. HOKKAIDO UNIVERSITY

Title

A Novel of Approach for the Identification of Lipid Molecular Species
Performance Liquid Chromatography on Fish Muscle Lecithin Molecular Species Analysis

: Application of High

Author (s)

Koretaro, Takahashi; =&, Z2XER

Degree Grantor biEEKE
Degree Name B (KEZ)
Dissertation Number 25627405
Issue Date 1984-12-25
Doc URL https://hdl. handle.net/2115/42778
Type doctoral thesis

File Information

takahashi thesis. pdf

Hokkaido University Collection of Scholarly and Academic Papers :

HUSCAP




A NOVEL APPROACH FOR THE IDENTIFICATION
OF LIPID MOLECULAR SPECIES

Application of High Performance Liquid Chromatography
on Fish Muscle Lecithin Molecular Species Analysis

KORETARO TAKAHASHI

1984



ACKNOWLEDGMENTS

The author is deeply indebted to Prof. Kéichi Zama under
whose supervision this investigation was conducted. His ideas
and advices throughout the study were invaluable.

The useful suggestions of Prof. Toru Takagi in preparation
of this manuscript are greatly appreciated.

Associate Prof. Mutsuo Hatano kindly accepted the reviewer.
Sincere gratitude to Associate Prof. K5zd Takama for guiding
and for drawing the authors attention to this problem.

This work would not have been possible without the help
of Mr. Tsugihiko Hirano.

The author was favored to have the assistance of Mr.
Hideaki Ebina.

er. Makoto Egi did the computer programming.
Thanks are due to Dr. Masahiko Kunimoto and to Mr. Seiichi

Ando for the encouragement.

ii



ACKNOWLEDGMENTS
NOMENCLATURE AND ABBREVIATIONS
GENERAL INTRODUCTION

CHAPTER I.

Section
Section

Section

CHAPTER II.

Section

Section

. Section 3.

1.
2.
3.

1,
2.

CHAPTER III.

Section

Section

CHAPTER 1V,

Section

Section

Section

Section

CHAPTER V,
REFERENCES

4,

CONTENTS

IDENTIFICATION OF LECITHIN MOLECULAR SPECIES
ON REVERSED-PHASE HIGH PERFORMANCE LIQUID
CHROMATOGRAPHY: A New Concept that Helps
the Molecular Species Determination

Experimental .........
Results ..

Discussion ......cc000v0.

A NOVEL APPROACH FOR THE IDENTIFICATION OF
TRIGLYCERIDE MOLECULAR SPECIES ON REVERSED-
PHASE HIGH PERFORMANCE LIQUID CHROMATOGRAPHY

Experimental

Results .

T DISCUSSION L. itiiiriirneerntacseeancnanens

LECITHIN MOLECULAR SPECIES IDENTIFICATION -
PROGRAM FOR THE PERSONAL COMPUTER ..

Lecithin Molecular Species Identification
Program Version I,

Lecithin Molecular Species Identification
Program Version II,

MOLECULAR SPECIES OF FISH MUSCLE LECITHIN ..
Experimental ........ci0tverrnncccncns

Characteristics of Muscle Lecithin of
Fish ..........

® 6 6 90 060 06 80 8 000 00 00

Principal Component Analysis of Fish
Muscle Lecithin ...

Changes in Fish Muscle Lecithin of
Chum Salmon during Migration .............

GENERAL SUMMARY AND CONCLUSIONS

iii

11
27

32
34
36
43

54

54



NOMENCLATURE AND ABBREVIATIONS

22:6 represents a fatty acid with a chain length of 22
carbon atoms with six double bonds

GLC Gas liquid chromatography
HPLC High performance liquid chromatography
TLC Thin layer chromatography

PL Phospholipid
PC Lecithin, Phosphatidylcholine
PS Phosphatidylserine
PE Phosphatidylethanolamine
NP Non phospholipid
DG Diglyceride
ST Sterol
FFA Free fatty acid
TG Triglyceride
MS Molecular species
RRT Relative retention time
CN Total acyl carbon number
DB Number of total double bonds
PN Partition number
ECN Equivalent carbon number
EC Effective carbon number
Acyl Acyl group
E Glycerol residue
acEA a belongs to A
M Chemical potential
DM Dark muscle
WM White muscle
PCA Principal component analysis

ACC.% Accumulative value of the contribution.

iv



GENERAL INTRODUCTION

Analytical techniques or instruments have been developed
for fatty acid analysis. Resultingly, many knowledge has
been achieved on the study of fatty acid analysis.

In contrast to this, the study of molecular species,
namely, the study of the intact or unmodified lipid is still
away behind of development. This might be due to the limited
and time consuming conventional techniques represented by
silver nitrate impregnated thin layer chromatography (Ag*
-TLC) followed by gas liquid chromatographic analysis (GLC)
(.such examples are too numerous to mention ). Generally
speaking, Ag’ -TLC can separate only up to heptaene. And GLC
can analyze quantitatively only up to 700~800 molecular
weight. If the sample contains highly unsaturated fatty acids
such as 20:4, 20:5 or 22:6, the degree of unsaturation will
drastically increase and exceeds the analytical limit of the
Agt -TLC.

Fats and oils from marine sources are rich in highly
unsaturated fatty acids. Accordingly, it is almost impossible
to analyze the molecular species from these sources by the
conventional method.

High performance liquid chroﬁatograph has become the
most expected instrument in separating the nonvolatile or
high molecular weight compound. Since there are significant
amount of triglycerides in marine lipid that exceed the
molecular weight of 800 which is the limit of GLC, the
utilization of high performance liquid chromatography (HPLC)

is expected to separate the molecular species of lipids from



these sources. The reversed-phase type HPLCZﬂags becoming the
main analytical type in separating the most analogous
compounds§) The earlier workers in this field tried to
characterize the chromatographic rules such as partition

)

number (PN)6’7or effective carbon number (EC)8)which are
defined as PN=CN-2-DB and EC=CN-DB, respectively, in the
elution of triglyceride or lecithin molecular species. CN is
the total acyl carbon number and DB is the total double bonds
in the molecule. This empirical equations were useful in
predicting the approximate retention value ( in practical
cases, retention time or retention volume ) though these
equations lacked the theoritical background. In the same
year, Plattner et al?’ﬂnhas proposed equivalent carbon number
(ECN) which is the same concept with PN, And recently, in
accordance with the improvement of separation on HPLC,
theoritical carbon number (TCN) has been proposed by Perkins
et 81]1) In 1982, the generalized form of ECN (or PN) and EC
has been presented by Compton et aljz)that can be written as
w=Is-CD., where Is is the carbon number of the standard
alkane, D, is the total double bonds in the molecule and I,
is the index observed for unsaturated triglyceride and
phospholipid molecular species by the coefficient of C.

In this study, the formulae that control the sequence of
elution of 1lipid molecular species on reversed-phase HPLC
are proposed., The theoritical aspect of the presented
formulae has been discussed in relation to ECN (or PN). And
it is demonstrated that the formulae proposed in this study

might be invariant rules.

Lecithin (phosphatidylcholine) were analyzed by HPLC



from various sources including those from fish muscle. Though
there are some reports concerning the phospholipid molecular
species analysis by HPLC from land sourcesEyQo? the study
done by the author might be the only example that have worked
on the phospholipid molecular species analysis on HPLC from
fish lipid except the conventional way df analysis based on
the probébility simulation done by Oshima et a1?1~25)

| In chapter I, it is demonstrated that the modification
of lecithin into diglyceride acetate via diglyceride is
necessary for the reversed-phase type HPLC analysis in order
to have a sufficient separation between the critical pairs
that have the same ECN, PN or EC. And a new matrix model is
proposed instead of the ECN, PN or EC concept.

In chapter II, the proposed matrix model that exhibits
the chromatographic rules of diacyl type molecular species is
developed into the rules for triacyl type molecular species
such as triglycerides. And the physicochemical background, as
well as the theoritical relationship between the ECN (or PN)
and the new matrix model, is demonstrated.

In chapter III, the lipid molecular species
identification softwarelis designated for the personal
computer. The accumulated data were fully utilized for the
actual identification since the equation that regulates the
sequence of molecular species inevitably contains errors due
to the deviation of relative retention time (RRT) on HPLC.

In chapter IV, characteristics of several kinds of fish
including cartilaginous fish, as well as fresh water fish,

are discussed from the view point of muscle lecithin.

In the final chapter, summary and conclusion of this



work is described with a few supplemental discussion.



CHAPTER I
IDENTIFICATION OF LECITHIN MOLECULAR SPECIES ON
REVERSED-PHASE HIGH PERFORMANCE LIQUID
CHROMATOGRAPHY
A New Concept that Helps the Molecular

Species Determination

A satisfactory separation of lecithin molecular species
from natural sources including those from marine sources was
made by modifying the lecithin into diglyceride acetate for
HPLC analysis.,

In this chapter, the necessity of modification of
lecithin into diglyceride acetate through the hydrolysis by
phospholipase C and the subsequent acetylation by acetic
anhydride are discussed. And also the discovery of a new
empirical equation instead of the former ECN or PN for the

identification of molecular species of lecithin is discussed.
Section 1. Experimental

Preparation of Lecithin

Total lipids were obtained from the fish muscle
tabulated in Table I-1, according to the method of Bligh &
Dyer. Soybean lecithin was purchased from Wako Pure Chemical
Industries, Ltd., Osaka, and egg yolk lecithin was kindly
supplied by Asahi Chemical Industry Ltd., Tokyo. These total
lipid and crude lecithin were subjected to a column
chromatography which has been successfully done by Lands et

al%f) namely, aliquot amount of total lipid was dissolved
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into double volume of diethyl ether/ethanol ( 9:1, v/v ) and
then applied to the silica gel column., And elutions were done
through diethyl ether/ethanol ( 9:1, v/v ), diethyl ether/
ethanol ( 1:1, v/v ), ethanol/methanol ( 9:1, v/v ) and
finally by 100% methanol. The 100Z methanol fraction was
collected with a fraction collecter, monitored by TLC, and
lecithin of more than 957 purity was collected.

Purification of Diglyceride Acetate from Lecithin

Pure lecithin was hydrolyzed with phospholipase C

( Clostridium perfringence, P-L Biochemical Inc.,

Milwaukii ), according to the method of Renkonef?) It was
done in the following manner. First, 50 to 100 mg of lecithin
was dissolved in 10 to 15 ml of diethyl ether. Then, 10 to

15 m1 of 1 molar Tris buffer (pH 7.3) including calcium
chloride with 5 mg of phospholipase C was added to the ether
solution. The head space gas of the container was filled with
nitrogen gas and the hydrolysis of lecithin was continued

for four hours under room temperature. The hydrolysate was
washed several times with water and diglyceride was purified
by a preparative TLC from this hydrolysate. The developing
solvent was n-hexane/diethyl ether ( 1:1, v/v ).

Acetylation was performed by adding an appropriate
amount of acetic anhydride to the solution of diglyceride in
pyridine, and by standing it for 12 hours at room
temperaturgg)The resulting diglyceride acetates were purified
by the method of preparative TLC by using the solvent
n-hexane /diethyl ether ( 75:25, v/v ). Finally, they were
filtered through a 0.45u type FP-45 Fluoropore filter

( Sumitomo Electric Industry, Ltd., Osaka ) and subjected to



HPLC.

HPLC Fractionation of the Molecular Species of

Diglyceride Acetate Derived from Lecithin

The diglyceride acetates were fractionated into major
molecular species on twin 8x250 mm LiChrosorb RP-18 ( Merck,
West Germany ) columns which were connected in series. A
Hitachi Liquid Chromatograph Model 638-50 ( Hitachi Ltd.,
Tokyo ) equipped with a Shodex RI detector Model SE-11
( Showa Denko Ltd., Tokyo ) was used. The eluting solvent
used was isopropanol/acetone/methanol/acetonitrile ( 1:1:3:4,
v/v ). Diglyceride acetates were dissolved into five volumes
of tetrahydrofuran, and 25/u1 of these solutions were
applied to the column under room temperature ( lower the
better ) and at a flow rate of 1.5 ml/min.

Identification of Molecular Species of Each Peak

on HPLC

Peaks on HPLC chromatograms were numbered in sequence of
elution. The fatty acid composition of each collected
predominant peak was analyzed by gas chromatography. The
analytical conditions for fatty acids were as follows:

Gas chromatograph: Hitachi 063, Column: Unisole 3000
( Gasukuro Kogyo Ltd., Tokyo ), Glass column 0.2x200 cm,
Column temp.: 220°C, Detector: FID, Detector temp.: 250°C,
Injection temp.: 280°C, Carrier gas: N., Flow rate: 20 ml
/min,

Methyl esters of fatty acids were prepared according to
the method of Christopher and Glass described by Prevot and
Mofdre&?) An aliquot amount ( less than 20 mg ) of lipid was

dissolved in 1 ml n-hexane and 0.2 ml of methanolic 2N-NaOH



solution was added. After shaking this mixture, it was stand
for 20 seconds under 50°C and then 0.2 ml of methanolic
2N-HC1 solution was added. The n-hexane léyer was collected
and then concentrated. Methyl esters prepared as described
above were subjected to a GLC.

The small peaks which have critical pairs were first
subjected to Ag"-TLC. The developing solvent used was
benzene / diethyl ether ( 4:1, v/v )?” The band obtained by Ag'
-TLC were then eluted with diethyl ether containing
dotriacontane which was used as an internal standard, and
then applied to fatty acid analysis and total acyl carbon
number analysis. The analytical conditions for total acyl
carbon number analysis were as follows:

Gas chromatograph: Hitachi 063, Column: OV-101
( Gasukuro Kégyd Ltd., Tokyo ), Steel column 0.3x50 cm,
Column temp.: 300~330°C, programed as 1°C/min, Detector: FID,
Detector temp.: 340°C, Injection temp.: 345°C, Carrier gas:
N., Flow rate: 60 ml/min.

Hydrolysis of Diglyceride Acetate Derived from Lecithin

by Pancreatic Lipase

Fraction df the molecular species of 16:0 in position 1
and 22:6 in position 2, that is, (16:0)(22:6) was collected
by HPLC. This lipid ( less than 5 mg ) was then suspended by
shaking vigorously in a mixture of 1 molar Tris-HCl buffer,
pH 8 (Iml), 2.2% calcium chloride (0.1 ml), and 0.05% sodium
taurochorate (0.25 ml) at 40°C for 1 min. Then, 40 mg of
pancreatic lipase ( Calbiochem, San Diego, Calif. 92112 ) was
added to the mixture and the reaction was processed for 4

min at 40°C by shaking it vigorously. The reaction was
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stopped by adding 1 ml of ethanol and 1 ml of 6N-HCl. The
hydrolysate was extracted with diethyl ether and purified by
using a preparative TLC with n-hexane/diethyl ether/formic
acid ( 40:10:1, v/v ) as developing solvent. These procedures

were the modified form of the experiment done by Kosugi et
31)
al.,



Section 2, Results

Figure I-1 shows the comparison of separation on HPLC by
the differences in the molecular form which has the same
acyl combination. Examples here are of soybean lecithin:

A : Intact lecithin,
Developing solvent: methanol/water ( 95:5, v/v )
methanol 100, gradient, UV detector.
B : 1,2-Diglyceride i.e. the hydrolysate of lecithin,
Developing solvent: methanol/water ( 95:5, v/v )
methanol 100, gradient, UV detector.
C : 1,2-Diglyceride acetate derived from lecithin,

Developing solvent: methanol/water ( 97:3, v/v )

methanol 100, gradient, UV detector.
D : 1,2-Diglyceride acetate derived from lecithin,

Developing solvent: isopropanol/acetone/methanol/

acetonitrile ( 1:1:3:4, v/v ), RI detector.

As it is clear from this figure, the acetate form is the
best in separation on HPLC followed by diglyceride. The
intact lecithin is the worst among these three. It is
considered that the very high polarity of phosphorylchorine
group interferes with the interactions between the acyl
groups and the stationary phase of HPLC. Although the
polarity of hydroxy group is not so high as those of
phosphorylcholine, this group also interferes with the
interactions between the acyl groups and the stationary
phase, resulting on the poor separation on HPLC as shown in
chromatograms A and B. The combination of four solvents are

better than that of two solvents for the elution of
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20 40 €0 80 100 min

20 40 60 80 100 120 min

Fig. I-3. HPLC chromatograms of soybean and
egg yolk lecithin.
A: Soybean, B: Egg yolk.



hr———

60 80 100 min

60 80 100 min

I: Molecular species composed of highly unsaturated fatty acids
such as (20:5)(20:5), (20:5)(22:6) and (22:6)(22:6).

III: Molecular species composed of generally found fatty acids
such as 16:0 or 18:1 with combinations of 20:5 or 22:6,

15

that is, (16:0)(20:5), (16:0)(22:6), (18:1)(20:5) and (18:1)(22:6).

II & 1IV: Cthers.

Fig. I-4. HPLC chromatograms of chum salmon muscle lecithin.
C: Captured in summer. D: Captured in fall.



Fig. I-5. HPLC chromatograms of big-eyed tuna, Alaska pollack
and carp muscle lecithin,
E: Big-eyed tuna. F: Alaska pollack, G: Carp.

16
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Table I-2. Determination of molecular species

of major component¥*

Peak number
W 6 7
15:0 trace
16:0 25.6 | 48.4 [ 53.8
17:0 trace
18:1 25.9 4.1 | trace
20:4 trace
20:5 23.3 3.7 | trace
22:4 trace
22:6 25.1 | 43.8 | 46.2
lS:H
Molecular 20:5 22:6,,16:0
species 22.6 16:0] |122:6
(|16:0|)

* Example of big-eyed tuna

in Fig. I-5E.
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diglyceride acetate as shown in chromatograms C and D. For
the diglyceride acetate analysis, this isocratic condition
was used throughout the experiment,

Figure I-2 shows the Agt-TLC chromatograms of the
collected fractions on HPLC. It is numbered in sequence of
elution. This is an example of diglyceride acetate from
soybean lecithin., As seen in this chromatogram, this type of
column packing i.e. the reversed phase column elutes the
polyunsaturated types first followed by tri, di, mono and
finally saturated types. This is the basic characteristics of
this type of column.

