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a b s t r a c t

Fruits formed after different pollination regimes (flowers hand pollinated, unpollinated, and open polli-
nated) and the seeds obtained were characterized in the wild chilli pepper Capsicum flexuosum Sendtn.
Pollen tube development in vivo and ovary growth were also analyzed. Seedless fruits and empty seeds
were abundant among the fruits from hand pollinated and open pollinated flowers, while no more than
one seed with embryo was found in a low percentage of fruits from such pollination treatments. Partheno-
carpic fruits were formed from unpollinated flowers. Pollen tube growth was arrested in the upper third
of the style for almost all pollen tubes except for a single one that may continue elongating occasion-
ally. The ovary size increased continuously after pollination, even without fertilization. The sum of the
evidence registered may help to explain the low number of seeds with embryo harvested, the abun-
dance of seedless fruits formed from pollinated flowers (possibly parthenocarpic), and the high rate of
parthenocarpic fruits formed from unpollinated flowers.

© 2010 Elsevier GmbH. All rights reserved.

Introduction

Sweet and hot chilli peppers (Capsicum spp.) are vegetables and
spices consumed worldwide. The most important species, with a
large number of cultivars, belong to the Capsicum annuum complex
(C. annuum L., C. chinense Jacq. and C. frutescens L.), and there are two
other species (C. pubescens Ruiz & Pav. and C. baccatum L.) cultivated
predominantly in Latin America (Pickersgill, 1997). Given that the
fruit is the part of the plant consumed, the processes of pollina-
tion and fructification, and the factors that may affect them, have
been studied in C. annuum (e.g. Aleemullah et al., 2000; De Ruijter
et al., 1991; Ercan and Onus, 2003; Heuvelink and Körner, 2001;
Kubišová and Háslbachová, 1991; Marcelis and Baan Hofman-Eijer,
1997; Raw, 2000; Roldán Serrano and Guerra-Sanz, 2006). In con-
trast, these aspects are almost unknown for the other species of the
genus, either wild, semi-domesticated or domesticated.

Capsicum flexuosum Sendtn. is a wild chilli pepper that grows in
shadow sites in forests in the north-eastern extreme of Argentina,
central and south-eastern Paraguay, and south-western Brazil
(Hunziker, 1998; Jarvis et al., 2005). This species has been consid-
ered a rare and threatened crop relative (Jarvis et al., 2005), because
plants are difficult to find and their natural environment suffers
from anthropogenic destruction (Barboza, pers. comm.; Jarvis et al.,
2005). The plants are small shrubs that fructify profusely, producing
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red, spherical-depressed berries (Hunziker, 1998; pers. obs.), but
viable seeds have been difficult to recover (Jarvis et al., 2005; pers.
obs.). A previous study of pollen tube growth in different conditions
and regimes of pollination in this species suggested a possible pro-
cess of generalized pollen tubes arrestment in the style (Carrizo
García, 2007), which seems contradictory to the fact that numer-
ous fruits are formed. In cases of compatible pollinations, different
forms of failure in the pollen tube growth have been related with
low seed sets and also with the development of parthenocarpic
fruits. However, these features have been observed in particular
mutants (e.g. Mazzucato et al., 2003) and genotypes (e.g. Weiss
et al., 1993), or after treatments that impaired pollen functioning
(e.g. Mesejo et al., 2006; Rao et al., 1992). In C. flexuosum, the pollen
tube behavior referred above was observed in natural conditions.
Therefore, a series of assays were planned in order to characterize
more accurately the production of fruits and seeds in this species,
trying to understand better the relationship with pollination and
pollen tube growth, and to determine if there is parthenocarpy
(meaning the production of fruits without fertilization).

Materials and methods

Plant material

Plants of C. flexuosum were grown in pots in a greenhouse or
in the open field in Córdoba Province (central Argentina), but they
came from three populations of Misiones Province (north-eastern
Argentina). The eight plants used in this study were either grown
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from seeds obtained in natural populations or directly transplanted
from their native location. The peak of flowering occurred in sum-
mer (December–March) and the peak of fructification was a little
later, reaching the beginning of autumn (February–April/May). The
observations were made in the summer seasons 2005/6 and 2006/7.

