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Abstract Soybean meal was subjected to autoclaving for different durations (0, 5, 10, 15, and
20 min) to alter its protein solubility index (PSI). As a result of autoclaving, the PSI of soybean
meal was reduced from 85–64% but the protein quantity was not affected. Among amino
acids, methionine and cystine were reduced significantly (P < 0.05) beyond autoclaving for
15 min. Trypsin inhibitor was below detectable level after 20 min of autoclave. Saponin and
phytic acid were reduced by 0.3–8 and 1–24%, respectively, in treated soybean meal. Five iso-
nitrogenous diets were formulated by replacing untreated soybean meal using processed
soybean meal, and its effects on growth performance, feed efficiency, and digestibility
parameters were assessed in Penaeus vannamei. The results revealed that the growth rate
was not affected (P > 0.05) in shrimp fed with diets having soybean meal autoclaved up to
10 min (PSI 72%). The similar trend was noticed in feed efficiency parameters. The apparent
dry matter and crude protein digestibility parameters were reduced (P < 0.05) in shrimp fed
diets having soybean meal autoclaved for 15 and 20 min (PSI 68 and 64%). The inclusion of
processed soybean meal has not influenced the shrimp carcass composition. The present study
showed that though anti-nutritional factors were reduced in prolonged heat treatment, the
declined protein solubility has resulted in the reduction of growth parameters and digestibility
in those treatments. Hence, the present preliminary results suggest to scrutinize the quality of
protein whenever heat is being applied during the processing of soybean meal and also other
protein sources.
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Introduction

The nutritional quality of any ingredient is assessed by its gross chemical composition. The
protein digestibility and its amino acid composition generally, determine the protein quality.
Protein solubility index (PSI) is most widely used to determine the overprocessing of protein
sources especially for soybean meal (Araba and Dale 1990) as this influences its utilization.
Searching for alternative ingredients for fishmeal is a priority area of research in aquaculture
nutrition. The plant protein sources are widely used in multi feed formulations but their usage
was limited in shrimp feeds because of the challenging problems of digestibility due to higher
fiber fraction, anti-nutritional factors, and imbalanced profiles of certain essential amino acids
(methionine, lysine, and tryptophan). In order to increase the utilization of plant protein
sources in shrimp feeds, various pre-digestive processes were employed nowadays (Shi
et al. 2015), but the preference was given to solid state fermentation by the researchers due
to less drawbacks of all the invented processing methods (Wee 1991).

The microbial fermentation has improved the nutritional quality but reduced the PSI of the
soybean meal by 10% (Chen et al. 2010). The reduced PSI was attributed to the temperature
and duration employed during autoclave (Chen et al. 2010), because fermentation with specific
inoculum needs sterilization by autoclaving to prevent the cross contaminations. The process
of autoclaving denatures the protein and results in decreased protein hydrolysis and thereby
reduced protein availability to the cultured species (Chen et al. 2010). The effect of protein
solubility has been studied in terrestrial animals like pig and poultry in an earlier study
(Parsons et al. 1991), but so far, there were no reports available in aquatic species. Fermented
soybean meal currently represents as a predominant choice as alternative to fishmeal in shrimp
feed (Imelda Joseph et al. 2008; Shiu et al. 2015; Sharawy et al. 2016); there is need to address
the quality of protein when heat is being applied during the processing. Despite nutrient
enrichment, the reduced protein solubility during microbial fermentation (Chen et al. 2010)
spurred to study the minimum required quality of protein in the processed samples. Hence, in
the present study, soybean meal was selected and its chemical indicators viz., proximate
constituents, amino acid composition, anti-nutritional factors and protein solubility, and the
biological indicators, viz. growth, digestibility, and feed efficiency, were investigated to
determine the threshold of heat treatment with minimum damage to protein solubility of
soybean meal in the diet of Penaeus vannamei.

Materials and methods

Sample preparation and experimental diets

The solvent extracted commercial soybean meal having 480 g kg−1 of crude protein
(540 g kg−1 dry matter basis) was sourced (n = 6) from local markets in and around Chennai,
India, and was ground to a particle size of <500 μm using a micropulverizer. The ground
soybean meal was hydrated with water to obtain approximately 60 to 65%moisture with pH of
6.5 to 7.0 and then autoclaved at 121 °C (105 kPa) for 0, 5, 10, 15, and 20 min to produce a
range of protein solubility indices. The autoclaved soybean meal was dried at room temper-
ature and was analyzed for chemical compositions. Five iso-nitrogenous diets were prepared
by using processed soybean meal (Table 1). All the dry ingredients were mixed with oil
sources and water in a domestic mixer and manually kneaded into dough. The homogenized
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dough was steamed for 5 min at atmospheric pressure and pelleted in a table top pelletizer with
a 2-mm diameter die (Dayal et al. 2003). 5 g kg−1 of chromic oxide was used in all the diets as
an inert marker to study the apparent digestibility parameters. The pellets were dried in a
forced-air oven at 60 °C for 12 h and stored in a refrigerator until being used.

