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Essential Fatty Acid Requirements in
Tropical and Cold-Water Marine Fish
Larvae and Juveniles

Sahar Chauffour Mejri', Réjean Tremblay?*, Céline Audet?, Paul S. Wills' and Marty Riche’

"Harbor Branch Oceanographic Institute, Florida Atlantic University, Fort Pierce, FL, United States, “Institut des Sciences de
la Mer, Université du Québec a Rimouski, Rimouski, QC, Canada

To improve survival at early developmental stages (larvae and juveniles) of captive fish
species, essential nutrients [i.e., essential fatty acids (EFA)] need to be identified. The
physiological needs are likely to be different among species, particularly among those
using different thermal habitats, because lipids are largely used to maintain cell membrane
integrity (homeoviscous adaptation) in fishes. This review paper will focus on currently
published research and the main results from our laboratories regarding optimum qualitative
EFA requirements during larval and early juvenile stages in a warm-water marine species,
the Florida pompano (Trachinotus carolinus), and a cold-water marine species, the winter
flounder (Pseudopleuronectes americanus). To identify the qualitative optimal EFA
requirements, we calculated the ratio of certain fatty acids (FA) in larval or early juvenile
tissues to total FA present in the diet. This ratio indicates whether a specific FA from prey
is selectively incorporated by larvae and juveniles. Overall, we found that young larvae
from both cold- and warm-water species have greater demands for n-3 and n-6 highly
unsaturated fatty acids (HUFA) than do larvae at weaning stages. However, the qualitative
EFA requirements of the cold-water species at all early developmental stages were higher
than those of the warm-water species. Enriched rotifer diets provided satisfactory amounts
of omega 3 and omega 6 in Florida pompano, with small selective retention for
docosahexaenoic acid (DHA), eicosapentaenoic acid (EPA), and arachidonic acid (ARA),
suggesting a potential minor diet deficiency in these EFA. There were higher deficiencies
in the cold-water species fed enriched rotifers, as demonstrated by the higher selective
retentions of all EFA (DHA, EPA, and ARA), with the exception of larvae fed with copepods.
The physiological needs in EFA for juvenile development seemed to be better met for both
species when they were fed micro pellets. From the beginning of settlement and in young
juveniles, qualitative values of 12% DHA, 10% EPA, 5% ARA, and 40% PUFA of total FA
seem to be required for winter flounder juvenile development. In Florida pompano, these
requirements could be met until larger juvenile stages, with 15% DHA, 3% EPA, 2% ARA,
2% DPA, and total PUFA below 30% of total FA. This review was done to aid future research
aiming to develop nutritionally balanced microdiets or live-prey enrichment diets to satisfy
the physiological requirements of captive tropical and cold-water marine fish species.
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INTRODUCTION

Lipid energy is transferred from phytoplankton to fish via
zooplankton. A good indication of the energetic importance
of lipids for fish was demonstrated by Yaragina et al. (2000),
who showed that total lipid energy is a predictor of reproductive
potential in fish stocks. During digestion, ingested lipids
containing fatty acid chains of more than 14 carbons are
hydrolyzed to yield free fatty acids, monoacylglycerols, and - in
the case of phospholipids (PL) - lysophospholipids. These
products pass through the mucosal wall of the small intestine,
reform into triglycerides, and are transported to tissues by
chylomicrons in the blood (Budge et al., 2006). Small-chain
fatty acids (<14°C) are transported directly to the liver to
be oxidized. Thus, long-chain fatty acids can be preserved
during the digestive process and selectively retained by fish
to sustain later development.

Aquaculture development of new marine fish species is
challenged by a critical knowledge gap concerning the nutritional
needs at larval and early juvenile stages. The optimization of
feeding conditions and the nutritional quality of starter diets,
which are generally at least partially made up of enriched live
prey, directly influence the success of these early stages as
estimated by growth and survival surveys. Lipids are a major
nutritional constituent and are the main source of metabolic
energy sustaining the rapid development of early stages
(Glencross, 2009). Lipids provide at least two-thirds more energy
per gram than proteins or carbohydrates (Parrish, 2013). Of
the different lipid classes, neutral lipids, including wax esters,
sterols, free fatty acids, and triglycerides have a rapid turnover
and can satisfy short-term energy needs (Budge et al., 2006),
while the p-oxidation of saturated fatty acids (SFA) releases
energy more efficiently than polyunsaturated fatty acids (PUFA;
Langdon and Waldock, 1981).

Despite years of research, lipids remain the least well-
understood nutrient (Glencross, 2009; Parrish, 2013). Some
fatty acids are considered as essential fatty acids (EFA) for
marine fish development because they cannot be biosynthesized
to support normal development (Glencross, 2009). EFA are
involved in different physiological functions, including
reproduction, immunity, ion balance regulation, muscle
contraction, cell adhesion, vascular tone, buoyancy control,
and brain and eye development, and thus directly affect the
growth and survival of marine animals (Glencross, 2009; Pond
and Tarling, 2011; Gurr et al, 2016). These EFA are mainly
from two related families (n-3 and n-6) and from three long-
chain PUFA: docosahexaenoic acid (DHA, 22:6n-3),
eicosapentaenoic acid (EPA, 20:5n-3), and arachidonic acid
(ARA, 20:4n-6), which have long been considered crucial. DHA
and EPA have important roles in the maintenance of membrane
fluidity while ARA and EPA are precursors of bioactive
eicosanoids (Tocher, 2010). During larval development, DHA
is preferentially incorporated into nervous and retina tissue
(Izquierdo et al., 2000; Villalta et al., 2008), and growth anomalies
and high mortality are observed when DHA is insufficient
(Tocher, 2010). Other dietary FA, including linoleic acid (LA;
18:2n-6) and o-linolenic acid (LNA; 18:3n-3), are stored in

muscle tissue to meet physiological needs and are also related
to fish growth and survival to some extent (Jardine et al.,
2020). These FA are precursors of DHA, EPA, and ARA, but
as already pointed out; the activities of the specific enzymes
(desaturase and elongase) responsible for their biosynthesis are
limited in most marine species.

