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Abstract: Multiple regression models of the HPL.C chromatogram peak areas and the results from lettuce seed
bicassays were used to determine which combination of isobutylamides from E. angustifolia root extracts
accounted for the allelopathic effects in the bicassay. Two fractions initially identified as peaks 3 and 6 and
subsequently determined to be undeca-2E-ene-8, 10-diynoic acid isobutylamide and dodeca-2E, 4E, 8Z,
10E-tetraenoic acid isobutylamide, respectively, were identified as the compounds responsible for the
allelopathic activity. The two compounds each accounted for slightly more than 6% of the total bicassay
variability, but together accounted for about 73% of the variability based on the simplest non-linear model.
Direct application of the purified compounds in the bicassay demonstrated that use of the genetic variability
in the Echinacea samples allowed identification of synergistic effects without the traditional approach of
fractionation and testing of all compounds and their possible combinations.
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INTRODUCTION

Plants are sessile organisms that are unable to
escape environmental pressures and as a consequence
have evolved an array of chemical defense mechanisms
that are pgenetically and environmentally regulated
(Weclkwerth, 2003). Allelopathic compounds produced by
many plant species may have a significant effect on
production agriculture, both by affecting crop seed
germination and weed germination (Ghafar e al., 2000,
Hoque et al, 2003a, b, Kadioglu and Yanar, 2004;
Nasr and Shariati, 2005; Shaukat and Siddiqui, 2002;
Uremis et al., 2005). Many of these biologically active
compounds have potential for the development of natural
herbicides, pesticides and other marketable products
(Duke et al., 2003; Macias et al., 2004).

Echinacea angustifolia D.C. (Asteraceae), a native
to the Great Plains of North America, has been studied
extensively for biologically active secondary plant
compounds (Barrett, 2003; Miller, 2004; Mitscher and
Cooper, 2004). The presence of biologically active
compounds in this species was first suggested by Native
American Plains Indians, who used this herb to alleviate
ailments such as toothaches, serious infections and
snakebites (Hobbs, 1995; Kindscher, 1992). Viles and
Reese (1996) demonstrated that the volatile compounds
and those present in aqueous extracts of E. angustifolia

also had allelopathic potential against several native
species and m a standard lettuce seed bioassay. Their
study also showed that the chemical activity of specific
extracts was not uniform, but dependent upon genotypic
variation of the plants grown in a common garden.

The traditional approach to identification of
biologically active compounds is to extract, separate
and individually test compounds that have shown
activity in a bioassay of a crude extract (Wagner, 1999).
This approach has proven successful for many
compounds but is limited if there is a large number of
compounds in the crude extract or if the efficacy 1s the
result of additive or synergistic effects. In natural product
chemistry, explaining the efficacy that results from the
interactions of several compounds n crude extracts has
been problematic. Identifying the biologically active
compounds and mechamsms involved m the activity of
the extracts has proven especially difficult in evaluating
the medical potential of extracts from FEchinacea
(Barrett, 2003; Mitscher and Cooper, 2004).

The newest approach to identifying potentially
useful biologically active compounds from plants
involves metabolic profiling of the whole metabolome or
of specific fractions of primary and secondary products
(Murch et al., 2004, Kite et al., 2004). The metabolites
are chemically identified and the variation i their
concentrations measured. Those compounds playing key
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roles in observed physiological variation or in specific
bicassays are then identified using statistical analyses
(e.g., principal component analysis). Such metabolomic
approaches avoid problems with additive or synergistic
effects by recogmzing all of the components that may
be involved in the assay and then relying on the
statistical amalysis of the data to determine which
compounds control the observed phenomenon. This
approach is both powerful and promising, but it requires
considerable input of time and resources, as identification
and characterization of an entire metabolome requires
sophisticated and often costly analyses.

This study was designed to take advantage of the
metabolomic approach’s use of statistical analyses, but
without the mmtial identification of all of the chemical
chosen to test this
approach to mnatural products chemistry
because of the extensive work that has been conducted

constituents. Echinacea was
statistical

on the secondary compounds and their variability within
the species (Bimms et al., 2002; Miller, 2004) and because
previous work in our lab has demonstrated that extracts of
E. angustifolia contained allelopathic compounds having
the potential to induce inhibition of seed germination and
root elongation 1 several plant species (Viles and Reese,
1996) and may prove valuable as natural herbicides
(Duke et al., 2003, Macias et al., 2004). Using statistical
models to compare biological activity and HPLC profiles
of root extracts, selection and identification of the
biologically active components were made and the
activity of the selected compounds was compared to the
activity of crude Echinacea root extracts.

