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Abstract: Aquilaria sinensis (Lour.) Spreng is a known medicinal plant producing agarwood. To date,
studies on the floral biology of A. sinensis have been limited. In this study, the floral micro- and ultra-
structures, pollen viability, stigma receptivity, and artificial pollination of A. sinensis were investigated.
The results show that the flower’s development can be divided into five stages, including the flower
bud differentiation stage (2–7 d), the flower bud stage (7–13 d), the flowering stage (14 d), the
pollination stage (14–15 d), and the fruiting stage (15–25 d). The floral organs mainly include:
4–6 split calyces, 10 petals, 10 stamens, and 1 pistil. The anther is oblong, with four pollen sacs the
pollen is round, with maximum viability 6 h after flowering; and stigma receptivity is at its best 6 h
before flowering. Artificial pollination is successful in the field. These findings will provide useful
information for producing and breeding A. sinensis.

Keywords: Aquilaria sinensis; floral biology; floral structure; artificial pollination

1. Introduction

Agarwood is a resin-containing wood formed by injured plants of the genus Aquilaria
spp. or Gyrinops spp., and it has been widely used in medicine, perfume, and incense
throughout the world, including in Asia, the Middle East, and Europe [1,2]. The wild
resources of Aquilaria spp. are mainly distributed in Asia (i.e., Philippines, Indonesia,
Malaysia, Thailand, Vietnam, and Myanmar), with 15 agarwood species in Southeast Asia
and 3 in South Asia [3,4]. In China, Aquilaria sinensis and Aquilaria yunnanensis have been
recorded in the wild, while A. sinensis has been widely cultivated as a unique agarwood
source for medicine use [5,6]. Currently, wild A. sinensis is mainly distributed in the
provinces of Guangdong, Guangxi, Fujian, and Hainan; it has been listed in the Convention
on International Trade in Endangered Species of Wild Fauna and Flora (CITES) appendix,
which largely results from its overexploitation [7–9]. Since 2007, artificial cultivation of
A. sinensis has been increasingly carried out in the tropical and subtropical areas of China
(i.e., Guangdong, Guangxi, Hainan, Yunnan, and Fujian), while research on germplasm
innovation and new variety selection has been performed [10].

Unveiling floral biology (e.g., flower characteristics, longevity of flower organs, and
degree of self-compatibility) plays an important role in a breeding system [11–13]. The
study of flowering habits is of great importance to hybrid breeding and superior germplasm
breeding, as seen in pears, coconuts, and tea [14–17]. Previous studies have found that
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there are significant differences in floral biology among different Aquilaria spp. Specifically,
there are significant differences in the duration of reproduction stages (i.e., the flower
differentiation stage, the flowering stage, and the fruiting stage), with 44.6 d for A. filaria,
49.4 d for A. crassna, 51.4 d for A. microcarpa, 59.3 d for A.beccariana, 77.7 d for A. hirta, and
82.4 d for A. malaccensis [1]. A. sinensis is a terminal or axillary umbel, and the flowers are
bisexual with four pollen sacs; generally, buds appear in March, flowers bloom in April,
and fruit ripens from June to August [18,19]. The sexual reproduction of A. crassna occurs
annually, and the flowers are hermaphroditic and borne on terminal branches [20].

Self-incompatibility is one of the most common mechanisms used by plants to pre-
vent self-fertilization and promote outcrossing, which can maintain heterozygosity and
heterogeneity [21]. Additionally, the alternation of life cycles largely depends on sexual
reproduction, for which normal flower development is necessary [22]. Previous studies
have found that the pollination of A. crassna and seed dispersal of A. sinensis are carried
out by hornets, noctuids, and pyralids [23–25]. To date, studies on the floral biology of A.
sinensis are still limited. In this study, the floral biology (i.e., flower development, structure
of anthers and pollen, pollen viability, and stigma receptivity) was examined, from the
flower differentiation stage to the fruiting stage.

