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Abstract
Literature information on apparent digestibility coefficients (ADC) of dietary nutrients in feedstuff for shrimp species dates to 1980´s though
the nutritional consistency of ADC values determined in individual feed ingredients continues under scrutiny. This may be attributed to: a.
the large variety of ingredients tested under a single standard methodology (i.e. the partial replacement of a reference diet mix by a fixed
proportion of the target ingredient), b. the complex effects of this dietary strategy upon palatability, digestion/digestibility, and consequently
feeding rates, and c. nutrient leaching of diets during experiments. While the biological phenomenon behind ADC, the so-called “nutrient
disappearance” between diet and feces through animal´s digestive system, is measured by the difference of nutrient and inert marker
content in diet and feces, ADC of a feed ingredients has been mathematically calculated considering the difference in ADC from test (e.g.
30% replacement of a reference diet mash by the target ingredient) versus reference diet ADC and their nutrient content. The present study
proposes the determination of individual amino acid ADC of soybean meal (SBM) based on the effect of inclusion of SBM in increasing
dietary levels in four practical test diets (5, 10, 15 and 20% SBM, named diets T4, T5, T6 and T7, respectively) upon ADC of test diets. For
comparison, the study also included three diets formulated under the standard replacement method (i.e. 10, 20 and 30% replacement of the
reference diet mash by SBM, named diets T1, T2 and T3). The feeding trial was carried out under high shrimp performance with automated
feeding (20-22h pellet delivery/day, minimized leaching), and daily feces collection over the trial period (55 days). The estimation of ADC of
amino acids in SBM was based on ADC determined in test diets: ADCAA SBM = Mean [(ADCAA diet (T4, T5, T6 or T7)/ ADCprotein diet (T4, T5, T6 or T7)) x
ADCprotein SBM], diet ADC experimentally determined and an assigned ADC value of SBM true protein (ADCprotein SBM) estimated by three
criteria: effect of increasing inclusion of SBM upon true protein ADC of test diet; additivity of digestible protein supplied by proteinaceous
ingredients composing test diets T4 to T7, literature values and author’s experience. Results by the new proposed method showed SBM ADC
values between 76 and 88% for indispensable amino acids and contrasted with values obtained by applying the conventional replacement
method at 30% inclusion of SBM into a reference diet (ADCAA: 87–96%). It was also checked either the improvement or reduction of certain
individual amino acid ADC with increasing SBM inclusion level in diets. In conclusion, the new proposed methodology produced reduced
and more realistic ADC values of amino acids compared the conventional method of ingredient replacement into a reference diet at one
fixed level. This new methodology for ADC determination is not intended to become an unquestionable reference but rather to offer an
alternative view for more realistic values of ADC of feed ingredients for farmed shrimp.

Introduction
In farmed shrimp, nutrients are supplied either by natural food (plankton, benthos, biofilm, ions) and compound feeds; depending on
stocking density and management feeds may become the main source in some periods of the growing cycle (Akiyama and Yukasano,
2022). Shrimp feed continuously upon food and pellets, and a rather short food transit time and simple digestive system offer surface and
enzymes for nutrient absorption over a limited time span for processing the ingesta (Ceccaldi, 1989). Proper amounts of pellets delivered
into the system (Jory, 2018), including physical characteristics such as suitable particle size of feed ingredients (Bortone and Kipfer, 2016),
facilitate shrimp digestion and nutrient assimilation, and if combined with suitable water quality may result in more efficient feed use
(growth, FCR). Studies on apparent digestibility in shrimp have aimed to consensually assign quantitative values (ADC: apparent
digestibility coefficient) in a single ingredient by comparing reference versus test diets containing the target feed ingredient replacing the
reference diet mix at a fixed inclusion level (Cho et al., 1982; Akiyama et al., 1989; Davis et al., 2002; Cruz-Suarez et al., 2009; Jannathulla et
al., 2018; Shi and Lee, 2021). However, most cited procedures to (indirectly) determine ADC in feed ingredients, including dietary strategies
and calculations, have been under questioning regarding potential methodological weaknesses affecting the accuracy of the ADC value
obtained, as e.g., lack of an ideal dietary level of target ingredient in test diet applicable to all ingredients, poor attention to standardize
physical properties including particle size of prepared pellets, deficient feed management including leaching of pellets and feces samples,
and poor performance of shrimp in digestibility trials (Tacon, 1996; Smith and Tabrett, 2004; Lemos et al., 2009, Carvalho et al., 2016).

Characterization of feed attributes including feed ingredients is constantly targeted by the aquafeed industry and quality control may be
ideally reached through in-house R&D. Research database support development of predictive tools, including nutrient digestibility, allowing
sampling of a batch of raw material and the prompt access to its nutritional features so that nutritional information becomes available
within short periods (Moughan, 1999). Values of ADC may be further combined with available in vitro methodologies in the development of
NIRs predictive models build upon consistent data sets (Raggi, 2016; Simon et al., 2022). Outputs of ADC should be ideally accompanied by
suitable shrimp performance as a complimentary validation of digestibility data, i.e., ADC representing the efficiency of nutrient use and
residue delivery as a consequence of intense biomass accumulation in a representative trial period (Carvalho and Phan, 1998).

The aim of the present study is to offer an alternative view on determining ADC of nutrients in feedstuffs for juvenile farmed shrimp
(Litopenaeus vannamei) in a trial carried out under proper shrimp performance, with experimental period representative of the growing cycle
of the species, focusing on soybean meal (SBM) tested at different levels in practical diets. The present calculation of ADC for individual
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amino acids was based on contrasting the effect of SBM inclusion level into practical diets (5, 10, 15 and to 20%) in terms of the
relationship between true protein and individual amino acid ADC in test diets.

Materials And Methods

Methodological context
The determination of apparent digestibility coefficient (ADC) of amino acids was assessed by testing the effect of increasing inclusion
levels of solvent-extracted soybean meal (SBM) upon digestibility of juvenile shrimp (Table 1). The dietary inclusion levels chosen are within
the recommended range for use of SBM in compound shrimp feeds (Tacon et al., 2009). The four test diets with increasing levels of SBM (5,
10, 15 and 20%) were formulated to have similar levels of crude protein, ether extract and gross energy. For comparison, three other test
diets were prepared by the conventionally applied replacement method for determination of ADC, when the target feed ingredient replaces
the mash of a certain reference diet at a fixed proportion (test diet), and ADC of feed ingredient is calculated by the difference or not in ADC
between test and reference diets (Cho et al., 1982; Bureau and Hua, 2006; NRC, 2011). Presently, SBM was tested replacing 10, 20 and 30%
of a practical reference diet mash under this methodology. Therefore, the study focused on the comparison between a currently applied
methodology (fixed replacement by target ingredient) and a new approach for the determination of ADC of amino acids in SBM for farmed
shrimp.

 
 

Table 1
Proximate composition (%, as-is) of feed ingredients1 used in formulation of test diets for

juvenile shrimp (Litopenaeus vannamei).

  Moisture Crude protein Lipid Energy (cal/g) Ash

Wheat2 11.5 12.1 2.14 3,872 1.54

Soybean meal3 8.95 46.5 2.94 4,313 6.79

Fish meal (local)3 7.52 54.8 8.0 3,917 29.0

Poultry by-product meal3 5.55 59.5 14.4 4,919 16.5

Squid meal4 6.58 84.7 3.33 5,413 4.0

Fish hydrolysate5 - 24.5 10.0 - -

Blood meal6 5.57 90.9 1.05 5,669 1.55

Dried yeast7 7.20 36.2 2.69 4,313 7.20

Fish oil3 - 0.32 99.4 - -

Soy lecithin oil3 - 3.55 88.4 - 7.71

(-): not determined.

1 Mean of duplicate analysis.

2 Coamo, Campo Mourão, Brazil

3 Guabi, Campinas, Brazil

4 Polinutri, Osasco, Brazil

5 Aquativ, Elven, France

6 A&R, Maringá, Brazil

7 ICC, São Paulo, Brazil

Feed ingredients and experimental diets
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Feed ingredients used in the present study were supplied by the local feed industry and are commonly employed in shrimp feeds. The
composition of the feed ingredients was determined (Tables 1 and 2) and results followed typical values (Hertrampf and Piedad-Pascual,
2000; Tacon et al., 2009; NRC, 2011). Prior to pellet preparation, feed ingredients were milled to < 250 µm particle size in a hammer mill (MCS
350 Moinhos Vieira, Tatuí, Brazil), recommended for feeding juvenile shrimp (Terrazas-Fierro et al., 2010; Ye et al., 2012).

 
Table 2

Amino acid composition of soybean meal (%, as is) used in formulation of test diets
for juvenile shrimp (Litopenaeus vannamei).

