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a b s t r a c t
Eight isonitrogenous (46% crude protein) and isolipidic (14% crude lipid) diets were formulated for juvenile black
sea bass Centropristis striata to replace menhaden ﬁsh meal (FM) protein (59.5% CP) by three cottonseed meal
(CSM) proteins: a CSM prepared from glandless seed (GCSM, 50.4% CP), a CSM that had been solvent extracted
with acidic ethanol to remove the gossypol (SCSM, 53.8% CP), and a CSM prepared from regular (glanded) cottonseed (RCSM, 45% CP). Three diets replaced 50, 75 and 100% of FM protein with GCSM, and three diets replaced 50,
75 and 100% of FM protein with SCSM. One diet replaced 100% FM protein with RCSM protein. A control diet (0%
CSM) was formulated with high FM protein and other practical protein sources. L-methionine and L-lysine were
supplemented to the diets to equal the control diet. Fifteen ﬁsh were stocked in each of twenty-four 75-L tanks,
and each test diet was fed to triplicate groups of ﬁsh (mean initial weight = 7.7 ± 0.10 g) for 56 days at 22–24 °C,
32–35 salinity, and ambient photoperiod conditions. Fish were fed twice per day to apparent satiation. Final (day
56) mean body weight (BW, 24.16–31.62 g), body weight gain (BWG, 211.2–311.3%), speciﬁc growth rate (SGR,
1.70–2.18%/d), and feed intake (FI, 0.37–0.43 g/ﬁsh/d) were not signiﬁcantly different (P N 0.05) among the control, GCSM or SCSM treatments, but were reduced (P b 0.05) for the 100% RCSM treatment (20.09 g, 159.5%,
1.45%/d, and 0.25 g/ﬁsh/d, respectively). Lower palatability of the RCSM diet was attributable to the anti-nutrient
compound gossypol. No signiﬁcant differences in survival (84.1–97.8%), feed conversion ratio (FCR, 1.05–1.33),
protein efﬁciency ratio (PER, 1.62–2.08), or whole body protein or lipid composition were observed among the
ﬁsh fed the low-gossypol diets. Gossypol (25.9 mg/kg) was only detectable in the livers of ﬁsh fed the high-gossypol RCSM diet. Fish whole body essential amino acid compositions did not differ signiﬁcantly among treatments. Whole body n − 3 PUFAs decreased, while n−6 PUFAs increased with increasing CSM protein in the
diets. The apparent digestibility coefﬁcient of protein was high (83.1–87.1%) for all treatments. For juvenile
black sea bass, 75% FM in the diet can be replaced with low-gossypol CSM protein prepared by solvent-extraction,
and 100% of FM can be replaced with low-gossypol CSM protein prepared from glandless seed with no adverse
effects on survival, growth or feed utilization.
Statement of relevance: Cotton seed ﬂour is an inexpensive agricultural by-product. The results demonstrate successful replacement of ﬁsh meal protein with genetically-improved cottonseed ﬂour protein in the diet of black
sea bass. These ﬁndings may substantially lower aquafeed costs (a key operational cost) for ﬁnﬁsh growout operations to boost proﬁtability and accelerate expansion of commercial production of black sea bass and other ﬁnﬁsh species.
© 2016 Elsevier B.V. All rights reserved.

1. Introduction
Fish meal (FM) carries large quantities of energy per unit weight and
is a source of high-quality protein and highly digestible essential amino
⁎ Corresponding author.
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and fatty acids (Zinn et al., 2009; Cho and Kim, 2011), making it a popular source of protein in aquaculture feeds. However, a decrease in the
supply of FM and increasing costs, due to higher demand and a decline
in the sustainability of the reduction ﬁsheries, have led to many studies
on alternative protein sources to replace FM protein in aquaculture
feeds (Tacon et al., 2006, 2011; Trushenski et al., 2006; Alam et al.,
2011, 2012).
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1.1. Cottonseed meal
Cottonseed meal (CSM) has received limited attention as a potential
FM replacement in aqua feeds; however, CSM protein is an increasingly
attractive alternative to FM protein due to improved plant production
and processing methods. After harvesting, cottonseed is separated
from the lint (i.e., ginning); the seeds are then cleaned and passed
through a series of knives and shakers to separate the hull from the kernels. After separating most of the hulls, the kernels are ﬂaked and
cooked in preparation for oil extraction either by pressing or more typically by solvent extraction with hexane. The recovered oil is currently
the most valuable by-product of the seed (National Cotton Council of
America, cotton.org), and it is primarily used in cooking and food production (Lin et al., 2015). Once the oil is removed from the kernels,
the remaining defatted seed tissue forms CSM.
1.2. Production and demand of cottonseed meal
The farm value of U.S. cotton and cottonseed production is approximately $5 billion, and the annual business revenue stimulated by cotton
exceeds $120 billion, making cotton America's number one value-added
crop (National Cotton Council of America, 2015, cotton.org). China and
India are the two leading countries in cotton production and both produce 7 million mt, double the amount produced in the United States
(Indexmundi, 2015b). Due to the large global production of cotton as
well as the large quantities of cottonseed by-products, CSM is much
cheaper per unit of protein than FM and other FM replacements. In
2014, the price of CSM was $383–420 per ton compared to $1512 per
ton for FM (Indexmundi, 2015a). Since CSM is one-fourth the price of
ﬁsh meal, it could reduce aquaculture production costs substantially if
it can be efﬁciently used as a protein source in aqua feeds.
An important constraint to the use of CSM in animal feeds is gossypol, a terpene-based secondary metabolite that has an important role
in the cotton plant's defense mechanisms in that it protects against
pests and possibly diseases (Romano and Schefﬂer, 2008). Gossypol is
deposited in structures called “glands” in the stems, leaves and green
bolls of the plant, and in the seed (Lusas and Jividen, 1987). Gossypol
is known to have anti-nutritional and anti-fertility effects on warmblooded animals and ﬁsh fed cottonseed products (Eisele, 1986; Blom
et al., 2001; Henry et al., 2001; Romano and Schefﬂer, 2008) and is
also known to bind with lysine, rendering this essential amino acid
less available (Wilson et al., 1981). For these reasons, cottonseed and
CSM have been overlooked as a potential ﬁsh meal replacement in
aqua feeds.
1.3. Reduction of gossypol in cottonseed meal and it's use as ﬁshmeal
replacement
Much research has been conducted to reduce or eliminate gossypol
in CSM to improve its utilization as an ingredient in the feeds of animals
and ﬁsh. Although several approaches have been undertaken, two approaches have been most effective. The ﬁrst approach was to prepare
CSM from naturally mutant “glandless” seed that lack the lysigenous
glands and most of the gossypol. Cotton plants that produced glandless
seeds were ﬁrst noted in the late 1950's when farmers visually noticed
the existence of mutant plants without the dark-colored glands
(Siccardi et al., 2012), rendering the seeds largely gossypol free. The second approach, which has been used sporadically, was to extract the gossypol from meal with an acidiﬁed polar solvent (Liadakis et al., 1993;
Pelitire et al., 2014). Although requiring additional processing, this approach has been found to eliminate 90–95% of the gossypol present in
regular high-gossypol CSM (Pelitire et al., 2014).
Research on the replacement of ﬁsh meal with CSM is more limited
than with other alternative protein sources, such as soybeans, canola,
linseed, corn gluten, lupine, pea, rapeseed, rice, and macroalgae. Regular, high-gossypol CSM protein has been successfully used to replace
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FM protein at moderate levels of 35% in grass carp Ctenopharyngodon
idellus (Zheng et al., 2012) and 30% in parrotﬁsh Oplegnathus fasciatus
(Lim and Lee, 2009). Research on low-gossypol CSM conducted to
date has shown variable results. Low-gossypol CSM from glandless
seed has been incorporated in the diets of hybrid striped bass Morone
saxatilis ♀ × Morone chrysops ♂ (Sullivan and Reigh, 1995), channel catﬁsh Ictalurus punctatus (Robinson and Rawles, 1983; Li et al., 2008),
rainbow trout Oncorhynchus mykiss (Lee et al., 2006), Florida pompano
Trachinotus carolinus (Riche and Williams, 2010; Cook et al., 2016) and
white shrimp Litopenaeus vannamei (Siccardi et al., 2012) at FM replacement levels ranging from 20 to 67% without a decrease in growth, feed
conversion efﬁciency, or digestibility coefﬁcients.
1.4. Black Sea bass
Black sea bass Centropristis striata is a commercially important marine ﬁnﬁsh that occurs on hard bottom areas, such as shipwrecks and
coral reefs from Cape Cod, Massachusetts, to Cape Canaveral, Florida,
and feeds upon ﬁsh, decapods and amphipods (Musick and Mercer,
1977; Fischer, 1978). Total ﬁshery landings in the South Atlantic
Ocean from 1980 to 1990 averaged approximately 2.5 million lbs.
with a peak harvest of 3.6 million lbs. in 1988, while landings from
2000 to 2010 averaged 1.15 million lbs. with a peak harvest of
1.75 million lbs. (SEDAR, 2013). This is attributable to increasingly stringent catch quotas and size limits that have been enforced since ﬁshery
management plans were enacted in 2006. These strict quotas and size
requirements make black sea bass a good candidate for aquaculture to
help meet growing demand.
1.5. Black Sea bass aquaculture
Due to high market price and demand and increasingly restrictive
ﬁshing regulations, development of culture techniques for black sea
bass from the Atlantic Coast populations has been the focus of studies
from Florida to New Hampshire (Watanabe, 2011). University of
North Carolina Wilmington (UNCW) research results on black sea bass
aquaculture have been promising and have shown that the species
can be bred reliably in captivity and reared through ﬁngerling stages
(Berlinsky et al., 2000, 2005; Watanabe et al., 2003; Carrier et al.,
2011; Watanabe et al., 2015), raised from ﬁngerling to adult stages in
recirculating aquaculture system with sustainable diets (Alam et al.,
2008, 2012, 2015) and under high densities (Watanabe, 2011), and
that the cultured product can garner lucrative niche markets (Wilde et
al., 2008). Recent interest in the commercial production of black sea
bass has increased, and private grow-out operations are beginning to
emerge in North Carolina, Virginia, and Maine (Watanabe, 2011).
An important attribute of black sea bass for aquaculture is their ability to accept and grow well on a variety of alternative plant and animal
protein sources to FM, including solvent-extracted soybean meal (Alam
et al., 2012) and poultry by-product (Dawson, 2012; Watanabe, 2011).
The objectives of this study were to determine the effects of different
levels of substitution of FM protein with low-gossypol CSM proteins
on growth performance, feed utilization, protein digestibility, and
body composition of juvenile black sea bass Centropristis striata under
controlled laboratory conditions.
2. Material and methods
2.1. Experimental animals and system
Juvenile black sea bass were cultured from eggs supplied by
photothermally conditioned captive broodstock held at the UNCWCMS Aquaculture Facility (Wrightsville Beach, NC). Adults were induced
to spawn using luteinizing hormone-releasing hormone analogue
(LHRHa) implants (Watanabe et al., 2003). Eggs were hatched and
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reared through the juvenile stage (7.7 g initial weight) in 150 L tanks
using protocols established at UNCW (Watanabe, 2011).
The experimental system consisted of twenty-four 75 L rectangular
(76 cm × 32 cm × 43 cm) glass tanks supported by a recirculating seawater system located in an indoor, climate controlled laboratory. Water
quality was maintained by a bead ﬁlter (Aquadyne, Hartwell, Georgia,
USA), a foam fractionator (Top Fathom, Aquaculture Systems Technologies, New Orleans, Louisiana, USA), and a UV sterilizer (Emperor
Aquatics, Pottstown, Pennsylvania, USA). Water from the aquaria
drained into a sump tank, which contained a moving bed biological ﬁlter
media and an oxygen stone. Tanks were exposed to a 12L:12D photoperiod supplied by eight 60 W ﬂuorescent lamps in addition to ambient
light from sunlight entering the laboratory windows.
2.2. Cottonseed meal preparation
Three types of CSMs (Cotton Inc., Cary, NC) were used in this study; a
CSM prepared from regular glanded cottonseed (RCSM), a low-gossypol
CSM prepared from glandless seed (GCSM), and a low-gossypol CSM
that had been solvent-extracted to separate the gossypol (SCSM). The
high-gossypol RCSM and the low-gossypol GCSM were prepared by
pressing kernels in a laboratory-scale screw-press to extract the majority of the oil. The process retained some residual oil in the meal products
(10–14%), which was left in the meals used in this study.
The low-gossypol SCSM was prepared by acidic ethanol extraction of
the regular high-gossypol meal after the laboratory pressing. The partially defatted meal was extracted with 95% ethanol (1:10 w/v) and
1.4 M phosphoric acid for 3 h at 70 °C to free and solubilize the gossypol.
The meal was recovered by ﬁltering and washed with an additional volume of 95% ethanol and was then re-ﬁltered. Residual ethanol was eliminated by ﬁrst air drying then toasting in an oven at 50 °C. The ethanol
treatment also extracted some residual oil reducing the lipid content
to ~ 6%. Crude oil recovered from the pressing of the glandless kernel
was then added back to de-gossypolized meal to make a meal product
with similar proximate composition to the other CSMs.

