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Introduction: Linseed or flaxseed (Linum usitassimum L.) contains a prospective
source of protein and energy to be utilized in animal feed. This study aimed at re-
cycling and value-addition of Linseed Oil Cake (LOC) for formulation of non-
conventional carp diets.

Methods: The LOC was bio-processed through solid state fermentation (SSF)
with a fish gut bacterium, Bacillus pumilus (KF640221). Nine experimental sets of
diets were formulated using raw (R1-R4) and SSF-processed (F1-F4) LOC at 10%,
20%, 30% and 40% levels substituting fishmeal as well as other ingredients in a
reference diet, and rohu, Labeo rohita fingerlings (2.08+0.03 g) were fed for 70
days feeding trial. Growth, carcass composition, activities of digestive enzymes,
digestibility and haemato-biochemical parameters were studied following
standard methodologies.

Results: SSF significantly (P< 0.05) improved crude protein along with amino
acids, whereas crude fibre and antinutritional factors were reduced considerably.
Experimental diets were isocaloric (4.8 kcal) and isonitrogenous (36%). Diets with
bio-processed LOC had significantly better performance than the raw LOC. Fish
fed diet F3 with 30% fermented LOC resulted in the highest weight gain (6.25 +
0.09 g), specific growth rate (% day %) and carcass protein deposition (16.77
+0.34%). Activities of the digestive enzymes (amylase, lipase and protease) were
also significantly (P<0.05) higher in fish receiving diets containing fermented
LOC. Analyses of blood parameters revealed that haemoglobin, erythrocytes,
leukocytes, plasma lipid, total plasma protein, albumin and globulin contents
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were increased, while plasma glutamic-oxaloacetic transaminase (GOT) and
glutamic-pyruvic transaminase (GPT) levels were decreased in fish fed bio-
processed LOC supplemented diets.

Conclusion: The present study might propose substitution of fish meal along
with other conventional ingredients by incorporation of 30% SSF-processed LOC
in the diets of rohu with no negative effect to the growth performance, carcass
composition and feed utilization.

KEYWORDS

cellulose, xylan, growth performance, amino acid, digestive enzymes,
haematological parameters

1 Introduction

Finfish aquaculture has come out as one of the fastest and
largest growing among the food production sectors. Aquaculture, a
consistent source of employment generation and economic growth,
depends mostly on the production and supply of the formulated fish
feed that entails the majority of the production cost (Naylor et al.,
2000). Fish meal (FM) is a vital component of feed for the majority
of the farmed fish species and animals because of its excellent amino
acid profile, essential fatty acid composition, high level of superior
quality protein, high digestibility, and appreciable quantities of
vitamins as well as minerals (Tacon, 1993; Zhou et al., 2004).
Global aquaculture has continued to grow annually at the rate of
approximately 6.7% during the last two decades (FAO, 2022),
although the production of FM has remained more or less stable
(Arnason et al,, 2017). Price hike together with limitation in global
supplies has necessitated the replacement of FM with alternative
resources to reduce the aquafeed cost so as to sustain fish
production at an affordable price. Therefore, replacing a portion
of the FM along with other conventional feed ingredients with agro-
industrial by-products has been the focus for the last few decades
(Hardy, 2010). Oil cakes are produced as agro-industrial by-
products after the extraction of oil from the seeds. Sustainable
utilization of residual oil cakes seems to be important for the
viability of the edible vegetable oil industry. Several oil cakes (e.g.,
groundnut, linseed, sesame, sunflower, soybean, etc.) as alternative
protein sources of plant origin have been evaluated in formulated
carp diets (Hossain et al., 2001; Mazurkiewicz, 2009; Das and
Ghosh, 2015; Ghosh and Mandal, 2015; Banerjee and Ghosh,
2016). However, the inclusion of plant ingredients at elevated
levels produced negative effects on the growth, digestibility, and
overall health status of fish (Hardy, 2010; Kumar et al, 2010;
Hansen and Hemre, 2013a; Wang et al.,, 2016; Mahmood et al.,
2018; Magbanua and Ragaza, 2024). Aside from the insufficiency in
some essential amino acids, dietary application of oil cakes for fish
or farmed animals has been restricted owing to the occurrence of
some antinutritional factors (ANFs), viz., polyphenols, phytic acid,
trypsin inhibitors, and non-starch polysaccharides (NSPs) (Mandal
and Ghosh, 2010; Ghosh and Mandal, 2015; Ghosh et al., 2019). It
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has been hypothesized that these ANFs may severely reduce the
nutritional value of the diverse plant resources if not deactivated or
destroyed (Ghosh et al., 2019).

The nutritive value of the plant-derived protein sources could
be improved by adopting some processing strategies. In order to
increase the bioavailability of the nutrients, diminution/elimination
of the ANFs and supplementation of suitable additives to fill up
known deficiencies might allow the incorporation of the plant
feedstuffs in animal feeds at an elevated level (Saha and Ray,
2011). Preceding studies suggested that conventional biological or
physical processing methods like seed germination, heat treatment,
and/or water soaking were not amply capable of reducing the ANFs
in the oil seeds/cakes (for review, see Ghosh et al., 2019). Nutritional
losses in plant feedstuffs occurring through heat treatment or
soaking in water were indicated (Mandal and Ghosh, 2020). From
the evolutionary standpoint, colonization of gut microbiota
somewhat enables herbivorous animals (e.g., ruminants) to
prevail over the harmful effects of plant-derived ANFs (Xu et al.,
2021). Likewise, the existence of gut-associated microbiota in
diverse fish species has been recognized of late and their positive
attributes related to the nutrition of the host fish have been
established (Ray et al., 2012; Ghosh et al, 2019; Soltani et al,
2019; Ringo et al., 2022). Preceding studies have documented the
occurrence of diverse exo-enzymes producer microorganisms
within the fish gut capable of degrading complex polysaccharides
and other plant-derived ANFs. For example, the presence of
cellulose (Ray et al., 2007), tannin (Mandal and Ghosh, 2013;
Talukdar et al,, 2016), phytate (Khan and Ghosh, 2012; Das and
Ghosh, 2014), and xylan (Banerjee et al., 2016)-degrading bacteria
and yeasts was recorded in the guts of numerous freshwater fish
species. Although fermentative nutrition has been less studied in
aquatic animals, in-vitro degradation of complex plant-derived feed
ingredients through solid-state fermentation (SSF) has been
suggested as an effective strategy to diminish the ANFs therein.
Owing to the activity of ANF-degrading enzymes secreted by the
microorganisms, augmentation of the nutrient bioavailability in the
SSE-processed substrate has been anticipated (Ghosh et al., 2019).

SSF is a biological process wherein microorganisms are
cultivated on solid substrates with the least amount (~60%) of
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water/moisture (Pandey, 1992; Van de Lagemaat and Pyle, 2001).
As opposed to the physical processing techniques, value addition
through the microbial synthesis of essential biomolecules along with
deactivation of the ANFs might be expected during the SSF (Wee,
1991). Pretreatment as well as processing by microbial enzymes
through SSF has been shown to enhance feed utilization by
deactivation of ANFs (Ramachandran and Ray, 2007; Ghosh and
Mandal, 2015; Mandal and Ghosh, 2019). Therefore, SSF with
specific ANF-degrading microorganisms has received attention as
a bioprocessing strategy in recent times. Biotransformations of crop
remainders and detoxification of agricultural by-products are the
cost-effective applications of SSF in view of agro-waste valorization
and nutrient recycling (Pandey et al., 2001; Ghosh et al., 2019). In
particular, SSF may be of interest wherein the crude bioprocessed
substrate could be directly used for commercial applications
(Tengerdy, 1998). Considering the above facts, this study aimed
at bioprocessing of an agro-industrial by-product (linseed oil cake)
through SSF by a specific ANF-degrading bacterium for likely
utilization of the oil cakes as a component in formulated fish feed
and to replace FM in part. In our preceding study, the complex
polysaccharide-degrading ability of the gut-associated Bacillus
pumilus (KF640221) isolated from rohu, Labeo rohita (Hamilton),
was documented (Banerjee et al., 2016). Further study revealed the
tannin- as well as the phytate-degrading capacity of the strain
(Banerjee and Ghosh, 2016). Bioprocessing of the plant ingredients
by autochthonous fish gut-associated microorganisms might ensure
that neither the organism itself nor their metabolites would harm
the fish (Mandal and Ghosh, 2019).

