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Abstract Pollen tube dynamics following differentamong the male gametes in animals (sperm competition)
competition regimes were studied in sweet chelP{ or among the male gametophytes in plants (pollen com-
nus aviumL.). In the process from pollination to fertili-petition). The other is an intersexual mechanism, consist-
zation, a constant reduction in the number of pollémg in female mate choice that could interact with the
tubes that travel along the style is observed. There comldle-male competition. These two mechanisms have
be two main causes of this reduction. One is a physibakn intensely studied in numerous animal species but
or physiological constraint consisting of the progressioaly recently have their implications in plants started to
decrease in the reserves and space available for pdilerconsidered (review, Hormaza and Herrero 1994). Fur-
tube growth along the transmitting tissue of the stylermore, due to their sessile nature, active mate choice
and the other is genetic interaction both among the mdtes not occur in plants; consequently, postpollination
gametophytes and between the male gametophytes medhanisms could be more important in plants than post-
the female tissues of the flower. To evaluate the roles tbapulation mechanisms in animals.
these two forces play in reducing the number of pollen During the gametophytic phase, large numbers of
tubes that travel along the style, pistils were subjectedotith male and female gametophytes are produced in
various pollen competition regimes by applying differeplants. However, only a small proportion of these achieve
mixtures of live and dead pollen onto the stigmata. Tfetilization. Although in many species the number of
results obtained were similar when the experiment wasules exceeds the number of seeds finally produced
repeated with different genotypes over 2 years, both(Btephenson 1981; Charlesworth 1989; Herrero 1992b;
the laboratory and in the field. The role of stylar comRigney 1995), this reductive process is more evident in
striction is important, but it is not the only cause of palhe male gametophytic generation. In most plant species,
len tube attrition because with low pollen loads few#ne number of pollen grains deposited on the stigma
pollen tubes reach the different parts of the style thgreatly exceeds the number of ovules available for fertili-
could fit therein. The fact that under different pollepation (Willson and Burley 1983; Snow 1986; Cruzan
competition regimes the number of pollen tubes is #989; Levin 1990; Marshall and Folsom 1991; Plitmann
duced by the same proportion in each stylar level ind993) and, consequently, numerous male gametophytes
cates that genetic interactions play an important roleare lost inside the pistil during the process that extends
the control of pollen tube attrition. from pollination to fertilization. Thus, the final outcome
of the fertilization process is the result of a series of
Key words Cherry - Gametophytic competition - Pollersteps that determines which male gametophyte among all
competition - Pollen tube growtlPrunus the possible candidates is going to fertilize the embryo
sac. Whereas this phenomenon should be far more in-
tense in species that produce single-seeded fruits, most
Introduction of the studies of pollen competition in plants have been
carried out using species that produce multiple-seeded
In plants and animals alike, postpollination or postcopfuits. Additionally, one of the main problems in study-
lation mating success is based primarily on two mechiag the effects of pollen competition in multiple-seeded
nisms. One is an intrasexual mechanism, the competitiant species is that the degree of pollen competition can
affect the number of seeds per fruit and this could inter-
ﬂ#iygérggzlf‘rga|'t\ﬂ'r;egﬁf__&G_A_, Campus de Aula Dei,  [€7€ With the results obtained when studying the vigor of
Apartado 727, E-50080 Zaragoza, Spain: the resultant sporophyte (Charlesworth 1988). Further-
Fax: +34-76-575501, e-mail: ihormaza@mizar.cs:~.es more, fruits with a low number of seeds could abscise
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more easily than fruits with a high number of seedsstil regardless of the number of pollen grains deposited
causing a bias in data from the resulting sporophytic gem- the stigma, and, thus, different pollen tube numbers
eration (Stephenson and Winsor 1986). Thus, specidb be recorded at each pistilar level depending on the
that present a single ovule per flower could become iaitial size of the pollen load.

interesting system in which to study the mechanisms of

pollen competition in plants (Niesenbaum and Casper

1994). This is the case wifPrunus where, although ini- Materials and methods

tially two ovules differentiate and develop in the single

ovary present per flower, one of them degenerates s@btﬁ eXpe}iLnefr]t \{Vﬁs ferzﬁatEd over 2 ¥ears, Witfh fOdediff(t%rr]enlt %e-
P ; i ~Aotypes. The first year, the experiment was performed in the labo-
after pollination, leaving only one ovule to be fertlllzepatory with cut flowers over florist’s foam, crossing the cultivars

