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Abstract

Two trials were conducted to determine the effect of dietary enrichment with arachidonic acid (ARA)-rich triacylglycerols
fraction, obtained from the microalga Parietochloris incisa, on the recovery of guppies, Poecilia reticulata, from infection with
Tetrahymena sp. Commercial feed (0.7 mg ARA g−1 feed) was directly enriched with the algal hexane lipid extract. Three (12.5,
25.0, 50.0 mg ARA g−1 feed) and four (12.5, 25.0, 37.5, 50.0 mg ARA g−1 feed) experimental diets were utilized in the first and
second trials, respectively. Guppies were fed with ARA-supplemented feed for 14 days followed by infection with 1000
Tetrahymena sp. cells mL−1. Supplemented diets significantly altered the fatty acid composition in fish body (whole body with the
exception of the digestive tract and liver) and liver. The share of ARA in fatty acids of bodies and livers increased commensurately
with the amount of ARA in feed. Livers accumulated the highest levels of ARA, resulting in drastic changes in the
docosahexaenoic acid (DHA)/ARA and eicosapentaenoic acid (EPA)/ARA ratios.

Feeding with an algal extract that produced an ARA concentration in feed of 25 mg g−1 significantly enhanced the ability of
fish to recover from the disease in both experiments, as compared to the control and feed supplemented with 12.5 mg g−1of ARA.
Although not significantly different, further increase in fed ARA (50 mg g−1 feed) reduced the recovery as compared to the 25 mg
g−1 treatment.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

The fatty acid composition of fish lipids is deter-
mined by the ability of fish to desaturate and elongate de
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novo synthesized and dietary fatty acids (Henderson,
1996). Fish can desaturate the endogenous saturated
fatty acid, 18:0, to the monounsaturated fatty acid
18:1n-9, by 18:0-CoA desaturase, but lack both Δ12
and Δ15 (n-3) desaturases which are required for the
synthesis of C18 and C20 polyunsaturated fatty acids
(PUFAs) (Henderson, 1996; Tocher, 2003). Linoleic
acid (18:2n-6) and linolenic acid (18:3n-3) are thus
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essential dietary fatty acids, which fish are able to
convert via a series of desaturation and elongation
reactions to very long-chain (VLC) C20 and C22 PUFAs,
e.g., the principal n-3 PUFAs, eicosapentaenoic acid
(EPA, 20:5n-3) and docosahexaenoic acid (DHA,
22:6n-3), and the n-6 PUFA, arachidonic acid (ARA,
20:4n-6) (Jobling and Bendiksen, 2003; Wallis et al.,
2002). Marine fish, however, require dietary supply of
EPA and DHA due to their relative deficiency in either
the Δ5 desaturase or one of the two enzymes of the
elongase multi-enzyme complex (Tocher, 2003). Fresh-
water fish can produce VLC-PUFAs from dietary C18

precursors (Henderson, 1996; Tocher, 2003) and their n-
6 fatty acid content is therefore higher than in marine
species (Ackman et al., 2002). In aquaculture, fish are
supplied with diets highly enriched in n-3 PUFAs (EPA
and DHA), but poor in ARA. Recently, Harel et al.
(2001) suggested that such diets might suppress the
capacity of fish larvae to cope with stressful events and
inhibit the development of the immune system.

The importance of ARA as an essential fatty acid in
fish nutrition has been overlooked in the past. The
information available suggests that dietary ARA is very
important in intensive aquaculture, particularly with
regard to brood stock nutrition, immune function and
egg and larval quality (Castell et al., 1994; Bessonart et
al., 1999; Bell and Sargent, 2003). ARA is known to be
the primary precursor of a group of eicosanoids, the 2-
series prostaglandins and thromboxanes and the 4-series
leukotrienes, which regulate many physiological pro-
cesses, including homeostasis, reproduction, immune
and inflammatory responses (Abbas et al., 1994; Tocher,
2003). EPA competes with ARA for the same set of
enzymes leading to the production of a different group
of eicosanoids, which have a different range of
physiological activities then those produced from
ARA. The dietary ratio of n-3 to n-6 PUFAs thus
influences the pattern and properties of the eicosanoids
formed (Tocher, 2003). It was therefore proposed that
nutritional ARA can improve the health and quality of
fish fed with EPA-and DHA-enriched diets in intensive
aquaculture, particularly with regard to coping with
periods of environmental stress (Bell and Sargent,
2003). Feeding sea bream (Sparus auratus) larvae
with ARA-enriched artemia markedly improved their
survival following handling stress (Koven et al., 2001,
2003, Van Anholt et al., 2004). ARA levels in tissue
increased correspondingly to the ARA content in the
diet (Koven et al., 2003). Growth of some Morone
larvae positively correlated with elevated dietary ARA
and DHA/ARA ratio (Harel and Place, 2003). Elevated
levels of tissue ARA were generally associated with
elevated levels of cortisol (Harel et al., 2001; Koven et
al., 2003). Dietary DHA and ARA affected the
leukocyte relative distribution in striped bass (Morone
saxatilis) following intraperitoneal injection with for-
malin-fixed Staphylococcus aureus. The largest increase
in the proportion of lymphocytes, monocytes and
neutrophils in peripheral blood occurred in larvae fed
a moderate level of both DHA and ARA (Harel et al.,
2001). Similarly, immune function of Atlantic salmon
(Salmo salar) was affected in fish fed with altered n-3/n-
6 ratio (Bell et al., 1996). Dietary DHA and ARA also
increased larval tolerance to salinity stress (Harel et al.,
2001).

