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Abstract. Members belonging to the genus Actinidia are perennial dioecious fruit
trees. Variation in male and female floral organs during growth is crucial in sex de-
termination. Previous studies have been limited to individual kiwifruit species (Actini-
dia chinensis and Actinidia deliciosa), and although two sex determination genes have
been identified, their differential expression has not been linked to differences in pistil
development. In the present study, we investigated male and female flower develop-
ment in two kiwifruit species, namely, A. chinensis and Actinidia eriantha. Kiwifruit
flower development was divided into seven stages. The first four stages are common
to both male and female flower development in Kkiwifruits, and the primary stage of
male and female flower development in kiwifruits begins at stage 5, which is largely
reflected by the absence of development of ovule primordia in male kiwifruit, whereas
differences in flower development between the two kiwifruit species are primarily in
the timing of the initiation of the squaring stage, time required for the later stages of
flower development (stage 6), and size of flower buds. Quantitative results demon-
strated that SyGl was persistently and highly expressed after stage 4 in male kiwifruit
flowers, possibly causing abnormal development of the pistil and ovary malformation
in male kiwifruit flowers. In contrast, FrBy was up-regulated in male flowers of A.
chinensis and A. eriantha during late developmental stages (stage S or stage 6), coin-
ciding with pollen maturation. We propose that this peaked expression is linked to
the programmed degradation of the anther chorionic layer, facilitating timely dehis-
cence and pollen maturation. Altogether, the findings of this study link the stages of
kiwifruit flower development in the two species with their phenological periods and
flower bud morphology, thus providing a reference for future comparison of flower
development stages and gene expression during development in kiwifruits.

Kiwifruit is a fruit crop native to China,
which has been successfully cultivated from the
wild since the 20th century (Huang 2022). It is
a perennial deciduous vine fruit tree of the ge-
nus Actinidia and belongs to the Actinidiaceae
family. China is the world’s largest producer
and importer of kiwifruit, with a huge consumer

female flowers blooming on different plants
(Huang 2016). The flowers, whether female
or male plants, are morphologically fully
flowered. Female plants have well-developed

pistils and nonfunctional stamens with nor-
mal appearance, whereas male plants have
normally developed stamens and rudimentary
pistils without style and ovules. Although all
floral organs in both male and female flowers
initiate development, the growth of gynoe-
cium in male flowers is arrested at an early
stage of development (Brundell 1975; Polito
and Grant 1984), whereas that of stamens in
female flowers halts at a later stage through
programmed death-mediated microspore de-
generation (Coimbra et al. 2004; Falasca
et al. 2013). Previous studies on the develop-
ment of kiwifruit flowers have focused on 4.
chinensis and A. deliciosa, and more recently
on A. arguta (Li et al. 2024); however, stud-
ies on the flower development of A. eriantha,
another important commercially cultivated
species, are sparse. Furthermore, previous
studies have primarily focused on differences
between males and females during late mor-
phological differentiation; however, less at-
tention has been paid to the study of early
morphological differentiation of kiwifruit
flower bud (Brundell 1975; Caporali et al.
2019; Li et al. 2024).

The kiwifruit sex system is an active
Y-type system involving two intricately linked
dominant genes: one suppresses pistil develop-
ment (SuF), and another promotes anther mat-
uration (M) (Huang 2016; Westergaard 1958).
At present, sex-linked markers have been de-
veloped for different species of kiwifruit (De
Mori et al. 2022; Guo et al. 2023; Liu et al.
2016). In addition, male-specific Y-linked re-
gions have been identified in four kiwifruit ge-
nomes (Akagi et al. 2023). Furthermore, two
sexed kiwifruit genomes have been assembled
and annotated (Han et al. 2023; Tahir et al.
2022). Nevertheless, the precise molecular
mechanism underlying sex determination in
kiwifruits and factors responsible for the ob-
served differences in flower development be-
tween male and female kiwifruits remains
unclear.

