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Abstract Phenolic contents were compared betweenMimosa
bimucronata seeds from infested and non-infested fruits to
assess induced defense response. By measuring leg length of
the bruchid beetle Acanthoscelides schrankiae, we verified
whether phenolic contents affected bruchid body size. In
addition, the relationship between physical seed traits and
phenolic contents was examined. Results showed that seeds
from infested fruits had significantly greater phenolic contents
than seeds from non-infested fruits, which suggested induced
defense. Body size variation in A. schrankiae was marginally
nonsignificant according to phenolic contents among plants
(negative trend), indicating that phenols may interfere directly
with bruchid performance. Seeds that were more irregularly
shaped had significantly greater phenolic contents than those
that were more uniform. Therefore, the most perfectly
spherical seeds may be more vulnerable to seed predation,
and our results suggest that the production of phenolic
compounds was increased in infested fruits, which in turn
may affect A. schrankiae development.
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Seed predation

Seed predation can be an important interspecific process
regulating plant community structure and composition
(Janzen 1971) because it acts as a selective force that
affects plant abundance, distribution, and evolution (Harper
et al. 1970). Among the most important seed predators are
the bruchid beetles (Janzen 1971; Southgate 1979). Given
that all bruchid larvae feed exclusively in seeds (Southgate
1979), their adult body size, potential fecundity, and
longevity are determined by resources obtained during larval
development, even though these aspects also depend on
whether they continue to feed as adults (Timms 1998;
Gianoli et al. 2007). Thus, seed quality—mainly the amount
of nutrients and concentrations of chemical defenses—
strongly influences bruchid behavior, infestation, survival,
life-history traits, and fitness (e.g., Fox et al. 1994; Thiery et
al. 1994; Fox and Mousseau 1996; van Huis and de Rooy
1998; Or and Ward 2004). However, little is known about
how seed quality affects bruchid beetle development within a
single plant species under field conditions.

Although plant quality is crucial to insect development and
abundance, defenses against herbivory and/or seed predation
are usually costly to the plant, and the intensity of such
defenses can be related to plant quality and vulnerability to
insect attacks (Fowler and Lawton 1985; Fineblum and
Rausher 1995; Rohner and Ward 1997; Or and Ward 2004;
Schoonhoven et al. 2005; Hu et al. 2008). When the
production of defenses is positively correlated with insect
attack, this strategy is known as an induced defense (Schultz
and Baldwin 1982; Karban and Baldwin 1997). Such
induced defenses, however, have rarely been examined in
relation to seed predators (Karban and Baldwin 1997; Or and
Ward 2004). Therefore, to comprehend the extent to which
these beetles can induce defenses on their host plants, data
from natural populations are needed.

Variations in seed morphology traits are very common
within and among plant species. They may affect seed vigor
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(physiological seed quality), seed persistence in the soil,
and seedling growth, establishment, and survival (Thompson
and Grime 1979; Bekker et al. 1998; Illipronti Jr. et al. 1999;
Funes et al. 1999; Moles et al. 2000; Moles and Westoby
2004, 2006; Klug-Pumpel and Scharfetter-Lehrl 2008). To
categorize seeds according to their size, shape, and color,
computer-imaging analysis increasingly has been employed
as an advanced tool rather than traditional methods
(Dell'Aquila 2007; Dana and Ivo 2008). Such physical traits
can also be determinant for the success of seed-eating
insects, including bruchid beetles (Szentesi and Jermy
1995; Yang et al. 2006).

Some female bruchid beetles display size-discriminative
behavior, i.e., preferring large seeds during the egg-laying
period (Thanthianga and Mitchell 1990; Cope and Fox
2003; Yang et al. 2006). Because larvae are sedentary,
larger seeds may provide more food and nutrients for
development, thereby contributing to greater predator
fitness (Hu et al. 1995; Yang et al. 2006). However, not
only seed size may be directly related to bruchid infestation.
For leguminous plant species, Szentesi and Jermy (1995) have
found that the more closely the shape of seeds approximates
a sphere or the larger the seed volume, the higher the
probability of bruchid infestation.