(Pimienta and Polito 1982; Arbeloa and Herrero 1991)yanxambrunes. The second year, a similar experiment was con-
Whenever the fate of pollen tubes has been obserdeeted in the field, leaving the flowers in the tree and crossing the
along the progamic phase, it appears to follow a fixedtivars VignolaxVic. The trees were maintained at the SIA-DGA

pattern of reduction since the initial number of pollegPerimental orchards located at the Campus de Aula Dei in
ragoza, Spain. Flowers were collected at the balloon stage 1 day

tUbe.S is progressively fedlﬁced 3'0”9 the style. This or to anthesis, and the anthers were removed from the flowers
duction has been reported in many different plant Spec@8 placed on white paper at room temperature. After 24 h the an-
(Ockendon and Gates 1975; Sedgley 1976; Herrero émls dehisced and pollen was collected by sieving through an 80-
Dickinson 1980; Pimienta et al. 1983; Kenrick and Kn screen. The collected pollen was used to pollinate flowers that

. . d been emasculated at the balloon stage the previous day by re-
1985; Kahn and DeMason 1986; Cruzan 1986, 19 oving the anthers and petals to make them unattractive to insects

Hossaert and Valéro 1988; Herscovitch and Martin 199f;ee 1964). The treatment consisted in the application of different
Scribailo and Barret 1991; Herrero 1992b). Althoughads of viable pollen to the stigmata. This was achieved by mix-
this pattern of reduction appears to be fixed, very littleifg, in different proportions, known amounts of live and dead pol-

o ; . Dead pollen was obtained by placing the pollen in the oven at
known about how it is regulated. In some species C overnight. Five different pollen loads were applied to the

anatomy of the style appears to function as a regulaifimata: 4:0, 3:1, 1:1, 1:3 and 0:4 live:dead by weight. Five pistils
because its funnel shape provides a progressive redugpi@mtreatment for the VanxAmbrunes cross and ten for the Vigno-
of space and reserves (Cruzan 1986; Herrero 1992b)af¥ic cross were fixed in FAA 1:1:18 (formalin:acetic acid:70%

i nol). The pistils were fixed when pollen tube growth had al-
has been proposed (Herrero 1992b) that this reductﬁyﬁ"y reached the base of the style, 3 days after pollination in the

; : : €
plays an important role in the decrease in the nL_‘mber{/QalﬁdXAmbrunes cross (made in the laboratory) and 4 days after
pollen tubes. On the other hand, the progamic ph@sgination in the VignolaxVic cross (made in the field). Pollen
seems to be well suited to propitiate male-female intérbe growth along the style was monitored on squash preparations

i iq i i istils washed in distilled water, boiled in 5% sodium sulphite
action (Cheung 1995) and, as a result of this IIqteracn@hEi)often the tissues (Jefferies and Belcher 1974) and stained with

the gr(_)W_th of some male gamet_o_phytes could be arn_%%f% aniline blue in 0.1 N 0, (Linskens and Esser 1957).
ed. This interaction and tube attrition has been extensiggsparations were examined with an Ortolux Il microscope
ly studied in the self-incompatibility reaction betweeequipped with UV epifluorescence, using a BP 355-425 excitation
closely related individuals (Lewis 1994), in interspecifi@iter and an LP 460 barrier filter. For each cross and treatment, the

i hili _ indivi otal number of dead and live pollen grains was recorded at the
incompatibility between non-related individuals (de Ne tigma with a hand counter by scanning the entire stigmatic sur-

tancourt 1977), and in the elimination of defective gen@ze 1o evaluate the rate of pollen tube attrition, the number of
types (Chasan and Walbot 1993). However, it is still ngdrminating grains was recorded at the stigma and the number of
clear to what extent pollen-pistil interactions may playpallen tubes present was recorded at the transmitting tissue en-
role in determining which male gametophytes achie&é”ce’ at one quarter, one half and three quarter of the way down

el . - . f : e style and at the ovary entrance. Data were subjected to analysis
fertilization in compatible matings. Indirect evidence i5 yariance, and the Student-Newman-Keuls test was used to com-

accumulating suggesting that fertilization is not alwaySpare treatment effects.
random process (Mulcahy and Mulcahy 1987) and that