Biochemical analysis

The protein solubility index (PSI) was analyzed according to Araba and Dale (1990). Briefly,
1 g of sample was incubated with 50 ml of 0.2% KOH in a shaking incubator at room

Table 1 Ingredient and proximate composition of experimental diets having soybean meal (SBM) autoclaved
for different durations (g kg−1 as fed basis)

Ingredients Diets containing soybean meal autoclaved for different durations

AT 0
(PSI 85%)

AT 5
(PSI 79%)

AT 10
(PSI 72%)

AT 15
(PSI 68%)

AT 20
(PSI 64%)

Fishmeal1 250 250 250 250 250
Acetes2 80 80 80 80 80
Prawn head 30 30 30 30 30
Squid meal 15 15 15 15 15
SBM (PSI 85%) 200 – – – –
SBM (PSI 79%) – 200 – – –
SBM (PSI 72%) – – 200 – –
SBM (PSI 68%) – – – 200 –
SBM (PSI 64%) – – – – 200
Wheat gluten 5 5 5 5 5
Corn gluten 15 15 15 15 15
Sesame oil cake 50 50 50 50 50
Broken rice 50 50 50 50 50
Maida3 100 100 100 100 100
Wheat flour 139 139 139 139 139
Fish oil1 20 20 20 20 20
Lecithin 10 10 10 10 10
Vitamin mineral mix4 20 20 20 20 20
Binder5 10 10 10 10 10
Chromic oxide6 5 5 5 5 5
BHT7 1 1 1 1 1
Proximate composition
Moisture 70.74 71.17 70.01 69.36 69.17
Crude protein 376.01 369.24 371.72 371.17 370.44
Ether extract 65.06 65.18 65.21 65.27 65.31
Crude fiber 32.23 31.44 31.36 31.24 31.18
NFE 331.65 339.10 338.09 339.50 340.65
Total ash 124.31 123.87 123.61 123.46 123.25

1 Sardine fishmeal and fish oil from Bismi Fisheries, Mayiladuthurai, Tamil Nadu, India
2Mantis shrimp species used as a protein sources (60% crude protein)
3 Flour made from endosperm of wheat grain without bran used as a carbohydrate source
4 Vitamin miner mix based on Sun et al. (2016)
5 Pegabind, Bentoli AgriNutrition Asia Pvt. Ltd., Singapore
6 Sigma Aldrich (Cat. No: 393,703)
7 Butylated hydroxytoluene, Sigma Aldrich (Cat. No: PHR1117)

NFE nitrogen-free extract (calculated by difference)
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temperature for 20 min. The content was centrifuged at 6000 rpm for 10 min and the known
volume of supernatant was analyzed for protein by Kjeldhal method. The proximate
composition of ingredients, feed, and shrimp carcass in terms of moisture, crude protein,
ether extract, crude fiber, and total ash was analyzed by AOAC (1997) method. Briefly, the
moisture content was determined by drying the samples at 105 °C in a hot air oven overnight.
Nitrogen content was analyzed by micro Kjeldahl method (Kjeltec™-8100, Tecator™ Line),
and the analyzed nitrogen was converted into crude protein by multiplying with common
empirical factor of 6.25. The ether extract was estimated using petroleum ether (60 to 80 °C) in
Soxhlet extraction unit (Scocs Plus-SCS 6). The samples were digested using 1.25% sulphuric
acid (30 min) followed by 1.25% sodium hydroxide (30 min) using Fiber cap method
(FOSS-2022, Tecator™) for determining the crude fiber. The total ash content was measured
by incinerating samples at 540 °C in muffle furnace for 6 h. Nitrogen-free extract was
calculated by difference.

