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Abstract
The effects of heating duration on digestibility of the muscle powder of three fish (pollock [WP], yellowtail [YT], mackerel 
[CM]) and the whole-body powder from mackerel (WM) were assessed in vitro using a digestive enzyme complex (EC) 
extracted from yellowtail pyloric caeca. This research will contribute to establishing a theoretical basis for feed processing 
conditions for yellowtail. Transcriptomic analysis showed that the most dominantly expressed genes in the pyloric caeca 
examined were those for trypsin and that their activity was well maintained in the EC. To assess heating effects, the pow-
ders were heated at 99 °C for 0, 3, 20, 72 and 240 min, followed by hydrolysis with the EC. After 3 min of heating the WP, 
YT and CM, the average production of essential amino acids (EAAs) decreased to 81.3%, 72.0% and 66.9%, respectively, 
compared to that detected in controls without heating. The production further decreased with increased heating duration 
from 3 to 240 min, but much of the decrease was within the first 3 min in WP, YT and CM. The decreasing rate of EAA 
production was higher in WM than CM, and increased with heating time. These results suggest that WP is the most suitable 
feed material for yellowtail of the four samples tested and that the shortening of heating time and removal of viscera are 
also important factors.
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ECAAa  Amino acid amount of the reaction mix-
ture of EC without fish homogenate

HAAa  Proteinogenic amino acid amount in the 
homogenate

Integrated AAa  Integration of AAa for all proteinogenic 
amino acids

NEAA  Non-essential amino acid
TAAa  Total proteinogenic amino acid amount
WM  Whole body powder homogenate of 

chub mackerel
WP  Muscle powder homogenate of walleye 

pollock
YT  Muscle powder homogenate of 

yellowtail

Introduction

Digestibility is one of the important factors that determine 
the feed value of animal feed. Fish meal, which is a major 
protein source in aquaculture fish feed, is obtained by boil-
ing/steaming, drying, pressurizing or otherwise treating fish 
or fish waste and is used extensively to feed carnivorous fish. 
During the fish meal production process, high-temperature 
treatment may initially increase the digestibility of proteins 
by unfolding the polypeptide chain, which renders the pro-
tein more susceptible to digestive enzymes; however, as tem-
perature or heating time increases, the digestibility of these 
proteins may be reduced due to reactions between amino 
acid residues and other compounds that cannot be split by 
digestive enzymes (Opstvedt et al. 2003). When fish meal 
is processed, proteins in fish materials are heated at high 
temperature, which may be > 100 °C. This processing results 
in aggregation, denaturation, degradation and modification 
of the proteins (Ovissipour et al. 2017; Bhat et al. 2021). 
Such reactions are accelerated with increasing temperature, 
and they reduce feed digestibility in fish and land animals 
(Myklestad et al. 1972; Wang and Parsons 1998; Opstvedt 
et al. 2003; Abraha et al. 2018). Aksnes and Mundheim 
(1997) showed that fish meal processing conditions during 
feed production affect the growth of Atlantic halibut that 
later consume the feed, despite the crude protein level being 
the same among the tested feeds. Specifically, during fish 
meal processing, treatment time and temperature during 
boiling and drying affect feed value. In a study of tuna, Ji 
et al. (2008) reported that heavy steam-boiling and heat-dry-
ing during processing reduce the digestibility of fish meal.

Processing at high temperature during fish meal pro-
duction provides the following advantages relative to raw 
fish materials: (1) the weight of the product is reduced to 
approximately one quarter of the initial weight by drying, 
and the final volume is small; (2) the raw fish material’s 
initial microbial load is drastically reduced owing to thermal 

treatment, and the dried final product is less likely to dete-
riorate even if microbial contamination occurs given that 
microorganisms do not grow under such low water activity 
conditions; and (3) there is no need to refrigerate the product 
during storage. These advantages are important for reducing 
the risk of feed-related infection or disease in fish, simplify-
ing the handling and commercial trafficking processes and 
preserving of feed and controlling its water content. In addi-
tion (4) heating inactivates thiaminases (Zajicek et al. 2005), 
which destroy thiamine and are contained in raw fish, and (5) 
during processing, the denaturation of proteins by heating 
facilitates protein separation (as fish meal cake) from the 
liquid component of the product.

Traditional fish meal processing methods were devel-
oped in the 1940s up to the 1960s, and there has been little 
improvement in these methods since (Hilmarsdottir et al. 
2020) in many countries, including Japan. For example, the 
general cooking temperature for fish meal has been set at 
95–100 °C (FAO 1986; Ariyawansa 2000). Conversely, fish 
meal cooked at lower temperatures (LT; e.g., 70 °C, LT-fish 
meal) are commercially available from at least two com-
panies in the European region (Sevgili et al. 2015), but not 
worldwide. Higher fish meal digestibility in LT-fish meal 
compared to standard fish meal was shown in mink (Opst-
vedt et al. 2003). Lower cooking temperatures (70–80 °C) 
are preferred for improved fat separation for some fish (e.g. 
capelin; Nygard 2010). Thus, clarifying the relationship 
between heating and feed digestibility in fish meal process-
ing is considered to be important for the development of 
heating and digestibility compatibility methods.

In addition to fish meal processing, it is common world-
wide to use extruders when mixing various ingredients to 
form feed. Extruders are used to control feed floatability, 
improve shape retention and also allow for sterilization, but 
have the disadvantage of exposing feedstuffs with a carbo-
hydrate binder (starch) to temperatures exceeding 100 °C, 
which can easily cause Maillard reactions and reduce protein 
digestibility. For example, yellowtail fed extruded feed dur-
ing the winter months showed a reduced growth rate (Satoh 
et al. 2003) and digestibility (Satoh et al. 2000) compared 
to yellowtail-fed raw fish, although a significant difference 
was not observed in the summer months.

