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Sorgoleone, 2-hydroxy-5-methoxy-3-[(8′Z,11′Z)-8′,11′,14′-pentadecatriene]-p-benzoquinone (1), and
its corresponding hydroquinone are the major components of the root exudate of Sorghum bicolor.
The name sorgoleone includes minor analogues differing in the length or degree of unsaturation of
the 3-alkyl side chain. These compounds are known to be phytotoxic, probably through inhibition of
photosystem II (PSII) driven oxygen evolution, as previously demonstrated for 1. Isolation of these
sorgoleone congeners was achieved by C8 column chromatography and argentation thin-layer
chromatography, and the purified compounds were structurally characterized. The abilities of the
minor sorgoleones to inhibit PSII were similar to that of the major compound, suggesting that all of
these sorgoleone congeners contribute to the overall allelopathy of sorghum.
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INTRODUCTION

The allelopathic (plant growth inhibiting) properties of
sorghum (Sorghum bicolor) have been studied for decades, due
in part to concern about reduced crop growth in fields previously
planted with sorghum (1) and the potential use of such inhibitory
properties in weed control (2). Considerable effort has been
devoted to identifying the compounds contributing to this
allelopathic effect in sorghum. Although initial studies focused
on water-soluble compounds from root exudates or decaying
plant tissue (3-6), more recent work has identified a hydro-
phobic compound secreted from the root hairs, namely, sorgo-
leone, 2-hydroxy-5-methoxy-3-[(8′Z,11′Z)-8′,11′,14′-pentadec-
atriene]-p-benzoquinone,1, (Figure 1) (7, 8). Sorgoleone was
studied initially for its ability to stimulate germination of
witchweed (Striga asiatica) when in its naturally occurring
reduced hydroquinone form (7-9), although later studies have
indicated that other compounds may be the key stimulants of
witchweed germination (10-13). Sorgoleone inhibits the growth
of many weed species (8, 14-20). Studies of the effects of
sorgoleone on oxygen evolution in cell cultures (17), thylakoid
membranes (15,21, 22), and intact chloroplasts (23), as well
as computer modeling studies (24), have demonstrated that this
natural lipophilic benzoquinone interferes with the binding of
plastoquinone at the D1 protein of photosystem II (PSII).
Sorgoleone also affects mitochondrial functions (25) and inhibits
the enzymep-hydroxyphenylpyruvate dioxygenase (HPPD) (26).

Whereas sorgoleone,1, and its 1,4-hydroquinone form,2,
are the major components of the hydrophobic root hair exudates
(7, 9), some minor components have been reported as well.

These include 4,6-dimethoxy-2-[(8′Z,11′Z)-8′,11′,14′-pentade-
catriene]resorcinol,3, a resorcinolic lipid (13), and 5-ethoxy-
sorgoleone,4 (15). All of these compounds have the same
aliphatic side chain as1 and differ in the substituents on the
aromatic ring. A quinone compound with different ring sub-
stituents and no side chain has also been isolated from the roots
(27).

In addition to analogues with different substitutions on the
quinone moiety of1, compounds with differing numbers of
carbon atoms and double bonds in the aliphatic side chain have
been isolated as well. Netzly et al. (8) isolated1, 2, and three
other quinone compounds by HPLC. High-resolution mass
spectrometry and1H nuclear magnetic resonance (NMR)
confirmed that these other compounds had the samep-quinone
moiety as sorgoleone but different numbers of double bonds or
carbon atoms in the aliphatic side chain (8). The following
compounds were therefore referred to collectively as sorgoleo-
nes: sorgoleone-358 (1); sorgoleone-360, with two double bonds
in the C15 side chain; sorgoleone-362, with one double bond in
the C15 side chain; and sorgoleone-386, with three double bonds
in a C17 side chain (8). However, the exact location of the double
bonds was not determined in that study because the amounts
isolated were too small for13C NMR analysis. More recently,
Erickson et al. (28) found that GC-MS analysis of sorghum root
extract yielded a peak having a mass spectrum that contained
molecular ions not only at 358, as expected for1, but also at
359, 360, 362, 363, 364, 365, and 366, suggesting the presence
of sorgoleone-like compounds with different degrees of unsat-
uration in the side chain. None of these sorgoleone-like
compounds, however, was structurally characterized.

