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ABSTRACT. The incorporation and metabolism via the desaturase/elongase pathway of [1-14C] 18:2(n-6) lin- 
oleic acid (LA), [1-t4C]18:3(n-3) linolenic acid (LNA), [1-t4C]20:4(n-6) arachidonic acid (AA) and [1-~4C]20: 
5(n-3) eicosapentaenoic acid (EPA) were studied in midgut gland and ovary cell suspensions from wild-caught 
adult females of Penaeus kerathurus Forsk~l at the beginning of sexual maturation. The incorporation and recovery 
of radioactivity in total lipids of midgut gland cells was greater for [1-HC]LA and [1-~4C]LNA than for [1-~4C]AA 
or [1-14C]EPA, indicating a preferential retention of Cls-polyunsaturated fatty acids (PUFAs) in this organ. The 
recovery of radioactivity from all PUFA decreased during the time course. The incorporation of [1-14C]PUFAs 
into total polar lipids in midgut gland cells increased during the time course (from 33.4% to 65.2%) with a 
concomitant decrease into total neutral lipids. These changes were due to significantly increased incorporation 
into phosphatidylcholine (PC), phosphatidylethanolamine (PE) and phosphatidylinositol (PI), with significantly 
decreased incorporation into triacylglycerol (TAG). [1-14C]AA and [1-14C]EPA were preferentially incorporated 
into PI, and [1-~4C]EPA was more important in phospholipid synthesis in midgut gland cells than [1-14C]-labeled 
LA, LNA or AA. The incorporation and recovery of radioactivity in total lipids from ovary cells was significantly 
lower than in midgut gland cells but significantly increased during the time course with all the [1-14C]PUFAs. 
The distribution of radioactivity from [1-~4C]AA and [1-~4C]EPA in ovary cells showed preferential retention 
into polar lipid classes compared with [1-14C]LA or [1-14C]LNA, and the general pattern was of net synthesis 
of PC at the expense of PE, free fatty acid and TAG. The results indicated that midgut gland and ovary cells 
have only a limited ability to convert CIs-PUFA to C.,0- and C.,,-highly unsaturated fatty acid. The recovery of 
radioactivity in 22:6(n-3) was ~ 10-fold greater with [1-14C]EPA than with [1-14C]LNA as precursor. Substantial 
amounts of radioactivity were recovered in 24:5(n-6), 24:5(n-3) and 24:6(n-3), particularly in cells incubated 
with [1-HC]EPA, indicating that the conversion of EPA to DHA in both organs may occur by a pathway using 
d~'-desaturase activity rather than by a dLdesaturation. COMP mOCHEM PHYSIOL 115B;2:255-266, 1996. 
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ful maturat ion and spawning are necessary to enable the 
production of larval crustacean for grow-out operations. 
Lipids play several important  roles in the biochemistry, me- 
tabolism and reproduction of decapod crustaceans and are 
an important  component  of the energetic and structural re- 
serve materials that  accumulate in the developing oocytes 
during oogenesis (1-3,5,7,8,14-16,21,26,29,33-36,42,50,  
52,56,57). In decapods, the raidgut gland is the major lipid 
storage and metabolic center modifying dietary lipids 
(5,7,16,61 ), al though during maturat ion the ovary becomes 
an addit ional center for lipid metabolism, including lipo- 
genesis (16,46). Regarding ovarian lipids, it is not clear 
what proport ion of the lipid in the eggs is derived directly 
from ingested food or previously stored reserves and what 
proport ion is derived from de novo  synthesized lipids 
(7,16,46). Thus, a controversy existed about the capacity 
of the midgut gland and ovary to synthesize fatty acids and 
particularly polyunsaturated fatty acids (PUFAs).  Clarke 
(7), Shenker  et al. (46) and Moreno et al. (31,32), using 
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tritiated water, /4C-acetate or ~4C-labeled pahnitic, stearic 
or oleic acids as precursors, demonstrated that the calanoid 
copepod Paracalanus parvus, the polar shrimp Chorismus ant- 

arcticus and Penaeus semisulcatus are not capable of synthe- 
sizing PUFA and have to obtain them from their diet. In 
contrast, Whitney (64), Farkas and Nevenzel (12) and Far- 
kas et al. (11) using liC-acetate detected in vivo and in vitr~ 

synthesis of PUFA in crustacean hepatopancreas and gill. 
Furthermore, although there has been abundant informa- 
tion showing the importance of PUFA fi~r maturation (16), 
data on the metabolism of these particular fatty acids are 
few (4,22,51,55) and not related to reproduction. 

In this context, and to achieve a better understanding ~f 
maturation, it is essential to deterlnine the capacity of each 
crustacean species to desaturate and elongate C~s(n-3) and 
(n-6) fi~tty acids to essential C:,, and C,e metabolites, as well 
as the contribution of the developing ovary (16). The pres- 
ent study investigated the incorporation and metabolism 
via the desaturase/elongase pathway of [1-'4C] linoteic acid 
(LA), [1-1~C] linolenic acid (LNA), [1-14C] arachidonic 
acid (AA) and [lY4C] eicosapentaenoic acid (EPA) in mid- 
gut gland and ovary cell suspensions from wild caught adult 
female of Penaeus kerathurus Forsk:~l at the beginning of sex- 
uat maturation. A parallel aim ~f the present study was t~ 
determine the presence and levels of specific C:4 highly un- 
saturated fatty acid (HUFA) that are intermediates in the 
putative pathway fi~r the conversion of EPA to all-cis- 

4,7,10,13,16,19-docosahexaenoic acid (DHA) without A 4- 
desaturase activity (62,63) to establish if this pathway was 
also operative in crustaceans. 

M A T E R I A L S  A N D  M E T H O D S  
Experimental Animals 

Wild adult females of P. kerathurus Forsk:~l, caught in the 
Gulf of Cfidiz (southwest Spain), near the mouth ~f the 
Guadalquivir river during the spring of 1994, were obtained 
from a commercial trawler. Females were transported alive 
to the laboratory and classified into different developmental 
stages according to ovary size and color (43). Only those 
females at maturation stage I that had mated were chosen 
fi)r study. Average weight of these fbmales was 12.9 + 2.9 
g, carapace length 30.3 _+ 2.1 ram, midgut gland weight 
0.8 -+ 0.1 g and ovary weight 0.3 +_ 0.1 g. 

Total Lipid Extraction and Quantification 

Lipids were extracted from preweighed ovaries and midgut 
glands by homogenization in chloroform/methanol (2: 1, v/ 
v), containing 0.01% butylated hydroxytoluene (BHT) as 
antioxidant, according t~ Folch et al. (13). Solvent was 
evaporated under a stream of nitrogen and lipid extracts 
desiccated overnight in vacuo befi~re their mass was deter- 
mined gravimetrically. Lipid extracts were redissolved m 

chloroform/methanol (2:1, v/v + BHT) at a concentration 
of 10/2g//./L and stored under an atmosphere of nitrogen at 
-20°C until analysis. 

Lipid Class Separation and Quantification 

Lipid classes were separated by high-performance thin-layer 
chromatography (HPTLC) using a single-dimension double 
development method described previously (58). The classes 
were quantified by charring followed by calibrated densi- 
tometry using a Shimadzu CS-9001PC dual-wavelength 
flying spot scanner (40). 

Fatty Acid Analysis 

Fatty acid methyl esters from total lipids were prepared by 
acid-catalyzed transmethylation fi~r 16 h at 50°C (~)ver- 
night), using nonadecanoic acid (19:0) as internal standard 
(6) and purified by thin-layer chromatography (TLC) as de- 
scribed by Tocher and Harvie (58). The fatty acid methyl 
esters were analyzed in a Hewlett-Packard 5890 A Series 
I1 gas chromatograph equipped with a chemically bonded 
(PEG) Omegawax 320 fused-silica wall coated capillary col- 
umn (30 m × 0.32 mm ID, Supelco Inc., Bellefi)nte, PA, 
USA), using an on-column injection system and Flame Ion- 
ization Detector (F1D). Hydrogen was used as the carrier 
gas with an oven thermal gradient from 180 to 230°C. Indi- 
vidual fatty acid methyl esters were identified by reference 
to the retention time of authentic commercial standards 
(Supelco Inc.) and a well-characterized fish oil and quanti- 
fied using Hewlett Packard 3365 Chelnstation software m 
a personal computer linked to the gas chromatograph. 

