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Abstract 

The floral ontogeny of Dipteronia sinensis and Acer rufinerve has been investigated to 

understand the developmental basis for the origin of octandrous androecium and the 

symmetry of the flower.  In both species, the eight stamens arise sequentially before petal 

initiation is completed.  In D. sinensis two stamen positions opposite the petal between the 

sepals 1 and 3 and the petal between sepals 2 and 4 are empty; consequently adjacent stamens 

have become displaced.  In A. rufinerve, empty positions are found opposite sepal 2 and the 

petal between sepals 1 and 3, four antesepalous stamens arise on a common primordium with 

petals.  The derivation of octandry from a diplostemonous ancestry, and reduction of the 

petal are discussed.  The elliptical bicarpellary ovary has a strong impact in organizing the 

symmetry of the flowers in both genera.  Sex distribution among functionally unisexual 

flowers of D.sinensis is clarified.  One female flower is found in each uniparous cyme unit 

of the thyrses on terminal position, the rest of flowers are male.  
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Introduction 

The traditionally circumscribed family Aceraceae Juss. contains two genera, Acer L., the 

largest genus of broad-leaved deciduous trees and shrubs of the Northern Hemisphere with 

more than 120 species and Dipteronia Oliver, an ancient relict woody genus endemic to 

subtropical China with only two species. Different hypotheses explaining phylogenetic 

relationship between these two genera and between Aceraceae and its two closely allied 

families, Sapindaceae and Hippocastanaceae, have been proposed in the past based on 

different morphological and biochemical evidences.  However, the understanding of their 

relationship has been improved by recent molecular phylogenetic findings.  These studies 

confirmed the mutual monophyly of Acer and Dipteronia (Feng et al., 2019) and have placed 

Aceraceae in a broadly circumscribed Sapindaceae with Hippocastanaceae as its sister group 

(Gadek et al., 1996; Savolainen et al., 2000; APG II, 2003; APG III, 2009; APG IV, 2016; 

Harrington et al., 2005; Buerki et al., 2009).  

The new broadly circumscribed Sapindaceae s.l. is morphologically heterogeneous with 

flowers ranging from polysymmetric to oblique monosymmetric.  A frequent combination of 

characters including functionally unisexual flowers, petal appendages, trimerous-dimerous 

superior ovary surrounded by an extrastaminal disc is found in Sapindaceae flowers (Ronse 

De Craene, 2010).  Within the Sapindaceae, flowers of Acer are generally disymmetric with 

eight to ten stamens and represent several unique evolutionary trends, including changes in 

merism, a trend towards dioecy and wind pollination, etc.  To understand the origin of the 

diversity in floral structures in the family and related questions, especially whether 

monosymmetry or polysymmetry is derived, requires floral developmental data.  In this 

study, the floral ontogeny of species A. rufinerve Sieb. & Zucc. and D. sinensis have been 

investigated with the light and scanning electron microscope to understand the developmental 

basis for their floral Bauplan.  This study provides additional morphological data to 

contribute to the understanding of the plesiomorphic and derived conditions among the two 

genera in relation to other Sapindaceae.. 
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Floral development data are increasingly used as a source of characters to infer on 

homologies of floral organs and to understand floral evolution.  It is understood that 

different genetic pathways may be associated with highly similar phenotypes, and 

morphologies may differ considerably despite having similar genetic bases (Endress, 2005; 

Jaramillo and Kramer, 2007; Li and Johnston, 2000; Specht et al., 2012).  This is not 

surprising as flower morphology is resulted from the interaction of an established genetic 

program, the influence of external forces induced by pollination system, and physical forces 

acting before, during and after initiation (see Ronse De Craene, 2018).  Therefore, it is clear 

that comparative developmental studies have an advantage in clarifying the existence of a 

greater complexity than expected by comparing mature morphologies (Ronse De Craene, 

2018).   

Flowers of Acer are morphologically understudied and there are no known recent 

developmental studies of flower.  Flowers of Dipteronia have never been investigated to my 

knowledge.  In Sapindaceae, floral developmental studies are limited to only a few species.  

In this study, representatives of the two genus Acer and Dipteronia are investigated for their 

floral development.  This will provide additional morphological data for further elucidating 

the relationships of Sapindaceae with former Aceraceae and Hippocastanaceae. 

 

Chapter 1.1 Genus Description and Pre-molecular Taxonomic 

Background 

1.1.1 Genus Acer L. 

The genus Acer L. was created by Tournefort in 1700 and the name was officially assigned to 

the genus by Linnaeus in Species Plantarum in 1753 (De Jong, 1994). Currently, 230 taxa 

including 124 species, 95 subspecies, eight varieties and one forma were described for the 

genus according to the taxonomic synopsis compiled by D. M. van Gelderen (1994).  

Species of Acer are found through out the northern hemisphere mainly in the temperate 
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climate of North America and Eurasia but enter the tropics in southeast Asia (Oterdoom, 

1994) 

Morphologically, the genus exhibits a great variation, as expected.  The following 

morphological features were summarised for the genus by Oterdoom and De Jong (1994).  

All Acer species are woody plants ranging from small shrubs to trees of the largest 

dimensions.  Flowers of most Acer species have five sepals, five petals, eight stamens, and a 

bicarpellate ovary that develops into a distinctive knife-shape-winged schizocarp with one 

seed in each mericarp.  Four-merous flowers with four stamens are found in a few species.  

Slight deviations from these typical numbers frequently occur, especially in the number of 

stamens.  Five, ten, or twelve stamens are not common.  Most species flower in the spring, 

during April and May.  They are frequently introduced into cultivation for their many 

beautiful characteristics. 

Regarding the taxonomic treatments, as a result of the long history of studies, the 

circumscription of sections of Acer are not consistent from one treatment to the other despite 

being constantly revised, re-examined and modified by many researchers (Delendick, 

1981,1990; Gelderen et al., 1994; De Jong, 1976; Momotani, 1962 a, b; Murray, 1970a; Mai, 

1983, 1984; Ogata, 1967; Pax, 1885, 1886, 1902; Pojarkova, 1993; Santamore, 1982; Tanai, 

1978a,b; Wolfe and Tanai, 1987; Xu, 1996, 1998).  The study history was reviewed and 

summarised by Huang et al. (2002) with a focus on sectional circumscription.  As 

summarised by Huang et al. (2002), Pax(1885, 1886, 1902)’s work framed the structure of 

the systematic study of Acer and among various later systematic study, the phylogenetic 

system proposed by Delendick (1981, 1990) based on a combination of morphological and 

biochemical data was recommended by the author as an adequate basis for future study.  The 

use of molecular gene markers in the phylogenetic investigation of the genus Acer started in 

the late 1990s.   

 

 

1.1.2 Genus Dipteronia Oliv. 

Genus Dipteronia comprises two tree species both endemic to China.  They are trees with 
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opposite imparipinnate leaves, serrate in margin.  Their flowers have five ovate or elliptic 

sepals, five reniform petals, an extrastaminal nectary disk, eight stamens and a 2-loculed 

ovary. 

In early literatures (according to Oliver 1889, Henry 1903, Pax 1897) their flowers were 

described as polygamous, a condition in which a plant bears both perfect and unisexual 

flowers, and are disposed in terminal panicles.  In more recent literature, this was corrected 

to bisexual flowers that are functionally unisexual and are disposed in terminal or axillary 

inflorescence that has paniculate branching ending in cincinni (Xu et al., 2008).   

Species Dipteronia sinensis Oliv. was first published and described by Oliver in Hooker’s 

Icones Plantarum in 1889 along with a detailed illustration.  The description was based on 

specimens collected by Dr. Henry during an excursion in Central China.  In his publication, 

Oliver placed this new genus in the family Sapindaceae tribe Acerineae together with other 

Acer species (Oliver 1889).  Ever since its discovery, the genus Dipteronia has always been 

considered as closely allied to the genus Acer based on their similar morphology.  Pax 

(1887), the monographer at the time made a similar taxonomic assignment for this new genus 

by placing it together with Acer in the family Aceraceae.  In his monograph, the two genera 

are distinguished from each other mainly by the shape of the fruit’s wing structure: the wing 

is elongated only on one side in Acer while it is encircling in Dipteronia.   