Amino acid profiles were analyzed using a pre column HPLC gradient system
(Shimadzu Corp, LC-30 AD) after hydrolyzing the samples with 6 N hydrochloric acid
in a sealed tube for 22 h at 110 °C in a vacuum oven (Finlayson 1964). The excess acid
was evaporated using a vacuum rotary evaporator and the residue was placed into a
diluent (0.1 N hydrochloric acid) and then filtered using a 0.2-μm membrane syringe
filter. Separation of amino acids was done in a column (YMC-Triart C18, RRHD 1.8 μm,
2.1 × 100 mm dimension) under gradient elution using phosphate buffer (20 mmol) as
mobile phase A and combination of acetonitrile:methanol:water (45:40:15) as mobile
phase B at the flow rate of 0.3 ml min−1. The gradient was changed by increasing mobile
phase B concentration at the rate of 11 to 13% for 3 min, 31% for 5 min, 37% for
15 min, 70% for 20 min, and 100% for 25 min. Mercaptopropionic acid, O-
pthaladehyde, and fluorenylmethoxycarbonyl chloride were used as derivatizing agents.
Amino acids were qualified and quantified by fluorescent detector (RF-20AXS) using
amino acid mixer as an external standard (Sigma Aldrich, Cat. No: AAS18-5ML).
Tryptophan, being labile to acid hydrolysis, was measured after alkali hydrolysis by
spectrophotometric method at 500 nm (Sastry and Tammuru 1985). The partial oxidation
of other sulfur containing amino acids (cystine and methionine) during acid digestion
was prevented by adding 0.1% phenol (Jajic et al. 2013).

Trypsin inhibitor was assayed by determining the residual trypsin activity using Kakade
et al. (1974) method with slight modifications. Briefly, trypsin inhibitor was extracted by
0.01 N sodium hydroxide for 3 h. The reaction mixture contained 2 ml of extract, 2 ml of
trypsin, and 5 ml of BAPA (trypsin substrate) were incubated at 37 °C for 10 min. The reaction
was immediately stopped after incubation period by adding 1 ml of acetic acid (30%). A blank
and control were also run simultaneously. The absorbance was read at 410 nm in UV-
spectrophotometer (Shimadzu, UV-1800). Decrease in 0.019 of ΔA indicates the presence of
1 μg of Trypsin inhibitor in the sample.

Saponin was extracted from the acetone extracted residual matter for 3 h using methanol
(AOAC 1997). To 1 ml of methanolic extract, water and organic solvents (chloroform and
methanol) were added at the ratio of 1:2 and allowed to separate after mixing thoroughly. The
upper aqueous layer (1 ml) was kept at 110 °C in a hot air oven till complete evaporation of the
solvent. To which 0.1 and 0.4 ml of vannilin reagent and perchloric acid were added,
respectively, and kept at 70 °C for 10 min. The intensity of color development was read at
540 nm in a UV spectrophotometer (Shimadzu, UV-1800) after adding 2.5 ml acetic acid.
Diosgenin was used as a standard at different concentration to calculate the saponin content.
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The estimation of phytic acid was carried out by Davies and Reid (1979) method
after extracting the samples with 0.5 N nitric acid for 3 h. To the known volume of
extract, 1 ml of ferric ammonium sulfate was added and placed in a boiling water
bath for 20 min followed by 5 ml of amyl alcohol. The test tubes were shaken well
and then centrifuged at 3000 rpm for 10 min. Finally, the intensity of color was read
at 465 nm in a UV spectrophotometer (Shimadzu, UV-1800) against amyl alcohol
blank exactly after 15 min with addition of ammonium thiocyanate.

Chromium content in feeds and feces was analyzed after digestion using nitric acid
and perchloric acid (Furukawa 1966). To the known volume of digested sample, 1 ml
of diphenyl carbozide reagent was added and kept at room temperature for 10 min.
The intensity of the bright pink color was read at 350 nm against reagent blank in a
UV spectrophotometer (Shimadzu, UV-1800).

