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Abstract

Compound-specific carbon and hydrogen isotopic compositions of lipid biomolecules (nz-alkanes, n-alkanoic acids, n-alkanols,
sesquiterpenes, diterpenes, phytol, diterpenols and B-sitosterol), extracted from Cryptomeria japonica leaves, were determined in
order to understand isotopic fractionations occurring during lipid biosynthesis in this species. All lipid biomolecules were depleted
in both 13C and D relative to bulk tissue and ambient water, respectively. n-Alkyl lipids associated with the acetogenic pathway
were depleted in 3C relative to bulk tissue by 2.4-9.9%o0 and depleted in D relative to ambient water by 91-152%o. C;s- and Cs,-
isoprenoid lipids (sesquiterpenes, squalene and B-sitosterol) associated with the mevalonic-acid pathway are depleted in '3C relative
to bulk tissue by 1.7-3.1%o and depleted in D relative to ambient water by 212-238%o. Cyg-isoprenoid lipids (phytol and diterpe-
noids) associated with the non-mevalonic-acid pathway were depleted in '3C relative to bulk tissue by 4.6-5.9%0 and depleted in D
relative to ambient water by 238-303%.. Phytol was significantly depleted in D by amounts up to 65%o relative to other C, iso-
prenoid lipids. The acetogenic, mevalonic-acid and non-mevalonic-acid pathways were clearly discriminated using a cross-plot

between the carbon and hydrogen isotopic fractionations.
© 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

Knowledge of isotopic compositions and fraction-
ation of individual lipid biomolecules in primary produ-
cers such as terrestrial and aquatic plants is biologically
and geochemically significant (e.g. Hayes, 2001).
Isotopic compositions of lipid biomolecules should be
closely related to isotopic fractionation during
photosynthesis and lipid biosynthesis. Carbon isotopic
fractionation during photosynthesis has been well stud-
ied (e.g. Deines, 1980), with different mechanisms and
fractionations among the different types of carbon fix-
ation (such as C3, C4 and CAM plants). On the other
hand, hydrogen isotopic fractionation during photo-
synthesis has not been studied extensively. Hydrogen in
leaf water is utilized when nicotinamide adenine dinu-
cleotide phosphate (NADP™*) is reduced to form
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NADPH. NADPH then reacts with 3-phosphoglyceric
acid (3-PGA) (1) to form glyceraldehyde-3-phosphate
(GA-3-P) (2) in the Calvin-Benson cycle (photosynthetic
reductive pentosephosphate cycle) (see Fig. 1 for struc-
tures). Yakir and DeNiro (1990) reported that the net
isotope effect associated with photosynthesis was esti-
mated to be —171%o because large isotopic fractiona-
tions occurred during NADPH formation. In lipid
biosynthesis, carbon and hydrogen isotopic fractiona-
tions also occur during various biochemical reactions
such as decarboxylation of pyruvate (3) to form acetate
(4) (DeNiro and Epstein, 1977, Monson and Hayes,
1982) and hydrogenation with NADPH (Smith and
Epstein, 1970; Luo et al., 1991), respectively. Generally,
lipid biomolecules are biosynthesized from isotopically
light acetate (4) precursors, and additional isotopic
fractionations occur at branch points in the biosynthetic
pathways (Hayes, 1993). As a result, lipid biomolecules
have various isotopic compositions depending upon
their biosynthetic origins. In higher plants, typical lipid
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Fig. 1. The relationships between carbon and hydrogen sources with respect to positions in the typical lipid biomolecules associated with acetogenic,
MVA (10) and MEP (12) pathways (after Cvejic and Rohmer 2000; Lange et al., 2000; Eisenreich et al., 2001; Hayes 2001; Sessions et al., 2002).
Carbon atoms derived from C-1, C-2 and C-3 positions of 3-PGA (1) are drawn by crosses, filled circles and open squares, respectively. Lipid
biomolecules have different ratio of carbon sources among the acetogenic, MVA (10) and MEP (12) pathways. Hydrogen of NADPH and H™ in cell
water are used in various reduction or exchange reactions. Abbreviations: NADP *: nicotinamide adenine dinucleotide phosphate; 3-PGA: 3-phos-
phoglyceric acid (1); GA-3-P: p-glyceraldehyde-3-phosphate (2); acetyl-CoA: acetyl coenzyme-A (5); IPP: isopentenyl pyrophosphate (9); MVA:
mevalonic acid (10); DOXP: 1-deoxy-pD-xylulose-5-phosphate (11); MEP: 2-C-methyl-p-erythritol-4-phosphate (12); GGPP: geranylgeranyl pyro-