Artemia and rotifers contain high levels of PL, which are
considered valuable for fish nutrition (Tocher et al., 2008),
and they are the main live prey used in aquaculture. However,
their low levels of EFA are not adequate for early life stages,
so they must be enriched before being used as prey (Qie
et al, 2011). In contrast, copepods, which are natural fish
prey in the wild, are rich in phospholipids and EFA, but their
laboratory production is complex and challenging (Drillet and
Lombard, 2015). Although the PL content per dry weight (DW)
in rotifers and Artemia cannot be manipulated, their fatty acid
composition can be modified with the use of enrichments
(Castell et al., 2003; Monroig et al., 2003; Seychelles et al., 2009;
Hawkyard et al., 2015).

One interesting method used to determine the prey’s
nutritional quality in terms of EFA is the ratio of specific
fatty acids in larval or early juvenile tissues to the total fatty
acids present in the prey [the fish to diet (FD) ratio]. This
FD ratio indicates whether a specific prey fatty acid is selectively
incorporated by larvae and juveniles (Copeman et al.,, 2002;
Pernet and Tremblay, 2004; Gendron et al., 2013; Martinez-
Silva et al., 2018). If the relative proportion of a specific fatty
acid in larvae or juveniles to their diet is equal to or below
1, then the specific requirement for this fatty acid could
be considered as satisfied. In contrast, if the relative proportion
is higher than 1, then we would presume that this FA is
selectively incorporated by larvae or juveniles, which may
indicate a potential dietary deficiency.

The objective of this review paper is to present published
research regarding live-prey diets used in early developmental
stages of Florida pompano (Trachinotus carolinus) and winter
flounder (Pseudopleuronectes americanus), two contrasting
models from tropical and temperate coastal habitats, respectively,
to determine whether their ontogenic EFA needs are comparable.
Both species are commercially important and contribute to
the economies of their distribution range, compelling the
aquaculture industry to search for more effective rearing
methods. Our aim is to examine whether FD ratios can give
information about differing needs through the first stages of
development and how these needs are comparable between
tropical and cold-temperate species. To estimate potential
dietary deficiencies in EFA, we used the FD ratio as an
optimization tool. The FD ratio as well as compositions of
fatty acid that are considered to be essential or of special
importance for larval and juvenile development [18:2n-6,
18:3n-3, 20:4n-6, 20:5n-3, 22:6n-3, total n-3, total n-6, SFA,
monounsaturated fatty acids (MUFA), and PUFA] are presented
and compared between relatively similar ontogenic stages in
the two species considered (Table 1).

The lipid composition of larvae and/or juveniles has been
presented in detail for Florida pompano (Cavalin and Weirich,
2009; Hauville et al., 2014, 2016; Rombenso et al., 2016, 2017;
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TABLE 1 | Age or mass of larvae and juveniles of the two species compared in
this review.

Ontogenic stage Florida pompano Winter flounder

Mouth opening No data available 4 DPH

Live prey feeding 9 DPH 15-22 DPH
Weaning 17 DPH 26 DPH
Beginning of settlement 38 DPH

Early settled juveniles 30 DPS

0+ juveniles 60 and 90 DPS
Juveniles Around 40 g

Florida pompano (T. carolinus): larval rearing at 26-27°C; winter flounder (P americanus):
larval rearing at 10°C. DPH, days post-hatch; DPS, days post-settlement.

Jackson et al., 2020) and for winter flounder (Mercier et al., 2004;
Seychelles et al, 2011, 2013; Vagner et al, 2013; Bélanger
et al., 2018; Martinez-Silva et al., 2018). While these studies
examined different developmental stages, we have merged the
results for the purpose of comparison.

NUTRITIONAL RATIOS AND FATTY ACID
COMPOSITION

FD Ratio in Larvae
Florida pompano larvae at the live-prey feeding period-fed
several enriched rotifer diets [Isochrysis sp. (ISO), Pavlova sp.
(PAV), Protein Selco Plus (PS+), Ori-Green (OG), Protein highly
unsaturated fatty acid (HUFA; PH), and AlgaMac 3050 (AM)]
showed specific needs for DHA, EPA, and ARA, with selective
retention of these three EFA (Figure 1). The FD ratio for EPA
was relatively close to one in larvae fed the different enriched
diets, particularly for the AM- and OG-enriched diets, showing
accumulations of up to 7% of total FA (Table 2). Exceptions
were noted for ISO-enriched diets, which showed ratios near
1.5. DHA requirements seemed to be satisfied by most diets,
with an average of 15% of total FA (Table 2) and the best
FD ratio for DHA being observed in larvae fed diets enriched
with PAV and PH (ratio = 1.053 and 1.056, respectively). This
suggests that these diets satisfied most physiological needs of
the larvae at this developmental stage. All diets showed FD
ratios above one for ARA, suggesting that these enrichments
did not satisfy the requirements for this PUFA (Figure 1). The
maximal ARA accumulation observed at the live-prey feeding
stage was 3.5% of total FA (Table 2), with FD ratios between
1.26 and 1.89 depending on the diet. LA and LNA were not
selectively retained by larvae at this stage, with ratios < 1 and
low relative percentages of LNA (0.6% of total FA; Table 2).
However, two diets (PAV and AM) seemed to better supply
the LA and LNA requirements, with FD ratios equal to one
(Figure 1). Overall, total omega 3 (n-3) and omega 6 (n-6)
FD ratios were close to one for all diets (Figure 1), suggesting
that the different enriched rotifer diets provided satisfactory
amounts of n-3 and n-6 PUFA for larvae at the live-feeding stage.
At the weaning period [17 days post hatch (DPH)], Florida
pompano larvae were fed different microdiets (Gemma, Otohime,
and LR803) and generally showed FD ratios close to one.

