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* Background and Aims Comparative floral ontogeny represents a valuable tool to understand angiosperm
evolution. Such an approach may elucidate subtle changes in development that discretely modify floral architecture
and underlie reproductive lability in groups with superficial homogeneous morphology. This study presents a
comparative survey of floral development in Eugenia (Myrtaceae), one of the largest genera of angiosperms, and
shows how previously undocumented ontogenetic trends help to explain the evolution of its megadiversity in

contrast to its apparent flower uniformity.

* Methods Using scanning electron microscopy, selected steps of the floral ontogeny of a model species (Eugenia
punicifolia) are described and compared with 20 further species representing all ten major clades in the Eugenia
phylogenetic tree. Additional floral trait data are contrasted for correlation analysis and character reconstructions

performed against the Myrtaceae phylogenetic tree.

* Key results Eugenia flowers show similar organ arrangement patterns: radially symmetrical, (most commonly)
tetramerous flowers with variable numbers of stamens and ovules. Despite a similar general organization,
heterochrony is evident from size differences between tissues and structures at similar developmental stages. These
differences underlie variable levels of investment in protection, subtle modifications to symmetry, herkogamic
effects and independent androecium and gynoecium variation, producing a wide spectrum of floral display and
contributing to fluctuations in fitness. During Eugenia’s bud development, the hypanthium (as defined here) is
completely covered by stamen primordia, unusual in other Myrtaceae. This is the likely plesiomorphic state for
Myrteae and may have represented a key evolutionary novelty in the tribe.

* Conclusions Floral evolution in Eugenia depends on heterochronic patterns rather than changes in complexity
to promote flexibility in floral strategies. The successful early establishment of Myrteae, previously mainly linked
to the key innovation of fleshy fruit, may also have benefitted from changes in flower structure.
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INTRODUCTION

Flower organs (i.e. calyx, corolla, androecium and gynoecium)
and associated tissues are responsible for two main functions in
the angiosperm life cycle. The primary function of these organs
is forming male and female gametes and their connection for
sexual reproduction. The secondary function is to enhance and
protect this process, as well as balancing in- and out-breeding
(Endress, 1994). In this way, evolutionary changes in floral traits
affect reproductive success and promote fitness fluctuations in
individual lineages (e.g. de Jager and Ellis, 2014; Antiqueira and
Romero, 2016) and comparative floral developmental studies
are a useful tool to comprehend evolution in angiosperms (e.g.
Endress, 2002, 2006; Rudall and Bateman, 2004). By compar-
ing floral ontogeny in distinct but closely related taxa, changes
in rates of organ initiation and development (i.e. heterochro-
nies) are documented, explaining differences in flower archi-
tecture (Endress, 1994; Tucker, 2003; Prenner, 2004; Prenner
et al., 2008). These alterations in developmental rhythms pro-
mote differential investments in organs implicated in adaptive

features for plant reproduction (e.g. changes in breeding sys-
tem; see review in Li and Johnston, 2000).

Such comparative surveys of floral ontogeny are often ham-
pered by a lack of systematic understanding and the difficulty
of finding suitable material for analysis of the group of interest
(i.e. spirit collections of floral buds in different developmen-
tal stages). For this reason, studies on large, tropical and/or
taxonomically complicated taxa are rare in comparison with
relatively species-poor (e.g. Endress, 2003) and/or temperate
plant groups (e.g. Webster and Gilmartin, 2003). Systematic
complexity in large genera is often a result of morphological
homogeneity (e.g. Briggs and Johnson, 1979). The absence of
comparative ontogenetic surveys in these groups means that
remarkable but discrete patterns that are key to the explan-
ation of evolutionary trends and diversification patterns are
overlooked.

The tropical Myrtaceae genus Eugenia is an example of this
deficit. Eugenia, with around 1000 species (WCSP, 2017), is
one of the largest angiosperm genera, the second most diverse
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tree genus (Beech et al., 2017) and listed among the genera with
highest diversity of species in threatened Neotropical biomes
(Mori et al., 1983; Oliveira-Filho and Fontes, 2000). Being
so huge and ecologically important, it is surprising that there
is so little information available on the evolution of its floral
structure. Flowers of Eugenia are known to display a series of
Myrtaceae features: they are epigynous, radially symmetrical
and polyandrous (Fig. 1; Ronse De Craene and Smets, 1991;
Belsham and Orlovich, 2002, 2003; Vasconcelos et al., 2017a).
However, they differ from other Myrtaceae flowers in present-
ing straight stamens in the bud, a character shared by only a
few other related genera within tribe Myrteae (Vasconcelos et
al., 2015). Certain histogenetic aspects have been described for
a few species of Eugenia in isolated studies (Schmid, 1972;
Pimentel et al., 2014; Martos et al., 2017); these focus on the
highly similar vascular structure and a lack of infrageneric
variation, reinforcing the homogeneous aspects of the genus’s
floral morphology. The absence of information regarding floral
evolution in Eugenia is aggravated by sample inaccessibility
(due to its usual tree habit and tropical distribution) and, until
recently, the absence of a phylogenetic framework (available
in Mazine et al., 2014) with which to study an evolutionarily
coherent sample.

In this study, it is hypothesized that large groups with morpho-
logically homogeneous flowers, such as Eugenia, rely on het-
erochronies to promote lability of reproductive strategies. This

hypothesis is tested here by documenting floral ontogeny in a
phylogenetically representative sample of Eugenia. Dimensions
of organs and tissues at selected stages are compared with
observed changes in developmental rates. Developmental dif-
ferences are discussed in the context of flexibility of func-
tional traits in the flower (e.g. protection and breeding system).
Eugenia floral development data also provide understanding of
changes in floral structure and their influence on stamen posture
in Myrteae, the most species-rich tribe of Myrtaceae.

