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Abstract

A meta-analysis of literature data on essential amino acid (EAA) requirements of fish and
crustaceans was performed to re-estimate EAA requirements and provide ideal amino acid
profiles. Large numbers of studies have been conducted on EAA requirements of fish and
crustaceans over the past decades. However, estimated EAA requirements of different spe-
cies showed a large variation due to differences in methodological approaches and regres-
sion models. An extensive search and inclusion of literature on EAA requirements were
conducted following the Preferred Reporting ltems for Systematic Reviews and Meta-
Analyses guidelines in this study, resulting in a dataset of 358 studies covering 77 species.
The relative percentage of maximum weight gain was used as the outcome to evaluate the
10 EAA requirements. Forest plots analysis was employed for heterogeneity analysis, study
weight allocation and re-estimation of the requirements. Results showed that trophic level,
water temperature and dietary EAA inclusion levels affected EAA requirements estimation.
The meta-analysis suggested that the estimated 10 EAA requirements (expressed as %
crude protein, CP) of the fish were: arginine (Arg) 5.0 (0.14), histidine (His) 2.0 (+0.11), iso-
leucine (lle) 3.3 (£0.16), leucine (Leu) 4.9 (+0.24), valine (Val) 3.8 (+0.11), lysine (Lys) 5.2
(+0.12), sulfur amino acids (Met + Cys) 3.5 (+0.18), total aromatic amino acids (Phe + Tyr)
6.2 (0.12), threonine (Thr) 3.5 (0.18) and tryptophan (Trp) 0.9 (+0.08). Estimated EAA
requirements (expressed as % CP) of crustaceans were Arg 5.1 (+0.31), His 2.5 (+0.15), lle
4.3 (0.97), Leu 5.7 (+0.08), Val 4.3 (+0.30), Lys 4.9 (+0.28), Met + Cys 3.2 (+0.18), Phe
+ Tyr 5.1 (+0.65), Thr 3.8 (+0.04) and Trp 0.8 (+0.15).
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1 | INTRODUCTION

In recent years, the state of food security and nutrition in the world
has been undermined due to climate variability, conflicts, economic
downturns and pandemic.! The reliable and stable supply of good
quality protein- and energy-dense ingredients as feed ingredients with
low environmental footprints is an essential requisite for the sustain-
able development of aquaculture. Reducing dietary protein levels
while ensuring an ideal amino acid profile that meets the animals'
requirements are effective means of optimizing production costs and
minimizing nitrogen losses in farm animals.2® It is widely recognized
that aquatic animals do not specifically require proteins, but instead,
they have a requirement for a well-balanced mixture of amino acids
obtained from the diet.* Amino acids serve as substrates for protein
synthesis and contribute to the growth of aquatic animals. Moreover,
they play essential role in regulating feed intake, intermediary metab-
olism, cell signalling, immune response and the health of farmed

25 including fish and crustaceans.® Amino acids are catego-

animals,
rized into nutritionally essential (or indispensable) amino acids (EAAs
or IAAs), conditionally essential amino acids and non-essential
(or dispensable) amino acids (NEAAs or DAAs). In all studied fish and
crustaceans, the same 10 EAA need to be supplied in their diets: argi-
nine (Arg), histidine (His), isoleucine (lle), leucine (Leu), valine (Val),
lysine (Lys), methionine (Met), phenylalanine (Phe), threonine (Thr) and
tryptophan (Trp). Given that any imbalance amino acids are likely to
disrupt protein synthesis and turnover, leading to adverse conse-
guences such as nitrogen loss into the environment. Therefore, deter-
mining the precise requirements and the limiting order of EAA is of
utmost importance for the sustainable development of aquaculture.
There are hundreds of fish and crustaceans reared in aquaculture,
while only a few of them have had their nutritional requirement com-
prehensively studied.” Similar to other farmed animals, the formula-
tion of feeds for fish or shrimp recognizes the concept of ideal
protein, though studies in this area are limited to a few species.2~°
The whole body amino acid (AA) profile and the ratio of individual
EAA to the sum of EAA (A/E ratios) have been used to develop early
guidelines or rough estimation of the EAA requirement of fish.”¢ It is
also well reckoned that the EAA requirement profile would reflect
that of the whole body or muscle EAA profiles.81> The criterion for
establishing the ideal EAA pattern in certain fish has involved observ-
ing a decrease in nitrogen gain after removing or reducing a specific
EAA in their diets.*>'” In addition, measurement of the oxidation of
radio-labelled tracer EAA or other methods have been employed to
determine the requirements for some EAA.18°2° The majority of EAA
requirement data has been obtained through conventional growth
trial conducted over a specific time period. In these studies, a basal
diet, either purified or practical formulated, is designed with a defi-

ciency in the target EAA while assuming it satisfies all other known

nutrient requirements of the animal, and graded levels of the tested
EAA are then supplemented to several other test diets.???* In the
majority of studies, the most commonly measured response has been
the whole-body weight gain, either complemented or not with other
biomarkers of physiological or metabolic interest.?®

Over the past decades, several attempts have been made to review
existing data on EAA requirements of farmed fish and shrimp,®”26-2?
raising various issues and concerns. There is considerable variation not
only among species but also even within species in the published exper-
imentally determined recommendations. The observed variability in
data from dose-response studies can be attributed to several factors
related to the experimental conditions, including the quality and com-
position of the control or basal diet (which should be deficient in the
EAA under consideration), the number of levels and range of EAA con-
centrations tested (ranging from deficiency to excess), environmental
factors, the size of fish/shrimp and the duration of the trial. Moreover,
analyses of data vary in terms of statistical tools, response criteria,
mathematical models and the unit of expression of data (per g diet, per
unit protein content etc.) from one study to another.®2°-2730

As mentioned above, a substantial amount of data on EAA
requirements of fish and crustaceans have been updated and summa-
rized.®?>2¢ However, due to significant variations in data, literature
data has been compiled and compared without further analysing EAA
requirements. The determination of general EAA requirements was
previously based on the EAA composition of whole fish. In recent
decades, some attempts have been made to undertake analyses of
EAA requirements by collecting original data from the literature, recal-
culating specific response variables and applying different mathemati-
cal models (e.g., broken-line, quadratic and saturation kinetics).29’31’32
For example, in the work of Peres and Oliva-Teles,*? they reviewed
the EAA requirements of marine fish species and standardized the
growth rate in each study to make growth performance comparable
across studies. These standardized growth rates and amino acid inclu-
sion levels were then re-fitted with the saturation kinetic model
(SKM) to estimate the EAA requirement. In the aforementioned
reviews, limitations also existed: (1) the potential inclusion of low-
quality studies due to the lack of data filtering; (2) inconsistency in
data homogeneity used for meta-analysis; (3) variations in weight gain
among fish at different growth stages resulting from the absence of
standardized animal weight gain; (4) a need for enhanced oversight
regarding the weight contribution of each study to the final estimate;
(5) exclusion of literature in other languages (with English abstracts);
and (6) failure in re-estimating EAA requirement in a certain model
(e.g., SKM). Statistical meta-analysis provides a method to integrate
and standardize information, enabling meaningful comparisons. In ani-
mal science, meta-analysis has proven to be an efficient way to renew
previously published data by creating novel empirical models, allowing

progress in both understanding and prediction aspects.>®
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Given the above points, the objectives of the present meta-analysis
are to (i) undertake a systematic analysis of existing data on EAA
requirement in fish and crustaceans; (ii) examine the factors influencing
the required dietary EAA levels; and (i) provide insights into future
research needs concerning EAA nutrition in fish and crustaceans.

2 | MATERIALS AND METHODS

2.1 | Literature searching and selection
AA requirements of fish and nutritional regulation of AA metabolism
have been subject to several reviews,2572729:3234-36 5nq the [atest
one was by Mai et al.¢

An extensive search of the EAA requirement literature was con-
ducted using Scopus, Web of Science and China National Knowledge
Infrastructure (CNKI) following the Preferred Reporting Items for Sys-
tematic Reviews and Meta-Analyses (PRISMA) guidelines. First, we

submitted the search query to Scopus within the title, abstract and
keywords to retrieve records. The search query included a combina-
tion of the following terms: (EAA W/1 requirement AND fish) OR
(EAA W/1 requirement AND shrimp) OR (EAA W/1 requirement AND
crab). Where EAA was replaced with the specific amino acid in the lit-
erature search of each amino acid. For example, (Lysine W/1 require-
ment AND fish) OR (Lysine W/1 requirement AND shrimp) OR
(Lysine W/1 requirement AND crab) was used as the search query for
Lys requirement literature. No language restriction was applied during
the literature search in order to retrieve all potential studies. The spe-
cific retrieval process is provided in the Supplementary File 1. Records
from Scopus, Web of Science and CNKI were 669, 1043 and
576, respectively. Thereafter, all the retrieved records were imported
into Endnote software X9 to remove duplicate records (n = 1510).
Irrelevant literature was removed by reading the title and abstract of
each record. Finally, a total of 674 peer-reviewed publications span-
ning 58 years (1964-2022) were included in the preliminary dataset
(Figure 1).

Records dentified from
Scopus (n = 669)
1043)

Records dentified from
Web of Science (n =

Records dentified from
CNKI (n =576)

Identification

Records after dupilicates removed (n =778)

Records after pre-reading removed (n = 674)

Records excluded (n=243):

No growth data
No dietary composition

> Records excluded (n=15):

EAA testing level<4

Records excluded (n=58):

> No definite estimated value
in broken line regression

FIGURE 1
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Flow chart of search results and details on selection criteria based on Preferred Reporting Items for Systematic Reviews and
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TABLE 1
Species Arg His lle Leu Val
Fish Studies 53 19 22 26 21
Species 37 13 19 21 17
Crustacean Studies 6
Species 5
Total studies 59 21 25 29 24
Total species 42 15 22 23 20

Studies considered eligible for meta-analysis of the requirement of each essential amino acid.