Table 2
Amino acid proﬁles (% of sample) of cottonseed meal (CSM) prepared from glandless seed
(glandless), from regular (glanded) seed that had been solvent-extracted to separate the
gossypol (solvent-extracted), and from regular high gossypol cottonseed (regular).a
Amino Acid

Glandless

Solvent-extracted

Regular

Methionine
Cystine
Lysine
Phenylalanine
Leucine
Isoleucine
Threonine
Valine
Histidine
Arginine
Glycine
Aspartate
Serine
Glutamate
Proline
Hydroxyproline
Alanine
Tyrosine
Tryptophan
Taurine

0.82
0.95
2.14
2.75
2.82
1.48
1.58
3.00
1.40
5.97
2.04
4.45
2.17
11.07
2.05
0.03
1.82
1.52
0.53
0.05

1.10
1.12
2.90
3.28
3.03
1.76
1.65
2.55
2.01
8.59
2.16
4.35
2.20
10.01
1.85
0.03
2.07
1.62
0.69
0.37

0.78
0.82
1.94
2.42
2.66
1.41
1.47
2.47
1.26
5.28
1.9
4.36
1.9
9.72
1.86
0.03
1.73
1.39
0.52
0.03

a

Supplied by Cotton Incorporated, Cary, NC and analyzed at New Jersey Feed Lab.

concentration of solvent-extracted soybean meal, poultry by-product
meal, soy protein concentrate, wheat gluten, soybean lecithin, vitamin
and mineral premix, calcium phosphate, and taurine (Table 3). Methionine and lysine were added to the diets in increasing concentrations as
level of FM protein replacement was increased to maintain the same
levels of these essential amino acids as in the control FM Diet 1 (Alam
et al., 2012) on the basis of the analyzed values from Table 2. Diets
were prepared at UNCW-CMS using a feed mixer (Kitchen Aid Inc., St. Joseph, Michigan), meat grinder (Jacobi-Lewis Co. Wilmington, North Carolina) and a drying oven (Alam et al., 2008, 2012).
2.4. Feeding protocol and experimental condition

2.3. Experimental design and diets
Before formulating the test diets, the proximate compositions and
amino acid composition of the low-gossypol (GCSM and SCSM) and regular-gossypol (RCSM) meals were analyzed by New Jersey Feed Lab
(Trenton, New Jersey) (Tables 1 and 2). To evaluate the effects of replacing FM in the diets of black sea bass, eight diets were formulated with
low-gossypol GCSM and SCSM and with high-gossypol RCSM in different replacement percentages (Table 3). Diet 1 had 0% replacement of
FM protein with CSM protein and served as the control. GCSM protein
(Diets 2, 3 and 4) and SCSM protein (Diets 5, 6 and 7) replaced 50, 75,
and 100% of FM protein, respectively (Table 3). RCSM protein (Diet 8)
only had one level of FM protein replacement at 100%. All diets were formulated to have the same crude protein level (46%) and lipid level (13%)
(Table 3) according to the major nutrient requirements of black sea bass
(Alam et al., 2008, 2012). All diets were formulated with the same
Table 1
Gossypol level and proximate composition (%) of cottonseed meal (CSM) prepared from
glandless seed (glandless), from regular (glanded) seed that had been solvent-extracted
to separate the gossypol (solvent-extracted), and from regular high gossypol cottonseed
(regular).

Gossypolb
Moisture
Protein (crude)
Fat (crude)
Fiber (crude)
Ash
a
b

Glandlessa

Solvent-extracted

Regular

0.023
7.12
50.35
13.69
3.35
6.56

0.034
6.18
53.89
14.21
3.22
7.54

1.195
8.32
45.01
16.16
3.29
7.09

Supplied by Cotton Incorporated, Cary, NC and analyzed at New Jersey Feed Lab.
Analyzed at USDA-ARS (New Orleans, LA, USA).

To begin the experiment, tanks were stocked at a density of 15 ﬁsh
(mean wt. 7.70 ± 0.10 g) per tank (N = 360). Initial weights of ﬁsh in
each tank were determined after the ﬁsh were acclimated to the experimental system for three days and fed a commercial diet formulated with
46% protein and 14% lipid (Carolina Fish Feeds, Winterville, North Carolina). Test diets were fed twice daily (0900 and 1500 h) to apparent satiation (as much as they could consume without wastage) for 8 weeks.
Three replicate tanks were assigned to each diet treatment. The amount
of feed added to each container over the 8 week period was recorded and
used to calculate the apparent feed intake (FI). Tanks were siphoned and
cleaned daily. Bead ﬁlters were backwashed two to three times each
week. Water quality parameters, including temperature, salinity, dissolved oxygen, and pH were monitored daily using a multi-parameter
probe (YSI Inc., Yellow Springs, OH, USA), while ammonia and nitrite
were measured once weekly using a HACH spectrophotometer (HACH,
Loveland, CO, USA). Temperature was maintained between 22 and 24 °
C, salinity between 32 and 35, dissolved oxygen between 6.0 and
8.0 mg/L, and pH between 7.0 and 8.5. Ammonia and nitrite levels
were maintained at b 0.3 mg/L and b 0.2 mg/L, respectively (Watanabe,
2011). At terminal sampling, three ﬁsh per tank were used to determine
whole body proximate composition (moisture, ash, lipid, and protein).
2.5. Proximate composition and other biochemical analysis
Proximate composition of all experimental diets and body tissues
were analyzed at UNCW-CMS. Crude protein was determined by the
Kjeldahl method with a Labconco Kjeltec System (Rapid Digestor, Distilling Unit-Rapid Still II and Titration Unit, Labconco Corporation, Kansas City, MO, USA) using boric acid to trap ammonia. Crude lipid
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Table 3
Composition of test diets (g/100 g). Fish meal (FM) protein replaced by three cottonseed meal (CSM) proteins prepared from glandless seed (G), from regular (glanded) seed that had been
solvent-extracted to separate the gossypol (S), and from regular high gossypol cottonseed (R).
Diets

1

2

3

4

5

6

7

8

Replacement levels
Menhaden ﬁsh meala
Cottonseed ﬂourb
Soybean mealc
Poultry meald
SPCe
Wheat starch
Wheat glutenf
Menhaden ﬁsh oilg
Soybean lecithinh
Vitamin premixi
Mineral premixi
Stay C
Calcium phosphate

