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Abstract Fatty acid (FA) composition of fillet tissue can
be tailored by transitioning fish from alternative lipid-
based, low long-chain polyunsaturated fatty acid (LC-
PUFA) grow-out feeds to high LC-PUFA “finishing”
feeds. To address whether grow-out feed composition
influences the responsiveness of fillet tissue to finishing,
sunshine bass (SB, Morone chrysops x M. saxatilis) were
reared to a submarketable size on grow-out feeds con-
taining fish oil (FO) or a 50:50 blend of FO and coconut
(CO), grapeseed (GO), linseed (LO), or poultry (PO) oil.
For the final 8 weeks of the trial, fish were either main-
tained on assigned grow-out feeds or finished with the
100% FO feed. Production performance was unaffected by
dietary lipid source, but fillet FA profile generally con-
formed to nutritional history. Regardless of grow-out
regimen, finishing had a significant restorative effect on
fillet FA composition; however, complete restoration of
control levels of 20:5n-3, 22:6n-3, total LC-PUFA and n-
3:n-6 FA ratio was achieved only among fish fed the CO-
based grow-out feed. Saturated fatty acids (SFA) appear to
be preferential catabolic substrates, whereas medium-chain
and long-chain PUFA are selectively deposited in tissues.
Provision of SFA in grow-out feeds appears to optimize
selective FA metabolism and restoration of beneficial fillet
FA profile during finishing.
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Abbreviations
ANOVA Analysis of variance
CO Coconut oil

DHA Docosahexaenoic acid, 22:6n-3

EPA Eicosapentaenoic acid, 20:5n-3

FA Fatty acid

FCR Feed conversion ratio

FO Fish oil

GO Grapeseed oil

HSI Hepatosomatic index

IPF Intraperitoneal fat

IPFR Intraperitoneal fat ratio

LC-PUFA  Long-chain polyunsaturated fatty acid(s)

LO Linseed oil

MC-PUFA Medium-chain polyunsaturated fatty acid(s)
MUFA Monounsaturated fatty acid(s)

PO Poultry oil

PUFA Polyunsaturated fatty acid(s)

SB Sunshine bass

SFA Saturated fatty acid(s)

Introduction

Seafood represents an increasingly important food source
for the human population, particularly in developing
regions—seafood comprises 20% of animal protein intake
for more than half of the world population [1]. In addition,
seafood is the predominant dietary source of long-chain
polyunsaturated fatty acids (carbon atoms > 20, degree of
unsaturation > 3, LC-PUFA), such as eicosapentaenoic
(EPA, 20:5n-3) and docosahexaenoic acids (DHA, 22:6n-
3), that are critical to human health [2]. These fatty acids
(FA) impart benefits beyond basic nutritive value,
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positively influencing neural, cardiac, vascular, immuno-
logical, reproductive, and oncogenetic health [3-8]. As a
result, both nutritional and medical communities have rec-
ommended increasing human consumption of LC-PUFA to
improve and maintain health of the American public [9].

With most traditional capture fisheries at sustainable
harvest limits or in decline [10], seafood demand is
increasingly met by aquaculture products. Currently, 45%
of the fish consumed worldwide are cultured [1]. Assuming
per capita seafood consumption is maintained, aquaculture
production must double by 2030 to keep pace with human
population growth over this time period [11]. Attendant to
growth in the aquaculture sector is the further expansion of
aquafeed manufacturing, an industry which relies on
“reduction” fisheries for the production of fish meal and
fish oil (FO) [12]. Recent peaks in the price of FO [13]
reflect increasing competition for this resource among end-
users and the inability of reduction fisheries to sustain
further growth. In addition to economic and sustainability
considerations, evidence linking FO in aquafeeds to ele-
vated levels of environmental contaminants in cultured
seafood [14—16] has motivated the aquaculture industry to
identify alternatives to FO.

Fish oil replacement has been evaluated using a variety
of plant- and animal-derived, alternative lipids in numerous
aquaculture species, often with great success [17-20].
Although growth performance is typically unaffected by
dietary lipid source, FA composition of fish tissues mirrors
dietary content and is responsive to dietary change. Fol-
lowing a switch in dietary lipid source, fillet composition
will change over time to more closely resemble the new
dietary FA profile [21-24]. Thus, replacing FO with
alternative lipid sources in aquafeeds results in the loss of
nutritionally beneficial LC-PUFA within the resultant fil-
lets and may, in turn, limit health benefits of cultured
seafood to human consumers [25].

Based on the known plasticity of fillet composition,
nutritionists have suggested the use of “finishing” feeds,
high in LC-PUFA, to increase and/or restore high levels of
these beneficial FA to the fillet prior to harvest. In this
strategy, fish are raised on alternative lipid-based “grow-
out” feeds for most of the production cycle and then
transitioned to the finishing feed prior to harvest. Finishing
feeds have been used to enhance fillet LC-PUFA content in
a number of aquaculture species [26-34], however, the
extent of LC-PUFA augmentation varies and complete
restoration of FO-associated profile is infrequently reported
[31, 34]. Fatty acid composition of the grow-out feed and
pre-finishing fillet profile may contribute to differences in
overall finishing success. Previous research suggested
medium-chain polyunsaturated fatty acids (18 carbon, MC-
PUFA) are resistant to “washout” or “dilution” during
finishing [35], whereas saturated FA (SFA) are perhaps
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more labile in fish tissues [33]. Most finishing strategies
have employed MC-PUFA-rich plant oils during the grow-
out phase, but high levels of MC-PUFA may render fillets
comparatively unresponsive to finishing and LC-PUFA
augmentation. To address this hypothesis, we evaluated
alternative lipid sources with distinct FA profiles in sun-
shine bass (SB, Morone chrysops x M. saxatilis) grow-out
feeds and subsequently assessed the responsiveness of fillet
tissue to LC-PUFA augmentation during finishing.