Linseed or flaxseed (Linum usitassimum L.) contains
approximately 200-250 g kg™' crude protein along with 400-430
gkg ! oil (Lee et al,, 1991), which constitutes a prospective source of
protein and energy to be utilized in animal feed. In addition, it is an
excellent source of ®-3 fatty acids (58.5%-59.7%), o.-linolenic acid
(ALA) in particular, which attracts attention for both human and
animal nutrition (Doreau and Chilliard, 1997). The major
producers of linseed are Tunisia, China, Argentina, and India
although it is cultivated in almost all countries in the world.
Aside from ANFs like tannins, trypsin inhibitor, or phytic acid,
de-oiled linseed oil cake (LOC) contains a high amount of crude
protein (~34%; dry weight) and has the ability to be used as an FM
replacer (Banerjee and Ghosh, 2016). Previous studies reported that
the incorporation of LOC as a feed ingredient in the diets of walking
catfish, Clarias batrachus fry (Hasan et al., 1989), and the Indian
major carp, L. rohita (Hasan et al., 1991), achieved experimental
success. This study evaluated the nutritive values of raw (dried and
ground) and bioprocessed LOC along with value addition due to
SSE. The potential use of the bioprocessed LOC has also been
appraised in the formulated diets of L. rohita fingerlings.

2 Materials and methods
2.1 Microorganism used

The bacterium, B. pumilus LRF1X (KF640221), used in this study
was collected from the proximal intestine of rohu, L. rohita, and
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described as an efficient NSP-degrading strain in a previous report
(Banerjee et al., 2016). The culture was developed and maintained on
tryptone soy broth (TSB) medium and stored at 4°C. Furthermore,
cultures in TSB were preserved in 0.85% NaCl with 20% glycerol at
—20°C for subsequent future use (Sugita et al., 1998).

2.2 Bioprocessing of linseed oil cake
through solid-state fermentation

Dried and de-oiled LOC was procured from a local marketplace
and utilized as a solid substrate. The LOC was dried in a hot air oven
(80°C, 48 h), finely crushed in a mixer grinder, and passed through a
fine mesh sieve (400 um in diameter) to get uniform particle size.
The SSF of the dried and de-oiled LOC was done under optimized
parameters described in Banerjee and Ghosh (2016). An inoculum
of B. pumilus (KF640221) was taken from a freshly raised culture.
The total viable cells of the bacterium in TSB culture (37°C, 48 h)
were determined, and the cell density was adjusted to 6.5 x 107 cells
ml™" for use as inoculums. Powdered LOC was moistened with
liquid basal medium (60%, w/v; pH 7) containing (g L™") MgSOy,,
7H,0 (0.3), K,HPO, (0.15), and (NH,4),SO,4 (2.0) and sterilized
using an autoclave (121°C, 15 Ib., 20 min). The sterilized substrate
was supplemented with lactose (1%, v/w), ammonium sulfate (2.0%,
w/v), NaCl (2%, w/w), and Tween 80 (1%, v/w). The entire mixture
was inoculated with B. pumilus (6.0%, v/w; 6.5 x 107 cells ml™"), and
fermentation was continued for 8 days at 35°C in a shaker-
incubator (Banerjee and Ghosh, 2016).

2.3 Formulation and preparation of
experimental diets

The raw and SSF-processed LOC was dried out and evaluated for
proximate composition, ANFs, and amino acid contents before its
inclusion into the experimental diets (Table 1). Other ingredients and
formulated diets were also analyzed for proximate composition (dry
weight basis), a brief description of which has been incorporated in a
later section. A diet with FM as the key protein source was considered
as the reference diet (RD). Altogether, nine sets of experimental diets
were formulated with raw (R1-R4) and SSF-processed (F1-F4) LOC
replacing FM at 10%, 20%, 30%, and 40% levels (w/w) in the RD
(Table 2). Each of the experimental feed was formulated
independently using WinFeed 2.8 software. Feed ingredients were
finely pulverized, sieved to get a homogeneous particle size (diameter,
<400 pm), and mixed carefully. Cod liver oil (1.0% each) was added
and the mixture was made into a dough with lukewarm water. To
each of the formulated diets, carboxymethylcellulose (CMC, 1%) and
chromic oxide (1%) were added as the binder and external
digestibility marker, respectively. A commercial vitamin-mineral
premix (Supradyn, Bayer Consumer Care AG, Basel, Switzerland)
was added to the diets prior to pelletization. The dough was made to
pass through a hand pelletizer (1.5 mm pellets). The pellets were
initially sun-dried and further dried in a hot air oven (60°C, 96 h).
The dried pellets were crushed, packed in airtight plastic bags, and
stored in a refrigerator (4°C) until use.
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TABLE 1 Proximate composition and amino acid composition (on % dry
matter basis) of the raw and SSF-processed (fermented) linseed oil
cake (LOC).

Raw LOC

% Increase
(1)/reduc-
tion (])

Fer-
mented
LOC

Proximate composition

Dry matter* 92.37 + 0.56° 97.07 + 0.16° 5.091
Moisture 7.77 + 0.45° 3.31 +£0.43° 57.40]
Crude protein 33.16 + 0.92% 36.94 + 0.84" 8.131
Crude lipid 13.81 + 0.68° 15.89 + 0.14° 15.067
Ash 6.17 + 0.23% 6.89 + 0.19° 11.671
Crude fiber 7.65 + 0.55° 4.06 + 0.22% 46.93]
NFE 30.63 + 0.36" 32.92 +0.38° 7.471
Total carbohydrate® 38.28 + 0.35" 36.98 + 0.28" 3.391
Cellulose 17.56 + 0.75° 5.68 + 0.35° 67.65
Hemicellulose (xylan) 13.03 + 0.91° 4.81 + 0.44% 63.08]
Gross energy (kcal/g)® 4.81 % 0.05 4.89 + 0.02° 1.651
Total free amino acids 0.23 + 0.06" 0.32 + 0.08" 39.13¢1
Total free fatty acids 1.48 + 0.08% 1.62 + 0.09° 9.467
Tannin 233 +0.11° 1.51+ 0.02* 35.190
Phytate 1.15 + 0.16° 0.71 + 0.06 38.26)
Trypsin inhibitor 1.78 + 0.47° 0.59 + 0.05* 66.85]
Amino acid composition

Arginine 3.28 £ 0.06 4.01 +0.05 22.251
Histidine 1.17 £ 0.02 1.66 + 0.03 4.191
Isoleucine 1.54 + 0.04 1.81 £ 0.09 17.531
Leucine 1.84 £ 0.03 1.81 + 0.05 1.631
Lysine 1.35 £ 0.07 1.18 + 0.06 12.59]
Methionine 0.63 = 0.05 0.87 £ 0.03 38.091
Phenylalanine 1.93 + 0.04 2.54 +£0.07 31.067
Threonine 1.88 + 0.03 2.48 +£0.03 31911
Tryptophan 0.75 + 0.04 1.03 + 0.05 37.331
Valine 1.57 £ 0.04 191 + 0.07 21.651
Cysteine 0.73 + 0.06 0.87 £ 0.03 19.171

Values are the means + SE of three determinations. Values with the same superscript in the
same row are not significantly different (P< 0.05) from each other.