The digestibility of fish feed has been evaluated using 
two methods involving in vivo and in vitro assays. In vivo 
methods are considered to be indirect methods and include 
tests on live fish in which the nutritional composition of 
feed is compared using data collected before feeding and 
at the end of an experiment (in feces or the content of 
the rectum via indigestible metal markers). This method 
involves fish rearing and is time consuming (lasting several 
weeks), and the digestibility results are termed “appar-
ent digestibility” (Greaves 1963) because it is difficult 
to distinguish the remaining proteins from the secreted 
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proteins in the intestine. In vitro methods are considered 
to be direct methods. In these assays, the digestibility of 
test feeds is evaluated using enzymes or extracts from fish 
in vitro. Such methods allow rapid evaluation of protein 
samples under reproducible and defined conditions, such 
as temperature, ionic strength and pH, without variation. 
Analysis of digestion products using such tests can clar-
ify enzyme hydrolysis efficiency without the influence of 
mechanisms specific to digestion in live animals, includ-
ing, for example, the interaction among organs, peristal-
tic movement of the intestine and nervous system effects. 
In vitro methods are effective for analyzing proteins or 
peptides in terms of the relationship between their digest-
ibility by enzymes and biochemical characteristics, but 
they are performed in simplified buffers that do not com-
pletely reflect the inner intestinal environment of live fish. 
The effectiveness of evaluating feed digestibility in fish 
in vitro has advanced over the years, and results have been 
validated using extracts of the stomach and small intestine 
from barramundi Lates calcarifer (Lewis et al. 2019). In a 
study on white trevally, the authors reported a strong posi-
tive correlation between the in vitro protein digestibility 
of diet using extracts of the stomach and the pyloric caeca, 
with specific growth rate and feed conversion efficiency 
(Takakuwa et al. 2022).

Yellowtail Seriola quinqueradiata is an important 
aquaculture fish in Japan and is commercially produced 
at a level much high than all other aquaculture fish. Feed 
pellets processed at high temperature and containing a 
high percentage of fish meal are the first-choice feed for 
yellowtail. However, a recent increase in fish meal costs 
has impacted yellowtail aquaculture; thus, feed process-
ing techniques that help reduce this cost are required. In 
particular, it remains necessary to determine the relation-
ship between feed digestibility and heating conditions in 
feed processing to establish the best conditions for fish 
meal processing, which will then be applied in yellowtail 
aquaculture.

In line with these research needs, the aims of this study 
were: (1) to evaluate the digestibility of fish muscle pro-
teins according to heating time in vitro using an enzyme 
complex (EC) extracted from yellowtail pyloric caeca 
containing pancreatic tissue, with confirmation of the 
most dominant proteases in it and preservation level of 
their activities during separation of EC; (2) to compare 
the digestibility of proteins under such conditions among 
phylogenetically different fish species; and (3) to compare 
digestibility according to heating time between muscle-
only feed and feed containing muscle and other organs. 
This research will contribute to establishing a theoretical 
basis for the protein processing conditions used to produce 
fish meal designed to feed aquacultured yellowtail.

Material and methods

Preparation of fish homogenate

Pieces of white muscle were taken from between the lateral 
line and dorsal fin of walleye pollock Gadus chalcogramma, 
yellowtail and chub mackerel Scomber japonicus. Quick 
frozen fillets of walleye pollock (10 individual fish, each 
with an approximate body weight of 1.5 kg) were purchased 
from Yamato Co., Ltd. (Shiogama, Japan). Yellowtail 
(10 individuals, each with a body weight of approx. 3 kg) 
were produced at the Goto Field Station, Japan Fisheries 
Research and Education Agency; after being cut into small 
pieces, the pieces were frozen at − 25 °C with forced air 
circulation. Chub mackerel (6 individuals, with an aver-
age body weight of 200 g) were purchased from Nagasaki 
Fish Market Co., Ltd. (Nagasaki, Japan) The white mus-
cles from four chub mackerel were used to produce chub 
mackerel (CM)-type fish powder, whereas the whole bodies 
of the remaining two chub mackerel, including the head, 
skin, viscera, fins and bones, were used for the whole body 
chub mackerel (WM)-type fish powder. Specifically, the 
muscles and the whole bodies of chub mackerel were first 
cut into small pieces and the pieces frozen under the same 
conditions as those used for yellowtail. All muscles and the 
whole bodies of the fish were lyophilized using a freeze-
dryer (model 25EL; Virtis, Los Angeles, CA, USA). After 
lyophilization, the materials were ground into powder, first 
in a food processor (model SKF-G100; Tiger Corp., Osaka, 
Japan) with dry ice for 3 min, then by manual milling with a 
pestle for 20 min. The whole bodies of mackerel were also 
lyophilized and ground into powder in a motor-driven mill 
for 1 min (High-Speed-Mill; Labonect, Sakai, Japan). Thus, 
four types of fish powder were produced, and these were 
homogenized in a 20-fold volume of distilled water (v/w) 
for 1 min using a Polytron homogenizer (model PT-1200E; 
Kinematica AG, Luzernerstrasse, Switzerland) equipped 
with a 5.5-mm shaft. The final four powders were those of 
walleye pollock (WP), yellowtail (YT), CM and WM.

Preparation of a digestive EC from yellowtail pyloric 
caeca

The pyloric caeca from five individual yellowtails 
were frozen with dry ice, lyophilized and ground into 
powder with dry ice using a food processor. Powdered 
pyloric caeca (706 mg) was added to 7.06 mL of 50 mM 
borate–KCl–NaOH (BKS) buffer (pH 8.2), and the mixture 
was homogenized for 1 min using a Polytron homogenizer 
with a 5.5-mm shaft (Kinematica AG). The homogenate 
was centrifuged at 20,000 g and 0 °C for 5 min, and the 
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fat-free supernatant was filtrated using a syringe filter 
(diameter 13 mm; pore size 1 μm; Advance Microde-
vices Pvt. Ltd., Tepla, Haryana, India). The filtrate was 
incubated for 6 h at 25 °C with pancreatic proteases to 
digest proteins and peptides other than digestive enzymes 
in the tissue. After a second centrifugation at 20,000 g 
and 0 °C for 5 min, the supernatant was removed from 
the small molecules by collecting void fractions following 
elution through a gel filtration column (Superdex Peptide 
HR10/30; Pharmacia A.B., Uppsala Sweden) on a SMART 
system (Pharmacia) at 10 °C, a flow rate of 300 μL/min, 
with monitoring of the elution at 278 nm. From 6.5 to 
12.5 mL, eluted fractions were collected every 500 μL 
(with fractions denoted no. 1 to no. 12); after pooling, 
these fractions were used as the digestive enzyme complex 
from yellowtail pyloric caeca (hereafter denoted “EC”).

