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Herbicide effects of essential oils
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Laboratory and greenhouse experiments were conducted to determine the herbicidal
effect of plant-derived oils and to identify the active ingredient in an oil with her-
bicide activity. Twenty-five different oils were applied to detached leaves of dandelion
in the laboratory. Essential oils (1%, v/v) from red thyme, summer savory, cinnamon,
and clove were the most phytotoxic and caused electrolyte leakage resulting in cell
death. Each of these essential oils in aqueous concentrations from 5 to 10% (v/v)
plus two adjuvants (nonionic surfactant and paraffinic oil blend at 0.2% [v/v]) were
applied to shoots of common lambsquarters, common ragweed, and johnsongrass in
the greenhouse; shoot death occurred within 1 h to 1 d after application. Essential
oil of cinnamon had high herbicidal activity, and eugenol (2-methoxy-4-[2-prope-
nyl]phenol) was determined to be this oil’s major component (84%, v/v). Dandelion
leaf disk and whole-plant assays verified that eugenol was the active ingredient in
the essential oil of cinnamon. Essential oils are extracted from plants and thus may
be useful as “natural product herbicides” for organic farming systems.

Nomenclature: Cinnamon, Cinnamomum zeylanicum; clove, Syzgium aromaticum;
red thyme, Thymus vulgaris; summer savory, Satureja hortensis;, common lambsquart-
ets, Chenopodium album 1. CHEAL; common ragweed, Ambrosia artemisiifolia L.
AMBEL; dandelion, Taraxacum officinale Weber in Wiggers TAROF; johnsongrass,

Sorghum halepense (L.) Pers. SORHA.
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Weeds, a major problem in U.S. agriculture, cause up to
12% loss in crop yield each year and cost nearly $33 billion
(Pimentel et al. 2001). Overall, farmers spend $6.1 billion
each year to control weeds, and in 1998 the herbicides ac-
counted for 68% of the total U.S. pesticide sales. In the
organic systems of agriculture, growers cannot use synthetic
herbicides, and weed infestations result in costly crop losses
(Gianessi 1990). Weeds were responsible for up to 5% re-
duction in yield in organically managed corn (Zea mays L.)
in California (Clark et al. 1998). In organic cereal fields,
yield losses to weeds may be 20% or higher (Rasmussen and
Ascard 1995). Mechanical dllage, mulch, and planted
ground cover are major approaches for weed control by or-
ganic farmers, burt these techniques can be costly and may
fail to control weeds adequately. Herbicides for organic sys-
tems are limited. Research has demonstrated herbicidal ef-
fects of some vegetable oils, and formulations of fatty acids
are commercially available as herbicides (Cornish et al.
1993; Gauvrit and Cabanne 1993; Hatzios 1998).

Preliminary work in our laboratory demonstrated that es-
sential oils have herbicidal activity; complete weed shoot
control was achieved with dilute concentrations of red
thyme essential oil (data not shown). Essential oils are nat-
ural plant products that contain natural flavors and fragranc-
es that provide characteristic odors (Mukhopadhyay 2000).
They are likely to break down quickly in the environment
and should be acceptable for weed control by organic farm-
ers. Essential oils are classified as “generally regarded as safe”
(GRAS) and can inhibit the growth of microorganisms in
food (Beuchat 2001; Ismaiel and Pierson 1990b; Wilson et
al. 1997). Essential oils also contain allelochemicals that in-
hibit seed germination and may be used to inhibit weed
seed germination (Dudai et al. 1999). The inhibitory activ-
ity against seed varied with the species from which the es-

Organic weed control, generally regarded as safe (GRAS).

sential oil was extracted (Dudai et al. 1999). Cinnamon and
red thyme are sources of essential oils, and aromatic com-
pounds from these plants have inhibited potato (Solanum
tuberosum L.) sprout growth, apparently by killing meriste-
matic cells (Vaughn 1991). However, phytotoxicity caused
by direct applications of essential oils to higher plants is
unknown,

Essential oils may be used as a viable weed control tech-
nology in organic farming systems, but basic information
on phytotoxicity is required before field experiments are
conducted. The objectives of this research were to (1) screen
commercially available oils from plants, especially essential
oils, for herbicide activity, (2) determine whole-plant her-
bicide efficacy of candidate oils that were identified in the
initial screening, and (3) identify the active ingredient in an
oil with strong herbicidal activity.

