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Abstract. The relationship between mature Cycas micronesica K.D. Hill seed sterol
concentration and content and plant or seed phenotypic characteristics was established
by multiple regression. Combined models were significant for free but not glycosylated
sterols. Reduced models revealed leaf number as the only significant predictor. Free and
glycosylated sterol concentrations were unaffected throughout the range of several
predictors: tree height (1.7 to 5.8 m), seed fresh weight (48 to 120 g), seed load (one to 76
seeds per plant), and estimated tree age (32 to 110 years). The free and glycosylated sterol
phenotypes were also not dependent on the presence/absence of developed embryos in
mature seeds. The significant response to leaf number was subtle with an increase of 43
leaves associated with a 0.1-mg increase in free sterol per gram seed fresh weight. This is
the first report for any cycad that discusses reproductive or physiological traits in the
context of allometric relations. Results indicate a highly constrained phenotypic
plasticity of Cycas gametophyte sterol and steryl glucoside concentration and seed
content in relation to whole plant and organ size variation.

Contemporary cycads form a primitive
plant group, and research on this group may
yield increased understanding of many as-
pects of plant biology (Brenner et al., 2003).
The study of cycad taxonomy has received
recent attention, and the result is a description
of roughly 300 species (Hill et al., 2007). In
contrast, the study of cycad horticulture and
physiology has been neglected, although
more practical research may shed light on
reasons why this plant group has persisted
throughout hundreds of millions of years
(Norstog and Nicholls, 1997). Furthermore,
we have suggested more cycad taxa would
become prevalent in the international cycad
horticulture trade as a result of more practical
research (Marler et al., 2007b).

Guam’s native cycad taxa, Cycas micro-
nesica K.D. Hill, provides a striking speci-
men plant in the urban landscape. Louis de
Freycinet led a French scientific expedition

on Guam for several months in 1819, and his
records indicate that this taxa was among the
most commonly planted crop plants in the
homesteads of that era (Barratt, 2003). Addi-
tionally, phenology of the species controlled
much of the scheduling in Guam’s early 19th
century agricultural calendar. Until recently,
its contemporary use in the urban forest was
secondary to that of the exotic Cycas revoluta
Thunb. However, both species have been
decimated from the horticultural scene as a
result of the 2003 invasion of the cycad-
specific scale Aulacaspis yasumatsui Takagi.
This arthropod invasion positioned C. micro-
nesica on the IUCN Red List only 3 years
after it occurred (Marler et al., 2006a). For
this and other threatened cycad taxa, in-
creased horticultural research may improve
the role of horticulture in conservation efforts.

Cycads are slow-growing, dioecious, long-
lived perennial plants. The Guam taxa is an
arborescent species with stems to 6 m in the
sites we have studied. Most female plants are
monopodial, and one pseudocone is produced
at a time. Ovule and ultimate seed number per
pseudocone are highly heterogeneous, and
up to 100 or more seeds is common. Seed
maturation requires 20 to 24 months, but
viable seeds can be harvested from plants as
early as 12 months with postharvest embryo
development. All cycads are characterized
by an abundance of secondary compounds
(Marler et al., 2005a). Some cycad com-
pounds are toxins, and the study of these
toxins may improve our understanding of

health issues in relation to the myriad plant
secondary compounds to which humans are
exposed (Shaw et al., 2007).