0%
40.00
0.00
10.00
15.00
5.00
10.16
4.00
5.00
1.00
2.50
2.00
0.10
0.50
0.76

50%G
20.00
23.61
10.00
15.00
5.00
9.70
4.00
4.30
1.00
2.50
2.00
0.10
0.50
0.89

75%G
10.00
35.32
10.00
15.00
5.00
8.02
4.00
4.00
1.00
2.50
2.00
0.10
0.50
0.95

100%G
0.00
47.23
10.00
15.00
5.00
6.25
4.00
3.60
1.00
2.50
2.00
0.10
0.50
1.02

50%S
20.00
22.00
10.00
15.00
5.00
11.39
4.00
4.40
1.00
2.50
2.00
0.10
0.50
0.84

75%S
10.00
33.12
10.00
15.00
5.00
10.40
4.00
4.10
1.00
2.50
2.00
0.10
0.50
0.88

100%S
0.00
44.18
10.00
15.00
5.00
9.47
4.00
3.80
1.00
2.50
2.00
0.10
0.50
0.92

100%R
0.00
52.50
10.00
15.00
5.00
3.01
4.00
1.60
1.00
2.50
2.00
0.10
0.50
0.99

0.00

0.40

0.61

0.81

0.27

0.40

0.54

0.80

0.50
3.48
100

0.50
0.50
100

0.50
0.50
100

0.50
0.50
100

0.50
0.50
100

0.50
0.50
100

0.50
0.50
100

0.50
0.50
100

Proximate composition (analyzed)
Crude protein %
46.7
Lipid %
13.6
Ash %
12.7
Moisture %
7.2
j
17.6
Energy (kJ/g diet)
Gossypol (mg/kg)
0.00

46.3
14.1
10.3
6.8
17.7
54.3

45.9
13.9
9.2
7.8
17.5
81.2

46.3
13.8
7.8
7.3
17.3
108.6

45.7
14.6
10.6
6.8
17.9
74.8

45.9
14.7
9.5
7.1
17.8
112.6

46.4
14.8
8.5
7.9
17.7
150.2

46.7
14.6
8.6
6.8
16.7
6,273.7

L-Methionine
L-Lysine
Taurine
Cellulose
Total

a
b
c
d
e
f
g
h
i
j

Omega protein, Houston, TX, USA (crude protein 59%, lipid 11%).
Cotton Incorporated, Cary, NC. Glandless CSM 50.4% protein, 13.7% lipid, Solvent-extracted CSM 53.9% protein, 14.2% lipid, Regular CSM 45.0% protein, 16.2% lipid
Southern States, Wallace, NC, USA (solvent extracted, crude protein 47.5%).
Melick Aquafeed, Pensylvania, USA (crude protein 65%, lipid 12%)
Soy Protein Concentrate, Solae LLC, St. Louis, MO, USA (crude protein 66%)
VWR International, Radnor, PA, USA (crude protein 78%).
Virginia Prime Silver, Omega Protein, Hammond, LA, USA.
ADM, IL,USA. gSigma-Aldrich, St. Louis, MO. USA (crude protein 80%).
Kokhin Chemical Company, Kagoshima, Japan (As Alam et al., 2015).
Calculated based on carbohydrates, proteins and lipids are 17.2, 23.6, and 39.5 kJ g−1, respectively (Blaxter, 1989).

(Soxhlet extraction with ether), ash (BARNSTAD Thermolyne Mufﬂe
Furnace, IA, USA) and moisture (Fisher Scientiﬁc Isotemp Oven, Pittsburgh, PA, USA) contents in the diets were analyzed by standard
methods (AOAC, 2000). Fish moisture content was determined by drying in a freeze dryer (Labconco Freeze Dryer; AOAC, 2000). Diet and
whole ﬁsh amino acids and fatty acid proﬁles were analyzed by New Jersey Feed Laboratory (Trenton, NJ, USA; HPLC Agilent 1260 Inﬁnity with
Quat Pump coupled with Pickering Pinnacle PCX Post Column Derivatization with Ninhydrin Reagent).
2.6. Gossypol analyses
Gossypol levels in the CSM products were determined at ARS-USDA
(New Orleans, LA) by AOCS Method Ba 8a-99 (AOCS, 1998) with slight
modiﬁcations. Brieﬂy, each meal was derivatized with R-(-)-2-amino1-propanol, and the resulting complex was separated by reversephase HPLC and detected by UV absorbance at 254 nm. Quantiﬁcation
was by a standard curve generated from an authentic sample of gossypol–acetic acid (1:1).
At the end of the feeding trial, three ﬁsh from each tank were dissected, and the livers were frozen at − 80 °C, then freeze-dried and
ground in a motor and pestle. The tissue was analyzed for gossypol by
the same approach used for the meals, but reduced in scale.

for biochemical analysis were maintained in their original tanks under
the same experimental conditions as described above. Each diet was
reformulated to include 0.5% chromic oxide, which was offset by a reduction of cellulose. The newly prepared chromic oxide-based test
diets were fed twice daily, and the tanks were cleaned 30 min following
the last feeding. Before the second (16:00 h) feeding, all tanks were siphoned to remove any uneaten diets and feces. The fecal material produced overnight was siphoned, rinsed with deionized water, and
transferred into a petri dish. The fecal material was stored in a freezer
(−20 °C) for chromic oxide and nutrient (protein) analyses. Fecal samples were freeze-dried to remove moisture. Chromic oxide content in
diets and feces were determined using a spectrophotometer (Thermo
Fisher Scientiﬁc, Two Rivers, Wisconsin, USA) (Furukawa and
Tsukahara, 1966) method. The ADC of protein was calculated using
the formula:
ADC of nutrients ð%Þ ¼ 100  1−ð F nutrient =Dnutrient  Dchromic =F chromic Þ
where F is the percent of nutrient or chromic oxide in the fecal matter
and D is the percent of nutrient or chromic oxide in the diet
(Furukawa and Tsukahara, 1966).
2.8. Statistical analysis

2.7. Digestibility
At the termination of the experiment, a digestibility study was conducted for 7 days to determine the apparent digestibility coefﬁcients
(ADCs) of crude protein in the experimental diets. Fish not collected

Statistical analysis was performed using the JMP 7 statistical software (SAS, Cary, NC, USA). Treatment means were compared by oneway ANOVA with homogeneity of variances assumption veriﬁed by
the O'Brien's test (1981). Signiﬁcant differences between means were

622

A.D. Anderson et al. / Aquaculture 464 (2016) 618–628

Table 4
Survival, growth, feed utilization and ADC of protein in the diets of juvenile black sea bass fed diets with ﬁsh meal (FM) protein replaced by three cottonseed meal (CSM) proteins at varying concentrations after 56 days. CSM was prepared from glandless seed (G), from regular (glanded) seed that had been solvent-extracted to separate the gossypol (S), and from regular
high gossypol cottonseed (R). Values are mean ± SEM, (N = 3). Means in the same row not sharing a letter in common are signiﬁcantly different (P b 0.05).
Diets

0% (control)

50% G

75% G

100% G

50% S

75% S

100% S

100% R

Survival (%)
Final wt. (g)
SGR (%/d)
Feed intake
FCR
PER
ADC (%)

97.8 ± 2.2a
30.68 ± 3.1ab
2.05 ± 0.16ab
0.42 ± 0.05a
1.10 ± 0.08a
1.96 ± 0.13a
86.0 ± 0.19ab

91.1 ± 5.9a
31.62 ± 0.48a
2.18 ± 0.05a
0.43 ± 0.03a
1.05 ± 0.05a
2.07 ± 0.10a
85.8 ± 0.56ab

95.6 ± 4.4a
31.18 ± 0.8ab
2.10 ± 0.06ab
0.42 ± 0.02a
1.06 ± 0.06a
2.08 ± 0.12a
86.4 ± 1.04ab

84.6 ± 9.0a
29.81 ± 1.94ab
2.08 ± 0.06ab
0.43 ± 0.04a
1.18 ± 0.19a
1.93 ± 0.30a
84.1 ± 0.10bc

91.1 ± 5.9a
28.96 ± 0.42ab
1.97 ± 0.01ab
0.40 ± 0.02ab
1.10 ± 0.04a
1.99 ± 0.07a
86.3 ± 0.17ab

91.1 ± 2.2a
29.53 ± 0.30ab
2.05 ± 0.06ab
0.42 ± 0.01a
1.12 ± 0.03a
1.95 ± 0.04a
87.1 ± 0.65a

91.1 ± 2.2a
24.16 ± 1.3bc
1.70 ± 0.10bc
0.37 ± 0.02ab
1.33 ± 0.04a
1.62 ± 0.05a
86.2 ± 0.49ab

84.1 ± 2.1a
20.09 ± 1.05c
1.45 ± 0.12c
0.25 ± 0.05b
1.19 ± 0.04a
1.80 ± 0.07a
83.1 ± 0.40c

Survival (%): (number of ﬁsh at terminal sampling / number of ﬁsh initially stocked) × 100
SGR (Speciﬁc growth rate) (%/d): [ln (mean ﬁnal weight) − ln (mean initial weight) / 56d] × 100
FI (Feed intake): g/ﬁsh/day
FCR (Feed conversion ratio): Feed intake (g) / wet weight gain (g)
PER (Protein efﬁciency ratio): Wet weight gain (g) / protein intake (g).
ADC (%) (Apparent digestibility coefﬁcient of protein)