Lys Met + Cys Phe + Tyr Thr Trp Total

62 46 19 33 19
43 32 13 24 13
5
4 5 2
67 51 22 37 23 358
47 37 15 27 15 77

Abbreviations: Arg, arginine; His, histidine; lle, isoleucine; Leu, leucine; Lys, lysine; Met + Cys, methionine + cystine; Phe + Tyr, phenylalanine + tyrosine;

Thr, threonine; Trp, tryptophan; Val, valine.

Rigorous screening of the studies for further meta-analysis data-
set was done according to the following criteria: (1) dose-response
data can be calculated with sufficient information on initial and final
fish body weight, duration and so on. (2) data on dietary EAA concen-
tration (% CP) was present or can be calculated; and (3) the number of
graded levels of dietary EAA was more than 4. The search results and
selection procedures are presented in Figure 1. Studies (n = 243) lack-
ing data on initial/final body weight or dietary EAA level (% CP) were
excluded from the meta-analysis dataset. In addition, 15 studies with
EAA testing gradients of less than 5 were removed from the dataset.
After this screening process, 416 studies remained in the dataset,
from which we extracted the following data: initial and final body
weight, EAA gradient concentration (% CP), trial duration, water tem-
perature, response criterion and mathematical model (Supplementary
Files 1 and 2).

To ensure comparability and combination in the meta-analysis,
eligible studies should share similarities. However, the studies we col-
lected had different objectives, experimental designs, response cri-
teria, analytical methodologies and so on. Therefore, the data from
each study were subjected to the broken-line regression (BLR)*” for
further eligibility selection. Weight gain (WG) is the most common
response criterion in the EAA requirement studies. However, the dif-
ferences in fish size and trial duration among studies made it impracti-
cal to directly compare and combine WG values. Therefore, we
normalized the WG to the percentage of maximum WG (%MaxG,) in
each study using the Formula (1) to eliminate the impact of body

weight on the re-estimation of EAA requirement.

%MaxG, = 100 x % (1)

where WG is the actual weight gain of each treatment in a specific
study, MaxWG is the maximum WG among all treatments in the
study. Thereafter, the %MaxG,, and EAA concentrations (% CP) were
subjected to the BLR to estimate the breakpoint (X,,) value and stan-
dard error (SE). The studies with the definite estimated values of X,
and SE were included in the dataset for the final meta-analysis.

BLR equation:

Yi=a1+bq xX;YatXbp:a1+b1 ><Xbp (2)

Y2 =Y atXop+ba x (X —Xop); Y =if (X < Xop, Y1,Y2) (3)

where Y is response criterion %MaxG,,; X is dietary EAA concentration
(% CP); a4 is intercept on the y-axis for X=0; b4 is the slope of the
first line; by is the slope of the second line; Xy, is the breakpoint X
value.

After the BLR screening, the dataset included 358 studies and

covered 77 species of fish and crustaceans (Table 1).

2.2 | Forest plot analysis
221 | Effect size, variance and weighted effect
size calculation

Following data selection, the literature included in the meta-analysis
dataset underwent homogeneity analysis following the procedure

1.38 The estimated EAA requirement value

described by Neyeloff et a
(Xbp) Was used as the effect size (ES) since: (1) it is the most meaningful
outcome of each study; (2) it allows for comparability across studies;
(3) the variance (SE?) and confidence intervals can be calculated.®® Study
weights in our meta-analysis were determined based on the precision of
each study, since variations in study size (e.g., replicate number and ani-
mal number per replicate) were not significant between studies. Thus,
the variance of the X, (SE?) was used to weigh each study, and the indi-

vidual study weight (w) was expressed as the inverse of variance:

with the definite effect size and the corresponding study weight, the

individual weighted effect size (Xbp) was computed as:

Xop =w x ES (5)
2.2.2 | Heterogeneity analysis, fixed or random
effects model selection

Heterogeneity analysis for each EAA was performed via Q statistics

and [? statistics. The Q statistics assess heterogeneity among studies
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and I? statistics quantify this heterogeneity. The calculations followed

equations below:

2
Q=3 (wx (es)?) - (=B ©)

2 Q—df
=100 x Q- (7)
In the present study, if the Q value was lower than the corre-
sponding degree of freedom (df), the fixed effect model was applied;
Otherwise, the random effect model was adopted.®® The I? is
expressed as the percentage of the total variability in a set of effect
sizes due to true heterogeneity. As described by Deek et al.*° 17 < 40
indicates homogeneity among studies. Therefore, if I? < 40, all studies
in the tested dataset would be included in the meta-analysis; other-
wise, further analysis of the heterogeneity source or removal of out-
liers from the dataset is needed.
As for the fixed effect model, the effect summary (es), the stan-
dard error (SEg) and the 95% confidence interval (CI(€s))were calcu-

lated according to the following formulae:

_ S (wxES)
T ©
1
SEws =\ /5w )
Cl(€5) =85+ 1.96 x SEx (10)

As for the random effect model, the weight of each study was
adjusted with a constant (v). v value was calculated as follows:

(Cw—>w?/>w)

Then, the new weight of each study (w,) was computed as

follows:

1
Wy=—— 12
"TSE?4v (12
Thereafter, we replaced w with w, in Equations (6) and (7) and
got the new Q, and If for the random effect model. Subsequently, the
effect summary (es,), standard error (SEg,) and the 95% confidence
interval (CI(es,)) of the random effect model were computed

following:

=, :% (13)
SEx = lev (14)

Cl(es,) =5, +1.96 x SEg, (15)

223 | Re-estimation of the EAA requirements

In our present study, the re-estimated EAA requirement for fish and
crustaceans was determined by mathematically combining all the
studies in the forest plots. The x-axis served as the scale for the effect
size, with each row representing a study's effect size estimation pre-
sented as a bullet and a 95% confidence interval, except for the row
labelled ‘Mean’. In the forest plot, each bullet reflects the estimated
EAA requirement for a study, and the size of the bullets represents
the corresponding study's weight contribution to the meta-analytic
result. A larger the bullet signifies a greater influence of that study on
the weighted combined results. For each forest plot, the central dia-
mond at the ‘Mean’ row indicates the weighted effect size of all the

studies, representing the value of the re-estimated EAA requirement.

2.3 | The correlation analysis of experimental
factors on EAA requirement

The studied factors included the trophic level of the fish species,
water temperature and the average inclusion levels of dietary EAA
(% CP). The EAA requirement re-estimate was obtained by fitting
the BLR based on the raw data of dietary EAA inclusion levels (%
CP) and %MaxG, in each study. Before performing the correlation
analysis, we standardized the estimated EAA requirement of indi-
vidual studies using z-score transformation by IBM SPSS
Statistics 25.

24 | Impact of fish trophic level on the EAA
requirement analysis

To assess how the EAA requirement differs among fish trophic levels,
studies in the meta-analysis datasets were categorized into three tro-
phic level groups: (1) trophic level <3; (2) 3 < trophic level < 4; (3) tro-
phic level 24. Subsequently, differences in each EAA requirement
between trophic levels were compared and analysed. The trophic level
of fish was sourced from FishBase (www.fishbase.se). The estimated
EAA requirement value for each study was obtained using BLR model
with dietary EAA inclusion levels (% CP) and %MaxG,, as independent

and dependent variables, respectively.

2.5 | Overview of body weight distribution and
corresponding EAA requirement in each study

To obtain fish body weight information involved in the study in the
dataset, 10 scatter diagrams of body weight and the corresponding
EAA requirement estimate were made. The abscissa axis was

expressed as the fish's initial and final body weight (mean + SD), the
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ordinate was the EAA concentration (% CP; mean + SD), and the dots

were the re-estimated requirement value from the BLR model.

2.6 | Ideal EAA patterns of fish and crustaceans
The re-estimated values of EAA requirement, based on the %MaxG,
and % CP for each study, were analysed using forest plots method
described above, with fish species categorized by trophic level. The
EAA requirement re-estimates were used to establish the ideal EAA
patterns for fish and crustaceans. The ideal EAA profile was expressed
as the proportion of each EAA relative to Lys (regard as 100).”

2.7 | Statistical analysis tools

Forest plots analysis was performed in Microsoft Excel 2019. One-
way ANOVA was employed to compare EAA requirements among fish
trophic levels, and z-score transformation was carried out in IBM SPSS
Statistics 25. Figures were made using GraphPad Prism 8. Pearson
correlation analysis between experimental factors and EAA require-

ment was conducted in OriginPro 2023b.

3 | RESULTS AND DISCUSSION

3.1 | Response criteria and model selection for
meta-analysis

In fish and crustaceans, amino acids in the diet serve not only as the
basic unit for protein synthesis** but also participate in various func-
tions in the body, including serving as gustatory or olfactory feeding
stimulants and catalysis of biological reactions (enzymes).*>*> How-
ever, when it comes to the determination of the dietary requirement
level for a specific EAA, such biochemical or metabolic response cri-
teria are not fully explored, except in a few cases.*¢~*?

In our dataset for meta-analysis, all studies recorded fish growth
over varying durations during the experiment. Out of 358 studies,
349 studies used growth-related criteria, including WG, specific
growth rate and thermal-unit growth coefficient, to estimate EAA
requirements (Supplementary File 1). Therefore, WG was used as the
response criterion in this meta-analysis. We calculated %MaxG,, based
on each study's original initial and final body weight to eliminate the
influence of different growth stages of fish on body WG. %MaxG,
was the new criteria for reassessing EAA requirement as it uses the
same scale and has methodological consistency, and thus is compara-
ble between studies.>

In the published studies on EAA requirements, the BLR and qua-
dratic regression (QR) were the predominant mathematical models in
our present dataset, constituting 43% and 45%, respectively. How-
ever, the choice between the models for nutrient requirement estima-
tion remains controversial.>>2%°°=>% Some authors consider the QR

model the most suitable for analysing transitions from a deficiency

state to a balanced or toxic state.>*™>® Others argue that the BLR
model is superior in presenting the theoretical essence of nutritional
response essence, even though it is more challenging to fit than the
simple polynomial.>” In addition, the BLR model is preferred due to its
sharp, rather than smooth transition observed when fish are fed diets
with different doses of nutrients.’® %° According to Pesti et al.,>” the
quadratic model is much more sensitive to the range of nutrient doses
than the BLR model. They noted that adding extra EAA levels higher
or lower than the “requirement” can impact the estimate of EAA
requirement. In a comparative study by Elesho et al.’* on the Met
requirement estimation in African catfish using both models, adjusting
the dietary Met inclusion level from 4-12 to 4-8 g/kg diet resulted
in a reduced estimated value from 29.2 to 23.6 g/kg digestible pro-
tein (DP) when the QR model was adopted. However, the Met
requirement estimated by the BLR model remined relatively stable,
ranging from 19 to 18.4 g/kg DP.% In our meta-analysis dataset,
the diverse experiment designs in each study led to varying nutri-
ent concentration ranges. For instance, in the study of Arg require-
ment, the dietary Arg content ranged from 1.3%-5.6% crude
protein (CP) in yellow perch diets,®? and from 2.6% to 9.9% CP in
grass carp diets.®® Similarly, in the study on Lys requirement, the
dietary Lys level varied from 2.4% to 10.8% CP in black-spotted
croaker diets,®* while it ranged from 2.2% to 5.4% CP in Asian sea-
bass diets.®® Therefore, the BLR model seems to be a more stable
and consistent model for the estimation and comparison of studies
than the QR model.

