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THE COEXISTENCE OF BICELLULAR AND TRICELLULAR POLLEN
IN ANNONA CHERIMOLA (ANNONACEAE): IMPLICATIONS FOR
POLLEN EVOLUTION!
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Most angiosperms release bicellular pollen. However, in about one-third of extant angiosperms, the second pollen mitosis oc-
curs before anthesis such that pollen is tricellular upon release. The shift from bicellular to tricellular development has occurred
several times independently, but its causes are largely unknown. In this work, we observed the coexistence of both kinds of pollen
at anther dehiscence in Annona cherimola, a species that belongs to the basal angiosperm family Annonaceae. Examination of
pollen cell number during anther development showed that this coexistence was due to a late mitosis starting shortly before pollen
shedding. Both types of pollen germinated equally well over the course of development. Because variable proportions of bicellular
and tricellular pollen were observed at different sampling times, we tested the role of temperature by performing field and growth
chamber experiments, which showed that higher temperatures near anthesis advanced the time of pollen mitosis II. The results
show that selection could favor the production of tricellular pollen under certain environmental circumstances that prime rapid
pollen germination and provide evidence of a system in which developmental variation persists, but that can be modified by exter-

nal factors such as temperature.
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Microgametophyte development in spermatophytes is a com-
plex process that involves an intricate interplay of different
gene expression events in both the gametophytic and sporo-
phytic tissues of the anther (for reviews, see Mascarenhas, 1989;
McCormick, 1993; Ma, 2005; Scott et al., 2006; Blackmore
et al., 2007). In angiosperms, the sporogenous cells of the an-
thers differentiate to produce microsporocytes or pollen mother
cells that undergo meiosis to form a tetrad of haploid mi-
crospores. After meiosis, each unicellular microspore goes
through an asymmetric mitotic division (pollen mitosis I) to
produce a pollen grain with a larger vegetative cell that hosts a
smaller generative cell; this generative cell will divide once
more to produce two sperm cells (pollen mitosis II) that will be
delivered into the embryo sac of the ovule during the double
fertilization process typical of angiosperms to fertilize the egg
and the central cell (for review, see Lord and Russell, 2002).

The timing of the division to yield the two sperm cells is not the
same in all plant species. In most (70%) angiosperms (Brewbaker,
1967) and in all extant nonflowering seed plants (Friedman, 1999;
Rudall and Bateman, 2007), pollen mitosis II takes place af-
ter pollen germination, and pollen in angiosperms is there-
fore released from the anthers during a bicellular stage.
However, in a number of unrelated angiosperm families and
genera, this division occurs before pollen germination and
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results in pollen that is released in a tricellular stage. The
ecological and evolutionary reasons behind this difference in
reproductive strategy are largely unknown although tricellu-
lar pollen is known to have some common characters in dif-
ferent species such as a rapid germination rate and short
viability (Brewbaker, 1967).

Schiirhoff (1926) hypothesized that the tricellular condition
could be phylogenetically derived from the bicellular condi-
tion, and Schnarf (1939) published the first summary of the
taxonomic distribution of bicellular and tricellular pollen in an-
giosperms. Later, Brewbaker (1967) conducted an extensive
survey of almost 2000 angiosperm species and not only con-
firmed Schiirhoff’s hypothesis, but revealed that the same num-
ber of pollen nuclei is usually found within species of the same
genus, and even within species of the same family or order.
This hypothesis is still valid, although there are some excep-
tions (Webster et al., 1982; Johri et al., 1992). The tricellular
condition has evolved independently from plesiomorphic bicel-
lular pollen in several plant families, and there are no apparent
reversions from tricellular to bicellular pollen (Webster et al.,
1982; Soltis et al., 2005). The heterochronic shift from bicellu-
lar to tricellular pollen has occurred several times during evolu-
tion and has been associated with a selective advantage in some
circumstances due to the faster germination of tricellular pollen
(Brewbaker, 1967; Mulcahy and Mulcahy, 1988).