further analyzed using the Tukey-Kramer HSD test (Kramer, 1956).
P b 0.05 was considered signiﬁcant.
3. Results
3.1. Survival and growth
At the termination of the experiment (8 weeks), survival ranged
from 84.1 to 97.8%, with no signiﬁcant (P N 0.05) differences among
treatments (Table 4). The highest survival (97.8%) was for ﬁsh fed the
FM-based control diet, while the lowest (84.1%) was for ﬁsh fed the
high-gossypol 100% RCSM diet.
The initial mean weight of ﬁsh was 7.70 ± 0.10 g, with no signiﬁcant
differences among treatments (Fig. 1). Fish weight increased steadily on
all diet treatments for the duration of the 56 day feeding trial. However,
beginning on day 14 and continuing through day 56, a signiﬁcant departure in weights among diet treatments was observed (Fig. 1). From day
28 onward, growth was similar among the FM-based control, 50–100%
GCSM diets and 50–75% SCSM diets, but was slower in the 100% SCSM
diet, with slowest growth on the high-gossypol RCSM diet. At the end
of the experiment (day 56), mean weights ranged from 20.09 to
31.62 g, with ﬁsh fed the 100% RCSM protein diet (20.09 g) showing signiﬁcantly lower weight than the other treatments (28.96–31.62 g), except for the 100% SCSM protein diet (24.16 g) (Fig. 1, Table 4). The
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weight of ﬁsh fed 100% SCSM protein (24.16 g) was signiﬁcantly
lower than the weight of ﬁsh fed 50% GCSM protein (31.62 g) (Table 4).
Percent body weight gain (BWG) ranged from 159.5 to 311.3%
among treatments (Fig. 2). Compared to the FM-based control diet
(293.2%), ﬁsh fed the 50–100% low-gossypol CSM protein diets showed
no signiﬁcant difference in BWG (211.2–311.3%). However, ﬁsh fed
100% high-gossypol RCSM protein showed signiﬁcantly lower BWG
(159.5%) than did the ﬁsh fed the FM-based control. BWG of ﬁsh fed
the 50% GCSM diet (311.3%) was signiﬁcantly higher than the BWG of
ﬁsh fed the 100% SCSM (211.2%) and 100% RCSM (159.5%) diets (Fig. 2).
Speciﬁc growth rates (SGR) ranged from 1.45 to 2.18%/d among
treatments and showed the same trends as body weight gain (Table
4). Compared to the FM-based control diet (2.05%/d), ﬁsh fed 50–
100% low-gossypol GCSM or SCSM showed no signiﬁcant differences
in SGR (1.70–2.18%/d). However, the SGR of ﬁsh fed 100% RCSM
(1.45%/d) was signiﬁcantly lower than the SGR of ﬁsh fed the FMbased control diet. Also, the SGR of ﬁsh fed 50% GCSM (2.18%/d) was signiﬁcantly higher than the SGR of ﬁsh fed 100% SCSM (1.70%/d) or 100%
RCSM (1.45%/d) (Table 4). Feed intake (FI) of ﬁsh fed the FM-based control and the low-gossypol CSM diets (0.37–0.43 g/ﬁsh/d) did not differ
signiﬁcantly. However, FI of ﬁsh fed the high-gossypol 100% RCSM
diet (0.25 g/ﬁsh/d) was signiﬁcantly lower than all other treatments
(Table 4). Feed conversion ratio (FCR) ranged from 1.05–1.33, and
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Fig. 1. Growth in wet weight (±SEM, N = 3) of juvenile black sea bass fed diets with ﬁsh
meal (FM) protein replaced by three cottonseed meal (CSM) proteins at varying
concentrations after 56 days. CSM was prepared from glandless seed (G), from regular
(glanded) seed that had been solvent-extracted to separate the gossypol (S), and from
regular high gossypol cottonseed (R). Signiﬁcant differences (P b 0.05) were observed
on days 14–56. Asterisks indicate signiﬁcant treatment differences (*P b 0.05, ANOVA).

0%
(control)

50% G

75% G

100% G

50% S

75% S

100% S

100% R

Diets (% of Fishmeal Protein Replaced by CSM Protein)
Fig. 2. Percent body weight gain (BWG) (± SEM, N = 3) of juvenile black sea bass fed diets
with ﬁsh meal (FM) protein replaced by three cottonseed meal (CSM) proteins at varying
concentrations after 56 days. CSM was prepared from glandless seed (G), from regular
(glanded) seed that had been solvent-extracted to separate the gossypol (S), and from
regular high gossypol cottonseed (R). BWG: {(Final weight − Initial ﬁsh wet)/Initial
weight} × 100.
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Table 5
Amino acid compositions of diets (% dry sample) replacing ﬁsh meal protein by different
cottonseed meal (CSM) proteins prepared from glandless seed (G), from regular (glanded)
seed that had been solvent-extracted to separate the gossypol (S), and from regular high
gossypol cottonseed (R). Values are mean ± SEM (N = 2).
Amino acid

0%
(control)

50%
G

75%
G

100%
G

50%
S

75%
S

100%
S

100%
R

Methionine
Cystine
Lysine
Phenylalanine
Leucine
Isoleucine
Threonine
Valine
Histidine
Arginine
Glycine
Aspartate
Serine
Glutamate
Proline
Alanine
Tyrosine
Taurine

1.66
0.56
3.24
1.87
3.22
1.80
1.83
2.07
1.09
2.88
3.36
4.20
2.09
7.35
2.89
2.55
1.37
0.76

1.66
0.56
3.19
2.04
3.04
1.67
1.68
1.97
1.18
3.51
2.85
4.14
2.12
8.17
2.70
2.23
1.37
0.64

1.58
0.66
3.10
2.13
2.93
1.64
1.62
1.98
1.13
3.83
2.61
4.12
2.12
8.61
2.63
2.08
1.37
0.57

1.63
0.74
3.07
2.19
2.84
1.60
1.54
1.96
1.14
4.12
2.36
4.08
2.14
8.99
2.46
1.87
1.36
0.51

1.61
0.65
3.09
2.04
3.06
1.71
1.71
2.04
1.15
3.49
2.88
4.15
2.14
8.20
2.65
2.22
1.39
0.65

1.52
0.70
2.92
2.12
2.97
1.60
1.65
1.94
1.15
3.72
2.64
4.13
2.16
8.58
2.56
2.07
1.37
0.59

1.55
0.79
2.87
2.29
2.91
1.55
1.36
1.95
1.16
4.20
2.35
3.97
2.31
9.49
2.72
2.05
1.50
0.50

1.61
0.74
3.22
2.28
2.96
1.59
1.32
1.98
1.21
4.31
2.42
3.77
2.78
8.91
2.69
2.08
1.53
0.45

protein efﬁciency ratio (PER) ranged from 1.62–2.08, with no signiﬁcant
differences (Table 4).
3.2. Digestibility trial
The ADC of protein for the test diets ranged from 83.1 to 87.1% (Table
4). Fish fed 50–100% GCSM (84.1–86.4%) and 50–100% SCSM diets
(86.2–87.1%) showed no signiﬁcant differences among the treatments
in ADC of protein compared to ﬁsh fed the ﬁsh meal-based control
diet (86.0%). Fish fed the 100% RCSM diet showed signiﬁcantly lower
ADC of protein (83.1%) than did ﬁsh fed the control diet (86.0%)
(Table 4).
3.3. Amino acid proﬁles of diets
Amino acid proﬁles of the CSM-based diets were similar to the FMbased control diet (Table 5). With respect to essential amino acids, methionine levels (% of dry sample) ranged from 1.52 to 1.66%, with the

Table 6
Fatty acid composition of diets (mg/g dry sample) replacing ﬁsh meal protein by different
cottonseed meal (CSM) proteins prepared from glandless seed (G), from regular (glanded)
seed that had been solvent-extracted to separate the gossypol (S), and from regular high
gossypol cottonseed (R). Values are mean ± SEM (N = 2).
Fatty Acid

0%

50% G 75% G 100% G 50% S 75% S 100% S 100% R

14:0
14:1
15:0
16:0
16:1n−7
18:0
18:1n−9
18:2n−6
18:3n−3
20:4n−6
20:5n−3
22:5n−3
22:6n−3
∑ SFA
∑ MUFA
∑n−3 PUFA
∑n−6 PUFA
n−3/n−6 PUFA
DHA/EPA

6.8
0.4
0.6
21.9
10.6
5.0
12.4
10.6
1.8
1.4
9.7
1.8
9.5
34.3
23.4
22.8
12.0
1.90
0.98

4.7
0.3
0.4
23.7
7.7
4.6
16.0
26.9
1.6
0.9
6.7
1.2
6.3
33.4
24.0
15.8
27.8
0.57
0.94

4.2
0.3
0.3
26.1
6.9
4.6
18.6
36.7
1.5
0.8
5.5
1.0
4.9
35.2
25.8
12.9
37.5
0.34
0.89

3.2
0.1
0.2
27.2
5.5
4.5
20.5
45.2
1.4
0.6
4.0
0.7
3.3
35.1
26.1
9.4
45.8
0.21
0.83

4.9
0.2
0.4
24.7
8.0
4.7
16.7
26.3
1.5
0.9
6.6
1.3
6.2
34.7
24.9
15.6
27.2
0.57
0.94

4.2
0.3
0.4
25.4
6.9
4.6
18.2
34.1
1.5
0.8
5.5
1.0
4.9
34.6
25.4
12.9
34.9
0.37
0.89

3.5
0.1
0.3
26.8
5.9
4.6
20.4
43.2
1.4
0.7
4.3
0.8
3.5
35.2
26.4
10.0
43.9
0.23
0.81