Nevertheless, we must recognize that the response of an animal
to dietary increments of a limiting nutrient is not broken at one partic-
ular point. In addition to the two models mentioned above, a major
development in the analyses of dose-response curve in nutrient
requirement studies in animals was the introduction of the SKM by
Mercer®® in 1982. This four-parameter mathematical model is based
on the concept that responses resulted from a series of enzymatically
mediated steps, one of which is rate limiting and displays saturation
kinetics. This model has also been applied in some later studies con-
cerning amino acid requirements in fish or shrimp.83253¢” The original
four-parameter model developed by Mercer has been refined to
include potential adverse effects of excess nutrient supply or intake.®®

1.29 compared four models (broken-line model, quadratic

Salze et a
model, broken-quadratic model and saturation kinetic model) in 2017
and highlighted that the SKM requires careful experimental design, as
it is sensitive to the number of experimental diets, which may result in
a high possibility of obtaining an “outside” fit (where the estimate
requirement falls outside the EAA range of the experimental diets). An
“outside” fit should not be considered accurate. In addition, SKM is
prone to failure in data convergence. Our preliminary analysis showed
that the BLR model exhibited a better fit and was preferred over Mer-
cer's SKM. Specifically, less than 50% (36%-48%) of studies could
converge into SKM, while more than 72% (72%-94%) of studies suc-
cessfully converged into BLR model. Therefore, in the present meta-
analysis, the BLR was employed as it is considered a more plausible,
feasible, stable and consistent choice for estimation and comparing
studies compared to QR and SKM.
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Forest plot presentation of meta-analytic estimates on the minimal levels of 10 EAA in different fish species: (a) arginine, (b)

histidine, (c) isoleucine, (d) leucine, (e) valine, (f) lysine, (g) methionine + cystine, (h) phenylalanine + tyrosine, (i) threonine, (j) tryptophan.
Each bullet reflects the estimated EAA requirement for a study. The size of the bullet represents the corresponding study's weight
contribution to the meta-analytic result. In each forest plot, the central diamond at the “Mean” row indicates the weighted effect size,
representing the value of the re-estimated EAA requirement. The re-estimate requirement value was depicted on the top of each figure.

EAA, essential amino acid.

3.2 | Forest plot analysis

3.2.1 | Heterogeneity analysis

Q statistics and I? statistics from the heterogeneity of variance test,
based on the fixed and random model, are presented in Supplemen-
tary File 3 along with forest plots of the results (Figures 2 and 3). The
result of heterogeneity analysis indicated the use of the random effect
model for analysing all sub-datasets of the 10 EAA in all fish species
studies. Most EAA sub-datasets showed Q >df and I? <40%, except
for Leu and Phe + Tyr, with If values of 65.8% and 51.0%, respectively
(Supplementary File 4). The study estimating the Leu requirement of
Indian major carp®’ introduced considerable heterogeneity to the Leu
dataset. This possibly due to the narrow and low Leu addition level
(3.38%-5.08% CP) in this study. Thus, this study was excluded from
the analysis, resulting in an If of 38%. In the Phe+ Tyr dataset,

heterogeneity was observed due to two trials on channel catfish.”®

This heterogeneity might be attributed to two factors. First, channel
catfish, with a higher trophic level (4.3), may have specific require-
ments compared to other fish species in the Phe + Tyr dataset (trophic
level <3.7). Second, the lower estimation could be related to poor
growth performance of fish or narrow dietary Phe+Tyr levels
(3.33%-5.83% CP) studied. Thus, these two studies were excluded
from the forest plots, resulting in a reduced If to 30.5% (Supplemen-
tary File 4).

For crustaceans, where Q <df in the Leu and Thr datasets indicate
little variance in effect sizes, the fixed effect model was applied. For
the remaining EAA datasets, the random model was adopted
(Supplementary File 5). In the Trp dataset, heterogeneity was noted
due to a study on Pacific white shrimp.”* The higher Trp requirement
in this study could be related to higher Trp addition levels and the
smaller range of growth differences between treatments compared to
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FIGURE 3

Forest plot presentation of meta-analytic estimates on the minimal levels of 10 EAA for crustaceans: (a) arginine, (b) histidine, (c)

isoleucine, (d) leucine, (e) valine, (f) lysine, (g) methionine + cystine, (h) phenylalanine + tyrosine, (i) threonine, (j) tryptophan. Each bullet reflects
the estimated EAA requirement for a study. The size of the bullet represents the corresponding study's weight contribution to the meta-analytic
result. In each forest plot, the central diamond at the ‘Mean’ row indicates the weighted effect size, representing the value of the re-estimated
EAA requirement. The re-estimate requirement value was depicted on the top of each figure. EAA, essential amino acid.

other studies on Pacific white shrimp.”?”® Excluding this study from
the dataset reduces I? to 7.8%.

Forest plots effectively summarize the individual study results
and their weights to the combined effect in a systematic review.”* In
our present study, the studies included in each EAA re-estimation
dataset exhibited low heterogeneity (If <40%) (Supplementary File 3).
The SE of the breakpoint (Xpp) in the BLR model measures the accu-
racy of a specific experiment. A large SE in a study suggests lower
accuracy in estimating using the BLR model, resulting in a smaller
weight in the final weighted combination effect. Some datasets for
each EAA showed large SEs. For instance, in the Arg dataset, the large
SE in the study by Griffin et al.”® on hybrid striped bass might be
related to the relatively low R? (0.54) of the fitted BLR model as well
as a poor survival rate. Consequently, the re-estimated Arg require-
ment value in hybrid striped bass is 4.0% CP, with the smallest contri-
bution to the combined effect size (weight of 0.14%; Figure 2a).
Similarly, the very low R? (0.22) of the study by Espe et al.”® on Atlan-
tic salmon in the Lys dataset was the possible cause of the large SE
(Figure 2f).

322 |
10 EAA

Re-estimation of the requirements for all the

The results of the re-estimated requirements for Arg, His, lle, Leu, Val,
Lys, Met + Cys, Phe + Tyr, Thr and Trp by meta-analysis are summa-
rized in Table 2, with detailed original data available in Supplementary

File 1. In animals, tyrosine (Tyr) and cystine (Cys) can be synthesized

TABLE 2

Re-estimation value of essential amino acid requirement
based on forest plots analysis (mean + SE).

Fish Crustacean
Arg 5.0+0.14 5.1+£0.31
His 20+0.11 2.5 +0.15
lle 3.3+0.16 4.3+0.97
Leu 4.9 +0.24 5.7 £ 0.08
Val 3.8+0.11 4.3+0.30
Lys 52+0.12 4.9 +0.28
Met + Cys 3.5+0.18 3.2+0.18
Phe + Tyr 6.2 £0.12 5.1 +£0.65
Thr 3.5+0.18 3.8+0.04
Trp 0.9 +0.08 0.8 +0.15

Note: Data are expressed as % crude protein.

Abbreviations: Arg, arginine; His, histidine; lle, isoleucine; Leu, leucine; Lys,
lysine; Met + Cys, methionine + cystine; Phe + Tyr, phenylalanine

+ tyrosine; Thr, threonine; Trp, tryptophan; Val, valine.

from Phe and Met, respectively. Therefore, the dietary requirement
for these EAA depend on the dietary concentration of the corre-
sponding precursors. These two amino acids are included in estimates
of EAA requirement and expressed as Met + Cys and Phe + Tyr.
For fish species, the estimation of the Phe + Tyr requirement
excluded high trophic-level fish species, as the two trials on channel
catfish introduced significant heterogeneity to the dataset.”® There-

fore, the Phe + Tyr requirement were re-estimated for fish species
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FIGURE 4 The correlation analysis between influencing factors (trophic level, water temperature and dietary EAA inclusion levels) and the
EAA requirements of fish. Dietary EAA inclusion level is expressed as % CP. CP, crude protein; EAA, essential amino acid.

with a trophic level no higher than 3.7. For channel catfish (trophic
level 4.2), the requirement value was estimated as 4.6% CP. In the
case of crustaceans, though there are only two trials (Tiger shrimp and
Chinese mitten-handed crab) in the His re-estimation dataset, their
differences in His requirement are small (2.4% and 2.7% CP, respec-
tively) and the combined re-estimated value is 2.51% CP. The number
of studies in the other EAA datasets for crustaceans is no less than 3.

Dos Santos®? re-estimated 45 fish species using Mercer's SKM and
QR models. The estimated values (% CP) were as follows: Arg 7.0%, His
2.1%, lle 2.5%, Leu 4.1%, Lys 5.9%, Met 3.2%, Phe 4.6%, Trp 0.9%.
However, re-estimations for Val and Thr were not available. Peres and
Oliva Teles®? adopted Mercer's SKM to re-estimate three EAA in
marine fish. The estimated values (% CP) were Arg 4.54%, Lys 4.9% and
Met 2.41%. The differences between the previous and present results
can be attributed to the meta-analysing methods discussed earlier.