Heating of fish homogenates and in vitro hydrolysis

First, 100 μL of fish homogenate was dispensed into a 2-mL 
plastic tube with a round bottom (2.0 mL Safe-Lock tubes; 
Eppendorf AG, Eppendorf, Hamburg, Germany) using 
a positive displacement pipette (Microman E [M100E]; 
Gilson, Middleton, WI, USA) and vigorously mixed with 
100 μL of distilled water. The homogenates were then heated 
in tubes with cap locks (Thermo Fisher Scientific; Waltham, 
MA, USA) at 99 °C for 0 (no heating), 3, 20, 72 and 240 min 
using a preheated (for > 30 min) aluminum block shaker 
(WSC-2630; ATTO Co., Ltd., Tokyo, Japan) without shak-
ing. After heating, the tubes were immediately cooled and 
stored in an aluminum block cooled on ice. After cooling, 
400 μL of EC or BKS buffer and 10 μL of 0.6%  NaN3 (as 
a preservative) in BKS were added to each tube, and the 
mixture was incubated at 25 °C for 14 h with continuous 
mixing (1500 rpm) using the same aluminum block shaker 
mentioned above. In addition, two controls were established: 
(1) EC without fish homogenate and (2) fish homogenate 
without EC. After incubation, the homogenates were cen-
trifuged at 20,000 g and 0 °C for 5 min, and 190 μL of the 
supernatants was added to 10 μL of 100% trichloroacetic 
acid for 1 h at room temperature to achieve protein precipita-
tion. The samples were centrifuged once again at 20,000 g 
and 0 °C for 5 min. The resultant supernatants were diluted 
to 25% using the first buffer (P-21; JEOL Ltd., Tokyo, 
Japan) of an amino acid analyzer (JLC-500/V; JEOL Ltd.), 
and amino acid concentrations were measured in 50 μL of 
the solution using the amino acid analyzer at the highest 
resolution mode, which involved the use of a postcolumn 
derivatization method with ninhydrin as the analysis reagent 

and LiOH buffers as elution buffers. The detection limit for 
amino acids was 5 μM.

The amount of amino acids produced by in vitro hydroly-
sis with EC was calculated using the following equation: 

where AAa is the amount of proteinogenic amino acids 
produced by in vitro hydrolysis, TAAa is total amount of 
proteinogenic amino acids in the reaction mixture, ECAAa 
is the amount of proteinogenic amino acids in the reaction 
mixture of the EC without fish homogenate and HAAa is 
the amount of proteinogenic amino acids in the homogenate 
without EC. The average rate of decrease (ADR; %/min) of 
amino acids produced by in vitro hydrolysis was calculated 
using AAa at heating times of 0, 3 and 240 min according 
to the following equation: 

Evaluation of the catalytic activity of proteases 
in chromatographic elutions of yellowtail pyloric 
caeca

The catalytic activities of four proteases were measured 
in the fractions of the chromatographic elutions of the 
EC. The substrates for trypsin, chymotrypsin and elastase 
were t-butyloxycarbonyl-L-glutaminyl-L-alanyl-L-arginine 
4-methylcoumaryl-7-amide (Kawabata et al. 1988), succinyl-
L-alanyl-L-alanyl-L-prolyl-L-phenylalanine 4-methylcou-
maryl-7-amide (Sawada et al. 1983) and succinyl-L-alanyl-
L-alanyl-L-alanine 4-methyl-coumaryl-7-amide (Mumford 
et al. 1980), respectively, and L-alanine 4-methylcoumaryl-
7-amide was used for aminopeptidase. Elution volumes were 
fractionated every 500 μL, and the fractions were diluted at 
1:50 for trypsin, chymotrypsin and aminopeptidase using a 
protein-free blocker solution (EzBlock Chemi; ATTO Co., 
Ltd.); measurements were made on 10 μL of the diluted 
solution. In contrast, the activity of elastase was measured 
without dilution. The measuring procedure for the catalytic 
activity of enzymes followed that of Andoh (2020), with 
EzBlock Chemi used to ensure that a linear relationship 
existed between the catalytic activity of an enzyme and 
the dilution rate (Andoh 2020). The catalytic activities of 
the enzymes were calculated by measuring the increase in 
7-amino-4-methylcoumarin fluorescence intensity per min-
ute, which was produced during catalysis at 30 °C using flu-
orescence wavelengths of 380 nm for excitation and 485 nm 
for emission (Andoh 2020). A multimode microplate reader 
(model Spark 10M; Tecan Trading AG, Männedorf, Switzer-
land) was used to take measurements. The intensity was des-
ignated as relative fluorescence units per minute. The total 

AAa = TAAa−ECAAa−HAAa,

ADR = 100 × [(AAa at the former time) − (AAa at the later time)]∕(the later time) − (the former time).
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activities of enzymes were calculated as the integration of 
the activities from fractions no. 1 to no. 12 in each enzyme.

Transcriptomic analysis of the pyloric caeca

Pieces of pyloric caeca were collected from three indi-
vidual adult yellowtails and preserved in RNAlater 
(Thermo Fisher Scientific). Total RNA was extracted 
using a Maxwell RSC Simply RNA Kit (Promega, Madi-
son, WI, USA), and messenger RNA (mRNA) was puri-
fied using a Gene Read Pure mRNA Kit (Qiagen, Hilden, 
Germany). Transcriptomic analysis was performed using 
an Ion Proton platform (Life Technologies, Thermo Fisher 
Scientific) as previously described (Yasuike et al. 2018). 
Sequencing libraries were constructed using an Ion Total 
RNA-Seq Kit v2, and these were sequenced using Ion 
Proton (Life Technologies, Thermo Fisher Scientific). 
The raw RNA-Seq datasets created here have been depos-
ited at the DDBJ Sequence Read Archive under acces-
sion nos. DRR337802–DRR337804. RNA-Seq data 
analysis was conducted using CLC Genomics Workbench 
9.5.2 software (CLC Bio, Aarhus, Denmark) as follows: 
low-quality sequences were filtered using the default 
parameters (quality limit = 0.05; ambiguous limit = 2), 
and the filtered sequence reads were mapped to the yel-
lowtail reference genome (GenBank assembly accession: 
GCA_003402435.1) using the default parameters (mis-
match cost = 2; insertion cost = 3; deletion cost = 3; length 
fraction = 0.8; and similarity fraction = 0.8). Subsequently, 
transcripts per million (Wagner et al. 2012) values were 
calculated for each gene.

Proximate analysis of four types of fish powder

Crude protein levels were calculated by measuring total 
nitrogen according to the Kjeldahl method using a Super 
Kjel 1400 (Velp Scientifica Srl, Lombardy, Italy). To calcu-
late crude protein from the nitrogen content, a nitrogen–pro-
tein conversion factor of 6.25 was used. Crude fat was ana-
lyzed using the Soxhlet extraction method and a SER148 
Solvent Extractor (Velp Scientifica Srl). Diethyl ether was 
used as the solvent for extraction.