1.8
0.1
0.1
27.7
3.5
4.2
21.7
56.7
1.3
0.4
1.8
0.3
1.5
33.8
25.3
4.9
57.1
0.09
0.83
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FM-based control diet showing the highest value (1.66%) and the 75%
SCSM diet having the lowest value (1.52%) (Table 5). Lysine levels
ranged from 2.87 to 3.24%, with the FM-based control diet exhibiting
the highest value (3.24%) and the 100% SCSM diet exhibiting the lowest
value (2.87%) (Table 5). There appeared to be slight differences among
treatments in threonine (1.36–1.83%), isoleucine (1.55–1.80%), leucine
(2.84–3.22%), and phenylalanine (1.87–2.29%). Except for phenylalanine, the concentrations of these essential amino acids generally decreased with increased replacement with CSM. No apparent trends
among treatments were noted for histidine (1.09–1.21%) and valine
(1.94–2.07%) concentrations (Table 5).
3.4. Fatty acid proﬁles of diets
Total saturated fatty acids (SFAs) among diets (33.4–35.2 mg/g dry
sample) showed no apparent trends related to the level of CSM in the
diet (Table 6). The concentration of myristic acid (14:0) (1.8–6.8 mg/g)
appeared to decrease with increased inclusion of CSM, while the concentration of palmitic acid (16:0) (21.9–27.7 mg/g) increased with increased
inclusion of CSM. Stearic acid (18:0) (4.2–5.0 mg/g) concentrations were
similar among treatments.
Total monounsaturated fatty acids (MUFAs) (23.4–26.4 mg/g) appeared to increase with greater levels of CSM in the diet (Table 6).
Palmitoleic acid (16:1n−7) (3.5–10.6 mg/g) decreased with increasing
dietary CSM. In contrast, oleic acid (18:1n-9) (12.4–21.7 mg/g) showed
a relatively large increase with increasing levels of CSM.
The sum of n − 3 polyunsaturated fatty acids (PUFAs) in the diets
(4.9–22.8 mg/g) decreased with increased incorporation of CSM
(Table 6). Linolenic acid (18:3n−3) (1.3–1.8 mg/g) showed slight differences among treatments. Eicosapentaenoic acid (EPA, 20:5n-3)
(1.8–9.7 mg/g) decreased with increased substitution of CSM from a
maximum in the high FM-based control diet to the lowest levels in
the 100% CSM diets. Docosapentaenoic acid (22:5n− 3) (0.3–1.8 mg/
g) and docosahexaenoic acid (DHA, 22:6n−3) (1.5–9.5 mg/g) also decreased from maximum values in the FM-based control diet to lowest
values in the 100% RCSM protein diet (Table 6).
In contrast to the sum of n−3 PUFAs, the sum of n−6 polyunsaturated fatty acids (PUFAs) (12.0–57.1 mg/g) showed the opposite relationship, in which the total n-6 PUFAs increased with greater inclusion
of CSM, with the lowest values in the FM-based control diet and the
highest values in the 100% RCSM protein diets (Table 6). Linoleic acid
(18:2n − 6) (10.6–56.7 mg/g) increased with increasing CSM in the
diet (Table 6). In contrast, arachidonic acid (ARA, 20:4n − 6) (0.4–
1.4 mg/g) declined with increasing dietary CSM. The ratios of DHA to
EPA (0.81–0.98) and of n-3 to n-6 PUFAs (0.09–1.90) decreased with increased replacement levels of CSM.
3.5. Proximate composition of whole bodies and liver gossypol
The protein content of whole bodies of ﬁsh fed the 100% high-gossypol RCSM diet (15.6%) was signiﬁcantly lower than the protein content
of ﬁsh fed the 50% GCSM (17.5%) and the 50% SCSM (17.6%) low-gossypol diets (17.6%) (Table 7). Lipid content of ﬁsh fed 100% RCSM (10.0%)
was signiﬁcantly lower than in ﬁsh fed the 50% GCSM diet (13.7%)
(Table 7).
Ash contents of the ﬁsh whole bodies (3.9–4.6%) were not signiﬁcantly different among treatments (Table 7). Whole body moisture content of ﬁsh fed the 100% RCSM diet (68.4%) was signiﬁcantly greater
than the body moisture of ﬁsh fed the 50% GCSM (65.3%) or 50% SCSM
(65.9%) diets (Table 7). Gossypol was only detectable in the livers
(25.9 mg/kg) of the ﬁsh fed the 100% RCSM high-gossypol diet (Table 7).
3.6. Amino acid proﬁles of whole bodies
Fish whole body essential amino acid compositions (methionine,
lysine, threonine, arginine, serine, histidine, isoleucine, leucine,
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Table 7
Proximate composition (% wet basis, mean ± SEM, N = 3) of juvenile black sea bass fed diets with ﬁsh meal (FM) protein replaced by cottonseed meal (CSM) protein prepared from glandless seed (G), from regular (glanded) seed that had been solvent-extracted to separate the gossypol (S), and from regular high gossypol cottonseed (R). Means in the same row not sharing
a letter in common are signiﬁcantly different (P b 0.05). Liver gossypol concentrations (mg/kg, N = 3) are also shown.
Diets

0% (control)

50% G

75% G

100% G

50% S

75% S

100% S

100% R

Protein (%)
Lipid (%)
Ash (%)
Moisture (%)
Liver
Gossypol (mg/kg)

16.5 ± 0.28ab
12.7 ± 0.27ab
4.2 ± 0.13a
66.0 ± 0.1abc

17.5 ± 0.08a
13.7 ± 0.82a
4.1 ± 0.16a
65.3 ± 0.48c

15.9 ± 0.58ab
11.7 ± 0.42ab
3.9 ± 0.11a
67.8 ± 1.0ab

17.0 ± 0.35ab
11.7 ± 0.43ab
4.3 ± 0.17a
66.4 ± 0.4abc

17.6 ± 0.26a
11.6 ± 0.46ab
4.3 ± 0.21a
65.9 ± 0.27bc

17.0 ± 0.09ab
12.7 ± 1.12ab
4.2 ± 0.04a
66.8 ± 0.2abc

16.9 ± 0.58ab
11.8 ± 0.76ab
4.2 ± 0.07a
67.0 ± 0.2abc

a

a

a

a

a

a

a

15.6 ± 0.25b
10.0 ± 0.44b
4.6 ± 0.24a
68.4 ± 0.42a
25.9

a

Not detected.

phenylalanine, and valine) did not differ signiﬁcantly among treatments (Table 8). Methionine concentrations ranged from 1.24–1.37%
and lysine concentrations ranged from 3.72–4.37%. The non-essential
amino acid glutamic acid was lower in ﬁsh fed the 50% SCSM (6.29%)
than it was in ﬁsh fed the 100% RCSM diet (7.29%) (Table 8).
3.7. Fatty acid proﬁle of whole bodies
SFAs were signiﬁcantly lower in the whole bodies of ﬁsh fed the
100% RCSM diet (81.4 mg/g) than they were in all other diets (102.2–
111.9 mg/g) (Table 9). Myristic acid (14:0) (8.23–15.5 mg/g) decreased
with increasing CSM in the diet (Table 9). Palmitic acid (16:0) was signiﬁcantly lower in ﬁsh fed the 100% RCSM diet (56.8 mg/g) than it was
in the ﬁsh fed the other diets (67.5–71.6 mg/g). Stearic acid (18:0) concentrations were signiﬁcantly greater in ﬁsh fed the 50–100% GCSM
(24.3–26.9 mg/g) and the 50–100% SCSM (23.5–26.0 mg/g) diets than
they were in ﬁsh fed the control (1.55 mg/g) and 100% RCSM
(15.6 mg/g) diets.
MUFAs were signiﬁcantly greater in ﬁsh fed the control diet
(86.5 mg/g) than in ﬁsh fed the diets incorporating CSM (61.0–
70.9 mg/g) (Table 9). Palmitoleic acid (16:1n−7) (13.7–29.5 mg/g) decreased with increasing CSM in the diet, and a similar trend was observed for saturated myristic acid (14:0) (8.23–15.5 mg/g). Oleic acid
(18:1n−9) was signiﬁcantly lower in the ﬁsh fed the 100% RCSM diet
(44.6 mg/g) compared with its level in ﬁsh fed the control diet
(54.6 mg/g), while the other CSM diets (46.7–50.6 mg/g) were not signiﬁcantly different from the control diet.
The sum of n − 3 PUFAs decreased with increased CSM in the diet
and was signiﬁcantly greater in the ﬁsh fed the control diet (60.0 mg/
g) than it was in those ﬁsh fed the CSM substitution diets (33.9–
48.7 mg/g) (Table 8). Stearidonic acid (18:4n-3) (1.81–3.07 mg/g) decreased with increasing CSM inclusion, with the highest levels found

in ﬁsh fed the control diet. Eicosapentaenoic acid (EPA, 20:5n − 3)
(12.6–21.6 mg/g) showed the same trend, with ﬁsh fed the control
diet exhibiting the greatest level (21.6 mg/g) and the ﬁsh fed the 100%
RCSM diet exhibiting the lowest level (12.6 mg/g). DHA (22:5n − 3)
(12.5–23.0 mg/g) likewise decreased with increased inclusion of CSM
in the diet (Table 9).
In contrast to n −3 PUFAs, the sum of n − 6 PUFAs showed the inverse trend increasing with increased levels of CSM in the diet, with
the lowest level in the ﬁsh fed the control FM diet (26.6 mg/g) and
the greatest levels in ﬁsh fed the 100% CSM diets (70.7–83.2 mg/g).
Linoleic acid (18:2n−6) increased from its lowest level in the ﬁsh fed
the control diet (23.8 mg/g) to its greatest levels in the ﬁsh fed the
100% CSM diets (50.7–81.4 mg/g). However, ARA (20:4n−6) showed
the opposite trend toward lower body levels as the amounts of CSM increased in the diet; the greatest levels were found in the control ﬁsh
(2.83 mg/g) and the lowest levels were found in the ﬁsh fed the 100%
CSM diets (1.46–1.76 mg/g). The ratio of DHA to EPA (0.95–1.06) decreased with increased CSM protein incorporation in the diet, from
maximum values in the ﬁsh fed the control diet (1.06) to minimum
values in the ﬁsh fed the 100% CSM diets (0.94–1.01). The ratio of n −
3 to n − 6 PUFAs in the ﬁsh (0.43–2.04) also decreased with increased
CSM in the diet from a maximum in the ﬁsh fed the control diet (2.26)
to a minimum in the ﬁsh fed the 100% CSM diets (0.43–0.52).
4. Discussion
4.1. Survival and growth
Regardless of level of replacement of FM protein with CSM protein in
the diet of juvenile black sea bass, ﬁnal survival after the 56 day study
was excellent (84–98%) in all treatments (Table 4), suggesting that substitution of low- or high-gossypol CSM for FM protein at levels of up to

Table 8
Amino acid proﬁle (% of sample, mean ± SEM, N = 3) of juvenile black sea bass fed diets with ﬁsh meal (FM) protein replaced by cottonseed meal (CSM) protein prepared from glandless
seed (G), from regular (glanded) seed that had been solvent-extracted to separate the gossypol (S), and from regular high gossypol cottonseed (R). Means in the same row not sharing a
letter in common are signiﬁcantly different (P b 0.05).
Amino acid

0% (control)

50% G

75% G

100% G

50% S

75% S

100% S

100% R

Methionine
Cystine
Lysine
Phenylalanine
Leucine
Isoleucine
Threonine
Valine
Histidine
Arginine
Glycine
Aspartate
Serine
Glutamate
Proline
Alanine
Tyrosine

