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• Background A general view in the study of pollination syndromes is that floral traits usually represent conver-
gent floral adaptations to specific functional pollinator groups. However, the definition of convergence is elusive 
and contradictory in the literature. Is convergence the independent evolution of either the same trait or similar 
traits with the same function? A review of the concept of convergence in developmental biology and phylogenetic 
systematics may shed new light in studies of pollination syndromes.
• Scope The aims of this article are (1) to explore the notion of convergence and other concepts (analogy, 
homoplasy and parallelism) within the theory and practice of developmental evolution and phylogenetic system-
atics; (2) to modify the definitions of syndromes in order to embrace the concepts of analogy and convergence; (3) 
to revisit the bat pollination syndrome in the context of angiosperm phylogeny, with focus on the showy ‘petaloid’ 
organs associated with the syndrome; (4) to revisit the genetic-developmental basis of flower colour; (5) to raise 
evolutionary hypotheses of floral evolution associated with the bat pollination syndrome; and (6) to highlight some 
of the current frontiers of research on the origin and evolution of flowers and its impact on pollination syndrome 
studies in the 21st century.
• Conclusions The inclusion of the concepts of analogy and convergence within the concept of syndromes will 
constitute a new agenda of inquiry that integrates floral biology, phylogenetic systematics and developmental 
biology. Phyllostomid and pteropodid bat pollination syndrome traits in eudicots and monocots represent cases of 
analogous and convergent evolution. Pollination syndromes are a multivariate concept intrinsically related to the 
understanding of flower organogenesis and evolution. The formulation of hypotheses of pollination syndromes 
must consider the phylogenetic levels of universality for both plant and animal taxa, flower development, gen-
etics, homology and evolution, and a clear definition of evolutionary concepts, including analogy, convergence, 
homoplasy and parallelism.

Key words: Analogy, convergence, developmental biology, flower colour, flower development, flower evolution, 
homoplasy, parallelism, phylogenetic systematics.

How does one ‘test’ the pollination syndromes? This is 
not obvious, which is probably one reason for the paucity 
of tests! As we see it, there are three steps. First, one must 
define what one means by the syndromes. Secondly, one 
must make the syndromes operational in order to test them 
quantitatively. Finally, one must decide what properties or 
predictions of the syndromes are the most important one 
to scrutinize.

(Ollerton et al., 2009, p. 1471).

What is the ancestral pollination syndrome? How often 
have shifts in pollination syndrome occurred? Is there a 
recurring shift directionality? Are there any reversals? Are 
some syndromes more likely to shift than others?

(Dellinger, 2020, p. 1205)

INTRODUCTION

Pollination syndromes are suites of floral traits related to the at-
traction and utilization of a particular group of animal agents as 

pollinators, so that a correlation among multiples traits across 
independent evolutionary events is expected (Fenster et al., 
2004). Commonly recorded floral traits include flower colour 
and scent, flower orientation, flower size and symmetry, overall 
corolla shape, position of sexual organs, timing of anthesis, 
reward type, floral exposure from foliage, sturdiness, subtler 
quantitative colour differences (e.g. UV patterning), scent bou-
quets, and nectar composition (Raguso et al., 2003; Ollerton et 
al., 2009; Reynolds et al., 2009; Rosas-Guerrero et al., 2014; 
Dellinger, 2020). Among them, colour, reward, scent and floral 
shape have been used most often to justify syndrome expect-
ations (Dellinger, 2020). The floral traits are likely to determine 
pollinator-mediated selection and capture differences in ac-
tivity patterns, sensory attributes, dietary preferences, morph-
ology and the behaviour of the pollinator (Fenster et al., 2004; 
Dellinger, 2020). Current studies on pollination syndromes 
have identified 11 functional groups: bat, bee, beetle, bird, 
butterfly, carrion fly, fly, long-tongued fly, moth, non-flying 
mammal and wasp (Rosas-Guerrero et al., 2014; Dellinger, 
2020). In this way, a pollination syndrome is intrinsically as-
sociated with a functional pollinator group, which is defined as 
pollinators who select for an equivalent combination of floral 
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traits, while distinct functional groups will select for distinct 
trait combinations (Fenster et al., 2004).

A global test of the pollination syndrome hypothesis showed 
that the hypothesis as classically articulated does not success-
fully represent the diversity of floral phenotypes or predict the 
pollinators of most studied plant species (Ollerton et al., 2009). 
In contrast, Dellinger (2020), in her review of pollination syn-
drome studies in the 21st century, endorsed the view that pol-
lination syndromes constitute a robust concept to accurately 
delimit plant–pollinator relationships at large and small scales.

Sinnott-Armstrong et al. (2022) reviewed the concept of syn-
dromes, recognizing it in two primary arenas: (1) macroevo-
lution: the independent evolution of traits onto a phylogenetic 
hypothesis; and (2) community ecology: species classification 
into distinct syndromes based on their trait combinations. In 
order to avoid theoretical and practical confusion, they con-
trasted two definitions of syndromes: (1) Adaptive syndrome, 
which has three features: (a) convergent evolution of (b) mul-
tiple traits (c) adapted to a particular driver; and (2) Trait 
syndrome, which has two of these three criteria, namely (a) 
convergent evolution of (b) multiple traits (Sinnott-Armstrong 
et al., 2022, p. 4).

In the case of pollination syndromes, a general view is that 
floral traits usually represent convergent floral adaptations 
to specific functional pollinator groups (Fenster et al., 2004; 
Schiestl and Johnson, 2013; Sobel and Streisfeld, 2013; Rosas-
Guerrero et al., 2014; Dellinger, 2020). Yet the definition of con-
vergence or convergent evolution is elusive and contradictory in 
the literature. For instance, Fenster et al. (2004, p. 376) asked: 
‘How, then, can we reconcile this apparent paradox of diverse 
visitors at flowers with our observations of widespread con-
vergence in floral traits?’ According to Ollerton et al. (2009, 
p. 1471), ‘Convergent evolution is a ubiquitous feature of the 
biosphere, as indicated by correlations between phenotype and 
ecology across distantly related taxa’. For Schiestl and Johnson 
(2013, p. 310): ‘Unrelated plants pollinated by the same pollin-
ators tend to exhibit convergence in their floral traits, including 
advertizing signals’. Dellinger (2020, p. 1194) said: ‘Generally, 
pollination syndromes represent convergent floral adaptations 
to specific functional pollinator groups’. Although evoking 
floral convergence, these authors did not define categorically 
what convergence is. Differently, Sobel and Streisfeld (2013, p. 
1; italics added) clearly stated: ‘The independent evolution of 
the same trait among populations or species is known as pheno-
typic convergence’. By contrast, Ng and Smith (2016, p. 407; 
italics added) wrote: ‘Phenotypic convergence, whereby dis-
tantly related species evolve similar traits, provides a unique 
opportunity to study naturally occurring evolutionary repli-
cates’. Finally, for Sinnott-Armstrong et al. (2022, p. 1; italics 
added): ‘One of the most striking and commonly studied phe-
nomena in biology is that of convergent evolution, whereby dis-
tantly related species evolve similar phenotypes as adaptations 
to similar selective pressures’.