mate choice may effectively occur in plants (Marshall , )
and Folsom 1991). Table 1 Means (£SD) of the number of pollen grains deposited

| der t luate t hat extent I tub tton the stigma and of the percentage of germination with the differ-
_ In-order o evaluate 10 what extent pollen ube allhst treatments. Each mean is based on measurements from five
tion is a paSSIve_reﬂectlon of the _dQCl’ease ln_the Spane€ ten pistils for the VanxAmbrunes and VignolaxVic crosses,
and reserves available along the pistil or an active pollegspectively. Values within columns followed by the same letter
pistil or pollen-pollen genetic interaction, we used diffef/® not significantly different according to the Student-Newman-

ent pollination densities and monitored pollen tube d§!!s ©stP=0.05,

namics along the style in cherrfPrinus aviumL.). If  proportion VignolaxVic VanxAmbrunes

pollen tube number reduction is exclusively a reflectidine:dead

of space and reserves, then, regardless of the initial num- Number % Number %
ber of pollen grains deposited on the stigma, each pistilar of grains  germination  of grains  germination
level will be able to support the growth of a certain numy 319466 a 6145 a 245+69 ab 6449 a
ber of pollen tubes. Alternatively, if genetic interactiors1 408+101b 53+7b 264+46 ab 55+15 ab
play an important role and only some of the male ganiel 300+69a 48+6¢C 302+78 a 439 bc
tophytes are well suited for a particular mating, then tE% gggfj?g 381('14 d 12125’;—*?3‘)‘ b 353511 c
proportion of tube attrition should be constant along the - e
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Results a clear effect on pollen germination on the stigma, and
the germination percentages obtained with the five dif-
Pollen left in the oven at 90°C overnight was efficiently ferent pollen loads applied were significantly different
killed, and no germination was recorded in either crossbetween pollen loads and not significantly different
with the 0:4 live:dead treatment. However, when deadbetween the two crosses (Fig. 1).
pollen was mixed with live pollen, pollen germination of  In spite of careful application of pollen trying to
the mixture was higher than expected considering theevenly coat each stigma, the total number of pollen
composition of the pollen mixtures (Table 1). In spite of grains deposited varied among stigmata (CV=37.91
this fact, the use of mixtures of live and dead pollen hacand 24.12 for the VanxAmbrunes and VignolaxVic

Fig. 1 Means of pollen germi- 701
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Table 2 Means (+SD) of the

number and percentage of p0|_ Treatments Pistil level

len tubes at different levels of ) .

the pistil 72 h after pollination Stigma Transmitting 1/4 style  1/2 style 3/4 style  Ovary
for the VanxAmbrunes cross. tissue

Percentages are based on 100

in the stigma. Each meanis  Low number 70+15 a 63+14 a 50+13 a 32+6 a 1745 a 3tla
based on measurements from % 10022 a 91+20 a 71+18 a 4619 a 2417 a 5+2 a
five pistils. Values within col-  \edium-low number  106+12 b 96+10 b 70+9 b 42+3 b 19+4 a 2+l a
umns followed by the same let- % 100+11a  90+10a  66+8a  39+3ab  18+4ab 2+lb

ter are not significantly differ- . .
ent according to the Student- Medium-high number 13748 ¢ 119+10c 79+17cb 45+12cb  19+7 a 3tla

Newman-Keuls testf=0.05) % 100+ 6 a 87+7 a 58+12 a 3319 b 1445 b 240 b
High number  169+12 d 144+12 d 90+13 ¢ 61+12 ¢ 28+t11a 2+la
% 1007 a 85+7 a 5318 a 367 ab 16+6ab 1+0b

Table 3 Means (+SD) of the

len tubes at different levels of I .

the pistil 96 h after pollination Stigma Transmitting 1/4 style 1/2 style 3/4 style  Ovary

for the VignolaxVic cross. Per- tissue

centages are based on 100 in

the Stigma. Each mean is based_OW Number 97+14 a 89+15 a 72+15 a 51+12 a 2816 a 612 a
on measurements from ten pis- % 100£15 a 91+15a 7316 a 52+12 a 2916 a 612 a

tils. Values within columns fol- pedium-lov Number 139+15b  125+¢16b  98+15b  72+15b 33:5ab 6:la
lowed by the same letter are not % 100t11a  90#lla 70+1la  52+lla 23+3b  4#lb

significantly different accord- . )
ing to the Student-Newman- ~ Medium-high Number 180+15c¢  161+20c 130+2abc  88+14c 36x5b 6+2 a

