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Abstract. Cyanogenesis is the process by which plants release hydrogen cyanide (HCN) from endogenous cyanide-
containing compounds and is thought to play a role in plant defence against generalist herbivores. Cyanogenesis is
poorly understood in natural populations, and has been little studied in tree species. In this paper we present the first
systematic survey of cyanogenesis in the economically and ecologically importanEgealyptusWe document
variability in both the concentration of the cyanogenic glycoside, prunasin, and the accompanying degradative
b-glucosidase in a woody plant for the first time. Leaves oE96ladocalyxF. Muell. trees growing in natural
populations on Kangaroo Island, South Australia were analysed. All trees were cyanogenic, containing both
cyanogenic glycosides and actlvgylucosidase. Cyanogenic glycoside concentration varied by over two orders of
magnitude. Thé-glucosidase activity varied widely as well, but plants high in cyanogenic glycosides did not nec-
essarily have higher enzyme activity. A significant proportion of the variation in cyanogenic glycoside concentration
can be accounted for by the variation in leaf nitrogen. Most of the variation, however, appears to be the result of
genetic polymorphism, which is inherited independently of the level of activity of the degrddgtivensidase.
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Introduction 1987; Jones 1998). CassaMafiihot esculent&rantz), for

Cyanogenesis has been detected in over 2000 species fr§ffMPle, has both ‘low and high cyanogenic forms
over 130 families with representatives from all major vascu(MCNIahonet al. 1995). Other species such as white clover

lar plant taxa (Jones 1988, 1998; Hughes 1991). Endogenoﬁgt'fO“tyT Ler;er;sL.z] hot otr:ly htave a range of qya.\ng.g.ednlcl ]
cyanogens found in plants are most commonly cyanogen%O entias but aiso have at least Some cyanogenic individuals,

X . . o o as such they are truly polymorphic (e.g. Pedermsoral.
glycosides, which comprise anhydroxynitrile stabilised by 1996; Thomsen and Brimer 1997).

a glycosidically linked sugar moiety (Conn 1991). The basi¢ The precise genetic control of cyanogenesis varies

two-step process of cyanogenesis is appargntly the same, ween species. Extensive studieJofolium repengoint
all plants and is usually initiated by tissue disruption. First

to a modified dihybrid Mendelian system of inheritance

7 0SI8%ontrolled by alleles of two independently segregating loci
The cyanohydrin is then degraded to produce the resplratoE)&C, Li) that govern inheritance of the cyanogenic glycoside

toxin, hydrogen cyanide (HCN), and an aldehyde or aketong;. o the capacity for biosynthesis) and the degradative
Consistent with the toxicity of the latter compounds, there %-glucosidase, respectively (Hughes 1991). This accounts
now substantial evidence that cyanogenic glycosides ag, the existence of acyanogenic forms in some species,
primarily involved in defence against generalist herbivoregynich are either deficient in the cyanogenic glycoside or the
including mammals, insects and molluscs (Nahrstedt 198%;_g|ycosidase, or a combination of both. However, the char-
Conn 1991; Jones 1998). As with all defence systemgcter appears to be inherited quantitatively Sarghum
however, specialist herbivores have evolved mechanisms ¥ecies (Poaceae; Gatzal. 1986).
detoxify cyanide and are able to feed on cyanogenic plants, just how such polymorphism is maintained in natural
although this may incur a significant metabolic cost (Jonepopulations is not understood, although it is likely that the
1988). costs and benefits of cyanogenesis to growth and reproduc-
There is appreciable evidence, particular for herbaceoutn are important. In order for different levels of cyano-
species, that cyanogenic potential (i.e. the amount of HCNenesis to be favoured by selection, the advantage of defence
released from cyanogenic glycosides) varies widely between terms of overall increased growth and reproductive fitness
species and between individuals within a species (e.g. Tithust be at least balanced by the metabolic cost of synthesis-

