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ABSTRACT

A reversed-phase high-performance liquid chromatographic analysis of cruciferous phytoalexins, antimicrobial compounds syn-
thesized de novo by plants after exposure to microorganisms, was performed using an acetonitrile-methanol-water complex solvent
gradient system. A well resolved chromatogram of thirteen phytoalexins and three related indole metabolites isolated from cruciferous
plants was obtained by this method. Accumulation of phytoalexins in Pseudomonas cichorii-inoculated turnip tissue was followed by

this high-performance liquid chromatographic analysis.

INTRODUCTION

Phytoalexins are low-molecular-weight antimi-
crobial compounds that are synthesized de novo by
plants in response to infection by microorganisms
[for recent reviews see refs. 1-3). Accumulation of
phytoalexins is considered to be one of the impor-
tant disease resistance mechanisms. We have re-
cently isolated and characterized several phytoalex-
ins (1-12) (Fig. 1) from cruciferous plants, Japanese
radish (Raphanus sativus) [4], Chinese cabbage
(Brassica campestris ssp. pekinensis) [5-7], cabbage

* For part XV, see ref. 10.
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(B. oleracea) [8-10] and turnip (B. campestris L. ssp
rapa) [11].

These phytoalexins are structurally unique indole
or indole-related compounds possessing one or two
sulphur atoms. Devys and co-workers [12,13] have
described the accumulation of additional phytoa-
lexins, brassilexin (13) and cyclobrassinin sulphox-
ide, in Indian mustard (B. juncea) treated with
abiotic elicitors. Also, Dahiya and Rimmer [14]
have reported the isolation of methoxybrassinin (2)
and cyclobrassinin (4) from oilseed rape (B. napus)
inoculated with Leptosphaeria maculans. Phytoalex-
in accumulation was related to resistance to L. mac-
ulans, a fungus which causes the blackleg disease of
crucifers [15,16].

Cruciferous plants contain a group of structur-
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Fig. 1. Chemical structures of cruciferous phytoalexins and indole glucosinolates. 1 == Brassinin; 2 = methoxybrassinin; 3 = 4-
methoxybrassinin; 4 = cyclobrassinin; 5 = dioxibrassinin; 6 = spirobrassinin; 7 = brassitin; 8 = methoxybrassitin; 9 = me-
thoxybrassenin B; 10 = brassicanal A: 12 = brassicanal B; 13 = brassilexin: 14 = glucobrassicin; 15 = neoglucobrassicin; 16 =
4-methoxyglucobrassicin, Compound 11 was isolated from both Chinese cabbage and cabbage, but its structure has not been published.

The absolute configurations of 6 and 11 have not been determined as yet. The spectroscopic data will be published elsewhere.

ally related secondary metabolites, the glucosino-
lates (14-16) [17]. The breakdown of such com-
pounds, brought about by the action of another en-
zyme, thioglucoside glucohydrolase, yields a variety
of products possessing a variety of biological ef-
fects, especially indole glucosinolates [18,19]. Re-
cently, interest in the biosynthetic relationship be-
tween these indole or indole-related phytoalexins
and indole glucosinolates has increased.

In order to study the biosynthesis of the cruci-
ferous phytoalexins, it is important to develop an
efficient method of analysing all phytoalexins and
related metabolites. In this paper, we describe a
practical high-performance liquid chromatographic
(HPLC) analysis of these thirteen cruciferous phy-
toalexins and three related indole metabolites in a
single run. We believe that this method is very use-
ful and powerful for research on the biosynthesis of
cruciferous phytoalexins and the analysis of phy-
toalexins of other crucifers.

EXPERIMENTAL

Apparatus

The HPLC analyses were performed on a Japan
Spectroscopic (Tokyo, Japan) hquid chromato-
graphic system equipped with a Model 801-SC sys-
tem controller, a Model 851-AS automatic sampler,
a Model 880-50 line degasser, a Model 880-02 low-
pressure gradient unit, a Model 865-CO column ov-
en, a Model 880-PU pump and a Model UVI-
DEC-100-V UV detector. A Chromatopac C-R6A
integrator was used for measuring peak areas (Shi-
madzu, Tokyo, Japan).

HPLC analytical conditions

The analytical column was uBondapak C,g (10
um, irregular) (300 mm X 3.9 mm I.D.) (Waters
Assoc., Milford, MA, USA). Water, methanol and
acetonitrile used as the mobile phase were HPLC
grade (Wako Chemicals, Tokyo, Japan, and Kanto
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Chemicals, Tokyo, Japan). These solvents were
kept at 35°C in a water bath. The HPLC column
was eluted with water (A)-methanol (B)-acetoni-
trile (C) under a ternary gradient mode [20-22] at a
flow-rate of 2 ml/min at 35°C in a column oven. The
column was eluted for 4 min with 75% A + 10% B
+ 15% C, followed by successive linear gradients:
t0 60% A + 10% B + 30% C over 10 min; to 50%
A + 50% B + 0% C over 3 min; to 100% B over 15
min. The eluent was held at 100% B for 5 min and
then brought back to 75% A + 10% B + 15% C
over 5 min, and allowed to equilibrate for 5 min
(Fig. 2). The UV detector was operated at 254 nm.

Phytoalexin standards

An authentic standard mixture was prepared
from thirteen phytoalexins (Fig. 1, 1-13) and three
related indole compounds [3-indolecarboxaldehyde
(17), 3-indolylacetonitrile (18) and 1-methoxy-3-in-
dolecarboxaldehyde (19)]. These were isolated from
Pseudomonas cichorii-inoculated Japanese radish
[4], Chinese cabbage [5-7] and cabbage [8-10] as
previously described, except for brassilexin (13)
[12]. Authentic brassilexin (13) was supplied by Dr.
Barbier (Institut de Chimie des Substances Natu-
relles, CNRS, Gif-sur-Yvette, France). The authen-
tic standard mixture contained 0.1 ug of each com-
ponent in 5 ul of methanol. Cyclobrassinin sulphox-
ide was not determined in this analysis. The internal
standard wighteone (20) was isolated from Ficus
carica inoculated with Fusarium solani [23).

Quantitative analysis of phytoalexins

Under the analysis conditions, the retention
times (in minutes) of the phytoalexins were as fol-
lows: 3-indolecarboxaldehyde (17), 6.6 + 0.2; diox-
ibrassinin (5), 9.6 + 0.2; 3-indolylacetonitrile (18),
11.4 £ 0.3; brassicanal B (12), 12.0 &+ 0.2; brassitin
(7) and brassicanal A (10), 12.6 £ 0.2; 1-me-
thoxy-3-indolecarboxaldehyde (19) and brassilexin
(13), 13.3 £ 0.2; spirobrassinin (6), 15.5 = 0.2; me-
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Fig. 2. Solvent composition in the gradient system.
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thoxybrassitin (8), 18.7 + 0.3; brassinin (1), 19.9 +
0.3; 4-methoxybrassinin (3), 21.3 £ 0.3; methoxy-
brassinin (2), 24.4 & 0.2; cyclobrassinin (4), 24.9 +
0.2; methoxybrassenin B (9), 25.3 £ 0.1; and com-
pound 11, 26.7 £ 0.2 min. Each value is the mean
+ S.D.

A known quantity (0.50 ug) of wighteone (20)
was chromatographed as an internal standard. The
area of each peak in comparison with that of the
standard was used for quantitative purposes. In the
case of brassinin (1), the calculated equation for the
regression curve at 254 nm was y = —0.002 +
0.229 x where y = weight in ug and x = ratio of
peak area between brassinin (1) and wighteone (20)
with r = 0.997. The regression line was linear from
0.05to 2.5 ug. The other areas were calculated from
their absorption coeflicients recorded with a Japan
Spectroscopic Ubest-30 spectrophotometer. The
UV detector permitted detection of 10 ng of the
substances. Statistical analyses were obtained
through Delta Graph 1.5 software, loaded onto an
Apple Macintosh SE computer (Apple Computer,
Cupertino, CA, USA).

Material

Turnip plants (B. campestris L. ssp. rapa cv. To-
kyo Cross) were cut into 3-mm-thick discs (ca. Scm
in diameter). After an ageing period of 24 h, the
discs were divided into two series: control tissues
and tissues inoculated with P. cichorri. The control
discs were incubated at 25 °C for the indicated peri-
ods. Two discs were taken out each time and freeze
dried. The other series of discs were inoculated with
P. cichorii (ca. 10® cells/ml). The inoculated discs
and controls were kept under similar conditions
and processed similarly. Freeze-dried disc tissue
was suspended in acetone and homogenized using a
Polytron homogenizer (5 min); after being set aside
for 5 min the mixture was filtered under vacuum.
The filtrate was evaporated to dryness under re-
duced pressure and taken up in methanol (2 x 2
ml). The methanol solution was passed through Ad-
sorbex SI (100 mg) and Adsorbex RP-18 (100 mg)
cartridges connected in a series, to remove highly
polar/non-polar substances, and the cartridges were
washed with 5 ml of methanol. The combined meth-
anol eluate and washings were evaporated under
vacuum and the residue redissolved in a propor-
tional amount of methanol [11].
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RESULTS AND DISCUSSION

An authentic standard mixture was prepared
from the thirteen phytoalexins and three related in-
dole metabolites and their resolution was investi-
gated using HPLC under several analytical condi-
tions. At first, two simple gradient systems, aceto-
nitrile-water and methanol-water, were tried.
However, a well resolved chromatogram could not
be obtained. In the case of the acetonitrile-water
gradient system, peaks of polar compounds were
well resolved, but those of non-polar compounds
were not. On the other hand, in the case of the
methanol-water gradient system, the opposite re-
sult was obtained. So an acetonitrile~-methanol-wa-
ter combination [20--22] was adopted, and gradient
conditions were examined. Several kinds of col-
umns were also tried, e.g. RCM8x 10 with car-
tridge columns of 10-um Radial-PAK SPAH (Cg).
10-um 8MBPH (alkylphenyl type), 10-um 8CN and
uBondapak C;g (Waters). When the 10-um SPAH
cartridge column was used, eight compounds were
eluted within 10 min without separation, and all
peaks were broadened considerably. In the case of
10-um 8BPH, most peaks were symmetrical, but
only eleven peaks were observed. Sharp peaks could
be obtained with 10-um 8CN columns, but all phy-
toalexins were eluted within 17 min without com-
plete separation because of weak affinity between
the CN group and the indole phytoalexins. Finally,
the best resolution was found with the uBondapak
C;s column using the complex solvent system as
illustrated in Fig. 2. In this ternary mobile phase
gradients, all the peaks of the phytoalexins and the
related indole metabolites were well resolved except
those of brassitin (7), brassicanal A (10), brassilexin
(13) and I-methoxy-3-indolecarboxaldehyde (19)
(Fig. 3E, standard sample). When the UV detector
was operated at wavelengths > 300 nm, only brassi-
canal A (10) and 1-methoxy-3-indolecarboxalde-
hyde (19) could be detected since brassilexin (13)
and brassitin (7) show weak UV absorption in this
range. On the other hand, brassicanal A (10) and
I-methoxy-3-indolecarboxaldehyde (19) exhibit
strong UV absorption in this range. For instance,
brassicanal A (10) exhibits its absorption maximum
at 311 nm (¢ = 9740) [7], and 1-methoxy-3-indole-
carboxaldehyde (19) at 300 nm (¢ = 10 400) [24].

Using this method all cruciferous phytoalexins
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Fig. 3. HPLC of the crude extracts of turnip tissues and standard
sample. Column, uBondapak C,,, 10 gm 300 x 3.9 mm 1.D.;
solvent system, acetonitrile-methanol-water; flow-rate, 2 ml/
min; UV detection at 254 nm. (A) Control tissue after 3 days. (B)
P. cichorii-inoculated tissue after 12 h. (C) Inoculated tissue after
2 days. (D) Inoculated tissue after 4 days. (E) Standard sample.
Peaks: 1-13, see Fig. 1; 17 = 3-indolecarboxaldehyde; 18 =
3-indolylacetonitrile; 19 = [-methoxy-3-indolecarboxaldehyde.

and related indole metabolites can be analysed in a
single run within a reasonable time (50 min per
run). Many samples can be analysed automatically,
even at night, in combination with an automatic
sampler. Reproducible chromatograms were ob-
tained by maintaining the temperature of both the
column oven and the solvent reservoirs at 35°C.
Fig. 3 illustrates the HPLC chromatograms of the
crude extracts obtained from control and P. cicho-
rii-inoculated turnip tissues and Table I shows their
phytoalexin contents. Accumulation of brassinin
(1), methoxybrassinin (2) and cyclobrassinin (4)
was clearly observed after 12 h of inoculation. Spi-
robrassinin (6) became the major phytoalexin at
day 4, with a decline in brassinin (1) and cyclobras-
sinin (4). This result agrees with our biosynthetic
studies: spirobrassinin (6) is biosynthesized from
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TABLE I
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PHYTOALEXIN CONTENTS OF P. CICHORIIINOCULATED TURNIP ROOT TISSUE

N.D. = Not detected. Each value represents the mean + S.D. Experiments were repeated three times with three samples per experiment.

Time Phytoalexin production (ug per g dried weight)
Spriobrassinin Brassinin Methoxybrassinin  Cyclobrassinin
Control (3 days) N.D. N.D. N.D. N.D.
12h 10.1+1.7 88+1.0 20.0+0.9 112.6+8.9
2 days 61.9+5.0 3.7+£0.4 10.9+0.2 82.2+3.5
8 days 130.2+39 39+04 14.0+0.8 30.4+2.0

brassinin (1) [25]. A detailed discussion of the time
course studies of the phytoalexins is provided else-
where [11].

Prior to this report, two groups have described
procedures for the determination of cruciferous
phytoalexins. Dahiya and Rimmer [26] have report-
ed the HPLC analysis of methoxybrassinin (2) and
cyclobrassinin (4) from elicited B. napus and B. jun-
cea tissues and Kollmann et al. [27] have also dem-
onstrated efficient clean-up of coloured plant ex-
tract with reversed-phase cartridges and reported
the HPLC analysis of three phytoalexins. Recently,
Rouxel et al. [28] reported the HPLC analysis of five
indole phytoalexins [brassinin (1), methoxybrassi-
nin (2), brassilexin (13), cyclobrassinin (4) and cy-
clobrassinin sulphoxide] using Kollmann’s binary
gradient system, and discussed the relationship be-
tween these indole phytoalexins and resistance to L.
maculans within Brassicaceae. However, as they in-
dicated in their paper, it seems difficult to be to de-
termine polar phytoalexins such as brassilexin (13)
using a simple gradient, since the slope of the meth-
anol gradient is too steep. Furthermore, they did
not analyse spirobrassinin (6), which is a major
phytoalexin in Japanese radish (R. sativus) and tur-
nip root (B. campestris), as illustrated in Fig. 3.

Recently, we have confirmed that spirobrassinin
(6) and cyclobrassinin (4) are biosynthesized from
brassinin (1) by incorporation studies of labelled
compounds [25]. Devys and Barbier [29] suggested
that brassilexin (13) is also biosynthesized from
brassinin (1) via cyclobrassinin (4) and cyclobrassi-
nin sulphoxide. In order to determine these biosyn-
thetic pathways, spirobrassinin (6) and other polar
and less polar phytoalexins must be analysed to-
gether with non-polar ones. Using our gradient sys-

tem, thirteen phytoalexins from polar to non-polar
and three related metabolites can be analysed in a
single run.

Because Japanese radish and turnip roots were
used as material, the analyses were not complicated
by pigments, waxes, sterols and other interfering
compounds, as illustrated in Fig. 3A (control tissue
after 3 days). However, other coloured cruciferous
plant materials could be also analysed by our meth-
od in combination with Kollmann’s protocol. The
combined method may be a standard analytical
procedure of cruciferous phytoalexins.
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