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ABSTRACT

The global shrimp processing industry generates substantial amounts of solid waste (head, abdominal exoskeleton, and tail),
with a considerable part currently being disposed of in landfills. It holds significant potential as an alternative ingredient in aq-
uaculture feed due to its relatively high crude protein content, balanced amino acid profile, and presence of bioactive compounds.
However, one of the main challenges with shrimp processing waste is its rapid spoilage. Consequently, shrimp solid processing
waste must undergo further refinement to produce shrimp-derived products suitable as aquaculture feed ingredients, such as
meal, hydrolysate, or silage. This literature review describes the nutritional value, applications, challenges, and prospects of
these shrimp-derived products in aquaculture feed. Among the investigated shrimp-derived products, shrimp hydrolysate has
the highest nutritional value considering the high crude protein content, balanced amino acid profile, low chitin content, and low
ash content. However, producing shrimp hydrolysate requires extensive processing, which can be costly, limiting its applications
to high-value aquaculture species. On the other hand, shrimp meal and shrimp silage, which require less energy-intensive pro-
cessing, may be more suitable for lower-value aquaculture species that naturally consume feeds high in ash and chitin. The pros-
pects for using shrimp-derived products in aquafeed are promising, with advances in processing technologies showing potential
to reduce costs, improve nutritional value, and enhance product quality and safety. Ultimately, shrimp-derived products could
replace current aquafeed ingredients while simultaneously utilizing current shrimp solid waste streams, provided that quality
and safety measures are carefully considered.

1 | Introduction carp (Cyprinus carpio), European seabass (Dicentrarchus

labrax), giant tiger prawn (Penaeus monodon), Nile tilapia

The total global aquatic animal production through fisheries
and aquaculture reached 178 million metric tonnes in 2020,
with projections indicating sustained growth driven by rising
incomes, population growth, urbanization, and changing di-
etary preferences [1]. As landings by capture fisheries have re-
mained stable for several decades, these increasing demands
can only be met by growth in the aquaculture sector. Most
of this growth is realized through a global increase in fed-
based aquaculture, driven by species such as African catfish
(Clarias gariepinus), Atlantic salmon (Salmo salar), common

(Oreochromis niloticus), rainbow trout (Oncorhynchus my-
kiss), red seabream (Pagrus major), and whiteleg shrimp
(Litopenaeus vannamei) [1]. As fed-based aquaculture requires
the provision of feed, further increases in feed raw material
demands can be expected over the coming decades. Fishmeal
was traditionally used as the main protein source in aquafeed
due to its balanced amino acid profile, high palatability, and
high digestibility [2]. However, fishmeal is a competitive com-
modity with a high price (~1730 USD per metric ton, February
2024) [3]. The most commonly used alternative ingredient for
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fishmeal worldwide is soybean meal due to its relatively simi-
lar amino acid profile, worldwide availability, and lower price
(~460 USD per metric ton, February 2024) [3], while in some
instances, other soybean products are used, such as soybean
isolate or soybean concentrate. Nonetheless, the dietary inclu-
sion of unrefined soybean meal in aquafeed can pose chal-
lenges related to nutrient digestibility, palatability, and health,
depending on the aquaculture species [4-6]. Furthermore,
certain sources of fishmeal and soybean meal may be associ-
ated with sustainability concerns, including overfishing and
deforestation, respectively [7, 8]. These challenges, together
with the expansion of the aquaculture sector and increasing
emphasis on the circular economy, have propelled research
to identify alternative protein sources for aquafeed including
single-cell proteins, microalgae, insects, and shrimp process-
ing waste.

Shrimp processing waste, in this review encompassing waste
from both shrimps and prawns due to the lack of a concise
definition of either term, is of interest for aquafeed applica-
tions because of its relatively high crude protein content,
balanced amino acid profile, and presence of bioactive com-
pounds [9-11]. During shrimp processing, parts considered
“inedible” for human consumption can be removed (head,
abdominal exoskeleton, and tail), which are subsequently re-
garded as solid waste. This solid processing waste can make
up 35%-65% of the total shrimp production weight, depending
on, amongst others, the shrimp species and processing effi-
ciency [12-15].

In 2020, the combined supply of shrimp provided by fisher-
ies and aquaculture reached approximately 10 million metric
tonnes (wet weight), resulting in roughly 3.5-6.5 million metric
tonnes of shrimp solid processing waste [7]. Only a small frac-
tion of global shrimp processing waste is further processed for
other industries, whereas most is disposed of in landfills due
to its perishable nature [11]. The disposal of shrimp processing
waste is not only a loss of valuable nutrients but is also associ-
ated with adverse environmental impacts including water pol-
lution, habitat degradation, and greenhouse gas emissions [11].
More efficient utilization of shrimp processing waste can aid
in enhancing the sustainable and economic viability of shrimp
processing industries while simultaneously contributing to the
circular economy concept.

In recent decades, shrimp processing waste has been investi-
gated asasource of bioactive compounds and as a feed ingredient.
Numerous in-depth literature reviews have described biotech-
nological processes for obtaining bioactive compounds from
shrimp processing waste, including long-chain polyunsaturated
fatty acids, polysaccharides, and carotenoids [10, 11, 16, 17].
These bioactive compounds have been shown to have, amongst
others, antioxidant, antimicrobial, and/or anti-inflammatory
properties, finding applications in various industries including
cosmetics, pharmaceuticals, and agriculture [18-21]. Given their
wide range of applications, considerable efforts are being made
towards overcoming previous hurdles by improving extraction
efficiency, enhancing cost-effectiveness, and employing green
extraction technologies to reduce their environmental impact
[21]. Despite extensive research on the purification and appli-
cations of these bioactive compounds from shrimp processing

waste, the utilization of shrimp-derived products as a replace-
ment for current protein sources in aquafeed remains underex-
plored. This literature review therefore evaluates the nutritional
composition of shrimp-derived products (meal, hydrolysate, and
silage) and assesses their applications as alternative ingredients
in formulated aquaculture feed. Furthermore, the current chal-
lenges associated with shrimp-derived products in aquafeed are
discussed, as well as potential strategies to overcome them.

2 | Shrimp-Derived Products

Of the total global shrimp supply of 10million metric tonnes
(wet weight) in 2020, approximately 70% was produced by aqua-
culture [7]. Over the past decade, shrimp aquaculture has been
almost completely reliant on one shrimp species which is the
whiteleg shrimp (L. vannamei), accounting for roughly 6.8 mil-
lion metric tonnes (wet weight) in 2022 [22]. The majority of
shrimp fisheries and aquaculture activities are concentrated in
Asia and, to a lesser extent, South America [7]. For both con-
tinents, shrimp are often processed immediately after collec-
tion, which is driven by the cost-effectiveness of labor in these
locations [23]. The processing location is also dependent on the
shrimp source; when obtained through fisheries, initial pro-
cessing may occur at sea (provided the fleet is equipped with
onboard processing capacity), whereas when obtained through
aquaculture, processing typically occurs on land.

Initial processing involves washing, cooking, weighing, sorting,
and grading, as illustrated in Figure 1. Immediately after col-
lection, shrimp are cooked or washed to ensure high product
quality and, in the case of marine shrimp species, to remove salt
residues. Additional washing steps are required after further
processing steps, which remove chemicals or other impurities
[10]. Both the cooking and washing steps in shrimp processing
result in the generation of wastewater, estimated at approx-
imately 15m?3 per metric ton of raw shrimp [24]. The highly
diluted nutrient content in processing wastewater currently
renders it economically inviable as an aquafeed ingredient, as
it would require extensive processing. Processing wastewater is
therefore not further discussed in this literature review.

After cooking and washing, shrimp are sorted and graded ac-
cording to their size and quality. Shrimp that do not meet the
size specifications for human consumption are commonly re-
purposed, for example as a pet food ingredient due to quality
and price considerations. Graded shrimp, deemed suitable for
human consumption, are then categorized according to the de-
sired final product being (1) whole shrimp, (2) beheaded shrimp,
or (3) peeled shrimp [10]. All three final products undergo sub-
sequent processing steps, including washing, weighing, pack-
ing, freezing, and transporting, before being sold to consumers
(Figure 1).

Substantial amounts of solid processing waste are generated
at the processing site when beheaded or peeled shrimp are the
final products. For beheaded shrimp, the head is removed, leav-
ing the rest of the exoskeleton attached. For peeled shrimp, the
head, abdominal exoskeleton, and tail are removed (Figure 2).
The proportion of total solid waste (head, abdominal exoskele-
ton, and tail) relative to the shrimp weight typically ranges from
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FIGURE 1 | Flow chart illustrating critical steps involved in producing final shrimp products for human consumption from freshly collected
shrimp by aquaculture or fisheries (modified version based on [10]). Shrimp sources are indicated in blue, processing steps in yellow, products for

human consumption in dark gray, and waste streams in light gray.

35% to 65% (Table 1), of which the head makes up the predomi-
nant fraction of the total solid waste weight, ranging from 65%
to 85% [14, 15].

The relative proportion of total solid waste is dependent on,
amongst others, the shrimp species and processing efficiency.
Of the described shrimp species in the literature, L. vannamei

had the lowest relative fraction of solid processing waste (35.6%-
44.1%) and Macrobrachium rosenbergii had the highest (62.5%)
(Table 1). Dissimilarities between species may be related to dif-
ferences in size and morphology whereas differences within the
same shrimp species may be attributed to differences in size
and peeling efficiencies across studies. Notably, manual shrimp
peeling is generally known to be more accurate in separating the
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meat part from the exoskeleton part, therefore yielding a lower
fraction of solid processing waste [25].

To be able to utilize shrimp solid processing waste in aquafeed,
additional processing is necessary to change its physicochemical
properties, enhance its nutritional quality, and prevent spoilage
[26]. Depending on the methods applied, various shrimp-derived
products can be produced including shrimp meal, hydrolysate,

Head

Abdominal
exoskeleton

FIGURE 2 | Visual representation of three commonly separated
fractions during shrimp processing: Head (including antennae,
carapace, eyes, pereopods, rostrum), abdominal exoskeleton (including
abdominal segments, pleopods), and tail (including telson, uropods)
(modified version based on a previous study [25]).

and silage. The processing methods for each of these products
are described in more detail below.

2.1 | Shrimp Meal

The term “shrimp meal” is often used in the literature to describe
either shrimp head meal or shrimp waste meal (containing
head, abdominal exoskeleton, and tail). Regardless of the type of
meal, the following processes can be applied to produce shrimp
meal: washing, drying, grinding/milling, and sieving (Figure 3).
A washing step is often performed to remove impurities present
from previous processing steps [10]. Subsequently, drying is re-
quired to produce a meal with a relatively low moisture content
to extend its shelf life and enhance formulation for aquafeed
purposes. Solar, freeze, and oven drying are examples of dry-
ing methods applied in the industry [27]. Afterwards, grinding/
milling, possibly followed by sieving, can be performed to ob-
tain a uniform particle size, which supports the formation of a
high-quality feed pellet.

2.2 | Shrimp Hydrolysate
Shrimp hydrolysate is obtained by hydrolyzing shrimp solid

processing waste, where protein-bound amino acids are
solubilized in water. Steps involved in shrimp hydrolysate

TABLE1 | Different shrimp species and their relative fraction of solid processing waste relative to the total shrimp weight.

Species Solid processing waste (%) Reference
Fenneropenaeus chinensis 44.1 [15]
Litopenaeus vannamei 35.6 [12]
Litopenaeus vannamei 44.1 [15]
Macrobrachium rosenbergii 62.5 [15]
Metapenaeus dobsoni 48.6 [13]
Pandalus borealis 51.9 [14]
Parapenaeopsis stylifera 56.0 [13]
Penaeus indicus 48.5 [13]
Penaeus japonicus 47.9 [15]
Penaeus monodon 38.1 [12]
Penaeus monodon 48.7 [13]
Penaeus monodon 52.1 [15]
Pleoticus muelleri 45.4 [12]
Trachysalambria curvirostris 51.7 [14]
Raw material ——p Washing — Drying —> Grinding > Sieving — Meal

?

j

FIGURE 3 | Flow chart illustrating the processing steps involved in shrimp meal production from shrimp solid processing waste (based on the

in-text description in previous studies [29, 30]).
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production include washing, grinding/milling, hydrolysis, fil-
tration, and centrifugation (Figure 4). Prior to hydrolysis, a
washing or grinding/milling step can be included to remove
impurities and increase the surface area for hydrolysis, re-
spectively. Afterwards, chemical or enzymatic hydrolysis can
be applied to break down proteins into shorter peptides and
amino acids [30]. Chemical hydrolysis refers to the use of ei-
ther highly acidic or alkaline solutions, usually in combination
with high pressure and/or high temperature. Due to the large
volumes of chemical waste produced during chemical hydroly-
sis, recent attention has shifted towards enzymatic hydrolysis
[31]. Enzymatic hydrolysis relies on proteolytic enzymes (e.g.,
chymotrypsin, papain, and subtilisin) to break down proteins
[32, 33]. As proteolytic enzymes are highly specific, enzymatic
hydrolysis allows greater control over the quality of the final
products [34], but, unlike chemical hydrolysis, does not re-
sult in the breakdown of chitin unless chitinolytic enzymes

are added [35]. Following hydrolysis, filtration is performed,
resulting in a solid and a liquid fraction. The liquid fraction
is further processed by centrifugation, to yield the hydroly-
sate whereas the precipitate is discarded [36, 37]. To be able
to include the hydrolysate in aquafeed, an additional concen-
tration step might be needed to reduce the moisture content.

2.3 | Shrimp Silage

Ensiling is a traditional method to prolong the shelf life of
shrimp solid processing waste and, in certain cases, improve
its nutritional value. To produce shrimp silage, the follow-
ing steps are required: washing, grinding/milling, addition
of acid/fermentable carbohydrates/lactic acid bacteria, mix-
ing, liquefaction, and centrifugation (Figure 5). Washing and
grinding/milling are optional steps and their functions are

Raw material —>

| .

Washing —> Grinding

Concentrated
hydrolysate

Solid
¢ fraction
—> Hydrolysis —> Filtration
Liquid fraction
<+ Drying <+ Hydrolysate
Centrifugation
Precipitate

FIGURE4 | Flow chartillustrating the processing steps involved in shrimp hydrolysate production from shrimp solid processing waste (modified

version based on previous studies [33, 38, 39]).

Raw material —>

| .

Washing —> Grinding

Concentrate

v

Addition of

acid/carb/LAB > Mixing —> Liquefaction
<« : ¢ Liquid
omvine fraction
v
Centrifugation
Solid
fraction

FIGURE 5 | Flow chart illustrating the processing steps involved in shrimp silage production from shrimp solid processing waste (modified

version based on previous studies [17, 41]).
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similar to what has been described previously. To produce
silage, the pH needs to be below 4.5, which can be achieved
either by the addition of acids (acid silage) or through an-
aerobic fermentation using lactic acid bacteria (fermented
silage) [39-41]. In the latter, lactic acid bacteria can convert
fermentable carbohydrates into lactic acid. As shrimp solid
processing waste contains a low amount of fermentable car-
bohydrates, supplementary fermentable carbohydrate sources
(e.g., molasses, tapioca, etc.) are often added to the mixture,
sometimes in combination with a starter culture of lactic acid
bacteria [42]. Acids originating either from acid addition or
lactic acid bacteria will reduce the pH, resulting in an inhi-
bition of undesirable microorganisms and preservation of
the nutritional quality. To ensure homogenous ensiling, it is
necessary to mix the raw materials with acids, fermentable
sugars, and/or lactic acid bacteria. During liquefaction, dif-
ferent processes occur including the production of lipophilic
compounds, denaturation of proteins, and solubilization of
minerals [43]. Afterwards, the liquid and solid components
can be separated by centrifugation, resulting in a solid frac-
tion primarily composed of chitin and insoluble minerals, and
a liquid fraction containing proteins, lipids, and carotenoids
[40]. Subsequently, the liquid fraction can be dried to produce
a concentrate, better suited for aquafeed purposes.

3 | Nutritional Composition

Shrimp-derived products consist, on a dry matter (DM) basis,
of 33%-74% crude protein, 10%-28% ash, 1%-16% chitin, and
4%-8% crude lipid (Table 2). Several bioactive compounds can
be found in shrimp-derived products, including amino acids,
long-chain polyunsaturated fatty acids, polysaccharides, min-
erals, and carotenoids. The contents of these nutrients in the
different shrimp-derived products are described below in
more detail. For further information regarding the extraction
and specific bioactivities of each compound, we refer to previ-
ously published reviews [10, 44].

3.1 | Crude Protein and Amino Acids

To replace conventional protein sources in aquafeed, it is
essential to consider their protein content and amino acid
profile. Fishmeal and soybean meal contain approximately
65%-75% and 45%-55% crude protein on a DM basis, respec-
tively, while shrimp-derived products contain 33%-74% crude
protein on a DM basis (Table 2). Among the shrimp-derived
products presented, shrimp hydrolysate and shrimp silage
have the highest and lowest relative crude protein content,
respectively. Previous research indicates that ensiling shrimp
solid processing waste can result in a reduction of its relative
crude protein content [42, 45]. The decrease in crude protein
content may be caused by, amongst others, non-protein nitro-
gen losses, amino acid degradation, and the relative dilution
of crude protein by the addition of acids, fermentable carbo-
hydrates, and/or lactic acid bacteria. Ensiling not only affects
the crude protein content but also the type of nitrogen sources
present, as it can result in the conversion of protein into non-
protein nitrogen sources such as ammonia, potentially reduc-
ing its nutritional value for aquafeed purposes [46]. However,
commonly used nitrogen determination methods such as
Kjeldahl and Dumas, used to estimate crude protein con-
tent, cannot differentiate between sources of protein nitrogen
and non-protein nitrogen [47]. To identify which compounds
crude protein is converted into during the ensiling of shrimp
solid processing waste, additional quantification of individual
nitrogen-containing compounds is needed.

It is noteworthy that non-protein nitrogen sources are not exclu-
sively present in shrimp silage but can be found in all shrimp-
derived products. For example, shrimp-derived products
contain 1%-16% chitin on a DM basis, with chitin containing
6.9% nitrogen in its pure form [48]. The presence of these non-
protein nitrogen sources can result in an overestimation of the
protein content. The crude protein content in shrimp-derived
products is depicted in Table 2 and calculated using a standard
nitrogen-to-protein (Kp) conversion factor of 6.25. This standard

TABLE 2 | Proximate composition of shrimp solid processing waste [9, 12, 14, 15, 39, 40, 42, 43, 46, 51, 52, 66, 71-81], shrimp meal [26, 28, 29, 40,
53-59, 61, 62, 68, 82-112], shrimp hydrolysate [51, 63-65, 67, 72, 80, 113, 114], shrimp silage [39, 41-43, 45, 76, 79, 115, 116], fishmeal (FM, mixed
species) [2, 56-59, 62, 85, 86, 88, 90, 93, 96, 97, 99-101, 105, 106, 110-112, 117-150], and soybean meal (SBM) |2, 53, 57, 60-62, 84, 92, 93, 96, 97, 100,
101, 105, 108, 110-112, 117, 120, 121, 125, 130-132, 134, 136, 137, 140-143, 146, 147, 150-161].

Shrimp
Constituent Solid processing
(g/100g DM) waste Meal Hydrolysate Silage FM SBM
DM 271+£6.2(n=28) 91.9+3.2(n=35 93.6+3.0(n=21) 27.8+5.6(n=13) 92.3+2.1(n=55) 91.0+2.5(n=44)

Crude protein® 42.5+11.5(n=38) 47.4+7.8 (n=57)

74.0+14.2 (n=28)

33.8+11.4(n=14) 70.2+4.1(n=61) 50.7+3.7(n=54)

Crude lipid 8.2+5.9 (n=36) 56+3.1(n=55)  4.2+39(n=27) 75+44(n=11)  89+24(n=61) 22+1.3(n=52)
Ash 259+7.3(n=37) 279499 (=55 10.7+41(m=28)  17.3+50(n=10) 17.2+3.4(n=57) 7.4+2.3(n=39)
Chitin 176 £6.6 (n=11)  15.1+4.5 (n=28) 1.0+0.6 (n=9) 8.5+1.7 (n=4) n.d. nd.

Calcium 8.4+3.5(n=15) 8.2+4.2(n=15) 1.2+0.6 (n=2) 6.1+0.3 (n=3) 3.0£1.5(m=12)  0.3%0.0 (n=16)
Phosphorus 1.7+0.5(n=5) 1.5+1.0 (n=17) 0.1+0.1(n=2) 1.3+0.3 (n=3) 24+11(m=17) 0.7+0.2(n=21)

Note: Values are expressed as mean + standard deviation on a dry matter (DM) basis.

Abbreviation: n.d., not determined.

2Crude protein was calculated using a nitrogen-to-protein conversion factor of 6.25.
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Kp value assumes that all quantified nitrogen derives from
protein and that all proteins have a 16% nitrogen content [49].
However, in shrimp-derived products not all quantified nitro-
gen derives from protein, leading to a potential overestimation
of the true protein content. To determine the true protein con-
tent in shrimp-derived products, it is more accurate to calculate
the total sum of amino acids or use a Kp value specifically cal-
culated for each shrimp-derived product. To precisely calculate
a Kp value, all 20 amino acids need to be quantified. However,
most studies depicted in Table 3 lack the quantification of at least
one or more amino acids, particularly cysteine and tryptophan.
Since these amino acids constitute only a minor portion of their
overall amino acid content, an approximate Kp value can be
derived for studies missing quantification of only these amino
acids. From these studies, shrimp hydrolysate demonstrates the
highest approximated mean Kp value of 5.0+ 0.6 (n =13), in con-
trast to 4.4+0.4 (n=6) for shrimp solid processing waste and
4.6 £0.6 (n=14) for shrimp meal [9, 25, 50-66]. These approxi-
mated values suggest that applying 6.25 as a universal Kp value
leads to an overestimation of the true protein content in shrimp-
derived products and shrimp solid processing waste, despite not
accounting for cysteine and/or tryptophan.

To assess shrimp-derived products as a dietary protein source, it
is particularly important to evaluate their amino acid profile and
the ratio of essential to nonessential amino acids. The amino
acid profile of different shrimp-derived products is compared to
fishmeal and soybean meal in Table 3. Of the shrimp-derived
products, shrimp hydrolysate has the highest relative con-
tents of both essential and nonessential amino acids—for most
amino acids, these contents are higher than fishmeal. The rel-
ative amino acid profiles of shrimp solid processing waste and
shrimp meal are generally inferior compared to fishmeal and
soybean meal. That said, the methionine contents, one of the
main limiting amino acids in aquafeed, might be slightly higher
in these shrimp-derived products compared to soybean meal.
Unfortunately, the number of studies investigating the amino
acid profile in shrimp silage is limited. From the quantified
amino acids, it appears that the amino acid contents are lower in
silage than in the other shrimp-derived products, as well as both
fishmeal and soybean meal. However, more studies are required
to confirm these results.

The ratio between essential and nonessential amino acids was
calculated for the other shrimp-derived products and appeared
to be balanced, ranging from 1:1.0 to 1:1.2 [9, 14, 25, 50-68].
These ratios fall within the range previous studies have demon-
strated to be optimal for various fish species being 1:1.0-1:1.3
[69, 70]. Within this optimal range, nitrogen retention is max-
imized while nitrogen excretion is minimized. When consid-
ering both the amino acid profile and the ratio of essential to
nonessential amino acids, shrimp hydrolysate has the highest
protein quality of the investigated shrimp-derived products.

3.2 | Crude Lipid and Lipid Classes

The crude lipid content in shrimp-derived products (4%-8% DM)
is slightly lower than that in fishmeal (~9% DM) but higher than
in soybean meal (~2% DM) (Table 2). Only a limited number of
studies have investigated the fatty acid profile of shrimp-derived

products, possibly because they are primarily considered protein
sources in aquafeed formulation. Fatty acid profiles of shrimp
meal, shrimp silage, and shrimp processing waste are compared
to fishmeal and soybean meal, as shown in Table 4. Notably,
Table 4 does not contain the fatty acid profile of shrimp hydro-
lysate as, to our knowledge, no studies have investigated this.

