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Impatiens uliginosa is a plant of the Impatiens, with peculiar flowers. In this study,
we combined morphogenesis and molecular biology to explore its development
of flowers. An analysis of basic observational data and paraffin sectioning showed
that it took approximately 13 d for the floral organs to differentiate. An analysis of
the development of inflorescences and floral organs by scanning electron
microscopy showed that the inflorescence of [. uliginosa is a spiral raceme.
The floral organs differentiated in the following order: lateral sepals (Ls), posterior
sepal (Ps), anterior sepals (As), anterior petal (Ap), lateral petals (Lp), stamens (St)
and gynoecium (Gy). . uliginosa was found to have four sepals, and the connate
stamens are caused by the fusion and growth of filament appendages. The results
of fluorescence quantification and virus-induced gene silencing showed that /.
uliginosa had its own unique model for flower development, and there was
functional diversity of IUAP1 and [uDEF. Among them, [uAP1 controls the
formation of bract s (Br), regulates the morphogenesis of posterior sepal,
controls the anthocyanin precipitation of the anterior petals and the formation
of lateral petals. /[uDEF regulates the morphogenesis of lateral sepals, the
length of development of the spur, and controls the size of yellow flower color
plaques of the lateral petals. In this study, the process of flower development and
the function of flower development genes of I. uliginosa were preliminarily
verified. This study provides basic guidance and new concepts that can be
used to study the development of Impatiens flowers.
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Impatiens uliginosa, floral development, SEM, floral development genes, floral
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Introduction

Flowers bear the important mission of sexual reproduction.
There are approximately 250,000 species of wild flowering plants
(Krizek and Fletcher, 2005). Flowering is one of the most important
behaviors for plant reproduction and continuation of offspring, and
it is also an important condition for the formation of plant diversity.
to mature plant through the continuous differentiation of organs.
When the plant develops to a certain stage, the combination of
endogenous and environmental signals induces flower
development. There are many factors that determine flower
development, including plant nutrition level, plant hormone level,
flowering inducing factors (photoperiod, temperature cycle and
vernalization, etc.). The characteristics of floral meristem and
floral organ primordia determine the number, speed and type of
floral organs during flower development, and floral development
genes regulate the type and morphogenesis of plant floral organs
(Parcy et al., 1998; Immink et al., 2012).

All complete flowers have a calyx, petals, stamens and pistils,
and they develop from outside to inside. Thus, the flowers are
divided into 1-4 whorls of floral organ structure. The flower organs
of Impatiens are peculiar in their morphological differentiation. The
types of flower organs include sepals; both posterior and anterior
petals; and lateral petals, stamens and pistils. The sepals are divided
into lateral sepals and anterior sepals. A study on the development
of Impatiens and Hydrocera triflora flowers showed that the order of
flower organ development was the lateral, posterior, and anterior
sepals; anterior and lateral petals; and the stamens and gynoecium
(Janssens et al., 2012). This study led to the deduction that the
lateral sepals, posterior sepals, and anterior petals of Impatiens
combine to develop the first round of floral organs, the second
whorl of anterior petal and lateral petals, the third whorl of stamens,
and the fourth whorl of gynoecium.

With the discovery of ABC genes and the analysis of their
function, the ABC model of flower development was constructed.
The discovery of class D and E genes led to the formation of the
most well-known ABCDE model (Ng and Yanofsky, 2000;
Theissen, 2001; Bowman et al.,, 2012; Chen et al., 2018). However,
there were few and no systematic studies on flower development
genes and flower development models in Impatiens, respectively.
Except for AP2 (APETALA?2) among the class A genes (Irish, 2010),
the ABCDE genes are primarily derived from the MADS-II
(MIKC®) gene family. The MIKC® genes are divided into 12
subfamilies (Alexandre and Hennig, 2008; Li et al, 2016; Liu
et al, 2018), and they all play different roles in the regulation of
flower development.

Class A genes primarily regulate the development of sepals, and
the primary members are AP1 (APETALAI) and AP2. A study on
the moth orchid (Phalaenopsis amabilis) showed that the AGL6
gene can function as a class A gene, which forms a protein complex
with class B genes and regulates the development of perianth and
the precipitation and accumulation of anthocyanins, controls the
color of sepals and petals, and regulates the formation of flower
spots (Hsu et al, 2021). AP2 and its homologous genes play an
important role in the regulation of the differentiation and formation
of spike meristems in wheat (Triticum aestivum), paddy rice (Oryza
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sativa), maize (Zea mays) and other plants (Chuck et al., 1998; Lee
et al.,, 2007; Chuck et al., 2008; Lee and An, 2012). AP3
(APETALA3) and PI (PISTILLATA) are class B genes that
regulate the morphogenesis of petals and stamens (Hsu et al,
2015). The PI gene was found to play a role in the differentiation
of female and male flowers (Sobral and Costa, 2017). The AG
(AGAMOUS) gene is a class C gene, which primarily regulates
stamens and pistils in floral organs, and participates in the control
of petal, stamen and pistil boundaries (Theissen, 2001). The
overexpression mutants of the AG gene showed that the increased
expression of this gene could lead to the transformation of petals
into stamens (Su et al., 2018), and the deletion of AG gene led to the
transformation of stamens into petals. The class D gene AGLII
(AGAMOUSLIKE11/STK) is a homologous gene of AG. It has been
found to regulate the development of ovules and carpels and has
been identified as a class D gene (Pinyopich et al., 2003). The AGLI11
gene not only regulates the development of pistils and ovules but
also regulates the differentiation of plant calli (Fei et al., 2021).

The class E gene SEP (SEPALLALA) is a type of auxiliary gene,
which forms a tetrameric protein complex with the A, B, C and D
genes and promotes the development of floral organs in each round
(Hu et al, 2021). The differentiation and development of floral
organs requires the participation of SEP gene, which plays an
important role in the recognition of plant organs (Wang et al,
2015). Studies have shown that the ABCD genes interact with class
E genes to form a protein dimer, and then two protein dimers
combine to form a protein tetramer structure, which was the
theoretical basis for the construction of tetramer phantom for
flower development (Baum and Hileman, 2007; Ruokolainen
et al., 2010; Seok et al,, 2010; Zhou et al., 2016). The tetramer
model of flower development shows the regulatory mechanisms of
floral organ formation (Theiflen and Gramzow, 2016), including
2API + 2SEP=Se (Sepal), AP1+AP3+PI+SEP=Pe (Petal), AG+AP3+
PI+SEP=St (Stamen), 2AG+2SEP=Ca (Carpel) and AG+STK+
SHP+SEP=0v (Ovule).

I. uliginosa is a typical Impatiens plant, which was considered to
have only two lateral sepals (Yu et al., 2016). The other two anterior
sepals degenerated. The characteristics of inflorescence
differentiation, the sequence of floral organ development, and the
characteristics of floral organ primordia were studied, and the
expression of ABCDE genes in floral organs was analyzed. This
study explained the types of floral organs, constructed a model for
flower development, and hypothesized the tetramer model of flower
development. These findings should help future research on the
development of Impatiens flowers and provide new ideas and
methods for the structural development and molecular breeding
of Impatiens.

