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Abstract: The phenomenon of heterochrony, or shifts in the relative timing of ontogenetic events,
is important for understanding many aspects of plant evolution, including applied issues such as
crop yield. In this paper, we review heterochronic shifts in the evolution of an important floral
organ, the carpel. The carpels, being ovule-bearing organs, facilitate fertilisation, seed, and fruit
formation. It is the carpel that provides the key character of flowering plants, angiospermy. In many
angiosperms, a carpel has two zones: proximal ascidiate and distal plicate. When carpels are free
(apocarpous gynoecium), the plicate zone has a ventral slit where carpel margins meet and fuse
during ontogeny; the ascidiate zone is sac-like from inception and has no ventral slit. When carpels
are united in a syncarpous gynoecium, a synascidiate zone has as many locules as carpels, whereas
a symplicate zone is unilocular, at least early in ontogeny. In ontogeny, either the (syn)ascidiate
or (sym)plicate zone is first to initiate. The two developmental patterns are called early and late
peltation, respectively. In extreme cases, either the (sym)plicate or (syn)ascidiate zone is completely
lacking. Here, we discuss the diversity of carpel structure and development in a well-defined clade of
angiosperms, the monocotyledons. We conclude that the common ancestor of monocots had carpels
with both zones and late peltation. This result was found irrespective of the use of the plastid or
nuclear phylogeny. Early peltation generally correlates with ovules belonging to the (syn)ascidiate
zone, whereas late peltation is found mostly in monocots with a fertile (sym)plicate zone.

Keywords: ascidiate zone; carpel; development; evolution; flower; heterochrony; monocots; on-
togeny; plicate zone; primordium

1. Introduction

The phenomenon of heterochrony, or shifts in the relative timing, rate or duration of
developmental events, is important for understanding many aspects of plant evolution,
including applied issues such as crop yield [1–5]. In the present paper, we deal with
heterochronic shifts in the evolution of an important floral organ, the carpel. Takhtajan [6]
paid attention to the possible role of heterochrony (in the form that he called neoteny) in
the origin of the angiosperm carpel, but angiosperm carpels are rather diverse, and the
evolutionary formation of this diversity should be understood through the evolution of
ontogenetic trajectories.

The carpels, being ovule-bearing organs, facilitate fertilisation, seed, and fruit forma-
tion in wild and cultivated flowering plants. It is the carpel that provides the key character
of flowering plants: angiospermy. All the carpels of a flower together form a gynoecium.
The carpel is not only the most important angiosperm-specific feature but also the most
enigmatic one. Exact carpel homologies are unknown [7–11]. It is mainly for purposes
of descriptive simplicity that the carpel may be considered a specialised leaf homologue
(megasporophyll), even though no reliable fossil prototype can be provided to support
this interpretation.

The angiosperm carpels are diverse in structure and development [12–15]. Three
carpel types can be recognised (Figure 1). Their differences can be better understood in
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so-called apocarpous gynoecia, where carpels are free from each other or, when fused, the
fusion between the carpels is postgenital. Postgenital fusion is a kind of fusion that can be
directly observed as a process in ontogeny [16,17].
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Figure 1. Basic carpel morphology. (a–e) Longitudinal schematic sections of different carpel types.
Carpel margins with ovules attached in the plicate zone (c,d) are not in the section plane; these ovules
are uncoloured here. (a) Completely ascidiate carpel (with no plicate zone). (b) Carpel with fertile
ascidiate and sterile plicate zones. (c) Carpel with fertile ascidiate and plicate zones. (d) Plicate
carpel (with no ascidiate zone). (e) Carpel with ascidiate and plicate zones as seen in frontal view,
longitudinal section and a series of transversal sections. Grey in the longitudinal section shows the
area of postgenital closure of the ventral slit. Ovules are not shown in (e). The dashed lines indicate
the borders of the ascidiate and the plicate zone.

(1) Completely ascidiate carpels (Figure 1a) develop in ontogeny as sac-like structures with
ovule(s) attached to the inner surface of the sac. The young ascidiate carpel has an
orifice at the top. It may remain open at anthesis (usually filled with mucilage) or
becomes closed by postgenital fusion of the distal margins of the carpel.

(2) Completely plicate carpels (Figure 1d) of free-carpellate gynoecia have a ventral slit that
extends downwards up to the very base of a carpel. The ventral slit is the area of
postgenital fusion of the carpel margins.

(3) Carpels with plicate and ascidiate zones (Figure 1b,c,e) possess a proximal part lacking a
ventral slit (called the ascidiate zone) and a distal part bearing a ventral slit (called the
plicate zone).

Many angiosperms possess so-called syncarpous gynoecia, in which carpels are con-
genitally united with each other. The term congenital fusion is a kind of fusion that
cannot be directly observed in ontology but is being revealed through a comparative
analysis [16,17].

When completely ascidiate carpels form a syncarpous gynoecium, its ovary has as
many locules as carpels. A syncarpous gynoecium formed by completely plicate carpels
is unilocular early in ontogeny because adjacent margins of neighbouring carpels are
congenitally fused with each other to form a locule that is shared by all carpels. When
carpels with plicate and ascidiate zones form a syncarpous gynoecium, there is a proximal
portion with as many locules as carpels (called the synascidiate zone); the distal part
of the young gynoecium is unilocular (called the symplicate zone). Late in ontogeny,
the symplicate zone can subdivide into individual locules by ventral slit formation in
each carpel.

The carpel type with plicate and ascidiate zones is rather common among angiosperms.
Most studies of angiosperm gynoecia focused on the relative size and fertility of the two
carpel zones in various taxonomic groups. For example, in some carpels, the plicate zone is
long and fertile (i.e., bear ovules), whereas the ascidiate zone is short and sterile. In other
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carpels, the plicate zone is short and sterile, whereas the ascidiate zone is long and fertile.
Some carpels have both zones being fertile. In some instances, there is only one ovule
attached at the border between the plicate and ascidiate zones (called the cross-zone).

In the present paper, we pay attention to another aspect of carpel diversity, namely, in
the relative timing of the initiation of plicate and ascidiate zones [13,18]. In carpels with
plicate and ascidiate zones, the two zones do not initiate simultaneously in ontogeny. There
is an option of carpel initiation with a plicate zone, with the subsequent appearance of an
ascidiate zone through growth processes below it. Alternatively, the ascidiate zone can
initiate first, with the subsequent appearance of a plicate zone through predominant apical
growth at the dorsal side of the carpel.

We discuss patterns of carpel structure and development across monocots, a species-
rich and economically important angiosperm clade. Earlier large-scale studies did not
provide detailed data on global patterns of carpel evolution across monocots [19–23].
Relatively few studies specifically focused on the evolution of monocot flowers [23–26], ap-
parently because the monocots are considered a derived lineage with more or less uniform
flowers. Indeed, the diversity of floral constructions is much lower in monocots than in eu-
dicots and basal angiosperms [23–25]. For example, the flowers of the monocotyledons are
exclusively whorled and are usually trimerous pentacyclic with fused carpels. Difficulties
with reconstructing the evolution of gynoecium characters in monocots are not only due to
low interest. The knowledge of gynoecium construction across monocots is insufficient.
On the other hand, the monocot gynoecia themselves are quite complicated. The presence
and mode of carpel fusion are often poorly understood without a developmental study or
homology assessment [27]. Even the carpel number is not always obvious.

For the present study, we focused on carpel characters that can be scored irrespective
of fusion between carpels. Using published phylogenies [28–39] and developmental data
with a few original additions, we explore the following carpel characters, distribution
within monocot families, evolutionary patterns, and potential correlations: (1) the presence
or absence of plicate or ascidiate carpel zones; (2) zone fertility; and (3) the sequence of
carpel zone initiation during carpel ontogeny.

2. Results and Discussion

Data on carpel morphology and sequence of carpel zone initiation are given in Table 1.
Our parsimony reconstructions of the evolution of the three carpel characters in monocots
are provided in Figures 2–7. These analyses are based on the data summarised in Table 1.

In most cases, we were able to score characters unequivocally (Table 1). Although,
there are some taxa (often with unusual flower groundplan and specialised pollination
syndromes) in which the gynoecium construction is ambiguous and depends on inter-
pretation. Such problematic cases are already present within the early divergent family
Araceae. There is a long history of debates about genera of Araceae with unilocular ovary
and several ovules on the basal or apical placenta [40,41]. Developmental studies and
studies on gynoecium vasculature have failed to resolve questions on the carpel number
involved in gynoecium formation in these genera. There are no distinct free carpel tips in
Araceae either developmentally or in the mature gynoecia. In all such cases, monomerous
vs pseudomonomerous (i.e., having at least two carpels) interpretation affects scoring
carpel type dramatically.

In contrast to Araceae, nearly all members of the predominantly wind-pollinated
Cyperaceae and Poaceae (Poales) demonstrate superficially similar gynoecia resulting from
different processes of evolutionary reduction. In both families, there are difficulties with
gynoecium interpretation using standard descriptive terminology. The gynoecia of grasses
and sedges, like those of some eudicots, are too integrated and too reduced to recognise
(sym)plicate and (syn)ascidiate zones unequivocally [42,43]. In Cyperaceae, the gynoecium
has a unilocular ovary with a single basal ovule and a style with two or three stigmatic
branches. Comparison with closely related Juncaceae (especially Lusula) suggests that the
stigmatic branches correspond to free carpel tips, the style and the ovary wall represent
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congenitally united plicate carpel parts (symplicate zone), the placenta belongs to the
reduced synascidiate zone, and the ovule is shared between the carpels being attached in
the centre of conjoined septae. Thus, we scored the carpels of Cyperaceae as having both
plicate and ascidiate zones.
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Figure 2. Parsimony reconstructions of the evolution of the presence of carpel zones (left tree and
colouring of terminal groups) and fertility of carpel zones (right tree). Plastid phylogeny is used (see
Section 3 Materials and Methods). When only one carpel zone is present, then it is, of course, fertile.
When two carpel zones are present, either one of them of both can be fertile.
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Figure 3. Parsimony reconstructions of the evolution of the presence of carpel zones (left tree and
colouring of terminal groups) and fertility of carpel zones (right tree). Families and orders are
arranged according to nuclear phylogeny [39]; otherwise, plastid phylogeny is used because of the
lack of detailed nuclear data.

Grasses demonstrate a gynoecium that is superficially similar to that in sedges. Apart
from the rare genera apparently possessing only one carpel (e.g., Nardus, Anomochloa), the
grass gynoecium has the same parts as in sedges. Despite these similarities, the nature
of the ovary locule is different. A typical bistigmatic grass gynoecium has three carpels:
two sterile carpels with no locules but each producing a stigma, and a fertile carpel that
lacks a stigma and develops an ovule attached at the cross-zone [43–45]. Thus, the ovary
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wall corresponds to a synascidiate zone rather than a symplicate one, and the ovule is not
shared by all the carpels as in sedges but belongs to the only fertile carpel. It is unclear
whether the occurrence of a symplicate zone can be explicitly demonstrated in grasses, but
the solid grass stigmas are apparently derived from plicate stigmas of the type found in
less specialised families of Poales such as Restionaceae [43,44,46].
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Figure 4. Parsimony reconstructions of the evolution of the first carpel zone to be initiated in ontogeny
(left tree and colouring of terminal groups) and fertility of carpel zones (right tree). Plastid phylogeny
is used (see Section 3 Materials and Methods). See Figures 5 and 6 for enlarged details of relationships
in Alismatales and commelinid monocots, respectively.
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Figure 7. Parsimony reconstructions of the evolution of the first carpel zone to be initiated in ontogeny
(left tree and colouring of terminal groups) and fertility of carpel zones (right tree). Families and
orders are arranged according to nuclear phylogeny [39]; otherwise, plastid phylogeny is used
because of the lack of detailed nuclear data.

2.1. Plicate Carpels

Entirely plicate carpels are extremely rare in monocots and are found only within
those families where carpels of other representatives have both zones, and the ascidiate
zone, as a rule, is sterile (Table 1 and Figures 2 and 3).
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Carpels without an ascidiate zone are common in the order Alismatales: Triantha and
Pleea (Tofieldiaceae; no developmental data for Pleea), monogeneric Butomaceae, Scheuchz-
eriaceae and Aponogetonaceae, the majority of Hydrocharitaceae included in the present
analysis and some Alismataceae (especially members of the former Limnocharitaceae). Com-
pletely plicate carpels are more often found in so-called petaloid alismatids (Butomaceae,
Hydrocharitaceae, and Alismataceae, Figures 2 and 3). According to Kaul [47], they represent
a derived condition here as evidenced by their laminar placentation (a rare condition among
monocots) and complex vascular patterns. Our parsimony analyses suggest that the com-
mon ancestor of Alismatales had carpels with ascidiate and plicate zones (Figures 2 and 3).
In some Alismatales (e.g., in Aponogeton), carpels are united at their bases in the gynoecium
centre (but not through carpel lateral margins), whereas their free parts are completely
plicate. This causes a certain instability in the interpretation of the gynoecium and carpel
construction. If interpreted as obliquely inserted on a convex receptacle [41,48] the carpels
are completely free and plicate (united via the floral centre, i.e., the receptacle). Alternatively,
if the receptacle is regarded as flat, the area along which the carpels are united should be
regarded as a synascidiate zone. We follow the first interpretation.

Completely plicate carpels are present in Thismia and Gymnosiphon (Burmanniaceae,
Dioscoreales), Tacca (Dioscoreaceae, Dioscoreales), all members of Stemonaceae, Cyclan-
thaceae and Pandanaceae (Pandanales), at least some Arecaceae, in the sole genus of
Mayacaceae (Poales) and can be sporadically found in Liliales (Scoliopus, no developmental
data available) and Asparagales (Figures 2 and 3). Both Liliales and Asparagales are studied
insufficiently in terms of developmental data.

In Japonolirion (Petrosaviaceae, Petrosaviales), the presence of an ascidiate carpel zone
is variable. Examined species of two closely related genera of Tofieldiaceae (Alismatales)
differ in the presence (Tofieldia) or absence (Triantha, Pleea) of an ascidiate carpel zone.
Despite belonging to different orders, Tofieldiaceae and Japonolirion share many common
features [23,49–51]. In both genera, carpels are stalked with infralocular septal nectaries
developed on the ventral and lateral surfaces of the carpel stalks. Carpels are postgenitally
united along the length of the ovary, but carpel stalks and styles are free.

2.2. Completely Ascidiate Carpels

Undoubtful ascidiate carpels without a plicate zone are an exclusive feature of some
Araceae and tepaloid Alismatales—Juncaginaceae, Maundiaceae, Zosteraceae, Potamoget-
onaceae (including former Zannicheliaceae), Posidoniaceae, Ruppiaceae, Cymodoceaceae,
whose members are either wind-pollinated helophytes or submerged fresh-water or marine
plants with underwater pollination (Figures 2 and 3). The mature carpels are diverse. In
some Juncaginaceae, the stigma is extended around more or less vertical ventral carpel
mouth. This upper part of the carpel could be regarded as a short plicate zone. The same
phenomenon, though in a less pronounced form, can be found in Maundia and some species
of Potamogeon. In Ruppia, Posidonia and former Zannicheliaceae, the stigma is funnel-shaped.
In Zosteraceae and Cymodoceaceae, there are two or three stigmatic branches. Members of
Zosteraceae always possess two lateral stigmas. The carpel apex of many early-divergent
monocots is extended into two short lateral tips [41]. These tips can be regarded as ex-
tremely developed in Zosteraceae and homologised with carpel apices of other alismatids
that demonstrate this feature. A carpel apex with two lateral tips is more common for early
divergent monocots whose carpels possess a plicate zone (the very tip is split dorsally).
In this respect, those tips in otherwise ascidiate carpels should be treated as an unusual
plicate zone. However, such strongly bilobed apex has never been interpreted as a plicate
zone in otherwise ascidiate carpels of the basal angiosperm Austrobaileya (Austrobaileyales)
and in monocots [41,52]. The monocarpellary interpretation is somewhat difficult in some
Cymodeceaceae due to the occurrence of three rather than two stigmas. The occurrence
of three stigmas may indicate that the gynoecium of Cymodoceaceae should be treated as
pseudomonomerous and consisting of two or three carpels [41].
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In angiosperms, typical ascidiate carpels of ancestral type have a sessile stigma and
an ovule hanging from the upper ventral carpel margin—a cross-zone [20,21,52]. The
carpel mouth is sealed by secretion and usually covered by stigmatic papillae [12,53–57].
Such typical carpels of basal angiosperms develop as tubular structures, and the ovules
(sometimes more than 1 per carpel) are initiated after the carpel walls are more or less fully
formed. The ovules are not visible from the outside during carpel ontogeny (“early carpel
closure”, as defined by Endress [57]). Typical ascidiate carpels with late ovule initiation
and the orifice sealed by secretion are known in monocotyledons only in Araceae if the
gynoecium is interpreted as monomerous [40].

Ascidiate carpels of core Alismatales are quite different from the type found in basal
angiosperms. They demonstrate another construction and developmental pattern. There is
a style (a sterile portion above the placenta) and a postgenital closure of the carpel orifice. In
development, the ovules appear very soon after the young carpel becomes cup-shaped. The
single ovule can be seen in early development before carpel walls begin their elongation
and before the carpel closure. After the ovule is initiated, the carpel grows as a tube,
i.e., the style seems to be formed by an ascidiate zone. This developmental behaviour of
the carpel wall can be interpreted in two different ways. The first explanation implies a
heterochrony in ovule initiation. The second hypothesis deals with the re-interpretation of
carpel morphology. If we assume that the position of the ovule is strictly marginal, i.e., that
the upper ventral carpel margin is used to form the placenta, then we have to recognise that
a secondary carpel margin is formed above the ovule. The formation of a secondary margin
above the cross-zone is known in some magnoliids and eudicots [13,57,58], but never
reaches the same expression as in alismatids. During development, the carpel walls enclose
the ovule on all sides, including the cross-zone. Thus, the carpel wall has a combined nature
with a secondary ventral carpel margin above the ovule insertion and plicate zone in the
other half of the carpel circumference. Due to the presence of a secondary carpel margin,
the ventral slit is short and displaced at the top of the carpel. The apparent border of the
ascidiate zone appears to be higher than its true (original) border. Free carpel margins at
the carpel top retain their ability to postgenital fusion. Postgenital carpel closure rather
than its sealing by secretion, results in more secure isolation of the carpel interior from
the external environment. Presumably, this evolutionary transformation is adaptive for
submerged or partly submerged habitats.