According to Brewbaker (1967), all the basal angiosperm
families currently included in the eumagnoliid clade (APG II,
2003; Soltis et al., 2005) (orders Magnoliales, Laurales, Piperales,
and Canellales) produce bicellular pollen. Very few exceptions
with tricellular pollen have been reported and include Lirioden-
dron tulipifera in the Magnoliaceae, and several species of the
Calycanthaceae and Monimiaceae (Johri et al., 1992). Thus, the
presence of tricellular pollen reported in Annona cherimola
Mill. (Rosell et al., 1999), a member of the Annonaceae in the
Magnoliales, was unexpected. The Annonaceae or soursop
family, which includes about 130 genera and 2300 species with
a worldwide distribution (Chatrou et al., 2004), is the largest
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living family in the ancient lineage of the eumagnoliids. A high
diversity of pollen development and formation is present in this
family, which has various pollen forms ranging from monads to
polyads and different pollen-binding mechanisms (Tsou and
Fu, 2002, 2007).

Although the simultaneous presence of both bicellular and
tricellular pollen at anther dehiscence is considered uncommon,
it was reported by Maheshwari (1950) in some unrelated species
and has subsequently been described in species of the order Lau-
rales (Magnoliidae) (Sampson, 1969; Gardner, 1974), Olacaceae
(Santalales) (Johri et al., 1992), and Euphorbiaceae (Malpighi-
ales) (Webster and Rupert, 1973). Interestingly, a similar obser-
vation has also been reported in the Araceae (Grayum, 1985), a
family included in the monocot order Alismatales, which also
forms part of the basal angiosperm lineages (Soltis et al., 2005).
These few cases involving the simultaneous presence of both
bicellular and tricellular pollen in a species at anther dehiscence
have usually been regarded as anomalies or curiosities, and they
have not merited further attention. However, these observations
could have an evolutionary/developmental cause that could rep-
resent a transitional stage in the developmental heterochronic
shift from bicellular to tricellular pollen.

The number of nuclei in pollen may vary depending on the
developmental stage or some external factors such as tempera-
ture. Temperature is known to affect various reproductive pro-
cesses (Vara Prasad et al., 2000; Sato et al., 2002), the length
of meiosis (Bennett, 1977) and mitosis (Klindworth and Williams,
2001), or overall pollen performance (Delph et al., 1997; Hedhly
et al., 2005). To examine whether pollen developmental stage
and temperature could affect the number of nuclei in pollen of
plants known to release bicellular pollen, we determined the
number of nuclei of A. cherimola pollen grains during the final
stages of pollen development in the field and at different tem-
peratures in controlled chambers. The results of this study high-
light the coexistence of bicellular and tricellular pollen and
provide insight for our understanding of the heterochronic shift
from bicellular to tricellular pollen.

MATERIALS AND METHODS

Plant material—Flowers of Annona cherimola and most species of the An-
nonaceae are protogynous (Schroeder, 1971; Gottsberger, 1999). Moreover, the
opening of flowers of the same genotype is synchronized, and the transfer of
pollen between different flowers of the same genotype is therefore hindered.
The hermaphroditic flowers have a central pyramidal gynoecium, composed of
up to 300 fused carpels and a basal helical androecium with up to 200 stamens,
surrounded by two whorls of three petals. The flower opens in the morning in
the female stage and remains in this stage up to the afternoon of the next day
when, always near 1800 hours under the environmental conditions of southern
Spain, the flower enters the male stage: anther dehiscence takes place, the stig-
mas shrivel, and the petals spread apart. Anther dehiscence occurs concomi-
tantly in all stamens of a flower, and as the anthers dehisce, they detach from
the flower and fall over the open petals. Pollen is shed from the anthers in
groups of four pollen grains (Walker, 1971), and the dehisced anthers stay in
the flower overnight. Thus, the flower cycle from opening to anther dehiscence
lasts two days. We use the term F1 to designate the female stage of the flower
on the first day, F2 the female stage of the flower on the second day, M1 the
male stage of the flower on the second day and M2 the male stage of the flower
on the day after anther opening. The precise timing of the flower cycle, syn-
chronized with particular hours of the day, enables precise sampling at defined
hours before anther dehiscence.

