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Abstract

Based on reversed-phase high-performance liquid chromatography (RP-HPLC) and atmospheric pressure chemical
ionization (APCI) mass spectrometry, a HPLC—MS method was developed to permit the rapid qualitative and quantitative
analysis of azadirachtin and related tetranortriterpenoids from seeds and tissue cultures of Neem (Azadirachta indica).
APCI + standard scanning mass spectra of the major Neem triterpenoids were recorded and utilized to select suitable ions for
selected ion monitoring (SIM). Transitions for selective reaction monitoring (SRM) were based on MS-MS experiments.
Using SIM, major Neem triterpenoids were detected in callus culture material and seed kernels of A. indica. The limit of
detection for azadirachtin in extract samples (~1 ng ml~* or 10 pg in SIM mode) was determined to be (with respect to
injected absolute amounts) approximately 1000-times lower than values quoted in the literature for existing HPLC methods
(~200 ng ml™* or 10 ng). In addition to high sensitivity, the HPLC-MS method is able to tolerate minimal sample
preparation and purification, dramatically reducing total analysis time. O 2000 Elsevier Science BV. All rights reserved.
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1. Introduction compounds added to the list every year [1-3].

Among these compounds, limonoids (tetranortriter-

The Neem tree (Azadirachta indica A. Juss, Fam.
Méeliaceae), originating from India, is one of the
richest sources of secondary metabolites in nature.
To date more than 300 natural products have been
isolated from different parts of the tree, with new
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penoids) form the major group (Fig. 1) [4].

The biological activity of Neem had been known
for centuries, and preparations have been used in
traditional Indian medicine since ancient times. In
1968 Butterworth and Morgan isolated azadirachtin
as the main insecticidal component of Neem [5,6].
However, it took 17 years for the correct structure of
this highly oxidized triterpenoid to be established
[7,8]. Azadirachtin can be isolated in small amounts
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Fig. 1. Structures of major triterpenoids from the seeds of Azadirachta indica.

from all parts of the Neem tree, but is present at
highest concentration in the mature seeds [1].
Azadirachtin is particularly well-known for its effec-
tiveness as a defensive compound against insects,
acting as a strong anti-feedant and causing growth
disruption in many insect species [9,10].

Due to favourable properties such as low toxicity
against non-target organisms, low persistence in
nature and systemic action [11], azadirachtin and its
natural, or synthetic, analogues are highly promising
candidates for the development of novel naturally
derived insecticides. In fact, a variety of insecticides
prepared from Neem extracts are commercialy
available [12]. However, since these insecticides are
based on seed extracts, the concentrations of
azadirachtin and related triterpenoids are rather low
and may vary due to fluctuating contents in the
natural sources, or susceptibility of the compounds to
environmental influences (heat, light) [13-15]. Re-
garding the commercial and industrial relevance of
azadirachtin, extensive efforts have been made in
recent years to facilitate the in vitro production of

azadirachtin. There are now a number of reports of
the production of Neem triterpenoids in callus cul-
tures [12,16—20], cell cultures [15,21,22] and hairy
roots [12,23] of A. indica.

In the past, approaches to the qualitative and
quantitative analysis of azadirachtin and other Neem
triterpenoids from different sources mostly included
reversed-phase high-performance liquid chromatog-
raphy (RP-HPLC), because of the polarity of the
Neem compounds [24-27]. However, the UV de-
tection that is usually utilised for the quantification
of azadirachtin is not very sensitive, since the
molecule does not carry strong UV absorbing chro-
mophores. The UV signal has to be recorded at low
wavelengths (217 nm, €=9200) in order to maxi-
mise sensitivity, requiring the use of solvent systems
that are UV-transparent in this range [24]. Early
attempts at a quantification of azadirachtin in Neem
oil, using UV detection, gave the rather low sensitivi-
ty of 50 pg g~ * (50 ppm) [25]. Sundaram and Curry
developed an improved RP-HPLC method for the
analysis of azadirachtin in Neem oil and commercial
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formulations (limit of detection 3 ppm), aswell asin
complex environmental matrices (0.2—-0.25 ppm)
[24,26]. Supercritical fluid chromatography (SFC)
was employed by the Morgan group, in addition to
RP-HPL C [28-30]. Recently, Jarvis et a. developed
a method for rapid separation of triterpenoids from
Neem seed extracts using fractionation with Biotage
flash chromatography followed by analysis of the
fractions by thin-layer chromatography (TLC), SFC
or HPLC [31]. However, all these methods require
considerable sample preparation and have rather high
limits of detection. A completely different analytical
approach was taken by Schilitz et al. who developed a
highly sensitive enzyme-linked immunosorbent assay
(ELISA) for the analysis of azadirachtin within a
range of detection from 10 to 1000 ppb [32], though
one disadvantage of this method might be its in-
sufficient ability to discriminate between azadirachtin
and compounds with closely related structures, e.g.
degradation products.

