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The poor growth of aquatic animals fed with diets containing high plant

proteins has been attributed to low diet acceptability and feed value.

Supplementation of protein hydrolysate, with high contents of free amino acids

and soluble lowmolecular weight peptides, may increase the acceptability and

feed value of a plant protein-based diet. In the present work, squid processing

by-products were enzymatically hydrolyzed and used as a supplement in

a plant protein-based diet, without fish meal, of Penaeus monodon to

fully maximize the utilization of this marine resource. The hydrolysate was

incorporated at 0, 0.5, and 1% levels in P. monodon diets containing 0 and

10% fish meal levels. Growth, digestive enzyme activities, muscle growth-,

gut pro-inflammatory and immune-related gene expressions, and muscle

morphometric measurements were evaluated as biological indices in an

8-week feeding trial. The squid by-product hydrolysate produced in the

present study contains 90.25% protein, 5.84% lipid, and 3.91% ash, and has

a molecular weight of 3.76 kDa. Supplementation at 1% hydrolysate in the

experimental shrimp diet without fish meal resulted in the highest growth

performance associated with increased feed intake, e�cient feed and nutrient

conversion and retention, enhanced digestive enzyme activities, upregulation

of muscle growth- and immune-related genes, and suppression of the gut

pro-inflammatory gene. The growth promotion is also linked with a significant

increase in muscle mean fiber area, which suggests hypertrophic growth in

shrimp. Generally, the supplementation of 1% squid by-product hydrolysate

supported the growth of P. monodon fed on a plant protein-based diet without

fish meal.
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Introduction

Fish meal is considered the ideal protein source for

aquaculture feeds since it contains a balanced amount of

indispensable amino acids, essential fatty acids, vitamins, and

minerals and has a high palatability and attractability for

cultured aquatic animals (Samocha et al., 2004). However, in

recent years, the fish meal supply has become unstable and

its market price has increased. The supply and price issues

associated with fish meals have been linked to the rapid growth

and demand of the aquaculture industry, and the declining fish

stocks that are used in the production of fishmeal (FAO., 2016).

This erratic supply of fish meals and the increased utilization of

small pelagic fishes for human consumption (FAO., 2020) led to

intensive research on alternative protein sources such as plant

proteins for aquaculture feeds (Samocha et al., 2004).

Currently, there has been a significant number of published

works elucidating the potential and success of plant proteins

to replace fish meals in aquaculture feeds. However, the plant

protein ingredients have been found inadequate to fully replace

fish meal in the diet of most carnivorous aquatic animals

including shrimp. High inclusion levels of plant protein sources

have been observed to depress the growth rate, lower feed intake,

increase the feed conversion ratio (FCR), lower digestive enzyme

activities, and decrease nutrient retention efficiencies in aquatic

animals (Bulbul et al., 2016; Li et al., 2018). In Penaeus monodon,

abnormalities in the hepatopancreas and the midgut have been

reported to be associated with high plant protein inclusion in the

diets (Kumaraguru-Vasagam et al., 2007). These negative effects

of feeding shrimp with plant proteins are due to the presence

of anti-nutritional factors, imbalanced amino acids, and low

palatability and digestibility of the diets (Kumaraguru-Vasagam

et al., 2007; Bulbul et al., 2016).

In attempts to develop a practical solution to alleviate the

concerns linked to the use of plant protein-based ingredients,

strategies have been evaluated including the use of fish protein

hydrolysates to supplement the plant protein-based diets for

aquatic animals (Zhou et al., 2016; Li et al., 2018; Nunes et al.,

2019). These fish protein hydrolysates are produced from low

value fish and fishing by-catch and the majority are supplied

from fish processing industry by-products. The maximum

utilization of these industry by-products would enhance the

fish resource’s economic value and reduce the problem in waste

production and disposal (Xu et al., 2008). It has also been

projected that the production of fish meal from fish by-products

would gradually increase toward 2030. At present, around 25–

35% of fish by-products are used in the production of fish meal

and fish oil (FAO., 2020).

Other than the fish processing industry, the squid processing

industry has also the potential to contribute processing by-

products that could be developed to support the requirement

of the aquaculture industry. The squid fishery landings have

been documented to increase starting in 2018 (FAO., 2020).

With the increase in global squid production, squid processing

also expanded and the generation of large volumes of squid

by-products is also expected to rise. Therefore, the conversion

of these processing industry by-products has been viewed as

an efficient way to maximize the utilization of these resources.

Squid industry by-products can also be developed into a

hydrolysate that can be incorporated or used as functional

bioactive additives in the diets of several aquaculture species

(Novriadi et al., 2017; Costa et al., 2020).

Earlier reports had shown that fish protein hydrolysates

could improve growth by enhancing protein and lipid gain,

digestive enzyme activities, and muscle growth brought about

by the regulation of muscle growth-related genes (Canada et al.,

2018; Shao et al., 2018; Wei et al., 2020a,b). Improvement

of the immune responses and downregulation of gut pro-

inflammatory genes have also been reported (Li et al., 2018).

However, most of these earlier works were using a hydrolysate

produced from fish and there have been limited works on the

development and bioconversion of squid industry by-products

into a functional feed ingredient for aquaculture. The previous

report on the utilization of squid by-product hydrolysate has

shown to completely replace fishmeal (15% of the diet) in a plant

protein-based diet of P. monodon (Pan and Traifalgar, 2022). It

has been also shown that fish meal replacement at 25% elicited

growth promotion in P. monodon. Another report showed that

dietary supplementation of squid by-product hydrolysate at

0.5% in combination with 5% dietary fish meal could promote

the growth of P. monodon similar to the growth of the shrimp

fed a diet with a full fish meal at 22%. The growth improvement

has been attributed to the enhancement in muscle growth-

related gene transcription activities. It was also shown that the

growth improvement was not influenced by the activation of

the digestive amylase, lipase, and protease enzymes (Pan et al.,

2022). Although the influence of squid by-product hydrolysate

in a low fishmeal-based diet has been shown to influence muscle

growth-related gene transcription, the actual evidence of muscle

growth in terms of muscle morphometric growth in shrimp

has not yet been fully elucidated. In addition, the influence

of squid by-product hydrolysate supplementation on the gut

pro-inflammatory and immune-related gene transcriptions in

P. monodon fed with a low fish meal diet has not been

reported to date. Therefore, the present study reports the

development of squid industry by-product hydrolysate and

further evaluation of the functionality of this ingredient as a

supplement in the plant protein-based diet of P. monodon and

its effect on muscle morphometry, gut pro-inflammatory, and

immune-related genes. The present work will provide additional

information on the functional properties of squid by-product

hydrolysate as a dietary supplement to decrease the utilization of

fish meal in a plant protein-based diet of the carnivore shrimp,

P. monodon.
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Materials and methods

Enzymatic hydrolysis of squid
by-products to generate hydrolysate

Squid by-products including the head, tentacles, viscera, fins,

and skin were obtained from a local squid processing plant in

Zamboanga, Philippines and were used for the production of the

hydrolysate. The quality and freshness index of the raw material

was evaluated by its ammonia content (LeBlanc and Gill, 1984),

urea content (Rahmatullah and Boyde, 1980), and expressible

drip (Hasegawa, 1987).

Expressible drip (%) =
x− z

x
× 100

where x - is the weight of the sample prior to pressing it with

a 5-kg standard weight and z - is the weight of the sample after

pressing it with a 5-kg standard weight.

A hydrolysis trial using 0.25 and 1% enzyme-to-substrate

ratio has been conducted prior to the production of squid by-

product hydrolysate to be used in the feed formulation. The trial

was conducted to assess the optimum enzyme-to-substrate ratio

to be used in the present study. Prior to hydrolysis, squid by-

products were homogenized in a blender with distilled water

at a 1:1 (w/v) ratio. The homogenates were hydrolyzed using

0.25 and 1% bromelain (enzyme-to-substrate ratio) following

Haslaniza et al. (2010) and Soufi-Kechaou et al. (2012) with

modifications. Hydrolysis was carried out at 60◦C, pH 6.0

for 5 h with constant stirring. Then, the hydrolyzed samples

were heated at 85◦C for 15min to terminate the hydrolysis.

The slurry was filtered using a muslin cloth and the liquid

fraction was collected. The collected filtrate was spray-dried into

powdered form in a Buchi Mini Spray Dryer B-290 with an inlet

temperature of 80◦C, outlet temperature of 29–32◦C, pump rate

of 25%, and an average filter pressure of 50 to 70mbar. The dried

hydrolysate was stored at−20◦C until use.

The degree of hydrolysis was determined according to

Choi et al. (2014) with modifications. Yield and proximate

composition were also determined. The amino acid profile of

the squid by-product hydrolysate was also analyzed using ortho-

phthalaldehyde in a high-performance liquid chromatography

LC-10A/C-R7A amino acid analysis system (Shimadzu, Japan)

according to Llames and Fontane (1994). The chemical score

index of the squid by-product hydrolysate was determined

according to Traifalgar et al. (2019) using the essential amino

acid P. monodon tissue protein as the reference (Peñaflorida,

1989). The essential amino acid index (EAAI) of the hydrolysate

was also computed (Teruel, 2002).