Adult trees of three A. cherimola cultivars SM 10, Campas, and Fino de Jete,
located in a field cultivar collection at the EE La Mayora-CSIC, Malaga, Spain,
were used for field experiments, which were performed during the flowering
period from June to September of three years.
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Temperature treatments—To study the effect of temperature on the final
stages of pollen development and pollen germination, we monitored tempera-
tures in the field for one month during the flowering season. Flowers were also
subjected to different temperature regimes in growth chambers that reproduced
temperature and relative humidity values similar to those recorded in the field.
Relative humidities also simulated daily variations and were the same (53—
86%) in the different temperature treatments. Two experiments were performed:
one with whole trees, another with detached flowers. In the first experiment,
four trees of cv. Fino de Jete were subjected to maximum temperatures of 20°C,
25°C, and 30°C. The timing of anther dehiscence was monitored for at least 80
flowers from each treatment (20 flowers per tree). In the second experiment,
flowers with their pedicels were collected from trees of the cv. Campas in the
field just before anthesis at 0900 hours and put in 50-mL Falcon tubes with
water, and then placed in growth chambers at 15°C, 20°C and 25°C for 48 h. In
both experiments, anthers were collected at the time of anther dehiscence.

In vitro pollen germination—To evaluate in vitro pollen germination, we
pooled the anthers collected from four flowers in the field. Flowers were col-
lected at different time intervals ranging from preanthesis (32 h before anther
dehiscence) up to the M2 stage (15 h after anther dehiscence). Anthers were
also collected from flowers of trees maintained in the growth chambers, as well
as flowers collected before anthesis from the field and maintained in the differ-
ent temperature chambers. Pollen with anthers (Rosell et al., 1999) was sown
on amedium of 8% sucrose, 200 mg/L. MgSO,-7H,0, 250 mg/L. Ca(NO3),-4H,0,
100 mg/L KNO; and 100 mg/L H;BO; (Lora et al., 2006), and pollen germina-
tion was evaluated 24 h later. The speed of pollen germination was evaluated in
pollen that developed in cut flowers maintained in the chambers at 15°C, 20°C,
and 25°C. For this purpose, pollen germination was recorded at 15, 30, and 105
min after sowing. Data were subjected to arcsine-square root transformation
before ANOVA. Duncan’s multiple range test was used to separate means (P <
0.05). Statistical analyses were performed with SPSS 12.0 statistical software
(SPSS, Chicago, Illinois, USA).

Number of nuclei in pollen—The nuclei in pollen were counted from the
final stages of pollen development up to anther dehiscence and pollen germina-
tion from flowers collected in the field during the flowering period from June to
July and flowers collected from the trees maintained in growth chambers. For
this purpose, anthers from four flowers at each sampling time were collected
from the field, pooled, and cut transversely to extract live pollen. Pollen grains
were stained with a 1: 100 solution of 4’-6-diamidino-2-phenylindole (DAPI; 1
mg/mL water) and phosphate-buffered saline (PBS) for 5 min using a modifica-
tion of the method by Ruzin (1999), and with propidium iodide (PI; 5 ug/mL in
water) for 2-3 min. Pollen grains were also fixed for 24 h in 3: 1 ethanol-acetic
acid and transferred to 75% ethanol for storage at 4°C. The samples were dehy-
drated in an ethanol series, embedded in Technovit 7100 (Kulzer, Friedrichs-
dorf, Germany) resin and sectioned at 5 um. Nuclei were observed with a
solution of 0.25 mg/mL DAPI and 0.1 mg/mL p-phenylenediamine (added to
reduce fading) in 0.05 M Tris (pH 7.2) for 1 h at room temperature in a light-
free environment (Williams et al., 1999). Preparations were observed with an
epifluorescent DM LB2 microscope (Leica, Wetzlar, Germany) with 340-380
and LP 425 filters for DAPI and 515-560 and LP 590 filters for propidium io-
dide. DAPI-stained material was also observed with a TCS-SP2-AOBS confo-
cal microscope (Leica) with 340-380 and LP 425 filters and differential
interference contrast DIC optics.

