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A Method for the Practical Quantification and
Kinetic Evaluation of Cyanogenesis in Plant
Material. Application to Pteridium aquilinum
and Passiflora capsularis

Miguel E. Alonso-Amelot,* and Alberto Oliveros
Grupo de Qimica Ecolgica, Departamento de Quica. Facultad de Ciencias, Universidad de Los Andesjdde5101, Venezuela

A procedure for the quantitative determination of hydrogen cyanide (HCN) released by plants has been
developed based on the UV-vis spectrum of the sodium picrate—cyanide complex. Fresh plant tissue mixed
with toluene was placed in a gas flow system designed to carry the evolved HCN through 2,4-
dinitrophenylhydrazine solution in acidic water:ethanol to trap interfering volatile carbonyl derivatives,
and then into an alkaline solution of sodium picrate. After 18 h of gas flow at a rate of 6 mL/min, the
absorbance of the solution was measured at 500 nm and the concentration of HCN was determined by
calibration in the range 10-3-10"°M. The molar absorptivity coefficient (1.385 L/cmm) yielded a detection
limit of 2.6 x 10°® mol/L and a 92.6+ 2.6% recovery yield of HCN. The method was applied to determine
the cyanide release capacity oPassiflora capsularigup to 3.34 mg of HCN/g fresh plant tissue), and of
croziers of Pteridium aquilinum var arachnoideum(10.4-61.3 mg of prunasin/g fresh plant tissue), and its
rate of HCN production (K = 2.20+ 0.01 x 10 %). Cymbopogon citratumknown to release large quantities
of volatile, potentially interfering, monoterpene ketones and aldehydes, gave a negative reaction. Copyright
© 2000 John Wiley & Sons, Ltd.
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INTRODUCTION millipedes, butterflies and other insects has been debated
over the years. Although some authors appear to be
convinced that cyanogenesis is a general standing line of
defence only breached by specialist herbivores (e.g.

certain plants and animals under stress has long beer{g‘fhérsitrﬁgtﬁtil%e?/;i d\]ez%rz:%s’i nlgr%i)r’l Otgtﬁg}eﬁofgggst@ r;[gf
recognised as a fundamental line of chemical defence P y

. . iy sufficient to draw this conclusion (Hruska 1988). In fact,
(1‘]907n7?%te?k’31y956Zl’ggl;tl%é\llieghéoﬂgﬁ’rézz?’fgfgal"lgs 4_most studies on cyanogenesis resort to qualitative or
: ol ’ ’ ! i- titative approximations to address these ques-
Conn, 1981) against invertebrates, vertebrates (Harborne>cMI-quantt: _
1982), bacteria (Mcllroy, 1951), and fungi (Bell, 1974). tions using field colour tests (Daday, 1954a, b; Cooper-

C . : . Driver and Swain, 1976; Brighton and Horne, 1977;
Its ecological importance is underscored by its relatively ! ’ ' . S
high frequency of appearance in higher plants (Gibbs, Scriber, 1978) such as the popular, but insensitive, picrate

1974), even those growing on nitrogen-poor soils paper strip method (Guignard, 1906; Corkill, 1940; Jones

. . e 1966). Better information could be obtained if more
(Thomsen and Brimer, 1997). Widely distributed cyano- ffici :
enic glycosides (CNGs: Conn, 1973, 1981), the most Efficient methods to quantify the amount of HCN
?requegtyprecursogs of HCN, have been inclu)ded among pglo_tc)iluceij bty thle attacl:e_d spg[met_s }/lverte available. tSor?e
; . : edible plants also contain potentially toxic amounts o
Lf:gé(aet)(/):gczggsngfsfeczl'cbn%.coJgxglsu g?n (l)g%a)lhtilg?\ld ipslant CNGs and these compounds need to be monitored
generally toxic, although LE) values, tolerance and quantitatively (Bradbunet al, 1991; Egaret al,, 1998;

; ; : .Jones, 1998; Yeo#t al, 1998; Mlingi et al,, 1998).
gféﬁgt:r vlagr¥8§1ccord|ng to species (Christensen, 1976; There are several methods for the quantitative analysis

The question of the effectiveness of cyanogenesis as Ofg5|1(-:E .iglfg\sli(;‘ng ﬂ‘;tg‘xﬁi I’\(I\II:itGZldJS_ge;g' ?\In:hrggi]i?aslhoj’
defence against herbivores in plants, and predators in = ' e ’ ' ”
1981; Brinker and Seigler, 1989, 1992) that rely on the

The ability to emanate hydrogen cyanide (HCN) gas by
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Figure 1. Schematic representation of the two trap gas-tight
system designed to trap the HCN released from living tissue
following the trapping of aldehydes and ketones in 2,4-
dinitrophenylhydrazine (DNP) solution.

and Mglgaard,1986; Brime and Rosling, 1993). Others
make useof colour reactionson paperand comparison
with standard¢GettlerandGoldbaum,1947; Tantisewie
et al., 1969). Some of theseare of practical use in
ecologicalandtoxicological studies,othersappearto be
experimentallycomplicated(Lambertet al., 1975) and
still othershavebeenquestionede.g.Yeohetal., 1998).