Abbreviations used: DBH, diameter at breast height; SA, South Australia; SLW, specific leaf weight; dw, dry weight.
© CSIRO 2000 10.1071/PP00004 0310-7841/00/070693



694 R. M. Gleadow and I|. E. Woodrow

ing, storing and maintaining the defensive compoundgast common form (i.e. an acyanogenicplant)wasapproximate!y95%.
(Kakes 1997). Environmental conditions are apparentl*S there were no data on the frequency of the non-functaaredli

important in affecting this balance. Variation in the fre-21€les inEucalyptus(assuming a similar genetic system to white
clover), the sample size was calculated using an estimate of the degree

quency of acyanogenic individuals in populations of a singl@y r4yity of a species (or polymorph) given by McArdle (1990):
species has been correlated with variation in environmental
N =log (1 ba)/log (1 BP),

variables such as temperature (Jones 1988), soil moisture
(Foulds 1982), and substrate type (Briggs 1990). It is appawhereN is the number of plants requireis the probability of the
ent from these studies that environments with high frequerPecies appearing in a sampling unit arid the probability (or confi-

cies of cyanogenic individuals are those where either thgcnce) that the sample will be detected in a sampieumits. The fre-
uency of cyanogenic plants in this case was assumed to be such that

costs of synthesis are relatively low (e.g. high soil nitrogenp - 0.03, based on typical probabilities for rare plants (McArdle 1990),

or the benefits are high (e.g. high herbivore pressure). while a was set at 0.95. This gave a preferred sample size of 95. A total
Understanding the genetics of cyanogenesis and the 96 trees from Kangaroo Island were tested for cyanogenesis (Fig. 1).

factors governing the selection of polymorphic populationénd“ded in the total were adult leaves from 65 trees, young leaf-tips of

. . . he adult, lanceolate form from two individuals and one plant with
will clearly require studies of a range of plant types. So farfioppice leaves of the juvenile, orbicular leaf form sampled. Samples

studies of cyanogenic polymorphism have largely been CORYere taken from a number of different locations on the island in January
fined to pasture and crop species (e.g. Ped@tsain1996); 1997 (Fig. 1). A further 28 trees were sampled in February 1999.
comparatively little work has been carried out on naturaReplicate samples taken in 1997 and 1999 were not significantly dif-
populations of wild plants, especially woody species (e.gférentin chemical composition (data not shown).
Schappert and Shore 1994: Aikmenal. 1996: Thomsen A single branch from each tree was sampled from the lower part of
. . . . . the canopy with a northerly aspect. Samples were stored on ice for
and Brimer 1997). The aim of this paper is to characterisgp; n eaf discs (area = 1.43%mere then excised from the middle
cyanogenic polymorphism in a woody species that shows aji the blade of 10 fully expanded, mature leaves, snap-frozen and stored
exceptionally high degree of cyanogenic potential Nin liquid nitrogen. On returning from the field, samples were freeze-
Eucalyptus cladocalyxthe sugar gum (Gleadaet al. 1998;
Gleadow and Woodrow 2000). More specifically, we aim ta

identify acyanogenic forms dE. cladocalyx(if any), to T

estimate the degree of variability in the cyanogenic potentie
of naturally occurringE. cladocalyx and to investigate f
readily accessible, natural population with high morpho- WA

whether, as in white clover, the cyanogenic potential is inde

QLD \f
logical variability. SA
Materials and methods T Eé] NSW
Field description VIC

ke

Kangaroo Island was chosen for the study because it hac

pendent of the activity of the degradatiweglucosidase.
Kangaroo Island (35805, 13733¢E) is 145 km long and approxi-
mately 50 km wide and lies 13 km southwest of Cape Jervis, St
(Fig. 1). Geologically, it is a high plain cut by rivers and streams, with
a maximum elevation of 307 m. Soils in the western part of the islan
are predominantly deep calcareous sands, with pockets of red-brov

sandy soils that are poor in nitrogen and a range of micronutrient KANGARQOO ISLAND
(Northcote 1979). The climate is cool and temperate, with a distinc

