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Abstract

The various developmental stages of plants are closely related to their endogenous hormone
contents. Pseudostellaria heterophylla exhibits a typical dimorphic mixed-mating system. We used high
performance liquid chromatography (HPLC) to determine the relative concentrations of four endogenous
hormones found in the rhizomes of this medicinal plant. The results revealed significant changes in the
contents of these hormones at six developmental stages in P. heterophylla. For example, the contents of
gibberellic acid (GA), Abscisic acid (ABA), and Zeatin (ZT) in the Cleistogamous (CL) flower stage were
higher than at previous developmental stages, and at this point only the indole-3-acetic acid (IAA)
contents was low. Contents of GA and IAA at the CL seed stage were at their highest, while the contents
of ABA and ZT were lower. The ratios of GA/IAA and ABA/IAA were significantly higher during the CL
flower stage than at the other developmental stages. The ratios of IAA/ZT and GA/ZT were significantly
lower during the CL flower stage but peaked at the CL seed stage. We speculated that the highest GA
and ABA contents may promote the formation of chasmogamous (CH) flowers, whereas low IAA and
high ZT contents are key to CL flowering. Moreover, high contents of GA and IAA are closely related to
CL seed development and high GA/IAA and ABA/IAA ratios promote the formation of CL flowers. We
discuss the relationship between endogenous hormone contents in rhizomes at different developmental
stages and the flowering patterns of dimorphic flowers, providing new evidence about the physiological
mechanisms that underlie the maintenance of the dimorphic mixed mating system.

Keywords: Chasmogamous (CH) flower; Cleistogamous (CL) flower; Dimorphic mixed mating system;
Pseudostellaria heterophylla; Endogenous hormones

Introduction

The mating system of plants determines the genotype frequency of the offspring and
has a higher impact on the genetic structure of the population than any other life history
factor [1]. Selfing and outcrossing of plants are not completely separate. There is a transition
type between selfing and outcrossing, that is, mixing. These transition types occur within a
continuous range of variation. The adaptability of this mating system is of great significance
to plant evolution [2,3], as plants can choose the most suitable mating pattern to complete
the reproductive process. Therefore, plants with mixed mating system types may have certain
reproductive advantages in heterogeneous habitats [4].

Dimorphic mating, also known as the Chasmogamous (CH)- Cleistogamous (CL) system,
is a typical mixed mating system, which enables the production of both CH and CL flowers on
the same plant [5,6]. The two types of flowers have different functions and constitute a system
that enables sexual reproduction. That is, CH flowers can attract pollinators to visit using
bright corollas and rewards to produce outcrossed offspring, while self-pollination or cross-
pollination within the same plant produces inbred offspring [7-9]. CL flowers have no corolla
or Nectaries, the number of stamens is often less than that of CH flowers, and the number of
ovules is similar. Seeds are produced by automatic selfing [5].
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Under natural conditions, CH and CL flowers are produced in a
different order on plants. For example, Viola pubescens produces
CH flowers in early spring and CL flowers appear after a few weeks
[6], while Dichanthelium clandestinum produces CL flowers in
spring and CH flowers appear during the summer [6]. V. candensis
produces CH flowers first, then CL flowers for the following
flowering period, and, finally, a small number of CH flowers are
formed in autumn [6]. The relative proportions of the two types
of flowers are affected by both non-biological and biological
factors [1,7]. For example, Festuca can produce CL flowers under
low temperature conditions but only CH flowers under normal
conditions [8]. As the soil moisture decreases, the number of CH
flowers in D. clandestinum is reduced, while the appearance of CL
flowers increases significantly [9]. V. philippica produces more CH
flowers under short-day light and more CL flowers under long-light
conditions. Previous studies have focused more on the influence
of habitat on the development of plants with dimorphic mating
systems, especially their flowering patterns, but little attention
has been paid to changes in their endogenous hormone contents at
different developmental stages in these plants.

