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Abstract: We have identified through bioassay guided isolation an allelochemical,
eudesmane-type sesquiterpeniod, 3p-caffeoxyl-f1,8a-dihydroxyeudesm-4(15)-ene (1),
from an endemic plant species growing in the Himalayas. In our search for the bioactive
subfraction, the hexane one was highly significant, showing 100% inhibition of lettuce
seed growth at 100 ppm while other subfractions (chloroform, ethyl acetate, butanol and
water) exhibited inhibitory to stimulatory allelopathic effects. The bioactive hexane
subfraction was subjected to chromatographic techniques, using lettuce seeds (Lactuca
sativa) as indicator species to reveal the bioactive allelopathic fraction. This resulted in the
isolation of compound 1, whose structure was elucidated through NMR techniques. The
compound presented 92.34% inhibitory effect on the growth of lettuce at 500 ppm. Further
field level experiments may help develop an environmentally friendly herbicide from
this lead.
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1. Introduction

Allelochemicals are secondary metabolites released by plant species in their environment. They
play a pivotal role in agricultural and functional ecology [1,2]. Identification of such chemical
constituents has created a thrust to address several problems confronted in plant physiology, pathology,
environment and crop production. Pursuing and developing natural products as environmentally
friendly herbicides can eliminate damages to human health as well as to ecosystem. Efforts have been
made to elaborate the allelopathic effects of various plant species. Genus Inula is famous for its
diverse biological activities i.e., anticancer, antibacterial, hepaprotective, cytotoxic, and anti-
inflammatory, however limited information is available on their role in allelopathy [3]. This is the first
report to elucidate an allelopathic interaction of Inula falconeri from the genus. I. falconeri was
reported as a potential allelopathic plant species among other four plants while investigating the role of
method and concentration in allelopathy [2]. I. falconeri is endemic to the Himalayas and distributed in
the northern areas of Pakistan and western Tibet [4]. It grows at 2,400 m altitude, however, it has also
been observed at 3,000 m. At lower altitudes, it is found mainly near agricultural fields and household
gardens. Due to its colorful flowers, it has been frequently used for decoration purposes. Local people
revealed that I. falconeri was abundant at lower altitudes but due to over exploitation the plant
population has been reduced considerably over the years as the plant was eradicated as an unwanted
species near or in agricultural fields [5]. The aim of this study was to explore and identify the
allelopathic potential of this plant species by isolating and characterizing potential allelochemicals
through a bioassay guided approach.

2. Results and Discussion

The structure of compound 1 (Figure 1) was established conclusively by UV, IR, MS and extensive
'H- and ">C-NMR spectra analysis and comparison with a published report — identifying it as a known
eudesmane-type sesquiterpene (33-caffeoxyl-1,8a-dihydroxyeudesm-4(15)-ene) [9].

Figure 1. Structure of compound 1.
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Pursuing the active allelopathic subfraction after solvent-solvent partition, the hexane subfraction
was seen to inhibit the growth of root and hypocotyls of lettuce seedlings. At lower concentrations, it
presented higher specific activity i.e., inhibiting 50% growth at 3 ppm and at maximum concentration
(300 ppm), no seeds germinated [5]. Chloroform subfraction revealed a dose dependent effect on
lettuce seed’s growth; however, the effect was insignificant compared to that of hexane subfraction.
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Other subfractions (ethyl acetate, butanol and water) exhibited no ECsg activity and their allelopathic
effects ranged from insignificantly inhibitory to stimulatory (Figure 2) [5].

Figure 2. Allelopathic effect of various subfractions on growth of root (R) and hypocotyls
(H) of lettuce seeds at different concentrations.
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After column chromatography of bioactive hexane fraction under different solvent regimes, seven
subfractions were assayed for their allelopathic behavior. Most subfractions exhibited moderate to high
inhibition at maximum concentration (500 ppm) but at lower concentration (30 ppm) none of the
subfractions had ECsy value except 5% MeOH-CHCI;. It inhibited lettuce seed germinations at
300 ppm and shown ECs activity at 30 ppm (Figure 3).