Methods and Materials
Diet Preparation and Analyses

Five feeds were manufactured based on a practical, reduced
fish meal feed our group previously developed for SB
culture ([36], Table 1). As originally formulated, this feed
contained 9.8% FO (dry matter basis; menhaden-derived;
Virginia Gold™, Omega Protein, Inc., Houston, TX,
USA). In the present work, the original, FO-based formu-
lation served as the control grow-out feed as well as the
finishing feed. Four experimental grow-out feeds were
derived from the basal formulation, with 50% of the FO
replaced with poultry (PO, Tyson Foods, Inc., Robards,
KY, USA), linseed (LO, Barlean’s Organic Oils, Ferndale,
WA, USA), grapeseed (GO, Kusha, Inc, Irvine, CA, USA),
or coconut oil (CO, Spectrum Organic Products, Petaluma,
CA, USA). These alternative lipids are predominantly
comprised of a single FA class (monounsaturates [MUFA],
n-3 MC-PUFA, n-6 MC-PUFA, and SFA, respectively) and
were strategically chosen to generate distinct feed FA
profiles for the purposes of hypothesis testing (Table 2).
All feedstuffs were incorporated using a cutter—mixer
(Model CM450, Hobart Corporation, Troy, OH, USA),
pelleted using a food grinder, dried at room temperature to
~870 g kg~ ' dry matter, and stored frozen (—20°C)
throughout the duration of the study. Proximate analyses of
triplicate diet samples were conducted according to stan-
dard methods for analysis of animal feeds [37, 38] to
confirm diet composition (Table 1). Reserved crude lipid
samples were analyzed for FA composition (Table 2)
according to the procedures described by Lane et al. [33].

Experimental Design and Feeding Trial

Nine feeding regimens were developed to address influences
of dietary lipid source and FA composition on production
performance and subsequent finishing diet success in SB
culture (Fig. 1). Eight experimental regimens represented
feeding the grow-out feeds described above throughout the
feeding trial (CO, LO, GO, and PO regimens) or with an
8-week finishing period (CO + Finish, LO + Finish,
GO + Finish, and PO + Finish regimens). The control
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Table 1 Formulation and proximate composition of experimental diets adapted from Lewis and Kohler [36]

Ingredient Fish oil (FO) Coconut oil (CO) Grapeseed oil (GO) Linseed oil (LO) Poultry oil (PO)
Fish meal® 200 200 200 200 200
Fish oil* 98 49 49 49 49
Coconut oil® - 49 - - -
Grapeseed oil® - - 49 - -
Linseed oil? - - - 49 -
Poultry o0il® - - - - 49
Corn gluten meal’ 140 140 140 140 140
Wheat middlings 201 201 201 201 201
Soybean meal 300 300 300 300 300
Carboxymethyl cellulose 20 20 20 20 20
Sodium phosphate monobasic 15 15 15 15 15
Calcium phosphate dibasic 15 15 15 15 15
Choline chloride 6 6 6 6 6
Mineral Premix® 1.5 1.5 1.5 1.5 1.5
Vitamin Premix" L5 L5 L5 L5 L5
Proximate composition

Dry matter 88.0 87.8 88.3 84.7 85.7
Protein 41.1 41.5 41.0 40.5 394
Lipid 14.3 14.5 14.4 14.6 13.2
Ash 10.8 10.2 9.6 11.4 10.6

All proximate composition values are expressed as a mean in g/100g (%), dry matter basis. Formulation composition is expressed in g/kg

 Derived from menhaden Brevoortia spp., Omega Protein, Inc., Houston, TX, USA

b Spectrum Organic Products, Petaluma, CA, USA
¢ Kusha, Inc., Irvine, CA, USA

4 Barlean’s Organic Oils, Ferndale, WA, USA

¢ Tyson Foods, Inc., Robards, KY, USA

f Tate and Lyle, Decatur, IL, USA
2

h

Formulated to contain: 7,000 mg kg_l copper, 70,000 mg kg_l iron, 100,000 mg kg_l manganese, 200,000 mg kg

~! zinc, 0.24% iodine

Formulated to contain: 99.8 mg kg’1 selenium, 2,200 mg kg’1 folic acid, 88,000 mg kg™' niacin, 35,200 mg kg’1 pantothenic acid,

11,000 mg kg™~ vitamin B6, 13,200 mg kg™ riboflavin, 11,000 mg kg™" thiamin, 11,000 mg kg™" vitamin B12, 66,000 mg kg~" vitamin E,
4,400 mg kg~' vitamin K, 4,400,000 IU kg~' vitamin A, 2,200,000 IU kg~ vitamin D, 100,000 mg kg~" vitamin C

regimen represented feeding the FO control/finishing feed
throughout the duration of the feeding trial (FO Control
regimen). Juvenile SB [46 £ 1 g, mean + SE; age 1
(~ 10 months); Keo Fish Farm, Keo AR] were group-reared
on the grow-out feeds described above, then stocked into a
recirculation system consisting of 30, 270-1 fiberglass tanks
with associated mechanical and biological filtration units for
the final 12 weeks of the production cycle. Each experi-
mental regimen was randomly assigned to three replicate
tanks (n = 3), whereas the control regimen was assigned to
six replicate tanks (n = 6). For all regimens, each replicate
tank was stocked with six fish from the appropriate dietary
group. Eight weeks prior to harvest, a subsample of one fish
per tank was collected to determine baseline tissue FA profile
prior to finishing (tissues collected as described in “Harvest,
Sample Collection, and Production Performance”). After
baseline sampling, remaining fish were finished with the

100% FO feed for the remaining 8 weeks of the feeding trial
(CO + Finish, LO + Finish, GO + Finish, and PO +
Finish regimens) or maintained on assigned grow-out feeds
(FO Control, CO, LO, GO, and PO regimens). Throughout
the 7-month culture period, fish were fed assigned feeds once
daily to apparent satiation.

