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Abstract
Lactic acid bacteria (LAB) are key players in the fermentation of organic wastes and their recycling as feedstuff for fish.
Whey, a common dairy byproduct in India, is a cheap source of LAB and can be used to ferment animal byproducts. An
experimental study was designed to explore whether the whey fermented animal protein blend (WFAPB) could be used as a
fishmeal replacer in the formulation of feed for both stomach-less carp fish Labeo rohita and stomach-bearing catfishMystus
vittatus. Experiments were performed with five isoproteinous, isolipidous, and isoenergetic feeds with WFAPB replacing
fishmeal (FM) by 0% (T1), 25% (T2), 50% (T3), 75% (T4), and 100% (T5). Fifteen days of laboratory experiments with these
experimental feeds revealed that more than 50% FM replacement level could result in excess postprandial absorption (6h) of
some essential and non-essential amino acids in the plasma of both fish. The postprandial absorption was more inM. vittatus
than L. rohita. Ninety-day experiments were conducted in outdoor cement vats to measure growths and deposition of amino
acids (AA) inmuscle. Regression analysis was performed to find the optimal FM replacement based on four growth parameters
and fifteen AA deposition in muscle. A two-phase fuzzy methodology was used to obtain Pareto-optimal replacement levels
for each fish. The results demonstrated that FM replacement levels were 7.63% and 36.79% respectively for L. rohita andM.
vittatus when only four growth parameters were considered. However, based on the FM replacement level that maximized
deposition of 15 amino acids and growth parameters, it was found that 12.23% and 40.02% replacement of FM by theWFAPB
was ideal respectively for L. rohita andM. vittatus. The results revealed that only a fraction of both essential and non-essential
amino acids absorbed in plasma could be converted into protein and deposited as bound amino acids in the muscle. It is
concluded that fermentation by whey is an inexpensive, easily available, and environmentally sustainable technique to recycle
animal protein in the formulation of feed for fish, and the stomach-bearing carnivorous fish are more efficient in utilizing
fermented animal protein blend than the stomach-less carps.
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Introduction

Protein turnover, the balance between protein synthesis and
protein degradation, is considered to be the central issue
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that controls the growth of fish (Katersky and Carter, 2010;
Carter et al., 2012; Matias et al., 2023; Youssef et al., 2023).
It reflects how closely dietary protein matches quantitative
and qualitative requirements of amino acids (AA) by fish
(Panserat and Kaushik, 2010; Mente et al., 2021). Growth in
fish is linearly correlated with intake of adequate and bal-
anced amounts of both essential and non-essential amino
acids (Katersky and Carter, 2010; Kaushik and Seiliez, 2010;
Teles et al., 2020; Dileep et al., 2021). Fishmeal (FM) serves
as an ideal protein source in the formulation of feed for fish
because it contains all the essential amino acids (EAA) in bal-
anced proportion and has an excellent turnover value (Tacon
and Metian, 2015; Hua et al., 2019; Mugwanya et al., 2023;
Dileep et al., 2021). However, due to the increasing demand
and cost of FM, searches for low-cost sustainable FM replac-
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ers have been the priority research in recent years (Obiriko-
rang et al., 2015; Naylor et al., 2021; Mbokane et al., 2022;
Simtoe et al., 2022; Mugwanya et al., 2023). Fish offal (FO)
and slaughterhouse blood are two protein-rich animal wastes
that have been widely used in recent years as FM replacers in
the formulation of feed for fish (Samaddar et al., 2021). How-
ever, all organic wastes need treatments before their use as
feed ingredients. Fermentation has been proven to be an effi-
cient technique to process animal by-products before their
incorporation in feed formulation (Samaddar et al., 2015;
Shabani et al., 2018, 2021). Fermentation minimizes the
loss of nutrients and deactivates the anti-nutritional factors
contained in organic wastes (Yu et al., 2019). However, fer-
mentation results in increased availability of free amino acids
(FAA), and thus, feed containing fermented products often
causes hyperaminoacidemia of some AA in fish.

Hyperaminoacidemia is a phenomenon of a sudden quan-
titative surge of plasma amino acid levels observed after feed-
ing a FAA enriched diet (Tantikitti andMarch, 1995; Samad-
dar et al., 2015). Evidence suggests that hyperaminoacidemic
condition leads to imbalances in AA utilization in respect of
actual cellular requirements for protein synthesis resulting in
lower AA retention (Boirie et al., 1997; Larsen et al., 2012),
loss of absorbed AA through oxidation (Brezas and Hardy,
2020), metabolization for energy (Jobling, 2012) leading to
reduction in growth of the fish (Espe and Lied, 1994; Stone
et al., 1989; Walton et al., 1986; Simtoe et al., 2022; Mug-
wanya et al., 2023).

The objective of the present study was to explore and
compare the efficiency of whey fermented animal protein
blend (WFABP) as a FM replacer in the formulation of feed
for a herbivorous carp fish Labeo rohita and a carnivorous
catfish Mystus vittatus. Whey is a viable and readily avail-
able inoculum to ferment fish-offal wastes and convert them
to feed supplement (Samaddar and Kaviraj, 2014; Mayta-
Apaza et al., 2022). Samaddar et al. (2015) also observed
that WFSHB exhibited a higher amount of FAA than the
Lactobacillus acidophilus fermented slaughterhouse blood
(LFSHB).

Lactic acid bacteria (LAB) are the main players in the fer-
mentation and preservation of organic wastes. Improvisation
of fermentation techniques to produce cost-effective, micro-
biologically safe, and nutritionally sound fermented products
suitable for feed ingredients in feed formulation has been
given importance in recent years. Whey, a byproduct of the
dairy industry, is a potential source of LAB, easily avail-
able to the farmers and as efficient as the pure culture of
the LAB Lactobacillus acidophilus (Samaddar and Kaviraj,
2014; Mayta-Apaza et al., 2022). Therefore, in this study, we
compared feed intake rate (FIR), apparent protein digestibil-
ity (APD), postprandial (PP) absorption of AA in blood,
growth, and AA deposition in muscle between L. rohita and
M. vittatus, both fed WFAPB-supplemented feed. L. rohita

lacks a true stomach, and digestion begins in the alkaline
medium of the intestine affected by the digestive enzymes
secreted from the pancreas (Debnath et al., 2007; Goncalves
et al., 2016). M. vittatus, on the other hand, possesses a true
stomachwith gastric glands,which initiate the primary diges-
tion of protein with the help of pepsinogen and hydrochloric
acid (Chakrabarti and Ghosh, 2014). Pepsinogen is the pre-
cursor of pepsin, an enzyme responsible for hydrolyzing
proteins in the stomach, and is activated only in the low pH
of the stomach. Digestion, however, is completed in the alka-
line medium of the intestine, which, unlike the stomach-less
fish, L. rohita is very short. Because of these morphological
and physiological variations, these two species exhibit dif-
ferences in the digestion of nutrients and the efficiency of
their utilization (Samaddar et al. 2015, 2021). Since fermen-
tation results in the simplification of feed ingredients, does
this variation matter for their growth and digestive perfor-
mance when fed a fermented product? A comparative study
between the two species is lacking in this respect. In this
research, we attempted to evaluate the difference in diges-
tive performance, nutrient utilization, and growth between
L. rohita and M. vittatus fed a feed supplemented by whey
fermented animal protein blend. An improvement or com-
parable performance of the fish in terms of growth and AA
deposition in muscle would motivate farmers to use whey
as a readily available and cost-effective inoculum to ferment
animal protein blend for feed formulation.