It wasconsideredhatthequalitativepicratepaperstrip
test(Guignard,1906; Corkill, 1940)could be converted
into a formal quantitativemethodwhile still remaining
practical for most chemical ecology and plant science
laboratoriesand avoiding the shortcomingsof existing
procedureshy usingthe UV-vis spectrunof thereddish-
brown sodium picrate—cyanideeomplex (Auterhoff and
Heinzelmann,1971), which may be formed from the
HCN gasreleasedy atestorganismin agas-tightsystem
fitted with an efficient trap. The UV—-vis spectraldata
shouldbe moreselectivethanthosederivedfrom optical
densitometrywith respectto the differentiation of the
contribution of HCN from other interferencesto the
overall colour changeof sodium picrate solutions,gel
slices (Brimer et al.,, 1983), and other preparations
(Butler and Butler, 1960). The presentpaperreportson
this developmentits applicationto someliving matrixes
andto the kinetics of HCN productionin selectedplant
tissues.

EXPERIMENTAL

Chemicals. Sodiumcyanide(J. T. Baker, Phillipsburg,
New Jersey),picric acid§ (BDH, Poole, UK), toluene
(J. T. Baker),aceticand hydrochloricacidsand sodium
bicarbonate(Aldrich, Poole, UK) were used without
further purification.

Apparatus. A Hewlett-PackardHP, PaloAlto, Califor-
nia) UV-vis spectrometemodel 8453 under computer

§ Warning sodiumcyanideis highly toxic and should be handledusing all
appropriate safety procedures.Solid picric acid and sodium picrate may
explode spontaneouslywhen stored for long periods. It is advisable to
maintainthis materialalwaysasa supersaturatedate solutionor suspension
at temperaturesiot exceeding20°C andto avoid all contactwith skin.

Copyright© 2000JohnWiley & Sons,Ltd.

control by a Vectra 133MHz ChemStation(HP) was
usedwith 1 cm pathquartzcells. Spectraveremeasured
between 200 and 900nm to select the appropriate
wavelengthfor quantitativemeasurement§00nm).

Figure 1 showsschematicallythe apparatusiesigned
for trappingthe HCN gasreleasedrom eithersolutions
or plant matrixes. In a gas-tight system, samplesof
undisruptedreshplanttissue typically 2—10g, although
samplesassmall as 100mg could be used,were placed
in Erlenmeyerflasksof a convenientsize (25-250mL).
In order to test pure compounds,for calibration and
analysis of interferences, solutions of appropriate
concentrationswere applied to 2 x 2cm squaresof
Whatmanno. 1 filter paperthat were suspendedrom
the mouth of the flask by a tether at mid altitude to
emulate a leaf surface releasing HCN and other
volatiles. The flasks were connectedusing flexible
1/16 inch Tygon® tubingto stopperedl8 mL testtubes
containingl0mL of a sodiumpicrate solutionprepared
from picric acid (0.1 g/mL) in distilled waterto which
sodium bicarbonatewas addedto give a final pH of
11 ca.(0.05g of sodiumbicarbonate/mL)The gasinlet
tubing was connectedto a glass capillary tube which
passedthrough the rubber plug and terminated 1 cm
abovethe bottom of the test tube. The outlet gaswas
directedthrougha secondcapillary tube locatedat least
20mm abovethe surfaceof the sodiumpicratesolution
and drove the gas out into the atmosphere.When
possibleinterferenceby volatile carbonylcompoundsn
the plant matrix was suspectedan 18 mL gas wash-
bottle was inserted betweenthe sampleflask and the
sodium picrate bubbler. This bottle was filled with
12mL of a solutionpreparedrom 2,4-dinitrophenylhy
drazine(DNP; 3 g) dissolvedin concentratedsulphuric
acid (15mL). This solution was then added very
carefully to 20mL distilled water and 70mL 95%
ethanol,andfiltered.

Releaseof HCN from natural sources.At zerotime,

toluene(from five dropsup to 1 mL) was addedto the

tissuein the Erlenmeyerflaskswhich wereimmediately
stopperedwith rubberor latex stoppersthrough which

gasinlet and outlet capillaries had been pierced. Dry

nitrogenor argongaswasthenbubbledat a rate of two

bubbles/s(maximum rate 6 mL/min measuredat the

picrate solution) to carry the releasedHCN into the

sodiumpicratesolutionto form thereddishcomplex,and
flow wasallowedto continuefor no lessthan18h. Dry

gasesouldbereplacedwvith moistair in caseswvherethe

samplewas a live animal, e.g. cyanogenicarthropods.
Production of defence HCN was elicited by the

introduction of a predatorinto the Erlenmeyerflask or

by moderateheating.For the experimentgeportedhere,
anarrayof 10 parallelbubblingunitscomposeaf 18 mL

testtubeswere connectedo a gasmanifold to produce
nine replicates plus a standard of aqueoussodium
cyanideto which aceticacid wasaddedat the beginning
of eachrun. Gasflow in thetesttubeswasregulatedwith

the aid of a manifold valve arrangemenat the sample
outlet. Absorbancest 500nm of the complexedormed
were determined and concentrationsof HCN were
obtainedfrom a calibrationregression.

Induced release of HCN. Samplesfrom genotypes

containingonly CNGsbut no glycolytic enzymesnaybe
testedby crushingtheplanttissueunderliquid nitrogenin

PhytochemAnal. 11: 309-316(2000)
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Figure 2. UV-VIS spectrum of sodium picrate (10% w/v) solution and of its complex with HCN

(102 mol/L) in water at 22°C.

the presenceof silica sand to a fine powder and
transferring it to the sample flask in the gas tight
apparatus At zero time a solution of the appropriate
glucosidasas addedto the sampleand the rest of the
experimenfollows the samecourse.