Degree of hydrolysis (%)

=
Protein content in hydrolysate

Total protein content
× 100

Yield (%)

=
Weight of hydrolysate (g, dry weight)

Weight of squid by− products used for hydrolysis (g, dry weight)

× 100

Chemical score (%)

=
g essential amino acid in 100 g−1 hydrolysate protein

g essential amino acid in 100 g−1 P. monodon tissue protein

× 100

Essential amino acid index = 10

√

100a

ar
×

100b

br
... ×

100j

jr

Where a, b,. . . j - percent of essential amino acids in the

hydrolysate protein ar, br, jr - percent of respective essential

amino acids in P. monodon tissue protein.

Molecular weight determination

Determination of the molecular weight of samples was

carried out with sodium dodecyl sulfate-polyacrylamide

gel electrophoresis according to Laemmli (1970) with

modifications. Samples were dissolved in 2 × sample buffer

(0.5M Tris-HCl, pH 6.8, glycerol, 10% (w/v) SDS, 0.5% (w/v)

bromophenol blue with deionized water) at a different sample to

buffer ratios (w/v) and were loaded into the wells of 5% stacking

gel and 10% resolving gel. The electrophoresis was run at 100V

for 30min, and gels were stained with Coomassie Brilliant Blue

R-250 overnight and also destained overnight with a destaining

solution (45% methanol and 10% acetic acid with distilled

water). After destaining, the gels were scanned and the obtained

images were analyzed using ImageJ (Schneider et al., 2012) to

determine the molecular weight of the samples.

Test diets

Six isonitrogenous and isolipidic plant protein-based diets

were formulated with two levels of fish meal (10 and 0%)

supplemented with three different concentrations of squid

by-product hydrolysate (0, 0.5, and 1%). The formulation

with 10% fish meal without squid by-product hydrolysate

supplementation served as the basal diet [modified from

González-Félix et al. (2014)]. These diets were formulated to

meet the amino acid and other nutrient requirements of P.

monodon. The composition of the test diets is shown in Table 1.

In the preparation of the diet, fish oil was added to the

mixture of dry ingredients. Then, an adequate amount of

water was added and the mixture was mashed into a dough.

The resulting dough was passed through a pelletizer and the

spaghetti-like strings were dried in an oven at 60◦C until the

desired moisture was achieved. The dried pellets were ground

to appropriate sizes and stored at−20◦C prior to feeding.
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TABLE 1 Formulation and composition of the experimental diets (g 100 g−1 diet, dry weight).

Ingredients Factor A: Fish meal

0% 10%

Factor B: Squid by-product hydrolysate

0% 0.5% 1.0% 0% 0.5% 1.0%

Fish meal 0.00 0.00 0.00 10.00 10.00 10.00

Squid by-product hydrolysate 0.00 0.50 1.00 0.00 0.50 1.00

Wheat gluten 5.00 5.00 5.00 5.00 5.00 5.00

Soybean meal 60.00 58.50 58.00 45.00 44.00 43.00

Brewer’s yeast 14.00 14.00 14.00 14.00 14.00 14.00

Rice bran 0.00 0.32 0.33 4.49 5.00 5.52

Wheat flour 9.30 10.00 10.00 10.00 10.00 10.00

Cod liver oil 6.00 6.00 6.00 6.00 6.00 6.00

Soybean lecithin 1.00 1.00 1.00 1.00 1.00 1.00

Mineral mix1 1.00 1.00 1.00 1.00 1.00 1.00

Vitamin mix2 3.00 3.00 3.00 3.00 3.00 3.00

Casein 0.01 0.01 0.01 0.01 0.01 0.01

Agar 0.08 0.08 0.08 0.06 0.06 0.06

Gelatin 0.14 0.13 0.13 0.10 0.10 0.09

Methionine 0.47 0.46 0.45 0.34 0.33 0.32

Proximate composition

Crude protein 43.05± 0.28 44.92± 0.13 43.83± 0.13 43.46± 0.21 43.58± 0.01 43.61± 0.19

Crude lipid 12.43± 0.24 11.49± 0.18 12.15± 0.43 13.14± 0.17 12.50± 0.28 12.55± 0.08

Crude fiber 4.73± 0.24 4.98± 0.25 4.64± 0.08 4.46± 0.02 3.04± 0.23 3.92± 0.25

Ash 6.95± 0.11 7.01± 0.04 6.71± 0.03 8.01± 0.05 8.23± 0.03 8.32± 0.01

NFE3 32.84 31.6 32.67 30.93 32.65 31.6

Values are mean ± SEM. 1 Mineral mix contribution 100 g−1 of feed: Phosphorus, 480mg; Calcium, 480mg; Magnesium, 60mg; Iron, 6mg; Zinc, 16.8mg; Copper, 8.4mg; Potassium,

300mg; Cobalt, 4.4mg; Manganese, 6.4mg; Selenium, 0.004mg; Molybdenum, 0.002mg; Aluminum, 0.1mg; Iodine, 1.6mg. 2 Vitamin mix contribution 100 g−1 of feed: β-carotene,

5.4mg; Cholecalciferol, 0.45mg; Thiamine, 10.8mg; Riboflavin, 21.6mg; Pyridoxine, 19.8mg; Cyanocobalamin, 0.06mg; α-tocopherol, 49.5mg; Menadione, 7.2mg; Niacin, 43.2mg;

Pantothenic acid, 12mg; Biotin, 0.06mg; Folic acid, 3.6mg; Inositol, 90mg, Stay C, 300mg. 3 Nitrogen-free extract: 100 – (crude protein+ crude lipid+ crude fibre+ ash).

Test animals and maintenance

Specific pathogen-free P. monodon postlarvae were sourced

from a commercial hatchery in Guimbal, Iloilo, Philippines and

transported to the Multi-Species Hatchery of the Institute of

Aquaculture, College of Fisheries and Ocean Sciences, Miag-ao,

Iloilo, Philippines. The shrimp were acclimated to laboratory

conditions and fed with a commercial diet for 2 weeks. Water

physico-chemical parameters were monitored and maintained

throughout the culture period (ammonia - 0.13 ± 0.03 ppm,

nitrite - 0.00± 0.00 ppm, pH - 8.17± 0.03, salinity - 23.13± 0.22

ppt, temperature - 29.34± 0.28 ◦C, dissolved oxygen ->5 ppm).

Growth trial

A total of 450 P. monodon postlarvae (ABW: 0.11 ±

0.1 g) were utilized in this experiment. After acclimation,

each group of 25 shrimp was bulk weighed and randomly

stocked in 60-L tanks. The test diets were given to triplicate

tanks which followed a 2 × 3 factorial in a Completely

Randomized Design. The shrimp were given the test diets

for 56 days at equal rations every 0800, 1,200, and 1,600 h.

Excess feeds were siphoned out 1 h after every feeding.

The collected uneaten feed was oven-dried, weighed, and

subtracted from the given feed to account for the total feed

intake. The feeding trial was carried out in a recirculating

set-up and the water in the reservoir was changed every

week to maintain good water quality. The bulk weight of

shrimp per tank was monitored every 15 days to adjust the

feeding ration.

Upon the termination of the feeding trial, shrimp

growth was determined based on weight gain and specific

growth rate (SGR). Feed conversion ratio (FCR), protein

efficiency ratio (PER), and nutrient retention were also

computed (Hardy and Barrows, 2003). Survival was

also determined.
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Weight gain (%) =
Final weight (g) Initial weight (g)

Initial weight (g) × 100

Specific growth rate (% day−1)

=
ln final weight − ln initial weight

Days of experiment
× 100

Feed conversion ratio =
Feed given (g)

Live weight gain (g)

Protein efficiency ratio =
Weight gain (g)

Protein intake (g; dry weight basis)

× 100

Nutrient retention (%)

=
Final carcass nutrient content− Initial carcass nutrient content

Nutrient intake
× 100

Survival (%) =
No.of shrimp stocked

No.of shrimp at the end of the culture period

× 100

Biochemical analysis

Squid by-product hydrolysate, feed, and carcass proximate

composition of the remainder shrimp of each treatment from

all the analyses, which include moisture, protein, fiber, and ash

contents were analyzed following AOAC (1990) while crude

lipid was determined using the Bligh and Dyer (1959) method.

Digestive enzyme activity assays

Shrimp (n = 6 shrimp per treatment) were excised,

hepatopancreas was collected, and homogenized in 50mM

sodium phosphate buffer, pH 8.0 for the determination of

protease, α-amylase, and lipase activities. Protease activity

assay was carried out following Buroker-Kilgore and Wang

(1993) using casein as a substrate. The α-amylase activity was

analyzed using Bernfeld (1951) method and lipase activity was

determined according to Pinsirodom and Parkin (2001). The

protein content of the shrimp hepatopancreas extracts was

analyzed according to Bradford (1976) using bovine serum

albumin as standard. One enzyme unit activity is equivalent

to the amount of product produced min−1 mg−1 protein.

