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ABSTRACT: The effect of a long-term adaptation of rainbow 
trout to 8 and 18~ combined with a corn oil- or a fish oil-sup- 
plemented diet on the characteristics of the spermatozoan 
plasma membrane was investigated. The experiment lasted up 
to 22 mon during which spermatozoa were collected from the 
mature males. Spermatozoan plasma membranes were isolated 
by nitrogen cavitation, and the cholesterol content, phospho- 
lipid composition and fatty acid pattern were investigated. 
Membrane viscosity was assessed on whole cells by electron 
spin resonance using spin-labeled phospholipids. Neither diet 
nor rearing temperature influenced the cholesterol content of 
the plasma membrane nor the phospholipid class distribution. 
The rearing temperature of the broodstock only slightly affected 
the phospholipid fatty acids. A minor decrease in 18:0 and in- 
crease in monounsaturated fatty acids was observed for the 
cold-adapted fish. These modifications were not sufficient to af- 
fect membrane fluidity, and we conclude that trout spermato- 
zoa do not display any homeoviscous adaptations in these con- 
ditions. On the contrary, the dietary fatty acid intake greatly 
modified the fatty acid profile of plasma membrane phospho- 
[ipids. The fish oil-fed trout displayed a much higher n-3/n-6 
fatty acid ratio than did the corn oil-fed ones, but the 22:6n-3 
levels remained unchanged. Modifications in plasma mem- 
brane composition by the diet were obtained although neither 
of the two diets was deficient in essential fatty acids. The en- 
richment in n-3 fatty acids, however, did not affect plasma 
membrane fluidity which was unchanged by the diets. 
Lipids 30, 23-33 (1995). 

The quality of the spermatozoan plasma membrane in rain- 
bow trout is a key factor in protecting the cell from the extra- 
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cellular environment, be it the hypo-osmotic water into which 
milt is ejaculated or the media and extenders used in artificial 
fertilization. The importance of trout sperm plasma mem- 
brane integrity in resistance to stress such as osmotic shock 
or cold shock was confirmed by Mal6jac et  al. (1). Lipids, 
particularly phospholipids and cholesterol, are important 
structural elements of the cell membrane. It has been demon- 
strated in many vertebrate species that the resistance of sperm 
to cold shock depends on their cholesterol content (2-4), the 
cellular level of unsaturated fatty acids (5), and the phase 
transition temperature of spermatozoan glycolipids (6). In ar- 
tificial membrane vesicles, the fatty acid composition has 
been shown to affect bilayer permeability and the ability of 
the membrane to fuse (7,8). Fatty acid composition also in- 
fluences the osmotic fragility of erythrocytes, which addition- 
ally depends on the nature of phospholipid polar head groups 
(9,10). Several reviews have extensively covered the relation- 
ships between membrane composition (i.e., fatty acid unsatu- 
ration and acyl chain length, cholesterol, phospholipids, and 
proteins) and the physical parameter often referred to as 
"membrane fluidity" (11-13). 

In mammals, changes in plasma membrane composition 
through dietary manipulation are well documented (reviewed 
in Ref. 11). In fish, many studies have shown that the fatty 
acid composition of the diet influences tissue lipids, particu- 
larly the fatty acid pattern in phospholipids (for review, see 
Refs. 14,15). The lipid composition of the broodstock diet has 
been reported to affect the fatty acid profile of trout eggs and 
spermatozoa (16,17) and of gilthead sea bream eggs (18). 
These studies, however, compared essential fatty acid (EFA)- 
deficient and non EFA-deficient diets and concerned whole 
cells. To our knowledge, the only data available in fish mem- 
branes concern the brush border membrane of trout and carp 
intestine (19-21). 

The temperature at which fish are reared also affects the 
lipid composition of the cells. Cold acclimation of these poik- 
ilothermic animals has been shown to increase the propor- 
tions of unsaturated fatty acids and phosphatidylethanolamine 
and to decrease the proportions of saturated fatty acids, phos- 
phatidylcholine, sphingomyelin, and cholesterol (13). These 
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modifications were assumed to increase membrane fluidity 
and to maintain normal cellular functions at low environmen- 
tal temperature. 

It is not known how the rearing temperature and changes 
in the dietary fatty acid profiles affect the lipids in the mem- 
branes of rainbow trout spermatozoa. The present study was 
undertaken to investigate the combined effects of tempera- 
ture and dietary lipids on the cholesterol content, phospho- 
lipids, and fatty acid composition of phospholipid classes in 
the plasma membranes of rainbow trout spermatozoa. To this 
end, broodstock were reared at two water temperatures (8 and 
18~ and the diets were enriched with either linoleic acid or 
n-3 polyunsaturated fatty acids (PUFAs). For each set of rear- 
ing conditions, the biophysical state of the spermatozoan 
membrane was assessed by electron spin resonance (ESR) to 
estimate membrane fluidity. 

MATERIALS A N D  M E T H O D S  

Animals, rearing temperatures and diets. One-year-old juve- 
nile rainbow trout (Oncorhynchus mykiss) specimens of a 
winter strain, weighing about 100 g and reared at the INRA 
experimental farm at Donzacq, France (18~ water), were di- 
vided into four groups. Two groups were transferred to the 
INRA experimental farm at Lees-Athas, France (8~ water). 
In each farm, the trout were fed one of two experimental 
isoenergetic diets, in the form of pellets. Diet compositions 
are shown in Table 1. The relative percentages of n-3 fatty 
acids (0.5% in the corn oil diet and 1.1% in the cod liver oil 
diet) and n-6 fatty acids (3.7 and 1.36% respectively) met the 
known EFA requirements of broodstock fish. The corn oil diet 
was enriched in linoleic acid (three times more than in the cod 
liver oil diet), the cod liver oil diet in n-3 fatty acids (2.3-fold 
with respect to the former). The ratio of highly PUFA (at least 
four unsaturations) to saturated fatty acids was 2-fold lower 
in the corn oil diet (0.21) than in the cod liver oil diet (0.40). 
To obtain the same growth rate at both rearing temperatures, 
the fish reared at 18~ were rationed. 

The first sexual maturity of the fish occurred 9 mon after 
the beginning of the experiment. Their mean weight was 1 kg 
and they were then two years old. Sperm was collected by 
hand stripping. For each rearing condition, sperm from six to 
nine fish were pooled. Each fish contributed the same sperm 
volume in the pool. This year, we obtained one to two pools 
of sperm, depending on the group. These pools were used for 
the determination of the lipid composition of plasma mem- 
brane. After another year under these rearing conditions (total 
of 22 mon), fish reached their second sexual maturity as they 
became three years old. Sperm was collected again and pooled 
in the same conditions. The two pools obtained this year were 
used for both the lipid composition and the fluidity studies on 
the plasma membrane. Since no difference in the lipid com- 
position appeared between the two breeding seasons, the cor- 
responding data were not separated in Tables 3 to 7. 