Shrimp husbandry and experimental conditions

The juveniles of Penaeus vannamei with an average weight of 4.0 g procured from
local farm near Chennai, India. The shrimps (10 shrimps/tank) were randomly stocked
in experimental tanks (500 l) in triplicates after acclimatization for 2 weeks. Shrimps
were fed a basal diet thrice daily at the rate of 6% to the total biomass, and the
amount of diet in relation to survival, body weight, and intake was adjusted. During
the experimental period (30 days), shrimp fed with the respective diet in a static mode
to prevent the leaching of feces. The uneaten feed pellets and other particles were
removed after an hour of feeding. Feces were gently siphoned off from the tanks into
a bolting silk cloth after 2 h of each feeding from the second week onwards. It was
then gently rinsed in distilled water, dried on filter paper, and frozen immediately at
−20 °C. The apparent digestibility coefficient of dry matter and crude protein of the
experimental diets were calculated according to Smith and Tabrett (2004) as follows,

ADMD %ð Þ ¼ 100−
Cr2O3in diet %ð Þ
Cr2O3in faeces %ð Þ � 100

� �

ADCD %ð Þ ¼ Cr2O3in diet %ð Þ
Cr2O3in faeces %ð Þ �

CP in faeces %ð Þ
CP in diet %ð Þ

� �
� 100

Water quality parameters were measured once in 10 days. The water temperature, dissolved
oxygen, and total ammonia-nitrogen were maintained in the optimum range of 26 to 29 °C, 5.5
to 7.5 mg l−1, and <0.1 ppm, respectively. At the end of the experiment, the growth
performance in terms of specific growth rate (SGR), feed conversion ratio (FCR), protein
efficiency ratio (PER), apparent protein utilization (APU), and survival was determined as
follows,

SGR ¼ ln final weightð Þ–ln initial weightð Þ½ �=days of experiment� 100 FCR

¼ feed intake gð Þ=weight gain gð Þ:PER ¼ weight gain gð Þ=protein intake gð Þ:APU
¼ protein gain gð Þ=protein intake gð Þ:Survival %ð Þ
¼ final number of animals=initial number of animals� 100:
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Statistical analysis

The data collected from the present work was statistically evaluated by one-way
ANOVA using SPSS version 17.0 to find significance among the treatments. Prior
to statistical evaluation, the data was checked for determining the homogeneity of
variance after ascertaining the normal distribution. The percent survival data was arc
sin transformed before testing for the ANOVA. Comparison of means was carried out
by least significance differences at the 5% level (P < 0.05).

Results

The PSI (Fig. 1) was gradually decreased (P < 0.05) from 85% (at 0 min of
autoclaving time) to 79, 72, 68, and 64% at 5, 10, 15, and 20 min, respectively.
The proximate composition of raw and treated soybean meal is presented in Table 2.
As a result of heat treatment, the crude protein quantity was significantly (P > 0.05)
unaltered whereas the crude fiber and total ash contents were significantly (P < 0.05)
reduced. The amino acid composition of soybean meal was not affected by autoclav-
ing except sulfur containing amino acids viz., methionine and cystine (Table 2). Both
the amino acids were reduced significantly (P < 0.05) after autoclaving for 15 and
20 min. The significant (P < 0.05) changes in anti-nutritional factors (Table 2) were
noticed in processed soybean meal, and their quantities were inversely proportional to
the duration of autoclaving. Trypsin inhibitor was reduced (P < 0.05) due to heat
treatment and was below the detectable level after 20 min of autoclaving. The ranges
of reduction in saponin and phytic acid were 0.3 to 8% and 1 to 24%, respectively, in
treated soybean meal compared to unprocessed soybean meal.

The growth performance and feed utilization of P. vannamei fed with experimental
diets containing processed soybean meal is represented in Table 3. The final weight
and SGR were significantly affected (P < 0.05) in shrimp fed diets having soybean
meal autoclaved for 15 and 20 min (PSI 68 and 64%) compared to the control and
other experimental diets. Significant increase (P < 0.05) in FCR and significant
decrease in PER and APU were observed in shrimp fed diets having soybean meal
autoclaved beyond 15 min (PSI <68%) than those autoclaved for 0, 5, and 10 min
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Fig. 1 Effect of autoclaving time (AT) on protein solubility index (PSI) of soybean meal. Mean bearing same
superscript in each category do not differ significant (P > 0.05)
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(PSI 85, 79, 72%). There was no significant difference in survival among the dietary
treatments.

The apparent dry matter (ADMD) and crude protein (ACPD) digestibility of
experimental diets are given in Fig. 2, and they were in the ranges of 58.64 to
74.31% and 62.43 to 80.25%, respectively. No significant difference was found in
both ADMD and ACPD in shrimp fed diets having soybean meal autoclaved for 0, 5,
and 10 min (PSI 85, 79 and 72%, respectively). However ADMD was significantly
(P < 0.05) reduced by 7.23 and 9.86 in shrimp fed diets having soybean meal
autoclaved for 15 and 20 min (PSI 68 and 64%, respectively) compared to the control
group (PSI 85%), whereas the reduction was slightly higher for ACPD (13.77 and
17.82%) in such treatments. The body composition (Table 4) of P. vannamei fed
different experimental diets having unprocessed and heat-treated soybean meal did not
differ significantly.