phospate (22); FPP: farnesyl pyrophosphate (23).

biomolecules are related to three different biosynthetic
pathways. The straight-chain molecules, termed n-alkyl
lipids, are biosynthesized in the acetogenic pathway
with an acetyl coenzyme-A (acetyl-CoA) (5) biosyn-
thetic precursor. They include n-alkanes (6), n-alkanoic
acids (7) and n-alkanols (8). n-Alkanes (6) and n-alka-
nols (8) are biosynthesized from n-alkanoic acids (7) by
enzymatic decarboxylation and reduction, respectively
(Eglinton and Hamilton, 1967; Kolattukudy, 1976). In
contrast, all isoprenoid lipids are constructed from iso-
pentenyl pyrophoshate (IPP) (9). IPP (9) is produced by
two pathways in higher plants: the mevalonic-acid
(MVA) (10) pathway or non-mevalonic-acid pathway,
which is termed the I1-deoxy-D-xylulose-5-phosphate
(DOXP) (11) or 2-C-methyl-p-erythritol-4-phosphate
(MEP) (12) pathway (e.g. Kleinig, 1989). One IPP (9) is
biosynthesized by the MVA (10) pathway within the
cytosol to form Cis- and Csp-isoprenoid lipids such as
sesquiterpenes (13), squalene (14) and sterols (e.g. 15),
while another IPP (9) is biosynthesized by the MEP (12)
pathway within the chloroplast to form C,y-isoprenoid
lipids such as phytol (16) and diterpenoids (17-21) (e.g.

Arigoni et al., 1997; Lichtenthaler et al., 1997; Bohl-
mann et al., 1999; Lichtenthaler, 1999). Carbon and
hydrogen isotopic fractionations during lipid bio-
syntheses have been reported in previous studies (e.g.
for carbon: Monson and Hayes, 1982; and for hydro-
gen: Sessions et al., 1999). For example, Monson and
Hayes (1982) reported a '3C-depletion mechanism for #-
alkanoic acids (7) in the acetogenic pathway, whereas
Sessions et al. (1999) reported that phytol (16) was
depleted in D relative to sterols (e.g. 15) by 50%o. The
latter proposed that this difference could be due to iso-
topically distinct pools of NADPH in the cytosol and
chloroplast, because sterols (e.g. 15) and phytol (16) are
biosynthesized within the cytosol and chloroplast,
respectively. Although carbon and hydrogen isotopic
fractionations of lipid biomolecules can provide useful
information on their biosyntheses associated with the
various pathways, the detailed dual (§'3C-8D) isotopic
signatures have been poorly characterized.

The purpose of this study was to investigate com-
pound-specific carbon and hydrogen isotopic compo-
sitions of typical lipid biomolecules [n-alkanes (6),
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n-alkanoic acids (7), n-alkanols (8), sesquiterpenes (13),
squalene (14), B-sitosterol (15), phytol (16), diterpenes
(17) and diterpenols (18-21)] extracted from Crypto-
meria japonica (see Fig. 2). Furthermore, this study will
quantify carbon and hydrogen isotopic fractionations
associated with various lipid biosynthetic pathways.
Cryptomeria japonica is a representative C3-gymno-
sperm cedar, being widely distributed throughout
Japan, as well as globally.