In this study, we performed a scaled-up purification of crude
root extract on a C8 column that enabled the separation and
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isolation of reasonable amounts of the sorgoleone congeners
reported by Netzly et al. (8), thus enabling their13C NMR
characterization. A congener previously isolated fromMaesa
lanceolata(26) and synthesized (19) was also isolated by the
C8 column chromatographic method. A rapid small-scale method
of separating the congeners by argentation thin-layer chroma-
tography (TLC) was developed as well. The herbicidal activity
of several of these congeners was evaluated by comparing the
inhibition of PSII-driven oxygen evolution to the inhibitory
properties of the major sorgoleone.

MATERIALS AND METHODS

Plant Material and Growth Conditions. Seeds of the sorghum
cultivar SX17 (S. bicolor× S. sudanense), surface-sterilized by soaking
for 10 min in 10% bleach and rinsing with tap and deionized water,
were grown in the dark on a 63× 35 cm capillary mat system, as
described by Czarnota et al. (20), except that the heating element was

omitted, and seeds were placed directly on the screen. For small-scale
plantings (∼300 cm2, or one-seventh the area of large-scale plantings),
used to verify the presence of the sorgoleone congeners in fresh tissue,
the same capillary materials were used, but seeds were distributed over
a wire screen held in place by a no. 8 plastic embroidery hoop, with
the screen side down and raised slightly with Pasteur pipets. The
seedlings were grown inside a square plastic 4.9-L closed container
(Rubbermaid), and no weight was applied over the seeds. For both
large- and small-scale plantings, roots were harvested 5-6 days after
planting by excision from below the screen with a razor blade.

Extraction. Roots were immersed in CHCl3 or CH2Cl2 for 1-5 min.
These solvents had been found in previous studies to extract sorgoleone
efficiently (15,16). Although extraction protocols in previous studies
usually consisted of CHCl3 or CH2Cl2 plus 0.25% glacial acetic acid
(7-9, 13-18), the acetic acid was omitted, as satisfactory yields of
sorgoleone could be obtained with CHCl3 or CH2Cl2 alone (29). The
extract was decanted through a fluted glass funnel lined with Whatman
no. 1 filter paper to remove root debris. To obtain higher yields of

Figure 1. Previously characterized compounds (1−4) from S. bicolor, analogues isolated in this study (5−8), and a synthetic analogue (9) used by
Barbosa et al. (19).
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sorgoleones, roots were immersed in solvent twice. The crude extract
was concentrated under reduced pressure at 30°C, dried under a stream
of nitrogen, and stored at-20 °C.

