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e Background and Aims Obdiplostemony has long been a controversial condition as it diverges from diploste-
mony found among most core eudicot orders by the more external insertion of the alternisepalous stamens. In this
paper we review the definition and occurrence of obdiplostemony, and analyse how the condition has impacted on

floral diversification and species evolution.

e Key Results Obdiplostemony represents an amalgamation of at least five different floral developmental pathways,
all of them leading to the external positioning of the alternisepalous stamen whorl within a two-whorled androe-
cium. In secondary obdiplostemony the antesepalous stamens arise before the alternisepalous stamens. The position
of alternisepalous stamens at maturity is more external due to subtle shifts of stamens linked to a weakening of the
alternisepalous sector including stamen and petal (type 1), alternisepalous stamens arising de facto externally of
antesepalous stamens (type II) or alternisepalous stamens shifting outside due to the sterilization of antesepalous sta-
mens (type III: Sapotaceae). In primary obdiplostemony the alternisepalous stamens arise before the antesepalous
stamens and are more externally from initiation. The antesepalous stamen whorl is staminodial and shows a ten-
dency for loss (type 1), or the petals are missing and the alternisepalous stamens effectively occupy their space (type
II). Although obdiplostemony is often related to an isomerous gynoecium, this is not essential. Phylogenetically,
both secondary and primary obdiplostemony can be seen as transitional stages from diplostemony to either haploste-
mony or obhaplostemony. Obdiplostemony is the consequence of shifts in the balance between the two stamen
whorls, affecting either the alternisepalous stamens together with the petals, or the antesepalous stamens.

e Conclusions We advocate a broad definition of obdiplostemony, to include androecia with incomplete whorls,
staminodial whorls, anisomerous gynoecia and an absence of petals. As such, the taxonomic significance of obdi-
plostemony is transient, although it is a clear illustration of how developmental flexibility is responsible for highly

different floral morphs.

Key words: asterids, common petal-stamen primordia, diplostemony, floral bauplan, haplostemony, isomery, obdi-
plostemony, obhaplostemony, petal loss, rosids, staminodes.

GLOSSARY OF TERMS

Alternisepalous stamens: stamens between the sepals; this cor-
responds to antepetalous stamens in the presence of petals.

Antesepalous stamens: stamens opposite the sepals.

Obdiplostemony: an androecial configuration with two stamen
whorls, with the outer whorl alternating with the sepals (oppo-
site the petals when these are present), and the inner whorl op-
posite the sepals. One of the stamen whorls may be staminodial
or consist of paired (multiple) stamens.

Primary obdiplostemony (cf. Ronse De Craene and Smets,
1995): alternisepalous stamens arise before and are more
external to the antesepalous stamens from the start, and do not
shift position. This condition may be associated with steriliza-
tion of the antesepalous stamens (type I) or loss of petals
(type II).

Secondary obdiplostemony (cf. Ronse De Craene and Smets,
1995): antesepalous stamens arise before and generally more

externally to the alternisepalous stamens and shift position; this
condition may be associated with sterilization of the alternisep-
alous (type I) or antesepalous stamens (type III). In rare cases
antesepalous stamens arise before but more internally to the
alternisepalous stamens and do not shift position (type II). Type
IT corresponds to centrifugal obdiplostemony of Ronse De
Craene and Smets (1995).

INTRODUCTION

Obdiplostemony is usually associated with flowers with a
biseriate perianth (sepals and petals). It represents the unusual
condition in the two-whorled androecium where the order of
stamen whorls is inversed compared with a diplostemonous
flower, so that the outer stamen whorl is opposite the petals and
the inner stamen whorl opposite the sepals. Obdiplostemony
has been a major topic of morphological research and debate
since Chatin’s 1855 description of a ‘type obdiplostémone’
(e.g. Celakovsky, 1875, 1894; Eichler, 1878; Jordan, 1883;
Stroebl, 1925; Mattfeld, 1938; Corner, 1946; Eckardt, 1963;
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Leins, 1964; Eckert, 1966; Gelius, 1967; Rohweder, 1967,
1970; Mayr, 1969; Klopfer, 1973; Ronse De Craene and Smets,
1995; Endress, 2010). Obdiplostemony was considered to be a
puzzling and anomalous condition, because it implied that
Hofmeister’s (1868) rule of alternating whorls has been vio-
lated. Different interpretations for the origin of obdiplostemony
have been presented in the past and are reviewed by Eckert
(1966) and Ronse De Craene and Smets (1995). Androecial
configurations have generally been described as obdiplostemo-
nous based on mature flowers, without knowledge of the ontog-
eny of the stamens (Ronse De Craene and Smets, 1995).
Nonetheless, the interpretation of obdiplostemony is wholly de-
pendent on developmental processes. The significance of obdi-
plostemony has been questioned since several developmental
studies (especially in the 1960s) demonstrated the less funda-
mental nature of the condition in flowers and the difficulty of
establishing an unequivocal distinction from diplostemony (e.g.
Leins, 1964; Eckert, 1966; Rohweder, 1967, 1970; Gelius,
1967). The main consensus is that obdiplostemony is a second-
ary phenomenon arising during floral development as the result
of a delay in development of the alternisepalous sector (includ-
ing petals) and a strengthening of the antesepalous sector. This
transition can be read as a gradual shift from diplostemony to a
condition resembling obdiplostemony (where alternisepalous
stamens appear visually externally to the antesepalous stamens,
although their insertion is more internal), and further to cases
with externally inserted alternisepalous stamens, as can be illus-
trated in several families (e.g. Saxifragaceae, Rutaceae,
Ericaceae). Klopfer (1973) described this condition as second-
ary obdiplostemony. On the basis of a broad study of angio-
sperms, Ronse De Craene and Smets (1995) reviewed the
occurrence of obdiplostemony within a premolecular context
and distinguished between three forms of obdiplostemony on
the basis of developmental evidence. In an ontogenetic context,
the relative position (inner vs. outer) and relative timing of initi-
ation (before vs. after) of stamen whorls is key in determining
among different types of obdiplostemony. In primary obdiplos-
temony the alternisepalous stamens arise before the antesepa-
lous stamens and are external to them from initiation. In
secondary obdiplostemony alternisepalous stamens are initiated
after the antesepalous stamens and shifted outside during ontog-
eny. Ronse De Craene and Smets (1995) distinguished a third
condition (centrifugal obdiplostemony), where alternisepalous
stamens arise after the antesepalous stamens but are external to
them from initiation. Endress (2010) reviewed the developmen-
tal basis of obdiplostemony, based on the example of Geranium
robertianum, and concluded that there is no organizational dif-
ference between obdiplostemony and diplostemony in this par-
ticular case, corresponding to the secondary obdiplostemony of
previous authors. Indeed, obdiplostemony results from a reduc-
tion of the attachment area of alternisepalous stamens and pet-
als, and a difference in orientation of both stamen whorls.
According to Endress (2010), a clear indication for the occur-
rence of obdiplostemony is the alternisepalous position of the
carpels when the gynoecium is isomerous, with a maximal
space occupation in the petal sectors. Additionally, Endress pre-
cludes a centrifugal androecium initiation in flowers with two
fully developed stamen whorls, implying that alternisepalous
stamens may not arise before antesepalous stamens. The inter-
pretation of Endress (2010) is more restrictive than that of

