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A B S T R A C T

Androdioecy is the rarest sexual system among plants. The majority of androdioecious species are herbaceous
plants that have evolved from dioecious ancestors. Nevertheless, some woody and androdioecious plants have
hermaphrodite ancestors, as in the Annonaceae, where androdioecious genera have arisen several times in
different lineages. The majority of androdioecious species of Annonaceae belong to the Neotropical tribe
Malmeeae. In addition to these species, Pseudoxandra spiritus-sancti was recently confirmed to be androdioecious.
Here, we describe the morphology of male and bisexual flowers of Pseudoxandra spiritus-sancti, and investigate
the evolution of androdioecy in Malmeeae. The phylogeny of tribe Malmeeae was reconstructed using Bayesian
inference, maximum parsimony and maximum likelihood of 32 taxa, using DNA sequences of 66 molecular
markers of the chloroplast genome, sequenced by next generation sequencing. The reconstruction of ancestral
states was performed for characters associated with sexual systems and floral morphology. The phylogenetic
analyses reconstructed three main groups in Malmeeae, (Malmea (Cremastosperma, Pseudoxandra)) sister to the
rest of the tribe, and (Unonopsis (Bocageopsis, Onychopetalum)) sister to (Mosannona, Ephedranthus, Klarobelia,
Oxandra, Pseudephedranthus fragrans, Pseudomalmea, Ruizodendron ovale). Hermaphroditism is plesiomorphic in
the tribe, with four independent evolutions of androdieocy, which represents a synapomorphy of two groups,
one that includes three genera and 14 species, the other with a single genus of seven species. Male flowers are
unisexual from inception and bisexual flowers possess staminodes and functional stamens. Pseudoxandra spiritus-
sancti is structurally androdioecious.

1. Introduction

Although the great majority of flowers are bisexual, approximately
10% of angiosperm species have unisexual flowers (Barrett, 2002).
Unisexual flowers can originate either by organ abortion, with the gy-
noecium or androecium primordia ceasing to develop at an early stage
(type I), or from inception, when only stamen or carpel primordia are
initiated (type II, Mitchell and Diggle, 2005). In type II, abortion of
sexual organs can occur at different stages, either at an early stage in
stamen or carpel development, or before or after meiosis. A common
plant hormone signaling pathway controls the abortion of both gy-
noecium and androecium primordia (Di Stilio et al., 2005). Genes in-
volved in organ primordium initiation and organ identity, such as B-
and C-class genes, can also regulate the development of unisexual
flowers from inception of sexual organs (Diggle et al., 2011).

Unisexual flowers occur in a wide range of sexual systems, including
monoecy, andro- and gynomonoecy, dioecy and andro- and gyno-
dioecy. In monoecious systems, male and female flowers grow on the
same plant; andromonoecious plants possess bisexual and male flowers
and gynomonoecious plants have bisexual and female flowers. In
dioecious systems, some plants produce exclusively female flowers and
others only male ones; in gynodioecious systems, female and bisexual
flowers grow in different plants; androdioecious plants produce ex-
clusively male or bisexual flowers (Bawa and Beach, 1981). Andro-
dioecious taxa are rare (Pannell, 2002) because for males to persist in
the population they must have the ability to produce twice as many
descendants as the hermaphrodites (Charlesworth, 1984; Lloyd, 1975).
Moreover, the evolutionary pathway that originates androdioecious
species is complex (Barrett, 2002; Ross, 1982). In most cases, andro-
dioecious plants have originated from dioecious ancestors; they are
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herbaceous and form populations that suffer recurrent local extinction
followed by re-colonization (Pannell, 2001, 2002). Nevertheless, some
androdioecious species have hermaphrodite ancestors and are woody
plants, such as species of Oleaceae and Tapisciaceae (Ishida and Hiura,
1998; Lepart and Dommée, 1992; Wallander, 2008; Zhou et al., 2016).

Annonaceae, a pantropical family with 2440 species in 109 genera,
is a woody family with hermaphrodite ancestors; in this family, an-
drodioecy has evolved in several different lineages (Saunders, 2010;
Chatrou et al., 2012). The majority of androdioecious taxa are included
in tribe Malmeeae (subfamily Malmeioideae), a Neotropical group.
Malmeeae was recovered as monophyletic by Pirie et al. (2006), in-
cluding 13 genera, six of which with androdioecious species. Three
major groups are recognized in the tribe, although the relationships
among them remain unclear. Because of its phylogenetic uncertainty, it
is difficult to hypothesize the evolution of androdioecy in the tribe. In
this paper, we reconstruct the phylogeny of the tribe Malmeeae from
DNA sequences of 66 chloroplast molecular markers, and use results to
investigate the evolution of sexual systems in this tribe. We describe the
morphology of male and bisexual flowers of the androdioecious species
Pseudoxandra spiritus-sancti (Annonaceae-Malmeoideae-Malmeeae).

2. Material and methods

2.1. Phylogenomics and evolution of androdieocy

2.1.1. Taxon sampling
A total of 27 species from tribe Malmeeae were sampled. The

number of species sampled by genus and the total of species in each
genus are: Cremastosperma R.E.Fr. 2/35, Ephedranthus S. Moore 2/7,
Klarobelia Chatrou 1/12, Malmea R.E.Fr. 2/6, Mosannona Chatrou 2/14,
Onychopetalum R.E.Fr. 1/2, Oxandra A. Rich. 9/30, Pseudomalmea
Chatrou 1/3, Pseudoxandra R.E.Fr. 5/24, Ruizodendron R.E.Fr. 1/1, and
Unonopsis R.E.Fr. 1/48. Five taxa, including one Magnoliaceae, one
Anaxagoreoideae, two Annonoideae, and one Malmeoideae represent
the outgroup species (Table 1, Fig. S1).

2.1.2. DNA extraction and sequencing
Total genomic DNA was extracted from 20mg of leaves dried in

silica gel or from herbarium material using cetyl trimethyl ammonium
bromide (CTAB) method (Doyle and Doyle, 1987). The genomic DNA
was purified using the Wizard® DNA Clean-Up System following the
manufacturer’s instructions (Promega, The Netherlands).