Figure 3. Allelopathic behavior of various subfractions on the growth of root (R) and
hypocotyls (H) of lettuce seed derived from bioactive hexane extract using silica gel
column chromatography (HC — hexane in chloroform; MC — methanol in chloroform.)
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The bioactive 5% MeOH-CHCI; was further fractionated. The resultant seven subfractions were
bio-assayed for their ECsg activity. Nearly every subfraction presented moderate suppression; however,
5%, 10%, and 20% MeOH-CHCl; subfractions had 100% inhibitory effect toward germination of
lettuce seeds on all concentrations (Figure 4).

Figure 4. Pattern of allelopathic effect on the growth of root (R) and hypocotyls (H) of
bioactive 5% methanol: chloroform (MC) using a silica gel column equipped with an
automated fractionator.
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Due to similar allelopathic effect, 5%, 10%, and 20% MeOH-CHCI; fractions were combined and
subjected to reverse-phase chromatography, which afforded six new subfractions. Among these, 50%
MeOH-CHCI; exhibited a significant inhibitory effect. All concentrations of this bioactive subfraction
were more than 70% inhibitory towards growth of lettuce seeds (Figure 5).

Figure 5. Allelopathic effect of different subfractions of bioactive 5%, 10% and 20%
MeOH-CHCIl; on the growth of root (R) and hypocotyls (H) of lettuce seeds after
preparative reverse phase solid-phase extraction. (MC — methanol in chloroform;
MW — methanol in water; M — methanol; C — chloroform.
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Four compounds purified through RP-HPLC were assayed for their ECsy (Figure 6). Compound 1
exhibited significant inhibitory effect (92.34%) towards the growth of lettuce seeds at 500 ppm while
ECs activity was shown at 30 ppm concentration (Figure 7). Due to paucity of material the other three
compounds could not be identified.

Figure 6. Effect on the growth of lettuce seeds of four purified compounds from 50%
methanol: chloroform subfraction using RP-HPLC.
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Figure 7. Inhibitory effect of compound (1) on the growth of root (R) and hypocotyls (H) of lettuce.
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Earlier |. falconeri was screened among four plant species for allelopathic potential of leaf leachates [2].
The hexane subfraction of I. falconeri was revealed as the most potent, not only exhibiting allelopathic
effects but also displaying a significant zone of inhibition against Alternaria alternata and Rhizoctonia
solani and an insignificant effect against Fusarium oxysperum [5]. Previous reports on |. falconeri
established the presence of phenolic acids (caffeic acid and chlorogenic acid) and flavonoids (rutin,
quercetin and kaempferol) [4], which have already been proved to display allelopathic effects [6-8].
Besides broader biological effects of various classes of sesquiterpenoids, these have also been reported
to carry allelopathic potential [10,14].
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Compound 1 has already been reported to have antibacterial properties against human pathogens [9].
Although eudesmane-type sesquiterpenes have been reported for their cytotoxicity, enzyme inhibitory
and antimicrobial effects [9—11] however, it is now also reported as a potent allelochemical.

3. Experimental
3.1. General

The 'H and >C NMR, COSY, HMQC and HMBC spectra were recorded in CD;0D using TMS as
internal standard on a Bruker spectrometer operating 500/125 MHz. The chemical shift values are
reported in ppm (0) units and coupling constant (J) in Hz. EI, CI MS were recorded using JMS-HX-
110 with data acquisition system and on JMS-DA 500 mass spectrometer. HPLC (TOSOH, Tokyo,
Japan; UV PD 8020) was performed equipped with a reversed-phase column (Inertsill ODS-3,
10 x 250 mm, GL Sciences Inc., Tokyo). Methanol and milli-Q water were used as elution solvents in
HPLC with a flow rate of 2.8 mL/min.

3.2. Plant Material

I. falconeri was collected from Deosai Plains Skardu (35°03'23.26"N-75°27'39.69"E) in Himalayan
regions of the Northern Areas of Pakistan in August 2007—flowering season of the plant. It was
identified by plant taxonomists at the Department of Botany, Kohat University of Science and
Technology, Kohat with herbarium number If-337K.