Materials and methods
Materials
I. uliginosa is a typical Impatiens plant, which is an annual or

perennial herb, and its inflorescence is a raceme (Supplementary
Figure 1). Well-developed seedlings were selected for culture. They
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were cultured with suitable water and fertilizer management, and
no physical or chemical experiments were performed on the
seedlings. The plants were left to develop normally. The materials
were planted in the tree garden of Southwest Forestry University
(Kunming, China).

Methods

Flower development stage division and
duration statistics

In the I uliginosa flowering stage, the organs were divided as
shown in Figure 1A. S8 stage: when the first flower was in full
bloom. S7 stage: when the first flower bud was ready to bloom; S6
stage: when the pedicel of the first bud was approximately 1 cm; S5
stage: when the first bud was completely detached from the bract’s
protection; S4 stage: when the first bract was semi-protected; S3

10.3389/fpls.2024.1370949

stage: when the inflorescence was exposed; S2 stage: when the
inflorescence was removed from the top leaf; S1 stage: when the
leaf bud was about begin its differentiation into flower buds. Images
were taken of the development of inflorescences of plants during
these eight periods to serve as a reference. Nine plants with the
developmental status of S1 stage were found, marked, and recorded
on the 0 d. The time when each plant developed to each stage
was recorded.

Paraffin sectioning

The inflorescences in the S1-S3 period and the first bud in the
$4-S6 period were sampled based on the division of the period in
Section 1 (Flower development stage division and duration
statistics). The sample was fixed with formaldehyde, acetic acid
and ethanol (FAA) for 48 h and then dehydrated. The routine
paraffin section method was used for slicing and observation. The
samples were dehydrated using a dehydrator (Donatello, Diapath,

A
B
~‘Br ooum
S1 S2 S3 S4 S5 S6 ST S8 o o
Stage Ls - oma
D

1S5

FIGURE 1

Analysis of the characteristics of flower development time in /. uliginosa. (A) Reference diagram of period S1-S8 of /. uliginosa. The ruler is 1 cm.
(B) Statistical chart of the duration from S1 to S8. (C) Paraffin sections of the S1-S4 period. S3-2 and S4-1 are horizontal slices, while the rest are
longitudinal slices; Fb, Flower buds; Lb, Leaf bud; Br, Bract; Ls, Lateral sepals; Ps, Posterior sepal; Ap, Anterior petal; Lp, lateral petals; St, Stamens;
Gy, Gynoecium; Fa, floral apex. (D) Paraffin sections of flower buds in the S4-S6 period. Fi, Filament; Fi*, Filament appendage; An, Anther; Po,

Pollens; Pos: Pollen sac wall.
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Martinengo, Italy) and Entrapment (Encapsulation machine, JB-
P5). The tissues were sectioned on a Leica RM2016 slicer (Wetzlar,
Germany). Tissue sample exhibition film (Organizing a stall, KD-
P). After the steps listed above had been completed, the tissues were
incubated at 60 °C until the film had dried. After the tissues had
been stained with Safranin 0-Fast Green, the images were observed
by light microscopy (Nikon, Tokyo, Japan) and analyzed using an
imaging system (Nikon).

Scanning electron microscopy

FAA stationary liquid was used to sample each period before the
S5 period (complete inflorescence). After dehydration, an
anatomical needle was used for preliminary dissection to remove
unnecessary organs and impurities. The critical drying point was
determined using a critical point dryer (EMS 850; Electron
Microscopy Services, Hatfield, PA, USA). The drying was
completed, and secondary dissection was performed under an
anatomical microscope. Gold was then sprayed by a 108 Auto
Sputter Coater (Cressington Scientific Instruments, Watford, UK),
and the tissues were finally photographed and analyzed by a Zeiss
Sigma 300 SEM (Zeiss, Jena, Germany).

Gene screening and identification

The ABCDE gene was screened, and the CDS sequence of the
gene was obtained using the I. uliginosa flower transcriptome data
obtained in previous research by this group (Majorbio Bio-Pharm
Technology Co., Ltd. Shanghai, China). NCBI (https://
www.ncbi.nlm.nih.gov/) was then used for a bidirectional BLAST
alignment at NCBI (https://www.ncbi.nlm.nih.gov/). This
alignment was used to obtain potentially similar sequences and
identify genes. The class A genes IuAPI and IuAP2, class B genes
IuDEF and IuGLO, an IuAG gene (class C), a class D gene
(IuAGLI1I) and two class E genes (IuSEPI and IuSEP3) were
obtained (Supplementary Annex 1).

Fluorescence quantitative analysis

The floral organs of the S5 stage were sampled and divided into
seven types of floral tissue, including lateral sepals, posterior sepals,
anterior sepals, anterior petals, lateral petals, stamens, and the
gynoecium among others. One benefit of conducting research in
the S5 stage is that the floral organs are easily peeled off. The floral
organs had not fully matured, and the functional genes involved in
flower development were still partially active. The total RNA of each
part was extracted, detected (Supplementary Figure 2), and then
reverse transcribed into cDNA. The fluorescent quantitative
primers were designed by NCBI (https://www.ncbi.nlm.nih.gov/)
and sent to the company for synthesis (Supplementary Figure 4).
The sequence of primers is shown in Supplementary Information 2.
Finally, the commonly used value (CP) of each experimental group
was obtained by a fluorescence quantitative experiment, and the
relative expression of each gene in each flower organ was calculated
using the following formula: EQ (relative expression) =2 A (- A CP).
An expression heat map was constructed using the quantity of
relative expression, and the significance of the average difference
(positive value) was used to express the importance of the gene. In
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addition, the genes were marked by color in the floral organ plane
model of I. uliginosa. Darker colors indicate higher levels
of expression.

Gene cloning

cDNA was obtained by the reverse transcription of RNA as the
template, and primers were designed and synthesized. PCR was used
to amplify the full length of IuAPI (F: 5-ATGGGGAGAGGG
AGAGTG-3) and IuDEF (F: 5-ATGGCCAGAGGAAAGATCCAG-
3). The reaction system was as follows: cDNA template 1 ul, primers 1
ul, Taq PCR StarMIX with Loading Dye 2 x Taq PCR StarMIX with
Loading Dye, 10 ul; and sterile ddH20O, 7 ul. The reaction procedure
was as follows: pre-denaturation for 5 min at 94°C, denaturation at
94°C, annealing at 56 °C, annealing at 56°C, extension at 72°C for 48
s, 35 cycles, extension at 72°C for 5 min and preservation at 4°C. The
PCR products were obtained, and a Biomed gel recovery kit was used
to recover the DNA. It was then ligated to the pMDTM 19-T vector,
transformed into Escherichia coli DH5¢, and verified by sequencing.

Virus silencing gene technology

According to the pTRV2 vector map, BamH I-Xho I was
designed as the insertion site, and the primers were synthesized.
The target fragments of IuAPI (F: 5-GAAGGCCTCCATGGGGAT
CCGAACAAGATCAATAGGC-3; R:5-GGACATGCCCGGGCC
TCGAGGTCTTCTCTATCTCCTTG-3) and IuDEF (F: 5-GAAG
GCCTCCATGGGGATCCACCGGCAAACTCCATG-3; R:5-GGA
CATGCCCGGGCCTCGAGGTGAATCTCAATCTG-3) were
amplified. The target gene was ligated to the vector by double
enzyme digestion and homologous recombination and then
transformed into DH5 o for propagation. The positive clones
were sequenced, and the plasmids were extracted. The positive
clone plasmid was transformed into Agrobacterium tumefaciens
GV3101, and positive detection and expanded culture were
conducted. The cells were grown to an OD600 of 0.6~0.8, and the
plants were infected by soaking and injection.