Zhang et al. (2015) used a population of
interspecific crosses between A. rufa and A.
chinensis and successfully identified the sex-
determining region in kiwifruit as a 1-Mb
subtelomeric region on chromosome 25.
Recently, Akagi et al. (2018) used a combina-
tion of genome-wide cataloging and transcrip-
tome sequencing to further narrow down the
male-specific region on kiwifruit chromosome
25 to ~0.49 Mb. This approach identified a
male-specific gene encoding a C-type cytokinin-
responsive factor. This factor is specifically ex-
pressed at the early stages of development of
male flower gynoecium and has been demon-
strated to suppress carpel development. Further
analysis of differentially expressed genes in the

Table 1. Primers used for quantitative reverse transcription polymerase chain reaction analysis.

Sequence for primers

market (Zhong et al. 2021). The most commer- ~ Gene
cially cultivated kiwifruit varieties are 4. chinen-  SyGi
sis, A. deliciosa, A. eriantha, and Actinidia
arguta worldwide (Fang et al. 2019). FrBy
All members of the genus Actinidia, com- et
clin

prising 54 species and 21 varieties, are proba-
bly functionally dioecious, with male and

F: 5-ATTTGTATTGCTCTGGTGCTT-3

R: 5-ACTTCCATGCCTCTTAGCTC-3

F: 5-~AACCAACACTCGCCTTCCCA-3'

R: 5-GGATGGGTGATAGGAGAGGCATC-3'
F: 5-TGAGAGATTCCGTTGCCCAGAAGT-3'
R: 5-TTCCTTACTCATGCGGTCTGCGAT-3/
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Fig. 1. Morphological changes in male and female of Actinidia chinensis (A) and Actinidia eriantha (B) during flowering.

stamens of male and female flowers identi-

fied a gene belonging to the MTR1 family,
facilitating the degradation of the tapetum to
maintain pollen fertility. The gene is specifi-
cally expressed in the early stages of develop-
ment of the stamens in male flowers (Akagi
et al. 2019). Despite the identification of two
key sex-determining genes in kiwifruit, the
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potential contribution to the observed differ-
ences in male and female flower development
as well as the mechanisms through which they
exert their effects remain elusive.

At present, little research has been con-
ducted on the differences between male and
female flower differentiation in kiwifruit.
Certain studies have demonstrated that simi-
lar to the flower bud development of other
fruit trees, the flower bud development of
male and female flowers of kiwifruit pro-
ceeds from the outside to the inside in the
order of sepals, petals, stamens, and pistils
(Liu 1997). Wang et al. (2001) studied the
morphological differences in flower bud dif-
ferentiation in Actinidia kolomikta and
found that differences in the morphology be-
tween male and female flowers occur after
the differentiation of gynoecium primor-
dium. Studies on flower organ fertility in 4.
chinensis and A. arguta have demonstrated
that gynoecium sterility in male flowers is
attributed to the arrested development of ov-
ule primordium, whereas anthers in female
flowers are aborted due to abnormal metabo-
lism of the tapetum, causing microspore abortion

in the female plant (Li and Liu 2016; Yang
etal. 2011).

Although the development of male and fe-
male flower organs in kiwifruits has been
studied at the cytological level, the overall
developmental stages have not been compre-
hensively elucidated. In the present study, we
observed and compared the changes at the de-
velopmental stages in A. chinensis and A.
eriantha flowers and elucidated the expres-
sion of sex-determining genes during flower
development, paving the way to elucidating
the regulatory network underlying sex differ-
entiation in kiwifruit.

Materials and Methods

Plant material and cultivation conditions.
The experimental site (30°33'N, 114°25'E)
was located at the Wuhan Botanical Garden,
Chinese Academy of Sciences, Wuhan, China.
Kiwifruit over 3 years of age without pests and
diseases were studied. The experimental plants
were grown and maintained with routine prun-
ing and watering and fertilizer addition.
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Fig. 2. Paraffin sections of seven male and female flower development stages of Actinidia chinensis and Actinidia eriantha.

