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Identification of Ruta graveolensL. Metabolites Accumulated in the Presence of
Abiotic Elicitors

Aleksandra Orlita, T Matylda Sidwa-Gorycka,* Jolanta Kumirska,™ Edmund Maliri ski,’
Ewa M. Siedlecka Jerzy Gajdus,' Ewa tojkowska,* and Piotr Stepnowski*T

Faculty of Chemistry, University of Gdahk, PL 80-952 Gdask, ul. Sobieskiego 18, Poland, and Intercollegiate Faculty of
Biotechnology, Medical University of Gdak and University of Gdask, ul. Ktadki 1, 80-211 Gdask, Poland

The study aimed to elucidate the effects of benzothiadiazole (BTH) and saccharin on the
biosynthesis of simple coumarins, linear furanocoumarins, dihydrofuranocoumarins, and
furoquinolone alkaloids in shoots d®. graveolenscultivated in vitro. The biosynthesized
metabolites were analyzed and identified by -@@S and by comparison of Kovats indices.
Eight coumarin metabolites were identified: bergapten, chalepin, isopimpinelin, pinnarin,
psoralen, rutacultin, rutamarin, and xanthotoxin, and also four alkaloids: dictanpriiagarine,
skimmianine, and kokusaginine. Each of the tested BTH concentrations induced a significant
production of furanocoumarins and furoquinolone alkaloids. The use of saccharin also increased
the production of bergapten, isopimpinelin, pinnarin, psoralen, and xanthotoxin several times.

Introduction acid S'methyl ester) on the biosynthesis of simple coumarins,
linear furanocoumarins, dihydrofuranocoumarins, simple cou-
marins, and furoquinolone alkaloids in shoot$ofgraveolens
cultivated in vitro.

Benzothiadiazole is the main component of the BION
Preparation &, 7). Chemically, it is a functional analog of
salicylic acid, which is known to be an activator of systemic
acquired resistance (SARJ,(8). The SAR mechanism plays a
central role in induction of disease resistance through the
biosynthesis of lipooxygenases or the inhibition of catalase and
ascorbic peroxidase, which further limits pathogen infection
(7, 9).

So far, little has been discovered about the elicitation potential

The in vitro culture ofR. graveolensis a useful biotechno-
logical source of biologically active linear furanocoumarins and
furoquinolone alkaloids. Linear furanocoumarins, particularly
xanthotoxin, bergapten, and isopimpinelin, have been applied
in the treatment of skin diseases characterized by excessive cel
proliferation (e.g., psoriasis, mycosis fungoides) or in pigmenta-
tion disorders (e.g., vitiligo) 1) and also in neurology (the
symptomatic treatment of demyelinating diseases, particularly
multiple sclerosis) Z). In addition, alkaloids like dictamnine
and methoxydictamnine frorR. graveolenstissues are well-
known antimicrobial factors3). Apart from their antibiotic

effect, furoquinolone alkaloids appear to have a spasmolytic of saccharin; however, it is known that saccharin can also induce
effect @). The biological effects of furanocoumarins and ’ ’

furoquinolone alkaloids makes them attractive for pharma- SAR in tissues of the cucumber, pea, and tobadd. (This

ceutical uses, hence the considerable interest shown indata moju\./ated us 1o find out yvhether saccharin could also act
as an elicitor of phytoalexins in our system.

their availability and sources. However, the commercial produc-
tion of secondary metabolites is usually limited by their low
yield. Elicitation has therefore become an extensively used
tool for enhancing secondary metabolites: it is an integral  In Vitro Culture. The R. graveolensshoot cultures were
part of any large-scale process for secondary metabolite produc-obtained from callus growrR. graveolensshoot cultures were
tion. raised from in vitro germinated, surface sterilized seeds obtained
The mechanisms of action of biotic and abiotic elicitors are from Laboratoire Agronomie et Environment, INPL-INRA,
thought to be different; they are complex, and many hypothesesNancy, France. Seeds were germinated and shoots were grown
have been set up in this regard. Moreover, since little is known N Bs liquid medium supplemented with 3% sucrodd, (12).
about the biosynthetic pathways of secondary metabolites, theFlasks (250 mL) containing 50 mL of medium and the plant
effect of an elicitor on a plant cell or tissue culture is not easily biomass were continuously agitated on a rotating (orbital) shaker
predictable; the majority of elicitation approaches are therefore at 110 rpm, amplitude 9. Cultures elucidated with BTH alone
empirical 6). The search for elicitors is of the utmost importance @nd in the presence of a cell lysates of thetrosepticunwere
in order to obtain the most effective biotechnological system Maintained in duplicate for 28 days at 202 °C, under a 16 h
for producing the required metabolites. The objective of our Photoperiod and illumination of 3685 mol m2 s™* or in
study was to elucidate the effects of saccharin, as well as dark_ness. Cultures elicitated with sa_ccharm were maintained in
benzothiadiazole (BTH, benzo(1,2,3)-thiadiazole-7-carbothionic duplicate only under 16 h photoperiod.
Elicitors. Benzothiadiazole (BTH) is the main component
*To whom correspondence should be addressed. #e18(58) 5235 of BION (6, 10); 1%, 3%, and 5% solutions of BTH (Novarti_s
448. E-mail: sox@chem.univ.gda.pl. ' Poland, Warsaw, Poland) were used. Benzothiadiazole elicitors
t University of Gddsk. were added to the Bnedium directly before the cultures were
* Medical University of Gdask and University of Gdask. transferred to a fresh flask.
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Saccharin (Sigma Aldrich) solution was prepared by dissolv-
ing 1 g of saccharin powder in 100 mL of deionized, sterile,
warm water. The solution was added to the 4-week-old cultures,
6 days before the culture was terminated.