For counting nuclei in germinating pollen, the grains were hydrated in a
covered tray with wet filter paper for 60 min at room temperature. Stamens with
pollen were then placed on a concave slide with the pollen germination medium
described earlier and the addition of 1% agar, left to germinate, and stored at
—20°C after 30 min and 105 min. Germinated and ungerminated pollen were
stained with DAPI as described. Data were arcsine-square root transformed and
evaluated with an ANOVA. Duncan’s multiple range test was used to separate
means (P < 0.05). The association between the number of nuclei and tempera-
ture was tested using a Pearson correlation analysis. Statistical analyses were
performed with SPSS 12.0 statistical software.

RESULTS

Final stages of pollen development—In A. cherimola cv.
Campas at the beginning of August at preanthesis and for the sub-
sequent 30 h during the female stage (F1 and F2 stages, Fig. 1),
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pollen grains were bicellular (Fig. 2A). However, 9-10 h before
anther dehiscence (F2 stage, Fig. 1), the second mitotic division
started in some, but not all, of the pollen grains, resulting in the
release of a mixed population of bicellular (49%) and tricellular
(51%) pollen (M1 stage, Fig. 1). Pollen was shed packed in
groups of four, reminiscent of the original tetrad. After anther
dehiscence, mitotic division continued in flowers left in the
field overnight, and 14 h later on the next morning (M2 stage,
Fig. 1), 77% of the pollen was tricellular (Fig. 2B). These re-
sults were very similar to those obtained for a different A. cheri-
mola genotype (M10) and at a different time of the flowering
season (September). The second mitotic division also started
9-10 h before anther dehiscence (F2 stage) and yielded a mixed
population of bicellular (42%) and tricellular (58%) pollen
grains at anther dehiscence. In both experiments, mitotic divi-
sions were not synchronized, and pollen with two and three nu-
clei were observed within the same anther and even in the same
tetrad (Fig. 2C).

To evaluate the viability of bicellular and tricellular pollen,
we studied pollen germination in vitro. Both bicellular and tri-
cellular pollen germinated (Fig. 2D and E). The fact that bicel-
lular pollen also germinated was most apparent in samples
taken from flowers at the female stage on day 2 (F2), when over
90% of the pollen was bicellular and over 30% of the pollen had
germinated. Pollen germination rates were similar at each time
stage and increased during flower development (Table 1),
reaching the highest value (64% in cv. Campas and 67% in cv.
M10) at the time of anther dehiscence. At this time, 51% of the
pollen was tricellular in cv. Campas and 58% in cv. M10. An
examination of the number of nuclei in ungerminated pollen
showed that pollen that did not germinate in vitro were gener-
ally bicellular (71%), although a small proportion (28%) was
tricellular. Following anther dehiscence, pollen viability de-
creased rapidly, and the germination rate of pollen from de-
hisced anthers left in flowers in the field overnight (M2 9h) was
only 22%.
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Fig. 1. Percentage of tricellular pollen during the final stages of pollen
development in Annona cherimola cv. Campas from preanthesis through
48 h after preanthesis. F1: Female stage on the first day of the flower cycle.
F2: Female stage on the second day of the flower cycle. M1: Male stage on
the second day of the flower cycle. M2: Male stage on the third day of the
flower cycle. Anther dehiscence occurred at 1700—-1900 hours on the sec-
ond day of the cycle (arrow). Error bars represent standard deviations. Av-
erage temperatures during each stage are indicated below the horizontal
axis.
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Effect of temperature during the final stages of pollen de-
velopment—The fact that variable proportions of bicellular and
tricellular pollen were observed on the different sampling dates
raised the question of whether temperature played a role in this
process.

