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The effect of food deprivation on the fatty acid and lipid profile
of red seabream (Pagrus major) larvae
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Under conditions of food deprivation the lipid fraction of red seabream (Pagrus major) larvae shows
patterns of conservation or loss in the profile of fatty acids and lipids. These changes were used for
qualitative formulation of the dietary requirements of this species. Red seabream larvae were deprived
of food for 5d after hatching. Their lipid was extracted, weighed and analysed by gas-liquid
chromatography and iatroscan for the presence of twenty-four fatty acids including »-3 polyunsaturated
fatty acids (PUFA), four polar lipids (PL) and four neutral lipids (NL). The results show an exponential
decline in lipids with food deprivation, from a mean of 27-7 down to 11-8 mg/g wet larvae weight (LW).
This loss conld mainly be attributed to a decline in NL from 224 to 77 mg/g LW, in triacylglycerols,
from 21 to 1 mg/g LW, and a change in cholesterol, from 1-3 to 42 mg/g LW after 5d of food
deprivation. PL declined from 5-3 to 41 mg/g LW in this period. The chief components of this fraction
were phosphatidyl choline, and phosphatidyl ethanolamine. Among the fatty acids, the chief decline was
observed in saturates and monoenes. Carbon chain lengths of 14 to 18 made up 18-2 mg/g LW in hatched
larvae, but only 4-8 mg/g LW in larvae which were deprived of food for 5 d after hatching. n-3 PUFA
were lost at a slower rate, from 5-4 to 3-5 mg/g LW for the same period, suggesting that they were
conserved. Finally, early larvae of red seabream showed a reduced rate of loss of #-6 relative to n-9 fatty
acids, suggesting that the latter were used preferentially as an energy source.

Fatty acids: Starvation: Red seabream larvae

Red seabream (Pagrus major) is a fish of great importance in mariculture in Japan. Rearing
of larvae is successful and is associated with a general larval survival of about 30% in the
first 30 d after hatching (Koronuma & Fukusho, 1984). However, rearing of larvae is based
on the exclusive use of live food; rotifers (Brachionus plicatilis), copepods (Tigriopus
Jjaponicus) and brine shrimp nauplii (Artemia salina) (Fukuhara, 1983; Watanabe et al.
1983). The use of inert food as the only initial food for early larvae of red seabream has
not been successful (Kanazawa et al. 19824). Only 10-d-old red seabream and Japanese
flounder (Paralichthys olivaceus) larvae feed successfully on a dry diet (Kanazawa et al.
1988). Kanazawa et al. (1982b) demonstrated the essentiality of eicosapentaenoic acid
(20:5n-3) in red seabream by using autoradiography. The autoradiograms showed that the
labelled fatty acid was incorporated into the swim bladder, gall bladder, liver and pyloric
ceacae. Although 23-5-g fish were used it was deduced from this study that this fatty acid
is an essential dietary component for early red seabream larvae.

The determination of the nutrient requirements of small marine fish larvae is still very
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difficult because of their lack of regular acceptance of formula diets. However, recent
pioneering advances in this field have been accomplished by Kanazawa (1985), and
Kanazawa et al. (1988), whereby microdiets have been used for the study of the nutrient
requirements of red seabream and ayu (Plecoglossus altivelis) larvae.

The objective of the present study was to determine the changes occurring in fatty acids
and lipids of newly hatched red seabream larvae which were deprived of food forup to 5d
after hatching. We believe that under these conditions, patterns of conservation or loss
of fatty acids and polar and neutral lipids could give valuable information on the fatty
acid and lipid requirements of red seabream larvae for future incorporation into
microdiets.

MATERIALS AND METHODS

Experiments were performed at the National Research Institute of Aquaculture, Nansei-
cho, Mie prefecture in May 1985. Red seabream eggs were collected daily from 3- and 4-
year-old spawners with an approximate average weight of 800 g. Twenty-five males and
twenty-five females were stocked in a 30 m® octagonal tank. The tank was equipped with
a special net at its overflow to collect the buoyant eggs. Eggs (400 g) were collected every
morning and transferred into a 30 litre circular polycarbonate tank. After swirling the eggs
in clean sea water they were left to stand without aeration for about 30 min. Sinking eggs
were considered non-fertilized and were siphoned away while buoyant eggs were collected
and incubated in well-aerated, running, filtered, seawater for another 24 h. After this
period, those eggs which remained buoyant were considered fertilized and were used in the
experiments.