Due to their complexity, the structure elucidation
of novel Neem triterpenoids inevitably requires the
use of a broad array of modern nuclear magnetic
resonance (NMR) techniques (e.g. COSY, NOESY,
etc.), which generally means extensive and laborious
purification. However, there is a requirement for the
rapid and sensitive analysis of known triterpenoids in
order to determine their presence in Neem tissue and
products. Here we report the suitability of liquid
chromatography—mass spectrometry (LC-MS) for
the detection of triterpenoids in Neem extracts, using
atmospheric pressure chemical ionization (APCI).

2. Experimental

2.1. Tissue culture

The Azadirachta indica calus cultures were
initiated, in 1990, from sterile seedlings, grown from
seeds obtained from Togo in West Africa The
culture medium was optimised with the callus cell
lines, and the most effective medium was called Vm.
This medium consists of Murashige and Skoog basal
salts with minimum organics (MS basa medium;
No. 5519; Sigma, Deisenhofen, Germany) sup-

plemented with sucrose (30 g |™%), indolebutyric
acid (IBA, 196 pM; 4 mg |™%), 6-benzyl-
aminopurine (BAP, 8.87 uM; 2 mg |™%), casain
hydrolasate (1 g | %), agar (1%, w/v). All reagents
were purchased from Sigma.

The callus cultures are maintained in culture tubes
(15020 mm) containing 8 ml of agarised medium.
Incubation conditions are at 28°C either in the dark
or with alight/dark cycle of 16/8 h with the light at
2500 Lux. The cultures are regularly subcultured
(every 16-21 days).

2.2, Extraction

Freeze—dried calus tissue (5 g) was ground in
liquid nitrogen and extracted with methanol (3<100
ml). After addition of 150 ml water the solution was
partitioned against 3X50 ml CH,Cl,. The methanol—
water layer (upper) was discarded, the dichlorome-
thane layers combined and dried over MgSO,. The
extract was evaporated to dryness in a rotatory
evaporator (400 mbar, room temperature) and re-
dissolved in 5 ml methanol prior to anaysis by
HPLC-MS.

Dried Neem seeds, originating from India, were
supplied by Professor E.D. Morgan, University of
Keele, Keele, UK. The husks of 5 g of seeds were
removed and the kernels deoiled by grinding in light
petroleum (330 ml for 20 min). After filtration, the
filtrate (containing the oil) was discarded and the dry
meal ground in methanol (330 ml for 20 min). The
combined, filtered extracts were concentrated to 20
ml in a rotatory evaporator and water (20 ml) was
added. This solution was partitioned against CH,Cl,
(2x40 ml) and the combined CH,CIl, layers evapor-
ated to dryness (400 mbar, room temperature). The
residue was re-dissolved in 5 ml methanol and
analysed by HPLC-MS.

2.3 Instrumentation

A Hewlett-Packard Series 1100 HPLC system,
equipped with a UV detector, was connected to a
Quattro Il quadrupole-hexapole-quadrupole tandem
mass spectrometer (Micromass, Altrincham, UK).
Analyses were performed with an APCI interface
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(Z-spray source). Data were recorded and analysed
with MassLynx 3.1 software (Micromass).

2.4. HPLC conditions

A Supelcosil LC-18 RP-HPLC column (10 cmX
4.6 mm |.D., 5 pm pore diameter, column tempera-
ture 30°C; Supelco, Deisenhofen, Germany) served
as the stationary phase, while a gradient of water and
acetonitrile (ACN)+0.1% trifluoroacetic acid (TFA)
was employed as the mobile phase. The gradient
used in APClI mode (constant flow-rate 0.5 ml
min~") started with 20% ACN+TFA (5 min iso-
cratic), and over a period of 10 min the percentage of
ACN+TFA was increased to 65% (10 min isocratic)
and subsequently decreased again to 20% ACN+
TFA (2 min isocratic). UV signals were recorded at
217 nm with an attenuation of 1000 and a response
of 2000 ms.

