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Flowering plants exhibit a remarkable array of morphologies due in no small part to the evolution of novelty.
While flowers themselves are often considered evolutionary novelties, suites of novel traits have further evolved
within flowers to produce the breadth of morphological diversity across angiosperms, including traits as dramatic
as novel floral organ identities. Here, we describe and synthesize what we currently do and do not know about the
evolution and genetics underlying the development of floral organs historically referred to as novel and consider
how these findings impact the way we define novel organs.
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Introduction

Flowers display varying combinations of a standard set of
four organ types to produce seemingly endless variation in flo-
ral morphology. The typical floral ground plan consists of outer
concentric whorls of sterile organs that enclose fertile organs:
the first outermost whorl of sepals, followed inward by petals
in the second whorl, then stamens in the third whorl, and car-
pels in the fourth innermost whorl. These “standard” organs, al-
though consistent in whorl arrangement, vary wildly in their
presence/absence, number, shape, size, texture, fusion, and color
across angiosperms. Some taxa, however, have evolved novel or-
gan types to yield five or even six distinct identities. These organs
can result from the extreme modification of preexisting organs,
or in other instances, new organs are thought to have evolved
de novo (Ronse de Craene and Smets 2001; Chanderbali et al.
2016).

Before we can consider such novel floral organs, we should
first define some critical terminology. What do we mean by a
“floral organ”? Quite simply, floral organs are lateral determi-
nate organs (i.e., modified leaves) produced by a meristem that
has floral identity. It is inherently more difficult to define what
we mean by “novelty,” which is a notoriously debated topic
across evolutionary biology (reviewed in Müller and Wagner
1991; Erwin 2015; Peterson and Müller 2016; McKenna et al.
2021; Moczek 2023). “Novel” has been used both so broadly
as to make the term meaningless and so narrowly that nothing
can be considered novel. For the purpose of this primer, we will
employ a version of Ernst Mayr’s (1960) definition of an evolu-
tionary novelty that we are considering at the level of organ iden-
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tity: a character that differs more than quantitatively from the
character that gave rise to it (Mayr 1960). For instance, shifting
from five to 10 stamens would not be a novelty, nor would evolv-
ing longer petals, but completely remodeling the morphology or
function of a stamen so that it is no longer easily recognizable as
such would be a novelty. Another related concept that is perhaps
evenmore complex and contentious is that of homology. Fully ex-
ploring the definitions of all the hierarchical levels of homol-
ogy would require a separate primer, so we would refer readers
to several published reviews (Mindell andMeyer 2001; Baum and
Donoghue 2002; Jaramillo and Kramer 2007) and will focus on
just one relevant concept, that of process homology (see“Glossary”;
Gilbert and Bolker 2001). Process homology arises because of
the common inheritance of functional genetic modules, which
can contribute to the development of homologous structures or,
alternatively, can be co-opted to function in convergently evolved
or even entirely disparate structures (Baum and Donoghue 2002;
Jaramillo and Kramer 2007).
Floral development and organ identity have traditionally been

characterized using development and morphology (Ronse de
Craene and Smets 2001; Hufford 2003), but studying the genet-
ics underlying development can provide further insight into the
evolution and nature of novel organs. The genetic basis of floral
organ identity is described by the ABC model of floral develop-
ment, in which coordinated expression of homeotic MADS-box
transcription factors determine organ identity: A-class genes alone
code for sepals, A- and B-class genes together code for petals,
B- and C-class genes together code for stamens, and C-class genes
alone code for carpels (fig. 1; see “Glossary”; Irish 2017). This
framework is particularly useful for comparative studies of fea-
tures that directly impact organ identity rather than downstream
organ elaboration and has formed the basis of much of modern
floral evo-devo (Jaramillo and Kramer 2007; Kramer 2018).
This primer in the plant sciences focuses on floral organs

that have been historically considered to be novel and presents
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an updated interpretation of these structures based on what
we have recently learned from developmental genetics. These
findings raise new questions about how we should define flo-
ral organ identity and the fundamental nature of what novelty
means.

Novel Organs

Novel Floral Organs through Modification
of Preexisting Organs

The most commonly inferred mechanism for the origin of
novel organs is for them to be derived from preexisting floral
organs. Any of the four basic floral organs can give rise to novel
organ identities, but we will focus on what is known about nov-
elty derived from the perianth and the androecium.

