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Abstract. Reliable estimates of diet to tissue fractionation of fatty acid (FA) stable carbon isotopes are
essential for the development of techniques employing these biomarkers. In this work, Atlantic pollock
(Pollachius virens) was used as a model species to investigate fractionation arising from metabolic pro-
cesses during assimilation of dietary FA into serum and liver; we also examined fractionation occurring
from mobilization of FA from liver during fasting. Pollock were fed diets containing FA of known isotopic
composition, and serum and liver were collected postprandially and after fasting. Lipids were isolated
from these tissues, and four polyunsaturated FA (PUFA), 18:2n-6, 18:3n-3, 20:5n-3, and 22:6n-3, within tri-
acylglycerols (TAG), a specific lipid class associated with fat storage, were analyzed for their stable carbon
isotope ratios. For 18:2n-6, 20:5n-3, and 22:6n-3, there was no discrimination between diet and serum in
postprandially sampled fish, suggesting that fractionation did not occur during hydrolysis and esterifica-
tion for most PUFA examined here during digestion and transfer into serum. There was a similar lack of
fractionation for all four FA between fasted liver and serum, indicating that the assembly of these FA into
TAG and their release into serum were not associated with fractionation. However, apparent fractionation
was variable and inconsistent for all FA between diet and postprandial liver, indicating a failure of liver
TAG to fully reflect the new diet. These data will allow d13C values of three PUFA in postprandial serum to
be incorporated into mixing models to estimate recent diet in gadoids. Further controlled feeding studies,
under conditions that elicit physiological responses that are similar to those of fish in their natural envi-
ronment, will be necessary before reliable estimates of longer-term diet, derived from d13C in liver FA, will
be possible.
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INTRODUCTION

Knowledge of predator diets is essential in
understanding  predator—prey relationships,
but traditional methods of studying diet, such
as stomach content and fecal analysis, can be
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inconclusive and biased toward certain dietary
components (Mclnnis et al. 1983, Yonezaki et al.
2003). Biomarker-based approaches have been
developed as alternatives to these techniques.
For instance, fatty acid (FA) analysis of animal
tissues has been used to investigate spatial and
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temporal variation in diets (Wang et al. 2009,
Gongalves et al. 2012) and to establish different
feeding niches of predators (Budge et al. 2007).
Similarly, the natural abundances of stable iso-
topes in animal tissues have been used to investi-
gate the reliance of predators on different dietary
sources (Tarroux et al. 2012, von Biela et al. 2013)
and to track diet changes of consumers through
time (Schell 2000, Moody et al. 2012). New tech-
nology that allows for accurate compound-
specific isotope analysis (CSIA) has expanded
the suite of biochemical methods available for
studying predator diets (Silfer 1991), particularly
in the last 10 years (Evershed et al. 2008), and
several studies have used CSIA to reveal infor-
mation on the origin of individual biomarkers in
an animal’s diet (Pond et al. 1998, Howland et al.
2003, Budge et al. 2008).

De novo synthesis of protein, carbohydrate,
and lipid in a predator results in fractionation
of stable C and N isotopes so that the biosyn-
thesized product has a different stable isotope
ratio than its precursors (Gannes et al. 1997).
This can make it difficult to interpret the results
of stable isotope analyses of bulk tissues because
d13C and 015N values will be derived from both
endogenous and exogenous C and N sources.
Compound-specific isotope analyses allow
dI13C and dI5N values of single components to
be determined and may help avoid some of the
ambiguity associated with bulk analyses, partic-
ularly when the components analyzed can only
be acquired through diet. Compound-specific
isotope analysis of FA and amino acids have
been recently applied in several studies to exam-
ine the diet composition, foraging location, and
food web interactions of both marine and terres-
trial consumers (Hammer et al. 1998, Howland
et al. 2003, Chamberlain et al. 2004, Ruess et al.
2005, Larsen et al. 2013, McMahon et al. 2015).
Because of their diversity of structures, FA have
particular promise as biomarkers in applications
utilizing CSIA.

Fatty acids in a predator’s tissues are derived
from either diet or de novo synthesis by the ani-
mal. Two FA, 18:2n-6 and 18:3n-3, can only be
synthesized by plants (Cunnane 2003) and are
acquired through diet, while many other long-
chain polyunsaturated FA (PUFA), including
20:5n-3 and 22:6n-3, can be produced from those
precursors through elongation and desaturation
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(Fig. 1). Marine fish represent an exception to
this, having little or no capacity to carry out
those modifications (reviewed in Dalsgaard
et al. 2003); thus, 20:5n-3 and 22:6n-3 can also be
considered as solely diet derived. As the stable
isotopic signatures of long-chain PUFA cannot
be influenced by fractionation during synthe-
sis, they are expected to be more similar to that
found in the diet. However, all FA, including
PUFA, may be catabolized for energy, through a
process known as p-oxidation (Fig. 1), where FA
are first activated by an acyl CoA enzyme prior to
entry into the mitochondria or peroxisomes. Acyl
CoA may be more likely to selectively activate FA
with lower d13C values if a pool of FA is available
(Fry 2006), resulting in kinetic fractionation, and
an increase in the d13C values of FA remaining in
the tissue.

To be incorporated into tissues, dietary FA are
transported in a number of discreet steps, each
enzymatically catalyzed (Tocher 2003), that do
not alter FA structure but may also lead to the
fractionation of stable C isotopes in FA (summa-
rized in Fig. 2). For instance, FA are normally
attached to glycerol by an ester bond, produc-
ing triacylglycerols (TAG) and other acylglyc-
erols. To be transported across cell walls in the
intestine during digestion, dietary FA must first
be hydrolyzed from the glycerol molecules, to
release free FA (FFA; Fig. 1) and monoacylglyc-
erol (MAG) which can be absorbed by the entero-
cytes in the proximal intestine and pyloric ceca
(Honkanen et al. 1985, Denstadli et al. 2004). The
absorbed FA are then re-esterified to form TAG
and subsequently incorporated into serum lipo-
proteins, known as chylomicrons, to increase
solubility for export into blood serum. The FA
structure is not modified during this process, but
kinetic fractionation may occur, where the isoto-
pically lighter FA are preferentially selected for
the hydrolysis and esterification processes. In
gadoids, FA bound within TAG in chylomicrons
are then transported to either the muscle for
catabolism or the liver for storage and/or catabo-
lism. To meet energy needs during fasts, FA may
be mobilized from the liver as TAG within serum
lipoproteins following similar hydrolysis and
esterification mechanisms. Catabolism of liver
FA through B-oxidation also helps meet energy
requirements while fasting. Knowledge of the
fractionation associated with each step in FA
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Fig. 1. Biochemical processes that may result in fractionation of fatty acids (FA) in fish liver. FA may be