Figures I-3~5 show chromatograms of diglyceride acetates
derived from several kinds of lecithin sources on HPLC,
Chromatography was regularly completed in about two hours.
The diglyceride composition of each predominant peak
collected was easily determined by fatty acid analysis, as
shown in Table I-2. This table shows the results on big-eyed
tuna lecithin as an example. Peak number 7 in Fig. I-5E is
obviously ascribed to the diglyceride acetate composed of
16:0 and 22:6. It is considered that 22:6 is bound in
position 2 of the molecule since this peak is the most
predominant, and it is said that highly unsaturated fatty
acids such as 20:5 or 22:6 are usually dominantly bound in
position £332~36) In addition, after pancreatic lipase
hydrolysis, only a trace amount of 22:6 was detected in the
free fatty acid fraction ( this fraction represents the fatty
acid in position 1 ), although more than 70% of the 1lipid

was hydrolized ( determined by a densitometric method ). Peak

number 6 has the same combination as that in peak number 7,
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whereas (18:1)(20:5) is considered as contaminants of peak
number 5. Nevertheless in this case, 22:6 is considered to be
bound in position 1 in the molecule. Peak number 5 has an
almost‘even amount of fatty acids of 16:0, 18:1, 20:5 and
22:6. Among these fatty acids, 16:0 as well as 22:6 are
regarded as contaminants from peak number 6, considering that
peak number 6 is larger than peak number 5. It is concluded
that peak number 5 is the combination of 18:1 and 20:5.
Molecular species from other biological sources were alsaq
determined in the same manner., The small peaks which have
critical pairs were first subjected to Ag*-TLC and separated
according to their degree of unsaturation. In most of the
small peaks in the first half of the HPLC chromatograms of
fish lecithin, only one band appeared on Ag*-TLC plate. The
complex combinations of molecular species were identified in
the following manner. An example of determination of
molecular species in the small peaks with critical pairs
appeared in the first half of the HPLC chromatogram of chum
salmon ( captured in fall ) is shown in Table I-3 ( also see
Fig. I-4D ). Small peak number 1 is obviously a combination
of 20:5 and 16:1. Small peak number 2 is also a combination
of 20:5 and 16:1 with 10% unidentified contaminants. The
differences in retention time on HPLC between these two peaks
is attributed to the differences in binding posi;ion of the
fatty acid. It is considered that small peak number 1 has
20:5 in position 1, whereas small peak number 2 has it in
position 2 in the molecule, since molecular species which
have a highly unsaturated fatty acid in position 2 are likely

to elute later than the one which has the same fatty acid in
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position 1. Small peak number 3 is a combination of 20:5 in
position 1 and 14:0 in position 2, and also 16:1 in position
1 and 20:5 in position 2 since this peak is composed of two
combinations of total acyl carbon numbers of 34 and 36,
respectively. However, the latter molecular species, i.e.
(16:1)(20:5), are considered to be contaminants from the
previous peak. From the fatty acid composition and total acyl
carbon number, three molecular species are presented in
small peak number 4, i.e. combination of 14:0 in position 1
and 20:5 in position 2 for 63.3Z; combination of 16:1 in
position 1 and 20:5 in position 2 for 5.7%Z; and combination
of 22:6 in position 1 and 16:1 in position 2 for 31.0%. Among
these moleclar species, (16:1)(20:5) can be considered as
contaminant from the two previous peaks. In small peak number
5, three molecular species, i.e. 14:0 in position 1 and 20:5
in position 2; 22:6 in position 1 and 14:0 in position 2;
and 16:1 in position 1 and 22:6 in position 2 is identified
in the same manner as that in small peak number 4. In this
cése, molecular species of (14:0)(20:5) is considered to be a
contaminant from the previous peak. In the case of small
peak number 6, molecular species of 14:0 in position 1 and
20:5 in position 2 are considered to be the contaminants from
the previous peak. By analyzing the data in this way,
molecular species of all other small peaks were identified.
The relative retention times (RRTs) of all peaks were
determined by dividing the retention time of each peak by the
retention time of (16:0)(22:6). In the case of soybean
lecithin, (16:0)(18:2) was used as a reference peak and the

RRT were recalculated against (16:0)(22:6) by using the RRT
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Table I-4. Relation between relative retention time on HPLC

and molecular species of soybean lecithin

"

PN MS Rt RRT *
18:2
26 18:3 27.6 70.4
18:2
28 18:2 37.6 95.8
" 18:1
18:3 39.2 99.9
16:0
" ls.3|  42.0 107.1
18:1
30 18:2 51.4 131.0
" 16:0
18:2 55.2 140.7
" 180
18:3 60.0 152.9
17:0
31 18:2 62.8 160.1
18:1
32 18:1 73.8 188.1
" 20!1 " "
18:2
" 160
" 18‘0 " 11}
18:2
" 16:0
16:0 83.6 213.0
18:0
34 18:1 113.2 288.6
2
0

Abbreviations:

PN:Partition number. MS:Molecular species.

tion time . Rt:Retention time.

16:0
*lzz:el

is used as the reference peak.

RRT:Relative reten-



Table I-5. Relation between relative retention time on HPLC

and molecular species of egg yolk lecithin

PN

MS

Rt RRT

28

26

28

34

16:
18:
18:
18:
14:
18.:

16:
22:

16:
18:
18:
20:

16:
20:

16:
22:

16:
18:
18:
18:

16:
18:

18:
22:

15:
18:
16:
17:
17:
18:
18:
20:

18:
18:

118:

22:

16:
18:

18:
18:

18:
18:

41:2 100.0

” "

50.4 122.2
54,4 - 132.0

55.6 134.9

143.7

72.4 175.7

" "

79.0 191.7

83.6 202.9

121.8 295.1

HO NO HO 8O HHE 2O NO FHO HO OO NO N H PO O B WO RO DO NN N
U
(Ve
N

Abbreviations:

PN:Partition number, MS:

Rt:Retention time,

Molecular species, RRT:Relative retention time
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Relation between relative retention time on HPLC and main
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Table I-7.

and molecular species of fish muscle lecithin

Relation between relative retention time on HPLC

Chu

Chum salmon m salmon Big-eyed tuna Alaska pollack Carp
{(Summer) (Fall)

MS PN/RRT MS PN/RRT MS PN/RRT MS PN/RRT MS PN/RRT
20: 4 22 18:3 22 o 22:6! 24 16: 1 24 18: 3 22
26 06 pndwr hedl so o 6.0 [2ie 507
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20 b 64.8 18: 2| 59.1 20:4 1.1 22 65.9 22: 5 79.4
e . MY Mo B4 K B % 1 K,
22 6 . . : . : . .
24 3 2 22:6 2 2y 15:0) 25
14 67.4 20: 60.8 17:1 78.4 16: 115.7 22: 6| 79:4
|5’ 25 20: Ol 24 22:5 24 16:0| 28 17:1 25
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Abbreviations:
PN: Partition number.

MS:

Molecular species.
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data in egg yolk lecithin. The RRT of each molecular species

is summerized in Tables I-4-~7.
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Section 3. Discussion

We have plotted the RRT of each molecular species
semilogarithmically against the partition number (PN) defined
as PN=CN-2:DB where CN is the total acyl carbon number and
DB is the total double bonds since PN is proportional to the
logarithm of RRT?7)A general expression for this can be
written as:

PN < 10g(RRT) (1)

After plotting the RRT of each molecular species
semilogarithmically, a similar correlation was obtained, that
is:

PNoc 10g(RRT)+4Q (2)

(2) is similar to (1), and if we formulate (2) into an

equation:

PN= P.1og(RRT)+4Q (3)
where P becomes the slope of the oblique line, and 4Q becomes
the intersept on the ordinate. This equation (3) suggests
that PN is not only a function of RRT alone, but also a
function including 4Q.

Back to the definition of the PN, that is, PN=CN-2-DB,
the left member in (3) can be changed as:

CN-2+DB= P-.1log(RRT)+4Q (4)

So, RRT can be expressed as follows:

CN-2 *DB-4Q
RRT= 10 (5)

If we put 4Q as Q,+X& , equation (5) may be written as:

CN-2+DB-(Q,+ &)
RRT= 10 P (Q, is a minimum of 4Q) (6)
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where P and Q are invariables and (X is a variable range of Q,,
By letting CN and DB be invariables, RRT becomes a function
of X which is:
RRT= f(X) (7)
Back to equation (4), by putting 4Q as Q +X, the
following equation can be obtained:
CN-2:DB= P+1log(RRT)+Q, + X (4')
If we let DB be invariable and rearrange the expression
for CN, (4') will become:
CN= P+1log(RRT)+ 0 +Q. (Q:= Q,+2-DB) (8)
’0n the other hand, if we let CN be invariable and
rearrange the expression for DB, (4') will become:
DB= -5 10og(RRT)-4+Q,  (Q=-4(Q, -CN))  (9)
These two functions, i.e. (8) and (9) have a deviation
which are X for the former and - X/2 for the latter. Alfa is
considered to be a factor that has a small but significant
effect on RRT, and it may be due to the positional isomers
such as between 1 and 2 positions in the molecule, or by the
large differences in number of double bonds between the two
acyl group in the molecule. This leads us to the model of a
matrix since it is convenient to distinguish the positional
isomers or the bias in the number of double bonds between the
two acyl groups in the molecule. So in order to simplify the
equation, we can induce the following equations from (8) and

(9) respectively under the conditions of:

CN'= 2 g' (c,, di and d, are invariables)
€y, d,
pB'= (St Y (¢;, ¢, and d, are invariables)
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CB'= P,-1log(RRT)+q, (8')
DB'= P,+1og(RRT)+q, (9")
by analyzing the RRT data of each molecular species.

After plotting the RRT of each molecular species from
the source examined against the total acyl carbon number or
the number of total double bonds of each molecular species,
tﬁe RRT plots of molecular species laid almost on a straight
line by giving a variable integer x for the carbon number and
a variable integer y for the number of double bonds of each
acyl group in the molecular species, when we express the
molecular species in matrix relation. The oblique line is
almost parallei to each other as shown in Fig I-6. By
applying thesg correlations between the RRT and the
corresponding molecular species under the condition of matrix
for the determination of molecular species, it is suggested
that an unidentified molecular species can be predicted from
RRT on HPLC even if it has the most complicated composition
of molecuiar species such as fish muscle lecithin.

Another method for HPLC analysis of phospholipid
molecular species was published by Patton et af?) To our
surprise, the sequence of each molecular species in elution
on HPLC, when the RRTs are plotted against the total acyl
carbon number from our biological material, are the same as
common molecular species of rat liver which was analyzed by
Patton et af?) despite the fact that the analytical
conditions are significantly different. This suggests that,
although there are differences in retention time or in RRT

among the different conditions on HPLC, the sequence in
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elution of each molecular species might be unchangeable. This
leads us to a conclusion that in HPLC, the sequence in
elution might be controlled by a fixed correlation, that is
matrix relation. By accepting this idea, we can expand this
matrix model to triglycerides. Details will be discussed in

the next chapter.
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CHAPTER II
A NOVEL APPROACH FOR THE IDENTIFICATION OF TRIGLYCERIDE
MOLECULAR SPECIES ON REVERSED-PHASE HIGH
PERFOMANCE LIQUID CHROMATOGRAPHY

In chapter I, two rules in the elution of diglyceride

acetate derived from lecithin on HPLC were discovered, that

is:
CN= P,-log(RRT)+Q, CN= [X d (1)
. 2 2
DB= P,-log(RRT)+Q, DBalg‘ ZJ (2)
2

where P is the slope and Q is the intercept on the ordinate
of the semilogarithmic plots of the RRTs of molecular species
against CN or DB. ¢ and d are acyl carbon number and number
of double bonds in each acyl group, respectively. x and y are
variables of acyl carbon number and number of double bonds,
respectively,
The structure of diglyceride acetate is:
Acyl,
Acyl, ( Acyl : esterified fatty acid ) (3)
CO+CH;
And the structure of triglyceride is:
Acyl,
Acyl, (4)
Acyl,
The difference between (3) and (4) is at position 3 in the
molecule. But CO*CHy in (3) can also be considered as the

shortest form of acyl group.
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So: Acyl, Acyl,
Acyl, 3D Acyl, ( wvhere © means "include" )
Acyl, CO-CH,

therefore, (1) and (2) can be rewritten as:

x d,

CN= P,-10g(RRT)+Q, CN=|c, d, (1)!
2.0
Cy ¥y

DB= Pz.log(RRT)+Q3 DB= gz d2 (2)'
"0

since (2, 0) in position 3 exhibits the acyl (acetyl) group
which has two carbong and no double bond. So we can conclude

that (1) and (2) are members of the general rule for

x d, c, y
triglycerides under the condition of gz d,| or |c, d4.
' 0

By adapting the general expressions to triglyceride, the

following equations can finally be obtained.

x d,
CN= P -log(RRT)+Q, CN=|c, d, (5)
c; d,

DB= P,«1og(RRT)+Q, DB={c, d,
cy dj

(6)

In this chapter, the theory that has proved

mathematically, is verified by the actual experiment.
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Section 1. Experimental

Preparation of Triglyceride

Linseed 0il and olive o0il were purchased from Wako Pure
Chemical Industries, Ltd., Osaka. Rapeseed o0il was obtained
frgm a commercial source. Cacao butter was supplied by
Yunokawa Seiyaku Co. Ltd., Hakodate, Hokkaido, Japan.
"Ogonori" ( Gracilaria verrucosa ) was collected at the shore
of Taisei-chd, Hokkaido, Japan. Total lipid was extracted
from "Ogonori" using chloroform/methanol ( 1:2, v/v ) with
the use of an ultra-turrax for comminution.

Triglycerides from these o0ils were purified by a
preparative TLC using n-hexane/diethyl ether ( 4:1, v/v ) as
the developing solvent.

HPLC Fractionation of the Moleclar Species of

Triglyceride

The purified triglycerides were filtered through a O.A;M
type FP-45 Fluoropore filter ( Suhitomo Electric Industry,
Ltd., Osaka ) and subjected to HPLC. Separation of
triglycerides by HPLC has been achieved on LiChrosorb RP-18
( Merck, West Germany ) twin 8x250 mm columns. These columns
were connected in series. The instruments used consisted of a
Hitachi 638-50 Liquid Chromatograph ( Hitachi Ltd., Tokyo )
equipped with a Shodex SE-11 RI detector ( Showa Denko Ltd.,
Tokyo ). The eluting solvent used was acetone/acetonitrile
( 3:1, v/v ). Triglycerides wefe dissolved in chloroform at
Sug/2541 and applied to the column under room temperature (20~

22°C). The flow rate was 1.5 ml/min.
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Identification of Molecular Species of Each Peak

on HPLC.

Peaks on HPLC chromatograms were numbered in sequence of
elution. The fatty acid composition and the total acyl
carbon number of each collected predominant peak was analyzed

by GLC as previously shown in chapter I.
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Section 2, Results

Figure II-1 shows chromatograms of triglycerides on
HPLC. The acyl combination of each predominant peak collected
was determined by fatty acid analysis and total acyl carbon
number anaylsis as shown in Table II-1, This table shows the
results on linseed oil in Fig. II-1 as an example. Peak
number 1 in Fig. II-1 is triglyceride composed of 18:3 alone,
i.e., (18:3,18:3,18:3) because over 98Z of fatty acid of
this fraction is 18:3, in addition, the total acyl carbon
number of this peak is mostly 54. Peak number 2 is considered
to be the combination of one mol of 18:2 and two mols of
18:3, that is, (18:2,18:3,18:3). This is supported by the
data of total acyl carbon number of this fraction. Peak
number 3 is mainly (18:3,18:2,18:2) for the same reasons in
peak number 2., Peak number 4 is (18:1.18:3,18:3) with 4~107
contaminants because 9.77 of 18:2 is detected as overlaps
from the previous peak. Peak number 5 has at least two
contaminants, i.e., 18:1 and 18:2, This peak is concluded to
be (16:0,18:3,18:3) from thé data of total acyl carbon
number. All other peaks were indentified in the same manner.

The relative retention times (RRTs) of all peaks were
determined by dividing the retention time of each peak by
that of triolein. When the amount of triolein was very small
and or the peak overlapped considerably, purified triolein
was added to the sample as an internal standard. Predominant
or reliable peaks were selected (Table II-2) to plot the RRT
of individual triglycerides on a semilogarithmic graph paper.

Results are shown in Fig. II-2A. The RRT were also
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calculated from the chromatograms in the reports of Perkins

11,38
et al.’ )

( see Table II-3 in the next section ) and those
of Merritt et al??) and plotted on a semilogarithmic graph
paper as shown in Fig. II-2B and Fig. II-2C, respectively. As
it is clear from these figures, the sequence in elution

might be controlled by a fixed correlation, that is, a matrix
relation, though the analytical conditions are different
among the three figures in Fig. II-2. If we express these by
empirical equations, the two equations described previously

( equations (5) and (6) in section 1 ) can be obtained.

In Fig. II-2, it is observed that even triglycerides
from plant sources show complicated sets of oblique lines,
This is due to the extreme increase in probability in
combination of fatty acids. For example, if we have four
kinds of fatty acids, there is a probability that diglyceride
or lecithin might have a maximum of 4* =16 kinds of acyl
combinations, But in case of triglycerides, this will
drastically increase up to 4* =64 kinds of acyl combinations,
More specifically, in case of fish lipid, for instance if we
have ‘ten kinds of fatty acids, there is a probability that
diglyceride or lecithin might have a maximum of 10° =100 kinds
of acyl combinations, while in case of triglyceride,
103=1000 combinations mighf be possible. The author has tried
to analyze the molecular species of triglycerides from fish
muscle. But the theoritical plate of the HPLC column is still
not enough to separate the very complicated combination of
molecular species of triglyceride from marine sources.

