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Abstract :
The proliferation of bacteria in intensive aquaculture systems may be responsible for poor growth and
mass mortality of marine fish larvae. Essential fatty acids provided in the diet could protect larvae by
modulation of the immune response via arachidonic acid (AA) and eicosapentaenoic acid (EPA).
Winter flounder Pseudopleuronectes americanus larvae were fed rotifers Brachionus plicatilis enriched
with three commercial diets containing different fatty acid profiles. Bacterial colonization on the gills
and skin and in the intestinal lumen was evaluated at the end of the rotifer feeding period (day 26),
and growth was surveyed until metamorphosis. At 26 days post hatching, larvae fed rotifers containing
the higher AA content and with a higher docosahexaenoic acid (DHA) to EPA ratio showed better
growth and the lowest bacterial colonization of the intestinal lumen compared to larvae fed rotifers with
the lowest AA and DHA : EPA levels. AA had been selectively incorporated into the polar lipids of
larvae fed the rotifers enriched with the three diets. This is the first study in winter flounder larvae to
report a link between different commercial rotifer enrichments and bacterial density in intestinal lumen.
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Introduction

There is an increasing demand for fry from farmed fish, and most are already produced in
intensive rearing installations. However, intensive rearing of marine fish larvae may lead to
microbial problems, resulting in poor growth and mass mortality (Muroga 1987; Nicolas 1989;
Munro et al. 1994). The artificial aquaculture environment is characterized by a decrease in water
quality and an accumulation of organic matter that promote proliferation of opportunistic bacteria
(Skjermo & Vadstein 1999; Olafsen 2001). Pathogens often arise in the early stages of larval
rearing because the culture of small and sensitive marine larvae often involves a period with no
or low water exchange (e.g., feeding period) (Skjermo & Vadstein 1999).

The bacterial population in the water significantly affects the bacteria colonizing live prey
(Nicolas 1989) and in fish digestive tracts (Munro et al. 1994; Ringø et al. 1996; Ringø &
Birkbeck 1999); this has been observed in flatfish larvae such as turbot Scophthalmus maximus
(Nicolas 1989) and summer flounder Paralichthys dentatus (Eddy & Jones 2002). Marine larvae
must take in water to maintain their osmotic balance, even before mouth opening (Reitan et al.
1998), so small amounts of bacteria could enter the digestive tract when water is ingested for
osmoregulation (Tytler 1988; Hansen & Olafsen 1999; Ringø & Birkbeck 1999); this facilitates
the inoculation of opportunistic bacteria in larvae. Thus gills and intestinal surfaces are important
sites of bacterial colonization. Nicolas et al. (1989) showed that prior to exogenous feeding,
turbot larvae had internal microflora similar to that of the water. Bacterial invasion through the
skin is also possible (Vadstein 1997). A way to decrease the impact of pathogenic bacteria is to
stimulate immune function by nutritional supplements. Dietary lipids and their constituent fatty
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acids are fundamental for very small and rapidly developing larvae as they supply energy and cell
components for structural membranes (Sargent et al. 2002).

Several studies have characterized the bacterial flora associated with cold-water marine fish
larvae without taking into account larval diet (review by Hansen & Olafsen 1999). In addition,
little information is available on the impact of commonly used enrichment media on the intestinal
microbiota of fish larvae (Korsnes et al. 2006) although a link has been revealed between dietary
essential fatty acids and immune function in fish: essential fatty acids and their derivative
products, eicosanoids, are highly biologically active and are involved in immunity (Tocher 2003).

Experiments conducted on channel catfish Ictalurus punctatus fed a diet enriched with n-3
fatty acids showed a positive correlation with macrophage activity while excess levels of highly
unsaturated n-3 fatty acids may not be as effective (Sheldon & Blazer 1991). Similar positive
effects were observed in rainbow trout Onchorhynchus mykiss (Kiron et al. 1995). These authors
showed that dietary levels of n-3 polyunsaturated fatty acids (PUFA) affect bacterial infections
and leucocyte mobility. Experiments on EFA deficiencies conducted on gilthead sea bream
Sparus aurata juveniles showed a decrease in both neutrophil activity and lymphocyte abundance
(Montero et al. 2004). Although the role of dietary lipids in fish immunity is not fully understood,
they may modulate the immune response by changing the physical properties of immune cell
membranes and cell membrane interactions (e.g., phagocytosis, antigen–antibody connections)
through eicosanoid production from arachidonic acid (20:4n-6, AA) and eicosapentanoic acid
(20:5n-3, EPA).
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The main objective of this work was two-fold: to study bacterial colonization of winter
flounder Pseudopleuronectes americanus larvae fed rotifers enriched with three different diets
and to examine the fatty acid dynamics in larval membranes and lipid reserves. Winter flounder
larvae were fed rotifers that had been enriched with three different commercial formulations for a
period of 22 days to obtain rotifers with different contents of AA and 22:6n-3, docosahexaenoic
acid (DHA) to EPA ratio.