Temperature (YSI Model 55 Oxygen Meter, Yellow
Springs, OH, USA) was measured daily, whereas dissolved
oxygen (YSI Model 55 Oxygen Meter, Yellow Springs, OH,
USA), ammonia-, nitrite-, and nitrate—nitrogen as well as
alkalinity were measured periodically throughout the study
period (Hach DR/2010 spectrophotometer, Hach Company,
Loveland, CO, USA). All water quality parameters were
maintained within ranges suitable for SB culture [39]. All
culture and husbandry methods, as well as euthanasia and
sample collection procedures described below, were con-
ducted under the direction and approval of the Southern
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Table 2 Dietary composition with respect to FA and FA classes

Fatty acid(s) Fish oil (FO) Coconut oil (CO) Grapeseed oil (GO) Linseed oil (LO) Poultry oil (PO)
8:0 0.00 £ 0.05 1.83 £ 0.05 0.00 £ 0.05 0.00 £ 0.05 0.00 £ 0.05
10:0 0.00 £ 0.02 2.02 £+ 0.02 0.00 £ 0.02 0.00 £ 0.02 0.00 £ 0.02
12:0 0.11 £ 0.02 17.59 £+ 0.02 0.02 £+ 0.02 0.04 £+ 0.02 0.06 £+ 0.02
14:0 7.65 + 0.02 11.29 £+ 0.02 441 £ 0.02 442 + 0.02 4.68 £+ 0.02
16:0 18.71 £ 0.02 15.12 £ 0.02 14.47 £ 0.02 13.45 £+ 0.02 20.87 + 0.02
18:0 3.50 £ 0.01 3.28 £ 0.01 3.58 £ 0.01 3.71 £ 0.01 4.48 £+ 0.01
Total SFA® 31.90 £ 0.06 52.38 £+ 0.06 23.90 £ 0.06 22.97 £+ 0.06 31.40 £ 0.06
16:1n-7 9.84 £+ 0.02 5.65 £ 0.02 5.62 £+ 0.02 5.61 £ 0.02 7.85 £ 0.02
18:1n-7 2.90 £ 0.00 1.75 £ 0.00 1.98 + 0.00 1.92 £ 0.00 2.45 £ 0.00
18:1n-9 7.74 + 0.02 8.12 + 0.02 13.62 £ 0.02 11.16 £ 0.02 19.67 £ 0.02
Total MUFA® 21.68 £+ 0.03 16.20 £ 0.03 21.98 + 0.03 19.40 £+ 0.03 30.76 + 0.03
18:2n-6 8.42 + 0.08 8.85 £+ 0.08 32.40 £ 0.08 14.68 £ 0.08 15.58 £+ 0.08
20:4n-6 0.92 £ 0.01 0.58 £ 0.01 0.58 £ 0.01 0.58 £+ 0.01 0.71 £ 0.01
n-6 10.12 £+ 0.08 10.21 £ 0.08 33.45 £ 0.08 16.02 £+ 0.08 16.92 £+ 0.08
18:3n-3 2.14 £ 0.01 2.04 £ 0.01 1.59 £ 0.01 22.56 £ 0.01 1.82 £ 0.01
18:4n-3 3.49 £ 0.01 1.86 £ 0.01 1.86 £ 0.01 1.87 £ 0.01 1.82 £ 0.01
20:4n-3 1.49 £+ 0.01 0.81 £+ 0.01 0.84 £+ 0.01 0.81 £+ 0.01 0.81 £ 0.01
20:5n-3 11.46 £+ 0.02 6.60 + 0.02 6.53 + 0.02 6.53 £+ 0.02 6.52 £+ 0.02
22:5n-3 2.11 £ 0.02 1.22 £ 0.02 1.28 £+ 0.02 1.22 £ 0.02 1.21 £ 0.02
22:6n-3 12.73 £ 0.03 6.96 £+ 0.03 6.86 + 0.03 6.89 £+ 0.03 7.04 £ 0.03
n-3 33.64 £ 0.05 19.60 £ 0.05 19.08 £ 0.05 40.02 + 0.05 19.34 £ 0.05
Total PUFA® 46.42 + 0.07 3142 £+ 0.07 54.12 £ 0.07 57.63 £+ 0.07 37.84 £+ 0.07
Total LC-PUFA? 29.13 £ 0.05 16.40 £ 0.05 16.33 £+ 0.05 16.30 £ 0.05 16.59 £ 0.05
Total MC-PUFA® 14.72 £+ 0.08 13.16 £ 0.08 36.26 £ 0.08 39.53 £ 0.08 19.69 + 0.08
n-3:n-6 3.32 + 0.02 1.92 + 0.02 0.57 £ 0.02 2.50 + 0.02 1.14 + 0.02

Values represent least-square means £ SE of triplicate samples

4 Saturated fatty acids—sum of all FA without double bonds
b
¢ Polyunsaturated fatty acids—sum of all FA with >2 double bonds
d

Monounsaturated fatty acids—sum of all FA with a single double bond

Long-chain PUFA—sum of all FA with chain length > 20 carbon atoms and double bonds > 3

¢ Medium-chain—sum of all PUFA with chain length of 18 carbon atoms; includes 18:3n-4 in addition to individually reported MC-PUFA

Illinois University Institutional Animal Care and Use
Committee, protocol #07-008.

