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Abstract The long-term persistence of obligate mutu-
alisms (over 40 Mya in both fig/fig wasps and yucca/
yucca moths) raises the question of how one species limits
exploitation by the other species, even though there is
selection pressure on individuals to maximize fitness. In
the case of yuccas, moths serve as the plant’s only
pollinator, but eggs laid by the moths before pollination
hatch into larvae that consume seeds. Previous studies
have shown that flowers with high egg loads are more
likely to abscise. This suggests that yucca flowers can
select against moths that lay many eggs per flower
through selective abscission of flowers; however, it is not
known how yucca moths trigger floral abscission. We
tested how the moth Tegeticula yuccasella triggers floral
abscission during oviposition in Yucca filamentosa by
examining the effects of ovipositor insertion and egg
laying on ovule viability and floral abscission. Eggs are
not laid at the site of ovipositor insertion: we used this
separation to test whether wounded ovules were more
closely associated with the ovipositor site or an egg’s
location. Using a tetrazolium stain to detect injured
ovules, we determined whether the number of oviposi-
tions affected the number of wounded ovules in naturally
pollinated flowers. Two wounding experiments were used
to test the effect of mechanical damage on the probability
of floral abscission. The types of wounds in these
experiments mimicked two types of oviposition—super-
ficial oviposition in the ovary wall and oviposition into
the locular cavity—that have been observed in species of
Tegeticula. The effect of moth eggs on ovule viability was

experimentally tested by culturing ovules in vitro, placing
moth eggs on the ovules, and measuring changes in ovule
viability with a tetrazolium stain. We found that ovules
were physically wounded during natural oviposition.
Ovules showed a visible wounding response in moth-
pollinated flowers collected 7–12 h after oviposition.
Exact location of wounded ovules relative to eggs and
oviposition scars, as well as results from the artificial
wounding experiments, showed that the moth ovipositor
inflicts mechanical damage on the ovules. Significantly
higher abscission rates were observed in artificially
wounded flowers in which only 4–8% of the ovules were
injured. Eggs did not affect ovule viability as measured by
the tetrazolium stain. These results suggest that physical
damage to ovules caused by ovipositing is sufficient to
explain selective fruit abscission. Whether injury as a
mechanism of selective abscission in yuccas is novel or a
preadaptation will require further study.

Keywords Mutualism · Floral abscission · Ovule
damage · Oviposition and selective floral abscission ·
Plant-pollinator interactions

Introduction

In order for mutualistic interactions to be evolutionarily
stable, there should be either extrinsic (predators or
abiotic factors) or intrinsic factors (mechanisms related
directly to the interaction) that prevent excessive ex-
ploitation by the interacting species (Bull and Rice 1991;
Connor 1995; Herre 1999). In the obligate mutualism
between yuccas and yucca moths, yucca moths serve as
the only documented pollinator, and the moth larvae must
consume developing yucca seeds to complete develop-
ment. The larvae consume a small fraction of the seeds;
hence both species benefit from the interaction. There-
fore, in yuccas the risk for excessive exploitation revolves
around a fundamental conflict between the reproductive
interests of the partners. Plants have higher fitness when
fewer seeds are eaten, yet a female moth could increase
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her fitness by laying more eggs per fruit until the point at
which food resources become limited for her larvae.

Floral abscission is one intrinsic mechanism that
reduces the chance of exploitation by some species of
yucca moths. Many plants produce more flowers than can
possibly be matured into fruit, and selective maturation of
fruit is considered one of the major ways that a plant can
control the quality of offspring (Stephenson 1981). The
range of fruit:flower ratios varies widely among plant
families with yuccas being towards the extreme end of
species with very low fruit:flower ratios. Typically, fewer
than 10% of the flowers produced by Yucca species
mature into fruit (Udovic 1981; Addicott 1986, 1998;
Huth and Pellmyr 1997), and this percentage of fruit set is
low compared to other members of Agavaceae (mean€SE
of 26.5€14.8) based on species collated by Sutherland and
Delph (1984). Floral abscission is a nonrandom process in
yuccas and, like many plant species, which fruit are
retained depends upon pollen quantity (Huth and Pellmyr
1997), pollen genotype (Huth and Pellmyr 2000), and
floral position (Aker 1982; Huth and Pellmyr 1997;
Humphries and Addicott 2000). In addition to the
importance of moth pollination behavior, oviposition
behavior also affects fruit maturation. For instance, in
Yucca filamentosa and Hesperoyucca whipplei, flowers
with high egg loads are more likely to be abscised, which
kills all of the eggs in the flower (Pellmyr and Huth 1994;
Richter and Weis 1995). Selective maturation of fruit
selects against moths that lay many eggs per flower and
appears to be a critical factor in the stability of this
mutualism.