*Includes organic matter and ash, dried to constant weight at 100°C.

Total carbohydrate = NFE + crude fiber.

$keal = kilocalorie (unit of energy).

2.4 Experimental design

Healthy fingerlings of rohu, L. rohita, produced by induced
breeding and raised in a local fish farm (22.8929°N, 88.4220°E) were
procured and acclimatized for 15 days in fiber-reinforced plastic (FRP)
tanks (350 L of water). The experimental fish were handled and the
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feeding trial was designed following the institutional ethics committee
guidelines. The experimental protocol also complied with the ARRIVE
guidelines. The feeding trial was carried out in 27 FRP tanks (9 sets x 3
replicates) for 70 days and under laboratory condition with continuous
aeration. The fingerlings (2.05 + 0.05 g) were distributed in the FRP
tanks at random with a stocking density of 20 fish per tank. The
experimental fish were fed twice daily (08.00 h and 13.00 h) at the rate
of 3% (w/w) of the total live body weight per day. Fish from each
replicate was weighed every 10th day to adjust the daily ration of the
experimental fish. The uneaten feed was collected after 5 h of each
feeding and oven-dried (100°C) to calculate the feed conversion ratio
(FCR). The fecal matter released by the fish was collected daily from
each tank by pipetting following Spyridakis et al. (1989). Pooled fecal
samples from each replicate were dried (55°C) and stored at —20°C for
subsequent use in digestibility determination (Mohanta et al., 2009).
After termination of the feeding trial, the fish were weighed and five
fish from each tank were sampled, anesthetized, homogenized, and
analyzed for whole-body (carcass) composition. Diverse parameters of
the ambient water, viz., temperature (°C), dissolved oxygen (mg L™,
and pH, were monitored during the experimental period at weekly
intervals after the American Public Health Association (APHA, 2012).
The water quality parameters fluctuated within a narrow range in all
experimental groups: temperature (28°C-30°C), dissolved oxygen (6.7-
7.1 mg L™), and pH (7.1-7.3).

2.5 Analyses of feed ingredients, diets, and
fish carcass

Feed ingredients, experimental diets, fecal samples, and fish carcass
were analyzed for proximate composition following the methods
described by the Association of Official Analytical Chemists (AOAC,
2005). Moisture level was measured by drying the samples initially at
100°C + 5°C (30 min) and thereafter at 60°C until a stable weight was
attained. The crude protein content (N X 6.25) was estimated by the
Kjeldahl system consisting of micro-Kjeldahl digestion along with
distillation units (KjelTRON, Tulin Equipments, Chennai, India).
Crude lipid (ether extract) and crude fiber contents were determined
using Socsplus and Fibraplus systems (Pelican Equipments, Chennai,
India), respectively. Ash content was estimated by ignition in a muffle
furnace (550°C + 5°C). Nitrogen-free extract (NFE) was calculated by
subtracting the sum of crude fiber, crude protein, crude lipid, ash, and
moisture contents from 100 (Maynard et al, 1979). A bomb
calorimeter (Lab-X, Kolkata, India) was used to measure the gross
energy. Total free amino acids were extracted with ethanol (80%) and
quantified with ninhydrin reagent using a calibration curve of glycine
(Moore and Stein, 1948). Free fatty acids were extracted in a neutral
solvent (ether and alcohol 95%, 1:1 v/v), titrated against KOH (0.1 N),
and determined as oleic acid equivalents (Cox and Pearson, 1962). The
amino acid profile of the raw and SSF-processed LOC was established
using a high-performance liquid chromatography (HPLC) system
(Agilent Technologies-1260 Infinity, California, United States) fitted
with an ion-exchange/reversed-phase column (Zorbax Eclipse XDB-
C18, Agilent Technologies). Essential amino acids were determined
following Ishida et al. (1981) and Henderson et al. (2000). Tryptophan
content was determined using a spectrophotometer following Sastry
and Tammuru (1985).
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TABLE 2 Ingredient composition (% dry weight) and proximate composition of the experimental diets (on a dry matter basis).

Diets with raw LOC meal Diets with LOC meal fermented with Bacillus
pumilus (LRF1X)

R2 R3 F1 F2 F3 F4

Ingredient composition (% on dry matter basis)

Fish meal 40 36 32 28 24 36 32 28 24
MOC 22 21 20 17 16 18 15 12 09
Rice bran 35 30 25 22 17 33 30 27 24
LOC - 10 20 30 40 10 20 30 40
Cod liver oil 1 1 1 1 1 1 1 1 1
Premix* 1 1 1 1 1 1 1 1 1
Chromic oxide 1 1 1 1 1 1 1 1 1
Proximate composition (%)
Dry matter 954 + 948 + 945 + 944 + 943 + 95.93 + 96.55 + 96.24 + 96.45 +
0.34" 0.31% 0.28° 0.26* 0.26* 0.37> 0.41< 0.33¢ 0.39
Moisture 458 + 511 + 546 + 5.58 + 567 + 407 + 345 + 3.76 + 3.55 +
0.19¢ 0.214 0.23% 0.27% 0.25° 0.19° 0.16* 0.16" 0.14*
Crude protein 36.26 + 36.37 + 36.48 + 36.15 + 36.21 + 36.11 + 36.05 + 36.27 + 36.25 +
0.27%° 0.28%° 0.31% 0.27° 0.29° 0.31% 0.33° 0.27%° 0.25%
Crude lipid 6.87 = 7.02 + 7.16 = 7.39 = 721 % 7.28 + 7.32 7.53 + 7.71 =
0.18* 0.19% 0.18° 0.21%° 0.22° 0.19° 0.19% 0.21°
0.17%
Ash 1225 + 11.35 + 1053 + 9.81 + 9.46 + 1147 + 1118 + 10.38 + 1021 +
0.168 0.15° 0.14¢ 0.14° 0.11° 0.15 0.16° 0.14%¢ 0.11°
Crude fiber 10.17 + 10.24 + 10.15 + 9.93 + 9.44 + 10.27 + 10.07 + 9.92 + 9.81 +
0.38° 0.26" 0.43%° 0.41° 0.65*° 0.26™ 0.43%° 0.41%°
0.35°
NFE* 29.87 + 2991 + 3032 + 3114 + 31.95 + 30.8 + 31.93 + 322+ 3247 +
L1 1.15% 1.18% 0.98% 0.95" 0.95> 1.08
1.12° 1.09%
Gross energy® 481 + 475 + 474 + 473 + 473 + 476 + 478 + 4.80 + 479 +
0.43* 0.39* 0.52* 0.54* 0.43° 0.42° 0.47* 0.52° 0.61*

MOC, mustard oil cake.

*Vitamin and mineral mixture (Supradyn, Piramal Healthcare Ltd., K-1 MIDC Area, Mahad-402302, Maharashtra, India).
"Values are the mean +

SE of three determinations. Values in the same row with the same superscripts are not significantly different (P< 0.05).
“Nitrogen-free extract.

®keal/g (unit of energy).

The presence of ANFs in raw and SSF-processed LOC was Analyses of the proximate composition of the fish carcass (wet
estimated following standard methodologies, a brief account of  weight) were done at the commencement and termination of the
which has been described in previous reports (Ghosh and Mandal,  feeding trial as per the methods stated above.