2.3. Carpels with Ascidiate and Plicate Zones

The vast majority of monocots possess carpels with ascidiate and plicate
zones [20,21,58–60]. They can be classified into three subtypes—carpels with a sterile
plicate zone and a fertile ascidiate zone, carpels with a fertile plicate zone and a sterile
ascidiate zone and carpels with both zones producing ovules (Figures 2 and 3). Carpels
of the first subtype are quite common in taxa with free-carpellate gynoecia such as the
majority of Alismataceae (Alismatales), Triuridaceae (Pandanales) and some palms (Are-
caceae). These carpels contain a single ventral ovule and a hollow or solid plicate style.
Alismataceae and Triuridaceae demonstrate early ovule initiation on the ventral side of a
circular young carpel. Among taxa with syncarpy, fertile (syn)ascidiate zone with single
pendent ovule is characteristic for some Asparagaceae (Asparagales), Dasypogonaceae
(Arecales), some palms (Arecaceae), members of Pontederiaceae and Haemodoraceae
(Commelinales), Heliconiaceae and Marantaceae (Zingiberales), Sparganium (Typhaceae,
Poales), Rapateoideae and Monotremoideae (Rapateaceae, Poales), Eriocaulaceae and the
majority of wind-pollinated Poales with trilocular ovaries. Multiple ovules associated with
the ascidiate carpel zone are found in Acorus (Acoraceae, Acorales) and in some species of
Xyris (Xyridaceae, Poales). In both genera, the ovules are orthotropous [41,61,62]. In Acorus,
the placentae are hanging from the cross-zone into the ovary locules. In Xyris, the ovules
have their micropyles facing the style, they are attached more or less basally and occupy the
upper surface of an area corresponding to the fused septae in the gynoecium centre (placen-



Plants 2023, 12, 4138 11 of 34

tation is columnar in some species) [63–66]. In general, carpels with fertile (syn)ascidiate
zone are characteristically rare in the grade of lilioid monocots (Figures 2 and 3).

Carpels with both zones being fertile develop U-shaped or Y-shaped marginal placen-
tae with more or less numerous ovules. Such carpels are relatively rare and can be found
in Nartheciaceae (Dioscoreales), Burmannia (Burmanniaceae, Burmanniales), Velloziaceae
(Pandanales), Hypoxidaceae (Asparagales), some Pontederia (Pontederiaceae, Commeli-
nales), Bromeliaceae (Poales), Juncus (Juncaceae, Poales and in Abolboda and some species of
Xyris (Xyridaceae, Poales). This condition is morphologically very close to the carpels with
ovules attached only in the plicate zone. Apparently, the number of genera with U-shaped
or Y-shaped placentae is higher than it appears in the literature. The ovules attached in the
cross-zone can be easily overlooked if the plicate zone is long and bears numerous ovules.
In our opinion, the fertility of the ascidiate carpel zone depends on its depth. In carpels
with U-shaped placentae, the ovule(s) are attached in the cross-zone (border of ascidiate
and plicate zones) and hang down into the ascidiate zone itself. In Tofieldia (Tofieldiaceae,
Alismatales), the depth of the ascidiate zone is insufficient to accommodate the ovule and
future seed, while in Harperocallis of the same family (no developmental data available for
this genus) the ascidiate zone is very well expressed and fertile [67]. The same is true for
representatives of Petrosaviaceae, where the depth of the ascidiate zone varies within the
same species and often it is not deep enough to host an ovule [49,68,69].

2.4. Patterns of Carpel Development

The carpels with ascidiate and plicate zones can develop in two different ways with
regard to the cross-zone formation during carpel development, i.e., so-called peltation [13].
In the case of primary peltation, the carpel development starts with a cup-shaped or
circular primordium and has a cross-zone (ventral carpel wall) from the very beginning
of development. In carpels with secondary peltation, the ascidiate zone appears later
in development (see also [18]) and the carpel starts as a crescent or horseshoe-shaped
primordium. The variants of secondary peltation in development are rather diverse [13],
but in our opinion, they represent the same pattern with the ascidiate zone being formed
by zonal growth under the plicate zone.

The sequence of carpel zone initiation is largely a matter of ovule insertion (Figures 4–7).
In most cases, in taxa with fertile ascidiate and sterile plicate zones (usually a single pendent
ovule attached in the cross-zone), the ascidiate zone is first to be initiated. The plicate zone is
formed later if it is present at all. Early ovule initiation [57] is very characteristic for taxa with
free carpels (Figure 8) or carpels united via the floral centre [59,70–74] but can be found in a few
genera with typical syncarpy [60]. In syncarpous gynoecia, the ascidiate zones of neighbouring
carpels are ab initio united (i.e., congenitally fused), and the gynoecial synascidiate zone is
initiated as the entire structure. Such a young gynoecium is more or less triangular in outlines
(if there are three carpels) with tree depressions in the corners that correspond to the future
ovary locules (Figure 9). In the members of the order Poales, the portion of meristematic
tissue in the gynoecium centre between the locules is considerable. This bulge can serve as a
placenta to accommodate additional ovules. Sometimes, this region is protruding and forms a
columnar placenta as in some species of Xyris (Xyridaceae, Poales) [63,64,75].

Carpels with either both zones fertile or only the plicate zone fertile usually commence
their ontogeny with a plicate zone (Table 1, Figures 10 and 11). Early ovule initiation has not
been reported for such carpels. The ovule cannot be seen from the outside of a gynoecium
without a dissection at any developmental stage.
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become ring-shaped due to formation of a central depression. (C,D) Ovule initiation at the ventral 
carpel margin. (E) Beginning of carpel wall growth above the ovule, the growth starts on the dorsal 
carpel side. (F–H) Subsequent elongation of carpel wall, the carpel develops as a tubular structure. 
(I) Mature carpel with rounded ovary, slender style and funnel-shaped stigma. (J) Mature carpel 
dissected to show single ovule. Ov, ovule. Scale bars = 30 mkm (A–G) and 100 mkm (H–J). 

Figure 8. Ascidiate carpel development with early ovule initiation in Zannichellia palustris (Potamoge-
tonaceae, Alismatales). (A) Carpel primordia before peltation. (B) Beginning of peltation, carpels
become ring-shaped due to formation of a central depression. (C,D) Ovule initiation at the ventral
carpel margin. (E) Beginning of carpel wall growth above the ovule, the growth starts on the dorsal
carpel side. (F–H) Subsequent elongation of carpel wall, the carpel develops as a tubular structure.
(I) Mature carpel with rounded ovary, slender style and funnel-shaped stigma. (J) Mature carpel
dissected to show single ovule. Ov, ovule. Scale bars = 30 mkm (A–G) and 100 mkm (H–J).

There are some exceptions to these two basic patterns (Figures 4–7). Most of them
comprise genera and families with the late initiation of the fertile ascidiate zone, i.e., the
sterile plicate zone is first to be initiated. This pattern is characteristic of Acorus (Acoraceae),
some genera of Araceae (Alismatales), Dasypogon (Dasypogonaceae, Arecales), Heliconiaceae,
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Marantaceae and Costaceae (Zingiberales), subfamilies Rapateoideae and Monotremoideae in
Rapateaceae (Poales). An alternative situation—early initiation of sterile ascidiate zone—can
be found in some genera of Araceae (Alismatales) and a species of Allium (Amaryllidaceae)
(for references see Table 1). The genus Tofieldia (Tofieldiaceae, Alismatales) is of particular
interest because within a single species or even within the same flower carpels sometimes
show different developmental patterns. In Tofieldia, the ascidiate zone is sterile whereas the
plicate one is fertile and is first to arise but carpels show different relative timing of peltation
(Figure 12). In some carpels, ventral carpel wall forms very early and such carpels are cup-
shaped in their early development. The reason for such variability is not clear. In the mature
gynoecium of Tofieldia, all carpels are identical, with a short ascidiate zone.
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gynoecium dissected to show ovules; arrows show a boundary of two neighbouring carpels; arrow-
head shows a boundary of plicate and ascidiate zones in the right carpel; the ovule marked with an 
asterisk (*) is attached in the ascidiate zone (or cross-zone). Ov, ovule; pl, placenta. Scale bars = 30 
mkm (A–E) and 100 mkm (F,G). 

Figure 9. Gynoecium development in Juncus bufonius (Juncaceae, Poales). In Juncus, both carpel zones
are fertile. (A,B) Gynoecium primordium before carpel initiation. (C) Initiation of synascidiate zone,
individual carpels are seen as depressions in gynoecium corners. (D,E) Formation of symplicate
zone with massive placentae; placentae correspond to congenitally united margins of neighbouring
carpels in their plicate zones. (F) Gynoecium closure and elongation of styles. (G) Young gynoecium
dissected to show ovules; arrows show a boundary of two neighbouring carpels; arrowhead shows a
boundary of plicate and ascidiate zones in the right carpel; the ovule marked with an asterisk (*) is
attached in the ascidiate zone (or cross-zone). Ov, ovule; pl, placenta. Scale bars = 30 mkm (A–E) and
100 mkm (F,G).

2.5. Carpel Types and Monocot Taxonomy

In general, the carpel type and the order of zone appearance seem to be conservative
at least at the genus or family level. The diversity of patterns of carpel structure and
development has no clear taxonomic assignment. The majority of monocot orders contain
at least some representatives with contrasting carpel morphologies. The only thing that
can be noticed is that in some families and orders, the carpel morphology is more stable.
Thus, almost all members of the order Liliales demonstrate carpels with fertile plicate
and sterile ascidiate zones, and the plicate zone is initiated before the ascidiate one. All
representatives of the families Potamogetonaceae (Alismatales), Orchidaceae (Asparagales)
or Eriocaulaceae (Polales) have uniform gynoecium structure within their families. Greater
diversity in the carpel structure is observed in the early-divergent order Alismatales and in
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families occupying near-basal positions within their orders. Among Alismatales, the aroids
possess the most variable carpel and gynoecium constructions. This is apparently not only
due to the great number of genera. Araceae is among the most problematic monocot fami-
lies in terms of gynoecium interpretation. The number of carpels involved in gynoecium
formation and zone of ovule insertion are not clear for many genera [40,41]. Tofieldiaceae
(another near-basal member of Alismatales) is remarkable for the variable presence of
plicate zone and mode of carpel development (see above). Entirely plicate carpels are
apparently apomorphic here and evolved via the reduction of the ascidiate carpel zone.
Alismataceae usually develop uniovulate carpels with early ascidiate carpel development,
but now Alismataceae hosts the genera of former Limnocharitaceae whose plicate carpels
with laminar placentation resemble carpels of Butomaceae. Among Dioscoreales, repre-
sentatives of Nartheciaceae and the genus Burmannia (Burmanniaceae) have carpels with
both carpel zones bearing the ovules. In other genera of Dioscoreales, the ascidiate zone is
fertile or even lacking. Members of Poales usually develop carpels with a single ovule per
ovary locule or per the gynoecium as a whole. The fertile plicate zone is present only in
Bromeliaceae and some Rapateaceae. Among Rapateaceae, representatives of the subfamily
Saxofridericioideae are characterised by a short sterile ascidiate zone and long fertile plicate
zone, accommodating several ovules; in representatives of the subfamilies Rapateoideae
and Monotremoideae, the plicate zone is sterile, and ovules, usually one per carpel, are
placed in the ascidiate zone. Other examples are listed in Table 1.

2.6. Carpel Evolution

By the second half of the 20th century, there were two competing hypotheses on
carpel evolution. Most authors argued in favour of (condu)plicate carpel theory [6,76–81].
According to the plicate hypothesis, the ancestral carpels were free and stalked, without
an ascidiate zone and contained numerous ovules on the (sub)marginal placenta. The
ventral slit was closed postgenitally. The original primitive carpels were large and spirally
arranged on a convex elongated receptacle. The evolution of the gynoecium and the carpel,
according to these ideas is directed toward the reduction and stabilisation of the number of
organs (see also [82,83]). The ascidiate carpels represent a derived type and appeared later
in evolution via the replacement of postgenital fusion in the basal part of the carpel by a
congenital one.

Arguments against the ‘primitiveness’ of the conduplicate carpel appeared in the sec-
ond half of the 20th century [58,59,84–87]. Van Heel [58,59,88] investigated a considerable
number of genera of both dicot and monocot plants with apocarpous gynoecium that had
been recognised as having archaic traits. In the majority of these plants, the carpels were
shown to be initiated by circular primordia and have a more or less pronounced ascidiate
zone (though not always well visible without anatomical examination at maturity). As
pointed out by van Heel, the carpel stalk develops only in the presence of the ascidiate zone.
Based on the developmental data, van Heel concluded that completely plicate carpels are
very rare and have evolved from carpels to have both plicate and ascidiate zones. Mapping
of carpel characters onto molecular-phylogenetic trees supports the ancestral condition for
ascidiate carpels (e.g., [8,21,54]). According to these ideas, ascidiate carpels are ancestrally
small, with a single ovule attached in the cross-zone, i.e., on the ventral side at the border
of the ascidiate and plicate zones if the latter is present. According to the ‘ascidiate hypoth-
esis’, it can be assumed that the plicate zone appeared in the evolution due to the need
to accommodate a larger number of ovules via unequal growth of the dorsal carpel wall
and vertical elongation of the carpel mouth [8,21,54]. The well-developed plicate zone is
viewed as an important feature of the clade of mesangiosperms, even though it is absent in
some members of the group [57]. Postgenital fusion of carpel margins represents a derived
condition in the framework of this hypothesis. Postgenital fusion is a complex process
involving dedifferentiation and redifferentiation of contacting epidermal layers. It is mostly
known in angiosperms and is most commonly associated with carpel closure or fusion
between the carpels in the plicate zone [8,16,53].
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Figure 10. Gynoecium development in Paris quadrifolia (Melanthiaceae, Liliales). In Paris, both carpel 
zones are present, and the plicate zone is fertile. (A) Gynoecium initiation: carpels (*) are initiated 
as slightly crescent-shaped primordia (plicate zone). (B) Young gynoecium with free carpels. (C–E) 
Elongation of the symplicate zone under free plicate carpel parts (so-called asymplicate zone). (F,G) 
Further development of plicate parts of the carpels; free styles comprise the asymplicate gynoecium 
zone, and the ovary is formed by the symplicate zone at this stage. (H,I) Young gynoecium with 
both carpel zones developed; the gynoecium dissected in (H) to show ovule insertion; an arrowhead 
shows a boundary between the plicate and ascidiate zones. Scale bars = 100 mkm (a–c), 120 mkm 
(D,E), 400 mkm (F), 600 mkm (G), and 300 mkm (H,I). 

Figure 10. Gynoecium development in Paris quadrifolia (Melanthiaceae, Liliales). In Paris, both
carpel zones are present, and the plicate zone is fertile. (A) Gynoecium initiation: carpels (*) are
initiated as slightly crescent-shaped primordia (plicate zone). (B) Young gynoecium with free
carpels. (C–E) Elongation of the symplicate zone under free plicate carpel parts (so-called asymplicate
zone). (F,G) Further development of plicate parts of the carpels; free styles comprise the asymplicate
gynoecium zone, and the ovary is formed by the symplicate zone at this stage. (H,I) Young gynoecium
with both carpel zones developed; the gynoecium dissected in (H) to show ovule insertion; an
arrowhead shows a boundary between the plicate and ascidiate zones. Scale bars = 100 mkm (A–C),
120 mkm (D,E), 400 mkm (F), 600 mkm (G), and 300 mkm (H,I).
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Figure 11. Gynoecium development in Anticlea elegans (Melanthiaceae, Liliales). In Anticlea, both 
carpel zones are present, and the plicate zone is fertile. (A,B) Developing gynoecium (same in both 
images) consisting of nearly free plicate carpels. (C) Slightly later stage with one carpel removed to 
show ovule initiation in symplicate zone (below free carpel parts). (D) Gynoecium with one carpel 
open on its dorsal side to show ovules attached along carpel margins in the plicate carpel zone. (E,F) 
Two parts of a dissected gynoecium; arrows show a boundary of two neighbouring carpels; an ar-
rowhead shows a boundary between the plicate and ascidiate zones in (F). Ov, ovules. Scale bars = 
100 mkm. 

Figure 11. Gynoecium development in Anticlea elegans (Melanthiaceae, Liliales). In Anticlea, both
carpel zones are present, and the plicate zone is fertile. (A,B) Developing gynoecium (same in both
images) consisting of nearly free plicate carpels. (C) Slightly later stage with one carpel removed to
show ovule initiation in symplicate zone (below free carpel parts). (D) Gynoecium with one carpel
open on its dorsal side to show ovules attached along carpel margins in the plicate carpel zone.
(E,F) Two parts of a dissected gynoecium; arrows show a boundary of two neighbouring carpels;
an arrowhead shows a boundary between the plicate and ascidiate zones in (F). Ov, ovules. Scale
bars = 100 mkm.