Derived from the Perianth. Lodicules. Members of the Poa-
ceae, the grass family, produce highly modified, wind-pollinated
flowers that possess sterile outer floral organs that differ dramati-
cally in appearance from typical sepals or petals, resulting in taxon-
specific terminology (Kellogg 2001; Patterson et al. 2023). These
novel structures are the best-understood examples of modified
perianth organs from a genetic perspective.

Lodicules are sterile structures, with typically zero to two
lodicules per flower, that are located within the outer protective
organs, which have been considered novel as a result of their dis-
tinct morphology and uncertain evolutionary origin (fig. 2A;
Whipple et al. 2007). Lodicules are often membranous or fleshy
and swell at anthesis to assist in the opening of the flower
(Whipple et al. 2007). These organs have been considered to be
modified petals, modified stamens, or entirely de novo structures
(Clifford 1987) because of their unique appearance and position
within the flower (fig. 2B). Careful comparative studies of floral
development and B-class gene expression in the grasses and their
close relatives together with B-class function in model grasses
have provided strong evidence that the lodicules represent mod-
ifications of the second-whorl petals that occur in nongrass
monocots (Whipple et al. 2007; Lombardo and Yoshida 2015).
The study ofWhipple et al. (2007) is notable for its elegant explo-
ration of Remane’s (1952) homology criteria, which include
position, special characteristics (e.g., color, texture, cell struc-
ture), and homology via intermediate evolutionary forms. In
the case of lodicules and petals, they share clear correspondence
Glossary
ABC model. A model in which coordinated expression of MADS-box transcription factors determines organ identity: A-class genes alone code for sepals, A-
and B-class genes together code for petals, B- and C-class genes together code for stamens, and C-class genes alone code for carpels.
Corona. A crown-like structure present in flowers.
Floral organ. A determinate, lateral organ arising from the floral meristem.
Homology. Similarity due to shared ancestry.
Lemma. A sterile bract-like organ in the outer whorl of some Poaceae (grass) flowers, usually in tandem with a palea.
Lodicules. Usually, membranous or fleshy sterile organs in the second whorl of some Poaceae (grass) flowers.
Neofunctionalization. The evolution of novel gene function in a paralog following gene duplication.
Novelty. A character that differs more than quantitatively from the character that gave rise to it (Mayr 1960).
Palea. A sterile bract-like organ in the outer whorl of some Poaceae (grass) flowers, usually in tandem with a lemma.
Paralog. A duplicate gene copy.
Process homology. The common inheritance of functional genetic modules, which can contribute to the development of homologous structures or, alternatively,
can be co-opted to function in convergently evolved or even entirely disparate structures.
Receptacle. The surface where the floral organs attach to the pedicle.
Staminode. A stamen that has evolutionarily lost its primary function of producing viable pollen.
Fig. 1 A, Model organism Arabidopsis thaliana (photo: Andrea Appleton). B, Model organism’s floral diagram. C, Canonical ABC model of
floral organ identity. See text and “Glossary” below for more details. CAR p carpel; PET p petal; SEP p sepal; STA p stamen.
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in position, certain traits such as sterility, and consistent depen-
dence on B-class genes for identity.What remains to be explored
is how the genetic program downstream of B-class function has
diverged so dramatically in the grasses that it has given rise to an
organ that, until recently, was not easily recognizable as a petal.
Of course, there are other analogous examples of extreme devel-
opmental divergence downstream of canonical ABC organ iden-
tity, such as the feathery pappus of the Asteraceae, which repre-
sents modified sepals (Vijverberg et al. 2021), but the grasses
are likely to hold the best chance for investigating the molecular
mechanisms underlying such evolutionary phenomena.