Dr. Henry discovered the second species, while looking through a bundle of specimens 

collected by Mr. E. H. Wilson.  Dr. Henry named this new species Dipteronia dyerana after 

the name of the Director of Kew as a gesture of gratitude.  The new species is different from 

D. sinensis by its pubescent leaves and inflorescence, and its very large fruit (Henry, 1903).    

The generic status of Dipteronia was generally accepted.  Though the maintenance of 

Dipteronia as a genus distinct from Acer was queried by Hall (1961) as his investigations into 

floral anatomy revealed that Dipteronia is very similar to Acer.  However, the results from a 

seed oil study conducted by Hopkins et al. (1968) indicated that D. sinensis is logically 

placed in the Aceraceae though in a different genus.  

In the later taxonomic and phylogenetic investigations, evidences of various natures have laid 

the foundation for the hypothesis that Dipteronia is closer to the presumed common 

sapindaceous ancestor than it is to Acer.  In Delendick’s (1981) study of the genus Acer and 
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Dipteronia based on a thorough study of former classification schemes and the results of his 

research on Acer and Dipteronia biochemistry, this hypothesis was supported by Dipteronia’s 

primitive foliar morphology and pollen type.  The same hypothesis was also supported by 

Arends and Van der Laan (1979)’s chromosome report as Dipteronia’s chromosome count 

(n=10) is likely more in keeping with Aesculus (n=10) of the Hippocastanaceae and with the 

Sapindaceae (n=10-14) than with that of Acer (n=13).  But Delendick (1981) also concluded 

that morphologically and chemically Dipteronia is on a level parallel with the less primitive 

species of Acer.  After considering different results from previous study and from his own 

study, Delendick remarked that further investigations may necessitate the re-evalution of the 

proper assignment of the genus Dipteronia. 

1.1.3 Aceraceae in relation to other families 

Traditionally the genus Acer L. and Dipteronia Oliv. were placed in the family Aceraceae 

Juss..  The name Aceraceae, was first used by Lindley (1836) for an order, but because 

Jussieu (1789) proposed the name Acera for the family, he is considered the founder of the 

family in keeping with article 18 of the International Code of Botanical Nomenclature (ICBN) 

(De Jong, 1994). 

In the past, different hypotheses regarding the relationship of Aceraceae to other families 

were proposed, and have been well summarised and criticized by Delendick (1981) in his 

thesis:  Traditionally, the Aceraceae have been considered part of Sapindaceae Juss. 

(Bantham and Hooker, 1867), or at least as closely allied to the Sapindaceae and 

Hippocastanaceae A. Rich. (Cronquist, 1968; Takhtajan,1969).  Soo (1967) regarded it as 

related to the Anacardiaceae R. Br..  At one time the Aceraceae were even considered close 

to the Staphyleaceae Martinov. (Foster, 1933) on the basis of chromosome number.  The 

Asiatic genus Dobinea Buch.-Ham. has on occasion been included in the Aceraceae by some 

British and Indian botanists.   

The results of flavonoid profiles and spot pattern from Delendick (1981)’s survey strongly 

favours the dissociation of Aceraceae from an intermediate relationship with Staphyleaceae, 

Anarcardiaceae and Dobinea. 

Muller and Leenhouts (1976), in assessing previous studies of the Sapindaceae, agree with 



P a g e  | 6 

 

earlier workers that “macromorphologically there is no clear demarcation between the 

Sapindaceae on the one hand and [the Aceraceae and Hippocastanaceae] on the other”.  In 

their phylogeny they placed the Hippocastanaceae in the Sapindaceae tribus Harpullieae and 

considered the Aceraceae as probably near this tribe in the subfamily Dodonaeoideae, an 

assemblage of relics according to Muller and Leenhouts (1976).  Hardin (1957) on the other 

hand favours the view of derivation for the “Hippocastanacea, Bretschneideaceae, 

Anacardiaceae and Aceraceae… independently and on different lines from the Sapindaceae.”  

De Jong (1976) believed the relic genera Dipteronia (Aceraceae) should be included in the 

family Sapindaceae as it is superficially similar to the genus Delavaya Franchet 

(Sapindaceae).  After reviewing different opinions and based on his own results, Delendick 

(1981) concluded that the Aceraceae and Sapindaceae indeed share a great many features but 

the two can be morphologically distinguished (characters used to separate the two families 

are listed in his Table 4-3), and within Aceraceae, the genus Dipteronia is closer to the 

Sapindaceae (leaf morphology; colporate pollen, a condition predominates Sapindaceae; 

chromosome number) and may even be considered to possess as many sapindoid as aceroid 

features.  

 

The discrepancy between different phylogeny and classification systems built on 

morphological and biochemical evidences in the past have raised several taxonomic problems 

that mainly concern the assignment of the genus Dipteronia and the relationship between the 

Aceraceae and its two closely allied families, Hippocastanaceae and Sapindaceae.  These 

questions are further addressed by several researchers with aid of molecular sequence data. 

 

Chapter 1.2 Molecular phylogeny  

1.2.1 Molecular phylogeny of the Sapindaceae-Aceraceae-Hippocastanaceae complex 

During the past two decades, the understanding of phylogenetic relationships within 

Angiosperms has improved dramatically, this has been accomplished largely on the basis of 

phylogenetic analysis based on nuclear, plastid, and mitochondrial DNA sequences (Judd et 
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al., 2004).  With newly available molecular data, significant modifications were made in the 

systematics of the Sapindaceae-Aceraceae-Hippocastanceae complex.  Several recent 

studies based on molecular sequence data (Gadek et al., 1996; Savolainen et al., 2000; APG II, 

2003; APG III, 2009; APG IV, 2016; Harrington et al., 2005; Buerki et al., 2009) have led to 

the adoption of a broader concept in an effort to ensure monophyly, uniting these entities into 

a single family, Sapindaceae s.l. comprising c. 1900 species and 142 genera distributed 

among four subfamilies: Dodonaeoideae Burnett, Hippocastanoideae Burnett, Sapindoideae 

Burnett and Xanthoceroideae Thorne & Reveal (Buerki et al., 2010).  However, the 

appropriateness of maintaining the broadly circumscribed but morphologically heterogeneous 

Sapindaceae was later re-examined by Buerki et al. (2010) by incorporating a significantly 

expanded dataset (243 samples representing 104 of the 142 currently recognized genera of 

Sapindaceae s.l.) in their phylogenetic analyses for both nuclear and plastid markers.  Their 

analyses have further confirmed that (i) Sapindaceae s.l. constitute a monophyletic entity that 

is supported by molecular synapomorphies; (ii) the three traditionally recognised families 

Aceraceae, Hippocastanaceae and Sapindaceae are each monophyletic and moderately to 

strongly supported, provided that Xanthoceras Bunge is excluded from Sapindaceae; and (iii) 

Xanthoceras sorbifolium Bunge is sister to the clade comprising these three families (see 

fig.1A in Buerki et al., 2010).  They subsequently proposed an alternative classification 

approach that resurrects the temperate families Aceraceae and Hippocastanaceae, restricts 

Sapindaceae s. str. slightly by excluding Xanthoceras.  This approach is plausible because it 

is consistent with the primary principle of classification as defined by Backlund & Bremer 

(1998), which requires monophyly of taxonomic entities, and is clearly preferable when two 

other principles proposed by these authors are taken into consideration, maximizing ease of 

identification and maintaining nomenclatural stability. In order to render Sapindaceae s. str. 

Monophyletic, they proposed to place Xanthoceras in a new monotypic family, 

Xanthoceraceae.  
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1.2.2 Molecular phylogeny within the Aceraceae 

Earliest independent researches on the phylogeny of Acer based on molecular data were done 

using either markers of intertranscribed spacer (ITS) of nuclear ribosome DNA (nDNA) 

(Ackerly and Donoghue, 1998; Suh et al., 2000) , restriction fragment-length polymorphism 

(RFLP) of chloroplast DNA (cpDNA) (Hasebe et al., 1998), or trnL intron and trnL-F 

intergenic spacer (IGS) (Pfosser et al., 2002).  As commented by Huang et al. (2002), 

doubtless these studies shed light on resolving the relationships among sections, but with the 

resolution among sections still poorly supported as all these studies suffer the problem of 

sampling regarding the representation of the genus.  