Both hypotheses describe general ideas on carpel evolution in angiosperms as a whole.
By varying the length of the ascidiate and plicate zones up to the complete absence of
one of them, it is possible to obtain a complete set of angiosperm carpel morphologies.
Nevertheless, the ancestral carpel type for monocots is vague. The ascidiate carpels with
a single ovule occur only in monocots with apocarpous gynoecia. Free carpels represent
an evolutionary derived condition in monocots [19–21,23]. Endress and Doyle [20,21]
concluded that the ancestral condition for monocots is a carpel with a fertile plicate zone
but their matrix includes only a limited number of monocot taxa. Sauquet et al. [19] did
not score this character, their matrix included only the number of ovules per carpel. Our
data strongly suggest that the common ancestor of monocots had carpels with both zones
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(ascidiate and plicate) and late peltation in ontogeny (the plicate zone was first to initiate).
What carpel zone(s) was ancestrally fertile in monocots remains unclear, partly because of
the unusual gynoecium morphology of the sister to all other extant monocots, Acorus.
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Figure 12. Gynoecium development in Tofieldia coccinea (Tofieldiaceae, Alismatales); both carpel 
zones are present, and the plicate zone is fertile. (A) Carpel initiation as slightly crescent-shaped 
primordia (plicate zone). (B,C) Cup-shaped carpels with peltation completed (the ventral carpel 
wall is already present). (D,E) Gynoecia with one carpel showing a peltation, other two carpels are 
still completely plicate. (F,G) Carpels at subsequent developmental stages. Arrowheads, the ventral 
carpel wall and the boundary of the plicate and ascidiate zones. ist, inner whorl stamen; ost, outer 
whorl stamen. Scale bars = 60 mkm (A,D), 40 mkm (B,C,F), 80 mkm (E) and 100 mkm (G). 
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Figure 12. Gynoecium development in Tofieldia coccinea (Tofieldiaceae, Alismatales); both carpel
zones are present, and the plicate zone is fertile. (A) Carpel initiation as slightly crescent-shaped
primordia (plicate zone). (B,C) Cup-shaped carpels with peltation completed (the ventral carpel
wall is already present). (D,E) Gynoecia with one carpel showing a peltation, other two carpels are
still completely plicate. (F,G) Carpels at subsequent developmental stages. Arrowheads, the ventral
carpel wall and the boundary of the plicate and ascidiate zones. ist, inner whorl stamen; ost, outer
whorl stamen. Scale bars = 60 mkm (A,D), 40 mkm (B,C,F), 80 mkm (E) and 100 mkm (G).

The present study provides results of the use of a top-down approach in search of
the ancestral character states of the monocot carpel [89]. Monocots is a well-defined
monophyletic unit. Their potential extant sister groups are relatively distantly related and
morphologically diverse. Monocots form one of the five clades that belong to the group
of mesangiosperms, but details of relationships among these clades are still somewhat
unresolved. Gynoecium and carpel interpretation of two mesangiosperm clades, Cerato-
phyllaceae and Chloranthaceae, is ambivalent [90]. Therefore, the use of the top-down
approach for monocots is reasonable.
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Table 1. Carpel structure and sequence of zone initiation in monocot genera. Only genera with
known carpel ontogeny are incuded. References are mostly focused of studies supported by scanning
electron microscopy, where possible. !, taxa with a unilocular multicarpellate gynoecium and a single
ovule. *, taxa with early ovule initiation in an ascidiate carpel zone. #, taxa with a unicarpellate or
pseudomonomerous gynoecium, depending on an interpretation (in each instance, an upper row
shows the conditions implied if the gynoecium is interpreted as unicarpellate, and a lower row if
treated as pseudomonomerous). ?, instances where additional research is necessary for a precise
decision. Zone fertility and its early initiation (before the other zone) are shown by the same colour
(green for the plicate zone and orange for the ascidiate zone). Red shows cases when zone fertility
and its early initiation do not match each other. Numbers in brackets after the names of the families
correspond to the accepted number of genera (after POWO, https://powo.science.kew.org/, accessed
1 August 2023).

Family Genus Plicate Zone Ascidiate Zone First Zone to
Be Initiated Notes References

ACORALES
Acoracerae (1) Acorus + +fertile plicate [61,72,91]

ALISMATALES

Araceae (143)

Anaphyllopsis #
(monomery) − +fertile ascidiate unilocular with

1–2 basal ovules
[92]

Anaphyllopsis #
(pseudomonomery) + +?reduced plicate

Arum − +fertile ascidiate unicarpellate? [93]
Anthurium + +fertile ascidiate [94,95]
Arisaema #

(monomery) − +fertile ascidiate unilocular with
several basal

ovules
[96]

Arisaema #
(pseudomonomery) + +?reduced plicate

Caladium +fertile + plicate [97]
Calla # (monomery) − +fertile ascidiate unilocular with

several basal
ovules

[98]
[99]

Calla #
(pseudomonomery) + +?reduced plicate

Dieffenbachia + +fertile ascidiate [100]
Dracontium + +fertile ascidiate [101]

Gymnostachys − +fertile ascidiate unicarpellate? [40]
Lysichiton − +fertile ascidiate 1−2 carpels [40]

Montrichardia #
(monomery) − +fertile ascidiate unilocular with

1–2 basal ovules
[102,103]

Montrichardia #
(pseudomonomery) + +?reduced plicate

Oronthium + +fertile plicate unicarpellate? [40]
Philodendron +/− +fertile ascidiate [104–109]

Pistia + +fertile ascidiate unicarpellate? [110]
Potoidium − +fertile ascidiate unicarpellate? [40]

Pothos + +fertile ? [40]
Schismatoglottis +fertile + ascidiate [111]
Spathiphyllum + +fertile plicate [40]
Symplocarpus − +fertile ascidiate unicarpellate? [112]

Syngonium + +fertile plicate [113]
Urospatha + +fertile plicate [114]

Tofieldiaceae (4)
Tofieldia +fertile + plicate [17,49,60,115]
Triantha +fertile − plicate Unpubl. data

Alismataceae (18)

Alisma + +fertile ascidiate * [59,116]
Baldellia + +fertile ascidiate * [117]
Caldesia + +fertile ascidiate * [118–120]

Damasonium +fertile − plicate [117]
Echinodorus + +fertile ascidiate * [121]

https://powo.science.kew.org/
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Table 1. Cont.

Family Genus Plicate Zone Ascidiate Zone First Zone to
Be Initiated Notes References

Hydrocleys +fertile − plicate [122]
Limnocharis +fertile − plicate [123]
Luronium + +fertile ascidiate * [124]
Ranalisma + +fertile ascidiate * [70,125]
Sagittaria + +fertile ascidiate * [73,126,127]
Wiesneria + +fertile ascidiate * [128]

Butomaceae (1) Butomus +fertile − plicate [59,60,117,129]

Hydrocharitaceae (14)

Blyxa +fertile − plicate [130]
Enhalus +fertile − plicate [131]

Hydrocharis +fertile +fertile plicate [132]
Najas # (monomery) − +fertile ascidiate

[133]
Najas #

(pseudomonomery) +fertile? − plicate

Vallisneria +fertile − plicate [134]
Scheuchzeriaceae (1) Scheuchzeria +fertile − plicate [135,136]
Aponogetonaceae (1) Aponogeton +fertile − plicate [23,137]

Juncaginaceae (3) Triglochin −/+ +fertile ascidiate * [23,74,138,139]
Maundiaceae (1) Maundia − +fertile ascidiate (?*) [140]

Zosteraceae (2)
Phyllospadix +(?) +fertile ascidiate * two stigmatic

branches [141]

Zostera +(?) +fertile ascidiate * two stigmatic
branches [142]

Potamogetonaceae (5)

Althenia − +fertile ascidiate * [71]
Groenlandia − +fertile ascidiate * [143]
Potamogeton − +fertile ascidiate * [144–147]
Zannichellia − +fertile ascidiate * [148]

Posidoniaceae (1) Posidonia − +fertile ascidiate * [149]
Ruppiaceae (1) Ruppia − + ascidiate * [150–153]

Cymodoceaceae (6)
Amphibolis +(?) +fertile ascidiate * two stigmatic

branches [154]

Syringodium +(?) +fertile ascidiate * two stigmatic
branches [155]

PETROSAVIALES

Petrosaviaceae (2)
Petrosavia +fertile +fertile/− plicate [49]

Japonolirion +fertile −/+ plicate [49]
DIOSCOREALES

Nartheciaceae (5)
Metanarthecium +fertile +fertile plicate [156]

Narthecium +fertile +fertile plicate [49,156]

Burmanniaceae s.l.
(13)

Burmannia +fertile +fertile plicate [157–159]
Gymnosiphon +fertile − plicate [158]

Thismia +fertile − plicate [158,160]

Dioscoreaceae (4)

Dioscorea +fertile + plicate [158,161]
Tacca +fertile − plicate [158]

Stenomeris + fertile + plicate [158]
Trichopus +fertile + plicate [158]

Triuridaceae (8)

Lacandonia + +fertile ascidiate * [162–165]
Peltophyllum + +fertile ascidiate * [163]

Sciaphila + +fertile ascidiate * [163,166,167]
Triuridopsis + +fertile ascidiate * [163]

Triuris + +fertile ascidiate * [162,163]

Velloziaceae (6)
Barbacenia +fertile +fertile plicate [168]

Vellozia +fertile +fertile plicate [168]



Plants 2023, 12, 4138 20 of 34

Table 1. Cont.

Family Genus Plicate Zone Ascidiate Zone First Zone to
Be Initiated Notes References

PANDANALES

Stemonaceae (4)
Pentastemona +fertile − plicate [169]

Stemona +fertile − plicate [169]
Stichoneuron +fertile − plicate [169]

Cyclanthaceae (12)
Carludovica +fertile − plicate [170]
Cyclanthus +fertile − plicate [171]

Pandanaceae (5) Freycinetia +fertile − plicate [172,173]
LILIALES

No data on: Campynemataceae, Petermanniaceae, Alstroemeriaceae, Philesiaceae, Ripogonaceae, Smilacaceae
Corsiaceae (3) Arachnitis +fertile +(?) plicate [174,175]

Melanthiaceae (14)

Anticlea +fertile + plicate This study
Chamaelirium +fertile + plicate [176]

Paris +fertile + plicate [177], this study
Trillium +fertile + plicate [178]

Veratrum +fertile + plicate [24,60]

Colchicaceae (15)
Colchicum +fertile + plicate [179]
Gloriosa +fertile + plicate [60]

Liliaceae (15)
Lilium +fertile + plicate [180]

Tricyrtis +fertile + plicate [23]
ASPARAGALES

No data on: Asteliaceae, Lanariaceae, Ixioliriaceae, Tecophilaeaceae, Xeronemataceae

Orchidaceae (705)

Acineta +fertile + plicate [181]
Acriopsis +fertile + plicate [181]

Anthogonium +fertile + plicate [181]
Apostasia +fertile + plicate [182]

Bletia +fertile + plicate [183,184]
Brachycorythis +fertile + plicate [185]

Brownleea +fertile + plicate [186]
Calanthe +fertile + plicate [181,184]
Caleana +fertile + plicate [184]

Calochilus +fertile + plicate [184]
Cephalanthera +fertile + plicate [187]
Coeloglossum +fertile + plicate [183]

Corycium +fertile + plicate [184]
Corymborkis +fertile + plicate [184,187]
Cyclopogon +fertile + plicate [184,187]

Cynorkis +fertile + plicate [188]
Cypripedium +fertile + plicate [184,189]
Dactylorhiza +fertile + plicate [183]

Disa +fertile + plicate [184,186]
Doritis +fertile + plicate [181]
Diuris +fertile + plicate [184]

Elleanthus +fertile + plicate [181]
Epidendrum +fertile + plicate [181]

Epipactis +fertile + plicate [187]
Gennaria +fertile + plicate [183,184]
Goodyera +fertile + plicate [187]
Govenia +fertile + plicate [181]

Habenaria +fertile + plicate [72,91,183,188]
Herminium +fertile + plicate [190]
Holothrix +fertile + plicate [185]

Listera +fertile + plicate [187]
Ludisia +fertile + plicate [187]
Malaxis +fertile + plicate [181]
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Table 1. Cont.

Family Genus Plicate Zone Ascidiate Zone First Zone to
Be Initiated Notes References

Microtis +fertile + plicate [183]
Monadenia +fertile + plicate [186]

Neobenthamia +fertile + plicate [181]
Neobolusia +fertile + plicate [185]
Oeceoclades +fertile + plicate [184]
Oncidium +fertile + plicate [184]

Orchis +fertile + plicate [183,184]
Orthoceras +fertile + plicate [184]
Pholidota +fertile + plicate [184]

Phragmipedium +fertile + plicate [189]
Platanthera +fertile + plicate [183]
Polystachya +fertile + plicate [181,184]

Prasophyllum +fertile + plicate [184]
Prescottia +fertile + plicate [187]

Satyridium +fertile + plicate [191]
Satyrium +fertile + plicate [184,188,191]

Schizochilus +fertile + plicate [185]
Schizodium +fertile + plicate [186]

Selenipedium +fertile + plicate [189]
Stenoglottis +fertile + plicate [188]
Neuwiedia +fertile + plicate [182]

Vanilla +fertile + plicate [183]
Zygostates +fertile + plicate [192]

Boryaceae (2) Alania +fertile + plicate [193]
Blandfordiaceae (1) Blandfordia +fertile + plicate [193]

Hypoxidaceae (5)
Curculigo +fertile +fertile plicate [193,194]
Hypoxis +fertile +fertile ascidiate [193]

Doryanthaceae (1) Doryanthes +fertile + plicate [193]

Iridaceae (69)

Crocus +fertile + plicate [195]
Freesia +fertile + plicate [196]

Iris +fertile + plicate [197]

Asphodelaceae (41)

Bulbine +fertile + plicate [60,198]
Eremurus +fertile + plicate [199]

Hemerocallis +fertile + plicate [60]
Kniphofia +fertile + plicate [60]

Amaryllidaceae (71)

Agapanthus +fertile + plicate [200]

Allium +fertile + plicate/ascidiate [60,72,91,201,
202]

Cyrtanthus +fertile − plicate [203]
Eucrosia +fertile + plicate [204]
Gilliesia +fertile + plicate [205]

Narcissus +fertile + plicate [206]

Asparagaceae (121)

Agave +fertile + plicate [207]
Asparagus +fertile + plicate [208–210]
Dracaena + +fertile ascidiate * [60]

Drimiopsis +fertile + plicate This study
Ledebouria +fertile + plicate [23,72,91,211]
Lomandra + +fertile ascidiate * [212]

Ornithogalum +fertile + plicate [60,213]
Reineckea +fertile + plicate [214]

Ruscus # (monomery) − + ascidiate

[72,91,215]Ruscus #
(pseudomonomery) +fertile + plicate

Yucca +fertile + plicate Unpubl. data
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Table 1. Cont.

Family Genus Plicate Zone Ascidiate Zone First Zone to
Be Initiated Notes References

ARECALES
Dasypogonaceae (4) Dasypogon + +fertile plicate [216]

Arecaceae (182)

Arenga +fertile − plicate [60]
Chamaedorea + +fertile ascidiate * [217]

Copernicia + +fertile ascidiate * [218]
Corypha + +fertile ascidiate [218]

Eugeissonia + +fertile ascidiate [219]
Gaussia + +fertile ascidiate * [220]

Hyophorbe + +fertile ascidiate * [217]
Palandra + +fertile ascidiate [219]
Phoenix + +fertile ascidiate * [221]

Ptychosperma + +fertile ascidiate * [222]
Sabal + +fertile ascidiate [218]

Salacca + +fertile ascidiate * [60]
COMMELINALES

No data on: Hanguanaceae, Philydraceae

Commelinaceae (36)

Callisia +fertile + plicate [223]
Cochliostema +fertile + plicate [224]
Commelina +fertile + plicate [225]

Dichorisandra +fertile + plicate [226]
Gibasis +fertile + plicate [227]

Plowmanianthus +fertile + plicate [228]
Tinantia +fertile + plicate [229]

Tradescantia +fertile + plicate [223]

Pontederiaceae (2) Pontederia +(fertile in
some species) +fertile plicate [60,230,231]

Haemodoraceae (15)
Lachnanthes + +fertile ascidiate [232]
Wachendorfia + +fertile ascidiate * [232]

ZINGIBERALES
No data on: Strelitziaceae

Lowiaceae (1) Orchidantha +fertile + plicate [233,234]
Heliconiaceae (1) Heliconia + +fertile plicate [235]

Musaceae (3) Musa +fertile + plicate [236]
Cannaceae (1) Canna +fertile + plicate [237,238]

Marantaceae (29)
Calathea + +fertile plicate [237]

Ischnosiphon + +fertile plicate [237]
Thalia + +fertile plicate [239]

Costaceae (8) Costus +fertile + plicate [240]

Zingiberaceae (57)

Alpinia +fertile + plicate [241]
Curcuma +fertile + plicate [242]

Gagnepainia +fertile + plicate [243]
Globba +fertile + plicate [243–245]

Hedychium +fertile + plicate [246,247]
Hemiorchis +fertile + plicate [243]

Scaphochlamys +fertile + plicate [248]
Zingiber +fertile + plicate [249]

POALES
No data on: Flagellariaceae

Typhaceae (2)
Sparganium + +fertile ascidiate [72,91]

Typha + +fertile ascidiate [250–252]

Bromeliaceae (76)
Aechmea +fertile +fertile plicate [253,254]
Dyckia +fertile +fertile plicate [253]

Rapateaceae (17)

Duckea + +fertile plicate [255]
Guacamaya + fertile + plicate [255]
Monotrema + +fertile plicate [255]
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Table 1. Cont.

