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Abstract

Tuna is an economically significant seafood, harvested throughout the world, and is heavily traded due to its high nutritional
quality and consumer acceptance. Tuna meat is rich in essential nutrients such as amino acids, polyunsaturated fatty acids
(PUFA), and trace minerals. The huge volume of solid and liquid sidestreams generated during the processing stages of
tuna is creating environmental and socioeconomic challenges in coastal areas. Different products such as fish meal, protein
hydrolysates, collagen, enzymes, oil, and bone powder can be produced from tuna sidestreams. Using different nutrient
recovery technologies like enzymatic hydrolysis, chemical processing, and green technologies, various categories of product
value chains can be created in line with the conventional processing industry. This review attempts to provide a route map
for the tuna industry for achieving the circular blue-bioeconomic objectives and reorient the irregular utilization pattern
into a sustainable and inclusive path.
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Introduction

Seafood is an essential component of most food security pro-
grams being a comparatively cost-effective protein resource
worldwide. In 2020, the total world seafood production of
179.8 million metric tons (MT) contributed around 157.4 MT
directly for human consumption (at 20.2 kg per capita rate)
(FAO 2022). The European Commission (2018) predicts that
by 2050, the demand for seafood may increase by up to 60%
along with the increasing global population, which is expected
to reach 9.8 billion by that time. Seafood supply is confronting
numerous challenges such as population-induced demand pres-
sure, changing consumer preferences, overfishing, bycatch, spe-
cies depletion, aquatic pollution, global warming, biodiversity
alterations, and acidification of ocean water (Venugopal 2022).
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The key issue often associated with aquatic food production is
the production of large amount of sidestreams which creates
a huge loss of nutrients if discarded irresponsibly. The side-
streams are the unutilized parts like the skin, bones, and viscera
which are equally rich in nutrients as the edible parts but are fre-
quently discarded (Venugopal and Sasidharan 2022). System-
atic attempts to transform the existing aquatic food production
systems into a sustainable mode are therefore required (FAO
et al. 2021). In this scenario, new technological approaches
which at the same time reduce food loss and wastage and also
can valorize the resulting sidestreams into valuable products
should be introduced (Venugopal 2022).

The tuna, occasionally known as the “chicken of the sea,”
is one of the major marine fish varieties given its contribu-
tion toward the seafood trade in value, volume, and nutri-
tional significance. It belongs to the Scombridae family
and consists of around 15 species, the major ones being the
albacore tuna (Thunnus alalunga), bigeye tuna (Thunnus
obesus), Atlantic bluefin tuna (Thunnus thynnus), Pacific
bluefin tuna (Thunnus orientalis), skipjack tuna (Katsuwo-
nus pelamis), and yellowfin tuna (Thunnus albacares). These
tuna species are distributed widely along Pacific, Atlantic,
and Indian Oceans (Allain et al. 2016). The major harvest-
ing methodologies involve purse seines, gillnets, long lines,
hand lines, and pole lines. FAO reported tuna catches of 7.8
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million tonnes in 2020 (FAO 2022). In 2020, the worldwide
export of tuna and tuna-like fishes (Bonitos and Bill fishes)
was worth USD 14.6 billion contributing around 9.7 percent
by value of total aquatic product exports (FAO 2022).

The market trade of the species is divided into two broad
categories, processed and preserved tuna meat and the supe-
rior quality fresh tuna meat, meant for the sushi and sashimi
market. The processed and preserved category consists of
canned, fresh, or frozen, largely based on loins which con-
stitute up to 50% of the fish (Herpandi et al. 2011). Atlan-
tic, Pacific, and Southern bluefin tuna are preferred for the
sushi and sashimi market and are therefore the most valu-
able (Metian et al. 2014). The higher demand and reduced
catches over the years have resulted in an increasing trend in
aquaculture of bluefin tuna especially in Japan, Spain, Malta,
Croatia, Mexico, and Australia (FAO 2022).

The global tuna industry is facing numerous sustainability
challenges. As the tuna are highly migratory and predatory,
any sustainability issue associated with the stocks could per-
colate down to the entire pelagic ecosystem of the oceans.
Tuna fishing vessels are usually industrial trawlers with sig-
nificant ecological impact associated with their bycatch, and
in addition, around 43% of tuna fish stocks are exploited
at unsustainable levels (FAO 2020). For the fisheries to be
operated at a sustainable level, it is important with optimal
utilization of the available tuna resources. Environmental,
social, and economic sustainability measures must be intro-
duced in the consumption pattern. The recovery of valuable
nutritional components from the otherwise discarded side-
streams through different valorization methods and reintro-
ducing the components into human food chain could address
some of the nutrition deficiency issues of many food-inse-
cure populations (Hicks et al. 2019). Other than the han-
dling cost involved, food loss and sidestream generation are
generally attributed to insufficient logistics, technological
inadequacy, and consumer behavior (Chauhan et al. 2021).
These parameters can also vary geographically, for example,
insufficient logistics and technological inadequacy are gen-
erally attributed to underdeveloped or developing countries
and poor consumer awareness with the developed nations
(Gustavsson et al. 2011).

In the underdeveloped and developing countries, the most
significantly affected resources are the water bodies adjacent
to the processing facilities as the overloading of the nutrients
from seafood sidestreams discarded may result in eutrophi-
cation and increase in water pollution indicators (Sasidharan
et al. 2013). In the case of European nations, the newly intro-
duced measures like landing obligation regulations prevent
open water discards (EC 2021), and the landed discards and
sidestreams create new challenges regarding handling and
processing. The economic perspective of food loss and wast-
age (FLW) should also be considered while addressing the
management of sidestreams. The blue economic approach
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involves ocean resource utilization patterns targeted for
attaining economic growth, enhanced employment oppor-
tunities, ocean ecosystem health, and interlinking of all the
traditional and evolving engagements including fisheries
associated with it (World Bank 2017). Fisheries, aquacul-
ture, and associated processing systems form an integral part
of the blue economy. They have interlinking influence with
other components along with the externalities that are gener-
ated. One of the ten social injustices as described by Bennett
et al. (2019) is the challenge of pollution and sidestreams,
which has the potential to upset the blue economy balance.
Even though there are many works which discuss seafood
sidestream management in general (Thirukumaran et al.
2022; Sasidharan and Venugopal 2020) and raw material
specifically (Zou et al. 2023), a comprehensive review on the
valorization potential of tuna sidestreams is not available.
This could be of interest for the academic and industrial
community involved in tuna-related fisheries, aquaculture,
and processing. In light of this, this article attempts to evalu-
ate the variety of sidestreams generated during the different
tuna pre-processing, processing, and preservation methods
and explore the technologies available to recover the nutri-
tional constituents effectively and thus to provide the stake-
holders to frame productive resource recovery road maps for
sustainable utilization of the tuna fish resources.

Yield and recovery options for tuna
sidestreams from processing operations

Different processing and pre-processing methods yield
different quantities of tuna sidestreams. The fillet yield of
yellowfin tuna (Thunnus albacares) is estimated as 45% and
the rest (55%) consist of belly flap, bone, skin, tail, gut, and
head (Murthy et al. 2014). Canning, one of the important
value addition operations in tuna processing, is reported to
produce up to 70% of solid sidestream comprised of dark
meat, head, skin, and bone (Sasidharan and Venugopal 2020).
Sayana and Sirajudheen (2017) observed that approximately
36% of sidestream is generated during tuna processing with
head being 17%, skin 8%, viscera 5%, bones 4%, and fins 2%.
Fluence (2019) reported that a tuna cannery processing around
200 tons of raw material per day could discharge around 1300
m? effluents. Figure 1 represents the flow of tuna sidestreams
during various processing activities. Tuna is nutritionally rich
in all the essential nutritional components. Table 1 depicts
the proximate composition of various commercial tuna
species, and it is evident that the tuna fish is a good source of
high-value protein. The amino acid and fatty acid profiles of
different commercial tuna species (Tables 2 and 3) confirm
the presence of essential amino acids as well as fatty acids
such as eicosapentaenoic acid (EPA) and docosahexaenoic
acid (DHA). This shows that the sidestreams generated from
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Fig. 1 Tuna sidestream genera-

tion and yield

Table 1 Proximate composition
of commercial tuna species
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Sl. no. Tuna species

Moisture Protein Lipid Ash Reference

S o e

Yellowfin tuna (Thunnus albacares)
Bigeye tuna (Thunnus obesus)

Atlantic bluefin tuna (Thunnus thynnus)
Albacore tuna (Thunnus alalunga)
Pacific bluefin tuna (Thunnus orientalis)
Skipjack tuna (Katsuwonus pelamis)

73.6
72.9
63.3
58.8
68.6
73.3

23.5 1.9
23.7 2.1
21 11
23.5 16
+ 25 0.6
24 0.4

1.5
1.8
4.7
1.6
1.9
1.4

Peng et al. 2013

Peng et al. 2013

Topic Popovic et al. 2012
Wheeler (2002)

Roy et al. 2010
Mabhaliyana et al. 2015

Table 2 Amino acid composition of different body parts of commercial tuna species

Amino acids

Yellowfin tuna
(Thunnus albacares)

Bigeye tuna
(Thunnus obesus)

Atlantic bluefin tuna
(Thunnus thynnus)

Pacific bluefin tuna
(Thunnus orientalis)

Skipjack tuna
(Katsuwonus pelamis)

Serine
Tyrosine
Proline
Aspartic acid
Glutamic acid
Glycine
Alanine
Cystine
Arginine
Threonine
Valine
Methionine
Isoleucine
Leucine
Phenylalanine
Lysine
Tryptophan
Histidine
References

3.23
3.19
3.08
8.29
12.45
3.75
5.14
0.44
5.11
3.85
4.54
2.55
4.06
6.99
3.30
8.19
0.88
5.49
Peng et al. 2013

3.12
3.14
2.99
8.11
11.28
3.66
5.02
0.49
4.96
3.75
4.63
2.76
4.01
6.86
3.32
7.93
0.86
5.26
Peng et al. 2013

3.72
1.95
5.19
12.45
10.90
13.96
22
1.98
6.85
8.2
2.04
9.15
17.75
5.88
14.86
6.10
Balestrieri et al. 1978

26.7
19.8
2.7
52
73.7
32
323
342
24.8
19.1
15.4
15.5
38.7
21.1
41.3
7.0
17.4
Cho et al. 2022

2.69
2.54

7.35
11.22
4.83
5.04
4.85
3.30
4.25
2.16
3.89
5.89
3.23
6.29
6.72
Doe et al. 2020
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Table 3 Fatty acid composition of commercial tuna species

Yellowfin tuna
(Thunnus albacares)

Fatty acids Bigeye tuna

(Thunnus obesus)

Atlantic bluefin tuna
(Thunnus thynnus)

Pacific bluefin tuna
(Thunnus orientalis)

Skipjack tuna
(Katsuwonus pelamis)

14:0 1.3 1.66 2.92 2.9 2.02
15:0 0.6 0.73 - 0.4 0.66
16:0 26.18 24.55 16.21 17.8 21.88
16:1 3.08 342 3.98 3.7 2.49
16:2 - - 0.58 - -
16:4 - - 0.68 - -
17:0 1.47 1.07 - - -
17:1 0.83 0.92 - 0.4 -
18:0 - - 4.95 6.2 11.69
18:1 20.32 24.19 25.85 15.5 10.03
18:2n-6 1.31 0.92 1.25 1.0 1.38
18:3n-3 - - 0.86 1.2 0.13
18:4n-3 - - 1.54 - -
20:0 0.55 0.85 - 6.3 -
20:1n-7 - - 4.29 - -
20:2 - - - - -
20:4n-6 - - 1.05 1.3 0.32
20:4n-3 - - 0.87 -
20:5n-3 1.25 3.27 6.51 6.9 4.74
22:1n-7 - - 3.51 - -
22:5n-6 - - 1.74 - -
22:6n-3 16.91 20.22 16.24 223 35.66
References Peng et al. 2013 Peng et al. 2013 Topic Popovic etal. ~ Nakamura et al. 2007 Mahaliyana et al. 2015
2012

the tuna processing operations could be considered equally
valuable in nutritional components as the edible portions.
The hydrolysates prepared from tuna processing sidestream
possess good nutritional attributes (Herpandi et al. 2011)
with considerable proportion of essential fatty acids with
yield levels up to 7% (Taati et al. 2018). The dark muscle
of tuna is one of the important solid sidestreams generated
from the processing operations. Tuna dark muscle has been
reported to make up to 48% of the body weight in species
like yellowfin tuna. The distinct biochemical difference
regarding the tuna dark muscle when compared to light
muscle is the high fat, blood pigment, and iron content,
which makes the tuna dark muscle a potential product for
extracting value-added components like PUFA (Messina
et al. 2022).

Protein recovery options

The technique to recover the protein from any seafood solid
sidestream is to either convert it into a meal with oil as one
of the products or subject it to partial or complete hydrolysis
with or without oil recovery. The conventional meal
preparation involves vigorous high-temperature cooking
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processes resulting in the loss of valuable nutrients (Abraha
et al. 2018). Protein hydrolysis by using endogenous or
commercial enzymes could be utilized to produce valuable
protein-based ingredients from the tuna sidestreams. Even
though autolysis-assisted hydrolysis has been frequently
used, enzymatic hydrolysis with exogenous enzymes
has evolved as the common and commercially applied
technology for the recovery of essential and biologically
active protein components (Chalamaiah et al. 2012).

Tuna silage

The nutritional potential of tuna silage has been demon-
strated in many studies. Spanopoulos-Hernandez et al.
(2010) prepared biological silage using smoked yellowfin
tuna filleting residue fermented with sugar cane molasses
and Lactobacillus casei strain Shirota as the commercial
inoculum for six days, which produced a silage with accept-
able properties for application in animal feed. Ramli (2014)
was successful in preparing fermented silage from tuna
sidestreams using inoculums of Lactobacillus plantarum
(1A-2) and Lactobacillus plantarum (1BL-2) in different
culture concentrations, resulting in nutritionally superior



Environmental Science and Pollution Research

hydrolysate. Mousavi et al. (2013) prepared tuna silage
from canning sidestreams of three different species of tuna
using three different methods and found that the biologi-
cal method was the optimum with ideal pH (4) suitable for
shrimp feed applications. Filipe et al. (2017) prepared acid
silage from tuna viscera achieving 61.7% solubilization and
88.5% digestibility of the crude protein.

