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ABSTRACT: The FA composition of glycerophospholipid (GPL)
classes and subclasses was investigated in whole animals of three
marine bivalve mollusks: the Japanese oyster Crassostrea gigas, the
blue mussel Mytilus edulis, and the Manila clam Ruditapes philip-
pinarum. Individual organs (gills, mantle, foot, siphon, and muscle)
of the Manila clam also were examined. The PS plasmalogen
(PSplsm), PE plasmalogen (PEplsm), and PC plasmalogen (PCplsm)
subclasses were isolated by HPLC, and their individual FA compo-
sitions were examined using GC. Plasmalogen forms of PS and PE,
when compared to their respective diacyl forms, were found to be
specifically enriched with non-methylene-interrupted (NMI) FA
(7,15-22:2, 7,13-22:2, and their precursors) and 20:1n-11 FA. Such
a clear specific association was not found for PCplsm. Interestingly,
this trend was most apparent in PSplsm, and the above FA were
found to be, respectively, the predominant PUFA and monounsat-
urated FA in the PSplsm isolated from the three species. This speci-
ficity was maintained in all the analyzed organs of the Manila clam
but varied in proportions: The highest level of plasmalogens, NMI
FA, and 20:1n-11 was measured in gills and the lowest was in mus-
cle. These results represent the first comprehensive report on a FA
composition of the PSplsm subclass isolated from mollusks. The
fact that NMI FA and 20:1n-11, which are thought to be biosynthe-
sized FA, were mainly associated with aminophospholipid plas-
malogens (PE and PS) is likely to have a functional significance in
bivalve membranes.
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Ether glycerophospholipids (GPL) are subclasses of phospho-
lipids found in animal cells. The two predominant forms have
either an alkyl or an alkenyl ether linkage at the sn-1 position
of the glycerol moiety and an acyl linkage at the sn-2 position.
The 1-alkenyl-2-acyl ether GPL are commonly called “plas-
malogens.” The biological activity of plasmalogens is not fully
understood, although a number of functions have been pro-
posed. Plasmalogens are supposed to be important in mem-
brane dynamics, allowing the formation of inverted hexagonal
structures (Hyp) (1). Several recent studies have led to the pro-
posal that these ether lipids also may serve as endogenous an-
tioxidants to protect cells from oxidative stress (2—4). One
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other function proposed is as sinks for PUFA, to maintain high
levels of these FA in some tissues (1).

It is well established that marine invertebrates are especially
rich sources of plasmalogens whereas they contain only small
amounts of 1-alkyl-2-acyl GPL (see Refs. 5 and 6 for reviews).
Indeed, they generally have higher concentrations of plasmalo-
gens than other well-known rich sources such as mammalian
brain (7) and heart (1). In a variety of human tissues, high pro-
portions of plasmalogen forms were found in PE and to a lesser
extent in PC (see Ref. 1 for review). In winter-collected marine
invertebrates, Dembitsky and Vaskovsky (8) concluded that
these animals can be grouped according to the distribution of
plasmalogens in their phospholipids. Plasmalogens of Coelen-
terata and Echinoidea exist only as PE; those of Annelida,
Arthropoda, Ascidia, and most of the Echinodermata, as both PE
and PC; and those of Mollusca, as PE, PC, and PS. Later, Dem-
bitsky (9) repeated this investigation with animals collected dur-
ing the summer and confirmed that, among all examined inver-
tebrates, only mollusks contained PS plasmalogen (PSplsm).

Very few analyses of the FA composition of marine mollusk
plasmalogens have been carried out. In fact, the separation of the
plasmalogen subclasses from the analogous diacyl subclass in a
GPL extract of molluscan tissues is quite difficult owing to the
complexity of the mixture of various molecular species as well
as to the similarities between their chemical structures. However,
in previous investigations, the acid-catalyzed hydrolysis of the
sn-1 position combined with a phospholipid separation by HPLC
has rendered possible the determination of the FA composition,
by GC, of the bulk of plasmalogen forms in the great scallop
Pecten maximus (10-13). GC-MS identification, after enzymatic
hydrolysis of phospholipid polar heads, also has been applied to
describe the detailed fatty acyl chain compositions of PE plas-
malogen (PEplsm) and PC plasmalogen (PCplsm) from the
Japanese oyster Crassostrea gigas (14,15). In these studies, no-
ticeable amounts of non-methylene-interrupted (NMI) FA were
found in PEplsm. These unusual FA have been previously de-
scribed in different phyla of marine invertebrates (6,16). More
recently, high levels of 22:2 NMI FA were found in the polar
lipids of C. gigas and Ruditapes philippinarum (17,18), but the
FA composition of plasmalogen and diacyl GPL were not deter-
mined in these studies. Pathways for the biosynthesis of 20:2
NMI (5,11 and 5,13) and 22:2 NMI (7,13 and 7,15) FA have
been reported in the bivalve mollusks Scapharca broughtoni and
Mytilus edulis (19,20). These results indicated that mollusks
have active FA elongation and desaturation systems permitting
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the de novo synthesis of these NMI FA. The unknown biological
roles of both plasmalogens and NMI FA in marine invertebrates
have motivated investigations of the distribution patterns of plas-
malogens (21) and NMI FA among different organs (22). Unfor-
tunately, analysis of plasmalogens and NMI FA were always
conducted separately, and speculations on the putative biological
functions of these membrane components were never related.