Arg His Iso Leu Lys Met Phe Thr Try Val Tau

3.43 1.13 2.30 3.88 2.83 0.57 2.41 2.11 0.45 2.37 0.03

Asp Glu Ser Gly Ala Pro Tyr Cys      

2.88 7.30 2.25 2.23 2.37 2.61 1.67 0.85      

A practical diet formulation (named T6), suitable in attending species nutrient requirements and previously proved efficient for juvenile L.
vannamei, was chosen as the reference for preparation of diets designed for determination of ADC under the conventional methodology of
replacing part of the reference diet mash by the target feed ingredient (Cho et al., 1982) (Table 3). Though the replacement methodology has
been mostly applied to feed ingredients at 30:70 ingredient:reference diet ratio (presently diet T3), for further comparison, additional
inclusion levels of SBM were also tested, at 10% (T1) and 20% (T2), as previously assessed with some feed ingredients assessed in shrimp
diets (Merican and Shim, 1995; Divakaran et al., 2000; Smith et al., 2007; Rivas-Vega et al., 2009; Carvalho et al., 2016; Panini et al., 2017).
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Table 3
Formulation (%) of test diets1 for juvenile shrimp (Litopenaeus vannamei).

  T1

(10:90)2

T2

(20:80)2

T3

(30:70)2

T4 T5 T6

(reference)

T7

Soybean meal 23.5 32.0 40.5 5.0 10.0 15.0 20.0

Wheat 32.3 28.6 24.9 42.0 39.5 36.0 34.0

Fish meal 18.0 16.0 14.0 20.0 20.0 20.0 20.0

Poultry by-product meal 9.0 8.0 7.0 11.5 10.5 10.0 9.0

Blood meal 1.80 1.60 1.40 4.50 3.0 2.0 0.0

Squid meal 4.50 4.00 3.50 5.00 5.00 5.00 5.00

Fish hydrolysate 3.60 3.20 2.80 4.00 4.00 4.00 4.00

Dried yeast 2.70 2.40 2.10 3.00 3.00 3.00 3.00

Fish oil 1.80 1.60 1.40 2.00 2.00 2.00 2.00

Soy lecithin oil 0.90 0.80 0.70 1.00 1.00 1.00 1.00

Vit. and Min. premix3 0.90 0.80 0.70 1.00 1.00 1.00 1.00

Binder4 0.50 0.50 0.50 0.50 0.50 0.50 0.50

Chromic oxide5 0.50 0.50 0.50 0.50 0.50 0.50 0.50

1 Further details in Material and methods.

2 Conventional replacement method, SBM inclusion at 10, 20 and 30% into the reference diet mash (T6).

3 DSM, Mairinque, São Paulo, Brazil

4 Guabi, Campinas, Brazil

5 Dinâmica, Indaiatuba, Brazil

A novel strategy to estimate ADC of nutrients in individual feed ingredients was presently assessed by testing diets containing SBM at 5, 10,
15 and 20%, corresponding to diets T4, T5, T6 and T7, respectively (Table 3). Thus, diet T6 played a double role as reference and test diet (at
15% SBM) under present methodological approach. To keep nutrient content, attractivity, palatability and nutritional consistency, dietary
levels of fish meal, squid meal, fish hydrolysate, yeast, fish oil, lecithin, vitamin and mineral premix were kept constant in diets T4 to T7.
Similar crude protein, lipid and gross energy levels among test diets T4 to T7 was intended by varying dietary levels of poultry by-product
meal, blood meal and wheat in formulation of test diets. Chromic oxide was included at 0.5% in all diets as inert marker for determination of
apparent digestibility.

Diet preparation started with mixing the dry ingredients in a planetary mixer (ES-600, Hobart) for 10 min. Next, liquid ingredients, including
boiled distilled water, were added to the ingredient mix to form the dough prior to pelleting. The resulting dough was cold pressed (ca. 45°C)
and the pellets (3.0–5.0 mm length, 2.0 mm diameter) were dried in a forced air dryer overnight (35–45°C for 18 h). Pellets were stored in zip
plastic bags at -15°C until used. The proximate and amino acid composition of the test diets are shown in Table 4. True protein levels refer
to the sum of analyzed amino acids.
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Table 4
Composition of experimental diets (%, as-is) for juvenile shrimp (Litopenaeus vannamei). Data expressed as mean for proximate

composition (n = 2).

  T1

(10/90)1

T2

(20/80)1

T3

(30/70)1

T4 T5 T6

(reference)

T7

Moisture 5.12 5.43 4.22 6.16 5.12 5.86 5.99

Crude protein 41.2 42.1 43.2 39.4 39.7 39.9 37.3

True protein2 37.2 38.7 39.3 35.5 36.4 35.9 34.0

Ether extract 6.42 6.76 5.97 7.55 7.66 8.41 7.27

Gross energy 4,581 4,557 4,603 4,552 4,573 4,508 4,646

Ash 10.1 9.64 9.39 10.1 10.4 10.2 7.71

Cr 0.320 0.328 0.314 0.305 0.314 0.323 0.353

Amino acids              

Arg 2.50 2.65 2.77 2.25 2.37 2.37 2.32

His 0.90 0.95 0.97 0.89 0.89 0.86 0.81

Iso 1.54 1.63 1.75 1.31 1.39 1.44 1.56

Leu 2.79 3.01 3.19 2.81 2.82 2.76 2.65

Lys 2.21 2.33 2.43 2.14 2.13 2.16 1.94

Met 0.73 0.69 0.70 0.75 0.76 0.73 0.65

Phe 1.68 1.79 1.90 1.59 1.60 1.60 1.53

Thr 1.62 1.70 1.77 1.59 1.60 1.55 1.42

Try 0.27 0.29 0.30 0.19 0.21 0.22 0.24

Val 1.79 1.88 2.00 1.80 1.81 1.76 1.65

Tau 0.13 0.12 0.11 0.15 0.15 0.14 0.11

Asp 3.44 3.58 3.18 3.02 3.19 3.19 3.09

Glu 6.15 6.39 6.45 5.56 5.83 5.82 5.97

Ser 1.83 1.88 1.95 1.74 1.77 1.74 1.58

Gly 2.96 2.90 2.84 3.06 3.10 3.00 2.54

Ala 2.31 2.34 2.38 2.37 2.39 2.29 1.99

Pro 2.51 2.54 2.59 2.50 2.56 2.48 2.42

Tyr 1.13 1.20 1.29 1.01 1.07 1.07 1.03

Cys 0.71 0.84 0.76 0.74 0.71 0.69 0.49

T4, T5, T6 and T7: practical test diets with SBM inclusion at 5, 10, 15 and 20%, respectively

1 Conventional replacement method, SBM inclusion at 10, 20 and 30% into the reference diet mash (T6). More details in Material and
Methods.

2 Sum of analyzed amino acids.

Experimental shrimp
The study was carried out at the coastal Aquaculture Laboratory (LAM) from the University of São Paulo (USP) (Oceanographic Institute,
Ubatuba, Brazil). Postlarval L. vannamei (PL 15, Speedline strain) was supplied by Aquatec hatchery (Barra do Cunhaú, Brazil) and was
reared in clear water tank nursery system (2,000 L), including daily cleaning and partial water renewal until reaching approximately 0.2 g ind
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weight. Postlarvae were fed commercial crumbled feed (FlashShrimp, Polinutri, Brazil) continuously delivered by belt feeders (24h Baby belt
feeder, Pentair, Brookfield, USA). The seawater (35 ppt salinity) was pumped from the sea (the sheltered Flamengo Cove, Ubatuba) following
filtration through 25 µm and 5 µm cartridge filters. The nursery population was further stocked into a 12,000 L tank and raised in biofloc
system, fed commercial pellets (Policamarão, Polinutri, Brazil) until stocking into the recirculated trial system at ca. 3.4 g ind shrimp weight.
Water quality in the biofloc nursery system: dissolved oxygen (> 70% saturation), total ammonia-N (< 0.05 mg/L), nitrite (< 0.1 mg/L), pH
(7.5–8.2) and alkalinity (> 120 mg CaCO3/L).

Shrimp trial system for simultaneous determination of performance and
digestibility
The trial was conducted in a clear water system composed of 21 x 500 L semi-conical tanks connected in full recirculation including
mechanical and biological filtration (Sweetwater bead filter with UV treatment 4 cubic feet, model 930087, Pentair, Brookfield, USA), and a
flow heater (10 kW, Globalmar, São Paulo, Brazil). Feeding was provided by belt feeders (Baby belt feeder, Pentair, Brookfield, USA)
individually installed upon experimental tanks that continuously delivered feed pellets over the trial (20–22 h/day). Each tank contained a
settling column for feces and solids accumulation and removal with trans lucid Falcon tubes threaded to receive residual solids (feces and
eventual pellet leftovers), allowing tube cleaning and exchange. The layout and operational efficiency of the recirculated system and settling
columns were previously detailed in Carvalho et al. (2013).

Seawater was filtered (25 and 5 µm cartridge filters) and disinfected by UV before entering the recirculated tank system. A flow rate of 4 L
min− 1 into each tank allowed water vortex for feces removal. The trial system continually delivered small amounts of pellets so that pellet
apprehension time by shrimp did not exceed one minute. An air stone installed at 30 cm above each tank bottom further sustained dissolved
oxygen level and avoided particle suspension.