Tuna hydrolysate

The process of hydrolysis cleaves complex protein molecules
down to peptide and amino acid components which could
be commercially utilized to develop food and feed ingredi-
ents for human as well as animal populations. Saidi and Ben
Amar (2016) utilized enzymatic hydrolysis with Prolyve BS
enzyme to transform the tuna dark muscle sidestream into
tuna protein hydrolysate (TPH). The hydrolysate exhibited
elevated oil and water-binding capacity, emulsifying capac-
ity, foam stability, higher radical scavenging activity, and
a higher iron chelating activity in comparison with other
similar fractions. A TPH was prepared from the dark muscle
of tuna by Saidi et al. (2013) using Alcalase and Neutrase as
the enzyme producing a TPH with a significant amount of a
peptide fraction of about 1-4 kDa of molecular weight with
a balanced composition of essential amino acids (EAA).
Chi et al. (2015) observed that the peptide fraction with a
molecular weight less than 1 kDa in the tuna dark muscle
hydrolysate prepared using the Neutrase enzyme exhibited
superior radical scavenging activity. Chotikachinda et al.
(2018) prepared tuna viscera hydrolysate for application in
aquatic feed using different endo and exopeptidase enzyme
sources with different degrees of hydrolysis from Bacillus
licheniformis, Aspergillus oryzae, and B. amyloliquefaciens,

Table 4 Technique adaptation for tuna sidestream protein hydrolysis

with positive nutritional effects. Table 4 indicates the key
highlights regarding the techniques adapted for tuna side-
stream hydrolysate recovery.

Application of recovered tuna protein hydrolysate
in animal nutrition

Tuna sidestream meal and hydrolysates have been widely
used as a nutritional component in different animal dietary
formulations. Even though different nutritional studies
incorporating tuna sidestream as a protein supplement has
been reported in various animal species, the studies were
mainly concentrated on pig and poultry nutrition (Anuraj
et al. 2014; Widjastuti et al. 2011) and feed for popular
aquaculture species such as Pacific white shrimp (Lifope-
naeus vannamei) (Hernandez et al. 2017), Asian seabass
or barramundi (Lates calcarifer) (Chaklader et al. 2021),
and Nile tilapia (Oreochromis niloticus) (Kim et al. 2019).
The aquatic feed industry provides a commercially promis-
ing arena for tuna sidestream valorization as a potential fish
meal substitute.

Pig and poultry nutrition

Anuraj et al. (2014) studied the impact of dietary inclusion
of tuna sidestream silage on the growth parameters of Large
White Yorkshire pigs and found tuna silage to be an excel-
lent source of nutrition for pigs. In a feeding experiment
with thirty-six weaned Large White Yorkshire piglets, tuna
sidestream silage mixed with rice bran was used which gen-
erated comparable growth parameters with that of standard
fish meal-based diet (Yathavamoorthi et al. 2015). Widjastuti
et al. (2011) utilized tuna sidestream silage prepared from

Sl no. Sidestream source Enzyme/substrate/technique Properties/results References
1 Tuna dark muscle Prolyve BS enzyme in combination Oil and water binding capacity, Saidi and Amar 2016
with ultrafiltration (UF) and nanofil-  emulsifying capacity, foam stability,
tration (NF) (10 min @ 50°C) radical scavenging activity, iron
chelating activity
2 Tuna dark muscle Alcalase and Neutrase (1 h @ 55°C)  Peptide fraction with a molecular Saidi et al. 2013
weight of 1-4 kDa and balanced
composition of essential amino
acids (EAA)
3 Tuna viscera Autolysis (10 days @ 33°C, 35°C, and Hydrolysate with radical scavenging  Detkamhaeng et al. 2016
55°C) activity
4 Tuna dark and white muscle Papain (240 min @ 55°C) Hydrolysate with high protein content Dana et al. 2019
(72%)
5 Tuna viscera Endoproteinase (source: Bacillus Rich in essential nutrients for feed Chotikachinda et al. 2018
licheniformis), endoproteinase and application

exopeptidase (source: Aspergillus
oryzae), and endoproteinase (source:
B. amyloliquefaciens) (10 min @
50°C)
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Thunnus atlanticus as a dietary ingredient for broiler chicken
in varying concentrations concluding that 4% inclusion of
tuna sidestream silage gave positive response in broilers
regarding body weight and meat protein conversion.

Shrimp nutrition

Fish meal replacement studies were conducted by Hernandez
et al. (2017) by utilizing tuna sidestream silage and soybean
meal in the diet of Pacific white shrimp (Litopenaeus van-
namei). The 41-day feed trial inferred that 25% inclusion
of tuna sidestream silage along with 75% of soybean meal
generated comparable growth results with that of fish meal
control. Lactic acid fermentation methodology was used to
prepare tuna sidestream hydrolysate, and this was further
used as a feed ingredient in the diet of Pacific white shrimp
(Litopenaeus vannamei) in combination with porcine meat
meal (Hernandez et al. 2011). It was observed that the L.
vannamei shrimps fed with feed supplemented with 5% of
tuna sidestream hydrolysate reported a significant increase
in weight gain (8.6 g), feed conversion ratio (FCR) (1.3),
and specific growth rate (5.1% per day) compared to the
control. These results were credited to the effect of tuna side-
stream hydrolysate which served as an attractant as well as
an enhancer of protein digestibility and protein quality of
the formulations.

Fin fish nutrition

Six-week feeding trials were conducted by Chaklader et al.
(2021) to understand the fish meal replacement potential of
poultry sidestream meal supplemented with tuna sidestream
hydrolysate and insect larvae, on the growth, nutritional,
sensory, and gut microbial characteristics of juvenile bar-
ramundi (Lates calcarifer). The study demonstrated that
simultaneous combination of tuna sidestream hydrolysate
and insect larvae could significantly improve the effect of
poultry sidestream meal-based diets on the growth, meat
quality, gut health, and immune traits of barramundi juve-
niles in comparison to fish meal. Siddik et al. (2019) used
tuna sidestream hydrolysate as a co-supplement with poultry
sidestream meal in the diet of Lates calcarifer and found
that the poultry and tuna sidestream meals when comple-
mented together generated significant increase in growth,
immunity, intestinal health, and Vibrio harveyi resistance
in juvenile barramundi. An eight-week feeding trial was
conducted by Tola et al. (2022) to examine the effect of
tuna hydrolysate supplementation on growth performance
and health status of juvenile barramundi (Lates calcarifer).
The study demonstrated that a 2.5% tuna hydrolysate dietary
supplementation is sufficient to enhance the diet palatability
of a low fish meal diet formulated with 55% replacement of
fish meal with soybean meal without negative impact on
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feed intake and growth performance of juvenile barramundi.
Kim et al. (2019) demonstrated that tuna sidestream-based
ingredients are a potential candidate for fish meal replace-
ment in tilapia (Oreochromis niloticus) aquaculture as the
heavy metal residues are within the food safety limits (<0.5
mg kg~!) which is estimated to significantly reduce the feed
expenditure along with other fish meal alternatives in tilapia
farming. Mokolensang et al. (2021) conducted feeding trials
on juvenile tilapia with a combination of tuna sidestream
meal and blood meal. The study revealed that the combina-
tion of 20% of each significantly increased the weight gain
and specific growth ratio. Table 5 gives an overview of tuna
sidestream products application in animal nutrition.

Tuna protein hydrolysate as a source of bioactive
peptides

The marine environment, compared to fresh and brackish
water, provides certain conditions such as scarcity of light,
significant salt concentrations, and water pressure that can
create unique amino acid sequences (Li et al. 2020) with
interesting and significant biological properties (Eghtedari
et al. 2021). These bioactive peptide fragments generally
consists of 2 to 20 amino acids are usually liberated from
plant, microbial, or animal-based proteins through chemi-
cal, biological, or enzymatic degradation of protein mol-
ecules (Suo et al. 2022). In addition to the nutritional value,
the bioactive peptides have important health significance
owing to their significant biological properties such as anti-
oxidant (Wen et al. 2020), anti-inflammatory (Chakrabarti
and Wu 2015), antihypertensive (Zhu et al. 2022), hypolipi-
demic (Wang et al. 2020), anticancer, and immunoregula-
tory (Chalamaiah et al. 2018) functions. Tuna being a rich
source of protein provides an opportunity for the industry to
extract valuable bioactive peptides from different sidestream
sources.

Kiettiolarn et al. (2022) standardized the hydrolysis
parameters for harvesting antioxidant peptides from tuna
cooking juice concentrate (TCJC). The ideal hydrolysis
conditions of Alcalase quantity (2.2% w/v) and hydrolysis
period (281 min) resulted in maximum DPPH scavenging
activity of 66.5% or 0.98 pmol Trolox/mg protein. The
vacuum-dried portions (<5 kDa and >10 kDa) reported
elevated DPPH radical scavenging activity, ABTS radical
scavenging activity, and ferric-reducing antioxidant capacity.
Unnikrishnan et al. (2021) utilized tuna (Thunnus albac-
ares) dark meat, a by-product available from the canning
industry as a source of antioxidant peptides. Enzymatic
hydrolysis using papain with enzyme to substrate concentra-
tion of 0.98% E/S (w/w), hydrolysis time 240 min at 60°C,
and pH 6.5 was found to be the ideal conditions. Wang
et al. (2022b) prepared protein hydrolysate from the milt
of skipjack tuna (Katsuwonus pelamis) utilizing different
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proteolytic enzymes after defattening and a microwave
pre-treatment. Hydrolysate prepared using Neutrase with a
degree of hydrolysis of 29.5% had antioxidant properties,
and approximately 13 oligopeptides with antioxidant activity
were identified. Cai et al. (2022a) extracted myeloperoxidase
enzyme activity inhibiting antioxidative peptides from tuna
protein utilizing enzymatic (Alcalase) hydrolysis followed
by purification with ultrafiltration and Sephadex G-15 gel
filtration. Fifty-three of the 55 peptide sequences identi-
fied showed myeloperoxidase enzyme activity inhibiting
property. Zhang et al. (2019) utilized heads of skipjack tuna
(Katsuwonus pelamis) from canning industry to isolate anti-
oxidant peptides by employing enzymatic hydrolysis (pepsin
and trypsin). Around 6 antioxidant peptides were isolated
and purified using ultrafiltration and chromatography sepa-
ration techniques. Peptides with high antioxidant activity
were isolated from the cardiac arterial bulbs of skipjack
tuna (Katsuwonus pelamis) by Cai et al. (2022b). Pepsin-
assisted enzymatic hydrolysis conditions were standardized
for the purpose. Utilizing ultrafiltration and chromatogra-
phy, around eleven antioxidant peptide components were
isolated, including four tripeptides and seven pentapeptides
which showed elevated radical scavenging activities, protec-
tion against oxidative stress. Roe from skipjack tuna (Kat-
suwonus pelamis) were utilized by Wang et al. (2022a), to
produce antioxidant peptides. The roes were defatted and
subjected to microwave pre-treatment and then subjected to
hydrolysis with 5 protease enzymes. The tuna roe protein
hydrolysate generated using Flavourzyme reported maxi-
mum DPPH radical scavenging activity. Around 12 antioxi-
dant peptides have been further isolated using ultrafiltration
and electrophoretic methods. Some of the peptide fractions
exhibited significant inhibition to lipid peroxidation, ferric
reduction capacity, and protection of changes in Chang liver
cells induced by H,0,.

Recovery of collagen and gelatin from tuna skin

Gelatin is a hydrolytically degraded form of collagen, which
is obtained from different animal components such as skin,
connective tissue, tendons, and bones. There are 27 different
varieties of this structural protein among which type I is the
most common (Jiang 2015). Collagen has limited solubility
which could be overcome by controlled denaturation through
hydrolysis, transforming it into a functional, water-soluble
polymer component called gelatin with wide application in
the pharmaceutical, cosmetic, biomedical, and food indus-
try (Kumar et al. 2017). The demand for this versatile bio-
component has been on the rise in recent times achieving
a global production of 0.45 million tons in 2018 with an
economical contribution of around 4.52 billion USD (Tkac-
zewska et al. 2018). Typically, 29-23% of the gelatin pro-
duced are from bovine skin and bones, 46% from pig skin,
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and 1.5% from fish (Sultana et al. 2018). This indicates the
potential of seafood sidestreams to be utilized as a bovine
or porcine alternative.

The concentration of imino acids such as proline and
hydroxyproline which makes up to 12% of the collagen
can be considered as an indicator of collagen content in
that particular tissue (Risteli and Risteli 2006). The sea-
food gelatin sourced from fishes like tuna was observed to
have an imino acids content of 17-20% (Shyni et al. 2014)
while the mammalian gelatins were observed to have 30%
(Poppe 1992). Glycine extracted from tuna is reported to
constitute up to 32% of glycine of the total amino acid
content along with a substantial proportion of hydroxypro-
line, proline, and alanine (Venugopal 2021). Tuna gelatin
was also reported to have a viscosity 4.37cP and a bloom
value of 177 (Shyni et al. 2014), while the commercial
bovine collagen reported a viscosity of 13cP (Johnston-
Banks 1990) and a bloom value up to 300 (Karim Rajeev
and Bhat 2009). To overcome such shortcomings, attempts
are being made to improve the gelation parameters of fish
gelatin by incorporating polysaccharides from natural
sources such as gellan and sodium alginate (Huang et al.
2019; Sow et al. 2019). Because of the religious concerns
associated with mammalian gelatin, there is a trend to
find alternative sources. Seafood processing sidestreams
could be utilized as a good source for extracting gelatin to
it (Hermida-Merino et al. 2022). Tuna as one of the largest
marine pelagic seafood categories produces considerable
quantities of processing sidestreams such as skin and bone,
which qualifies it as a potential source for the extraction
of fish gelatin.