A better sampling effort was made by Renner et al. (2008) in their molecular phylogenetic 

analysis.  They sequenced 74 species and subspecies of Acer and Dipteronia and used 

combined data from up to seven chloroplast loci and relaxed-clock rooting, as well as 

outgroup and midpoint rooting, to investigate the identity of the root of Acer/Dipteronia and 

other related issues (see Renner et al., 2008).  In their results based on some 6500 base pairs 

of chloroplast sequence data, a species sample that spanned the root of each genus, and three 

different rooting technics, Dipteronia and Acer are mutually monophyletic, although this has 

weak statistical support.  The root was occasionally placed between D. dyeriana and all 

other species when using a slightly smaller dataset (53-taxon-6847-bp), but as they explained, 

this separation of D. dyeriana from the remaining species might be explained by its higher 

substitution rate.  Their phylogeny also showed that although the backbones of the Acer 

trees were essentially unresolved, there was considerable support for tip clades. 

To summarise, the sister group relationship between Acer and Dipteronia is generally 

supported by molecular phylogenetic findings.  D. sinensis is sometimes found nested inside 

Acer (Cho et al., 1996; Suh et al., 2000; Pfosser et al., 2002; Tian et al., 2002; Grimm et al., 

2006; Buerki et al., 2010) which contradict the fossil records that suggest the two had 

diverged very early (Wolfe and Tanai, 1987; Crane et al. 1990; Manchester, 1999; McClain 

and Manchester, 2001; Kittle et al., 2005).  This possible paraphyly of the genus Acer was 

rejected by recent phylogenomic study based on both chloroplast genome and nuclear 

datasets that recover Dipteronia and Acer as mutually monophyletic groups (Feng et al., 
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2019). 

 

Chapter 1.3 Floral Morphology and Previous developmental 

study of the family Sapindaceae s.l. 

In Sapindaceae s.l. a frequent combination of characters was observed. These include 

functionally unisexual flowers, oblique monosymmetry, petal appendages, eight stamens with 

papillose filaments, trimerous-dimerous superior ovary surrounded by an extrastaminal disc, 

(Ronse de Craene, 2010). Monosymmetry is a common feature in the angiosperms and the 

developmental process that leads to this condition can be highly variable even in closely 

related taxa (Ronse De Craene, 2000).  In Sapindaceae a monosymmetric arrangement was 

suggested to be linked with the loss of organs, such as petals, stamens and carpels (Ronse De 

Craene, 2000).  But the symmetry of the Sapindaceae flowers is not restricted only to 

monosymmetry, polysymmetric flowers do occur in the family.  Another interesting 

common feature is the octandry condition.  Ronse De Craene and Smets (1995) assumed 

that this condition has been derived from an ancestral diplostemonous form based on the 

evidence of the existence of a few genera with completely diplostemonous androecia in the 

family (e.g. Blighia, Diploglottis, Eriocoelum, Laccodiscus, Lecaniodiscus: Radlkofer 

(1987)).  To understand the origin for octandry and whether monosymmetry or polysmmetry 

is derived requires observation of exact position of missing organs and their sequence of 

initiation and necessitates the study of more representatives of Sapindaceae.  In Sapindaceae, 

recent floral developmental studies are limited to only a few species (Litchi chinensis 

Sonnerat (Xu, 1990), Dimocarpus longan Loureiro (Xu, 1991), Koelreuteria paniculata 

Laxmann (Ronse De Craene et al., 2000), Handeliodendron bodinieri (H.Léveillé) Rehder 

(Cao et al.,2006), Delavaya toxocarpa Franchet (Cao & Xia, 2009), Eurycorymbus cavaleriei 

(H.Léveillé) Rehder & Handel-Mazzetti (Cao et al., 2017), Koelreuteria bipinnata Franch. 

and its variety K. bipinnata Franch. var. integrifoliola (Merr.) T.C. Chen (Cao et al. 2018)).  

The genera Acer and Dipteronia are both morphologically understudied.  
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In previous morphology study of Acer flowers, following features were reported.  “Flowers 

appear polysymmetric or secondarily dissymmetric by the equal development of small petals 

and eight to ten stamens surrounding a bicarpellary ovary.” (Ronse De Craene, 2010, 

p.228-230).  It was suggested that the Acer is possibly derived from a predecessor with 

monosymmetric flowers and three carpels, as they are nested in a clade with monosymmetric 

flowers (Judd, Sanders and Donoghue, 2004).  Recent molecular phylogeny has further 

clarified the systematic position of Acer within the Sapindaceae s.l.., hence provides a more 

robust phylogeny framework for further elucidation.  Acer and its sister genus Dipteronia 

together with Hippocastanaceae now constitute a clade as a basal branch of Sapindaceae 

(Buerki et al., 2010).  Therefore, a comparative floral developmental study of Acer and 

Dipteronia is crucial for addressing questions related to the origin and evolution of flowers of 

Sapindaceae, for assessing homology and for testing phylogenetic hypotheses. 

In this study, the floral ontogeny of species A. rufinerve Sieb. & Zucc. and D. sinensis have 

been investigated with the light and scanning electron microscope to understand the 

developmental basis for their floral Bauplan.  This study provides additional morphological 

data to contribute to the understanding of the plesiomorphic and derived conditions among 

the two genera in relation to other Sapindaceae. 

 

Chapter 2 Material and Methods 

Species Dipteronia sinensis and Acer rufinerve were selected for study based their being 

broadly representative species locally available for observation.  Study specimens included 

fresh floral buds of Dipteronia sinensis (RBGE19241017) and Acer rufinerve (20030957. 

EJE 237.) from Royal Botanic Garden Edinburgh, collected at several intervals in different 

stages of development.  Preserved specimens collected by Dr. Ronse De Craene were also 

used.   

Fresh materials were fixed in an FAA solution (90 % ethanol at 70 %, 5 % acetic acid, 5 % 
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formaldehyde at 40 %) and then transferred and stored in 70 % ethanol.  For morphological 

observations, fully or nearly fully opened mature flowers were dissected under a light 

microscope (Zeiss Stemi SV6), dehydrated in an ethanol–acetone series, critical point dried 

using CO2 in a K850 critical-point dryer (Quorum Technologies), coated with platinum in an 

Emitech K575X Sputter Coater, and examined with an LEO Supra 55VP scanning electron 

microscope.   

For anatomical investigation, materials were dehydrated through an ethanol infiltration 

medium series, embedded in Technovit resin and sectioned with a Leica RM2235 rotary 

microtome at 5–10 μm thickness. Sections produced from the microtome were put on slides, 

stained with toluidine blue, observed under a light microscope (Zeiss Axioskop) and 

photographed with an AxioCam MRc5 (Zeiss).  

Chapter 3 Results 

Floral organogenesis of Dipteronia sinensis 

Morphology of the flowers 

Dipteronia sinensis is a monoecious tree.  The inflorescences are terminal or subterminal 

axillary thyrses arranged decussately near the top of the branches (Fig. 1a); thyrses are made 

up of high number of uniparous cyme (monochasial or cincinni) consisting of five to seven 

flowers each (Figs. 1b, 1c).  The cincinnus is subtended by a bract that covers and protects 

young floral primordia during early developmental stages and is rapidly caducous at 

pre-anthesis stage when glabrous pedicels have elongated to a substantial length (Fig. 1d).  