2. Materials and Methods
2.1. Plant Material

Seed-propagated plants of Aquilaria sinensis (Lour.) Spreng are grown at the Xinglong
Southern Medicine Garden (21 m a.s.l.; 18◦44′ N, 110◦11′ E; mean annual temperature
24.8 ◦C; mean annual rainfall 2400 mm) in Hainan province, China. In 2022, 30 plants were
randomly selected for this study regarding floral biology, including flower development,
structure of anthers and pollen, pollen viability, and stigma receptivity.

2.2. Floral Morphology and Anatomy

The flowers’ morphology was recorded using an camera (E-M5, Olympus, Hong Kong,
China). The structure of the floral anatomy (i.e., stigmas, petals, and calyces) was observed
using a stereomicroscope (SZ61-SET; Olympus).

2.3. Floral Micro-Structures

The flower samples collected from the plants were immediately stored in an FAA
fixative with 90 mL of 50% alcohol, 5 mL of formalin, and 5 mL of glacial acetic acid. The
samples were embedded and sliced into 4 µm slices. The samples were then flattened
at 40 ◦C, retrieved, and baked at 60 ◦C. The dewaxing agent (G1128, Servicebio, Wuhan,
China) was used to dewax, red dye solution (G1031, Servicebio, Wuhan, China) was used to
stain, and gradient ethanol was used to prepare solid green dye solution (G1031,Servicebio,
Wuhan, China). Finally, the samples were cleared with xylene for 5 min, sealed with
a neutral gum sheet, and observed using an optical microscope (Eclipse E100, Nikon,
Guangzhou, China).

2.4. Ultra-Structure of Anthers and Pollen

The flower samples containing anthers and pollen were firstly fixed with EM fixative
solution (G1102-100 M, Servicebio, Wuhan, China) at 22 ◦C for 2 h. The fixed samples
were washed with 0.1 mol/L phosphate buffer (pH 7.4) three times at 22 ◦C for 15 min and
transferred into 1% OsO4 (Ted Pella Inc., Beijing, China) in 0.1 mol/L phosphate buffer (pH
7.4) at 22 ◦C for 2 h. Then, the samples were successively dehydrated with 30%, 50%, 70%,
80%, 90%, and 100% ethanol for 15 min, as well as isoamyl acetate for 15 min. Finally, the
anthers and pollen were observed using a scanning electron microscope (SU8100, Hitachi,
Shanghai, China).
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2.5. Measurement of Pollen Viability

The pollen viability was measured using a TTC (2,3,5-triphenyl-2h-tetrazolium chlo-
ride) method [26]. Firstly, the newly collected pollen was briefly placed on a slide and
immediately brought back to the lab; then, the collected pollen was stained with a 0.5%
TTC solution, placed in an incubator at 35 ◦C for 15 min, and observed using a microscope.

2.6. Measurement of Stigma Receptivity

Stigma receptivity was measured using a biphenidine-hydrogen peroxide method [27].
The stigma was collected in the early flowering stage and briefly placed in a concave slide.
Then, a mixed solution (benzidine: hydrogen peroxide: water = 4:11:22) was added to the
slide, and stigma receptivity was observed using a microscope.

2.7. Validation of Artificial Pollination

In order to validate the possibility of artificial pollination, the stigma was pollinated
by hand ca. 6 h before flowering. Firstly, 48 h after pollination, the petals and calyces were
removed and the pistil was fixed with FAA for 24 h. The fixed samples were then washed
with ddH2O water and immersed in 3 mol/L NaOH at 60 ◦C for 1.5 h. The samples were
then washed with ddH2O water and stained with 0.1% aniline blue dye solution in the dark
for 3 h. Then, the samples were pressed, imbibed with glycerol, and covered with a cover
slip. Finally, the pistil was observed using an Otter optics BK-FL fluorescence microscope.

2.8. Statistical Analysis

All experiments were performed using three biological replicates. SPSS 22.0 software
was used for ANOVA and Tukey′s post test, with p < 0.05 considered statistically significant
between flower development stages.

