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Juvenile hormone III (JH III), a sesquiterpenoid involved in the regulation of insect development and
reproduction, appears to be ubiquitous in insects and has also been isolated from some species of sedge. The
quantification of JH III extracted from the sedge Cyperus iriaby HPLC and by radioimmunoassay (RIA)
has been compared. The RIA, developed originally to determine insect haemolymph titres, was optimized
for the analysis of plant tissues. The antiserum 31867 displayed minimal cross-reactivity with precursors of
JH III from the insect biosynthetic pathway or with extracts from related plant species. Analysis of
standards and plant extracts by HPLC and RIA confirmed that there was no significant difference between
the ability of these two techniques to quantify JH III (paired t-test). Therefore, RIA was subsequently used
to determine the distribution of JH III in mature plants of C. iria. Substantial concentrations were detected
in the above-ground plant tissues (0.2–1.2mg/g fresh weight), but the majority of JH III was found in the
roots (43.5mg/g fresh weight). Copyright# 2000 John Wiley & Sons, Ltd.
Keywords:juvenile hormone III; radioimmunoassay; high performance liquid chromatography;Cyperus iria.

INTRODUCTION

Insect juvenile hormones (JHs) are sesquiterpenoids
involved in the regulation of physiological processes
associated with metamorphosis and reproductive matura-
tion (Wigglesworth, 1985; Gilbertet al., 1996). To date,
six naturally occurring JHs have been identified; they
share a common sesquiterpenoid backbone, a methyl
ester on C-1 and an epoxide function between C-10 and
C-11. Of these compounds, JH III (methyl-10R,11-
epoxy-3,7,11-trimethyl-2E,6E-dodecadienoate; Fig. 1)
appears to be ubiquitous and has been isolated from
many insect orders including Lepidoptera (moths and
butterflies), Coleoptera (beetles), Hymenoptera (sawflies,
wasps, ants and bees), Orthoptera (grasshoppers, locusts,
katydids and crickets), Dictyoptera (cockroaches) and
Isoptera (termites) (Schooley, 1977; Tobe and Feyerei-
sen, 1983). In most of these orders, JH III is the only
juvenile hormone present.

One defensive strategy of plants against insect
herbivory is the production of secondary metabolites
which interfere with insect physiological functions
(Rosenthal and Berenbaum, 1991 and references there-
in). Some plant compounds have been shown to mimic
JH activity or to inhibit their biosynthesis (for a review
see Bede and Tobe, 1999). However, Toonget al.
(1988) isolated JH III and its biosynthetic precursor in
insects, namely methyl-(2E,6E)-farnesoate (Fig. 1), from

the sedgesCyperus iriaL. and C. aromaticus(Ridley)
Mattf and Kük. This was the first example, and remains
the only one to date, of the extraction and identification
of a JH from a plant. The level of JH III was reported to
be 151mg/g fresh weight, and this is approximately 200
times the maximal JH III level found in whole body
extracts of the adult (day 4) female cockroach,
Diploptera punctata(Tobeet al., 1985).

One of the objectives of the present work was to
determine the distribution of JH III in the sedgeC. iria. In
order to do so, an accurate means for the extraction and
subsequent determination of JH III had to be established.
Presently, quantification of JH III is possible using either
HPLC or a radioimmunoassay (RIA) technique that was
developed to determine JH levels in insect haemolymph
(Goodman et al., 1990, 1995). GC-MS (chemical
ionisation or electron impact) may also be used to
quantify JH III, but this method utilizes specialized,
costly equipment and often requires extensive derivatiza-
tion of the epoxide group: furthermore, the sensitivity of
this method is not necessary for the analysis of plant
tissue (Schooley, 1977). In the present study the RIA
method has been optimized for the detection of JH III
extracted fromC. iria and compared with the HPLC
method of analysis of plant tissues.

EXPERIMENTAL

Plant material

Sedges were either grown in a growth chamber at 26� 2°
C under light (2800 lx) with a 16:8 light–dark cycle, or in
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a greenhousefrom seedsobtainedfrom Y. C. Toong
(Penang,Malaysia).Voucherspecimensof thefollowing
plants are available from the Royal Ontario Museum
Herbarium, Canada(TRT): C. iria, C. eragrostis, C.
polystachyosand Fimbristylis dichotoma. For experi-
mentalpurposes,plantsweregrownin individual potsin
organicpotting mix (Home Gardener)and the soil was
kept continuouslymoist by maintainingthe plantsin 2–
5 cm water. Individual plants were analysed after
maturity (flowering)asfreshlyharvestedmaterial.

Extraction of plant material for HPLC analysis

All solvents used were of HPLC grade and were
purchasedfrom Burdick and Jackson(Muskegon,MI,
USA). Pre-weighedplant tissueswere ground in acid-
washedsand(Sigma,St. Louis, MO, USA) and liquid
nitrogen, and extractedovernight in pentaneat room
temperature.Theextractwasevaporatedto neardryness
and subjected to column chromatographyover an
hydroxyapatitecolumn (HA; BioRad, Hercules, CA,
USA), to removechlorophyll and other contaminants.
The anhydroussodium sulphate(BDH, Toronto, ON,
Canada)–HAcolumn preparedin a Pasteurpipettewas
pre-washedwith diethyl etherand iso-octane,followed
by additionof thesampleandelutionwith pentane:ether
(70:30). The solvent was evaporatedunder nitrogen
(Canox, Murray Hill, NJ, USA), and the sample
resuspendedin hexanefor HPLC analysis.