Kinetic measurements. Fresh croziers (18.0g) of

bracken fern Pteridium aquilinum var arachnoideum
were crushedunder liquid nitrogenin the presenceof

silica sandto a fine powderwhich was transferredto a

250mL Erlenmeyefflask. The flask wasfitted to the gas
tight apparatusndatzerotime it wasdippedinto awater
bath at 30+ 0.5°C. An arrangemenbf nine test tubes
with sodiumpicratesolutionwassetupin parallelsothat
the transfer of releasedHCN could be directedto a

different test tube every 15min using the manifold

valves.Readingsat 500nm weretakenfor eachsolution
thus obtained after 120min to allow for complete
formationof the picrate—cyanideomplex.

Plant materials. Cymbopogoncitratum was obtained
from the medicinal plant garden of the Faculty of
Pharmacyof the Universidadde Los Andes (Mérida,
Venezuelapt 1390m altitude.Passifloracapsulariswas
collectedfrom a forestedareain the city of Mérida, at
1550m altitude, and Pteridium aquilinumwas gathered
from a hill in the environs of Mérida above 2000m
altitude.

Individual leaves were excised from Passiflora
capsularis plants which had been pot-cultivatedunder
restricted light and high moisture levels designedto
resemblethe naturalhabitatof the plant. Eachfreshleaf
wasplacedin the gas-tightchamberandenoughtoluene
wasaddedto moistenall surfacesandthusto disruptthe
cell wall structure and initiate HCN release. Fresh
croziers of Pteridium aquilinum (around 30cm long)
werecutinto two to four piecesandimmediatelyplaced
in thegas-tightflasks. Thesameproceduravasemployed
for materialfrom C. citratum

Copyright© 2000JohnWiley & Sons,Ltd.

RESULTS AND DISCUSSION

UV-vis spectra

Sodium picrate and its complex with the cyanide ion

displayUV—vis spectrawith overlappingabsorbancesp

to 440nm (Fig. 2) which allowed a working window

betweerd80 and560nm for the quantificationof HCN.

The Amax Of the spectrunof the picrate—cyanideomplex
appearedsubstantiallyshifted to higher wavelengthsat

higherconcentrationgTable 1); nonethelesshe change
iN Amax Was minor around500nm at concentrationof

cyanide below 7 x 10 3m (7 um). Therefore experi-
mentswereperformedwith thatamountof plantmaterial
(typically lessthan 1g) that would yield, at most, a

concentrationof cyanideof 7 um. With this provision,
calibrationregressionsverelinear at 500nm.

Formation of picrate—cyanide complex

The formation of the picrate—cyanideomplex,at room
temperaturg22°C), with respecto time is illustratedin
Fig. 3 for a high cyanideconcentratior(1.36 x 103 m).
The curve becameasymptotic only after 110min of
contactbetweensodiumpicrateandHCN andremained
stable for more than 24h. Therefore, all spectral
measurementsor calibration and recovery from plant
tissueswveretakenat least2 h after exposureor bubbling.

Table 1. Variation with respectto concentration of Apax in
the VIS spectrum of the sodium picrate—cyanide
complexin water

Concentration of CN™ (mol/L) Jmax (nm)

1x 1074 491
3x107* 496
7 x107* 498
1x 1072 540

PhytochemAnal. 11: 309-316(2000)
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Figure 3. Change in absorbance at 500 nm of the sodlum
picrate—cyanide complex as it forms from a 1.36 x 103 m
HCN water solution added (at zero time) to a sodium picrate
water solution (10% w/v) maintained at 22°C.

HCN calibration and analytical recovery

A calibration curve was constructedJsmg solutions(in
therange2 x 10 *to 2 x 10 3Mm) of sodiumcyanidein
waterandaceticacid placedontofilter papersquaresas
descrlbedaboveand measuringabsorbanceat 500nm
(r?=0.9991; p = 0.002). The molar absorptivity coeffi-
cientcalculatedrom this curve(1.385L / cm M) yielded
a detectionlimit in the orderof 2.6 x 10~° mol/L, thus
the assayis sensitiveenoughfor most applications.A
recovery efficiency experimentusing sodium cyanide
solutionsof varioustitresonfilter papersquaresasabove
gavea 95.74+ 3.9%recoveryyield for HCN. Placingtwo
trapsin tandemdid notincreaseherecoveryyield asthe
secondtrap did not contain detectablequantities of
complex.

The following equationwas derivedto calculatethe
CNG-equivalentsn analysedlant material:

C x MW x 1000
Ry x G

whereCNG (%) is the percentagef CNG/gof specimen,
C is the HCN concentratior{mol/L) from the calibration
regression MW is the molecularweight of the CNG
knownto bepresentn specimenRy is therecoveryyield
of HCN for this method (takenas 95.7), and G is the
amountof specimenanalysed(g). When the particular
CNGis notknownfor thesamplebeinganalysedor there
is amixtureof thesecompoundsn theliving matrix, MW
is madeequalto unity andCNG becomeghe percentage
of HCN released/gf sample.