Tuna collagen

Several methods have been used to isolate/extract colla-
gen from tuna sidestreams. Ahmed et al. (2018) explored
the possibilities of replacing pepsin derived from porcine
sources with bacterial collagenolytic proteases for col-
lagen extraction. The total collagen yield was reported
to be from 17 to 18% for both the strains with FTIR and
SDS-PAGE analysis confirming their type I characteristics.
Kaewdang et al. (2014) extracted acid and enzyme (pepsin)
soluble collagen from yellowfin tuna (Thunnus albacares)
swim bladders. The yield was around 1.07% for collagen
extracted using the acid method and 12.10% for collagen
extracted using pepsin. The electrophoretic analysis proved
that the extracted collagens were of type I. Ahmed et al.
(2019) extracted collagen from the skin, scale, and bone of
big eye tuna (Thunnus obesus) using both acid and enzy-
matic (pepsin) methodologies with corresponding yields
of 13.5% and 16.7% from skin, 4.6% (pepsin) from scale,
and 2.6% (pepsin) from bones, respectively. They reported
that all the extracted collagens were of type I with elevated
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thermal transition (31.6-33.7 °C) and denaturation values
(31.1-32.2 °C). A method for extracting acid soluble col-
lagen from the skin of albacore tuna (Thunnus alalunga)
was studied by Hema et al. (2013). The extracted collagen
was of type I with glycine (33%) being the dominant amino
acid with high values of hydroxyproline (8%) and a yield of
13.97% (w/v of tuna skin).

Tuna gelatin

Montero and Acosta (2020) optimized the acid-based
extraction conditions of yellowfin tuna (Thunnus albac-
ares) skin gelatin. The acid concentration, treatment time,
and treatment temperature were found to have a significant
effect on gelatin yield and physical properties. The process
was also successfully scaled up to a ratio of 80:1 (pilot
scale:laboratory scale). Karayannakidis et al. (2014) ana-
lyzed the effect of acid concentration, pre-treatment time,
extraction temperature, and extraction time on the yield, gel
strength, viscosity, melting point, and sensory properties
of gelatin extracted from the skin of yellowfin tuna (Thun-
nus albacares). The study showed that the ideal condition
includes an initial alkaline pre-treatment in two stages with
a following acid pre-treatment (0.1 mol/L acetic acid for 1
h) and later extracting at 55°C with water for 6 h. Membrane
filtration was explored by Montero et al. (2022), in extract-
ing tuna skin gelatin. The gelling and melting temperature
of the tuna gelatin and the retentates was within a range of
10-13.4°C and 18-20.6°C, respectively. The gel strength
values of the retentates from the different membranes were
between 228 and 440 g as maximum force. Azhar et al.
(2018) evaluated the effect of different alkaline and acidic
pre-treatments on bigeye tuna skin. The study concluded
that the experiment with 0.1% alkaline (NaOH) and acidic
(H,SO,) treatment and a soaking period of 48 h with a 60
°C hot water extraction for 5 h was the ideal combination
for the extraction of gelatin from tuna skin based on the
physical and chemical properties analyzed. Table 6 depicts
the highlights of the technologies adapted for extraction of
type I collagen/gelatin from tuna sidestreams.

Tuna sidestreams as a source of enzymes

Enzymes are an important biochemical component in major
physiological functions of organisms including human beings.
The digestive enzymes aid in the breakdown of nutritional
components in the diet which are necessary for building and
repairing body tissue as well as controlling major functions in
the human body (Patil et al. 2022). The modern lifestyle along
with aging has been reported to significantly affect the human
digestive system (Patil et al. 2022). The secretion of proteolytic
enzymes such as pepsin was reported to decrease by 40% in
the geriatric population due to various health conditions (Lee

et al. 2022) which further results in a reduced ability to absorb
nutrients from the diet (Buamard et al. 2020). This indicates
the significance of supplementing digestive enzymes for the
affected populations through diet to mitigate the challenge.
Popularly bovine and porcine-isolated pepsin is commercially
used for this purpose (Jurado et al. 2012). Around 60% of the
total enzyme market is made up by the protease enzymes with
numerous applications in industries such as detergent, leather,
food, paper, photography, and bioremediation (Naveed et al.
2021). These enzymes could also be applied in therapeutics for
inflammation and lesions (Fazilat 2016). Religious and cultural
taboos have accelerated the search for alternative sources for
digestive enzymes which has further aroused the interest
in seafood sidestreams as a source for digestive enzymes
(Nalinanon et al. 2010). The tuna viscera which is discarded
as sidestream during the pre-processing stages is rich in
proteolytic pepsinogen enzymes due to its stringent predatory
diet. This provides an opportunity to the commercial enzyme
industry to explore the possibilities to utilize tuna sidestreams
as alternative source for enzyme harvesting.

Crude pepsin with comparable levels of hydrolytic activ-
ity to commercial pepsin extract was prepared from tuna
viscera by Patil et al. (2022). Pasaribu et al. (2018) extracted
pepsin from tuna (Thunnus albacares) visceral wall fluid
using Tris-HCI buffer and fractional precipitation with
ammonium sulfate and dialysis. The extracted crude pepsin
(30-40% fraction) had a specific activity of 4.274 U/mg.
Trypsin-like serine proteinases isolated from albacore tuna
(Thunnus alalunga) spleen were found to have ideal enzyme
activity at pH 9.5 and 50°C (Poonsin et al. 2017). Proteases
extracted from albacore tuna (Thunnus alalunga) liver were
observed to be with in the molecular weight range of 21-34
kDa (Sripokar et al. 2016).

Recovery options for oil and liquid sidestreams
from tuna processing

Tuna processing methods such as canning involve stages
like pre-cooking, to ensure the ideal textural, color, micro-
bial, and moisture levels are maintained in the final prod-
uct. These pre-processing methods generate considerable
quantities of solid and liquid sidestreams, rich in semisolids
and fat that can be an open opportunity for the industry to
recover these valuable nutritional components (Venugopal
and Sasidharan 2021). Tuna canning industry produces
condensates and liquid components which are abundant in
proteins and fat (Sanchart et al. 2018b). Tuna oil is reported
to be a rich source of EPA (5.11%) and DHA (23.89%) with
a total PUFA content of 43% (Su Xiurong et al. 2015). Dif-
ferent techniques are employed for extraction of lipid from
seafood sidestreams throughout the industry among which
wet reduction is the most common.

@ Springer
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Table 6 Collagen/gelatin extraction from tuna sidestreams

Sl no. Tuna species

Sidestream source

Type of collagen Extraction conditions and yield References

1

Bigeye tuna (Thunnus obesus)  Skin

Albacore tuna Skin
(Thunnus alalunga)

Bigeye tuna Skin
(Thunnus obesus)

Yellowfin tuna Swim bladders
(Thunnus albacares)

Skipjack tuna Spine and skull
(Katsuwonus pelamis)

Type I

Type 1

Type I

Type 1

Type I

Collagenolytic proteases from
Bacillus cereus (FORCO005)
and Bacillus cereus (FRCY9-
2)

Collagen yield:

FORCO005: 188 g/kg

FRCY9-2: 177 g/kg

0.5M acetic acid
Collagen yield: 13.97%

Alkaline/acid pre-treatment
(0.1% NaOH and H,SO,)

Soaking time: 48 h at hot water
extraction: 60 °C for 5 h

Gelatin yield: 19.67%

Acid and pepsin hydrolysis

Pre-treatment: 0.15 M NaOH
1:10 (w/v) at 4°C

Defattening: 10% butyl alcohol
sample/solvent ratio of 1:10
(w/v) for 12 h

Acid

Hydrolysis: 0.5 M acetic acid
with a sample to solvent ratio
of 1:10 (w/v) for 48 h at 4°C.
Pepsin hydrolysis: 0.5 M
acetic acid containing crude
stomach extract (20 units/g
swim bladder) using a solid/
solution ratio of 1:10 (w/v)
for 48 h at 4°C

Collagen yield:

Acid method: 1.07%

Pepsin method: 12.10%

Acid and pepsin hydrolysis

Pre-treatment: 0.01 mol-L~!
NaOH at a solid to alkali
solution ratio of 1:10 (W/V)
for 6 h demineralized with
0.5 mol-L~! EDTA-2Na (pH
7.4) (solid to solution ratio
1:10W/V) for 48 h

0.5 mol-L ™" acetic acid with a
solid to solvent ratio of 1:15
(W/V) for 48 h

Yield (spine):

Acid method: 2.47%

Pepsin method: 5.62%

Gelatin yield (skull):

Acid method: 3.57%

Pepsin method: 6.71%

Ahmed et al. 2018

Hema et al. 2013

Azhar et al. 2018

Kaewdang et al. 2014

Yu et al. 2014
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Table 6 (continued)

Sl no. Tuna species Sidestream source

Type of collagen Extraction conditions and yield References

6 Big eye tuna (Thunnus obesus)

7 Yellowfin tuna Skin
(Thunnus albacares)

Skin, scale, and bone Type I

Type I

Acid and pepsin hydrolysis Ahmed et al. 2019

Pre-treatment: 0.1 M NaOH
with continuous stirring for
24 h, 40 volumes of 0.5 M
acetic acid for 3 days treated
with 0.5% pepsin of 250 units/
mg dry matter (w/v) (0.2 g
pepsin/g of substrate) in 40
volumes of 0.5 M acetic acid
for 48 h

Collagen yield (skin):

Acid method: 13.5%

Pepsin method: 16.7%

Yield (scales):

Pepsin method: 4.6%

Yield (bones):

Pepsin method: 2.6%

Alkaline pre-treatment in two
stages with a following acid
pre-treatment (0.1 mol/L
acetic acid for 1 h) and later
extracting at 55°C with water
for 6 h

Gelatin yield (skin): 11.02%

Karayannakidis et al. 2014

Nazir et al. (2017) utilized tuna heads for extracting lipids
using wet reduction, acid ensilation, and solvent extraction.
Wet rendering resulted in the highest yield (12.8%) followed
by solvent extraction (8.49%) and acid silage (6.16%). Taati
et al. (2018) extracted oil from tuna sidestreams using wet
reduction and enzyme extraction. Both methods gave a
similar yield for EPA and DHA (27.3% and 29.32%). Side-
streams from Atlantic bluefin tuna (Thunnus thynnus) were
used by Cutajar et al. (2022) for the extraction of oil employ-
ing three different methods: cold extraction, warm extrac-
tion, and enzymatic (pepsin) extraction. The enzyme extrac-
tion method resulted in maximum yield (29%) compared
to other methods with a high content of EPA and DHA.
Ferdosh et al. (2016b) utilized supercritical fluid extraction
with carbon dioxide for extraction of lipid components from
long tail tuna (Thunnus tonggol) heads under standardized
conditions. de Oliveira et al. (2017) extracted oil from the
head of yellowfin tuna (Thunnus albacares) using physi-
cal reduction, solvent extraction, and enzymatic separation
with a PUFA yield of 39% for enzymatically isolated tuna
oil. Suriani and Komansilan (2019) utilized sidestream oil
from tuna canning industry to enrich and separate omega-3
fatty acids using urea crystallization technique. The con-
centrated oil was reported to have a PUFA concentration
of 73%. Messina et al. (2022) utilized urea complexation
and short path distillation (SPD) to enrich the PUFA frac-
tion obtained from tuna oil recovered from the filleting side-
streams of bluefin tuna (Thunnus thynnus) and obtained a
PUFA content of 85%. SPD was also employed by Messina

et al. (2021) to enrich the PUFA fraction of the fatty acid
ethyl esters obtained from refined viscera oil of farmed gilt-
head sea bream (Sparus aurata) obtaining a concentration
of PUFA of 56%. Transesterification was used by Rosyadi
et al. (2020) to convert oil from the tuna canning industry
sidestream into biodiesel. The biodiesel obtained reported
fuel characteristics such as density (849 kg/m?), viscosity
(3.53 cSt), moisture content (0.6%), calorific value (9390
cal/gr), flash point (84° C), and acid number (3.6343 mg
KOH/gr), respectively.

Khongnakorn and Youravong (2016) isolated protein
from tuna cooking juice using forward osmosis as a low-
energy intensive process, which elevated the protein recov-
ery concentration to the level of 9% with a standard perme-
ate flux (2.54 L/m*h). Kanpairo et al. (2012) prepared spray
dried tuna flavor powder from tuna pre-cooking juice from
the canning industry. The pre-cooking juice was initially
concentrated through centrifugation to achieve a total solu-
ble solid level of 15%. The process produced a tuna flavor
powder with a pale brown coloration having moisture per-
centage of 4.63-7.46%, protein content of 28.49-42.06%,
and an ash content of 3.44-4.25%. The extracted tuna flavor
powder finds potential application as a flavoring agent in
human as well as pet food. Ahmed et al. (2017) compared
supercritical carbon dioxide extraction (SE) method and tra-
ditional Soxhlet extraction method using hexane (HE) for
isolating oil from tuna sidestreams such as skin, scales, and
bones. The SE oil was superior to the HE with respect to
lower heavy metal concentration, better color, viscosity, and

@ Springer
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lower acid, peroxide, and free fatty acid values. SE method
was also utilized by Ferdosh et al. (2016a) to extract fish
oil from tuna sidestreams with positive results reporting
a PUFA yield of 48.93%. Simat et al. (2020) qualitatively
evaluated different tuna sidestreams such as tuna entrails and
tuna liver for estimating the potential for fish oil extraction.
The tuna entrails reported a total fish oil yield of 26.1% and
tuna liver a total fish oil yield of 33.4%, emphasizing the oil
extraction potential of the tuna sidestreams.