Younger flowers often remained undeveloped at maturity (Fig. 1b).  Flowers are 

functionally unisexual.  Female flower is always positioned in terminal position of each 

cincinnus and rest of flowers are functionally male (Figs. 1e, 1f).  The top female flower 

opens before male flowers of the same cincinnus in the late June.  By the time the male 

flower unfolds itself (within a week following the anthesis of female flowers), carpels of 

female flower start to swell and inside seeds are developed (Fig. 1f).  The mature flower has 

five persistent green ovate sepals that turn brown at fruiting stage and five delicate white 
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obovate petals that are sparsely pubescent on the abaxial side with ciliate margin alternating 

sepals (Figs. 2a, 2b, 2f).  Inside the perianth is a well-developed fleshy extrastaminal nectary 

disc (Figs. 2c, 3e).  The androecium consists of eight stamens; filaments are glabrous, and in 

male flowers their length exceeds the perianth thus lifting anthers above the flower, 

oppositely in female flowers their length remains modest with anthers situated at roughly the 

same level of perianth; anthers are covered by hair, dorsifixed, tetrasporangiate and dithecal 

with longitudinal dehiscence.  The ovary is superior, bicarpellary and densely covered by 

soft hair; placentation is axile with two ovules per locule; female flowers differ from male 

one by having well-developed long style with two stigmata at the top reaching above the 

anthers.  Fruits consist of two divergent carpels which are connate at the base and furnished 

with a membranous wing all around the seed.  Within weeks’ time, these pigmented wings 

grow in size and become conspicuous.  Fruits are only formed in terminal position of each 

cincinnus where female flowers were disposed, male flowers are vanished at this stage and 

leave scars on the peduncle below the winged fruit (Fig. 2f). 

 

Ontogenesis of the inflorescence 

The partial cymes arise acropetally and sequentially on an extending inflorescence meristem 

(Figs. 4a-c).  The development starts with a large bract followed by the initiation of a 

narrow elliptical primordium in the axil of the bract (Fig. 4b).  Gradually, the elliptical 

primordium grows into a globular shape and soon after bract is covered by unicellular 

trichome and covers the primordium (Fig. 4c).  Two lateral bracteole primordia arise 

sequentially in transverse position on the subunit each enclosing a flower primordium (Fig. 

4d).  Next younger flowers arise in zigzag pattern in the axil of one of the bracteoles and up 

to 5-7 younger flowers are formed (Figs. 5d-f, 1b).  The youngest flowers remain in a 

primordial stage while the older ones are well-developed and covered by sepals (Fig. 1b).  

As a result, each subunit develops into a uniparous cyme or a cincinnus and is therefore a 

paraclade or partial inflorescence in the terminology of Weberling (1989).  Occasionally, 

younger flower fails to develop and leave an empty space in the axil of the bracteole (Fig. 

5b). 
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Organogenesis of the sepals 

Five sepals are initiated in a spiral (2/5) sequence in clockwise (Figs. 5c, 5e & f, 8b-c) or 

anticlockwise (Figs. 5b, 5d, 6a, 7a-c, 7e & f, 8a, 8d) direction on the terminal position while 

the lateral younger flowers have only initiated first sepals or have not formed any organs yet 

(Fig. 5a).  The first sepal emerges on the side which is the farthest away from the next 

younger flower, in a more or less abaxial position (Figs. 5a-c).  The second sepal arises 

more or less adaxial position which is farthest away from the sepal one (Figs. 5a-e).  The 

spiral sequence of initiation is clearly marked in the size of the sepals; thus, the outer sepals 

already cover the flower bud while the fifth sepal is still a small lobe (Fig. 5b-e).  The sepals 

grow rapidly, and they soon enclose the inner parts (Figs. 7a-f) and an imbricate quincuncial 

aestivation is seen in the older flowers (Fig. 1b).  In the process of sepal development, the 

protuberant floral apex (Fig. 5a) becomes somewhat flat (Fig. 5f). Cao et al. (2017) explained 

this phenomenon as a result of the activity and the expansion of the peripheral meristematic 

tissue.  At maturity, sepals have a slightly fimbriate margin (Fig. 1b). 

 

Organogenesis of the petals 

Following the initiation of the sepals, the floral apex gradually becomes somewhat flattened 

and five-angled (Figs. 5a-f).  Five petal primordia arise rapidly in the corners of the floral 

apex alternating with the sepals (Fig. 5f).  The first petal is initiated between sepal 1 and 3 

when the fifth sepal is still small and inconspicuous (Figs. 5b & 5e).  The second petal arises 

between sepals 2 and 4 (Figs. 6a & 6c), reflecting a 2/5 sequence of initiation.  In most 

instances, this order of initiation is disrupted by the delay in development of the two petals 

next to sepal 5 (Figs. 6e & 6f).  As a consequence, these two delayed petals can occasionally 

appear to be initiated on a common primordium with stamens (Figs. 6d-f).  Further 

development of the petals appears to be sequential, as the two first-formed petals grow faster 

and the petal between sepal 1 and 4 occupies an intermediate size (Fig. 6c), but all petals 

reach a similar size by the time of carpel initiation (Fig. 7a).  Although petals arise before 

stamens there is an overlap between the development of the petal and stamen primordia about 

the time when the second petal is initiated (Figs. 6a-f).  Petal growth is slow and lags behind 

that of the stamens (Figs. 8b-d, 9b-e).  The change in their shape is subtle and gradual.  At 
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the late stage of gynoecium development, petals become obovate (Fig. 10a).  Hairs start to 

show on petal when anthers are well differentiated, and carpels are covered by hairs (Fig. 

10b). 

Organogenesis of the androecium 

Stamen primordia are initiated rapidly above the petals at the same time as petal initiation.  

No clear sequence could be detected.  The initiation starts about the time when the petal 

between sepals 2 and 4 is initiated (Fig. 6a).  The growth of the stamen primordia is quicker 

than that of the petal primordia (Figs. 8a-f, 9a & 9b).  Individual stamens are demarcated 

from each other when the gynoecium primordia are separated from the stamens (Figs. 7d & 

7e).  The stamen primordia begin to differentiate during locule formation (Figs. 9b & 9c).  

In most cases, the number of stamens is eight, but flowers with nine stamens are occasionally 

encountered (Fig. 7d).  The antesepalous whorl is usually complete, but two antepetalous 

stamens are lacking.  The two empty stamen positions are generally found opposite the two 

first-formed petals between sepals 1 and 3 and between sepals 2 and 4 (Figs. 7a & b).  This 

can be better seen at early stamen initiation as the available space is later exploited by 

adjacent developing stamens (e.g. Figs. 7a-f, 8a-f, 9b).  With the further differentiation of 

the stamen primordia, filaments and oval anthers begin to form (Fig. 10b).  In top flower of 

each cincinnus, the length of filaments remains roughly the same before and after anthesis 

about the level of petals (Figs. 2a & 10b).  In male flowers, the filaments expend 

dramatically just before open and place the anthers in a much higher position (Figs. 1e, 2b, 

3b) 

 

Organogenesis of the gynoecium 

Following stamen initiation, the residual floral apex swells up into a convex dome (Figs. 6c, 

6e, 6f, 7a-d). Afterwards, the central dome becomes elliptical in shape and is clearly 

demarcated from the stamens by a groove (Figs. 7c-e).  On a few occasions, the circle 

groove is disrupted by a connection between the carpel primordia and the stamen situated 

between sepals 3 and 5 (Figs. 7f, 8a, 8b).  This connection corresponds to the position of a 

third carpel primordium that is rarely initiated (Fig. 8e & 9d).  In most cases, the number of 

carpels is two (Figs. 8f, 9a-c, 9e-f, 10a-b).   One carpel is posterior and opposite the sepal 2, 
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the other one is anterior and is positioned between the sepals 1 and 3 (Figs. 8a-d, 8f, 9a).  At 

this stage, the gynoecium guides the symmetry of the young bud in an effectively median 

monosymmetric plane, running from the middle of sepal 2 to the petal between sepals 1 and 3 

(Figs. 7e. 7f, 8a-d, 8f, 10e).   Three carpels occur occasionally. Two central depressions 

appear at the same time and leads to the formation of two locules delimited by two lines of 

constriction that start peripherally along the transversal plane (Figs. 8f, 9a-c).  The 

constriction is resulted by the unequal growth of the carpellary wall.  The growth is seen 

faster at the dorsal side, thus lifting the back of each carpel and rendering the two central 

depressions deeper (Figs. 9c 9e, 10a, 10b).  In this way, two locules are formed.  The 

transversal constriction is incomplete and stops at the centre where the two carpels are 

connected (Figs. 9b, 9f).  At this stage, two parallel placentae can be clearly seen in each of 

the carpels and the trichome cells start to cover the carpellary wall (Figs. 9e & 9f).  

Therefore, the placentation is axile.  The carpels close up gradually by more extensive 

peripheral growth pushing the dorsal tapering end upwards (Fig. 10b).  In mature flowers, 

the two ovules of the same locule are superposed due to the limited space (Figs. 3a & 3b).  