Aquaculture is one of the fast-growing animal husbandry
sectors and involves supplying affordable protein to humans
in developing countries (Shamsuzzaman et al., 2020). It is
unquestionably revealed that FM as a protein supplement
in feeds increases fish production. However, the poor and
marginal farmers in remote villages of India, Bangladesh,
and the adjoining countries need more financial strength to
buy the FM-based prepared feed (Mishra et al., 2022) and
thus use either homemade feed or feed with FM replaced by
low-cost protein supplements.However, it has yet to be estab-
lished if such replacement of FM can ensure better outcomes
for AA absorption in the blood, growth, or higher deposition
of AA in muscle simultaneously. Therefore, considering the
feed’s outcome and cost-effectiveness, a trade-off needs to
be explored. In this study, we focused on the determination
of optimal replacement of FM by WFAPB, which could be
based on only weight gain (WG) or a combination of four
growth parameters (WG, SGR FCR, PER) or a combination
of growth and amino acid deposition in muscle. It is not nec-
essarily the optimal FM replacement level that maximizes
WG and AA deposition in muscle. Therefore, we focused
on the multi-objective optimization problem for the last two
scenarios, growth and AA absorption in muscle. First, we
determined the linear and quadratic regression equations for
each parameter of the PP absorption of AA, growth of the
fish, and deposition of AA in the fish muscles. Based on
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the R-square value, we identified that the quadratic regres-
sion was the best-fitted curve for all the parameters. This
approach of curve fitting provided an overview regarding
the interaction between FM replacement level and the AA
absorption in blood or growth orAAdeposition inmuscle and
helped us to identifywhere the patternwas aligned andwhere
not. Then, we evaluated the performance of both species by
classical optimization followed by two-phase fuzzy goal pro-
gramming to determine the optimum replacement level for a
synchronized utilization of AA.

Materials andmethods

Experimental fish

Fingerlings of L. rohita (initial mean length 3.97±0.25 cm
and initial mean weight 2.01±0.17 g ) and M. vittatus (ini-
tial mean length 3.87±0.22 cm and initial mean weight
3.22±0.41 g ) were bought from Naihati fish farm, North 24
Parganas, West Bengal, India. Ectoparasites were removed
by the bath of the fingerlings in 3%NaCl solution for 15min,
followed by acclimatization for two weeks in experimental
tanks. During acclimatization, the fingerlings were fed with
a control diet (Table 2) twice daily at 5% of body weight.

Formulation of feed

A blend of fish offal (FO), clotted slaughterhouse blood
(SHB) (172g), and cane molasses (148:172:62g) were fer-
mented by 20mL of freshly collected whey as a microbial
inoculant to prepare WFAPB to replace FM in the formula-
tion of feed for the experimental fish. A detailed collection
process of the ingredients, fermentation process, and prox-
imate composition of WFAPB has been described earlier
(Samaddar and Kaviraj, 2015). The proximate composition
of the FM used in this study is given in Table 1. Details of
the non-protein supplements used in the formulation of feed

have been given in our previouswork (Samaddar andKaviraj,
2015; Samaddar et al., 2021).

The WFAPB was air-dried and used as a protein supple-
ment to replace FM. Five experimental feeds were prepared
by replacing dietary FM at 0% (T1, FM-based control
feed) 25% (T2), 50% (T3), 75% (T4), and 100% (T5)
with the WFAPB. The ingredients were adjusted with non-
protein supplements, vitamins, and minerals to make all five
experimental feeds as isoproteic, isolipidic, and isoenergetic
(Table 2).

Experimental design

Experiments were designed to evaluate feeding, apparent
protein digestibility of the feed, postprandial AA absorp-
tion in plasma, growth, and AA deposition in the muscle
of the experimental fish. The postprandial AA absorption in
plasma was evaluated in 50L glass aquaria in the labora-
tory, while growth experiments, including AA absorption in
muscle, were evaluated in outdoor cement vats.

Laboratory experiments

Each laboratory glass aquarium (50L) was filled with 45L
tube-well water supplied from an overhead tank and was
stocked with five acclimatized fingerlings. Altogether, fif-
teen aquaria were used and set as per randomized block
design so that there were three replicates for each treatment
(Table 2). Each aquarium was stocked with 5 number of
acclimatized fingerlings. The fish were fed a ration at 5%
of their body weight per day. The daily ration was divided
into equal installments, one given at 8:00h and another at
16:00h. Continuous aeration and daily water exchange at
50% were maintained during the trial. The mortality of fish
was also checked on a daily basis. The experiments were
continued for 15 days. Every day, the leftover feed samples
were collected by siphoning, after 6h of feeding, oven-dried
(60◦C), weighed, and stored at −80◦C. The weight of the

Table 1 Proximate composition of fishmeal used in the formulation of experimental feeds

Fishmeal (% dry matter basis except gross energy)

Crude protein Crude lipid Crude fiber Ash Moisture NFE Gross energy (kJ/g) FAA

63.16 8.42 3.87 8.63 7.33 8.36 17.72 0.23

Essential amino acids

Arg His Iso Leu Lys Met Phe Thr Val

4.67 3.44 4.43 5.86 5.16 2.04 2.64 2.38 3.62

Non essential amino acids

Ala Asp Cyst Glu Gly Pro Ser Tyr

3.12 4.18 0.53 5.73 3.11 2.33 1.54 1.98

Note: Arginine (Arg), Histidine (His), Isoleucine (Iso), Leucine (Leu), Lysine (Lys), Methionine (Met), Phenylalaline (Phe), Threonine (Thr), Valine
(Val), Alanine (Ala), Aspartic acid (Asp), Cystine (Cys), Glutamic acid (Glu), Glycine (Gly), Proline (pro), Serine (Ser), and Tyrosine (Tyr)

123

Page 3 of 25 93



Tropical Animal Health and Production (2024) 56:93 

Table 2 Ingredients
composition and proximate
composition of feed

T1 T2 T3 T4 T5
FM replacement level (%) 0 25 50 75 100

Ingredients (%)

Fishmeal 47.65 39.3 29.44 16.45 -

Fermented blend - 13.5 29.44 50.45 77.05

Non protein supplements 48.35 43.2 37.12 29.1 18.95

vitamin and mineral mixtures 2 2 2 2 2

CMC and Cr2O3 (1:1) 2 2 2 2 2

Proximate composition (% dry matter basis)

Crude protein 30.16 30.22 30.08 29.98 29.92

Crude fiber 8.37 8.55 9.16 9.49 10.08

Moisture 9.13 9.22 9.61 10.12 10.66

Ash 8.75 8.13 7.82 7.37 6.39

Nitrogen free extract 34.84 35.45 34.66 34.22 34.08

Lactic acid 1.76 3.07 4.11 6.57 9.67

Acetic acid 0.42 0.93 1.96 2.86 4.53

Gross energy (kJ g −1) 14.98 15.22 15.15 15.02 15

Free amino acid 0.07 0.15 0.31 0.41 0.52

Essential amino acids (EAA)