Materials and Methods
Dandelion Leaf Disk Assay

Essential oils from red thyme, summer savory, cinnamon,
clove, basil (Ocimum basilicum 1.), fennel (Foeniculum vul-
gare Miller), and sweet birch (Betula nigra L.) were pur-
chased.! Other plant oils were provided or purchased from
commercial sources, including corn oil;? sesame (Sesamum
indicum L.), rape (Brassica napus L.) seed, jojoba [Simmond-
sia chinensis (Link) C. Schneider], flax (Linum usitatissimum
L.) seed, and hazelnut (Corylus avellona 1..) oils;? olive (Olea
europaea L.) oil;* canola (Brassica napus L.) oil;> soybean
[ Glycine max (L.) Merr.] and sunflower (Helianthus annuus
L.) oils;® peanut (Arachis hypogaea L.) oil;’ grape (Vitis amu-
rensis Rupr.) seed, caraway (Carum carvi L.), cranberry (Vac-
cinium macrocarpon Aiton), plum (Prunus sp.) seed, and
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meadowfoam (Limnanthes alba Hartweg ex Benth.) oils;®
cotton (Gossypium hirsutum L.) seed oil;? and safflower (Car-
thamus tinctorius L.) 0il.10

The concentration range for studying oil activity was de-
termined in a preliminary experiment by placing leaf disks
of dandelion in a series of concentrations of cinnamon oil
ranging from 0.001 to 10.0% (v/v). Electrolyte leakage, as
measured by conductivity, increased at a cinnamon oil con-
centration of 1.0% (8.6 = 1.6% leakage). All oils were test-
ed for activity from 0.5 to 2.0% oil concentration. In sub-
sequent experiments, four concentrations of each oil (0, 0.5,
1.0, and 2.0%, v/v) were prepared in mineral oil.'! An un-
treated water control was also used. In July and August,
uniform leaves of dandelion were collected from plants in
the field near Kearneysville, WV, placed on ice in a cooler,
and brought into the lab for use within 1 h. Leaves were
dipped in the oil treatment and placed in a glass jar con-
taining water to maintain high humidity for 1 h. Leaf disks
(1-cm diameter) were cut from ecach leaf, placed in vials
containing 5 ml deionized water, and allowed to equilibrate
for 18 h with shaking (300 rpm). A visual estimate of injury
to leaf disks was taken at this time. Injury ratings included
three categories: 0 indicated little or no injury (necrosis and
water-soaked appearance); + indicated injury to nearly half
the leaf disk; and ++ indicated severe injury to most of the
leaf disk. Electrical conductivity of the solution containing
the leaf disk was measured,'? after which leaf disks were
autoclaved for 1 h, and leaf disk solutions were equilibrated
with shaking for 4 h before the conductivity was measured
again. Leaf injury caused by treatments was calculated for
each leaf disk with conductivity before autoclaving (electro-
lyte leakage caused by treatment) divided by the conductiv-
ity after autoclaving (maximum electrolyte leakage of a
killed leaf disk). Leaf injury caused by treatment was ex-
pressed as a percentage of maximum conductivity. Each
treatment was replicated five times in a completely random-
ized design, and the experiment was repeated.

Whole-Plant Assay with Common Lambsquarters,
Common Ragweed, and Johnsongrass

Plants were grown from seed!?® during September through
March in 0.6-L pots with soilless media'4 in a greenhouse
near Kearneysville, WV. Plants were grown with supple-
mental light to maintain a 12-h photoperiod (average mid-
day light intensity, 1,045 wmol m~2 s~! Photonflux density;
22 + 3 C). One common ragweed, two common lambs-
quarters, and three johnsongrass plants per pot were grown
for 3 mo, and plants were treated when they were approx-
imately 25 to 30 cm tall. These weeds were chosen to rep-
resent grass and broadleaved weeds found in fruit orchards.

