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POLLEN-PISTIL INTERACTIONS IN TRISTYLOUS PONTEDERIA

SAGITTATA (PONTEDERIACEAE). II. PATTERNS OF
POLLEN TUBE GROWTH!

RoBIN W. SCRIBAILO? AND SPENCER C. H. BARRETT
Department of Botany, University of Toronto, Toronto, Ontario, Canada M5S 3B2

Pollen tube behavior was compared after legitimate and illegitimate pollinations of tristylous
Pontederia sagittata. All pollinations resulted in substantially fewer pollen tubes in the style
than pollen grains on the stigma surface. Number of pollen tubes showed a characteristic attrition,
particularly by the midpoint of the style in all pollination types. Two classes of illegitimate
pollination could be identified. In pollinations with pollen smaller than the legitimate size class
for a given morph, pollen tubes ceased growth in characteristic regions of the style. In pollinations
with pollen larger than the legitimate size class, pollen tubes entered the ovary. In the latter
class of pollination, pollen tube behavior in the M morph was similar to that of legitimate
pollinations. In the S morph illegitimate pollen tube behavior was distinctive. Pollen tubes
entered the ovary but rarely contacted the obturator most often growing down the funiculus of
the ovule and terminating growth at its base. The associations between pollen size, pollen tube
length and width, and callose plug length regardless of pollination type suggest that incompat-
ibility in P. sagittata is governed by the interaction of heteromorphic characters rather than by
an active rejection mechanism mediated by molecular specificities. The distinctive features of
incompatibility in P. sagittata are discussed in relation to structural features of the pollen tube
pathway, incongruity mechanisms, and gametophytic incompatibility in monocotyledonous

families.

Information on pollen tube growth is limited
in heterostylous plants in comparison with that
available for taxa with homomorphic incom-
patibility. The available data indicate funda-
mental differences in the functioning of self-
incompatibility between heteromorphic and
homomorphic self-incompatibility systems
(Gibbs, 1986; Barrett, 1988b; Lloyd and Webb,
In press a). In homomorphic sporophytic sys-
tems, rejection characteristically occurs on the
- stigma surface through either the inhibition of
pollen adhesion and hydration or pollen tube
growth before stigma penetration (Knox, 1984,
Gaude and Dumas, 1987; Elleman etal., 1989).
In contrast, in distylous species the site of re-
jection differs between the floral morphs. Most
typically, in the long-styled morph, cessation
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of growth of illegitimate pollen tubés occurs in
the stigma or style, whereas in the short-styled
morph inhibition results from failures in pollen
adhesion, germination, and pollen tube entry
into the stigma (Gibbs, 1986; Richards, 1986).
Differences in the nature of self-incompatibil-
ity reactions between heteromorphic and ho-
momorphic systems support the view that they
have independent evolutionary origins
(Charlesworth, 1982).

There has been little detailed work on the
sites of pollen tube inhibition in the tristylous
families Lythraceae, Oxalidaceae, and Ponte-
deriaceae. Observations of pollen tube growth
in tristylous species are of particular interest
because of their unique intrafloral variation in
pollen characteristics. Pollen from the two an-
ther levels within a flower differ in size, num-
ber, and incompatibility behavior (Darwin,
1877; Dulberger, 1970; Weller, 1976, Barrett,
1977). In Lythrum salicaria (Kostoff, 1927,
Esser, 1953) and L. junceum (Dulberger, 1970)
inhibition of pollen tubes in the stigma or upper
part of the style in illegitimate pollinations has
been reported. Pollen tubes also appear to be
inhibited in the stigma or upper part of the
style in Oxalis spp. (Weller, 1975). In contrast,
in Pontederia sagittata and P. cordata, cessa-
tion of pollen tube growth occurs in both the
style and ovary (Glover and Barrett, 1983; An-
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derson and Barrett, 1986). The occurrence of
“late-acting incompatibility’’ (Seavey and
Bawa, 1986) in the Pontederiaceae is unique
to species with heteromorphic incompatibility.
Whether ovarian inhibition in Pontederia spp.
involves pre- or postzygotic phenomena is un-
known.

Scribailo and Barrett (1991) noted the close
similarity in the structural features of the pollen
tube pathway in Pontederia sagittata to that of
several monocotyledonous taxa with gameto-
phytic self-incompatibility (e.g., in the Lili-
aceae, Iridaceae, and Commelinaceae). Work
on self-incompatible genera in the Liliaceae in
particular has indicated that the sites of pollen
tube inhibition are often similar to that re-
ported in Pontederia, occurring in both the style
and ovary (see Seavey and Bawa, 1986). This
observation and the possible phylogenetic af-
finities of Liliaceae and Pontederiaceae (see
Eckenwalder and Barrett, 1986) suggested that
similarities in the structural properties of the
pollen tube pathway may be important in de-
termining the nature of heteromorphic incom-
patibility behavior in the Pontederiaceae.

In this paper we describe the general prop-
erties of self-incompatibility in tristylous Pon-
tederia sagittata. The specific questions ad-
dressed in this study were: Is failure to set seed
in illegitimate pollinations where pollen tubes
regularly enter the ovary attributable to pre-
or postzygotic mechanisms? What are the pat-
terns of pollen tube growth in the various
legitimate and illegitimate pollen-pistil com-
binations? Are distinct pollen-pistil behaviors
identifiable, and what cytological features dis-
tinguish illegitimate from legitimate pollina-
tions? Is there evidence supporting the view of
a functional role for floral heteromorphism in
mediating incompatibility behaviorin P. sagit-
tata?

MATERIALS AND METHODS

Plant material — Information concerning the
source of plant material used in this study and
its glasshouse culture is given in a companion
paper (Scribailo and Barrett, 1991). For infor-
mation on the tristylous syndrome of P. sagit-
tata, details of the reproductive ecology of pop-
ulations, and data on seed set following
controlled legitimate and illegitimate pollina-
tions, see Glover and Barrett (1983).

Embryo abortion—To investigate whether
postzygotic abortion, rather than prezygotic in-
hibition of incompatible pollen tubes, could
explain the reduced seed setin L X m, M x
LS x 1, and S X m self-pollinations (style
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morph, uppercase X pollen size, lowercase),
comparative studies of embryo and endosperm
development were undertaken. Only these pol-
linations were examined, since observations by
Glover and Barrett (1983) and our own pre-
liminary observations indicated these were the
only illegitimate pollinations in which pollen
tubes entered the ovary.

The technique of Stelly et al. (1984) for stud-
ies of megasporogenesis was modified for stud-
ies of early embryo development in P. sagit-
tata. In order to establish a time course for
normal embryo development, ovules were dis-
sected from legitimately pollinated flowers at
time intervals extending from 24 hr to 14 d
after pollination. Ovules were then transferred
through a graded ethanol series into several
changes of water and stained for 2 d in Mayer’s
haemalum, a regressive haematoxylin stain
(Sass, 1958). Ovules were destained from 1 to
3 d in 5% acetic acid depending on their stain-
ing intensity. Ovules were then transferred
through a graded ethanol series into several
changes of absolute alcohol, and through 2:1
and 1:2 absolute acohol : methyl salicylate into
several changes of methyl salicylate. Ovules
were mounted in methyl salicylate on glass well
slides, and examined to determine the status
of embryo development, using a Reichert Po-
lyvar microscope.

Seventy-five ovaries of each of the illegiti-
mate self-pollinations were collected after 10
d and processed as above. Observations of seed
development indicated that it was possible to
clearly distinguish aborted embryos from nor-
mal seed development at this time interval.

Controlled pollination program — Hand-pol-
linations were conducted under glasshouse
conditions between 9:00 and 11:00 a.m. Fine
netting was placed over open windows of the
glasshouse to ensure a pollinator-free environ-
ment. Plants were chosen on the basis of their
high inflorescence production and the occur-
rence of a minimum of four ramets of each
genotype. These features ensured a high prob-
ability that all six genotypes would be flowering
simultaneously.

In P. sagittata only pollinations between pol-
len and stigmas at the same height (legitimate
pollinations) result in full seed set. All other
pollen-pistil combinations (illegitimate polli-
nations) result in reduced seed set to varying
degrees (Glover and Barrett, 1983). To inves-
tigate pollen tube growth in legitimate and il-
legitimate pollinations, two genotypes of each
morph were selfed and crossed in all pollen-
pistil combinations. Initial analysis of data on
pollen tube growth by morph indicated no sig-
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nificant differences in the behavior of self, in-
tramorph, and intermorph pollen tubes for il-
legitimate pollinations with pollen from a given
anther level. Therefore, self, intramorph, and
intermorph pollinations with a particular pol-
len type were combined into a single category.
This resulted in nine basic pollen-pistil com-
binations—L X L, L xm,L x s, M X |, M X
mMXs, SXLSXmandS X s,

Pollen tube growth following the nine dif-
ferent pollen-pistil combinations was observed
after three time intervals (2, 6, 48 hr). Pistils
were collected after each time interval and fixed
in 3:1, 95% ethanol to glacial acetic acid. Pre-
liminary investigations indicated that 2 and 6
hr were appropriate time intervals to examine
differential pollen tube behavior between le-
gitimate and illegitimate pollinations (also see
Glover and Barrett, 1983). The 48 hr time
interval was chosen to observe final sites of
pollen tube arrest, because all pollen tube
growth had ceased by this time.

The four treatments for a given pollination
type and time interval were conducted on the
same day on a single recipient inflorescence,
or two simultaneously flowering inflorescences
of the same genotype. Flowers acting as ma-
ternal and paternal parents for each pollination
treatment were selected to represent a range of
positions within inflorescences on each day of
pollination. All pollinations were conducted
using fine forceps and a single anther from the
male donor per stigma.