Hand pollinations

The structure of the flower follows the basic pattern described
for Capsicum (Quagliotti, 1979). The flower lives approx. three days;
the corolla (with the stamens) falls down between the second and
third day of the flower life, while the gynoecium and the calyx fall
four–five days later if a fruit was not set. Hand pollinations were
made with pollen from the first day of anthesis (the moment of
maximum pollen viability in this species; Carrizo García, 2007) on
pistils of the same age, when the stigma was covered with a sticky
exudate. Mixed pollen from different donor plants was used to pol-
linate. Closed anthers from at least five flowers of each plant were
detached, put all together into a tube and kept in the open air until
the pollen was shed (ca. 2 h later). Anther debris were removed
with tweezers and the pollen was mixed. Pollinations were made
with small amounts of pollen collected with a toothpick and gen-
tly applied on the stigma; the operation was repeated until the
stigma was covered with pollen grains. Pollen viability and ger-
minability were tested regularly to favor successful pollinations
(viability higher than 80%, germinability over 25%). The fluorochro-
matic reaction test (Heslop-Harrison and Heslop-Harrison, 1970)
was used to assess pollen viability while pollen germinability was
tested using the culture medium recommended by Mercado et al.
(1994), after 3 h of germination.

Production of fruits and seeds

The fruit set was evaluated for two controlled conditions: hand
pollinated and unpollinated flowers. Flowers were emasculated
when the corolla started to open. Pollen prepared as explained
above was used to hand pollinate the emasculated flowers. In
the case of the flowers that should remain unpollinated, they
were bagged immediately after emasculation. A total of 65 flow-
ers were hand pollinated, while 30 were isolated unpollinated. The
fruit/flower ratio was calculated considering ripe fruits formed.
Since the berries are spherical-depressed, the longest transversal
axis was used to define the fruit sizes, which were categorized in
intervals of 1 mm. The fruits were measured and separated accord-
ingly. Histograms were plotted to show the sizes frequencies.

The number of seeds per fruit was counted, and the average
number per fruit as well as the seed/ovule ratio were calculated.
To this end, the average number of ovules per ovary was calcu-
lated over 20 ovaries dissected from recently open flowers. All seeds
were blackish, and many of them were considerably flattened. To
establish if the seeds had an embryo, they were treated with 50%
sodium hypochlorite in water (adapted from Carrizo García, 2002).
The treatment turned the seeds translucent, allowing the recogni-
tion of the embryo under a stereomicroscope. Two types of seeds
were found: with and without embryo. The seeds without embryo
were those flattened, always being smaller and papery. These latter
will be referred in the following as ‘empty seeds’.

A random harvest of 150 fruits was done simultaneously; these
fruits produced by open pollinated flowers were analyzed with
respect to the already mentioned variables.

Pollen tube growth

Pollen tube growth was studied in vivo in pollinated flowers.
These latter were numbered when the corolla started to open, and
immediately emasculated. The pistils were hand pollinated as pre-

viously described. Post-pollination stages (P) were defined every
24 h from the moment of pollination, and were named P1–P7, corre-
sponding with 1 day = 24 h until 7 days = 168 h after pollination. Ten
pistils per stage were fixed in FAA and transferred to 70% ethanol
after 48 h. The method proposed by Martin (1959), with some mod-
ifications, was followed to detect the pollen tubes. Stigmas/styles
were washed with water, submerged in 8 N sodium hydroxide for
2 h, washed with water, submerged in 50% sodium hypochlorite for
ca. 30 min, washed with water, and finally stained with 0.1% Ani-
line Blue in water. The stigmas/styles were squashed onto a slide
and the pollen tubes were detected under UV light (� 365 nm).
Digital photographs were taken to measure the length of pollen
tubes. According to the observed pattern of pollen tube growth,
the longest one from the population of pollen tubes was measured
in each style. The mean and standard deviation were calculated for
every stage. Isolated much longer pollen tubes were observed in
some cases, which were measured independently.

The ovary growth was also determined from P1 to P7 in the same
flowers. The longest transversal diameter of the ovaries was mea-
sured. The percentage of increase of the ovary size was assessed
according to the average ovary size at the moment of corolla open-
ing, calculated from 20 ovaries measured.