TABLE 2 | Relative percentages of fatty acids in Florida pompano (7. carolinus)
larvae at live prey feeding and weaning (9 and 17 DPH, respectively; Cavalin and
Weirich, 2009; Hauville et al., 2014).

Live prey feeding Weaning
18:2n-6 (LA 6.58 + 2.53 16.32 £ 10.45
18: 3 n-3 (LNA) 0.59 +0.28 222 +0.99
20: 4 n-6 (ARA) 3.55 + 0.41 0.47 +0.15
20: 5n-3 (EPA) 7.28 +£1.22 5.20 + 2.65
22:6 n-3 (DHA) 15.06 + 4.59 8.57 +2.29
Total n-3 28.64 + 2.31 -
Total n-6 14.80 + 1.70 -
SFA - 29.99 +1.87
MUFA - 23.80 + 3.87
PUFA - 39.29 + 6.37

Data represent mean + SD from all diet treatments at 9 and 17 DPH. LA, linoleic acid;
LNA, linolenic acid; ARA, arachidonic acid; EPA, eicosapentaenoic acid;

DHA, docosahexaenoic acid; SFA, saturated fatty acids; MUFA, monounsaturated
fatty acids; and PUFA, polyunsaturated fatty acids.

One exception was noted: EPA ratios were between 1.47 and
1.86, indicating selective retention for this EFA and potential
diet deficiencies. Among the three microdiets, Otohime micro
pellets followed by LR803 seemed to be the most appropriate;
they fulfilled the physiological fatty acid requirements of larvae
at the weaning stage, with a PUFA ratio equal to 1.01 for
both diets (Figure 1).

In winter flounder larvae, overall larval contents in neutral
EPA and DHA and in polar DHA were higher at the mouth-
opening stage, reflecting the maternal nutritional contribution
(yolk sac; Table 3). Overall, EPA and DHA contents were
usually higher in polar than in neutral lipids, as reflected by
the total n-3 value (Table 3). Once larvae started feeding, FD
ratios for the neutral lipids showed that the three EFA (ARA,
DHA, and EPA) were immediately retained (FD values much
greater than one), regardless of the diet [rotifers enriched with
Selco or days’ post settlement (DPS)]. For most diets, the high
retention levels of EFA in the neutral fraction were maintained
throughout development, but larvae fed rotifers enriched with
Sparkle or copepods showed ratios near or below one (Figure 2).
This may be related to crucial biological needs, since EFA are
important for physiological functions. Indeed, FD ratios for
polar lipid fractions were mostly greater than one whatever
the diet or the larval stage of development, except for larvae
fed copepods at the live-prey feeding stage (Figure 2). For
each EFA, the use of copepods as live prey decreased the FD
ratio of polar lipids in larvae relative to diet content, but the
ratio was slightly greater than one for ARA and EPA. In these
larvae, overall LNA contents were usually very low. This is
not surprising since Artemia were not included in the larval
diets (Table 3), and Artemia are usually characterized by high
LNA levels (Rocha et al, 2017). The requirements for omega
n-6 seemed to be met regardless of the diet, as indicated by
their elimination in neutral lipids and their incorporation into
polar lipids at percentages lower than those found in the
different diets (Figure 2). However, the sum of omega n-3
showed ratios suggesting potential feed deficiency (>1),
particularly in the polar fraction, indicating that larval needs
were not met except when copepods were used as live prey.

Frontiers in Marine Science | www.frontiersin.org

May 2021 | Volume 8 | Article 680003


https://www.frontiersin.org/journals/marine-science
www.frontiersin.org
https://www.frontiersin.org/journals/marine-science#articles

Mejri et al.

Fatty Acid Requirements in Fish

Il SO O A
Larvae at live feeding stage O PAV B oG
9 days post hatch Il PS+
20 [ Combined N Pro HUFA

-

-

Ratio (larva:diet) of fatty acids
=]

]
0.0 {| |

- - LNA ARA DHA
Fatty acid

EPA

polyunsaturated fatty acids.