2015; Banerjee and Ghosh, 2016). Briefly, tannin was extracted in

boiled distilled water and determined with Folin Denis reagent

(Schanderi, 1970). Cellulose content was estimated with anthrone 2.6 Analyses of growth performance and
reagent (Updegraff, 1969). Xylan/hemicellulose content was feed utilization

determined by deducting the acid detergent fiber from the neutral

detergent fiber (Goering and Van Soest, 1975). Phytic acid was Body mass gain (BMG, %), specific growth rate (SGR, % day™"),
extracted in HCl (2.4%) and estimated using a modified Wade  protein efficiency ratio (PER), FCR, and apparent net protein
reagent (0.03% FeCls;, 6H,0 + 0.3% sulfosalicylic acid) (Vaintraub  utilization (ANPU, %) were measured to determine the growth
and Lapteva, 1988). Benzoyl-dl-arginine-p-nitroanilide (BAPNA)  performance of the experimental fish (Steffens, 1989). For
was used as a substrate to determine the trypsin inhibitor (Smith  determination of digestibility, chromic oxide (Cr,0Os) in the diets
et al,, 1980). and fecal matter were measured spectrophotometrically following the
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perchloric acid digestion method (Bolin et al., 1952). The apparent
dry matter digestibility (ADD, %) and apparent nutrient digestibility
(%) were calculated following standard formulae (Cho et al., 1982).
The formulae used for the evaluation of growth performance and
digestibility parameters are detailed in Ghosh and Mandal
(2015).

Body mass gain (BMG,%)

Final ight (g)-Initial igh
_ Final weig t (g)-Initial weight (g) < 100

Initial  weight (g)

Specific growth rate (SGR,% day'l)

I Final igh — [ Initial igh
_ l,Final weig t(g) — I,Initial weig t(g)><100

Days on trial

(Where, I, = Natural logarithm).

Feed conversion ratio (FCR)
_ Dry weight of feed consumed (g)
" Increase in wet weight of fish (g)

et weight gain of fish (g)

Protein efficiency ratio (PER) = -
Protein consumed (g)

Apparent net protein utilization (ANPU,%)

Net increase in carcass protein 100
= X
Amount consumed

of protein

Apparent dry matter digestibility (ADD, %)

% marker in diet

=100 — 100 x -
% marker in feces
Apparent nutrient digestibility (%)
% marker in diet
= 100 — 100 x -
% marker in feces
% nutrient in feces
% nutrient in diet

2.7 Analyses of digestive enzymes

Three fish were taken from each replicate and anesthetized with
0.03% tricaine methane-sulfonate (MS-222), gastrointestinal (GI)
tracts were removed, and the pooled samples were used to
determine the activities of digestive enzymes prior to
commencement and after completion of the experimental feeding.
GI tract homogenates (10%) prepared with phosphate buffered
saline (PBS; 0.1 M, pH 7.4, 0.89% NaCl) were centrifuged
(10,000xg, 4°C, 30 min), and the resultant supernatants were used
as the source of enzyme extracts. The protein content of the enzyme
extract was determined using the standard solution of bovine serum
albumin (BSA) (Lowry et al., 1951). Amylase activity was analyzed
by the dinitro-salicylic acid method using soluble starch as the
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substrate (Bernfeld, 1955). Unit activity (U) of amylase was
expressed as the pg of maltose liberated ml™" of enzyme extract
min~". Caseinase assay method involving Hammarsten casein as the
substrate was followed for the determination of the protease activity
(Walter, 1984). Unit activity (U) of protease was presented as g of

! under standard

tyrosine liberated ml™' of enzyme extract min~
assay conditions. Lipase activity was determined using olive oil
substrate (Bier, 1955). Lipase activity unit (U) was depicted as

umole of free fatty acid liberated ml™" of enzyme extract h™".

2.8 Microbial culture

Enumeration of total heterotrophic as well as diverse enzymes
producing microbiota within the GI tract of experimental fish was
carried out at the beginning and termination of the feeding trial.
The homogenate of the pooled GI tracts of three fish was taken (for
each replicate), serial dilutions (1:10; 107°) were made (Beveridge
et al,, 1991), and the diluted samples were used as inoculums. To
enumerate cellulase-, xylanase-, amylase-, protease-, and lipase-
producing microbiota, inoculums (0.1 ml) were added into
carboxymethylcellulose (CMC), birchwood xylan (XA), starch
(SA), peptone gelatine (PG), and tributyrin (TA)-supplemented
agar plates, respectively. Likewise, sterile tryptone soy agar media
(TSA; HiMedia, India) plates were used to evaluate the culturable
heterotrophic microbial community. Inoculated culture plates were
incubated (30°C * 1°C; 24-48 h), and the number of colonies per
unit volume of inoculums (gut homogenate) was determined by
multiplying the colony numbers on each plate by the reciprocal
dilution (Rahmatullah and Beveridge, 1993). The data were
transformed as log viable counts g ' intestinal tissue (LVCs).
Compositions of the culture media used in the study were
depicted in previous reports (Banerjee et al., 2016; Mandal and
Ghosh, 2019).

2.9 Analyses of hematobiochemical profile

Feeding was suspended for 24 h prior to the collection of blood
samples from the experimental fish. Fish were anesthetized with
MS-222 and blood from the caudal vein was collected in
heparinized Eppendorf tubes (Khan et al., 2015). Total
erythrocyte and leucocyte counts were determined with the
heparinized blood (Johnson et al., 2002). The heparinized blood
was diluted with PBS, and erythrocytes (red blood cells, RBC) were
counted in a hemocytometer. Blood samples diluted with Natt-
Herrick solution were stained with gentian violet (1%), and a
Neubauer hemocytometer was used to carry out leucocyte (white
blood cells, WBC) count. The cyanmethemoglobin method was
followed to determine the hemoglobin (Hb) concentration (Blaxhall
and Daisley, 1973). For the plasma profile, the samples were
centrifuged (1,500xg, 15 min, 4°C) to obtain blood plasma and
stored at —20°C until use. Blood biochemical parameters, i.e.,
plasma protein, lipid, glutamic-oxaloacetic transaminase (GOT),
glutamic-pyruvic transaminase (GPT), glucose, albumin, and
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globulin were estimated using a fully automated clinical
biochemical analyzer (EM Destiny 180, Transasia Bio-Medicals
Ltd., Mumbai, India) using standard biochemical kits.

2.10 Statistical analysis

Statistical analysis of the experimental data was accomplished
by analysis of variance (ANOVA). The mean difference between the
experimental groups was tested for significance (P< 0.05) and
compared by Tukey’s test after Zar (2010). The statistical analyses
were done using SPSS ver.19 software (Kinnear and Gray, 2009).

3 Results

3.1 Processing of LOC and
experimental diets

Proximate compositions as well as amino acid contents (% dry
matter) of the raw and bioprocessed LOC under SSF are given in
Table 1. Bioprocessing with SSF brought about changes in the
proximate composition of the LOC substrate. Minor improvements
in crude protein, crude lipid, ash, total free amino acids, and fatty
acids were noticed in the SSF-processed LOC. Meanwhile, crude
fiber and ANFs (phytic acid, tannin, and trypsin inhibitor) were
significantly (P< 0.05) reduced in the fermented LOC as compared
with the raw LOC. The NSPs, cellulose, and xylan were also
decreased in the fermented LOC. The amino acid profile
exhibited a significant increase in some of the amino acids, e.g.,
arginine, cysteine, histidine, isoleucine, phenylalanine, methionine,
threonine, tryptophan, and valine. However, lysine and leucine were

10.3389/fmars.2023.1278704

decreased due to SSF. Ingredient composition along with proximate
analysis of the experimental diets is depicted in Table 2. The
experimental diets were isocaloric (=4.8 kcal/g) and
isonitrogenous (=36% crude protein).