CNG (%) =

Efficiency of HCN liberation by toluenevs.
maceration under liquid nitrogen

Although toluene has frequently beenusedto disrupt
plant cell membranesandto promotethe mixing of the
contentf thevacuoleandthe cytosol(resultingin HCN
releasein cyanogenigplants),doubtsemergedasto the
completenesof the process.Mechanical grinding of
plant tissue in the cold, which provides a thorough
destructionof the cellular matrix whilst freezing the
enzymatictransformationof the CNG, was a reliable
methodwith which to comparethe toluene treatment.

Copyright© 2000JohnWiley & Sons,Ltd.

Therefore six selectedreshleavesof approximatelythe
samesize andintermediateageclasswere excisedfrom
the sameindividual of the strongly cyanogenicplant
Passiflora capsularis (Olafsdottir et al.,, 1989a), an
understoryspecief temperatenesophileforestsin the
northernAndes. The leaveswere cut in half along the
centralaxis of bilateralsymmetryandtheir freshweight
determined One part was placedin the sampleflask of
the gas-tightapparatusndenoughtoluenewasaddedto
coverthe entire abaxialand adaxialsurfacesThe other
partwasfrozenin liquid nitrogenandthoroughlyground
in amortar:whilst still very cold, this powderednaterial
was placedin the sampleflask asabove.HCN wasthen
releasedrom the six samplepairsanddetermineddy the
describedmethod.The liquid nitrogenmethodreleased
1.503+ 0.104mg HCN/g fresh plant material [overall
meant standarderror (SE)], whilst the toluenemethod
releasedl.497+ 0.09mg HCN/g fresh weight; thereis
no statistically significant difference between these
meansA pairedt-testof the six half-leaf pairsrevealed
that the toluene and liquid nitrogen treatmentswere
notdlstlngwshable(mean— —6.76x 1073 SE=0.0534;
=-0.13; p=0.9042). Consequently, covering the
samplewith toluene pbeingmorepractical lesshazardous
and perfectly equivalentto macerationunder liquid
nitrogen,wasselectedasthe methodof choice.

Test for the independenceof samplesize

Validation of a quantitativemethodrequiresthat sample
size and analyte content per unit sample mass be

unrelated variables. This criterion was tested using
freshly cut leaves of P. capsularis from a single
individual plant. Theleaveswerecutin 1 x 1 cmsquares
and homogenisedy careful hand-mixing.Ten samples
containingan increasingnumberof randomly selected
squaresvereplacedin asmanysampleflasksandenough
toluenewasaddedo wetall of the surfacesThereleased
HCN was determinedas above, yielding the results
shown in Table 2. The slope of the regression
(m=0.0328) was not statistically different from zero,

showmgthe independencef HCN from samplewelght
(r*=0.068;SE=0.0428;t =0.76; p = 0.4667).

Analysis of interfering factors

It hasbeensuggestedVan der Walt, 1944; Farnsworth,
1966; Mitchell and Richards, 1978; Conn, 1979),

Table 2. Test of the independenceof the determination of
HCN with respectto samplesize;amountsof HCN
trapped/g fresh leaf of Passifloracapsulariswithin
a range of 64—-370mg of leaf tested

Sample size (mg) HCN trapped (mg/g of sample)

64.1 0.209
109 0.225
110 0.204
144 0.234
179 0.215
201 0.233
207 0.199
318 0.217
346 0.232
370 0.206

PhytochemAnal. 11: 309-316(2000)
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althoughneverexaminedsystematically that somelow

molecular weight and volatile reducing compounds
(chiefly aldehydesand ketones)found among natural
plant constituentsould alsoform adductsor complexes
with sodium picrate and thus alter the colour of the

picratepaperstrip. Suchaninterferenceby plumbagin,a

naphthoquinone,led to confusion as to the true

cyanogenicpotential of plantsfrom the genusDrosera
(Nahrstedt1980). Incidenceof carbonylsin the quanti-
fication of cyanideis potentially severebecauseCNGs
themselvesdecomposento a carbohydrate HCN and

aldehydeor ketone:thusthe CNG’s prunasin Jinamarin

and lotaustralin furnish benzaldehydeacetoneand 2-

butanone, respectively, during cyanogenesis.These
events would lead to a misleading, and possibly
exaggeratedresponsén the paperstrip colour method,
andan increasedabsorbanceat the working wavelength
(500nm) in the presentmethod.

A series of volatile model compounds,including
acetone,2-butanone,cyclohexanone2,6-dimethyl cy-
clohexanonemethyl-cyclopropylketoneand benzalde-
hydeweretestedwith eitherthe paperstrip methodor the
picrate—cyanidecomplex spectral method, by placing
20uL of eachcompoundonto the describedilter paper
squaresinside the sample flask. This amount was
designedo represent grossly exaggeratedjuantity as
comparedo that occurringnaturally in plants,so asto
force a sizeable quantity to be passedover into the
sodiumpicratesolution. Cymbopogortitratum wasalso
examinedas a natural, rich sourceof low molecular
weight carbonyl derivatives such as isovaleraldehyde,
citronellal, n-decylaldehydecitral, «- and fS-farnesal,
methyl heptenoneand «,-isopseudoiononéGuenther,
1950),compoundssufficiently volatile to causepossible

1.00 -
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Table 3. Responseof paper strips soaked with a sodium
picrate:water solution to selected ketones and
benzaldehydeand a plant matrix (Cymbopogon
citratum) known to be a rich source of low
molecular weight aldehydes(Guenther, 1950)