Results

Analysis on the time of floral organ
differentiation of I. uliginosa

I uliginosa experienced approximately 36 days from SI to S8
(Figure 1B). S1-S2 took approximately 7d; S2-S3 took
approximately 6d; S3-S4 took approximately 6d; S4-S5
took approximately 7d; S5-S6 took approximately 5 d; S6-S7 took
approximately 3 d; and S7-S8 took approximately 2 d. The entire
process took 36 days in total.

The results of paraffin sections observations at the S1-S6 stages
showed the development of floral organs in I. uliginosa (Figures 1C,
D). At the S1 stage, the terminal bud primordia of I. uliginosa were
transformed into the inflorescence bud primordia, and the lateral
bud primordia still differentiated as normal for the leaf bud
primordia. During the S2 period, the inflorescence further
differentiated. The petal primordium was differentiated from the
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first bud, and the perianth primordium was completely
differentiated at this time. Combined with the time of flower
development and fruiting, the perianth primordium differentiated
within 7 d. The pistil primordium differentiated at the S3 stage,
which indicated that the time it took the time of stamen and pistil to
differentiate was approximately 6 d, and the flower organ primordia
took approximately 13 d to differentiate.

At the 54 stage, the size of the Flower bud was larger than that of
the bract (Figure 1B [S4-1]); the protection of the bract was
weakened, and the filament appendages almost fused and covered
the carpels. The pollen sac of the anther was closely organized,
which was the initial stage of pollen division. At the S5 stage, part of
the Pollen proliferation completed its morphological formation,
and some pollen grains were proliferating and differentiating
compared with the S6 period. The pollen at S6 stage filled the
pollen sac, and there were few pollen grains for proliferation and
differentiation. The section pictures of S5 and S6 showed that the
thickness of the outer wall of the pollen sac was much thicker than
that of the inner wall, which could more effectively protect the
development of pollen. The pollen took more than 11 d to develop,
which comprised approximately one-third of the whole time of
flower development. This showed that A spends most of its time on
reproductive differentiation.

Characteristics of the differentiation of
inflorescence tissue of I. uliginosa

When the inflorescence differentiated (Figure 2), the stem tip
leaf bud was transformed into an inflorescence owing to the
differential transformation into inflorescence, and the leaf
primordium transformed into a bract primordium (Figures 2A-
C). When the bract primordium differentiates into more than three
pieces, the axillary part of the bract differentiates into lateral sepal
primordia (Figure 2D). From the characteristics of the position of

FIGURE 2
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differentiation of the bract primordium, it can be concluded that the
I uliginosa inflorescence differentiates into a spiral structure. Thus,
its inflorescence was a spiral raceme. The tip of the whole
inflorescence was surrounded by pre-developed bracts
(Figure 2E), which can more effectively protect the apical
meristem of the inflorescence. The flower organ primordia began
to differentiate when the bracts completely covered the flower apical
meristem. The differentiation of inflorescences and floral organ
primordia were closely combined and conducted synchronously.

Characteristics of the differentiation of floral
organ primordia in /. uliginosa

The differentiation of floral organ primordia and the
developmental stage characteristics of I. uliginosa were readily
apparent (Figure 3). They can be divided into seven stages, which
were differentiation of the lateral sepal primordium; differentiation
of the posterior sepal primordium; differentiation of the anterior
sepal primordium; differentiation of the anterior petal primordium;
differentiation of the lateral petal primordia; differentiation of the
stamen primordia; and differentiation of the gynoecium/carpel
primordia. The side of bract was taken as the upper side. When
the lateral sepals differentiated, the width of the upper side was
significantly larger than that of the lower side (Figure 3A). The
anterior sepal primordia differentiated behind the posterior sepals,
and two anterolateral primordia developed simultaneously and
were the same size (Figures 3B-D). When the anterior petal
primordia differentiated (Figure 3E), the rate of growth of the
anterior petal was higher than that of the anterolateral sepals. The
upper lateral petals and lower lateral petals differentiated
simultaneously, and with the growth, the upper lateral petals grew
less than the lower lateral petals. Finally, the upper lateral petals
were much smaller than the lower lateral petals. The primordia of
stamens and pistils occur, in turn, with a cardinal number of five

Inflorescence development map of /. uliginosa. Br, Bract; Ls, Lateral sepals; F, Inflorescence apex. (A—C) Characteristics of Bract primordium
differentiation. (D) Initial differentiation diagram of Sepals primordium. (E) Early inflorescence diagram.
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Floral organ primordium development map of /. uliginosa. (A) Primordium of Lateral sepals. (B) Primordium of Posterior sepal. (C, D) Primordium of
Anterior sepals. (E) Primordium of Anterior petal and Lateral petals. (F, G) Primordium of Stamens. (H-J) Primordium of Gynoecium. Ls, Lateral
sepals; Ps, Posterior sepal; As, Anterior sepals; Ap, Anterior petal; Lp, Lateral petals; Ulp, Upper lateral petals; Llp, Lower lateral petals; St, Stamens;
Gy, Gynoecium; Fa, floral apex; Pi, Pistils; Ov, Ovary; Ca, Carpels; Cc, Central column.

(Figures 3F-I). The pistil primordium occurs around the terminal
tissue of the flower and forms a regular pentagonal shape. The
pistils were congenitally connate, and the carpel walls were formed
in the connate part, which divided the seed pod into five small
chambers to form an ovary. The number and location of the
differentiation of flower organ primordia ensured that the flower
developmental process was in a state of left and right symmetry.

I. uliginosa differentiated a total of 20 floral organs, which were
divided between the upper and lower lateral petals (regardless of
tangent division, tangent division into two lateral sepals, two
stamens, and two pistils for a total of six floral organs). There
were nine upper floral organs and five lower floral organs. There
were approximately twice as many upper floral organs as that of the
next time. The larger perianth segment in the lower part was the
reason to maintain the upper and lower structures of the flower and
ensure that the floral organs were symmetrical.

There are four sepals in I. uliginosa

In the Flora of China and Balsaminaceae of China, two sepals of
I. uliginosa were recorded. However, during the process of

Frontiers in Plant Science

development of the floral organ primordia of I. uliginosa, there
were two anterior sepal and four sepal primordia. An ultra-depth-
of-field three-dimensional microscope (Figure 4A) was used to
observe the developmental position of the anterior sepals of the
flower bud at the S6 stage, and two anterior sepals were produced
and developed. The anterolateral sepals of I. uliginosa were small
and enclosed by lateral sepals, so they were not easily observed.
Based on the anatomical map of the flower, a plane diagram of the
flower of 1. uliginosa was established (Figure 4B). The structural
characteristics of its four-whorled floral organs and the
characteristics of the cardinal number of floral organs of five
were established.