These elusive and contradictory definitions invite us to 
ask: is convergence the independent evolution of either the 
same trait or similar traits with the same function? The wide-
spread use of the concept of convergence in the literature of 
floral biology may result in confusing comparative and evolu-
tionary understanding. So, what is convergence indeed? The 
concept has been extensively revisited within the scope of both 

developmental evolution and phylogenetic systematics, re-
sulting in competing and constructive interpretations (e.g. Haas 
and Simpson, 1946; Hennig, 1966; Patterson, 1982; Hall, 2007; 
Arendt and Reznick, 2008; Leander, 2008; Scotland, 2011), 
which will potentially shed new light on studies of pollination 
syndromes. Importantly, two or more structures are considered 
to be the same trait if they are phenotypically and genetically 
correspondent (= equivalent), whereas similar traits are struc-
tures that are not phenotypically correspondent, although they 
might be or not be genetically.

The main aim of this article is to provide a successful link 
among floral biology, developmental evolution and phylo-
genetic systematics in an attempt to guide studies of pollin-
ation syndromes. I will attempt to exemplify it through the 
integration of three subjects: (1) bat pollination and angio-
sperm phylogeny; (2) the origin and evolution of the perianth 
in angiosperms; and (3) flower colour as a model system for 
studies of plant evo-devo. In the first section, I explore the 
notion of convergent evolution and other concepts (analogy, 
homoplasy and parallelism) within the theory and practice 
of developmental evolution and phylogenetic systematics. 
Modified definitions of ‘syndrome’ are proposed, which 
embrace both analogy and convergence as distinct genetic-
developmental and evolutionary phenomena. In the second 
section, I revisit the bat pollination syndrome in the context of 
angiosperm phylogeny, with focus on bat flowers. More spe-
cifically, I concentrate on the features of the showy ‘petaloid’ 
organs associated with the bat pollination syndrome. Since 
perianth corolla morphology is a trait traditionally considered 
to be associated with pollination syndromes, the third section 
deals with the origin and evolution of the perianth in angio-
sperms, showing the progress and challenges in understanding 
its developmental and evolutionary nature. Following this 
understanding, I criticize the naïve and widespread use of the 
terms ‘corolla shape’, ‘corolla tube’, ‘open corolla’, ‘corolla 
colour’ and ‘petals’ in studies of pollination syndromes, irre-
spective of theories of homology, analogy and convergence. 
In the fourth section, I revisit the genetic-developmental basis 
of flower colour and its potential impact on the discovery of 
analogous and convergent traits. The fifth section is a syn-
thesis and application of the ideas presented in the previous 
ones, in which I raise evolutionary hypotheses of floral evolu-
tion associated with the bat pollination syndrome. I conclude 
by highlighting some of the current frontiers of research on 
the origin and evolution of flowers and its impact in pollin-
ation syndrome studies in the 21st century.

CONVERGENCE AND ANALOGY, WITH MODIFIED 
DEFINITIONS OF ‘SYNDROME’

As shown above, there are elusive and contradictory definitions 
of convergence in pollination syndrome studies. I suppose that 
such a confusion is due to the long and dynamic history of the 
concept itself. It is beyond the scope of this section to present 
an extensive review of the concept. The argumentation I will 
present here is based on a critical analysis provided by Scotland 
(2011), who recognized the problem in the definition of two 
important concepts in evolutionary biology: convergence and 
parallelism. Both concepts have been interpreted as examples 
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of homoplasy, although in several distinct ways. The author 
(Scotland, 2011, p. 217) reviewed the following interpretations:

(1) homoplastic phenotypes are structurally correspondent 
in parallelism but non-correspondent in convergence 
(Patterson, 1982);

(2) homoplastic phenotypes in closely related taxa are paral-
lelism but in distantly related taxa are convergence (Arendt 
and Reznick, 2008);

(3) homoplastic phenotypes have the same ancestral character 
states for parallelism but different ancestral character states 
for convergence (Leander, 2008); and

(4) parallelism comprises homoplastic phenotypes caused by 
the same underlying genetics resulting from an ancestral 
predisposition to evolve the same character states, whereas 
convergent phenotypes are caused by dissimilar genetics 
(Haas and Simpson, 1946).

By contrast, Arendt and Reznick (2008) also proposed to 
abandon the concept of parallelism and only adopt conver-
gence to the independent evolution of a given phenotype. 
Subsequently, Scotland (2011, p. 219) proposed a new way:

The criteria listed … to distinguish parallelism from con-
vergence may be unsuccessful because they treat these 
two ideas as mutually exclusive alternatives. But what if 
parallelism and convergence are not regarded as alterna-
tives, but rather that the parallel evolution of genetic traits 
represents one of several possible types of explanation of 
phenotypic convergence. Under this model the parallel 

evolution of the same genetic traits can underpin and ex-
plain some – although not all – instances of phenotypic 
convergence.

In this way, Scotland (2011, Fig. 3, p. 218) originally linked 
convergence and parallelism with phenotype and genotype, re-
spectively. Following his proposition, convergence means the 
independent (convergent) evolution of the same phenotypic 
trait controlled, in part, by the independent (parallel) evolu-
tion of the same genetic basis. Differently, the independent 
evolution of similar phenotypic traits controlled by the same 
or distinct genes represents analogy (Scotland, 2011). It is 
expected that analogous traits are regulated by distinct genes 
or genetic-regulatory pathways. But it has been reported that 
analogous phenotypes can be underpinned by the same pre-
existing genetic regulatory circuits – a phenomenon called 
‘deep homology’ (Shubin et al., 2009, p. 818). Therefore, both 
convergence (sensu Scotland, 2011) and analogy can also be 
explained by deep homology (= latent and process homology; 
Ballego-Campos et al., 2023; see also de Beer, 1971; Gilbert 
and Bolker, 2001).

Based on this brief review, there are several ways to define 
convergence, a central concept that is part of the concept of 
‘syndrome’. I sympathize with the definitions proposed by 
Haas and Simpson (1946) and Scotland (2011), as they link 
evolution, development and genetics. More precisely, I will 
follow Scotland (2011) and use hereafter the following com-
parative concepts and their respective definitions (Fig. 1):

Empirical criteria of
homology delimitation

Methodological criteria of
homology delimitation

Metapomorphy
Synapomorphy
A single origin

Convergence*
Independent origin

Analogy*

Non-correspondence

Phenotype

Genotype
Parallelism

Independent origin
Metapomorphy
Synapomorphy
A single origin

Analogy
Non-correspondence

of parts

Homology
Correspondence

of parts

Fig. 1. The formulation of hypotheses of analogy, homoplasy (convergence and parallelism) and phylogenetic homology (synapomorphy and metapomorphy) 
based on empirical and methodological criteria of homology delimitation (modified from Scotland, 2011, Fig. 3, p. 218; and Ballego-Campos et al., 2023, Fig. 2, 
p. 411). Note that the delimitation of analogy (= non-correspondence of parts) and homology (= correspondence of parts) depends on empirical criteria (genetic 
developmental causes, epigenetic causes, ontogeny timing, and position or topology), whereas the delimitation of phylogenetic homologies (metapomorphy and 
synapomorphy) and homoplasies (convergence and parallelism) depends on methodological criteria (parsimony, Bayesian and maximum likelihood analysis). 
Convergence and parallelism are associated with the phenotypic and genotypic levels, respectively. *Multiple hypotheses of analogy and convergence may consti-

tute syndrome pollination traits grounded in a particular phylogenetic hypothesis.
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(1) analogy: the phenomenon of independent evolution of sim-
ilar phenotypes with the same function (Darwin, 1859) 
controlled by the same or distinct genetic regulatory basis 
(Shubin et al., 2009; Scotland, 2011);

(2) homoplasy: the phenomenon of independent evolution of 
the same phenotype (convergence) and genotype (paral-
lelism) (Scotland, 2011);

(3) convergence: the phenomenon of independent evolution of 
the same phenotype controlled by the same genetic regula-
tory basis (Scotland, 2011); and

(4) parallelism: the phenomenon of independent evolution of 
the same genotype (Scotland, 2011).

