamins A, E, K, B2, B12 and C are noteworthy
across storage duration 60-day onwards, at all temperatures, for both diets.
Elemental interaction and moisture notedly impact element profile changes.
Aflatoxin incidences unreported in the assessments denote effects of dietary
combats, good storage, and packaging conditions. Significant losses, from
initial to six months are noteworthy for total saturated, monounsaturated and
polyunsaturated fatty acids (n-3PUFA, n-6PUFA) for both diets at all storage
temperatures. There is an overall decrease in total essential and total non-
essential amino acids along storage duration. Overall best restorative
conditions for most nutrients is determined as, within two months of LT1
storage. The study helps understand timely utilization of stored feeds for
maximizing their nutritional benefit to the fish. Through this work, assessed
percentage loss of each nutrient in compounded diets may help specify need
to develop feed formulae accounting incurred loss of nutrients during the
storage period. Substantially, these findings may provide helpful information

for fish farmers in managing feed storage of formulated feeds with an aim to
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prolong their shelf-life; safeguarding significant amount of the total

production costs of fed-aquaculture.
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INTRODUCTION

Global dietary need of quality protein and essential nutrients for human
consumption are met from fish diet. Fish is a valued source of quality protein
with relatively high amount of most essential amino acids (EAAs); omega-n3
essential fatty acids eicosapentaenoic, docosahexaenoic (EPA and DHA);
micro, macro minerals; and vitamins; thus, play quintessential role in human
diet as well as global nutrition supply. Digestibility and bioavailability of proteins,
minerals and vitamins obtained from fish foods is higher compared to any plant-
based food product. Amino acid composition, polyunsaturated acid (PUFA)
profile, presence of bioactive peptides with protein digestibility greater than
90%, provides added health benefits of fish to human diet. Fish is growingly
becoming global staple; in fulfilling food requirement of world population rural
as well as urban.

Aquaculture has significantly contributed to global food fish demand with 52%
share of total fish produce. Aquaculture and fisheries production reached
recording high at 179 million tonnes (MT) in 2018 with an estimate to reach 186
MT in 2030 (FAO, 2022; World Bank, 2013). Compared to capture fisheries,
aquaculture has contributed more fish for human consumption. Among
aquaculture harvest, finfish dominated world fish production in 2018, amounting
to 54.3 million tonnes (MT); largely 47 MT contributed from inland while the
remaining 7.3 MT from marine sources (Puri et al., 2022; FAO, 2020). Finfish
production in Asia amounts to >80% of the global total cultured fish yield (FAO,
2018). Aquaculture productions are largely dependent on availability of quality
aquafeeds that govern fish nutrition. World over, nearly half (50%) of the

aquaculture production is feed-based. With growing food fish demand, feed-
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INTRODUCTION

based aquaculture will dictate future aquaculture growth and sustainability.
Aquaculture feeding practices followed in South Asia are of intensive
(industrially produced pelleted feed), semi-intensive (mix of industrial and farm-
made feed) and extensive / traditional type (on-farm-made feed as mixture of
locally available ingredients). India is one of the largest and vastly upsurging
compound feed markets in the world. In India, farm-made feeds account 70%
of the total aquaculture feeds used (Giri, 2017) grossly representing over 97
percent of carp feeds used by farmers in India (Tacon et al., 2011).

Nutrition requirements in aquaculture can be accomplished through quality
feeds as compounded diets contributing to growth and health of aquaculture
species (Puri et al., 2022). Quality feed is significant for scaling up fisheries
output by fulfilling the balanced nutritional requirements of fish. Formulation of
aquafeeds for aquaculture development world over, is of great importance to
fulfil dietary requirements of proteins, essential fatty acids, minerals, amino
acids and vitamins in human diet; that itself is dependent largely on availability
of quality feed ingredients (Hua et al., 2019). Although fishmeal and fish oil
(FMFO) have remained gold standards for aquafeed formulations, sustainable
aquaculture growth will be dependent on finding alternative feed ingredients as
suitable replacements to compensate FMFO impelled increments in feed costs.
Increments in feed performance along with the use of non-conventional feed
sources can enhance environmental, economic (cost), and societal footprint
(nutritional fulfilment, increased fish produce), adding sustainability to
aquaculture practices, accredited to be “fastest-growing food-producing sector”

(FAO, 2018).
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INTRODUCTION

Duckweeds, freshwater macrophytes belonging to family- Lemnaceae; due to
their high nutritional value are sought as promising alternative source for protein
(Chakrabarti et al., 2018). Nutritional content of Spirodela and Lemnaceae in
general is relatable to that of animal feed (Pipalova, 2003). Additionally,
essential amino acid compositions of duckweed species are comparably higher
to most cereal grains and FAO reference intake values for humans (Xu et al.,
2021). Inclusion of duckweed in fish diet can significantly improve growth
parameters as well as nutrimental quality of fish (Shrivastav et al., 2022).
Prospected for their valuable resource potential, duckweeds can contribute to
sustainable aquaculture productions, with minimized environmental impact;
assuring global food security.