Results of the digestive enzyme assay are expressed as units

of mg−1 protein.

Gene expression analysis

The first abdominal segment of 6 shrimp per treatment

(2 shrimp per replicate tank) was used in the analysis of

muscle growth-related genes [α-actin, GLUT1, myosin heavy

chain, tor signaling pathway genes (tor, 4e-bp, and s6k)] while

the whole shrimp gut was utilized in the determination of

RAB-6A (gut pro-inflammatory gene) and prophenoloxidase

(immune-related gene). Only shrimp exhibiting the highest

growth and those given the basal diet were subjected to gene

expression analyses.

Tissue samples that were previously stored in RNAlater

were blot-dry quickly and homogenized in TRIzol Reagent (Life

Technologies) for RNA extraction. Then, cDNA was generated

using the GoScriptTM Reverse Transcription System (Promega).

Gene expressions were determined in CFX Connect (Bio-Rad)

using 1 µl cDNA and 200 nM of each primer in 1X SYBR

GreenMasterMix (Vivantis). Primers and conditions used in the

real-time reverse-transcription polymerase chain reaction are

presented in Table 2. Relative gene expression was computed as

2−11CT (Livak and Schmittgen, 2001) using shrimp elongation

factor-1 alpha as the housekeeping gene.

Shrimp muscle histological evaluation

The abdominal muscles of 6 shrimp per treatment (2

shrimp per replicate tank) were fixed in Davidson’s solution

and processed for histological evaluation according to Bell and

Lightner (1988). Then, morphometric measurements of the

muscle cross-section area (CSA), mean fiber area, and muscle

fiber density were done according to Valente et al. (2016) and

Wei et al. (2020a). Muscle CSA and mean fiber area were

determined at 100 × objective magnification while fiber density

was determined at 40 × objective magnification (Figure 1). All

images were analyzed using ImageJ (Schneider et al., 2012).

Statistical analysis

Data on the degree of hydrolysis, the proximate composition

of the squid by-product and hydrolysate, muscle growth-, gut

pro-inflammatory, and immune-related gene expressions were

analyzed using a t-test. On the other hand, results on the growth,

survival, digestive enzyme assays, and muscle morphometry

were analyzed using a two-way analysis of variance and Tukey’s

honest significant difference test. All probability values were set

at a 0.05 level of significance.

Results

Quality of the squid by-products

The squid by-products in the present study had an ammonia

concentration of 27.30 ± 0.00mg 100 g−1 squid sample and

a urea content of 10.66 ± 0.10mg 100 g−1 squid sample. In

addition, the squid sample had an expressible drip of 18.14 ±

0.70 %.
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TABLE 2 Primers and conditions utilized in real-time reverse transcription polymerase chain reaction.

Muscle growth-, gut

pro-inflammatory,

and immune-related

genes

Primers PCR conditions

(Temperature/Duration)

References

α-actin F 5′-ATGGTGGGYATGGGYCAGAAGGAC-3′

R 5′-CCGATGGTGATDACYTGRCC-3′

94◦C/ 5min; 35 cycles: 94◦C/1min,

60.3/60.5◦C/1min, 72◦C/1min; Final extension

72◦C/5min

Cesar and Yang, 2007

GLUT1 F 5′-GCGAAACGACGATGATTGTG-3′

R 5′-TGAAGAAGCGAGCGATGATG3′

95◦C/3min; 40 cycles: 95◦C/10 s, 56◦C/20 s,

72◦C/10s
Somboonwiwat et al.,

2006

MHC F 5′- GTGTCCTACAACCTGACTGG -3′

R 5′- TCCCTTTCCTTTGCCACCAC-3′

95◦C /10min; 95◦C /15 sec, 60◦C / 1min, 40 cycles;

65◦C to 95◦C, with an increment of 0.5 ◦C/5 s
Nguyen et al., 2016

tor F 5′-TGCCAACGGGTGGTAGA-3′

R 5′-GGGTGTTTGTGGACGGA-3′

94 ◦C/30 s; 40 cycles: 94◦C/5 s, 60◦C/30 s

Shao et al., 2018

s6k F 5′-GCAAGAGGAAGACGCCATA-3′

R 5′-CCGCCCTTGCCCAAAACCT-3′

94 ◦C/30 s; 40 cycles: 94◦C/5 s, 60◦C/30 s

Shao et al., 2018

4e-bp F 5′-ATGTCTGCTTCGCCCGTCGCTCGCC-3′

R 5′-GGTTCTTGGGTGGGCTCTT-3′

94 ◦C/30 s; 40 cycles: 94◦C/5 s, 60◦C/30 s

Shao et al., 2018

RAB-6A F 5′-CTCCAGCTCTGGGATACTGC-3′

R 5′-TGCTTTTCGTTCACCTTCCT-3′

95◦C/10min, 40 cycles: 95◦C/15 s, 60◦C/30 s

He et al., 2017

Prophenoloxidase F 5′-CTGGGTGCCATACATCAAGG-3′

R 5′-GTAGTAAGGGAAGTTGACGCTGTG-3′

95◦C/3min; 40 cycles: 94◦C/30 s, 58

◦C/30s,72◦C/30 s
Okumura, 2007

EF-1α F 5′-AGGCGTACTGGTAAGGAACTGGAA-3′

R

5′-AGAGGAGCATACTGTTGGAAGGTCTC-3′

95◦C/3min; 40 cycles: 95◦C/30 s, 59◦C/20 s,

72◦C/30 s; final extension: 72◦C/1 min

Dissociation curve analysis: continuously heating

from 55◦C to 95◦C with an increment of 0.5◦C.

Soonthornchai et al.,

2010

FIGURE 1

Representative samples of shrimp muscle used in the morphometric measurements. (a) Sample section used in the determination of muscle

cross-section area and mean fiber area/size (n = 6 shrimp, 5 random frames per replicate; 1,000 × magnification; bar length = 20µm). (b)

Sample section used in the determination of muscle fiber density (n = 6 shrimp, 5 random circles per replicate, 400 × magnification; bar length

= 50µm). Transverse, 4–5µm para�n section, H and E stain, Davidson’s fixative.
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FIGURE 2

Degree of hydrolysis of squid by-products at 0.25% (red line) and 1% (blue line) enzyme to substrate ratio. The asterisk indicates a significant

di�erence between treatments.

Degree of hydrolysis

A high degree of hydrolysis has been observed during the

trial even at the first h (Figure 2) upon hydrolyzing the squid by-

products. A higher degree of hydrolysis has been observed upon

using a 1% bromelain enzyme to substrate ratio in comparison

with 0.25% and it had reached a peak at the 4th h (57.89 ±

1.61%). These results served as the basis for the production of

hydrolysate to be used in the feed formulation.

Yield and proximate composition

The conversion of squid by-products into hydrolysate had

an average yield of 19.16 ± 5.16%. In terms of proximate

composition (Table 3), the hydrolysis led to an increase in the

crude protein content of the raw material by almost 10%. An

opposite result has been noted in the lipid content of the raw

material and hydrolysate, which decreased from 16.24 ± 0.23%

to 5.84± 0.10%. No significant difference was observed between

the ash content of the raw material and hydrolysate. The quality

of hydrolysate has been further evaluated by determining its

amino acid content (Table 4). The squid by-product hydrolysate

TABLE 3 Proximate composition of the squid by-products and the

hydrolysate (% dry matter).

Rawmaterial Squid by-product hydrolysate

Crude protein 80.48± 0.39 90.25± 0.43*

Crude lipid 16.22± 0.23 5.84± 0.10*

Ash 3.29± 0.15 3.91± 0.15

Values are mean ± SEM. In rows, the asterisk indicates a significant difference

between parameters.

utilized in this study had a chemical score index of 6.16

wherein the limiting amino acids are arginines followed by

tryptophan, with an EAAI value of 0.74 and an EAA/NEAA

ratio of 0.86.

The molecular weight of squid
by-product hydrolysate

The squid by-product hydrolysate used in the present study

had a molecular weight of 3.76 kDa based on the SDS-PAGE

results (Figure 3).
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TABLE 4 Amino acid content, chemical score, chemical score index, EAAI, EAA/NEAA ratio of the squid by-product hydrolysate.