Keuls test P=0.05) % 100+8 a 89+11 a 72+14 a 49+8 a 20+3 ¢ 3tlc
High Number 231+36d  210+33d 168+24d 123+x22d 48+13c b5+2a
% 100+15 a 91+14 a 73tlla 53+x10a 21+6bc 2+1d

crosses, respectively) and, consequently, among the difWhile clear differences are recorded among the dif-
ferent pollen treatments (Table 1). Therefore, in orderfeyent pollen loads in the number of pollen tubes that
evaluate pollen tube attrition independently of the numeach each pistilar level, the percentage of pollen tubes
ber of pollen grains deposited onto the stigma, for eamossing each pistilar section (based on the initial num-
cross treatments were placed into one of four differdrgr of pollen grains present at the stigma) is approxi-
classes depending on the number of germinating polteately constant along the style regardless of the number
grains on the stigma. The four classes were called highpollen grains present on the stigma (Fig. 3a,b).
medium-high, medium-low and low competition.

A reduction in the number of pollen tubes growing
down the style was recorded in all four treatments tHiscussion
included live pollen. The pattern of reduction was very
similar for the two crosses involving different genotypeslodulation of pollen competition
in different years and carried out in different places (fieldth different pollen doses
and laboratory) (Fig. 2a,b). Regardless of the number of
pollen grains germinated on the stigma, only two or thrébe results show that a dramatic reduction in the number
tubes in the VanxAmbrunes and five or six tubes in tbé pollen tubes as they grow along the style occurs in
VignolaxVic crosses penetrated the ovary and, eventudierry. These results were similar in the two crosses
ly, only one pollen tube can fertilize the ovule (Tables &udied in spite of the different cultivar combinations and
3). The differences in the number of germinating polleif the different conditions in which the experiment was
grains on the stigma among the different pollen loads aeeried out, in the laboratory and in the field. The obser-
maintained when the pollen tubes penetrate the transmwiétions that different numbers of pollen tubes grow in
ting tissue and grow along the first half of the styl¢he style depending on the initial number of pollen grains
However, the differences become progressively less sigd that the number of pollen tubes is reduced by the
nificant in the second half of the pistil, where for eadtame proportion under different pollen load treatments
cross the number of pollen tubes becomes more indearggest that genetic interactions may play a major role in
dent of the number of tubes present in the stigma atltg regulation of pollen tube attrition.
eventually, the final pollen tube number in the base of Although many studies have reported, in other species,
the style is approximately the same for the four tredlte reduction in the number of pollen tubes growing
ments in each of the two crosses. down the style, only in a few cases has the pattern of that
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reduction been studied. The results obtained show a tagldl dead pollen has proven to be a useful method to
variability among species. In some species, the main bmbdulate the size of the pollen load applied onto the
tleneck seems to be in the upper portion of the style atigma. Various methods have been used previously to
few additional pollen tubes stop growing between midiodulate pollen load size, for example, dilution of viable
style and ovary. That is the case in, for examBtassica pollen with talc (Lee and Bazzaz 1982) or with Lycopo-
oleracea(Ockendon and Gates 197®grsea americana dium powder (Janse and Verhaegh 1993); use of an in-
(Sedgley 1976)Petunia hybridaHerrero and Dickinson sect pin (Cruzan 1986) or a stainless-steel rod (Schlich-
1980), Nicotiana glauca(Cruzan 1986)Pontederia sag- ting et al. 1990); covering differing proportions of the
ittata (Scribailo and Barrett 1991), ar@ucurbita pepo stigmatic surface with pollen (Bertin 1990); varying the
(Winsor and Stephenson 1995). Similarly, Sayers amdmber of touches to the stigma (Winsor and Stephenson
Murphy (1966) report that iMedicago sativahe main 1995); visually counting pollen grains and placing a spe-
determinant of pollen tube number reduction was the failfic number of grains on the stigma (Palmer and Zim-
ure of pollen tubes to penetrate the stigma. An extremerman 1994). However, all these methods can be cum-
case occurs iftriticum durum where it has been reportedersome and require either a species with large stigmata
that only a single pollen tube is capable of penetrating threthe use of a binocular microscope in species with
stigma (Rudramuniyappa and Panchaksharappa 1974snhall stigmata. Thus, the approach we followed to mod-
other species, however, a high rate of pollen tube attritidiate the intensity of pollen competition consisted of the
has also been observed in the lower part of the pistil. Thaplication of different mixtures of live and dead pollen
is the case irErythronium grandiflorum(Cruzan 1989), to the stigmata. The pollen was killed by heat treatment,
Grevillea banksii(Herscovitch and Martin 1990) andthough methanol-killed pollen had previously been used
Acacia retinodegKenrick and Knox 1985). Our resultsas a mentor pollen to overcome self-incompatibility
suggest that the selection pressure in cherry appeargDayton 1974) and for studies on pollen competition
occur along the entire style length. (Visser and Verhaegh 1988). The method we applied is
The use of different pollen loads may be a useful tadsy to use and allows the application of any pollen load
to study pollen tube attrition. The use of mixtures of liwdesired, since it involves mixing the appropriate weights
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of live and dead pollen prior to pollination. Howevetween the pollen tubes and/or between those tubes and
while clear differences can be recorded between hidfie style that is contributing in a substantial way to the
and low pollen loads, the method is not precise enoutgtermination of the attrition pattern. However, in the