synthesized from acetate in the form of acetyl CoA (A). Saturated FA may be desaturated by the insertion of a C-C
double bond (B). The addition of an acetate group to the carboxyl end of the molecule results in elongation, while
the reverse process produces a FA chain that is shorter by two carbon atoms (C). Catabolism of FA, or B-oxidation,
yields acetyl CoA which can enter the citric acid cycle to generate energy in the form of ATP (D). Hydrolysis of

triacylglycerols yields free FA and monoacylglycerol; the reverse process is known as esterification (E).

metabolism is necessary because the d13C of FA
in the consumer tissue will reflect the influences
of all these processes. With that understanding,
specific tissues where FA have been incorporated
can then be analyzed to make inferences about
short- and long-term diets of wild fish based on
FA d13C data. Chylomicron FA are derived from
the most recently consumed meal, while FA in
fat storage tissues, such as the liver in gadoids,
will represent diet over much longer time frames
(weeks to months).

In this study, we have used controlled feeding
studies with Atlantic pollock (Pollachius virens)
to investigate the influence of lipid metabolism
on the fractionation of four diet-derived PUFA,
18:2n-6, 18:3n-3, 20:5n-3, and 22:6n-3. Pollock
was chosen as the study species because of ease
of husbandry and similarity in physiology to
other gadoids, such Atlantic cod and haddock,
which are targeted in commercial fisheries. We
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compared d13C of FA in diet and tissues to eval-
uate fractionation arising from several different
processes (Fig. 2). First, we examined fraction-
ation arising from hydrolysis and esterification
of FA by determining the difference in d13C
values of FA in the diet and serum chylomi-
crons (the discrimination factor). Similarly, we
evaluated discrimination factors for the mobili-
zation of FA in liver to serum during a fast; this
fractionation would also be principally due to
hydrolysis and esterification. Then, we investi-
gated fractionation due to the combined effects
of hydrolysis, esterification, p-oxidation, and
chain elongation and desaturation by determin-
ing discrimination factors for FA in the diet and
postprandially sampled liver. Last, fractionation
associated primarily with B-oxidation was deter-
mined by examining the difference in liver FA
013C before and after fasting. To accomplish this,
we fed pollock a known diet for 12 weeks and
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Fig. 2. Conceptual diagram illustrating the transport of polyunsaturated fatty acids (FA) in diet to liver and
muscle in fish. The influence of hydrolysis and esterification of triacylglycerols (TAG) on fractionation was
assessed by comparing diet to postprandial serum (A); fractionation arising from mobilization of TAG from the
liver into fasted serum (B) was also primarily due to hydrolysis and esterification. The difference in FA d13C in
diet and postprandial liver (C) reflected fractionation from hydrolysis/esterification, elongation, desaturation,
and B-oxidation. Fractionation of FA d13C between postprandial and fasted liver (D) primarily reflected the
influence of B-oxidation. Arrows indicate transport of lipid between diet and tissue or among tissues; thick
arrows (A-C) represent the processes investigated in this work. The solid line (D) indicates the relationship

between postprandial and fasted liver.

then determined FA proportions and d13C values
of 18:2n-6, 18:3n-3, 20:5n-3, and 22:6n-3 in diet
and in postprandially sampled serum and liver.
The same parameters in serum and liver were
measured after a three-week fast, and discrimi-
nation factors for FA at each stage in assimilation,
mobilization, and catabolism of lipids were cal-
culated. By combining information from all four
experiments, we assessed the principle sources of
fractionation and their magnitude, allowing for
more accurate incorporation of d13C of FA bio-
markers in mixing models for diet estimation.
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METHODS

Experimental fish and diets

Wild juvenile Atlantic pollock were caught near
Duncan’s Cove, Nova Scotia, on 15 July 2009 using
a commercial long line baited with mackerel.
Pollock (n = 26) were kept in a 684,000-L aerated
pool tank with flow-through seawater at ambient
temperature from the Northwest Arm of Halifax
Harbour, Nova Scotia. From July to December, the
temperature of the tank varied according to natu-
ral water temperatures of the inlet (6-13°C), and
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Table 1. Formulation of the experimental diet.
Ingredient Percentage

Herring meal 36.5
Soybean meal 12
Wheat middlings 21.7
CPSP-Gi 35
Corn gluten meal 14
Krill meal 2
Choline chloride 0.3
Canola oil 8
Vitamin mixture§ 1
Mineral mixtureq 1
Total 100

+ Protein and lipid contents of the diet were determined to
be 48% and 12.8%, wwb, respectively.

} Fish protein hydrolysate, Sopropéche, France.

§ Vitamin mixture: vitamin A, 8000 IU/kg; vitamin Dj,
4500 IU/kg; vitamin E, 300 IU/kg; vitamin K3, 40 mg/kg; thia-
min, 50 mg/kg; riboflavin, 70 mg/kg; pantothenate, 200 mg/
kg; biotin, 1.5 mg/kg; folic acid, 20 mg/kg; vitamin By,
0.15 mg/kg; niacin, 300 mg/kg; pyridoxine, 20 mg/kg; ascorbic
acid, 300 mg/kg; inositol, 400 mg/kg; butylated hydroxy tolu-
ene, 15 mg/kg; butylated hydroxy anisole, 15 mg/kg.

q Mineral mixture: manganous sulfate, 40 mg/kg; ferrous
sulfate, 30 mg/kg; copper sulfate, 5 mg/kg; zinc sulfate,
75 mg/kg; sodium selenite, 1 mg/kg; cobalt chloride, 2.5 mg/
kg; sodium fluoride, 4 mg/kg.

the water was heated to 8°C upon entry into the
facility from January to May. The fish were anes-
thetized (by immersion, MS220 [Tricaine meth-
anesulfonate], 60 mg/L), weighed, measured, and
tagged using a passive integrated transponder tag
near the dorsal fin.