Miscellaneous technologies adopted for tuna
sidestream recovery

Apart from widely adopted technologies such as meal pro-
duction and hydrolysate, gelatin, and enzyme extraction
from tuna sidestreams, many other technologies have been
introduced for isolating different nutritional components
from the rest raw materials. Yoon et al. (2019) prepared pro-
tein isolates from yellowfin tuna (Thunnus albacares) roe
using isoelectric solubilization precipitation (ISP) technique.
The protein isolates from tuna roe were found to exhibit
good buffering capacity, foaming ability, and emulsifying
ability including antioxidative and antihypertensive activ-
ity. Sanchart et al. (2018a) utilized tuna condensate, a liquid
sidestream available from the canning industry to isolate
gamma-aminobutyric acid (GABA) via glutamic acid by
converting glutamine, demonstrating the suitability of tuna
canning sidestreams to be utilized as a source for extrac-
tion of GABA on an industrial scale. Sumogod et al. (2020)
extracted hyaluronic acid (HA) from yellowfin tuna (Thun-
nus albacares) eyeballs through standardized process of tis-
sue extraction, tissue hydrolysis through enzymatic method,
cetylpyridinium chloride (CPC)-sodium chloride (NaCl)-
induced precipitation, filtration, diafiltration, and alkaline
hydroalcoholic precipitation followed by freeze drying.
The ideal isolation conditions were observed to be recov-
ery and fractionation concentration (3% CPC:3M NacCl)
and supernatant:ethanol ratio (1:3 mL-mL™") for alcoholic
precipitation. Murthy et al. (2014) extracted bone powder
from yellowfin tuna (Thunnus albacares) through alkaline
deproteinization, drying, and pulverizing. The bone powder
was analyzed for elemental composition and was found to be
a rich source of calcium and phosphorus with a Ca:P ratio of
2.5-3.3:1. The powder was also found to be devoid of any
heavy metal impurities such as cadmium and mercury. Pal-
lela et al. (2011) isolated microstructured and nanostructured
hydroxyapatite (HAp) from big eye tuna (Thunnus obesus)
bone through thermal calcination technique in the presence
of synthetic polymers. The study demonstrated that the
hydroxyapatite produced in the presence of the polymers
had better crystallinity and biocompatibility properties.

@ Springer

Green extraction techniques for tuna
sidestream recovery

Other than the conventional processes used for the
recovery of tuna sidestreams, which usually employs
strong chemicals, dangerous to the environment, expensive,
and highly water consuming during the washing and
neutralization stages, there are green technologies
available to be employed for a more safe and sustainable
recovery process (Venugopal and Sasidharan 2022). The
green processes are generally less toxic with minimal
environmental impact, with reusable option and highly
efficient in extraction potential (Vicente et al. 2022). The
sustainable technologies which come under the green
category are enzymatic processes, methanogenesis,
microbial fermentation, photosynthesis, oleaginous
processes (Venugopal and Sasidharan 2022), ultrasound-
assisted techniques, high hydrostatic pressure, microwave-
assisted processes, pulsed electric field, dense phase carbon
dioxide, membrane filtration, supercritical and subcritical
fluids (Ali et al. 2021), and utilization of green solvents
like water, ionic solvents, liquid polymers, acetone,
methanol, ethanol, and propanol (Vicente et al. 2022).
Saidi et al. (2014) hydrolyzed tuna dark muscle sidestream
using Alcalase and applied a combined process of ultra
and nanomembrane filtration in order to isolate peptides
according to their molecular weight (1-4 kDa) with
positive results. Yoon et al. (2019) successfully isolated
fish roe protein from yellowfin tuna (Thunnus albacares)
using alkaline solubilization and acid precipitation (pH
11/4.5). Isoelectric solubilization/precipitation (ISP)
was successfully employed by Lee et al. (2016) for
isolating tuna roe proteins from yellowfin tuna under
several solubilization and precipitation conditions. The
study observed that the isolated proteins maintained the
functional and nutritional characteristics of the native
protein. Cha et al. (2020) also utilized ISP method for
isolating roe protein from skipjack tuna with similar results.
de Oliveira et al. (2016) extracted oil from tuna sidestreams
using enzymatic hydrolysis with Alcalase with an enzyme
to sidestream ratio of 1:200 (w/w) at 60°C for 120 minutes
and pH 6.5. Fang et al. (2019) compared different green
technologies like supercritical carbon dioxide fluid
extraction (SFE-CQO?2), subcritical dimethyl ether extraction
(SDEE), and enzymatic extraction (EE) for extracting tuna
oil rich in n-3 polyunsaturated fatty acids (PUFAs), vitamin
D, and vitamin A from tuna liver sidestreams. The green
technologies when compared to traditional extraction
methods were successful in preventing the loss of valuable
nutrients like vitamins as well as avoiding the deterioration
of PUFA. Figure 3 shows the green technology options
applicable to sidestream resource recovery from tuna.
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Fig.2 The circular blue
economy perspective of tuna
sidestream valorization
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Future outlook

A seafood sidestream valorization system with a circular eco-
nomic perspective is necessary to foster an ecosystem with envi-
ronmental socioeconomic sustainability (Bhat 2021). Similarly,
tuna sidestream biomass, which is an integral part of the blue
bioeconomy, could be transformed into a circular economic
framework, if proper utilization technologies are adopted. This
is also important in the context of the Sustainable Develop-
ment Goals (SDGs), proposed by the United Nations aiming
to achieve an end to different disparities in the food delivery
system such as poverty and hunger by the year 2030 (United
Nations 2015). The SDG 14 and 12.3 are particularly important
considering seafood sidestream management as they concen-
trate on sustainable development of the marine environment

Fig.3 Green technologies for
tuna sidestream valorization
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and reducing food sidestream and food losses including the
seafood sidestreams (Duarte et al. 2020). For successful imple-
mentation of the sidestream utilization and management plan,
the tuna processing industry also needs to address certain chal-
lenges in the near future. One such challenge is the availability
of proper logistics and handling infrastructure to guarantee the
quality of the sidestreams generated over the period of time to
sustain a sidestream valorization industry (Shahidi et al. 2019;
Shavandi et al. 2019; Coppola et al. 2021). Another roadblock
which needs to be addressed is the availability of valorization
technologies. These are mostly developed at a laboratory scale
rather than industrial scale. This limits their industrial adapta-
tion, and they need to be upscaled into a biorefinery concept

in the most cost-effective manner possible (Mohan et al. 2020;
Coppola et al. 2021). Other than those, an awareness among the
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stakeholders regarding the status of sidestreams as an equiva-
lent raw material as of the primary produce needs to be gener-
ated (Guillen et al. 2018; Mo et al. 2018). Figure 2 represents
the circular blue bioeconomical perspective of tuna sidestream
valorization as a blueprint for policymakers and industrialists
to align their tuna utilization cycle with sustainable goals put
forward by the United Nations.

Conclusion

The tuna fisheries in general are currently facing sustain-
ability issues associated with the fishing methods as well as
the huge quantity of sidestreams generated during the pre-
processing and processing stages. The systematic utilization
of solid and liquid sidestreams generated is essential to make
sure the significant quantity of nutritional components asso-
ciated with the sidestreams is available for the consumers in
the form of value-added products. This article highlights the
potential of tuna processing sidestreams as a valuable raw
material for resource recovery. Protein, one of the prominent
components of the tuna solid sidestreams, can be recovered
as collagen, gelatin, hydrolysate, meal, and bioactive pep-
tides with numerous applications in food, packaging, phar-
maceutical, and animal nutrition industry. The fat from the
sidestreams can be recovered as PUFA or converted into bio-
fuel. The liquid sidestreams from tuna processing also hold
potential for recovery of lipid and flavor components. The
identification of these potential technologies along with their
advantages and disadvantages can help the industry to adopt
the optimum process according to the type and quantity of
their sidestreams. Complementation of such technologies
into the production process can ultimately result in more
economically circular and sustainable tuna fisheries (Fig. 3).

Author contribution All authors contributed to the study conception
and design. Conceptualization and writing of original draft were per-
formed by Abhilash Sasidharan. Overall supervision, proofreading, and
editing were performed by Turid Rustad, and the final proofreading and
editing were conducted by Giovanni M. Cusimano. All authors read
and approved the final manuscript.

Funding Open access funding provided by NTNU Norwegian Univer-
sity of Science and Technology (incl St. Olavs Hospital - Trondheim
University Hospital) This article is part of the project PROFIUS (Pres-
ervation of underutilized fish biomasses for improved quality, stability,
and utilization) funded by ERA-NET Co-fund on Blue Bioeconomy
(BlueBio)-Unlocking the Potential of Aquatic Bioresources.

Data availability Not applicable.

Declarations

Ethical approval and consent to participate Not applicable.

@ Springer

Consent for publication Not applicable.

Competing interests The authors declare no competing interests.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article's Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article's Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Abraha B, Admassu H, Mahmud A, Tsighe N, Shui XW, Fang Y (2018)
Effect of processing methods on nutritional and physico-chem-
ical composition of fish: a review. MOJ Food Process Technol
6(4):376-382. https://doi.org/10.15406/mojfpt.2018.06.00191

Ahmed R, Hag M, Cho YJ, Chun BS (2017) Quality evaluation of
oil recovered from by-products of bigeye tuna using super-
critical carbon dioxide extraction. Turkish J Fish Aqua Sci
17(4):663-672

Ahmed R, Getachew AT, Cho YJ, Chun BS (2018) Application of bac-
terial collagenolytic proteases for the extraction of type I collagen
from the skin of bigeye tuna (Thunnus obesus). LWT 89:44-51.
https://doi.org/10.1016/j.1wt.2017.10.024

Ahmed R, Hag M, Chun BS (2019) Characterization of marine derived
collagen extracted from the by-products of bigeye tuna (Thunnus
obesus). Int J Biol Macromol 135:668-676. https://doi.org/10.
1016/j.ijbiomac.2019.05.213

AliM, Wei S, Liu Z, Fan X, Sun Q, Xia Q, Liu S, Hao J, Deng C (2021)
Non-thermal processing technologies for the recovery of bioac-
tive compounds from marine by- products. LWT 147:111549.
https://doi.org/10.1016/j.1wt.2021.111549

Allain V, Pilling GM, Williams PG, Harley S, Nicol S and Hampton
J (2016) Overview of tuna fisheries, stock status and manage-
ment framework in the Western and Central Pacific Ocean. In
Pauwels, S., & Fache, E. (Eds.), Fisheries in the Pacific: The
challenges of governance and sustainability. pacific-credo Pub-
lications. https://doi.org/10.4000/books.pacific.423

Anuraj KS, Sreeparvathy M, Shyama K, Dipu MT, Hari R (2014) Dried
tuna waste silage as an alternate protein source for swine feeding.
Ind J Sci Res and Tech 2(3):49-52. https://citeseerx.ist.psu.edu/
viewdoc/download?doi=10.1.1.680.5690&rep=rep1&type=pdf.
(Accessed in September 2022)

Azhar AM, Thushari GG, Jayamanne SC, Asoka MD (2018) Produc-
tion of gelatine from bigeye tuna (Thunnus obesus) skin and char-
acterisation of gelatine properties: an alternative to minimise
fish waste in tuna fish processing industries in Sri Lanka. J of
Agricult and Value Add 1(1):1-14. http://www.erepo.lib.uwu.
ac.lk/handle/123456789/1220. Accessed Sept 2022

Balestrieri C, Colonna G, Giovane A, Irace G, Servillo L, Tota B
(1978) Amino acid composition and physico-chemical proper-
ties of bluefin tuna (Thunnus thynnus) myoglobin. Comparative
Biochemistry and Physiology Part B: Comparative Biochemistry
60(2):95-199. https://doi.org/10.1016/0305-0491(78)90130-X


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.15406/mojfpt.2018.06.00191
https://doi.org/10.1016/j.lwt.2017.10.024
https://doi.org/10.1016/j.ijbiomac.2019.05.213
https://doi.org/10.1016/j.ijbiomac.2019.05.213
https://doi.org/10.1016/j.lwt.2021.111549
https://doi.org/10.4000/books.pacific.423
https://citeseerx.ist.psu.edu/viewdoc/download?doi=10.1.1.680.5690&rep=rep1&type=pdf
https://citeseerx.ist.psu.edu/viewdoc/download?doi=10.1.1.680.5690&rep=rep1&type=pdf
http://www.erepo.lib.uwu.ac.lk/handle/123456789/1220
http://www.erepo.lib.uwu.ac.lk/handle/123456789/1220
https://doi.org/10.1016/0305-0491(78)90130-X

Environmental Science and Pollution Research

Bennett NJ, Cisneros-Montemayor AM, Blythe J, Silver JJ, Singh G,
Andrews N, Calo A, Christie P, Franco AD, Finkbeiner EM
(2019) Towards a sustainable and equitable blue economy. Nat
Sustain 991-993. https://doi.org/10.1038/s41893-019-0404-1

Bhat R (2021) Valorization of agri-food wastes and by-products. Aca-
demic Press

Buamard N, Aluko RE, Benjakul S (2020) Stability of tuna trypsin-
loaded alginate-chitosan beads in acidic stomach fluid and the
release of active enzyme in a simulated intestinal tract environ-
ment. J Food Biochem 44(11):e13455. https://doi.org/10.1111/
jfbc.13455

Cai B, Wan P, Chen H, Huang J, Ye Z, Chen D, Pan J (2022a) Puri-
fication and identification of novel myeloperoxidase inhibitory
antioxidant peptides from tuna (Thunnas albacares) protein
hydrolysates. Molecules 27:2681. https://doi.org/10.3390/molec
ules27092681

Cai WW, Hu XM, Wang YM, Chi CF, Wang B (2022b) Bioactive pep-
tides from skipjack tuna cardiac arterial bulbs: preparation, iden-
tification, antioxidant activity and stability against thermal, pH
and simulated gastrointestinal digestion treatments. Mar Drugs
20:626. https://doi.org/10.3390/md20100626

Cha JW, Yoon IS, Lee GW, Kang SI, Park SY, Kim JS, Heu MS (2020)
Food functionalities and bioactivities of protein isolates recov-
ered from skipjack tuna roe by isoelectric solubilization and
precipitation. Food Sci Nutr 8:1874-1887. https://doi.org/10.
1002/fsn3.1470

Chaklader MR, Howieson J, Siddik MAB, Foysal MJ, Fotedar R (2021)
Supplementation of tuna hydrolysate and insect larvae improves
fishmeal replacement efficacy of poultry by-product in Lates cal-
carifer (Bloch, 1790) juveniles. Sci Rep 11:4997. https://doi.org/
10.1038/541598-021-84660-5

Chakrabarti S, Wu J (2015) Milk-derived tripeptides IPP (Ile-Pro-
Pro) and VPP (Val-Pro-Pro) promote adipocyte differentia-
tion and inhibit inflammation in 3 T3-F442A cells. PLoS One
10(2):e0117492. https://doi.org/10.1371/journal.pone.0117492