From a physiological and ecological point of view, the process of
plant flower development is regulated by its endogenous hormone
contents. For example, gibberellic acid (GA) can promote the sex
differentiation of female flowers [10]. Indole-3-acetic acid (IAA)
and zeatin (ZT) promote flower bud differentiation and flowering
[11]. Abscisic acid (ABA) is found, in some plants, to promote the
differentiation of female flowers and promote flower formation
[12], but it can also delay flowering in Arabidopsis thaliana [13].
However, research on the effects of endogenous hormones on the
flowering characteristics of CH and CL flowers in plants with a
dimorphic mixed system is extremely limited. For example, Minter

& Lord [14] found that the number of CH and CL flowers in Collomia
grandiflora is regulated by antagonistic hormones in the plant and,
when plants were sprayed with exogenous ABA and GA in vitro,
this conclusion was verified. Campos-Rivero et al. [15] also showed
that plant hormones can regulate flowering through epigenetics,
meaning that they can act as signals to coordinate flowering.
Conti [16] proposed that the transition of flowers and their
timings are controlled by a complex network, including exogenous
environmental signals and endogenous plant hormone signals, and
that GA may play a major role, because these signals may regulate
the expression of florigen genes in leaves. In view of the complexity
and diversity of plants using the dimorphic mixed mating system,
this study attempted to detect a relationship between variation in
the contents of four endogenous hormones and the phenological
characteristics of a typical dimorphic mating system plant,
Pseudostellaria heterophylla, to increase our understanding of the
maintenance mechanisms in the dimorphic mating system.

Materials and Methods

Plants and locations

P heterophylla is a perennial herbaceous plant from the
Caryophyllaceae family. This species exhibits a typical dimorphic
mixed mating system [4]. Its CH flower grows on the top of the plant,
is large, and has obvious entomophilous flower characteristics: five
petals, white color, ten stamens, and a three-lobed stigma. The CL
flower grows in the middle and lower parts of the plant, is small
and closed, and has: no petals, lavender color, four sepals, and two
stamens. The plant depends on the fleshy roots in the ground to
survive the winter and undergo vegetative multiplication (Figure
1).

AT L

Figure 1: Dimorphic flowers and fleshy roots of P. heterophylla.

A. CH flowers
B. CL flowers
C. Fleshy roots

P, heterophylla is widely distributed in China and has attracted
much attention because its underground fleshy roots can be used
in medicines [4]. It is a rich resource in the eastern mountainous
area of Liaoning, China, and is often used in traditional Chinese

medicines or as a wild vegetable [17]. Due to the heterogeneity of
the habitat under natural conditions, there are obvious differences
in development stages such as flowering, fruiting, and vegetative
propagation. To accurately describe its flowering and other
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phenological characteristics, and obtain materials for detecting
hormone contents, we transplanted P heterophylla plants from the
wild to the homogenous garden at the experimental site, which was
located in Liaoning, northeast China, a sunny block on the campus
of Liaodong University in Dandong City, China (latitude 40° 08’
north, longitude 123° 03’ east), with an area of more than 400m?.
In October of the year before the experiment, the fleshy roots of the
plants were placed in pots (10cm x 10cm). Each pot held 0.5kg of
native soil and one plant. During cultivation, we removed very large
or small fleshy roots to maintain consistency among the materials.
A total of 180 samples were equally divided into six groups, each
containing 30 plants, and the planted samples were managed
through the winter normally.

Sample collection for the measurement of endogenous
hormone contents

When the plants began to germinate in late March 2018, we
started to observe and record their phenological characteristics,
including the time at which dimorphic flowers appeared, flowering
period, flower number, and seed yield. Fleshy root material was
removed from the plants at each developmental stage to be used for
detecting hormone contents. From pilot experiments, we knew that
the endogenous hormone contents in the fleshy root of these plants
is relatively high and stable, while before flowering and during the
late stage of fruit ripening, the leaves are absent or withered and
therefore cannot be used to detect hormone contents. Therefore,
fleshy root head tissue was used to extract the endogenous
hormones.