to compare close pollen loads. This is due to the varialhwer part of the pistil, the number of growing pollen
ity recorded among different stigmata in the number wibes starts to become independent of the initial number
pollen grains applied. One factor that could account foir germinating pollen grains on the stigma. The fact that
that variability is variation in the stigmatic areas amorng this area the number of pollen tubes becomes very
flowers. Another factor could be the higher than expesimilar among the four treatments would support the hy-
ed germination percentages observed in the mixtupeghesis that physical or physiological female-controlled
with dead pollen. While a mentor effect has been swgjtrition is the limiting factor in the lower section of the
gested for dead pollen stimulating the germination pistil. As a result of the overlap of these two mecha-
other pollen grains (Janse and Verhaegh 1993), no cleiams, a very small number of pollen tubes are allowed
explanation can be given for this, and these different¢esenter the ovary in cherry and, eventually, only one pol-
could be caused by some washing off of dead pollen dign tube will fertilize the ovule.
ing the fixation process. Nevertheless, those two obsta-The fact that a determined genetic pollen-pistil inter-
cles will be less important when the differences in tlagtion is superimposed over a physical and/or physiolog-
amount of viable pollen among the treatments are largml pistilar restriction to pollen tube growth along most
Furthermore, this pollination procedure can be applieddbthe length of the style gives stability to the system. If
a wide range of plant species, and a large number of gbé selection pressure were uniquely dependent on the
linations can be performed by an inexperienced workeumber of individuals present at the stigma, this system
This can be very useful for modulating the intensity @fould be exposed to changes in pollination conditions
pollen competition in the field in order to study its influand, consequently, highly vulnerable to random forces
ence on the resulting offspring. (Haldane 1932). On the other hand, the fact that the ge-
netic interaction seems to be more conspicuous in the
upper half of the style than in the lower half is a charac-
Causes for pollen tube attrition teristic shared with the self-incompatibility reaction
(Herrero and Dickinson 1980), a different but well-de-
Although this pattern of reduction in the male gametbned genetic interaction that also takes place during the
phyte population appears to be consistent among vegproductive process in plants. Thus, fertilization does
different plant species, the mechanisms that regulatedt depend uniquely on passive physical or physiological
are still little known. Two main forces could determineonstraints by the pistil, but also on the genetic interac-
such a pattern. One force could be the differences in ga@ns among the male gametophytes and between the
len competitive ability. The other could be a modulatianale gametophytes and the female tissues. Again the two
of these differences by the pistil. This modulation woutgipes of interaction are probably superimposed, and al-
comprise both physical and physiological constraints atidugh clear differences have been reported between dif-
a genetic pollen-pistil interaction. A physical limitatiofierent male genotypes (Snow and Spira 1991), it has also
could be caused by a constriction of the width of theen suggested (Cruzan 1993) that differences among
transmitting tissue of the style (Modlibowska 194%ollen donors after pollinations can be due to stylar inhi-
Cruzan 1986; Herrero 1992b). A physiological limitatiohition of pollen tube growth rather than to differences in
could be caused by a restriction in the nutrient supggllen vigor. This interaction between the male gameto-
since, in binucleate pollen, after an initial period of autphytes and the female tissues of the flower could explain
trophic growth, pollen tube growth continues heterotroesy genetic variation for male gametophytic fitness has
phically (Herrero and Dickinson 1981; Mulcahy anbeen maintained in plant populations when we could ex-
Mulcahy 1983) and the large amount of nutrients rpect plants not to show much variation in pollen tube
quired to produce the cell wall are taken from the stydeowth rates if better quality pollen always produces
tissue (Herrero and Dickinson 1979). This trophic depemeore and more vigorous progeny (Charlesworth et al.
dence allows the pistil to influence pollen tube growttB87; Walsh and Charlesworth 1992).
rate (Herrero and Arbeloa 1989) and dynamics (HerreroWhile it appears clear that a genetic interaction occurs
1992b). If stylar space and reserves were the main lingiteng the progamic phase, the question remains about
ing factors for pollen tube growth each area of the stytee effect of the physical constriction of the pistil. A pos-
would be able to support the growth of a determinaible answer could be that this constriction would super-
number of tubes. However, the number of pollen tubiespose a selective force for vigor over a genetic interac-
recorded here for a particular area depends on the sizgoof. Results with different species have shown a correla-
the load of viable pollen applied. Thus, with a small pdien between higher pollen competitive ability and off-
len load fewer pollen tubes reach each stylar area tlsgning fitness (Mulcahy 1971; Marshall and Whittaker
could fit in that area. Since the rate of pollen tube attli989), and that differences in vigor in the offspring can
tion is more or less constant along the pistil, it seems thatmodulated by modifying the pollen doses and thus the
superimposed on the physical or physiological comtensity of pollen competition (Hawthorn et al. 1956;
straints presented by the pistil is a genetic interaction béulcahy et al. 1978; Bertin 1990).
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It appears that two main forces may be involved in therrero M, Dickinson HG (1980) Pollen tube growth following
process of pollen tube number reduction in the cherry compatible and incompatible intraspecific pollination®étu-