Chalamaiah M, Dinesh Kumar B, Hemalatha R, Jyothirmayi T (2012)
Fish protein hydrolysates: proximate composition, amino acid
composition, antioxidant activities and applications: A review.
Food Chem 135(4):3020-3038. https://doi.org/10.1016/j.foodc
hem.2012.06.100

Chalamaiah M, Yu W, Wu J (2018) Immunomodulatory and antican-
cer protein hydrolysates (peptides) from food proteins: a review.
Food Chem 245:205-222. https://doi.org/10.1016/j.foodchem.
2017.10.087

Chauhan C, Dhir A, Akram MU, Salo J (2021) Food loss and waste in
food supply chains. A systematic literature review and framework
development approach. J Clean Production 295:126438. https://
doi.org/10.1016/j.jclepro.2021.126438

Chi CF, Hu FY, Wang B, Li ZR, Luo HY (2015) Influence of amino
acid compositions and peptide profiles on antioxidant capaci-
ties of two protein hydrolysates from skipjack tuna (Katsuwonus
pelamis) dark muscle. Mar Drugs 13(5):2580-2601. https://doi.
org/10.3390/md 13052580

Cho JH, Haga Y, Kamimura Y, Itoh A, Satoh S (2022) Peruvian fish
meal has comparative potential to enzyme-treated Chilean fish
meal as protein source of diet for larvae and juvenile Pacific
bluefin tuna Thunnus orientalis. Fisheries sci 88(1):161-172.
https://doi.org/10.1007/s12562-021-01573-y

Chotikachinda R, Tantikitti C, Benjakul S, Rustad T (2018) Tuna viscera
hydrolysate products prepared by different enzyme preparations
improve the feed intake and growth of asian seabass, Lates cal-
carifer, fed total fishmeal replacement diets. Songklanakarin J Sci
Technol 40(1):167-177. https://doi.org/10.14456/sjst-psu.2018.28

Coppola D, Lauritano C, Palma Esposito F, Riccio G, Rizzo C, de
Pascale D (2021) Fish waste: from problem to valuable resource.
Mar drugs 19(2):116. https://doi.org/10.3390/md 19020116

Cutajar N, Lia F, Deidu A, Galdies J, Arizza V, Zammit Mangion M
(2022) Turning waste into a resource: isolation and characteriza-
tion of high-quality collagen and oils from Atlantic bluefin tuna
discards. Appl Sci 12:1542. https://doi.org/10.3390/app12031542

Dana EB, Jinoy VG, Saleena M (2019) Nutritional evaluation of fish
protein hydrolysate from tuna, Thunnus albacares (Bonnaterre,
1788). Int J. Life Sci Res 7(3):11-17 https://www.researchgate.
net/publication/338140424, (Accessed in September 2022)

de Oliveira DASB, Minozzo MG, Licodiedoff S, Waszczynskyj N
(2016) Physicochemical and sensory characterization of refined
and deodorized tuna (Thunnus albacares) by-product oil obtained
by enzymatic hydrolysis. Food Chem 207:187-194. https://doi.
org/10.1016/j.foodchem.2016.03.069

de Oliveira DASB, Licodiedoft S, Furigo A Jr, Ninow JL, Bork JA,
Podestd R, Block JM, Waszczynskyj N (2017) Enzymatic extrac-
tion of oil from yellowfin tuna (Thunnus albacares) by-products:
a comparison with other extraction methods. Int J Food Sci Tech-
nol 52:699-705. https://doi.org/10.1111/ijfs.13324

Doe K, Dali FA, Harmain RM (2020) Evaluating the protein and fat
content of skipjack (Katsuwonus pelamis) in the smoking pro-
cess of arabushi. IOP Conf. Series: Earth and Environmental
Sci., 012052 IOP Publishing. https://doi.org/10.1088/1755-1315/
404/1/012052.

Duarte C, Susana A, Edward B, Gregory B (2020) Rebuilding marine
life. Nature 580:39-51

Eghtedari M, Porzani SJ, Nowruzi B (2021) Anticancer potential of
natural peptides from terrestrial and marine environments: a
review. Phytochem Lett 42:87-103. https://doi.org/10.1016/].
phytol.2021.02.008

European Commission (2018) Food from the oceans: how can more
food and biomass be obtained from the oceans in a way that does
not deprive future generations of their benefits. All European
Academies, Berlin

European Commission, European Climate, Infrastructure and Environ-
ment Executive Agency, Heinrich J (2021) Synthesis of the land-
ing obligation measures and discard rates, Publications Office,
https://data.europa.eu/doi/10.2826/176808.

Fang Y, Liu S, Hu W, Zhang J, Ding Y, Liu J (2019) Extraction of oil
from high-moisture tuna livers by subcritical dimethyl ether: a com-
parison with different extraction methods. European J Lipid Sci
Technol 121(2):1800087. https://doi.org/10.1002/ej1t.201800087

FAO (2020) The state of food security and nutrition in the world. Food
and Agriculture Organization of the United Nations. https://doi.
org/10.4060/ca9692en. (Accessed in September 2022)

FAO (2022) The state of world fisheries and aquaculture 2022. Rome,
FAO, Towards blue transformation. https://doi.org/10.4060/
cc0461en

FAO, IFAD, UNICEF, WFP, WHO (2021) The state of food security
and nutrition in the world 2021. Transforming food systems for
food security, improved nutrition, and affordable healthy diets for
all. Rome, FAO. https://doi.org/10.4060/cb4474en. (Accessed in
September 2022).

Fazilat A (2016) Production, isolation, purification, and partial char-
acterization of an extracellular acid protease from Aspergillus
niger. Int J Adv Res Biol Sci 3(3):32-38 https://ijjarbs.com/pdfco
py/mar2016/ijarbs5.pdf (Accessed in September 2022)

Ferdosh S, Sarker MDZI, Rahman NNNA, Akanda MJH, Gafoor K,
Kadir MOA (2016a) Simultaneous extraction and fractionation
of fish oil from tuna by-product using supercritical carbon diox-
ide (SC-CO2). J Aquatic Food Product Technol 25(2):230-239.
https://doi.org/10.1080/10498850.2013.843629

Ferdosh S, Sarker MDZI, Ab Rahman NNN, Akanda MDJH, Ghafoor
K, Ab Kadir MO (2016b) Simultaneous extraction and fractiona-
tion of fish oil from tuna by-product using supercritical carbon
dioxide (SC-CO2). J Aq Food Prod Technol 25(2):230-239.
https://doi.org/10.1080/10498850.2013.843629

@ Springer


https://doi.org/10.1038/s41893-019-0404-1
https://doi.org/10.1111/jfbc.13455
https://doi.org/10.1111/jfbc.13455
https://doi.org/10.3390/molecules27092681
https://doi.org/10.3390/molecules27092681
https://doi.org/10.3390/md20100626
https://doi.org/10.1002/fsn3.1470
https://doi.org/10.1002/fsn3.1470
https://doi.org/10.1038/s41598-021-84660-5
https://doi.org/10.1038/s41598-021-84660-5
https://doi.org/10.1371/journal.pone.0117492
https://doi.org/10.1016/j.foodchem.2012.06.100
https://doi.org/10.1016/j.foodchem.2012.06.100
https://doi.org/10.1016/j.foodchem.2017.10.087
https://doi.org/10.1016/j.foodchem.2017.10.087
https://doi.org/10.1016/j.jclepro.2021.126438
https://doi.org/10.1016/j.jclepro.2021.126438
https://doi.org/10.3390/md13052580
https://doi.org/10.3390/md13052580
https://doi.org/10.1007/s12562-021-01573-y
https://doi.org/10.14456/sjst-psu.2018.28
https://doi.org/10.3390/md19020116
https://doi.org/10.3390/app12031542
https://www.researchgate.net/publication/338140424
https://www.researchgate.net/publication/338140424
https://doi.org/10.1016/j.foodchem.2016.03.069
https://doi.org/10.1016/j.foodchem.2016.03.069
https://doi.org/10.1111/ijfs.13324
https://doi.org/10.1088/1755-1315/404/1/012052
https://doi.org/10.1088/1755-1315/404/1/012052
https://doi.org/10.1016/j.phytol.2021.02.008
https://doi.org/10.1016/j.phytol.2021.02.008
https://data.europa.eu/doi/10.2826/176808
https://doi.org/10.1002/ejlt.201800087
https://doi.org/10.4060/ca9692en
https://doi.org/10.4060/ca9692en
https://doi.org/10.4060/cc0461en
https://doi.org/10.4060/cc0461en
https://doi.org/10.4060/cb4474en
https://ijarbs.com/pdfcopy/mar2016/ijarbs5.pdf
https://ijarbs.com/pdfcopy/mar2016/ijarbs5.pdf
https://doi.org/10.1080/10498850.2013.843629
https://doi.org/10.1080/10498850.2013.843629

Environmental Science and Pollution Research

Filipe BJ, da Silva M, Oliveira F, Enke DB, Schoffen F, Machado
D (2017) Acid silage of tuna viscera: production, composition,
quality, and digestibility. Boletim do Instituto de Pesca 43:24-34.
https://doi.org/10.20950/1678-2305.2017.24.34

Fluence (2019) Waste-to-energy technology helps fish processor save
on operating costs. Available online at: https://www.fluencecorp.
com/case/waste-to-energy-for-fish-processing-plant/ (Accessed
in September 2022).

Guillen J, Holmes SJ, Carvalho N, Casey J, Dorner H, Gibin M, Man-
nini A, Vasilakopoulos P, Zanzi A (2018) A review of the Euro-
pean Union landing obligation focusing on its implications for
fisheries and the environment. Sustainability 10(4):900. https://
doi.org/10.3390/su10040900

Gustavsson J, Cederberg C, Sonesson U, van Otterdijk R, Meybeck A
(2011) Global food losses and food waste - extent, causes and
prevention. Rome: FAO. https://knowledge4policy.ec.europa.eu/
publication/global-food-losses-food-waste-extent-causes-preve
ntion_en. (Accessed in September 2022).

Hema GS, Shyni K, Suseela Mathew, Anandan R, George Ninan,
Lakshmanan PT (2013) A simple method for isolation of fish
skin collagen- biochemical characterization of skin collagen
extracted from albacore tuna (Thunnus Alalunga), dog shark
(Scoliodon Sorrakowah), and rohu (Labeo Rohita). Annals of
Biol Res 4(1):271-278. https://www.scholarsresearchlibrary.
com/articles/a-simple-method-for-isolation-of-fish-skin-colla
gen-biochemical-characterization-of-skin-collgagen-extracted-
from-albaco.pdf. (Accessed in September 2022).

Hermida-Merino C, Cabaleiro D, Lugo L, Valcarcel J, Vazquez JA,
Bravo I, Longo A, Salloum-Abou-Jaoude G, Solano E, Gracia-
Fernandez C, Pifieciro MM, Hermida-Merino D (2022) Charac-
terization of tuna gelatin-based hydrogels as a matrix for drug
delivery. Gels 8:237. https://doi.org/10.3390/gels8040237

Hernandez C, Olvera-Novoa MA, Smith DM, Hardy RW, Gonzalez-
Rodriguez B (2011) Enhancement of shrimp Litopenaeus van-
namei diets based on terrestrial protein sources via the inclusion
of tuna by-product protein hydrolysates. Aquacult 317(1-4):117—
123. https://doi.org/10.1016/j.aquaculture.2011.03.041

Hernandez C, Hardy RW, Contreras-Rojas D, Lopez-Molina B,
Gonzalez-Rodriguez B, Dominguez-Jimenez P (2014) Evalu-
ation of tuna by-product meal as a protein source in feeds for
juvenile spotted rose snapper Lutjanus guttatus. Aquacult Nutr
20:574-582. https://doi.org/10.1111/anu.12110

Hernandez C, Olvera-Novoa M, Voltolina D, Hardy R, Gonzalez-Rod-
riguez B, Dominguez-Jimenez P, Valverde-Romero M, Agramon-
Romero S (2017) Use of tuna industry waste in diets for Nile
tilapia, Oreochromis niloticus, fingerlings: effect on digestibility
and growth performance. Lat Am J Aquat Res 41(3):468-478.
https://doi.org/10.3856/vol41-issue3-fulltext-10

Herpandi NH, Rosma A, Wan Nadiah WA (2011) The tuna fishing
industry: a new outlook on fish protein hydrolysates. Compr Rev
in food sci and food saf 10(4):195-207. https://doi.org/10.1111/j.
1541-4337.2011.00155.x

Hicks CC, Cohen PJ, Graham NA, Nash KL, Allison EH, D’Lima
C, Mills DJ, Roscher M, Thilsted SH, Thorne-Lyman AL
(2019) Harnessing global fisheries to tackle micronutrient
deficiencies. Nature 574(7776):95-98. https://doi.org/10.1038/
s41586-019-1592-6

Huang T, Tu ZC, Shangguan X, Sha X, Wang H, Zhang L, Bansal
N (2019) Fish gelatin modifications: a comprehensive review.
Trends Food Sci Technol 86:260-269. https://doi.org/10.1016/j.
tifs.2019.02.048

Jeon G, Kim H, Myung S, Cho S (2014) The effect of the dietary
substitution of fishmeal with tuna by-product meal on growth,
body composition, plasma chemistry and amino acid profiles
of juvenile Korean rockfish (Sebastes schlegeli). Aquacult Nutr
20:753-761. https://doi.org/10.1111/anu.12153

@ Springer

Jiang J (2015) Gelation time and rheological property of gelatin gels
prepared with a phosphate-buffered saline-ethanol solution.
Master’s Thesis, Case Western Reserve University, Cleveland,
OH, USA, 58. https://etd.ohiolink.edu/apexprod/rws_etd/send_
file/send?accession=case1430821495&disposition=inline.
(Accessed in September 2022)

Johnston-Banks FA (1990) Gelatine. In: Harris, P. (eds) Food Gels.
Elsevier Applied Food Science Series. Springer, Dordrecht
https://doi.org/10.1007/978-94-009-0755-3_7

Jung WG, Kim HS, Lee KW, Kim YE, Choi DK, Jang BI, Cho SH,
Choi CY, Kim BH, Joo YI (2016) Growth and body composition
effects of tuna byproduct meal substituted for fish meal in the
diet of juvenile abalone, Haliotis discus. ] World Aquacult Soc
47:74-81. https://doi.org/10.1111/jwas. 12255

Jurado E, Vicari J, Lechug M, Moya-Ramirez I (2012) Pepsin extrac-
tion process from swine wastes. Procedia Eng 42:1346-1350.
https://doi.org/10.1016/j.proeng.2012.07.526

Kaewdang O, Benjakul S, Kaewmanee T, Kishimura H (2014) Char-
acteristics of collagens from the swim bladders of yellowfin tuna
(Thunnus albacares). Food Chem 155:264-270. https://doi.org/
10.1016/j.foodchem.2014.01.076

Kanpairo K, Usawakesmanee W, Sirivongpaisal P, Siripongvutikorn
S (2012) The compositions and properties of spray dried tuna
flavor powder produced from tuna precooking juice. Int Food
Res J 19(3):893-899. http://www.ifrj.upm.edu.my/19%20(03)%
202012/(16)%20IFRJ%2019%20(03)%202012%20Worapong.
pdf. (Accessed in September 2022).