MATERIALS AND METHODS

Plant sources: Echinacea angustifolia (Asteraceae)
seeds were collected from locations in North Dakota,
South Dakota, Kansas, Wyoming and Nebraska and
planted in a common garden on the South Dakota State
University Farm i Brookings, South Dakota (Feghahati
and Reese, 1994). The E. angustifolia were planted in half-
sib families and allowed to grow for three years. Plants
were harvested, separated into roots, stems and leaves
and flower heads. The plant parts were then placed in
labeled brown paper bags and air-dried.

Extract preparation: Dried root material was ground ina
Wiley No. 2 grinder fitted with a one-millimeter mesh
screen. Ground root material (0.5 g aliquots) from 30 plants
(6 plants from each of the 5 populations) was placed into
50 ml. 95% ethanol. The extracts were placed on a shaking
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table and agitated for 4 h in the dark at room temperature.
The extracts were centrifuged for 20 min at 1,200 x g and
the supernatants saved.

Lettuce seed bioassay: Allelopathic activity of crude
Echinacea root extracts and purified compounds from the
extracts was evaluated using a lettuce (Lactuca sativa)
seed bioassay (Rice, 1983). For the imtial screening, 9 cm
disposable petri plates were lined with 2 sheets of filter
paper. Four milliliters of ethanolic extracts were pipetted
onto the filter paper and the ethanol allowed to dry in a
sterile lamnar-flow hood for 4-6 h at 23°C. Four malhliters
of sterile, de-ionized water were then added to the filter
paper. Twenty-five lettuce seeds were placed into the
dish. (For experiments using purified compounds from the
Echinacea extracts, 6 cm disposable petri dishes were
used and liquid volumes were reduced to 2 mL). In all
experiments, the Petri dishes were sealed with parafilm
immediately after water and seeds were placed on the filter
paper. Seeds were cultured in the petri dish for four days
under 16 h of light and 8 h of dark at 25°C. Percent
germination was determined and root lengths were
recorded. The experiments were replicated three times.

Analytical high performance liquid chromatography: Ten
milliliter aliquots of each of the 30 crude ethanolic extracts
were concentrated to 1 mL in glass test tubes under
vacuum at room temperature, using a Savant SWJ 120
speed-vac system. The concentrate was centrifuged for 10
min at 20,000 x g and the supernatant saved Twenty
microliter samples were separated on a 150x4.6 mm 1.d.,
5 um, C-18, Ultragphere ODS column (Beckman Instrument
Co., Fullerton, CA) and eluted using a 30-100% ethanol
gradient over 30 min. Chemical constituents were
monitored by UV at 220 nm using a Beckman 168 Diode
array detector. Real-time purity of the peaks was
monitored using the Beckman System Gold software. This
program uses evolving factor analysis to determine
differences m successive spectra (220-400 nm) during
chromatographic peak and
identification of up to 3 co-eluting compounds.

elution of a allows

Preparative high performance liquid chromatography:
Individual compounds were 1solated from ethanolic
extracts of a single Echinacea plant, selected from the
South Dakota population because of strong
allelopathic activity, as shown in the initial bioassay. The

its

individual compounds, identified as separate peaks, were
isolated using a semi-preparatory 150x10 mm i.d., 5 um
C-18, Adsorbosphere column (Alltech Associates, Inc.,
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Deerfield, T1.). A 1 mL sample was injected and eluted
using a 30 min, 30-100% ethanol gradient at a flow rate of
5 mL per min. Materials eluting as peaks 3 and 6 were
collected using a fraction collector connected to the HPLC
and controlled by the Beckman System Gold Software.
Materials under the individual peaks from multiple
mjections were pooled, stored at -80°C and then
lyophilized. Relative concentrations of the ndividual
components were determined based upon the area under
the peaks for the isolated compounds in comparison with
the areas for the components found in the crude
preparation. Lettuce seed bicassays were conducted, as
above, using the individually isolated components from
the roots applied at concentrations equivalent to those
found 1in the original ethanolic extracts or fractions of
those concentrations.
Preliminary chemical determination: Preliminary
wdentification of the chemical constituents from the
ethanolic root extracts as isobutylamides was made
using the above described analytical HPL.C method and
comparing HPLC retention times and UV spectra with
published characteristics of E. angustifolia secondary
products (Bauer et al., 1988, 1989, Bauer and Remiger,
1989). Further confirmation was made using the HPL.C
protacol of Bauer and Remiger (1989) to separate the root
extracts. Retention times and UV spectra (200 to 300 nm)
generated with the diode array detector and confirmed
using a DU 650 spectrophotometer (Beckman Instrum ents
Co., Fullerton, CA) were compared to those published by
Bauer and Remiger (1989).