Pollock were maintained on a commercial
marine oil-based diet consisting of herring meal
and a mixture of herring and anchovy fish oil (18%
lipid wwb) and were fed to satiation once daily.
After 25 weeks, six fish were sampled for liver. The
remaining fish (n = 20) were switched to a feed for-
mulated using canola oil (Table 1; ~13% lipid wet
mass) for 12 weeks. Oil from canola, a C3 plant, was
used so that the pollock would adopt a terrestrial
signature that was distinct from that of their previ-
ously fed marine diet, allowing the changes in FA
profiles and d13C values to be more easily followed.
Approximately half of the fish were sampled fol-
lowing the 12-week feeding period for liver and
chylomicrons, while the remaining fish were fasted
for 3 weeks prior to sampling serum and liver. Diets
were stored at —20°C throughout the study.

Sample collection
Pollock were anesthetized (MS220, 60 mg/L)
for blood collection and isolation of chylomicrons
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and serum, and were euthanized (MS220,
150 mg/L) immediately afterward. When the
intent was to isolate chylomicrons, fish were fed
12 h before euthanizing. Blood (5 mL) was
retrieved by severing the caudal vein, and fresh
blood was transferred to a 7-mL vacutainer with-
out anticoagulant. The more commonly used
method of obtaining blood by needle and syringe
was avoided to prevent the capillary pressure of
the needle from damaging the chylomicrons
(Mills et al. 2000). Fresh blood was chilled and
centrifuged at 200 g for 20 min to separate the
serum within 2 h of blood sampling. Whole liver
was removed immediately after death, homoge-
nized in a food processor, and stored in 2:1
CHClI3:MeOH solution with 0.01% butylated
hydroxytoluene (BHT) at -20°C prior to lipid
extraction.

Toisolate chylomicrons, postprandial serum was
carefully overlain with 0.169 mol/L sodium chlo-
ride with 0.01% ethylenediaminetetraacetic acid
(EDTA), maintaining a 1:1 volume of salt:serum.
Chylomicrons were separated by centrifuging at
25,000 g at 15°C for 30 min. Mammalian chylo-
microns have been reported to range from 35 to
250 nm in diameter (Davis 1991), and fish chylo-
microns are thought to have a corresponding size
range (Tocher 2003); therefore, a separation den-
sity of 1.006 g/mL that is typically used to isolate
mammalian chylomicrons was employed, yield-
ing chylomicrons that were roughly 100 nm in size
and minimizing contamination (Mills et al. 2000).
Chylomicrons appeared as a white cloudy layer
in the top portion of the NaCl solution and were
carefully removed using a 1.5-mL fine-tip poly-
ethylene transfer pipette. The chylomicrons were
transferred to a 10-mL heavy duty glass test tube
and stored in 2:1 CHCl;:MeOH with 0.01% BHT at
—20°C until lipid extraction.

Fasting serum was not fractionated into lipo-
protein classes. Gadoids mobilize stored FA as
TAG from the liver within very low-density lipo-
proteins (VLDL), but after three-week fasts, high-
density lipoproteins, rather than VLDL, have
been identified as the major lipoprotein circulat-
ing in the blood (Nanton et al. 2006, Kjeer et al.
2009). We did not attempt to isolate those two
classes because TAG within serum was derived
from liver, regardless of lipoprotein carrier, and
their FA would continue to bear similarity to the
liver profile (Lie et al. 1993, Kjeer et al. 2009). We
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thus refer to these samples as fasting serum with-
out specifying a particular lipoprotein class.

Lipid extraction and FA analysis

Total lipid was extracted from all samples by a
modified Folch et al. (1957) procedure (Budge et al.
2006) using 2:1 CHCl;:MeOH solution. Thin-layer
chromatography (TLC) was used to isolate TAG in
liver, serum, and chylomicron samples, employ-
ing a solvent system of 85:15:1 hexane:diethyl
ether:glacial acetic acid. Triacylglycerols were not
isolated from the lipid of diet samples because FA
assimilated into fish tissues are derived from all
lipid classes. All lipid and TAG were then transes-
terified to fatty acid methyl esters (FAME) using
methanol and H,50, as an acidic catalyst. Fatty acid
methyl esters were analyzed using a PerkinElmer
Autosystem II (Perkin Elmer, Woodbridge, Canada)
capillary gas chromatograph (GC) with a flame ion-
ization detector and a polar DB-23 column
(30m x 0.25 mm ID x 0.25 pm film thickness; Agilent
Technologies, Palo Alto, California, USA). Helium
was used as the carrier gas, and FAME were ana-
lyzed with splitless injection at a concentration of
0.5 mg/mL hexane. Samples were analyzed in
duplicate, and 60 FA were identified.

GC—combustion—isotope ratio mass spectrometry
The d13C values of 18:2n-6, 18:3n-3, 20:5n-3, and
22:6n-3 were determined by GC-combustion—
isotope ratio mass spectrometry (GC-C-IRMS) at
the Core Research Equipment and Instrument
Training Network (CREAIT Network) at Memorial
University of Newfoundland. Fatty acids were
separated by GC (Agilent 6890) using a BPX70 col-
umn (50 m x 0.32 mm ID x 0.25 um film thickness;
SGE Analytical Science, Austin, Texas, USA).
Samples were applied to the column by splitless
injection (at 250°C) with an initial oven tempera-
ture of 70°C which was increased at 10°C/min to a
temperature of 160°C, held constant for 5 min, then
increased at 4°C/min to the final temperature
(260°C), which was held for 15 min. Helium was
used as the carrier gas at a flow rate of 1.5 mL/min,
and column eluent was routed through a CuO/
NiO/Pt oxidation reactor in a Thermo Finnigan
(Thermo Fisher Scientific, Mississauga, Canada)
GC combustion III interface. The generated CO,
was carried to an IRMS (Finnigan MAT252,
Thermo Fisher Scientific, Mississauga, Canada) for
analysis of the C isotopes relative to a reference
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CO, gas. Accuracy of the d13C FA analyses was
assessed by comparison with a commercially
available bacterial FA methyl ester standard mix-
ture and a methyl and ethyl ester mixture supplied
by Indiana University (F8 standard). The F8 stan-
dard was comprised of a mixture of 14:0, 16:0, 18:0,
and 20:0 ethyl and methyl esters. Analytical preci-
sion, determined by replicate injection of samples
and standards, was <0.5%.. All d13C values are
reported relative to the Vienna Peedee Belemnite
(VPDB) standard using standard delta notation.
The methanol used for methylation of FA was
collected for each batch of samples prepared, and
a small aliquot was analyzed for its d13C com-
position on an Aurora 1020 TOC analyzer (O.L
Analytical, College Station, Texas, USA) coupled
to a Delta V Plus isotope ratio mass spectrometer
(Thermo Fisher Scientific, Mississauga, Canada).
The average d13C of methanol was then used to
correct for the additional methyl group added to
the FA during transesterification by subtracting
the proportional contribution of methanol to the
d13C values of FAME with the following equation:

8"3C methanot = 1+ D)[8"° Cpapge] = 1[8" Cpa ]

where n is equal to the number of C atoms in
the FFA. Free FA were independently corrected
using this equation, as the C in the methyl group
varies in its contribution to the total d13C value
depending on FA structure.

Discrimination factors

Discrimination factors (A) were calculated for
each FA and tissue by subtracting the d!13C of
diet (D) from each tissue (T) sample, such that
A13C1_p =T - D. These were determined for both
chylomicrons (A13C._p) and postprandial liver
(A13C; p_p). Discrimination factors were also cal-
culated for the mobilization of FA from liver to
serum (S) in the fasted fish (A13Cg_j ).

Statistical analyses

Individual fish were used as the unit of replica-
tion. Previous work in the same facility (Budge
et al. 2011) did not find a tank effect with FA pro-
portional data, yielding identical conclusions
when tank and individual were used separately as
sampling units. FA proportions were normalized
to 100% and transformed using a log(x + 1)
function. Bray—Curtis similarity matrices were
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generated for the entire data set using PRIMER-E
(Primer-E Ltd, Plymouth Marine Laboratory,
Plymouth, UK). Permutational multivariate analy-
sis of variance (PERMANOVA in PRIMER-E, v.6+)
was used to compare FA signatures among diet
and tissues and was followed by pairwise compar-
isons. Principal components analysis (PCA), using
covariance matrices, was used to visualize the
variation in the full FA proportional data set after
applying the same log(x + 1) transformation.
Multivariate analysis of variance (MANOVA) was
used to compare untransformed d13C values of the
four FA (SPSS 15.0 for Windows; IBM Corporation,
Somers, New York, USA). Where overall differ-
ences were found, univariate ANOVA, applying a
conservative P value of 0.013 (~0.05/4), adjusted for
multiple comparisons, was used to determine dif-
ferences in d13C according to sample type. Tukey’s
test was then used for pairwise comparisons when
ANOVA indicated a significant effect.

REesuLTs
Experimental fish growth

Initial fish had a mean mass of 519 * 130 g
(range: ~300-700 g) and liver lipid proportion of

BUDGE ET AL.

66% + 13% wwb. The hepatosomatic index (HSI)
was 11.2 + 1.4. After feeding for 12 weeks, all fish
were significantly larger in mass (ANOVA:
Fy14 = 169, P < 0.001) with a mean mass of
815 + 217 g (range: 400-1000 g). Liver lipid pro-
portion and HSI did not change over the course
of the experiment.

FA proportional data

PERMANOVA showed an overall significant
difference in FA profiles of diet and TAG of tis-
sues (pseudo-F = 25.5; P < 0.001), and pairwise
tests indicated differences among all tissue types
except liver of fish sampled postprandially and
after fasting. The PCA factor plot (Fig. 3) well
illustrated the components of the FA profile driv-
ing the variation among the diet and TAG of tis-
sues analyzed. PCl represented 71% of the
variation in the data and was mainly influenced
by proportions of 18:3n-3, 20:5n-3, 16:1n-7, and
18:0, while PC2 described another 9% of the varia-
tion and was mostly driven by proportions of
22:6n-3, 22:1In-11, and 18:2n-6.

The FA profile of the diet (Table 2, Fig. 3)
strongly resembled that of canola oil, the princi-
ple lipid component, with very high proportions

18:3n-3 20:5n-3, 16:1n-7
e ~
N gl
@ Diet
04 F O Chylomicrons
A & Initial liver
A Postprandial liver |
i 18:2n-6
02 - A Ln A Fasted liver n
& B Fasted serum
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O A A
A A 22:6n-3, 22:1n-11
00t )
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Co\% T Al Q \7
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02+ m S &
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Fig. 3. Principal components analysis of total fatty acids (FA) in diet and triacylglycerol FA in fish tissues.
Principal component (PC) 1 and PC2 accounted for 72% and 9% of the variance, respectively. The FA loading

highest on each PC are shown with arrows.
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Table 2. Fatty acid (FA) composition (mean [SD]) of diet, chylomicrons, liver before diet switch, liver after
feeding the experimental diet for 12 weeks, and liver and serum after fasting from weeks 12 to 15.