This meta-analysis standardized the body WG in each study by %
MaxG,, and the estimated EAA requirement is expressed as dietary pro-
tein concentration (% CP). These standardizations help reduce the impact
of variations in initial body weight and dietary protein content among dif-
ferent studies on the re-estimated value.3? Therefore, the re-estimated

EAA requirement is applicable to all growth stages of cultured animals.

3.3 | Factors influencing data on EAA requirement

3.3.1 | Dietary EAA inclusion level

The correlation analysis of factors influencing EAA requirement in

fish, including trophic level, temperature and dietary EAA inclusion

levels, is depicted in Figure 4. There is a significant positive correlation
between EAA requirement and dietary EAA inclusion level when both
parameters are expressed as a percentage of dietary protein. This cor-
relation is expected, given that each study was fitted to determine the
optimal requirement within the experimental design. For example, a
higher Arg requirement (7.1% CP) was observed in black sea bream
with a dietary Arg inclusion level of 4.8%-9.1% CP,”” while lower Arg
inclusion levels (1.3%-5.6% CP and 1.3%-4.4% CP) resulted in lower
Arg requirement estimates for yellow perch (3.4% CP)*? and Indian
maijor carp (3.1% CP).”® The effect of EAA inclusion level on EAA
requirement may be associated with the protein or EAA sources in
the formula. In the black sea bream study, a practical diet comprising
fish meal and soybean protein concentrate was used, with Arg con-
tent in the basal diet of 1.85% diet (4.83% CP). However, the studies
on yellow perch and Indian major carp employed purified diets, with
Arg content in the basal diet at 0.44% diet (1.33% CP) and 0.47% diet
(1.25% CP), respectively. The elevated Arg inclusion in the experiment
diet was created by adding more crystalline amino acid (CAA) mix-
tures, while inappropriate inclusion in the feeds, inefficient utilization
of the CAAs and the higher digestibility of purified diet may lead to an
overestimate of EAA requirement.>?”? On the other hand, achieving
substantial WG during the growth trial enhances the precision of the
estimates.?? Nevertheless, in some studies, the range of amino acid
inclusion levels did not result in large differences in fish growth. One
example is, in the study of Lys requirement for blackspotted croaker
(Protonibea diacanthus), fish were fed experimental diets with gradient
Lys levels from 2.4% to 10.7% CP for 8 weeks. The results showed
that the %MaxG,, as between 89% and 100% across treatments, which

is too narrow to generate a precise estimate value.* Similar problems
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FIGURE 5 Impact of trophic level of fish on the essential amino acid requirements. (a) Arginine (Arg), (b) histidine (His), (c) isoleucine (lle),
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number of studies.

have been observed in other studies, including the study of Met
+ Cys requirement in yellowtail kingfish®; the study of Leu require-
ment in grouper®?; the study of Arg requirement in hybrid striped bass
and Nile tilapia”>®283; the study of lle requirement in Lake trout.8*

In addition, the antagonistic effects among AAs could impact EAA
requirement.® For instance, the well-known antagonistic interactions
include branched-chain amino acids (Leu, lle and Val) antagonism and

Lys-Arg antagonism, where an excess of one (or two) of these EAA
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increase the requirement for the others.®®>-8” However, there is cur-
rently limited research on the antagonistic effects of AAs on their

requirements, and further investigation is needed in the future.

3.3.2 | Trophiclevel

EAA requirement (% CP) exhibited a negative correlation with fish tro-
phic level, primarily influenced by Lys, Val, Phe + Tyr and Thr require-
ments (% CP) (Figure 4 and 5). Specifically, fish with high trophic levels
(24) have significantly lower Lys, Thr and Phe + Tyr requirements (% CP)
than those with lower trophic levels. Moreover, the Val requirement for
fish with 3 < trophic level <4 was higher than that for fish with either
lower or higher trophic levels (Figure 5). The relatively low EAA require-
ment in high trophic level species (Salmonidae) may be due to their effi-
cient protein retention compared to omnivorous and herbivorous

species, resulting in reduced amino acids utilization as an energy source.”

3.3.3 | Temperature

A significant positive correlation between EAA requirement and tem-
perature was observed (Figure 4). This is consistent with data for high
trophic-level fish species (Salmonidae), which demonstrated lower
requirements for certain EAA (Lys, Val, Phe + Tyr, Thr) compared to
low trophic-level fish species (Figure 5). As poikilotherms, the meta-
bolic rates and energy expenditures of fish and shrimp are influenced
by water temperature.®8%° The fasting heat production values of fish
are 5- to 20-fold lower than those of homeothermic terrestrial verte-
brates when standardized for weight differences.®® Therefore, the
lower metabolic rate in cold-water fish (mainly Salmonidae) may be a
possible reason for the lower EAA requirement than others. The
potent influence of water temperature on metabolic rate and energy
expenditure affects nutrient requirements and growth performance in
poikilothermic vertebrates including fish.882%? One major issue to
recognise is that with increasing temperature, there is also an increase
in voluntary feed intake overall, without necessarily involving varia-
tions in the relative proportions of EAA. In addition, the rise in oxida-
tion and absorption of amino acids at high temperatures may also
increase amino acid requirements. Delong et al.?? suggested
increased amino acid oxidation in chinook salmon at higher water
temperature, and Conceicio et al.”® documented that high water tem-
peratures led to increased absorption and depletion rates of amino
acids, along with elevated retention efficiency of yolk nutrients in

African catfish (Clarias gariepinus).

3.34 | Feeding strategies

Excess or lack of EAA in the feed may affect feed intake in ani-
mals, including fish.274-%¢ In studies focusing on EAA requirement,
researchers used either satiety feeding strategies or restricted feed-

ing strategies. For satiety feeding, an excess or deficiency of EAA

in the feed can significantly affect palatability and feed intake,>>°”~

99 thereby affecting fish growth. Body WG is a crucial parameter
in estimating EAA requirement, and growth differences resulting
from varying feed intake can affect the estimated EAA requirement
value.'®® In the study by Alam et al.”® which investigated the Met
requirement of Japanese flounder using experiment diets with Met
levels between 1.06% and 4.06% CP. Results showed that low
Met inclusion (2.26% CP) significantly reduced feed intake. This
decreased feed intake affected the growth performance, introduc-
ing a variable in the Met requirement estimation. Similar effects
were observed in Met requirement studies of yellow catfish and
grass carp, where both low- and high-dietary Met inclusion nega-
tively affected feed intake.>>? Moreover, Hauler et al.”” fed Atlan-
tic salmon for 76 days using experimental feeds with 11 different
Lys levels (2.26%-5.33% CP) and performed both restricted and
satiety feeding strategies. The results showed that compared to
restricted feeding, satiety feeding increased feed intake and final
weight, but decreased nutrient digestibility (dry matter, protein and
energy). In such cases, variations in growth arise not just from dif-
ferent levels of EAA in the feed but also from the intake of
unequal nutrients amount, ultimately affecting the estimation value.
Restricted feeding can minimize differences in feed intake between
treatments.24:61:65100.101 According to Chiu et al.,*® trout fed with
satiety and restricted feeding strategies showed different estimates
of Arg requirement (3.5% CP vs. 4.2% CP). Nevertheless, when
requirements were calculated based on the daily amount of
Arginine consumed, the values were similar between the two feed-

ing methods (7.6 mg vs. 7.5 mg).

3.3.5 | Diettypes and protein sources

As mentioned earlier, the quality and composition of the control or
basal diet should be sufficiently deficient in the target EAA under
consideration. This implies appropriate choice of protein sources
which are chemically well defined. Nguyen and Davis®® indicated
that purified diets led to a lower Met requirement estimate com-
pared to practical diets due to the high-nutrient digestibility in

1.192 estimated

purified diets. Accordingly, in rainbow trout, Kim et a
a Lys requirement of 3.7% CP using a purified diet, while Lee
et al.2% reported a Lys requirement of 5.1% CP using a practical
diet. In addition, the Arg requirement of Nile tilapia using purified
and practical diets was estimated as 4.2% CP and 5.1% CP, respec-
tively, based on the %MaxG, re-estimation.t%8% Peres and Oliva-
Teles®? and Zhou et al.”? suggested that CAAs added in purified
diets appear to be utilized less efficiently than EAA of intact pro-
tein source. This inefficient CAAs utilization could lead to an over-
estimation of requirements. CAAs might be absorbed more rapidly
and/or earlier in the gastrointestinal tract than protein/peptide-
bound AAs3¢104105 This faster and/or earlier absorption may
result in a greater proportion of the CAAs being catabolized and
not used for protein biosynthesis.'®41% However, several studies

indicated that CAAs can be as efficiently utilized as those from
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intact protein sources to meet fish EAA requirements.2®”"11° Some

studies have provided convincing evidence of improved metabolic

utilization of CAAs when fed more frequently daily.
address the

106,111 To

issues of faster CAA absorption and leaching,

techniques such as encapsulation, precoating and polymerization

are employed to reduce the solubility and absorption rate. It is

advisable to improve the assimilation of CAAs by fish and crusta-

ceans,

especially considering their slow feeding habits, by using
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effective feed binders, attractants and by increasing the daily feed-
ing frequency at the farm level.®
Expressing estimates on a digestible basis will reduce variability

and ensure precise comparison of values among species.” However, in

-

most studies on EAA requirement estimation, digestible protein or
digestible AA was not considered. Just a few studies have suggested
estimating EAA requirements based on digestible level. 4761112113

Recommendations for future research on EAA requirement should
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FIGURE 7 Ideal essential amino acid patterns of fish from different trophic level and crustaceans; for comparison, data from Mai et al.® is also
provided. (a) Fish, (b) Crustaceans. Arg, arginine; Leu, leucine; Lys, lysine; Phe + Tyr, phenylalanine + tyrosine; Thr, threonine; Val, valine; lle,
isoleucine; Met + Cys, methionine + cystine; His, histidine; Trp, tryptophan.
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emphasize obtaining more accurate estimates based on the use of

digestible proteins.