Karayannakidis PD, Chatziantoniou SE, Zotos A (2014) Effects of
selected process parameters on physical and sensorial proper-
ties of yellowfin tuna (Thunnus albacares) skin gelatin. J. Food
Process Eng 37(5):461-473. https://doi.org/10.1111/jfpe.12103

Karim Rajeev AA, Bhat (2009) Fish gelatin: properties challenges and
prospects as an alternative to mammalian gelatins. Food Hydrocoll
23(3):563-576. https://doi.org/10.1016/j.foodhyd.2008.07.002

Khongnakorn W, Youravong W (2016) Concentration and recovery of
protein from tuna cooking juice by forward osmosis. J of Eng Sci
and Technol 11(7):962 — 973. https://jestec.taylors.edu.my/Vol%
2011%20issue%207%20July%202016/11_7_4.pdf. (Accessed in
September 2022)

Kiettiolarn M, Kitsanayanyong L, Maneerote J, Unajak S, Tepwong P
(2022) Optimization and production of protein hydrolysate con-
taining antioxidant activity from tuna cooking juice concentrate
by response surface methodology. Fish Aquat Sci 25(6):335-349.
10.47853/FAS.2022.e31

Kim K, Park Y, Je HW, Seong M, Damusaru JH, Kim S, Jung JY, Bai
SC (2019) Tuna byproducts as a fishmeal in tilapia aquaculture.
Ecotoxicol Environ Safe 172:364-372. https://doi.org/10.1016/j.
ecoenv.2019.01.107

Kumar DP, Chandra MV, Elavarasan K, Shamasundar BA (2017)
Structural properties of gelatin extracted from croaker fish (Joh-
nius sp) skin waste. Int J of Food Prop 20(3):S2612-S2625.
https://doi.org/10.1080/10942912.2017.1381702

Lee HJ, Lee GW, Yoon IS, Park SH, Park SY, Kim JS, Heu MS (2016)
Preparation and characterization of protein isolate from yellow-
fin tuna Thunnus albacares roe by isoelectric solubilization/pre-
cipitation process. Fish Aq Sci 19:14. https://doi.org/10.1186/
s41240-016-0014-z

Lee SY, Kang JH, Kim JH, Kim HW, Oh DH, Jeong JW, Kim BK, Hur
SJ (2022) Effect of age-related in vitro human digestion with gut
microbiota on antioxidative activity and stability of vitamins.
LWT 159:113243. https://doi.org/10.1016/j.1wt.2022.113243

Li PY, Zhang YQ, Zhang Y, Jiang WX, Wang YJ, Zhang YS, Sun ZZ,
Li CY, Zhang YZ, Shi M, Song XY, Zhao LS, Chen XL (2020)
Study on a novel cold-active and halotolerant monoacylglycerol
lipase widespread in marine bacteria reveals a new group of
bacterial monoacylglycerol lipases containing unusual C(A/S)


https://doi.org/10.20950/1678-2305.2017.24.34
https://www.fluencecorp.com/case/waste-to-energy-for-fish-processing-plant/
https://www.fluencecorp.com/case/waste-to-energy-for-fish-processing-plant/
https://doi.org/10.3390/su10040900
https://doi.org/10.3390/su10040900
https://knowledge4policy.ec.europa.eu/publication/global-food-losses-food-waste-extent-causes-prevention_en
https://knowledge4policy.ec.europa.eu/publication/global-food-losses-food-waste-extent-causes-prevention_en
https://knowledge4policy.ec.europa.eu/publication/global-food-losses-food-waste-extent-causes-prevention_en
https://www.scholarsresearchlibrary.com/articles/a-simple-method-for-isolation-of-fish-skin-collagen-biochemical-characterization-of-skin-collgagen-extracted-from-albaco.pdf
https://www.scholarsresearchlibrary.com/articles/a-simple-method-for-isolation-of-fish-skin-collagen-biochemical-characterization-of-skin-collgagen-extracted-from-albaco.pdf
https://www.scholarsresearchlibrary.com/articles/a-simple-method-for-isolation-of-fish-skin-collagen-biochemical-characterization-of-skin-collgagen-extracted-from-albaco.pdf
https://www.scholarsresearchlibrary.com/articles/a-simple-method-for-isolation-of-fish-skin-collagen-biochemical-characterization-of-skin-collgagen-extracted-from-albaco.pdf
https://doi.org/10.3390/gels8040237
https://doi.org/10.1016/j.aquaculture.2011.03.041
https://doi.org/10.1111/anu.12110
https://doi.org/10.3856/vol41-issue3-fulltext-10
https://doi.org/10.1111/j.1541-4337.2011.00155.x
https://doi.org/10.1111/j.1541-4337.2011.00155.x
https://doi.org/10.1038/s41586-019-1592-6
https://doi.org/10.1038/s41586-019-1592-6
https://doi.org/10.1016/j.tifs.2019.02.048
https://doi.org/10.1016/j.tifs.2019.02.048
https://doi.org/10.1111/anu.12153
https://etd.ohiolink.edu/apexprod/rws_etd/send_file/send?accession=case1430821495&disposition=inline
https://etd.ohiolink.edu/apexprod/rws_etd/send_file/send?accession=case1430821495&disposition=inline
https://doi.org/10.1007/978-94-009-0755-3_7
https://doi.org/10.1111/jwas.12255
https://doi.org/10.1016/j.proeng.2012.07.526
https://doi.org/10.1016/j.foodchem.2014.01.076
https://doi.org/10.1016/j.foodchem.2014.01.076
http://www.ifrj.upm.edu.my/19%20(03)%202012/(16)%20IFRJ%2019%20(03)%202012%20Worapong.pdf
http://www.ifrj.upm.edu.my/19%20(03)%202012/(16)%20IFRJ%2019%20(03)%202012%20Worapong.pdf
http://www.ifrj.upm.edu.my/19%20(03)%202012/(16)%20IFRJ%2019%20(03)%202012%20Worapong.pdf
https://doi.org/10.1111/jfpe.12103
https://doi.org/10.1016/j.foodhyd.2008.07.002
https://jestec.taylors.edu.my/Vol%2011%20issue%207%20July%202016/11_7_4.pdf
https://jestec.taylors.edu.my/Vol%2011%20issue%207%20July%202016/11_7_4.pdf
https://doi.org/10.1016/j.ecoenv.2019.01.107
https://doi.org/10.1016/j.ecoenv.2019.01.107
https://doi.org/10.1080/10942912.2017.1381702
https://doi.org/10.1186/s41240-016-0014-z
https://doi.org/10.1186/s41240-016-0014-z
https://doi.org/10.1016/j.lwt.2022.113243

Environmental Science and Pollution Research

HSMG catalytic motifs. Front Microbiol 11:9. https://doi.org/
10.3389/fmicb.2020.00009

Mabhaliyana AS, Jinadasa BKKK, Liyanage NPP, Jayasinghe GDTM,
Jayamanne SC (2015) Nutritional composition of skipjack tuna
(Katsuwonus pelamis) caught from the oceanic waters around Sri
Lankae. American J of Food and Nutrition 3(4):106—111. https://
doi.org/10.12691/ajfn-3-4-3

Messina CM, Arena R, Manuguerra S, Renda G, Laudicella VA, Ficano
G, Fazio G, La Barbera L (2021) Santulli A (2021) Farmed gilt-
head sea bream (Sparus aurata) by-products valorization: vis-
cera oil ®-3 enrichment by short-path distillation and in vitro
bioactivity evaluation. Mar Drugs 19(3):160. https://doi.org/10.
3390/md 19030160

Messina CM, Arena R, Manuguerra S, La Barbera L, Curcuraci E, Renda
G, Santulli A (2022) Valorisation of sidestream products from sea
cage fattened bluefin tuna (Thunnus thynnus): production and
in vitro bioactivity evaluation of enriched -3 polyunsaturated fatty
acids. Mar Drugs 20:309. https://doi.org/10.3390/md20050309

Metian M, Pouil S, Boustany A, Troell M (2014) Farming of bluefin
tuna—reconsidering global estimates and sustainability concerns.
Rev Fisheries Sci Aquaculture 22(3):184—192. https://doi.org/10.
1080/23308249.2014.907771

Mo WY, Man YB, Wong MH (2018) Use of food waste, fish waste and
food processing waste for China’s aquaculture industry: needs
and challenge. Sci Total Environ 613:635-643. https://doi.org/
10.1016/j.scitotenv.2017.08.321

Mohan SV, Varjani S, Pant D, Sauer M, Chang JS (2020) Circular
bioeconomy approaches for sustainability. Bioresour Technol
318:124084. https://doi.org/10.1016/j.biortech.2020.124084

Mokolensang JF, Mantiri DMH, Manoppo H, Pangkey H, Manu L
(2021) Utilization of tuna by-product and blood meal as a protein
ingredient from animal waste product as a diet of Nile tilapia,
Oreochromis niloticus. AACL Bioflux 14(3):1645-1650. http://
www.bioflux.com.ro/docs/2021.1645-1650.pdf. (Accessed in
September 2022)

Montero M, Acosta OG (2020) Tuna skin gelatin production: optimiza-
tion of extraction steps and process scale-up. CyTA —J of Food
18(1):580-590. https://doi.org/10.1080/19476337.2020.1801849

Montero M, Acosta ()G, Bonilla Al (2022) Membrane fractionation of
gelatins extracted from skin of yellowfin tuna (Thunnus albac-
ares): effect on molecular sizes and gelling properties of frac-
tions. CyTA —J of Food 20(1):183-189. https://doi.org/10.1080/
19476337.2022.2107707

Mousavi SL, Mohammadi G, Khodadadi M, Keysami MA (2013)
Silage production from fish waste in cannery factories of Bushehr
city using mineral acid, organic acid, and biological method. Int
J of Agric and Crop Sci 6(10):610-616. https://www.researchga
te.net/publication/285322549_Silage_production_from_fish_
waste_in_cannery_factories_of Bushehr_city_using_mineral_
acid_organic_acid_and_biological_method. (Accessed in Sep-
tember 2022)

Murthy LM, Rao BM, Asha KK, Prasad MM (2014) Extraction and
quality evaluation of yellowfin tuna bone powder. Fishery Tech-
nol 51:38-42. https://krishi.icar.gov.in/jspui/bitstream/12345
6789/2761/1/Extraction%20and%20quality %20evaluation%
200f%20yellowfin%20tuna%20bone%20powder.pdf. (Accessed
in September 2022)

Nakamura YN, Ando M, Seoka M, Kawasaki K, Tsukamasa Y (2007)
Changes of proximate and fatty acid compositions of the dorsal
and ventral ordinary muscles of the full-cycle cultured Pacific
bluefin tuna Thunnus orientalis with the growth. Food Chem
103(1):234-241. https://doi.org/10.1016/j.foodchem.2006.07.064

Nalinanon S, Benjakul S, Kishimura H (2010) Purification and bio-
chemical properties of pepsins from the stomach of skipjack tuna
(Katsuwonus pelamis). Eur Food Res Technol 231:259-269.
https://doi.org/10.1007/s00217-010-1275-x

Naveed M, Nadeem F, Mehmood T, Bilal M, Anwar Z, Amjad F (2021)
Protease—A versatile and ecofriendly biocatalyst with multi-
industrial applications: an updated review. Catal Lett 151:307—
323. https://doi.org/10.1007/s10562-020-03316-7

Nazir N, Diana A, Sayuti K (2017) Physicochemical and fatty acid pro-
file of fish oil from head of tuna (Thunnus albacares) extracted
from various extraction method. Int J on Ad Sci Eng and Inf
Technol 7(2):709-715. https://doi.org/10.18517/ijaseit.7.2.2339

Oncul FO, Aya FA, Hamidoghli A, Won S, Lee G, Han KR, Bai SC
(2019) Effects of the dietary fermented tuna by-product meal
on growth, blood parameters, nonspecific immune response,
and disease resistance in juvenile olive flounder, Paralichthys
olivaceus. ] World Aquacult Soc 50:65-77. https://doi.org/10.
1111/jwas.12535

Ovissipour M, AbedianKenari A, Nazari R, Motamedzadegan A,
Rasco B (2014) Tuna viscera protein hydrolysate: nutritive and
disease resistance properties for Persian sturgeon (Acipenser
persicus L.) larvae. Aquac Res 45:591-601. https://doi.org/10.
1111/j.1365-2109.2012.03257.x

Pallela R, Venkatesan J, Kim SK (2011) Polymer assisted isolation
of hydroxyapatite from Thunnus obesus bone. Ceramics Int
37(8):3489-3497. https://doi.org/10.1016/j.ceramint.2011.06.004

Pasaribu E, Nurhayati T, Nurilmala M (2018) Extraction and char-
acterization of pepsin enzyme from tuna (Thunnus albacares)
Gastric. JPHPI 21(3). https://doi.org/10.17844/jphpi.v21i3.24727