. . . . nia hybrida Planta 148:217-221
pistil. A genetic interaction appears to play a major rolgeerq KA Dickinson HG (1981) Pollen tube developmer®én

Sup_erir_npose_d on this int_era?tion, th_ere is a physical con-tunia hybridafollowing compatible and incompatible intraspe-
straint involving a reduction in the diameter of the trans- cific matings. J Cell Sci 47:365-383

mitting tissue and in nutrient availability along the stylé'.erécovihch Jt():' 'l\("f?‘_”liln éRl'l" (1t9%0) F’lflle?-pi?t” imerj“?ti?“s in
- : : revillea banksii Il. Pollen tube ultrastructure and interac-

Thes.e two meChamsmS. converge in t.h.e 'd.ea that the pro'tions, and results of field experiment. Grana 29:5-18

gamic phase, from pollination to fertilization, seems {@ormaza Ji, Herrero M (1994) Gametophytic competition and se-

be well adapted to encourage interaction among the maldection. In: Williams EG, Clarke AE, Knox RB (eds) Genetic
gametophytes and between the male gametophytes angontrol of self-incompatibility and reproductive development

; ; ; in flowering plants. Kluwer, Dordrecht, pp 372—-400
tf:e ferTI13aIeh t!ssges of t(;]e flower. IThesi mgg;factlons t%o%saert M, Valéro M (1988) Effect of ovule position in the pod
place, both In time and space, along the different Struc- o, patterns of seed formation in two specietathyrus(Le-

tures that the pollen tubes transverse on their way towardguminosae: Papilionoideae). Am J Bot 75:1714-1731
the ovule (Herrero 1992a). Further work on the mech&nse J, Verhaegh JJ (1993) Effects of varying pollen load on fruit

i i e i i i set, seed set and seedling performance in apple and pear. Sex
nisms that regulate this genetic interaction will enlighten Plant Reprod 6:122.126

