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ABSTRACT

Ecological interactions between flowers and pollinators greatly affect the reproductive success. To facilitate these
interactions, many flowers are known to display their attractive qualities, such as scent emission, flower rewards
and floral vertical direction, in a rhythmic fashion. However, less is known about how plants regulate the relation-
ship between these flower traits to adapt to pollinator visiting behavior and increase reproduction success. Here
we investigated the adaptive significance of the flower bending from erect to downward in Trifolium repens. We
observed the flowering dynamic characteristics (changes of vertical direction of florets, flowering number, pollen
grain numbers, pollen viability and stigma receptivity over time after blossom) and the factors affecting the rate of
flower bending in T. repens. Then we altered the vertical direction of florets in inflorescence of different types
(upright and downward), and compared the pollinator behaviors and female reproductive success. Our results
showed that florets opened sequentially in inflorescence, and then bend downwards slowly after flowering. The
bending speed of florets was mainly influenced by pollination, and bending angle increased with the prolongation
of flowering time, while the pollen germination rate, stigma receptivity and nectar secretion has a rhythm of “low-
high-low” during the whole period with the time going. The visiting frequency of all the four species of pollinators
on upward flowers was significantly higher than that of downward flowers, and they especially prefer to visit flow-
ers with a bending angle of 30°-60°, when the flowers was exactly of the highest flower rewards (nectar secretion
and number of pollen grains), stigma receptivity and pollen germination rate. The seed set ratio and fruit set ratio
of upward flowers were significantly higher than downward flowers, but significantly lower than unmanipulated
flowers. Our results indicated that the T. repens could increase female and male fitness by accurate pollination.
The most suitable flower angle saves pollinators’ visiting energy and enables them to obtain the highest nectar
rewards. This coordination between plants and pollinators maximizes the interests of them, which is a crucial
factor in initiating specialized plant-pollinator relationships.
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1 Introduction

Floral traits are considered adaptive because they can improve plant mating success through interacting
with abiotic and biotic factors. One of the floral traits interacting with abiotic and biotic agents of selection is
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floral vertical direction [1-3], which considered to be an inherited trait of some species [4]. Diversification
and adaptation of floral vertical direction are usually researched with the expectation that abiotic factors are
the mainly selective factors acting on floral vertical direction [2,5—7], because of their influences on mating
success [8]. For instance, the downward flowers are considered to have evolved to avoid nectar dilution and
pollen damage by rainfall and solar radiation [1,9,10]. In addition, the erect flowers could absorb more heat
than downward flowers due to the different air flow convection [10,11], this led to erect flowers improved the
flower internal temperature, growth of pollen tube, and seed production in some alpine and arctic species
[12]. Therefore, numerous species have evolved adaptive ability to manipulate the microclimate of flower
to maintain physiologically optimal conditions [13—15].

Pollinator morphology and behavior are also closely related to the orientation of flowers, as shown by
some studies in which parts of the flowers, as lower lips, have been considered as landing organs for
pollinators [16], and the function of these organs may be impaired by the change of flower vertical
direction. For example, the downward bending reduces the number of flower landing points, while the
upward flowers increase the landing points on flower organs [17—-19]. Therefore, floral vertical direction
determines movement of pollinators within a flower, influence pollinator attraction [3,20], pollination
precision [21], pollen transfer [22-24] and foraging behavior [25], and then influences the plant
reproduction success, which has led to the exploration of its evolutionary significance and function [26].
However, many previous studies have focused on effect of abiotic factor on flower direction, or the
species that produce single flowers [1,2], the effect of floral vertical direction on pollination in more
complex inflorescences has rarely been reported.