At least two aspects of moth oviposition behavior have
been suggested to trigger floral abscission. The first idea
arose from the observation that fruit pollinated by yucca
moths often have a characteristic constriction due to
ovules that do not mature into seed. Riley (1892) noted
that in Y. filamentosa two or more adjacent ovules were
affected in the region of oviposition punctures. More
recently, other authors have suggested that physical
damage to the ovary during oviposition may be respon-
sible for abscission (Fuller 1990; Humphries and Addicott
2000). In contrast, results from other studies have
suggested that the presence of eggs is more strongly
correlated with abscission (Pellmyr and Huth 1994;
Wilson and Addicott 1998). There are few published
data that distinguish between the effect of oviposition and
the effect of eggs on ovule development and floral
abscission. In the last decade, understanding the mecha-
nism of how yucca moths trigger floral abscission has
become even more intriguing in light of recent systematic
and ecological studies of Tegeticula spp. that differ in
oviposition behavior. Moth species that oviposit directly
into the locule trigger floral abscission, whereas moth
species that oviposit into the style or superficially into the
fruit wall do not trigger floral abscission (Addicott and
Bao 1999; Pellmyr and Leebens-Mack 2000). Under-
standing the mechanism behind why high egg loads and
locule oviposition trigger floral abscission is important in
addressing questions regarding how this mutualism

evolved, and provides more precise identification of the
traits that affect whether the outcome of the interaction is
antagonistic or mutualistic.

We tested several possible mechanisms that might
explain how T. yuccasella, a locule-ovipositing species,
triggers floral abscission in Y. filamentosa. Over 95% of
floral abscission occurs before eggs hatch; therefore,
larval feeding does not trigger floral abscission (Pellmyr
and Huth 1994). As mentioned above, ovules do not
develop in the region of oviposition (Riley 1892).
Interference with ovule development could serve as a
cue for abscission because fruits with fewer developing
seeds are more likely to abscise (Huth and Pellmyr 2000).
Taken together, these observations suggest that the trigger
for floral abscission occurs within hours after moth
oviposition. In addition, moths that oviposit superficially
do not trigger the abscission response. Therefore, we
focused on quantifying the specific type of damage that
occurs to the ovary and ovules during oviposition, and on
distinguishing between the effects of oviposition and
presence of moth eggs on ovule development and floral
abscission. Specifically, we tested the following ques-
tions. First, what type of mechanical damage occurs
during natural oviposition? Second, is superficial me-
chanical damage to the ovary wall or mechanical damage
within the locule sufficient to trigger floral abscission
before eggs hatch? Third, are chemical secretions from
the female moth necessary to disrupt ovule development
or trigger abscission? Insect secretions, particularly the
effects of plant piercing/sucking gall insects, have been
shown to affect plant metabolism and alter hormonal
balance enough to cause floral abscission (reviewed in
Hori 1992; Sallabanks and Courtney 1992). Last, does the
presence of moth eggs disrupt ovule development? The
presence of moth eggs could potentially either alter the
hormonal balance of the flower or directly kill ovules.