Eggs used in the experiment were concentrated on a 0-5 mm mesh and weighed after
blotting dry. Each experimental tank was stocked with 25-g eggs, for a stocking rate of
approximately 50 x 10®. The experiments were performed in ten 1000-litre, flat-bottom,
circular, polycarbonate tanks. The tanks were placed under a shade to reduce exposure to
direct sunshine, and covered with a transparent nylon sheet to reduce the effect of the
diurnal temperature variations, and to seal the tanks from possible rainfall.

Each tank was equipped with one large air stone positioned at its centre. The rate of
aeration was fixed to 350 ml/min. Of the water volume, 30% was exchanged daily to
reduce the accumulation of metabolites. Measurements of pH (Corning Instruments) and
oxygen (Kent-EIL-7130) concentrations were taken occasionally at noon time, with
respective values of 828 (95 % confidence interval, C.I., 0-09) and 10-54 mg/1 (C.L. 1-11).
The high O, concentrations corresponded to the high pH values reflecting a high
photosynthetic activity in these tanks. The temperature in the experimental tanks was not
regulated, but was never lower than 18-0° and rose in the course of the experiment to 20-5°.
Daily temperature fluctuations, however, never exceeded 0-4°.

The experiment was a completely randomized design with at least two repetitions per
treatment. Hatched red seabream larvae were exposed to six periods of food deprivation:
0,1, 2, 3, 4 and 5d. After these periods of food deprivation (starvation) larvae were
sampled by draining whole tanks through a 0-5 mm mesh net. The larvae were then
carefully washed, blotted dry, weighed and stored in nylon bags at —80° for subsequent
analysis.

The frozen samples were analysed for their lipid content (Folch et al. 1957). Fatty acids
were methylated (Morrison & Smith, 1964), dissolved in hexane and analysed on a
Shimadzu (model GC-7A) gas-liquid chromatograph (GLC). GLC operating conditions
were essentially the same as those described by Watanabe & Takeuchi (1976). Twenty-four
fatty acids, making over 95% of the methylated fatty acids were identified. Following
integration, fatty acids were classified as n-3, #-6 and #-9 polyunsaturated fatty acids
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(PUFA), the »n-3 fatty acids having 20 to 22 carbon atom chains. In addition, lipids were
analysed for their contents of polar (PL) and neutral (NL) lipids using an Iatroscan (Iatron
TH-10, Iatron Laboratories Inc., Tokyo). When using this instrument each sample was
developed at least in triplicate. PL were analysed for phosphatidy! ethanolamine (PE),
lysophosphatidyl ethanolamine (LPE), phosphatidyl choline (PC), and sphingomyeline
(SPM). NL were analysed for triacylglycerols (TG), free fatty acids (FFA), cholesterol
(CHO) and diacylglycerols (DG). A solvent mixture of chloroform—acetone-methyl
alcohol-acetic acid—distilled water (30:10:7:2:1 by vol.) was used to develop PL, and 1,2-
dichloroethane—chloroform-acetic "acid (40:4:0-05 by vol.) to develop the NL. Known
standards were used for identification of PL and NL from the red seabream larvae.

Results were expressed as mg/g wet larvae weight (LW), and were analysed by analysis
of variance and regression analysis (Steel & Torrie, 1960). Student—-Newman Keuls (SNK)
test was used for multiple range analysis (Sokal & Rohlf, 1969). Effects were declared
significant at the P < 0-05 level.

RESULTS
Newly hatched larvae of red seabream lost 55% of their lipid reserves gradually within
5 d of food deprivation (Fig. 1). The decline in proportion of lipid could be best described
using the following equation:

L = 33-3¢7 %177 (R?0-8602, P < 0-01),

where L is lipid as mg/g wet LW, and T is larval age in days since hatching.

A closer observation of lipid composition (Table 1) reveals that the decrease in body lipid
with food deprivation was associated with a general increase in the proportion of PL. The
ratio PL:NL more than doubled in the 5 d period of food deprivation (Fig. 1). The gain
in this ratio is best described by the following equation:

PL:NL = 2:34¢"21°7 (R20-7927, P < 0:01),

where T is larval age in days since hatching.