A series of experimental studies have shown that the flower direction and angle change during flowering,
which influence the microenvironment within flowers and pollinator activity, and then affect the success of
reproduction [19]. For instance, the change of flower orientation in tropical Convolvulus influences both
gynoecium temperature and pollinator activity [2]. Correspondingly, pollinators also promote efficient
foraging on different species through a series of behavioral adaptations. Recent studies have showed that
the pollinators and plants not only adjust behavioral or floral traits in their organisms, respectively, but
also coordinate the precise pollination time [27]. For instance, Nicotiana attenuata flowers regulate their
downward or upward orientations in a dynamic way, and synchrony with the activity of their pollinators
[28]. These researches indicate that effective cross-pollination requires coordination between plants and
their pollinators, as well as involves complex signaling between the environmental cues and circadian
clock to adjust the timing within and between each organism to increase plant reproductive fitness.

In this study, we tested the adaptive significance of the changed flower vertical direction in Trifolium
repens. The flower of this species was upright in early flowering, but bend slowly after blooming and
turn downward in fruiting. To reveal the relationship between flower vertical direction, pollinator
preference, flower reward and ability of pollen exportation and pollen reception in 7. repens, we observed
the flowering dynamic characteristics, tested the factors affecting the flower downward speed, and altered
the flower vertical direction. Specifically, we addressed the following questions: (1) what effect does the
flower vertical direction have on the behavior and frequency of pollinators? (2) what are the influencing
factors of flower bending in 7. repens? And (3) what is the adaptive significance of flower bending?

2 Materials and Methods

2.1 Study Site and Species

We conducted the study on the campus by Northwest Normal University, Lanzhou (alt. 1550 m, lat. 36°
11'19” N, long. 103°74°12” E), Gansu Province, China. The vegetation type of our experimental plot is
artificial grassland, which is mainly composed by 7. repens. The average annual rainfall is 327 mm and
the average annual temperature is 10.3°C. The experiment was conducted from 01 May to 01 June 2019,
the flowering peak at the study site.
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Trifolium repens is an herbaceous perennial plant in the bean family Fabaceae, commonly found in most
grassy areas (gardens and lawns). The plant is capable of both asexual (or vegetative) reproduction through
the generation of stolons, and sexual reproduction through seed production and dispersal [29,30]. Each plant
can produce about 10 globular racemes inflorescences, and each inflorescence consists of 30-70 florets,
which are white and commonly tinged with pink and it began to bend slowly after flowering. Three to
four seeds per pod can be produced after pollination [30]. As T repens is predominantly self-
incompatible, cross-pollination is essential for significant seed set [31,32]. T repens pollen is not easily
dispersed by wind and any airborne pollen does not result in effective pollination. Therefore, insect
pollinators are normally required to transfer pollen between individual clover plants, the honeybee (4pis
mellifera) is the most important pollinator of T. repens [30].

Because the inflorescence types and states required by different experiments are inconsistent, we classify
inflorescences according to the number of flowers open or lost at different stages: 1) bud stage, inflorescence
before flowering; 2) full-blooming stage, about 1/3 of the flowers have fallen; 3) final flowering stage, more
than 2/3 flowers have fallen.

2.2 Floral Biology

We selected 30 inflorescences (bud stage) from different plants, and observed the changes of flowering
number and opening regularity of florets in inflorescence at every 4 h interval until all florets withered. To test
the floret duration in different layers of inflorescence, we recorded 30 inflorescence that tagged with a floret
on each layer, and measured flower duration as time from opening of the corolla lobes until the flowers
withered [33].