Preparation of Isolated Midgut 
Gland and Ovary Cell Suspensions 

Two entire midgut glands and eight ovaries were dissected 
~ut, placed into ice-cold Hank's balance salt solution 
(HBSS) (Ca:' and Mg :+ free and supplemented with 1.75% 
NaCI) and finely chopped for every incorporation time 
c~urse experiment, and ~ne entire midgut gland and fi~ur 
¢~varies were used fi~r the metabolism of 14C-labeled PUFA 
experiments. Mixed cell suspensions were produced from 
each tissue by mechanical sieving of the chopped tissue 
through sterile nylon gauzes of 250-/./m mesh. The suspen- 
sion was centrifilged at 300g for 10 rain at 4°C and the cell 
pellet resuspended in Dulbecco's modified Eagle's medium 
(DMEM) supplemented with 4 mM glutamine, antibiotics 
(50 IU/mL penicillin and 50/2g/mL streptomycin and 25 
/2g/mL fimgizone) and 0.35% NaCI. Cells were resuspended 
in 22 mL and 15 mL of medium for incorporation time 
ct~urse and metabolic experiments, respectively. The num- 
ber of animals used in each incorporation time course and 
metabolic experiment were eight and fi)ur, respectively. 
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Incubation of Midgut Gland 
and Ovary Cells with ~4C-Labeled PUFA 

For the incorporation time course of [1-14C]PUFA experi- 
ments into lipid classes, 5 mL of either midgut gland or 
ovary cell suspension had 1.5/X2i of either [1-14C]LA, [1- 
14C]LNA, [1-14C]AA or [1-14C]EPA added, carrier free in 
15/11 ethanol (final concentration, 6/IM PUFA and 0.3% 
ethanol). For metabolic experiments, 3 mL of either midgut 
gland or ovary cell suspension had 1.3 /K2i of either [1- 
14C]LA, [1-taC]LNA, [1-14C]AA or [1-14C]EPA added, car- 
rier free in 13/IL ethanol (final concentration, 8 ~M PUFA 
and 0.4% ethanol). Incubations were performed in a shak- 
ing water bath at 18°C. For the time course incorporation 
experiments, samples were taken at 1, 2, 4, 6 and 8 h of 
incubation. For metabolic experiments, samples were taken 
after 24-h incubations. 

Lipid Extraction 

Samples of suspension (1 and 3 mL in incorporation and 
metabolic experiments, respectively) had 5 mL ice-cold 
HBSS containing 1% fatty acid free bovine serum albumin 
(BSA) added. After mixing, the samples were centrifuged 
at 500 g for 2 min and the supernatant aspirated. The cells 
were washed once more with HBSS as above and total lipid 
extracted essentially according to Folch et al. (13) as de- 
scribed in Tocher et al. (60). Lipid content of each suspen- 
sion was determined in 1-mL sample extracted in parallel, 
with the total lipid content determined gravimetrically. 

Incorporation of Radioactivity 
Into Total Lipids and Lipid Classes 

One fifth of the total lipid extracts were addded to 4 mL of 
Beckman Ready Safe TM scintillation liquid in Mini poly Q- 
vials to determine the radioactivity recovered in total lipids. 
The remainder of the total lipid extracts were applied in 1- 
cm streaks to HPTLC plates. Lipid classes were separated 
using the single-dimension double development method 
mentioned above (58). Lipid classes were visualized by brief 
exposure to iodine vapor, marked and the iodine removed 
under vacuum. Individual classes were scraped into scintil- 
lation vials, 4 mL of Beckman Ready Safe TM scintillation 
liquid added and radioactivity determined using a Beckman 
LS 5000 CE liquid scintillation analyzer. Results were cor- 
rected for counting efficiency and quenching of 14C under 
these conditions. 

Incorporation of Radioactivity Into PUFA 

Fatty acid methyl esters from total lipid from 3 mL midgut 
gland and ovary cell suspensions were prepared by acid- 
catalyzed transmethylation as described above. Methyl es- 
ters were separated by argentation-TLC as described previ- 

ously (39). The labeled bands were scraped into scintilla- 
tion vials and their radioactivity determined as above. 
Identification of labeled bands was confirmed by using au- 
thentic unlabeled standards run on parallel plates, with vi- 
sualization by charring as above. The identity of some bands 
was confirmed by gas chromatography (GC)-mass spectro- 
metric analysis of picolinyl derivatives (17). 

Protein Content 

Samples of 1 mL of each cell suspension were taken for pro- 
tein determination according to Lowry et al. (28). 

Materials 

[1-14C]PUFA (all 50-53 mCi. mmol i and 99% pure) were 
obtained from NEN Dupont, Investigaci6n T&nica Indus- 
trial S.A. (ITISA), Madrid, Spain. BHT, fatty acid free 
BSA, silver nitrate, potassium chloride, DMEM, HBSS, glu- 
tamine and antibiotics were obtained from Sigma Chemical 
Co., Ltd. Alcobendas, Madrid, Spain. TLC (20 × 20 cm × 
0.25 mm) and HPTLC (10 × 10 cm × 0.15 mm) glass 
plates, precoated with silica-gel 60 (without fluorescent in- 
dicator), were purchased from Merck (Darmstadt, Ger- 
many). All solvents were HPLC grade and were obtained 
from Fluka, Alcobendas, Madrid, Spain. 

Statistical Analysis 

Results are presented as means + SD of triplicate experi- 
ments. The data were checked for homogeneity of the vari- 
ances by Bartlett test and, where necessary, the data were 
arc-sin transformed before further statistical analysis. Differ- 
ences between values were analyzed by one-way ANOVA 
followed (where appropriate) by Tukey's multiple compari- 
son test (65). 

RESULTS 
Gross Composition, Lipid Class Composition 
and Total Lipid Fatty Acid Composition in Midgut 
Gland and Ovary 

The gross composition and lipid class composition in mid- 
gut gland and ovary of P. kerathurus at maturation stage I 
are presented in Table 1. The midgut gland was significantly 
richer in dry matter content, total lipid and total carbohy- 
drate, whereas the ovary was significantly richer in total pro- 
tein content. The proportions of total polar lipids and indi- 
vidual polar classes were significantly greater in ovary than 
in midgut gland. The opposite was the case with to total 
neutral lipids and individual neutral classes, with the excep- 
tion of cholesterol that was relatively more abundant in 
ovary. 

The fatty acids in total lipids from midgut gland were 
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TABLE 1. Gross composition (dry weight percentage) and 
lipid class composition (total lipid percentage) in midgut 
gland and ovary from Penaeus kerathurus females at stage 
of maturation I 

Midgut gland Ovary 

Dry weight 
Protein 
Lipid 
Grhohykat~ 
Othcra 
Total polar lipids 

PhosFhatidylcholine 

Phos~hatidylethanolalnine 

Phosphatidylscrint 

Phosrhatiilylinosit~)i 

I’hosphatidic aci~~/(:ardioliptn 

(;lycosylglyccriilc~ 

Sphingmnyelin 

Total neutral lipids 

Cholesterol 

Free fatty acids 
Triacylglycerol 
Stcrol cbters 

signiticantly poorer in saturated but richer in I11(~1IoLlnsiltLll-- 

ad fatty acids than in ovary, hut no significant differences 

were found between total pc,lyllns;ltllrate~~ whcrc the pro- 

portions of their major components EPA and DHA in both 

organs were not different. It is noteworthy that the ptx>por- 

tion of AA was significantly higher in ovary (Tahk 2). 