Until recently, the lack of significant commercial
sources of ARA has limited the study of this fatty acid
as a dietary ingredient. Currently, ARA is commer-
cially obtained from the oil of the filamentous fungus
Mortierella alpina (Zygomycetes). This fungus was
commercialized since its oil has elevated levels of
ARA (about 40% of total fatty acids), minor levels of
DHA and no EPA. Microalgal-derived products are
utilized in aquaculture feed formulations mainly to
provide DPA (docosapentaenoic acid, 22:5n-3) and
DHA (the heterotrophic algae Crypthecodinium cohnii
and Schyzochitrium) (Kyle et al., 1989; Barclay et al.,
2005). The green microalga Parietochloris incisa was
found to be the richest plant source of ARA, with over
90% of total ARA being deposited in triacylglycerols
(TAG) (Bigogno et al., 2002). Under conditions of
nitrogen starvation, ARA accounts for 60% of total
fatty acids and for more than 20% of the algal dry
weight (Khozin-Goldberg et al., 2002). The major
molecular species of TAG, under those conditions, is
the very rare triarachidonylglycerol.

Tetrahymena sp. is a free-living ciliated protozoan
that under certain conditions infects fish. It is also
known as the “guppy killer parasite” due to its
devastating effect on guppies. Tetrahymenosis has
become widespread owing to the wide trade in guppies
across the world and ineffective quarantine processes,
causing great losses at fish farms. Very little has been
published on Tetrahymena sp. infection, treatment, and/
or control. A combination of 0.5% sodium chloride and
feeding with the immunostimulatory Chinese herb mix
(C-UPIII) was shown to protect fish from infection
(Ponpornpisit et al., 2001), but the most effective control
measure for this disease is prevention of exposure.

In the present study, the significance of a dietary
supply of ARA in regulating fish immune function was
tested by assessing its effect on the recovery of the
ornamental freshwater fish Poecilia reticulata (guppy)
from infection with Tetrahymena sp. ARAwas provided



Table 1
Fatty acid composition of ARA-rich algal oil, commercial fish feed
and ARA-rich algal oil-supplemented feeds

Fatty acid Fatty acids (% of total)

P.
incisa
extract

Fish
feed

ARA-supplemented feed
(mg g−1)

12.5 25 50

12:0 tr 0.2 – – tr
14:0 0.2 2.9 2.6 2.0 1.3
16:0 7.2 19.4 17.3 15.6 12.2
16:1n-9 tr 4.7 3.8 3.0 2.2
18:0 2.2 4.0 3.6 3.5 3.0
18:1n-9 15.8 17.1 16.7 16.5 16.3
18:1n-7 4.2 2.0 2.4 3.2 3.2
18:2 10.9 21.3 18.9 17.6 15.2
18:3n-6 0.7 2.2 0.2 0.3 0.5
18:3n-3 0.3 1.8 1.8 1.3 1.1
20:0 tr 0.2 0.2 0.2 0.2
20:1 0.3 3.3 2.6 1.7 1.5
20:2n-6 0.4 0.3 0.3 0.2 0.3
20:3n-6 1.2 tr 0.3 0.5 0.7
20:4n-6 (ARA) 55.4 0.9 13.8 23.8 33.6
20:5n-3 (EPA) 0.5 6.6 5.3 3.6 3.1
22:0 tr 4.2 3.3 2.5 1.8
22:6n-3 (DHA) – 8.3 6.6 4.1 3.7
Others 0.3 0.4 0.4 0.4 0.4

EPA/ARA 7.3 0.38 0.15 0.09
(DHA+EPA)/ARA 10 0.91 0.33 0.20

tr—traces.
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as the neutral lipid extract of P. incisa. Changes in fish
fatty acid composition were determined in whole body
and liver samples.

2. Materials and methods

2.1. Algal cultivation

The microalga P. incisa comb. Nov was isolated from
samples obtained from Mt. Tateyama in Japan (Bigogno
et al., 2002). The alga was cultivated in 6 cm wide, 1000
mL glass columns in BG-11 medium (Stanier et al.,
1971), which were placed in a temperature-regulated
water bath at 25 °C (Bigogno et al., 2002). Cultures
were aerated by bubbling with a mixture of 1.5% CO2 in
air. Illumination (175 μmol photon m−2 s−1) was
provided by cool-white fluorescent lamps (20 W)
external to the water bath. Nitrogen starvation was
induced by resuspension of logarithmically growing
cells in nitrogen-free BG-11 medium where ferric
ammonium citrate was substituted with ferric citrate.
Cultures were cultivated under nitrogen starvation for
14 days to achieve the highest proportion of ARA in
lipids.
2.2. Preparation of fish feed supplemented with ARA-
rich algal oil

Freeze-dried algal biomass was frozen in liquid
nitrogen and ground to a fine powder by a mortar and
pestle with extra pure sea sand (Merck, Darmstadt,
Germany). The powder was sequentially extracted with
several portions of n-hexane and the extract was
clarified by filtration, evaporated under vacuum at 30 °C
and stored under argon atmosphere at −20 °C. The β-
carotene content of the extract was determined
spectrophotometrically using E1%

1 cm absorption coeffi-
cient of 2592 at 450 nm in petroleum ether (Britton,
1995). Different amounts of the algal oil were coated
onto the commercial feed (Tropical Orange, Tzemah,
Israel) and the fatty acid composition and content of the
modified feed were analyzed.

