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Abstract

:

Floral symmetry is widely known as one of the most important structural traits of reproductive organs in angiosperms. It is tightly related to the shape and arrangement of floral parts, and at the same time, it plays a key role in general appearance (visual gestalt) of a flower, which is especially important for the interactions of zoophilous flowers with their pollinators. The traditional classification of floral symmetry divides nearly all the diversity of angiosperm flowers into actinomorphic and zygomorphic ones. Within this system, which is useful for ecological studies, many variations of symmetry appear to be disregarded. At the same time, the diversity of floral symmetry is underpinned not only by ecological factors, but also by morphogenetic mechanisms and constraints. Sometimes it is not an easy task to uncover the adaptive or developmental significance of a change of the floral symmetry in a particular lineage. Using the asterid order Apiales as a model group, we demonstrate that such changes can correlate with the merism of the entire flower or of its particular whorl, with the relative orientation of gynoecium to the rest of the flower, with the presence of sterile floral elements and other morphological characters. Besides, in some taxa, the shape and symmetry of the flower change in the course of its development, which should be taken in consideration in morphological comparisons and evaluations of synapomorphies in a particular clade. Finally, we show that different results can be obtained due to employment of different approaches: for instance, many flowers that are traditionally described as actinomorphic turn out to be disymmetric, monosymmetric, or asymmetric from a more detailed look. The traditional method of division into actinomorphy and zygomorphy deals with the general appearance of a flower, and mainly considers the shape of the corolla, while the geometrical approach handles the entire three-dimensional structure of the flower, and provides an exact number of its symmetry planes.
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1. Introduction


Apiales is an order of campanulid asterids comprising seven families [1], which considerably differ from each other in flower groundplan and the range of its variation. For this reason, Apiales are an excellent model group for studies of the diversity of floral shape, including symmetry, and for the questions of its interrelations with other features of flower morphology.



The majority of species diversity of Apiales is confined to two families, i.e., Apiaceae and Araliaceae, which are both characterized by the predominance of zoophily. Flowers of Apiaceae are rather uniform in their appearance and the number of floral elements (which are shared between Apiaceae and their closest relatives, Myodocarpaceae). Araliaceae, in contrast, show a considerable variation in certain features of flower structure, which are commonly constant or almost so in many other euasterid families. These features include the number of whorls and their merism, and the presence of calyx and corolla tubes [2,3]. Most of these traits have direct or indirect influences on the symmetry of the entire flower, or its particular whorl. The rest of the families of Apiales contribute to the diversity of flowers of the order by showing several peculiar floral types, such as hypogynous flowers with variable carpel number in Pittosporaceae [4], and flowers with pseudomonomerous gynoecia of various morphology in Griseliniaceae, Pennantiaceae, and Torricelliaceae [5,6]. The data on flower structure in some members of Apiales question several commonly accepted ideas on the classification of the symmetry of angiosperm flowers.



In this paper, we present an overview of the types of floral symmetry in Apiales, and we discuss correlations between the patterns of floral symmetry, and other characters of floral structure and development. This overview is based on our extensive studies on the floral morphology of Apiales, and also on the publications that are cited in text. We also consider some terminological issues, including the differences in existing approaches for symmetry determination.




2. Background: The Concepts of Floral Actinomorphy and Zygomorphy from Geometrical and Ecological Viewpoints


The symmetry of flowers manifested in the differential shape and/or arrangement of their parts is widely known to be one of the most important structural traits of reproductive organs in angiosperms. Symmetry contributes to the general appearance of a flower, and it represents one of the key components of a plant pollination syndrome. Two major types of floral symmetry, i.e., actinomorphy (radial symmetry) and zygomorphy (bilateral symmetry), are traditionally recognized in botany. The former type is commonly considered to be a synonym of polysymmetry, i.e., the kind of floral symmetry with more than two planes, while the latter type is synonymized with monosymmetry, i.e., the condition with a single symmetry plane [7,8,9,10,11,12,13,14,15,16]. Although the terms “actinomorphy” and “zygomorphy” are aimed to divide the diversity of floral shape into two contrasting and easily recognizable groups, they are structurally imprecise, as they lack any strict criteria. Moreover, these two terms do not cover the cases of presence of two different (i.e., dividing in different ways) symmetry planes in a flower or the absence of any planes (disymmetry and asymmetry: [9,10,11]). In the literature on the genetics of floral development, e.g., [17,18,19], zygomorphic (monosymmetric) flowers are often confused with asymmetric ones, which is geometrically incorrect [11].



In most cases, a flower is assumed to be actinomorphic if it possesses a polysymmetric corolla (or any other visually prominent part), while the symmetry of other floral whorls remains out of consideration [7,12,14,15,20]. Within this approach, a planar projection of the flower in a top view (en face) is usually analyzed, and only rarely its three-dimensional structure [12]. For this reason, it is common to speak of axes of symmetry, though the establishment of planes of symmetry is more appropriate [15]. On the other hand, the classification of floral symmetry reflecting all the details of its three-dimensional structure is "complex and unwieldy, and simple definitions of flower types are generally preferred" [15] (p. 88), though they do not always reflect the peculiarities of the interactions of the flower with a pollinator. The terms “actinomorphy” and “zygomorphy” appear to be more ecological rather than structural ones: they distinguish flowers in which the position of an animal pollinator is strictly defined (as well as the flowers of pseudanthial inflorescences imitating petals), i.e., the zygomorphic ones, from all the other, i.e., actinomorphic, flowers [7,21]. Moreover, floral symmetry plays an important role in the visual perception of flower by a pollinator [7,9,13,22,23,24]. Obviously, in this case, only the structure of the most conspicuous floral parts is significant; besides, the number of symmetry types distinguished by these animals cannot be high. Particularly, the insects were shown to be able to distinguish symmetrical vs asymmetrical flowers, and bilateral vs radial ones [22,23].



Among the attempts to develop a comprehensive classification of types of floral symmetry, the works by Leppik [25,26] merit special attention. He distinguished five main "type classes" of flowers: (1) amorphic, characterized by discolored organs and the absence of a definite form of symmetry, (2) haplomorphic, characterized by a hemispheric perianth of numerous elements, (3) actinomorphic, characterized by radial symmetry and a more or less flat flower, (4) stereomorphic, characterized by a pronounced three-dimensional structure with stamens and nectar hidden in the flower depth, and (5) zygomorphic, characterized by bilateral symmetry that is distinguished by the pollinators. Leppik assumed these classes to be associated not only with the symmetry itself, but also with floral color, the number of floral organs, the spatial arrangement of floral parts, and the patterns of interaction of the flower with its pollinators. Leppik’s classification is thus detailed and elaborate, as it considers not only the general appearance of the flower, but also the particular structural features. However, the employment of such heterogeneous features within the limits of a small number of types has made this classification quite complicated and contradictory. As a result, it has never been widely adopted.




3. Materials and Methods


This is mainly a literature review. In addition, the following material was used to produce the illustrations.



Schefflera membranifolia Bui, Figure 1A: Northern Vietnam, Lao Cai province, Sa Pa district, San Sa Ho municipality, Hoang Lien National Park, Tram Ton area, near river, 10.07.2009, Nuraliev M.S. 36 (MW: spirit collection).



Schefflera trevesioides Harms, Figure 1B: Northern Vietnam, Lao Cai province, Sa Pa district, San Sa Ho municipality, Hoang Lien National Park, Cat Cat village area, near trail to road, along main stream, N 22°20′00″ E 103°49′30″, 1300 m above sea level (a.s.l.), 17.12.2009, Nuraliev M.S. 53 (MW: MW0743213, MW0743214, MW0743219, MW0743220).