Diet Chylomicrons Initial liver Postprandial Fasted liver Fasted serum
Fatty acid (n=6) (n=6) (n=6) liver (n=9) (n=11) (n=10)
Saturates
14:0 1.49 (0.03) 1.29 (0.09) 2.27(0.14) 1.68 (0.29) 1.71 (0.24) 1.28 (0.12)
16:0 8.99 (0.10) 9.00 (0.37) 14.18 (0.35) 11.21 (0.76) 10.86 (0.85) 10.05 (0.76)
18:0 1.82 (0.01) 2.90 (0.44) 5.18 (0.24) 4.27 (0.36) 4.22(0.48) 3.91 (0.44)
Monounsaturates
16:1n-9 0.09 (0.00) 0.18 (0.02) 0.43 (0.03) 0.42 (0.06) 0.41 (0.06) 0.34 (0.03)
16:1n-7 1.75 (0.02) 2.01 (0.11) 5.91 (0.18) 4.13 (1.05) 4.14 (0.99) 2.65 (0.52)
18:1n-9 38.72(0.13)  39.62 (0.93) 28.17 (0.91) 36.05 (4.56) 35.31 (3.40) 37.03 (1.43)
18:1n-7 2.80 (0.09) 3.06 (0.13) 3.99 (0.12) 4.27 (0.54) 4.38 (0.26) 3.71(0.17)
20:In-11 0.40 (0.02) 0.63 (0.07) 0.81 (0.12) 0.73 (0.05) 0.67 (0.25) 0.96 (0.89)
20:1n-9 3.58 (0.01) 4.03 (0.32) 3.30 (0.49) 2.97 (0.25) 3.18 (0.44) 3.15 (0.88)
22:In-11 4.60 (0.05) 5.23 (0.25) 2.74 (0.49) 1.99 (0.23) 2.16 (0.30) 3.14 (0.39)
22:1n-9 0.49 (0.02) 0.53 (0.07) 0.41 (0.09) 0.32 (0.06) 0.31 (0.06) 0.41 (0.06)
Polyunsaturates
16:2n-4 0.13 (0.00) 0.13 (0.01) 0.34 (0.05) 0.26 (0.08) 0.26 (0.07) 0.15 (0.03)
16:3n-4 0.04 (0.03) 0.11 (0.02) 0.41 (0.11) 0.10 (0.13) 0.27 (0.10) 0.15 (0.08)
16:4n-1 0.14 (0.01) 0.10 (0.01) 0.39 (0.12) 0.26 (0.10) 0.28 (0.09) 0.11 (0.03)
18:2n-6 19.57 (0.13)  16.06 (0.48) 11.22 (0.91) 14.03 (1.44) 13.72 (1.18) 13.38 (0.69)
18:3n-3 5.74 (0.04) 4.07 (0.22) 0.98 (0.03) 2.50 (0.95) 2.29 (0.78) 2.64 (0.47)
18:4n-3 0.16 (0.14) 0.28 (0.01) 0.83 (0.13) 0.57 (0.17) 0.56 (0.20) 0.39 (0.07)
20:4n-6 0.17 (0.01) 0.21 (0.03) 0.50 (0.04) 0.35(0.11) 0.41 (0.11) 0.44 (0.09)
20:5n-3 2.17 (0.04) 2.50 (0.3) 6.19 (1.11) 4.66 (1.60) 5.10 (1.28) 5.09 (1.18)
21:5n-3 0.07 (0.02) 0.07 (0.04) 0.26 (0.05) 0.18 (0.16) 0.23 (0.08) 0.29 (0.38)
22:5n-3 0.29 (0.02) 0.47 (0.12) 0.96 (0.07) 0.70 (0.24) 0.82(0.19) 0.83 (0.16)
22:6n-3 3.40 (0.09) 2.69 (0.36) 4.45 (0.52) 3.28 (0.79) 3.76 (0.47) 5.06 (0.83)
Total 96.61 95.14 93.94 94.55 95.04 94.55

Notes: The FA composition of the diet was derived from all lipid classes. For all other sample types, the FA profile was

derived from triacylglycerols.

of 18:1n-9 (~39%) and 18:2n-6 (~20%), as well
as significant amounts of 18:3n-3 (~6%). The
herring and krill meal in the diet contributed
typical marine FA, such as 20:5n-3 and 22:6n-3,
with levels of ~2% and 3.5%, respectively. The
relatively low proportion of 20:5n-3 and high
proportion of 18:3n-3, compared to TAG of liver,
resulted in the position of diet on the far left of
the PCA plot. The FA composition of chylomi-
cron TAG showed a very similar profile to diet,
with elevated proportions of 18:1n-9 and 18:2n-6
(Table 2). This similarity of profile resulted in the
proximity of diet and chylomicron samples in the
PCA factor plot. In contrast, the FA of TAG of the
initial liver samples showed more marine lipid
characteristics than the diet, with higher levels
of 20:5n-3 and 22:6n-3 (~6% and 4.5%, respec-
tively), as well as 21:5n-3, 22:5n-3, and 16 carbon
PUFA (Table 2). Proportions of 18:1n-9, 18:2n-6,
and 18:3n-3 in initial liver were also much lower
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than those of diet, resulting in their clear sepa-
ration from diet and chylomicrons samples and
their position at the far right of the PCA plot.
Postprandially sampled liver showed the influ-
ence of the canola-based diet, with increases
in the proportions of the canola associated FA
(18:1n-9, 18:2n-6, and 18:3n-3) and decreases in
the marine FA (e.g., 20:5n-3 and 22:6n-3). Fatty
acids of TAG in liver collected from fasted fish
were not significantly different than those of
postprandially sampled fish with both plotting
together (Table 2). Finally, serum mobilized from
liver of fasted fish displayed a FA profile similar
to liver TAG, but with increased proportions of
22:1n-11 and 22:6n-3.

Five outliers were obvious in the PCA plot.
All five samples had the highest proportions of
18:3n-3 and lowest proportions of 20:5n-3 within
their sample type. Four of these outliers included
two pairs of liver and serum samples collected
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Fig. 4. d13C values of fatty acids (FA) in diet,
chylomicrons, liver (initial, postprandial, and fasted),
and fasted serum. Panel A illustrates fractionation
principally due to hydrolysis and esterification by
examining diet (n =6) and chylomicron triacylglycerols
(TAG; n = 6). In panel B, the combined effects of FA
metabolism on fractionation were investigated by
comparing liver TAG of postprandially sampled
pollock (n =7) to the experimental diet (n = 6) and to
liver TAG of initial pollock samples (1 = 6). Panel C
shows fractionation due to two distinct processes. The
comparison of liver TAG of postprandially sampled
pollock with that of fasted pollock (1 = 5) examined
fractionation due to p-oxidation. Fractionation arising
from hydrolysis and esterification was again illustrated
in the comparison of TAG FA of mobilized serum
(n=7) and of fasted liver.
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from the same two fish. These paired samples
displayed a similar pattern as noted above, with
serum showing a decrease in proportions of
22:1n-11 and 22:6n-3 relative to the liver from
which they were mobilized. The single unpaired
postprandial sample seemed to represent a true
outlier with no obvious explanation.