Paleae and lemmas. Grass flowers contain one palea and
one lemma, which are sterile bract-like organs that make up
the outer whorl (sometimes considered the outer two whorls)
of the flower (fig. 2), and three hypotheses of their homology
have been proposed (Lombardo and Yoshida 2015; Patterson
et al. 2023). The two structures are often examined together,
with the palea always positioned inward to the lemma, but even
their identities as floral organs have been questioned: early stud-
ies based on morphology hypothesized that they are a leaflike
prophyll and bract, respectively, noting that in some species, they
arise from the inflorescence axis rather than the floral meristem
(Kellogg 2001). A second hypothesis based on developmental ge-
netics andMADS-box gene expression suggests that both the pa-
lea and the lemma are similar to sepals of other taxa, with a note
that the molecular mechanisms controlling palea and lemma de-
velopment are somewhat distinct from one another (Lombardo
and Yoshida 2015). Maize and rice B-class gene mutants where
lodicules (ppetals) are converted to paleae and lemmas support
this hypothesis because of the similarity to B-class mutants in
eudicots, inwhich petals are homeotically transformed into sepals
(Lombardo and Yoshida 2015; Patterson et al. 2023). The third
hypothesis of palea and lemma identity suggests that these struc-
tures are more complex than simple bracts or sepals but rather
that they lie on a spectrum between these identities (Reinheimer
and Kellogg 2009; Patterson et al. 2023). Of course, given the
nature of process homology (Baum and Donoghue 2002), it is
possible that these hypotheses are not mutually exclusive. In
some grass taxa, the palea and the lemma may arise before the
meristem expresses floral identity, making them technically
bracts/prophylls, while in other taxa theymay be true floral organs
but express varying degrees of organ identity genes. This kind of
developmental and evolutionary lability contributes to the diffi-
culty in establishing firm identity interpretations across all grass
lineages, and in turn, the palea and the lemmamay be considered
novel in some taxa (e.g., organs of hybrid identity) but not in
others (e.g., simply sepals).

Derived from the Androecium. Staminodes. Stamens, collec-
tively termed the androecium, are extremely evolutionarily la-
bile floral organs and serve as the precursors for multiple novel
features (Kong and Becker 2021). Staminodes are simply stamens
that have evolutionarily lost their primary function of produc-
ing viable pollen, and their ontogeny and classification are well
established (Walker-Larsen and Harder 2000; Ronse de Craene
and Smets 2001). The presence of staminodes is relatively com-
mon, occurring in at least one species in 32.5% of families across
every major clade of angiosperms (Walker-Larsen and Harder
2000). Although some are retained as vestigial rudiments of sta-
mens, others have evolved an exceptional array of forms in re-
sponse to selection for alternative functions ranging from pol-
linator attraction to deception and protection (Walker-Larsen
and Harder 2001; Appleton and Schenk 2021). Staminodes are
generally found in one of three androecial configurations associ-
ated with the following distinct floral architectures: (1) flowers
that contain a whorl that consists of fertile stamens as well as
one or more staminodes, which occurs most frequently in flow-
ers that have undergone the evolutionary transition from acti-
nomorphy to zygomorphy; (2) flowers that contain a whorl (or
whorls) that consists wholly of staminodes because of their loss
of all stamen function in the context of unisexuality (for a re-
cent review, see Feng et al. 2020); and (3) flowers that contain
one or more full whorls of staminodes in addition to retaining
a full whorl (or whorls) of functional stamens (Walker-Larsen
and Harder 2000, 2001; Schenk and Appleton 2023). A debat-
able fourth configuration is that which occurs in early-diverging
angiosperm flowers with spiral architecture, where chimeric but
often sterile organs form a gradient from stamen to petal identity
and from stamen to carpel identity. These sterile organs often ap-
pear to be a by-product of spiral phyllotaxy combined with a gra-
dient of organ identity gene expression (Kim et al. 2005).
The genetic underpinnings of staminodes have been studied in

several taxa. A natural starting point in determining the identity
of novel organs is to examine the expression ofMADS-box tran-
scription factors. Staminodes, as derivatives of stamens, likely ex-
press B- and C-class genes, but there are up to six major clades of
MADS-box transcription factors that can contribute to floral or-
gan identity (Litt and Kramer 2010), and the precise changes to
the stamen developmental program that produce staminodes ap-
pear to differ between taxa and staminode type. Perhaps themost
thoroughly studied example is Antirrhinum (Plantaginaceae),
which is bilaterally symmetrical with four stamens and a single
type I staminode (fig. 3A, 3A0; Almeida et al. 1997; Luo et al.
1999). In Antirrhinum, MADS-box gene expression does not
differ between the stamens and the staminode. Acting in parallel
to the ABC program, CYCLOIDEA (CYC), a gene controlling
Fig. 2 Grass floral morphology. A, Simplified grass flower. The ar-
rowhead denotes the awn. B, Grass floral diagram (modified from Patter-
son et al. 2023).
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bilateral symmetry, functions additively with B- and C-class
genes to transform the dorsalmost stamen into a staminode
(Luo et al. 1999).
Another example of staminode evolution in the context of