Sample? Colour®
Acetone Light brown
2-Butanone Reddish brown
Cyclopropyl-methyl ketone Light brown
Cyclohexanone Dark reddish brown
2,6-Dimethyl cyclohexanone Light brown
Benzaldehyde Yellow
Cymbopogon citratum (6.8 g) Yellow

@ Sample size was 25 L for pure compounds and 6.8 g for
the plant material.

b Colour developed over a 24 h period in a stoppered flask.

interference.The resultsshownin Table 3 exposethe
capability of some of the most volatile among these
compoundso disruptthe qualitativeanalysis.The colour
of picratepaperstripschangedo the reddish-browrhue
falselyattributableto cyanidewhenvolatile ketonesvere
applied.The UV-vis spectrgFig. 4) weremoreselective
in showingthat, while benzaldehydend cyclic ketones
did not interfere in the spectralregion used here for

observationacetoneyielded a sodium picrate complex
with a significant absorbanceat 500nm. Thus plants
known to contain linamarin, such as Triticum mono-
coccum(Pitschetal., 1984) Avenasativa(Michely etal.,

1983), and Phaseolusvulgaris (Butler, 1965), insects
suchaszygaendilipendulag(MuhtasibandEvans 1987;
Davis and Nahrstedt1979), severalLepidoptera(Roths-

Cyclopropyl methyl ketone
Acetone
2,6-dimethylcyclohexanone
Dicyclopropyl ketone
Cyclohexanone

]I]l‘]lllll}ll]IIIII'ITIIlllll'llll|1llllflTI
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Figure 4. UV-VIS spectra of various ketones that could potentially interfere with the quantitative estimation
of the sodium picrate-cyanide complex measured at 500 nm. All solutions were prepared from a sodium
picrate water base (10% w/v) and 10 uL of each compound was sprayed onto 2 x 2 cm squares of filter paper

as described in the Experimental section.

Copyright© 2000JohnWiley & Sons,Ltd.

PhytochemAnal. 11: 309-316(2000)



314 M. E. ALONSO-AMELOT AND A. OLIVEROS

] : " ~===== Methyl ethyl ketone
1.50 ] N —— HCN
s .
s -
= 4
g 1.00 —
g i
L B
e
2 =
2 .
< 050 -
0.00
l LR L] ' LB T | T 1 77 ' T I ' T € 7 T [ T 1 1T T l L L | LR L L ] L
200 300 400 500 600 700 800 900 1000

Wavelength (nm)

Figure 5. UV-VIS spectra of sodium picrate complexes with HCN and 2-butanone in water at concentrations of

7 x 10~* mol/L.

child etal., 1970)andmanyotherorganismscould give

riseto overestimationFurthermorehe spectrunof the 2-

butanone-picratecomplex (Fig. 5) coveredthe entire
500-560nm spectralwindow thus maskingthe sodium
picrate—cyanideeomplexcompletely.No otherbandsin

theUV-vis spectrumwerefoundwhich couldbeof useto

differentiatebetweenthe two complexes.Therefore for

naturalsystemsnownto containlotaustralin,suchasT.

monococcum,P. vulgaris, Manihot esculenta(Jones,
1998) and many others,either the picrate paperstrip or

the spectralmethod here presentedwould yield false
responses.

In orderto solvethis problemit is necessaryo remove
guantitativelythe low molecularweight carbonylcom-
poundscarried along with HCN from the cyanogenic
sample.This wasachievedby insertinga small (18 mL)
bubbling bottle betweenthe sample and the sodium
picrate flasksfilled with a 0.1m solution of DNP in a
water:ethanol:sulphuriacid mixture. The corresponding
2,4-dinitrophenylhydrazorsprecipitatedout asthe usual

orange-brownsolids, effectively trapping all of the
ketones. Control experimentscarried out by placing
20uL of butanoneor acetoneon a filter papersquarein
the sample flask yielded no detectableabsorbanceat
500nm in the sodiumpicratetrap, thus attestingto the
guantitativeremovalof theseketonesby DNP. Plumba-
gin and other naturally occurring naphtho-and benzo-
quinones also form non-volatile adducts with DNP
(Shrineret al., 1966). Conversely,HCN releasedfrom
a known amountof sodium cyanide and hydrochloric
acid in a similar arrangementcontaininga DNP trap
furnishedarecoveryyield of 92.6+ 2.6%:;thisrepresents
a marginal loss of yield comparedwith that obtained
without the DNP trap (95.9+ 3.4%). Interferenceby
carbonylcompoundsvastotally excluded thusallowing
for the analysisof HCN from any source.

Measurementsof HCN contentin living plants

Passiflora capsularis Young and old leaves of this

Table 4. Amount of HCN evolvedand quantity of prunasin calculatedto be presentin the fresh young croziers of Pteridium

aquilinum var arachnoideum

Crozier sample®

Fresh weight (g) Dry weight (g)
0.1235 0.0153
0.1256 0.0156
0.1315 0.0163
0.1345 0.0167
0.1847 0.0229
0.1936 0.0234
0.2651 0.0329
0.2972 0.0369
0.4399 0.0545
0.5010 0.0621

@ Croziers were ca. 14 cm long.