2.3. Tetrahymena sp. culture

Tetrahymena sp. was isolated from skin lesions of
infected guppies from a commercial guppy farm in
Northern Israel. The parasite was transferred to a
Tetrahymena sp. culture medium (ATCC 357, Mana-
ssas, VA) in a Petri dish at 25 °C. Penicillin G and
streptomycin sulfate were added to avoid growth of
contaminating bacteria. After obtaining an axenic
culture, the cells were transferred to 4 wells in a 24-
well cell culture plate (Corning Inc., Corning, NY, USA)
in ATCC 357 medium without antibiotics and were
subcultured weekly.

2.4. Fish

Guppies, P. reticulata, used in this study were
obtained from a commercial aquaculture farm in the
Arava valley, Israel. Upon arrival, they were examined
to determine that they were clear of Tetrahymena sp. and
stocked in 130-L holding tanks. Tanks were supplied
with biological filters and cleaned weekly by siphoning
and replacing half of the water with de-chlorinated fresh
water, obtained using 50 mg/L of sodium thiosulphate
pentahydrate (Willam Blythe, Accrington, UK).

2.5. Experimental design

2.5.1. Trial 1
Two-month-old guppies (average weight 0.28 g)

were stocked in four 30-L aquaria supplied with
biological filters, at a density of 60 fish per aquarium.
Each aquarium was fed with a commercial guppy feed,
supplemented with a different concentration of the algal
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lipid extract (Table 1). Feed was provided twice a day, at
2% of body weight per day, for a period of 14 days. Fish
were weighed at the beginning of the experiment and at
the commencement of supplemented feed application.
Five fish from each treatment group were sampled for
fatty acid analysis at days 8 and 14 after initiation of
feeding. Anaesthetized fish (clove oil, 250 μL L−1) were
dissected, the gastro-intestinal tract removed and livers
were separated and pooled. Bodies from three fish and
livers, pooled from five fish, were weighed, frozen,
freeze-dried and kept at −20 °C until analyzed. At the
end of the 14-day period, fish were exposed to
Tetrahymena sp. in Petri dishes (3 fish per dish)
containing 40 mL of water and 1000 Tetrahymena sp.
cells per mL, for 24 h at 25 °C. Preliminary data have
shown that this level of exposure produces 100%
infection (data not shown). Exposed fish were pooled
(each treatment separately) and ten fish from each group
were randomly sampled and examined for Tetrahymena
sp. infection (see below). Fish were then divided
between 1 L beakers filled with 800 mL of clean tap
water and aerated, at a density of eight fish per beaker, in
triplicates for each treatment. A group of eight fish from
each treatment served as a control that was similarly
treated but not infected. Fish were kept in the beakers for
five days at 25 °C and skin scrapes were then examined
for infection with Tetrahymena sp.

2.5.2. Trial 2
The second experiment was carried out following

the protocol of the first experiment with several
modifications. In this experiment an additional diet
formulation, containing 17.5 mg ARA g−1 feed, was
added (Table 1). The 30-L aquaria were stocked with
80 fish (2.5 months old, average weight 0.35 g). The
experimental infection and recovery were conducted in
six replicates (six 1-L beakers, each stocked with
8 infected fish) and did not include the non-infected
control group.

2.6. Examination of Tetrahymena sp. infection

Skin scrapes of about 1 cm2 (total area) were gently
collected from the lateral left side of the fish using a
glass cover-slip, and examined under a light microscope
for the presence of slow moving Tetrahymena sp.,
containing pigmented food vacuoles. These vacuoles
indicate that Tetrahymena sp. have been ingesting the
host's pigment cells, and therefore represent a parasitic
form (Ponpornpisit et al., 2001). Infection was
measured by presence vs. absence of Tetrahymena sp.
on fish skin.
2.7. Fatty acid analysis

Samples of freeze-dried algal biomass, algal oil, fish
feed and freeze-dried fish samples were transmethylated
with 2% H2SO4 in dry methanol under argon atmo-
sphere at 80 °C for 1.5 h in the presence of 10% toluene
(v/v) to facilitate solubilization of TAG. Gas chromato-
graphic analysis of fatty acid methyl esters (FAME) was
performed on a Hewlett Packard 5890 gas chromato-
graph with a Supelcowax 10 fused silica capillary
column (30 m×0.32 mm) (Supelco Inc., Bellefonte,
PA), using a temperature gradient from 185 to 210 °C
with a linear increase of 10 °C min−1, and helium as a
carrier gas. FAME were identified by co-chromatogra-
phy with authentic standards (Sigma Chemical Co., St.
Louis, MO), by comparison of their equivalent chain
length (Ackman, 1969) and by GS-MS. GC-MS was
performed on a Hewlett Packard 6890 GC with a
detector MS 5973 (Hewlett Packard, Palo Alto, CA) and
an HP-INNOWAX capillary column (30 m×250 μm×
0.25 μm film thickness) (Agilent, USA) using a
temperature gradient from 150 to 240 °C with a linear
increase of 4 °C min−1. Each sample was analysed in
duplicate.