Amino acid Squid by-product hydrolysate

(g AA 100 g−1 protein)

Penaeus monodonmuscle

tissue

(g AA 100 g−1 protein)

Squid by-product hydrolysate

essential amino acid chemical

score (%)

Arginine 0.40 6.57 6.16

Methionine + Cysteine 10.43 3.19 326.92

Histidine 2.17 2.04 106.32

Phenylalanine + Tyrosine 7.56 6.69 112.97

Isoleucine 2.77 3.66 75.65

Threonine 4.25 3.25 130.92

Leucine 9.13 6.29 145.21

Tryptophane 0.17 0.92 18.26

Lysine 5.71 6.23 91.73

Valine 3.69 4.24 87.12

Alanine 9.34

Glycine 11.55

Aspartic acid 11.01

Proline 0.62

Serine 5.72

Glutamic acid 15.47

Squid By-Product Hydrolysate Chemical Score Index1 6.16

Essential Amino Acid Index 0.74

EAA/NEAA Ratio 0.86

1 Squid by-product hydrolysate protein chemical score index - the chemical score value of an amino acid exhibiting the lowest essential amino acid chemical score (Traifalgar et al., 2019).

Growth

After 56 days of the feeding trial, shrimp growth in terms

of weight gain and SGR, FCR, and PER were found to be

significantly influenced by the interaction of the fishmeal levels

and the squid by-product hydrolysate inclusion (Table 5). The

highest weight gain was recorded in the treatment maintained

in 0% fish meal with 1% squid by-product hydrolysate. This was

followed by the treatment that was also fed with 0% fishmeal but

with 0.5% hydrolysate inclusion, and this was not significantly

different from the other treatments except for those shrimp

that were given with 10% fish meal and 1% hydrolysate. The

10 (1) diet group exhibited the lowest weight gain. Similar to

weight gain, SGR was also found to be higher in 0 (1) treatment

compared to other treatments except for the full plant protein-

based diet with 0.5% squid by-product hydrolysate. The shrimp

fed with a 10 (1) diet also exhibited the lowest SGR. In terms of

FCR, it was found to be lowest in shrimp given with 10% fish

meal and 0.5% hydrolysate. This was not significantly different

from other treatments except for the group provided with 0%

fish meal without hydrolysate supplementation, which recorded

the highest FCR. The protein efficiency ratio was found to be

highest in the group fed with 0% fish meal with 1% hydrolysate

and it was not significantly different from 10 (0), 10 (0.5), and

0 (0.5). The lowest PER was recorded in 0 (0) and 10 (1) diet

groups. The total feed intake of shrimp in the present study was

found to be affected by the fishmeal levels only, the inclusion of

squid by-product hydrolysate had not influenced this index and

no interaction has been observed between the two factors. It has

been noted that lower feed intake can be observed in the shrimp

given with 10% fish meal in comparison to those fed with high

plant protein-based diets. Survival rates were not influenced

by the fish meal levels and hydrolysate supplementation, or

their interaction.

Proximate composition of shrimp carcass
and nutrient retention

Interactive effects of the fish meal levels and squid by-

product hydrolysate inclusion have been observed in the

proximate composition in terms of protein, lipid, and ash of the

shrimp carcass (Table 6). Carcass protein of shrimp was found

to be highest in diets with 10% fish meal without hydrolysate

and this was not significantly different from those shrimp given

with similar fish meal levels with 1% hydrolysate inclusion. The

lowest protein was observed in shrimp given a 0% fish meal

diet with 1% hydrolysate supplementation. However, the highest

lipid content was noted in this diet group. Ash content, on the
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FIGURE 3

SDS-PAGE of squid by-product hydrolysate in 10% resolving gel of SDS-PAGE of squid by-products hydrolyzed using bromelain for 4 h. L1-

Blank; L2- protein ladder (marker - 26.6 - 1.06 kDa from top to bottom); L3 - 17.33 µg protein 15 µl−1; L4 - Blank; L5 - 11.55 µg protein 15 µl−1;

L6 - Blank; L7 - 7.70 µg protein 15 µl−1; L8- Blank; L9 - 17.33 µg protein 15 µl−1, L10 - 11.55 µg protein 15 µl−1.

other hand, was found to be higher in shrimp given with the

basal diet.

Protein retention was also found to be influenced by the

interaction between the fish meal inclusion and the hydrolysate

supplementation (Table 7). The highest protein retention was

observed in shrimp given a plant protein-based diet with 1%

squid by-product hydrolysate. In contrast, the lowest value was

recorded on the diet with 0% fish meal without hydrolysate

supplementation. A similar pattern can be observed in lipid

retention wherein the group fed with 0% fishmeal supplemented

with 1% hydrolysate recorded the highest value while the lowest

was noted in 0% fish meal without hydrolysate. Lipid retention

in shrimp in the present study was also found to be affected by

the interaction between the fishmeal levels and squid by-product

hydrolysate inclusion.

Digestive enzyme activity

The digestive protease activity of shrimp was not influenced

by the hydrolysate inclusion in the diets but by the fish meal

levels only and no interaction between these two factors was

observed. Higher activity had been observed in those shrimp

given with plant protein-based diets (Table 8). Moreover, α-

amylase and lipase activities were affected by the interaction

between fish meal levels and squid by-product hydrolysate

supplementation. The highest α-amylase activity was exhibited

by the shrimp fed on a diet of 10% fish meal supplemented with

0.5% hydrolysate, followed by 0 (1) and 10 (0) groups. The lowest

α-amylase activity was recorded in the treatment given with a 0

(0.5) diet. In terms of lipase activity, the highest digestive enzyme

activity was found in the diet with 10% fishmeal supplemented

with 0.5% squid by-product hydrolysate, followed by treatments

0 (1), 0 (0.5), and 10 (0). The lowest lipase activities were

recorded in 0 (0) and 10 (1) groups.

Muscle growth related genes

Upregulation of muscle growth-related genes in shrimp

given with a 0% fish meal diet supplemented with 1% squid

by-product hydrolysate has been observed except for α-actin

(Figures 4A–F).
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TABLE 5 Growth performance of shrimp fed with plant protein-based diets supplemented with squid by-product hydrolysate.

Fishmeal levels (%) Squid

by-product

hydrolysate

inclusion (%)

Weight gain

(%)

SGR (%) Total feed

intake (g)

FCR PER Survival (%)

10 0 470.11± 6.86ab 3.11± 0.02ab 1.14± 0.04 1.99± 0.02a 0.19± 0.01ab 92.98± 4.64

0.5 427.74± 58.90ab 2.96± 0.20ab 1.15± 0.12 1.72± 0.10a 0.19± 0.01ab 91.67± 8.33

1 369.80± 19.34a 2.76± 0.07a 0.89± 0.09 1.87± 0.06a 0.18± 0.01a 96.67± 3.33

0 0 483.82± 12.31ab 3.15± 0.04ab 1.48± 0.14 2.74± 0.13b 0.16± 0.01a 96.83± 3.17

0.5 560.60± 21.40b 3.37± 0.06bc 1.51± 0.01 2.30± 0.08ab 0.19± 0.01ab 91.67± 6.01

1 722.92± 33.58c 3.76± 0.07c 1.54± 0.12 1.80± 0.18a 0.23± 0.01b 90.00± 0.00

Main effect

Fishmeal levels 10 422.55± 19.15 2.94± 0.06 1.05± 0.06A 1.86± 0.06 0.18± 0.01 80.04± 3.95

0 589.11± 16.89 3.43± 0.05 1.51± 0.06B 2.28± 0.18 0.19± 0.01 77.17± 4.27

Squid By-product hydrolysate

inclusion

0 476.97± 23.45 3.13± 0.07 1.31± 0.10 2.37± 0.32 0.17± 0.01 80.44± 4.84

0.5 494.17± 21.41 3.17± 0.06 1.33± 0.12 2.01± 0.25 0.19± 0.01 77.96± 4.84

1 546.36± 21.41 3.26± 0.06 1.21± 0.16 1.84± 0.11 0.20± 0.01 77.41± 5.41

ANOVA P value

Fishmeal levels <0.001 <0.001 <0.001 0.003 0.326 0.631

Squid by-product hydrolysate inclusion 0.128 0.373 0.504 0.007 0.037 0.902

Fishmeal levels×squid by-product hydrolysate inclusion 0.002 0.002 0.284 0.020 0.008 0.500

Values are mean± SEM. In columns, different superscript letters indicate significant difference among treatments.

TABLE 6 Carcass composition of shrimp fed with plant protein-based diets supplemented with squid by-product hydrolysate (% dry weight).

Fishmeal levels (%) Squid by-product

hydrolysate inclusion

(%)

Protein Lipid Ash

10 0 69.42± 0.80c 4.89± 0.20ab 15.29± 0.12b

0.5 66.96± 0.46a 4.60± 0.16a 13.69± 0.19a

1 68.25± 0.06c 4.75± 0.21ab 13.97± 0.02a

0 0 66.96± 0.22ab 4.31± 0.07a 14.40± 0.04a

0.5 68.50± 0.50b 4.65± 0.05a 13.63± 0.26a

1 66.23 - 0.17a 5.38± 0.13b 13.97± 0.03a

Main effect

Fishmeal levels 10 68.21± 0.23 4.71± 0.10 14.32± 0.32

0 67.23± 0.21 4.78± 0.16 14.00± 0.16

Squid by-product hydrolysate inclusion 0 68.19± 0.29 4.54± 0.14 14.84± 0.26

0.5 67.73± 0.26 4.63± 0.08 13.66± 0.13

1 67.24± 0.26 5.07± 0.18 13.97± 0.01

ANOVA P value

Fishmeal levels 0.010 0.584 0.031

Squid by-product hydrolysate inclusion 0.097 0.010 <0.001

Fishmeal levels×squid by-product hydrolysate inclusion <0.001 0.010 0.034

Values are mean± SEM. In columns, different superscript letters indicate significant differences among treatments.
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TABLE 7 Nutrient retention of shrimp fed with plant protein-based diets supplemented with squid by-product hydrolysate (% dry weight).