Shrimp was stocked in tanks after individual weighing in seawater at 34 shrimp per tank that correspond to 85 individuals/m3. Shrimp was
acclimated to test diets five days prior starting collection of feces samples. Feed ration was initially set based on tank population biomass,
mean individual weight and temperature (Forster et al., 2003). During the trial, daily ration was adjusted according to presence or not of
pellet leftovers in the Falcon tube attached to the settling columns overnight. Eighty percent of daily feed ration was continuously delivered
by belt feeders and the remaining 20% were divided in three hand-fed meals at 9 am, 11 am and 2 pm. Under this continuous feeding regime,
nutrient leaching is minimized once average time for pellet apprehension by shrimp was 30s and 5 min for total pellet intake (visual and
camera observations). The trial comprised 55 days and freshly released feces samples were collected 5 days per week, 4 to 6 times per day,
morning and afternoon. Daily sample collection started 1h after cleaning of settling tubes and columns (shrimp feces settled during the
night were discarded). Maximum exposure time of sampled feces in water (Falcon tube collector) was 1.5h. Collected feces samples were
gently rinsed with distilled water during vacuum filtration to remove excess salt. Pooled feces were accumulated during the trial and kept
frozen (-15 oC). Feces samples were lyophilized, milled, and stored at -18°C until analysis. Daily monitored water parameters were dissolved
oxygen, salinity, and temperature (YSI Pro 2030, Yellow Springs, USA), weekly determination for total ammonia, nitrite, and alkalinity (Alfakit,
Florianópolis, Brazil). During the trial, water quality parameters were [mean (s.d.)]: dissolved oxygen 5.60 (0.18) mg/L, 86.5 (3.22) % of
saturation; temperature 29.1 (1.10) oC; salinity 35.2 (0.41) ppt; total ammonia 0.30 (0.46) mg/L; nitrite 0.10 (0.08) mg/L; pH 8.0, and
alkalinity 106.7 (10.3) mg/L CaCO3.

Experimental diets were tested in triplicate tanks. At trial finishing, harvested shrimp was counted and individually weighted for
determination of survival, growth and feed conversion ratio considering total feed delivered during trial.

Feed Conversion Rate (FCR) = total feed consumed (g) divided by total weight gain (g);

Daily feed intake (g/ind) = total feed consumed divided by stock number considering survival rate and days of culture.

Ingredient and diet analysis
Moisture, crude protein, lipid and ash contents of diets, feces and shrimp were determined following AOAC (2005). Moisture was analyzed
after oven drying at 105°C until constant weight - dried samples were used for further analysis. Crude protein was analyzed by Kjeldahl (N x
6.25) using copper sulphate as catalyst in the acid digestion. Lipid was determined by ether extraction (ST255, Soxtectm, FOSS). Gross
energy content of samples was analyzed with a calorimetric bomb (IKA 5000, Staufen, Germany). Amino acids were determined by HPLC
(White et al., 1986; Hagen et al., 1989) after acid and alkaline digestion by the ionic exchange method (Kwanyuen and Burton, 2010), with
tryptophan analyzed separately (Lucas and Sotelo, 1980). Feces amino acid content was the only analysis performed in samples sourced
from pools of replicate tanks. Chromium in diets and feces samples was determined by atomic absorption spectrometry according to
standard method no. 0968.08 (AOAC, 2005).
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Calculation of apparent digestibility coefficients: conventional and novel
approaches for feed ingredients
Apparent digestibility coefficients (ADC) of dry matter, energy and nutrients (%) in test diets were calculated as follows:

ADC (dry matter, %) = 100–100 (% Cr in diet/% Cr in feces)

ADC (nutrient or energy) = 100–100 [(% Cr in diet/% Cr in feces) x (Nutrient or energy in feces/Nutrient or energy in diet)]

The partial replacement of a reference diet mix by the target ingredient as dietary strategy, following the comparison of the ADC of this test
diet with ADC of the reference diet using mathematical calculations (formula), has been the most used method in digestibility studies
assessing feed ingredients for shrimp species (Akiyama et al., 1989; Davis and Arnold, 1993; Ezquerra et al., 1997; Cruz-Suárez et al., 2000;
Nieto-López et al., 2011; Davis et al., 2002; Cruz-Suárez et al., 2007; Lemos et al., 2009; Niu et al., 2011; Liu et al., 2013; Carvalho et al., 2016).
The present study aimed to compare this rather consensual method for ADC determination in a feed ingredient with a novel approach,
considering the target ingredient (presently SBM) at different inclusion levels in practical test diets and using the determined ADC of these
test diets as reference for estimation of ingredient ADC (Hernández et al., 2008; Yang et al., 2015).

The calculation for ADC of energy and nutrients (%) of SBM under the conventional methodology (SBM presently tested at 10, 20, and 30%
inclusion into the reference diet - diets T1, T2 and T3) followed the mathematical approach of weighing ADC of test and reference diets with
nutrient or energy content in diet and ingredient:

ADCtest ingredient = ADCtest diet + [(ADCtest diet – ADCref. diet) x (0.7 or 0.8 or 0.9 x Dref/0.3 or 0.2 or 0.1 X Dingr)]

Where, Dref is % nutrient or energy in reference diet mash and Dingr is % nutrient or energy in test ingredient (Bureau and Hua, 2006; Terrazas-
Fierro et al., 2010; Hernández et al., 2011; NRC, 2011; Carvalho et al., 2016; Panini et al., 2017; Qiu et al., 2018).

The presently proposed new approach for estimating amino acid ADC in individual feed ingredients (presently focused on SBM) is based on
the premise that the value of apparent true protein digestibility (ATPD) of a certain diet represents the average of each individual amino acid
digestibilities composing this diet (NRC, 2011). Accordingly, the apparent digestibility value of individual amino acids in the diet would range
above and below the mean value found for diet ATPD. Under the present new proposal and dietary experimental strategy, the calculation
(mathematical) of apparent individual amino acid digestibility (AIAAD) in a feed ingredient requires: 1. Estimation of the ATPD value of the
target ingredient included in test diets (presently SBM); and 2. Comparison of ATPD and AIAAD in each test diet (here composed by different
inclusion levels of SBM, diets T4, T5 T6 and T7) that represent the effect of increasing inclusion levels of the target ingredient upon AIAAD
of test diet.

The estimation of the ATPD value to be assigned for SBM was based on the combination of different criteria: a. the additive effect of
increasing dietary inclusion level of SBM upon ATPD of test diets (presently between 5 and 20%) - i.e., if higher dietary inclusion levels of
SBM results in increasing ATPD of test diets, the ATPD value of SBM as feed ingredient is therefore higher than the ATPD of teste diets – b.
literature values of ADC in SBM (Akiyama et al., 1989; Divakaran et al., 2000; Yang et al., 2009; Zhu et al., 2013; Fang et al., 2016; Qiu et al.,
2018) and author´s experience under currently tested SBM dietary inclusion levels (Lemos et al., 2004; Lemos et al., 2009; Carvalho et al.,
2016); and c. the consistency of total dietary protein supplied in test diets (5–20% SBM), i.e. the sum of digestible protein sourced from each
relevant proteinaceous feed ingredient in formulation was equivalent to determined (in vivo) ATPD value in the diet, considering the
additivity of ingredient protein supply and the estimated ATPD of each feed ingredient using literature data (Ezquerra et al., 1997; Nieto-
López et al., 2011; Yang et al., 2009; Ye et al., 2012; Liu et al., 2013; Villarreal-Cavazos et al., 2014; Zhao et al., 2017) and author´s experience
for the ingredients fish meal, wheat, poultry by-product meal, blood meal, squid meal, fish hydrolysate, dried yeast and soy lecithin. It was
also considered ATPD of test diets may be affected by rather elevated inclusion level of the feed ingredients blood meal (diets T4 and T5)
and poultry by-product meal (T4, T5 and T6) used in the present study (Tacon et al., 2009).

The true protein ADC value of SBM assigned for test diets was then used for calculation of individual amino acid digestibility of SBM, so
that:

ADCAA SBM = Mean [(ADCAA diet (T4, T5, T6 or T7)/ ADCprotein diet (T4, T5, T6 or T7)) x ADCprotein SBM]

Where:

ADCAA SBM : apparent digestibility coefficient of individual amino acid;
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ADCAA diet (T4, T5, T6 or T7) : apparent digestibility coefficient of individual amino acid in the test diet;

ADCprotein diet T4, T5, T6 or T7 : apparent digestibility coefficient of true protein in test diet;

ADCprotein SBM : apparent digestibility coefficient of true protein assigned to SBM (as above described).

Example

ADC of arginine in test diets = 72, 76, 77 and 80% with SBM inclusion at 5, 10, 15 and 20%, respectively;

ADC of true protein in test diets = 69, 73, 74 and 77% with SBM inclusion at 5, 10, 15 and 20%, respectively;

ADC of true protein assigned to SBM = 85%;

Thus, ADC of arginine in SBM (%) = Mean [(72/69) x 85]; [(76/73) x 85]; [(77/74) x 85]; [(80/77)] x 85 = 88.5%.