Separation by Column Chromatography. The crude extract,
redissolved in acetonitrile, was filtered through a 0.2µm nylon filter
(Gelman), and 1.0 g was loaded onto a 37× 4.4 cm i.d., 40-63 µm,
Lichroprep RP-8 column (Merck, Darmstadt, Germany) connected to
an Altex model 110A pump. Compounds, which were visible on the
column as yellow and brown bands, were eluted at a flow rate of 2
mL/min, using a stepwise increase in solvent system polarity as
follows: step A, 100 mL of acetonitrile/2.5% aqueous acetic acid (60:
40, v/v); step B, 150 mL of acetonitrile/2.5% aqueous acetic acid (65:
35, v/v); step C, 225 mL of acetonitrile/2.5% aqueous acetic acid (70:
30, v/v); step D, 1725 mL of acetonitrile/2.5% aqueous acetic acid
(75:25, v/v); step E, 175 mL of acetonitrile/2.5% aqueous acetic acid
(77:23, v/v); step F, 150 mL of acetonitrile/2.5% aqueous acetic acid
(79:21, v/v); step G, 150 mL of acetonitrile/2.5% aqueous acetic acid
(81:19, v/v); step H, 150 mL of acetonitrile/2.5% aqueous acetic acid
(85:15, v/v); step J, 400 mL of acetonitrile/2.5% aqueous acetic acid
(90:10, v/v); step K, 200 mL of acetonitrile/2.5% aqueous acetic acid
(95:5, v/v); and step L, 400 mL of 100% acetonitrile. Compound1
was eluted in step D; the compound corresponding to sorgoleone-360
was eluted in step G; the compound corresponding to sorgoleone-362
was eluted in step J; and the compound corresponding to sorgoleone-
364 was eluted in step L. The identity of1, the most abundant band in
the extract, was verified by comparing itsRf value on silica TLC (CH2-
Cl2/MeOH 98:2, v/v) to that of a standard previously isolated from
sorghum root extracts and spectroscopically characterized. Fractions
from the elution of the same band (corresponding to one congener)
were pooled and concentrated under reduced pressure at 25-30 °C to
remove the acetonitrile. If crystals formed in the resulting aqueous
phase, they were recovered by removing the mother liquor. If no crystals
formed upon removal of acetonitrile, the aqueous samples were
partitioned twice with CH2Cl2 or CHCl3. The pooled organic phases
were dried over magnesium sulfate, concentrated under reduced pressure
at 25-30°C, transferred to 4-mL screwcap vials, and dried under
nitrogen. All samples were stored at-20 °C.

Preparative TLC. To obtain sorgoleones for argentation TLC, crude
extract (30-40 mg) was separated on 10× 20 cm, 1 mm thick silica
F254 glass-backed preparative TLC plates (Analtech, Newark, DE),
developed twice in hexane/2-propanol (9:1, v/v). The sorgoleones (Rf

) 0.35) were eluted with CHCl3/MeOH (19:1, v/v). Eluates were
concentrated, dried, and stored, as described above, until separated by
argentation TLC.

Crystallization of Sorgoleone. To improve yields of the minor
sorgoleone congeners, the band of sorgoleones eluted from preparative
TLC plates was sometimes crystallized four times from hexanes. Only
1, the major component of the band, crystallized. The mother liquor
from the fourth crop, consequently enriched in the minor congeners,
was concentrated and separated by argentation TLC.

Argentation TLC. Aluminum-backed 10× 20 cm, 0.2 mm thick
silica F254 plates (EM Science, Gibbstown, NJ) were washed in EtOAc/
MeOH (9:1, v/v) and activated at 80°C (20-30 min) or 62°C (30-
35 min) to improve adsorption of AgNO3 onto the silica. Plates were
impregnated with AgNO3 according to the method of Mahadevan (30),
by development in a TLC tank containing a saturated (5%) solution of
AgNO3 in MeOH/water (95:5, v/v). Plates were developed twice in
this solution, after which the AgNO3 had migrated 8-8.5 cm from the
bottom edge of the plate, as determined by the presence of a black
zone under short-wave UV light. Plates were air-dried for 1-16 h and
then oven-dried at 70-80°C for 2.5-3 h.

Samples (10-25 mg) of sorgoleones, eluted from preparative silica
TLC plates and sometimes recovered as the mother liquor from
crystallization of1, were dissolved in 100-500 µL of CH2Cl2 and
spotted across the origin of a AgNO3-impregnated plate with a syringe.
Plates were developed twice in hexane/acetone/CH2Cl2 (7:2:1, v/v/v).
This separation, which was improved if the TLC chamber was not
saturated with solvent vapors, yielded bands A-F (Figure 2), with
averageRf values of 0.60, 0.54, 0.44, 0.35, 0.34, and 0.25, respectively.
Bands were scraped individually from the plate, eluted with CHCl3,
concentrated, and dried as described previously. Bands A-C were then

loaded separately to purify them. Bands D and E, which migrated
closely together, were scraped together with part of band F. The eluate
from those combined bands was then respotted on a 5% AgNO3 plate
in order to isolate the bands individually, and the bands were separated
using hexane/acetone/CH2Cl2 (85:10:5, v/v/v) followed by hexane/
acetone/CH2Cl2 (7:2:1, v/v/v).