Extraction of plant material for radioimmunoassay

In comparativestudiesbetweenHPLCandRIA, theplant
sampleswere preparedas for HPLC analysis.In other
experiments,planttissuesweregroundin liquid nitrogen,
weighedand extractedwith acetonitrile (HPLC grade;
Burdick andJackson)or pentane.

Acetonitrile extraction. JH III was extractedfrom the
plant by a modificationof the purificationprocedurefor
insect haemolymph (Goodman et al., 1995). Plant
material (0.1–0.4g) was extracted with acetonitrile
(1 mL) at 60° C for 3 min after which sampleswere
vortexed,centrifuged(450 g for 5 min), the supernatant
removed and the extraction of the pellet repeated.
Volumes(1 mL each)of aqueoussodiumchloride(4%;
Sigma)andpentanewereaddedto thepooledacetonitrile
extracts,themixturevortexedandcentrifuged(450g for
5 min) in orderto separatethe two phases.The pentane
phasewasremovedandthepentaneextractionrepeated.
The pentanephaseswere pooled, evaporatedunder a
streamof nitrogen and resuspendedin toluene (ACS
grade;BDH) for RIA analysis.

Pentane extraction. After tissue maceration, plant
samples(0.1–0.4g) were weighedand extractedover-
night at roomtemperaturewith pentane(2 mL). Follow-
ing incubation,the sampleswere vortexed,centrifuged
(450 g for 5 min) and the supernatantremoved.Pellets
were washedagainwith pentane,vortexed,centrifuged
andthesupernatantspooled.Samplesweredriedundera
streamof nitrogenand resuspendedin toluenefor RIA
analysis.

Preparation of JHs and their biosynthetic
precursors

Farnesalwassynthesizedthroughtheallylic oxidationof
trans, trans-farnesol(11.4mmol; 96% pure;Aldrich, by
activatedmanganesedioxide (228mmol; Aldrich, Mil-
waukee,WI, USA) in thepresenceof anhydroussodium
carbonate (228mmol; BDH) and hexane (125mL)
according to the modified protocol of Corey et al.
(1968)asdescribedby Xiao andPrestwich(1990).The
mixture was stirred for 22h at 0° C, filtered througha
layer of Celite (Fisher,Fair Lawn, NJ, USA), and then
concentratedin vacuo to yield the aldehyde (2.1g;
9.53mmol; 71.1% yield; 85% pure by 1H-NMR).
Farnesalwasfurtherpurifiedby TLC on silica gel plates
(Merck, Darmstadt,Germany)eluted with 10% ethyl
acetate (HPLC grade; BDH) in hexane and 5%
triethylamine(Sigma)afterfocussingin methanol(HPLC
grade;BurdickandJackson)(SenandGarvin,1995).The
final sample(Rf = 0.88)containedtwo majorcomponents
(31.5%and51.6%)representingtwo farnesalisomers,as
well asthreeminorcomponents(P.Teal,USDA,Florida,
USA).

Methyl farnesoate was synthesizedfrom farnesal
(9 mmol) incubatedwith activatedmanganesedioxide
(284mmol), sodium cyanide (46.1mmol; BDH) and
glacial acetic acid (0.76mL; ACS grade; BDH) in
200mL methanol (Latli and Prestwich, 1991). The
mixturewasstirredfor 14h at roomtemperature,filtered
throughCeliteandthenconcentratedin vacuoto yield the
methyl ester(1.5g; 6 mmol; 53.3%yield; 80% pureby
1H-NMR). Methyl farnesoatewas further purified by
TLC on silica gel plates eluted with toluene: ethyl
acetate:aceticacid(85:15:4)after focussingin methanol.
The final sample (Rf = 0.66) contained two major
components(21% and 78%) representingtwo methyl
farnesoateisomers(P. Teal).

JH III wasextractedfrom theplantasdetailedabove
andpurified by HPLC. The structurewasconfirmedby
1H-NMR (W. G. Reynolds,Departmentof Chemistry,

Figure 1. Structures of insect JH III and its biosynthetic
precursors, farnesol, farnesal and methyl farnesoate.
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University of Toronto, Canada).The concentrationsof
stock solutions were determined from spectrophoto-
metric measurementsat 218nm. Tritiated JH III was
synthesizedthrough the incubation of radiolabelled
methionine with the corpora allata from the Pacific
beetle cockroach, Diploptera punctata, followed by
purification by HPLC (Tobe and Clarke, 1985; King
andTobe,1988).Corporaallatafrom day5 matedfemale
cockroacheswere incubatedin methionine-freeTC 199
medium containing 2% Ficoll (Pharmacia,Uppsala,
Sweden),1.3mM calcium chloride dihydrate (Analar
grade; BDH), 40mM farnesoicacid (70%) and L-[3H-
methyl]-methionine(3.11TBq/mmol; Amersham,Little
Chalfont, UK) overnightat 27° C. The aqueousmedia
wasextractedtwice with iso-octane,the pooledextracts
eluted over a Seppak silica gel column (Millipore,
Bedford,MA, USA) andthe resultingeluentevaporated
undera streamof nitrogenand resuspendedin hexane
prior to final purification of enantiomericallypure [3H-
methyl]-10R,11-JHIII by HPLC.