MATERIALS AND METHODS
Sampling

A complete ontogenetic sequence for Eugenia punicifolia
(Eugenia Sect. Umbellatae) is described and used as a base for
comparing variation in selected developmental stages between
samples from 20 species representing ten consistent clades
[i.e. clades that re-occur in independent phylogenetic analysis
(Mazine et al., 2014, 2016; Biinger et al., 2016; Vasconcelos
et al., 2017b)]. A list of all analysed species and the clades
to which they belong is given in Table 1. Eugenia punicifolia
represents the most common floral phenotype for the genus
(tetramery, bilocular ovaries and multiple ovules) and is a com-
mon, widespread shrub in South America. Additional samples
for stage-specific comparison of development and correlation

FiG. 1. Field pictures of flowers in distinct Eugenia clades. (A) E. dichroma (Sect. Speciosae); (B) E. azurensis (Sect. Pseudeugenia); (C) E. involucrata (Sect.
Phyllocalyx); (D) E. stipitata (Sect. Pilothecium); (E) E. ligustrina (Sect. Eugenia); (F) E. angustissima (Sect. Racemosae). Scale bars = 5 mm.
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Section' Species Analysed voucher Collection locality Diameter Stamen Ovule number  Ovary
[mm)] number locules

Umbellatae Eugenia punicifolia (Kunth) DC.  J.E.Q. Faria 4051 Brazil (Distrito Federal) 2.1+0.1 88 +3.3 233+0.5 2
Umbellatae Eugenia citrifolia Poir. A. Giaretta 1441 Brazil (Roraima) 436+0.5 101 £34 50+2.2 2
Umbellatae Eugenia flavescens DC. J.E.Q. Faria 4168 Brazil (Bahia) 247 +0.1 92+4.5 16+1.5 2
Umbellatae Eugenia protenta McVaugh T. Vasconcelos 350 Brazil (Amazonas) 1.88+0.2 69+33 17+0.8 2
Clade Jossinia  Eugenia gacognei Montrouz. T. Vasconcelos 595 New Caledonia

Clade Jossinia  Eugenia paludosa Pancher ex T. Vasconcelos 646 New Caledonia 366+0.03 267+52 1073 +x14.1 2or3

Brongn. & Gris
Racemosae Eugenia inversa Sobral J.E.Q. Faria 4230 Brazil (Espirito Santo) 1.19+£0.1 60 +2.1 64+14 2
Racemosae Eugenia angustissima O.Berg D.F.Lima 490 Brazil (Goids) 1.65 £ 0.1 33+£34 77+2.1 2
Racemosae Eugenia longiracemosa Kiaersk. — T. Vasconcelos 310 Brazil (Amazonas) 2.02+0.1 67+49 21+2.1 2
Eugenia Eugenia uniflora L. T. Vasconcelos s.n. RBG Kew (cultivated - 2.06 0.2 43 £42 19+49 2
originally from Brazil)
Eugenia Eugenia ligustrina (Sw.) Willd. T. Vasconcelos 570 Dominican Republic 1.5+£0.5 44 +6.2 T7+23 2
Pilothecium Eugenia stipitata McVaugh T. Vasconcelos 677 Singapore (cultivated - 3.1+£04 149 + 13.9 21 +8.5 3or4
originally from Brazil)

Pilothecium Eugenia itajurensis Cambess. J.E.Q. Faria 4250 Brazil (Espirito Santo) 6.2+0.3 180 + 8.7 18+3.2 2
Pilothecium Eugenia pohliana DC. J.E.Q. Faria 4184 Brazil (Bahia) 375+0.05 121+94 5+1.4 2
Pseudeugenia  Eugenia azurensis O.Berg J.E.Q. Faria 4186 Brazil (Bahia) 10.44 £ 0.7 354 +33.2 35+6.9 2or3
Pseudeugenia  Eugenia splendens O.Berg J.E.Q. Faria 4196 Brazil (Bahia) 4.05+0.3 149+2.6 343+45 2
Hexachlamys — Eugenia myrcianthes Nied. J.E.Q. Faria6547 Brazil (Brasilia) 54+0.3 150 + 8.3 4+0 2
Calycorectes Eugenia acutata Miq. T. Vasconcelos 506 Brazil (Distrito Federal) 52+0.2 168 + 14 32+83 2
Phyllocalyx Eugenia involucrata DC. T. Vasconcelos 256 Brazil (Distrito Federal) 6.02+0.3 218 +20.1 66 +3.5 2
Speciosae Eugenia dichroma O.Berg T. Vasconcelos 466 Brazil (Espirito Santo) 3.86 +0.1 130 +5.7 347 +4.5 2

"Nomenclature follows Mazine et al. (2016), except for clade Jossinia.

between ovule number/stamen number and size were selected
to represent both phylogenetic variation and geographical dis-
tribution of Eugenia.

Flower samples of Eugenia were collected mainly from
their natural environments during field expeditions to South
America, the Caribbean and New Caledonia. In a few cases,
samples were taken from cultivated collections in botanic gar-
dens. Samples of young inflorescence shoots, flower buds and
open flowers were collected and fixed in FAA (formalin, acetic
acid and ethanol) or 70 % ethanol in Falcon tubes; field pic-
tures at anthesis were also registered. Herbarium vouchers for
all collections are deposited at the Royal Botanic Garden Kew
(K) with duplicates in local herbaria from where the collections
originate.

Ontogenetic examination

Flower buds in different developmental stages were selected
and dissected in 50 or 70 % ethanol to expose structures of inter-
est, then dehydrated through an ethanol series to 100 % ethanol.
Critical-point drying was performed using an Autosamdri-8§15B
critical-point dryer (Tousimis Research, Rockville, MD, USA).
Dried material was mounted on metal specimen stubs using a
carbon stick disc and coated with platinum using a Quorum
Q-150-T sputter coater (Quorum Technologies, East Grinstead,
UK). Stubs were examined and distinct floral developmental
stages were documented using a cold-field emission scanning
electron microscope (S-4700-II; Hitachi High Technologies,
Tokyo, Japan).

Glossary of terms. Floral ontogeny interpretation uses very
specific terminology and different authors favour similar but

not quite identical terms when describing structures, processes
and configurations. To avoid confusion and to standardize the
terminology used in this study, we provide a brief glossary of
frequently used terms and their interpretation in Table 2.