The fatty acid profile showed to be relatively similar between
shrimp meal, shrimp silage, and shrimp solid processing
waste, with the most abundant fatty acids being palmitic acid
(C16:0), stearic acid (C18:0), oleic acid (C18:1n-9), eicosapen-
taenoic acid (C20:5n-3), and docosahexaenoic acid (C22:6n-3)
(Table 4). Especially the latter two are of interest in aquafeed,
as they are considered essential for most aquaculture species
[176]. The average percentages of eicosapentaenoic acid and
docosahexaenoic acid relative to the total identified fatty acids
in these shrimp products are 9%-11% and 10%-11%, respec-
tively. While these fatty acids are absent in soybean meal, the
average percentages for fishmeal are in line with these shrimp
products.

The variation in fatty acid profiles for especially shrimp prod-
ucts and fishmeal is notably large across studies. This can be
partly attributed to the use of different species in the differ-
ent studies. Previous work showed that the fatty acid profile
of fishmeal is highly dependent on the species used [168].
Similarly, a study analyzed shrimp heads of five different spe-
cies and found considerable variation in the fatty acid profile
between species [77]. Another reason for the large variation
between studies is related to the way the fatty acid data are
expressed. Most studies presented fatty acid data as percent-
ages of total identified fatty acids without describing absolute
values. This approach can lead to discrepancies because the
total number of identified fatty acids can vary between stud-
ies, which is typically dependent on the reference standards
used. When fewer fatty acids are quantified, their relative per-
centages appear higher [177]. For meaningful comparisons of
the fatty acid profiles between studies and products, it would
be beneficial for studies to not only describe fatty acids as per-
centage values but also in absolute terms.

Shrimp solid processing waste and its subsequent derived prod-
ucts, particularly containing the head fraction, are sources of
phospholipids and cholesterol [178]. The cephalothorax of L.
vannamei, for instance, contains over 800 mg of phospholipids
per gram of total lipid [179]. Furthermore, oil extracted from the
waste fraction of this species has been found to contain up to
65mg/g of cholesterol [180]. Phospholipids and cholesterol are
considered essential nutrients for many crustacean species, es-
pecially during their early life stages, due to their low capacity
for de novo synthesis [181]. Phospholipids are crucial for cell
membrane structure and function [182], and they facilitate the
mobilization and transport of lipids from the gut into the he-
molymph [183]. Cholesterol is also involved in lipid absorption
and transport and is the principal neutral lipid component in
cell membranes [184]. Most notably for crustaceans, cholesterol
serves as a precursor for steroid hormones involved in moult-
ing and reproduction [184]. Given the key roles of phospholipids
and cholesterol, shrimp-derived products could be strategically
incorporated into aquafeed formulations, especially for crusta-
cean species.

7 of 29

85U80| SUOLILLOD BATE81D 3(dedl|dde 8y} Aq peusenob ae ss(oiie YO ‘8sn JO S9N 10} ARIqiT8UIIUO AB]IA UO (SUONIPUOD-PUR-SLLIBYLIOD" A | IM A RIq 1 BU1UO//:SANY) SUORIPUOD PUe SWB | 81 88S *[7Z0z/0T/LT] uo Ariqiauliuo A8|iMm ‘eneb|y oa spepsieAn Aq /62T bel/TTTT 0T/I0p/wo A8 | im AIq iUl |Uo//Sdny Woi) papeojumod ‘0 ‘TETSES.T



17535131, 0, Downloaded from https://onlinelibrary.wiley.com/doi/10.1111/rag.12975 by Universidade Do Algarve, Wiley Online Library on [17/10/2024]. See the Terms and Conditions (https://onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

<
o
*(eIIUSSI-UOU + [BIJUISSI) SPIOR OUTWE [B}0) E:mn<<,ﬁwu «n,w,
.m—u_om ourwe ~mﬁﬁmmmoﬂcﬁ wns H<<mzws m
*SPIoe OuTWe [BIJUISSd Ezmn<<m_wu .W.
‘durwein3/aeweIn[3/proe orwein(s = X[ m
-ourderedse/oelredse/proe oniedse =xsy, Annﬁ
“PAUTULIdIAP JOU P U :UONBIAIQQY =
.mwm.m@ AEQV Ja)ewr %uﬁ ' uo :Oﬁmw\/oﬁ Upwﬁﬂmum Fueouw se Ummmopmxo aIe moz_.m\/ 9JON M
(9z=uU)TSF8'8H ST=Uw)T9F919 pu L1=w) LYTFLIL BT=u)9'8F 801 O1=u) 1'9FC'6¢ sVVLX m
(9T=U) T ¢FS9C (Sc=u)9°¢F0CE pu LI=uW)T8FTLE Q®I=U)TyFtCC OO1I=u)T°¢F80C pVVANX
(9z=u)gTFECTT (ST=uU) T'¢F96C pu (LT=UW) OLFSPE BT=uU) 9+ FS'8T OOI=u) 0'¢F+'8T vvaX
8C=uU)C0FLT (E=w)+'0FTT pu (L1=u)60F0¢ (oz=w) vy 0FLT OI=u)¢0F91 SuIs0IAL
9T=u)S0FvT (ST=U)S0FLT pu (L1=u)80FCE BI=U)S0F6T QI=u)T0F6T QuLIdS
(€T=u)L'0¥F9°C (ET=u)80F0¢ pu UI=WTIFTY (8T=u)8'0FST Or=u)s0¥CT aurjoid
(9z=u)€'0FTT (CT=W)TTIF9Y¥ pu L1=w91F0S B1=u)80F0¢ Q1= 80F6C QUKD
(9z=w) ¢'1IFT6 (ST=u)T1F8'8 pu (LI=u)TTF 001 @I=U)TTIF09 OI=U)60FV'S X1
(0s=U)T0FLO (Te=u)£'0F90 ‘pu (ET=U)T0FE0 OI=UW)TO0F¥0 r=u)90FL0 aurds£)
(9T=u)9'0F6'S (St=u)8'0FC9 pu LI=w)8TF69 QI=u)0TIF<P OI=w)9'0F0¥ eXSV
(9z=u)€'0FCC (Sc=w)s0FCt pu (LI=uW)O0TIF8 Y 8I=uU)S0F8C OI=u)S0F9C uruery
ESCmmmMEOZ
(Se=w)v0FtT Ir=u)yoFece pu (6I=uU)6'0F8€ (Sc=w)v'0FT1C (L1=u)¢0FCTT SuIfeA
(0z=u)T0FL0 (LI=uw)TO0FLO (t=w)0'0FLO 6=uw)T0F60 (6=uU)T0FS0 F=u)T0F90 ueydoyd£iy,
(Se=u)¢'0F6'T Ir=u)$¥'0F8'C (t=uw)¢'0FL0 (6T=U)LOFTE (Sc=u)¥'0F8'T BI=U)T0FLT auruoaIyJ,
(Se=u)4'0FS'C Or=u)+0F9C @T=u)90F60 (61=u)8'0FS’¢ (Iz=u)S'0F07C (CISOENES 4 surue[elAusyd
FE=w)TO0FLO Or=u) ¢0F61 (€=U ¢0FS0 (61=u)S0F81 (cc=u)8'0FC1 QI=U)S0F¥T QUIUOIYIA
(SE=wH0FTE (Ir=u) 60F0°S (E=u)S0Fv'T (6I=U)TTFSS (ST=U)90FLT QI=u)90FLTC QuIsAT]
(se=u)S'0F8€ w=u)L0F6Y pu B6I=UTIFCS (St=u)L'0F8'C LT=u)9'0F9C auINaT
(se=u)g0Fce (IP=u)€0F8C pu (61=u)80FC€ (Sc=u)S0FLT (L1=u)¢0F61 QUIINI[OS]
(se=u)¢0F¢1 Ir=u)90F6'1 pu 61=u)90F6'T (ST=u)9'0FT'1 LI=w)ZT0FT1 QuIpnsSIH
(c=u)Ss0F9€ or=u)L0F0t pu 6I=u)CTIFV'S (Sz=u)L'0F6'C (L1=u)S0F8C suruIgry
ﬁmﬁﬁvmmm
NgsS WA ageris 91esA[0apAH LB Jjsem (Na Soor/9)
Surssasoad prjos proe ourwry
durrys
[€9T-6ST “LST SST “€ST “IST “0ST ‘L¥T “OFT ‘2T ‘THT “9€T ‘OET ‘STT ‘SOT ‘TOT ‘L6 96 “€6 “T6 V'8 “29—09 ‘LS ‘€S ‘7] (NES) [eow ueaqhos pue
‘(29T ‘6PT-StT “THT ‘THT ‘6€T ‘9ET ‘SET ‘0€T ‘8TT ‘9CT-€TT ‘61T ‘STT ‘SOT ‘TOT ‘L6 ‘96 ‘€6 ‘L9 T9 ‘6596 ‘] (Sa10ads paxtwi ‘W) [eowIysly ‘[9TT ‘6L ‘9L) agerts dwtiys ‘[PTIT“€TT ‘08 “TL ‘L9 ‘S9-€9 ‘1S] 97esAJ0IpAY o
dwrys ‘[T “TTT ‘60T ‘£0T ‘€0T ‘TOT ‘00T ‘L6-£6 ‘06 ‘68 ‘L8 ‘89 ‘8S ‘95—+S ‘OF ‘9t] [Bowl dWlIys ‘[8+1 ‘9TT ‘STT 99 ‘59 ‘0S—8% ‘ST ‘b1 ‘1] d1sem Jurssaooid prjos dwitays jo syyoid proe outwy | € HTIV.L o
o
o0




TABLE 4

fishmeal (FM, mixed species) [68, 121, 140, 165-170], and soybean meal (SBM) [140, 158, 165, 171-175].

Fatty acid profile of shrimp solid processing waste [9, 43, 46, 52, 66, 77, 164], shrimp meal [26, 68, 86, 89], shrimp silage [26, 46],

Shrimp
Fatty acids Solid processing
(% identified) waste Meal Silage FM SBM
C12:0 0.5+£0.9 (n=9) 1.3+1.9 (n=3) 11 (n=1) 0.1+0.0(n=2) 21+2.8(n=2)
C14:0 3.6+3.1 (n=15) 1.9+2.1 (n=6) 1.5+1.1(n=2) 6.9+2.5(n=11) 0.3+0.5(n=5)
C16:0 19.0+6.7 (1=16) 18.8+2.8 (1=6) 16.6+6.1 (n=2) 19.0+4.4 (n=12) 147+2.2 (n=8)
C16:1 5.2+2.6 (n=15) 6.2+6.5(n=>5) 6.5+4.3(n=2) 8.3+2.8(n=12) 0.3+0.3 (n=5)
C18:0 10.4+7.1 (n=15) 72+2.8 (n=6) 49+4.2(n=2) 42+2.0((n=12) 45+0.5(n=8)
C18:1 14.5+6.4 (n=16) 19.6+2.1 (n=6) 19.2+2.8 (n=2) 15.4+6.1 (n=12) 17.3+3.7 (n=9)
C18:2 49+6.7(n=15) 9.9+7.0 (n=6) 59+7.3(n=2) 2.9+3.5(n=15) 51.8+3.7(n=8)
C18:3 1.1+0.8 (n=12) 1.3+0.5(n=6) 1.0+0.6 (n=2) 1.1+0.9 (n=16) 8.4+2.1((n=8)
C18:4 0.3+0.1(n=4) — 03(n=1) 1.84+0.4 (n=6) —
C20:0 0.8+0.6 (n=11) 0.3+0.1 (n=5) 0.5(n=1) 0.5+0.5(n=4) 0.3+0.0(n=3)
C20:1 2.7+2.7 (n=13) 22+1.2(n=5) 3.8+2.1(n=2) 47+6.5(n=11) 0.1%0.1 (n=4)
C20:2 2.5+1.8 (n=10) 0.9+0.6 (n=6) 0.5+0.4(n=2) 0.6+£0.3 (n=2) 0.240.2 (n=2)
C20:3 1.5+1.8 (n=12) 0.8 (n=1) — 09 (n=1) —
C20:4 3.3+29(n=11) 41+1.7 (n=6) 49 (n=1) 1.9+0.7 (n=2) —
C20:5 10.5+4.6 (n=16) 10.0+4.8 (n=6) 9.1+4.6(n=2) 10.0+4.2 (n=16) —
C22:0 0.9+0.5(n=8) 0.5+0.2 (n=4) 0.7 (n=1) — 0.4+0.1 (n=3)
c22:1 14424 (n=12) 0.6+0.1 (n=4) 31+32(n=2) 8.0+9.1 (n=6) —
C22:2 0.1+0.1(n=5) 0.2(n=1) 02(n=1) — 02(n=1)
C22:4 1.1+0.5(n=39) 0.9+0.2 (n=4) 0.8 (n=1) — —
C22:5 1.3+1.1(n=12) 1.6+1.2(n=5) 1.4(n=1) 1.8+0.8(n=9) —
C22:6 10.3+5.8 (n=16) 10.3+4.0 (n=6) 10.2+0.1 (n=2) 11.7+5.0 (n=16) —
C24:0 0.6+0.4(n=38) 0.3(n=1) 0.4 (n=1) — 0.1+0.1(n=3)
Y SFA? 40.5+18.3(n=15)  31.9+2.1(n=6) 28.1+9.8 (n=2) 31.3+£7.9 (n=15) 20.6+3.5(n=7)
Y MUFAP 24.1+11.4 (n=15) 28.6+71(n=6)  379+16.5(n=2)  38.5+13.9(n=15) 18.9+3.0(n=7)
Y PUFAC 35.4+10.6 (n=15) 39.6+5.7 (n=6) 34.0+6.7 (n=2) 30.2+9.5 (n=15) 63.0+£59 (n=7)

Note: Values are expressed as mean +standard deviation, representing the percentage of each fatty acid relative to the total identified fatty acids, with positional

isomers summed together.

2%"SFA =sum of saturated fatty acids.

PS"MUFA = sum of monounsaturated fatty acids.
Y PUFA =sum of polyunsaturated fatty acids.

3.3 | Polysaccharides

The primary polysaccharide found in shrimp-derived products
is chitin, a polymer composed of §-1,4-N-acetyl-D-glucosamine
subunits, that plays a major role in the structure of the crusta-
cean exoskeleton [127]. In the crustacean exoskeleton, chitin
forms sclerotized complexes with minerals and proteins, con-
tributing to its rigid structure [185]. Chitin contents in shrimp-
derived products vary widely, ranging from 1% to 16% DM,
with the lowest contents present in shrimp hydrolysate and the
highest contents in shrimp meal (Table 2). Extreme pH condi-
tions, such as during hydrolysis and ensiling, can compromise

the integrity of not only protein but also chitin, breaking down
chitin into its derivatives [186]. Additionally, certain treatment
conditions, such as high temperatures, can further accelerate
the degradation of chitin [186].

3.4 | Pigments and Minerals

Shrimp-derived products contain various pigments including
astaxanthin and f-carotene, which belong to the group of carot-
enoids. Carotenoids are produced by phytoplankton and bacte-

ria, and are accumulated throughout the food chain, eventually
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ending up in crustaceans, fish, and birds [187]. Astaxanthin and
f-carotene are red and orange carotenoids, respectively, and are
known for their colouring properties as well as their antioxi-
dant properties [188, 189]. Previously reported total carotenoid
contents in shrimp solid processing waste ranged from 47 to
332mg/kg DM, with astaxanthin being the primary carotenoid
present [52]. The carotenoid contents can greatly vary depend-
ing on the shrimp's dietary intake as well as the processing tech-
niques applied [39].

The most abundant minerals found in shrimp-derived prod-
ucts are calcium and phosphorus (Table 2). These minerals play
a vital role in the exoskeleton formation of crustaceans [190].
Mineral salts, predominantly calcium carbonate and calcium
phosphate, are embedded within the chitin matrix together with
proteins, adding strength and stiffness to the exoskeleton [191].
Shrimp solid processing waste and shrimp meal (both 8%-9%
DM) as well as shrimp silage (~6% DM) contain relatively high
contents of calcium compared to fishmeal (~3% DM) and soy-
bean meal (~0.3% DM) (Table 2). The total phosphorus content is
lower in all shrimp-derived products (0.1%-1.7% DM) compared
to fishmeal (~2.4% DM) and in line with soybean meal (~0.7%
DM). It should be noted that the total phosphorus contents de-
picted here include non-available phosphorus, which is phos-
phorus that cannot be utilized by aquaculture species.

4 | Aquafeed Applications

Shrimps form part of the natural diet of several omnivorous
and carnivorous aquaculture species [192, 193]. Consequently, a
considerable number of studies have examined the feasibility of
replacing fishmeal or soybean meal with shrimp-derived prod-
ucts in aquaculture species by investigating, amongst others,
growth performance, nutrient digestibility, body composition,
and health performance. In the following sections, a compre-
hensive overview of the literature is provided, aiming to synthe-
size the effects of dietary inclusion of shrimp-derived products
in aquafeed.

4.1 | Growth Performance

An overview of studies investigating the dietary inclusion of
shrimp-derived products in aquafeed and their effects on dif-
ferent growth performance indicators is shown in Table 5. Due
to the lack of literature available on shrimp silage as an aqua-
culture feed ingredient, only studies investigating shrimp hy-
drolysate and shrimp meal are considered. Despite some studies
reporting either positive or negative effects of the dietary inclu-
sion of shrimp-derived products on the growth performance of
aquaculture species, most studies did not find any significant
effects. The discrepancies in outcomes between studies can be
caused by differences in, amongst other things, the investigated
aquaculture species and dietary inclusion levels of shrimp-
derived products. For example, the dietary replacement of fish-
meal or soybean meal with shrimp-derived products seems to
have a more positive effect on crustaceans than on fish, possibly
because shrimp-derived products more closely align with the
nutritional requirements of crustaceans [194]. Furthermore,
different dietary inclusion levels are likely to exert subsequent

different effects on growth performance. Low dietary inclusion
levels of shrimp meal generally did not affect growth perfor-
mance in the depicted studies, whereas high dietary inclusion
levels have been shown to negatively affect one or more growth
performance indicators in some studies [92, 195-198]. Hardy
et al. [93] suggested that the reduction in performance may be
due to the lower contents of essential amino acids in shrimp
meal compared to fishmeal [92], which has also been described
in Section 3. Additionally, shrimp-derived products contain rel-
atively high amounts of ash (10%-28% DM). As ash has no ener-
getic value, a high dietary ash content dilutes the energy density,
which can negatively affect the amount of energy available for
maintenance and growth. Lastly, shrimp-derived products con-
tain chitin (1%-16% DM), which has previously been associated
with negatively affecting the growth performance of different
fish species [199, 200]. These effects may not be apparent at low
dietary inclusion levels but may appear when a larger fraction
of the protein source is replaced. Other factors could have also
contributed to discrepancies between study outcomes, including
the type of solid processing waste included (head, abdominal
exoskeleton, and/or tail), type of processing, shrimp species, and
shrimp source (wild or aquaculture) [14, 77, 201, 202]. However,
due to the lack of detailed information on the shrimp-derived
products used, an in-depth assessment of the impact of each of
these factors on growth performance could not be performed.

Some studies have shown that the replacement of commonly
used protein sources with shrimp-derived products increases
feed intake [54, 73, 85, 90]. Previous studies have suggested that
shrimp-derived products may act as a feed attractant and en-
hance feed palatability in both fish and crustaceans [85, 203,204].
Even though the specific compounds in shrimp-derived prod-
ucts with attractant properties are currently unknown, potential
compounds with these properties include essential fatty acids,
free amino acids, nucleotides, peptides, and/or sterols, some of
which are described in Section 3. Moving forward, the identifi-
cation and subsequent isolation of compounds with attractant
properties could aid in improving the efficiency of feeding in the
aquaculture industry.

4.2 | Nutrient Digestibility and Digestive Enzyme
Activity

Although the digestibility of diets containing shrimp-derived
products as replacements for conventional protein sources has
only been investigated in a handful of studies (Table 6), it seems
that once inclusion levels of shrimp-derived products reach
25%-30% of the total diet, there is a resultant decrease in protein
and lipid digestibility. The decrease in nutrient digestibility may
result from the presence of dietary chitin, as evidenced by a prior
study conducted on Atlantic salmon (S. salar). That study demon-
strated that crude protein digestibility significantly decreased
with increasing dietary chitin contents and a similar trend was
observed for lipid digestibility [205]. High dietary levels of chi-
tin or other indigestible materials can result in significantly re-
duced nutrient digestibility due to the decreased gastrointestinal
transit time, limiting the time available for nutrient digestion
and absorption [206]. Additionally, chitin can physically block
access of digestive enzymes to substrates like protein and lip-
ids, reducing their digestibility [207]. Furthermore, chitin is

10 of 29

Reviews in Aquaculture, 2024

85U80| SUOLILLOD BATE81D 3(dedl|dde 8y} Aq peusenob ae ss(oiie YO ‘8sn JO S9N 10} ARIqiT8UIIUO AB]IA UO (SUONIPUOD-PUR-SLLIBYLIOD" A | IM A RIq 1 BU1UO//:SANY) SUORIPUOD PUe SWB | 81 88S *[7Z0z/0T/LT] uo Ariqiauliuo A8|iMm ‘eneb|y oa spepsieAn Aq /62T bel/TTTT 0T/I0p/wo A8 | im AIq iUl |Uo//Sdny Woi) papeojumod ‘0 ‘TETSES.T



17535131, 0, Downloaded from https://onlinelibrary.wiley.com/doi/10.1111/rag.12975 by Universidade Do Algarve, Wiley Online Library on [17/10/2024]. See the Terms and Conditions (https://onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

Q
(sonunuo)) S
i
—
DM PUe YOS Ydd
[LsT] T4 gD U0 393332 ON €0 HS 6°0S IS 16 Jolowt sniaSng
DM PUB “¥dd ‘T4 904
[L61] U0 J09JJ9 OU YOS PIseaIou] S0 HS SIS NA SOT Aofowt sni13ng
DM PUB YOS Pasea1dap A[renpeid $nanw "0
[9s7] 4D paseaIdul Ue 10y AOUdpUd], 0S ‘8¢ ‘STET ‘0 NS T0¢ N4AS 09 X $n213071U S1UL04Y30210
DM pue “gos
[o¢] “dHd “4D4 U0 1931J9 ON 9°€C‘0 HS 9'LE NA Sy $MOI0]TU STU04YI02.10
DM pue “gos
[sse] “ddd “4D4 U0 1931j9 ON 05 ‘0 NS (s1-se) 9°1¢ N4 0ST SN210]1U S1UL041202.10
[¥se] ¥OS PUB YD UO 199332 ON 0T ‘0 WS 9% WA 16 ss1yfuwt snyoudy.100u0
DM PUR YHJ PIseaIddp
[06] ‘1 pue YD paseaiou] Se‘0 NS (s1-s®) 6'S1 N4 ¥8 ss1ydut snyoudy410ouQ
DM PaseaIour A[fenpeis :%67>
[62] ‘14 pue ¥D.I pasea1osp [[enpern 9€ ‘6T TTYIL 0 NS 80 WA 34 lowUUDA SNADUIA0IIT
D pasea1d9ap Arenpeid
[es] 24DS peseardul A[[enpero ST9°€‘0 NS 9°9¢ NS +INA 8¢C 1oWDUUDA SN2DUIA0IIT
[ U0 10939 OU YOS pue Yad
[v12] Pasea109p A[[enpeis fgD paseaiou] ¥ZT10 NS 8'Ey WA €9 122049 SAYIYITUIDT
DA\ PUB JUSWAIOUT
[z12] 33U 9oedered uo 30959 ON 0z ‘0 NS L'LS WY +INA $1-21 SNADUUDS SNADUOE]
DM PUE YHS yusauwaIoul
3Su9[ aoedered uo 399530
[¥<] ou ‘4 pasearoul A[[enpein ET0T‘9% 0 NS 0'8S W4 96 SNADUUDS SNADUIOE]
[cs?] DM U0 399)1° ON €10 NS Go¢ NA (41} IouuDy SNISIp SHONVH
D pasea1dap Ajrenpeid
[€L] YOS pue [ peseardul A[[enpern 0T‘S‘T‘0 HS (s1-s®) 'Y SddA 9t XD4qD] SMYI4D4JUIJ
I U0 199JJ9 OU "¥ DA
PaseaIdap Afrenpeisd iom pue
[ceT] YHd pasearndul A[[enpero LT‘8°0 NS 6'S¢ 4GS ¥8 D.492D] SDD]D
0UdIdJOY sSurpurg padj ur jonpoxd (s1seq INA) 2anos (sAep) sar0ads aanjnoenby
jonpoad paALIdp EYNRE] P93 [013U0D urajoad uorjeinp
-dwriys % -durriys ur urajoad ¥, pooerdoy [eraL
"Pa9J [013U0D 3} PaJ sewTue 03 dAneIedwod sgurpury ‘saroads ainjnoenbe Jo souewioyrad Yimoisd ay3 uo s3onpoid paArrsp-dwiiys Jo s309)3e a3 SuneSnsoAul SAIPNIS aY) JO MAIAIAQ | S ATIV.L