The diploid male and female kiwifruits of
A. chinensis (4-12-6 female and 2-10-2 male)
and A. eriantha (4-4-8 female and 6-1-2
male) with consistent growth were selected
as experimental materials. The sampling was
conducted from Oct 2023 to May 2024.

Five flowers were randomly selected from
each tree after the appearance of visible buds,
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and the length of the selected buds was mea-
sured every 2 d.

Paraffin sectioning. Male and female
flowers of A. chinensis and A. eriantha were
preserved in ice boxes and transported to the
laboratory, external characteristics were ob-
served and imaged using a motorized body mi-
croscope (SMZ25, Nikon, Japan). The flower

buds were cut longitudinally with a scalpel,
and some of the collected flower buds were
placed in the formaldehyde—acetic acid—alcohol
(FAA) fixative for more than 24 h for subse-
quent paraffin sectioning. The samples were
transferred to 75% ethanol for 4 h and subse-
quently dehydrated in 85%, 90%, and 95% eth-
anol series and twice in 100% ethanol at
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Table 2. Status of the gynoecium at each stage of development in Actinidia chinensis and Actinidia eriantha.

A. chinensis A. eriantha
Female flower = Male flower  Female flower = Male flower Female Male
Stage diam (mm) diam (mm) diam (mm) diam (mm) flower flower
1 0.3-0.6 0.3-0.6 0.3-0.6 0.3-0.6 Sepal primordium development
2 0.7-0.9 0.7-0.9 0.7-0.9 0.7-0.9 Petal primordium development
3 1.0-1.5 1.0-1.5 1.0-1.5 1.0-1.5 Stamen primordium development
4 1.6-3.5 1.6-3.5 1.6-3.0 1.6-3.0 Pistil primordium development
5 3.6-4.5 3.64.0 3.1-5.0 3.1-45 Ovule primordia appear in the ovary ~ Only carpel chambers appeared, and
no ovule primordia appeared
6 4.6-10.0 4.1-9.0 5.1-15.0 4.6-11.0 Ovule primordium elongation The ovary grew slowly and no
ovule appeared
7 Ovary: 5.0 Ovary: 2.3 Ovary: 5.0 Ovary: 2.7 Ovules complete development Ovary malformation, no ovule
30-min intervals. Alcoholic benzene solution
Stage 5 Stage 6 was substituted for 10 min, followed by dehy-

A. chinensis
female flower !

A. chinensis
male flower

A. eriantha
female flower ¥

A. eriantha
male flower

NL x40 2mm NL %40 2mm

Fig. 3. SEM of female and male flowers at stages 5 and 6 in Actinidia chinensis and Actinidia eriantha.
Floral developmental structures in A. chinensis and A. eriantha: yellow arrows (—) indicate the
emerging ovule primordium in pistillate flowers in stage 5; red arrows (—) indicate elongating ov-
ules in pistillate flowers in stage 6; green arrows (—) indicate the empty locule in staminate flowers
in stage 5; blue arrows (—) indicate the empty locule in staminate flowers in stage 6. All images
were acquired at x40 magnification.
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dration in xylene for 10 min and dehydration in
fresh xylene for 10 min. The samples were im-
mersed in melted paraffin for 1 h at 65°C and
repeated thrice. The wax blocks were em-
bedded using an embedding machine (JB-
P5, Wuhan Junjie Electronics Co., Ltd., China).
The paraffin-embedded samples were sliced us-
ing a paraffin slicer (RM2016, Shanghai Leica
Instruments Co., Ltd., Germany), cut to a thick-
ness of 4 wm, and stained with toluidine blue
for 2 to 5 min. Finally, these were observed un-
der a light microscope (Eclipse E100, Nikon)
and imaged using the DS-U3 imaging system
(Nikon).