Membrane preparation. Pure spermatozoan plasma mem- 
branes were prepared as previously described (22). Briefly, 

TABLE 1 
Composition of Experimental Diets 

Ingredients (wt%) a Corn oil diet Cod liver oil diet 

Fish meat 45 45 
Wheat starch (native) 20 20 
Soybean LTI 18 18 
Pre-gelatinized starch 5 5 
Mineral mix (INRA b, France) 2 2 
Vitamin mix (INRA b, France) 2 2 
Sodium alginate 2 2 
Corn oil 6 0 
Cod liver oil 0 6 
Antioxidant (ethoxyquin, ppm) 100 100 
Protein (%) 43 43 
Lipid (%) 11 11 
Digestible energy (kJ/g) 15.5 15.5 
Major fatty acids (molar % of the total) 
14:0 2.0 6.0 
16:0 17.6 24.6 
16:1 2.2 8.1 
18:0 2.9 4.0 
18:1 23.8 22.3 
18:2 n-6 44.8 15.2 
18:3n-3 1.7 2.2 
18:4n-3 0.3 1.3 
20:1 0.2 2.3 
20:4n-6 0.2 0.4 
20:4n-3 - -  0.3 
20:5n-3 2.0 5.5 
22:1 - -  1.6 
22:5n-3 0.2 0.5 
22:6n-3 2.0 5.8 
Total n-3 6.3 15.5 
Total n-6 45.0 15.6 
n-3/n-6 0.1 1.0 
UI 139.3 128.6 

aLTI, LOW Trypsin Inhibiteur extruded full fatty soybean; UI, unsatura- 
tion index = relative percentage of each unsaturated fatty acid times the 
number of double bonds for that particular fatty acid. 
bMineral mix contained the fo l lowing ingredients (g/kg mix):calcium 
carbonate, 215; magnesium hydroxide, 124; KCI, 90; ferric citrate, 20; 
KI, 0.4; NaCl, 40, calcium hydrogen phosphate (CaHPO4), 500; copper 
sulfate, 3; zinc sulfate, 4; cobalt sulfate, 0.2; manganese sulfate, 3. 
cVitamin mix contained the following diluted in cellulose (g/kg mix):vit- 
amin A (500,000 IU/g), 1.5; vitamin D 3 (100,000 IU/g), 1.5; vitamin E 
(500 IU/g), 6; vitamin K, 0.25; thiamine, 0.75; riboflavin, 1.5; pyridox- 
ine, 0.75; nicotinic acid, 8.75; vitamin C, 25; folic acid, 0.25; vitamine 
B12 (1000 mg/kg), 2.5; inositol, 50, biotin (2%), 6.25; calcium pan- 
tothenate, 2.5; choline (50%), 200. 

washed spermatozoa were subjected to a 900 psi nitrogen 
pressure for 20 rain. Sperm extrusion lasted one minute, and 
a crude membrane preparation was collected after centrifug- 
ing (500 x g for 20 min) on a 1M sucrose cushion. Plasma 
membranes were separated from contaminating nuclear mem- 
branes, mitochondria, and flagella by sucrose density ultra- 
centrifugation (54,000 x g for 2 h) on a subcontinuous gradi- 
ent (1.8 to 0.25 M). The purity of the plasma membrane frac- 
tion was assessed by electron microscopy and by enzyme 
marker assays (22). The plasma membrane fraction showed a 
4- to 5-fold enrichment in 5'-nucleotidase (EC 3.1.3.5; 
plasma membrane marker) activity, and no succinic dehydro- 
genase (EC 1.3.99.1; mitochondrial marker) activity was de- 
tected. 
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Lipid extraction and analysis. One volume of plasma 
membrane suspension was vigorously mixed with four vol- 
umes of chloroform/methanol (2:1, vol/vol) (23) containing 
0.02% butylated hydroxytoluene (BHT) as an antioxidant. 
The lower phase was carefully separated, dried, and dissolved 
in chloroform with 0.02% BHT. Total cholesterol was deter- 
mined enzymatically (Biochemica test combination; Boehringer, 
Mannheim, Germany) in 96-well plates after lipid extraction. 
Phospholipids were quantitated by colorimetric determina- 
tion of phosphorus according to Bartlett (24) after hydrolysis 
with sulfuric acid. Phospholipids were separated from neutral 
lipids and glycolipids according to Linard (25). After adsorp- 
tion of the sample to the Sep-Pak silica columns (Waters As- 
sociates, Millipore Corporation, Milford, MA), 20 mL chlo- 
roform were pushed through the cartridge, followed by 10 mL 
acetone and 20 mL methanol. Phospholipid classes were sep- 
arated by high-performance liquid chromatography (HPLC) 
on a Zorbax silica column (250 mm length, 4.6 mm internal 
diameter, 5 ~tm particle size, Societe Francaise de Chro- 
matographie, Eragny, France) on line with a LCD/Milton Roy 
3000 detector (Riviera Beach, CA) at 205 rim. The mobile 
phases were: Solvent A, n-hexane/2-propanol (3:2, vol/vol), 
and Solvent B, n-hexane/2-propanol/water (3:2:0.275, by vol) 
at a flow rate of 1.5 mL/min. After injection of phospholipids, 
the column was eluted for 9 min with 50% A:50% B. The pro- 
portion of B was increased in 5 min to 78%, maintained for 9 
rain, increased to 100% in 2 min, and maintained for another 
14 rain. Finally, the proportion of B was decreased to 50% in 
4 min, maintained for 9 min, and elution was stopped. Under 
these conditions, the various classes of phospholipids eluted 
within 50 min. Quantitation of these classes was performed 
by phosphorus assay. 

Fatty acid distribution in the phospholipid classes was de- 
termined by gas-liquid chromatography of the fatty acid methyl es- 
ters obtained after transmethylation (26). For each class, 1 mg 
phospholipid in 1 mL methanol and 8 mL 12 N hydrochloric 
acid chloroform/2,2-dimethoxypropane (9.87:86.25:3.95, by 
vol) with 0.02% BHT were mixed in screw-cap vials which 
were then closed under a flush of nitrogen and heated at 65~ 
The reaction was carried out for 3 h for total phospholipids, 4 
h for phosphatidylethanolamine and phosphatidylcholine, 4.5 
h for phosphatidylinositol, and 5 h for phosphatidylserine. 
After the tubes had cooled, fatty acid methyl esters were ex- 
tracted in 4 mL n-hexane, dried and dissolved in isooctane. 

A Chrompack CP 9000 gas chromatograph (Les Ullis, 
France) equipped with a splitter injector, a flame-ionization 
detector, and a CP wax 52 CB bonded fused silica capillary 
column (50 m u 0.25 mm internal diameter) was used for fatty 
acid methyl ester analysis. The carrier gas was hydrogen, at a 
flow rate of 1.5 mL/min. The injector and detector were set at 
250 and 270~ respectively, and the oven temperature was 
increased from 180 to 225~ at a rate of 4~ Peaks were 
identified by comparing their retention times with those of au- 
thentic fatty acid methyl esters, and areas were calculated on 
a Spectra-Physics integrator (SP4400, Chrompack, Les Ullis, 
France). 