Pittosporum balansae A.DC., Figure 1D: Southern Vietnam, Dak Lak province, Lak district, Bong Krang municipality, Chu Yang Sin National Park, 10 km S of Krong Kmar village, forest, near river, N 12°24′55″ E 108°21′05″, 900 m a.s.l., 22.03.2013, Nuraliev M.S., Kuznetsov A.N., Kuznetsova S.P. 688 (MW: MW0750232).



Schefflera actinophylla (Endl.) Harms, Figure 2A–E: China, Shenzhen, cultivated in the Fairy Lake Botanical Gardens, 27.09.2005, Oskolski A.A. s.n. (MW: spirit collection) and South Africa, Johannesburg, cultivated on the campus of the University of Johannesburg, 12.05.2007, Oskolski A.A. s.n. (MW: spirit collection); Figure 2F: Cyprus, Paphos, cultivated, N 34°44′46″ E 32°25′44″, 10 m a.s.l., 16.01.2017, Sokoloff D.D. s.n. (MW: spirit collection).



Polyscias duplicata (Thouars ex Baill.) Lowry & G.M.Plunkett, Figure 3A–C: Northern Madagascar, Antsiranana province, Sava Region, Andapa district, near Marojejy National Park, 26 km NE of Andapa town, Park visitor center, disturbed area, S 14°29′48″ E 49°49′24″, 60 m a.s.l., 19.10.2015, Karpunina P.D., Nuraliev M.S., Oskolski A.A., Ravelonarivo D., Razafindrahaja V., Tonkaina J.H. PK 267 (MW, P, TAN); Figure 3D: Northern Madagascar, Antsiranana province, Sava Region, Andapa district, Marojejy National Park, 28 km NNE of Andapa town, Camp. 2 (Marojejia) area, near trail, dense montane rainforest, river bank, S 14°26′06″ E 49°45′39″, 780 m a.s.l., 15.10.2015, Karpunina P.D., Nuraliev M.S., Oskolski A.A., Ravelonarivo D., Razafindrahaja V., Tonkaina J.H. PK 209 (MW: MW0582499, P, TAN).



Tupidanthus calyptratus Hook.f. & Thomson, Figure 4A: USA, California, San Diego, cultivated, May–September 2003, Kudryavtseva E.I. s.n. (MW: spirit collection); Figure 4B: Russia, Moscow, cultivated in the greenhouse of the Russian State Agrarian University—Moscow Timiryazev Agricultural Academy, 17.02.2015; Figure 4C: same plant, 20.02.2015; Figure 4D: Australia, Sydney, cultivated in the Royal Botanic Garden Sydney, 02.08.2011.



Hydrocotyle nepalensis Hook., Figure 5A: Northern Vietnam, Cao Bang province, Nguyen Binh district, Phia Oac-Phia Den National Park, 11 km WSW of Nguyen Binh town, Phia Oac summit area, wet foggy mossy crooked forest with bamboo on slope, N 22°36′58″ E 105°51′49″, 1900 m a.s.l., 03.10.2018, Nuraliev M.S. 2232 (MW).



Thyselium palustre (L.) Raf., Figure 5B: Russia, St. Petersburg, Yuntolovskiy National Wildlife Reserve, 11.07.2011, Nuraliev M.S. s.n. (MW: MW-DigiPic0000015).



Tordylium aegyptiacum (L.) Poir., Figure 5D: Cyprus, Limassol area, around N 34°42′45″ E 33°08′20″, 20 m a.s.l., 22.03.2011, Nuraliev M.S. s.n. (MW: MW-DigiPic0000016).



Photographs of living plants were taken by M.S. Nuraliev with a Pentax Optio W80 (Pentax Corporation, Tokyo, Japan) digital camera. All of the images were treated using PHOTOSHOP ELEMENTS (Adobe Systems, San Jose, CA, USA). One scanning electron microscopy (SEM) image was colored using CORELDRAW X5 (Corel Corporation, Ottawa, Canada). Floral diagrams were prepared using Inkscape, version 0.92 (www.inkscape.org).



For SEM, the flowers were fixed and stored in 70% ethanol, dehydrated in 96% ethanol followed by 100% acetone. Dehydrated material was critical-point dried using a HCP-2 critical point dryer (Hitachi, Tokyo, Japan), coated with gold and palladium using an Eiko IB-3 ion-coater (Eiko Engineering Co. Ltd., Tokyo, Japan), and observed by using a CamScan 4 DV (CamScan, Cambridge, UK) SEM at Moscow State University.




4. Results


All major types of floral symmetry are found in Apiales. These types correlate with the number of floral elements in each floral whorl, and patterns of organ arrangement. Detailed data on the diversity of the symmetry of floral whorls, as well as the receptacle, are summarized in Table 1. The differences in the symmetry of particular flowers and their whorls are related to interactions between the outlines of floral parts, the merism of whorls, and the patterns of their arrangement. Some of the combinations of features are listed as co-occurring in the same species, representing intraspecific variation or different developmental stages.



The table summarizes the combinations of the symmetry types that are expressed by floral whorls and the receptacle. Unlike the major symmetry types that are accepted in the Results, as many deviations from polysymmetry as possible are recorded here, including some minor ones. Unless otherwise stated, the manifestations of symmetry in anthetic flowers are presented. Notations of the combinations are based on the resulting types of floral symmetry (P—polysymmetry, D—disymmetry, M—monosymmetry, A—asymmetry). Floral formulae were compiled mostly based on the symbols proposed by Prenner et al. [57]. The number of elements in a whorl was not indicated if they could not be distinguished from each other (i.e., the presence of the individual elements was questionable). Fusions between floral organs are not indicated.



Below, we provide a survey of floral groundplans that are characteristic for each of the major types of floral symmetry in Apiales.



4.1. Polysymmetric Flowers


Polysymmetry occurs in flowers of two meristic types:



a. Isomerous oligomerous flowers, i.e., those possessing equal and at the same time moderate number of elements in each whorl (Table 1: P1, A1). Tetra-, penta-, and hexamerous flowers of this groundplan are known in Apiales (Figure 1A–C). Within Apiales, in flowers of this groundplan, each whorl consists of equal elements, which are evenly arranged; the receptacle shape and the shape of each whorl is round in outline, and the elements of the neighboring whorls alternate with each other. Thus, this groundplan can be assumed as an "ideally" polysymmetric one, as it meets all of the possible criteria of polysymmetry; with regard to the identification of the symmetry type of the flowers with other groundplans, it is useful to compare them with this one. We do not consider the aestivation of the sepals and petals (i.e., the pattern of their overlapping in flower bud [58,59]; Table 1: A1–A3, A6) in the determination of the type of floral symmetry, because otherwise, all of the flowers with closed and non-valvate aestivation of at least one pentamerous whorl cannot be treated as polysymmetric ones, which is apparently impractical (see below). Asymmetry that is caused by other minor or hidden parameters (for example, the relative spacing of the fertile and the sterile ovules in the carpels) is not considered here and in the following sections.



Flowers of this groundplan are found in the family Araliaceae, where it is among the most common ones, and also in certain representatives of Pittosporaceae.



b. Flowers with a polymerous androecium and pentamerous (or nearly so) other whorls (Table 1: P2, also P3 for flowers with more than six carpels). Here and below, we consider a flower or its whorl as being polymerous if its merism is higher than six, because five elements in a whorl is a "basic" (most common and probably ancestral, at least for the perianth and androecium [20]) condition in Apiales, and a merism of six occurs frequently within the limits of the natural variation of many species with normally pentamerous whorls. In this particular case (1b), the number of stamens in a whorl is commonly several times higher than five. This type is similar to the previous one (1a), except for the criterion of whorl alternation, which is not applicable here for the androecium. This type is known in certain Araliaceae, e.g., some species of Plerandra subgen. Plerandra and Polyscias subgen. Tetraplasandra [2].