Although physical seed traits may influence bruchid
oviposition behavior, little is known about how seed size
and shape are related to biochemical seed changes, which
may also have relevant implications for seed-discriminative
behavior. For example, phenolic compounds can be feeding
deterrents to many insects (Jolivet 1998; Schoonhoven et
al. 2005); therefore, if variations in physical seed traits are
directly related to concentrations of those phenolics, the
choice of ovipositioning on seeds with specific physical traits,
i.e., “a sign” of lesser amounts of defensive compounds,
would confer an advantage to bruchid offspring. Given that
seedmorphological heterogeneity is related to features such as
color, size, and shape (Matilla et al. 2005; Dell'Aquila 2007),
significant variation in these physical traits would be
expected in plants that produce heterogeneous seeds,
including many weeds and pioneering plants, in which
heterogeneity is considered a strategy for coping with
variability in environmental conditions.

Mimosa bimucronata (DC.) Kuntze (Fabaceae: Mimosoi-
deae) is considered a pioneering plant as well as a weed that
produces seeds with morphological variation. Likewise,
bruchid beetles attack its seeds. Therefore, this insect–plant
system is highly appropriate for answering our proposed
questions. The objectives of this study were to: (1) determine
whether the concentration of phenolic compounds in seeds
from infested fruits differs from that from non-infested fruits,
thereby suggesting an induced defense response; (2) examine
whether bruchid body size (usually a reliable predictor of
insect performance) variation within a plant population can

be explained by variations in phenolic contents among
plants; and (3) investigate the relationship between physical
seed traits and phenolic contents. The first two questions are
important for understanding whether phenols are determinant
defensive compounds for this plant–bruchid system, whereas
the third has relevant implications for those systems where
bruchid beetles attack post-dispersed seeds on which eggs
are directly laid.

Materials and Methods

Study System

M. bimucronata, a perennial tree native to Brazil, Paraguay,
Argentina, and Uruguay (Burkart 1959), reaches 10 m tall
and has intense branch ramification. It is an important agent
for restoration of degraded sites, even though this plant is
also considered a weed that grows in dense populations in
pastures (Lorenzi 2000). This species grows predominantly
in damp lowlands, floodplains, and on the margins of rivers
and lakes (Lorenzi 2000). Its seeds (located in craspedium
fruits) are attacked in the pre-dispersal phase by the beetle
Acanthoscelides schrankiae Horn (Coleoptera: Bruchidae)
(Silva et al. 2007). This insect is known to feed in seeds
from 12 plant species, including M. bimucronata (ten
Mimosa, one Acacia, and one Schrankia) (Nápoles 2002;
Silva et al. 2007). This bruchid species occurs in the
Bahamas, Ecuador, the USA, Mexico, the Dominican
Republic, Venezuela, and Brazil (Jesus Romero Nápoles,
personal communication). Little is known about this beetle,
and published information is limited (Johnson 1983, 1990;
Silva et al. 2007; Tomaz et al. 2007).

The production peaks for immature and mature M.
bimucronata fruits occur in March and in April and May,
respectively. Only a few mature fruits remain on plants until
the end of the year. Most A. schrankiae eggs are deposited
on unripe pods during February, although a few can be seen
on fruits until July and August. More than 70% of fruits
present only one egg per seed, and one larva usually feeds
in an individual seed (Silva et al. 2007).

Study Sites

These Mimosa trees comprised two natural populations
within Botucatu municipality in the state of São Paulo,
Brazil. Our two study areas—Lageado (≅6,700 m2) and
Rubião (≅10,000 m2)—were located at the Faculdade de
Ciências Agrárias (Unesp/Botucatu Campus) (22°50′52″ S;
48°25′46″ W) and near the Rubião Júnior District (22°53′
07″ S; 48°29′23″ W), respectively. They are 8,794 m apart
along a straight line. The Lageado and Rubião populations
grow along a small river and a lake, respectively, and plants
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are surrounded mainly by grasses. Because theMimosa trees
in each population showed an aggregated distribution, the
total number of plants was not precisely determined. Their
intense ramification of large thorny branches made it difficult
to penetrate the stands, so that an exact estimation of plant
densities was impractical. Nevertheless, we observed no
more than 40 plants at each site. Most of the examined plants
were at the edges of their populations; ten (Rubião) and 15
(Lageado) were randomly selected for this study.

Assessment of Phenolic Contents and Bruchid Body Size

For assessment of phenolics and bruchid body sizes, fruits
were collected only from Rubião. Between February and
August 2006, 40 mature fruits per plant were harvested
every 15 days (n=280 fruits). In the laboratory (28°C under
12-h light), they were placed in individual cylindrical
plastic containers (1,000 ml) covered with small pieces of
voile fabric, and the emergence of A. schrankiae was
recorded periodically. All emerging insects (n=130) were
identified then fixed in 70% ethanol. The tibia and femur in
the second pair of legs (right side) were measured with a
stereomicroscope (Nikon SMZ 800) coupled to a digital
camera. After each leg was photographed at standard
amplification, we recorded tibia and femur lengths (mm)
by MetaVue software (version 6.3r4) for image analysis.
Bruchid body sizes were estimated by summing tibia plus
femur lengths from each beetle (leg length), and the mean
value of insect size per plant was then calculated.