Fishmeal levels (%) Squid by-product

hydrolysate inclusion (%)

Protein

retention

Lipid

retention

10 0 13.18± 0.44ab 2.64± 0.09ab

0.5 12.97± 0.65ab 2.67± 0.13ab

1 12.40± 0.43ab 2.57± 0.10ab

0 0 10.91±0.44a 2.27± 0.09a

0.5 13.24± 1.02ab 3.35± 0.25b

1 15.17± 0.85b 4.39± 0.25c

Main effect

Fishmeal levels

10 12.85± 0.28 2.63± 0.06

0 13.11± 0.74 3.34± 0.32

Squid by-product hydrolysate inclusion 0 12.05± 0.58 2.45± 0.10

0.5 13.10± 0.54 3.01± 0.20

1 13.79± 0.75 3.48± 0.42

ANOVA P value

Fishmeal levels 0.654 <0.001

Squid by-product hydrolysate inclusion 0.070 <0.001

Fishmeal levels×squid by-product hydrolysate inclusion 0.010 <0.001

Values are mean± SEM. In columns, different superscript letters indicate significant differences among treatments.

TABLE 8 Digestive enzyme activities of shrimp fed with plant protein-based diets supplemented with squid by-product hydrolysate (units mg−1

protein).

Fishmeal Levels (%) Squid By-Product

Hydrolysate Inclusion (%)

Protease Activity Amylase Activity Lipase Activity

10 0 1,409.48± 46.98 217.87± 8.98d 5,209.13± 144.70ab

0.5 1,409.48± 93.97 258.12± 1.79e 5,512.76± 97.86b

1 1,245.04± 70.47 153.77± 0.86b 4,935.89± 34.52a

0 0 1,385.99± 70.47 193.03± 0.15c 4,955.02± 0.00a

0.5 1,573.92± 258.40 110.10± 0.98a 5,346.61± 37.92ab

1 1,879.31± 46.98 234.68± 0.16d 5,451.88± 111.26b

Main Effect

Fishmeal Levels 10 1,354.67± 47.63A 209.92± 19.36 5,219.26± 114.96

0 1,613.07± 114.87B 179.27± 23.16 5,251.17± 100.30

Squid by-product Hydrolysate Inclusion 0 1,397.74± 35.24 205.45± 8.05 5,082.08± 94.18

0.5 1,491.70± 121.88 184.11± 42.74 5,429.68± 64.31

1 1,562.17± 186.33 194.23± 23.36 5,193.89± 156.36

ANOVA P value

Fishmeal Levels 0.042 <0.001 0.669

Squid by-product hydrolysate inclusion 0.452 0.004 0.019

Fishmeal levels×squid by-product hydrolysate inclusion 0.085 <0.001 0.008

Values are mean± SEM. In columns, different superscript letters indicate significant differences among treatments.

Gut pro-inflammatory and
immune-related genes

Expression of the RAB-6A gene was found to be highest

in shrimp given with 10% fish meal without squid by-product

hydrolysate supplementation while it was downregulated in the

group maintained in 0% fish meal with 1% squid by-product

hydrolysate (Figure 5). Moreover, opposite to the RAB-6A gene

expression, the prophenoloxidase gene was upregulated in the

shrimp fed with 0% fish meal and 1% hydrolysate (Figure 6).

Frontiers in Sustainable FoodSystems 11 frontiersin.org

https://doi.org/10.3389/fsufs.2022.1027753
https://www.frontiersin.org/journals/sustainable-food-systems
https://www.frontiersin.org


Pan et al. 10.3389/fsufs.2022.1027753

Muscle cross-section area and fiber
density

The muscle cross-section area was not influenced by the

fish meal levels but was only affected by the supplementation

of squid by-product hydrolysate (Table 9). The two factors

(fishmeal and squid by-product hydrolysate) had not shown

any interactive effects on this index. The highest muscle CSA

was observed in those shrimp given diets supplemented with

0.5% squid by-product hydrolysate. This was comparable to

the muscle CSA of shrimp given with 1% squid by-product

hydrolysate supplementation. The lowest muscle CSA was

recorded in shrimp maintained in diets without hydrolysate

supplementation. Whereas mean fiber area was found to be

significantly influenced by the interaction between fish meal

levels and squid by-product hydrolysate supplementation. It

was found to be highest in shrimp given with 0% fish meal

with 1% hydrolysate supplementation. Shrimp muscle fiber

density was found to be affected by the squid by-product

hydrolysate supplementation only and was not influenced by

the fish meal levels in the diets or the interaction of these

factors. Fiber density was found to be highest in shrimp

fed on diets without hydrolysate and was statistically similar

to diets with 0.5% hydrolysate supplementation. The lowest

fiber density was recorded in diets with 1% squid by-product

hydrolysate inclusion.

Discussion

The conversion of squid processing by-products into a

hydrolysate and its supplementation in the plant protein-based

diet of P. monodon has been elucidated. The results of the

present study show that hydrolysate from squid by-products was

of good quality and promoted the growth of shrimp upon its

supplementation in the diet.

The hydrolysate produced has ammonia and urea contents

that were lower or within the reported values indicating squid

spoilage. Paarup et al. (2002) reported that the ammonia

concentration at the end of the shelf-life of whole and

gutted squid was 33 and 24mg 100 g−1, respectively. The

ammonia content of the material in the present study is lower

than the value obtained from the whole squid stored in ice

for 10 days given the fact that the by-products were also

composed of viscera. Several authors reported that ammonia

is a good indicator of squid quality as it increased with longer

storage duration. Lapa-Guimarães et al. (2013) reported that

the ammonia content of the whole squid stored in ice for

16 days ranged from 10.1mg 100 g−1 to 32.8mg 100 g−1.

However, Tantasuttikul et al. (2011) reported amuch lower value

around 0.13 to 0.34mg 100 g−1. It has also been indicated

that ammonia production in the squid mantle is sensitive

to storage temperature, physical abuse, and handling method

(LeBlanc and Gill, 1984). In addition, Paarup et al. (2002)

reported that urea remained at 10mg 100 g−1 samples until

the 12th day of storage. Comparable findings have been also

reported by several authors on various squid species. Vaz-Pires

et al. (2008) reported a urea content of 5.4 to 18.8mg 100 g−1

for 13 days of ice storage, which is also similar to the present

study that urea content was around 10mg 100 g−1 at the end of

its shelf-life. Moreover, Lapa-Guimarães et al. (2013) noted the

urea content from 1.6 to 15.7mg 100 g−1 for 16 days of storage,

which can be observed to be increasing toward the end of the

experiment. The expressible drip of the raw materials in the

present study is higher than in the observation of Tantasuttikul

et al. (2011) with a value of around 4 to 13% for 16 days of iced

storage wherein they concluded that squid with shelf-life up to 6

days only had 6–7% expressible drip. This increase in expressible

drip indicates that squid muscle losses its water-holding capacity

which can be related to loser structure due to partial degradation

of proteins or autolysis. Based on earlier studies, ammonia,

urea, and expressible drip are also good indicators of squid

quality (Lapa-Guimarães et al., 2005; Tantasuttikul et al., 2011).

However, it is difficult to compare the present results on the

quality with the findings of several authors on the shelf-life

and quality of squid since whole or gutted materials have been

used in the analysis. In contrast, the present study utilized by-

products which include viscera undergo several processing steps.

However, it can still be stated that the squid by-products used in

the present study are still of good quality since their ammonia

and urea concentrations are below or within the limit of the

reported levels indicating the spoilage of squid. The expressible

drip of the squid by-products may have been higher; however,

it had not significantly affected the chemical composition of the

raw materials.