Recently, column packing with 3-um particles has been

40
developed by Dong et al.) for triglyceride analysis from
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vegitable sources. Though the life of this type of column
packing is shorter than the coventional 5-um particle type,

it is expected to give a high resolusion chromatograms.
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Section 3. Discussion

The chromatograms of Perkins et afj’sg)were introduced
in this study in order to calculate the RRT of each peak on
HPLC since it is based on 28 kinds of known triglyceride
standards purchased from Nu-Chek-Prep (Elysian, MN) and
Supelco (Supelco, Bellefonte, PA). RRT of each peak on
Perkins et al.'y'38)chromatograms'were calculated by dividing
the retention time of each peak by that of triolein. And
multiple regression was performed against RRT using Personal
computer Model PC-8001 (NEC, Tokyo) to link the two concepts,
that is, ECN or PN and the new matrix model. The commonly

41) vas

used computer program for the multiple regression
written in N-BASIC available for most of the NEC personal
computers.

Theoritical Relations between the ECN (or PN) and the

New Matrix Model

We will express the molecular species of triglyceride in

Cy d\
a matrix form as it is written previously such as |c, d,.
C3 dj
When a so called functional group X ( in this case -CH,- ) is
c, d, Cc, d, citX d,
added to |c, d,, then |[c, d,] will become {c, d,/. The theory
%3 dj cy dy cy dy
of Martin42) was:
dldls_dMs | AMX (1)
RT RT RT
1n [-&B _AMx
Aa RT (2)

(/L: Chemical potential, R: Gas constant, T: Absolute
temperature, B: Substance which contains group X in addition

to substance A, (X: Partition coefficient )

c, 4, ctX di
If we substitute A as (¢, d, and B as |c, d,| in
cy d, cy d,
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equations (1) and (2), the following equations can be

obtained:

7wl WY S Q)P
RT RT (3)

c+X '
In (g(( EL 3‘, -dx (4)

On the other hand, the general rule for the liquid

chromatography was:
Vr =X Vs
( Vr: Total adjusted retention volume, Vg: Volume of the

liquid stationary phase, (X: Partition coefficient )
Cy [ . Cy ' (5)
o[ = alg &l-ve
c+X l q+X ,I‘
g § g: Vs (6)
From equations (5) and (6),
C+x ' c+X '
gl 0(!8: §,|
Cu ] Cy \
Vrlc’ g olg g,l

Cs
The right member in equation (7) is a partition ratio which

So,

(7)

corresponds to retention value, namely:

c+X
o 3
(oY
Qg &

=RRT (8)

By substituting equation (8) into (4),

1n(RRT) = 44£%

RT

4 AUx

1og(RRT)= 2.303 ET
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.. 10g (RRT) ccqMx (9)
If equation (9) is held, the following correlation should

hold.

log (RRT)

log (RRT) = k-4 Mx (10)

A/j(x

And if we let the x-axis be the carbon number:

/

Carbon number

log (RRT)

log(RRT)= P,C + q, (11)

where P becomes the slope and q becomes the intercept on the
ordinate., This equation (11) is exactly a modified form of

the emperical equations:

CN= P,-log(RRT)+Q, CN=

DB= P,:10og(RRT)+Q, DB=

namely, the new concept of the chromatographic rule
discovered in this study.
So far, the physicochemical background of this new

concept has been demonstrated by introducing the theory of

Martif?)
In the same way, for all of the functional groups added
c, d,
to the triglyceride |c, d%, equation (11) should hold,
cy; d

namely:
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1og (RRT)=P,-C, +q, (12)
log(RRT)=P,C. +q, (13)
1og(RRT) =P, C, +q, (14)
10og(RRT)=PD, +q, (15)
1og(RRT)=P,"D. +q, (16)
1og(RRT)=P"D, +q, (17)

Careful considerations should be done here.

I. If we take notice of one hydrocarbon chain of the
triglyceride molecule, -CH2- and -CH=CH- can be
considered as physicochemical functional groups. And
adding to those, the differences in arrangement of these
units might affect the total chemical potential of the
triglyceride molecule and this should also be considered
(We will call this as & factor).

ITI. From the view point of stereo specific structure,
unless three carbon chains are the same, we should
consider about the degree in bias between the
positional isomers.

III. Specific fatty acids such as iso, trans or hydroxy fatty
acids might also affect the total chemical potential of
the triglyceride molecule.

So, strictly speaking, we can conclude that the chemical

potential of the triglyceride molecule is the resultant of

all physicochemical functional groups in the molecule. If we
do not consider about the affection of III since these fatty

acids seldom appear, the chemical potential (&« ) of

¢ d,
c, d,|] can be written as follows:

d
M= g{?(c.a.d‘ 1) ey, da, a), fley 1 ds 4 R0)) (18)

¢

triglyceride

where & is an £ factor, u is the chemical potential given by
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the hydrocarbon chain. And g is the function of chemical
potential given by the differences in positional isomers.
Finally, we have reached to the function (18) that sums up
the chemical potential of the triglyceride molecule, and this
(18) is at the same time, an equation that controls the
sequence in elution on HPLC. This will be discussed in
chapter V again.

We will derive ECN (or PN) from function (18). When we
neglect the factor numbered II, and suppose there is no iso
or trans or hydroxy fatty acids, we can rewrite equation (18)
as:

A=fCer,di, &)+ fles ,da , R2)+§(c; ,ds ,Rs) (19)
Adding to it, if we neglect the & factor, equation (19) will
become:
={(cy,di )+ f(c, ,d )+ f(cy ,d3)
=f(c,+c,+c3, d, +d, +d; )
= {(CN,DB) (20)
This equation (20) exactly corresponds to the equation of ECN
(or PN). Another way of demonstrating the theoritical
relation between the new concept and ECN (or PN) is as
follows, If we do not consider about the R factor and also
the iso, trans and hydroxy fatty acids, we can add both
members from equation (12) to (17), namely:

6°10g(RRT)=P,+C, +P,-C. +P;-C; +P,"D, +P."D. +R"D;s +q, +q, +q, +q, +q; +q;

(21)

And if we put Pn=l1/6 Pn, P'n=1/6 P'n, 2.q/6=Q, the following
equation can be obtained:

1log(RRT)=P,+C, +P;+C. +P;+C; +P,"D, +P,"D. +B"D; +Q (22)

This equation (22) can be considered as the first order



Table II-3. Relative retention time calculated from the HPLC
chromatograms of E.G. Perkins et al. in J. Am. 0il Chem.
Soc., 38, 867~872 (1981) and on Lipids, 17, 460~463 (1982)

Molecular species RRT* | Molecular species RRT*
LaLaLa 21.9 MOP 101.1
tri-13:0 33,9 soL 104.,1
LLLe 34,3 SPL 108.7
MMM 42,1 POO 113.1
LLL 4y,8 SOM 117.3
LOL 58.7 POP 120.1
LLPp 63.3 PPP 132.9
LOO 76.7 S00 144,2
tri-15:0 81.8 SSL 145.0
PLO 83.7 SOP 152.7
PPL 89.5 S00 155.3
PLP 90.7 SPO 162.3
LPP 94,2 SPP 179.8
000 100.0 SO0S 208.1

Abbrev,
La : Lauryl, L : Linoleyl, Le : Linolenvyl,
M: Myristyl, 0 : Oleyl, P : Palmityl.

*RRT : Relative retention time when 000 is used as
the reference peak,



Table II-4. Multiple regression analysis of the data in Table II-3
DATE 74-02-12
TIME ©2:94:25
Perkinz T.G. DATA POSITIOMAL S-dim

¥% MULTIFLE REGRESSZION RAMALYSIS #% PC=2001 M-BASIC %% By MAKOTO EGI
INPUT PARAMETERS
No. OF SAMFLE 28
MO. OF VARIABLE =
RAWC B Y~STDC 1 3 5]
INPUT DATA
SAMPLE MO 13 MO 2y MO 3) 0 MC 4> MC 5> MO 6) 1
1 12.000 12.080 12.000 0.000 0.009 9.000 124,029
2 12,000 F.0909 13.000 0. 009 9. 008 2,000 152,992
a 12,006 12,000 19,000 - 2.000 2.000 2.000 153,502
4 12.008 14,000 14,0090 0.000 . ©.009 ©.000 162,393
5 12,000 12,000 12.000 2.000 2.000 2.008 165,099
6 12.000 12,000 19,000 2,000 1.050 2.000 176.832
7 12,900 18,9090 16,000 2.009 2,000 9.000 199,109
] 12,809 12,900 12,009 2.989 2.000 1.900 192,446
9 15.908 15.000 15.800 0,000 0. 000 9.008 191,241
10 16.900 12.900 12.9090 0.009 2.900 1.0090 192,228
11 16,000 16.008 13,009 0.008 9. 090 2,080 195,147
12 16,000 12,000 16.900 0.000 2.990 0.908 195,725
13 12,800 16,900 16.999 2. 690 8. 690 9.990 197,370
14 12,908 12,090 12,000 1.000 1.000 1.060 199,964
15 14.0900 12,000 15,009 2. 000 1.000 0.000 Z208.439
16 12,000 12.009 12,000 9. 060 1.000 2.000 201,799
17 19.002 ° 16.999 12,009 2. 000 9. 000 2.000 203.5%96
18 16,690 12,600 19, @00 0. 000 1.969 1.000 295,209
19 12,090 12,000 14,000 0.000 1.699 0.000 206,893
29 16,099 12,080 16.000 Q.00 1.090 0.000 207,217
21 16,008  16.000  16.000 0.008 9.000 9.008 212,214
2z 12,000 12.000 19.000 0.050 1,000 1.009 215,858
2z 12,008 12.0080 12,000 0. 000 9. 000 2,008 216.99%
24 12.008 12,908  16.000 9. 904 1.960 0.008 218,345
25 12,000 12,000 12,000 a. e0e 1.008 1.600 219,878
26 12,000 15,000 1. @00 9. 899 9.000 1.000 229,992
z7 12,0080 15,908 16,000 8, 609 6. 000 0,600 225.438
29 12,800 12,690 12,600 9. 208 1,560 9.008 221.785
AVERAGE  15.714  16.229  16.642 9. 464 @. 221 9.7E6 195,287
STD. DEY 1.287 1,562 1.7165 8.9z Q. 752 0.901 22,625
CORRELATION MATRIX ,
MO 1y owe 22 MO 2y MO 4> MC S (&) ¥
MO 1) 1. 066 6. 720 fa.713 ) 0. 239 0. 426 8.559
® 2 0. 7R 1.600 @.715 2 0. €625 0,223 0.507
KO 3y @, T B, P 1. GEE 8. 262 8. 690 8. 466
KO 43 3 @, 252 Bl 23 a. 476 9.327  -0,299
R S B G Q. 263 1. 900 9.265 -0,119
X &y 0. 690 a. 265 1.600 ~0,122
v B, 466 @118 -, 1273 1.00@
22 20 2% 2 X YR I 0N B 2 T 0 v T A T N Y I S R T T I O N S e N L T T Y N T S N SR S e e g o 2 4 31 3 1 12 11§ (-t 2-1-§ 33 ‘
USE VAR No. 1
USE VAR No. 2
USE YAR No. 2
USE VAR No. 4
USE YAR No. 5
USE VAR No. 6
REGRESSION EXPRESSIOM
Y = 5.57391 % X( 1 )
5.90109 ¥ K¢ 2 )
7.00639 % X( 3 )
~11.62260 % ¥ 4 )
~13.40241 % HC S O
~15.49738 % X 6
-85, 77442
Y & ¥’ FOR EACH SUBJECT
SAMPLE No., : 1 T o: 134.02026 v 126. 00953 ERROR -1.99927
SAMPLE No. : 2 ¥ i 152.99240 ¥’ 154,4915% ERROF -1,43313
SAMPLE Ho. 2 ' 152, 50175 ¥ 150.60940 ERROR ' 2.89236
SAMPLE No. 4 Y 162, 29034 Y’ : 161.23571 ERROR 0.57323
SAMPLE No. 5 ¥ 165, 99305 Y :  166.01677 ERROR -8.91872
SAMPLE No. 6 ¥ 176, 22197 V4o 179.41918 ERROR -2,58721
SAMPLE No. 7 ¥ 199. 18791 ¥ 182, 81754 ERROR -2.70963
SAMPLE Ho. 2 Y 198, 44553 ¥ 121.42415 ERROR 7.082144
SAMPLE No. 3 s 191.2408¢2 ' 191.45554  ERROR ~0.21466
SAMFLE No. 19 ' 192, 23792 ' 193.54152 ERROR -1.20353
SAMPLE No. 11 ¥ 195, 14716 W 192, 12677 ERROR 2.01939
SAMPLE No. 12 v 135. 72546 % 194, 93491 EFROR 0.79a55
SAMPLE No. 13 v v 197, 22017 ERROR -9, 45064
SAMPLE Mo. 14 5 v 208, 45916 ERROR -6.4951%
SAMPLE No. 15 s e 197, 19943 ERFOR 2.24351
SAMFLE NMo. 16 v ' ZBE, 62432 ERFOR -0, 97564
SAMPLE No. 7 Y v 204. 28460 ERROF: -0.69233
SAMPLE Ho. 1 v ' 205, F4393 ERFOR -1.63468
SAMPLE No. 13 v v 205.47116 ERROR 1.42137
SAMPLE No. 25 s v 20%. 227322 ERFOR -0.4204%
SANMPLE No. 2 v 29 5 209, 93754 ERFOR L3672
SAMPLE Ma. 2z Y 215.85762 Ve 218.99176 ERFOR ~2.22414
SAMFLE No. 23 v 216.037E5 v 216, 0267 ERFOR 0.91197
SAMPLE Mo. 24 v 212, 34457 v 219, 42515 EFROR -1.14057
SAMPLE No. 25 v 219.07765 ' 21903176 EFROR 0.99585
SAMPLE No. 25 v 220, 39203 ' 219, 691 S ERROR 1.20006
SAMPLE Ho. a7 v 225, 43824 W £221.08537 ERROR 4,25297
SAMPLE No. 2% 3 231.78545 v 2, 49913 ERROR -1.713€9
TABLE OF THE AMALYSIS OF VARIAMCE
SOURCE 5.5 :

FEGRESSION1IS445. 2205

FESIDLUAL

TOTAL
MULTIPLE CORFELATION COEFFICIENT
COEFFICIENT OF DETERMINATION

121.2222%

15828, 1588

6%
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combination of C., C2y C3y Diy D2y D3 against log(RRT). The author
have performed the multiple regression analysis by using the

11,38)
chromatograms of Perkins et al.’ The RRT calculated from

38)are shown

the chromatograms exhibited by Perkins et 8111’
in Table II-3., And the results calculated by the multiple
regression analysis are shown in Table II-4., This multiple
regression analysis frogram is the commonly used software
from "Personal Computer Program Library Vol. 3" published by
Kogakutosho, Ltd., TokyoX!) "INPUT DATA" in Table II-4 are
the data of RRT ( written as column Y ), and acyl carbon
number in position 1 ( written as X(1) ), position 2

( written as X(2) ), position 3 ( written as X(3) ), and also
number of double bonds in position 1 ( written as X(&4) ),
position 2 ( written as X(5) ), position 3 ( written as

X(6) ) from Table II-3. "REGRESSION EXPRESSION" corresponds
to equationb(22) and the coefficients of each term are
determined. "Y & Y" is the actual RRT and the predicted RRT

by multiple regression analysis, respectively. In this case,

16 0 16 0
positional isomers such as|16 0| and |18 2| can be
18 2 16 0

distinguished ( see sample PPL and PLP in Table II-3 ). But
if the positional isomers cannot be distinguished, each
coefficient i.e. Cn and Dn will become equivalent. So if we
rewrite Pn as P and P'n as P', the following equation can be
derived from equation (22):
log(RRT)= P(C,+C3+C3)+ P'(D,+D,+D3)+Q

= P(CN) + P'(DB) +q (23)
This equation (23) is actually the same with the definition
of ECN (or PN) since P'/P corresponds to the coefficient -2

in ECN (or PN).
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Fig. II-3. Modified ECN suggested in this study and
the conventional ECN in relation to the sequence
of elution of triglyceride species on HPLC.
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Finally, we have induced the conclusion of ECN (or PN)
from Martin's theory.

Back to the results in Table II-4 "REGRESSION
EXPRESSION" was 5.57391 for C,, 5.90109 for C,, 7.00699 for
Cs, -11.63260 for D,, -13.40241 for D, and -15.40738 for Dj.
Accordingly, if we do not consider about the positional

isomers, from equation (23):

s oo =(11.63260+13. 40241415, 40738) _ _ _
P'/P= =5 5739175, 9010947, 00699 - ~2-1882 = -2.2

This ratio i.e. -2.2 is near but not equal to the ECN

(or PN) definition ratio which is -2.

Limitation of the ECN (or PN) Concept

By changing the equation from (22) to (23), the

limitation in positional isomers will be released. For

¢, d, c, d,
example,[C2 d,land{c; d:| cannot be distinguished in
c, d, c; dg c, d, ¢, d,
equation (23). And what is more important, |c, d,| and}c, g‘
c C3 C3

cannot be distinguished also after changing %he equation
(23). Adding to this, the ECN definition ratio was an
integral number which is -2, This implies that a lot of
molecular species exist that have the same ECN, If we use the
regression coefficient on equation (23) which is -2.2, at
least it is possible to distinguish the following case that

has the same ECN (=38):

18 1 16 O
20 4 (A) lzo 4 (B)
22 6 22 6

Namely, by using coefficient -2.2, ECN' of (A) becomes
60-2.2x11=35.8 and ECN' of (B) becomes 58-2.2x10=36.0. The
author have performed a sequence simulation on HPLC of Table
II-3 by using equation (23). Results are shown in Fig. II-3.

