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ABSTRACT

Moyrcia is the largest exclusively Neotropical genus of the plant family Myrtaceae with c. 770 species. Although
several studies have elucidated the relationships within particular sections of the genus, to date no phylogeny
has been produced that includes a broad taxonomic and geographic representation. Here we present a phylo-
genetic hypothesis of Myrcia and close relatives comprising 253 species and based on two nuclear and seven
plastid markers. We combine previously available sequence data with 234 new sequences of the genus Myrcia for
this study. We use this phylogeny to investigate the evolution of selected morphological traits and to infer the
biogeographic history of the genus. Our results yield a highly supported phylogenetic tree where the
Myrceugenia group is sister to the Myrcia and Plinia groups. Five Myrcia species previously considered unplaced
emerge in a newly circumscribed clade. The monophyly of two Myrcia sections previously considered uncertain,
Aulomyrcia and Gomidesia, are confirmed with strong support. Flowers with free calyx lobes, 2-locular ovaries,
and anthers with symmetrical thecae are ancestral features of Myrcia. The Myrcia sect. Gomidesia is highly
supported and recovered as monophyletic, with asymmetric anthers that retain their curvature after dehiscence
as a morphological synapomorphy. The Atlantic Forest is the most likely ancestral area of the genus and most of
its internal clades, from where multiple lineages colonized different regions of South and Central America, in
particular the Brazilian Cerrado through multiple unidirectional range expansions. The southern Atlantic Forest
is the ancestral area for Myrcia sect. Gomidesia, with lineages reaching the northern Atlantic Forest, Cerrado,
Yungas, and other savanna vegetation of South America. Our results provide a solid backbone for further evo-
lutionary and taxonomic work and clarify several previously uncertain relationships in this mega-diverse plant
group, and shed light on its geographical range evolution.

1. Introduction

The plant family Myrtaceae comprises 142 genera, 17 tribes and
5500-5800 woody plant species of closed or open forests or woodlands
(Wilson, 2011; WCSP [World Checklist of Selected Plant Families],
2017). The family includes many economically and widely known im-
portant relatives, such as eucalypts, ara¢d-boi, clove, myrtle, rose apple,

jabuticaba, guava, pineapple guava, pitanga, strawberry guava and tea
tree (Kawasaki and Holst, 2004). Myrteae is the most species rich tribe
with c. 2500 species, found mainly in the Neotropics but with few
species in Australia and Asia (Wilson et al., 2005; Wilson, 2011). Fol-
lowing Vasconcelos et al. (2017a), tribe Myrteae is composed of ten
main clades, eight of which comprise the Neotropical lineage (i.e.
Blepharocalyx, Eugenia, Myrceugenia, Myrcia, Myrteola, Pimenta,
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Plinia, Psidium groups). Myrcia (sensu Lucas et al., 2018) is the second
most species-rich genus in the tribe with c. 770 species, most of which
are distributed in either the Atlantic Forest, the Cerrado, or the Amazon
basin (Lucas et al., 2011; BFG [the Brazil Flora Group], 2015; WCSP,
2017).

Myrcia is one of the most taxonomically complex and morphologi-
cally homogenous genera of Myrtaceae. The taxon currenly recognised
as a single genus (sensu Lucas et al., 2018) was until recently recognized
as four distinct genera: Calyptranthes Swartz, Gomidesia O. Berg, Mar-
lierea Cambessedes, and Myrcia DC. All four genera have been inferred
to be either para- or polyphyletic by molecular analyses in the last
10years (ie. Calyptranthes in Wilson et al., 2016; Marlierea in
Staggemeier et al., 2015; Santos et al., 2016, 2017; and Gomidesia in
Lucas et al., 2011. In place of the four traditionally recognized genera,
Myrcia is now divided in nine sections, each representing highly sup-
ported clades (Lucas et al., 2011, 2018). All the nine sections are
morphologically recognizable, and have been corroborated by multiple
molecular phylogenetic studies (Staggemeier et al., 2015; Santos et al.,
2016; Wilson et al., 2016; Vasconcelos et al., 2017a).