Since analogy and convergence constitute distinct phenomena, 
i.e. the independent origin of similar and the same traits, re-
spectively, to say that all events of independent evolution are 
convergence (e.g. Arendt and Reznick, 2008) is inconsistent 
with these two distinct patterns of phenotypic development 
and evolution. In line with this, I propose that the definitions 
of syndromes be modified in order to embrace analogy and 
convergence:

(1) adaptive syndrome, which has three features: (a) analo-
gous and/or convergent evolution of (b) multiple traits 
(c) adapted to a particular driver (modified from Sinnott-
Armstrong et al., 2022, p. 4).

(2) trait syndrome, which has two of these three criteria, 
namely that there has been (a) analogous and/or conver-
gent evolution of (b) multiple traits (modified from Sinnott-
Armstrong et al., 2022, p. 4).

In addition to the concepts of ‘syndrome’, there is discussion in 
the literature about the concept of ‘trait’. A recent review pro-
vided by Dawson et al. (2021) recognized distinct definitions of 
‘trait’ and ‘functional trait’ across distinct biological areas and 
study systems (e.g. individual organism, taxa and biome). Yet 
Dawson et al. (2021, p. 16 441) proposed a return to the basics, 
endorsing a simplified version that could potentially satisfy all 
areas of biology, as follows:

A trait is a measurable characteristic (morphological, 
phenological, physiological, behavioural, or cultural) of 
an individual organism that is measured at either the indi-
vidual or other relevant level of organization.

Such a definition contemplates the traits assessed in studies 
of pollination syndromes (see Dellinger, 2020) and it is adopted 
here.

Sinnott-Armstrong et al. (2022, Fig. 1, p. 5) proposed a sche-
matic illustration of the three main features of syndromes and 
several approaches to deal with syndromes inquiry, including: 
(1) convergent evolution of traits: adequate character and taxa 
samples across phylogeny, an explicit ‘test’ for convergence, 
and identification of independent origin of trait combination; 
(2) multiple traits: sample trait space across the community 
and phylogeny, data collection of relevant traits, and data col-
lection at the appropriate scale; and (3) adaptation: conducting 
ecological observations, experimental research, manipulation of 
the system, and assessment of correlated evolution with a phylo-
genetic hypothesis. As the pollination syndrome hypothesis de-
pends on phylogenetic analysis, I propose that the delimitation 
of syndrome traits follows the logical delimitation of characters 
in phylogenetic systematics, including neomorphic versus trans-
formational characters (Sereno, 2007; Assis, 2019), characters 
versus character states (Wagner, 2007) and organs versus attri-
butes (DiFrisco et al., 2022). In line with this, I stimulate re-
searchers to: (1) indicate the taxonomic lineages (i.e. species and 
monophyletic groups) of plants and animals involved in the syn-
drome; (2) use and compare competing phylogenetic hypotheses 
and relative evidence; and (3) present clear definitions of both 
comparative (e.g. analogy, convergence, homoplasy and paral-
lelism) and syndrome concepts they will adopt in their studies.

REVISITING THE BAT POLLINATION SYNDROME

The bat pollination syndrome classically includes ‘nocturnal 
anthesis, drab coloration (i.e. white and green), musty smell, 
flowers often located on branches or tree trunks (cauliflory) 
or suspended on long stalks (flagelliflory), and tubular or ra-
dially symmetrical flowers, often of the “shaving brush” type, 
that produce relatively large amounts of hexose-rich nectar’ 
(Fleming et al., 2009, p. 1020). In more detail, Fleming et al. 
(2009, p. 1023) divided the flowers into three categories based 
on shape: (1) shaving brush or stamen ball with many projecting 
stamens (Fig. 2A); (2) bell-shaped with the corolla forming a 
tube (Fig. 2B); and (3) cup-shaped with an ‘open corolla’ (Fig. 
2C). Two phylogenetically distant clades of bats are pollinators: 

A B C

Fig. 2. Three categories of bat-pollinated flowers. (A) Shaving brush or stamen ball with many projecting stamens; Abutilon regnellii (Malvaceae) visited 
by Anoura caudifer (Phyllostomidae). (B) Bell-shaped with the corolla forming a tube; Chelonanthus alatus (Gentianaceae) visited by Glossophaga soricina 
(Phyllostomidae). (C) Cup-shaped with an open corolla; Passiflora ovalis (Passifloraceae) visited by Anoura caudifer (Phyllostomidae). Photograph credits: 

Marlies Sazima and Ivan Sazima.
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(1) the New World phyllostomids, which are specialized nectar-
feeders that usually visit tubular flowers produced by epiphytes 
and shrubs; and (2) the Old World pteropodids that visit edna 
shaving brush flowers produced by trees (Fleming et al., 2009). 
According to these authors, bat pollination has been reported 
for about 250 genera, 67 families and 28 orders of angiosperms. 
Using a hypothetical phylogeny of the angiosperms (Soltis et 
al., 2005), they estimated that bat pollination evolved inde-
pendently in about 85 % of the angiosperm families, and that of 
the 28 orders pollinated by bats, only eight (29 %) contain taxa 
visited by species of the two clades of bats.

Despite enumerating different floral traits relative to 
phyllostomid and pteropodid pollination, Fleming et al. (2009) 
endorsed the heuristic value of the concept of bat pollination 
syndrome. Considering the distinct flower categories associated 
with these two distinct pollinator clades, it seems that rather 
than being restricted to a single and general concept of bat pol-
lination syndrome (e.g. Faegri and van der Pijl, 1979), it would 
be more rewarding to consider two bat pollination syndromes: 
phyllostomid and pteropodid. However, before accepting this, 
it is necessary to assess if the floral traits associated with these 
two putative syndromes are analogous and/or convergent and 
adapted to a particular driver. The two bat clades seem to rep-
resent specific drivers. But what about the floral traits? The 
expressive independent evolution of bat pollination with an 
angiosperm phylogenetic hypothesis (Soltis et al., 2005) may 
suggest that the associated floral traits also evolved independ-
ently (Fleming et al., 2009). But are they analogous and/or 
convergent traits? Strikingly, could some of the traditional bat 
pollination floral traits be plesiomorphic traits, which do not 
satisfy the concepts of adaptive and trait syndrome? In order 
to infer this, it is necessary to assess the genetic-developmental 
and evolutionary nature of these traits. In the next sections, I 
will focus on the nature of the perianth and its colours.