3. Results
3.1. Floral Morphology at Different Development Stages

As shown in Figure 1, obvious changes in the floral morphology of A. sinensis were
observed at different development stages. Based on the floral morphology, the flower’s
development can be divided into five stages, including: the flower bud differentiation
stage (2–7 d), the flower bud stage (7–13 d), the flowering stage (14 d), the pollination stage
(14–15 d), and the fruiting stage (15–25 d).
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Figure 1. Floral morphology of Aquilaria sinensis at different development stages.

3.2. Floral Morphological Structure

A. sinensis inflorescences are arranged in an umbrella shape and positioned at the
top or axillary of stems, with 4–15 flowers per inflorescence and a flower stalk length of
8.29 ± 1.58 mm (Table 1 and Figure 2a). There are 4–6 split calyces that are ovate, with an
8.42 ± 0.77 mm length (Table 1 and Figure 2b,g). There are 10 petals that are scaly and
inserted at the calyces’ throat (Figure 2c,g). There are 10 stamens with a 4.81 ± 0.45 mm
length and one pistil with a 3.83 ± 0.34 mm length (Table 1 and Figure 2c,g). After
pollination, the anthers gradually wither (Figure 2d,e), the petals begin to close (Figure 2e),
and the stigmas gradually wither (Figure 2f).
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Table 1. Floral organs of A. sinensis.

Floral Organs Size or Number

Flower stalk length (mm) 8.29 ± 1.58
Calyx length (mm) 8.42 ± 0.77
Calyx width (mm) 4.93 ± 0.63
Number of petals 10

Number of calyces 4–6
Number of pistil 1

Number of stamens 10
Stamen length (mm) 4.81 ± 0.45

Pistil length (mm) 3.83 ± 0.34
Note: Values are averages with their standard deviations (n = 3). Data were measured 6 h before flowering.
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3.3. Micro-Structure of Stigmas and Anthers

As shown in Figure 3, significant changes in the structure of stigmas and anthers were
observed during flowering. The stigma was white before flowering, turned yellow when
pollinated after flowering for 1 h, and gradually lost water and withered after flowering for
4 days (Figure 3a–f). The anther stayed open before flowering, generated scattered pollen
after flowering for 1 h, and the amount of pollen gradually decreased and withered after
flowering for 4 days (Figure 3g–l).
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Figure 3. Micro-structure of A. sinensis stigma and anther during flowering. An: anther, St: stigma.
Stigma: (a) before flowering, (b) 1 h after flowering, (c) 6 h after flowering, (d) 12 h after flowering,
(e) 24 h after flowering, and (f) 4 days after flowering. Anther: (g) before flowering, (h) 1 h after
flowering, (i) 6 h after flowering, (j) 12 h after flowering, (k) 24 h after flowering, and (l) 4 days after
flowering.

3.4. Micro-Structure of Stamens and Pistils

In the stamen’s flower bud differentiation stage, the flower bud’s central growth
cone is surrounded by two to three small, round protrusions of the stamen primordium
(Figure 4(a1)). In the pistil’s case, the central growth cone is surrounded by a ring-like
protrusion of the pistil primordium; the ovary develops and expands, and the ovule
primordium appears inside the ovary. The pistil primordium differentiates into flower
primitives, such as petal primordium (Figure 4(b1)).

During the flower’s development, the stamen primordium differentiates to oblong
anthers and short filaments, and the three layers of cells in the stamen primordium further
divide and differentiate into different tissues. The outermost peripetalous cells expand
the surface area of the anther and form its outermost epidermis; the intermediate layer of
cells divides flatly and differentiates to form the most primitive sporogenic cells; and the
primary sporogenic cells divide several times mitotically to form microspore mother cells.
The bottom of the pistil gradually forms a cup-like structure before the ovary becomes
egg-shaped (Figure 4(a2,b2)).

Once the anther has developed, a bidirectional structure of locules, walls, and vascular
zones are formed in the anther (Figure 4(a3)). After meiosis forms a tetrad, the four cells
separate and become free in the pollen sac through lysis of the callus wall, forming a single,
thin-walled pollen grain with a thick cytoplasm and a centrally located nucleus. The cells
of the chorionic felt layer undergo vesiculation and begin to autolyze in situ. The pollen is
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now fully mature, and the pollen sac tapetum cells are completely lyzed (Figure 4(a3–a5)).
The ovules within the ovary form and gradually mature on one stigma (Figure 4(b3,b4)).