17535131, 0, Downloaded from https://onlinelibrary.wiley.com/doi/10.1111/rag.12975 by Universidade Do Algarve, Wiley Online Library on [17/10/2024]. See the Terms and Conditions (https://onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

Reviews in Aquaculture, 2024

‘ured JySrom ‘O s901nos urajoxd jueld snorIeA ‘SIJ A eow
dwrrys ‘S 91esA1o1pAy dwtiys ‘HS 9181 YImoi1s o1j10ads YOS (Jeaw uLaqLos ‘NS ‘01781 AOUIIYJD Ure3ord Y J e [[LIY ‘Y O3B INU PUNOIS ‘QND [edUWYSIJ ‘A OBIUT PIJ ‘[ ‘01JBI UOISIOAUO0D PAd] YD, :SUOTIBIAIQQY

HAd pue YD U0 199JJ9 ou

[s8] ‘DM PUB DS ‘T4 pasearou] €1°0 NS TS A 09 DUD1]0A14 D]OLIDS
11 UO 309333 OU YOS
[661] PasBaIddP YD Pasearou] 0€ ‘0 NS 818 NA s¢ 1pup]p] D]OLIAS
DM PUB YOS PISEIIID
A[renpeisd ‘1, pasea1our 10y
[6sT] Kouapua) gD PoseaIoul A[fenpeIn 8T ‘CT ‘90 HS 0t WA o€ WNPDOUDI UOLTUI YIDY
JAd paseardap K[penpeid
[£9] DM paseaIour A[[enpein ST0T0T‘0 NS 0TS WA w WNPDUDD UOLJUIIYIDY
DA PIseaIddp ‘oM
[861] pue YOS “YHd pasea1du] 9 NS (s1-se) 6% OND (13 Uuopouowt snovuad

Hd Pasea1dap Jo AoUapua)l pue Hm
PasBaINaP %09 YHd PISLIIOUL JO

[8sc] Kouspus) pue DM\ PISEAIUT :%8T> 09 ‘8TST0 NS 8V WA 0¢ UOpouUoUt Snovuad
AOS U0 109JJ9 0oU DA

[ss] PaseaIoap JySrem [euly paseaIou] 1£°0 NS Tov WA 0S UOPOUOWL SNIDUI

YOS pue Ydd ‘14 ¥MD4d snuoyiydoddy

6] U0 J09§J0 OU DA\ PaseaIdU] 0Z°0 NS $'ze NA 481 UopoUDISPIUD

0UdI3JoY sSurpurg padj ur jonpoad (s1seq INA) 92aInos (s&ep) sar0ads aanjnoenby

jonpoad pasrIap PaALIap P93y [013U0d urajoxd uornyeinp
-dwutays % -dwurrayg ur urdjoad ¥, paoerdoy [eLLL

12 of 29

(ponunuod) | SHATAVL



17535131, 0, Downloaded from https://onlinelibrary.wiley.com/doi/10.1111/rag.12975 by Universidade Do Algarve, Wiley Online Library on [17/10/2024]. See the Terms and Conditions (https://onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

13 of 29

‘Teawr dwILIys ‘NS (91BSATOIPAY dWLIYS ‘HS {[B9W UBSQAOS ‘INGS ‘19118W J1USI0 ‘N ‘[edu [[11Y ‘Y (ASI10U0 $S013 ‘gD TeowIySH ‘A ‘I9)ew AIp ‘N ‘pidi] 9pniod 1D urdjoid apniod ‘JD :SuoreIAdIqqy

Ky1A10® 9seUnNIYD

[£9] SAIISASIP UO JO9J0 ON ST 0T 0T ‘0 NS 0TS N w WNpOUDI ULJUIILYIDY
N pue ‘dD “ID Jo
[£s?] K111q1sasIp uo 308339 ON €0 HS 6'0S NES 16 40fpwt sn43pq
ANMqusadIp N Uo 30939
[L61] ou ‘ANIqUSAZIPp D paseaou] S0 HS SIS N4 SOt 40fpwt sn18pd
q9 pue 4D “ID JO
[06] Ay11qnsagip pasearda( SE°0 NS (s1-se) 6'S¥ Nd 1 sspdut Snypudiy10oUQ
Anqusasip WO pue 49

U0 399J9 ou “AI[1qusasIp 4D
PaseaIdap :%0¢ AN[IqIsa3Ip
dD U0 309J39 ou ‘Ky[Iqrisagdip
[vel IO PU® HD PaseaIoul :%GT 0€ ‘ST°0 NS €S INES T snu1fa3av snuupiSou]IN

(eseajo01d [e307 pue ‘osedI]
‘9SBIDISI ‘ASBUNIYD) AJATIOR
[62] onewWAZUd 9A1SIZIP UO 13JJ2 ON 9¢€ ‘8T ‘0 NS 8'6€ WA 6< 1wDUUDA SNaDUIA0JIT

ursdAn) pue ‘osed] ‘osejAure-n
Jo £31A130® d1RWAZUD UO J09JJ9

[z12] ou ‘AIIAI}OE ASBUNIYD PIASBAIOU 0Z ‘0 NS L'LS W+ NI $1-71 SNADUWDS SNADUOF]
Anqqnsasip INA
[zet] peseardul A[[enpero LT‘8°0 NS 6'GE INdS 78 D.492D] SDID]D
0UdI3JOY sSurpurg padj ur jonpoad (s1seq INA) 92In0S (sAep) saroads aanjnoenby
jonpoad paALIap PAALIdP Pa93 [013U0d urajoxd uonjeanp
-dwriys % -durrays ur urayoad ¥, paoerdoyg [elaL

‘Pa9J 013U0D Y} PaJ S[eWTUR
0y aanjeredwod sgurpuj ‘saroads arnjinoenbe ur £)1anoe swAzus 9A1SISIP Y} pue AN[IqUISaSIp JuSLIINU 3} uo sjonpoid pIALIOp-dwLIys Jo 109330 ay) SunesISoAUL SaIpNIs ) JO MIIAIDAQ | 9 HTAV.L




often in a matrix with protein, lipids, and minerals that remain
unavailable when chitin is either not digested or only partially
digested [208]. Complete chitin digestibility requires several chi-
tinolytic enzymes including endochitinases and exochitinases.
Endochitinases split the chitin polymer from within, whereas
exochitinases split the ends of the chitin polymer. Whether chi-
tin can be digested is dependent on several factors, including the
fish or crustacean species and their natural feeding habits.

Chitinolytic enzymes have been found in several fish and crus-
tacean species including Atlantic herring (Clupea harengus), big
skate (Raja binoculata), black tiger shrimp (P. monodon), cobia
(Rachycentron canadum), European lobster (Homarus gam-
marus), Nile tilapia (O. niloticus), Pacific sand sole (Psettichthys
melanostictus), rainbow trout (O. mykiss), shiner perch
(Cymatogaster aggregata), starry flounder (Platichthys stellatus),
and white leg shrimp (L. vannamei) 29, 67, 200, 209-212]. The
presence of chitinolytic enzymes in the gastrointestinal tract is
not necessarily an indication of substantial chitin digestion, as
both endochitinases and exochitinases need to be present in an
optimal ratio and activity. To evaluate whether chitin is digested,
chitin digestibility studies need to be performed. Unfortunately,
research to date has tended to focus on the existence of chitino-
lytic enzymes rather than chitin digestibility in fish and crus-
taceans. This is partly due to the fact that there is currently no
standardized chitin quantification method available, and partly
because the determination of chitin digestibility is complicated,
particularly in crustaceans [91, 213]. Determining chitin digest-
ibility in crustaceans is intricate for several reasons. Firstly,
crustaceans shed their exoskeleton during moulting, which
ends up in the fecal fraction during digestibility determination.
Secondly, the peritrophic membrane (=a barrier protecting the
intestinal tract from the damage of undigested material) sur-
rounding fecal material also contains chitin. Previous work
showing negative chitin digestibility in crustaceans may not
necessarily be an indication of poor chitin digestibility [213].
Instead, it could imply that currently applied digestibility meth-
ods might not be suitable for determining chitin digestion in
crustaceans, emphasizing the need for alternative methods of
investigation.

4.3 | Body Composition

As aquatic products are eventually used for human consump-
tion, their total body composition and muscle composition are
important determinants of their nutritional quality and market
value. Table 7 provides an overview of currently available liter-
ature studies investigating the effects of replacing conventional
protein sources with shrimp-derived products on the total body
composition or muscle composition in fish and crustaceans.
Most studies reported that dietary inclusion of shrimp-derived
products had no significant effect on final total body composi-
tion and/or muscle tissue composition. According to these re-
search findings, the inclusion of shrimp-derived products in the
investigated organisms did not result in substantial changes in
their macro nutritional quality.

Interestingly, one study investigated the effect of replacing fish-
meal with shrimp meal on the pigmentation of yellow croaker
(Larimichthys crocea) and found that dietary inclusion of shrimp

meal resulted in increased skin carotenoid and skin melanin
contents in the dorsal and ventral skin, originating from ca-
rotenoids [214]. Shrimp-derived products contain substantial
amounts of carotenoids, particularly astaxanthin and its esters.
These compounds are recognized for enhancing pigmentation
in several aquatic species, including Atlantic salmon (S. salar),
kuruma shrimp (Marsupenaeus japonicus), rainbow trout (O.
mykiss), and red porgy (Pagrus pagrus) [87, 196, 215, 216]. The
dietary inclusion of shrimp-derived products may thus be suit-
able for improving the pigmentation of aquatic products, ren-
dering them more attractive to consumers. Additionally, it may
provide economic benefits by reducing the need for supplement-
ing pigments in aquafeed. However, further studies are required
to determine the optimal inclusion levels of shrimp-derived
products for pigmentation and their cost-effectiveness, consid-
ering possible effects on growth performance.

4.4 | Health Performance

Health performance is a central concern in aquaculture pro-
duction systems. The intensification of the aquaculture sector
has resulted in increased stocking densities, which can induce
stress. Induced stress can impair overall health and can make
aquatic animals more vulnerable to diseases. Certain compo-
nents present in shrimp-derived products (e.g., chitin, astax-
anthin, and peptides) have been shown to contain bioactive
properties in different animal species when administered in
their purified form. For example, astaxanthin has been demon-
strated to possess immunomodulatory properties, enhancing
survival against pathogenic challenges in various fish and
crustacean species. This effect has been observed in common
carp (C. carpio), kuruma shrimp (M. japonicus), northern snake-
head (Channa argus), oscar (Astronotus ocellatus), and whiteleg
shrimp (L. vannamei) [217-221]. Furthermore, chitin is known
for its direct and indirect immunomodulatory properties. Chitin
can have direct effects on the immune system of animals. For
animals whose natural diet does not contain chitin, antigen
sampling cells may recognize chitin as a pathogen-associated
molecular pattern, potentially triggering an immune response
[222-224]. Additionally, chitin has indirect prebiotic effects
by altering the gut microbiota composition and/or activity in
several animal species [225, 226]. Furthermore, chitin and its
derivative chitosan have been shown to purge potentially patho-
genic bacteria from the gut by attaching these microorganisms
to chitin-binding proteins in different animal species [227, 228].
All of these could be underlying mechanisms for the observa-
tion that chitin and chitosan have improved survival against
pathogenic challenges in a variety of aquatic species including
common carp (C. carpio), whiteleg shrimp (L. vannamei), and
yellowtail (Seriola quinqueradiata) [229-231]. However, these
compounds have all been administered as high-purity com-
pounds, which might not necessarily have similar effects when
they are in a matrix with other compounds.

Thus, it was considered whether the dietary inclusion of
shrimp-derived products would affect health performance
indicators in aquaculture species. Table 8 provides an over-
view of studies investigating the effects of dietary inclusion
of shrimp-derived products on health performance indicators
in a range of aquaculture species. Numerous performance
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indicators have been investigated in different studies. Based
on the limited number of studies, it seems that the dietary in-
clusion of shrimp-derived products did not affect investigated
health performance indicators. Interestingly, one study found
that the dietary inclusion of shrimp meal resulted in an activa-
tion of the innate immune system [232]. When African catfish
(Clarias lazera) were fed a diet containing shrimp meal, there
was an increase in both phagocytic activity and phagocytic
index in heterophils compared to those fed a diet containing
soybean meal [232]. The increased activity of these immune
system parameters could be related to the bioactive compo-
nents described above. However, to further investigate this,
more in-depth studies are required to identify the effects of
shrimp-derived products on health performance and the con-
tribution of the different bioactive components.

5 | Current Challenges and Recommendations

The incorporation of shrimp-derived products into aquafeed
presents several challenges that must be carefully addressed
to ensure the production of safe and high-quality feed. These
challenges encompass nutritional, economic, and quality,
and safety aspects. In this section, the different challenges
are addressed and potential strategies to overcome them are
proposed.

5.1 | Nutritional Challenges

Several nutritional constraints, such as the presence of chi-
tin and high ash content, impede the use of shrimp meal and
shrimp silage in aquafeed. Aquaculture research has indicated
that dietary chitin can exert dual effects on aquatic animals.
While low dietary inclusion levels can modulate immune func-
tioning and gut microbiota composition, high dietary inclusion
levels have been shown to negatively impair nutrient digest-
ibility and growth performance [199, 205, 225, 226, 229-231].
Feeding shrimp-derived products only to aquaculture species
that are capable of digesting chitin will improve the utiliza-
tion of these raw materials. Furthermore, separating shrimp
solid processing waste into fractions of higher (head) and
lower (abdominal exoskeleton and tail) nutritional quality, fol-
lowed by their targeted use for different aquatic species, can
improve raw material utilization without requiring additional
processing. Further processing of shrimp-derived products to
reduce chitin contents may be beneficial when high dietary
inclusion levels are desired. Three main ways to reduce chi-
tin in shrimp raw material are by chemical, mechanical, and
biological treatments. Chemical treatments generally involve
the use of acidic or alkaline solutions to break up the chitin
structure. For example, a previous study treated shrimp meal
with a 3% formic acid solution and found a reduction of 15%
chitin on a DM basis [83]. However, chemical treatment may
also affect the physicochemical properties of other nutrients,
such as amino acids, which could potentially decrease the nu-
tritional quality of the raw material. Moreover, chemical treat-
ment generates substantial volumes of chemical effluents that
can, in some cases, be discharged into nearby water bodies,
adversely affecting ecosystems [88]. Mechanical treatment re-
fers to the mechanical removal of chitin-containing fractions

(head, abdominal exoskeleton, and tail) and is performed
by methods such as meat/bone separation. Meat/bone sepa-
ration has thus far shown to be only moderately successful
in the removal of chitin from shrimp solid processing waste.
For instance, a previous study was able to reduce the chitin
content in shrimp heads by just 30% using meat/bone sepa-
ration [88]. On the contrary, biological treatments have been
more successful in chitin removal, as they specifically target
chitin and have relatively mild treatment conditions (i.e., tem-
perature, pH, and pressure) [103]. To specifically target chi-
tin, chitinolytic enzymes or chitinoclastic microbes are used
to degrade chitin into more digestible compounds, such as
chitin oligomers or glucosamine subunits. Studies using bi-
ological treatment have successfully converted up to 90% of
chitin in shrimp solid processing waste into these compounds
[32, 115, 233, 234]. For further research, it is recommended to
focus on optimising biological methods to obtain the highest
quality protein fraction with the lowest amount of chitin and
ash, while also considering time and costs.

As shown in Table 2 and discussed in Section 3.4, most shrimp-
derived products have a particularly high ash content (up to
30% DM). The high ash content can be an issue when shrimp-
derived products are included in aquafeed as certain minerals
and/or mineral salts can reduce the absorption efficiency of
other nutrients such as carotenoids, as previously shown in fish
[74, 196]. A high ash content can additionally limit the appli-
cations of shrimp-derived products, as it dilutes the amount
of energy-containing nutrients, making it more challenging to
formulate feed that meets the nutritional requirements of aqua-
culture species. To reduce the ash content, (additional) washing
steps may be implemented to remove water-soluble components
[10]. Furthermore, other methods described above for chitin re-
moval may also assist in the removal of certain (water-insoluble)
ash components.

5.2 | Economic Challenges

To make shrimp-derived products competitive to traditional
protein sources, several economically related challenges
must be addressed including market value and year-round
availability.

The market value of shrimp-derived products depends on
several factors, including the location and applied processing
steps. The financial burden of managing shrimp processing
waste often falls on processing plants, with the disposal costs
being location-dependent. For example, disposal in Australia
can cost up to 150 USD/ton [235]. To mitigate these disposal
costs, processing plants may offer shrimp processing waste
for free, provided that the purchaser covers the transporta-
tion costs. These transportation costs can widely vary based
on the location of the processing plant, distance of transpor-
tation, and the volume of processing waste transported. The
market value of shrimp solid processing waste is estimated at
50-300USD/ton, with shrimp heads generally having a higher
market value than shrimp abdominal exoskeleton and tails
due to their higher nutritional value [235-237]. Additional
processing to produce shrimp-derived products will enhance
the market value significantly; however, the manufacturing
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costs will also increase. To properly assess the economic fea-
sibility of converting shrimp processing waste into shrimp-
derived products an assessment study is required to identify
all manufacturing costs related to further processing. This
includes additional transportation costs, the use of chemicals
and enzymes, facility expenses, energy expenditures, and
storage expenses for both pre- and post-processing.

Year-round availability of an alternative raw material is a re-
quirement for its successful incorporation in aquafeed. Shrimp
processing waste is globally available year-round but local avail-
ability may vary depending on the season, which is particularly
the case for wild catch shrimp, which comprise a significant
amount of the total shrimp processing waste market [7]. To en-
sure year-round local availability of the products, preservation
techniques can be used, such as drying, to significantly prolong
their shelf life.

5.3 | Quality and Safety Challenges

The inclusion of shrimp-derived products in aquafeed poses
certain quality and safety challenges. Spoilage is a primary con-
cern, as shrimp solid processing waste is prone to rapid dete-
rioration through various spoilage processes that have recently
been extensively reviewed [238]. These processes primarily
include protein degradation, microbial degradation, and oxida-
tion of proteins and lipids. Protein degradation occurs due to
endogenous proteases originating from the head, muscle, and/
or digestive tissues, which break down protein structures into,
amongst others, free amino acids that can subsequently be used
as a substrate for microbes [238]. Microbial spoilage involves the
activity of microbes present in the culture system or digestive
tract, utilizing available nutrients and leading to the formation
of volatile nitrogen compounds and biogenic amines, which
pose safety concerns [27, 239]. Additionally, protein and lipid ox-
idation can occur, resulting in the formation of peroxides, which
can decompose into various off-flavor compounds, decreasing
the nutritional quality and potentially negatively affecting the
palatability of aquafeed [240]. To minimize spoilage, appropri-
ate processing and storage conditions of shrimp solid processing
waste are essential. Thermal treatment can be effective in dena-
turing certain proteases and providing a degree of sterilization,
which can reduce enzymatic and bacterial degradation [241].
Furthermore, maintaining suitable storage conditions, such as
low temperatures and limited moisture, can help slow down
spoilage processes [241]. Implementing these measures system-
atically can aid in preserving the quality of shrimp processing
waste and subsequent shrimp-derived products intended for
aquafeed purposes.

If not properly handled, shrimp solid processing waste can har-
bor a diverse range of persistent pathogens. These include bac-
teria (e.g., Salmonella spp. and Vibrio spp.), viruses (e.g., white
spot syndrome virus), and parasites (e.g., protozoa and nema-
todes) [242]. Thermal treatments, such as cooking or extrusion,
are effective in inactivating heat-labile pathogens in seafood
[242]. Additionally, ensiling shrimp processing waste can reduce
pathogenic activity, as the low pH creates an environment that
is inhospitable to several pathogens [243]. Pathogen contamina-
tion can be further minimized by, amongst others, maintaining

hygienic conditions, using disinfectants, and conducting regular
pathogen testing.

Moreover, the potential accumulation of contaminants, par-
ticularly heavy metals and persistent organic pollutants, is
another concern that needs to be considered [39, 89, 244-247].
Research across crustaceans has demonstrated that certain
heavy metals can accumulate in the hepatopancreas and
exoskeleton, resulting in their presence in shrimp solid pro-
cessing waste [248, 249]. Heavy metals known to accumu-
late in shrimp include arsenic, mercury, cadmium, and lead
[39, 89, 250]. The extent of this accumulation is influenced by
the levels of heavy metals in the environment and the specific
shrimp species [251]. In addition to heavy metals, persistent
organic pollutants (including polychlorinated biphenyls, diox-
ins, and certain pesticides) pose another concern. Persistent
organic pollutants are compounds resistant to biodegrada-
tion and can therefore accumulate in the environment and,
subsequently, in marine organisms [89]. For example, brown
shrimp (Crangon crangon) have been shown to accumulate
certain polychlorinated biphenyls [89]. Diligent monitoring
and effective management of the accumulation of heavy met-
als and persistent organic pollutants are crucial to ensuring
the safe incorporation of shrimp-derived products in aquafeed
and, ultimately, human consumption.

6 | Conclusions and Future Perspectives

This literature review described the nutritional composition,
applications, challenges, and prospects of three shrimp-derived
products (meal, hydrolysate, and silage) as alternative ingredi-
ents in aquaculture feed. Among these products, shrimp hy-
drolysate exhibited the highest nutritional value due to its high
crude protein content, balanced amino acid profile, low chi-
tin content, and low ash content. Despite having significantly
higher ash and chitin contents, shrimp meal and shrimp silage
still contain moderate to high levels of crude protein and a bal-
anced amino acid profile.

The differences in nutritional value and the varying processing
requirements affect their applications. Shrimp hydrolysate, with
its superior nutritional value but intensive processing require-
ments, is most suited for carnivorous high-value aquaculture
species such as Atlantic salmon (S. salar) and rainbow trout
(O. mykiss). In contrast, shrimp meal and shrimp silage, which
require less energy-intensive processing, are more appropriate
for omnivorous lower-value aquaculture species that naturally
consume feeds high in ash and chitin, such as common carp (C.
carpio) and catfish (C. gariepinus).