Arg 2.13 2.07 1.87 1.73 1.53

His 1.52 1.43 1.39 1.22 1.03

Iso 2.03 1.88 1.66 1.51 1.23

Leu 2.62 2.85 3.06 3.28 3.63

Lys 2.37 2.38 2.48 2.6 2.76

Met 0.93 0.83 0.71 0.62 0.42

Phe 1.18 1.27 1.42 1.6 1.82

Thr 1.11 1.07 1.08 1.11 1.13

Val 1.51 1.65 1.69 1.68 1.71

Total EAA 15.37 15.41 15.34 15.33 15.29

Non essential amino acids

Ala 1.44 1.47 1.76 20.2 2.23

Asp 1.82 2.12 2.33 2.63 2.59

Cys 0.22 0.23 0.23 0.26 0.29

Glu 2.68 2.64 2.77 2.14 2.97

Gly 1.45 1.56 1.32 1.28 1.15

Pro 1.03 1.02 1.06 1.06 0.99

Ser 0.72 0.67 0.69 0.64 0.58

Tyr 0.92 0.65 0.58 0.38 0.15

Total NAA 10.26 10.31 10.69 10.55 10.82

uneaten diets was subtracted from the total dry feed supply
to obtain the actual feed intake rate (FIR). Fecal samples
were collected by siphoning from each aquarium continu-
ously at a 3–4h interval for a period of 17h after the removal
of uneaten feeds. To minimize nutrient leaching, only fresh
and intact feces were collected and dried to a constant weight
at 60◦C in an oven and weighed before storing at −80◦C,

until they were used for determination of crude protein and
Cr content to calculate apparent protein digestibility (APD)
value.Apparent protein digestibility (APD)was calculated as
follows: [100–100 × (% Cr in diet/% Cr in feces) × (% pro-
tein in feces/% protein in diet)]. After the 15-day laboratory
experiments were completed, a few fish from each replicate
were used to determine the level of essential and nonessen-
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tial amino acid contents in plasma. For this purpose, fish in
each aquarium were starved for 24h, followed by feeding.
After 6h of feeding, the fish specimens were sampled from
the aquaria for determination of plasma AA because post-
prandial AA was found to reach a peak between 4 and 8h
after feeding (Larsen et al., 2012; Samaddar and Kaviraj,
2015; Mente et al., 2021). The sampled fish were stunned by
a blow to the head, and a blood sample was taken from the
caudal vein using heparinized syringes The blood samples
were centrifuged at 2000g for 10min at 4◦C. After that, the
plasma was pooled and kept at −80◦C until it was further
examined following the standard procedure as described in
(Larsen et al., 2012; Samaddar et al., 2015).

Outdoor growth experiments

The growth experiments were done in 400L cemented cir-
cular tanks (diameter 90cm, average depth 45cm), each
containing 3.0 cm thick soil at the bottom, and 350L, the
same deep tube well used in the laboratory. Each tank was
stocked with 20 numbers of acclimatized fingerlings. The
fish were fed a ration of 5% of the body weight twice daily,
once at 8:00h and next at 16:00h. Fish were bulk-weighed,
and a ratio of 5% of the body weight of the fish was cal-
culated for each tank. The quantity of the feed given was
readjusted every 15 days after taking the bulk weight of the
fish. About 50% of the water was renewed every week dur-
ing the trials. At the end of the 90 days of outdoor growth
experiments, all fish were sampled from the experimental
tanks. The body weight and length of the sampled fish were
determined. Growth performances were evaluated by weight
gain (WG), feed conversion ratio (FCR), specific growth
rate (SGR), and protein efficiency ratio (PER) (Sharf and
Khan, 2023). Five fish from each replicate tank were ran-
domly collected, and the skin was carefully removed from
the underlying musculature. Muscle samples were collected,
washed in distilled water, and preserved quickly at −800C
for later determination of the biochemical parameters.

Analytical methods

Proximate composition (crude protein, crude lipid, moisture,
and ash) analyses of the FM, feed, and fish muscle were
determined by AOAC methods (Helrich, 1990; Gao et al.,
2023). Nitrogen-free extract (NFE) was calculated by taking
the sum of values for crude protein, crude lipid, moisture,
and ash and subtracting this from 100 (Maynard et al., 1979;
Giromini et al., 2017). Gross energy was calculated based on
the methodology of (Brafield, 1985; Dalsgaard et al., 2023).
Determinations of the essential and nonessential amino acids
in the feed, centrifuged blood plasma supernatant, and car-
cass of the fish were carried out in the HPLC system (Waters,
USA) following themethod ofKwanyuen andBurton (2010).

During the indoor experimental trials, daily water tempera-
ture (◦) and water pH measurements were carried out by a
digital thermometer and a direct reading digital pH meter
(Cybertronics, Kolkata), respectively. The dissolved oxygen
level was determined by standard procedures (Rice et al.,
2012). In addition to these parameters, free carbon dioxide,
total alkalinity, total hardness, orthophosphate, nitrite, and
ammonia nitrogen of water were recorded on a weekly basis
following the standard procedures.

Data analyses

All data were subjected to a one-way analysis of variance
(ANOVA) followed by the least significant difference (LSD)
test between mean values of dietary treatments (Zar, 1999).
Differences were considered significant when P < 0.05.
We used linear and quadratic regression curves estimated
between the FM replacement levels and AA in blood, growth
parameters (WG, SGR, FCR, and PER), and AA deposition
in muscle. The best-fitted curve was determined by compar-
ing the R-square value. Correlation coefficients were also
determined to verify whether a statistically significant linear
relationship existed between FM replacement levels and the
observedvalues of different parameters.Quadratic regression
is the most common and straightforward way to explore a
non-linear relationship between variables (Khieokhajonkhet
et al., 2022). Then, the classical optimization technique was
used to obtain the optimal FM replacement level by solving
thefirst-order derivative equal to zero.Note that if the second-
order derivative is negative, the solution of the equation
represents the maximum level. Finally, we used a two-phase
fuzzy approach to solve a multi-objective optimization prob-
lem and obtain a Pareto-optimal solution with respect to a set
of variables (Wu et al., 2015; Ali et al., 2020). We refer to
the Appendix for a detailed explanation of the methodology.