3.3.6 | Body weight

Suggestions have been made that body weight of fish may influence pro-
tein and EAA requirement.®”?%>% Such changes in EAA requirement of
fish at different life stages could be related to potential differences in the
efficiency of dietary protein utilization.**#"1¢ In this meta-analysis, the
influence of body weight on EAA requirement was eliminated by stan-
dardizing WG and expressing it as dietary protein concentration (% CP).
Therefore, no clear relationship between body weight and EAA require-
ment could be observed from the scatter charts (Figure 6). In line with
this, Oliva-Teles et al.*'” performed a meta-analysis of dietary protein
requirement in fish and did not observe a significant effect of body
weight and dietary protein requirements. We must recognize that nearly
all studies on EAA requirement have been undertaken with juvenile ani-
mals. Within our dataset, only 10% of studies using fish body weight
>100 g: Arg, 5/53; His, 2/19; lle, 3/22; Leu, 3/26; Val, 3/21; Lys, 5/62;
Met+Cys, 7/46; Phe + Tyr, 1/19; Thr, 2/33; Trp, 2/19.

3.4 | Ideal protein concept and low-protein diet
formulation for sustainable aquaculture

A lower dietary protein level can be achieved by including high-
quality protein sources and by supplying the limiting AAs. This is
an effective strategy to reduce dietary protein cost and nitrogen
excretion by animals.>**® The concept of ‘ideal protein’ is defined
as the EAA profile that precisely meets the requirement of the ani-
mal without any amino acid imbalance.® The application of the
ideal EAA profile is crucial in formulating low-protein diet to opti-
mize protein utilization efficiency and minimize nitrogen wastes in
the environment. Previous studies have focused only on a limited
number of EAA, such as Lys, Met and Arg. We used the re-
estimated 10 EAA requirement values from this meta-analysis to
establish the ideal EAA patterns. In Figure 7a,b, the ideal EAA pro-
files for fish and crustaceans, estimated by the meta-analysis of
data from 355 studies in fish and 37 in crustaceans, are illustrated
as the ratio of the nine EAA to Lys. In addition, a few studies have
estimated the optimal EAA/NEAA ratio in the diets,®'° with
recommended ratios of 1.0, 1.1 and 1.33 for European seabass,
gilthead sea bream and rainbow trout, respectively.1%11%120 More-
over, based on the muscle protein-bound AA profiles from 11 dif-
ferent species, Mclean et al.*® revealed the EAA/NEAA (IAA/DAA)
ratio to be in a very close range between 0.98 to 1.03.

3.5 | Practical implications

Considering the limited availability and price volatility of high-quality
fish meals from capture fisheries, it is now well recognized that relying

on fish meals as the major protein source in feeds for farmed fish and
shrimp is not a sustainable practice.! Regarding the use of plant pro-
tein sources as alternatives to fish meal, there are still challenges,
including issues with the amino acid profiles and the presence of
anti-nutritional factors, like phytic acid, trypsin inhibitor, glycinin,
B-conglycinin, gossypol and others. The trend over the years shows a
decreasing reliance on fish meal for aquafeeds development.1?1-122
This has also led to questions on the over dependence of aquaculture
on terrestrial agricultural sources as protein sources for fish
feed.?4"128 sych needed diversification of protein sources for the
large number of cultured aquatic species depends on at least three
factors: (1) the amino acid profile, protein bioavailability and amino
acid sources; (2) the quantity and balance of amino acids; and (3) opti-
mal dietary protein (amino acids) to digestible energy (DE) ratios.
Minimizing the contribution of dietary proteins/amino acids to
meet the energy demands of farmed fish has been an issue dealt with
seriously over the past decades. Energy metabolism in animals is
closely related to the efficiency of amino acid utilization for protein
synthesis. The utilization efficiency of dietary energy for whole-body
growth, protein or fat deposition, can vary significantly depend on the
levels and types of dietary macronutrients (carbohydrates, proteins

128 35 well as in fish.2® Expression of data on

and fats) in land animals
EAA requirement per unit DE in fish, compared to that of a typical ter-
restrial carnivore like kitten, shows that fish generally have high EAA
needs per unit DE. Given that net energy (NE) systems are increas-
ingly applied in farm animals, including fish, it might also be worth
expressing data on EAA requirement as digestible AA per unit NE. As
seen in Figure 6, the body weight range of fish used in the majority of
EAA requirements studies corresponds to young, fast-growing ani-
mals, where the maintenance component can be small compared to
larger animals. Currently, there is limited information available on the
EAA requirement for maintenance, which is restricted to a small num-
ber of species.’8>1277131 The |arge size range of aquatic animals
throughout their life cycle (from a few mg to kg) involves body pro-
teins turnover, amino acid losses from skin, exuviation (shrimp),
endogenous loss from the gut and synthesis of non-protein nitroge-
nous substances besides branchial/urinary losses. There is indeed a
need to quantify the relative contribution of EAA requirement for

maintenance.

4 | CONCLUSIONS

A meta-analysis was conducted, incorporating dose-response studies
on the dietary EAA requirement of fish and crustaceans from over
358 studies covering 77 species. The analysis also investigated varia-
tions in EAA requirement among different trophic levels. Water tem-
perature and trophic level are important factors affecting the EAA
requirement of fish. Water temperature shows a positive correlation
with EAA requirements for fish, while trophic level exhibits a negative
correlation. The range of EAA additions in the experimental diets
affects the estimation of EAA requirement, emphasizing the impor-

tance of an appropriate range and gradient of EAA addition for
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accurate estimations. In addition, the current research predominantly
focuses on juvenile fish (90%), indicating a need for increasing empha-
sis on large-size fish in the future studies. Recommendation for future
research include a focus on exploring the relationship between animal
energy metabolism and the efficiency of amino acid utilization, as well
as the use of amino acids for maintenance and growth allocation

based on low-protein diet formulation.

AUTHOR CONTRIBUTIONS

Min Xue: Project administration; supervision; writing - review and
editing; writing - original draft. Shujuan Xing: Methodology; data
curation; writing - original draft; writing - review and editing.
Xiaofang Liang: Data curation; writing - original draft;
writing - review and editing. Xiaoran Zhang: Data curation. Aires
Oliva-Teles: Writing - review and editing. Helena Peres:
Writing - review and editing; methodology. Min Li: Data curation.
Hao Wang: Data curation. Kangsen Mai: Writing - review and editing.
Sadasivam J. Kaushik: Writing - review and editing; conceptualiza-

tion; methodology.

ACKNOWLEDGEMENTS

We acknowledge the support from the National Natural Science
Foundation of China, National Key Research and Development Pro-
gram of China, the Agricultural Science and Technology Innovation
Program of CAAS, China, Beijing Innovation Consortium of Agricul-
ture Research System, Beijing Natural Science Foundation, Xinjiang

Key Research and Development Program.

FUNDING INFORMATION

This study was supported by National Natural Science Foundation of
China (32172981, 32273141, 32202954); National Key Research and
Development Program of China (2023YFD1302400, 2022YFD1300600,
2021YFD1300300); the Agricultural Science and Technology Innovation
Program (ASTIP) (IFR-ZDRW202303); the Agricultural Science and Tech-
nology Innovation Program of CAAS, China (CAAS-ASTIP-2017-FRI-08,
1610382023005, 1610382023009); Beijing Innovation Consortium of
Agriculture Research System (BAICO7-2023-08); Beijing Natural Science
Foundation (6232038); Xinjiang Key Research and Development Pro-
gram (2022B02039-3).

CONFLICT OF INTEREST STATEMENT
The authors declare no conflicts of interest.

DATA AVAILABILITY STATEMENT
The data that support the findings of this study are available from the

corresponding author upon reasonable request.

ORCID
Min Xue "2 https://orcid.org/0000-0002-9484-062X
REFERENCES

1. FAO. The State of Food and Agriculture. Towards Blue Transformation.
Food and Agriculture Organization of the United Nations; 2022.

10.

11.

12.

13.

14.

16.

17.

18.

19.

20.

21.

22.

23.

D'Mello JF. Amino Acids in Animal Nutrition. 2nd ed. CABI; 2003.

Wu G, Bazer FW, Dai Z, Li D, Wang J, Wu Z. Amino acid nutrition in
animals: protein synthesis and beyond. Annu Rev Anim Biosci. 2014;
2(1):387-417.

Wilson RP, Halver JE. Protein and amino acid requirements of fishes.
Annu Rev Nutr. 1986;6(1):225-244.

Wu G. Amino Acids in Nutrition and Health: Amino Acids in the Nutri-
tion of Companion, Zoo and Farm Animals. Springer; 2021.

Mai K, Xue M, He G, et al. Protein and amino acids. In: Hardy RW,
Kaushik SJ, eds. Fish Nutrition. 4th ed. Academic Press; 2022:181-302.
NRC. Nutrient Requirements of Fish and Shrimp. National Academies
Press; 2011.

Mambrini M, Kaushik S. Indispensable amino acid requirements of
fish: correspondence between quantitative data and amino acid pro-
files of tissue proteins. J Appl Ichthyol. 1995;11(3-4):240-247.
Akiyama T, Oohara |, Yamamoto T. Comparison of essential amino
acid requirements with a/E ratio among fish species. Fish Sci. 1997,
63(6):963-970.

Green J, Hardy R. The optimum dietary essential amino acid pattern
for rainbow trout (Oncorhynchus mykiss), to maximize nitrogen reten-
tion and minimize nitrogen excretion. Fish Physiol Biochem. 2002;
27(1-2):97-108.

Rollin X, Mambrini M, Abboudi T, Larondelle Y, Kaushik SJ. The opti-
mum dietary indispensable amino acid pattern for growing Atlantic
salmon (Salmo salar L.) fry. Brit J Nutr. 2003;90(5):865-876.

Furuya WM, Pezzato LE, Barros MM, Pezzato AC, Furuya VRB,
Miranda EC. Use of ideal protein concept for precision formulation
of amino acid levels in fish-meal-free diets for juvenile Nile tilapia
(Oreochromis niloticus L.). Aquacult Res. 2004;35(12):1110-1116.
Peres H, Oliva-Teles A. Effect of the dietary essential amino acid
pattern on growth, feed utilization and nitrogen metabolism of
European sea bass (Dicentrarchus labrax). Aquaculture. 2007;267(1-
4):119-128.