Statistical analysis
Data was submitted to normality and homoscedasticity test prior to application of analysis of variance (ANOVA) or Kruskall-Wallis ANOVA
to compare diet performance. Differences between means were analyzed by post-hoc Tukey HSD or Dunn tests. Pearson analysis was
applied to test for the statistical significance of the correlations and coefficient of determination (R2). Differences and correlations were
considered significant at P < 0.05 (Zar, 1984).

Results
The feeding trial resulted in significant different performance of juvenile L. vannamei depending on the dietary treatment (P < 0.05, Table 5).
Individual final weight was highest with diet T1 while growth rate was reduced in diets with 5 and 10% SBM inclusion (T4 and T5,
respectively) compared to higher SBM level diets (15 and 23.5%, corresponding to diets T6 and T1, respectively). Accordingly, FCR was lower
in diets with 23.5, 40.5 and 15% SBM (T1, T3 and T6, respectively) compared to 5% SBM inclusion diet (T4). Individual daily feed intake was
found reduced only in 40.5% SBM inclusion diet (T3), a treatment of highest protein content. In practical terms, the performance of juvenile
L. vannamei in clear water (growth rate and FCR) in most dietary treatments may be considered acceptable and support the validation of the
digestibility data obtained (Tacon, 1996; Carvalho et al., 2016).

Table 5
Performance of juvenile shrimp (Litopenaeus vannamei) after 55 days stocked at 85 ind/m3; 29 oC and 35 ppt salinity. Values expressed as

mean (s.d.). Means in the same line bearing different superscripts are significantly different (P < 0.05).

  T1

(10/90)1

T2

(20/80)1

T3

(30/70)1

T4 T5 T6

(reference)

T7

Initial ind wt (g) 3.42
(0.03)

3.33 (0.16) 3.37 (0.13) 3.39 (0.27) 3.35 (0.08) 3.36 (0.16) 3.44 (0.12)

Final ind wt (g) 15.4a

(0.51)
14.2ab

(0.52)
14.4ab

(0.08)
13.2b (0.28) 13.7b

(0.72)
14.9ab

(0.28)
14.0ab

(0.68)

Growth (g/week) 1.52a

(0.07)
1.38ab

(0.12)
1.40ab

(0.02)
1.24b (0.04) 1.32b

(0.09)
1.47a

(0.04)
1.35ab

(0.07)

FCR 1.61a

(0.14)
1.75ab

(0.11)
1.48a

(0.11)
1.95b (0.13) 1.75ab

(0.07)
1.47a

(0.12)
1.75ab

(0.19)

Survival (%) 87.3
(7.40)

89.2 (8.49) 98.0 (3.40) 88.2 (2.94) 91.2 (5.09) 96.1 (4.49) 89.2 (6.12)

Daily feed intake
(g/individual)

0.321a

(0.006)

0.318a

(0.010)

0.290b

(0.009)

0.305ab

(0.014)
0.304ab

(0.005)

0.299ab

(0.009)

0.311ab

(0.011)

FCR: feed conversion ratio.

T4, T5, T6 and T7: practical test diets with SBM inclusion at 5, 10, 15 and 20%, respectively

1 Conventional replacement method, SBM inclusion at 10, 20 ad 30% into the reference diet mash (T6). More details in Material and
Methods.
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The apparent digestibility of test diets also resulted in significant differences (P < 0.05) among dietary treatments for most assessed
nutrients (Table 6). Apparent dry matter digestibility ranged from 57.3–63.1% and showed higher value in T7 (20% SBM), only comparable
to diet T3 (40.5% SBM). Though showing higher values compared to apparent crude protein digestibility (ACPD), apparent true protein
digestibility (ATPD) was significantly correlated with ACPD (P < 0.05; R2 = 0.99), digestibility values ranging at 64.5–76.8% for ACPD and
69.4–81.7% for ATPD. Diets with elevated SBM inclusion (T1, T2 and T3) showed increased ACPD and ATPD compared to other test diets
with SBM inclusion between 5 and 20%, though significant higher digestibility (P < 0.05) was found in T3 (40.5% SBM) followed by T1, T2
and T7 (23.5, 32.0 and 20.0% SBM, respectively). Reduced ACPD was checked in diets T4 and T5 (P < 0.05). In contrast to protein, dietary
treatments did not result in significant different in apparent digestibility of ether extract (P > 0.05). Reduced apparent gross energy
digestibility was found in diet T2 (32.0% SBM) that was significantly lower than diet T7 (20% SBM, P < 0.05). As previously observed for
shrimp species reared in marine water, apparent ash digestibility displayed negative results (-32.3 to -17.0%) and no significant difference
was found among dietary treatments (P > 0.05).
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Table 6
Apparent digestibility (%) of test diets for juvenile Litopenaeus vananmei. Values expressed as mean (s.d.). Different superscripts in the

same row are significantly different (P < 0.05).

  T1

(10/90)1

T2

(20/80)1

T3

(30/70)1

T4 T5 T6

(reference)

T7

Dry matter 59.5ab (1.42) 57.3a (2.49) 61.1ab (0.91) 58.1a (0.52) 58.5a (1.40) 58.0a (1.60) 63.1b (1.61)

Crude protein 72.5a

(1.09)

71.2ac (1.96) 76.8b (1.44) 64.5d (0.77) 68.0cd (0.91) 69.3ac (2.27) 72.5a (1.01)

True protein 77.6 76.1 81.7 69.4 72.7 74.5 77.6

Ether extract 77.7 (2.81) 82.3 (8.16) 81.8 (3.86) 76.8 (1.78) 81.2 (3.31) 81.1 (2.96) 77.9 (4.46)

Gross energy 71.3ab (0.86) 69.2b (1.77) 72.3ab (1.52) 70.1ab (0.73) 71.0ab (0.38) 70.1ab (2.25) 73.4a (1.26)

Ash -23.0 (8.57) -26.8 (10.5) -17.0 (4.10) -32.1 (2.42) -29.2 (3.98) -29.7 (7.14) -32.3 (3.54)

Amino acids              

Arg 79.5 79.0 84.6 72.9 75.8 76.7 79.6

His 71.4 70.2 77.1 59.7 64.6 67.2 73.8

Iso 76.5 74.4 81.5 68.6 71.1 72.3 77.5

Leu 73.3 72.1 79.0 63.5 67.9 69.6 75.9

Lys 77.8 76.1 82.4 68.3 71.9 74.1 78.9

Met 77.8 75.3 80.0 72.0 73.6 74.4 76.3

Phe 74.8 72.6 79.0 62.3 66.7 68.8 75.1

Thr 73.3 70.4 77.7 63.4 65.0 67.2 70.7

Try 76.9 73.7 79.5 60.8 68.8 68.4 72.7

Val 70.5 68.5 77.2 60.3 65.2 67.2 73.1

Tau 87.2 85.0 88.8 85.4 85.4 87.6 86.0

Asp 84.7 84.9 88.0 78.3 81.0 84.9 86.4

Glu 84.5 83.1 88.0 78.3 80.7 83.0 85.1

Ser 72.1 70.4 77.0 62.5 64.9 67.1 68.3

Gly 74.4 72.0 76.3 68.1 71.0 71.5 70.1

Ala 74.8 72.4 78.4 66.7 70.6 71.4 74.2

Pro 76.5 74.5 79.7 69.9 72.9 73.7 75.8

Tyr 76.1 74.2 80.9 65.7 69.4 71.2 74.6

Cys 78.9 82.4 85.9 75.1 79.1 81.1 77.2

1 Conventionally applied replacement method for determination of digestibility, SBM inclusion at 10, 20 and 30% into the reference diet
mash (T6).

Apparent individual amino acid digestibility of test diets (AIAAD) showed higher values in T3 (40.5% SBM) followed in most cases by diets
T1 (23.5% SBM) and T7 (20% SBM), whilst diet T4 (5% SBM) registered the lowest AIAAD values (Table 6). Exception was checked for
taurine where ADC was > 85% for all test diets. Among required/indispensable amino acids for L. vannamei (taurine included: Yue et al.,
2013, To and Liou, 2021), digestibility of test diets showed wider variation for tryptophan, histidine, phenylalanine and valine whilst the
narrowest variation was found for AIAAD of taurine and methionine. Apparent digestibility ranged among diets as: 75.8–84.6% for arginine;
59.7–77.1% for histidine; 68.6–81.5% for isoleucine; 63.5–79.0% for leucine; 68.3–82.4% for lysine; 72.0–80.0 for methionine; 62.3–79.0%
for phenylalanine; 63.4–77.7% for threonine; 60.8–79.5% for tryptophan; 60.3–77.2% for valine; and 85.4–88.5% for taurine. Present ADC
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results confirmed the premise that ATPD value of the diet represent the average of AIAAD composing the diet (NRC, 2011) since these results
correlated significantly (P < 0.05, R2 = 0.99). The increased amino acid digestibility with higher inclusion of SBM (20–30% and 40.5%)
suggests ATPD of this ingredient was superior to ADC of the reference diet (T6). As protein was the main nutrient showing differences in
ADC, feces true protein content was found negatively correlated with ATPD (Table 7; P < 0.05, R2 = 0.98). The same trend was not observed
when regressing feces amino acid content with AIAAD, either for indispensable or non-indispensable amino acids.