Statistics

All measurements were taken in triplicate except for the cat-
alytic activity of digestive enzymes, which were measured in 
duplicate. Data in graphs are presented as the mean ± stand-
ard deviation (SD) of replicates. One-way analysis of vari-
ance and Tukey’s post-hoc test were performed to compare 
amino acid amounts. The level of significance was set at 

P < 0.05. GraphPad Prism Ver.9 (GraphPad Software Inc., 
San Diego, CA, USA) was used to conduct all statistical 
analyses.

Results

Chromatographic separation of the digestive EC 
from yellowtail pyloric caeca

Chromatographic profiling of the elutions of the EC before 
and after incubation at 25 °C for 6 h are shown in Fig. 1 . 
The highest absorbance peak was at around 8 mL of elution 
volume, which was just after the void, before incubation 
(Fig. 1a); following incubation, this peak had almost disap-
peared (Fig. 1b). Four peaks, from 17.5 to 24.0 mL, were 
substantially higher after incubation; this volume range cor-
responded to the elution volume of amino acids.

 The catalytic activities of trypsin, chymotrypsin, 
elastase, and aminopeptidase in the eluted fractions of the 
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EC before and after incubation are shown in Fig. 2. Before 
incubation, the highest peaks for trypsin and chymotrypsin 
activity are at fraction no. 6; after incubation, the highest 
peaks are at fraction no. 8. In contrast, the highest peaks for 
the activities of elastase and aminopeptidase did not change 
before and after incubation. The total enzyme activity ratios 
of “after” to “before” incubation in the 12 fractions were 
110.9%, 100.1%, 59.0% and 122.8% for trypsin, chymot-
rypsin, elastase and aminopeptidase, respectively.

Transcriptomic analysis of the pyloric caeca

A total of 23,981 transcripts were detected. The top 30 tran-
scripts accounted for > 75% of all transcripts (Table 1), with 
20 of these 30 transcripts originating from genes encoding 
digestive enzymes: eight trypsins, seven chymotrypsins, two 
elastases and three carboxypeptidases. The transcript with 
the highest expression level was trypsin-1 precursor (16.9% 
of all transcripts), followed by chymotrypsin A-like. The 

Fig. 2  Enzyme activity of the 
fractions on gel chromatography 
of EC before (left) and after 
(right) incubation at 25 °C for 
6 h in trypsin, chymotrypsin, 
elastase, and aminopeptidase. 
Measurements were taken in 
duplicate. RFU Relative fluores-
cence unit
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amount of integrated expression in the top 30 transcripts 
was 38.2% (of all transcripts) for trypsins, 22.0% for chy-
motrypsins, 2.4% for elastases and 3.8% for carboxypepti-
dases. Trypsins and chymotrypsins accounted for > 60% of 
the amount of all transcript expression. Aminopeptidases, 
including one aminopeptidase and four aminopeptidase 
N-like, were expressed in the pyloric caeca, but the expres-
sion level was < 0.05% of all transcripts.

Table 1  The top 30 transcripts in pyloric caeca of adult yellowtail

a The top 30 transcripts in terms of expression level
b Average transcripts per million (TPM) of all yellowfish

Transcripta Gene ID Digestive 
enzyme

NCBI non-redundant description e-value TPMb Cumulative 
percentage (%)

1 g15220 ✓ Trypsin-1 precursor 7.4E–180 168688 16.9
2 g21846 ✓ Chymotrypsin A-like 0 108040 27.7
3 g15218 ✓ Trypsinogen 1 1.84E–168 48908 32.6
4 g15221 ✓ Trypsinogen 1 5E–169 45668 37.1
5 g21847 ✓ Chymotrypsin B-like 9.67E-174 42744 41.4
6 g15219 ✓ Trypsinogen 1 9.85E–169 41517 45.6
7 g121 ✓ Trypsin-3 4.14E–173 27737 48.3
8 g15222 ✓ Trypsin-2-like 9.81E–161 25632 50.9
9 g10127 Perforin-1-like 7.37E–59 23240 53.2
10 g15894 Type-4 ice-structuring LS-12-like 1.9E-57 21157 55.3
11 g11910 ✓ Chymotrypsin-like elastase family member 2A 1.49E–89 20273 57.4
12 g15123 ✓ Chymotrypsin-like elastase family member 2A 7.42E–179 19863 59.3
13 g3510 ✓ Carboxypeptidase A1-like 0 19182 61.3
14 g5787 ✓ Elastase-1-like 2.61E–166 18628 63.1
15 g11916 ✓ Carboxypeptidase B 0 14280 64.6
16 g15223 ✓ Trypsin-like 6.53E–160 13916 65.9
17 g15122 ✓ Chymotrypsin-like elastase family member 2A 4.05E–177 12070 67.2
18 g122 ✓ Trypsinogen 2 4.52E–175 10296 68.2
19 g4365 ✓ Chymotrypsin-like elastase family member 3B 1.36E–105 9179 69.1
20 g14224 ✓ Chymotrypsin-like elastase family member 2A 0 8211 69.9
21 g15231 Apolipo A-I-like 2.51E–158 6782 70.6
22 g27299 Hypothetical protein 2.72E–30 6561 71.3
23 g25571 Bile salt-activated lipase-like 0 6189 71.9
24 g5786 ✓ Elastase-1-like 2.87E–177 5728 72.4
25 g2156 Rho GTPase-activating 1 0 5280 73.0
26 g27208 ✓ Carboxypeptidase A2-like 0 4859 73.5
27 g26023 Elongation factor 1-alpha 0 4287 73.9
28 g15747 Apolipo Eb-like 8.41E–116 4269 74.3
29 g3560 High choriolytic enzyme 1-like 4.27E–154 3610 74.7
30 g23839 Fatty acid-binding liver 1.49E–76 3435 75.0
Others 249774 100.0

Table 2  Crude protein and fat contents of the four fish powders

Material Abbreviations Crude 
protein 
(%)

Crude fat (%)

Muscle of walleye pollock WP 85.6 1.5
Muscle of yellowtail YT 70.5 22.5
Muscle of chub mackerel CM 91.8 1.0
Whole body of chub 

mackerel
WM 59.8 26.5
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Amino acid amounts produced by in vitro hydrolysis 
of fish powders

The crude protein and fat contents of the four fish powders 
are summarized in Table 2. The crude protein values were 
used in the calculations given below.

