
Marine Natural Products as Prototype Agrochemical Agents

JIANGNAN PENG, XIAOYU SHEN,† KHALID A. EL SAYED,‡ D. CHARLES DUNBAR,
TONY L. PERRY,§ SCOTT P. WILKINS,# AND MARK T. HAMANN *

Department of Pharmacognosy and National Center for the Development of Natural Products,
School of Pharmacy, The University of Mississippi, University, Mississippi 38677

STEVE BOBZIN,⊥ JOSEPHHUESING, AND ROBIN CAMP

Monsanto Company, 700 Chesterfield North Parkway, St. Louis, Missouri 63198

MIKE PRINSEN, DAN KRUPA, AND MARGARET A. WIDEMAN

Pharmacia Company, 700 Chesterfield North Parkway, St. Louis, Missouri 63198

In the interest of identifying new leads that could serve as prototype agrochemical agents, 18
structurally diverse marine-derived compounds were examined for insecticidal, herbicidal, and
fungicidal activities. Several new classes of compounds have been shown to be insecticidal, herbicidal,
and fungicidal, which suggests that marine natural products represent an intriguing source for the
discovery of new agrochemical agents.
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INTRODUCTION

Insects, weeds, and phytopathogenic fungi cause great damage
to agriculture, home, and garden. Where insect pests, weeds,
and disease are not systematically controlled, an estimated 40%
of a typical crop is lost preharvest and an additional 20% is
lost postharvest (1). Much of the increase in agricultural
productivity over the past half century has been due to the
control of these pests with synthetic chemical pesticides (2).
Crop protection chemicals continue to be the major tools for
protecting food and fiber crops from damaging pests. In 1997,
world pesticide sales amounted to nearly $37 billion, of which
31% was for insecticides, 46% for herbicides, and 16% for
fungicides (3). User expenditures for pesticides in the United
States totaled $11.9 billion, of which $6.8 billion was spent for
insecticides, $3.6 billion for herbicides, and nearly $800 million
for fungicides (3).

Synthetic pesticides have successfully controlled a number
of agricultural pests; however, there is a need to search for
alternative chemistries. One serious problem has been the
development of resistance to current pesticides. From 1984 to
1990, documented insect and mite resistance to pesticides

increased by 13% (4). Furthermore, contamination of food, soil,
water, and air by pesticides has become a major concern for
the U.S. public (5). Accordingly, there is increasing social
legislative pressure to replace or reduce the use of synthetic
chemical pesticides because of their toxicological and environ-
mental risks (1). To address environmental concerns, new
agrochemicals developed from natural products may be per-
ceived as more environmentally acceptable than those presently
used (5, 6). The investigation of terrestrial organisms has yielded
many of the pesticides on the market today, including the
frequently used pesticide ivermectin (1; Figure 1), the selective
hydrogenation products of avermectin B1 islolated fromStrep-
tomyces aVermitilisMA-4680 (NRRL 8165) (7, 8). In contrast,
the plants, animals, and microorganisms of the marine environ-
ment, with their wide range of chemical and bioactive diversity,
are still largely an unexplored resource for new agrochemical
agents (9).

Compared to the search for new pharmaceutical compounds,
little effort has been devoted to the exploration of agrochemical
compounds from marine natural products. Nereistoxin (2) and
its analogues thiocyclam (3), bensultap (4), and cartap (5) are
probably the ocean’s only major agrochemical agents being used
as insecticides in some parts of the world (10).

Marine Natural Products as Insecticides, Herbicides, and
Fungicides: An Update. In our previous paper (11), the
insecticidal compounds of marine origin and their activities were
reviewed. In addition to developments summarized in our earlier
paper, a new sesquiterpene, hydroxycolorenone (6), was isolated
from the soft coralNephithea chabrolii, which showed strong
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Figure 1. Structures of reviewed active compounds.
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insecticidal activity with an EC50 35 µM and an LC50 1.8 mM
against neonate larvae of the polyphagous pest insectSpodoptera
littoralis (12). The marine-derivedâ-carboline alkaloid man-
zamine A (7) was reported to exhibit insecticidal activity toward
neonate larvae of the polyphagous pest insectS. littoralis with
an ED50 of 63 µM (13). Pyridoacridine alkaloids are character-
ized by an 11H-pyrido[4,3,2-mn]acridine moiety. Kuanoniamin
C (8), kuanoniamine D (9), andN-deacetylkuanoniamine D (10)
are pyridoacridine alkaloids reported from the Micronesian
tunicates and sponges of the generaStelletaand Oceanapia.
Kuanoniamine C (8) and kuanoniamine D (9) exhibited insec-
ticidal activity againstS. littoraliswith LC50 values of 0.42 and
0.16 mM, respectively, whereasN-deacetylkuanoniamine D (10)
was marginally active and inhibited the growth of the larvae
with an ED50 of 0.44 mM (14). The isoquinoline alkaloids
isolated from the Philippine sponge of the genusXestospongia
also exhibited insecticidal activity (15). 1,6-Dimethyl-7-meth-
oxy-5,8-dihydroisoquinoline-5,8-dione (11) showed insecticidal
activity with an EC50 of 0.16 mM and an LC50 2.4 mM against
S. littoralis. Renierone (12) andN-(3-oxo-1-butenyl) renierone
(13) exhibited weak insecticidal activity againstS. littoralis.

