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ABSTRACT: Polyunsaturated fatty acids (PUFA) are essential compounds that can limit the productivity of primary consumers in aquatic food webs, where the efficiency in energy transfer at the
plant –animal interface has been related to food quality in terms of fatty acids (FA). At this interface, copepods play a pivotal role both as consumers of primary production and as a food source
for higher trophic levels. Understanding the role of grazing copepods in the transfer of FA is therefore essential for our knowledge on the overall functioning of marine ecosystems. The harpacticoid copepod Microarthridion littorale grazed for 9 d on 13C labelled diatoms and bacteria in the
laboratory and was then subjected to FA-specific stable isotope analysis. The objective of this
analysis was to inspect the copepod’s ability to bioconvert short-chain FA (SC-PUFA, < 20 carbons)
into long-chain PUFA (LC-PUFA, ≥20 carbons) and the FA involved in the potential bioconversion
pathways. Diatoms and bacteria were chosen as test diets because of their different FA composition, i.e. docosahexaenoic acid (DHA; 22:6ω3) was absent in the bacteria, and eicosapentaenoic
acid (EPA; 20:5ω3) was < 5% of the total FA weight of bacteria. The presence of labelled DHA in
copepods feeding on bacteria showed that this PUFA must have been converted from other FA,
possibly EPA. The FA composition of copepods in the laboratory was different from that of field
copepods, which suggests the availability of more food sources in the field than those offered in
the experiment. The weight proportion of C18 FA decreased in copepods feeding on either bacteria or diatoms relative to field copepods, while the proportion of both EPA and DHA increased. In
contrast to planktonic calanoid copepods that have limited ability to bioconvert FA, benthic
harpacticoid copepods apparently developed the ability to elongate FA and to exploit niches with
poor quality food. Moreover, by improving the quality of the food they graze upon, especially in
terms of EPA and DHA, harpacticoid copepods upgrade the nutritive value of food available to the
higher trophic levels in marine food webs.
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Tracing energy flow in food webs and determining
the factors that control food web interactions are key
issues in ecology (Matson & Hunter 1992, Wilbur

1997). The interface between primary and secondary
producers at the basis of marine food webs is of particular interest because of the highly variable efficiency of transfer of biomass and energy (Brett &
Goldman 1997, Micheli 1999). Fatty acids (FA) have
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been identified as key factors modulating the efficiency of energy transfer at this plant –animal interface (Müller-Navarra et al. 2004), and it is thus of
paramount importance to clarify how consumers
assimilate and modify dietary FA.
The concept of FA being transferred conservatively
through aquatic food webs and of their use as biomarkers was first suggested in 1935 by Lovern. As a
result, FA biomarker analyses have become an
important tool for resolving trophic interactions in
both marine (Dalsgaard et al. 2003) and freshwater
ecosystems (Napolitano 1999). Nevertheless, the perfect trophic marker is defined as a compound whose
origin can be uniquely and easily identified, that is
inert and nonharmful to organisms, and, most importantly, that is not selectively processed during food
uptake and incorporation, and that is metabolically
stable and hence transferred from one trophic level
to the next in a qualitative and quantitative manner
(Dalsgaard et al. 2003). In fact, apart from bacterial
FA biomarkers detected in eukaryotic cells (Ederington et al. 1995), the conservative incorporation and
turnover of specific FA biomarkers have seldom been
documented (see St. John & Lund 1996, Kirsch et al.
1998 for examples). When using FA as biomarkers, it
is therefore of paramount importance to know to
what extent they are directly incorporated or transformed after assimilation.
The modification of ingested FA by consumers has
important implications for higher trophic levels because the quality of nutrients available for higher
trophic levels may be altered and improved. FA with
2 or more double bonds in the aliphatic chain (polyunsaturated FA or PUFA) usually account for at least
a third of all FA in organisms in which they play several major roles. Despite their importance, PUFA
cannot be formed de novo by animals and must be
obtained directly from diet or bioconverted from certain precursor FA (Canuel et al. 1995, Iverson 2009).
As in all ecosystems, most PUFA in aquatic food webs
originate from the primary producers, essentially
from photo-autotrophs (Tocher 2008). According to
Brett & Müller-Navarra (1997), all herbivores convert
the short-chain PUFA (SC-PUFA, PUFA with < 20 carbons) α-linolenic acid (18:3ω3) to long-chain PUFA
(LC-PUFA, PUFA with ≥20 carbons), such as eicosapentaenoic (EPA, 20:5ω3) and docosahexaenoic
(DHA, 22:6ω3) acids, albeit with different efficiency.
Marine protists, namely thraustochytrids, are also
known to accumulate PUFA in lipid droplets (Kobayashi et al. 2011). They are considered an alternative
to fish oils as a source of LC-PUFA (Kobayashi et al.
2011) and are established candidates for commercial