Glencross BD. Extension of a nutrient demand model for shrimp to
include the ideal protein concept to predict amino acid demands.
Aquacult Nutr. 2021;27(5):1460-1471.

. McLean E, Alfrey KB, Gatlin DM llI, et al. Muscle amino acid profiles

of eleven species of aquacultured animals and their potential value
in feed formulation. Aquacult Fish. 2022. doi:10.1016/j.aaf.2022.
04.010

Ogino C. Requirements of carp and rainbow trout for essential
amino acids. Bull Jpn Soc Sci Fish. 1980;46:171-174.

Peres H, Oliva-Teles A. The optimum dietary essential amino acid
profile for gilthead seabream (Sparus aurata) juveniles. Aquaculture.
2009;296(1-2):81-86.

Kaushik S, Fauconneau B, Terrier L, et al. Arginine requirement and
status assessed by different biochemical indices in rainbow trout
(Salmo gairdneri R.). Aquaculture. 1988;70(1-2):75-95.

Alam MS, Teshima S, Ishikawa M, et al. Methionine requirement of
juvenile Japanese flounder Paralichthys olivaceus estimated by the
oxidation of radioactive methionine. Aquacult Nutr. 2001;7(3):
201-210.

Conceicdo L, Grasdalen H, Rgnnestad I. Amino acid requirements of
fish larvae and post-larvae: new tools and recent findings. Aquacul-
ture. 2003;227(1-4):221-232.

Dairiki JK, Borghesi R, Dias CTS, et al. Lysine and arginine require-
ments of Salminus brasiliensis. Pesqui Agropecu Bras. 2013;48(8):
1012-1020.

Berge GE, Lied E, Sveier H. Nutrition of Atlantic salmon (Salmo salar):
the requirement and metabolism of arginine. Comp Biochem Physiol
A. 1997;117(4):501-509.

Gan L, Jiang WD, Wu P, et al. Flesh quality loss in response to die-
tary isoleucine deficiency and excess in fish: a link to impaired
Nrf2-dependent antioxidant defense in muscle. PloS One. 2014;
9(12):e115129.

85U8017 SUOWILLIOD 8A1181D) 8|qeot[dde auy Aq psusenob afe sajole YO ‘88N JO SaINJ 0} Akeiq18Ul|UO /8|1 UO (SUONIPUOD-PUR-SLLIBYW0D™AB | 1M AlRIq U1 |UO//SANY) SUORIPUOD PUe SWis | 8y 89S *[7202/T0/2z] Uo ARiqiTauliuo A8|im ‘AiseAun WION UeteH Aq 9882T bel/TTTT 0T/I0p/woo Ae|im Akl ijeul|uo//sdny wo.j pepeojumod ‘0 ‘TETSESLT


https://orcid.org/0000-0002-9484-062X
https://orcid.org/0000-0002-9484-062X
https://doi.org/10.1016/j.aaf.2022.04.010
https://doi.org/10.1016/j.aaf.2022.04.010

24,

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

\
REVIEWS IN Aquaculture -

XING ET AL

Wang X, Xue M, Figueiredo-Silva C, et al. Dietary methionine
requirement of the pre-adult gibel carp (Carassius auratus gibeilo) at a
constant dietary cystine level. Aquacult Nutr. 2016;22(3):509-516.
Cowey C. Protein and amino acid requirements: a critique of
methods. J Appl Ichthyol. 1995;11(3-4):199-204.

Cowey C. Amino acid requirements of fish: a critical appraisal of pre-
sent values. Aquaculture. 1994;124(1-4):1-11.

Wilson RP. Amino acids and proteins. Fish Nutrition. Elsevier; 2003:
143-179.

Lall S, Anderson S. Amino acid nutrition of salmonids: dietary require-
ments and bioavailability. Cah Options Mediterr. 2005;63(63):73-90.
Salze G, Margaret Q, Bureau Dominique P. A meta-analysis of essen-
tial amino acid requirements of fish. In: Cruz-Suarez LE, Ricque-
Marie D, Tapia-Salazar M, et al., eds. Avances En Nutricién Acuicola.
Investigacion y Desarrollo en Nutricion Acuicola Universidad
Auténoma de Nuevo Ledn; 2017:303-337.

Hernandez-Llamas A. Conventional and alternative dose-response
models to estimate nutrient requirements of aquaculture species.
Aquaculture. 2009;292(3-4):207-213.

dos Santos SIPM. Re-evaluation of essential amino acids in fish by a
meta-analytical approach. Master thesis. Universidade do Porto
(Portugal) 2014.

Peres H, Oliva-Teles A. Protein and amino acid nutrition of marine
fish species. In: Cruz-Suarez LE, Ricque-Marie D, Tapia-Salazar M,
et al., eds. Avances En Nutricién Acuicola. Investigacion y Desarrollo
en Nutricién Acuicola, Universidad Auténoma de Nuevo Ledn;
2017:438-492.

Sauvant D, Letourneau-Montminy MP, Schmidely P, Boval M,
Loncke C, Daniel JB. Review: use and misuse of meta-analysis in ani-
mal science. Animal. 2020;14(S2):5207-s222.

Cowey C, Walton M. Intermediary metabolism. In: Halver JE,
ed. Fish Nutrition. Academic Press; 1989.

Tibaldi E, Kaushik S. Amino acid requirements of Mediterranean fish
species. Cah Options Mediterr. 2005;63(63):59-65.

Kaushik SJ, Seiliez I. Protein and amino acid nutrition and metabo-
lism in fish: current knowledge and future needs. Aquacult Res.
2010;41(3):322-332.

Robbins K, Saxton A, Southern L. Estimation of nutrient require-
ments using broken-line regression analysis. J Anim Sci. 2006;84-
(suppl 13):E155-E165.

Neyeloff JL, Fuchs SC, Moreira LB. Meta-analyses and Forest plots
using a Microsoft excel spreadsheet: step-by-step guide focusing on
descriptive data analysis. BMC Res Notes. 2012;5(1):1-6.

Borenstein M, Hedges LV, Higgins JP, et al. Introduction to Meta-
Analysis. John Wiley & Sons; 2021.

Deeks JJ, Higgins JP, Altman DG, et al. Analysing data and undertak-
ing meta-analyses. Cochrane Handbook for Systematic Reviews of
Interventions. John Wiley & Sons Ltd; 2019:241-284.

Li P, Mai K, Trushenski J, Wu G. New developments in fish amino
acid nutrition: towards functional and environmentally oriented
aquafeeds. Amino Acids. 2009;37:43-53.

Adron J, Mackie A. Studies on the chemical nature of feeding stimu-
lants for rainbow trout, Salmo gairdneri Richardson. J Fish Biol. 1978;
12(4):303-310.

Hara TJ. Olfaction and gustation in fish: an overview. Acta Physiol
Scand. 1994;152(2):207-217.

Kasumyan A. Taste attractiveness of free amino acids and their
physicochemical and biological properties (as exemplified by fishes).
J Evol Biochem Phys. 2016;52:271-281.

Lim LS, Liew KS, Ebi I, et al. Amino acids as chemoattractant and
feeding stimulant for the commercially farmed decapod crustaceans:
a brief review. Aquacult Res. 2022;53(2):333-343.

Rahimnejad S, Lee K-J. Dietary isoleucine influences non-specific
immune response in juvenile olive flounder (Paralichthys olivaceus).
Turkish J Fish Aquat Sci. 2014;14(4):853-862.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

Michelato M, de Oliveira Vidal LV, Xavier TO, et al. Dietary lysine
requirement to enhance muscle development and fillet yield of fin-
ishing Nile tilapia. Aquaculture. 2016;457:124-130.

Sun Z, Wei Y, Xu H, Sun S, Liang M. Nutrient requirement of isoleu-
cine in juvenile tiger puffer (Takifugu rubripes). Chin J Anim Nutr.
2020;32(11):5347-5356.

Booth MA, Pirozzi I. The digestible histidine requirement of juve-
nile yellowtail kingfish Seriola lalandi. Aquaculture. 2022;548:
737543.

Shearer KD. The use of factorial modeling to determine the dietary
requirements for essential elements in fishes. Aquaculture. 1995;
133(1):57-72.

Richard L, Blanc P-P, Rigolet V, Kaushik SJ, Geurden |. Maintenance
and growth requirements for nitrogen, lysine and methionine and
their utilisation efficiencies in juvenile black tiger shrimp, Penaeus
monodon, using a factorial approach. Br J Nutr. 2010;103(7):
984-995.

Prabhu PAJ. Minerals in Fish: Does the Source Matter? Phd thesis.
Wageningen University and Research 2015.

Hua K, Bureau DP. Estimating changes in essential amino acid
requirements of rainbow trout and Atlantic salmon as a function of
body weight or diet composition using a novel factorial requirement
model. Aquaculture. 2019;513:734440.

Figueiredo-Silva C, Lemme A, Sangsue D, Kiriratnikom S. Effect of
DL-methionine supplementation on the success of almost total
replacement of fish meal with soybean meal in diets for hybrid tila-
pia (O reochromis niloticus x O reochromis mossambicus). Aquacult
Nutr. 2015;21(2):234-241.

Elmada C, Huang W, Jin M, et al. The effect of dietary methionine
on growth, antioxidant capacity, innate immune response and dis-
ease resistance of juvenile yellow catfish (Pelteobagrus fulvidraco).
Aquacult Nutr. 2016;22(6):1163-1173.

Zhou Q-C, Wu Z-H, Tan B-P, Chi SY, Yang QH. Optimal dietary
methionine requirement for juvenile cobia (Rachycentron canadum).
Aquaculture. 2006;258(1-4):551-557.

Pesti G, Vedenov D, Cason J, et al. A comparison of methods to esti-
mate nutritional requirements from experimental data. Br Poultry Sci.
2009;50(1):16-32.

Chi S, He Y, Zhu Y, et al. Dietary methionine affects growth and the
expression of key genes involved in hepatic lipogenesis and glucose
metabolism in cobia (Rachycentron canadum). Aquacult Nutr. 2020;
26(1):123-133.

