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Abstract

Sixty juvenile cobia (Rachycentron canadum; 28.3+0.13 g wet wt) were randomly distributed into each of 12 tanks in a
recirculation unit (n=>5 tank ). Fish were fed one of two diets (47:8 or 47:20 protein:lipid) at 6—8% body wtd ! for 6 weeks. Each
week, the composition of fish (n=5) from each dietary treatment was calculated by measuring the impedance (resistance and
reactance) of a current (x pA AC and kHz) passed through a live animal. Electrodes were positioned at morphologically discrete points
on the dorsal left hand side of the animal. After bioimpedance (BIA) assessment, the identical fish were sacrificed and their body
composition determined using traditional, chemical methods. Results generated by chemical analyses were regressed against BIA
data. Linear regression analysis was performed utilizing compositional analysis (protein, lipid and ash) as the observed values and
BIA assessment for the predicted. Regressions for each body composition parameter produced high correlations in all relationships:
resistance (in parallel) and protein (adj. R*=0.9569), resistance (in parallel) and total body water (adj. R*=0.9894), reactance
(in parallel) and total body ash (adj. R*=0.8547), reactance (in series) and dry matter (adj. R*=0.9272) and reactance (in series) and
fat-free mass (adj. R*=0.9916). The F value tests (P<0.0001) revealed significant correlations between the independent and
dependent variables for each body composition parameter. Correlations for each regression indicate strong linear relationships
between impedance and proximate analysis variables with values of 1:1. This indicates that this BIA methodology can be utilized as an
inexpensive, non-lethal, on the farm determination of proximate composition.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

The emergence of an increasingly sophisticated con-
sumer has highlighted the importance of sustainability,
biosecurity, and food safety during aquaculture produc-
tion. Combined with a greater awareness and higher
expectations of product quality by processors, retailers,
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and consumers, new and complex challenges face the
industry in terms of product standardization while main-
taining production profitability. For many phases in fish
farming, such as harvesting and processing, quality
standards do not exist for many species (Rensholdt and
McLean, 1999) and this is particularly true concerning
the physico-chemical properties of fish flesh, the com-
position and nutritional value of which may be in-
fluenced by a broad variety of biotic and abiotic factors
(Kestin and Warriss, 2001). Conventionally, chemical
methods are employed to assess fish body composition.
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However, comparatively few producers have access to
the expensive laboratory facilities and equipment that
these techniques demand. Moreover, chemical compo-
sitional analyses are destructive, time-consuming and
use noxious chemicals. Several other methods have been
proposed to forecast body composition of farmed ani-
mals. In this respect, Near Infrared Reflectance Analysis
(Lee et al., 1992; Rasco et al., 1991), Computerized
Tomography (Kolstad et al., 2004; Hancz et al., 2003;
Gjerde, 1987) and Magnetic Resonance Imaging
(Wille et al., 2004; Nott et al., 1999; Howell et al.,
1996) techniques have all been used. However the
preceding have no practical (on-farm) application due to
the expense of instrumentation and the technical
expertise needed during equipment operation and data
interpretation.

Alternatives to costly and intricate medical imaging
technologies and time-consuming and hazardous chem-
ical analyses are clearly needed if aquaculturists are to
standardize their product line(s) based upon consumer
and or processor demands. Substitute technologies how-
ever, must enable rapid on-site evaluation of the impact
of feeding strategies, dietary treatments, selective breed-
ing and otherwise, on carcass characteristics. Such
technologies must be inexpensive, safe, reproducible
and preferably non-lethal to the fish. With these pro-
visions in mind, Rensholdt et al. (2000) evaluated trout
carcass composition using computer-assisted image
analysis and flatbed scanning techniques. However,
these studies involved manual image processing that
may have induced analytical bias which prompted Wille
et al. (2004) to remove this partiality by automating
image processing of stained materials. While the latter
two methods proved successful in especially determin-
ing body lipid content of fish flesh, each were destructive
techniques. Clearly, non-lethal methods of composition-
al analyses would be preferred since financial loss would
not be incurred by the farmer.