production of DHA (for review, see Raghukumar
2008). Within the zooplankton, this phenomenon
seems to be more important in copepods than in
cladocerans (Desvilettes et al. 1997a). Nevertheless,
the ability to bioconvert 18:3ω3 to EPA and DHA may
not be shared by all copepod taxa, as calanoids
apparently lack the necessary enzymes to produce
significant amounts of PUFA (Sargent & Henderson
1986, Bell et al. 2007, Bell & Tocher 2009), while
certain harpacticoids (e.g. Tisbe holothuriae) seem
to efficiently bioconvert FA to produce high levels
of PUFA regardless of their levels in the diet (Norsker
& Støttrup 1994, Nanton & Castell 1998). Another
harpacticoid, Nitokra lacustris, was able to elongate
FA chains (dietary linolenic and linoleic acid) obtained from formulated feed (Rhodes & Boyd 2005).
The existence of bioconversion by (harpacticoid)
copepod species has been illustrated by contrasting
the FA composition of the food and the grazer, yet the
detailed biochemical mechanisms of bioconversion at
this trophic level remain undocumented. Prior to the
use of FA as dietary tracers in field studies, Kelly &
Scheibling (2012) suggested that controlled feeding
experiments are needed to verify the transfer of indicator FA from food to consumer. Data from such
experiments could provide evidence of FA biosynthesis and selective retention. Moreover, a better
knowledge of the mechanisms and triggers of bioconversion is essential to understand the production
of LC-PUFA, the availability of which is likely to be
the main constraint for developing sustainable carnivore aquaculture in the coming decades (Olsen
2011).
Combining FA and stable isotope analyses has
proven to be a helpful approach to identifing major
sources of organic matter which contribute to the diet
of marine benthic invertebrates (Kiyashko et al. 1998,
Kharlamenko et al. 2001, 2008, El-Sabaawi et al.
2009). This so-called 2-dimensional approach to
trophodynamics (Nyssen et al. 2005) is particularly
useful in case of small δ13C differences between
carbon sources. Both techniques are often used complementarily, i.e. they are analysed separately, and
the FA profiles and stable isotope signatures are
compared.
In the present study, we analysed the 13C composition of individual FA through compound-specific carbon isotope analysis (CSIA) (Pancost & Pagani 2006,
Budge et al. 2008) to trace the incorporation of 13C
labelled FA from the diet into the consumer tissues
and to unravel bioconversion pathways. We also
evaluate the role of the original food source (bacteria
vs. diatoms) as a trigger for bioconversion.
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Harpacticoid copepods were used as test organisms because of the limited information available on
their trophic interactions with the microbial community, which is in sharp contrast with their well-known
important ecological roles (e.g. Hicks & Coull 1983).
Harpacticoids feed on a variety of food items, including diatoms (Decho 1986, Chandler & Fleeger 1987)
and bacteria (Decho & Fleeger 1988) that have very
contrasting lipid contents and profiles. Diatoms produce lipids as their primary storage material, which
ascribes them great value as lipid producers, especially of PUFA, in aquatic food webs (Dunstan et al.
1993). In contrast to the high PUFA content of
diatoms, bacteria generally have a low PUFA content
(Yazawa et al. 1988, Kaneda 1991). Nevertheless,
bacteria may be nutritiously suitable for copepods
that do not exhibit reduced reproduction when fed
diets deficient in EPA and DHA (Ustach 1982,
Norsker & Støttrup 1994). Acting as first consumers
of primary production and as a food source for higher
trophic levels (e.g. fish), copepods form an important
link between autotrophs and heterotrophs at the
basis of marine food webs (e.g. Sogard 1984,
De Troch et al. 1998, Buffan-Dubau & Carman 2000).
Moreover, in view of their high LC-PUFA content
and their ideal size range as food for most marine fish
fry, copepods are of particular interest for aquaculture applications (Støttrup 2000, Lee et al. 2005).
Additionally, from an ecological point of view, it is of
general interest to know the main origin and transfer
of LC-PUFA in marine food webs.
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water (salinity: 32) (Guillard 1975) with addition of
antibiotics (penicillin and streptomycin). The diatoms
were labelled with 13C by adding 5 ml of a NaH13CO3
stock solution (336 mg NaH13CO3 in 100 ml Milli-Q
H2O sodium bicarbonate, 13C, 99%, Cambridge Isotope Laboratories) per 100 ml of culture medium. The
cultures were grown in tissue bottles (175 cm2 surface) during 10 d in a climate room at 16 to 18°C with
a 12:12 h light:dark period and 25 to 50 μmol photons
m−2 s−1. By the time of setting the experiment, the
cells were 24.1 ± 0.9 μm (n = 20) in length. The
labelling technique resulted in isotope signatures
(δ13C) of −16.4 ‰ and 19 516.3 ‰ for untreated and
13
C enriched cultures, respectively.
The sediment was shaken by hand and using a
vortex mixer to extract bacteria and bring them into
suspension. Bacteria were initially grown on marine
agar for 4 d at 15 to 16°C. To maximise the bacterial
diversity, a dilution series was set up in the inoculate.
The liquid growth medium consisted of autoclaved
artificial seawater (salinity: 24.5, Instant Ocean synthetic salt), beef extract (DIFCO, 3 g l−1) and Bacto
Peptone (DIFCO, 5 g l−1). Two Erlenmeyer flasks
were inoculated with the bacterial mix scraped from
the agar plates and placed on a shaking table at room
temperature. After 3 d of growth, new growth
medium was prepared as stated above but diluted
20-fold, and 0.5 g l−1 13C glucose (D-glucose, U-13C6,
99%, Cambridge Isotope Laboratories) was added to
label the bacteria. After 24 h of growth, this labelling
technique yielded an increase in δ13C from −15.2 ‰ to
9092.4 ‰ for untreated and 13C enriched cultures,
respectively.

MATERIALS AND METHODS
Culture conditions and labelling technique

Experimental design

Both food sources (diatoms and bacteria) and
grazers (harpacticoid copepods) were collected from
sediments at the Paulina silty intertidal flat (SW
Netherlands, 51° 21’ N, 3° 43’ E). The dominant harpacticoid copepod Microarthridion littorale (family
Tachidiidae) was extracted alive from the sediment
using a mixed technique of sediment decantation
and extraction via white light attraction. Copepods
were washed 3 times over a 38 μm sieve and placed
in Petri plates with artificial seawater overnight in
order to empty their intestines prior to the start of
the experiment.
The diatom Navicula phyllepta was isolated from
the sediment by means of lens tissue and microscopic
cover glasses. Axenic cultures were grown in f/2
medium based on filtered and sterilized artificial sea-