3.2 Growth performance and
nutrient utilization

The results on growth parameters and nutrient utilization in
rohu fingerlings fed experimental diets are presented in Table 3.
Overall, significant increases (P< 0.05) in BMG (%) and SGR (%
day™") were recorded for the fish receiving diets containing SSE-
processed LOC compared with the raw LOC-incorporated diets.
Rohu fingerlings reared on diet F3 containing 30% SSF-processed
LOC had the highest weight gain (207.88 + 4.05) and SGR (1.61
0.05), which were significantly different (P< 0.05) from the other
feeding groups. Similar results were obtained for PER and ANPU.
FCR was the lowest for the fish fed diet F3 (1.88 + 0.09) and the
highest for the fish fed diet R4 (3.15 £ 0.06) containing 40%
raw LOC.

3.3 Apparent dry matter and
nutrient digestibility

Data pertaining to apparent dry matter or total digestibility
(ADD) and digestibility of the nutrients (protein, lipid) for rohu fed
reference and test diets are presented in Table 4. Overall, fish fed
diets with SSF-processed LOC were recorded with improved
digestibility parameters. The fish reared on diet F3 exhibited the
highest ADD (65.87 + 0.13) and apparent protein digestibility

TABLE 3 Growth performances and feed utilization efficiency in Labeo rohita fingerlings fed experimental diets for 70 days.

Diets with raw LOC meal

Diets with LOC meal fermented with Bacillus
pumilus (LRF1X)

R2 R3 F1 F2 F3 F4

Initial 2.08 + 0.03* 2.03 + 0.03* 2.05 + 0.02° 204+ 003" 203+ 0.04 2.05 + 0.03" 2.02 + 0.02° 2.03 + 0.03* 2.05 + 0.04*
wt (g)
Final wt 5.15 + 0.07° 4.85 + 0.064 4.12 +0.07° 3.67 +0.05° | 325+ 0.06° 527 + 0.07° 5.66 + 0.08 6.25 + 0.098 5.55 + 0.08
(8
BMG 14759 +3.25° | 13891 +3.119 | 100.97 +3.08° | 79.9 +223° | 60.09 +2.03° | 157.07 + 3477 = 180.19 + 3.87" | 207.88 + 405 = 170.73 + 3.41®
(%)
Feed 2.17 +0.11% 2.06 + 0.09° 1.85 + 0.13% 1.71 +0.12° 1.63 £0.13* | 2214011 231 +0.12° 2.38 +0.13% 2.27 +0.13°
intake”
SGR (% | 1.29 +0.05% 1.24 +0.05¢ 0.99 + 0.03¢ 0.84 +0.03°  0.67 = 0.02° 1.35 + 0.04° 1.47 +0.05° 1.61 + 0.05¢ 1.43 +0.04"
day™)
FCR 2.39 + 0.05¢ 2.63 + 0.04° 2.88 + 0.07° 3.02 +0.045 | 3.15+ 0.06" 2.17 + 0.05¢ 2.06 + 0.04° 1.88 + 0.09° 1.98 + 0.05%°
PER 117 +0.07¢ 0.92 + 0.05" 0.88 +0.05° | 079 +0.04™ = 0.75 + 0.04" 1.16 + 0.07¢ 1.19 + 0.08¢ 1.26 + 0.08% 1.03 + 0.05°
ANPU 2026 + 063" | 1633 +042¢ | 1328 +045° 1146 +038°  10.12 £ 029" | 18.53 + 0.43° 2133+ 049" | 2342+0545  16.84 + 0419
(%)

Data are expressed as the mean + SE (n = 3).

BMG, body mass gain.

* 100 g ' body weight of fish day™.
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(APD; 89.15 + 0.32), which were significantly (P< 0.05) higher than
the other feeding groups. Apparent lipid digestibility (ALD) was
also maximum (92.51 + 0.38) for diet F3 containing 30% SSF-
processed LOC, although it did not differ significantly (P< 0.05)
from diets F2 and F4.

3.4 Proximate carcass composition

Proximate carcass compositions of the experimental fish are
depicted in Table 5. Carcass protein and lipid depositions were
significantly (P< 0.05) higher in fish fed fermented LOC-
incorporated diets, as compared with the other experimental diets
as well as the initial value. The maximum carcass protein
accumulation was recorded in fish fed diet F3 (16.77 * 0.34),
although it did not vary significantly (P< 0.05) from the dietary
group F2. The highest carcass lipid content was also exhibited by the
fish fed diet F3. Moisture content declined over the initial value,
although the difference was not significant (P< 0.05) for the groups
R2, R3, and R4 fed diets containing raw LOC at different levels. The
lowest moisture in carcass was recorded in the fish fed diet F3 (74.49
+ 1.34), although it did not differ significantly from the fish reared
on diets F2 and F4. The maximum carcass ash content (1.86 + 0.11)
was recorded with the fish fed diet F3. Although carcass ash content
decreased from the initial value, it did not vary significantly (P<
0.05) in fish fed 220% fermented LOC-incorporated diets (F2, F3,
and F4).

3.5 Digestive enzyme activity

Amylase, protease, and lipase activities in the GI tracts of L.
rohita fingerlings belonging to different experimental groups are
presented in Table 6. Overall, the activities of the studied digestive
enzymes increased over the initial values in all dietary groups,
except amylase and lipase activities in the group R4 fed diet with
40% raw LOC. At 220% inclusion level, the fish fed diets with SSF-
processed LOC demonstrated significantly (P< 0.05) higher
activities of all the three enzymes as compared with the groups
reared on raw LOC-incorporated diets. The maximum amylase,
protease, and lipase activities were noted in the fish that received
diet F3 containing 30% SSF-processed LOC, and it was significantly
(P< 0.05) different from the other experimental groups including
the group fed RD.

10.3389/fmars.2023.1278704

3.6 Gastrointestinal microbiota

An account of culturable heterotrophic and different exo-
enzymes producing microorganisms (viz., cellulolytic, xylanolytic,
amylolytic, proteolytic, and lipolytic) in the GI tracts of fish fed
experimental diets revealed that feeding raw LOC-included diets
resulted in considerable loss of gut microbiota, while increased
LVCs were detected in fish fed diets containing SSF-processed LOC
(Table 7). The maximum LVCs of culturable heterotrophic,
cellulolytic, xylanolytic, amylolytic, proteolytic, and lipolytic
microbiota were documented in the GI tracts of fish fed diet F4.

3.7 Hematobiochemical profile

The hematobiochemical profiles in L. rohita fingerlings fed
experimental diets are presented in Table 8. Overall,
hematobiochemical profiles improved in fish fed diets comprising
SSE-processed LOC as compared with the groups fed RD and raw
LOC-included diets. RBC count and hemoglobin concentration in
the blood were noticed to increase significantly (P< 0.05) in fish that
received diets with SSF-processed LOC when compared with the
other groups. The highest values for RBC and hemoglobin were
detected with the group fed diet F3. In contrast, the WBC count did
not vary significantly (P< 0.05) among the dietary groups. Plasma
protein, lipid, and glucose levels in the blood were also significantly
(P< 0.05) improved with feeding fermented LOC in the diets than
the other dietary groups, and the maximum levels were detected in
fish fed diet F3 containing 30% SSF-processed LOC. However, GOT
and GPT were decreased significantly (P< 0.05) in the groups fed
diets with SSF-processed LOC. The results revealed that plasma
GOT and GPT levels were the highest in fish fed diet F3, even if they
did not vary significantly from the groups raised with diet F4 for
GOT and diets F2 along with F4 for GPT.

4 Discussion

Substitution of FM with alternative sources of plant-derived
protein attained success at different extents depending on the nature
and composition of the ingredients, the level of inclusion, and the
processing methods (Ghosh et al, 2019). This study exhibited the
potential application of the SSF-processed LOC as an alternative as well
as a non-conventional protein source in the formulation of carp diets.