NMR Analysis. 1H, 13C, and two-dimensional nuclear magnetic
resonance (NMR) experiments were carried out in CDCl3 on a Bruker
Avance DPX 300 (Bruker, Billerica, MA) instrument using standard
Bruker software (XWINNMR version 1.3).

The molecular weights of5-8 were determined by gas chromatog-
raphy-mass spectrometry (GC-MS) performed on a JEOL (JEOL USA,
Inc., Peabody, MA) GCMate II system. The GC temperature program
was as follows: initial, 120°C; raised to 280°C at a rate of 20°C
/min; held at this temperature for 1 min; then raised to 300°C at a rate
of 10 °C /min and held at this temperature for 4 min. The GC capillary
column used was a 30× 0.25 mm i.d., 0.25µm DB-5 (J&W Scientific,
Inc., Folsom, CA). The carrier gas was ultrahigh-purity helium (NexAir,
Batesville, MS), at a 1 mL/min flow rate. The inlet (splitless), GC
interface, and ion chamber temperatures were 250, 250, and 230°C,
respectively. The volume of sample injected was 1µL.

Ultraviolet (UV) Analysis. UV spectra in EtOH were determined
on a Shimadzu UV-3101PC dual-beam spectrophotometer. Twenty-
five or 50µL of a 1 mg/mL stock solution (also in EtOH) was diluted
to 3 mL in a quartz cuvette and scanned from 200 to 700 nm.

Preparation of Spinach Thylakoid Membranes. The oxygen
evolution assay was performed on spinach thylakoid membranes,
prepared as described by Rimando et al. (15) except that after the initial
homogenization, the filtrate was centrifuged for 10 min instead of 5
min at 4 °C and 1100g. The membrane preparation was diluted to a
chlorophyll concentration of 4 mg/mL and stored at-80 °C. Because
the preparation had high oxygen-evolving activity, it was diluted in
resuspension buffer for the assays, to a final chlorophyll concentration
of 1.5-1.6 mg/mL.

Oxygen Evolution Assays.Assays were performed at 30°C with a
computer-controlled oxygen electrode (Hansatech Instruments, Norfolk,
U.K.). A fiber-optic light source (Fiberoptic Specialties, Inc., Palmetto,
FL) provided saturating light (2400µmol/m2/s), and a water circulator
(Neslab RTE-101, Newington, NH) was connected to the oxygen
electrode cell to maintain a temperature of 30°C throughout the assay.
The assay protocol was as described by Rimando et al. (15) except
that decyl plastoquinone was omitted from the assay buffer, and the
rate of oxygen evolution was measured for 25 s over the linear portion

Figure 2. Thin-layer chromatograms of sorgoleones on (A) normal silica
(0% AgNO3) and (B) silica impregnated with 5% silver nitrate, developed
in hexane/acetone/methylene chloride (7:2:1, v/v/v). On normal silica, the
sorgoleones migrated as a single band, plus a minor unknown compound
seen under short-wave UV light. On 5% AgNO3, the sorgoleones separated
into bands A (sorgoleone-364, 5), B (sorgoleone-362, 6), C (sorgoleone-
360, 7), D (unidentified), E (sorgoleone-386, 8), and F (sorgoleone-358,
1). The origin (OR) and solvent front (SF) are shown on each
chromatogram.
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of the curve. Compounds were stored as 33 mM stocks in 100% EtOH
at 4 °C. Dilutions, prepared in EtOH, ranged from 0.1 to 10 mM and
gave final assay concentrations ranging from 0.01 to 3µM. Dose-
response curves were fitted to a four-parameter logistic function used
previously for the analysis of oxygen evolution assays (31)

whered ) maximum amount of oxygen evolved, inµmol/mL/min, c
) minimum amount of oxygen evolved, andb ) slope (x-axis, amount
of oxygen evolved, versusy-axis, inhibitor concentration). TheI50 values
were calculated from the regressions.