zygomorphy (or asymmetry) is the family Zingiberaceae, which
is notable for evolving staminodeswith an array ofmorphologies
and configurations (deAlmeida et al. 2013).An extreme example
of these has evolved in the well-studied genus Canna, in which
the androecium has been generally reduced such that it contains
a multipart, fused, and petaloid staminode bearing one-half of
a functional anther (fig. 3B; Tian et al. 2018). Expression of the
C-class gene AGAMOUS (AG) appears to be much higher in
the fertile stamen of Canna than in the sterile staminode tissue
(Tian et al. 2021). Consistent with restricted AG expression,
the petaloid staminodes show upregulation of abaxial polarity
identity genes that promote laminar expansion in contrast to
the usually radial stamenfilament (deAlmeida et al. 2014). These
two examples of zygomorphic staminodes—in Antirrhinum and
Canna—are intriguing for a number of reasons. First, they are es-
sentially morphological mirror images, in that Antirrhinum has
primarily fertile stamenswith one sterile stamenwhile the gingers
have increasing degrees of sterilization, culminating in the evolu-
tion of only a partial fertile stamen in Canna. Second, the ABC
identity pathways and CYC control of staminode development
in Antirrhinum are clearly functioning in a parallel and additive
manner, while in Canna it appears that whatever mechanism is
controlling zygomorphy acts upstream of theABC genes to affect
spatial localization of AG expression.
Perhaps not surprisingly, differential expression of ABCMADS-

box transcription factors are directly implicated in the control of
type III staminode identity. For example, B- andC-class genes have
been shown to be transiently expressed only in the development
of petaloid staminodes in members of Aizoaceae (fig. 3C), which
differs from the continuous expression of B- and C-class genes
during fertile stamen development (Brockington et al. 2011). In
addition, gene expression and functional data are available for
Aquilegia (Ranunculaceae), which contains two whorls of pa-
pery, interlocking staminodes nested within many whorls of fer-
tile stamens (fig. 3D; Meaders et al. 2020). In Aquilegia, neo-
functionalization and differential expression of paralogs of the
B-class gene APETALA3 (AP3) appear to control the evolution
of the staminodes, where AP3-1 promotes staminode identity
while AP3-2 is primarily involved in stamen identity (Sharma
and Kramer 2013). Although differential expression of MADS-
box organ identity genes has been demonstrated in both of these
taxa, Aizoaceae does not rely on gene duplication while Aquile-
gia does, consistent with their independent evolutions. Detailed
comparative studies in closely related taxa, ideally with distinct
conformations of staminodes, could provide greater insight into
the regulatory mechanisms underlying staminode evolution and
diversification.

Coronas. Coronas are loosely defined as crown-like struc-
tures in flowers. They appear to have an attractive function in
most taxa, and they arise from a variety of precursor tissues, in-
cluding the androecium, the corolla, the receptacle, or a combi-
nation of those tissues (Weberling 1989; Waters et al. 2013).
The term “corona” has been used broadly across all major clades
of angiosperms to describe structures that share few similarities
beyond minor superficial appearance (Bernhard 1999; Heming-
way et al. 2011; Nikolov et al. 2013;Waters et al. 2013). For ex-
ample, some coronas are dramatically different in morphology
from the organs in the same flower (fig. 4), while other so-called
coronas appear to be only minor elaborations of typical floral or-
gans (fig. 5). We will term examples of the first of these as type I
coronas and the second as type II coronas.