After collection, fruits were separated into infested and
non-infested groups and carefully dissected to extract
undamaged seeds. To assess any differences in the
allocation of chemical defenses between seeds from both
types of fruits, their levels of phenols (i.e., hydrolysable
tannins, which are esters of gallic acid) were measured. All
seeds were oven-dried (105°C for 24 h) and milled to fine
powder. Phenols were extracted from 100 mg of milled
seeds for each fruit type and were quantified by the Folin
and Ciocalteau (1927) method. Because undamaged seeds
had been previously separated, each plant provided two
samples: seeds from infested and non-infested fruits. The
mean of three replicates per sample was used for biochemical
and statistical analysis. Values for phenolic contents (mg gallic
acid/g dry weight) were calculated per plant for each fruit
type.

Assessment of Physical Seed Traits and Phenolic Contents

To determine physical seed traits, fruits were randomly
collected in June 2006 only from Lageado (500 fruits from
15 plants). They were dissected in the laboratory to extract
the undamaged seeds. All seeds were organized into a
single sample, from which 1,000 were taken at random and

photographed individually at standard amplification with a
stereomicroscope (Nikon SMZ 800) coupled to a digital
camera (Fig. 1a). Afterward, each seed was placed in a
small transparent plastic capsule labeled for that particular
sample. Using MetaVue software (version 6.3r4) for image
analysis as well as methods adopted by Illipronti Jr. et al.
(1997), we performed the following measurements and
recorded shape descriptors for each seed:

Area: based on the color tool from the software, the
area of each photographed seed was automatically
calculated (cm2) (Fig. 1b). This “Shrink” tool has high
precision that eliminates image blur, which is otherwise
problematic mainly in border areas.
Perimeter: the length of the seed contour was provided
by “Shrink” simultaneously with our area values.
Seed length: a line was traced from the embryo axis to
the opposite side (major axis).
Seed width: a line was measured that crossed perpendic-
ularly at the exact midpoint of the length line (minor axis).
Shape factor: shape was calculated as the perimeter
squared divided by 4×Π×Area, given that it is a classical
shape feature. The minimum value (=1.0) represented a
spherical shape (see Illipronti Jr et al. 1997).
Eccentricity: seed length was divided by width.
Sphericity: the ratio was determined between minimum
radius (distance between the center of mass and the
nearest point on the seed contour) and maximum radius
(distance between the center of mass and the farthest
point on the seed contour). A value of 1.0 signified an
exact circle, with values ranging from 0.0 to 1.0.

Fig. 1 Photograph of a M. bimucronata seed (a) and corresponding
image after “shrinking” (b) for area and perimeter measurements
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While these 4,000 measurements were being performed,
the seeds were stored in an incubator at 16°C (18 h of white
light). Because M. bimucronata seeds are very flat
(Fig. 1a), their volumes were not recorded in this study.
For exploratory analyses, the mean, minimum, and maximum
values, plus variances and standard deviations, were calculated
for all physical traits. Correlation analyses (Zar 1999) were
run between traits. From the original 1,000 seeds, 100
were discarded from this analysis because they showed
some cracks on their integuments. The remaining seeds
were separated into two equal portions for between-group
comparisons (mean values) for each trait. This sorting into
groups was performed many times at random until significant
differences between groups, considering all physical traits,
were identified by t-tests (Zar 1999). Separations were based
on shape characteristics: group 1—seeds with a more regular
shape, approximating a circle (low eccentricity and shape
factor; high sphericity); and group 2—more irregularly
shaped seeds (high eccentricity and shape factor; low
sphericity). These grouped seeds were then oven-dried, and

phenols from 300-mg powdered samples were quantified as
described above. Three replicates per group were used for
biochemical and statistical analysis.

Statistical Analysis

To assess differences in phenolic contents between fruit
types, we used a linear mixed-effects model (Crawley
2007) considering plants as the random effect and fruit type
as the fixed effect because our data collection followed a
hierarchical design. Replicates were nested within fruit
types, which in turn were nested within plants. Mean values
for contents in seeds from infested and non-infested fruits
were also compared within each plant by t-tests. To verify
whether the level of phenolics affects bruchid body size,
mean values of leg length (dependent variable) were
regressed (Zar 1999) against mean content values for seeds
from infested fruits (independent variable); each plant
represented one paired data point (leg length and phenols).
Although ten plants were randomly selected within Rubião,
only eight were used in regressions because those with <5
insects were not considered. For physical seed traits, mean
values of phenolic contents were compared between both
seed groups by the t-test.

Results

The concentration of phenolics differed significantly between
infested and non-infested fruits (Table 1), with seeds from
infested fruits having significantly more phenols (Fig. 2).
This difference was demonstrated for all plants. Variations in

Table 1 Results from a linear mixed-effects model with plants as the
random effect. Fruit type (infested and non-infested) was the fixed
effect (compared treatments). Fruit type was nested within plants, and
phenolic contents (mg gallic acid/g dry weight) of M. bimucronata
seeds was the response variable

Fixed effect Value Standard error df t P

(Intercept) 30.53 1.86 49 16.40 <0.0001

Fruit typesa 34.35 1.68 49 20.42 <0.0001

a Value=difference between means from infested and non-infested fruits
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t = -126.43 

t = -5.89  t = -11.08  

t = -22.93  t = -53.70  t = -480.55 

t = -15.89  t = -11.73  t = -75.98  t = -6.97  

Fig. 2 Comparison of mean
phenolic contents between
seeds from infested and non-
infested fruits. All paired
comparisons were statistically
significant by t-tests (P<0.05)
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beetle body sizes were marginally nonsignificant as a
function of phenolic contents among plants (r2=0.496;
F (1;6)=5.906; b=−0.003; P=0.051). This suggested that
these secondary compounds interfered directly with bruchid
performance because the regression coefficient (b) was
negative.

The mean, maximum, minimum, variance, and standard
deviation observed for physical traits of M. bimucronata
seeds are shown in Table 2. Seed area and sphericity
presented the greatest and smallest variance and standard
deviation, respectively (Table 2). The correlation coeffi-
cients for physical seed traits showed high values for area,
perimeter, width, and length (Table 3). The shape factor
was significantly correlated with eccentricity and spheric-
ity, showing, respectively, a positive and a negative
relationship with these traits (Table 3). However, some
correlations provided nonsignificant results because sphe-
ricity was not significantly correlated with perimeter and
length, and shape factor was not correlated with length
(Table 3). It is interesting that the shape factor was
negatively correlated with seed area, meaning that smaller

seeds also had more irregular shapes (Table 3). The
significance of a few small correlation coefficients
(−0.109, −0.179, −0.075, and 0.084) occurred due to the
large data series (N=900). When seeds were randomly
separated into two groups, significant results were found
for all physical traits (Table 4). However, because these
separations were performed many times, we presented
only the single combination that produced significant
results (Table 4). Our comparison of phenolic contents led
to highly significant differences, and seeds from group 2
(more irregularly shaped) had higher levels of phenolics
(Fig. 3).

Discussion

Based on our results, we suggest that phenols are
important defensive compounds against the bruchid A.
schrankiae because variations in its body size (c.f., leg
length) were negatively related to the level of phenolic
contents among M. bimucronata plants, albeit following
only a marginally nonsignificant trend (P=0.051). Further-
more, we found that seeds from infested fruits had more
phenolic contents than those from non-infested fruits,
perhaps as a response to seed predation. It is important to
note that differences in phenolic contents between seeds
from infested and non-infested fruits were significant for
all studied plants, suggesting that this is an induced
defense (Karban and Baldwin 1997). However, further
exploration is needed to determine whether greater pro-
duction of phenolic compounds by M. bimucronata can
affect bruchids in such a manner that many would not
complete their growth within seeds, thereby reducing
infestation rates significantly.

Most bruchid beetles are associated with one, two, or a
few host plants, probably because the difficulties of dealing

Table 2 Mean, maximum, minimum, variance, and standard devia-
tion for physical traits of M. bimucronata seeds (N=900)

Seed traits Mean Maximum Minimum Variance/
Standard
deviation

Area (mm2) 11.144 16.738 5.518 2.985/1.728

Perimeter (mm) 13.471 20.916 9.203 1.739/1.319

Length (mm) 4.502 5.553 2.838 0.174/0.418

Width (mm) 3.414 4.321 2.102 0.137/0.370

Shape factora 1.312 2.768 1.101 0.034/0.185

Eccentricitya 1.327 1.768 1.009 0.017/0.131

Sphericitya 0.581 0.897 0.176 0.013/0.116

a Dimensionless

Table 3 Results from correlation analyses between pairs of physical traits for M. bimucronata seeds (N=900), expressed as correlation
coefficients (r)

Seed traits Perimeter Length Width Shape factor Eccentricity Sphericity

Area 0.737**** 0.895**** 0.816**** −0.109*** −0.075* 0.247****

Perimeter 0.727**** 0.543**** 0.586**** 0.084** 0.044

Length 0.578**** 0.0054 0.296**** 0.0113

Width −0.179**** −0.601**** 0.520****

Shape factor 0.214**** −0.231****
Eccentricity −0.622****

*0.01≤P<0.05, significant result;
**0.001≤P<0.01, significant result;
***0.0001≤P<0.001, significant result;
****P<0.0001, significant results
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with several types of defensive compounds have favored
the evolution of specialization in this insect group (Janzen
1980; Johnson 1990; Hulme and Benkman 2002). However,
even though specialization has brought advantages in host
use by these beetles, some secondary chemical compounds,
such as condensed, polyphenolic tannins, may exert a
negative influence on bruchid development (Boughdad
et al. 1986). The extent of such effects may directly
depend on the extent of plant–bruchid adaptation, which
is probably related to their co-evolution. Thus, a more
negative impact by plants on bruchid performance should
be expected when there is a recent history of host-plant
utilization. Therefore, it is possible that the bruchid
preference for M. bimucronata has arisen recently (in an
evolutionary context) because our results suggest that high
levels of phenolic compounds on M. bimucronata seeds
do affect A. schrankiae development.

Both physical and chemical seed traits may influence
seed predation and oviposition choice. For example, some
studies have shown that bruchid females prefer laying eggs
on larger seeds (Thanthianga and Mitchell 1990; Yang and
Horng 2002; Cope and Fox 2003; Yang et al. 2006), and
seeds of that size usually provide more nutrients and food
for progeny (Hu et al. 1995; Yang et al. 2006). However,
large seeds may also require greater investments in defenses
(physical and chemical) (Grubb et al. 1998), which may
account for some nonsignificant relationships between seed
dimensions and granivore preference (Janzen 1969; Kollmann

et al. 1998). Szentesi and Jermy (1995) observed that when
seed shape approached a sphere, there was a higher
probability of seed infestation by bruchids, a pattern that
was also true for seed volume. Here, we showed that more
irregularly shaped seeds (group 2) had significantly more
phenol levels. Because the shape factor and seed area were
negatively correlated (Table 3), irregular seeds were also
smaller than those that more closely approximated a circle.
Therefore, we can conclude that large M. bimucronata seeds
have lower phenolic contents. These results are important
because they demonstrate that physical and chemical traits
are directly related, thereby offering the possibility that some
seed eaters, e.g., bruchids, may prefer to feed and lay eggs
on seeds with specific physical traits in order to reduce larval
consumption of defensive secondary compounds.

Many bruchid species oviposit on unripe pods, and the
larva finishes its development before the seed ripens
(Szentesi and Jermy 1995). In these cases, pod traits
(chemical and physical) would be more critical than seed
traits. A. schrankiae females oviposit on unripe pods (Silva
et al. 2007), and most adults emerge from fruits when seeds
are fully ripe. Therefore, differences in physical seed traits
are not associated with the “decision-making” process by
those particular beetles. Nevertheless, our findings have
important applications in other plant–bruchid systems,
where predation occurs in the post-dispersal phase. In such
systems, if females distribute their eggs according to
physical seed traits, the relationship between seed second-
ary compounds and those traits should be thoroughly
investigated if we are to obtain a more complete explana-
tion of insect ability to discriminate among such traits. In
addition, previous experiences by bruchids should be
considered when analyzing their ability to discriminate
(Yang et al. 2006).

In the broad sense, features of plant shape can serve as
useful tools for explaining patterns of insect herbivory. For
example, fluctuating asymmetry (FA), a possible indicator
of developmental instability (Møller 1995; Zvereva et al.
1997; Hagen et al. 2003), leads to a positive relationship
between the abundance of herbivores and degree of leaf
asymmetry, whereas the concentrations of secondary
compounds, such as tannins, may differ according to
asymmetry levels (Cornelissen et al. 2003; Cornelissen
and Stiling 2005). FA might also be a useful indicator of

Source of variation df Mean values (±SD) t P

Group 1 Group 2

Eccentricity 898 1.30 (±0.10) 1.35 (±0.15) −6.76 <0.0001

Shape factor 898 1.18 (±0.03) 1.45 (±0.20) −28.62 <0.0001

Sphericity 898 0.61 (±0.10) 0.55 (±0.12) 9.00 <0.0001

Table 4 Results from t-tests
comparing mean values be-
tween both seed groups within
each physical trait
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Fig. 3 Comparison of mean phenolic contents between seed groups.
Significant difference was observed by t test (t=−16.21; df=4; P<0.0001)
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environmental stress (Parsons 1990; Tracy et al. 2003;
Puerta-Piñero et al. 2008). Here, we concluded that the
most perfectly spherical seeds may be worse at avoiding
seed predation because of their lower phenol concentra-
tions. In addition, induced defense was suggested because
phenolic compounds, found at higher levels in infested
fruits, probably affect bruchid body size. If stress is
positively correlated with the production of more irregular
seeds containing more secondary compounds, then plants
in a poor physiological state would be better defended
against seed predators. Corroborating this hypothesis
(although not evaluating seed-shape effects), Or and Ward
(2004) investigated whether seeds from water-stressed
Acacia plants were less able to produce secondary defense
compounds to reduce herbivory. There, concentrations of
pipecolic acid were higher in physiologically impoverished
plants, which probably diminished seed predation. The
plant response was itself related to an induced defense that
may have augmented fitness. Therefore, mainly for post-
dispersal seed predation systems, we encourage future
studies aimed at testing the impact of different levels of
plant stress on variations in physical and chemical seed
traits. This in turn would influence bruchid performance
and the oviposition preference.

Acknowledgments We thank Professors Janet W. Reid and James
Welsh for English assistance with the manuscript text. D. Kestring is
grateful to CNPq (Conselho Nacional de Desenvolvimento Científico
e Tecnológico). L. C. C. R. de Menezes (05/57999-3), C. A. Tomaz
(04/10329-0) and M. N. Rossi (04/06737-6) thank Fapesp (Fundação
de Amparo à Pesquisa do Estado de São Paulo) for financial support.
We are most grateful to Jeferson Klein for technical assistance.

References

Bekker RM, Bakker JP, Grandin U, Kalamees R, Milberg P, Poschlod
P, Thompson K, Willems JH (1998) Seed size, shape and vertical
distribution in the soil: indicators of seed longevity. Funct Ecol
12:834–842

Boughdad A, Gillon Y, Cagnepain C (1986) Effect of condensed
tannins of horse bean husks (Vicia faba) on larval development of
Callosobruchus maculatus. Entomol Exp Appl 42:125–132

Burkart A (1959) Leguminosae. In: Parodi LR (ed) Enciclopedia Argentina
de Agricultura y Jardineria. ACME, Buenos Aires, pp 443–512

Cope JM, Fox CW (2003) Oviposition decisions in the seed beetle,
Callosobruchus maculatus (Coleoptera: Bruchidae): effects of
seed size on superparasitism. J Stored Prod Res 39:355–365

Cornelissen T, Stiling P (2005) Perfect is best: low leaf fluctuating
asymmetry reduces herbivory by leaf miners. Oecologia 142:46–56

Cornelissen T, Stiling P, Drake B (2003) Elevated CO2 decreases leaf
fluctuating asymmetry and herbivory by leaf miners on two oak
species. Global Change Biol 10:27–36

Crawley MJ (2007) The R book. Wiley, Chichester
Dana W, Ivo W (2008) Computer image analysis of seed shape and seed

color for flax cultivar description. Comput ElectronAgr 61:126–135
Dell'Aquila A (2007) Towards new computer imaging techniques applied

to seed quality testing and sorting. Seed Sci Technol 35:519–538

Fineblum WL, Rausher MD (1995) Tradeoff between resistance and
tolerance to herbivore damage in a morning glory. Nature
377:517–520

Folin O, Ciocalteau V (1927) On tyrosine and tryptophane determi-
nation in proteins. J Biol Chem 73:424–427

Fowler SV, Lawton JH (1985) Rapidly induced defenses and talking
trees: the devil's advocate position. Amer Nat 126:181–195

Fox CW, Mousseau TA (1996) Larval host plant affects fitness
consequences of egg size variation in the seed beetle Stator
limbatus. Oecologia 107:541–548