Essential oils of red thyme, summer savory, cinnameon,
and clove were diluted in water to concentrations of 0, 1.0,
5.0, and 10.0% (v/v), with 0.1% concentrations of com-
binations of nonionic surfactant'® and paraffinic oil blend,°
and were applied to each weed species with a handheld
sprayer'” to the point of drip. Adjuvants used in the treat-
ments were selected on the basis of results of a preliminary
field experiment in which the essential oil of red thyme was
diluted in water to produce concentrations of 0, 1.0, 5.0,
and 10% (v/v), with 0.2% concentrations of different ad-
juvants, and was applied (100 ml m~?) with a handheld
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Taste 1. Electrolyte leakage and visual injury rating from dande-
lion ( Taraxacum officinale Weber in Wiggers) leaf disks treated with
three concentrations of different plant-derived oils.

Electrolyte leakage at oil concen-
tractions (%, v/v)

Qilab 0.5 1.0 2.0 Injury®
% of maximum conductivity
Basil 42 +1.184 58+ 1.00 7.7 +221 0
Canola 34+ 034 41*x032 37026 0
Cinnamon 179 = 363 155 = 7.83 57.0%x 103 +
Caraway g B9  F0® 047 B =030 I
Clove 62,251 152 £ 851 590 £9:52 4+
Corn 42 + 021 4.0=*030 47042 0
Cottonseed 35+ 015 32*+035 34*040 0O
Cranberry 3.0 =057 3.0=*060 4.0=x=057 0
Fennel 32 * 030 52158 53170 0
Flaxseed 29+073 35%x043 29*04 0O
Grapeseed 32+069 26042 42025 0
Hazelnut "23+030 24027 23*x041 O
Jojoba 3.1 040 27 x030 29=*=031 0
Meadowfoam 25+069 33=x042 23x2025 0
Olive 38+024 30042 38=*044 0
Peanut 23060 27 *031 32x059 0
Plum seed 43 +083 30+044 32*076 0
Rape seed 30035 30*x043 32*+035 0
Safflower 22+036 22005 24=*040 O
Sesame 33 =027 371 X051 32%021 0
Soybean 37 035 24*017 31072 0
Summer savory 5.4 = 1.00 49.6 = 11.37 73.0 = 8.89 ++
Sunflower 324027 30x013 31=x057 0
Sweet birch 40 = 069 4.0 =091 102*221 0O
Red thyme 8.3 £ 3.80 374 + 853 79.6 +3.76 +

2 Qils were diluted in mineral oil. Disks in mineral oil alone averaged
3.1 = 0.3% and untreated disks averaged 3.6 = 0.4% of the maximum
conductivity.

b Basil, Ocimum basilicumn L.; canola, Brassica napus L.; cinnamon, Cin-
namormum zeylanicum;, caraway, Carum carvi L; clove, Syzgium aromaticum;
corn, Zea mays L.; cotton, Gossypium hirsutum L.; cranberry, Vaccinium
macrocarpor. Aiton; fennel, Foeniculum vulgare Miller; flax, Linum usitatis-
simum L.; grape, Vitis amurensis Rupr.; hazelnut, Corylus avellona L.; jojoba,
Simmondsia chinensis (Link) C. Schneider; meadowfoam, Limnanthes alba
Hartweg ex Benth.; olive, Olea europaea L.; peanut, Arachis hypogaea L.;
plum, Prunus. spp.; rape, Brassica napus L.; safflower, Carshamus tinctorius
L.; sesame, Sesamum indicum L.; soybean, Glycine max (L.) Merr; summer
savory, Satureja hortensis, sunflower, Helianthus annuus L.; sweet birch, Bet-
wula nigra L.; red thyme, Thymus vulgaris.

< Injury ratings were based on visual estimates of the damage at the
highest oil concentration, where 0 indicated little or no injury (necrosis
and water-soaked appearance), + indicated injury to nearly half the leaf
disk, and ++ indicated severe injury to most of the leaf disk.

d Values are means of 10 replications = the standard deviation.

sprayer to a variety of weeds. A nonionic surfactant and a
paraffinic oil blend appeared to improve weed control and
were used for greenhouse experiments. Weed injury in the
greenhouse was evaluated as the average visual estimates tak-
en by two people 7 and 30 d after treatment. Injury ratings
were on a scale from 0 (no injury) to 100 (dead plant).
Fach treatment was replicated five times in a factorial de-
sign, and the experiment was repeated. Effects of essential
oil and rate were statistically analyzed with the general linear
model procedure (SAS 1988).