Ronse De Craene and Smets (1995), who advocated three dif-
ferent cases of obdiplostemony.

Obdiplostemony represents a complicated concept. One can
either ignore the condition (as being simply a derivative of dip-
lostemony) or consider it as an important transitional character
state in floral evolution. The difficulty in the circumscription of
obdiplostemony was also acknowledged by Endress (2010), be-
cause of variable parameters during development. In an earlier
paper, Ronse De Craene and Smets (1998a) considered that
obdiplostemony plays a more fundamental role in floral evolu-
tion than suggested by those advocating obdiplostemony to be
just a late developmental modification in the flower; they im-
plied that obdiplostemony could be transitional in the evolution
of diplostemony to either haplostemony (a single stamen whorl
opposite the sepals) or obhaplostemony (a single stamen whorl
opposite the petals or alternating with the sepals). In line with
the controversial interpretations of obdiplostemony, the purpose
of this opinion paper is to clarify the significance of obdiploste-
mony from a developmental and phylogenetic point of view.
Changes in developmental parameters are important drivers of
speciation. As such, obdiplostemony represents evolutionary
change in progress, where floral developmental evidence shows
specific pathways linking different androecial configurations.
Obdiplostemony could thus represent an escape from the devel-
opmental robustness of diplostemonous flowers, but at the
same time be an indication of a possible shift towards a more
stable configuration with a single stamen whorl.

IS OBDIPLOSTEMONY A CHARACTER
OF ANY SIGNIFICANCE?

Previous discussions, as presented by Eckert (1966), demon-
strate that theories about obdiplostemony are often built on
rigid concepts that lack developmental evidence, in implying
that floral whorls are fixed and cannot change in position.
Several flower configurations have been described as obdiplos-
temony, although evidence for this is often lacking. Different
arguments have been used to explain the existence of obdiplos-
temony, such as the floral vasculature, the presence of nectaries
in flowers or changes in the floral development (e.g. Venkata
Rao, 1949, 1952; Al-Nowaihi and Khalifa, 1973; Narayana and
Rao, 1977a, b). A more external position of alternisepalous sta-
men bundles will often accompany obdiplostemonous flowers
(e.g. Ronse De Craene and Smets, 1995), but can be conflicting
when developmental evidence shows the contrary. The vascular
connections develop merely as a consequence of the position of
organs in the flower (see discussion in Carlquist, 1969; Ronse
De Craene and Smets, 1995). Venkata Rao and Ramalakshmi
(1968) argued that the large antesepalous nectaries are responsi-
ble for the obdiplostemonous arrangement in Euphorbiaceae.
However, this explanation for obdiplostemony needs to be used
with caution, as nectaries are initiated late in floral development
and nectary position may fluctuate strongly in structurally
closely similar obdiplostemonous taxa. For example, compara-
ble obdiplostemonous flowers of genera such as Oxalis and
Geranium differ in the former having glands in alternisepalous
position and the latter in antesepalous position (Endress, 2010).

Celakovsky (1894) and Corner (1946) argued that obdiplos-
temony could be derived from a polyandrous androecium with
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centrifugal initiation (described as centrifugal obdiplostemony
by Corner, 1946). The examples used by Corner are androecia
with 15 stamens (as in Visnea, Monsonia and Peganum). Ronse
De Craene and Smets (1995, 1996) described centrifugal obdi-
plostemony in relation to a doubling of alternisepalous stamen
positions based on the example of Peganum, in which an exter-
nal alternisepalous stamen pair was seen to arise after the ante-
sepalous stamens (Ronse De Craene er al., 1996). This
observation, based partially on anatomical data, was shown to
be erroneous and was rectified by Bachelier er al. (2011) as the
androecium consists of antesepalous triplets, similar to
Nitraria, the sister genus of Peganum. This observation puts
other cases with alternisepalous stamen pairs in outer position
as doubtfully obdiplostemonous (e.g. Crinodendron in
Elaeocarpaceae; Monsonia or Hypseocharis in Geraniaceae:
Matthews and Endress, 2002; Endress, 2010). A detailed devel-
opmental investigation of cases with paired alternisepalous sta-
mens, as mentioned by Ronse De Craene and Smets (1996),
may show that the pairs are parts of antesepalous triplets
(haplostemony) without any evidence of obdiplostemony. Wei
et al. (2015) considered the multistaminate androecia of
Aurantioidae (Rutaceae) as derived from precursors with obdi-
plostemony by doubling of the antepetalous stamen positions.
However, clear observations by Lord and Eckard (1985) and
Moncur (1988) on Citrus demonstrate that the many stamens
develop laterally of antesepalous precursors. This demonstrates
that the definition of centrifugal obdiplostemony has been over-
stretched and has been object of major confusion in the past,
with no connection to obdiplostemony.