8/3C of individual FA

O13C values of 18:2n-6, 18:3n-3, 20:5n-3, and
22:6n-3 in the TAG of the initial liver ranged from
—31%o0 to —26%o, while those of diet and treatment
tissues were generally lower with d13C from
=37%0 to —28%o (Fig. 4). There was a significant
difference between the d13C values of FA in diet
and TAG chylomicrons (MANOVA: F,g = 7.1,
Wilk’s A =0.22, P <0.01), but univariate ANOVA
showed that only 18:3n-3 differed in the two
sample types (F; 11 = 35.2, P <0.001; Fig. 4A).

To compare d13C values of FA in diet to those in
TAG of initial and postprandial liver, MANOVA
was performed on only 18:2n-6, 20:5n-3, and
22:6n-3; 18:3n-3 was excluded because it could
not be determined in the initial liver TAG
(Fig. 4B). MANOVA did indicate differences
in d13C according to sample type (Fg,5 = 21.9,
Wilk’s A = 0.031, P < 0.001); univariate ANOVA,
performed on all four FA, followed by Tukey’s
post hoc tests, revealed a number of differences
but few clear patterns. For instance, while d13C
values of FA in diet were significantly different
than postprandial liver for 18:2n-6, 18:3n-3, and
20:5n-3, the first two FA showed higher values of
O13C in the liver TAG relative to diet, whereas the
013C value of 20:5n-3 was lower in liver TAG than
diet. The d13C values of 18:2n-6 and 20:5n-3 in
initial liver TAG were both significantly different
than those of the diet fed. Further, the d13C val-
ues of 22:6n-3 were equivalent in all three sample
types considered.

Although MANOVA indicated a significant
difference (Fg o4 = 4.7, Wilk’s A = 0.15, P < 0.001)
between d13C values of FA mobilized from fasted
tissues (serum and liver; Fig. 4C) and those of
the postprandially sampled liver, univariate
ANOVA did not indicate any differences by sam-
ple type for any FA (P > 0.013, adjusted for mul-
tiple comparisons). There was, however, a trend
to higher values of d13C for 20:5n-3 and 22:6n-3
in the fasted liver relative to the serum or post-
prandial liver.
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Fig. 5. Discrimination factors showing the fractionation of d!3C values of fatty acids (FA) between diet and
tissue during FA assimilation. Discrimination factors for the mobilization of FA into the serum from liver during

fasting are also shown.

Discrimination factors more clearly displayed
the patterns in the isotope data (Fig. 5). For
instance, all transfers of FA to blood tissues (chy-
lomicrons and fasted serum) yielded discrimina-
tion factors (A13C_p and A13Cq ; ) of zero for all
FA except 18:3n-3. Conversely, only for 22:6n-3
was the discrimination factor (A13C; p_p) for post-
prandial liver to diet equal to zero.

DiscussioN

Hydrolysis and esterification—uptake of dietary FA
by chylomicrons

The absorption and transport of FA from diet
to chylomicron TAG primarily involve hydroly-
sis and esterification. As elongation, desatura-
tion, and p-oxidation cannot occur, there is
limited opportunity for modification of FA struc-
ture (Olsen and Ringe 1997). Thus, the similarity
of the FA profile of chylomicron TAG to that of
the diet was expected and much greater than any
other tissue examined (Table 2, Fig. 3); however,
subtle but significant differences were apparent
due to digestion and assimilation. Digestion is
principally hydrolysis, involving the action of
lipases to cleave FA from intact lipids, while
absorption or assimilation refers to the uptake of
released FA, MAG, and other smaller molecules
in the intestine. Most studies with fish have
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investigated apparent digestibility, which mea-
sures the combined effects of both digestion and
absorption and simply represents the difference
between the amount of FA ingested and the
amount excreted (Doucet and Ball 1994). There is
considerable evidence from a number of fish
species, including European sea bass (Dicentrar-
chus labrax), rainbow trout (Oncorhynchus mykiss),
Arctic charr (Salvelinus alpinus L.), and Atlantic
salmon (Salmo salar), that apparent digestibility
varies with FA structure (Olsen et al. 1998,
Geurden et al. 2009, Eroldogan et al. 2013, Huguet
et al. 2015). The efficiency of digestion appears to
be generally dictated by the extent of unsatura-
tion, with the digestibility of PUFA higher than
monounsaturated and saturated FA in teleost
fish. The chain length of FA also influenced
digestibility in rainbow trout (Oncorhynchus
mykiss), with longer chain FA being more effi-
ciently absorbed (Austreng et al. 1980). Olsen
et al. (1998) demonstrated quite clearly that
PUFA (18:2n-6 and 18:3n-3) were consistently
better assimilated than saturated and monoun-
saturated FA. This differential digestion and
absorption according to FA structure offer a rea-
sonable explanation for the differences in FA
profile between diet and chylomicron. In con-
trast, we observed no difference in d13C for
18:2n-6, 20:5n-3, or 22:6n-3 between diet and
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chylomicrons, indicating that lipases and ester-
ases involved in hydrolysis and esterification, the
principal processes during digestion and assimi-
lation, did not result in a net fractionation of sta-
ble carbon isotopes of those FA in this work.
Thus, we expect that d13C of 18:2n-6, 20:5n-3, and
22:6n-3 in chylomicrons of wild fish will strongly
resemble d13C of FA in the last meal consumed
and will, therefore, provide information about
recent diet.

The isotopic results for 18:3n-3 are more diffi-
cult to explain. For 18:3n-3, the d13C value in the
chylomicrons was 2%o higher than in the diet, a
pattern not likely due to selective fractionation
of that FA by lipases, considering that the other
PUFA did not exhibit a similar fractionation.
Further, fractionation due to hydrolysis and
esterification would be expected to result in a
lower d13C value than found in diet due to kinetic
fractionation; it is, in fact, difficult to conceive of
any mechanism that would result in the selective
fractionation of 18:3n-3 seen here. However, in
a comprehensive literature review of bulk d13C
data for animal tissues, including fish, Caut et al.
(2009) found an increase in discrimination factor
and hence, fractionation, with decreasing dietary
OI3C. Here, 18:3n-3 in the diet had the lowest d13C
value of the four FA measured. It may be that the
same relationship exists for FA data, where frac-
tionation between diet and tissue is greatest for
FA having the lowest d13C values.