Herbicides. To date, research focused on the isolation of
herbicidal leads from marine origin has resulted in the report
of just two compounds. Fischerellin A (14), isolated from the
cyanobacteriaFischerella muscicola, demonstrated herbicidal
activity againstLemna minorat 50µM (60% PS-II inhibition,
44% growth inhibition), and at 100µM the photosystem of this
plant was almost totally blocked (98% PS-II inhibition, 74%
growth inhibition) (16). 2,5-Dimethyldodecanoic acid (15)
strongly inhibited the growth ofL. minor (17) with a growth
inhibition of 58% at 2.2µM and 91% at 22µM at pH 5. This
inhibition is pH dependent, and at low pH, the inhibition is
highest. Methylation of this fatty acid decreased the activity.

Fungicides.Polybrominated diphenyl ethers (16-21) are a
class of phytopathogenic fungicides isolated from the sponge
Dysidea herbaceaKeller (18), in which a mixture of 3,5,6-
tribromo-2-(2′-bromophenoxy)phenol (18) and 3,4,6-tribromo-
2-(2′-bromophenoxy)phenol (19) (3:2) represents the best
activity at 25 nmol, inducing an inhibition zone of 8 mm against
the phytopathogenic fungusCladosporium cucumerinum. 3,4,5,6-
Tetrabromo-2-(2′-bromophenoxy)phenol (16) also showed sig-
nificant activity againstC. cucumerinumfollowed by 3,4,5-
tribromo-2-(2′-bromophenoxy)phenol (17), then 3,4,5,6-tetra-
bromo-2-(2′,4′-dibromophenoxy)phenol (20), and finally 4,6-
dibromo-2-(2′,4′-dibromophenoxy)phenol (21), which showed
the weakest activity. Edrada (19) reported 10 lobane diterpenes
(22-31) from the Philippine soft coralLobophytum pauciflorum,
all of which showed activity against the phytopathogenic fungus
C. cucumerinum. The labatrienetriol congeners (25and26) were
most active, followed by the oxepin congener (26) and then
the labatrienediol congeners (27 and 28) and the oxinine
congeners (22-24), whereas the epoxide congener (29) and the
diene congener (30) showed the weakest activity. Mimosamycin
(32) is another isoquinoline quinone isolated from a sponge of
the genusXestospongia(15). Unlike its analogues, it is not active
against insects, but it is active against the phytopathogenic
fungusC. cucumerinumwith an inhibition zone of 15 mm at
30 mM. Strongylophorine-3 (33)is both insecticidal and
fungicidal (20). It induced inhibition zones of 15 and 10 mm at
0.80 and 0.10µmol, respectively, againstC. cucumerinum.
Fischerellin A (14) also showed fungicidal activity against
several agronomically important microorganisms that could
severely affect a wide range of crop plants. It exhibits a 100%
growth inhibition of the brown rust on beans (Uromyces

appendiculatus) at 0.61µM, whereas 100% inhibition of the
powdery mildew on barley (Erysiphe graminis) required a
concentration of 2.4 mM. Fischerellin A (14) exhibited 80%
inhibition of downy mildew (late blight,Phytophthora infestans
on tomato) and rice blast (Pyricularia oryzae) at 2.4 mM. Less
activity (30% growth inhibition at 2.4 mM) was observed against
brown rot (blossom blight,Monilinia fructigena) and stem break
(Pseudocercosporella herpotrichoide) grown on agar (16).