Flower measurements and correlation analysis

Additional measurements were taken to analyse correlation
and disparity in the number of floral parts as a consequence of
changes in developmental patterns. These were: floral recep-
tacle diameter (the base of the flower); total number of stamens;
and total number of ovules. All measurements were taken in
mature, pre-anthetic buds or recently opened flowers and anno-
tated as an average of observations from at least three buds per
sample. Missing data correspond to samples that only presented
buds in inadequate stages for reliable measurements (e.g. recep-
tacle diameter was not recorded for samples that did not present
open flowers, because the staminal ring appears to continuously
expand in later stages of development and anthesis). All result-
ing measurements are presented in Table 1.

Linear regressions between flower receptacle diameter and
total number of stamens and ovules were performed using the
Im function in the stats package in R (R Core Team, 2017).
This analysis was executed to test correlation between invest-
ment in receptacle diameter and formation of male (stamens)
and female (ovules) reproductive structures.

Supporting analysis of character reconstruction

Ancestral state reconstruction analysis was conducted
to interpret stamen posture and evolution of the combined
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TABLE 2. Floral ontogeny terminology used in this study

Term

Meaning

Structures

Floral receptacle

The central part of the flower on which floral parts are inserted (Ronse De Craene, 2010).
Cup-shaped floral base (Endress, 1996). Here used to indicate the tissue between corolla and gynoecium in the centre of the

(Lord, 1991); ‘Differences in rate of organ development’ (Raff and Wray, 1989). Here used to indicate any variation in

“The open flower phase’, or, more precisely, ‘the phase of a flower when pollen is presented and/or the stigma is receptive’

Adjective describing a flower with one whorl of stamens opposite the sepals (Endress, 1994, Ronse De Craene and Smets,

Hypanthium
flower in the broad sense (see also Belsham and Orlovich, 2002, 2003)
Meristem Undifferentiated tissue with capacity for morphogenesis (Endress, 1994)
Primordium Early differentiated meristem that will develop into an organ; ‘The first visible stage of an organ’ (Endress, 1994)
Processes
Heterochrony “The alteration in developmental timing’ (Endress, 1994); ‘The changes in the duration of events during ontogeny’
developmental rate of organs and tissues between species
Morphogenesis Process of organ formation during development (Wagner, 2009) or origin of form during development (Endress, 1994)
Anthesis
(Endress, 1994)
Aestivation The mutual position of perianth organs in a floral bud (or vegetative leaves in a vegetative bud) (Endress, 1994)
Herkogamy Spatial separation of male and female organs of a flower preventing self-pollination (Endress, 1996)
Configurations
Polyandry General term to refer to a flower with a large number of stamens (Endress, 1994)
Oligandry General term to refer to flowers with few stamens (e.g. Ronse De Craene and Smets, 1993)
Decussate Adjective describing the condition in which alternate pairs of organs are at right angles to each other (Beentje, 2012)
Haplostemonous
1995)
Diplostemonous Adjective describing a flower with two whorls of stamens, the outer one opposite the sepals (Endress, 1994)
Obhaplostemonous Adjective describing a flower with one whorl of stamens which are situated opposite the petals (Ronse De Craene, 2010)

androecium-hypanthium development in Myrtaceae. The
Myrtaceae cladogram presented is based on the phylogenetic
hypothesis published by Thornhill et al. (2015); it was used
to reconstruct the characters as: (1) stamen primordia form-
ing along the whole hypanthial surface; and (2) stamen pri-
mordia forming only on the edges of the hypanthial surface.
The tree was trimmed to include only the Myrtoideae subfam-
ily (all Myrtaceae except the monotypic and non-polyandrous
Psyloxylon and Heteropyxis). Reconstruction was performed
using the function ace in the R package ape (R Core Team,
2017). The character matrix and associated references are avail-
able in Supplementary Data S1.

RESULTS

Floral structure in Eugenia

Flowers of Eugenia are variable in size, reaching between 5
and >30 mm in diameter when open. Most analysed flowers
of Eugenia share the same general floral ground-plan and for-
mula (Fig. 2). The Eugenia calyx and corolla are tetramerous,
with decussate aestivation. Eugenia myrcianthes is excep-
tional in its pentamery and imbricate quincuncial aestivation
(i.e. two external sepals, two internal and one intermedi-
ate; Supplementary Data S2, Plate 1). Symmetry is radial
to slightly asymmetrical. The androecium is polyandrous,
with stamen number varying from ~30 to ~350 (Table 1).
Stamens are free throughout flower development. The ovary
is inferior, with two (most common phenotype) to three or
four locules (Supplementary Data S2, Plate 2). Ovules are
attached radially to an axillary placenta positioned at a single
point on each locule wall of the ovary septum. Number of
ovules per locule varied between 2 and 50 in analysed spe-
cies. The complete ontogenetic sequence of E. punicifolia is
described below.
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. Bract, bracteoles

FIG. 2. Floral diagram of Eugenia punicifolia, showing the most common flo-
ral ground-plan and floral formula for the genus (bilocular ovaries). For floral
formulae interpretation see Prenner et al. (2010).

Flower development in Eugenia punicifolia

The complete floral ontogenetic sequence of E. punicifolia is
divided into five main stages (Stages 1-5) and seven substages
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Stage 2a Stage 1b Stage 1a

Stage 2b

Fi1G. 3. Early stages of floral ontogeny in Eugenia punicifolia. Stage la: (A) Early sepal development showing transverse bracteoles (removed), and first and
second pair of sepals. S1* appears to be slightly older, a discrepancy only noticeable at this stage. (B, C) Early sepal development. Sepals enclose the bud; single-
celled hairs develop at the tips of the sepals (arrow in C). Stage 1b: (D) Petal initiation; four petals arising almost simultaneously as bulges alternate with sepals.
(E, F) Continuously growing petals eventually meeting in the middle of the bud. Stage 2a: (G, H) Petals overlap; one sepal and one bracteole left to highlight
proportion between organs. (H) Lateral view, showing first stamen initiation [A1(1st)] flanking the petals. (I) As (G) and (H), but in frontal view; calyx and cor-
olla removed; first group of stamen primordia prominent. Stage 2b: (J) Proto-style developing upwards (arrow) and initiation of second staminal whorl; stamens
of the first whorl similar in size. (K) Detail of (J), showing stamen primordia covering the hypanthium below the first staminal girdle. (L) Same stage as (J), but
further dissected and in lateral view; gynoecium depression (ovary) expands downwards while proto-style grows upwards. Bt, bracteole; S, sepals; P, petals; A,
androecium; G, gynoecium; H, hypanthium. Bracteoles removed in all. Scale bars: (K) =5 nm; (A-E, G-I, L) = 100 pm; (F, J) = 250 pm. Colour coding in online
version: sepals, green; corolla, red; androecium, yellow; gynoecium, blue.