Family Genus Plicate Zone Ascidiate Zone First Zone to
Be Initiated Notes References

Potarophytum + +fertile plicate [255]
Saxofridericia +fertile + plicate [255,256]
Spathanthus + +fertile plicate [255]

Xyridaceae (5)
Abolboda +fertile +fertile ascidiate [75]

Orectanthe +fertile + plicate [75]
Xyris +fertile +fertile plicate/ascidiate [63,64,257]

Eriocaulaceae (7)

Eriocaulon + +fertile ascidiate [257–259]
Leiothrix + +fertile ascidiate [260]

Paepalanthus + +fertile ascidiate [261]
Mayacaceae (1) Mayaca +fertile − plicate [262]

Thurniaceae (2)
Prionium +fertile +fertile ascidiate * [263]
Thurnia + +fertile ascidiate * [264]

Juncaceae (8) Juncus +fertile +fertile ascidiate * This study

Cyperaceae (94)!

Abildgaardia + +fertile ascidiate * [265]
Bulbostylis + +fertile ascidiate * [265,266]

Cyperus + +fertile ascidiate * [72,91]
Dulichium + +fertile ascidiate * [267,268]
Eleocharis + +fertile ascidiate * [269]

Eriophorum + +fertile ascidiate * [267]
Exocarya + +fertile ascidiate * [270]
Ficinia + +fertile ascidiate * [271]

Fimbristylis + +fertile ascidiate * [265]
Fuirena + +fertile ascidiate * [272]

Hellmuthia + +fertile ascidiate * [273]
Hypolytrum + +fertile ascidiate * [274]

Isolepis + +fertile ascidiate * [271]
Lepironia + +fertile ascidiate * [275]
Mapania + +fertile ascidiate * [274]
Pycreus + +fertile ascidiate * [268]

Rhynchospora + +fertile ascidiate * [276]
Scirpus + +fertile ascidiate * [72,91,267,268]

Restionaceae s.str (42)

Cannomois + +fertile ascidiate [277]
Ceratocaryum + +fertile ascidiate [277]

Chondropetalum + +fertile ascidiate [278]
Dovea + +fertile ascidiate [278]
Elegia + +fertile ascidiate [278]

Hydrophilus + +fertile ascidiate [277]
Hypodiscus + +fertile ascidiate [277]
Ischyrolepis + +fertile ascidiate [278]

Nevillea + +fertile ascidiate [277]
Restio + +fertile ascidiate [278]

Staberoha + +fertile ascidiate [278]
Thamnochortus + +fertile ascidiate [278]

Restionaceae-
Anarthriaceae

(3)

Anarthria + +fertile ascidiate [46]
Hopkinsia + +fertile ascidiate * [46]

Lyginia + +fertile ascidiate [46]
Restionaceae-

Centrolepidaceae
(3)

Aphelia + +fertile ascidiate * [279]

Centrolepis + +fertile ascidiate * [279,280]

Joinvilleaceae (1) Joinvillea + +fertile ascidiate * [281]
Ecdeiocoleaceae (2) Ecdeiocolea + +fertile ? [282]

Poaceae (793)! + +fertile ascidiate? *
[43] and

references
therein
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3. Materials and Methods

An extensive search of published data on monocot flower development was performed.
The data on carpel structure and development are presented in Table 1. We mainly focused
on publications that used scanning electron microscopy (SEM), because this method allows
for better documentation of the results.

For novel observations, plant material was fixed and stored in 70% ethanol. For SEM,
flowers at different developmental stages were dissected in 96% ethanol under an Olympus
SZX7 stereomicroscope (Tokyo, Japan), dehydrated through absolute acetone, critical-point
dried using a Hitachi HCP-2 critical-point drier (Tokyo, Japan), then coated with gold and
palladium using an Eiko IB-3 ion-coater (Tokyo, Japan). Observations were made using a
CAMSCAN S2 SEM (Camscan, Cambridge, UK) at the Laboratory of Electron Microscopy
of the Biological Faculty of Moscow State University.

Parsimony reconstructions of the evolution of carpel characters were preformed using
WinClada version 1.00.08 [28]. The character of carpel development was binary, but the
two characters of carpel structure were multistate (with three states each). The character of
the presence of carpel zones was analysed as ordered, implying that transitions between
completely ascidiate and completely plicate carpels should occur via the condition with
both carpel zones present. The character of carpel zone fertility was analysed as unordered,
because there are clades where carpels possess single ovules, for which a condition with
both carpel zones fertile is not allowed. It should be stressed, however, that the interpre-
tation of both characters as ordered vs. unordered resulted in only minor differences in
parsimony reconstructions (namely, it was ambiguous with carpel zone is fertile in the
common ancestor of Haemodoraceae and Pontederiaceae when the character was analysed
as ordered; the common ancestor of Aponogetonaceae and its sister clade was inferred as
having only (sym)plicate zone when the character was analysed as unordered).

The material was first assembled at the genus level (Table 1). Polymorphisms were
used in character coding in the few cases when differences among various species of
a genus are documented. Gynoecia of some Araceae and Ruscus (Asparagaceae) can
be interpreted as either monomerous or pseudomonomerous. Both interpretations are
provided in Table 1, but the monomerous one is used for the analysis of character evolution,
because the evidence of rudiments of the regular occurrence of reduced carpels is not
completely convincing.

We used the plastid phylogenomic analysis of Givnish et al. [29] as the main source of
the plastid tree topology used here. Terminal groups were adjusted to our data set on carpel
structure and development. When all members of a family are uniform in all our characters
of interest (at the current state of knowledge), the family was used as a terminal group.
In a few families with non-uniform carpel structure and development, taxon sampling of
Givnish et al. [29] was insufficient to cover all genera of our data set. The following sources,
all based on plastid markers or plastomes were used for such families Araceae [30], Amaryl-
lidaceae [31], Asparagaceae [32,33], Arecaceae [34], Rapateaceae [35]. Duckea (Rapateaceae)
was excluded from the analysis of character evolution, because we found no plastid data on
its phylogenetic placement. Relationships within the clade of Burmanniaceae and Dioscore-
aceae are shown as unresolved, because no phylogenomic data are available for Stenomeris
and the data on the placement of Gymnosyphon are controversial [36,37]. Relationships
among the three genera of Xyridaceae sampled here are set as Xyris (Abolboda + Orectanthe).
Michelangeli et al. [38] showed that Abolboda is sister to Orectanthe, though Xyris was not
sister to this clade in their analysis. Givnish et al. [29] supported monophyly of Xyridaceae,
though they studied Abolboda and Xyris, but not Orectanthe.

The most representative nuclear phylogenomic analysis of monocots includes 192 species
and 72 of 77 monocot families [39]. It has some genus-level sampling gaps relevant to the
present study. We constructed a tree topology where all relationships of the orders and families
were set according to nuclear phylogenomic data [38], but relationships within the families are
as in the plastid tree. Three families (Blandfordiaceae, Corsiaceae, Ruppiaceae) were excluded
from the tree, because they were not sampled in the nuclear phylogenomic analysis [38]. The
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nuclear and plastid phylogenies of monocots are largely congruent. The main features of the
nuclear tree relevant to the present study are the position of Tofieldiaceae as sister to the rest
of Alismatales and the position of Typhaceae as sister to the rest of Poales.

4. Conclusions and Outlook

Our data strongly suggest that the common ancestor of monocots had carpels with
both zones (ascidiate and plicate) and late peltation in ontogeny (the plicate zone was first
to initiate). This result was found irrespective of the use of the plastid (Figures 2 and 4) or
nuclear (Figures 3 and 5) phylogeny. What carpel zone(s) was ancestrally fertile in monocots
remains unclear, partly because of the unusual gynoecium morphology of the sister to
all other extant monocots, Acorus [39,61]. At least under family inter-relationships found
using nuclear data, the clade sister to Acorus is characterised by the ancestral gynoecium
condition with only (sym)plicate zone fertile (Figure 3).

Further progress in understanding patterns of carpel evolution could be achieved
by the use of more sophisticated approaches such as maximum likelihood and Bayesian
analysis using time-calibrated trees. We believe, however, that it is equally or even more
important to fill the considerable gaps remaining in the primary knowledge of gynoecium
structure and development across monocots. Apparently, the sampling of developmental
studies has been biased by attention to taxa with unusual flower construction. For example,
the species-poor but morphologically diverse group of core Alismatales is quite well
represented in the present data set. In contrast, developmental data on the order Liliales
are clearly insufficient. We found no published data on flower development in six of the
ten currently recognised families of the order. There is a tendency that the model-based
methods leave some important questions of morphological evolution unresolved, especially
when groups near the base of a phylogeny are morphologically heterogenous. For example,
even with the use of model-based methods, it is unclear whether the ancestral angiosperm
gynoecium has free (apocarpy) or fused (syncarpy) carpels (see [19,90]). We advocate
that the use of multiple lines of evidence, including comparative and developmental
morphology, developmental genetics, phylogeny-based approaches and palaeobotany will
resolve the picture of the origin and subsequent evolution of the angiosperm gynoecium.

Author Contributions: Conceptualization, M.V.R.; methodology, M.V.R. and D.D.S.; investigation,
M.V.R. and D.D.S.; writing—original draft preparation, M.V.R.; writing—review and editing, D.D.S.
All authors have read and agreed to the published version of the manuscript.

Funding: The study was supported by the Ministry of Science and Higher Education of Russia
(project 075-15-2021-1064).

Data Availability Statement: The original contributions presented in the study are included in
the article.

Acknowledgments: We are grateful to Paula Rudall for continuous discussions on monocot flowers.
We are thankful to the staff of the Electron Microscopy Laboratory of the Biological Faculty of Moscow
State University for their support in SEM studies (G.N. Davidovich, A.G. Bogdanov, S.V. Polevova,
V.S. Ryleeva, M.M. Shiroyan).

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Strelin, M.M.; Diggle, P.K.; Aizen, M.A. Flower heterochrony and crop yield. Trends Plant Sci. 2023, 28, 1360–1369. [CrossRef]
2. Buendía-Monreal, M.; Gillmor, C.S. The times they are a-changin’: Heterochrony in plant development and evolution. Front.

Plant Sci. 2018, 9, 1349. [CrossRef] [PubMed]
3. Conway, L.J.; Poethig, R.S. Heterochrony in plant development. Semin. Dev. Biol. 1993, 4, 65–72. [CrossRef]
4. Guerrant, E.O., Jr. Heterochrony in plants: The intersection of evolution ecology and ontogeny. In Heterochrony in Evolution; McK-

inney, M.L., Ed.; Topics in Geobiology Series; Springer: Boston, MA, USA, 1988; Volume 7, pp. 111–133. ISBN 978-1-4899-0797-4.
5. Li, P.; Johnston, M.O. Heterochrony in plant evolutionary studies through the twentieth century. Bot. Rev. 2000, 66, 57–88.

[CrossRef]
6. Takhtajan, A.L. Evolutionary Trends in Flowering Plants; Columbia University Press: New York, NY, USA, 1991.

https://doi.org/10.1016/j.tplants.2023.07.013
https://doi.org/10.3389/fpls.2018.01349
https://www.ncbi.nlm.nih.gov/pubmed/30283473
https://doi.org/10.1006/sedb.1993.1008
https://doi.org/10.1007/BF02857782


Plants 2023, 12, 4138 26 of 34

7. Sokoloff, D.D.; Nuraliev, M.S.; Oskolski, A.A.; Remizowa, M.V. Gynoecium evolution in angiosperms: Monomery, pseu-
domonomery, and mixomery. Mosc. Univ. Biol. Sci. Bull. 2017, 72, 97–108. [CrossRef]

8. Endress, P.K. The Morphological relationship between carpels and ovules in angiosperms: Pitfalls of morphological interpretation.
Bot. J. Linn. Soc. 2019, 189, 201–227. [CrossRef]

9. Liu, H.; Li, J.; Gong, P.; He, C. The origin and evolution of carpels and fruits from an Evo-Devo perspective. J. Integr. Plant Biol.
2023, 65, 283–298. [CrossRef]

10. Doyle, J.A. Molecular and fossil evidence on the origin of angiosperms. Annu. Rev. Earth Planet. Sci. 2012, 40, 301–326. [CrossRef]
11. Frohlich, M.W.; Parker, D.S. The Mostly Male Theory of flower evolutionary origins: From genes to fossils. Syst. Bot. 2000, 25,

155–170. [CrossRef]
12. Endress, P.K. Diversity and Evolutionary Biology of Tropical Flowers; Cambridge University Press: Cambridge, UK, 1994;

ISBN 978-0-521-56510-3.
13. Cresens, E.M.; Smets, E.F. The carpel: A problem child of floral morphology and evolution. Bull. Jard. Bot. Natl. Belg. 1989, 59,

377–409. [CrossRef]
14. Leinfellner, W. Der Bauplan Des Synkarpen Gynözeums. Österr. Bot. Z. 1950, 97, 403–436. [CrossRef]
15. Leins, P.; Erbar, C. Flower and Fruit: Morphology, Ontogeny, Phylogeny, Function and Ecology; Schweizerbart: Stuttgart, Germany, 2010.
16. Verbeke, J.A. Fusion events during floral morphogenesis. Annu. Rev. Plant Physiol. Plant Mol. Biol. 1992, 43, 583–598. [CrossRef]
17. Sokoloff, D.D.; Remizowa, M.V.; Timonin, A.C.; Oskolski, A.A.; Nuraliev, M.S. Types of organ fusion in angiosperm flowers (with

examples from Chloranthaceae, Araliaceae and monocots). Biol. Serbica 2018, 40, 16–40.
18. Erbar, C. Zum Karpellbau einiger Magnoliiden. Bot. Jahrb. Syst. 1983, 104, 3–31.
19. Sauquet, H.; von Balthazar, M.; Magallón, S.; Doyle, J.A.; Endress, P.K.; Bailes, E.J.; Barroso de Morais, E.; Bull-Hereñu, K.; Carrive,

L.; Chartier, M.; et al. The ancestral flower of angiosperms and its early diversification. Nat. Commun. 2017, 8, e16047. [CrossRef]
[PubMed]

20. Endress, P.K.; Doyle, J.A. Reconstructing the ancestral angiosperm flower and its initial specializations. Am. J. Bot. 2009, 96, 22–66.
[CrossRef]

21. Endress, P.K.; Doyle, J.A. Ancestral traits and specializations in the flowers of the basal grade of living angiosperms. Taxon 2015,
64, 1093–1116. [CrossRef]

22. Doyle, J.A.; Endress, P.K. Morphological phylogenetic analysis of basal angiosperms: Comparison and combination with
molecular data. Int. J. Plant Sci. 2000, 161, S121–S153. [CrossRef]

23. Remizowa, M.V.; Sokoloff, D.D.; Rudall, P.J. Evolutionary history of the monocot flower. Ann. Missouri Bot. Gard. 2010, 97,
617–645. [CrossRef]

24. Endress, P.K. Major evolutionary traits of monocot flowers. In Monocotyledons: Systematics and Evolution; Rudall, P.J., Cribb, P.J.,
Cutler, D.F., Humphries, C.J., Eds.; Royal Botanic Gardens Kew: Richmond, UK, 1995; pp. 43–79.

25. Dahlgren, R.M.T.; Clifford, H.T.; Yeo, P.F. The Families of the Monocotyledons: Structure, Evolution, and Taxonomy; Springer:
Berlin/Heidelberg, Germany, 1985; ISBN 978-3-642-61663-1.

26. Arber, A. Monocotyledons: A Morphological Study; Cambridge University Press: Cambridge, UK, 1925.
27. Sokoloff, D.D.; Remizowa, M.V. The use of plant ontologies in comparative and evolutionary studies should be flexible. Am. J.

Bot. 2021, 108, 909–911. [CrossRef]
28. Nixon, K.C. WinClada, version 1.00.08; Computer program published and distributed by the author: Ithaca, NY, USA, 2002.