MATERIALS AND METHODS

Marine-Derived Compounds. Eighteen structurally diverse com-
pounds from our marine-derived compound library were assayed
including manzamine A (7), ent-8-hydroxymanzamine A (34), ent-
manzamine F (35), (+)-aeroplysinin-1 (36), latrunculin B (37), jaspa-
mide (38), kahalalide F (39), halichondramide (40), muqubilin (41),
heteronemin (42), deacetylheteronemin (43), sceptrin (44), monobro-
mosceptrin (45), sigmosceptrellin A (46), uranidine (47), 10-isothio-
cyanato-4-amorphene (48), 9â-hydroxysarcophine (49), and 7R,8â-
dihydroxydeepoxysarcophine (50) (Figure 2). The structure determination
of each compound was based on the analysis of NMR and mass spectral
data, authenticated by comparison of those data with the literature. The
manzamine alkaloids were first isolated from the Okinawan sponge
genusHaliclona (21). Several Indonesian sponges have been identified
as a rich source of manzamine alkaloids. The yield ofent-8-
hydroxymanzamine F (34) was shown to be 1.24% (22), and the yield
of manzamine A from the same sponge can reach as much as 5%. (+)-
Aeroplysinin-1 (36) was first isolated fromAplysina aerophoba(23).
This compound was reisolated from a Jamaican spongeAplysinasp.
Latrunculin B (37) is a macrolide toxin isolated from the Red Sea
spongeLatrunculia magnifica(24). Jaspamide (38), a highly modified
cyclic depsipeptide, was first identified from a sponge of the genus
Jaspis(25). Kahalalide F (39), which is in clinical trials for the treatment
of prostate cancer, was isolated from a Hawaiian molluskElysia
rufescensand its diet,Bryopsissp. (26). The absolute stereochemistry
of kahalalide F was completely assigned in 2001 through a total
synthesis (27). Halichondramide (40) was a 25-membered macrolide,
which accommodates an unusual system of three contiguous oxazole
rings in the macrocyclic ring (28). The keto-triol formyl enamine
moiety of halichondramide was synthesized in 1992 (29). Muqubilin
(41) was identified from a sponge of the genusPrianos (30), and its
absolute configuration was determined in 1985 (31). The muqubilin
tested in these experiments was isolated from the Red Sea sponge
Diacarnus erythraeanus(32). Heteronemin (42) was first reported from
the spongeHeteronema erecta(33). Deacetylheteronemin (43) is a
semisynthetic compound generated through the hydrolysis of the acetate
ester. Sceptrin (44) and monobromosceptrin (45) were isolated from a
Caribbean spongeAgelas conifera(34). Sigmosceptrellin A (46) and
10-isothiocyanato-4-amorphene (48) were first isolated from the sponge
Sigmosceptrella laeVis(35) and aHalichondria sponge (36), respec-
tively, and reisolated as part of Dr. Dunbar’s dissertation research (37).
Uranidine (47) is the yellow zoochrome first reported from the sponge
Verongia aerophoba(38). 9â-Hydroxysarcophine (49) and 7R,8â-
dihydroxydeepoxysarcophine (50) were biotransformation products
generated from the natural product sarcophine (39).

Insecticidal Assay.Candidate compounds were tested against three
economically important insect pest species in feeding bioassays. The
insect species used in bioassay were the western corn rootworm (WCR),
DiabroticaVirgifera Virgifera (LeConte) (Coleoptera: Chrysomelidae);
the tobacco budworm (TBW),Heliothis Virescens (Fabr.) (Lepi-
doptera: Noctuidae), and the western tarnished plant bug (WTPB),
Lygus hesperus(Knight) (Heteroptera: Miridae) (40).

Assay Procedure.Purified samples (1 mg) were dissolved in 50
µL of DMSO or acetone and were diluted to 1 mg/mL with either 1%
DMSO or 50% acetone. Only one dilution per sample was used (100
ppm). For WCR and TBW bioassays, microtiter plates with 96 wells
were prepared with a synthetic insect diet (BioServ Co., Frenchtown,
NJ) at a concentration of 200µL per well), and 20µL of the 1 mg/mL
sample solution was pipetted onto the top of each of 16 wells for each
insect (41,42). For WTPB bioassays, the dilutions were as described
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above for WCR and TBW but the samples were fed to WTPB using a
Mylar-based sachet system (43). Negative controls of 6% DMSO and
51% acetone were similarly added to diet wells. Plates were allowed
to surface-dry under a hood. After drying, four to six insect eggs (12-
24 h from hatching) were pipetted into each well in 25µL of 0.2%
agar. The plates were again allowed to surface-dry, then were covered
with a layer of Mylar film, and sealed with a tacking iron. An insect
pin was used to create an aeration hole in the Mylar over each well.
Plates were incubated at 26°C for 6 days, at which time the plates

were evaluated; wells with survivors were counted, and a qualitative
assessment of survivor size was made.

Herbicidal Assay. General herbicidal activity was determined by
utilizing two plant species,Agrostis stolonifera(creeping bentgrass)
andNicotiana tabacum(tobacco). The selection of these two species
allows for the determination of narrow- or broad-spectrum type of
activity.