Spermatozoan spin-labeling. The spin-labeled analogues 
of phospholipids used in these experiments are 1-palmitoyl- 
2-(4-doxylpentanoyl)phosphatidylcholine (SL-PC) and 
-phosphatidylserine (SL-PS) (see Ref. 27 for their synthesis 
description). The required amount of spin-labeled analog 
(corresponding to 1.6% of total membrane phospholipids) 
from a chloroform solution was deposited in a tube and dried 
under nitrogen. The dried film was resuspended in one vol- 
ume of seminal-fluid-like mineral medium (28) consisting of 
110 mM NaCI, 28.3 mM KC1, 1.1 mM MgSO 4, 1.8 mM 
CaC12 and 20 mM tris buffer (pH 9). One volume of sperma- 
tozoa in suspension (2 �9 10 l~ cells/mL) and one volume of di- 
isopropyl fluorophosphate (DFP) 5 mM were mixed with the 
spin-labeled phospholipid. Cell suspension was incubated for 
30 rain at room temperature to allow SL-PS to equilibrate in 
the membrane inner leaflet. ESR spectra were recorded at 4, 
8, 13, 18 and 24~ after re-oxidation of nitroxides by 12 mM 
potassium ferricyanide. All ESR measurements were per- 
formed with a Varian E-109 spectrometer (Palo Alto, CA) 
equipped with a temperature control device. To compare the 
mobility of the spin probe in the different conditions, the ap- 
parent rotational correlation time was estimated as described 
(29). 

Protein content. Membrane suspensions were digested in 
1 M sodium hydroxide overnight at room temperature, and 
the protein content was determined according to Smith et al. 
(30) using the Pierce bicinchoninic acid (BCA) protein assay 
reagent (Rockford, IL). 

Statistical analysis. Sperm from six to nine fishes were 
pooled for each individual analysis. Unless otherwise men- 
tioned, the results shown are the means of three to four of 
these analyses _+ standard error (SE). The statistical signifi- 
cance of differences between different groups was determined 
by the Mann-Whitney test (rank-sum test) (31). This test was 
performed by comparing the two diets, irrespective of the 
rearing temperature, and the two temperatures, irrespective of 
the diet in order to increase the sample number (from 3-4 to 
6-8) and to allow this kind of analysis. The total number of 
fish involved in each group varied from 17 to 34. 

RESULTS 

Neither the lipid content of the two diets nor the rearing tem- 
perature had any significant effect on the phospholipid or cho- 
lesterol contents (relative to protein) of the spermatozoan 
plasma membrane (Table 2). The high SEs are due to high in- 
dividual variations and made it difficult to assess the statisti- 
cal significance of small differences between groups. 

The different broodstock rearing conditions did not result 
in significantly different phospholipid class distributions in 
spermatozoan plasma membranes (Table 3). Whatever the diet 
or rearing temperature, phosphatidylcholine was the major phos- 
pholipid (46.5 to 54%), followed by p h o s p h a t i d y l e t h a n o l -  
amine (29.5 to 33%) and phosphatidylserine (9.5 to 10.3%). 
Sphingomyelin was present in minor proportions (1.0 to 
2.7%), and diphosphatidylglycerol was hardly detected (1.0%). 
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TABLE 2 
Lipid Composi t ion of  Spermatozoan Plasma Membrane from Trout Reared at 8 or 18~ and Fed with Either a Corn Oi l-Supplemented 
or a Cod Liver Oi l -Supplemented Diet Before Spawning a 

8~ Reared 18~ Reared 
Corn oil diet Cod liver oil diet Corn oil diet Cod liver oil diet 

Phospholipid 3.30 • 0.59 2.81 _+ 0.48 2.66 • 0.31 2.93 • 0.36 
(pmol/mg protein) 
Cholesterol 1.06 • 0.21 0.99 • 0.28 0.92 • 0.12 0.74 • 0.09 
(IJmol/mg protein) 
Cholesterol /phosphol ip id 0.33 • 0.08 0.35 • 0.06 0.35 _+ 0.04 0.26 _+ 0.06 
(molar ratio) 

aValues are means of three to four pools + SE of six to nine fish sperm. No statistical significance was observed between the groups (Mann-Whitney test). 

TABLE 3 
Phospholipid Class Distr ibution (% of  total phosphotipids) of  Spermatozoan Plasma Membrane from Trout Reared at 8 or 18~ and Fed with Either 
a Corn Oi l -Supplemented or a Cod Liver Oi l -Supplemented Diet Before Spawning a 

8~ Reared 18~ Reared 
Corn oil diet Cod liver oil diet Corn oi l  diet Cod liver oil diet 

Phosphatidylchol ine 
Phosphatidylethanolamine 
Phosphatidylserine 
Phosphatidyl inositol 
Lysophosphat idylchol ine 
Sphingomyel in 
Diphosphat idylglycerol  

48.67 • 2.52 51.24 • 4.15 46.51 • 3.89 54.00 _+ 5.66 
31.33 • 3.06 31.43 • 3.18 32.99 • 1.90 29.50 • 3.54 
10.33 • 1.53 9.89 • 0.65 10.01 +_ 2.48 9.50 • 2.12 

3.33 • 1.53 2.73 • 0.53 4.50 • 1.27 2.50 • 0.71 
3.00 • 0.00 2.97 • 1.15 3.51 • t .03 2.50 • 0.71 
2.67 • 1.53 0.99 • 0.02 1.00 • 0.82 1.00 • 0.00 
0.67 • 0.58 0.74 • 0.50 1.50 + 1.29 1.00 • 0.00 

aValues are means of three to four pools _+ SE of six to nine fish sperm. No statistical significance was observed between the groups (Mann-Whitney test). 

We investigated the fatty acid profiles of the four main 
phospholipid classes: phosphatidylcholine, phosphatidyl- 
ethanolamine, phosphatidylserine, and phosphatidylinositol 
(Tables 4 to 7). Palmitic acid was present in high amounts in 
trout spermatozoan plasma membrane, accounting for 40% 
of the total fatty acids in phosphatidylcholine (Table 4), 20% 
in phosphatidylethanolamine (Table 5), and over 10% in 
phosphatidylserine (Table 6) and phosphatidylinositol (Table 
7). Oleic acid was also a major fatty acid in all four classes. 
In phosphatidylserine, 25% of the total fatty acids was 
18:1n-9, and in the remaining classes the percentage was 12 
to 20%. Phosphatidylserine was characterized by high pro- 
portions of 22:6n-3 (25%), and this fatty acid accounted for 
10 to 15% of the total fatty acids in phosphatidylinositol, 
phosphatidylcholine and phosphatidylethanolamine. Of the 
four classes, phosphatidylcholine, the major phospholipid, 
had the lowest unsaturated fatty acid (UFA) to saturated fatty 
acids (SEA) ratio and the lowest unsaturation index. The high 
UFA to SFA ratio in phosphatidylserine is due to the fact that 
half of the phosphatidylserine fatty acids were 18:1n-9 and 
22:6n-3 (Table 6). 