Flowers of the L and M morph can be pol-
linated without difficulty; however, pollina-
tions of the S morph require special manipu-
lation because of their concealed stigmas. Fine
forceps were inserted between the upper and
lower halves of the perianth tube at the base
of the flower just below the stigma. The upper
half of the perianth was then removed to ex-
pose the stigma for pollination. Preliminary
trials with this technique indicated no adverse
effects on pollen tube growth or seed set.

To quantify pollen tube growth several dif-
ferent measurements were made. Pistils were
first fixed, cleared, and stained in aniline blue
(see below). Measurements were then made on
five pistils for each pollination type and ge-
notype resulting in a total of 40 pistils per pol-
lination treatment. At the 2 hr time interval,
only the length of the longest pollen tube and
number of pollen grains on the stigma could
be quantified owing to the relative weakness
of callose fluorescence.

At the 6 hr and 48 hr time intervals, in-
creased callose deposition allowed quantifi-
cation of the length of the longest pollen tube
and the total number of pollen tubes at the top,
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middle, and base of the style, in the ovary, and
contacting the obturator. Although fertiliza-
tion was observed, it was not always possible
to reliably detect and, therefore, was not in-
cluded as a measurement. The number of pol-
len tubes entering sterile stylar canals was re-
corded at the midpoint of styles. Because pollen
tubes were most clearly observed at 6 hr, sev-
eral additional characteristics were measured
at this time interval. The length of five callose
plugs and width of five pollen tubes at the top
of the style were recorded for each pistil. Pre-
liminary observations indicated.that these two
parameters did not vary throughout the length
of the style.

Pollen tube staining —Pistils were most ef-
fectively cleared by exposure to 2 M sodium
hydroxide at 55 C for 8 hr. Solubilized tannins
and raphides were then leached from the tissue
during transfers through several overnight
changes of water. For pollen tube staining, an-
iline blue (Polyscience, CI 42755) was pre-
pared as a 0.1% solution in anhydrous 0.1 M
tribasic potassium phosphate (pH 11.6) with
20% glycerin added to facilitate storage of slides
without desiccation (Dumas and Knox, 1983).
Pistils were mounted in a drop of stain, cov-
erslips were gently lowered onto the tissue to
prevent distortion of the ovary, and slides were
left in the dark overnight to allow maximum
fluorescence to develop. Slides were viewed on
a Zeiss Universal Axioplan photomicroscope
equipped with epi-fluorescence. A Zeiss No. 2
ultraviolet filter system consisting of exciter
G-365, dichromatic beam splitter Ft-395, and
barrier LP-420 was chosen to maximize ex-
citation and emission of the aniline blue flu-
orochrome (Smith and McCully, 1978; Evans,
Hoyne, and Stone, 1984).

Some dissected ovaries were stained for light
microscopy with 5 mg of lacmoid and 5 mg of
martius yellow dissolved in 15 ml of distilled
water. The stain was filtered before use, and
pistils were mounted in stain (Nebel, 1931).

Scanning electron microscopy (SEM)—To
obtain more detailed observations of pollen
tube growth, preparation of samples for SEM
were made in the following manner. For SEM
of the stigma surface, a series of pistils of each
morph was pollinated either with one pollen
type or a mix of the three pollen types. Pistils
were then collected after 6 hr and fixed in 2%
glutaraldehyde in phosphate buffer (pH 6.8) for
6 hr, and washed four times for 5 min in 0.05
M phosphate buffer. For examination of pollen
tubes in the ovary, pistils were fixed 24 hr after
pollination as described above. Once in buffer,
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ovaries were placed under a Zeiss SV-8 ste-
reomicroscope and dissected to expose the
ovule using fine forceps and a microdissection
blade.

After washing in buffer, pistils for stigmatic
and ovarian observations were processed
through a graded ethanol series into several
changes of absolute ethanol. Tissue was criti-
cal-point dried using carbon dioxide as the in-
termediate fluid, mounted on metal stubs, and
coated with gold-palladium for 5 min in a
Hummer VI sputter-coater. Samples were then
viewed on a Hitachi Model S570 scanning elec-
tron microscope set at 10 kV.

Data analysis —Data sets were tested for ho-
mogeneity of variances using Hartleys F, .-
test (Sokal and Rohlf, 1981). Variables with
heterogeneous variances were either log- or
square root-transformed. After ANOVA means
were compared with Scheffe’s procedure at the
0.05 level (SAS version 6, 1987). For variables
with heterogeneous variances, a Kruskal-Wal-
lis test was performed after transformation (SAS
version 6, 1987). Mean ranks were then com-
pared using Dunn’s multiple comparisons pro-
cedure at the 0.05 level (Hollander and Wolfe,
1973).

Photography — All light microscopy photo-
graphs of pollen tubes were taken on a Zeiss
Universal Axioplan photomicroscope using
Kodak 135 T-MAX 400 ASA film. For SEM
Ilford 120 FP-4 roll film was used. Photographs
ofembryo development were taken on a Reich-
ert Polyvar microscope using Kodak 135 Tech
Pan film to enhance contrast.

RESULTS

Normal embryogenesis—The normal stages
of embryo and seed development are shown
in Figs. 1-5 and are described below. At specific
times after pollination, ovaries from all floral
morphs exhibited close synchrony in stages of
embryo and endosperm development. At 24
hr after pollination, zygotes or two-celled em-
bryos were visible (Figs. 1, 2). By 3 d both of
the cells shown in Fig. 2 had divided, one trans-
versely and the other longitudinally, to form
a four-celled proembryo (Fig. 3). By 6 d mul-
ticellular globular proembryos were evident
(Fig. 4). At 10 d after pollination embryos had
undergone considerable elongation and differ-
entiation (Fig. 5). At this stage the epicotyl and
hypocotyl of the cotyledon were clearly visible.
In addition, the cotyledonary sheath enclosing
the embryonic shoot apex and the rudimentary
vascular supply were also evident. The rapid
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growth of endosperm at the cellular phase of
development began to obscure the embryo at
this time. At 14 d after pollination embryos
had enlarged considerably and were close to
maturity. Seeds matured 16-21 d after polli-
nation.

Embryo abortion—Seventy-five ovaries were
examined for status of embryo development
for each illegitimate pollination where pollen
tubes were known to enter the ovary. With the
exception of M x 1 pollinations where seed set
is high, the majority of ovaries showed no ev-
idence of fertilization and appeared identical
to ovaries of unpollinated flowers used as con-
trols. In M X 1 pollinations 58 ovaries showed
normal embryo development when compared
with legitimate controls. Five embryos were
aborted and the remainder were unfertilized.
In S x m pollinations 21 ovaries showed nor-
mal embryo development, two were aborted,
and the remainder were unfertilized. In § x 1
and L X m pollinations four and seven ovaries
showed normal development, respectively. No
abortions were observed in either pollination,
and the remaining 71 and 68 ovaries, respec-
tively, showed no evidence that fertilization
had occurred.

Three examples of aborted embryos are il-
lustrated in Figs. 6—8. Abortion of embryos
always occurred at the globular stage of de-
velopment. In Fig. 6 no endosperm develop-
ment is visible, while in Fig. 7 only strands of
endosperm are apparent (arrow). In Fig. 8 en-
dosperm development has progressed further
and is arrested at an intermediate stage of free
nuclear division. Note the collapse of the walls
of seeds in Figs. 6 and 7, and collapse of the
embryo sac in Fig. 8. These observations in-
dicate that embryo abortion is infrequent in P.
sagittata. Postzygotic mechanisms cannot,
therefore, account for the low levels of seed set
obtained from illegitimate pollinations in which
growth of pollen tubes into the ovary occurs.

Pollen adhesion and germination—Qbser-
vations indicated the presence of numerous
pollen grains on the stigma surface in the ma-
jority of pollinations regardless of whether they
were legitimate or illegitimate. Measurements
of the numbers of pollen grains on the stigma
among the three fime intervals indicated no
significant differences between the 6 hr and 48
hr data. However, for all pollen-pistil combi-
nations (except L X 1) there were significantly
fewer pollen grains on stigmas at the 2 hr time
interval (Table 1). In some L x m (8) and L
x s (13) pollinations at the 2 hr time interval,
and in all pollinations involving the S morph
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TABLE 1.
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Mean number of pollen grains on each stigma and standard deviation for nine pollen-pistil combinations

and three time intervals after controlled pollination of Pontederia sagittata. After a Kruskal-Wallis test, ranks were
compared using Dunn’s multiple comparisons procedure. Letter superscripts refer to comparisons within a time
interval; numeric superscripts refer to comparisons within a pollination treatment. Means sharing the same superscript
are not significantly different (P > 0.05; N = 40). No pollen was present on S stigmas examined after 2 hr. Means
for treatments involving s and m pollen have been divided by a constant (s: 4.52; m: 1.17) to correct for pollen
production differences in the anther levels of P. sagittata (see Glover and Barrett, 1983)

Time interval

Pollination treatment 2 hr 6 hr 48 hr
Lxl 57.441 + 249 67.228 = 18.2 71.84% + 340
Lxm 20.0%' * 245 100.742  + 53.9 101.542 + 399
Lxs 36.78! * 357 66.1482  + 36.6 50.08¢2 + 27.2
M x m 41.5481 + 20.3 97.842  + 489 61.08¢2 + 32.9
M x1 24.6% +17.6 46.85¢2 + 18.7 65.3482 + 27.6
M xs 19.58' + 10.7 58.948C2 + 26.4 57.9%¢2 + 33.0
Sxs - 23.8¢0 *11.4 28.8Pt + 12.6
SXxm - 29.485¢t  + 16.5 44.0°P' + 30.3
Sx1 - 19.9¢t  + 15.8 20.7°t + 9.4

at this time interval, stigmas were observed
with no adhering pollen. These observations
indicate that pollen grains had either failed to
adhere and germinate or pollen tubes of ger-
minated grains had not entered the stylar canal
prior to collection and were lost during pro-
cessing. The presence of smaller numbers of
pollen grains on stigmas after 2 hr suggests that
pollen germination take place over several
hours but is completed by 6 hr.