The average percentage of the amount of integrated 
amino acids in ECAAa to that in TAAa was 1.45%, 1.37% 
and 1.35% for WP, YT and CM, respectively. In the EC 
analysis, the concentrations of most amino acids were close 
to the detection limit of the amino acid analyzer. Alanine 

Fig. 3  Amino acid amounts 
produced by hydrolysis with the 
digestive enzyme complex sepa-
rated from yellowtail pyloric 
caeca extract (EC) in four 
types of fish samples. Amino 
acids are expressed as one-
letter notation, with essential 
amino acids shown on the left 
graphs (K lysine, L leucine, R 
arginine, V valine, I isoleucine, 
F phenylalanine, M methionine, 
T threonine, H histidine, W 
tryptophan) and non-essential 
amino acids shown on the right 
graphs (A Alanine, E glutamate, 
S serine, Y tyrosine, D aspartate, 
G glycine, Q glutamine, N 
asparagine). Order of presenta-
tion of amino acids (from left 
to right) follows the descending 
order of prevalence in walleye 
pollack. Times indicate the 
duration of heating at 99 °C. 
Measurements were taken in 
triplicate. Error bars show 
standard deviations. CM Muscle 
powder homogenate of chub 
mackerel, EAA essential amino 
acids, NEAA non-essential 
amino acids, WM whole body 
powder homogenate of chub 
mackerel, WP muscle powder 
homogenate of walleye pollack, 
YT muscle powder homogenate 
of yellowtail
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(Ala), methionine (Met), cystine (Cys2), tryptophan (Trp) 
and proline (Pro) were not detected in the ECAAa.

In all muscle powders, lysine (Lys) was the dominant 
amino acid in the reaction mixture at 0 min (no heating) 
followed by leucine (Leu), Ala and arginine (Arg) (Fig. 3). 
The AAa of all amino acids in the three muscle powders 
decreased with increasing heating time, but the reduction 
rate differed among amino acids and fish species. Of the 
top five essential amino acids (EAAs) with the highest rates 
of decrease at 3 min, the most common amino acids in the 
three muscle powders were Leu, valine (Val) and threonine 
(Thr) (Table 2). The other two EAAs were isoleucine (Ile) 
and Trp in WP, phenylalanine (Phe) and Trp in YT and Ile 
and histidine (His) in CM. For non-essential amino acids 
(NEAAs), glutamic acid (Glu), aspartic acid (Asp) and Pro 
decreased clearly from 0 to 3 min of heating for all three 
muscle powders. When heating was > 3 min, the amount 
of all amino acids gradually decreased. The changes in 

the integrated AAa of all amino acids with heating time 
are shown in Fig. 4a, b . The AAa of EAAs (Fig. 4a) in 
CM and WP were the joint highest at 0 min, with those of 
YT and WM second highest. After 3 min of heating, the 
integrated AAa of both EAAs and NEAAs decreased sig-
nificantly in the three muscle powders (Fig. 4a, b). When 
heating time was > 3 min, the integrated AAa of EAAs 
decreased gradually. In CM, the mean (± SD) integrated 
AAa of EAAs decreased from 1001.1 ± 17.1 nmol/mg at 
0 min to 675.2 ± 5.0 nmol/mg at 3 min; in WP and YT, it 
decreased from 1036.1 ± 19.6 to 968.3 ± 11.1 nmol/mg and 
from 854.7 ± 9.1 to 716.0 ± 11.4 nmol/mg, respectively. 
After 3 min of heating, NEAA was significantly decreased 
(Fig. 4b).

The average (± SD) 3 min:0 min ratio of AAa in EAAs 
was 81.3% ± 1.5%, 72.0% ± 1.6% and 66.9% ± 1.3% 
for WP, YT and CM, respectively (Table  3). For the 
3  min/0  min ratio in WP, EAAs at < 70% were not 
detected. In contrast, amino acids at < 70% were observed 
for the 3 min/0 min ratio for four EAAs (Leu, Val, Thr and 
Trp) in YT and six EAAs (Leu, Val, Ile, Thr, His and Trp) 
in CM. In particular, Val, Ile and Thr in CM were detected 
at < 60%. Thus, with heating for > 3 min, the AAa in the 
EAAs of WP was better maintained than those of YT and 
CM. The AAa of NEAA in WP, with the exception of Asp 
and glycine (Gly) at 3 min/0 min in YT, was also higher 
than those of YT and CM following heating for > 3 min 
(Table 3).

 Even with heating for > 3 min, WP had higher AAa in 
the hydrolysis. The average 240 min/0 min ratio of EAA 
was 67.4% ± 2.3%, 33.7% ± 1.4% and 44.6% ± 1.7% in WP, 
YT and CM, respectively; for the 240 min/3 min ratio, these 
values were 83.1% ± 1.3%, 46.6% ± 2.8% and 67.3% ± 3.8%, 
respectively. The ADR of EAAs slowed down in the three 
fish muscle powders over 3 min; for example, in WP, it was 
6.241% ± 0.508%/min from 0 to 3 min but 0.07% ± 0.006%/
min from 3 to 240 min. The rates from 0 to 3 min in YT 
and CM were 9.329% ± 0.548%/min and 11.023% ± 0.425%/
min, respectively, whereas those from 0 to 240 min were 
0.276% ± 0.006%/min and 0.231% ± 0.007%/min, and 
those from 3 to 240 min were 0.225% ± 0.012%/min and 
0.138% ± 0.016%. These rates were 1.5-fold higher than the 
rates detected in WP. The digestibility of muscle powder 
changed substantially in the first 3 min with heating for all 
three fish species. The statuses in EAAs were also common 
in NEAAs (Table 4).

The integrated HAAa of all amino acids was < 160 nmol/
mg (YT at 0 min) in all samples except for WM at 0 min, 
and these values did not change drastically with duration of 
heating time (Fig. 4c). The integrated HAAa of all amino 
acids in WM at 0 min was 866.1 ± 8.0 nmol/mg, which was 
greater that the integrated AAa of EAA (701.0 ± 12.4 nmol/
mg; Fig. 4a), but this decreased to 121.1 ± 0.6 nmol/mg after 
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3 min of heating. The percentage of integrated HAAa to 
integrated AAa for EAAs and NEAAs in WP, YT and CM 
was 3.2%, 9.2% and 5.0% at 0 min, respectively. However, 
His accounted for > 95% and > 72% of the integrated HAAa 
in YT and CM without heating. In contrast, His in WP at 
0 min was < 1.3% of TAAa.