Characteristics of the filament appendages and
stamens of I. uliginosa

The filament appendages are filament structures that have
differentiated from filaments (Figure 5). These appendages
differentiate from the filaments after the pistils appear, and their
growth rate was higher than that of the pistils (Figures 5A, B). The
early filament appendages were in a free state, and with further
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FIGURE 4

10.3389/fpls.2024.1370949

Diagram of the anatomy and plane models of /. uliginosa. (A) Flower anatomy diagram.1: Lateral sepals; 2: Posterior sepal; 3: Anterior sepals; 4:
Anterior petal; 5: Upper and Lower lateral petals; 6: Androgynous group. (B) Flower plane model diagram. Ls, Lateral sepals; Ps, Posterior sepal; As,
Anterior sepals; Ap, Anterior petal; Ulp, Upper lateral petals; Llp, Lower lateral petals; St, Stamens; Gy, Gynoecium.

growth and development, they merged with each other to form a
conical hat structure that covers the pistil (Figure 5C). The results of
paraffin sectioning at the S4 stage showed that the filament
appendages almost completely covered the pistil during this
period (Figure 5D). As the pistil grew during the S6 stage, the
filament appendages were squeezed into a lid-like shape, which

covered the pistil or carpels (Figure 5E). The filament appendages
fused and grew, which caused a change in the stamens from a
congenital free state to a symbiotic state. The filament structure of
each stamen was bifurcated (Figure 5F). One end was connected to
the anther, and the other end was connate with the other four
filament appendages that formed a protective wall around the pistil.

An

FIGURE 5

Structural characteristics of the filament appendages and stamens. (A, B) Characteristics of Filament appendages. (C) Filament appendages connate.
(D, E) Location characteristics of Filaments and Filament appendages. (F) Mature Stamen model diagram. Fi, filaments; Fi*, filament appendages; Gy,

gynoecium; An, anthers; St, stamens.
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Analytical expression of the quantitative
expression of fluorescence

An analysis of the quantitative expression of fluorescence
revealed differences in the expression of the ABCDE genes
(Figure 6A). The class A gene IuAPI was expressed in the tepals,
and it was expressed the most highly in the posterior sepal.
However, it was barely expressed in the pistils and stamens.
IuAP2 was expressed the most highly in the lateral sepal, followed
by the anterior petal. Of the Class B genes, JuDEF was primarily
expressed in the anterior and lateral petals but expressed at lower
levels in the stamen and pistil. IuGLO was barely expressed in the
lateral and posterior sepals. However, it was expressed the most
highly in the lateral petal. The IuAG gene was only expressed in the
stamen and carpel, while IuAGLI1 was only expressed in the carpel.
The two IuSEP genes were expressed in almost all the floral organs,
and their levels of expression were the highest in upper lateral
petals. In summary, the selected genes from ABCDE were suitably
expressed, and it was confirmed in more detail that they are
functional genes that regulate the development of flowering in
I uliginosa.

Analysis of the importance of ABCDE genes

A visual heat map of gene expression was constructed based on
the relative level of expression of genes (Figure 6C), and the
significance of each gene in each floral organ was analyzed using
the significant difference of average value (Figure 6B). Based on the
analysis described above, they were marked in the plane model of I.
uliginosa (Figure 6D). The results showed that the class A genes
(IuAPI and TuAP2) were primarily expressed in the lateral sepals,
posterior sepals, anterior petals and lateral petals. The Class B genes
(IuDEF and IuGLO) were primarily expressed in the anterior petals,
lateral petals and stamens. The Class C gene (IuAG) played a major
role in the stamens and carpels, while the Class D (IuAGLI1I) genes

10.3389/fpls.2024.1370949

acted on the carpels or ovules. The Class E genes (IuSEPI and
IuSEPI) were expressed in almost all the parts but had a stronger
regulatory effect on the upper lateral petals.

Functional analysis of IUAP1 in I. uliginosa

VIGS technology was used to silence IuAPI (Figure 7), and this
silencing led to several traits. The bracts turned into leaves, and the
flowers become smaller (Figures 7A, B). Local areas of the lateral
sepals and Anterior petal were darker (Figures 7E-G). The flowers
on the posterior sepals changed their spacing and became more
curved (Figures 7C, D, F). In addition, and the upper length of the
posterior sepal was shortened. The number of red spots on the
lateral petals decreased (Figure 7H), and the flowers became lighter.
In summary, IuAP1I is the key gene that determines the formation of
bracts and thus, controls the morphological formation of bracts in I.
uliginosa. This gene controls the morphological development of
flower spacing and the direction of development of flower distances
during the process of development of the posterior sepals. During
the process of formation and accumulation of flower colors, the
mechanism of the formation of the anterior petals and lateral petals
varied. [uAPI promotes the formation of red spots in the anterior
petals and inhibits the coloring and accumulation of red spots in the
lateral petals.

Functional analysis of IuDEF in /. uliginosa

IuDEF is a class B gene in flower development, and its silencing
resulted in a significant increase in the spur length of the posterior
sepal (Figures 8A-C) and an increase in the size of lateral sepals
(Figure 8D). More petalizing characteristics were visible, and there
was no significant difference in morphogenesis between the anterior
petal and lateral petals (Figures 8D, E). In addition, the silencing of
IuDEF resulted in areas of larger yellow spots on the lateral
petals (Figure 8F).

A Lo = w P~G| 4Pl IuDEF IuGLO IuAG InAGLII IuSEPI IuSEP3 IuAP2
B Ls * _ | — | — | — | — ] — *kk
Ps *k — —_— — P— — * —
Ap * * * — — — * **
Ulp * *x *% —_ — Fxkk *xk —
Llp * Kkk Fkk Ea— — * * *
St — * * Kk —_— | e | — | ——
Gy J— * . Kkkk kkkkkkk * * —_—
72
Y
IuAP2, \ \=
IuSEP3 v
IuSEP1 IuAP2 IuDEF
- uSEPI ' g, IuSEPS . —
o T i i 5 AG 0S Ceo)
" 5 (I _ o uGLO \..J
do e S HJ - ' gty IuDEF
s | W o i e - I war [0 IuAGLII IuSEPI IuSEP3

FIGURE 6

Chart of the analytical expression of the quantitative fluorescence. (A) Analysis of relative gene expression. (B) Analysis of gene importance.
* significant. More asterisks indicate enhanced usefulness of the gene. (C) Expression of the heat map. (D) Analysis of the location of gene
expression. Ls, Lateral sepals; Ps, Posterior sepal; As, Anterior sepals; Ap, Anterior petal; Ulp, Upper lateral petals; Llp, Lower lateral petals; St,

Stamens; Gy, Gynoecium.
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The effect of JUAP1 on the development of / uliginosa. (A, B) Characteristics of Bract development. (C, D) The difference of flower morphology

(E) Differences in the morphology of Lateral sepals. (F) Differences in the m

orphology of Posterior sepal. (G) Differences in the morphology of

Anterior petal. (H) Differences in the morphology of Lateral petals. WT, Wild type; # IuAl, VIGS-IuAP1

Therefore, IuDEF not only regulates the morphogenesis of lateral
sepals; it also controls the size of the lateral sepals and inhibits the
enlargement of lateral sepals. The silencing of this gene showed that it
also regulates the Supr elongation of the posterior sepal. In addition,
IuDEF regulates the accumulation of yellow petals on the lateral
petals, and its silencing leads to an increase in the areas of yellow
spots. In contrast, it shows that DEF inhibits the accumulation and
coloration of anthocyanins in the yellow spots to some extent.