winter rainfall maximum (JunebAugust). /v
Structurally, the vegetation is predominantly open woodland, inter o
spersed with heath and open forest. There are more than 15 species
Eucalyptuson the island with a high degree of endemism (Boktrad.
1992).E. cladocalyxs found chiefly on the wetter, western part of the TN

island. Much of its distribution lies within the Flinders Chase National

) Do o 0 10
Park, although there are also a number of populations on the nor [ —
coastE. cladocalyxs commonly found along watercourses associatec km

with E. fasciculosa. Muell, E. leucoxylor. Muell., and less often
with E. ovatalLabill., E. diversifoliaBonpl. andE. cneorifoliaDC.

(Bolandet al. 1992). Fig. 1. Map of Australia showing location of Kangaroo Island in
Plant material South Australia. Inset: map of Kangaroo Island showing localgigs (
It was not feasible to sample every tree on the Island. Therefore, it wiVhere leaves dk. cladocalyxplants were sampled. A total of 96 trees

decided to sample enough trees so that the probability of sampling tiVeré sampled in the western part of the island and tested for cyano-
genesis.
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dried and stored in a desiccator at E2Before analysis, samples were
ground to a fine powder using a cooled IKA Labortechnic A10 micro-
grinder (Janke and Kunkel GmbH Co, KG, Germany). Duplicate
samples of leaves were analysed for nitrogen, carbon and cyanogenic
potential. Théo
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The ratio of carbon to nitrogen was, overall, 4£X896  phology (capsule size, shape and degree of ridging) and the
(= 1 s.e). A significant inverse correlation was detectedcolour of the petioles (degree of redness), but this was found
between leaf cyanide concentration and Carbon: Nitrogeto be independent of leaf chemical characteristics (data not
ratio (Fig. 4, PearsonOs correlation coefficient = D0.6shown).
r>=0.37;P<0.001), reflecting the interdependence betweeRiation in b-glucosidase activity

leaf cyanide and the nitrogen component of the ratio. o
Enzyme activity was measured on a subsample of 24 trees

representing a wide range of cyanogenic potential.
Trees varied widely in height (2D25 m), but no relationshifp-glucosidase activity, when expressed on a dw basis, also
was detected between the cyanide concentration of fullsanged widely (0.2D3.8 mg CN'glw HP) with a mean of
expanded adult leaves and either tree height or girth. On th~

other hand, there was a weak, but highly significant, negativ

correlation between specific leaf weight (SLW, measure(

using the dry weight of sampled leaf discs of known aree

expressed in g M) and leaf cyanide concentration (PearsonC

correlation coefficient = D0.48 = 0.24;P < 0.001; Fig. 5).

SLW ranged from 1260383 ¢Pawith a mean<£ 1 s.e) of

260 + 4 g nP2 E. cladocalyxtrees growing on Kangaroo

Island displayed a high degree of polymorphism in fruit mor-

Morphological variation
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Fig. 2. Frequency oE. cladocalyxrom Kangaroo Island, occurring

in classes based on chemical characteristics of mature, adult leaves:
(a) Leaf cyanide concentrationb)(total leaf nitrogen. 96 trees were
sampled. Only fully expanded leaves of the adult form are presented in
the frequency diagram.
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leaf cyanide and total leaf nitrogen (Fig. 3), which is alsanuch more sensitive than the FeiglbAnger test papers used
consistent with the results of a controlled environment studipy many workers (Brinker and Seigler 1989). This highlights
of E. cladocalyx(Gleadowet al. 1998). In the latter study, one of the problems in many surveys that rely solely on these
there was a large increase in cyanogenic glycoside concepapers. For example, in this study, preliminary results for
tration in the leaves of glasshouse-grown seedlings witBeveral trees using test papers failed to detect cyanogenesis
increasing leaf nitrogen. (data not shown). However, further analysis in the laboratory
If the range of leaf nitrogen levels measured for th&ound they were, indeed, cyanogealbeitwith low concen-
Kangaroo Island plants reflects phenotypic variation (Fig. 3}rations of cyanogenic glycosides. It is noteworthy that a
then the results of the regression analysis highlight twaimple kit using picrate papers has recently been developed,
important points about cyanogenesis En cladocalyx  and appears to be more sensitive than the FeiglDAnger
Firstly, as discussed above, for any leaf nitrogen level there [§ethod and may, therefore, be more suitable for field use
considerable variability in cyanide concentration. This, wi Bradburyet al. 1999).
have suggested, is due to genetic variation. The variability in Finally, the considerable variation in cyanogenic capacity