Material and Methods

Larvae: culture and sampling
All experiments were conducted at the Station aquicole de Pointe-au-Père (UQAR, 48° 27'
N; 68° 32' W, Québec, Canada). Larvae were obtained using a reproduction method described
previously (Ben Khemis et al. 2000). Newly hatched (day 0) flounder larvae were reared in six
57-l cylindro-conical polyethylene tanks at a rearing density of 250 larvae l-1 from April to
August 2004. Tanks were supplied with filtered seawater (10 µm, 8.7 ± 0.5°C, 27 ± 1 g L-1) with
aeration; water temperature was maintained at 10°C and the photoperiod at 12 L:12 D. At mouth
opening, larvae were fed one of the three following formulations: (1) rotifers (Brachionus
plicatilis) enriched with Culture Selco 3000 (SEL), (2) rotifers enriched with DHA protein Selco
(DPS) (both from INVE Aquaculture, Grantsville, UT, USA), and (3) rotifers enriched with
AlgaMac-2000 (ALG) (Aquafauna Bio-Marine, Hawthorne, CA, USA). The compositions of the
three media used were available from their manufacturers (SEL: crude proteins = 400 g kg-1 dry
matter, lipids = 80 g kg-1 dry matter, DHA:EPA = 1; DPS: crude proteins = 270 g kg-1 dry matter,
lipids = 290 g kg-1 dry matter; DHA:EPA = 2; ALG: crude proteins = 200 g kg-1 dry matter, lipids
= 380 g kg-1 dry matter, DHA:EPA = 36). The ALG diet contains a relatively high level of n-6
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DPA (22:5n-6), which is generally retroconverted to AA in rotifers (Koven et al. 2001; Bransden
et al. 2004; Park et al. 2006; Parrish et al. 2007). Rotifer lipid and fatty acid compositions were
obtained from a previous experiment (Vaillancourt 2008) conducted in our laboratory using the
same enrichment protocol (Table 1). Rotifers were supplied to flounder larvae in excess and their
density was maintained at 15–20 rotifers larva-1, according to Laurence (1977). Two larval tanks
were used for each type of rotifer enrichment.

At hatching (day 0), yolk-sac larvae were placed in rearing tanks. Tank water was
continuously renewed for 4 days without food addition, until mouth opening. After mouth
opening, the water supply was stopped each day for 12 hours while a pseudo-green-water
preparation (a mixture of Isochrysis galbana, Pavlova lutheri and Nannochloropsis oculata) was
added to each tank for larval feeding. At the end of the day, water circulation resumed, allowing
complete renewal of the tank water during the night. Larvae were sampled with empty stomachs
before mouth opening at 4 days post-hatching (dph) and again at 15 and 26 dph as well as at
metamorphosis (38 to 46 dph). On day 26, larvae were first weaned onto larger prey (Artemia
franscicana) and then fed a formulated diet (Lansy Cw 1/8, INVE Aquaculture), a diet designed
for weaning cold-water marine fish larvae (DHA: 118 g kg-1, EPA: 73 g kg-1, AA: 11 g kg-1,
ALA: 39 g kg-1 of total fatty acids). Prey concentration was adjusted twice a day to maintain
constant prey levels.

At 26 dph, i.e., at the end of the rotifer feeding period, ten larvae were fixed with 10%
formaldehyde (≥ 24 h at ambient temperature) for light microscopy observations. Fixed larvae
were then dehydrated in an ascending series of ethanol solutions and embedded in methacrylate
resin. Tissues were sectioned (3 µm thickness) with a Supercut Reichert-Jung model 2050
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(Cambridge Instruments GmbH, Germany); sections were mounted on glass slides and stained
with a Gram staining kit (#77730, Sigma-Aldrich, Oakville, ON, Canada). Sections were
examined and photographed under 1000× (Olympus BX41, W. Carsen Co., Ltd., Don Mills, ON,
Canada). The occurrence of bacteria was determined and quantified in gut lumen and on gill and
fin surfaces (Figure 1). Bacterial density was calculated within intestinal lumen (bacteria mm-2),
and bacteria:tissue area proportions were calculated on gills and fins with Image Pro Plus
software v5.1 (Media Cybernetics, Silver Spring, MD, USA). Observations were made randomly
on 20 larvae for each of the three treatments. Three sections were observed for each individual
for each tissue studied.

Ten larvae from each tank were collected for standard length and maximal width
(± 0.1 mm) measurements at 4, 15, 26, 38, and 45 dph. To make measurements easier on day 4
larvae, one drop of 37.6% formalin was added and data were corrected using the Hjörleifsson &
Klein-MacPhee (1992) equation developed on winter flounder. Larvae surviving until
metamorphosis were placed in one of the duplicate tanks of either the ALG or DPS treatment. We
encountered a problem of water supersaturated in nitrogen, which prevented us from collecting
data in the other tanks.