Because information on the composition of FA in the sn-2
position of molluscan plasmalogens is very scarce, or nonex-
istent in the case of PS plasmalogen (PSplsm), an HPLC pro-
cedure was developed to separate the plasmalogen forms of PE,
PS, and PC. In the present study, the proportions and the fatty
acyl chain compositions of both 1-alkenyl-2-acyl and 1,2-di-
acyl analogs were investigated in whole-animal extracts of C.
gigas, M. edulis, and R. philippinarum. For the latter, the in-
vestigation was also conducted on different organs. We demon-
strate that a specific association of particular FA with plasmalo-
gen exists in these three bivalve species.

MATERIALS AND METHODS

Chemicals. Boron trifluoride (BF;, 10% by wt in methanol)
was obtained from Supelco (St. Quentin Fallavier, France).
Other reagents and solvents were purchased from Merck
(Darmstadt, Germany).

Sample preparation and lipid extraction. Adult C. gigas, M.
edulis, and R. philippinarum were collected from the Bay of
Brest during spring and summer 2001. After removing the di-
gestive tract, whole animals of each species were pooled and
homogenized with a Dangoumeau homogenizer at —180°C.
Samples were analyzed in triplicates of three pooled individu-
als for the three species. Also, the mantle, foot, siphon, gills,
and adductor muscle of R. philippinarum were excised, pooled,
weighed, and homogenized as above (triplicate of three pooled
individuals). Lipid extraction was conducted on tissue ho-
mogenates according to the method described by Folch ez al.
(23). To ensure the complete extraction of tissue lipids, a sol-
vent-to-tissue ratio of 70:1 was used as described by Nelson
(24). After removing the organic phase, the residue was washed
with a mixture of CHCl;/MeOH (2:1, vol/vol) to exclude any
solvent retention. The final extract was stored at —20°C under
nitrogen after 0.01 wt% BHT (antioxidant) was added.

Separation of polar lipids on a silica gel microcolumn. An
aliquot of the lipid extracts was evaporated to dryness, and lipids
were recovered with three washings of 500 UL of CHCl,/MeOH
(98:2, vol/vol) and deposited at the top of a silica gel microcol-
umn (30 X 5 mm i.d., packed with Kieselgel 60; 70-230 mesh,
Merck) previously heated at 450°C and deactivated with 6 wt%
H,0 (25). Neutral lipids were eluted with 10 mL of CHCl,/
MeOH (98:2, vol/vol). The polar lipid fraction was recovered
with 20 mL of MeOH and stored at —20°C. An aliquot of this
fraction was taken for the direct determination of the total GPL
FA composition by GC; the rest was used for GPL class separa-
tions by HPLC and their FA composition analysis.

Separation of phospholipid classes and FA analysis. Sepa-
ration of the GPL classes and subclasses was achieved using a
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combination of two successive HPLC separations with two dif-
ferent mobile phases.

(i) Non acid HPLC separation. A rapid gradient elution sep-
aration was achieved, based on a method previously described
by Soudant et al. (26), on a Merck HPLC system (UV detec-
tion at 206 nm) equipped with a Diol phase column (OH-bound
silica gel column, Lichrosorb Diol 5 um, 250 X 4 mm i.d.;
Merck). The former method was modified as follows: The ini-
tial mobile phase was an isocratic 9:1 ratio of solvent A (n-
hexane/2-propanol/water, 40:52:1, by vol) and solvent B (n-
hexane/2-propanol/water, 40:52:8, by vol) run for 11 min. This
solvent ratio was then followed by a 1-min linear gradient to
100% solvent B. The column was maintained on solvent B for
18 min to complete the separation, then finally reactivated with
20 min of the initial 9:1 ratio of solvent A to B. The solvent
flow rate was 1 mL/min during the entire elution program. This
separation allowed the collection of a first fraction (within 3—19
min) containing PE (diacyl + plasmalogen form) and PC (di-
acyl + plasmalogen form), and a second fraction (within 19-25
min) containing cardiolipin (CL), PI, lysophosphatidylcholine
(LysoPC), and PS (diacyl + plasmalogen form).

(ii) Acidic HPLC separations (Fig. ). First and second frac-
tions were treated separately. After evaporation to dryness
under nitrogen, each fraction was recovered with two washings
of 50 UL each of CHCI;/MeOH (98:2, vol/vol) before being
manually injected in the 200-pL loop of the second HPLC sys-
tem. The separation was achieved as previously described (27).
This method, based on the use of an acidic mobile phase, al-
lows the hydrolysis of the vinyl ether bond at the sn-1 position
of the glycerol backbone of the plasmalogen forms (10) and
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FIG. 1. Further acidic HPLC separations of the glycerophospholipid
classes and subclasses. The two fractions (A) and (B) were obtained by
a previous non acidic HPLC separation (not represented). Chromato-
graphic conditions and properties for non acidic and acidic HPLC sepa-
rations are indicated in the Materials and Methods section. PC and PE:
phosphatidylcholine and phosphatidylethanolamine diacyl forms; PC-
plsm and PEplsm, phosphatidylcholine and phosphatidylethanolamine
plasmalogen forms; CL: cardiolipin; PI: phosphatidylinositol; LysoPC:
naturally occuring lysophosphatidylcholine; PS: phosphatidylserine di-
acyl form; PSplsm: phosphatidylserine plasmalogen form.
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creates lyso analogs that elute later than the intact diacyl forms.
This offers the possibility of analyzing separately diacyl and
plasmalogen subclasses of PE and PC from the first fraction
and diacyl and plasmalogen subclasses of PS from the second
fraction. Each PS, PE, and PC subclass, jointly with CL, PI,
and LysoPC, was collected and, after transesterification
(MeOH/BF;), analyzed by GC for FA composition. FA were ex-
pressed as molar percentages of the total FA content of each class
or subclass. For PEplsm, PSplsm, and PCplsm subclasses, the
total percentage was adjusted to 50% to take into account the
alkenyl chains of the sn-1 position hydrolyzed by the acid mo-
bile phase. The quantities of each class and subclass of GPL were
determined from their respective quantitative spectrum of FA ob-
tained by GC. To obtain the molar content of each analyzed frac-
tion, a corrective factor was applied to their respective total FA
molar contents: X1 for the PSplsm, PEplsm, and PCplsm frac-
tions and for the natural LysoPC fraction; x1/2 for the PE-, PC-,
PS-, and PI-diacyl fractions, and x1/4 for the CL fraction.