Pistillate flower differs from staminate flower by having a longer style (Figs. 3a & 3b) and 

this difference arise late at pre-anthesis stage.  

 

Nectary 

Late in the ontogeny, an extrastaminal nectary disk is developed on the receptacle (Figs. 1c, 

3e, 10c).  This happens long time after the initiation of gynoecium and after the filaments 

have elongated (10c) as a closer inspection on the receptacle surface of Figs. 10a & 10b has 

showed no trace of stomata cell.  
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Fig. 1a. Preserved specimen of a young inflorescence of D. sinensis. Fig. 1b. Flower buds 

grouped in unit of cincinnus (D. sinensis).  Fig. 1c. Part of the inflorescence (D. sinensis). 

Fig. 1d. Caducous bracts. Fig. 1e. A cincinnus with opening female flower. Fig. 1f. A 

cincinnus one male flower opening. 
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2d 

2f 

 
 

Fig. 2a. Close up on female flower. Fig.2b. Close up on male flower. Fig. 2c. Nectary disk 

with ovary and stamens removed.  Figs. 2d-f. Fruits of D. sinensis. 

 

 

 

 

 

 



P a g e  | 18 

 

 

 

  

 

 

Fig.3a. Longitudinal section of female flower of D. sinensis. Fig. 3b. Longitudinal section of 

male flower of D. sinensis. Fig. 3c. Cross section of female flower of D. sinensis. Figs. 3d-e. 

Cross sections of male flowers of D. sinensis.   
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Figs. 4a-f. Young inflorescences of D. sinensis at different stages. 
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Figs. 5a-f. Sepal initiations of D. sinensis. 
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Figs. 6a-b. Petal initiation before stamen initiation (D. sinensis). Figs. 6c-f. Petasl and 

stamens initiation (D. sinensis). 
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Figs. 7a-d. Stamens initiation with rounded floral apex (D. sinensis). Figs. 7e-f. Early 

gynoecium initiation (D. sinensis). 
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Figs. 8a-d. Early gynoecium initiation (D. sinensis). Fig. 8e. Flower with three carpels (D. 

sinensis). Fig. 8f. Beginning of locules formation (D. sinensis). 
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Figs. 9a-9f. Gynoecium formation and androecium differentiation (D. sinensis). 

 

 

 

 

 

 

 

 

 

 



P a g e  | 25 

 

10 

 

  

  
Figs. 10a-b. Late stage of ovary development (D. sinensis). Fig. 10c. extrastaminal nectary 

disk with ovary and stamens removed (D. sinensis). Fig. 10d. Bud at young stage showing 

orientation of flower on the inflorescence (D. sinensis). Fig. 10e. Young inflorescence with 

cincinni units (D. sinensis). Fig. 10f. A single cincinnus unit (D. sinensis). 
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Floral organogenesis of Acer rufinerve 

Morphology of the flowers 

Acer rufinerve is a tree or tree-like shrub to 15m tall with bisexual flowers (Fig. 11a).  The 

inflorescence is racemose and terminal with c. 15 flowers spirally arranged along the 

peduncle (Fig. 11a).  Young inflorescence is found in a winter bud that starts to appear after 

the senescence of last year flowers in June and July.    The inflorescence is subtended by 

two leaf-like bract and is enclosed by two pair of scales that are decussately arranged (Fig. 

11b.).  The outer pair of scales is glabous and the inner pair is pubescent.  The outer pair 

remain the same size and become caducous at anthesis while the inner pair is persistent and 

resume its growth at anthesis like the inflorescence bracts (Fig. 11b).  The mature flower has 

five persistent green oblong sepals and five pale green oblong petals alternating sepals (Fig. 

11a, c, d). The androecium consists generally eight stamens; anthers are dorsifixed, 

tetrasporangiate and dithecal with longitudinal dehiscence.  Nectary disc is intrastaminal and 

extends from the base of ovary (Figs. 11c, 11d).  The ovary is superior, bicarpellary and 

glabrous; placentation is axile with two ovules per locule; the style is short with two apical 

stigmata opposite carpels that diverge from each other (Figs. 11c, 11d).    Fruits consist of 

two connate carpels and furnished with a membranous wing that extends outward on one side 

(Fig. 19e).  

 

Ontogenesis of the inflorescence 

Subglobular floral primordia arise acropetally and sequentially on an extending inflorescence 

meristem (Figs.12a-f).  Subsequently, the globular primordium divides tangentially into two 

unequal proportions, the abaxial proportion develops into the future bract (Figs. 12c-e).  

Bracts are soon covered by trichomes that develop around it (Figs. 12f, 13a).  The growth of 

bract is slow and seems to be delayed as the size of floral primordium quickly surpasses that 

of bract and bract becomes hidden (Figs. 12f, 13c).  In later stages of development, bracts 

are completely hidden by the developing flowers (Fig. 13e).  At certain point, the apical 

meristem stops extending and a terminal flower is developed (Figs. 13a-c).   The 

development of this apical flower is faster than the rest of flowers as it quickly catches up 
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with older flowers found at the bottom of inflorescence and surpasses younger flowers at the 

top in their development (Figs. 13b-d).  Therefore, the inflorescence could be more 

accurately described as botryoid.  But this pattern is not followed at anthesis as terminal 

flower appears to open at last (Fig. 11a). 

 

Organogenesis of the sepals 

Five sepals are initiated sequentially although this pattern is difficult to observe as the growth 

of sepals appears to be unidirectional and the sequence of initiation is not reflected in their 

size.  The first sepal arises clearly on the abaxial side next to the bract and it precedes other 

sepals in growth (Figs. 13f, 14f, 15a).  The second sepal arises more or less opposite the 

abaxial sepal on the adaxial side and its size remain small (Fig. 14a).  The third sepal arises 

on the abaxial side next to the sepal 1 (Fig. 14c).  This is followed by the initiation of sepal 

4 between the sepals 1 and 2 (Fig. 14d).  The last sepal arises between sepals 2 and 3 when 

petal and stamen primordia start to appear, reflecting a 2/5 spiral sequence (Fig).  The 

growth of sepals is unidirectional (Figs. 14e, 15a).  On the abaxial side sepals 1 and 3 grows 

faster than the rest (Figs. 14d-f).  The next bigger one is sepal 4 (Figs. 14d-f).  Sepal 5 is 

smaller than sepals 1, 3 and 4, as it initiates late (Fig. 15f).  Sepal 2 despite being initiated 

before sepals 3 to 5 is the smallest in size because its adaxial position that is spatially 

constrained (Fig. 15f).  In general, their growth is slow and gradual.  They only start to 

cover the inner part of flower when the gynoecium primordium takes an elliptical shape (Figs. 

16d, 16f) but the flower is never completely covered (Fig. 17e).  The oblong shape of the 

mature sepals starts to form when anthers start to differentiate, and ovules start to develop 

(Figs. 17d, 17e). 

 

Organogenesis of the petals 

Petals start to initiate during the initiation of sepal 5 and overlap with stamen initiation (Figs. 

14e, 14f).  It is difficult to follow the complete sequence of initiation of the corolla from the 

observed individuals because of the overlap of petal and stamen initiations and the presence 

of stamen-petal common primordia.  Before the stamen initiation, three petals are initiated 

with first one initiates between sepals 1 and 3 and two others found between sepals 2 and 4, 
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and between sepals 1 and 4 (Fig. 14e).  Petals on both sides of sepal 5 initiate 

simultaneously with stamens opposite sepals 4, 3 and 5 (Fig. 14f).  Although a clear 

demarcation of these entities is lacking (Figs. 15a-f, 16a).  The petal growth is slow and lags 

behind the development of stamens.  Their size remains small and petals are hidden beneath 

the stamens (Figs. 17c-f).  Their growth becomes obvious after stamen differentiation (Fig. 

18b).  