Among the shared traits of type I coronas across diverse taxa
are (1) sterile elaborations, primarily of the androeciumor the re-
ceptacle; (2) arising late in development, considerably after emer-
gence of the other floral organs; and (3) expressing B- andC-class
MADS-box genes (Bernhard 1999; Hemingway et al. 2011;
Nikolov et al. 2013; Waters et al. 2013). However, the mor-
phology of these coronas still differs dramatically, ranging from
the trumpetlike, petaloid tube resulting from outgrowth associated
with the androecium in Narcissus (Amaryllidaceae; fig. 4A)
to the complex arrangement of parts described as a “series of
rings, scales, or threads intervening between the petals and the
Fig. 3 Flowers containing well-studied staminodes. A, Antirrhinum majus, type I staminode (photo: Sabina Bajracharya). A0, Antirrhinum
majus dissected (photo: P. Huijser). B, Canna indica (photo: Andrea Appleton). C, Delosperma sp., type III staminodes (photo: Didier Descouens).
D, Aquilegia Kirigami, type III staminodes (photo: Colin Teo). Arrows indicate staminodes, except in B, where the arrow points to the fertile an-
ther. The remainder of the petaloid organs are, in fact, staminodes in this flower. O p ovary.
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stamens” (Masters 1871, p. 598) in Passiflora (Passifloraceae;
fig. 4B). Members of Apocynaceae (Asclepias, Matelea, etc.;
fig. 4C) have coronas described as elaborations originating from
the androecium late in development that become secondarily fused
with the corolla (Maciel Monteiro and Demarco 2017), while
Sapria (Rafflesiaceae) has a taxon-specific structure called a di-
aphragm that appears to be analogous to the coronas of other taxa
(fig. 4D; Nikolov et al. 2013). Additional taxa are likely to contain
type I coronas, but we currently lack the developmental and genetic
data to define them using this syndrome of traits. For instance,
members of Velloziaceae possess sterile structures termed coronas
that arise relatively late in development between the androecium
and the corolla, but currently, no data addressing their genetic
identity are published (das Gracas Sajo et al. 2010).

Type II coronas are even more diverse. For example, some
members of Caryophyllaceae (Lychnis, Dianthus, Silene, etc.)
have small outgrowths on the hinges of their petals that have
been termed coronas, but these are clearly the product of simple
peltate growth in the corolla (fig. 5A; Weberling 1989). In addi-
tion, members of the genus Puschkinia (Asparagaceae) are de-
scribed as possessing tubular coronas, but these structures are
composed of stamen filaments that have been laterally expanded
and fused (fig. 5B; Ozudogru et al. 2022). The closely related ge-
nus Scilla (Asparagaceae) contains a similar structure composed
of expanded but unfused stamen filaments (fig. 5C; Yildirim
et al. 2013). Thus, we consider type II coronas to be minor elab-
orations of existing organs rather than distinct structures.
Perhaps not surprisingly, there are examples that are not

entirely clear, such as the corona of Jaltomata calliantha (Sol-
anaceae), which presents as a short ring of tissue connecting
the bases of stamen filaments to hold nectar (fig. 5D; Kostyun
et al. 2019). Kostyun et al. (2019) evaluated the homology of
:

Fig. 4 Flowers containing well-studied type I coronas.A,Narcissus sp. (photo: Andrea Appleton).B, Passiflora caerulea (photo: Andrea Appleton).
C, Asclepias sp., with inset showing a close-up of a flower (photos: Andrea Appleton). D, Sapria himalayana (photo: Charles Davis). Arrows indicate
coronas.
Fig. 5 Flowers containing type II (A–C) or equivocal (D) coronas. A, Silene virginica (photo: Jason Hollinger). B, Chionodoxa sardensis (photo
Travis Owen). C, Puschkinia scilloides (photo: Travis Owen).D, Jaltomata calliantha (photo: Indiana University Department of Biology). Arrows indi-
cate coronas.
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J. calliantha coronas using anatomical and genetic data, and
they determined that these coronas have their strongest affin-
ity with stamens, as they express B- and C-class genes and share
similarities in cell type. However, their cell morphology also
bears some similarity to that of petals, and the authors detected
weak expression of the A-class gene APETALA1 in the corona.
So while this Jaltomata corona fits all the traits we defined for
type I coronas, these data underscore the fact that we are still
in the early days of understanding these structures.
Based on similarities across taxa that bear structures that we

have termed type I coronas, we propose that all three char-
acteristics described above are necessary for any floral structure
to be considered a “true” corona. Although these characteristics
appear to be shared, coronas have been independently evolved in
each taxonomic group where they are present, and they are not
homologous to each other. Our definition of coronas excludes
type II coronas, which we consider to be simple elaborations of
other preexisting organs. We also note that some coronas re-
main ambiguous, such as those of Symbolanthus (Gentianaceae),
which present as a tubelike structure connecting petals and
stamens (Mollina and Struwe 2008).
The traditional classification of both of these types of coronas