Harding DE, Allen OW Jr, Wilson RP. Sulfur amino acid requirement
of channel catfish: L-methionine and L-cystine. J Nutr. 1977;
107(11):2031-2035.

Nguyen TN, Allen DD. Methionine requirement in practical diets of
juvenile Nile tilapia, Oreochromis niloticus. J World Aquacult Soc.
2009;40(3):410-416.

Elesho F, Sutter D, Swinkels M, et al. Quantifying methionine
requirement of juvenile African catfish (Clarias gariepinus). Aquacul-
ture. 2021;532:736020.

Twibell RG, Brown PB. Dietary arginine requirement of juvenile yel-
low perch. J Nutr. 1997;127(9):1838-1841.

Chen J, Zhang D, Tan Q, Zhou H, Yao J. Growth performance, intes-
tinal morphology, hepatopancreatic antioxidant capacity and
growth-related gene mRNA expressions of juvenile grass carp (Cte-
nopharyngodon idellus) as affected by graded levels of dietary argi-
nine. Aquacult Nutr. 2019;25(5):1124-1134.

Li W, Wei F, Xu B, Wang S, Li S, Xuan X. Dietary lysine requirement of
juvenile Protonibea diacanthus. Aquacult Nutr. 2020;26(4):1289-1294.
Murillo-Gurrea D, Coloso R, Borlongan IG, et al. Lysine and arginine
requirements of juvenile Asian sea bass Lates calcarifer. J Appl
Ichthyol. 2001;17(2):49-53.

Mercer LP. The quantitative nutrient-response relationship. J Nutr.
1982;112(3):560-566.

85U8017 SUOWILLIOD 8A1181D) 8|qeot[dde auy Aq psusenob afe sajole YO ‘88N JO SaINJ 0} Akeiq18Ul|UO /8|1 UO (SUONIPUOD-PUR-SLLIBYW0D™AB | 1M AlRIq U1 |UO//SANY) SUORIPUOD PUe SWis | 8y 89S *[7202/T0/2z] Uo ARiqiTauliuo A8|im ‘AiseAun WION UeteH Aq 9882T bel/TTTT 0T/I0p/woo Ae|im Akl ijeul|uo//sdny wo.j pepeojumod ‘0 ‘TETSESLT



XING ET AL

\
REVIEWS IN Aquaculture .~

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

Cho CY, Kaushik S, Woodward B. Dietary arginine requirement of
young rainbow trout (Oncorhynchus mykiss). Comp Biochem Physiol A.
1992;102(1):211-216.

Mercer LP, May HE, Dodds SJ. The determination of nutritional
requirements in rats: mathematical modeling of sigmoidal, inhibited
nutrient-response curves. J Nutr. 1989;119(10):1465-1471.
Benakappa S, Varghese T. Isoleucine, leucine, and valine require-
ment of juvenile Indian major carp, Cirrhinus cirrhosus [Bloch, 1795].
Acta Ichthyol Pisc. 2003;2(33):161-172.

Robinson EH, Wilson RP, Poe WE. Total aromatic amino acid
requirement, phenylalanine requirement and tyrosine replacement
value for fingerling channel catfish. J Nutr. 1980;110(9):1805-1812.
Qiu J, Sun Y, Cao J, et al. Effects of low protein diet supplemented
with tryptophan on growth performance, body composition, immu-
nity and antioxidant functions in serum of Litopenaeus vannamei.
Chin J Anim Nutr. 2015;27(7):2272-2281.

Jin'Y, Liu FJ, Liu YJ, Tian LX, Zhang ZH. Dietary tryptophan require-
ments of juvenile pacific white shrimp, Litopenaeus vannamei (Boone)
reared in low-salinity water. Aquacult Int. 2017;25(2):955-968.

Sun YP, Guan LZ, Xiong JH, Xi QY, Zhang YL. Effects of
L-tryptophan-supplemented dietary on growth performance and
5-HT and GABA levels in juvenile Litopenaeus vannamei. Aquacult
Int. 2015;23:235-251.

Hak T, van Rhee H, Suurmond R. How to interpret results of meta-analy-
sis (Version 1.3). Erasmus Rotterdam Institute of Management; 2016.
https://www.erim.eur.nl/researchsupport/meta-essentials/downloads
Griffin ME, Wilson KA, Brown PB. Dietary arginine requirement of
juvenile hybrid striped bass. J Nutr. 1994;124(6):888-893.

Espe M, Lemme A, Petri A, el-Mowafi A. Assessment of lysine
requirement for maximal protein accretion in Atlantic salmon using
plant protein diets. Aquaculture. 2007;263(1-4):168-178.

Zhou F, Xiong W, Xiao JX, et al. Optimum arginine requirement of
juvenile black sea bream, Sparus macrocephalus. Aquacult Res. 2010;
41(10):e418-e430.

Abidi SF, Khan MA. Dietary arginine requirement of fingerling Indian
major carp, Labeo rohita (Hamilton) based on growth, nutrient reten-
tion efficiencies, RNA/DNA ratio and body composition. J Appl
Ichthyol. 2009;25(6):707-714.

Zhou Q, Wu Z, Chi S, et al. Dietary lysine requirement of juvenile
cobia (Rachycentron canadum). Aquaculture. 2007;273(4):634-640.
Candebat CL, Booth MA, Pirozzi I. The sulfur amino acid require-
ments of juvenile yellowtail kingfish (Seriola lalandi). Aquaculture.
2021;534:736234.

Niu X, Qian X, Feng H, et al. Growth and metabolic responses of
grouper juveniles (Epinephelus coioides) fed diets containing varying
levels of leucine. Aquaculture. 2021;534:736281.

Yue Y, Zou Z, Zhu J, et al. Effects of dietary arginine on growth
performance, feed utilization, haematological parameters and non-
specific immune responses of juvenile Nile tilapia (Oreochromis niloti-
cus L.). Aquacult Res. 2015;46(8):1801-1809.

Santiago CB, Lovell RT. Amino acid requirements for growth of Nile
tilapia. J Nutr. 1988;118(12):1540-1546.

Hughes SG, Rumsey GL, Nesheim MC. Dietary requirements for
essential branched-chain amino acids by lake trout. Trans Am Fish
Soc. 1983;112(6):812-817.

Rodehutscord M, Becker A, Pack M, Pfeffer E. Response of rainbow
trout (Oncorhynchus mykiss) to supplements of individual essential
amino acids in a semipurified diet, including an estimate of the main-
tenance requirement for essential amino acids. J Nutr. 1997;127(6):
1166-1175.

Yamamoto T, Shima T, Furuita H. Antagonistic effects of branched-
chain amino acids induced by excess protein-bound leucine in diets
for rainbow trout (Oncorhynchus mykiss). Aquaculture. 2004;232(1-
4):539-550.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

99.

100.

101.

102.

103.

104.

105.

106.

Shen Y, Qiu Q, Sun L, et al. Effects of dietary arginine/lysine on
growth performance, body composition, serum biochemical indices
and amino acid deposition rate of all-male yellow catfish. Chin J Anim
Nutr. 2017;29(7):2575-2587.

Kaushik SJ, Schrama JW. Bioenergetics. In: Hardy RW, Kaushik SJ,
eds. Fish Nutrition. 4th ed. Academic Press; 2020:17-55.

Ballantyne J. Amino acid metabolism. Fish Physiol. 2001;20:77-107.
Tacon A, Cowey C. Protein and amino acid requirements. Fish Ener-
getics: New Perspectives. Springer; 1985:155-183.

Bureau DP, Kaushik SJ, Cho CY. Bioenergetics. In: Halver JE,
Hardy RW, eds. Fish Nutrition. 3rd ed. Academic Press, Elsevier Sci-
ence; 2003:1-59.

DelLong DC, Halver JE, Mertz ET. Nutrition of salmonoid fishes:
VI. Protein requirements of Chinook salmon at two water tempera-
tures. J Nutr. 1958;65(4):589-599.

Conceicéo L, Ozdrio R, Suurd E, et al. Amino acid profiles and amino
acid utilization in larval African catfish (Clarias gariepinus): effects of
ontogeny and temperature. Fish Physiol Biochem. 1998;19(1):43-58.
Dabrowski K, Arslan M, Terjesen BF, Zhang Y. The effect of dietary
indispensable amino acid imbalances on feed intake: is there a sens-
ing of deficiency and neural signaling present in fish? Aquaculture.
2007;268(1-4):136-142.

Saravanan S, Geurden |, Figueiredo-Silva AC, et al. Oxygen con-
sumption constrains food intake in fish fed diets varying in essential
amino acid composition. PloS One. 2013;8(8).e72757.

Nose T. Summary report on the requirements of essential amino
acids for carp. In: Tiews K, Halver JE, eds. Finfish Nutrition and Fish-
feed Technology. Heenemann; 1979:145-156.

Hauler RC, Carter CG, Edwards SJ. Feeding regime does not influ-
ence lysine utilisation by Atlantic salmon, Salmo salar L., parr. Aqua-
culture. 2007;273(4):545-555.

. Alam MS, Teshima SI, Ishikawa M, Koshio S. Methionine require-

ment of juvenile Japanese flounder Paralichthys olivaceus. J World
Aquacult Soc. 2000;31(4):618-626.

Wu P, Tang L, Jiang W, et al. The relationship between dietary
methionine and growth, digestion, absorption, and antioxidant status
in intestinal and hepatopancreatic tissues of sub-adult grass carp
(Ctenopharyngodon idella). J Anim Sci Biotechnol. 2017;8(1):1-14.

Chiu YN, Austic RE, Rumsey GL. Effect of feeding level and dietary
electrolytes on the arginine requirement of rainbow trout (Salmo
gairdneri). Aquaculture. 1988;69(1-2):79-91.

Gao Y, Yang H, Liu Y, et al. Effects of graded levels of threonine on
growth performance, biochemical parameters and intestine mor-
phology of juvenile grass carp Ctenopharyngodon idella. Aquaculture.
2014;424:113-119.