TLC analysis

The preparation of samples for TLC analysis was
modified from that described by Goodman et al.
(1995).Bractsandinflorescenceof C. iria wereextracted
overnightin 2 mL pentaneat roomtemperature.Samples
were spiked with Sudan Black B, divided into two
aliquots (sample and control) and subjectedto TLC
accordingto Goodmanetal. (1995).SudanBlackB gives
rise to two major blue bandswhich, during chromato-
graphy,bracketthe JH III andmark its separationfrom
theslowermigratingdiglyceridesandpolarlipids andthe
faster moving triglyceridesand nonpolar lipid compo-
nents.The putative JH-containingbandswere scraped
from the TLC plate and extracted.Sampleswere then
analysedby RIA and an aliquot of thesesampleswas
measuredspectrophotometricallyat 492nm in order to
determinelossesduring chromatography.The presence
of anypigmentsin theplantextractwascorrectedfor by
subtractionof the control from the absorbanceof Sudan
Black B in thesamples.

Hydroxyapatite and hydroxyapatite/C18
chromatography

Pentaneextracts of plant sampleswere subjectedto
hydroxyapatitechromatographyin columnspreparedas
describedabove.Followingthischromatographicsepara-
tion, somesamplesweresubjectedto chromatographyon
C18 125A(Waters,Milford, MA, USA) in Pasteurpipette
columns. These columns were washedwith pentane,
etherandthenacetonitrile.Following applicationof the
sample,compoundswereelutedwith pentane.

HPLC analysis

Plant extractswere quantifiedby normal-phaseHPLC
using a Varian (Georgetown, ON, Canada) model
LC5020chromatographequippedwith a Spheri-5silica
(Brownlee, Santa Clara, CA, USA) column
(250� 4.6mm i.d.). Themobilephasewasdiethyl ether
(50% water-saturated):hexane (10:90) at a flow rate of

1 mL/min. JH III was monitored at 219nm using a
SpectroMonitor III (SpectroMonitor, San Jose, CA,
USA) and the concentrationof extract calculatedfrom
the peak area by comparisonwith external standards.
Statisticalanalyseswere performedusing the statistical
packageSPSS7.5 (Chicago,IL, USA).

Radioimmunoassay

Glasswarewas treatedfollowing recommendationsout-
lined in Granger and Goodman (1988); whenever
possible,the use of plastic was avoided.Where noted
in the below procedure,glasswarewas coated with
polyethyleneglycol (PEG,15000–20000MW; Sigma)to
reduceJHbinding(Gieseetal., 1977).Microcappipettes
(Fisher)andglasssyringes(Hamilton,Reno,NV, USA)
wereusedto prepareJH III standards.

TheRIA procedurewasmodifiedfrom Goodmanetal.
(1990,1995).Antiserumwasdiluted in buffer A which
contained 1.0 M sodium phosphatebuffer (pH 7.2;
Sigma) containing 0.1% bovine serum albumin (pro-
tease-free;Sigma),0.1% immunoglobinG (Sigma)and
0.02% sodiumazide (Fisher).Tritiated JH III standard
waspreparedin buffer A in a PEG-treatedvial. Both the
antiserumandradiolabelledJH III standardweregently
agitatedfor at least30min at 4° C. Variousamountsof
stockJH III standardsolutionandtheunknownsamples
wereaddedto borosilicateculturetubes(60� 5 mm i.d.;
Kimble, Vineland,NJ,USA) thathadbeenPEG-treated.
Thevolumeof eachsamplewasadjustedto 100mL with
toluene. After the solvent had been removed by
lyophilisation, 1mL of ethanol (CommercialAlcohols
Inc, Brampton,ON, Canada)wasaddedto eachtubeand
the contentsvortexedmixed. Tritiated JH III stock and
antiserumwereaddedto eachtubeandthe contentsre-
mixedby vortexing.Sampleswereincubatedovernightat
4° C. Theassaywasterminatedby theadditionof 100%
saturatedammoniumsulphate(pH 7.2; Sigma)at 4° C.
After incubationfor 20min, the tubeswerecentrifuged
(450g for 15 min), andthesupernatantaspirated.Pellets
were dissolvedin 50% ammoniumsulphate(pH 7.2)
containing0.1%bovineserumalbumin.Tubeswerere-
centrifugedand the supernatantaspirated.The resultant
pellet wasdissolvedin 20mL water.

Followingadditionof scintillationfluid andvortexing,
the samples were radioassayedusing a Beckman
(Mississanga,ON, Canada)model LS6500scintillation
counter.The standardcurve was generatedby a four
parameterlogistic curve (GraphpadPrism,version1.0:
GraphpadPrism,SanDiego,CA, USA). Concentrations
of unknownsamplesweredeterminedfrom thestandard
curve.Assayswereperformedin triplicate.