(Stages 1a, 1b, 2a, 2b, 3, 4, 5), according to meristematic differ-
entiation, from sepal initiation to anthesis. Stages can be sum-
marized as follows: Stage 1a, calyx initiation; Stage 1b, corolla
initiation; Stage 2a, androecium and gynoecium initiation;
Stage 2b, hypanthium elongation/expansion; Stage 3, differen-
tiation of ovules and anthers; Stage 4, pre-anthetic bud enlarge-
ment and final maturation of sexual organs; Stage 5, anthesis.
At Stage la, the first two sepals initiate almost simultane-
ously in a median position (labelled S1 and S1* in Fig. 3A)
with the abaxial (lower) sepal appearing slightly older than the
adaxial one. Shortly afterwards, two sepals form simultaneously
in transverse positions, decussate to the first two sepals (S2 in
Fig. 3A, B). During early bud elongation, the first pair of sepals
overlaps the second (Fig. 3B, C). At this point, the difference in

initiation timing between the two sepals from the first pair (S1
and S1* in Fig. 3A) is almost indistinguishable (S1 in Fig. 3B).
Single-celled hairs appear on the tips of the sepals at this very
early stage. These keep the edges of each pair of sepals tightly
closed against each other and act like eyelashes, protecting the
young bud during early floral development (arrow in Fig. 3C).
Sepals are free throughout flower development.

The corolla is the second whorl to develop, during early flo-
ral ontogenetic stages. In Stage 1b, four petals initiate almost
simultaneously as bulges in alternate positions to the sepals on
the inner slopes of the developing hypanthium (labelled P in
Fig. 3D). The four petals enlarge, eventually touch each other in
the centre of the bud (Fig. 3E, F) and overlap in the next stages
(Fig. 3G-H), providing a cover of four layers of tissue below
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the calyx on the top of the bud. Because of the nearly simul-
taneous initiation of the four petals there is no clear pattern of
aestivation, even within the same species (Supplementary Data
S2, Plate 3). Petals are free throughout flower development.
Stage 2a starts with the initiation of the androecium and
gynoecium. The development of the first staminal ring occurs
on the hypanthial tissue just underneath each petal (labelled A in
Fig. 3G), where two stamen primordia are formed flanking each
petal [labelled A1(1st) in Fig. 3H, I]. The first ring continues to
develop laterally and after a longer time gap (plastochron), second
groups of stamen primordia appear between the first ones [labelled
A1(2nd) in Fig. 3I], resulting in a complete first staminal ring. The
plastochron between the appearance of the first group of stamen

Stage 4 Stage 3

Stage 5 (anthesis)

primordia and the appearance of the second group of stamen pri-
mordia in the first whorl is noticeable at this stage (Supplementary
Data S2, Plate 4); as the flower continues to develop this size dis-
tinction almost disappears, so that the dissimilarity in age between
stamens is barely visible in later stages (e.g. Fig. 3J, K). The
gynoecium originates as a depression that appears on the apical
surface of the flower base simultaneously with the appearance of
the first androecial primordia (labelled G in Fig. 3G, H).

In Stage 2b, the hypanthium tissue expands (labelled H
in Fig. 3J, K). Simultaneously, the androecium continues to
develop as centripetal and concentric loosely distributed sta-
men primordia originating along the inner surface of the hyp-
anthium, covering the whole area below the first staminal ring

Fi1G. 4. Stages 3-5 of floral ontogeny in Eugenia punicifolia. (A-C) Initiation of anthers and ovules. Note style bending in panel (B). (D) Exposure of the corolla

prior to anthesis. (E) Longitudinal section of pre-anthetic bud showing maturation of anthers and ovules. Note that the style is sharply bent downwards. (F) Detail

of ovule maturation in both ovary locules. (G-I) Mature pollen sacs in pre-anthetic anther. (J) Bud with exposed corolla (arrow) and recently opened flower of

E. punicifolia (field image). (K, L) Thecae opening during anthesis of Eugenia dichroma; thecae are reflexed 180° to expose pollen grains. S, sepals; P, petals; A,

androecium; G, gynoecium; G(ov), ovules; A(ant), anther; loc, locule; ad, adaxial pollen sac; ab, abaxial pollen sac; pol, pollen grain. Scale bars: (Kii) = 50 pm;

(A, C,G, H, I, Ki, L) = 100 pm; (Fii) = 200 pm; (B, D, E, Fi) = 500 pm; (J) = 5 mm. Colour coding in online version: sepals, green; corolla, red; androecium,
yellow; gynoecium, blue.
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to the gynoecium (arrows in Fig. 3K; for other species see Figs
6 and 7). During this process, the gynoecium starts to form a
proto-style (labelled G in Fig. 3J), whereas the initial depres-
sion, now a pore, represents the area that will form the proto-
stigma. As the proto-style elongates, two ovary locules are
formed below (Fig. 3L).