We decided to sample the roots during the following six key
stages:

A. The germination stage, when the plant has just emerged from
the soil and the stems and leaves begin to stretch, but the CH
flower has not yet appeared (April 5);

B. The CH flower stage, when more than 30% of the individuals
produced CH flowers (May 5);

C. The CH fruit stage, during which the CH flowers gradually
decreased and CH fruit entered a period of expansion and
maturity (May 20);

D. The CL flower stage, when more than 30% of the individuals
produced CL flowers (June 15);

E. The CL fruit stage, when the CL blooms gradually decreased
and the fruits began to ripen (July 25); and (6) The new fleshy
roots stage, wherein the stems and leaves began to wither and
the new underground fleshy roots matured (September 20).

Five suitable plants were randomly selected from different
groups at each developmental stage and the fleshy roots were taken
(the stems and leaves were removed) and washed, wrapped in tin
foil, immediately placed in liquid nitrogen for quick freezing, and
taken to the laboratory to be stored in the refrigerator at -80 °C for
testing.

Hormone extraction

One gram of the fleshy root head sample was weighed and then
mashed with dry ice in a mortar, before adding 1ml of pre-cooled
80% methanol. The samples were extracted overnight at 4 °C and
centrifuged at 8000r/min. for 10min. The supernatant was removed
and the residue at the bottom of the centrifuge tube was extracted
with 0.5ml of 80% methanol for 2h and centrifuged again. The
two supernatants were combined and the organic phase removed
under nitrogen at 40 °C. A 0.5ml aliquot of petroleum ether was
used to extract and decolorize the residue three times at 60-90 °C.
The upper ether phase was then discarded and 0.1mol/L citric acid
solution was added after which the pH was adjusted to 2 and the
sample extracted three times with ethyl acetate. The ethyl acetate
layer was dried with nitrogen at 40 °C, 0.5ml of the mobile phase
was added, and the sample shaken on a vortex shaker to dissolve.
The sample was then filtered through a 0.22pm syringe filter. Each
sample preparation was repeated five times.

Determination of Endogenous Hormones by HPLC

Instruments and medicines: We used an Agilent 1100 high
performance liquid chromatography system (Agilent Technologies;
Palo Alto, CA, USA), including a chromatograph, high pressure
infusion pump, and UV monitor, with a Zorbax C18 (Interchim;
Montlugon, France) reversed phase chromatography column
(250mm x 4.6mm, 5um), ultrapure water preparation device, and
hormone standards (GA, ABA, IAA, and ZT; Sigma). The acetic acid
and methanol used in the mobile phase were of chromatographically
pure grade and the remainder of the pharmaceutical reagents were
analytical grade. The experimental water was ultrapure.

Chromatographic conditions: Chromatographic conditions: 0.1%
acetic acid aqueous solution: methanol (60% : 40%) as the mobile
phase, a C18 reversed phase chromatography column, column
temperature 30 °C, detection wavelength 254nm, flow rate 0.8ml/
min gradient aliasing, injection volume 10pl, and aliasing time
45min.

Data analysis: All the data calculations were carried out in Excel
2016 (Microsoft corporation; Redmond, Washington, USA) and
analyzed using SPSS 22.0 (IBM; Armonk, New York, USA) statistical
analysis software. A one-way analysis of variance was used to test
the differences between contents of the same hormone at different
developmental stages, and multiple comparisons were used to test
differences in the contents of the four endogenous hormones at
different developmental stages.

Result

Reproductive characteristics of different developmental
stages

In the relatively consistent and stable environment of the
plantation, P. heterophylla began to germinate during late March,
CH flowers began to appear in mid-April and reached full bloom
in early May, while the blooming period ended in late May; the CH
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flower blooming period lasted about 40 days. CL flowers appeared
in early May and reached their peak in mid-to-late June, then the
number of CL flowers began to decrease and flowering ended in
late July; the CL flower blooming period lasted about 80 days.

During the entire flowering period, there were ~2.43 (+0.09) CH
flowers and ~9.93 (+0.58) CL flowers on each plant. The number of
CL flowers was four times that of CH flowers, and the difference was
significant (F = 71.89, p < 0.001, n = 100). Since the fruit set from

Table 1: The flower number and fecundity of P. heterophylla.

the two flower types on each plant was also significantly different
(F = 11.89, p < 0.01), the seed yield from the CH flowers only
accounted for 11.97% of the seed yield of the entire plant (Table
1). In addition, we observed that the original fleshy roots of this
species began to shrivel in mid-to-late July, when the CL flowering
period was about to end, forming multiple new fleshy roots from
the top of the rhizome. The new fleshy roots matured during mid-
September.