TABLE 2. Fatty acid composition (weight percentage) from 
total lipids of the midgut gland and ovary of Penaeus kera- 
thurus females at stage of maturation I 

Fatty acid Midgut Ovary 

7.3 ? 0.9 

0.Y 2 0.3 
IL.4 t 0.3 

7.6 t 0.8 

2.9 ? 0.6 

I.6 + 0.4 

6.6 ? 0.7 

5.5 + 0.2 

i.7 I 0.5 

I.1 2 0.2 

Q.5 2 0.1 

0.5 + 0.0 

0.3 k 0.1 

7.9 -+ 0.2 

‘.l 2 0.3 

C.3 + 0.0 

0.Y i 0.1 

I I.7 ? 1.7 

1.6 i 0.2 
0.5 2 0.0 
2.2 2 0.1 

7.5 2 0.4) 

21.7 + 0.7 

26.8 5 1.3 

36.8 5 0.8 

12.7 2 0.6 

‘).I k 0.2 

16.1 + 1.4 

Y.6 ? 0.8 

27.2 ? 0.8 

3.6 i 0.3 

!i.A? 1.0 

Time Course Incorporation 

of [I-“C]PUFA Into Lipid Chases 

The incorporation of rdioactivity from 11 -“C]LA ;und [ 1’ 

“C]LNA into total lipids and indi\+lual lipid &scx in 

midgut glad cell suspensions during the incubation yeriod 

are presented in Table 3. The ahsolute incorporation of [I _ 
‘“C]LA as well as the recovery in total lipids from midgut 

gland cells decreased significantly from 2 h of incubation 

onward, whereas the absolute incorporation and recover\ 

of [ 1 -“C]LNA into total lipids signiticantly decreased dur- 

ing the whole time course. The radioactivity front [I _ 
‘“C]LA was initially distributed primarily in neutral lipids, 

with almost 57% of the total recovered in triacylglycerc~l 

(TAG). However, the percentage of radioactivity of [ I_ 

“C]LA increased signiticantly in polar lipids during the 

time course, mainly in phospharidylcholine (PC:) ad pho~ 

phatidylethanolamine (PE), with :I concomitant significant 

decrease in neutral lipids. A similar trend was shown in the 

incorporation cd [ I-“C]LN a into lipid clasbt‘s. 

The incorporation of radioxxivity from [ 1 -“C]AA ;mi 

midgut gland cell suspensions during the incubation period 

art’ presented Table 4. The ahsolutc incorporation of both 

11 -“C]AA or [I -“C]EPA ~1s well as th e recovery of radioac- 

tivity in total lipids from midgut gland cells were lower than 

thou for [ I-“C]LA or [I-“C]LNA and showed ;I downwxcl 

trend &ring the time course. As with [ l-“C]LA and [l- 
“(:]LNA, the radioactivity from either [I-“C]AA or [I- 

“C]EI’A was initially distrihutd primarily in neutral lipids, 

with over 55% xd 45% of the total recovered in TAG, 

respectively. Similarly, the percentage of radioactivity fro~tl 

both ( I-“‘C]AA and [ I-“C]EPA increased in polar lipids 

during the time coat’. The increase in relative incorpmt- 

tion mtc) pol;u lipids wab observed in all classex hut \2’;12 

moxt signifkmt in PC, PE and particularly phosphatidylino- 

yitol (PI), h w ereas the concomitant decrease in relative in- 

c~qx>ration in neutral lipids was exclusively due to ;I de- 

creaxc in TAG. 

[ I-“C]EPA into total lipids irnd individual lipid cl;lsse in 7-1~ incorporati~~n of radioactivity from [I -“C]LA, 1 I _ 
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TABLE 3. Incorporation of radioactivity from [1-14C]18:2(n-6) and [1-uC]18:3(n-3) in total lipids as nmol of 14C-PUFA/mg 
of protein and the recovery into total lipids and different lipid classes in midgut gland cells of Penaeus kerathurus during the 
incubation period 

Time of incubation (h) 

1 2 4 6 8 

Incorporation of [1-14Cl18:2(n-6) 
Incorporation into total lipids 15.1 _+ 0.3:' 16.0 ± 0.8" 12.4 
Recovery in total lipids (%) 35.8 -+ 1.3 ~' 37.9 -+ 2.7 ~' 29.5 
Total polar lipids 36.2 -+ 0.5' 41.4 -+ 0.& 44.4 

Phosphatidylcholine 28.6 _+ 0.1 ~' 31.6 ± 0.3 ~ 34.2 
Phosphatidylethanolamine 4.4 ± 0.1 ~' 4.4 -+ 0.0 ~' 5.3 
Phosphatidylserine 0.7 ± 0.0' 2.5 + 0.1" 1.3 
Phosphatidylinositol 1.4 +- 0.0' 1.2 _+ 0.0 b 1.9 
Phosphatidic acid 1.0 ± 0.O' 0.9 _+ 0.0' 1.1 
Sphingomyelin 0.1 + 0.O' 0.8 _+ 0.0/' 0.6 

Total neural lipids 63.6 ± 0.5 ~' 58.4 _+ 0.& 55.4 
Free fatty acid 7.0 ± 0.2' 4.2 ± 0.1 ~' 3.7 
Triacylglycerol/steryl ester 56.6 + 0.4' 54.2 -+ 0.4 t~ 51.7 

Incorporation of [1-14C] 18:3(n-3) 
Incorporation into total lipids 19.6 ± 0.5" 14.9 ± 0.2 ~' 11.4 
Recovery in total lipids (%) 45.0 ± 2.5" 34.2 -+ 2.8 ~ 26.2 
Total polar lipids 33.7 ± 0.8" 38.4 -+ 0.6 b 40.1 

Phosphatidylcholine 25.9 ± 0.5 '' 28.4 -+ 0.3 '~' 29.8 
Phosphatidylethanolamine 5.2 ± 0.1 :~ 5.1 ± 0.1 ~' 5.7 
Phosphatidylserine 0.4 ± 0.0 ~' 1.4 + 0.1 I' 1.3 
Phosphatidylinositul 0.9 _+ 0.2' 1.1 ± 0.2 ~' 1.3 
Phosphatidic acid 1.l ± 0.3 ~ 1.3 ± 0.3" 1.2 
Sphingomyelin 0.2 _+ 0.0 ~' 1.1 ± 0.3 b 0.8 

Total neural lipids 66.2 ± 0.8' " 61.5 _+ 0.6 I~ 59.9 
Free fatty acid 6.0 -+ 0.3 ~' 4.6 -+ 0.2 b 3.2 
Triacylglycerol/steryl ester 60.2 ± 0.6' 56.9 _+ 0.4 b 56.7 

-+ 0.2 t" 8.7 -+ 0.2 ~ 5.8 _+ 0.3 '~ 
+ l .&  20.6 +_ 1.3 ~ 13.8 _+ 0.9 '~ 
_+ 1.1 ~ 43.8 -+ 0.7 ~ 47.5 -+ 1.0 d 
_+ 0.8 ~ 32.2 _+ 0.9" 35.2 _+ 0.8 c 
_+ 0.0 ~' 5.3 ± 0.1 ~ 5.5 _+ 0.1 ~' 
_+ 0.1 ~ 1.4 -+ 0.1 "~ 1.6 -+ 0.0 d 
± 0.1 ~ 2.0 ± 0.0 ~ 1.9 _+ 0.1 ~ 
± 0.1' 1.0 ± 0.0 ~' 1.5 _+ 0.2 ~' 
_+ 0.0 ~ 1.9 +_ 0.2 ~ 1.8 _+ 0.3" 
_+ 1.U 55.9 _+ 0.7 ~ 52.4 +- 1.0 '~ 
_+ 0.1 ~ 2.9 -+ 0.2" 3.7 -+ 0.3 b 
± 1.0 ~ 53.0 _+ 0.4 ~' 48.7 + 0.7 ~ 

-+ 0.2 ~ 8.1 -+ 0.4 ~ 3.2 ± 0.3 ~ 
-+ 1.4 ~ 18.7 -+ 0.9 '~ 7.3 -+ 1.1 ~ 
-+ 0.7 ~'~ 42.6 -+ 0.9 ~ 59.9 -+ 2.3 ~ 
± 0.5 b~ 32.4 -+ 0.5 ~ 37.8 ± 2.1 '~ 
_+ 0.3 ~'~ 6.0 _+ 0.1~' 9.6 ± 0.4 ~ 
_+ 0.2 ~' 0.9 ± 0.1 b 3.9 _+ 1.4 ~ 
_+ 0.3 ~'~ 1.2 +_ 0.1 'b 1.7 -+ 0.1 L" 
+ 0.1 ~' 1.3 + 0.3 :' 2.4 -+ 0.9" 
_+ 0.3 ~'~ 0.8 _+ 0.2 'b 4.5 -+ 0.4 ~ 
+_ 0.7 ~ 57.2 _+ 0.9 ~ 40.0 _+ 2.3 a 
_+ 0.2 ~d 2.6 _+ 0.3' 3.5 _+ 0.4 a 
_+ 0.5 ~' 54.6 _+ 0.9'  36.5 ± 1.9 ~ 

The recovery in total lipids is expressed as percentage of total radioactivity added and the recoveries in lipid classes are percentages of the total radioactivity 
recovered. Data are means -+ SD (n = 3). SD = 0.0 implies an SD <0.05. Values within a given row not bearing the same superscript letter are significantly 
different at p < 0.05. If no superscript appears, values are not different. 