Quantification of JH III in C. iria

Theamountof JHIII in theplantwasquantifiedusingthe
optimized RIA procedure.Tissuesfrom matureplants
weredivided into the roots (below-groundportion), the
culm (stem), leaves, bracts (modified leaves which
subtend the inflorescence), inflorescence (pedicels,
pedunclesand inflorescence)and nutlets (fruits). Plant
materialwassubmittedto pentaneextractionasoutlined
above,and JH III measuredby RIA. In this paper,the
termlevel refersto theJHIII contentperamountof plant
tissue.
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RESULTS AND DISCUSSION

Optimization of plant tissueextraction

The extraction of JH III from insect haemolymph
requiresthe useof acetonitrileand brine to disrupt the
interactionsbetweenthehormoneandits bindingprotein,
followedby partitioningof JHIII into pentane.However,
theefficiencyof extractionof JH III from C. iria tissues
by acetonitrilewaslow (Table1). In comparison,ahigher
yield was observedby direct extraction into pentane
(Table 2). JHs are lipophilic compoundswhich adsorb
stronglyto manysubstrates(Gieseet al., 1977):in order
to determinetheextentof JHIII bindingto plantmaterial
or glassware,[3H]-JH III wasaddedto planttissuesprior
to extractionwith pentane.No significantdifferencewas
observedbetweenthecontrolandplanttissues(Table3),
thusconfirmingthehighefficiencyof extractionof JHIII
from C. iria tissuesby pentane(Tables2 and 3). All
subsequentplant extractions were performed using
pentaneassolvent.

Comparison of chromatographic clean-up
procedures

After acetonitrileextraction,insecthaemolymphsamples
are typically subjectedto TLC in order to eliminate
lipophilic compoundsthat interferewith theRIA (Good-
man et al., 1990). For pentaneextractsof JH III from
plant tissues,a comparisonof threeclean-upprocedures
wasmade(Table4). Therewasno significantdifference
in themeasuredamountof JH III in sampleswhich were

directly extractedin pentaneor thosewhich hadunder-
goneTLC. A decreasein JH III amountwasobservedin
sampleswhich hadbeensubjectedto hydroxyapatiteand
hydroxyapatite/C18 chromatographycomparedwith con-
trols. However,SudanBlack B wasusedasan internal
controlduringTLC allowing for thecorrectionof losses
during this procedure,but no internal standardfor the
column chromatographicprocedureswas used.There-
fore, observeddifferencesin JH III betweenthepentane
controlandsamplessubjectedto thesefurtherchromato-
graphicproceduresreflectslight lossesduringmanipula-
tions.In subsequentexperiments,pentaneextractsof the
plant tissuewereuseddirectly for analysisby RIA.

Comparison of related plant species

Plant material may interfere with the RIA through the
binding of the antiserumor JH III to plant compounds
suchaslignins andtanninsor throughcross-reactivityof
theantiserumto compoundsotherthanJHIII. In orderto
determinethe extentof thesenon-specificinteractions,
threerelatedplant speciesweretested,namely,Cyperus
eragrostisandC. polystachyos(of thesamegenusasC.
iria ) and Fimbristylis dichotoma(which belongsto the
samesubfamily, Cyperoideae).JH was not detectedin
extractsof theseplantsthus permitting their usein the
determinationof theamountof plantmaterialthatwould
cross-reactwith the RIA. The results indicate that

Table 1. Optimization of extraction proceduresfor JH III

Treatment
Extraction ef®ciency

(%� SD)

Acetonitrile (1.5 mL) 8.3� 1.6
Acetonitrile�water (2 mL) 38.4� 5.3
Acetonitrile� 2% brine (2 mL) 33.6� 0.8
Acetonitrile� 4% brine (2 mL) 27.1� 1.5

Acetonitrile was spiked with [3H-methyl]-JH III; triplicate
samples were treated as indicated and ®nally extracted
with pentane (2� 1 mL). The radioactivity in the resulting
sample was determined and compared to the initial amount
added.

Table 2. Optimization of extraction of JH III from plant
tissues

Relative extraction ef®ciency (%� SD)

Pentane 100� 15.2
Acetonitrile 60.6� 12.3

C. iria tissues (bracts and in¯orescence) were ground in
liquid nitrogen and extracted with either pentane (2� 1 mL)
or acetonitrile (2� 1 mL): 1 mL of brine (4% sodium
chloride) was added to the acetonitrile supernatant and the
mixture extracted with pentane (2� 1 mL). Triplicate
samples were subject to TLC and appropriate bands
extracted and analysed by RIA with antiserum 31867
(1:2000) and [3H-methyl]-10R-JH III. Paired t-tests (one tail,
� = 0.049) demonstrated that there is a signi®cant difference
between the extraction ef®ciency of these two solvents.

Table 3. Efficiency of extraction of JH III from plant
samplesusing pentane

Plant tissue Extraction ef®ciency (%� SD)

Control 100� 1.9
Bracts 92.7� 7.4
In¯orescence 87.0� 7.2
Roots 100.1� 2.9
Culm 97.7� 24.6

Tritiated JH III was added to triplicate plant samples which
were then extracted in pentane (2� 1 mL). No signi®cant
differences were observed in the extraction ef®ciencies
between the control and the plant tissues (one factor
ANOVA, � = 0.636); blank samples (plant tissues incubated
without the radiolabelled ligand) contained less than 25
dpm per sample.