Flower Type Flowers/Individual Fruits/Individual Seed Set (%) Seed Yield/ Individual Percentage of Total Seeds
CH flower 2.43 £0.09° 1.90 £ 0.06* 78.20 + 3.34° 1213 +1.43° 11.97 + 1.49°
CL flower 9.93 +0.58° 9.37 + 0.46° 94.36 * 4.05° 89.17 + 4.75° 88.03 £ 3.03°

Different letters (a, b) indicate a significant difference between groups.

Variation in Endogenous Hormone Contents at Different
Developmental Stages

GA contents: The GA contents in the fleshy roots of P. heterophylla
showed an overall upward trend during the first five stages
of development; the contents rose from its lowest contents of
1.020pg/g at the germination stage to 2.771ug/g, the highest peak,
at the CL seed stage, and then dropped sharply to 1.179ug/g at the
plant withering and new fleshy roots stage, roughly recovering to
the content found at the germination stage. Multiple comparisons
showed that the GA contents at different developmental stages

varied significantly (F = 183.19, p < 0.05) (Figure 2A).

ABA contents: Throughout development, the ABA contents did
not change as dramatically as those of GA. The ABA contents
were higher during the CH and CL flowering periods; the contents
increased 31.72% from the germination stage (1.26pug/g) to the
CH flower stage (1.66ug/g) and 22.38% from the CH fruit stage
(1.43pg/g) to the CL flower stage (1.75pug/g), respectively, and the
difference was significant (F = 121.37, p < 0.05). During the other
four developmental periods, the ABA contents were relatively
low and the differences in the contents between stages were
insignificant (F = 12.06, p > 0.05) (Figure 2B).

Content of GA
(pg/g FW)

u

Content of ABA
Cpg/g FW)

Content of IAA
(ug/g FW)

Content of ZT
Cpug/g FW)

Development stages

a 4 I

Figure 2: Variation in four endogenous hormones in fleshy root tissue at different development stages in P.

heterophylla

1. The germination stage; 2. The CH flowers stage; 3. The CH fruit stage; 4. The CL flower stage; 5. The CL seed
stage; 6. The new fleshy roots stage. A, B, C, and D represent the four endogenous hormones GA, ABA, IAA,

and ZT, respectively
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IAA contents: The IAA contents showed a slow decline during
the first four developmental stages, from 0.56pg/g during the
germination stage to 0.29ug/g during the CL flower stage, which
represented a decrease of 43.51%. However, with the end of the CL
flower stage, the IAA contents increased rapidly, reaching a peak
value of 1.16ug/g at the CL seed stage, which was twice that at the
germination stage. Subsequently, the IAA contents dropped rapidly
and reached the lowest content of 0.24pug/g at the new fleshy roots
stage. Multiple comparisons showed that the IAA contents changed
significantly throughout the developmental stages (F = 196.98, p <
0.001) (Figure 2C).

ZT contents: From the germination stage to the CH fruit stage, the
ZT contents were relatively stable at a content close to 1. With the
appearance of CL flowers, the ZT contents began to rise rapidly,
until it reached a maximum value of 1.42g/g, an increase of about
50%. Then, the concentration began to decline rapidly. At the plant
withering and new fleshy roots stage, the ZT contents dropped to

its lowest value, 0.81ug/g, which was lower than that seen at the
germination stage, and the difference was significant (F = 80.67, p
< 0.05) (Figure 2D).

Variation in the ratio of endogenous hormones

We calculated the concentration ratios of four pairs of
hormones. The results showed that the characteristic ratios of
GA/IAA and ABA/IAA were similar; their ratios during first three
developmental stages were relatively low, but at the CL flower
stage, the ratios reached a peak, then decreased, and reached a
low value at the CL seed stage. However, these ratios reached their
second highest values again at the new fleshy roots stage (Figure
3A’ & Figure 3B’). Meanwhile, the ratios of IAA/ZT and GA/ZT also
showed similarities; these ratios were relatively low during the first
four developmental stages, and the highest values were seen in the
CL seed stage. However, these ratios also returned to their lower
values during the new fleshy roots stage (Figure 3C’ & Figure 3D").