As it is clear from this Fig, II-3, all the molecular species
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in Table II-3 become irreversible ( shown as a solid line ).
In conclusion, we might say the coefficient of the ECN
should not be an integral number, and this coefficient is
affected by the analytical conditions employed. This was also
supported by the latest work done by Toya et 8193)
The matrix model might be the invariant rules that
controls the sequence in elution of molecular species on

HPLC.
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CHAPTER III
LECITHIN MOLECULAR SPECIES IDENTIFICATION PROGRAM
FOR THE PERSONAL COMPUTER

So far, the matrix model, namely, the formulae that
control the sequence in elution of individual molecular
spesies on HPLC have described.

The next step of this study was the efficient progress
in the molecular species indentification on HPLC
chromatograms by utilizing these formulae. A personal
computer was introducted for this purpose. NEC personal

computer Model PC-8001 ( NEC Ltd. Tokyo ) was used.

Section 1., Lecithin Molecular Species Identification

Program Version I.

At first, the slopes of the formulae ( formulae (8') and
(9") in chapter I ) were set by analyzing the data of
lecithin molecular species on HPLC that had been accumulated.
And the intercepts of the same formulae were all determined
by the regression analysis. The identification program was
designed by using these slopes and intercepts. Though this
identification program was a concrete form of the
chromatographic rules presented in chapter I ( equations (8')
and (9') ), there were some identification errors. It was
observed that in some cases, specifically in the case of
tetraene group, there were some deviations as shown in Fig.
III-1 resulting in the errors for the molecular species

identification. The main reasons were considered to be the
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1. When
RRTs

2, Both

that
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two:

the peaks overlap, it is hard to determine the

of positional isomers.

w3 and w6 type fatty acids exist in tetraene groups

make the large deviation of RRT.

So, it can be concluded that the thorough development of

instruments i.e. the column, the pump etc. of HPLC are

required in order to clearify the RRT differences in

positional isomers as well as the differences in w isomers,

and to complete the molecular species indentification program

that exactly reflexes the equations ( (8') and (9') ).



Section 2, Lecithin Molecular Species Identification

Program Version II,

Though it was found to be hard to design a computer
program that strictly follows the chromatographic rules
presented in this study due to the inadequate imformation
RRT between the isomers or the inadequate reproducibility
RRT on the present HPLC, a more practical identification

program based on the collation with the deposit data were

of
of

designed. It runs as follows as désignated in Scheme III-1:

At first, the fatty acid composition data of the
collected peak on HPLC was entered ( shown as B in Scheme
III-1 ) after initialization ( shown as A ). Then the
identification subroutine starts running according to the

priority order of identification that goes as follows:

1. Search the same molecular species in the data file and

when there is, then print out the RRT of it that meets

the condition of O which restricts the range of RRT that

has entered from the keybord manually ( shown as C-1 and

D, E ). This is called "PREDICTED BY S. T. D. RRT" in

Program III-1,.

2, If not in the case of 1, search the molecular species

X d1
c, d,

Cy d

that belongs to ( or |, d;,) group, and then

generate a regression line as shown in Fig. III-2.

After that, print out the RRT of it that meets the

condition of X ( shown as C~2 and D, E ). This is called

"Liner prediction routine" as well as "RREDICTED BY
3-VAR. LINER METHOD" in Program III-1.

3. If not the cases of 1 and 2, search the molecular

56
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GENERAL FLOW SUBROUTINE
Initialization of variables,. é Search the same molecular C11¢*
i species in the data file. ~
Enter the GLC results of g {**
fatty acid. | Search the motlecular
[ species that belongs
x d, ¢, d
Prediction of RRT, é to Icz dJ or Ix dJ C-2o%
(Subroutine) | group, and then generate
] a regression line.
] *
Enter a manually. D {* 1
[ Generate a parallelogram . 5,
1 and search the vertex. 7
Print out RRT that meets the £ | %
condition of a. |
] Search the molecular
- — species that can be
To continue or not. F defined as Igj‘ Then C - 4%
d - introduce the slope of
END G the regression line.
J Yo
Impossible. C-5

* Searched. %% Not searched.

Scheme III-1. Flow chart of the lecithin molecular species

identification program for the personal computer.



1 PRINT "IF YOU WANT TD ONLY PREDICT ONE M.S. RRT THEN ELASE ’ OF LINE 75% sDELET

E JLAEND ‘

46k;§N1 . D.G. RRT .PREDICT PROGRAM LAST VER&IDN,},EVERY WAY )

&0;WIDTHB@,ZS:CONSOLEr,0¢1460LOR7,0,1sPRINT'CHRt(lZ):LDCATE‘lO;lO sPRINT “"MOLECU

LER SPECIES OF DI-GLYCERIDE DETERMINATIDN.HELPER”:LDCATE 10,12:PRINT "PROGRAMED

BY M.E. 1983.10.18,":LINE(16,34)~(130,54) ,PSET,B

70 LOCATE 15,18:PRINT "INITIALIZE PHASE": GOSUR 7000

72 PRINT CHR$(12)

75 ‘INPUT C1,D1,C2,D2:G0SUB 1000 :PRINT FR (ME$ (M) :GOTO 75

80 FOR I=1 TO 10 :FC(I1)=0:FD(I)=@:FP(I)=0:FOR J=1 TO 10:MM(I ,J)=0:ML (I ,J)=0:NEXT
J:NEXT I:PRINT CHR$(12)

90 PRINT :INFUT “SAMPLE NAME 1S5 " jSN$:INPUT "HFLC PEAK NO. 1S "jNS:PRINT sINPUT"
INCLUDING F.A. NO.";N

100 PRINT :FOR I=1 TO N

110 PRINT "F.A. NO."3I:INPUT"CARBON NO:" ;FC(I1) s INPUT"DOUBLE BOND NO: "3FD(I) PRI

NT :NEXT I3PRINT CHR#(12)

120 PRINT "SAMPLE NAME : " ;SN$:PRINT :PRINT :PRINT "HPLC PEAK NO. 3" 3NS:PRINT
sPRINT "CALCULATING NO. ";5:5=5+1:PRINT :PRINT "INCLUDING F.A. OF THIS PEAK " PR
INT

130 FOR I=1 TO N:PRINT "F.A. NO, "3I;:PRINT " “IFC(1) 3" " 3FD(I) 3" "3
NEXT I:PRINT :PRINT "OK" :PRINT

140 INPUT "REAL RRT OF THIS PEAK"jRT:PRINT :PRINT "NOW CALCULATING PHASE" 1PRINT
150 FOR I1=1 TO N:FOR Ji=1 TO 11:C1=FC(11) :C2=FC(J1) :Di=FD(I11) :D2=FD(J1) :GOSUB 1
@00 :MM(I1,J1)=PRIML(I1,J1)=M:NEXT J1:NEXT Il

160 BEEP:PRINT "CALCULATION ENDED" :PRINT

170 INPUT "ENTER MAX. OF ALPHA" jK:PRINT

188 FOR I=1 TO N:FOR J={ TO 1:IF ABS(MM(I,J)-RT) <K THEN PRINT " |*jFC(1) 3" 1"3FD(1
Y3 " I"sPRINT " ["3FCCJ) 3" s";FDCI 3" 1" 3" P.RRT=" ;MM(I ,J) " ALPHA=" sMM(I ,J) -RT:P
RINT sPRINT" METHOD " 3ME$ (ML (I,J)) sPRINT

190 NEXT J:NEXT I

200 AN$="yes":INPUT "ANY MORE PREDICTION “3ANS$:IF ANS="yes" THEN 170

210 ANs="yes" :INFUT "ANY MORE CALCULATION ";AN$:IF ANS$="yes" THEN B@

900 GOTO 8@

1000 ' ——=——= - PR Calculation
1010 K=0:K1=0:K2=0:FR=0:M=1

1015 IF D1>D2 THEN C=C1:D=D1:C1=C2:D1=D2:C2=C:D2=D

1020 IF (Di=D2 AND C1>C2) THEN C=C1:D=D1:C1=C2:D1=D2:C2=C:D2=D

1030 FOR I=1 TO SN:IF D1=SD(I,2)AND D2=8SD(I,4) THEN K=K+1 1SS (K)=IsNEXT I ELSE NE

XT I
1070 FOR I=1 TO K:IF Ci=8D(SS(I),1) AND C2=SD(SS(I),3) THEN PR=SD(SS(I),5) 1M=2:106

OTO 1200 ELSE NEXT I

1080 FOR I=1 TO Ki:IF C1m=SD(SS(1),1) THEN Ki=K1+1:181(K1)=SS(I)

1985 1F C2=SD(SS(I) ,3) THEN K2=K2+1:52(K2)=8S(I)

1090 NEXT 1

1119 IF Ki1>=2 OR K2>=2 THEN GOSUR 4000 :G0TD 1200

1130 IF FO(D1,02,1)=1 THEN TIi=LOG(SD(FO(D1,02,4),5))%43.429:T2=(C1-SD(FO(D1,D2,4
) y1))¥FO(D1 ,D2,2) : T3=(C2-SD(FO(D1,D2,4) ,3))¥F0(D1 ,D2,3) :FR=10~((T1+T2+T3) /100) M
=5:60T0 1200

1145 IF K<>® THEN FR=10"~((A1¥(C1+C2)+0Q(D1,D2))/10a) :M=3:60T0 12¢0

1150 M=1:PR=0

1200 RETURN

4000 ‘'————m—————— Liner prediction routine
4005 SX=0:5Y=0:XX=Q:YY=0:XY=0:M=4

4010 IF K1>=2 THEN FOR I=1 TO Ki :X=SD(S1(1),1)+S0(S51(I) ,3) :Y=LOG(SD(S1(I) ,5)) %4
3.43:SX=CX+X:SY=CY+Y s XX=XX+XKX s YY=YY+YXY : XY=XY+XHY sNEXT I:KS=XX~-SXXSX/K1:LS=XY-S
X¥SY /K1 :MS=YY-5Y%SY/K1 :A4=LS/KS:R4=8Y/K1~-A4%SX/K1 :R4=L.S/SAR (LS5¥MS)

40135 SX=0:SY=0:XX=0:YY=0:XY=0:F1=(C1+C2) ¥A4+R4:P1=10"(P1/100)

4020 IF K2>=2 THEN FOR I=1 TO K2 :X=SD(S2(1),1)+8D(S2(1),3) :Y=LOG(SD{S2(I) ,5)) %4
3.43:SX=SX+X:1SY=SY+Y : XX=XX+XKX s YY=YY+YRY s XY=XY+XXY :NEXT I:KS=XX-SX¥S5X/K2:1L5=XY-S
X¥SY/K2:MS5=YY-SY*¥SY/K2:AS=LS/KS :BS=8Y/K2-AS*SX/K2 :RS=1.S/SAR (LS¥MS) ’

4025 P2=(C1+C2) *¥AS+RS:P2=10"(F2/100Q)

4030 IF Ki1>K2 THEN PR=P1 ELSE IF Ki<K2 THEN PR=P2

4990 RETURN
7000 --—- FR Calculation Initialize
7005 SN=6%:K=0:K1=20:K2=0:PR=0:T=24:A1=7.4646589 :PR=0

701 DIM SD(SN,S) ,85(15) ,FO(6,6,4) ,DS(T,2) ,@3(T) ,00(7,7) ,FC(10) ,FD(10) ,FP(10) ;MM
(10,10) ,ML(10,10)

7020 FOR I=1 TO SN:FOR J=1 TO S:READ SD(I,J) :NEXTJI:NEXT I

7030 FOR I=1 TO T:FOR J=1 TO 2:READ DS(I,J):NEXT J:READ Q3(I):QQ(DS(I,1) ,DS(I,2)
Y=Q3 (1) :NEXT I .

7049 FOR I=1 TO S:READ ME$(I) :NEXT I )

7059 FOR I=1 TO S:READ DO,DT:FO(DO,DT,1)=1:FOR 1I=2 TO 4:READ FO(DO,DT,II) :NEXT
IT:NEXT 1

706@ FOR I=1 TO 2:FOR J=1 TO 2:READ P$(I,J) sNEXT J:NEXT I

9040 RETURN

10000 '————-—- DATA SET OF STO. D.G. RRT ( MEAN OF DATA ) FRCM D.G. BOOK —-—--
10010 DATA 16,0,16,0,213

10020 DATA 14,0,18,1,141.8,18,0,18,1,295.2,16,0,18,1,208.786,15,0,18,1,175.7,16,
0,17,1,175.7,16,0,16,1,148.45,14,0,20,1,212,146,0,20,1,301.9 '

10030 DATA 14,0,18,2,100,16,0,16,2,111.7,16,0,18,2,145.7,17,0,18,2,167.9,18,0,18
32,202.9,20,0,18,2,288.6

1004@ DATA 16,1,18,1,138.26,18,1,18,1,191,.175

10050 DATA 16,1,18,2,100,18,1,18,2,135.45,20,1,18,2,188.1

100460 DATA 16,0,18,3,110.6,18,0,18,3,152.9 '

10070 DATA 16,0,20‘4,122.057,16,0,22}5,132)?;18@@,20;4,177}55,18,0,22.#‘191.7
io0806. DATA 18,1,18,3,99.9

10099 DATA 18,2,18,2,97.9

10100 DATA 14,0,20,5,63.85,15,0,20,5,77.8,16,0,20,5,91.5667,14,0,22,5,82.3,16,0,
22,5,122.288,18,0,20,5,137.133

10110 DATA 16,1,20,4,76.9,18,1,20,4,114.95

10120 DATA 18,2,18,3,70.4

10130 DATA 14,0,22,6,68.9143,15,0,22,6,82.8333,146,0,22,6,98.77,17,0,22,46,121 .65,
18,0,22,6,147.6S

10140 DATA 16,1,20,5,60.84,18,1,20,5,86.8125,18,1,22,5,114.2,20,1,20,5,125,4,24,
1,20,5,265.7,16,1,22,5,78.46

10150 DATA 17,2,20,4,78.4,18,2,20,4,82.7

10160 DATA 16,1,22,6,65.95,17,1,22,6,80.12,18,1,22,6,91.825,20,1,22,6,137.3
10170 DATA 18,2,20,5,60.85,17,2,22,5,78.5,18,2,22,5,79.4

10180 DATA 18,2,22,6,66.8333

10190 DATA 20,4,20,5,52.3,20,4,22,5,74

10200 DATA 18,3,22,6,49.7

10216 DATA 20,5,20,5,37.33,20,5,22,5,51.5,22,5,22,5,78.4

10220 DATA 20,4 ,22,6,52.725,22,4,22,6,71.1

1e23e DATA 20,5,22,6,41.04,22,5,22,56,55.7667

1024@ DATA 22,6,22,6,44.48

1eSeo ' Q3 DATA
10510 DATA 0,0,-11.36%,0,1,-28.418,0,2,-45.810,1,1,-47.709,1,2,-63.869,0,3,-56.9
3,0,4,-72,255,0,5,-78.303,1,4,-85.423,2,3,-91.215,0,6,~91.9381,1,5,-97.0845,2,4,
;9;5353,1,6,—11@.@12,2.5,—113.455,2,6,—124.747,4,5,-134.785,3,6,-136.999,5,5,—14
10520 DATA 4,6,-151.552,5,6,-160.477,6,6,~-172.366,1,3,~76.01549,2,2,~-77.8345
10600 METHODS
10610 DATA "IMPOSSIBLE TO PREDICT.",“PREDICTED BY S.T.D. RRT","PREDICTED BY (D},
D2) METHOD." ,"PREDICTED BY 3-VAR. LINER METHOD." ,"NETWORK PREDICTION"

107¢0 NETWORK DATA —=— e e e e e e e
106710 DATA @,2,7.62395,5.77032,12,0,4,8.13790,1,84811,23,0,5,8.24843,5.51194,29,
1,5,8.01821,5.56167,43,2,5,8.00000,5.,77800 ,58
10720 NAME OF VARIAELWE
10730 DATA "Ci“,"ni","C2","D2"

1e8ea STOP

1099@ END

Program III-1. Lecithin molecular species identification program

for the personal computer, written in N-BASIC.

8¢



59

RRT RRT.
18:0 18:0
a2
(]
° ®
16:0 16:0
|2024| l22.4| Grenmmmnes
36 38 40 32 34 36 38 40
Total acyl carbon number Total acyl carbon number
Fig. III-1. Deviations in Fig. III-2. RRT prediction by
tetraene and saturate the regression line,

combination group.

32 34 36 38 40 42
Total acyl carbon number

Fig. III-3. RRT prediction by the vertex of a parallelogram,
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RRT

] Actual
J A RRT

150
] ®Result of the identification

program

1001

1
50
Sequence of elution -~
RRT1 ECN Actual

_ RRT
1 B , ECN

150430
1 Reversed
!

100125
ﬁL .........

50120 -~

T "y

Sequence of elution -

Fig. III-4. Results (RRT prediction) of the lecithin molecular
species identification program in relation to the sequence
of elution on HPLC., Sample is of sardine muscle.
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d,

d,

molecular species that can generate a parallelogram

species that can be defined as and then search the

(network) as shown in Fig. III-3, and print out the RRT
of the vertex molecular species on the parallelogram
that meets the condition of  ( shown as C-3 and D, E ).
This is called "NETWORK PREDICTION" in Program III-1.

4, If not the cases of 1, 2 and 3, search the molecular

1

d,

in 3. Then, introduce the slope and the intercept (shown

species that can be defined as as it has been done

as Q3 in Program III-1) of the generalized regression

1ine and print out the RRT that meets the condition of (X

( shown as C-4, D, E ). This is called "PREDICTED BY

(D1, D2) METHOD" in Program III-1,.