We have been studying the physiology of
C. micronesica in relation to a group of
sterols and their derived glucosides because
of the various issues discussed here. We have
chosen these compounds because of the
demonstrated epidemiological links between
cycad seed consumption on Guam and amyo-
trophic lateral sclerosis–parkinsonism de-
mentia complex (Borenstein et al., 2007;
Whiting, 1963). Natural sterols and steryl
glucosides extracted from cycad megagame-
tophyte tissue (Fig. 1) are among the list of
cycad compounds that have been studied in
relation to toxicity, and they have proven to
be the most neurotoxic compounds in vari-
ous mammalian species (Kim et al., 2008;
McDowell et al., 2007; Shaw et al., 2007;
Tabata et al., 2008; Valentino et al., 2006).
We have determined that spatial variation of
concentration or content of these compounds
in the cycad seed is strongest among plant
locations and within seed tissues, moderate
among plants within a location, and least
among same-aged seeds within a plant (Marler
et al., 2005b, 2007a). Concentration of these
compounds is greatest in young seeds, de-
clines linearly after log transformation of
both axes as seeds increase in age while
attached to plants (Marler et al., 2006b), but
remains stable in detached seeds during
extended storage (Marler et al., 2007b). Bio-
accumulation of these compounds in mega-
gametophytes is linear throughout seed
ontogeny, and the glucosides accumulate
more rapidly than the free sterols (Marler
and Shaw, 2009).

Phenotypic plasticity of various traits is a
critical aspect of plant physiology (e.g., van
Kleunen and Fischer, 2007), yet we are aware
of no studies that have determined the mag-
nitude of phenotypic plasticity of any cycad
compound in relation to plant or environmen-
tal factors. Thus, our recent focus has been to
determine the magnitude of biosynthetic and

Fig. 1. Longitudinal section of typical 22-month-
old Cycas micronesica seed with fully devel-
oped embryo. e = embryo; f = flotation tissue;
m = megagametophyte; sa = sarcotesta. The
arrows point to sclerotesta.
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allocational plasticity of the sterols and steryl
glucosides in C. micronesica.

The aims of this study were to determine
the association of several allometric factors
with mature seed sterol and steryl glucoside
concentrations and contents. The study of
cycad gametophyte development may illu-
minate our understanding of evolution of the
analogous angiosperm endosperm (Brenner
et al., 2003), so our results may have broad
implications within a range of disciplines.
The specific phenotypic question we asked
was, does concentration and total content of
free and glycosylated sterols in seed mega-
gametophytes of C. micronesica correlate
with (1) somatic tissue size, seed load per
plant, and the ratio of somatic tissue size to
seed load, (2) mature seed size, or (3) embryo
size in mature seeds?

Materials and Methods

The study site was located in northwest
Guam, centered at long. 13�38#43$ N, lat.
144�5130$ E. Site characteristics were
described in Marler et al. (2007a; Dededo 1
site). The site is located on the northwest
coast of Guam with well-drained limestone
soils (Clayey-skeletal, gibbsitic, nonacid,
isohyperthermic Lithic Ustorthents; Young,
1988). Cycas micronesica plants were tagged
and dated to record emergence of reproduc-
tive events during early 2003. Trees that bore
22-month-old mature seeds in Feb. 2005
were used to study source-sink relations.

Study 1: Somatic tissue size and mega-
gametophyte sterols. Seeds from each of 90
plants were harvested for this study. Eight
seeds were harvested for each plant with at
least eight seeds, and all seeds were harvested
from plants with less than eight seeds. For
plants with more than eight seeds, we counted
the total number of seeds in the reproductive
event as a measure of the plant’s reproductive
effort. We counted the number of leaves and
estimated stem volume by multiplying stem
height (from ground to apex cataphylls) and
basal area as somatic determinants of seed
sterol concentrations and contents. This
approach overestimated stem volume (homo-
geneously among all trees) because we used
the basal area rather than an average stem
cross-sectional area.

Seeds were transported to the University
of Guam for processing. Gametophyte tissue
was removed and frozen then stored at –40 �C
until we had time to process the samples.
Tissue was lyophilized and the dry weight
of each seed was measured. The free ste-
rols [stigmasterol (SS) and b–sitosterol
(BSS)] and derived steryl glucosides [stig-
masterol b-D-glucoside (SG) and b–sitosterol
b-D-glucoside (BSSG)] were quantified as
described by Marler et al. (2005b) as one
composite sample for each plant. We focused
on these sterols because they are the largest
component of the sterol profile. The sum of
SS and BSS provided one measure of con-
centration of these major free sterols, and the
sum of SG and BSSG provided one measure
of the concentration of their derived gluco-

sides. Then total accumulation of the two free
sterols and their glucosides was calculated
from seed dry weight to estimate content per
seed.