HCN evolved (mol/L x 10%) Amount of prunasin (mg/g of biomass)

1.54 30.5
2.18 42.3
1.94 36.0
1.54 27.9
4.63 61.3
1.61 20.9
1.13 10.4
2.80 23.0
3.29 18.3
10.20 49.7

Copyright© 2000JohnWiley & Sons,Ltd.
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Table 5. Amount of HCN releasedby croziers of Pteridium
aquilinum crushed under liquid nitrogen as a
function of time

Time (min) HCN accumulated (mol x 10%) —In [HCNJ?
15 0.15 8.80
30 1.71 8.67
45 2.10 8.47
60 2.69 8.22
75 3.29 8.02
90 4.02 7.82

105 4.62 7.68

120 5.21 7.56

135 5.99 7.42

@ From the linear regression of In [HCN] and time, the first-
order rate constant K=2.20 = 0.01 x 10~ %/s was calculated.

plant (weighing 62—125and 207—288ng, respectively)
yielded 3.263+ 0.082and 1.463+ 0.011mg of HCN/g
freshweight,respectivelyAssumingthatall passicapsin,
themajorCNG presentin this plant(Fischeretal., 1982),
was convertedto HCN, the presentobservationg0.15-
0.33%HCN in the fresh leaf) were consistentwith the
amountof the CNG (0.13%)reportedto be presenin the
plant(Olafsdottiretal., 1989a) Exactsource tissueage,
freshnessof plant material and the unknown relative
amountsof two minor enantiomericCNGs, epivolkenin
and taraktophyllin (Olafsdottir et al., 1989b), may
accountfor the marginaldifferenceobserved.
Pteridiumaquilinumis awell-knowncyanogeniglant
(Cooper-Driverand Swain 1976),the HCN from which
can affect predatorpopulations(Jonesand Firn, 1979)
from the momentthat young sporophytesemergefrom
the ground(HadfieldandDyer, 1988). Sinceprunasinis
the only CNG recorded in this plant (Kofod and
Eyjolfsson, 1966; Berti and Bottari, 1968) the evolved
HCN is likely to bethe expressioronly of prunasinthus
the quantitative determination of HCN provides a

determination of prunasin content. Measurementsof

prunasinin croziersbelongingto a cyanogenicpopula-
tion of thisvarietyof tropicalbrackerusingthedescribed
method yielded the results of Table 4. Fresh frond

samplescould be as small as 250mg, yielding between
10 and 61 mg of glucoside/gof plant biomass.Such
variability may accountfor the remarkableplasticity of

HCN expressionin brackendependingnot only on the

population but also on a particular ecological status
(Alonso-Amelotand Rodulfo, 1996).

First-order kinetics of the releaseof HCN

The HCN producedby croziersof P. aquilinumcrushed
underliquid nitrogenandsandwasdeterminecht 15min
intervals for 135min (Table 5). The linear regression
(r*=0.9898;F =677.91;p < 0.0001)gavean estimated
[prunasin]-basedfirst-order rate constantof K=2.20
+0.01x 10 ¥s. The initial velocity was calculatedat
0.0048+ 0.008umol/gmin after six replicates.

Thepracticalityandlow costof theexperimentahrray
involved, the high recoveryyield of HCN releasedthe
reproducibility of the determinationsthe independence
of HCN vyield from the sample size, the ability to
determineatesof HCN productionandtheresolutionof
interferenceproblems causedby carbonyl derivatives
leadto the conclusionthat the spectraldeterminationof
the concentrationof sodium picrate—cyanidecomplex
with prior trappingof HCN releasedoy live tissueis a
convenientgeneraland accurateprocedureby which to
assessthe cyanogenicpotential of plant and animal
material.

Acknowledgements

The authorswish to thank the Consejode Desarrollo Cientifico,
Humaristicoy Tecnolaico dela Universidadde Los Andes(Mérida,
Venezuelaand CONICIT of Venezueldor their financialsupport.

REFERENCES

Alonso-Amelot ME, Rodulfo S. 1996. Comparative spatial
distribution, size, biomass and growth rate of two
varieties of bracken fern (Pteridium aquilinum L. Kuhn)
in a neotropical montane habitat. Vegetatio 125: 137-147.

Auterhoff H, Heinzelmann M. 1971. Isopurpurate reaction of
picric acid. Arch Pharm 304: 624-627.

Bell AA. 1974. Biochemical bases of resistance of plants to
pathogens. In Proceedings of Summer Institute of
Biological Control of Plant Insects and Diseases (eds)
Maxwell FG, Harris FA. pp. 407-462. University Press of
Mississippi, Jackson, MS.

Bernays EA. 1977. Cyanogenic glucosides in plants and their
relevance in protection from insect attack. Int Org Biol
Control; Western Palearctic Reg Sect Bull 3: 123-128.

Berti G, Bottari F. 1968. Constituents of ferns. Prog Phyto-
chem 1: 589-685.

Blaedel WK, Easty DB, Laurens A, Farrel TR. 1971. Potentio-
metric determination of cyanide ion in a selective
electrode. Application to cyanogenic glycosides in Sudan
grasses. Anal Chem 43: 890-894.

Bradbury JH, Egan SV, Lynch MJ. 1991. Analysis of cyanide
in cassava using acid hydrolysis of cyanogenic gluco-
sides. J Sci Food Agric 55: 277-281.

Brighton F, Horne MT. 1977. Influence of temperature on
cyanogenic polymorphisms. Nature 265: 437-438.

Brimer L, Mg Igaard P. 1986. Simple densitometric method

Copyright© 2000JohnWiley & Sons,Ltd.

for estimation of cyanogenic glycosides and cyanohy-
drins under field conditions. Biochem Syst Ecol 14: 97—
103.