Prior to the experiment, the labelled culture medium of bacteria and diatoms was gently washed
away and replaced by autoclaved artificial seawater
(salinity: 32, without f/2 growth medium) 3 times to
minimise any additional growth of diatoms or bacteria during the feeding experiments. Although faecal matter and copepods have associated bacteria
(De Troch et al. 2010), we assume that the contribution of this bacterial source is minimal in comparison
with the biomass of the experimental food sources.
At the start of the experiment, triplicate samples for
the copepod Microarthridion littorale (200 individuals each) from the field were stored at −80°C for
analysis of initial FA composition (field conditions).
Samples of the bacteria and diatoms were stored at
−20°C and −80°C for stable isotope and FA composi-
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tion analyses, respectively, as a control for initial
labelling. The experiment was conducted in a climate room at 16 to 18°C with a 12:12 h light:dark
period and 25 to 50 μmol photons m−2 s−1.
The experimental design consisted of 4 treatments
with 3 replicates each: (1) Microarthridion littorale
(12C bacteria): 250 copepods fed with 12C bacteria (2)
M. littorale (13C bacteria): 250 copepods fed with 13C
bacteria (3) M. littorale (12C diatoms): 250 copepods
fed with 12C diatoms (4) M. littorale (13C diatoms): 250
copepods fed with 13C diatoms.
A total of 2 × 1011 bacterial cells (Treatments 1 & 2)
or 3 × 106 diatom cells (Treatments 3 & 4) per experimental unit (Petri plate, 8.4 cm diameter, 55.4 cm2
surface) were applied by means of a micropipette. It
took ~15 min before all cells had settled to form a
homogeneous layer at the bottom of the Petri plate
(M. De Troch pers. obs.). Based on our previous experiments (De Troch et al. 2005, 2007), the level of
food supply (diatoms) provided can be considered as
above the feeding saturation level. At the end of the
experiment, there was no food depletion in any of the
treatments.
After 9 d, the experiment was terminated by estimating the mortality of copepods in the experimental
unit and sorting them for further analysis. From each
replicate, 20 copepods were picked at random and
stored at −20°C for further total 13C analysis. Within
2 h after thawing (to avoid label leakage), they were
washed 5 times in deionised water and transferred
into tin capsules (8 × 5 mm, Elemental Microanalysis)
using a micro needle. These tin capsules were desiccated at 60°C for 12 h.
For CSIA, the remaining live copepods (on average 130 to 220 individuals depending on the survival rate; see ‘Results’) were picked out and
washed 5 times in artificial seawater to remove
food particles from the cuticle and left for 4 h to
allow emptying of the gut. Finally, the copepods
were placed on a glass fibre filter (GF/F) with a
pipette and were stored at −80°C in an Eppendorf
tube until the FA extraction.

Stable isotope and FA analysis
For each replicate, δ13C values and copepod biomass (expressed as total carbon) were measured with
a continuous flow isotope ratio mass spectrometer
(Europa Integra) at the UC Davis Stable Isotope
Facility (University of California, USA).
Hydrolysis of total lipid extracts (in triplicate) of
copepods collected in the field and methylation to

FA methyl esters (FAME) was achieved by a modified 1-step derivatisation method after Abdulkadir
& Tsuchiya (2008). The boron trifluoride-methanol
reagent was replaced by a 2.5% H2SO4-methanol
solution, since BF3-methanol can cause artefacts or
loss of PUFA (Eder 1995). The FAME thus obtained
were analysed using a gas chromatograph (HP
6890N) with a mass spectrometer (HP 5973). The
samples were run in splitless mode at an injector
temperature of 250°C using an HP88 column (Agilent J&W; Agilent). The oven temperature was
programmed at 50°C for 2 min, followed by a ramp
at 25°C min−1 to 175°C and then a final ramp at
2°C min−1 to 230°C with a 4 min hold. The FAME
were identified by comparison with the retention
times and mass spectra of authentic standards and
mass spectral libraries (WILEY, NITS05) and analysed using the software MSD ChemStation (Agilent Technologies). Quantification of individual
FAME was accomplished by the use of external
standards (Supelco #47885, Sigma-Aldrich). The
quantification function of each individual FAME
was obtained by linear regression of the chromatographic peak areas and corresponding known concentrations of the standards (ranging from 5 to
250 μg ml−1).
Hydrolysis of total lipids of copepods and methylation to FAME for FA-specific 13C measurement
(CSIA) was achieved by a 1-step derivatisation method as described above. The FAME obtained from
the triplicate extracts of the copepods in each of the
4 treatments were analysed by capillary gas chromatography combustion-isotope ratio mass spectrometry (GC-C-IRMS) using a Finnigan Trace GC
Ultra with combustion interface (GC combustion III)
coupled to a Finnigan DeltaplusXP continuous flow
stable isotope ratio mass spectrometer (GC-C/TC
DeltaPLUSXP Thermo Scientific). All samples were
run in splitless mode and at an injector temperature
of 250°C, using a VF-23ms column (60 m × 0.32 mm
inner diameter, df = 0.15; Varian) with a He flow rate
of 1 ml min−1. The oven temperature was programmed at 50°C for 2 min, followed by a ramp at
15°C min−1 to 100°C, then a second ramp at 2°C min−1
to 220°C and a final ramp at 5°C min−1 to 230°C with
a 5 min hold. Each extract was run in duplicate on the
GC-C-IRMS (5 μl injected per run) to ensure reliable
mean atom % 13C values. The average chromatographic peak areas and atom % 13C values were used
in all calculations.
For the CSIA, the FAME were identified as described above for the FA analysis on the GC-MS and
analysed using the software Isodat NT 2.0 (Thermo

De Troch et al.: Bioconversion of fatty acids

Electron). FAME peak areas were validated by determining their ratio relative to that of the universally
occurring 16:0, and FAME peaks with a ratio inferior
to 0.02 were excluded from the data set (see Drijber
et al. 2000). Validation and quantification of peaks
was done as described above.
Shorthand FA notations of the form A:BωX were
used, where A represents the number of carbon
atoms, B gives the number of double bonds, and X
gives the position of the double bond closest to the
terminal methyl group (Guckert et al. 1985).