Evolutionary analysis of Impatiens

There are more than 1,000 species of Impatiens in the world

(

that the number of sepals is one of the signs of evolution. Combined

). Studies on their evolution and taxonomy show

with the palynological and carpel quantitative characteristics, the
widely recognized evolutionary relationship was four Sepals, four
Carpels, three-Groove germination holes; four Sepals, five Carpels,
three-Groove germination holes; and two Sepals, five Carpels, and
). A study of the
differentiation of floral organs of Impatiens omeiana showed that all
), and
the characteristics of differentiation of the floral organs of L

four-Groove germination holes (
the floral organ primordia were present (

uliginosa were highly consistent with the results of a study by

. However, in a study of Impatiens hawkeri and
Impatiens niamniamensis ( ), the anterior sepal
primordia were rudimentary, and there were actually two sepals.
Therefore, we hypothesized that the evolutionary direction of
impatiens had a relationship with the size of sepals. The
evolutionary rules of Impatiens were as follows: (1) Four sepals,
with larger anterior sepals, trifurcate pollen, and four carpels. (2)

Four sepals, with larger anterior sepals, trifurcate pollen, five

Frontiers in

carpels. (3) Four sepals, with larger anterior sepals, four-furrow
pollen, five carpels. (4) Four sepals, anterior sepals smaller, four-
furrow pollen, five carpels. (5) Four or two sepals, anterior sepals
primordium developed, four-furrow pollen, five carpels. (6) Two
sepals, anterior sepals primordium development, four-furrow
pollen, five carpels. (7) Two sepals, anterior sepal primordia
rudimentary, four-furrow pollen, five carpels.

Analysis of the characteristics of floral
organ development in Impatiens

The development of I. uliginosa floral organs belongs to the
flower development type of four sepal Impatiens. Compared with
the relatively primitive development of Impatiens (

), after the development of anterior sepals, it entered into the
differentiation of anterior petals, and the anterior petals grew
rapidly and exceeded the growth rate of the anterior sepals.
Moreover, compared with the Impatiens with four sepals, the
Impatiens with two sepals may not differentiate, and the anterior
). The rate of
development of the anterior petals of Impatiens with smaller

petal may grow more quickly (

anterior sepals was similar to that of two Impatiens. Therefore,
the reduction or degeneration of the anterior sepals may promote
the rapid development of the anterior petal, thus, more
comprehensively protecting the internal tissue of the flower. It is
well known that the pterygoid, stamens and carpels of most
Impatiens are syncytial organs. The results showed that before
the early development of Impatiens, the primordia of almost all
the organs were separated (except for the carpels). Impatiens is the
same as most plants, and the carpels showed symbiotic
characteristics ( ). However, the pterygoid and

). With the growth
of upper lateral petals and lower lateral petals, the basal tissues

stamens were acquired (
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Effect of IUDEF on the development of I. uliginosa. (A, B) The difference of flower morphology. (C) Spur length. (D) Differences in the morphology of
Lateral sepals. (E) Differences in the morphology of Anterior petal. (F) Differences in the morphology of Lateral petals. WT, Wild type; # IuAP1,

VIGS-IuDEF.

fused and grew, which resulted in the symbiosis of lateral petals.
The symbiotic growth of stamens was very interesting and was
caused by the accessory symbiosis of filaments that differentiated
from the filaments.

The placenta of Impatiens is considered to be the central
placenta ( ). The placental
primordium appeared in the middle stage; the columnar growth
was formed in the later stage, and the ovule differentiated on the
placental column. pointed out that the
placenta was formed at the intersection of the carpel diaphragm,
but our result was more like a placental column growing from the
bottom of the carpel than what they described.

The pollen proliferates and develops after the S4 stage. When it
reached the S6 stage, the morphological characteristics of the
division were close to maturity, and the pollen was less
proliferated and differentiated. This result had important guiding
significance for the cross breeding of Impatiens. During the process
of cross-breeding Impatiens, the stamens should be removed at
approximately the S6 stage.

Analysis of the flower symmetry
of Impatiens

In comparison with other studies on the floral organ
development of Impatiens ( ; ;
), each stage of organ differentiation ensures
that the flower is in a state of left and right symmetry. The lower
organ of the flower was larger, which makes up for the disadvantage
of a small number of organs, and relies on the advantage of gravity
to maintain the characteristics of the lower posterior sepal of the
flower and the upper anterior petal, which is convenient for
pollination by insects.

Frontiers in
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Analysis of the self-protective mechanism
of the differentiation of floral organs
in I. uliginosa

A study on the development of inflorescences (

) showed that I. uliginosa was a spiral raceme, and the spiral
structure was more stable. When the bracts differentiate into the or
more pieces and can protect the meristem of floral organs, the sepal
primordium begins to differentiate. The stamens begin to
differentiate when two lateral sepals are enveloped by internal
tissue. The stamens are one of the most important organs for
plant reproduction. The pistil began to differentiate when the
stamen covers the flower apical meristem. At this time, the closed
space formed by the perianth segment can completely protect the
internal structure of the flower. When the protective function of
bracts was weakened (S4 stage), the filament appendages of stamens
grow together to form a cap-like structure to protect the
development of pistil. In the flower stamens, the outer wall of the
pollen sac was thicker than the inner wall, which reduces the threat
of pollen entering from the outside. Each stage of the floral organ
differentiation of I. uliginosa serves to protect the internal tissue or
genetic material of the flower from external damage.

Analysis of the ABCDE model of flower
development of I. uliginosa

Based on an analysis of the expression of ABCDE genes, the
flower development model of Impatiens was constructed. Because
class AE genes regulate the first round of floral organ development,
the ABE genes regulate the petals; the BCE genes regulate the
stamens; the class CE genes regulate the pistils, and the class DE

genes regulate the ovules ( ). In
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Impatiens, the class A genes primarily played a role in perianth
segments, while the class B genes were highly expressed in the
anterior petals, lateral petals and stamens. However, combined with
the results of IuAPI and IuDEF silencing, the ABCDE model of
flower development of I. uliginosa was quite different from that of
Arabidopsis thaliana (Theilen and Gramzow, 2016). Bracts are
directly controlled by class A genes, ABE genes regulate tepals, BCE
genes regulate stamens, and DE genes regulate pistils (Figure 9).
The posterior sepal and sepals cannot really belong to the first
round of floral organ structure, which is inconsistent with the
hypothesis of Yu (2012). Supported the hypothesis that there
were five developmental cardinal numbers of the floral organs of
Impatiens (Yu et al., 2016). In this study, we proposed the flower
development model of Impatiens and summarized the regulatory
genes of the development of each floral organ.

Functional analysis of the flower
development genes of [. uliginosa

Class A gene

IuAPI in Impatiens is consistent with that of most plants,
indicating that the function of API in the development of
Impatiens is conservative and similar to that of other plants
(Kaufmann et al.,, 2010). API was found to activate the
anthocyanin biosynthetic pathway (Li et al., 2020). The posterior
sepal and sepals of Impatiens belonged to the same whorl of floral
organs, but there were substantial differences in structure and color.
The VIGS silencing of IuAPI unexpectedly led to the
transformation of bracts into leaves, which indicated that the
formation of bracts was dominated by API. The morphogenesis
of the posterior sepal is regulated by API, and the morphological

development of the spur was caused by cell proliferation and

10.3389/fpls.2024.1370949

anisotropic development. Thus, IuAPI is involved in the
development of the spurs of L uliginosa. IuAPI regulates flower
color and the formation of speckles to some extent, which is
consistent with previous results. This further verifies the
functional diversity of API.