Table 2 Chemical composition of raw and treated soybean meal (n = 6; mean ± sd)

Particulars Soybean meal autoclaved for different durations SEM

AT 0
(PSI 85%)

AT 5
(PSI 79%)

AT 10
(PSI 72%)

AT 15
(PSI 68%)

AT 20
(PSI 64%)

Proximate composition (g kg−1 dry matter basis)
Crude protein 541.54a 540.21a 539.27a 537.94a 536.23a 0.102
Ether extract 10.81c 10.94bc 11.23ab 11.24bc 11.34a 0.001
Crude fiber 69.50a 65.06b 65.17b 64.75b 64.28b 0.007
NFE 302.68c 308.08bc 311.00ab 313.80ab 317.66a 0.146
Total ash 75.47a 75.71a 73.33b 72.27b 70.49c 0.007
Essential amino acids (g kg−1 dry matter basis)
Arginine 30.04a 31.14a 31.47a 31.71a 31.82a 1.766
Histidine 17.50a 16.97a 17.90a 18.24a 19.21a 0.955
Isoleucine 27.26a 28.16a 27.63a 27.57a 27.44a 0.118
Leucine 39.27a 40.01a 38.89a 38.83a 38.59a 1.123
Lysine 12.49a 12.67a 12.70a 11.73a 11.29a 0.563
Methionine 7.58ab 7.48ab 8.07a 6.86bc 6.28c 0.223
Phenylalanine 20.25a 20.19a 20.27a 20.76a 21.48a 0.484
Threonine 17.15a 17.76a 17.88a 17.71a 18.23a 0.392
Tryptophan 6.70a 6.81a 7.35a 6.71a 6.80a 0.218
Valine 16.29a 16.97a 17.44a 17.37a 16.94a 0.595

Nonessential amino acids (g kg−1 dry matter basis)
Alanine 33.21a 33.42a 33.38a 33.59a 32.93a 0.567
Aspartic acid 50.34a 51.03a 52.05a 51.78a 51.12a 1.977
Cystine 8.03a 8.16a 8.00a 7.02b 6.41c 0.074
Glutamic acid 79.50a 81.00a 77.37a 79.21a 81.53a 5.337
Glycine 10.73a 11.14a 11.96a 11.62a 12.13a 0.797
Proline 27.43a 27.03a 27.38a 26.66a 27.14a 0.279
Serine 25.11a 24.76a 24.01a 23.94a 24.47a 0.495
Tyrosine 23.39a 23.14a 23.33a 22.64a 23.08a 0.463

Anti-nutritional factors (g kg−1 dry matter basis)
Trypsin inhibitor 2.41a 1.51b 0.71c 0.12d nd 0.001
Saponin 10.16a 10.12a 9.97ab 9.49bc 9.30c 0.077
Phytic acid 13.36a 13.19a 12.06b 11.20c 10.21d 0.025

Mean bearing same superscript in a row do not differ significant (P > 0.05)

NFE nitrogen-free extract (calculated by difference), nd not detected
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Discussion

Effect of autoclave on PSI

The KOH-PSI is an important index, most widely used to assess the effect of overprocessed
soybean meal (Araba and Dale 1990). The reduction of PSI in the treated soybean meal was
attributed to denatured protein due the application of heat during autoclave (Chen et al. 2010),
which would have resulted in low solubility by altering the hydrophobicity/hydrophilicity
balance (Odjo et al. 2012). Akkerman (2014) stated that the heat treatment denatured the
protein by modifying structural integrity especially secondary and tertiary structure by
weakening hydrogen bonds and functional groups. It twists, rotates, and bends the proteins
and converts the folded protein into unfolded shape which leads to loss of its functional
activity. For an example, if the protein is functioned as an enzyme, denaturation causes to lose
its enzymatic activity. In addition, the unfolded proteins fail to expose the binding site to the
hydrolyzing medium and the respective enzymes resulted in decreased protein hydrolysis and

Table 3 Growth performances of Penaeus vannamei juveniles fed experimental diets having soybean meal
autoclaved for different durations (n = 3)

Particulars Diets containing soybean meal autoclaved for different durations SEM

AT 0
(PSI 85%)

AT 5
(PSI 79%)