14C]LNA, [1-14C]AA and  [1-14C]EPA in to  to ta l  l ipids and  

lipid clases in ovary  cell  suspens ions  are p r e sen t ed  in Tab le s  

5 and  6. T h e  abso lu te  i n c o r p o r a t i o n  of all [1-14C]PUFAs as 

well  as t he  recovery  in to ta l  l ipids f rom ovary cells was lower  

t h a n  t h a t  e x p e r i e n c e d  in midgu t  g land  cells, bu t  in cont ras t ,  

showed  a n  upward  t r e n d  du r ing  t he  t ime  course.  T h e  radio-  

ac t iv i ty  f rom [1-14C]LA and  [1-1qC]LNA was d i s t r ibu ted  ap- 

p rox ima te ly  in s imilar  p ropo r t i ons  b e t w e e n  polar  and  neu-  

tral  l ipids w i th  a lmos t  4 0 %  of  t he  to ta l  r ecovered  in PC. 

PE and  free fat ty acid (FFA)  showed  a d o w n w a r d  t r end  f rom 

10% to 6% and  14% to 3%, respect ively ,  and  T A G  showed  

an  upward  t r e n d  f rom 30% to 44%.  In con t ras t ,  t h e  radioac-  

t iv i ty  f rom [1-14C]AA and  [1-14C]EPA was d i s t r ibu ted  pri-  

mar i ly  in  polar  lipids. T h e  p e r c e n t a g e  of  r ad ioac t iv i ty  f rom 

[1-14C]AA recove red  in P C  du r ing  the  t ime  course was con-  

s t an t  at  ove r  50%, PE showed  and  d o w n w a r d  t r e n d  f rom 

17% to 12%, PI was abou t  5%,  FFA decreased  s ignif icant ly  

frora 14% to 5% and  T A G  increased  s ignif icant ly  f rom 7% 

to 15%. Finally,  t he  r ad ioac t iv i ty  f rom [1-14C]EPA was ini-  

t ially d i s t r ibu ted  pr imar i ly  in  po la r  lipids, w i t h  P C  showing  

an  upward  t r e n d  f rom 57% to 70%, PE r e m a i n e d  c o n s t a n t  

at  a b o u t  14%, PI was also abou t  5%, FFA showed  a down-  

ward t r end  f rom 13% to 5%, whereas  T A G  r e m a i n e d  con -  

s t a n t  at  abou t  1%. 

Metabolism of [1-~4C]PUFA in Midgut Gland and 
Ovary Cell Suspensions via Desaturation Elongation 

Most  of  the  rad ioac t iv i ty  f rom [ lY4C]PUFAs  in midgu t  

g land  and  ovary  cell  suspens ions  was r ecovered  u n m e t a b o -  

lized (Tab le  7). T h e  p e r c e n t a g e  of  [1-1qC]LA u n m e t a b o l i z e d  

in midgu t  g land  cells was s ignif icant ly  h i g h e r  t h a n  in ovary  

cells. T h e  to ta l  pe rcen tages  of  [1-14C]LA desa tu ra t ed  were 

re la t ive ly  smal l  (3 .1% and  4 .3% for midgu t  g land  and  ovary,  

respec t ive ly)  bu t  s ignif icant ly  h i g h e r  in  ovary  cells. A A  was 

synthesized,  f rom [1-14C]LA, more  ac t ive ly  in ovary t h a n  

in midgu t  g land  cells. W h e r e a s  t he  pe rcen tages  of d i rec t  

e l o n g a t i o n  p roduc t s  of [1-~4C]LA, 2 0 : 2 ( n - 6 )  and  2 2 : 2 ( n -  

6) (4 .5% and  9 .2% for midgu t  g land  a n d  ovary  cells, respec- 

t ively)  were also s ignif icant ly  more  a b u n d a n t  in ovary  cell  

suspensions .  T h e  rad ioac t iv i ty  f rom [1-14C]LNA recovered  

u m n e t a b o l i z e d  in midgu t  g land  and  ovary  cell  suspens ions  
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TABLE 4. Incorporation of radioactivity from [1.~4C]20:4(n.6) and [1.~4C]20:5(n-3) in total lipids as nmol of ~4C.PUFA/mg 
of protein and the recovery into total lipids and different lipid classes in midgut gland cells of Penaeus lcerathurus during the 
incubation period 

Time of incubation (h) 

1 2 4 6 8 

Incorporation of [ 1-14C]20 : 4(n-6) 
Incorporation ± t o  total lipids 7.2 ± 0.3' 6.3 ± 0.2 ~ 4.4 -+ 0.1" 2.9 ± 0.0 ~l 0.6 ± 0.0 ~ 
Recovery in total lipids (%) i8.~ + 0.8' 15.9 + 1.2 I' 11.2 + 0.9" 7.4 ± 0.9 d 1.5 ± 0.4 ' 
Total polar lipids 33.4 ± 0.7" 40.5 m 2.9 t' 45.4 ± 1.5 ~" 49.1 ± 1.0' 57.8 + 3.6 '~ 

Phosphatidylcholine 19.6 +_ 0.6;' 22.2 +_ 1.1' 29.3 _+ 0.6 J' 30.6 ± 1.1 b 30.9 ± 2.4 ~' 
Phosphatidylethanolamine 7.6 ± 0.1" 7.7 ± 0.5' 8.1 _+ 0.3" 8.4 ± 0.1" 11.2 + 1.9 ~' 
Phosphatidylserine 1.2 ± 0.0' ~.9 ± 0.5 t' 1.9 ± 0.4" 2.0 ± 0.1" 3.4 ± 0.7 ~' 
Phosphatidylinositol 3.7 + 0.1" 4.6 ± 0.31 4.4 -+ 0.1 ~" 5.5 ± 0.1 ~ 6.3 ± 0.4 J 
Phosphatidic acid 1.1 ± 0.0' 1.5 ± 0.4' 1.1 ± 0.0:' 1.6 ± 0.5" 3.1 ± 0.3 ~' 
Sphingomyelin 0.2 _+ 0.0' 0.6 + 0.2 ~l 0.6 + 0.2 '1' 1.0 + 0.4 t' 2.9 + 0.1 ~ 

Total neural lipids 66.4 + 0.7' 59.3 + 2.9 ~' 54.6 -+ 1.5 I" 50.6 ± 1.0" 42.0 ± 3.6 'l 
Free fatty acid 11.1 + 0.6 10.5 ± 0.8 12.4 ± 1.8 10.8 ± 0.9 9.0 ± 2.4 
Triacylglycerol/steryl ester 55.3 + 0.3' 48.8 ± 3.I' 42.2 ± 1.6 I~ 39.8 _+ 0.9 I~ 33.0 ± 4. l '  

Incorporation of [ 1-I4C]20 : 5 (n- 3) 
Incorporation into total lipids 13.t + 0.~' 9.6 + 0.5 I' 7.5 _+ 0.4 ~ 5.9 ± 0.6 '1 1.7 + 0.1' 
Recovery in total lipids (%) 30.2 ± 1.2' 22.0 + 1.2 ~ 17.3 + 0.8 ~ 13.5 ± 1.7 ~l 4.0 ± 0.7 ~ 
Total polar lipids 45.0 + 1.1' 48.1 + 1.2 :'~' 52.6 ± 1.0 k' 49.0 ± 2.7 '~" 65.2 + 2.2 ' 

Phosphatidylcholine 30.8 ± 0.3' :;t.9 + 1.5' 36.8 + 1.0 I' 34.7 ± 2.8 ~1' 39.0 ± 1.3 k' 
Phosphatidylethanolamine 6.9 ± 0.2 '/ 7.2 ± 0.1 ~' 6.8 ± 0.4 '~' 5.9 ± 0.4" 7.7 ± 0.6 F' 
Phosphatidylserine 1.1 _+ 0.O' 2.8 ± 0.8 ~' 1.8 ± 0.6" 1.8 + 0.1" 4.1 ± 1.2 t 
Phosphatidylinositol 4.4 ± 0 .1 :  4.2 + 0.1' 4.1 ± 0.1" 4.6 ± 0.2 ''b 4.8 ± 0.4 ~' 
Phosphatidic acid 1.1 + 0.1 1.8 ± 0.6 1.3 + 0.3 1.3 ± 0.5 2.4 ± 0.9 
Sphingomyelin 0.7 ± 0.1' 0.2 + 0. I '  1.8 ± 0.7" 0.7 + 0.3" 7.2 ± 2.7 ~' 