Bacterial analysis
Water from each tank (9 ml) was sampled before the pseudo-green water was added then
fixed in 2% formaldehyde (neutral pH) on 4 (before mouth opening), 15, 26, 38 and 46 dph to
determine the total number of bacteria using flow cytometry. Samples were frozen at -80°C until
analysis. The total abundance of bacteria was determined using an Epics Altra flow cytometer
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(Beckman-Coulter, Mississauga, ON, Canada) equipped with a 488 nm argon laser operated at
15 mW. A 1 ml subsample was incubated with 0.25 µl of SYBR Green I (Molecular Probes Inc.,
Oregon, USA) for 30 min at room temperature in the dark. Fluorescent beads (10 µl, 1 µm
diameter) were added to each sample as an internal standard (Lebaron et al. 2002). Total
abundances of bacterial sub-populations with high and low nucleic acid contents (HNA and LNA
respectively) were graphically discriminated and enumerated (Lebaron et al. 2002) using right
angle light scatter (SSC, related to cell size) and the green fluorescence of nucleic acid-bound
SYBR Green I measured at 525 ± 5 nm. On day 46, culturable bacteria associated with rearing
water were characterized after 24 h of incubation in darkness at 20–25°C. Bacteria were
quantified as colony-forming units (CFU) using selective (thiosulfate–citrate–bile salts–sucrose,
TCBS, Merck KgaA, Darnstadtm Germany) and non-selective (marine agar) media to estimate
Vibrio spp. and heterotrophs respectively.

Lipid analysis
For lipid analysis, larvae were randomly sampled in each tank and individually rinsed three
times in Millipore-filtered seawater. They were pooled (60 larvae for 4, 15, and 26 dph and 40
larvae for 38 and 46 dph) to reach a sample dry mass of ~0.8 mg and frozen at -80°C. Lipid
extraction was performed using a modified Folch procedure (Folch et al. 1957). Chloroform was
substituted

by

dichloromethane

(Chen

et

al.

1981)

for

a

final

dichloromethane:methanol:potassium chloride volume ratio of 2:1:0.6. The homogenates were
mixed and centrifuged twice at 432 g for 2 min to obtain a biphasic system. After each
centrifugation, the lipid fraction was removed and transferred to a clean tube. The solvent was
evaporated under nitrogen flow and lipids were dissolved in 100 µl of CH2Cl2. For lipid class
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determinations, a 2 µl aliquot of each extract was used. Extracts were spotted onto S-III
Chromarods (Iatron Laboratories, Tokyo, Japan); classes were separated using four solvent
systems, as described in Parrish (1999), and determined by flame ionization detection using an
Iatroscan MK-6s (SES GmbH – Analytical Systems, Bechenheim, Germany). The four solvents
were 1) hexane:diethyl ether:formic acid (99:1:0.05), 2) a mix of hexane:diethyl ether:formic acid
(80:20:0.1), 3) 100% acetone, and 4) dichloromethane:methanol:water (5:4:1).

Lipids were fractionated into neutral lipids (NL, including triacylglycerol [TAG], free fatty
acids and sterols) and polar lipids (PL, including mainly phospholipids and minor amounts of
glycolipids) using column chromatography on silica gel hydrated with 6% water. The 100 mg
columns were preconditioned with 1 ml of methanol and 1 ml of chloroform. Aliquots of 300 µg
of lipids were loaded onto the solid-phase extraction column. Samples were gently drawn into the
solid phase under slight vacuum (∼ 1 ml min-1). Columns were washed with 1 ml
chloroform:methanol (98:2 v/v) to elute neutral lipids as described by Pernet et al. (2006).

For fatty acid analyses, lipid extracts were dried and fatty acid methyl esters (FAMEs) were
prepared by transesterification with 12% borontrifluoride (BF3) in methanol at 100°C (AOCS
1989). FAMEs were run on a SRI 8610C gas chromatograph (SRI, Torrance, CA, USA)
equipped with a DB-Wax fused-silica capillary column (30 m×0.25 mm I.D., 0.25 µm film
thickness; Agilent, Bellfonte, PA, USA). Hydrogen was used as the carrier gas (flow velocity: 80
cm s−1 at 145°C). FAMEs were directly introduced into a glass liner (uniliner, drilled, 4 mm, 6.3
mm×78.5 mm; Restek, Bellfonte, PA, USA) maintained at 300°C and 40 psi internal pressure for
4 min to ensure a complete transfer of the vapour sample onto the GC column. To avoid
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discrimination against high boiling point compounds during injection, the syringe was filled with
hexane, followed by 2 µL air, 1 µL sample and another plug of air (sandwich injection). The
temperature was initially held at 58°C for 4 min at 40 psi followed by a series of temperature
ramps: 20°C min−1 to 170°C at 20 psi; 1°C min−1 to 180°C; and finally 2°C min−1 to 220°C,
where it was held for 5 min. The FID system was maintained at 260°C. FAMEs were identified
by comparison of retention times with known standards—a 37-component FAME mix and
menhaden oil—and further quantified using nonadecanoic acid (19:0) as an internal standard
(Supelco, Bellfonte, PA, USA). Chromatograms were analyzed using integration software (Peak
Simple version 3.29, SRI, Torrance, CA, USA).

Statistical analysis
Statistical analyses were done using STATISTICA software (Tulsa, OK, USA) version 6.0
(α = 0.05). Normality of the data was examined using the Kolmogorov-Smirnov test. Significant
differences among larviculture treatments were tested using one- or two-way analyses of variance
(ANOVAs) for total bacteria in tank water, CFU counts, total length and width, and lipid classes;
fatty acids were tested using multiple analysis of variance (MANOVA). Homoscedasticity was
tested with the Brown-Forsythe test (Zar 1999). For subsequent multiple comparisons, Tukey
tests or Tukey tests for unequal n were performed. The Games & Howell test was used when the
homoscedasticity condition was not met.