Table 7
Feces composition (%) expressed as mean (s.d.), dry matter basis. Different superscripts in the same row are significantly different (P < 

0.05).

  T1

(10/90)1

T2

(20/80)1

T3

(30/70)1

T4 T5 T6

(reference)

T7

Crude protein 29.5a (0.18) 30.0a (0.30) 26.9b (1.06) 35.6c (0.45) 32.3d (0.19) 31.0ad (1.17) 29.7a (0.38)

True protein 21.7 22.9 19.3 27.6 25.2 23.1 21.9

Ether extract 3.73 (0.35) 2.95 (1.35) 2.91 (0.60) 4.45 (0.30) 3.67 (0.64) 4.02 (0.58) 4.63

(0.83)

Gross energy (cal/g) 3,421 (74.5) 3,470 (51.4) 3,416 (107.8) 3,457 (42.3) 3,732 (71.9) 3,403 (129.5) 3,569 (49.7)

Ash 32.5 (1.17) 30.2 (0.76) 29.5 (1.68) 34.0 (1.01) 34.0 (1.77) 33.6 (3.16) 29.5

(1.86)

Cr 0.83 (0.030) 0.81 (0.046) 0.84 (0.020) 0.78 (0.010) 0.80 (0.027) 0.82 (0.032) 1.02 (0.046)

Amino acids              

Arg 1.33 1.38 1.15 1.55 1.45 1.40 1.37

His 0.67 0.70 0.59 0.91 0.80 0.71 0.61

Iso 0.94 1.03 0.87 1.05 1.02 1.01 1.01

Leu 1.94 2.08 1.80 2.61 2.30 2.12 1.85

Lys 1.28 1.38 1.15 1.73 1.52 1.42 1.18

Met 0.42 0.42 0.37 0.53 0.51 0.47 0.44

Phe 1.10 1.21 1.07 1.53 1.36 1.26 1.10

Thr 1.13 1.25 1.06 1.48 1.42 1.29 1.20

Try 0.16 0.19 0.17 0.19 0.17 0.18 0.19

Val 1.37 1.47 1.22 1.82 1.60 1.46 1.28

Tau 0.04 0.04 0.03 0.06 0.06 0.04 0.04

Asp 1.37 1.33 1.02 1.67 1.54 1.22 1.21

Glu 2.49 2.67 2.07 3.07 2.87 2.51 2.57

Ser 1.33 1.38 1.20 1.66 1.58 1.45 1.45

Gly 1.97 2.01 1.81 2.48 2.29 2.17 2.19

Ala 1.51 1.60 1.38 2.00 1.79 1.66 1.48

Pro 1.54 1.60 1.41 1.92 1.77 1.65 1.69

Tyr 0.70 0.77 0.66 0.88 0.83 0.78 0.76

Cys 0.39 0.37 0.29 0.47 0.38 0.33 0.32

1 Conventionally applied replacement method for determination of digestibility, SBM inclusion at 10, 20 and 30% into the reference diet
mash (T6).
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Since a practical value of ATPD for SBM was pre-requisite for the application of the new methodology for estimation of amino acid
digestibility (as described in Material and Methods), it was initially checked, considering ADC values of test diets with increasing SBM
inclusion into the reference diet mix (10, 20 and 30%) and additivity of SBM dietary inclusion in diet digestibility, ATPD of SBM to be higher
than 74.5%, i.e. the experimentally determined ATPD value in reference diet T6 (Table 6). Based on this evidence, the value of 85% was
assigned for SBM ATPD that is further supported by literature data and author´s experience (Table 8). The assigned SBM ATPD value was
assumed stable in test diets (i.e. not affected by SBM level) under tested inclusion range (5 to 20%), also because SBM levels in test diets
may be considered practical for shrimp feeds (Hertrampf and Piedad-Pascual, 2000; Tacon et al., 2009). Though the ATPD of SBM may be
enough for calculation of amino acid digestibility under the present proposal, the expected ATPD of other protein sourcing ingredients was
also assigned for complimentary analysis in order to compare the sum of expected digestible protein from feed ingredients, considering
additive nutrient supply, with experimentally determined ATPD in test diets (Table 8). From the nine protein-supplying ingredients used in test
diets, only blood meal and poultry by-product meal were considered to have decreasing ATPD with higher dietary inclusion levels, and thus
assigned ATPD value of these ingredients varied among test diets, as previously reported with juvenile L. vannamei (Cruz-Suárez et al., 2007;
Carvalho et al., 2016). The assigned values of ATPD and consequent digestible protein from feed ingredients (the sum of protein supplies
from each ingredient) showed similar values compared to experimentally determined ATPD (Table 6; Table 8).

Table 8
Additivity of protein supply: total and digestible true protein of feed ingredients used in test diets with different inclusion levels of soybean
meal (SBM, T4 to T7) for juvenile Litopenaeus vannamei. Apparent digestibility coefficient of true protein (ADC tp) assigned according to

literature1 and author´s experience, considering ingredient type and potential effect of dietary inclusion level (in parenthesis) upon
digestibility. Total true protein content of diets considering ingredient composition and respective inclusion level in diets (Prot, %), and

digestible protein from diet ingredients (DP, %) considering ingredient true protein and ADC tp; the sum of DP from feed ingredients
represents additively predicted DP in diets. Predicted ADC tp (= total DP/ total Prot) is compared to experimentally determined ADC tp (as in

Table 6). More details in Material and Methods.
Feed ingredient T4 (5% SBM) T5 (10% SBM) T6 (15% SBM) T7 (20% SBM)

  ADC tp
(%)1

(inclusion,
%)

Prot
(%)

DP
(%)

ADC tp
(%)1

(inclusion,
%)

Prot
(%)

DP
(%)

ADC tp
(%)1

(inclusion,
%)

Prot
(%)

DP
(%)

ADC tp
(%)1

(inclusion,
%)

Prot
(%)

DP
(%)

SBM 85 (5) 2.19 1.86 85 (10) 4.37 3.72 85 (15) 6.56 5.57 85 (20) 8.74 7.43

Wheat 85 (42) 4.78 4.06 85 (39.5) 4.49 3.82 85 (36) 4.10 3.48 85 (36) 3.86 3.28

Fish meal 70 (20) 10.30 7.21 70 (20) 10.3 7.21 70 (20) 10.3 7.21 70 (20) 10.3 7.21

PBM 60 (11.5) 6.43 3.86 65 (10.5) 5.88 3.82 70 (10) 5.59 3.92 80 (9) 5.03 4.02

Blood meal 55 (4.5) 3.84 2.11 60 (3) 2.57 1.54 60 (2) 1.71 1.03 60 (0) 0.00 0.00

Squid 70 (5) 3.98 2.78 70 (5) 3.98 2.78 70 (5) 3.98 2.78 70 (5) 3.98 2.78

Fish hydrolysate 70 (4) 0.92 0.64 70 (4) 0.92 0.64 70 (4) 0.92 0.64 70 (4) 0.92 0.64

Dried yeast 70 (3) 1.02 0.72 70 (3) 1.02 0.72 70 (3) 1.02 0.72 70 (3.0) 1.02 0.72

Soy lecithin oil 85 (1) 0.03 0.02 85 (1) 0.03 0.02 85 (1) 0.03 0.02 85 (1.0) 0.03 0.02

Total   33.5 23.3   33.6 24.3   34.2 25.4   33.9 26.1

Diet ADC tp
(Predicted:
totalDP/totalProt)

    69.5     72.3     74.2     77.1

Diet ADC tp
(Determined:
Table 6)

    69.4     72.7     74.5     77.6

1 Akiyama et al., 1989; Ezquerra et al., 1997; Divakaran et al., 2000; Nieto-López et al., 2001; Lemos et al., 2004; Lemos et al., 2009; Yang
et al., 2009; Ye et al., 2012; Liu et al., 2013; Zhu et al., 2013; Villarreal-Cavazos et al., 2014; Carvalho et al., 2016; Fang et al., 2016; Zhao et
al., 2017; Qiu et al., 2018.