390 flower buds were randomly tagged on different inflorescences (full blooming stage), then we
collected 30 florets at every 4 h interval after blossom to test for following index on each flower: (1)
changes in florets bending angle (n=30), measured by a protractor. (2) stigma receptivity (n=30),
measured by the benzidine/H,O, method-place the stigma on the glass slide, drop benzidine/H,O,
solution (1% benzidine: 3% hydrogen peroxide: water=4:11:22) and observe it under the microscope.
The acceptability of the stigma can be judged by the number of bubbles and color of the reaction solution
around the stigma. “—” means the stigma is not receptive; “—/+” means that some of the stigmas are
receptive; “+” means the stigma is receptive, and more “+” symbols mean the stigma is strongly receptive
[34]. (3) pollen germination rate, put all the pollen in a floret into a centrifuge tube containing 10%
sucrose solution, incubated under dark conditions at 25°C for 48 h and observed under the microscope.
Germination percentage (%) was determined by dividing the number of germinated pollen grains per field
of view by the total number of pollen grains per field of view. (4) number of remnant pollen grains in
floret, we carefully pinched all the anthers of a flower into 1 ml centrifuge tube, fixed the volume to 1 ml
with distilled water, and put them on the shaking table for 48 h. Then we took 20 ul suspension on the
slide, counted all pollen under the microscope (repeated 5 times), and finally multiplied by 50 to calculate
the total amount of pollen grains in all anthers of a flower. Meanwhile, to detect nectar secretion patterns,
we bagged 30 florets in pre-anthesis and measured nectar volume every 4 h until flowers failed. The bags
can only be uncovered when measured for eliminate insect interference.

2.3 Rate of Flower Bending

We randomly selected 120 flower buds from 60 inflorescences (full blooming stage) on 30 plants, and
estimate the contribution of visitor effects (pressure and pollination) to flower bending through four
treatments (n=30 flowers, respectively): (1) natural condition, exposure to natural pollination
environment; (2) bagged, flowers avoiding the influence of visitors through bagged before blossom; (3)
artificial pollination, bagged and pollinated with cross-pollen that collected from 1000 m away; (4)
artificial pressure, bagged and manually press the flowers with digital push—pull gauge force gauge (KTE



1620 Phyton, 2022, vol.91, no.8

HF-5, 0.001-5 N, Shenzhen Enzi Electronics Co., Ltd., China) through simulate pollinator pressure (average
pressure of 4 species of pollinators). After each treatment, the flower angle with a clinometer every 2 h until
flowers bending completely (perpendicular to horizontal plane). The normality of data was tested using 1-K-S,
and then one-way ANOVAs (with Tukey’s multiple contrasts) were used to test the difference in dropping speed
between the different treatments.

2.4 Pollinator Observations and Reproductive Success

90 inflorescences (full blooming state) were randomly selected in the different plants, and prepared the
following three types of inflorescence (n=30 flowers, respectively) with different floret vertical direction
with adhesive tape: (1) inflorescences with florets turned upright (Up, <90°), (2) inflorescences with
florets turned downward (Down, >90°), (3) unmanipulated inflorescences (Unmanipulated) (Fig. 1). Each
inflorescence is consistent with the same number of florets and state, all these treatments located the same
habitat and grew in the same natural environment. After manipulated, we observed pollinator behaviors
(landing position, activity in inflorescence and contact with sexual organs, etc.) and visit frequency on
these flowers for 3 sunny days between 08:00—18:00 (total of 30 h) (treat new flowers in every
observation day). The seed production was detected after one month of flower exposure. The fruit set
ratio was counted as the proportion of seeded flowers in an inflorescence, and the seed set ratio was
counted as ovule number/mature seed number.

Figure 1: Inflorescences with different floral vertical direction. A, upright; B, downward; C, unmanipulated

3 Results

3.1 Floral Biology

Our results showed that each inflorescence of 7. repens includes 71.42 +22.26 (Mean + SD, the same in
the following) florets, the florets open sequentially in inflorescence with an average of 10.32 = 2.54 florets per
time, and the inflorescence duration is 8.32 + 1.28 days (Fig. 2). The florets began to bend at a uniform rate
after anthesis (3.15 £ 0.63°/h), but accelerated significantly at 32—40 h (5.10 + 0.77°/h), bent slowly to 180°
under the pressure of the next round of florets after 40 h (Fig. 3). The flower duration is 45.26 £5.32 h, and
there was no significant difference in flower duration in different layers of inflorescence (Fig. 4).