The samples were sent to Beijing Genomics Institute, Hong Kong,
China, to be sequenced via Illumina platform in two lanes, and for li-
brary preparation. After verification of the concentration, sample in-
tegrity and purification, 1.5 µg DNA was fragmented in 500 bp by
Covaris, then the Gel-Electrophotometric was used to test the frag-
mented DNA. The fragmented DNA was combined with End Repair Mix,
incubated at 20 °C for 30 min. The end-repaired DNA was purified with
QIAquick PCR Purification Kit (Qiagen). A-Tailing Mix was then added
and incubated at 37 °C for 30min. The purified Adenylate 3′Ends DNA,
Adapter and Ligation Mix were combined and incubated at 20 °C for
15min. Adapter-ligated DNA was selected by running a 2% agarose gel
to recover the target fragments. The gel was purified with QIAquick Gel
Extraction kit (Qiagen). Several rounds of PCR amplification with PCR
Primer Cocktail and PCR Master Mix were performed to enrich the
Adapter-ligated DNA fragments. Then the PCR products were selected
by running another 2% agarose gel to recover the target fragments. The
gel was purified again with QIAquick Gel Extraction kit (Qiagen).

The final library was quantified by determining the average mole-
cule length using the Agilent 2100 bioanalyzer instrument (Agilent
DNA 1000 Reagents), and by quantifying the library by real-time
quantitative PCR (QPCR) (TaqMan Probe).

The qualified libraries were amplified on cBot to generate the
cluster on the flowcell (HiSeq PE Cluster Kit v4 cBot, Illumina). The
amplified flowcell was sequenced paired end on the HiSeq 2500 System

(HiSeq SBS Kit V4, Illumina).
The above library preparation protocol described refers to the

normal library preparation. For the sample with low amount of DNA,
less than 1 µg of DNA, low input library preparation and WGA treat-
ment were used. The low input library preparation follows the same
protocol mentioned above with some changes in the selection of frag-
mented DNA, PCR enzyme and an increase in the PCR cycles number.
The WGA treatment uses the REPLI-g® Midi Kit (Qiagen) as a first step
before the normal library preparation.

2.1.3. Chloroplast genome assembly and molecular sampling
The chloroplast genome assembly was performed using the

Interactive Organelle Genome Assembly (IOGA) pipeline (Bakker et al.,
2016). The raw sequence data, forward and reverse, for each sample
was used as input and genomes of different taxa, including Liriodendron
tulipifera L. (Magnoliaceae), were the references. The best assemblies,
those with the best Assembly Likelihood Estimation (Clark et al., 2013),
were used as the final assembly. The best assemblies for each sample
were input in Geneious R8 (Kearse et al., 2012) and mapped and an-
notated to Liriodendron tulipifera (GenBank accession DQ899947). Gene
annotations were extracted in Geneious R8. Gene sequences for samples
that could not be retrieved in the way cited above were accessed by
BLAST (Altschul et al., 1990).

2.1.4. Sexual system and morphological characters
The species analysed are either hermaphrodite or androdioecious, and

ancestral states of the sexual system were inferred using Bayesian and
parsimony analyses. (Character 1, Table 2). Other morphological char-
acters were sampled because of their importance in delimitation of the
genera involved (Table 2, Doyle and Le Thomas, 1996; Koek-Noorman
et al., 1990), allowing investigation of their role in a phylogenetic context.
A broader analysis of the evolution of morphological characters in An-
nonaceae was presented by Doyle and Le Thomas (1996).

Character states were scored using Maas and Westra (1984, 1985,
Anaxagorea), Pontes et al. (2004, Annona), Maas et al. (2007, Bocageopsis,
Onychopetalum, and Unonopsis), Pirie (2005, Cremastosperma) Safford
(1916, Desmopsis) Oliveira and Sales (1999, Ephedranthus), Lopes and
Mello-Silva (unpublished data, Ephedranthus), Chatrou (1997, 1998,
Klarobelia,Malmea,Mosannona, and Pseudomalmea), Chen and Nooteboom
(1993, Magnolia), Paul Hoekstra (unpublished data, Monanthotaxis),
Junikka et al. (2016, Oxandra) Erkens et al. (2017, Pseudephedranthus, and
Ruizodendron), Maas and Westra (2003, 2005, Pseudoxandra), and Westra
and Maas (2012, Tetrameranthus) (Table S1).

2.1.5. Ancestral state analysis
The evolution of sexual system and morphological characters in

Malmeeae was inferred by estimating the marginal posterior prob-
ability of ancestral states in a Bayesian framework. This approach al-
lows the incorporation of phylogenetic uncertainty during the in-
ference, by taking a sample of different trees generated during the
Bayesian phylogenetic analyses for estimating the ancestral states in
each node (Pagel et al., 2004). Ancestral states were estimated using
BayesTraits V2 (Pagel and Meade, 2014). The analyses were performed
for each character separately, using the module MultiState as im-
plemented in BayesTraits and the sample of 1000 post-burn-in trees.
Initially, a maximum likelihood analysis was run to derive an empirical
prior. For characters with two states, two hypotheses were tested,
which consider respectively equal and different rates of transformation
from state 0 to state 1 and from 1 to 0. A third model tested characters
with three or more states, with symmetrical rates of transformation.
The rate of transformation from state 0 to state 1 is equal to the rate
from 0 to 2 and from 1 to 2, the remaining rates, from state 1 to state 0,
from 2 to 0, and from 2 to 1, are different (Table S2). To test which of
these models fit the data best, comparisons among them were done
using the Akaike information criterion corrected for small data
(Sugiura, 1978) implemented on R (R Development Core Team, 2008).
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Character 5 (number of ovules), with four states, was analysed with the
reversible jump strategy, a faster and more efficient algorithm for
characters with four states. Bayesian analyses were run with a Markov
chain Monte Carlo approach, an exponential hyper prior of 0–20, 20
million generations, sampling every 1000th generation, discarding the
first 5 million generations (25%) as burn-in. Ancestral states were es-
timated for all nodes, except for character 4 (petal aestivation) in which
the analysis was done just for nodes of interest. For nodes with posterior
probability less than 1.0, the MRCA (most recent common ancestor)
command was applied (Pagel et al., 2004). The results of ancestral state
reconstruction are shown in the Bayesian consensus tree. Phylograms
and posterior probabilities graphs were elaborated using R (R
Development Core Team, 2008).

2.1.6. Phylogenetic analyses
One challenge that emerges with the analysis of a large data matrix

generated by next generation sequencing is to choose the best way to

partition and analyse the data. The best partition scheme was algor-
ithmically chosen with a priori partition into codon position for protein
coding genes (Lanfear et al., 2014; Kainer and Lanfear, 2015) for pre-
venting misleading results with high resolution and support values for
clades that are in fact unsupported (Simmons, 2014). For parsimony
analysis, the RATCHET, an algorithm that reduce the risk of the analysis
getting stuck in a suboptimal tree island, was used to improve the
analysis search (Nixon, 1999a).