Electrical impedance-based methods have been em-
ployed since the 1920s to evaluate meat lean and fat
content (Callow, 1936) and in fish, the Total Body
Electrical Conductivity or TOBEC system has been used
to determine body composition of various fish species
(Bai et al., 1994; Brown et al., 1993). Although a useful
tool, TOBEC equipment is expensive and clumsy and is
only able to accept samples of relatively small size.
An alternative method for evaluating lean or lipid con-
tent of animals is Bioelectrical Impedance Analysis
(BIA). BIA measures sample resistance to the flow of an
electrical current and the method has been used suc-
cessfully to examine carcass yield and composition in
various species including sheep, skunk, pigs and cattle

(Hwang et al., 2005; Berg et al., 1996; Johns et al., 1992;
Swantek et al., 1992). Importantly, the equipment for
BIA is hand held, relatively rugged and inexpensive (by
a factor of ~20 versus TOBEC). Moreover, because
compositional data can be acquired non-lethally, BIA
can be used to follow changes in composition throughout
a growing season. However, few studies have evaluated
the application of BIA to fish (Cox and Hartman, 2005;
Bosworth and Wolters, 2001) and none have examined
its potential as a method for determining composition
in farmed marine fish. Accordingly, we examined the
utility of BIA as a method to analyze body composition
in growing juvenile cobia by comparing results against
traditional chemical analyses.

2. Materials and methods
2.1. Experimental system

All studies were undertaken using a 3400 L recir-
culating life support system, which comprised 24 x
110 L glass aquaria, of which 12 were dedicated to this
study, serviced with a 750 L KMT-based (Kaldnes
Miljeteknologi, Tonsberg, Norway) fluidized bed bio-
filter for nitrification, a bead filter (Aquaculture Tech-
nologies Inc., Metaire, LA, USA) for solids removal, a
protein skimmer (R&B Aquatic Distribution, Waring,
TX, USA), and a40 W UV sterilizer (Emperor Aquatics,
Pottstown, PA, USA) for sterilization. The fluidized bed
and aquaria were oxygenated using diffusion air lines
connected to a 1 HP Sweetwater remote drive regener-
ative blower (Aquatic Ecosystems, Apopka, FL, USA).

Each aquarium received a water flow of 4 L min~ '

Table 1
Composition of diets: g/100 g on a dry matter basis

Low lipid diet High lipid diet
(47% crude protein)  (47% crude protein)
(5.6% lipid) (20% lipid)

Herring meal ® 63.9 63.9

Dextrin® 48 7.8

Lipid 0 14.4
(Menhaden oil)°

Mineral mix ¢ 4.0 4.0

Vitamin mix ° 3.0 3.0

Carbohydrate cellulose 1.0 1.0
(CMC)®

Cellufil® 23.3 5.9

# International Proteins Corporation, Minneapolis, MN, USA.
b US Biochemical Corporation, Cleveland, Ohio, USA.

¢ Omega oils, Reedville, VA, USA.

4 ICN Corporation, Costa Mesa, CA, USA.

¢ See Moon and Gatlin (1991).
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Fig. 1. Photograph illustrating positioning of BIA probes during data
acquisition from cobia.

Water temperature (27.0+0.3 °C) and pH (8.09+0.06)
were monitored using a Hanna Instrument 9024 pH
meter (Aquatic Ecosystems, Apopka, FL, USA). Dis-
solved oxygen (5.92+0.09 mg L™ ") and total ammonia
nitrogen (0.37+0.04 mg L™ ') were measured using an
YSI 85 Series dissolved oxygen meter (YSI Inc., Yellow
Springs, OH) and by spectrophotometric analysis (Hach
Inc., Loveland, CO, USA), respectively. Nitrite (0.31+
0.06 mg L™ ") and nitrate (71+11 mg L™ ") were quan-
tified by spectrophotometric analysis. Salinity was main-
tained at 17.0£0.5 g L™ ' using Crystal Sea synthetic sea
salt (Marine Enterprises international, Baltimore, MD,
USA). A 12 h photophase-scotophase, with a 30 min
dusk/dawn period was maintained using phosphorescent
tubes positioned 1.8 m above the system.