ORIGIN AND EVOLUTION OF THE ANGIOSPERM 
PERIANTH

A flower may be interpreted from multiple points of view for 
artists, ecologists, developmental biologists and plant systema-
tists, so leading to distinct scenarios (Assis, 2018). Usually, the 
most attractive flower component is the corolla. In her review 
of pollination syndrome, Dellinger (2020) showed that, among 
244 articles recording floral traits, 52 (21.3 %) were based on 
the corolla. Traditionally, the corolla is defined by the set of 
petals, and the floral calyx by the set of sepals. The concept 
of petals means floral organs that are coloured or attractive, 
whereas sepals are generally green and dull. In addition, the 
corolla and the calyx constitute the inner and outer whorls of 
the perianth, respectively. However, these morphological char-
acterizations are not rules, as noted by Ronse De Craene and 
Brockington (2013, p. 5):

the recognition of petals becomes problematic in cases 
where no clear distinction can be made between greenish 
sepals and showy petals, such as when both whorls are 
sepaloid (e.g. Juncaceae) or when the outer perianth whorl 
is petaloid and similar in appearance to the inner whorl 
(e.g. the ‘monocotyledonous’ perianth of Passifloraceae).

Furthermore, Ronse De Craene (2008, p. 302) highlighted:

The differentiation of the perianth in the core eudicots is 
obviously highly complex and statements about homology 
of petals appear to be at least ‘shaky’. Petaloidy (viz. the 
possession of petal features such as pigmentation) is often 
confused with the presence of petals, as any organ such as 
staminodes, petals proper, sepals, or bracts can be brightly 
coloured and look like petals.

In terms of genetic control, there are four classes of homoe-
otic genes that, alone or in combination, underlie floral organ 
development: (1) A-function genes alone control the identity of 
sepals; (2) A- and B-function genes control the development of  
petals; (3) B- and C-function genes control the development 
of stamens; (4) C-function genes alone control the identity of 
carpels; and (5) E acts in combination with all these genes to 
determine organ identity (Coen and Meyerowitz, 1991; Honma 
and Goto, 2001). Accordingly, the genes can be expressed 
in different regions of the floral meristem, resulting in two 
petaloid floral whorls in monocotyledons and magnoliids. In 
terms of position, the petaloid outer whorl in monocotyledons 
is potentially homologous to the sepaloid outer whorl of others 
angiosperms, although in terms of genetic control they are not 
homologous. Therefore, the use of position and genetic control 
as criteria of homology delimitation may lead to distinct com-
parative hypotheses (De-Paula et al., 2018; Ballego-Campos et 
al., 2023).

In terms of evolutionary or historical derivation, the 
origin of the petals has been viewed from two scenarios: (2) 
bracteopetals and (2) andropetals (Endress, 1994; Friis et al., 
2006; Ronse De Craene, 2007, 2008; Ronse De Craene and 
Brockington, 2013). Yet a third and poorly discussed scen-
ario is de novo origin (Albert et al., 2002; Ronse De Craene, 
2008). Traditionally, the bracteopetals occur usually in the 
spiral perianth and present bract-like features, including the 
breadth of primordia, chloroplast, three vascular traces and 
cellular structure (Ronse De Craene, 2008; Ronse De Craene 
and Brockington, 2013). Andropetals are organs with a narrow 
base, a single vascular trace, pigmentation of leucoplasts and 
chromoplasts, conical and elongated cells at the adaxial sur-
face, and the presence of volatile oils (Ronse De Craene and 
Brockington, 2013). Despite these potential differences, there 
are practical challenges in the differentiation of bracteo- and 
andropetals (Ronse De Craene, 2007, 2008). With respect to 
the large angiosperm groups, it is hypothesized that magnoliids, 
monocots, Amborellales, Austrobayleiales, Nymphaeales 
and Illiciales present bracteopetals, whereas eudicots present 
andropetals (Endress, 1994; Friis et al., 2006, Fig. 20, p. 283). 
However, Ronse De Craene (2007, 2008) and Ronse De Craene 
and Brockington (2013) have challenged the traditional view 
that most eudicots have andropetals (e.g. Endress, 1994; Friis 
et al., 2006). According to these authors, petals in core eudicots 
present the same morphological features and structure as both 
sepals and bracts. Furthermore, changes of function in the 
eudicot perianth are associated with shifts in petaloidy to the 
other perianth whorl, or losses of the inner and outer whorls 
that can be secondarily compensated by the incorporation of 
bracts in the floral axes (Ronse De Craene, 2008). Evidence for 
andropetals in core eudicots include in a few taxa: (1) fusion 
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with the staminal tube (e.g. Molluginaceae or Caryophyllaceae); 
(2) the impossibility of differentiating petals from staminodes 
(e.g. Ranunculaceae, Dichapetalaceae, Theophrastaceae); and 
(3) a common stamen–petal primordium (e.g. Primulaceae, 
Plumbaginaceae, Rhamnaceae, Caryophyllales). Within the 
clade Caryophyllales, both bracteo- and andropetals may have 
evolved. In the case of the Phytolacca clade and Portulaca 
clade, the outer perianth whorl (i.e. the calyx) is coloured like 
petals (Ronse De Craene, 2007, 2008).

In sum, the problem of homologizing the perianth organs 
was clearly recognized by Ronse De Craene and Brockington 
(2013, p. 7; see also De-Paula et al., 2018; Ballego-Campos et 
al., 2023) as follows:

we have explored the definition and homology of the 
angiosperm petal from the perspective of various criteria: 
topology, historical derivation, morphology, and develop-
mental genetics. It is evident that none of these criteria, 
either alone or in combination, provide a unifying prin-
ciple with which to homologise the petal. This is perhaps 
an unsurprising conclusion, because at the level of angio-
sperms, petals are probably non-homologous structures 
that have attained an analogous showy petaloid condition 
in order to perform a common function in the attraction of 
pollinators.

These theoretical and practical considerations stimulate us to 
raise some fundamental questions about studies of pollination 
syndromes. (1) How will floral homology assessment change 
our view of the evolution of syndromes? (2) How should we 
deal with the formulation of hypotheses concerning the origin 
and evolution of showy petaloid organs based on competing 
criteria of homology delimitation (e.g. topology, historical der-
ivation, morphology and developmental genetics)? (3) Which 
showy petaloid organs are analogous? (4) Which ones are con-
vergent? (5) Which phenotypic components make the showy 
petaloid organs? (6) Which phenotypic components are analo-
gous syndrome traits? (7) Which ones are convergent?