The high levels of expression of IuAPI in the posterior sepals
may be related to the morphogenesis of posterior sepals and the
accumulation of anthocyanins. TuAP2 was expressed at relatively
low levels in the posterior sepal, which could be owing to the
inhibition of TuAP2 expression by some genes that regulate the
formation of posterior sepal shape during the process of posterior
sepal formation. IuAP2 was highly expressed in the anterior petals,
which could promote the development of the these petals and
participated in the first and second rounds of the regulation of floral
organ boundaries. The Class A gene and AG gene have antagonistic
effects (Coito et al,, 2018), and they are expressed at very low levels
in stamens, even almost not expressed at all, which further confirms
this relationship.

Class B genes

The levels of expression of the two class B genes was basically
the same as those in A. thaliana. The AP3/GLO gene primarily
regulates the formation of petals (Theiflen and Gramzow, 2016).
The silencing or knockout of the AP3/GLO gene will lead to the
transformation of petals to sepals (Hsu et al., 2015). The results of
silencing of IuDEF showed that it affected the morphogenesis of
lateral sepalsand the posterior sepal and anterior petal to some
extent. Interestingly, it also regulates the size of the yellow spots in
the lateral petals. Yellow pigments are generally related to the
accumulation of flavonoid pigments, thus, IuDEF may be
involved in the biosynthesis of flavonoid pigments. Therefore, to
understand how Impatiens ensured that its floral organs have
different morphogenetic characteristics, it was necessary to

Sepal  Petal

Stamen Pistil

Ovule

Arabidopsis thaliana

2 S

Bract Tetal

Pistil Ovule

Stamen

Impatiens uliginosa

FIGURE 9

ABCDE model for the Development of Arabidopsis thaliana and I. uliginosa.
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conduct a more in-depth study of Impatiens. PI/GLO was
considered to be a necessary condition for the development of
male flowers. In dioecious plants, the differentiation of male and
female flowers depended more on the level of expression of the PI
gene. Therefore, the IuGLO gene could affect the development of
stamens and the morphogenesis of Impatiens.

Class C and D genes

IuAG and IuAGLI1I are C and D genes, respectively (Fei et al.,
2021). IuAG is primarily expressed in the stamens and pistils, which
proves that the AG gene primarily regulates the development of
stamens and pistils. The level of expression of the JuAG gene in I.
uliginosa could be consistent with the function of AG gene in most
plants (Wang et al., 2015; Su et al,, 2018; Liu et al., 2021). IuAGLI11
was primarily expressed in carpels. In our study, we found that the
S5 ovules massively proliferated in the carpels. Thus, our results
further confirmed that IuAGLI1 was a class D gene that regulates
the development of ovules in Impatiens.

Class E genes

The class E genes had the most complex functions and were
involved in the development of almost all the floral organs (Theifien
and Gramzow, 2016). Studies have shown that the SEP gene plays
an important role in the development of floral organs and fruit
ripening and can regulate the flavor or ripening period (Li et al,
2017; Qi et al,, 2020) of fruits in production. The SEP gene also
affects the growth and morphology of floral organs (Kaufmann
et al., 2009) by regulating the auxin biosynthetic pathway.
Therefore, IuSEPI1 and IuSEP3 were expressed the most highly in
the upper wing petal, which indicated that they regulate the
morphogenesis of the upper lateral petal. It was hypothesized that
IuSEPI and IuSEP3 could inhibit auxin synthesis and caused the
morphological development of upper lateral petals to

become smaller.

Conclusions

By comparing the results of our research with those of previous
research, the following conclusions were drawn. The I. uliginosa
flowers took approximately 36 d to develop; the perianth primordia
were initiated at approximately 7 d, and the floral organ primordia
differentiated at approximately 13 d. The inflorescence of L
uliginosa was a spiral raceme. The order of floral organ
development was as follows: lateral sepals, posterior sepal,
anterior sepals, anterior petal, lateral petals, stamens and
gynoecium, and there were four sepals. It was further determined
that the cardinal number of floral organs of Impatiens was five. The
commissure of stamens was caused by the fusion and growth of
filament appendages, and the connate filament appendages
protected the development of pistil or carpel. The differentiation
of each type of organ of Impatiens resulted in a state of left and right
symmetry of the flower. The formation of bracts in I uliginosa is
controlled by IuAPI, and IuAPI and IuDEF are highly diverse
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functionally, which primarily manifests in the formation of flower
color and petal morphogenesis. The combination of analyses of
morphological development and gene expression further confirmed
that the posterior sepals were part of the first round of floral organs,
and the anterior petals were part of the second round of floral
organs. The pattern of flower development in Impatiens belonged to
the ABCDE and tetramer models of flower development, and the
function of I uliginosa flower development gene was discussed. This
study is highly significant for the study of Impatiens flower
development and can provide help for the cross-breeding and
molecular breeding of Impatiens.

Data availability statement

The datasets presented in this study can be found in online
repositories. The names of the repository/repositories and accession
number(s) can be found in the article/Supplementary Material.

Author contributions

HHe: Data curation, Formal analysis, Investigation,
Methodology, Validation, Visualization, Writing - original draft.
XC: Investigation, Validation, Writing - original draft. TW:
Investigation, Writing — original draft. ZL: Investigation, Writing
- original draft. XZ: Writing — original draft. SQ: Investigation,
Writing — original draft. ZG: Investigation, Writing — original draft.
MH: Funding acquisition, Supervision, Writing - review & editing.
HHu: Funding acquisition, Project administration, Supervision,
Writing - review & editing.

Funding

The author(s) declare that financial support was received for
the research, authorship, and/or publication of this article.
National Natural Science Foundation of China (32060364,
32060366, 31860230), Yunnan major science and technology
projects (202102AE090052).

Acknowledgments

The author is particularly grateful to H-QH and M-JH for their
guidance and everyone who has helped me in my experiment
and writing.
Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

frontiersin.org


https://doi.org/10.3389/fpls.2024.1370949
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

He et al.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fpls.2024.1370949/

full#supplementary-material

References

Alexandre, C. M., and Hennig, L. (2008). FLC or not FLC: the other side of
vernalization. J. Exp. Bot. 59, 1127-1135. doi: 10.1093/jxb/ern070

Baum, D. A,, and Hileman, L. C. (2007). A developmental genetic model for the
origin of the flower. Annu. Plant Rev. 20, 1-27.