Results

The average ranges of temperature, pH, anddissolved oxygen
recorded inwater during the laboratory experimentswere 28–
300C, 7.01–7.08, 5.12–6.46 mg / L, respectively. There was
no mortality during the experiment. Mean feed intake rate
(FIR) in L. rohita and M. vittatus in treatments T1, T2, T3,
T4, T5 were 4.34, 4.41, 4.38, 4.16, 3.98 and 3.71, 3.71, 3.69,
3.68,3.66 g.100g−1 body wt. Day−1, respectively. Appar-
ent protein digestibility (APD%) in T1, T2, T3, T4, and T5
was 81.80, 82.31, 82.47, 82.78, 83.05 in L. rohita and 84.77,
84.99, 85.44, 85.85, 86.24 in M. vittatus, respectively. FIR
of fish fed WFAPB supplemented feed (T2–T5) did not vary
significantly from the FM-based control feed (T1) inL. rohita
up to 50 % FM replacement level (T3) and in M. vittatus up
to 75% replacement level (T4). In L. rohita FIR significantly
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Table 3 Free amino acids (μg
ml−1) in plasma collected 6h
postprandial of L. rohita and M.
vittatus fingerlings fed the
experimental feed

L. rohita M. vittatus
T1 T2 T3 T4 T5 T1 T2 T3 T4 T5

EAA

Arg 1.77a 2.75 f 4.11g 4.18h 4.16a 2.41a 3.17b 3.82c 4.01d 3.73e

His 1.41a 3.22e 3.95 f 4.25gg 3.73c 2.06a 3.82b 4.19c 4.96d 4.76e

Iso 0.12a 0.34c 0.42e 0.46 f 1.08g 0.68a 1.2bc 1.65c 1.65c 1.66c

Leu 0.04a 0.10bc 0.15c 0.33d 0.57e 1.87a 2.13b 2.69c 2.85c 3.18d

Lys 0.36a 0.56c 0.62 f 0.84d 1.37g 0.06a 0.19b 0.53c 1.19d 1.88e

Met 0.19a 0.23c 0.23cd 0.24db 0.22c 0.07a 1.15b 1.23b 1.87c 1.73d

Phe 1.33a 2.32 f 2.55g 2.74d 2.84h 2.09a 2.78b 3.2c 3.37d 3.68e

Thr 0.02a 0.03b 0.03b 0.04c 0.04c 0.01a 0.01a 0.02b 0.02b 0.02b

Val 0.08a 1.05 f 1.56d 1.65g 1.83h 0.48a 0.89b 1.31c 2.47d 2.68e

∑
EAA 5.32 10.6 13.62 14.73 15.84 9.73a 15.34b 18.64c 22.39d 23.32e

NAA

Ala 0.01a 0.01a 0.01a 0.01a 0.02b 0.01a 0.01a 0.01a 0.02a 0.02a

Asp 2.65a 2.92 f 3.13a 3.22a 3.76a 2.57a 2.69a 2.99a 3.38a 3.89a

Cys 0.13a 0.23c 0.26d 0.24cd 0.38 f 1.02a 2.74b 3.1c 3.34d 3.96e

Glu 0.24a 0.86c 0.88c 0.92d 0.97e 0.03a 0.07b 0.18c 0.27d 0.38e

Gly 0.16a 0.22b 0.29c 0.34d 0.42e 0.01a 0.02b 0.03c 0.03c 0.02b

Pro 0.12a 0.13ab 0.17ab 0.35c 0.22d 0.29a 0.46b 0.99c 1.31d 1.32d

Ser 0.57a 1.64e 1.57 f 1.5g 1.23h 0.56a 1.13b 1.38c 1.1b 0.86d

Tyr 0.16a 0.65 f 0.87g 1.33h 1.25e 1.52a 2.21b 2.77c 2.57d 2.37e

∑
NAA 4.04 6.66 7.18 7.91 8.25 6.01a 9.33b 11.45c 12.02d 12.82e

Dissimilar superscripts in a row indicate significant difference (P < 0.05)

reduced at T4 and T5 and inM. vittatus the FIR significantly
reduced only at T5. APD (%) in both fishes significantly
increased from 50% replacement level (T3) onward. Dietary
effects on postprandial concentration of FAA in plasma (6h
after meal) have been presented in Table 3.

Uptake of free EAA and NAA in plasma significantly
increased in WFAPB supplemented feed (T2–T5) as com-
pared to FM-based feed (T1) in both L. rohita andM. vittatus.

The uptake rate of free AA in plasma was higher in M. vit-
tatus than in L. rohita. The uptake pattern of both EAA and
NAA varied with individual AA and differed between the
two species.

Water quality parameters (temperature, pH, dissolved
oxygen, free carbon dioxide, total alkalinity, total hardness,
orthophosphate, nitrite, and ammonia nitrogen) observed
during the 90-day experiment were within the acceptable

Table 4 Growth of L. rohita and M. vittatus fed the experimental feed (maen ± S.D.)

L. rohita M. vittatus
T1 T2 T3 T4 T5 T1 T2 T3 T4 T5

WG (%) 289.92 292.64 288.23 270.6 257.62 232.71 237.21 239.64 230.27 221.71

± 8.53a ± 4.72a ±12.44a ±3.37c ±11.43b ±4.63a ±5.91a ±4.6a ±4.26a ±3.77b

SGR 0.65 0.65 0.64 0.62 0.61 0.57 0.58 0.58 0.57 0.56

±0.01a ±0.00a ± 0.01a ±0.00b ±0.01b ± 0.005ab ±0.01a ±0.005a ±0.005ab 0.00b

FCR 1.35 1.35 1.36 1.38 1.4 1.42 1.4 1.38 1.43 1.48

± 0.06a ±0.02ab ±0.07ab ±0.03ab ±0.09b ±0.03ac ±0.02ac ± 0.04c ± 0.01ac ±0.01b

PER 2.46 2.46 2.43 2.4 2.39 2.34 2.37 2.4 2.33 2.25

±0.02a ± 0.01a ± 0.03ab ±0.01ab ±0.0b ± 0.01ab ±0.01ab ± 0.01b ± 0.01a ± 0.005c

Dissimilar superscripts in a row indicate significant difference (P < 0.05)
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Table 5 Proximate composition of carcass (% dry weight) of L. rohita and M. vittatus fed the experimental feed

L. rohita M. vittatus
Initial T1 T2 T3 T4 T5 Initial T1 T2 T3 T4 T5

Crude Protein 9.98a 11.64b 11.65b 11.59b 11.3c 11.2c 14.15d 16.29e 16.35ef 16.38f 16.25eg 16.14g

Crude Lipid 2.75a 3.56b 3.62b 3.67b 3.57b 3.32b 4.37c 4.71d 4.95d 4.1e 4.16de 4.05d

Ash 1.84a 3.28b 3.29b 3.24b 3.17c 3.08d 2.66e 3.93f 3.95f 3.91f 3.89fg 3.86g

Dissimilar superscripts in a row indicate significant difference (P < 0.05)

limits. Table 4 presents the growth of L. rohita and M. vit-
tatus fed the WFAPB-supplemented feed for 90 days. WG
increased only up to 25% replacement level in L. rohita and
up to 50% replacement level inM. vittatus. SGR did not vary
significantly from control (T1) up to 50% replacement level
(T3) in L. rohita and decreased thereafter, while it did not
vary significantly from control (T1) up to 75% replacement
level (T3) in M. vittatus and decreased thereafter. In both
the species, FCR and PER remained unchanged up to 75%
replacement level (T4) and decreased at 100% replacement
level (T5).

The biochemical composition of fish muscle before and
after the experimental trials has been presented in Table 5.

Levels of crude protein (CP), crude lipid (CL), and ash
contents (AC) increased significantly in all treatments in

comparison to initial values. L. rohita reared for 90 days did
not show any change in CP level and ash content up to 50%
FM replacement level (T3) but decreased significantly with
the increase of dietary FM replacement level (T4 and T5).
CL level of fish muscle remained unchanged in all groups.
In M. vittatus, CP and CL values were significantly high in
T3 (50% replacement level) and remained unchanged up to
T4 (for CP) and T5 (for CL), respectively, in comparison to
control, while AC decreased significantly only in T5.