The four phospholipid classes all exhibited the same gen- 
eral pattern of fatty acid change in response to reduced water 
temperature and to dietary modifications. In phosphatidyl- 
choline, the proportion of 1 g:0 was lower at a rearing temper- 
ature of 8~ while the proportion of monounsaturated fatty 
acids (MUFA) was higher (Table 4). This slightly but signifi- 
cantly increased the MUFA to PUFA ratio but did not influ- 
ence the UFA to SFA ratio or the unsaturation index. The ef- 

fect of diet on phosphatidylcholine was as follows: the high 
amounts of 18:2n-6 in corn oil increased not only the plasma 
membrane 18:2n-6 levels (2-fold) but also the proportions of 
all n-6 PUFA (20:2n-6, 20:4n-6, and 22:5n-6 2-fold), the 
greatest difference between the two dietary groups being the 
4-fold enrichment in 20:3n-6 in corn oil-fed trout (Table 4). 
The high proportions of 18:2n-6 and 20:4n-6 in trout fed corn 
oil as compared to trout fed cod liver oil resulted in a lower 
MUFA to PUFA ratio in the former. The corn oil diet had only 
one-third as much 14:0 and one-fourth as much 16:1 as did 
the cod liver oil diet (Table 1), but the plasma membrane 
phosphatidylcholines in corn oil-fed trout contained two- 
thirds as much 14:0 as found in that from fish oil-fed trout. 
The high proportion of n-3 PUFAs in the cod liver oil diet 
(two times more 20:5n-3 and 22:5n-3 than in the corn oil diet) 
resulted in a similar enrichment of spermatozoan membrane 
phosphatidylcholine in these fatty acids. Surprisingly, the 
22:6n-3 levels were the same in both groups, although the cod 
liver oil-coated pellets were 3-fold richer in this fatty acid. 
Thus, phosphatidylcholine is the phospholipid class for which 
the difference in the n-3/n-6 ratio between the two diets is the 
highest and for which the UFA/SFA ratio is most affected by 
the diets. The resulting unsaturation index was slightly higher 
in the cod liver oil-fed fish, mainly due to the proportion of 
20:5n-3, but this difference was observed mainly in fish 
reared at 18~ and was not significant. 

Phosphatidylethanolamine was more unsaturated than 
phosphatidylcholine, the UFA/SFA ratio being about two 
times higher in phosphatidylethanolamine. The effects of di- 
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TABLE 4 
Fatty Acid Composition of Phosphatidylcholines in Spermatozoan Plasma Membrane from Trout Reared at 8 or 18~ and Fed with Either a Corn 

Oil-Supplemented or a Cod Liver Oil-Supplemented Diet Before Spawning a 

8~ Reared 18~ Reared 

Fatty acid b Corn oil diet Cod liver oil diet Corn oil diet Cod liver oil diet 

14:0 1.65 _+ 0.35 c 2.47 _+ 0.09 d 1.30 -+ 0.12 c 2.09 + 0.48 d 

15:0 0.51 _+ 0.09 c 0.69 + 0.03 d 0.39 -+ 0.05 c 0.54 _+ 0.11 d 

16:0 38.31 _+ 2.68 38.89 _+ 0.81 37.94 _+ 1.65 38.57 -+ 3.62 

17:0 0.23 _+ 0.02 c 0.26 +_ 0.01 d 0.19 + 0.01 c 0.27 _+ 0.02 d 

18:0 2.50 _+ 0.13 a 2.06 -+ 0.13 a 3.52 _+ 0.43 b 3.57 _+ 0.22 b 
16:1n-9 1.21 + 0.25 a'c 1.13 + 0.15 a'd 1.00 _+ 0.13 b'c 0.40 + 0.45 b'd 

16:1n-7 1.37 + 0.15 a'c 2.04 + 0.16 a'd 0.78 + 0.11 b'c 1.75 _+ 1.00 b'd 

18:1 n-9 13.20 _+ 1.52 12.12 _+ 0.43 12.34 _+ 0.95 11.25 _+ 0.74 

18:1n-7 7.14 _+ 0.92 a 8.85 _+ 1.49 a 5.02 + 0.86 b 7.78 • 1.55 b 

20:1 n-9/7 0.29 • 0.03 0.41 • 0.09 0.38 _+ 0.24 0.34 • 0.02 

18:2n-6 6.51 • 0.45 c 3.22 • 0.33 d 10.13 _+ 0.49 c 3.63 • 0.27 d 

18:3n-3 0.20 _+ 0.08 0.19 _+ 0.07 0.24 • 0.12 0.26 • 0.02 

20:2n-6 1.46 _+ 0.28 c 0.68 • 0.16 d 1.76 _+ 0.28 c 0.63 • 0.01 d 

20:3n-6 1.20 • 0.20 c 0.32 • 0.08 d 2.08 • 0.17 c 0.42 • 0.05 d 

20:4n-6 4.20 _+ 0.77 c 2.44 • 0.18 d 5.04 • 0.75 c 2.99 • 0.52 d 

20:5n-3 6.16 • 1.38 c 10.41 • 1.64 d 4.45 • 0.36 c 10.84 _+ 2.15 d 

22:3n-9 0.35 • 0.18 0.33 _+ 0.06 0.29 • 0.09 0.41 _+ 0.01 
22:5n-6 0.43 • 0.11 c 0.24 + 0.02 d 0.57 • 0.10 c 0.27 • 0.04 d 

22:5n-3 0.28 • 0.07 c 0~40 + 0.03 d 0.23 • 0.04 c 0.48 _+ 0.14 d 

22:6n-3 11.62 • 2.61 11.85 _+ 0.48 10.87 • 1.52 12.77 + 3.55 

Sum SFA 43.29 • 3.01 44.41 _+ 0.85 43.46 • 1.44 45.09 _+ 3.95 

Sum MUFA 23.94 • 2.61 a 25.27 • 1.79 a 20.31 • 1.56 b 21.91 _+ 2.76 b 

Sum PUFA 32.77 • 5.24 c 30.31 _+ 2.15 d 36.23 • 2.98 c 32.99 _+ 6.71 d 

Sum n-3 18.37 • 3.93 c 23.00 + 2.06 d 15.89 • 1.84 c 24.50 + 5.86 d 

Sum n-6 13.97 • 1.44 c 6.97 • 0.58 d 19.88 • 1.25 c 8.04 _+ 0.85 d 

n-3/n-6 1.30 • 0.14 c 3.32 • 0.38 d 0.80 • 0.06 c 3.02 + 0.41 d 

MUFA/PUFA 0.75 • 0.17 a'c 0.84 • 0.12 a'd 0.57 • 0.09 b'c 0.69 + 0.22 b'd 

UFA/SFA 1.32 _+ 0.17 c 1.25 • 0.04 d 1.30 _+ 0.08 c 1.23 • 0.19 d 

UI 167.17 • 24.38 172.53 • 9.28 165.39 • 13.20 181.23 _+ 32.96 

a'bsignificant effect (P < 0.05) of the rearing temperature between a and b inside one diet (Mann-Whitney test); c,dsignificant effect (P < 0.05) of the diet be- 
tween c and d inside one rearing temperature (Mann-Whitney test). 
aValues are means of three to four pools _+ SE (molar %) of six to nine fish sperm. 
bSFA, saturated fatty acid; MUFA, monounsaturated fatty acid; UI, unsaturation index; PUFA, polyunsaturated fatty acid; UFA, unsaturated fatty acid. 

etary n-3 and n-6 enrichment were about the same as for 
phosphatidylcholine. The proportion of 22:6n-3 was not af- 
fected. In phosphatidylethanolamine, however, the high pro- 
portion of 20:5n-3 in cod liver oil-fed trout resulted in an in- 
creased unsaturation index despite the high levels of 20:4n-6 
and 18:2n-6 in corn oil-fed groups. Rearing at 18~ resulted in 
higher 18:0 and lower 16:0 levels than observed in 8 ~ reared 
trout, leading to a lower MUFA/PUFA ratio in the latter. 

Phosphatidylserine is the phospholipid class in which fatty 
acids, excluding 18:0, were the most strongly influenced by the 
rearing temperature (Table 6). Amounts of all SFA possess- 
ing 14 to 17 carbons were higher in 18~ acclimated trout, 
resulting in a lower UFA/SFA ratio in this group. Palmitoleic 
acid levels were higher in the 18~ reared groups. The two 
diets affected the fatty acid profile of phosphatidylserine as 
described for phosphatidylcholine, with 22:6n-3 unchanged 
whatever the rearing conditions. Contrary to phosphatidyl- 
choline, phosphatidylserine exhibited a lower MUFA/PUFA 
ratio in the cod liver oil-fed groups. The unsaturation index 
was unaffected by the rearing conditions. 

