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ABSTRACT. — Kosteletzkya virginica exhibits a delayed autonomous selfing mechanism
by stigma lobe curvature. To measure the contribution of delayed selfing to reproductive suc-
cess in a naturalised population of K. virginica, we evaluated the capacity for autonomous self-
pollination and compared reproductive success of intact with emascuiated open-pollinated
flowers. We found no significant differences in the mean number of poilen grains deposited per
flower and per stigma between the autonomously pollinated and open-pollinated flowers.
There were no significant differences in mean fruit set and in mean number of seeds per cap-
sule between autonomous and hand self-pollination. Fruit set following self-pollination varied
significantly depending on the timing of pollination within a day. Emasculation and pollination
treatments did not significantly affect fruit set. In contrast, the mean number of seeds per cap-
sule from intact open-pollinated flowers was higher than that of emasculated open-poilinated
flowers. These results indicate that K. virginica has a well-developed capacity for delayed
autonomous selfing, which increased seed production in the study population.

KEvy worRDS. — Malvaceae, Kosteletzkya virginica, delayed autonomous selfing, repro-
ductive success, stigma lobe curvature.

INTRODUCTION

Plant pollination mode is related to floral
morphology and responds to variation in the sur-
rounding biotic and abiotic environments. In
some species, autonomous self-pollination oceurs
spontaneously within flowers, without an external
agent (LLovDd 1979, 1LoyD & ScHOEN 1992). For
species that rely only on animal vectors for pollen
transfer, mechanisms that promote autonomous
self-pollination may be of selective advantage in
a situation of pollinator limitation (LLOYD 1979).

LLoyp (1979) proposed three modes of selfing:
“prior”, “competing” and “deiayed”, depending
on the relative timing of selfing and outcrossing.
Prior selfing occurs before the receipt of outcross
pollen. In competing selfing, self and outcross
pollen simultaneously compete for ovules. Both
prior and competing selfing provide reproductive
assurance. However, they also lower the potential
for outcrossing and are subject to pollen and seed
discounting (LLoyD & ScHOEN 1992). Delayed
selfing occurs after the opportunity for outcross
pollen receipt has passed. When delayed selfing 1s



4 BELGIAN JOQURNAL OF BOTANY 14]

due to delayed autonomous self-pollination, it is
always advantageous, because it assures seed pro-
duction when pollinators are scarce while allow-
ing outcrossing to dominate when they are abun-
dant (Krips & Snow 1997).

Delayed autonomous selfing may result
from different movement mechanisms including
(1) pistil {style) movement, such as stigma lobe
closure (FrrscHER & KoHN 1999, YANG ef al.
2004), stigma lobe curvature (BUTTROSE et al.
1977, Kips & Snow 1997, RAMSEY ef af. 2003,
RUAN er al. 2004a), and style curvature {CULLEY
2002, JessoN & BARRETT 2002, YU & HuanG
2006); (2) stamen (pollen) movement, such as
pollen sliding (WaNG et al. 2004), pollinia bend-
ing (DARWIN 1862), anther rotation (LU et al.
2006), stamen curvature (Lyon 1992, RATHCER &
REAL 1993} and elongation (FCKERT & SCHAEFER
1998, TRAVESET ef al. 1998, KaLisz et al. 1999,
ARMBRUSTER ef al. 2002, ETCHEVERRY ef al.
2003); and (3) other floral mechanisms, such as
corolla abscission (DoLE 1990, DONNELLY ef al.
1998), corolla wilting (Sun et «l. 2005) and
corolla closure (RUAN et al. 2005a).

Although delayed autonomous selfing has
been reported in many plants, there are only few
cases in which its impact on reproductive assur-
ance has been tested quantitatively (ECKERT &
SCHAEFER 1998, DONNELLY ef al. 1998, NAGY et
al. 1999, HErLHY & Eckerr 2002, KaLsz &
VOGLER 2003, KALISZ et al. 2004). In some cases,
delayed autonomous selfing has been reported to
increase reproductive success. The amount of
autonomous selfing in Collinsia verna varies
depending on pollinator conditions {(KaLisz &
VocgLEr 2003}, with the amount of selfing
increasing with decreasing pollinator abundance.
Delayed selfing in C. verna provides reproductive
assurance (KaLisz ef al. 2004). Emasculated
small flowers produce very few seeds, relative fo
intact small flowers in Collinsia parviflora (ELLE
& Carney 2003). Under natural pollination,
emasculated flowers in Verbascum thapsus with-
out delayed selfing experience a reduction in seed
set relative to intact flowers with delayed selfing
(DonmELLY ef al. 1998). In conirast, other avail-
able studies indicate that autonomous selfing does
not substantially increase seed set, Krips & Snow

(1997) observed that autonemous self-pollination
in Hibiscus laevis did not contribute significantly
to fruit production of open-pollinated flowers.
By comparing intact with emasculated open-
pollinated flowers, NAGY ef al. (1999) found that
antonomous self-pollination in Kalmia latifolia
did not increase firuit production. In Aquilegia
canadensis, HERLIHY & Ecikert (2002) found
that autonomous selfing increased seed produc-
tion, but that this benefit was outweighed by the
decrease in seed quality as a result of seed dis-
counting and inbreeding depression.