During one month of the flowering season, pollen was col-
lected in the field at anther dehiscence every other day. The
proportion of tricellular pollen in cv. Campas fluctuated de-
pending on the day from 24 to 62%, and average field tempera-
tures in this period varied slightly from 21°C to 25°C. However,
the number of nuclei was highly correlated with the average
temperature (Pearson’s correlation coefficient r = 0.70, P <
0.001, N = 19). Relative humidity ranged from 43 to 78% and
was weakly correlated with the number of nuclei in pollen
(Pearson’s correlation coefficient r = 0.48, P = 0.034). The time
of anther dehiscence ranged from 1720 hours to 1845 hours and
was significantly correlated with average field temperature
(Pearson’s correlation coefficient » = 0.70, P = 0.001), but not
with the number of nuclei in pollen (Pearson’s correlation coef-
ficient r = 0.30 P = 0.100).

Temperature also had an effect on trees of cv. Fino de Jete
kept in growth chambers. Anther dehiscence was delayed by 1 h
at 30°C relative to that recorded at 20°C. Temperature also af-
fected the number of nuclei in pollen, and pollen developed at
temperatures of 20°C, 25°C, and 30°C resulted in 6%, 25%, and
45% of tricellular pollen, respectively. In detached flowers of cv.
Campas kept in water, pollen developed at 15°C, 20°C, and 25°C
yielded 4%, 10%, and 63% of tricellular pollen, respectively.

The observed effect of temperature on the number of nuclei
was not accompanied by differences in pollen viability, and no
significant differences were observed for pollen germination
with pollen developed at 15°C, 20°C, and 25°C (56%, 58% and
57%, respectively) (Fig. 3). However, the temperature at the
final stages of pollen development affected the subsequent
speed of pollen germination. Thus, pollen developed at 25°C
germinated significantly earlier in vitro compared to pollen de-
veloped at 20°C or 15°C (Fig. 4). Interestingly, when examined
30 min after sowing on the germination medium, most germi-
nated pollen at 25°C was tricellular (76%), whereas bicellular
pollen predominated at both 20°C (95%) and 15°C (98%).

DISCUSSION

The coexistence of bicellular and tricellular pollen—The
results of this study show that bicellular and tricellular pollen
are present in A. cherimola at the time of anther dehiscence, that
both types of pollen are able to germinate and that the propor-
tion of pollen that has advanced to the tricellular state is af-
fected by the prevailing temperature during the final stages of
pollen development. To date, this second mitosis has been con-
sistently reported to occur either within the anther in tricellular
pollen or upon pollen germination in bicellular pollen (Bedinger,
1992). These two types of pollen basically are indicators of
when pollen dehydration occurs: either before or after pollen
mitosis II. However, the situation reported here would be plau-
sible if pollen dehydration was not completed upon anther de-
hiscence and pollen was maintained in a high-humidity
atmosphere. Interestingly, these two premises are valid for A.
cherimola: pollen is shed in a highly hydrated stage (Lora et al.,
2006), and high relative humidity is the norm at the time of
flowering in the inter-Andean valleys of southern Ecuador and
northern Peru, where the species is native (Van Damme et al.,
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Fig. 2. Fluorescence micrographs showing number of nuclei in pollen on the first and second day of flower cycle in Annona cherimola cv. Campas.
(A, B, D, E) Stained with DAPI, (C) stained with propidium iodide. (A) Bicellular pollen at preanthesis. (B) Tricellular pollen at the male stage. (C) The
coexistence of bicellular and tricellular pollen at anther dehiscence. Pollen tubes 30 min after sowing in germination medium in vitro with (D) two and (E)
three nuclei. The generative nucleus is shown with red and black arrows, and the vegetative nucleus with a white arrow. Bar = 40 pm.