THE EVO-DEVO OF FLOWER COLOR

Colour, shape, nectar guides, scent and microscopic struc-
tures are phenotypic components of the distinct showy petaloid 
organs of angiosperms involved in pollination syndromes 
(Moyroud and Glover, 2017; Nadot and Carrive, 2021). In rela-
tion to colour, three classes of flower pigments are known: (1) 
anthocyanins; (2) betalains; and (3) carotenoids. Anthocyanins, 
broadly distributed in angiosperms, are hydrophilic pigments 
that belong to the well-known flavonoid biosynthetic pathway, 
and give rise to blue, purple and red (Grotewold, 2006; Tanaka 
et al., 2008). They are synthesized in the cytosol and accumu-
late in the vacuoles (Grotewold, 2006; Tanaka et al., 2008). 
Intermolecular copigmentation results from the interaction be-
tween anthocyanins with other non-coloured flavonoids (e.g. 
flavonols), so that the latter provide ‘depth’ to several white 
or cream organs (Grotewold, 2006). Biosynthetic pathways, 
gene expression, cellular location and vacuolar pH are respon-
sible for colouring anthocyanin pigments (Grotewold, 2006). 
Betalains are also hydrophilic and nitrogen-containing com-
pounds that accumulate in the vacuoles as glycosides, and give 

rise to yellow, orange-red to violet (Grotewold, 2006; Tanaka 
et al., 2008). In plants, they are exclusively found in the order 
Caryophyllales, with reversion to anthocyanins in the families 
Caryophyllaceae and Molluginaceae (Brockington et al., 2011, 
2015). Betalains and anthocyanins share part of their biosyn-
thetic pathways and are mutually exclusive, although they may 
combine with carotenoids (Grotewold, 2006; Nadot and Carrive, 
2021). Carotenoids are lipophilic molecules synthesized in 
the chromoplasts (Grotewold, 2006; Tanaka et al., 2008). 
They are yellow, orange and orange-red, and combining with 
red or purple anthocyanin results in brown and bronze hues 
that any pigment cannot provide by itself (Grotewold, 2006). 
Importantly, in terms of biosynthesis, the colours or the loss 
of pigmentation (i.e. white and pale) resulting from these three 
distinct pathways are analogous to each other, even though they 
are visually undistinguishable (e.g. white, yellow and red). 
Such an understanding is a cue to the inference of colour ana-
logy and convergence in pollination syndrome studies.

Although the biosynthetic pathways of flower pigments 
are well known (mostly for anthocyanins), an emerging and 
fascinating area is the evo-devo of flower pigmentation, 
which represents the genetic and molecular basis of the evolu-
tionary transitions in flower colour (Rausher, 2008; Sobel and 
Streisfeld, 2013). Importantly, independent changes in the same 
gene, involving the same substitutions (i.e. parallelism), result 
in convergent phenotypes, whereas changes in distinct genes 
(i.e. non-correspondence) result in analogous phenotypes. 
Furthermore, deep homology also explains analogy (Shubin et 
al., 2009). Flower colour changes within populations, species 
and clades also result from phenotypic plasticity, genetic drift, 
indirect selection, or as a direct target of selection via pollinator 
visitation, physiological features and pleiotropic consequences 
(Sobel and Streisfeld, 2013; Nadot and Carrive, 2021). Hence, 
the evo-devo of flower colour is a fundamental area of research 
to delimit analogous and convergent traits in pollination syn-
drome inquiry.

Sobel and Streisfeld (2013), for instance, substantially inter-
ested in the independent evolution of mutations (parallelism) 
underlying the independent evolution (convergence) of gains 
and losses of anthocyanin pigmentation, presented a set of 
studies that mapped the genetic basis involved in these evolu-
tionary changes. They showed that different genes control the 
white colour of the flowers of Petunia axillaris (Solanaceae) 
(R2R3-MYB genes) (Quattrocchio et al., 1999), Ipomoea 
purpurea (Convolvulaceae) (R2R3-MYB and CHS genes) 
(Habu et al., 1998; Chang et al., 2005) and Parrya nudicaulis 
(Brassicaceae) (CHS gene) and Mimulus lewisii (Phrymaceae) 
(DFR gene) (Wu et al., 2013). Hence, the white colour is an 
analogy shared by these species. In line with these findings, 
Sobel and Streisfeld (2013) highlighted the need to continue 
dissecting the genetic basis of independent evolution across 
phylogenetic scales, including the further development and evo-
lution of flower colour as an essential model trait in evo-devo.

Another constructive study was conducted by Ng and Smith 
(2016), who hypothesized the independent evolution of colour 
in Solanaceae via alternative biochemical pathways. The au-
thors investigated the evolutionary patterns of red flowers 
underpinned by anthocyanin and carotenoid pathways using 
large-scale data mining and new sequence data to hypothetic-
ally reconstruct the phylogeny of 1341 species Solanaceae. For 
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them, all independent evolution is ‘Phenotypic convergence, 
whereby distantly related species evolve similar traits’ (Ng and 
Smith, 2016, p. 407; italics added). In this way, Ng and Smith 
(2016) found that red-flowered species used distinct pathways 
to make red as follows: (1) 12 species used exclusively antho-
cyanin; (2) two species exclusively carotenoids; and (3) 13 
species both pigments. The character evolution reconstruction 
supported the utilization of anthocyanins to make red flowers at 
least 11 times, the utilization of carotenoids twice, and the dual 
use of both pigments 12 times. In turn, they delimit three levels 
of convergence: (1) red-anthocyanin flowers; (2) red-carotenoid 
flowers; and (3) red-anthocyanin-carotenoid flowers.

I see the Solanaceae problem from a different perspective. 
First, as previously presented, there are two scenarios of in-
dependent evolution of phenotypes: analogy and convergence. 
Second, in order to avoid terminological confusion, it is critical 
to note that what Ng and Smith (2016) called ‘convergence’ I 
call ‘analogy’ in the present article. In line with this, the inde-
pendent evolution of red flowers in Solanaceae may represent 
cases of analogy (i.e. similar phenotypes controlled by the same 
or different genotypes) and convergence (the same phenotypes 
controlled by the same genotypes). In other words, red flowers 
exclusively originating from distinct (anthocyanin or carot-
enoid) pathways are phenotypically and genetically analogous 
to each other, whereas red flowers resulting from the same bio-
synthetic pathway may be analogous or convergent depending 
on the genetic regulatory basis (e.g. Sobel and Streisfeld, 2013). 
Because of the lack of information at the genetic-molecular 
level, the hypothesis of analogous and convergent evolution of 
red-anthocyanin flowers in Solanaceae cannot be effectively 
supported. The same is true for red-carotenoid flowers. Indeed, 
Ng and Smith (2016) concluded that increasing knowledge of 
the biochemistry and function of plant pigment pathways will 
provide a great opportunity for identifying the genetic-molecular 
changes underpinning red flower evolution across Solanaceae 
and testing for pleiotropic effects of colour transitions.