In the lipid fraction the proportion of PL increased significantly with starvation (Table
1) from 192-3 (SE 8-1) at hatching to a peak of 407 (st 3-0) mg/g body lipid after 4 d of food
deprivation and was followed by a decline (P < 0-05) in the following day to 344 (st 2-0)
mg/g body lipid. PC and PE were the two major polar lipids which contributed to the
changes in this fraction. The significant decline in PL on the last day of starvation could
be mainly attributed to the changes in PC in the lipid fraction. PC was 164 (sE 6:1) mg/g
lipid at hatching, gradually rising (P < 0-05) to 300 (st 3-4) mg/g by 4 d and followed by
a decline (P < (-05) to 255 (st 17-0) mg/g by the 5th day of starvation. In contrast, PE rose
in the 5d period of food deprivation from 16-8 (SE 0-9) to 62:6 (SE 9-8) mg/g lipid,
respectively.

In food-deprived red seabream larvae there was a 20 % decline (P < 0-05; Table 1) in NL
in the total lipid fraction. This decline could be mainly attributed to the fall of TG. TG in
the lipid fraction decreased (P < 0-05) from 755 (SE 5-8) to 88 (st 12:4) mg/g lipid (Table
1). On the other hand, two other NL, CHO and FFA rose significantly (P < 0-05) within
5 d of food deprivation, from means of 47-8 (s 5:0) and 2-7 (St 1-6) to 356 (SE 65-8) and 193
(se 60-6) mg/g lipid respectively (Table 1).

When expressed relative to wet LW, PL demonstrated a bell-shaped mode of
accumulation and depletion (P < 0-05, Table 2). This response had a maximum after 3 d
of starvation, rising from 5-3 (s 0-23) mg/g wet LW at hatching to 7-0 (se 0-95) mg/g wet
LW after 3 d, followed by a decline to 4-1 (s 0-23) mg/g wet LW after 5 d (Table 2). Both
PE and PC showed a similar unimodal response (P < 0-05) with initial gains from 0-45
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Fig. 1. The effect of the duration of food deprivation on lipid level (mg/g wet larvae weight) (A), and on
n-3:n-6 (M), n-3:n-9 (+), n-6:n-9 (&) and neutral lipid (NL):polar lipid (PL) (x) ratios in red seabream
(Pagrus major) larvae. For error terms see Tables 1 and 3.

(se 0-03) and 4-5 (sE 0-18) mg/g wet LW at hatching to 12 (s 0-14) and 54 (sE 0-76) mg/g
wet LW after 3 d of food deprivation respectively, followed by respective declines to 0-73
(sE 0-08) and 3-0 (SE 0-4) mg/g wet LW 2 d later (Table 2).

In the 5 d period of food deprivation there was a 64 % decline (P < 0-05) in NL, from 22-4
(se 1-2) to 7-7 (sE 0-4) mg/g wet LW (Table 2). This decline is best described by the equation:

NL = 27-45¢7 %97 (R*(-8809, P < 0-01),

where NL is concentration in mg/g wet LW, and T is the duration of food deprivation in
days since hatching.

The analysis of methylated fatty acids by GLC showed a general increase in the ratios
n-3:n-6 and n-3: n-9 fatty acids (Fig. 1; Table 3). The n-3:n-6 ratio almost doubled (P < 0-05)
after 5 d of food deprivation, while the #-3: n-9 ratio more thandoubled (P < 0-05) at this time.
It is interesting to note that the »n-6:#-9 ratio demonstrated a pattern of preferred depletion
(P < 005) of n-9 fatty acids on food deprivation. The n-6:1-9 ratio rose 30 % (P < 0-05)
from 0-45 (se 0-01) at hatching to 0-58 (se 0-007) after 5 d of food deprivation.