Day 6 Day 7

Figure 2: Flowering dynamic characteristics of Trifolium repens, the sequential opening process of florets in
inflorescence
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Figure 3: The dynamics of flower angle over time after blossom. Yellow represents period when the flower
is upward, and green represents period when the flower is dropping
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Figure 4: Left: different layer of inflorescence; Right: floret duration in different layer of inflorescence,
different letters on items indicate significant difference at the 0.05 level

The pollen viability, stigma receptivity and nectar secretion of 7. repens were relatively low at
the beginning of the floret anthesis, while were highest 816 h later after anthesis (flower angle was
30°—60°), and then began to decrease continuously as the flowers bend downward (Figs. 5 and 6). These
results showed that the pollen germination rate, stigma receptivity and nectar secretion of 7. repens
showed a “low-high-low” variation tendency during the whole period with the time going. The anthers of
T. repens dehisced before anthesis, the number of pollen grains had no significant difference within 8 h
after anthesis, and then decreased gradually with the flowering time (Fig. 6).

3.2 Rate of Flower Bending

The rate of flower bending under natural condition is 3.12+0.48°/h, compared with the natural
condition flowers, the artificial pollination (3.69 £0.33) flowers significantly increased (P <0.001, df=23)
in rate of flower bending, this indicated that the pollination had a significant influence on flower bending
speed. In contrast, there is no significant difference (P=0.111, df=3) between the bagged (1.56 +0.21°/h)
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and artificial pressure (1.70+0.22°/h) flowers, but the above treatments were significantly lower (P <
0.001, df=3) than natural condition flowers (Fig. 7). This indicated that the pollinators pressure had no
effect on flower bending.
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Figure 5: The dynamics of pollen viability and stigma receptivity over time after blossom. Yellow
represents period when the flower is upward, and green represents period when the flower is dropping.
“—” means the stigma is not receptive; “—/+” means that some of the stigmas are receptive; “+” means the
stigma is receptive, and more “+” symbols mean the stigma is strongly receptive
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Figure 6: The dynamics of pollen amounts and nectar volume over time after blossom. Yellow represents
period when the flower is upward, and green represents period when the flower is dropping
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3.3 Pollinator Observations

We observed a total of 4 pollinator species during 30 h of observation on 7. repens flowers, namely Apis
mellifera, A. florea, Bombus religiosus and A. dorsata. The four species of pollinators had the same
preference when they were visiting flower, i.e., prefer to land on parallel flowers (bending angle of 90°)
to visit flowers with a bending angle of 30°-60° flowers (Figs. 8, 9). When pollinators visit upward
flowers, the lower layer of flowers in inflorescence provide a landing platform for them, and this is
helpful for them to visit in an upright position (Fig. 8a). However, due to lack of the landing platform,
foraging on downward flowers requires pollinators to remain in hanging position or a head-down position
(Figs. 8b, 8c). Therefore, the visiting frequency on upward flowers was significantly higher (P<0.001,
df=5) than downward flowers, and the visiting frequency on these two types of manipulated flowers was
significantly lower (P <0.001, df=5) than the unmanipulated flowers (Fig. 10).

(b) ©

Figure 8: The pollinator visiting and approaching behaviors on 7. repens, (a) upright position, (b) hanging
position, (c) head-down position

Correspondingly, the seed set ratio and fruit set ratio of upward flowers (0.56 +0.06, 0.63 =0.06) are
significantly higher (P <0.001, df=2) than downward flowers (0.05 £0.06, 0.23 £0.04), but significantly
lower (P<0.001, df=2) than unmanipulated flowers (0.78 £0.04, 0.98 +0.05) (Fig. 11).
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4 Discussion

Our results showed that, the florets open sequentially in inflorescence, that is, begin to bend slowly after
anthesis, and made room for the next round of florets for display. We believe that the enlarged display space
will increase the pollination opportunity of florets [35]. Meanwhile, the sequential opening of flowers in the
inflorescence prolonged the inflorescence duration, and this will effectively increase the pollination
opportunity of all florets in inflorescence [36], and then improve the adaptability of sexual reproduction
by this flowering pattern.