2.1.7. Data partition and selection of substitution model
The selection of the best partitioning scheme and substitution model

for each partition was performed in PartitionFinder v1.1.1 (Lanfear
et al., 2012). This software compares numerous partitioning schemes
and selects the optimal one. The alignment was divided into codon
positions for the 64 protein coding genes, 192 data bocks were created,
plus the two intergenic region (psbA-trnH and trnL-trnF) in a total of 194
data blocks (Table S3, molecular markers). The data blocks were then

Table 1
Species of Malmeeae and outgroups sampled for the phylogenetic analyses.

Taxon Origin Voucher

Outgroup
Magnolia kobus DC. Japan Chatrou 93 (U)
Anaxagorea phaeocarpa Mart. Ecuador – Napo Maas 8592 (U)
Annona sp. nov. Neotropics Maas 8759 (U)
Monanthotaxis buchananii (Engl.) Verdc. Tanzania Bidgood 2706 (WAG)
Desmopsis bibracteata (B.L.Rob) Saff. Costa Rica Chatrou 728 (WAG)

Tribe Malmeeae
Cremastosperma cauliflorum R.E.Fr. Peru – Loreto Chatrou 224 (U)
Cremastosperma leiophyllum R.E.Fr. Bolivia – Santa Cruz Pirie 2 (U)
Ephedranthus guianensis R.E.Fr. Guyana Scharf 64 (U)
Ephedranthus amazonicus R.E.Fr. Peru – Loreto Chatrou 173 (U)
Klarobelia inundata Chatrou Peru – Loreto Chatrou 205 (U)
Malmea dielsiana R.E.Fr. Peru – Madre de Dios Chatrou 122 (U)
Malmea dimera Chatrou Panama – Panama Croat 34626 (U)
Mosannona costaricensis (R.E.Fr.) Chatrou Costa Rica – Limón Chatrou 90 (U)
Mosannona discolor (R.E.Fr.) Chatrou Guyana Jansen-Jacobs 6000 (U)
Onychopetalum periquino (Rusby) D.M. Johnson & N.A. Murray Bolivia – Beni Chatrou 425 (U)
Oxandra asbeckii (Pulle) R.E.Fr. Guyana University of Guyana, course Neotropical Botany UG-NB-55 (U)
Oxandra espintana (Spruce ex Benth.) Baill. Peru – Madre de Dios Chatrou 133 (U)
Oxandra euneura Diels Peru – Loreto Chatrou 235 (U)
Oxandra guianensis R.E.Fr. Guyana Scharf 67 (U)
Oxandra laurifolia (Sw.) A.Rich. Dominican Republic Maas 8375 (U)
Oxandra longipetala R.E.Fr. Costa Rica – Osa Chatrou 114 (U)
Oxandra macrophylla R.E.Fr. Peru – Loreto Chatrou 204 (U)
Oxandra martiana (Schltdl.) R.E.Fr. Brazil – Espírito Santo Lopes 363 (SPF)
Oxandra polyantha R.E.Fr. Peru – Loreto Chatrou 215 (U)
Pseudomalmea diclina (R.E.Fr.) Chatrou Peru – Madre de Dios Chatrou 136 (U)
Pseudoxandra angustifolia Maas Peru – San Martín Pirie 139 (U)
Pseudoxandra bahiensis Maas Brazil – Bahia Lopes 414 (SPF)
Pseudoxandra lucida R.E.Fr. Peru – Loreto Chatrou 212 (U)
Pseudoxandra obscurinervis Maas (1) Brazil – Amazonas Martins 15 (INPA)
Pseudoxandra obscurinervis Maas (2) Brazil – Amazonas Webber s.n. (U)
Pseudoxandra spiritus-sancti Maas Brazil – Espírito Santo Lopes 436 (SPF)
Ruizodendron ovale (Ruiz & Pav.) R.E.Fr. Ecuador – Napo Maas 8600 (U)
Unonopsis pittieri Saff. Costa Rica – Braulio Carillo Chatrou 68 (U)

Table 2
Characters analysis and coding. D&LT=Doyle and Le Thomas (1996), vH= van Heusden (1992), and vS&K=van Setten and Koek-Noorman (1992).

Characters States

1 – Sexual system Hermaphrodite (0) Androdioecious (1)
2 – Midrib (D&LT) Concave or flat: (0) Convex: (1)
3 – Flower number (D&LT) Always one, rarely two: (0) One to many: (1)
4 – Petal aestivation (vH) Imbricate: (0) Valvate: (1)
5 – Ovule (D&LT) More than six: (0) Two to five: (1) Always two: (2) One: (3)
6 – Stigma (D&LT) Lobed: (0) Capitate: (1) Cylindrical: (2)
7 – Stamen morphology (D&LT) Laminar: (0) Narrow with tongue-like extension connective: (1) Peltate-truncate: (2)
8 – Staminodes (vH) Absent: (0) Present: (1)
9 – Endosperm (vS&K) ribbon-shaped (0) Peg-shaped (1) Spiniform (2) Lamellate (3)

J.C. Lopes et al. Molecular Phylogenetics and Evolution 118 (2018) 379–391

381



submitted to relaxed clustering algorithm (search= rcluster), a heur-
istic algorithm that analyses a user-defined percentage of all possible
partition schemes and the respective substitution model. The substitu-
tion models analysed were GTR+G and GTR+I+G. The chosen per-
centage of 30% optimizes results and computational time (Lanfear
et al., 2014). This approach was chosen due to the large number of
possibilities to be analysed, 38,175 data subsets, which were generated
with the 194 data blocks. The best partition scheme was identified
using the Bayesian information criterion (BIC).

2.1.8. Matrix
For phylogenetic analyses, 66 molecular markers were used. The

first data set (‘complete)’ contained 33 accessions that are nearly
complete for all markers. A second data set (‘supermatrix’) contained
six additional accessions with data for only three markers, psbA-trnH,
rbcL and trnL-trnF (Table S3). These six samples were taken from Pirie
et al. (2006) and were selected to improve the taxonomic sampling, two
Malmeeae species from genera not yet sampled, (Bocageopsis pleios-
perma and Pseudephedranthus fragrans), two from genera with only one
species already sampled, (Klarobelia cauliflora and Unonopsis rufescens),
a species with uncertain phylogenetic placement, (Oxandra venezue-
lana), and one member of subfamily Ambavioideae, (Tetrameranthus
duckei). Alignments were performed using MAFFT (Katoh et al., 2002)
in Geneious R8 package (Kearse et al., 2012) and were checked in
Mesquite (Maddison and Maddison, 2015). Data concatenation was
done with SequenceMatrix, version 1.78 (Vaidya et al., 2011). The
alignment of the supermatrix contained 65,002 characters, the com-
plete matrix 64,898.