A closer look at the individual groups of fatty acids shows (Table 3) that food
deprivation led to a relative increase in n-3 compared with n-6 and #-9 fatty acids. This
increase could be mainly attributed to the #n-3 PUFA with 20 carbon chains or longer. The
proportion of #-3 PUFA rose about 50% (P < 0-05) in the course of 5d of food
deprivation, from 199-0 (sE 84) to 293-0 (sE 5-7) mg/g body lipid. Moreover, #-3 PUFA
went from 93-5 at hatch to 98-5 % of the total »-3 fatty acids present, after 5 d. The increase
in the proportion of n-3 PUFA in the lipid fraction in relation to food deprivation is best
described by the equation:

n-3 PUFA = 182:27¢™7°*" (R® 0-8386; P < 0-:01),

where n-3 PUFA is expressed as mg/g body lipid, and 7 is days of food deprivation since
hatching.
Correlated with the duration of larval food deprivation, there were drops (P < 0:05) in
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the presence of linolenic (18:3#-3) and octadecatetraenoic (18:4#-3) acids from 8-1 (se 0.58)
and 53 (sE 0-58) mg/g wet LW at hatch, to 3-5 (se 0-32) and 1-1 (sk 0-21) mg/g wet LW,
respectively, for 5-d-old larvae. The only #-3 PUFA which showed a decline (P < 0-05) was
eicosatetraenoic acid (20:4n-3), from 6-8 (s 0-14) to 3-1 (st 0-13) mg/g wet LW at hatching
and after 5 d of food deprivation respectively. This decline is indicative of its intermediate
position in the #-3 chain elongation and desaturation process.

Finally, calculations of the concentration of the different fatty acids as mg/g wet LW
showed a negative relationship between the level of all fatty acid groups with the duration
of food deprivation (Table 4). Although not significant (P > 0-05), there was also a decline
in n-3 fatty acids. The declines (P < 0-05) in #-6 and #-9 amounted to over 60 % losses
within the 5 d of food deprivation, from 3-0 (SE 0-16) and 6-8 (SE 0-41) mg/g wet LW at
hatching, to 1-1 (se 0-76) and 1'9 (sE 0-11) mg/g wet LW after 5d.

DISCUSSION

Newly hatched larvae of red seabream depleted their lipid reserves when deprived of food,
from an initial mean of 27-1 mg/g wet LW to 11-8 mg/g wet LW 5 d after hatching. Under
similar conditions Kimata (1983 @) found a reduction in total lipid content in red seabream,
associated with food deprivation, from 38-2 to 10-7 mg/g. In our study, the relationship
between lipid depletion and the duration of food deprivation was exponential; the
exponent of the relationship between lipid content and time in days after hatching was
—0-197, with temperatures never falling below 18-0°. This is higher than the exponent of
—0-159 which was calculated for Kimata’s (1983 a) results on red seabream larvae, which
were reared at an average temperature of 19°, but with a minimum temperature of 16°.
Tocher er al’s (1985 a) results on Atlantic herring (Clupea harengus), which were obtained
at a lower environmental temperature of 8-10°, gave an exponential loss in total lipids from
40-8 mg/g wet LW at hatch (22 d after fertilization) down to 13-7 mg/g 10 d later. The
exponent for their results was —0-112. The substantial differences in the magnitude of these
exponents are possibly associated with the environmental temperature, but are perhaps also
species specific. The exponential loss in lipid reserves with food deprivation confirms the
role of lipid as a major energy reserve in fish (Ehrlich, 1974; Love, 1980). However,
Kimata’s (19834) results on red seabream suggest that under conditions of food
deprivation, protein is catabolized at a slightly higher rate.

The ratio PL:NL in red seabream in the present study was correlated with the duration
of food deprivation. The sparing of PL, under conditions of food deprivation, has already
been shown by Takeuchi & Watanabe (1982). They observed an increase in the PL:NL
ratio, from an initial 0-175 to 0-406, in adult carp (Cyprinus carpio) which were deprived
of any food for 86 d. In contrast to our results which show a clear increase in the presence
of PL, Kimata’s (1983 a} results on red seabream showed a marked rate of consumption of
PL in fertilized eggs with a resulting reduction of the PL:NL ratio from 0-26 to 0-12 at
hatching. This reduction was followed by an increase in the PL:NL ratio to 0-32 after
another 5 d. This is lower than the ratios recorded in the present study which exceeded 0-5.
The chief requirements of PL for membrane construction (Kanazawa, 1985) would support
the trends of sparing of PL by NL, which were found in our study, while the reduction in
PL proportion observed by Kimata (1983 a) is not clear to us. However, it is consistent with
the results of Tocher et al. (19854) on eggs and larvae of Atlantic herring, which suggested
a preferred consumption of PL to NL.