Deposition of essential and non-essential amino acids
(EAA and NAA) after 90 days of feeding of the WFAPB
supplemented feed has been presented in Table 6.

The quantity of EAA and NAA significantly increased
in fish muscle from the initial value after 90 days of rear-
ing. Total EAA content was initially significantly higher in

Table 6 Amino acid (AA) deposition (% dry matter basis) in the muscle of L. rohita and M. vittatus fed WFAPB supplemented feed for 90 days

L. rohita M. vittatus
EAA Initial T1 T2 T3 T4 T5 T1 T2 T3 T4 T5

Arg 3.98a 4.41b 4.44bc 4.4b 4.32d 4.1 f 3.92a 4.41b 4.48c 4.7d 4.41b 4.25e

Hist 2.04a 2.27b 2.3b 2.23bc 2.21c 2.13d 1.32a 1.49b 1.5b 1.59c 1.45bd 1.42e

Iso 2.05a 2.62b 2.65c 2.6b 2.54d 2.41e 2.49a 2.85bd 2.88b 2.95c 2.87b 2.73 f

Leu 4.44a 4.93b 4.97c 4.91b 4.81d 4.68e 2.24a 2.57bd 2.55bd 2.7c 2.56b 2.41e

Lys 4.86a 5.43b 5.44bc 5.42b 5.25 f 5.12g 6.04a 6.87b 6.89b 7.18c 6.84b 6.55d

Met 0.84a 1.01b 1.07e 0.97 f 0.98b f 0.93d 1.74a 2.03b 2.0d 2.13 f 2.01d 1.87e

Phe 4.37a 4.88b 4.9b 4.8b 4.71 f 4.57g 2.61a 2.95b 2.96b 3.2c 2.91d 2.83e

Thr 2.57a 2.87b 2.91 f 2.86b 2.7d 2.7d 2.58a 2.92b 2.99c 3.13d 2.9d 2.82e

Val 0.66a 0.73b 0.76bc 0.71bd 0.7d 0.65e 2.85a 3.27b 3.29b 3.47 f 3.23d 3.04e

∑
EAA 26.25 29.12 29.45 28.92 28.18 27.28 25.81 29.26 29.41 30.98 29.21 27.85

Ala 3.82a 4.74b 4.76b 4.71 f 4.13d 4.03e 3.83a 4.37b 4.33e 4.77c 4.37b 4.17d

Asp 5.8a 6.49b 6.55c 6.45 f 6.3d 6.1g 5.93a 6.66b 6.61b 7.08c 6.6b 6.37d

Cys 0.16a 0.29b 0.31b 0.26d 0.22e 0.21e 0.51a 0.56b 0.57cb 0.59c 0.56b 0.49d

Glu 6.06a 6.78b 6.8c 6.73 f 6.61d 6.41e 8.74a 10.05b 10.01be 10.45c 9.98e 9.48d

Gly 5.45a 6.09b f 6.11 f 6.06b 5.9d 5.76e 4.9a 5.62b 5.66b 5.98c 5.54d 5.39e

Pro 2.94a 3.28b 3.29bc 3.19eg 3.17g 3.08 f 2.96a 3.41bc 3.42bc 3.47d 3.41bc 3.21e

Ser 2.03a 3.16b 3.18bc 3.11e 3.02d 2.96d 2.95a 3.33b 3.32b 3.52c 3.25d 3.15e

Tyr 1.37a 1.53b f 1.55 f 1.52b 1.42e 1.41e 1.99a 2.24b 2.27b 2.37c 2.27b 2.18e

∑
NAA 28.05 32.39 32.37 32.03 30.74 30.03 29.87 36.24 36.4 38.17 36.07 34.46

Dissimilar superscripts in a row indicate significant difference (P < 0.05)
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L. rohita but after 90 days experimental trial M. vittatus
showed comparable status of total EAA with L. rohita up
to 25% replacement level (T2) and the total EEA increased
thereafter. Total NAA content in the muscle of M. vittatus
was significantly higher in all treatments as compared to L.
rohita. Deposition of all EAA and NAA in body muscle sig-
nificantly reduced at T4 (75% replacement level) in L. rohita
and at T5 (100% replacement level) inM. vittatus. indicating
thatM. vittatuswas more efficient than L. rohita to utilize the
EAAs and NAAs. M. vittatus showed maximum deposition
of EAAs and NAAs in T3 (50% replacement level), while L.
rohita showed maximum deposition of EAA and NAA in T2
(25% replacement level) with isoleucine, leucine, methion-
ine, threonine (EAA), and glutamic acid (NAA) exhibiting
significantly higher deposition atT2 thanT1, the rest showing
comparable values between T1 and T2. Except for histidine
and leucine amongEAAand alanine amongNAA, deposition
of all AAswas significantly higher inM. vittatus as compared
to L. rohita. We determined linear and quadratic regression
curves for postprandial concentration of free AA in plasma,
growth, and AA deposition in muscle. We determined the
optimal FM replacement level for each variable.

From R-square values, we see that the quadratic curves
are best fitted for postprandial absorption of free AAs in
plasma (see Table 7 and Figs. 1 and 2 in the Appendix).
Quadratic regression followed by classical optimization indi-
cates that optimal FM replacement level for postprandial free
AAuptake in plasma ranges from57.70 to 100%and 60.05 to
100%, for L. rohita andM. vittatus. But when we applied the
same technique for the four growth parameters (see Table 11
and Fig. 3 in the Appendix), the corresponding optimal FM
replacement label changed.

The optimal FM levels are not unique; the WG is max-
imum at 16.02%, whereas FCR is minimum at 4% for L.
rohita. Noticeably, the optimal FM levels for SGR and PER
is −14.27% and −124.22%, respectively. From Fig. 3 in the
Appendix, we also observe that both SGR and PER decrease
with the increase of FM replacement level, indicating adverse
effects of FM replacement by WFAPB. In summary, it is
found that the optimum FM replacement level for different
parameters ranges from 0 to 16.02% in L. rohita while that
for M. vittatus was quite narrow and ranges from 36.64 to
37.58%. Therefore, based on growth parameters M. vittatus
appears to utilize WFAPB supplemented feed better than L.
rohita. Next, we determined the optimal replacement level
based on the deposition of EAA and NAA in fish muscle
after 90 days of rearing (see Table 9 and Figs. 4 and 5 in the
Appendix).

The optimal deposition of all AAs in themusclewas found
in the replacement levels 0 to 26.02% for L.rohita. Ser and

Cys continuously decreased with increasing FM replace-
ment level, and 0% (FM-based control feed) was the best
fit. Therefore, if we compare the optimum FM replacement
level required for growth and for AA deposition in muscle,
it is revealed that these are quite different, thoughM. vittatus
exhibiting a close optimal replacement level for AA deposi-
tion (37.5–42.96%) with that of growth (36.4 to 37.58%).

The correlation coefficient between FM replacement lev-
els and all variables (postprandial absorption of AA, growth,
and AA deposition in muscle) are presented in Tables 10, 11,
and 12. FM replacement levels showed significant negative
correlations with WG, SGR, and PER and strong signifi-
cant positive correlations with FCR of L. rohita. M. vittatus
showed a similar trend of correlations between FM replace-
ment levels and the growth parameters, but the correlations
were insignificant (see Tables 11 in the Appendix).