2.1.9. Maximum Likelihood (ML) analysis
For maximum likelihood (ML) analysis the RAxML (Stamatakis,

2014) web-server program was used at the CIPRES portal in San Diego,
CA, USA (Miller et al., 2010, http://www.phylo.org/portal2). A rapid
bootstrap analysis (Stamatakis et al., 2008) and search for the best-
scoring ML tree were conducted in one single program run (-f a). The
option “let RaxML halt bootstrapping automatically” was select and the
bootstrapping criterion was the extended majority rule consensus tree
(-N autoMRE). The substitution model selected was GTRGAMMA under
13 partitions as recovered by PartitionFinder (Table S4; Lanfear et al.,
2012).

2.1.10. Bayesian Inference (BI)
Two Bayesian analyses were conducted in MrBayes 3.2.6 (Ronquist

et al., 2012) one of them via CIPRES platform (Miller et al., 2010). For

each analysis, two independent analyses were run (nruns= 2) with
three heated chains and one cold chain (nchain=4). The first 25% of
samples from the cold chain were discarded as burn-in. The number of
generations of the Markov chain Monte Carlo was 71,204,000 genera-
tions for the analysis with 33 plus six samples and 100 million gen-
erations for the analysis with 33 samples. This difference is due to the
CIPRES platform in which the first analysis was performed. Both ana-
lyses were set to 100 million generations, however when the first
analysis reached 168 CPUs hours it was stopped by the system; the
second one ran in a private computer and completed the number of
generations set. Both the print and sample frequencies were set to 1000
for the first analysis and to 5000 for the second. The data were parti-
tioned following the results obtained by PartitionFinder (Table S4,
Lanfear et al., 2012). The substitution model GTR (nst= 6) was set for
each partition, with gamma shape distribution frequencies and in-
variants sites for some of the partitions, as described in the partition
scheme results (Table S4).

2.1.11. Maximum Parsimony (MP) analysis
Matrix for parsimony analysis was derived from the 65,002 char-

acters matrix used for ML and BI analyses with 33 plus six samples,
from which 61,669 uninformative characters were excluded, and nine
morphological characters were included (Tables 2 and S1), resulting in
a matrix with 3342 characters. The exclusion of uninformative char-
acters had the goal to speed up the processing time of the analysis. Data
concatenation and edition were performed on Winclada (Nixon,
1999b). Parsimony analyses were conducted using TNT (Goloboff et al.,
2003). First, a tree bisection reconnection (TBR) analysis was per-
formed. To improve the search for the most parsimonious trees, the
RATCHET was implemented with 100 iterations and five seeds and
default settings (Nixon, 1999a). Standard bootstrap analysis was per-
formed with 1000 replications. Ambiguous transformations are in-
dicated in text, and shown as ACCTRAN in the cladogram.

2.2. Flower morphology

2.2.1. Taxon sampling
Pseudoxandra spiritus-sancti (Fig. 1) was collected in its natural ha-

bitat. Trees ranging from 5 up to 15m height occur through the Atlantic
Forest in the Espírito Santo State, Brazil. The vouchers Lopes 319, with
male flower, and Lopes 436, with bisexual flower, are deposited in the
herbaria CVRD and SPF (acronyms according to Thiers, 2017).

2.2.2. Light and scanning electron microscopy
Buds and flowers were fixed using 70% formalin-acetic alcohol

(FAA) and subsequently stored in 70% ethanol. For the floral mor-
phological studies, buds were dissected in 70% alcohol under a ste-
reomicroscope, critical-point dried using an Autosamdri-815B critical-
point dryer, mounted on aluminium stubs with carbon discs and
coated with platinum in a Quorum Q150T sputter-coater. Samples
were examined and images were taken using a Hitachi S-4700 cold
field emission scanning electron microscope (SEM). Analyses of flower
morphology were complemented examining floral anatomy. Floral
buds were dehydrated in butanol and embedded in Paraplast using
standard methods. Prepared material were serially sectioned at ca
13 µm thickness, stained in safranin and Alcian blue, dehydrated
through an ethanol series to 100% ethanol, transferred to Histoclear,
and mounted in DPX mounting medium (distrene, with dibutyl
phthalate and xylene). Slides were examined using a Leica DMLB
photomicroscope fitted with a Zeiss Axiocam digital camera. Images
were processed and illustrations prepared using Adobe Photoshop
(Redwood City, CA).

Fig. 1. Bisexual flowers of Pseudoxandra spiritus-sancti. Photo: Alexandre Zuntini.
Bar= 1.0 cm.
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3. Results

3.1. Phylogenomics and evolution of androdioecy

3.1.1. Data partition and selection of substitution model
The best partition scheme has 13 subsets. Table S4 shows the par-

tition subsets and substitution models for each subset.

3.1.2. Phylogenetic relationship
The consensus tree of the Bayesian inference (BI) analysis with 33

plus six samples is shown in Fig. 2. The BI analysis with just the 33
samples with complete dataset is presented in Fig. S2. The majority rule
consensus tree generated from maximum likelihood (ML) analysis is
showed in Fig. S3. Three most parsimonious trees were found with
5565 steps each. Strict consensus tree is showed on Fig. 3.