FIGURE 1 | Ratio (larva: diet) of fatty acids in Florida pompano (Trachinotus carolinus) larvae at the live feeding [9 days post hatch (DPH)] and the weaning period
(17 DPH). Larvae at 9 DPH were fed several enriched rotifer diets: two microalga concentrates [Isochrysis sp. (ISO) and Paviova sp. (PAV)], a semi-moist paste
[Protein Selco Plus (PS+)], a combination of the three (Combined), and three dry enrichment diets [AlgaMac 3050 (AM), Ori-Green (OG), and Protein highly
unsaturated fatty acids (HUFA; PH); Cavalin and Weirich, 2009]. Larvae at 17 DPH were fed three microdiets [Gemma, Otohime, and a reference diet (LR803);
Hauville et al., 2014]. The dashed lines (ratio = 1) indicate equal amounts of fatty acids in the larvae and in the diet. LA, linoleic acid; LNA, linolenic acid; ARA,
arachidonic acid; DHA, docosahexaenoic acid; EPA, eicosapentaenoic acid; SFA, saturated fatty acids; MUFA, monounsaturated fatty acids; and PUFA,

L t ing sta Il Gemma
arvae at weaning stage :
17 days post hatch [ Otohime
[ LR803
2.0
)
k=l
S 1.5 -
&
'.6 ulm —
T 1.0 - =
S
©
e
K]
O 0.54
-]
]
o
0.0 ML ! L ! )
LA LNA ARA DHA EPA SFA MUFA PUFA
Fatty acid

FD Ratio in Juveniles

Only a few papers (Rombenso et al., 2016, 2017; Jackson et al.,
2020) have discussed the physiological needs of Florida pompano
juveniles in terms of fatty acids. In these studies, docosapentaenoic
acid (DPA) was also observed in juvenile tissues. We have
included it in this review since it has been identified as a
potential EFA (Parrish et al,, 2007). Rombenso et al. (2016)
assessed the fatty acid composition in different tissues of Florida
pompano juveniles (43.4 + 0.2 g) following fish oil replacement
(Table 4; Figure 3). Juveniles were fed six different diets for
8 weeks; the diets contained menhaden fish oil, 25:75 blends
of fish oil and standard soybean oil, MUFA-enriched soybean
oil, SFA-enriched soybean oil, palm oil, or poultry fat. ARA
was selectively retained in the brain irrespective of the diet
that was provided (FD ratio > 1.35), suggesting a physiological
need for this EFA in this tissue. However, the same FA was
present at satisfactory levels in the eye, with FD ratios not
exceeding 1.14 for all diets (Figure 3). The same tendency
was observed in the liver except for juveniles fed the palm
diet (ratio = 1.57). ARA ratios were equal to zero in the
muscle tissue of all juveniles, suggesting that ARA is not
required in muscle tissue at this stage and is probably not
used for energy purposes (Figure 3). On the other hand, DHA
and DPA seemed to have been strongly retained in all tissues,
with higher selective retention in the brain and eye. FD ratios
for DHA were > 2.2 in the eyes of juveniles fed the SFA soy
and MUFA soy diets. The FD ratio in brain tissue was as
high as 3.28 for the same diets. Higher DPA retention levels
were also observed in the eye, with FD ratios > 2.22 in juveniles
fed all diets, suggesting the importance of this FA in eye
development. FD ratios for EPA were < 0.5 in all tissues for
all diet treatments, which suggests that diets with EPA levels

below 3% of total FA (Table 4) fulfilled EFA needs at this
developmental stage. Other PUFA, such as LA and LNA, showed
different trends in different tissues. FD ratios for LA were <
1 in all tissues except for muscle tissue in juveniles fed the
fish diet; these had an FD ratio equal to 1, suggesting that
this FA might be used for energy purposes. There is little or
no physiological need for LNA, as evidenced by the lack of
retention in any tissue (ratio < 0) combined with levels below
2% in muscle and eye and 0% in liver and brain (Table 4).
We suggest that LNA was used mostly as an energy substrate.
FD ratios for SFA, MUFA, and PUFA were all close to one
in each studied tissue (Figure 3).

Rombenso et al. (2017) also evaluated the requirements for
EPA and DHA in Florida pompano juveniles (41.0 + 0.5 g)
by feeding them for 8 weeks with diets containing fish oil,
beef tallow, or beef tallow partially or fully supplemented with
EPA, DHA, or both. It was interesting to see that ARA was
more balanced in the brain tissue for fish fed beef tallow
supplemented with EPA and DHA (FD ratio = 1.14), while
this same fatty acid was more balanced in the eye tissue with
all diets, but not with the non-supplemented beef tallow diet
(Figure 4). ARA was highly retained in liver and muscle tissue
except for two diets (fish oil only and the fully supplemented
beef diet), where FD ratios were equal to 0.92. DHA and
DPA were still highly retained in all tissues. However, DHA
and DPA FD ratios were 1.1 and 1.28, respectively, in the
brain of juveniles fed the fully supplemented beef diet (Figure 4),
highlighting these specific needs in the brain tissue. The FD
ratio for DHA was 1.04 in the eye tissue of juveniles fed the
fully supplemented beef diet, which might suggest that this
diet best fulfilled the DHA requirements of Florida pompano
juveniles. EPA ratios in all tissues were comparable to a previous
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TABLE 3 | Relative percentages of neutral and polar fatty acids in winter flounder larvae (P americanus) at mouth opening, live-prey feeding, and weaning (4; 15-16,

22; and 26 DPH, respectively; Seychelles et al., 2011; Martinez-Silva et al., 2018).