4.2. Disymmetric Flowers


This type is quite rare in Apiales; it is associated with two types of floral merism:



a. Flowers with a dimerous gynoecium and tetramerous other whorls (Table 1: D1). Here, the gynoecium is disymmetric, because it consists of two equal carpels (which are monosymmetric and share the same plane of symmetry), and the other whorls are polysymmetric, with an even (namely, four) number of symmetry planes. As long as the carpels are arranged in the radii of stamens in Apiales with such flowers, each of the two planes of symmetry of the gynoecium coincides with a plane of symmetry for the rest of the flower, which results in a disymmetry in the entire flower. Flowers of this type are found in Tetrapanax (Araliaceae).



b. Isomerous (and hemiisomerous) polymerous flowers, as well as some polymerous flowers with gynoecium merism that is higher than the merism of the other whorls (Table 1: D2–D4). In representatives of Apiales with these groundplans, the floral structure is similar to that of polysymmetric flowers (groundplan 1a) in having each whorl with equal elements, which are evenly arranged; however, it differs from the latter by the non-round outline of some of the whorls, and sometimes also the non-round shape of the receptacle. Species with such flowers are scattered among several lineages of Araliaceae, including the genera Osmoxylon, Polyscias, Schefflera (Asian species group), and Tupidanthus (Figure 2, Figure 3 and Figure 4A).



It is notable that disymmetric flowers of this groundplan can occur due to different developmental pathways. Flowers developed through these pathways can sometimes be recognized even in the definitive state (i.e., in mature flower buds) due to specific morphological features. Examples of such pathways are described below.



(i) In species with slightly polymerous flowers (with up to ca. 15 elements in each whorl), such as Schefflera actinophylla (Figure 2) and S. brevipedicellata [3,28,60], all floral whorls and the entire flower are initially polysymmetric (Figure 2A–C), and the switch to disymmetry occurs during the development of the symplicate gynoecium zone. As a result, in a preanthetic flower, the disymmetry is mostly pronounced in the gynoecium, where it is manifested in the arrangement of the plicate carpel parts in the symplicate zone in two rows along the central (radial) plane (Figure 2E and Figure 3D); the synascidiate zone remains polysymmetric (Figure 2D and Figure 3B). In addition, the petal tips tend to be arranged into two alternate rows along the same symmetry plane in a flower bud, forming a zig-zag line if viewed from the top (Figure 3C). Notably, the plane along which the plicate carpel parts and the petal tips are lined up (which represents one of the two flower symmetry planes) occupies an unstable position in relation to the inflorescence axis.



(ii) In Schefflera subintegra [3,31], which possesses moderately polymerous flowers (with 15–43 elements in each whorl), the flower is polysymmetric at the earliest stages of the development of calyx and corolla. By the time the corolla completely covers the floral center, the outline of the entire young flower changes into a pronouncedly elliptic one. Consequently, the mature flower displays disymmetry in each whorl, as well as in its receptacle; in particular, it shows a two-rowed arrangement of carpels in both synascidiate and symplicate zones (Figure 3E,F). Morphologically, the carpels here are still arranged in one whorl, as in all other members of Apiales, but the outline of the whorl is pronouncedly elliptic rather than round, so that in the middle part of the gynoecium, the carpels seem to be arranged in two rows facing each other at their ventral sides. By contrast with the previous case, the symmetry planes of flowers in S. subintegra are fixed with respect to the inflorescence axis: the widest side of the flower lies transversally, and thus, the two planes of symmetry are the transverse and median ones.



(iii) The disymmetric flowers of Tupidanthus calyptratus [3,32,61], which is unique among Apiales in having extremely polymerous flowers (with at least 60–172 elements in the stamen and carpel whorls), do not change their shape during development, and thus, they never show radial symmetry (Figure 4A). With respect to the symmetry type, the disymmetric flowers of T. calyptratus are equal to those of S. subintegra (case ii) in their mature condition, but they differ from them at the early developmental stages, i.e., by the formation of disymmetric floral primordia. Notably, this species shows a range of floral symmetry types, despite being uniform in general floral morphology (see below). Given the peculiar shape and the high merism of the flowers of T. calyptratus, the boundaries between the types of floral symmetry are imprecise in this species, and the flowers that are treated here as disymmetric often show some deviations towards asymmetry.




4.3. Monosymmetric Flowers


This type unites the flowers of Apiales with diverse morphology.



a. Flowers with dimerous gynoecium and pentamerous other whorls (Table 1: M1–M3, A2). Flowers of this groundplan usually possess a polysymmetric calyx, corolla, and androecium, and a disymmetric gynoecium in Apiales (Figure 5A–C). The polysymmetric whorls are characterized by an uneven number of symmetry planes (namely, five). The orientation of the gynoecium in these flowers is fixed with respect to the other whorls, as well as to the inflorescence axis (i.e., the carpels lie in the median plane), so that one carpel is arranged opposite to a petal, while the other one is arranged opposite to a stamen (and to a sepal). Thus, one of the two planes of symmetry of the gynoecium (which is the median one) coincides with a plane of symmetry to the rest of the flower, which results in a median monosymmetry of the entire flower. This floral groundplan can be regarded as being the most common in Apiales: it characterizes the vast majority of Apiaceae and both genera of Myodocarpaceae [30], and represents one of the main types in Araliaceae.



In this case, the monosymmetry of the entire flower appears to be an effect of the mutual arrangement of the floral whorls, as long as none of the floral structures or whorls possesses this symmetry type if treated individually. However, this cumulative monosymmetry is explicitly evident in the structure of the floral vascular system (Figure 5C). Each of the two carpels is innervated by a dorsal vascular bundle; one of the dorsal bundles is united with a petal bundle in the wall of the inferior ovary, while the other dorsal bundle is united with a stamen bundle (and also a sepal bundle, if any). The gynoecium vascular system can thus be regarded as a monosymmetric structure within the flower; see also [62,63,64].



Some flowers with more complicated morphology also fall within this groundplan. An example of such elaboration is the presence of a monosymmetric corolla (Table 1: M2) in the peripheral flowers of umbels in many representatives of Apiaceae (Figure 5D) [40], and in Trachymene pilosa (Araliaceae) [41]. The corolla monosymmetry in these plants is manifested in the unequal size of the petals, as well as in oblique shape of the two lateral petals. The plane of the symmetry of corolla is median, and therefore, the entire flower is characterized by median monosymmetry, as in the general case described above. The other example is a pseudomonomerous gynoecium (Table 1: M3), known in several genera of Apiaceae (e.g., [65]). The different structure of the two carpels in the gynoecia of these representatives leads to the monosymmetry of the gynoecium, and the entire flower is, again, monosymmetric. Certain species of Hydrocotyle (Araliaceae) and several representatives of Apiaceae that are characterized by dimorphic (though both apparently fertile) fruiting carpels are possibly also relevant here [66,67]. For most of them, it is still to be elucidated whether the dimorphism takes place at anthesis (and thus it contributes to the establishment of floral symmetry) or appears during fruit maturation. For Polemanniopsis marlothii and Steganotaenia araliacea (Apiaceae), the prominently different morphology of the anthetic carpels has already been demonstrated [42]. Therefore, the gynoecium is monosymmetric in these species. Finally, a number of species of Trachymene (Araliaceae) are known to possess bicarpellate fruits with a single fertile carpel [41,68]. Some of these species are described as having an "asymmetrical, functionally unilocular ovary" at female anthesis [41] (p. 14), which indicates that their gynoecia can potentially be regarded as monosymmetric, similar to the pseudomonomerous gynoecia of Apiaceae.