RESULTS

Contents of plasmalogen and diacyl PE, PS, and PC in C.
gigas, M. edulis, and R. philippinarum. PEplsm and PCdiacyl
were the two major subclasses and accounted for two-thirds of
the total GPL of C. gigas, R. philippinarum, and M. edulis
(Table 1). The PSplsm, PSdiacyl, PEdiacyl, and PCplsm sub-
classes, together with PI, LysoPC, and CL, constituted the other
third. The PEplsm subclass was more prominent than the PE-
diacyl subclass, accounting for most of the PE (77.8 to 85%),
whereas the PCplsm constituted only 3.1 to 10.9% of PC. The
PS class contained plasmalogen and diacyl forms in similar
proportions, with PSplsm accounting for 43.4, 44.8, and 66.4%
of total PS in C. gigas, R. philippinarum, and M. edulis, respec-
tively (Table 1). The same general features were also observed
in the different organs isolated from the R. philippinarum

TABLE 1

(Table 1). Nevertheless, the proportions of plasmalogens in PS,
PE, and PC varied according to the organs. PEplsm, PSplsm,
and PCplsm proportions ranged, respectively, from 66.1, 28.9,
and 5 in the muscle to 85.6, 67.2, and 14.6% in gills (Table 1).
The sum of the plasmalogen subclasses (PSplsm + PEplsm +
PCplsm) was found to reach a mean value of 41.4% of the GPL
of the three species when analyzed as whole animal. Analysis
of R. philippinarum organs indicated that the sum of plasmalo-
gen subclasses ranged from a minimum of 28.4% in muscle to
a maximum of 52.1% in gills (Table 1).

FA composition of the plasmalogen and diacyl forms of PE,
PS, and PC. In the three bivalve species analyzed as whole-
animal extract, the total saturated FA (SFA) ranged between 34
and 47.6% in the diacyl fractions of PS, PE, and PC. SFA con-
tent was found to be very low in PEplsm and PSplsm (<2.5 and
<7%, respectively; Tables 2 and 3) and slightly higher in PC-
plsm (from 12.1 to 18.1% of the total FA; Table 4). The 16:0
and 18:0 acids were generally predominant in the SFA of all
fractions. The MUFA content was lower in PEplsm and PC-
plsm than in their respective diacyl forms for the three species
(Tables 2 and 4). However, the MUFA content was lower in the
PSplsm compared to the PSdiacyl only for M. edulis (Table 3).
The 20:1n-11 FA was the main MUFA of PSplsm and of PE-
plsm, accounting, respectively, for 55 to 79.2% and 41.5 to
60.9% of the total MUFA in the three species analyzed as
whole animal (Tables 2 and 3). No such specific association
was observed for PCplsm (Table 4). The variation of 20:1n-11
content in PS, PE, and PC subclasses followed a similar pat-
tern in all organs analyzed from R. philippinarum (Fig. 2). The
characteristic 20:1n-11 enrichment of the PSplsm MUFA was
observed in all organs. The lowest percentage was measured in
muscle and the highest percentages in mantle and gills (Fig. 2).
In addition, while maintaining such a specificity, the GPL con-
tent of 20:1n-11 in organs ranged from a higher value in gills
(4%) to a lower value in muscle (1.7%) (Table 5).

Composition of Glycerophospholipids? and Plasmalogen Content of PE, PS, and PC Classes in the Whole Body of Crassostrea gigas,
Mytilus edulis, and Ruditapes philippinarum and in Separated Organs from R. philippinarum

Glycerophospholipid composition (mol%)?

Whole body Organs
C. gigas M. edulis R. philippinarum Mantle Foot Siphon Gills Muscle

PEdiacyl 5.8+0.9 8.0+£1.0 8.1+£0.2 8.0x1.2 8.8 +£0.1 6.9+0.5 6.1+0.4 11.3+0.7
PEplsm 33.6 +4.7 28115 31.5+2.0 30.7£2.2 35.1+£0.8 316 £1.9  36.5+2.8 221+£2.6
PSdiacyl 7.2+0.6 48+1.3 8.5+2.0 9.2+ 1.1 72+1.7 11.7+£2.1 53+2.0 9.8+3.0
PSplsm 58+2.2 9.5+1.38 6.9+1.7 63+23 59+£19 72+25 106+0.5 40+1.1
PCdiacyl 36.5+2.4 40.5+1.7 339+1.8 33.1+0.1 33.5+3.8 304+25 289+29 42.0+5.1
PCplsm 4.7 £0.7 1.3+£0.5 2.8+0.7 29+0.7 1.9+0.7 25+04 50+2.4 23+0.8
Pl 55+1.7 53+14 5.8+0.9 6.9+0.7 49+15 6.5+0.8 49+0.3 6.6 +0.4
CL 1.1+£0.2 1.3+0.8 0.9+0.2 1.0+£04 1.3 +0.1 1.0+0.2 0.8+£0.2 0.6 £0.2
LysoPC 22+1 25+0.9 1.7 +0.1 1.9+£0.5 1.3+£0.2 2.2+0.1 1.9+0.7 1.3+£0
Total plasmalogen 441 38.9 41.2 39.9 42.9 41.3 52.1 28.4
Plasmalogen content of the class”