Active Ingredient Determination

Cinnamon oil had strong herbicidal activity in the dan-
delion leaf disk and whole-plant assays; therefore, the active
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Ficure 1. Johnsongrass [Serghum halepense (L.) Pers.] injury response to essential oils of (A) cinnamon (Cinnamomum zeylanicum), (B) clove (Syzgium
aromaticum), (C) summer savory (Satureja hortensis), and (D) red thyme (Thymus vulgaris) 7 d after wreatment.

ingredient in cinnamon oil was determined. Cinnamon oil
(1 ) was injected in a gas chromatograph!® equipped with
a 30-m nonpolar column,!” and individual components
were determined with a mass selective detector.?? Helium
was the carrier gas, and run conditions included 250 C (in-
jector); 315 C (detector); 50 C for 5 min, thermal gradient
of 3 C per minute to 250 C, then 250 C for 10 min before
returning to the initial conditions (column). Only four com-
ponents occurred at concentrations greater than 2%, and
their identities were verified with standards.2! These four
components were further analyzed for herbicidal activity
with the dandelion leaf disk and whole-plant assays de-
scribed previously.

Results and Discussion
Dandelion Leaf Disk Assay

Essential oils of red thyme, summer savory, cinnamon,
and clove injured dandelion leaf disks at concentrations of
1 and 2% (Table 1). Dandelion leaf injury was less for es-
sential oils of basil and sweet birch than for those of red
thyme, summer savory, cinnamon, and clove. No other
plant oil caused leaf injury. On the basis of these results, the
most active essential oils (red thyme, summer savory, cin-
namon, and clove) were applied in greenhouse experiments.

Essential oils have reduced sprout growth in potatoes,
possibly by killing meristematic cells (Vaughn 1991). Essen-
tial oils have also controlled harmful insects and harmful
microbes (Farag et al. 1989). Yet, essential oils contain an-
tioxidants that suppress lipid oxidation (Farag et al. 1989).
Ismaiel and Pierson (1990a) investigated the mechanism of

the inhibition of Clostridium botulinum by essential oils.
They found no effect on DNA, RNA, or protein synthesis
and suggested that essential oil altered membrane perme-
ability. Based on the electrical conductivity measurements of
the electrolyte leakage, the current work indicates that es-
sential oils increase membrane permeability in leaf disks of
dandelion. However, the mechanism of injury caused by
essential oils remains to be determined.

Whole-Plant Assay with Common Lambsquarters,
Common Ragweed, and Johnsongrass

Weeds showed signs of injury within 1 h of treatment,
and maximum injury occurred within 24 h of application
of the essential oil (data not shown). Rapid plant injury
occurs with pelargonic acid (nonanoic acid) (Hatzios 1998),
and active components in essential oils apparently caused
rapid ion leakage and similar plant injury in this experiment.
Treatment effects of the essential oils, the concentrations,
and the interaction of oil and concentration were significant
(P > F = 0.01).

Johnsongrass (Figure 1), common lambsquarters (Figure
2), and common ragweed (Figure 3) were injured at 1%
concentrations of all oils, and most weeds were killed at 5
and 10% concentrations of all essential oils 7 d after treat-
ment. Injury response of johnsongrass to essential oil con-
centration followed an exponential pattern, whereas injury
response of common lambsquarters and common ragweed
followed a sigmoidal pattern, indicating that johnsongrass
was sensitive to low concentrations of essential oils. How-
ever, small portions of johnsongrass leaves were not killed,
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Frcure 2. Common lambsquarters (Chengpodium album L.) injury response to essential oils of (A) cinnamon (Cinnamomum zeylanicum), (B) clove (Syzgium
aromaticum), (C) summer savory (Satureja hortensis), and (D) red thyme (Thymus vulgaris) 7 d after treatment.
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Ficure 3. Common ragweed (Ambrosia artemisiifolia 1..) injury response to essential oils of (A) cinnamon (Cinnamemum zeylanicum), (B) clove (Syzgium
aromaticum), (C) summer savory (Sazureja hortensis), and (D) red thyme (Thymus vilgaris) 7 d after treatment.
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even at the 10% concentration. It is likely that leaf segments
without injury were not exposed to essential oils and that
more complete coverage would have increased plant injury.
Thirty days after treatment, injury ratings had not changed
compared with those at 7 d after treatment (data not
shown). However, small regrowth from untreated buds was
observed in some common ragweed plants. Complete cov-
erage was necessary to injure whole plants, and another ap-
plication of oil would likely be necessary for continued weed
control or plant kill.