Patil U, Nikoo M, Zhang B, Benjakul S (2022) Freeze-dried tuna pep-
sin powder stabilized by some cryoprotectants: in vitro simulated
gastric digestion toward different proteins and its storage stabil-
ity. Foods 11:2292. https://doi.org/10.3390/foods11152292

Peng S, Chen C, Shi Z, Wang L (2013) Amino acid and fatty acid com-
position of the muscle tissue of yellowfin tuna (Thunnus albac-
ares) and bigeye tuna (Thunnus Obesus). J of Food and Nutrition
Res 1(4):42-45. https://doi.org/10.12691/jfnr-1-4-2

Poonsin T, Sripokar P, Benjakul S, Simpson BK, Visessanguan W,
Klomklao S (2017) Major trypsin like-serine proteinases from
albacore tuna (Thunnus alalunga) spleen: biochemical charac-
terization and the effect of extraction media. J Food Biochem
41:e12323. https://doi.org/10.1111/jfbc.12323

Poppe J (1992) Gelatin. In: Imeson, A. (eds) Thickening and gelling
agents for food. Springer, Boston, MA. https://doi.org/10.1007/
978-1-4615-3552-2_5

Ramli (2014) Pengaruh Inokulum Lactobacillus Plantarum 1a-2 Dan
1bl-2 Terhadap Kualitas Silase Limbah Ikan Tuna (Thunnus
atlanticus). JISAPI. 5(1):25-30. http://docplayer.info/63089500-
Pengaruh-inokulum-lactobacillus-plantarum-1a-2-dan-1bl-2-
terhadap-kualitas-silase-limbah-ikan-tuna-thunnus-atlanticus.
html. (Accessed in September 2022)

Risteli J, Risteli L, (2006) Chapter 23 - products of bone collagen
metabolism, Editor(s): Seibel MJ, Robins SP, Bilenzikian JP,
Dynamics of Bone and Cartilage Metabolism (Second Edition),
Academic Press, 391-405, https://doi.org/10.1016/B978-01208
8562-6/50024-8

Rosyadi CNK, Satria D, Haryadi M (2020) Biodiesel characteristics
of tuna fish bio-oil waste in the transesterification process with
variation of reaction time and stirring speed. IOP Conf. Series:
Materials Sci and Eng 909:012029. https://doi.org/10.1088/1757-
899X/909/1/012029

Roy BC, Miyake Y, Ando M, Kawasaki KI, Tsukamasa Y (2010)
Proximate and fatty acid compositions in different flesh cuts of
cultured, cultured fasted, and wild pacific bluefin tuna (Thunnus
orientalis). J of Aquatic Food Product Technol 19(3-4):284-297.
https://doi.org/10.1080/10498850.2010.518281

Saidi S, Ben Amar R (2016) Valorisation of tuna processing waste
biomass for recovery of functional and antioxidant peptides using
enzymatic hydrolysis and membrane fractionation process. Envi-
ron Sci Pollut Res Int 23(20):21070-21085

@ Springer


https://doi.org/10.3389/fmicb.2020.00009
https://doi.org/10.3389/fmicb.2020.00009
https://doi.org/10.12691/ajfn-3-4-3
https://doi.org/10.12691/ajfn-3-4-3
https://doi.org/10.3390/md19030160
https://doi.org/10.3390/md19030160
https://doi.org/10.3390/md20050309
https://doi.org/10.1080/23308249.2014.907771
https://doi.org/10.1080/23308249.2014.907771
https://doi.org/10.1016/j.scitotenv.2017.08.321
https://doi.org/10.1016/j.scitotenv.2017.08.321
https://doi.org/10.1016/j.biortech.2020.124084
http://www.bioflux.com.ro/docs/2021.1645-1650.pdf
http://www.bioflux.com.ro/docs/2021.1645-1650.pdf
https://doi.org/10.1080/19476337.2020.1801849
https://doi.org/10.1080/19476337.2022.2107707
https://doi.org/10.1080/19476337.2022.2107707
https://www.researchgate.net/publication/285322549_Silage_production_from_fish_waste_in_cannery_factories_of_Bushehr_city_using_mineral_acid_organic_acid_and_biological_method
https://www.researchgate.net/publication/285322549_Silage_production_from_fish_waste_in_cannery_factories_of_Bushehr_city_using_mineral_acid_organic_acid_and_biological_method
https://www.researchgate.net/publication/285322549_Silage_production_from_fish_waste_in_cannery_factories_of_Bushehr_city_using_mineral_acid_organic_acid_and_biological_method
https://www.researchgate.net/publication/285322549_Silage_production_from_fish_waste_in_cannery_factories_of_Bushehr_city_using_mineral_acid_organic_acid_and_biological_method
https://krishi.icar.gov.in/jspui/bitstream/123456789/2761/1/Extraction%20and%20quality%20evaluation%20of%20yellowfin%20tuna%20bone%20powder.pdf
https://krishi.icar.gov.in/jspui/bitstream/123456789/2761/1/Extraction%20and%20quality%20evaluation%20of%20yellowfin%20tuna%20bone%20powder.pdf
https://krishi.icar.gov.in/jspui/bitstream/123456789/2761/1/Extraction%20and%20quality%20evaluation%20of%20yellowfin%20tuna%20bone%20powder.pdf
https://doi.org/10.1016/j.foodchem.2006.07.064
https://doi.org/10.1007/s00217-010-1275-x
https://doi.org/10.1007/s10562-020-03316-7
https://doi.org/10.18517/ijaseit.7.2.2339
https://doi.org/10.1111/jwas.12535
https://doi.org/10.1111/jwas.12535
https://doi.org/10.1111/j.1365-2109.2012.03257.x
https://doi.org/10.1111/j.1365-2109.2012.03257.x
https://doi.org/10.1016/j.ceramint.2011.06.004
https://doi.org/10.17844/jphpi.v21i3.24727
https://doi.org/10.3390/foods11152292
https://doi.org/10.12691/jfnr-1-4-2
https://doi.org/10.1111/jfbc.12323
https://doi.org/10.1007/978-1-4615-3552-2_5
https://doi.org/10.1007/978-1-4615-3552-2_5
http://docplayer.info/63089500-Pengaruh-inokulum-lactobacillus-plantarum-1a-2-dan-1bl-2-terhadap-kualitas-silase-limbah-ikan-tuna-thunnus-atlanticus.html
http://docplayer.info/63089500-Pengaruh-inokulum-lactobacillus-plantarum-1a-2-dan-1bl-2-terhadap-kualitas-silase-limbah-ikan-tuna-thunnus-atlanticus.html
http://docplayer.info/63089500-Pengaruh-inokulum-lactobacillus-plantarum-1a-2-dan-1bl-2-terhadap-kualitas-silase-limbah-ikan-tuna-thunnus-atlanticus.html
http://docplayer.info/63089500-Pengaruh-inokulum-lactobacillus-plantarum-1a-2-dan-1bl-2-terhadap-kualitas-silase-limbah-ikan-tuna-thunnus-atlanticus.html
https://doi.org/10.1016/B978-012088562-6/50024-8
https://doi.org/10.1016/B978-012088562-6/50024-8
https://doi.org/10.1088/1757-899X/909/1/012029
https://doi.org/10.1088/1757-899X/909/1/012029
https://doi.org/10.1080/10498850.2010.518281

Environmental Science and Pollution Research

Saidi M, Belleville M, Deratani A, Amar RB (2013) Optimization of
peptide production by enzymatic hydrolysis of tuna dark muscle
by-product using commercial proteases. African J of Biotechnol
12(3):1533-1547. https://www.scopus.com/inward/record.uri?
eid=2-52.0-84937565500andpartnerID=40andmd5=cf445d7652
78da9dab2223a065e3ee8a. (Accessed in September 2022)

Saidi S, Deratani A, Belleville MP, Ben Amar R (2014) Production
and fractionation of tuna by-product protein hydrolyzate by
ultrafiltration and nanofiltration: impact on interesting peptides
fractions and nutritional properties. Food Res Int 65:453-461.
https://doi.org/10.1016/j.foodres.2014.04.026

Sanchart C, Watthanasakphuban N, Boonseng O, Nguyen T-H, Haltrich
D, Maneerat S (2018a) Tuna condensate as a promising low-
cost substrate for glutamic acid and GABA formation using Can-
dida rugosa and Lactobacillus futsaii. Proc Biochem 70:29-35.
https://doi.org/10.1016/j.procbio.2018.04.013

Sanchart C, Watthanasakphuban N, Boonseng O, Nguyen TH, Haltrich
D, Maneerat S (2018b) Tuna condensate as a promising low-
cost substrate for glutamic acid and { GABA} formation using
Candida rugosa and Lactobacillus futsaii, Process Biochem
70:29-35, https://doi.org/10.1016/j.procbio.2018.04.013

Sasidharan A, Venugopal V (2020) Proteins and co-products from sea-
food processing discards: their recovery, functional properties
and applications. Waste Biomass Valor 11:5647-5663. https://
doi.org/10.1007/s12649-019-00812-9

Sasidharan A, Baiju KK, Mathew S (2013) Seafood processing waste
management and its impact on local community in Cochin Cor-
poration, India. Int J Environ Waste Manage 12(4):422-441

Sayana KS, Sirajudheen TK (2017) By-products from tuna processing
wastes — an economic approach to coastal waste management.
Proceedings of the International Seminar of Coastal Biodiversity
Assessment, 411-420 (4) (PDF) Drying behavior and sensory
quality of yellowfin tuna (Thunnus albacares) skin using vertical-
type mechanical dryer. https://www.researchgate.net/publication/
347202256_Drying_Behavior_and_Sensory_Quality_of Yello
wfin_Tuna_Thunnus_albacares_Skin_Using_Vertical-type_
Mechanical_Dryer. (Accessed in September 2022).

Shahidi F, Varatharajan V, Peng H, Senadheera R (2019) Utilization of
marine by-products for the recovery of value-added products. J
Food Bioact 6. https://doi.org/10.31665/JFB.2019.6184

Shavandi A, Hou Y, Carne A, McConnell M, and Bekhit A E.-d A
(2019) Marine waste utilization as a source of functional and
health compounds. Adv Food Nutr Res 87:187-254. https://doi.
org/10.1016/bs.afnr.2018.08.001.

Shyni K, Hema GS, Ninan G, Mathew S, Joshy CG, Lakshmanan PT
(2014) Isolation and characterization of gelatin from the skins of
skipjack tuna (Katsuwonus pelamis), dog shark (Scoliodon sorra-
kowah), and rohu (Labeo rohita). Food Hydrocolloids 39:68-76.
https://doi.org/10.1016/j.foodhyd.2013.12.008

Siddik MAB, Howieson J, Fotedar R (2019) Beneficial effects of tuna
hydrolysate in poultry by-product meal diets on growth, immune
response, intestinal health and disease resistance to Vibrio har-
veyi in juvenile barramundi Lates calcarifer. Fish Shellfish
Immunol 89:61-70. https://doi.org/10.1016/].£5i.2019.03.042

Simat V, Vlahovié J, Soldo B, Generali¢ Mekinié I, Cagalj M, Hamed
I, Skroza D (2020) Production and characterization of crude
oils from seafood processing by-products. Food Biosci 33:1-8.
https://doi.org/10.1016/j.fbio.2019.100484

Sow LC, Toh NZY, Wong CW, Yang H (2019) Combination of sodium
alginate with tilapia fish gelatin for improved texture properties
and nanostructure modification. Food Hydrocolloids 94:459—
467. https://doi.org/10.1016/j.foodhyd.2019.03.041

Spanopoulos-Hernandez M, Ponce-Palafox JT, Barba-Quintero G,
Ruelas-Inzunza JR, Tiznado Contreras MR, Hernandez-Gonzalez
C, Shirai K (2010) Production of biological silage from fish

@ Springer

waste, the smoked yellowfin tuna (Thunnus albacares) and fil-
let of tilapia (Oreochromis sp), for feeding aquaculture species.
Revista Mexicana de Ingeniera Qumica 9(2):167-178. http://
www.scopus.com/inward/record.url?eid=2-52.0-7996020644
8andpartner]D=40andmd5=aebc679ffc5dee73f2cd9d052af5db
5c. (Accessed in September 2022).