our understa_lndln_g on hOW plant_s select among their PS&teries CJ, Belcher AR (1974) A fluorescent brightener used for
sible mates in spite of their sessile nature. pollen tube identificatiotiin vivo". Stain Technol 49:199-202
Kahn TN, DeMason DA (1986) A quantitative and structural com-
parison ofCitrus pollen tube development in cross-compatible
and self-incompatible gynoecia. Can J Bot 64:2548—2555
Kenrick J, Knox RB (1985) Self-incompatibility in the nitrogen-
fixing tree, Acacia retinodesquantitative cytology of pollen
Arbeloa A, Herrero M (1991) Development of the ovular struc- type growth. Theor Appl Genet 69:481-488

tures in peach Rrunus persica(L.) Batsch). New Phytol | ee TD, Bazzaz FA (1982) Regulation of fruit maturation pattern

References

118:527-533 o ) ) _ in an annual legumeCassia fasciculataEcology 63:1374—
Bertin RI (1990) Effects of pollination intensity ampsis radi- 1388
cans Am J Bot 77(2):178-187 Levin DA (1990) Sizes of natural microgametophyte populations

Charlesworth D (1988) Evidence for pollen competition in plants in pistils of Phlox drummondiiAm J Bot 77:356-363
and its relationship to progeny fitness: a comment. Am Ngéwis D (1994) Gametophytic-sporophytic incompatibility. In:

132:298-302 Williams EG, Knox BR, Clarke AE (eds) Genetic control of
Charlesworth D (1989) Why do plants produce so many more self.incompatibility and reproductive development in flower-
OVUleS than SeedS? Nature 338:21-22 |ng p|ants_ K|uwer’ Dordrecht' pp 88_101

Charlesworth D, Schemske DW, Sork VL (1987) The evolution pfnskens HF, Esser K (1957) Uber eine spezifische Anfarbung der
plant reproductive characters: sexual versus natural selection.pgjlenschlauche und die Zahl Kallosapfropfen nach Selbstung
In: Stearns SC (ed) The evolution of sex and its consequencesynd Fremdung. Naturwissenschaften 44:16
Birkhauser, Basel, pp 317-335 _Marshall D, Folsom M (1991) Mate choice in plants: an anatomi-
Chasan R, Walbot V (1993) Mechanisms of plant reproduction: caj to population perspective. Annu Rev Ecol Syst 22:37-63
questions and approaches. Plant Cell 5:1139-1146 _Marshall DL, Whittaker KL (1989) Effects of pollen donor identi-
Cheung AY (1995) Pollen-pistil interactions in compatible pollina-  ty on offspring quality in wild radishRaphanus sativusAm J
tion. Proc Natl Acad Sci USA 92:3077-3080 Bot 76:1081-1088

Cruzan MB (1986) Pollen tube distribution Nicotiana glauca nodlibowska | (1942) Bimodality of crowded pollen tubes in
evidence for density dependent growth. Am J Bot 73:902-907  primula obsonicaJ Hered 35:187—190

Cruzan MB (1989) Pollen tube attrition Erythronium grandiflo- Mulcahy DL (1971) A correlation between gametophytic and spo-
rum. Am J Bot 76(4):562-570 ) S rophytic characteristics iea maysL. Science 171:1155—

Cruzan MB (1993) Analysis of pollen-style interaction$etunia 1156

hybrida the determination of variance in male reproductivgiyicahy GB, Mulcahy DL (1983) A comparison of pollen tube

success. Sex Plant Reprod 6:275-281 _growth in bi- and trinucleate pollen. In: Mulcahy DL, Ottavi-

Dayton DF (1974) Overcoming self-incompatibility in apple with  3n0 E (eds) Pollen: biology and implications for plant breed-
killed compatible pollen. J Am Soc Hortic Sci 99:190-192 ing. Elsevier, New York, pp 29-33

Free JB (1964) Comparison of the importance of insect and wiggicahy DL, Mulcahy GB (1987) The effects of pollen competi-
pollination of apple trees. Nature 201:726-727 tion. Am Sci 75:44-50

Haldane JBS (1932) The causes of evolution. Longmans, Gregiicahy DL, Mulcahy GB, Ottaviano E (1978) Further evidence
London that gametophytic selection modifies the genetic quality of the

HaWthOrr:] LR, Bohart GE, Toole EH (1956) Carrot seed yield.and Sporophyte_ Soc Bot Fr Actual Bot 1-2:57—60
germination as affected by different levels of insect pollinaettancourt D de (1977) Incompatibility in angiosperms. Springer,
tion. Proc Am Soc Hortic Sci 67:384-389 Berlin Heidelberg New York

