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In vitro and in vivo bio-stimulatory activity of a Lupinus albus cv. Bethuana white Seed Suspension (SS)
was previously documented using vegetable crops. This was repeated for two grain crops, maize and
wheat, in an attempt to provide a rationale for the isolation and identification of the active compound(s)
involved. In all cases, besides negative controls, the response to treatment with SS was compared to
that of a commercial bio-stimulant, ComCat®. At an optimum concentration of 5 mg e'ss significantly
enhanced seedling growth and yield in both crops. Subsequently, activity directed liquid-liquid
extraction of ground L. albus seed resulted in an ethyl acetate extract containing most of the bio-
stimulatory activity. Two in vitro bio-assay procedures were employed to appraise the in vitro bio-
stimulatory properties of semi-purified fractions as well as pure compounds contained in it. The highly
active ethyl acetate extract was fractionated further by means of adsorption column chromatography
resulting in eighty five fractions that were combined into twelve on the basis of similarities in thin layer
chromatography profiles. Four of these fractions showed significant bio-stimulatory activity and were
pooled. From this one compound was isolated, purified and identified as glyceryl trilinoleate by means

of nuclear magnetic resonance spectroscopy.
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INTRODUCTION

In light of a sharp increase in world population predicted
for the future, and the resulting uncertainty towards food
security, a need exists to increase crop yields on availa-
ble arable land (Heidhues, 2001). Further, due to consu-
mer resistance towards the extended use of synthetic
chemicals in an attempt to reach this goal, a rationale for
natural product research, especially environmentally
friendly natural bio-stimulants that have the potential to
improve crop yields, exists. This is not a new concept as
plant extracts containing growth promoting substances
have been of interest to the agricultural research commu-
nity since the early seventies in terms of the role they
could play in addressing future food security issues (Blum

et al.,, 1992; Suzuki et al., 2002). Several plant species
with growth promoting properties have been identified in
the past. For example, Channal et al. (2002) reported on
the seed germination as well as seedling growth enhance-
ment of sunflower and soybean by leaf extracts from
three (Tectona grandis, Tamarindus indica and Samanea
saman) out of the seven tree species investigated.
Similar effects were reported by Terefa (2002) for
Parthenium hysterophorus extracts on tef (Eragrostis tef)
and by Neelam et al. (2002) for Leucaena leucocephala
extracts on wheat (Triticum aestivum). However, none of
these studies revealed that treatment with the different
plant extracts had any effect on the final yield of the crops
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under investigation. The ideal break-through would be to
identify a plant or plants that contain bio-stimulatory sub-
stances promoting not only seedling establishment but
also yield and quality in agricultural crops. In search of
the ideal candidate, we screened a large number of wild
and domesticated South African plants for bio-stimulatory
properties. Above average growth promoting activity was
recognized in a white lupine, Lupinus albus L. cv. Bethuana
White, Seed Suspension (SS). The ability of SS to pro-
mote seedling development in terms of coleoptile and
root growth was previously confirmed in a number of
vegetables under laboratory conditions (van der Watt and
Pretorius, 2011).

In a previous study, van der Watt and Pretorius (2011)
reported on the growth and yield response of selected
vegetables to foliar treatment with SS under laboratory (in
vtro) and field (in vivo) conditions. The main objectives of
the underlying study were to establish: 1) whether seed-
lings of grain crops (wheat and maize) also respond in
vitro to foliar treatment with SS in terms of growth, 2) and
in vivo in terms of yield over one growing season in an
attempt to provide a rationale for, 3) the isolation and
identification of the active bio-stimulatory compound(s)
contained in L. albus cv Bethuana White seeds. In the
case of field trials, a recently commercialised bio-stimu-
lant, ComCat®, was chosen randomly from other com-
mercial products and used as a positive control at the
optimum concentration recommended by the manufac-
turers (AgraForUm, 2010). ComCat® contains brassino-
steroids as active ingredient (a.i.) and is registered as a
plant-strengthening agent by the European Union. Claims
made by the manufacturers on their website that were
authenticated by literature reports on the effect of exter-
nally supplied brassinosteroids on plants, include vege-
tative growth enhancement (Lim and Han, 1988), espe-
cially root growth (Missig et al., 2002) of selected agri-
cultural crops as well as yield enhancement (Kamuro and
Takatsuto, 1999; Khripach et al., 2000; Zullo and Adam,
2002). The latter is explained on grounds of improved
utilization of soil nutrients by treated plants and improved
flower bud formation (Schnabl et al., 2001).

Other advantages of ComCat® include improved crop
quality (Prusakova et al., 1999) and the induction of resis-
tance towards fungal pathogen infection in potato
(Schnabl et al., 2001).

MATERIALS AND METHODS
Plant material

L. albus cv. Bethuana White as well as maize (Zea mays cv.
PAN6043) and wheat (T. vulgare cv. PAN3377) seed used in labo-
ratory and field trials during the 2009/2010 growing season were
purchased from SENWES (South Africa). Cress (Lepidium sativum)
seed used in laboratory bio-assays were kindly supplied by
AgraForUm AG, Germany.

Other materials

Methanol, hexane and ethyl acetate was purchased from Merck
(Germany) and sodium bicarbonate from Sigma (Germany). All
organic solvents were of the purest grade possible. ComCat® was a
grant from AgraForUm AG.

Preparation of a seed suspension (SS)

Five hundred grams of whole L. albus cv, Bethuana White seeds
were initially broken into small fragments using a Retsch SM 2000
(USA) cutting mill and ground to a fine powder (particle size <100
um) using a Freutsch (Germany) seed grinder. Subsequently, the
powdered seed was drenched with 100% (v/v) ethanol that was
allowed to evaporate at room temperature. This was repeated twice.
Subsequently, the ethanol treated seed material was suspended in
distilled water at 5 mg/L by agitating vigorously on a mechanical
shaker.

Field trial layout

Maize and wheat trials were conducted in South Africa on a farm 20
km north of Kenilworth in the Bloemfontein district (29° 01’ 00” S,
26° 08’ 50” E) during the 2009/2010 growing season. In both cases,
trials were laid out in a complete randomized block design. Plot
sizes differed for the different crops according to the prescribed in
row and between row spacing suggestions of the Agricultural
Research Council (ARC, South Africa, Technical datasheet 2004).
Fertilizer was applied based on soil analysis and excepted yield
outcome according to the recommendation of the Agricultural
Research Council (ARC, South Africa Technical datasheet 2004)
for South African soils. Summarized details for each crop (Table 1),
soil analysis (Table 2) and weather data (Table 3) are supplied.