Results

At the end of the rotifer feeding period (26 dph), bacterial density in the intestinal lumen
was six-fold lower (900 ± 1300 bacteria per mm2 [mean ± sd]) in larvae fed rotifers enriched with
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the ALG diet than in larvae fed rotifers enriched with the DPS and SEL diets (5.0 ± 5.6 103
bacteria mm-2). We observed no difference in the bacterial colonization of the gills (3.0 ± 4.6%)
and fins (23.4 ± 13.4%) among the three larval treatments (Table 2).

Bacterial cell abundance in the tank water, which was determined by flow cytometry, was
constant during the experiment (4 to 46 dph) and similar among the three larviculture treatments,
with an average of 4.8 105 bacteria ml-1. Two bacterial populations were observed, some with
high and some with low nucleic acid contents (HNA and LNA respectively). The HNA and LNA
cell abundance and % HNA (average of 71.5%) remained constant during the experiment.

At

metamorphosis

(46

dph),

we

observed

similar

mean

counts

of

Vibrio

(49.7 ± 21.2 CFU ml-1) and culturable bacteria (551.1 ± 412 CFU ml-1) in the rearing water
among feeding treatments. Although the ANOVA indicated a significant treatment effect for the
number of heterotrophic bacteria in tank water at 46 dph, no significant difference was detected
with the post-hoc test (Games & Howell). The Vibrio index, calculated as the geometric mean of
colony-forming units (CFU) on selective medium (TCBS) divided by the geometric mean of CFU
on marine agar, was 0.10 ± 0.01, 0.07 ± 0.00 and 0.07 for tank water in the SEL, DPS and ALG
treatments respectively.

At 26 dph, the relative proportions of triacylglycerol (TAG) were low and similar in larvae
from the three dietary treatments (Table 3). At 46 dph, the TAG proportion was higher in larvae
previously fed rotifers enriched with the ALG diet compared to larvae from the SEL treatment.
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From day 15 to 26, we observed accumulations of AA in the NL that were twice as high in
larvae fed rotifers enriched with the ALG diet compared to larvae fed the other two diets
(Figure 2A). The PL fraction of AA was similar among treatments (Figure 2B). The relative
proportion of AA in the PL fraction dropped by 2.5 times between day 26 and day 46 and was
highest in larvae fed the ALG diet. The same pattern was observed in NL at metamorphosis. From
4 to 26 dph, the EPA proportion in NL decreased slightly and was significantly higher in larvae
fed rotifers enriched with DPS than in larvae that had the SEL diet (Figure 2C). From 4 to 26 dph,
EPA levels in PL were similar to those in NL, with the lowest EPA level observed at 26 dph in
PL of larvae fed the ALG diet (Figure 2D). At 38 and 46 dph, the EPA content in NL decreased to
around 2% of the TFA and to an average of 6% of the TFA in PL. Before mouth opening (4 dph),
the DHA proportions in NL and PL were similar among treatments (Figure 2E & F). The highest
DHA level was observed in larvae fed ALG at 15 and at 26 dph in both NL and PL. In larvae fed
rotifers enriched with ALG, we observed accumulations of 22:5n-6 (n-6 DPA) in NL and PL that
represented more than 6.5% of the TFA (Table 4).

From 15 to 26 dph, PUFA content in both NL and PL was higher in larvae fed the ALG diet
than in those of the SEL treatment (Table 4) and was higher at 46 dph in NL from larvae fed the
ALG diet than in those fed the two other diets (Table 4). From 15 to 26 dph, the relative
proportion of monounsaturated fatty acids (MUFA) was the lowest in the NL and PL from larvae
fed the ALG diet. Globally, MUFA content increased in NL and PL of all larvae up to 26 dph
whereas the proportion remained constant in the PL fraction of larvae fed the ALG diet. The
relative percentage of saturated fatty acids (SFA) in the NL and PL of larvae decreased at 26 dph
and was higher in the NL of larvae fed the ALG diet than in those fed the DPS diet from 15 to 26
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dph. After the beginning of co-feeding, the relative proportion of linolenic acid reached 18 to
23% of the TFA at 38 dph in NL and PL respectively (Table 4).

On day 26, larvae from the ALG diet were longer than those from the SEL diet (Figure 3).
On day 46, all larvae had reached similar total lengths. Total widths were similar among
larviculture treatments on day 26 (data not shown). Larval survival rates from the ALG and DPS
treatments were 11.1 and 16.6% respectively and there was no statistical difference between
treatments.

Discussion

As early as the time of mouth opening, winter flounder larvae have been shown to be
equipped with enzymes involved in lipid digestion (Murray et al. 2003), highlighting the
importance of dietary lipids for larval growth. Arachidonic acid seems to be an important fatty
acid for winter flounder larvae, as they appear to have the ability to selectively incorporate
dietary AA into their cellular membranes. AA has been shown to be highly conserved in
conditions of dietary deficiency (Bell & Sargent 2003) in the larvae of several flatfish species
such as turbot (Rainuzzo et al. 1994), yellowtail flounder Limanda ferruginea (Copeman &
Parrish 2002), and summer flounder Paralichthys dentatus (Willey et al. 2003).