2. Results and discussion
2.1. Molecular distributions

n-Alkanes (C,5—Cjss) (6), sesquiterpenes (several iso-
mers of cadinene) (13) and diterpenes (several isomers
of methyl-norkaurene) (17) were identified in the
hydrocarbon fraction, whereas n-alkanoic acids (C;»—
Cs6) (7) and n-alkanols (Cy—n-Cs;y) (8) were found in
the n-alkanoic acid (7) and n-alkanol (8) fractions,
respectively. Squalene (14), 24-ethylcholest-5-en-33-ol
(B-sitosterol) (15), phytol (16) and diterpenols [such as
sandaracopimarinol (18) ferruginol (19) and sugiol (21)]
were present in the isoprenoid alcohol fraction. These
lipid biomolecules are typically found in higher plants
[e.g. n-alkyl lipids (6-8): Eglinton and Hamilton (1967);
B-sitosterol (15): Killops and Killops (1993); phytol
(16): Collister et al. (1994); and ferruginol (19): Chang et
al. (2001)]. No significant difference was found in the
molecular distributions (e.g. concentration and carbon
number) between spring and autumn samples (Table 1).

2.2. Compound-specific carbon and hydrogen isotopic
compositions

Carbon and hydrogen isotopic compositions of indi-
vidual lipid biomolecules are summarized in Table 1. By
comparison, isotopic compositions of sesquiterpenes
(13) and diterpenes (17) are reported as combined values
with the same carbon-numbered isomers, because these
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Fig. 2. The €pux—€water Of observed lipid biomolecules in Cryptomeria
Jjaponica.

could not be resolved for isotope analysis in this study.
n-Alkyl lipids [n#-alkanes (6), n-alkanoic acids (7) and n-
alkanols (8)] have §'3C values of —29.5%0 to —36.9%o
and 8D values of —129%o to —188%o. C;5- and Csg-iso-
prenoid lipids [sesquiterpenes (13), squalene (14) and B-
sitosterol (15)] have §'3C values of —28.0%o to —31.0%o
and 8D values of —245%0 to —270%0. C,y-isoprenoid
lipids [phytol (16) and diterpenids (17-21)] have §'3C
values of —31.1%o to —33.4%0 and 8D values of —270%o
to —332%o. In Cyp-isoprenoid lipids, phytol (16) is sig-
nificantly depleted in D (6D values of —326%0 to
—332%o) relative to other C,q isoprenoid lipids (17-21).
Generally, lipid biomolecules in spring leaf tissues were
are enriched in both 3C (1.4%o on average) and D (5%o
on average) relative to autumn leaves, in which this
isotopic relationship were also seen in 8'3C value of bulk
tissue and 6D value of cellulose nitrate (Table 1).
Although this may indicate slight differences in growth-
rate and water-efficiency in different seasons (e.g. Lock-
heart et al., 1997), isotopic compositions of spring and
autumn leaves showed no significant signature in this
study. The §'3C and 8D values of several lipid biomole-
cules measured in this study were thus similar to other
values available in the literature [e.g. §'3C for n-alkanes
(6): Collister et al. (1994); Lockheart et al. (1997, 1998);
Reddy et al. (2000), 8'3C for n-alkanoic acids (7): Bal-
lentine et al. (1998), §'3C values for B-sitosterol (15):
Lockheart et al. (1997), §!3C for phytol (16): Collister et
al. (1994), 6D for n-alkyl lipids (6-8), B-sitosterol (15)
and phytol (16): Sessions et al. (1999)].