 

Organogenesis of the androecium 

Stamens primordia are initiated rapidly and overlap with the initiation of last two petals next 

to sepal 5.  Ten stamens occur occasionally (Figs. 17b, d, 18e).  In most cases, the number 

of stamens is eight.  Stamens opposite sepals 4 and 5 precedes other stamens in the time of 

initiation and these stamens are generally bigger in size (Figs. 14f, 15c, 16e).  In most 

instances, there is an empty space opposite the sepal 2 (15c-f, 16c, 16e-f).  The rest of 

initiated antesepalous stamens appear slightly before the antepetalous ones (Fig. 15f).   Four 

antepetalous stamens appear to arise from common petal-stamen primoridia (Fig. 15f).  

There is an empty space in the radius of the petal between sepals 1 and 3.  Stamens opposite 

sepals 1 and 3, and petal-stamen common primordium next to sepal 1 are displaced towards 

this empty space (Figs. 14f, 15f, 16a, c, e, f).  Stamens become clearly demarcated when 

elliptical gynoecium is formed (Fig. 16f).  With the further differentiation of the stamen 

primordia, filaments and oval anthers begin to form at the same time when ovules start 

forming (Fig. 17d, 17e). 

 

Organogenesis of the gynoecium 

During stamen initiation, the residual floral apex swells up into a convex dome (Figs. 15d-f, 

16a-c).  Afterwards, the central dome becomes elliptical in shape (Figs. 16c, 16f, 17a).  At 

this stage, the elliptical gynoecium primordium guides the symmetry of the young flower in 

an oblique plane running through sepal 1 and the petals between sepals 2 and 5(Fig. 16f), or 

through sepal 5 and the petal between sepals 1 and 4 (Fig. 17a, 17b, 18e).  Afterwards, two 

depressions start to appear (Fig. 17b) and two carpels are gradually formed.  The carpels are 

basically connate but are separated from each other peripherally by the unequal growth of 
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carpellary walls (Figs. 17c-f).  Two parallel placentae are then formed in each locule (Figs. 

17d-f, 18a, 18d).  Therefore, the placentation is axile.  The growth is seen faster at the 

dorsal side, thus lifting the back of each carpel (Figs. 17f, 18b, 18f).  The carpels close up 

gradually by more extensive peripheral growth pushing the tapering end upwards (Fig. 18f). 

Due to the dorsal expansion of the two carpels, two stamens opposite the carpels are pushed 

away on the side, this sometime results an arrangement of each side having four stamens 

(Figs. 11c & 11d). In most cases, the number of carpels is two (Figs. 8f, 9a-c, 9e-f, 10a-b).  

Three carpels occur occasionally.  Ovary becomes covered by short hair just before anthesis 

(Figs. 11c & 11d).    

 

Nectary 

Late in the ontogeny, a flat gynophore is formed and differentiates as a nectary (Figs. 18f, 

19a-c).  Stomata are present (Fig. 19d).  The attachment of the petals is just below the 

nectary (Figs. 18f, 19a-c).  The disc is intrastaminal but it slightly exceeds the stamens (Figs. 

11c, 11d, 19a-c). 
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Fig. 11a. Glaucous flowers of A. rufinerve on a racemose inflorescence.  Fig. 11b. 

Inflorescence with bud scales (A. rufinerve).  Fig. 11c-d. Mature bisexual flowers (A. 

rufinerve). 
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Figs. 12a-f. Racemose inflorescence at different developmental stages (A. rufinerve). 
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Figs. 13a-f. Racemose inflorescence at different developmental stages (A. rufinerve). 
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Figs. 14a-d. Sepal initiation (A. rufinerve).  Fig. 14d. Beginning of petal initiation (A. 

rufinerve).  Fig. 14f. Petal and stamen initiation (A. rufinerve). 
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Figs. 15a-f. Petal and stamen initiation (A. rufinerve). 
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Figs. 16a-e. Petal and stamen initiation (A. rufinerve).  Fig. 16f. Early gynoecium initiation 

(A. rufinerve). 
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Figs. 17a-f. The development of the bicarpellary ovary (A. rufinerve). 
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Fig. 18a. Developing ovules (A. rufinerve). Figs. 18b-d. Flowers with three carpels (A. 

rufinerve).  Fig. 18e. Flowers seen on inflorescence at late developmental stage (A. 

rufinerve). Fig. 18f. The development of nectary disk (A. rufinerve). 
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Figs. 19a-c. Flowers at late developmental stage with nectary disk (A. rufinerve). Fig. 19d. 

Stomata found on the surface of nectary disk (A. rufinerve). Fig. 19e. Fruits of A. rufinerve. 
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Chapter 4 Discussion 

Clarification on sex distribution among flowers of D.sinensis 

Sex distribution among flowers of D. sinensis is further clarified in this study by a close 

inspection on flowers of one tree grown in RBGE during its flowering season.  Flowers are 

functionally unisexual.  On each cincinnus, there is one pistillate flower on terminal position 

and the rest of flowers are functionally male.  The anthesis of female flower precedes that of 

younger male flowers found on the same uniparous cyme, thus avoiding the self-fertilization.  

Flowers of different sex structurally differ from each other only by the length of style and 

filaments as sections of both male and female flowers show no difference in ovules and in 

anthers.  Although, the fertility text is needed for the further confirmation.  The sexual 

differentiation happens as a late event at pre-anthesis stage and is closely linked to the 

position and the age of flowers.  

 

The inflorescence and the size of bract are different in two investigated species.  Flowers of 

D. sinensis are grouped in uniparous cymes where flowers develop basipetally on each unit 

with well-developed protecting bracts.  While in A. rufinerve, flowers develop acropetally 

with a much smaller bract hidden under the floral primordium.  In both species, sepals are 

initiated in a spiral sequence (2/5).  But this sequence is much clearer in D. sinensis where it 

is reflected in the size of sepals that grow rapidly and becomes quincuncially imbricated.  In 

A.rufinerve, the sequence is not reflected in sepal sizes as the growth of sepals is 

unidirectional.  Sepals tend to grow faster on the abaxial side away from the main axis 

where there is more available space.  The growth of sepal is gradual and slow, and they 

never fully cover the young bud and are never imbricated.  Due to this difference in speed of 

sepal growth, at the end of sepal initiation, the floral apex of D. sinensis becomes relatively 

sharply five-angled and slightly flattened, leaving little space between sepals while in A. 

rufinerve the flattened apex has more rounded angles and more space between sepals. 

In the floral development of the two Aceraceae taxa, the five sepals are initiated in a spiral 

sequence, and the petals and stamens emerge almost simultaneously in a very rapid but 
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unclear sequence or sequentially, while the carpel primordia are initiated in a whorled 

sequence. This spiral and whorled developmental pattern is similar to the other investigated 

species of Sapindaceae, i.e., Koelreuteria paniculata (Ronse De Craene et al. 2000), 

Handeliodendron bodinieri (Cao et al. 2006), Delavaya toxocarpa (Cao and Xia 2009),  

Eurycorymbus cavaleriei (Cao et al. 2017) and Koelreuteria bipinnata (Cao et al., 2018), but 

different from the whorled developmental pattern of the observed species of Sapindoideae 

(Xu 1990, 1991). These characters support the systematic link between Aceraceae taxa and 

other Sapindaceae species to certain extent. 

 

The weakening of the petal whorl 

In both species petals starts to initiate during the initiation of last sepal with first petal arise 

between sepals 1 and 3.  The initiation of petals is sequential in both species and overlap 

with stamen initiation.  The delay in petal initiation is reflected by the presence of common 

petal-stamen primordia.  These common primordia are not a true fusion but rather a fusion 

resulted from developmental constraints and a weakening of the petal whorl (see also Ronse 

Decraene et al., 2000).  In D. sinensis, the common primordium is only occasionally found 

in the radius of last initiated petal.  In A. rufinerve, to certain extent, there is a fusion 

between four antepetalous stamens and petals.  In Handeliodendron bodinieri, the 

petal-stamen complex was not observed (Cao et al., 2006).  But its presence is reported for 

the other investigated species Koelreuteria paniculate (Ronse De Craene et al., 2000), 

Koelteuteria bipinnata (Cao et al., 2018), Delavaya toxocarpa (Cao et al., 2009) and 

Eurycorymbus cavaleriei (Cao et al., 2009).  These species are all members of the 

Sapindaceae s. str. (Buerki et al., 2010) and is generally found at last initiated petal or petals.  