5. Impossible ( shown as C-5 ).

Finally, it goes back to the main routine that continues
or ends up the identification program. The whole view of the
program is shown in Program III-1. The results obtained by
this program were compared with the results obtained from the
actual analysis of sardine muscle done by enormous labor.
Fig. III-4A illustrates the good agreement between the actual
analytical results shown by solid line and the
identification via personal computer shown by dots. And for
the comparsion, ECN (or PN) is also shown ( shown by the
broken line in Fig. III-4B ). None of the reversed point in
RRT was observed in this example by the presented
identification program making good contrast with those of ECN
(or PN).

Although, in some cases, there might be some rare

missidentification, this personal computer program is sure to



be of great help in predicting the molecular species that

are generally found.

62
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CHAPTER IV
MOLECULAR SPECIES OF FISH MUSCLE LECITHIN

So far, the formulae that control the sequénce of
elution of 1lipid molecular species on HPLC have been
demonstrated. It has been proven that the matrix model
presented is invariant. And this matrix model forms the bases
of molecular species identification of muscle lecithin from
fish sources that will be discusséd in this chapter.

The characteristics of each fish from the view point
molecular species of muscle lecithin is discussed with some

supplemental analysis such as principal component analysis.
Section 1. Experimental

Total lipids were obtained from the fish muscle
tabulated in Table IV-1 according to the method of Bligh &
Dyer. Neutral lipid composition and phospholipid composition
were measured by the Iatroscan-Chromarod Method?4dﬂ) The
developing solvent used were n-hexane/diethyl ether/formic
acid ( 85:15:0.5, v/v ) for the former and chloroform/
methanol/ammonia/water ( 70:30:2:3, v/v ) for the latter.
Phospholipid content was determined by multiplying 25 to the
phosphorus content of the lipid which had been determined by
Fiske-Sabbarow method. Preparation of pure lecithin,
hydrolysis of lecithin into diglyceride, and derivation to
diglyceride acetate from diglyceride were done in the same

manner as shown in chapter I. HPLC fractionation and

identification of molecular species of each peak on HPLC were



Table IV-1.

Fish examined

64

Samples

Mean body Iéngth and weight,

Locality of catch.

Date of catch.

Nanae, Hokkaido

20,0cm, 80g
S Sardine Kamiiso, Hokkaido. July 1982
rdinops melanosticta
17.1cm, 43g
Kamiiso, Hokkaido. Oct. 1983
-41,8cm, 6479
Mackerel Kamiiso, Hokkaido July 1982
Scomber japonicus 32.2cm. 409
. . g
Todohokke, Hokkaido Oct. 1983
110.0cm, 20kg -
Big-eyed tuna, Frozen from the market
Parathunnus obeus 100.0cm, 24kg )
Indian sea
23.7¢m, 169g
1 Brown sole Kikonai, Hokkaido Oct. 1982
Limanda ferruginea
: 21.2cm, 2079
Kamiiso, Hokkaido May 1983
18.3cm, 65q
Sand flounder Kamiiso, Hokkaido Dec. 1982
Linanda punctatissima
18.6cm, 139¢
Abuta, Hokkaido May 1983
19.6cm, 1879 _
Rock fish Toi, Hokkaido Oct. 1982
Sebastes schlegeli ,
27.0cm, 471g
Kamiiso, Hokkaido July 1983
44,0cm, 610g
Alaska pollack Uchiura bay, Hokkaido Dec. 1981
Theraga chalcogramma a.7
.79, 509g
Shikabe, Hokkaido Jan. 1984
65.0cm, 35009
Chum salmon, Male Akkeshi, Hokkaido June 1980
Oncprhyncus keta 42.7cm, 1367q re. 1983
45°59'-49°29'N, 167°07'-175°30'E ' 9°
Chum salmon, Female 46.8cm, 15939
Qncorhyncus keta 45°59'-49°29'N, 167°07'-175%30'E "
Blue shark 114,5cm, 8,5ka
Prignace grauca 38°30'-39°30'N, 155°00'E June 1982
Mackerel shark 88,5cm, 10,2kg
Lamna cornubica 41°30'-43°00'N. 175°30'E July 1982
Carp 23.0cm, 175g
Cyprinus carpio from the market - Sep. 1980
33.8cm, 455¢
Rainbow trout Nanae, Hokkaido Sep. 1982
Salmo gairdnerii irideus
38.0cm, 780g May 1983

B: Bottom fish. C: Hard to classify.
E: Fresh water fish,

A: Migratory fish.
D: Cartilaginous fish.
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also done in the same manner though a new matrix model is

available in identifying the molecular species in order to

verify the results.
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Results and Discussion

Section 2, Characteristics of Muscle Lecithin of Fish

The yield of total lipid and the percentage of each
lipid class against total lipid are shown in Table IV-2 and
Table IV-3. Fatty acid composition of diglyceride acetates
which represent the fatty acid composition of lecithin are
shown in Table IV-4 and Table IV-~5. Samples shown in these
tables were subjected to the lecithin molecular species
analysis,

HPLC chromatograms of each fish are shown in Figs. IV-1~
6 aﬁd the detected molecular species of lecithin in sequence
of elution on HPLC with the percentage data and those of
mg/100 g muscle are shown in Figs. IV-7~32,

As illustrated in Fig. IV-1, the HPLC chromatogram of
diglyceride acetate of fish muscle lecithin can be devided
into four molecular species groups, that is, I: molecular
species composed of highly unsaturated fatty acids such as
20:5 or 22:6, for instance (20:5)(20:5), (20:5)(22:6) and
(22:6)(22:6), III: molecular species composed of generally
found fatty acids such as 16:0 or 18:1 with combinations of
20:5 or 22:6, that is (20:5)(18:1), (18:1)(20:5),
(22:6)(18:1), (18:1)(22:6), (20:5)(16:0), (16:0)(20:5),
(22:6)(16:0) and (16:0)(22:6), and II and IV: others. As it
is evident from the chromatograms ( see Figs. IV-1~6 ),
groups I and IIT accounts for at least 60Z of the molecular
species examined. Specifically, as shown in Fig. IV-1 and

Fig. IV-7, groups I and III of the sardine white muscle
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| Il IT1 IV
o 6
5
2 CHUM SALMON PC, MALE
1 4 (Feeding migration)
— 20 40 - 60 80 100 min

CHUM SALMON PC, FEMALE
(Feeding migration)

20 40 60 80 100 min

Fig. IV-6. HPLC chromatogramé of chum salmon muscle lecithin

Both are the samples of 1983.
Numbers as in Fig. IV-1.



Fig.

77

%/PC
10 ] 20 ' 30

(20:5)(20:5) I’
(20:5)(22:6) |
(22:6)(22:6) Ly
(22:5)(22:6)

(20:4) (22
(20:3) (22

(22:4) (22:6) [

(16:1)(20:5) fg—

(22:6)(16:1) j F;E;? égi* iggg
(16:1)(22:6) mh

(14:0)(22:6) |3

(18:1)(22:6)

(20:5) (16:0) frpwms

(16:0) (20: ‘

(22:6) (16:

(16:0) (22: 1

(16:0) (22:
(20:4) (16:
(16:0) (20:
(18:0)(22:6) [
(18:1)(16:0) j
(16:0) (18:1) fii

IV-7. Molecular species composition of sardine dark muscle
lecithin, in relative Z.
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9. Molecular species composition of mackerel dark muscle
lecithin, in relative 7.
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Fig. IV-1l. Molecular species composition of big-eyed tuna muscle

lecithin, in relative 7.
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Fig. IV-12. Molecular species composition of brown sole muscle
lecithin, in relative Z.
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Fig. IV-13. Molecular species composition of sand flounder muscle
lecithin, in relative ¥.
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Fig. IV-17. Molecular species composition of female chum salmon muscle

lecithin at the stage of feeding migration, in relative Z.
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Fig. IV-18. Molecular species composition of blue shark muscle lecithin,

in relative 7.
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Fig. IV-19. Molecular species composition of mackerel shark

muscle lecithin, in relative Z.
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Fig. IV-20. Molecular species composition of carp muscle lecithin,

in relative 7.



(20;
(20
(22:
(20:
(22;
(20:
(18:
(18:
(16:
(14:
(18:
(16:
(22:
(16:
(16:
(16:
(18:
(18:
(16:

(18
(18

(16

Fig. IV-21.

5)(20

1) (18

:0) (18

0)(22;
0)(18:
:1) (18:
:1) (16:

:1)

:5)
5)(22:
6) (22:
5)(22:
5)(22:
3)(22;
2) (20:
2)(22:
1) (22;
0)(22:
1)(20:
0)(20:
6) (16:
0) (22:
0) (22:
0) (20:

:2)

6)
6)
5)
6)
6)
5)
6)
6)
6)
5)
5)
0)
6)
5)
i)

6)
2)
1)
0)

91

4/PC
10 20 30 40

[ 1 Sep. 1982
ey May 1983

Al

]

Molecular species composition of rainbow trout muscle

lecithin, in relative Z.



92

mg/100g muscle

1Q0 200 . 300 1 400
(20:5)(20:5) |
(20:5)(22:6) oy ]
(22:6) (22:6) |[Tomes -

(22:5) (22:6)
(20:4) (22:6)
(20:3) (22:6)
(22:4)(22:6) }
(16:1)(20:5) |— —7 July 1082
(22:6) (16:1) | FEEE Oct, 1983
(16:1)(22:6) |7

|

:

(14:0) (22:6)
(18:1) (22:6)
(20:5)(16:0) |y

(16:0) (20:5) frwm ]
(22:6) (16:0)
(16:0)(22:6)
(16:0)(22:5)
(20:4)(16:0)
(16:0)(20:4)
(18:0) (22:6)
(18:1)(16:0)
(16:0)(18:1)

Fig. IV-22. Amount of each molecular species of sardine dark muscle

lecithin, in mg/100g muscle.



93

mg/100g muscle
100 200

(20:5) (20:5) g
(20:5)(22:6) ]

(22:6)(22:6) g

(22:5) (22:6)

(20:4)(22:6)
(20:3)(22:6)

T

(22:4) (22:6)

1 July 1982
(16:1) (20:5) ‘
( e Oct, 1983

T

(22:6) (16:1)
(16:1) (22:6)
(14:0) (22:6)
(22:6)(18:1)
(18:1) (22:6)
(16:0) (20:5)

BTE ] U]«

(22:6)(16;0)x\d.

(16:0) (22:6) !
(22:5) (16:0)
(16:0) (22:5)
(16:0) (20:4)
(18:0) (22:6)

_-
-
-
-~
Z

U

Fig. IV-23. : Amount of each molecular species of sardine white muscle
lecithin, in mg/100g muscle.



94
mg/100g muscle
20 40 60

(20:5)(20:5)
(20:5) (22:6)
(22:6)(22:6)
(20:5) (22:5)
(22:5)(22:6)
(20:3) (22:6)
(22:4)(22:6)
(16:1)(20:5)
(22:6) (16:1)
(16:1)(22:6)
(14:0) (22:6)
(16:1) (20:4)
(20:5)(18:1)
(18:1)(20:5)

(22:6)(18:1)
(18:1)(22:6)

(] July 1982
Oct,1983

gg@W@@w%@%g;;-

(16:0)(20:5)
(22:6) (16:0) |[ETEEETTETTTTTTTTTTTTTTT

(16:0) (22:6)
(18:1)(20:4) |
(22:5)(16:0)

(16:0) (22:5) |
(16:0) (20:4)
(17:1)(22:6)
(20:5) (18:0)
(18:0) (20:5)
(22:6)(18:0)
(18:0)(22:6)

(18:0) (20:4)
(18:1) (16:0)
(16:0) (18:1)

Fig. IV-24. Amount of each molecular species of mackerel dark muscle

lecithin, in mg/100g muscle.



(20;

(20

(22:

(20

(22:
(20:
(22:

(16

(22:
(16:
(14:
(16:
(20:
(18:
(22:
(18:

(16

(22:
(16:
(20:
(22:
(16:
(16:
(20:
(18:
(22:
(18:
(18:
(18:
(16:

Fig. IV-25.

5) (20:
:5)(22:
6) (22:
15)(22:
5)(22:
:16)

3)(22

) (22
:1) (20:
6) (16:
1)(22:

0)(22:
1) (20:
5)(18:

:5)
6) (18:
1)(22;
:0)(20:
6) (16:
0)(22:
b) (18:
5)(16:
0)(22:
) et
5)(18:
0) (20:
6)(18:
0) (22:
0) (20:
1)(16:
0)(18:

1)(20

0) (20

5)

6) |

b)

6)
6)

6)
5)
D
6)

6)
i)
1

1)
6)
5)
0)
6)

1)

0)
5)

0)
5)
0)
6)
4)
0)
1

mg/100g muscle
40 60 80 100

|ggg“mmwwm@@wé

7] July 1982
Oct. 1983

CXRRTRVERRANANNNAY

2 z
2 z
Z
Z

CARERRAARLAK

95

Amount of each molecular species of mackerel white muscle

lecithin, in mg/100g muscle.
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Amount of each molecular species of big-eyed tuna muscle
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Fig. IV-27. Amount of each molecular species of brown sole muscle
lecithin, in mg/100g muscle.
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Fig. IV-30. Amount of each molecular species of Alaska pollack muscle

lecithin, in mg/100g muscle.
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Fig. IV-31l. Amount of each molecular species of male chum salmon muscle
lecithin, in mg/100g muscle, at the stage of feeding migration.
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Fig. IV-32, Amount of each molecular species of rainbow trout muscle
lecithin, in mg/100g muscle.
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accounts for about 87~88%. These two groups might control or
represents the characteristics of lecithin of fish muscle.

The left side chromatograms in Fig. IV-1l are the
sardines captured in summer ( July, 1982 ) and the right side
chromatograms are of those captured in fall ( Oct. 1983 ).
Though a supplementary experiment should be done to give a
conclusion, sardines captured in summer might have the
tendency to lose the molecular species which combines the
highly unsaturated fatty acid in position 1 such as
(22:6)(16:0) and (20:5)(16:0) compared with those captured in
fall,

Figure IV-2 shows the chromatograms of mackerels
captured in the same day with sardine. The characteristics of
this fish is the very complicated composition in group IV
especially in dark muscle. Molecular species of (16:0)(22:5),
(16:0)(20:4), (17:1)(22:6), (20:5)(18:0), (18:0)(20:5),
(22:6)(18:0) and (18:0)(22:6) can be named in this group
( see also Fig. IV-9 ).

Figure IV-3 shows the chromatograms of bottom fish
captured in October, December and May. These fish are
extremely outstanding since the most predominant component of
these fish is (16:0)(20:5) instead of (16:0)(22:6) unlike
other fish examined ( see also Fig, IV-12 and Fig. IV-13).

The cﬁromatograms of big~eyed tuna, Alaska pollack,
carp, rainbow trout are shown in Fig. IV-4, and the
chromatograms of rock fish, blue shark, mackerel shérk,
rainbow trout are shown in Fig. IV-5. Throughout the
chromatograms in Fig. IV-4 and Fig. IV-5, (16:0)(22:6) is the

most predominant peak though in case of Alaska pollack, it



104

contains (16:0)(22:6) and (16:0)(20:5) almost equally ( shown
by arrows in Fig., IV-4, see also Fig. IV-15 and Fig.

IV-30.). The similarity among fresh water fish and
cartilaginous fish is the very few content of group I i.e.
the ﬁolecular species composed of highly unsaturated fatty
acids such as (20:5)(20:5), (20:5)(22:6) and (22:6)(22:6)

( see also Figs. IV-18~21 ), although the former contains
less amount of molecular species that contains 20:5. The
content of group I differs significantly in the case of
big-eyed tuna. This is seemed to be the result of differences
in days of frozen storage since other freshly prepared
migratory fish examined contains group I abundantly.

Figure IV-6 shows the chromatograms of chum salmon. As
it is evident from this Fig. IV-6, chum salmons under feeding
migration are extremely rich in (16:0)(22:6) ( see also Fig.
IV-16 and Fig. IV-17 ),

Observations throughout Figs. IV-7~32 give information
that the molecular species with the combinations of saturated
fatty acids such as (16:0)(16:0) and (16:0)(18:0) are found
only in big-eyed tuna. The reason why those are not found in
other fish is considered that the melting point of
(16:0)(16:0) or (16:0)(18:0) is higher than otheér molecular
species observed so that the liquid crystal conformation of
cell membréne composed of these saturated molecular species
might be convenient for the warm environment and inconvenient
for the cold environment,

It has been widely accepted that the amount of
phospholipid of muscle is almost constant. But the

expressions by mg/100g muscle of each lecithin molecular
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Fig. IV-33. Radar charts of the main molecular species of fish muscle
lecithins, in relative Z.

Solid lines are the ones captured in 1983~1984, and the broken
lines are the ones captured in 1980~1982.
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species ( Figs. IV-22~32 ) shows that even the amount of
lecithin changes in a considerable degree.