Total neural [ipids 55.1 + 1.1' 51.~S ± 1 .2 '  47.2 + 1.0 I' 50.8 ± 2.7 "~' 34.7 + 2.2' 
Free fatty acid 9.5 + 1.O' 13.9 + 0.9 t 12.3 ± 0.7 ~' 13.2 + 1.1 b 4.9 ± 0.3' 
Triacylglycerol/steryl ester 45.6 ± 1.3" 37.9 + 1.01 34.9 ± 0.8 ~'' 37.6 + 3.t ~' 29.8 ± 2.4' 

The recovery in total lipids is expressed as percentage of total radioactivity added and the recoveries in lipid classes are percentages of the total radioactivity 
recovered. Data are means -+ SI) (n - 3). SD = 0.0 implies an SD <0.05. Values within a given row not bearing the same superscript letter are significantly 
difft'rent at p < 0.05. If no superscript appears, values are n~t different 

were no t  s ignif icant ly  di f ferent  and  a c c o u n t e d  ~br abou t  

90% of  the  to ta l  radioact iv i ty .  T h e  to ta l  pe rcen tages  of  [1- 

14C]LNA desa tu ra ted  were sl ightly h ighe r  t h a n  fi~r [1- 

14C]LA but  also re la t ively  small,  6 .5% and  7.3% in midgut  

g land  and  ovary, respect ively.  T h e  pe rcen tages  of syn the-  

sized E P A  (1 .8% and  1.7%) and  D H A  (0 .6% and 0 .4%),  

f iom [1-14C]LNA, were no t  s ignif icant ly  d i f ferent  b e t w e e n  

the  cell suspens ions  of  b o t h  organs. As w i th  [1- '4C]LA and  

[1-14C]LNA, ~ 9 0 %  of the  rad ioac t iv i ty  f rom [1-14C]AA was 

recovered  unme tabo l i zed  but  midgut  g land cells p resen ted  

h ighe r  desaturase  ac t iv i ty  t h a n  ovary cells (8% versus 

3.3%),  whereas  the  e longase  ac t iv i ty  was the  same ( 4 . 7 -  

4 .9%).  In cont ras t ,  t he  rad ioac t iv i ty  f rom [ 1 - ~ C ] E P A  re- 

covered  unme tabo l i zed  was be low 90% and  s ignif icant ly  dif- 

fe rent  for midgu t  g land  and  ovary ¢ells (82 .3% versus 

87 .4%) .  A p p r o x i m a t e l y  10% of the  rad ioac t iv i ty  from [1- 

14C]EPA was recovered  as desa tu ra ted  p roduc ts  in midgut  

g land  cells w i th  5.5% as 2 2 : 6 ( n - 3 )  and  4 .4% as 2 4 : 6 ( n - 3 ) .  

In cont ras t ,  on ly  ~ 5% of  the  rad ioac t iv i ty  from [1-~4C]EPA 

was recovered  as desa tu ra ted  p roduc ts  m c~vary cell suspen-  

sions, w i th  3 .4% as 2 2 : 6 ( n - 3 )  and  1.5% as 2 4 : 6 ( n - 3 ) .  T h e  

rad ioac t iv i ty  recovered  as produc ts  of  the  e l o n g a t i o n  of [1- 

~4CIEPA [ 2 2 : 5 ( n - 3 )  and  2 4 : 5 ( n - 3 ) ]  was the  same in the  

cell suspens ions  of  b o t h  organs  ( 7 . 7 - 7 . 8 % ) .  

Discussion 

T h e  presen t  e x p e r i m e n t  was des igned  to d e t e r m i n e  to wha t  

e x t e n t  essent ia l  (n -6 )  and  (n-3)  H U F A  such  as A A ,  EPA 

and  D H A  were synthes ized in midgut  g land  and  ovary cells 

from adul t  P. kerathurus females  at t he  b e g i n n i n g  of  sexual  

ma tu r a t i on .  Studies  using [L4C]-acetate or [ /4C]-palmit ic  

acid h a v e  d e m o n s t r a t e d  the  absence  of  de novo synthes is  of 

LA, LNA,  EPA and  D H A  in penae ids  ( 4 , 2 3 - 2 5 , 3 2 ) .  How- 

ever,  feeding trials and  rad io t race r  s tudies h a v e  s h o w n  the  

b i o c o n v e r s i o n  of L N A  to o t h e r  (n -3 )  PUFAs ,  par t icular ly  

(n -3 )  H U F A s ,  by c rus taceans  (9 ,24 ,31 ,41 ,51 ,55) .  In this  

con t ex t ,  and  regarding the  large a m o u n t  of  P U F A s  such  as 

EPA and  D H A  a c c u m u l a t e d  in ovary  and  egg, d e t e r m i n a -  

t ion  of  the  c o n t r i b u t i o n  of  de sa tu r a t i on  and  e l o n g a t i o n  of  

precursors  of these  H U F A s  in midgu t  g land  and  ovary  at  

d i f ferent  stages of m a t u r a t i o n  was an  i m p o r t a n t  ob j ec t i ve  in 

penae id  species of  c o m m e r c i a l  in te res t  such  as P. kerathurus. 
T h e  b iomet r i c  da ta  of the  an ima l s  used for this  experi-  
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TABLE 5. Incorporation of radioactivity from [1-14Cl18:2(n-6) and [1-14C]18:3(n-3) in total lipids as nmol of 14C-PUFA/mg 
of protein and the recovery into total lipids and different lipid classes in ovary cells of Penaeus kerathurus during the incubation 
period 

Time of incubation (h) 

1 2 4 6 8 

Incorporation of [1-14C]18: 2(n-6) 
Incorporation into total lipids 1.6 _+ 0.1" 2.7 -+ 0.1 ~ 3.9 -+ 0.2 ~ 3.4 + 0.2 b~ 3.5 _+ 0.7 b~ 
Recovery in total lipids (%) 5.7 + 0.& 9.5 +_ 0.7 ~ 13.9 _+ 0.9 ~ 11.9 +- 0.8 ~ 12.4 + 1.0 ~ 
Total polar lipids 53.0 -+ 3.1 55.5 -+ 2.3 54.5 -+ 1.4 51.8 -+ 1.1 52.6 -+ 1.7 

Phosphatidylcholine 37.6 +- 1.2 ~' 41.3 -+ 1.5 'b 42.5 ± 1.4 t" 39.6 +- 1.3 ~''' 42.7 -+ 2.9 h 
Phosphatidylethanolamine 10.1 _+ 0.9 ~' 8.8 +- 0.7 ~' 7.0 ± 0.& 6.4 -+ 0.4 ~' 6.1 -+ 0.3 b 
Phosphatidylserine 1.6 +_ 0.4' 0.7 -+ 0.11~ 0.4 -+ 0.0 I' 0.4 -+ 0.0 ~ 0.6 ± 0.2 b 
Phosphatidylinositol 2.2 _+ 0.3 2.1 _+ 0.2 2.1 + 0.4 2.1 _+ 0.4 2.0 m 0.3 
Phosphatidic acid 1.3 ± 0.1 1.5 _+ 0.3 0.9 -+ 0.1 1.4 -+ 0.6 0.8 -+ 0.1 
Sphingomyelin 0.2 ± 0.O' 1.1 + 0.7 ~'1~ 1.6 _+ 0.4 ~ 1.9 -+ 0.4*' 0.4 -+ 0.1:' 

Total neural lipids 46.8 -+ 3.1 44.3 -+ 2.3 45.4 + 1.4 48.0 +- 1.1 47.2 -+ 1.7 
Free fatty acid 13.9 ± 1.6" 10.4 -+ 1.4 ~' 7.6 -4- 0.8b~ 6.0 _+ 0.5 ~ 4.9 -+ 0.6' 
Triacylglycerol/steryl ester 32.9 +_ 3.6' 33.9 ± 2.5 ~' 37.8 -+ 1.6 '~ 42.0 ± 1.2 I" 42.3 -+ 0.7 I' 

Incorporation of [1 -'4C] 18:3 (n-3) 
Incorporation in total lipids 2.1 _+ 0.1 ~' 3.0 -+ 0.1 t" 4.2 -+ 0.2 ~ 4.6 -+ 0.1 'l 3.1 _+ 0.11' 
Recovery into total lipids (%) 7.l -+ 0.5 ~ 10.4 -+ 0.7 I' 14.3 ± 0.9 ~ 15.7 +- 0.7 ~ 10.5 _+ 0.4 ~" 
Total polar lipids 58.1 _+ 1.0 ~' 57.5 + 1.2 ~'~" 57.2 _+ 2.7 'l" 54.9 -+ 1.2 ~'~' 53.1 _+ 2.1 ~' 