Another doubtful case of obdiplostemony has been presented
by Tucker and Bernhardt (2000), who described the unusual
centrifugal androecium of Adrastea salicifolia (Dilleniaceae) as
obdiplostemonous. However, the androecium in Adrastea is di-
morphic with alternisepalous stamens arising externally of the
antesepalous stamen whorl on a ring primordium. This might
indicate that this specific two-whorled androecium is derived
from a more complex polyandrous androecium, as is common
in the genus Hibbertia. The not exactly alternisepalous position
and occasional presence of some extra outer stamens is addi-
tional support for this interpretation. Androecia with a centrifu-
gal stamen development restricted to two stamen whorls
probably also belong to this category, which has nothing to do
with obdiplostemony although it has been described as such in
the past (e.g. Sericolea in Elaeocarpaceae: van Heel, 1966, see
Table 1; Sesuvium in Aizoaceae, Glinus in Molluginaceae,
Phytolacca dodecandra in Phytolaccaceae: see Brockington
et al.,2013; Ronse De Craene, 2013).

How should obdiplostemony be defined? Is the definition
strictly linked to developmental processes (as suggested by
many authors), or is it a systematically diagnostic feature in ma-
ture flowers with different origins? Is it possible to consider a
staminodial whorl as part of the definition of obdiplostemony?
Can apetalous flowers with external alternisepalous stamens
and inner antesepalous stamens be treated as examples of obdi-
plostemony, or is there any other developmental pathway re-
sponsible for this floral arrangement? Are flowers with fewer
carpels or with isomerous carpels that are not in antepetalous
position obdiplostemonous? Table 1 summarizes reports of the
distribution of obdiplostemony in the core eudicots, including
different concepts of the character. This list is not exhaustive
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and is also restricted by the meaning different authors attach to
obdiplostemony.

Based on the early initiation of the respective stamen whorls
in flowers we consider two developmental conditions, namely
primary and secondary obdiplostemony, corresponding to the
definition in Ronse De Craene and Smets (1995) with some
modifications (see below), and argue that each represents a ma-
jor disruption of the common floral bauplan (developmental ro-
bustness) leading to highly divergent floral morphs (see below).

Secondary obdiplostemony

Secondary obdiplostemony is characterized by following
parameters:

1. the earlier initiation of antesepalous stamens, mostly in
outer position and with an outward shift of alternisepalous
stamens and inward shift of antesepalous stamens;

2. a stronger development of the antesepalous stamens than
the alternisepalous stamens and petals, which may be de-
layed or arise as common primordia.

Eckardt (1963) argued that there is a progressive shift in the
expression of obdiplostemony leading to two distinct forms. In
other words, obdiplostemony may be weakly or more strongly
expressed. The weakest condition is comparable to diplostemo-
nous flowers but the orientation of anthers and filaments (and
not their insertion) gives a vague impression of obdiplostemony
and has sometimes been described as such (e.g. Limnanthes in
Limnanthaceae: Eichler, 1878, but see Hofmann and Ludewig,
1985; Hamamelis in Hamamelidaceae: Eichler, 1878, but see
Mione and Bogle, 1990; Hydrangeaceae: Eicher, 1878, but see
Hufford, 2001; Humiriaceae: Narayana and Rao, 1977h). In
some families (e.g. Rutaceae, Simaroubaceae, Onagraceae,
Lythraceae) there is a whole gradation between conditions
where the alternisepalous stamens are forcibly orientated to-
wards the periphery by the larger size of the antesepalous sta-
mens, although their insertion can be more internal, to flowers
with a more external alternisepalous stamen insertion (e.g.
Eichler, 1878; Eckert, 1966; Mayr, 1969). These families gen-
erally show well-developed petals with little interaction with
the antepetalous stamens (e.g. Simaroubaceae: Eckert, 1966).
Secondary obdiplostemony becomes more strongly established
by cohesion between petal and its facing stamen. As illustrated
by several authors (e.g. Leins, 1964; Eckert, 1966; Gelius,
1967; Klopfer, 1973; Ronse De Craene and Smets, 1995;
Endress, 2010), secondary obdiplostemony is strongly linked to
a reinforcement of antesepalous stamens and a weakening of
alternisepalous stamens and petals. The antesepalous stamens
are initiated before (or at the same time as) the alternisepalous
stamens and are initially inserted more externally to the alterni-
sepalous whorl. The development of flowers of Oxalidaceae,
Caryophyllaceae and Geraniaceae is similar in the way broad
antesepalous stamen primordia develop, extending both abax-
ially and adaxially beyond the insertion of the alternisepalous
stamen whorl (Fig. 1A-F; Ronse De Craene et al., 1993,
1998b; Endress, 2010; Bull-Herenu et al., 2016). By differential
growth and a different orientation, antesepalous stamens may
eventually shift inside the outer boundaries of the alternisepa-
lous stamens, which together with the petals are usually delayed
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Ronse De Craene and Bull-Hereniu — Obdiplostemony 715

e
A Ny

FiG. 1. Different developmental modes of secondary obdiplostemony type 1. (A—C) Silene pusilla Waldst. & Kit. (Caryophyllaceae); (D-F) Biophytum dendroides
DC. (Oxalidaceae); (G-I) Sauvagesia erecta L. (Ochnaceae). (A) Lateral view with early initiation of androecium; antesepalous stamen primordia and common
petal-stamen primordia (white arrows). (B) View of flower after the division of the common primordia; note the different direction of growth of antesepalous and
alternisepalous stamens. (C) Lateral view of preanthetic flower; note the larger antesepalous stamens and small petals. (D) Apical view of flower after septum initia-
tion; note the distinct size of the two stamen whorls. (E) Lateral view of the same. Note the lower insertion of the antesepalous stamen. (F) Lateral view of older
bud; note the smaller alternisepalous stamen and petal. (G) Initiation of antesepalous stamens and gynoecium; there is no trace of the alternisepalous stamens. (H)
Late stage of the initiation of the staminodes (asterisk) at the same level as the stamens, most petals and one stamen removed. (I) Nearly mature bud with external
petaloid staminode (asterisk) and ring of pseudostaminodes emerging externally. Abbreviations: a., alternisepalous stamen; ay, antesepalous stamen; c, petal; k, sepal;
g, carpel. Scale bars: D-F, G =20 pm; A—C, H I =100 pm.
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716 Ronse De Craene and Bull-Hereniu — Obdiplostemony