2000). Thus, the boundary between bicellular and tricellular
pollen could mainly depend on the timing of pollen mitosis Il in
relation to pollen shedding. Asynchrony in pollen development
within the anther has been documented (Friedman, 1999), and
our results could be an additional example of such a situation.
Both field and controlled temperature experiments show that
temperature modulates the proportion of bicellular and tricel-
lular pollen at anthesis in A. cherimola. This temperature-de-
pendent phenotypic plasticity in the tricellular to bicellular
pollen ratio could provide an adaptive advantage under chang-
ing environmental conditions maintaining variation in the time

of pollen access to the ovule to ensure that some pollen tubes
reach the egg cell at the appropriate developmental time, sup-
porting the idea of the possible role played by phenotypic plas-
ticity in evolution (Pigliucci, 2005).

Biological significance of the coexistence of bicellular and
tricellular pollen—An adaptive advantage of tricellular pollen
is that, while it has a shorter longevity, it is ready for rapid ger-
mination (Brewbaker, 1967; Mulcahy and Mulcahy, 1988). In
fact, in vivo pollen tube growth in species that shed bicellular
pollen is biphasic: an initial period of slow autotrophic growth
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TaBLE 1. Percentage of pollen germination during the flower cycle in two Annona cherimola cultivars.

Stage of the flower, hour of the day
Cultivar Preanthesis, 0900 hours F1, 1400 hours F1, 1900 hours F2, 0900 hours F2, 1400 hours M1, 1800 hours
Campas 6f2a 126+5b 279+ 1c¢ 325+1¢ 476+1d 64+ 10e
M10 Oa 205+£11b 39.7+8¢ 45+ 13 cd 58.7+11de 67+6¢

Notes: Data shown (mean +SD) for cv. Campas in August and cv. M10 in September. Means followed by the same letter in a column are not significantly
different (P < 0.05) by Duncan’s multiple range test. F1: Female stage on the first day of the flower cycle. F2: Female stage on the second day of the flower

cycle. M: Male stage of the flower cycle just after anther dehiscence.

where callose plugs are absent is followed by a faster het-
erotrophic growth where pollen tubes produce callosic plugs
(Mulcahy and Mulcahy, 1982). Tricellular pollen, however,
seems to rely on exogenous sources from the start of germina-
tion (Mulcahy and Mulcahy, 1988). This faster germination
rate may prove valuable in conditions where rapid reproductive
processes are needed. Knox (1984) suggested that tricellular
pollen is related to the mode of pollen dispersal: wind- and wa-
ter-dispersed pollen grains are often tricellular and ready for
rapid germination. Rapid pollen germination could also be
valuable under slight increases in temperature, which also ac-
celerates female development and the whole reproductive pro-
cess (Sanzol and Herrero, 2001).

The results of this study indicate that although both types of
pollen are able to germinate, the tricellular pollen population
germinates faster than the bicellular pollen population. Thus,
the presence of both tricellular and bicellular pollen at anthesis
could be considered a bet-hedging strategy to obtain a higher
chance of fertilization. A similar case has been proposed for
pollen aperture polymorphism (Dajoz et al., 1991; Till-Bottraud
et al., 1994; Till-Bottraud et al., 2005). In this case, there could
be a trade-off between slow pollen germination and greater lon-
gevity (bicellular pollen), and fast pollen germination and short
longevity (tricellular pollen). This trade-off could provide an
adaptive advantage for a species such as A. cherimola with pro-
togynous dichogamy. On the one hand, bicellular pollen could
survive until the following day to be transferred by pollinating
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Fig. 3. Effect of temperature on pollen mitosis II and pollen germina-
tion in Annona cherimola cv. Campas. Bars show the percentage of bicel-
lular and tricellular pollen at anther dehiscence from flowers kept at
different temperatures during the final stages of pollen development. The
black line represents the percentage of pollen germination. Error bars rep-
resent standard deviations.

insects to flowers in the female stage (Gottsberger, 1989). On
the other hand, tricellular pollen can germinate fast at anther
dehiscence when stigmas can still be receptive for a short
time.