Applied elicitors were added to the cultures media according
to the results of the preliminary experiments.

Extraction of Secondary Metabolites. Twenty-eight-day-
old co-cultures were harvested and dried for 24 h atG0
Samples (3 g weight of DM) were extracted exhaustively with
petroleum ether, chloroform, and methanol in a Soxhlet ap-
paratus. Chloroform and methanol extracts were collected
separately, evaporated at 5C, and dissolved in ethanol
(equivalent 6 3 g DM per 5mL). They were then stored in
the dark at room temperature until required for further experi-
ments.

Sample Preparation. Samples were prepared for analysis
at room temperature. The filtrate was diluted with 13 mL of a
methanol/water (10:3) mixture. The solution was shaken twice
with hexane to remove chlorophylls, lipids, and oils. The
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Table 1. Kovats Indices Calculated for Six Coumarins Found in
Extracts of Ruta graveolensL. Shoot Cultures

compounds Kovats indices
coumarir 1429
3-acetylcoumarih 1718
7-methoxycoumarth 1744
6,7-dimetoxycoumarif 2028
psoralef 1842
6,7-dimetoxy, 4-metylocoumartn 2166
bergaptef 2120
xanthotoxir 2100
scopoleif§ 2028
7,8-dihydroxy, 6-metoxycoumarin 2187
7-hydroxycoumarih 1836

aValues for coumarin standards were the same. Indices derived from
the net retention data on a semipolar phase (DB-8p—200°C, at 0.9°C/
min, injector and detector temperature 225 carrier gas at 86 kP&160—
260°C, at 3°C /min, injector and detector temperature 280 carrier gas
at 86 kPa.

Kovats Retention Indices. The mixture ofn-alkanes was
prepared as follows: Each hydrocarbon (from © C,g) was

methanot-water layer was separated, and in the next step, the 4; | ted in toluene to a concentration of 1 mg/mL: then 100

methanol was removed under a stream of nitrogen. The
coumarin-rich fraction was separated from the remaining
aqueous solution by addition of 3 mL hydrochloric acid 35

38%) and subsequent extraction twice with chloroform (5 mL).

portions of each individual alkane solution were combined. The
same was done to produce thgy€Cy4 mixture.

The mixture of standard coumarins was prepared as follows:
Each standard compound was diluted in toluene to a concentra-

The obtained coumarin fraction was further evaporated under a5 of 1 mg/mL. Then, 10QiL portions of each solution of

stream of nitrogen. The residual suspension was then diluted

with 1 mL of ethyl acetate, and the coumarins were fractionated
on a silica gel column to remove any remaining contamination.
The alkaloid fraction was obtained by additioh3og of solid

sodium hydroxide to the remaining residual suspension after

separation of the coumarins fraction, and re-extraction with
chloroform (2x 5 mL).

Chemicals. Chloroform, petroleum ether, ethyl acetate,
methanol, hydrochloric acid (35%), and sodium hydroxide were
obtained from POCH (Gliwice, Poland). Deionized water was
provided by a MilliQ water purification system (Millipore,
Bedford, MA). Stock standard solutions of each coumarin
compound were prepared in 10 mL of methanol and then diluted
to the required concentration of 1 mg/mL.

coumarin, 7-hydroxycoumarin, 3-acetylcoumarin, psoralen, and
7-methoxycoumarin were combined. A further B0 of the
Ci12—Cyg n-alkane mixture was added to the solution of coumarin
standards.