RESULTS

Isolation of Sorgoleone and Analogues by C8 Column
Chromatography. Compound1 was immediately identified in
C8 column eluates by its abundance and comigration with a
sorgoleone standard on normal silica TLC plates developed in
CH2Cl2/MeOH. Its structure was confirmed by1H and 13C
NMR. Other bands were eluted from the C8 column, including
some that crystallized, such as6 and7. Despite the chromato-
graphic separation obtained on the C8 column, all fractions
comigrated with a sorgoleone standard on silica TLC in CH2-
Cl2/MeOH (98:2, v/v), CHCl3/MeOH (99:1, v/v), or hexane/
iPrOH (9:1, v/v).

Isolation of Sorgoleone and Analogues by Argentation
TLC. Although compounds1, 5, 6, and7 were eluted separately
and isolated by C8 column chromatography, some C8 column
fractions were shown by NMR analysis to be mixtures of
compounds having the same quinone moiety as1 but different
numbers of double bonds in the 3-alkyl side chain. Therefore,
these sorgoleone congeners were separated by argentation TLC.
This technique of separation, often used to separate lipids, fatty
acids, and lipophilic resorcinols differing in numbers of double
bonds (30,32,33), is based on the interaction of Ag+ ions with
π-electrons in double bonds (32). The mixtures from the C8
column were separated effectively (not shown). However, due
to concern that these compounds, as well as the pure compounds
obtained from the column, could be artifacts, the argentation
TLC was used primarily to separate the congeners in more recent
extracts of sorgoleones and compare their structures to those
obtained from the C8 column. The sorgoleones, eluted as a single
band from preparative TLC of crude extract, separated into six
bands (A-F) on AgNO3-impregnated plates (Figure 2). TLC
of a 1-week-old extract from a small-scale sorghum planting
yielded the same pattern and relative intensities of bands as TLC
of 3-8-month-old extracts, indicating that the bands represented
naturally occurring compounds and not degradation products.

Bands A, B, C, E, and F, obtained by argentation TLC, were
structurally characterized by NMR as 2-hydroxy-5-methoxy-3-
pentadecyl-p-benzoquinone (sorgoleone-364,5) (Figure 1),
2-hydroxy-5-methoxy-3-[8′-pentadecene]-p-benzoquinone (sor-
goleone-362,6), 2-hydroxy-5-methoxy-3-[8′,11′-pentadecadi-
ene]-p-benzoquinone (sorgoleone-360,7), 2-hydroxy-5-methoxy-
3-[8′,11′,14′-heptadecatriene]-p-benzoquinone (sorgoleone-386,
8), and1, respectively. The1H and 13C NMR chemical shifts
of 5-8 are given in Tables 1 and 2, respectively. The
configurations at the double bonds were not determined. Netzly
et al. (8) reported sorgoleone-360, sorgoleone-362, and sorgo-
leone-386 as analogues having C15:2, C-15:1, and C17:3
aliphatic side chains, respectively, without specifying the
position of the double bonds. In this study, we were able to
determine the position of the double bonds, which confirmed
that all congeners had a terminal methyl group in the aliphatic

chain, as opposed to a terminal methylene group present in the
aliphatic chain of1 (Tables 1and2). The presence of a methyl
group was shown from both1H and 13C NMR studies. The
assignment of the one double bond at position 8 in the C15

aliphatic chain of6 was determined from a two-dimensional
(heteronuclear multiple bond correlation, HMBC) NMR experi-
ment (Figure 3). Due to minute sample quantity, not all
expected cross-peaks appeared in the spectrum. However,
significant correlation peaks to establish the position of the
double bond at C-8 were observed, namely, between H-7′ and
C-5′, between H-7′ and C-9′, between H-8′ and C-6′, between
H-8′ and C-10′, between H-9′ and C-7′, between H-9′ and C-11′,
between H-10′and C-8′, and between H-10′ and C-12′.
Similarly, the position of the three double bonds at C-8, C-11,
and C-14 in the C-17 aliphatic chain of8 was also determined
from an HMBC experiment. Significant correlation peaks
appeared in the spectrum to establish the position of the double
bonds, namely, between H-7′ and C-5′, between H-7′ and C-9′,

f ) c + d - c

1 + eb(ln(x)-ln(I50))