Larvae

Mouth opening Live-prey feeding Weaning
Neutral fatty acid 4 DPH 15-16 DPH 22 DPH 26 DPH
18:2n-6 (LA) 4.55+0.78 3.16£1.27 1.39 + 0.06 5.30 £ 0.42
18:3n-3 (LNA) 0 0.20 +0.34 0.34 £ 0.12 0
20: 4 n-6 (ARA) 2.45 £ 0.07 232+1.18 1.29 £ 0.30 3.55 +0.35
20: 5 n-3 (EPA) 9.7+11 6.5+3.2 29+0.8 3.6+13
22:6 n-3 (DHA) 20.25+0.35 7.86 + 4.81 2.73 £ 0.81 7.30£2.12
Total n-3 31.80+1.13 17.96 + 9.63 8.19+1.85 19.756 £ 3.32
Total n-6 7.10+0.85 5.82 +1.83 3.26 +0.23 9.15+0.92
SFA 29.60 + 3.90 65.44 + 13.63 74.41 £ 16.00 24.44 + 0.59
MUFA 27.43 + 3.51 22.57 +9.02 13.2+8.0 36.83 + 8.86
PUFA 42.97 +1.59 11.99 £ 5.92 12.38 £8.34 38.73 +8.28

Polar fatty acid

18:2n-6 (LA) 3.50 + 0.00 415+ 0.66 2.30 £ 0.20 4.90 +0.71
18: 3n-3 (LNA) 0 0.40 £ 0.01 0
20: 4 n-6 (ARA) 3.55 £ 0.07 5.50 + 1.68 2.90 + 0.01 6.10 £ 0.57
20: 5 n-3 (EPA) 11.55 £ 0.21 8.75 +4.92 17.26 £ 0.16 9.55 +0.49
22:6 n-3 (DHA) 22.90 + 0.57 13.75 £ 3.48 6.72 +0.27 12.35 £ 4.74
Total n-3 35.85+0.78 27.09 + 1.60 27.16+0.48 28.1+49
Total n-6 7.30£0.14 10.15£2.28 6.00 £ 0.23 11.35 £ 0.21
SFA 34.33+0.78 43.48 + 11.42 52.45 + 14.50 29.97 +1.76
MUFA 20.03 +0.76 20.96 + 3.76 13.75£2.76 23.77 +6.23
PUFA 45.57 +1.07 35.56 + 9.95 33.81 + 12.60 46.23 + 4.71

Data represent mean + SD from all diet treatments. LA, linoleic acid; LNA, linolenic acid; ARA, arachidonic acid; EFA, eicosapentaenoic acid; DHA, docosahexaenoic acid;
SFA, saturated fatty acids;, MUFA, monounsaturated fatty acids; and PUFA, polyunsaturated fatty acids.

study conducted by the same authors (Rombenso et al., 2016);
FD ratios < 0.5. LNA were only found in eye tissue and were
zero in all other tissues (Figure 4), confirming that there was
no specific physiological need for this FA at this developmental
stage. FD ratios for LA were close to one in muscle, liver,
and eye tissues for all diets tested, indicating an adequate
supply of this FA. LA was not selectively retained in the brain
tissue, which confirms that it is not required for brain
development/function. In all tissues examined, FD ratios for
SFA, MUFA, and PUFA were close to one (Figure 4), suggesting
that most diets tested, except the beef diet, were suitable fatty
acid sources for Florida pompano juveniles. Juveniles fed the
beef-only diet showed selective PUFA retention in almost all
tissues, suggesting that this diet did not provide enough omega
n-3 and PUFA to allow proper juvenile development. Thus,
diets for juvenile Florida pompano development should include
around 2% ARA, 3% EPA, 2% DPA, and 15% DHA, for a
total PUFA below 30%, to sustain development.

Winter flounder juveniles showed low EFA accumulation
in their neutral lipids until 60 DPS (Table 5), and no active
retention in lipid reserves was observed except for ARA. Before
60 DPS, all EFA seemed to be directly incorporated into polar
lipids, possibly in response to vital physiological requirements.
Following settlement, DHA and EPA requirements seemed to
be adequately met with the Gemma micro diet and diets of
rotifers enriched with commercial Selco DHA protein or with
INVE Selco sparkle in older fish, since the FD ratios of these
EFA in the lipid polar fraction were below one (Figure 5).
However, the FD ratio for ARA in the polar fraction was

much greater than one in all diets (Figure 5), suggesting
inappropriate enrichment for this FA. As juveniles grew, the
relative content of fatty acids increased except for ARA, which
remained close to values observed at the early juvenile stage
(Table 5). Indeed, almost all FD ratios were below one in
young juveniles (60 and 90 DPS), indicating that needs were
met regardless of the diet, even though ARA was still actively
retained (Figure 5). Thus, these results suggest that diets with
10% EPA, 12% DHA, more than 5% ARA, and a total of 40%
PUFA could be adequate to sustain proper development in
winter flounder juveniles.

QUALITATIVE ESSENTIAL FATTY ACID
REQUIREMENTS FOR EARLY STAGES

The qualitative requirements for EFA in Florida pompano larvae
were the highest during the live-feeding period, when the
relative percentages of DHA, EPA, and ARA represented 16,
7, and 4% of total fatty acids, respectively (Figure 6). These
findings are comparable to those obtained, at 8 DPH, in a
closely related species; the golden pompano (Trachinotus ovatus).
The authors suggested that at least 18% DHA, 5% EPA, and
3.5% ARA of total FAs are needed for the larvae to achieve
optimal development and reduce deformities (Fu et al., 2021).
During the weaning period, the requirements for DHA and
ARA decreased by 50 and 75% from the live-feeding period,
respectively (7 and 1% of total FA for DHA and ARA,
respectively), while EPA percentages did not change (7% of
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total FA; Figure 6). The relative percentages of LA and LNA
increased over time, from 3 to 5% of total FA for LA and
from 0 to 1% of total FA for LNA. By comparison golden
pompano larvae that were fed several enriched Artemia nauplii

diets from 11 to 27 DPH, showed a slightly lower requirement
for DHA (5% of total FAs), but relatively similar requirements
for EPA, ARA, LA, and LNA (6.7, 1.3, 3, and 1% of total
FAs, respectively; Ma et al., 2016).