1.31 ± 0.04a
0.48 ± 0.02a
3.98 ± 0.13a
1.92 ± 0.05a
3.32 ± 0.11a
1.6 ± 0.05a
1.84 ± 0.07a
2.00 ± 0.05a
0.99 ± 0.04a
3.27 ± 0.08a
4.19 ± 0.19a
4.99 ± 0.14a
2.45 ± 0.03a
6.69 ± 0.09ab
2.64 ± 0.09a
3.24 ± 0.06a
1.54 ± 0.05a

1.31 ± 0.02a
0.47 ± 0.02a
3.72 ± 0.27a
1.86 ± 0.09a
2.50 ± 0.55a
2.33 ± 0.90a
1.76 ± 0.07a
2.02 ± 0.17a
0.96 ± 0.07a
3.30 ± 0.09a
4.67 ± 0.39a
4.63 ± 0.12a
2.49 ± 0.09a
6.56 ± 0.28ab
2.78 ± 0.11a
3.26 ± 0.02a
1.45 ± 0.08a

1.29 ± 0.02a
0.49 ± 0.01a
3.90 ± 0.10a
1.90 ± 0.04a
2.63 ± 0.58a
2.40 ± 0.84a
1.79 ± 0.07a
2.14 ± 0.09a
1.03 ± 0.03a
3.31 ± 0.13a
4.42 ± 0.20a
4.86 ± 0.03a
2.49 ± 0.06a
6.66 ± 0.15ab
2.76 ± 0.08a
3.27 ± 0.04a
1.50 ± 0.02a

1.27 ± 0.04a
0.45 ± 0.03a
3.80 ± 0.16a
1.86 ± 0.06a
3.13 ± 0.16a
1.50 ± 0.08a
1.82 ± 0.08a
1.97 ± 0.10a
0.97 ± 0.04a
3.37 ± 0.05a
4.68 ± 0.28a
4.78 ± 0.18a
2.40 ± 0.04a
6.49 ± 0.13ab
2.84 ± 0.07a
3.27 ± 0.07a
1.45 ± 0.06a

1.24 ± 0.04a
0.44 ± 0.02a
3.73 ± 0.21a
1.82 ± 0.07a
3.09 ± 0.18a
1.53 ± 0.09a
1.72± 0.005a
2.04 ± 0.08a
0.98 ± 0.06a
3.29 ± 0.05a
4.78 ± 0.40a
4.67 ± 0.19a
2.43 ± 0.07a
6.29 ± 0.20b
2.83 ± 0.13a
3.35 ± 0.03a
1.40 ± 0.09a

1.27 ± 0.04a
0.48 ± 0.03a
3.97 ± 0.21a
1.93 ± 0.06a
3.32 ± 0.12a
1.59 ± 0.06a
1.84 ± 0.04a
2.06 ± 0.06a
1.04 ± 0.05a
3.32 ± 0.05a
4.55 ± 0.19a
5.02 ± 0.18a
2.52 ± 0.05a
6.85 ± 0.17ab
2.78 ± 0.02a
3.31 ± 0.07a
1.53 ± 0.07a

1.32 ± 0.02a
0.49 ± 0.03a
3.98 ± 0.26a
1.95 ± 0.10a
3.36 ± 0.21a
1.66 ± 0.15a
1.86 ± 0.06a
2.13 ± 0.13a
1.04 ± 0.08a
3.34 ± 0.02a
4.54 ± 0.39a
5.03 ± 0.22a
2.52 ± 0.04a
6.83± 0.23ab
2.79 ± 0.11a
3.34 ± 0.05a
1.55 ± 0.09a

1.37 ± 0.04a
0.52 ± 0.02a
4.37 ± 0.05a
2.08 ± 0.03a
2.88 ± 0.73a
2.65 ± 0.77a
1.99 ± 0.05a
2.28 ± 0.08a
1.07 ± 0.03a
3.62 ± 0.07a
4.70 ± 0.07a
5.30 ± 0.09a
2.62 ± 0.05a
7.29 ± 0.11a
2.83 ± 0.04a
3.48 ± 0.09a
1.64 ± 0.03a
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Table 9
Fatty acid proﬁle (mg/g dry weight, mean ± SEM, N = 3) of juvenile black sea bass fed diets with ﬁsh meal (FM) protein replaced by cottonseed meal (CSM) protein prepared from glandless seed (G), from regular (glanded) seed that had been solvent-extracted to separate the gossypol (S), and from regular high gossypol cottonseed (R). Means in the same row not sharing
a letter in common are signiﬁcantly different (P b 0.05).
Fatty Acid

0% (control)

50% G

75% G

100% G

50% S

75% S

100% S

100% R

14:0
14:1
15:0
16:0
16:1n −7
18:0
18:1n −9
18:2n −6
18:3n −3
18:4n −3
20:4n −6
20:4n −3
20:5n −3
22:1n −11
22:5n −3
22:6n −3
∑SFA
∑MUFA
∑n −3 PUFA
∑n −6 PUFA
n −3/n −6 PUFA
DHA/EPA

15.5 ± 1.01a
0.84 ± 0.11a
1.28 ± 0.08a
71.0 ± 3.59a
29.5 ± 2.04a
15.5 ± 0.66b
54.6 ± 3.17a
23.8 ± 1.67e
4.00 ± 0.35a
3.07 ± 0.23a
2.83 ± 0.25a
2.65 ± 0.13a
21.6 ± 1.41a
1.55 ± 0.20abc
5.68 ± 0.04a
23.0 ± 1.41a
103.3 ± 5.22a
86.5 ± 5.22a
60.0 ± 3.83a
26.6 ± 1.92e
2.26 ± 0.06a
1.06 ± 0.01a

13.2 ± 0.20b
0.66 ± 0.03ab
1.08 ± 0.03ab
69.9 ± 0.39a
20.1 ± 0.22b
26.9 ± 0.19a
46.8 ± 0.40ab
53.5 ± 0.70cd
3.90 ± 0.14a
2.58 ± 0.03ab
2.43 ± 0.05ab
2.27 ± 0.10ab
17.4 ± 0.36b
1.53 ± 0.15bc
4.74 ± 0.01b
17.7 ± 0.36bc
111.1 ± 0.48a
69.1 ± 0.51b
48.6 ± 0.74b
55.9 ± 0.66cd
0.87 ± 0.005b
1.02 ± 0.01abc

11.1 ± 0.34bc
0.35 ± 0.03b
0.85 ± 0.04bc
68.0 ± 0.77a
17.3 ± 0.44bc
26.9 ± 2.49a
47.3 ± 1.40ab
67.1 ± 2.76abc
3.43 ± 0.19ab
2.15 ± 0.08bcd
1.95 ± 0.05bc
1.84 ± 0.04bc
14.5 ± 0.69bc
1.27 ± 0.23c
4.11 ± 0.01bc
14.6 ± 0.61cd
106.9 ± 2.92a
66.2 ± 1.30b
40.6 ± 1.45bc
69.1 ± 2.78abc
0.59 ± 0.04cd
1.01 ± 0.02bc

10.1 ± 0.24cd
0.38 ± 0.09b
0.82 ± 0.02c
69.2 ± 1.58a
16.1 ± 0.36c
24.3 ± 1.33a
50.6 ± 1.18ab
81.4 ± 1.94a
3.27 ± 0.04ab
1.89 ± 0.06d
1.76 ± 0.10c
1.56 ± 0.10cd
13.2 ± 0.39c
1.62 ± 0.03abc
3.55 ± 0.02cd
12.5 ± 0.58d
104.4 ± 2.93a
68.7 ± 1.43b
35.9 ± 1.27c
83.2 ± 1.87a
0.43 ± 0.02d
0.95 ± 0.02d

13.2 ± 0.25b
0.51 ± 0.10ab
1.08 ± 0.06ab
71.6 ± 0.79a
20.6 ± 0.65b
26.0 ± 0.66a
48.1 ± 0.59ab
50.7 ± 0.99d
3.63 ± 0.15ab
2.52 ± 0.06abc
2.32 ± 0.10ab
2.28 ± 0.14a
17.5 ± 0.69b
1.65 ± 0.10abc
4.76 ± 0.02ab
18.0 ± 0.74b
111.9 ± 1.34a
70.9 ± 1.32b
48.7 ± 1.85b
53.0 ± 1.08d
0.92 ± 0.02b
1.03 ± 0.01ab

11.4 ± 0.32bc
0.58 ± 0.10ab
0.92 ± 0.06bc
67.5 ± 1.61a
17.5 ± 0.27bc
25.3 ± 0.14a
46.7 ± 0.69ab
60.4 ± 1.4bcd
3.52 ± 0.29ab
2.23 ±0.17bcd
1.90 ± 0.09bc
1.82 ± 0.02c
14.8 ± 0.44bc
1.53 ± 0.05abc
4.06 ± 0.01bc
14.7 ± 0.4bcd
105.1 ± 1.83a
66.3 ± 0.98b
41.1 ± 1.31bc
62.3 ± 1.4bcd
0.66 ± 0.01c
0.99 ± 0.01bcd

10.3 ± 0.36cd
0.39 ± 0.13b
0.81 ± 0.02c
67.6 ± 2.56a
15.8 ± 0.56c
23.5 ± 1.60a
48.0 ± 1.59ab
69.1 ± 2.00ab
3.11 ± 0.04ab
1.97 ± 0.12cd
1.60 ± 0.09c
1.54 ± 0.05cd
13.4 ± 0.53c
2.14 ± 0.25ab
3.53 ± 0.01cd
13.1 ± 0.57d
102.2 ± 4.38a
66.3 ± 2.20b
36.6 ± 1.29c
70.7 ± 1.95ab
0.52 ± 0.03cd
0.98 ± 0.01cd

