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Abstract

Isotopic compositions in fatty acids have widely been used in the study for tracing sources and delivery of organic
materials in the earth surface and for reconstructing environments in the geological timescale. Changes in the iso-
topic compositions associated with the lipid degradation of organisms, however, have been poorly understood. In
this study, we determined changes in the carbon and hydrogen isotopic compositions (i.e., the 6”°C and D values,
respectively) of palmitate (i.e., Ciso carboxylic acid esters), a major alkanoate in eukarya and bacteria, during the
germination of plant seeds under no photosynthetic activity. During the germination, abundance of palmitate is de-
creased by 41 and 94 % for 5 and 14 days, which causes a considerable change in the 0"°C value of palmitate by 3.0
and 17.2%o, respectively. In contrast, non-substantial difference is found in the oD values of palmitate for this ger-
mination. These enrichments indicate that isotopic fractionation occurs on a carbon but not hydrogen atom of pal-
mitate in an initial reaction of the degradation, as reaction of carbonyl carbon in palmitate with enzyme (lipase) can
be proposed for a candidate mechanism. If such reaction mainly occurs on palmitate components in triacylglycerol
for the germination of plant seeds, the enrichment in C estimated is more than 250%o for the carbonyl carbon in
palmitate based on a mass balance calculation, and the isotope fractionation factor (&) accounts for 0.9086 in this

reaction based on the Rayleigh fractionation model.

1. Introduction

Organic compounds have a wide diversity in the
isotope ratio among samples (e.g., primary producers
and their source CO.) and a large variation in it within
a sample (e.g., temporal and spatial changes) in natural
environments. In general, the isotopic compositions of
organic compounds are explained by two factors: the
isotopic compositions of substrates (dus) and the iso-
topic fractionation of reactions () that are used both
for producing (¢,) and degrading () of organic com-
pounds in organisms and environments (e.g., Hayes,
2001), if they are quantum chemistric non-quantitative
reactions in a process of metabolism (equation 1):

o of organic compound = (du + &) + & @)

For example, the ¢, is found between CO, (substrates)
and photosynthates (products) during plant photosyn-
thesis and the &, is found between amino acids (sub-
strates) and ammonia (products) during consumer me-
tabolism.

The isotopic compositions in lipids also have a wide
range of diversity and variation, and their composi-
tions allow us to use in the study for characterizing

sources and delivery of organic compounds and their
elements in biogeochemical cycles, and illustrating en-
vironments where, when, and/or how the lipids were
produced (e.g., Pancost and Sinninghe Damsté 2003;
Eglinton and Eglinton, 2008; Sachse et al., 2012).
However, isotopic fractionation associated with lipid
degradation found within an organism, between organ-
isms, and in environments (e.g., water column and
sediments) has been poorly understood so far. Indeed,
we have long been simply thought that isotopic frac-
tionation associated with the degradation of large car-
bon numbered organic compounds such as lipids is
negligible (e.g., Huang et al., 1997; Mazeas et al.,
2002; Chikaraishi and Naraoka, 2006). For the exam-
ple of carbon, if there is a significant isotopic fraction-
ation on a key reacting carbon atom (A0"Ciy) in a
compound, the Ad"Cy., value is much diluted with no
isotopic fractionation on numbers of non-reacting car-
bon atoms (A0"Couer) within the same compound
(equations 2 and 3).

n X ASCo=1 X AJ"Ciy +(n-1) X A" Cotr (2)

where Ad"C,, indicates change in the measured 0"C
value of compounds between before and after reaction,
and 7 indicates the number of carbon atom in the com-
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pound. Because the Ad"Coner value is zero (A6"Coner
= 0) in many cases, the equation (2) is given by:

AS"C, = % X A8"Cyy 3)

meaning that, for example, the A0”C,, value of palmi-
tate (n=16) is considerably small, 0.6%o, even if the
AJ6"C.., value is 10.0%o. As similar to carbon, AdDy.,
value is much diluted with no isotopic fractionation on
numbers of non-reacting hydrogen atoms (ASDouer)
within the same compound (equation 4).

AdD, =L x s, (%)

where AdD., indicates change in the measured oD val-
ue of compounds between before and after reaction,
and 7 indicates the number of hydrogen atoms in the
compound. The AdD., value of palmitate (n=32) is
considerably small, 3.1%o, even if the AdD., value is
100%o. These Ad,, values for the carbon (0.6%0) and
hydrogen (3.1%o) are as small as analytical precision
of molecular isotope analysis (e.g., Brand, 1996; Hilk-
ert et al. 1999; 0.3-0.8 and 3-8%o, respectively).