b. Flowers with a monomerous gynoecium (Table 1: M4). A gynoecium consisting of a single carpel is a rare feature in Apiales. It is known only in several species of the genus Polyscias (Araliaceae) [45]. In these species, calyx, corolla, and androecium are polysymmetric and normally pentamerous. The single carpel possesses a plicate zone, and therefore the gynoecium is monosymmetric. The symmetry of the entire flower depends on the orientation of the carpel with respect to the other whorls. In flowers with the ventral slit of the carpel occupying the radius of a petal or a stamen (e.g., Figures 3D, 4C–E, 10E in [45]), the symmetry plane of the gynoecium coincides with one of the symmetry planes of the rest of the flower, which results in the monosymmetry of the entire flower (Figure 5E). However, in the cases of oblique carpel orientation, the flower appears to be asymmetric (see 4b), because the symmetry planes of the gynoecium and the other whorls do not coincide. Thus, not all of the flowers with monomerous gynoecium are monosymmetric in Apiales.



It should be noted that the determination of the carpel orientation with respect to the other whorls is somewhat conventional in such cases. If the outer whorls are pentamerous, then there are 10 radii of the outer elements, and therefore, one should distinguish the modes carpel orientation differing by 18° to find out whether it is opposite to a petal or a stamen, or whether it is oblique. However, in the cases of Polyscias described here, the flowers appeared to be easily divided into these types, based on the images of young flowers showing a broad ventral slit, with its outer border at close proximity to the stamens.



c. Flowers with trimerous gynoecium (Table 1: M5). In most representatives of Apiales with the gynoecium of three carpels, the gynoecium orientation is unstable (but see the exceptions below, under 3d), and special investigations are needed to prove the occurrence of flowers with one of the carpels arranged in a radius of a petal or a stamen, which would lead to a monosymmetry of the entire flower. This "properly" arranged carpel can be represented by any of them if they all are fertile, and should be the fertile one if the gynoecium is pseudomonomerous. In theory, this situation is similar to that of the monomerous gynoecium (see 3b), but, in contrast to the cases of the unicarpellate taxa, here, very few records of the "proper" (monosymmetric) gynoecium orientation are known. One such example is Cheirodendron trigynum (Araliaceae). Even in this species, the oblique gynoecium orientation is a prevailing condition; thus, in the tricarpellate species of Apiales with unstable gynoecium orientation, most of the flowers (and frequently all of them) are asymmetric; this condition is described below (see 4a).



d. Flowers with a pseudomonomerous trimerous gynoecium that occupies a stable orientation with respect to the other floral whorls (Table 1: M6, A3). Among Apiales, flowers of this type are known in Melanophylla (Torricelliaceae) [6]. This genus is characterized by a pentamerous calyx, corolla and androecium; the fertile carpel is arranged in the radius of a petal. Similar to the case of unicarpellate flowers (3b), here, the only symmetry plane of the monosymmetric gynoecium coincides with one of the symmetry planes of the polysymmetric remainder of the flower, which results in a monosymmetry of the entire flower. Notably, the plane of floral symmetry in Melanophylla is constantly transversal, which is an effect of a transversal position of the fertile carpel, and more remarkably, a transversal position of one of the sepals. The latter fact is remarkable, because it means that none of the sepals or petals is median. This pattern of flower orientation is very rare in angiosperms, as most of them possess either a sepal or a petal in a median adaxial position [29,69]; within the typical orientation, in flowers with uneven perianth merism, transversal monosymmetry is impossible.



e. Highly polymerous flowers of Tupidanthus calyptratus (Araliaceae) (Table 1: M7). These are flowers of the same groundplan, as described for this species in 2b, differing in the monosymmetric shape of the receptacle and the floral whorls (Figure 4D). The plane of symmetry is constantly median [32].




4.4. Asymmetric Flowers


This type of floral symmetry is associated mostly with an unstable orientation of the gynoecium in Apiales, because the asymmetry of an individual floral whorl is extremely rare in this order. For this reason, this type is found in taxa that also possess flowers with other symmetry types.



a. Flowers with trimerous (and tetramerous) gynoecium (Table 1: A5, A6). Species with a trimerous gynoecium (sometimes also possessing flowers with gynoecium of other merism) are scattered in a wide range of lineages in Apiales, including a number of genera of Araliaceae and Pittosporaceae, as well as almost all representatives of the small families Griseliniaceae, Pennantiaceae, and Torricelliaceae. A trimerous gynoecium itself is characterized by polysymmetry in Apiales, or by monosymmetry in case of pseudomonomery; the other whorls are polysymmetric, with merism higher than three (most often pentamerous). The orientation of the gynoecium with respect to the other whorls is mostly unstable and oblique in these taxa (e.g., [45]; Karpunina et al., in prep.), which makes the entire flower asymmetric. The rare cases of non-oblique orientation in some of the flowers of a given species are treated as monosymmetric flowers (see 3c). The only prominent exception from the unstable pattern of gynoecium orientation is the pseudomonomerous gynoecium of Melanophylla, which is transversally monosymmetric, as well as its entire flower (see 3d).



A tetramerous gynoecium is quite rare in Apiales, and is found in species with variable number of carpels within a range of its variation. This condition is usually combined with pentamerous other floral whorls (e.g., some species of Pittosporum, Pittosporaceae; [70]) resulting in an asymmetry of the entire flower, similar to the case of a trimerous gynoecium. However, if all of the whorls are tetramerous, the flower is polysymmetric (see 1a).



b. Flowers with monomerous gynoecium (Table 1: A4). This type is represented by flowers of the same groundplan, as described in 3b, differing by an oblique carpel orientation (Figure 5F). It occurs within the same range of taxa, i.e., Polyscias spp. (Araliaceae) [45].



c. Highly polymerous flowers of Tupidanthus calyptratus (Araliaceae) (Table 1: A7; Figure 4B,C). Asymmetric flowers occur within the variation of the shape of the receptacle and the floral whorls of this species, as described in 2b and 3e [32].




4.5. Minor Deviations from Polysymmetry in Particular Whorls of Flowers of Apiales


Apart from the "robust" morphological floral features that are employed in the classification of floral symmetry in Apiales as presented above, one can find an almost infinite number of characters that to some extent disturb the polysymmetry of a particular part of a flower. We find it impractical to take them into account for the determination of the symmetry type of an entire flower. However, these deviated traits are also worthy of consideration, because they regularly occur in certain lineages within Apiales as characteristic features of their floral groundplans.



1. Aestivation of the calyx and corolla (and rarely androecium) (Table 1: A1–A3, A6). A perianth whorl that is otherwise polysymmetric appears in some cases to be asymmetric with respect to mutual overlapping of its elements in the flower bud. Among the most common types of aestivation [29] found in Apiales, there are various patterns of imbricate aestivation (probably excluding the decussate pattern, which is characteristic of whorls with even merism, and which thus should be rare in Apiales, if any). One of the most striking examples here is that of Melanophylla, which possesses prominently contorted petals and stamens [6,71]. The contort pattern is of special interest, because a whorl with this pattern lacks any symmetry planes (and is therefore treated as being asymmetric here), but it still possesses a rotational form of symmetry. The other examples of Apiales with imbricate aestivation of the corolla are found in the families Araliaceae (a few genera), Myodocarpaceae (both genera, i.e., Delarbrea and Myodocarpus), Torricelliaceae (Aralidium) [30,38,39,46,47,48,72], and in some Apiaceae [49], including Stilbocarpa [47,73]. Besides, the corolla is imbricate in the entire family Pittosporaceae, and moreover, this type of aestivation is found in the calyx of many representatives of this family [4,50,51,53,54,55,56].