Phosphatidylcholine 42.9 -+ 1.3 42.4 -+ 1.4 44.9 -+ 3.3 43.0 ± 1.5 40.4 ± 1.9 
Phosphatidylethanolamine 10.2 +_ 1.7:' 9.9 _+ 0.3' 8.7 _+ 0.7 ̀'1~ 7.9 -+ 0.9 ~'1' 7.1 ± 0.8 I' 
Phosphatidylserine 1.3 _+ 0.4 ~' 0.7 _+ 0.1" 0.5 + 0.F' 0.7 -+ 0.2 ~' 2.5 - 0.7 b 
Phosphatidylinositol 1.9 + 0.2 1.9 .4- 0.2 2.2 _+ 0.2 2.0 _+ 0.0 1.9 _+ 0.1 
Phosphatidic acid 1.2 +_ 0.1' 1.4 -+ 0.2 ~' 0.7 + 0.1/'~ 0.9 .4- 0.0 ~' 0.6 -+ 0.0 ~ 
Sphingomyelin 0.6 .4- 0.O '~" 1.2 _+ 0.7 ~ 0.2 _+ 0.0 ~' 0.4 - 0.0 '~' 0.6 +- 0.2 ~'l' 

Total neural lipids 41.7 .4- 1.0' 42.4 -+ 1.2 ~'l~ 42.8 -+ 2.7 ~'~' 45.0 +_ 1.2 '~' 46.7 -+ L1 b 
Free fatty acid 11.5 _+ 0.5' 9.1 .4- 1.2 ~''' 6.6 .4- 0.1" 6.6 -+ 1.7 ~' 3.0 -+ 0.1 ~ 
Triacylglycerol/steryl ester 30.2 _+ 0.7' 33.3 _+ 0.7 b 36.2 -4- 0.9 ~ 38.4 -+ 1.3 ~ 43.7 +- 1.5 d 

The recovery in total  lipids is expressed as percentage of total radioactivity added and the recoveries in lipid c[asses are percentages of the total radioactivity 
recovered. Data are means -+ SD (n - 3). SD = 0.0 implies an SD <0.05.  Values within a given row not bearing the same superscript letter are significantly 
different at p < 0.05. If no superscript appears, values are not different. 

m e n t  were similar to those found for the same species and 
the same stage of matura t ion  (36). A t  this stage, the ovary 
presents a higher  propor t ion  of polar and structural lipids 
(primarily PC, PE and C)  and a much  lower propor t ion  of 

reserve neutra l  lipids. In  contrast ,  the midgut gland shows 
a much  higher  propor t ion  of neut ra l  lipids (primarily 

T A G ) .  This  has also been  shown for other  crustacean spe- 
cies (14,15,21,30,34,36).  A t  this stage of matura t ion ,  the 
total  lipid fatty acid profile was very similar in bo th  organs. 

The  incorpora t ion  and recovery of radioactivi ty in total  
lipids of midgut  gland was generally greater for [1-14C]LA 
and [1-14CILNA t h a n  for [1-14CIAA and [1-I4C]EPA, per- 

haps indicat ing a preferential  r e t en t ion  of C ts P U F A  in this 
organ. The  midgut  gland appears to be an organ with a high 
metabol ic  activity because the incorpora t ion  of radioactiv- 
ity was maximal  only  1 h after and t h e n  decl ined through- 
out  the t ime course. Furthermore,  a similar pa t te rn  was 
shown for the incorpora t ion  of the  four [1-14C]PUFAs stud- 
ied in this organ dur ing the t ime course. T h e  propor t ion  of 
radioactivi ty from all [1-14C]PUFAs incorporated into mid- 
gut gland cells increased in total  polar lipids dur ing the t ime 
course (from ~ 3 3 . 4 %  to 65.2%) with a c o n c o m i t a n t  de- 

crease in total  neutra l  lipids (form 66.4% to 34.7%). The  
increase in polar lipids was primarily due to significant in- 
creases in the PC, PE and PI. The  labeled T A G ,  the major  
neutra l  lipid class, significantly decreased. [1-14C]AA and 
[154C]EPA were preferentially incorporated in to  PI. 

The  pa t te rn  of incorpora t ion of [1-14C]EPA into  lipid 
classes of midgut gland cells from P. kerathurus was different 
to that  from midgut gland of P. esculentus where in the neu-  
tral lipids, most of the radioactivi ty was recovered as FFA 
instead of T A G ,  and phosphatidic acid was the second 
highest  labeled fraction instead of PE (10). The  proport ions 
of the labeled fatty acids in the polar and neutra l  lipid frac- 
t ions in midgut  gland cells differed from the composi t ion  
data. The  range of the polar l ip id/neutra l  lipid ratios of the 
labeled [1-14C]PUFAs fractions was 0 .5 -1 .9  during the t ime 
course, whereas the normal  polar l ip id/neutral  lipid ratio 
for midgut gland was only  0.3 (excluding cholesterol).  This  
fact is indicat ive of the  selective incorpora t ion  of [1-14C] 

PUFAs into polar lipids, primarily PC and PE, and may re- 
flect to the  func t ion  of the  midgut  gland in the synthesis 
of phospholipids,  expelled into the hemolymph  and trans- 
ported to various tissues inc luding the ovary (5,10), because 
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TABLE 6. Incorporation of radioactivity from [1-~4C]20:4(n-6) and [1-~4C120:5(n-3) in total lipids as nmol  of ~4C.PUFA/mg 
of protein and the recovery into total lipids and different lipid classes in ovary cells of Penaeus kerathurus during the incubation 
period 

Time of incubation (h) 

1 2 4 6 8 

h~corp~+ration ~+f ll-HC]20:4(n-6) 
Incorporation into total lipids 1.8 ± 0.1 +.1 ~ 0.3 +' :J.5 + 0.1 ~ +.3 _+ 0.5 ~ 2.~; + 0.4 ~'~ 
Recove ry±  totallipids (%) 6.8 + 0.5' 11.8 ~ I . l '  ILl  ± 0.8 ~' 12.5 + 0.9 ~̀ 8.8 +_ 0.7:' 
Total polarlipids 78.9 ± 1.6 S+.+ ± 1.2 82.1 + 5.1 77. ~) ± 4.7 80.1 + 1.l 

Phosphatidylcholine 52.0 ± 1.8 55.7 ± 1.5 56.2 ± 5.0 51.8 ± 5.2 57.5 + 0.9 
Phosphatidylethanolamine 17.2 +_ 0 .6  18.5 ± 0.8' 15.5 ± 1.8 '~' 1L9 _+ 0.9 I" 11.8 + 1.2" 
Phosphatidylserine 2.8 ± 0.6 1.8 : 0.2 2.2 + 0.9 1.9 ± 0.6 2.6 + 0.9 
Phosphatid,y, linositol 4.7 ± 0.0' 5.1 *_ 0.2" 4.1 + 0.6 5.9 + 0.4" 4.7 + 0.4' 
Phosphatidic acid 1.9 + 0.0' 1.7 ± 0 .1  2.3 + 0.3 '1' ~.2 + 0.4 I" 2.6 ± 0.6 '1 
Sphingomyelin 0.3 ± 0.1' 0.5 + 0.1 1.8 ± 0.~/' 0.6 + 0.4" 0.9 ± 0.:~' 

T~tal neural lipids 21.1 + 1.6 16.6 ± 1.2 17.8 + 5.1 22.5 ± 4.7 19.8 ± 1.1 
Free fatty acid 14.2 + 0.7' 7.0 ~ 0.4 ~' 10.2 ± 2.8 ~' 4.2 + 0.5 ~ 5.0 ~- 0.3 ~ 
Triacylglycerol/steryl ester 65) _+ 0.1' ~).6 ± 2.:~ 7.6 + 0.8' 18.3 ± 0.9 ~' 14.8 ± 0.9' 