2.2. Animals and husbandry

Sixty juvenile cobia (Rachycentron canadum; mean
individual weight, 28.3+0.13 g) were randomly distrib-
uted into each of 12 tanks (n=>5 tank '). Fish were hand-
fed experimental diets (6—8% body wt. d”'; Table 1) two
times per day, at 09.00 and 16.00 h. The ration was
divided equally between the two feedings and cobia were
fed to apparent satiation without overfeeding. Tanks
were group weighed weekly to adjust feeding rates and
to monitor growth performance. Six tanks were fed the
high lipid diet and the remaining six tanks the low lipid
diet. At the end of each week, fish from both treatments
were randomly sampled for analysis.

2.3. Experimental diets

Two different diets were employed in attempts to
modify lipid content of experimental fish. Ingredients of
the two experimental diets were mixed in a Patterson-
Kelley twin shell® Batch V-mixer (Patterson-Kelley Co.
Inc., East Stroudsburg, PA, USA) for 20 min, transferred
to a D300 Floor Mixer (Hobart Co., Troy, OH, USA),
and appropriate levels of menhaden oil added as the
lipid source. Distilled water (20—40% of feed weight)
was added to the dietary mixture prior to pressure
pelleting, using an appropriate die to provide pellets of
suitable size for the fish. After air-drying, feed was

frozen at —20 °C until needed. To determine dry matter,
duplicate samples from each feed were heated at 135 °C
for 2 h in a gravity oven (Blue M Electric, Blue Island,
IL, USA), and differences calculated by subtraction.
Prior to feeding, small quantities of diet were thawed and
refrigerated.

2.4. Principles of BIA

Body composition estimates using BIA were calculat-
ed by measuring the resistance and reactance of a current
(800 pA AC and 50 kHz) passed through an animal’s
tissue and then regressing these readings with proximate
composition measures. Resistance is proportional to the
voltage of an applied current as it passes through a sub-
stance. Reactance is the opposition to alternating current
by a capacitor (the cell membranes). Both resistance (R)
and reactance (X.) are measured using a bioelectrical
impedance analyzer. The electrical conductance of an
organism is determined by its water compartments and
solutes within those areas. Typically, electrical conduc-
tivity is greater in lean tissue than lipids due to higher
water (i.e. less lipid) and electrolyte content. Cell mem-
branes are comprised of a non-conductive lipid bilayer
packed between two conductive protein layers. The cell
membrane acts as a capacitor causing the signal for the
voltage to be out of phase. At high frequencies, the storage
is insignificant and the current passes straight through
the membrane without a voltage shift (Liedtke, 1997).
BIA uses low voltages and high frequencies which allows
the current to pass through extra cellular fluids but not
through the cell membranes.

2.5. Analytical procedures

At the end of each sampling event, five fish from each
dietary treatment were euthanized by an overdose of
clove oil (Sigma-Aldrich, St. Louis, MO, USA), blot
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Fig. 2. Group weight gain (—) and weight specific growth rates (——)
of cobia fed on high (M) and low (@) lipid diets.
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Fig. 3. Predicted and measured parameters using BIA and direct chemical analyses of 57 cobia for: A. Total fat free mass and predicted fat-free mass;
B. Relationship between total body protein and predicted protein levels; C. Relationship between measured body moisture and predicted values;
D. Measured body ash versus predicted ash content and, E. Measured and predicted dry matter.