In this study, we designed laboratory pot experi-
ments of plant seed germination under no photosyn-
thetic activity, to detect isotopic fractionations (Ad"C,,
and AJD..) of palmitate, as a dominant lipid com-
pound, during lipid degradation in plants. As a repre-
sent of plant seeds that contain considerable abundance
of storage lipids, the sesame Sesamum indicum were
used for the pot experiments. Because they degrade
storage lipids as almost solo energy and substrate
sources for germination, we hypothesized that when a
large proportion of lipids in seeds is degraded during
experiment, the Ad"C,, and/or AdD,, values will be sig-
nificantly large enough to measure even much diluted.
Based on the results, we will clarify whether or not
there are significant isotopic fractionation during lipid
degradation, and discuss potential mechanism to ex-
plain the Ad"C and AJD values observed.

2. Materials and Methods

2.1. Experimental procedure

In this study, we conducted two experiments of
plant seed germination. Seeds of the sesame Sesamum
indicum were purchased from plant seed stores and an
aliquot of seeds were germinated in a pot under dark
condition for 5 and 14 days. Remaining seeds and de-
veloped sprouts were stored at —20°C until analysis.

Palmitate was extracted from seeds and sprouts ac-
cording to a modified procedure in Chikaraishi and
Naraoka (2005). In brief, the frozen sample was sa-
ponified with KOH in CH;OH/H:O (95/5, w/w) to hy-
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drolyze ester-bonds. Neutral lipids were removed with
n-hexane/dichloromethane (4/1, v/v), and subsequently
acidic lipids (including palmitate) were extracted with
n-hexane/dichloromethane (4/1, v/v) after addition of
12M HCI (to pH<I). The acidic lipids were esterified
with CH;OH to form methylester derivatives.

2.2. Measurement for the 6" C and 6D values with
GC-IRMS

The 0"C and 6D values of palmitate derivatives
were measured with a gas chromatograph-isotope ratio
mass spectrometer (GC-IRMS), and the following two
instrument conditions (i) and (ii) were used (but inde-
pendently for each experiment) for 5 and 14 days ex-
periments, respectively.

(1) An Agilent Technologies 7890A GC coupled to a
Thermo Fisher Scientific Delta,..XP IRMS with a
GC-Isolink interface, with a combustion tempera-
ture of 1020° C for carbon and a pyrolysis temper-
ature of 1450° C for hydrogen (e.g., Chikaraishi et
al., 2012). A programmable temperature vaporizing
(PTV) injector (GERSTEL) was used for injection
of palmitate derivative into an HP-5ms capillary
column (30 m; i.d. 0.25 mm; film thickness 0.25um;
Agilent Technologies).

(i) An Agilent Technologies 7890B GC coupled to a
Thermo Fisher Scientific DeltaV IRMS with a
GC-C III interface, with a combustion temperature
of 950° C for carbon and a pyrolysis temperature
of 1440° C for hydrogen. A PTV injector (GERS-
TEL) was also used for injection of palmitate de-
rivative into an HP-5ms capillary column (60 m;
i.d. 0.25 mm; film thickness 0.10pm; Agilent Tech-
nologies).

Two pulses of reference CO, or H, gas were discharged

into the IRMS at the commencement and completion

of each chromatography run, for both reference mix-

tures and samples. The isotopic compositions are ex-

pressed relative to Vienna Peedee Belemnite (VPDB)
and Vienna Standard Mean Ocean Water (VSMOW)),
on scales normalized to the known J values of the ref-

erence n-alkanes (Chikaraishi and Naraoka, 2007).

The standard deviation of measurements for the refer-

ence n-alkanes was better than 1.2%o for carbon and

3%o for hydrogen, respectively, in the instrument con-

ditions (i) and better than 0.3%o. for carbon and 6%o for

hydrogen, respectively, in the instrument condition (ii).

3. Results and Discussion
3.1. 6"C and 6D of palmitate in sesame seeds and

sprouts
The molecular abundance of palmitate is decreased
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by 41% from seeds (t=0) to sprouts (t=5), and by 94%
from seeds (t=0) to sprouts (t=14) for the germination
experiments (Figure 1a). The isotopic compositions of
palmitate are increased considerably from —34.0%o to
—31.1%0 and from —35.6%o to —18.3%o for carbon but
negligibly from —189%o to —191%o and from —174%o to
—172%o for hydrogen in the germination experiments
(Table 1, Figure 1b,c). Comparing to the standard de-
viation of isotope analysis, we recognize the existence
of significant Ad"C but insignificant A0D values of
palmitate during the plant seed germination, which is
attributable to a large and a little isotopic fractionation,
respectively, associated with the degradation of storage
lipids. Thus, although negligible isotopic fractionation
has long been thought so far, the isotopic fractionation
on the single carbon atom is considerably large (i.e.,
A6"Ciey >10%o in eq.3) and provide that the Ad"C,,
values enough to measure even much diluted with
numbers of the carbon atoms (i.e., n=16 in eq.3) that
have no isotopic fractionation. On the other hand, iso-
topic fractionation on hydrogen atoms is considerably
small or almost zero (i.e., AdDi, = ~0%o in eq.4) and
further diluted with numbers of hydrogen atoms (i.e.,
n=32 in eq.4) that has no isotopic fractionation.