AT 10
(PSI 72%)

AT 15
(PSI 68%)

AT 20
(PSI 64%)

Initial wt (g) 4.17 3.76 3.92 3.89 3.99 0.028
Final wt (g) 8.31a 7.56ab 7.67ab 6.92bc 6.54c 0.129
SGR1 2.30a 2.32a 2.24a 1.92b 1.65c 0.009
FCR2 2.19c 2.27c 2.27c 2.98b 3.54a 0.021
PER3 1.22a 1.21a 1.19a 0.91b 0.76b 0.006
APU4 20.49a 20.25a 19.88a 15.18b 12.82b 1.620
Survival (%) 86.67 93.33 86.67 93.33 90.00 36.566

Mean bearing same superscript in a row do not differ significant (P > 0.05)
1 Specific growth rate
2 Feed conversion ratio
3 Protein efficiency ratio
4 Apparent protein utilization
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Fig. 2 Apparent digestibility coefficient (ADC) of dry matter (ADMD) and crude protein (ACPD) of experi-
mental diets having soybean meal with varied protein solubility index in Penaeus vannamei.Mean bearing same
superscript in each category do not differ significant (P > 0.05)

1700 Aquacult Int (2017) 25:1693–1706



thereby reduced digestibility and availability of protein to the animals. The marked decrease in
protein solubility in the present study was corroborated with the findings of Parsons et al.
(1991) and Batal et al. (2000). But the rate of reduction was inconsistent with earlier reports
(84 to 52% by Parsons et al. 1991 and 89 to 76% by Batal et al. 2000) compared to the present
result (85 to 64%). In addition to the duration of autoclaving, other factors like pH (6.5 to 7.0),
temperature (121 °C), solvents (water), moisture, and particle size (500 μm) are also respon-
sible for reduction of PSI (Ries-kautt and Ducruix 1997). All the abovementioned factors were
maintained almost constant among the studies except the hydration volume during the process
of autoclaving, which might be a reason for such differences observed among the studies.

Nutrients and anti-nutrients in raw and treated soybean meal

The analyzed results revealed no significant (P > 0.05) difference in crude protein content
between raw and treated soybean meal, though heat treatment resulted in declined protein
quality. This result was in agreement with Mutia and Uchida (1993) in autoclaved soybean for
0 to 90 min. The higher lipid content in autoclaved soybean meal than control could be due to
the dissociation of lipid from the complex materials as previously documented by Akpanum
and Achinewhu (1985); Ragab et al. (2010) in cowpea and legume seeds, respectively. The
crude fiber value was higher (P < 0.05) in raw soybean meal (6.95% dry mater basis) than
autoclaved soybean meal (6.42 to 6.50%), which indicates that the steam pressure could
destroy the part of crude fiber (Mahata et al. 2012). The present result was in accordance with
Mirzah (1990) and Mahata et al. (2012) who found the reduction of crude fiber from 14.40 to
11.52% and 13.36 to 12.02% in autoclaved shrimp waste and juice waste, respectively. The
autoclaving has shown an appreciable increase in NFE content probably due to the hydrolysis
of structural polysaccharides (fibers) into soluble sugars. Earlier studies have been reported
that the process of autoclaving has significantly (P < 0.05) decreased total ash contents when
the materials are autoclaved with higher quantity of water (sample and water ratio at 1:10). It
was attributed to leaching of minerals to the autoclaving medium (Udensi et al. 2010; Idoko
et al. 2014; Alagbaoso et al. 2015). But in the present study, soybean meal was hydrated with
60 to 65% of water and kneaded into dough during the process of autoclaving. It clearly
indicates that there was no possibility of leaching for minerals as there was no excess of water.
However, total ash content was reduced in autoclaved soybean meal than the untreated

Table 4 Proximate composition (g kg−1 wet basis) of Penaeus vannamei fed experimental diets having soybean
meal autoclaved for different durations (n = 3)

Particulars1 Diets containing soybean meal autoclaved for different durations SEM

AT 0
(PSI 85%)

AT 5
(PSI 79%)

AT 10
(PSI 72%)

AT 15
(PSI 68%)

AT 20
(PSI 64%)

Moisture 779.03 777.81 781.44 782.32 778.55 0.193
Crude protein 166.84 167.76 164.83 164.47 167.80 0.118
Ether extract 9.04 8.82 9.11 8.81 9.06 0.001
Crude fiber 10.67 10.36 10.27 10.16 10.88 0.001
NFE 3.48 4.09 3.88 3.86 2.90 0.032
Total ash 30.94 31.07 30.47 30.38 30.81 0.005

1 No significant difference (P > 0.05)

NFE nitrogen-free extract (calculated by difference)
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material in the present investigation. It would be due to the proportionate increase of other
nutrients (Table 2) like ether extract and nitrogen-free extract (Rozan et al. 1996). The
decreased ash content was supported by Onyeike and Omubo-Dede (2002) who reported that
the ash content was decreased from 38.6 to 27.7 g kg−1 in African yam bean flour after
autoclaving such.