The AAa of WM at 0 min was significantly lower than 
that at 3 min for all EAAs except Val, Ile, Met and Trp 

(Fig. 3), and the integrated AAa of EAAs at 0 min was 
lower than that at 3 min (Fig. 4a, c). In contrast, the ADRs 
of 240 min/3 min for the integrated AAa of EAAs in CM 
and WM were 0.125 ± 0.011%/min and 0.203 ± 0.017%/
min, respectively, whereas that of WM was signifi-
cantly higher (t-test). The statuses in EAAs were simi-
lar to those in NEAAs. The ADRs in CM and WM were 
0.089 ± 0.004%/min and 0.191 ± 0.002%/min, respectively.

Table 3  Change in the relative 
percentages of essential amino 
acid produced following 
digestion with enzymes from 
yellowtail pyloric caeca across 
duration of heating time in 
muscle of three fish species

ADR Average rate of decrease of amino acid amount produced by hydrolysis
a Klysine, Lleucine, R arginine, Vvaline, Iisoleucine, Fphenylalanine, M methionine, Tthreonine, H histi-
dine, Wtryptophan 

Fish species Essential amino  acidsa Relative percentage of essential amino acid (%)

3 min/0 min 240 min/0 min 240 min/3 min

Walleye pollock K 85.2 76.4 89.6
L 78.8 68.2 86.5
R 93.6 78.1 83.4
V 70.9 65.6 92.6
I 78.9 65.9 83.5
F 89.3 66.9 75.0
M 82.6 66.7 80.7
T 73.5 66.7 90.7
H 86.6 68.1 78.6
W 73.4 51.5 70.1
Average (± SD) 81.3 ± 1.5 67.4 ± 2.3 83.1 ± 1.3
ADR (± SD), %/min 6.241 ± 0.508 0.136 ± 0.010 0.071 ± 0.006

Yellowtail K 79.4 40.9 51.5
L 69.7 35.9 51.6
R 84.7 43.6 51.4
V 64.4 34.9 54.2
I 72.6 32.7 45.1
F 71.9 30.3 42.2
M 74.1 35.6 48.0
T 65.2 36.6 56.1
H 72.4 28.6 39.5
W 65.7 17.5 26.7
Average (± SD) 72.0 ± 1.6 33.7±1.4 46.6 ± 2.8
ADR (± SD), %/min 9.329 ± 0.548 0.276 ± 0.006 0.225 ± 0.012

Chub mackerel K 72.5 54.4 75.1
L 61.6 44.5 72.1
R 87.7 63.1 71.9
V 53.3 40.5 75.9
I 52.1 38.2 73.2
F 81.6 46.5 57.0
M 73.4 47.6 64.9
T 53.7 42.6 79.3
H 65.1 38.9 59.8
W 68.3 29.7 43.4
Average (± SD) 66.9 ± 1.3 44.6 ± 1.7 67.3 ± 3.8
ADR (± SD), %/min 11.023 ± 0.425 0.231 ± 0.007 0.138 ± 0.016
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The integrated AAa of NEAAs in WM was higher than 
that in CM at 3, 20 and 72 min (Fig. 4b); this trend was 
not observed for the EAA relationship between CM and 
WM (Fig. 4a). In WM, the amounts of some NEAAs were 
clearly higher following these heating periods (e.g. Glu, 
Asp and Gly in WM; Fig. 3).

Discussion

In the current study, the high absorbance peak for pro-
teins in the EC at an 8-mL elution volume had almost 
disappeared after incubation at 25 °C for 6 h, indicat-
ing that the combined method of incubation plus gel fil-
tration is an effective method for removing protein and 
amino acid contamination from the EC. This result was 

confirmed by the integrated ECAAa of all amino acids, 
which was < 1.5% that of the integrated TAAa in the three 
fish species. Thus, background noise from contamination 
introduced by digestive enzymes in the EC was reduced, 
as was possible exhaustion of digestive enzyme activity in 
the EC due to competitive hydrolysis between proteins in 
the sample and contaminated proteins in the EC. In addi-
tion, ECAAa without chromatographic separation in the 
EC from yellowtail was sometimes > 50% that of TAAa 
(data not shown). Thus, the separation of contaminated 
proteins and amino acids in the EC is an essential step for 
in vitro estimation of the digestibility of protein samples.

The digestive enzyme activities of trypsin, chymotrypsin, 
elastase and aminopeptidase were well-maintained after 
incubation at 25 °C for 6 h, with total activity of trypsin, 
chymotrypsin and aminopeptidase, respectively, of > 100% 

Table 4  Change in the relative 
percentages of non-essential 
amino acid produced by 
digestion with enzymes from 
yellowtail pyloric caeca across 
duration of heating time in 
muscle of three fish species

Proline and cystine were under the detection limit
a A Alanine,E glutamate, S serine, Ytyrosine, D aspartate, G glycine, Q glutamine, N asparagine

Fish species Non-essential amino  acidsa Relative percentage of non-essential amino acid (%)

3 min/0 min 240 min/0 min 240 min/3 min

Walleye pollock A 77.3 74.4 96.2
E 58.7 62.8 106.8
S 78.2 66.2 84.6
Y 83.4 63.2 75.9
D 36.0 30.7 85.1
G 81.5 76.9 94.3
Q 79.7 73.5 92.1
N 117.0 80.4 68.7
Average (± SD) 76.5 ± 1.4 66.0 ± 2.6 88.0 ± 2.0
ADR (± SD), %/min 7.842 ± 0.461 0.142 ± 0.011 0.051 ± 0.009

Yellowtail A 71.2 46.6 65.5
E 42.1 32.3 76.7
S 71.4 40.6 56.8
Y 76.2 28.7 37.6
D 38.1 23.7 62.2
G 93.2 64.3 69.1
Q 67.7 40.9 60.4
N 66.6 30.1 45.2
Average (± SD) 65.8 ± 1.9 38.4 ± 0.4 59.2 ± 1.4
ADR (± SD), %/min 11.400 ± 0.630 0.257 ± 0.002 0.172 ± 0.006