In phosphatidylinositol, the five fatty acids, 16:0, 18: l n-9, 
20:4n-6, 20:5n-3, and 22:6n-3, were present in proportions 

approaching 10% or more. The high levels of 16:0 and 18:0 
made this phospholipid class very saturated, a fact reflected 
in the low unsaturation index. The diet mainly affected 
20:4n-6 and 20:5n-3 levels, the 22:6n-3 level remaining un- 
changed. As observed for phosphatidylcholine and phos- 
phatidylethanolamine, 18:0 levels were higher in the fish 
reared at 18~ leading to a lower UFA/SFA ratio. As in phos- 
phatidyl-serine and phosphatidylcholine, the unsaturation 
index was not affected by the rearing conditions. 

The fact that 20:3n-9 was not detectable in all four phos- 
pholipid classes confirms that neither of the diets was EFA- 
deficient (32). 

Membrane viscosity. Membrane viscosity was measured 
on sperm from each of the four experimental groups. ESR 
spectra were recorded with SL-PC and SL-PS at five differ- 
ent temperatures, namely at 4~ the temperature at which 
spermatozoa are stored after collection; 8 and 18~ the two 
rearing temperatures before spawning; 13~ the temperature 
at which trout are usually reared in our laboratory; and at 
24~ the temperature used for thawing and fertilization after 
cryopreservation. The SL-PC reflected the microviscosity in 
the outer monolayer, and the SL-PS reflected that of the inner 
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TABLE 5 
Fatty Acid Composition of Phosphatidylethanolamines in Spermatozoan Plasma Membrane from Trout Reared at 8 or 18~ and Fed with Either a 

Corn Oil-Supplemented or a Cod Liver Oil-Supplemented Diet Before Spawning a 

8~ Reared 18~ Reared 

Fatty acid b Corn oil diet Cod liver oil diet Corn oil diet Cod liver oil diet 

14:0 1.32 • 0.16 0.93 • 0.37 0.79 • 0.39 0.78 • 0.01 

15:0 0.67 • 0.19 0.68 • 0.34 0.49 • 0.27 0.39 • 0.03 

16:0 21.50 • 2.17 a 20.22 • 0.58 a 19.10 • 2.95 b 17.87 • 1.66 b 

17:0 0.32 • 0.02 c 0.38 • 0.08 d 0.28 • 0.06 c 0.31 • 0.02 d 

18:0 3.48 • 0.75 a 2.94 • 0.24 a 4.69 • 0.17 b 4.88 • 0.08 b 

16:1 n-9 2.04 • 0.64 1.50 • 0.68 1.48 • 0.92 1.00 • 0.12 
16:1 n-7 0.48 • 0.07 c 0.86 • 0.05 d 0.30 • 0.03 c 0.62 • 0.01 d 
18:1 n-9 18.45 • 3.62 17.88 • 0.85 12.90 • 1.96 18.55 • 1.82 
18:1n-7 1.51 • 0.18 c 2.24 • 0.12 d 1.28 • 0.02 c 2.38 • 0.03 a 
20:In-9/7 0.32 • 0.05 c 0.39 +_ 0.05 d 0.25 +_ 0.05 c 0.51 • 0.15 d 

18:2n-6 9.68 • 0.68 c 6.68 • 0.13 d 13.04 • 0.87 c 7.32 • 0.63 d 

18:3n-3 0.29 • 0.04 c 0.46 • 0.11 d 0.35 • 0.10 c 0.47 • 0.05 d 

20:2n-6 0.77 • 0.16 c 0.46 • 0.05 d 1.16 • 0.16 c 0.50 • 0.00 d 

20:3n-6 ] .45 • 0.5] c 0.40 • 0.14 d 2.40 • 0.35 c 0.42 • 0.01 d 

20:4n-6 8.84 • 1.23 c 5.17 • 0.36 d 12.88 • 0.50 c 6.13 • 0.11 d 

20:5n-3 10.65 • 2.04 c 18.70 • 0.92 d 9.51 • 0.85 c 17.43 • 0.65 d 

22:3n-9 0.28 • 0.15 0.21 • 0.08 0.17 • 0.06 0.16 • 0.02 
22:5n-6 0.46 • 0.06 c 0.26 • 0.04 d 0.71 • 0/14 c 0.29 • 0.06 d 

22:5n-3 0.24 • 0.02 c 0.43 • 0.02 d 0.28 • 0.03 c 0.52 • 0.09 d 

22:6n-3 15.02 • 1.68 16.85 • 0.83 15.85 • 1.80 17.55 • 2.75 

Sum SFA 27.65 • 2.32 25.49 • 1.48 25.87 • 3.17 24.83 • 1.60 

Sum MUFA 24.21 • 3.18 a 24.25 • 1.25 a 17.18 • 2.28 b 23.78 • 1.55b 

Sum PUFA 48.14 • 4.51 50.26 • 1.79 56.95 • 3.44 51.40 • 3.15 

Sum n-3 26.31 • 3.07 c 36.73 • 1.53 d 26.09 • 2.07 c 36.28 • 3.56 d 

Sum n-6 21.33 • 1.90 c 13.09 • 0.36 d 30.35 • 1.86 c 14.81 • 0.46 d 

n-3/n-6 1.23 • 0.10 c 2.81 • 0.05 d 0.86 • 0.06 c 2.45 • 0.32 d 

MUFA/PUFA 0.51 • 0.11 c 0.48 • 0.04 a 0.30 • 0.05 b 0.46 • 0.06 b 

UFA/SFA 2.64 • 0.30 2.93 • 0.22 2.90 • 0.46 3.04 • 0.26 

UI 234.82 • 18.35 c 262.53 • 8.77 d 255.32 • 14.94 c 265.59 • 18.50 d 

a'bsignificant effect (P < 0.05) of the rearing temperature between a and b inside one diet (Mann-Whitney test); c'dsignificant effect (P < 0.05) of the diet be- 
tween c and d inside one rearing temperature (Mann-Whitney test). 
aValues are means of three to four pools _+ SE (molar %) of six to nine fish sperm. 
bSee Table 4 for abbreviations. 

monolayer. This distribution was determined by their proper- 
ties of  transmembrane movement.  For  a given sample, the ap- 
parent correlation times calculated from the ESR spectra re- 
vealed that the higher  the recording temperature,  the lower  
the membrane microviscosity surrounding the spin label. The 
rearing temperature,  however,  did not affect membrane  vis- 
cosity. The correlation times recorded at a given temperature 
(8 or 18~ were the same for fish reared at 8 or 18~ (Fig. 
1). This means that no adaptat ion of  spermatozoan mem- 
branes of  cold-accl imated trout compensated for the cold-in- 
duced increase in viscosity. Dietary l ipids also had no effect 
on plasma membrane microviscosi ty  as assessed by ESR. In 
addition, for any sperm cell sample, the microviscosity of  the 
inner monolayer  was a lways  lower  than that  of  the outer  
monolayer  since the apparent  correlation time of  SL-PS was 
shorter than that of  SL-PC. 

D I S C U S S I O N  

Plasma membrane characteristics. Teleostean spermatozoa  
have no acrosome,  and fert i l izat ion of  the eggs occurs after 

the spermatozoa have passed through the micropylar  canal to 
reach the egg plasma membrane. Prior to this study, no infor- 
mation was available on the phospholipid composit ion of the 
p lasma membranes  of  such spermatozoa.  Our  results show 
that by comparison with mammals  (33-37) ,  levels of  sphin- 
gomyel in  in trout spermatozoan p lasma membrane  are very 
low. This low sphingomyel in  content  was also observed  in 
trout ery throcyte  p lasma  membranes  (2.8%) (38). Phos- 
phatidylserine levels, on the contrary, are higher in trout sper- 
matozoan p lasma  membrane  than in mammal ian  ones. The 
dis t r ibut ion of  phospha t idy lcho l ine  and phosphat idy l -  
ethanolamine in trout spermatozoan membrane is quite simi- 
lar to that found in vertebrate membranes of  other cell types, 
where these classes predominate.  Phosphat idylethanolamine 
is more abundant,  however,  in trout spermatozoa  than in 
mammal ian  ones. One could expect  that the high phospha-  
t idy le thanolamine  levels in trout p lasma membranes  would  
contribute to enhancing their fusion capaci ty  as unsaturated 
phosphat idy le thanolamines  are thought to show a tendency 
toward forming nonbi layer- type  configurat ions  due to their 
"cone-shaped"  structure (39,40). Surprisingly,  we observed 
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I A B / E  6 
Fatty Acid Composition of PhosphatidyIserines in Spermatozoan Plasma Membrane from Trout Reared at 8 or 18~ and Fed with Either a Corn 

Oil-Supplemented or a Cod Liver Oil-Supplemented Diet Before Spawning a 

8~ Reared 18~ Reared 

Fatty acid b Corn oil diet Cod liver oil diet Corn oil diet Cod liver oil diet 

14:0 1.30 -+ 0.10 a 1.43 _+ 0.70 a 1.94 _+ 0.25 b 2.09 -+ 0.33 b 

15:0 0.69 • 0.04 a 0.90 • 0.35 a 1.15 • 0.20 b 1.40 • 0.16 b 

16:0 8.18 • 1.47 a 9.76 • 2.78 a 9.65 • 1.92 b 10.86 • 2.27 b 

17:0 0.32 • 0.03 a 0.39 • 0.05 a 0.37 • 0.05 b 0.45 • 0.14 b 

18:0 7.50 • 1.90 7.20 • 1.34 7.87 • 1.14 8.18 • 1.43 

16:1n-9 2.69 • 0.93 a 3.03 • 0.98 a 3.64 • 1.06 b 3.47 • 2.25 b 

16:1n-7 0.24 • 0.21 0.47 • 0.13 0.42 • 0.10 0.41 • 0.28 

18:1n-9 27.58 • 2.04 24.75 • 1.35 25.36 • 3.84 24.04 • 0.38 
18:1n-7 0.99 • 0.06 c 1.26 + 0.12 d 0.80 • 0.19 c 1.4t • 0.09 d 

20:1n-9/7 0.45 • 0.22 0.39 • 0.21 0.25 • 0.08 0.54 • 0.35 

18:2n-6 6.28 • 0.96 c 7.50 • 1.60 c 4.69 _+ 0.98 c 8.14 • 0.45 d 

18:3n-3 0.61 • 0.57 0.45 • 0.32 0.34 • 0.24 0.71 • 0.45 

20:2n-6 0.89 • 0.76 c 0.24 _+ 0.09 d 0.74 • 0.13 c 0.35 • 0.21 d 

20:3 n-6 0.87 • 0.16 c 0.26 • 0.11 d 1.22 + 0.19 c 0.42 • 0.29 c 

20:4n-6 5.33 • 1.45 c 3.08 • 1.06 d 7.10 +_ 1.41 c 3.03 • 0.45 d 

20:5n-3 4.38 _+ 1.33 c 6.68 • 1.57 d 3.53 • 0.99 c 6.19 • 0.24 d 

22:3n-9 0.23 • 0.12 0.25 _+ 0.20 0.18 • 0.12 0.07 • 0.07 
22:5n-6 0.75 • 0.23 c 0.46 • 0.25 d 1.35 _+ 0.11 c 0.41 • 0.12 d 

22:5n-3 0.99 • 0.20 c 1.76 • 0.73 d 0.94 +_ 0.04 c 1.25 • 0.86 d 

22:6n-3 24.74 • 0.72 25.86 • 3.00 24.58 _+ 2.85 23.39 • 2.65 

Sum SFA 18.73 _+ 3.04 a 20.16 • 3.16 a 24.48 • 3.43 b 23.91 • 2.63 d 

Sum MUFA 35.20 • 4.07 a'c 32.40 • 1.81 a'd 32.91 • 4.01 b'c 30.96 • 2.18b, d 

Sum PUFA 46.07 • 1.09 47.45 • 3.24 45.61 • 2.29 45.14 • 4.53 
Sum n-3 30.83 _+ 1.61 c 34.95 • 2.62 d 29.44 • 2.20 c 31.73 _+ 3.74 d 

Sum n-6 14.81 • 0.47 c 11.93 • 2.06 d 15.70 • 0.99 c 12.95 • 1.42 d 

n-3/n-6 2.08 • 0.17 c 2.99 • 0.50 d 1.88 • 0.21 c 2.46 • 0.27 d 

MUFA/PUFA 0.77 • 0.11 c 0.69 • 0.07 d 0.72 • 0.12 c 0.69 • 0.11 d 

UFA/SFA 4.44 • 0.97 a 4.04 • 0.69 a 3.74 • 0.71 b 3.22 • 0.46 b 

UI 258.09 • 8.15 265.49 • 17.72 257.01 • 10.60 246.56 • 21.75 

a'bsignificant effect (P< 0.05) of the rearing temperature between a and b inside one diet (Mann-Whitney test); c'dsignificant effect (P< 0.05) of the diet be- 
tween c and d inside one rearing temperature (Mann-Whitney test). 
aValues are means of three to four pools _+ SE (molar %) of six to nine fish sperm. 
bSee Table 4 for abbreviations. 

that trout spermatozoan plasma membranes contain about 1% 
of diphosphatidylglycerol. This phospholipid is thought to be 
almost exclusively localized in the inner mitochondrial mem- 
brane (41). Such a contamination in our plasma membrane 
fraction is unlikely since no succinic dehydrogenase (mito- 
chondrial marker) activity was detected (22). A mitochon- 
drial contamination leading to add 1% of diphosphatidylglyc- 
erol to the total plasma membrane phospholipids would 
surely be detectable by enzymatic marker assay. We can then 
reasonably assume that flout spermatozoan plasma membrane 
contains diphosphatidylgtycerol. In mammals, some authors 
have reported its presence in plasma membranes of ram epi- 
didymal or ejaculated spermatozoa (42,37). 