2.3. Isotopic fractionations

The carbon isotopic fractionation between a lipid
biomolecule and bulk tissue (epyx) is defined in Eq. (1).
Similarly, the hydrogen isotopic fractionation between a
lipid biomolecule and ambient water (€ya¢r) 1S defined
in Eq. (2).

ebuik = 1000[ (8" Ciipig + 1000) /(8" Cpuix + 1000) — 1]
M

Ewater = 1000[(8Dyipiq + 1000) /(3D yyater + 1000) — 1] (2)

8'3C values of bulk tissues (8'3Cpy) and 8D values of
ambient water (§Dy,.r) have been measured previously
(Chikaraishi and Naraoka, 2003), with a 6Dy, value
of —42%o0 as an annual mean value of precipitation
(ranging from —74 to —10%o). Calculated €pyx and €yager
values of isolated lipid biomolecules are shown in Fig. 1.
All lipid biomolecules were depleted in both '3C and D
relative to bulk tissue and ambient water, respectively.
n-Alkyl lipids (6-8) associated with the acetogenic
pathway had wide variations in both epu (—2.4%0 to
—9.9%0) and €yater (—91%0 to —152%o0) values, whereas
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Ci5- and Cjg-isoprenoid lipids (13-15) associated with
the MVA (10) pathway had a relatively narrow range of
both epuk (—1.7%0 to —3.1%0) and eyarer (—212%0 to
—238%o0) values. Cyg-isoprenoid lipids (16-21) associated
with the MEP (12) pathway had ebulk values of —4.6%o
to —5.9%0 and €yqier values of —238%o to —303%o, but
phytol (16) was significantly depleted in D (€yaq¢r values
of —296%o to —303%0) by up to 65%. relative to other
C, isoprenoid lipids (17-21). Thus, lipid biomolecules
from the acetogenic, MVA (10) and MEP (12) pathways
were clearly discriminated using the €pu—€water Cross
plot (Fig. 1).

In the case of carbon, biosynthetically equivalent lipid
biomolecules [such as sesquiterpenes (13), squalene (14)
and B-sitosterol (15)] had similar ey, values. Moreover,
the epuk values associated with the MVA (10) pathway
were clearly distinct from those associated with the
MEP (12) pathway. Although the specific mechanisms
responsible for these differences are not yet been known,
two possibilities can be considered: (1) lipid biomole-
cules are derived from isotopically distinct precursors in
each of the three pathways, and/or 2) the kinetic isotope
effects associated with specific reactions may differ in
each biosynthetic pathway. As shown in Fig. 2, lipid

Table 1
Compound-specific 8'*C and 8D values of lipid biomolecules extracted from Cryptomeria japonica

Spring Autumn
Compounds pg/gdry  8'3C (%) S.D. (%) 8D (%) S.D. (%) pg/gdry 8C (%) S.D.(%0) 8D (%) S.D. (%o)
Bulk tissue?® —26.4 0.4 -27.9 0.03
Cellulose (24) nitrate —101 2 —106 5
n-Alkane® (6)
25 1 —169 5 1 —344 0.2 —175 4
27 6 —32.2 0.2 —165 0 7 —32.7 0.3 —178 3
29 3 —32.3 0.2 —156 6 2 —32.9 0.3 —168 1
31 5 -30.4 0.3 —141 5 3 -32.5 0.5 —153 1
33 72 —29.5 0.4 —140 5 65 —31.5 0.1 —146 1
35 20 —29.8 0.4 —141 2 18 -30.3 0.4 —144 10
n-Alkanoic acid (7)
12 82 —30.2 0.0 —159 5 42 —31.2 0.2 —169 2
14 263 —33.8 0.1 —157 5 134 —34.9 0.3 —163 3
16 1941 —36.1 0.2 —-129 7 1141 -36.9 0.2 —134 4
18 106 —32.8 0.3 —131 3 55 —34.1 0.2 —136 2
20 61 -314 0.1 —145 0 35 —32.8 0.5 —157 3
22 103 —31.7 0.2 —165 3 50 —32.7 0.2 —180 1
24 48 —31.4 0.1 —144 5 24 —-32.7 0.2 —148 4
26 16 —32.3 0.3 —138 4 8 —34.6 0.3 —143 5
28 68 —34.0 0.2 —153 4 35 —35.5 0.2 —156 2
30 26 —33.2 0.4 —153 3 13 —35.0 0.2 —159 3
32 25 —33.5 0.1 —133 4 15 —34.7 0.4 —147 1
34 29 -31.9 0.0 —136 4 18 —33.2 0.2 —141 3
n-Alkanol (8)
22 10 —29.6 0.3 —175 2 8 —30.7 0.2 —141 4
24 13 —29.6 0.2 —152 5 9 —-314 0.2 —145 2
26 29 —30.6 0.1 —151 3 21 —334 0.3 —164 1
28 39 —32.6 0.1 —173 4 29 —33.6 0.0 —188 4
30 8 —31.7 0.2 —167 5 7 —33.0 0.1 —155 5
32 10 -31.6 0.1 —144 3 7 —33.2 0.3 —150 3
Isoprenoid
sesquiterpenes® (C,sHag4) (13) 671 —28.5 0.1 —260 2 165 -31.0 0.4 -270 2
squalene (14) 56 —28.8 0.3 —258 3 39 —30.8 0.2 —266 4
b—sitosterol (15) 463 —28.0 0.5 —245 6 371 -30.3 0.3 —252 4
phytol (16) 861 —31.7 0.5 —326 5 621 —33.2 0.3 —332 5
diterpenes® (CooHzo) (17) 1532 —32.1 0.2 =275 5 910 —334 0.2 —279 3
sandaracopimarinol (18) 1454 —31.4 0.4 -279 6 1141 -33.0 0.3 —282 4
+ ferruginol©(19)
diterpenol (C»oH3,0) (20) 1065 —31.1 0.2 —277 4 746 —32.7 0.4 —280 3
sugiol® (21) 43 -31.5 0.4 —270 3 37 —324 0.3 —276 4