Scanning electron microscopy. The bud
and flower samples were soaked in 20% eth-
anol for 30 min to remove water from the
plant tissue and subsequently transferred to
50%, 70%, 90%, 95%, and 100% ethanol for
30 min each. The dehydrated samples were
dried in a carbon dioxide critical point dryer
(EM CPD300, Leica) and placed in an ion
sputter coater (MC1000, Hitachi, Japan) for
gold plating. The material was observed and
imaged using a scanning electron microscope
(SEM; TM3030, Hitachi).

Pollen viability analysis. Pollen viability
was assessed using an in vitro pollen germina-
tion assay. The germination medium consisted
of 10% (w/v) sucrose (Sinopharm Chemical
Reagent Co., Ltd., Cat. 100021418, China),
0.01% (w/v) boric acid (H3;BO3) (Sinopharm
Chemical Reagent Co., Ltd., Cat. 10004818),
and 1% (w/v) agar (DingGuo, Cat. DHO10-1.1,
China), prepared in ddH,O. The pollen tube
germination medium was placed in the middle
of the slide, a certain amount of pollen was
dipped into a fine thread and gently flicked
to spread the pollen evenly on the surface of
the medium, which was repeated thrice. The
pollen-stained slide was placed in a petri dish
with a moist paper towel, and the petri dish was
placed in a thermostat for dark incubation at
26°C for 6 h. After 6 h, an inverted fluores-
cence microscope (DMi8, Leica) was used for
examination and imaging. The following calcu-
lation was used:

Pollen germination rate =

(total number of germinated pollen grains)
/(total number of germinated

+ non-germinated pollen grains) x 100%
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Fig. 4. Floral developmental progression in Actinidia chinensis (A) and Actinidia eriantha (B). The x-axis indicates days of development. The y-axis repre-
sents the floral bud diameter. Data series: AcF = female A. chinensis; AcM = male A. chinensis; AcF = female A4. eriantha; AeM = male A. eriantha.

qRT-PCR. The total RNA was extracted
using the RNAprep Pure Plant Plus Kit
(TianGen, China) according to the kit instruc-
tions. The quantity and quality of RNA were
determined by taking the readings on a spec-
trophotometer at 260/280 optical density (OD)
and 1% agarose gel, respectively. The cDNA
was synthesized using the PrimeScriptTM
FAST RT reagent Kit with gDNA Eraser
(Takara, Japan). The primers of the genes are
listed in Table 1. Real-time polymerase chain
reaction (PCR) was conducted in Quant-
Studio 6 Flex (Thermo Fisher, USA) using
a ChamQ Blue Universal SYBR qgPCR Master
Mix Kit (Vazyme, China). A quantitative re-
verse transcriptase (qQRT)-PCR reaction was
performed according to the kit instructions.
Actin was used as the housekeeping gene for
the quantification of gene expression. The
presence of a single peak in the qRT-PCR
melting curve products confirmed the accu-
racy of the peak as well as the lack of dimers.

Results

Morphological characterization of A. chinen-
sis and A. eriantha flowering. The flower buds
of the kiwifruit were mixed buds, the sprout
was full, and the scales were tightly wrapped.
Morphological changes during the floral de-
velopment of A. chinensis and A. eriantha
were observed and imaged regularly (Fig. 1).
The microstructure of buds was studied using
paraffin-embedded sections. The overwinter-
ing buds of 4. chinensis and A. eriantha were
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tightly wrapped in the xylem tissue at the
base of the petiole and remained dormant un-
til the beginning of March. The budbreak of
A. chinensis and A. eriantha flower begins in
early March, during which the scales sur-
rounding the outer part of the buds expand,
gradually revealing green leaf tissues. About
5 d later, the kiwifruit enters the flower bud
stage, when the flower buds are inserted into
the leaf axils of new short shoots. The flower
bud stage of the 4. chinensis flower lasts
~3 weeks, whereas that of A. eriantha lasts
~4 weeks. Subsequently, the sepals sur-
rounding the buds split, and the petals appear
at the top of the buds, entering the LuBai stage
(phenological phase). Approximately 5 d later,
the kiwifruit enters the efflorescence stage. A
comparative phenological analysis revealed
protandry in kiwifruit, with male plants initiat-
ing the development of anthesis earlier than
female conspecific. A comparison of the phe-
nological periods of A. chinensis and A.
eriantha revealed no significant difference in
the duration of the phenological period be-
fore the bud stage between the two kiwifruit
species. However, the duration of the bud
stage was longer in A. eriantha, and the di-
ameter of the buds was larger than those of
A. chinensis.