8.23 ± 0.27d
0.33 ± 0.03b
0.72 ± 0.05c
56.8 ± 3.09b
13.7 ± 0.31c
15.6 ± 1.61b
44.6 ± 2.59b
75.1 ± 6.96a
2.71 ± 0.09b
1.81 ± 0.06d
1.46 ± 0.04c
1.17 ± 0.04d
12.6 ± 0.29c
2.32 ± 0.15a
2.93 ± 0.002d
12.7 ± 0.26d
81.4 ± 4.88b
61.0 ± 2.70b
33.9 ± 0.51c
76.6 ± 6.93ab
0.44 ± 0.05d
1.01 ± 0.01abc

100% (with supplemental lysine and methionine) provided sufﬁcient
essential amino acids and fatty acids to support survival comparable
to ﬁsh fed a FM-based control diet. The results further suggest that juvenile black sea bass were able to tolerate a relatively high level of dietary
gossypol, an anti-nutrient present in much greater concentrations in the
100% RCSM diet (6270 mg/kg) than in all of the low-gossypol CSM diets
(54.3–150.2 mg/kg) (Table 3) and which signiﬁcant liver concentrations
were only found in the ﬁsh fed the high-gossypol RCSM diet for 8 weeks.
Dietary incorporation of regular CSM in replacement of soybean meal at
levels of 100% (647 mg gossypol/kg diet) did not impair survival in the
common carp Cyprinus carpio (Wang et al., 2014), and replacement of
FM with regular CSM up to 100% (9160 mg gossypol/kg diet) did not impair survival in juvenile tilapia Oreochromis sp. (Mbahinzireki et al.,
2000). These ﬁndings suggest that dietary incorporation of high levels
of regular CSM with high levels of gossypol does not impair survival in
a variety of freshwater and marine ﬁnﬁsh species.
While survival of juvenile black sea bass was unaffected by the level
of FM protein replacement by CSM protein, FI and growth were markedly reduced in ﬁsh fed the high-gossypol 100% RCSM diet. This is in accord with Li and Robinson (2006), who noted that the toxic effects of
gossypol in aquatic animals, such as channel catﬁsh Ictalurus punctatus,
Nile tilapia Oreochromis niloticus, rainbow trout, and Paciﬁc white
shrimp Litopenaeus vannamei, included reduced feed consumption,
growth, hematocrit, hemoglobin, reproductive capacity, and histological changes in various tissues and organs, but rarely in death.
In this study, growth performance of black sea bass juveniles fed
diets replacing between 50 and 100% of FM protein with low-gossypol
GCSM or replacing 50 to 75% of FM protein with low-gossypol SCSM
protein was not impaired compared to ﬁsh fed a FM-based control
diet for 8 weeks. However, black sea bass fed the low-gossypol 100%
SCSM and the high-gossypol 100% RCSM diets showed, respectively,
slightly and markedly reduced FI and growth compared with these
values for the ﬁsh fed the control FM diet (Table 4). The gossypol contents of the low-gossypol 100% SCSM protein diet (150 mg/kg) and
the high gossypol RCSM diet (6270 mg/kg) were much greater than in
the other diets (0–113 mg/kg), consistent with gossypol toxicity as reported in channel catﬁsh (Li and Robinson, 2006). Results of the present
study indicate that a dietary gossypol level of 150 mg/kg (from the 100%
SCSM protein diet) marginally reduced growth of juvenile black sea
bass, but without increasing gossypol concentration in the liver, showing that growth inhibiting effects can occur without measurable

gossypol accumulation in the liver. On the other hand, a dietary gossypol level of 6270 mg/kg (from the 100% RCSM protein diet) markedly
decreased growth and increased gossypol concentration in the liver
(25.9 mg/kg). Despite reduced growth on the 100% RCSM diet, black
sea bass were able to tolerate the relatively high quantities of gossypol
in this diet, while minimizing accumulation in their livers. Florida pompano fed diets replacing FM with regular high-gossypol cottonseed
ﬂour, a similarly produced solvent-extracted low-gossypol CSM, or
low-gossypol CSM produced from glandless seed with gossypol concentrations of 2000, 80 and 60 mg/kg, respectively, showed liver gossypol
concentrations of 79.7, 21.8 and 0 (not detected) mg/kg after
10 weeks (Cook et al., 2016).
In comparison to black sea bass, juvenile rainbow trout have a relatively high tolerance to dietary gossypol in regular high-gossypol CSM
protein-based diets, with concentrations up to 250 mg gossypol/kg diet
having no effect on growth, and a concentration of 1000 mg gossypol/
kg diet reducing growth and increasing liver gossypol (358 mg/kg)
(Roehm et al., 1967). In contrast, channel catﬁsh displayed a much greater tolerance to gossypol in regular CSM protein diets, with gossypol concentration up to 900 mg/kg diet producing no reduction in growth and
concentrations of 1400 mg/kg diet reducing growth and increasing
liver gossypol (65.6 mg/kg) (Dorsa et al., 1982).
In the present study, 100% replacement of FM protein with CSM protein supplemented with lysine did not result in negative effects on
growth performance in juvenile black sea bass. Low-gossypol CSM has
been found to be a suitable alternative protein ingredient to FM in
diets of a number of marine ﬁnﬁsh when supplemented with lysine
and/or methionine. In Japanese ﬂounder, Paralichthys olivaceus, as
much as 40% FM protein in the diet can be replaced by regular CSM protein with supplemental lysine and methionine, without adverse effects
on growth (Pham et al., 2007). In Florida pompano, inclusion of 19.6%
regular CSM in replacement of FM did not inhibit growth performance,
when the diet was balanced for lysine (Cook et al., 2016). Rainbow trout
fed diets in which regular CSM fully replaced FM also showed no reduction in growth performance provided that the diet was supplemented
with lysine (Blom et al., 2001)
Compared to FM-based protein sources, plant-based protein sources
have been replaced with CSM at high levels of inclusion. In channel catﬁsh, up to 100% of soybean and peanut meal in the diet was replaced by
low-gossypol CSM (prepared from glandless seed), without a reduction
in body weight gain (436.5%) after 10 weeks compared to the control

626

A.D. Anderson et al. / Aquaculture 464 (2016) 618–628

diet containing 25% soybean meal and 25% peanut meal (392.1–406.6%)
(Robinson et al., 1984a). Additionally, regular CSM supplemented with
lysine replaced up to 50% of the soybean meal in channel catﬁsh without
affecting growth performance (Robinson and Li, 2008).

salmoides (Tidwell et al., 2005), European white ﬁsh Coregonus lavaretus
(Vielma et al., 2003), and common carp Cyprinus carpio (Ahmad et al.,
2012).
4.4. Amino acid proﬁles of diets and whole bodies

4.2. Feed utilization: Feed intake (FI), feed conversion ratio (FCR), and
protein efﬁciency ratio (PER)
In the present study, feed utilization values (FI, FCR, and PER) of
black sea bass fed diets replacing 50 to 100% FM protein with low-gossypol GCSM protein were not different from these values for ﬁsh fed a
FM-based control diet. These results indicate that the CSM protein
from glandless seed was utilized as efﬁciently as FM protein by juvenile
black sea bass. This is attributed to the relatively low gossypol levels
found in the CSM diets produced from glandless seed (54.3–108.6 mg/
kg) and indicates that diets containing as much as 109 mg/kg gossypol
did not impair feed utilization in these ﬁsh.
In this study, replacement of FM with CSM at levels up to 100% did
not affect FCR and PER in juvenile black sea bass, regardless of the
type of CSM tested (Table 4). FCR of black sea bass fed 100% GCSM protein in the present study (1.18) was comparable to the FCR for channel
catﬁsh (1.0) (Robinson and Rawles, 1983) and lower than for Tilapia
aurea (1.40) (Robinson et al., 1984b) both ﬁsh having been fed diets
with CSM from glandless seed as the sole protein source. These results
indicate that black sea bass have an ability to utilize CSM protein comparable to omnivorous freshwater species, such as tilapia and catﬁsh
that are known to assimilate plant-based proteins efﬁciently. High dietary inclusion levels of CSM (regardless of type) without affecting feed
utilization is promising and supports the ability of the black sea bass
to utilize high levels of alternative plant protein sources to FM, as reported previously (Alam et al., 2012).
While FCR and PER of black sea bass in this study were not affected
by FM replacement with CSM (regardless of type), a marginal reduction
of FI for the 100% acidic ethanol-extracted low-gossypol CSM diet and a
large reduction for the 100% regular CSM diet was evident. The reduction of FI on these high CSM-based diets was consistent with the level
of gossypol in these diets (150 mg/kg in the low-gossypol SCSM diet
and 6270 mg/kg in the regular high-gossypol RCSM diet), supporting reduced palatability as an anti-nutritive effect of gossypol in black sea
bass.
4.3. Fish whole body proximate composition
Whole body protein content of ﬁsh fed the 100% low-gossypol GCSM
was not signiﬁcantly different than the protein content of ﬁsh fed the
100% high-gossypol RCSM diet (Table 7). However, lipid content of
ﬁsh fed 100% RCSM (10.0%) was signiﬁcantly lower than the lipid content of ﬁsh fed 50% GCSM (13.7%), which was related with growth performance, as lower weight gain was found in ﬁsh fed the 100% RCSM
diet. Relatively low lipid levels in ﬁsh fed the high-gossypol RCSM
may reﬂect greater catabolism of protein and fat with less storage of
fat since this diet was less palatable and consumed at a much lower
rate than the other diets (Table 7). Dietary ash decreased in diets with increasing CSM, but no trends in whole body ash were seen (Table 3, Table
7). This is similar to what was reported in African catﬁsh Clarias
gariepinus fed diets containing up to 60% CSM, which showed no differences in whole body ash (Toko et al., 2008b). Fish fed the 100% high-gossypol RCSM diet showed the highest moisture (68.4%), while ﬁsh fed 50%
GCSM showed the lowest moisture (65.3%) (Table 7). These differences
in moisture content were also likely related to reduced palatability and
consumption of the high-gossypol RCSM diet with less storage of protein
and fat, resulting in a proportional increase in moisture content as ash
levels were unchanged. An inverse relationship between lipid and moisture content was reported in other ﬁnﬁsh species fed diets replacing FM
with CSM, including vundu catﬁsh Heterobranchus longiﬁlis (Toko et al.,
2008a), African catﬁsh (Toko et al., 2008b), largemouth bass Micropterus