Study 2: Seed size and megagametophyte
sterols. Seeds for this study were harvested at
a uniform age of 22 months in Feb. 2005. We
selected five productive trees 2 to 3 m in
height and supported by a similar number of
leaves and bearing a similar number of seeds
for this study. From these, we selected 96
seeds that represented the range in size of all
observations. Fresh weight of each seed was
recorded and used as the independent vari-
able. Gametophyte tissue was stored then
lyophilized, weighed, and processed as de-
scribed in Study 1.

Study 3: Embryo growth and megaga-
metophyte sterols. We examined harvested
seeds from the batch of seeds not used for
Study 2 to identify seeds with complete
embryo development versus seeds devoid of
developed embryos. This is an unambiguous
procedure using longitudinally sectioned
gametophytes because mature embryos ex-
ceed 2 cm in length (Fig. 1). We selected 33
mature seeds and 33 seeds without fully
developed embryos. Gametophyte tissue was
stored, processed, and analyzed as in Study 1.

Statistical analysis. Study 1 data were sub-
jected to a multiple linear regression model
using a SAS macro application REGDIAG
(Fernandez, 2002). First, we defined concen-
tration of free sterols and derived steryl
glucosides as response variables and the attri-
butes seed number, leaf number, stem height,
and stem volume were treated as predictors.
Then we estimated the cumulative seed
content for free sterols and steryl glucosides
in a reproductive event by multiplying each
plant’s number of seeds by an average dry
weight of seed gametophyte tissue from a
sample of 100 random seeds. We used the
multiple regression procedure with cumula-
tive content of gametophyte free sterol and
steryl glucoside as response variables and
leaf number, stem height, and stem volume as
predictors. Lastly, we determined the number
of leaves supporting each seed using the ratio
seed number/leaf number and then deter-
mined the general ratio of seeds that had
access to stored stem resources as seed
number/stem volume. These two measures
of general size of somatic tissue relative to
reproductive tissue were treated as predictors
in the multivariate regression model with
concentration of free sterols and steryl gluco-
sides treated as response variables. Before
examining the multiple linear regression
model results, checks for multicollinearity,
departure from homogeneity of variance, and
significant heteroscedasticity were tested.
None of the violations were severe. For Study
2, we calculated sterol content per seed by
multiplying gametophyte dry weight by sam-
ple concentration. We used the REG pro-
cedure (SAS software version 12.3; SAS
Institute, Cary, NC) to determine the associ-
ation of seed size with sterol and steryl
glucoside concentration and cumulative con-
tent per seed. Because both sterols and steryl

glucosides exhibited a linear association with
seed size, we tested slope homogeneity be-
tween the two populations using the GLM
procedure. For Study 3, we used the analysis
of variance procedure to determine differ-
ences between seeds with and without fully
developed embryos.

Results

Somatic tissue size and megagametophyte
sterols. The overall multiple linear regression
with gametophyte sterol concentration as the
response variable and seed number, leaf
number, stem height, and stem volume des-
ignated as predictors was significant (P #
0.0133). Among the predictor variables, only
leaf number was significant (P # 0.0269;
Table 1). The reduced regression model (Fig.
2A; slope = 0.0023; P # 0.0024; R2 = 0.10)
indicated that each addition of�43 leaves per
plant was associated with a 0.1-mg�g–1

increase in sterol concentration. In contrast,
seed number, leaf number, stem height, and
stem volume were not significant predictors
of steryl glucoside concentration in gameto-
phyte tissue (multiple linear regression
model, P # 0.2362).

Fig. 2. Free sterol concentration (A) and total free
sterol content in entire reproductive event (B)
for Cycas micronesica megagametophyte tis-
sue as influenced by number of leaves per plant.