Despite recent efforts to infer the phylogenetic relationships within
Myrcia, some phylogenetic relationships between the Myrcia clades
remain unclear (Staggemeier et al., 2015; Santos et al., 2016, 2017;
Wilson et al., 2016; Vasconcelos et al., 2017a). In particular, previous
molecular phylogenetic studies included a limited representation of
Myrcia sect. Gomidesia. Re-evaluation of that circumscription is desir-
able, particularly after inclusion of Myrcia mischophylla Kiaersk. (Lucas
et al., 2007, 2011) a species not previously associated with Gomidesia.
The monophyly of Myrcia sect. Aulomyrcia has also been questioned due
to its low phylogenetic support (Staggemeier et al., 2015; Santos et al.,
2016), with paraphyly also inferred (Santos et al., 2017). The uncertain
relationships within Myrcia currently hinder monographic work, pre-
venting revision of a single section without considering the whole
genus.

To address these issues, here we: (1) Infer the phylogenetic re-
lationships among Myrcia and related groups, expanding on and testing
previous phylogenetic hypotheses. (2) Test the monophyly of Myrcia
sections Aulomyrcia and Gomidesia. (3) Identify the phylogenetic posi-
tion of previously unplaced Myrcia species. (4) Evaluate the evolution
of morphological characters in Myrcia and Myrcia sect. Gomidesia; and
(5) infer the geographical range evolution of Myrcia and Myrcia sect.
Gomidesia within the Neotropics. To pursue these goals we compile the
most comprehensively-sampled phylogeny of Myrcia to date, using a
broad molecular matrix with existing and newly available sequences,
and integrating it with both morphological characters and geographical
distributions.

2. Material and methods
2.1. Taxon sampling and DNA sequencing

A total of 255 accessions of tribe Myrteae were sampled, re-
presenting the Blepharocalyx, Myrceugenia, Myrcia, and Plinia groups
(sensu Lucas et al., 2007; Vasconcelos et al., 2017a). Non-Myrteae
outgroups were represented by two accessions of tribes Syzygieae and
Eucalypteae (sensu Wilson et al., 2005; see Appendix A for a complete
list of sampled species and vouchers). The external transcribed spacer
(ETS) and internal transcribed spacer (ITS) of the ribosomal nuclear
region and seven plastid markers (matK, ndhF, psbA-trnH, rpl16, rps16-
trnQ, rpl32-trnL, and trnL-trnF) were used, resulting in a dataset com-
prising 1418 sequences obtained from 253 species. A total of 234 se-
quences of the genus Myrcia were generated for this study and the re-
maining were obtained from previous studies (Systma et al., 2004;
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Lucas et al., 2007, 2011; Murillo et al., 2012, Staggemeier et al., 2015;
Santos et al., 2016; Wilson et al., 2016; Vasconcelos et al., 2017a) via
GenBank (Benson et al.,, 2013) using the SUPERSMART platform
(Antonelli et al., 2017).

Total DNA was extracted mainly from 0.3 g of silica-gel-dried leaf
material (0.2 g from herbarium samples) using a modified CTAB (ce-
tyltrimethylammonium bromide) protocol (Doyle and Doyle, 1987).
Some samples were extracted using a DNeasy kit (Qiagen) according to
the manufacturer’s protocols. Amplification and purification of target
DNA regions was executed according to protocols outlined in Lucas
et al. (2007, 2011), Murillo et al. (2012) and Staggemeier et al. (2015).
Amplified products were sent for Sanger sequencing at the Platform of
sequencing-LABCEN/CCB at the Universidade Federal de Pernambuco
in Brazil or the Jodrell Laboratory of the Royal Botanic Gardens Kew in
the UK. DNA sequences were assembled and edited in Geneious v.7.1.9
(Kearse et al., 2012) and aligned using the MUSCLE (Edgar, 2004)
plugin with subsequent manual adjustment.

2.2. Phylogenetic analyses

Phylogenetic relationships were reconstructed using both Maximum
Likelihood (ML) and Bayesian Inference (BI). Analyses were performed
separately on each dataset and combined afterwards. jModelTest
v.2.1.6 (Darriba et al., 2012) was used to select the best model of DNA
substitution for each individual marker in the combined dataset.