Although we observed a higher relative percentage of AA in the NL of larvae fed rotifers
containing a higher relative level of AA, no parallel increase was detected in PL. However,
studies have shown that an increased AA content in the PL of gilthead sea bream Sparus auratus
larvae was related to an increase in the dietary AA level (Bell et al. 1995; Bessonart et al. 1999).
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The same phenomenon was observed for EPA in turbot larvae (Reitan et al. 1994). The fatty acid
composition of NL generally reflects that of the diet while the fatty acid composition of PL is
more strongly regulated and reflects membrane requirements (Sargent et al. 2002). We suggest
that the relative AA level (6.6% of TFA) reached in the cellular membranes of 26 dph winter
flounder larvae could be sufficient to sustain larval development.

The lower bacterial density in intestinal lumen was correlated with the dietary treatment
that resulted in a higher AA level and higher DHA to EPA ratio in rotifers (ALG treatment). The
higher total length observed in winter flounder larvae of the ALG treatment suggests that the
bacteria associated with the intestinal lumen were not pathogenic. High standard deviations
observed for bacterial density data in intestinal lumen are indications of great differences among
larvae from each treatment. This variability was also observed in intestinal flora of tilapia
(Oreocrhomis mossambicus), carp (Cyprinus carpio) and goldfish (Carassius auratus) (Asfie et
al. 2003). Using four commercial enrichments for rotifers (Algamac 2000, AquaGrow Advantage
[Advanced Bionutrition Columbia, USA], Marol E [SINTEF, Trondheim, Norway] and Protein
Selco [INVE, Baasrode, Belgium]), Korsnes et al. (2006) observed an effect on bacterial
colonization in the gastro-intestinal tracts of cod Gadus morhua larvae as well as on the bacterial
concentration in enrichment cultures. As in our study, these results suggest that the different
rotifer enrichments probably affected the number of colony-forming bacteria in the larval
gastrointestinal tract.

When considering the fact that classic culture methods only detect 0.1–1% of total marine
bacteria (Vadstein et al. 2004), our total bacterial enumerations in larval tank water using flow
cytometry were low compared to values obtained in other studies using the classic culture
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methods. Several studies have reported low levels of Vibrio in rotifer rearing (Verdonck et al.
1997; Skjermo & Vadstein 1999). The low levels of Vibrio in larval tanks during the rotiferfeeding period could be explained by the use of microalgae, both as food for rotifers and as green
water in the larval rearing tank. The addition of algae to the water in fish tanks can considerably
alter the composition of the bacterial flora associated with rearing water, larval skin and gut
(Skjermo & Vadstein 1993) and can prevent Vibrio proliferation (Salvesen et al. 1999). Pavlova
lutheri and Isochrysis galbana, which were present in the pseudo-green water used in our
experiment, have been shown to increase the diversification of bacterial communities (Støttrup &
McEvoy 2003). A larger fraction of slow growers and fewer opportunistic (potentially
pathogenic) fast growing bacteria were observed compared to larval rearing in clear water. The
Vibrio indexes of tank water at 46 dph (0.07–0.15) were lower than the value of 0.24 observed by
Eddy & Jones (2002) on summer flounder larvae of a similar stage.

The low levels of total culturable heterotrophic bacteria and Vibrio that we observed could
be due to the fact that the bottom of the larval rearing tank was cleaned at regular intervals from
26 to 46 dph, thus Vibrio, which survive and proliferate in fish feces (Olsson et al. 1998), could
have been partially eliminated. In addition, the Artemia used in this study were non-enriched and
harvested in 0.2 µm prefiltred seawater. Ritar et al. (2004) observed that the bacteria load
associated with Artemia enriched with Algamac was six times higher as early as 6 h after
enrichment compared to those enriched with oil emulsion and Chaetoceros muelleri.

In our study, tank conditions could be inadequate for the growth of bacteria associated with
live prey (rotifers and Artemia). Thus, winter flounder larvae were probably exposed to low
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levels of opportunistic bacteria in tank water before and after weaning onto the Artemia and dry
diet. This was shown by the constant abundance of high and low nucleic acid bacteria and the
low Vibrio index observed at 46 dph. However, bacteria associated with live feed is the major
influx to tank water and hence to the intestinal microbiota of larvae (Skjermo & Vadstein 1993;
Munro et al. 1994; Makridis et al. 2000; Jensen et al. 2004). Bacteria associated with individual
rotifers have been shown to be active and able to grow (Nicolas 1989). Artemia can have high
Vibrio levels (Tanasomwang & Muroga 1988; Tanasomwang & Muroga 1989; Verschuere 1997;
Olsen et al. 1999; Olsen et al. 2000; Eddy & Jones 2002), and its use as a feed for marine fish
larvae has been shown to coincide with an increase in total bacteria and specific Vibrio
abundance in the water, as recently observed by Plante et al. (2007).

At 26 dph, larvae fed rotifers containing the highest relative AA level and DHA:EPA ratio
were longer than larvae fed SEL-enriched rotifers. Recently, Garcia et al. (2008) observed a
higher specific growth rate in cod larvae fed ALG-enriched Artemia compared to those fed
AquaGrow Advantage. Studies have demonstrated the ability of AA to enhance larval fish
growth in the presence of high dietary DHA to EPA ratios (Bessonart et al. 1999; Willey et al.
2003). Juvenile turbot fed pure AA and DHA showed higher growth when fed a diet containing
just AA (Castell 1994).