Because soybean meal and CSM are deﬁcient in the essential amino
acids methionine and lysine, these amino acids were supplemented to
the treatment diets in increasing concentrations as level of FM protein
replacement was increased to maintain the same concentrations of
these essential amino acids as in the FM-based control diet (Table 3).
Regardless of level of substitution of FM protein by CSM protein, the
concentration of methionine and lysine in the diets (Table 5) and ﬁsh
whole bodies (Table 8) did not vary greatly, indicating that supplementation of these essential amino acids was effective in promoting growth
of black sea bass fed different levels of CSM and that the uptake of methionine and lysine from the diets was not affected by CSM, including
the regular CSM diet that contained high gossypol, which is known reduce bioavailability of lysine (Wilson et al., 1981). Supplementation of
the essential amino acids methionine and lysine to diets in which dietary FM or soybean meal is replaced with alternative protein sources
is an effective technique for maintaining normal growth in a number
of ﬁsh species. In channel catﬁsh, 50% and 100% of soybean meal, respectively, can be replaced by solvent-extracted CSM without and with supplemental lysine (Robinson, 1991). Nile tilapia fed a diet incorporating
100% soybean meal in replacement of FM with supplemental lysine
displayed a signiﬁcantly higher body weight gain than ﬁsh fed a 50%
soybean meal diet without supplemental lysine (El-Saidy and Gaber,
2002). In black sea bass, up to 70% of menhaden FM can be replaced
by soybean meal with supplemental methionine (7.8 g/kg of diet) and
lysine (6.1 g/kg of diet) without decreasing growth or feed utilization
(Alam et al., 2012).
4.5. Fatty acid proﬁle of diets and whole bodies
Fatty acid levels in black sea bass whole bodies reﬂected the dietary
proﬁles related to the replacement of FM by CSM. The SFA content of the
diets (33.4–35.2 mg/g) and whole bodies (81.4–111.9 mg/g) were very
similar among treatments (Table 6). MUFA concentrations were slightly
greater in the diets replacing FM protein with CSM protein (Table 6), but
the opposite pattern was seen in the ﬁsh whole bodies, which showed
lower MUFA concentrations as dietary CSM increased (Table 9). This
was due to lower palmitoleic acid (16:1n − 7) and oleic acid
(18:1n − 9) concentrations in ﬁsh fed the CSM diets, likely related to
the reduction of ﬁsh oil (a rich source of MUFAs) with increased CSM
(and hence cottonseed oil) in the diet (Table 3). In the gilthead sea
bream, replacement of 75% FM with a mix of plant proteins resulted in
lower whole body MUFA's (39% total fatty acids) compared with the
MUFA levels of ﬁsh fed the 100% FM diet (44% total fatty acids) (De
Francesco et al., 2007).
N − 3 PUFAs were higher in the FM-based control diet than in the
CSM diets (Table 6), and this was reﬂected in ﬁsh whole bodies (Table
9). When FM is replaced by terrestrial protein sources (animal or
plant), n−3 essential fatty acids generally decrease in the diets as FM
replacement levels increase. Gilthead sea bream fed a mixture of plant
protein sources (e.g. corn gluten meal, wheat gluten, and rapeseed
meal) displayed decreased DHA, EPA, and total n − 3 PUFAs in whole
body tissues compared with these levels in ﬁsh fed a 100% FM-based
control diet (De Francesco et al., 2007). An approach to correcting the
deﬁciency of the n − 3 PUFAs, DHA, and EPA with increased replacement of FM protein with CSM protein is to supplement more ﬁsh oil
as CSM is increased. However, since, the three CSMs used in this study
have higher levels of lipid (13.69, 14.21, and 16.16%, respectively
(Table 1) than FM (12.6%), this approach would require that more
lipid be extracted from the CSM prior to the inclusion in the diet to
maintain the diets isolipidic, which can be accomplished by extraction
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with more powerful screw-presses or by solvent (i.e., hexane) extraction of the oil. An alternative approach is to supplement non-ﬁsh
sources of n-3 PUFAs (e.g. terrestrial plant, microalgal or microbial) to
minimize the incorporation of ﬁsh oil, an increasingly scarce and expensive ingredient in aqua feeds (Trushenski et al., 2006; Naylor et al.,
2009).
In contrast to n−3 PUFAs, n−6 PUFA concentrations in both diets
and whole bodies of juvenile black sea bass increased with increasing
level of dietary CSM. Linoleic acid (18:2n − 6) accounted for greater
levels of n-6 PUFAs in the CSM diets (26.3–56.7 mg/g) (Table 6) and
in whole ﬁsh bodies (50.7–81.4 mg/g) (Table 9) compared with the n6 PUFA levels in the control diet and whole ﬁsh bodies (10.6 and
23.8 mg/g, respectively). Atlantic cod Gadus morhua fed diets in which
FM was replaced by full-fat soybeans also showed increasing n-6
PUFAs with increasing soybean meal in the diet, from 5.3% of total
fatty acids in the high FM-based control diet to 26.6% in a 36% full-fat
soybean meal diet (Karalazos et al., 2007).
ARA (20:4n-6) concentrations in diets (0.4–1.4 mg/g) (Table 6) and
ﬁsh tissues (1.46–2.83 mg/g) (Table 9) were relatively low, and they
were higher in the FM-based control treatment than in the CSM-based
diet treatments. This is related to the high FM in the control diet,
which contained a higher ARA level (1.4 mg/g) than the CSM protein
diets (0.4–0.9 mg/g) (Table 6). Despite the relatively small amount of
ARA present in the ﬁsh tissue, it is essential for marine carnivorous
ﬁsh (Koven et al., 2001), since they are unable to desaturate linoleic
acid (18:2n−6) to highly unsaturated n-6 fatty acids, such as ARA.
The ratio of DHA to EPA in whole bodies of black sea bass was relatively high under all diet treatments (0.95–1.06) (Table 9) reﬂecting
the dietary ratios (0.81–0.98). While there are no recommended dietary
concentrations for DHA, EPA, or the ratio of DHA to EPA for black sea
bass, DHA/EPA ratios in all diets (0.81–0.98) (Table 6) were comparable
to those producing maximum growth in grouper Epinephelus
malabaricus (DHA/EPA N 1) (Wu et al., 2002) and exceeded those required for good growth in gilthead sea bream (minimum DHA/EPA =
0.5) (Ibeas et al., 1997).
4.6. Digestibility
The ADC of protein in juvenile black sea bass was relatively high for
all diets ranging from 83.1 to 87.1% (Table 4). Compared with the FMbased control diet (86.0%), the ADC of protein was slightly higher in
the 75% low-gossypol SCSM diet (87.1%), but was not signiﬁcantly different from all of the other CSM-based diets (84.1–86.4%), except for
the 100% low-gossypol GCSM treatment (83.1%), which was marginally
lower. However, this diet contained low gossypol (74.8 mg/kg) and did
not impair growth, FCR or PER. These ﬁndings suggest that low-gossypol CSM protein, regardless of how it was produced, was as digestible
as menhaden ﬁsh meal in juvenile black sea bass. All of these results
are consistent with the conclusion that reduced growth in the 100%
low-gossypol SCSM and 100% high-gossypol RCSM diet treatments
was related to gossypol effects on palatability and FI, rather than on protein digestibility. These ﬁndings in black sea bass are similar to what
was recently reported in Florida pompano, where apparent digestibility
coefﬁcients of protein in diets containing regular cottonseed products
(75.4–85.7%) were very similar to that of a FM-based diet (72.2%)
(Cook et al., 2016). These workers found that low-gossypol diets including a solvent-extracted CSM to reduce gossypol levels and CSM produced from glandless seed yielded digestibility coefﬁcients of 73.0%
and 86.1%, respectively, and concluded that cottonseed products are acceptable for use in practical diets for Florida pompano (Cook et al.,
2016). Relatively high protein digestibility of 72.3 to 94.1% were reported for both types of low-gossypol CSMs in Paciﬁc white shrimp by
Siccardi et al. (2016), who suggested that these low-gossypol CSM products may be a cost-effective protein source for shrimp diets.
Diet protein digestibility results in the present study are similar to
what has been previously reported for CSM-based diets in other ﬁnﬁsh
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species. In red drum, Sciaenops ocellatus, diets containing 30% high-gossypol CSM had only a slightly lower ADC of protein (84.5%) than did
diets based on 100% menhaden FM (87.9%) (Gaylord and Gatlin,
1996), values comparable to the ADC of protein of CSM-based diets in
black sea bass in the present study (83.9–90.3%). In rainbow trout,
ADC of protein for regular CSM from different US locations were from
81.6 to 87.9% (Cheng and Hardy, 2002). Likewise, in Nile tilapia, diets
containing 100% regular CSM protein (i.e., 0% FM) showed the same
ADC of protein (87.8%) as a high FM-based control diet (87.7%) (ElSaidy and Gaber, 2004), in agreement with the high digestibility of regular CSM protein observed in the present study. All of these results indicate that CSM protein is highly digestible by black sea bass as well as in
other ﬁnﬁsh species when used in partial or complete replacement of
FM.
5. Conclusions
The results of this study indicate that, a maximum of 75% FM can be
replaced with low-gossypol CSM protein produced by acidic ethanol extraction, and 100% of FM can be replaced with low-gossypol CSM protein prepared from glandless seed in the diets of juvenile black sea
bass with no adverse effects on survival, growth and feed utilization.
While published information on dietary substitution of CSM protein
for FM protein in ﬁsh are limited, the available data on growth performance, protein digestibility of diets and biochemical composition of
whole bodies suggest that black sea bass have the ability to utilize
higher dietary concentrations of CSM with supplemental amino acids.
The results further suggest that black sea bass might possess speciﬁc digestive enzymes that enable them to utilize efﬁciently high dietary inclusion rates of low-gossypol-based CSM proteins.
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