as novel organs calls into question howwe define organs: should
coronas, as elaborations of preexisting organs like petals and
stamens, be considered separate organs at all? In addition, we
currently lack a precise understanding of how coronas initiate.
Since coronas are generally late arising, meristematic genes (such
as those in the KNOX family) should no longer be expressed at
their origin, but are those genes being reactivated to produce
new structures? Along these lines, an underexplored possibility
is the role of the receptacle in generating floral structures. Zen-
chyzen et al. (2023) show that the androgynophore, a structure
that uplifts and bears the androecium and gynoecium in Gynan-
dropsis (Cleomaceae), expresses a MADS-box profile similar to
that of stamen filaments and the gynophore. However, this struc-
ture is likely derived from the receptacular tissue where each or-
gan attaches to the shoot axis, and these authors note that they
do not consider the androgynophore to be a determinate lateral
organ. Furthermore, it remains to be determined how the dis-
tinct morphology of coronas is established if they express the same
identity code (B and C) as the stamens. It is possible that there
is some temporal or spatial difference or another genetic program
acting in parallel to the canonical identity program. A more pre-
cise definition of coronas, as well as more studies combining mor-
phological, gene expression, and functional analyses, is needed to
better understand their evolution and identity.

Conclusions

Flowers have evolved remarkable variation in morphology
by extreme modification of their individual organs, sometimes
such that the modifications have rendered the organs unrecog-
nizable or uncategorizable. As seen with coronas, novel traits
can be particularly complex and may not simply fit into the cat-
egories that botanists have previously used. In this primer, we
have covered multiple potential mechanisms for generating such
novelty, including the additive effect of parallel genetic pathways,
the downstream divergence of canonical organ identity programs,
the impact of ABC gene duplication and neofunctionalization, and
a still-enigmatic potential role for elaboration of the receptacle.
While these findings are intriguing, they also highlight a consid-
erable absence of data, particularly in regard to functional stud-
ies and moving beyond standard candidate gene approaches. To
truly understand how these complex, novel traits arose, we must
generate more rigorous tools to study these features in nontradi-
tional model systems.

Acknowledgments

We thank members of the Kramer Lab, Elizabeth (Toby)
Kellogg, Peter Stevens, and Natalia Pabón-Mora for helpful
and interesting discussions and three reviewers for comments
and suggestions that greatly improved earlier versions of the
manuscript.
Literature Cited
Almeida J, M Rocheta, L Galego 1997 Genetic control of flower
shape in Antirrhinum majus. J Dev 124:1387–1392.

Appleton AD, JJ Schenk 2021 Evolution and development of stami-
nodes in Paronychia (Caryophyllaceae). Int J Plant Sci 182:377–
388.

Baum DA, MJ Donoghue 2002 Transference of function, heterotopy
and the evolution of plant development. Pages 52–69 inQCB Cronk,
RM Bateman, JA Hawkins, eds. Developmental genetics and plant
evolution. Taylor & Francis, New York.

Bernhard 1999 Flower structure, development, and systematics in Pas-
sifloraceae and in Abatia (Flacourtiaceae). Int J Plant Sci 160:135–
150.

Brockington SF, PJ Rudall, MW Frohlich, DG Oppenheimer, PS
Soltis, DE Soltis 2011 “Living stones” reveal alternative petal iden-
tity programs within the core eudicots. Plant J 69:193–203.

Chanderbali AS, BA Berger, DG Howarth, PS Soltis, DE Soltis 2016
Evolving ideas on the origin and evolution of flowers: new perspec-
tives in the genomic era. Genetics 202:1255–1265.

Clifford HT 1987 Spikelet and floral morphology. Pages 21–30 in
TR Soderstrom, KW Hilu, CS Campbell, ME Barkworth, eds. Grass
systematics and evolution. Smithsonian Institution Press, Washing-
ton, DC.
das Gracas Sajo M, R de Mello-Silva, PJ Rudall 2010 Homologies of
floral structures in Velloziaceae with particular reference to the co-
rona. Int J Plant Sci 171:595–606.

de Almeida AMR, A Brown, CD Specht 2013 Tracking the develop-
ment of the petaloid fertile stamen in Canna indica: insights into the
origin of androecial petaloidy in the Zingiberales. AoB Plants 5:
plt009.

de Almeida AMR, R Yockteng, J Schnable, ER Alvarez-Buylla, M
Freeling, CD Specht 2014 Co-option of the polarity gene network
shapes filament morphology in angiosperms. Sci Rep 4:6194.