4 Reported in Chikaraishi and Naraoka (2003).

> Combined values with the same carbon number isomers (specific identification could not be determined).

¢ Combined values sandaracopimarinol (18) and ferruginol (19).
4 Specific identification could not be determined.

¢ Combined values of sugiol (21) with before and after coeluting diterpenol peaks (specific identification could not be determined).
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biomolecules had different ratios of carbon sources
among the acetogenic, MVA (10) and MEP (12) path-
ways. All carbons in lipid biomolecules associated with
the acetogenic and MVA (10) pathways were derived
from C-2 (filled circle in Fig. 2) and C-3 (open square)
positions of 3-PGA (1), with different constituting car-
bon ratios (filled circle/open square). On the other hand,
lipid biomolecules associated with the MEP (12) path-
way contain several carbons derived from the C-1
(cross) positions of 3-PGA (1) (Fig. 2). In addition,
kinetic isotope effects during various biochemical reac-
tions (such as condensation and decarboxylation) rela-
ted to branch points in the pathways could cause
isotopically distinct precursors among the acetogenic,
MVA (10) and MEP (12) pathways (e.g. Hayes, 1993;
2001). For example, an isotope effect during decarbox-
ylation of pyruvate (3) to form acetyl-CoA (5) causes
depletion in '3C at the carbonyl carbon (filled circle in
Fig. 2), and leaves the methyl carbon (open square)
unfractionated. The ebulk values associated with the
acetogenic pathway had wide variations (—2.4%o to
—9.9%0), and could not be discriminated from the MVA
(10) (—1.7%0 to —3.1%0) and MEP (12) (—4.6%o to
—5.9%0) pathways. The large range of epy values for
biomolecules produced by the acetogenic pathway
may therefore be the result of many intermediate bio-
molecules in elongation having multiple fates [e.g. to
form n-alkanes (6), n-alkanoic acids (7), n-alkanols (8)
and their unsaturated derivatives, at various carbon
numbers].