Table 1. Full multiple linear regression model
parameter estimates for Cycas micronesica
seed gametophyte free sterol concentration
with predictors seed number, leaf number,
stem height, and stem volume.

Variable df
Parameter
estimate SE P

Intercept 1 0.49689 0.13679 0.0005
Seed

number
1 –0.00009 0.00097 0.9278

Leaf
number

1 0.00241 0.00107 0.0269

Stem
height

1 –0.00073 0.00048 0.1369

Stem
volume

1 0.10801 0.19567 0.5824
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Multiple linear regression revealed that
seed number/leaf number or seed number/
stem volume were not significant predictors
of sterol (P # 0.3482) and steryl glucoside
(P # 0.2880) concentration. Therefore,
gametophyte sterols were independent of
the relative size of reproductive tissue as a
function of somatic tissue size available to
support those reproductive efforts.

Overall multiple linear regression re-
vealed a significant relationship between cu-
mulative free sterol gametophyte content
within the reproductive event and leaf number,
stem height, and stem volume as predictors
(P # 0.0259). As for sterol concentration,
leaf number was the only significant pre-
dictor (Table 2). The reduced regression
model (Fig. 2B; slope = 2.342; P # 0.0053;
R2 = 0.08) revealed that each addition of �4
leaves of a C. micronesica plant was associ-
ated with addition of 10 mg of total free sterol
in the entire reproductive event. Steryl glu-
coside content of gametophyte tissue was not
influenced by leaf number, stem height, or
stem volume (multiple linear regression model,
P # 0.4333).

Seed size and megagametophyte sterols.
Free sterol concentration of 22-month-old
seed gametophytes was 0.48 ± 0.19 mg�g–1

(mean ± SD) and was not influenced by seed
weight (P # 0.5079). However, the cumula-
tive gametophyte free sterol content in-
creased with seed weight (Fig. 3; slope =
0.133; P # 0.0001; R2 = 0.25). Steryl gluco-
side concentration was independent of seed
weight with a mean of 0.67 ± 0.41 mg�g–1.
Gametophyte steryl glucoside content
increased linearly with seed weight (slope

= 0.179; P # 0.0007; R2 = 0.12). The test for
homogeneity of slopes was not significant
(P # 0.4513), indicating free sterol and steryl
glucoside contents increased similarly with
seed weight. The ratio of free sterols to steryl
glucosides was 1:1.4 and was not influenced
by seed size.

Embryo growth and megagametophyte
sterols. Embryo length did not influence free
sterol (P # 0.1201) or steryl glucoside (P #
0.2916) concentration in gametophyte tissue
of 22-month-old seeds. Additionally, embryo
development was not a determinant of total
seed content of free sterols (P # 0.1453) or
steryl glucosides (P # 0.3676).

Discussion

Plant size. The lack of attention to plant
size in physiology studies has the potential to
introduce ambiguities in interpretation of
results (Zotz, 2000). We are not aware of any
other report for a cycad that addresses the
relationship between plant size and a physio-
logical trait. The relative size of a plant
influences resource relations (Berntson and
Wayne, 2000). Increased plant size and the
accompanying increased acquisition of re-
sources do not necessarily lead to greater
availability of these resources and their prod-
ucts for reproductive efforts because the pro-
portion of resource-acquiring tissue to whole
plant biomass decreases as plants become
larger (e.g., Cannell and Dewar, 1994). Fur-
thermore, the persistent live pith and cortex of
a cycad stem are comprised of starch-rich
parenchyma (Fisher and Marler, 2006; Norstog
and Nicholls, 1997), and this live stem tissue
may uniquely impact source-sink relations.