Frontiers in Marine Science | www.frontiersin.org

May 2021 | Volume 8 | Article 680003


https://www.frontiersin.org/journals/marine-science
www.frontiersin.org
https://www.frontiersin.org/journals/marine-science#articles

Mejri et al.

Fatty Acid Requirements in Fish

TABLE 4 | Relative percentages of fatty acids in juvenile Florida pompano
(T carolinus; 43.4 + 0.2 g) muscle, liver, eye, and brain tissues.

Fatty acid Muscle Liver Eye Brain
18:2n-6 (LA) 7.41+£4.19 5.25 £ 2.80 7.18 £3.95 1.74 £1.22
18:3n-83 (LNA)  1.27 +0.57 - 0.76 £ 0.18 -
20:4n-6 (ARA)  1.09 +0.17 1.93 +0.94 0.91+0.19 1.48 +0.16
20:5n-3 (EPA) 321 +1.19 1.46 +£1.07 3.44 £ 1.63 1.59 + 0.30
22:5 (DPA) 1.71 £ 0.60 1.69 + 0.82 2.47 £ 0.67 1.29 +0.27
22:6n-3(DHA) 10.80+3.09 1522+514 1143+1.96 14.98+2.68
SFA 38.09 +2.77 40.33+254 38.82+276 47.84+2.07
MUFA 3534 +422 3191+6.80 33.36+521 30.61+1.53
PUFA 2652 +4.16 2769+7.01 27.80+4.79 21.54+3.01

Juveniles were fed six diets for 8 weeks. Diets contained menhaden fish oil or 25:75
blends of fish oil and standard soybean oil, MUFA-enriched soybean oil, SFA-enriched
soybean oil, palm oil, or poultry fat. Data represent mean + SD from all diet
treatments. LA, linoleic acid; LNA, linolenic acid; ARA, arachidonic acid; EPA,
eicosapentaenoic acid; DHA, docosahexaenoic acid; DPA, docosapentaenoic acid;
SFA, saturated fatty acids; MUFA, monounsaturated fatty acids; and PUFA,
polyunsaturated fatty acids.

The same tendency was observed for winter flounder
larvae, with decreased EFA requirements over time. However,
EFA requirements at all winter flounder larva stages were
higher than for Florida pompano larvae. The relative
percentages of DHA, EPA, and ARA were 23, 12, and 4%
of total FA at the mouth-opening stage (Figure 6). The
relative percentage of DHA decreased by 75% at the live-
prey feeding and weaning stages (8 and 7% of total FAs,
respectively; Figure 6), while the relative percentages of
EPA decreased slightly to 9% of total FA at the live-prey
feeding stage and increased to 17% of total FA at the weaning
stage (i.e., 26 DPH). The relative percentages of ARA decreased
by 1% at both the live-prey feeding and weaning stages.
LA requirements were the same during the first days of
life and decreased by half (2% of total FA) at the weaning
stage (Figure 6).

Opverall, winter flounder larvae had higher requirements for
omega 3 (n-3) FA at the mouth-opening stage (36% of total
FA) than at the live-prey feeding and weaning stages (28-27%
of total FA), while requirements for omega 6 (n-6) seemed
to increase over time (7% of total FA at the mouth-opening
stage vs. 11-12% of total FA at the live-prey feeding and
weaning stages).

Studies on other marine finfish species have shown that
the dietary inclusion of n-3 HUFA (i.e., DHA and EPA) and
n-6 HUFA (i.e., ARA) improved larval growth, development,
and metamorphosis. When examining additional nutritional
studies on warm-water and cold-water marine finfish species,
we found that EFA requirements during larval development
from first feeding to weaning were similar, with few exceptions,
to the results reported here. Indeed, common snook (Centropomus
indecimalis) larvae at the rotifer-feeding stage (live-prey feeding)
showed the same qualitative requirements for EFA as Florida
pompano (15, 7, and 3% of total FA for DHA, EPA, and
ARA, respectively; Hauville et al., 2016). Red drum (Sciaenops
ocellatus) larvae at the weaning period (18 DPH) were found
to have slightly lower requirements for DHA and EPA (4 and
5% of total FA, respectively) and similar requirements for ARA

(1% of total FA) compared to Florida pompano larvae at the
same developmental stage (Brinkmeyer and Holt, 1998).

These requirements seemed to be lower in warm-water marine
fish at the weaning period, particularly for DHA and ARA,
suggesting that the EFA requirements are higher in rapidly
growing larvae at the live-feeding stage. In addition, the ratio
of DHA to EPA is greater at the live-feeding period (2.2) than
during the weaning period (1.0; Figure 6), which is similar to
what was observed in red drum larvae as well as larvae from
four other species of marine finfish (Watanabe and Kiron, 1995;
Brinkmeyer and Holt, 1998). It has been suggested that the
high DHA to EPA ratios at the live-feeding stage play a role
in stress resistance. The high levels of DHA observed during
early larval development for both species reflect the importance
of this EFA in larval structural development and in neural and
visual functions (Bell et al, 1995a,b; Sargent et al., 1999).