2.8. Statistical analysis

Data of fatty acid contents and infection rates were
analysed by a one-way ANOVA. Growth rates were
analysed by a z-test. SigmaStat (SPSS Inc., 1992–1997)
was used for all statistical analyses. Data were
considered significantly different at pb0.05.

3. Results

3.1. Feed preparation formulation

The hexane extract from P. incisa nitrogen-starved
cells contained TAG as the major lipid class (data not
shown) andARA accounted for 55.4% of total fatty acids
(TFA) (Table 1). The extract also contained 2.2 mg g−1

β-carotene. The extract was added directly to the
commercial fish feed, which contained only traces of
ARA (0.7 mg g−1, less then 0.9% of total fatty acids).
Feed enrichments with the microalgal oil were formu-
lated to increase the proportion of ARA gradually from
0.9% in the commercial feed to 13.8%, 23.8% and
33.6%, achieving ARA contents of 12.5, 25.0 and 50 mg
g−1 feed, respectively. During the first trial, fish were fed
with regular (control) and ARA-enriched (12.5, 25.0 and
50 ARA mg g−1) diets for 2 weeks. In the second trial, a
diet containing 17.5 mg g−1ARA was added. The β-
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carotene enrichment in supplemented diets accounted for
0.06, 0.11 and 0.22mg g−1 in 12.5, 25.0 and 50mgARA
g−1diets, respectively.

3.2. Fatty acid profiles of fish samples

Fish bodies and livers contained 27 different fatty
acids, mostly saturated and monounsaturated fatty acids.
In bodies of control fish sampled after 2 weeks, saturated
fatty acids (SFA) and monounsaturated fatty acids
(MUFA) comprised more than 30% of total fatty acids
(TFA) each (Table 2). The major SFA was 16:0 (20.0
±2.0%) and the dominant MUFA was 18:1n-9 (25.9
±3.6%). C18 PUFAs were represented mainly by 18:2n-6
(13.5±1.0% of total fatty acids). Among VLC-PUFAs,
DHA (22:6n-3) prevailed (7.2±1.3%), while EPA
(20:5n-3) and ARA (20:4n-6) accounted for only 1.1
±0.3 and 2±0.7%, respectively. The fatty acid compo-
sition of livers differed from that of bodies, having higher
levels of MUFA and lower levels of ARA. Thus, bodies
and livers of guppies fed with unsupplemented feed were
characterized by (DHA+EPA)/ARA ratios of 6.0 and
9.0, respectively.
Table 2
Fatty acid composition (% of total) of body (average of two trials, n=3 in each
with the ARA-supplemented diets for 14 days

Fatty acid ARA-supplemented feed (mg g−1)

Body

0 12.5 25

14:0 1.9±0.3 1.9±0.2 1.6±0.2
16:0 20.0±2.0 19.1±1.3 18.5±1.2
16:1n-7 4.0±0.5 3.9±0.7 3.3±0.5
18:0 7.6±0.7 7.0±0.4 7.5±0.4
18:1n-9 25.9±3.6 24.3±1.4 26.5±2.7
18:1n-7 2.4±0.3 2.3±0.3 2.0±1.0
18:2n-6 13.5±1.0 13.4±0.7 13.1±0.8
18:3n-6 0.8±0.4 0.9±0.5 0.8±0.4
18:3n-3 1.5±0.4 1.4±0.4 1.1±0.1
20:1 3.1±0.6 2.7±0.5 2.9±0.6
20:4n-6 (ARA) 1.5±0.8 4.4±1.0 4.9±0.9
20:5n-3 (EPA) 1.1±0.3 1.2±0.1 0.9±0.2
22:0 2.0±0.7 2.1±0.6 2.1±0.8
22:4n-6 0.5±0.3 1.6±0.8 1.5±0.7
22:5n-3 1.9±0.5 1.9±0.3 1.7±0.5
22:6n-3 (DHA) 7.2±1.3 7.7±1.2 7.5±1.2
SFA 32.5±0.9 31.1±1.5 30.5±1.0
MUFA 35.7±3.8 33.3±1.9 34.9±2.8
PUFA 31.7±4.5 35.5±2.3 34.4±2.5

(EPA+DHA)/ARA 6.0±1.7 2.0±1.4 1.7±1.4
EPA/ARA 0.8±0.3 0.3±0.1 0.2±0.2
DHA/ARA 5.2±1.4 1.8±1.2 1.5±1.3

ARA (μg g−1 DW) 2.4±0.8 6.0±2.3 8.2±1.9
Feeding with ARA-enriched feed for 14 days
increased the ARA content (μg g−1) and its proportion
(% of total fatty acids) in both bodies and livers (Table
2). The proportion of ARA in fatty acids of body lipids
significantly increased (pb0.005) in all treatment
groups compared to the control, but there were no
significant differences between the different treatments.
ARA content in fish dry weight significantly increased
commensurately with the increase of ARA in feed
(pb0.005). Liver fatty acid composition was more
drastically affected by the dietary manipulations.
Feeding with the highest concentration of ARA
(50 mg g−1) produced a tenfold increase in the pro-
portion of ARA in liver lipid (0.9% and 9.9% in control
and enriched feed, respectively). The proportions of 16:0
and 18:1 in liver lipids decreased concomitantly with the
increase in ARA (Table 2). However, the proportions of
DHA and EPA in liver lipid changed little during the trial
period, indicating that ARA was substituting less
saturated and shorter fatty acids rather than VLC-
PUFAs. Dietary ARA was elongated to 22:4n-6 as
indicated by the gradual increase in the share of this fatty
acid with the increase in the amount of ARA in the feed,
trial) and liver (pooled from 5 fish, average of two trials) of guppies fed