Mass spectrometry: Confirmation of the chemical
structures of peaks 3 and 6 was also made using high
resolution mass spectrometry, with a 5890 Series 11 gas
chromatograph and 5971 MSD (Hewlett Packard Co., Palo
Alto, CA) using electron impact ionization. Separation
was conducted with a 30x0.25 mm i1.d. * 0.25 micron film
thickness DB-5 capillary column (I and W Scientific,
Folsom, CA). The mass spectrometer was operated in
scanning mode, from mass 40 to 650 Da, with splitless
injection and oven temperature beginning at 80°C, holding
for 3 min and mncreasing at 10 degrees/min up to 300°C.
The mjection port temperature was 230°C and the GC/MS
interface temperature 280°C.

Nuclear magnetic resonance: For further confirmation
of the chemical structure of isolated alkamides, samples
were sent to Dr. Paul Molitor at the University of
Tllinois, Urbana. 'H and “C NMR spectra of the isolated
compounds were made using a Varian 500 MHZ NMR,
with samples dissolved in D,COD.
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Statistical modeling and identification of biologically
active components: Statistical analyses were conducted
using programs provided by SAS. Analyses of variance
of the effects of the Echinacea extracts on germmation
and root elongation were calculated usmg factonal
designs with the GLM procedures. Multiple regressions
comparing peak area to seed germination and root
elongation were conducted with the PROC REG
procedure.

Initial evaluation of the relationship between the
biocassay results and the areas under the peaks of the
analytical HPL.C chromatograms utilized multiple linear
regression protocols. However, the residual plot for peak
6 showed a clear quadratic pattern mn the plot of the
residuals, mdicating a violation of linearity and that use of
a quadratic expression was appropriate. All possible
models for combinations of the peak areas vs. germination
or root elongation were generated. The models having the
highest correlation coefficient (R” value) were then used
to determine what combinations of compounds were to be
tested.

RESULTS AND DISCUSSION

Lettuce seed germination and root elongation: Results of
the bioassays showed that exposure to the ethanolic root
extracts of Echinacea from the five populations reduced
mean germination of lettuce seeds by more than 30% and
reduced root elongation by more than 70%. Genetic
variation in allelopathic potential was demonstrated by
the variability n lettuce seed response to extracts from the
five populations even though all of the plants were grown
in a common garden in Brookings, SD.

Reduction in germination in response to individual
extracts varied more between Echinacea plants from
within the same population than between populations
(Table 1). In all 5 populations, the least active root extract
caused no reduction m germination, while at least one
extract generated a maximum reduction in lettuce seed
germination of 100, 100, 84, 84 and 88% (ND, WY, SD, NE
and K8, respectively). Although root extracts from all
populations sigmficantly reduced mean germination
below that of controls (p = 0.05), there was no significant
difference between the reduction of seed germination
by the Echinacea toot extracts between populations
(Table 1). Extracts from plants of all five populations also
significantly reduced root elongation by about 75%. As
with gemination, variation in the allelopathic potential of
the Echinacea extracts from plants within a given
population was so great that differences between
populations were not detectable.
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Table 1: Effects of 1. angustifolia root extracts on lettuce seed germination and seedling root elongation

Germination (%)

Root length (mm)

Population Max Min Mean STD Max Min Mean STD
ND 100.0 0.0 63.9 31.8 13 1 4.5 3.4
WY 100.0 0.0 68.7 333 12 1 5.7 42
SD 100.0 16.0 68.2 285 36 1 6.2 7.4
NE 100.0 16.0 65.8 325 9 1 3.7 33
KS 100.0 12.0 59.8 338 13 1 43 4.1
Control 100.0 100.0 100.0 00.0 25 20 214 1.7
Root elongation
Table 2: Selected models from multiple regression analyses for comparison
6 of HPLC chromatogram areas of echinacea root extracts with
12 results of the lettuce seed bioassays
’ Model No. Peak (s) R?
1 3 0.064
1 6 0.061
0.8 1 5 0.041
2 686> 0.269
2 1&6 0.100
9 2 3&6 0.097
8110 3 3&6&6 0.729
/ 3 186&6° 0.303
3 286&6° 0.291
4 3&A&6&6’ 0.329
— 6 1&2&3&4&6&6° 0.350
o 30 40 8 1&2&3&4&6& T&B&E 0.358
Retention time 10 1&2&3&A4&5b&6& 7888986 0.989