Utilizing each shrimp-derived product for the appropriate aqua-
culture species already partially helps overcome some of the nu-
tritional challenges related to their incorporation of aquafeed.
Additionally, separating shrimp solid processing waste into
higher (head) and lower (abdominal exoskeleton and tail) nutri-
tional quality can aid in efficiently utilizing shrimp solid waste.
Further processing techniques (chemical, mechanical, and bi-
ological) can be applied to reduce chitin and/or ash contents,
improving their nutritional value. Advancing these process-
ing techniques can also help reduce associated costs, making
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shrimp-derived products more competitive with currently used
raw materials. One of the main quality and safety challenges is
spoilage, which can be minimized through appropriate process-
ing and storage conditions.

The prospects for using shrimp-derived products in aquaculture
feed are promising, offering relatively high-quality aquafeed in-
gredients while simultaneously utilizing current shrimp solid
waste streams.

Author Contributions

Kylian Manon Eggink: data curation, writing - review and edit-
ing, conceptualization, writing — original draft. Renata Gongalves:
writing — review and editing, writing - original draft. Peter Vilhelm
Skov: writing - review and editing, supervision, writing — original draft.

Disclosure

The authors have nothing to report.

Conflicts of Interest

The authors declare no conflicts of interest.

Data Availability Statement

The data that support the findings of this study are available from the
corresponding author upon reasonable request.

References

1. FAO (Food and Agriculture Organization of the United Nations),
“The State of World Fisheries and Aquaculture. Sustainability in
Action,” 2020, https://www.fao.org/3/ca9229en/online/ca9229en.htm-
l#chapter-1_1.

2.Q. C.Zhou, B. P. Tan, K. S. Mai, and Y. J. Liu, “Apparent Digestibility
of Selected Feed Ingredients for Juvenile Cobia Rachycentron canadum,”
Aquaculture 241, no. 1-4 (2004): 441-451, https://doi.org/10.1016/j.
aquaculture.2004.08.044.

3. “Indexmundi,” 2024, https://www.indexmundi.com/commodities/.

4. T. Storebakken, I. S. Kvien, K. D. Shearer, B. Grisdale-Helland,
S. J. Helland, and G. M. Berge, “The Apparent Digestibility of Diets
Containing Fish Meal, Soybean Meal or Bacterial Meal Fed to Atlantic
Salmon (Salmo salar): Evaluation of Different Faecal Collection
Methods,” Aquaculture 169, no. 3-4 (1998): 195-210, https://doi.
org/10.1016/S0044-8486(98)00379-2.

5.D. M. Gatlin, F. T. Barrows, P. Brown, et al., “Expanding the
Utilization of Sustainable Plant Products in Aquafeeds: A Review,”
Aquaculture Research 38, mno. 6 (2007): 551-579, https://doi.
org/10.1111/j.1365-2109.2007.01704.

6.P. A. Uran, J. W. Schrama, J. H. W. M. Rombout, et al., “Soybean
Meal-Induced Enteritis in Atlantic Salmon (Salmo salar L.) at Different
Temperatures,” Aquaculture Nutrition 14, no. 4 (2008): 324-330, https://
doi.org/10.1111/j.1365-2095.2007.00534.X.

7.FAO (Food and Agriculture Organization of the United Nations),
“The State of World Fisheries and Aquaculture. Towards Blue
Transformation,” 2022, https://openknowledge.fao.org/server/api/
core/bitstreams/a2090042-8cda-4£35-9881-16f6302ce757/content.

8.N. Alexandratos and J. Bruinsma, “World Agriculture Towards
2030/2050: The 2012 Revision,” ESA Working Paper 12, no. 3 (2012): 146.

9. K. M. Eggink, I. Lund, P. B. Pedersen, B. W. Hansen, and J. Dalsgaard,
“Biowaste and By-Products as Rearing Substrates for Black Soldier Fly

(Hermetia illucens) Larvae: Effects on Larval Body Composition and
Performance,” PLoS One 17 (2022): 1-18, https://doi.org/10.1371/journ
al.pone.0275213.

10. N. P. Nirmal, C. Santivarangkna, M. S. Rajput, and S. Benjakul,
“Trends in Shrimp Processing Waste Utilization: An Industrial
Prospective,” Trends in Food Science and Technology 103 (2020): 20-35,
https://doi.org/10.1016/j.tifs.2020.07.001.

11. P. Kandra, M. M. Challa, and H. Kalangi Padma Jyothi, “Efficient
Use of Shrimp Waste: Present and Future Trends,” Applied Microbiology
and Biotechnology 93, no. 1 (2012): 17-29, https://doi.org/10.1007/s0025
3-011-3651-2.

12.R. K. Saini, M. H. Song, K. R. R. Rengasamy, E. Y. Ko, and Y.
S. Keum, “Red Shrimp Are a Rich Source of Nutritionally Vital
Lipophilic Compounds: A Comparative Study Among Edible Flesh and
Processing Waste,” Food 9, no. 9 (2020): 1-19, https://doi.org/10.3390/
foods9091179.

13. N. M. Sachindra, N. Bhaskar, and N. S. Mahendrakar, “Carotenoids
in Different Body Components of Indian Shrimps,” Journal of the
Science of Food and Agriculture 85, no. 1 (2005): 167-172, https://doi.
0rg/10.1002/jsfa.1977.

14. M. S. Heu, J. S. Kim, and F. Shahidi, “Components and Nutritional
Quality of Shrimp Processing By-Products,” Food Chemistry 82, no. 2
(2003): 235-242, https://doi.org/10.1016/S0308-8146(02)00519-8.

15.Z. Liu, Q. Liu, D. Zhang, et al., “Comparison of the Proximate
Composition and Nutritional Profile of Byproducts and Edible Parts
of Five Species of Shrimp,” Food 10, no. 11 (2021): 1-16, https://doi.
0rg/10.3390/foods10112603.

16. X. Mao, N. Guo, J. Sun, and C. Xue, “Comprehensive Utilization of
Shrimp Waste Based on Biotechnological Methods: A Review,” Journal
of Cleaner Production 143 (2017): 814-823, https://doi.org/10.1016/].
jclepro.2016.12.042.

17. A. K. Wani, N. Akhtar, T. U. L. G. Mir, et al., “Eco-Friendly and
Safe Alternatives for the Valorization of Shrimp Farming Waste,”
Environmental Science and Pollution Research 31 (2023): 0123456789,
https://doi.org/10.1007/s11356-023-27819-z.

18. T. B. Cahu, R. A. Silva, R. P. F. Silva, et al., “Evaluation of Chitosan-
Based Films Containing Gelatin, Chondroitin 4-Sulfate and ZnO for
Wound Healing,” Applied Biochemistry and Biotechnology 183, no. 3
(2017): 765-777, https://doi.org/10.1007/s12010-017-2462-z.

19.S. D. Santos, T. B. Caht, G. O. Firmino, et al., “Shrimp Waste
Extract and Astaxanthin: Rat Alveolar Macrophage, Oxidative Stress
and Inflammation,” Journal of Food Science 77, no. 7 (2012): 141-146,
https://doi.org/10.1111/§.1750-3841.2012.02762.X.

20.J. C. Vilar Junior, D. R. Ribeaux, C. A. Alves Da Silva, and G. M.
De Campos-Takaki, “Physicochemical and Antibacterial Properties
of Chitosan Extracted From Waste Shrimp Shells,” International
Journal of Microbiology 2016, no. 1 (2016): 5127515, https://doi.
org/10.1155/2016/5127515.

21.N. Nirmal, D. Demir, S. Ceylan, et al., “Polysaccharides From
Shell Waste of Shellfish and Their Applications in the Cosmeceutical
Industry: A Review,” International Journal of Biological Macromolecules
265 (2024): 131119, https://doi.org/10.1016/j.ijjbiomac.2024.131119.

22.FAO (Food and Agriculture Organization of the United Nations),
“Global Production by Production Source 1950-2022,” 2024, https://
www.fao.org/fishery/en/statistics/software/fishstatj.

23.M. A. Hannan, K. A. Habib, A. M. Shahabuddin, M. A. Haque,
and M. B. Munir, Post-Harvest Processing, Packaging and Inspection
of Frozen Shrimp: A Practical Guide (Singapore: Springer Nature
Singapore, 2022), https://doi.org/10.1007/978-981-19-1566-6.

24.P. T. Anh, T. T. My Dieu, A. P. J. Mol, C. Kroeze, and S. R. Bush,
“Towards Eco-Agro Industrial Clusters in Aquatic Production: The
Case of Shrimp Processing Industry in Vietnam,” Journal of Cleaner

20 of 29

Reviews in Aquaculture, 2024

85U80| SUOLILLOD BATE81D 3(dedl|dde 8y} Aq peusenob ae ss(oiie YO ‘8sn JO S9N 10} ARIqiT8UIIUO AB]IA UO (SUONIPUOD-PUR-SLLIBYLIOD" A | IM A RIq 1 BU1UO//:SANY) SUORIPUOD PUe SWB | 81 88S *[7Z0z/0T/LT] uo Ariqiauliuo A8|iMm ‘eneb|y oa spepsieAn Aq /62T bel/TTTT 0T/I0p/wo A8 | im AIq iUl |Uo//Sdny Woi) papeojumod ‘0 ‘TETSES.T


https://www.fao.org/3/ca9229en/online/ca9229en.html#chapter-1_1
https://www.fao.org/3/ca9229en/online/ca9229en.html#chapter-1_1
https://doi.org/10.1016/j.aquaculture.2004.08.044
https://doi.org/10.1016/j.aquaculture.2004.08.044
https://www.indexmundi.com/commodities/
https://doi.org/10.1016/S0044-8486(98)00379-2
https://doi.org/10.1016/S0044-8486(98)00379-2
https://doi.org/10.1111/j.1365-2109.2007.01704
https://doi.org/10.1111/j.1365-2109.2007.01704
https://doi.org/10.1111/j.1365-2095.2007.00534.x
https://doi.org/10.1111/j.1365-2095.2007.00534.x
https://openknowledge.fao.org/server/api/core/bitstreams/a2090042-8cda-4f35-9881-16f6302ce757/content
https://openknowledge.fao.org/server/api/core/bitstreams/a2090042-8cda-4f35-9881-16f6302ce757/content
https://doi.org/10.1371/journal.pone.0275213
https://doi.org/10.1371/journal.pone.0275213
https://doi.org/10.1016/j.tifs.2020.07.001
https://doi.org/10.1007/s00253-011-3651-2
https://doi.org/10.1007/s00253-011-3651-2
https://doi.org/10.3390/foods9091179
https://doi.org/10.3390/foods9091179
https://doi.org/10.1002/jsfa.1977
https://doi.org/10.1002/jsfa.1977
https://doi.org/10.1016/S0308-8146(02)00519-8
https://doi.org/10.3390/foods10112603
https://doi.org/10.3390/foods10112603
https://doi.org/10.1016/j.jclepro.2016.12.042
https://doi.org/10.1016/j.jclepro.2016.12.042
https://doi.org/10.1007/s11356-023-27819-z
https://doi.org/10.1007/s12010-017-2462-z
https://doi.org/10.1111/j.1750-3841.2012.02762.x
https://doi.org/10.1155/2016/5127515
https://doi.org/10.1155/2016/5127515
https://doi.org/10.1016/j.ijbiomac.2024.131119
https://www.fao.org/fishery/en/statistics/software/fishstatj
https://www.fao.org/fishery/en/statistics/software/fishstatj
https://doi.org/10.1007/978-981-19-1566-6

Production 19, no. 17-18 (2011): 2107-2118, https://doi.org/10.1016/j.
jclepro.2011.06.002.

25.M. Tavares, Shrimps (Rome, Italy: Food and Agriculture
Organization of the United Nations, 2002), https://doi.org/10.5790/
hongkong/9789888083091.003.0051.

26. E. Fricke, M. Koch, H. Dietz, M. J. Slater, and R. Saborowski,
“Brown Shrimp (Crangon crangon) Processing Remains as Ingredient
for Litopenaeus vannamei Feeds: Biochemical Characterisation and
Digestibility,” Aquaculture Reports 25 (2022): 101225, https://doi.
org/10.1016/j.aqrep.2022.101225.

27.]. Das and H. N. Mishra, “A Comprehensive Review of the Spoilage
of Shrimp and Advances in Various Indicators/Sensors for Shrimp
Spoilage Monitoring,” Food Research International 173, no. 1 (2023):
113270, https://doi.org/10.1016/j.foodres.2023.113270.

28. 0. O. Oduguwa, A. O. Fanimo, E. A. Iyayi, O. O. Kalejaiye, and O.
A. Oyekola, “Preliminary Studies on the Effects of Different Processing
Methods on the Nutritive Value of Shrimp Waste Meal,” Nigerian
Journal of Animal Production 25, no. 2 (1998): 139-144.

29. M. Sangkaew and K. Koh, “Improvement in the In Vitro
Digestibility of Shrimp Meal by the Addition of Persimmon Peel,”
Journal of Poultry Science 58, no. 1 (2021): 51-57, https://doi.
0rg/10.2141/jpsa.0200024.

30. E. Fricke, M. J. Slater, and R. Saborowski, “Brown Shrimp (Crangon
crangon) Processing Remains Enhance Growth of Pacific Whiteleg
Shrimp (Litopenaeus vannamei),” Aquaculture 569 (2023): 739367,
https://doi.org/10.1016/j.aquaculture.2023.739367.

31. P. Ambigaipalan and F. Shahidi, “Bioactive Peptides From Shrimp
Shell Processing Discards: Antioxidant and Biological Activities,”
Journal of Functional Foods 34 (2017): 7-17, https://doi.org/10.1016/j.
jff.2017.04.013.

32. N. Wisuthiphaet, S. Kongruang, and C. Chamcheun, “Production of
Fish Protein Hydrolysates by Acid and Enzymatic Hydrolysis,” Journal
of Medical and Biological Engineering 4, no. 6 (2015): 466-470, https://
doi.org/10.12720/jomb.4.6.466-470.

33. M. Mizani, M. Aminlari, and M. Khodabandeh, “An Effective
Method for Producing a Nutritive Protein Extract Powder From
Shrimp-Head Waste,” Food Science and Technology International 11, no.
1 (2005): 49-54, https://doi.org/10.1177/1082013205051271.

34. M. Nikoo, J. M. Regenstein, A. Haghi Vayghan, and N. Walayat,
“Formation of Oxidative Compounds During Enzymatic Hydrolysis of
Byproducts of the Seafood Industry,” Processes 11, no. 2 (2023): 1-16,
https://doi.org/10.3390/pr11020543.

35.T. Rustad, I. Storre, and R. Slizyte, “Possibilities for the
Utilisation of Marine By-Products,” International Journal of Food
Science and Technology 46, no. 10 (2011): 2001-2014, https://doi.
org/10.1111/j.1365-2621.2011.02736.x.

36.H. D. De Holanda and F. M. Netto, “Recovery of Components
From Shrimp (Xiphopenaeus kroyeri) Processing Waste by Enzymatic
Hydrolysis,” Journal of Food Science 71, no. 5 (2006): 298-303, https://
doi.org/10.1111/j.1750-3841.2006.00040.x.

37.A. L. G. Leal, P. F. de Castro, J. P. V. de Lima, C. E. de Souza, and
B. R. de Souza, “Use of Shrimp Protein Hydrolysate in Nile Tilapia
(Oreochromis niloticus, L.) Feeds,” Aquaculture International 18, no. 4
(2010): 635-646, https://doi.org/10.1007/s10499-009-9284-0.

38. A. Gildberg and E. Stenberg, “A New Process for Advanced
Utilisation of Shrimp Waste,” Process Biochemistry 36, no. 8-9 (2001):
809, https://doi.org/10.1016/S0032-9592(00)00278-8.

39.J. Synowiecki and N. A. A. Q. Al-Khateeb, “The Recovery of Protein
Hydrolysate During Enzymatic Isolation of Chitin From Shrimp
Crangon crangon Processing Discards,” Food Chemistry 68, no. 2 (2000):
147-152, https://doi.org/10.1016/S0308-8146(99)00165-X.

40.D. J. Evers and D. J. Carroll, “Preservation of Crab or Shrimp Waste
as Silage for Cattle,” Animal Feed Science and Technology 59, no. 4
(1996): 233244, https://doi.org/10.1016/0377-8401(95)00908-6.

41. M. Plascencia-Jatomea, M. A. Olvera-Novoa, J. L. Arredondo-
Figueroa, G. M. Hall, and K. Shirai, “Feasibility of Fishmeal
Replacement by Shrimp Head Silage Protein Hydrolysate in Nile Tilapia
(Oreochromis niloticus L) Diets,” Journal of the Science of Food and
Agriculture 82, no. 7 (2002): 753-759, https://doi.org/10.1002/jsfa.1092.

42. A. Guillou, M. Khalil, and L. Adambounou, “Effects of Silage
Preservation on Astaxanthin Forms and Fatty Acid Profiles of Processed
Shrimp (Pandalus borealis) Waste,” Aquaculture 130, no. 4 (1995): 351-
360, https://doi.org/10.1016/0044-8486(94)00324-H.

43.J. W. Hertrampf and F. Piedad-Pascual, Handbook on Ingredients for
Aquaculture Feeds (Dordrecht, The Netherlands: Springer, 2000).

44.L. A. Cabanillas-Bojorquez, E. P. Gutiérrez-Grijalva, R. I. Castillo-
Lopez, et al., “Bioprocessing of Shrimp Waste Using Novel Industrial By-
Products: Effects on Nutrients and Lipophilic Antioxidants,” Fermentation
7, no. 4 (2021): 1-11, https://doi.org/10.3390/fermentation7040312.

45.N. Rossi, C. Grosso, and C. Delerue-Matos, “Shrimp Waste
Upcycling: Unveiling the Potential of Polysaccharides, Proteins,
Carotenoids, and Fatty Acids With Emphasis on Extraction Techniques
and Bioactive Properties,” Marine Drugs 22, no. 4 (2024): 153, https://
doi.org/10.3390/md22040153.

46.M. E. Franco-Zavaleta, R. Jiménez-Pichardo, A. Tomasini-
Campocosio, and I. Guerrero-Legarreta, “Astaxanthin Extraction
From Shrimp Wastes and Its Stability in 2 Model Systems,”
Journal of Food Science 75, no. 5 (2010): C394-C399, https://doi.
0rg/10.1111/j.1750-3841.2010.01612.x.

47. 0. A. Fagbenro, “Preparation, Properties and Preservation of Lactic
Acid Fermented Shrimp Heads,” Food Research International 29, no. 7
(1996): 595-599, https://doi.org/10.1016/S0963-9969(96)00077-4.

48.M. Thompson, L. Owen, K. Wilkinson, R. Wood, and A.
Damant, “A Comparison of the Kjeldahl and Dumas Methods for the
Determination of Protein in Foods, Using Data From a Proficiency
Testing Scheme,” Analyst 127, no. 12 (2002): 1666-1668, https://doi.
org/10.1039/b208973b.

49. S. Liu, J. Sun, L. Yu, et al., “Extraction and Characterization of Chitin
From the Beetle Holotrichia parallela motschulsky,” Molecules 17, no. 4
(2012): 4604-4611, https://doi.org/10.3390/molecules17044604.

50. K. M. Eggink, Modification of the Nutritional Composition of Black
Soldier Fly (Hermetia illucens) for Fish Feed Applications (Hirtshals,
Denmark: Technological University of Denmark, 2023).

51. W. Cao, C. Zhang, P. Hong, H. Ji, J. Hao, and J. Zhang, “Autolysis of
Shrimp Head by Gradual Temperature and Nutritional Quality of the
Resulting Hydrolysate,” Food Science and Technology 42, no. 1 (2009):
244-249, https://doi.org/10.1016/j.1wt.2008.05.026.

52.1. W. Y. Cheung and E. C. Y. Li-Chan, “Angiotensin-I-Converting
Enzyme Inhibitory Activity and Bitterness of Enzymatically-Produced
Hydrolysates of Shrimp (Pandalopsis dispar) Processing Byproducts
Investigated by Taguchi Design,” Food Chemistry 122, no. 4 (2010):
1003-1012, https://doi.org/10.1016/j.foodchem.2010.03.057.

53.C. T. Da, T. Lundh, and J. E. Lindberg, “Evaluation of Local
Feed Resources as Alternatives to Fish Meal in Terms of Growth
Performance, Feed Utilisation and Biological Indices of Striped Catfish
(Pangasianodon hypophthalmus) Fingerlings,” Aquaculture 364-365
(2012): 150-156, https://doi.org/10.1016/j.aquaculture.2012.08.010.

54. A. G. Gernat, “The Effect of Using Different Levels of Shrimp Meal
in Laying Hen Diets,” Poultry Science 80, no. 5 (2001): 633-636, https://
doi.org/10.1093/ps/80.5.633.

55. R. Goncalves, I. Lund, D. Sousa, and P. V. Skov, “Shrimp Waste Meal
(Pandalus borealis) as an Alternative Ingredient in Diets for Juvenile

21 of 29

85U80| SUOLILLOD BATE81D 3(dedl|dde 8y} Aq peusenob ae ss(oiie YO ‘8sn JO S9N 10} ARIqiT8UIIUO AB]IA UO (SUONIPUOD-PUR-SLLIBYLIOD" A | IM A RIq 1 BU1UO//:SANY) SUORIPUOD PUe SWB | 81 88S *[7Z0z/0T/LT] uo Ariqiauliuo A8|iMm ‘eneb|y oa spepsieAn Aq /62T bel/TTTT 0T/I0p/wo A8 | im AIq iUl |Uo//Sdny Woi) papeojumod ‘0 ‘TETSES.T


https://doi.org/10.1016/j.jclepro.2011.06.002
https://doi.org/10.1016/j.jclepro.2011.06.002
https://doi.org/10.5790/hongkong/9789888083091.003.0051
https://doi.org/10.5790/hongkong/9789888083091.003.0051
https://doi.org/10.1016/j.aqrep.2022.101225
https://doi.org/10.1016/j.aqrep.2022.101225
https://doi.org/10.1016/j.foodres.2023.113270
https://doi.org/10.2141/jpsa.0200024
https://doi.org/10.2141/jpsa.0200024
https://doi.org/10.1016/j.aquaculture.2023.739367
https://doi.org/10.1016/j.jff.2017.04.013
https://doi.org/10.1016/j.jff.2017.04.013
https://doi.org/10.12720/jomb.4.6.466-470
https://doi.org/10.12720/jomb.4.6.466-470
https://doi.org/10.1177/1082013205051271
https://doi.org/10.3390/pr11020543
https://doi.org/10.1111/j.1365-2621.2011.02736.x
https://doi.org/10.1111/j.1365-2621.2011.02736.x
https://doi.org/10.1111/j.1750-3841.2006.00040.x
https://doi.org/10.1111/j.1750-3841.2006.00040.x
https://doi.org/10.1007/s10499-009-9284-0
https://doi.org/10.1016/S0032-9592(00)00278-8
https://doi.org/10.1016/S0308-8146(99)00165-X
https://doi.org/10.1016/0377-8401(95)00908-6
https://doi.org/10.1002/jsfa.1092
https://doi.org/10.1016/0044-8486(94)00324-H
https://doi.org/10.3390/fermentation7040312
https://doi.org/10.3390/md22040153
https://doi.org/10.3390/md22040153
https://doi.org/10.1111/j.1750-3841.2010.01612.x
https://doi.org/10.1111/j.1750-3841.2010.01612.x
https://doi.org/10.1016/S0963-9969(96)00077-4
https://doi.org/10.1039/b208973b
https://doi.org/10.1039/b208973b
https://doi.org/10.3390/molecules17044604
https://doi.org/10.1016/j.lwt.2008.05.026
https://doi.org/10.1016/j.foodchem.2010.03.057
https://doi.org/10.1016/j.aquaculture.2012.08.010
https://doi.org/10.1093/ps/80.5.633
https://doi.org/10.1093/ps/80.5.633

European Lobster (Homarus gammarus, L.),” Animal Feed Science
and Technology 294 (2022): 115478, https://doi.org/10.1016/j.anife
edsci.2022.115478.