and smaller from inception, occupying a reduced primordial
surface area (cf. Figs 1A-F and 2A, B). With a smaller-sized
petal, the insertion area of the alternisepalous stamens is effec-
tively reduced below the antesepalous stamen and this is
stressed in later development by the more external placement
of the anthers (Figs 1C, F and 2C). A strong cohesion between
petal primordium and alternisepalous stamen may result in the
development of common petal-stamen primordia by a process
of  heterochrony (e.g. Oxalidaceae, Zygophyllaceae,
Geraniaceae, Caryophyllaceae; Fig. 1A). The importance of
common primordia has perhaps been overemphasized in the
past (e.g. Mattfeld, 1938; Ronse De Craene et al., 1993), but it
represents a clear developmental indicator of petal reduction. A
further delay in petal initiation leads to apetaly, allowing the
alternipetalous stamen to expand fully on the otherwise former
common primordium. It is no wonder that families or orders
where obdiplostemony occurs in combination with weakly de-
veloped, delayed petals often contain apetalous genera (see be-
low; e.g. Saxifragaceae: Chrysosplenium, Rodgersia, Gelius,
1967; Cunoniaceae: Davidsonia, Geissois, Dickison, 1975;
Matthews et al., 2001; Cephalotus: Fig. 2E, F).

The fate of alternisepalous stamens in larger families with
secondary obdiplostemony is variable. These stamens are gen-
erally shorter than antesepalous stamens (Fig. 1C, F), although
some species can usually be found with sterile alternisepalous
stamens while others may be even haplostemonous by complete
loss of the sterile whorl (see Table 1). For example, in Linum
alternisepalous staminodes arise very late and their position is
strongly influenced by the already large antesepalous stamens
(e.g. Schewe et al., 2011). As a result several Linaceae are hap-
lostemonous, although clearly derived from a condition similar
to obdiplostemony (present in Durandea: Narayana, 1964).
Other Linaceae have either two stamen whorls of different
length (e.g. Indorouchera: Narayana and Rao, 1978) or a
strongly reduced antepetalous whorl (e.g. Catharolinum,
Hesperolinon: Narayana and Rao, 1976, 1977a). In Sauvagesia
(Ochnaceae) petaloid staminodes arise very late and are shifted
outside the stamen whorl by the growth of an androgynophore
(Fig. 1G-I; Farrar and Ronse De Craene, 2013). By contrast,
the condition where flowers are strictly diplostemonous but
with a sterile antesepalous whorl is rare (e.g. Moringa in
Moringaceae: Ronse De Craene et al., 1998a; Corynocarpus in
Corynocarpaceae: Matthews and Endress, 2004).

In Caryophyllaceae the nature of the petals is controversial,
as they could represent either organs in a state of reduction or
staminodial structures derived by the division of complex alter-
nisepalous stamens (see Ronse De Craene et al., 1998b; Ronse
De Craene, 2013). However, the fact that petals always arise by
the division of common primordia in petaliferous
Caryophyllaceae, and the frequent occurrence of sterile alterni-
sepalous structures in apetalous Caryophyllaceae, indicates that
there is a strong pressure for the reduction of the alternisepalous
sector of the flower, linked to secondary obdiplostemony.

It has been emphasized that obdiplostemony is linked to an
isomerous gynoecium pressing the alternisepalous stamens fur-
ther to the periphery (e.g. Chatin, 1855; Eckert, 1966; Mayr,
1969; Endress, 2010; Figs 1E, F and 2B, C). Ronse De Craene
(2013, 2016) demonstrated that carpel position has great influ-
ence on the stamen whorl that happens to be in a more central
position of the flower, even before the morphological

appearance of the carpels. Obdiplostemony is stressed by a
large floral meristem pushing carpels towards the periphery.
We observed this in several cases, such as Cnestis
(Connaraceae: Fig. 2A—C) and Cephalotus (Cephalotaceae:
Fig. 2F). Endress (2010), Bachelier and Endress (2009), and
Matthews and Endress (2002, 2011) indicated that the presence
of an isomerous alternisepalous carpel whorl is the best indica-
tion for obdiplostemony. We believe that carpel position can be
a good indication for obdiplostemony, but is not binding in all
cases for the following reasons:

1. When carpel number is reduced to three or two as is
common in core eudicots, this does not influence the relative
position of both anther whorls and the androecium should
still be described as obdiplostemonous (e.g. Malpighiaceae,
Saxifragaceae, Cunoniaceae, Caryophyllaceae; Table 1; see
Klopfer, 1973; Fig. 1C).

2. An alternisepalous carpel position is not always reflected
by the existence of a more external alternisepalous stamen
whorl. Several diplostemonous flowers have carpels oppo-
site the petals (e.g. Ebenaceae: Caris, 2013; Burseraceae:
Bachelier and Endress, 2009; Lythraceae: Tobe et al.,
1998; Melastomataceae: Eichler, 1878; Anacardiaceae:
Wannan and Quinn, 1991), effectively disturbing
Hofmeister’s rule. In some families (e.g. Caryophyllaceae,
Rhizophoraceae, Humiriaceae, Hydrangeaceae) the posi-
tion of isomerous carpels is variable (see Table 1; Engler,
1930; Matthews and Endress, 2011; Ronse De Craene,
2013; Kubitzki, 2014). The flexibility in carpel position
can be illustrated in some Malvaceae: in species with an
antesepalous staminodial whorl, carpels are in alternisepa-
lous position (e.g. Melochia pyramidata L.), while in the
absence of staminodes, carpels are in antesepalous position
(e.g. Melochia umbellata (Houtt.) Stapf, Hermannia candi-
cans Ait.: see van Heel, 1966).