Fig. 1: Typical chromatogram of ethanolic extract of
E. angustifolia. Twenty microliter samples were
separated on a Beckman, C-18, ultrasphere ODS
(5 pm), 4.6 mm x 15 cm and eluted using a 30-100%
ethyl alcohol gradient

Determination of biological activity: HPLC separations of
Echinacea extracts (Fig. 1) were made for all of the plants
from the five populations that were used to examine
genetic  variability of allelopathic potential. The
chromatograms revealed 11 peaks that were common to
extracts from plants of all five populations, although all
peaks were not necessarily found in all plants in any
given population. Regression analyses of peak area of
HPLC profiles of the ethanolic root extracts against the
bioassay activity of the extracts showed that no one peak
accounted for more than about 6% of the variation of the
allelopathic potential (Table 2). When residuals for the
regressed values were plotted for each individual peak,
the plot for peak six showed that the relationship was not
linear, with the residual plot being curvilinear. This
curvilinear relationship required the introduction of a
quadratic function. The quadratic function alone (peak 6%)
accounted for approximately 27% of the variation in the
bioassay data and the three-variable regression model
utilizing peaks three, six and six squared accounted for
73% of the variation (R* = 0.7294). This was the simplest
model explaining the majority of the biological activity in
the Echinacea extracts and, therefore, identification of
these two peaks was pursued.
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Allelopathic potential of isolated compounds from
root extracts of Echinacea angustifolia: To test the
hypothesis that most of the inhibition of germination and
root elongation occurred in response to the compounds
associated with peaks 3 and 6 of the HPLC elutions, the
lettuce seed bioassay was performed using fractionated
extracts from a single Echinacea plant selected from the
South Dakota population. The crude extract reduced
germination by 85% and root elongation by 92%, as
compared to controls. Purified preparations of peaks three
and six were applied at rates equal to one-quarter, one-half
and an amount equivalent to that of the crude extract,
based upon peak areas of known volumes injected
onto the HPLC. Figure 2A and B show the lettuce seed
bioassay results conducted using HPLC-purified fractions
from peaks 3 and 6 applied individually and in
combination.

Peak 6 reduced germination by 12, 45 and 77%, at
one-quarter, one-half and full strength, respectively, when
applied independently. Peak 3 reduced germination by 16,
25 and 56%, at one-quarter, one-half and full strength,
respectively. The combination of peaks 3 and 6 at one-
quarter strength reduced germination by 79%, at one-half
strength by 87% and at full strength by 90%. Peaks 3 and
6 combined were as effective as that of the crude extract,
but neither compound individually reduced germination
to the levels of the crude extract.
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Fig. 2. Allelopathic potential, as determined by lettuce
seed bicassay, of isolated compounds found in
the ethanolic root extracts from a single South
Dakota Echinacea angustifolia plant. (A) Percent
germination for lettuce seeds treated with
compounds isolated by HPLC and identified as
peaks three and six, applied mdividually or
combined at rates equivalent to that found m the
crude extracts of fraction there of LDS =1.8023. (B)
Root length for lettuce seeds ftreated with
compounds isolated by HPLC and identified as
peaks 3 and 6, applied individually or combined at
rates equivalent to that found in the crude extracts
of fraction there of LSD = 13.5. Control = ethanol
control, crude = crude Echinacea extract of the SD
plant, 3 undeca-2E-ene-8, 10-diynoic acid
isobutylamide, ¢ = dodeca-2E, 4E, 87, 10E-
tetraenoic acid isobutylamide

The effects of the compounds from peaks 3 and 6 on
root elongation (Fig. 2B) in the lettuce seed bicassay
show a similar pattern. Peaks 3 and 6 individually at
quarter and half strength reduced root length by about
21% compared to controls. Peak 3 at full strength reduced
root length by 30% as compared to the controls. Peak 6 at
full strength reduced root length to 28% as compared to
the controls. The reduction m root length was not
significantly different from the controls for lettuce seed
treated with individual peak 3 or peak 6 isolates. The
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Fig. 3: (1) Structure of the compound isolated as peak
three, undeca-2E-ene-§, 10-diynoic acid
1sobutylamide. (2) Structure of the compound
isolated as peak six, dodeca-2E, 4E, 87, 10E-
tetraenoic acid 1sobutylamide

combination of peaks three and six at full strength and the
crude extract were the only root elongation treatments
significantly different from controls.