Feed composition, quality of raw materials used, moisture content, processing
technique, storage practices involved, evidently impact the overall feed quality.
Nutrient composition of aquafeeds influences utilization of feed by fish and
consequently fish growth. There is a larger scope towards increase in fish
production as well as their nutrient value for human consumption by judicious
use of fishmeal and fish oil regraded as gold standards in aquaculture and
fisheries practices, as well improving feed formulations and management of
processed feed during storage, handlings; in farming environment. While
employing choice of ingredients for aquafeeds; quality of feed and feedstuffs,
storage, as well as storage handlings are essential considerations (Giri, 2017).
Feed storage is imperative to overcome scarcities of feed supply, produce;
maintaining continuous resource of ration to meet timely demands of
aquaculture. Sustainability in aquaculture thus, can be achieved by using

equitably sustainable food sources in feed compositions, as well as provisioning
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INTRODUCTION

quality nutrition from stored rations, required over time. Storage help administer
timely feed requirements in aquaculture; nonetheless, improper storage or
storage handlings incur feeds susceptible to accelerated deterioration (Kop et
al., 2019).

Changes in the standard feed characteristics is usually indicative of problems
regarding quality. Largely, problems associated with resulting low-quality fish
feeds are improper uptake, stunted growth, increased feed conversion rate
(FCR) and decreased fish survival. Proper storage of feed is thus imperative for
safeguard of feed quality and ensuring overall fish health and consequent
consumer benefit. Moreover, the nutritional quality of feed ingredients and fish
feeds are significantly influenced by storage conditions such as temperature,
humidity, moisture content of feeds, storage duration, light and post-handling
procedures (Aanyu and Ondhoro, 2017). Produced feeds are stored under
variable storage conditions during distribution and farming with less
contemplation on the impact of alterations on nutrient value (Solomon et al.,
2016a). Effects of duration and temperature variables on stored feed rations
requires timely assessments as a measure for assurance of feed quality.
Storage conditions, largely temperature and humidity are critical influences
affecting biochemical profile viz; fatty acid, protein, amino acid and vitamin
composition as well as microbiological quality of feeds throughout storage
duration (Riaz et al., 2009; Hossen et al., 2011; Zmystowska and
Lewandowska, 2000). Environmental temperatures greater than 27°C, humidity
high above 62%, and feed moisture exceeding 14%, promotes aflatoxins
production in feeds (Dirican, 2015). Feed stored at ambient temperature greater

than three months is predisposed to the cessation of vitamins and oils causing
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INTRODUCTION

lipidic rancidity following peroxidation (Solomon et al., 2016a). Compounded
diets are highly susceptible to storage effects due to variable temperature and
humidity (Peitsch, 2020). High temperatures denature nutrients and cause loss
of nutrients (Aanyu and Ondhoro, 2017). Feed ingredients composed of highly
polyunsaturated fatty acids, including FM, FO are predisposed to oxidative
effects (Ahmed et al., 2016). High fat content feedstuffs are equivocally
predisposed to storage effects (Chow, 1980). Feed storage at elevated
temperature can increase rancidity leading to off-flavors and malodors resulting
from lipid oxidation, with consequent loss in feed quality. Feed ingredients
comprising long chain polyunsaturated fatty acids are susceptible to oxidations
(Chow,1980). At temperatures > 30°C fats are inherently unstable yielding
ketonic acids wupon hydrolysis, further undergoing auto-oxidation to
hydroperoxide with generation of hazardous free radical polymerization
products (Solomon et al., 2016a). Oxidative loss of lipids and proteins are most
outstanding deteriorative changes in quality during processing and storage of
aquaculture feeds. Autooxidation (= in situ oxidation) of lipids, proteins in feed
can decrease their digestibility and biological availability (Geng et al., 2023) as
well deplete abundance of natural antioxidants in feed ingredients such as
vitamins (Kotakowska and Bartosz, 2014). Largely, diminution of feed vitamins
is accentuated due to high temperature, humidity, extreme pH, light exposure,
presence of elements and lipidic free radicals. Loss of vitamins owing to
increased temperature and oxidation at time of processing and storage of feed
is well noteworthy (Kavitha et al., 2004). Unfavorable environmental conditions
render fish feeds to microbial attacks causing feed decomposition with disease

incidence in fed fish (FAO, 2001). Unsuitable storage temperatures and
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INTRODUCTION