Data analysis
Total isotope signature of copepods
to trace food uptake
The total enrichment of the copepods after 9 d of
feeding is reported as δ13C values. These δ13C values
were further standardised per individual copepod
(μg 13C per copepod) as recommended by Middelburg et al. (2000): incorporation of 13C is reflected as
excess (above natural abundance) 13C, expressed as
total uptake (I) in mg 13C per individual and calculated as the product of excess 13C (E) and individual
biomass (organic carbon). Excess 13C is the difference between the fraction 13C of the control copepods (Fcontrol, i.e. based on the natural signature of
copepods feeding on unlabelled bacteria or unlabelled
diatoms) and the fraction 13C of the treatment copepods (Ftreatment, i.e. based on the signature of copepods feeding on a labelled diet), where F = 13C / (13C
+ 12C) = R / (R + 1). The carbon isotope ratio (R) was
derived from the measured δ13C values as R = [δ13C /
(1000 + 1)] × RVPDB, with RVPDB = 0.0112372 as δ13C is
expressed relative to Vienna Pee Dee Belemnite
(VPDB).
Since the food sources offered (diatoms vs. bacteria) had different initial Δδ13C signatures (9107.5 ‰
for bacteria vs. 19 532.6 ‰ for diatoms), the uptake of
dietary carbon per individual was further standardised, taking into account the proportion of 13C in each
food source. The amount of total carbon that was
taken up by copepods and expressed per individual
copepod in the treatments was multiplied with the
factors 11.23 and 5.67 for the treatments with
labelled bacteria and diatoms, respectively. These
correction factors were derived from the excess
heavy isotope (13C) percentage of total carbon atoms
(atom percentage 13C) in each food sources, i.e. on
average 9.07% 13C for bacteria and 17.63% 13C for
diatoms.
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FA-specific stable isotope analysis
The carbon mass of each individual FA in a single
copepod was derived from the number of moles of
the FA in the copepods. The molecular weight of
each labelled FA was calibrated by its carbon atom
percentage to incorporate the carbon weight variation according to the 13C:12C ratio, e.g. DHA methyl
ester molecular weight equals 342.5204 when all
C = 12.011, while DHA methyl ester molecular
weight equals 344.8204 when the atom 13C percentage = 10% (i.e. 10% of all carbon with molecular
weight of 13.011).
Isotopic ratios are normally expressed in δ notation
according to the calculations shown above for total
isotope signature. In the present study, the enrichment in 13C of the copepod FA after 9 d of feeding on
the 13C enriched diets is reported as excess isotope
13
C percentage (atom % 13C), which is more appropriate for labelled samples (Graeve et al. 2005). The
incorporation of 13C into each FA was expressed as I
in ng 13C per individual and calculated as the product
of E and FA carbon mass, as described above for total
carbon enrichment. The amount of dietary carbon
assimilated by copepods into each FA was estimated
based on the 13C uptake, multiplied by the factor
derived from the percentage of 13C in each FA in the
food source, as in the following equation:
Cass (ng C FA ind.−1) = ng 13C FA −1 ind.−1 ×
100
atom% 13C corresponding dietary FA

(1)

To estimate the incorporation of C into 22:6ω3
(DHA) and 20:4ω6 in the copepods feeding on bacteria (where none of these FA were recorded), we used
the atom % of bacterial 20:5ω3 (EPA) and 18:2ω6,
respectively.
To calculate the amount (mass) of each dietary FA
assimilated by the copepod, we multiplied the number of moles of FA assimilated by the corresponding
FA molecular weight:
FAass (ng FA ind.−1) = number of assimilated moles
of FA × molecular weight of dietary FA, and the number of assimilated moles was calculated as follows:
Moles FA ind.−1 =
Cass (ng C FA ind.−1 )
Cfood (carbon weight of 1 mole of dietary
FA at corresponding atom% 13 C)

(2)

FAass (ng FA ind.−1) = Cass (ng C FA ind.−1) / Cfood
(carbon weight of one mole of dietary FA at corresponding atom % 13C) × molecular weight of dietary FA
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Differences in uptake among treatments were
tested by means of 2-way analyses of variance with
Statistica 7.0 software (StatSoft 2004). A posteriori
comparisons were carried out with the Tukey HSD
test using 95% confidence limits. Prior to the analyses of variance, the Cochran’s C-test was used to
check the assumption of homoscedasticity.
Multivariate analysis of FA compositions was conducted with a non-metric multidimensional scaling
method based on Bray-Curtis similarity using Primer
6 software (Clarke & Gorley 2006). Subsequently, a
1-way analysis of similarities (ANOSIM) was used to
test for significant differences between the groups
based on their origin (i.e. field, copepods feeding on
bacteria, copepods feeding on diatoms and the 2 food
sources separately). Finally, percentages of similarity
(SIMPER) were calculated with untransformed, absolute data to determine the main FA contributing to
any differences.

RESULTS
Food uptake by copepods: total 13C enrichment
Microarthridion littorale feeding on a bacterial diet
(Treatments 1 & 2) had an average survival rate of
55% at the end of the 9 d experiment. This low survival rate contrasts with the copepods feeding on
diatoms (Treatments 3 & 4) that exhibited a survival
rate of 98% after 9 d of grazing. As a consequence of
this difference in survival rates, the average number
of copepods available for FA stable isotope analysis
was restricted to 130 and 220 ind. for the treatments
with bacteria and diatoms, respectively. The minimum required number of individuals for total stable
isotope analysis was kept constant (20 ind.).
Total 13C enrichment of Microarthridion littorale
was clearly higher after grazing on diatoms (average
Δδ13C = 3541 ± 412 ‰) than after grazing on bacteria
(average Δδ13C = 62 ± 8 ‰). The I of labelled diatom
carbon per individual copepod (Treatment 4; individual uptake = 141 ± 23 ng C) was significantly higher
than the uptake of bacteria (Treatment 2; individual
uptake = 3.6 ± 0.4 ng C) (F1, 2 = 37.22, p < 0.01).
The total uptake of bacterial carbon during the
feeding experiment was insufficient to compensate
for the metabolic costs of living during 9 d, and the
weight of copepods feeding on bacteria decreased
from 550 ± 10 to 430 ± 20 ng C copepod−1 (average
loss of 21.7%). When feeding on diatoms, copepods
increased their total carbon weight from 550 ± 10 to
650 ± 30 ng C copepod−1 (average increase of 19.3%).