The Bayesian inference (BI) analysis of the supermatrix (Fig. 2) has
recovered a similar topology as the analysis of the complete dataset,
(Fig. S2), showing that the addition of incompletely sampled species
does not produce limitation. The three types of phylogenetic analyses
each have recovered three highly supported groups in tribe Malmeeae,
0.95 of posterior probability (PP) in BI analysis and more than 95%
bootstrap support (BS) in ML and maximum parsimony (MP) analyses
(Figs. 2, S3, and 3). Tribe Malmeeae is monophyletic (1.0 BI, 86% ML,
87% MP) and supported by imbricate petals (character 4: state 0, am-
biguously homoplastic/two possible optimizations), and spiniform ru-
mination (9:2, homoplastic), with a change to valvate petals in Un-
onopsis, Bocageopsis, Onychopetalum group, and two changes each to
lamellate and peg-shaped rumination (Fig. 3). Malmea sister to Cre-
mastosperma and Pseudoxandra (1.0 BI, 98% ML, 88% MP) are sister to
the remaining genera. Pseudoxandra emerged as monophyletic, sup-
ported by narrow stamen with tongue-like extension connective (7:1,
homoplastic), with P. spiritus-sancti sister to the rest of the species (1.0
BI, 94% ML, 88% MP). ((Unonopsis (Bocageopsis, Onychopetalum))

(Mosannona (Ephedranthus, Klarobelia cauliflora (oxandra laurifolia
group ((((Pseudephedranthus, Klarobelia inundata) Pseudomalmea) ox-
andra eunera group) (Ruizodendron, Oxandra venezuelana)))))) is sup-
ported by convex midrib (2:1, ambiguously homoplastic) (1.0 BI, 94%
ML, 90% MP). Bocageopsis and Onychopetalum sister to Unonopsis is
supported by many flowers (3:1, homoplastic), valvate petals (4:1,
ambiguously homoplastic), cylindrical stigma (6:2 homoplastic), and
narrow stamen with tongue-like connective extension (7:1, homo-
plastic, change in Unonopsis rufescens) (1.0 BI, 100% ML, 98% MP; node
B, Figs. 2, S3, and 3). Mosannona is monophyletic and supported by
lamellate rumination (9:3, homoplastic) (1.0 BI, 100% ML, 100% MP).
Mosannona sister to (Ephedranthus, Klarobelia cauliflora (oxandra laur-
ifolia group ((((Pseudephedranthus, Klarobelia inundata) Pseudomalmea)
oxandra eunera group) (Ruizodendron, Oxandra venezuelana)))) is sup-
ported by concave to flat midrib (2:0, ambiguously homoplastic, re-
versal in Pseudephedranthus and in oxandra eunera group) (node C,
Figs. 2, S3, and 3). In this polytomy there are two highly supported
groups of Oxandra, (((O. laurifolia, O. macrophylla) O. guianensis) O.
martiana), the oxandra laurifolia group (1.0 BI, 100% ML, 75% MP;
node D, Figs. 2, S3, and 3), and ((((O. euneura, O. polyantha) O. asbeckii)
O. espintana) O. longipetala), the oxandra euneura group, supported by
convex midrib (2:1, ambiguously homoplastic) (1.0 BI, 100% ML, 99%
MP; node E, Figs. 2, S3, and 3). ((Ruizodendron ovale, Oxandra vene-
zuelana) ((Pseudomalmea diclina (Pseudephedranthus fragrans, Klarobelia
inundata)) oxandra euneura group)) is supported by lamellate rumina-
tion (9:3, homoplastic) with a change to peg-shaped rumination in
oxandra euneura group (0.7 BI, 53% ML, 2% MP). The group (Pseu-
domalmea diclina (Pseudephedranthus fragrans, Klarobelia inundata)) is
supported by androdioecy (1:1, homoplastic) (0.95 BI, 48% ML, 11%
MP), which also supports Ephedranthus (1.0 BI, 100% ML, 100% MP).

Klarobelia cauliflora is not placed together with K. inundata in the ML
and MP phylogenies, but in the polytomy that includes Ephedranthus,
both groups of Oxandra, Pseudephedranthus fragrans, Pseudomalmea, and

Fig. 2. Consensus tree from Bayesian Inference analysis. Asterisks (*) denote species with incomplete data. Letters in the nodes are cited in the text.
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Ruizodendron ovale (Figs. S3 and 3). Nevertheless, Klarobelia cauliflora
emerges as sister to K. inundata in the Bayesian analysis (0.7 BI; Fig. 2).
Oxandra venezuelana has a different position in each analysis. It is part
of a polytomy, together with Ephedranthus, Klarobelia, Oxandra, Pseu-
dephedranthus fragrans, Pseudomalmea, and Ruizodendron ovale, in the
Bayesian analysis (Fig. 2), is sister to Ephedranthus in the Maximum
Likelihood phylogeny (Fig. S3), and is sister to Ruizodendron ovale in the
Parsimony analysis (Fig. 3). Ruizodendron ovale is sister to (oxandra
euneura group ((Klarobelia, Pseudephedranthus fragrans) Pseudomalmea
diclina)) in BI and ML analyses (0.7 BI, 53% ML; Figs. 2 and S3).

3.1.3. Ancestral state analysis
The reconstruction of the sexual system shows that the ancestral

state in Malmeeae is hermaphroditism (Fig. 4A, node 6, PP 0.97). The

analysis indicates that the ancestral state at the crown node of the clade
formed by Klarobelia, Pseudephedranthus, Pseudomalmea, Ruizodendron,
and Oxandra espintana group is hermaphroditism, with moderate pos-
terior probability (Fig. 4A, node 11, PP 0.72). The analysis also suggests
that in addition to this clade androdioecy has evolved an additional
three times, in Ephedranthus (node 19), Oxandra martiana, and Pseu-
doxandra spiritus-sancti. It is unlike that androdioecy has appeared
earlier than node 9, indicating that there must have been here three
independent origins (Fig. 4A).

A concave to flat midrib is the ancestral condition in the tribe
(Fig. 4B, node 6, PP 0.90). A convex midrib is present in (Unonopsis
(Bocageopsis, Onychopetalum)), node 24, Mosannona, node 23, and the
oxandra euneura group, node 15. Their more recent common ancestor
has a convex midrib (Fig. 4B, node 8, PP 0.73). Similarly, all species of
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the oxandra euneura group except O. espintana possess a convex midrib,
the ancestral state estimated for this group (Fig. 4B, node 15, PP 0.96).
In Pseudoxandra, only P. spiritus-sancti has a convex midrib, and the
most recent common ancestor was estimated to have a concave midrib
(Fig. 4B, node 29, PP 0.70).

Solitary flowers were estimated to be ancestral in the tribe (Fig. 4C,
node 6, PP 0.95), and the character has changed five times in the
evolutionary history of Malmeeae. The ancestral condition that includes

all tribe members except Malmea, Cremastosperma, and Pseudoxandra,
was estimated as possessing uncertain character state (Fig. 4C, node 7).
The presence of many flowers represents a synapomorphy of (Unonopsis
(Bocageopsis, Onychopetalum)) Fig. 4C, node 24, PP 0.99).