humidity may support pathogenic growth and survival in the feed, or even favour
production of harmful fungal toxins such as aflatoxins, patulins and
trichotecens, ochratoxin A (OTA), with potential teratogenic, carcinogenic,
hepatotoxic, mutagenic and immuno-suppressive effects (Solomon et al.,
2016a; Pietsch et al., 2020; Zmystowska and Lewandowska, 2000). Aflatoxins
(AFs) are the utmost hazardous natural contaminants in compounded feeds. Of
18 different known aflatoxins; AFB1, B2, G1 and G2 are of notable importance
with AFB1 being prevalently toxic (Dirican, 2015). Concomitantly, contaminated
feeds can potentially transmit carry over hazards of mycotoxins to tissues
(ovary, muscle, serum, hepatopancreas) of farmed fish; incidentally posing
health risk to the consumers (Wonzy et al., 2013; Han et al., 2010; Yang et al.,

2020).

RESEARCH GAP

There is insufficient information on effects of storage periods on biochemical
composition of animal feeds. There is an information gap on the effect of
storage duration on the nutritional composition of food-stuffs significantly non-
conventional foodstuffs some of these materials undergo processing exposing
them to high temperatures and humidity that affect shelf-life. Appropriate shelf-
life for such ingredients under available environmental conditions and good
storage practices is not much documented (Aanyu and Ondhoro, 2017). There
is paucity of data on study of vitamin, amino acid, element profiles of fish feeds
stored under impacts of variable temperature conditions over longer durations
in diverse farming environments. Literature regarding such works are few

specifically for changes in vitamins, both fat- and water-soluble. Available data
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on the effect of aflatoxins in aquaculture are very limited. It is to be ascertained
whether exposures to unfavourable storage conditions can possibly augment
mycotoxin incidence in fish feeds (Dirican, 2015). In terms of Indian scenario,
Bureau of Indian Standard (BIS) specifications for fish feed standards is limited
and there is requirement for set guidelines on acceptable levels of quality

parameters of aquafeeds (Ebeneezar et al., 2018).

Evidently, the nutrient profile of aquafeed determines fish welfare and

consequent consumer health; the study is outlined to evaluate impact of
storage variables on feed nutrient quality. Present work is based on evaluation
of impact of variables, temperature and storage duration on quality parameters
of formulated aquafeeds using non-conventional feed source to compensate
fishmeal requirement and fishmeal-based control diet; stored for six months
under low temperatures (LT1=-20°C, LT2 = 4°C); ambient (AT =17°C - 31.5°
C for diet1; 15.8 °© C -31 ° C for diet 2) and high temperature (HT= 45° C)
conditions. The study aims at assessing incurred losses in nutritional quality of
stored feeds over long-term storage duration under variable condition of storage
temperatures. This work also aims at determining the effects of feed

composition and feed processing technique on the nutritional quality of feeds.

Following objectives are undertaken in the study,
Objective 1: Formulation of aquafeeds (extruded, pelleted diet) using various

locally available ingredients; packaging and storage of feeds.
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Objective 2: Analysis of biochemical composition (moisture, protein, lipids,
ash, amino acids, fatty acids, vitamins); element profile and calorific value of
formulated feeds.

Objective 3: Study of impact of storage conditions (viz., temperature, duration)

on the biochemical composition, element profile and calorific value of feeds.
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2.1 Nutrient and Energy Requirements of fish

Feed is a source of nutrients and energy, fundamental for growth, reproduction,
and fish health (NRC, 1993). Feed is the foremost important input for fish
welfare and health in sustainable intensive aquaculture productions. Nutrient
quality and safety are two most important attributes of healthy diet (HLPE,
2017). Quality feed is important for scaling up fisheries outturn by fulfilling the
balanced nutritional requirements of fish (Puri et al., 2022). Sustainable, quality
feeds can confer health benefits to aquaculture and consequently to humans
(consumers). Aquafeed performance improvement provides an opportunity to
enhance the sustainability of aquafarming practices, sourcing the expanse of
this fast-growing food sector catering to global nutrition requirements
(Ghamkhar and Hicks, 2021). In terms of quantity as well as quality, dietary
requirements of fish vary as per life stage of the species, feeding habits and
environmental fluctuations of temperature, salinity and natural food availability
in the culture environment (Giri, 2017). Formulating balanced, least expense
feed based on the nutrition and health needs of fish is thus an essential
prerequisite (Ahmed and Ahmad, 2020). For cost-effective, economical
production, diets must be formulated in agreement with the elementary
nutritional needs of the specific species, containing accurate apportionment of

protein, lipid, carbohydrate as well as energy gains.