In the case of hydrogen, lipid biomolecules are bio-
synthesized by isotopically distinct hydrogen sources
such as NADPH and cell water (H"), as a result of
various redox and exchange reactions (Fig. 1). Yakir
and DeNiro (1990) reported that the first products of
photosynthesis were depleted in D by 171%o relative to
cell water, and suggested that hydrogen from NADPH
could be strongly depleted in D. The €yater values of
lipid biomolecules show a total range of —91%. to
—303%o (Fig. 2). Particularly, n-alkyl lipids (6-8) are less
depleted in D (€yqer values of —91%o0 to —152%o) than
isoprenoid lipids (13-21) (—212%o to —303%o). This may
be because keto —enol tautomerization in the acetogenic
pathway increases the contribution of isotopically hea-
vier cell water (perhaps, €yaer =0%0) into n-alkyl lipids
(6-8) (Fig. 1). In keto —enol tautomerization, 75% of
the hydrogen in n-alkyl lipids (6-8) is potentially subject
to exchange with cell water (Sessions et al., 2002). On
the other hand, phytol (16) was significantly depleted in
D (ewater values of —296%o to —303%0) by up to 65%o
relative to diterpenoids (17-21), even though both phy-
tol (16) and diterpenoids (17-21) are biosynthesized by
a common IPP (9) precursor produced by the MEP (12)
pathway within the chloroplast. Because the € value
of phytol (16) (~—5.5%o) is very close to that of diter-
penoids (17-21) (~—5.2%o), no significant isotope effect

of branch points at geranylgeranyl pyrophosphate
(GGPP) (22) could be considered for carbon. Probably
hydrogen isotopic fractionation is not expected at this
branch point, either. Therefore, a significant D-depleted
phytol (16) could be due to a kinetic isotope effect dur-
ing hydrogenation to form phytol (16). Phytol (16) is
biosynthesized by hydrogenation at three carbon double
bonds of GGPP (22), using three NADPH and three
H™" of cell water. Assuming that the mean €y, value
of diterpenoids is similar to €y,; value for GGPP, the
€water Value of the six hydrogens added to phytol (16) is
approximately —600%.. This suggests that a large
kinetic isotope effect during the hydrogenation could be
required from the GGPP (22) to phytol (16). A similar
large hydrogen isotope effect (~600%o) was reported
during production of hydrogen gas by cyanobacteria
(Luo et al., 1991). Thus, the ewater values of lipid bio-
molecules should depend on isotopically distinct hydro-
gen sources such as NADPH and/or H»O, as well as an
isotope effects invoked by redox or exchange reaction of
hydrogen in lipid biosyntheses. Sessions et al. (1999)
also suggested the existence of isotopically distinct pools
of NADPH between the cytosol and chloroplast in
order to explain the different ey, values between ster-
ols (e.g. 15) and phytol (16). In this study, however, the
Ewater Values of sesquiterpenes (13) (—228%o0 to —238%o)
and squalene (14) (—225%0 to —251%o) are similar to
those of diterpenoids (17-21) (—238%o to —251%o), even
though both sesquiterpenes (13) and squalene (14) were
biosynthesized within the cytosol while diterpenoids
(17-21) were biosynthesized within the chloroplast.
Because the hydrogen sources during the reaction of
MEP (12) to form IPP (9) in the MEP (12) pathway
have not yet been identified, it is difficult to quantita-
tively compare the hydrogen sources among sesqui-
terpenes (13), squalene (14) and diterpenoids (17-21).
The ewater values of isoprenoid lipids (13-15, 17-21) in
this study may suggest that NADPH within the cytosol
and chloroplast are isotopically similar, and that extre-
mely D-depleted phytol (16) is because of a large kinetic
isotope effect during hydrogenation.