Available online: http://www.cladistics.com(accessed on 22 October 2004).
29. Givnish, T.J.; Zuluaga, A.; Spalink, D.; Gomez, M.S.; Lam, V.K.Y.; Saarela, J.M.; Sass, C.; Iles, W.J.D.; de Sousa, D.J.L.; Leebens-

Mack, J.; et al. Monocot plastid phylogenomics, timeline, net rates of species diversification, the power of multi-gene analyses,
and a functional model for the origin of monocots. Am. J. Bot. 2018, 105, 1888–1910. [CrossRef] [PubMed]

30. Nauheimer, L.; Metzler, D.; Renner, S.S. Global history of the ancient monocot family Araceae inferred with models accounting
for past continental positions and previous ranges based on fossils. New Phytol. 2012, 195, 938–950. [CrossRef] [PubMed]

31. Meerow, A. Classification and phylogeny of Amaryllidaceae, the modern synthesis and the road ahead: A review. Bol. Soc. Argent.
Bot. 2023, 58, 355–373. [CrossRef]

32. Howard, C.C.; Crowl, A.A.; Harvey, T.S.; Cellinese, N. Peeling back the layers: First phylogenomic insights into the Ledebouriinae
(Scilloideae, Asparagaceae). Mol. Phylogenet. Evol. 2022, 169, 107430. [CrossRef] [PubMed]

33. Ji, Y.; Landis, J.B.; Yang, J.; Wang, S.; Zhou, N.; Luo, Y.; Liu, H. Phylogeny and evolution of Asparagaceae subfamily Nolinoideae:
New insights from plastid phylogenomics. Ann. Bot. 2023, 131, 301–312. [CrossRef] [PubMed]

34. Yao, G.; Zhang, Y.-Q.; Barrett, C.; Xue, B.; Bellot, S.; Baker, W.J.; Ge, X.-J. A Plastid phylogenomic framework for the palm family
(Arecaceae). BMC Biol. 2023, 21, 50. [CrossRef]

35. Givnish, T.J.; Millam, K.C.; Evans, T.M.; Hall, J.C.; Chris Pires, J.; Berry, P.E.; Sytsma, K.J. Ancient vicariance or recent long-distance
dispersal? Inferences about phylogeny and South American–African disjunctions in Rapateaceae and Bromeliaceae based on
ndhF sequence data. Int. J. Plant Sci. 2004, 165, S35–S54. [CrossRef]

36. Garrett, N.; Viruel, J.; Klimpert, N.; Soto Gomez, M.; Lam, V.K.Y.; Merckx, V.S.F.T.; Graham, S.W. Plastid phylogenomics and
molecular evolution of Thismiaceae (Dioscoreales). Am. J. Bot. 2023, 110, e16141. [CrossRef]

37. Soto Gomez, M. Phylogenomic Studies of the Monocot Sister Orders Pandanales and Dioscoreales. Ph.D. Thesis, University of
British Columbia, Vancouver, BC, Canada, 2020.

https://doi.org/10.3103/S0096392517030105
https://doi.org/10.1093/botlinnean/boy083
https://doi.org/10.1111/jipb.13351
https://doi.org/10.1146/annurev-earth-042711-105313
https://doi.org/10.2307/2666635
https://doi.org/10.2307/3668352
https://doi.org/10.1007/BF01763317
https://doi.org/10.1146/annurev.pp.43.060192.003055
https://doi.org/10.1038/ncomms16047
https://www.ncbi.nlm.nih.gov/pubmed/28763051
https://doi.org/10.3732/ajb.0800047
https://doi.org/10.12705/646.1
https://doi.org/10.1086/317578
https://doi.org/10.3417/2009142
https://doi.org/10.1002/ajb2.1692
http://www.cladistics.com
https://doi.org/10.1002/ajb2.1178
https://www.ncbi.nlm.nih.gov/pubmed/30368769
https://doi.org/10.1111/j.1469-8137.2012.04220.x
https://www.ncbi.nlm.nih.gov/pubmed/22765273
https://doi.org/10.31055/1851.2372.v58.n3.40046
https://doi.org/10.1016/j.ympev.2022.107430
https://www.ncbi.nlm.nih.gov/pubmed/35131420
https://doi.org/10.1093/aob/mcac144
https://www.ncbi.nlm.nih.gov/pubmed/36434782
https://doi.org/10.1186/s12915-023-01544-y
https://doi.org/10.1086/421067
https://doi.org/10.1002/ajb2.16141


Plants 2023, 12, 4138 27 of 34

38. Michelangeli, F.A.; Davis, J.I.; Stevenson, D.W. Phylogenetic relationships among Poaceae and related families as inferred from
morphology, inversions in the plastid genome, and sequence data from the mitochondrial and plastid genomes. Am. J. Bot. 2003,
90, 93–106. [CrossRef]

39. Timilsena, P.R.; Wafula, E.K.; Barrett, C.F.; Ayyampalayam, S.; McNeal, J.R.; Rentsch, J.D.; McKain, M.R.; Heyduk, K.; Harkess, A.;
Villegente, M.; et al. Phylogenomic resolution of order- and family-level monocot relationships using 602 single-copy nuclear
genes and 1375 BUSCO Genes. Front. Plant Sci. 2022, 13, e876779. [CrossRef]

40. Buzgo, M. Flower structure and development of Araceae compared with alismatids and Acoraceae. Bot. J. Linn. Soc. 2001, 136,
393–425. [CrossRef]

41. Igersheim, A.; Buzgo, M.; Endress, P.K. Gynoecium diversity and systematics in basal monocots. Bot. J. Linn. Soc. 2001, 136, 1–65.
[CrossRef]

42. Bachelier, J.B.; Endress, P.K. Development of inflorescences, cupules, and flowers in Amphipterygium and comparison with Pistacia
(Anacardiaceae). Int. J. Plant Sci. 2007, 168, 1237–1253. [CrossRef]

43. Sokoloff, D.D.; Fomichev, C.I.; Rudall, P.J.; Macfarlane, T.D.; Remizowa, M.V. Evolutionary history of the grass gynoecium. J. Exp.
Bot. 2022, 73, 4637–4661. [CrossRef]

44. Kircher, P. Untersuchungen zur Blüten- and Infloreszenzmorphologie, Embryologie und Systematik der Restionaceen im Vergleich mit
Gramineen und Verwandten Familien; Dissertationes Botanicae Series; Cramer: Berlin/Stuttgart, Germany, 1986; Volume 94,
pp. 1–219.

45. Ronse De Craene, L.P. Floral Diagrams: An Aid to Understanding Flower Morphology and Evolution, 2nd ed.; Cambridge University
Press: Cambridge, UK, 2022; ISBN 978-1-108-82573-3.

46. Fomichev, C.I.; Briggs, B.G.; Macfarlane, T.D.; Sokoloff, D.D. Structure and development of female flowers in early-diverging
restiids, Anarthria, Lyginia and Hopkinsia (Restionaceae s.l.): Further evidence of multiple pathways of gynoecium reduction in
wind-pollinated lineages of Poales. Bot. J. Linn. Soc. 2019, 190, 117–150. [CrossRef]

47. Kaul, R.B. Conduplicate and specialized carpels in the Alismatales. Am. J. Bot. 1976, 63, 175–182. [CrossRef]
48. Kaul, R.B. Ontogeny and anatomy of the flower of Limnocharis flava (Butomaceae). Am. J. Bot. 1967, 54, 1223–1230. [CrossRef]
49. Remizowa, M.; Sokoloff, D.; Rudall, P.J. Evolution of the monocot gynoecium: Evidence from comparative morphology and

development in Tofieldia, Japonolirion, Petrosavia and Narthecium. Plant Syst. Evol. 2006, 258, 183–209. [CrossRef]
50. Utech, F. Floral Vascular anatomy of Pleea tenuifolia Michx. (Liliaceae-Tofieldieae) and its reassignment to Tofieldia. Ann. Carnegie

Mus. 1978, 47, 423–454. [CrossRef]
51. Utech, F. Floral vascular anatomy of Japonolirion osense Nakai (Liliaceae) and its tribal relationship. Ann. Carnegie Mus. 1984, 53,

447–461. [CrossRef]
52. Endress, P.K.; Igersheim, A. Gynoecium structure and evolution in basal angiosperms. Int. J. Plant Sci. 2000, 161, S211–S213.

[CrossRef]
53. Endress, P.K. Angiosperm floral evolution: Morphological developmental framework. In Advances in Botanical Research; Develop-

mental Genetics of the Flower; Academic Press: Cambridge, MA, USA, 2006; Volume 44, pp. 1–61.
54. Endress, P.K. Evolutionary diversification of the flowers in angiosperms. Am. J. Bot. 2011, 98, 370–396. [CrossRef]
55. Endress, P.K. The flowers in extant basal angiosperms and inferences on ancestral flowers. Int. J. Plant Sci. 2001, 162, 1111–1140.

[CrossRef]
56. Endress, P.K. Structure and relationships of basal relictual angiosperms. Aust. Syst. Bot. 2004, 17, 343–366. [CrossRef]
57. Endress, P.K. Patterns of angiospermy development before carpel sealing across living angiosperms: Diversity, and morphological

and systematic aspects. Bot. J. Linn. Soc. 2015, 178, 556–591. [CrossRef]
58. Van Heel, W.A. A SEM-Investigation on the development of free carpels. Blumea 1981, 27, 499–522.
59. Van Heel, W.A. The ascidiform early development of free carpels. Blumea 1983, 28, 231–270.
60. Van Heel, W.A. On the development of some gynoecia with septal nectaries. Blumea 1988, 33, 477–504.
61. Buzgo, M.; Endress, P.K. Floral structure and development of Acoraceae and its systematic relationships with basal angiosperms.

Int. J. Plant Sci. 2000, 161, 23–41. [CrossRef] [PubMed]
62. Rudall, P.J.; Furness, C.A. Systematics of Acorus: Ovule and anther. Int. J. Plant Sci. 1997, 158, 640–651. [CrossRef]
63. Nardi, K.D.O.; Campbell, L.M.; Oriani, A. Inferences on gynoecium evolution in Xyris (Xyridaceae, Poales) based on floral

anatomy and development. Bot. J. Linn. Soc. 2021, 197, 396–419. [CrossRef]
64. Remizowa, M.V.; Kuznetsov, A.N.; Kuznetsova, S.P.; Rudall, P.J.; Nuraliev, M.S.; Sokoloff, D.D. Flower development and

vasculature in Xyris grandis (Xyridaceae, Poales); a case study for examining petal diversity in monocot flowers with a double
perianth. Bot. J. Linn. Soc. 2012, 170, 93–111. [CrossRef]

65. Rudall, P.J.; Sajo, M.G. Systematic position of Xyris: Flower and seed anatomy. Int. J. Plant Sci. 1999, 160, 795–808. [CrossRef]
66. Oriani, A.; Scatena, V.L. Floral anatomy of xyrids (Poales): Contributions to their reproductive biology, taxonomy, and phylogeny.

Int. J. Plant Sci. 2012, 173, 767–779. [CrossRef]
67. Remizowa, M.V.; Sokoloff, D.D.; Campbell, L.M.; Stevenson, D.W.; Rudall, P.J. Harperocallis is congeneric with Isidrogalvia

(Tofieldiaceae, Alismatales): Evidence from comparative floral morphology. Taxon 2011, 60, 1076–1094. [CrossRef]
68. Groom, P.; Ridley, H.N. On a new saprophytic monocotyledon. Ann. Bot. 1895, 9, 45–58. [CrossRef]
69. Remizowa, M.V. Floral morphology in Japonolirion and Petrosavia (Petrosaviales). Bot. Zhurn. 2011, 96, 198–214. (In Russian)

https://doi.org/10.3732/ajb.90.1.93
https://doi.org/10.3389/fpls.2022.876779
https://doi.org/10.1111/j.1095-8339.2001.tb00582.x
https://doi.org/10.1111/j.1095-8339.2001.tb00555.x
https://doi.org/10.1086/521795
https://doi.org/10.1093/jxb/erac182
https://doi.org/10.1093/botlinnean/boz011
https://doi.org/10.1002/j.1537-2197.1976.tb11799.x
https://doi.org/10.1002/j.1537-2197.1967.tb10758.x
https://doi.org/10.1007/s00606-005-0397-3
https://doi.org/10.5962/p.330816
https://doi.org/10.5962/p.330488
https://doi.org/10.1086/317572
https://doi.org/10.3732/ajb.1000299
https://doi.org/10.1086/321919
https://doi.org/10.1071/SB04004
https://doi.org/10.1111/boj.12294
https://doi.org/10.1086/314241
https://www.ncbi.nlm.nih.gov/pubmed/10648192
https://doi.org/10.1086/297477
https://doi.org/10.1093/botlinnean/boab031
https://doi.org/10.1111/j.1095-8339.2012.01267.x
https://doi.org/10.1086/314162
https://doi.org/10.1086/666664
https://doi.org/10.1002/tax.604011
https://doi.org/10.1093/oxfordjournals.aob.a090733


Plants 2023, 12, 4138 28 of 34

70. Charlton, W.A. Studies in the Alismataceae. IX. Development of the flower in Ranalisma humile. Can. J. Bot. 1991, 69, 2790–2796.
[CrossRef]

71. Posluszny, U.; Tomlinson, P.B. Morphology and development of floral shoots and organs in certain Zannichelliaceae. Bot. J. Linn.
Soc. 1977, 75, 21–46. [CrossRef]

72. Sattler, R. Organogenesis of Flowers: A Photographic Text-Atlas; University of Toronto Press: Toronto, ON, Canada, 1973; ISBN
0-8020-1864-5.

73. Singh, V.; Sattler, R. Development of the inflorescence and flower of Sagittaria cuneata. Can. J. Bot. 1977, 55, 1087–1105. [CrossRef]
74. Singh, V. Development of gynoecium in Triglochin in three dimensions. Curr. Sci. 1973, 42, 813–815.
75. Sajo, M.G.; Oriani, A.; Scatena, V.L.; Rudall, P.J. Floral ontogeny and vasculature in Xyridaceae, with particular reference to

staminodes and stylar appendages. Plant Syst. Evol. 2017, 303, 1293–1310. [CrossRef]
76. Bailey, I.W.; Swamy, B.G.L. The conduplicate carpel of dicotyledons and its initial trends of specialization. Am. J. Bot. 1951, 38,

373–379. [CrossRef]
77. Eames, A.J. The vascular anatomy of the flower with refutation of the theory of carpel polymorphism. Am. J. Bot. 1931, 18,

147–188. [CrossRef]
78. Eames, A.J. Morphology of the Angiosperms; McGraw-Hill Book Company: New York, NY, USA, 1961.
79. Cronquist, A. An Integrated System of Classification of Flowering Plants; Columbia University Press: New York, NY, USA, 1981.
80. Takhtajan, A. Systema et Phylogenia Magnoliophytorum; Nauka: Moscow, Russia, 1966. (In Russian)
81. Takhtajan, A.L. Outline of the classification of flowering plants (Magnoliophyta). Bot. Rev. 1980, 46, 225–359. [CrossRef]
82. Endress, P.K. The early evolution of the angiosperm flower. Trends Ecol. Evol. 1987, 2, 300–304. [CrossRef]
83. Endress, P.K. Patterns of floral construction in ontogeny and phylogeny. Biol. J. Linn. Soc. 1990, 39, 153–175. [CrossRef]
84. Gottsberger, G. The structure and function of the primitive angiosperm flower—A discussion. Acta Bot. Neerl. 1974, 23, 461–471.

[CrossRef]
85. Guédès, M.; Schmid, R. The peltate (ascidiate) carpel theory and carpel peltation in Actinidia chinensis (Actinidiaceae). Flora 1978,

167, 525–543. [CrossRef]
86. Leinfellner, W. Die U-förmige Plazenta als der Plazentationstypus der Angiospermen. Österr. Bot. Z. 1951, 98, 338–358. [CrossRef]
87. Leinfellner, W. Über peltate Karpelle, deren Schlauchteil außen vom Ventralspalt unvollkommen aufgeschlitzt ist. Österr. Bot. Z.

1969, 117, 276–283. [CrossRef]
88. van Heel, W.A. Variation in the development of ascidiform carpels, an S.E.M.-investigation. Blumea 1984, 29, 443–452.
89. Bateman, R.M.; Hilton, J.; Rudall, P.J. Morphological and molecular phylogenetic context of the angiosperms: Contrasting the

‘top-down’ and ‘bottom-up’ approaches used to infer the likely characteristics of the first flowers. J. Exp. Bot. 2006, 57, 3471–3503.
[CrossRef] [PubMed]

90. Sokoloff, D.D.; El, E.S.; Pechenyuk, E.V.; Carrive, L.; Nadot, S.; Rudall, P.J.; Remizowa, M.V. Refined interpretation of the pistillate
flower in Ceratophyllum sheds fresh light on gynoecium evolution in angiosperms. Front. Cell Dev. Biol. 2022, 10, e868352.
[CrossRef]

91. Block, V. Floral Organogenesis in Monocotyledons. Ph.D. Thesis, McGill University, Montreal, QC, Canada, 1970.
92. Barabé, D.; Lacroix, C. Developmental morphology of the flower of Anaphyllopsis americana and its relevance to our understanding

of basal Araceae. Botany 2008, 86, 1467–1473. [CrossRef]
93. Barabé, D.; Lacroix, C.; Gibernau, M. Development of the flower and inflorescence of Arum italicum (Araceae). Can. J. Bot. 2003,

81, 622–632. [CrossRef]
94. Barabé, D.; Lacroix, C. Developmental morphology of the flower of Anthurium jenmanii: A new element in our understanding of

basal Araceae. Botany 2008, 86, 45–52. [CrossRef]
95. Poli, L.P.; Temponi, L.G.; Coan, A.I. Gynoecial ontogeny of Anthurium: Contributions for floral developmental studies in Araceae

(Alismatales). Botany 2015, 93, 47–56. [CrossRef]
96. Fukai, S. Floral initiation and development of the sex-changing plant Arisaema sikokianum (Araceae). Int. J. Plant Sci. 2004, 165,

739–744. [CrossRef]
97. Barabé, D.; Lacroix, C. Aspects of floral development in Caladium bicolor (Araceae). Can. J. Bot. 2002, 80, 899–905. [CrossRef]
98. Scribailo, R.W.; Tomlinson, P.B. Shoot and floral development in Calla palustris (Araceae-Calloideae). Int. J. Plant Sci. 1992, 153,

1–13. [CrossRef]
99. Lehmann, N.L.; Sattler, R. Irregular floral development in Calla palustris (Araceae) and the concept of homeosis. Am. J. Bot. 1992,

79, 1145–1157. [CrossRef]
100. Barabé, D.; Lacroix, C. Floral development of Dieffenbachia and the occurrence of atypical flowers in Araceae. Bot. Stud. 2014, 55,

e30. [CrossRef] [PubMed]
101. Poisson, G.; Barabé, D. Developmental morphology of the flower of Dracontium polyphyllum in the context of the phylogeny of the

Araceae. Kew Bull. 2011, 66, 537–543. [CrossRef]
102. Boubes, C.; Barabé, D. Flower and inflorescence development in Montrichardia arborescens (L.) Schott (Araceae). Int. J. Plant Sci.

1997, 158, 408–417. [CrossRef]
103. Barabé, D.; Lacroix, C. The developmental floral morphology of Montrichardia arborescens (Araceae) revisited. Bot. J. Linn. Soc.