Amino acid ADC (AIAAD) of SBM showed contrasting values between the different strategies for digestibility determination (Table 9).
Apparent digestibility coefficients determined by the conventional replacement method varied depending on the replacement level of SBM
into the reference diet and ATPD was 99.5, 81.2 and 95.0% at 10, 20 and 30% replacement, respectively. Since ATPD represent the average of
individual amino acid digestibility, AIAAD values found by replacement method at 10 and 30% SBM may be considered very high, and the
great majority of values found in these dietary treatments (T1 and T3) were much higher than determined by the presently proposed
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approach for all amino acids. Digestibility varied according to SBM inclusion in the replacement method ranging from 63.4 to 129.7%, 42.4
to 88.7% and 87.0 to 108.4% in replacement levels of 10, 20 and 30%, respectively. Results of ADC under the replacement method at 20%
SBM were lower compared to findings at 10 and 30% but still differed from the presently proposed new calculation. Accordingly, with
exception to leucine, ADCs differed from 2 to 57 percent points in assessed amino acids. Higher AIAAD at 20% replacement compared to the
presently proposed new approach was checked for histidine, phenylalanine, threonine, tryptophan, serine and tyrosine, and most important
differences were found in taurine and isoleucine (55 and 21 percent points, respectively).

Table 9
Apparent digestibility of amino acids in soybean meal (SBM) feeding juvenile shrimp Litopenaeus vananmei. Traditional calculation

(SBM/Reference diet) was applied as diet strategy in T1, T2 and T3, and presently proposed alternative calculation (different levels of target
ingredient into practical diets). Values expressed as mean (s.d.) of different dietary inclusions of SBM (5 to 20%).

  Dietary strategy

  T1

(10/90)1

T2

(20/80)1

T3

(30/70)1

Proposed method

(5 to 20% inclusion)2

True protein 99.5 81.2 95.0 85.03

Arg 96.5 85.0 96.8 88.2 (0.97)**

His 99.0 79.1 94.2 76.5 (3.23)*

Iso 71.0 66.7 87.0 83.6 (1.05)

Leu 96.2 78.9 94.1 79.9 (2.27)*

Lys 102.7 82.1 96.8 84.7 (1.22)*

Met 115.3 79.4 96.3 85.7 (1.96)**

Phe 109.3 82.6 94.4 78.8 (2.51)*

Thr 112.2 79.4 95.1 76.9 (0.76)

Try 112.7 83.5 91.5 78.1 (2.65)*

Val 92.0 72.1 94.0 76.7 (2.56)*

Tau 72.8 42.4 100.5 99.7 (4.26)**

Asp 82.4 85.2 95.7 95.5 (1.06)

Glu 94.6 83.6 97.1 94.5 (1.11)

Ser 105.7 80.3 94.4 75.9 (0.82)

Gly 109.1 74.6 90.8 81.2 (3.04)**

Ala 103.7 76.0 93.9 81.7 (0.56)

Pro 99.2 77.5 92.5 84.5 (1.17)**

Tyr 129.7 88.7 108.4 81.1 (0.51)

Cys 63.4 86.2 94.8 90.4 (3.89)**

1 Conventional replacement method, SBM inclusion at 10, 20 ad 30% into the reference diet mash (T6) (references in Material and
Methods).

2 Based on live animal output fed diets with SBM inclusion at 5 to 20%.

3 Assigned values, as explained in Material and Methods and Results.

Asterisks: * Increase or ** decrease checked in diet ADC with rising inclusion of SBM (5 to 20% inclusion in the present study).

The proposed new method showed AIAAD between 75.9 and 99.7%, and variation (s.d.) was related to the effect of variability SBM inclusion
level produced in diet ADC. Under this methodology, highest ADC among indispensable amino acids was found for taurine (99.7%) followed
by arginine (88.2%), methionine (85.7%), lysine (84.7%) and isoleucine (83.6%) whilst lower values (ADC < 80%) were checked for histidine
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(76.5%), valine (76.7%), threonine (76.9%), tryptophan (78.1%), phenylalanine (78.8%) and leucine (79.9%). Among non-indispensable amino
acids higher ADC was verified for aspartic acid (95.5%), glutamic acid (94.5%) and cysteine (90.4%), followed by proline (84.5%), alanine
(81.7%), glycine (81.2%), tyrosine (81.1%) and serine (75.9%). Increasing inclusion level of SBM in test diets used in the new methodology
resulted in increased, reduced or no effect upon diet digestibility (as indicated by asterisk in Table 9). Among indispensable amino acids,
increasing dietary SBM resulted in reduced ADC in arginine, methionine and taurine, whereas it was checked higher for histidine, leucine,
lysine, phenylalanine and valine. Glycine, proline and cysteine ADCs were also negatively affected by SBM increasing level.

Discussion
Shrimp requires 46 to 50 individual nutrients to be provided in diets at adequate amount and in digestible form for proper health and growth;
dietary requirement includes eleven amino acids (Yue et al., 2013; Tacon, 2015; To and Liou, 2021). Therefore, data on digestibility of
feedstuffs is needed according to required nutrients to be sourced in diets through feed ingredients. A single feed ingredient has its own
digestibility features, but also the combination of feed ingredients and feed preparation method may affect nutrient digestibility (Molina and
Espinoza, 2020). Determining apparent nutrient digestibility has been a criterion for quality control of feedstuffs (Hertrampf and Piedad-
Pascual, 2000) and this have been assessed for over thirty years in shrimp species (Akiyama et al., 1989). However, the most used
methodology in assessing digestibility in shrimp may present some limitation. Important points on methodologies for determination of
digestibility in shrimp species include: a. technical limitation in the application of a fixed inclusion level of target ingredient replacing a
reference diet mix for a large variety of raw materials (for different reasons some feed ingredients are not recommended to be included in
diets at levels as high as 30 or even 15% - see: Tacon et al., 2009 for review), i.e. some raw materials may produce reduced palatability and
impaired digestibility if included at elevated levels (Lemos et al., 2009; Carvalho et al., 2016); b. lack of standardization on particle size of
feed ingredients tested (critical for digestibility in shrimp, Ye et al., 2012, Wade et al., 2018); c. poor attention for animal performance
potential in tank/aquaria systems, including feces collection strategies not suitable to sustain growth and FCR consistent with practical
farming (ADC values should be ideally validated by proper shrimp performance) ; d. potentially significant leaching nutrient losses from
pellets prior to complete feed intake, largely related to inappropriate feeding management, as well as leaching of fecal material, leading to
potential overestimation of ADC (Smith and Tabrett, 2004; Cruz-Suarez et al., 2009; Bortone and Kipfer, 2016); e. short experimental period of
digestibility trials in terms of individual weight gain, sometimes poorly representative of the farming cycle (Tacon; 1996); and f. limitation in
applying a conventional mathematical calculation in determining ADC in which equation terms compare digestibility of test and reference
diets for determination of ADC value for a target ingredient (Forster, 1999; Bureau and Hua, 2006; Carvalho et al., 2016). These
methodological limitations suggest the need for improved techniques to determine the ADC value in a single feed ingredient under practical
conditions in order to be widely applicable in the industry. Accordingly, assessing the digestibility of experimental diets including the target
ingredient at different practical/recommended inclusion levels enables checking the effect of ingredient inclusion upon diet ADC and
therefore the estimation of a reasonable ADC value of the feed ingredient (Tacon and Akiyama, 1997; Divakaran et al., 2000).

Shrimp growth rate and FCR in the present trial were acceptable for juvenile L. vannamei in clear water and further validate digestibility data
(Carvalho et al., 2016; Lemos et al., 2021). The presented ADC values are thus representative of shrimp growing cycle in the trial, while
collected feces samples denote the type of residue of this culture operation, which may be complimentary to performance data. The suitable
performance may be attributed to key factors including proper water quality (mainly dissolved oxygen > 85% saturation) and automatic
feeding regime (continuous feed supply and minimized leaching) over the course of the trial, composing the system for simultaneous
determination of performance and digestibility in juvenile shrimp (Smith and Tabrett, 2004; Carvalho et al., 2013; Yang et al., 2009;
Zainuddin and Aslamyah, 2014; Akiyama and Yukasano, 2022).

The present dietary strategy for determination of digestibility in a single feed ingredient, that contrasted ADCs of test diets including
different percentages of the target ingredient, showed increasing SBM inclusion favored protein and amino acid digestibility in practical
diets. It is well known a great variety of aquafeed ingredients are not suitable/recommended to be included above 10% in diet formulation in
shrimp, and elevated levels may reduce ADC due to, e.g., decreased palatability, reduced feed intake, endogenous nitrogen losses (Columbus
and Lange, 2012). In early times of digestibility determination in aquafeeds (starting with fish species), raw materials such as fish meal and
soy products have composed most tested ingredients and have been often assayed at conventional 30% inclusion into reference diets, with
minor focus on alternative animal and plant feedstuff (Cho et al., 1982; Dimes et al., 1994). With further advancement on the topic, it
became clear these ingredients could eventually be used at this high established level with not so serious effects upon digestibility
compared to several others currently used or potentially valuable in shrimp diets (Divakaran et al., 2000; Carvalho et al., 2016). As feed
represents a major cost in farming, feed formulation requires continuous development and diversification of feed ingredients supported by
characterization of raw materials including values of nutrient digestibility.
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A common issue checked in literature reporting AIAAD values in some individual feed ingredients such as SBM for shrimp species have been
very high ADC values (sometimes 95–99%, obtained by application of mathematical calculation) leading to uncertainty for use in practical
feed formulation. Beyond potential leaching effect in trials leading to overestimated ADC (Smith and Tabbrett, 2004; Dias et al., 2009),
limitation in formula for calculation of the effect of a fixed replacement level of target ingredient into a reference diet mix should also be
analyzed. A bias in the digestibility calculation formula for apparent digestibility of feed ingredients was previously reported as at lower
inclusion levels, the apparent digestibility coefficient of nutrients resulting from target ingredients with a high biological value are magnified
and may reach values over 100% (Carvalho et al., 2016). The opposite has been checked for ingredients with a lower biological value.