FA composition of the food
The most abundant FA in both diatoms and bacteria used as food for copepods were 16:0 and 16:1ω7
(Fig. 1A,B). The major PUFA present in diatoms were
EPA and DHA (Fig. 1b), while in bacteria, DHA was
absent (Fig. 1a). In bacteria, PUFA were present in
small amounts and were represented by EPA, which
ranged from 0.4 to 1.7% of total FA, and traces of
18:2ω6 (< 0.1% of total FA).
Both food sources (bacteria and diatoms) incorporated the added 13C label differently into their FA (FA
profiles of the food, back rows in Fig. 1C,D). The 13C
enrichment of FA was generally higher for diatoms
than for bacteria, although the enrichments of the
most abundant FA (16:0 and 16:1ω7) were similar in
both diets (Fig. 1C,D). Bacteria mainly assimilated
the 13C into short-chain FA, monounsaturated FA and
SC-PUFA with a maximum enrichment of 24.3 atm %
13
C in 18:1ω7c (Fig. 1C), while diatoms incorporated
a larger amount of 13C into LC-PUFA (30.7 atm % 13C
for EPA) than into the shorter chain FA (8.5 to
19.5 atm % 13C). PUFA were clearly more 13C enriched in diatoms than bacteria, with the exception of
trace 18:2ω6, where 13C enrichment was similar to
that of diatoms (~12.58 atom % 13C).

Effect of a monotonous diet on the grazer’s
FA composition
The total FA content of Microarthridion littorale
feeding on a monotonous diet of bacteria for 9 d, significantly decreased from 264.3 ± 1.6 ng copepod−1 at
the start of the feeding experiment (i.e. animals collected in the field) to 137.4 ± 3.9 ng copepod−1 at the
end of the feeding experiment (F1, 2 = 13.72, p < 0.01;
Tukey HSD post-hoc: p < 0.05). Total copepod FA
content after feeding on the diatom diet for 9 d
(261.2 ± 51.5 ng copepod−1) was not significantly
lower than the FA content of copepods at the start of
the experiment (264.3 ± 1.6 ng copepod−1, Tukey
HSD post-hoc: p = 0.99).
Both experimental diets changed both the absolute
and relative FA composition of copepods (Figs. 1 & 2).
After feeding on both bacteria and diatoms, the FA
profiles of Microarthridion littorale more closely
resembled the FA profiles of the food sources and
deviated further from their original field composition
(Fig. 3). Copepods had a general absolute decrease
in C18 FA (both treatments) and an absolute increase
in C16 FA (diatom treatment). In the treatment with
bacteria, the relative FA contribution of 16:0 (Fig. 1A)
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Fig. 1. Relative FA composition (% FA) of dietary diatoms and bacteria and of Microarthridion littorale after 9 d of feeding on
(A) bacteria or (B) diatoms and (C,D) the corresponding atomic 13C percentage
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Fig. 2. Absolute FA composition (ng weight copepod−1) of
Microarthridion littorale collected in the field and after 9 d of
feeding on the dietary diatoms or bacteria

was higher (36.7%) in the copepods feeding on bacteria than the relative proportion of 16:0 in bacteria
(25.3%), mainly because of the lower decrease in the
absolute content of C16 relative to other FA (Figs. 1
& 2). In copepods feeding on diatoms, the increase in
the proportion of 16:0 from 27.9 to 36.6% resulted
from an increase in the 16:0 absolute content. Due to
the high variance of the relative 16:0 content in the
copepods after the feeding experiments, this increase
was, however, not significant.

Fig. 3. Non-metric multidimensional scaling (Bray-Curtis
similarity) on untransformed, absolute FA concentrations for
the various treatments, field samples and food sources (bacteria or diatoms). Micro: Microarthridion littorale

The relative amount of 16:1ω7 in copepods grazing
on diatoms increased by nearly 5-fold, and concomitantly, there was a general decrease in 18:0, 18:1ω7c
and 18:2ω6 FA (Fig. 2).
The absolute abundances of LC-PUFA increased in
the copepods feeding on diatoms but not in the copepods feeding on bacteria (Fig. 2). In copepods feeding on diatoms, the proportion of EPA nearly doubled
from 5.0% (12.4 ng copepod−1, field) to 8.7% (21.9 ng
copepod−1, diatom treatment). The same trend was
observed for DHA in copepods feeding on diatoms
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(Fig. 2). Conversely, the absolute amount of LC-PUFA
in copepods feeding on bacteria for 9 d decreased
relative to field copepods (Fig. 2). The large drop in
the absolute amount of EPA and DHA in copepods
feeding on bacteria for 9 d was accompanied by a
larger decrease in other FA. On the one hand, the
decrease of the absolute concentration of EPA in
copepods feeding on bacteria to half of the amount in
field copepods (Fig. 2) did not result in any significant change of the relative contribution of EPA to the
total FA (4.9% in field copepods, 4.7% EPA in copepods feeding on bacteria). On the other hand, the
absolute decrease in DHA, from 10.2 ng copepod−1
(field) to 7.9 ng copepod−1 (bacteria treatment) (Fig.
2), corresponded to an increase in the relative contribution of DHA to the total FA weight (4.1% DHA in
field copepods vs. 6.1% DHA in copepods feeding on
bacteria) (Fig. 1).
The non-metric multidimensional scaling applied
to the FA profiles of copepods and their food
sources (Fig. 3) revealed a clear separation among
copepods from the field, copepods feeding on
either bacteria or diatoms in the laboratory, and
diatoms and bacteria applied as copepod food
sources (ANOSIM, global R: 0.888, p = 0.001; stress
0.03). The field samples showed hardly any variance and were plotted together (SIMPER, similarity:
99.6%). This high similarity was mainly attributed
to FA 18:0 (36.7%) and 16:0 (23.6%) (SIMPER).
Within the experimental treatments, copepods were
separated based on the diet applied (ANOSIM,
pairwise comparison of Microarthridion littorale
[bacteria] and M. littorale [diatoms], R = 0.556). It is
worth noting that after 9 d of experimental feeding,
copepods diverged from their original FA composition (field) toward the composition of the applied
food sources (ANOSIM, R = 0.833 and R = 1 for M.
littorale [bacteria] and M. littorale [diatoms], respectively). The food sources (bacteria and diatoms) were
also plotted separately from each other (ANOSIM,
R = 1). EPA and 16:1ω7 were the major contributors
to the dissimilarity between both food sources
(SIMPER, 17 and 13.6%, respectively).