56.S. Khempaka, C. Chitsatchapong, and W. Molee, “Effect of
Chitin and Protein Constituents in Shrimp Head Meal on Growth
Performance, Nutrient Digestibility, Intestinal Microbial Populations,
Volatile Fatty Acids, and Ammonia Production in Broilers,” Journal of
Applied Poultry Research 20, no. 1 (2011): 1-11, https://doi.org/10.3382/
japr.2010-00162.

57.P. Li, X. Wang, R. W. Hardy, and D. M. Gatlin, “Nutritional Value
of Fisheries By-Catch and By-Product Meals in the Diet of Red Drum
(Sciaenops ocellatus),” Aquaculture 236, no. 1-4 (2004): 485-496,
https://doi.org/10.1016/j.aquaculture.2004.02.010.

58.X. H. Liu, J. D. Ye, J. H. Kong, K. Wang, and A.-l. Wang, “Apparent
Digestibility of 12 Protein-Origin Ingredients for Pacific White Shrimp
Litopenaeus vannamei,” North American Journal of Aquaculture 75, no.
1(2012): 90-98, https://doi.org/10.1080/15222055.2012.716019.

59. A.J. P. Nunes, H. Sabry-Neto, S. Oliveira-Neto, and L. Burri, “Feed
Preference and Growth Response of Juvenile Litopenaeus vanna-
mei to Supplementation of Marine Chemoattractants in a Fishmeal-
Challenged Diet,” Journal of the World Aquaculture Society 50, no. 6
(2019): 1048-1063, https://doi.org/10.1111/jwas.12648.

60. B. Oduguwa, O. Oduguwa, O. Ajasa, and O. Jegede, “Feeding Value
of Shrimp Meal for Growing Pigs,” Archivos de Zootecnia 53 (2004):
77-85.

61. M. Rahman and K. Koh, “Effect of Shrimp Meal Made of Heads of
Black Tiger (Penaeus monodon) and White Leg (Litopenaeus vannamei)
Shrimps on Growth Performance in Broilers,” Journal of Poultry Science
53, no. 2 (2016): 149-152, https://doi.org/10.2141/jpsa.0150008.

62.D. J. Rosenfeld, A. G. Gernat, J. D. Marcano, J. G. Murillo, G. H.
Lopez, and J. A. Flores, “The Effect of Using Different Levels of Shrimp
Meal in Broiler Diets,” Poultry Science 76, no. 4 (1997): 581-587, https://
doi.org/10.1093/ps/76.4.581.

63.Y. R. Yue, Y. J. Liu, L. X. Tian, L. Gan, H. J. Yang, and G. Y.
Liang, “Effects of Replacing Fish Meal With Soybean Meal and
Peanut Meal on Growth, Feed Utilization and Haemolymph
Indexes for Juvenile White Shrimp Litopenaeus vannamei, Boone,”
Aquaculture Reports 43, no. 11 (2012): 1687-1696, https://doi.
org/10.1111/j.1365-2109.2011.02976.x.

64. C. P. da Silva, R. S. Bezerra, A. C. O. dos Santos, J. B. Messias, C. R.
O. B. de Castro, and L. B. Carvalho Junior, “Biological Value of Shrimp
Protein Hydrolysate By-Product Produced by Autolysis,” LWT 80 (2017):
456-461, https://doi.org/10.1016/j.Iwt.2017.03.008.

65. M. Robert, C. Zatylny-Gaudin, V. Fournier, et al., “Transcriptomic
and Peptidomic Analysis of Protein Hydrolysates From the White
Shrimp (L. vannamei),” Journal of Biotechnology 186 (2014): 30-37,
https://doi.org/10.1016/].jbiotec.2014.06.020.

66.Y. Ruttanapornvareesakul, M. Ikeda, K. Hara, K. Osako, O.
Kongpun, and Y. Nozaki, “Effect of Shrimp Head Hydrolysates
on the State of Water and Denaturation of Fish Myofibrils During
Dehydration,” Fisheries Science 71 (2005): 220-228, https://doi.
org/10.2331/suisan.63.378.

67.J. F. Santos, P. F. Castro, A. L. G. Leal, et al., “Digestive Enzyme
Activity in Juvenile Nile Tilapia (Oreochromis niloticus, L) Submitted to
Different Dietary Levels of Shrimp Protein Hydrolysate,” Aquaculture
International 21, no. 3 (2013): 563-577, https://doi.org/10.1007/s1049
9-012-9589-2.

68.C. H. Lu and C. C. Ku, “Effects of Shrimp Waste Meal on Growth
Performance and Chitinase Activity in Juvenile Cobia (Rachycentron
canadum),” Aquaculture Research 44, no. 8 (2013): 1190-1195, https://
doi.org/10.1111/§.1365-2109.2012.03097.X.

69. C. Bueno-Solano, J. Lépez-Cervantes, O. N. Campas-Baypoli,
R. Lauterio-Garcia, N. P. Adan-Bante, and D. I. Sinchez-Machado,

“Chemical and Biological Characteristics of Protein Hydrolysates From
Fermented Shrimp By-Products,” Food Chemistry 112, no. 3 (2009):
671-675, https://doi.org/10.1016/j.foodchem.2008.06.029.

70. H. Peres and A. Oliva-Teles, “Effect of the Dietary Essential to
Non-Essential Amino Acid Ratio on Growth, Feed Utilization and
Nitrogen Metabolism of European Sea Bass (Dicentrarchus labrax),”
Aquaculture 256, no. 1-4 (2006): 395-402, https://doi.org/10.1016/].
aquaculture.2006.02.010.

71. P. Gémez-Requeni, M. Mingarro, S. Kirchner, et al., “Effects of
Dietary Amino Acid Profile on Growth Performance, Key Metabolic
Enzymes and Somatotropic Axis Responsiveness of Gilthead Sea Bream
(Sparus aurata),” Aquaculture 220, no. 1-4 (2003): 749-767, https://doi.
0rg/10.1016/S0044-8486(02)00654-3.

72.M. S. Benhabiles, N. Abdi, N. Drouiche, et al., “Protein Recovery
by Ultrafiltration During Isolation of Chitin From Shrimp Shells
Parapenaeus longirostris,” Food Hydrocolloids 32, no. 1 (2013): 28-34,
https://doi.org/10.1016/j.foodhyd.2012.11.035.

73. M. Cretton, G. Malanga, T. Mazzuca Sobczuk, and M. Mazzuca,
“Lipid Fraction From Industrial Crustacean Waste and Its Potential
as a Supplement for the Feed Industry: A Case Study in Argentine
Patagonia,” Waste and Biomass Valorization 12, no. 5 (2021): 2311-2319,
https://doi.org/10.1007/s12649-020-01162-7.

74. B. Dayakar, K. A. M. Xavier, S. Ngasotter, et al., “Characterization
of Spray-Dried Carotenoprotein Powder From Pacific White Shrimp
(Litopenaeus vannamei) Shells and Head Waste Extracted Using Papain:
Antioxidant, Spectroscopic, and Microstructural Properties,” LWT 159
(2022): 113188, https://doi.org/10.1016/j.1wt.2022.113188.

75.S. S. Dey and K. C. Dora, “Optimization of the Production of
Shrimp Waste Protein Hydrolysate Using Microbial Proteases
Adopting Response Surface Methodology,” Journal of Food Science
and Technology 51, no. 1 (2014): 16-24, https://doi.org/10.1007/s1319
7-011-0455-4.

76.0. A. Fagbenro and O. A. Bello-Olusoji, “Preparation, Nutrient
Composition and Digestibility of Fermented Shrimp Head Silage,” Food
Chemistry 60, no. 4 (1997): 489-493, https://doi.org/10.1016/S0308
-8146(96)00314-7.

77.H. M. Ibrahim, M. F. Salama, and H. A. El-Banna, “Shrimp's
Waste: Chemical Composition, Nutritional Value and Utilization,”
Food/Nahrung 43, no. 6 (1999): 418-423, https://doi.org/10.1002/
(sici)1521-3803(19991201)43:6<418::aid-food418>3.0.c0;2-6.

78.L. Manni, O. Ghorbel-Bellaaj, K. Jellouli, I. Younes, and M. Nasri,
“Extraction and Characterization of Chitin, Chitosan, and Protein
Hydrolysates Prepared From Shrimp Waste by Treatment With
Crude Protease From Bacillus cereus SV1,” Applied Biochemistry and
Biotechnology 162, no. 2 (2010): 345-357, https://doi.org/10.1007/s1201
0-009-8846-y.

79.L. D. Ngoan, L. V. An, B. Ogle, and J. E. Lindberg, “Ensiling
Techniques for Shrimp By-Products and Their Nutritive Value for
Pigs,” Asian-Australasian Journal of Animal Sciences 13, no. 9 (2000):
1278-1284.

80. P. T. D. Phuong, N. C. Minh, H. N. Cuong, et al., “Recovery of Protein
Hydrolysate and Chitosan From Black Tiger Shrimp (Penaeus monodon)
Heads: Approaching a Zero Waste Process,” Journal of Food Science and
Technology 54, no. 7 (2017): 1850-1856, https://doi.org/10.1007/s1319
7-017-2616-6.

81. F. Shahidi and J. Synowiecki, “Isolation and Characterization of
Nutrients and Value-Added Products From Snow Crab (Chinoecetes
opilio) and Shrimp (Pandalus borealis) Processing Discards,” Journal of
Agricultural and Food Chemistry 39, no. 8 (1991): 1527-1532, https://doi.
0rg/10.1021/jf000082032.

82. E. Toyes-Vargas, A. Robles-Romo, L. Méndez, E. Palacios, and R.
Civera, “Changes in Fatty Acids, Sterols, Pigments, Lipid Classes, and
Heavy Metals of Cooked or Dried Meals, Compared to Fresh Marine

22 of 29

Reviews in Aquaculture, 2024

85U80| SUOLILLOD BATE81D 3(dedl|dde 8y} Aq peusenob ae ss(oiie YO ‘8sn JO S9N 10} ARIqiT8UIIUO AB]IA UO (SUONIPUOD-PUR-SLLIBYLIOD" A | IM A RIq 1 BU1UO//:SANY) SUORIPUOD PUe SWB | 81 88S *[7Z0z/0T/LT] uo Ariqiauliuo A8|iMm ‘eneb|y oa spepsieAn Aq /62T bel/TTTT 0T/I0p/wo A8 | im AIq iUl |Uo//Sdny Woi) papeojumod ‘0 ‘TETSES.T


https://doi.org/10.1016/j.anifeedsci.2022.115478
https://doi.org/10.1016/j.anifeedsci.2022.115478
https://doi.org/10.3382/japr.2010-00162
https://doi.org/10.3382/japr.2010-00162
https://doi.org/10.1016/j.aquaculture.2004.02.010
https://doi.org/10.1080/15222055.2012.716019
https://doi.org/10.1111/jwas.12648
https://doi.org/10.2141/jpsa.0150008
https://doi.org/10.1093/ps/76.4.581
https://doi.org/10.1093/ps/76.4.581
https://doi.org/10.1111/j.1365-2109.2011.02976.x
https://doi.org/10.1111/j.1365-2109.2011.02976.x
https://doi.org/10.1016/j.lwt.2017.03.008
https://doi.org/10.1016/j.jbiotec.2014.06.020
https://doi.org/10.2331/suisan.63.378
https://doi.org/10.2331/suisan.63.378
https://doi.org/10.1007/s10499-012-9589-2
https://doi.org/10.1007/s10499-012-9589-2
https://doi.org/10.1111/j.1365-2109.2012.03097.x
https://doi.org/10.1111/j.1365-2109.2012.03097.x
https://doi.org/10.1016/j.foodchem.2008.06.029
https://doi.org/10.1016/j.aquaculture.2006.02.010
https://doi.org/10.1016/j.aquaculture.2006.02.010
https://doi.org/10.1016/S0044-8486(02)00654-3
https://doi.org/10.1016/S0044-8486(02)00654-3
https://doi.org/10.1016/j.foodhyd.2012.11.035
https://doi.org/10.1007/s12649-020-01162-7
https://doi.org/10.1016/j.lwt.2022.113188
https://doi.org/10.1007/s13197-011-0455-4
https://doi.org/10.1007/s13197-011-0455-4
https://doi.org/10.1016/S0308-8146(96)00314-7
https://doi.org/10.1016/S0308-8146(96)00314-7
https://doi.org/10.1002/(sici)1521-3803(19991201)43:6%3C418::aid-food418%3E3.0.co;2-6
https://doi.org/10.1002/(sici)1521-3803(19991201)43:6%3C418::aid-food418%3E3.0.co;2-6
https://doi.org/10.1007/s12010-009-8846-y
https://doi.org/10.1007/s12010-009-8846-y
https://doi.org/10.1007/s13197-017-2616-6
https://doi.org/10.1007/s13197-017-2616-6
https://doi.org/10.1021/jf00008a032
https://doi.org/10.1021/jf00008a032

By-Products,” Animal Feed Science and Technology 221 (2016): 195-205,
https://doi.org/10.1016/j.anifeedsci.2016.09.004.

83.1. S. Abu-Alya, Y. M. Alharbi, S. I. Fathalla, I. S. Zahran, S. M.
Shousha, and H. A. Abdel-Rahman, “Effect of Partial Soybean
Replacement by Shrimp By-Products on the Productive and Economic
Performances in African Catfish (Clarias lazera) Diets,” Fishes 6, no. 4
(2021): 84, https://doi.org/10.3390/fishes6040084.

84. W. Bauer, C. Prentice-Hernandez, M. B. Tesser, W. Wasielesky, and
L. H. S. Poersch, “Substitution of Fishmeal With Microbial Floc Meal
and Soy Protein Concentrate in Diets for the Pacific White Shrimp
Litopenaeus vannamei,” Aquaculture 342-343, no. 1 (2012): 112-116,
https://doi.org/10.1016/j.aquaculture.2012.02.023.

85. M. N. Bautista-Teruel, P. S. Eusebio, and T. P. Welsh, “Utilization of
Feed Pea, Pisum sativum, Meal as a Protein Source in Practical Diets
for Juvenile Tiger Shrimp, Penaeus monodon,” Aquaculture 225, no. 1-4
(2003): 121-131, https://doi.org/10.1016/S0044-8486(03)00284-9.

86. A. Benitez-Hernandez, S. P. L. Jiménez-Barcenas, E. Y. Sdnchez-
Gutiérrez, et al., “Use of Marine By-Product Meals in Diets for Juvenile
Longfin Yellowtail Seriola rivoliana,” Aquaculture Nutrition 24, no. 1
(2018): 562-570, https://doi.org/10.1111/anu.12588.

87. G. Choubert and P. Luquet, “Utilzation of Shrimp Meal for Rainbow
Trout (Salmo gairdneri Ricch.) Pigmentation. Influence on Fat Content
of the Diet,” Aquaculture 32 (1983): 19-26.

88. A. O. Fanimo, O. O. Oduguwa, A. O. Onifade, and T. O. Olutunde,
“Protein Quality of Shrimp-Waste Meal,” Bioresource Technology 72, no.
2(2000): 185-188, https://doi.org/10.1016/S0960-8524(99)00108-X.

89. A. O. Fanimo and O. O. Oduguwa, “Replacement of Fishmeal With
Shrimp Waste Meal in Weaner Pig Ration,” Tropical Animal Science
Journal 1, no. 1 (1999): 51-55.

90. C.J. Fox, P. Blow, J. H. Brown, and I. Watson, “The Effect of Various
Processing Methods on the Physical and Biochemical Properties of
Shrimp Head Meals and Their Utilization by Juvenile Penaeus mono-
don Fab,” Aquaculture 122, no. 2-3 (1994): 209-226, https://doi.
0rg/10.1016/0044-8486(94)90511-8.

91.R. Goncalves, T. Pfalzgraff, and I. Lund, “Impact of Live Feed
Substitution With Formulated Diets on the Development, Digestive
Capacity, Biochemical Composition, and Rearing Water Quality of
European Lobster (Homarus gammarus, L.) Larvae,” Aquaculture 586
(2024): 740776, https://doi.org/10.1016/j.aquaculture.2024.740776.

92.E. Goytortua-Bores, R. Civera-Cerecedo, S. Rocha-Meza, and
A. Green-Yee, “Partial Replacement of Red Crab (Pleuroncodes pla-
nipes) Meal for Fish Meal in Practical Diets for the White Shrimp
Litopenaeus vannamei. Effects on Growth and In Vivo Digestibility,”
Aquaculture 256, no. 1-4 (2006): 414-422, https://doi.org/10.1016/j.
aquaculture.2006.02.035.

93. R. W. Hardy, W. M. Sealey, and D. M. Gatlin, “Fisheries By-Catch and
By-Product Meals as Protein Sources for Rainbow Trout Oncorhynchus
mykiss,” Journal of the World Aquaculture Society 36, no. 3 (2005): 393—
400, https://doi.org/10.1111/j.1749-7345.2005.tb00343.x.

94. P. Horstmann, R. M. Maas, S. Prakash, et al., “Dietary Ingredient
Composition Affects Faecal Waste Production and Characteristics in
Yellowtail Kingfish (Seriola lalandi),” Aquaculture 579 (2024): 740214,
https://doi.org/10.1016/j.aquaculture.2023.740214.

95.S. Khempaka, S. Khempaka, M. Mochizuki, K. Koh, and Y.
Karasawa, “Effect of Chitin in Shrimp Meal on Growth Performance
and Digestibility in Growing Broilers,” Journal of Poultry Science 43, no.
4 (2006): 339-343, https://doi.org/10.2141/jpsa.43.339.

96.C. Lim, R. M. Beames, J. G. Eales, et al., “Nutritive Values of
Low and High Fibre Canola Meals for Shrimp (Penaeus vanna-
mei),” Aquaculture Nutrition 3, no. 4 (1997): 269-279, https://doi.
0rg/10.1046/j.1365-2095.1997.00048.x.

97.X. H. Liu, J. D. Ye, K. Wang, J. H. Kong, W. Yang, and L.
Zhou, “Partial Replacement of Fish Meal With Peanut Meal in
Practical Diets for the Pacific White Shrimp, Litopenaeus vanna-
mei,” Aquaculture Research 43, no. 5 (2012): 745-755, https://doi.
org/10.1111/.1365-2109.2011.02883.x.

98. 0. 0. Oduguwa and I. F. Adu, “Feeding Value of Shrimp Waste Meal
for West African Dwarf Sheep Fed Soybean Stover Basal Diet,” Nigerian
Journal of Animal Production 37, no. 1 (2010): 71-84.

99. 0. 0. Oduguwa, A. O. Fanimo, and M. J. Oso, “Effect of Replacing
Dietary Fish Meal or Soybean Meal With Shrimp Waste Meal on the
Performance of Laying Hens,” Nigerian Journal of Animal Production
32, no. 2 (2005): 224-232.

100. G. S. Ojewola and S. I. Annah, “Nutritive and Economic Value
of Danish Fish Meal, Crayfish Dust Meal and Shrimp Waste Meal
Inclusion in Broiler Diets,” International Journal of Poultry Science 5,
no. 4 (2006): 390-394, https://doi.org/10.3923/ijps.2006.390.394.

101. A. Osuna-Salazar, C. Hernandez, C. E. Lizarraga-Velazquez, et al.,
“Improvement in Spotted Rose Snapper Growth and Skin Coloration
After Incorporation of Shrimp Head Meal in Diet,” Aquaculture Reports
30 (2023): 101599, https://doi.org/10.1016/j.aqrep.2023.101599.

102. M. Rahman and K. Koh, “Improvement in Nutritional Quality of
Shrimp Meal With Autoclave and Chemical Treatments: An In Vitro
Study,” Journal of Poultry Science 53, no. 2 (2016): 124-127, https://doi.
org/10.2141/jpsa.0150128.

103. M. Rahman and K. Koh, “The Effects of Formic Acid-Treated
Shrimp Meal on Laying Performance and egg Quality in Aged Laying
Hens,” Journal of Applied Poultry Research 27, no. 1 (2018): 45-50,
https://doi.org/10.3382/japr/pfx038.

104. M. Sangkaew, M. Rahman, and K. Koh, “Effects of Persimmon
Peel on Laying Performance, Nitrogen Availability, and Egg Quality
in Laying Hens Provided With Shrimp Meal Diets,” Journal of
Poultry Science 58, no. 4 (2021): 238-244, https://doi.org/10.2141/
jpsa.0200082.

105. A. Sudaryono, M. J. Hoxey, S. G. Kailis, and L. H. Evans,
“Investigation of Alternative Protein Sources in Practical Diets for
Juvenile Shrimp, Penaeus monodon,” Aquaculture 134, no. 3-4 (1995):
313-323, https://doi.org/10.1016/0044-8486(95)00047-6.

106. M. Terrazas-Fierro, R. Civera-Cerecedo, L. Ibarra-Martinez,
E. Goytortua-Bores, M. Herrera-Andrade, and A. Reyes-Becerra,
“Apparent Digestibility of Dry Matter, Protein, and Essential Amino
Acid in Marine Feedstuffs for Juvenile Whiteleg Shrimp Litopenaeus
vannamei,” Aquaculture 308, no. 3-4 (2010): 166-173, https://doi.
org/10.1016/j.aquaculture.2010.08.021.

107. S. M. Tibbetts and S. P. Lall, “Effect of Dietary Inclusion of Atlantic
Snow Crab, Chionoecetes opilio and Northern Pink Shrimp, Pandalis
borealis Processing By-Products on Nutrient Digestibility by Juvenile
Haddock, Melanogrammus aeglefinus L.,” Animal Feed Science and
Technology 182, no. 1-4 (2013): 126-130, https://doi.org/10.1016/j.anife
edsci.2013.04.011.

108.N. D. Q. Tram, L. D. Ngoan, L. T. Hung, and J. E. Lindberg, “A
Comparative Study on the Apparent Digestibility of Selected Feedstuffs
in Hybrid Catfish (Clarias macrocephalus x Clarias gariepinus) and
Nile Tilapia (Oreochromis niloticus),” Aquaculture Nutrition 17, no. 2
(2011): e636-e643, https://doi.org/10.1111/j.1365-2095.2010.00813.x.

109. H. Villarreal, R. Civera-Cerecedo, and A. Hernandez-Llamas,
“Effect of Partial and Total Replacement of Fish, Shrimp Head,
and Soybean Meals With Red Crab Meal Pleuroncodes planipes
(Stimpson) on Growth of White Shrimp Litopenaeus vannamei
(Boone),” Aquaculture Research 37, no. 3 (2006): 293-298, https://doi.
org/10.1111/j.1365-2109.2005.01438..x.