After all organs have been formed, the floral bud continually
enlarges towards anthesis (Stages 3 and 4). In Stage 3, each sta-
men differentiates into a proximal filament and a distal anther.
The tetrasporangiate anthers start to differentiate as sagittate
structures (Fig. 4A) and a longitudinal depression appears in
the middle of the abaxial side when the pollen sacs start to form
(arrow in Fig. 4A). During this process, the style reaches the
inner surface of the corolla and bends sidewards on top of the
developing anthers (labelled G in Fig. 4B, E). Ovules start to
develop at this stage, as protuberances on the axial placentas in
both locules [labelled G(ov) in Fig. 4C].

In Stage 4, the sexual organs (androecium and gynoecium)
finish pre-anthetic development, producing mature ovules and
dorsifixed pollen sacs. Mature ovules are organized in loose
series on the placenta [labelled G(ov) in Fig. 4E, F]. Counts in
mature flowers show distinct ovule numbers per locule, appar-
ently reflecting a short plastochron between each locule. The
abaxial pollen sacs of each anther (labelled ab in Fig. 4G-I)
are slightly smaller than the adaxial pollen sacs (labelled ad in
Fig. 4G-I). The stigma is thin and simple, with single-celled
papillae. During Stage 4, sexual organs mature faster than the
perianth elongates (calyx and corolla). As a consequence, the
corolla, which until this point has remained covered by the
calyx lobes, is pushed upwards and exposed (Fig. 4D). This
exposure of the corolla is the last step before anthesis. Also at
this point, the sepal pairs (labelled S1 and S2) approach each
other in size, producing four sepals of similar proportions. This
process occurs either by developmental acceleration of S2,
slowing of S1 or both (S1 and S2 in Fig. 4D).

Stage 5 represents anthesis. During this process (Fig. 4J)
the perianth opens, the style straightens and the anthers are
exposed. Tissue between each pollen sac (anther locules) opens
longitudinally and laterorsely (Fig. 4K, L) until the thecae are
held at nearly 180° to expose the pollen [Fig. 4K, L; labelled
pol in Fig. 4K]. The flower is then ready for pollination.

Heterochronical pattern 1: perianth growth rate

Using E. punicifolia as a reference, it is possible to compare
organ size proportions at similar stages of development between
species to infer changes in development rate (heterochronies).
The first clear heterochronical pattern is observed when com-
paring perianth development between species. Most analysed
samples showed a rate of perianth development similar to that
of E. punicifolia. However, in at least three species (Eugenia
involucrata, E. acutata and E. dichroma) sepal enlargement
occurs at a noticeably faster rate (Fig. SA) in early develop-
mental stages. In these taxa the sepals elongate at least twice as
fast as in similar stages in other Eugenia (see contrast between
Fig. 5A and B). As a consequence, in these species the calyx
covers the whole bud until developmental Stage 4, with no cor-
olla exposure prior to anthesis (see contrasts between Fig. 5C
and D and between Fig. SE and F).

Another distinct pattern of sepal development was observed
in Eugenia inversa and E. splendens (Fig. 5G, I, K). In all other
species, the ultimate size of the second pair of sepals (S2) is
similar to the first one (S1) in developmental Stage 4, produc-
ing a radially symmetrical calyx at anthesis (Fig. 5G, I, K).
In contrast, in E. inversa and E. splendens the size difference
between sepals S1 and S2 is constant during and after anthesis,
resulting in unequal sepals and a disymmetrical calyx, still evi-
dent in post-anthetic stages (highlighted in Fig. 5SL).

Heterochronical pattern 2: style gigantism in Eugenia Sect.
Umbellatae

A second heterochronical pattern is found in the rate of sty-
lar growth. Two main patterns of style elongation are observed
across the sampled species. In species within Sect. Umbellatae
(here represented by E. punicifolia, E. citrifolia, E. flavescens
and E. protenta), the style develops faster, reaching the inner sur-
face of the closed corolla early in Stage 3, bending to one side
and resting upon the anthers (Fig. 6A, C, E, G, I, column labelled
‘Sect. Umbellatae’). In these species, the long style is twice the
length of the androecium in anthetic flowers, with a visible mark
in the middle where it was folded (highlighted in Fig. 6I). In all
other analysed species, the rate of style development is slower
than in E. punicifolia (Fig. 6B, D, F, H, J, column labelled ‘Other
clades’) and the style never bends over the androecium in the pre-
anthetic bud (Fig. 6J). After anthesis, the style in these species
has the same length as the stamens (arrow in Fig. 6J). This vari-
ation was observed to be particular to each species, with no infra-
specific distinction that would characterize heterostyly detected.

Heterochronical pattern 3: hypanthium elongation and
androecium development

A third heterochronical pattern concerns early hypanthium
elongation and its effects on the initiation and morphogen-
esis of the androecium. Androecium development is similar
in all analysed species: initially, two stamen primordia appear
below each petal followed by a continuous sequence of newly
appearing stamen primordia in between, forming the first
rings of stamens in Stage 2a (Fig. 7; see additional images in
Supplementary Data S2, Plate 4). Sequentially, the hypanthium
broadens and stamen primordia cover the entire surface of the
hypanthium tissue, from corolla to the stylar base, in Stage 2b.
The degree of early hypanthial elongation varies between spe-
cies and thus the number of stamens also varies from species
to species (Table 1). Stamens can be distributed in two to eight
or nine rings (Fig. 7A-I) depending on the width of the avail-
able surface as a result of hypanthium expansion. An additional
pattern was observed in the closely related New Caledonian
species Eugenia paludosa and E. gacognei (clade Jossinia).
In these species, hypanthial expansion occurs later in devel-
opment, after the first staminal whorl has become prominent
(Fig. 7J, K). This results in a clearer plastochron between the
first and following staminal whorls; the first is already well
developed when the later primordia appear. In this case, sta-
mens in the first whorl end up folding slightly towards the cen-
tre of the bud in the available cavity (Fig. 7L).
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Short calyx elongation