Table 4. Comparison of efficiency of the purification
proceduresemployed

Method Relative extraction ef®ciency (%� SD)

Pentane extraction 100� 33.1
Pentane extraction/TLC 87.1� 30.9
Pentane extraction/HA 75.2� 36.4
Pentane extraction/HA/C18 81.2� 19.8

C. iria tissues (bracts and in¯orescence) were ground in
liquid nitrogen, extracted with pentane (2� 1 mL) and either
analysed directly or subjected to clean-up chromatographic
procedures such as TLC, hydroxyapatite (HA) chroma-
tography or reversed-phase chromatography (C18) prior to
analysis; triplicate samples were analysed by RIA with
antiserum 31867 (1:2000) and [3H-methyl]-10R-JH III. No
signi®cant differences were observed in the extraction
ef®ciencies between the methods (one factor ANOVA,
� = 0.706).
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amountsgreaterthan20mgof planttissuecouldinterfere
with theassay(Table5). In thesecondexperiment,tissue
extractswere spikedwith JH III and analysed.Here, it
wasobservedthatamountsgreaterthan25mgof material
interferedwith the RIA, preventingthe detectionof JH
III. Therefore,in all subsequentexperimentswith C. iria ,
lessthan10mg of tissuewasassayed.

Cross-reactivity of the biosynthetic precursors of JH
III

In the corporaallata of the cockroachD. punctata, the
biosynthesisof JH III from farnesyldiphosphateoccurs
throughfive enzymaticsteps(Cussonet al., 1991).The
competitive displacement curves of three of these
biosyntheticintermediates,farnesol,farnesalandmethyl
farnesoate,with the antiserum31867demonstratedthat
theantiserumhaslittle affinity for thesecompounds(Fig.
2); theED50 valuesof thesecompoundsrelativeto JHIII
indicatethat the antiserumhasover a 2000-fold higher
affinity for JH III than for the biosyntheticprecursors
tested(Table6).

Comparison of HPLC and RIA methodsfor the
analysisof JH III in tissuesof C. iria tissues

Standardsof JH III and extractsof plant tissue were
analysedby HPLCandRIA [Fig. 3(A, B)]. No significant
differencesin JHIII levelswereobservedusingthesetwo
techniques,confirming that they can be used inter-
changeablywith confidence.The RIA techniquehasa
highersensitivityfor JHIII thanHPLC;antiserum31867
displaysan ED50 in the rangeof 323pg against10R-JH
III, using[3H]-JH III astheradiotracer(Table6),whereas
thedetectionlimit of HPLCis in thengrange.Therefore,

Table 5. Radioimmunoassay cross-reactivities of closely
related plants

Plant Cross-reactivity observed at:

Fimbristylis dichotama >20 mg of plant tissue
Cyperus polystachyos None detected (at

concentrations up to 200 mg)
Cyperus eragrostis >150 mg

Plant� JH III

Fimbristylis dichotama >25 mg (interferes with RIA)
Cyperus eragrostis >25 mg (interferes with RIA)

Cross-reactivities of extracts of three plant species related
to C. iria were compared by RIA using antiserum 31867
(1:1750) and [3H-methyl]-10R-JH III as the radiotracer. In the
second experiment, pentane extracts were spiked with
500 pg of JH III and analysed by RIA.

Figure 2. Competitive displacement curves for the biosyn-
thetic precursors of JH III, namely farnesol, farnesal and
methyl farnesoate. The cross-reactivities of farnesol (Ð&Ð),
farnesal (Ð^Ð) and methyl farnesoate (Ð~Ð) with the
antiserum 31867 (1:1750), compared with JH III (Ð!Ð), were
determined by RIA using [3H-methyl]-10R-JH III. Each point
represents the mean� the standard deviation of triplicate
experiments.

Table 6. Summary of displacementvaluesfor JH III and its
biosynthetic precursors

Compound ED50 (ng)a

10R-JH III 0.323
Farnesol 89590
Farnesal 21290
Methyl farnesoate 735
a Dose of competitor compound required to displace 50%
of the radiotracer [3H-methyl]-10R-JH III.

Figure 3. Comparison of HPLC and RIA. (A) JH III standards
(8.7 mg/mL and 17.4 mg/mL) were analysed in triplicate by
HPLC and RIA (bars represent means� standard deviation).
The results were compared by a paired t-test followed by a
sequential Bonferroni test; no signi®cant difference was
found between these two techniques [two tail, � = 0.084
(8.7), � = 0.964 (17.4)]. (B) Extracts of C. iria tissues (culm and
root) were assayed in triplicate by HPLC (as outlined in the
Experimental section) and also by RIA [with antiserum 31867
(1:1500)] and using [3H-methyl]-10R-JH III which had been
optimized for plant tissues (bars represent means� standard
deviation). Results were compared by a paired t-test followed
by a sequential Bonferroni test; no signi®cant difference was
observed between these two techniques [two tail, � = 0.034
(culm), � = 0.823 (roots)].
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the RIA allows determinationof JH III in as little as
10mg of plantmaterial.

Distribution of JH III in mature plants of C. iria

Sitesof accumulationof JHIII in C. iria weredetermined
using the optimizedRIA (Fig. 4). Levels in the above-
groundtissuesrangedfrom 0.2 to 1.2mg/g freshweight,
whereasin theroot tissuetheaveragelevel was43.5mg/
g, representingover90%of the total JH III in theplant.
Theselevels are approximately3.5-fold lessthan those
previouslyreported(Toonget al., 1988).Thereis alsoa
6-fold differencebetweenthe level of JH III detectedin
thesewhole plant extractsand thosereportedfrom leaf
extractsof 2-month-oldplantsof C. iria (Schwartzet al.,
1998).Thesediscrepanciesare attributedto changesin
JH III levelsin theplant throughoutdevelopmentandto
differences in cultivars and environmentalconditions
underwhich theplantsweregrown.