2. Postgenital fusion of the petals. In certain Araliaceae with moderately polymerous flowers, the petals (or only some of them) remain united in groups of two or three after corolla opening. Depending on the pattern of petal fusion in a particular flower, this may lead to the asymmetry of the anthetic corolla. The examples here are Schefflera actinophylla [3,28,60] and Trevesia palmata [74].



3. Unequal rates of sepal growth. In some Apiales, the sepals are prominently unequal in size during early calyx development [3,6,27,33,45,71,75,76]. In such cases, the young calyx is asymmetric, though it is polysymmetric, or nearly so, at maturity.



4. Placentation. In Apiales (except for Pittosporaceae), each fertile carpel uniformly bears a single fertile ovule, which is often accompanied by a single sterile ovule [34,77,78]. Each of the ovule(s) is attached on one side of the proximal part of the ventral slit of the carpel. Thus, the carpels in Apiales are asymmetric with respect to the attachment of the fertile ovule, which lies away from the symmetry plane of the otherwise monosymmetric carpel.



5. Deviation of styles. In some Apiales (e.g., Hydrocotyle from Araliaceae, Figure 5A), the styles of a dimerous gynoecium are consistently bent to the opposite sides, away from the symmetry plane of the carpel (and the gynoecium). This feature can be viewed as a manifestation of carpel asymmetry.





5. Discussion


5.1. Types of Floral Symmetry in Apiales: Applications of Various Approaches


The most widely employed approach divides the flowers of angiosperms into actinomorphic and zygomorphic ones. Typical plants with zygomorphic flowers are many representatives of Fabaceae, Lamiales, Asterales, Commelinales, Zingiberales, Orchidaceae [8,9,10,11,15,24,79]; their floral symmetry structurally and ecologically has little in common with that of the monosymmetric flowers of representatives of the order Apiales studied here. Moreover, the flowers that are common in the family Apiaceae (i.e., the pentamerous ones with a dimerous gynoecium), as well as the similar flowers of some Araliaceae were described as being actinomorphic (e.g., [78]), though they are clearly monosymmetric from a structural viewpoint (see above). Only some authors [12] described the typical flowers of Apiaceae (i.e., with both carpels being fertile) as being zygomorphic ones, though there is a possibility that they considered, first of all, peripheral flowers with unequally enlarged petals, as listed under case 3a in our study. Reyes et al. [24] coded Anethum graveolens and Angelica sylvestris (lacking enlarged petals in peripheral flowers) as being characterized by actinomorphic flowers, and Coriandrum sativum and Daucus carota (with enlarged petals in peripheral flowers) as being characterized by zygomorphic ones. Besides the fact that the floral monosymmetry of the former species is not taken in consideration within this approach, the striking inconsistency here is that all of the flowers of the latter species are coded as being zygomorphic, though their central flowers are in fact of the same shape as the flowers of the former species. Such a simplification can apparently lead to inadequate results in evolutionary analyses, such as an ancestral state reconstruction.



Endress [11] noted that in Apiaceae, the impact of the pentamerous outer whorls on the dimerous gynoecium may cause a monosymmetry of the latter. This monosymmetry of the gynoecium is present in floral buds, and it may become more pronounced or disappear (being replaced by disymmetry) during later flowering and fruit development. It should also be noted that the symmetry of the flower is tightly related to its en face orientation (with respect to the surface of the earth): typical zygomorphic flowers are oriented horizontally, which is usually a consequence of the precise position of a pollinator in a flower, and is manifested in the arrangement of the trajectory of pollinator movement within the flower parallel to the ground [11,21,80,81]; in contrast, typical actinomorphic flowers are vertically oriented. Exceptions from this pattern are found in some taxa with zygomorphic peripheral flowers of the pseudanthia, which were hypothesized to act as a landing platform for flying pollinators [24]; a comparison between the concepts of medial zygomorphy and dorsoventral zygomorphy that are relevant here was also presented by Neal et al. [7] and Giurfa et al. [12]. The flowers of Apiaceae and some other angiosperm families, despite possessing monosymmetric structure (in the strict sense), are oriented similarly to actinomorphic flowers, i.e., vertically. The enlarged petals of the peripheral flowers of some Apiaceae can hardly be regarded as landing places; more likely, they play a role in the visual attraction of the pollinators.



Endress [11] distinguishes more elaborate and less elaborate forms of floral monosymmetry and asymmetry. In the first case, the deviation from polysymmetry is determined by a high level of organ synorganization, accompanied by a significant difference between the elements within a floral whorl. In the second case, minor differences occur in the shape of certain organs, or the general simplicity of the flower (including cases of loss of some of the organs). Examples with imbricate aestivation (including contort and quincuncial ones) are also treated by Endress [11] under less elaborate asymmetry; here, we prefer not to follow his view, and we have excluded aestivation from the criteria of floral symmetry. We believe it to be more constructive to treat this characteristic separately, as too many taxa would otherwise have to be considered as having asymmetric flowers. Although some Araliaceae with polymerous non-polysymmetric flowers are known to possess synorganization of floral elements (particularly within the corolla, with the formation of a calyptra or a calyptra-like structure [31]), their flowers should most likely be assigned to a less elaborate form, as the di-, mono-, and asymmetry forms found here have no biological significance, and they exclusively represent the effects of certain morphogenetic patterns.



As is evident from the results presented above, floral symmetry in the order Apiales is tightly correlated with the gynoecium merism. In representatives with a carpel number that is lower than the petal number in a flower (i.e., with mono-, di-, and trimerous gynoecium), the application of different criteria leads to the revelation of polysymmetry/actinomorphy or monosymmetry/zygomorphy [7]. Excluding such plants from consideration, one can conclude that isomerous and nearly isomerous flowers with low merism (i.e., pentamerous ones and ones that are similar to them) are characterized, at least in most cases, by a polysymmetry. Deviations from polysymmetry appear when it is "necessary" to arrange a large number of carpels in one whorl.




5.2. The Impact of Gynoecium Orientation on Floral Symmetry in Apiales


The floral symmetry types that are distinguished in Apiales are mostly contingent on the merism and the outline of the gynoecium, and especially on the stability or the lability of its orientation, in relation to the other whorls. The gynoecium of polysymmetric flowers found in this order are either nearly isomerous to perianth whorls, with the carpels arranged in the radii of the petals (or rarely sepals), or polymerous, with an indefinite number of symmetry planes. All disymmetric flowers in this group also have a stable orientation of gynoecium in relation to the petals, and/or to inflorescence axes. Indeed, the variable orientation of this whorl is found only within mono- and asymmetric flowers. Moreover, the flowers of these two symmetry types can co-occur in the same inflorescences, due to variations in gynoecium orientation.