Harvest, Sample Collection, and Production
Performance

After completion of the feeding trial, feed was withheld for
48 h prior to harvest. Fish within individual tanks were
harvested and immediately anesthetized in an ice-water
bath. Each anesthetized fish was individually weighed and
euthanized by single cranial pithing prior to tissue sample
collection. Boneless, skinless, J-cut (without belly flap)
fillets were harvested by experienced filleters to calculate
% dress-out [(weight of fillets/whole body weight) x 100].
Fillet subsamples were collected from a standardized
dorso-anterior landmark (to isolate white muscle tissue),

&\ Springer ANOCS &

packaged in sterile, polyethylene bags (Whirl-pak®, Nasco,
Fort Atkinson, WI, USA), and stored frozen (—80°C) prior
to proximate and FA analyses. Additional fillet subsamples
were packaged similarly and held refrigerated for analysis
of oxidative stability. Livers and intraperitoneal fat (IPF)
masses were dissected from the viscera to calculate he-
patosomatic index [HSI; (liver weight/whole body
weight) x 100] and intraperitoneal fat ratio [IPFR; (IPF
weight/whole body weight) x 100] indices. Subsamples of
hepatic and IPF tissue were packaged and stored in the
same manner as fillet tissue for FA analysis. Survival,
percent weight gain [((average individual weightg,, —
average individual  weight;,;.)/average  individual
weight;niia) X 100], and food conversion ratio (FCR;
average individual dry matter consumption/average indi-
vidual gain) were calculated for each tank.
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Fig. 1 Schematic of experimental design and feeding trial. Groups of
sunshine bass were group-reared on one of five grow-out feeds and
then stocked into a recirculation system. Each grow-out group was
assigned to six replicate tanks, each originally housing six fish. After
20 weeks of culture, baseline tissue samples were collected (1 fish per
tank). Three replicate tanks within each grow-out group were
transitioned to the FO-based finishing feed for the last 8 weeks of

Tissue Composition

Fillet samples were analyzed according to standard methods
[37, 38] for meat products to determine percent moisture,
crude protein, crude lipid, and ash. All tissue samples were
analyzed for FA composition in the same manner as diet
samples (see “Diet Preparation and Analyses”).

Peroxidative Stability

Short-term fillet oxidative stability was assessed at 24 h
post-harvest by analyzing refrigerated fillet samples for the
presence of peroxides and aldehydes using the Peroxy-
safe™ and Aldesafe™ colorimetric assay kits (Saftest
Incorporated, Tempe, AZ, USA).

Harvest

the trial, whereas the other tanks were maintained on assigned grow-
out feeds. At harvest, production performance was assessed and tissue
samples were collected from all remaining fish (5 fish per tank). FO,
100% fish oil feed; PO, 50:50 poultry/fish oil feed; GO, 50:50
grapeseed/fish oil feed; LO, 50:50 linseed/fish oil feed; CO, 50:50
coconut/fish oil feed

Statistical Analyses

Although multiple individual fish were sampled from each
tank, replicate tanks served as the experimental units for all
statistical analyses (n = 3 for experimental regimens,
n = 6 for control regimen). All data were analyzed by one-
way analysis of variance (ANOVA) within the General
Linear Model framework of the Statistical Analysis Sys-
tem, version 9.1 (SAS Institute, Cary, NC, USA) to
determine significance of differences among feeding regi-
mens. Tissue FA data was further analyzed by two-way
ANOVA within the Mixed Model framework of the Sta-
tistical Analysis System to test for independent and
interactive effects of feeding regimen and tissue type. In all
cases, differences were considered significant at P < 0.05.
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Results

Lipid source and FA profile of the grow-out feeds strongly
influenced fillet FA profile and subsequent finishing suc-
cess in SB culture. Feeding diets with different dietary lipid
sources during the first 5 months of the feeding trial
resulted in dramatic alterations of fillet FA composition,
with baseline fillet profile (Table 3) generally mirroring
dietary FA composition (Table 2). Expectedly, baseline
fillet samples of fish fed the LO, GO, and PO feeds con-
tained high levels of 18:3n-3, 18:2n-6, and total MUFA,
respectively, whereas fillets of FO-fed fish were higher in
LC-PUFA, particularly 20:5n-3 and 22:6n-3. However,
baseline fillet samples of CO-fed fish did not reflect dietary
prevalence of SFA or reduced LC-PUFA content, and prior
to finishing, were largely equivalent to samples from the
FO Control regimen.

Continued use of the alternative lipid-based grow-out
feeds through harvest resulted in similar, though more
pronounced deviations from the FO Control profile
(Table 4). Nonetheless, in each of these unfinished regi-
mens, fillet levels of LC-PUFA were exaggerated in
comparison to dietary profile (Fig. 2). Finishing had a
significant restorative effect on fillet FA profile, augment-
ing fillet levels of FO-associated FA, regardless of grow-
out regimen (Table 4). However, complete restoration of
FO Control levels of 20:5n-3, 22:6n-3, and LC-PUFA and
n-3:n-6 FA ratio was achieved only in the CO + Finish
group.

Liver and IPF FA composition were also significantly
influenced by feeding regimen; however, comparison among
fillet, liver, and IPF profiles revealed significant differences
in how dietary FA were partitioned among the tissue types
(Fig. 3). Saturated FA and MUFA were most abundant
within the IPF, particularly when abundant in the feed.
Conversely, levels of LC-PUFA, but not MC-PUFA, were
consistently lower within the IPF compared to liver and fillet
tissue (Pyssue type effect < 0.01). Liver FA profile largely
mirrored fillet composition, in that both tissue types typically
contained lower levels of MUFA and higher levels of
LC-PUFA compared to IPF tissue (Pissue type effect < 0.01).
When tissue composition of the unfinished groups was
standardized to dietary composition (Fig. 4), these distinc-
tions were particularly apparent, indicating concentration of
LC-PUFA within the liver and fillet tissues and concentra-
tion of MUFA within the IPF.