Theseresultsdemonstratethat theamountof JH III in
C. iria can be determinedby HPLC or RIA and that
there is good correlation between these two assay
techniques[Fig. 3(A, B)]. The RIA was developedfor
theanalysisof JH III titres in insecthaemolymphwhere
it is necessaryto extractthe compoundinto acetonitrile,
partition into pentaneand then separatethis compound
from the interfering lipids usingTLC (Goodmanet al.,
1995). In C. iria , direct extractionof JH III from plant
tissues with pentane was more efficient than with
acetonitrile (Table 2) and subsequentclean-upof the
extracts was unnecessarybecauseof the lower lipid
content(Table4). Cross-reactivityof theantiserumwith
biosyntheticprecursorsof JH III (insects)or extracts
from closely relatedplants specieswas not significant
(Fig. 2, Tables 5 and 6). However, theseresults did
indicate that analysesemploying concentratedplant
extracts(>25mg/mL toluene)interferedwith the RIA
(Table 5).

The advantageof RIA over HPLC is its increased
sensitivitywhich permitsdetectionof pg amountsof JH
III, allowing accuratedeterminationsof the JH in ca.
10mg amountsof plant tissue.In thedistributionprofile

of above-groundtissues,the highestamountsof JH III
werelocalizedin theleaves,inflorescenceandculm(Fig.
4); however,the vastmajority of JH III wasdetectedin
the roots.This suggeststhat the rootsmay be the site of
biosynthesis,althoughit is fully possiblethat JH III is
synthesizedin theleafy tissuesandtransportedto theroot
tissuefor storage.

AlthoughJHIII hasonly beenisolatedfrom C. iria and
C. aromaticus(Toonget al., 1988),structurallysimilar
compoundshavebeenisolatedfrom the rootsof C. iria
and relatedCyperusspecies(Iwamura et al., 1978b,c,
1979;Iwamura,1979;Komai et al., 1981).For example,
methyl farnesoate,thebiosyntheticprecursorof JH III in
insects,hasbeenisolatedfrom C. iria, C. monophyllus,
C. pilosus and C. serotinus(Iwamura et al., 1978a,c,
1979;Komai et al., 1981;Toonget al., 1988),aswell as
from grapeskins (Versini et al., 1994) and the bark of
Polyalthia viridis Craib (Kijjoa et al., 1990). Other
structurally related linear sesquiterpenoidshave been
isolatedfrom C.microiria (Iwamuraetal., 1978b)andC.
polystachyos(Iwamura,1979).This suggeststhatJH III,
methyl farnesoateandothersimilar compoundsmay be
presentin a diversearrayof plant species.However,in
this,andanotherstudy(Schwartzetal., 1998),JHIII was
not detectedby RIA in thefollowing plantspecies— C.
albostriatus,C.alternifolius,C.eragrostis,C.esculentus,
C. miliifolius, C. papyrus,C. polystachyosandFimbris-
tylis dichotama.

Therelativelyhighlevelsof JHIII in theplantsuggests
that this compoundplaysan importantrole(s)in C. iria .
At present,its biological relevanceis speculative(Bede
et al., 1998; Bede and Tobe, 1999), but possibilities
include plant–insect,plant–plant and plant–nematode
interactions.Thereare a few reportswhereC. iria has
been shown to interfere with insect developmentand
theseeffectsmay beattributableto JH III (Toonget al.,
1988; Menesesand de la Osa, 1988; Schwartzet al.,
1998).Howeverotherreportsindicatedthat someinsect
specieswere able to feed on the plant without adverse
effects (Naresh and Smith, 1984; Dela Cruz, 1986).
Thesemaybeexamplesof insectspecieswhich areable
to avoidplant tissuesrich in JH III or to metabolizeany

Figure 4. Distribution of juvenile hormone III in Cyperus iria plants. JH III in the tissues of mature plants was measured by RIA with
antiserum 31867 (1:2000) using [3H-methyl]-10R-JH III as the radiotracer. Plant tissues were divided into the nutlets (n = 6),
in¯orescence (In¯r., pedicels, peduncles and in¯orescence, n = 6), bracts (n = 6), culm (stem, n = 5), leaves (n = 5) and roots (n = 6).
The total amount of JH III in the plant (Ttl. Plan) was also determined (n = 5) (bars represent means� standard error).
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ingestedcompound.JH III may also function to reduce
plant competition by inhibiting the germination and
growth of plantsin the immediatevicinity. Two of the
biosyntheticprecursorsof JH III, methyl farnesoateand
farnesol,havedemonstratedpotentallelopathicactivity
(Komaietal., 1981;WardleandShort,1982)whichmay,
in part,explaintheinvasivenatureof C. iria (Holm etal.,
1977).JH III may alsoserveto protectthe plant against
phytoparasiticnematodes.JH,or biosyntheticprecursors,
havebeenusedto arrestthe developmentof nematodes
(Meerovitch,1965;Rogers,1978;Glassburgetal., 1983;
Davey, 1988). However, an effect on plant parasitic
nematodeshasnot yet beendemonstrated(Johnsonand
Viglierchio, 1970;Rogers,1978).