Internal morphology of male and female
kiwifruit flowers. Flower buds of different
diameters and sizes were collected while ob-
serving the phenological stages of A. chinensis
and A. eriantha and studied using paraffin-
embedded sections (Fig. 2 and Table 2). The

developmental stages of male and female kiwi-
fruit flowers are divided into seven stages, with
sepal development as the initiating stage. Kiwi-
fruit flower bud differentiation began at the
outermost sepal primordium in the floral meri-
stem (stage 1), during which the length of
flower buds was ~500 wm. Subsequently, the
petal primordium, which is the second most
peripheral part of the floral meristem, begins to
differentiate (stage 2), the length of the flower
bud was ~1000 wm. This is followed by the
initiation of stamen primordium differentiation
(stage 3) and the beginning of pistil primor-
dium differentiation (stage 4). The first five
stages are common to both male and female ki-
wifruit plants; however, the pistil primordium
develops more rapidly in females and more
slowly in males after the onset of stage 4. Stage
5 begins with the appearance of a ventricle for
ovule attachment in the gynoecium of kiwifruit
flower buds (stage 5). The ovule primordium
subsequently appears in the ventricle of the fe-
male kiwifruit and gradually develops into an
ovule, whereas no ovule is ever produced in
the ventricle of the male kiwifruit (stage 6). Fi-
nally, the kiwifruit sepals are completely dehis-
cent, and the petals open in stage 7. The
difference between male and female flowers is
primarily in stage 6, when the ovary is larger
and ovules are present in female flowers,
whereas the ovary in male flowers displays de-
layed development with an absence of ovules.
No dimorphic differences between male and
female flowers were observed in either 4. chi-
nensis or A. eriantha during the first five
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Fig. 5. Scanning electron microscopy of mature pollen between male and female plants of Actinidia

chinensis and Actinidia eriantha.

developmental stages (stages 1 to 5). However,
differentiation became more pronounced at
stage 6. In A. chinensis, both male and female
flowers progressed through stage 6 rapidly,
completing it within ~10 d, with minimal dif-
ferences in developmental timing and flower
bud diameter between the sexes. In contrast,
A. eriantha exhibited a prolonged stage 6 dura-
tion of ~15 d, accompanied by marked inter-
sexual differences in both developmental timing
and bud diameter. At stage 7, ovarian differenti-
ation further highlighted differences: Mature
ovaries of female flowers reached comparable
diameters (~5 mm) in both species. Male flow-
ers displayed species-specific variation in mal-
formed ovary dimensions: rudimentary ovaries
in A. chinensis were slightly smaller than those
in A. eriantha.

A. chinensis

A. eriantha

We identified stage 5 as the critical period
for the observed difference in gynoecium
development between male and female ki-
wifruit flowers. Therefore, we conducted
SEM using stages 5 and 6 of male and fe-
male flowers of A. chinensis and A. erian-
tha; the results demonstrated that at stage 5,
the ovary appeared as a chamber for the ap-
pearance of ovules, and at this time the
ovary in male flowers was smaller than the
ovary in female flowers. At stage 6, elon-
gated ovules appeared in the ovary of fe-
male kiwifruit flowers, whereas no elongated
ovules appeared in male flowers with mal-
formed ovaries (Fig. 3).

The diameter of kiwifruit flower buds and
their timing were counted (Fig. 4), with stage 1
appearing as day 0. The androecium began

Female

Fig. 6. Pollen tube germination in female and male flowers of Actinidia chinensis and Actinidia eriantha.
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to differentiate ~5 d after the sepals and
petals began to develop in both 4. chinensis
and A. eriantha, whereas the gynoecium be-
gan to differentiate 2 or 3 d after the androe-
cium. After about a week, A. chinensis flower
buds stopped expanding and entered the flow-
ering stage, whereas stage 6 of A. eriantha
lasted for ~20 d before entering the flowering
stage.