Maximum Likelihood (ML) analyses were performed with RAXML
v8.2.8 (Stamatakis, 2006, 2014) using the rapid bootstrap algorithm
with 1000 replicates to assess branch support, combined with a search
of the best-scoring ML tree under default parameters. Bayesian In-
ference (BI) was performed using MrBayes v.3.2.6. (Ronquist et al.,
2012). Four independent runs with four Markov Chain Monte Carlo
(MCMC) runs were conducted, sampling every 1000 generations for
20 million generations. Each run was evaluated in Tracer v.1.6
(Rambaut et al., 2014) to determine that the estimated sample sizes
(ESS) for each relevant parameter was higher than 200. The consensus
tree was generated in MrBayes with a burn-in of 25%. The consensus
tree and posterior probability (PP) were visualized and edited in Fig-
Tree v.1.4.2. (Rambaut, 2014). All analysis of ML, BI and jModelTest
were performed in the CIPRES Science Gateway (Miller et al., 2010).
Support values were considered high when bootstrapping (BS) was
=>70% (Hillis and Bull, 1993) and posterior probability (PP) was =0.95
(Erixon et al., 2003; Pirie, 2015). Informal clade classification follows
Lucas et al. (2007, 2011), and Staggemeier et al. (2015). Names and
numbers of Myrcia sections refer to the circumscriptions proposed by
Lucas et al. (2011, 2018), Staggemeier et al. (2015; subclades a-g in
Myrcia sect. Aulomyrcia [9]) and by Lucas et al. (2007) and Vasconcelos
et al. (2015, 2017a; informal groups in Myrteae).

2.3. Ancestral reconstruction of morphological traits in Myrcia

In Myrcia systematics, calyx fusion, ovary locularity and anther
specializations are traditionally used in infrageneric classification
(Berg, 1855-1856; Legrand, 1958; McVaugh, 1968, 1969; Vasconcelos
et al., 2017a; Lucas et al., 2018; Supplementary Material S1-S4). Evo-
lution of these three morphological traits was reconstructed using an-
cestral character reconstruction based on the here inferred Myrcia
phylogenetic hypothesis. For Myrcia sect. Gomidesia, three morpholo-
gical traits were used to compile informal groups and infra-taxonomical
classification: thecal displacement, presence/absence of anther glands
and trichomes on abaxial leaf surface; S5-S8 were analyzed. Characters
were scored on the basis of herbarium and field observations and data
available in literature (Lucas et al., 2011; BFG, 2015; WCSP, 2017;
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Amorim, 2017).

Bayesian analysis was used to infer ancestral state reconstructions.
The evolution of selected morphological characters was reconstructed
on the Bayesian Inference topology using the Bayesian Binary MCMC
(BBM) tool implemented in RASP v.3.2. (Yu et al., 2015) using default
parameters. For analyses of calyx fusion, ovary locularity and anther
specializations, outgroup taxa and duplicate accessions of a single
species were removed to avoid potential bias from over-representation.
The tree was pruned to exclude the Blepharocalyx, Myrceugenia,
Myrtus and Plinia groups, along with Myrcia fenzliana O. Berg (DF), M.
aff. hirtiflora DC., M. aff. racemosa (O. Berg) Kiaersk., M. rorida (O. Berg)
Kiaersk., M. springiana (O. Berg) Kiaersk. (PE), and M. sp. 2 (voucher: V.
Staggemeier 792) using the ape package (Paradis et al., 2004) im-
plemented in R (R Core Team, 2008).