The data of pollen tube length and ovary diameter were statis-
tically analyzed using ANOVA (P = 0.05). Every possible pair of data
was compared following a Tukey test, from P1 to P3 for pollen tubes
and from P1 to P7 for ovaries.

Results

Production of fruits and seeds from hand pollinated and
unpollinated flowers

Thirty eight fruits were formed from the 65 flowers hand polli-
nated, which is a fruit/flower ratio of 0.585. The fruit sizes ranged
from ca. 3 to ca. 8 mm, distributed in all the intervals defined from
≤3.9 mm to ≥8 mm (Fig. 1A). Half of the fruits were in the inter-
val ‘≤3.9 mm’ (Fig. 1A), while much lower quantities of fruits were
found in all the others (Fig. 1A).

Twenty fruits matured from the 30 unpollinated flowers, which
represents a fruit/flower ratio of 0.667. The size of these fruits
ranged from ca. 3 to ca. 5 mm, i.e. only the two smallest intervals
were found (Fig. 1B). Most of fruits fell in the interval ‘≤3.9 mm’
(Fig. 1B), and the remaining in the interval ‘4–4.9 mm’ (Fig. 1B).

In the fruits formed from hand pollinated flowers, all the fruits
belonging to the interval ‘≤3.9 mm’ were seedless, while all were
seeded in the other intervals (Fig. 1A). A total of 85 seeds were har-
vested. The average of seeds per fruit increased with the increment
of the fruit size, from ca. 2 to ca. 11 (Fig. 2A). The general average
of seeds per fruit was 2.24. The average of ovules per ovary was
14.05 ± 2.40, and consequently, the general seed/ovule ratio was
0.16. Among all the seeds harvested, 72 were of the empty type
(84.7%), which represented a high proportion of seeds in each size
interval of seeded fruits (Fig. 2B). Only empty seeds were found in
6 of the 19 seeded fruits (31.6% of them), which belong to the three
smaller intervals of size among the seeded fruits (Fig. 1A). Only 13
of the total (15.3%) were seeds with embryo; the average per fruit
was 0.34, and 0.024 the embryo/ovule ratio. In no one of the seeded
fruits was more than one seed with embryo.

All fruits formed from unpollinated flowers were seedless
(Fig. 1B).

Fruits and seeds from open pollination

The fruits randomly collected from open pollinated flow-
ers appeared irregularly distributed among all the size intervals
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Fig. 1. Fruit and seed production in C. flexuosum. The height of the bars represents
the total number of fruits in each interval. Within each bar, the amount of seed-
less (black) and seeded fruits (white background) are discriminated. Among the
seeded fruits, those containing only empty seeds are distinguished with diagonal
lines. (A) Fruits from hand pollinated flowers. (B) Fruits from unpollinated flowers.
(C) Randomly collected fruits from open pollinated flowers.

(Fig. 1C). There were two higher peaks, one in the middle of the
range (6–6.9 mm) and the other in the lower extreme (≤3.9 mm),
which was the highest (45 fruits, Fig. 1C). The two intervals between
both of them included most of the remaining fruits, while a few
were found in the two bigger size intervals (Fig. 1C).

All the fruits of the interval ‘≤ 3.9 mm’ were seedless, while more
than a half were seedless in the interval ‘4–4.9 mm’ (Fig. 1C). The
average number of seeds per fruit ranged from less than 1 to ca. 5
according to the increasing fruit sizes (Fig. 2C). The general average
of seeds per fruit was 0.93, and the seed/ovule ratio was 0.066. A
total of 140 seeds were harvested, 110 of them belonged to the
empty type (78.6%). High numbers of empty seeds were found in
fruit of all sizes (Fig. 2D). More than the half of the seeded fruits
(66.3%) contained only empty seeds, representing a high proportion
in each size interval where seeded fruits were recorded (Fig. 1C). 30
seeds of the total (21.4%), i.e. 0.20 per fruit, contained an embryo;
this represents embryo/ovule ratio of 0.014. No one seeded fruit
had more than one seed with embryo.