After the beginning of weaning onto non-enriched Artemia and the dry diet, we observed a
decrease in the relative proportion of EFAs in all larvae. The decrease in essential fatty acids in
both neutral and polar lipids reflects a problem during weaning. The concomitant increase in
linolenic acid in both larval neutral and polar lipids suggests that the flounder larvae could not
assimilate the dry diet (which was characterized by low levels of linolenic acid [3.8% of TFA],
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and relatively high levels of PUFA [38.2% of total fatty acids]) but could profit from the nonenriched Artemia (which have high levels of linolenic acid).
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Table 1

Lipid classes and selected fatty acid composition (mean ± SD, n = 3) of enriched

rotifers. Enrichment diets were Culture Selco (SEL), DHA protein Selco (DPS) and Algamac
2000 (ALG). Data were obtained in our laboratory (Vaillancourt, 2008).
SEL

DPS

ALG

11.9 ± 6.1

21.7 ± 3.9

16.4 ± 7.3

Steryl/wax esters

2 ± 3a

5 ± 4ab

7 ± 4ab

Triacylglycerols

31 ± 6

44 ± 15

32 ± 10

Free fatty acids

14 ± 12

6±8

13 ± 10

5±5

4±6

4±3

polar lipids

21 ± 10

14 ± 12

14 ± 7

Phospholipids

ab

b

8 ± 3a

Total lipids
(mg g-1 wet weight)

Lipid class
(% of total lipids)

Sterols
Acetone mobile

13 ± 3

17 ± 40

Selected fatty acids
(% of total fatty acids)
∑SFA

22.7 ± 3.8a

25.0 ± 0.9a

34.7 ± 4.0b

∑MUFA

47.6 ± 3.2c

32.6 ± 1.6b

17.8 ± 4.9a

∑PUFA

37.1 ± 0.8

48.3 ± 10.0

59.3 ± 16.9

AA

1.1 ± 1.0

1.9 ± 0.2

3.8 ± 0.5

EPA

11.1 ± 6.7

7.2 ± 0.4

6.8 ± 2.5

DHA

5.8 ± 3.8ab

12.9 ± 1.3bc

21.1 ± 6.1c

DHA:EPA

0.5 ± 0.0a

1.8 ± 0.1ab

3.2 ± 1.1b

15.6 ± 19.2

3.8 ± 0.1

1.8 ± 0.5

EPA:AA

Different superscript letters indicate significant differences among diets (P < 0.05).
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Table 2

Bacterial colonization in intestinal lumen (bacteria mm-2) and on gills and fins (%
bacteria area/tissue area observed) of winter flounder larvae at 26 days post-hatching
that had been fed rotifers enriched with three commercial diets: AlgaMac 2000
(ALG), DHA protein Selco (DPS), and Selco 3000 (SEL). Two larval tanks were used
for each type of rotifer enrichment. The asterisk indicates significant difference
among treatments.

Intestinal lumen
Gills
Fins

ALG
870 ± 1265*
3.9 ± 6.7
23 ± 15.2

DPS
3544 ± 2415
1.9 ± 1.8
22.4 ± 12.5

SEL
6541 ±7308
2.9 ± 3.3
24.9 ± 13.0
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Table 3

Lipid class contents presented as % weight of total lipids (mean ± SD) of winter
flounder larvae fed with rotifers raised on one of three media treatments (AlgaMac
2000 [ALG], DHA protein Selco [DPS] and Selco 3000 [SEL]). Two larval tanks
were used for each type of rotifer enrichment. Different superscript letters indicate
significant differences among treatments for a given sampling day (P < 0.05). dph:
days post-hatching.

dph Treatment
ALG
DPS
4
SEL
ALG
DPS
SEL
15
ALG
DPS
26
SEL
ALG
DPS
SEL
38

46

Triacylglycerol
Sterol
0.9 ± 1.0
7.6 ± 3.9
2.1 ± 2.5
7.0 ± 3.3
3.6 ± 1.3
11.1 ± 10.2
1.4 ± 1.7
8.6 ± 5.4
1.9 ± 1.3
8.3 ± 3.0
0.9 ± 1.0
8.2 ± 3.6
8.7 ± 5.1
8.5 ± 2.8
5.8 ± 2.8
8.1 ± 2.9
3.2 ± 0.8
8.9 ± 3.4
19.0 ± 4.5
9.7 ± 2.8
15.1 ± 3.5
9.7 ± 2.0
15.1 ± 3.5
9.9 ± 3.1

Phospholipid
87.7 ± 2.3
85.5 ± 3.4
82.1 ± 13.0
86.2 ± 7.0
88.6 ± 4.9
88.7 ± 5.2
80.9 ± 7.0
84.6 ± 5.3
87.0 ± 4.5
65.8 ± 11.4
66.3 ± 11.4
70.3 ± 8.9

ALG

24.5 ± 4.1b

9.6 ± 2.3

62.5 ± 10.7

DPS

21.9 ± 4.1b

11.4 ± 2.2

62.6 ± 9.3

SEL

13.6 ± 4.0a

10.5 ± 3.2

74.0 ± 8.2
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Table 4

Selected fatty acid contents (% of TFA ± SD) in neutral and polar lipids of winter
flounder larvae fed one of three rotifer enrichments until 26 days post-hatching (dph):
AlgaMac 2000 (ALG), DHA protein Selco (DPS) and Selco 3000 (SEL). Two larval
tanks were used for each type of rotifer enrichment. Different superscript letters
indicate significant differences among treatments for a given sampling day (P <
0.05).