At the flowering stage, the ovules inside the ovary develop and mature, and the
anthers begin to release pollen on top of the stigma (Figure 4(a6,b5,b6)).

Horticulturae 2024, 10, 109 6 of 11 
 

 

4(a3–a5)). The ovules within the ovary form and gradually mature on one stigma (Figure 
4(b3,b4)). 

At the flowering stage, the ovules inside the ovary develop and mature, and the 
anthers begin to release pollen on top of the stigma (Figure 4(a6,b5,b6)). 

 
Figure 4. Micro-structure of stamen and pistil of A. sinensis during flowering. Stp: stamen 
primordium, Sta: stamen, Sti: stigma, An: anther, Po: pollen, Pip: pistil primordium, Pi: pistil, Ov: 
ovary. Image a and b represent a stamen and pistil, respectively: (a1,b1) flower bud differentiation 
at 2 days and (a2–a6, b2–b6) flower bud differentiation at 7 days after flowering 2 days. 

Figure 4. Micro-structure of stamen and pistil of A. sinensis during flowering. Stp: stamen pri-
mordium, Sta: stamen, Sti: stigma, An: anther, Po: pollen, Pip: pistil primordium, Pi: pistil, Ov: ovary.
Image a and b represent a stamen and pistil, respectively: (a1,b1) flower bud differentiation at 2 days
and (a2–a6, b2–b6) flower bud differentiation at 7 days after flowering 2 days.
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3.5. Ultra-Structure of Anthers and Pollen

The anthers are oblong with a 1.3 mm length and four pollen sacs (Figure 5a). The
pollen grain is round with a 22 µm diameter (Figure 5b); the outer surface has a reticulate
pattern, with cone-like protrusions, an acuminate apex, and a round and obtuse base
(Figure 5c).
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3.6. Pollen Viability during Flowering

The pollen viability was 45.30% at 0 h, significantly increased and maximized to 88.67%
at 6 h, and then significantly decreased from 59.00% at 12 h to 0.00% at 20 h (Figure 6). This
indicates that the maximum viability of pollen is at ca. 6 h, and the pollen loses viability
after flowering for 20 h. Since the fruit set largely depends on pollen viability [28], the
maintenance of pollen viability plays an important role in the pollination reproduction of
A. sinensis.
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3.7. Stigma Receptivity during Flowering

Weak stigma receptivity was measured by the presence of small bubbles and a light-
blue stain before 24 h of flowering (Figure 7a); strong stigma receptivity was measured by
the presence of many bubbles and a blue stain before 12 h of flowering (Figure 7b); the best
stigma receptivity was measured by the presence of the most bubbles and a dark-blue stain
before 6 h of flowering (Figure 7c). Stigma receptivity became weak, with fewer bubbles
present, after 6 h of flowering (Figure 7d).



Horticulturae 2024, 10, 109 8 of 11Horticulturae 2024, 10, 109 8 of 11 
 

 

 
Figure 7. Stigma receptivity of A. sinensis after flowering: (a) 24 h before flowering, (b) 12 h before 
flowering, (c) 6 h before flowering, and (d) 6 h after flowering. 

3.8. Comparison of Artificial Pollination with Natural Pollination 
As shown in Figure 8, the fluorescent micro-structure of pistils 48 h after natural and 

artificial pollination were both clearly observed. This proves that artificial pollination can 
be successfully applied in the reproduction of A. sinensis. 

 
Figure 8. Micro-structure of  natural and  artificial pollination of A. sinensis after 48 h. (a) natural 
pollination, (b) artificial pollination. 