Generally, the stability of the gynoecium orientation is consistent with the assumption of the existence of two directions of spatial pattern formation (prepatterning) in the floral meristem, namely, acropetal patterning for the perianth, and basipetal patterning for carpels and stamens. According to this model, the sepals are the first to be patterned, and therefore, they affect the patterning of carpels; in turn, the positions of the stamens and the petals are correspondingly governed by carpels and sepals [2,82,83,84]. In Apiales, indirect evidence for the basipetal patterning of the gynoecium and androecium has even been reported for Tupidanthus, with its extremely numerous stamens and carpels [32]. At the same time, the occurrence of flowers with variable gynoecium orientations, as well as the presence of multiple carpels in otherwise pentamerous flowers can hardly be explained by this model [2]. One can speculate that the presence of basipetal patterning is correlated with floral polysymmetry and disymmetry in Apiales.




5.3. The Impact of Merism and the Outline of the Polymerous Gynoecium on Floral Symmetry in Apiales


In Apiales, a gynoecium with more than five carpels occurs only in the family Araliaceae, and therefore, only examples from Araliaceae are discussed below. Our results show that the variation of floral symmetry in Araliaceae largely represents a consequence of certain developmental constraints. Several kinds of such constraints are found, which are reflected in differences in the shape and symmetry of flowers at particular developmental stages and/or in anthetic condition.



(1) Flowers with slightly polymerous gynoecium, consisting of up to ca. 15 carpels, are polysymmetric at the beginning of their development. Their disymmetry is manifested since the late stages, with regard to the arrangement of the plicate carpel parts within the symplicate zone. The arrangement of the plicate carpel parts in two rows is regarded here as a method of establishing a contact between all of the carpels, which cannot be reached in the central axis of the flower, in the case of the large number of carpels. The necessity for such a contact follows from the presence of a compitum in Araliaceae: indeed, the intragynoecial compitum is known to be one of the key advantages of the syncarpous gynoecium [85,86], and it is obligatory in all Apiales with more than one carpel in a flower, including the cases of a single fertile carpel [6,72]. As a result, a disymmetric arrangement of carpels in two rows commonly arises in the polymerous gynoecia.



A similar explanation can be applied for the disymmetric arrangement of petals in the buds of Schefflera actinophylla, belonging to this morphological group of species (with slightly polymerous gynoecium), as well as in some other Araliaceae with polymerous corollas: a close contact between the petals is required, because they provide bud protection in Araliaceae. The coincidence of the symmetry planes of the symplicate gynoecium zone and the corolla in S. actinophylla suggests the presence of a common regulatory mechanism; possibly, the petals are arranged according to the slightly elliptic shape of the distal part of the gynoecium, caused by the specific arrangement of the plicate carpel parts. This is probably facilitated by the (semi)inferior ovary position.



It should be noted that deviations of this kind also occur in oligomerous corollas and gynoecia (i.e., those of up to six petals and carpels) of Apiales. In a number of representatives from various lineages, an imprecise arrangement of valvate petals in the flower bud was recorded, manifested in the absence of a simultaneous contact between all the petals, e.g., by one of them being smaller and not reaching the floral center, and contacting only with two neighboring petals [3,28,45,61]. Similarly, in several species of Schefflera (Araliaceae) with a 5–6-merous gynoecium, an asymmetric contact between the plicate carpel parts was found [3,28,61]. It remains unclear whether this is indeed an effect of morphogenetic difficulty for precise contact between organs, or just a case of a minor variation of petal and carpel shape, which is possibly correlated with slightly asynchronous organ initiation and/or early development. We assume the latter option to be more plausible, and thus we treat such corollas as being polysymmetric.



(2) Among flowers with moderately polymerous gynoecium (with about 15–50 carpels), those of Schefflera subintegra are studied in detail. In this species, the shape of the whole flower changes from polysymmetry to disymmetry early in development; i.e., when the corolla tube completely covers the undifferentiated floral center. The flower is thus already prominently elliptic in outline by the time of the initiation of the androecium and gynoecium. We argue here that the most important factor leading to the disymmetry of the entire flower is the occurrence of a constraint (whose nature merits further studies) that maintains the arrangement of a large number of elements in a single whorl. If the primordia of the elements (stamens or carpels) of the same number and size are arranged polysymmetrically along a circular whorl, the entire flower would inevitably be disproportionally large, with a huge unused central area. This is especially crucial for the innermost whorl of the flower, i.e., the gynoecium (see also [87]).



The fixed orientation of the flower with respect to the inflorescence axis (with transversal broader side) can be provisionally explained by the interaction between the developing flower and its subtending bract by the means of mutual pressure [88]. At the establishment of disymmetry, the flower probably enlarges and broadens according to the available space, which is the space with the lowest pressure from both the bract and the axis.



(3) Highly polymerous flowers of Tupidanthus calyptratus show the most complex shape in Araliaceae, which is prominent from the stage of the floral primordium when no floral elements are differentiated. While the receptacle of Schefflera subintegra can be described as being transversally compressed, that of T. calyptratus is folded several times (often butterfly-like). The carpels of the single whorl are aligned on both sides of a branching line. This species thus shows a next-step complication that is aimed at packing an extremely high number of floral elements. According to the particular patterns of receptacle folding, the flowers of T. calyptratus are di-, mono-, and asymmetric.



Following the ideas of Endress [8,11], the flowers of Schefflera actinophylla, S. subintegra, and other species of Araliaceae with similar groundplans (at least for those for which comprehensive data on floral development is available) can be described as being disymmetric with early polysymmetry. The loss of polysymmetry during morphogenesis is usually related to the unequal growth of certain floral parts [8,10,89]. However, in species of Araliaceae studied here, the elements of each floral whorl are uniform (equally developed), and the symmetry change appears exclusively as a result of the corresponding arrangement of the elements in some or all of the whorls, sometimes accompanied by a shift in receptacle shape. Besides, an opposite example can be found in Apiales: many species are characterized by a sequential sepal initiation, resulting in drastic size differences between the sepals at the early stages of calyx development [3,6,27,33,45,71,75,76]. At the later stages, the sepals acquire an equal size, and the mature calyx is polysymmetric. Such flowers, if not asymmetric in preanthetic condition due to any other reasons, can be treated as being poly-/monosymmetric with early asymmetry [8,11].



As is evident from the results presented here, the deviations from floral polysymmetry in Araliaceae with increased floral merism are nothing but a "necessary measure" for the disposition of a large number of elements (first of all, carpels) within a floral whorl, including the establishment of contacts between the carpels to form a compitum. The cases of such deviations across angiosperms with multicarpellate gynoecia were reviewed by Endress [87]. They follow from the general regularities of spatial organization of the angiosperm flower, and do not represent adaptations to any ecological factors, such as patterns of interaction with pollinators, seed production, or dispersal. This is the main difference between the representatives of Araliaceae with polymerous non-polysymmetric flowers, and taxa of the asterid orders Lamiales, Asterales, etc., characterized by zygomorphy that is directly associated with adaptations to entomophily [10,11,90]. Notably, in the latter groups, the zygomorphic flowers are predominantly pentamerous [8,20,79]. While in most euasterids (probably excluding Oleaceae), the meristic changes in flowers (usually towards the reduction of the number of elements) occur under the influence of zygomorphy [91], in Araliaceae, vice versa, an increase of floral merism leads to a shift from polysymmetry to a disymmetry. In other words, the shifts in floral symmetry are a consequence of meristic changes in Araliaceae and their reason in most other euasterids. A remarkable exception from this pattern is found in euasterid taxa with pseudomonomerous gynoecia [92] and polysymmetric other floral whorls: similarly to the cases of Araliaceae, their non-polysymmetry is a consequence of certain morphological traits, and is not related directly to the pollination process.