2001, 135, 413–420. [CrossRef]
104. Mayo, S.J. Observations of gynoecial structure in Philodendron (Araceae). Bot. J. Linn. Soc. 1989, 100, 139–172. [CrossRef]

https://doi.org/10.1139/b91-349
https://doi.org/10.1111/j.1095-8339.1977.tb01477.x
https://doi.org/10.1139/b77-127
https://doi.org/10.1007/s00606-017-1438-3
https://doi.org/10.1002/j.1537-2197.1951.tb14837.x
https://doi.org/10.1002/j.1537-2197.1931.tb09580.x
https://doi.org/10.1007/BF02861558
https://doi.org/10.1016/0169-5347(87)90082-6
https://doi.org/10.1111/j.1095-8312.1990.tb00509.x
https://doi.org/10.1111/j.1438-8677.1974.tb00962.x
https://doi.org/10.1016/S0367-2530(17)31150-7
https://doi.org/10.1007/BF01290408
https://doi.org/10.1007/BF01409280
https://doi.org/10.1093/jxb/erl128
https://www.ncbi.nlm.nih.gov/pubmed/17056677
https://doi.org/10.3389/fcell.2022.868352
https://doi.org/10.1139/B08-104
https://doi.org/10.1139/b03-060
https://doi.org/10.1139/B07-113
https://doi.org/10.1139/cjb-2014-0136
https://doi.org/10.1086/422051
https://doi.org/10.1139/b02-074
https://doi.org/10.1086/297001
https://doi.org/10.1002/j.1537-2197.1992.tb13710.x
https://doi.org/10.1186/1999-3110-55-30
https://www.ncbi.nlm.nih.gov/pubmed/28510972
https://doi.org/10.1007/s12225-011-9311-y
https://doi.org/10.1086/297450
https://doi.org/10.1006/bojl.2000.0412
https://doi.org/10.1111/j.1095-8339.1989.tb01714.x


Plants 2023, 12, 4138 29 of 34

105. Barabé, D.; Lacroix, C. Homeosis, morphogenetic gradient and the determination of floral identity in the inflorescences of
Philodendron solimoesense (Araceae). Plant Syst. Evol. 1999, 219, 243–261. [CrossRef]

106. Barabé, D.; Lacroix, C. Homeosis in Araceae flowers: The case of Philodendron melinonii. Ann. Bot. 2000, 86, 479–491. [CrossRef]
107. Barabé, D.; Lacroix, C. Aspects of floral development in Philodendron grandifolium and Philodendron megalophyllum (Araceae). Int. J.

Plant Sci. 2001, 162, 47–57. [CrossRef]
108. Barabé, D.; Lacroix, C. Hierarchical developmental morphology: The case of the inflorescence of Philodendron ornatum (Araceae).

Int. J. Plant Sci. 2008, 169, 1013–1022. [CrossRef]
109. Barabé, D.; Lacroix, C.; Jeune, B. Development of the inflorescence and flower of Philodendron fragrantissimum (Araceae): A

qualitative and quantitative study. Can. J. Bot. 2000, 78, 557–576. [CrossRef]
110. Buzgo, M. Inflorescence development of Pistia stratiotes (Araceae). Bot. Jahrb. Syst. 1994, 115, 557–570.
111. Barabé, D.; Lacroix, C.; Bruneau, A.; Archambault, A.; Gibernau, M. Floral development and phylogenetic position of Schis-

matoglottis (Araceae). Int. J. Plant Sci. 2004, 165, 173–189. [CrossRef]
112. Barabé, D.; Forget, S.; Chrétien, L. Organogénèse de la fleur de Symplocarpus foetidus (Araceae). Can. J. Bot. 1987, 65, 446–455.

[CrossRef]
113. Barabé, D.; Lacroix, C.; Gibernau, M. Developmental floral morphology of Syngonium in the context of the tribe Caladieae

(Araceae). Willdenowia 2012, 42, 297–305. [CrossRef]
114. Barabé, D.; Lacroix, C.; Gibernau, M. Floral development of Urospatha: Merosity and phylogeny in the Lasioideae (Araceae). Plant

Syst. Evol. 2011, 296, 41–50. [CrossRef]
115. Remizowa, M.V.; Sokoloff, D.D.; Moskvicheva, L.A. Morphology and development of flower and shoot system in Tofieldia pusilla

(Tofieldiaceae). Bot. Zhurn. 2005, 90, 840–853.
116. Singh, V.; Sattler, R. Floral development of Alisma triviale. Can. J. Bot. 1972, 50, 619–627. [CrossRef]
117. Charlton, W.A. Studies in the Alismataceae. XII. Floral organogenesis in Damasonium alisma and Baldellia ranunculoides, and

comparisons with Butomus umbellatus. Can. J. Bot. 2004, 82, 528–539. [CrossRef]
118. Qing-feng, W.; Jia-kuan, C.; Qing-feng, W.; Jia-kuan, C. Floral organogenesis of Caldesia parnassifolia (Bassi ex L.) Parl. (Alismat-

aceae). Acta Phytotax. Sin. 1997, 35, 289–292.
119. Liu, K.-M.; Lei, I.-G.; Hu, G.-W. Developmental study on the inflorescence and flower of Caldesia grandis Samuel. (Alismataceae).

Bot. J. Linn. Soc. 2002, 140, 39–47. [CrossRef]
120. Dan, C.; Jin-Ming, C.; Yong, W.; Qing-Feng, W. Floral organogenesis of Caldesia grandis Samuel. (Alismataceae). J. Syst. Evol. 2003,

41, 229–234.
121. Sattler, R.; Singh, V. Floral organogenesis of Echinodorus amazonicus Rataj and floral construction of the Alismatales. Bot. J. Linn.

Soc. 1978, 77, 141–156. [CrossRef]
122. Sattler, R.; Singh, V. Floral development of Hydrocleis nymphoides. Can. J. Bot. 1973, 51, 2455–2458. [CrossRef]
123. Sattler, R.; Singh, V. Floral organogenesis of Limnocharis flava. Can. J. Bot. 1977, 55, 1076–1086. [CrossRef]
124. Charlton, W.A. Studies in the Alismataceae. X. Floral organogenesis in Luronium natans (L.) Raf. Can. J. Bot. 2000, 77, 1560–1568.

[CrossRef]
125. Wang, Y.; Wang, Q.; Chen, J.; Yuan, X. Floral organogenesis of Ranalisma rostratum (Alismataceae). Acta Bot. Yunnan. 1998,

20, 303–308.
126. Singh, V.; Sattler, R. Nonspiral androecium and gynoecium of Sagittaria latifolia. Can. J. Bot. 1973, 51, 1093–1095. [CrossRef]
127. Huang, L.-J.; Wang, X.-W.; Wang, X.-F. The structure and development of incompletely closed carpels in an apocarpous species,

Sagittaria trifolia (Alismataceae). Am. J. Bot. 2014, 101, 1229–1234. [CrossRef]
128. Charlton, W.A. Studies in the Alismataceae. XI. Development of the inflorescence and flowers of Wiesneria triandra (Dalzell)

Micheli. Can. J. Bot. 2000, 77, 1569–1579. [CrossRef]
129. Singh, V.; Sattler, R. Floral development of Butomus umbellatus. Can. J. Bot. 1974, 52, 223–230. [CrossRef]
130. Saichun, T.; Yuguo, W.; Nianhe, X.; Yan, L.; Fanan, W.; Hequn, W. Floral organogenesis of Blyxa japonica (Hydrocharitaceae). J.

Trop. Subtrop. Bot. 2002, 10, 139–144.
131. Tongkok, P.; Kermanee, P.; Kaewsuralikhit, C. Reproductive organ development of tropical seagrass, Enhalus acoroides. Agric. Nat.

Resour. 2020, 54, 387–396.
132. Scribailo, R.W.; Posluszny, U. Floral development of Hydrocharis morsus-ranae (Hydrocharitaceae). Am. J. Bot. 1985, 72, 1578–1589.

[CrossRef]
133. Posluszny, U.; Sattler, R. Floral development of Najas flexilis. Can. J. Bot. 1976, 54, 1140–1151. [CrossRef]
134. McConchie, C.A. Floral development of Maidenia rubra Rendle (Hydrocharitaceae). Aust. J. Bot. 1983, 31, 585–603. [CrossRef]
135. Posluszny, U. Re-evaluation of certain key relationships in the Alismatidae: Floral organogenesis of Scheuchzeria palustris

(Scheuchzeriaceae). Am. J. Bot. 1983, 70, 925–933. [CrossRef]
136. Volkova, O.A.; Remizowa, M.V.; Sokoloff, D.D.; Severova, E.E. A Developmental study of pollen dyads and notes on floral

development in Scheuchzeria (Alismatales: Scheuchzeriaceae). Bot. J. Linn. Soc. 2016, 182, 791–810. [CrossRef]
137. Singh, V.; Sattler, R. Floral development of Aponogeton natans and A. undulatus. Can. J. Bot. 1977, 55, 1106–1120. [CrossRef]
138. Lieu, S.M. Organogenesis in Triglochin striata. Can. J. Bot. 1979, 57, 1418–1438. [CrossRef]
139. Posluszny, U.; Charlton, W.A.; Jain, D.K. Morphology and development of the reproductive shoots of Lilaea scilloides (Poir.)

Hauman (Alismatidae). Bot. J. Linn. Soc. 1986, 92, 323–342. [CrossRef]

https://doi.org/10.1007/BF00985582
https://doi.org/10.1006/anbo.2000.1207
https://doi.org/10.1086/317912
https://doi.org/10.1086/590444
https://doi.org/10.1139/cjb-78-5-557
https://doi.org/10.1086/380980
https://doi.org/10.1139/b87-054
https://doi.org/10.3372/wi.42.42216
https://doi.org/10.1007/s00606-011-0475-6
https://doi.org/10.1139/b72-076
https://doi.org/10.1139/b04-027
https://doi.org/10.1046/j.1095-8339.2002.00069.x
https://doi.org/10.1111/j.1095-8339.1978.tb01396.x
https://doi.org/10.1139/b73-314
https://doi.org/10.1139/b77-126
https://doi.org/10.1139/b99-105
https://doi.org/10.1139/b73-138
https://doi.org/10.3732/ajb.1400172
https://doi.org/10.1139/b99-106
https://doi.org/10.1139/b74-026
https://doi.org/10.1002/j.1537-2197.1985.tb08421.x
https://doi.org/10.1139/b76-123
https://doi.org/10.1071/BT9830585
https://doi.org/10.1002/j.1537-2197.1983.tb06432.x
https://doi.org/10.1111/boj.12482
https://doi.org/10.1139/b77-128
https://doi.org/10.1139/b79-177
https://doi.org/10.1111/j.1095-8339.1986.tb01435.x


Plants 2023, 12, 4138 30 of 34

140. Sokoloff, D.D.; von Mering, S.; Jacobs, S.W.L.; Remizowa, M.V. Morphology of Maundia supports its isolated phylogenetic position
in the early-divergent monocot order Alismatales. Bot. J. Linn. Soc. 2013, 173, 12–45. [CrossRef]

141. Soros-Pottruff, C.L.; Posluszny, U. Developmental morphology of reproductive structures of Phyllospadix (Zosteraceae). Int. J.
Plant Sci. 1994, 155, 405–420. [CrossRef]

142. Soros-Pottruff, C.L.; Posluszny, U. Developmental morphology of reproductive structures of Zostera and a reconsideration of
Heterozostera (Zosteraceae). Int. J. Plant Sci. 1995, 156, 143–158. [CrossRef]

143. Posluszny, U.; Sattler, R. Floral development of Potamogeton densus. Can. J. Bot. 1973, 51, 647–656. [CrossRef]
144. Posluszny, U.; Sattler, R. Floral development of Potamogeton richardsonii. Am. J. Bot. 1974, 61, 209–216. [CrossRef]
145. Posluszny, U. Unicarpellate Floral development in Potamogeton zosteriformis. Can. J. Bot. 1981, 59, 495–504. [CrossRef]
146. Sun, K.; Zhang, Z.-Y.; Chen, J.-K. Floral organogenesis of Potamogeton distinctus A. Benn. (Potamogetonaceae). Acta Phytotax. Sin.

2000, 38, 528–531.
147. Nunes, E.L.P.; de Lima, M.C.; Moço, M.C.d.C.; Coan, A.I. Floral development in Potamogeton (Potamogetonaceae, Alismatales)

with emphasis on gynoecial features. Aquat. Bot. 2012, 100, 56–61. [CrossRef]
148. Posluszny, U.; Sattler, R. Floral development of Zannichellia palustris. Can. J. Bot. 1976, 54, 651–662. [CrossRef]
149. Remizowa, M.V.; Sokoloff, D.D.; Calvo, S.; Tomasello, A.; Rudall, P.J. Flowers and inflorescences of the seagrass Posidonia

(Posidoniaceae, Alismatales). Am. J. Bot. 2012, 99, 1592–1608. [CrossRef] [PubMed]
150. Posluszny, U.; Sattler, R. Floral development of Ruppia maritima var. maritima. Can. J. Bot. 1974, 52, 1607–1612. [CrossRef]
151. Kaul, R.B. Meristic and organogenetic variation in Ruppia occidentalis and R. maritima. Int. J. Plant Sci. 1993, 154, 416–424.

[CrossRef]
152. Lacroix, C.R.; Kemp, J.R. Developmental morphology of the androecium and gynoecium in Ruppia maritima L.: Considerations

for pollination. Aquat. Bot. 1997, 59, 253–262. [CrossRef]
153. Lock, I.E.; Sokoloff, D.D.; Remizowa, M.V. Morphogenetic lability of the Ruppia maritima (Ruppiaceae, Alismatales) reproductive

organs: From two lateral flowers to a terminal flower. Russ. J. Dev. Biol. 2011, 42, 247–260. [CrossRef]
154. McConchie, C.A.; Ducker, S.C.; Knox, R.B. Biology of Australian seagrasses: Floral development and morphology in Amphibolis

(Cymodoceaceae). Aust. J. Bot. 1982, 30, 251–264. [CrossRef]
155. Tomlinson, P.B.; Posluszny, U. Aspects of floral morphology and development in the seagrass Syringodium filiforme (Cymod-

oceaceae). Bot. Gaz. 1978, 139, 333–345. [CrossRef]
156. Remizowa, M.; Sokoloff, D.; Kondo, K. Floral evolution in the monocot family Nartheciaceae (Dioscoreales): Evidence from

anatomy and development in Metanarthecium luteo-viride Maxim. Bot. J. Linn. Soc. 2008, 158, 1–18. [CrossRef]
157. Rübsamen, T. Morphologische, Embryologische und Systematische Untersuchungen an Burmanniaceae und Corsiaceae; Dissertationes

Botanicae Series; Cramer: Berlin/Stuttgart, Germany, 1986; Volume 92, pp. 1–310.
158. Caddick, L.R.; Rudall, P.J.; Wilkin, P. Floral morphology and development in Dioscoreales. Feddes Repert. 2000, 111, 189–230.

[CrossRef]
159. Yudina, S.V.; Kocyan, A.; Truong, B.V.; Vislobokov, N.A.; Lyskov, D.F.; Nuraliev, M.S.; Remizowa, M.V. Structure and development

of flowers and inflorescences in Burmannia (Burmanniaceae, Dioscoreales). Front. Plant Sci. 2022, 13, e849276. [CrossRef]
[PubMed]

160. Nuraliev, M.S.; Yudina, S.V.; Shepeleva, E.A.; Truong, B.V.; Do, T.X.; Beer, A.S.; Remizowa, M.V. Floral structure in Thismia
(Thismiaceae: Dioscoreales): New insights from anatomy, vasculature and development. Bot. J. Linn. Soc. 2021, 195, 501–531.
[CrossRef]

161. Remizowa, M.V.; Sokoloff, D.D.; Kondo, K. Early flower and inflorescence development in Dioscorea tokoro (Dioscoreales): Shoot
chirality, handedness of cincinni and common tepal-stamen primordia. Wulfenia 2010, 17, 77–97.

162. Ambrose, B.A.; Espinosa-Matías, S.; Vázquez-Santana, S.; Vergara-Silva, F.; Martínez, E.; Márquez-Guzmán, J.; Alvarez-Buylla,
E.R. Comparative developmental series of the Mexican triurids support a euanthial interpretation for the unusual reproductive
axes of Lacandonia schismatica (Triuridaceae). Am. J. Bot. 2006, 93, 15–35. [CrossRef]

163. Rudall, P.J. Fascicles and filamentous structures: Comparative ontogeny of morphological novelties in Triuridaceae. Int. J. Plant
Sci. 2008, 169, 1023–1037. [CrossRef]

164. Espinosa-Matías, S.; Vergara-Silva, F.; Vázquez-Santana, S.; Martínez-Zurita, E.; Márquez-Guzmán, J. Complex patterns of
morphogenesis, embryology, and reproduction in Triuris brevistylis, a species of Triuridaceae (Pandanales) closely related to
Lacandonia schismatica. Botany 2012, 90, 1133–1151. [CrossRef]

165. Piñeyro-Nelson, A.; Flores-Sandoval, E.; Garay-Arroyo, A.; García-Ponce, B.; Álvarez-Buylla, E.R. Development and evolution of
the unique floral organ arrangement of Lacandonia schismatica. Int. J. Plant Dev. Biol. 2010, 4, 86–97.

166. Rübsamen-Weustenfeld, T. Morphologische, Embryologische und Systematische Untersuchungen an Triuridaceae; Schweizerbart’sche
Verlagsbuchhandlung (Nägele u. Obermiller): Stuttgart, Germany, 1991.