GATAA

ABA/TAA

TAAZT

GA/ZT

Development stages

4 L &

Figure 3: Ratios of endogenous hormones in fleshy roots at different developmental stages in P. heterophylla

Discussion

Many studies have demonstrated that no matter how complex

the physiological processes of plants are, the initiation of each

developmental stage is based on the regulation of certain hormone

contents; that is, hormone contents are key to specific gene
expression patterns [18-23].

As the results of this study show, although plants with a
dimorphic mixed-mating system undergo a more complex
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physiological development process, with dimorphic flowers for
sexual reproduction at different periods and fleshy roots for
vegetative propagation [4], each developmental stage is closely
related to the contents of several endogenous hormones. For
example, the GA contents continued to increase up to 1.41-fold
during the process of sexual reproduction until the seeds reached
peak maturity but remained at a very low contents during the
subsequent vegetative propagation stage. Therefore, the contents of
GA must have greater relevance to sexual reproduction, especially
at the CL flower stage. Previous studies found that a low contents
of GA promotes flower bud differentiation, whereas a high contents
inhibits it [24], and that GA has the effect of promoting female
flower sex differentiation [7].

Our results are significantly different to those of previous
studies, and this may be related to the complex breeding mode of
this plant. Table 1 shows that the seed yield from CH flowers in
this species only accounts for 11.98% of the total seed yield, and
its fecundity mainly comes from the CL flowers. The significance
of CH flower-based reproduction is reflected in the opportunity
to outcross, thereby maintaining the genetic diversity of the
population [25]. The peculiarity of the CL flower is that its petals
are reduced, and the number of stamens is reduced from 10 to 2,
thereby saving resource investment in female organs and female
gametes. Therefore, the CL reproduction mode is more reflected in
the enhancement of female functions, which may be related to the
high contents of GA.

ABA is an important hormone that promotes the formation of
flowers. The ABA contents in the rhizomes of this species exhibited
a peak during the flowering stage of the dimorphic flowers,
indicating that high contents of ABA in the plant may promote the
development of the dimorphic flowers. Our results are similar to
those of previous studies. For example, Cao et al. [26] found that
the ABA contents increased significantly during the gestation of
apple flower buds, and that this hormone was also found at higher
contents during the induction and differentiation stages of olive
flower buds [27]. In addition, the ABA contents of flowering Moso
bamboo was observed to be significantly higher than that of non-
flowering M. bamboo. It can be seen that high contents of ABA are
necessary for plant flower formation and flower bud development.

The relationship between the contents of IAA and flower
formation or flower bud development has been controversial. Some
results have indicated that this hormone promotes the growth and
development of plant flowers. For example, during the flowering
period in Palmoxylon [28], IAA is at a high content. However, other
studies have suggested that IAA is an inhibitor of plant flower
formation and development. For example, Coptis deltoidei [29]
and July fresh jujube [30] contain low contents of IAA during the
flower bud development stage, indicating that high contents might
be necessary for promoting bud development; hence, the hormone
may have a dual effect of promoting and suppressing flowering,
depending on the species [27]. The results of this study show that

IAA in this species is always at a low content, whether the plant is
at the CH or subsequent CL flower stage, but the content rises to
a peak during the CL seed stage. IAA is at its highest during this
period, apart from when the seeds reach maturity, and also during
the rapid growth of new rhizomes. Our results appear to support
the latter of the reports mentioned above and may also indicate that
high contents of IAA play a key role in the development of atresia
fruits and tuber enlargement.