PE 85.0+3.8 77.8+1.3 79.6 £ 0.6 79412 80.0 £ 0.3 82.1+£2.0 85617 66.1 = 4.1

PS 433 +£11.9 66.4 +10.4 44.8 +0.3 39.9+6.2 448 +2.2 37642 67.2+7.6 289+0.8

PC 10.9 £ 2.1 3113 75x13 79+1.9 52x15 7503 146+7.4 50x1.2

“Expressed as mol% of total moles of glycerophospholipids, calculated as indicated in the Materials and Methods section. Results are mean + SD (n = 3).
bRatio (in %) of the plasmalogen form to the diacyl + plasmalogen forms of a class.
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TABLE 2
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FA Composition of PEdiacyl and PEplsm in the Whole Animals C. gigas, M. edulis, and R. philippinarum®

C. gigas M. edulis R. philippinarum

FA Diacyl? Plsm® Diacyl Plsm Diacyl Plsm

Branched 22+03 0.2+0.1 1.2 +0.1 0.1 +0.0 7.4+0.8 1.0+0.2
14:0 0.8+0.4 0.1+£0.1 0.8 +£0.1 0.1 +0.1 0.6 +0.0 0.0+ 0.0
15:0 0.6 +0.2 0.1+0.0 0.4+0.0 0.0+ 0.0 0.3+0.0 0.0+ 0.0
16:0 13.6 £0.2 1.2+0.2 125 +0.5 0.6 £0.2 8.0+0.0 0.7 £ 0.1
17:0 3.2+0.7 0.2+0.0 2.8+0.2 0.1 +0.0 2.5+0.1 0.2+0.0
18:0 19.4+3.5 0.8 +0.1 176 +1.0 0.6 +0.1 15.0+2.4 0.4+0.0
16:1n-7 0.7 +£0.1 0.1 +0.1 1.2+0.8 0.5+0.2 3.0+0.1 0.8 +0.1
18:1n-9 22+1.7 0.3+0.2 1.2+0.2 0.2+0.0 4.8+0.7 1.8+0.4
18:1n-7 33+1.2 03+0.2 34+0.6 0.2+0.0 1.8 +£0.1 0.2+0.0
20:1n-11 1.5+0.0 2.8+0.1 0.8 +0.1 1.7£0.0 3.6+0.6 3.1+£03
20:1n-9 0.8 +0.1 0.3 +0.0 4.0+0.3 1.2+£0.0 26+0.3 0.7+0.0
20:1n-7 4.4 +0.1 0.6 0.1 1.3 +£0.1 0.3 +0.0 52+1.0 04 +0.0
18:3n-3 0.7 +£0.1 0.2+0.0 1.4+0.0 0.3+0.0 03+0.2 0.1+0.0
18:4n-3 0.6 +£0.2 03 +0.0 1.0+0.0 0.1 +0.0 03+0.2 0.1 +£0.1
20:2NMI(5,11) 0.0+ 0.0 0.2+0.1 1.4+0.2 7.0+0.2 0.1 +£0.0 0.1+0.0
20:2NMI(5,13) 0.4+0.0 0.3+0.0 0.4 +0.1 29+0.1 0.2+0.0 0.1+0.0
20:4n-6 56+0.5 1.3 +0.1 26+03 25+0.2 5.0+0.1 1.0+0.0
20:5n-3 239+0.6 9.3 +£0.1 229+0.6 17.2 +£0.6 53+04 2.1+£0.2
22:2NMI(7,13) 0.6 +0.0 1.9+0.0 0.2+0.0 09+0.2 1.4+0.1 3.7+0.3
22:2NMI(7,15) 4.6+0.5 9.2+0.2 1.0+0.0 3504 3.8+0.2 102 +0.3
22:3NMI(7,13.16) 0.2+0.0 0.5+0.0 0.3 +0.0 1.4+0.1 0.5+0.1 1.6 £0.2
22:4n-6 0.4 +0.1 0.9+0.0 0.3 +0.1 0.7 +0.1 2.2+0.1 4.3 +0.1
22:5n-6 0.3 +0.0 0.8 +0.0 0.3 +0.0 0.4+0.0 1.1+£0.0 1.4 +0.1
22:5n-3 1.1+0.2 29+0.1 0.9+0.1 1.6 £0.0 3.0+0.0 4.4 +0.1
22:6n-3 6.9+ 0.6 14.4 + 0.6 18.5+0.8 53+04 17.1+0.8 8.9+0.6
Others® 1.4+0.8 0.8+0.2 1.5+0.6 0.5+0.4 42+0.7 24+03
Total NMI 5.7+0.5 12.1+0.3 3.3+0.1 15.7+£0.4 6.0+ 0.0 158 +0.3
Total SFA 403 +3.3 25+0.6 353 +0.9 1.4+£0.0 34.0+1.7 23+03
Total MUFA 13.0+3.2 4.6+0.5 120+ 1.3 4.1+0.3 224+29 7.3+0.8
Total PUFA 46.7 £ 0.1 429+1.0 52.7£0.5 445+04 43.6+1.2 40.3 £ 1.1

IResults expressed as mol% are mean = SD (n = 3). For abbreviations see Table 1.

b Diacyl” refers to both sn-1 and sn-2 fatty acyl chains of the diacyl form.

“”Plsm” refers to sn-2 fatty acyl chains of the plasmalogen form; the total percentage was adjusted to 50% to take into ac-
count the alkenyl chains of the sn-1 position hydrolyzed by the acid mobile phase as described in Materials and Methods

section.
9Branched-chain FA (mainly 15:0 and 17:0 iso and anteiso).

€Total of 11 FA detectable (16:1n-5, 18:1n-5, 18:2n-6, 18:2n-4, 18:3n-6, 18:3n-4, 20:2n-6, 20:3n-6, 20:4n-3, 21:4n-6, and
21:5n-3, none of which was more than 1.0% in any subclasses).

Long-chain PUFA with 20 and 22 carbons were found to be
the dominant PUFA in the plasmalogen and diacyl fractions.
They were principally constituted by NMI FA as well as 22:6n-3,
20:5n-3, and 20:4n-6. The different NMI FA were the 20:2 NMI
(5,13-20:2 and 5,11-20:2) and the 22:2 NMI (7,15-22:2 and 7,13-
22:2). Low levels of 22:3 NMI (7,13,16-22:3) were also detected
in the FA of the three bivalves. Considering the sum of these
NMI FA (ENM)), C. gigas, M. edulis, and R. philippinarum
showed a high percentage of ZNMI in PSplsm (12.7, 20.2, and
20.3% of the total FA, respectively) and in PEplsm (12.1, 15.7,
and 15.8% of the total FA, respectively). XNMI in PSplsm and
PEplsm were generally higher than those measured, respectively,
in PSdiacyl and PEdiacyl, except in the PS of C. gigas, where it
reached 13.9% of total FA in PSdiacyl (Tables 2 and 3). The pre-
dominant NMI FA was the 7,15-22:2 isomer, which was the
major PUFA of PSplsm in the three species. Mytilus edulis plas-
malogens also contained a high proportion of 20:2 NMI, these
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isomers being predominantly localized in PEplsm (Table 2). In
R. philippinarum organs, as in the whole body of the three bi-
valves, the three plasmalogen subclasses showed a specific asso-
ciation with XNMI when compared to their diacyl analogs (Fig
3). This specificity was especially important in PSplsm and PE-
plsm and to a lesser extent in PCplsm. Such specificity was main-
tained, whereas the content of XNMI in GPL ranged from a
higher value in gills (16.1%) to a lower value in muscle (4.3%).
As in the whole body, the predominant NMI of R. philippinarum
organs was the 7,15-22:2 isomer, along with minor amounts of
7,13-22:2; the ratio of these two FA was unchanged whatever the
organ (data not shown).

DISCUSSION

Importance of plasmalogen subclasses. Plasmalogens consti-
tuted a high proportion of GPL, in C. gigas, R. philippinarum,



TABLE 3
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FA Composition of PSdiacyl and PSplsm in the Whole Animals C. gigas, M. edulis, and R. philippinarum®

C. gigas M. edulis R. philippinarum

FA Diacyl? Plsm® Diacyl Plsm Diacyl Plsm

Branched 1103 0.2 x0.1 1.2=0.0 0.3 0.0 23£0.2 0.5 0.1
14:0 0.3 +0.0 0.2 +£0.0 0.3 +0.0 0.4 +0.0 0.1 £0.0 0.0 £0.1
15:0 0.2 +0.0 0.1 +0.1 0.0+0.0 0.1+£0.0 0.0+0.0 0.0+0.0
16:0 52+04 2.8+0.8 8.7+£29 2.7+0.6 52+09 1.5+0.2
17:0 2.6 0.5 0.6 £0.2 41+03 0.2 +0.0 3.6+0.2 0.3 +0.0
18:0 32.0+5.0 3.1+03 26.4 +0.8 1.8+1.1 36.1 £0.6 23+03
16:1n-7 0.1 +0.1 0.1 +0.1 0.9+0.0 0.4 +0.0 0.8 +£0.0 0.2 +£0.0
18:1n-9 0.8 +0.7 0.3 +0.2 0.7 +£0.0 0.1+£0.0 1.8+0.4 0.5+0.1
18:1n-7 1.3+0.8 05+0.5 1.9+0.0 0.2+0.0 0.7 £ 0.1 0.1+0.0
20:1n-11 4.6 +0.4 125+1.9 0.7 £0.1 2.5+0.1 2.2 +0.1 8.4+0.2
20:Tn-9 0.8 £0.1 1.5+1.4 58+1.6 1.0+0.1 0.7 £0.1 0.6 £0.1
20:1n-7 72+1.8 1.3+£0.6 1.0+0.5 0.2+0.0 1.0+ 0.1 0.3 +0.0
18:3n-3 0.3 +0.0 0.0 +£0.1 1.0+ 0.0 0.1+£0.0 0.1+0.2 0.0+0.0
18:4n-3 0.1+0.2 0.1 +£0.1 0.5+0.0 0.1 +0.0 0.1 +0.1 0.0+0.0
20:2NMI(5.11) 0.1 +0.1 0.1+0.0 1.0+ 0.0 2.1+0.1 0.1 +0.1 0.1+0.0
20:2NMI(5.13) 0.3 +0.2 0.2 +£0.1 0.5+0.0 0.9 +£0.1 0.1+£0.0 0.1+0.0
20:4n-6 57+03 1.2+0.3 23+0.6 1.2+£0.0 55+04 0.9+0.1
20:5n-3 20.1 1.4 4.7 £0.2 8.1 £0.6 6.2 £0.6 5.7 +0.0 1.0+ 0.1
22:2NMI(7,13) 1.8 +0.1 22 +0.0 0.4 +0.0 1.2 +0.1 1.5+0.0 6.1 £0.2
22:2NMI(7,15) 11.6+1.2 10.1 +2.6 6.0 £ 0.0 149 +4.0 46+0.3 13.6 +0.8
22:3NMI(7,13,16) 0.1 +0.0 0.2 0.1 0.5+0.0 1.1 +0.1 0.2 £0.1 0.5+0.2
22:4n-6 0.2 +0.1 0.5+0.1 0.4 +0.0 0.7 £0.1 2.0+0.0 1.9+0.0
22:5n-6 0.2+0.0 0.5+0.2 0.6 0.0 0.7 £ 0.1 1.2+£0.0 1.5+0.0
22:5n-3 0.4 +0.2 1.1 +0.1 1.5+0.2 1.7 +0.2 3.5+0.1 1.6 £ 0.1
22:6n-3 24+0.7 57«11 239 +0.1 8.6 £2.1 18.3 +£0.6 6.4 +0.2
Others® 0.3+0.3 0.2 £0.1 1.5+0.1 0.4+0.0 2.0+0.5 1.1+0.2
Total NMI 13.9+1.1 127 £2.7 8.4 +£0.1 20.2 £4.2 6.5+0.3 20.3 +£0.8
Total SFA 41.8+5.3 7.0+ 0.4 40.8 +£3.9 55+1.6 47.6 £0.2 4.7 £0.6
Total MUFA 14.8 +£3.2 164 +1.9 11.0+2.3 4.5+ 0.1 7.5+0.9 10.6 £ 0.0
Total PUFA 43.4 +2.1 266 1.5 48.1 + 1.6 40.0+1.5 449 +0.7 34.6 £ 0.6

afFor footnotes see Table 2.

and M. edulis. Plasmalogens were found in especially high pro-
portions in PE (>78%) and in fairly low proportions in PC
(<11%). Although PSplsm was a minor GPL component (about
7% of the total GPL), it represented an important part of PS,
ranging from 45% in C. gigas and R. philippinarum to 67% in
M. edulis. These results were in good agreement with those first
reported on 14 bivalve species by Dembitsky and Vaskovsky
(8) and those reported on C. gigas (59.8% of PEplsm in PE and
7.2% of PCplsm in PC) by Koizumi et al. (14).

FA composition of plasmalogen subclasses. A new combina-
tion of two HPLC separations allowed the analysis of the FA pro-
file of the different GPL classes and subclasses in three bivalve
species. To date, very little information is available on the FA
composition of plasmalogen subclasses from marine bivalves.
Only two studies described the FA composition of PEplsm and
PCplsm of C. gigas (14,15), but the FA composition of the
PSplsm has never been studied. To the best of our knowledge,
the present study represents the first comprehensive report on the
FA composition of the PS plasmalogen subclass in marine bi-
valves and, in fact, in marine mollusks as well. The FA pattern
of PSplsm clearly showed a high specificity for NMI FA and
20:1n-11, and this characteristic was very consistent in the three

bivalve species analyzed. The 7,15-22:2 isomer, a NMI FA, was
the main PUFA encountered in the PSplsm subclass. Although
present in a smaller proportion than the 7,15-22:2, the 7,13-22:2
isomer also showed also a specific association with the PSplsm
compared to the PSdiacyl form. The other noticeable point was
the very high percentage of 20:1n-11, accounting for more than
half of the MUFA in PSplsm. Compared to the FA composition
of PSplsm, the composition of PEplsm presents a lower but sig-
nificant specificity for NMI FA and 20:1n-11, whereas in PC-
plsm these FA are present only as traces. Koizumi et al. (14) also
indicated that, in C. gigas, most of the 22:2 NMI occurred in PE-
plsm. Although their results clearly showed the specific presence
of 20:1n-11 in the PEplsm, this characteristic had not been dis-
cussed. In the erythrocyte membrane of the marine bivalve S.
broughtoni (28), taking into account the corrections published
later (29), the high concentrations of 22:2 NMI found in PE and
PS were both demonstrated to be constituted mainly by the plas-
malogen form. In mollusk and mammalian erythrocytes, the
aminoglycerophospholipids (PE and PS) are primarily localized
in the inner layer of the membrane (28,30). Since additional evi-
dence is available for such asymmetry of phospholipids in other
biomembranes (30), one may conclude that NMI and 20:1n-11

Lipids, Vol. 39, no. 1 (2004)
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TABLE 4

E. KRAFFE ET AL.

FA Composition of PCdiacyl and PCplsm in the Whole Animals C. gigas, M. edulis, and R. philippinarum®