Livers

50 0 12.5 25 50

1.7±0.1 1.5 1.5 1.2 1.2
19.4±1.0 17.5 16.8 14.0 14.6
3.7±0.7 3.5 3.1 2.7 2.8
7.3±0.5 8.7 8.0 8.3 7.4
27.7±1.5 35.3 30.4 29.4 29.6
2.0±1.0 2.7 2.6 2.9 3.0
12.6±0.2 11.1 11.6 12.4 11.1
0.7±0.1 0.4 0.4 0.5 0.5
1.1±0.3 0.9 0.7 0.8 0.7
3.1±0.3 3.0 2.9 3.0 3.1
5.4±0.9 0.9 5.0 7.8 9.9
0.9±0.2 0.5 0.8 0.6 0.5
1.6±0.1 0.7 0.9 0.9 1.0
1.2±0.1 0.4 1.4 2.1 3.1
1.6±0.2 1.8 1.5 1.5 1.3
6.4±0.9 7.5 8.0 7.9 6.1
30.4±0.6 28.7 27.6 24.8 24.6
36.6±1.2 44.7 38.1 38.0 38.6
33.4±1.4 26.6 33.2 37.3 36.6

1.3±1.1 9.0 1.8 1.1 0.7
0.2±0.2 0.6 0.2 0.1 0.1
1.2±0.9 8.4 1.6 0.6 0.6

10.4±2.6 3.1 15.3 22.5 26.3



Table 3
Average weight gain of fish fed with the ARA-supplemented diets for
14 days

ARA (mg g−1 feed) Average weight gain (g)

Trial 1 Trial 2

0.7 0.02 0.05
12.5 0.02 0.08
17.5 ND 0.07
25 0.03 0.13
50 0.03 0.11

ND—not determined.
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Fig 1. Recovery from Tetrahymena sp. infection in guppies fed with
the ARA-supplemented diets in the two trials. a, b and c denote
significant differences in different treatments (pb0.05).
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especially in liver lipids. The change in ARA proportion
in liver lipids was accompanied by drastic changes in the
ARA content in liver dry weight and by changes in the
ratio of the n-3 VLC-PUFAs, DHA and EPA, to ARA.
Similar but less dramatic changes were observed in fish
sampled 8 days post feeding initiation (data not shown).

3.3. Effect of ARA enriched diet on fish growth and
recovery from infection

Growth rates in the different treatment groups did not
significantly change in the two experiments (Table 3). In
the second trial (but not in the first) a weight gain was
observed, accompanying the increased ARA levels.
Tetrahymena sp. infection rate in fish fed with a diet
enriched with 25 mg g−1 ARA was significantly lower
than in the groups fed with control or 12.5 mg g−1 ARA-
enriched diet, in both experiments (Fig. 1). Although not
significantly different, a further increase in dietary ARA
(50 mg g−1) resulted in somewhat elevated infection
rates.

4. Discussion

The majority of research on ARA in aquaculture
feeds has been conducted either with pure ARA
(Bessonart et al., 1999; Bell et al., 1994, 1995) or
ARA-rich oil derived from the cultured filamentous
fungusM. alpina (Koven et al., 2001, 2003; Harel et al.,
2001, 2002). So far, algal-derived ARA has not been
utilized in aquaculture. P. incisa is a unique oleaginous
microalga, producing TAG that is extremely rich in
ARA. Under N-starvation, the share of ARA reaches
more than 55% of total fatty acids (Table 1). The ARA-
rich TAG fraction was added to commercial fish feed,
increasing its ARA content and altering its n-3/n-6 ratio
(Table 1). The presence of β-carotene in the hexane
extract may have served as an endogenous antioxidant,
preventing the harmful effects of lipid peroxidation and
deterioration of ARA in the feed. This β-carotene is
derived from the extraplastidial oil bodies that P. incisa
forms under starvation simultaneously with the accu-
mulation of ARA-rich TAG (Shrestha et al., 2004).

Guppies, being fresh water species, contain ARA in
their lipids (Table 2). We found a significant impact of
dietary ARA intake on ARA levels in the body and
especially in liver tissues. ARA is one of the major fatty
acid components of fish phospholipids, specifically
phosphatidylinositol (Bell and Tocher, 1989), and
dietary ARA significantly alters the fatty acid compo-
sition of liver phospholipids (Bell et al., 1994). Indeed,
increasing ARA content in the feed drastically altered
the proportion of ARA and its elongation product 22:4n-
6, particularly in liver. These data indicate that ARA-
rich TAG from P. incisa was efficiently digested and
metabolized by the fish. The elevated ARA did not
significantly affect the proportions of DHA and EPA,
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suggesting that ARA does not compete with n-3 VLC-
PUFA but rather substitutes shorter and less desaturated
fatty acids within lipids.