Table 1. The §°C and 6D values and relative area of palmitate
for individual samples.

Carbon (%o) Hydrogen (%o)

3.2. Possible mechanism for the enrichment in °C

It is known that plant seeds store triacylglycerols
(TAGs: a TAG consists of three alkanoates esterified to
a glycerol back-bone) in organelles that are frequently
called ‘oil bodies’ (Figure 2). This organelle has a
function to provide sources of carbon and energy for
germination of plant seeds (e.g., Buchanan et al.,
2000). TAGs are hydrolyzed sequentially with enzyme,
lipase, to alkanoate and glycerol units, and these units
are incorporated into the central pathway as energy
and substrate resources to produce other components
such as carbohydrates and amino acids in plant growth.
According to the knowledge explained above and re-
sults found in this study, we simply hypothesize that
‘key’ process of the isotopic fractionation observed is
the connection of lipase to a carbonyl carbon atom on
alkanoate components in TAGs. The following pro-
cesses are considered to explain the isotopic fractiona-
tion observed (Figure 3):

(1) the enzyme (lipase) preferentially connects to "*C
carbonyl carbon of alkanoate components in the
first step of hydrolyzation of TAGs, leaving behind
the enriched "C on alkanoate components in the
residual pool of TAGs;

(2) the hydrolyzed products (i.e., acyl-CoA) are subse-
quently used as metabolic intermediates (e.g.,
acetyl-CoA and succinate) and energy sources;

Terms*  Days Relative 3 . T .
ARE 5 ARE area (3) the enrichment in “C can be found in alkanoates
that are extracted by saponification of the residual
s 0 340 189 100 pool of TAGs in sprouts (i.e., t=5, and t=14, in this
#1 5 311 3.0 -191 2 0.59 study).
#2 0 -35.6 -174 1.00 If it is case, the Ad”Cy., values calculated by mass bal-
#2 14 2183 172 _172 2 0.06 ance with the equation (2) is 48 + 27%o0 and 292 + 8.5%o
* Terms mean ‘experimntal term in this study’. (=5 gnd t=14, respectlyely) for.the carbonyl carbon of
*% A means the substraction of t=x from =0. palmitate components in the residual pool of TAGs.
(a) Relative area (b) 0Cy (c) 0Dy
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Figure 1. (a) Relative abundance, (b) the 6"”°C values, and (c) the 6D values of palmitate in seed (0 day) and
sprouts (5 and 14 days) for the experiments. Experimental terms #1 and #2 are shown as open circle
and open diamond, respectively. Error bars in (b) and (c) indicate the standard deviation (1o) of

replication analysis of standard materials.
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Figure 2. Schematic illustration for degradation of triacylglycerols (TAGs) stored in oil bodies. The TAGs are
hydrolyzed sequentially with lipases to alkanoates (A) and glycerol. The glycerol is converted to
dihydroxyacetone phosphate (DHAP) with glycerol kinase via Gly-3-phosphate (G3P)
dehydrogenase. The alkanoates are transported into the peroxisome, where they are activated as acyl-
CoAs, and enter the f-oxidation spiral. Acetyl-CoA condenses with oxaloacetate to form succinate.
The succinate and DHAP are converted to other components such as carbohydrates and amino acids
(After Quttier and Eastmond, 2009; Barros et al., 2010).
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Figure 3. Possible key reaction to explain carbon isotopic fractionation during germination experiments.
Asterisk (*) shows the key reaction that carbon atom reacted with enzyme in the first step of

hydrolyzation during germination.

3.3. Isotopic fractionation factor
To understand isotopic fractionation during plant
seed germination, we apply observed results to the
Rayleigh fractionation model (Lord Rayleigh, 1986)
that change in the 0"C value of palmitate components
in the residual pool of TAGs is given by:
0"Cpat = (1000 + 0°Cparo) X F“"=1000 ®)
where 0"Cyu, and 0”°C, , represent the 0°C values of
palmitate extracted from plant seeds (t=0) and sprouts
(t=x), respectively; I/ (0<F<1) represents the propor-
tion of palmitate components in the residual pool of
TAGs against enzymatic hydrolyzation (i.e., [1-F]
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represents the proportion of palmitate components hy-
drolyzed); and a represents the isotopic fractionation
factor of the enzymatic hydrolyzation. Rearrangement
of the equation (5) leads to equation (6):

In[(1000 + 6"Cpus /(1000 + 0°Cpui )]
—(a-1) X InF (6)

The equation (6) means that ‘In[(1000 + 6"C,. )/(1000
+ 0"Cp )] shows a strong negative linear correlation
with ‘Inf”, and that ‘(a—1)’ shows the slope of the line-
ar regression line with the intercept being zero, as y=
ax. Applying the observed data to equation (6), we
found the strong negative linear correlation
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(R?=0.9975) with slope being —0.0914 (Figure 4a).