During the hydrolysis production, the high degree of

hydrolysis in the first hour implies that a large number of

proteins were being broken down into peptides and free amino

acids during this period. Quinto et al. (2018) reported a similar

rapid initial hydrolysis reaction in hydrolyzing tilapia processing

residues using Alcalase. As the hydrolysis progresses, a declining

trend in the hydrolysis rate could be observed as almost all

peptide bonds have been hydrolyzed. It was also stated that the

higher the enzyme to substrate ratio, the higher the degree of

hydrolysis (Kristinsson and Rasco, 2000). A similar trend was

also observed in the present study. González-Félix et al. (2014)

also stated that prolonged duration and higher temperatures

greatly improved squid by-product hydrolyzation. Varying

degree of hydrolysis has been reported by several authors upon

hydrolyzing squid by-products (Choi et al., 2014; González-Félix

et al., 2014; Suárez-Jiménez et al., 2015; Lee et al., 2018). These

differences might be due to several factors such as the enzyme to

substrate ratio, squid species used, hydrolysis conditions, and the

squid parts used in the production of hydrolysate. Nevertheless,

the production of fish protein hydrolysate utilizing commercial

enzymes similar to the present study is much preferable since it
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FIGURE 4

Relative expression of muscle growth-related genes of shrimp fed with plant-based diets supplemented with squid by-product hydrolysate. (A)

α-actin, (B) GLUT1, (C) MHC, (D) tor, (E) 4e-bp, (F) s6k. The asterisk indicates a significant di�erence between treatments.

Frontiers in Sustainable FoodSystems 13 frontiersin.org

https://doi.org/10.3389/fsufs.2022.1027753
https://www.frontiersin.org/journals/sustainable-food-systems
https://www.frontiersin.org


Pan et al. 10.3389/fsufs.2022.1027753

FIGURE 5

Relative expression of RAB-6a, a gut pro-inflammatory gene, of shrimp fed with plant-based diets supplemented with squid by-product

hydrolysate. The asterisk indicates a significant di�erence between treatments.

is more predictable and repeatable, and the separation of soluble

and insoluble nitrogen compounds is milder (Hevrøy et al.,

2005), preserving the natural properties of the product while

improving its biological activity (Kristinsson and Rasco, 2000).

Moreover, the average yield of hydrolysate recovered from

the present study was higher than those previously reported

using bromelain in hydrolyzing fish by-products (Elavarasan

et al., 2014; Gajanan et al., 2016; Raftani Amiri et al., 2016).

Several authors have noted that with the increase in hydrolysis

and duration, the hydrolysate yield also increases (Gajanan et al.,

2016; Slizyte et al., 2016). This may be the reason for the high

yield of the squid by-product hydrolysate obtained in the present

study since the squid by-products were hydrolyzed for 4 h.

Given the present results of the proximate composition of

the squid by-product hydrolysate, it is evident that enzymatic

hydrolysis has improved the protein content of squid by-

products. This value is much higher than squid by-product

hydrolysate’s previously reported protein content (Lian et al.,

2005; Choi et al., 2014; González-Félix et al., 2014; Lee et al.,

2018). Similar to the degree of hydrolysis, these differences in

the proximate composition of the hydrolysate produced in the

present study in comparison with the previous results might be

due to the squid species used, degree of hydrolysis, hydrolysis

duration, enzyme to substrate ratio, and the enzyme used to

hydrolyze the raw materials.

Further assessment of the quality of the hydrolysate was

done by determining its amino acid content and computing its

chemical score and EAAI, which are considered practical ways

of evaluating proteins in fish diets (Hepher, 1988). Based on the

relative amount of the essential amino acids of proteins used

in feed formulations, a chemical score is used to predict its

biological values. This index is also based on the assumption

that whole egg protein had a high biological value and can

support the growth of an organism, while growth would be

limited by the essential amino acid in the test protein with the

lowest ratio relative to whole egg protein (Hepher, 1988). In the

present study, chemical scores of most essential amino acids of

squid by-product hydrolysate were close to or above 100%. This

indicates that these amino acids suffice the requirement of P.

monodon. The most limiting amino acid of squid by-product

hydrolysate is arginine, followed by tryptophan based on its

chemical score index. However, the literature on the chemical

scores of squid by-product hydrolysate is nil, but it was found

to be higher than the reported chemical scores of squid meal as
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FIGURE 6

Relative expression of prophenoloxidase gene of shrimp fed with plant-based diets supplemented with squid by-product hydrolysate. Values are

mean ± SEM. The asterisk indicates a significant di�erence between treatments.

a feed ingredient inMacrobrachium species (Montoya-Martinez

et al., 2016). Montoya-Martinez et al. (2016) also stated that

the low chemical score for squid meal might be due to its

manufacture and source quality, however, squid meal is still

considered an excellent protein source comparable to fish meal

in the formulation of aquaculture feeds. They also reported that

the most limiting amino acidon Macrobrachium americanum

upon using squid meal as a feed ingredient is arginine, which

is similar to the results of the present study. However, upon

comparing with other Macrobrachium species and yellowtail

(Tomas-Vidal et al., 2019), different essential amino acids appear

to be limiting for each species. Therefore, it can be stated that

limiting amino acid or chemical score index for different species

varies despite using similar protein sources since their nutrient

requirement are also different. Moreover, the quality of the squid

by-product hydrolysate has also been assessed by its EAAI value

which indicated that the generated hydrolysate material could

be classified as a useful quality feed protein. EAAI is also used

in the evaluation of the nutritional value of proteins based on

their amino acid composition (Peñaflorida, 1989). This index

has been considered in the evaluation of proteins aside from the

determination of the limiting amino acid since other essential

amino acids might also have some effect on protein quality

(Hepher, 1988). Peñaflorida (1989) rated feed ingredients based

on the method of Oser (1959) wherein protein materials with

an EAAI value of 0.90 as good protein materials, around 0.80 as

useful protein, and below 0.70 are considered inadequate. The

squid by-product hydrolysate produced in the present study has

lowerEAAI values than shrimp meal, squid meal, fish meal, and

soybean meal (Teruel, 2002). The EAA/NEAA ratio of squid by-

product hydrolysate in the present study is slightly higher than

the EAA/NEAA ratio of whole chicken egg protein which is

considered of high biological value based on the chemical scores.

They reported a range of 0.75–0.82 (Attia et al., 2020). However,

upon comparing the present results with other aquaculture feed

ingredients, its EAA/NEAA ratio is lower than that of fishmeals,

shrimp meal, and squid meal which were computed based on its

amino acid composition as reported by Peñaflorida (1989). On

the other hand, in comparison with other studies on hydrolyzing

squid by-products, its EAA/NEAA ratio is higher than the values

(0.51–0.70) reported by Lian et al. (2005) and González-Félix

et al. (2014), stating that it was still a good source of high-

quality protein.

The squid by-product hydrolysate used in the present

study indicates that it is primarily composed of low molecular

weight peptides. This is much lower than those reported in

earlier studies on hydrolyzing squid by-products by endogenous

enzymes or commercially available proteases (Lian et al., 2005;
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TABLE 9 Morphometric measurements of muscle cross-section area (CSA), mean fiber area, and fiber density of P. monodon fed with plant

protein-based diets supplemented with squid by product hydrolysate.

Fishmeal Levels (%) Squid By-Product

Hydrolysate

Inclusion (%)

Muscle CSA(µm2) Mean Fiber Area (µm2) Fiber Density (n/mm2)

10 0 380.95± 14.95 44.34± 1.71a 5,698.42± 753.24

0.5 439.91± 12.52 36.52± 2.85a 5,223.55± 502.13

1 77± 2.62 39.75± 1.85a 3,307.71± 365.17

0 0 361.29± 25.13 42.97± 6.24a 5,207.18± 2,554.47

0.5 460.93± 11.86 42.62± 1.39a 4,593.13± 433.73

1 399.28± 25.74 98.65± 6.54b 3,111.21± 153.14

Main Effect

Fishmeal Levels 10 400.95± 9.32 40.20± 1.63 4,690.46± 438.83

0 396.58± 11.48 61.41± 1.89 3,954.51± 435.61

Squid by-product Hydrolysate

Inclusion

0 379.27± 14.59a 43.65± 2.41 5,452.80± 1,096.46b

0.5 427.36± 10.13b 39.57± 1.82 4,908.34± 329.45b

1 389.68± 13.28ab 69.20± 2.23 3,176.71± 148.18a

ANOVA P value

Fishmeal levels 0.769 <0.001 0.293

Squid by-product hydrolysate inclusion 0.014 <0.001 0.008

Fishmeal levels×squid by-product hydrolysate inclusion 0.856 <0.001 0.873

Values are mean± SEM. In columns, different superscript letters indicate significant differences among treatments.

González-Félix et al., 2014). However, it is within the range of

the molecular weight of squid hydrolysate reported by Suárez-

Jiménez et al. (2015), from 16 to 2.5 kDa. These differences are

due to the factors that also influenced the degree of hydrolysis,

particularly the hydrolysis duration. It has been documented in

fish (Aksnes et al., 2006) and shrimp (Li et al., 2018) that small

or low molecular weight peptides from fish protein hydrolysates

had beneficial effects on the growth and immunity of the

cultured organism. It has been stated by Bauchart et al. (2006)

that peptides with a molecular weight of <5 kDa may exhibit

diverse biological activities. In addition, it has been reported that

peptides with a molecular size of <3 kDa showed antioxidant

potential (Unnikrishnan et al., 2020).