Brimer L, Rosling H. 1993. A microdiffusion method with solid
state detection for determination of cyanogenic glyco-
sides from cassava in human urine. Food Chem Toxicol
31: 599-603.

Brimer L, Christensen SB, Mglgaard P, Nartey F. 1983.
Determination of cyanogenic compounds by thin-layer
chromatography. 1. A densitometric method for quanti-
fication of cyanogenic glycosides, employing enzyme
preparations (f-glucuronidase) from Helix pomatia and
picrate-impregnated ion-exchange sheets. J Agric Food
Chem 31: 789-793.

Brinker AM, Seigler DS. 1989. Methods for the detection and
quantitative determination of cyanide in plant materials.
Phytochem Bull 21: 24-31.

Brinker AM, Seigler DS. 1992. Determination of cyanide and
cyanogenic glycosides from plants. In Plant Toxin
Analysis. (Linskins HF, Jackson JF. eds) pp. 359-381.
Springer, Berlin.

Butler GW. 1965. The distribution of cyanogenic glucosides
linamarin and lotaustralin in higher plants. Phytochem-
istry 4: 127-131.

Butler GW, Butler BG. 1960. Biosynthesis of linamarin and
lotaustralin in white clover. Nature 187: 780-781.

PhytochemAnal. 11: 309-316(2000)



316 M. E. ALONSO-AMELOT AND A. OLIVEROS

Christensen HE. 1976. Registry of Toxic Effects of Chemical
Substances. pp. 76-191. National Institute of Occupa-
tional Safety Health, US Public Health Service, Maryland.

Conn EE. 1973. Cyanogenic glycosides: their occurrence,
biosynthesis and function. In Chronic Cassava Toxicity.
Proceedings of Interdisciplinary Workshop, London,
monograph IDRC-010e (Nestel B, Maclntire R. eds) pp.
55-66. International Development Research Centre, Ota-
wa.

Conn EE. 1979. Cyanide and cyanogenic glycosides. In
Herbivores, their Interaction with Secondary Plant Meta-
bolites. (Rosenthal GA, Janzen DH. eds) pp. 387-412.
Academic Press, New York.

Conn EE. 1981. Cyanogenic glycosides. In Biochemistry of
Plants, Vol. 7. (Conn EE. ed.) pp. 479-500, Academic
Press, New York.

Cooper-Driver GA, Swain T. 1976. Cyanogenic polymorphism
in bracken in relation to herbivore predation. Nature 260:
604.

Corkill L. 1940. Cyanogenesis in white clover (Trifolium
repens L.). |. Cyanogenesis in single plants. N Z J Sci
Tech 22B: 65-67.

Daday H. 1954a. Gene frequencies in wild populations of
Trifolium repens L. |. Distribution by latitude. Heredity 8:
61-78.

Daday H. 1954b. Gene frequencies in wild populations of
Trifolium repens L. Il. Distribution by altitude. Heredity 8:
377-384.

Davis RH, Nahrstedt A. 1979. Linamarin and lotaustralin as
the source of cyanide in Zygaena filipendulae L. (Lepi-
doptera). Comp Biochem Physiol 64B: 395-397.

Davis RH, Nahrstedt A. 1984. Cyanogenesis in insects. In
Comprehensive Insect Physiology, Biochemistry and
Pharmacology, Vol. Il (Verhut GA, Gilbert LI. eds.) pp.
198-221. Pergamon Press, New York.

Egan SV, Yeoh HH, Bradbury JH. 1998. Simple picrate paper
kit for determination of the cyanogenic potential of
cassava flour. J Sci Food Agric 76: 39-48.

Ellis WM, Keymer RJ, Jones DA. 1977. The defensive function
of cyanogenesis in natural populations. Experientia 33:
309-310.

Eyjolfsson R. 1970. Recent advances in the chemistry of
cyanogenic glycosides. Fortschr Chem Org Naturst 28:
74-108.

Farnsworth NR. 1966. Biological and phytochemical screen-
ing of plants. J Pharm Sci 55: 225-276.

Feldstein D, Klendshoj NC. 1954. The determination of
cyanide in biological fluids by microdiffusion analysis. J
Lab Clin Med 44: 166-170.

Fischer FC, Fung SY, Lankhorst PP. 1982. Cyanogenic
compounds from Passiflora capsularis, P. warmingii
and P. perfoliata. Planta Med 45: 42—-45.

Gettler AO, Goldbaum L. 1947. Detection and estimation of
microquantities of cyanide. Anal Chem 4: 270-274.

Gibbs RD. 1974. Chemotaxonomy of Flowering Plants.
McGill-Queens University Press, Montreal.

Guenther E. 1950. The Essential Oils, Vol. 4. pp. 40-44.
Krieger, Huntington.

Guignard L. 1906. Le haricot a acide cyanhydrique (Phaseolus
lunatus). Etude historique, botanique et chimique. Nou-
veau procédé pour déceler I'acide cyanhydrique. Bull Sci
Pharmac 13: 401-419.

Hadfield PRH, Dyer AF. 1988. Cyanogenesis in gametophytes
and young sporophytes of bracken. Biochem Syst Ecol
16: 9-13.

Harborne JB. 1982. Introduction to Ecological Biochemistry
2nd edn. Academic Press, New York.