Hydrolysis and esterification—mobilization of FA
from liver to serum

There were no differences in d13C values of any
FA in the serum and fasted liver from which they
were mobilized, yielding discrimination factors
that were equivalent to zero (Fig. 5). As biochem-
ical changes to FA structure cannot occur within
the serum, the similarity of serum and liver d13C
indicates that FA mobilization did not result in a
net fractionation of FA C isotopes in our experi-
ments. Mobilization of stored lipid in gadoids
occurs through release of VLDL containing ester-
ified TAG (Sheridan 1988, Kjeer et al. 2009). Once
excreted, the VLDL delivers TAG to extrahepatic
tissues, such as the muscle (Fig. 2), where TAG
are hydrolyzed by lipoprotein lipases to yield
FFA that can be taken up by the tissue and catab-
olized. Assuming that fish follow the same gen-
eral processes as mammals, three types of
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enzymatically controlled processes govern the
formation and release of VLDL particles: (1)
hydrolysis and esterification of liver lipids at
specific organelles to generate TAG and other
lipids for incorporation into VLDL (Wei et al.
2007, Markgraf et al. 2014); (2) addition of intact
TAG to the VLDL particles; and (3) transfer of
VLDL between organelles within the liver
(Tiwari and Siddiqi 2012). Of these three pro-
cesses, it is only hydrolysis and esterification that
can form and break bonds involving carbon and
that can, in turn, lead to kinetic fractionation.
Thus, data from this fasting experiment agree
with that from the postprandial chylomicron/
diet experiment (Fig. 4A), indicating that hydro-
lysis and esterification of 18:2n-6, 20:5n-3, and
22:6n-3 did not lead to a net fractionation of C
isotopes under the conditions used in this work.
Here, we have demonstrated through two com-
pletely separate metabolic processes that the
enzymatically controlled steps of FA addition to
and removal from the glycerol backbone did not
lead to a net kinetic fractionation of stable C iso-
topes for three of four PUFA examined. This con-
sistency in biomarker signal, when used in
trophic studies, will be a significant improve-
ment over methods relying only on FA propor-
tions or bulk isotope data.

In contrast to the consistency in FA d13C val-
ues, the serum FA proportional data were signifi-
cantly different than those of the liver from which
it was derived, suggesting that specific FA struc-
tures were preferentially mobilized. Selective
mobilization of FA from adipose tissue of birds
and mammals is well known, where the most
noticeable and consistent features are retention
of 20:In-9 and mobilization of 20:5n-3 (Raclot
2003, Price and Valencak 2012). In this study,
those two FA did not change in proportion in
fasted liver and serum, likely because mobiliza-
tion from liver proceeds through release of intact
TAG, rather than FFA. The processes involved
in the addition of TAG to VLDL and the move-
ment of VLDL particles between organelles are
unlikely to be responsible for the increased pro-
portions of 18:1n-9, 22:1n-11, and 22:6n-3 found
in the serum relative to liver because that would
require that all three of those FA be consistently
esterified together within TAG. While there is
evidence to show that FA are not arranged ran-
domly within TAG in storage tissues in mammals
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(Brockerhoff et al. 1968), there is no literature
to support that particular combination of FA in
fish. In fact, Nanton et al. (2006) showed that the
most common total carbon numbers in VLDL
TAG in haddock were 54 and 56; 18:1n-9, 22:1n-
11, and 22:6n-3 yields a total carbon number of
62, among the rarest combination found in that
work, although the particular TAG species and
associated carbon numbers will vary with diet.

Hydrolysis and esterification, involved in TAG
synthesis before addition to VLDL, offer a more
likely explanation for the selective mobilization
observed here because those steps are controlled
by enzymes that act on individual FA. Hydrolysis
of FA from TAG by lipase during mobilization
from adipose tissue is known to be selective in
a number of species including fish (reviewed
in Price and Valencak 2012) so it is reasonable
to assume that the enzymes that control hydro-
lysis and esterification in other tissues can also
target specific FA structures. This agrees with
our results for the transfer of dietary FA to chy-
lomicrons, where variation in FA profile between
diet and chylomicrons was evident. Preferential
hydrolysis of lipoprotein TAG containing spe-
cific FA at the destination tissue (muscle in Fig. 2)
may also contribute to the variation in TAG FA
profile between serum and fasted liver. While
the outliers associated with the serum and fasted
liver in the PCA plot (Fig. 3) resulted in greater
variance in the mean FA proportions (Table 2),
they do serve to further illustrate the effect of this
consistent selective hydrolysis and esterification.
The four outliers are paired samples from only
two fish, showing that the FA profile of the serum
continues to have increased proportions of 22:1n-
11 and 22:6n-3, arising from selective hydrolysis
and/or esterification, despite the unusually ele-
vated amounts of 18:3n-3 in the liver from which
the VLDL are assembled. Kjeer et al. (2009) also
found a similar selective transfer of 22:6n-3 to
TAG serum in Atlantic cod, suggesting that it
may be an important mechanism to deliver that
PUFA to tissues.

Integrated FA metabolism—uptake and
modification of dietary FA in the liver

The FA profile of the postprandial liver TAG
reflects modification arising from a number of
metabolic processes (i.e., elongation, desatura-
tion, p-oxidation of FA), in addition to hydrolysis
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and esterification associated with digestion and
assimilation; however, we still expected to find
similarity in liver TAG and diet FA profiles, as
seen in other studies (Nanton et al. 2003,
Torstensen et al. 2004). The proportions of sev-
eral FA in the postprandial liver TAG did show
obvious changes in response to the diet (i.e.,
18:1n-9, 18:2n-6, 18:3n-3, and 20:5n-3; Table 2,
Fig. 3). Despite this, the PCA plot (Fig. 3) indi-
cates that, overall, the FA profile of the liver of
most postprandial fish remained much more
similar to that of the initial fish than to the diet
fed. Similarly, we had anticipated that B-oxida-
tion would lead to higher d!3C values of FA in
the liver, due to preferential catabolism of isoto-
pically lighter FA, following the mechanisms
originally proposed by DeNiro and Epstein
(1978). However, here, we found fractionation
varying from +4 %o for 18:2n-6 to —2%. for 20:5n-3
(Fig. 5), while none was found for 22:6n-3. Taken
together, the data indicate that the feeding trial
was not conducted for a sufficient period of time
to allow the liver FA to fully exchange with those
of the new diet.