Fox CW, Waddell KJ, Mousseau TA (1994) Host-associated fitness
variation in a seed beetle (Coleoptera: Bruchidae): evidence for
local adaptation to a poor quality host. Oecologia 99:329–336

Funes G, Basconcelo S, Dias S, Cabido M (1999) Seed size and shape
are good predictors of seed persistence in soil in temperate
mountain grasslands of Argentina. Seed Sci Res 9:341–345

Gianoli E, Suárez LH, Gonzáles WL, González-Teuber M, Acuña-
Rodrígues IS (2007) Host-associated variation in sexual size
dimorphism and fitness effects of adult feeding in a bruchid
beetle. Entomol Exp Appl 122:233–237

Grubb PJ, Metcalfe DJ, Grubb EAA, Jones GD (1998) Nitrogen-
richness and protection of seeds in Australian tropical rainforest:
a test of plant defence theory. Oikos 82:467–482

Hagen SB, Folstad I, Jakobsen SW (2003) Autumn colouration and
herbivore resistance in mountain birch (Betula pubescens). Ecol
Lett 6:807–811

Harper JL, Lovell PH, Moore KG (1970) The shapes and sizes of
seeds. Annu Rev Ecol Syst 1:327–356

Hu WT, Lan YC, Horng SB (1995) Effects of bean size on larval
competition and oviposition preference of Callosobruchus
maculatus. Chinese J Entomol 15:321–332

Hu ZH, Shen YB, Luo YQ, Shen FY, Gao HB, Gao RF (2008)
Aldehyde volatiles emitted in succession from mechanically
damaged leaves of poplar cuttings. J Plant Biol 51:269–275

Hulme PE, Benkman CW (2002) Granivory. In: Herrera CM, Pellmyr
O (eds) Plant-animal interactions: an evolutionary approach.
Blackwell, Oxford, pp 132–154

Illipronti Jr RA, Langerak CJ, Lommen WJM (1997) Variation in and
relationships between physical and physiological seed attributes
within a soybean seed lot. Seed Sci Technol 25:215–231

Illipronti Jr RA, Langerak CJ, Lommen WJM (1999) Variation in
physical seed attributes relates to variation in growth of soybean
seedlings within a seed lot. Seed Sci Technol 27:339–357

Janzen DH (1969) Seed-eaters versus seed size, number, toxicity and
dispersal. Evolution 23:1–27

Janzen DH (1971) Seed predation by animals. Annu Rev Ecol Syst
2:465–492

Janzen DH (1980) Specificity of seed-attacking beetles in a Costa
Rican deciduous forest. J Ecol 68:929–952

Johnson CD (1983) Ecosystematics of Acanthoscelides (Coleoptera:
Bruchidae) of southern Mexico and Central America. Misc Publ
Entomol Soc Amer 56:1–248

Johnson CD (1990) Systematics of the seed beetle genus Acantho-
scelides (Bruchidae) of northern South America. Trans Am
Entomol Soc 116:297–618

Jolivet P (1998) Interrelationship between insects and plants. CRC,
Boca Raton

Karban R, Baldwin IT (1997) Induced responses to herbivory.
University of Chicago Press, Chicago

Klug-Pumpel B, Scharfetter-Lehrl G (2008) Soil diaspore reserves
above the timberline in the Austrian Alps. Flora 203:292–303

Kollmann J, Coomes DA, White SM (1998) Consistencies in post-
dispersal seed predation of temperate fleshy-fruited species
among seasons, years and sites. Funct Ecol 12:683–690

Lorenzi H (2000) Plantas Daninhas do Brasil: Terrestres, Aquáticas,
Parasitas e Tóxicas. Instituto Plantarum, Nova Odessa

J. Plant Biol. (2009) 52:569–576 575



Matilla A, Gallardo M, Puga-Hermida MI (2005) Structural, physio-
logical and molecular aspects of heterogeneity in seeds: a review.
Seed Sci Res 15:63–76

Moles AT, Westoby M (2004) Seedling survival and seed size: a
synthesis of the literature. J Ecol 92:372–383

Moles AT, Westoby M (2006) Seed size and plant strategy across the
whole life cycle. Oikos 113:91–105

Moles AT, Hodson DW, Webb CJ (2000) Seed size and shape and
persistence in the soil in the New Zealand flora. Oikos 89:541–
545