4. Discussion 
4.1. Optimal Pollination Stage for A. sinensis 

Many species of flowering plants use crossing to produce hybrid offspring in nature, 
which is borrowed in artificial pollination processes to generate novel cultivars with 
advantageous desired agronomic traits or tolerance to abiotic and biotic stress. [29] The 
duration of pollen viability and stigma receptivity is closely related to species [30]. The 
pollen of passion-fruit display some viability 5 h before flowering; then, pollen viability 
increases continuously, reaching a peak 3 h after flowering, and then drops to only 10.63% 
at 9 h and to 0% at 20 h [31]. The pollen viability of Cymbidium hybridum lasts for 35 days 
[32]. In our study, the A. sinensis pollen had lost its viability 20 h after flowering; in other 
words, the pollen lifespan was relatively short. The scanning electron microscopy image 
showed no significant change in pollen appearance during the test period of this study, 
indicating that pollen viability could not be judged by observing its appearance alone.  

The stigma is the best site for examining the hydration and germination of pollen, 
which have an important influence on fruit setting and are also important factors 
restricting fruit setting. There are also large time differences in stigma receptivity loss: 
with Artemisia wudanica T. N., Liou & W. Wang retained its stigma receptivity for 6 days 

Figure 7. Stigma receptivity of A. sinensis after flowering. (a) 24 h before flowering, (b) 12 h before
flowering, (c) 6 h before flowering, and (d) 6 h after flowering.

3.8. Comparison of Artificial Pollination with Natural Pollination

As shown in Figure 8, the fluorescent micro-structure of pistils 48 h after natural and
artificial pollination were both clearly observed. This proves that artificial pollination can
be successfully applied in the reproduction of A. sinensis.

Horticulturae 2024, 10, 109 8 of 11 
 

 

 
Figure 7. Stigma receptivity of A. sinensis after flowering: (a) 24 h before flowering, (b) 12 h before 
flowering, (c) 6 h before flowering, and (d) 6 h after flowering. 

3.8. Comparison of Artificial Pollination with Natural Pollination 
As shown in Figure 8, the fluorescent micro-structure of pistils 48 h after natural and 

artificial pollination were both clearly observed. This proves that artificial pollination can 
be successfully applied in the reproduction of A. sinensis. 

 
Figure 8. Micro-structure of  natural and  artificial pollination of A. sinensis after 48 h. (a) natural 
pollination, (b) artificial pollination. 

4. Discussion 
4.1. Optimal Pollination Stage for A. sinensis 

Many species of flowering plants use crossing to produce hybrid offspring in nature, 
which is borrowed in artificial pollination processes to generate novel cultivars with 
advantageous desired agronomic traits or tolerance to abiotic and biotic stress. [29] The 
duration of pollen viability and stigma receptivity is closely related to species [30]. The 
pollen of passion-fruit display some viability 5 h before flowering; then, pollen viability 
increases continuously, reaching a peak 3 h after flowering, and then drops to only 10.63% 
at 9 h and to 0% at 20 h [31]. The pollen viability of Cymbidium hybridum lasts for 35 days 
[32]. In our study, the A. sinensis pollen had lost its viability 20 h after flowering; in other 
words, the pollen lifespan was relatively short. The scanning electron microscopy image 
showed no significant change in pollen appearance during the test period of this study, 
indicating that pollen viability could not be judged by observing its appearance alone.  

The stigma is the best site for examining the hydration and germination of pollen, 
which have an important influence on fruit setting and are also important factors 
restricting fruit setting. There are also large time differences in stigma receptivity loss: 
with Artemisia wudanica T. N., Liou & W. Wang retained its stigma receptivity for 6 days 

Figure 8. Micro-structure of natural and artificial pollination of A. sinensis after 48 h. (a) natural
pollination, (b) artificial pollination.

4. Discussion
4.1. Optimal Pollination Stage for A. sinensis

Many species of flowering plants use crossing to produce hybrid offspring in nature,
which is borrowed in artificial pollination processes to generate novel cultivars with advan-
tageous desired agronomic traits or tolerance to abiotic and biotic stress. [29] The duration
of pollen viability and stigma receptivity is closely related to species [30]. The pollen of
passion-fruit display some viability 5 h before flowering; then, pollen viability increases
continuously, reaching a peak 3 h after flowering, and then drops to only 10.63% at 9 h and
to 0% at 20 h [31]. The pollen viability of Cymbidium hybridum lasts for 35 days [32]. In our
study, the A. sinensis pollen had lost its viability 20 h after flowering; in other words, the
pollen lifespan was relatively short. The scanning electron microscopy image showed no
significant change in pollen appearance during the test period of this study, indicating that
pollen viability could not be judged by observing its appearance alone.