The same was done to produce a solution of the standards of
the following compounds: 6,7-dimethylcoumarin, 6,7-dimethoxy-
4-methylcoumairn, bergapten, xanthotoxin, and scopolamine.
The solution was further spiked with 10 of the Cig—Cp4
n-alkane mixture.

In the case of the coumarins from the natural extract, 200

uL of the R. graveolensextract was split into two portions. One

(200 uL) was spiked with 40uL of the G,—Cig n-alkane
mixture, and the other with the same amount of the-C>a
n-alkane mixture.

The reference standards of the coumarin compounds tested The solutions prepared in this way were further analyzed in
[3-acetylcoumarin, bergapten (5-methoxypsoralen), esculetin order to calculate the Kovats indices of the analyzed coumarins.

(6,7-dihydroxycoumarin), psoralen, scopoletin (7-hydroxy,6-
methoxycoumarin), umbelliferone (7-hydroxycoumarin), xan-
thotoxin (8-methoxypsoralen), 7-methoxycoumarin, 4-methyl-
coumarin, 7,8-dihydroxy,6-methoxy-coumarin, and coumarin]
were purchased from Sigma Aldrich.

GC and GC—MS. A 8000 TOP CE Instruments gas

The components were separated by flow splitting (1:12) on
a GC 8000 TOP CE Instruments gas chromatograph equipped
with a flame ionization detection (GC-FID) system on a fused-
silica capillary column DB-5 (Restek, USA) (30 ;m0.25i.d.,
0.25 um film thickness). Two temperature programs were
applied: (1) column temperature programmed at @imin

chromatograph was used together with a fused-silica capillary from 80 to 200°C, injector and detector temperatures both

column containing EC-1 (30 nx 0.25 i.d., 0.25um film
thickness) equipped with a flame ionization detector. The carrier
gas was argon. In each caseull of sample was injected in
splitless mode. The operating conditions were as follows: initial
GC column temperature 10TC; after injection, temperature
held at 100°C for 5 min; temperature programming at’€
min~1 to 320°C. The injector and detector temperatures were
both 320°C.

Individual compounds were identified from their electron

220°C; (2) column temperature programmed &C3min from

160 to 260°C, injector and detector temperatures both 280

The net-retention times were further used to calculate the linear
Kovats indiced values according to the following equation:

t—t
| =10+ 100——F2
tR(z+1) — g

wherez is the number of carbon atoms in the alkane eluting

impact mass spectral patterns and compared with the literaturedefore the analyzed compound, ard andtr(;+1) are the net
data. EI-MS analyses were done on a Trio-3 mass spectrometefetention times ofi-alkanes eluting before €arbon atoms) and

(VG Masslab Ltd). The samples were introduced through a

Hewlett-Packard 5890 gas chromatograph equipped with a BP-1

capillary column (30 mx 0.25 i.d., 0.25«m film thickness)
(Alltech, Poland) in the following temperature program?@
min~! from 100 to 320°C and held for 5 min.

after ¢+ 1 carbon atoms) the analyzed compound, respectively.

Results and Discussion

Identification of Coumarins and Furoquinolone Alkaloids.
Since it is impossible to define the type of isomers of the
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Figure 1. Mass spectrum (El, 70 eV) of pinnarimvz 274 [M]* (74%), 259 [M— Me]* (100%), 231 [M— CH3CO]* (58%), and 219 [M— 55u]"

(95%).

secondary metabolites analyzed here solely on the basis of mass e y-fagarine atn/z229 [M]* (100%), 214 [M— Me]* (36%),

spectra, the coumarins and furoquinolone alkaloids were ad-

ditionally identified on the basis of calculated Kovats indices.
Because of differences in the volatility of the compounds, the
indices were derived from retention data obtained in two

200 [M — CHO]Tt (91%), 156 (25%), 128 (10%);

e skimmianine atm/z 259 [M]™ (51%), 244 [M — Me"]
(100%), 230 (68%);

« kokusaginine (Figure 4) atVz 259 [M]*" (100%), 244 [M

temperature programs. Table 1 presents the mean indices for_ Me]* (11%), 230 [M— CHOJ* (63%), 216 (27%), 201

six coumarins found in the extract &®. graveolensshoot
cultures (values for standard coumarins calculated from five
chromatographic runs were the same).

The following important ion fragments were registered in the
EI-MS mode.

Two simple coumarins:

o rutacultin atm/z 274 [M]* (74%), 259 [M— Me]* (100%),
231 [M — CHsCQOJ" (58%) ,and 219 [M— 55u}" (95%);

« pinnarin (Figure 1) at'z 274 [M]* (74%), 259 [M— Me]"™
(100%), 231 [M— CHsCOJ" (58%), and 219 [M— 55u]*
(95%).

Two dihydrofuranocoumarins:

e rutamarin (Figure 2) atn/z 356 [M]* (11%), 281 [M —
aryl]* (100%), 341 [M— Me]" (7%), 296 (23%) formed as a
result of alkyl chain fragmentation, 313 (9%) [M 43u]"

characteristic of a coumarin fragment substituted in the lactone

ring, 301 (very low intensity) formed by the elimination of the
55u fragment, 253 (16%) formed as a result of the elimination
of CO from them/z 281 ion;

« chalepin atm/z 314 [M]*(94%), 299 [M— Me]" (100%),
255 [M — OHC (CHg), ] (53%), 281 (36%) formed as a result
of side chain fragmentation.

Four furanocoumarins:

« psoralen atv/z 186 [M]™ (100%), 158 [M— COJ* (65%),
130 [M — CO — COJ* (19%) and 102 [M— CO — CO —
COJ* (32%);

« xanthotoxin (Figure 3) atvz 216 [M]* (100%), 201 [M—
Me]t (29%), 188 [M— COJ" (14%), 173 [M— Me — COJ*
(54%), 145 [M— Me — CO — COJ* (21%), 89 (26%) and 63
(15%);

« bergapten at/z 216 [M]* (100%), 201 [M— Me]* (29%),
188 [M — COJ" (14%), 173 [M— Me — COJ" (54%), 145 [M
— Me — CO — COJ' (21%) and 89 (26%);

e isopimpinelin atm/z 246 [M]™ (79%), 231[M — Me]"
(100%), 203 [M— Me — COJ* (19%), 188 (28%), 175 (26%),
147 (11%) and 89 (25%).

Four alkaloids:

« dictamnine atwz 199 [M]* (100%), 184 [M— Me]" (41%),
156 (32%), 128 (19%);

(23%), 173 (18%).

The EF-MS spectra of the coumarins is very characteristic
of this type of compound, and the fragments presented here are
consistent with those found in the literatur&3¢17). The
molecular ions [M*] obtained are always present, usually at
high intensities. One of the characteristic fragmentation steps
of all these compounds is the elimination of the CO moiety
from the pyrone ring. The residual oxygen atoms are also
eliminated through the loss of CO or as the CH@&xdical @5,

18). In the spectra of simple coumarins the presence of{M
151+ indicates a methoxy functional group at position 6 in the
benzoe-pyrone ring (8, 19).

The 4-methoxycoumarins fragment differently in comparison
with the other coumarins.

The molecular ions of these coumarins were found to
fragment via the displacement of a hydrogen atom, following a
retro-Diels—Alder (RDA) recombination. In most cases, this
leads to the formation of an ion a¥z 93. The enolic nature of
these ions was also confirmed. The mass spectra of long chain
coumarins are much more difficult to interpret; the fragmenta-
tions depend on the substituted functional groups and the
substitution site in the molecul@@, 21).

The mass spectra of furanocoumarins are similar to those
characterizing simple coumarins. The furan ring does not affect
the fragmentation process. Therefore, the spectrum of psoralen
is characteristic of unsubstituted furanocoumarit).(

However, in methoxylated furanocoumarins a very intensive
[M — 15]" is present, formed when a methyl radical is
eliminated. Additionally, characteristic fragmentation ions are
formed as a result of the loss of CO. Therefore, in the spectrum
of bergapten, there is an ionmtz 201 ([M — 15]") as well as
one atm/z 188 ([M — CQOJ™). The ion atm/z201 ([M — CQOJ™)
fragments further to yield another characteristic iom&t 201
(13, 15, 22).

Effect of BTH. Table 2 shows the results of BTH elicitation
of the secondary metabolites in tRe graveolensshoots tissue.

It was found that each of the tested BTH concentrations induced
a significant production of coumarins as compared to the control
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Figure 2. Mass spectrum (El, 70 eV) of rutamarinyz 356 [M]* (11%), 341 [M— Me]*, (7%), 313 (9%) [M— 43u]t, 281 [M — aryl]* (100%),
and 296 (23%).
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Figure 3. Mass spectrum (El, 70 eV) of xanthotoximyz 216 [M]* (100%), 201 [M— Me]" (29%), 188 [M— COJ" (14%), 173 [M— Me —
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Figure 4. Mass spectrum (El, 70 eV) of kukusagininevz 259 [M]* (100%), 244 [M— Me]* (11%), 230 [M— CHO]* (63%), 216 (27%), 201
(23%), and 173 (18%).

sample. Therefore, BTH appeared to be an effective elicitor of and rutamarin c. 2.5 times. When 1% BTH was used as elicitator

coumarins and furanocoumarins accumulation. but plants were grown in the dark, the coumarin concentrations
The addition of BTH at the highest applied concentration either dropped (xanthotoxin, psoralen, and rutacultin), with

(5%) led to the highest rate of coumarin synthesis: the rate of values close to the detection limit, or rose only slightly (pinnarin

synthesis of isopimpinelin was elevated 14 times (788Q and isopimpinelin).

dry wt), that of pinnarin 12 times (357//g dry wt), that of A similar effect was observed for the furoquinolone alkaloids.

bergapten 3.7 times (153748/g dry wt), and those of rutacultin ~ Each of the BTH concentrations tested significantly induced
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Table 2. BTH Elicitation of Secondary Metabolites inRuta bergapten 5 and 3 times, respectively. Under the same experi-
grazeolensL. Shoots' mental conditions, concentrations of rutacultin and rutamarin
concn of secondary metabolitesy(g dry wt) were elevated>1.5 times. In the case of psoralen, it was
1% BTH impossible to detect any amount of this coumarin in non-induced
compound  control 1%BTH 3% BTH 5% BTH (darkness) shoots, but in the presence of saccharin 380y dry wt was
Simple Coumarins accumulated byR. graveolens
pinnarin 28.0 46.3 103.0 357.2 38.1
rutacultin 136.0 76.5 113.7 323.3 n.a. Conclusions
Furanocoumarins H H H H
bergapten 412.0 6124 8197 15378 39.2 An in vitro culture pr. .gra/eole.nsL..ls a useful blotech-.
isopimpinelin ~ 56.0 07 4 325.0 789.0 67.9 nological source of blolog|cally active Ilne_ar furanocogmarlns
psoralen n.a. 634.7 206.0 820.0 n.a. and furoquinolone alkaloids. This study aimed to elucidate the
xanthotoxin 3380 12230 16242  2883.6 n.a. effects of saccharin and BTH on the biosynthesis of simple
Dihydrofuranocoumarins coumarins, linear furanocoumarins, dihydrofuranocoumarins,
rutamarin 224.0 147.1 225.0 565.0 8.7 and furoquinolone alkaloids in shootsRf graveolenscultivated
Furoquinolone Alkaloids in vitro. It was found that each of the tested BTH concentrations
dyctamnine n.a. n.a. n.a. n.a. n.a. induced a significant production of coumarins in comparison
Jégsl?:‘:gr:ﬁme ‘é% 'i72% ‘;‘827 52%52 na to the control sample. It appears, therefore, that BTH is not
skimmianine 21 138 58.3 64.5 53 only an activator of systemic acquired resistance but also an

) ) o effective elicitor of phytoalexins. It was also found that the

o ag""e” ‘.’ar']”es represent "I‘etaZO'gels Cogce“trf"‘“q’l’?”g calculated o g5plication of saccharin led to a several-times higher production

the dry weight. n.a= not analyze elow detection limit). . . . . . . .
ywelg yzed ( ) of bergapten, isopimpinelin, pinnarin, psoralen, and xanthotoxin.

Table 3. Saccharin Elicitation of Secondary Metabolites inRuta Further studies should be undertaken to obtain data on the
grazeolensL. Shoots effectiveness of elicitation over time. In addition, a search for
concn of secondary metabolitesy(g dry wt) other biosources of coumarins and alkaloids in the presence of

BTH and/or saccharin should be undertaken. These preliminary
- - results have demonstrated the very considerable utility of both
Simple Coumarins . . . . .
pinnarin 28.0 316.0 elicitors in the production of coumarins and alkaloids Ry
rutacultin 136.0 216.4 graveolens,which is a promising prospect for the biotechno-
logical production of these valuable metabolites.

compound control saccharin 0.0003%

Furanocoumarins

bergapten 412.0 1186.3

isopimpinelin 56.0 846.9 Acknowledgment

psoralen n.a. 380.0 . . . . L

xanthotoxin 338.0 1887.2 Financial support was provided by the Polish Ministry of
Dihydrofuranocoumarins Research and Higher Education under grant DS 8200-4-0085-

rutamarin 224.0 387.0 7.

aGiven values represent metabolites concentratiqrgig calculated to
the dry weight. n.a= not analyzed (below detection limit). References and Notes
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