3.3. Extraction and Isolation

Dried plant material of I. falconeri (1.20 kg) was soaked in pure MeOH (2.5 L) and extracted for 30
days at 5 °C in dark. MeOH extract was evaporated to dryness in vacuo. It was subjected to solvent-
solvent partition into hexane, chloroform, ethyl acetate, butanol and water subfractions. All
subfractions were screened for their allelopathic effect. The hexane subfraction revealed higher ECs
activity. This subfraction (8 g) was extracted five times with hexane to get polar compounds. It was
later subjected to column chromatography using silica gel-60 (Wako Pure Japan; 19 mm i.d. 300 mm)
in successive elution with hexane-CHCl; (5%, 10%, 20% and 50%) and CHCl3-MeOH (5%, 10% and
20%) (300 mL each).

After ECsg activity and TLC analysis, the bioactive 5% CHCI3; in MeOH fraction (980 mg) was
selected for column chromatography using silica gel (1cm i.d., 40cm 1.1; Kiriyama Japan) on a SF-
2120 fractionator (Advantech Japan). Elution with MeOH-CHCls (2%, 5%, 10%, 20%, 40%, 50% and
100%) was used. Looking for significant allelopathic fraction and then analyzing the TLC spots of
each subfraction, the bioactive 5%, 10% and 20% MeOH-CHCI; fractions (278 mg) were combined
and subjected to preparative reverse phase solid-phase extraction (Waters C18 Sep-Pak), eluting
successively with 30%, 50%, and 80% MeOH-H,0O and 100% MeOH, 50% MeOH-CHCIl; and 100%
CHCl; (100 mL each).
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The bioactive 50% MeOH-CHCI; subfraction (39 mg) were subjected to RP-HPLC using 50% and
80% methanol in water and 100% methanol. Four compounds 1-4 were isolated. Upon testing the
ECso activity of the pure constituents, the most active allelochemical, compound 1 (2.87 mg) with
Rt 23.35-25.12 min was obtained and its structure determined as 3p-caffeoxyl-1B3,8a-
dihydroxyeudesm-4(15)-ene (an eudesmane-type sesquiterpene) [9] (Figure 1).

3.4. Allelopathic Effects

The allelopathic potential of each fraction isolated from chromatographic column was assayed
[12,13]. Lettuce seeds (Lectuca sativa, Takii Seed Co. Ltd., Japan) were used as indicator species to
know the effective concentration of extract/compound that induces 50% inhibition of tested organism
(ECsp) when exposed to various concentrations of the fractions [12]. The inhibitory effects of fractions
were studied by the specific activity method. Five concentrations viz. 3, 10, 30, 100 and 300 ppm of
hexane, chloroform, ethyl acetate, butanol and water subfractions were used for ECs bioassay. Four
concentrations i.e., 30, 100, 300 and 500 ppm of every successive subfraction of the bioactive hexane
subfraction were then used for the ECsy bioassay. The concentrations were dissolved in 2% DMSO
before application to the lettuce seeds. Initial concentration was 1,000 ppm. A filter paper (27 mm,
Type Roshi Kaisha, Tokyo) was placed in a glass Petri dish. The dilutions were applied on filter paper
and thus allowed to spread over it. Seven lettuce seeds were placed on it and dishes were sealed and
packed for incubation for 72 hours at room temperature. For each fraction, mean, SD variance [13] and
standard error were calculated to determine inhibition pattern at various concentration levels. While
using ECsp, specific activity of each extract was determined. Specific activity of subfractions was
measured using specific activity = 1/ECsp x Concentration [12].

4. Conclusions

Bioassay guided investigations from I. falconeri resulted in purification of an allelochemical,
3B-caffeoxyl-1B,8a-dihydroxyeudesm-4(15)-ene (1) —an eudesmane-type sesquiterpene. The
compound showed 92.34% inhibitory effect towards the growth of root and hypocotyls of
lettuce seeds.

Acknowledgements

The authors are thankful to financial support provided by Korean Research Foundation (KRF-521-
F00001) and Brain Korea 21 Project, funded by Republic of Korea. The first author is thankful to
JASSO, University of Tsukuba Japan for providing an opportunity to perform some parts of
research work.