Discussion

Stimulation of protein synthesis is the key factor behind the
ideal growth of fish (Li et al., 2009). All EAA and NAA
are required in the right proportion during protein synthesis.
Deficiency of a particularAAmay result in themetabolismof
otherAAfor energy, leading to poor retentionof protein in the
body of fish (Hardy, 2010; Ambardekar et al., 2009; Brezas
and Hardy, 2020; Mente et al., 2021). Fish growth depends
on the availability of EAA and NAA, the pattern of their
uptake in blood, and deposition in muscle as protein. After
absorption in the blood, AA are transported to the liver for
protein synthesis and subsequent transformation into muscle
resulting in growth. While the crude protein level of muscle
serves as an indicator of growth, the level of EAA and NAA
in the muscle indicates the efficiency of the fish in utilizing
AA from the feed.

We aimed to evaluate if the replacement of FMbyWFAPB
could serve as a balanced source of AA that can be easily
absorbed and utilized in the body of fish. The notion behind
thiswas to reduce the cost and dependency onFMas a protein
source and use of fermented animal protein blend as an ideal
FM replacer (Samaddar et al., 2021; Bai et al., 2021; Achmad
et al., 2023), and use of whey as an easily available inoculum
to ferment the blend. Therefore, we determined the efficiency
of the experimental feed at different FM replacement levels
by three performances of fish: (i) postprandial (6h) uptake
of free amino acids, (ii) growth of the fish after 90 days of
rearing, and (iii) quantitative and qualitative deposition of the
essential and non-essential AA in the muscle after 90 days
of rearing. We used quadratic regression followed by classi-
cal optimization to evaluate the performances to determine
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the optimal FM replacement level. For postprandial uptake
of free AA, we did not make any regression for tryptophan
(EAA) and alanine (NAA) because of their poor absorption
in plasma.

Maximum or minimum absorption of the AA in plasma
has been presented in Table 7 and Figs. 1 and 2 in the
Appendix. In L. rohita, maximum absorption of Arg, Hist,
Met, Phe, Val, Glu, and Ser occurred at replacement level
50 to 80% and decreased after that, while maximum absorp-
tion of tyrosin was obtained at 100% replacement level. In
M. vittatus, maximum absorption of Gly, Ser, and Tyro was
obtained between 50 and 60% replacement level. In con-
trast, Arg, Hist, Iso, and Met absorption peaked at ≥ 80%
replacement level and Leu, Phe, and Cys peaked at 100%
replacement level. Results revealed that 60 to 80% replace-
ment of FMbyWFAPB couldmaximize five EAAs and three
NAAs in L. rohita and six EAAs and four NAAs in M. vit-
tatus. Even 100% replacement was possible for tyrosin in
L. rohita and for leucin, phenylealanine and cysteine in M.
vittatus. It is established that the free concentration of an
individual AA in bloodwill remain low until its requirements
are met, and therefore, changes in the postprandial level of
free amino acid represent an important criterion to determine
amino acid requirements of animals (Mente et al., 2021).
This study indicates hyperaminoacidemic conditions of some
AA in the blood of fish fed the WFAPB-supplemented feed.
Numerous efforts have been made towards the determi-
nation of postprandial concentrations of FAA in different
fish species fed diverse dietary ingredients (Mente et al.,
2003; Larsen et al., 2012; McCarthy and Fuiman, 2011;
Xu et al., 2016; Mente et al., 2021). Juvenile rainbow trout
(Oncorhynchus mykiss) fed a more growth-supportive FM
diet exhibited a synchronized pattern of plasma AA while
it appeared less synchronized in those fed plant meal diets
(Larsen et al., 2012). When AA is not available in required
quantities and in a synchronized pattern, cellular protein syn-
thesis leads to alternative metabolization for energy (Brezas
and Hardy, 2020).

To date, we do not have any report on the amino acid
profile of the feed with FM replaced by WFAPB, nor do we
have any report on the AA absorption pattern in blood and
its subsequent deposition in muscle. This study reveals that
the higher the level of FM replacement byWFAPB, the more
the availability of FAAs in feed because fermentation leads
to the release of excess FAA (Espe and Lied, 1994; Bai et al.,
2021). Results of the present study indicate that 60 to 80%
replacement could be done to maximize absorption of most
of the EAA and NAA in plasma, but it was unsuitable for
optimum growth of the fish.

In fact, quadratic regression followed by classical opti-
mization reveals higher WG of L. rohita and M. vittatus
only at 16.02% and 36.64% replacement level, respectively
(Table 8). Applying the sametechniqueon thedepositionofAA

in muscle, it is revealed that a maximum 26.02% replace-
ment of FM by WFAPB in feed is possible for L. rohita and
42.96% replacement is possible forM. vittatus (Table 9).M.
vittatus having a functional acid-peptic stomach could digest
and utilize more protein than the stomach-less fish L.rohita
and thus a higher level of FM replacement by WFAPB was
possible forM. vittatus. However, comparing the optimal FM
replacement level for the three performances of the fish, the
postprandial uptake of AA, growth, and AA deposition in
muscle, it is revealed that the range of optimal replacement
varies widely from one performance to another. However, it
is clear that 60–80% FM replacement level results in hyper-
aminoacidic condition in the blood of both fish and results in
the reduction of growth.

Therefore, we attempted to determine the optimal FM
replacement level that maximizes the growth and deposition
of AA in muscle. In practice, the growth and AA deposition
in muscle are crucial parameters to determine the produc-
tion and quality of the fish muscle. Fish growth depends
on the quantity and quality of the AA available and how
they are utilized in the synthesis of protein. The optimiza-
tion approach we proposed provides a balanced amount of
all essential amino acids for the optimum growth of fish.
Combing the ranges of optimal FMreplacement level for both
growth and AA deposition in muscle, we observed that within
0−26.02%, either one of the growth parameters (WG, SGR,
FCR, PER) or AA deposition was optimal for L. rohita,
whereas the range is 36.64%−42.96% for M. vittatus indi-
cating higher efficiency of M.viitatus to utilize the whey
fermented blend ingredients than L. rohita. Noticeably, Zhu
et al. (2021) also reported that different growth parameters of
shrimpresponddifferently todifferent levelsofFMreplacement.