TABLE 4 Apparent digestibilities of dry matter and nutrients in Labeo rohita fingerlings fed experimental diets for 70 days.

Diets with raw LOC

Diets with LOC fermented with B. pumilus

(LRF1X)
R2 R3 F1 F2 F3 F4
Dry matter = 60.73 + 0.19° | 5748 +0.28% 5563 £025° 5171 +028" | 49.16 +0.15"  59.45+0.19° | 6344 £0.15% 6587 013" | 64.02%0.11"
Protein 8516 +0.3° | 82.85+029% | 7848 £023° | 77.05+023°  73.12%029" 8502+031°  87.73+031%  89.15+032" | 87.04 =031
Lipid 90.25 +0.35% | 89.07 £ 0.29° | 8851 037" 8623 +025"  86.06% 031" 8943 £033° 9138 +033°  9251%0.38 | 91.05= 0.36°

Data are the mean values + SE (n = 3); means in the same row with the same superscripts are not significantly different (P< 0.05).
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TABLE 5 Proximate carcass composition (% wet weight) of Labeo rohita fingerlings fed experimental diets for 70 days.

Diets with raw LOC

Diets with LOC fermented with B.
pumilus (LRF1X)

Initial R2 R3 F1 F2 F3 F4
Crude 11.28 + 14.68 + 1417 + 1338 + 12.81 + 12.08 + 15.81 + 16.25 + 16.77 + 15.93 +
protein 0.36 0.454 0.42¢ 0.32¢ 0.31° 0.33" 0.36° 0.38°f 0.34" 0.33¢
Crude lipid ~ 5.13 + 567 + 528 + 523 + 491 + 482 + 594 + 6.18 + 6.44 + 6.05 +
0.16™ 0.25" 0.15° 0.21° 0.15% 0.16* 0.26° 0.29%¢ 0.31%¢ 0.18°
Moisture 82.7 + 78.09 + 78.87 + 80.21 + 81.36 + 81.92 + 7823 + 76.58 + 7449 + 75.29 +
1.85° 1.43° 1.36" 1.62 1.58" 2.01% 1.77° 1.61%° 134 1.42%°
Ash 211 + 171 + 1.62 + 149 + 142 + 135 + 1.75 + 1.81 + 1.86 + 177 +
0.11¢ 0.09° 0.09* 0.07° 0.07* 0.06 0.09° 0.09° 0.11< 0.07¢

Data are the mean values + SE (n = 3); means in the same row with the same superscripts are not significantly different (P< 0.05).

Linseed meal was evaluated previously as a source of energy-donating
nutrients (e.g., protein and lipid), essential fatty acids, and amino acids
(Hossain and Jauncey, 1989; Lee et al,, 1991). The composition of the
linseed meal or oil cake depends on the growing environment, crop
variety, and processing conditions (Morris, 2007). An appraisal of the
major nutrients and amino acid profile of the LOC obtained after oil
extraction is given in the present report. Despite its potentially rich
nutrient composition, LOC is an underutilized agro-industrial by-
product. In the presently reported study, the fish receiving
bioprocessed LOC-incorporated diets exhibited better performance in
terms of average live weight gain (%), SGR, PER, carcass composition,
and activity of the digestive enzymes than the groups fed similar levels
of raw (unprocessed) LOC-containing diets. The results achieved in
this study evidently indicated that bioprocessed (fermented) LOC may
substitute up to 30% FM (w/w) in the diets for rohu fingerlings without
compromising their growth as well as nutrient utilization.
Furthermore, it was noticed that the effectiveness of the diet
decreased at 40% substitution level of the SSF-processed LOC. Our
study complied with the findings of Roy et al. (2014), where 30%
incorporation of fermented sesame oilseed meal was optimum for the
maximum growth of L. rohita fingerlings. In their study, sesame oilseed
meal was processed under SSF with two phytase-producing strains of
Bacillus licheniformis. On account of fermentation, improvement of the
protein quality in solid substrates due to microbial synthesis has been
indicated elsewhere (Mukhopadhyay and Ray, 2005; Roy et al., 2014;

Ghosh and Mandal, 2015). In the present report, SSF of LOC resulted
in an increase in the crude protein content from 33% to nearly 37% and
a decline in the crude fiber content from 7.65% to 4.06%, which were in
accordance with previous reports (Roy et al., 2014; Ghosh and Mandal,
2015; Mandal and Ghosh, 2019). In addition, processing of the raw
LOC to reduce/deactivate the ANFs seemed to be essential intending its
effective utilization as an alternative protein source in formulated
animal feed (Jackson et al, 1982). Generally, tannins, phytate
compounds, trypsin inhibitors, and NSPs (cellulose and xylan) are
considered the major ANFs limiting the bioavailability of energy and
nutrients in oilseed cakes (Ghosh et al, 2019). Tannins hinder the
digestibility of nutrients by inhibiting digestive enzymes and producing
indigestible complexes with feed protein eventually leading to growth
impediment (Krogdahl, 1989). The protease inhibitors form stable
complexes with proteolytic enzymes like trypsin or chymotrypsin and,
thus, restrain access to the active site of the enzymes (Maitra et al,
2007). Phytic acid chelates with protein and/or mineral components
forming phytate complexes and thereby reduces protein as well as
mineral bioavailability (Hossain and Jauncey, 1989). The most
significant adverse effects associated with NSPs are their viscous
nature, morphological or physiological effects on the digestive tract,
and interactions with gut epithelium, mucus, and microbiota
(Angkanaporn et al,, 1994; Choct et al, 1996). In the present study,
SSE (fermentation) by fish gut-associated B. pumilus LRF1X
(KF640221) improved the nutritional potential of the LOC by

TABLE 6 Intestinal amylase, protease, and lipase activities in Labeo rohita fingerlings fed experimental diets for 70 days.

Diets with raw LOC

Diets with LOC fermented with B.
pumilus (LRF1X)

Initial R2 R3 F1 F2 F3 F4

Amylase 892 + 12,15 + 11.63 + 1027 + 9.51 + 8.36 + 11.82 + 12.97 + 1422 + 1253 +
(U)* 0.09° 0.14" 0.14¢ 0.13¢ 0.13¢ 0.11° 0.13¢ 0.15" 0.13! 0.11#

Protease 1345 + 18.17 + 17.02 + 16.64 + 1529 + 14.05 + 18.14 + 19.26 + 22,05 + 19.65 +
(U 0.13* 0.15° 0.15° 0.13¢ 0.11° 0.08° 0.14f 0.168 0.178 0.12"

Lipase (U)° | 1123 + 1642 + 15.48 + 14.16 + 12.57 + 11.08 + 15.86 + 1632 + 1721 + 1528 +
0.12° 0.048 0.11° 0.08° 0.09° 0.11° 0.13 0.128 0.12" 0.08¢

Data are the means + SE of three determinations. Figures in the same row with the same superscripts are not significantly different (P< 0.05).

*ug of maltose liberated ml™" of enzyme extract min~".
*ug of tyrosine liberated ml™" of enzyme extract min™".

“umole of free fatty acids liberated ml™" of enzyme extract h™".
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TABLE 7 Microbial counts (log viable counts g™* intestinal tissue) in the intestine of Labeo rohita fingerlings fed experimental diets for 70 days.