The qualitative requirements for DHA and ARA appeared
to be higher in larvae of species that undergo metamorphosis.
DHA and ARA values reported in southern flounder (Paralichthys
lethostigma) and Atlantic halibut (Hippoglossus hippoglossus) larvae
at 15 DPH (live-prey feeding period) were 17 and 5% of total
FA, respectively (Hamre and Harboe, 2008; Alam et al.,, 2015;
Oberg and Fuiman, 2015; Hamre et al., 2020), which is more
than twice the percentage of DHA and five times the percentage
of ARA found in Florida pompano larvae at the same
developmental stage. These differences strongly suggest greater
requirements for DHA and ARA during the physiologically
demanding metamorphosis process. Hamre et al. (2020) suggested
that FA needed to have at least 13% DHA for normal pigmentation
in Atlantic halibut, highlighting the effect of DHA both on
eicosanoid production and the development of vision and nervous
tissue (Denkins et al., 2005; Roman et al., 2007; Hamre et al., 2020).

An adequate EPA to ARA ratio is important to achieve
normal pigmentation and complete eye migration in flatfish
species; this has been reported for turbot (Scophthalmus
maximus), Atlantic halibut, Senegalese sole (Solea senegalensis),
and yellowtail flounder (Limanda ferruginea; McEvoy et al.,
1998; Estévez et al.,, 1999; Copeman et al., 2002; Villalta et al.,
2005). The EPA to ARA ratio in winter flounder was 3.0
during early larval development (4 and 15 DPH) and close
to 6.0 at the weaning period (22-26 DPH; Figure 6). For
Florida pompano, the highest ratio (ratio = 7.0) was reported
at the weaning period, but other than that, the ratio did not
exceed two. A previous study on turbot larvae has concluded
that it is important to consider the ratio of DHA to EPA and
found that it is positively correlated with pigmentation success
(Rainuzzo et al., 1994).

At the juvenile stage, the qualitative requirement for DHA
was similar between the two species (12% of total FA). However,
0+ juvenile winter flounder were much smaller than juvenile
Florida pompano (~ 1 vs. 42 g), thus their DHA requirement
might be higher for the same stage of development (Figure 6).
The different DHA requirements can also be coupled with
water temperatures of the different habitats, with cold water
fish species generally having higher DHA levels than more
temperate species (Hamre et al., 2020). In general, poikilotherm
fish counteract the lower temperature effect to maintain their
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metabolism by remodeling fatty acids in the membrane. In
cold conditions, the integration of PUFA, particularly DHA,
in phospholipids maintains membrane fluidity and metabolic
rate, a process known as homeoviscous adaptation (Hazel,
1995). Thus, cold-water species should require more DHA to
maintain their physiological function, as observed in this
comparison between winter flounder and Florida pompano.
EPA and ARA requirements seemed to be higher in winter
flounder, ranging from 6% at the early settlement stage to
11% at the 0+ juvenile stage for EPA and from 3 to 4% for

ARA for the same stages, respectively (EPA: ARA ratio is
approximately 2.5; Figure 6). Hamre et al. (2020) showed that
Atlantic halibut juveniles would need a combination of at least
13% DHA of total FA and a higher ratio of EPA to ARA
(ratio = 3.5) to promote growth and survival of young juveniles.

One of the most interesting differences between the two
species was the presence of LA and LNA in Florida pompano
larvae and juveniles at all stages, while LNA was absent in
winter flounder. Jackson et al. (2020) recently published
data suggesting that Florida pompano juveniles have some
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capacity to elongate and desaturate fatty acids from C18
precursors (i.e., LA and LNA) and may be able to survive
on diets containing C18 PUFA. However, the authors strongly
recommend that juveniles be directly provided with HUFA
to perform optimally (Jackson et al., 2020). Recent studies
concluded that golden pompano juveniles (ranging in sizes

from 8 to 50 g), a species belonging to the same family
as the Florida pompano, might have low capacity to
biosynthesize HUFA (Liu et al., 2018; Li et al., 2020; Wang
et al, 2020). Wang et al. (2020) have found that golden
pompano juveniles may have the capability of converting
EPA to DHA but lack the A5 desaturation activity, required
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TABLE 5 | Relative percentages of neutral and polar fatty acids in winter flounder (P americanus) juveniles at the beginning of settlement (38 DPH), 30 DPS, and at the

0+ juvenile stage (60 and 90 DPS).