dried, and placed on a nonconductive board. In addition Quantum II Tetrapolar Bioelectric Impedance Analyzer
to individual weights and total lengths, resistance and (RJL Systems, Detroit, MI, USA) with stainless steel 28
reactance values were immediately determined using a gauge 12 mm needles (Grass Telefactor, West Warwick,
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RI, USA). The analyzer has two sets of subdermal
needles, one signal electrode and one detecting electrode,
spaced 1.0 cm apart. Two readings were taken using the
bioimpedance analyzer: one dorsal and one ventral (Fig.
1). For dorsal readings, one set of electrodes was placed at
the posterior apex of the operculum and the second set
was positioned along the posterior region of the caudal
peduncle. Ventral readings were taken with one set of
electrodes directly below the pectoral fin while the second
set of needles was placed at the anterior end of the anal fin
(Fig. 1). Electrode needles penetrated just below the skin.
The distance between the two sets of electrodes was
measured and then resistance and reactance readings were
taken. These readings were used to determine resistance in
both series and parallel, reactance in series and parallel,
and capacitance. Samples of the muscle were collected for
proximate analyses, including crude protein, total lipid,
dry matter, and ash (AOAC, 1994). All proximate com-
positional measurements were performed in duplicate.

2.6. Statistical analyses

All data were subjected to analysis of variance pro-
cedure utilizing SAS v9.1 (SAS, Cary, NC, USA). Re-
gression analysis for BIA was also completed using
SAS v9.1. Regression models included whole weight,
resistance in series and parallel, reactance in series and
parallel, and capacitance. Backwards stepwise selection
methods were used to determine the best fit model based
on the adjusted R*.

3. Results

Average group weight gain and weight specific
growth rates of experimental animals are presented in
Fig. 2. No differences were observed between dietary
treatments in weight gain for the first 5 weeks of the trial
although at week 6, fish fed the high lipid diet were
heavier (P<0.05) than cobia offered the low lipid diet.
Strong correlations were found between independent
variables calculated from BIA values and proximate
analysis values. Regressions for each body composition
parameter (Fig. 3) illustrated the following relationships:
resistance (in parallel) and protein (adj. R*=0.9569),
resistance (in parallel) and total body water (adj.
R*=0.9894), reactance (in parallel) and total body ash
(adj. R*=0.8547), reactance (in series) and dry matter
(adj. R*=0.9272) and reactance (in series) and fat-free
mass (adj. R?=0.9916). The F value tests (P<0.0001)
revealed a significant correlation between the indepen-
dent and dependent variables for each body composition
parameter presented (Fig. 3). Correlations for each re-

gression indicate strong linear relationships between
impedance and proximate analysis variables with values
of 1:1. For lipid content however, poor correlation be-
tween measured and predicted values were observed
(R*=0.3337).

4. Discussion

The major objective of the present study was to
determine whether BIA represented a useful tool to
accurately and non-destructively assess body composi-
tion of farmed fish. When compared against traditional
chemical methods of compositional analysis, the utility
of BIA as a method for non-lethal assessment of marine
fish composition, and especially for body moisture,
protein, and fat-free mass was extremely high, as evi-
denced by correlations with adjusted R values greater
than 0.95 for protein, fat-free mass and moisture. The
lower correlations obtained for dry matter, ash and lipid
levels, while disappointing, does not preclude use of BIA
as a tool to estimate fish body lipid, especially given the
reproducibility and resolving power of BIA body protein
and moisture datasets. There are several reasons that
explain the poorer performance of BIA regarding lipid
quantification. Most likely, the lower correlation for lipid
reflected the small overall size of the rapidly-growing
experimental fish. Earlier studies both within our lab and
elsewhere illustrate that cobia, relative to other species,
and at the life cycle stages studied, have a tendency
towards extremely lean body mass, usually less than 4%
on a dry weight basis (Craig et al., 2007; Lunger et al.,
2006, in press; Chou et al., 2004) and this fact, when
combined with the method employed for lipid analysis
(Folch etal., 1957), might explain the apparent reduction
in precision of the BIA method. Other studies have had to
resort to employing unifying morphometric analyses
with resistance and reactance values to more accurately
determine body moisture content for example, in gray
seals, grizzly and polar bears (e.g., Bowen et al., 1999;
Farley and Robbins, 1994). It may be that similar meth-
odologies might be required to more accurately deter-
mine lipid levels in fast-growing young fish but this
requires further research.