Flower bending speed may be related to several environmental factors, such as humidity, temperature,
external pressure, and other actions of pollinators [37]. Among them, the main influencing factor is the
pollinator, because the flower senescence rate depends on the pollen removal and receipt within a species
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[38,39]. For instance, Blionis et al. [40] showed that pollinator exclusion improves floral duration in a study
on Campanula species. Similarly, in 7. repens, hand-pollination significantly increased the rate of flower
bending, but was not affected by the pressure generated by the pollinators, suggesting that flower bending
is under selective pressure for pollination success. It indicates that the flowers bend rapidly after
pollination by pollinators, which may provide some visual signals for pollinators to visit, and improve the
display and pollination opportunities of other non-pollinated flowers.
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Figure 11: The seed set ratio and fruit set ratio in different floral vertical direction

The floral syndrome shaping of entomophilous plants is strongly correlated with pollinators [36]. Slight
changes in flower characteristics will affect the landing behavior and frequency of flower visitors [41,42].
Our results showed that all four pollinators of 7. repens prefer to visit upward flowers with a bending
angle of 30°-60°, but rarely visit downward flowers. We believe that the behavior of pollinators is
affected by the following factors. First, the floral vertical direction affects pollinator landing behavior and
then influence the pollinator frequency [19]. The lower layer of flowers in inflorescence provide a landing
platform for the upper flowers, while the parallel flowers are the best landing platform for pollinators, this
makes pollinators easily to visit the flowers with a bending angle of 30°-60°. Pollinators usually fly and
forage in an upright position [43—45], the upright position considered to incur less cost in time and
energy [44] and it also allows pollinators have a better vision for above than below [44,46]. Moreover,
foraging on downward flowers requires bees to remain in hanging position or a head-down position,
hence the changes in foraging posture may cause variations in foraging behavior and the fit between
pollinators and floral reproductive organs and enlarge the energy consumption of pollinators. Therefore,
to save the visiting energy, pollinators prefer to select the most suitable angle of flowers in inflorescence.
Second, the upward flowers face towards the sun and may increasing internal temperature of flower,
which, in turn, improves pollinator attraction [47]. Finally, the flowers with angles of 30°-60° had the
highest pollen grains and nectar secretion, and the downward flowers significantly reduced in this flower
rewards, resulting in that it is not as attractive as upward flowers [48,49]. Moreover, corresponding to the
preference of pollinators, the flowers with angles of 30°-60° had the highest pollen gemination rate and
stigma receptivity. This indicated that plants regulate the rewards for pollinators and the time when they
are most suitable for pollination to coordinate the precise timing of pollination, maximizing the interests
of insects and plants at the same time.

Corresponding to the frequency of pollinator visits, the seed set ratio and fruit set ratio of upward flowers
were significantly higher than those of downward flowers, but were significantly lower than those of
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unmanipulated flowers. Here, the low seed production of manipulated flowers (downward and upward) may
be due to the lower visiting rate of pollinator that the stigma is not fertilized by enough pollen, because
changing floral vertical direction may impair the function of floral landing platforms and then decreases
the pollinator visiting frequency on manipulated flowers. Another possibility is that the upward flowers
do not bend normally after pollination, which may cause the pollen on the stigma to be washed away by
rain [8,9], or reduce its vitality through ultraviolet rays [50], and then reduce the seed production [9].

In conclusion, this study focused on the benefits acquired by plant and pollinators which was brought by
the change of floral vertical direction in 7. repens. Floral vertical direction is a key part of mutualistic plant—
insect interactions in pollination systems of 7. repens and that a combination of ingenious mechanisms leads
plants and pollinators to maximize the interests of them. The evidence provided here demonstrates that the
change of floral vertical direction in 7. repens exquisitely prepares its flower for pollination by insects and in
doing so, exhibits a synchronized adaption between plants and animals.
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