BAT POLLINATION SYNDROME AND ANGIOSPERM 
PHYLOGENY

Based on the points previously discussed and on a list of plant 
families pollinated by bats (Fleming et al., 2009, pp. 1026–
1027), I present in Table 1 the showy petaloid organs relative to 
bat pollination and their putative evolutionary derivations, i.e. 
from either bracts or stamens. Some theoretical and practical 
points are important. First, showy petaloid organs means they 
are coloured and attractive. Hence, it is necessary to note that 
both organ and colour constitute distinct phenotypic elements 
of character statements. Organ is a neomorphic character with 
two states (absent versus present), whereas colour is the vari-
able (or an attribute) of a transformational character including 
two or more states (Sereno, 2007; Wagner, 2007; Di-Frisco et 
al., 2022). Variables or attributes are essentially dependent on 
the organ or body part – ‘there is no colored phenotype without 
a body part to have that color’ (DiFrisco et al., 2022, p. 8). Yet 
the same organ or body part in two or more organisms may have 
distinct states (e.g. blue, red, white) of a variable or attribute. 
By contrast, neomorphic characters (e.g. organs) are separable 
from each other, and they can be or not be developmentally 

individualized (DiFrisco et al., 2022). In this way, analogous, 
homologous and convergent organs might present analo-
gous, homologous or convergent colours (or other attributes), 
depending on the evolution of the genetic-developmental 
regulatory systems and biosynthetic pathways (carotenoid, 
anthocyanin and betalain) underlying flower colour, and the 
angiospermic phylogenetic levels of analysis as well. Second, 
despite the practical challenges of distinguishing bracteo- and 
andropetals, as well as establishing homology relationships of 
the perianth organs (Ronse De Craene and Brockington, 2013; 
De-Paula et al., 2018; Ballego-Campos et al., 2023), I endorse 
that all these fundamentally comparative problems are con-
structive in formulating and refreshing pollination syndrome 
hypotheses. Hence, the origins of the floral organs presented in 
Table 1 must be continuously assessed through new evidence. 
Third, distinct organs have been usually called ‘corolla’ (or 
‘petals’), and such an essentialist interpretation of the corolla 
as a pollination syndrome trait, irrespective of theories of hom-
ology, analogy and convergence, is challenged here. Moreover, 
in order to satisfy the concepts of syndrome (modified from 
Sinnott-Armstrong et al., 2022), pollination syndrome studies 
need to be critically supported by comparative and phylogen-
etic analyses in terms of competing evolutionary hypotheses 
of relationship and floral character evolution (cf. Assis, 2018), 
as well as underlying criteria of homology delimitation (cf. 
Scotland, 2011; Ronse De Craene and Brockington, 2013; 
De-Paula et al., 2018; Ballego-Campos et al., 2023).

With respect to bat pollination, the organs constituting what 
the authors (e.g. Fenster et al., 2004, p. 376; Fleming et al., 
2009, p. 1023; Moyroud and Glover, 2017, p. 350; Dellinger, 
2020, p. 1201) have usually called ‘corolla’ correspond to 
analogous and convergent organs, depending on the phylogen-
etic level of inquiry. In monocots (Fleming et al., 2009, Fig. 
3, p. 1021), they correspond to both outer and inner perianth 
whorls putatively derived from bracts, although in Cannaceae 
and Zingiberaceae they are elements of the androecium itself. 
In eudicots (Fleming et al., 2009, Fig. 4, p. 1022), they rep-
resent the inner perianth whorl putatively derived from bracts 
and stamens, although in Nyctaginaceae and Proteaceae they 
are the outer bract-derived perianth whorl. In Cactaceae, they 
are putatively bract-derived and spirally arranged. Additionally, 
the floral tube in some monocots and asterids usually consti-
tutes the hypanthium (i.e. the tube formed by the fusion of 
distinct floral whorls; Ronse De Craene, 2010), which is de-
velopmentally analogous in both clades (Ronse De Craene and 
Brockington, 2013) (Table 1). Therefore, considering the dis-
tinct historical, topological and developmental origins of both 
showy petaloid organs and floral tubes, hypotheses of bat pol-
lination syndrome are associated with the analogous evolution 
of organs in monocots (Fig. 3A, B) and eudicots (Fig. 3C, D). 
Yet it is still necessary to assess if the variables or attributes of 
attraction (e.g. colour and scent) found in these organs evolved 
through analogous or convergent evolution (see below).

Within specific lineages, where the perianth parts are poten-
tially the same (homologous), it is necessary to hypothesize if 
they evolved once (synapomorphies or metapomorphies; Assis, 
2017) or multiple times (convergences). For instance, it has 
been hypothesized that the tubular inner perianth whorl (i.e. 
‘corolla tube’; Fleming et al., 2009, p. 1023) (Figs 2B and 3C, 
D) in eudicots is an apomorphic state, whereas the open inner 
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perianth (i.e. ‘open corolla’; Fleming et al., 2009, p. 1023) 
whorl (Fig. 2A) is a plesiomorphic one or reversion (Ronse 
De Craene, 2010). In line with this, we cannot regard the open 
inner perianth whorl as a convergent trait (unless it is a rever-
sion). In other words, although Fleming et al. (2009) relates 
open flowers to pteropodid pollination, such a feature cannot 
be considered a syndrome trait, as it is a symplesiomorphic 
state within the eudicots (cf. Ronse De Craene, 2010) also as-
sociated with phyllostomid and other modes of pollination (cf. 
Sazima et al., 1999; Queiroz et al., 2020). At the same time 
the floral tube represents an apomorphic state for the asterids 
(Ronse De Craene, 2010); it represents a plesiomorphic state 
within the clade, which is also associated with distinct modes 
of pollination. Indeed, bat pollination has evolved from other 
modes (e.g. bee, butterfly, moth and hummingbird pollin-
ation) (Fleming et al., 2009 and references therein), and all 
of them share the floral tube as a symplesiomorphic feature 
within asterids. Hence, it is more appropriate to say that what 
evolved multiple times along the phylogeny of asterids were 
both flower tube shapes and colours (e.g. Acanthaceae: Tripp 
and Manos, 2008; Gesneriaceae: Martén-Rodríguez et al., 
2009; Lobeliaceae: Knox et al., 2008). With respect to shaving 
brush flowers, they are not exclusively associated with bat pol-
lination. In the tribe Pachycereeae (Cactaceae), for instance, 
bat pollination is a hypothetical ancestral mode that may have 
been derived from bee pollination (Wallace, 2002; Fleming 
et al., 2009). In this case, shaving brush flowers represent a 
symplesiomorphic state in Cactaceae shared by bat and bee 
pollination. In other angiosperm groups, however, they might 
be analogously or convergently associated with bat pollination 
syndrome, but further investigation is necessary.

The occurrence of white, pale and greenish flowers in 
67 families and 28 orders of angiosperms pollinated by bats 
(Fleming et al., 2009) leads us to a constructive question: are 
these colours analogous or convergent syndrome traits within 
and among bat-pollinated angiosperm lineages? To answer this 
question it is necessary to investigate the biosynthetic pathways 
and genetic-molecular basis of the colour. However, the under-
standing of syndromes at the genomic level is still incipient. 
The vast majority of biological systems and plant–pollinator 
interactions have not been addressed within the scope of de-
velopmental evolution. In her review of pollination syndrome, 
Dellinger (2020) showed that, among 346 articles on the sub-
ject, only 20 (5.8 %) addressed syndromes in the genomic di-
mension (e.g. evolution of colour genes). With respect to the bat 
pollination syndrome, some few inferences can be made.