Fillet proximate composition did not vary, with the
exception of fillet moisture content (Table 5), which
showed slight, though significant, reductions for GO Con-
trol and PO + Finish treatments. Consumption, weight
gain, FCR, HSI, and dress-out were unaffected by feeding
regimen and acceptable in terms of production perfor-
mance typically observed for SB (Table 6). LSI values
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were significantly lower among fish fed the CO- and GO
feeds (Table 6). LSI tended to be higher among finished
groups relative to their unfinished counterparts, though
significant differences were only observed within the GO-
fed groups. No mortalities occurred during the course of
the feeding trial. Peroxide and aldehyde concentrations
were below detection limits for all samples analyzed (data
not shown).

Discussion

Although production performance and fillet crude lipid
content were unaffected, feeding diets with different die-
tary lipid sources resulted in dramatic alterations of fillet
total lipid FA composition. These findings are in agreement
with previous investigations of CO [40], PO [41, 42], and
LO [43], as well as the well-established paradigm of
compositional plasticity of fish tissues with respect to FA
profile. Finishing augments fillet nutritional quality among
fishes raised on feeds containing FO alternatives [26-34];
however, complete restoration of FO-associated FA profile,
specifically LC-PUFA content, is rarely observed [31-34].
For example, in Atlantic salmon Salmo salar fed linseed,
palm, and/or rapeseed oil-based grow-out feeds, complete
profile restoration was not observed after 20-24 weeks of
finishing [27, 30, 32]. Similarly, 8-16 weeks of finishing
were insufficient to completely restore the profile of Mur-
ray cod Maccullochella peelii peelii previously fed diets
containing blends of linseed, olive, palm, sunflower, or
rapeseed oils [34, 35]. Prior attempts to restore fillet LC-
PUFA content of SB fed a corn-oil based, n-6 MC-PUFA-
rich grow-out feed were unsuccessful after 12 weeks of
finishing [33]. In the present work, restoration was
incomplete among fish fed diets high in MC-PUFA. Fillet
20:5n-3, 22:6n-3, and LC-PUFA levels were considerably
improved by finishing in the LO- and GO-fed fish, how-
ever, the magnitude of restoration was moderate compared
to the CO- and PO-fed groups. Arguably, fillet profile could
have been completely restored among the LO- and GO-fed
fish, however, a longer finishing period would have been
necessary to achieve complete FA profile restoration.
Conversely, fish fed the CO feed needed little alteration to
achieve the FO-associated composition, and fillet FA pro-
file was successfully restored to control levels of LC-PUFA
within 8 weeks of finishing.

Pre-finishing fillet FA profile influenced finishing suc-
cess, and the inclusion of oils high in 18-carbon FA in
grow-out feeds limited the effects of finishing feeds on SB
fillet FA composition. Others have noted MC-PUFA, such
as 18:2n-6 and 18:3n-3, deposited in the fillet are resistant
to dietary modification and may be problematic in the
context of LC-PUFA restoration during finishing. For



635

Lipids (2008) 43:629-641

VANd-DIN pauoda A[[enpIAIpUI 0} UOIPPE UT $-UEI] SIPN[OUT ‘SWOIL U0GILd 8] JO SU UIRYD YA VAN [[¢ JO WNS—VANd URYO-WNIPIN 5

VANd-OT pauodar A[[enpIAIpul 0} UOBIPPE UL 9-UEIOT PUE ‘g-Upi0T ‘€-UEIOT SOPN[OUL ¢ < SpUOQ QMOP ‘SWOJE U0qIed (7 < WSUS] UIeyd |Im VAN [[E Jo Wns—V.INd ureyo-3uog
Vand pauodar A[[enpIAIpUL 0) UONIPPE UL 9-UEIOT PUL ‘9-UZ0T ‘€-Up:0T ‘€-UEI0T ‘b-UEI§T SOPN[OUL 7 < SpuOq qnop Y Vi [[e Jo wns—spioe K3y pajermesunijod |

Vd ¢-u papodor AJ[enprAipur 0} UOKIPPE UL ¢-UEI(Z Sepnpu] |,

Vv 9-u pauodar A[[enpIAIpul 0} UONIPPE UI 9-UEI(T PUE 9-UZ:OT SIpnjou] |,

VANIN parodar A[[enprATpur o) uonIppe Ut G-uf:(g SOPNOUT Jpuoq d[qnop J[3UTS PIM Vo [[¢ JO Wns—sproe A)ej pajeInjesunouopn

VS panodar A[[enpIAIpul 0) UONIPPE UI ():/] PUB ():G] SIPNJOUI SPUOQ I[QNOP INOYIM W [[B JO WNS—SPIOR A)JeJ pajeInies .,

20uBOYIUSIS [BONSIIRIS JO YOB[ SABIIPUI SI10)IJ] JO DUISqQY
“JUQIQJJIP AIUBOYTUSIS JOU ATB J9)39] UOWIIOD YIIM (S)PIoe A)JB] UIYIIm SUBDJA "Syue) [[e woij o[dwres [enpIiarpul 9[3uls & Jo S F (HINV JO 9% BaIe dA1IR[aI) Suedw arenbs-)sea] juaesardar sonfe A