Chub mackerel A 59.6 50.8 85.1
E 38.9 37.1 95.5
S 58.1 44.8 77.1
Y 69.3 42.2 60.9
D 26.0 18.1 69.5
G 68.6 60.4 88.1
Q 64.0 51.4 80.4
N 75.2 47.6 63.2
Average (± SD) 57.5 ± 0.5 44.0 ± 0.3 77.5 ± 1.0
ADR (± SD), %/min 14.176 ± 0.178 0.233 ± 0.001 0.095 ± 0.004
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and that of elastase of 59%, suggesting that the incubation 
method effectively maintained sufficient activity levels for 
a simple reproduction of intestinal status in yellowtail. In 
the pyloric caeca of yellowtail, > 60% of all transcripts 
detected in transcriptomic analysis encoded trypsins and 
chymotrypsins, suggesting that these proteases are the most 
dominant digestive enzymes in pyloric caeca of yellowtail. 
Pepsin is expressed in the stomach of yellowtail (Yasuike 
et al. 2018), but the pH in the stomach is close to 6 for sev-
eral hours after feeding (Kofuji et al. 2004), and fish pep-
sin loses its catalytic activity when pH is > 6 (Zhao et al. 
2011). Thus, pepsin activity is unlikely to contribute to feed 
digestion in the stomach of yellowtail, whereas trypsins and 
chymotrypsins in the intestinal phase play the most impor-
tant leading roles in this process. Therefore, the method 
described here, which only reproduces the intestinal diges-
tive system and uses EC that is considered to be properly 
processed without reproducing the digestive system in the 
stomach, is appropriate for digestibility evaluation of feed 
materials in vitro in yellowtails. It is also groundbreaking in 
that it identified the most dominant enzymes in the digestive 
system of the yellowtail and constructed an in vitro diges-
tive system while maintaining the activity of these enzymes.

In the intestine, plural digestive enzymes recognize 
various amino acid sequences; thus, protein complexes 
with various amino acid sequences and structures in feed 
can be digested cooperatively. In the present study, the EC 
functioned as an enzyme complex that included yellowtail 
pyloric caeca and pancreatic tissue. Amino acid compo-
sition analysis of feed materials can be conducted using 
hydrolysis with hydrochloric acid under high temperature 
and high pressure. Using this method, Trp, Ser and Thr are 
decomposed partially or completely, Met is oxidized and 
peptides containing Ile and Val are partially hydrolyzed. In 
addition, Asp and Glu are converted to asparagine (Asn) 
and glutamine (Gln). Therefore, this amino acid composition 
analysis method does not always reflect the actual hydroly-
sis taking place in the fish intestine. While no hydrolysis 
method can accomplish quantitative liberation of all amino 
acids (Fountoulakis and Lahm 1998) and given that the 
present method cannot enable hydrolysis of all amino acid 
sequences, it is still expected that it better reflects the in vivo 
situation in yellowtail as it includes partial reproduction of 
the in vivo situation using a fish EC rather than hydrolysis at 
high temperature and high pressure with hydrochloric acid.

The integrated HAAa of all amino acids except His 
was < 3.2% of the integrated TAAa of all amino acids in the 
three muscle powders. This is an important factor for lower-
ing the background noise of the reaction mixture and thereby 
improving amino acid analysis in the EC. Moreover, the ratio 
of fish powder and EC amount used in the present study 
was shown to be effective for determining muscle powder 
digestibility in vitro.

Amino acid production by enzyme hydrolysis was 
reduced with increasing heating time in the present study. 
Heating during processing can reduce the digestibility of 
proteins in mink fed fish meal and soybean meal heated > 
120 °C (Ljøkjel et al. 2000) and in pig fed over-heated fish 
meal (Wiseman et al. 1991). However, to our knowledge, 
the study is the first to report the quantitative relationship 
between heating time and amino acid production from fish 
protein by enzyme hydrolysis while also including methodo-
logical validation. Specifically, we prepared a digestive EC 
from the pyloric caeca of yellowtail for in vitro hydrolysis, 
and the efficiency of the assay was confirmed using gel filtra-
tion and by measuring the activities of four major digestive 
enzymes. Major proteases in the pyloric caeca were charac-
terized by transcriptome analysis. Contaminating proteins 
and amino acids from the EC and free amino acids in HAAa 
(i.e. background noise) were also confirmed quantitatively.

The muscle powders used in the present study were pre-
pared from white muscle; they did not contain bone, skin, 
red muscle or other organs. During processing, denaturation 
of proteins was minimized by rapid freezing followed by lyo-
philization; consequently, it was possible to analyze the rela-
tionship between heat-induced denaturing and digestibility 
in muscle proteins. The integrated HAAa in the three muscle 
powders did not change under different heating conditions 
(Fig. 4c), suggesting that self-digestion and degradation dur-
ing heating were at minimal levels or did not occur at all. 
Therefore, our method better reflects the actual difference 
in the digestibility of muscle among fish species according 
to heating time.

Importantly, we found that heating at 99 °C for 3 min 
decreases the average production of EAAs from muscle 
powder by hydrolysis to < 82% in the three fish species 
(Table 3). In addition, the average AAa of CM decreased to 
66.9%, which is equivalent to a loss of > 33%. The NEAAs 
of WP also decreased to < 77% on average. Moreover, all 
amino acid levels produced with EC hydrolysis decreased 
substantially by heating, and Pro was no longer detected 
after heating for 3 min (Fig. 3), suggesting that it is either 
easily denatured or not easily produced from muscle proteins 
with digestive enzymes under these conditions. Indeed, we 
found no positive effect of heating on the digestibility of fish 
muscle powder from 3 to 240 min, except for a decreased 
rate of Asn for 3 min/0 min in WP. These results suggest 
that fish muscle proteins are not unfolded into polypeptide 
chains at 99 °C or rendered more susceptible to digestive 
enzymes. Thus, despite fish meal processing having several 
benefits, resource availability is clearly lost. We suggest, 
therefore, that boiling and drying at high temperature dur-
ing fish meal processing must be reconsidered in terms of 
the balance between its various benefits and the utilization 
efficiency of natural resources.
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Although there was a positive effect of heating on Asn in 
WP, this amino acid is a NEAA and the improvement was 
only 17%; moreover, the increase in Asn may have been due 
to its conversion from Asp by asparagine synthetase in the 
EC. Transcriptomic analysis revealed that this enzyme is 
expressed in the pyloric caeca in yellowtail (data not shown). 
The mammalian pancreas is also known to synthesize Asn 
using asparagine synthetase, which is expressed at high lev-
els in the pancreas (Tsai et al. 2020).

The growth performance of two LT-fish meal types was 
compared with flame-dried and steam-dried fish meals in 
growth performance evaluations using turbot (Sevgili et al. 
2015). The two LT-fish meals were found to be better in 
terms of phosphorus retention and losses than two conven-
tional fish meals, but there were no significant effects in 
terms of growth rate and feed utilization. Treating fish meal 
at 70 °C may still be too high to avoid any decrease in the 
digestibility in the fish meal during processing.