Incorporation of [1-14(,']20: 5(n-:~) 
Incorporation into total lipids 2.2 + 0 .1  2.5 +_ 0.2 t 2.5 .~+_ 0.1 '1 ~,.2 -> 0.4" 2.9 + 0.1 ~'' 
Recovery in total lipids (%) 7.5 + 0.4' 8.5 ± 0.6" 8.6 _+ 0.4 ~'~" 11.0 ± 0.T 9.8 +_ 0.8 ~" 
Tectal polar lipids 85.2 ± 4.9' 87.2 ± 1.8 ~1 90.6 + 2.8 ''~ 94.2 + 1.3 I' 93.8 ± 1.4 ~' 

Phosphatidylcholinc 57.4 + 5.5' 58.2 -~ 1.9' 65.7 ÷ ~.1 :~1' 67.~ :*- 1.9 t' 70.3 ± 1.6 I' 
Phosphatidylethanolaminc 14.2 ± 1.2 ILl  ± 3(~ 15.6 + 0.6 15.1 + 1.0 14.9 + 0.2 
Phosphatidylserine 2.2 ÷ 0.2 7.0 ± 0.61 1.8 + 0.5' 5.2 + 0.7' 1.5 + 0. I '  
Phosphatidylinositol 5.l ± 0.4' b.5 ± 0.5 ~ 4.5 + 0.~' 4.3 + 0.6' 5.~ + 0.5 '~' 
Phosphatidic acid 2.1 + 0.~, ~ 1.8 ~ 0.1 '1 1.9 _+ 0.2a' 1.5 ± 0.2/' 1.2 + 0. l '  
Sphingomyelin 4.2 + 0.5' 0.6 ÷ 0.1 1.1 + 0.~ I' 0.8 ± 0.2 I' 0.6 + 0. l I' 

Total neural lipids 14.8 ± 4.9' 12.6 ± 1.8" 9.2 + 2.8 '1' 5.7 + 1.:~ ~" 6.3 + 1.4 ~' 
Frec fatty acid 13.[ +- 0.~' 1[.4 ± 3.8 7.9 + 2.~ '~' 4.4 + 0.6 ~' 5.[ + 0.8 ~' 
Triacylglycerol/stcryl ester 1.7 :t 0.~ 1.2 ± 0.2 1.~ + 0.1 1.3 + 0.3 1.2 + 0.3 

The rec~very in total lipids is expressed as percentage ~f total radioactivity added and the recopy±ties in lipid classes are percentages of the t,,t~l radio~ctivity 
recovered. Data are means -+ SD (~1 - 7,}. SD 0.0 impl ies  an  SI) .:C0.05. Vah~es within +~ given row n~+t bearing, the same superscript letter are s i g n i h c a n t l y  
different at p < 0.05. If n~+ superscript appea~r>, values are n~+t dillS'rent+ 

the role of  phospholipids in lipid transport m shrimps is well 

documented  (48,49,53,54). Similar  results were also tound 

by Tesh ima  et al. (56) when  feeding [1- '4C]LNA to l'. jap~m- 

icus. T h e  recovery of radioact ivi ty represent the  net  result 

of  initial incorporat ion,  and metabol ism via f l -oxidat ion re- 
suiting in the loss of  radioact ivi ty as 14CO:. T h e  abundance  

of label in FFA as well as the reduct ion of  label recopy±red 

in T A G  during the t ime course in the midgut gland cells 

suggested that  labeled fatty acids were being mobilized ei- 

ther  for phosphol ipid  synthesis or fi~r oxidat ion  to supply 

energy. T h e  rate of oxidatk~n of the different [1-~4C]PUFAs 

was not  measured in the present study but in midgut gland 

cells is presumably very high because the losses of radio~c- 

t ivity from the  lipidic fract ion during the 8-h t ime c~urse 

ranged from 61.6% to 91.7% and possibly a great part of 

this label could be incorporated in C O :  as the final product 

of [1-14CIPUFA fl-oxidation.  

T h e  distr ibution of  label in the lipids of the digestive 

gland cells suggested that  EPA was more important  in ph~s- 

phol ipid synthesis than  LA, I , N A  or A A ,  because it ~'as 

primarily and more unifl~rmly distributed in polar lipid 

classes. This  was also observed when using dietary ~4(" 1:> 

beled fatty acids, particularly ~4C'-labeled EPA with P. escu- 

lentus (10). However ,  in an in viv~ study by Kanazawa and 

Koshio (22), in ject ing [1-t4C]EPA in the spiny lobster Pali- 

nurus  japonicus,  the  ratio of incorpora t ion  in polar l ipid/ 

neutral  lipid was 10:1 1 week after the in jec t ion  and PC 

was the most labeled fraction (74.7%). 

T h e  incorpora t ion  and recovery of  radioact ivi ty in total 

lipids fl:om ow~ry cells was significantly lower and showed 

~ different pat tern of incorpora t ion  than in the midgut 

gland cells. The re  was a significant upward trend fi~r the 

inc~rporat ion of all [1-14CIPUFAs during the  t ime course, 

with values quant i ta t ive ly  similar fi~r all of  them. T h e  in- 

creased incorporat ion into total lipids during the t ime 
c~ursc varied from 21.7% fi~r [1-14CIAA t~,~ 54.3% fl~r [I- 

~4(;]LA. T h e  distr ibution ~f radioact ivi ty in lipid classes 

from [1-/4C]LA in ~vary cells showed a polar l ip id/neutra l  

lipid ratio of ~1  and indicated primarily a net  synthesis 

~f P(~ and T A G  (which increased by 11.9% and 22.2%, 

respectively) at the expense of PE, phosphat idylserme,  Pl 

~lnd FFA (which decreased during the t ime course by ~)9.6%, 

62.5%, 38.5% and 64.7%, respectively).  T h e  inc~rporat ion 

and distributic~n ~f[1Y4C]LNA in ovary cells showed a simi- 
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TABLE 7. Metabolism via the desaturase/elongase pathway of 14C-polyunsaturated fatty acids in midgut gland and ovary cells 
of female Penaeus/cera~urus at stage of maturation I 

14C.PolyunsaturatedfaRyacid 
14C.18:3(n.3) 14C.20:4(n.6) 14C.20:5(n.3) 14C.18:2(n.6) 

Midgut Ovary Midgut Ovary Midgut Ovary Midgut Ovary 

18:2(n-6) 92.6 ± 1.4 86.6 ± 0.9* . . . . . .  
18:3(n-6) 0.7 ± 0.0 0.5 ± 0.0" . . . . . .  
18:3(n-3) - -  - -  91.3 ± 0.9 90.6 ± 0.1 . . . .  
18:4(n-3) - -  - -  2.8 ± 0.1 3.4 ± 0.1" . . . .  
20:2(n-6) 4.0 ± 1.1 7.5 ± 0.1" . . . . . .  
20:3(n-6) 0.2 ± 0.0 0.7 ± 0.0" . . . . . .  
20:3(n-3) - -  - -  1.1 ± 0.1 1.6 +- 0.1" . . . .  
20:4(n-6) 0.9 ± 0.0 1.6 ± 0.2* - -  - -  87.3 ± 0.7 91.7 ± 0.9* - -  - -  
20:4(n-3) - -  0.4 ± 0.0 0.5 ± 0.1 - -  - -  - -  
20:5(n-3) - -  - -  1.8 ± 0.1 1.7 ± 0.1 - -  - -  82.3 ± 1.3 87.4 ± 1.2" 
22:2(n-6) 0.5 ± 0.0 1.7 ± 0.3* . . . . . .  
22:3(n-3) - -  - -  1.1 ± 0.3 0.8 + 0.0 . . . .  
22:4(n-6) 0.9 ± 0.0 0.4 ± 0.0" - -  - -  4.7 ± 0.2 4.9 ± 0.9 - -  - -  
22:5(n-6) 0.1 ± 0.0 0.4 ± 0.0" - -  - -  4.9 + 0.4 2.2 ± 0.0" - -  - -  
22:5(n-3) - -  - -  0.4 ± 0.2 0.3 ± 0.0 - -  - -  5.9 ± 0.2 6.2 ± 0.3 
22:6(n-3) - -  - -  0.6 ± 0.2 0.4 ± 0.0 - -  - -  5.5 ± 0.4 3.4 ± 0.3* 
24:4(n-6) tr tr - -  tr tr - -  - -  
24:5(n-6) 0.4 ± 0.0 0.6 ± 0.0" - -  - -  3.1 ± 0.2 1.1 ± 0.1" - -  - -  
24:5(n-3) - -  - -  0.1 ± 0.0 0.2 _+ 0.0" - -  - -  1.9 ± 0.0 1.5 ± 0.1" 
24:6(n-3) - -  - -  0.4 ± 0.0 0.5 ± 0.0" - -  - -  4.4 ± 0.9 1.5 ± 0.0" 