Kosteletzkya virginica L. (Malvaceae), a
perennial herbaceous plant, is native to the North
American East coast where it grows in salt
marshes (GALLAGHER 1985). Each plant produces
1-25 open flowers daily, most of which are her-
maphrodite, and each flower lasts only one day
(RUAN et al. 2005b). Individual plants flower for
25-60 days. Flowers of K. virginica have a mon-
adelphous column, surrounded by an exserted
pentalobed stigma with synstylons base uniting
with the base of the corollas (RuAN ef af. 2005b).
Kosteletzkya virginica may be pollinated by
insect pollinators or by delayed autonomous self-
pollination from stigma lobe curvature (RUAN ef
al. 2005b), If newly opened flowers are not polli-
nated by insects, then the stigma lobes curve and
touch their corresponding anthers before the end
of the flower life span (Ruan ef al. 2005a). Such
contact results in delayed autonomous selfing
(RUAN ef al. 2004a, RUAN et al. 2005b).

Although the showy, rewarding flowers
appear adapted for cross-pollination, K. virginica
can produce abundant seeds when excluded from
pollinators (RUAN et al. 2004a). The ratio of flow-
ers displaying delayed autonomous selfing in K.
virginica is influenced by weather conditions,
which influence pollinator behaviour: it is signifi-
cantly lower on sunny days than on cloudy or
rainy days, and also relatively higher in early and
late flowering periods (low pollinator abundance
and/or activity) compared with the peak of the
flowering period (high pollinator abundance
and/or activity) (RUAN et /. 2005b).

Kosteletzkya virginica was introduced to
China in 1993 because of its salt tolerance and
potential agriculture uses in marginal soils.
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Autonomous self-pollination may be advanta-
geous for species introduced outside their native
range where their main pollinators may be lack-
ing, Autonomous self-pollination. if it provides
reproductive assurance in the naturalised popula-
tions of the species. would be an advantage for
agricultural use of K. virginica.

In this paper, we evaluate the capacity for
delayed autonomous selfing and its contribution to
reproductive success in a naturalised popuiation of
K. virginica. We specifically assessed the capacity
of autonomous selfing by: {i) measuring the dif-
ference in mean number of pollen grains deposited
between the autonomously self-pollinated and
open-pollinated flowers, (2) comparing mean fruit
set and mean number of seeds per capsule
between hand self-pollinated and autonomously
self-pollinated flowers: and (3) analysing the
effect of timing of selfing on fruit set. We tested
the contribution of delayed autonomous selfing
to reproductive success by comparing seed
production between intact and emasculated open-
poilinated flowers.

MATERIALS AND METHODS

This study was conducted from May to Septem-
ber 2006 at the Jjinhai Agricultural Experimental Farm
located on the Yancheng tideland, 4 km west of the
Pacific Ocean (longitude E 119927'-120°54", latitade N
32°34'-34°28"). Seeds of K. virginica from the Halo-
phyte Biotechnology Center (University of Delaware,
TUSA) were planted in the fields in 1993. The popula-
fion size of naturalised K. virginica was approximately
100,000 in 2006, Common and small bees (Apis, e.g..
A. cerang and A. florae) are the primary pollinators. but
large bees (Bombus. e.g., B. speciosus), cabbage white
butterflies (Pieris rapae) and one species of ant
{(Formica} may also serve as pollen vectors (ZHEN ef a/.
2007).

CAPACITY FOR DELAYED AUTONOMOUS SELFING

To measure the difference in the number of polien
grains received by flowers that are open-pollinated and
those that only underwent autonomous self-pollination,
we established six 1-m? raised-bed plots containing ca.
200 seedlings from the naturalised K. virginica popuia-~
tion in Aprif 2005. The following spring (2006), each

plot was thinned to 72 individuals. and half of the piots
were enclosed by frames constructed of PVC pipe and
fibreglass window screen. The screens excluded polli-
nators and the frames were tall enough to ensure that
the screens did not contact the plants. The other half
of the plots were accessible to poliinators. Oaly
autonomous seif pollination occurred in the pollinator
exclusion plots. while plants in the open plots received
pollen delivered by floral visitors (both outcross and
self-pollen}, in addition to autonomous self-pollination.
At 18:00 every day for 26 days, all stigmas of > 30
flowers in each plot were clipped and placed on a slide
with 1% acetocarmine solution. Pollen grains adhering
to the stigmatic tip were counted under a dissecting
microscope (Olympus SZ2-ILST). The mean number
of deposited polien grains of all clipped flowers in each
plot represented ihe polien grains deposited per flower
for each treatment day. The difference in the mean num-
ber of pollen grains deposited per flower between the
only autonemously self-pollinated and open-pollinated
flowers was tested for significance by using a two-
sample t-test. To further test for a difference in the mean
number of pollen grains deposited per stigma between
the autonomous!y pollinated and open-peilinated flow-
ers, we selected 100 stigmas {one stigma per flower per
individual} for the autonomously setf-poilinated flow-
ers and 100 stigmas for the open-pollinated flowers, for
which pollen grains adhering to the stigmatic tip were
counted separately from the other four stigmas within
flowers.