The stigma is the best site for examining the hydration and germination of pollen,
which have an important influence on fruit setting and are also important factors restricting
fruit setting. There are also large time differences in stigma receptivity loss: with Artemisia
wudanica T. N., Liou & W. Wang retained its stigma receptivity for 6 days after flowering [33];
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C. hybridum retained its stigma receptivity for 45 days after flowering [32]; and Lilium davidii
var. unicolour Cohan lost stigma receptivity the day of flowering [34]. The stigmas of A.
sinensis were already receptive before flowering. Before and after flowering, a weak–strong–
weak receptivity pattern was observed. The fruit setting rate was strongly correlated with
pollen viability, indicating that both pollen viability and stigma receptivity had a significant
effect on the fruiting rate of A. sinensis. In addition to the influence of pollen and stigmas,
other factors can have important effects on the fruit setting rate, such as temperature and
humidity.

Studying the pollen viability and stigma receptivity can improve the fruit setting rate,
which also has an important impact on pollination efficiency and is of great significance
in artificial selection and hybrid breeding. The study of plant flower structures and re-
productive systems is essential for understanding plant life history and for developing a
fundamental basis for research [35]. For seed plants, the necessary stage of fertilization
is pollination, and plant characteristics such as corolla size, pistil length, and anther size
affect the reproductive success of the plant [36].

4.2. Pollination Characteristics of A. sinensis

The structure and function of breeding systems and life history characteristics are the
two main directions of research on plant evolution and ecology. Plant breeding systems
affect the sexual characteristics of offspring through the flower pattern and opening mode
and the sequence and duration of pistil opening. Adaptation to different mating systems,
degree of self-compatibility, and mating systems are the core parts of a plant’s breeding
system. Diverse floral expressions and breeding systems often occur in the same taxa
(species, genera, families, and orders) or in different geographical regions for the same
taxa [37–40].

The breeding organs of plants adapt to pollinators through flower design and flower
display and promote successful mating between plants. Wind, water, and insects are the
main media for outcross pollination. Previous studies have revealed that most members of
the family Thymelaeaceae are entomophilous [41]. Aquilaria sinensis is a cross-pollinating
plant that requires pollinators. Previous studies have found that noctuids and pyralids are
pollinators of pollinator-dependent A. sinensis [25]. We found many thrips in the flower
of A. sinensis. At the same time, thrips were reported as pollinators in other species of
Aquilaria [42].

4.3. Artificial Pollination and Compatibility of A. sinensis

Self-incompatibility, or the inability of a fertile seed plant to produce a zygote after
self-pollination, serves as a widely occurring outcrossing mechanism to prevent inbreeding
in angiosperms. To adapt to cross-pollination, plants have evolved many mechanisms to
avoid selfing [43,44]. Higher levels of selfing and outcrossing between related individuals
will reduce the effective size of the population, thus increasing inbreeding and reducing the
relative fitness of inbred offspring, which is called inbreeding depression [45]. Inbreeding
depression has obvious effects on fruiting, seed weight, germination time, and germination
rate, among other factors. For example, selfing can lead to a decrease in the quantity and
quality of seed setting [46]. It is known that A. filaria, A. malaccensis, and A. microcarpa have
self-incompatibility [1]. According to our study, artificial pollination of a stamen 6 h after
flowering and of a pistil 6 h before flowering can improve the fruit setting rate. However,
we found no fruit for self-pollinated A. sinensis, so we speculate that A. sinensis also has
self-incompatibility characteristics.

5. Conclusions

From the above investigations, the floral biology of Aquilaria sinensis exhibits unique
characteristics, such as its flower development, which can be divided into five stages; floral
organs including calyces, petals, stamens, and pistil; and the presentation of pollen viability
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and stigma receptivity in a timely manner. Artificial pollination is successful in this field.
These findings will provide useful information for producing and breeding A. sinensis.
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