C. gigas M. edulis R. philippinarum

FA Diacyl? Plsm® Diacyl Plsm Diacyl Plsm

Branched 1.6 £0.1 1.2+0.0 1.5+0.4 09+0.5 4.1 +0.1 23 +0.1
14:0 2.7+04 0.7 +0.1 24+0.2 1.5+1.2 1.1+£0.2 0.2+0.0
15:0 1.9+0.2 0.7 0.1 1.1+0.1 0.2+0.2 1.0£0.0 0.2+0.0
16:0 240+23 7.4 +0.7 25.0+1.0 9.8 +£4.7 22.1+0.8 51+0.7
17:0 1.6 +£0.2 0.8 +0.0 1.1+0.0 1.1+£0.6 1.8 +£0.1 0.6 +0.0
18:0 3.8+0.0 2.7+0.0 3.1+0.1 46+1.7 4.4+0.0 35+£03
16:1n-7 2.2+0.1 0.7+0.0 3.1+£0.8 0.7+1.0 33+04 0.8 +0.0
18:1n-9 3.7+0.1 1.8+0.0 1.7 £0.1 09+03 50+03 2.0+0.0
18:1n-7 8.1 +0.5 22+03 34+04 0.5+0.8 1.9+0.1 04 +0.0
20:1n-11 0.8 +0.1 0.9+0.1 0.3 +0.0 0.6+0.2 0.6 +0.1 1.3+0.2
20:1n-9 0.6 +0.0 0.2+0.0 2.7+04 1.0£0.0 0.6 +0.1 0.4 +0.1
20:1n-7 3.1+0.5 1.1+£0.1 0.9+0.2 0.5 +0.1 09+0.2 1.0+ 0.1
18:3n-3 1.5+0.1 0.8 +0.1 1.6 £0.1 03+04 0.2+0.0 0.0+0.0
18:4n-3 20+0.2 1.0+0.2 25+0.2 0.5+0.6 0.9 +0.1 04+0.2
20:2NMI(5.11) 0.1+0.0 0.0+ 0.0 0.4 +0.0 1.1+£0.6 0.0+ 0.0 0.0+ 0.0
20:2NMI(5.13) 0.6 0.1 0.2+0.0 0.2+0.0 0.6+0.2 0.1+0.0 0.1+0.1
20:4n-6 4.7 +0.2 24+0.0 22+04 1.8+0.2 3.9+0.1 1.5+0.0
20:5n-3 179 +1.2 10.1 +£0.5 19.3 £ 0.1 113 +1.7 8.5+0.4 25+0.2
22:2NMI(7,13) 0.2+0.0 0.3+0.0 0.1+0.0 0.1 +0.0 0.3+0.0 1.0+£0.0
22:2NMI(7,15) 1.9 £0.1 2.0x0.1 0.6 0.0 0.8+0.2 0.7+0.0 25+0.1
22:3NMI(7,13,16) 0.0+ 0.0 0.0+ 0.0 0.3 +0.0 0.1 +0.1 0.2+0.0 0.3 +0.0
22:4n-6 0.3 +0.0 0.3 +0.0 0.2+0.0 0.1 +0.1 2.8+0.3 25+04
22:5n-6 0.4+0.0 0.3£0.0 0.2+0.0 0.1+0.2 1.5+0.0 1.1+0.1
22:5n-3 1.4+0.0 1.2 0.1 1.9+0.0 1.2+0.3 50+0.2 33+03
22:6n-3 103 £ 0.1 8.9+0.6 203 +1.3 9.4+ 1.1 24.7 0.7 145+ 0.1
Others® 3.5+0.6 2203 3.1+0.3 0.4+0.6 39+0.5 1.7 £0.6
Total NMI 29+0.1 2.4+0.1 1.9 0.1 2.7+0.7 1.4+0.1 3.8+0.2
Total SFA 359+3.3 13.6 £0.5 34.1+0.8 18.1+1.0 34.6+0.5 12.1+0.5
Total MUFA 19.4+1.5 6.9 +0.1 129+ 1.7 42+1.2 13.2+0.5 6.7 +0.7
Total PUFA 447 +1.8 295+04 529=+1.0 27.7 £2.2 523 +1.0 31.2+0.2

afFor footnotes see Table 2.

FA also are asymmetrically distributed in the lipid bilayer and
involved in specific cellular functions of the inner membrane.
The most striking results were that plasmalogen and diacyl
subclasses of PS and PE can be distinguished according to the
origin of their unsaturated FA. The 22:6n-3, 20:5n-3, and
20:4n-6, which were the predominant FA of the PSdiacyl and
PEdiacyl, originate mainly from the phytoplanktonic diet of bi-
valves. Indeed, bivalves have a limited or total inability to syn-
thesize 20-22-carbon PUFA with more than three double bonds
(31,32). On the other hand, the NMI FA, which were the pre-
dominant PUFA of the PSplsm, are synthesized de novo by bi-
valves, as first proposed by Ackman and Hooper (16) and
demonstrated by Zhukova (19,20). The pathway consists of a
A9 desaturation and elongation of 16:0 and 18:0, respectively,
into 20:1n-7 and 20:1n-9. A C,,A5 desaturation converts them,
respectively, into 5,13-20:2 and 5,11-20:2, which are finally
elongated, respectively, into 7,15-22:2 and 7,13-22:2. Simi-
larly, 20:1n-11, found only as traces in microalgae (33), could
also be of endogenous origin, although there is no demonstra-
tion of that in the literature. Only a few studies have indicated
the presence of a high concentration of 20:1n-11 in bivalves
(34,35). It might be possible that a A9 desaturase acting on 20:0