Acknowledgements

We are grateful to W. G. Reynolds (Department of Chemistry,
University of Toronto)andP. Teal (USDA, Florida) for the chemical
analysisof standards,F.C.Baker(Zoecon,Corp.,PaloAlto, CA, USA)
for the generousgift of farnesoicacid, E. Blumwald (Departmentof
Botany,University of Toronto) for useof the spectrophotometer,L.
Rowe(Departmentof Zoology,University of Toronto) for adviceon
statistics, Connie Sokos (Department of Botany, University of
Toronto) for the sedgesC. eragrostis, C. polystachyosand F.
dichotoma, and J. R. Zhang(Departmentof Zoology, University of
Toronto)for performingthecorporaallatadissections.WealsothankJ.
Edwards(CentralScienceLaboratory,MAFF, SanHutton,Yorks,UK)
for critical readingof this manuscriptand insightful comments.This
researchwas supportedby grants from the National Scienceand
EngineeringResearchCouncil of Canada(SST).

REFERENCES

Bede, J. C. and Tobe, S. S. (1999). Insect juvenile hormones in
plants. In Studies in Natural Products Chemistry. (Rah-
man, A.-U., ed.), Vol. 24, 369±418. Elsevier, Amsterdam.

Bede, J. C., Goodman, W. G. and Tobe, S. S. (1998). Insect
juvenile hormone III in the sedge, Cyperus iria L.:
Distribution and possible biological signi®cance. Pure
Appl. Chem. www.iupac.org/symposia/proceedings/
phulat97/bede.html pp. 1±9.

Corey, E. J., Gilman, N. W. and Ganem, B. E. (1968). New
methods of the oxidation of aldehydes to carboxylic acids
and esters. J. Am. Chem. Soc. 90, 5616±5617.

Cusson, M., Yagi, K. J., Ding, Q., Duve, H., Thorpe, A., McNeil,
J. N. and Tobe, S. S. (1991). Biosynthesis and release of
juvenile hormone and its precursors in insects and
crustaceans: the search for a unifying arthropod endo-
crinology. Insect Biochem. 21, 1±6.

Davey, K. G. (1988).Endocrinology of nematodes. In Endocri-
nology of Selected Invertebrate Types. (Laufer, H. and
Downer, R. G. H., eds.), pp. 63±86. Alan R. Liss, New York.

Dela Cruz, C. G. (1986). Host plant range of the planthopper,
Nisia atrovenosa. Int. Rice Res. Newslett. 11, 26±27. [CABS
074-04038.]

Giese, Ch., Spindler, K. D. and Emmerich, H. Z. (1977). The
solubility of insect juvenile hormone in aqueous solu-
tions and its adsorption by glassware and plastics. Z.
Naturforsch. 32c, 158±160.

Gilbert, L. I., Rybczynski, R. and Tobe, S. S. (1996). Endocrine
cascade in insect metamorphosis. In Metamorphosis.
(Gilbert, L. I., Tata, J. R. and Atkinson, B. G., eds.), pp. 59±
107. Academic Press, New York.

Glassburg, G. H., Tefft, P. M. and Bone, L. W. (1983). Juvenoid
effects on Nippostrongylus brasiliensis and Heterodera
glycines (Nematoda). Proc. Helminthol. Soc. Wash. 50,
62±68.

Goodman, W. G., Coy, D. C., Baker, F. C., Lei, X. and Toong, Y.
C. (1990). Development and application of a radioimmu-
noassay for the juvenile hormones. Insect Biochem. 20,
357±364.

Goodman, W. G., Orth, A. P., Toong, Y. C., Ebersohl, R.,
Hiruma, K. and Granger, N. A. (1995). Recent advances in
radioimmunoassay technology for the juvenile hor-
mones. Arch. Insect Biochem. Biophys. 30, 295±306.

Granger, N. A. and Goodman, W. G. (1988). Radioimmu-
noassay: juvenile hormones. In Immunological Techni-
ques in Insect Biology. (Gilbert, L. I. and Miller, T. A.,
eds.), pp. 215±251. Springer London.

Holm, L. G., Plucknett, D. L., Pancho, J. V. and Herberger, J. P.
(1977). Cyperus iria L. In The World's Worst Weeds. pp.
240±242. University Press of Hawaii, Honolulu.

Iwamura, J. (1979). The constituents of essential oils from
Cyperus polystachyos Rottb., Cyperus globosus allioni
and Cyperus difformis L. Nippon Nogei Kagaku Kaishi 53,
343±347. [Chem. Abstr. 92, 116232f.]

Iwamura, J., Kameda, M., Komai, K. and Hirao, N. (1978a).
Studies on the constituents in Cyperaceae. III. The

constituents of essential oil from Cyperus iria L. Nippon
Nogei Kagaku Kaishi 52, 379±383.

Iwamura, J., Kameda, M., Komai, K. and Hirao, N. (1978b).
Studies on the constituents of Cyperaceae. II. The
constituents of the essential oil from Cyperus microiria
Steud. Nippon Kagaku Kaishi 1552±1555. [Chem. Abstr.
90, 69086h.]

Iwamura, J., Komaki, K., Komai, K. and Hirao, N. (1978c).
Studies on constituents in Cyperaceae. V. The constitu-
ents of essential oil from Cyperus monophyllus Vahl.
Nippon Nogei Kagaku Kaishi 52, 516±515. [Chem. Abstr.
90, 135072d.]