Combined with the kiwifruit’s phenologi-
cal stage, the flower buds had completed se-
pal primordial differentiation (stage 1), petal
primordial differentiation (stage 2), and stamen
primordial differentiation (stage 3) during the
bud bursting stage and were in the process of
gynoecium primordial differentiation (stage 4).
‘When the kiwifruit was in the squaring stage, the
gynoecium primordial differentiation (stage 4)
was completed first within 3 d after the squaring
stage. At 3 d after the squaring stage (DAS), the
inner chamber of the ovary began to develop
(stage 5), at which time the diameter of the
flower bud was ~3.6 mm. Ovule primordia in
the ovary began to elongate at 7 DAS (stage 6),
when the diameter of flower buds in 4. chinen-
sis was ~4.1 to 4.6 mm and ~4.6 to 5.1 mm in
A. eriantha. A. chinensis entered the LuBai
stage when male flowers were 6 mm in diame-
ter (~12 DAS) and female flowers were 8 mm
in diameter (about 13 DAS), and 4. eriantha en-
tered the LuBai stage when male flowers were
8 mm in diameter (about 16 DAS) and fe-
male flowers were 12 mm in diameter (about
17 DAS). Kiwifruit flowers entered stage
7 ~4 d after the LuBai stage.

Pollen morphology and pollen fertility.
SEM was used to investigate the morphologi-
cal differences in the mature pollen between
male and female plants of 4. chinensis and A.
eriantha. The pollen grains of the two kiwi-
fruit species were monad, with subtle mor-
phological differences. The pollen grains were
prolate in the equatorial view, whereas they
were trifid circular in the polar view. Pollen
grains from male A. chinensis were perprolate,
whereas those from male 4. eriantha were pro-
late. Female kiwiftuit pollen grains were sub-
spheroidal (Fig. 5). In addition, a pollen viabil-
ity test revealed that the pollen viabilities of
male A. eriantha and A. chinensis were 48.5%
and 53.6%, respectively, whereas no viable
pollen was detected in female flowers (Fig. 6).

Expression patterns of sex-determining genes
at different developmental stages. Male flower
buds and dormant bud points of 4. chinensis
and A. eriantha were selected at different peri-
ods. The expression patterns of FrBy and SyGl
at different periods were analyzed by real-time
quantitative fluorescence PCR. Both 4. chinen-
sis and A. eriantha did not display any expres-
sion of FrBy and SyG! during the dormant
period. FrBy expression was detected from
stage 2 in kiwifruit buds, with sustained high
levels observed beyond stage 6 in 4. chinensis,
while in A. eriantha, high expression was
maintained beginning from stage 5. SyG/ ex-
pression began at stage 3 in kiwifruit, with
strong expression evident from stage 4 in both
A. chinensis and A. eriantha (Fig. 7).
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Fig. 7. Relative expression of two sex-determining genes in male kiwifruit flower buds at different stages.
The relative expression of SyGl (A) and FrBy (B) in Actinidia chinensis, the relative expression of SyGl
(C) and FrBy (D) in Actinidia eriantha. Letters denote significant differences [one-way analysis of vari-
ance (ANOVA), P < 0.05; Tukey’s honestly significant difference post hoc, « = 0.05; n = 3 biological

replicates] among different stages.

Discussion

We sectioned and observed male and female
kiwifruit flower buds of different diameters and
classified the development of kiwifruit flower
into seven stages (Table 2). Consistent with the
findings in A. kolomikta and A. deliciosa, mor-
phological differentiation of flower buds in A.
chinensis and A. eriantha proceeds in the order
of calyx, petal, stamen, and pistil, sequentially
from the outside to the inside (Liu 1997; Wang
et al. 2001). Consistent with previous studies
on the developmental differences between male
and female flowers in kiwifruit (Caporali et al.
2019; Xu 1989), we observed that both male
and female stamens were present at the initial
stages of flower bud development in both sexes.
Divergence in floral development became ap-
parent following pistil formation, marked by
the presence or absence of ovule primordia in
the ovaries of female and male flowers, respec-
tively (Figs. 2 and 3).