Tripp and Manos (2008) studied the evolution of pollination 
systems in the large genus Ruellia (Acanthaceae) on the basis 
of phylogenetic analyses, morphological ordinations, ances-
tral state reconstruction and character mapping reconstruction. 
They revealed key patterns in the direction and lability of floral 
characters associated with pollination. The evolutionary hy-
pothesis is that a hummingbird ancestral syndrome switched 
to new pollination modes, with repeated evolution of bee- and 
insect-adapted species through distinct developmental means 
and morphological histories. In addition, bats and hawkmoths 
presented as specialized evolutionary dead ends. The authors 
(p. 1727) strikingly highlighted that ‘Species that have dramat-
ically reduced or have lost their floral pigmentation are prob-
ably evolutionary dead-ends with respect to new pollination L
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systems. … Once a character is lost, here, red or purple floral 
pigmentation, it cannot be regained’. An explanation for this 
pattern in Ruellia and other angiosperms (e.g. Ipomoea sect. 
Mina; Zufall and Rausher, 2004) is the irreversibility of changes 
in the underlying anthocyanin pathway. Possibly in line with 
these findings, Fleming et al. (2009) cited 14 examples of the 
evolution of bat pollination from other modes in 12 angiosperm 
families – Acanthaceae (Tripp and Manos, 2008), Agavaceae 
(Good-Avila et al., 2006), Bromeliaceae (Endress 1994; 
Benzing, 2000), Cactaceae (Wallace, 2002), Fabaceae (Luckow 
and Hopkins, 1995), Gesneriaceae (Perret et al., 2007; Martén-
Rodríguez et al., 2009), Lecythidaceae (Mori and Boeke, 1987; 
Mori et al., 2007), Lobeliaceae (Knox et al., 2008), Malvaceae 
(Baum et al., 1998; Nyffeler and Baum, 2001), Passifloraceae 
(Hansen et al., 2006), Polemoniaceae (Prather, 1999) and 
Strelitziaceae (Kress et al., 1994) – but not the other way around. 
Yet eight of these studies were based on phylogenetic analyses, 
whereas the others are equivocal pending species-level phylo-
genetic analyses (Fleming et al., 2009). By contrast, a recent 
study (Karimi et al., 2022) in the African baobab (Adansonia 
digitata) (Malvaceae) showed hawkmoth pollination as a de-
rived mode from bat pollination. Assessment of whether the 
white and pale colours are analogies and convergences within 
and among all these families depends on further biosynthetic 
and genetic-molecular analyses.

Differently across Solanaceae, rare red flowers have been 
identified as an evolutionary dead end derived independ-
ently from blue, purple and white, and a potential explan-
ation is ‘nonequilibrium dynamics, with selection for red 
flowers, or the ability to produce red pigments, arising only 
recently, leaving the number of taxa with this state far lower 
than expected’ (Ng and Smith, 2016, p. 414). Interestingly, in 
Acanthaceae, white colour has been, otherwise, hypothesized 
as a dead end, explained by the irreversibility of changes in 
the underlying anthocyanin pathway (Tripp and Manos, 2008). 
The contrasting colour dead-end patterns in Acanthaceae 
and Solanaceae represent distinct evolutionary and genetic-
developmental changes within the same anthocyanin biosyn-
thetic pathway. Furthermore, singular pollinator mediations 
and pleiotropic and selective causes may explain this mosaic 
evolution (i.e. heterobathmy; Hennig, 1966; Rieppel, 2023) of 
flower colour in asterids.

Considering that betalain biosynthesis is a metapomorphy 
for the order Caryophyllales, in which the families Cactaceae 
and Nyctaginaceae are included, it is expected that the derived 
white and pale floral colours found in these families are analo-
gous in relation to the white and pale colours found in the other 
bat-pollinated families. Because of the deep time of phylogen-
etic divergence between eudicots and monocots, it would be ex-
pected that they share non-correspondent genotypes controlling 
analogous flower colours. This expectation is grounded on the 
analysis of distinct genes controlling the white flower colour in 
eudicot species (Sobel and Streisfeld, 2013), including Petunia 
axillaris (Solanaceae) (R2R3-MYB genes) (Quattrocchio et al., 
1999), Ipomoea purpurea (Convolvulaceae) (R2R3-MYB and 
CHS genes) (Habu et al., 1998; Chang et al., 2005), Parrya 
nudicaulis (Brassicaceae) (CHS gene) and Mimulus lewisii 
(Phrymaceae) (DFR gene) (Wu et al., 2013). Differently, Arendt 
and Reznick (2008) showed examples of closely related species 
and populations evolving similar phenotypes via distinct genes, 

whereas distantly related species with similar phenotypes share 
the same genes. Indeed, R2R3-MYB genes have also been iden-
tified in monocots and some magnoliids (e.g. Muñoz-Gómez et 
al., 2021), constituting a widespread ancestral genetic regula-
tory circuit across angiosperm lineages.

The bat pollination syndrome involves both analogous and 
convergent traits. Considering historical derivation, develop-
ment and genetics it is expected that the phenotypic traits are 
analogous between monocots and eudicots. Yet cases of ana-
logy and convergence can be found within these large groups. 
Even though ‘nocturnal anthesis, drab coloration (i.e. white and 
green), musty smell, flowers often located on branches or tree 
trunks (cauliflory) or suspended on long stalks (flagelliflory), 
and tubular or radially symmetrical flowers, often of the 
“shaving brush” type, that produce relatively large amount of 
hexose-rich nectar’ (Fleming et al., 2009, p. 1020) have been 
traditionally classified as traits linked with the bat pollination 
syndrome, it is necessary to make a developmental and evolu-
tionary analysis to hypothesize if they evolved analogously or 
convergently, or if they are, in some cases, symplesiomorphies 
shared by distinct pollination modes (e.g. the flower tube in 
asterids and shaving brush flowers in Cactaceae). In this art-
icle, I consider that the analogous and/or convergent traits asso-
ciated with the phyllostomid syndrome include the long floral 
tube (Figs 2B and 3) and white, pale, greenish and yellow-
greenish organs (Figs 2 and 3). The long floral tube in eudicots 
and monocots is analogous. Although white, pale, greenish and 
yellow-greenish colours evolved multiple times along angio-
sperm phylogeny, it is still unknown if they represent analogy 
or convergence, or both. Other great candidates to be bat pol-
lination syndrome traits include nocturnal anthesis and flower 
placement away from foliage, which are universal or nearly so 
for all bat flowers (Fleming et al., 2009), and sulphur-containing 
perfumes, commonly associated with bat pollination as well 
(Karimi et al., 2022). Even though these features evolved mul-
tiple times, it is unknown if they are analogies or convergences. 
Genetic-developmental and phylogenetic analyses are neces-
sary to clarify this. Floral traits associated with pteropodid syn-
drome need to be further investigated.