Materials and methods

Study species

The pollinator, T. yuccasella (Riley) sensu stricto (Lepidoptera:
Prodoxidae), is a member of a large species complex (Pellmyr
1999), and was the only pollinator species observed at all sites in
this study. Moths became active around dusk and remained active
for 2–4 h. A female collects the sticky pollen with unique maxillary
tentacles and compacts it into a loose pellet that is held under the
head. After a female has collected pollen, she oviposits into a yucca
ovary, then takes some of the pollen from her batch and actively
pushes it into the stigmatic cavity. A female may oviposit into the
ovary and pollinate a flower several times before walking or flying
to another flower to repeat the procedure (Riley 1873; Pellmyr
1997). If an egg is laid, only one egg is laid per oviposition (Huth
and Pellmyr 1999); females fail to lay an egg in over 30% of
oviposition attempts (Pellmyr and Huth 1994). Adult moths
typically live <5 days (Kingsolver 1984) and may drink water
and trace amounts of nectar that sometimes collect at the ovary
base, but otherwise do not feed as adults (Riley 1892; Pellmyr
1999).

Yucca filamentosa L. (Agavaceae) is a perennial native to the
coastal areas of the southeastern United States and has been spread
by humans throughout the eastern United States since the 1800s
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(Riley 1892; Trelease 1902; Gleason and Cronquist 1991). Plants
can reproduce both clonally, forming clusters of rosettes, and
sexually through seed production. Each rosette can produce 100–
475 flowers on a single, 1- to 2-m-tall paniculate inflorescence.
Flowers open in the evening, anthers dehisce just before dusk, and
stigmas are receptive upon flower opening. Flowers on an
inflorescence open over the course of 10–20 days, and each flower
is receptive to pollen for 1–2 days, but second-day flowers are
typically rejected by pollinators (Huth and Pellmyr 1997). Capsular
fruits mature and dehisce 6–8 weeks after pollination, producing up
to 300 seeds per fruit.

Wounding response in moth-pollinated flowers

Ovule damage caused by oviposition was measured using a
tetrazolium stain. 2,3,5-triphenyl tetrazolium chloride (TTC) serves
as an electron acceptor for dehydrogenase enzyme systems and
changes from a colorless solution to carmine red color when
reduced (Roberts 1951). Normal viable embryo tissues develop a
pink-red tint, recently injured living tissues develop a deep red
stain, and critically injured or dead tissues remain white (Moore
1972). Thus, tetrazolium-staining patterns can indicate the pres-
ence, extent, and seriousness of damage from mechanical injuries
(Moore 1972). Thirty flowers were collected from 15 plants 7–12 h
after they had been pollinated by T. yuccasella on 23–26 June 1998
at Spring Grove Arboretum, Cincinnati, Ohio (39�060N, 84�300W).
Flowers were kept at 4�C until they could be processed. Yucca
flowers have three locules that each contain two rows of ovules,
one row per locellus. Under a dissecting microscope using a scalpel
and dissecting pins, the entire row of ovules was removed from a
locellus and placed in a well with 0.1% TTC stain (Kearns and
Inouye 1993). Ovules were allowed to stain for 30 min, or until the
ovules had started to turn color, then were immediately scored for
intensity of staining under a dissecting microscope. The position of
eggs and scars relative to the staining response of the ovules was
recorded. Scars can be clearly seen on the inside wall of the ovary
because distinctive tear-shaped scar tissue forms around the scar. In
addition, an impression of each ovule is also present on the inside
wall of young ovaries. Thus, by studying the interior ovary wall
alongside the stained ovules, we could accurately record which
ovules were near the point at which the ovipositor entered the
ovary, the position of the egg on the ovules, and the wounding
response of the ovules. The difference between ovules with a
wounding response and normal staining color was distinctive, as
long as ovules were not overstained (Fig. 1). Flowers were
processed as quickly as possible, usually within 24–48 h after
collecting, but flowers could be stored up to 5 days at 4�C without a
noticeable change in staining response.