PL concentration (mg/g wet LW) responded in a bell-shaped fashion to the duration of
food deprivation. It is interesting to note that PL, in the initial 3d period of food
deprivation, appeared not only to be spared by a preferred consumption of NL but seemed
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to continue to be synthesized, and increased from 5-3 to 7-0 mg/g wet LW. The gain in PL
in food-deprived red seabream is intriguing. To compensate for energy requirements after
a longer period of food deprivation the larvae probably utilize their PL reserves and hence
there is a decline on day 5 after hatching to 4.1 mg/g wet LW. The chief constituent of the
PL fraction was PC. In fact, changes in the presence of this phospholipid were responsible
for the chief changes in the PL fraction. However, unlike the case with Atlantic herring
(Tocher et al. 19854a), where the only increase in the level of PC was in the first 3 h after
fertilization, we observed in red seabream larvae an increase in this phospholipid for 3 d
after hatching; from 4-5 to 54 mg/g wet LW. In contrast, in herring larvae (Tocher ez al.
1985a) PC was lost at a higher rate than the general loss in lipid due to food deprivation,
from 13-9 mg/g wet LW in newly hatched larvae to 3:5 mg/g wet LW 14 d later. PE in the
present study increased from 0-45 mg/g wet LW at hatching to 1-2mg/g 3 d later. In
contrast, Tocher et al’s (1985a) observations on Atlantic herring, based on our
calculations, show a continuous decline with food deprivation, from 3-0 mg/g wet LW at
hatch down to 1-3 mg/g 14 d later. The patterns of gain of PC or PE at the beginning of
food deprivation are intriguing. Choline, which is required for PC synthesis in fish, must be
supplied by the diet (Halver, 1972). To the best of our knowledge choline stores in the body
of larvae, and especially in their yolks, have not been measured. Poultry yolk was reported
as a rich source of choline (Merck, 1976) and, provided some of it is unbound, the yolk
could be the source of this vitamin for PC synthesis in the young larvae. On the other hand
ethanolamine, which is required for PE synthesis, can be produced from serine (West &
Todd, 1961). In support of an internal precursor for ethanolamine synthesis, Kimata (1982)
showed a substantial loss of serine in food-deprived larvae of red seabream.

NL declined from 224 to 77 mg/g wet LW within a period of 5 d of food deprivation.
A similar trend but with substantially higher levels of NL was reported by Kimata (1983 a)
in red seabream, with a decline in NL from 45-2 to 23-5 mg/g wet LW. In agreement with
these observations, hatched Atlantic herring (Tocher er al. 1985 a) showed a decline in NL,
from 184 mg/g wet LW at hatch to 54 mg/g 10d later. In 12:8 g carp (Takeuchi &
Watanabe, 1982) NL declined from 425 to 25mg/g wet LW within 86 d of food
deprivation. Similarly, these authors showed in 28:1 g rainbow trout (Salmo gairdneri) that
liver NL declined from 23 to 13 mg/g wet LW after a 43 d period of food deprivation.

The catabolism of NL in red seabream in our study is well exemplified by the significant
increase in both FFA and CHO. The increase in FFA is a result of the hydrolysis of TG,
which declined sharply with food deprivation. An increase in FFA was also observed by
Tocher et al. (1985a) in food-deprived herring larvae. However, the increase found in their
study was limited to the last 4 d in a 14 d period after hatching. The very large increase in
the presence of FFA with the duration of food deprivation resembles the response of
mammals to food deprivation, but is exceptional in fish (Bilinski, 1974). Contrary to our
findings, Fraser et al. (1988) found a very slight change in this fraction in food-deprived cod
larvae (Gadus morhua). The differing responses of the FFA fraction to food deprivation is
typical of fish and is species specific (Love, 1970). CHO, in the present study, also increased
with food deprivation. This increase was especially dramatic after 4 d of deprivation when
a sharp decline in PL could be seen. Similarly, Tocher ef al. (19854a) observed an increase
in CHO in herring larvae with food deprivation. CHO appears in a free form in intimate
association with PL in cell membranes (Christie, 1982). Therefore it is no surprise that
it rises when components of cell membranes are being lost.