Dietary ARA positively affected recovery of guppies
from infection with Tetrahymena sp. An ARA content of
25 mg g−1 produced the best results in terms of
percentage of healthy fish observed after infection with
the disease. A further increase in the ARA content to
50 mg g−1 did not improve recovery and may even
have reduced it. In fish, as in other invertebrates, ARA
is the main fatty acid precursor of several highly active
eicosanoids, which have important roles in inflamma-
tion and in the regulation of immunity (Bell and
Sargent, 2003; Tocher, 2003). The level of dietary ARA
determined the levels of prostaglandin PGE2 and 6-
ketoPGF1 measured in homogenates of various organs
of juvenile turbot fed with ARA (Bell et al., 1994). In
brains, the concentration of PGE2 was significantly
elevated in fish fed the highest dietary ARA (Bell et al.,
1994, 1995). Taking into account that the EPA/ARA
ratio in cellular membranes is determined by the
dietary intake, dietary ARA enhances the biosynthesis
of eicosanoids with high immunoregulatory activity. It
is possible that guppies fed with high levels of ARA
may have exhibited an elevated synthesis of eicosa-
noids that induced an immune response against the
infection. This suggestion is supported by the dramatic
influence of ARA supplementation on EPA/ARA ratio
in fish lipids, indicating that in the treatment group,
ARA might be preferentially converted to high
potency eicosanoids.

Dietary manipulations of ARA in the nutrition of fish
larvae were shown to positively affect survival, growth
and resistance to acute handling stress (Bessonart et al.,
1999; Koven et al., 2001, 2003). Resistance to stress
was achieved only when ARA was added prior to the
stress event, while subsequent feeding with ARA did
not affect stress-related mortality (Koven et al., 2001).
The effect of dietary ARA on survival of fish larvae
following exposure to chronic salinity stress was
concentration-related, with maximal survival at inter-
mediate ARA supplementation (Koven et al., 2003).
Similar results were obtained in the present study.
Although not significantly different, the highest dietary
ARA resulted in reduced recovery. Koven et al. (2003)
found that elevated dietary levels of ARA were
associated with elevated cortisol levels and suggested
that the reduced survival was caused by immunosupres-
sion induced by the high cortisol. The chronic stress
which was likely induced by Tetrahymena sp. infection,
together with the high dietary ARA, may have similarly
induced an enhanced secretion of cortisol, reducing
circulatory lymphocytes (Barton and Iwama, 1991) and
subsequently reducing the fish's ability to recover from
the infection.

Acquired protective immunity against the ciliated
protozoan parasite Ichthyophthirius multifiliis, which
produces external infection (skin and gills), was
thoroughly studied in channel catfish (Ictalurus punc-
tatus) and specific antibody production was shown to
be protective and to induce recovery from infection
(Wang et al., 2002; Maki and Dickerson, 2003). There
is no information in the literature regarding protection
and recovery from infection with Tetrahymena sp., but
it is possible that similarly to I. multifiliis, an im-
mobilizing antibody would be protective. ARA was
effective in facilitating a change in circulating white
blood cells in response to antigenic exposure (Harel et
al., 2001). An altered n-3/n-6 PUFA ratio was shown to
be important in facilitating an optimal immune response
(Bell et al., 1996).

There are two factors that may have played a role in
the enhanced recovery. One is the Tetrahymena sp.
infection per se, and the other is the chronic stress
induced by the parasite itself and possibly also by the
conditions to which the fish were exposed during
infection (Petri dishes) and recovery (1-L beakers).
ARA may have positively affected the fish's immune
response, but beyond a certain level, its negative effect
on the chronic stress response may have reduced the
fish's ability to recover from infection. It is also possible
that at the higher levels, ARA negatively affects the
immune system due to its concentration per se, the
concomitant reduction in n-3/n-6 PUFA ratio or the
immunosuppression caused by excessive synthesis of
ARA-derived eicosanoids (Bell et al., 1995).

We did not observe any visible adverse effects in the
fish, even at the higher level of dietary ARA, which
produced a 10-fold increase in ARA liver content.
However, high levels of malpigmentation were reported
in Atlantic halibut and turbot larvae when fed an ARA-
enriched diet (Estevez et al., 1999).

Carotenoid-facilitated immunological benefits were
demonstrated in fish (Amar et al., 2004; Tachibana et al.,
1997). The vitamin A precursor β-carotene was a
component of the algal neutral lipid extract and was
therefore present in experimental diets. At the effective
concentration of ARA (25 mg g−1 feed), the β-carotene
content amounted to 0.11 mg g−1 feed. Amar et al.
(2004) reported that feeding rainbow trout, Oncor-
hynchus mykiss, with feed containing similar concentra-
tions of β-carotene for a period of 9 weeks enhanced
several components of the innate immune system,
including serum alternative complement activity,
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serum lysozyme activity and phagocytic rate of head
kidney phagocytes. We cannot exclude the immuno-
stimulative contribution of dietary β-carotene in the
present study.

In conclusion, the supplementation of dietary ARA
increased the recovery rate of guppies infected with
Tetrahymena sp. We speculate that the enhanced level of
ARA modulated the fish's immune response, improving
recovery. Due to the small size of the guppy, we are
restricted in the number of immunological assays that
can be carried out, but examination of cortisol and
eicosanoid levels and distribution of WBC following
infection may shed light on the effect of ARA on the
guppys immune response.