Secondary obdiplostemony is not always linked to a postgen-
ital shift of the alternisepalous stamens to an external position.
In several studied cases, including Suriana (Surianaceae; Bello
et al., 2007), Combretum indicum (Combretaceae; Payer, 1857)
and possibly Bruguiera (Rhizophoraceae; Juncosa and
Tomlinson, 1987), antesepalous stamens arise before alternisep-
alous stamens or staminodes and have a more central insertion
from the start; the alternisepalous stamens or staminodes
emerge later and more to the outside. In apetalous
Caryophyllaceae alternisepalous stamens or staminodes (e.g.
Corrigiola, Paronychia, Scleranthus) also arise outside the
antesepalous stamen whorl (Ronse De Craene et al., 1998b). In
Combretum, as in other Myrtales with a strongly developed hy-
panthium, receptacular growth is probably responsible for the
more external initiation of alternisepalous stamens. In Suriana
carpels arise at a considerable distance from the central floral
receptacle, leaving little space for the alternisepalous stamens
(Bello et al., 2007: fig. 9i). This developmental pattern was de-
scribed as centrifugal obdiplostemony by Ronse De Craene and
Smets (1995), but is clearly linked to secondary obdiploste-
mony due to the later initiation of the alternisepalous stamen
(but without a shift of stamens). For this reason we tentatively
prefer to distinguish two types, secondary obdiplostemony type
I, corresponding to a shift of stamens, and secondary obdiplos-
temony type II, corresponding to the external initiation of
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Ronse De Craene and Bull-Hereniu — Obdiplostemony 717

FiG. .2 Illustrations of secondary obdiplostemony type I (A—C, Cnestis ferruginea DC., Connaraceae) and primary obdiplostemony type Il (D-F, Cephalotus follicula-

ris Labill., Cephalotaceae). (A) Apical view of young obdiplostemonous flower at initiation of the carpels. (B) Older stage with fully developed carpels. Note the ex-

tent of peripheral carpel development in alternisepalous position. (C) Nearly mature stage showing the strongly displaced stigmas pressed against the antepetalous

stamens. (D) Early initiation of alternisepalous stamens; four sepals removed. (E) Initiation of second stamen whorl and carpel primordia. (F) Apical view of older

pentamerous flower. Note the larger alternisepalous anthers and large central area pushing the carpels away from the centre in E and F. Abbreviations: a., antepeta-
lous or alternisepalous stamen; a;, antesepalous stamen; ¢, petal; k, sepal; g, carpel or style. Scale bars: C =200 pm; D, E =20 pm; A, B, F= 100 pm.
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718 Ronse De Craene and Bull-Hereniu — Obdiplostemony

alternisepalous stamens without a shift of stamens. We ac-
knowledge that more evidence of early development is neces-
sary in support of the latter case.

Another unusual derivation from diplostemony is found in
Sapotaceae. The majority of species in the family are character-
ized by an androecium with the antesepalous whorl transformed
into staminodes, or by obhaplostemony (Fig. 3F, G; Caris, 2013;
Kiimpers et al., 2016). However, in all cases studied so far the
early stamen initiation is similar to diplostemonous flowers, with
the antesepalous staminodes arising first outside the alternisepa-
lous stamen whorl and opposite the carpels (Fig. 3E).
Antesepalous stamens are arrested in growth relative to the alter-
nisepalous stamens and become shifted inwards as staminodes.
In some species both whorls are fertile and obdiplostemony is
linked to a progressive shift of the larger alternisepalous stamens
as the external whorl (e.g. Palaquium: Kimpers et al., 2016).
This demonstrates that in some Ericales secondary obdiploste-
mony is the result of alternipetalous stamens shifting outside, but
shows a reversed trend of secondary obdiplostemony type I, i.e.
in favouring the alternisepalous sector of the flower by a progres-
sive reduction of the antesepalous sector. This development bears
resemblance to Sauvagesia (Ochnaceae), where initials of stam-
inodes are formed at the same level as the antesepalous stamens,
but their outward shift is linked to hypanthial growth (Fig. 1G-I;
Farrar and Ronse De Craene, 2013). This form of secondary
obdiplostemony in Sapotaceae does not affect the petals and
alternipetalous stamens (no common primordia are formed) and
is best described as secondary obdiplostemony type II1.

Primary obdiplostemony

The main differences between primary obdiplostemony and
secondary obdiplostemony are:

1. the earlier initiation of alternisepalous stamens in outer
position,

2. astronger development of the alternisepalous stamens than
the antesepalous stamens, and

3. the absence of an outward shift of alternisepalous stamens
and inward shift of antesepalous stamens.

We argue that in some cases the normal order of initiation of
the androecium is reversed, because the alternisepalous stamens
arise before the antesepalous stamens (Figs 2D, E and 3A-C).
The loss of petals (as in Cephalotus) or the delayed initiation of
staminodes (as in Malvaceae) leads to a de facto condition re-
sembling obdiplostemony with alternisepalous stamens in an
external position. In primary obdiplostemony type I, alternisep-
alous stamens are generally outside the antesepalous stamen
whorl and may be connected with the petals as common pri-
mordia. This condition is restricted to Malvaceae subfamily
Byttnerioideae and is always linked to a weakening of the ante-
sepalous stamen whorl, which can be delayed in its develop-
ment and is generally staminodial (Fig. 3A-D). There are no
known cases of fully fertile antesepalous stamens, indicating
that primary obdiplostemony is a derived, transitional condi-
tion. Within Malvaceae—Byttnerioideae, species with primary
obdiplostemony type I are often accompanied by purely obha-
plostemonous species without any trace of a staminodial whorl
(e.g. Hermannia, Melochia: van Heel, 1966). The origin of the

diversity in androecial configurations in Malvaceae is complex
(see van Heel, 1966; von Balthazar er al., 2006; Ronse De
Craene, 2010). However, a common feature is a triplet arrange-
ment consisting of an outer alternisepalous stamen pair and a
single inner antesepalous stamen. This may indicate that the ob-
served obdiplostemony is fictitious and ultimately derived
through the expansion of antesepalous triplets linked to the ster-
ilization of the upper stamen and the shift of the outer pair in
alternisepalous sectors of the flower (see below).