O F LI 0 F L1 qec’o + 9¢C qco F+ ¢°¢ PC0 F 60 PC0 F 60 BE0 F e B0 F €¢ B0 F €¢ 9-ug-u
96°0 F+ L°SI 96'0 F 6°S1 B6'0 F v'8¢ 60 F 8'6C 60 F 0'8¢C 6’0 F 6'LC O1'T F 801 %0 F Ol L0 F 1T sVdANd-D [BI0L
a8l + 9'v¢ a8l F 'S¢ a8l + T¥C qa8°'1 + §°¢¢ qcl + §'¢c a8l F+ ¥'v¢ BT F Ove B8l F Tce BEL F LTIE ;vdNd-OT1 [BI0L
XL FI'ly T F 81y BCL F veS BCL F 1°¢S BCL F LTS BCL F 6¢S Q'L F 9y qc'l + 6'vv q98'0 F Sy .vdNd [BoL
9T F 96T 9T F 1'9C BO'l F ¢°8¢ Bl F 6'LE 9T F 9YC 9T F ST qe6’l F 8'v¢ qe9’l + Tre qI'l + L'ee pt U
W1 F 9¢l i1 F 9¢l o1 F eel 1 F €7l W1 F TElL YT F 0wl 9T + 8°81 eyl + 681 qeQ’l + ¢°LI £-u9:7¢
qro + 8'1 qro + 81 10 F 6'l O1'0 F 91 qro+ L1 0 F L1 BI'0 FTT B0 F¢°T B00 F+ v'C £-ug-ce
qs0 + 69 960 F ¥'L q9¢'0 ¥ 69 q¢'0 + 99 qs0 + 99 960 + 89 90 + €01 BC'0 ¥ 66 BE'O F S'6 £-ug-0¢
qro + 0’1 0 F 0’1 q10 + 60 qro + o'l q1ro + 60 910 F 60 qc0 + 60 aro+ 1t B0 F 81 U8l
q9c0 F+ ¥'1 qc0 F ¢°1 BCO0 F vl BG'0 F ¢°CI qc0 F+ ¢'1 qe0 F C'1 990 F ¥'1 qs0 F+ ¢°1 q9e0 F 9'1 €-ug:gl
qe0 F €61 q9e0 F ¥°SI1 q9e0 + Lyl qc0 F 6'vl BG'0 F 8'LC BCO0 F L'LT L0 F S01 60 F 01 70 F v01 9U
qer'o + ¢'1 qer’o + ¢€'1 qaro+ r'1 q10 + 60 q1o + 60 Qo+ 0’1 BI'OF 1 BIOF V1 QRIo+ Tl 9-uy:0C
99°0 F I'¢l q99°0 F 1°¢l 99°0 F LTI 99°0 F I'¢l B9'0 F §°6C B9'0 F §°6C OL0OF I'8 90 F I'8 YO0 F '8 9-ug:gl1
eyl F £0¢ Byl F 66T YT F+ 0°CC YT F+ L'IT Y1 + 0°CC Y1 + 11T oOL'T + 681 i1 F 6l q0'T + C¥C qVANA [eI0L
6’0 F €61 6’0 + 881 96'0 + 9°¢l 960 F Tl 960 + 8¢l q96'0 F €€l 20T F €01 %60 F S0 2990 F LT 6-Uul:81
qro+L< 10 + L'¢ 910 F €7C qr0 F €T 010 F TC 010 F T¢C qr'0 F v'C qro + ¢¢ B0 F I'¢ L-UuT-81
qe9'0 + S°L 990 F CTL 90 F ¢S 90 F ¢S 60 F €€ 90 F I'S L0 F TS 2990 F 6'¢ ey'0 F L8 L-Uur-91
L0 F 9°8¢C L0 F L'8C PLO F 9¥C PL'0 F TST PLO F £°6C PLO F ¥°SC B6'0 F 6°S¢ BLO F 9°6¢C qs’0 F €'I¢€ «VdS [BI0L
SOF 0¥ SOF TV SO0F 0¥ SOF Ty SO0F Le SO0F o6¢ 90 F0°¢ S0 F8Y €0 F ¢¢ 0:81
BLO F 0T BLO F £°0C qL'0 F L9l qL'0 F 0°L1 qL’o0 F S°L1 q9L’0 F LI ®6'0 F 0°0C BL'O F £0C BG'0 F 861 091
a0 + €'¢ 70 + C¢ 70 + 0°¢ a0 + €'¢ a0+ C¢ Q470 F I'¢ eG'0 + 09 ey'0 F 19 BEOF9¢ 0-v1
Q0+ 10 Q0+ 10 q¢'0 + 00 q¢'0 + 00 Q0+ 10 Q0+ 10 B0 F 0 G0 F 9¢ 70 + €'l 0-Cl1

ysttg + Od Od yswry + O1 o1 gstry + 0D 0D sty + 0D (0] [onuos Od
(Od) Anmod (0D passury (09D) possedern (0D) mu0d0) (0) usH (s)proe Aneq

S9sse[o v pue (V) proe Anej (FINV. ‘s10lse [Aypewr proe £)e) 95 1<) jueurwopaid o 3oadsar yyim sojdures Jo[[y aurjaeseq jo uonisodwoos pidif [10], € dqe],

pringer

A's



Lipids (2008) 43:629-641

636

¢ o[qe], ur pajrodal se aIe SUONEIOU ISYI0 PUB SUONBIAAIQQE [[V

QouBOYIUSIS [BONSTIRIS JO JOB[ SAIBIIPUI JO JOUISAY
*JUSISJIIP APUBOYTUSIS JOU dIk I3})9] UOWWOD Y)Im (S)PIoe A)jey UIyIm SUBSJA “syue) [[& wolj (<) srenprarpur odnnu Jo 45 F (VA JO % BaIL SATIR[I) Suedw renbs-)sea] juasaidar sonfe A