In this study, we predicted a positive
correlation between stem size and allocation
of sterols and steryl glucosides to seed
gametophyte tissue. The results were incon-
sistent with this prediction. Our range in C.
micronesica stem size was considerable for
this slow-growing species (e.g., 1.7 to 5.8 m
in height), so attributing the lack of influence
on seed sterol and steryl glucoside concen-
tration to sampling bias was unlikely. The
675-fold difference between the minimum
and maximum value of the nonsignificant-
derived predictor seed number/stem volume
affirms the conclusion that stem size did not
influence gametophyte sterol relations. One
explanation is that sterol and steryl glucoside
biosynthesis and/or import in Cycas seeds is
uncoupled from reliance on the abundant
nonstructural stem resources. Alternatively,
the quantity of stem resources accessed to
support seed sterol metabolism may be fixed
rather than scaled with available volume of
stem parenchyma. Finally, stem tissue may
act as a competing sink rather than a source of
substrates for seed sterol relations.

The scant literature on plant size in re-
lation to secondary chemistry is typically
presented indirectly by characterizing a range
in plant age. The inferences to size are
generally valid because plant size normally
increases with each developmental stage
during developmental ontogeny. Hirsh and

Marler (2002) reported a stem height incre-
ment for C. micronesica of �5.25 cm per
year. Using this as a tenable average for
comparative purposes, our survey was repre-
sented by plants from 32 to 110 years old.
Therefore, mature seed gametophyte sterol
and steryl glucoside concentration and accu-
mulation were similar among plants that
spanned many decades in estimated age.

This literature based on plant age does not
directly illuminate our discussion because
the causal influences of ontogenetic stage
changes and heterogeneous tissue age that
are typical of the sampling methods cannot be
separated from the direct influence of size
relations. Moreover, these studies have re-
ported highly contrasting results. For example,
concentration of six secondary compounds
increased as Hypericum perforatum L. plants
increased in age from preflowering through
mature fruiting stages, but rutin concentra-
tion decreased concomitantly in the same
tissue samples (Cirak et al., 2007). Similarly,
sterol concentration in shoots was erratic
over a 16-week growth period for Glycine
max (L.) Merr. and a 12-week growth period
for Cucurbita maxima Duchesne (Fenner
et al., 1986). Concentration varied more than
fivefold for Glycine and threefold for Cucur-
tiba over the growth period that encompassed
the young seedling stage through plant senes-
cence. Donaldson et al. (2006) reported on
age-related changes in Populus tremuloides
Michx. leaf chemistry with tree age up to 25
years old. This age range was roughly one-
third of our age range, yet they discussed
several developmental shifts in chemistry,
including a sharp decline in phenolic glyco-
sides as tree age increased.

Heupel et al. (1986) provided the only
sterol report we have found that ensured the
use of a homogeneous tissue age for accurate
sampling across a range in plant age. They
studied sterol concentrations of mature Sor-
ghum bicolor (L.) Moench leaf tissue over a
66-d growth period. Still, the influence of
ontogenetic stage changes cannot be sepa-
rated from the influence of inferred increase
in plant size. Leaf sterol concentration was
high at Day 7, declined until Day 34, in-
creased until Day 48, then declined again
thereafter. Concentration varied approxi-
mately sevenfold over their growth period.

Two reports have mentioned the influence
of cycad plant age on leaf chemistry. Charl-
ton et al. (1992) found no difference in
concentration of leaf 2-amino-3-(methyla-
mino)-propanoic acid content of ‘‘young’’
and ‘‘mature’’ Cycas circinalis L. plants.
Yagi and Tadera (1987) found no difference
in content of leaf cycasin and macrozamin of
‘‘seedling’’ and reproductive C. revoluta
plants.

Leaf number. Cycas leaves are large and
expensive to construct in terms of plant car-
bon economy (Marler, 2004). After mature
leaf size has been attained, their contribution
as a carbon source extends for years (Marler,
2007). Therefore, a plant that is supported by
a larger number of these long-lived leaves has
potential access to considerable carbon for

Fig. 3. Total free sterol (closed squares, solid line)
and steryl glucoside (open squares, dashed line)
content in Cycas micronesica seeds as influ-
enced by seed fresh weight.