Assay Procedure.Test solutions were provided at 1 mg/mL in 100%
DMSO. Samples were diluted with DI-H2O to provide a test concentra-

Figure 2. Structures of tested compounds.
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tion of 500 g/ha per treatment. A 96-well microtiter plate was filled
with a micronutrient-enriched synthetic growth medium prior to assay
initiation. Duplicate plates (one per species) for each set of treatments
were made by placing diluted test solutions on top of the growth
medium and allowing them to absorb for at least 1 h. Measured amounts
of A. stoloniferaandN. tabacumseeds were then applied to each well
in the treated plate, covered with a lid, and placed into a growth
environment (18-20°C, 75% humidity, 12 h photoperiod) for 7-9
days. Visual observations such as size, color, and morphology of the
shoot and root growth were then recorded.

Fungicidal Assay.Fungicidal activities were determined using five
phytopathogenic fungi,Stagonospora nodorum(wheat glume blotch),
Fusarium culmorum(head scab),Phytophthora infestans(potato late
blight), Pyricularia grisei (rice blast), andPuccinia recondita(brown
rust of wheat).

Assay Media. S. nodorumwas maintained on yeast malt extract agar
and assayed in Czapek Dox broth with 0.1% agar.F. culmorumwas
maintained in carboxymethylcellulose medium and assayed in Czapek
Dox broth with 0.1% agar.Ph. infestanswas maintained on V8 medium
and assayed in rye seed medium with 0.1% agar.Py. grisei was
maintained on rice polish agar and assayed in potato dextrose broth
with 0.1% agar.Pu. reconditawas assayed on “rust medium” containing
1.3 g/L NH4SO4, 0.5 g/L KH2PO4, 0.25 g/L MgSO4, 0.125 g/L KCl,
0.65 g/L alanine, 0.15 g/L arginine, 0.6 g/L glycine, 0.22 g/L leucine,
0.27 g/L lysine, 0.63 g/L methionine, 0.98 g/L ornithine, 0.87 g/L
proline, 0.3 g/L glutamine, 0.13 g/L phenylalanine, 0.13 g/L threonine,
and 30 g/L sucrose in 1% agar.

Assay Procedure.Inoculum was harvested and prepared concurrent
with assay plate preparation. Assay media, exceptP. reconditemedium,

contain 0.1% agar to maintain an even suspension of spores. ForS.
nodorum,Ph. infestans, andPy. grisei, 10 mL of sterile water was
pipetted onto the surface of culture plates covered with radial growth
of each pathogen. The surface of each was scraped with a rubber
policeman or sterile loop and washed with 10 mL of sterile water; the
resulting liquor was decanted through two layers of sterile cheesecloth.
F. culmorumspores were generated in liquid medium with agitation,
aeration, and a 16 h photoperiod. Inoculum densities were adjusted
with media.P. reconditawas maintained on wheat plants in a growth
chamber. Spores were harvested by agitation of infected sporulating
leaves, spore collection on foil, and transfer of spores to glass vials
stored at room temperature in a desiccator for up to 2 weeks.

Sample mother plates were prepared for all pure compounds∼24 h
prior to the initiation of assays at a sample concentration of 100 ppm
in 10% DMSO. Reference plates, which contain reference standards
for low growth (50 ppm of Epoxicoazole, 50 ppm of Amistar, and 50
ppm of Cyprodinil formulated in 10% DMSO,n ) 16 wells) and high
growth (10% DMSO,n ) 16 wells) were used. A 10µL sample was
dispensed from the mother plate into its respective assay plate on the
morning of the assay. Ninety microliters of inoculated medium was
pipetted into each assay plate well. All plates were covered and
incubated until the reference standards had an OD of 0.25-0.30 at
595 nm measured at 595 nm on a Bio-Rad model 3550 plate reader.
The incubation times were 3 days forS. nodorumandF. culmorum, 6
days forPh. infestansand Py. grisei, and 1 day forPu. recondita.
Percent inhibition was calculated relative to the OD values of the high
and low reference standards. Those wells with measured ODs near that
of the average low control wells had calculated percent inhibitions near
100%. Rust plates (P. recondite) were manually evaluated for spore
germination and germ tube growth using an inverted microscope.