Of the four phospholipid classes studied here, phos- 
phatidylcholine was the most saturated, due to very high lev- 
els of 16:0. Such a preeminence of 16:0 in phosphatidyl- 
choline is often described, whether in whole cells or in plasma 
membrane. Examples include cod (Gadus morhua) erythro- 
cytes (43), cod and trout muscle, liver, gill, heart, kidney, and 
spleen (44,45), buffalo fish (Jotiobus cyprinellus) sperm (46), 
and brush border membrane from rainbow trout intestine 
(20). In the present study, phosphatidylinositol also displayed 

very saturated profiles as compared to phosphatidylethanol- 
amine and phosphatidylserine, which contained more PUFAs. 
The plasma membranes of mammalian spermatozoa differ 
markedly from trout spermatozoan membranes in regard to 
fatty acid saturation in the various classes of phospholipids. 
In goat and boar caudal epididymis, phosphatidylethanol- 
amine fatty acids are more saturated than those of phos- 
phatidylcholine (35,34). In these species, furthermore, phos- 
phatidylinositol and phosphatidylserine are the most saturated 
phospholipids (SFA percentages for boar caudal epididymis 
are respectively 98 and 64%). In phosphatidylinositol of trout 
spermatozoan plasma membrane, arachidonic and stearic 
acids predominate. This is also true in trout gill, spleen, and 
kidney (47) and in mammals. Phosphatidylinositol may be the 
primary source of arachidonate for lipoxygenase and cy- 
clooxygenase reactions in fish sperm as postulated for gonad 
cell lines (48), since prostaglandins have been identified in 
the testes and milt of numerous fish, including trout (14,15). 

Dietary effects. The dietary fats affected the various phos- 
pholipid classes differently. The n-3/n-6 ratio was much less 
affected in phosphatidylserine (1.5-fold) than in the other 
phospholipids (2.5 to 2.7-fold). This was due, however, to the 
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TABLE 7 
Fatty Acid Composit ion of Phosphatidy[inositols in Spermatozoan Plasma Membrane from Trout Reared at 8 or 18~ and Fed wi th Either a Corn 

OH-Supplemented or a Cod Liver Oi l-Supplemented Diet Before Spawning a 

8~ Reared 18~ Reared 

Fatty acid b Corn oil diet Cod liver oil diet Corn oil diet Cod liver oil diet 

14:0 1.36 _+ 0.40 2.49 _+ 0.57 1.54 -+ 0.92 1.53 _+ 0.69 

15:0 0.09 • 0.02 0.17 _+ 0.05 0.10 -+ 0.05 0.09 • 0.05 

16:0 11.20 • 1.13 15.25 _+ 2.04 10.76 _+ 2.47 12.67_+ 2.94 

17:0 0.68 • 0.25 0.94 _+ 0.14 0.64 -+ 0.11 0.81 _+ 0.08 
18:0 19.16 _+ 1.95 a 19.12 • 2.35 a 23.79 + 3.13 b 24.32 • 0.25 b 

16:1n-9 2.25 _+ 0.44 4.04 _+ 1.57 2.81 • 1.40 2.91 _+ 1.58 

16:1n-7 0.20 • 0.24 0.58 • 0.37 0.39 -+ 0.27 0.39 _+ 0.42 
18:1 n-9 21.97 _+ 1.10 c 15.10 _+ 1.86 d 17.38 • 0.96 c 12.87 • 3.77 d 

18:1n-7 1.12 _+ 0.22 1.17_+ 0.25 0.80 • 0.19 1.17_+ 0.12 

20:1 n-9/7 0.34 • 0.29 0.27 • 0.18 0.20 +_ 0.11 0.31 • 0,15 
18:2n-6 6.27 + 0.92 c 3.63 _+ 0.61 d 5.27 _+ 0.92 c 3.66 • 0.67 d 

18:3n-3 1.13 • 0.97 1.06 _+ 0.73 0.56 • 0.34 0.62 _+ 0.18 

20:2n-6 0.91 • 0.77 0.32 _+ 0.18 0.41 _+ 0.16 0.27 • 0.08 
20:3n-6 0.88 +_ 0.43 c 0.22 • 0.19 d 1.43 • 0.22 c 0.44 • 0.11 d 

20:4n-6 13.22 • 1.68 c 8.75 • 0.76 d 13.43 • 1.12 c 7.28 • 0.87 d 

20:5n-3 6.43 • 2.33 c 13.18 • 2.18 d 7.38 • 1.55 c 14.86 • 1,39 d 

22:3n-9 0.20 • 0.15 0.25 • 0.14 0.21 • 0.07 0.30 • 0.05 
22:5n-6 0.61 • 0.44 c 0.21 • 0.24 d 0.27 • 0.06 c 0.16 + 0.04 d 

22:5n-3 0.74 • 0.59 0.30 • 0.15 0.21 • 0.05 0.38 •  

22:6n-3 6.78 • 0.65 8.11 • 1.55 7.78 _+ 1.04 9.29 • 1.42 

Sum SFA 32.93 • 1.49 38.50 • 1.91 37.30 • 2.57 39.97 • 3.60 
Sum MUFA 28.59 • 0.75 c 24.84 • 2.55 d 24.99 • 3.32 c 22.30 • 1.82 d 

Sum PUFA 38.47 • 1.51 36.67 • 2.72 37.70_+ 2.99 37.73 • 1.82 
Sum n-3 15.25 • 1.25 c 22.68 • 3.44 d 15.94 _+ 2.64 c 25.19 _+ 2.66 d 
Sum n-6 22.77 • 1.94 c 13.63 • 1.00 d 21.20 • 0.40 c 12.12 • 1.02 d 

n-3/n-6 0.68 • 0.10 c 1.69 • 0.38 d 0.75 • 0.11 c 2.10 • 0.40 d 

MUFA/PUFA 0.74 • 0.04 a 0.68 • 0.11 a 0.67 -+ 0.13 b 0.59 _+ 0.02 b 

UFA/SFA 2.04 • 0.14 a 1.60 • 0.12 a 1.69 • 0.20 b 1.52 • 0.24 b 

UI 185.33 • 6.95 191.13 • 13.43 184.74 • 14.73 197.32 • 12.25 

a'bsignificant effect (P< 0.05) of the rearing temperature between a and b inside one diet (Mann-Whitney test);c'dsignificant effect (P< 0.05) of the diet be- 
tween c and d inside one rearing temperature (Mann-Whitney test). 
aValues are means of three to four pools _+ SE (molar %) of six to nine fish sperm. 
bSee Table 4 for abbreviations. 

constant high level of 22:6n-3 in this phospholipid, irrespec- 
tive of the diet. This persistence of 22:6n-3 raises questions 
as to its physiological importance for trout spermatozoa. Yu 
and Sinhuber (49) showed that an EFA-deficient diet in trout 
induced only a 30% decrease in 22:6n-3 content of body 
phospholipids over a 3.5-month period. Casteldine and Buck- 
ley (32,50) reported the same phenomenon, i.e., maintenance 
of the 22:6n-3 levels in trout that received diets devoid of 
EFAs. This could be linked to slow catabolism of long-chain 
PUFAs or to an efficient system for recycling 22:6n-3 during 
lipid metabolism (32). The rate of B-oxidation of 22:6n-3 in 
the mitochondria of different fish tissues is limited or null 
(15). This, coupled with the apparent retention of 22:6n-3 
during lipid mobilization, might ensure that this fatty acid is 
specifically retained to fulfill its role as a major constituent of 
biomembrane phospholipids (15). In whole trout spermato- 
zoa, however, Watanabe et al. (16) have shown that when 
18:2n-6 was available in an (n-3)-deficient diet, a 50% drop 
in 22:6n-3 was compensated by a 4-fold increase in 20:4n-6 
and 22:5n-6. Whole spermatozoa from trout fed an EFA-defi- 
cient diet for one year displayed a decrease in 22:6n-3 levels 
although these levels were maintained in erythrocytes (17). It 

has been proposed that this PUFA could play a role in con- 
trolling membrane fluidity (51) or could be a substrate of 
lipoxygenases (15). Our study suggests a major role for 
22:6n-3 in the phospholipids of trout spermatozoan plasma 
membrane, since levels remain constant even when most of 
the available fatty acids in the diet are of the n-6 series. 