Origin of carbon in the FA of the copepods
The mass of carbon incorporated into the copepod
FA from the diet was calculated based on the
excess atom % 13C in the grazers and the excess
atom % 13C in the corresponding dietary FA
(Fig. 4A,B). The bacterial diet (Fig. 4A) contributed
very little carbon weight to the carbon mass of the

copepod FA. When feeding on diatoms (Fig. 4B),
the carbon of diatom origin largely contributed to
the FA carbon in the copepod, reaching 46.8% of
the total carbon in EPA, i.e. 8.1 ng out of 17.3 ng
carbon in EPA (Fig. 4B).
The proportion of incorporated dietary carbon into
copepod FA followed the relative availability of the
FA in the diet (Fig. 4C,D), with the exception of DHA,
for copepods feeding on diatoms (Fig. 4D). Copepods
feeding on bacteria selectively incorporated more
carbon from EPA (20:5ω3) than from C16 FA that
were more abundant in the diet (Fig. 4C). Additionally, the presence of 13C in 20:4ω6 and 22:6ω3 (DHA)
in the copepods feeding on bacteria could not result
from a direct incorporation of dietary FA since both
20:4ω6 and DHA were absent in the food source. This
indicates that these LC-PUFA originated to some
extent from 13C labelled SC-FA in the original food
source.
The decrease in ω3 FA carbon in copepods feeding on bacteria was a result of both the decrease in
FA already in the body of copepods at the start of
the experiment and poor incorporation of bacterial
FA (Fig. 5A). 18:3ω3 was altogether absent from
the body of copepods, and EPA decreased by
> 50% in the body of copepods feeding on bacteria
relative to the start of the feeding experiments
(Table 1, Fig. 5A). All ω3 FA originating from the
field decreased during the feeding experiment
(Fig. 5B).
For copepods feeding on diatoms, a decrease in
the total carbon of 18:3ω3 and increase in both EPA
and DHA carbon was registered (Fig. 5A). Considering the proportion of carbon of field origin, both
18:3ω3 and EPA carbon decreased (from 0.88 to
0.03 and from 9.82 to 9.28 ng copepod−1, respectively) (Table 1), while DHA carbon increased
(from 8.23 to 11.49 ng copepod−1) (Fig. 5B, Table 1).
The decrease in EPA carbon of field origin was
counteracted by a high incorporation of diatom carbon in this FA (Fig. 5A; 8.16 ng copepod−1 in
Table 1). The increase in DHA in copepods feeding
on diatoms (Fig. 5A) resulted from both the incorporation of diatom DHA (7.90 ng copepod−1)
(Table 1) and an increase of the DHA of field origin
of 3.26 ng copepod−1 (Table 1; difference between
11.49 [lab] and 8.23 ng copepod−1 [control]). This
increase in field DHA carbon may have resulted
from bioconversion from both EPA (0.54 ng copepod−1 = 9.82 [control] − 9.28 [lab]) and 18:3ω3 (0.85
ng copepod−1 = 0.88 [control] − 0.03 [lab]) (Table 1).
Nevertheless, 1.87 ng copepod−1 of DHA carbon of
field origin remained unaccounted for.
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Fig. 4. Total FA carbon variation in copepods feeding on (A,C) bacteria and (B,D) diatoms showing the proportion of carbon of
field origin and the proportion of dietary carbon incorporated after 9 d of feeding on (A) bacteria and (B) diatoms. (C,D) Weight
percentage of incorporated dietary carbon in the copepod FA relative to each FA carbon content and FA availability in the diet
(C: bacteria, D: diatoms)

Fig. 5. Carbon FA weight
variation of 18PUFAω3, EPA
and DHA in Microarthridion
littorale at the end of the
experiment relative to the
start of the experiment. (A)
Net FA carbon weight variation (ng copepod−1) in M.
littorale after feeding on
bacteria and diatoms. (B)
Variation of carbon weight
of field origin in M. littorale
after feeding on bacteria
and diatoms

DISCUSSION
CSIA has been used to distinguish chemosynthetic
from photosynthetic food chains in marine systems
(MacAvoy et al. 2002, 2003), to assess the contribution of dietary FA to copepod FA and fatty alcohols
(Graeve et al. 2005) and to trace carbon flow through

marine food webs (Budge et al. 2008). The present
study is the first to attempt to assess the selective
accumulation of dietary FA and bioconversion of FA
by organisms in the lower levels of the benthic food
web using CSIA.
The FA composition of the diet is known to reflect
on the FA composition of copepods, especially on the
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Table 1. Origin of FA in Microarthridion littorale: relative contribution of fatty
acid(s) (FA) from the field vs. dietary FA carbon to the total FA carbon content
of M. littorale after feeding on bacteria and diatoms. The contribution of FA
carbon already in the body of the copepod (Field) and the contribution of FA
obtained from the labelled diet (bacterial diet or diatom diet) are given as ng
C copepod−1. Calculations were based on copepod individual FA carbon content and carbon isotopic signatures for each FA (see ‘Materials and methods’).
(–) Not detected or trace amounts