Sripokar P, Poonsin T, Chaijan M, Benjakul S, Klomklao S (2016)
Proteinases from the liver of albacore tuna (Thunnus Alalunga):
optimum extractant and biochemical characteristics. J of Food
Biochem 40:10-19. https://doi.org/10.1111/jtbc.12174

Sultana S, Hossain MAM, Zaidul ISM, Ali ME (2018) Multiplex PCR
to discriminate bovine, porcine, and fish DNA in gelatin and
confectionery products. LWT - Food Sci Technol 92:169-176.
https://doi.org/10.1016/j.1wt.2018.02.019

Sumogod A, Nacional LM, Nillos MG, Yap EE (2020) Isolation of
hyaluronic acid from yellowfin tuna Thunnus albacares (Bon-
naterre, 1788) eyeball. Asian Fisheries Sci 33:1-9. 10.33997/j.
afs.2020.33.1.001

Suo SK, Zhao YQ, Wang YM, Pan XY, Chi CF, Wang B (2022) Sev-
enteen novel angiotensin converting enzyme (ACE) inhibitory
peptides from protein hydrolysate of Mytilus edulis: isolation,
identification, molecular docking study, and protective function
on HUVECs. Food Funct 13:7831-7846. https://doi.org/10.1039/
D2F000275B

Suriani NW, Komansilan A, (2019) Enrichment of omega-3 fatty acids,
waste oil by-products canning tuna (Thunnus sp.) with urea crys-
tallization. IOP Conf. Series: J of Physics: Conf. Series, 1317,
012056 10OP Publishing. https://doi.org/10.1088/1742-6596/
1317/1/012056

Taati MM, Shabanpour B, Ojagh SM (2018) Investigation on fish oil
extraction by enzyme extraction and wet reduction methods and
quality analysis. AACL Bioflux 2018, 11, 83-90. http://www.biofl
ux.com.ro/docs/2018.83-90.pdf. (Accessed in September 2022)

Thirukumaran R, Priya VKA, Krishnamoorthy S, Ramakrishnan P,
Moses JA, Anandharamakrishnan C (2022) Resource recovery
from fish waste: prospects and the usage of intensified extrac-
tion technologies. Chemosphere 299:134361. https://doi.org/10.
1016/j.chemosphere.2022.134361

Tkaczewska J, Morawska M, Kulawik P, Zajac M (2018) Characteriza-
tion of carp (Cyprinus carpio) skin gelatin extracted using differ-
ent pretreatments method. Food Hydrocoll 81:169-179. https://
doi.org/10.1016/j.foodhyd.2018.02.048

Tola S, Sommit N, Seel-audom M, Khamtavee P, Waiho K, Boonmee
T, Yuangsoi B, Munpholsri N (2022) Effects of dietary tuna
hydrolysate supplementation on feed intake, growth perfor-
mance, feed utilization and health status of Asian sea bass (Lates
calcarifer) fed a low fish meal soybean meal-based diet. Aquacul-
ture Res 53(11):3898-3912. https://doi.org/10.1111/are.15894

Topic Popovic N, Kozacinski L, Strunjak-Perovic I, Coz-Rakovac R,
Jadan M, Cvrtila-Fleck Z, Barisic J (2012) Fatty acid and proxi-
mate composition of bluefin tuna (Thunnus thynnus) muscle with
regard to plasma lipids. Aquaculture Res 43:722-729. https://doi.
org/10.1111/j.1365-2109.2011.02880.x

United Nations (2015) Transforming our world: the 2030 Agenda for
Sustainable Development. Department of Economic and Social
Affairs Sustainable Development, A/RES/70/1

Unnikrishnan P, Kizhakkethil BP, Chalil J, Abubacker ZA, Ninan G,
Nagarajarao RC (2021) Antioxidant peptides from dark meat of
yellowfin tuna (Thunnus albacares): process optimization and
characterization. Waste Biomass Valor 12:1845-1860. https://
doi.org/10.1007/512649-020-01129-8

Venugopal V (2021) Valorization of seafood processing discards: bio-
conversion and bio-refinery approaches. Front Sustain Food Syst
5:611835. https://doi.org/10.3389/fsufs.2021.611835


https://www.scopus.com/inward/record.uri?eid=2-s2.0-84937565500andpartnerID=40andmd5=cf445d765278da9dab2223a065e3ee8a
https://www.scopus.com/inward/record.uri?eid=2-s2.0-84937565500andpartnerID=40andmd5=cf445d765278da9dab2223a065e3ee8a
https://www.scopus.com/inward/record.uri?eid=2-s2.0-84937565500andpartnerID=40andmd5=cf445d765278da9dab2223a065e3ee8a
https://doi.org/10.1016/j.foodres.2014.04.026
https://doi.org/10.1016/j.procbio.2018.04.013
https://doi.org/10.1016/j.procbio.2018.04.013
https://doi.org/10.1007/s12649-019-00812-9
https://doi.org/10.1007/s12649-019-00812-9
https://www.researchgate.net/publication/347202256_Drying_Behavior_and_Sensory_Quality_of_Yellowfin_Tuna_Thunnus_albacares_Skin_Using_Vertical-type_Mechanical_Dryer
https://www.researchgate.net/publication/347202256_Drying_Behavior_and_Sensory_Quality_of_Yellowfin_Tuna_Thunnus_albacares_Skin_Using_Vertical-type_Mechanical_Dryer
https://www.researchgate.net/publication/347202256_Drying_Behavior_and_Sensory_Quality_of_Yellowfin_Tuna_Thunnus_albacares_Skin_Using_Vertical-type_Mechanical_Dryer
https://www.researchgate.net/publication/347202256_Drying_Behavior_and_Sensory_Quality_of_Yellowfin_Tuna_Thunnus_albacares_Skin_Using_Vertical-type_Mechanical_Dryer
https://doi.org/10.31665/JFB.2019.6184
https://doi.org/10.1016/bs.afnr.2018.08.001
https://doi.org/10.1016/bs.afnr.2018.08.001
https://doi.org/10.1016/j.foodhyd.2013.12.008
https://doi.org/10.1016/j.fsi.2019.03.042
https://doi.org/10.1016/j.fbio.2019.100484
https://doi.org/10.1016/j.foodhyd.2019.03.041
http://www.scopus.com/inward/record.url?eid=2-s2.0-79960206448andpartnerID=40andmd5=aebc679ffc5dee73f2cd9d052af5db5c
http://www.scopus.com/inward/record.url?eid=2-s2.0-79960206448andpartnerID=40andmd5=aebc679ffc5dee73f2cd9d052af5db5c
http://www.scopus.com/inward/record.url?eid=2-s2.0-79960206448andpartnerID=40andmd5=aebc679ffc5dee73f2cd9d052af5db5c
http://www.scopus.com/inward/record.url?eid=2-s2.0-79960206448andpartnerID=40andmd5=aebc679ffc5dee73f2cd9d052af5db5c
https://doi.org/10.1111/jfbc.12174
https://doi.org/10.1016/j.lwt.2018.02.019
https://doi.org/10.1039/D2FO00275B
https://doi.org/10.1039/D2FO00275B
https://doi.org/10.1088/1742-6596/1317/1/012056
https://doi.org/10.1088/1742-6596/1317/1/012056
http://www.bioflux.com.ro/docs/2018.83-90.pdf
http://www.bioflux.com.ro/docs/2018.83-90.pdf
https://doi.org/10.1016/j.chemosphere.2022.134361
https://doi.org/10.1016/j.chemosphere.2022.134361
https://doi.org/10.1016/j.foodhyd.2018.02.048
https://doi.org/10.1016/j.foodhyd.2018.02.048
https://doi.org/10.1111/are.15894
https://doi.org/10.1111/j.1365-2109.2011.02880.x
https://doi.org/10.1111/j.1365-2109.2011.02880.x
https://doi.org/10.1007/s12649-020-01129-8
https://doi.org/10.1007/s12649-020-01129-8
https://doi.org/10.3389/fsufs.2021.611835

Environmental Science and Pollution Research

Venugopal V (2022) Green processing of seafood waste biomass
towards blue economy. Curr Res Environ Sust 4:100164. https://
doi.org/10.1016/j.crsust.2022.100164

Venugopal V, Sasidharan A (2021) Seafood industry effluents: environ-
mental hazards, treatment and resource recovery. J Environ Chem
Eng 9(2):104758. https://doi.org/10.1016/j.jece.2020.104758

Venugopal V, Sasidharan A (2022) Functional proteins through green
refining of seafood sidestreams. Front Nutr 9, https://doi.org/10.
3389/fnut.2022.974447 URL= https://www.frontiersin.org/artic
1es/10.3389/fnut.2022.974447 (Accessed on September 2022)

Vicente FA, Ventura SPM, Passos H, Dias ACRYV, Torres-Acosta
MA, Novak U, Likozar B (2022) Crustacean waste biorefin-
ery as a sustainable cost-effective business model. Chem Eng J
442(2):135937. https://doi.org/10.1016/j.cej.2022.135937

Wang YM, Pan X, He Y, Chi CF, Wang B (2020) Hypolipidemic
activities of two pentapeptides (VIAPW and IRWWW) from
miiuy croaker (Miichthys miiuy) muscle on lipid accumulation
in HepG2 cells through regulation of AMPK pathway. Appl Sci
10(3):817. https://doi.org/10.3390/app10030817

Wang J, Wang YM, Li LY, Chi CF, Wang B (2022a) Twelve antioxidant
peptides from protein hydrolysate of skipjack tuna (Katsuwonus
pelamis) roe prepared by Flavourzyme: purification, sequence
identification, and activity evaluation. Front Nutr 8:813780.
https://doi.org/10.3389/fnut.2021.813780

Wang YM, Li XY, Wang J, He Y, Chi CF, Wang B (2022b) Antioxidant
peptides from protein hydrolysate of skipjack tuna milt: purifica-
tion, identification, and cytoprotection on H202 damaged human
umbilical vein endothelial cells. Process Biochem 113:258-269.
https://doi.org/10.1016/j.procbio.2022.01.008

Wen C, Zhang J, Zhang H, Duan Y, Ma H (2020) Plant protein-derived
antioxidant peptides: Isolation, identification, mechanism of
action and application in food systems: a review. Trends Food Sci
Technol 105:308-322. https://doi.org/10.1016/].tifs.2020.09.019

Wheeler SC (2002) Intrinsic and extrinsic quality of west coast alba-
core tuna (Thunnus alalunga). A Thesis Submitted to Oregon
State University. https://agris.fao.org/agris-search/search.do?
recordID=AV2012079294 (Accessed in September 2022)

Widjastuti T, Lengkey HA, Wiradimadja R, Herianti D (2011) Utilizing
waste product of Tuna (Thunnus atlanticus) fish silage and its
implementation on the meat protein conversion of broiler. Lucriri
Stiintifice, 55, Seria Zootehnie. https://www.uaiasi.ro/firaa/Pdf/
Pdf_Vol_55/Tuti_Widjastuti.pdf. (Accessed in September 2022)

World Bank; United Nations Department of Economic and Social Affairs
(2017) The potential of the blue economy: increasing long-term
benefits of the sustainable use of marine resources for small island
developing states and coastal least developed countries. World
Bank, Washington, DC. © World Bank. https://openknowledge.
worldbank.org/handle/10986/26843 License: CC BY 3.0 IGO

Xiurong S, Yanan W, Xiaomin J (2015) Purification and function of
EPA and DHA in tuna fish oil. J Glycomics Lipidomics 5(4).
https://doi.org/10.4172/2153-0637.C1.003

Yathavamoorthi R, Nithin CT, Ananthanarayanan TR, Suseela Mathew,
Bindu J, Anandan R, Anuraj KS, Shyama K, Gopal TKS (2015)
Utilization of tuna waste silage as a novel pig feed ingredient.
Fishery Technol 52:118-122. https://epubs.icar.org.in/index.php/
FT/article/view/48221. (Accessed in September 2022)

Yoon IS, Lee H, Kang SI, Park SY, Kang YM, Kim J-S, Heu MS (2019)
Food functionality of protein isolates extracted from yellowfin
tuna (Thunnus albacares) roe using alkaline solubilization and
acid precipitation process. J Food Sci Nutr 7:412-424. https://
doi.org/10.1002/fsn3.793

Yu D, Chi CF, Wang B, Ding GF, Li ZR (2014) Characterization of
acid-and pepsin-soluble collagens from spines and skulls of skip-
jack tuna (Katsuwonus pelamis). Chin J Nat Med 12(9):712-720.
https://doi.org/10.1016/S1875-5364(14)60110-2

Zhang L, Zhao GX, Zhao YQ, Qiu YT, Chi CF, Wang B (2019)
Identification and active evaluation of antioxidant peptides from
protein hydrolysates of skipjack tuna (Katsuwonus pelamis) head.
Antioxidants (Basel) 19;8(8), 318. https://doi.org/10.3390/antio
x8080318

Zhu WY, Wang YM, Suo SK, Zheng SL, Wang B (2022) Isolation,
identification, molecular docking analysis and cytoprotection
of seven novel ACE inhibitory peptides from miiuy croaker
byproducts-swim bladders. Front Mar Sci 9:977234. https://doi.
org/10.3389/fmars.2022.977234

Zou Y, Heyndrickx M, Debode J, Raes K, de Pascale D, Behan P, Giltrap
M, O’Connor C, Solstad RG, Lian K, Altintzoglou T, Draggy R,
Scheers N, Undeland 1J (2023) Valorisation of crustacean and
bivalve processing sidestreams for industrial fast time-to-market
products: a review from the European Union regulation perspective.
Front Mar Sci 10. https://doi.org/10.3389/fmars.2023.1068151

Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

@ Springer


https://doi.org/10.1016/j.crsust.2022.100164
https://doi.org/10.1016/j.crsust.2022.100164
https://doi.org/10.1016/j.jece.2020.104758
https://doi.org/10.3389/fnut.2022.974447
https://doi.org/10.3389/fnut.2022.974447
https://www.frontiersin.org/articles/10.3389/fnut.2022.974447
https://www.frontiersin.org/articles/10.3389/fnut.2022.974447
https://doi.org/10.1016/j.cej.2022.135937
https://doi.org/10.3390/app10030817
https://doi.org/10.3389/fnut.2021.813780
https://doi.org/10.1016/j.procbio.2022.01.008
https://doi.org/10.1016/j.tifs.2020.09.019
https://agris.fao.org/agris-search/search.do?recordID=AV2012079294
https://agris.fao.org/agris-search/search.do?recordID=AV2012079294
https://www.uaiasi.ro/firaa/Pdf/Pdf_Vol_55/Tuti_Widjastuti.pdf
https://www.uaiasi.ro/firaa/Pdf/Pdf_Vol_55/Tuti_Widjastuti.pdf
https://openknowledge.worldbank.org/handle/10986/26843
https://openknowledge.worldbank.org/handle/10986/26843
https://doi.org/10.4172/2153-0637.C1.003
https://epubs.icar.org.in/index.php/FT/article/view/48221
https://epubs.icar.org.in/index.php/FT/article/view/48221
https://doi.org/10.1002/fsn3.793
https://doi.org/10.1002/fsn3.793
https://doi.org/10.1016/S1875-5364(14)60110-2
https://doi.org/10.3390/antiox8080318
https://doi.org/10.3390/antiox8080318
https://doi.org/10.3389/fmars.2022.977234
https://doi.org/10.3389/fmars.2022.977234
https://doi.org/10.3389/fmars.2023.1068151

	Tuna sidestream valorization: a circular blue bioeconomy approach
	Abstract
	Introduction
	Yield and recovery options for tuna sidestreams from processing operations
	Protein recovery options
	Tuna silage
	Tuna hydrolysate

	Application of recovered tuna protein hydrolysate in animal nutrition
	Pig and poultry nutrition
	Shrimp nutrition
	Fin fish nutrition

	Tuna protein hydrolysate as a source of bioactive peptides
	Recovery of collagen and gelatin from tuna skin
	Tuna collagen
	Tuna gelatin

	Tuna sidestreams as a source of enzymes
	Recovery options for oil and liquid sidestreams from tuna processing
	Miscellaneous technologies adopted for tuna sidestream recovery

	Green extraction techniques for tuna sidestream recovery
	Future outlook
	Conclusion
	References