2.4. Concluding remarks

Compound-specific carbon and hydrogen isotopic
compositions of lipid biomolecules [n-alkanes (6), n-
alkanoic acids (7), n-alkanols (8), sesquiterpenes (13),
squalene (14), B-sitosterol (15), phytol (16), diterpenes
(17) and diterpenols (18-21)] have been determined in
C. japonica leaves. In addition, carbon and hydrogen
isotopic fractionations associated with various lipid
biosynthetic pathways were quantified. The acetogenic,
MVA (10) and MEP (12) pathways were clearly dis-
criminated using a €pu—€water Cross plot (Fig. 2). These
results suggest that the isotopic cross-plot (§!3C-8D or
€pulk—Ewater) cOUld be used as a quick means to assess
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isoprenoid biosynthetic pathway present in prokaryotes,
which is presently determined by fairly difficult genomic
analysis. The ey values of lipid biomolecules depend
on the acetogenic, MVA (10) and MEP (12) pathways,
and the €ya.r values depend on isotopically distinct
hydrogen sources and/or isotope effects during reactions
that involve hydrogen (such as redox and exchange
reactions) in the lipid biosyntheses. In particular, a large
hydrogen isotope effect during hydrogenation is pro-
posed in order to produce the ewater values of indivi-
dual lipid biomolecules. For example, the ewater value
of six hydrogens added to form phytol (16) from GGPP
(22) is estimated to be approximately —600%o. The
ewater values of isoprenoid lipids (13-21) in this study
may indicate no significant difference in §D values of
NADPH and cell water between the cytosol and
chloroplast.

3. Experimental
3.1. Samples

Fresh leaves of a Cryptomeria japonica plant from a
forest in Gunma Prefecture (around lake Haruna),
Japan were sampled in spring and autumn 1999 (Chi-
karaishi and Naraoka, 2003). Surface of leaves were
cleaned with distilled water to remove contaminants,
and were stored at —20 °C until analysis. Leaves
were freeze-dried and crushed to a fine powder before
analysis.

3.2. Preparation and 8D analysis of cellulose nitrate
(carbon-bound hydrogen in cellulose)

Cellulose (24) nitrate was prepared according to
DeNiro (1981). In brief, powdered leaves were defatted
by sonication with hexane and acetone extraction until
the residues became colorless. The residues were
delignified by sodium chlorite oxidation, and were then
nitrated using a mixture of nitric acid and phosphorous-
pentoxide (Epstein et al., 1976). Cellulose (24) nitrate
was extracted from nitration products by dissolution in
acetone, and precipitated from the acetone solution by
adding distilled water. Prepared cellulose (24) nitrates
were freeze-dried. Hydrogen isotopic analysis was car-
ried out by elemental analyzer/isotope ratio mass spec-
trometer (EA/IRMS) using a Micromass IsoPrime
interfaced with an Eurovector EA. The pyrolysis was
performed with glassy carbon at 1290 °C. §D values are
given in per mil (%o) relative to SMOW. Standard
deviations of §D measurements were better than 4%o
(~1%o in average). Isotopic precision was tested using
NIST reference material 8540 (Polyethylene Foil 1,
PEF1), and gave accurate values within the analytical
standard deviations.

3.3. Lipid biomolecule preparations

Powdered leaves were saponified with 0.5 M Kou in
MeOH:H,O (95:5, w/w) by refluxing for 4.5 h and
extracted by sonication with (Cu,Ce,/MeOH 2/1, v/v).
The combined solutions (Kou/MeOH + Ca,Ce,/
MeOH), were extracted with hexane/diethylether (9:1)
to partition out neutral lipids. After addition of 12 N
Hcl, the acidified solutions were extracted with hexane/
diethylether (9:1) to obtain the acidic lipids. Neutral
lipids were further separated into three fractions by
silica gel cc. Hydrocarbons were ecluted with hexane
(100%) in the first fraction (N1 fraction); mono-alco-
hols and squalene (14) were eluted in the 2"¢ fraction
(N2) with hexane/ethyl acetate (4:1). Fraction N2 was
acetylated using acetic anhydride/pyridine (1:1 by
volume, Iml) and heating at 75 °C for 8 h. Acetylated
N2 fractions were separated into straight-chain com-
pounds (alkanol-acetate) and isoprenoid lipids (14-16,
18-21) by forming urea adducts. The straight-chain
compounds were separated into n-alkanol-acetates (8)
and unsaturated alkanol-acetates by using AsNO; (10
wt.%) impregnated silica gel cc. n-Alkanol-acetates (8)
were eluted with hexane/Cu,Ce, (1:2); unsaturated
alkanol-acetates were subsequently eluted with MeOH.
Acidic lipids were esterified using 14%  tri-
fluorobromide/NeOH (100 °C for 1 h) to form fatty acid
methyl esters (FAMEs). Methylesterified acidic lipids
were separated into two fractions by silica gel cc. Mono-
FAMEs were eluted with hexane/Cu,Ce, (1:2) in the
first fraction (Al fraction). The mono-FAMEs were
separated into saturated and unsaturated FAMEs using
a silica gel cc impregnated with 10% (w/w) AsNOs;.
Saturated FAMEs were eluted with hexane/ Cu,Ce,
(1:2); unsaturated FAMEs were subsequently eluted
with hexane/EtOAc (1:1). Saturated FAMEs were
separated into n-FAMEs [n-alkanoic acids (7)] and
other FAMESs by forming urea adducts.