Nonthermal processing technology has led to advance-
ments in fish-related food processing methods (Zhao et al. 
2019; Cropotova et al. 2020). For example, using a high-
pressure treatment > 200 MPa without heating can reduce 
microbial growth in raw fish material and inactivate pro-
oxidative endogenous enzymes. Such novel technologies 
should be adopted during fish feed processing to minimize 
protein denaturing.

The digestibility of WP and CM at 0 min was almost 
identical for both EAAs and NEAAs (Fig. 4a, b); however, 
the ADR of 3 min/0 min for the EAAs was 81.3% in WP 
but only 66.9% in CM (Table 3). The ADR in YT (72.0%) 
was also lower than that in WP. Higher resistance to heating 
in WP was also observed in the AAa of NEAAs (Table 4). 
These results indicate that walleye pollock is a superior 
material for use in fish feed that is produced using fish meal 
processing and applied to yellowtail aquaculture.

A mixture including the viscera, head, red muscle and 
bones lowered the digestibility of proteins in chub mackerel. 
Thus, removing these tissues before processing may improve 
the digestibility of fish meal. Candidate factors that may 
influence the digestibility of fish muscle during heating are 
carbohydrates, which induce the Maillard reaction (Mail-
lard 1912). As heating time increased, browning increased, 
which suggests that the Maillard reaction occurred in all 
muscles of the three fish species (data not shown). The pro-
tein content of wet fish muscle varies from 13.8% to 23.2% 
(Murray and Burt 1969), and fresh fish muscle frequently 
contains glycogen, which can be a modifier for glycation, 
at 0.18–0.88% (Sharp 1934; Amano et al. 1953; Miyazaki 
et al. 2018). Glycogen can be found at levels exceeding 10% 
in the livers of seabass, seabream trout and tilapia, although 
glycogen content varies according to physiological condi-
tions (Enes et al. 2009). Thus, removing the liver of fish 

may be an effective method for minimizing glycation during 
heat-processing of fish meal.

In the EC, heated proteins are less likely to be recognized 
by the four major digestive enzymes examined in the present 
study, i.e. trypsin, chymotrypsin, elastase and aminopepti-
dase. Genes encoding carboxypeptidase are also expressed 
in the yellowtail intestine (Yasuike et al. 2018), and gel 
filtration on a Superdex Peptide column does not exclude 
carboxypeptidases from the EC because of their molecular 
weight. Trypsin recognizes the positive charge of the side 
chains of Lys and Arg (Olsen et al. 2004), whereas chy-
motrypsin recognizes the aromatic rings of Tyr, Trp and 
Phe (Vajda and Szabo 1976). Elastase recognizes at least 
Ala–Ala and Ala–Gly (Gertler et al. 1977), whereas mem-
brane alanyl aminopeptidase recognizes the N-terminal of 
various amino acid residues, including Ala, Phe, Tyr and 
Leu (Sanz 2007). Thus, these four enzymes recognize at 
least nine different structures, including amino acids. 
Despite this wide recognition by the EC, heated proteins 
cannot be digested by the enzymes in the EC even though 
these enzymes act cooperatively. Moreover, a 14-h incuba-
tion period at 25 °C is sufficient for digestion compared with 
the excretion time of feed in yellowtail (Kitamikado et al. 
1965). These results suggest that denaturation by heating at 
99 °C is a strict processing condition for protein hydrolysis. 
Heating for > 3 min at 99 °C during fish meal processing 
may cause protein to be indigestible of protein due to the 
relative indigestibility when the seasonal temperature is 
low. Indeed, the apparent digestibility of a single moist pel-
let consisting of fish meal processed by heating decreases 
from 83% in the summer to 68% in the winter, whereas the 
apparent digestibility of a mainly raw fish diet is maintained 
at approximately 85% across seasons in yellowtail (Satoh 
et al. 2000).

His comprised > 72% of HAAa in YT and CM at 0 min 
(without heating), suggesting that the muscle of yellowtail 
and chub mackerel contain His at higher concentrations as 
free amino acids compared with the levels found in WP mus-
cle. However, free His is a minor component in hydrolysate. 
In agreement with our findings, high concentrations of His in 
the muscle of yellowtail (Suyama 1973) and chub mackerel 
(Sakaguchi et al. 1984) have previously been reported.

In WM, the integrated AAa of EAA at 0 min was lower 
than that at 3 min of heating. WM contained digestive 
enzymes in the viscera, and freeze-drying maintains their 
activity in powder. Therefore, the integrated HAAa of WM 
at 0 min was apparently higher than of the muscle powders 
(Fig. 4c). Conversely, the integrated NEAAs in WM were 
higher than those of CM (Fig. 4b). In previous research, 
the autolysis digesta of a frigate mackerel Auxis thazard 
head–viscera mixture were found to contain high levels of 
Glu, Asp and Gly (Morioka et al. 1999). Similarly, Glu, Asp 
and Gly were found at high levels in a viscera extract from 
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mackerel processed using supercritical carbon dioxide (Park 
et al. 2008). In general, the viscera hydrolysates of many fish 
species contain Asp/Asn and Glu/Gln at high concentrations 
(Villamil et al. 2017). Therefore, the higher levels of NEAAs 
in WM in the present study likely originated from the viscera 
rather than from the muscle.

In conclusion, the quantitative relationship between the 
digestibility of fish muscle and heating time at 99 °C was 
elucidated using an in vitro method incorporating a fish 
digestive EC. The amounts of amino acids, both EAAs and 
NEAAs, produced by hydrolysis decreased with increasing 
duration of heating time. Most of the reduction in AAa was 
observed within 3 min of heating for each of three tested 
fish muscle powders, suggesting that heating time should 
be minimized during fish feed processing. The muscle of 
walleye pollock had the highest resistance to heating, but 
the digestibility was not as high as that of the unheated mus-
cle, suggesting that nonheating sterilization techniques and 
feed pelleting without extruder can improve the availability 
and sustainability of fish protein as a natural resource in 
aquaculture. The likely mechanism underlying the reduction 
in fish muscle protein digestibility with heat treatment is 
the denaturation of amino acid residues involving Maillard 
reaction at recognition sites by the four major pancreatic 
digestive enzymes in yellowtail, which is highly dependent 
on pancreatic enzymes that function in the digestive process.
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