Lipids, Vol. 39, no. 1 (2004)

produces 20:1n-11 in the same way as A9 desaturase(s) acting
on 16:0 and 18:0 produce the two precursors 20:1n-7 and
20:1n-9. Unlike these NMI precursors, 20:1n-11 did not appear
to be subjected to further AS desaturation, suggesting the C,,AS
desaturase may be “A13 and Al1 specific.”

m PSdiacyl
B PSpism
@ PEdiacyl
O PEpism
@ PCdiacyl
B PCplsm

% of total moles of the subclass

Gills

Siphon Muscle

FIG. 2. Percent composition (in mol%, mean + SD, n = 3) of 20:1n-11
from diacyl and plasmalogen forms of glycerophospholipid PS, PE, and
PC of Ruditapes philippinarum organs.
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TABLE 5

XNMI and 20:1n-11 Compositions in Organs of R. philippinarum (in mol% of the total FA

of glycerophospholipids)

Mantle Foot Siphon Gills Muscle
EINMI? 10.6 +0.2 109 +£0.5 9.3 +0.1 16.1 £ 1.1 43 +£0.8
20:1n-11 3+0.1 2.8+0.1 3+0.2 4+03 1.7+£0.1

aSum of all non-methylene-interrupted FA [20:2NMI(5.11), 20:2NMI(5.13), 22:2NMI(7,13), 22:2NMI(7,15), and 22:3NMI

(7.13.16)].

FA composition of plasmalogen subclasses in R. philip-
pinarum organs. In marine bivalves, quantities of plasmalogens
and of NMI FA vary according to organs (21,22). The FA pat-
tern of GPL classes and subclasses of different organs of R.
philippinarum was thus examined to assess whether the rela-
tionship between de novo synthesized FA and plasmalogens
exists in all the organs. The specific location of NMI FA and
20:1n-11 in aminoglycerophospholipid plasmalogens was evi-
denced in all the organs analyzed. However, the proportions of
these compounds varied according to the organ. In other words,
the greater the plasmalogen content was in the organ, the higher
the proportion of the biosynthesized FA was among the total
FA of GPL. The highest proportions of plasmalogens, NMI FA,
and 20:1n-11 were found in gills, but mantle, foot, and siphon
also contained significant quantities of these compounds. The
lowest proportion was found in the muscle. A previous study
indicated large concentrations of 22:2 NMI FA in polar lipids
isolated from gills, mantle, and foot of the hardshell clam Mer-
cenaria mercenaria (22). Also, particularly high levels of 20:2
and 22:2 NMI were found in polar lipids of the gills of the mus-
sel M. edulis (20). The gills and the mantle of the sea scallop
Placopecten magellanicus (a pectinidae) exhibited consistently
higher 20:1n-11 content than the muscle (35). An earlier review
(21) concluded that gills have rather important proportions of
plasmalogens, whereas muscle contains the lowest quantities
of plasmalogens.

Although not clearly established, a number of functions al-
ready have been proposed for NMI FA and plasmalogens in ma-

@ PSdiacyl
WPSpism
@PEdiacyl
dAPEplsm
mPCdiacyl
BWPCplsm

30

% of total moles of the subclass

Gills Muscle

Siphon

FIG. 3. Percent composition (in mol%, mean + SD, n = 3) of ZNMI from
diacyl and plasmalogen forms of glycerophospholipid PS, PE, and PC of
Ruditapes philippinarum organs. ENMI: sum of all non-methylene-
interrupted FA, mainly 22:2NMI(7,15) with minor amounts of 22:2NMI-
(7,13), 20:2NMI(5,11), 20:2NMI(5,13), and 22:3NMI(7,13,16).

rine organisms. NMI FA were supposed to confer resistance in
tissues exposed most often to environmental physicochemical
variations (22) or to attack by microbial lipases (37). This could
explain the selectivity for NMI FA encountered in the gills, man-
tle, foot, and siphon of R. philippinarum. The high quantities of
NMI FA reported in polar lipids of marine organisms also are
regularly linked to a structural role in the membrane. They could
be important for membrane properties such as phase transition
temperature, membrane fluidity, or activity of membrane-bound
proteins. However, based on conformational analysis, Rabin-
ovich and Ripatti (38) concluded that the acyl chains with NMI
double bonds are principally involved in adjusting membrane
fluidity of these poikilothermic animals. The same role was pro-
posed for acyl chains that have one cis double bond, as in 20:1n-
11. In parallel, Chapelle (21) speculated that plasmalogens in
marine animals may be metabolized to maintain cell integrity in
response to environmental stresses such as temperature, pH, or
salinity. One other function proposed for plasmalogens is that
these ether lipids may act as antioxidative components in mam-
malian cells (2—4,39). In mollusks, in taking into account the
asymmetry of their distribution, plasmalogens may function as
scavengers of cell reactive oxygen species to protect other com-
ponents in membranes from oxidative stress.

The present results provide the first evidence that aminoplas-
malogens, PSplsm and PEplsm, reflect a higher selectivity for the
biosynthesized FA ZNMI and 20:1n-11 than for dietary PUFA
such as 20:5n-3 and 22:6n-3. Moreover, 20:1n-11 can now be
considered to be associated with or functionally equivalent to
NMI FA in bivalves. The selective incorporation of ZNMI and
20:1n-11 in PSplsm and PEplsm as well as the parallel variations
of NMI FA and 20:1n-11 levels and plasmalogen contents in the
different organs of R. philippinarum suggests the existence of
possible synergistic properties of these compounds that should
implicate them in the biological membrane functions of mollusks.
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