Endress [11] stresses that floral monosymmetry has crucially different structural nature in different taxa: it affects all of the types of floral elements or only a part of them; it is associated with differential organ shape, fusion, or number; the plane of symmetry occupies various position (median, transverse, oblique) with respect to the axis of the previous order. Monosymmetry is also a characteristic of all flowers with monomerous whorls (most likely except for cases where the lone element occupies a central position and itself is not monosymmetric, as well as the cases of its oblique orientation); it is classified by Endress [11] as being monosymmetry by simplicity. Endress [11] (p. 351) also distinguishes organizational monosymmetry, resulting from the corresponding "initial disposition of young organs", and the architectural monosymmetry manifested in the "shape of the anthetic flower". The latter type is usually shallow, while the former one is more prominent. The "typical" zygomorphic flowers often combine both of these types. It is likely that these concepts are related to the ideas of changing vs not changing expression of floral symmetry (during flower development), resulting in a transient vs constant monosymmetry and asymmetry, proposed by the same author [8,11]. The latter ideas not only deal with element arrangement, but also with the shape of the receptacle and the elements. Apparently, an attempt to apply this complicated classification of non-polysymmetric flowers to the family Araliaceae will lead to a revelation of a combination of several modi in a number of its representatives, especially in those with polymerous gynoecia.




5.4. Orientation of Disymmetric and Monosymmetric Flowers Relative to the Inflorescence Axis in Apiales


Typical zygomorphic (monosymmetric) flowers are characterized by a precise orientation of the symmetry plane with respect to the inflorescence axis [7,11,15,93], which is structurally conditioned by the presence of floral elements of different morphology (or with uneven placement of the elements) within at least one whorl, and their stable arrangement [15,20], and functionally related to a corresponding stable position of the animal pollinator during the visits [10,11,90]. As follows from our study, some representatives of the family Araliaceae (apart from those with monosymmetry by simplicity: see below) possess a variable orientation of disymmetric and monosymmetric flowers with respect to the inflorescence axis (e.g., Schefflera actinophylla and S. brevipedicellata with slightly polymerous gynoecium). We consider this variation as an additional argument in favor of the idea that a deviation from polysymmetry in these species occurs exclusively due to certain spatial constraints, namely, the necessity of contact of a large number of elements of the same whorl, and is not triggered by any adaptations to interactions with pollinators.



On the other hand, the disymmetric flowers of Schefflera subintegra studied here possess a constant orientation relative to the inflorescence axis, i.e., with the broader side in the transverse position. Most likely, the disymmetric floral shape of this species is partly conditioned (in the mechanical and/or regulatory context) by the structures surrounding the flower. The same is true for the disymmetric and monosymmetric flowers of Tupidanthus calyptratus; in the monosymmetric flowers of this species, its symmetry plane is uniformly median.



The species of Araliaceae possessing floral monosymmetry as an effect of monomerous gynoecium studied to date (monosymmetry by simplicity, following Endress [11]), i.e., the unicarpellate Polyscias species, are characterized by the variable orientation of the single carpel relative to the inflorescence axis [45]. Clearly, in this case, similar to the cases described above, the orientation of the plane of floral symmetry bears no functional significance.



In transversally monosymmetric flowers of Melanophylla, the fixed orientation of the symmetry plane is most likely caused by the tight interactions between the neighboring floral whorls (starting from those between the bracteoles and the calyx) during flower development, or at the stage of prepatterning of floral organs [6,71]. Finally, the flowers of Apiales with a dimerous gynoecium and pentamerous other whorls are always (or almost so) monosymmetric, with a uniformly median plane of symmetry. Here, the stability of the orientation is apparently a result of the general rules of the arrangement of elements in the angiosperm flowers: indeed, in most eudicots with a dimerous gynoecium, the carpel position is fixed relative to both the outer whorls and the inflorescence axis [29].




5.5. Implications for the Evolution of Floral Symmetry in Asterids


It is well-known that within both eudicots and monocots, zygomorphic flowers generally characterize more "advanced" groups, i.e., phylogenetically more deeply nested ones, which possess a stable floral structure that is manifested in a constant number of elements and their arrangement [14,15,20]. In asterids that show diverse types of floral symmetry, the ancestral flower groundplan is probably the actinomorphic one with a pentamerous perianth and a moderate number of stamens [20]. An analysis of floral symmetry in asterids with the consideration of the number of petals, stamens, and spurs in a flower has revealed that zygomorphic flowers nearly always possess a fixed number of elements in each whorl, and that this number is most often five [20]. The presence of spurs constantly coincides with zygomorphy in this clade. Zygomorphy is particularly correlated with oligandry, and a high stamen number is supposed to hinder heterogeneous development of organs. It was argued that zygomorphy is possible only within a strictly fixed structure of the whole flower [20], and associated with a high level of specialization [15].



According to Jabbour et al. [20], Tupidanthus is one of the two genera of asterids whose flowers are characterized by both zygomorphy and polyandry. Meanwhile, the zygomorphy of the perianth has evolved in asterids more than 30 times [24] (most likely even more times, because this work does not take into account the case of Tupidanthus). This character is believed to be controlled by a complex network of transcription factors and target genes, and also modulated and constrained by interactions with other architectural floral traits [20]. In most studied cases of apparently independent origin of zygomorphy in angiosperms, the CYCLOIDEA-like genes are responsible for development of this character [14,20] (but see [94]). Expression of these genes in dorsal regions of floral meristem is responsible for pre-patterning of its monosymmetry at early developmental stages, which is further resulted in the formation of unequal organs of calyx, corolla and androecium [95,96]. This genetic mechanism can be potentially involved in the regulation of the formation of the peripheral zygomorphic flowers with pronounced differences in petal sizes occurring in the umbels of some Apiaceae. However, it is likely that the genetic and developmental nature of the deviations from floral polysymmetry in other Apiales, including Tupidanthus, differs radically from that of most asterids; rather, we predict that they are conditioned exclusively by the patterns of structure and development of the flower, and not governed by the CYCLOIDEA-like genes. Moreover, the deviations from polysymmetry (including monosymmetry, which one can synonymize with zygomorphy) in Araliaceae seem to be associated neither with the presence of elements of different structure within one whorl, nor with their uneven arrangement; they occur due to a peculiar structure of the receptacle (and correspondingly, the peculiar shape of the outline of each whorl) and/or the mode of interaction between the elements of a whorl, in the case of their contact or postgenital fusion. Particularly, the non-actinomorphy of flowers of Tupidanthus may be hypothetically considered to be an aftereffect of the fasciation of the floral meristem caused by (as-yet undiscovered) mutation(s) in gene(s) of the CLAVATA family [32].



Besides, there are species of Araliaceae with flowers that are non-polysymmetric by simplicity, such as those with unicarpellate or bicarpellate gynoecium. Thus, the non-polysymmetric flowers of various kinds in Araliaceae (except possibly for those of Trachymene pilosa with enlarged outer petals) do not differ from the polysymmetric (actinomorphic) flowers of the representatives of this family in their mode of interaction with a pollinator; that is, the pollinator apparently does not recognize them as being bilateral (i.e., disymmetric or monosymmetric) and, it takes an arbitrary position while visiting them. The rest of Apiales generally fits well into this picture. The most prominent exceptions are flowers with monosymmetric corollas in some Apiaceae; these flowers possess petals of different structure, play special role in interactions with pollinators, and thus can be unequivocally regarded as zygomorphic flowers. Another case of a whorl with elements of different morphology is the gynoecium of dimorphic carpels (including the pseudomonomerous gynoecium) found in several families of Apiales; these flowers are biologically more similar to actinomorphic than to the zygomorphic ones.