This method provided information about the effect of T.
yuccasella oviposition on the number of damaged ovules and
distance between eggs and scars relative to damaged ovules.
Distance was determined by counting the number of ovules
between each egg and the nearest wounded ovule, and likewise
the number of ovules between each scar and the nearest wounded
ovule. This method of calculating distance provides a minimum
estimate of distance for both eggs and scars because only the
shortest possible distance was recorded for each egg. The average
distance for eggs and scars within a flower was calculated by
adding the distance for each egg (or each scar) and dividing by the
number of eggs (or scars) laid in that flower. A paired t-test was
used to compare average distance between wounded ovules and
scars with that of distance to eggs. Data met assumptions of
normality and heterogeneity of variances. A forward multiple
regression was used to analyze the relationship between number of
wounded ovules per flower and number of scars or eggs per flower.
Number of scars and number of eggs are correlated. To determine
whether it was necessary to retain both variables in the regression,
the effect of the first variable (scar) on R-square was determined,
then the second variable (egg) was entered into the equation to
determine whether the addition of this variable significantly added

to the R-square value (Zar 1996; SPSS 1999). Number of eggs was
non-significant and was dropped from the equation.

Artificial wounding experiments

To test the effect of mechanical damage caused by oviposition (in
contrast to damage induced by either eggs or some factor
introduced by the moth during oviposition), an artificial ovipositor
was constructed that mimicked oviposition damage. The artificial
ovipositor consisted of a minuten insect dissecting pin attached to a
wooden matchstick and positioned at an angle similar to the angle
in which moths oviposit into the ovary. The diameter of the
dissecting pin was 0.11 mm and the diameter of T. yuccasella’s
ovipositor including the maximum height of the keel from the study
area is 0.12€0.005 mm, n=10 (mean€SD) (Pellmyr 1999). The
twisting motion a female uses to insert and remove her ovipositor
was difficult to imitate given the rigidity of the pin and matchstick
(and lack of nerve sensors to determine when one had entered the
locule).

Given that some species of Tegeticula lay their eggs within the
locule and other species lay their eggs superficially in the ovary
wall, we did two wounding experiments: one experiment tested the
effect of superficial mechanical wounding on floral abscission, and
a second experiment tested the effect of ‘deep’ wounding on floral
abscission. In the superficial wounding experiment, superficial
wounds were applied by adjusting the artificial ovipositor to 1.2 mm
so that the ovary wall was pierced. Ovules were not deeply pierced
in this treatment. The superficial wounding experiment was done in
a common garden at Vanderbilt University in May/June 1998. In
the area of this study, T. yuccasella oviposits in the middle region
of the ovary where ovary wall thickness of Y. filamentosa is

Fig. 1 A Ovules showing tetrazolium staining pattern from no
moth ovipositions. Ovules stained with 0.1% tetrazolium. B Ovules
showing staining pattern from 13 moth ovipositions. Several
threadlike white eggs are also visible in the photograph
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1.2€0.02 mm, n=50 flowers (mean€SE) (Huth and Pellmyr
unpublished data). Treatments were applied to a total of 2,000
flowers on 13 plants. Each plant received four wounding treatments
(0, 6, 12, or 24 wounds per flower); within plants, each treatment
was applied to approximately 38 flowers. This number of wounds is
within the natural range of oviposition scars observed in Y.
filamentosa (range 1–32; Pellmyr and Huth 1994). The deep
wounding experiment, referred to as ovule-wounding, consisted of
adjusting the artificial ovipositor to 1.7 mm so that both the ovary
wall and ovules were pierced. The ovule-wounding experiment was
done in June 1999, which was a poor flowering year. Therefore,
treatments were applied to five plants in the common garden at
Vanderbilt, and to six plants in a secluded cedar glade located in
central Tennessee (Rutherford County, 36�020N, 86�240W). Treat-
ments were applied to a total of 1,320 flowers on 11 plants. Each
plant received three wounding treatments (0, 12, or 24 wounds per
flower); each treatment was applied to approximately 40 flowers
within a plant.