After stage 5, ovule primordia appeared in
female kiwifruit flowers, whereas no ovule
primordia appeared in the ovary of male
flowers. The ovary length in female flowers
of A. chinensis var. “4-12-6” was ~5 mm af-
ter the complete development of male and fe-
male kiwifruit flowers, whereas it was about
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2.5 mm in male flowers of A. chinensis var.
“2-10-2.” Caporali et al. (2019) reported that
the ovary length in female A. chinensis var.
“A54.20” and male A. chinensis var. “A54.19”
were 5.5 mm and 3.5 mm, respectively, which
could be attributed to the selection of different
varieties of 4. chinensis. The female A. erian-
tha “4-4-8” buds were up to 15 mm in diame-
ter and had an ovary length of 5 mm, whereas
the male A. eriantha “6-1-2” buds were ~11 mm
in diameter and had an ovary length of 2.7 mm.
A. chinensis and A. eriantha had similar ovary
lengths despite the large difference in their
bud diameters; this could be more indumen-
tum in A. eriantha, which is shorter and less
on the ovary of A. chinensis at stage 6, and
more on the ovary of A. eriantha (Fig. 3).
Conventional sampling standard based on sin-
gle indicators (e.g., floral bud diameter, days
after bud emergence) suffer from certain limita-
tions, as our study revealed interspecific and in-
traspecific variations in floral developmental and
morphological characteristics. We systematically
investigated floral development in both male and
female individuals of A. chinensis and A.
eriantha and established preliminary sampling
standards by integrating morphological differ-
entiation of flower buds with phenological
phases (Fig. 4). This integrated approach will
provide a foundational framework for future

studies on floral development in A. chinensis and
A. eriantha.

We next determined the relationship be-
tween the morphological differentiation of
flowering organs and phenological period in
A. deliciosa. Xu (1989) demonstrated that the
sepal primordium began to differentiate dur-
ing leaf unfolding and the petal primordium,
stamen primordium, and pistil primordium
also started differentiating 8 d after the sepal
primordium. In the present study, sepal and
petal primordia began to differentiate before
the visible emergence of the bud, while dif-
ferentiation of the androecium and gynoe-
cium commenced shortly after bud appearance,
a process that spanned ~10 d. The observed dif-
ferences in bud differentiation and phenological
stages compared with previous studies may be
attributed to species-specific variation in kiwi-
fruit as well as environmental differences across
years. Our study suggests that A. chinensis and
A. eriantha are more likely to exhibit protan-
drous characteristics, while Li et al. (2024) re-
ported that male flower differentiation slightly
lags behind female flower in A. arguta based
on external morphology. Nevertheless, in
A. arguta, A. chinensis and A. eriantha, the
morphogenesis of male and female flowers
showed consistency in development patterns.

We focused on the similarities and differ-
ences in carpel development between male
and female kiwifruit flowers. FrBy belongs to
the fasciclin-like arabinogalactan family pro-
tein, and the protein functions and key struc-
tural domains are conserved (Akagi et al.
2019). Consequently, FrBy has been hypoth-
esized to contribute to programmed degrada-
tion of tapetum cells (Akagi et al. 2019; Tan
etal. 2012; Xie et al. 2022). Studies in Arabi-
dopsis have demonstrated that the tapetum is
not degraded during meiosis, tetrad, and uni-
nucleate microspore stages of macrospore
mother cells in Arabidopsis, whereas it is de-
graded in the bicellular pollen stage (Ariizumi
and Toriyama 2011; Blackmore et al. 2007).
Furthermore, Liu et al. (2018) demonstrated
that the majority of flower buds of A. chinen-
sis at stages III and IV (corresponding to the
LuBai stage in the phenological period) were
in the bicellular pollen stage. Stage 6 is spec-
ulated to be the pivotal period that contributes
to the disparity in stamen development be-
tween male and female kiwifruit plants. This
study posits that the degradation of the tape-
tum in male kiwifruit stamens at stage 6 facil-
itates the normal development of male pollen.
Conversely, stage 6 in female kiwifruit hinders
the natural programmed death of tapetum cells
due to the absence of FrBy expression, causing
abnormal pollen viability in female kiwiftruit
pollen. Therefore, subsequent studies may con-
centrate on the disparities in stage 6 between
male and female flowers to further ascertain
the development of kiwifruit stamens and fac-
tors leading to female kiwifruit stamen failure.