2.5. MS conditions

Samples were analysed in APCI positive mode
with a probe temperature of 400°C and a source
block temperature of 150°C. Nitrogen (300 | h™")
was used as the APCI sheath and drying gas, and
argon (2x10°° mbar) as the collison gas for
selective reaction monitoring (SRM) experiments.
The source was operated with a corona pin voltage
of 3.50 kV, and a cone voltage of 25 V. Suitable
reactions and conditions for SRM experiments were
established for azadirachtin, nimbin and salannin by
a series of product ion scans (cone voltage 30 V,
collision energy 15 &V).

2.6. Analysis and quantification

In order to compare the sensitivity and selectivity
of different MS methods for the anaysis of
azadirachtin, standard as well as extract samples
were analysed in full scan, selective ion monitoring
(SIM) and SRM modes using the APCI interface.
The dwell time for each ion was 1.00 s. For the
extract samples, selected ion scans for each com-
pound were restricted to specific retention time
windows (cortisol: 0.0 to 15.0 min, azadirachtin:
15.0 to 18.0 min, 6-desacetylnimbin: 18.0 to 20.6

min, nimbin: 20.6 to 22.5 min, salannin: 21.5 to 32.0
min).

Cortisol (0.01 mg ml~*) was employed as an
internal standard for the quantification of azadirach-
tin in extract samples. The following concentrations
of azadirachtin (mg ml~* methanol) were used for
calibration: 0.0005, 0.005, 0.02, 0.04, 0.06, 0.08, 0.1,
0.15, 0.20. Each injection (10 wl) of standard or
extract samples was repeated three times using an
autosampler.

2.7. Chemicals

All solvents used were of HPLC grade. Triter-
penoids in Neem extracts were identified by com-
parison of their retention times and APCI+ mass
spectra with the corresponding standards. Azadirach-
tin, nimbin and salannin isolated from Indian Neem
seeds were kindly supplied by Professor E.D. Mor-
gan and Dr. G.R. Jones, University of Keele. 6-
Desacetylnimbin was prepared by saponification of
nimbin (10 mg) in a saturated solution of Na,CO, in
methanol (1 ml). After stirring for 16 h at room
temperature, the methanol was evaporated and the
residue dissolved into water. The pH was adjusted to
5 with HCI and the solution partitioned against ether.
The ether was removed and diazomethane in ether (1
ml) was added to the residue. After 16 h at 4°C, the
solution was evaporated to dryness giving an approx-
imately 50:50 mixture of nimbin and 6-desacetylnim-
bin (by HPLC-APCI+ MS).

3. Results and discussion

3.1. APCI + mass spectra of Neem triterpenoids

The APCI+ mass spectrum of azadirachtin (Fig.
28) showed only a weak protonated molecule [M +
H]" a m/z 721, but a relatively intense sodium
adduct ion [M+Na] * at m/z 743 caused by traces of
Na' in the HPLC solvent. The base peak (m/z 703)
was formed by elimination of water [M+H—H,O] .
Though every effort was made to standardise the
conditions, changes in the relative intensities of ions
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Fig. 2. APCI+ mass spectra of the triterpenoids studied; (a) azadirachtin, (b) nimbin, (c) 6-desacetylnimbin, (d) salannin; experimental

conditions see text.
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were observed over time. Therefore, in the SIM
mode, three ions (including the sodium adduct ion)
were chosen to alow accurate quantification of
azadirachtin. Hence, m/z 743, 703 and 685 (resulting
from cleavage of two water molecules from [M+
H] ") were selected for SIM.

In contrast to azadirachtin, the protonated mole-
cules [M+H] " in the spectra of nimbin (m/z 541,
Fig. 2b) and salannin (m/z 597, Fig. 2d) formed the
base peaks. Mgjor fragments were mostly derived
from cleavage of ester bonds by successive elimina-
tion of methanol [M+H—CH,OH] " and/or acetate
and tiglate groups. The spectra of 6-desacetylnimbin
and salannin exhibited very strong [M+H] " ions and
only little fragmentation. Formation of sodium ad-
duct ions was constantly weak (m/z 619 for salannin)
or absent (6-desacetylnimbin). For that reason, only
the [M+H] " ions were selected for SIM experi-
ments.