110. K. C. Williams, D. M. Smith, M. C. Barclay, S. J. Tabrett, and G.
Riding, “Evidence of a Growth Factor in Some Crustacean-Based Feed

23 of 29

85U80| SUOLILLOD BATE81D 3(dedl|dde 8y} Aq peusenob ae ss(oiie YO ‘8sn JO S9N 10} ARIqiT8UIIUO AB]IA UO (SUONIPUOD-PUR-SLLIBYLIOD" A | IM A RIq 1 BU1UO//:SANY) SUORIPUOD PUe SWB | 81 88S *[7Z0z/0T/LT] uo Ariqiauliuo A8|iMm ‘eneb|y oa spepsieAn Aq /62T bel/TTTT 0T/I0p/wo A8 | im AIq iUl |Uo//Sdny Woi) papeojumod ‘0 ‘TETSES.T


https://doi.org/10.1016/j.anifeedsci.2016.09.004
https://doi.org/10.3390/fishes6040084
https://doi.org/10.1016/j.aquaculture.2012.02.023
https://doi.org/10.1016/S0044-8486(03)00284-9
https://doi.org/10.1111/anu.12588
https://doi.org/10.1016/S0960-8524(99)00108-X
https://doi.org/10.1016/0044-8486(94)90511-8
https://doi.org/10.1016/0044-8486(94)90511-8
https://doi.org/10.1016/j.aquaculture.2024.740776
https://doi.org/10.1016/j.aquaculture.2006.02.035
https://doi.org/10.1016/j.aquaculture.2006.02.035
https://doi.org/10.1111/j.1749-7345.2005.tb00343.x
https://doi.org/10.1016/j.aquaculture.2023.740214
https://doi.org/10.2141/jpsa.43.339
https://doi.org/10.1046/j.1365-2095.1997.00048.x
https://doi.org/10.1046/j.1365-2095.1997.00048.x
https://doi.org/10.1111/j.1365-2109.2011.02883.x
https://doi.org/10.1111/j.1365-2109.2011.02883.x
https://doi.org/10.3923/ijps.2006.390.394
https://doi.org/10.1016/j.aqrep.2023.101599
https://doi.org/10.2141/jpsa.0150128
https://doi.org/10.2141/jpsa.0150128
https://doi.org/10.3382/japr/pfx038
https://doi.org/10.2141/jpsa.0200082
https://doi.org/10.2141/jpsa.0200082
https://doi.org/10.1016/0044-8486(95)00047-6
https://doi.org/10.1016/j.aquaculture.2010.08.021
https://doi.org/10.1016/j.aquaculture.2010.08.021
https://doi.org/10.1016/j.anifeedsci.2013.04.011
https://doi.org/10.1016/j.anifeedsci.2013.04.011
https://doi.org/10.1111/j.1365-2095.2010.00813.x
https://doi.org/10.1111/j.1365-2109.2005.01438.x
https://doi.org/10.1111/j.1365-2109.2005.01438.x

Ingredients in Diets for the Giant Tiger Shrimp Penaeus monodon,”
Aquaculture 250, no. 1-2 (2005): 377-390, https://doi.org/10.1016/j.
aquaculture.2005.04.002.

111. Q. Yang, X. Zhou, Q. Zhou, B. Tan, S. Chi, and X. Dong, “Apparent
Digestibility of Selected Feed Ingredients for White Shrimp Litopenaeus
vannamei, Boone,” Aquaculture Research 41, no. 1 (2009): 78-86, https://
doi.org/10.1111/j.1365-2109.2009.02307.X.

112.J. D. Ye, K. Wang, F. D. Li, Y. Z. Sun, and X. H. Liu, “Incorporation
of a Mixture of Meat and Bone Meal, Poultry By-Product Meal, Blood
Meal and Corn Gluten Meal as a Replacement for Fish Meal in Practical
Diets of Pacific White Shrimp Litopenaeus vannamei at Two Dietary
Protein Levels,” Aquaculture Nutrition 17, no. 2 (2011): e337-e347,
https://doi.org/10.1111/j.1365-2095.2010.00768.x.

113.J. Guilherme-Fernandes, T. Aires, A. J. M. Fonseca, et al., “Squid
Meal and Shrimp Hydrolysate as Novel Protein Sources for Dog Food,”
Frontiers in Veterinary Science 11 (2024): 1-16, https://doi.org/10.3389/
fvets.2024.1360939.

114. B. E. Gunathilaka, S. Khosravi, M. Herault, et al., “Evaluation of
Shrimp or Tilapia Protein Hydrolysate at Graded Dosages in Low Fish
Meal Diet for Olive Flounder (Paralichthys olivaceus),” Aquaculture
Nutrition 26, no. 5(2020): 1592-1603, https://doi.org/10.1111/anu.13105.

115.S. Sinthusamran, S. Benjakul, K. Kijroongrojana, T. Prodpran,
and H. Kishimura, “Protein Hydrolysates From Pacific White Shrimp
Cephalothorax Manufactured With Different Processes: Compositions,
Characteristics and Antioxidative Activity,” Waste and Biomass
Valorization 11, no. 5 (2020): 1657-1670, https://doi.org/10.1007/s1264
9-018-0517-1.

116. N. T. K. Dong, K. Elwinger, J. E. Lindberg, and R. B. Ogle, “Effect of
Replacing Soybean Meal With Soya Waste and Fish Meal With Ensiled
Shrimp Waste on the Performance of Growing Crossbred Ducks,”
Asian-Australasian Journal of Animal Sciences 18, no. 6 (2005): 825-
834, https://doi.org/10.5713/ajas.2005.825.

117. L. D. Ngoan, B. Ogle, and J. E. Lindberg, “Effects of Replacing Fish
Meal With Ensiled Shrimp By-Product on the Performance and Carcass
Characteristics of Growing Pigs,” Asian-Australasian Journal of Animal
Sciences 14, no. 1 (2001): 82-87.

118.J. S. Alvarez, A. Hernandez-Llamas, J. Galindo, I. Fraga, T. Garcia,
and H. Villarreal, “Substitution of Fishmeal With Soybean Meal in
Practical Diets for Juvenile White Shrimp Litopenaeus schmitti (Pérez-
Farfante & Kensley 1997),” Aquaculture Research 38, no. 7 (2007): 689-
695, https://doi.org/10.1111/j.1365-2109.2007.01654.X.

119. K. Ambasankar, J. S. Dayal, K. P. K. Vasagam, et al., “Growth,
Fatty Acid Composition, Immune-Related Gene Expression, Histology
and Haematology Indices of Penaeus vannamei Fed Graded Levels
of Antarctic Krill Meal at Two Different Fishmeal Concentrations,”
Aquaculture 553 (2022): 738069, https://doi.org/10.1016/j.aquac
ulture.2022.738069.

120. X. Ao and I. H. Kim, “Effects of Dietary Dried Mealworm (Ptecticus
tenebrifer) Larvae on Growth Performance and Nutrient Digestibility
in Weaning Pigs,” Livestock Science 230 (2019): 103815, https://doi.
org/10.1016/j.1ivsci.2019.09.031.

121. F. G. Barroso, C. de Haro, M. J. Sanchez-Muros, E. Venegas, A.
Martinez-Sanchez, and C. Pérez-Bafién, “The Potential of Various
Insect Species for Use as Food for Fish,” Aquaculture 422-423 (2014):
193-201, https://doi.org/10.1016/j.aquaculture.2013.12.024.

122. A. O. Fanimo, O. O. Oduguwa, Y. O. Jimoh, and A. O. Faronbi,
“Performance and Carcass Evaluation of Broiler Chicks Fed Shrimp
Waste Meal Supplemented With Synthetic Amino Acids,” Nigerian
Journal of Animal Production 25, no. 1 (1998): 17-21.

123. F. Huang, L. Wang, C.-x. Zhang, and K. Song, “Replacement of
Fishmeal With Soybean Meal and Mineral Supplements in Diets of
Litopenaeus vannamei Reared in Low-Salinity Water,” Aquaculture 473
(2017): 172-180, https://doi.org/10.1016/j.aquaculture.2017.02.011.

124. A. Jozefiak, S. Nogales-Mérida, Z. Mikotajczak, M. Rawski, B.
Kieronczyk, and J. Mazurkiewicz, “The Utilization of Full-Fat Insect
Meal in Rainbow Trout (Oncorhynchus mykiss) Nutrition: The Effects
on Growth Performance, Intestinal Microbiota and Gastrointestinal
Tract Histomorphology,” Annals of Animal Science 19, no. 3 (2019): 747-
765, https://doi.org/10.2478/aoas-2019-0020.

125.1. T. Karapanagiotidis, M. N. Metsoviti, E. Z. Gkalogianni, et al.,
“The Effects of Replacing Fishmeal by Chlorella vulgaris and Fish Oil
by Schizochytrium sp. and Microchloropsis gaditana Blend on Growth
Performance, Feed Efficiency, Muscle Fatty Acid Composition and
Liver Histology of Gilthead Seabream (Sparus aurata),” Aquaculture 561
(2022): 738709, https://doi.org/10.1016/j.aquaculture.2022.738709.

126. K. Kopriicii and Y. Ozdemir, “Apparent Digestibility of Selected
Feed Ingredients for Nile Tilapia (Oreochromis niloticus),” Aquaculture
250, mno. 1-2 (2005): 308-316, https://doi.org/10.1016/j.aquac
ulture.2004.12.003.

127. S. Kroeckel, A. G. E. Harjes, I. Roth, et al., “When a Turbot Catches
a Fly: Evaluation of a Pre-Pupae Meal of the Black Soldier Fly (Hermetia
Illucens) as Fish Meal Substitute — Growth Performance and Chitin
Degradation in Juvenile Turbot (Psetta maxima),” Aquaculture 364-365
(2012): 345-352, https://doi.org/10.1016/j.aquaculture.2012.08.041.

128. A. Laining, T. Ahmad, and K. Williams, “Apparent Digestibility of
Selected Feed Ingredients for Humpback Grouper, Cromileptes altive-
lis,” Aquaculture 218, no. 1-4 (2003): 529-538.

129.R. Li, G. F. Hou, Z. H. Song, et al., “Nutritional Value of Enzyme-
Treated Soybean Meal, Concentrated Degossypolized Cottonseed
Protein, Dried Porcine Solubles and Fish Meal for 10-to-20 kg Pigs,”
Animal Feed Science and Technology 252 (2019): 23-33, https://doi.
org/10.1016/j.anifeedsci.2019.04.002.

130.Z. Ma, M. M. Hassan, L. Allais, et al., “Comparison of Partial
Replacement of Fishmeal With Soybean Meal and EnzoMeal on
Growth Performance of Asian Seabass Lates calcarifer,” Comparative
Biochemistry and Physiology Part C: Toxicology and Pharmacology 216
(2019): 29-37, https://doi.org/10.1016/j.cbpc.2018.10.006.

131. H. P. S. Makkar, G. Tran, V. Heuzé, and P. Ankers, “State-of-
the-Art on Use of Insects as Animal Feed,” Animal Feed Science
and Technology 197 (2014): 1-33, https://doi.org/10.1016/j.anife
edsci.2014.07.008.

132.1. Nengas, M. N. Alexis, and S. J. Davies, “Partial Substitution of
Fishmeal With Soybean Meal Products and Derivatives in Diets for the
Gilthead Sea Bream Sparus aurata (L.),” Aquaculture Research 27, no. 3
(1996): 147-156, https://doi.org/10.1111/j.1365-2109.1996.tb00979.x.

133. M. C.Nguyen, R. Fotedar,and H.D. Pham, “Can Shrimp Hydrolysate
Improve the Efficacy of Meat and Bone Meal Diet in Juvenile Giant
Trevally Caranx ignobilis?,” Aquaculture International 32, no. 3 (2023):
1909-1926, https://doi.org/10.1007/s10499-023-01250-0.

134.N. M. Nor, Z. Zakaria, M. S. A. Manaf, and M. M. Salleh, “The
Effect of Partial Replacement of Dietary Fishmeal With Fermented
Prawn Waste Liquor on Juvenile Sea Bass Growth,” Journal of Applied
Aquaculture 23, no. 1 (2011): 51-57, https://doi.org/10.1080/10454
438.2011.549784.

135. A. Oliva-Teles, A. J. Gouveia, E. Gomes, and P. Rema, “The Effect
of Different Processing Treatments on Soybean Meal Utilization by
Rainbow Trout, Oncorhynchus mykiss,” Aquaculture 124, no. 1-4
(1994): 343-349, https://doi.org/10.1016/0044-8486(94)90407-3.

136. M. @verland, M. Serensen, T. Storebakken, M. Penn, A. Krogdahl,
and A. Skrede, “Pea Protein Concentrate Substituting Fish Meal or
Soybean Meal in Diets for Atlantic Salmon (Salmo salar)—Effect on
Growth Performance, Nutrient Digestibility, Carcass Composition, Gut
Health, and Physical Feed Quality,” Aquaculture 288, no. 3-4 (2009):
305-311, https://doi.org/10.1016/j.aquaculture.2008.12.012.

137. V. D. Pefiaflorida, “An Evaluation of Indigenous Protein Sources as
Potential Component in the Diet Formulation for Tiger Prawn, Penaeus

24 of 29

Reviews in Aquaculture, 2024

85U80| SUOLILLOD BATE81D 3(dedl|dde 8y} Aq peusenob ae ss(oiie YO ‘8sn JO S9N 10} ARIqiT8UIIUO AB]IA UO (SUONIPUOD-PUR-SLLIBYLIOD" A | IM A RIq 1 BU1UO//:SANY) SUORIPUOD PUe SWB | 81 88S *[7Z0z/0T/LT] uo Ariqiauliuo A8|iMm ‘eneb|y oa spepsieAn Aq /62T bel/TTTT 0T/I0p/wo A8 | im AIq iUl |Uo//Sdny Woi) papeojumod ‘0 ‘TETSES.T


https://doi.org/10.1016/j.aquaculture.2005.04.002
https://doi.org/10.1016/j.aquaculture.2005.04.002
https://doi.org/10.1111/j.1365-2109.2009.02307.x
https://doi.org/10.1111/j.1365-2109.2009.02307.x
https://doi.org/10.1111/j.1365-2095.2010.00768.x
https://doi.org/10.3389/fvets.2024.1360939
https://doi.org/10.3389/fvets.2024.1360939
https://doi.org/10.1111/anu.13105
https://doi.org/10.1007/s12649-018-0517-1
https://doi.org/10.1007/s12649-018-0517-1
https://doi.org/10.5713/ajas.2005.825
https://doi.org/10.1111/j.1365-2109.2007.01654.x
https://doi.org/10.1016/j.aquaculture.2022.738069
https://doi.org/10.1016/j.aquaculture.2022.738069
https://doi.org/10.1016/j.livsci.2019.09.031
https://doi.org/10.1016/j.livsci.2019.09.031
https://doi.org/10.1016/j.aquaculture.2013.12.024
https://doi.org/10.1016/j.aquaculture.2017.02.011
https://doi.org/10.2478/aoas-2019-0020
https://doi.org/10.1016/j.aquaculture.2022.738709
https://doi.org/10.1016/j.aquaculture.2004.12.003
https://doi.org/10.1016/j.aquaculture.2004.12.003
https://doi.org/10.1016/j.aquaculture.2012.08.041
https://doi.org/10.1016/j.anifeedsci.2019.04.002
https://doi.org/10.1016/j.anifeedsci.2019.04.002
https://doi.org/10.1016/j.cbpc.2018.10.006
https://doi.org/10.1016/j.anifeedsci.2014.07.008
https://doi.org/10.1016/j.anifeedsci.2014.07.008
https://doi.org/10.1111/j.1365-2109.1996.tb00979.x
https://doi.org/10.1007/s10499-023-01250-0
https://doi.org/10.1080/10454438.2011.549784
https://doi.org/10.1080/10454438.2011.549784
https://doi.org/10.1016/0044-8486(94)90407-3
https://doi.org/10.1016/j.aquaculture.2008.12.012

monodon, Using Essential Amino Acid Index (EAAI),” Aquaculture 83,
no. 3-4(1989): 319-330, https://doi.org/10.1016/0044-8486(89)90043-4.

138. M. A. Pham, K. J. Lee, S. J. Lim, and K. H. Park, “Evaluation
of Cottonseed and Soybean Meal as Partial Replacement for
Fishmeal in Diets for Juvenile Japanese Flounder Paralichthys ol-
ivaceus,” Fisheries Science 73, no. 4 (2007): 760-769, https://doi.
0rg/10.1111/j.1444-2906.2007.01394.x.

139.K. K. K. Premawansha, M. P. K. S. K. de Silva, K. B. S.
Gunawickrama, and B. S. Swther, “Nutritional Evaluation of Fish
Feeds Formulated With Fish Discards or Shellfish Waste as Alternative
Protein Sources,” Fishery Technology 59, no. 1 (2022): 39-48.

140. A. Roncarati, R. Cappuccinelli, M. C. T. Meligrana, R. Anedda, S.
Uzzau, and P. Melotti, “Growing Trial of Gilthead Sea Bream (Sparus
aurata) Juveniles Fed on Chironomid Meal as a Partial Substitution for
Fish Meal,” Animals 9, no. 4 (2019): 144, https://doi.org/10.3390/ani90
40144.

141. M. J. Sanchez-Muros, C. de Haro, A. Sanz, C. E. Trenzado, S.
Villareces, and F. G. Barroso, “Nutritional Evaluation of Tenebrio mo-
litor Meal as Fishmeal Substitute for Tilapia (Oreochromis niloticus)
Diet,” Aquaculture Nutrition 22, no. 5 (2016): 943-955, https://doi.
org/10.1111/anu.12313.

142. A. Sanz, A. E. Morales, M. de la Higuera, and G. Cardenete,
“Sunflower Meal Compared With Soybean Meal as Partial Substitutes
for Fish Meal in Rainbow Trout (Oncorhynchus mykiss) Diets: Protein
and Energy Utilization,” Aquaculture 128 (1994): 287-300.

143. P. Serensen and J. V. Norgaard, “Starfish (Asterias rubens) as Feed
Ingredient for Piglets,” Animal Feed Science and Technology 211 (2016):
181-188, https://doi.org/10.1016/j.anifeedsci.2015.11.012.

144. S. St-hilaire, C. Sheppard, J. K. Tomberlin, et al., “Fly Prepupae as
a Feedstuff for Rainbow Trout, Oncorhynchus mykiss,” Journal of the
World Aquaculture Society 38, no. 1 (2007): 59-67.

145. B. Tan, K. Mai, S. Zheng, Q. Zhou, L. Liu, and Y. Yu, “Replacement
of Fish Meal by Meat and Bone Meal in Practical Diets for the White
Shrimp Litopenaeus vannamai (Boone),” Aquaculture Research 36, no. 5
(2005): 439-444, https://doi.org/10.1111/j.1365-2109.2005.01223.x.

146. J. Toppe, A. Aksnes, B. Hope, and S. Albrektsen, “Inclusion of Fish
Bone and Crab By-Products in Diets for Atlantic Cod, Gadus morhua,”
Aquaculture 253, no. 1-4 (2006): 636-645, https://doi.org/10.1016/j.
aquaculture.2005.09.015.

147.Y. Wang, L. J. Kong, C. Li, and D. P. Bureau, “Effect of Replacing
Fish Meal With Soybean Meal on Growth, Feed Utilization and Carcass
Composition of Cuneate Drum (Nibea miichthioides),” Aquaculture
261, no. 4 (2006): 1307-1313, https://doi.org/10.1016/j.aquac
ulture.2006.08.045.

148. C. D. Webster, S. D. Rawles, J. F. Koch, et al., “Bio-Ag Reutilization
of distiller's Dried Grains With Solubles (DDGS) as a Substrate for Black
Soldier Fly Larvae, Hermetia illucens, Along With Poultry By-Product
Meal and Soybean Meal, as Total Replacement of Fish Meal in Diets for
Nile Tilapia, Oreochr,” Aquaculture Nutrition 22, no. 5 (2016): 976-988,
https://doi.org/10.1111/anu.12316.

149.Y. Wei, H. Shen, W. Xu, et al., “Replacement of Dietary Fishmeal by
Antarctic Krill Meal on Growth Performance, Intestinal Morphology,
Body Composition and Organoleptic Quality of Large Yellow Croaker
Larimichthys crocea,” Aquaculture 512 (2019): 734281, https://doi.
org/10.1016/j.aquaculture.2019.734281.

150.Y. Q. Zhang, Y. B. Wu, D. L. Jiang, J. G. Qin, and Y. Wang,
“Gamma-Irradiated Soybean Meal Replaced More Fish Meal in the
Diets of Japanese Seabass (Lateolabraxjaponicus),” Animal Feed Science
and Technology 197 (2014): 155-163, https://doi.org/10.1016/j.anife
edsci.2014.08.002.

151.Y. Zhang, W. Ji, Y. Wu, H. Han, J. Qin, and Y. Wang,
“Replacement of Dietary Fish Meal by Soybean Meal Supplemented

With Crystalline Methionine for Japanese Seabass (Lateolabrax ja-
ponicus),” Aquaculture Research 47, no. 1 (2016): 243-252, https://doi.
org/10.1111/are.12486.

152. A. A. Ambardekar, R. C. Reigh, and M. B. Williams, “Absorption
of Amino Acids From Intact Dietary Proteins and Purified Amino
Acid Supplements Follows Different Time-Courses in Channel Catfish
(Ictalurus punctatus),” Aquaculture 291, no. 3-4 (2009): 179-187, https://
doi.org/10.1016/j.aquaculture.2009.02.044.

153. R. N. Dilger, J. S. Sands, D. Ragland, and O. Adeola, “Digestibility
of Nitrogen and Amino Acids in Soybean Meal With Added Soyhulls,”
Journal of Animal Science 82, no. 3 (2004): 715-724, https://doi.
0rg/10.2527/2004.823715x.

154. H. J. Fisher, S. A. Collins, C. Hanson, B. Mason, S. M. Colombo,
and D. M. Anderson, “Black Soldier Fly Larvae Meal as a Protein
Source in low Fish Meal Diets for Atlantic Salmon (Salmo salar),”
Aquaculture 521 (2020): 734978, https://doi.org/10.1016/j.aquac
ulture.2020.734978.

155. L.K.Karr-Lilienthal, C.M. Grieshop,N.R.Merchen, D.C.Mahan,and
G. C. Fahey, “Chemical Composition and Protein Quality Comparisons
of Soybeans and Soybean Meals From Five Leading Soybean-Producing
Countries,” Journal of Agricultural and Food Chemistry 52, no. 20 (2004):
6193-6199, https://doi.org/10.1021/jf049795+.

156.C. S. Kasper, B. A. Watkins, and P. B. Brown, “Evaluation
of Two Soybean Meals Fed to Yellow Perch (Perca flavescens),”
Aquaculture Nutrition 13, no. 6 (2007): 431-438, https://doi.
0rg/10.1111/j.1365-2095.2007.00494.x.

157. S. Refstie, T. Storebakken, and A. J. Roem, “Feed Consumption and
Conversion in Atlantic Salmon (Salmo salar) fed Diets With Fish Meal,”
Aquaculture 162, no. 1 (1998): 301-312.

158. P. Thacker and G. Widyaratne, “Effects of Expeller Pressed
Camelina Meal and/or Canola Meal on Digestibility, Performance and
Fatty Acid Composition of Broiler Chickens Fed Wheat-Soybean Meal-
Based Diets,” Archives of Animal Nutrition 66, no. 5 (2012): 402-415,
https://doi.org/10.1080/1745039X.2012.710082.

159. E. Tibaldi, Y. Hakim, Z. Uni, etal., “Effects of the Partial Substitution
of Dietary Fish Meal by Differently Processed Soybean Meals on Growth
Performance, Nutrient Digestibility and Activity of Intestinal Brush
Border Enzymes in the European Sea Bass (Dicentrarchus labrax),”
Aquaculture 261, no. 1 (2006): 182-193, https://doi.org/10.1016/j.aquac
ulture.2006.06.026.

160. H. Villarreal, A. Hernandez-Llamas, M. C. Rivera, A. Millan, and
S. Rocha, “Effect of Substitution of Shrimp Meal, Fish Meal and Soy
Meal With Red Crab Pleuroncodes planipes (Stimpson) Meal in Pelleted
Diets for Postlarvae and Juvenile Farfantepenaeus californiensis
(Holmes),” Aquaculture Research 35, no. 2 (2004): 178-183, https://doi.
0rg/10.1111/j.1365-2109.2004.01000.x.

161. W. G. Xia, K. F. M. Abouelezz, M. N. Makled, et al., “Effects
of Dietary Substitution of Peanut Meal for Soybean Meal on Egg
Production, Egg Quality, Oxidative Status, and Yolk Fatty Acid Profile
in Laying Ducks,” Animal 16, no. 11 (2022): 100652, https://doi.
org/10.1016/j.animal.2022.100652.

162. T. Yamamoto, Y. Iwashita, H. Matsunari, et al., “Influence of
Fermentation Conditions for Soybean Meal in a Non-Fish Meal Diet
on the Growth Performance and Physiological Condition of Rainbow
Trout Oncorhynchus mykiss,” Aquaculture 309, no. 1-4 (2010): 173-180,
https://doi.org/10.1016/j.aquaculture.2010.09.021.