In contrast to the condition in Malvaceae, where sterilization
of the antesepalous stamens leads to obdiplostemony, a com-
plete loss of petals may lead to the earlier initiation of alterni-
sepalous stamens. We define the latter condition as primary
obdiplostemony type I1. Type II is more widespread than type 1
and is closely linked to secondary obdiplostemony. As men-
tioned before, secondary obdiplostemony is often associated
with a weakening or loss of petals and this shift should be in-
cluded in the definition of obdiplostemony. We argue for not
describing the condition with apetalous flowers as diploste-
mony because (1) the arrangement of the stamens corresponds
to the definition of obdiplostemony we adhere to, and (2) it
makes it possible to distinguish these from apetalous flowers
with the antesepalous stamens inserted more externally.
Saxifragaceae include several apetalous genera (e.g.
Chrysosplenium, Rodgersia). Floral developmental data show
that in Chrysosplenium antesepalous stamens arise before alter-
nisepalous stamens; the outward shift of alternisepalous sta-
mens and the obdiplostemonous appearance is stressed by the
development of a broad nectary and absence of petals (Ronse
De Craene et al., 1998c¢). However, a developmental shift from
this pattern may lead to a condition where alternisepalous sta-
mens take over the position of the petals from the start, arising
before the antesepalous stamens. The alternisepalous stamens
differentiate on the whole primordium (possibly an ancestral
petal-stamen primordium), thus gaining an earlier time of initi-
ation and a larger size compared with the antesepalous stamens
(Fig. 2D-F). This process is linked to apetalous flowers where
pollinator attraction is taken over by the sepals, a hypanthium
or occasionally the androecium. If space is provided the alterni-
sepalous stamens arise before and more externally to the ante-
sepalous stamens in a situation similar to primary
obdiplostemony (e.g. Cephalotus: Baillon, 1862; Fig. 2D, E).
Primary obdiplostemony type Il appears to be widespread, al-
though observations of critical stages are often missing (e.g.
Davidsonia, Geissois and Acsmithia in Cunoniaceae: Matthews
et al., 2001; Shepherdia in Elaeagnaceae: Eichler, 1878;
Geissolomataceae, Saxifragaceae, Brunelliaceae or
Penthoraceae: Table 1). Polygonaceae with paired stamens in-
serted higher on the hypanthium than the antesepalous stamens
can also be described as primary obdiplostemony type II, even
if the inner whorl is reduced in number due to the pressure of
the gynoecium [see also Ronse De Craene (2010) for an inter-
pretation of the paired stamens in the family]. In these potential
representatives for primary obdiplostemony type II, alternisepa-
lous stamens can be longer and more strongly developed than
antesepalous stamens, indicating that they arise before the latter
(e.g.  Cunoniaceae, Elaeagnaceae, Polygonaceae). In
Cunoniaceae with petals, antesepalous stamens are longer and
broader, in contrast to the apetalous Davidsonia (Matthews
et al., 2001), although stamen sizes may fluctuate during
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Fic. 3. Examples of primary obdiplostemony type I (A-D) and secondary obdiplostemony type III (E-G). (A-D) Byttneria aculeata (Jacq.) Jacq. (Malvaceae). (E-G)
Sideroxylon inerme L. (Sapotaceae). (A) Apical view of young flower at the initiation of antesepalous staminodes; sepals removed. Note the abnormal hexamerous
flower with two petals closer together on top of the image. (B) Apical view at gynoecium initiation; staminode marked with asterisk, sepals removed. (C) Apical
view at septum differentiation. Note the well-developed alternisepalous stamens and small inner staminodes (asterisk). (D) Lateral view of nearly mature flower.
Stamens are covered by spoon-shaped petals (frontal removed); staminodes (asterisk) form collar around ovary. (E) Early development of androecium, petals and se-
pals removed. Note the position of staminodes (asterisk) outside the alternisepalous stamens. (F) Outward shift of alternisepalous stamens (three removed to show
the staminodes, asterisk). (G) Lateral view of nearly mature bud, one stamen removed. The staminodes form an inner collar around the ovary. Abbreviations: a, ante-
petalous or alternisepalous stamen; c, petal; k, sepal; g, carpel. Scale bars: A, B =10 um; C-F = 100 pm; G =200 pum.
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development (see Endress, 2010). In Cephalotus, antesepalous
stamens are the longest at maturity (Matthews and Endress,
2002), despite their later initiation (Fig. 2D). A logical deriva-
tion of primary obdiplostemony type II is the loss of the ante-
sepalous stamens, leading to apetalous flowers with a single
whorl of stamens in alternisepalous position, effectively revers-
ing the trend initiated by secondary obdiplostemony type I and
leading to obhaplostemony.

Phylogenetic importance

Figure 4 shows the relationship between different forms of
obdiplostemony. Diplostemony probably represents the basal
androecial configuration in the core eudicots, as it is both wide-
spread and considered to be plesiomorphic in most major clades
(Ronse De Craene, 2010; L. Ronse De Craene, unpubl. data).
Obdiplostemony is markedly absent from large orders, such as
Brassicales, Rosales, Fagales and Cucurbitales (except
Anisophylleaceae: Matthews ef al., 2001), and Fabales (except
Surianiaceae: Bello et al., 2007).

An important factor influencing the occurrence of obdiplos-
temony is a strong coherence of whorls linked to the synorgani-
zation of the flower, as illustrated by Endress (2010) for
Geranium robertianum. Different species within rosids sharing
secondary obdiplostemony type I show a remarkable similarity

in early development of the flower. A comparison between
Biophytum (Fig. 1D-F) or Oxalis (Bull-Herenu et al., 2016)
and illustrations of Geranium robertianum in Endress (2010)
demonstrates a similar initiation sequence, arrangement of or-
gan whorls and smaller sizes for the alternisepalous stamen
primordia.