In both wounding treatments, the effects of pollen genotype and
flower position on floral abscission (Huth and Pellmyr 1997, 2000)
were controlled by self-pollinating all flowers and randomizing
treatments within branches. All four treatments were applied within
a branch by randomly assigning one of four flowers on the branch
to a treatment using a random number table. Branches that did not
have four flowers available for pollination were paired with an
adjacent branch, such that each day all four treatments were
represented on either a single branch or two adjacent branches. At
the whole plant level, care was taken to apply wounding treatments
each day to an equal number of flowers. Flowers located at the
extreme tip and basal portion of the branch were avoided due to the
high probability of fruit set in the tip and low probability of fruit in
the basal flowers (Huth and Pellmyr 1997). In addition, each
inflorescence was covered with bridal veil netting (1 mm mesh
size) to prevent yucca moths from visiting the flowers and to limit
floral damage caused by the beetle Carpophilus melanopterus
(Coleoptera: Nitidulidae).

Analysis of variance was used to analyze the effect of wounding
treatments on the proportion of fruit that developed to maturity. The
ANOVA model included wounding treatment (fixed factor) and
plant (random factor). Proportion of retained fruit was arcsine
square-root transformed and met the assumptions of normality and
homogeneity of variances. A similar ANOVA model was used to
analyze the effect of wounding treatments on proportion of filled
seeds per fruit; the model included wounding treatment (fixed
factor) and plant (random factor). Proportion of filled seeds was
arcsine square-root transformed, and data met assumptions of
normality and homogeneity of variances (Zar 1996). Tukey post-
hoc tests were used to compare treatments when overall treatment
effects were significant.

Effect of eggs on ovules in culture

To separate the effect of oviposition scars from the effect of eggs
on ovule development, we cultured young seeds in vitro, applied
moth eggs to the developing seeds, and then tested the seeds for
viability. Eighteen 1-day-old flowers were hand-pollinated and
collected after 12 h from 18 different plants at Spring Grove
Arboretum, Cincinnati, Ohio. A straw was placed over the ovary to
prevent oviposition by moths. Ovules were removed from the ovary
as described in the tetrazolium experiment, and were placed on
media made from a modified recipe of Murashige basal media agar
(Murashige 1974; Binh et al. 1990). The modified recipe contained
8% sucrose, 4.3 g Murashige and Skoog salts, 0.4 mg thiamine,
10 mg inositol, 2.0 mg IAA, and 1% agar per liter of media, and the
pH was adjusted to 6.0. Previous experiments varying sucrose and
IAA concentration showed that ovule growth was greatest and
persisted for 2–3 weeks on this media (D. Marr, unpublished data).
Eggs were dissected from the ovaries of T. yuccasella females and
were placed on top of the ovules. Each flower received three egg
treatments (0 eggs, 2 eggs, and 6+ eggs), and each treatment was
applied to two rows of ovules within each flower. Moth eggs were

sticky, making them difficult to separate, so in the 6+ egg treatment
we recorded the number of eggs actually applied to the ovules
(range 5–10). No difference in ovule staining was observed among
ovules in the 6+ treatment; therefore, we considered it as one group
(high egg treatment). The agar plates with ovules and egg
treatments were placed in the dark and kept at 24�C. After 2 days,
ovules were placed in 0.1% tetrazolium stain and were scored for
viability.

The effect of eggs on ovules in culture was measured
qualitatively. The color of ovules located underneath the moth
eggs was classified as white (indication of no respiratory activity),
light pink (low respiration activity), pink (active respiration), or
dark pink (wounding response). The color of ovules in the 0-egg
treatment was used as the null expectation for color. The color of
ovules exposed to eggs in the 2-egg and 6-egg treatments was
compared visually to the expected values derived from the 0-egg
treatment. Data were analyzed using chi-square analysis. All
statistical analyses were performed using SPSS version 10 for
Macintosh (SPSS 1999).