Kim K-I, Kayes TB, Amundson CH. Requirements for lysine and argi-
nine by rainbow trout (Oncorhynchus mykiss). Aquaculture. 1992;
106(3-4):333-344.

Lee S, Small BC, Patro B, Overturf K, Hardy RW. The dietary lysine
requirement for optimum protein retention differs with rainbow
trout (Oncorhynchus mykiss Walbaum) strain. Aquaculture. 2020;514:
734483.

Cowey C, Walton M. Studies on the uptake of (**C) amino acids
derived from both dietary (**C) protein and dietary (**C) amino
acids by rainbow trout, Salmo gairdneri Richardson. J Fish Biol. 1988;
33(2):293-305.

Niu J, Lemme A, He J-Y, et al. Assessing the bioavailability of the
novel met-met product (AQUAVI® met-met) compared to DL-
methionine (DL-Met) in white shrimp (Litopenaeus vannamei). Aqua-
culture. 2018;484:322-332.

Zarate D, Lovell R, Payne M. Effects of feeding frequency and rate
of stomach evacuation on utilization of dietary free and protein-
bound lysine for growth by channel catfish Ictalurus punctatus. Aqua-
cult Nutr. 1999;5(1):17-22.

85U8017 SUOWILLIOD 8A1181D) 8|qeot[dde auy Aq psusenob afe sajole YO ‘88N JO SaINJ 0} Akeiq18Ul|UO /8|1 UO (SUONIPUOD-PUR-SLLIBYW0D™AB | 1M AlRIq U1 |UO//SANY) SUORIPUOD PUe SWis | 8y 89S *[7202/T0/2z] Uo ARiqiTauliuo A8|im ‘AiseAun WION UeteH Aq 9882T bel/TTTT 0T/I0p/woo Ae|im Akl ijeul|uo//sdny wo.j pepeojumod ‘0 ‘TETSESLT


https://www.erim.eur.nl/researchsupport/meta-essentials/downloads

107.

108.

109.

110.

111

112.

113.

114.

115.

116.

117.

118.

119.

120.

\
REVIEWS IN Aquaculture -

XING ET AL

Espe M, Lied E. Do Atlantic salmon (Salmo salar) utilize mixtures of
free amino acids to the same extent as intact protein sources for mus-
cle protein synthesis? Comp Biochem Physiol. 1994;107(1):249-254.
Rodehutscord M, Jacobs S, Pack M, Pfeffer E. Response of rainbow
trout (Oncorhynchus mykiss) growing from 50 to 150 g to supple-
ments of DL-methionine in a semipurified diet containing low or
high levels of cystine. J Nutr. 1995;125(4):964-969.

Rodehutscord M, Jacobs S, Pack M, Pfeffer E. Response of rainbow
trout (Oncorhynchus mykiss) growing from 50 to 170 g to supple-
ments of either L-arginine or L-threonine in a semipurified diet.
J Nutr. 1995;125(4):970-975.

Xue M, Yun B, Wang J, et al. Performance, body compositions, input
and output of nitrogen and phosphorus in Siberian sturgeon, Acipen-
ser baerii Brandt, as affected by dietary animal protein blend repla-
cing fishmeal and protein levels. Aquacult Nutr. 2012;18(5):493-501.
Zhao H, Jiang R, Xue M, et al. Fishmeal can be completely replaced
by soy protein concentrate by increasing feeding frequency in Nile
tilapia (Oreochromis niloticus GIFT strain) less than 2 g. Aquacult Nutr.
2010;16(6):648-653.

Michelato M, Furuya WM, Graciano TS, et al. Digestible methionine
+ cystine requirement for Nile tilapia from 550 to 700 g. Rev Bras
Zootecn. 2013;42:7-12.

Furuya WM, Graciano TS, Vidal LVO, et al. Digestible lysine require-
ment of Nile tilapia fingerlings fed arginine-tolysine-balanced diets.
Rev Bras Zootecn. 2012;41:485-490.

Azevedo P, Leeson S, Cho C, et al. Growth, nitrogen and energy uti-
lization of juveniles from four salmonid species: diet, species and
size effects. Aquaculture. 2004;234(1-4):393-414.

Azevedo P, Leeson S, Cho C, et al. Growth and feed utilization of
large size rainbow trout (Oncorhynchus mykiss) and Atlantic salmon
(Salmo salar) reared in freshwater: diet and species effects, and
responses over time. Aquacult Nutr. 2004;10(6):401-411.

Hua K, Suwendi E, Bureau DP. Effect of body weight on lysine utili-
zation efficiency in Nile tilapia (Oreochromis niloticus). Aquaculture.
2019;505:47-53.

Oliva-Teles A, Couto A, Enes P, et al. Dietary protein requirements
of fish—a meta-analysis. Rev Aquacult. 2020;12(3):1445-1477.
Zhang G, Xie C, Thacker P, et al. Estimation of the ideal ratio of stan-
dardized ileal digestible threonine to lysine for growing pigs (22-50
kg) fed low crude protein diets supplemented with crystalline amino
acids. Anim Feed Sci Technol. 2013;180(1-4):83-91.

Gomez-Requeni P, Mingarro M, Kirchner S, et al. Effects of dietary
amino acid profile on growth performance, key metabolic enzymes
and somatotropic axis responsiveness of gilthead sea bream (Sparus
aurata). Aquaculture. 2003;220(1-4):749-767.

Peres H, Oliva-Teles A. Effect of the dietary essential to non-
essential amino acid ratio on growth, feed utilization and nitrogen

metabolism of European sea bass (Dicentrarchus labrax). Aquaculture.
2006;256(1-4):395-402.

121. Hua K, Cobcroft JM, Cole A, et al. The future of aquatic protein:
implications for protein sources in aquaculture diets. One Earth.
2019;1(3):316-329.

122. Aas TS, Asgard T, Ytrestgyl T. Utilization of feed resources in the
production of Atlantic salmon (Salmo salar) in Norway: an update for
2020. Aquacul Rep. 2022;26:101316.

123. Aas TS, Asgérd T, Ytrestgyl T. Utilization of feed resources in the
production of rainbow trout (Oncorhynchus mykiss) in Norway in
2020. Aquacul Rep. 2022;26:101317.

124. Colombo SM, Roy K, Mraz J, et al. Towards achieving circularity and
sustainability in feeds for farmed blue foods. Rev Aquacult. 2023;15(3):
1115-1141.

125. Eroldogan OT, Glencross B, Novoveska L, et al. From the sea to
aquafeed: a perspective overview. Rev Aquacult. 2022;15:1-3.

126. Wang J, Chen L, Xu J, et al. C1 gas protein: a potential protein sub-
stitute for advancing aquaculture sustainability. Rev Aquacult. 2023;
15(3):1179-1197.

127. Glencross B, Fracalossi DM, Hua K, et al. Harvesting the benefits of
nutritional research to address global challenges in the 21st century.
J World Aquacult Soc. 2023;54:343-363.

128. Noblet J, Fortune H, Shi X, et al. Prediction of net energy value of
feeds for growing pigs. J Anim Sci. 1994;72(2):344-354.

129. Mambrini M, Kaushik SJ. Effect of temperature on sulfur amino acid
requirements for maintenance and growth of juvenile rainbow trout.
In: Nunes AF, Portugal AV, Costa JP, Ribeiro JR, eds. Protein Metab-
olism and Nutrition. INIA; 1995;117-122.

130. Hauler R, Carter C. Lysine deposition responds linearly to marginal
lysine intake in Atlantic salmon (Salmo salar L.) parr. Aquacult Res.
2001;32:147-156.

131. Fournier V, Gouillou-Coustans MF, Metailler R, et al. Protein and
arginine requirements for maintenance and nitrogen gain in four tel-
eosts. Br J Nutr. 2002;87(5):459-468.

SUPPORTING INFORMATION
Additional supporting information can be found online in the Support-

ing Information section at the end of this article.

How to cite this article: Xing S, Liang X, Zhang X, et al.
Essential amino acid requirements of fish and crustaceans, a
meta-analysis. Rev Aquac. 2023;1-18. doi:10.1111/raq.12886

85U8017 SUOWILLIOD 8A1181D) 8|qeot[dde auy Aq psusenob afe sajole YO ‘88N JO SaINJ 0} Akeiq18Ul|UO /8|1 UO (SUONIPUOD-PUR-SLLIBYW0D™AB | 1M AlRIq U1 |UO//SANY) SUORIPUOD PUe SWis | 8y 89S *[7202/T0/2z] Uo ARiqiTauliuo A8|im ‘AiseAun WION UeteH Aq 9882T bel/TTTT 0T/I0p/woo Ae|im Akl ijeul|uo//sdny wo.j pepeojumod ‘0 ‘TETSESLT


info:doi/10.1111/raq.12886

	Essential amino acid requirements of fish and crustaceans, a meta-analysis
	1  INTRODUCTION
	2  MATERIALS AND METHODS
	2.1  Literature searching and selection
	2.2  Forest plot analysis
	2.2.1  Effect size, variance and weighted effect size calculation
	2.2.2  Heterogeneity analysis, fixed or random effects model selection
	2.2.3  Re-estimation of the EAA requirements

	2.3  The correlation analysis of experimental factors on EAA requirement
	2.4  Impact of fish trophic level on the EAA requirement analysis
	2.5  Overview of body weight distribution and corresponding EAA requirement in each study
	2.6  Ideal EAA patterns of fish and crustaceans
	2.7  Statistical analysis tools

	3  RESULTS AND DISCUSSION
	3.1  Response criteria and model selection for meta-analysis
	3.2  Forest plot analysis
	3.2.1  Heterogeneity analysis
	3.2.2  Re-estimation of the requirements for all the 10 EAA

	3.3  Factors influencing data on EAA requirement
	3.3.1  Dietary EAA inclusion level
	3.3.2  Trophic level
	3.3.3  Temperature
	3.3.4  Feeding strategies
	3.3.5  Diet types and protein sources
	3.3.6  Body weight

	3.4  Ideal protein concept and low-protein diet formulation for sustainable aquaculture
	3.5  Practical implications

	4  CONCLUSIONS
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGEMENTS
	FUNDING INFORMATION
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT

	REFERENCES