Treatment of crops under field conditions

Test crops were separately treated with the seed suspension (SS)
and a commercially available bio-stimulant, ComCat® (positive
control), by means of foliar applications at the 3 to 5 leaf growth
stage (V16 for both maize and wheat) (Meier, 1997) while standard
fertilized plots (Table 2) served as a negative control. SS was
applied at 5 mg ¢* (7 g a.i. L'/ha™) (previously found to be optimum
under laboratory conditions) (van der Watt and Pretorius, 2011) for
both test crops and ComCat® at 100 g ha™ for maize and 200 g ha™
for wheat according to the specifications of the distributors in South
Africa (Agraforum SA, 2010). For both maize and wheat, the spray
volume was 1400 £ ha™. In all cases, a wetting agent, Solitaire (Villa
Crop Protection South Africa 2009) was added at a ratio of 1:1000
(v/v). All plots received standard fertilizer at planting (Table 2) while
standard disease and insect control measures were applied for
each crop. Trials were conducted under rain fed conditions and
replicated 8 times using a randomized block design.

Quantification of crop yields

After completion of the drying cycle, 20 ears per replicate were
collected at random from wheat plants that did not form part of the
harvested area, and the dry mass determined. Subsequently, dry
kernels were removed from the ears, counted and weighed. Total
grain yield per replicate was determined from a 15 m? (1.5 x 10 m)
area harvested by means of an experimental plot harvester
(Wintersteiger, Austria). The harvested area was from five rows in
the middle of each plot in order to avoid any possible side effects.
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Table 1. Field trial specifics and fertilizer requirements for maize and wheat, cultivated under rain
fed conditions, based on expected yield outcome and soil analysis as recommended by the
Agricultural Research Council, Bethlehem, South Africa (ARC, Technical datasheet 2004).

Row crop Maize Wheat
Cultivar PAN 6043 PAN 3377
Replications 8 8
Between row spacing 15m 0.45m
Plot size 34 m? 30 m?
Plants/ha +17 600 + 55 000
Harvested area per replicate 12 m? 15 m?
Yield potential 4.0 ton/ha 2.5ton/ha
Fertilizer/ha kg/ha

N 70 45-60

P 15-20 15

K 0 7-8

Table 2. Soil analysis conducted by the Agricultural Research Council, Bethlehem, South Africa (2010).

N P K Ca Mg Na pH Soil properties (%) CEC
(mg/kg)  (mg/kg)  (mg/kg)  (mglkg)  (mg/kg) (mg/kg) (KCl)  Sand  Clay  Loam  (cmolckg™)
294.0 7.3 75.5 413 192.9 6.2 5.5 84 12 4 3.9

CEC = Cation exchange capacity.

Table 3. Minimum, maximum and average daily temperatures as well as average monthly precipitation and relative humidity during the
2009/2010 growing season in the region where field trials were conducted as supplied by the South African Weather Service (Pretoria).

Year Month Temperature (°C) Precipitation (mm) Relative humidity
Minimum (Tn) Maximum (Tx) Average  Total Minimum (RHn) Maximum (RHXx)
May 6.0 20.4 0.9 29.2 29.5 82.7
June 4.9 16.7 0.7 19.6 37.4 84.3
July 1.7 16.1 0.3 10 23.8 71.2
2009 August 4.8 21.0 0.3 8.7 20.8 721
September 6.9 25.9 0 0 103.1 55.8
October 12.2 26.5 3.4 97.4 25.5 79.4
November 13.6 28.7 0.7 8.5 21.6 76.1
December 15.3 32.8 1.9 57.6 14.7 77.5
January 16.8 28.4 4.3 133.3 39.1 86.9
February 16.8 29.9 15 34.9 30.1 83.1
2010 March 16.6 29.6 4 111.9 31.3 83.6
April 10.9 23.9 1.3 39.8 36.5 86.5
May 6.7 21.6 0.6 19.8 30.2 81.0
Final yield was expressed in ton/ha. Maize cobs from twenty plants average plant stand of 17 600 per ha.
per row and from the three middle rows (60 plants per replicate)
were harvested by hand after completion of the drying cycle and Activity directed bio assays
when kernels contained 12% moisture. Subsequently, cobs were
mechanically dehusked while care was taken that none of the Two different bio-assays were employed to determine and quantify
kernels went astray. The dry kernel weight for each replicate was the bio-stimulatory activity of the seed suspension, crude extracts

determined separately and expressed as ton/ha on the basis of an and active compounds. These included the effect on the respiration
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rate of monoculture yeast (Saccharomyces cerivisiae) and its effect
on seed germination and subsequent seedling development in
terms of root length growth as well as either coleoptile or hypocotyl
growth, depending on the test plant. Either one or both the bio-
assays were used during activity directed extraction of active
compounds from the L. albus seed suspension.

Assay 1: Activity directed bioassay on the respiration rate of
monoculture yeast cells

A specially constructed glass respirometer with a short bulged
section (reservoir) to contain the yeast cells and a long calibrated
tube, closed at the top end to collect CO, gas was used in
determining the effect of a L. albus seed suspension (van der Watt
and Pretorius, 2011), crude extracts and active compounds on the
respiration rate of monoculture yeast cells. Dry baker’s yeast (0.8 g)
was placed in the reservoir of the respirometer. Subsequently, 70
ml of each of the test solution containing 5 g £* glucose to serve as
respiratory substrate for the yeast cells was added to the respire-
meter. The apparatus was tilted sideways to release air bubbles
trapped in the dry baker’s yeast and placed in a water bath pre-
heated to 29°C. ComCat® was used as a positive control at the
prescribed concentrations and distilled water served as a negative
control. Carbon dioxide released by the yeast cells was measured
in ml at 20 min intervals over an 80 min incubation period by
reading the gas volume directly from the calibrated tube. Tests were
replicated six times and laid out as randomised designs.

Assay 2: Activity directed bioassay on seed germination and
subsequent seedling growth

Two sheets of germination paper (30 x 30 cm; purchased from
Agricol, South Africa) were used to determine the effect of different
test solutions on seed germination and subsequent seedling growth
of different crops. A line, 10 cm from the top, was drawn on one
sheet and 20 seeds spaced evenly on the line. A second sheet of
germination paper was placed on top of the first and moistened with
a specific test solution, distilled water (negative control) or different
prescribed concentrations of ComCat" (positive control). Both
sheets of paper were rolled up longitudinally and placed upright in
an Erlenmeyer flask containing distilled water, the test solutions or
the ComCat® solution and kept at 25°C in a growing chamber in the
dark. Seed germination, coleoptile or hypocotyl and root lengths
were determined at 24 h intervals over a 96 h incubation period and
replicated six times using a randomised design.

Isolation, purification and identification of the active

compounds in SS
Activity directed liquid-liquid extraction

A modified method of Gamoh et al. (1989) was followed. Five hun-
dred grams of ground L. albus seeds were extracted with 2 L of
100% methanol (1:4 ratio; m/v). This was repeated 10 times over a
5 day period. Every 24 h, the methanol crude extract was decanted,
pooled and replaced with fresh methanol (v/m) (1). Subsequently,
the same plant material was extracted with an ethyl acetate:
methanol mixture (1:1; v/v) in the same 1:4 ratio (m/v) for another
five days by following the same procedure as explained for
methanol (2). The methanol and ethyl acetate: methanol extractants
were combined (3), mixed and filtered under vacuum through a
double layer of Whatman No. 1 filter paper using a Buchner funnel
fitted to an Erlenmeyer flask connected to a suction pump. The
combined filtrate was vacuum distilled at 35°C using a Buchi
Rotavapor (Bibby Sterlin LTD, England) equipped with a cooled
Liebig condenser in order to remove the bulk organic solvent. The

combined concentrated extract was fractionated between ethyl
acetate and water (2:1; v/v) by means of liquid-liquid extraction and
the procedure repeated three times (4). Both the ethyl acetate (5)
and water fractions (6) were concentrated by means of vacuum dis-
tillation and the water fraction further fractionated twice between
hexane and 90% methanol (1:1; v/v). The hexane fraction (7) was
subsequently concentrated by means of vacuum distillation at 35°C
and the aqueous water extract fractionated twice between ethyl
acetate (8) and a saturated sodium bicarbonate solution (1:1; v/v)
(9). All nine of the collected SS fractions were tested for bio-stimu-
latory activities by means of the two described activity directed bio-
assays.

In both bio-assays, all fractions tested were replicated six times
by using randomised designs. Only the most active fractions were
further purified using different chromatographic techniques in order
to isolate, identify and elucidate the chemical structure of the active
compound(s).

Qualitative thin layer chromatography (Q-TLC) of liquid-liquid
extraction fractions

Using Q-TLC, all the liquid-liquid extraction fractions obtained as
outlined earlier were spotted on a silica gel 60 Fzss-aluminum
backed and pre-coated plate (Mikes and Chalmers, 1979) in order
to obtain a Q-TLC-profile of each fraction. 10 to 15 pg of each sam-
ple was loaded onto the plates at the baseline and developed in a
saturated chamber using chloroform: methanol (95:5; v/v) (Gamoh
et al., 1989) and 1 ml of glacial acetic acid as solvent system. Gla-
cial acetic acid was added to the mobile phase to prevent the
fractions from streaking on the plate. After drying the plates in a
stream of air, using a common hair dryer, compounds were first
detected under UV-light at 254 and 365 nm, stained with 10% (v/v)
ethanolic sulphuric acid and placed in an oven at 100°C for 20 min
(Wagner and Bladt, 1996). Only the most active liquid-liquid extrac-
tion fraction (ethyl acetate fraction 1, Figure 1) was concentrated to
dryness in vacuo and subjected to column chromatography for
further purification of the active compounds.

Activity directed adsorption column chromatography of ethyl
acetate fraction 1

From the activity directed liquid-liquid extraction procedure (Figure
1), ethyl acetate fraction 1 showed the highest bio-stimulatory
activity in vitro and was further purified by means of adsorption
column chromatography using Silica gel 60 (Merck, Germany) as
stationary phase. One hundred gram silica gel 60 (70 to 230 mesh)
was mixed with 300 cm? of the mobile phase (chloroform: methanol;
98:2; v/v) to form a slurry that was poured into a glass column (200
x 10 mm) and allowed to settle for an hour under gravitation. 5 ml of
the active ethyl acetate fraction, at a concentration of 516 mg ml™
was loaded onto the column and eluded stepwise with 50 ml of a
gradient solvent system of 100% chloroform followed by 50 ml each
of different chloroform: methanol mixtures (v/v; 98:2, 95:5, 90:10,
85:15 and 80:20) at a flow rate of 1 ml mint. A total of 85, 5 ml
fractions were collected. To ensure that all active substances were
removed from the column, it was finally cleaned with two bed
volumes of 100% chloroform followed by two bed volumes of 100%
acetone and collected separately in bulk. After vacuum distillation,
10 pg of every third column fraction as well as the bulk chloroform
and acetone fractions obtained after cleaning the column was
spotted on a pre-coated silica gel TLC-plate and the compounds
contained separated, as outlined earlier, using chloroform: metha-
nol (10:1; v/v) as mobile phase. After developing the TLC-plates
with 10% (v/v) ethanolic sulphuric acid at 100°C, those column
chromatography fractions with similar Q-TLC profiles were combined.
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Figure 1. An outline of the procedure followed
Lupinus albus L. seeds (Gamoh et al., 1989).

In this way, twelve combined fractions were obtained that were
subsequently concentrated in vacuo and subjected to the two bio-
assay procedures in order to determine which fractions contained
the bio-active compound(s). In both bio-assays, all fractions tested
were replicated six times by using randomised designs.

to extract and fractionate active compounds from

Purification of active compounds using preparative thin layer
chromatography (P-TLC)

Four of the twelve combined column chromatography fractions
showing the highest bio-stimulatory activity were pooled and puri-
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Table 4. Yield response of selected row crops to foliar treatment
with a L. albus cv Bethuana White seed suspension (SS) under rain
fed conditions. ComCat® was used as positive control. Untreated
plants receiving only standard fertilizer served as a negative con-
trol. LSDm)0.05) values are indicated for each test crop separately.

Crop Treatment Dry grain mass (ton/ha)
Control 49+0.3

Maize ComCat® *5.2 + 0.5
SS *5.2+04
LSDm)0.05) 0.24
Control 19+0.1

Wheat ComCat® 24+0.2
SS *2.6+0.1
LSDm0.05) 0.52

* = Data differing significantly from the untreated control according to
Tukey Kramers least significant difference (LSD) statistical procedure at
P<0.05.

fied further by means of P-TLC. 50 mg of each column fraction
dissolved in 50 pl of the mobile phase was loaded in a band and in
10 pl increments onto a separate pre-coated Silica plate (Merck
Kieselgel 60 Fass; 20 x 20 cm?, 1 mm thickness) by streaking evenly
over the full length of the baseline with the aid of a glass capillary
tube. Using a fan, the plate was air dried between increments to
concentrate the substances in a small area as possible and, subse-
quently, developed in a saturated glass chromatography chamber
using chloroform: methanol (10:1; v/v) as mobile phase. After
observing the plate under UV light (254 and 365 nm) and marking
the clearly defined boundaries of individual compounds, the silica
containing the compounds were scraped off from the glass plates
using a spatula and transferred to separate glass beakers. The
compounds were recovered from the Silica by elution with ethanol
for compounds with RF-value above 0.5 and methanol for those
with RF-values below 0.5 (Mikes and Chalmers, 1979) followed by
centrifugation for 5 min at 20,000 g. Only one active compound was
recovered from the pooled column fractions and its purity confirmed
in an original analytical TLC system. Its chemical structure was
elucidated by means of mass spectrometry and nuclear magnetic
resonance (NMR) spectroscopy.

Chemical structure elucidation of the purified compound

The isolated compounds were washed repeatedly with acetone to
obtain an acceptable level of purity. Subsequently, the compounds
were analyzed by spectroscopic and spectrometric methods [fast
atom bombardment (FAB-MS)] and electron impact mass spectro-
metry (EI-MS)]. Nuclear magnetic resonance spectroscopy (NMR)
was performed on a Bruker 300 MHz DRX 300 spectrometer at 296
K (23°C) with tetramethylsilane [Si(CHs)4; TMS] as the internal stan-
dard. The solvents used were either deuteriochloroform (CDCL3) or
deuterio-acetone [(CDs), CO] as indicated. Chemical shifts were
reported in parts per million (ppm) on the &-scale and coupling
constants are given in Hz. The following abbreviations were used: s
= singlet, m = multiplet, d = doublet, t = triplet, dd = doublet of
doublets, br = broadened, DEPT = distortionless enhancement by
polarization transfer, COSY = correlation spectroscopy, NOESY =
nuclear overhauser effect spectroscopy, HMBC = heteronuclear
multi-bond coherence, HMQC = heteronuclear multiple quantum
coherence, **C NMR = carbon nuclear magnetic resonance, *H

NMR = proton nuclear magnetic resonance, FAB-MS = fast atom
bombardment, EI-MS = electron impact. All FAB mass spectra were
recorded on a VG 70-70 E double-focusing mass spectrometer and
mass determinations were obtained with a Kratos MS-80 mass
spectrometer in the double focus electron impact (El) mode.
Structural elucidation was mainly achieved through NMR spectro-
scopy (1D and 2D) as well as chemical methods, for example,
hydrolysis. The 1D NMR experiments comprised the HNMR,
3CNMR and DEPT while the 2D included HMQC and HMBC.

Statistical analysis

Analysis of variance (ANOVA) was performed on the data, using
the NC: SAS Institute Inc., Dos Statistical Programme to identify
differences between treatments. Tukey-Kramer's least significant
difference (LSD) procedure for comparison of means (Steele and
Torrie 1980; Mason et al., 1989) was applied to separate means. In
all cases LSD).05 values are supplied in tables and figures while
significant differences are indicated with an asterisk (*).

RESULTS

Yield response of maize and wheat to foliar treatment
with a L. albus seed suspension (SS) under field
conditions

Both ComCat® and SS contributed to significant yield
increases in maize after a single foliar spray treatment at
the 3 to 5 leaf growth stage, compared to the untreated
control (Table 4). Similar results were obtained with wheat,
but compared to the untreated control this was only
statistically significant (P = 0.05) in the case of SS. For
both maize and wheat, the yield response to treatment
with SS compared favourably with that of treatment with
the commercial bio-stimulant as differences in vyield
enhancement between the two treatments were non-
significant. This as well as previous results obtained by
Van der Watt and Pretorius (2011) supplied the rationale
for isolating and purifying the active compound(s) involved
from SS.

Bio-stimulatory activity of a L. albus seed
suspension (SS) and a crude extract thereof

As the manufacturers of ComCat® claimed a 0.5 mg &*
concentration to be optimal for bio-stimulation of crop
plants and the minimum stimulatory concentration (MSC)
of SS was found to be 5.0 mg £* with both bio-assay
procedures, only these concentrations were applied in
the extended screening program with different seedlings.
All test solutions significantly enhanced the respiration
rate of monoculture yeast cells compared to a water con-
trol (Table 5). The optimum concentration for ComCat®
(0.5 mg £*) showed an inhibitory effect on the hypocotyl
and root growth of Cress seedlings; although, not signi-
ficantly in the first case (Table 5). In comparison, SS im-



proved the hypocotyl growth of Cress seedlings at the
optimum concentration of 5 mg {*, but also non-signi-
ficantly (Table 5). However, both the seed suspension
(SS) and crude extract thereof significantly enhanced the
root growth of Cress seedlings. Subsequently, the
screening process was expanded to seeds and seedlings
of maize and wheat. At 96 h of incubation, SS and the
crude extract as well as ComCat® significantly enhanced
coleoptile and root growth of wheat and maize seedlings
(Table 5). Similar bio-stimulatory activity by both SS and
the crude extract supplied the rationale for purifying the
active substance(s) involved.

Isolation, purification and identification of active
compounds from a crude L. albus seed suspension

Following activity directed liquid-liquid extraction of the
seed suspension, it was only ethyl acetate fraction 1
(Figure 1) and the hexane fraction that significantly
(P<0.05) increased the respiration rate of monoculture
yeast cells compared to the water control (Table 6). This
compared favourably to that of the commercial product,
ComCat®, used as positive control. Significant bio-stimu-
latory activity was also confirmed in ethyl acetate fraction
1 in terms of root and hypocotyl growth of Cress seed-
lings (Table 6). Although, ethyl acetate fraction 2 also
significantly enhanced root growth in Cress seedlings,
this was neither the case for hypocotyl growth nor yeast
cell respiration. Subsequently, only ethyl acetate fraction
1 that was found to be significantly active in all bioassays
was further fractionated by means of column chromato-
graphy. From this, 85 column fractions were obtained that
were pooled into 12 combined fractions on grounds of
similarities in Q-TLC profiles. Fractions 1 to 3 and fraction
10 showed significant bio-stimulatory activity while frac-
tions 4, 7 and 9 showed marked but non-significant acti-
vity in terms of root growth enhancement of Cress
seedlings (results not shown). The results revealed a
clear pattern in terms of bio-stimulatory activity namely, a
large peak represented by column fractions 1 to 4 and a
small peak represented by fractions 9 and 10. As the
large peak contained the highest amount of recovered
dry matter and showed similarities in their Q-TLC profiles,
these fractions were combined and subjected to a further
purification step using preparative thin layer chromato-
graphy (P-TLC).

Activity directed P-TLC separation of compounds
contained in the first four combined column fractions
yielded one pure compound that was shown to be highly
active by using both bio-assays (results not shown). This
compound was subjected to nuclear resonance spectro-
scopy in order to identify the compound and elucidate its
structural formula. The *"H NMR and *C NMR resonan-
ces (Table 7) of the purified compound did not reveal
aromatic protons. However, 98 aliphatic protons were
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observed in the 'H NMR spectrum. Assignment of the
protons was aided by **C NMR, HMQC, HMBC and DEPT
experiments (results not shown). The results of the *C
NMR, DEPT and HMQC experiments revealed key points
that were crucial in the elucidation of the structure. Impor-
tantly, the C-H protons resonated only between & 5.3 and
5.4, the methyl groups at & 0.9 and the rest of the peaks
being methylene protons. The deshielded methyl-lene
protons (6 4.1 to 4.4) and methine proton (8 5.30) sug-
gests protons attached to oxygen bearing carbons, impli-
cating a glycerol ester type of structure. The olefinic
complex multiplet resonating at 3 5.4 was assigned to the
aliphatic double bonds (H-9/10 and 12/13), the doublet of
doublets between & 4.1 and 4.3 to H-1' (2H) and 3'(2H)
and the deshielded multiplet at & 5.3 to the tertiary
oxomethine (H-2', C-69.3 ppm). Couplings from the
methylene protons (8 4.1 to 4.3) to the deshielded
methine (6 5.3) as observed in the COSY experiment and
NOESY (results not shown) associations of the same
protons confirmed the glycerol part of the structure.
Strong HMBC of H-1°/3’ to C-2’ and C-1 (carbonyl carbon,
C-173.6 ppm) and H-2’ to C-1 unambiguously confirmed
the presence of the glycerol ester in the structure. The
aliphatic double bonds (85.35, C-128.2, 128.4, 130.3 and
130.6) showed a strong COSY correlation to the bis-
allylic methylene protons (H-11) at & 2.75 and the mono-
allylic protons (H-8 and 14) 2.0, confirming the H-9/10
and H-12/13 cis double bonds. The methylene protons (6
2.3, triplet) were confirmed by the observed strong HMBC
they showed to C-1. The rest of the protons were esta-
blished from the COSY, NOESY and HMBC spectra.

In order to confirm the ester linkage, the compound
was hydrolyzed. The compound was refluxed with 0.1 M
hydrochloric acid for 1 h and the product extracted with
ethyl acetate. With exception of the methylene (6 4.1 to
4.3) and the methine protons (8 5.3), the protons in the *H
NMR spectrum of the hydrolyzed product were identical
to those in the 'H NMR of the starting material (com-
pound 1). The results indicated that an ester linkage was
cleaved and the fatty acid moiety was recovered. The H
NMR spectrum of the product from the hydrolysis was
identical to that of authentic linoleic acid. The molecular
structure of Cs7HggOgs Which was in agreement with the
calculated molecular mass of 879 confirmed the glycerol
ester to be a known C-57 glyceryl trilinoleate (Figure 3).
By means of different bio-tests, glyceryl trilinoleate was
confirmed to be the active bio-stimulatory compound in
seeds of L. albus cv Bethuana White. Subsequently, the
newly identified glyceryl trilinoleate (SS a.i.) was com-
pared to ComCat™ and commercially available pure trilino-
lein in terms of its effect on the respiration rate of mono-
culture yeast cells (Figure 2A) as well as on wheat and
maize root growth (Figure 2B). The glyceryl trilinoleate
(SS a.i.) isolated from L. albus cv Bethuana White seeds
significantly (P<0.05) enhanced the respiration rate of
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Table 5. In vitro bio-stimulatory activity of a L. albus cv Bethuana White seed suspension (SS) and a crude extract thereof measured in
terms of respiration rate in monoculture yeast cells as well as seedling growth in wheat, maize and Cress seedlings.

Bioassay Measured activity Water ComCat® SSpowder SScrude LSDyo.0s)
Yeast cells Respiration rate (cm* CO, 80 min™) 44+0.3 10+0 10+0 10+0 1.15*
Wheat seedlings Coleoptile length (mm) 258+1.0 27.2+04 284+05 28.8+0.2 1.78*
9 Root length (mm) 73.1+20 86.0+05 90.4+05 87.8+3.4 6.36*
. . Coleoptile length (mm) 315+10 504+15 445+09 433%0.7 3.22*
Maize seedlings
Root length (mm) 76.0+17 89.4x12 88.7+14 845+34 6.52*
Cress seedlings Hypocotyl length (mm) 30445 225+7 349+26 345%18 8.13
9 Root length (mm) 57.7+139 457+176 796+41 788%35 10.49*
* = Data differing significantly from the untreated control according to Tukey Kramers least significant difference (LSD) statistical procedure at

P<0.05.

Table 6. Activity directed bio-assaying of semi-purified SS fractions obtained by means of liquid-liquid extraction. Respiration rate of monoculture yeast cells as well as
coleoptile and root growth of Cress seedlings were used as parameters.

Treatment
Bioassa Measured activit
y i Water ComCat® Ethyl acetate 1 Hexane NaHCO; Ethyl acetate 2 LSD 1)0.05)
Yeast cells Respiration rate (cm3 CO» min'l) 59.5+0.7 111.6+2.8* 119.7+0.5* 110.1+0.0* 57.3t1.5 58.1+1.4 4.38
Cress seeds  Hypocotyl length (mm) 31.2+0.1 32.8+2.8 36.6+£2.3* 34.5+2.47 35.0+4.1 36.1+0.3* 4.48
Root length (mm) 61.8+0.1 63.2+1.0 73.3+3.6* 60.6+0.6 58.6+1.9 56.1+5.1 4.59

* = Data differing significantly from the untreated control according to Tukey Kramers least significant difference (LSD) statistical procedure at P<0.05.

monoculture yeast cells compared to the water
control from 40 min of incubation and onwards
until the maximum rate of 10 cm® CO, min™* was
reached (Figure 2A).

It also compared favourably with the pure com-
mercially obtained trilinolein and ComCat® that
both significantly increased the respiration rate of
yeast cells.

Additionally, after 96 h of incubation, the purified

glycerol trilinoleate (SS a.i.), commercial trilinolein
and ComcCat® significantly increased root growth
in maize seedlings (Figure 2B), compared to the
water control, while no significant differences were
observed between the different bio-stimulatory
compounds. Wheat root growth was significantly
increased by ComCat® (12%) and SS a.i. (25%),
compared to the water control, while the commer-
cial trilinolein contributed to a marked, but non-

significant increase.

DISCUSSION

According to the study of Schnabl et al. (2001),
extractable amounts of plant growth regulating
compounds are associated with the plant families
Fabaceae and Caryophyllaceae. This supplied the
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Table 7. *H NMR and **C NMR data of the bio-stimulatory active compound purified from L. albus L. seeds.

Proton(s) CDCI; 298 K Carbon ppm (298 K)
1 173-
H-2 2.30(t) 2 34.5
H-3 1.60 (m) 3 26.5
H-4-6 1.29 (m) 4-6 22.6-34.7
H-7 1.30 (m) 7 22.6-34.7
H-8 2.00 (m) 8 27.5
H-9 5.35 (m) 9 128.2
H-10 5.35 (m) 10 130.3
H-11 2.80 (m) 11 26.0
H-12 5.35 (m) 12 128.4
H-13 5.35 (m) 13 130.6
H-14 2.00 (m) 14 27.5
H-15 1.30 (overlapped) 15 22.6-34.7
H-16-17 1.29 (overlapped) 16-17 22.6-34.7
CHs 0.9 (m) 18 14.5
H-1'/3 4.1-4.3 (dd) 113 62.5
H-2' 5.30 (m) 2 69.3

rationale for a comprehensive screening program that
commenced in 2002 during which extracts of different
South African species from these two families were
screened for bio-stimulatory activity in our laboratory
(Pretorius et al., 2008). As part of the outcome, we
recently reported that a L. albus L. cv. Bethuana White
(Fabaceae) seed suspension (SS) showed significant in
vitro bio-stimulatory properties by using different bioassay
procedures (Van der Watt and Pretorius, 2011). These
included the respiration rate of monoculture yeast cells as
well as seed germination and subsequent seedling
growth of four different vegetable crops. However, in vitro
data on the bio-activity of plant extracts is of little use if
not verified by in vivo data under field conditions. For this
reason, and the fact that yield increase is the principle
objective of applying bio-stimulants to crops from an
agricultural perspective, in vivo field trials were included
in this study. For this purpose, two economically impor-
tant row crops, maize and wheat were used in order to
assess the application potential of SS in the agricultural
industry and to find a rationale for the isolation and
identification of the active comgounds involved. A com-
mercial bio-stimulant, ComCat™ was used as positive
control at the optimum application rate of 100 g ha™ for
maize and 200 g ha™ for wheat as recommended by the
distributors (Agraforum SA, 2010).

In both crops, foliar treatment with SS contributed to
significant yield increases, compared to the untreated
control while not differing significantly from the yield res-
ponse of the two crops to treatment with the commercial
bio-stimulant. Interestingly, already a decade ago, Barczak
(2002) reported that leek plants (Allium sp.) sprayed with

a crude lupin extract showed marked vyield increases
ranging from 3 to 28% depending on the species. A
report by Przybylak et al. (2005) also confirmed the
growth and yield response of greenhouse cultivated paprika
treated with a lupin extract after seedling establishment.
To date, neither of these and other studies (Cwojdzinski
et al., 1989; Wysocki et al., 2001) supplied a mechanistic
explanation for the response of plants to treatment with a
lupin extract. For this reason, an attempt was made to
isolate and identify the active compound(s) involved and
contained in a crude L. albus seed extract. Standard acti-
vity directed chromatographic and bio-assay procedures
were employed to isolate and purify the active bio-sti-
mulatory compound(s) from L. albus seeds. Initial liquid-
liquid extraction of ground seed vyielded a highly active
ethyl acetate extract. Subsequently, compounds contained
in this fraction were separated by means of column chro-
matography. Four highly active combined column frac-
tions, based on similarities in Q-TLC profiles and Rf-
values were recovered. The four active column fractions
were pooled and from this a single active compound was
isolated by means of preparative thin layer chromato-
graphy. The purity of the compound was confirmed by
means of Q-TLC and its bio-activity in terms of enhanced
respiration rate in monoculture yeast cells as well as root
growth enhancement in maize and wheat seedlings.
Subsequently, the pure active compound was subjected
to nuclear magnetic resonance (NMR) spectroscopy and
mass spectrometry to elucidate its structure and identify
the compound by name. The different approaches assis-
ted in identifying the active compound as glyceryl trilino-
leate, a tri-ester with three fatty acid moieties, linoleic acid,
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Figure 2. The effect of glyceryl trilinoleate (SS a.i.) isolated and purified from L.
albus seeds, at a concentration of 0.5 mg L®, on A) the respiration rate of
monoculture yeast cells and B) seedling growth of wheat and maize. Water served
as a negative control while a commercial bio-stimulant, ComCat® (CC), and
commercially available pure trilinolein (Cs7HosOs) served as positive controls.
Statistical significance is indicated by calculated LSD (ry.05) values in the graphs.

attached to glycerol. The bio-activity of the compound with a report by Han et al. (2007) that tested fatty acids
was confirmed and compared favourably with that of for their plant growth stimulatory activity in the elongation
commercially available pure trilinolein. This is in concert of rape hypocotyls as well as wheat coleoptiles. Further,
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Figure 3. Chemical structure of a bio-stimulatory compound isolated and purified from L. albus seed and identified as

C-57 glyceryl trilinoleate (Cs7HggOg).

a number of reports pointed towards plant growth
regulatory activity contained in plant sterols and fatty
acids (Gong et al., 1999; Sheng et al., 2000; Padmapriya
and Chezhiyan, 2002; Park et al., 2002; Edqvist and
Farbos, 2003; Jensen et al., 2004). For example, the
sterol estrone increases growth of root tips and pollen
tubes of Rumex tenuifolius (Seigler, 1998); while B-sito-
sterol initiate flower bud formation in Chrysanthemum
species (Padmapriya and Chezhiyan, 2002). Edgvist and
Farbos (2003) reported on the high levels of the epoxi-
dated fatty acid vernolic acid in the endosperm of
Euphorbia lagascae Spreng seeds that play a role during
seed germination after being mobilized and oxidized.
Weber (2002) reported a few fatty acids that are involved
in many plant developmental anomalies such as reduced
apical dominance and delayed senescence.

Despite its growth promoting characteristics, fatty acids
have also been shown to be involved in defence mecha-
nisms in plants and to promote chlorophyll synthesis.
More specifically, application of fatty acids to Arabidopsis
mutants showed that they play an essential role in main-
taining photosynthetic activity and may act as a second
source of precursors for the synthesis of chloroplast
glycerolipids (Routaboul et al., 2000). Application of a
0.1% sucrose fatty acid ester (SFE) during flowering and
pod filling in soybeans increases the activity of supero-
xide dismutase by 41% and chlorophyll b content by 58%
reaching its maximum 4 to 5 days after application (Ye et
al., 2000). These trienoic fatty acids (TA) are activated in
response to various environmental stimuli for example
temperature stress (Murakami et al., 2000). Numerous
studies reported fatty acids that are involved in systemic
acquired resistance against diverse pathogens activating
defence-related responses (Wink, 2000; Nandi et al.,
2004). These fatty acids diffuse through the cytosol and

become incorporated in the phospholipids of the plasma
membrane while others activate NADPH oxidase (Yaeno
et al., 2004). NADPH oxidase in turn causes an oxidative
burst, preventing spread of pathogens after infection
(Torres et al.,, 2002). Gong et al. (1999) reported that
linoleic acid exogenously applied to barley seedlings during
salt stress increases K’ absorption and translocation,
increases the phospholipid content in the tonoplast and
increases the activities of H'-adenosine triphosphatase
(ATPase) and H'-pyrophos-phatase (PPase). The latter
treatment also decreases the leakage of electrolytes and
Na’-absorption in turn influencing the translocation of Na*
to the shoots.

Fatty acids can additionally act as substrates for the
lipoxygenase (LOX) enzyme in plants that catalyses its
oxidation to hydroperoxide fatty acids which, in turn, act
as precursors of jasmonic acid and related compounds
(Kolomiets et al., 2001). The authors reported that LOX is
involved with physiological processes such as growth,
senescence and stress-related responses and that sup-
pression of LOX activity results in reduced tuber yield,
decreased tuber size and disruption of tuber formation in
potatoes. Moreover, Eastmond et al. (2000) suggested
that lipids can be used as a source of carbon for respire-
tion in germinating oilseeds and that the product of fatty
acid catabolism, Acetyl Co-enzyme A, can pass from the
peroxisome to the mitochondrion independent of the
glyoxylate cycle. However, according to the authors, an
additional anaplerotic source of carbon is required during
seedling establishment due to an increased demand and
the glyoxylate cycle can act as this additional source. In
summary, by means of in vitro bio-assays, it was con-
firmed in this study that glyceryl trilinoleate was the active
compound responsible for the bio-stimulatory activity
contained in L. albus seeds. Moreover, similar results
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obtained with commercially available trilinolein as well as
numerous reports in literature on the bio-stimulatory
properties of fatty acids, served as further validation of
obtained results. However, the growth response of wheat
seedlings to treatment with the purified active compound
from L. albus seeds seemed to be slightly more sensitive
than that of maize seedlings indicating that other crops
might also react differently. This warrants a further and
extended field study which should include treatment with
the seed suspension (SS) as well as one or more
commercial bio-stimulants.

Treatment with SS is essential to verify whether syner-
gism between compounds in a more crude form of L.
albus seed is a possibility and treatment with positive
controls is to assess the commercial potential of glyceryl
trilinoeate from an agricultural perspective. This extended
trial program is currently being followed over three sea-
sons together with attempts to elucidate the mechanism
of action involved. Finally, after all the necessary data
has been acquired, the possibility for developing a natural
product with application potential in the agricultural Indus-
try is not excluded.

ACKNOWLEDGEMENTS

Financial support was from the Foundation of Research
Development (FRD; South Africa) and Agraforum AG,
Germany. We also thank Dr Irene Kamara from the che-
mistry department for assistance in elucidating the
chemical structure by means of NMR spectroscopy.

REFERENCES

AgraForUm AG, Germany (2010). http://www.agraforum.com (Accessed
September 2010).

Agraforum SA  (2010).
November 2010).

Barczak B (2002). The effect of spraying with lupin extract on the quality
and quantity of leek (Allium porrum) yield. Pol. J. Chem. Technol.
4(3):3-7.

Blum U, Gerig TM, Worsham AD, Holappa LD, King LD (1992).
Allelopathic activity in wheat conventional and wheat no-till soil:
Development of soil extract bioassays. J. Chem. Ecol. 18:2119-2221.

Channal HT, Kurdikeri MB, Hunshal CS, Sarangamath PA, Patil SA,
Shekhargouda M (2002). Allelopathic effect of some tree species on
sunflower and soybean. Karnataka J. Agric. Sci. 15:279-283.

Cwojdzinski W, Michalski Z, Nowak K, Gulewicz K (1989). Studies on
the influence of bitter lupin extract on the yield of different cultivated
plants. Lupin Newsl. 13:46-54.

Eastmond PJ, Germain V, Lange PR, Bryce JH, Smith SM, Graham IA
(2000). Postgerminative growth and lipid catabolism in oilseeds
lacking the glyoxylate cycle. Proc. Nat. Acad. Sci. USA. 97(10):5669-
5674.

Edqvist J, Farbos | (2003). A germination specific epoxide hydrolase
from Euphorbia lagascae. Planta 216(3):403-412.

Gamoh K, Omote K, Okamoto N, Takatsuto S (1989). High-perfor-
mance liquid chromatography of brassinosteroids in plants with
derivatization using 9-phenanthrene-boronic acid. J. Chrom. 469:424-
428.

http://www.agraforum-sa.com  (Accessed

Gong H, Yu B, Liu Y (1999). Effects of fatty acids on lipid composition
and function of tonoplast vesicles in barley seedlings under salt
stress. Acta. Bot. Sin. 41(4):414-419.

Han L, Gao J, Li Z, Zhang Y, Guo W (2007). Synthesis of new plant
growth regulator: N-(Fatty acid) O-aryloxyacetyl ethanolamine.
Bioorg. Med. Chem. Lett. 17:3231-3234.

Heidhues F (2001). The future of world, national and household food
security. In: Nosberger J, Geiger HH, Struik PC (eds) Crop Science:
Progress and Prospects, CABI Publishing, Cromwell Press, UK.

Jensen CR, Joernsgaard B, Andersen MN, Christiansen JL, Mogensen
VO, Friis P, Petersen CT (2004). The effect of lupins as compared
with peas and oats on the yield of the subsequent winter barley crop.
Eur. J. Agron. 20:405-418.

Kamuro Y, Takatsuto S (1999). Practical applications of brassino-
steroids in agricultural fields. In: Sakyrai A, Yokota T, Clouse SD
(eds) Brassinosteroids - Steroidal Plant Hormones: Springer, Tokyo,
Japan.

Khripach V, Zhabinskii V, De Groot A (2000). Twenty years of
brassinosteroids: Steroidal plant hormone warrant better crops for the
XXI century. Ann. Bot. 86:441-447.

Kolomiets MV, Hannapel DJ, Chen H, Tymeson M, Gladon RJ (2001).
Lipoxygenase is involved in the control of potato tuber development.
Plant Cell 13(3):613-626.

Lim UK, Han SS (1988). The effect of plant growth regulating
brassinosteroid on early state and yield of corn. Agric. Res. Seoul
Nat. Univ. 13:1-14.

Mason RL, Gunst RF, Hess JL (1989). Statistical Design and Analysis
of Experiments with application to engineering and science. John
Wiley and Sons, Inc.: Canada.

Meier U (1997). Growth stages of mono- and dicotyledonous plants.
Blackwell Wissenschafts Verlag: Berlin.

Mikes O, Chalmers RA (1979). Laboratory handbook of chroma-
tographic and allied methods. Ellis Horwood. Ltd. London.

Murakami Y, Tsuyama M, Kobayashi Y, Kodama H, Iba K (2000).
Trienoic fatty acids and plant tolerance of high temperature. Sci.
287:476-479.

Mussig C, Fischer S, Altmann T (2002). Brassinosteroid-regulated gene
expression. Plant Physiol. 129:1241-1251.

Nandi A, Welti R, Shah J (2004). The Arabidopsis thaliana dihydroxy-
acetone phosphate reductase gene suppressor of fatty acid
desaturase deficiency is required for glycerolipid metabolism and for
the activation of systemic acquired resistance. Plant Cell 16:465-477.

Neelam K, Bisaria AK, Khare N (2002). The allelopathic effect on
Triticum aestivum of different extracts of Leucaena leucocephala.
Indian J. Agrofor. 4:63-65.

Padmapriya S, Chezhiyan N (2002) Influence of gibberellic acid and
certain other chemicals on flowering characters of chrysanthemum
(Dendranthema grandiflora Tzeled) cultivars. South Ind. Hortic.
50(4/6):437-443.

Park J, Kim S, Hwang H, Cho Y, Yun J (2002) Stimulatory effect of plant
oils and fatty acids on the exo-biopolymere in Cordyceps militaris.
Enzyme Microb. Tech. 31:250-255.

Pretorius JC, Van der Watt E (2011). Natural products form plants:
Commercial prospects in terms of antimicrobial, herbicidal and bio-
stimulatory activities in an integrated pest management system. In:
Dubey NK (eds) Natural Products in Plant Pest Management:
Oxfordshire: CAB International.

Pretorius JC, Du Plessis A, Van der Watt E (2008). Bio-stimulatory
properties in seeds of plants form the families Caryophyllaceae and
Fabaceae with application potential in agriculture. S. Afr. J. Plant Soil.
25(4):194-203.

Prusakova LD, Ezhov MN, Salnokov Al (1999). The use of emistim,
epibrassinolide and uniconazole to overcome quality difference of
buckwheat grains. Agrarian Russia 1:41-44.

Przybylak JK, Ciesiolka D, Wysocka W, Garcia-Lopex PM, Ruiz-Lopez
MA, Wysocki W, Gulewicz K (2005). Alkaloid profiles of Mexican wild
lupin and an effect of alkaloid preparation from Lupinus exaltatus
seeds on growth and vyield of paprika (Capsicum annuum L.) Ind.
Crop Prod. 21:1-7.

Routaboul J, Fischer SF, Browse J (2000). Trienoic fatty acids are



required to maintain chloroplast function at low temperatures. Plant
Physiol. 124:1697-1705

Schnabl H, Roth U, Friebe A (2001). Brassinosteroid-induced stress
tolerances of plants. Phytochem. 5:169-183.

Seigler DS (1998). Plant Secondary Metabolism. Kluwer Academic
Publishers. Boston.

Sheng J, Luo Y, Wainwright H (2000). Studies on lipoxygenase and the
formation of ethylene in tomato. J. Hortic. Sci. Biotech. 75(1):69-71.
Steele RG, Torrie JH (1980). Principles and Procedures of Statistics, 2™

Edition. McGraw-Hill, New York.

Suzuki T, Tomita-Yokotani K, Tsubura H, Yoshida S, Kusakabe I,
Yamada K, Miki Y, Hasegawa K (2002). Plant growth-promoting
oligosaccharides produces from tomato waste. Bioresource Technol.
81:91-96.

Terefa T (2002). Allelopathic effects of Parthenium hysterophorus
extracts on seed germination and seedling growth of Eragrostis tef. J.
Agron. Crop Sci. 188:306-310.

Torres MA, Dangl JL, Jones JD (2002). Arabidopsis gp91”™™
homologues AtrbohD and AtrbohF are required for accumulation of
reactive oxygen intermediates in the plant defense response. Proc.
Nat. Acad. Sci. USA. 99:517-522.

Van der Watt E, Pretorius JC (2011). In vitro and in vivo bio-stimulatory
properties of a Lupinus albus L. seed suspension. Crop Pasture Sci.
62:189-197.

van der Watt and Pretorius 5443

Wagner H, Bladt S (1996). Plant Drug Analysis: A thin layer chro-
matography atlas. Second Edition. Springer, Berlin.

Weber H (2002). Fatty acid-derived signals in plants. Trends Plant Sci.
7(5):217-224

Wink M (2000). Functions of plant secondary metabolites and their
exploitation in Biotechnology. Annual Plant Reviews. Volume 3.
Sheffield Academic Press. Germany.

Wysocki W, Gulewics P, Aniszewski T, Ciesiolka D, Gulewicz K (2001).
Bioactive preparations from alkaloid-rich lupin. Relation between
chemical composition and biological activity. Bull. Pol. Acad. Sci. Biol.
Sci. 49(2):81-89.

Yaeno T, Matsuda O, Iba K (2004). The role of chloroplast trienoic fatty
acids in plant disease defense responses. Plant J. 40:931-941.

Ye X, Li X, Cheng S, Wang Q (2000). The effects of sucrose fatty acid
ester (SFE) on the activity of superoxide dismutase and chlorophyll
content of soyabean leaves. Soybean Sci. 19(4):330-336.

Zullo MAT, Adam G (2002). Brassinosteroid phytohormones - structure,
bioactivity and applications. Brazil. J. Plant Physiol. 14(3):143-181.