Petals generally grow slower than the stamens in these species.  An extreme example of the 

weakening of the petal whorl in investigated species is found in species of Koelreuteria.  

The fifth petal between sepals 3 and 5 were found present in K. elegans subsp. foromosana 

(Avalos et al., 2017), mostly absent in K. paniculata (Ronse De Craene et al., 2000) and in K. 

bipinnata var. integrifoliola (Cao et al., 2018) or aborted in early developmental stages in K. 

bipinnata (Cao et al., 2018).   This demonstrates that the presence of the fifth petal is 

unstable in the genus and relies heavily on forces acting during early development as the 
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unstable petal experiences great pressure from sepals 3 and 5, and from the newly formed 

younger flower next to these to sepals on the inflorescence (Cao et al., 2018). 

 

Octandry  

In both species, stamen initiation is rapid, and overlaps with petal initiation as in other 

investigated Sapindaceae species.  In D. sinensis, stamen number is mostly eight, but nine 

stamens were found on a few occasions.  Two stamen positions opposite petals between 

sepals 1 and 3 and between sepals 2 and 4 are generally empty.  These positions correspond 

to that of two first-initiated petals that have stronger presence than other petals at the time 

when stamens are about to initiate.  This vacant space has induced a shift of adjacent 

stamens; the stamen opposite sepal 2 is slightly displaced toward petal 2 and on the abaxial 

side stamens opposite petal 3, sepal 1, sepal 3 and petal between sepals 3 and 5 are slightly 

displaced towards the empty space opposite petal 1.  In A. rufinerve, stamen number is also 

commonly eight, but sometimes up to ten stamens were observed.  In case of eight stamens, 

the empty positions are different from that of D.sinensis.  The stamen opposite sepal 2 is lost, 

which can perhaps be explained by the limited space on the adaxial side of the flower during 

the development, evidenced by the delayed and suppressed growth of the sepal 2.  The other 

empty space seems to be opposite petal between sepals 1 and 3.  There is no direct evidence 

for this empty space as stamen initiation is rapid, and the empty space is quickly explored by 

adjacent stamens.  But this position can be interpreted from the displaced stamens opposite 

sepals 1 and 3 and the displaced common petal-stamen primordium nest to sepal 1.  The 

presence of the so-called common petal-stamen primordium is more obvious in A. rufinerve 

and they are found for four antepetalous stamens.  Octandrous androecium is a common 

feature in Sapindaceae.  Although the positions of the vacant space are not always the same.  

The pattern found in D. sinensis is also reported for Koelreuteria paniculata (Ronse De 

Craene et al., 2000) and for Eurycorumbus cavaleriei (Cao et al.,2017).  Interestingly, 

previous studies in the genus Koelreuteria (Ronse De Craene, 2000; Cao et al., 2018) has 

showed that these empty stamen positions vary between different species.  In K. bipinnate 

and K. bipinnata var. integrifolia, these positions were found opposite sepals 1 and 2.  The 

positions of lost stamens were explained as being linked the expanding radius of the carpels.  
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And according to Cao et al. (2018), this arrangement indicates that next to sepal pressures 

carpels are responsible for the floral configuration, with pressures even operating before their 

physical appearance through a process of prepatterning.  In case of D. sinensis, the influence 

of bicarpellary gynoecium on stamens appears to act late mainly by the change in the shape 

of ovary primordium. During early stamen initiation, the primordium is almost a perfect 

circle, and it gradually extends to an elliptical shape along the median line that runs from 

sepal 2 and petal 1.  Due to the increasing pressure along this plane, stamens found nearby 

are slightly pushed to the side.  Stamen opposite sepal 2 is further displaced towards the 

empty space between sepals 2 and 4.  But this shift does not change the empty stamen 

positions, and the degree impact varies from one sample to the other.  In A. rufinerve, 

bicarpellary ovary primordium also becomes elliptical when stamen primordia identity has 

become clear.  Gynoecium elongates along the line defined by sepal 1 and petals between 

sepals 2 and 5, although this line rotates slightly in different flowers due to the crowding in 

the later developmental stages.   

 

As hypothesised by Ronse De Craene et al. (2000) in their study of K. paniculate, the extent 

of development and loss of androecium and petals depend on positional factors with a genetic 

basis.  In my opinion, the stamens opposite two petals between sepals 1 and 3, and between 

sepals 2 and 4 are genetically lost.  As these positions fit well with the observation of D. 

sinensis, a basal taxon in Sapindaceae s.l. (Buerki et al., 2010; Feng et al., 2019).  Along 

with other factors such as pressure, time of initiation, ect. This theory can explain the 

variation in empty stamen positions observed in different octandrous species. In different 

species, different organs can induce the pressures influencing the positions of stamens.  In A. 

rufinerve, there is a special constraint on the adaxial side induced by the main axis and 

perhaps also by the influence of upcoming gynoecium (although the gynoecium develops 

more or less alone the transversal plane).  Due to this pressure, stamen primordium in 

question is shifted towards the petal between sepals 2 and 4.  While in K. bipinnata, this 

pressure is mainly induced by tricarpellary gynoecium and causing a shift in stamen positions 

that was made possible by the available space provided by genetically lost two stamens. 

Compared to other tricarpellary species of Sapindaceae, the impact of the carpels on the 
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position of stamens is less obvious in the two investigated bicarpellary species.  This impact 

is seen in K. paniculata to influence the stamen displacement and to cause stamens alternate 

with the carpels become developmentally more advanced than the smaller antepetalous 

stamens (Ronse De Craene et al, 2000).  While in D. sinensis, the development of stamens is 

basically synchronised and in A. rufinerve, stamens development appears unidirectional with 

stamens on the adaxial side differentiate slightly earlier than abaxial ones. 

 

The proposed hypothesis on octandry is closely linked to the weakening of petals, as 

discussed earlier, the empty positions are found opposite two first-formed petals that are 

clearly initiated before stamen primordia in D.dipteronia.  Their presence probably inhibited 

stamens to initiate opposite them, for the rest of the petals, they either co-occur with stamens 

or have a weak presence during the rapid initiation of the androecium, their inhibition effect 

is overcome by the speed of stamen initiation.  The further evidence can be provided by the 

fact that growth of petals always lags behind that of stamens.  The extent of this petal delay 

seems to be advanced in other Sapindaceae taxa.  For example, in A. rufinerve, a relatively 

derived member of the genus Acer (Renner et al., 2008), the presence of common 

petal-stamen primordia found between last four initiated petals and four antepetalous stamens, 

especially the one in the radius of the petal between sepals 2 and 4 shows that the further 

delay has weakened the presence of this petal, therefore, make it possible for the stamen 

opposite sepal 2 to shift from this high pressured position to the petal and subsequently arise 

on a common primordium.  Extreme examples of this are seen in the members of the 

subfamily Sapindoideae: gradual abortion of the fifth petal seen in studied species of 

Koelreuteria, and tendency of reduction in number of petals in Dimocarpus longan (Xu, 

1991).  

 

The most plausible interpretation for octandrous condition found within Spindaceae as 

hypothesised by Ronse De Craene et al. (2000) is a derivation from an ancestral 

diplostemonous androecium arising sequentially.  Eight stamens are also found in 

Xanthoceras sorbifolia Bunge, sister to all other Sapindaceae in molecular studies but with 

weak support (Buerki et al., 2010, 2012).  Developmental study is needed for this basal 
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taxon and other diplostemonous Sapindaceae taxa to further elucidate the origin of octandry 

in Sapindaceae s.l.. 

 

Flower Symmetry 

In D. sinensis, the symmetry is different at different developmental stages.  At early 

developmental stage, the young flower is rather actinomorphic.  At the stage of gynoecium 

initiation, median monosymmetry is established by the development of the bicarpellary ovary 

with a symmetry line running through sepal 2 and the petal between sepals 1 and 3.  At 

maturity, the flowers of D. sinensis is zygomorphic (Fig. 3d) with symmetry line running 

through sepal 4 and the petal between sepals 3 and 5.  This shift in symmetry plane is 

caused by further development of the ovary and the growth of the perianth.   