The observed improvement in the growth of P. monodon

in the present study is associated with its increase in feed

intake coupled with better feed conversion efficiency and an

increase in the protein efficiency ratio. The high survival in

all treatments observed in the present study indicates that the

shrimp was in good health condition and its nutritional needs

had been provided (Suárez et al., 2009). Similar observations

on growth enhancement have been reported in P. vannamei

(Forster et al., 2011; González-Félix et al., 2014; Li et al., 2018)

and L. schmitti (González et al., 2007), upon feeding with plant

protein-based diets supplemented with fish protein hydrolysate.

This improvement in growth may have been influenced

by the molecular weight of the supplemented hydrolysate.

Quinto et al. (2018) reported better growth in shrimp fed with

tilapia residue hydrolyzed for 2 h composed of 10-250 kDa

proteins than those given with hydrolyzed for 1 hour and

2 hours. This conforms to the results obtained by Li et al. (2018)

upon the inclusion of low molecular weight fish hydrolysate in

a high soybean meal diet for P. vannamei. However, a further

increase in hydrolysate inclusion depressed the growth of the

organism. This observation has been also reported by Córdova-

Murueta and García-Carreño (2002) upon incorporating 9–15%

squid meal in a shrimp diet wherein the improvement of growth

was evident only at 3% inclusion. They attributed this to the

high quantities of small peptides under 14.4 kDa and larger

bands between 29 and 45 kDa. Therefore, the low molecular

weight of the squid by-product hydrolysate in the present study,

although incorporated at lower levels than the previous studies,

might have contributed to the enhancement of the growth of the

organism. Whereas the negative effect of feeding shrimp with a

plant protein-based diet without squid by-product hydrolysate

supplementation is evident in its high feed conversion ratio

and low protein efficiency ratio. This observation has also been

reported by several authors on P. vannamei (Alvarez et al., 2007;

Suárez et al., 2009; Bulbul et al., 2016).

The results in the present study indicate that feed intake of P.

monodon has not been affected by the supplementation of squid

by-product hydrolysate but by the difference in the sources of

proteins. This conforms to the report of Zhou et al. (2016) that

Frontiers in Sustainable FoodSystems 16 frontiersin.org

https://doi.org/10.3389/fsufs.2022.1027753
https://www.frontiersin.org/journals/sustainable-food-systems
https://www.frontiersin.org


Pan et al. 10.3389/fsufs.2022.1027753

feeding shrimp with a plant-based diet still supported its normal

growth and was not significantly different from those diets

incorporated with squid and scallop hydrolysates. Furthermore,

the inclusion of 3% squid by-product hydrolysate in a plant-

based diet had not improved the feed intake of P. vannamei

in comparison to the basal diet without hydrolysate. A similar

observation has been reported upon supplementing tuna by-

products (Hernández et al., 2011) and poultry by-product plus

swine liver (Soares et al., 2020) hydrolysates in P. vannamei diets.

This observation of the feed intake of shrimp in the present

study could be due to the lower inclusion level or the type of

hydrolysate used in the diets. An increased feed intake of a

shrimp plant-based diet had been observed with the addition

of 1% krill and 2% fish hydrolysate (Smith et al., 2005; Li et al.,

2018).

Moreover, the growth of shrimp given with a plant protein-

based diet incorporated with 1% squid by-product hydrolysate

can be also attributed to the enhancement in its feed conversion

ratio. This improved feed conversion ratio might be due to

the enhancement of the amino acid profile brought about by

the inclusion of 1% squid by-product hydrolysate in the plant

protein-based diet of shrimp. Thus, the nutrient present in the

aquatic feed has been utilized efficiently. Furthermore, upon

the improvement of the amino acid profile, optimal protein

synthesis may have occurred since all amino acids which were

derived from whole proteins or amino acid supplements were

simultaneously presented to the tissue (Tacon, 1987). Better FCR

upon protein hydrolysate supplementation or comparable to the

fishmeal-based diet has been observed in Pacific white shrimp

(Hernández et al., 2011), red sea bream (Kondo et al., 2017), and

Asian sea bass (Chotikachinda et al., 2018) which agrees with the

present results.

Furthermore, this improvement in the amino acid profile

of the 1% hydrolysate supplemented plant protein-based diet is

evident in the significantly higher protein efficiency ratio. The

improved protein efficiency ratio of P. monodon given this diet

indicates that they were provided with good protein quality in

an aquatic feed (Nguyen et al., 2012). The negative effects of the

high plant protein inclusion in the diet might have been offset

by the squid by-product hydrolysate through the improvement

of its amino acid profile and protein digestibility (Hernández

et al., 2011). Similar observations have been noted by Valle et al.

(2015) wherein even at 40% replacement of fishmeal with biofloc

flour and fish protein hydrolysate, growth, survival, and protein

efficiency ratio were not affected.

A significant influence of the diets has been observed in

nutrient retention. The increase in protein retention might have

contributed to the enhancement of growth in P. monodon given

a plant protein-based diet with 1% squid by-product hydrolysate

which is also not significantly different from the control group.

The improvement of protein retention can be associated with the

enhancement of protein synthesis due to the better amino acid

profile and protein digestibility (Hernández et al., 2011) of the

plant protein-based diet with 1% squid by-product hydrolysate

supplementation. It has been also observed in Atlantic salmon

that fish protein hydrolysate supplementation was positively

correlated with muscle protein deposition without any influence

on its growth (Hevrøy et al., 2006).

In addition, an increase in lipid retention has also been

observed upon the supplementation of 1% hydrolysate in

the plant protein-based diet for P. monodon which had also

contributed to its growth improvement. Similar observations

have been reported by Niu et al. (2014) wherein carcass lipid

deposition increased with increasing supplementation of fish

hydrolysate. This has also been documented in Nile tilapia fed

with shrimp head hydrolysates (Leal et al., 2010). This influence

of protein hydrolysate supplementation in the lipid deposition of

aquatic organisms has not yet been fully elucidated and warrants

further investigation.

The increase in protein and lipid retention might have

been aided by the improvement of digestive enzyme activities

of shrimp fed with a plant protein-based diet supplemented

with 1% squid by-product hydrolysate. Similar observations

that fish protein hydrolysate can influence digestive enzyme

activities have been documented earlier. Niu et al. (2014)

observed an increase in trypsin activity upon supplementation

of fish protein hydrolysate in the diet of P. vannamei. Similar

findings have been reported by Shao et al. (2018) on the

trypsin activity of shrimp upon feeding with protein hydrolysate.

However, α-amylase and lipase activities were found to be

not significant. Córdova-Murueta and García-Carreño (2002)

reported the enhancement of total proteolytic activity in shrimp

fed on diets supplemented with 3% squid meal, and trypsin

and chymotrypsin activities at 3 and 9% squid meal similar to

fish and krill hydrolysates. However, digestive enzyme activities

were depressed upon the higher supplementation of squid

meal (15%) in the shrimp diet. The supplementation of the

protein hydrolysate in the diet of shrimp might have promoted

intestinal maturation in shrimp and reduced the negative impact

of feeding on plant protein-based diets. Similar observations

have been reported by Cahu and Infante (1995a,b) that feeding

protein hydrolysates affected the intestinal maturation and

pancreatic and intestinal enzyme activities of sea bass larvae. It

has also been documented that 19% protein hydrolysate in sea

bass larvae diet helped in the occurrence of adult mode digestion

(Cahu et al., 1999). This might be also true for the shrimp in

the present study upon feeding with plant protein-based diets

supplemented with 1% squid by-product hydrolysate.

The increase in the muscle growth-related genes of shrimp

maintained in plant protein-based diets with 1% hydrolysate

could be related to the increase in protein synthesis that supports

the results of its growth enhancement due to muscle protein

accretion. GLUT 1, a glucose transporter, has been upregulated

upon the 1% supplementation of squid by-product hydrolysate

in a plant protein-based diet. The enhancement of this gene may

have also contributed to the increase in the protein retention of
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the shrimp in the present study since the increase of this glucose

transporter gene would lead to the increase in the metabolic

fuels for muscle growth (Richter et al., 2001). Similar to our

findings, significant upregulation of glucose transporter proteins

from the intestinal cells and overall growth enhancement in

European seabass has been observed upon feeding it with a low

fish meal diet supplemented with 5% mixed tilapia and shrimp

protein hydrolysate (Leduc et al., 2018). Moreover, it was also

reported inWistar rats provided with whey protein hydrolysates

that glucose transporter-4 genes were upregulated. An increase

in the expression of this gene leads to the availability of glucose

and the enhancement of glycogen synthesis. It was stated that

the upregulation of the glucose transporter gene expression is

due to the peptide and amino acid composition of the whey

protein hydrolysate (Morato et al., 2013). Moreover, upon the

supplementation of 1% squid by-product hydrolysate in the

plant protein-based diet of P. monodon, upregulation of the

myosin heavy chain has been observed. This upregulation in the

myosin heavy chain might have resulted in the enhancement

of protein accretion observed in the present study. This is

in agreement with the report of Hevrøy et al. (2006) that

the expression of myosin heavy chain is strongly correlated

with muscle protein accretion than growth in Atlantic salmon

fed with fish protein hydrolysate. It has also been stated that

diets supplemented with high levels of fish protein hydrolysate

contained high amounts of small peptides below 10 kDa and free

and peptide amino acids (Espe et al., 1993; Hevrøy et al., 2005).