Whole-plant injury was related to changes in essential oil
rates between 1 and 10%, bur the greatest change in injury

was between 1 and 5% (Figures 1-3). Greater injury of

weeds at low rates may be obtained with adjuvants that
increase dispersal and plant coverage with the essential oils.
Phytotoxicity at low rates was demonstrated in the dande-
lion leaf disk experiments where high electrolyte leakage was
observed at essential oil concentrations of 2% (Table 1).
Cinnamon and clove oils caused the greatest injury to john-
songrass and were among the most active essential oils that
injured common lambsquarters and common ragweed. Red
thyme and summer savory caused less injury to johnsongrass
than did cinnamon and clove oils.

Active Ingredient Determination

Twelve components were identified in cinnamon oil, but
most of them constituted less than 1% of the oil (data not
shown). Only four components occurred in concentrations
greater than 2%: eugenol, benzyl benzoate (benzoic acid
phenylmethyl ester), humulene (2,6,6,9-tetramethyl-1,4,8-
cycloundecatriene), and isoeugenol (2-methoxy-4-propenyl-
phenol) with retention times of 27.5, 43.0, 29.4, and 34.1
min, respectively, and in concentrations of 84.2, 3.9, 3.5,
and 2.4%, respectively. In the dandelion leaf disk assay eu-
genol and isoeugenol had herbicidal activity at 1 and 2%
concentrations (Figure 4), but benzyl benzoate and humu-
lene were not phytotoxic at any concentration (data not
shown). In the whole-plant assay with common lambsquart-
ers, common ragweed, and johnsongrass, the four major
components of cinnamon oil injured or killed plants when
applied at concentrations of 5% (Figure 5), but no injury
to plants was observed when it was applied at concentrations
of 0.2%.

In the whole-plant assay, 10% concentrations of cinna-
mon oil were phytotoxic (Figure 5). Eugenol concentration
would be approximately 8% at this concentration of cin-
namon oil, sufficient to cause plant injury. Benzyl benzoate,
humulene, and isoeugenol concentrations would be approx-
imately 0.4, 0.4, and 0.2%, respectively, in a 10% concen-
tration of cinnamon oil, too low to cause plant injury. The
active ingredient for herbicidal activity in cinnamon oil thus
appears to be eugenol.

Eugenol is a volatile phenol, and this class of compounds
may be a valuable source of natural herbicides (Balandrin et
al. 1985; Mukhopadhyay 2000). Synthetic phenolic herbi-
cides were used as contact herbicides that caused rapid
membrane disruption or uncoupling of oxidative phosphor-
ylation (Anderson 1983). The use of the phenolic herbicide
dinoseb was cancelled because of the adverse health effects
(Anonymous 1998). However, dinoseb has a dose lethal to
50% of the test organisms (LDsg) of 58 mg kg=! (rat). In
contrast, eugenol is a skin irritant with an oral LDsy >
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Figure 4. Electrolyte leakage from dandelion (Tzraxacum officinale Weber
in Wiggers) leaf disks treated with (A) eugenol and (B) isoeugenol.

2,650 mg kg=! (rat) and is used as a dental antiseptic for
analgesic purposes.

Future work should discover the herbicidal activity of
other essential oils and their components. Active compounds
may be synthesized by cell culture suspensions to produce
natural essential oils (Balandrin et al. 1985) or by flavor
chemists to produce synthetic natural-identical molecules
(Mukhopadhyay 2000). We are currently investigating the
activity of several eugenol derivatives. In addition, the prac-
tical use of active compounds must be explored. Our pre-
liminary work indicated that eugenol was effective for
broadleaved and grass weed control in the field. We are cur-
rently investigating formulations that may increase eugenol
efficacy and may permit the reduction of the concentration
of eugenol in field applications.