Erwin DH 2015 Novelty and innovation in the history of life. Curr
Biol 25:R930–R940.

Feng G, BJ Sanderson, K Keefover-Ring, J Liu, T Ma, T Yin, LB
Smart, SP DiFazio, MS Olson 2020 Pathways to sex determination
in plants: how many roads lead to Rome? Curr Opin Plant Biol
54:61–68.

Gilbert SF, JA Bolker 2001 Homologies of process and modular
elements of embryonic construction. J Exp Zool 291:1–12.

Hemingway CA, AR Christensen, ST Malcomber 2011 B- and C-
class gene expression during corona development of the blue pas-
sionflower (Passiflora caerulea, Passifloraceae). Am J Bot 98:923–
934.



APPLETON & KRAMER—NOVEL FLORAL ORGANS 217
Hufford L 2003 Homology and developmental transformation: models
for the origins of staminodes in Loasaceae subfamily Loasoideae. Int
J Plant Sci 164:S409–S439.

Irish V 2017 The ABC model of floral development. Curr Biol 27:
R887–R890.

Jaramillo MA, EM Kramer 2007 The role of developmental genetics
in understanding homology and morphological evolution in plants.
Int J Plant Sci 168:61–72.

Kim S, J Koh, M Yoo, H Kong, Y Hu, H Ma, PS Soltis, DE Soltis
2005 Expression of floral MADS-box genes in basal angiosperms:
implications for the evolution of floral regulators. Plant J 43:724–
744.

Kellogg EA 2001 Evolutionary history of the grasses. Plant Physiol
3:1198–1205.

Kong D, A Becker 2021 Then there were plenty-ring meristems giv-
ing rise to many stamen whorls. Plants 10:1140.

Kostyun JL, JE Robertson, JC Preston 2019 Evidence of a largely
staminal origin for the Jaltomata calliantha (Solanaceae) floral corona.
EvoDevo 10:9.

Kramer EM 2018 Floral architecture: regulation and diversity of flo-
ral shape and pattern. Pages 121–148 in CGN Turnbull, ed. Annual
plant reviews. Vol 17. Plant architecture and its manipulation. Wiley,
Boca Raton, FL.

Litt A, EM Kramer 2010 The ABC model and the diversification of
floral organ identity. Semin Cell Dev Biol 21:129–137.

Lombardo F, H Yoshida 2015 Interpreting lemma and palea homol-
ogies: a point of view from rice floral mutants. Front Plant Sci 6:61.

Luo D, R Carpenter, L Copsey, C Vincent, J Clark, E Coen 1999 Con-
trol of organ asymmetry in flowers of Antirrhinum. Cell 99:367–376.

Maciel Monteiro M, D Demarco 2017 Corona development and floral
nectaries of Asclepiadeae (Asclepioideae, Apocynaceae). Acta Bot Bras
31:420–432.

Masters MT 1871 Contributions to the natural history of the Passiflora-
ceae. Trans Linn Soc Lond 27:593–645.

Mayr E 1960 The emergence of evolutionary novelties. Pages 349–
380 in S Tax, ed. Evolution after Darwin. University of Chicago Press,
Chicago.

McKenna KZ, GP Wagner, KL Cooper 2021 A developmental per-
spective of homology and evolutionary novelty. Pages 1–38 in SF
Gilbert, ed. Evolutionary developmental biology. Vol 141. Academic
Press, Cambridge, MA.

Meaders C, Y Min, KJ Freedberg, EM Kramer 2020 Developmental
and molecular characterization of novel staminodes in Aquilegia. Ann
Bot 126:231–243.

Mindell DP, A Meyer 2001 Homology evolving. Trends Ecol Evol
16:434–440.

Moczek AP 2023 When the end modifies its means: the origins of nov-
elty and the evolution of innovation. Biol J Linn Soc 139:433–440.