Based on the feeding experiments,
the maintenance of the FA weight
content of copepods and high survival
rate indicates that Navicula phyllepta
is a suitable diet for copepod nutrition. The assimilation of diatom FA in
terms of carbon largely mirrored the
abundance of FA available in the diet,
Origin
Copepod
which resulted in a higher amount of
of FA
At start of
Feeding on bacteria
Feeding on diatoms
C16 FA, EPA and DHA in the copeexperiment
Field
Bacterial
Field
Diatom
pod after 9 d of feeding on the diaField
diet
diet
toms relative to the copepod composi14:0
4.01
4.24
0.07
5.19
1.20
tion at the start of the experiment.
Bacterial
13.03
10.81
0.07
1.37
–
Nevertheless, there was a preferen16:0
46.87
37.45
0.43
58.53
13.15
tial accumulation of dietary EPA and
16:1ω7c
10.59
12.20
0.47
33.06
11.50
18:0
73.67
21.52
0.03
21.14
1.20
DHA relative to C16 FA into the cope18:1ω9c
0.96
0.45
0.01
4.73
–
pod FA. C16 FA and LC-PUFA com18:1ω7c
10.91
0.99
0.06
1.84
0.53
posed up to 75 and 12% of diatom FA,
18:2ω6
8.83
0.05
–
0.08
0.04
respectively, while the copepod in18:3ω3
0.88
–
–
0.03
0.01
corporated 24.5 ng of C16 FA (56% of
20:4ω6
0.60
0.17
0.005
0.11
0.03
20:5ω3
9.82
4.49
0.45
9.28
8.16
its total FA) and 16 ng of LC-PUFA
22:5ω3
0.09
–
–
–
–
(37% of its total FA), clearly incorpo22:6ω3
8.23
6.28
0.15
11.49
7.90
rating a higher proportion of LCPUFA relative to their availability in
apolar lipid fraction. Graeve et al. (1994) demonthe diet. The copepod also incorporated a similar
strated that diet may induce changes in the FA patamount of carbon into EPA and DHA (8.1 and 7.9 ng
tern of neutral lipids in calanoid copepods, and the
copepod, respectively, each corresponding to ~18%
FA profiles of triacylglycerols (part of the apolar lipid
of its total FA) regardless of the higher availability of
fraction) have been observed to be close to those of
EPA in the diatom (10% of EPA vs. 2% of DHA).
the dietary algae (Henderson & Tocher 1987, BourDHA may also have originated from bioconversion
dier & Amblard 1989). This stability of FA during
from dietary EPA since the increase of DHA of field
transfer in the food web allied to their great structural
origin in the body of copepods suggests that the
diversity with substantial taxonomic specificity has
copepods must have the ability to obtain DHA
been explored to determine dietary relationships and
through bioconversion from EPA and 18:3ω3 already
temporal changes in food sources (Sargent et al.
in the body of the copepods at the start of the experi1987, Fraser et al. 1989, Dalsgaard et al. 2003). The
ment. Although the FA carbon content of copepods
value of FA as diet biomarkers is nevertheless
remained constant during feeding, 23% originated
affected by the extent of the transformations that the
from algal uptake at the end of the 9 d of feeding.
consumers may perform on ingested FA (Brett &
The carbon incorporated must correspond to the
Müller-Navarra 1997). We analysed the total FA that
metabolic costs of living. It is interesting to note that
includes membrane FA, and although the latter are
the carbon replaced by feeding was mainly assimiprobably under metabolic control and thus weakly
lated into C16 FA and LC-PUFA at the cost of a geninfluenced by dietary FA (Desvilettes et al. 1997b),
eral depletion of C18 FA, which are nearly absent in
yet it was possible to detect FA differences in total FA
the diatom.
extracts that could be related to diet FA composition.
The accumulation of LC-PUFA in copepods feedIn the field, copepods likely had access to a variety of
ing on diatoms has interesting ecological implicafood items, since the presence of 18:0 and FA of the
tions. LC-PUFA were found to play a crucial role in
ω6 series point to grazing on protists or smaller anithe production and hatching success of the eggs of
mals, while odd-chain length and branched FA are
planktonic copepods (Calanoida) (Jónasdottir et al.
good indicators of feeding on bacteria, and 16:1ω7
2009). The FA 16:1ω7 and 20:5ω3 (EPA) are known as
and EPA may result from feeding on diatoms
principal diatom FA (Kates & Volcani 1966). Conse(Kaneda 1991, Ederington et al. 1995, Desvilettes et
quently, we can state that a pure diatom diet yields a
al. 1997b, Hirche et al. 2003, Caramujo et al. 2008).
better survival and a higher LC-PUFA content (pre-
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sent study) and also enhances reproduction (i.e.
increased egg production rate and hatching success)
(see Jónasdottir et al. 2009) in comparison to the bacterial diet.
Copepods feeding on bacteria decreased both their
total carbon content and FA content. This reduction
combined with the low survival rate of copepods
feeding on bacteria suggests that a pure bacterial
diet is unsuitable for the maintenance of copepod
growth and survival. Moreover, an even simpler
explanation might be that copepods did not (or did
inefficiently) feed on the bacteria. This would imply
that starvation is the main explanation for the
obtained results. It has been shown that bacteria contribute to the diet of harpacticoid copepods (Rieper
1978) and their naupliar stages (Decho & Fleeger
1988). However, both studies concluded that copepod adults and nauplii ingest bacteria adhering to
diatoms (Decho & Fleeger 1988) or bacteria offered
as a paste mixed with sand grains (Rieper 1978).
The ability to convert shorter chain ω3 polyunsaturated FA into the essential EPA and DHA has been
observed in the harpacticoid copepods Tisbe sp.
(Norsker & Støttrup 1994, Nanton & Castell 1998)
and Tigriopus sp. (Watanabe et al. 1978). Different
harpacticoid species seem to have different nutritional requirements, and it has been long noted that
certain harpacticoid species are not ‘able to develop
within a normal amount of time living on these bacteria alone’ (Rieper 1978). During the 9 d of feeding on
bacteria, the copepods lost 50% of their FA content,
although the loss of DHA was only 22%. This indicates that the copepods must have some specific
physiological demand for DHA that requires its
conservation. A similar trend was observed for the
marine copepods Temora longicornis and Eurytemora sp. (Evjemo et al. 2003), whose DHA/EPA
ratio increased during starvation. It was suggested
that the preferential retention of DHA at the end of
the starvation period was most likely a result of the
fact that DHA is primarily located in the phospholipids, which are mostly structural lipids and not as
sensitive to starvation as the reserve lipids (i.e. triacylglycerides and wax esters).
The importance of DHA is further emphasised by
the fact that the copepod contained labelled DHA
that was altogether absent in bacteria. The copepod
must have bioconverted DHA from bacterial EPA,
attempting to maintain a certain content of EPA and
DHA, both of which are essential as major membrane
constituents (Albers et al. 1996).
The copepods showed a small incorporation of carbon into 20:4ω6 of bacterial origin. 20:4ω6 was absent
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from the bacteria, and 18:2ω6 FA were present in
trace amounts in the copepod. The copepod must
have assimilated the small amount of available
18:2ω6 and bioconverted it to 20:4ω6, which is a pivotal FA for the physiological functions of copepods
(Parrish 2009).
The bacterial assemblage in the present study contained a small amount of EPA (1.27% of total FA
weight). EPA-producing bacteria are not common in
marine environments, yet, out of a total of 5000
strains of bacteria screened, Yazawa et al. (1988)
found 88 capable of producing EPA. Until the 1990s,
it was considered that bacteria had no PUFA, with
the exception of selected cyanobacteria. As noted by
Okuyama et al. (2007), such an assumption may have
resulted from the fact that the bacterial species
whose physiology, biochemistry and molecular biology had been well studied until that time were
mesophilic species, such as Escherichia coli, which
have no PUFA. Additionally, the culture conditions
may also determine the bacterial EPA content that is
dependent on pH, temperature and other growth
conditions (de Carvalho 2012). Nevertheless, the lack
of short chain ω3 and the presence of a small amount
of EPA (1.2% of total FA) in the bacterial assemblage
may have determined the unsuitability of the assemblage for the nutrition of Microarthridion littorale
regardless of the copepod’s ability to bioconvert ω3
SC-PUFA to ω3 LC-PUFA.