Fatty acid dph
ALG
16:0
4 19.0 ± 5.0
26 14.1 ± 0.1
46 9.2 ± 0.1
18:0
4
8.9 ± 0.6
26 5.0 ± 0.9
46 5.1 ± 0.3
16:1n-7
4
1.8 ± 0.2
26 10.0 ± 2.6
46 3.2 ± 0.1
18:1n-9
4 11.8 ± 1.9
26 4.6 ± 0.2
46 19.9 ± 0.3
18:1n-7
4
2.5 ± 1.1
26 5.9 ± 0.8
46 8.1 ± 0.3
24:1n-7
4
4.5 ± 0.4
26 2.4 ± 0.2
46 0.1 ± 0.1
18:2n-6
4
3.9 ± 0.2
cis
26 1.6 ± 0.3
46 5.6 ± 0.7
18 :3n-3
4
0.0 ± 0.0
26 0.2 ± 0.2
46 25.6 ± 0.2
22:5n-6
4
0.0 ± 0.0
26 7.1 ± 0.6
46 0.3 ± 0.0
22:5n-3
4
1.9 ± 0.3
26 3.5 ± 0.2
46 0.2 ± 0.0
20:4n-6
4
2.3 ± 0.4
26 6.7 ± 0.6
46 2.7 ± 0.1
20:5n-3
4 10.1 ± 1.6
26 8.4 ± 0.8

Neutral lipids
DPS
16.3 ± 0.3
14.1 ± 2.9
9.5 ± 0.1
8.6 ± 0.5
5.6 ± 0.9
6.0 ± 0.2
2.9 ± 1.1
11.0 ± 3.2
3.2 ± 0.2
14.3 ± 1.5
13.9 ± 0.1
20.3 ± 0.1
3.1 ± 0.9
3.9 ± 0.2
8.5 ± 0.2
4.1 ± 1.1
2.3 ± 1.1
0.3 ± 0.0
5.1 ± 1.1
5.6 ± 0.1
5.6 ± 0.0
2.2 ± 0.4
0.7 ± 0.1
24.6 ± 0.4
0.1 ± 0.2
0.4 ± 0.1
0.0 ± 0.0
2.1 ± 0.6
4.5 ± 0.4
0.4 ± 0.0
2.5 ± 0.6
3.8 ± 0.7
1.0 ± 0.0
10.5 ± 1.5
8.8 ± 0.3

SEL
15.8 ± 0.3
12.2 ± 0.0
10.1 ± 0.7
8.0 ± 0.1
7.2 ± 0.1
6.8 ± 0.8
2.5 ± 0.0
11.0 ± 0.2
2.9 ± 0.1
14.1 ± 0.4
14.6 ± 0.0
19.4 ± 0.7
3.3 ± 0.3
4.8 ± 0.1
8.1 ± 0.3
5.8 ± 0.0
3.6 ± 0.2
0.9 ± 0.8
4.0 ± 0.2
5.0 ± 0.0
5.5 ± 0.0
1.3 ± 0.3
1.0 ± 0.0
22.2 ± 1.2
0.1 ± 0.1
0.2 ± 0.0
0.0 ± 0.0
1.6 ± 0.1
4.7 ± 0.2
0.2 ± 0.3
2.4 ± 0.0
3.3 ± 0.1
1.2 ± 0.5
8.9 ± 0.1
6.9 ± 0.3

ALG
24.4 ± 0.6
21.8 ± 0.1
16.3 ± 0.4
8.9 ± 0.7
7.5 ± 0.6
6.9 ± 0.3
1.7 ± 0.3
4.0 ± 0.3
1.9 ± 0.1
10.4 ± 0.3
5.3 ± 0.1
15.6 ± 0.8
3.0 ± 0.1
5.5 ± 0.0
6.6 ± 0.0
1.5 ± 2.1
1.0 ± 0.1
0.1 ± 0.0
3.5 ± 0.3
1.0 ± 0.1
7.4 ± 0.3
0.7 ± 0.0
0.1 ± 0.1
18.6 ± 0.0
0.0 ± 0.0
6.7 ± 0.3
1.3 ± 0.3
1.3 ± 0.1
2.8 ± 0.4
0.8 ± 0.0
4.6 ± 2.4
7.6 ± 0.4
3.1 ± 0.0
11.4 ± 0.5
6.1 ± 0.3