Results

Distinguishing between the effect of eggs
and oviposition on ovules in moth-pollinated flowers

We recorded a total of 438 scars and 277 eggs laid by T.
yuccasella on 30 flowers. The effect of scars and eggs can
be separated to some extent because eggs are not laid
upon each oviposition attempt and the placement of eggs
is not necessarily at the point of the oviposition scar. Eggs
can be laid up to 8–10 ovules away from the point of
ovipositor insertion (Fig. 1). The number of wounded
ovules per flower was significantly positively correlated
with the number of oviposition scars per flower (Fig. 2).
The distance between oviposition scars and wounded
ovules was significantly less than the distance between
eggs and wounded ovules (Fig. 3; paired t test=4.89, 13
df, P<0.0001). Based on the forward regression analysis,
the number of wounded ovules was primarily due to scars,
and presence of eggs did not have any significant

Fig. 2 Correlation between number of oviposition scars made by
Tegeticula yuccasella and number of wounded ovules per flower.
Adjusted R-square=0.82, F1,13=63.86, P<0.0001; n=15 plants, two
flowers per plant
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additional effect on the number of wounded ovules
(Table 1).

Artificial wounding experiments and effect
of eggs on ovules in culture

There were no significant differences among superficial
wounding treatments (0, 6, 12, 24) in the percentage of fruit
retained per treatment (Fig. 4; Table 2), or in the proportion
of filled seeds per treatment (Fig. 5; Table 3). In contrast,
deep wounding treatments had a significant effect on the
proportion of fruit maturing (Fig. 4; Table 2), but there were
no significant differences in the proportion of filled, viable
seeds per fruit (Fig. 5; Table 3). For flowers that eventually
matured into fruit, the day that the flower was pollinated did
not differ among deep wounding treatments (Kruskal-
Wallis c2=1.2, df=2, P=0.545; mean€SE, 0 wound treat-
ment 3.68€0.11 days, 12 wound treatment 3.68€0.10 days,
24 wound treatment 3.58€0.10 days). Additionally, there
was no difference in tetrazolium staining response among
developing seeds that were exposed to 0 eggs, 2 eggs, or 6+
eggs (Table 4; c2=3.1, df=2, P=0.22).

Fig. 3 Mean€SE distance between eggs and wounded ovules
compared to mean distance between oviposition scars and wounded
ovules. Distance is measured in number of ovules. Different letters
indicate significant differences (P<0.0001)

Fig. 4 Proportion of fruit retained per wounding treatment. Num-
bers of flowers pollinated per treatment are indicated on the bars.
Analysis of variance results are presented in Table 2. Different
letters indicate significant differences among treatments (P<0.008)

Fig. 5 Proportion of filled seeds per fruit in each wounding
treatment. Numbers of fruits resulting from each treatment are
indicated on the bars. Analysis of variance results are presented in
Table 3

Table 1 Multiple forward regression analysis of the contribution of
number of scars and number of eggs per flower on number of
wounded ovules per flower. Adjusted R2=0.82, ANOVAF1,13=63.86,
P<0.0001

Model Standardized
partial regression
coefficient Beta

t P

Constant 5.81 0.0001
Number of scars per flower 0.912 7.99 0.0001

Excluded variable

Number of eggs per flower �0.291 �0.791 0.444

Table 2 The results of analysis of variance for the effect of
artificial superficial and deep wounding treatments on the propor-
tion of matured fruit. The proportion of fruit was arcsine square-
root transformed. The proportion of fruit per treatment is shown in
Fig. 4

Source df MS F P

Superficial wounding

Intercept 1, 12 6.875 60.01 0.0001
Wound treatment 3, 36 0.006 0.93 0.434
Plant 12, 36 0.115 17.26 0.0001

Deep wounding

Intercept 1, 10 1.893 104.96 0.0001
Wound treatment 2, 20 0.115 10.11 0.001
Plant 10, 20 0.018 1.58 0.184

Table 3 The results of analysis of variance for the effect of
artificial superficial and deep wounding treatments on the propor-
tion of filled seed per fruit. The proportion of seed was arcsine
square-root transformed. The proportion of filled seed per treatment
is shown in Fig. 5

Source df MS F P

Superficial wounding

Intercept 1, 10 202.45 1006.57 0.0001
Wound treatment 3, 271 0.052 0.561 0.434
Plant 10, 271 0.257 27.53 0.0001

Deep wounding

Intercept 1, 12 17.57 263.96 0.0001
Wound treatment 2, 53 0.067 0.604 0.551
Plant 10, 53 0.129 11.62 0.0001
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Discussion