163. X. Yu, Z. Wu, J. Guo, et al., “Replacement of Dietary Fish Meal
by Soybean Meal on Growth Performance, Immunity, Anti-Oxidative
Capacity and mTOR Pathways in Juvenile Abalone Haliotis discus
hannai Ino,” Aquaculture 551 (2022): 737914, https://doi.org/10.1016/j.
aquaculture.2022.737914.

164. S.w.Xie,Y.j.Liu,S.Zeng,J. Niu,and L.x. Tian, “Partial Replacement
of Fish-Meal by Soy Protein Concentrate and Soybean Meal Based

25 of 29

85U80| SUOLILLOD BATE81D 3(dedl|dde 8y} Aq peusenob ae ss(oiie YO ‘8sn JO S9N 10} ARIqiT8UIIUO AB]IA UO (SUONIPUOD-PUR-SLLIBYLIOD" A | IM A RIq 1 BU1UO//:SANY) SUORIPUOD PUe SWB | 81 88S *[7Z0z/0T/LT] uo Ariqiauliuo A8|iMm ‘eneb|y oa spepsieAn Aq /62T bel/TTTT 0T/I0p/wo A8 | im AIq iUl |Uo//Sdny Woi) papeojumod ‘0 ‘TETSES.T


https://doi.org/10.1016/0044-8486(89)90043-4
https://doi.org/10.1111/j.1444-2906.2007.01394.x
https://doi.org/10.1111/j.1444-2906.2007.01394.x
https://doi.org/10.3390/ani9040144
https://doi.org/10.3390/ani9040144
https://doi.org/10.1111/anu.12313
https://doi.org/10.1111/anu.12313
https://doi.org/10.1016/j.anifeedsci.2015.11.012
https://doi.org/10.1111/j.1365-2109.2005.01223.x
https://doi.org/10.1016/j.aquaculture.2005.09.015
https://doi.org/10.1016/j.aquaculture.2005.09.015
https://doi.org/10.1016/j.aquaculture.2006.08.045
https://doi.org/10.1016/j.aquaculture.2006.08.045
https://doi.org/10.1111/anu.12316
https://doi.org/10.1016/j.aquaculture.2019.734281
https://doi.org/10.1016/j.aquaculture.2019.734281
https://doi.org/10.1016/j.anifeedsci.2014.08.002
https://doi.org/10.1016/j.anifeedsci.2014.08.002
https://doi.org/10.1111/are.12486
https://doi.org/10.1111/are.12486
https://doi.org/10.1016/j.aquaculture.2009.02.044
https://doi.org/10.1016/j.aquaculture.2009.02.044
https://doi.org/10.2527/2004.823715x
https://doi.org/10.2527/2004.823715x
https://doi.org/10.1016/j.aquaculture.2020.734978
https://doi.org/10.1016/j.aquaculture.2020.734978
https://doi.org/10.1021/jf049795+
https://doi.org/10.1111/j.1365-2095.2007.00494.x
https://doi.org/10.1111/j.1365-2095.2007.00494.x
https://doi.org/10.1080/1745039X.2012.710082
https://doi.org/10.1016/j.aquaculture.2006.06.026
https://doi.org/10.1016/j.aquaculture.2006.06.026
https://doi.org/10.1111/j.1365-2109.2004.01000.x
https://doi.org/10.1111/j.1365-2109.2004.01000.x
https://doi.org/10.1016/j.animal.2022.100652
https://doi.org/10.1016/j.animal.2022.100652
https://doi.org/10.1016/j.aquaculture.2010.09.021
https://doi.org/10.1016/j.aquaculture.2022.737914
https://doi.org/10.1016/j.aquaculture.2022.737914

Protein Blend for Juvenile Pacific White Shrimp, Litopenaeus vanna-
mei,” Aquaculture 464 (2016): 296-302, https://doi.org/10.1016/j.aquac
ulture.2016.07.002.

165. A. P. Sanchez-Camargo, M. A. Almeida Meireles, B. L. F. Lopes, and
F. A. Cabral, “Proximate Composition and Extraction of Carotenoids
and Lipids From Brazilian Redspotted Shrimp Waste (Farfantepenaeus
Paulensis),” Journal of Food Engineering 102, no. 1 (2011): 87-93, https://
doi.org/10.1016/j.jfoodeng.2010.08.008.

166. A. A. Abu-Ghazaleh, D. J. Schingoethe, and A. R. Hippen,
“Conjugated Linoleic Acid and Other Beneficial Fatty Acids in Milk Fat
From Cows fed Soybean Meal, Fish Meal, or Both,” Journal of Dairy
Science 84, no. 8 (2001): 1845-1850, https://doi.org/10.3168/jds.S0022
-0302(01)74624-3.

167. M. Mastoraki, P. Molla Ferrandiz, S. C. Vardali, et al., “A
Comparative Study on the Effect of Fish Meal Substitution With Three
Different Insect Meals on Growth, Body Composition and Metabolism
of European Sea Bass (Dicentrarchus labrax L.),” Aquaculture 528
(2020): 735511, https://doi.org/10.1016/j.aquaculture.2020.735511.

168. A. R. H. Moussavi, R. O. Gilbert, T. R. Overton, D. E. Bauman,
and W. R. Butler, “Effects of Feeding Fish Meal and n-3 Fatty Acids on
Ovarian and Uterine Responses in Early Lactating Dairy Cows,” Journal
of Dairy Science 90, no. 1 (2007): 145-154, https://doi.org/10.3168/jds.
$0022-0302(07)72616-4.

169.J. H. Cho and I. H. Kim, “Fish Meal - Nutritive Value,” Journal
of Animal Physiology and Animal Nutrition 95, no. 6 (2011): 685-692,
https://doi.org/10.1111/j.1439-0396.2010.01109.x.

170. T. Tazikeh, A. Abedian Kenari, and N. Esmaeili, “Effects of Fish
Meal Replacement by Meat and Bone Meal Supplemented With Garlic
(Allium sativum) Powder on Biological Indices, Feeding, Muscle
Composition, Fatty Acid and Amino Acid Profiles of Whiteleg Shrimp
(Litopenaeus vannameti),” Aquaculture Research 51, no. 2 (2020): 674-
686, https://doi.org/10.1111/are.14416.

171. A. Mika, E. Swiezewska, and P. Stepnowski, “Polar and Neutral
Lipid Composition and Fatty Acids Profile in Selected Fish Meals
Depending on Raw Material and Grade of Products,” LWT 70 (2016):
199-207, https://doi.org/10.1016/j.Iwt.2016.02.051.

172.J. C. Lopes, M. T. Harper, F. Giallongo, et al., “Effect of High-
Oleic-Acid Soybeans on Production Performance, Milk Fatty Acid
Composition, and Enteric Methane Emission in Dairy Cows,” Journal
of Dairy Science 100, no. 2 (2017): 1122-1135, https://doi.org/10.3168/
jds.2016-11911.

173. M. A. McNiven, J. Duynisveld, E. Charmley, and A. Mitchell,
“Processing of Soybean Affects Meat Fatty Acid Composition
and Lipid Peroxidation in Beef Cattle,” Animal Feed Science and
Technology 116, no. 3-4 (2004): 175-184, https://doi.org/10.1016/j.
anifeedsci.2004.07.005.

174. A. Calik, N. K. Emami, M. B. White, and R. A. Dalloul,
“Performance, Fatty Acid Composition, and Liver Fatty Acid
Metabolism Markers of Broilers Fed Genetically Modified Soybean
DP-305423-1,” Poultry Science 103, no. 3 (2024): 103470, https://doi.
0rg/10.1016/j.psj.2024.103470.

175.Y. Aharoni, A. Orlov, A. Brosh, R. Granit, and J. Kanner, “Effects
of Soybean Oil Supplementation of High Forage Fattening Diet on Fatty
Acid Profiles in Lipid Depots of Fattening Bull Calves, and Their Levels
of Blood Vitamin E,” Animal Feed Science and Technology 119, no. 3-4
(2005): 191-202, https://doi.org/10.1016/j.anifeedsci.2005.01.002.

176. M. Keller, B. Reidy, A. Scheurer, L. Eggerschwiler, I. Morel, and K.
Giller, “Soybean Meal Can Be Replaced by Faba Beans, Pumpkin Seed
Cake, Spirulina or Be Completely Omitted in a Forage-Based Diet for
Fattening Bulls to Achieve Comparable Performance, Carcass and Meat
Quality,” Animals 11, no. 6 (2021): 1588, https://doi.org/10.3390/anill
061588.

177. B. D. Glencross, “Exploring the Nutritional Demand for Essential
Fatty Acids by Aquaculture Species,” Aquaculture Research 48, no. 7
(2009): 71-124, https://doi.org/10.1111/J.1753-5131.2009.01006.X.

178.J.T. Brenna, M. Plourde, K. D. Stark, P.J. Jones, and Y. H. Lin, “Best
Practices for the Design, Laboratory Analysis, and Reporting of Trials
Involving Fatty Acids,” American Journal of Clinical Nutrition 108, no.
2(2018): 211-227, https://doi.org/10.1093/ajcn/nqy089.

179.S. Gulzar, N. Raju, R. Chandragiri Nagarajarao, and S. Benjakul,
“Oil and Pigments From Shrimp Processing By-Products: Extraction,
Composition, Bioactivities and Its Application-A Review,” Trends
in Food Science and Technology 100 (2020): 307-319, https://doi.
org/10.1016/j.tifs.2020.04.005.

180. S. Takeungwongtrakul, S. Benjakul, and A. H. Kittikun, “Lipids
From Cephalothorax and Hepatopancreas of Pacific White Shrimp
(Litopenaeus vannamei): Compositions and Deterioration as Affected
by Iced Storage,” Food Chemistry 134, no. 4 (2012): 2066-2074, https://
doi.org/10.1016/j.foodchem.2012.04.003.

181.J. Goémez-Estaca, M. M. Calvo, 1. Alvarez-Acero, P. Montero,
and M. C. G6omez-Guillén, “Characterization and Storage Stability
of Astaxanthin Esters, Fatty Acid Profile and a-Tocopherol of Lipid
Extract From Shrimp (L. vannamei) Waste With Potential Applications
as Food Ingredient,” Food Chemistry 216 (2017): 37-44, https://doi.
org/10.1016/j.foodchem.2016.08.016.

182. M. J. Landman, B. M. Codabaccus, D. S. Nichols, C. G. Carter, Q.
P. Fitzgibbon, and G. G. Smith, “Essentiality of Dietary Cholesterol and
Its Interactions With Phospholipid in Juvenile Slipper Lobster (Thenus
australiensis),” Scientific Reports 14, no. 1 (2024): 1-13, https://doi.
0rg/10.1038/s41598-024-60367-1.

183. G. L. Nicolson, “The Fluid-Mosaic Model of Membrane Structure:
Still Relevant to Understanding the Structure, Function and Dynamics
of Biological Membranes After More Than 40Years,” Biochimica et
Biophysica Acta - Biomembranes 1838, no. 6 (2014): 1451-1466, https://
doi.org/10.1016/j.bbamem.2013.10.019.

184.X.Y.Li,J. T. Wang, T. Han, S. X. Hu, Y. D. Jiang, and C. L. Wang,
“Effects of Phospholipid Addition to Diets With Different Inclusion
Levels of Fish oil on Growth and Fatty Acid Body Composition of
Juvenile Swimming Crab Portunus trituberculatus,” Aquaculture
Research 47, no. 4 (2016): 1112-1124, https://doi.org/10.1111/are.12567.

185.V. Kumar, A. K. Sinha, N. Romano, et al., “Metabolism and
Nutritive Role of Cholesterol in the Growth, Gonadal Development,
and Reproduction of Crustaceans,” Reviews in Fisheries Science &
Aquaculture 26, no. 2 (2018): 254-273, https://doi.org/10.1080/23308
249.2018.1429384.

186.J. J. O'Brien, S. Sindhu Kumari, and D. M. Skinner, “Proteins
of Crustacean Exoskeletons: I. Similarities and Differences Among
Proteins of the Four Exoskeletal Layers of Four Brachyurans,” Biological
Bulletin 181, no. 3 (1999): 427-441, https://doi.org/10.2307/1542363441.

187. M. Z. Abidin, M. P. Junqueira-Gongcalves, V. V. Khutoryanskiy, and
K. Niranjan, “Intensifying Chitin Hydrolysis by Adjunct Treatments -
An Overview,” Journal of Chemical Technology and Biotechnology 92,
no. 11 (2017): 2787-2798, https://doi.org/10.1002/jctb.5208.

188. J. Torregrosa-Crespo, Z. Montero, J. L. Fuentes, et al., “Exploring
the Valuable Carotenoids for the Large-Scale Production by Marine
Microorganisms,” Marine Drugs 16, no. 6 (2018): 203, https://doi.
0rg/10.3390/md16060203.

189. S. Davinelli, H. M. Melvang, L. P. Andersen, G. Scapagnini, and M.
E. Nielsen, “Astaxanthin From Shrimp Cephalothorax Stimulates the
Immune Response by Enhancing IFN-y, IL-10, and IL-2 Secretion in
Splenocytes of Helicobacter pylori-Infected Mice,” Marine Drugs 17, no.
7 (2019): 1-9, https://doi.org/10.3390/md17070382.

190. M. A. Linan-Cabello, J. Paniagua-Michel, and P. M. Hopkins,
“Bioactive Roles of Carotenoids and Retinoids in Crustaceans,”

26 of 29

Reviews in Aquaculture, 2024

85U80| SUOLILLOD BATE81D 3(dedl|dde 8y} Aq peusenob ae ss(oiie YO ‘8sn JO S9N 10} ARIqiT8UIIUO AB]IA UO (SUONIPUOD-PUR-SLLIBYLIOD" A | IM A RIq 1 BU1UO//:SANY) SUORIPUOD PUe SWB | 81 88S *[7Z0z/0T/LT] uo Ariqiauliuo A8|iMm ‘eneb|y oa spepsieAn Aq /62T bel/TTTT 0T/I0p/wo A8 | im AIq iUl |Uo//Sdny Woi) papeojumod ‘0 ‘TETSES.T


https://doi.org/10.1016/j.aquaculture.2016.07.002
https://doi.org/10.1016/j.aquaculture.2016.07.002
https://doi.org/10.1016/j.jfoodeng.2010.08.008
https://doi.org/10.1016/j.jfoodeng.2010.08.008
https://doi.org/10.3168/jds.S0022-0302(01)74624-3
https://doi.org/10.3168/jds.S0022-0302(01)74624-3
https://doi.org/10.1016/j.aquaculture.2020.735511
https://doi.org/10.3168/jds.s0022-0302(07)72616-4
https://doi.org/10.3168/jds.s0022-0302(07)72616-4
https://doi.org/10.1111/j.1439-0396.2010.01109.x
https://doi.org/10.1111/are.14416
https://doi.org/10.1016/j.lwt.2016.02.051
https://doi.org/10.3168/jds.2016-11911
https://doi.org/10.3168/jds.2016-11911
https://doi.org/10.1016/j.anifeedsci.2004.07.005
https://doi.org/10.1016/j.anifeedsci.2004.07.005
https://doi.org/10.1016/j.psj.2024.103470
https://doi.org/10.1016/j.psj.2024.103470
https://doi.org/10.1016/j.anifeedsci.2005.01.002
https://doi.org/10.3390/ani11061588
https://doi.org/10.3390/ani11061588
https://doi.org/10.1111/J.1753-5131.2009.01006.X
https://doi.org/10.1093/ajcn/nqy089
https://doi.org/10.1016/j.tifs.2020.04.005
https://doi.org/10.1016/j.tifs.2020.04.005
https://doi.org/10.1016/j.foodchem.2012.04.003
https://doi.org/10.1016/j.foodchem.2012.04.003
https://doi.org/10.1016/j.foodchem.2016.08.016
https://doi.org/10.1016/j.foodchem.2016.08.016
https://doi.org/10.1038/s41598-024-60367-1
https://doi.org/10.1038/s41598-024-60367-1
https://doi.org/10.1016/j.bbamem.2013.10.019
https://doi.org/10.1016/j.bbamem.2013.10.019
https://doi.org/10.1111/are.12567
https://doi.org/10.1080/23308249.2018.1429384
https://doi.org/10.1080/23308249.2018.1429384
https://doi.org/10.2307/1542363441
https://doi.org/10.1002/jctb.5208
https://doi.org/10.3390/md16060203
https://doi.org/10.3390/md16060203
https://doi.org/10.3390/md17070382

Aquaculture Nutrition 8, no. 4 (2002): 299-309, https://doi.
0rg/10.1046/j.1365-2095.2002.00221.x.

191. H. H. Truong, B. M. Hines, M. G. Emerenciano, et al., “Mineral
Nutrition in Penaeid Shrimp,” Reviews in Aquaculture 15, no. 4 (2023):
1355-1373, https://doi.org/10.1111/raq.12780.

192.S. Bentov, S. Abehsera, and A. Sagi, “Extracellular Composite
Matrices in Anthropods,” in The Mineralized Exoskeletons of
Crustaceans (Cham, Switzerland: Springer International Publishing
AG, 2016), https://doi.org/10.1007/978-3-319-40740-1.

193. G. J. H. Lindsay, “Distribution and Function of Digestive Tract
Chitinolytic Enzymes in Fish,” Journal of Fish Biology 24, no. 5 (1984):
529-536.

194. R. Fédnge, G. Lundblad, J. Lind, and K. Slettengren, “Chitinolytic
Enzymes in the Digestive System of Marine Fishes,” Marine Biology 53,
no. 4 (1979): 317-321, https://doi.org/10.1007/BF00391614.

195.D. A. Davis and D. M. Gatlin, “Dietary Mineral Requirements of
Fish and Marine Crustaceans,” Reviews in Fisheries Science 4, no. 1
(1996): 75-99.

196. X.Y1i,J.Li, W. Xu, et al., “Shrimp Shell Meal in Diets for Large Yellow
Croaker Larimichthys croceus: Effects on Growth, Body Composition,
Skin Coloration and Anti-Oxidative Capacity,” Aquaculture 441 (2015):
45-50, https://doi.org/10.1016/j.aquaculture.2015.01.030.

197.J. Fall, Y. T. Tseng, D. Ndong, and S. S. Sheen, “The Effects of
Replacement of Soybean Meal by Shrimp Shell Meal on the Growth
of Hybrid Tilapia (Oreochromis niloticus X Oreochromis aureus)
Reared Under Brackish Water,” International Journal of Fisheries and
Aquaculture 4, no. 5 (2012): 85-91, https://doi.org/10.5897/ijfa11.028.

198. F. Piedad-Pascual and W. H. Destajo, “Growth and Survival of
Penaeus monodon Postlarvae Fed Shrimp Head Meal and Fish Meal as
Primary Animal Sources of Protein,” Fisheries Research 4, no. 1 (1979):
29-36.

199. C. N. Costa-Bomfim, V. A. Silva, R. S. Bezerra, J. I. Druzian, and R.
O. Cavalli, “Growth, Feed Efficiency and Body Composition of Juvenile
Cobia (Rachycentron canadum Linnaeus, 1766) Fed Increasing Dietary
Levels of Shrimp Protein Hydrolysate,” Aquaculture Research 48, no. 4
(2017): 1759-1766, https://doi.org/10.1111/are.13013.

200. S. Y. Shiau and Y. P. Yu, “Dietary Supplementation of Chitin and
Chitosan Depresses Growth in Tilapia, Oreochromis niloticus X O. au-
reus,” Aquaculture 179, no. 1-4 (1999): 439-446.

201. K. M. Eggink, P. B. Pedersen, I. Lund, J. Dalsgaard, and J.
Dalsgaard, “Chitin Digestibility and Intestinal Exochitinase Activity in
Nile Tilapia and Rainbow Trout Fed Different Black Soldier Fly Larvae
Meal Size Fractions,” Aquaculture Research 53 (2022): 1-11, https://doi.
org/10.1111/are.16035.

202. S.S.Pattanaik, P. B.Sawant, K. A. M. Xavier,etal., “Characterization
of Carotenoprotein From Different Shrimp Shell Waste for Possible
Use as Supplementary Nutritive Feed Ingredient in Animal Diets,”
Aquaculture 515 (2020): 734594, https://doi.org/10.1016/j.aquac
ulture.2019.734594.

203. A. Leduc, M. Hervy, J. Rangama, R. Delépée, V. Fournier, and J.
Henry, “Shrimp By-Product Hydrolysate Induces Intestinal Myotropic
Activity in European Seabass (Dicentrarchus labrax),” Aquaculture 497
(2018): 380-388, https://doi.org/10.1016/j.aquaculture.2018.08.009.

204.J. F. Brunson, R. P. Romaire, and R. C. Reigh, “Apparent
Digestibility of Selected Ingredients in Diets for White Shrimp Penaeus
setiferus L,” Aquaculture Nutrition 3, no. 1 (1997): 9-16, https://doi.
0rg/10.1046/j.1365-2095.1997.00068.x.

205. W. E. S. Carr and T. B. Chaney, “Chemical Stimulation of Feeding
Behavior in the Pinfish, Lagodon rhomboides: Characterization and
Identification of Stimulatory Substances Extracted From Shrimp,”
Comparative Biochemistry and Physiology. Part A, Physiology 54, no. 4
(1976): 437-441, https://doi.org/10.1016/0300-9629(76)90046-3.

206. @. Karlsen, H. Amlund, A. Berg, and R. E. Olsen, “The Effect of
Dietary Chitin on Growth and Nutrient Digestibility in Farmed Atlantic
cod, Atlantic Salmon and Atlantic Halibut,” Aquaculture Research 48,
no. 1 (2017): 123-133, https://doi.org/10.1111/are.12867.

207. A. K. Sinha, V. Kumar, H. P. S. Makkar, G. De Boeck, and K.
Becker, “Non-Starch Polysaccharides and Their Role in Fish Nutrition
- A Review,” Food Chemistry 127, no. 4 (2011): 1409-1426, https://doi.
org/10.1016/j.foodchem.2011.02.042.

208.R. A. A. Muzzarelli, “Immobilization of Enzymes on Chitin and
Chitosan,” Enzyme and Microbial Technology 2, no. 3 (1980): 177-184,
https://doi.org/10.1016/0141-0229(80)90044-7.

209.K. J. Kramer, T. L. Hopkins, and J. Schaefer, “Applications of
Solids NMR to the Analysis of Insect Sclerotized Structures,” Insect
Biochemistry and Molecular Biology 25, no. 10 (1995): 1067-1080, https://
doi.org/10.1016/0965-1748(95)00053-4.

210.T. D. Goodrich and R. Y. Morita, “Incidence and Estimation of
Chitinase Activity Associated With Marine Fish and Other Estuarine
Samples,” Marine Biology 41, no. 4 (1977): 349-353, https://doi.
0rg/10.1007/BF00389100.

211. C. J. Fox, “The Effect of Dietary Chitin on the Growth, Survival
and Chitinase Levels in the Digestive Gland of Juvenile Penaeus
monodon (Fab.),” Aquaculture 109, no. 1 (1993): 39-49, https://doi.
org/10.1016/0044-8486(93)90484-G.

212.S. M. Moss, S. Divakaran, and B. G. Kim, “Stimulating Effects of
Pond Water on Digestive Enzyme Activity in the Pacific White Shrimp,
Litopenaeus vannamei (Boone),” Aquaculture Research 32, no. 2 (2001):
125-131, https://doi.org/10.1046/j.1365-2109.2001.00540.x.

213. K. M. Eggink and J. Dalsgaard, “Chitin Contents in Different Black
Soldier Fly (Hermetia Illucens) Life Stages,” Journal of Insects as Food
and Feed 9, no. 7 (2023): 855-863, https://doi.org/10.3920/jiff2022.0142.