A starting point for interpretation of ADC values of a feed ingredient may be checking apparent digestibility of true protein and individual
amino acids determined in test diets under different inclusion of target ingredient, which represent more closely the biological process of
nutrient absorption by determining diet and feces content with intermediation of an inert marker included in diets. Presently proposed
alternative methodology for ADC determination has also limitations (e.g. the precision of estimation in true protein ADC for SBM) and is not
intended to become an unquestionable reference, but rather offer and alternative view and more realistic values of ADC, to be continuously
improved through studies on potential and limitation of inclusion of feed ingredients into practical diets. Thus, beyond the uncertainty
derived from variability and elevated values of ADC values obtained by the conventional methodology (fixed inclusion level of target
ingredient), the proposed assessment resulted in more reasonable ADC values, to be considered as starting point for further assessment of
SBM and other valuable raw materials for shrimp feeds. As important competitors in the aquafeed sector, R&D based companies develop in-
house solutions for continuous assessment of feed ingredients including several different techniques. Determination of nutrient digestibility
is a crucial topic under development by the aquafeed industry for farmed shrimp.

Declarations
Funding: São Paulo Research Foundation (FAPESP, Brazil – 2019/11828-6).

Conflicts of interest: authors declare no conflict of interest

Ethics approval: not applicable

Consent to participate: authors agree in participating in this manuscript

Consent for publication: authors agree in publishing this manuscript

Availability of data and material: not applicable

Code availability: not applicable

Authors' contributions: all authors whose names appear on the submission 1) made substantial contributions to the conception or design of
the work; or the acquisition, analysis, or interpretation of data; 2) drafted the work or revised it critically for important intellectual content; 3)
approved the version to be published.

References
1. Akiyama DM, Coelho SR, Lawrence AL (1989) Apparent Digestibility of Feedstuffs by the Marine Shrimp Penaeus vannamei BOONE.

Nippon Suisan Gakkaishi 55(1):91–98

2. Akiyama DM, Yukasano D (2022) Shrimp feed management in outdoor ponds for Litopenaeus vannamei. Aquac Asia Pac 18(4):30–37

3. AOAC - Association of Official Analytical Chemists (2005) Official methods of analysis of AOAC International, 18th edn. AOAC
International, Gaithersburg

4. Bortone E, Kipfer T (2016) Shrimp feeds depend on proper ingredient grinding.Global Aquaculture Advocate,
https://www.globalseafood.org/advocate/shrimp-feeds-depend-on-proper-ingredient-grinding/

5. Bureau DP, Hua K (2006) Letter to the Editor of Aquaculture. Aquaculture 252:103–105

6. Carvalho PSM, Phan VN (1998) Oxygen Consumption and ammonia excretion during the moulting cycle in the shrimp Xiphopenaeus
kroyeri. Comp Biochem Physiol 119A:839–844

7. Carvalho RAPLF, Lemos D, Tacon AGJ (2013) Performance of single-drain and dual-drain tanks in terms of water velocity profile and
solids flushing for in vivo digestibility studies in juvenile shrimp. Aquacult Eng 57:9–17



Page 17/19

8. Carvalho RAPLF, Ota RH, Kadry VO, Tacon AGJ, Lemos D (2016) Apparent digestibility of protein, energy and amino acids of six protein
sources included at three levels in diets for juvenile white shrimp Litopenaeus vannamei reared in high performance conditions.
Aquaculture 465:223–234

9. Ceccaldi HJ (1989) Anatomy and physiology of digestive tract of Crustaceans Decapods reared in aquaculture. Actes de Colloque
9:243–259

10. Columbus D, Lange CFM (2012) Evidence for validity of ileal digestibility coefficients in monogastrics. Br J Nutr 108:S264–S272

11. Cho CY, Slinger SJ, Bayley HS (1982) Bioenergetics of salmonid fishes: energy intake, expenditure ad productivity. Comp Biochem
Physiol 73B:25–41

12. Cruz-Suárez LE, Ricque-Marie D, Nieto-López M, Tapía-Salazar M, La Paz (2000) B.C.S., México, pp 298–326

13. Cruz-Suárez LE, Nieto-López M, Guajardo-Barbosa C, Tapia-Salazar M, Scholz U, Ricque-Marie D (2007) Replacement of fish meal with
poultry by-product meal in practical diets for Litopenaeus vannamei, and digestibility of the tested ingredients and diets. Aquaculture
272:466–476

14. Cruz-Suárez LE, Tapia-Salazar M, Villarreal-Cavazos D, Beltran-Rocha J, Nieto-López MG, Lemme A, Ricque-Marie D (2009) Apparent dry
matter, energy, protein and amino acid digestibility of four soybean ingredients in white shrimp Litopenaeus vannamei juveniles.
Aquaculture 292:87–94

15. Davis DA, Arnold CR (1993) Evaluation of five carbohydrate sources for Penaeus vannamei. Aquaculture 114:285–292

16. Davis DA, Arnold CR, McCallum I (2002) Nutritional value of feed peas (Pisum sativum) in practical diet formulations for Litopenaeus
vannamei. Aquacult Nutr 8:87–94

17. Dias ROC, Carvalho RAPLF, Lemos D, Tacon AGJ (2009) Tailoring feed to farm conditions: effects of water temperature, salinity and
exposure time on the stability of shrimp feeds. Global Aquaculture Advocate, Nov/Dec, pp 50–52

18. Dimes LE, Haard NF, Dong FM, Rasco BA, Forster IP, Fairgrieve WT, Arndt R, Hardy RW, Barrows FT, Higgs DA (1994) Estimation of
protein digestibility – II. In vitro assay of protein in salmonid feeds. Comp. Biochem. Physiol., 108A: 363–370

19. Divakaran S, Velasco M, Beyer E, Forster I, Tacon AGJ (2000) Soybean meal apparent digestibility for Litopenaeus vannamei, including
a critique of methodology. In: Cruz, Suárez LE, Ricque-Marie D, Tapia-Salazar M, Olvera-Novoa MA, Civera-Cerecedo R (eds.) Avances en
Nutrición Acuícola V, Memórias del V Simposium Internacional de Nutrición Acuícola, 19–22 Noviembre, 2000, Mérida, Yucatán, Mexico,
pp 267–276

20. Ezquerra JM, Garcia-Carreño FL, Civera R, Haard NF (1997) pH-stat method to predict digestibility in vitro in white shrimp Penaeus
vannamei. Aquaculture 157:249–260

21. Fang XY, Yu DH, Buentello A, Davis DA (2016) Evaluation of new non-genetically modified soybean varieties as ingredients in practical
diets for Litopenaeus vannamei. Aquaculture 451:178–185

22. Forster (1999) A note on the method of calculating digestibility coefficients of nutrients provided by single ingredients to feeds of
aquatic animals. Aquacult Nutr 5(2):143–145

23. Forster IP, Dominy W, Obaldo L, Tacon AGJ (2003) Rendered meat and bone meals as ingredients of diets for shrimp Litopenaeus
vannamei (Boone, 1931). Aquaculture 219: 655–670

24. Hernández C, Olvera-Novoa MA, Aguilar-Vejar K, González-Rodríguez B, de la Abdo I (2008) Partial replacement of fish meal by porcine
meat meal in practical diets for Pacific white shrimp (Litopenaeus vannamei). Aquaculture 277:244–250

25. Hernández C, Olvera-Novoa MA, Smith DM, Hardy RW, Gonzalez-Rodriguez B (2011) Enhancement of shrimp Litopenaeus vannamei
diets based on terrestrial protein sources via the inclusion of tuna by-product protein hydrolysates. Aquaculture 317:117–123

26. Hertrampf J, Piedad-Pascual F (2000) Handbook on ingredients for aquaculture feeds. Kluwer Academic Publishers, Dordrecht, The
Netherlands, p 573

27. Jannathulla R, Dayal JS, Vasanthakumar D, Ambasankar K, Muralidhar M (2018) Effect of fungal fermentation on apparent digestibility
coefficient for dry matter, crude protein and amino acids of various plant protein sources in Penaeus vannamei. Aquacult Nutr 24:1318–
1329

28. Jory DE (2018) The proper management of commercial shrimp feeds, part 1. Global Aquaculture Advocate
https://www.globalseafood.org/advocate/the-proper-management-of-commercial-shrimp-feeds-part-1/?
headlessPrint=AAAAAPIA9c8r7gs82oW