Polar lipids
DPS
23.4 ± 0.1
19.3 ± 0.5
16.3 ± 0.3
8.5 ± 0.2
7.6 ± 0.4
7.0 ± 0.2
1.9 ± 0.1
4.8 ± 0.8
1.9 ± 0.2
9.6 ± 0.3
11.1 ± 0.2
15.9 ± 0.2
3.1 ± 0.3
4.2 ± 0.4
6.5 ± 0.0
2.2 ± 0.4
0.8 ± 0.3
0.3 ± 0.0
3.5 ± 0.4
4.4 ± 0.1
7.8 ± 0.1
1.0 ± 0.3
0.3 ± 0.0
18.4 ± 0.2
0.3 ± 0.4
0.3 ± 0.4
0.2 ± 0.0
1.4 ± 0.1
5.9 ± 0.1
1.4 ± 0.3
3.6 ± 0.7
6.5 ± 0.8
2.7 ± 0.0
11.7 ± 0.2
9.9 ± 1.3

SEL
23.3 ± 0.1
18.0 ± 0.5
16.1 ± 0.2
8.7 ± 0.3
8.7 ± 0.2
7.2 ± 0.1
1.9 ± 0.1
6.0 ± 0.2
1.9 ± 0.1
10.2 ± 0.4
13.2 ± 0.1
15.9 ± 0.0
3.0 ± 0.2
4.8 ± 0.2
6.3 ± 0.1
2.7 ± 0.2
1.1 ± 0.1
0.6 ± 0.4
3.5 ± 0.1
5.4 ± 0.1
7.9 ± 0.3
0.8 ± 0.1
0.6 ± 0.1
18.0 ± 0.9
0.2 ± 0.3
0.4 ± 0.0
0.1 ± 0.1
1.4 ± 0.1
6.4 ± 0.1
1.5 ± 0.1
3.5 ± 0.6
5.7 ± 0.7
2.7 ± 0.1
11.4 ± 0.8
9.2 ± 0.0

28

22:6n-3

SFA

MUFA

PUFA

46
4
26
46
4
26
46
4
26
46
4
26
46

2.0 ± 0.1
19.6 ± 4.0
17.2 ± 0.5
0.7 ± 0.0
34.1 ± 3.9b
25.1 ± 0.6b
16.3 ± 0.3
23.8 ± 5.3a
27.0 ± 0.7a
36.3 ± 0.0a
42.1 ± 9.2b
47.9 ± 0.1b
47.4 ± 0.3b

2.3 ± 0.1
20.0 ± 1.2
8.8 ± 3.4
0.7 ± 0.3
27.5 ± 0.2a
24.2 ± 3.2a
17.2 ± 0.2
27.7 ± 4.7b
39.3 ± 1.6b
37.5 ± 0.2a
44.8 ± 4.5ab
36.5 ± 4.8ab
45.3 ± 0.0a

2.6 ± 0.7
20.5 ± 0.4
5.8 ± 0.1
1.3 ± 1.1
27.2 ± 0.4ab
24.0 ± 0.4ab
19.1 ± 1.4
30.8 ± 1.0b
44.2 ± 0.5b
36.4 ± 0.7a
42.0 ± 0.6a
31.8 ± 0.9a
44.5 ± 0.7a

5.1 ± 0.0
22.2 ± 0.6
23.9 ± 1.7
4.5 ± 1.0
35.2 ± 2.2
32.0 ± 0.7
24.5 ± 0.7
19.7 ± 0.8
17.2 ± 0.2a
27.7 ± 0.7
45.0 ± 1.4
50.8 ± 0.9b
47.9 ± 1.4

6.1 ± 0.4
23.3 ± 1.0
15.7 ± 2.6
3.6 ± 0.1
33.7 ± 0.0
28.9 ± 0.0
24.2 ± 0.6
19.5 ± 0.3
24.5 ± 0.7b
28.2 ± 0.2
46.8 ± 0.3
46.5 ± 0.7ab
47.6 ± 0.3

6.0 ± 0.0
22.5 ± 1.4
9.0 ± 0.3
2.3 ± 0.8
34.1 ± 0.9
29.0 ± 0.5
24.7 ± 0.4
20.9 ± 0.7
29.6 ± 0.4c
28.6 ± 0.7
44.9 ± 1.6
41.4 ± 0.1a
46.7 ± 1.1
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Figure captions
Figure 1

Figure 1. Histological slices of a winter flounder larva, 26 days post-hatching. (a)
Gills: A = cartilage in gill arch; B = bacteria. (b) Intestine: A = enterocyte; B =
bacteria; C = brush border; D = intestinal lumen. Scale bar = 10 µm (1000×, oil
immersion).

Figure 2

Essential fatty acids (% of TFA ± SD) in neutral and polar lipids in winter flounder
larvae fed three rotifer enrichments ( AlgaMac 2000 [ALG],  DHA protein Selco
[DPS],  Selco 3000 [SEL]) until 26 dph then weaned onto non-enriched Artemia
and a dry diet (Lansy Cw). Two larval tanks were used for each type of rotifer
enrichment. Asterisks indicate significant differences in fatty acid content in the
indicated treatment on a given sampling day. Arrows on the x-axes indicate the
switch between rotifers and co-feeding and the horizontal dashed lines indicate the
relative fatty acid level in the dry diet.

Figure 3

Total lengths of winter flounder larvae fed three rotifer enrichment media (
Algamac 2000 [ALG];

DHA protein Selco [DPS];  Selco 3000 [SEL]) until 26

dph and then weaned onto Artemia and a dry diet (Lansy Cw). Two larval tanks were
used for each type of rotifer enrichment. Different letters indicate significant
difference among larviculture treatments at a given day post-hatching.
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