Iwamura, J., Komaki, K., Komai, K. and Hirao, N. (1979).
Studies on constituents in Cyperaceae. IV. The constitu-
ents of essential oil from Cyperus pilosus Vahl. Nippon
Kagaku Kaishi 255±258. [Chem. Abstr. 90, 164723x.]

Johnson, R. N. and Viglierchio, D. R. (1970). Heterodera
schachtii responses to exogenous hormones. Exp. Para-
sitol. 27, 301±309.

Kijjoa, A., Pinto, M. M. M., Pinho, P. M. M., Tantisewie, B. and
Herz, W. (1990). Clerodane derivatives from Polyalthia
viridis. Phytochemistry 29, 653±655.

King, L. E. and Tobe, S. S. (1988). The identi®cation of an
enantioselective JH III binding protein from the haemo-
lymph of the cockroach, Diploptera punctata. Insect
Biochem. 18, 793±805.

Komai, K., Sugiquaka, Y. and Sato, S. (1981). Plant-growth
retardant of extracts obtained from water nutgrass
(Cyperus serotinus Rottb.). Kinki Daigaku Nogakubu Kiyo
14, 57±65. [Chem.Abstr. 95, 162961c.]

Latli, B. and Prestwich, G. D. (1991). Synthesis of labelled
(10R)-juvenile hormone III bisepoxide, and its photoaf®-
nity analogue, [12-3H]-(10R)-6,7,10,11-bisepoxyfarnesyl
diazoacetate (BEFDA). J. Labelled Comp. Radiopharm.
29, 1168±1173.

Meerovitch, E. (1965). Studies on the in vitro axenic
development of Trichinella spiralis. Can. J. Zool. 43, 81±
85.

Meneses, C. R. and G. de la Osa, J. (1988). Principal weed
hosts of Hydrellia sp. in the southern rice-growing zone of
Sancti Spiritus, Cuba. Rev. Agr. Ent. 15, 90±92. [CABS079-
10772.]

Naresh, J. S. and Smith, C. M. (1984). Feeding preference of
the rice stink bug on annual grasses and sedges.
Entomol. Exp. Applic. 35, 89±92.

Rogers, W. P. (1978). The inhibitory action of insect juvenile
hormone on the hatching of nematode eggs. Comp.
Biochem. Physiol. 61A, 187±190.

Rosenthal, G. A. and Berenbaum, M. R. (eds.) (1991).
Herbivores: Their Interactions with Secondary Plant
Metabolites. Vol. 1. The Chemical Participants. Academic
Press, Toronto.

Schooley, D. A. (1977). Analysis of the naturally occurring
juvenile hormones Ð their isolation, identi®cation, and
titre determination at physiological levels. In Analytical

JUVENILE HORMONEIII IN SEDGE 27

# 2000JohnWiley & Sons,Ltd. Phytochem.Anal. 11: 21–28(2000)



Biochemistry of Insects. (Turner, R. B., ed.), pp. 241±287.
Elsevier, Amsterdam.

Schwartz, A. M., Paskewitz, S. M., Orth, A. P., Tesch, M. J.,
Toong, Y. C. and Goodman, W. G. (1998). The lethal
effects of Cyperus iria on Aedes aegypti. J. Am. Mosquito
Control Assoc. 14, 78±82.

Sen, S. E. and Garvin, G. M. (1995). Substrate requirements
for lepidopteran farnesol dehydrogenase. J. Agric. Food
Chem. 43, 820±825.

Tobe, S. S. and Clarke, N. (1985). The effect of L-methionine
concentration on juvenile hormone biosynthesis by the
corpora allata of the cockroach Diploptera punctata.
Insect Biochem. 15, 175±179.

Tobe, S. S. and Feyereisen, R. (1983). Juvenile hormone
biosynthesis: regulation and assay. In Endocrinology of
Insects. (Downer, R. G. H. and Laufer, H., eds.), pp. 161±
178. A. R. Liss, New York.

Tobe, S. S., Ruegg, R. P., Stay, B. A., Baker, F. C., Miller, C. A.
and Schooley, D. A. (1985). Juvenile hormone titre and

regulation in the cockroach Diploptera punctata. Experi-
entia 41, 1028±1034.

Toong, Y. C., Schooley, D. A. and Baker, F. C. (1988). Isolation
of insect juvenile hormone III from a plant. Nature 333,
170±171.

Versini, G., Rapp, A., Dalla Serra, A., Pichler, U. and Ramponi,
M. (1994). Methyl trans-geranate and farnesoate as
markers for GewuÈ rztraminer grape skins and related
distillates. Vitis 33, 139±142.

Wardle, K. and Short, K. C. (1982). Effects of isoprenoid
alcohols and fatty acids on root elongation, germination
and their association with stomatal activity. Biochem.
Physiol. P¯anzen 177, 210±215.

Wigglesworth, V. B. (1985). Historical perspectives. In
Comprehensive Insect Physiology, Biochemistry and
Pharmacology. Vol. 7. (Kerkut, G. A. and Gilbert, L. I.,
eds.), pp. 1±24. Pergamon Press, New York.

Xiao, X-Y. and Prestwich, G. D. (1990). Minimising geometric
isomerisation during oxidation of allylic alcohols to
aldehydes. Synth. Comm. 20, 3125±3130.

28 J. BEDE ET AL.

# 2000JohnWiley & Sons,Ltd. Phytochem.Anal. 11: 21–28(2000)