167. Nuraliev, M.S.; Remizowa, M.V.; Sokoloff, D.D. Flower structure and development in Vietnamese Sciaphila (Triuridaceae:
Pandanales): Refined knowledge of the morphological misfit family and implications for taxonomy. PeerJ 2020, 8, e10205.
[CrossRef]

168. das Graças Sajo, M.; de Mello-Silva, R.; Rudall, P.J. Homologies of floral structures in Velloziaceae with particular reference to the
corona. Int. J. Plant Sci. 2010, 171, 595–606. [CrossRef]

169. van Heel, W. Floral morphology of Stemonaceae and Pentastemonaceae. Blumea 1992, 36, 481–499.

https://doi.org/10.1111/boj.12068
https://doi.org/10.1086/297178
https://doi.org/10.1086/297236
https://doi.org/10.1139/b73-079
https://doi.org/10.1002/j.1537-2197.1974.tb06048.x
https://doi.org/10.1139/b81-069
https://doi.org/10.1016/j.aquabot.2012.02.006
https://doi.org/10.1139/b76-068
https://doi.org/10.3732/ajb.1200227
https://www.ncbi.nlm.nih.gov/pubmed/23032814
https://doi.org/10.1139/b74-211
https://doi.org/10.1086/297124
https://doi.org/10.1016/S0304-3770(97)00074-0
https://doi.org/10.1134/S1062360411040084
https://doi.org/10.1071/BT9820251
https://doi.org/10.1086/337009
https://doi.org/10.1111/j.1095-8339.2008.00850.x
https://doi.org/10.1002/fedr.20001110313
https://doi.org/10.3389/fpls.2022.849276
https://www.ncbi.nlm.nih.gov/pubmed/35371135
https://doi.org/10.1093/botlinnean/boaa066
https://doi.org/10.3732/ajb.93.1.15
https://doi.org/10.1086/590476
https://doi.org/10.1139/b2012-060
https://doi.org/10.7717/peerj.10205
https://doi.org/10.1086/653132


Plants 2023, 12, 4138 31 of 34

170. Sajo, M.G.; Lombardi, J.A.; Forzza, R.C.; Rudall, P.J. Comparative anatomy of reproductive structures in Cyclanthaceae (Pan-
danales). Int. J. Plant Sci. 2014, 175, 814–827. [CrossRef]

171. Wilder, G.J. Structure and development of Cyclanthus bipartitus Poit. (Cyclanthaceae) with reference to other Cyclanthaceae. I.
Rhizome, inflorescence, root, and symmetry. Bot. Gaz. 1981, 142, 96–114. [CrossRef]

172. Stone, B.C. New evidence for the reconciliation of floral organisation in Pandanaceae with normal angiosperm patterns. In The
Plant Diversity of Malesia; Baas, P., Kalkman, K., Geesink, R., Eds.; Springer: Dordrecht, The Netherlands, 1990; pp. 33–55.

173. Huynh, K.-L.; Cox, P.A. Flower structure and potential bisexuality in Freycinetia reineckei (Pandanaceae), a species of the Samoa
Islands. Bot. J. Linn. Soc. 1992, 110, 235–265. [CrossRef]

174. Ibisch, P.L.; Neinhuis, C.; Rojas, P. On the biology, biogeography, and taxonomy of Arachnitis Phil. nom. cons. (Corsiaceae) in
respect to a new record from Bolivia. Willdenowia 1996, 26, 321–332. [CrossRef]

175. Rudall, P.J.; Eastman, A. The questionable affinities of Corsia (Corsiaceae): Evidence from floral anatomy and pollen morphology.
Bot. J. Linn. Soc. 2002, 138, 315–324. [CrossRef]

176. Remizowa, M.V.; Shipunov, A.B.; Sokoloff, D.D. When asymmetry mimics zygomorphy: Flower development in Chamaelirium
japonicum (Melanthiaceae, Liliales). Bot. Pac. 2023, 12, 3–14. [CrossRef]

177. Narita, M.; Takahashi, H. A Comparative study of shoot and floral development in Paris tetraphylla and P. verticillata (Trilliaceae).
Plant Syst. Evol. 2008, 272, 67–78. [CrossRef]

178. Takahashi, H. A Comparative study of floral development in Trillium apetalon and T. kamtschaticum (Liliaceae). J. Plant Res. 1994,
107, 237–243. [CrossRef]

179. Fukai, S.; Monden, Y.; Narumi, T.; Kodaira, E. Flowering control of Colchicum capense subsp. ciliolatum. Acta Hortic. 2013, 1002,
131–138. [CrossRef]

180. Crone, W. Growth Patterns in Floral Organogenesis. Ph.D. Thesis, University of California, Riverside, CA, USA, 1992.
181. Kurzweil, H. Developmental studies in orchid flowers I: Epidendroid and vandoid species. Nord. J. Bot. 1987, 7, 427–442.

[CrossRef]
182. Kocyan, A.; Endress, P.K. Floral structure and development of Apostasia and Neuwiedia (Apostasioideae) and their relationships to

other Orchidaceae. Int. J. Plant Sci. 2001, 162, 847–867. [CrossRef]
183. Kurzweil, H. Developmental studies in orchid flowers II: Orchidoid species. Nord. J. Bot. 1987, 7, 443–451. [CrossRef]
184. Kurzweil, H.; Kocyan, A. Morphology. In Orchid Biology: Reviews and Perspectives, VIII; Kull, T., Arditti, J., Eds.; Springer:

Dordrecht, The Netherlands, 2002; pp. 83–138. ISBN 978-94-017-2500-2.
185. Kurzweil, H.; Weber, A. Floral morphology of Southern African Orchideae. I. Orchidinae. Nord. J. Bot. 1991, 11, 155–178.

[CrossRef]
186. Kurzweil, H. Floral morphology and ontogeny in Orchidaceae subtribe Disinae. Bot. J. Linn. Soc. 1990, 102, 61–83. [CrossRef]
187. Kurzweil, H. Developmental studies in Orchid flowers III: Neottioid species. Nord. J. Bot. 1988, 8, 271–282. [CrossRef]
188. Kurzweil, H.; Weber, A. Floral morphology of Southern African Orchideae. II. Habenariinae. Nord. J. Bot. 1992, 12, 39–61.

[CrossRef]
189. Kurzweil, H. Developmental studies in Orchid flowers IV: Cypripedioid species. Nord. J. Bot. 1993, 13, 423–430. [CrossRef]
190. Rudall, P.J.; Perl, C.D.; Bateman, R.M. Organ homologies in orchid flowers re-interpreted using the musk orchid as a model. PeerJ

2013, 1, e26. [CrossRef]
191. Kurzweil, H. Floral morphology and ontogeny in subtribe Satyriinae (Fam. Orchidaceae). Flora 1996, 191, 9–28. [CrossRef]
192. Royer, C.A.; Toscano de Brito, A.L.V.; Stützel, T.; Smidt, E.C.; Nunes, E.L.P. Floral development of the Ornithocephalus Clade

(Oncidiinae, Orchidaceae): The origin of the tabula infrastigmatica, gynostemium appendices and labellar callus. Bot. J. Linn. Soc.
2021, 195, 636–649. [CrossRef]

193. Kocyan, A.; Endress, P.K. Floral structure and development and systematic aspects of some “lower” Asparagales. Plant Syst. Evol.
2001, 229, 187–216. [CrossRef]

194. Kocyan, A. The Discovery of polyandry in Curculigo (Hypoxidaceae): Implications for androecium evolution of asparagoid
monocotyledons. Ann. Bot. 2007, 100, 241–248. [CrossRef]

195. Dadpour, M.R.; Naghiloo, S.; Gohari, G.; Aliakbari, M. Inflorescence and floral ontogeny in Crocus sativus L. (Iridaceae). Flora
2012, 207, 257–263. [CrossRef]

196. Fukai, S.; Goi, M. Floral initiation and development in Freesia. Tech. Bull. Fac. Agric. Kagawa Univ. 1998, 50, 69–72.
197. Pande, P.C.; Singh, V. Floral development of Iris decora Wall. (Iridaceae). Bot. J. Linn. Soc. 1981, 83, 41–56. [CrossRef]
198. Barnard, C. Floral histogenesis in the Monocotyledons. IV. The Liliaceae. Aust. J. Bot. 1960, 8, 213–225. [CrossRef]
199. Kamenetsky, R.; Akhmetova, M. Floral development of Eremurus altaicus (Liliaceae). Isr. J. Plant Sci. 1994, 42, 227–233. [CrossRef]
200. Zhang, D.; Shen, X.; Zhuo, L. Flower development and anatomy of Agapanthus praecox ssp. orientalis (Leighton) Leighton. Agric.

Sci. China 2011, 10, 1365–1373. [CrossRef]
201. Jones, H.; Emsweller, S. Development of the flower and macrogametophyte of Allium cepa. Hilgardia 1936, 10, 415–428. [CrossRef]
202. Kodaira, E.; Fukai, S. Floral initiation and development in three field-grown Allium species belonging to different sub-genera. J.

Hortic. Sci. Biotechnol. 2005, 80, 765–773. [CrossRef]
203. Slabbert, M.M. Inflorescence initiation and development in Cyrtanthus elatus (Jacq. Traub). Sci. Hortic. 1997, 69, 61–71. [CrossRef]
204. Roh, M.S.; Lawson, R.H.; Gross, K.C.; Meerow, A.W. Flower bud initiation and development of Eucrosia as influenced by bulb

storage temperatures. Acta Hortic. 1992, 325, 105–112. [CrossRef]

https://doi.org/10.1086/676817
https://doi.org/10.1086/337200
https://doi.org/10.1111/j.1095-8339.1992.tb00292.x
https://doi.org/10.3372/wi.26.2616
https://doi.org/10.1046/j.1095-8339.2002.00024.x
https://doi.org/10.17581/bp.2023.12s01
https://doi.org/10.1007/s00606-007-0642-y
https://doi.org/10.1007/BF02344250
https://doi.org/10.17660/ActaHortic.2013.1002.15
https://doi.org/10.1111/j.1756-1051.1987.tb00964.x
https://doi.org/10.1086/320781
https://doi.org/10.1111/j.1756-1051.1987.tb00965.x
https://doi.org/10.1111/j.1756-1051.1991.tb01818.x
https://doi.org/10.1111/j.1095-8339.1990.tb01869.x
https://doi.org/10.1111/j.1756-1051.1988.tb01721.x
https://doi.org/10.1111/j.1756-1051.1992.tb00200.x
https://doi.org/10.1111/j.1756-1051.1993.tb00076.x
https://doi.org/10.7717/peerj.26
https://doi.org/10.1016/S0367-2530(17)30686-2
https://doi.org/10.1093/botlinnean/boaa089
https://doi.org/10.1007/s006060170011
https://doi.org/10.1093/aob/mcm091
https://doi.org/10.1016/j.flora.2012.02.001
https://doi.org/10.1111/j.1095-8339.1981.tb00128.x
https://doi.org/10.1071/BT9600213
https://doi.org/10.1080/07929978.1994.10676575
https://doi.org/10.1016/S1671-2927(11)60129-6
https://doi.org/10.3733/hilg.v10n11p415
https://doi.org/10.1080/14620316.2005.11512012
https://doi.org/10.1016/S0304-4238(96)00990-9
https://doi.org/10.17660/ActaHortic.1992.325.11


Plants 2023, 12, 4138 32 of 34

205. Rudall, P.J.; Bateman, R.M.; Fay, M.F.; Eastman, A. Floral anatomy and systematics of Alliaceae with particular reference to
Gilliesia, a presumed insect mimic with strongly zygomorphic flowers. Am. J. Bot. 2002, 89, 1867–1883. [CrossRef]

206. Waters, M.T.; Tiley, A.M.M.; Kramer, E.M.; Meerow, A.W.; Langdale, J.A.; Scotland, R.W. The corona of the daffodil Narcissus
bulbocodium shares stamen-like identity and is distinct from the orthodox floral whorls. Plant J. 2013, 74, 615–625. [CrossRef]

207. Mogensen, H.L. Floral ontogeny and an interpretation of the inferior ovary in Agave parryi. Can. J. Bot. 1969, 47, 23–26. [CrossRef]
208. Caporali, E.; Carboni, A.; Galli, M.G.; Rossi, G.; Spada, A.; Marziani Longo, G.P. Development of male and female flower in

Asparagus officinalis. Search for point of transition from hermaphroditic to unisexual developmental pathway. Sex. Plant Reprod.
1994, 7, 239–249. [CrossRef]

209. Miller, H.G. A Study of Floral Development in Asparagus officinalis L. Ph.D. Thesis, University of New Hampshire, Durham, NH,
USA, 1994.

210. Marziani Longo, G.P.; Caporali, E.; Carboni, A.; Spada, A.; Falavigna, A. Transition from hermaphroditic to unisexual flowers in
male and female plants of Asparagus. Acta Hortic. 1996, 415, 151–156. [CrossRef]

211. Remizowa, M.V. Gynoecium structure and development in Ledebouria socialis as a key to understanding the evolution of septal
nectaries in Asparagales. Bot. Zhurn. 2022, 107, 672–679. (In Russian)

212. Ahmad, N.M.; Martin, P.M.; Vella, J.M.; Ahmad, N.M.; Martin, P.M.; Vella, J.M. Floral structure and development in the dioecious
Australian endemic Lomandra longifolia (Lomandraceae). Aust. J. Bot. 2008, 56, 666–683. [CrossRef]

213. Tilton, V.R.; Horner, H.T. Carpel development, anatomy, and function in the reproductive process in Ornithogalum caudatum
(Liliaceae). Flora 1983, 173, 1–31. [CrossRef]

214. Chen, Y.-X.; Gao, C.; Bao, Y.; Feng, M.; Lu, A.-M. Floral organogenesis of Reineckia carnea (Convallariaceae) and its systematic
significance. Acta Bot. Yunnan. 2010, 32, 296–302.

215. Martímez-Pallé, E.; Aronne, G. Flower development and reproductive continuity in Mediterranean Ruscus aculeatus L. (Liliaceae).
Protoplasma 1999, 208, 58–64. [CrossRef]

216. Rudall, P.J.; Conran, J.G. Systematic placement of Dasypogonaceae among commelinid monocots: Evidence from flowers and
fruits. Bot. Rev. 2012, 78, 398–415. [CrossRef]

217. Castaño, F.; Marquínez, X.; Crèvecoeur, M.; Collin, M.; Stauffer, F.W.; Tregear, J.W. Comparison of floral structure and ontogeny in
monoecious and dioecious species of the palm tribe Chamaedoreeae (Arecaceae; Arecoideae). Int. J. Plant Sci. 2016, 177, 247–262.
[CrossRef]

218. Rudall, P.J.; Ryder, R.A.; Baker, W.J. Comparative gynoecium structure and multiple origins of apocarpy in coryphoid palms
(Arecaceae). Int. J. Plant Sci. 2011, 172, 674–690. [CrossRef]

219. Uhl, N.W.; Dransfield, J. Development of the inflorescence, androecium, and gynoecium with reference to palms. In Contemporary
Problems in Plant Anatomy; Academic Press: Orlando, FL, USA, 1984; pp. 397–449.

220. Castaño, F.; Stauffer, F.; Marquinez, X.; Crèvecoeur, M.; Collin, M.; Pintaud, J.-C.; Tregear, J. Floral structure and development in
the monoecious palm Gaussia attenuata (Arecaceae; Arecoideae). Ann. Bot. 2014, 114, 1483–1495. [CrossRef]

221. Mason, D.A.D.; Stolte, K.W.; Tisserat, B. Floral development in Phoenix dactylifera. Can. J. Bot. 1982, 60, 1437–1446. [CrossRef]
222. Uhl, N.W. Developmental studies in Ptychosperma (Palmae). II. The staminate and pistillate flowers. Am. J. Bot. 1976, 63, 97–109.

[CrossRef]
223. Hardy, C.R.; Stevenson, D.W. Floral organogenesis in some species of Tradescantia and Callisia (Commelinaceae). Int. J. Plant Sci.

2000, 161, 551–562. [CrossRef]
224. Hardy, C.R.; Stevenson, D.W. Development of the gametophytes, flower, and floral vasculature in Cochliostema odoratissimum

(Commelinaceae). Bot. J. Linn. Soc. 2000, 134, 131–157. [CrossRef]
225. Hardy, C.R.; Sloat, L.L.; Faden, R.B. Floral organogenesis and the developmental basis for pollinator deception in the Asiatic

dayflower, Commelina communis (Commelinaceae). Am. J. Bot. 2009, 96, 1236–1244. [CrossRef]
226. Hardy, C.R.; Stevenson, D.W.; Kiss, H.G. Development of the gametophytes, flower, and floral vasculature in Dichorisandra

thyrsiflora (Commelinaceae). Am. J. Bot. 2000, 87, 1228–1239. [CrossRef] [PubMed]
227. Stevenson, D.W.; Owens, S.J. Some aspects of the reproductive morphology of Gibasis venustula (Kunth) D. R. Hunt (Commeli-

naceae). Bot. J. Linn. Soc. 1978, 77, 157–175. [CrossRef]
228. Hardy, C.R.; Davis, J.I.; Stevenson, D.W. Floral organogenesis in Plowmanianthus (Commelinaceae). Int. J. Plant Sci. 2004, 165,

511–519. [CrossRef]
229. Hardy, C.R.; Ryndock, J. Floral morphology and organogenesis in Tinantia pringlei, along with a review of floral developmental

variation in the spiderwort family, Commelinaceae. Bot. Rev. 2012, 78, 416–427. [CrossRef]
230. Richards, J.H.; Barrett, S.C.H. The developmental basis of tristyly in Eichhornia paniculata (Pontederiaceae). Am. J. Bot. 1984, 71,

1347–1363. [CrossRef]
231. Strange, A.; Rudall, P.J.; Prychid, C.J. Comparative floral anatomy of Pontederiaceae. Bot. J. Linn. Soc. 2004, 144, 395–408.

[CrossRef]
232. Simpson, M.G. Reversal in ovary position from inferior to superior in the Haemodoraceae: Evidence from floral ontogeny. Int. J.