Corrected values for the number of polien
grains on the stigma, taking into account dif-
ferences in pollen production per anther level
(see Glover and Barrett, 1983), do not indicate
preferential adhesion of legitimate pollen over
illegitimate pollen in any of the morphs (Table
1). Stigmas of the S morph capture significantly
fewer pollen grains than stigmas of the L and
M morph in both legitimate and illegitimate
pollinations, regardless of time interval. For
example, large numbers of s pollen grains were
visible on stigmas of the L morph after L x s
pollinations (Fig. 9), whereas in S X m polli-
nations (Fig. 11), and S x 1 (Figs. 10, 13) pol-
linations in particular, very few pollen grains
were present. The observed differences suggest
a reduced ability of pollen grains to adhere to
the smaller stigmas of the S morph.

Pollen germination was high, with large
numbers of pollen tubes growing into the stig-
ma in all legitimate pollinations and most il-
legitimate pollinations (Fig. 12). Because of the
large number of pollen grains present on stig-
mas, particularly in pollinations of the L and
M morphs, it was nearly impossible to quantify
pollen germination with any precision.

InL xs,L x m,and M X s pollinations at
6 and 48 hr, a larger percentage of ungermi-
nated pollen grains was observed compared
with legitimate pollinations of these morphs.
In addition, some pollen tubes were observed
growing randomly on the stigma surface ex-
hibiting a lack of directional growth into the
stigma (Fig. 14). Figure 15 illustrates the be-
havior of1, m, and s pollen grains on the stigma
of the L morph. Note the lack of germination
of s pollen grains.

Only one illegitimate pollination (M X 1)
consistently exhibited aberrations of pollen tube
growth in the stigma. Some pollen tubes were
wider than normal with callose plugs of in-
creased thickness (Fig. 16, small arrow). Pollen
tubes were often observed to swell at the tip
region before ceasing growth (Fig. 16, large
arrow). Paradoxically, the M X 1 cross is the
most compatible illegitimate pollination in P.

-

Figs. 1-8. Embryo development and abortion in Pontederia sagittata. LM micrographs. Figs. 1-5. Stages of embryo
development. 1. Zygote (arrowhead) 24 hr after pollination. Bar = 5 um. 2. Two-celled embryo (arrowhead) 2 d after
pollination. Bar = 5 um. 3. Four-celled proembryo (arrowhead) 4 d after pollination. Bar = 5 um. 4. Globular stage
embryo 6 d after pollination. Bar = 5 um. 5. Embryo 10 d after pollination. The cotyledonary sheath enclosing the
shoot apex is clearly visible (arrow). Extensive cellular endosperm is visible below the embryo. Bar = 20 um. Figs. 6—
8. Aborted seeds collected 10 d after pollination. Note that the embryos (large arrowhead and large arrows) have aborted
at the globular stage of development. Bars = 20 um. 6. No endosperm development has occurred. 7. Strands of
endosperm are visible (small arrow). 8. Endosperm development has stopped at the free-nuclear stage (small arrows).
Note the collapse of the walls of the seed in Figs. 6 and 7, and the collapse of the embryo sac in Fig. 8.
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sagittata, setting an average of 73% seed (Glov-
er and Barrett, 1983).

Legitimate pollen tube growth in the style —
After entering the stylar canal, pollen tubes of
all legitimate pollinations showed similar
growth characteristics. Pollen tubes formed a
tightly clumped mass as they grew down the
style (Fig. 18). Pollen tubes were of uniform
width within and between levels in the style
(Fig. 17). Comparisons of pollen tube widths
in legitimate pollinations at the 6 hr time in-
terval indicated that pollen tubes of L pollen
are significantly wider than pollen tubes of S
pollen, with pollen tubes of M pollen being of
intermediate width (Fig. 43) (compare s pollen
tubes [Fig. 9] with m [Fig. 11] and 1 pollen
tubes [Fig. 10]). Frequency of callose plugs did
not appear to change through the length of the
style in legitimate pollinations.

Pollen tube width and callose plug length
increased in size from the 2 to 6 hr time interval
but not at the 48 hr time interval. Pollen tubes
at 2 hr exhibited less wall fluorescence than at
later time intervals, indicating that callose con-
tinues to be deposited in pollen tubes in regions
some distance back from the pollen tube tip.
At 6 hrcallose pluglengthsin S X s pollinations
were significantly shorter than those in M X
m and L x 1 pollinations (Fig. 44).

Comparisons between the number of pollen
grains deposited on the stigma (Table 1) and
the number of pollen tubes at the top of the
style (Fig. 41) indicate that pollen tubes from
many pollen grains fail to reach the stylar canal.
This pattern is particularly evidentin L X s
and M x s pollinations (see next section) but
is also present in legitimate pollinations. In the
L morph 35% of the legitimate polien grains
deposited on stigmas produced pollen tubes in
the style vs. 29% in the M morph and 14% in
the S morph at the 48 hr time interval.

Figure 41 shows the number of pollen tubes
reaching each level in the style for the three
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pollination treatments of each morph at 48 hr.
Despite the occurrence of large numbers of
germinating pollen grains on the stigma sur-
face, relatively few pollen tubes were observed
in the style. In legitimate pollination of the L
and M morphs approximately 20%-25% of the
pollen tubes present at the top of the style failed
to reach the midpoint of the style (Fig. 41). In
contrast, in legitimate pollinations of the S
morph 90% of the pollen tubes reach the mid-
point of the style. Few additional pollen tubes
ceased growth between the midpoint of the
style and the ovary in all legitimate pollina-
tions.

Legitimate pollen tubes that terminate growth
in the upper part of the style exhibited several
types of abnormal behavior. This was most
commonly characterized by swelling of pollen
tubes, absence of callose plugs (Figs. 22-26),
and an increase in particulate callose within
the pollen tube causing the entire pollen tube
to fluoresce (Figs. 26-30). Loss of pollen tube
directionality was also common, although this
phenomenon varied considerably among styles
(Figs. 22-24, 26). Coiling of pollen tubes was
usually followed by cessation of growth shortly
thereafter, although this did not involve burst-
ing of pollen tube tips.

Abnormal behavior followed by the cessa-
tion of growth of large numbers of pollen tubes
was correlated with the zone in which the tri-
lobed stylar canal separates into three stylar
canals with only one leading to a fertile carpel
(Scribailo and Barrett, 1991). A significant re-
duction in the number of pollen tubes was vis-
ible below the point of stylar canal separation
(Fig. 2). Since little pollen tube growth occurs
in styles after 6 to 8 hr due to stylar senescence,
pollen tubes present in the upper region of the
style must have terminated growth. By the
midpoint of the style the majority of remaining
pollen tubes were found in the fertile stylar
canal (Fig. 19, large arrow; Fig. 20).

An average of one-third of the total pollen

—
Figs. 9-15.

Pollen-pistil interactions in Pontederia sagittata. Figs. 9—12. LM micrographs. Figs. 13-15. SEM mi-

crographs. 9. Pollen tube growth in the style 6 hr after M x s pollination. Note the large number of pollen grains on
the stigma surface and the small number of pollen tubes in the style (arrows). Bar = 20 um. 10. Pollen tube growth in
the pistil 6 hr after S x 1 pollination. Note the two swollen pollen tubes in the style that have ceased to grow (arrows).
Bar = 20 um. 11. Pollen tube growth in the pistil 6 hr after S x m pollination. Two pollen tubes are in contact with
the obturator which has become distorted away from the micropyle of the ovule. Note the smaller size of pollen grains
and their increased number on the stigma in comparison to Fig. 10. Bar = 20 um. 12. Pollen tubes growing into the
stigma 6 hr after M x m pollination. Bar = 10 ym. 13. Small numbers of pollen grains on the stigma of the S morph
6 hr after pollination with 1 pollen. Note the large size of the pollen grains (arrows) relative to the size of the stigmatic
papillae. Bar = 20 um. 14. Short and mid pollen tubes showing a lack of directional growth into the stigma of the L
morph 6 hr after pollination. Bar = 10 um. 15. Growth of the three pollen types on the stigma of the L morph. Note
the increase in pollen tube diameter from the short (s) to mid (m) to long (1) pollen type (arrows). Bar = 10 um.
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TABLE 2. Maximum number of pollen tubes that can be accommodated into the fertile stylar canal for each pollen-
pistil combination in Pontederia sagittata. Values are based on calculated cross-sectional areas of pollen tubes using
data for pollen tube diameter (+ standard deviation). Canal cross-sectional areas (+ standard deviation) are taken
from the mid-level in the pistil using data from Scribailo and Barrett (1991). The mid-level in the style represents
the zone in the pistil where the single stylar canal separates into three canals with only one canal (fertile) leading

to the fertile carpel

Pollen tube diameter Pollen tube area Fertile canal area Number of

Pollination treatment (mm x 107%) (mm? x 107%) (mm? x 107%) pollen tubes
L x1 8.25 = 1.80 5.41 5.20 = 1.11 96
Lxm 7.25 £2.23 4.13 5.20 = 1.11 127
Lxs 3.77 = 1.41 1.13 5.20 + 1.11 460
M x m 8.86 = 1.16 6.22 4.34 = 0.89 70
M x 1 10.27 + 2.88 8.33 4.34 + 0.89 52
M x s 5.69 = 1.77 2.55 4.34 + 0.89 170
Sxs 5.27 £ 0.91 2.21 2.65 £ 0.50 120
Sxm 8.15 £ 2.32 5.28 2.65 £ 0.50 50
Sx1 10.38 + 3.32 8.49 2.65 = 0.50 31

tubes in the style should enter each stylar canal,
assuming that the distribution of pollen grains
on the stigma is random. Observations of rel-
atively uniform pollen grain distribution on
the three lobes of pollinated stigmas suggest
that this assumption is likely a reasonable one.