Bowman, J. L., Smyth, D. R,, and Meyerowitz, E. M. (2012). The ABC model of flower
development: then and now. Development 139, 4095-4098. doi: 10.1242/dev.083972

Caris, P., Geuten, K., Janssens, S. B., and Smets, E. (2006). Floral development in
three species of Impatiens (Balsaminaceae). Am. J. Bot. 93, 1-14. doi: 10.3732/ajb.93.1.1

Chen, D., Yan, W,, Fu, L, and Kaufmann, K. B. (2018). Architecture of gene
regulatory networks controlling flower development in Arabidopsis thaliana. Nat.
Commun. 9. doi: 10.1038/541467-018-06772-3

Chuck, G. S., Meeley, R. B., and Hake, S. (1998). The control of maize spikelet
meristem fate by the APETALA2-like gene indeterminate spikeletl. Genes Dev. 12,
1145-1154. doi: 10.1101/gad.12.8.1145

Chuck, G. S., Meeley, R. B, and Hake, S. (2008). Floral meristem initiation and
meristem cell fate are regulated by the maize AP2 genes idsl and sidl. Development
135, 3013-3019. doi: 10.1242/dev.024273

Coito, J. L., Silva, H. G., Ramos, M. J., Montez, M., Cunha, J., Amancio, S., et al.
(2018). Vitis flower sex specification acts downstream and independently of the
ABCDE model genes. Front. Plant Sci. 9. doi: 10.3389/fpls.2018.01029

Endress, P. K. (2011). Evolutionary diversification of the flowers in angiosperms. Am.
J. Bot. 98, 370-396. doi: 10.3732/ajb.1000299

Fei, X,, Shi, Q., Qi, Y., Wang, S., Lei, Y., Hu, H,, et al. (2021). ZbAGL11, a class D
MADS-box transcription factor of Zanthoxylum bungeanum, is involved in
sporophytic apomixis. Hortic. Res. 8. doi: 10.1038/s41438-020-00459-x

Hsu, H. F,, Chen, W. H,, Shen, Y. H.,, Hsu, W. H,, Mao, W. T,, and Yang, C. H.
(2021). Multifunctional evolution of B and AGL6 MADS box genes in orchids. Nat.
Commun. 12. doi: 10.1038/s41467-021-21229-w

Hsu, H. F,, Hsu, W. H,, Lee, Y. I, Mao, W. T, Yang, J. Y., Li, J. Y., et al. (2015). Model
for perianth formation in orchids. Nat. Plants. 1. doi: 10.1038/nplants.2015.46

Hu, J., Chang, X., Zhang, Y., Yu, X,, Qin, Y., Sun, Y., et al. (2021). The pineapple
MADS-box gene family and the evolution of early monocot flower. Sci. Rep. 11.

Immink, R. G., Posé, D., Ferrario, S., Ott, F., Kaufmann, K., Valentim, F. L., et al.
(2012). Characterization of SOC1’s central role in flowering by the identification of its
upstream and downstream regulators1[C][W]. Plant Physiol. 160, 433-449.
doi: 10.1104/pp.112.202614

Irish, V. F. (2010). The flowering of Arabidopsis flower development. Plant J. 61,
1014-1028. doi: 10.1111/j.1365-313X.2009.04065.x

Janssens, S. B., Smets, E., and Vrijdaghs, A. (2012). Floral development of Hydrocera
and Impatiens reveals evolutionary trends in the most early diverged lineages of the
Balsaminaceae. Ann. Bot. 109, 1285-1296. doi: 10.1093/aob/mcs065

Kaufmann, K., Muifo, J. M., Jauregui, R., Airoldi, C. A., Smaczniak, C., Krajewski, P.,
et al. (2009). Target genes of the MADS transcription factor SEPALLATA3: integration
of developmental and hormonal pathways in the Arabidopsis flower. PloS Biol. 7.
doi: 10.1371/journal.pbio.1000090

Kaufmann, K., Wellmer, F., Muifo, J. M., Ferrier, T., Wuest, S. E., Kumar, V., et al.
(2010). Orchestration of floral initiation by APETALAIL. Science 328, 85-89.
doi: 10.1126/science.1185244

Krizek, B. A., and Fletcher, J. C. (2005). Molecular mechanisms of flower
development: an armchair guide. Nat. Rev. Genet. 6, 688-698. doi: 10.1038/nrg1675

Frontiers in Plant Science

13

10.3389/fpls.2024.1370949

SUPPLEMENTARY DATA SHEET
Supplementary Information.

SUPPLEMENTARY ANNEX 1
gene sequence

SUPPLEMENTARY FIGURE 1
[. uliginosa.

SUPPLEMENTARY FIGURE 2
RNA gel electrophoresis diagram.

SUPPLEMENTARY FIGURE 3
Flower development model of Arabidopsis thaliana.

SUPPLEMENTARY FIGURE 4
Multiple sequence alignment of ABCDE gene.

Lee, D., and An, G. (2012). Two AP2 family genes, supernumerary bract (SNB) and
Osindeterminate spikelet 1 (OsIDS1), synergistically control inflorescence architecture
and floral meristem establishment in rice. Plant J.: Cell Mol. Biol. 69, 445-461.
doi: 10.1111/j.1365-313X.2011.04804.x

Lee, D. Y, Lee, J., Moon, S., Park, S. Y., and An, G. 1. (2007). The rice heterochronic
gene SUPERNUMERARY BRACT regulates the transition from spikelet meristem to
floral meristem. Plant J.: Cell Mol. Biol. 49, 64-78. doi: 10.1111/j.1365-
313X.2006.02941.x

Li, B.J.,, Zheng, B. Q, Wang, J. Y., Tsai, W. C,, Lu, H. C,, Zou, L. H,, et al. (2020). New
insight into the molecular mechanism of colour differentiation among floral segments
in orchids. Commun. Biol. 3. doi: 10.1038/s42003-020-0821-8

Li, C,, Wang, Y., Xu, L, Nie, S., Chen, Y., Liang, D., et al. (2016). Genome-wide
characterization of the MADS-box gene family in radish (Raphanus sativus L.) and
assessment of its roles in flowering and floral organogenesis. Front. Plant Sci. 7.

Li, J., Li, F., Qian, M., Han, M,, Liu, H,, et al. (2017). Characteristics and regulatory
pathway of the PrupeSEP1 SEPALLATA gene during ripening and softening in peach
fruits. Plant Sci.: Int. J. Exp. Plant Biol. 257, 63-73.

Liu, J., Fu, X, Dong, Y., Lu, J., Ren, M., Zhou, N,, et al. (2018). MIKCC-type MADS-
box genes in Rosa chinensis: the remarkable expansion of ABCDE model genes and
their roles in floral organogenesis. Hortic. Res. 5. doi: 10.1038/s41438-018-0031-4

Liu, H,, Yang, L., Tu, Z.,, Zhu, S., Zhang, C,, and Li, H. (2021). Genome-wide
identification of MIKC-type genes related to stamen and gynoecium development in
Liriodendron. Sci. Rep. 11.

Luo, C, Huang, W., Yer, H,, Kamuda, T., Li, X,, Li, Y., et al. (2022). Complete
chloroplast genomes and comparative analyses of three ornamental impatiens species.
Front. Genet. 13. doi: 10.3389/fgene.2022.816123

Ng, M., and Yanofsky, M. F. (2000). Three ways to learn the ABCs. Curr. Opin. Plant
Biol. 31, 47-52. doi: 10.1016/S1369-5266(99)00036-9

Parcy, F., Nilsson, O., Busch, M. A,, Lee, I, and Weigel, D. (1998). A genetic
framework for floral patterning. Nature 395, 561-566. doi: 10.1038/26903

Pinyopich, A., Ditta, G. S., Savidge, B., Liljegren, S. J., Baumann, E., Wisman, E., et al.