2.4. Geographic range evolution of Myrcia

The geographical range evolution of Myrcia was reconstructed as a
character in the phylogeny using the same methodology as above and
departing from the current distribution of extant species. The geo-
graphic range was delimited following the biogeographic subregions of
the Neotropics proposed by Morrone (2006, 2014), as follows: (A)
Atlantic Forest. This area resembles the Parana sub-region (sensu
Morrone, 2006) and includes the Atlantic, Parana Forest and Araucaria
provinces (Morrone, 2014). In the case of Myrcia sect. Gomidesia ana-
lyses, a regionalization of this subregion was adopted, due to the in-
fluence of the Doce river flow, a putative barrier between the North and
South portions, thought to shape species distribution (Prance, 1982;
Carnaval and Moriz, 2008; Turchetto-Zolet et al., 2016; Zizka et al.,
2017) and its relevance in sect. Gomidesia species distribution (Amorim,
2017). (B) South American Dry Diagonal. This area resembles the
Chacoan subregion (sensu Morrone, 2006), that includes the Cerrado
and Chacoan provinces (Morrone, 2014) plus Campo Rupestre vegeta-
tion of Central-eastern Brazil (Giulietti and Pirani, 1988). (C) Amazon
basin. This area includes the Boreal Brazilian and South Brazilian do-
mains (Morrone, 2014), represented by the Napo, Imeri, Pantepui,
Guianan Lowlands, Roraima, Pard, Ucayali, Madeira, Rondonia and
Yungas provinces (Morrone, 2014). (D) Andean highlands. This area
correponds to the South America transition zone (sensu Morrone, 2006),
which includes the Paramo, Desert, Puna, Atacaman, Prepuna and
Monte provinces (Morrone, 2014). (E) Caribbean. This area is similar to
the Antillean subregion (Morrone, 2014). (F) Pacific dominion. This
area includes Balsas Basin, Mosquito, Pacific Lowlands, Veracruzan and
Yucatan Peninsula provinces (sensu Morrone, 2014).

3. Results

The combined and aligned dataset comprises 8770 bp of two nuclear
and seven plastid regions (Table 1). The combined nuclear regions (ETS
and ITS) comprise 17.4% (1531 bp) of the total dataset length and
contain 40.2% variable and 25.7 phylogenetically informative char-
acters (against 23.6% of variable and 10% phylogenetically informative
characters in the plastid regions). The combined plastid region (matK,
ndhF, psbA-trnH, rpl16, rps16-trnQ, rpl32-trnL, and trnL-trnF) represent
82.5% (7239 bp) of the total dataset. Of the nuclear regions, ETS pro-
vided most variation and presence of phylogenetically informative
characters (40.6% and 27%, respectively), followed by ITS (39.9% and
24.7%, respectively). Of the plastid markers, psbA-trnH, rpl32-trnL and
rps16-trnQ provided most variable and phylogenetically informative
characters (33.9% and 15%, 30.0% and 12.2%, 29.1 and 13.6%, re-
spectively), while matK and ndhF were the least variable regions (11.8%
and 3.9%, 19.4% and 9.4%, respectively). The best-fitting substitution
models selected through the Akaike Information Criterion (AIC)
(Akaike, 1974) were GTR + G for matK, ndhF, rpl16 and rpl32-trnL, and
GTR+1+G for ETS, ITS, psbA-trnH, rps16-trnQ and trnL-trnF (Table 1).
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Table 1

Sequence statistics summary for the analysed markers used to infer phylogenetic relationships.

Nuclear combined Plastid combined All data combined

ITS matK ndhF psbA-trnH pl16 rpl32-trnL ps16-trnQ trnL-trnF

ETS

257 257

216 174 250
849

115

914
720 (76.9%) 598 (65.4%) 928 (60.2%)

228 128
936
189 (20.1%) 275 (30.0%)

869

132
780

250 73

928

102
603

No. of taxa

8770

7239 (82.5%)
4994 (68.9%)
1710 (23.6%)
731 (10%)

28.8%

1531 (17.4%)

1541

1350

Aligned length (bp)
Conserved characters
Variable characters

5800 (66.1%)
2326 (26.5%)
1124 (12.8%)

32.3%

603 (71.0%) 806 (52.6%)
184 (21.6%) 616 (40.2%)

80 (9.4%)
34.9%

389 (44.7%)

1173 (86.8%) 580 (74.3%)

160 (11.8%)
53 (3.9%)

33.6%

482 (51.9%)