In vivo pollen tube growth

In general, pollen tubes grew almost all together and they
extended through approximately the apical third of the style at P1
(Fig. 3A). Isolated pollen tubes grew beyond that zone only in some
pistils analyzed, elongating over 40–50% of the style length (Fig. 3A).
Nevertheless, this phenomenon was infrequent (see below). Almost
the entire population of pollen tubes lengthened to a maximum at
P2 (Fig. 3B); pollen tube growth was apparently stopped around
this stage. Shorter pollen tubes were seen from the stages P3 and
P4 (Fig. 3B), being only fragmented pollen tubes in most cases of P4
(Fig. 3C). However, there were no significant differences between
any stages from P1 to P3. From P3 to P4 onwards, pollen tubes
appeared twisted, sometimes with thicker callose walls (Fig. 3C).
At the same time, the stylar tissues began to become necrotic from
the basal end upwards. At the stages P6 and P7 only fragments of the
pollen tubes were detectable in the apical end of the style, while
most of the style length had a necrotic appearance (dark colored
and shrunken).

Isolated longer pollen tubes were measured separately from the
rest; it was always a single pollen tube per style whose length differ-
ence with the rest was conspicuous (Fig. 3A). So, it did not represent
the general behavior of most pollen tubes. In only two pistils fixed at
P1, a single pollen tube reached the base of the style and entered the
ovary. Excluding these cases, among the 70 pistils analyzed from
P1 to P7, only 9 isolated pollen tubes reached the basal third of the
style, all of them found at the stages P1–P3.

Ovary size and pollen tube development

The mean transversal diameter of the ovary was 1.26 ± 0.10 mm
(Fig. 4A). The ovaries started to enlarge from P1 (Fig. 4), even though
the size of some ovaries at this stage can fell in the range of those
measured at the moment of corolla opening (e.g. a diameter of
1.30 mm). The average diameter of the ovary increased almost con-
tinuously until P7, with an increasing level of variation (Fig. 4).
Only the average diameter of the ovary at P7 was significantly dif-
ferent from all the other stages. A substantial ovary growth was
observed at P7, in which the ovaries’ sizes overlap with the range
of sizes recorded for the mature fruits, although with the small-
est (e.g. 3.5 mm; Fig. 4). Relating the length of pollen tubes and
the ovary diameter in each pistil, it was observed that the ovaries
started to enlarge even though the pollen tubes were arrested, and
yet degenerated, in the apical part of the style (i.e. fertilization did
not occurred).
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Fig. 2. Seed production in C. flexuosum. (A, C) Average number of seeds per fruit according to the fruit sizes. (B, D) Total seeds harvested distributed among the fruits sizes.
The height of the bars represents the total amount of seeds in each size interval, and the empty seeds are distinguished with diagonal lines within each bar (A, B: Fruits from
hand pollinated flowers; C, D: randomly collected fruits from open pollinated flowers).

Discussion

Fruit characteristics and seed production

The range of fruit sizes in C. flexuosum is wide, considering that
the biggest can have twice the diameter size of the smallest fruits.
The number of seeds per fruit was also a highly variable feature,
particularly among those obtained from hand pollinated flowers,
and seedless fruits were abundant. The number of seeds per fruit
increased in parallel to the fruit size in both, the fruits from open
pollination and those from hand pollinated flowers. This trend was
also observed in some cultivated peppers (Aleemullah et al., 2000;
Ercan and Onus, 2003; Marcelis and Baan Hofman-Eijer, 1997;
Roldán Serrano and Guerra-Sanz, 2006), even though the fruit sizes
and the number of seeds were much bigger in those cultivars. How-
ever, the increase in the number of seeds per fruit in C. flexuosum
was due to the presence of more empty seeds, since no one fruit had
more than one seed with embryo. Therefore, higher seed numbers
do not represent a reproductive advantage.