Juveniles Reference
Settlement Early settled O+juveniles
juveniles
Neutral fatty acid 38 DPH 30 DPS 60 DPS 90 DPS
18: 2 n-6 (LA) 5.40 + 0.00 5.55 + 0.07 7.07 7.60 38 DPH and 30 DPS: Seyche\les etal.,, 2011, and Bé\anger et al., 2018
18: 3n-3 (LNA) 0 0 0 0 60 and 90 DPS: Bélanger et al., 2018
20: 4 n-6 (ARA) 1.65 +0.92 1.10+0.14 3.15 1.53
20: 5 n-3 (EPA) 2.50+0.0 2.40+0.14 9.01 6.90
22:6 n-3 (DHA) 1.00 + 0.00 1.00 + 0.00 10.57 6.80
Total n-3 410+0.14 3.70 + 0.00 21.01 14.44
Total n-6 7.05 £0.92 6.65 + 0.07 16.27 15.68
SFA 28.00 Bélanger et al., 2018
MUFA 34.05
PUFA 34.95
Polar fatty acid
18:2 n-6 (LA) 7.20 +£0.28 7.85 +0.07 5.19 7.02 38 DPH and 30 DPS: Seychelles et al., 2011, and Bélanger et al., 2018
18: 3n-3 (LNA) 0 0 0 0 60 and 90 DPS: Bélanger et al., 2018
20: 4 n-6 (ARA) 3.30 +£ 0.00 3.00 + 0.00 4.60 4.08
20: 5 n-3 (EPA) 6.50 = 0.00 6.00 = 0.00 10.88 10.88
22:6 n-3 (DHA) 3.75+1.77 2.50+0.71 12.58 10.81
Total n-3 12.45+£1.63 6.95 + 3.61 23.99 22.56
Total n-6 10.65 £ 0.35 14.0 +4.24 13.99 15.79
SFA 33.35 Bélanger et al., 2018
MUFA 23.55
PUFA 41.60

Data represent mean + SD from all diet treatments. LA, linoleic acid; LNA, linolenic acid; ARA, arachidonic acid; EFA, eicosapentaenoic acid; DHA, docosahexaenoic acid;
SFA, saturated fatty acids;, MUFA, monounsaturated fatty acids; and PUFA, polyunsaturated fatty acids.

to convert 20:3 n-6 and 20:4 n-3 to ARA and EPA, respectively,
suggesting incomplete HUFA biosynthesis ability.

It is hypothesized that trophic level is a better predictor
of a requirement for C18 PUFA vs. HUFA rather than the
species’ thermal or salinity preference (Jackson et al., 2020;
Trushenski and Rombenso, 2020). It is interesting to note that
Florida pompano and winter flounder, despite their contrasting
thermal environments, both belong to the same trophic level
(Florida pompano trophic level = 3.5, Froese and Pauly, 2016;
winter flounder trophic level = 3.6 + 0.1, Murdy et al., 1997),
which might explain some of the similarities in EFA requirements
observed here. The validation of this hypothesis would change
our way of investigating requirements for fatty acids in fish
species and thus allow standardization of feed formulations
for different developmental stages.

CONCLUSION

Essential fatty acid requirements vary qualitatively and
quantitatively during fish ontogeny, with the larval and juvenile
stages being arguably the most critical periods. In this review,
we give a comprehensive synthesis of these requirements,
highlighting the similarities and differences between two species
occupying contrasting environments: a warm-water tropical
species (Florida pompano) and a cold-water flatfish species
(winter flounder). In general, we found that the young larvae
of both species are characterized by greater requirements for

n-3 and n-6 HUFA compared to larvae at the live-feeding
and weaning stages as well as juveniles. Florida pompano larvae
at the live-feeding stage require more DHA, EPA, and ARA
than larvae at the weaning stage, with minimal levels probably
around 15, 7, and 3.5% of total FA, respectively, for young
larvae (i.e., 9 DPH) and 9, 5, and 0.5% of total FA for larvae
at the weaning stage. Nevertheless, none of the diets seemed
to fully satisfy the EFA needs for both larval stages. Studies
on the EFA requirements during early larval development in
winter flounder suggest that the physiological needs of larvae
were not met for all the rotifer-enriched diets tested. Ratios
of DHA, EPA, and ARA in the polar lipid fraction related to
diet were systematically well over 1.0, indicating strong retention.
Ratios < 1 were only obtained when larvae at the weaning
stage were fed copepods, suggesting a minimal qualitative
requirement of 12% DHA, 10% EPA, and 6% ARA of total
FA at this stage, and up to 20% DHA in younger larvae.
During metamorphosis, winter flounder - like many flatfish
species — has specific EFA requirements necessary to achieve
correct pigmentation and eye migration. Thus, an early supply
of dietary DHA, EPA, and ARA emphasizing the importance
of dietary DHA: EPA: ARA ratios is essential for successful
pigmentation and eye migration. Concerning juvenile
development, the qualitative EFA requirements seem to be similar
in both species, with slightly higher needs for EPA and ARA
in winter flounder. Diets containing around 15% DHA, 3%
EPA, 2% DPA, and 2% ARA, for a total PUFA below 30%
of total FA, seem to be appropriate for Florida pompano
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development, while diets with 12% DHA, 10% EPA, and 5%
ARA, for a total of 40% PUFA, could be better for juvenile
winter flounder development.

Identifying the EFA needs in marine fish larvae is particularly
difficult because of the fishes’ small size and often poorly
developed digestive system. The complexity and time-consuming
effort of determining precise microdiets led to the use of live
feeds, such as rotifers and Artemia, but these are often inadequate
for marine larvae and require enrichment in HUFA. HUFA
enrichments of live feeds do not provide sufficient DHA and
adequately balanced levels of HUFA (Tocher, 2010), thus it is
necessary to continue work toward developing nutritionally
balanced microdiets that satisfy the physiological needs of
marine fish larvae. In addition, the growing aquaculture
industry - by pressing the need for marine fish meal and oils
to be replaced with plant-derived products - has reintroduced
the need to identify the precise qualitative and quantitative
EFA requirements for marine fish larvae and juveniles. There
must be detailed knowledge of the molecular and biochemical
bases of HUFA requirements and metabolism: the physiological
needs of a fish species to achieve optimal growth and stay
healthy are different from the requirements to maintain nutritional
quality, which leads to health benefits for human consumers.
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