Acknowledgments

This research was supported in part by the Negev
Development Authority. J. Nechev was the beneficiary
of a visiting fellowship granted by the EU Access for
Research Infrastructure program as well as the Blaustein
Center for Scientific Cooperation and the J. Blaustein
Institutes for Desert Research. The authors wish to
express their gratitude to Kiril Alexandrov for his
excellent assistance in performing GC/MS analysis and
data interpretation. We thank Ran and Anat Epstein, the
owners of ‘Colors’ fish farm at Hazeva, Israel, for
providing guppies for this study.

References

Abbas, K.A., Lichtman, A.H., Pober, J.S., 1994. Cellular
and Molecular Immunology. W.B. Saunder's, Philadelphia,
p. 457.

Ackman, R.G., 1969. Gas–liquid chromatography of fatty acids and
esters. In: Lowenstein, J.M. (Ed.), Methods in Enzymology, 14.
Academic Press, NY, pp. 329–381.

Ackman, R.G., McLeod, C., Rakshit, S., Misra, K.K., 2002. Lipids and
fatty acids of five freshwater food fishes of India. J. Food Lipids 9,
127–145.

Amar, E.C., Kiron, V., Satoh, S., Watanabe, T., 2004. Enhancement of
innate immunity in rainbow trout (Oncorhynchus mykiss Wal-
baum) associated with dietary intake of carotenoids from natural
products. Fish Shellfish Immunol. 16, 527–537.

Barclay, W., Weaver, C., Metz, J., 2005. Development of a
docosahexaenoic acid production technology using Schizochy-
trium: a historical perspective. In: Cohen, Z., Ratledge, C. (Eds.),
Single Cell Oils. AOCS Press, Champaign, IL, pp. 36–52.

Barton, B.A., Iwama, G.K., 1991. Physiological changes in fish from
stress in aquaculture with emphasis on the response and effects of
corticosteroids. Annu. Rev. Fish Dis. 1, 3–26.

Bell, J.G., Tocher, D.R., 1989. Molecular species composition of the
major phospholipids in brain and retina from rainbow trout (Salmo
gairdneri). Biochem. J. 264, 909–915.

Bell, J.G., Sargent, J.R., 2003. Arachidonic acid in aquaculture feeds:
current status and future opportunities. Aquaculture 218, 491–499.
Bell, J.G., Tocher, D.R., Sargent, J.R., 1994. Effects of supplemen-
tation with 20:3 (n-6), 20:4 (n-6) and 20:5 (n-3) on the production
of the prostaglandins E and F of the 1-, 2-and 3-series in turbot
(Scophthalmus maximus L.) brain astroglial cells in primary
culture. Biochim. Biophys. Acta 1211, 335–342.

Bell, J.G., Castell, J., MacDonald, F.M., Sargent, J.R., 1995. Effects of
different dietary arachidonic acid: docosahexaenoic acid ratios on
phospholipid fatty acid compositions and prostaglandin production
in juvenile turbot (Scophthalmus maximus L.). Fish Physiol.
Biochem. 14, 139–151.

Bell, J.G., Ashton, I., Secombes, C.J., Weitzelb, B.R., Dicka, J.R.,
Sargent, J.R., 1996. Dietary lipid affects phospholipid fatty acid
compositions, eicosanoid production and immune function in
Atlantic salmon (Salmo salar). Prostaglandins Leukot. Essent. Fat.
Acids 54, 173–182.

Bessonart, M., Izquierdo, M.S., Salhi, M., Hernandez-Cruz, C.M.,
Gonzalez, M.M., Fernandez-Palacios, H., 1999. Effect of dietary
arachidonic acid levels on growth and survival of gilthead sea
bream (Sparus aurata L.) larvae. Aquaculture 179, 265–275.

Bigogno, C., Khozin-Goldberg, I., Boussiba, S., Vonshak, A., Cohen,
Z., 2002. Lipid and fatty acid composition of the green alga
Parietochloris incisa. Phytochemistry 60, 497–503.

Britton, G., 1995. UV/Visible spectroscopy. In: Britton, G., Liaaen-
Jensen, S., Pfander, H. (Eds.), Carotenoids, vol. 1B. Birkhauser
Verlag, Basel, pp. 13–59.

Castell, J.D., Bell, J.G., Tocher, D.R., Sargent, J.R., 1994. Effects of
purified diets containing different combinations of arachidonic and
docosahexaenoic acid on survival, growth and fatty-acid compo-
sition of juvenile turbot (Scophthalmus maximus). Aquaculture
128, 315–333.

Estevez, A., McEvoy, L.A., Bell, J.G., Sargent, J.R., 1999. Growth,
survival, lipid composition and pigmentation of turbot
(Scophthalmus maximus) larvae fed live-prey enriched in
arachidonic and eicosapentaenoic acids. Aquaculture 180,
321–343.

Harel, M., Place, A.R., 2003. Tissue essential fatty acid composition
and competitive response to dietary manipulations in white bass
(Morone chrysops), striped bass (M. saxatilis) and hybrid striped
bass (M. chrysops x M. saxatilis). Comp. Biochem. Physiol. 135,
83–94.