Table 1. 1H NMR Data for Compounds 5−8a

1H
no.

sorgoleone-364
(5)

sorgoleone-362
(6)

sorgoleone-360
(7)

sorgoleone-386
(8)

6 5.83 (s) 5.83 (s) 5.83 (s) 5.83 (s)
1′ 2.43 (dd, 7.6, 7.5) 2.43 (dd, 7.6, 7.5) 2.42 (dd, 7.6, 7.5) 2.40 (dd, 7.7, 7.5)
2′ 1.42 (m) 1.44 (m) 1.44 (m) 1.44 (m)
3′ 1.24 (m) 1.28 (m) 1.29−1.41 (m) 1.24−1.29 (m)
4′ 1.24 (m) 1.28 (m) 1.29−1.41 (m) 1.24−1.29 (m)
5′ 1.24 (m) 1.28 (m) 1.29−1.41 (m) 1.24−1.29 (m)
6′ 1.24 (m) 1.28 (m) 1.29−1.41 (m) 1.24−1.29 (m)
7′ 1.24 (m) 1.98−2.0 (m) 2.01−2.04 (m) 2.02−2.11 (m)
8′ 1.24 (m) 5.31−5.36 (m) 5.34 (m) 5.30−5.38 (m)
9′ 1.24 (m) 5.31−5.36 (m) 5.34 (m) 5.30−5.38 (m)
10′ 1.24 (m) 1.98−2.0 (m) 2.76 (m) 2.77−2.81 (m)
11′ 1.24 (m) 1.28 (m) 5.34 (m) 5.30−5.38 (m)
12′ 1.24 (m) 1.28 (m) 5.34 (m) 5.30−5.38 (m)
13′ 1.24 (m) 1.28 (m) 2.01−2.04 (m) 2.77−2.81 (m)
14′ 1.24 (m) 1.28 (m) 2.01−2.04 (m) 5.30−5.38 (m)
15′ 0.87 (t, 7.6) 0.87 (t, 7.6) 0.89 (t, 7.5) 5.30−5.38 (m)
16′ 2.02−2.11 (m)
17′ 0.96 (t, 7.5)
OCH3 3.85 (s) 3.85 (s) 3.85 (s) 3.85 (s)

a δH (m, J in hertz) relative to CDCl3; recorded at 300 MHz.

Table 2. Chemical Shifts of the Carbons of the Aliphatic Chain of
Sorgoleone Congenersa

carbon
no.

sorgoleone-364
(5)

sorgoleone-362
(6)

sorgoleone-360
(7)

sorgoleone-386
(8)

1′ 22.6b 23.0d 23.0 23.0
2′ 28.0 28.4 28.4 28.3
3′ 29.3 29.3 29.9 29.9
4′ 29.6c 29.9 30.0 30.0
5′ 29.6c 29.6 29.60 29.6
6′ 29.6c 30.1e 29.69h 29.7
7′ 29.6c 27.6f 27.61 27.6
8′ 29.6c 130.2g 130.5 130.7
9′ 29.6c 130.2g 128.5 128.6i