As it is observed throughout the figures, predominant
molecular species are usually composed of 16:0, 18:1, 20:5
and 22:6 such as (20:5)(20:5), (20:5)(22:6), (22:6)(22:6),
(18:1)(20:5), (18:1)(22:6), (16:0)(20:5), (16:0)(22:6) eand
(16:0)(18:1). Figure IV~33 illustrates the amount of
(20:5)(20:5), (20:5)(22:6), (22:6)(22:6),
(20:5)(18:1)+(18:1)(20:5), (22:6)(18:1)+(18:1)(22:6),
(20:5)(16:0)+(16:0)(20:5), (22:6)(16:0)+(16:0)(22:6) and
(18;1)(16:O)+(16:0)(18:1) by radar charts, These charts are
shown in sequence of elution (clockwise) and the original
data have been employed from Figs. IV-7~21, As it 1s evident
from this Fig. IV-33, the predominant peaks composed of 16:0,
18:1, 20:5 and 22:6 well characterize the characteristics of
each fish, Bottom fish such as brown sole and sand flounder
is of outstanding owing to the ratio of (16:0)(20:5) and
(16:0)(22:6). All other fish except Alaska pollack contains
(16:0)(22:6) as the most predominant component while Alaska
pollack contains both component almost equally. From the view
point of seasonal variation, rainbow trout shows an
extraordinary change. I; is considered that the closed
environment of this fish forced the changes of lecithin for
the adaptation., Fatty fish such as sardine and mackerel also
show considerable changes compared with other marine fish

examined.
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Section 3. Characterization of Each Fish

by Principal Component Analysis

Principal component analysis (PCA) is well known as the
most representative way of multivariate analysis. PCA gives
informations on allover relative relations of multivariate
data of mulitiple samples at the same time.

Fig., IV-34 illustrates the dispersion of data on the
second dimensional plane (X; ,X2 co-ordinate) as an example of
explanation of PCA, If we consider new axes on the same
plane such as Z, and Z;, the projection of each data (shown
by arrow) on Z, axis well represents the characteristics of
this set of data. Namely, we can decrease the dimension from
second (plane) to first (line) with the smallest information
loss. In this example, variates are only two. But if we
expand this concept on multiple variate (multiple
dimgnsions), and tﬁen if we decrease the dimension with the
smallest information loss, such as, up to third or second
dimension, this will become a so called PCA., In this study,
the multiple dimension is decreased to second demension for
the ease of comprehension of the whole view of data. Fig.
IV-35 shows how to interpret the print out from the computer
on PCA analysis. The axis named as large number 1 is fhe
first principal component and the axis named as large number
2 is the second principal component., First principal
component has the meaning of "the axis that represents the

' and second principal component has the meaning of

data most,'
"the axis that represents the data next to the first

principal component". Vectors shown as broken lines stand for
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Fig. IV-34. Simplest form of PCA as an example.

The arrow shows the projection of each data

on the axis of first principal component.
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Table IV-6. Print out of the mean and the standard deviation of the
amount of all fish muscle lecithin examined, and print outs of
correlation matrix among the main molecular species, eigenvalues
as well as contributions and finally component loadings

®R¥¥¥ FRINCIFAL COMPTONENT ANALYSIES #ibd*
Numoer ¢f Variabies 8

Number ¢+ Samcle 25

VARIABLEZ MESN €.0.
H 3.229 5.89%

-2 16.76% SE.a60
3 22,332 39.263
4 23.12:8 37.776
b= 3.237 15.364
[ 3% .974 45 .670
7 9Z.237 76.259
=] 11,161 22.591

{ Correlation Matrix >

1 2 3 4 S b . 7 8
1 1.00@
Z B85S 1. Q00
3 0.27% D963 1.9006
4 ®.434 o ,980 @ .93 1.000
b @170 - HED -D.019 -9.%31 1.000
-} @.302 -4.13%9 -9 ,311 - ,052 i.000
7 @251 ?.802 @.7584 Q.78 -, 280 0.307 1.0a%
8 -3.197 -2.112 -2.106 -0 .HT75 -@0.101 -0.161 -9.234 1.000
TRACZ = 8
COMPONENT * z13zwaLy % ACS.%
B¢ 3.869 48,2952 48 , 2352
2 1,532 19185 67 .47
3 1 .088 13.602 81 .009
4 ?.874 19,329 91.938
s 9,472 S.906 97.843
& 2,132 1.658 99.561
7 7.936 B .,445 99 .947
a3 ?.004 D .953 100,200
*%
- <CCMECNENT LCARING >
CoMFAFo NI NT
1 2 3 4 5 é 7 8
1 @ .54 @547 0,039 ?.231 ?.4564 2,128 9 .008 @ .05
2 ©.733 -9.126 D023 -9 H22 9 .9%9 -@.,287 @.934 -@ . 0532
3 ®.33% -0 ,299 @.118 -9 .274 ~-h.041 - .014 2.126 9,932
4 9.958 -@.17: @ .653 @.00% @ .95 ~-0.159 ~-®.123 ?.021
= -9 .024 9.243 @.834 Q.2a7 -3 .,212 -0, 028 -3 BD2 - D2
-} D160 @.336 -@,213 D.119 -3 .248 -0, 165 [ :
7 ®.873 @.0Z0 -0, 200 @ .0882 -3 .367 @.253 -0, 047 - O3
8 - .155 -0 .861 - . 360 D.79= D.04a2 ~D D26 @.014 D.081

* Eigenvalues were calculated by the Jacobi method, and the iteration
was 60 on this PCA.
*% Component loading corresponds to the scalar of the eigenvector on PCA
The row and the column are variable numbers same with those in the
next figure (Fig. IV-36).
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component loadings. For example, suppose vector A stands for
water content, B for protein contént and C for lipid
content, water content is almost negatively correlative and
at the same time, no correlation with protein content. If we
have data number 1 and number 2, we can get the following
informations:
Water content : number 1 > number 2
Lipid content ¢ number 1 < number 2
Protein content : number 1 = number 2
By introducing this PCA, the whole view of all fish
examined'can be summerized in one or two planes with the
minimum loss of information,
.The computer program used for PCA was the modified

3W48)The original

program of "Personal Computer Library, Vol,.
program was written for NEC PC-8001 personal computer. But
it was modified for NEC PC-8801 mkII personal computer, for
instance, the arrangement of the program was changed into
N-88 BASIC, and the character mode was changed into graphic
mode.

Table IV-6 shows the print out from the computer. In
this Table, "Number of Variables 8" are the main molecular
species which have been discussed in the radar chart on Fig.
IV-33, namely, those corresponds to the footnote in Table
IV-7 shown as "Row". "Number of Sample 26" are the fish
examined and those are also shown in the footnote of Table
IV-7. "MEAN" is the average amount of each molecular species
mg/100g muscle. "S.D." is standard deviation. "Correlation

Matrix" shows the correlation of each variable (molecular

species)., "EIGENVALUE" is calculated by the Jacobi method
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Fig. IV-36. Eigenvectors of major molecular species on the

first and second principal component plane on PCA.
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Fig. IV-37. Eigenvectors of major molecular species on the
first and third principal component plane on PCA.
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Table IV-7. Print out of the principal loading (component score) on PCA.

Row

O N U W -

11.
13.
15.
17.
19.
21.
23.
25,

Column

1.
4.
6.
8.

{PRINCIFAL LOALING>

NCIFAL
2 3 4
-2,%24 @,.18% -0.196
-1.392 0.973 -, %92
@.738 -3 ,85% -0 .,264
-h,714 B ,47E -0, 705
-0 ,246 -0 ,363 -0.503
®.536 3.374 1.518
- 28 ~-9.373 B .264
@,231% 1.597 ?.450
-0 L33 B,71% -3.310
-@.746 @,241 -3 .56%
3.278 1.328 1,226
-,165 - ,a34 -0, 4072
1.472 - 742 -0 .40
w.511 -®.326 -0 .624
-9 .,213 0,282 -® .23
-9, E3T @.,123 -0 .540
4,346 -2.2ca 0,312
?.223 @.2ET =@, 200
-0 ,Z5a @022 ~-0.371
-9,193 7,452 -0 ST
-9,513 B.217 -9 .401
9,282 ~2,457 -0.546
G, 204 -1.12° .24
- ,6463 -0, 545 -0 Q52
-2.996 -1.922 3.314
-3 ,261 ~G.T1S -9 .18%

SARDINE PC (Dark muscle), July 1982
SARDINE PC (White muscle), July 1982
MACKEREL PC (Dark muscle), July 1982
MACKEREL PC (White muscle), July 1982
BIG-EYED TUNA PC, Frozen 1981

BROWN SOLE PC, Oct. 1982

SAND FLOUNDER PC, Dec. 1982
ROCK FISH PC, Oct. 1982
ALASKA POLLACK PC, Dec. 1981

CHUM SALMON PC, MALE, June 1980
CHUM SALMON PC, FEMALE, Aug. 1983
MACKEREL SHARK PC, July 1982

o,

_(Z, .
@,
a,

~-@.

-3,
9,
@,

-3,

2.
4.
6.
8.
10.
12.
14.
16.
18.
20.

22.
24,

.270
.269

140
LBS3
.349

-0 .4
[ 8 Te e
9.1
[T~
@, D20

~ 0
@

-3, @1

T
@ D07
-0, 519
-0, D13
-2,
@ 0T

-

-
-t}
- 2T
0.9
[
-3 ,DZ3
-,

-5 ,02

LB70
LATD
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SARDINE PC (Dark muscle), Oct. 1983
SARDINE PC (White muscle), Oct. 1983
MACKEREL PC (Dark muscle), Oct. 1983
MACKEREL PC (White muscle), Oct. 1983
BIG-EYED TUNA PC, Frozen 1983

BROWN SOLE PC, May 1983

SAND FLOUNDER PC, May 1983

ROCK FISH PC, July 1983

ALASKA POLLACK PC, Jan. 1984

CHUM SALMON PC, MALE, Aug. 1983

BLUE SHARK PC, June 1982

CARP PC, Sep. 1980

RAINBOW TROUT PC, Sep. 1982 26. RAINBOW TROUT PC, May 1983
(20:5)(20:5) 2. (20:5)(22:6) 3. (22:6)(22:6)
(20:5) (18:1)+(18:1) (20:5) 5. (22:6)(18:1)+(18:1)(22:6)

(20:5) (16:0)+(16:0) (20:5) 7.

(18:1) (16:0)+(16:0) (18:1)

(22:6)(16:0)+(16:0) (22:6)
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SARDINE PC (Dark muscle), July 1982 2.
SARDINE PC (White muscle), July 1982 4.

. MACKEREL PC (Dark muscle), July 1982 6.

MACKEREL PC (White muscle), July 1982 8.

BIG-EYED TUNA PC, Frozen 1981 10.
. BROWN SOLE PC, Oct. 1982 12.
. SAND FLOUNDER PC, Dec. 1982 14.
. ROCK FISH PC, Oct. 1982 16.
ALASKA POLLACK PC, Dec. 1981 18.
. CHUM SALMON PC, MALE, June 1980 20.
. CHUM SALMON PC, FEMALE, Aug. 1983 22.
MACKEREL SHARK PC, July 1982 24.
RAINBOW TROUT PC, Sep. 1982 26.

ol

SARDINE PC (Dark muscle), Oct. 1983
SARDINE PC (White muscle), Oct. 1983
MACKEREL PC (Dark muscle), Oct. 1983
MACKEREL PC .(White muscle), Oct. 1983
BIG-EYED TUNA PC, Frozen 1983

BROWN SOLE PC, May 1983

SAND FLOUNDER PC, May 1983

ROCK FISH PC, July 1983

ALASKA POLLACK PC, Jan. 1984

CHUM SALMON PC, MALE, Aug. 1983

BLUE SHARK PC, June 1982

CARP PC, Sep. 1980

RAINBOW TROUT PC, May 1983

IV-38. Plots of principal loading on the first and second

principal component plane on PCA.

Refer to the eigenvectors in Fig. IV-36 as background of this

plane.
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from correlation matrix. "Z" shows the contribution for the
information of the whole data of each principal component and
"ACC.Z" is the accumulative value of these "Z". "< COMPONENT
LOADING >" is the scalar of the eigenvector ( see Fig.

IV-35 ).

In Fig. 1IV-36, eigenvectors of major molecular species
are shown as small numbers on the first and second principal
component plane. These are drawn up from the print out of
"< COMPONENT LOADING >" on columns 1 and 2 in Table IV-6. And
in Fig. IV-37 eigenvector of the same molecular species are
generated on the first and third principal component plane.
And these are drawn up from the print out of "< COMPONENT
LOADING >" in columns 1 and 3 in Table IV-6.

"< PRINCIPAL LOADING >" in Table IV-7 is the print out
of principal loading of each fish which shows the posiﬁion on
the PCA plane. For example, the cell in the 1-th row, the
l1-th column shows the distance on the first principal
component, and the cell in the 1-th row, the 2-th column
shows the distance on the second principal component. These
principal loadings were plotted on the first and second
principal component plane as shown in Figs. IV-38~40 and on
the first and third principal component plane as shown in
Figs., IV-44~46 in different scales. Eigenvector of Fig. IV-36
is for Fig. IV-38 and that of Fig., IV-37 is for Fig. IV-44,
As shown in Fig., IV-38, sardine dark muscle has a drastic
seasonal change ( points number 1 and number 2 ). And among
the white flesh fish, Alaska pollack has a large seasonal
change ( points number 17 and number 18 ). The movement of

point number 1 to point number 2 is the direction of
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SARDINE PC (Dark muscle), Oct. 1983
SARDINE PC (White muscle), Oct. 1983
MACKEREL PC (Dark muscle), Oct. 1983
MACKEREL PC (White muscle), Oct. 1983
BIG-EYED TUNA PC, Frozen 1983

BROWN SOLE PC, May 1983

SAND FLOUNDER PC, May 1983

ROCK FISH PC, July 1983

ALASKA POLLACK PC, Jan., 1984

CHUM SALMON PC, MALE, Aug. 1983

BLUE SHARK PC, June 1982

CARP PC, Sep. 1980

RAINBOW TROUT PC, May 1983

IV-39. Plots of principal loading on the magnified first and

second principal component plane on PCA.
Refer to the eigenvectors in Fig. IV-36 as background of this

plane.
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1. SARDINE PC (Dark muscle), July 1982 2. SARDINE PC (Dark muscle), Oct. 1983
3. SARDINE PC (White muscle), July 1982 4. SARDINE PC (White muscle), Oct. 1983
5. MACKEREL PC (Dark muscle), July 1982 6. MACKEREL PC (Dark muscle), Oct. 1983
7. MACKEREL PC (White muscle), July 1982 8. MACKEREL PC (White muscle), Oct. 1983

9. BIG-EYED TUNA PC, Frozen 1981 10. BIG-EYED TUNA PC, Frozen 1983
11. BROWN SOLE PC, Oct. 1982 12. BROWN SOLE PC, May 1983

13. SAND FLOUNDER PC, Dec. 1982 14, SAND FLOUNDER PC, May 1983

15. ROCK FISH PC, Oct. 1982 16. ROCK FISH PC, July 1983

17. ALASKA POLLACK PC, Dec. 1981 18. ALASKA POLLACK PC, Jan. 1984
19. CHUM SALMON PC, MALE, June 1980 20. CHUM SALMON PC, MALE, Aug. 1983
21, CHUM SALMON PC, FEMALE, Aug. 1983 22. BLUE SHARK PC, June 1982

23, MACKEREL SHARK PC, July 1982 24, CARP PC, Sep. 1980

25. RAINBOW TROUT PC, Sep. 1982 26. RAINBOW TROUT PC, May 1983

Fig. IV-40. Plots of principal loading on the highly magnified first
and second principal component plane on PCA.
Refer to the eigenvectors in Fig. IV-36 as background of this

plane.
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Line A: SARDINE PC (Dark muscle)
Line B: CHUM SALMON PC, MALE
Line C: RAINBOW TROUT PC

Fig, IV-41. Movement of the plots between the two different seasons
on the same plane in Fig. IV-38.
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Line A: SARDINE PC (Dark muscle)
Line B: CHUM SALMON PC, MALE
Line C: RAINBOW TROUT PC

Fig. IV-42. Movement of the plots between the two different seasons
on the same plane in Fig. IV-39.
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Line A: SARDINE PC (Dark muscle)
Line B: CHUM SALMON PC, MALE
Line C: RAINBOW TROUT PC

Fig. IV-43. Movement of the plots between the two different seasons
on the same plane in Fig. IV-40.
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SARDINE PC (Dark muscle), July 1982
SARDINE PC (White muscle), July 1982
MACKEREL PC (Dark muscle), July 1982
MACKEREL PC (White muscle), July 1982
BIG-EYED TUNA PC, Frozen 1981

BROWN SOLE PC, Oct. 1982

SAND FLOUNDER PC, Dec. 1982

ROCK FISH PC, Oct. 1982

ALASKA POLLACK PC, Dec. 1981

CHUM SALMON PC, MALE, June 1980
CHUM SALMON PC, FEMALE, Aug. 1983
MACKEREL SHARK PC, July 1982
RAINBOW TROUT PC, Sep. 1982
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SARDINE PC (Dark muscle), Oct. 1983
SARDINE PC (White muscle), Oct. 1983
MACKEREL PC (Dark muscle), Oct. 1983

. MACKEREL PC (White muscle), Oct. 1983
10.
. BROWN SOLE PC, May 1983
14.
16.
18.
20.
22,
24,
26.

BIG-EYED TUNA PC, Frozen 1983

SAND FLOUNDER PC, May 1983
ROCK FISH PC, July 1983

ALASKA POLLACK PC, Jan. 1984
CHUM SALMON PC, MALE, Aug. 1983
BLUE SHARK PC, June 1982

CARP PC, Sep. 1980

RAINBOW TROUT PC, May 1983

Plots of principal loading on the first and third

principal component plane on PCA.
Refer to the eigenvectors in Fig. IV-37 as background of this

plane.
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SARDINE PC (Dark muscle), July 1982
SARDINE PC (White muscle), July 1982
MACKEREL PC (Dark muscle), July 1982

. MACKEREL PC (White muscle), July 1982

BIG-EYED TUNA PC, Frozen 1981
1982

SAND FLOUNDER PC, Dec. 1982

ROCK FISH PC, Oct. 1982

ALASKA POLLACK PC, Dec. 1981

CHUM SALMON PC, MALE, June 1980
CHUM SALMON PC, FEMALE, Aug. 1983
MACKEREL SHARK PC, July 1982
RAINBOW TROUT PC, Sep. 1982

o17

SARDINE PC (Dark muscle), Oct. 1983
SARDINE PC (White muscle), Oct. 1983
MACKEREL PC (Dark muscle), Oct. 1983
MACKEREL PC (White muscle), Oct. 1983
BIG-EYED TUNA PC, Frozen 1983
BROWN SOLE PC, May 1983

SAND FLOUNDER PC, May 1983
ROCK FISH PC, July 1983
ALASKA POLLACK PC, Jan.
CHUM SALMON PC, MALE, Aug.
BLUE SHARK PC, June 1982
CARP PC, Sep. 1980
RAINBOW TROUT PC, May 1983

2.
4,
6.
8.
10.
12.
14,
16.
18.
20.
22.
24,
26.