There were two interesting differences between the fruits from
hand pollinated flowers and those from open pollination. On
the one hand, seedless fruits were present only in the interval
‘≤3.9 mm’ among the fruits from hand pollinated flowers, while
they were found in the intervals ‘≤3.9 mm’ and ‘4–4.9 mm’ in the

case of fruits from open pollination. On the other hand, the average
number of seeds per fruit was higher in fruits from hand pollinated
flowers, considering all the fruits together and also discriminated
by sizes. Intuitively these features, in particular the numbers of
seeds per fruit, may point the attention on the pollen load on the
stigma (as for the pollen quantity and the eventual development
of a proportional number of pollen tubes), because it is likely that
it could be different between the open pollinations and the hand
pollinations made. Actually, bigger fruits and more seeds were pro-
duced in C. annuum when higher pollen loads were used (Marcelis
and Baan Hofman-Eijer, 1997; Roldán Serrano and Guerra-Sanz,
2006). However, considering the general behavior of the pollen
tubes, the fact that in just a few cases only a single pollen tube
could have achieved fertilization, and that most seeds formed were
empty, the number of seeds per fruit does not seem related with
the amount of pollen used to pollinate. Nevertheless, it can be won-
dered if a bigger pollen load could enhance the probability of the
development of those longer pollen tubes that eventually fertilize.

Although the number of seeds per fruits is usually low in the
wild species of Capsicum (Barboza, pers. comm.; Barboza and De
Bem Bianchetti, 2005), the general average values registered in C.
flexuosum were markedly low. The high number of seedless fruits
has negatively affected these values. These averages are even lower
if only the seeds with embryo are considered, which can be rec-
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Fig. 3. In vivo pollen tube growth in C. flexuosum. (A) At the stage P1 (24 h after pollination); note a single faster pollen tube (arrow). (B) Mean lengths and standard deviations
of pollen tubes at successive post-pollination stages (P1–P3, defined every 24 h). (C) At the stage P4 (96 h after pollination); observe the segmented and twisted pollen tubes
restricted to the apical part of the style. Scale bars = 250 �m.

ognized as the ‘true seeds’, with the potentiality to continue the
species. Under this regard the difficulty mentioned by Jarvis et al.
(2005) to obtain viable seeds can be understood. This underlines the
status of C. flexuosum as a threatened species, as it was mentioned
by these authors.

Pattern of pollen tube growth

The growth of most pollen tubes seemed to be stopped at some
moment around 48 h after pollination. It seems that the pollen
tubes degenerate after they have stopped growing. It can be stated
that the performance of the pollen tubes in C. flexuosum is poor
with respect to their ability to arrive at the ovary and fertilize the
ovules, because they collectively fail, except for sporadic, isolated
pollen tubes. This pattern appears to be a regular feature in this
species. The direct consequence may be the scarce number of seeds
with embryo found among the fruits dissected, even if this may not
be the only cause. Some of those isolated pollen tubes that could
grow beyond the group of arrested pollen tubes should be able to
successfully fertilize. This is consistent with the formation of not
more than one seed with embryo per fruit (when formed), at least
in the conditions that were given here.

The causes for the pollen tube arrestment and later degenera-
tion are not clear. Though a possible occurrence of incompatibility
in C. flexuosum was suggested (Jarvis et al., 2005), it was assumed
that the species was self-compatible, as are other wild species of
the genus [except Capsicum cardenasii Heiser & Smith (Onus and
Pickersgill, 2004) and C. pubescens (Saborío and Da Costa, 1992)],
and self-pollinating, as are the cultivated peppers (Bosland and
Votava, 2000). This assumption resulted from two previous obser-
vations. First, according to a preliminary study, there were no
significant differences in the mean pollen tubes lengths until 48 h
after pollination between self-pollinated, cross-pollinated pistils,
and those pollinated with mixed pollen from several plants (Carrizo
García, 2007). Second, plants kept isolated were able to set fruits
with embryo-containing seeds that could germinate (pers. obs.).
If an incompatibility reaction were taking place in the present
pollination investigations, compatible pollen tubes must have con-
tinued growing, unlikely only one in just a few cases, since mixed
pollen from different donor plants was used. An incompatible reac-
tion does not seem likely because the arrestment of the pollen tube
growth occurred evenly for self and foreign pollen. On this regard,
it could be suggested that the pistilar support for the pollen tubes
may not be unrestricted in compatible pollinations. A reduction in
the number of pollen tubes growing along the style in compatible
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Fig. 4. Ovary size and post-pollination growth in C. flexuosum. (A) Average ovary
diameter from the flower (F) to different post-pollination stages (P1–P7, defined
every 24 h). (B) Ovaries at flowering (F, the entire pistil is shown) and several post-
pollination stages (P), and fruits from contrasting sizes. In none ovary shown there
was fertilization. Observe that the ovary size at P7 can overlap with the range of the
fruit sizes. Scale bar = 3 mm.