Mollina J, L Struwe 2008 Revision of ring-gentians (Symbolanthus,
Gentianaceae) from Bolivia, Ecuador and Peru, with a first assess-
ment of conservation status. Syst Biodivers 6:477–501.

Müller GB, GP Wagner 1991 Novelty in evolution: restructuring the
concept. Annu Rev Ecol Evol Syst 22:229–256.

Nikolov LA, PK Endress, M Sugumaran, S Sasirat, S Vessabutr, EM
Kramer, CC Davis 2013 Developmental origins of the world’s largest
flowers, Rafflesiaceae. Proc Natl Acad Sci USA 110:18578–18583.
Ozudogru B, DA Uluer, BT Hacioglu, H Yildirim 2022 Phylogeny,
biogeography, and character evolution in the genus Scilla s.l. and
its close relatives Chionodoxa, Gemicia, Puschkinia, and Prospero
(Asparagaceae). Plant Syst Evol 308:44.

Patterson EL, A Richardson, M Bartlett 2023 Pushing the boundaries
of organ identity: homology of the grass lemma. Am J Bot 110:
e16161. https://doi.org/10.1002/ajb2.16161.

Peterson T, GB Müller 2016 Phenotypic novelty in EvoDevo: the dis-
tinction between continuous and discontinuous variation and its im-
portance in evolutionary theory. Evol Biol 43:314–335.

Reinheimer R, EA Kellogg 2009 Evolution of AGL6-like MADS box
genes in grasses (Poaceae): ovule expression is ancient and palea ex-
pression is new. Plant Cell 21:2591–2605.

Remane RA 1952 Die Grundlagen des natürlichen Systems, der verg-
leichenden Anatomie und der Phylogenetik. Akademische, Leipzig.

Ronse De Craene LP, EF Smets 2001 Staminodes: their morphologi-
cal and evolutionary significance. Bot Rev 67:351–402.

Schenk JJ, AD Appleton 2023 Development differs between indepen-
dently evolved staminode whorls in the same flower. Am J Bot 110:
e16171.

Sharma B, EM Kramer 2013 Sub- and neofunctionalization of
APETALA3 paralogs have contributed to the evolution of novel floral
organ identity in Aquilegia (columbine, Ranunculaceae). New Phytol
197:949–957.

Tian X, X Li, Q Yu, H Zhao, J Liao 2021 Asymmetric expression
patterns of B- and C-class MADS-box genes correspond to the
asymmetrically specified androecial identities of Canna indica. Plant
Biol 23:540–545.

TianX, P Zou,MMiao, ZNing, J Liao 2018 RNA-seq analysis reveals
the distinctive adaxial-abaxial polarity in the asymmetric one-theca
stamen of Canna indica. Mol Genet Genomics 293:391–400.

Vijverberg K, M Welten, M Kraaij, BJ van Heuven, E Smets, B
Gravendeel 2021 Sepal identity of the pappus and floral organ devel-
opment in the common dandelion (Taraxacum officinale; Asteraceae).
Plants 10:1682.

Walker-Larsen J, LD Harder 2000 The evolution of staminodes in
angiosperms: patterns of stamen reduction, loss, and functional re-
invention. Am J Bot 87:1367–1384.

——— 2001 Vestigial organs as opportunities for functional innova-
tion: the example of the Penstemon staminode. Evolution 55:477–487.

Waters MT, AMM Tiley, EM Kramer, AWMeerow, JA Langdale, RW
Scotland 2013 The corona of the daffodil Narcissus bulbocodium
shares stamen-like identity and is distinct from the orthodox floral
whorls. Plant J 74:615–625.

Weberling F 1989 Morphology of flowers and inflorescences. Cam-
bridge University Press, Cambridge.

Whipple CJ, MJ Zanis, EA Kellogg, RJ Schmidt 2007 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 104:1081–1086.

Yildirim H, Y Gemici, P Wilkin 2013 Scilla vardaria (Asparagaceae
subfamily Scilloideae): a threatened new species of Scilla L. from
northeast Turkey with a floral corona. Phytotaxa 91:50–60.

Zenchyzen B, S Carey, G Antochi-Crihan, JC Hall 2023 Develop-
mental and genetic basis of the androgynophore in Gynandropsis
gynandra. Am J Bot 110:e16193.

https://doi.org/10.1002/ajb2.16161