Now the question is: what is the optimal replacement if
all the parameters are taken into consideration? For this pur-
pose, we used two-phase fuzzy goal programming. We refer
to Solution procedure for two-phase fuzzy goal program-
ming section in theAppendix for the detailed implementation
of the methodology. The main advantage of the two-phase
approach is that the methods can ensure not only the Pareto
optimal solution but also a compromise solution. We were
applying this procedure on data of growth and AA deposi-
tion in the muscle of L. rohita, we obtained the replacement
label 7.63% and 12.23%, respectively, for growth parame-
ters (all four growth parameters) and all parameters taken
together (four growth parameters and fifteen AA deposi-
tion parameters). Similarly, for M. vittatus we obtained the
replacement label 36.79% and 40.02%, respectively, for
only growth parameters and all parameters taken together.
It strongly establishes that M. vittatus, being a carnivorous
stomach-bearing fish, is superior to L. rohita in utilizing
WFAPB-supplemented feed. This was also established pre-
viously when these two species of fish were reared on feed
supplemented by Lactobacillus acidophilus fermented ani-
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mal protein blend (Samaddar and Kaviraj, 2015; Samaddar
et al., 2021). M. vittatus was more efficient in using the fer-
mented blend than L. rohita. Carnivorous fish can efficiently
utilize animal protein blends. Langi et al. (2023) observed
that the pike perch Sander lucioperca, a strong carnivorous
fish, could successfully utilize 40% replacement of FM by a
poultry-based protein combining feather meal, poultry meat,
and bone meal. The present study further establishes thatM.
vittatus can better utilize the feed supplemented by whey
fermented animal protein blend than the Lactobacillus aci-
dophilus fermented animal protein blend. 36 to 41% FM
replacement by WFAPB will also not likely to cause hyper-
aminoacidic conditions in plasma.

In several urban and rural areas of India, two of the
commonly generated animal by-products are FO and SHB
(Wangkheirakpam et al., 2019), which have been considered
as effective dietary fishmeal replacer in the formulation of
feed for several fish species after processing through micro-
bial fermentation (Samaddar et al., 2021; Siddik et al., 2020).
However, considering limited knowledge, facilities, infras-
tructure, and availability of resources, especially in rural
areas, an easy fermentation tool could be a sustainable solu-
tion for poor and marginal fish farmers to produce fish feed
with available local resources. Besides substrate in a fermen-
tation media, a suitable and effective inoculum serves as the
key component.Whey is a pollution-causing by-product gen-

Table 9 Amino acid (AA) deposition (% dry matter basis) in the muscle of L. rohita and M. vittatus fed WFAPB supplemented blend for 90 days

L. rohita M. vittatus

AA Equation R2 d2X
dS2

Dose Equation R2 d2X
dS2

Dose

Arg 4.48−0.002960S 0.72 4.53 −0.00156 0.14

4.40+0.003211S−0.00006S2 0.99 −0.00012 26.02 4.39+0.00953S −0.00011S2 0.77 −0.00022 42.9666

Hist 2.30−0.001480S 0.81 1.53−0.00076S 0.22
2.28+0.000463S −0.00002S2 0.93 −0.00004 11.93 1.48+0.00278S −0.00004S2 0.63 −0.00007 39.2655

Iso 2.67−0.002120S 0.78 2.91−0.00100S 0.24
2.62+0.001651S −0.00004S2 0.99 −0.00008 21.90 2.84+0.00460S−0.00006S 0.92 −0.00011 41.0714

Leu 4.99−0.002640S 0.80 2.62−0.00124S 0.23
4.94+0.001703S−0.00004S2 0.99 −0.00009 19.62 2.54+0.00505S−0.00006S2 0.74 −0.00013 40.1431

Lys 5.49−0.003240S 0.81 7.00−0.00276S 0.24
5.43+0.001674S−0.00005S2 0.98 −0.00010 17.05 6.83+0.01153S −0.00014S2 0.80 −0.00029 40.3429

Met 1.04−0.001040S 0.62 2.07−0.00124S 0.28
1.03 0.000331S −0.00001S2 0.72 −0.00003 12.04 2.00+0.00413S −0.00005S2 0.74 −0.00011 38.4544

Phe 4.94−0.003240S 0.84 3.03−0.00116S 0.11
4.89+0.001446S −0.00005S2 0.99 −0.00009 15.42 2.93+0.00695S−0.00008S2 0.58 −0.00016 42.8483

Vel 0.75−0.000880S 0.73 3.36−0.00208S 0.29
0.74+0.000491S−0.00001S2 0.89 −0.00003 17.92 3.24+0.00752S−0.00010S2 0.82 −0.00019 39.1667

Asp 6.58−0.004120S 0.81 6.78−0.00236S 0.13
6.50+ 0.002394S −0.00007S2 0.99 −0.00013 18.39 6.59+0.01261S −0.00015S2 0.59 −0.00030 42.1176

Cys 0.31−0.001000S 0.84 0.58−0.00060S 0.39
0.30−0.000429S −0.00001S2 0.86 −0.00001 −37.63(0) 0.55+0.00180S −0.00002S2 0.94 −0.00005 37.5

Glu 6.85−0.003720S 0.83 10.23−0.00468S 0.29
6.78+ 0.001880S −0.00006S2 1.00 −0.00011 16.79 9.97+0.01623S −0.00021S2 0.79 −0.00042 38.8092

Gl 6.16−0.003480S 0.84 5.76−0.00264S 0.21

6.10+0.001434S−0.00005S2 0.99 −0.00010 14.60 5.59+0.01130S −0.00014S2 0.71 −0.00028 40.5308

Pro 3.302−0.002S 0.91 3.466−0.002S 0.41

3.291–0.001S−0.000009 S2 0.93 −0.000018 14.60 3.390+0.004S −0.00006S2 0.92 −0.00012 40.5308

Ser 3.20−0.002240S 0.89 3.40 −0.00172S 0.25

3.17 −0.000183S −0.00002S2 0.96 −0.00004 −4.44(0) 3.31+0.00571S −0.00007S2 0.66 −0.00015 38.4253

Try 1.56−0.001480S 0.79 2.30−0.00096S 0.18

1.54+0.000006S−0.00001S2 0.86 −0.00003 0.20 2.22 0.00544S −0.00006S2 0.88 −0.00013 42.5

Bold number represent the highest or least value other than maximum or minimum
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erated from dairy industries across the Indian subcontinent
(Zandona et al., 2021; Das et al., 2016). Recycling of this
by-product as fermentation inoculum has been considered to
be a successful bioconversion technique for improving nutri-
tional properties and shelf life of FO and SHB (Chowdhury
et al., 2022). Such characteristics make it a potential and eas-
ily accessible source of microorganisms for rural farmers as
well. L. rohita (Indian Major Carp) andM. vittaus (Bagridae
catfish) are two of the most important commercial and cul-
tivable freshwater fish species in India (Kumari et al., 2022;
Mehar et al., 2022; Mawa et al., 2022), and the farmers badly
need low-cost feed to grow them in rural areas. This study
establishes that whey is a cheap and viable inoculum to fer-
ment animal protein blends. For carnivorous fish, it produces
a superior quality of feed ingredients as compared to a pure
culture of Lactobacillus acidophilus.