3.4. Identification and quantification

Lipid biomolecules were identified by GC/MS using a
Hewlett Packard (HP) 6890 gas chromatograph con-
nected to a HP MSD 5972 mass spectrometer. Indivi-
dual compound concentrations were quantified using a HP
6890 GC with a flame-ionization detector, compared to
the peak area of external n-alkane (6) standards.

3.5. Compound-specific §D and §'3C analysis

Compound-specific carbon and hydrogen isotope
analyses were carried out by GC/combustion/isotope
ratio mass spectrometry (GC/combustion/IRMS) using
a Finnigan Delta S interfaced with an HP5890GC and
by GC/pyrolysis/IRMS using a Finnigan Delta plus XL
interfaced with an HP6890GC, respectively. Combustion
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was performed in a microvolume ceramic tube with
CuO and Pt wires at 840 °C (Hayes, 1989). Pyrolysis
was performed in a microvolume ceramic tube with
graphite at 1440 °C (Hilkert et al., 1999). §'3C and 6D
values are given in per mil (%o) relative to Peedee
Belemnite (PDB) and Standard Mean Ocean Water
(SMOW), respectively. Carbon and hydrogen isotopic
compositions were calibrated by coinjected internal n-
alkane (6) standards. §D values of standard n-alkanes
(6) were determined relative to §D values of calibrated
standards [n-alkanoic acids (7), n-alkanols (8), squalene
(14), sterols (e.g. 15) and phytol (16)] on GC/pyrolysis/
IRMS analysis. Standard deviations of hydrogen and
carbon isotope measurements were generally better than
7%0 (~3%o in average) and 0.5%o (~0.3%o in average),
respectively.

3.6. Correction of 8D and 8'3C values for derivatized
compounds

For n-alkanoic acids (7) and alcohols (8, 15, 16, 18-
21), §'3C values of carbon in the underivatized com-
pounds and the 8D values of carbon-bound hydrogen
are required. In the case of methyl esterification for n-
alkanoic acids (7), the measured §'3C and 8D values of
derivatized compounds were corrected by mass balance
for the contribution of carbon (8§'3C values of —72.5%o)
and hydrogen (8D values of —235%.) added during
methyl esterification, because no isotopic fractionation
was observed during methyl esterification (as deter-
mined by experiments with compounds of known iso-
topic compositions). In the case of acetylation of
alcohols (8, 15, 16, 18-21), the measured §D values of
derivatized compounds were also corrected by mass
balance for the contribution of hydrogen (§D = —204%o)
added during acetylation, because no hydrogen isotopic
fractionation was observed during acetylation. How-
ever, it is known that carbon isotopic fractionation
occurs on carboxy-carbon during acetylation (Rieley,
1994). In this study, carbon isotopic composition of
derivative carbon added during acetylation is calculated
using two internal standards [n-hexadecanol (25) and »n-
octadecanol (26)] in the n-alkanol (8) fraction. The
measured §'3C values of derivatized compounds were
corrected by isotopic mass balance.
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