Imbricate petals are ancestral in Malmeeae (Fig. 4D, node 6, PP
0.99); (Unonopsis (Bocageopsis, Onychopetalum)) has valvate petals
(Fig. 4D, node 24, PP 0.99). It is unlikely that valvate petals have arisen
previously in Malmeeae because the posterior probability of this state in

Fig. 4. Consensus tree from BI. Bars show estimation of the posterior probability (PP) for each state; A. Ancestral state analysis for sexual system. B. Ancestral state analysis for midrib. C.
Ancestral state analysis for flower number. D. Ancestral state analysis for petal aestivation.
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the preceding node is zero (Fig. 4D, node 7).
Within the tribe, a cylindrical stigma is a synapomorphy of

(Unonopsis (Bocageopsis, Onychopetalum)) (Fig. 5A, node 24, PP 0.98),
with a reversal in Bocageopsis. A lobed stigma in Cremastosperma
(Fig. 5A, node 34) was estimated to have evolved within the ancestor of
the genus (PP 0.99) and not before, because the ancestral state was
estimated to be a capitate stigma (Fig. 5A, node 28, PP 0.84). One ovule
per carpel and a capitate stigma are ancestral in Malmeeae

(Fig. 5B and A, node 6, respectively PP 0.99 and 0.95). Two to five
ovules per carpel are found only in Bocageopsis and Onychopetalum
(Fig. 5B, node 25). One ovule per carpel remained ancestral up to node
7 (Fig. 5B, PP 0.93).

Within the tribe, stamens can be narrow, with a tongue-like con-
nective, the ancestral state (Fig. 5C, node 6 PP 0.99), or peltate-trun-
cate, which has evolved seven times independently within the tribe, in
Cremastosperma (node 34), Ephedranthus (node 19), Klarobelia (node

Fig. 5. Consensus tree from BI. Bars show estimation of the posterior probability (PP) for each state. A. Ancestral state analysis for stigma. B. Ancestral state analysis for number of ovules
per carpel. C. Ancestral state analysis for stamen morphology. D. Ancestral state analysis for staminodes. Drawings from van Heusden (1992).
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14), Malmea (node 35), Mosannona (node 23), Pseudomalmea (node 12),
and Unonopsis.

Absence of staminodes is an ancestral state in Malmeeae (Fig. 5D,
node 6, PP 0.99). In the entire tribe, staminodes have been reported
only in P. spiritus-sancti. The probability of this state having arisen in the
ancestor of the Pseudoxandra lineage is low (Fig. 5D, node 29, PP 0.30).

3.2. Flower morphology

3.2.1. Flower morphology
Pseudoxandra spiritus-sancti produces male and bisexual flowers on

different individuals. In male flowers, around 40 stamens are arranged
irregularly (Fig. 7L). Each stamen possesses two thecae and a broad
filament and receives a single vascular bundle (Fig. 6B). The anther is
three times as long as the filament and the connective apex is truncate

(Fig. 6A). Pistillodes were not found in longitudinal or cross sections
(Fig. 6A and B). In bisexual flowers, ca 14 stamens are arranged irre-
gularly and laterally with respect to ca 20 carpels, which also lack
regular organization (Fig. 6C and D). Occasionally, some stamens re-
main non-functional, forming staminodes (Fig. 6E and F). Functional
stamens have anthers twice as long as the filament, and a truncate
connective apex (Fig. 6G). Each stamen is tetrasporangiate and supplied
by a single vascular bundle (Fig. 7A). Carpels have a cylindrical-con-
cave shape with a constriction at the stigma base. The stigma is long
and of irregular shape (Fig. 7B); it is covered by anticlinally elongated
cells of glandular appearance. Similar elongated epidermal cells also
cover the merged region of the carpels and the style (Fig. 7C); they also
constitute the pollen-tube transmitting tissue that extends to the ovule
micropyle (Fig. 7D). Each carpel possesses an adaxial slit that differ-
entiates early and persists until the carpel is mature (Fig. 7B). Each

Fig. 6. Pseudoxandra spiritus-sancti. A–B. Male
bud. A. longitudinal section. B. transverse section.
C–G. Bisexual bud. C. transverse section. D–G .
Scanning electron microscopy (SEM) micro-
graphs. D. (c) carpel, (st) stamen. E–F. stami-
nodes. G. stamen. Bars= 100 μm.
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carpel is supplied with one dorsal and two ventral vascular bundles,
both branching within the ovary wall (Fig. 7E–J). The ovule is ana-
tropous and bitegmic. The inner integument is two-layered and the
outer integument consists of 6–7 cell layers at the region opposite the
funiculus (Fig. 7D).

4. Discussion

4.1. Phylogenomics and evolution of androdioecy

4.1.1. Phylogenetic relationship
The tribe Malmeeae was first recognized by Walker (1971), under

the informal name ‘Malmea tribe’, based on the columellar-monosulcate
pollen grains, with similar delimitation apart from the inclusion of
Annickia, which is now classified in tribe Piptostigmateae (Chatrou
et al., 2012). Malmeeae was recovered as monophyletic by Pirie et al.
(2006), including 13 genera. Three major groups are recognized in the
tribe, although the relationships among them are unclear (Pirie et al.,

2006, matrix 1). One is a clade in which Bocageopsis and Onychopetalum
are sister to Unonopsis, the second contains Cremastosperma and Pseu-
doxandra, together sister to Malmea. The third clade includes all the
remaining genera, relationships among which are not fully resolved;
Mosannona is sister to Ephedranthus, Klarobelia, Oxandra, Pseudephe-
dranthus, Pseudomalmea, and Ruizodendron (Pirie et al., 2006, matrix 1,
Couvreur et al., 2011; Chatrou et al., 2012). Moreover, the monophyly
of Pseudoxandra received low support (Pirie et al., 2006, matrix 1).

Our results show different phylogenetic relationships (Pirie et al.,
2006, matrix 1 and 2) and improved resolution among the genera of
tribe Malmeeae (Chatrou et al., 2012). The main difference is the re-
lationships between the three main groups in tribe Malmeeae. In our
analyses (Malmea (Cremastosperma, Pseudoxandra)) has emerged as
sister to the rest of the tribe (1.0 BI, 86% ML, 87% MP), the same result
was also recovered by Hoekstra et al. (2017). The phylogenetic re-
construction of Pirie et al. (2006; matrix 2) shows the Unonopsis, Bo-
cageopsis and Onychopetalum clade sister to the remaining genera. Cre-
mastosperma and Pseudoxandra are confirmed as sister groups (Chatrou

Fig. 7. Pseudoxandra spiritus-sancti. A–J. Bisexual bud. A. transverse section of stamen. B. Scanning electron microscopy (SEM) micrograph, carpel. C. transverse section of style, showing
pollen tube transmitting tissue (arrow). D. transverse section of ovule. E–J. transverse serial sections of bisexual bud, showing ramification of ventral bundles. (d) dorsal bundle, (v)
ventral bundle. H. SEM micrograph, male bud. Bars= 100 μm.
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et al., 2012; Pirie et al., 2006), and the monophyly of Pseudoxandra is
well supported, the increase of data providing a better result in this
respect. The sister group relationship between Klarobelia and Pseude-
phedranthus has been recovered (Chatrou et al., 2012; Pirie et al., 2006).
Pseudomalmea, of uncertain position in Chatrou et al. (2012), is now
sister to Klarobelia and Pseudephedranthus, with high support in BI
analysis.