The initiation of the experiment coincided
with a drop in ambient water temperature from
13° to 8°C that may have led to a reduction in
metabolic activity (Johnston and Dunn 1987,
Sandblom et al. 2014). While the fish did increase
in mass during the experiment, it was noted that
the pollock showed reduced appetite and inter-
est in the new diet. These factors, combined with
a decrease in the lipid content of the diet (from
18% in the commercial maintenance diet to 13%
in the experimental diet) and the very high liver
lipid content in the initial fish of ~66%, may have
created a situation where the fish liver TAG still
contained a substantial contribution from the FA
signature of the commercial diet. The very sim-
ilar FA profiles of the initial and postprandial
liver TAG (Fig. 3) certainly support this. The d13C
values measured for 18:2n-6, 18:3n-3, 20:5n-3,
and 22:6n-3 in the postprandial liver would also
be influenced by FA acquired from the commer-
cial diet used to feed fish prior to the initiation of
the experiment and, thus, discrimination factors
calculated using these data are not likely accu-
rate nor representative of the fractionation that
would truly be found between diet and liver.
Future work to replicate these experiments must
place more emphasis on the use of realistic diets
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and growth conditions that elicit physiological
responses that are similar to those of fish in their
natural environment.

-Oxidation—comparison of postprandial and
fasted liver

De novo synthesis of long-chain PUFA in the
fasted liver is impossible, and elongation/desatu-
ration were likely minimal. In particular, the very
similar FA profiles of the fed and fasted liver TAG
(Fig. 3, Table 2) indicate that elongation and desat-
uration of FA were not occurring at detectable lev-
els; not all FA are equivalent candidates for
elongation and desaturation (Price and Valencak
2012) so the similar profiles in fed and fasted fish
would not be possible if those processes were
occurring. Mobilization, involving principally
hydrolysis and esterification, and investigated
above, did not lead to fractionation in our study.
Thus, we can interpret the differences between fed
and fasted liver data as primarily due to p-oxida-
tion. Oxidation, like hydrolysis and esterification,
would be expected to preferentially utilize FA
depleted in 13C, resulting in FA with higher d13C
accumulating in the liver. However, the differ-
ences in FA d13C values in fed and fasted liver
were not significant, indicating that B-oxidation
did not fractionate C isotopes in this experiment.
This also supports our assertion that the postpran-
dial data suffered from incomplete turnover of
FA; because p-oxidation and mobilization did not
fractionate C isotopes of FA, incomplete turnover
is the only reasonable explanation for the appar-
ent fractionation observed between diet and post-
prandially sampled liver.

The relatively high fat diet fed to fish may have
also influenced the patterns seen in FA propor-
tions and d13C values. Wild pollock typically have
a liver lipid content of ~25% (Townsend 2015),
compared to 66% found here, suggesting that
unusually large amounts of lipid had accumu-
lated in our experimental fish. In this situation,
oxidation and mobilization of FA may not have
occurred to sufficient extent to cause a noticeable
change in the FA proportions or 513C values. This
potential masking of the effects of oxidation and
mobilization would not be expected in wild fish
with lower lipid levels and again points to the
importance of conducting feeding studies that
use lipid and FA concentrations similar to those
encountered in the natural environment.
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Applications to trophic studies

Combined biomarker approaches, coupling
stable isotope analyses of total organic material
with FA analysis, have become common in stud-
ies of trophic ecology, ranging in complexity
from qualitative techniques, correlating changes
in FA profiles and d13C data with spatial and
temporal variation in predator foraging
(Galloway et al. 2013, Browning et al. 2014), to
more quantitative applications, making use of
mixing models applied to prey stable isotope or
FA signatures (Iverson et al. 2004, Parnell et al.
2010, Galloway et al. 20144, b, Neubauer and
Jensen 2015). The primary focus of this work was
to investigate the modifications that lean fish
make to dietary FA d13C values during and after
assimilation into their tissues so that d13C of indi-
vidual FA can also be incorporated into such diet
models.

By comparison among tissues and to diet, we
have shown that hydrolysis, esterification, and
B-oxidation did not result in a net fractionation
of stable C isotopes of FA under the conditions
used in these experiments. However, the dissimi-
lar FA profiles of diet and postprandial liver indi-
cated insufficient turnover of lipid in that tissue,
likely due to the relatively high fat content of
the initial diet fed, and prevented us from eval-
uating the integrated result of FA metabolism in
fish liver. Thus, we consider the discrimination
factors derived for the transfer of FA between
diet and postprandial liver TAG to be unreliable,
and our data cannot be applied to study long-
term dietary records preserved in liver FA. More
controlled feeding studies of sufficient duration,
using realistic growth conditions and diets with
lower lipid content, are needed to better estimate
fractionation arising from the combined meta-
bolic processes that liver FA experience. Such
experiments could also be used to validate the
discrimination factors reported here for a diet
with a relatively high dietary fat content of 13%.

In contrast to the comparison of diet and post-
prandial liver data, we found strong similarity in
FA proportions in diet and chylomicron TAG and
in fasted liver and serum TAG. This similarity
suggests that the discrimination factors associ-
ated with FA transfer between diet and chylo-
microns, and fasted liver and serum are reliable.
Therefore, our results support the use of chylo-
micron TAG in serum as indicators of dietary FA
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d13C values, providing information about recent
diet. Replication of these results using different
species, diets, and conditions is an important
next step to confirm their applicability to wild
populations. As our understanding of the met-
abolic processes causing fractionation increases,
the accuracy of discrimination factors will also
increase, allowing greater application of d13C
values of FA in quantitative models to address
general questions in trophic ecology.
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