Essential oils have herbicidal activity, and nearly complete
weed shoot control was achieved with cinnamon and clove
essential oils at concentrations of 5 to 10%. Eugenol was
the active ingredient in cinnamon oil, and field experiments
are being conducted to evaluate eugenol as a contact her-
bicide beneath fruit trees. Essential oils are extracted from
plants and thus may be useful as natural product herbicides
for organic farming systems. Additional work is planned to
determine the active ingredient(s) and to establish the mech-
anism of herbicidal action with other essendal oils. It is
possible that essential oils could be used with other tools to
manage weeds. For example, a component of essential oil
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5%

Figure 5. Whole-plant response of common ragweed (Amébrosia artemisiifolia L.), common lambsquarters (Chenopodium album L.), and johnsongrass
[Sorghum halepense (L.) Pers.] (front-to-back) to adjuvants alone, benzyl benzoate, cinnamon oil, eugenol, and isoeugenol (left-to-right) applied at 5% (v/

v), 2 d after application.

could be used to control weeds that grow through mulch or
to injure and predispose weeds to control with biocontrol
agents.

Sources of Materials

! Essential oils from red thyme, summer savory, cinnamon,
clove, basil, fennel, and sweet birch. Frontier Natural Products,
PO. Box 299, Norway, IA 52318.

2 Corn oil, Bestfoods Inc., 700 Sylvan Avenue, Englewood
Cliffs, NJ 07632.

3 Sesame, rape seed, jojoba, flax seed, and hazelnut oils, Ato-
mergic Chemetals, Corp., 222 Sherwood Avenue, Farmingdale, NY
11735.

4 Olive oil, Bertolli, Inc., 300 Harmon Meadow Boulevard, Se-
caucus, NJ 07094.

5 Canola oil, GFA Brands, Inc., PO. Box 512, Cresskill, NJ
07626.

6 Soybean and sunflower oils, Beatrice/Hunt-Wesson, Inc., PO.
Box 4800, Fullerton, CA 97634.

7 Peanut oil, C.E Sauer Co., 200 West Broad Street, Richmond,
VA 23220.

8 Grape seed, caraway, cranberry, plum seed, and meadowfoam
oils, Badger Oil Co., 1400 South River Street, Spooner, W1 54801.
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9 Cotton seed oil, Sigma Chemical Co., PO. Box 14508, St.
Louis, MO 63178.

10 Safflower oil, Hollywood Foods, 6719 Hellywood Boulevard,
Los Angeles, CA 90061.

11 Mineral oil, Kodak, Corporate Headquarters, Rochester, NY
14604.

12 Conductivity meter, Y S I Scientific, 1725 Brannum Lane,
Yellow Springs, OH 45387.

13 Seed of common lambsquarters, common ragweed, and john-
songrass, Valley Seed Service, 2172 North Pleasant, Fresno, CA
93705.

14 Metro Mix 510, Scotts-Sierra Horticultural Products Co.,
14111 Scottslawn Road, Marysville, OH 43041.

15 Polyalkylene oxide-meodified heptamethyltrisiloxane, Silwett
L-77®, Helena Chemical Co., 1 Hycrop Row, Memphis, TN
38119.

16 Parafhnic oil blend, Superior dormant spray oil, Drexel
Chemical Co., 1700 Channel Avenue, Memphis, TN 38113.

17 Sure Shot, Milwaukee Sprayer Manufacturing Co., Inc., 5635
West Douglas Avenue, Milwaukee, WI 53218-1692.

18 Hewlett Packard 5890 Series 2, Hewlett Packard, 2850 Cen-
terville Road, Wilmington, DE 19808.

19 DB-5, | & W Scientific, 91 Blue Ravine Road, Folsom, CA
95630.



20 Hewlett Packard 5971, Hewlett Packard, 2850 Centerville
Road, Wilmington, DE 19808.

21 Fugenol, benzyl benzoate, humulene, isoeugenol, Fluka
Chemical Corp., 1001 West St. Paul Avenue, Milwaukee, WI
53233.

Acknowledgments
I thank Kevin Bovard and Elizabeth Yoho for their technical

assistance.