pollinations has been reported for many species [see Hormaza and
Herrero (1996) for examples and a discussion on the subject]. The
relevance of the female factor on this phenomenon and a possible
male selection has been supported (Hormaza and Herrero, 1996).
This could be the case also in C. flexuosum, in which the style may
produce a high selective pressure on the developing pollen tubes,
and in consequence only sporadically a single pollen tube per style
can reach the ovary and fertilize. However, the possibility also of a
male control of the pollen tube growth cannot be disregarded until
accurate tests are performed.

In relation to the female part, a possible negative effect on
the developing pollen tubes induced by the growing ovaries may
also be discarded. This is because the ovaries did not grow in
pollinated flowers cut and kept in water for 7 days (pers. obs.),
as it did happen in the flowers analyzed here, while the pat-
tern of pollen tube growth and arrestment was similar in both
cases (Carrizo García, 2007). The increase of the ovary size reg-
istered in the first week after pollination, while the pollen tubes
have not reached the ovary (i.e. there was no fertilization), is
an interesting phenomenon. The rapid growth of the ovary is in
part responsible for the development of parthenocarpic fruits in
a tomato variety (Lin et al., 1983). Taking into account the gen-
eral trend of pollen tube arrestment, the ovary growth without
fertilization, and the high percentage of seedless fruits obtained
from hand pollinated flowers, it can be speculated about a pos-
sible parthenocarpic origin of the seedless fruits obtained in this
case.

Parthenocarpic fruits

Parthenocarpic fruits were developed from unpollinated, iso-
lated flowers, in a fruit/flower rate of 0.67, which evidences that this
type of fruit is not uncommon. Indeed, this rate was higher than the

rate of fruits formed from hand pollinated flowers. The spontaneous
formation of parthenocarpic fruits differs from other cases recorded
in cultivated Capsicums, since this phenomenon usually had to be
induced in different ways. Parthenocarpic fruits were developed in
genetically controlled plants or crosses (Curtis and Scarchuk, 1948;
Malhova, 1977; Pathak et al., 1983; Shifriss and Eidelman, 1986),
by the application of hormones or chemicals (Bisaria and Prakash,
1978; Heuvelink and Körner, 2001; Jayakaran, 1973; Wong, 1941),
or after treatments with low temperatures (Polowick and Sawhney,
1985; Rylski, 1973). In the case of C. flexuosum, parthenocarpic and
seed-containing fruits appeared at the same time in all the stud-
ied plants, at any moment of the period of fructification, and the
formation of parthenocarpic fruits could not be related strictly to a
particular genotype or an environmental condition. Regarding the
fruit quality, in other such cases in Capsicum the parthenocarpic
fruits were usually smaller than the seeded fruits (Pathak et al.,
1983; Polowick and Sawhney, 1985), and in general they had defor-
mations (Bosland and Votava, 2000). The parthenocarpic fruits in C.
flexuosum were also smaller, but they did not show signs of defor-
mation, and they were even histologically similar to those with
seeds (pers. obs.).

It was previously hypothesized that the seedless fruits obtained
from hand pollinated flowers could also be parthenocarpic. There-
fore, if all the seedless fruits were parthenocarpic, no matter the
pollination regime, the amount of this type of fruit registered here
would evidence its relevance in the total fruit production of C. flex-
uosum.

Conclusions

The fruit characteristics and the seed production in C. flexuo-
sum show some interesting particularities, which may be related,
at least in part, with the presence of pollination and/or pollen tube
development. The features registered have some important impli-
cations. On the one hand, a possible cause for the low proportion of
seeds with embryos was found, the arrested elongation growth of
pollen tubes. This can be taken as an embryological peculiarity of
interest even beyond the specific flower biology of Capsicum. If for-
mation of viable seeds is pursued, some aspects still deserve further
attention (e.g. the performance of different plants as male donors
or female receptors). On the other hand, the observations direct
the attention to a trait that could be of interest for Capsicum breed-
ing, the occurrence of spontaneous parthenocarpy as an apparently
regular phenomenon.
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