Harel, M., Gavasso, S., Leshin, J., Gubernatis, A., Place, A.R.,
2001. The effect of tissue docosahexaenoic and arachidonic
acids levels on hypersaline tolerance and leucocyte composition
in striped bass (Morone saxatilis) larvae. Fish Physiol. Biochem.
24, 113–123.

Harel, M., Koven, W., Leshin, I., Bar, Y., Behrens, P., Stubblefield, J.,
Zohar, Y., Place, A.R., 2002. Advanced DHA, EPA and ARA
enrichment materials for marine aquaculture using single cell
heterotrophs. Aquaculture 213, 347–362.

Henderson, R.J., 1996. Fatty acid metabolism in freshwater fish with
particular reference to polyunsaturated fatty acids. Arch. Anim.
Nutr. 49, 5–22.

Jobling, M., Bendiksen, E.A., 2003. Dietary lipids and temperature
interact to influence tissue fatty acid composition of Atlantic
salmon, Salmo salar L., parr. Aquac. Res. 34, 1423–1441.

Khozin-Goldberg, I., Bigogno, C., Shrestha, P., Cohen, Z., 2002.
Nitrogen starvation induced accumulation of arachidonic acid in
the freshwater green alga Parietochloris incisa. J. Phycol. 38,
991–994.

Koven, W., Barr, Y., Lutzky, S., Ben-Atia, I., Weiss, R., Harel, M.,
Behrens, P., Tandler, A., 2001. The effect of dietary arachidonic
acid (20:4n-6) on growth, survival and resistance to handling stress



150 I. Khozin-Goldberg et al. / Aquaculture 255 (2006) 142–150
in gilthead seabream (Sparus aurata) larvae. Aquaculture 193,
107–122.

Koven, W., van Anholt, R., Lutzky, S., Ben Atia, I., Nixon, O., Ron,
B., Tandler, A., 2003. The effect of dietary arachidonic acid on
growth, survival, and cortisol levels in different-age gilthead
seabream larvae (Sparus auratus) exposed to handling or daily
salinity change. Aquaculture 228, 307–320.

Kyle, D.J., Behrens, P.W., Bingham, S., 1989. Microalgae as a source
of EPA-containing oils. In: Applewhite, T.H. (Ed.), Biotechnology
for the Fats and Oils Industry., Am. Oil Chem. Soc., pp. 117–121.

Maki, J.L., Dickerson, H.W., 2003. Systemic and cutaneous mucus
antibody responses of channel catfish immunized against the
protozoan parasite Ichthyophthirius multifiliis. Clin. Diagnostic
Lab. Immunol. 10, 876–881.

Ponpornpisit, A., Endo, M., Murata, H., 2001. Prophylatic effects of
chemicals and immunostimulants in experimental Tetrahymena
infections of guppies. Fish Pathol. 36, 1–6.

Shrestha, P., Cohen, D., Khalilov, I., Khozin-Goldberg, I., Cohen, Z.,
2004. Triacylglycerol biosynthesis in microsomes and oil bodies of
the oleaginous green alga Parietochloris incisa. In: Proceedings of
16th International Plant Lipid Symposium, 1–4 June, Budapest,
Hungary, http://www.mete.mtesz.hu/pls/proceedings.
Stanier, R.Y., Kunisawa, M.M., Cohen-Bazir, G., 1971. Purification
and properties of unicellular blue-green algae (order Chlorococ-
cales). Bacteriol. Rev. 35, 171–201.

Tachibana, K., Yagi, M., Hara, K., Mishima, T., Tsuchimoto, M., 1997.
Effects of feeding of beta-carotene-supplemented rotifers on
survival and lymphocyte proliferation reaction of fish larvae
(Japanese parrotfish (Oplegnathus fasciatus) and spotted parrotfish
(Oplegnathus punctatus)): preliminary trials. Hydrobiologia 358,
313–316.

Tocher, D.R., 2003. Metabolism and functions of lipids and fatty acids
in teleost fish. Rev. Fish. Sci. 11, 107–184.

Van Anholt, R.D., Koven, W.M., Lutzky, S., Wendelaar Bonga, S.E.,
2004. Dietary supplementation with arachidonic acid alters the
stress response of gilthead seabream (Sparus aurata) larvae.
Aquaculture 238, 369–383.

Wallis, J.G., Watts, J.L., Browse, J., 2002. Polyunsaturated fatty acids
synthesis: what will they think of next? Trends Biochem. Sci. 27,
467–473.

Wang, X.T., Clark, T.G., Noe, J., Dickerson, H.W., 2002. Immunisa-
tion of channel catfish, Ictalurus punctatus, with Ichthyophthirius
multifiliis immobilisation antigens elicits serotype-specific protec-
tion. Fish Shellfish Immunol. 13, 337–350.

http://www.mete.mtesz.hu/pls/proceedings

	Feeding with arachidonic acid-rich triacylglycerols from the microalga Parietochloris incisa im.....
	Introduction
	Materials and methods
	Algal cultivation
	Preparation of fish feed supplemented with ARA-rich algal oil
	Tetrahymena sp. culture
	Fish
	Experimental design
	Trial 1
	Trial 2

	Examination of Tetrahymena sp. infection
	Fatty acid analysis
	Statistical analysis

	Results
	Feed preparation formulation
	Fatty acid profiles of fish samples
	Effect of ARA enriched diet on fish growth and recovery from infection

	Discussion
	Acknowledgments
	References