Evolutionary significance of the coexistence of bicellular
and tricellular pollen— Although bicellular pollen is the most
abundant in angiosperms and is found in about 70% of angio-
sperm species, tricellular pollen is considered as evolutionarily
derived from bicellular pollen and has arisen at different times
in several families (Brewbaker, 1967). The presence of both
bicellular and tricellular pollen grains in the same genus is very
uncommon (Brewbaker, 1967), and few reports have docu-
mented the phenomenon of both types of pollen in the same
plant at anther dehiscence. This phenomenon has been de-
scribed mainly in species of fairly ancient orders such as Lau-
rales (Sampson, 1969; Gardner, 1974) and Alismatales
(Grayum, 1985), in species of the Olacaceae (Santalales) (Johri
et al., 1992) and Euphorbiaceae (Malpighiales) (Webster and
Rupert, 1973), and in conflicting reports of species of different
genera such as Capsicum (Lengel, 1960), Populus (Hamilton
and Langridge, 1976), and Diospyros (Sugiura et al., 1998).

The presence of bicellular and tricellular pollen in the same
species, even in the same tetrad, and the fact that the proportion
of these two kinds of pollen is environmentally regulated pro-
vides an insight to understand the heterochronic shift from bi-
cellular to tricellular pollen. This shift could be considered a
matter of timing concerning mitosis in relation to pollen dehy-
dration and shedding. Late pollen dehydration would lead to
continuous pollen activity, including generative cell division,
and hence tricellular pollen. However, earlier dehydration
would arrest pollen development in a bicellular state until after
pollen rehydration on the stigma. Differences in the timing of
gene expression between bicellular and tricellular pollen spe-
cies have been revealed (Eady et al., 1994), and genes involved
in male gametophyte development are being uncovered (Bed-
inger, 1992; McCormick, 1993, 2004). Further knowledge on
the timing of the expression of genes controlling pollen mitosis
II and pollen dehydration will shed light on this hypothesis.

Thus, environmental conditions favoring high humidity in the
environment close to pollen, together with an adequate tempera-
ture for generative cell division will favor the production of tri-
cellular pollen. Although this hypothesis needs to be evaluated,
it is interesting to note that Brewbaker (1967) suggested that
tricellular pollen could be advantageous in aquatic taxa. Tricel-
lular pollen also appears to be dispersed in a more hydrated state
(Brewbaker, 1967; Knox, 1984), although this is not the case in
Poaceae. While our results explain the possible origin of this
phenomenon, the adaptive advantage that could explain why it
has been fixed in several species is yet to be determined.

In this work, a combination of both types of pollen is reported
at anthesis in A. cherimola. We can hypothesize that under
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Fig. 4. Pollen germination kinetics at 15, 30, 45, and 105 min after
sowing pollen in germination medium in vitro from flowers kept at 15°C,
20°C, and 25°C during the final stages of pollen development in Annona
cherimola cv. Campas. Error bars represent standard deviations.

certain environmental circumstances that prime rapid pollen
germination, selection could favor the fixation of the trait that
results in the production of only tricellular pollen. The evolution
of spermatophytes includes sequential key changes in micro-
gametophytes that may be associated with major evolutionary
diversifications (Rudall and Bateman, 2007; Williams 2008).
The observations reported in this work may add an additional
feature to the structural lability and developmental variation that
marked the initial phases of angiosperm evolution (Friedman,
2006) and may help us understand the different strategies adopted
by plants facing changing environments. It remains to be seen
whether the results obtained in this work highlight a particular
situation of A. cherimola or represent a more widespread situa-
tion in flowering plants. Nevertheless, these observations give
experimental support for the mechanisms underlying the many
evolutionary shifts from bicellular to tricellular pollen and pro-
vide evidence for temperature-induced phenotypic plasticity.
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