Quantitative data indicate that considerably
less than two-thirds of the total pollen tubes
enter the two sterile stylar canals. This per-
centage did not vary significantly between the
floral morphs, averaging 20.8% in the L morph,
25.9% in the M morph, and 27.2% in the S
morph. These values are based on data pooled
from both legitimate and illegitimate polli-
nations.

Calculations of the maximum number of
pollen tubes that can be accommodated within
the fertile stylar canal at the mid-level of the
style are given in Table 2. These are based on
stylar canal cross-sectional area data in Scri-
bailo and Barrett (1991), pollen tube diameter
measurements for each pollination type (Fig.
43), and an assumption that the total free area
of the canal is available for pollen tube growth.
Comparisons of these estimates for legitimate

pollinations, with the observed numbers of
pollen tubes at the middie of the style (Fig. 41),
indicate a smaller number of pollen tubes are
present in the style than complete packing
would theoretically allow. This suggests that
stylar clogging cannot explain the reduction in
number of pollen tubes in styles of P. sagittata.

Illegitimate pollen tube growth in the style—
Number of pollen tubes increased from the 2
to 6 hr time interval in all illegitimate polli-
nations, but did not show a further increase
from the 6 hr to 48 hr interval. With the ex-
ception of some pollen tubes in M x 1 pollin-
tions, illegitimate pollinations did not display
more aberrant pollen tube behavior than in
legitimate pollinations.

Measurement of pollen tube diameter showed
a stronger correlation with pollen type than
with whether a pollination was legitimate or
illegitimate (Fig. 43). Differences in pollen tube
diameter between the pollen types are signif-
icant when data are pooled by pollen type across
legitimate and illegitimate pollinations. Pollen
tubes of s pollen are narrowest, |1 pollen tubes

—

Figs. 16-23. Pollen tube growth in the style of Pontederia sagittata. Figs. 16—18, 21-23. 16. Inhibition of 1 pollen

tubes in the stigma of the M morph 6 hr after pollination. Note the thick callose plugs (small arrows), the swollen tip
of the pollen tube to the right (large arrow), and the tip of a pollen tube that has ceased growth (p). Bar = 10 um. 17.
M pollen tubes in the style of the L morph 6 hr after pollination. Note the uniform width of the polien tubes and
callose plugs laid down at intervals. Bar = 10 um. 18. Mid pollen tubes growing down the style of the S morph 6 hr
after pollination. Note the tight clustering of pollen tubes. Bar = 5 um. 19. Pollen tube behavior in the style of a M x
1 pollination at the point of separation of the trilobed stylar canal into one fertile stylar canal and two sterile stylar
canals. The majority of pollen tubes have passed into the fertile stylar canal (small arrow) while a small number have
entered one of the sterile canals (large arrow). The other sterile stylar canal is not visible. Bar = 20 um. 20. Pollen tube
growth in the style 6 hr after S x m pollination. Note the large number of pollen tubes in the fertile stylar canal to the
left (large arrow) and the absence of pollen tubes in the sterile stylar canal (small arrow) to the right. Bar = 20 pm. 21-
23. Attrition of pollen tube numbers in the style 6 hr after L x m pollinations. Bars = 20 um. Typical signs of aberrant
behavior of pollen tubes associated with cessation of growth include absence of callose plugs, loss of directionality, and
increased diameter. In addition, note the increased deposition of callose in Fig. 22 (arrow) and the absence of directional
growth in Fig. 23 (arrows).
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are widest, and m pollen tubes are of inter-
mediate width (Fig. 43).

Considerable variation was observed in cal-
lose plug length between pollination types, al-
though increasing thickness was not strongly
associated with illegitimate pollinations (Fig.
44). In the S morph, pollen tubes from the three
pollination types had the same callose plug
lengths. In the L and M morphs, callose plugs
of s pollen tubes were shortest, and those of
M X land L X m pollinations were longest.
Pooling callose plug data by pollen type, the
callose plugs of s pollen tubes are significantly
narrower than those of 1 and m pollen tubes.

As in legitimate pollinations, the number of
illegitimate pollen tubes at the top of the style
represent only a small fraction of the potential
number, given the number of germinating pol-
len grains present on the stigma. In the L morph
pollen tube number at the top of the style for
the 48 hr time interval (Table 1) (expressed as
a percentage of uncorrected pollen grain num-
ber) decreased with pollen grain size from 15%
in L x m pollinations to 7% in L. x s polli-
nations. In the M morph the percentage of
pollen tubes at the top of the style, in illegiti-
mate M X 1 pollinations did not differ greatly
from legitimate pollinations (20% vs. 29% re-
spectively). In contrast, in M X s pollinations,
the number of pollen tubes was only 8% of
pollen grain number. Values for this parameter
in illegitimate pollinations of the S morph were
22% in S X m pollinations and 44% in S x 1
pollinations.

In three illegitimate pollinations (L. X m, L
x s, M X s) the cessation of pollen tube growth
occurred in characteristic regions of the style.
In each case the illegitimate pollinations in-
volved pollen of a size that was smaller than
the legitimate size class of pollen for that style.
The most striking feature of the data for pollen
tube lengths is that in these illegitimate pol-
linations, lengths are not significantly different
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from those in the corresponding legitimate pol-
lination using that pollen type (Fig. 42).

An obvious syndrome of pollen tube ab-
normalities was not associated with termina-
tion of growth. The sites of pollen tube arrest
in these pollinations appear to represent the
maximum distance to which pollen tubes were
capable of growing. InL X sand M X s pol-
linations, pollen tubes penetrate the style (Figs.
27, 28; arrows) and travel a distance equivalent
to that of a short pollen tube effecting fertil-
ization during legitimate pollination. This dis-
tance is equivalent to approximately one-sixth
the length of the style in the M morph, and ¥,
the length of the style in the L morph. In L X
m pollinations, pollen tubes are not signifi-
cantly different in length from M X m polli-
nations and terminate growth at a point be-
tween the middle and base of the style.

In all illegitimate pollinations where pollen
tubes grew to the base of the style or further,
quantification of pollen tube numbers at dif-
ferent levels in the style indicated a large re-
duction in pollen tube number by the midpoint
of the style (Fig. 41; L xm,M X 1, S x 1, S
x m). Expressed as a percentage of pollen tubes
at the top of the style for the 48 hr time interval,
attrition rates for illegitimate pollen tubes in
the L and M morph were significantly higher
than in legitimate pollinations (20% for L. x 1
vs. 47% for L X m; 25% for M X m vs. 58%
for M x 1). In the S morph 12% to 16% of
pollen tubes failed to reach the midpoint of the
style in both legitimate and illegitimate polli-
nations. Attrition in all pollinations was as-
sociated with the point of separation of the
stylar canal into separate canals prior to the
midpoint of the style. Only small reductions
in the number of pollen tubes occurred between
the midpoint of the style and the ovary in M
x1,S x m,and S X 1pollinations. The decline
was comparable to that observed in legitimate
pollinations.

—

Figs. 24-33.

Pollen tube growth in the style and ovary of Pontederia sagittata. Figs. 24-26. Bars = 10 pm. As in

Figs. 21-23. Typical signs of aberrant behavior of pollen tubes associated with attrition of pollen tube numbers after
L x m pollination. 24. Swelling of the pollen tube tip. 25. Twisting of the pollen tube. 26. Branching of the pollen tube
(arrows). 27. Termination of pollen tube growth in the upper part of the style 6 hr after L X s pollination (arrows).
Arrows indicate the tips of the pollen tubes. Bar = 100 um. 28. As in Fig. 27, but a higher magnification view of
cessation of pollen tube growth (arrows). Bar = 10 um. 29. Pollen tube growth in the style at the point of entry into
the ovary. Note the interspacing of pollen tubes, increased diameter, increase in particulate callose, and decrease in
numbers of callose plugs toward the bottom of the micrograph. Bar = 10 um. 30. Pollen tube growth in the ovary 6
hr after legitimate pollination of the L morph. Note the abundance of pollen tubes contacting the obturator (arrowhead).
Bar = 20 pm. 31. As in Fig. 30, but note the increase in particulate callose in some of the pollen tubes. Pollen tubes
are contacting the obturator at the lower left of the micrograph (arrowhead). Bar = 10 um. 32. Coiling of pollen tubes
in the ovary 6 hr after M x m pollination. Note the loss of direction of growth in most of the pollen tubes. Bar = 10
um. 33. Fertilization 6 hr after M x m pollination (small arrow). Note the large number of pollen tubes contacting the
obturator (large arrow), but only one pollen tube effecting entry of the micropyle. Bar = 20 pm.
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Legitimate pollen tube growth in the ovary —
Pollen tubes were observed entering the ovary
at the 2 hr time interval in legitimate polli-
nations of the L and M morph. At 6 hr, legit-
imate pollen tubes were observed in the ovary
of the S morph. Number of pollen tubes did
not increase at the 48 hr time interval for the
three morphs. This observation is not unex-
pected since styles start to wilt by 6 hr after
the beginning of anthesis. The compact mass
of pollen tubes present in the fertile stylar canal
(Fig. 18) tended to become more dispersed upon
entry into the fertile carpel of the ovary (Figs.
29, 30). Pollen tubes in the sterile stylar canals
were clearly visible in the two reduced carpels.
Pollen tube width increased significantly in the
ovary. Pollen tubes exhibited extensive coiling
(Fig. 32) and a marked reduction in the number
of callose plugs, particularly in close proximity
to the obturator (Figs. 30, 31).