RESULTS AND DISCUSSION

Insecticidal Activity. The insecticidal activities of 26 marine-
derived compounds were reported in our last paper (11). An
additional 11 compounds were tested for insecticidal activity
in this experiment (Table 1). Three manzamine alkaloids,
manzamine A (7),ent-8-hydroxymanzamine A (34), andent-
hydroxymanzamine F (35), showed substantial insecticidal
activity against western corn rootworm at concentrations of 6,
2, and 3 mM, respectively. Manzamine A (7) also caused>75%
mortality to the test insect western tarnished plant bug, which
suggests that the manzamine alkaloids represent a class of
insecticidal structures that are worthy of further investigations.
No significant activity was observed for the remaining assayed
compounds36, 43-45, and47-50.

Herbicidal Activity. Eighteen marine-derived compounds
were tested for herbicidal activity (Table 2) at a concentration
of 6.4µM. The macrolides latrunculin B (37), halichondramide
(40), and modified peptide jaspamide (38) have herbicidal
activity against both of the tested plant speciesA. stolonifera
andN. tabacum. The polypeptide kahalalide F (39) exhibited
herbicidal activity againstN. tabacum. Muqubilin (41) showed

Table 1. Insecticidal Activity of the Tested Marine-Derived Compounds
in Diet Overlay Feeding Assays

% mortality stunting
severity 1−3

compound

concn of
overlay,

mM

western
corn

rootworm

western
tarnish

plant bug
tobacco

budworm

manzamine A (7) 6 100 75 2
ent-8-hydroxymanz-

amine A (34)
2 100 25 1

ent-manzamine F (35) 3 100 0 1

Table 2. Herbicidal Activity of the Tested Marine-Derived Compounds

compound
concn
(µM)

creeping bent grass
(A. stolonifera)

tobacco
(N. tabacum)

latrunculin B (37) 6.4 3 3a

jaspamide (38) 6.4 3 3
kahalalide F (39) 6.4 1 3
halichondramide (40) 6.4 2 3
muqubilin (41) 6.4 0 2

a 0−3 rating for herbicidal effect.

Table 3. Fungicidal Activity of the Tested Marine-Derived Compounds against Phytopathogelic Fungia

compound F. culmorum S. nodorum Ph. infestans Py. grisei Pu. recondita

manzamine A (7) 1 66 77 38 0
ent-8-hydroxymanzamine A (34) 0 92 41 22 0
ent-manzamine F (35) 31 79 80 19 0
(+)-aeroplysinin-1 (36) 2 0 68 7 0
latrunculin B (37) 101 103 91 59 67
jaspamide (38) 7 102 95 50 67
kahalalide F (39) 12 99 25 57 100
halichondramide (40) 102 106 104 58 67
heteronemin (41) 1 57 25 99 100
deacetylheteronemin (42) 18 85 16 91 100
sceptrin (44) 8 36 72 13 0

a Growth inhibition (%) at 10 ppm.
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moderate activity againstN. tabacum. These results indicate that
some macrolide and peptide metabolites are inhibitory against
photoautotrophs. Little research has been carried out on these
metabolites, although a study of the herbicidal activity of related
structurally less sophisticated compounds would be important
in the development of new environmentally friendly herbicides.
The other compounds, including7, 34-36, and42-50,were
not active at the concentration of 6.4µM.

Fungicidal Activity. The fungicidal activity of these com-
pounds (Table 3) at a concentration of 10 ppm was found to
be as follows: three alkaloids, manzamine A (7), ent-8-
hydroxymanzamine A (34), andent-manzamine F (35), showed
>65% inhibition to bothS. nodorumandPh. infestansexcept
for ent-8-hydroxymanzamine A (34) to Ph. infestans. The
polypeptide kahalalide F (39), sesterterpene heteronemin (42),
and deacetylheteronemin (43) showed 100% inhibition toPu.
reconditeand>55% inhibition toS. nodorumandPy. grisei.
The macrolides latrunculin B (37) and halichondramide (40)
showed>50% inhibition of five tested fungi, and the modified
peptide jaspamide (38) had>50% inhibition of four tested fungi
excludingF. culmorum. The bromopyrrole alkaloid sceptrin (44)
and (+)-aeroplysinin-1 (36) also showed>65% inhibition of
P. infestans. The macrolide, polypeptide, and alkaloid deriva-
tives showed potent fungicidal activity, indicating that these
structures may inhibit special metabolic pathways of fungi, and
are interesting candidates for further investigation of new
fungicidal agents against phytopathogenic fungi. Compounds
41 and 45-50 did not show significant antifungal activity in
this evaluation.