These considerations about bat pollination show us that gen-
eralizations about pollination syndrome traits are problem-
atic, leading to spurious scenarios. They are more idealistic 
than evolutionary. On the one hand, criticisms of the theory of 
pollination syndrome rest on the fact that certain flowers con-
sidered especially linked to a pollination syndrome are visited 
by multiple functional groups. Based on their global analysis, 
Ollerton et al. (2009) stressed that they do not take their results 
as evidence against the independent origin of floral syndrome 
traits resulting from pollinator-mediated natural selection. Yet 
the authors proposed that thinking only in terms of selection 
by a single ‘most effective pollinator’ fails to capture the range 
of possibilities. In addition, these authors highlighted that the 
study of pollination syndromes must consider the idiosyncra-
sies of both geographic distribution and plant lineages. Another 
problem is pleiotropy and genetic linkage, which can result in 
the appearance of several unrelated traits evolving correlatedly 
(Sinnott-Armstrong et al., 2022). On the other hand, some ex-
amples have reinforced the theory of pollination syndromes, 
so that certain authors have strongly endorsed its heuristic 
value (e.g. Fenster et al., 2004; Fleming et al., 2009; Schiestl 
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and Johnson, 2013; Rosas-Guerrero et al., 2014; Dellinger, 
2020). Dellinger (2020), in her review, demonstrated that some 
problems, including predictive inaccuracy and visitation by 
multiple functional groups, have been solved by refining tech-
niques, while others prevail. In addition, she proposed the use 
of sophisticated statistical tools plus the quantification of the 
contribution of distinct flower visitors to remedy typological–
essentialist classifications. In order to avoid generalizations and 
oversimplifications, I propose that the formulation of hypoth-
eses of pollination syndromes must consider (1) the phylogen-
etic levels of universality at both plant and animal taxonomic 
lineages; (2) a critical comparative analysis of character devel-
opment, homology and evolution in these lineages; and (3) a 
clear definition of evolutionary concepts, including analogy, 
convergence and parallelism.

CONCLUSIONS

On the one hand, some people working with syndromes might 
say ‘so what?’ – it does not matter to a pollinator if the traits 
have evolved convergently or analogously. On the other hand, 
the distinction between analogy and convergence is a paramount 

issue in evolutionary and comparative biology. The inclusion of 
both concepts within the concept of syndrome will constitute a 
new agenda of inquiry that integrates floral biology, phylogen-
etic systematics and developmental biology. Thus, rather than 
solely saying that multiple traits evolved independently onto a 
phylogenetic scaffold, or that all independent evolution is con-
vergence, it is necessary to assess if they evolved to the same 
(convergent) or similar (analogous) phenotypes. At a large 
phylogenetic scale, phyllostomid and pteropodid bat pollin-
ation syndrome traits in eudicots and monocots represent cases 
of analogous and convergent evolution. In line with this, some 
exciting and deep questions come to mind: (1) Are there more 
convergences than analogies in pollination syndromes, or vice 
versa? (2) Which plant lineages evolved analogies? (3) Which 
ones evolved convergences? (4) Did traits of a particular syn-
drome evolve either de novo or from pre-existing features? (5) 
Is the independent evolution of colours, shapes, nectar guides, 
scents and microscopic structures convergent or analogous? (6) 
In the case of analogous traits, do they share the same (i.e. deep 
homology) or distinct genetic regulatory systems? (7) Which 
floral organ attributes or variables evolved from phenotypic 
plasticity? (8) Which ones evolved from genetic changes?

A

B D

C

Fig. 3. Showy petaloid organs in monocots and eudicots. (A) Yellow inner perianth whorl; Vriesea sazimae (Bromeliaceae, monocot) visited by Anoura caudifer 
(Phyllostomidae). (B) Greenish outer and inner perianth whorls; Dyckia subsecunda (Bromeliaceae) visited by Lonchophylla bokermanni (Phyllostomidae). (C) 
Yellow-greenish inner perianth whorl; Siphocampylus sulfureus (Campanulaceae, eudicot) visited by Anoura caudifer (Phyllostomidae). (D) Greenish inner peri-
anth whorl; Dyssochroma viridiflorum (Solanaceae, eudicot) visited by Glossophaga soricina (Phyllostomidae). Photograph credits: Marlies Sazima and Ivan 

Sazima.
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The classical idea of pollination syndromes only links floral 
features with functional groups. I endorse the idea that the sin-
gular evolutionary and ecological interactions between plant 
and animal lineages cannot be generalized or oversimplified in 
this way. In order to achieve a refined evolutionary delimitation 
of pollination syndrome, it is important to indicate analogous 
and/or convergent traits, as well as specifying the taxonomic 
plant and animal lineages involved. Organs and their attributes 
or variables constitute distinct phenotypic elements. Both plant 
and animal lineages may present a set of known and still un-
known attributes and variables that may confirm a pollination 
syndrome. Depending on the phylogenetic levels of univer-
sality, certain features might be syndrome traits specific to 
some lineages but possibly not to others. Indeed, some mor-
phological character states may represent symplesiomorphies 
across certain lineages. Because of the mosaic evolution of 
characters across the phylogeny, pollination mode and pollin-
ation syndrome cannot be synonymous concepts. The former is 
a broader concept that embraces plesiomorphic and apomorphic 
floral characters, whereas the latter includes floral analogous 
and/or convergent specializations associated with specific 
plant–animal lineages.

Pollination syndromes are a multivariate concept 
(Dellinger, 2020) that relies on multi- and interdisciplinary 
approaches. Its understanding is intrinsically related to 
the understanding of flower organogenesis and evolution. 
Therefore, current frontiers of research on the origin and evo-
lution of flowers will have a definite impact on pollination 
syndrome studies in the 21st century. Homology, analogy 
and convergence assessment of floral organs and their attri-
butes continues to be a theoretical and practical challenge, 
regarding the distinct criteria of homology delimitation 
(Ronse De Craene and Brockington, 2013; Ballego-Campos 
et al., 2023). The historical origins of the perianth from 
bracts or stamens have led to competing and constructive 
hypotheses (Ronse De Craene, 2007, 2008; Ronse De 
Craene and Brockington, 2013), although a de novo origin 
of the angiosperm flower has also been raised (Albert et al., 
2002; Ronse De Craene, 2008). The discovery of genetic-
developmental programs regulating the development of 
bracteo- and andropetals is needed (Ronse De Craene, 2007, 
2008). The understanding of serial homologies (Di-Frisco 
et al., 2022) may explain de novo origins of multiple floral 
organs and whorls. Time of initiation, pressure of organs, 
alterations of the size of the floral meristems, and auxin 
mediation constitute critical mechanisms to understand 
floral organogenesis and evolution in parallel with genetics 
(Ronse De Craene, 2008). These physico-dynamic mech-
anisms associated with 3-D morphometrics (e.g. Dellinger, 
2020) are critical to a realistic understanding of pollination 
syndromes in terms of flower ontogeny and natural selec-
tion. The analysis of the large diversity of flowers will po-
tentially reveal new biosynthetic pathways, novel structures 
and genetic regulatory systems of flower colour (Tanaka et 
al., 2008). How can fossil information contribute to pol-
lination syndrome studies (e.g. Friis et al., 2006)? The use 
of evolutionary pathways and cryptic markers (i.e. ‘fossil 
fingerprints’; Sanders et al., 2007, p. 719) may reveal new 
hypotheses of plant–pollinator adaptation and exaptation at 
large and small scales of geological time (e.g. colour as a 

plesiomorphic thermoregulatory component; and the pres-
ence of petaloid organs in the extinct Bennettitales, a po-
tential sister group of angiosperms; Rudall, 2020). Finally, 
I encourage the assessment and comparison of competing 
hypotheses and evidence of angiosperm phylogenetic re-
lationships (Assis, 2009, 2013, 2018), which may result 
in distinct hypotheses of floral evolution and pollination 
syndromes.
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