Despite these improvements, the use of 66 chloroplast molecular
markers was not sufficient to resolve the position of Oxandra venezue-
lana. The use of low-copy nuclear genes, which can prove rich in
phylogenetic information (Sang, 2002), could be a solution in future
studies. A successful strategy adopted in our analysis was the inclusion
of six species with only three out of 66 molecular markers sampled.
Adding taxa with incomplete data is an important issue in phylogenetic
analysis (Wiens and Tiu, 2012). Computational simulations with the
addition of taxa with up to 90% of missing data have proven to benefit
the accuracy of analyses in Bayesian, Maximum Likelihood and Parsi-
mony approaches (Wiens and Tiu, 2012). Bayesian and Likelihood
analyses showed better results in accuracy than Parsimony when
adding 75% more samples with only 10% of complete data to the
analyses (Wiens and Tiu, 2012). However, the paucity of data for
Klarobelia cauliflora and Oxandra venezuelana, with only 5% of complete
data, could explain their uncertain phylogenetic affinity (Figs. 2, S3,
and 3).

4.1.2. Ancestral state evolution analysis
4.1.2.1. Evolution of androdioecy. The phylogenetic relationship among
Ephedranthus, Klarobelia, Pseudephedranthus and Pseudomalmea, genera
of which all species are androdioecious, varies in each phylogeny
already published (Pirie et al., 2006; Couvreur et al., 2011; Chatrou
et al., 2012). Moreover, Oxandra martiana R.E.Fr., which is an
androdioecious species (Fries, 1931), has not been sampled in any
phylogenetic analysis so far (Pirie et al., 2006; Couvreur et al., 2011,
Chatrou et al., 2012). Our improvements in the phylogenetic
relationships among genera in Malmeeae and the inclusion of
Oxandra martiana in the analyses made it possible to hypothesize the
evolution of androdioecy in tribe Malmeeae.

Hermaphroditism is ancestral in Malmeeae, as in many other
Annonaceae (Saunders, 2010). Our results reveal that presence of male
flowers is homoplastic in the tribe and has appeared four or five times
independently, depending on the analysis considered (Figs. 3 and 4A).
Nevertheless, androdioecy is a synapomorphy of at least two groups,
one formed by Klarobelia, Pseudephedranthus, and Pseudomalmea, with
14 species, and of Ephedranthus, with seven species (Chatrou, 1998,
Lopes and Mello-Silva, in prep.). An independent evolution of andro-
dioecy has also been observed in Pseuduvaria, an Asian dioecious genus
of Annonaceae (Su et al., 2008). Although both Pseuduvaria (Miliuseae)
and Malmeeae both belong in Malmeoideae, androdioecy has different
origins in the two groups. In Pseuduvaria it is derived from dioecy and in
Malmeeae from hermaphroditism. In contrast, in Fraxinus (Oleaceae), a
woody genus that also has plesiomorphic hermaphroditism, the evo-
lution to androdioecy occurred only once and acted as an intermediate
step to the evolution of dioecy (Wallander, 2008). Some authors (Bawa,
1980; Charlesworth, 1984; Wolf and Takebayashi, 2004) have hy-
pothesized the evolution of androdioecy as an intermediate step to
dioecy, as illustrated by Fraxinus, but well-authenticated cases have not
been reported (Barrett, 2002). This postulated transition is not the case
in Malmeeae, in which dioecy has not been reported.

Thus, the evolution of androdioecy in Malmeeae is an exceptional
case, because it is neither derived from dioecy nor an intermediate step
to the evolution of dioecy, but rather derived from hermaphroditism.
An explanation that cannot be discarded is that the bisexual flowers are
here acting as female flowers, with androdioecious species being
functionally dioecious (Lloyd, 1979). However, our results in Pseudox-
andra spiritus-sancti show that bisexual flowers produce pollen, so P.
spiritus-sancti does not act as a functionally dioecious species.

4.1.2.2. Evolution of morphological features. Characters found only in
(Malmea (Cremastosperma, Pseudoxandra)) are a lobed stigma (7), an
autapomorphy of Cresmastosperma (Pirie, 2005, Figs. 3 and 5A) and the
presence of staminodes (8) in a single species of Pseudoxandra
(Figs. 3 and 5D). Staminodes are present in few genera of
Annonaceae, notably in Anaxagorea, the sister genus to the rest of the
family (Chatrou et al., 2012; van Heusden, 1992). Staminodes are also
present in Eupomatiaceae, the sister family of Annonaceae (The
Angiosperm Phylogeny Group, 2016; Endress, 1984). Our ancestral
state analysis is limited with respect to outgroups and has estimated the
absence of staminodes as ancestral in Malmeeae. However, there are
three alternative optimizations of this character within Magnoliales,
and the presence of staminodes in Pseudoxandra spiritus-sancti could be
either a reversal or a convergence.

Within Malmeeae, valvate petals are found only in Unonopsis,
Bocageopsis, and Onychopetalum. Petal aestivation was one of the main
characters used to delimit groups in past informal classifications of
Annonaceae (Koek-Noorman et al., 1990; Chatrou et al., 2012). In
Malmeeae, imbricate petals (character 4) is the ancestral state, and the
transition to valvate petals is a synapomorphy of Unonopsis, Bocageopsis,
and Onychopetalum group (Figs. 3 and 4D). Furthermore, the presence
of many flowers (3) and a cylindrical stigma (6) are also synapomor-
phies of the latter group (Figs. 3, 4C and 5A). Bocageopsis and Ony-
chopetalum are sister genera that share carpels with two to five ovules
(5), a unique novelty within the tribe (Maas et al., 2007,
Figs. 3 and 5B).