Herrero M (1992&) From pO”inatiOn to fertilization in fruit treeSNiesenbaum RA’ Casper B (1994) Pollen tube numbers and selec-
Plant Growth Regul 11:27-32 o tive fruit maturation irLindera benzoinAm Nat 144:184-191

Herrero M (1992b) Mechanisms in the pistil that regulate gamet9ckendon DJ, Gates PJ (1975) Growth of cross- and self-pollen
phyte population in peactP(unus persica In: Ottaviano E, tubes in the styles oBrassica oleraceaNew Phytol 75:
Mulcahy DL, Sari-Gorla M, Mulcahy GB (eds) Angiosperm 155-160

pollen and ovules. Springer, New York Berlin Heidelberg, ppaimer TM, Zimmerman M (1994) Pollen competition and sporo-

377-381 o phyte fitness irBrassica campestrisioes intense pollen com-
Herrero M, Arbeloa A (1989) Influence of the pistil on pollen tube petition result in individuals with better pollen? Oikos 69:
kinetics in peachRrunus persica Am J Bot 76:1441-1447 80—86

Herrero M, Dickinson HG (1979) Pollen-pistil incompatibility inpimienta E, Polito VS (1982) Ovule abortion in ‘Nonpareil’ al-

Petunia hybrida changes in the pistil following compatible  mond Prunus dulcis(Mill) DA Webb). Am J Bot 69:913—
and incompatible intraspecific crosses. J Cell Sci 36:1-18 920



160

Pimienta E, Polito VS, Kester DE (1983) Pollen tube growth Bnow AA (1986) Pollination dynamics ipilobium canumOn-
cross- and self-pollinated ‘Nonpareil’ almond. J Am Soc Hor- agraceae): consequences for gametophytic selection. Am J Bot

tic Sci 108:643-647 73:139-151

Plitmann U (1993) Pollen tube attrition as related to breeding sysiow AA, Spira TP (1991) Pollen vigour and the potential for
tems inBrassicaceaePlant Syst Evol 188:65-72 sexual selection in plants. Nature 352:796—797

Rigney LP (1995) Postfertilization cause of differential success $tfephenson AG (1981) Flower and fruit abortion: proximate caus-
pollen donors inErythronium grandiflorum(Liliaceae): non- es and ultimate functions. Annu Rev Ecol Syst 12:253-279
random ovule abortion. Am J Bot 82:578-584 Stephenson AG, Winsor JA (1986ptus corniculatusregulates

Rudramuniyappa CK, Panchaksharappa MG (1974) Histochemis- offspring quality through selective fruit abortion. Evolution
try of pollen tube growth in vivo iffriticum durumDesf. Cy- 40:453-458
tologia 39:665-671 Visser T, Verhaegh JJ (1988) The influence of double pollination

Sayers ER, Murphy RP (1966) Seed set in alfalfa as related to pol-and pollen load on seed set and seedling vigour of apple and
len tube growth, fertilization frequency, and post-fertilization pear. In: Cresti M, Gori P, Pacini E (eds) Sexual reproduction
ovule abortion. Crop Sci 6:365-368 in higher plants. Springer, Berlin Heidelberg New York, pp

Schlichting CD, Stephenson AG, Small LE (1990) Pollen loads 369-374
and progeny vigor inCucurbita pepo the next generation. Walsh N, Charlesworth D (1992) Evolutionary interpretations of
Evolution 44:1358-1372 differences in pollen tube growth rates. Q Rev Biol 67:19—

Scribailo RW, Barrett SCH (1991) Pollen-pistil interactions in tri- 37
stylous Pontederia sagittatgPontederiaceae). 1l. Patterns oWillson MF, Burley N (1983) Mate choice in plants: tactics, mech-
pollen tube growth. Am J Bot 78:1643-1661 anisms, and consequences. Monographs in population biology

Sedgley M (1976) Control by the embryosac over pollen tube — 19. Princeton University Press, Princeton, NJ
growth in the style of the avocad®efsea americandill). Winsor JA, Stephenson AG (1995) Demographics of pollen tube
New Phytol 77:149-152 growth inCucurbita pepoCan J Bot 73:583-589