324 (53.7%)

449 (29.1%)

295 (33.9%)
131 (15%)

26%

152 (19.4%)
73 (9.4%)
28.4%

371 (39.9%)

245 (40.6%)
163 (27%)

49.0%

393 (25.7%)

54.3%

112 (12.2%) 209 (13.6%)

28.6%

73 (7.8%)
30.3%

230 (24.7%)
55.9%

Phylogenetically informative characters

Mean CG content

26%
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GTR+I1+G  GTR+I+G GTR+G GTR+G GTR+G GTR+G GTR+G GTR+I1+G

GTR+G

Substitution model
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__< Sections C: M, i i
Myrcia [5], Reti [6l, i ia [7], [8] and clade 10

e

Myrcia group

PAM Clade

Neomitranthes cordifolia
Siphoneu_gsna densiflora ’

Plinia sp1

Plinia pauciflora
Plinia cordifolia
Plinia nana Plinia group
Myrciaria cuspidata
Myrciaria floribunda
Myrciaria glazioviana
Myrciaria vexator

0.9a Algrizea minor

]Myrtus group

1
1—99<| Blepharocalyx salicifolius
84
Blepharocalyx eggersii

0.009

Fig. 1. Bayesian Inference (BI) majority rule consensus tree from the combined analysis of ITS (internal transcribed spacer), ETS (external transcribed spacer), matK,
ndhF, pasbA-trnH, rpl16, rps16-trnQ, rpl32-trnL, and trnL-trnF. Posterior probabilities (from the BI analysis) greater than 0.95 are shown above branches; bootstrap
percentages (from the ML analysis) greater than 70 are shown below branches. PE = state of Pernambuco (Brazil); BA = state of Bahia (Brazil); DF = Federal District
(Brazil); REP = Dominican Republic. Myrcia sections follow Lucas et al., 2018; clades 1-9 follow Lucas et al., 2011; subclades 9a-9g follow Staggemeier et al., 2015.
Clade 10, and subclades 1a, 1b, 3a, 3b, 5a, 5b, along with Springiana, Vittoriana, Pubescens and Cerqueiria subclades are newly used here. Scale bar: expected

number of nucleotide substitutions per site.
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Fig. 1. (continued)
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3 Sect. '
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Calyx lobes Ovary locules
9e e
I Free calyx lobes B 2-ocular
Fused and calyptrate calyx, [ 2 or 3-locular
falling as a calyptra B 3-locular

[ Calyx partialy to completely fused
tearing vertically through the calyx
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2

99 9g ¢
I:' Calyx apparent closed in bud, irregularly
tearing vertically through the hypanthium

Fig. 2. Evolution of key morphological traits in Myrcia and relatives, showing the most likely ancestral character traits at all internal branches of the Bayesian
Inference majority rule consensus tree from Fig. 1, inferred using Bayesian Binary MCMC. (A) Calyx lobes. (B) Ovary locules. Pie charts for each node indicate
probabilities of character states. Colours indicate the proportional likelihood of the states reconstructed for each node (see text). Only ancestral states of strongly-
supported clades are shown.
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3.1. Phylogenetic reconstruction

Phylogenetic reconstructions of each individual partition resulted in
generally low support values in both ML and BI analyses. Nevertheless,
major clades were recovered with statistically significant bootstrap and
posterior probabilities and no significant topological contradictions.
Results and discussions presented here focus on the combined dataset as
it provided greater resolution and statistical support, without contra-
dicting the individual analyses (Fig. 1a, b). The consensus trees ob-
tained under ML and BI were very similar (see S9 for ML topology),
diverging only in the weakly supported phylogenetic position of Ble-
pharocalyx eggersii (Kiaersk.) Landrum in relation to the rest of tribe
Myrteae and the placement of clade 10 within Myrcia.