Conclusion. A number of marine natural products from
different structural classes have shown insecticidal, herbicidal,
and fungicidal activities. The manzamine-derived alkaloids are
a particularly intriguing class of insecticidal and fungicidal
compounds. The limiting factor in the development of the
manzamine alkaloids will clearly be sourcing this structurally
complex class of compounds. In addition, manzamine A and
8-hydroxymanzamine A showed extraordinary activity against
malaria Plasmodium bergheiin mice (44) and are currently
under preclinical investigation for development of a new class
of antimalarial drugs.ent-Manzamine F (35) demonstrated
insecticidal and fungicidal activities but did not impart herbicidal
or antimalarial activities. This increases the possibility of using
manzamine F as a pesticide, because it is a potential byproduct
of producing manzamine A and 8-hydroxymanzamine A for
their antimalarial properties. Both macrolide and polypeptide
marine natural products showed promising results as photoau-
totroph inhibitors, and both of these classes are also candidates
for further investigation.

The marine environment, with its chemical diversity, clearly
holds an enormous potential to provide leads for the develop-
ment of agrochemical agents. This may be especially true for
insecticides because insects are almost exclusively terrestrial
or freshwater animals (45). Accordingly, there would have been
little resistance selection among insects to any insecticidal agents
biosynthesized in the marine environment. The vast majority
of marine-derived structural classes have not yet been examined
for their insecticidal, herbicidal, and fungicidal activities, and
further studies could clearly lead to more promising agrochemi-
cal agents with fewer environmental risks and less pesticide
resistance.

LITERATURE CITED

(1) Pimentel, D.; Acquay, H.; Biltonen, M.; Rice, P.; Silva, M.;
Nelson, J.; Lipner, V.; Giordano, S.; Horowitz, A.; Damore, M.
Environmental and economic costs of pesticide use.Bioscience
1992,42, 750-760.

(2) Duke, S. O.; Menn, J. J.; Plimmer, J. R. Challenges of pest
control with enhanced toxicological and environmental safety,
an overview. InPest Control with Enhanced EnVironmental
Safety; ACS Symposium Series 524; Duke, S. O., Menn, J. J.,
Plimmer, J. R., Eds; American Chemical Society: Washington,
DC, 1993; pp1-13.

(3) Aspelin, A. L. Pesticides Industry Sales and Usage, 1996 and
1997 Market Estimates; Biological and Economic Analysis
Division, Office of Pesticide Programs, Office of Prevention,
Pesticides and Toxic Substances, U.S. Environmental Protection
Agency: Washington, DC, 1999.

(4) Georghiou, G. P. Managing resistance to agrochemicals from
fundamental research to practical strategies. InOVerView of
Insecticide Resistance; ACS Symposium Series 421; Green, M.
B., Lebaron, H. M., Moberg, W. K., Eds.; American Chemical
Society: Washington, DC, 1990; pp 18-41.

(5) Duke, S. O. Weed science directions in the USA: what has been
achieved and where the USA is going.Plant Prot. Q.1997,12,
2-6.

(6) Crouse, G. D. Natural products as leads for new pesticides with
reduced risks. InPesticides: Managing Risks and Optimizing
Benefits; Ragsdale, N. N., Seiber, J. N., Eds.; ACS Symposium
Series 734; American Chemical Society: Washington, DC, 1998;
pp 80-95.

(7) Chabala, J. C.; Mrozik, H.; Tolman, R. L.; Eskola, P.; Lusi, A.;
Peterson, L. H.; Woods, M. F.; Fisher, M. H. Ivermectin, a new
broad-spectrum antiparasitic agent.J. Med. Chem.1980, 23,
1134-1136.

(8) Burg, R. W.; Miller, B. M.; Baker, E. E.; Birnbaum, J.; Currie,
S. A.; Hartman, R.; Kong, Y.-L.; Monaghan, R. L.; Olson, G.;
Irving, P.; Tunac, J. B.; Wallick, H.; Stapley, E. O.; Oh iwa, R.;
Oh maura, S. Avermectins, new family of potent anthelmintic
agents: producing organism and fermentation.Antimicrob.
Agents Chemother.1979,15, 361-367.

(9) Crombie, L. Natural models for the design of insect control
compounds: the mammeins. InRecent AdVances in the Chem-
istry of Insect Control II, The Royal Society of Chemistry Special
Publication; Crombie, L., Ed.; The Royal Society of Chemis-
try: Cambridge, U.K., 1990; Vol.79, pp 23-51.

(10) Llewellyn, L. E.; Burnell, J. N. Marine organism as sources of
C4-weed-specific herbicides.Pestic. Outlook2000, 64-67.

(11) El Sayed, K. A.; Dunbar, C.; Perry, T. L.; Wilkins, S. P.;
Hamann, M. T. Marine natural products as prototype insecticidal
agents.J. Agric. Food Chem.1997,45, 2735-2739.