Log viable counts g intestinal tissue

(10° dilution)

(102 dilution)

Cellulolytic Xylanolytic Amylolytic Proteolytic Lipolytic

Initial 6.08 + 0.31 5.90 + 0.15 561 + 0.14 3.04 £ 0.19 277 £ 0.14 271 £0.12
RD 6.76 £0.23 634 £ 0.11 6.19 £ 0.16 348 £0.12 3.28 £ 0.14 3.13+0.14
D1 6.74 + 024 628 £ 0.12 6.17 £ 0.17 344 £0.11 326 £0.13 3.09 + 0.09
D2 6.69 +0.26 623 £ 0.09 6.14 £ 0.16 341 £0.11 323 £0.11 3.07 £ 0.08
D3 6.61 £ 027 621 % 0.08 6.06 + 0.09 332 £0.09 3.21 £ 0.09 3.03 £ 0.06
D4 656 + 0.29 6.17 £ 0.07 6.04 + 0.07 325 + 0.09 3.18 £ 0.11 2.95 + 0.06
Fl 6.79 + 0.33 6.37 +0.27 625 % 0.25 3.54 +0.12 339 £ 0.16 325+ 0.11
F2 6.81 £ 0.34 6.53 £ 0.28 627 026 361 £0.13 343 £0.17 331£0.12
F3 692 +0.39 6.71 %029 6.54 +0.28 374 £0.15 3.53£0.19 3.42 £ 0.04
F4 6.87 £0.38 6.65 + 031 631026 3.66 £ 0.13 3.49 £0.18 335£0.13

increasing its crude protein and lipid contents, along with decreasing
the contents of cellulose, xylan, and other ANFs (e.g,, tannin, phytate,
and trypsin inhibitors). The availability of total free amino acids and
free fatty acids was higher in the SSF-processed LOC than that in the
raw LOC. Moreover, bioprocessing through SSF brought about an
increase in the majority of the amino acids including two important
sulfur-containing amino acids, viz., methionine and cysteine. Thus, SSF
most likely led to the enhancement of the nutritive value of the LOC.
As revealed in previous reports, value addition of the solid substrate
through microbial synthesis during the SSF was expected (Wee, 1991).

Our study was in harmony with the preceding reports on SSF of sesame
oilseed meal (Roy et al., 2014), sesame oil cake (Das and Ghosh, 2015),
groundnut oil cake (Ghosh and Mandal, 2015), and aquatic weeds
(Mandal and Ghosh, 2019). Very recently, the application of fermented
Moringa oleifera leaf meal in the diets of Megalobrama amblycephala
juveniles was reported to exhibit significant improvement in muscle
crude protein, crude lipid, and total free amino acids (Jiang et al., 2023).

Carps are susceptible to the elevated level of plant proteins in
their diets due to low palatability and deficient amino acids and
ANF contents (Kumar et al., 2011). The presently reported study

TABLE 8 Hematobiochemical profile of Labeo rohita fingerlings fed experimental diets for 70 days.

Initial 2{D) R1 R2 R3 R4 F1 F2 F3 F4
Hemoglobin (g/L) 72.05 + 7412 + 73.25 + 72.34 + 70.28 + 69.19 + 75.28 + 77.23 + 79.13 + 76.41 +
0.11¢ 0.15° 0.13¢ 0.12¢ 0.12° 0.09° 0.178 0.18' 021 0.21"
RBC (x10°/mm>) 1.33 + 147 + 141 + 1.36 + 1.27 + 1.23 + 1.55 + 1.74 + 201 + 1.83 +
0.03° 0.05%¢ 0.04° 0.05 0.03% 0.02* 0.06° 0.06° 0.07° 0.05¢
WBC (x10°/mm?) 1537 + 1623 + 16.28 + 1633 + 1637 + 1642 + 1629 + 1637 + 16.41 + 16.46 +
1.05° 1.06*° 1.06*° 1.07° 1.06™ 1.07° 1.05% 1.05%° 1.04%° 1.04%°
Plasma protein (g/L) 23.67 + 2672 + 26.24 + 2532 + 24.88 + 2218 + 27.13 + 27.26 + 27.92 + 27.42 +
0.23" 0.22" 0.21° 0.19¢ 0.17¢ 0.17% 0.22% 0.248 0.23" 0.218
Plasma lipid (g/L) 5.04 + 513 + 495 + 4.86 + 481 + 464 + 547 + 6.54 + 7.05 + 6.81 +
0.05¢ 0.06¢ 0.04° 0.03° 0.03° 0.04* 0.05° 0.07° 0.07" 0.058
Plasma GOT (ucat/L) 0.88 + 0.89 + 0.95 + 1.19 + 1.39 + 142 + 1.05 + 0.87 + 0.73 £ 0.77 £
0.03° 0.03% 0.04° 0.05° 0.04f 0.05 0.03¢ 0.02° 0.02° 0.03°
Plasma GPT (ucat/L) 0.18 + 0.22 + 0.26 + 0.29 + 031 + 0.35 + 0.25 + 021 + 0.17 + 0.19 +
0.02%° 0.03° 0.03% 0.05 0.05¢ 0.04% 0.03% 0.04° 0.02* 0.02*°
Plasma glucose 7.81 + 792 + 7.83 + 7.61 + 7.57 + 752 + 797 + 8.11 + 8.26 + 8.09 +
(mmol/L) 0.23% 0.25% 0.25% 0.23% 0.21° 0.22° 0.25% 0.28" 0.27° 0.25"
Albumin (g %) 125 + 128 + 119 + 117 + 112 + 1.08 + 121 + 126 + 131 + 127 +
0.11%° 0.13% 0.12° 0.09®° 0.08% 0.07° 0.11%° 0.12%° 0.13° 0.11°
Globulin (g %) 0.63 + 0.64 + 0.61 + 0.59 + 0.56 + 0.54 + 0.62 + 0.64 + 0.71 + 0.68 +
0.03% 0.04 0.03% 0.02° 0.02° 0.02* 0.04 0.05 0.07° 0.06°

Data are the mean value + SE (n = 3). Values in the same row with the same superscripts are not significantly different (P< 0.05).
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noticed a decrease in the growth of the L. rohita fingerlings with
increasing levels of raw LOC in the diets. Fish fed diets having SSF-
processed LOC attained higher weight gain, SGR (% day '), PER,
and ANPU compared with the fish fed diets with the same level of
raw LOC. The efficiency of the LOC was noticed to decline at a
higher inclusion level (i.e., 40%), even if it was bioprocessed through
SSE. Thus, the importance of the optimum incorporation level
might be realized for the intended plant feed ingredients to be used
in feed formulation. Comparable trends were recorded in L. rohita
fed high levels of dietary oilseed meals after processing through SSF
(Roy et al., 2014; Ghosh and Mandal, 2015). Growth improvement
of the rohu fingerlings fed SSF-processed LOC-incorporated diets
noticed in this study could be attributed to the enhanced release of
nutrients by fermentative degradation of the complex biomolecules
(Roy et al,, 2014). In contrast, the poor growth of fish associated
with raw oil cake-incorporated diets was perhaps due to amino acid
imbalance and reduced bioavailability of the nutrients as a
consequence of ANFs and high fiber therein (Ghosh and
Mandal, 2015).