Two conspicuous ions at [M+64] © (base peak for
6-desacetylnimbin) and [M+159] © appeared in the
spectra of nimbin and 6-desacetylnimbin. The pres-
ence of these adduct ions was not only observed in
the spectra of extract samples, but also in the
corresponding standards. The [M+64] * ion might be
due to adduct formation with Na“ [+23] and
acetonitrile (CH,CN) [+41], while [M+159] might
be formed by addition of Na“ and (CF3COO ™~ Na")
[+136]. These hypotheses are supported by the
results of MS-MS experiments with nimbin, show-
ing an emergence of m/z 563 as the only significant
product ion for both m/z 699 [M+159] " and 604
[M+64] . The ion in question can be formed from
m/z 699 by loss of sodium trifluoroacetate (—136)
and from m/z 604 by loss of acetonitrile (—41). A
parent ion scan for m/z 563 confirmed its origin
from both m/z 604 and 699.

Although the spectrum of salannin also exhibited
an [M+64] ion, it was of considerably lower intensi-
ty than for the nimbin skeleton. The highest stability
of response for nimbin in SIM mode was obtained
using the combination of ions m/z 699, 604, 541
[M+H]" and 509 [M+H—CH,OH] ".

Based on the MS-MS experiments (product ion
scans), we chose the following fragmentations in
order to perform SRM analyses: m/z 703- 685
(azadirachtin), m/z 541509 (nimbin) and m/z
597 - 419 (salannin).

32 Analysis of Neem extracts with HPLC—
APCI + MS

The limits of detection for azadirachtin in standard
and Neem seed extract samples (see Section 3.3)
were determined by injecting serial tenfold dilutions
in methanol, using different MS methods in the
APCI+ mode. For standards, SRM was the least
sengitive (but most selective) method, with a de-
tection limit of 140 pug ml~* (1.4 ug), followed by
standard scanning MS (m/z 600 to 750), which gave
a detection limit of 14 pg ml~* (0.14 wg). In SIM
mode the lowest detectable amount of azadirachtin
was 1.4 pg (140 pg ml ). Thus, SIM, as the most
sensitive method, was selected for the analysis of
Neem extracts.

Fig. 3 shows the HPLC chromatogram from
analysis of a crude extract of freeze—dried A. indica
calus tissue culture material. The data are from a
single analysis, with Fig. 3a showing the UV detector
response (217 nm) and Fig. 3b—f the SIM responses
of cortisol (internal standard), azadirachtin, 6-des-
acetylnimbin, nimbin and salannin. No purification of
the methanolic extract had been undertaken apart
from addition of water and partitioning against
dichloromethane. The triterpenoids were resolved to
clear and distinct peaks in the total ion current (TIC)
chromatograms, but were undetectable in the UV
chromatogram. Azadirachtin, the most polar com-
pound analysed, eluted first, followed by 6-des-
acetylnimbin, nimbin and salannin, a result in ac-
cordance with the findings of Johnson and Morgan
using a Sphersorb ODS semipreparative HPLC col-
umn [29].

As expected, the deoiled methanolic Neem seed
extract contained triterpenoids in amounts that were
orders of magnitude higher than in the callus extract.
Hence, triterpenoid peaks were detected in the UV
trace. However, the UV chromatogram did not afford
satisfactory selectivity, resulting in overlapping and
unresolved peaks of coeluting compounds. As within
the callus culture sample, SIM detection gave clear,
resolved peaks.

3.3, Quantification of azadirachtin in Neem callus
and seed extracts

Using SIM, with cortisol as an internal standard,
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Fig. 3. HPLC chromatograms from a single analysis of Azadirachta indica callus tissue. (8) UV detector output (217 nm), (b—f) SIM of
cortisol (internal standard; b), azadirachtin (c), 6-desacetylnimbin (d), nimbin (€), salannin (f); TIC=total ion current.

azadirachtin gave a linear response within the range
5ng to 2 pg (total number of data points=27). The
resulting linear calibration curve y=ax+b had a
slope of a=33.3366 (+1.0414) and an intercept of
b=0.0396 (+0.1009). Correlation coefficients were
calculated as r=0.99 (SD=0.35) and r°=0.98.

The concentrations of azadirachtin in the callus
and seed extracts were caculated from the cali-
bration curve using the mean response values of
three sequential injections. The callus extract con-
tained 0.5 pg of azadirachtin per ml, which corre-

sponds to 0.5 wg g * freeze—dried callus material
(0.00005%). The concentration of azadirachtin in the
seed extract was considerably higher and amounted
to 867 wg ml' or 867 wg g ' dried seeds
(0.0867%).

As with standard samples, the sensitivity of SIM
and SRM was compared by the analysis of
azadirachtin in a Neem seed extract, using serial
tenfold dilutions of the quantified seed extract sam-
ple (no usable chromatogram was obtained by stan-
dard scanning M S due to overlapping peaks and poor
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signal-to-noise ratio). The limit of detection for
azadirachtin in SIM mode was determined to be 8.67
pg (corresponding to a concentration of 0.867 ng
ml ™). Thus, SIM analysis of azadirachtin in crude
seed extracts is dlightly less sensitive than the
analysis of standard samples (limit of detection 1.4
pg). However, compared to the best published values
for conventional HPLC analysis of azadirachtin in
extracts (10 ng injected or 200 ng ml~* [26]), this
means an improvement of sensitivity approximately
by a factor of 1000 with respect to injected absolute
amounts.

Consistent with the standards, again a substantial
loss of sensitivity was observed for SRM (limit of
detection 86.7 ng or 8.67 wg ml ") compared to
SIM. This result was unexpected, since SRM is
commonly regarded as the most sensitive method for
crude samples, because of its selectivity and superior
signal-to-noise ratio (S/N). The relatively poor per-
formance of SRM in our experiments may, at least in
part, be explained by the mode of construction of the
mass spectrometer employed, which is equipped with
two detectors. The intermediate detector, located
after the first quadrupole analyser, gives improved
sengitivity in the standard MS mode (either full scan
or SIM) by dramatically reducing ion path length.
Another consideration is the already high S/N ob-
served in SIM mode, caused by a relatively low
background, which reduced the impact of SRM on
SIN.

4. Conclusions

Atmospheric pressure chemical ionization HPLC—
MS provides a very powerful tool for the monitoring
and analysis of the polar triterpenoids in Neem
tissues and preparations, since it combines the re-
solving power of RP—HPLC with the sensitivity of
MS. Additionally, high selectivity is supplied by the
possibility to perform SIM or SRM experiments. In
terms of sensitivity and selectivity, the benefits of
HPLC-MS techniques — with a limit of detection in
the picogram range in SIM mode — for the analysis
of Neem extracts are evident, when compared to
conventional HPLC methods. After a simple ex-
traction procedure, HPLC-SIM-MS permits very

rapid determination of the presence of azadirachtin
and related limonoids in crude extracts, without
extensive and time-consuming purification. It allows
down-scaling of experimental designs and should
also be of interest for routine analyses of commercial
Neem preparations.

Acknowledgements

The authors wish to express their gratitude to
Professor E.D. Morgan and Dr. G.R. Jones, Universi-
ty of Keele, for gifts of reference compounds and
Neem seeds. The maintenance of the callus cultures
by Tiziana Coccioletti, E.N.E.A., Rome, is gratefully
acknowledged.

References

[1] T.R. Govindachari, Curr. Sci. 63 (1992) 117.

[2] C.SSR. Kumar, M. Srinivas, S. Yakkundi, Phytochemistry
43 (1996) 451.

[3] E.D. Morgan, I.D. Wilson, in: K. Mori (Ed.), Comprehensive
Natural Products Chemistry, Vol. 8, Elsevier, Amsterdam,
1999, p. 324, Chapter 8.05.5.3.7.

[4] PS. Jones, SV. Ley, E.D. Morgan, D. Santdfianos, in: M.
Jacobson (Ed.), Focus on Phytochemical Pesticides, The
Neem Tree, Vol. |, CRC Press, Boca Raton, FL, 1989, p. 19,
Chapter 2.

[5] JH. Butterworth, E.D. Morgan, J. Chem. Soc. Chem.
Commun. (1968) 23.

[6] JH. Butterworth, E.D. Morgan, J. Insect Physiol. 17 (1968)
969.

[71 W. Kraus, M. Bokel, A. Klenk, H. Pohnl, Tetrahedron Lett.
26 (1985) 6435.

[8] H.B. Broughton, SV. Ley, A.M.Z. Slawin, D.J. Williams,
E.D. Morgan, J. Chem. Soc. Chem. Commun. (1986) 46.

[9] AJ. Mordue (Luntz), A. Blackwell, J. Insect Physiol. 39
(1993) 903.

[10] AJ. Mordue (Luntz), M.SJ. Simmonds, SV. Ley, W.M.
Blaney, W. Mordue, M. Nasiruddin, A.J. Nisbet, Pestic. Sci.
54 (1998) 277.

[11] JS. Gill, C.T. Lewis, Nature 232 (1971) 402.

[12] EJ. Allan, T. Stuchbury, A.J. Mordue (Luntz), in: Y.PS.
Bajaj (Ed), Biotechnology in Agriculture and Forestry,
Medicinal and Aromatic Plants, Vol. 43, Springer-Verlag,
Berlin, Heidelberg, 1999, p. 11.

[13] SY. Szeto, M.T. Wan, J. Agric. Food Chem. 44 (1996) 1160.

[14] K.M.S. Sundaram, L. Sloane, J. Curry, J. Lig. Chromatogr.
18 (1995) 363.



O. Schaaf et al. / J. Chromatogr. A 886 (2000) 89—97 97

[15] A.P. Jarvis, Isolation and degradation of triterpenoids from
tissue cultures and seeds of Neem (Azadirachta indica),
Ph.D. Thesis, University of Keele, Keele, 1998.

[16] J.P. Eeswara, A.J. Mordue (Luntz), T. Stuchbury, E.J. Allan,
in: H. Kleeberg, C.PW. Zehitz (Eds), Practice Oriented
Results on Use and Production of Neem Ingredients and
Pheromones, 5th Workshop, Wetzlar, 22—25 January 1996, p.
251

[17] EJ. Allan, JP. Eeswara, S. Johnson, A.J. Mordue (Luntz),
E.D. Morgan, T. Stuchbury, Pestic. Sci. 42 (1994) 147.

[18] M.-L. Kearney, E.J. Allan, JE. Hooker, A.J. Mordue
(Luntz), Plant Cell Tissue Organ Culture 37 (1994) 67.

[19] C.Veeresham, M.R. Kumar, D. Sowjanya, C.K. Kokate, S.S.
Apte, Fitoterapia 69 (1998) 423.

[20] A. Wewetzer, Phytoparasitica 26 (1998) 47.

[21] S.A. van der Esch, G. Giagnacovo, O. Maccioni, F.Vitali, in:
H. Kleeberg (Ed.), Practice Oriented Results on Use and
Production of Neem Ingredients and Pheromones, Proceed-
ings 3rd Workshop, Giefen, 1994, p. 125.

[22] A.P. Jarvis, E.D. Morgan, S.A. van der Esch, F. Vitali, SV.
Ley, A. Pape, Nat. Prod. Lett. 10 (1997) 95.

[23] J.P. Eeswara, The Production of the Insect Antifeedant

Azadirachtin and Related Metabolites by Plant Cell and
Tissue Culture of Neem (Azadirachta indica). Ph.D. Thesis,
University of Aberdeen, Aberdeen, 1996.

[24] K.M.S. Sundaram, J. Curry, J. Environ. Sci. Health B:
Pestic., Food Contam. Agric. Wastes 28 (1993) 221.

[25] M.B. Isman, O. Koul, A. Luczynski, J. Kaminski, J. Agric.
Food Chem. 38 (1990) 1406-1411.

[26] K.M.S. Sundaram, J. Curry, J. Lig. Chromatogr. 16 (1993)
3275.

[27] B.C. Schiffers, A. Dieye, P. Ntema, B. Dieye, G. Ekukole,
Med. Fac. Landbouwk. Toeg. Biol. Wet. Univ. Gent 62
(1997) 225.

[28] H.-P. Huang, E.D. Morgan, J. Chromatogr. 519 (1990) 137.

[29] S. Johnson, E.D. Morgan, J. Chromatogr. A 761 (1997) 53.

[30] A.P. Jarvis, S. Johnson, E.D. Morgan, Pestic. Sci. 53 (1998)
217.

[31] A.P. Jarvis, E.D. Morgan, C. Edwards, Phytochem. Anal. 10
(1999) 39.

[32] S. Schitz, |. Wengatz, M.H. Goodrow, SJ. Gee, H.E.
Hummel, B.D. Hammock, J. Agric. Food Chem. 45 (1997)
2363.