In this study, A. chinensis and A. eriantha
were used as experimental materials to ob-
serve the floral cycle. A. eriantha flowers
twice a year under optimal conditions (Walton
1995), whereas A. chinensis flowers only once
a year. We observed no significant differences

HortScIeENCE VoL. 60(7) JuLy 2025

10" y7/ou-Ag/sesuaal|/B1o suowwodaAleald//:sdny (/0 7/ou-Aq/sasuadl|/B10 SUOWWOIDAIIBIO//:SA)Y) 9SUal|
IN-ALG DD 8y} Jepun pajngLisip ajoie ssaooe uado ue S| siy] 'ssed0y uadQ BIA #1-80-GZ0Z 1e /wooAlojoeiqnd pold-swiid-yiewlaiem-jpd-awiid//:sdiy wouy papeojumoq



between the two species of kiwifruit at the pri-
mary flowering stage in terms of overall phe-
nological processes and sections at each stage
of flower development. However, 4. chinensis
entered the squaring stage about 5 d earlier
than A. eriantha, and A. eriantha required a
longer development time at the later stage
(stage 6), although ovary size at the end of
flower development was not significantly dif-
ferent from that of 4. chinensis. In addition,
the underlying mechanisms triggering the de-
velopment of secondary floral shoots in A4.
eriantha require further investigation through
long-term, year-round, and phenological phase
observation.

Akagi et al. (2018, 2019) used genome se-
quencing and transcriptome sequencing technol-
ogies and sequentially identified two kiwiftuit
sex-determining genes, namely, SyG/ and FrBy,
where SyGl functions as a repressor of carpel
development and FrBy is involved in pollen de-
velopment and determined that they are specifi-
cally expressed in kiwifruit male flowers. We
used buds and dormant bud points of kiwifruit
male flowers at different stages to detect the ex-
pression of these two genes at different times.
FrBy was consistently and highly expressed
from stage 5 or stage 6, whereas SyG/ was con-
sistently and highly expressed from stage 4
(Fig. 7). Therefore, stage 6 in A. chinensis and
stage 5 in A. eriantha were proposed to be criti-
cal periods for male kiwifiuit pollen develop-
ment. The continued high expression of SyG/
after stage 3 in kiwifruit may persistently inhibit
the development of the male kiwifruit ovary, ul-
timately causing a small ovary and no ovule in
male kiwifruit.

Conclusions

We studied the phenological stage and tis-
sue sections of flower buds of male and fe-
male plants of A. chinensis and A. eriantha at
each stage and classified the kiwifruit flower
bud development into seven stages. The dif-
ferences in flower development between the
two species were largely in the time of entry
into the squaring stage, the time taken to
complete stage 6, and the size of flower buds.
Differences were observed in the presence or
absence of ovule elongation in stage 6, and
the rate of gynoecium growth and size be-
tween the two sexes of kiwifruit. FrBy was
highly expressed in the later stages (stage 6
in A. chinensis or stage 5 in A. eriantha) of
male flower development, and SyG! was
highly expressed in male flowers from stage
4 onward. Altogether, the findings of the pre-
sent study provide a research basis for inves-
tigating male and female sex formation in
kiwifruits.
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