Molecules 2010, 15 1561

References

1. Rice, E.L. Allelopathic Growth Stimulation. In The Science of Allelopathy; Putnam, A.R., Tang,
C.S., Eds.; Wiley & Sons: New York, NY, USA, 1992; pp. 23-42.

2. Khan, A.L.; Hamayun, M.; Hussain, J.; Gilani, S.A.; Khan, H.; Kikuchi, A.; Watanabe, K.N.;
Jung, E.; Lee, 1.J. Assessment of Allelopathic potential of selected medicinal plants of Pakistan.
Af. J. Biotech. 2009, 8, 1024-1029.

3. Khan, A.L.; Gilani, S.A.; Fujii, Y.; Watanabe, K.N. Monograph on Inula britannica L.; Mimatsu
Corporation: Tokyo, Japan, 2008; p. 18.

4. Abid, R.; Qaiser, M. Chemotaxonomic study of Inula L. and its allied genera (Inuleae -
Compositae) from Pakistan and Kashmir. Pak. J. Bot. 2003, 35, 127-140.

5. Khan, A.L.; Hussain, J.; Hamayun, M.; Gilani, S.A.; Kim, Y.; Rehman, S.; Watanabe, K.N.; Lee,
I. Elemental allelopathy and antifungal activities of Inula falconeri from Himalaya Pakistan. Plant
Soil Sci. 2010, DOI: 10.1080/09064710903338786.

6. Parvez, M.M.; Tomita-Yokotani, K.; Fujii, Y.; Konishi, T.; Iwashina, T. Effects of quercetin and
its seven derivatives on the growth of Arabidopsis thaliana and Neurospora crassa. Biochem. Sys.
Eco. 2004, 32, 631-635.

7. Makoi, J.H.J.R.; Ndakidemi, P.A. Biological, ecological and agronomic significance of plant
phenolic compounds in rhizosphere of the symbiotic legumes. Afr. J. Biotechn. 2007, 6, 1358-1368.

8. Golisz, A.; Lata, B.; Gawronski, S.W.; Fujii, Y. Specific and total activities of the allelochemicals
identified in buckwheat. Weed Biol. Manag. 2007, 7, 164—171.

9. Hu, H.; Zheng, X.; Hu, H.; Hong, C. Three antibacterial compounds from the roots of Pteris
multifida. Chem. Nat Comp. 2009, 45, 45-48.

10. Fu, H.; Zhang, L.; Y1, T.; Tian, J. A New Sesquiterpene from the Fruits of Daucus carota L.
Molecules 2009, 14, 2862-2867.

11. Chen, W.; Liu, Q.; Wang, J.; Zou, J.; Meng, D.; Zuo, J.; Zhu, X.; Zhao, W. New guaiane,
megastigmane and eudesmane-type sesquiterpenoids and anti-inflammatory constituents from
Youngia japonica. Planta Med. 2006, 72, 143-50.

12. Hiradate, S.; Morita, S.; Sugie, H.; Fujii, Y.; Harada, J. Phytotoxic cis-cinnamoyl glucosides from
Spiraea thunbergii. Phytochemistry 2004, 65, 731-739.

13. Fujii, Y.; Shibuya, T.; Nakatani, K.; Itani, T.; Hiradate, S.; Parvez, M.M. Assessment method for
allelopathic effect from leaf litter leachates. Weed Biol. Mang. 2004, 4, 19-23.

14. Abdelgaleil, S.A.M.; Abdel-Razeek, N.; Soliman, S.A. Herbicidal activity of three sesquiterpene

lactones on wild oat (Avena fatua) and their possible mode of action. Weed Sci. 2009, 57, 6-9.

Sample Availability: Samples of compound 1 are available from the authors.

© 2010 by the authors; licensee Molecular Diversity Preservation International, Basel, Switzerland.

This article is an open-access article distributed under the terms and conditions of the Creative

Commons Attribution license (http://creativecommons.org/licenses/by/3.0/).



