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Abstract—a-Ketol of octadecadienoic acid (KODA, 1) has been suggested to play a role in the photoperiod-regulated flowering in Pharbitis
nil. The level of 1 in cotyledons is temporarily controlled during short-day conditions. The biosynthesis of 1 is well studied in plants; however,
its in vivo conversion is less understood. We have investigated this issue by studying the metabolism of exogenously-applied [U-13C]-1,
[1-14C]-1, and non-labeled 1 in P. nil seedlings by the spectroscopic methods and identified six major metabolites (4–9). We have also found
that the enantiomers of 1 are differentially metabolized in P. nil seedlings.
� 2007 Elsevier Ltd. All rights reserved.
1. Introduction

Recent molecular-genetic approach in several species of
plants, mainly Arabidopsis thaliana, allowed the discovery
of several genes that control flowering times.1,2 To date, it
is generally accepted that FT and/or its translation product
are the most promising candidate for florigen.3–7 However,
in Arabidopsis, Lolium temulentum, and Pharbitis nil, gib-
berellins were also shown to be active in the different regu-
lation pathways from the FT/FT mediated systems of the
flower initiation.8–11 Therefore, it is plausible that unknown
molecules play the regulatory roles in the floral initiation of
plants. Studies of such components should be important for
deeper understanding of the flowering of plants.

(12Z,15Z)-9-Hydroxy-10-oxo-12,15-octadecadienoic acid
(KODA, 1) (Fig. 1), an oxylipin, was isolated as a stress-
releasing compound from Lemna paucicostata.12 The reaction
products of 1 with norepinephrine (NE) show strong flower-
inducing activity toward the seedlings. Investigations have
revealed that 9R-11-{(2S,8S,10S,11R)-2,8-dihydroxy-7-
oxo-11-[(Z)-2-phenyl]-9-oxa-4-azatricyclo[6.3.1.01,5]dodec-
5-en-10-yl}-9-hydroxy-10-oxoundecanoic acid (FN1, 2)
and its C-9 epimer (FN2, 3) were the major components in
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the reaction mixture, and that the former was active in flower
induction whereas the latter was inactive.13 These results
from L. paucicostata have prompted us to investigate possi-
ble involvement of 1 in the flowering of other plant species.

P. nil (cv. Violet) widely used as a traditional plant in flower-
ing studies is classified as a short-day plant that develops
flower buds when cotyledons of four- to five-day-old seed-
lings are exposed to a single 16-h dark condition.14 We
have observed a close relationship between 1 and photope-
riod-regulated flowering in P. nil.15 The endogenous level
of 1 in cotyledons of P. nil seedlings sharply increased at
the end of flower-inducing dark conditions and dropped
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Fig. 1. Structures of compounds 1, 2, and 3.
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rapidly to the basal level after the seedlings were exposed to
light. Flower bud formation was also correlated with the
elevated level of 1 within 11 to 16 h following the start of
inductive dark period. This transient accumulation of 1 in
cotyledons was not observed when seedlings were grown un-
der continuous light. This is of great importance because
very little is known about chemical changes in plants during
the exposure to flower-inductive photoperiod and points to
a possible role that 1 plays in the flowering of P. nil, as
well as L. paucicostata. Exogenously-applied 1 does not
induce the flowering in P. nil; however, it promotes the for-
mation of flower buds once the plants were exposed to the
inductive dark period.15 Thus, metabolite(s) of 1, for exam-
ple cycloadduct with NE as described above, are expected to
be in truly active form in planta. In our previous study, we
investigated the change in the contents of catecholamines,
including NE, and their structurally-related compounds in
P. nil during the exposure to an inductive dark period.16 It
was found that their contents in the cotyledons did not
change significantly throughout the experiment. Thus, it
seems likely that catecholamines and their derivatives in
P. nil do not interact with 1 during short-day induced flower-
ing. Therefore, knowledge of in vivo conversion of 1 is
essential in understanding the interaction between 1 and
flower induction.

Because little is known about the metabolism of ketol deriv-
ative of fatty acids, many aspects of metabolism of 1 in P. nil
are proposed. We have, therefore, sought to address this
issue by identifying the metabolic pathways of 1 under the
different photoperiods that induce or do not induce flower
formation in P. nil. Previous studies have indicated the
importance of chirality at C-9 for flowering.13,17 Therefore
we have also studied the effect of chirality on the metabo-
lism by feeding experiments with 9R-1 and 9S-1.