3.2. Phylogenetic relationships within tribe Myrteae

Fig. 1a shows the most probable relationships within tribe Myrteae,
which emerges monophyletic (BS = 100; PP = 1) with Blepharocalyx
eggersii as sister to the rest of the tribe. Blepharocalyx salicifolius (Kunth)
O. Berg (BS = 84; PP = 1) emerges sister to a clade (BS = 70) com-
prising the Myrtus group (BS = 70; PP = 1), the Myrceugenia group
and the PAM [Plinia, Algrizea and Myrcia] clade (sensu Vasconcelos
et al.,, 2015). The Myrtus group (BS = 70; PP = 1) is sister to the
Myrceugenia group plus the PAM clade (BS = 80; PP = 0.98). Within
this clade, the Myrceugenia group (BS = 81; PP = 1) is sister to the
PAM clade (BS = 96; PP = 1), which splits into two sister lineages
comprised of the Plinia (BS = 83; PP = 1) and the Myrcia groups
(BS = 94; PP = 1, Fig. 1a).

3.3. Phylogenetic relationships within Myrcia

Ten strongly supported clades are here recognized within Myrcia
(Fig. 1a, b). These include the nine sections [1-9] described by Lucas
et al. (2018) and a tenth clade, hereafter referred to as clade 10. Myrcia
sect. Aulomyrcia (O. Berg) Griseb. [9] (BS = 81; PP = 0.97) is sister to a
weakly supported clade composed of the rest of the Myrcia group.
Within this clade, Myrcia sect. Myrcia [5] (BS = 96; PP = 1) is sister to
the clade composed of the remaining Mpyrcia lineages (BS = 73;
PP = 1). Within that latter clade, Myrcia sect. Reticulosae D.F. Lima & E.
Lucas [6] (BS = 96; PP = 1) is sister to a clade (PP = 1) comprising the
sections Calyptranthes (Sw.) A.R. Lourenco & E. Lucas [1], Eugeniopsis
(O. Berg) MLF. Santos & E. Lucas [2], Gomidesia (O. Berg) B.S. Amorim
& E. Lucas [3], Aguava D.F. Lima & E. Lucas [4], Sympodiomyrcia M.F.
Santos & E. Lucas [7], Tomentosae E. Lucas & D.F. Lima [8] and the
clade 10. Myrcia sects. Calyptranthes (PP = 0.99), Sympodiomyrcia
(BS = 100; PP = 1) and clade 10 (BS = 93; PP = 1) are strongly sup-
ported as monophyletic but relationships among them receive weak
support. That latter clade is sister to a strongly supported group com-
posed of Myrcia sects. Eugeniopsis, Gomidesia, Aguava, and Tomentosae
(BS = 75; PP = 1). Within this group, two main lineages are identified,
the first (BS = 81) unites sections Eugeniopsis (BS = 100; PP = 1) and
Tomentosae (BS = 100; PP = 1), while the second shows a strongly
supported relationship (BS = 89; PP = 1) between sections Gomidesia
(BS = 96; PP = 1) and Aguava (BS = 99; PP = 1). Myrcia sect. Aulo-
myrcia [9] also splits into two lineages. The first (BS = 74) comprises
the strongly supported subclade 9a (sensu Staggemeier et al., 2015)
including Myrcia aulomyrcioides E.Lucas & C.E.Wilson, M. caudata
(McVaugh) E.Lucas & C.E.Wilson, M. mcvaughii (B. Holst) E.Lucas &
C.E.Wilson, M. abbotiana (Urb.) Alain, and M. maricaensis Alain, with
subclades 9b and 9c, along with eigth unplaced species. The second
main lineage (BS = 100; PP = 1) splits into two other strongly sup-
ported lineages. The first (BS = 100; PP = 1) is composed of Myrcia sp.
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7 as highly supported as sister to subclades 9d and 9e, while the second
lineage (BS = 90; PP =1) is composed of subclades 9f and 9g.
(Fig. 1a).