(12) Handayani, D.; Edrada, R. A.; Proksch, P.; Wray, V.; Witte, L.;
Ofwegen, L.; Kunzmann, A. New oxygenated sesquiterpenes
from the Indonesian soft coralNephthea chabrolii. J. Nat. Prod.
1997,60, 716-718.

(13) Edrada, R. A.; Proksch, P.; Wray, V.; Witte, L.; Müller, W. G.;
Van Soest, R. W. M. Four new bioactive manzamine-type
alkaloids from the Philippine marine spongeXestospongia
ashmorica.J. Nat. Prod. 1996,59, 1056-1060.

(14) Eder, C.; Schupp, P.; Proksch, P.; Wray, V.; Steube, K.; Muller,
C. E.; Frobenius, W.; Herderich, M.; Van Soest, R. W. M.
Bioactive pyridoacridine alkaloids from the micronesian sponge
Oceanapiasp.J. Nat. Prod.1998,61, 301-305.

(15) Edrada, R. A.; Proksch, P.; Wray, V.; Christ, R.; Witte, L.; Van
Soest, R. W. M. Bioactive isoquinoline quinone from an
undescribed Philippine marine sponge of genusXestospongia.
J. Nat. Prod.1996,59, 973-976.

Marine Natural Products as Agrochemical Agents J. Agric. Food Chem., Vol. 51, No. 8, 2003 2251



(16) Hagmann, L.; Juttner, F. Fischerellin A, a novel photosystem-
II-inhibiting allelochemical of the cyanobacteriumFischerella
muscicolawith antifungal and herbicidal activity.Tetrahedron
Lett. 1996,37, 6539-6542.

(17) Entzeroth, M.; Mead, D. J.; Patterson, G. M. L.; Moore, R. E.
A herbicidal fatty acid produced byLyngbya aestuarii. Phy-
tochemistry1985,24, 2875-2876.

(18) Handayani, D.; Edrada, R. A.; Proksch, P.; Wray, V.; Witte, L.;
Van Soest, R. W. M.; Kunzmann, A. Four new bioactive
polybrominated diphenyl ethers of the spongeDysidea herbacea
from West Sumatra, Indonesia.J. Nat. Prod.1997,60, 1313-
1316.

(19) Edrada, R. A.; Proksch, P.; Wray, V.; Witte, L.; Ofwegen, L.
Four new bioactive lobane diterpenes of the soft coralLobo-
phytum pauciflorumfrom Mindoro, Philippine.J. Nat. Prod.
1998,61, 358-361.

(20) Balbin-Oliveros, M.; Edrada, R. A.; Proksch, P.; Wray, V.; Witte,
L.; Van Soest, R. W. M. A new meroditerpenoid dimmer from
an undescribed Philippine marine sponge of genusStrongylo-
phora.J. Nat. Prod.1998,61, 948-952.

(21) Sakai, R.; Higa, T.; Jefford, C. W.; Bernardinelli, G. Manzamine
A, a novel antitumor alkaloid from a sponge.J. Am. Chem. Soc.
1986,108, 6404-6405.

(22) El Sayed, K. A.; Dunbar, C.; Kelly, M.; Kara, U. A. K.; Ang,
K. K. H.; Katsuyama, I.; Hamann, M. T. New manzamine
alkaloids with potent activity against infectious diseases.J. Am.
Chem. Soc.2001,123, 1804-1808.

(23) Fattorusso, E.; Minale, L.; Sodano, G. Aeroplysinin-1, a new
bromo-compound from the spongeAplysina aerophoba. J. Chem.
Soc. Chem. Commun.1970, 751-752.

(24) Groweiss, A.; Shmueli, U.; Kashman, Y. Marine toxins of
Latrunculia magnifica.J. Org. Chem.1983,48, 3512-3516.

(25) Zabriskie, M. T.; Klocke, J. A.; Ireland, C. M.; Marcus, A. H.;
Molinski, T. F.; Faulkner, D. J.; Xu, C.; Clardy, J. C. Jaspamide,
a modified peptide from aJaspissponge, with insecticidal and
antifungal activity.J. Am. Chem.Soc.1986,108, 3123-3124.

(26) Hamann, M. T.; Scheuer, P. J. Kahalalide F: A bioactive
depsipeptide from the sacoglossan molluskElysia rufescensand
the green algaBryopsissp.J. Am.Chem.Soc.1993,115, 5825-
5826.

(27) Lopez-Macia, A.; Jimenez, J. C.; Royo, M.; Giralt, E.; Albericio,
F. Synthesis and structure determination of hahalalide F.J. Am.
Chem. Soc.2001,123, 11398-11401.