Three lines of evidence support the hypothesis that
oviposition by locule-ovipositing moths wounds ovules
and that this physical damage is sufficient to trigger an
abscission response in Y. filamentosa. First, in naturally
pollinated flowers there is a strong correlation between
the number of scars and the number of wounded ovules,
as well as a short distance between scars and wounded
ovules. This indicates that the point at which the
ovipositor enters the lotfcolcule is closely associated with
the location of damaged ovules. Second, results of the
artificial wounding experiments showed that physical
wounding of ovules is sufficient to trigger an abscission
response in Y. filamentosa. Punctures that only penetrated
the ovary wall did not trigger abscission. Third, we did
not observe any difference in viability between ovules
exposed to eggs and those that were not in contact with
eggs. Thus, we do not have any evidence at this point that
eggs alone decrease ovule viability. However, studies of
other insects have shown that additional secretions are
added to the surface of eggs between the time the egg is
released from the ovary and exits the ovipositor (Chap-
man 1998). Our method of collecting eggs directly from
the ovaries does not address the possible effect that
secretions added to eggs from accessory glands between
the bursa and ovipositor affect ovule development.

Artificial wounding did not perfectly mimic moth
oviposition. Based on the tetrazolium staining, each pin
wound in the deep wounding treatment damaged
0.93€0.05 ovules, whereas each oviposition scar damaged
2.38€0.11 ovules (mean€SE). The damage radiates far-
ther from the point of oviposition in moth-pollinated
flowers compared to the point wounds caused by artificial
wounding (Fig. 6). The broader spread of damage in
natural ovipositions probably reflects the flexibility
females have in where they place their egg, difference
in timing of artificial and natural ovipositions, and
difference in morphology of the artificial ovipositor.
Successful oviposition attempts, in which an egg is laid,
last about 4 times longer than unsuccessful attempts
(Pellmyr, unpublished data). Each artificial oviposition
lasted 10 s, approximately the time of an unsuccessful
oviposition. The dissecting pin has a smooth surface

compared to the toothed edge of the moth ovipositor.
Pollinators rarely pierce ovules deeply, but do move their
ovipositor along ovules and can place eggs as far as 8 mm
from the point where the ovipositor enters the locule. We
have observed eggs located at the base of ovules, along
the top, or between ovules (Figs. 1, 6). In short, artificial
oviposition appeared to pierce ovules more deeply, but
damaged fewer ovules per wound compared to natural
oviposition. Damage caused by both ovipositors and
artificial wounding killed ovules eventually, resulting in
constricted fruits. Thus, fruits with many ovipositions
have fewer ovules that mature into seeds than fruits with
few ovipositions. Interestingly, we have observed that the
degree of constriction in fruits varies among Y. filamen-
tosa populations across the Midwest and southeastern
United States, which may reflect variation in plant
response to oviposition and variation in moth morphol-
ogy, chemistry, and/or behavior.

The sensitivity of the abscission response in Y.
filamentosa is striking. Significantly higher levels of
abscission were detected in deep wounding treatments in
which only 4% and 8% of the ovules were damaged. The
physiological cause of abscission in fertilized flowers is
typically attributed to resource limitation and/or changes
in floral hormones (van Doorn and Stead 1997). Resource
limitation can arise from temporal differences in ovule
fertilization in which ovules that are fertilized first have
an advantage in competing for limited carbohydrates

Fig. 6 A Ovules stained with 0.1% tetrazolium showing wounding
response from four moth ovipositions. Eggs that were laid by the
females are also visible in the photograph. B Ovules showing
wounding response from four artificial ’deep’ wounds

Table 4 Results of tetrazolium stain of ovules grown in culture and
exposed to one of three egg treatments. The percentage of egg
treatments that resulted in ovules in contact with the eggs turning
white, light pink, or pink is shown. White indicated no respiration
activity in ovule tissue, whereas light pink and pink indicated that
ovule tissue was actively respiring. Dark pink coloration, an
indication of injured tissue, was not observed in this experiment. N
represents the number of plants