Long calyx elongation

Stage 1 and 2

Stage 4

Anthesis

Uneven calyx elongation

Even calyx elongation

Stage 3

Stage 4

Post-anthesis

F1G. 5. Variation of perianth developmental rate in Eugenia. (A) Early development of E. stipitata, showing short calyx contrasting with (B) the extremely
elongated calyx of E. acutata. (C) Pre-anthetic stages in E. protenta, showing corolla exposition prior to anthesis. (D) The same stage in E. acutata, showing
sepals that cover the whole bud prior to anthesis. (E) Anthesis in E. stipitata, highlighting how exposed the corolla is in the pre-anthetic stage. (F) Anthesis in
E. acutata, showing sepals that cover the whole bud prior to anthesis. (G) Stage 3 bud in E. involucrata and (H) E. inversa, showing S1 more developed than S2.
(I) Pre-anthetic buds of E. dichroma, with S1 and S2 equally developed, in contrast to the same stage in (J) E. inversa, where S1 is still more developed than S2.
(K) Calyx from post-anthetic flower of E. involucrata, showing all sepals the same size in contrast with (L) post-anthetic flower of E. splendens, showing disym-
metrical calyx with distinctly larger S1 than S2 sepal pairs. Bt, bracteole; S, sepal; P, petal; A, androecium; G, gynoecium. Scale bars: (A, B) = 250 pm; (C, D,
H) =500 pm; (G, I, J) = 1 mm; (E, E K, L) =5 mm. Colour coding in online version: sepals, green; corolla, red; androecium, yellow; gynoecium, blue. Picture
in (F) by Augusto Giaretta.

The observed variation in androecium development is also
responsible for a clear difference in the rate of anther maturation
among the analysed species. In flowers with fewer stamens, the
whole androecium matures faster in comparison with flowers
with a higher number of stamens. As a result, flowers at appar-
ently similar stages of development present anthers in different
maturation stages according to stamen number (Fig. 7C, F, I, L).

Hypanthial heterochrony effects on androecium/gynoecium
proportion

The relative hypanthial expansion in Eugenia flowers is
also responsible for the final size of the floral receptacle.

Therefore, species with longer initial hypanthial expansion
(e.g. E. azurensis, E. itajurensis, E. paludosa) have larger flo-
ral receptacles in comparison with those with short hypanthial
expansion (e.g. E. angustissima, E. ligustrina, E. punicifolia)
(Table 1). Since the production of stamen primordia is con-
tinuous throughout hypanthium expansion, stamen number is
directly linked to the growth of the hypanthium. This relation-
ship of dependence strongly correlates stamen number with
floral receptacle size (P < 0.001, R*> > 0.7; Fig. 8A). Thus,
larger flowers bear more stamens and consequently more pol-
len sacs (reproductive male parts). Curiously, however, the
same is not true for the relationship between floral receptacle
and number of ovules (reproductive female parts). Because the
hypanthium expands above the ovary, changes in hypanthium
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Sect. Umbellatae Other clades

Stage 2b

Stage 3

Stage 4

Stage 5 (anthesis)

FiG. 6. Comparative style development in Eugenia Sect. Umbellatae and other
clades. (A) Swollen proto-style in E. punicifolia, contrasted with (B) flat proto-
style in same stage of E. angustissima. (C, E) Continuous development of style
in E. punicifolia and (E) E. protenta, showing style bending on top of the anthers.
(D, F) Continuous development of style of E. angustissima, showing compara-
tively shorter style than in panels (C) and (E). (G) Pre-anthetic bud in E. protenta,
showing long style that folds on top of the anthers, in contrast with (H) E. angus-
tissima, where the style is always shorter than the stamens. (I) Open flowers of
E. citrifolia, with highlighted folding mark in the middle of the style, in contrast
with (J) open flower of E. angustissima, showing style at roughly the same height
as stamens. S, sepal; P, petal; A, androecium; G, gynoecium. Scale bars: (A,
B) = 150 pm; (C—F) =250 um; (G, H) = 500 pm; (I, J) = 5 mm. Colour coding in
online version: sepals, green; corolla, red; androecium, yellow; gynoecium, blue.

expansion rate have little influence on the number of ovules.
Therefore, the size of the floral receptacle is not significantly
correlated with total ovule number per flower (P = 0.214, R?
< 0.1; Fig. 8B), meaning that larger flowers do not necessar-
ily bear more ovules than smaller ones. There is a slight dif-
ference in ovule size (Supplementary Data S1, Plate 5), but
most variation appears to result from differential investment
in receptacle tissue. These results suggest that shifts in the
rate of hypanthial development, responsible for the total num-
ber of stamens formed, affect the final size of the flower and
the production of male structures (androecium) but not female
floral parts (gynoecium) in Eugenia.

DISCUSSION
Eugenia flower development in the context of Myrtaceae

Flower morphology in Eugenia is similar to that in other
Myrtaceae and Myrtales. The tetramerous—decussate phe-
notype is very frequent in other Myrtaceae (e.g. Eucalyptus,
Syzygium) and even the variation between tetramerous—decus-
sate and pentamerous—quincuncial aestivation can be found in
other closely related genera (e.g. Myrcia; Vasconcelos et al.,
2017a).

Polyandry is the most frequent androecium arrangement in
Myrtaceae (Ronse De Craene and Smets, 1991) and is com-
mon in other core eudicot families (e.g. Prenner et al., 2008;
Prenner, 2011; Paulino ef al., 2014) and in Magnoliales (e.g.
Ronse De Craene and Smets, 1998). Eudicots differ from the
latter, however, in presenting whorled rather than spiral stamen
formation (Ronse De Craene and Smets, 1992, 1998), having
evolved from ancestral oligandrous arrangements, i.e. second-
ary polyandry (Endress, 1996).

The acquisition of secondary polyandry is not as evident
in Eugenia as in other Myrtaceae (e.g. Melaleuca; Orlovich
et al., 1999), but some heterogeneity in the appearance of the
first and second group of stamen primordia suggests this path-
way in the genus. During androecium initiation, a first group
of staminal primordia is formed in an antepetalous position,
so that the flower is initially obhaplostemonous. This pattern
may represent a relic from a plesiomorphic stage, where these
areas would have shown a more apparent primary primor-
dium that would further divide into secondary primordia and
sequential rings (Ronse De Craene and Smets, 1992; Endress,
1996). Diplostemony is hypothesized to be the plesiomorphic
state for Myrtales (Dahlgren and Thorne, 1984) but there is
no evidence for this state in Eugenia or Myrtaceae (Ronse
De Craene and Smets, 1995) because even though two pri-
mary primordia are flanking each petal, these are arranged in
a single whorl.