3.4. Phylogenetic relationships within Myrcia sect. Gomidesia

Our results corroborate Myrcia sect. Gomidesia (or clade 3) as
monophyletic (BS = 84; PP = 1). This clade is composed of two highly
supported lineages, the 3a (BS = 93; PP = 1) and 3b (BS = 84; PP = 1;
Fig. 1b), each composed of two subclades. In 3a, Springiana subclade
(BS = 72) is composed of a lineage in which Myrcia grazielae NicLugh.,
M. springiana (O. Berg) Kiaersk. and M. pendula Sobral are nested
(PP = 0.98) and sister to a group of species which comprises M. lugh-
adhae B.S. Amorim, M. rosangelae NicLugh. and M. serrana B.S. Amorim.
Vittoriana subclade is highly supported (BS = 91 and PP = 1) and
composed of M. amplexicaulis (Vell.) Hook.f., M. carvalhoi NicLugh., M.
crocea Kiaersk., M. espiritosantensis B.S. Amorim, M. magnifolia (O. Berg)
Kiaersk., M. pseudospectalibis Sobral, M. spectabilis DC. and M. vittoriana
Kiaersk. In 3b, Pubescens subclade (BS = 78; PP = 1) is the most spe-
cies rich clade and is composed of Myrcia anacardiifolia Gardner, M.
aurea NicLugh., M. barituensis (Legmane) B. Holst, M. brasiliensis
Kiaersk, M. congestiflora Calliari & V.C. Souza, M. cordiifolia DC., M.
eriocalyx DC., M. fenzliana O. Berg, M. grandifolia Cambess., M. hart-
wegiana (O. Berg) Kiaersk., M. hebepetala DC., M. ilheosensis Kiaersk., M.
mischophylla Kiaersk., M. montana Cambess., M. neospruceana E. Lucas &
Sobral, M. palustris DC., M. pubescens DC., M. reticulata Cambess., M.
squamata (Mattos & D. Legrand) Mattos, M. subsericea A. Gray and M.
tijucensis Kiaersk.. Cerqueiria subclade is sister to M. flagellaris (D. Le-
grand) Sobral and composed of Myrcia cerqueiria (Nied.) E. Lucas &
Sobral and M. ruschii B.S. Amorim.

3.5. Evolution of morphological traits within Myrcia

The state of free calyx lobes appears plesiomorphic in Myrcia
(Bayesian posterior probability - BPP 0.99; Fig. 2a) with independent
shifts to a fused calyx. Myrcia sect. Aulomyrcia [9] has species with free
or apparently closed buds (see Vasconcelos et al., 2017b) but the an-
cestor of this group apparently had free calyx lobes (BPP 0.99), with
bud closure events in subclades 9a, 9d, 9e, 9f. These events of bud
closure occurred independently in multiple species within section Au-
lomyrcia; only subclades 9d, 9e, and the ancestor of Myrcia aulo-
myrcioides, M. caudata, M. mcvaughii, M. aff montana and Marlierea sp.
(Harms 20) have an ancestral node with a closed bud (Fig. 2a). Species
of Myrcia sects. Calyptranthes and Sympodiomyrcia can also possess
closed buds, but these are morphologically distinct in other ways.
Myrcia sect. Calyptranthes species have a closed bud with the calyx
falling as a calyptra at anthesis, whereas section Sympodiomyrcia has
species with closed buds and calyx lobes that tear regularly (Fig. 2a) at
anthesis. The probability that the ancestor of section Calyptranthes had
closed buds is 0.94, whereas the ancestor of section Sympodiomyrcia
was likely to have had free calyx lobes (BPP 0.83). Closed buds are also
found in Myrcia sect. Eugeniopsis where the calyx can be partially to
completely fused (rarely free), tearing vertically through the calyx as in
section Aulomyrcia. It is highly probable (BPP 0.97) that the ancestor of
this clade had free calyx lobes.

A 2-locular ovary is the plesiomorphic character state for Myrcia
(BPP 0.99). Independent shifts to 3 or more locular ovaries have oc-
curred in Myrcia sects. Calyptranthes, Gomidesia, Aguava, Reticulosae and
clade 10 (Fig. 2b). The most likely ancestral state of sections Calyp-
tranthes, and Gomidesia is 2-locular (both BPP 0.99) with relatively
common shifts to 3 or 4-locular species (Fig. 2b). Otherwise sections
Aguava, Reticulosae and clade 10 appear to have had ancestors with 3-
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locular ovaries (BPP 0.86, 0.93, and 0.82, respectively).