Secondary obdiplostemony type I is common in rosid fami-
lies belonging to the Zygophyllales, Sapindales, Saxifragales,
Oxalidales, Geraniales, Malpighiales and Myrtales, as well as
early-diverging  asterids (Ericales) and Caryophyllales
(Table 1). Obdiplostemony is often weakly expressed and occa-
sionally difficult to distinguish from diplostemony (see Eckert,
1966; Gelius, 1967; Mayr, 1969) with occasional reports of
both conditions in the same family (e.g. Onagraceae, Rutaceae,
Lythraceae). Genera or species with secondary obdiplostemony
are often closely related to species affected by weakening of
the alternisepalous sector: these species have alternisepalous
stamens and petals that are strongly delayed in development,
often arising as common primordia; petals become lost; alterni-
sepalous stamens become staminodial or vanish altogether.
When isomerous, carpels occupy the best available space,
which is alternisepalous.

Isomerous haplostemonous flowers mostly have carpels op-
posite the petals (i.e. facing the absent androecial whorl), which
lends support to the interpretation of secondary obdiplostemony
type I as a break-away from diplostemony and as a transitional
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state to haplostemony in cases where the two conditions are
present in the same family (e.g. Ericaceae, Geraniaceae,
Oxalidaceae, Caryophyllaceae). However, the significance of
this correlation is often ignored by the fact that gynoecia in
most rosids and asterids have a tendency to become reduced to
three or two carpels by space restrictions (cf. Ronse De Craene
and Smets, 1998b). The presence of an alternisepalous stamino-
dial whorl is also an indication of the transitional nature of sec-
ondary obdiplostemony reflecting a shift to haplostemony (e.g.
Averrhoa in Oxalidaceae, Erodium in Geraniaceae, Flindersia
in Rutaceae, Parnassia in Celastraceae). This indicates that dip-
lostemony and secondary obdiplostemony type I can be linked
as stages of one gradual change, eventually leading to the loss
of the alternisepalous stamens and the establishment of haplo-
stemony (Fig. 4). It is not certain whether obdiplostemony and
a sterile alternisepalous stamen whorl are necessary conditions
for the origin of haplostemony, although both conditions are
frequently associated (Table 1; Connaraceae, Linaceae,
Rutaceae, etc.). Clearly, haplostemony can arise directly from
diplostemony by loss of the alternisepalous whorl, and isomer-
ous carpels become accommodated in the available space ac-
cording to Hofmeister’s rule. Smaller flowers would be the
origin of this shift, although there is little evidence to suggest
that one of the two stamen whorls can easily vanish, as the es-
tablishment of diplostemony appears to be robust and well con-
served in core eudicots (see Ronse De Craene, 2010). This also
implies that petals are not affected by the alternisepalous sta-
men reduction. However, even without evidence for the pres-
ence of secondary obdiplostemony in a clade, the condition
may have occurred in ancestral flowers preceding the occur-
rence of haplostemony.

Haplostemony is the most widespread stamen configuration
in core eudicots, and is found predominantly in asterids (Ronse
De Craene, 2010). The presence of obdiplostemony in some
early-diverging asterids (Ericales: Ericaceae and related fami-
lies), linked to an occasional tendency for developing alterni-
sepalous staminodes (e.g. Diapensiaceae) and carpels in
alternisepalous position, is probably precursor to the condition
in the bulk of asterids. Although it is not the sole pathway to
haplostemony, secondary obdiplostemony may function as a
main disruptor of the ‘developmental robustness’ of diploste-
mony in rosids, leading to an increased transition to haploste-
mony common in asterids. The majority of Celastrales is
haplostemonous, although antepetalous staminodes in an outer
position are found in Parnassia and possibly Brexia (Matthews
and Endress, 2005b). Haplostemony is also directly linked to
the widespread occurrence of common petal-stamen tubes and
a strong synorganization, which is more difficult to obtain with
diplostemonous flowers, because of the two stamen whorls.
The result is a mega-diversification in the haplostemonous
asterids, which occurs to a far lesser extent in rosids.

Interestingly, apetalous flowers with an obdiplostemonous
stamen arrangement are often nested in clades with secondary
obdiplostemony  type I  (Oxalidales, Caryophyllales,
Saxifragales: Table 1), suggesting a simple evolutionary shift
between these two bauplans. This may indicate that the typical
weakening of the alternisepalous stamens in late obdiplostemo-
nous flowers may be halted by loss of the petals and occupation
of the available space by the alternisepalous stamen, effectively
replacing the petal in time of initiation and space occupied

(Fig. 2D-F). Common petal-stamen primordia are often associ-
ated with secondary obdiplostemony and may represent a trig-
ger leading the androecium away from a robust diplostemonous
configuration. Primary obdiplostemony type II may eventually
evolve into obhaplostemonous apetalous flowers, with a single
stamen whorl alternating with the sepals (e.g. Rumex in
Polygonaceae: Fig. 4). Indeed, the Polygonacreae have a pecu-
liar two-whorled androecium, which is linked to the loss of pet-
als and the development of a hypanthium (Ronse De Craene,
2010). The outer (alternisepalous) stamen whorl is rarely af-
fected by stamen loss, while the inner antesepalous whorl is re-
duced to two or three stamens alternating with the carpels (e.g.
Rheum, Persicaria, Coccoloba). In Rumex the inner stamens
vanish altogether. This process effectively breaks away from a
trend towards haplostemony, which is widespread in
Caryophyllales. Another example of a shift towards obhaploste-
mony with loss of petals is found in Myrtales. Penaeaceae and
some Crypteroniaceae have effectively lost the petals linked to
an alternisepalous stamen position (Schonenberger and Conti,
2003). In other related related obhaplostemonous families (e.g.
Alzateaceae, Rhynchocalycaceae, Oliniaceae) petals may still
be present, or flowers have two stamen whorls and petals (e.g.
Axinandra in Crypteroniaceae).