P10 F 9T A0 F 91 qI'0 F 0°€ PO F 9T A0 F 9T 0 F 60 B0 F €€ A0 F 8¢ 800 F S°€ 9-u:g-u
W0 F o€l W0 F 661 €0 F 0T B0 F 86T PE0 F 0'61 €0 F S'LT 3¢0 F 011 3¢0F Tl S8Z0F €11 VANd-OW [®10L
2qL'0 F S'1€ 380 F I'tT P390 F 0°0€ L0 F 8€T POLO F 00 L0 F 8'€T QY0 F 1°€€ P90 F T'6T 860 F 0'E VaANd-OT TeI0L,
PS0 F I'Sh G0 F L0V #0 F 018 860 F €S %60 F 8'6% 950 F §°TS PYO F 87 H0FOTP PE0 F 6'Sh vand 1oL
290 F €€ 3L0 F 61T ®C0 F 1'8€ 890 F T6E P90 F 8°0€ 90 F SHT 950 F I'v€ PS0 F 1°0€ a0 F €'5¢ ¢-u
qe9’0 F L'91 29'0 F LTI a0 F S°SI %60 F 9°TI 950 F L'SI %90 F Tl 80 F €'LI g0 F TSI ep’0 F §'LI €917z
2900 F 0T PIOF 61 2900 F ST P00 F 0T 200 F €1 P00 F 0°C 900 F 9T 200 F +'C B0 F LT £ugiTe
9z F L'6 PO F O'L 2970 F €6 PO F 69 2970 F +'6 PO F 99 ®Z0 F ¥°01 TOF 16 10 F 901 £-UG:0T
P00 F 11T 300 F 60 2900 F T'1 %00 F 60 P00 F I'T 300 F 80 900 F €1 P00 F I'l 800 F S'1 ¢-upigl
9TOF 'l TOF 9T qz0 F '8 ®Z°0 F 861 TOF T TOFTI TOF +'1 0TOF +'1 A0 F ST ¢-uggl
PTO F STI 9T0 F S6I PTO F 91 3T0 F 641 qz0 F L'SI ®T0 F §'LT 3T0 F 01 3T0 F 901 310 F TOI 9-u
2qe0'0 F §'1 2qe0'0 F +'1 2900 F +'1 P00 F Tl 2900 F +'1 P00 F Tl 200 F 9’1 200 F +1 qeo'0 F ST 9-Upi0T
PTO F T01 oT0 F TEI PTO F 01 oT0 F 87T qz0 F €91 ®'0 F T'ST JTOF 0'8 TOF '8 HOF6L 9-uz:gl
950 F 1'9¢ BC0 F 60 PO F €T YO TFFIT  PWOF 9T PYOFTIT PO F ¥TT W0 F €12 €0 F t'€T VAN [P10L
qzo F 9l B0 F L61 pTO F 811 9T0 F 0€l pz0 F 1°TI az0 F 6°€1 BITOF 011 3TO F 11 370 F L01 6-uI:81
900 F 8T P00 F 9T P00 F 9T 300 F TT P00 F 9T 300 F TT 2900 F LT 00 F €7 800 F 0°€ Lurigl
qz0 F 0'8 2970 F 8L PO F €L TOF 9 PTOF I'L TOF 'S qz0 F 0'8 PT0 F 89 B0 F 68 Lu1:91
PE0 F 88T PE0 F $'8T ¥TO F 99T Uz F T TOF 9LT 370 F €'t qz0 F 8°CE ®T0 F L'LS 9T0 F L0E VA4S oL
10 F 0¥ 10 F 6€ 10 F L€ 10 F 8¢ 10 F 8°€ 10 F 0¥ 10 F 9°¢ 10 F 8°¢ 1'0F L€ 0:81
qez’0 F 861 ®T0 F €0C TO F LI 83T0F €91 POTOF L'SI JOFTLI 2970 F 761 PTO F 81 aro F 9'61 0:91
PI'0O F 0% TO F e PI'0O F T A0 TFTE PI'OF I'¥ AMOFTE qIo F 79 B0 F 18 A0 F S°S 01
PO F 1°0 PI'OF 10 PI'0OF 10 PIOF 10 PI'0OF 10 PI'0 F T0 qI'o F 8¢ el'0 F 99 A0 F 80 0Tl
USWL + Od od USWL + 01 01  USWL + 0D 0D ystuLy + 0J 00 1011100 O

(0d) 1o Annog

(OD 110 pessury

(0D) 110 possadeln

(0D) 110 1U020D

(04) 110 ysig

(s)proe Aneq

sasse[d VA pue VA (HINVA % 1<) jueurwopald o3 joadsar yym sojdwes jo[[y Isoatey jo uonisodwod pidif [ejo], § d[qe],

&\ Springer ANOCS &



Lipids (2008) 43:629-641

637

Fig. 2 Fatty acid (FA)
composition of fillet total lipid
expressed as a fraction of
dietary FA composition for
unfinished feeding regimes.
Values were calculated from
relative fatty acid methyl ester
composition (%FAME) as
%FAMEge; X FAMEeeq™ .
Based on this calculation, a
value of 1 represents equality
between fillet and dietary
composition. All FA
abbreviations are as reported in
Table 3. Other abbreviations:
FO, 100% fish oil feed; PO,
50:50 poultry/fish oil feed; GO,
50:50 grapeseed/fish oil feed;
LO, 50:50 linseed/fish oil feed;
CO, 50:50 coconut/fish oil feed
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Fig. 3 Fatty acid composition of fillet, liver, and intraperitoneal fat
tissue total lipid by feeding regimen. Error bars represent +SE. All
FA abbreviations are as reported in Table 3. Other abbreviations: FO,

example, after finishing Murray cod raised on vegetable
oil-based grow-out feeds, the most rapid and extensive
restorative effects were observed in fish fed a low MC-
PUFA grow-out feed compared to those fed a high MC-
PUFA feed [35]. Menoyo et al. [43] indirectly evaluated
the unresponsiveness of 18-carbon FA in Atlantic salmon

100% fish oil feed; PO, 50:50 poultry/fish oil feed; GO, 50:50
grapeseed/fish oil feed; LO, 50:50 linseed/fish oil feed; CO, 50:50
coconut/fish oil feed

tissues by using sunflower oil to spare either FO or LO, and
noted ability of dietary sunflower oil to alter fillet com-
position was attenuated in the LO-fed groups. These
authors attributed the differential response to reduced
digestibility of the FO-based diets relative to the LO feeds;
however, based on our findings, we suspect selective
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Fig. 4 Fatty acid composition of tissue total lipid expressed as a
fraction of dietary FA composition for unfinished feeding regimes.
Values were calculated from relative fatty acid methyl ester
composition (%FAME) as %FAME ;. X FAMEe.q~'. Based on
this calculation, a value of 1 represents equality between fillet and

metabolism of certain FA may have been a contributing
factor.