The quality of protein source is mainly assessed by its amino acid composition. In the
present study, amino acid composition was not affected by the process of autoclaving,
although sulfur containing amino acids like methionine and cystine were reduced significantly
(P < 0.05) in soybean meal autoclaved beyond 15 min. The similar reduction of cystine was
reported in autoclaved soybean meal (Parsons et al. 1992; Mutia and Uchida 1993) and soy
protein concentrate (Kim and Barbeau 1991). The partial destruction of cystine due to the
heating process forms cysteic acid (Kim and Barbeau 1991) which would be a possible reason
for the reduction observed in cystine content. Methionine is the first limiting amino acid in
soybean meal, and its level was reduced significantly (P < 0.05) form 7.58 g kg−1 (AT O) to
6.86 and 6.28 g kg−1 after 15 and 20 min of autoclaving, respectively. The result was in
agreement with findings of Sibbald (1980) in autoclaved soybean flakes. McNaughton and
Reece (1980) reported that lysine tends to be more sensitive to heat than methionine, but in
contrast, lysine content was not significantly affected in the present study after heat treatment.
The result of Mutia and Uchida (1993) has shown an increase in the availability of lysine from
3.63 to 4.59, 3.99, 3.94, and 3.93 mg/16 g N in winged bean after autoclaving for 0, 15, 30, 45,
and 60 min, respectively.

The trypsin inhibitor was gradually decreased (P < 0.05) with increasing the duration of
autoclave (Table 2). The splitting of covalent bonds or hydrolysis of peptide bonds and
interchange or destruction of disulfide bonds might be a reason for the inactivation of trypsin
inhibitor during heat treatment (Alonso et al. 1998). Roychaudhuri et al. (2004) reported that
the trypsin inhibitor in soybean meal belongs to the family of anti-parallel β-sheet proteins,
which may renature after processing, and thus it might not be possible to completely remove it
by processing methods, but in the present study, it was below the detectable level after
autoclaving for 20 min. The complete removal of trypsin inhibitor after heat treatment has
been previously reported by Mubarak (2005) and Embaby (2011) in green gram and peanut
seed, respectively.

The phytic acid was reduced to a maximum of 24% in a 20-min autoclaved sample
compared to that of unprocessed soybean meal. The formation of phytate-protein and
phytate-protein-mineral complexes or the hydrolysis of inositol hexaphosphate present in
phytic acid to penta and tetra phosphate during heat treatment might be a reason for the
apparent reduction of phytic acid in the present study (Siddhuraju and Becker 2001). The
reduction of saponin was not appreciable with autoclaving, which might be due to heat stable
properties of saponins (Oenning et al. 1994). The boiling of soybean flour in water (1:10 ratio)
reduces significant quantities of saponin, while the substantial increase could be noticed during
the process of roasting (Chaturvedi et al. 2012). It clearly indicates that the removal of saponin
content varies with the type of heat treatment employed during the processing.

Growth indices

In general, the growth response and feed utilization was efficient in relation to feed quality.
The reduction of anti-nutritional factors was more in soybean meal autoclaved for 15 and
20 min (PSI 68 and 64%) than other treatments, but the poor growth performance observed in
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these treatments might be attributed to the reduced hydrolysis of denatured protein due to the
prolonged heat treatment (Hong et al. 2004). The similar reduction was evidenced by Parsons
et al. (1991) during the incorporation of heat-treated soybean meal as a sole source of protein
in the diet of pig and chick. Mateo and Conejos (2009) have evaluated the quality of soybean
meal obtained from different countries on chicks. The percentage of weight gain (113 to 139%)
was differed significantly (P < 0.05) despite it had similar protein levels (46.8 to 48.0%) due to
overprocessing. The reduction in the quality of soybean meal diminishes the protein hydrolysis
which in turn reduces the availability of protein to the shrimp (Lemos et al. 2000). In addition,
the alteration in amino acid composition in heat-treated soybean meal (Mutia and Uchida
1993) might have resulted in reduced growth performance. Though the amino acid contents
were not much affected in the present study, the heat treatment significantly (P < 0.05) reduced
the limiting amino acid, methionine, in soybean meal after autoclaving for 15 and 20 min
(Table 2). It would also be a reason for the retarded growth rate in such treatments.