The selection of cobia as the experimental species
for this study was primarily based on its rapid growth
providing the means to assess changes in body com-
position of individuals of varying size, over a compar-
atively short timeframe. Previous experience with cobia
indicated that manipulation of dietary protein:energy
ratios, while influencing hepatic, and to a lesser extent,
fillet lipid levels, was without effect upon overall fish
performance (Craig et al., 2007). The specific growth
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observed during the present trial for the size of growing
animal were generally similar to that reported previously
for this species (Webb et al., in press; Resley et al., 2006;
Zhouetal., 2006; Chouetal., 2001, 2004). As the animal
ages however, greater lipid accumulation occurs (Shiau
et al., 2001) and a higher level of correlation between
traditional chemical methods of lipid analysis and BIA
would be anticipated.

The gaining prominence of global cobia aquaculture
(Liao and Leano, 2007) and its high growth rates may
ultimately present the aquaculture industry with a spe-
cies suited to and competitive in process markets pre-
viously dominated by traditional fisheries catch as
exemplified by preformed fish sticks, nuggets and
cakes, surimi, pates and spiced and marinated foods.
Optimal selection of fish for each product line however,
will rely on the availability of an inexpensive and re-
producible method to assess body composition. Final
quality of processed fish flesh is contingent on the
quality of raw material and, depending on product des-
tination, specific flesh characteristics might be stipulated
by processors. Thus, for the sushi and sashimi trade, high
lipid levels in the belly-flap region are desirable. Fillet
lipid content is important during smoking (Robb et al.,
2002; Rasmussen et al., 2000) while protein and water
content impacts frozen storage quality and potentially,
sensorial qualities of thawed fish (Lunger et al., in press;
Ayala et al., 2005; Careche et al., 1999).

The plastic nature of fish body composition, rather
than being a hindrance to producers presents a number of
potential advantages. We have suggested previously that
specifically formulated diets might be used to produce
“designer fish” — that is, fish that express optimum flesh
characteristics for specific processing needs (Powell,
2003; Rasmussen et al., 2000; Gonzalez et al., 2006), or
production requirements, as exemplified by the organic
sector (Craig and McLean, 2005). It has been demon-
strated that finishing diets represent an effective means
for influencing and establishing specific flesh quality
criteria at harvest (Robin et al., 2003; Rasmussen et al.,
2000) and for body fat this is of particular importance
because lipids impact appearance, flavor, tenderness and
juiciness, as well as processability and flavoring in final
products (Wille et al., 2002;Beltran and Moral, 1991).
More importantly, at least from a human health
perspective, body fat is the delivery vehicle for the
beneficial n-3 fatty acids found in marine species. By
having a non-destructive method for tracking changes in
body composition producers would be able to tailor their
produce for specific processes while authenticating the
quality of their products. An ability to verify the
composition of aquacultured fish would also improve

product branding opportunities. Because BIA is rela-
tively inexpensive, the equipment portable and robust
and results comparatively easy to generate and under-
stand, the method clearly offers high potential for on-
farm application. Future studies must examine the effect
of temperature upon BIA measurements and species-
specific responses. Because the BIA probes puncture the
skin and muscle of the animal, fish must be provided
with adequate recovery times before re-assessment since
punctures lower tissue resistance and could potentially
impact BIA results. Long-term effects of single BIA
readings on muscle quality (e.g., spotting) must also be
examined. Future studies must be undertaken to evaluate
the developed model using independent data sets as well
as to test the method with fattier fish such as Atlantic
salmon.
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