Table 2. Full multiple linear regression model
parameter estimates for total pool of free
sterols in Cycas micronesica seed gametophyte
tissue with predictors leaf number, stem height,
and stem volume.

Variable df
Parameter
estimate SE P

Intercept 1 73.1331 151.672 0.6309
Leaf

number
1 3.07414 1.16667 0.0100

Stem
height

1 –0.12922 0.53775 0.8107

Stem
volume

1 –112.549 217.340 0.6059
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secondary metabolism. We predicted the
number of leaves on a C. micronesica plant
would be positively correlated with sterol and
steryl glucoside relations in seeds. Results
were consistent with this prediction for ster-
ols, but not for steryl glucosides.

One intriguing contrast in our results is
that leaf number positively influenced sterol
concentration and accumulation but relative
stem size did not. This may indicate that the
biosynthetic steps in sterol synthesis in devel-
oping Cycas seeds may depend on recently
assimilated carbon but not on stem-stored
nonstructural carbon substrates that are suit-
able donors for sterol synthesis. A second
interesting contrast was that free sterol accu-
mulation in seeds was positively influenced
by leaf number but steryl glucoside accumu-
lation was not. This may indicate indirectly
that steryl glucoside synthesis is isolated
from reliance on newly available primary
sugars either physically by compartmentali-
zation or biochemically by the additional
conjugation steps required to achieve the
derived glucosides.

The positive correlation of leaf number
and total sterol content in a reproductive
event was partly mediated by the small
increase in concentration with increased leaf
number. However, the major driver of this
association was the greater seed biomass
associated with increased leaf number.

Seed size. The size of a reproductive
structure may be correlated with concentra-
tion and accumulation of secondary com-
pounds. For example, the size of pome
fruits was positively correlated with gibber-
ellin concentration and negatively correlated
with abscisic acid and calcium concentra-
tions (Schröder and Link, 2002; Zhang et al.,
2007). We predicted a significant correlation
of Cycas seed size with sterol or steryl
glucoside concentration because the natural
size range of C. micronesica seeds is sub-
stantial; sterol, gibberellin, and abscisic acid
share precursors in the same biosynthetic
pathway (Goodwin and Mercer, 1983); and
the metabolic relationship among these me-
tabolites is integrated (Fraser et al., 1995).
Our results did not support this prediction.
Our range in mature seed size of 48 to 120 g
fresh weight was considerable and accurately
encompassed the range in seed size typical
for this species. Thus, we do not believe the
lack of correlation between seed size and
concentration was the result of insufficient
range in seed size in our study.

Fecundity. Fruit chemistry is among the
traits that are affected by relative crop load
(Childers, 1995). For example, Stopar et al.
(2002) reported a decrease in fruit polyphenol
concentration with increased apple (Malux
·domestica Borkh.) fruit set, and Spayd et al.
(1986) reported a decrease in fruit acid,
anthocyanin, and sugar concentrations with
increased sweet cherry (Prunus avium L.)
fruit set. These reports led us to previously
predict (Marler et al., 2005a) that the natural
variation in seed number per reproductive
event would be correlated with the range in
seed chemistry in cycad plants. We have now

determined that C. micronesica seed game-
tophyte sterol and steryl glucoside concen-
trations are not correlated with seed set within
a robust range of one to 76 seeds per plant.

Embryo and sterol profile relations. The
large cycad megagametophyte develops
before embryo development, and embryo
growth into the gametophyte likely involves
enzymatic digestion of the haploid tissue to
nourish embryo development (Brough and
Taylor, 1940). Disparity in timing of em-
bryo maturation is a common characteristic
among Cycas seeds of the same age and size
(Dehgan and Schutzman, 1989). Horbowicz
and Obendorf (1992) noted a shift in sterol
and fatty acid relations associated with the
period of embryo growth during Fagopyrum
esculentum Moench seed development.
Therefore, we predicted a disparity in content
and/or profile of the sterol compounds for
Cycas seeds with or without mature embryo
development. In contrast, concentration and
total content of the compounds was not
associated with the presence or absence of a
developed embryo in mature seeds in the
present study. The ratio of free/glucoside
forms of the sterols was also unaffected by
embryo development.

Sterols are architectural components of
plant membranes and regulate fluidity and per-
meability (Schaller, 2003). Sterols (Schaller,
2004) and steryl glucosides (Kimura et al.,
1975) may be involved in hormone relations.
Sterols are involved in plant development and
gene expression, and steryl glucosides may
serve as carriers or donors of compounds for
biosynthesis of structural or functional end
products (Cantatore et al., 2000; He et al.,
2003; Peng et al., 2002). Lengthy C. micro-
nesica seed storage did not alter gametophyte
concentration of these compounds (Marler
et al., 2007b), which indicates their function
may be realized later during embryo or
seedling development. However, the lack of
difference in sterol concentrations/contents
within seeds with or without fully developed
embryos reported here indicates the early
gametophyte sterol and steryl glucoside
pools are not metabolized to support embryo
development during seed ontogeny. Hou
et al. (1968) suggest steryl glucosides accu-
mulate in seeds as storage forms of sterols.
Our results support this suggestion, because
glucoside content was 140% of free sterol
content. Although seed weight was not cor-
related with concentration of sterols and
steryl glucosides, it was positively correlated
with their content (Fig. 3). These collective
results indicate the free sterols may be of
structural importance for seed integrity, and
the glucosides may be of ‘‘nutritional’’
importance for deployment during germina-
tion and early seedling growth. Seedlings
developing from larger seeds are therefore
expected to have greater initial growth as a
result of greater availability of these and
other gametophyte resources.

Concluding remarks. Considering the
essential nature of sterols in plant mem-
branes, the lack of information on environ-
mental factors that govern their phenotypic

plasticity deserves our attention. Moreover,
the importance of a full understanding of the
physiology of sterols and steryl glucosides
in horticultural plant relations is underscored
by evidence that ingestion of the free sterols
(Kim et al., 2008) and derived glucosides
(Shaw et al., 2007; Tabata et al., 2008) in
mammalian systems can be highly neuro-
toxic. Additionally, dietary intake of sterols
is one candidate for genesis of degenerative
accumulation of lipid-containing plaques
on arterial walls (e.g., Sudhop and von
Bergmann, 2004). Enigmatically, free sterols
are also being advocated for use in human
dietary products for treatment of benign
prostatic hyperplasia, rheumatoid arthritis,
and allergies (e.g., Oomah and Mazza,
1999) and for claimed cholesterol-lowering
and anticancer properties (Bradford and
Awad, 2007; Moreau et al., 2002). Continu-
ing to clarify how sterol metabolism in
horticultural crops relates to intrinsic and
environmental factors known to influence
plant secondary metabolism will benefit the
medical and food sciences.

Overall, our results indicate that the con-
centration of sterols and steryl glucosides in
gametophyte tissue of mature C. micronesica
seeds is a highly stable trait. We have shown
that free and glycosylated sterol concentra-
tion and total seed content were consistent
throughout an extensive range in stem size,
seed size, fecundity, and estimated plant age.
These traits were also not influenced by the
presence or absence of a fully developed
embryo in same-aged seeds. Although seed
sterol concentration exhibited a positive cor-
relation with leaf number, the amplitude of
plasticity was small because the addition of
43 leaves (36% of the range in leaf number)
was associated with a 0.1-mg�g–1 increase in
concentration. Phenotypic plasticity of Cycas
seed sterols appears highly constrained, pos-
sibly to ensure a fixed adequate sterol and
steryl glucoside supply in mature seed game-
tophytes regardless of abundant variation in
developmental factors that affect the expres-
sion of secondary compounds in other sper-
matophyte species.
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