29. Kwanyuen P, Burton JW (2010) A modified amino acid analysis using PITC derivatization for soybeans with accurate determination of
cysteine and half-cystine. J Am Oil Chem Soc 87:127–132

30. Lemos D, Córdova-Murueta J, Navarrete del Toro A, Garcia-Carreño FL (2004) Testing feeds and feed ingredients for juvenile pink
shrimp Farfantepenaeus paulensis: in vitro determination of protein digestibility and proteinase inhibition. Aquaculture 239:307–321



Page 18/19

31. Lemos D, Lawrence AL, Siccardi AJ III (2009) Prediction of apparent protein digestibility of ingredients and diets by in vitro pHstat
degree of protein hydrolysis with species-specific enzymes for juvenile Pacific white shrimp Litopenaeus vannamei. Aquaculture
295:89–98

32. Liu X-H, Ye J-D, Kong J-H, Wang K, Wang A-L (2013) Apparent digestibility of 12 protein-origin ingredients for Pacific white shrimp
Litopenaeus vannamei. North Am J Aquac 75(1):90–98

33. Lucas B, Sotelo A (1980) Effect of different alkalies, temperatures and hydrolysis time on tryptophan determination of pure proteins and
food. Anal Biochem 109(1):192–197

34. Merican ZO, Shim KF (1995) Apparent digestibility of lipid and fatty acids in residual lipids of meals by adult Penaeus monodon.
Aquaculture 133:275–286

35. Molina C, Espinoza M (2020) Evaluating extruded feeds for juvenile Pacific white shrimp. Global Aquaculture Advocate
https://www.globalseafood.org/advocate/evaluating-extruded-feeds-for-juvenile-pacific-white-shrimp/?
headlessPrint=AAAAAPIA%E2%80%A6

36. Moughan PJ (1999) In vitro techniques for the assessment of the nutritive value of feed grains for pigs: a review. Aust J Agric Res
50:871–879

37. Nieto-López M, Tapia-Salazar M, Ricque-Marie D, Villarreal-Cavazos D, Lemme A, Cruz-Suárez LE (2011) Digestibility of different wheat
products in white shrimp Litopenaeus vannamei juveniles. Aquaculture 319:369–376

38. Niu H, Chang J, Gu S, Xie Z, Zhu A (2011) Effects of spray-dried blood cell meal with microencapsulated methionine substituting fish
meal on the growth, nutrient digestibility and amino acid retention of Litopenaeus vannamei. Aquac Res 42:480–489

39. NRC – National Research Council (2011) Nutrient Requirements of Fish and Shrimp. The National Academies Press, Washington, DC, p
376

40. Panini RL, Freitas LEL, Guimarães AM, Rios C, Silva MFO, Vieira FN, Fracalossi DM, Samuels RI, Prudêncio ES, Silva CP, Amboni RDMC
(2017) Potential use of mealworms as an alternative protein source for Pacific white shrimp: digestibility and performance. Aquaculture
473:115–120

41. Qiu X, Nguyen L, Davis DA (2018) Apparent digestibility of animal, plant and microbial ingredients for Pacific white shrimp Litopenaeus
vannamei. Aquacult Nutr 24:930–939

42. Raggi T (2016) Feeding and nutrition of tropical farmed fish and shrimp: pellet water stability, in vitro protein digestion, comparison of
inert markers, evaluation of practical feeds, and dietary amino acid requirement. PhD Thesis, University of São Paulo, Brazil, 280 p

43. Rivas-Veja ME, Rouzaud-Sandez O, Salazar-García MG, Ezquerra-Brauer JM, Goytortúa-Bores E, Civera-Cerecedo R (2009)
Physicochemical properties of cowpea (Vigna unguiculata L. Walp.) meals and their apparent digestibility in white shrimp (Litopenaeus
vannamei Boone). Hidrobiológica (Mexico) 19(1):15–23

44. Shi J, Lee K-J (2021) Digestibility of insect meals for Pacific white shrimp (Litopenaeus vannamei) and their performance for growth,
feed utilization and immune responses. PLoS ONE 16(11):e0260305. https://doi.org/10.1371/journalpone.0260305

45. Simon CJ, Bourne N, Hines BM, Pirozzi I, Booth M (2022) Estimation of apparent dietary nutrient digestibility in Yellowtail Kingfish
Seriola lalandi by Near-Infrared Spectroscopy (NIRS). Aquaculture 548. https://doi.org/10.1016/j.aquaculture.2021.737624

46. Smith DM, Tabrett SJ (2004) Accurate measurement of in vivo digestibility of shrimp feeds. Aquaculture 232:564–580

47. Smith DM, Tabrett SJ, Glencross BD, Irvin SJ, Barclay MC (2007) Digestibility of lupin kernel meals in feeds for the black tiger shrimp,
Penaeus monodon. Aquaculture 264:353–362

48. Tacon AGJ (1996) Nutritional studies in crustaceans and the problems of applying research findings to practical farming systems.
Aquac Nutr 1:165–174

49. Tacon AGJ, Akiyama D (1997) Feed ingredients. In: D’Abramo LR, Conklin DE, Akiyama DM (eds) Crustacean Nutrition, Advances in
World Aquaculture, vol 6. World Aquaculture Society, Baton Rouge, LA, pp 411–472

50. Tacon AGJ, Metian M, Hasan MR (2009) Feed ingredients and fertilizers for farmed aquatic animals: sources and composition. FAO
Fisheries and Aquaculture Technical Paper 540. Food and Agriculture. Organization of the United Nations, Rome, p 209

51. Terrazas-Fierro M, Civera-Cerecedo R, Ibarra-Martínez L, Goytortúa-Bores E, Herrera-Andrade M, Reyes-Becerra A (2010) Apparent
digestibility of dry matter, protein, and essential amino acid in marine feedstuffs for juvenile whiteleg shrimp Litopenaeus vannamei.
Aquaculture 308:166–173

52. To V-A, Liou C-H (2021) Taurine supplementation enhances the replacement level of fishmeal by soybean concentrate in diets of
juvenile Pacific white shrimp (Litopenaeus vannamei Boone, 1931). Aquac Res 52(8):3771–3784

53. Villarreal-Cavazos DA, Ricque-Marie D, Peña-Rodríguez A, Nieto-López M, Tapia-Salazar M, Lemme A, Gamboa-Delgado J, Cruz-Suárez
LE (2014) Apparent digestibility of dry matter, crude protein, and aminoacids of six rendered by-products in juvenile Litopenaeus



Page 19/19

vannamei. Ciencias Marinas 40:163–172

54. Wade NM, Bourne N, Simon CJ (2018) Influence of marker particle size on nutrient digestibility measurements and particle movement
through the digestive system of shrimp. Aquaculture 491:273–280

55. Yang Q, Zhou X, Zhou C, Tan B, Chi S, Dong X (2009) Apparent digestibility of selected feed ingredients for white shrimp Litopenaeus
vannamei, Boone. Aquac Res 41:78–86

56. Yang Q, Tan B, Dong X, Chi S, Liu H (2015) Effect of replacing fish meal with extruded soybean meal on growth, feed utilization and
apparent nutrient digestibility of juvenile white shrimp (Litopenaeus vannamei). J Ocean Univ China (Oceanic and Coastal Sea
Research) 14(5):865–872

57. Ye J-D, Liu X-H, Kong J-H, Wang K, Sun Y-Z, Zhang C-X, Zhai S-W, Song K (2012) The evaluation of practical diets on a basis of
digestible crude protein, lysine and methionine for Litopenaeus vannamei. Aquac Nutr 18:651–661

58. Yue Y-R, Liu Y-J, Tian L-X, Gan L, Yang H-J, Liang G-Y, He J-Y (2013) The effect of dietary taurine supplementation on growth
performance, feed utilization and taurine contents in tissues of juvenile white shrimp (Litopenaeus vannamei, Boone, 1931) fed with
low-fishmeal diets. Aquac Res 44(8):1317–1325

59. Zainuddin H, Aslamyah S (2014) Effect of dietary carbohydrate levels and feeding frequencies on growth and carbohydrate digestibility
by white shrimp Litopenaeus vannamei under laboratory conditions. J Aquac Res Development 5(6). doi:10.4172/2155-9546.1000274

60. Zar JH (1984) Biostatistical Analysis, 2nd edn. Prentice Hall, Englewood Cliffs, New Jersey

61. Zhao L, Wang W, Huang X, Guo T, Wen W, Feng L, Wei L (2017) The effect of replacement of fish meal by yeast extract on the
digestibility, growth and muscle composition of the shrimp Litopenaeus vannamei. Aquac Res 48:311–320

62. Zhu X, Davis DA, Roy L, Samocha TM, Lazo JP (2013) Response of Pacific white shrimp, Litopenaeus vannamei, to three sources of
solvent extracted soybean meal. J World Aquac Soc 44(3):396–403