Heterochronic trends and adaptive features

When very few changes in complexity are observed within
the morphologically homogeneous flowers of Eugenia
(Supplementary Data S2), lability of reproductive strategies
must rely on an alternative strategy. In this sense, heterochro-
nies are an important component of secondary flower func-
tion (see definition in the first paragraph of the Introduction
section). Examples of how heterochronies may affect fitness
(i.e. the efficiency of the flower as a reproductive organ)
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short elongation medium elongation

Stage 3 Stage 2b

Stage 3 and 4

n stamen: 43

long elongation late elongation

FiG. 7. Comparative hypanthium and androecium development in Eugenia and differential rate of pollen sac maturation (in orange) according to number of
stamens per flower. (A, B) Androecium initiation and hypanthium development of E. angustissima, showing two or three loose stamen whorls forming on the
expanded hypanthium. (C) Early maturation of pollen sacs in E. uniflora. (D, E) Androecium initiation and hypanthium development of E. dichroma, showing five
loose stamen whorls forming on the hypanthium. (F) Pollen sacs in maturation process in E. longiracemosa. (G, H) Androecium initiation and hypanthium devel-
opment of E. azurensis, showing eight loose stamen whorls forming on the hypanthium. (I) Late pollen sac maturation in E. stipitata. (J, K) Androecium initiation
and hypanthium development of (J) E. gacognei and (K) E. paludosa, showing a gap between the development of the first and five following stamen whorls. (L)
Pollen sac maturation in E. paludosa, showing anthers from the first staminal whorl in a more advanced state of development. A(ant), anther; G, gynoecium; P,
petal; H, hypanthium. Scale bars: (A-D, F, G, I-L) = 100 pm; (E, H) = 200 pm. Colour coding in online version: sepals, green; corolla, red; androecium, yellow;
gynoecium, blue.

in Eugenia are observed in all floral organs. In perianth
development for instance, early calyx elongation in E. acu-
tata, E. dichroma and E. involucrata may protect the bud
in late development stages, hiding the reproductive organs
until anthesis [as reported by Vasconcelos et al. (2017a) in
Calyptranthes and Marlierea]. Likewise, the constant dispar-
ity between the first and second pair of sepals in E. inversa
and E. splendens causes the open flower to be slightly
disymmetrical instead of actinomorphic (the most common
arrangement in the genus), which in turn may affect pollin-
ator behaviour (Endress, 1999).

Regarding the gynoecium, the hyper-style elongation pre-
sent in all four observed species of Eugenia Sect. Umbellatae
creates a spatial gap between the stigma and the anthers
after anthesis, i.e. herkogamy, a trait not observed in the
other section (Fig. 9). Herkogamy is traditionally thought to
increase the rate of cross-pollination, by avoiding accidental

self-pollination (Webb and Lloyd, 1986). Although flow-
ers of Eugenia present a certain degree of self-compatibility
(Proenga and Gibbs, 1994; Silva and Pinheiro, 2007), higher
levels of cross-pollination are related to higher diversifica-
tion rates (with abundant examples in flowering plants; e.g.
Ferrer and Good, 2012; de Vos et al., 2014). The systematic
consistency of this character and its relationship to the most
diverse section of Eugenia may implicate this innovation in
the accelerated diversification rates found in Eugenia Sect.
Umbellatae (one of the highest in tribe Myrteae; Vasconcelos
etal.,2017b).

Hypanthium versus androecium: space matters

The most prominent effects of heterochrony in Eugenia flow-
ers are seen in the development of the androecium. Changes in
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FiG. 8. Correlation between total diameter of the floral receptacle and (A) total
stamen number per flower (linear regression P < 0.001, R? = 0.769) and (B)
total ovule number per flower (linear regression P = 0.2140, R’ =0.089).

the rate of early hypanthial development are shown to affect the
final diameter of the floral receptacle and consequently the num-
ber of stamens formed. Variation in stamen number is especially
likely to affect aspects of reproductive strategies in Eugenia. It
has been shown, for example, that the bottle-brush appearance
that results from the large number of stamens in Myrtaceae flow-
ers is the main agent of floral display and pollinator attraction
(Proenga and Gibbs, 1994; Willmer, 2011), so changes in sta-
men number could be related to variations within this syndrome.
It is also clear that smaller flowers with fewer stamens undergo
faster anther maturation, suggesting that the whole flower might
have a faster rate of development. This could relate to a trade-off
between investment in receptacle size and number of stamens
(floral display) and faster maturation, with consequences for
flowering phenology (Primack, 1985, 1987).

An alternative (or additional) hypothesis for variation in sta-
men number is that these changes affect the proportions of male
and female parts in the flower and consequently relate to changes
in breeding systems (Cruden, 1977; Charlesworth, 2006). An
indication of this is that stamen and ovule numbers respond inde-
pendently to variations in the size of the floral receptacle (result-
ing from hypanthium expansion) in different species (Fig. 8).
While stamens and anther numbers are highly dependent on
the space available after hypanthial expansion (similar devel-
opment of corona size in Passifloraceae; Claen-Bockhoff and
Meyer, 2016), gynoecium configuration is more clade-specific,
with lower number of ovules characteristic of certain clades (e.g.
Faria, 2014). If hypanthium extension rate disparity affects the

F1G. 9. Flower development and systematics in Eugenia. (A, B) Style gigant-
ism and resulting herkogamy of Eugenia Sect. Umbellatae. (A) Flower
of E. dichroma (Sect. Speciosae), in which the style is at the same height
as stamens in the open flower (arrow). (B) Flower of E. adenocalyx (Sect.
Umbellatae), showing a style almost twice as long as the stamens (arrow).

number of male but not of female parts, this heterochronic pattern
might drive, or be implicated in, a flexible reproductive system
and increased adaptive value of the genus throughout evolution.
Pollen counts and ovule viability tests are required to fully test
the importance of this character (Harder and Barret, 1993).