10′ 29.6c 27.6f 26.0 26.0
11′ 29.6c 30.1e 128.3 128.1
12′ 29.5 29.7 130.3 128.7i

13′ 31.9 32.1 29.69h 25.9
14′ 22.5b 23.0d 23.2 127.5
15′ 14.2 14.4 14.1 132.3
16′ 20.9
17′ 14.6

a Values are in ppm, referenced from CDCl3. Chemical shifts of the carbons of
the quinone moiety are similar for all analogues, i.e., 183.1 (C-1), 182.0 (C-4),
161.5 (C-5), 151.9 (C-2), 119.6 (C-3), and 102.5 (C-6). b Interchangeable.
c-i Overlapping signals.
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between H-8′ and C-10′, between H-10′ and C-8′, between H-10′
and C-12′, between H-11′and C-13′, between H-12′and C-10,
between H-13′and C-11′, between H-13′and C-15′, between
H-15′ and C-13′, between H-16′and C-14′, between H-16′and
C-15′, between H-17′ and C-15′, and between H-17′ and C-16′.
The molecular weights of6-8 were previously determined by
high-resolution MS (8). The molecular weights of5-8 were
obtained in this study by low-resolution GC-MS, and the
molecular ions of7 (m/z360.7, retention time) 10.48 min),6
(m/z362.7, retention time) 10.38 min),5 (m/z364.5, retention
time ) 10.68 min), and8 (m/z386.5, retention time) 11.93
min) confirmed their structures. Full structural characterization
of band D was not possible because it was present in very small
amounts.

The difficulty of isolating5-8 by argentation TLC differed
strikingly among the compounds. Four TLC experiments, using
a total of 53 mg of sorgoleones, sufficed for obtaining 3-4 mg
each of6 and7 for NMR analysis. In contrast, obtaining 3.8
mg of compound5 required∼380 mg of sorgoleones. The low
yield of 5 (∼1%) may explain why this compound was not
reported by Netzly et al. (8) at the time when other sorgoleones
were identified and why it was isolated from the C8 column,
not in crystalline form but as part of a fraction that was
subsequently TLC-purified. The yield of compound8 (3%) was
higher than that of5, but as8 was difficult to separate from1,
isolating enough for13C NMR required, again, repeated TLC
purifications.

UV Spectra. In EtOH, compounds1, 5, 6, and7 all had a
single absorbance maximum at 287 nm. The extinction coef-
ficients for these four compounds were 16000, 17000, 15000,
and 18000, respectively. The UV spectrum of8 was not
obtained, as this compound was used destructively before
spectrophotometric testing. The similarities of the extinction
coefficients for1, 5, 6, and7 indicated that the absorbance at
287 nm was due to the benzoquinone moiety and not to the
side chain.

Assay of PSII-Inhibitory Properties. Because1 is a known
inhibitor of PSII-driven oxygen evolution (15, 20), the sorgo-
leone congeners isolated in this study were tested for PSII-
inhibitory activity by measuring their abilities to inhibit oxygen
evolution in spinach thylakoid membranes, at concentrations
ranging from 0.01 to 3µM. The I50 value for all compounds
was∼0.1 µM (Table 3; Figure 4), indicating that the differ-
ences in length or degree of unsaturation in the 3-alkyl side
chain did not affect the PSII-inhibitory properties associated
with 1. These findings are similar to those of Barbosa et al.
(19), who found that a synthetic version of5, as well as9, a
synthetic analogue of sorgoleone with a five-carbon side chain

and an acetoxy group on the benzene ring, did not differ
significantly from1 in phytotoxicity toward five plant species.

DISCUSSION

Compounds6-8, the general structures of which were
determined by high-resolution MS and1H NMR of sorghum
root exudates (8), have now been characterized by both1H and
13C NMR, thus establishing the exact locations of the double
bonds in the aliphatic side chains of these sorgoleone congeners.
In addition, compound5, which has been synthesized (19),
isolated from the plantMaesa lanceolata(26), and observed in
HPLC analysis of sorghum root extracts (24), has now been
isolated from sorghum in sufficient amounts to spectroscopically
characterize and verify that its structure is identical to that of
the synthetic compound and theM. lanceolatacompound.