Number of Tegeticula
yuccasella eggs
applied to ovules

n % white
ovules

% light
pink

% pink

0 18 17 44 39
2 18 6 61 33
6+ 18 22 44 33
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(Rodrigo and Herrero 1998) or mineral nutrition. In Y.
filamentosa, differences in timing of fertilization does not
explain the differences in wounding treatments because
equal numbers of treatments were applied each day that
first-day flowers were available. Furthermore, for flowers
that eventually matured into fruit, the day that the flower
was pollinated did not differ among deep wounding
treatments. In other words, plants rejected flowers with
high numbers of wounds whether the flowers opened
early, middle, or late in the flowering phenology of that
individual. The ability of the developing fruit to serve as a
resource sink due to differences in number of wounded
ovules is one possible physiological explanation for the
abscission response. One hormone that may be particu-
larly important in this interaction is ethylene. Ethylene
has a major role in floral abscission in many species
(Addicott 1982; van Doorn and Stead 1997), and is
commonly involved in wounding responses (Salisbury
and Ross 1996). Thus, the rapid abscission response to a
high number of ovipositions may result from differences
in resource acquisition and/or an increase in ethylene
production due to wounding. Other hormones may be
involved as well. In addition, wounds can alter action
potentials, which are important in both inter- and
intracellular communication (Davies 1987; Meyer and
Weisenseel 1997). It is possible that oviposition wounds
are a sufficient signal to directly trigger floral abscission,
and that hormones play a minimal role in the response. It
is unknown whether the sensitivity of Y. filamentosa to
ovule wounding is a response common to many species.

Yuccas are not the only species in which insects can
trigger floral abscission. Selective abscission of fruits
damaged by insects has been reported for many plant
species (Janzen 1971; reviewed in Sallabanks and Court-
ney 1992). A survey of 15 studies representing insects
from the orders Coleoptera, Diptera, Hemiptera, and
Lepidoptera showed that insects ovipositing or feeding on
flowers increased the rate of floral abscission, although at
least one study has shown that insect oviposition behavior
can increase fruit retention (Brody and Morita 2000). Five
of the 15 studies specifically tested how insects caused
floral abscission. The mechanisms included indirect
triggers of floral abscission by introducing fungi that
caused fruit rot (Keck 1934), and direct mechanisms such
as larval feeding damage (King and Lane 1969; Levine
and Hall 1978; Hori et al. 1987; Cunningham 1997).
Abscission triggered by larval feeding was caused by
proteins produced by larvae in the fruit (King and Lane
1969; King 1973), production of pectinases and cellulases
in saliva by larvae (Levine and Hall 1978), the formation
of galls (Anderson 1989), or by altering plant hormones
such as increasing levels of IAA-oxidase in response to
larval feeding (Hori et al. 1987; Hori 1992). Damage
during oviposition was not reported as a cause of floral
abscission in these studies. In the obligate mutualism
between figs and fig wasps, wasps directly oviposit into
ovaries and destroy ovules, but this behavior apparently
has no effect on the probability of fig abscission (Herre
1999).

The results of this study enable us to pinpoint more
specifically the traits involved in stabilizing the interac-
tion between locule-ovipositing Tegeticula species and
yuccas. The majority of Tegeticula species oviposit
directly into the locule (8 of 11 described pollinator
species within the yuccasella complex). In T. yuccasella,
a female only lays one egg per oviposition attempt (Huth
and Pellmyr 1999) and no studies to date of locule-
ovipositing species have shown that multiple eggs can be
laid per oviposition. However, there are three species that
superficially lay eggs into either the ovary wall or at the
base of the style (Pellmyr 1999; Segraves, unpublished
data). Interestingly, superficial oviposition does not affect
floral abscission (Addicott and Bao 1999; this study).
Variability in the mode of moth oviposition suggests that
it is not a fixed trait that limits the range of possible
outcomes in yucca-yucca moth interactions. Further work
on other Yucca species and on species throughout the
Agavaceae will help address whether floral abscission
triggered by ovule injury represents a preadaptation or a
direct adaptation to the mutualism.
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