Although many pollen tubes were seen con-
tacting the obturator (Figs. 30, 31, large arrow)
only one per ovule was observed growing
through the obturator to the micropyle (Fig.
33). Since there is no apparent opening in the
obturator, pollen tubes must penetrate between
the cell walls at the base of the papillate cells
to enter the micropyle and effect fertilization.

In legitimate pollinations the majority of
pollen tubes reaching the midpoint in the style
were also present in the ovary (Fig. 41). Thus
at the 48 hr time interval 68% of all pollen
tubes reached the ovary in L X 1 pollinations
vs. 64% in M X m and 79% in S x s polli-
nations. All pistils examined had at least some
pollen tubes contacting the obturator. In L x
1 pollinations 52% of the total pollen tubes ob-
served contacted the obturator vs. 47% in M
X m and 61% in S X s pollinations.

Illegitimate pollen tube growth in the ovary —
Only three illegitimate pollinations (M X 1, S
x m, S x 1) were observed with pollen tubes
in the ovary. Pollen tube behavior in M X 1

SCRIBAILO AND BARRETT-POLLEN-PISTIL INTERACTIONS

1675

pollinations was similar to that in legitimate
pollinations. All pistils examined had pollen
tubes contacting the obturator. Nevertheless,
given that M X 1 pollinations set 73% and that
a maximum of 7% of embryos might be ex-
pected to abort (five of 75), this indicates that
fertilization does not occur 20% of the time.

In illegitimate pollinations of the S morph
the number of pollen tubes in the ovary was
significantly lower in § X | than in S X m
pollinations (Fig. 41). This difference was due
to significantly fewer pollen grains from 1 an-
thers adhering to stigmas (Table 1) and pollen
tubes being present in the style (Fig. 41) in
S x 1 pollinations.

Pollen tube behavior was distinctive in il-
legitimate pollinations of the S morph. In S %
1 pollinations 13% of pistils had pollen tubes
contacting the obturator vs. 38% in S X m
pollinations. In pollinations where no contact
with the obturator occurred, pollen tubes by-
passed the obturator continuing growth down
the funiculus or ovule face and terminating
growth at its base (Fig. 34, arrow; Fig. 38, large
arrows). In pistils where obturator contact oc-
curred, the majority of pollen tubes still by-
passed the obturator as above but with only
one to several pollen tubes reaching the ob-
turator. In the latter cases pollen tubes often
branched, flattening out against the papillae of
the obturator (Fig. 35; Figs. 36, 37, arrows) and
appeared unable to penetrate between the pa-
pillae and effect fertilization (Figs. 39, 40, ar-
rows). The presence of pollen tubes growing to
the base of the ovule accounts for the longer
mean maximum pollen tube length in S X 1
and S X m pollinations when compared with
S x s pollinations (Fig. 42).

Despite the observation of fewer pollen tube
contacts of the obturator occurring in S X 1 vs.
S X m pollinations, the decline in pollen tube
number from the ovary to the obturator is
steeper for S X m pollinations when compared
with S X 1 pollinations (Fig. 41). This is because

—

Figs. 34-40.

Illegitimate pollen tube growth in the ovary of Pontederia sagittata. 34. Pollen tube (arrow) behavior

in the ovary 6 hr afier S x 1 pollination. Note that pollen tubes bypass the obturator and continue growth down the
funiculus. Bar = 50 um. 35. As in Fig. 34. The majority of pollen tubes have bypassed the obturator and terminated
growth (small arrows), but two pollen tubes have made contact. Bar = 50 um. 36. Higher magnification view of pollen
tubes on the obturator from Fig. 35. Bar = 20 um. Note the extensive branching of the two pollen tubes (arrows) but
lack of penetration of the obturator. 37. Extensive branching of a single pollen tube on the obturator surface. The pollen
tube tip is indicated with an arrow. Bar = 2C um. 38. As in Fig. 34. The ovule is viewed on the funicular side away
from the obturator. The obturator is not visible but its location is marked by a small arrow. Note the extensive growth
of pollen tubes (large arrows) on the surface of the funiculus almost to the base of the ovule. Bar = 50 um. 39, 40.
Examples of pollen tube contact with the obturator (arrows) after S x m pollination. Pollen tubes have failed to penetrate
the obturator and effect fertilization. Bars = 5 um. Note the branching of pollen tubes before and after contact with
the obturator in Fig. 40.
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Fig. 41. Number of pollen tubes reaching each level in

the pistil for the L, M, and S morphs of Pontederia sagittata.
Means and 95% confidence intervals are shown for the
three pollinations in each morph for pistils collected 6 hr
(open symbols) and 48 hr (black symbols) after pollination.
For each morph, legitimate pollinations are indicated by
squares, the most compatible illegitimate pollinations are
designated by triangles, and the most incompatible ille-
gitimate pollinations are indicated by circles. OBT is an
abbreviation for the obturator of the ovule. Distance on
the X axis is not indicative of length. Each mean is based
on measurements from 40 pistils.

the majority of pollen tubes, which are present
in greater numbers in the ovary of S X m
pollinations, either stop growth prior to reach-
ing the obturator or continue growth down the
funiculus even where some obturator contact
is present.
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Figs. 42-44. 42.Mean length of the longest pollen tube
(mm) and 95% confidence intervals for the nine pollination
treatments collected 6 hr after pollination of Pontederia
sagittata. Length of the longest pollen tube in the legitimate
pollinations is the distance to the ovule. Means are based
on measurements from 40 pistils. 43. Pollen tube width
(vm) and 95% confidence intervals for the nine pollination
treatments collected 6 hr after pollination of Pontederia
sagittata. Means are based on 200 measurements from 40
pistils. 44. Callose plug length (um) and 95% confidence
intervals for the nine pollination treatments collected 6 hr
after pollination of Pontederia sagittata. Means are based
on 200 measurements from 40 pistils.

DISCUSSION

The classical view of the evolutionary origin
of heteromorphic self-incompatibility systems
is that they have evolved from homomorphic
sporophytic systems by loss of alleles and that
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the same S-gene is present in both systems
(Whitehouse, 1950; Crowe, 1964; Beach and
Kress, 1980; Muenchow, 1981, 1982; Wyatt,
1983; Zavada, 1984). Consequently, it has also
often been assumed that the mechanism of in-
compatibility is based on the interaction of
molecular S-allele specificities in both systems
(Richards, 1986). However, several lines of ev-
idence (reviewed by Charlesworth, 1982; Gibbs,
1986; Barrett, 1988b; Lloyd and Webb, in press
a) indicate independent evolutionary origins
for heteromorphic and homomorphic incom-
patibility systems, thus casting doubt on the
necessary involvement of similar physiological
and molecular mechanisms in the two systems.

Studies of the functioning of self-incompat-
ibility in homomorphic sporophytic systems
have revealed a complex and refined mecha-
nism of cell-cell recognition. Pollen adhesion
and hydration, or early pollen tube growth, are
inhibited on the stigma surface following an
interaction between S-locus specific glycopro-
teins (SLSG) of the pollen and stigmatic pa-
pillae (Gaude and Dumas, 1987; Elleman et
al., 1989). Immunolocalization studies of
SLSGs show that they occur only in the papillae
cells of the stigma (Kandasamy et al., 1989).
Rapid callose deposition occurs at the point of
contact of the stigmatic papillae and pollen
grain, and in the pollen tube tip, causing ter-
mination of growth shortly after adhesion of
the pollen (Knox, 1984; Roberts, Harrod, and
Dickinson, 1984). If pollen tubes do penetrate
the stigma, evidence indicates that there is no
further obstacle to fertilization (O’Neill et al.,
1984).

The major finding of this study is that a
uniform stigmatic incompatibility rejection re-
sponse of the type that occurs in taxa with
homomorphic sporophytic self-incompatibil-
ity does not occur in P. sagittata. Instead, the
region of the pistil where termination of pollen
tube growth occurs varies depending on the
particular style length and polien size involved.
Although some pollen tube behavior is char-
acteristic of particular pollen-pistil combina-
tions, the overall patterns of pollen tube growth
are remarkably similar in both illegitimate and
legitimate pollinations. These observations in-
dicate that the general properties of incom-
patibility in P. sagittata are fundamentally dif-
ferent from those reported for homomorphic
sporophytic systems and indicate a distinctive
type of self-incompatibility system is present.

Although incompatibility is under sporo-
phytic control in P. sagittata, the regions of the
pistil where cessation of'illegitimate pollen tube
growth occurs are similar to those reported for
several monocotyledonous genera with ga-
metophytic self-incompatibility (Stout and
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tube behavior in the different pollen-pistil combinations
in Pontederia sagittata.

Chandler, 1933; Sears, 1937; Brock, 1954;
Brewbaker, 1957; Brewbaker and Gorrez, 1967,
Brandham and Owens, 1978; Kenrick, Kaul,
and Williams, 1986; Seavey and Bawa, 1986).
These taxa exhibit late-acting self-incompati-
bility in the ovary, and it has been suggested
that a number of features of the pollen tube
pathway may contribute to the delayed incom-
patibility response (Brewbaker and Gorrez,
1967; Shivanna, 1980).

Monocotyledonous stigmas are usually of the
wet type, making specific cell-cell interaction
and inhibition of illegitimate pollen at the ad-
hesion and hydration stage less likely than when
a dry stigma is present (Gaude and Dumas,
1987). In addition, the presence of unspecial-
ized styles opening directly into a hollow se-
cretory canal may offer little physical barrier
to pollen tubes entering the stylar canal. Ovar-
ian inhibition of pollen tubes may simply in-
volve the replacement of stylar inhibition in
taxa with unspecialized styles (Brewbaker and
Gorrez, 1967). A lack of intimate contact be-
tween pollen tubes and maternal tissue afford-
ed by a hollow style would contribute to this
effect. The structural similarity of the pollen
tube pathway in P. sagittata with that of other
monocotyledons suggests that these features
may have a similar effect on pollen tube be-
havior (Scribailo and Barrett, 1991).

Another feature of taxa with gametophytic
self-incompatibility strongly correlated with
pollen tube inhibition in the style and ovary
is the possession of binucleate pollen (Brew-
baker, 1957, 1967). Trinucleate pollen is as-
sociated with stigmatic inhibition of pollen or
pollen tubes in sporophytic self-incompatibil-
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ity systems. Although heterostylous taxa can
have either binucleate or trinucleate pollen
(Ganders, 1979), it is of interest that members
of the Pontederiaceae have binucleate pollen
and show signs of pollen tube arrest similar to
those found in gametophytic systems. In spe-
cies with binucleate pollen it has been sug-
gested that paternal expression of self-incom-
patibility genes occurs at the time of generative
cell division in the pollen tube (Pandey, 1979).
This generally occurs after pollen tubes reach
the style, with inhibition occurring some time
later (Knox, 1984; Gaude and Dumas, 1987),
thus increasing the likelihood of delayed in-
hibition sites.

In a companion paper we outlined the extent
of heteromorphic characters in P. sagittata
(Scribailo and Barrett, 1991)and compared our
findings to those for other heterostylous taxa.
Despite documentation of extensive floral het-
eromorphism, particularly in distylous taxa (see
Gibbs, 1986; Richards, 1986), and hypotheses
suggesting a direct involvement of these char-
actersin the functioning of self-incompatibility
(Dulberger, 1975a, b), the latter ideas have met
only limited acceptance. This lack of accep-
tance may be associated with the commonly
held view that the evolution of self-incom-
patibility precedes the origin of floral hetero-
morphism in heterostylous plants (Baker, 1966;
Charlesworth and Charlesworth, 1979; Gan-
ders, 1979). However, Lloyd and Webb (in
press a, b) have recently suggested the reverse
sequence with the stamen-style polymorphism
evolving before the establishment of a self-
incompatibility system. Although the details
of their model are outside the scope of this
paper, its relevance is that their work suggests
that incompatibility in heterostylous plants may
evolve strictly on the basis of interactions be-
tween heteromorphic characters, through grad-
ual adjustment of pollen tube growth to the
different stylar environments of the morphs.
This contrasts with the view that heteromor-
phic incompatibility results from the mutual
recognition of molecular specificities expressed
as S-gene products in the pollen and pistil (see
Richards, 1986) that are considered to control
multiallelic incompatibility systems (Lewis,
1943; de Nettancourt, 1977).

Results from the present study of P. sagittata
offer support for a role of heteromorphic char-
acters in the functioning of incompatibility in
tristylous plants. The most compelling evi-
dence comes from comparisons of pollen tube
length in legitimate and illegitimate pollina-
tions with a particular pollen size. The fact that
s and m pollen grains produce pollen tubes of
the same length in both legitimate and illegit-
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imate pollinations suggests that incompatibil-
ity in certain pollen-pistil combinations may
simply be a function of storage reserves in the
pollen. A similar pattern was also found by
Anderson and Barrett (1986) in P. cordata.

Calculations of pollen grain volume using
data on pollen size from Glover and Barrett
(1983) and the equation for a parabaloid seg-
ment (the shape that most closely resembles
pollen grains of P. sagittata) indicate that 1
pollen grains have 8.5 times the volume of s
pollen grains, and m pollen grains have 4.2
times the volume of s pollen grains. The length
of 1 pollen tubes in legitimate pollinations are
10.3 times, and m pollen tubes are 5.8 times
the length of s pollen tubes, suggesting a pos-
sible functional relationship between the two
parameters.

Additional data from the pollen tube growth
study also offer support for the idea of a passive
rather than an active mechanism of incom-
patibility in pollen-pistil combinations where
pollen tubes terminate growth in the style.
Measurements of both pollen tube diameter
and callose plug length show a stronger cor-
relation with pollen type than with whether a
pollination is legitimate or illegitimate. Since
rejection of incompatible pollen tubes is often
associated with an increase in size of callose
plugs and swelling of pollen tubes (Knox, 1984),
the absence of a difference is also suggestive
that an active incompatibility response may
not be involved.

Not all illegitimate pollen tube growth in P.
sagittata terminates growth in the style. The
S morph pollinations with 1 and m polien result
in large numbers of pollen tubes that regularly
grow to the base of the style and enter the ovary.
Although the sites in which illegitimate pollen
tube growth ceases differ in the S morph from
what is observed in the L and M morphs, the
mechanisms involved may not be qualitatively
different. In each morph the general failure to
set seed upon illegitimate pollination appears
to result from a mismatch between pollen type
and pistil length. This behavior bears some
resemblance to what has been observed in cases
of interspecific incompatibility in Rhododen-
dron (Williams, Knox, and Rouse, 1982;
Williams and Rouse, 1988, 1990). Such inter-
actions are often termed incongruity (Hogen-
boom, 1975, 1984) and are believed to be based
on maladjustments between maternal and pa-
ternal parents rather than from recognition of
S-allele incompatibility specificities (Heslop-
Harrison, 1987).

In their studies of interspecific pollination
in Rhododendron, Williams and Rouse (1988,
1990) found that when the ratio of paternal to
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maternal style length was less than 0.2, pollen
tubes terminated growth in the upper region
of the style. In contrast, when this ratio was
greater than 6, pollen tubes often grew to the
base of the ovary but rarely fertilized ovules.
At intermediate values, variable seed set oc-
curred. They further speculate that pollen tube
growth may be limited by nutritional reserves
within the pollen grain and restricted access to
stylar reserves, and that pollen tubes of each
species may be preprogrammed to produce a
pollen tube length equivalent to the distance
to the ovule. These findings bear some resem-
blance to those observed in illegitimate pol-
linations of P. sagittata and suggests similar
kinds of interactions may be involved. Of rel-
evance to these observations are recent studies
in Nicotiana suggesting that maximum pollen
tube length may be limited by protein synthesis
capacity, since a finite amount of RNA is pres-
ent in the pollen grain and no new synthesis
occurs postpollination (Suss and Tupy, 1976;
Tupy, Suss, and Rihova, 1986).

Based on our findings we propose the fol-
lowing model to account for the functioning of
the self-incompatibility system in P. sagittata
(Fig. 45). In illegitimate pollinations involving
pollen smaller than the legitimate size class (L
X m, L X s, M X s), pollen tubes fail to effect
fertilization because they are incapable of
growing the distance to the ovary. This could
occur either because they have insufficient stor-
age reserves to reach the ovules or through
some other mechanism such as insufficient
RNA synthesis capacity. In illegitimate polli-
nations where pollen tubes routinely enter the
ovary the situation is more complex. It is hy-
pothesized that in cases where pollen tubes fail
to contact the obturator, pollen tubes may be
incapable of responding to directional signals
from the ovule.

The stage at which pollen tube competence
is manifested may occur within some limited
time period prior to fertilization. According to
our model, pollen tubes from 1 pollen would
rarely be competent to respond in pistils of the
S morph because cessation of growth occurs in
the ovary when pollen tubes have only attained
8% of the length they grow to effect fertilization
in legitimate pollinations. In illegitimate pol-
linations of the S morph with m pollen, ces-
sation of growth occurs when pollen tubes have
reached 18% of this potential length. In con-
trast, in M X 1 pollinations pollen tubes have
grown 52% of the length of legitimate pollen
tubes and may therefore be competent to re-
spond to an ovular signal, the majority of the
time. This may account for the fact that this
particular illegitimate pollination sets a high
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level (73%) of seed. Following this view, com-
petence to respond to an ovular signal is more
likely to occur when pollen tubes are closer to
the length they normally achieve in legitimate
pollinations.

Mechanisms of guidance of pollen tubes to
the ovule have been the subject of considerable
discussion. In a recent review, Heslop-Harri-
son and Heslop-Harrison (1986) questioned
whether there is any good evidence for the
involvement of chemotropic factors and sug-
gested that demonstrating the identity of such
factors is likely to be extremely difficult. Al-
though no exudate was visible on the obturator
of P. sagittata (Scribailo and Barrett, 1991)
numerous cases are known where the ovule is
secretory and such secretions have been im-
plicated in pollen tube guidance (sec Tilton,
1980a, b; Tilton and Horner, 1980; Arbeloa
and Herrero, 1987; Herrero and Arbeloa, 1989).
Evidence for the presence ofa directional signal
in P. sagittata comes from observation that the
majority of pollen tubes enter the fertile stylar
canal and that legitimate pollen tubes modify
their direction of growth to contact the obtu-
rator and effect fertilization shortly after en-
tering the ovary.

It is important to note that not all of our
observations can be readily explained by the
proposed model. Failure of many pollen grains
to germinate on the stigma in certain illegiti-
mate pollinations (L X s, L X m, M X s),
aberrant pollen tube behavior in the stigma of
M X 1 pollinations and cases of contact with
the obturator in S X I, S X m,and M x 1
pollinations where pollen tubes fail to effect
fertilization, are all observations indicating that
incompatibility is more complex than our
model would suggest. Although most of our
observations can be explained without invok-
ing the involvement of molecular SI specific-
ities, it is certainly possible that some kind of
active rejection mechanism of the kind found
in homomorphic SI systems may be involved.

Observations of pollen tube growth in tri-
stylous members of the Lythraceae and Oxal-
idaceae (Esser, 1953; Dulberger, 1970; Weller,
1975; Gibbs, 1986) share some similarities with
patterns reported here. In these studies no ma-
jor differences between legitimate and illegit-
imate pollen in its ability to germinate and
enter the style were observed. However, in
Lythrum and Oxalis, inhibition usually oc-
curred in the stigmatic head (Gibbs, 1986) or
upper part of the style (Kostoff, 1927; Esser,
1953; Dulberger, 1970; Weller, 1975), and il-
legitimate pollen tubes did not grow to the
same length as legitimate pollen tubes. Both
Esser (1953) and Weller (1975) reported that
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pollen tubes inhibited in the style tended to
show increased callose deposition and swelling
of pollen tube tips. These observations suggest
a more active mechanism of pollen tube re-
jection in these taxa than occurs in Pontederia.

Interactions between pollen grains and stig-
matic papillaec appear to be less important in
inhibiting illegitimate pollination and pollen
tube growth in P. sagittata than has been re-
ported in several distylous taxa (e.g., Dulbur-
ger, 1974, 1975b, 1987; Schou, 1984; Schou
and Mattsson, 1985). Some degree of differ-
entiation was observed among the pollen types
in adhesion and pollen germination in certain
pollen-pistil combinations (e.g., particularly 1
pollen grains on S stigmas). This differentiation
is likely a result of an interaction between pol-
len of different size and stigmas of varying de-
grees of wetness (Scribailo and Barrett, 1991).

Heteromorphic features of stigma and pollen
are less well developed in P. sagittata than in
distylous taxa where pronouced heteromor-
phisms of pollen exine and stigmatic papillae
are almost ubiquitous (Ganders, 1979). While
in Pontederia these heteromorphic characters
are either absent or weakly developed, the de-
gree of pollen size heteromorphism is greater
than reported in any other heterostylous plant
(Darwin, 1877; Glover and Barrett, 1983). The
latter observation is of interest since it may
reflect a strong functional relationship between
pollen size and pollen tube length in Ponte-
deria.

Some aspects of pollen load data collected
in natural populations of Pontederia species
(Glover and Barrett, 1986; Wolfe and Barrett,
1989) may be explained by observations of
pollen-stigma interactions made in this study.
In general, open-pollinated pollen loads of the
S morph are consistently lower in number than
in the L and M morph. The reduced size and
“dry” nature of the S stigma combined with
its smaller papillae may reduce the likelihood
of adhesion of'larger illegitimate pollen grains.
In contrast, exudate accumulation on the larger
“wet” stigmas of the L morph may contribute
to larger pollen loads that are consistently com-
posed of a high proportion of legitimate pollen.

Pollen and stigma heteromorphisms in P.
sagittata may serve to reduce levels of illegit-
imate pollination, pollen germination, and pol-
len tube growth, and, in common with stylar
and ovarian mechanisms of incompatibility,
appear to exert their influence largely in a quan-
titative fashion. The incompatibility system in
Pontederia can be thought of as a series of
barriers which, in combination, favor legiti-
mate fertilizations over illegitimate fertiliza-
tions. The variable expression of incompati-
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bility in Pontederia spp. (Barrett, 1977; Glover
and Barrett, 1983; Barrett and Anderson, 1985)
indicates that a variety of genetic and envi-
ronmental influences may modify the effec-
tiveness of these barriers to illegitimate pollen
tube growth. Interestingly, where these barriers
are weakly developed, as in self-compatible
tristylous Eichhornia spp., floral heteromor-
phisms, particularly those involving pollen size,
are weakly expressed (Barrett, 1988a). This fur-
ther suggests that floral heteromorphisms play
an important role in governing incompatibility
responses in heterostylous plants.

LITERATURE CITED

ANDERSON, J. M., AND S. C. H. BARRETT. 1986. Pollen
tube growth in tristylous Pontederia cordata (Pontede-
riaceae). Canadian Journal of Botany 64: 2602-2607.

ARBELOA, A., AND M. HErRrRERO. 1987. The significance
of the obturator in the control of pollen tube entry
into the ovary in peach (Prunus persica) Annals of
Botany 60: 681-685.

BAkER, H. G. 1966. The evolution, functioning and
breakdown of heteromorphic incompatibility sys-
tems. 1. The Plumbaginaceae. Evolution 20: 349-368.

BARRETT, S. C. H. 1977. The breeding system of Pon-
tederia rotundifola L., a tristylous species. New Phy-
tologist 78: 209-220.

. 1988a. Evolution ofbreedingsystems in Eichhor-

nia (Pontederiaceae): a review. Annals of the Missouri

Botanical Garden 75: 747-1760.

. 1988b. The evolution, maintenance, and loss of

self-incompatibility systems. In J. Lovett Doust and

L. Lovett Doust [eds.], Plant reproductive ecology:

patterns and strategies, 98-124. Oxford University

Press, New York.

, AND J. M. ANDERsON. 1985. Variation in ex-
pression of trimorphic incompatibility in Pontederia
cordata L. (Pontederiaceae). Theoretical and Applied
Genetics 70: 355-362.

BeacH, J. H., AND W. J. KrEss. 1980. Sporophyte versus
gametophyte: a note on the origin of self-incompati-
bility in flowering plants. Systematic Botany 5: 1-5.

BRANDHAM, P. E., AND S. J. Owens. 1978. The genetic
control of self-incompatibility in the genus Gasteria
(Liliaceae). Heredity 40: 165-169.

BREWBAKER, J. L. 1957, Pollen cytology and self-incom-
patibility systems in plants. American Journal of Bot-
any 48: 271-2717.

. 1967. The distribution and phylogenetic signif-

icance of binucleate and trinucleate pollen grains in

the angiosperms. American Journal of Botany 48:

1069-1083.

, AND D. D. Gorrez. 1967. Genetics of self-in-
compatibility in the monocot genera, Ananas (Pine-
apple) and Gasteria. American Journal of Botany 54:
611-616.

Brock, R. D. 1954. Fertility in Lilium hybrids. Heredity
8: 409-420.

CHARLESWORTH, D. 1982. On the nature of the self-in-
compatibility locus in homomorphic and heteromor-
phic systems. American Naturalist 119: 732-735.

, AND B. CHARLESWORTH. 1979. A model for the




December 1991]

evolution of distyly. American Naturalist 114: 467~
498.

Crowg, L. K. 1964. The evolution of outbreeding in
plants. I. The angiosperms. Heredity 19: 435-457.

DArRwIN, C. 1877. The different forms of flowers on plants
of the same species. John Murray, London.

DE NETTANCOURT, D. 1977. Incompatibility in angio-
sperms. Monographs on theoretical and applied ge-
netics 3. Springer-Verlag, New York.

DULBERGER, R. 1970. Tristyly in Lythrum junceum. New
Phytologist 69: 751-759.

1974. Structural dimorphism of stigmatic pa-

pillae in distylous Linum species. American Journal

of Botany 61: 238-243,

1975a. Intermorph structural differences be-

tween stigmatic papillae and pollen grains in relation

to incompatibility in Plumbaginaceae. Proceedings of

the Royal Society of London, Series B 188: 257-274.

. 1975b. S-gene action and the significance of char-

acters in the heterostylous syndrome. Heredity 35:

407-415.

1987. Fine structure and cytochemistry of the
stigma surface and incompatibility in some distylous
Linum species. Annals of Botany 59: 203-217.

Dumas, C., AND R. B. KNox. 1983. Callose and deter-
mination of pistil viability and incompatibility. The-
oretical and Applied Genetics 67: 1-10.

ECKENWALDER, J. E., AND S. C. H. BARRETT. 1986. Phy-
logenetic systematics of Pontederiaceae. Systematic
Botany 11: 373-391.

ELLEMAN, C. J., R. H. SARKER, G. AIVALAKIS, H. SLADE,
AND H. G. DickinsoN. 1989. Molecular physiology
ofthe pollen stigma interaction in Brassica. InE. Lord
and G. Bernier [eds.], Plant reproduction: from floral
induction to pollination, 136—145. The American So-
ciety of Plant Physiologists Symposium Series, vol. 1.
Rockville, MD.

Esser, K. 1953. Genomverdopplung and Pollensch-
Lauchwachstum bei Heterostylen. Zeitschrift fur in-
duktive Abstammungs und Vererbungslehre 85: 28—
50.

Evans, N. A., P. A. HOoYng, AND B. A. STONE. 1984.
Characteristics and specificity of the interaction of a
fluorochrome from aniline blue (siroftuor) with poly-
saccharides. Carbohydrate Polymers 14: 215-230.

GANDERSs, F. R. 1979. The biology of heterostyly. New
Zealand Journal of Botany 17: 607-635.

GAUDE, T., AND C. DuMas. 1987. Molecular and cellular
events of self-incompatibility. In K. L. Giles and J.
Prakash [eds.], International review of cytology, vol.
107, 333-336. Academic Press, Toronto.

Gisss, P. E. 1986. Do homomorphic and heteromorphic
self-incompatibility systems have the same sporo-
phytic mechanism? Plant Systematics and Evolution
154: 285-323.

GLOVER, D. E., AND S. C. H. BARRETT. 1983. Trimorphic
incompatibility in Mexican populations of Pontederia
sagittata Presl. (Pontederiaceae). New Phytologist 95:
439455,

, AND . 1986. Stigmatic pollen loads in pop-
ulations of Pontederia cordata from the southern U.S.
American Journal of Botany 73: 1607-1612.

HERRERO, M., AND A. ARBELOA. 1989. Influence of the
pistil on pollen tube kinetics in peach (Prunus persica).
American Journal of Botany 76: 1441-1447.

HesLop-HARRISON, J. 1987. Pollen germination and pol-
len-tube growth. /n K. L. Giles and J. Prakash [eds.],
International review of cytology, vol. 107, 59-73. Ac-
ademic Press, Toronto.

SCRIBAILO AND BARRETT—POLLEN-PISTIL INTERACTIONS

1681

, AND Y. HesLopr-HARRISON. 1986. Pollen tube
chemotropism: fact or delusion? /n M. Cresti and R.
Dallai [eds.], Biology of reproduction and cell motility
in plants and animals, 169—174. University of Sienna,
Sienna.

HoGenBooM, N. G. 1975. Incompatibility and incon-
gruity: two different mechanisms for the non-func-
tioning of intimate partner relationships. Proceedings
of the Royal Society of London, Series B 188: 361-
37s.

1984. Incongruity: non-functioning of intercel-
lular and intracellular partner relationships through
non-matching information. /n H. F. Linskens, and J.
Heslop-Harrison [eds.], Cellular interactions. Ency-
clopedia of plant physiology, new series, vol. 17, 640-
654. Springer-Verlag, New York.

HoOLLANDER, M., AND D. A. WoLFE. 1973. Non-para-
metric statistical methods. John Wiley and Sons, New
York.

Kanpasamy, M. K., D. J. PAoLiLLO, C. D. FARADAY, J.
B. NASRALLAH, AND M. E. NASRALLAH. 1989. The
S-locus specific glycoproteins of Brassica accumulate
in the cell wall of developing stigma papillae. Devel-
opmental Biology 135: 462-472.

KENRICK, J., V. KAuL, AND E. G. WiLLIAMS. 1986. Self-
incompatibility in Acacia retinoides: site of pollen-
tube arrest is the nucellus. Planta 169: 245-250.

Krox, R. B. 1984, Pollen-pistil interactions. /n H. F.
Linskens and J. Heslop-Harrison [eds.], Cellular in-
teractions. Encyclopedia of plant physiology, new se-
ries, vol. 17, 508-608. Springer-Verlag, New York.

KostoFF, D. 1927. Pollen-tube growth in Lythrum sal-
icaria. Proceedings of the National Academy of Science
13: 253-255.

Lewis, D. 1943. Physiology of incompatibility in plants.
II. Linum grandiflorum. Annals of Botany 2: 115~
122.

LLoyp, D. G, AND C. J. WEBB. In press a. Evolution of
heterostyly. In S. C. H. Barrett [ed.], Evolution and
function of heterostyly. Springer-Verlag, Berlin.

, AND . In press b. Selection of heterostyly.
In. S. C. H. Barrett [ed.], Evolution and function of
heterostyly. Springer-Verlag, Berlin.

MuencHow, G. 1981. An S-locus model for the distyly
supergene. American Naturalist 118: 756-760.

1982. A loss of alleles model for the evolution
of distyly. Heredity 49: 81-93.

NeBEL, B. R. 1931. Lacmoid-martius-yellow for staining
pollen tubes in the style. Stain Technology 6: 27-29.

O’NEILL, P., M. B. SINGH, T. F. NEALES, R. B. KNOX, AND
E. G. WiLuiaMs. 1984, Carbon dioxide blocks the
stigma callose response following incompatible pol-
linations in Brassica. Plant Cell and Enviornment 7:
285-288.

PANDEY, K. K. 1979. Overcoming incompatibility and
promoting genetic recombination in flowering plants.
New Zealand Journal of Botany 17: 645-663.

RicHARDS, A. J. 1986. Plant breeding systems. George,
Allen and Unwin, Boston.

ROBERTS, I. N., G. HARROD, AND H. G. DicKINSON. 1984,
Pollen-stigma interactions in Brassica oleracea. 11. The
fate of stigma surface proteins following pollination
and their role in the self-incompatibility response.
Journal of Cell Science 66: 255-264.

SAS. 1987. Statistical analysis system. User’s guide: sta-
tistics, version 6. SAS Institute, Cary, NC.

Sass, J. E. 1958. Botanical microtechnique. lowa State
University Press, Ames.

ScHou, O. 1984. The dry and wet stigmas of Primula




1682

obconica: ultrastructural and cytochemical dimor-

phism. Protoplasma 121: 99-113.

, AND O. MATTSsoN. 1985. Differential localiza-
tion of enzymes in the stigmatic exudates of Primula
obconica. Protoplasma 125: 65-74.

ScriBAILO, R. W., AND S. C. H. BARRETT. 1991. Pollen-
pistil interactions in tristylous Pontederia sagittata
(Pontederiaceae). I. Floral heteromorphism and struc-
tural features of the pollen tube pathway. American
Journal of Botany 78: 1643-1661.

SEARs, E. R. 1937. Cytological phenomena connected
with self-sterility in flowering plants. Genetics 22: 130—
181.

SEAVEY, S. R., AND K. S. BAwA. 1986. Late-acting self-
incompatibility in angiosperms. Botanical Review 51:
195-219.

SHIvaNNA, K. R. 1980. Some correlations between the
cytomorphology of the style and stigma and the details
of pollen-pistil interaction. Incompatibility Newsletter
12: 16-23.

SMITH, M. M., aAND M. E. McCurrLy. 1978. A critical
evaluation of the specificity of aniline blue induced
fluorescence. Protoplasma 95: 229-254.

SokaL, R. R., AND F. J. RoHLF. 1981. Biometry. W. H.
Freeman, San Francisco.

STELLY, D. M., S. J. PELOQUIN, R. G. PALMER, AND C. F.
CRANE. 1984. Mayer’s hemalum-methyl salicylate:
a stain-clearing technique for observations within
whole ovules. Stain Technology 59: 155-161.

StouT, A. B., AND C. CHANDLER. 1933. Pollen-tube be-
havior in Hemerocallis with special reference to in-
compatibilities. Bulletin of the Torrey Botanical Club
60: 397-417.

Suss, J., AND J. Tupy. 1976. On the nature of RNA
synthesized in pollen tubes of Nicotiana alata. Biol-
ogia Plantarum 18: 140-146.

TiLToN, V. R. 1980a. A new type of specialized cell in
the gynoecium of Ornithogalum caudatum (Liliaceae)
with notes on specialized cells in the carpels of other
taxa. Annals of Botany 46: 527-532.

1980b. The nucellar epidermis and micropyle

of Ornithogalum caudatum (Liliaceae) with a review

AMERICAN JOURNAL OF BOTANY

[Vol. 78

of these structures in other taxa. Canadian Journal of

Botany 58: 1872-1884.

, AND H. T. HorRNER. 1980. Stigma, style, and
obturator of Ornithogalum caudatum (Liliaceae) and
their function in the reproductive process. American
Journal of Botany 67: 1113-1131.

Tupy, J., J. Suss, AND L. RiHovA. 1986. RNA synthesis
and ribosome status in pollen tube growth of Nicotiana
tabacum L.: effects of external pH. Journal of Plant
Physiology 123: 467-476.

WELLER, S. G. 1%75. The evolution of distyly from tris-
tyly in the North American species of Oxalis section
Tonoxalis. Ph.D. dissertation, University of Califor-
nia. Berkeley.

1976. Breeding system polymorphism in a het-
erostylous species. Evolution 30: 442-454.

WHITEHOUSE, H. L. K. 1950. Multiple-allelomorph in-
compatibility of pollen and style in the evolution of
the angiosperms. Annals of Botany 14: 199-216.

WiLLiams, E. G., R. B. KNox, AND J. L. Rouse. 1982.
Pollination sub-systems distinguished by pollen tube
arrest after incompatible interspecific crosses in Rho-
dodendron (Ericaceae). Journal of Cell Science 53: 255-
2717.

, AND J. L. Rouse. 1988. Disparate style lengths

contribute to isolation of species in Rhododendron.

Australian Journal of Botany 36: 183-191.

, AND 1990. Relationships of pollen size,
pistil length and pollen tube growth rates in Rhodo-
dendron and their influence on hybridization. Sexual
Plant Reproduction 3: 7-17.

WoLFE, L. M., AND S. C. H. BARReTT. 1989. Patterns of
pollen removal and deposition in tristylous Pontederia
cordata L. (Pontederiaceae). Biological Journal of the
Linnaean Society 36: 317-329.

WryATT, R. 1983. Pollinator-plant interactions and the
evolution of breeding systems. In L. Real [ed.], Pol-
lination biology, 51-95. Academic Press, New York.

ZAVADA, M. S. 1984. The relation between pollen exine
sculpturing and self-incompatibility mechanisms. Plant
Systematics and Evolution 147: 63-78.