Conclusion

It is established from this study that WFAPB-supplemented
feed results in increased availability and accumulation of
the EEA and NAA in the plasma of stomach-less carp fish
L. rohita and stomach-bearing carnivorous fish M. vittatus.
However, such feed results in excess accumulation of many
EEA and NAA in plasma, and only a small percent of these
AA can be converted into crude protein and deposition of the
bound AA in the muscle of these two fish. Using quadratic
regression followed by classical optimization reveals that
the optimum level of FM replacement by WFAPB ranges
from 57.70 to 100% and 60.05 to 100% for AA absorption in

plasma of L.rohita andM. vittatus, respectively.Whereas, the
optimal FM replacement level varies between 0 and 16.02%
for four growth parameters and 0 to 26% for fifteenAAdepo-
sition parameters of L.rohita. The optimal FM replacement
level for growth and AA deposition parameters ofM. vittatus
ranges between 36.64 to 37.58% and 37.5 to 42.96%, respec-
tively. Applying two-phase fuzzy goal programming on four
growth parameters (WG, SGR, FCR, and PER) and fifteen
amino acid deposition parameters, it was revealed that FM
that could be replaced for growth and amino acid deposition,
respectively was only 7.63% and 12.23% for L.rohita and
36.79%and40.02% forM. vittatus. It is, therefore, concluded
that WFAPB is a promising FM replacer in the formulation
of feed for stomach-bearing carnivorous fish likeM. vittatus,
and 36–40% replacement of FM by the WFAPB provides a
successful outcome of growth and AA deposition in mus-
cle. At this FM replacement level, it is unlikely to develop
hyperaminoacidic conditions in plasma. In the present socio-
economic scenario of the Indian sub-continent, the use of fish
offal and slaughterhouse blood as alternative protein sources
andwhey as inoculum to ferment these protein sourceswould
be economically viable for marginal fish farmers to prepare
their own homemade fish feed.

Appendix for “Recycling of animal protein
wastes in the formulation of feed for Labeo
rohita and Mystus vittatus—a comparative
evaluation"

Appendix A: Correlation coefficients in different
scenarios
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Appendix B: Graphical representation of linear
and quadratic regression equations

Fig. 1 Linear and quadratic regressions of PP absorption of AA in plasma of L. rohita
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Fig. 2 Linear and quadratic regressions of PP absorption of AA in plasma of M. vittatus
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Fig. 3 Linear and quadratic regressions of four growth parameters of L. rohita and M. vittatus

Fig. 4 Linear and quadratic regressions of AA deposition in muscle of L. rohita
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Appendix C: Solution procedure for two-phase fuzzy
goal programming

In this section, we explain the solution procedure for two-
phase fuzzy goal programmingmethodwith explanation (Wu
et al., 2015; Ali et al., 2020). First, we introduce the follow-
ing definition in the context of multi-objective optimization
problem:

Definition 1 Multiple objective optimization problems can
be represented as follows:

⎧
⎨

⎩

max ( f1(x), f2(x), . . . , fk(x))
min (g1(x), g2(x), . . . , gr (x))
s.t . x ∈ X = {x | zt (x) ≤ 0, t = 1, . . . ,m}

where x = (x1, x2, . . . , xn) are the decision variables;
fi (x), (i = 1, . . . , k) are maximization type objective func-
tions; g j (x), ( j = 1, . . . , r) are minimization type objective
function; zt (x), (t = 1, . . . ,m) are set of constraints.

In the context of our problem, we have only on variable
with minimization objective (FCR), and rest of the objec-
tives are of maximization type. We have only constraints, the
optimal FM, denoted by x , and it should satisfy the range,
0 ≤ x ≤ 100.

Definition 2 A decision plan x0 ∈ X is said to be a Pareto
optimal solution to the multiple objective optimization prob-
lems if there does not exist another y ∈ X , such that
fk(y) ≤ fk(x0) for all k and fs(y) < fs(x0) for at least
one s.

Definition 3 A decision plan x0 ∈ X is said to be a fuzzy-
efficient solution if there does not exist another y ∈ X , such
that μk( fk(y)) ≥ μk( fk(y)) is for all k and μs( fs(y)) ≥
μs( fs(y)) for at least one s.

Formultiple objective optimization problem, optimal dose
for all the objectives might be achieved simultaneously.
Therefore, researchers are seeking Pareto optimal solution,
which prevents the improved solution for an individual objec-
tive from worsening one or more other objectives. However,
Pareto-optimally does not ensure fuzzy-efficiency solution.
Therefore, we employed the two-phase method (Wu et al.,
2015) to obtain solution:

Step 1: Determine the positive ideal solution ( ftmin) and
the negative ideal solution ( ftmax ) for each objective func-
tion; by each objective function while ignoring the other
objective function.

For instance, we present the optimal dose for each objec-
tives in the following Table 13 for rahu fish.

As we discussed earlier, negative optimal dose or opti-
mal dose higher than 100%, replacement does not make any
feasible solution. Therefore, we made the modified optimal
replacement as presented in last row. Note that Table 13 is
diagonally dominated. For instance, the first column repre-
sents the values of other variables at the optimal dose atwhich
the Arg. reach the maximum value (26.0211%). Similarly, if
we look at Cys. through the classical optimization it reach it
maximum at −37.6316%. Therefore, we consider 0% when
we made further computation.

Step 2: Construct linear membership functions featuring
both the continuously increasing property of the maximiza-
tion objective function (t) and decreasing property of the
minimization objective function (r) as follows:

μt ( ft ) =
{

ft− ft min

ft max− ft min if ftmin < ft < ftmax

0 if ft ≤ ftmin

μt ( ft ) =
{

ft max (S)− ft
ft max− ft min if ftmin < ft < ftmax

0 if ft ≤ ftmax

where the possible range for the r-th objective ( ftmin, ft max )

is constructed from the optimal solution of the problem by
incorporating only one objective function while ignoring the
other objective function.

For instance, wemade the followingmembership function
for Arg and PER in the context of L. rohita fish:

μt ( farg) =
{

farg(S)−4.4048
4.4466−4.4048 if 4.4048 < farg(S) < 4.4466
0 if ft ≤ 4.4048

μt ( fPER) =
{ 1.3517− fPER (S)

1.3517−1.3490 if 1.3490 < fPER(S) < 1.3517
0 if fPER(S) ≤ 1.3517

Step 3: Under the two-phase approach, one needs to
determine the optimal solution by solving the following opti-
mization problem in Phase I:

max Z1(x) = λ (A.1)

s.t . μk( fk) ≥ λ,∀k (A.2)

0 ≤ x ≤ 100, λ ≥ 0 (A.3)

Step 4: The two-phase approach provides the flexibility
to reach optimal goals by relaxing this constraint in Phase I.
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Fig. 5 Linear and quadratic regressions of AA deposition in muscle of M. vittatus

In Phase II, we need to determine the following optimization
problem to obtain the optimal dose.

max Z2 = λ (A.4)

s.t . μk( fk) − ρk ≥ λ∗, λ∗ ≥ 0, ρk ≥ 0,∀k (A.5)

0 ≤ x ≤ 100, λ ≥ 0 (A.6)

where λ∗ is the optimal value of λ obtained in Phase I. It is to
be noted that if ρk = 0, then there are no solutionswith better
efficiency for the model under Phase I(Wu et al. (2015); Ali
et al. (2020). If ρk > 0 for some k, the solution obtained from

Phase II is more efficient compared to the solution obtained
from Phase I, and the decision maker would be able to obtain
information for achieving subjective goals.

If our objective is to maximize only WG, the optimal
FM replacement level if 16.09%. However, if we focus on
the forth growth parameters the optimal FM replacement by
using FGM, it will be 7.63%. The rational behind the findings
is that, when we consider SGR and PER into the account,
their FM replacement become 0%, therefore, the combine
level decrease to ensure the Parato optimal solution. Proceed-
ing in the similar way, we obtain the optimal replacement as
12.23% when nineteen parameters are considered.
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