1984
1983

Plots of principal loading on the magnified first

and third principal component plane on PCA.

Refer to the eigenvectors in
plane.

Fig. IV-37 as background of this
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BIG-EYED TUNA PC, Frozen 1981
BROWN SOLE PC, Oct. 1982

. SAND FLOUNDER PC, Dec. 1982

ROCK FISH PC, Oct. 1982

ALASKA POLLACK PC, Dec. 1981

CHUM SALMON PC, MALE, June 1980
CHUM SALMON PC, FEMALE, Aug. 1983
MACKEREL SHARK PC, July 1982
RAINBOW TROUT PC, Sep. 1982
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SARDINE PC (Dark muscle), July 1982 2. SARDINE PC (Dark muscle), Oct. 1983
. SARDINE PC (White muscle), July 1982 4. SARDINE PC (White muscle), Oct. 1983
MACKEREL PC (Dark muscle), July 1982 6. MACKEREL PC (Dark muscle), Oct. 1983
MACKEREL PC (White muscle), July 1982 8. MAGKEREL PC (White muscle), Oct. 1983

10. BIG-EYED TUNA PC, Frozen 1983
12. BROWN SOLE PC, May 1983

14, SAND FLOUNDER PC, May 1983

16. ROCK FISH PC, July 1983

18. ALASKA POLLACK PC, Jan. 1984
20. CHUM SALMON PC, MALE, Aug. 1983
22, BLUE SHARK PC, June 1982

24, CARP PC, Sep. 1980

26. RAINBOW TROUT PC, May 1983

Fig. IV-46. Plots of principal loading on the highly magnified
first and third principal component plane on PCA.
Refer to the eigenvectors in Fig. IV-37 as background of this

plane.
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eigenvector number 4 that shows the direction of
(20:5)(18:1)+(18:1)(20:5) combinations. So we might say that
sardine dark muscle has a large seasonal variation in the
molecular species composed of 20:5 and 18:1.
Fig. IV-39 is the magnified figure of Fig. IV-38, And

Fig. IV-40 is the further magnified figure of Fig. IV-39,
From these two Figures i.e, Fig. IV-39 and Fig., IV-40,
génerally speaking, there seems to be a direction on the axis
of oval shape shown in the movement between the same fish
except in the cases of sardine dark muscle, chum salmon and
rainbow trout, This direction coincide with eigenvector of
(20:5)(20:5). Though, further supplementary studies should be
done to get a conclusion, it is assumed that (20:5)(20:5) is
the most reflectable molecular species against seasonal
variations among the majority of fish, This is more evidently
shown in Figs. IV-41~43 in three different scales, and only
sardine dark muscle ( shown as A ), chﬁm salmon ( shown as
B ) and rainbow trout ( shown as C ) have different
directions. As it is well known, the general characteristics
of these three fish are as follows:

Sardine dark muscle : Drastic change

in lipid content.

Chum salmon ¢ Migration from sea to river.

Rainbow trout ¢ Fresh water fish.
So, these characteristics might affect the molecular species
of muscle lecithin.

Through Fig. IV-44 to Fig. IV-46 show the distribution

of each fish on the first and third principal component

plane. The outstanding deviated points are those of sardine
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Fig. IV-47. Movement of the plots between the two different seasons
on the same plane in Fig. IV-44.
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Fig. IV-48. Movement of the plots between the two different seasons
on the same plane in Fig. IV-45.
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Fig. IV-49. Movement of the plots between the two different seasons

on the same plane in Fig. IV-46.
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dark muscle ( point number 1 ) and Alaska pollack ( point
number 17 ) as it is seen in the first and second principal
component plane. Those'of rainbow trout and mackerel dark
nuscle also have a deviation in this plane, but not so large
as it is in the case of sardine dark muscle and Alaska
pollack. Figure IV-47 through Fig. IV-49 show the seasonal
variations by lines on the first and third principal
component plane. It is hard to find a general movement of
molecular species in this plane according to the seasonal
variation unlike it is observed in the first and second

principal component plane.
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Section 4, Changes in Fish Muscle Lecithin of

Chum Salmon during Migration

Total lipids were obtained in the same way as described
in section 1 from the fish muscle of chum salmon tabulated in
Table IV-8. Lipid composition analysis as well as molecular
species analysis were also done in the same manner as
described in section 1. PCA analysis was done in the same way
as described in section 1.

Table IV-9 shows the yield of total lipid and the
vpercentage of each lipid class against total lipid. And on
the right end of this table, the lecithin amounts/100g muscle
are shown. Though there is a drastic drop in the amount of
total lipid and triglycerides between the stage of feeding
migration and spawning migration, the amount of lecithin
ranges between 161~230mg/100g muscle.

In Table IV-10, changes in fatty acid composition of
diglyceride acetates ( this represents the fatty acid
composition of lecithin ) during migration are shown. At the
level of this analysis, not any significant differences are
observed amoung the four stages.

HPLC chromatograms of each stage of migration are shown
in Fig. IV-50 and the detected molecular species of lecithin
in sequence of elution on HPLC with the percentage data are
shown in Figs. IV-51~54, As it is obviously seen in these
figures chum salmon at the stage of feeding migration has
(16:0)(22:6) as the most outstandingly predominant peak
( shown by arrows in Fig. IV-50 ) compared with other three

stages, At the stage of spawning migration, this peak i.e.
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Table IV-10.
derived from lecithin of chum salmon muscle

133

Fatty acid composition of diglyceride acetate

Sample | Feeding migration Spawning migration Spent

Fatty acid Male Female Male® Female® ‘Male** Female** Male Female
12:0 0.09 0.03 trace 0.06
14:0 4.58 3.10 1.98 2.78 3.34 3.74 3.49 3.53
15:0 0.82 0.68 0.37 0.42 0.42 0.44 0.37 0.32
16:0 29.02 32.26 30.02 26.84 23.95 28.61 29.51 26.15
16:1 1.79 1.38 1.66 2.19 2.60 2.56 2.41 1.83
17:0 1.14 0.92 0.43 0.38 0.61 0.50 0.35 0.48
.17:| 0.44 0.37 0.25 0.16 0.36 0.25 0.42" 0.27
18:0 1.03 1.11 0.72 0.59 1.23 0.52 1.45 0.83
18:1 8.43 8.27 6.40 4.68 5.04 7.25 9.65 6.64
18:2 0.51 0.52 0.37 0.51 0.94 0.64 0.60 0.46
19:1 or 18:4 0.46 0.63 0.97 0.87 0.34 0.39
19:2 0.69 0.56 1.36 1.19 0.33 0.49
20:0 1.01 0.77 0.67 0.79 3.27 trace trace 0.79
20:1 0.10 0.10 0.39 0.29 2.29 0.52 t.11 0.05
20:2 a.11 0.09 0.06 0.04 0.33 0.14
20:3 0.65 0.58 0.13 0.13 0.06 0.93 0.88
20:4 0.79 0.67 1.54 1.83 3.00 1.80 n.41 0.51
20:5 11.49 10.18 15.00 16.22 19.00 23.66 15.87 16.96
22:3 0.07

22:4 0.42 0.34 0.18 0.19 0.12
22:5 1.05 0.98 1.16 1.87 2.48 1.93 1.75 2.37
22:6 35.00 36.40 38.20 39.30 28.77 25.43 30.67 36.70
others 0.77 0.73 n.01 0.13 0.3} 0.01 0.03

% in muscle lecithin,

* Sea tun.

*% River.
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CHUM SALMON, FEMALE
(Feeding migration)

2 40 60 - 80 100 min

CHUM SALMON, FEMALE
(Spawning migration)
Sea

20 40 60 & 100 min

CHUM SALMON, FEMALE
(Spawning migration)
River

— 20 20 60 80 100 min

100 min

CHUM SALMON, MALE
(Spent)
2 “0 60 80 100 min

CHUM SALMON, FEMALE
(Spent)

20 40 60 80 100 min

Fig. IV-50. HPLC chromatograms of chum salmon muscle lecithin

on each stage of migration.
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Molecular species of chum salmon muscle lecithin
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(14:0)(20:5), (17:0)(22:6) and (22:6)(18:1) are trace amount.
Fig. IV-52.
at the stage of spawning migration (sea).

Molecular species of chum salmon muscle lecithin
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(14:0)(20:5), (17:0)(22:6) and (22:6)(18:1) are trace amount.
Fig. IV-53. Molecular species of chum salmon muscle lecithin
at the stage of spawning migration (river).
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(14:0)(20:5), (17:0)(22:6) and (22:6)(18:1) are trace amount.

Fig. IV-54.
at the stage of spent.

Molecular species of chum salmon muscle lecithin.
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Table IV-11. Print out of the mean and the standard deviation of
the amount of chum salmon muscle lecithin throughout all
migration stages

VAOXXAXEX PRINCIFAL COMFONENT ANALYSIE X¥xXxX
Number of Variables ¥ 31

Number of Samp1e* 8

VARIABLE MEAN S.0.
i @.474 0 .681
2 4,163 1.861
3 16.050 6. D58
4 23.849 19,126
e 1.563 1.148
b @.640 1.186
7 ».531 0.831
8 GL.ElS 1.0260
4 .628 1.182

14 1.%49 1.568
11 0,227 @.475
S 3.076 4,453
13 B, 785 1.319
14 4.548 2.361
i% 0.635 1.201
16 Z.148 2.699
17 ®.633 270
18 ®,331 @.936
v 3.678 D.907
20 279 2.385
21 2105 2.793
2z 7.587 T .E67
23 19.6327 7.958
24 16,170 7 .630
25 45,032 1%.780
& @.115 @.223
=7 2.051 ®.879
28 1.387 1.039%
29 8.3597 3.925
2 0,195 0 .368
21 2.369 2.691

* Variable numbers are shown in the footnote of Fig. IV-56
and samples are shown in the footnote of Table IV-15.
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(16:0)(22:6) becomes relatively smaller. Up to these two
stages, the chromatographic patterns are analogous between
male and female. When the fish starts ascending the river,
drasfic decrease in the amount of group III ( see the
footnote of Fig. IV-1 in section 2 ) especially the molecular
species of (16:0)(22:6) and (16:0)(20:5) are observed.
Unlike the chromatographic patterns at the stage of sea,
outstanding differences are observed between the male and
female. The content of (22:6)(22:6) is extremely high
followed by (20:5)(22:6) in male. Finally at the staée of
spent salmon, (16:0)(22:6) as well as (16:0)(20:5) relatively
increase compared with the former stage in the river. These
are more concretely seen in radar charts of the main
molecular species as illustrated in Fig. IV-55. The axes of
these charts are the same with Fig. IV-33 in section 2, These
chafts are arranged in sequence of migration movement
(anticlockwise). It is clearly seen from this figure that at
thé stagé of sea run, slight differences in patterns of radar
charts can be observed between the male and female while
that of river, oufstanding differences are observed
especially at the spawning stage. It is obviously seen from
this Fig. IV-55 that the amount of (16:0)(20:5) is relatively
very small in feeding migration stage compared with those of
other three stages. The amount of (20:5)(22:6) and
(22:6)(22:6) isvsurprisingly high at the river spawning
stage,

The author has employed PCA again as discussed in the
previous section., As it is shown in Table IV-11, number of

variables which correspond to the number of molecular species
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Table IV-12. Print out of the correlation matrix among all molecular

species detected.*

RERSEESSERTERRERBESERsDR

{ Correlazion Matraix >

2 3 a % & -7 3
1
2 1,200
3 D ,.Fha
a .53 L. 200
= -0.877 @, 2p0 1.20%
& @*.8232 2.2 9.3%6 -3.2683 1.090
7 @, I3 ?.479 D.300 ~2,7683 @,406 1,500
3 LI g -3.57s =2.230 <0 .,299 -3,311 -0 ,369 L .500
9 D, a7s -3 .0 399 9,426 3.209 ~3,328 9.2bo ~@.307
1 -9.,222 ~2,222 -a.111 ?.981 ”».%33 ~D 539 -3.179 ~2.2399
11 9,657 D669 ®,33S B0 -2 .466 3,902 9.472 ~3.276
12 -3, -9.213 ~-#, 268 -%.249 6,163 -0,071 -3 . 20% ~9,398

13 @740 @, @.471 d.169 -9.398 @.967 9,480 -~%,298
14 ®.,294 ?.163 d.1l0 ?.2%9 R.642 -2.12¢ -2.210 ~0.627
< -%,421 -9,432 ~d,.191 «?.263 ~9 . 009 ~-a,306 -9.387 Q.34%
14 -3,81% 8,484 -2.163 -3.2%8 3.,86% -2 .,5%Y -,639 @,481
1? -a,397 ~3.349 -9 ,694 -,2¢8 ?,02% ~%.,307 -9 ,34638 »,728

18 a.8:7 @.341 2,037 -9.2%9 -0.%% @.483 0.4%6  ~0.204
19 . -g.22% 5.017 ?.127  ~2.909 9.398 2,441 =9,1i3 ~0.408
20 -9,3I7  ~0.53% -0.331 ~3.295 -9,067 -9.331 -4,392 0.979
21 -a.9:17 @,022 9.1%3 -0.199 -9,.181 2,183 -9.124 @.%49
22 ®.36% ®.3%% ®.119 2.937 -9.27% %,391 ?.573 ~.786
23 -a.316  -5,237 -9.224 -0,11% 6.1% ~9,232 9.162  -0.551
ze B.,067 2,872 @.260  =2.131 ?.,069 0.166 =-9.232 -2.473
2% -3,826  -$.733 -9.%93  -2.1%8 2,132 -9.270 -9.,:3: 0.314
26 @75z B .76 ?.4%9 L1868 -0,208 @.942 9.458  ~2.296
27 -2.659 =3.,932  -9.733 -~9.%39 0.213 -9,732 -9.434 8.736
28 B, 03% D.118 ? .69 o,z 2.361 -8.217 2.278 -~2.779
39 ~3.2T3 -0.437  =9.118 @.218 22 -4.672  ~-0.862 #.291
3¢ ~a,221.  -d.a%a .2 -a.97% 2E3 -2,524 8,284 2.178
31 -@.546 -0.%a3  -2.393  -0.32 “2.1%4  -2,543 -0,17% 6.663
s ) 11 12 13 14 17 16

9 t L

) w757

-2.2%% 1.000
~5,085 1.%00
9.582  ~9.0s¢ 1 .000

-2.26%9 -2.418 -9,312 ~$.630 1.000

~d .48 -2 ,2%9 -a,823 3,941 ®.776 1,909
-3.,272 -2.3%3 -2.294 -9 .%83 2,981 @,324
2.731 -, 939 9.847 -9.291 ~3.,214 ~%,3%3
-2.37% -3.1%2 -».413 2.519 -3 ,929 o504

S sabe n o be ba pa ea es
ROR R E L AN R

H

26 ~3.293  -d.42 -3,317 -9.6% ?.9%0 ?,63%

31 %,238 9,423 2.220 -9,537 0.527 ©,%80

22 ®.231 41 9.e%48 9,359 ~5,324 -9,714

23 ~9,3237 0.3%5  -0.462 #,518 ~3,423 e.011

2e P.i12 6,343 2,532 =n,;99 6,322 5,565

% -3,742 -0.233 -6,.8is 2,14 ?.309 ».8%2

28 D588 | =D, DeE l.oog  -2,:24 5,511  -» %24

27 Q.13 -d.57a i 2,662 9,685

ze D28 ~0,28b @,976  =2.307 3,365

5 3,47 ~2.45% ?.078 9.344 @.437

36 -5.3%3 ~,312  =9,326 @,.57¢ 200

a1 -9 .87 -3,%22  -9,521 .5%8 0.6%1

17 i3 19 2o 33 22 23 24

17 1 G

18 -2,201

H Bllith

0 ‘@871 1. 900

2t @.848 9,499 1 .00

2T -0,77% -3.33¢ 9,532 1,000

2 -3.3%8 -3, 820 -D,%T6s @, 899 1,000

2 .58 100 @.%49 2,114 9,088 1,000

i ®.293 9,324 0,12 -~ ,208 2,600 @012

2 -a,I82 -2.31% a.222 @,257 ~6.a%3 ®.132

2 @.%37 9.%33 %.236  ~0.%68 a.,.0a7 9.112

2 —-3.,76% 9,219  -0.2 -2.894 9,558 ®,747 -0,2%s

2% @.340 ®.298 @.328 2014 -0 ,283 ©.,862 @.1%8

30 @.869 @.458 @.36% 3.%45 -9 ,366 @.17% %.464
i @,284 @963 @, F7S @.612 -9.5¢3 -0,084 9,359

s 5 27 28 29 3@ 31

I 1

25 -3,810 1900

27 @.627 -a.862 1.%00

6 ©.139 -9.267 -0,330 1.000

29 B,.90T  -a,59% @.25% o .@77 1.000

3@ @.413 ~3.510 9,129  =9.202 ?.50% L. 000

31 9,593  ~a.517 w.676 -9.%48 ?.598 9.776 1,900

* Variable numbers are the same with those in Table 1IV-11.
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Table IV-14.