cyanide concentration declines, however, with decreasing, (e populations c. cladocalyxon Kangaroo Island pro-
Iet?}"mt.rogen u,?jt'l’ atabout 7 mg ngéw,r:here |s':j|ttle|> varll- vides an excellent system for investigating not only the cost
ability in cyanide concentration, and the cyanide levels arg | panefits of cyanogenesis, but also the factors that select

close to zero. There is apparently a threshold level of qu r polymorphism. Certainly, the benefit of cyanogenesis as

nitrogen above which leaf nitrogen is allocated increasingl%1 defence mechanism against generalist herbivores, particu-
to cyanide. Moreover, the lack of variability in cyanide closel—| :

to the threshold indicates that the magnitude of the thresho ﬁ”y mammals, is beyond .dOUbt (Jones 1.998)' On the other
o and, there may be considerable costs in term of reduced
may be similar for all genotypes.

Accepting this argument, the second important value tgrowth and reproductive success associated with diverting

emerge from the regression analysis is the average apparé tosypthate and nitrogen resources away from the primary
cyani?lle yield. Thisgcan be defin)éd as the incregse &pleé?etabm'sm (Briggs and Schultz 1990; Kake§ 1997;
cyanide-nitrogen associated with a 1 nfdyv increase in Gleadow et al. 1998). The C(?StS of cyanogenesis have,
leaf nitrogen. From the slope of the regression line (Fig. 3j10Wever, not led to the exclusion Bf cladocalyxrom the
this yield is approximately 4.1%. Clearly, genotypes ma);sland; rather,_ the Q|str|b_ut|on appears tp be restrlcted to the
vary dramatically in their apparent yields, and it would begMore productive sites with adequate soil moisture, and pos-
interesting to test this with a range of isogenic plants. sibly higher soil nitrogen. Selection of high or low
What is especially interesting about tRe cladocalyx cyanogenic individuals is most likely influenced by these
populations at Kangaroo Island is that, in contrast to balancing costs and benefits, but it may also be influenced by
number of other species, we found no individuals that eithéh€e spatial distribution of trees. Thus, an individual with a
lacked the cyanogenic glycoside or thelucosidase, or less than advantageous balance between the costs and bene-
both. This is consistent with studies Mfnihot esculenta  fits of cyanogenesis may gain an advantage through the pro-
the only other species to our knowledge that has been test@gtion offered by highly cyanogenic neighbours (Atsatt and
in this regard, that also failed to detect any correlatio®ODowd 1976).
between cyanogenic glycoside content (i.e. linamarin) and
the activity of the degradative linamerase in high and |OWAckn0WIedgments
cyanogenic varieties (Mkporeg al.1990). We thank Mr Damian Slocum for laboratory and field assis-
Studies on cyanogenesis ifrifolium repens and tance. The work was carried out on Kangaroo Island under a
Lotus corniculatusiave shown that inheritance of the ability permit supplied by South Australian Department of Natural
to synthesise cyanogenic glycosides is independent of tiResources (Permit number S23857D02). This research was
ability to produce the cyanogertieglucosidase, controlled supported by funds from an Australian Research Council
by the Ac and Li loci, respectively (Hughes 1991). OurGrant to IEW. RMG was a recipient of a Melbourne
results extend these observations by showing that the diffeResearch Scholarship.
ential expression of these two traits is also independent of
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