ZT is a type of cytokinin. Studies have shown that cytokinins
can regulate plant cell division, induce flower bud differentiation,
and promote the transformation of plants from vegetative to
reproductive growth [31]. For example, Peng et al. [32] studied Salix
viminalis flower formation and pointed out that ZT can promote
flower bud induction during the first step of flower formation.
Zhang et al. [33] studied the endogenous hormone changes of
Xanthoceras sorbifolium and found that high contents of ZT are
beneficial to the development of female flowers. In this study, we
found a very interesting and puzzling phenomenon; that is, the
effects of ZT contents on the development of CH and CL flowers are
opposing. Lower contents of ZT were beneficial to the development
of CH flowers, while high contents significantly promoted CL flower
development. We speculated that the effects of ZT contents on the
development of dimorphic flowers is likely to be affected by GA
regulation because previous studies have reported that GA may
have positive and negative regulatory effects during plant growth
and development. Moreover, there may be a crossover phenomenon
between the metabolic pathways of GA and cytokinins [26], but this
molecular regulation mechanism needs to be further studied.

Plant flowering or growth and development are often the result
of a variety of endogenous hormones interacting, antagonizing
each other, and promoting one another [16]. The dynamic balance
between endogenous hormones regulates the metabolism of nucleic
acids, proteins, and other substances and, in general, dominates
a plant’s growth and development process. For example, during
the growth and development of Phyllostachys edulis, the values
of ABA/IAA and GA/IAA at the flowering stage are significantly
increased. It is speculated that higher concentrations of ABA and
GA are beneficial to the formation of its flowers [34]. In the study
of two kinds of jujube, it was found that an increase in the ABA/
IAA ratio and decrease in the IAA/GA ratio is beneficial to flower
development [30].

Induction of bud or root differentiation by regulating the
ratio of hormones is a common method in tissue culture, the
most commonly hormones are cytokinin and auxin, and the ratio
of the two plays a key role in induction of plant shoots and roots
[35,36]. For example, in tissue culture of Pfaffia paniculate, higher
ratio cytokinin/ auxin promoted buds differentiation, while lower
ratio of Cytokinin/ Auxin promoted roots differentiation [37]. The
results of that study are basically consistent with our results. As
shown in Figure 3, the GA/IAA and ABA/IAA ratios changed in
similar patterns throughout the development process. The increase
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in these ratios was conducive to the differentiation and formation of
CL flowers. Conversely, the decrease in these ratios was conducive
to fruit setting and growth of the dimorphic flowers.

Related studies have also shown that hormone ratios and
contents play a certain role in the sex differentiation process
of Actinidia arguta female and male flowers and show certain
regularities; that is, an increase in the values of IAA/ABA and GA/
ABA is beneficial to flower bud formation in female plants, whereas
an increase in GA/ZT and [AA/ZT values has a greater impact in the
later stage of male flower bud development [7]. In this study, the
value of IAA/ZT was significantly higher during the CL seed stage
than at other developmental stages, which is somewhat different
from results of the previous studies described above. It is possible
that the change in the ratio of the two hormones has no obvious
effect on the growth and development of CH flowers. To summarize,
as the values of GA/IAA and ABA/IAA increase, and the value of
IAA/ZT decreases, both of which promote the formation of CL
flowers, the value of GA/ZT increases to promote CL seed ripening.

In terms of regulating gene expression, the SPY gene is not only
a negative regulator of GA signal transduction but also a positive
regulator of ABA signal transduction. SPY can interact with GI to
participate in the flower formation process, as regulated by light
signals [38]. We speculate that the biological clock-dependent ABA
signal transduction pathway may participate in and regulate flower
bud induction in the two types of flower, but there is no significant
difference in the ABA contents in the rhizome during the CH and
CL flowering periods. Therefore, the effect of ABA on the flowering
pattern of P heterophylla cannot be determined.

The different contents of endogenous hormones in the
rhizomes of P heterophylla at different developmental stages are
the result of regulated gene expression and may also be related
to environmental factors. Changes in environmental conditions
directly affect the flowering frequency and flowering time of CH and
CL flowers and in turn affect the flowering patterns of two types of
flower [38-42]. The dimorphic mixed mating system is regulated
by complex endogenous hormone contents and ratios, and this
provides us with strong evidence on which to base further studies
of the mechanism that underlies the maintenance of a dimorphic
mixed-mating system in heterogeneous habitats [42-45].
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