2.1.1 Protein and amino acid requirement
Protein stands as the most valuable and expensive constituent in fish feed
compositions, in terms of levels required for incorporation and quality it offers,

directing the feed cost (Fatma and Ahmed, 2020). Fish require protein for
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growth accrual and survival. Proteins comprise 50% of dietary constituents in
fish feeds (Benitez,1989). Dietary needs of protein for fish is nearly 2 to 4-fold
higher than other vertebrates (Wilson, 2003). Carnivorous species have greater
protein requirements (40-50% crude protein) than omnivore and herbivore (25-
35%) fishes (Jauralde et al., 2021; NRC,1993; Gatlin, 2010). According to
Tacon and Cowey (1985); Wilson (1989) for maximal growth dietary crude
protein requirement of cultured fish varies between 300-550 g per kg of diet. In
a meta-analysis approach Teles et al. (2020), enlist that fishes require 6249
protein to achieve 1kg weight gain nearing protein retention efficiency (PER) to
32 percent. Dietary protein necessities are relatable to trophic level, salinity,
rearing temperature, stock size, frequency of feeding, non-protein source of
dietary energy, diet quality of protein (Fatma and Ahmed, 2020; Teles et al.,
2020; Shimeno et al.,1980). Proteins comprise mix of amino acids as building
blocks. Fish requirement for protein is in terms of utilization of amino acids
specifically those it cannot synthesize. These amino acids are nutritionally
essential (EAA) and offered exogenously from diet source. Amino acid profile
(AA profile) thus is a marked indicator of nutritional quality of dietary proteins
(Benitez,1989). According to Nunes et al. (2014), nutritional and economic
gains from a protein are dynamics of digestibilty and AA composition.
Moreover, Peres and Oliva-Teles (2008), suggest AA profile of whole body of
fish to be largely interrelated to their EAA needs. Besides, in an “ideal protein”,
ratio between EAA to non-essential AA (NEAA) remains constant; despite
variations in each AA requirement across life stages of fish (Bicudo and Cyrino,
2014; Ogino, 1980). NEAA in fish nutrition includes alanine, proline, asparagine,

cystine, aspartate, glycine, serine, glutamine, tyrosine and glutamate (Li et al.,
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2011; Gatlin, 2010). NEAAs such as cystine (cys) can be synthesized from
methionine (met); tyrosine (tyr) synthesis occurs from phenylalanine (phe).
Thus, appropriate EAAs can supplement NEAA requirement (Wilson, 20083;
Nunes et al., 2014). High amounts of NEAA present in animal origin proteins
can reduce energy cost and EAA requirements for their de novo synthesis in
animals, causing improved feed efficiencies (Li and Wu 2018, 2020). Dietary
protein requirement has twin purpose; to provide both EAA (that fish cannot
synthesize) and NEAA (as pool of NH2 nitrogen to synthesize AAs). Since
NEAA biosynthesis is energy driven, dietary proteins that suffice the
requirements of fish for both EAA and NEAA will contribute to most efficient fish
growth (NRC,1993; Li and Wu, 2020).Together EAA and NEAA comprise
proteinogenic amino acids (PAAs).

Adequate met and lys levels can augment uptake and utilization of other EAAs
since they can lower oxidative rate of other AAs (Kerr and Easter, 1995). Met is
involved in glutathione biosynthesis, together they function as antioxidant
system (Wang et al., 2023). High quality fishmeal (FM) has balanced amount of
all EAAs predominantly lysine (Miles and Chapman, 2006); n3 omega
polyunsaturated FAs chiefly, DHA as well as EPA; essential minerals and
vitamins; with 85% of aquaculture species relying on fish meal (FM), from feed
(Jeyasanta and Patterson, 2020). Fishmeal replacement owing to its scarcity
and incremental feed cost (Naylor et al., 2009) has shifted focus to marine,
plant-based sources of equivalent protein provisions. Although, many plant-
based feedstuffs and harshly processed ingredients of animal origin (used in
preparation of artificial diets for fish) are deficient in met and lys enlisted to be

initial-limiting AA (Gatlin et al., 2007; NRC, 2011). Non-proteinogenic amino
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acids (NPAA) (listed in table 4.2b, 4.3b) are not directly involved in protein
synthesis and are themselves result of indirect conversions (CHEBI; Waarde,
1988). NPAAs contribute to the biosynthesis of PAAs, enable ammonia
detoxification, and supply auxiliary form of transportable nitrogen. Additionally,
NPAAs such as taurine, creatine in animal-source feedstuffs are significantly
involved in antioxidant mechanisms and energy metabolism in tissues
predominantly brain, skeletal muscle, heart, and gonads (Wu, 2013). Amino
acids thus have multifarious role in fish functions involving protein synthesis,
growth, metabolic processes