2. Results and discussion

2.1. Feeding study of [1-14C]-1 in P. nil

Our previous experiment revealed that elevated levels (175–
180 pmol/g tissue) of 1 in the 16-h dark-treated cotyledons
of P. nil immediately reduced to normal (25–30 pmol/g tis-
sue) after exposure to light.15 Therefore, in order to explore
the relationship between the metabolism of 1 and inductive
photoperiod, [1-14C]-1 was administered to the cotyledons
under three different conditions of dark/light periods: (a)
five-day-old seedlings of P. nil were exposed to 16-h dark,
and then the cotyledons were immersed in a solution of 1 un-
der reduced pressure followed by incubating the seedlings
under light for various times from 0.5 to 180 min; (b)
same as ‘a’ except that the seedlings treated with 1 were in-
cubated in continuous dark; (c) P. nil seedlings exposed to
16-h light were treated with 1 and subsequently kept under
continuous light conditions. The amount of [1-14C]-1 incor-
porated into the cotyledons was evaluated by measuring the
radioactivity in the residual solution to be ca. 300 pmol/g tis-
sue, suggesting that the physiological amount of [1-14C]-1
was incorporated into the cotyledons. The radioactivity of
1 immediately disappeared in all experiments (Fig. 2). Sig-
nificant differences in the metabolism of applied 1 were ob-
served between conditions a and c, whereas conditions a and
b did not show any significant differences. Exogenously-
applied [1-14C]-1 was metabolized 2-times faster in condi-
tion a than in condition c. This suggests that a flowering-
inductive dark period facilitates the metabolism of 1 and/or
that continuous light suppresses it.

In these experiments, the high radioactivity was also
observed in the fraction eluted at 10.0–10.5 min within
10 min after the treatment with [1-14C]-1 (Fig. 3A), suggest-
ing that 1 was rapidly metabolized into the more polar com-
pound. However, no radioactivity was observed in the
extract of P. nil after additional 20 min, suggesting that
b-oxidation occurred in these compounds and resulted in
loss of radioactivities. Hence, [1-14C]-1 appeared to be an
inappropriate tracer to examine metabolism of 1 in more
detail.

2.2. Profiling analysis of the metabolites of 1 in P. nil

In order to study the dynamics, cold 1 was fed as in condition
a to the seedlings of P. nil. Six major metabolites of 1 (4–9,
Fig. 3B) could be detected in the treated sample, while these
were not found in the control experiment. Among the meta-
bolites, the retention time of 4 (10.1 min) was coincident
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Fig. 2. Time-course studies on the in vivo conversion of [1-14C]-1 in P. nil.
Comparisons of disappearance of [1-14C]-1 between conditions a and b (A)/
a and c (B) were described. The error bars indicate the standard deviations of
three replicates. **P<0.01 and *P<0.05.
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with that of the radioactive fraction (10.0–10.5 min) ob-
tained upon feeding with a physiological level of [1-14C]-1
(Fig. 3A and B). Thus the same metabolism occurred in
the both experiments, although the amount of 1 fed to the
cotyledons was much higher than the physiological level.
Metabolites 4 and 5 were detected first followed succes-
sively by 6–9. Of the six metabolites, 8 and 9 were most
likely to be end products, since other metabolites disap-
peared within first 60 min following the start of the adminis-
tration of 1. After 90 min, none of these metabolites could be
detected and the resultant HPLC chromatogram was similar
to that of control experiment. These results demonstrate that
1 is metabolized by the following route: 1/(4, 5)/(6,
7)/(8, 9). As mentioned above, 4 showed identical reten-
tion time with the metabolite that was derived from
[1-14C]-1. This indicated that 5–9 were b-oxidative products
of 1 because relevant radioactivity could not be detected in
any of these after 10 min as shown in Figure 3A.

2.3. Identification of metabolites 4–9

Compounds 4–9 were purified by preparative HPLC and
each purified fraction was subjected to MS/MS analysis.
Moreover, these metabolites were prepared by similar
method but using [U-13C]-1 to acquire their 13C NMR and
INADEQUATE spectral data based on the vicinal 13C–13C
couplings.

The negative ion mass spectrum of 4 gave ions at m/z 293
[M�H�H2O]� and 275 [M�H�2H2O]� suggesting the
loss of two hydroxy groups from the deprotonated molecule
[M�H]� at m/z 311 (Fig. 4). 13C NMR spectrum of 4 showed
18 signals with 13C–13C couplings, of which a carbonyl car-
bon in 1 at C-10 position (dC 210.1 ppm) was reduced to
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Fig. 3. HPLC profiles from P. nil seedlings fed [1-14C]-1 (A) and 1 (B). Five-
day-old seedlings were immersed in the respective solutions, and incubated
for 10 min under light (condition a). The retention times for metabolites
4, 5, 6, 7, 8, and 9 are 10.1, 9.6, 8.7, 8.3, 7.1, and 6.8 min, respectively.
hydroxymethine (dC 76.1 ppm) (Table 1). INADEQUATE
spectrum confirmed the linkages from C-7 to C-18
(Fig. 5). These results gave the planar structure of 4 as
(12Z,15Z)-9,10-dihydroxy-12,15-octadecadienoic acid gen-
erated from 1 via reduction of 10-carbonyl group. The MS/
MS analysis of 5 showed fragment ions at m/z 263, 237, 219,
and 183 from the deprotonated molecule [M�H]� at m/z 281
(Fig. 4). This fragmentation pattern was similar to that of 1,
except that the product ions were smaller by 28 mass units
corresponding to ethylene fragment. Thus, it is likely that
5 was synthesized from 1 via b-oxidation. In line with this
observation, the 13C NMR data of [U-13C]-5 showed 16
carbon signals, where the loss of two methylene carbons
of 1 was observed (Table 1). INADEQUATE spectrum of
[U-13C]-5 confirmed the respective bond connections of
C-1 to C-8 and C-10 to C-16 carbons (Fig. 5). Thus, 5 was
revealed to be (10Z,13Z)-7-hydroxy-8-oxo-10,13-hexadeca-
dienoic acid, a b-oxidative product of 1. Deprotonated mole-
cules [M�H]�, m/z 283, of 6 and 7 showed fragment ions at
m/z 265, 247, 173, and 143 (Fig. 4) indicating these to be iso-
mers. Based on the molecular weight and mass fragmenta-
tion pattern, 6 and 7 were predicted to be formed from
either 4 via b-oxidation or 5 via reduction of carbonyl group.
The 13C NMR spectra of [U-13C]-6 and [U-13C]-7 displayed
characteristic carbon signals of carboxylic acid, two hydroxy-
methines, and diene among 16 carbon signals (Table 1).
These fragments could be connected by the INADE-
QUATE experiments (Fig. 5). Metabolites 6 and 7 were
confirmed as diastereomers of (10Z,13Z)-7,8-dihydroxy-
10,13-hexadecadienoic acid. The observed fragment ions
of 8 and 9 at m/z 237, 219, and 145 could be derived
from deprotonated molecules [M�H]� at m/z 255
(Fig. 4) suggesting two cycles of b-oxidation and a-ketol
reduction. By comparing the 13C NMR data of other me-
tabolites, the carbon signals of [U-13C]-8 and [U-13C]-9
were assigned (Table 1) and structures of 8 and 9 were de-
termined to be diastereomers of (8Z,11Z)-5,6-dihydroxy-
8,11-tetradecadienoic acid.

On the basis of above discussions, the metabolic route of 1 in
P. nil is shown in Figure 6. The pathways comprise of a-ketol
reduction and b-oxidation cycle of straight-chain acid. The
MS/MS analysis of the extract of P. nil also indicated
some other metabolites, for example, possible b-oxidation
product of 5; however, these could not be characterized
due to difficulties in purification. Thus, further b-oxidation
of the metabolites of 1 is likely in plants. b-Oxidation
enzymes specific for fatty acids of particular chain length
are involved in the biosynthesis of oxylipin plant hormone
jasmonate.18 Further studies are needed to determine the
involvement of specific enzymes to mediate the conversion
of 1 to 4–9 via reduction and b-oxidation, and to determine
the role of metabolism in controlling the activity of 1
in P. nil.

2.4. The metabolism of 9R-1 and 9S-1

It has been demonstrated that incubation of 9R-1 with NE
produces a flower-inducing factor known as 2. On the other
hand, compound 3, C-9 epimer of 2, derived from 9S-1 did
not show any flower-inducing activity.13 In addition, Yoko-
kawa et al. demonstrated that the activity of 9R-1 was
approximately 2-fold higher than that of (�)-1 in P. nil.17
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Fig. 4. Product-ion spectra of 4 (A), 5 (B), 6/7 (C), 8/9 (D), and 1 (E). They were monitored by negative electrospray ionization MS/MS for deprotonated
molecule [M�H]�. Proposed fragmentation patterns of respective metabolites and 1 are also shown.
Therefore, absolute configuration of 1 at C-9 is important for
the flowering. This raised another important question,
whether the metabolic pathways of 9R-1 and 9S-1 were
same or different in the seedlings of P. nil. The preliminary
experiment revealed that chirality of 1 at C-9 position was
not changed during the extraction and purification steps.
Hence, to examine the above document, feeding experi-
ments were conducted and 9R-1 and 9S-1 were separately
fed to the seedlings.

The metabolites of both 9R-1 and 9S-1 gave a single peak
corresponding to 7R-5 and 7S-5 in both LC–MS (Fig. 7)
and chiral HPLC analyses (see Section 4), indicating that
b-oxidation did not cause epimerization of 1. This is also
supported by the general mechanism of b-oxidation.18 Re-
duction of 1 to 4 was suggested to be enantio-selective at
C-10 position, since isomers of 4 derived from 9R-1 and
9S-1 show different HPLC characteristics (dominant one
detected at 10.6 and 10.9 min, respectively). The determina-
tion of absolute configuration of these metabolites is now in
progress, which will support the enantio-selectivity in the
reduction. The LC–MS profiles for further metabolites
were confusing. Diols 6 and 7 derived from both 9R-1 and
9S-1 show the identical LC characteristics. This provides
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Table 1. 13C NMR spectral data for metabolites [U-13C]-4–9

No. dC (ppm), multi., J (Hz)

4 5 6 7 8 9

1 179.4 (d, 55) 178.7 (d, 55) 180.7 (d, 53) 180.3 (d, 52) 180.6 (d, 55) 182.3 (d, 54)
2 36.2 (dd, 34, 55) 35.7 (ddd, 3, 34, 55) 37.6 (m) 37.1 (dd, 33, 52) 37.3 (m) 38.8 (m)
3 26.9 (t, 34) 25.9 (t, 34) 27.1 (t, 33) 26.7 (t, 33) 23.4 (t, 36) 23.7 (t, 35)
4 27.0 (m) 30.1 (dt, 35, 3) 30.7 (t, 33) 30.5 (dd, 33, 35) 33.9 (t, 36) 33.5 (t, 35)
5 30.5 (m) 26.2 (t, 35) 30.1 (t, 33) 26.9 (t, 35) 74.3 (dd, 36, 42) 75.3 (dd, 35, 39)
6 30.5 (m) 34.4 (t, 35) 34.0 (dd, 33, 35) 33.5 (t, 35) 75.2 (dd, 36, 42), 76.1 (dd, 39, 43)
7 30.5 (m) 77.8 (m) 74.5 (dd, 35, 40) 75.4 (dd, 35, 41) 32.0 (t, 42) 31.6 (t, 43)
8 33.6 (dd, 35, 36) 213.0 (dd, 38, 42) 75.2 (t, 40) 76.1 (dd, 36, 41) 127.3 (dd, 42, 69) 127.6 (dd, 43, 69)
9 74.5 (dd, 36, 41) 37.6 (m) 32.1 (t, 40) 31.6 (t, 41) 131.0 (dd, 41, 69) 130.7 (dd, 42, 69)
10 76.1 (dd, 40, 47) 122.1 (dd, 43, 71) 127.5 (dd, 40, 71) 127.5 (dd, 41, 70) 26.5 (t, 41) 26.5 (t, 42)
11 31.7 (t, 40) 132.5 (dd, 42, 71) 130.6 (dd, 41, 71) 130.6 (dd, 42, 70) 128.3 (dd, 41, 69) 128.3 (dd, 42, 70)
12 127.5 (dd, 40, 71) 26.6 (t, 42) 26.5 (t, 41) 26.6 (t, 42) 132.5 (dd, 42, 69) 132.4 (dd, 41, 70)
13 130.8 (dd, 42, 71) 127.6 (dd, 42, 71) 128.4 (dd, 41, 70) 128.3 (dd, 42, 70) 21.4 (dd, 34, 42) 21.4 (dd, 34, 41)
14 26.6 (t, 42) 133.1 (dd, 42, 71) 132.2 (dd, 41, 70) 132.5 (dd, 42, 70) 14.7 (d, 34) 14.7 (d, 34)
15 128.3 (ddd, 42, 70) 21.5 (ddd, 4, 34, 42) 21.5 (dd, 35, 41) 21.5 (ddd, 4, 34, 42)
16 132.7 (dd, 42, 70) 14.6 (d, 34) 14.7 (d, 35) 14.6 (d, 34)
17 21.5 (ddd, 4, 34, 42)
18 14.6 (d, 34)

Taken in CD3OD at 125 MHz.
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Fig. 5. Direct carbon correlations of 4�7 observed in INADEQUATE experi-
ments. Bold line represents the observed correlations.
the suggestion that the enantio-selectivity of keto-reductase
toward 5, which has a shorter carbon chain than 1, could be
ambiguous. On the other hand, relevant differences were ob-
served for metabolites 8 and 9 as shown in Figure 7. As yet,
we have no convincing insight about this matter. These may
give the reason for the difference in biological activity
between 9R-1 and 9S-1.

3. Conclusion

The present study demonstrated that exogenously-applied 1
is mainly metabolized via b-oxidation and reduction. The
metabolism of 1 in P. nil is regulated in accordance with
the flowering-inducing photoperiods. These studies have
also demonstrated the importance of chirality of 1. Further
study is necessary to establish the physiological relevance
of the observed metabolic pathway. The activities of these
metabolites toward floral induction and its promotion need
to be evaluated. At present, many genes related to the
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Fig. 6. Proposed metabolic pathway of 1 in P. nil.
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regulation of floral development have been elucidated
mainly from A. thaliana.1,2 In this respect, several of these
genes were tentatively identified in P. nil,19 suggesting that
the similar mechanism was involved in the flowering. Exam-
ination of the interaction between 1 and metabolites 4–9 and
the expression of such genes will give an important key to
address the physiological role of 1 in flower formation.

4. Experimental

4.1. General procedures

13C NMR and INADEQUATE spectra were recorded on
a JNM l500A spectrometer (JEOL, Tokyo, Japan) using
CD3OD as a solvent. LC–MS analysis was conducted with
an LC-10VP system equipped with LCMS 2010A mass
spectrometer (Shimadzu, Kyoto, Japan). LC–MS/MS exper-
iments were carried out on a Survey HPLC system (Thermo
Electron, MA, USA) equipped with LCQ Deca XP plus mass
spectrometer (Thermo Electron). The HPLC analysis was
performed with a JASCO (Tokyo, Japan) LC system. The
solvent for HPLC was available from Kanto Chemical
(Tokyo, Japan). A three-solvent system was used to generate
the mobile phase for HPLC: solvent A, 0.05% (v/v) formic
acid; solvent B, 0.05% (v/v) TFA; and solvent C, MeCN.

4.2. Plant material

P. nil (cv. Violet) was germinated as described previously.20

Seeds of P. nil (Marudane, Kyoto, Japan) were immersed in
concd H2SO4 for 20 min, and were subsequently washed in
running water overnight. The seeds were placed on soil and
incubated at 25 �C under continuous light (5000 lux). Five-
day-old plants were transferred to Nakayama’s liquid cul-
ture21 and incubated at 25 �C under light (5000 lux) for
5–6 h to synchronize the growth of the seedlings.

4.3. Syntheses of 1, [1-14C]-1, and [U-13C]-1

Compounds 1, [1-14C]-1, and [U-13C]-1 were enzymatically
synthesized from a-linolenic acid, [1-14C]a-linolenic acid
(909 nmol, 1.85 MBq, 55 mCi/mmol, Japan Radioisotope
Association, Tokyo, Japan), and [U-13C]a-linolenic acid
(13C%>98%, Spectral Gases Inc., NJ, USA), respectively.12

HPLC analysis using a chiral column revealed that this
method provided enantiomeric 1 (R:S¼3:1). Optically-pure
9R-1 and 9S-1 were obtained by chiral HPLC separation
[column, CHIRALPAK OD-RH 250 mm�20 mm (Daicel
Chemical, Tokyo, Japan); flow rate, 10 mL/min; solvent,
40% (v/v) C/(A+C) for 30 min and thereafter gradient 40–
43% (v/v) C/(A+C) within 30 min; temperature, 8 �C].