Vahles represent the radioactivity fi~und in each fatty acid fraction expressed as a percentage of total  radioactivity recovered and are means -+ SD (n = 
3). SD = 0.0 implies an SD < 0.05. tr implies < 0.05%. *Significantly different (p < 0.05). 

lar pa t te rn  to that  of [1-14C]LA, bu t  there was no  increase 

in the propor t ion  of labeled PC but, in contrast ,  the increase 
of radioactivi ty recovered in T A G  was higher  (by 30.9%). 
Similar  results were ob ta ined  when  feeding P. japonicus with 
14C-labeled L N A  but  the ratio of labeled polar l ip id /neutra l  
lipid was higher  for that  species in  that  study (56). T h e  
dis t r ibut ion of radioactivi ty in ovary cells from [1-I4C]AA 
and [1-14C]EPA showed polar l ip id /neut ra l  lipid ratios 
higher  t h a n  those for C is-labeled PUFAs,  indicated that  Ce0 
P U F A  are preferentially incorporated into polar lipid classes 
in  ovary cells. In  particular,  EPA showed polar l ip id /neutra l  
lipid ratios ranging from 5.7 to 15 dur ing the t ime course 
and very low incorporat ions  into T A G .  Similar  results were 
ob ta ined  fi~r the incorpora t ion  of in jected dietary [1- 
~C]EPA in whole body lipids of P. japonicus, P. orientalis 
and Macrobrachium rosenbergii (51). Th e  general  pa t te rn  
suggested a net  synthesis of PC at the expense of PE, FFA 
and T A G .  

The  decreased percentages of radioactivi ty in neutra l  
lipid were due to decreased percentages in FFA and  T A G .  
Therefore,  the ini t ia l  incorpora t ion  of [1-14C]PUFAs in 

ovary cells was in to  T A G ,  with subsequent  hydrolysis of 
fatty acids that  were selectively reacylated in to  phosphol ip-  
ids, primarily PC. In any case, the incorpora t ion  of [1- 
~4C]PUFAs in ovary cells in comparison with midgut  gland 
cells p redomina ted  over the ~xidat ion.  In ovary cells, [1- 
~4C]PUFAs were retained selectively in membrane  polar lip- 
ids, primarily PC, whereas neutra l  lipids, mainly  T A G  and 

FFA represented a reservoir of fatty acids for energy produc- 
t ion  via f l-oxidation.  This  does no t  exclude a role fi~r T A G  
as a supply of P U F A  for ovary moieties dur ing remodel ing 
reactions of deacyla t ion/ reacyla t ion  or de novo phospholipid 
synthesis involved in membrane  biosynthesis and turnover  

(45). 
The  specific incorpora t ion  of bo th  [1-14C]AA and [1- 

14C]EPA into PI in ovary cells was noteworthy.  The  role of 

A A  and EPA as precursors of eicosanoids in mar ine  organ- 
isms is well k n o w n  (44). Different roles such as the regula- 
t ion  of ion flux, temperature  regulat ion and  reproductive 
biology have been  assigned to eicosanoids in invertebrates  
(47). Monohydroxy  and tr ihydroxy derivatives of EPA have 
been  found to act as ha tch ing  factors in barnacles (19,20). 
EPA may also act as a modula tor  in the tb rmat ion  of eicosa- 
noids by compet ing  with the enzyme systems conver t ing  
A A  to eicosanoids (44). In addit ion,  and according to Mid- 
dledi tch et al. (29), there were no  studies on  endogenous  
prostaglandins in crustaceans, and their  occurrence and 
funct ions  in reproduct ion is an impor tan t  area of investiga- 
t ion  that  will lead to a bet ter  unders tand ing  of the role of 
dietary (n-6)  and (n-3)  fatty acids and  their  in teract ions  
(16). In this respect and because prostaglandin synthesis is 
related to the A A  and EPA c o n t e n t  of m e m b r a n e  phospho- 
lipids, the constancy of these part icular fatty acids in Pl 
could be related to prostaglandin synthesis in ovary ceils, 
ah:hough further research is required to elucidate this area. 

As few studies have investigated the metabol ism of 
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PUFAs, via the desaturat ion-elongation pathway, in crus- 
taceans (4,25,31,33,5,55) and such studies in different or- 
gans during sexual maturation are lacking (16), we aimed 
to investigate the characteristics of PUFAs metabolism in 
midgut gland and ovary during maturation. Part of the re- 
sults from that project are presented in the present paper, 
which contains the characteristics of PUFAs metabolism at 
the beginning of maturation in P. kerathurus females from 
the wild. 

Teshima et al. (55) demonstrated that fatty acid metabo- 
lism varied during development, where larval P. japonicus 
had a greater ability to convert dietary [1-t4C]LNA than 
older animals. Therefi~re, variations may occur m PUFA 
metabolism in midgut gland and particularly m ovary 
throughout sexual maturation. Some studies have shown 
that maturation of the owtry inw~lves an increase in lipid 
synthesis and some fiatty acids, primarily saturated and 
lnonoenes, are synthesized de novo by the maturing female 
(7,46). However, there is a lack of infi~rmation about PUFA 
metabolism in sexual maturation. The results obtained in 
the present study showed a pattern of bioconversion of i%;. 
labeled PUFA similar to that shown by other lnarine crusta- 
ceans (4,24,31,55) and marine or pisciwm)us freshwater fish 
(18,24,27,37-39,55,59). Most of the teC-labeled precursor 
( ~ 8 0 - 9 0 % )  remained unmetabolized, with values ranging 
from 3.1 to 9.9% as desaturation products and 2.2 to 7.8% as 
elongation products. [1-'%~']LA and [1-~4C]LNA were more 
actively bioconverted in owtry cell suspensions, whereas [I- 
14C]AA and [1-14C]EPA were more actively metabolized, 
via desaturation/elongation, m midgut gland cells. Focusing 
our attention on (n-3) HUFA (EPA and DHA),  considered 
essential fatty acids in most marine organisms (44), EPA 
was 10-fold lnore effective as a precursor of I )HA than 
LNA, either in midgut gland or ow~ry cells. These results 
are also similar to those found fi~r the marine fish species 
mentioned above. It is, however, noteworthy, that Teshima 
et al. (51) did not find any bioconversion of injected or 
dietary [1-~C]EPA to 22: 5(n-3) or 22:6(n-3) in P. jap~mi- 
cus, P. orientalis and M.rosenbergii. Therefore, the low per- 
centages of[1-14C]PUFAs desatumted, in both midgut gland 
and owtry cells of P. kerathurus, support the lack of sufficient 
ALdesaturase activity as the mechanism underpinning low 
production of DHA from LNA. As has been also demon- 
strated in marine fish species (19,27,37,59), the presence of 
significant amounts of label in both 24: 5(n-3) and 24:6(n- 
3) suggests that the pathway fi~r the production of [)HA vi~ 
a d ~ desaturation, as proposed by Voss et al. (62,63), could 
also be operating in midgut gland and ow~ry cells from P. 
kerathurus. 

Enzyme-substrate interactions in t~ttty 'acid metabolism 
are more dependent on weaker "hydrophobic" interactions 
such as Van der Waals and dispersion fi~rces than on strong 
ionic and hydrogen bond interactions. This implies a low 
substrate specificity, with 16: l(n-7), 18: l(n-9), 18:2(n-6), 
18:3(n-3) and possibly 24:4(n-6) and 24: 5(n-3)al l  coin- 

peting for a single enzyme, a 6 fatty acid desaturase 
(45,62,63). This emphasizes the complex interactions and 
multitude of potential rate controls that can occur in the 
conversions of dietary unsaturated fatty acids that deter- 
mine final PUFA/HUFA compositions of phospholipids 
that could be synthesized either in the midgut gland or in 
the ovary as part of the anabolic mechanisms nccuring dur- 
ing the sexual maturation. 

In conclusion, the pattern of PUFA metabolism in mid- 
gut gland and ovary cells from P. kerathurus is consistent 
with that previously obtained with marine fish, with rela- 
tively low A%dcsaturase activity, and up to 10-fold more 
DHA produced from EPA compared with LNA as substrate. 
These results strongly support the need of dietary supply of 
(n-6) and (n-3) HUFA at the beginning of maturation. It 
remains to be determined if in more advanced stages of mat- 
uration, PUFA metabolism is more active compared with 
non-mature felnales. 
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