Identification of peaks 3 and 6: Previously published
characteristics of Echinacea extracts suggested that the
allelopathic compounds 1in the E. angustifolia root
extracts were alkamides (Bauer et al., 1988, 1989; Bauer
and Remiger, 1989). UV spectra of peaks 3 and 6 showed
that the compounds contain unsaturated, carbon-carbon
double bonds. The spectra were almost identical to
compounds identified by Bauer and Remiger (1989) as
undeca-2E-ene-8, 10-diynoic acid isobutylamide (peak 3)
and dodeca-2F, 4E, 87, 10E-tetraenoic acid isobutylamide
(peak 6). Elution times were also consistent with those
published for these compounds, when run under the same
HPLC proteols (Bauer and Remiger, 1989)

Nuclear magnetic resonance and mass spectrometry
were used to confirm the identification of peaks three and
six. The data were consistent with the structures of
compounds 1 and 2 (Fig. 3).

The lettuce seed bioassay was used to examine the
allelopathic potential of root extracts of Echinacea
angustifolia. Previous studies have shown that aqueous
extracts and volatile components from the roots of
E. angustifolia can inhibit germination and root
elongation in grass seed bioassays
{(Rice, 1983). The root extracts examined here sigmficantly
affected both lettuce seed germination and root
elongation, with variation in potential between individuals
from the same population appearing to be as large as that
between mdividual plants from the various populations.

and lettuce



J. Biol. Sci., 6 (6): 978-9584, 2006

Tdentification of the compound or compounds that
elicited the reductions in germination and growth was
attempted by multiple regression of peak area with the
results of the bicassays. This approach was selected to
allow the identification of the active compounds even if
the activity was the result of interactions of more than one
constituent. Utilizing the natural variability of the plant
extracts allowed a rapid and relatively simple screeming of
the constituents, without the need to isolate and purify
the mdividual compounds. This protocol reduced the
number of combinations of constituents that needed to be
tested, which increases geometrically as the number of
interacting constituents increases.

The simplest model generated suggested that the
compounds associated with peaks labeled 3 and 6 (Fig. 3,
molecules 1 and 2, respectively) from the HPL.C separated
E. angustifolia crude extracts were responsible for the
majority of the variation in allopathic potential of the
extracts. Therefore, we conducted bicassays using the
isobutylamides associated with the elution of these peaks.

The first step was to demonstrate that 1 and 2, alone
or m combmation, affected root elongation and
germination of the lettuce seed to the same extent as the
crude extract. The assay showed that these compounds
had an additive effect in root elongation. Individually they
had little effect, but together the reduction in root
elongation was equal to that of the sum of the effects
produced by the two compounds. Tt is clear that 1 and 2
are not responsible for all of the reduction m root
elongation attributed to the crude extract, as together they
account for only about half of that reduction.

Tn contrast to root elongation, 1 and 2 appear to have
a synergistic effect in the germination bioassay. Even at
quarter strength, both reduced germination as almost as
much as the crude extract. The difference in activity
between the two assays highlights the complex nature of
allelopathic interactions and indicates that the inhibition
of germination and root elongation are differentially
affected by the various components of the Hchinacea
root extracts.

The two 1dentified 1sobutylamides, 1 and 2 may have
potential value as natural herbicides. The mechanisms of
toxicity, meluding the role of somenzation, metabolism of
the compounds by microorganisms and exposure to soil,
are yet to be examined (Coja et al, 2006, Macias et al.,
2006). Determination of the commercial potential of the
two isobutylamides will require further study. Analyses of
their selectivity and stability as well as LDy, values are
anticipated after synthesis of sufficient quantities have
been completed.
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CONCLUSIONS

The results of this study strongly support the
hypothesis that genetically or environmentally induced
variation in the secondary product composition of plants
can be used to identify biclogically active components by
modeling of the response of their impact in a bioassay.
Utilizing the natural varation within the species provided
a relatively simple method for a priori identification of
compounds that were biologically active n a complex
mixture. The method 1s particularly useful when the
biological activity is the result of synergistic interactions
between two or more compounds. This approach to
identification of biological activity in a complex extract has
the potential to significantly reduce the need to identify
all of the components in the mixture in an effort to
discover those that can be used as a source of new
commercial products.
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