Plant Sci. 1998, 159, 466–479. [CrossRef]
233. Kirchoff, B.K.; Kunze, H. Inflorescence and floral development in Orchidantha maxillarioides (Lowiaceae). Int. J. Plant Sci. 1995, 156,

159–171. [CrossRef]

https://doi.org/10.3732/ajb.89.12.1867
https://doi.org/10.1111/tpj.12150
https://doi.org/10.1139/b69-004
https://doi.org/10.1007/BF00232743
https://doi.org/10.17660/ActaHortic.1996.415.22
https://doi.org/10.1071/BT07223
https://doi.org/10.1016/S0367-2530(17)31986-2
https://doi.org/10.1007/BF01279075
https://doi.org/10.1007/s12229-012-9103-6
https://doi.org/10.1086/684262
https://doi.org/10.1086/659459
https://doi.org/10.1093/aob/mcu133
https://doi.org/10.1139/b82-184
https://doi.org/10.1002/j.1537-2197.1976.tb11789.x
https://doi.org/10.1086/314279
https://doi.org/10.1111/j.1095-8339.2000.tb02348.x
https://doi.org/10.3732/ajb.0800344
https://doi.org/10.2307/2656715
https://www.ncbi.nlm.nih.gov/pubmed/10991893
https://doi.org/10.1111/j.1095-8339.1978.tb01397.x
https://doi.org/10.1086/386559
https://doi.org/10.1007/s12229-012-9108-1
https://doi.org/10.1002/j.1537-2197.1984.tb11992.x
https://doi.org/10.1111/j.1095-8339.2003.00262.x
https://doi.org/10.1086/297564
https://doi.org/10.1086/297237


Plants 2023, 12, 4138 33 of 34

234. Kirchoff, B.K.; Liu, H.; Liao, J.-P. Inflorescence and flower development in Orchidantha chinensis T. L. Wu (Lowiaceae; Zingiberales):
Similarities to inflorescence structure in the Strelitziaceae. Int. J. Plant Sci. 2020, 181, 716–731. [CrossRef]

235. Kirchoff, B.K.; Lagomarsino, L.P.; Newman, W.H.; Bartlett, M.E.; Specht, C.D. Early floral development of Heliconia latispatha
(Heliconiaceae), a key taxon for understanding the evolution of flower development in the Zingiberales. Am. J. Bot. 2009, 96,
580–593. [CrossRef] [PubMed]

236. Kirchoff, B.K. Inflorescence and flower development in Musa velutina H. Wendl. & Drude (Musaceae), with a consideration of
developmental variability, restricted phyllotactic direction, and hand initiation. Int. J. Plant Sci. 2017, 178, 259–272. [CrossRef]

237. Kirchoff, B.K. Floral Organogenesis in five genera of the Marantaceae and in Canna (Cannaceae). Am. J. Bot. 1983, 70, 508–523.
[CrossRef]

238. Miao, M.-Z.; Liu, H.-F.; Kuang, Y.-F.; Zou, P.; Liao, J.-P. Floral vasculature and ontogeny in Canna indica. Nord. J. Bot. 2014, 32,
485–492. [CrossRef]

239. Dworaczek, E.; Claßen-Bockhoff, R. ‘False Resupination’ in the flower-pairs of Thalia (Marantaceae). Flora 2016, 221, 65–74.
[CrossRef]

240. Kirchoff, B.K. Inflorescence and flower development in Costus scaber (Costaceae). Can. J. Bot. 1988, 66, 339–345. [CrossRef]
241. Song, J.J.; Zou, P.; Liao, J.P.; Tang, Y.J.; Chen, Z.Y. Floral ontogeny in Alpinia oxyphylla Miq. (Zingiberaceae) and its systematic

significance. Gard. Bull. Singapore 2007, 59, 221–230.
242. Fukai, S.; Udomdee, W. Inflorescence and flower initiation and development in Curcuma alismatifolia Gagnep (Zingiberaceae). Jpn.

J. Trop. Agric. 2005, 49, 14–20.
243. Iwamoto, A.; Ishigooka, S.; Cao, L.; Ronse De Craene, L.P. Floral development reveals the existence of a fifth staminode on the

labellum of basal Globbeae. Front. Ecol. Evol. 2020, 8, e133. [CrossRef]
244. Box, M.S.; Rudall, P.J. Floral structure and ontogeny in Globba (Zingiberaceae). Plant Syst. Evol. 2006, 258, 107–122. [CrossRef]
245. Kong, J.; Xia, Y.; Li, Q. Inflorescence and flower development of Globba barthei (Zingiberaceae). Plant Divers. 2007, 29, 26–32.
246. Kirchoff, B.K. Inflorescence and flower development in the Hedychieae (Zingiberaceae): Hedychium. Can. J. Bot. 1997, 75, 581–594.

[CrossRef]
247. Kong, J.-J.; Xia, Y.-M.; Li, Q.-J. Inflorescence and flower development in the Hedychieae (Zingiberaceae): Hedychium coccineum

Smith. Protoplasma 2010, 247, 83–90. [CrossRef] [PubMed]
248. Kirchoff, B.K. Inflorescence and flower development in the Hedychieae (Zingiberaceae): Scaphochlamys kunstleri (Baker) Holttum.

Int. J. Plant Sci. 1998, 159, 261–274. [CrossRef]
249. Zhao, T.; Specht, C.D.; Dong, Z.; Ye, Y.; Liu, H.; Liao, J. Transcriptome analyses provide insights into development of the Zingiber

zerumbet flower, revealing potential genes related to floral organ formation and patterning. Plant Growth Regul. 2020, 90, 331–345.
[CrossRef]

250. Müller-Doblies, D. Über Die Verwandtschaft von Typha und Sparganium im Infloreszenz- und Blütenbau. Bot. Jahrb. Syst. 1970, 89,
451–562.

251. de Carvalho, J.D.T.; de Araujo Mariath, J.E. Synflorescence morphology of species of Typha L. (Typhaceae): Anatomical and
ontogenetic bases for taxonomic applications. Acta Bot. Bras. 2019, 33, 672–682. [CrossRef]

252. Carvalho, J.D.T. Morfoanatomia e Desenvolvimento de Órgãos Reprodutivos em Espécies de Typha L. (Typhaceae). Master’s
Thesis, Universidade Federal do Rio Grande do Sul, Porto Alegre, Brazil, 2019.

253. Sajo, M.G.; Rudall, P.J.; Prychid, C.J. Floral anatomy of Bromeliaceae, with particular reference to the evolution of epigyny and
septal nectaries in Commelinid monocots. Plant Syst. Evol. 2004, 247, 215–231. [CrossRef]

254. Santa-Rosa, S.; Versieux, L.M.; Rossi, M.L.; Martinelli, A.P. Floral development and anatomy of two species of Aechmea (Bromeli-
aceae, Bromelioideae). Bot. J. Linn. Soc. 2020, 194, 221–238. [CrossRef]

255. Koblova, S.D.; Rudall, P.J.; Sokoloff, D.D.; Stevenson, D.W.; Remizowa, M.V. Flower and spikelet construction in Rapateaceae
(Poales). Front. Plant Sci. 2021, 12, 813915. [CrossRef]

256. Ferrari, R.C.; Oriani, A. Floral anatomy and development of Saxofridericia aculeata (Rapateaceae) and its taxonomic and phyloge-
netic significance. Plant Syst. Evol. 2017, 303, 187–201. [CrossRef]

257. Stützel, T. Blüten und Infloreszenzmorphologische Untersuchungen zur Systematik der Eriocaulaceen; Dissertationes Botanicae Series;
Cramer: Berlin/Stuttgart, Germany, 1984; Volume 71, pp. 1–108.

258. Sokoloff, D.D.; Yadav, S.R.; Chandore, A.N.; Remizowa, M.V. Stability despite reduction: Flower structure, patterns of receptacle
elongation and organ fusion in Eriocaulon (Eriocaulaceae: Poales). Plants 2020, 9, 1424. [CrossRef]

259. de Lima Silva, A.; Trovó, M.; Stützel, T.; Rudall, P.J.; Sajo, M.d.G.; Coan, A.I. Floral development and vasculature in Eriocaulon
(Eriocaulaceae) provide insights into the evolution of Poales. Ann. Bot. 2021, 128, 605–626. [CrossRef]

260. Mascarenhas, A.A.S.; Scatena, V.L.; Oriani, A. Understanding floral variation in Leiothrix (Poales: Eriocaulaceae): Anatomy,
development and insights into pollination. Bot. J. Linn. Soc. 2023, 201, 154–174. [CrossRef]

261. Silva, A.d.L.; Trovó, M.; Coan, A.I. Floral development and vascularization help to explain merism evolution in Paepalanthus
(Eriocaulaceae, Poales). PeerJ 2016, 4, e2811. [CrossRef]

262. Oriani, A.; Scatena, V.L. Floral organogenesis and vasculature in Mayacaceae, an enigmatic family of Poales. Plant Syst. Evol.
2019, 305, 549–562. [CrossRef]

263. Munyai, R. A Systematic Study of the South African Genus Prionium (Thurniaceae). Master’s Thesis, University of Cape Town,
Cape Town, South Africa, 2013.

https://doi.org/10.1086/709296
https://doi.org/10.3732/ajb.0800305
https://www.ncbi.nlm.nih.gov/pubmed/21628214
https://doi.org/10.1086/691143
https://doi.org/10.1002/j.1537-2197.1983.tb07878.x
https://doi.org/10.1111/j.1756-1051.2013.00311.x
https://doi.org/10.1016/j.flora.2015.08.007
https://doi.org/10.1139/b88-054
https://doi.org/10.3389/fevo.2020.00133
https://doi.org/10.1007/s00606-005-0395-4
https://doi.org/10.1139/b97-065
https://doi.org/10.1007/s00709-010-0145-5
https://www.ncbi.nlm.nih.gov/pubmed/20455070
https://doi.org/10.1086/297547
https://doi.org/10.1007/s10725-020-00575-7
https://doi.org/10.1590/0102-33062019abb0140
https://doi.org/10.1007/s00606-002-0143-0
https://doi.org/10.1093/botlinnean/boaa033
https://doi.org/10.3389/fpls.2021.813915
https://doi.org/10.1007/s00606-016-1361-z
https://doi.org/10.3390/plants9111424
https://doi.org/10.1093/aob/mcab100
https://doi.org/10.1093/botlinnean/boac046
https://doi.org/10.7717/peerj.2811
https://doi.org/10.1007/s00606-019-01592-4


Plants 2023, 12, 4138 34 of 34

264. de Oliveira Silva, L.R. Anatomia e Desenvolvimento Floral e Pós-seminal em Espécies de Cyperídeas (Poales). Ph.D. Thesis,
Universidade Estadual Paulista (UNESP), São Paulo, Brazil, 2022.

265. Reutemann, A.G.; Vegetti, A.C.; Pozner, R. Structure and development of the style base in Abildgaardia, Bulbostylis, and Fimbristylis
(Cyperaceae, Cyperoideae, Abildgaardieae). Flora 2012, 207, 223–236. [CrossRef]

266. Reutemann, A.G.; Muchut, S.E.; Manassero, N.G.U.; Vanzela, A.L.L.; López, M.G.; Vegetti, A.C.; Gonzalez, A.M. A Comparative
approach to understanding the ovule, seed, and fruit development in Bulbostylis (Cyperaceae: Cyperoideae: Abildgaardieae).
Protoplasma 2022, 259, 141–153. [CrossRef]

267. Vrijdaghs, A.; Caris, P.; Goetghebeur, P.; Smets, E. Floral ontogeny in Scirpus, Eriophorum and Dulichium (Cyperaceae), with special
reference to the perianth. Ann. Bot. 2005, 95, 1199–1209. [CrossRef]

268. Reynders, M.; Vrijdaghs, A.; Larridon, I.; Huygh, W.; Leroux, O.; Muasya, A.M.; Goetghebeur, P. Gynoecial anatomy and
development in Cyperoideae (Cyperaceae, Poales): Congenital fusion of carpels facilitates evolutionary modifications in pistil
structure. Plant Ecol. Evol. 2012, 145, 96–125. [CrossRef]

269. Vrijdaghs, A.; Muasya, A.M.; Goetghebeur, P.; Caris, P.; Nagels, A.; Smets, E. A floral ontogenetic approach to questions of
homology within the Cyperoideae (Cyperaceae). Bot. Rev. 2009, 75, 30–51. [CrossRef]

270. Richards, J.H.; Bruhl, J.J.; Wilson, K.L. Flower or spikelet? Understanding the morphology and development of reproductive
structures in Exocarya (Cyperaceae, Mapanioideae, Chrysitricheae). Am. J. Bot. 2006, 93, 1241–1250. [CrossRef]

271. Vrijdaghs, A.; Goetghebeur, P.; Muasya, A.M.; Caris, P.; Smets, E. Floral ontogeny in Ficinia and Isolepis (Cyperaceae), with focus
on the nature and origin of the gynophore. Ann. Bot. 2005, 96, 1247–1264. [CrossRef] [PubMed]

272. Vrijdaghs, A.; Goetghebeur, P.; Muasya, A.M.; Smets, E.; Caris, P.; Goldblatt, P. The nature of the perianth in Fuirena (Cyperaceae).
S. Afr. J. Bot. 2004, 70, 587–594. [CrossRef]

273. Vrijdaghs, A.; Goetghebeur, P.; Smets, E.F.; Muasya, A.M. The floral scales in Hellmuthia (Cyperaceae, Cyperoideae) and
Paramapania (Cyperaceae, Mapanioideae): An ontogenetic study. Ann. Bot. 2006, 98, 619–630. [CrossRef]

274. Monteiro, M.M.; Scatena, V.L.; Oriani, A.; Monteiro, M.M.; Scatena, V.L.; Oriani, A. Anatomy and development of the reproductive
units of Mapania pycnostachya and Hypolytrum schraderianum (Mapanioideae, Cyperaceae). Aust. J. Bot. 2016, 64, 389–400.
[CrossRef]

275. Prychid, C.J.; Bruhl, J.J. Floral Ontogeny and gene protein localization rules out euanthial interpretation of reproductive units in
Lepironia (Cyperaceae, Mapanioideae, Chrysitricheae). Ann. Bot. 2013, 112, 161–177. [CrossRef]

276. Lucero, L.E.; Vegetti, A.C.; Reinheimer, R. Evolution and development of the spikelet and flower of Rhynchospora (Cyperaceae).
Int. J. Plant Sci. 2014, 175, 186–201. [CrossRef]

277. Ronse Decraene, L.P.; Linder, P.H.; Smets, E.F. Floral ontogenetic evidence in support of the Willdenowia Clade of South African
Restionaceae. J. Plant Res. 2001, 114, 329–342. [CrossRef]

278. Decraene, L.P.R.; Linder, H.P.; Smets, E.F. Ontogeny and evolution of the flowers of South African Restionaceae with special
emphasis on the gynoecium. Plant Syst. Evol. 2002, 231, 225–258. [CrossRef]

279. Sokoloff, D.D.; Remizowa, M.V.; Linder, H.P.; Rudall, P.J. Morphology and development of the gynoecium in Centrolepidaceae:
The most remarkable range of variation in Poales. Am. J. Bot. 2009, 96, 1925–1940. [CrossRef] [PubMed]

280. Sokoloff, D.D.; Remizowa, M.V.; Barrett, M.D.; Conran, J.G.; Rudall, P.J. Morphological diversity and evolution of Centrolepidaceae
(Poales), a species-poor clade with diverse body plans and developmental patterns. Am. J. Bot. 2015, 102, 1219–1249. [CrossRef]
[PubMed]

281. Whipple, C.J.; Zanis, M.J.; Kellogg, E.A.; Schmidt, R.J. Conservation of B class gene expression in the second whorl of a basal
grass and outgroups links the origin of lodicules and petals. Proc. Natl. Acad. Sci. USA 2007, 104, 1081–1086. [CrossRef] [PubMed]

282. Rudall, P.J.; Stuppy, W.; Cunniff, J.; Kellogg, E.A.; Briggs, B.G. Evolution of reproductive structures in grasses (Poaceae) inferred by
sister-group comparison with their putative closest living relatives, Ecdeiocoleaceae. Am. J. Bot. 2005, 92, 1432–1443. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.flora.2012.01.008
https://doi.org/10.1007/s00709-021-01649-7
https://doi.org/10.1093/aob/mci132
https://doi.org/10.5091/plecevo.2012.675
https://doi.org/10.1007/s12229-008-9021-9
https://doi.org/10.3732/ajb.93.9.1241
https://doi.org/10.1093/aob/mci276
https://www.ncbi.nlm.nih.gov/pubmed/16216820
https://doi.org/10.1016/S0254-6299(15)30196-4
https://doi.org/10.1093/aob/mcl138
https://doi.org/10.1071/BT15281
https://doi.org/10.1093/aob/mct111
https://doi.org/10.1086/674317
https://doi.org/10.1007/PL00013995
https://doi.org/10.1007/s006060200021
https://doi.org/10.3732/ajb.0900074
https://www.ncbi.nlm.nih.gov/pubmed/21622313
https://doi.org/10.3732/ajb.1400434
https://www.ncbi.nlm.nih.gov/pubmed/26290547
https://doi.org/10.1073/pnas.0606434104
https://www.ncbi.nlm.nih.gov/pubmed/17210918
https://doi.org/10.3732/ajb.92.9.1432

	Introduction 
	Results and Discussion 
	Plicate Carpels 
	Completely Ascidiate Carpels 
	Carpels with Ascidiate and Plicate Zones 
	Patterns of Carpel Development 
	Carpel Types and Monocot Taxonomy 
	Carpel Evolution 

	Materials and Methods 
	Conclusions and Outlook 
	References