In A. rufinerve, flowers are disymmetric at maturity with two transversal carpels (Fig. 11c-d), 

whose symmetry again is majorly guided by the ovary.  Young flowers are weakly 

zygomorphic due to the arrangement of the androecium, the symmetry line runs through sepal 

2 and the petal between sepals 1 and 3.  The symmetry is later shifted at time of the 

gynoecium initiation.  The bicarpellary ovary guides the symmetry in an oblique plane in a 

strict sense that runs through sepal 1 and the petal between sepals 2 and 5. 

 

Monosymmetry is a common character in Sapindaceae and is reported for most of the 

previously investigated taxa.  However, the degree of zygomorphy and the symmetry plane 

varies among different genera.  In Eurycorymbus cavaleriei, the flower is oblique 

monosymmetric at mid-developmental stages and there is a shift in the symmetry towards 

polysymmetry during late development.  The oblique monosymmetry is connected to the 

delay of two petals next to sepal 5, the lost of two stamens and to the orientation of the 

carpels.  The influence of the gynoecium is reflected by the difference between antesepalous 

and antepetalous stamens.  Stamens alternating with the three carpels are more advanced.  

Therefore, the gynoecium guides the symmetry of the young flower in an oblique symmetry 

plane, running from the middle of sepal 5 to the petal between sepals 1 and 4.  Here the 

oblique symmetry is rather subtle, and the polysymmetry is restored at maturity by the equal 

development of the petals and stamens. (Cao et al., 2017).  Similar monosymmetric 
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arrangement is found in Delavaya toxocarpa but without the symmetry change at maturity 

(Cao et al., 2009).  Strong oblique monosymmetry is found in flowers of Koelreuteria 

species.  In K. paniculata, the oblique symmetry is created by lost petal between sepals 3 

and 5 and is further guided by the tricarpellary gynoecium at early stages.  The zygomorphy 

is further emphasised by reflexed petals to one side as two pair of different length.  In 

K.bipinnata, on top of this architecture, there is an interrupted nectar disk that further 

emphasise the oblique monosymmetry of the flower.  The symmetry plane in Koelreuteria 

runs through the sepal 4 and the petal between sepals 3 and 5.  These examples found in 

Sapindaceae, supports the idea that in the Sapindaceae a monosymmetric arrangement is 

linked with the loss of organs (Ronse De Craene et al., 2000), as the monosymmetry is 

mainly triggered by the weakening of petal whorl that subsequently leads to the reduction to 

eight stamens androecium.  These examples demonstrate the role of heterochrony in flower 

evolution of these closely related taxa in which a progressive or dramatic diversification is 

possible from a more generalized structure (Ronse De Craene, 2018). 

 

The role of gynoecium in relation to flower symmetry is slightly different between 

tricarpellary and bicarpellary flowers.  In tricarpellary flowers, the pressure exerted by the 

gynoecium causes subtle differences in the size of the stamens and in that of the petals.  It is 

this difference in sizes that enhances the monosymmetric display of the floral organs.  In D. 

sinensis and A. rufinerve, the bicarpellary gynoecium establishes the symmetry by the 

elliptical shaped primordium, their influence in sizes of surrounding organ is much less 

obvious.  In D. sinensis, the outer organ whorls develop in a similar rate within each whorl.  

In A. rufinerve, in terms of stamen differentiation a difference was observed between abaxial 

ones and adaxial ones, but this has little to do with the gynoecium.  Although flowers with 

three carpels are occasionally found in both species, but in most instances., the third carpel is 

often aborted or not well developed.  This could indicate that members of Aceraceae are 

derived from a predecessor with three carpels.  In previous studies of tricarpellary 

Sapindaceae taxa, the authors mentioned that the carpels influence the floral configuration 

with pressures, operating even before their physical appearance, through a process of 

prepatterning.   The presence of eight stamens is intimately linked to the pressure of the 
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trimerous gynoecium (Cao et al., 2018).  The observation made in this study on two 

Aceraceae taxa does not reject this theory, but there is a difference in the way that the 

gynoecium influences the floral configuration.  Here the observation of flowers of D. 

sinensis and A. rufinerve supports the view that the symmetry can easily change in 

Sapindaceae and the symmetry is influenced by the sequence of initiation of the organs, 

pressure within the bud and is enhanced by differences in the rate of the development of the 

floral organs.  In two Aceraceae taxa, the zygomorphy is much less exaggerated by the 

equally developed perianth. 

 

Nectary disk is very common among Sapindaceae taxa and the position of nectary varies 

among species.  In both D. sinensis and A. rufinerve, the differentiation of nectary tissue 

takes place after other floral organs are well developed.  They differentiate on receptacle 

tissue where there is a sufficient space.  Therefore, their position depends on the floral 

configuration established by other earlier initiated organs.  In D. sisnensis, the disk is 

extrastaminal and in A. rufinerve the disk in intrastaminal.  Their late development is 

responsible for the variation observed in different taxa. 

 

Overall, by comparing the floral ontogeny of different Sapindaceae taxa I believe the 

weakening of the petal whorl plays a fundamental role in the diversity of flower morphology 

in Sapindaceae.  The study of their developmental processes illustrates the dynamic nature 

of evolution. 

 

The species-rich genus Acer is highly diverse in the structure of flowers.  Several 

evolutionary trends were interpreted in early studies on flowers of Acer, such as changes in 

merism, a reduction in the number of stamens, the development of nectary tissue, and the 

absence or presence of petals, as well as a trend towards dioecy and wind pollination (Hall, 

1951, 1954).  Initially six species were chosen from the genus Acer as an attempt to cover a 

diverse cross-section of the genus.  But the suitable materials for a developmental study 

were only found for A. rufinerve.  Samples collected for other species are either found in a 

very early stage where floral primordia have not yet formed or in a late stage where flowers 
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are already fully developed in the winter bud.  To understand the evolution of flowers of 

Aceraceae and to know what unites Dipteronia and Acer in terms of their flower morphology, 

more species of Acer need to be studied.  It would be interesting to see how their 

diversification is linked to the other Sapindaceae taxa, and the knowledge on their 

diversification is essential to the understanding of the evolution of Sapindaceae s.l. flowers in 

general.    

 

The developmental study of Acer is made difficult by the fact that most species start to 

develop their flowers in the summer right after their flowering season and the development 

can be very fast once it is started.  But at same time, the development takes place in a small 

winter bud layered by scales. Buds were arranged by size, while I was dissecting samples of 

A. rufinerve and I learnt that the size of the winter bud does not necessarily indicate the 

degree of the flower development.  Another problem is their small size.  Acers generally 

have compound inflorescences with many flowers, and during their development they are all 

packed in a small bud, making it difficult to dissect flowers without damaging them.  

Therefore, in order to have sufficient and right materials for developmental study, lots of 

samples need to be collected at different intervals.  

 

As a result of limited time available, and the difficulty involved in dissecting small materials, 

this study was based on a relatively small sample size.  Further studies may benefit from 

samples drawn from a wider variety of specimens, drawn from more than two species.   

 

Chapter 5 Conclusion 

The present results on floral ontogeny of Dipteronia sinensis and Acer rufinerve are 

important in presenting a whole set of ontogenetic data to be used for phylogenetic analyses 

and in understanding the origin of actandrous androecium and the origin of the diversity in 

floral configuration in the family.  From this study, it can be seen that two Aceraceae taxa 

share many features with the other members of Sapindaceae, such as the delay and 
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weakening of the petal development, eight stamens, ovary with few ovules, the presence of 

disc nectary.  This similarity supports the inclusion of these two genera in the Sapindaceae.  

Moreover, Dipteronia sinensis and Acer rufinerve present some characteristics in their floral 

organogenesis that are different from each other and different from the other members in 

Sapindaceae and supports their position in the family.  The empty stamen positions are 

different in two investigated species due to the different degree of overlap between petal and 

stamen initiations and to the different special constraint induced by the orientation of the 

flowers on the inflorescence.  The symmetry in the flowers of these two genera is different 

than that of other investigated species of Sapindaceae.  This can be partly explained by the 

number of carpels and how delayed the petal initiation is.  Hypothesis on the origin of 

octandry is preliminarily formulated based on observations on floral ontogeny made for 

Dipteronia sinensis and Acer rufinerve.  More representatives of the genus Acer are needed 

to confirm this study’s findings.  
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