(2003). Assessing the redundancy of MADS-box genes during carpel and ovule
development. Nature 424, 85-88. doi: 10.1038/nature01741

Qi, X,, Liu, C,, Song, L., and Li, M. (2020). PAMADS7, a MADS-box transcription
factor, regulates sweet cherry fruit ripening and softening. Plant Sci.: Int. J. Exp. Plant
Biol. 301, 110634.

Ramadevi, D., and Narayana, L. L. (1989). “Floral anatomy of balsaminaceae,” in
Plant science research in India. Eds. M. L. Trivedi, B. S. Gill and S. S. Saini (Today &
Tomorrow’s Printers & Publishers, New Delhi), 707-713.

Ruokolainen, S., Ng, Y. P, Albert, V. A, Elomaa, P., Teeri, T. H,, et al. (2010). Large
scale interaction analysis predicts that the Gerbera hybrida floral E function is provided
both by general and specialized proteins. BMC Plant Biol. 10, 129-129. doi: 10.1186/
1471-2229-10-129

Seok, H. Y., Park, H. Y., Park, J. I, Lee, Y. M,, Lee, S. Y., An, G., et al. (2010). Rice
ternary MADS protein complexes containing class B MADS heterodimer. Biochem.
Biophys. Res. Commun. 401, 598-604. doi: 10.1016/j.bbrc.2010.09.108

Sobral, R, and Costa, M. M. (2017). Role of floral organ identity genes in the
development of unisexual flowers of Quercus suber L. Sci. Rep. 7.

Su, S., Shao, X,, Zhu, C,, Xu, ], Tang, Y., Luo, D., et al. (2018). An AGAMOUS-like
factor is associated with the origin of two domesticated varieties in Cymbidium sinense
(Orchidaceae). Hortic. Res. 5. doi: 10.1038/s41438-018-0052-z

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fpls.2024.1370949/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fpls.2024.1370949/full#supplementary-material
https://doi.org/10.1093/jxb/ern070
https://doi.org/10.1242/dev.083972
https://doi.org/10.3732/ajb.93.1.1
https://doi.org/10.1038/s41467-018-06772-3
https://doi.org/10.1101/gad.12.8.1145
https://doi.org/10.1242/dev.024273
https://doi.org/10.3389/fpls.2018.01029
https://doi.org/10.3732/ajb.1000299
https://doi.org/10.1038/s41438-020-00459-x
https://doi.org/10.1038/s41467-021-21229-w
https://doi.org/10.1038/nplants.2015.46
https://doi.org/10.1104/pp.112.202614
https://doi.org/10.1111/j.1365-313X.2009.04065.x
https://doi.org/10.1093/aob/mcs065
https://doi.org/10.1371/journal.pbio.1000090
https://doi.org/10.1126/science.1185244
https://doi.org/10.1038/nrg1675
https://doi.org/10.1111/j.1365-313X.2011.04804.x
https://doi.org/10.1111/j.1365-313X.2006.02941.x
https://doi.org/10.1111/j.1365-313X.2006.02941.x
https://doi.org/10.1038/s42003-020-0821-8
https://doi.org/10.1038/s41438-018-0031-4
https://doi.org/10.3389/fgene.2022.816123
https://doi.org/10.1016/S1369-5266(99)00036-9
https://doi.org/10.1038/26903
https://doi.org/10.1038/nature01741
https://doi.org/10.1186/1471-2229-10-129
https://doi.org/10.1186/1471-2229-10-129
https://doi.org/10.1016/j.bbrc.2010.09.108
https://doi.org/10.1038/s41438-018-0052-z
https://doi.org/10.3389/fpls.2024.1370949
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

He et al.

Theiflen, G., and Gramzow, L. (2016). “Structure and evolution of plant MADS
domain transcription factors,” in Plant Transcription Factors: Evolutionary, Structural
and Functional Aspects. Ed. D. H. Gonzalez, 127-138.

Theissen, G. (2001). Development of floral organ identity: stories from the MADS
house. Curr. Opin. Plant Biol. 4, 75-85. doi: 10.1016/S1369-5266(00)00139-4

Wang, P., Liao, H., Zhang, W., Yu, X,, Zhang, R,, Shan, H,, et al. (2015). Flexibility in
the structure of spiral flowers and its underlying mechanisms. Nat. Plants 2.
doi: 10.1038/nplants.2015.188

Yu, S. X. (2012). Balsaminaceae of China (Beijing: Peking University Press).

Frontiers in Plant Science

14

10.3389/fpls.2024.1370949

Yu, S. X, Janssens, S. B., Zhu, X. Y., Liden, M., Gao, T. G., and Wang, W. (2016).
Phylogeny of Impatiens (Balsaminaceae): integrating molecular and morphological
evidence into a new classification. Cladistics 32. doi: 10.1111/cla.12119

Yu, S. X, Zhou, X. R, Xu, G. F., Meng, L., Bi, H. Y., et al. (2010). Floral development
in Impatiens chishuiensis (Balsaminaceae): formation of two well-developed
anterolateral sepals and four carpels. Plant Syst. Evol. 286, 21-26. doi: 10.1007/
s00606-010-0273-6

Zhou, Y., Xu, Z.,, Yong, X., Ahmad, S., Yang, W., Cheng, T., et al. (2016). SEP-class
genes in Prunus mume and their likely role in floral organ development. BMC Plant
Biol. 17.

frontiersin.org


https://doi.org/10.1016/S1369-5266(00)00139-4
https://doi.org/10.1038/nplants.2015.188
https://doi.org/10.1111/cla.12119
https://doi.org/10.1007/s00606-010-0273-6
https://doi.org/10.1007/s00606-010-0273-6
https://doi.org/10.3389/fpls.2024.1370949
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

	Flower development and a functional analysis of related genes in Impatiens uliginosa
	Introduction
	Materials and methods
	Materials
	Methods
	Flower development stage division and duration statistics
	Paraffin sectioning
	Scanning electron microscopy
	Gene screening and identification
	Fluorescence quantitative analysis
	Gene cloning
	Virus silencing gene technology


	Results
	Analysis on the time of floral organ differentiation of I. uliginosa
	Characteristics of the differentiation of inflorescence tissue of I. uliginosa
	Characteristics of the differentiation of floral organ primordia in I. uliginosa
	There are four sepals in I. uliginosa
	Characteristics of the filament appendages and stamens of I. uliginosa
	Analytical expression of the quantitative expression of fluorescence
	Analysis of the importance of ABCDE genes
	Functional analysis of IuAP1 in I. uliginosa
	Functional analysis of IuDEF in I. uliginosa


	Discussion
	Evolutionary analysis of Impatiens
	Analysis of the characteristics of floral organ development in Impatiens
	Analysis of the flower symmetry of Impatiens
	Analysis of the self-protective mechanism of the differentiation of floral organs in I. uliginosa
	Analysis of the ABCDE model of flower development of I. uliginosa
	Functional analysis of the flower development genes of I. uliginosa
	Class A gene
	Class B genes
	Class C and D genes
	Class E genes


	Conclusions
	Data availability statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice




