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Abstract

The biosynthetic pathway to natural pyrethrins in Chrysanthemum cinerariaefolium seedlings was studied using [1-13C]D-glucose

as a precursor, with pyrethrin I isolated using HPLC from a leaf extract. The 13C NMR spectrum of pyrethrin I from the precursor-

administered seedlings indicated that the acid moiety was biosynthesized from D-glucose via 2-C-methyl-D-erythritol 4-phosphate,

whereas the alcohol moiety was possibly biosynthesized from linolenic acid.

� 2005 Elsevier Ltd. All rights reserved.

Keywords: Chrysanthemum cinerariaefolium; Compositae; Pyrethrin; Biosynthesis; Non-mevalonate pathway; Octadecanoid pathway; 1-Deoxy-D-

xylulose 5-phosphate; 2-C-methyl-D-erythritol 4-phosphate
1. Introduction

Pyrethrins are insecticidal second metabolites of

Chrysanthemum cinerariaefolium which accumulate in

high concentrations in the flowers (Casida, 1973; Mor-
gan and Wilson, 1999). Natural pyrethrins, as well as

dried flower powders including them, were previously

employed to control household pests, but have been re-

placed by synthetic pyrethroids since the natural insecti-

cides are inferior in stability, insecticidal efficacy and

production costs (Katsuda, 1999). Nevertheless, recent

requirements for safe and environmentally friendly pes-

ticides are boosting the use of natural pyrethrins. Thus,
a detailed understanding of the biosynthetic pathway to

pyrethrins is of potential importance to enhance pyre-

thrin levels in C. cinerariaefolium, e.g., in order to lower
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production costs and to enable construction of trans-

genic plants synthesizing pyrethrins.

Pyrethrins that possess an ester linkage are classified

into types I and II (Fig. 1, compounds 1–6). The type I

esters (1–3) have a chrysanthemoyl moiety, whereas
type II (4–6) have a pyrethroyl moiety with an addi-

tional ester linkage, methoxycarbonyl group. A com-

mon structural feature of the acid moieties is the

presence of a cyclopropane ring. Rivera et al. (2001)

have isolated chrysanthemyl diphosphate synthase

(CPPase) and cloned the gene from chrysanthemum

flowers. The recombinant CPPase expressed in E. coli

was able to catalyze cyclopropane ring formation to
give chrysanthemyl pyrophosphate (12) using two mol-

ecules of dimethylally pyrophosphate (DMAPP (11))

with the substrate generated by isomerization of isopen-

tenyl pyrophosphate (IPP (10)) (Fig. 2). IPP (10) is bio-

synthesized via mevalonate (8) in animals, but recent

research has shown that IPP (10) is also biosynthesized
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Fig. 2. Biosynthesis of the acid moiety of pyrethrin I (1) via mevalonate and non-mevalonate pathways. Open and closed symbols show the 13C label

from [1-13C]D-glucose (7) in compounds occurring in the mevalonate and non-mevalonate pathways, respectively.

Fig. 1. Chemical structures of natural pyrethrins (1–6).
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via 1-deoxy-D-xylulose 5-phosphate (DXP) and its

metabolite 2-C-methyl-D-erythritol 4-phosphate (MEP,

9) in plants and many eubacteria (Rohmer et al.,

1996; Rohmer, 1999; Dubey et al., 2003; Eisenreich

et al., 2004) (Fig. 2). Such a ‘‘non-mevalonate pathway’’

or ‘‘mevalonate-independent pathway’’, involving

DXP and MEP (9) as intermediates, is seen in the plas-

tids, whereas the mevalonate pathway is present in the
cytosol (Lichtenthaler, 1999; Rohmer, 1999). Hence,

although it has been shown that [14C]mevalonic acid

(8) was incorporated into the acid moiety of pyrethrins

when investigated using the flowers (Crowley et al.,

1961, 1962), the non-mevalonate pathway can be in-

volved, as a major pathway in the biosynthesis of the

acid moiety, at least in leaves.

On the other hand, pyrethrolone (19), the keto-
alcohol moiety of pyrethrin I (1), is conceivably gener-

ated from cis-jasmone (17, Fig. 3). Alternatively, it
may be generated from 7-hydroxy-jasmonic acid (18),

which is unsaturated and subsequently decarboxylated

to give jasmolone. Since not only cis-jasmone (17,

Koch et al., 1997), but also its upstream compounds

12-oxo-phytodienoic acid (16) and jasmonic acid

(Yoshihara and Greulich, 1999; Feussner and Waster-

nack, 2002), are biosynthesized from linolenic acid

(15), pyrethrolone probably derives from linolenic acid
(15) as predicted earlier by Crombie (1995). However,

no convincing result in support of this prediction has

been obtained.

The aim of this study was to examine these hypothe-

ses for pyrethrin biosynthesis in the seedlings of C. cin-

erariaefolium. [1-13C]D-Glucose (7) was administered to

the seedlings, with pyrethrin I (1) isolated thereafter sub-

jected to 13C NMR spectroscopic analysis. The results
suggest that the acid moiety is synthesized from MEP

(9) by the non-mevalonate pathway (Fig. 2), whereas



Fig. 3. Biosynthesis of the alcohol moiety of pyrethrin I via linolenic acid (15). Closed 13C label from [1-13C]D-glucose (7).
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the alcohol moiety is likely to stem from linolenic acid

(15) by the octadecanoid pathway (Fig. 3).
2. Results and discussion

All six pyrethrin members (1–6) were found to be

present in the leaf extract of the C. cinerariaefolium seed-

lings (Fig. 4) as reported elsewhere (Zito and Tio, 1990).

This is not surprising because pyrethrins are thought to

operate as defense substances (e.g., insect antifeedants).
The presence of pyrethins in young seedlings with no

flowers demonstrates that the compounds build up in

the leaves. Preliminary experiments using 2 months old

seedlings revealed that, among natural pyrethrins (1–6,

Fig. 1), pyrethrin I (1) was present at the highest concen-

tration. In addition, the highest content of pyrethrin I
Fig. 4. High-performance liquid chromatogram (HPLC) of natural pyret

cinerariaefolium (see Section 3). The arrows 1–6 indicate the peaks of natur

jasmolin II (4); peak 4, cinerin I (3); peak 5, pyrethrin I (1); peak jasmolin I
(1) was observed in 5–6 months old seedlings (Fig. 4).

Therefore, considering these preliminary findings along

with greater leaf amounts compared to those of younger
seedlings, 6 months old seedlings were employed for the
13C-administration experiments.

The two possible biosynthetic pathways for the acid

moiety of pyrethrin I (1) are illustrated in Fig. 2. A key

step in the biosynthesis is the cyclopropanation catalyzed

by CPPase. According to the reaction mechanism pro-

posed for CPPase (Rivera et al., 2001), C-2, 5, 7–10 in

pyrethrin I (see Figs. 2 and 5 for these numbering of
the carbons) are labeled if mevalonate (8) is the interme-

diate, whereas C-1, 4, 8 and 9 are labeled ifMEP (9) is the

intermediate (Fig. 2). The 13C NMR spectrum (Fig. 5) of

pyrethrin I (1) isolated from the precursor-treated seed-

lings indicated that 13C was preferentially incorporated

into the C-1, 4, 8 and 9 positions (Fig. 5 and Table 1),
hrins contained in a leaf extract of 6 months old seedlings of C.

al pyrethrins (peak 1, cinerin II (6); peak 2, pyrethrin II (3); peak 3,

(2)).



Fig. 5. 13C NMR spectra of control (a) and 13C-labeled (b) pyrethrin I (1).

Table 1
13C isotopic abundance of pyrethrin I (1)

Carbon atoma d (ppm) 13C abundanceb

Acid moiety

1 172.3 1.28

2 34.5 0.81

3 29.1 0.85

4 33.0 1.23

5 120.8 0.81

6 135.9 0.79

7 25.6 0.84

8 18.5 1.24

9 20.4 1.33

10 22.1 0.86

Alcohol moiety

10 203.8 1.36

20 142.0 0.76

30 165.4 0.66

40 72.9 1.10

50 42.0 0.90

60 21.7 1.24

70 126.9 0.83

80 130.4 1.21

90 131.6 0.86

100 118.3 1.18

110 14.1 1.15

a The carbon numbers in the acid and alcohol moieties are shown in

Figs. 2 and 3, respectively.
b Abundance of each 13C signal of the labeled pyrethrin I was rep-

resented as the ratio to that of the corresponding carbon of the

unlabeled one.
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suggesting that the mevalonate-independent pathway

was predominantly involved in the biosynthesis of the

acid moiety. It has been shown that labeling at C-3 as
well as C-1 and C-4 in DMAPP (11), which results in

labeling at C-3 and C-6 in pyrethrin I (1), could occur

by generation of [2-13C]pyruvic acid from [3-13C]pyruvic

acid by tricarboxylic acid cycle reactions combined with
phosphoenol pyruvic carboxykinase and pyruvic kinase

reactions (Hirai et al., 2000). Furthermore, labeling at

C-7 and C-10 in pyrethrin I (1) might also be caused by

imperfect stereocontrol of the DMAPP/IPP isomerase

reaction. However, it was difficult to detect significant

labeling at C-3, C-6, C-7 and C-10 in pyrethrin I (Fig.

5 and Table 1), excluding marked generation of [2-13C]

pyruvic acid in the administration experiment.
The earlier reports that [14C]mevalonic acid (8) was

incorporated into the flower-derived pyrethrins (Crow-

ley et al., 1961, 1962) appear to present a contradiction

to our findings. However, the material employed by

Crowley et al. differs from that used in the present

study. In addition, even if the acid moiety is biosynthe-

sized by the non-mevalonate pathway in the flowers,

mevalonic acid (8) could be incorporated to give the
acid moiety as the result of cross talk between the mev-

alonate and non-mevalonate pathways (Arigoni et al.,

1997; Adam et al., 1998; Hemmerlin et al., 2003). The

low incorporation ratio of [14C]mevalonic acid (8) into

pyrethrin I (1) observed by Crowley et al. (1961, 1962)

may reflect such cross talk. In any way, it will be of

interest in future to investigate which pathway is mainly

involved in the biosynthesis of the acid moiety in the
flowers.

Pyrethrolone (19) is likely to be generated from

cis-jasmone (17) by hydroxylation of the cyclopentenone



Fig. 6. Non-mevalonate (Route I) and octadecanoid (Route II) pathways involved in biosynthesis of pyrethrin I (1) in the seedlings of

Chrysanthemum cinerariefolium.
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ring and unsaturation of its side chain, but it may also

occur from 7-hydroxy-jasmonic acid (18) by unsatura-

tion and decarboxylation (Fig. 3). Whatever the inter-

mediate, linolenic acid (15) is the most possible origin

of the alcohol moiety of pyrethrin I. From [1-13C]D-glu-

cose (7) administered, C-2 labeled acetyl coenzyme A

(14) will be obtained via C-3 labeled pyruvic acid (13),
resulting in generation of linolenic acid (15) in which

even-numbered carbons are labeled (Fig. 3). If this fatty

acid is the origin, then the carbons marked with closed

circles in Fig. 3 should be labeled in pyrethrolone (19).

The 13C NMR spectrum of pyrethrin I (Fig. 5 and Table

1) isolated from the [1-13C]D-glucose-administered seed-

lings agrees well with this prediction. However, more

work is needed to clarify the overall biosynthesis scheme
by conducting similar administration experiments using

not only linolenic acid (15) but also cis-jasmone (17) and

7-hydroxy-jasmonic acid (18), which are labeled at

appropriate positions.

In conclusion, we have found for the first time that

the acid moiety of pyrethrin I (1) is generated via

MEP (9) in the seedlings of C. cinerariaefolium. In

addition, the alcohol moiety, pyrethrolone (19), was
found to likely arise from linolenic acid (15). The

non-mevalonate pathway reactions, as well as part of

the octadecanoid pathway reactions, proceed in the

plastids. Therefore, plastids of C. cinerariaefolium
seedlings seem to play a key role in regulating pyre-

thrin biosynthesis. The two pathways illustrated in

Fig. 6 probably synchronize effectively to ultimately

combine the acid and the alcohol moieties. Such cross

talk remains to be elucidated in detail to enhance our

understanding of the mechanisms underlying pyrethrin

biosynthesis.
3. Experimental

C. cinerariaefolium seedlings were grown in the field

for approximately 6 months from May to November

of 2001. The roots of twenty seedlings were immersed

in 1% (w/v) aqueous solution (200 ml) of [1-13C]D-
glucose (1, 99%, Cambridge Isotope Laboratories, MA,

USA) for seven days under illumination at 25 �C. The
leaves of Chrysanthemum seedlings (25.3 g) were frozen

in liquid N2 and milled. The resulting powders were di-

vided into five portions and each portion was homoge-

nized in acetone (80 ml/portion, total acetone used:

420 ml including 20 ml acetone for rinsing the glassware)

and the combined extract was filtered. An aqueous solu-
tion (210 ml) containing 1.25% NH4Cl and 2.5% phos-

phoric acid was added to the filtrate and the mixture

was placed in an ice-water bath for 30 min. The precip-

itates were removed by filtration and 4% NaCl aqueous
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solution (1000 ml) was added. After removal of acetone

under reduced pressure as much as possible, the filtrate

was extracted with hexane (3 · 500 ml) and the com-

bined extract was dried (anhydrous MgSO4). After

evaporation of the solvent, the residue was dissolved

in CH3CN (20 ml) with the solution divided equally into
five portions. Each portion was added to a Sep-Pak

C18-cartridge (Nihon Waters K.K., Tokyo, Japan) with

the pyrethrins absorbed eluted from the cartridge with

CH3CN (6 ml). An aliquot (1 ll) of the CH3CN soluble

was subjected to HPLC analysis to confirm the presence

of pyrethrin I (1) and related components in the extract.

The HPLC analysis was conducted using a VP10A sys-

tem (Shimadzu Co., Kyoto, Japan) equipped with an
analytical column (L-column ODS, 150 · 4.6 mm i.d.,

Chemical Evaluation and Research Institution, Tokyo,

Japan) with a CH3CN–H2O mixture (65:35) at a flow

rate of 1 ml min�1 at room temperature. Natural pyre-

thrins (1–6) were detected by monitoring their ultravio-

let absorption at 230 nm. An example of HPLC of the

leaf extract is shown in Fig. 4. The retention times

(min) of pyrethrins are as follows: cinerin II (6), 8.2;
pyrethrin II (4), 8.6; jasmolin II (5), 11.1; cinerin I (3),

18.1; pyrethrin I (1), 19.0; jasmolin I (2), 25.8.

The remaining CH3CN solution of pyrethrins was

again concentrated in vacuo, with the residue dissolved

in CH3CN (3 ml). From this solution, pyrethrin I (1)

was isolated employing the VP10A HPLC system com-

bined with a Shim-Pack PREP-ODS preparative column

(250 · 20 mm i.d., Shimadzu Co., Kyoto, Japan) and a
CH3CN–H2O mixture (65:35) at a flow rate of 10 ml

min�1. The separated pyrethrin I solution was concen-

trated in vacuo and extracted with diethyl ether

(3 · 100 ml). The Et2O was dried (anhydrous MgSO4)

with the solvent evaporated to give a syrupy residue

(8.0 mg) containing pyrethrin I. Unlabeled pyrethrin I

was isolated from Pyrethrins Standard (50–60% in

isoparaffin) (Wako Pure Chemical Industries, Osaka,
Japan) using the same HPLC system, column and sol-

vent system as employed for isolation of labeled pyre-

thrin I. The 13C NMR spectra of labeled (4.6 mg) and

unlabeled pyrethrin I (4.6 mg) in CDCl3 (600 ll) were re-
corded by the same scan numbers (10,000 scans) using a

JEOL JMN EX270 spectrometer at 67.5 MHz with

TMS as an internal standard at 25 �C. All 13C NMR sig-

nals were assigned according to Crombie et al. (1975).
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