Horwitz W. (ed) 1979. Official Methods of Analysis of the
Association of Official Agricultural Chemists, 13th edn.
p. 341. AOAC, Washington.

Hruska AJ. 1988. Cyanogenic glucosides as defence com-
pounds. A review of the evidence. J Chem Ecol 14: 2213-
2217.

Jones CG, Firn RD. 1979. Some allelochemicals of Pteridium
aquilinum and their involvement in resistance to Pieris
brassicae. Biochem Syst Ecol 7: 187-192.

Jones DA. 1966. On the polymorphism of cyanogenesis in

Copyright© 2000JohnWiley & Sons,Ltd.

Lotus corniculatus L. |. Selection by animals. Can J Gen
Cytol 8: 556-567.

Jones DA. 1973. Co-evolution and cyanogenesis. In Taxon-
omy and Ecology. (Heywood VH. ed.) pp. 213-242.
Academic Press, London.

Jones DA. 1998. Why are so many food plants cyanogenic?
Phytochemistry 47: 155-162.

Jones DA, Parsons J, Rothschild M. 1962. Release of
hydrocyanic acid from crushed tissues of all stages in
the life cycle of species of the Zygaeniane (Lepidoptera).
Nature 193: 52-53.

Jones DA, Keymer RJ, Ellis WM. 1978. Cyanogenesis in
plants and animal feeding. In Biochemical Aspects of
Plant and Animal Co-evolution. (Harborne JB. ed.) pp. 21-
34. Academic Press London.

Kofod H, Eyjolfsson R. 1966. The isolation of the cyanogenic
glycoside prunasin from Pteridium aquilinum. Tetrahe-
dron Lett 12: 1289-1291.

Lambert JL, Ramasamy J, Paukstelis JV. 1975. Stable
reagents for the colorimetric determination of cyanide
by modified Konig reactions. Anal Chem 47: 916-918.

Mcllroy RJ. 1951. The Plant Glycosides. Arnold, London.

Michely D, Zinsmeister HD, Roth E, Nahrstedt A. 1983.
Cyanogenic glycoside of Avena sativa. Z Lebens Un-
tersuch Forsch 177: 350-352.

Mitchell ND, Richards AJ. 1978. Variation in Brassica oleracea
L. subsp. oleracea (wild cabbage) detected by picrate test.
New Phytol 81: 189-200.

Mlingi N, Abrahamsson M, Yuen J, Gebre-Medhin M, Rosling
H. 1998. Low cyanide exposure from consumption of
cassava in Dar Es Salaam, Tanzania. Natural Toxins 6: 67—
72.

Muhtasib H, Evans DL. 1987. Linamarin and histamine in the
defence of adult Zygaena filipendulae. J Chem Ecol 13:
133-142.

Nahrstedt A. 1980. Absence of cyanogenesis from Droser-
aceae. Phytochemistry 19: 2757-2758.

Nahrstedt A. 1985. Cyanogenic compounds as protective
agents for organisms. Plant Syst Evol 150: 35-47.

Nahrstedt A, Erb N, Zinsmeister H-D. 1981. Methods of
liberating and estimating hydrocyanic acid from cyano-
genic plant material. In Cyanide in Biology. (Vennesland
B, Conn EE, Knowles CJ, Westley J, Wissing F. eds) pp.
461-471, Academic Press, New York.

Olafsdottir ES, Andersen JV, Jaroszewski JW. 1989a. Cyano-
hydrin glycosides of Passifloraceae. Phytochemistry 28:
127-132.

Olafsdottir ES, Cornett C, Jaroszewski JW. 1989b. Cyclopen-
tenoid cyanohydrin glycosides with unusual sugar resi-
dues. Acta Chem Scand 43: 51-55.

Pitsch C, Keller M, Zinsmeister HD, Nahrstedt A. 1984.
Cyanogene Glycoside aus Triticum monococcum. Planta
Med 34: 388-390.

Reay PF, Conn EE. 1970. Dhurrin synthesis in excised shoots
and roots of sorghum seedlings. Phytochemistry 9: 1825—
1827.

Rothschild M, Reichstein T, Euw J, von Aplin R, Harman RRM.
1970. Toxic lepidoptera. Toxicon 8: 293-299.

Scriber MJ. 1978. Cyanogenic glycosides in Lotus cornicula-
tus. Their effect upon growth, energy budget, and
nitrogen utilisation of the Southern Army worm, Spo-
doptera eridania. Oecologia 34: 143-155.

Shriner RL, Fuson RC, Curtin DY. 1966. Systematic Identifica-
tion of Organic Compounds 5th Edn. pp 126-127. Wiley,
New York.

Tantisewie B, Ruijgrok HWL, Hegnauer R. 1969. Cyanogenic
compounds in Parietales and some further species. V.
Distribution of hydrocyanic acid in cormophytes. Pharm
Weekbl 104: 1341-1355.

Thomsen K, Brimer L. 1997. Cyanogenic constituents in
woody plants in natural lowland rain forest in Costa Rica.
Bot J Linn Soc 124: 273-294.

Van der Walt SJ. 1944. The toxicology of HCN in ruminants.
Onderstepoort J Vet Sci Animal Ind 19: 79-160.

Yeoh HH, Tatsuma T, Oyama N. 1998. Monitoring the
cyanogenic potential of cassava: the trend towards
biosensor development. Trends Anal Chem 17: 234-
240.

PhytochemAnal. 11: 309-316(2000)