A convex or raised midrib (2), another feature that has been tradi-
tionally used to recognize Bocageopsis, Onychopetalum, and Unonopsis
(Maas et al., 2007), emerges as a synapomorphy of the clade that in-
cludes all genera except Malmea, Cremastosperma, and Pseudoxandra
(Chatrou, 1998; Maas et al., 2007; Oliveira and Sales, 1999,
Figs. 3 and 4B). However, the evolution of this feature in the tribe is
complex, with many reversals. The oxandra euneura group has a convex
midrib, the only exception being O. espintana, and the oxandra laur-
ifolia group possess impressed to flat midribs (Figs. 3 and 4B, nodes 15
and 20). Oxandra nitida R.E.Fr., included in the oxandra euneura group,
has a convex midrib, and O. sphaerocarpa R.E.Fr. and O. xylopioides
Diels, belonging to the oxandra laurifolia group, has an impressed to
flat midrib. Thus, the evolution of a convex midrib is a synapomorphy
of the oxandra euneura group. Another traditionally important feature
in previous classifications of Annonaceae, and in the recognition of
Oxandra, is the stamen shape (Prantl, 1891; van Heusden, 1992;
Junikka et al., 2016). A narrow stamen with a tongue-like connective,
found in Oxandra and other Malmeeae, is ancestral for the tribe.

The two groups of Oxandra are also supported by differences in seed
ruminations, which is spiniform in the oxandra laurifolia group, and
peg-shaped in the oxandra euneura group, except in O. polyantha, with
spiniform rumination (character 9:2; Fig. 3). The group that includes
the oxandra euneura group, ((Ruizodendron ovale, Oxandra venezuelana)
((Pseudomalmea diclina (Pseudephedranthus fragrans, Klarobelia in-
undata)) oxandra euneura group)), has lamellate rumination as the
ancestral state (Fig. 3). Ruizodendron is hermaphrodite and its eccen-
trically stipitate monocarps are unique in the tribe (Erkens et al., 2017).
An isolated species of the genus Oxandra, O. venezuelana, has an un-
certain position. Since Oxandra is polyphyletic and the oldest genus
name in the tribe, nomenclatural changes would be needed in order to
recover the monophyly of Oxandra. Unfortunately, the type species of
the genus, Oxandra lanceolata (Sw.) Baill., has not been sampled.

4.2. Flower morphology

Staminodes are rarely found in Annonaceae and do not display the
same functions as in other Magnoliales, such as pollinator attraction,
glandular secretion or prevention of selfing (Endress, 1984). Stami-
nodes are sometimes present in Anaxagorea (Maas and Westra, 1984,
1985), Monanthotaxis (Guo et al., 2017), Fusaea (Chatrou and He,
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1999),Miliusa (Chaowasku et al., 2013) Orophea (Kessler, 1988), Uvaria
(Zhou, 2010), and Xylopia (e.g. Johnson et al., 2017), all genera with
bisexual flowers, and in the female flowers of Pseuduvaria (Su and
Saunders, 2006). The absence of pistillodes in Annonaceae could be
explained by the lack of synorganization in the flower that allow carpels
to be replaced by stamens. The transition between androecium to gy-
noecium is not commonly marked (Xu and De Craene, 2010). Male
flowers of P. spiritus-sancti are unisexual from inception (type II flower,
Mitchell and Diggle, 2005) because there are no vestiges of pistillodes.

In both male and bisexual flowers of P. spiritus-sancti, the gynoecial
and androecial organs are not clearly organized into whorls, particu-
larly close to the receptacle centre (Figs. 6D and 7L). This pattern of
irregular or chaotic phyllotaxis in Annonaceae is probably derived de-
velopmentally from whorled phyllotaxis. Its origin in the family is
probably due to organ doubling, i.e., two structures initiated instead of
a single one (Endress and Doyle, 2007). Doubling has been reported in
many genera of Annonaceae, such as Anaxagorea, Cananga, Desmos,
Fissistigma, Mitrephora, Miliusa, Orophea, Polyalthia, Popowia, and Pseu-
duvaria (Endress and Amstrong, 2011, Ronse De Craene and Smets,
1990, Xu and De Craene, 2010). As already described for other Anno-
naceae (Endress and Amstrong, 2011, Periasamy and Swamy, 1956),
the carpels of P. spiritus-sancti are each supplied with three vascular
bundles, one dorsal and two ventral. The ventral bundles branch and
merge with the dorsal bundle (Fig. 7E–J).

Pseudoxandra spiritus-sancti is the first androdioecious taxon of tribe
Malmeeae to have both flowers types described in anatomical and
morphological details. It is also the only species with staminodes in
tribe Malmeeae. These results represent a first step to the understanding
of the floral morphology in androdioecious species in the Neotropical
Annonaceae.

5. Conclusions

The tribe Malmeeae is composed of three main groups, Oxandra is
polyphyletic and composed of two main groups of species plus Oxandra
venezuelana, sister either to Ruizodendron or to Ephedranthus. Thus, a
potential taxonomic solution for the polyphyly of Oxandra would be
sinking all those small and weakly delimited genera of (oxandra laur-
ifolia group ((((Pseudephedranthus, Klarobelia inundata) Pseudomalmea)
oxandra eunera group) (Ruizodendron, Oxandra venezuelana))) into a
broad delimited Oxandra (Backlund and Bremer, 1998). A taxonomic
revision and a phylogenetic reconstruction, including a broader sample
of Oxandra species, have been initiated (Junikka et al., 2016, Zwart-
senberg et al., unpublished data). Both taxonomic and phylogenetic
results will bring new information for a more reasoned decision.

Hermaphroditism is plesiomorphic in the tribe, with four in-
dependent evolutions to androdieocy, which is a synapomorphy of
((Pseudephedranthus, Klarobelia) Pseudomalmea), that includes 14 spe-
cies, and of Ephedranthus, with seven species. The other two in-
dependent origins are autapomorphies of Oxandra martiana and
Pseudoxandra spiritus-sancti. The possibility of androdioecy being in fact
a functional dioecy should be considered. Despite our morphological
results for P. spiritus-sancti, showing bisexual flowers with functional
stamens and male flowers without pistillodes, it is necessary to in-
vestigate whether both male and hermaphrodite individuals produce
offspring. Further comparative investigations are necessary to under-
stand how androdioecy is displayed in each of the two main andro-
dioecious clades in Malmeeae; this crucial information will shed more
light on the evolution of androdioecy in woody plants with hermaph-
rodite ancestors.
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