The feed intake (8.5 to 9.1 g/shrimp) which was almost comparable among the treatments
indicates no palatability problems due to the inclusion of heat-treated soybean meal in the diet
of P. vannamei, which might be due to the reduction of anti-nutritional factors (Table 2). But
the increase in FCR and decrease in PER and APU were observed in shrimp fed diets having
soybean meal autoclaved for 15 and 20 min (PSI 68 and 64%) compared to other diets. It
confirms the unfavorability of prolonged heat-treated soybean meal, and the same was
reflected on the growth performance. The shrimp survival was in the range of 86.67 to
93.33%, and no significant difference was evidenced between the experimental groups. This
attributes to the overall quality of rearing conditions that were maintained within the optimal
ranges in the present study. It also confirms that there was no negative dietary effect of heat-
treated soybean meal on shrimp survival. The present preliminary results showed that soybean
meal can be autoclaved for 10 min (PSI 72%) which is optimum for heat treatment.

Apparent digestibility coefficients

The nutritional composition and nutritive value of feed varies with its ingredient composition,
and all the components within the feed were not equally digested. Hence, the apparent
digestibility coefficients were measured to assess the total quantity of feed that were absorbed
and digested. The digestibility values were gradually declined with decrease of protein
solubility, which was attributed to the denaturation of protein pool during heat treatment
(Hong et al. 2004). The other factors that are responsible for decreased digestibility may be
due the formation of secondary crosslink which altered the structure of protein, blocking of the
active site of enzymes, or inducing the compounds which inhibit the proteolytic enzyme
activity resulting in the reduction of protein hydrolysis (Akkerman 2014). All the above said
factors might have resulted in reduced digestibility parameters in the shrimp fed diets having
soybean meal autoclaved beyond 15 min (PSI <68%).

Of all the treatments, the apparent digestibility of dry matter and crude protein for
the diet having soybean meal autoclaved for 5 min (PSI 79%) were found to be high.
This is partly due to the reduction of anti-nutritional factors especially trypsin
inhibitor (reduced by 37% than the control). In addition, the lesser reduction of
protein quality (79%) compared to other treated soybean meal (64 to 72%) could
also be a possible reason for the better result observed with 5 min autoclaved soybean
meal. Though both ADMD and ACPD were reduced with decreasing protein solubil-
ity, the reduction found to be high in protein digestibility (9.9 to 17.8%) than dry
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matter digestibility (7.2 to 13.8%) in diets having prolonged autoclaved soybean meal
(PSI 68 and 64%). The reasons attributed to this reduction are the changes in chain
flexibility and accessibility of protein to their respective enzymes during heat treat-
ments (Akkerman 2014) and resulted in the poor protein availability to the cultured
species due to their insolubilization. The similar result was also corroborated by Odjo
et al. (2012), who reported that the non-covalent hydrophobic interaction and inter-
molecular disulfide crosslink denature the corn protein during heat treatment. The
present result clearly indicates that the solubility of protein is mainly determining the
protein digestibility even it has a similar protein level.

Conclusion

The result of the present study revealed that the growth rate of shrimp was retarded due to the
inclusion of overprocessed soybean meal. Hence from the present preliminary investigation, it
can be concluded that though heat treatment is beneficial in destroying anti-nutritional factors,
it in turn affects certain heat-liable essential nutrients. Therefore, assessing the quality of heat-
liable nutrients, especially protein in addition to quantity, would be more beneficial to
formulate the high quality feed rather fulfilling dietary quantitative requirements in the diet
of shrimp. In the present study, growth performance and feed utilization was not affected up to
the treatment having soybean meal with 72% PSI (autoclaved at 10 min). Reduction of PSI
below this level due to increased duration of autoclaving showed poor growth performance in
P. vannamei. It indicates that the processing of soybean meal with heat at 121 °C for 10 min is
acceptable beyond such duration is not advisable. The results of the present study generate a
baseline data to support the feed nutritionist for ascertaining the information about the effect of
overprocessed ingredients in the diet of P. vannamei.
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