4.4. Feeding experiments and HPLC analyses

The cotyledons of P. nil were immersed in a solution of 1
([1-14C]-1, 125 ng/mL; 1 and [U-13C]-1, 200 mg/mL; 9R/
9S-1, 50 mg/mL) under reduced pressure (80 mmHg) for
1 min. After incubation for appropriate times, the seedlings
were homogenized in liquid N2 and extracted with EtOAc
five times by sonication for 1 min. The extracts were com-
bined and evaporated to dryness. The residue was dissolved
in 20% (v/v) MeCN, and applied to a Supelclean ENVI-
Chrom-P SPE (0.5 g) (SUPELCO, PA, USA). After washing
with 20% (v/v) MeCN, 1 and its metabolites were eluted with
80% (v/v) MeCN from the column. The in vivo conversion of
[1-14C]-1 was examined by the radioactivity of HPLC-puri-
fied fraction [HPLC conditions: column, CAPCELL PAK
C18 UG 150 mm�4.6 mm; flow rate, 1.0 mL/min; solvent,
25–70% (v/v) C/(B+C) within 10 min and then 70–100%
(v/v) C/(B+C) for 10 min; temperature, 40 �C]. Metabolic
profiling of applied 1 was performed with following
HPLC conditions: column, CAPCELL PAK C18 UG
150 mm�4.6 mm; flow rate, 1.0 mL/min; solvent, 25–75%
(v/v) C/(B+C) within 10 min and thereafter 75–100% (v/v)
C/(B+C) for 2 min; temperature, 40 �C; detection, 220 nm.

4.5. Isolation and structure determination of metabolites
4–9

P. nil seedlings (26 g fresh wt) previously immersed in a so-
lution of 1 or [U-13C]-1 as described above and incubated for
10 min were extracted and partially-purified in accordance
with feeding experiments. The former was subjected to
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LC–MS/MS analysis operated in product-ion scan mode.
HPLC conditions: column, CAPCELL PAK C18 UG
150 mm�2.0 mm; flow rate, 0.2 mL/min; solvent, 25–75%
(v/v) C/(A+C) within 10 min and thereafter 75% (v/v) C/
(A+C) for 2 min; temperature, 40 �C. MS conditions: spray
temperature, 350 �C; CID energy, 10 V; collision gas, He.

For NMR analysis, the metabolites of [U-13C]-1 were puri-
fied by preparative HPLC under following conditions: col-
umn, CAPCELL PAK C18 UG 150 mm�4.6 mm; flow
rate, 1.0 mL/min; solvent, 25–70% (v/v) C/(B+C) within
10 min and thereafter 70–100% (v/v) C/(B+C) for 2 min;
temperature, 40 �C.

4.6. LC–MS analyses of the metabolites of 9R-1 and 9S-1

The cotyledons of P. nil were immersed in a solution of ei-
ther 9R-1 or 9S-1 (25 mg/mL). The preparation of the sam-
ples was according to the method mentioned in Section
4.4. The LC–MS conditions were as follows, HPLC condi-
tions: column, CAPCELL PAK C18 UG 150 mm�2.0 mm;
flow rate, 0.2 mL/min; solvent, 25–75% (v/v) C/(A+C)
within 10 min and thereafter 75% (v/v) C/(A+C) for
2 min; temperature, 30 �C. MS conditions: spray tempera-
ture, 350 �C. Chiral HPLC analysis of metabolite 5 was per-
formed as follows, HPLC conditions: column, CHIRALPAK
OD-RH 150 mm�4.6 mm; flow rate, 0.2 mL/min; solvent,
45% (v/v) C/(A+C); temperature, 8 �C. Compounds 9R-1
and 9S-1 gave the different retention times corresponding
to the respective enantiomers of 5, 22.5 and 21.0 min.
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