In addition, it has also been observed in vitro that digestible

macromolecules such as proteins or peptides (<5 kDa) from

soybean-germ protein hydrolysate upregulated myosin heavy

chain expression (Saneyasu et al., 2018). It is speculated that

this myosin heavy chain activation system also works for the

shrimp fed with 1% squid by-product hydrolysate (about 4

kDa) supplementation in its plant protein-based diet in the

present study. The enhancement of protein retention upon the

inclusion of 1% squid by-product hydrolysate can be also linked

to the increase in the TOR signaling pathway which regulates

cell growth and metabolism in response to environmental cues

(Wullschleger et al., 2006) through the phosphorylation of s6k

and 4e-bp genes (Song et al., 2016). Regulation of growth-related

genes in fish has been associated with dietary protein levels (Gao

et al., 2019) and the amino acid pattern of its protein source

(Wu et al., 2017). Previous studies have shown that upregulation

of the TOR pathway genes is related to the enhanced growth

performance of several aquatic species such as black sea bream

(Irm et al., 2020), grouper (Wu et al., 2017), and turbot (Song

et al., 2016). Furthermore, downregulation of tor encoding genes

and growth depression has been exhibited by fish given a low

fish meal diet and high plant protein source (Yuan et al., 2019).

Similar to our findings, it was reported that a mixture of marine

protein hydrolysates which include fish soluble, squid paste, and

shrimp paste (Dai et al., 2020) and a composite mixture of

shrimp hydrolysate and plant proteins (Li et al., 2021) in the

diets of largemouth bass upregulated its tor and s6k genes and

enhanced its growth performance, feed utilization, and protein

and amino acid digestibility. In addition, the upregulation of 4e-

bp genes has been also linked to the enhancement of growth

in tiger puffers fed with plant protein-based diets upon the

supplementation of 12 g fish protein hydrolysate kg−1 fish meal

(Wei et al., 2021). Whereas, the downregulation of tor signaling

pathway genes due to feeding on a high plant protein diet has

been shown to be overcome in turbot upon the supplementation

of fish protein hydrolysate which was evident in its increase in

growth and protein accretion associated with the increase in 4e-

bp gene expression (Wei et al., 2020b). In shrimp, it has been

reported by Shao et al. (2018) that expression of tor and s6k genes

in the group fed with hydrolysate were not significant with those

given the fish meal diet. Furthermore, it was significantly higher

than the commercial diet. The upregulation of these genes has

been also linked to the growth and carcass protein composition

of the shrimp. These earlier findings support the present results

indicating that the growth improvement and higher protein

retention in P. monodon fed a plant protein-based diet with 1%

squid by-product hydrolysate is associated with the upregulation

of muscle growth-related genes.

Canada et al. (2018) also observed the upregulation of

muscle growth-related and de novo DNA methyltransferases

encoding genes in Senegalese sole fed with diets containing high

levels of protein hydrolysate although it has not greatly impacted

its growth. It was also reported that a 1% supplementation of

yeast hydrolysate in the diet of P. vannamei increased the motor

signaling pathway, inhibit the expression of inflammatory-

related genes, and enhanced the expression of immune-related

genes such as prophenoloxidase (Jin et al., 2018). These reports

agree with the observations in the present study.

It has been reported that soybean meal and soybean protein

concentrate can induce enteritis in aquaculture species such as

turbot and grouper (Gu et al., 2016; Zhang et al., 2022) and

increased the expression of gut pro-inflammatory genes. It has

also been reported by Kumaraguru-Vasagam et al. (2007) that

feeding shrimp with raw plant ingredients caused hemocytic

enteritis which they associated with anti-nutritional factors.

In shrimp, He et al. (2017) and Li et al. (2018) evaluated

gut inflammation in shrimp through the expression of pro-

inflammatory genes which include RAB-6A. The suppression of

the RAB-6A gene in shrimp fed with a plant protein-based diet

with 1% squid by-product hydrolysate inclusion indicates that

gut inflammatory responses might have been prevented. He et al.

(2017) accounted the decrease in gut pro-inflammatory gene

expression in shrimp to the proliferation of lactic acid bacteria

in the gut, thus, preventing the growth of pathogenic bacteria

and maintaining homeostasis in shrimp. The promotion of the

growth of lactic acid bacteria in shrimp gut fed with squid by-

product hydrolysate had been previously reported by Pan and

Traifalgar (2022). Li et al. (2018) stated that the composition of

the diets can influence intestinal health, therefore, it can affect
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inflammatory gene expression. RAB-6A was also evaluated in P.

vannamei upon the supplementation of low molecular weight

fish hydrolysate, however, no significant difference has been

observed (Li et al., 2018). Shrimp gut’s main functions include

food digestion, nutrient absorption, and storage (Kumaraguru-

Vasagam et al., 2007). In addition, they also act as a barrier

and first line of shrimp defense against pathogenic bacteria,

which are associated with intestinal integrity, gut microbiota,

and mucus immune compounds (Duan et al., 2018).

Aside from influencing gut inflammatory gene expression,

innate immunity has been also found to be affected by the

supplementation of protein hydrolysate in low fishmeal diets

(Khosravi et al., 2015). Therefore, the present study also

evaluated the expression of an immune-related gene in P.

monodon such as prophenoloxidase in the hepatopancreas

which is a part of the midgut (Holt et al., 2021) and was

found to also play an important role in shrimp innate immune

response (Ji et al., 2009; Rahimnejad et al., 2018; Li et al.,

2019). The present finding indicates that supplementation of

1% squid by-product hydrolysate in the shrimp diet enhanced

its prophenoloxidase activity. This observation concurs with the

report of Li et al. (2018) on P. vannamei upon the inclusion of 1

to 1.5% low molecular weight fish hydrolysate in a high soybean

meal diet. They stated that the activation of this immune-related

gene would result in the improvement of the innate immune

response and antioxidant activity of the shrimp.

The increase in the muscle mean fiber area implies that

squid by-product hydrolysate induced hypertrophic growth in

shrimp which is a response to the upregulation of several muscle

growth related genes. In vitro and in vivo studies have shown that

supplementation of protein hydrolysate also influences muscle

growth and muscle growth-related genes (Muthuramalingam

et al., 2017; Kim et al., 2019; Wei et al., 2020a). The observed

decline in fiber density in the present study may be the

consequence of the increase in the mean fiber area of the shrimp

muscle. The results of the present study concur with the report of

Wei et al. (2020a) on turbot. Canada et al. (2018) also associated

muscle growth in Senegalese sole to hypertrophy upon feeding

it with hydrolysate-incorporated diets containing small peptides

with a molecular weight of 5–20 kDa in high proportion and

below 5 kDa but they added that this also lowers the growth

potential of the organism due to lower recruitment of small-

sized fibers. In addition, Cruz-Suarez et al. (1987) suggested that

growth promotion in P. japonicus determined by the RNA to

DNA ratio is due to cell hypertrophy upon the inclusion of squid

protein fraction in the diet. However, they attributed it to an

unknown growth factor in the squid protein fraction but not

to the amino acid composition. Whereas hyperplastic growth

in Senegalese sole has been reported by Valente et al. (2016)

upon feeding with a 100 % plant protein-based diet without

hydrolysate supplementation. The results of the present study

are in agreement with the previous reports; thus, it can be stated

that the growth of P. monodon fed with a plant-based diet

supplemented with 1% squid by-product hydrolysate is due to

the upregulation of muscle growth-related genes which promote

nutrient accretion leading to hypertrophic muscle growth.

Conclusion

The supplementation of 1% squid by-product hydrolysate

in the plant protein-based diet of P. monodon supported its

growth requirements which led to its enhancement. This growth

enhancement can be attributed to its increase in feed intake,

better feed conversion ratio, high protein efficiency ratio, and

nutrient retention. These results can be also linked to the

improvement of its digestive enzyme activities, regulation of

muscle growth-, gut pro-inflammatory, and immune-related

genes. The growth in shrimp given a plant protein-based

diet with 1% squid by-product supplementation is evident

in its increase in muscle mean fiber area which suggests

hypertrophic growth. Given the beneficial effects of squid by-

product supplementation, it is suggested that the digestive

histomorphology of shrimp should also be evaluated. In

addition, the conversion of these by-products into hydrolysate

is an efficient way of maximizing the utilization of this

resource and promoting the use of a plant protein-based diet

for sustainable aquaculture. Furthermore, it would also help

alleviate the problems in waste disposal.
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