The presence of these sorgoleone analogues in root exudates
raises questions about their biological significance, particularly
their potential contribution to the overall allelopathic properties
of sorghum. All have similar PSII-inhibitory properties, inhibit-
ing oxygen evolution at concentrations of∼0.1 µM (Table 3),
and they probably all contribute collectively to the phytotoxicity
of sorghum to other plants.

The low concentrations of5-8, relative to the abundance of
1, may reflect the nature of enzymes in the sorgoleone
biosynthetic pathway. A key step is formation of the ring. This
step is most likely catalyzed by a polyketide synthase (PKS)
adding three malonyl-CoA units to a 16-carbon fatty acid starter
unit and then cyclizing the linear tetraketide intermediate to form
a 5-alkyl resorcinol with a 15-carbon side chain (29). The
presence of sorgoleone analogues with various degrees of
unsaturation in the 3-alkyl side chain suggests that the PKS can
accept fatty acid substrates with different numbers of double
bonds or carbons. The differing concentrations of these sorgo-
leone analogues in the root exudates could indicate differences
in availability of the different fatty acid precursors, with the
C16:3 fatty acid dominating, or differences in the affinity of
the PKS for the various fatty acids. Although less likely, it is

Figure 3. Partial structures of sorgoleone-362 (A) and sorgoleone-386
(B) showing correlations observed in their HMBC spectra indicating the
positions of the double bonds.

Table 3. I50 Values of Sorgoleones in Assays of PSII Inhibition in
Spinach Thylakoid Membranesa

I50 (µmol/L of compound)

compound expt 1 expt 2

sorgoleone-358 0.083 ± 0.0049 0.065± 0.011
sorgoleone-360 0.104 ± 0.032 0.110 ± 0.007
sorgoleone-362 0.109 ± 0.022 0.117 ± 0.010
sorgoleone-364 0.103 ± 0.017 0.105 ± 0.013

a Each value represents the mean ± standard deviation of three replicates.

Figure 4. Effect of 1 (b), 5 (1), 6 (2), and 7 (9) on oxygen evolution
in spinach thylakoid membranes.
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also possible that the desaturation of the side chain occurs after
the formation of5. In that case, the majority of5 would be
converted by desaturases into1, with lower desaturase activity,
or premature dissociation of substrate from enzyme, yielding6
and7.

The similarity of the side chain of8 (C17:3 ∆8,11,14) to
R-linolenic acid (C18:3∆9,12,15) (34) strongly suggests that
8 is formed by a PKS adding three malonyl-CoA units to C-1
of R-linolenic acid. Likewise, it is easy to consider palmitic
acid (C16:0) as the starter unit for5 and palmitoleic acid (C16:1
∆9) (34) as the starter unit for6, which has a C15:1∆8 side
chain. The origin of the fatty acid precursors of1 and7 is more
difficult to hypothesize, as the double bonds are not in the usual
position for C16 fatty acids. A C16:3 fatty acid usually has a
∆7,10,13 configuration (34), which would correspond to a
∆6,9,12 configuration in the side chain instead of the observed
∆8,11,14. Similarly, a C16:2 fatty acid usually has a∆7,10
configuration (34), which would correspond to a∆6,9 config-
uration in the side chain instead of the observed∆8,11. If these
sorgoleone congeners are indeed formed by the addition of three
malonyl-CoA units to a fatty acid starter unit, sorghum root
hairs may contain novel fatty acids with double bonds located
at unusual positions. Alternatively, if any of these compounds
are formed by desaturation of the side chain after it has bonded
to the benzoquinone ring, sorghum roots may contain unusual
desaturases.

With the separation of sorgoleone congeners that can serve
as standards, HPLC and GC-MS protocols can more readily be
developed to quantify the levels of the congeners in different
stages of a biosynthetic study. Because1 is antifungal as well
as phytotoxic (35), it may eventually be worthwhile to inves-
tigate the presence and relative amounts of the sorgoleone
congeners in fungal-infected plants. Pure standards are the first
step in understanding the role that these congeners may play in
nature.
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