Relevance of hypanthium/androecium dependency for early
Myrteae evolution

Even though polyandry is a configuration shared by most
members of the Myrtoideae subfamily, the trait varies between
lineages. A recent systematic survey showed that Eugenia,
alongside other related genera within tribe Myrteae, are
exceptions within Myrtales in presenting straight (as opposed
to folded) stamens in the bud (Vasconcelos et al., 2015).
Comparison of hypanthium and androecium development in
Eugenia with that of other Myrtoideae genera (e.g. Drinnan and
Ladiges, 1991; Orlovich et al., 1999; Bohte and Drinnan, 2005;
Vasconcelos et al., 2017b; see list in Supplementary Data S1)
suggests the distinction between straight and folded stamens in
the bud is related to the area occupied by stamen primordia over
the expanded hypanthium.

Eugenia (and related genera) produces an indeterminate
number of staminal primordia that cover the whole hypanthial
tissue up to the stylar base during androecium development
(Fig. 4C-J). Conversely, Myrtaceae genera with folded stamens
in the bud (including some Eucalyptus species with slightly
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FiG. 10. Evolution of androecium development in Eugenia and related taxa. (A) Restricted androecium development, where stamen primordia appear just in the
apical part of the hypanthium, leading to folded stamens in the bud. (B) Free androecium development, where stamen primordia cover the whole hypanthium tis-
sue, leading to straight stamens in the bud. Stamens are shown in yellow and ‘empty’ hypanthial tissue in red. Other floral organs are kept the same size to help
interpretation. (C) Reconstruction of stamen position in the bud on the Myrtaceae phylogeny. Arrow shows reversal to the plesiomorphic state in Myrcia, Plinia,
Blepharocalyx and Myrceugenia groups. *The position of the Myrtus and Australasian groups are swapped in more recent phylogenies (Vasconcelos et al., 2017b)

straight stamens in the bud; e.g. McDonald et al., 2009) present
staminal primordia development only on a restricted area of the
hypanthial rim, below the corolla (Drinnan and Ladiges, 1991;
Orlovich et al., 1999; Bohte and Drinnan, 2005; Vasconcelos
et al., 2017b). The restricted development of stamen primordia
on the hypanthial rim during bud development creates an open
space below the youngest staminal ring when the hypanthium
expands (shown in red in Fig. 10A), forming a hypanthial cup.
This explains the position of the stamens in Myrtaceae buds

as a physical matter: gravitropy folds the stamens down when
adequate space is available (Fig. 10A). Meanwhile, Eugenia
species [and related genera, e.g. Acca, Ugni (Belsham and
Orlovich, 2003; Vasconcelos et al., 2015)] do not present any
open space during early bud development to allow stamens to
fold, as the whole hypanthial tissue is covered by stamen pri-
mordia (Fig. 10B). This leaves no space for folding and causes
stamens to develop in a straight posture.
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Therefore, the ‘folded stamen in the bud’ trait indicates that
androecium development is restricted to the hypanthial rim
while the ‘straight stamens in the bud’ trait indicates unre-
stricted androecium development over the hypanthium. By
plotting these traits on the Myrtaceae phylogenetic hypothesis,
a shift from restricted to unrestricted androecium development
is estimated to have occurred at the crown node of tribe Myrteae
(Fig. 10C). This shift may also be related to the loss of nectar
production: while nectaries are present in many Myrtaceae (e.g.
Beardsell ef al., 1993; see also Supplementary Data S2, Plate
6), favoured also by the hypanthium cup, where the nectar can
accumulate [as in other Myrtales (Davis, 1997; Varassin et al.,
2008)], they are absent in most Myrteae (Nic Lughadha and
Proenga, 1996).

The unrestricted development state appears then to have
reversed to a plesiomorphic restricted development state in
Myrcia and related genera (arrow in Fig. 10C), the clade in
Myrteae with folded stamens (Vasconcelos et al., 2015). This
shift and the consequent lability of reproductive strategies pro-
vided by the association between unrestricted stamen formation
and hypanthium expansion (Fig. 8) may have been important in
the early evolution of tribe Myrteae. The high acceleration in
diversification rates associated with the early evolution of the
tribe (Biffinezal.,2010; Berger et al.,2016) has been traditionally
linked to the key innovation of the fleshy fruit (Biffin et al.,2010),
but this study provides evidence that not only fruit but also
adaptations of the flower may have contributed to early estab-
lishment of tribe Myrteae.

Conclusions and future directions

The present study demonstrates that Eugenia presents diversity
in reproductive strategies associated with the flowers, despite
their superficially morphological similarities. These are mainly
driven by subtle changes in developmental rates that have
altered proportions between floral organs throughout the evolu-
tionary history of the group. Heterochronies observed between
Eugenia species are shown to be implicated in subtle breeding
system changes (affecting differential production of male and
female parts), phenology (floral development rate changes) and
unbalanced clade diversity (in the case of the style in Eugenia
Sect. Umbellatae). This study also provides insights into the
evolution of characteristic Myrtaceae polyandry by indicating
unrestricted primordia initiation throughout the hypanthium
to have been an evolutionary novelty in Myrteae. Recognition
that superficially homogeneous flowers may present an array of
possible reproductive strategies by fine tuning developmental
rhythms is a step forward from traditional deterministic con-
cepts in plant reproductive biology. Future directions include
field hypothesis testing, including environmental factors that
play a role in the heterochronic patterns discussed, and trait-
dependent diversification rate analyses, particularly regarding
longer styles in the mega-diverse Eugenia Sect. Umbellatae.

SUPPLEMENTARY DATA

Supplementary data are available online at www.aob.oxford-
journals.org and consist of the following. Data S1: char-
acter matrix for reconstruction of androecium evolution in
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Mpyrtoideae. Data S2: floral ontogenetic aspects that are not
directly linked to heterochrony in Eugenia.
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