An understanding of the nutrient digestibility of feed as well as
feed ingredients brings out the interchangeability of the ingredients
without hampering animal performance. The results obtained in the
present study indicated a gradual decline of the apparent dry matter
digestibility (ADD) and nutrient digestibility parameters (apparent
protein digestibility, APD, and apparent lipid digestibility, ALD)
with the elevated level of raw LOC in the experimental feed.
Analogous trends of lowering down the APD values were
reported with elevated inclusion levels of raw mustard oil cake
(Hossain and Jauncey, 1989), sesame seed meal (Mukhopadhyay
and Ray, 1999a; Roy et al., 2014), sesame oil cake (Das and Ghosh,
2015), groundnut oil cake (Ghosh and Mandal, 2015), copra meal
(Mukhopadhyay and Ray, 1999b), grass pea (Ramachandran and
Ray, 2004; Ramachandran et al., 2005), leaf meals (Ray and Das,
1994; Bairagi et al., 2004; Mandal and Ghosh, 2019; Jiang et al.,
2023), black gram (Ramachandran and Ray, 2007), and linseed
meals (Hasan et al., 1991; Mukhopadhyay and Ray, 2005) in the
carp diets. Values of the evaluated digestibility parameters were
increased up to 30% inclusion level of SSF-processed LOC replacing
30% FM (w/w) and thereafter declined. In compliance with the
present report, previous studies established that fermentation
improved the protein digestibility of plant feedstuffs (Ghosh and
Mandal, 2015). The presence of ANFs might affect the digestibility
of diverse nutrients in the diets explicating erroneous results (Lall,
1991). For digestibility determination, the fecal samples were pulled
together by immediate pipetting (Spyridakis et al., 1989). Thus,
leaching out of some nutrients and the possibility for
overestimation of the digestibility parameters may not be ruled
out. However, an indigestible binder (CMC) was added to increase
the water stability of the diets, which could assist in binding the fecal
particles as well as minimizing the effect of leaching (De la Notie
and Choubert, 1986).

The proximate whole body/carcass composition (i.e., moisture,
crude protein, crude lipid, and ash) of the experimental fish was
considerably influenced by the incorporation level of raw as well as
fermented LOC in the diets replacing FM. Although all of the
experimental fish (groups) were fed isoproteinaceous diets, the
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carcass protein deposition was significantly higher in fish fed SSE-
processed LOC-incorporated diets than the RD, and a rising level of
raw LOC was linked with a decline in carcass protein, lipid, and ash
contents. In conformity with the present study, a similar pattern for
carcass protein and lipid contents was noted in the previous reports
wherein elevated levels of fermented seed or oil cake meals were
incorporated into the carp diets (Roy et al., 2014; Das and Ghosh,
2015; Ghosh and Mandal, 2015).

Studies on the digestive enzymes associated with the GI tract
might suggest adaptation to the composition of food in fishes
(Kuz’'mina, 1991). Overall, significantly reduced activities of
protease, amylase, and lipase were noticed in the GI tract of L.
rohita on the inclusion of raw LOC in the diets. A decrease in
digestive enzyme activities with the inclusion of fermented
groundnut oil cake in the diets of rohu fingerlings was recorded
(Ghosh and Mandal, 2015), which was in concurrence with the
present report. However, the groups fed bioprocessed LOC and RD
were observed to have a considerable increase in digestive enzyme
activity as compared with the fish fed raw LOC-incorporated diets.
Thus, most likely, the fish were able to utilize the nutrients from the
RD and diets containing SSF-processed LOC more efficiently than
the diets with raw LOC. The decrease in protease activities with
elevated levels of raw LOC in the diets might be correlated with the
decrease in protein bioavailability from LOC, poor growth, and
decline in protein digestibility. The presently reported study was in
compliance with previous reports, where the decline in the activities
of trypsin or other proteases was recorded due to the inclusion of
enhanced levels of plant protein in the diets suggesting that
proteases might be extremely susceptible to plant-derived ANFs
(Krogdahl et al., 1994; Escaffre et al., 1997; Santigosa et al., 2008;
Kumar et al., 2011; Ghosh and Mandal, 2015). In fact, the
progressive decline in enzyme activity with a gradual increase in
the incorporation levels of raw LOC in the diets might be linked
with the endogenous ANFs in the oil cakes, e.g., tannins, phytic
acid, and trypsin inhibitors (Ghosh et al, 2019). Nevertheless,
processing of the LOC by heat treatment (autoclaving) followed
by SSF using B. pumilus could reduce ANFs, improve the activity of
the digestive enzymes, and enhance the nutrient availability in fish
fed SSF-processed LOC in the diets.

The intestinal microbiota in fish reflects the microbial content
of ingested food and of the surrounding environment that
influences various host functions including growth, development,
digestion, nutrition, immune function, and disease resistance
(Mohapatra et al., 2012; Ghosh et al., 2019). In the present study,
an increase in the culturable heterotrophic as well as diverse exo-
enzymes producing microbial populations within the gut of fish fed
fermented LOC-incorporated diets was recorded. Meanwhile, an
opposite trend was noticed in fish fed diets with raw LOC. A decline
in the microbial population in fish fed diets containing raw LOC
could be associated with the detrimental effects of the plant-derived
secondary metabolites in feed, which have been accounted to
restrain gastrointestinal microflora by inhibition of enzyme
activity and/or substrate deprivation (Spinelli et al.,, 1983).
Moreover, several of the endogenous secondary metabolites in
plants are known to be bacteriostatic or toxic to the
microorganisms, limiting the growth and propagation of the
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microbiota (Scalbert, 1991). An increase in microbial population
within the gut of fish fed fermented LOC in the diets might be due
to the fact that the LOC was bioprocessed through SSF using a
bacterium, and the fermented substrate was included in the diet as a
whole. Although the diet-related change in the gut microbiome of
the experimental fish was not appraised in this study, the results of
the study might be indicative of the probiotic potential of the spore-
forming bacterium used in SSF (Hong et al., 2005; Ghosh
et al., 2019).

Hematobiochemical parameters are symptomatic of the fish health
status like other animals. Leucocytes (WBC) are known to play a key
role in innate or non-specific immunity, and their number appears to
be increased in stressful situations, e.g,, infection and dietary imbalance
(Roberts, 1978). In this study, even if dietary groups had no significant
effect (P > 0.05) on WBC counts, the apparent increase in the groups
receiving fermented LOC-incorporated diets could be attributable to
the increased microbial load, as evident from the microbiological
examination. An increase in the hemoglobin level in the groups fed
SSE-processed LOC-incorporated diets might imply improved
bioavailability of Fe than raw LOC as a consequence of
bioprocessing, which was in harmony with a previous report in L.
rohita (Baruah et al, 2009). Likewise, the SSF-processed LOC-
incorporated dietary groups had significantly increased (P > 0.05)
RBC. In addition, elevated blood glucose levels in the fish fed
formulated diets might signify that the inclusion of bioprocessed
LOC, replacing 30% FM, in the diet did not induce metabolic stress
among the experimental fish. Plasma GOT and plasma GPT levels
decreased with the incorporation of a higher proportion of SSE-
processed LOC in feed. The GOT and GPT levels can help to
diagnose any damage or injury of the heart or liver, where an
elevated level could be associated with severe stress (Huang et al,
2006). In the present experiment, low GOT and GPT levels detected in
the fish fed SSF-processed LOC-incorporated diets might indicate that
processed LOC did not induce tissue damage or stress in the
experimental fish.

5 Conclusion

This study established the acceptable nutritive value of the SSF-
processed LOC as an alternative ingredient in the carp diet. In addition,
the study highlighted the efficacy of a fish gut-associated bacterium in
improving the nutritional value of the oil cake when used as a substrate
for bioprocessing through SSF. An inclusion level of up to 30% SSF-
processed LOC (replacing 30% of FM, w/w) in the practical diet of rohu
fingerlings did not interfere with growth performance, nutrient
utilization, and body composition when compared with the FM-
based reference diet or raw LOC at the same level of inclusion.
Therefore, the inclusion of bioprocessed LOC may be practiced for
partial substitution of FM and/or other conventional feed ingredients
in the formulation of carp diets. Incorporation of fermented LOC
would be cost-effective since it is not expensive and much more
economical than FM and involved a simple processing technique.
However, further experimentation in the field condition with a large
number of fish and replication is needed prior to recommending it to
the aquaculture industry.
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