214. D. M. Akiyama, S. R. Coelho, A. L. Lawrence, and E. H. Robinson,
“Apparent Digestibility of Feedstuffs by the Marine Shrimp Penaeus
vannamei Boone,” Nippon Suisan Gakkaishi 55, no. 1 (1989): 91-98,
https://doi.org/10.2331/suisan.55.91.

215.C. T. Kalinowski, M. S. Izquierdo, D. Schuchardt, and L. E.
Robaina, “Dietary Supplementation Time With Shrimp Shell Meal on
Red Porgy (Pagrus pagrus) Skin Colour and Carotenoid Concentration,”
Aquaculture 272, no. 1-4 (2007): 451-457, https://doi.org/10.1016/j.
aquaculture.2007.06.008.

216. T. Storebakken, P. Foss, K. Schiedt, E. Austreng, S. Liaaen-Jensen,
and U. Manz, “Carotenoids in Diets for Salmonids. I'V. Pigmentation
of Atlantic Salmon With Astaxanthin, Astaxanthin Dipalmitate and
Canthaxanthin,” Aquaculture 65, no. 3-4 (1987): 279-292, https://doi.
0rg/10.1016/0044-8486(87)90241-9-9.

217.S. Yamada, Y. Tanaka, M. Sameshima, and Y. Ito, “Pigmentation
of Prawn (Penaeus japonicus) With Carotenoids. 1. Effect
of Dietary Astaxanthin, @-Carotene and Canthaxanthin on
Pigmentation,” Aquaculture 87, no. 3-4 (1990): 323-330, https://doi.
0rg/10.1016/0044-8486(90)90069-Y.

218.M. Y. Li, X. Y. Liu, C. G. Xia, G. Q. Wang, and D. M. Zhang,
“Astaxanthin Enhances Hematology, Antioxidant and Immunological
Parameters, Immune-Related Gene Expression, and Disease Resistance
Against in Channa argus,” Aquaculture International 27 (2019): 735-
746, https://doi.org/10.1007/s10499-019-00362-w.

219. M. Alishahi, M. Karamifar, and M. Mesbah, “Effects of
Astaxanthin and Dunaliella Salina on Skin Carotenoids, Growth
Performance and Immune Response of Astronotus ocellatus,”
Aquaculture International 23, no. 5 (2015): 1239-1248, https://doi.
0rg/10.1007/s10499-015-9880-0.

220. C. Jagruthi, G. Yogeshwari, S. M. Anbazahan, et al., “Effect of
Dietary Astaxanthin Against Aeromonas hydrophila Infection in
Common Carp, Cyprinus carpio,” Fish and Shellfish Immunology 41, no.
2(2014): 674-680, https://doi.org/10.1016/j.fsi.2014.10.010.

27 of 29

85U80| SUOLILLOD BATE81D 3(dedl|dde 8y} Aq peusenob ae ss(oiie YO ‘8sn JO S9N 10} ARIqiT8UIIUO AB]IA UO (SUONIPUOD-PUR-SLLIBYLIOD" A | IM A RIq 1 BU1UO//:SANY) SUORIPUOD PUe SWB | 81 88S *[7Z0z/0T/LT] uo Ariqiauliuo A8|iMm ‘eneb|y oa spepsieAn Aq /62T bel/TTTT 0T/I0p/wo A8 | im AIq iUl |Uo//Sdny Woi) papeojumod ‘0 ‘TETSES.T


https://doi.org/10.1046/j.1365-2095.2002.00221.x
https://doi.org/10.1046/j.1365-2095.2002.00221.x
https://doi.org/10.1111/raq.12780
https://doi.org/10.1007/978-3-319-40740-1
https://doi.org/10.1007/BF00391614
https://doi.org/10.1016/j.aquaculture.2015.01.030
https://doi.org/10.5897/ijfa11.028
https://doi.org/10.1111/are.13013
https://doi.org/10.1111/are.16035
https://doi.org/10.1111/are.16035
https://doi.org/10.1016/j.aquaculture.2019.734594
https://doi.org/10.1016/j.aquaculture.2019.734594
https://doi.org/10.1016/j.aquaculture.2018.08.009
https://doi.org/10.1046/j.1365-2095.1997.00068.x
https://doi.org/10.1046/j.1365-2095.1997.00068.x
https://doi.org/10.1016/0300-9629(76)90046-3
https://doi.org/10.1111/are.12867
https://doi.org/10.1016/j.foodchem.2011.02.042
https://doi.org/10.1016/j.foodchem.2011.02.042
https://doi.org/10.1016/0141-0229(80)90044-7
https://doi.org/10.1016/0965-1748(95)00053-4
https://doi.org/10.1016/0965-1748(95)00053-4
https://doi.org/10.1007/BF00389100
https://doi.org/10.1007/BF00389100
https://doi.org/10.1016/0044-8486(93)90484-G
https://doi.org/10.1016/0044-8486(93)90484-G
https://doi.org/10.1046/j.1365-2109.2001.00540.x
https://doi.org/10.3920/jiff2022.0142
https://doi.org/10.2331/suisan.55.91
https://doi.org/10.1016/j.aquaculture.2007.06.008
https://doi.org/10.1016/j.aquaculture.2007.06.008
https://doi.org/10.1016/0044-8486(87)90241-9-9
https://doi.org/10.1016/0044-8486(87)90241-9-9
https://doi.org/10.1016/0044-8486(90)90069-Y
https://doi.org/10.1016/0044-8486(90)90069-Y
https://doi.org/10.1007/s10499-019-00362-w
https://doi.org/10.1007/s10499-015-9880-0
https://doi.org/10.1007/s10499-015-9880-0
https://doi.org/10.1016/j.fsi.2014.10.010

221. L. Liu,J. Li, X. Cai, et al., “Dietary Supplementation of Astaxanthin
Is Superior to Its Combination With Lactococcus lactis in Improving the
Growth Performance, Antioxidant Capacity, Immunity and Disease
Resistance of White Shrimp (Litopenaeus vannamei),” Aquaculture
Reports 24 (2022): 1-9, https://doi.org/10.1016/j.aqrep.2022.101124.

222.W. Wang, M. Ishikawa, S. Koshio, et al., “Interactive Effects of
Dietary Astaxanthin and Cholesterol on the Growth, Pigmentation,
Fatty Acid Analysis, Immune Response and Stress Resistance of
Kuruma Shrimp (Marsupenaeus japonicus),” Aquaculture Nutrition 25,
no. 4 (2019): 946-958, https://doi.org/10.1111/anu.12913.

223.C.G. Lee, C. A.DaSilva, J. Y. Lee, D. Hartl, and J. A. Elias, “Chitin
Regulation of Immune Responses: An old Molecule With New Roles,”
Current Opinion in Immunology 20, no. 6 (2008): 684-689, https://doi.
0rg/10.1016/j.c0i.2008.10.002.

224.S. Satitsri and C. Muanprasat, “Chitin and Chitosan Derivatives
as Biomaterial Resources for Biological and Biomedical Applications,”
Molecules 25, no. 24 (2020): 5961, https://doi.org/10.3390/MOLEC
ULES25245961.

225.D. Elieh Ali Komi, L. Sharma, and C. S. Dela Cruz, “Chitin and
Its Effects on Inflammatory and Immune Responses,” Clinical Reviews
in Allergy and Immunology 54, no. 2 (2018): 213-223, https://doi.
0rg/10.1007/s12016-017-8600-0.

226. E. Ringp, Z. Zhou, R. E. Olsen, and S. K. Song, “Use of Chitin and
Krill in Aquaculture -The Effect on Gut Microbiota and the Immune
System: A Review,” Aquaculture Nutrition 18, no. 2 (2012): 117-131,
https://doi.org/10.1111/j.1365-2095.2011.00919.x.

227. A. Lopez-Santamarina, A. C. del Mondragon, A. Lamas, J. M.
Miranda, C. M. Franco, and A. Cepeda, “Animal-Origin Prebiotics
Based on Chitin: An Alternative for the Future? A Critical Review,”
Food 9, no. 6 (2020): 1-20, https://doi.org/10.3390/foods9060782.

228.G. J. Tsai and S. P. Hwang, “In Vitro and In Vivo Antibacterial
Activity of Shrimp Chitosan Against Some Intestinal Bacteria,”
Fisheries Science 70, no. 4 (2004): 675-681, https://doi.
0rg/10.1111/j.1444-2906.2004.00856.x.

229.A. Powell and A. F. Rowley, “The Effect of Dietary Chitin
Supplementation on the Survival and Immune Reactivity of the Shore
Crab, Carcinus maenas,” Comparative Biochemistry and Physiology.
Part A, Molecular & Integrative Physiology 147, no. 1 (2007): 122-128,
https://doi.org/10.1016/j.cbpa.2006.12.027.

230. A. C. Cheng, Y. L. Shiu, S. T. Chiu, R. Ballantyne, and C. H. Liu,
“Effects of Chitin From Daphnia similis and Its Derivative, Chitosan
on the Immune Response and Disease Resistance of White Shrimp,
Litopenaeus vannamei,” Fish and Shellfish Immunology 119 (2021): 329-
338, https://doi.org/10.1016/j.fsi.2021.10.017.

231. A. Gopalakannan and V. Arul, “Immunomodulatory Effects of
Dietary Intake of Chitin, Chitosan and Levamisole on the Immune
System of Cyprinus carpio and Control of Aeromonas hydrophila
Infection in Ponds,” Aquaculture 255, no. 1-4 (2006): 179-187, https://
doi.org/10.1016/j.aquaculture.2006.01.012.

232. H. Kawakami, N. Shinohara, and M. Sakai, “The Non-Specific
Immunostimulation and Adjuvant Effects of Vibrio anguillarum
Bacterin, M-Glucan, Chitin and Freund's Complete Adjuvant Against
Pasteurella piscicida Infection in Yellowtail,” Fish Pathology 33, no. 4
(1998): 287-292, https://doi.org/10.3147/jsfp.33.287.

233.S. A. Fabrini, R. Stroher, F. B. Scheufele, M. T. Mauerwerk, and
E. L. C. Ballester, “Optimization of the Enzymatic Hydrolysis Process
of Shrimp Viscera (Macrobrachium rosenbergii) With Two Commercial
Enzymes, Aiming to Produce an Alternative Protein Source for
Aquaculture Feed Formulation,” Aquaculture International 31, no. 2
(2023): 807-825, https://doi.org/10.1007/s10499-022-01010-6.

234.]J. J. Deng, M. S. Zhang, Z. W. Li, et al., “One-Step Processing of
Shrimp Shell Waste With a Chitinase Fused to a Carbohydrate-Binding

Module,” Green Chemistry 22, no. 20 (2020): 6862-6873, https://doi.
0rg/10.1039/d0gc02611e.

235.K. L. Simpson, T. Katayama, and C. O. Chichester, “Carotenoids
in Fish Feeds,” in Carotenoids as Colorants and Vitamin A Precursors
(New York: Academic Press, 1981), 463-538, https://doi.org/10.2331/
suisan.33.866.

236. N. Yan and X. Chen, “Don't Waste Seafood Waste Turning Cast-Off
Shells Into Nitrogen-Rich Chemicals Would Benefit Economies and the
Environment, Say Ning Yan and Xi Chen,” Nature 524 (2015): 155-157.

237. F. A. Vicente, S. P. M. Ventura, H. Passos, et al., “Crustacean Waste
Biorefinery as a Sustainable Cost-Effective Business Model,” Chemical
Engineering Journal 442, no. P2 (2022): 13593, https://doi.org/10.1016/].
cej.2022.135937.

238. M. J. Islam and O. R. Pefiarubia, “Seafood Waste Management
Status in Bangladesh and Potential for Silage Production,” Sustainability
13, no. 4 (2021): 1-17, https://doi.org/10.3390/su13042372.

239.1. Al Bulushi, S. Poole, H. C. Deeth, and G. A. Dykes, “Biogenic
Amines in Fish: Roles in Intoxication, Spoilage, and Nitrosamine
Formation—A Review,” Critical Reviews in Food Science and Nutrition
49, no. 4 (2009): 369-377, https://doi.org/10.1080/10408390802067514.

240. A. E. D. A. Bekhit, S. G. Giteru, B. W. B. Holman, and D. L.
Hopkins, “Total Volatile Basic Nitrogen and Trimethylamine in Muscle
Foods: Potential Formation Pathways and Effects on Human Health,”
Comprehensive Reviews in Food Science and Food Safety 20, no. 4 (2021):
3620-3666, https://doi.org/10.1111/1541-4337.12764.

241. N.Hematyar, T. Rustad, S. Sampels, and D. T. Kastrup, “Relationship
Between Lipid and Protein Oxidation in Fish,” Aquaculture Research
50, no. 5(2019): 1393-1403, https://doi.org/10.1111/are.14012.

242. M. G. Kontominas, A. V. Badeka, I. S. Kosma, and C. I
Nathanailides, “Innovative Seafood Preservation Technologies: Recent
Developments,” Animals 11, no. 1 (2021): 92, https://doi.org/10.3390/
anil1010092.

243. W. Wang, M. Li, and Y. Li, “Intervention Strategies for Reducing
Vibrio parahaemolyticus in Seafood: A Review,” Journal of Food Science
80, no. 1 (2015): R10-R19, https://doi.org/10.1111/1750-3841.12727.

244.D. J. Evers and D. J. Carroll, “Ensiling Salt-Preserved Shrimp
Waste With Grass Straw and Molasses,” Animal Feed Science and
Technology 71, no. 3-4 (1998): 241-249, https://doi.org/10.1016/S0377
-8401(97)00145-4.

245. F.Paez-Osunaand L. Tron-Mayen, “Concentration and Distribution
of Heavy Metals in Tissues of Wild and Farmed Shrimp Penaeus vanna-
mei From the North-West Coast of Mexico,” Environment International
22, no. 4 (1996): 443-450.

246. M. N. Wan Norhana, S. E. Poole, H. C. Deeth, and G. A. Dykes,
“Prevalence, Persistence and Control of Salmonella and Listeria in
Shrimp and Shrimp Products: A Review,” Food Control 21, no. 4 (2010):
343-361, https://doi.org/10.1016/j.foodcont.2009.06.02.

247.X.Y. Wu and Y. F. Yang, “Heavy Metal (Pb, Co, Cd, Cr, Cu, Fe,
Mn and Zn) Concentrations in Harvest-Size White Shrimp Litopenaeus
vannamei Tissues From Aquaculture and Wild Source,” Journal of
Food Composition and Analysis 24, no. 1 (2011): 62-65, https://doi.
org/10.1016/j.jfca.2010.03.030.

248. M. A. Baki, M. M. Hossain, J. Akter, et al., “Concentration of Heavy
Metals in Seafood (Fishes, Shrimp, Lobster and Crabs) and Human
Health Assessment in Saint Martin Island, Bangladesh,” Ecotoxicology
and Environmental Safety 159, no. May (2018): 153-163, https://doi.
org/10.1016/j.ecoenv.2018.04.035.

249.M. H. Wong and Y. H. Cheung, “Heavy Metal Contents of
Macrobrachium hainanense Fed With Waste-Grown Chlorella
pyrenoidosa,” Agricultural Wastes 13, no. 1 (1985): 1-14, https://doi.
0rg/10.1016/0141-4607(85)90007-1.

28 of 29

Reviews in Aquaculture, 2024

85U80| SUOLILLOD BATE81D 3(dedl|dde 8y} Aq peusenob ae ss(oiie YO ‘8sn JO S9N 10} ARIqiT8UIIUO AB]IA UO (SUONIPUOD-PUR-SLLIBYLIOD" A | IM A RIq 1 BU1UO//:SANY) SUORIPUOD PUe SWB | 81 88S *[7Z0z/0T/LT] uo Ariqiauliuo A8|iMm ‘eneb|y oa spepsieAn Aq /62T bel/TTTT 0T/I0p/wo A8 | im AIq iUl |Uo//Sdny Woi) papeojumod ‘0 ‘TETSES.T


https://doi.org/10.1016/j.aqrep.2022.101124
https://doi.org/10.1111/anu.12913
https://doi.org/10.1016/j.coi.2008.10.002
https://doi.org/10.1016/j.coi.2008.10.002
https://doi.org/10.3390/MOLECULES25245961
https://doi.org/10.3390/MOLECULES25245961
https://doi.org/10.1007/s12016-017-8600-0
https://doi.org/10.1007/s12016-017-8600-0
https://doi.org/10.1111/j.1365-2095.2011.00919.x
https://doi.org/10.3390/foods9060782
https://doi.org/10.1111/j.1444-2906.2004.00856.x
https://doi.org/10.1111/j.1444-2906.2004.00856.x
https://doi.org/10.1016/j.cbpa.2006.12.027
https://doi.org/10.1016/j.fsi.2021.10.017
https://doi.org/10.1016/j.aquaculture.2006.01.012
https://doi.org/10.1016/j.aquaculture.2006.01.012
https://doi.org/10.3147/jsfp.33.287
https://doi.org/10.1007/s10499-022-01010-6
https://doi.org/10.1039/d0gc02611e
https://doi.org/10.1039/d0gc02611e
https://doi.org/10.2331/suisan.33.866
https://doi.org/10.2331/suisan.33.866
https://doi.org/10.1016/j.cej.2022.135937
https://doi.org/10.1016/j.cej.2022.135937
https://doi.org/10.3390/su13042372
https://doi.org/10.1080/10408390802067514
https://doi.org/10.1111/1541-4337.12764
https://doi.org/10.1111/are.14012
https://doi.org/10.3390/ani11010092
https://doi.org/10.3390/ani11010092
https://doi.org/10.1111/1750-3841.12727
https://doi.org/10.1016/S0377-8401(97)00145-4
https://doi.org/10.1016/S0377-8401(97)00145-4
https://doi.org/10.1016/j.foodcont.2009.06.02
https://doi.org/10.1016/j.jfca.2010.03.030
https://doi.org/10.1016/j.jfca.2010.03.030
https://doi.org/10.1016/j.ecoenv.2018.04.035
https://doi.org/10.1016/j.ecoenv.2018.04.035
https://doi.org/10.1016/0141-4607(85)90007-1
https://doi.org/10.1016/0141-4607(85)90007-1

250. X. Cheng, J. Xiang, J. Tian, et al., “Effects of Varying Levels of
Crawfish (Procambarus clarkia) Shell Meals on Growth, Fillet Quality,
and Health of Koi Carp (Cyprinus carpio),” Aquaculture 564 (2023):
739030, https://doi.org/10.1016/j.aquaculture.2022.739030.

251.F. Shahidi, V. Varatharajan, H. Peng, and R. Senadheera,
“Utilization of Marine By-Products for the Recovery of Value-Added
Products,” Journal of Food Bioactives 6 (2019): 10-61, https://doi.
org/10.31665/jfb.2019.6184.

252.L. G. Costa and V. Fattori, Health Risks Associated With Fish
Consumption Focus on Methylmercury, Dioxins and Dioxin-Like PCBs
(Rome, Italy: Food and Agriculture Organization of the United Nations,
2010).

253.S.H.Cho,J.Park,C.Kim,andJ. H. Yoo, “Effect of Casein Substitution
With Fishmeal, Soybean Meal and Crustacean Meal in the Diet of the
Abalone Haliotis discus hannai Ino,” Aquaculture Nutrition 14, no. 1
(2008): 61-66, https://doi.org/10.1111/j.1365-2095.2007.00505.x.

254. L. E. Cruz-Suérez, D. Ricque-Marie, J. A. Martinez-Vega, and P.
Wesche-Ebeling, “Evaluation of Two Shrimp By-Product Meals as
Protein Sources in Diets for Penaeus vannamei,” Aquaculture 115, no.
1-2 (1993): 53-62, https://doi.org/10.1016/0044-8486(93)90358-6.

255.S. Rimoldi, C. Ceccotti, F. Brambilla, F. Faccenda, M. Antonini,
and G. Terova, “Potential of Shrimp Waste Meal and Insect Exuviae as
Sustainable Sources of Chitin for Fish Feeds,” Aquaculture 567 (2023):
739256, https://doi.org/10.1016/j.aquaculture.2023.739256.

256. A. F. F. M. M. El-Sayed, “Total Replacement of Fish Meal With
Animal Protein Sources in Nile Tilapia, Oreochromis niloticus (L.),
Feeds,” Aquaculture Research 29, no. 4 (1998): 275-280, https://doi.
0rg/10.1046/j.1365-2109.1998.00199.x.

257. B. E. Gunathilaka, S. Khosravi, J. Shin, et al., “Evaluation of Shrimp
Protein Hydrolysate and Krill Meal Supplementation in low Fish Meal
Diet for Red Seabream (Pagrus major),” Fisheries and Aquatic Sciences
24, no. 3 (2021): 109-120, https://doi.org/10.47853/FAS.2021.E11.

258. S. Khosravi, S. Rahimnejad, M. Herault, et al., “Effects of Protein
Hydrolysates Supplementation in low Fish Meal Diets on Growth
Performance, Innate Immunity and Disease Resistance of Red Sea
Bream Pagrus major,” Fish & Shellfish Immunology 45, no. 2 (2015):
858-868, https://doi.org/10.1016/.si.2015.05.039.

259. A. Ashraf, S. Sabu, A. Sunny, S. Nayanthara, and M. Harikrishnan,
“Effects of Supplementation of Shrimp Head Meal, Chitin, Chitosan
and Chitosan Oligosaccharide in Feed on the Growth Performance and
Survival in Early Post Larval Stages of Penaeus monodon (Fabricius
1798),” Fishery Technology 59, no. 2 (2022): 114-124.

29 of 29

85U80| SUOLILLOD BATE81D 3(dedl|dde 8y} Aq peusenob ae ss(oiie YO ‘8sn JO S9N 10} ARIqiT8UIIUO AB]IA UO (SUONIPUOD-PUR-SLLIBYLIOD" A | IM A RIq 1 BU1UO//:SANY) SUORIPUOD PUe SWB | 81 88S *[7Z0z/0T/LT] uo Ariqiauliuo A8|iMm ‘eneb|y oa spepsieAn Aq /62T bel/TTTT 0T/I0p/wo A8 | im AIq iUl |Uo//Sdny Woi) papeojumod ‘0 ‘TETSES.T


https://doi.org/10.1016/j.aquaculture.2022.739030
https://doi.org/10.31665/jfb.2019.6184
https://doi.org/10.31665/jfb.2019.6184
https://doi.org/10.1111/j.1365-2095.2007.00505.x
https://doi.org/10.1016/0044-8486(93)90358-6
https://doi.org/10.1016/j.aquaculture.2023.739256
https://doi.org/10.1046/j.1365-2109.1998.00199.x
https://doi.org/10.1046/j.1365-2109.1998.00199.x
https://doi.org/10.47853/FAS.2021.E11
https://doi.org/10.1016/j.fsi.2015.05.039

	Shrimp Processing Waste in Aquaculture Feed: Nutritional Value, Applications, Challenges, and Prospects
	ABSTRACT
	1   |   Introduction
	2   |   Shrimp-­Derived Products
	2.1   |   Shrimp Meal
	2.2   |   Shrimp Hydrolysate
	2.3   |   Shrimp Silage

	3   |   Nutritional Composition
	3.1   |   Crude Protein and Amino Acids
	3.2   |   Crude Lipid and Lipid Classes
	3.3   |   Polysaccharides
	3.4   |   Pigments and Minerals

	4   |   Aquafeed Applications
	4.1   |   Growth Performance
	4.2   |   Nutrient Digestibility and Digestive Enzyme Activity
	4.3   |   Body Composition
	4.4   |   Health Performance

	5   |   Current Challenges and Recommendations
	5.1   |   Nutritional Challenges
	5.2   |   Economic Challenges
	5.3   |   Quality and Safety Challenges

	6   |   Conclusions and Future Perspectives
	Author Contributions
	Disclosure
	Conflicts of Interest
	Data Availability Statement

	References