Transfer of LC-PUFA in the lower marine food web
As in all ecosystems, most PUFA in aquatic webs
originate in the primary producers, essentially the
autotrophs. However, recent findings showed that
marine protists, namely thraustochytrids, are also a
substantial source of PUFA (Raghukumar 2008, Kobayashi et al. 2011). In general, the marine system is
characterized by high levels of ω3-LC-PUFA (EPA
and DHA), whereas the freshwater system is characterized by higher levels of 18:2ω6 and 18:3ω3 and
some EPA but low DHA (Brett et al. 2009). Animals
cannot synthesize 18:2ω6 and 18:3ω3 de novo, yet
they may convert these FA to LC-PUFA through a
series of reactions catalysed by fatty acyl desaturases
and PUFA elongases (Iverson 2009). Harpacticoid
copepods contain the Δ-5, Δ-6 desaturase and elongase enzymes necessary for the conversion of the
shorter chain linolenic acid (18:3ω3) to the essential
FA EPA (20:5ω3) and DHA (22:6ω3) (Norsker & Støttrup 1994, Nanton & Castell 1998, Støttrup 2000). The
same enzymes are used in the conversion of linoleic
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acid (18:2ω6) to arachidonic acid (ARA, 20:4ω6)
ecosystem structure and functioning within aquatic
(O’Keefe 2002) and were also found in other inverteecosystems (Iverson 2009), modifications of FA by
brates, e.g. Caenorhabditis elegans (Watts & Browse
bioconversion should be taken into account when
2002).
using them as biomarkers.
Although these enzymatic pathways are well docuIn addition, these findings have important implicamented (Bell & Tocher 2009), the use of FA from diftions for higher trophic levels feeding on copepods
ferential food by consumers is far from well known.
(e.g. juvenile fish). The present study shows that priCSIA allowed us to document the process of bioconmary consumers like harpacticoids are able to
version by harpacticoid copepods feeding on bacteria
improve the quality of the consumed food, mainly in
vs. diatoms. Since copepods possessed isotopically
terms of increased DHA content that will become
labelled DHA when feeding on a labelled diet lackavailable to the next trophic level.
ing DHA, this labelled DHA must be obtained by bioThe application of CSIA allowed the quantification
converting labelled SC-FA in the diet and not from
of the FA bioconverted from FA in the labelled diet
FA already present in the body of the copepod prior
and measurement of the precise FA biomass on e.g.
to the feeding experiment. Bioconversion must have
the DHA yield from bioconversion. We proved that
also been involved in the production of ARA that was
even traces of SC-PUFA can be used by the copepod
measured in the copepod but was missing from the
as precursors and bioconverted to LC-PUFA of the
bacterial diet. ARA could have been obtained from
same insaturation type (e.g. ω6). While contrasting
ω6 SC-FA, possibly from 18:2ω6, which was present
FA profiles of food sources and consumers merely inin small amounts in the bacteria. The ability of
dicated the presence or absence of a certain FA, CSIA
cyclopoid and harpacticoid copepods to bioconvert
allowed the identification of the actual origin of FA
FA and survive on poor diets has been suggested by
and especially of LC-PUFA. The present study also
several studies (Norsker & Støttrup 1994, Nanton &
quantified the contribution of 2 main food sources,
Castell 1998, 1999, Watanabe et al. 1978).
bacteria and diatoms, in marine sediment communiThis ability exhibited by harpacticoids contrasts to
ties to the FA pool of the consumer. Moreover, it illusthat of calanoids, whose DHA content fluctuates dratrated that any shortage of essential FA was compenmatically in short periods of time as a result of phytosated by bioconversion. This could be documented
plankton composition (Davis & Olla 1992). Converbased on a relatively short term experiment (9 d), insely, harpacticoid copepods, which typically inhabit
dicating that consumers quickly respond to potential
detritus-rich environments where food is deficient in
shortages of FA in their food sources.
essential FA, do possess the ability to actively synthesize these compounds in significant quantities
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