Print out of

to the scalar of the

{COMPONENT LOADING >

COMPONEN
H 2

b n,77% @,151
2 2.797 D UZT7
2 @52 9,118
4 a.,363 ~-@.353
< -3,211 -1.4%3
& ®.242 a,%a3
7 D217 2.9%8
8 -9.553 2,563
9 -@.aZ7 ~-3,7:2
19 -9, 22 -, 386
11 B.,779 h.511
pod 3.1 -0,34%
H @.823

14 ?.276

34 -2.779

i -H.7%

17 -3 ,7%0

18 ?.599

19 -9.221

26 ~3.763

2 -2.333

o2 9.723

Bpate | -9,091

24 -2.132

A -23.751

=) 2.819

27. -0.881

pet -} @.309

29 -,6%2
Se@ -4 TN -
31 -a,823

- o DD
D008
-, D)
D DOG
-3, B9
- A0D
.
D YD
-3 LDk

B L DGHD
B .20
-3 a0
-, B0
O . e

@

28 - G
7 ~3, P00
8 @ 2D

28
3o @ .3
2 QG

PORPORTR RN

~0.290
15 -9.000
16 =909
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the component loading which corresponds

eigenvector on

3
@.319
9,544
@.753
?.651
2.31%
@.14%
9059

~P.141
9,368
?.236
- 96
-9,529
@.036
9.123
3.19%
9,341
$.2302
-9 ,293
?.494
Q.007
?.339
~2.22
@,001
2.30%
2,019
@.228
~@.3%3
-3 .28
?.367
®.018
9.131
11
- G
- R
-8 Do
-0, QiR
-9 . Q)N
Q000
@ .99
-9 .90
~d Q0D
B, 00R

-9 . AhD
2,900
-2 .00
D DR
.01
= DOB
~@, 203

4
@ . 30é
@.922
®.137
9.276
D735
@.070

~9. 759
@170

~3,273

-9,a22

~3.160
2,022

—-3 064

?.292

@ . D60

6.092
?.932
-a,249
2,087
0,246
13
~3 . A
@ . 000
@ P00
D .00
@ 200
-3, 0
-, a0
P .200
— , QD
-, d0a
-, o0
-3, 002
-, EHRE)
A
D, A
3,000
?,000
-2, 300
@, 00
R, 000
?,500
@, 02
-0, 909
-3 ,000
- . DOA
=D DD
-3 .00¢
-0 ,00¢
-0 ,000
-0 Dnd
@ . D0

PCA.

&
-4 .244
-9 ,08%
~@,243
-0.263
-9.044
-3, 389
~9,021
a.,047
.147
@, b
@ .22
-2.518
a.118
9.282
B AeD
@.2%4
Q.024
h.428
@.362
9.245
a.108
-9.1%4
@.0%4
~-0.422
-0.00l
®.12%8
-9.019
-3.12%
-2.185
-3 .983
-9.217
14
@ .000
.00
D, 900
0,209
Q.00d
-3 ,200
-3 .00
9. 000
= , D
~ DD

@, 200
=3 203
?.,000
~ DR

*

7
%.5331
-2.153
-@.,086
@.139
9,129
9,085
-0.563
9.194
.86
0,227
$.192
0.468
LS4
@.21S
B.BeG
?.337
-3 .09
?.2T4
~2.312
9.131
9.939
?.214
2,063

0.294

@, 200
-, A
-t , D

2 ,%aQ

@, 00
-6, 000
-6 .,200

0,200

0. 000

@, 000

-2 2060
?.209
-0 . 00e
-0 HOD
Q.20
-2.,000
@.000
-3.006
-, D2k
9,200

8
@, 900
B . 903
2 .90
A Ak
-0, DOD
- DD
@ .90
-9 .00
-G D00
? .00
=D, Ak
-3, HAd
- B0
Q. 900
-0 .3
- . DB
- B0
9. 0BG
@ 900
- . 0D
-9 . DOD
o ,9060
2,209
-3 .32
-0, 000
-3 DD
Dahng
9. 290
-, 008
2,200
9,242
16
.00

=i o M)
=3, DA
-3, Aaa
-3 D05
B, DO
-, B0
~@ ,hon
-3, D00
-5, 200
-0, 200
@, 060
@ . DHA
-9 ,000
-3 . 959
a,000
-2 .330
- , Ot
o Hird

* The row and the column are variable

numbers as same with those in Table IV-11.
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4
28

1. (16:2)(20:5) 2. (20:5)(20:5) 3., (20:5)(22:6) 4. (22:6)(22:6)
5. (20:4) (22:5) 6. (22:5)(22:6) 7. (20:3)(22:6) 8. (20:5)(22:5)
9. (20:4)(22:6) 10. (22:5)(22:6) 11. (22:4)(22:6) 12. (16:1)(20:5)
13, (22:6)(16:1) - 14. (16:1)(22:6) 15. (14:0)(20:5) 16. (14:0)(22:6)
17. (17:0)(22:6) 18. (20:5)(18:1) 19. (18:1)(20:5) 20. (22:6)(18:1)
21. (18:1)(22:6) 22. (20:5)(16:0) 23. (16:0)(20:5) 24. (22:6)(16:0)
25. (16:0)(22:6) 26. (22:5)(16:0) 27. (16:0)(22:5) 28. (16:0)(20:4)
29.  Unknown 30. (18:1)(16:0) 31. (16:0)(18:1)

Fig. IV-56. Eigenvectors of all detected molecular species on the
first and second principal component plane on PCA.
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Eigenvectors of all the detected molecular species on
the first

and third principal component plane on PCA.
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o M: Feeding migration, Male.

o F: Feeding migration, Female,

e M: Spawning migration, Male (Seaq).

® F: Spawning migration, Female (Sea),
o M: Spawning migration, Male (River).
O F: Spawning migration, Female (River).
a M: Spent, Male.

A F; Spent, Female.

Fig. IV-58. Plots of principal loading on the first and second
principal component plane on PCA.
Refer to the eigenvectors in Fig. IV-56 as background of

this plane.
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o M: Feeding migration, Male.

o F: Feeding migration, Female.

e M: Spawning migration, Male (Seq).

® F: Spawning migration, Female (Sea),

o M: Spawning migration, Male (River).

O F: Spawning migration, Female (River).
a M: Spent, Male.

A F; Spent, Female.

Fig. IV-59 Plots of principal loading on the first and third

principal component plane on PCA.
Refer to the eigenvectors in Fig. IV-57 as background of this plane.
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are 31 ( see the footnote of Fig. IV-56 ). And number of
samples correspond to the four different migratory stages of
two different sexes ( see the footnote of Table IV-15).
"MEAN" is the average amount of each molecular species of the
four stages and "S.D." is standard deviation. Correlations
among all detected molecular species are shown in Table IV-12
and eigenvalues calculated by the Jacobi method from Table
IV-12 are shown in Table IV-13, Values of contributions are
also shown in this Table. Though variables were up to 31, the
accumulated contribution was 63.77 when employed to the
second principal component.

In Fig. IV-56, eigenvectors of all detected molecular
species are shown as small numbers on the first and second
principal component p}ane. These are drawn up from the print
out of component loading in columns 1 and 2 in Table IV-14,
And in Fig. IV-57, eigenvectors of the same molecular species
are generated on the first and third principal component
plane. And these are drawn up from the print out of component
loading in columns 1 and 3 in Table IV-14 as well,

Principal loading in Table IV-15 was plotted on the
first and second principal component plane as shown in Fig.
IV-58 and on the first and third principal component plane as
shown in Fig. IV-59. The movement according to the stage of
migrations are shown by arrows. Very interesting movements
are observed in this figure. By refering the eigenvectors in
Fig. IV-56 at the same time, it can be observed that the
movement direction from feeding migration stage to spawning
migration stage (sea) is nearly parallel to the eigenvectors

numbered 8, 15, 17, and 20 while it makes a right angle
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against eigenvectors 25 and 29, This shows that although the
amounts of number 8 ( (20:5)(22:5) ), number 15 ( (14:0)
(20:5) ), number 17 ( (17:0)(22:6) ) and number 20
(.(22:6)(18:1) ) are small as have seen in Fig. IV-51 and
Fig. IV-52, drastic decrease of these molecular species
occurs between these two stages, making good contrasts to
number 25 ( (16:0)(22:6) ) and 29 (Unknown) which keep the
constant amount, On the other hand, when the migratory stage
proceeds to the spawning stage in the river, the movement of
the arrow in this figure becomes almost parallel to the
eigenvectors of number 25, 29 and also 6, 11, 13, 18 and 26,
Number 25 is (16:0)(22:6), and the rest 6, 11, 13, 18 and 26
are small peaks. So it might be possible to conclude that
(16:0)(22:6) is almost constant at the sea stage and becomes
changeable at the stage of river.

Spent salmon showed an anaiogous position with that of
spawning migration stage in the sea in PCA planes as it is
shown in Fig. IV-58 and Fig. IV-59. And from these two
figures, it is clearly seen that the differences between male
and female are considerablely small compared with the

differences among the migratory stages.
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CHAPTER V

GENERAL SUMMARY AND CONCLUSIONS

Superiority of the reversed-phase type HPLC was
emphasized.

In chapter I, it was suggested that dephosphorylation
followed by acetylation is effective in separating the
critical pairs of the lecithin molecular species on HPLC. The
positional isomers were also separated to some extent unlike
the triglycerides. And a new matrix model was proposed for
the prediction of molecular species of lecithin. The matrix

model was as follows:

CN= P,*1og(RRT)+q, CN= ’éz g;
DB= P,-log(RRT)+q, DB= 2‘2 §2|

where ¢, ¢, and d,, d; are acyl carbon number and the number
of double bonds in each acyl group line up in a similar way.
x and y are variables of acyl carbon number and number of
double bonds, respectively. P, and P, are the slopes and q, and
q, are the intercepts on thé ordinate of the semilogarithmic
plots of the RRTs of molecular species against CN or DB. RRT
is the relative retention time ( in general, it should be
relative retention ).

In chapter II, the matrix model proposed in chapter I
was developed into the rules for molecular species of
triglycerides. This idea was based on the expansion of matrix
of (2,2) type model for the lecithin molecular species to
the matrix of (3,2) type model for the triglyceride molecular
species. The matrix model for the triglyceride was as

follows:
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CN

P,*1log (RRT)+q, CN=

DB

P,-1og (RRT)+q, DB=

where ¢, ¢y, c¢3 and d,, d2, d3 are acyl cérbon number and the
number of double bonds in each acyl group line up in a
similar way. x and y are variables of acyl carbon number and
number of double bonds, respectively. P,and P, are the slops
and q, and q, are the intercepts on the ordinate of the
semilogarithmic plots of the RRTs of molecular species
against CN or DB. RRT is the relative retention time. This
matrix model was verified by the actual analysis of
triglycerides from natural sourceé and from the
chromatographic results presented by other investigators!“38’39)
The theoritical background of the proposed new model was

considered by introducing the theory of Martin2) He

formulated the equation:

dln_dMa | dMx ln(ﬂ)glﬂ

RT RT RT N RT

where A, B are members of a homologous series, differing by
the functional group X, (X is the partition coefficient and 44
is the differences in chemical potential of the group X in
polar or non-polar phase of the chromatographic system. It
follows that each group in the solute molecule contributes
more or less independently to the differences in standard
free energy of the solute between the two different phases.
Thus, in general, there is a linear relationship between ln X
or log & and the number of functional groups in a homologous

series. By substituting A in Martin's theory42)as
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C, d1 Cﬂ'x dl
c, d, and B as c, dy, X will become
Cs d3 Cy d3 ¢,y dl
a functional group. Or we could also substitute A as |c, d,
c, diY cy d,
and B as c, d, |» then Y will also become a functional
c
group. In %hi% case, X corresponds to -CH- unit and Y

triglyceride species

corresponds to -CH=CH- unit. The chemical potential of the
triglyceride molecule is principally affected by these X or
Y, since in accordance with the elongation of the hydrocarbon
chain or increase in the number of double bonds in the acyl
group, the plots of RRT of each molecular species draw an
ascending or a descending straight line.

Thus the physicochemical background of the matrix model
has been demonstrated from the theory of Martin?z) A more
detailed considerations were also done in this chapter II.
Strictly speaking, in addition to the‘physicochemical
functional groups, that is, -CH,- and -CH=CH-, the |
differences in arrangement of these units might slightly
affect the total chemical potential of the triglyceride
molecule ( it was called & factor ). And from the view point
of stereospecific structure, we should consider about the
degree in bias between the positional isomers. So the author
has concluded that the chemical potential of the triglyceride
molecule is the resultant of all functional groups in the
molecule. The sum upped chemical potential Q/L) of

c, -d,
triglyceride 22 dy was written as follows:
/u=g{:}(c: dy 1), flew dy 2a), ey dy & )}
where & is an Q factor, f is the chemical potential given
by the hydrocarbon chain, and g is the function of chemical

potential given by the differences in positional isomers. In

order to give shape to this function, it was concluded that a
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more precised instruments ( column, pump and detector of the

HPLC ) that gives a perfect reproductive data is required.

CI d]
Namely, for example, if the differences of RRT between|C, d
c, d, c, d,
and [c, d,| can be measured perfectly, then the relation
cy dy

between f(c¢, d,,. 8 ) and f(c” dy, &: ) can be formularized by
analyzing the multiple data. The 3-um type column packing is
expected for this purpose. A
The theoritical relationship between the presented
matrix model demonstrated in this study and the conventional
ECN theory was also discussed in chapter II. It was proved
mathematically that ECN is the degradated form of the
presented matrix model.
In chapter III, the computer software for the
identification of lecithinbmolecular species was designated.
The order of priority in the computer program for the
identification of lecithin molecular species was as follows:
1. When there is a same molecular species in the data
file, the RRT of this molecular species is printed out.
2. When there are molecular species that belong to the
l§2 g; ;’ gj ), a regression line is

generated and the RRT of the predicted molecular species

group ( or

is printed out.

3. When there are two parallel line groups that slightly
differ in the slope due to the arrangement of -CH,- and
~CH=CH- units in the molecule, parallelogram is
generated. And the RRT of the unknown vertex of this
parallelogram is printed out.

4, When there are molecular species that belong to the

d,

d,

group ( when the combination of the acyl carbon




156

number is unknown ), the slope of the generalized

regression line is introduced. And the RRT of the

predicted species is printed out,

Though there is still a limitation for the perfect
identification of all the molecular species contained in the
samples from natural éources due to the incomplete
reproducibility of RRT, this computer software might be
convenient in predicting the generally found molecular
species.

In chapter IV, from the view point of muscle lecithin
molecular species, sardine, mackerel, ﬁig-eyed tuna, brown
sole, sand flounder, rock fish, Alaska pollack, chum salmon,
blue shark, mackerel shark, carp and rainbow trout were
examined on HPLC. Amoung the fish examined, flat fish such as
brown sole and sand flounder were extremely characteristic
since these fish contained (16:0)(20:5) as the most prominent
species unlike the rest of the fish that had (16:0)(22:6) as
the most prominent species. Cartilaginous fish such as blue
shark and mackerel shark had a very few amount of molecular
species that have the combination of highly unsaturated fatty
acids such as (20:5)(20:5), (20:5)(22:6) and (22:6)(22:6).
This was also observed in fish from fresh water such as carp
and rainbow trout. The main differences between the
cartilaginous fish and the fresh water fish were in the
contents of molecular species composed of 20:5 represented by
(16:0)(20:5). These were rich in the cartilaginous fish.

Principal component analysis (PCA) was done in order to
characterize each fish in relation to all other fish

examined. Except sardine dark muscle, chum salmon ( feeding
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migration ) and rainbow trout, a reflectable movement in the
content of (20:5)(20:5) was observed in the majority kind of
fish examined.

Chum salmon of four different migratory stages were
analyzed in the same manner. By introducing PCA again for the
interpretation of muscle lecithin molecular species analysis
amoung the migratory stages, interesting movement were
observed on the first and second, as well as the first and
third principal component plane in accordance with the
advance in migration. The plots of male and female moved
almost together on these plane. This implies that although
there are some differences between male and female especially
at the stage of spawning migration in the river, these
differences are not so large as the differences between the
migratory stages. It was clearly seen that at the stage of
spawning migration in the river, molecular species of
(16:0)(22:6) drastically decreased.

The study in molecular species of fish 1ipid is at the
dawn of a new age. Especially for the analysis of
triglyceride molecular species, an effective high performance
column that has a thorough theoritical plate to separate
individual molecular species is principally required. And a
conbination with the flame ionization detector (FID) or with
the mass spectrometer is expected to back up a more precised
determination., Attempt on the anaiysis using (FID) on HPLC
has done by Privett et a1€964) And that on the analysis
using mass spectrometer combined with HPLC has done by Kuksis
et al?S) Matsushita et a1%6)have used a mass spectrometer on

the fractions obtained by HPLC manually. There is also an
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attempt done on a mass spectrometer without using HPLC for

the fractionatio§7~63%r by high a field ™C nuclear magnetic

resonance spectrum (NMR) aloné4? But from the author's point
of view, at least the HPLC fractionation might be ineQitable
prior to the mass spectrometer or NMR analysis. And these
should be used only when it is necessary to analyze the
overlapped peak on HPLC since the analytical cost using the
méss spectrometer or NMR might be wasteful,.

In this study, principal consideration for the complex
lipid molecular species analysis was on lecithin. But the
author is quite sure that the matrix model presented for the
lecithin HPLC analysis well fits to the other complex lipid

1@5,66)

molecular species analysis as well. Nakagawa et a worked

on the phosphatidylethanolamine molecular species of bovine
brain and Un Hoi Do et alv? as well as Smith et aﬂﬁ) worked
on the ceramides of bovine brain in addition to the studies
on lecithin molecular species§7)1n accordance with the data
accumulation in these field, the invariability of the matrix

model for all kinds of lipid molecular species is sure to be

verified.
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