Møller AP (1995) Leaf-mining insects and fluctuating asymmetry in
Ulmus glabra leaves. J Anim Ecol 64:697–707

Nápoles JR (2002) Bruchidae. In: Bousquets, JL, Morrone JJ (eds),
Biodiversidad, Taxonomía y Biogeografía de Artrópodos de
México: Hacia Una Síntesis de su Conocimiento, vol 3. Unan,
pp. 513-534

Or K, Ward D (2004) The effects of seed quality and pipecolic and
djenkolic acids on bruchid beetle infestation in water deficit-
stressed Acacia trees. J Chem Ecol 30:2297–2307

Parsons PA (1990) Fluctuating asymmetry: an epigenetic measure of
stress. Biol Rev 65:131–145

Puerta-Piñero C, Gómez JM, Hódar JA (2008) Shade and herbivory
induce fluctuating asymmetry in a Mediterranean oak. Int J Plant
Sci 169:631–635

Rohner C, Ward D (1997) Chemical and mechanical defenses against
herbivory in two sympatric species of desert Acacia. J Veg Sci
8:717–726

Schoonhoven LM, van Loon JJA, Dicke M (2005) Insect–plant
biology. Oxford University Press, New York

Schultz JC, Baldwin IT (1982) Oak leaf quality declines in response to
defoliation by gypsy moth larvae. Science 217:149–151

Silva LA, Maimoni-Rodella RCS, Rossi MN (2007) A preliminary
investigation of pre-dispersal seed predation by Acanthoscelides
schrankiae Horn (Coleoptera: Bruchidae) in Mimosa bimucro-
nata (DC.) Kuntze trees. Neotrop Entomol 36:197–202

Southgate BJ (1979) Biology of the Bruchidae. Annu Rev Entomol
24:449–473

Szentesi A, Jermy T (1995) Predispersal seed predation in leguminous
species: weed morphology and bruchid distribution. Oikos 73:23–
32

Thanthianga C, Mitchell R (1990) The fecundity and oviposition
behavior of South Indian strain Callosobruchus maculatus.
Entomol Exp Appl 57:133–142

Thiery D, Jarry M, Pouzat J (1994) To penetrate or not to penetrate—a
behavioral choice by bean beetle 1st instar larvae in response to
Phaseolus vulgaris seed surface quality. J Chem Ecol 20:1867–
1875

Thompson K, Grime JP (1979) Seasonal variation in the seed banks
of herbaceous species in ten contrasting habitats. J Ecol
67:893–921

Timms R (1998) Size-independent effects of larval host on adult
fitness in Callosobruchus maculatus. Ecol Entomol 23:480–483

Tomaz CA, Kestring D, Rossi MN (2007) Effects of the seed predator
Acanthoscelides schrankiae on viability of its host plant Mimosa
bimucronata. Biol Res 40:281–290

Tracy M, Freeman DC, Dude JL, Miglia KJ, Gram JH, Hough RA
(2003) Developmental instability: an appropriate indicator of
plant fitness components? In: Polak M (ed) Developmental
instability: causes and consequences. Oxford University Press,
New York, pp 196–212

van Huis A, de Rooy M (1998) The effect of leguminous plant species
on Callosobruchus maculatus (Coleoptera: Bruchidae) and its
egg parasitoid Uscana lariophaga (Hymenoptera: Trichogram-
matidae). B Entomol Res 88:93–99

Yang RL, Horng SB (2002) Host size discrimination and oviposition
behavior of the seed beetle, Callosobruchus maculatus (F.).
Formos Entomol 22:343–357

Yang RL, Fushing H, Horng SB (2006) Effects of search experience in
a resource-heterogeneous environment on the oviposition deci-
sion of the seed beetle, Callosobruchus maculatus (F.). Ecol
Entomol 31:285–293

Zar JH (1999) Biostatistical analysis. Prentice Hall, Upper Saddle River
Zvereva E, Kozlov M, Haukioja E (1997) Stress responses of Salix

borealis to pollution and defoliation. J Appl Ecol 34:1387–1396

576 J. Plant Biol. (2009) 52:569–576


	Relationship Among Phenolic Contents, Seed Predation, and Physical Seed Traits in Mimosa bimucronata Plants
	Abstract
	Materials and Methods
	Study System
	Study Sites
	Assessment of Phenolic Contents and Bruchid Body Size
	Assessment of Physical Seed Traits and Phenolic Contents
	Statistical Analysis

	Results
	Discussion
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /SyntheticBoldness 1.000000
  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