The fatty acid analysis of red seabream larvae showed a general increase in #-3 fatty acids
in association with the duration of food deprivation. Concurrently, there was a sharp
decline in both #-6 and n-9 fatty acids. This suggests that n-6 and #-9 fatty acids serve as
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preferred substrates for catabolism during food deprivation, while n-3 fatty acids are
conserved. Moreover, our results clearly show that of the two substrates for catabolism, #-
6 and n-9 fatty acids, the latter group is preferred. A similar pattern of preference of n-9
fatty acids, under conditions of food deprivation, was observed by Dave ef al. (1975) in the
european eel (Anguilla anguilla), and by Jezierska et al. (1982) in rainbow trout. The
reasoning for the preference of n-9 over n-6 fatty acids in the latter studies is based on the
difference between the positions of the two groups of fatty acids in terms of their bond in
the alpha or beta positions of glycerol. It has been suggested that fatty acids located in the
beta position are not as readily hydrolized as those in the alpha position. The greater rate
of consumption of monoenes of the #-9 group in the european eel and rainbow trout was
attributed to their alpha position in the TG molecule (Dave et al. 1975; Jezierska et al.
1982). This suggests the possibility that in red seabream the mobilized fatty acids of the
n-9 family are more readily hydrolized because they occupy the alpha position on the TG
molecule.

We could attribute most of the change in n-3, from 213-3 at hatching to 297-6 mg/g lipid
after 5 d of food deprivation, to the losses in both n-6 and n-9 fatty acids. Consistent with
this pattern, Tocher er al. (1985b) observed a similar gain in »-3 fatty acids, in the NL
fraction of Atlantic herring. This gain was mainly due to the monoenes, but also due to the
n-6 fatty acids. On the other hand, in the PL fraction of Atlantic herring (Tocher er al.
19855) there was an accelerated loss in #-3 fatty acids compared with n-6 fatty acids.
Kimata’s (1983 &) observations on the PL fraction of red seabream larvae do not reveal any
clear patterns of fatty acid preference. In the latter study there was a noticeable increase in
pentaenoic fatty acids in the NL fraction from 85 to 140 mg/g lipid, which was associated
with decreases in both hexaenoic and saturated fatty acids, from 210 and 310 mg/g lipid
to 170 and 280 mg/g lipid, respectively. Hence it seems as if the preference patterns which
we encountered in the lipid fraction of red seabream for »-3 fatty acids are probably limited
to the NL fraction, while fatty acids in the PL fraction of food-deprived larvae are
catabolized indiscriminately.

We observed a loss in #-3 fatty acids with a coinciding gain in #-3 PUFA. For example,
there was a decline in linolenic acid (18:3#-3), from 8-1 to 3-5 mg/g lipid, after 5 d. On the
other hand there was a gain in 22:6n-3 from 111-6 to 201-6 mg/g lipid in newly hatched and
5 d food-deprived larvae respectively. This large gain within the lipid fraction could mainly
be attributed to a loss in #-9 fatty acids. Within this group, 16:1, possibly palmitoleic acid,
had the steepest decline, from 92 to 47-7 mg/g lipid in the course of the study. Such patterns
of loss in essential fatty acids and monoenes with a concomitant gain in PUFA was not
evident either in #-6 or in #-9 fatty acids. A very similar pattern to that of red seabream in
the present study, both in terms of the accumulation of 22: 6n-3 and in losses mainly of 16:0
but also in 16:1, was shown by Tocher er al. (19855b) in Atlantic herring larvae. Kimata’s
(1983 b) results on red seabream show a doubling in the level of 20:5 from 64-2 in fertilized
eggs to 111 mg/g lipid in 6-d-old larvae. This marked increase was limited to the NL, and
was correlated to a decline in 16:0. The patterns of depletion and conservation of essential
fatty acids and PUFA in fish larvae are consistent with the findings in food-deprived adult
fish (Love, 1970; Takeuchi & Watanabe, 1982; Satoh et al. 1984). This suggests that the
metabolic pathways of lipid metabolism in fish larvae are consistent with the models for
elongation and desaturation which were proposed by Castell (1979) and Bell et a/. (1986).

In conclusion, under conditions of food deprivation, #n-3 PUFA (mainly docosahexaenoic
acid (22:6n-3)), PC and PE emerged as essential dietary components of the early larvae of
red seabream. In addition, the dietary inclusion of TG and an #-6:r-9 ratio higher than 0-45
would be expected to spare the essential fatty acids from being catabolized.
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