Primary obdiplostemony type I is far less common among
core eudicots, as it is mainly concentrated in Malvaceae (and
possibly in Euphorbiaceae), where antesepalous stamens be-
come typically reduced and lost, and alternisepalous stamens are
duplicated or proliferate (e.g. von Balthazar et al., 2006). The
androecium in Malvaceae represents a unique obdiplostemonous
bauplan (see also Venkata Rao, 1949, 1952; van Heel, 1966),
and von Balthazar et al. (2006) consider this to be plesiomorphic
for Malvaceae. In all investigated cases alternisepalous stamens
emerge externally to the antesepalous stamens. However, as
pointed out above, this obdiplostemonous configuration may be
the result of a shift from an original antesepalous triplet arrange-
ment, linked to a reinforcement of alternisepalous stamens and a
reduction of the antesepalous stamens, making a plesiomorphic
condition doubtful. Secondary obdiplostemony type 1II and asso-
ciated obhaplostemony found in Sapotaceae probably represents
an apomorphic derivation from the diplostemonous bauplan
arising through a comparable reversal in the normal shift of sec-
ondary obdiplostemony type I towards haplostemony.

CONCLUSIONS

As stated by Endress (2010), the circumscription of obdiploste-
mony is far from simple. The original definition reflects a rigid
concept of flower morphology, emphasizing the absence of al-
ternation between the petal whorl and stamen whorl. However,
this definition is too limited and does not reflect the diversity
observed in apetalous flowers or flowers with a sterile stamen
whorl. Developmental evidence shows the existence of several
independent changes from diplostemony through subtle shifts
in the robustness of whorls, leading to different conditions that
are often defined as obdiplostemony (Fig. 4).

Flowers with the alternisepalous stamens appearing to be in-
serted outside the antesepalous stamens are generally described
as obdiplostemonous, even if their insertion area is more cen-
tral. Such flowers are not much different from diplostemonous
flowers, but the observation, if consistent, may be useful for
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diagnostic purposes. By contrast, alternisepalous stamens may
arise de facto as an outer whorl before the antesepalous sta-
mens, in the presence or absence of petals. The particular case
of the apetalous flowers of Cephalotus (and possibly other non-
investigated apetalous flowers) is considered by Endress (2010)
and Matthews and Endress (2002) to be a case of diplostemony.
However, the link between Cephalotus and other obdiplostemo-
nous Oxalidales implies that petals have been lost and that the
remaining alternisepalous stamens have hijacked the position
and earlier initiation of the petals. In other Oxalidales, such as
Cunoniaceae, petals are variously developed or absent
(Matthews and Endress, 2002; Ronse De Craene, 2010). As
such the flower of Cephalotus is obdiplostemonous and not
contradictory to the definition of obdiplostemony.

The restriction of the definition of obdiplostemony to flowers
with petals and antepetalous stamens is contrary to our ap-
proach, in ignoring more complicated cases where petals are
lost, stamen whorls are sterile, incomplete or in double posi-
tions, and carpels are not isomerous. These derived cases
should be described within the context of the definition of obdi-
plostemony. Our approach to obdiplostemony includes those
cases with altered morphologies (loss of petals, sterile stamens),
taking in consideration that certain conditions may change dur-
ing evolution, leading to strongly diverging morphologies. A
delay in petal development, and a more external shift of carpels,
undoubtedly emphasizes the perception of obdiplostemony as
space becomes available for a more extensive development of
alternisepalous stamens towards the periphery of the flower.

Obdiplostemony is representative of at least three major
shifts in the floral bauplan occurring mainly in the rosids, and
leading to a profound change in flower morphology (Fig. 4).
Secondary obdiplostemony type I reflects a widespread and ma-
jor trend from diplostemonous flowers to haplostemonous flow-
ers, accompanied by a reduction and loss of alternisepalous
stamens (Fig. 4). The loss or reinforcement of petals may be
crucial for the direction of evolution of flowers and happens at
an early stage. Well-developed, rapidly growing petals will be
responsible for the maintenance and widespread occurrence of
haplostemony, as in several rosids and most asterids.
Heterochrony in the development of petal primordia as ob-
served in several rosids is linked to a progressive delay in petal
initiation, which may lead to petal loss, and their replacement
by outer alternisepalous stamens resembling a homeotic trans-
formation, as in Cephalotaceae (Fig. 2D-F) and possibly sev-
eral other families (primary obdiplostemony type II). By
contrast, alternisepalous sectors may become secondarily rein-
forced, accompanied by the reduction of the antesepalous sta-
mens (as in Sapotaceae or Primuloid families) and shift towards
obhaplostemony (secondary obdiplostemony type III). Primary
obdiplostemony type I is rare compared with secondary obdi-
plostemony type I, and is linked to a shift to obhaplostemony in
Malvaceae. Primary obdiplostemony type I is an anomalous
condition that may have an origin separate from diplostemony
but it shares the presence of common petal-stamen primordia
with secondary obdiplostemony type 1. Primary obdiplostemony
type I and type I, as well as secondary obdiplostemony type 111
effectively break away from the transition between diploste-
mony and haplostemony, shifting the balance between the two
stamen whorls in favour of the alternisepalous stamen whorl
(Fig. 4).

Both primary and secondary obdiplostemony reflect a similar
phenomenon, namely the weakening of one of the two stamen
whorls. The delay in petal development is an additional but not
a necessary factor, as flowers with rapidly growing petals may
also be obdiplostemonous. The phenomenon of obdiplostemony
thus represents a secondarily induced condition in floral evolu-
tion, where a progressive developmental shift causes major
changes in floral morphology. The establishment of secondary
obdiplostemony is linked to the best occupation of space and
can be seen as a key step, leading to a shift between two robust
androecial configurations in core eudicot flowers. Eckert (1966:
p- 598) concludes that obdiplostemony may describe a condi-
tion in mature flowers, without disclosing the way in which
it has arisen [Der Begriff der Obdiplostemonie kann daher
nur den Zustand in der fertigen Bliite beschreiben, ohne
etwas liber dessen Zustandekommen aussagen zu konnen).
Obdiplostemony tells us that changes in floral structure are not
random but follow clearly set routes regulated by constraints of
floral development. However, the set-up of these routes is a ran-
dom process, and any changes in developmental regulation can
lead to totally different pathways. The perception of obdiploste-
mony is the consequence of the establishment of these path-
ways, with major phylogenetic significance.
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