Based on the results of this study, change in the
0"Cpu value found in plant seeds germination certainly
follows the Rayleigh fractionation model. From the
value of (a—1), isotope fractionation factor () calculat-
ed is 0.9086. Thus, the a lower than 1.0 (i.e., =0.9086)
clearly indicates that the “C-enrichment of palmitate
components (Ad"”C, ) increases inversely with the F'
as a solo factor, implying that the hydrolyzation pref-
erentially reacts with °C palmitate components in
TAGs during the lipid degradation. According to
0=0.9086 observed, we can calculate 20%o and 200%o
for the Ao C values of carbonyl carbon on palmitate
components in the remaining pool of TAGs, and
1.25%0 and 12.5%o., respectively, for those of whole
palmitate components, if TAGs are degraded by 19%
and 86%, respectively, with no isotopic fractionation
being observed on the alkyl chain (Figure 4b).

3.4. Notes for application of the isotopic fractionation

The Ad”C values of carbonyl carbon can directly
explain the degradation flux of palmitate components,
because seeds were germinated in a pot under dark
condition (i.e., no input of palmitate from de novo syn-
thesis) in this study. However, in natural environments,
both plants and animals can de novo synthesize and
degrade palmitate, and such palmitate are incorporated
directly via salvage pathways into animals that feed on
plant and other animals (e.g., Kitatani et al., 2008). In
such cases, the Ad”C values will be applicable to eval-
uate the balance between de novo production and deg-
radation integrated in all processes that the palmitate
experienced in both plant and animal in environments.
For example, enrichment in “C by approximately 8%o
for palmitate from plant leaves to soils was reported in
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Chikaraishi and Naraoka (2006). Also, decrease in mo-
lecular abundance by approximately 80% for palmitate
during litterbag experiments was reported in Nyugen
Tu et al., (2017). If we roughly apply a=0.9086 to the
evaluation of the integrated balance between de novo
production and degradation on the results in these pre-
vious studies, the "C-enrichment in the former study
accounts for that palmitate is degraded by 75% from
leaves to soils, and the abundance decrease in the latter
study accounts for that palmitate is enriched in "C by
10%o during litterbag experiments. Although we must
evaluate the other major factors that affect to the Ad"”C
values in natural environments (e.g., temporal varia-
tion, physiological condition, etc.), & observed in this
study can supply a likely explanation for the changes
in the 0"°C value and molecular abundance of palmitate
found in these previous studies.

4. Conclusion

In this study, we determined significant enrichment
in "C on palmitate, as a dominant lipid compound,
during significant lipid degradation in plant seeds,
which are explained by followings:

(1) Preferential bounding of enzyme (lipase) to *C
carbonyl carbon of alkanoate components in TAGs
is the key process controlling for the significant
enrichment in “C on palmitate;

(2) Based on the Rayleigh fractionation model, the
isotope fractionation factor () accounts for 0.9086
in the enzymatic hydrolyzation of TAGs.

This 0=0.9086 implies that a considerable enrichment

in "C more than 100%o can be observed for the car-

bonyl carbon of palmitate components, as, in this

(b)
1.0

0.8

0.6
Rk

0.4

0.2

0.0

0 100 200 300 400

A(0PC g~ 0VCiy) (%0)

Figure 4. (a) The isotopic isotopic fractionation factor («) for lipid degradation during plant germination. The «
value was estimated data observed in the present study with the Rayleigh fractionation model that
indicates a negative linear correlation between In[(1000 + §°C,, )/(1000 + 6"C,. )] and InF with slope
of (a—1). (b) The relationship between A(6"C.., — 6"C..,) and metabolic flux (F) found in this study. The
solid curve line indicates A estimated by the Rayleigh fractionation model with a=0.9086
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study, more than 250%o for the Ad"C values of the car-
bonyl carbon in the remaining pool of TAGs is ob-
served when TAGs are degraded by 94% during ger-
mination for 14 days.

To proof the enrichment in “C observed, we expect
that development of position-specific isotope analysis
for carbonyl carbon in palmitate will be highly useful,
as a method directly for measuring the enrichment.
This development will further contribute for better un-
derstanding the quantitative evaluation of lipid degra-
dation found in organisms and environments and for
enhancing the utilization of lipid as biomarkers for
studies in organic geochemistry.
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