We used poliinator exciusion combined with
hand-pollination to measure the capacity for delayed
autonomous seifing under natural conditions. Forty
individuals were arbitrarily selected and tagged in the
naturalised K. virginica population, and excluded from
poliinators with cylinders of coarse wire mesh covered
with fine bridal veil. There were two treatments: {1} all
stigmas in each flower of 20 individuals were hand
self-pollinated between 08:00-09:00: and (2) all stig-
mas in each flower of 20 individuals were left unpolli-
nated. Fruits were coliected just before the mature
capsules dehisced. and we counted the number of seeds
per capsule. The capacity of autonomous selfing was
assessed with a two-sample t-test that compared the
mean fruit set and the mean number of seeds per cap-
sule of the flowers between treatments | and 2.

The effect of timing of selfing on fruit production
was studied by altering the timing of hand self-pollina-
tion and measuring the subsequent reproductive suc-
cess. Seventv plants were arbitrarily selected and
tagged in the naturalised K. virginica population. Dur-
ing the flowering season. for each seifed plant. half of
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the flowers were emasculated and bagged with a nylon
mesh before anther dehiscence every day. Every two
hours from 07:00 to 19:00 on the day of anthesis, the
emasculated flowers of 10 individuals were hand self-
pollinated by the pollen from the non-emasculated
flowers of the same plant. Previous studies have indi-
cated that stigma receptivity and pollen viability were
< 40% at 06:00 and > 50% at 07:00, and that pollen via-
bility was < 30% after 19:00 (RUAN er al. unpublished
data). The two-hour time intervals were selected to
enable systematic evaluation of selfing throughout the
day. For each time period, fruit set on each of the 10
individuals was estimated during the flowering season.
Differences in mean fiuit set among the time periods
were tested using the original ANOVA followed by
planned comparisons.

CONTRIBUTION OF AUTONOMOUS SELFING TO REPRCDUC-
TIVE SUCCESS

To assess the extent to which autenomous self-
fertilisation increases seed set in the study population,
we followed the methodology used by ECKERT &
ScHAERER (1998) with a combination of an emascula-
tion treatment and open/contrefled pollinations. Eighty
pairs of planis were arbitratily selected in the natu-
ralised K. virginica population, with the members of
each pair located within 3 m of each other. Daily, twe
flowers were selected on each plant and matched with
two flowers on the paired plant for flowering stage. For
one plant in each pair, both flowers were emasculated
before anther dehiscence {plant E), whereas both flow-
ers on the other plant were left intact (plant 7). Flowers
were emasculated by cutting the anthers from the mon-
adelphous column with a pair of scissors. One of the
two flowers on cach plant was hand-peilinated with
outcross pollen from a third plant (flower p), while the
other flowers were open pollinated (flower o). This
results in four treatments: Fo, emasculated flowers
with open pollination; Jo, intact flowers with open pol-
lination; Ep, emasculated flowers with hand-poilina-
tion; Ip, intact flowers with hand pollination. Eight
hundred flowers were manipulated for each treatment,
Fruifs were collected when mature, and the number of
seeds per capsule was counted.

If autonomous self-pollination increases seed sef,
then emasculated flowers should set fewer seeds than do
intact flowers in the open pollination treatment (seed set:
Eo < Io). However, two side effects of emasculation
could complicate this interpretation: (1) removing
anthers could reduce seed set by damaging flowers, The
possible negative effects of emasculation on seed set
through damage to the flowers can be evaluated by com-

paring Ep and Ip flowers; and (2) flowers lacking pellen
may be less attractive to pollinators so that emasculated
flowers set less seed than intact flowers because they
receive fewer outcross pollen grains, We do not expect
emasculation fo reduce the attractiveness of flowers, the
reasons for this are not only because the copious nectar
{nectar volume per flower is 7.19 + 0.12 pul) produced by
flowers of K. virginica appears to be the main reward for
pollinators, but also because the intact showy crown and
vellow monadelphous column after emasculation both
are attractive to pollinators. Thus, the emasculated flow-
ers (intact nectar, showy crown and yellow monadel-
phous column) are potentially as attractive to pollinators
as intact flowers. In order to check for differences in pol-
linator visitation rate between emasculated and non-
emasculated flowers, we use data from a previous exper-
iment. In 2005, 6-12 T-m? plots were randomly set up at
the field site. At every sampling date, the number of
open flowers per plot was recorded, and in half of the
plots, the open flowers were emasculated before anther
dehiscence. During 20 days across the flowering season,
the total number of floral visitors per plot and the num-
ber of flowers visited were counted each day from 05:30
to 17:00.

The only other potential problem with this exper-
imental design is that the level of geitonogamous self-
pollination (among flowers) and facilitated selfing
{within a flower) may be lower for Eo than fo flowers,
because Eo flowers have had their anthers removed,
whereas Jo flowers have not. As a result, reduced seed
set by Eo flowers might be due to reduced geitonogamy
and reduced facilitated selfing in addition to the
absence of autonomous seclf-pollination. For K. vir-
ginica, only two flowers per plant E were selected and
emasculated every day, but each plant E opened 3-30
flowers on each of treatment days (< 5 newly-opened
flowers per emasculated plant in a day was observed
only three times). Then reduced geitonogamy resulting
from emasculation should be negligible. The corollas
of K. virginica flowets are large (53.11 £+ 0.83 mm in
diameter}, and the main pollinators of K. virginica usu-
ally visit flowers from the side of flowers, which means
that the primary pollinators (common and small bees)
usually contact only one of the two floral sex organs.
Thus the amount of facilitated selfing due to the actiy-
ity of pollinators within a flower may be low. Based on
this analysis, reduced geitonogamy and facilitated self-
ing from emasculation do not pose a problem to the
interpretation of our results.

We assessed the effects of four treatments (Fo, Jo,
Ep and Ip) on fruit set using the original ANOVA
followed by the planned comparisons. We tested the
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contribution of autonomeous seifing to reproductive suc-
cess by comparing Fo with fo and the effect of emascu-
lation damage on reproductive success by comparing Ep
with Ip using planned comiparisons (SPSS 110} We
also tesied the difference in pollinator atiractiveness
between emasculated and non-emasculated flowers by
comparing the average visitation time per flower.

RESULTS

CAPACITY FOR DELAYED AUTONOMOUS SELFING

There was no significant difference in the
mean number of polien grains deposited per flower
between the only autonomously setf-pollinated and
open-pollinated flowers (136.5 £ 14.6 vs. 115.1

+ 16.5. respectively: r=-1.762, df = 154, £ =0.078).
Single stigmas from the only autcnomously self-
pollinated flowers received as many pollen grains as
apen poliinaied flowers (23.77 £ 1.77 vs. 22.08 =
1.53. respectively; £=0.723, df = 198, P = 0.471).

There was no significant difference in mean
fruit set between autonomous and hand self-polli-
nation {83.61 £ 0.39 vs. 83.74 + 0.32, respec-
tively; + = -1.530, df = 38, P = 0.102). Flowers
from which pollinators were excluded set as
many seeds as flowers that were seif-poilinated
by hand (4.28 £ (.16 vs. 4.31 £ 0.23. respectively:
f=-1.621, df=38. P =0.083},

Mean fruit set following hand self-poliina-
tion varied significantly among the periods of
nollination within a day (Table |, Fig.1), but there

Tabie 1. Effect of timing of seifing on fruit set tested using ANOVA.

ANOVA on data from 7:00-19:00

Source Sum of squares df Mean square F P
Between groups 3444.293 6 574.049 221.949 =< (.06]
Within groups 162.943 63 2.586
Total 3607236 69
ANOVA on damﬁ‘omp.‘()-'ﬁf 740
Source Sum of squares af Mean square F P
Between groups 2.007 4 0502 0.294 0.880
Within groups 76700 45 704
Total 78.7G7 49
940 r
== = s = —==—
80
==
70 r
- (—ekmr—
X 60 f
S
@ 50 f
2 a0 |
30
20 F
10 ¥
0 1 1 1 4 L 1
700 9:00 1100 1300 1500 17:060 1500
Time

Fig. 1. Effect of timing of selfing on fruit set.
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was no significant difference among time periods
from 09:00 to 17:00 (Table 1). The planned com-
parisons indicated that mean fruit sets for the
periods 07:00-09:00 (f47, = -17.183, P < 0.001)
and 17:00-19:00 (#5y, = -35.610, P < 0.001) were
significantly lower than those of the time periods
from 09:00 to 17:00, and there was a significant
difference between 07:00 and 19:00 (Y, =
13,926, P < 0.001).

CONTRIBUTION OF AUTONOMOUS SELFING TO SEED
PRODUCTION

Emasculation and pollination treatments did
not significantly affect fiuit set (Table 2, Fig. 2).
There were no significant differences in fryit set
between open emasculated flowers (Eo) and open
intact flowers (lo) (planned comparison: fg, =

1.131, P =10.267) and between intact hand-polli-
nated flowers (Ip) and emasculated hand-polli-
nated flowers (Ep) (planned comparison: {4 =
-0.283, P =0.779). There was a significant differ-
ence in seeds per capsule among the four treat-
ments (Table 3, Fig, 3). To test for a significant
confribution of autonomous self pollination to seed
set, we compared the mean number of seeds per
flower between open emasculated flowers (Eo)
{2.11 & 0.05) and open intact flowers (lo) (4.21 &
0.04), and the difference was highly significant
{planned comparison: £;514, = -30.863, P < 0.001).

To test for a deleterious effect of emascula-
tion on seed set, we compared mean number of
seeds per flower between intact hand-pollinated
flowers {Ip) (4.30 & 0.04) and emasculated hand-
pollinated flowers (Ep) (4.27 + 0,05), and the dif-
ference was not significant (planned comparison:

Table 2. Difference in fruit set among four treatments (Fo, Io, Ep and Ip) tested using ANOVA.,

Source Sum of squares df Mean square F P
Between groups 5375 3 1.792 0.573 0.637
Within groups 87.500 28 3.125

Total 92.875 31

Note. Ee: emaseulated flowers with open pollination; fo: intact flowers with epen pollination; Ep: emasculated
flowers with hand-pollination; Ip: intact flowers with hand-pollination.

100 r

90 |

80

70 B
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50+

Fruit set {%)

40 |

30

20

10

@ Emasculation

B Left infact

Hand pollination

Open pollination

Fig. 2. Effects of emasculation and pollination on fruit set in Kosteletzkya
virginica. Brror bars are = 1 8E. Analysis of these data is in Table 2,
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tasizy, = -0.464, P = 0.632). This indicates that
emasculation does not affect reproductive success
of emasculated flowers through physical damage
to the flower.

The observed results of peliinator visitation
rate showed that there was no sign:ficant differ-

ence in the average number of visits per flower
between emasciilated and non-emasculiated flow-
ers {3.38 + 0.03 versus 3.44 + (.06, respectively; ¢
= 0,753, df = 38, P = (3456}, indicating that
emasculation does not reduce the attractiveness of
flowers to pollinators.

Table 3. Difference in mean number of seeds per capsule among four treatments {Eo. fo, Ep and Ip}

tested using ANGVA.

Source Sum of squares df Mean square F P
Between groups 2243 803 3 747934 566.364 < (0,001
Wiihin groups 3317.320 2512 1321

Total 5561.122 2515

Note. Eo: emascuiated flowers with open pollination; fo: mtact flowers with open pollination; Ep. emasculated
flowers with hand-pollination; p: intact flowers with hand-pollination.

D Emasculation

B Left intact

4.5 r
4.0 F
3.5 F
3.0 F

K]

)

g 15 F

5}

[=}

P

B 2.0 F

[

{53
PSS o
N
0.5 F
0.0

Hand pollination

Open pollination

Fig, 3. Effects of emasculation and pollination on seed production in Kosteletzkya
virginiea. Error bars are + | SE. Analysis of these data is in Table 3.

DISCUSSION

In order to demonstrate that delayed
autonomous selfing may provide reproductive
success in the studied population of K. virginica.
we should consider at least three conditions: 1)
The mechanism of autonomous self-pollination

deposits enough pollen on stigmas; 2) Self pollen
is efficient at fertilising ovules; and 3) Insect pol-
lination is limited and autonomous self-pollina-
tion increases reproductive success in the study
conditions. All those three conditions were vali-
dated by our results in the study population dur-
ing the study period.
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First, the pollinator exclusion experiments
demonstrated that autonomous self-pollination
deposited as many pollen grains on stigmas at the
end of the flower life span as open pollination.
When delayed autonomous self-pollination
occurs, the stigmas touch the anthers on the top
part of the monadelphous column. At this time,
these anthers have not shed their pollen grains.
Such contact conld explain why there is no differ-
ence in the number of pollen grains per flower
between the flowers that were shielded from pol-
linators and those in the open-pollination treai-
ment. A minimum of 4-6 pollen grains per ovule
is generally necessary for maximum seed set
(Svow 1986, Murcia 1990, SCHUSTER ef al.
1993). For K. virginica, the pollen load per stig-
matic surface from autonomous self-pollination
amounts to 23.77 = 1,77 pollen grains, which is
sufficient for un-fertilised ovules (even all five
ovules) to be fertilised.

Secondly, our experiments with controlled
pollination demonstrated that K. virginica can
self-fertilise both by assisted and autonomous
self-pollination, and that the efficiency of delayed
selfing is high. In order to assess the level of self-
compatibility, a direct comparison of hand self-
pollination and hand cross-pollination would be
required. This was not the main aim of our study.
Nevertheless, evidence for high levels of self-
compatibility comes from the indirect comparison
of seed set between hand self-pollinated flowers in
the assessment of autonomous selfing levels and
hand cross-pollinated flowers (Ep} in the assess-
ment of autonomous self-pollination contribution
to reproductive success, The mean number of
seeds was very similar between hand selfed flow-
ers (4.31 = 0.23) and hand cross-pollinated, emas-
culated flowers (Ep) (4.27 = 0.05), which indi-
cates that K. virginica is fully self-compatible. In
addition, we demonstrated that autonomous self-
pollination is as successful for seed production as
assisted self-pollination. Indeed, there was no dif-
ference in fruit set and seed set for flowers that
were supplemented with self-pollen and those in
which only autonomous self-pollination occurred,
In contrast, fruit set was higher in hand-selfed
flowers than in the autonomously selfed flowers in
Kalmia latifolia, indicating that the natural mecha-

nism of selfing is inefficient (NAGY et al. 1999).
Kims & Snow (1997) made a similar conclusion
based on their study of Hibiscus laevis.

We found that reproductive success follow-
ing self-pollination varied among time periods
within a day, with lower fruit set early and late in
the day. This may result from temporal variation
in self-compatibility, stigma receptivity, or pollen
viability. In K. virginica, stigma receptivity and
pollen viability at 07:00 are 59% and 54%,
respectively, and pollen viability at 19:00 is only
31% (RUAN et al. unpublished data). In contrast,
stigma recepiivity and polien viability from 09:00
1019:00 are over 80% and 50%, respectively
(RUAN et al. unpublished data), and are likely to
be relatively constant, given that we were not able
to detect effects of the timing of selfing from
09:00 to 17:00.

Our results indicated that emasculation
affected seed set but not fruit set. The fruit capsule
of K. virginica has five locules, each of which con-
tains a single ovule. For any flower, a fruit capsule
comtaining at least one seed may form after polli-
nation, even if pollination was not sufficient to fer-
tilise all ovules. The non-significant difference in
the average visitation rate per flower between
emasculated and non-emasculated flowers also
indirectly indicates why emasculation did not
affect fruit set. In contrast, emasculated flowers
without delayed autonomous self-pollination may
have fewer chances to fertilise all ovules than non-
emasculated flowers with delayed autonomous
self-pollination. Stigma pollen loads must be suf-
ficiently high to produce a pollen population
effect, i.e. a sufficient number of pollen grains per
ovule to trigger germination and/or produce viable
pollen tubes (SCHEMSKE & FENSTER 1983, CRUZAN
1986, CrupeN 2000), For K. virginica, afier the
opportunity to be pollinated by a pollinator has
passed and pollination is insufficient to fertilise all
ovules, the pollen load from autonomous self-
pollination in non-emasculated flowers increases
the potential for fertilisation of unfertilised ovules,
but not for emasculated flowers.

Finally, in a previous study we showed
that delayed autonomous selfing in K. virginica
directly responds to pollinator environment,
the percentage of flowers displaying delayed
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autonomous selfing was significantly tower on
surmy days than on inclement days {RUAN ef al.
2005b}. This is an additional line of evidence that
autonomous self-pollination may increase repro-
ductive success in response to pollinator limita-
tion in the study population of K virginica.
Delayed selfing allows outcrossing to occur when
poliinators are available, but ensures reproduction
and increases plant fitness if poliinators fail to
visit flowers, providing that some selfed progeny
survive to maturity (Karsz & VoOGLErR 2003,
KALsz et af. 2004Y. In Collinsia verna, an
increase in delayed selfing rates supports repro-
ductive assurance, when the pollination environ-
ment in wild populations necessitates reproduc-
tive assurance (Karisz er al. 2004). Although
delayed autonomous selfing in Kalmia latifolia
did not contribute to fruit production under natu-
ral conditions, it can assure reproduction in the
absence of pollinators (NAGY ef a/. 1999} and this
reproductive assurance may be important (o this
species in a year during which poliinators are lim-
iting (RATHCKE & REAL 1993).

The value of selfing as a reproductive strat-
egy depends on the fitness of selfed seeds. For
K. virginieq, although inbreeding depression
was 0.54 (Suan et al 2007), delayed
autonomous selfing directly responding to potli-
nator envirenment may assure seed production
when poilinators are scarce or absent. FISHER
{1941}) showed that selfing is advantageous from
the “automatic selection hypothesis”; an allele
for selfing wili spread if selfed progeny are at
least half as fit as outcrossed progeny (NAGy-
LAK! 1976, LLovD 1979). In contrast, adaptations
that allow self-pollination and selfing under
variable pollinator environments may be advan-
tageous (Kaprisz & VooLER 2003, KALISZ ef al.
2004 despite strong inbreeding depression (e.g.,
(.64 for Hibiscus trionum) (HERLIHY & ECKERT
2002, GoODWiLLIE ef af. 2005, SEED ef al. 2006},
When seeds from autonomous selfing in one
flower reduce resources available for potential
outcrossed seed in later flowers on the plant, as
in the case of Aquilegia canadensis (HERLTITY &
Eckerr 2002, 2004), seed discounting as a
consequence of extreme inbreeding depression
drastically reduces the benefit gained through

delayed selfing, obscuring the adaptive signifi-
cance of autonomous selfing in the populations
studied (FENSTER & MARTEN-RODRIGUEZ 2007).
Delayed autonomous selfing in K. virginica
causes no poiien or seed discounting. This is
because (i) deiayed selfing occurs just before
coroila closure, pollen cannot be used by the
other flowers after corolla closure; and (2} after
corolla closure, unfertilised ovules can not be
fertiliged from the receipt of outcross pollen,

in conclusion, our results provide evidence
that autonomous selfing mcreases reproductive
success in the study population. because emascu-
lated flowers set fewer seeds than intact flowers
when open-pollinated. However, future work
integrating several types of data such as selfing
rates in multiple populations and/or seasons, the
contribution of aufonomous selfing in different
popuiations, and trade-off between strong
inbreeding depression and fitness gain of selfing
as the exampies of HERLIHY & ECKERT (2002},
Kauisz et al. (2004) and Ecxkerr & HEerLmy
{2004), will be required to confirm the results of
this experiment, and to further provide evidence
that the well-developed capacity for autonomous
selfing benefits K. virginica by providing repro-
ductive agsurance. In particular, it should be noted
that our study site corresponds to a population
introduced outside the native range of the species.
Pollinator limitation may be more pronounced in
this situation than in native populations.

K. virginica is weli-adapted to the coastal
tidal flat habitats of China, and it may be used as
an agroecoengineering species for alternative
agricultural production and for revegetation of
salt-affected tidal flats. In addition. the plant has
potential use for the production of biodiesei
{Ruan et al. 2008), with an oil content of 22%
in the native lines in American (ISLaM et al.
1982), 17.5% in the naturalised lines in China
{RUAN ef al. 2004b), and 20% in selected lines
(Ruan et al. 2005¢). The contribution of delayed
autonomous selfing to reproductive success of
K virginica indicates that the naturalised popu-
lations in China should persist even in the
absence of pollination, and provides the poten-
tial for exploring the value of the species for salt
agriculture.



12 BELGIAN JOURNAL OF BOTANY 141

ACKNOWLEDGEMENTS

The authors wish to thank Ms. Y. Shan, X, Zhen
and P. Li for field help. This work was funded by the
National Natural Science Foundation of China (Grant
no. 30500071 to C.-I. Ruan), the China-Belgian Coop-
eration Project (200441505) (Belgian Science Policy,
contact n® BL/10/C34) and the Start-up Project of
Dalian Nationalities University (20056104).

REFERENCES

ARMBRUSTER W.S., MuLper C.PH., Bapwmn B.G,,
Kavisz 8., WEssa B. & Nute H., 2002, — Com-
parative analysis of late floral development and
mating-system evolution in fribe Collinsieae
(Scrophulariaceae s. 1.}. Am. J. Bor. 8%: 37-49,

Butrtrosg M.S., Grant W.IR, & LorT EN.A., 1977,
— Reversible curvature of style branches of
Hibiscus trionum L., a pollination mechanism,
Aust. J. Bot. 25: 567-570.

CRUDEN R.W., 2000, — Pollen grains: why so many?
Plant Syst. Evel. 222: 143-165.

CrRUzZAN M.B., 1986. — Pollen tube distribufions in
Nicotiana glavca: evidence for density dependent
growth. Am. J. Bot. 73: 902-507.

CuLLey T.M., 2002. — Reproductive biology and
delayed selfing in Viola pubescens (Violaceae),
an understory herb with chasmogamous and cleis-
togamous flowers. Int. J. Plant Sci. 163; 113-122,

DarwiN C., 1862. — On the various contrivances by
which British and foreign orchids are fertilised by
insects. John Murray, London.

DoLg J.A., 1990. — Role of corolla abscission in
delayed self-pollination of Mimulus guttatus
(Scrophulariaceae). Amr. J. Bor, 77: 1505-1507.

DonneLLy S.E., LorTie C.J, & Aarssen LW, 1998, —
Pollination in Ferbascum thapsus (Scrophulari-
aceae): the advantage of being tall. Am. J. Bot. 85:
1618-1625.

Eckert C.G. & Herimy C.R., 2004, — Using a cost-
benefit approach to understand the evolution of
self-fertilization in plants: the perplexing case of
Agquilegia canadensis (Ranunculaceae). Plant
Species Biol. 19: 159-173,

EckerT C.G. & SCHAEFER A., 1998. — Does self-polli-
nation provide reproductive assurance in dquile-
gia canadensis (Ranunculaceae)? Am. J. Bot. 85:
919-924, ’

EiLLE E. & CARNEY R., 2003, — Reproductive assur-
ance varies with flower size in Collinsia parvi-
fora (Scrophulariaceae). Am. J. Bot. 90: B83-896.

BETCHEVERRY A.V., PROTOMASTRO J.J. & WESTERKAMP
C.,2003. — Delayed autonomous self-pollination
in the colonizer Crofalaria miicans (Fabaceae:
Papilionoideae): structural and functional aspects.
Plant Syst. Evol. 239: 15-28,

FensTer C.B. & MarTEN-RoDRIGUEZ S., 2007, —
Reproductive assurance and the evolution of pol-
lination specialization. fnt. J. Plant Sci, 168: 215-
228.

FETscHER ALE. & Komn J.R., 1999. — Stigma behavior
in Mimulus aurantiacus (Scrophulariaceae). 4m.
J. Bot. 86: 1130-1135.

FisHEr R.A., 194]. — Average excess and average
effect of a gene substitution. Ann. Fugen. 11: 53-
63.

GALLAGHER J.L., 1985. — Halophytic crops for culti-
vation at seawater salinify. Plant Soil 8%: 323-
336.

GoopwiLLie C., KavLisz 8. & Eckert C.G,, 2005, —
The evolutionary enigma of mixed mating sys-
tems in plants: occwrrence, theoretical explana-
tions, and empirical evidence. dmmi. Rev. Ecol
Syst. 36: 47-79.

Heruidy C.R. & EckerT C.G., 2002, — Genetic cost of
reproductive assurance in a self-fertilizing plant.
Nature 416: 320-323.

Herinry C.R. & Eckrrr C.G., 2004, — Experimental
dissection of inbreeding and its adaptive signifi-
cance in a flowering plant, Aquilegia canadensis
(Ramumculaceae). Evolution 58: 2693-2703.

Ist.aM MLN., WiLsoN C.A. & WaTtkmws T.R., 1982, —
Nutritional evaluation of seashore mallow seed,
Kosteletzkya virginica, J. Agric. Food Chem. 30:
11951198,

JessoN LK. & BarreTT S5.C.H,, 2002. — Solving the
puzzle of mirror-image flowers. Nature 417: 707.

Karizz 8. & VoGLER D.W., 2003, — Benefits of
autonomous selfing under unpredictable pollina-
tor environments. Ecology 84: 2928-294.

Kavisz S., VoGLER D., FaILs B., SHEPARD E., HERMAN
T. & GownzaLes R., 1999, — The mechanism of
delayed selfing in Collinsia verna (Scrophulari-
aceae). Am. J. Bot. 86: 1239-1247.

KaLsz 8., VogLEx D.W. & HanLEY ICM,, 2004, —
Context-dependent autonomous self-fertilization
yields reproductive assurance and mixed mating.
Nature 430: 884-887.

Kirrs RA. & Snow AA, 1997. — Delayed
autonomous self-pollination in Hibiscus laevis
(Malvaceae). 4m. J. Bot. 84: 48-53.

L KW, L Z.J, Buang LQ,, LiL.Q., Cupn LI, &
Tang G.D., 2006. — Self-fertilization strategy in
an orchid. Nadure 441: 945,




CONTRIBUTION OF DELAYED SELFING IN KOSTELETZKTYA 13

Liove D.G., 1979, — Some reproductive factors
affecting the selection of self-fertilization in
plants. Am. Mat. 113: 67-79.

Lioyi D.G. & ScroeN DT, 1992, - Self- and cross-
fertilization in plants. 1. Functional dimensions.
Ine. J. Plant Sci. 153 358-269.

Lvon DL, 1992, — Bee pollination of faculatively
xenogamous Sarguinaria canadensis L. Bull. Tor.
Bot. Club 119: 368-375.

Murcra €., 1990, - Effect of floral morphology and
temperature on pollen receipt and removal in Ipo-
moea trichocarpa. Ecology 71:1098-1109.

Nagy ES., Strong L. & Gatvoway LF, 1999,
Contribution of delayed autonomous selfing to
reproductive  success in  Mountain  Laurel,
Katmia farifolia (Ericaceae). Am. Midi Nai. 142:
39-46.

NaGgyraki T.. 1976, — A model for the evolution of
self-fertilization and vegetative reproduction. J.
Theor Biol 58 55-58.

Ramsey M., Seep L. & Vavgaton G., 2003, —
Delayed selfing and low ievels of inbreeding
depression n Hibiscus trionwm {Malvaceae).
Aust. J. Bot. 51: 275-281.

RarHCKE B. & Rear L., 1993, — Autogamy and
nbreeding depression i Mountain  Laurel.
Kalmia latifolia {Ericaceae). Am. J. Bot. 80; 143-
146.

Ruan CJd., Qm P & HE Z.X, 2004a. — Delaved
autonomous selfing in Kosteleizkya virginica
(Malvaceae). S. Afi: J. Bot. T0: 640-645,

Ruan CJ. Qin P, Cuen JW. & Han RM., 2004b. -
Analysis of nutritive compositions in the seeds of
Kosteletzkya virginica. Acta Agro. Sm. 30: 901-
905,

RuanC.J. QW P & Han R M., 2005a. -— Strategies of
delayed self-pollination in Kosteletzkya virginica.
Chinese Sci. Budl. 50: 94-96.

Ruan CJ, Qi P. & X1Y.G., 2005b, — Floral traits and
poilination modes in Kosteletzkya virginica (Mal-
vaceae). Belg. J Bot 138: 39-46.

Ruan C.J. QN P. & Han R.M., 2005¢. — Selection
and breeding of fine lines of Kosteletzkya vir-
ginica of oil plant resistance to salt. Crops 4; 71-
72. (in Chinese}

Ruan CJ., Lt H., Guo Y., QW P.. GALLAGHER J.L.
SeLiskar D.M.. Lurts 8. & Many G., 2008, —
Kosteletzipa  virginica, an agroecoengineering
halophytic species for alternative agricultural pro-
duction in China; seed yield. oil content, fatty

acid and properties of biodiesel. Ecol Eng 32
320-328.

ScremMske DW. & FEnSTZR (., 1983, — Pollen-grain
interactions in a neotropical custus: effects of
clump size and competitors. fm: MuLcany DL. &
Orraviang B. {eds.), Pollen: binlogy and impli-
cations for plant breeding. pp. 405-410. Elsevier
Science Publishing Company. New York.

ScuusTER AL, Nov-MEeR ., Hevw C.C. & Darva A
1993, — Polimation-dependent femaie reproduc-
tive success in a seif-compatible outcrosser.
Asphodelus aestivus Brot. New Phytol. 123: 1653-
174,

SEED L., VaugHTON G, & RAMSEY M., 2006, —-
Delaved autonomous selfing and inbreeding
depression in the Australian annual Hikiscus tri-
onm var. vesicarius (Malvaceae). dusi. J. Bor
54:27-34.

SHAN Y. Zuane L.J, Zueng X, InH. & Ruan CI,
2007, — Breeding system and inbreeding depres-
sion in halophyte Kosteletzlkya virginica. J. Nan-
Jing Univ. (Nat. Scip 43 284.289. [in Chinese
with an English abstract?

Snow ALA.. 1986. — Poluination dynamics in Epilo-
hium caman (Onagraceae). consequences for
gametophytic selection. dm. /. Ben. 73: 139-151.

SN 8.G., Guo YH., Gitury RW. & Huang S.Q.
2005. — Corolla wilting facilitates delaved
autonomous self-pollination in Pedicularis dun-
niana (Orobanchaceae). Plant Syst. Evol. 251:
229.237.

TRAVESET A., WiLisoN M.F. & SaBac €., 1998 -~
Effect of nectar-robbing birds on firuit set of
Fuchsia magelfanica in Tierra del Fuego: a dis-
rupted mutualism. Funct. Ecol. 12: 459-464.

WANG Y., ZHANG D, RENNER 8.5, & CHEN Z., 2004, —
A new self-poliination mechanism. Nature 431:
39-40.

YaNG 8.X., Yang CF.. ZuanG T. & Wanag Q.F., 2004,
— A mechanism facilitates pollination due to
stigma behavior in Campsis radicans (Bignoni-
aceae). Acta Bot. Stn. 46: 10711074,

Yu Q. & Huang $.Q.. 2006. — Flexible stigma presen-
tation assists context-dependent pollination in a
wild columbine. New Phyto!. 169: 237-242.

ZHEN X., WanG XY, Suan Y., Rean CJ, Qm P &
Han R.M., 2007. — Floral characters and polli-
nation bioiogy of halophyte Kosteletziva vir-
ginica. J. Nanfing Univ. (Nat. Sci.) 43: 267-273.
fin Chinese with an English abstract]