The process of FA profile change in fish tissues fol-
lowing a change in dietary lipid composition, often
described as FA “dilution” or “washout”, is relatively
well-described by an asymptotic, simple dilution curve
[21-23]. The simple dilution curve predicts temporal
changes in tissue FA profile based on the relative disparity
between dietary and tissue FA composition and the change
in overall body mass or adiposity over time. By its defi-
nition, the dilution model assumes no selective processes of
FA metabolism. Therefore, deviations from the dilution
model are often interpreted as indicative of selective par-
titioning of specific FA, or FA classes, or catabolism via f-
oxidation. Our group previously tested the dilution model
by comparing the model’s predictions to observed fillet FA
profile of SB reared on corn-oil based feed after finishing
[33]. This comparison revealed apparent selective retention
of total n-3 FA, MC-PUFA, LC-PUFA, and n-3 LC-PUFA
within fillet tissue. Conversely, total fillet SFA were sig-
nificantly lower than the model’s predictions, suggesting
selective catabolism or storage of these FA in other lipid
depots. The present work demonstrates dietary SFA are not

&\ Springer ANOCS &

16107

18:1n7

18109

Total MUFA

18206
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18403

dietary composition. All FA abbreviations are as reported in Table 3.
Other abbreviations: FO, 100% fish oil feed; PO, 50:50 poultry/fish
oil feed; GO, 50:50 grapeseed/fish oil feed; LO, 50:50 linseed/fish oil
feed; CO, 50:50 coconut/fish oil feed

proportionally reflected within fillet, liver, or IPF lipid of
SB. Plausibly, consumed SFA may be elongated and/or
desaturated to MUFA, for example, which are strongly
partitioned into IPF lipid (Fig. 4). If this were the case, one
would expect increased consumption of dietary SFA to
result in increasing levels of MUFA within the tissues.
However, given the lack of increasing levels of MUFA
within any lipid depot of CO-fed fish (Fig. 3), and the
generally poor ability of SB to biotransform FA in appre-
ciable amounts [44], this scenario seems unlikely. Rather,
levels of SFA were routinely lower than expected in all
tissues analyzed, suggesting catabolism of these FA, not
selective partitioning into storage lipid.

Evidence of selective FA metabolism has also been
noted for Atlantic salmon [27, 45, 46], however, Bell and
colleagues observed the FA composition of the dietary
lipid seemed to influence the selective processes. Specifi-
cally, 22:6n-3 was selectively retained within fillet lipid in
all three studies, illustrating the necessity of this FA for
physiological function. Monounsaturated FA were selected
against, indicating these FA are comparatively expendable,
however, the strength of selective catabolism (magnitude
of deviation from line of equality in tissue vs. dietary
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regressions) decreased with increasing availability of SFA.
When SFA were abundant, these FA were more strongly
selected for catabolism, and MUFA, given a “catabolic
reprieve”, were deposited to a greater extent in fillet tissue.
Observations of selective FA metabolism in fish tissues are
further supported by the preferential shunting of shorter
chain FA into f-oxidation [47-50]. Oxidation of longer-
chain and unsaturated FA appears to be a function of their
relative abundance [51], and in the case of LC-PUFA, only
substantial in vertebrates with a profusion of LC-PUFA
stored in tissue [52].

Based on the various estimates of selective metabolism
of FA in fishes, SFA appear to be the preferential catabolic
substrate, whereas MC-PUFA and LC-PUFA are selec-
tively deposited in tissues. Hence, attempts to spare LC-
PUFA and optimize profile restoration during finishing
may be enhanced by providing a largely saturated diet,
with few MC-PUFA to compete with LC-PUFA for fillet
deposition. Our work confirms this hypothesis in the con-
text of SB culture. We demonstrated SB fillets with
equivalent LC-PUFA content and associated nutritional
value can be produced using a reduced FO grow-out feed
followed by an 8-week finishing period. Using CO in the
grow-out feed, the negative effects of FO replacement on
SB fillet LC-PUFA content were rapidly reversed during
finishing. The comprehensive profile restoration we
observed among the CO-fed fish is unprecedented in SB
culture. Low MC-PUFA feeds could be implemented in SB
culture throughout a majority of grow-out, followed by
implementation of an 8-week FO finishing period prior to
harvest. Assuming the CO + Finish regimen and a con-
servative FCR (consumption/weight gain) of 2, fillets of
equivalent LC-PUFA content and nutritional value could
be produced with a 35% reduction in FO use over the
course of the production cycle. This strategy offers a sub-
stantial reduction in marine-derived inputs to SB feeds and,
potentially, a significant savings in feed cost. Furthermore,
by restricting use of FO-rich feeds to the weeks immedi-
ately preceding harvest, cumulative dietary exposure of the
livestock to FO-associated contaminants is reduced. We
hypothesize other saturated lipids could be used to similar
effect in SB and other cultured fishes. Compared to MC-
PUFA-rich lipids, improved finishing success has been
observed in Murray cod fed a blend of palm and olive oils,
but after 16 weeks, LC-PUFA restoration was still
incomplete [35]. Lack of comprehensive profile restoration
may reflect a difference between Murray cod and SB as
culture taxa (pure species vs. hybrid, marine vs. freshwater-
reared euryhaline, medium-fat fleshed vs. lean-fleshed,
etc.) or a difference between CO and palm and olive oils as
lipid sources (mostly short-chain vs. medium-chain SFA
and MUFA). Additional research will be necessary to
resolve discrepancies in finishing success, and to identify

&\ Springer ANOCS &

appropriate strategies for all species. Regardless, use of a
saturated grow-out feed coupled with finishing is an
effective strategy to produce high quality cultured SB fil-
lets and represents a considerable step forward in judicious
use of limited marine resources in aquaculture.
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