6. Conclusions and Prospects


The specificity of the diversity of floral symmetry in Apiales can be summarized as the following.



The taxa of this order are diverse not only in the floral symmetry itself, but also in the patterns of variability of this feature between individual flowers and in the morphogenesis of a given flower. Particularly, in some species, the symmetry of all their flowers is rather uniform, while in the others it varies within considerable limits. Also, in some species, the floral symmetry is constant from the early stages of floral development up to anthesis, while in the others, a shift of symmetry takes place at an earlier or later stage, sometimes resulting in different symmetry for different parts of a preanthetic flower.



The basic (i.e., the most common) type of floral symmetry in Apiales is polysymmetry. The polysymmetry of individual floral whorls, possibly except for the gynoecium, is most likely an ancestral condition for the whole order [20]. Several evolutionary reasons for deviations from polysymmetry can be outlined; sometimes more than one of them are found in a particular flower. (1) Evolution of a pollination syndrome. Despite being generally common in zoophylous angiosperms, this case is extremely rare in Apiales, and it is represented only by the peripheral flowers of some Apiaceae and of Trachymene pilosa (Araliaceae). All of the other cases are nothing but reflections of the intrinsic features of the structure and development of a flower. (2) A wide range of flowers fall within non-polysymmetric types due to purely geometrical reasons, including monosymmetry and asymmetry by simplicity. These are (2a) flowers with a monomerous whorl, which are represented by unicarpellate flowers in Apiales; (2b) flowers with superimposed whorls of different symmetry, resulting in a symmetry of the entire flower that is distinct from that of the individual whorls; (2c) flowers with a polymorphism of elements in a whorl, which are represented by flowers with dimorphic carpels (including those with pseudomonomerous gynoecium) in Apiales. (3) Finally, there are flowers whose non-polysymmetry is a direct consequence of developmental constraints. Particularly, the polysymmetry is disturbed (3a) in certain whorl in the cases of a contact between a large number of elements, and (3b) in the entire flower, in cases of complex shape of the receptacle appearing as a mode of arrangement of a large number of elements within a whorl (mostly the gynoecium).



The case study of the order Apiales shows that it is difficult to choose a single optimal setting for the two classifications of floral symmetry, i.e., the traditional physiognomic classification (actinomorphy/zygomorphy) and the relatively recently developed geometrical classification method, based on detailed descriptions of floral morphology. An optimal classification is expected to be most useful one for descriptions of morphology, morphogenesis, and functioning. Actually, the first classification is easy to use (the type of symmetry is evident at a glance), and it reflects the patterns of biology of zoophylous flowers, but it does not give a precise idea of the structure of the flower. The second classification is not directly related to the ecological traits; it is established on the basis of a rigorously prepared floral diagram, and thus, it considers all of its structural features. However, even within this classification, flowers that are very different structurally and biologically fall within the same type of symmetry. It is noteworthy that Endress [11] does not mention the family Araliaceae in his detailed overview of floral monosymmetry and asymmetry in angiosperms. Perhaps such a divergence with our data can be explained by the complexity and ambiguity of the attribution of the flowers for many representatives of this family to a particular type of symmetry within the classification scheme used by Endress. The following criterion can be suggested as a basic one for the discrimination of symmetry types for cyclic flowers: (1) flowers with uniform structure of elements within each whorl vs (2) flowers with different elements within at least one whorl. This criterion is structurally accurate, easy to employ, and it reflects the functional peculiarities of a flower to a considerable extent. Within this criterion, the vast majority, if not all of the representatives of Araliaceae, possess flowers of the first type. This criterion can be used as a foundation for a novel, independent classification. We propose that our approach is widely applicable to various angiosperm groups with cyclic flowers.



In evolutionary studies of morphological characters, it is important to employ a comprehensive coding system of characters and their states that would unequivocally describe each case within the structural diversity of the lineage under examination. Given that floral symmetry is a complex and generalizing feature that represents a function of a number of features of floral morphology, we suggest that it should be split into several characters for analysis via ancestral state reconstruction and similar methods (though this would hamper investigations of correlations between characters caused, e.g., by evolutionary constraints [97,98]). Particularly, we find it appropriate to treat separately the symmetry of each floral whorl, the symmetry at various developmental stages (floral primordium, preanthetic bud, anthetic flower, etc.), the symmetry types resulting from interrelations between different whorls, as well as between the flower and the inflorescence axis, and also the characters listed above in each type of flower if several of them present in a species. For investigations that are focused on the ecological types of flowers, we suppose that it is efficient to use functional characters instead of strictly morphological ones, such as a type of pollen transfer, the unfixed/fixed position of a pollinator in a flower, or the orientation of a flower relative to the ground.
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Figure 1. Flowers of Apiales. A,B, Schefflera membranifolia (A) and S. trevesioides (B) (Araliaceae), five elements in each whorl, top view. (C). Generalized diagram of a pentamerous flower of Araliaceae with superimposed main vascular bundles. (D). Pittosporum balansae (Pittosporaceae), with a dimerous gynoecium of unknown orientation and pentamerous other whorls, top view. 
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Figure 2. Flowers of Schefflera actinophylla (Araliaceae). (A). Carpel initiation stage, top view; perianth removed (scanning electron microscopy, SEM). (B). Carpel initiation stage, oblique view; perianth removed except for three petals (SEM). (C). Gynoecium development stage, top view; perianth removed (SEM). (D). Cross-section of the mature ovary, synascidiate zone (SEM). (E). Mature gynoecium, top view, showing the arrangement of the postgenital carpel fusion in the symplicate zone (SEM). (F). Anthetic flower with abscised petals, top view. 
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Figure 3. A–D. Flower of Polyscias duplicata (Araliaceae). (A). Anthetic flower, top view. (B). Cross section of mature ovary, synascidiate zone. (C). Mature flower bud, top view; note the arrangement of petal tips. (D). Post-anthetic flower (or flower at the female stage?), top view; petals and stamens abscised. (E). Anthetic flower of Schefflera subintegra (Araliaceae), top view; corolla abscised. (F). Floral diagram of S. subintegra. 
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Figure 4. Flower of Tupidanthus calyptratus (Araliaceae). (A). Gynoecium development stage, top view; perianth removed (SEM). B, C. Early (B) and late (C) anthetic flower, top view; corolla abscised. (D). Young fruit, top view. 
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Figure 5. Flowers of Apiales. (A). Hydrocotyle nepalensis (Araliaceae), top view. (B). Thyselium palustre (Apiaceae), top view. (C). Generalized diagram of flowers of Apiaceae and Araliaceae with a dimerous gynoecium and pentamerous other whorls, with superimposed main vascular bundles. (D). Peripheral flower of Tordylium aegyptiacum (Apiaceae), top view. E, F. Floral diagrams of unicarpellate Polyscias spp. (Araliaceae), with the carpel oriented at the radius of stamen (E) and between the radii of the stamen and petal (F). 
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Table 1. Diversity of the floral symmetry in Apiales.
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	Notation
	Floral Formula
	Important Features
	Examples of Taxa and References





	P1
	R * Kn * ↔ Cn * ↔ An * ↔ Gn *
	Isomerous (mainly pentamerous) whorls, stable orientation of the gynoecium
	Araliaceae: Aralia, Hedera [27], some Plerandra subg. Canacoschefflera (pers. obervations), some Asian Schefflera, Schefflera actinophylla (early stages) [2,3,28,29]



	P2
	R * Kn * ↔ Cn * ↔ A∞ * Gn *
	Isomerous (mainly pentamerous) perian