(28) Kernan, M. R.; Faulkner, D. J. Halichondramide, an antifungal
macrolide from the spongeHalichondria sp.Tetrahedron Lett.
1987,28, 2809-2812.

(29) Kiefel, M. J.; Maddock, J.; Pattenden, G. Synthetic studies
towards halichondramides, and related novel tris-oxazole con-
taining macrolides from marine organism. A concise route to
the keto-triol formyl enamine moiety.Tetrahedron Lett.1992,
33, 3227-3230.

(30) Kashman, Y.; Rotem, M. Muqubilin, a C24-isoprenoid from a
marine sponge.Tetrahedron Lett.1979,20, 1707-1708.

(31) Capon, R. J.; Macleod, J. K. Structural and stereochemical studies
on marine norterpene cyclic peroxides.Tetrahedron1985,41,
3391-3404.

(32) El Sayed, K. A.; Hamann, M. T.; Hashish, N. E.; Shier, W. T.;
Kelly, M.; Khan, A. A. Antimalarial, antiviral, and antitoxo-
plasmosis norsesterterpene peroxide acid from the Red Sea
spongeDiacarnus erythraeanus.J. Nat. Prod. 2001,64, 522-
524.

(33) Kazlauskas, R.; Murphy, P. T.; Quinn, R. J.; Wells, R. J.
Heteronemin, a scalarin type sesterterpene from the sponge
Heteronema erecta.Tetrahedron Lett.1976,17, 2631-2634.

(34) Shen, X.; Perry, T. L.; Dunbar, C. D.; Kelly, M.; Hamann, M.
T. Debromosceptrin, an alkaloid from the Caribbean sponge
Agelas conifera.J. Nat. Prod.1998,61, 1302-1303.

(35) Albericci, M.; Collart-Lempereur, M.; Braekman, J. C.; Daloze,
D.; Tursch, B.; Declercq, J. P.; Germain, G.; Van Meerssche,
M. Chemical studies of marine invertebrates.Tetrahedron Lett.
1979,20, 2687-2690.

(36) Burreson, B. J.; Christophersen, C.; Scheuer, P. J. Co-occurrence
of a terpenoid isocyanide-formamide pair in the marine sponge
Halichondria sp.J. Am. Chem. Soc.1975,97, 201-202.

(37) Dunbar, D. C. Discovery of new antimalarial compounds from
marine invertebrates. Dissertation presented for the doctor of
philosophy degree, The University of Mississippi, 1998.

(38) Cimino, G.; De Rosa, S.; De Stefano, S.; Spinella, A.; Sodano,
G. The zoochrome of the spongeVerongia aerophoba(“urani-
dine”). Tetrahedron Lett.1984,25, 2925-29288.

(39) El Sayed, K. A.; Hamann, M. T.; Waddling, C. A.; Jensen, C.;
Lee, S. K.; Dunstan, C. A.; Pezzuto, J. M. Structurally novel
bioconversion products of the marine natural product sarcophine
effectively inhibit JB6 cell transformation.J. Org. Chem.1998,
63, 7449-7455.

(40) Hill, D. Agricultural Insect Pests of Temperate Regions and Their
Control; Cambridge University Press: New York, 1987; p 659.

(41) Greenplate, J. Quantification ofBacillus thuringiensisinsect
control protein Cry1Ac over time in Bollgard cotton fruit and
terminals.J. Econ. Entomol.1999,92, 1377-1383.

(42) Pleau, M. J.; Huesing, J. E.; Head, G. P.; Feir, D. J. Development
of an artificial diet for western corn rootworm.Entmol. Exp.
Appl. 2002,105(1), 1-11.

(43) Habibi, J.; Backus E. A.; Huesing, J. E. Effects of phytohemag-
glutinin (PHA) on the structure of midgut epithelial cells and
localization of its binding sites in western tarnished plant bug,
Lygus hesperus Knight.J. Insect Physiol.2000,46, 619.

(44) Ang, K. K. H.; Holmes, M. J.; Higa, T.; Hamann, M. T.; Kara,
U. A. In vivo antimalarial activity of theâ-carboline alkaloid
manzamine A.Antimicrob. Agents Chemother.2000, 44, 1645-
1649.

(45) Chapman, R. F.The Insects: Structure and Function; Harvard
University Press: Cambridge, MA, 19XX; p 919.

Received for review July 17, 2002. Revised manuscript received
December 4, 2002. Accepted December 4, 2002. This work was
supported in part by the Mississippi-Alabama Sea Grant College
Program.

JF0207880

2252 J. Agric. Food Chem., Vol. 51, No. 8, 2003 Peng et al.