Literature Cited

Anderson, W. P2 1983. Phenol herbicides. Pages 219-222 in Weed Science:
Principles. New York: West Publishing Co.

Anonymous. 1998. Dinoseb. Environmental Health Programs Office of
Environmental Healcth and Safety Fact Sheet. Olympia, WA: Wash-
ington State Department of Health. 2 p.

Balandrin, M. E, J. A. Klocke, E. S. Wurtele, and W. H. Bollinger. 1985.
Narural plant chemicals: sources of industrial and medicinal materials.
Science 228:1154-1160.

Beuchat, L. R. 2001. Control of foodborne pathogens and spoilage micro-
organisms by naturally occurring antimicrobials. Pages 149-169 in C.
L. Wilson and S. Droby, eds. Microbial Food Contamination. Boca
Raton, FL: CRC Press.

Clark, M. S., H. Ferris, K. Klonsky, W. T. Lanini, A.H.C. van Bruggen,
and E G. Zalom. 1998. Agronomic, economic, and environmental
comparison of pest management in conventional and alternative to-
mato and corn systems in northern California. Agric. Ecosyst. Envi-
ron. 68:51-71.

Cornish, A., N. S. Battersby, and R. J. Watkinson. 1993. Environmental
fate of mineral, vegetable and transesterified vegetable oils. Pestic. Sci.
37:173-178.

Dudai, N., A. Poljakoff-Mayber, A. M. Mayer, E. Putievsky, and H. R.

Lerner. 1999, Essential oils as allelochemicals and their potential use
as bioherbicides. J. Chem. Ecol. 25:1079-1089.

Farag, R. S., AZM.A. Badel, and G.S.A. El Baroty. 1989. Influence of
thyme and clove essential oils on cotronseed oil oxidation. J. Am. Oil
Chem. Soc. 66:800-804.

Gauvrit, C. and E Cabanne. 1993. Qils for weed control: uses and mode
of action. Pestic. Sci. 37:147-153.

Gianessi, L. P 1990. Comments on Alternative Agriculrure. Council for
Agricultural Science and Technology (CAST) Special Pub. No. 16.
6 p.

Hatzios, K. K., ed. 1998, Herbicide Handbook Supplement to Seventh
Edition. Lawrence, KS: Weed Science Society of America. pp. 55-57.

Ismaiel, A. A. and M. D. Pierson. 1990a. Inhibition of germination, out-
growth, and vegerative growth of Clostridium borulinum G7B by spice
oils. J. Food Prod. 53:755-758.

Ismaiel, A. and M. D. Pierson. 1990b. Inhibition of growth and germi-
nation of C. botulinum 33A, 40B, and 1623E by essential oil of spices.
J. Food Sci. 55:1676-1678.

Mukhopadhyay, M. 2000. Natural Extracts Using Supereritical Carbon Di-
oxide, New York: CRC Press. pp. 131-157.

Pimentel, D., S. McNair, J. Janecka, et al. 2001. Economic and environ-
mental threat$ of alien plant, animal, and microbe invasions. Agric.
Ecosyst. Environ. 84:1-20.

Rasmussen, J. and J. Ascard. 1995. Weed control in organic farming sys-
tems. Pages 49-67 in D. M. Glen, M. P Greaves, and H. M. Ander-
son, eds. Ecology and Integrated Farming Systems. Bristol, U.K.: J.
Wiley.

[SAS] Statistical Analysis Systems. 1988. SAS/STAT User’s Guide. Version
6. Cary, NC: Staristical Analysis Systems Institute. 1848 p.

Vaughn, S. E 1991. Natural compounds from spices could replace chemical
potato-sprouting inhibitors. Ind. Bioprocess. 13:5.

Wilson, C. L., J. M. Solar, A. El Ghaouth, and M. E. Wisniewski. 1997.
Rapid evaluation of plant extracts and essential oils for antifungal ac-
tivity against Botrytis cinera. Plant Dis. 81:204-210.

Received August 14, 2001, and approved February 4, 2002.

Tworkoski: Herbicide effects of essential oils = 431