Temperature effect. The temperature at which the fish were 
reared appears to affect neither the cholesterol and phospho- 
lipid contents of spermatozoan plasma membrane nor its 
phospholipid class distribution. Maintenance of cholesterol 
levels was somewhat surprising, considering that a correla- 
tion between cholesterol content and temperature is often de- 
scribed in membranes of poikilothermic animals (13). How- 
ever, most of these studies dealt with short-term adaptation of 
the fish (less than one month), and mitochondria were the 
structures described to be most commonly affected by tem- 
perature. Membranes of cold-adapted poikilotherms usually 
possess higher proportions of phosphatidylethanolamine and, 
less commonly, lower proportions of phosphatidylcholine 
than membranes formed at higher growth temperatures. This 
increases the proportion of nonbilayer-forming lipids at cold 
temperatures. Like the cholesterol decrease, this adaptation is 
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FIG. 1. Correlation time (in ns) as a function of temperature (in ~ for 
spin labeled-phosphatidylcholine (SL-PC) and -phosphatidylserine (SL- 
PS) incorporated in trout spermatozoan plasma membrane; O, 8~ - 
reared trout fed with corn oil diet; e ,  8~ trout fed with cod liver 
oil diet; E3, 18~ trout fed with corn oil diet; II, 18~ trout 
fed with cod liver oil diet. Values reported are the result of two different 
pools (_+ SE) of five to eight individual sperms. No significant differences 
appeared between the two diets and the two rearing temperatures. 

believed to maintain a constant viscosity of the membrane. 
From the insignificant variations obtained for each phospho- 
lipid class in spermatozoan plasma membranes from trout 
reared at 8 or 18~ it appears that this type of adaptation to 
low temperature did not operate in these cells. This lack of 
change with long-term adaptation to a different temperature 
is in agreement with previous observations on flounder 
(Platichthysfletus) erythrocyte plasma membranes (52). If 
changes in the cholesterol and phospholipid contents are 
merely short-term responses to thermal stress, the fact that the 
fish were transferred to the colder temperature prior to sper- 

matogenesis and remained at that temperature until the 
process was complete could explain the apparent lack of ther- 
mal adaptation in trout spermatozoa. 

A nearly ubiquitous response to exposure to a cold envi- 
ronment, as judged from most studies, is a drop in the propor- 
tion of SFAs and a corresponding rise in the proportion of 
UFAs. The introduction of double bonds in the phospholipid 
fatty acids disturbs the molecular packing of the membrane. 
Upon adaptation to a warmer temperature, conversely, an in- 
crease in the saturation level of fatty acids increases mem- 
brane viscosity. This "homeoviscous adaptation" (53) is 
thought to maintain a constant fluidity in biological mem- 
branes whatever the rearing temperature, in order to maintain 
membrane functions. We, conversely, have shown that long- 
term adaptation of trout to two very different rearing temper- 
atures has little effect on the phospholipid fatty acids of trout 
spermatozoan plasma membranes. This is at variance with 
most studies on short-term adaptation of fish tissues (13): 
trout hepatocytes, liver plasma membranes, and mitochon- 
dria, carp liver and muscle mitochondrial membranes, and 
cod and carp erythrocytes (43,54). In all these cases, produc- 
tion of UFAs was stimulated by a sharp drop in the rearing 
temperature. A long-term adaptation of the fish does not al- 
ways result in an acclimatory response. Although a long-term 
temperature adaptation resulted in slight but significant 
changes of the fatty acid composition in flounder erythrocyte 
plasma membrane (45,52), it was not the case in Atlantic 
salmon (Salmo salar) liver (55). The margin of 10~ between 
the two acclimation temperatures employed in our study is 
somewhat smaller than is commonly employed in such exper- 
iments (margins of 15 to 20~ However, Malak et al. (56) 
showed that a six-week acclimation of trout to 11 and 21 ~ 
notably affected the fatty acid pattern of several tissues. This 
allows us to think that the rearing temperatures we used are 
of sufficient importance to trigger an acclimation response in 
trout. The in vitro experiments on trout and carp hepatocytes 
have shown that prolonged exposure to cold diminished the 
capacity for UFA production and that the total capacity to pro- 
duce saturated or unsaturated species clearly did not correlate 
with growth temperatures (57). These observations could be 
one explanation for the apparent lack of response to a long- 
term temperature adaptation we observed in trout sperm. 

The viscosity of trout spermatozoan plasma membranes as 
assessed by ESR appeared unaffected by the rearing tempera- 
ture of the broodstock. In a previous paper (58), we showed 
that phosphatidylcholine is located mainly on the outer leaflet 
of the plasma membrane while most of the phosphatidylser- 
ine is inside. The two spin-labels used here should thus pro- 
vide information on microviscosity in each bilayer leaflet. 
That the viscosity of neither leaflet is affected by the rearing 
temperature of the broodstock is in good agreement with the 
very slight variations observed in the fatty acid profile of each 
phospholipid class. Such a lack of a homeoviscous adaptation 
has been described for the sarcoplasmic reticulum of goldfish 
white muscle (59) and for the brush border membrane of carp 
intestinal mucosa (60). Homeoviscous adaptation is not a 
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property of all cellular membranes, but occurs selectively in 
situations where compensations maintaining membrane order 
serve to maintain membrane function and hence, to some ex- 
tent, tissue function as well (60). The trout spermatozoan is a 
highly differentiated cell, but one whose metabolic activity is 
low and whose viability in the genital tract before spawning 
does not seem to depend on the molecular order of its plasma 
membrane. Membrane viscosity assessed by ESR with spin- 
labeled phospholipid gives information at the interracial level 
of the membrane, since the doxyl group is located at the third 
carbon level. Adjustments of viscosity in the hydrophobic 
core cannot be detected by this probe. Hazel et al. (61) ob- 
served in trout hepatic plasma membranes that compensatory 
fluidity changes in response to temperature are more impor- 
tant in the hydrophobic moiety of the membrane than at the 
interface. 

In conclusion, the fatty acid profile of phosphatidylcho- 
lines, phosphatidylethanolamines, phosphatidylinositols, and 
phosphatidylserines in trout spermatozoan plasma mem- 
branes was affected by the fatty acid profiles of the brood- 
stock diet. This indicates the ability of the plasma membrane 
to incorporate most available fatty acids. This ability is, how- 
ever, limited by the need for n-3 fatty acids as shown by the 
higher n-3/n-6 ratio in the plasma membrane than in the food 
pellets and by the constancy of the 22:6n-3 levels. As judged 
from the results of long-term adaptation to two different tem- 
peratures before and during spermatogenesis, the rearing tem- 
perature had little effect on the lipid composition of the 
plasma membranes of mature spermatozoa. This agrees with 
the fact that no difference in membrane viscosity was ob- 
served between the two groups and supports the hypothesis 
that rainbow trout spermatozoa do not display any homeovis- 
cous adaptation. 
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