The symmetric anther with reversed curvature of the thecal wall on
dehiscence is recovered as the ancestral state of Myrcia and all sections
(BPP 0.99, each; Fig. 3a). The only variation to this is in the Myrcia sect.
Gomidesia (BPP 0.86), where all species, to a lesser or greater extent,
have asymmetric anthers in which the thecal walls retain curvature
after dehiscence or have a visible septum (Fig. 8d), and clade 10 (BPP
0.89) in which anthers are also asymmetric with a visible pseudo-
septum (Figs. 3a, 6a).

3.6. Evolution of morphological traits within Myrcia sect. Gomidesia

Two anther traits were used here: (1) proportion of thecal dis-
placement and (2) presence or absense of glands (Fig. 7a-b). In species
of the Gomidesia clade, the most common degree of thecal displacement
is one quarter of the anther size (Fig. 8b). This character occurs in all
subclades and is returned as the ancestral state of the clade (BPP 99%)
and for all subclades proposed here (Cerqueiria, BPP 97%; Pubescens,
BPP 93%; Springiana, BPP 99%; and Vittoriana, BPP 94%). Thecal
displacement of one sixth to one eigth of total anther length occurs
occasionally in Cerqueiria, Pubescens and Vittoriana subclades
(Figs. 7a, 8c). Gomidesia clade species in which thecal displacement is
one half of anther length, are found in most species of Pubescens sub-
clade only; however, the ancestral state for thecal displacement in this
clade is one quarter (Figs. 7a, 8a).

The presence of anther glands is recovered as the ancestral state of
the Gomidesia clade (BPP 99%) and for all subclades proposed
(Cerqueiria, Springiana and Vittoriana, BPP 99%, each; and Pubescens,
BPP 95%; Fig. 7b). The absence of anther glands is restricted to a few
lineages of Pubescens subclade and only Myrcia brasiliensis varies be-
tween both states.

The non-anther traits used was trichomes on abaxial leaf surface.
The ancestral state of indument on the abaxial leaf surface of the
Gomidesia clade is apressed trichomes (BPP 98%; Fig. 7c). This feature
is also recovered for all subclades (Cerqueiria, BPP 91%; Springiana,
BPP 93%; and Vittoriana, BPP 96%), except for Pubescens subclade,
which is unresolved with states shared between apressed (BPP 37%)
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2500 Km

Fig. 4. Biogeographic areas used here for the analysis of geographical range
evolution of Myrcia and relatives (based on Morrone, 2006, 2014).
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and manicate (BPP 36%). Lineages with ascending to erect trichomes
on the abaxial leaf surface evolved independently in the four subclades
proposed. The state of manicate trichomes on the abaxial leaf surface
occurred only in Pubescens subclade.

3.7. Geographical range evolution in Myrcia

The most likely ancestral area for Myrcia is the Atlantic Forest (BPP
0.98; Figs. 3b, 4). This pattern is shared by all Myrcia sections. Myrcia
sects. Eugeniopsis (BPP 0.99), Gomidesia (BPP 0.98), Aguava (BPP 0.82),
Reticulosae (BPP 0.99), Sympodiomyrcia (BPP 0.98), and Tomentosae
(BPP 0.92), appear to have subsequently and independently migrated
from the Atlantic Forest to the Amazon basin (sect. Aguava), Cerrado
(sects. Eugeniopsis, Gomidesia, Aguava, Reticulosae, Sympodiomyrcia and
Tomentosae), the Andean highlands and Yungas (sect. Gomidesia), or
become widespread (sects. Aguava, Myrcia and Tomentosae). Although
sections Calyptranthes, Myrcia and Aulomyrcia share the Atlantic Forest
as their ancestor (BPP 0.82, 0.92, and 0.93, respectively), the Amazon
basin and/or the Caribbean appears to be the most likely ancestral area
of some of their main lineages. The main subclades of sect. Calyp-
tranthes (1a and 1b) are inferred with the Atlantic Forest (BPP 0.81) and
Amazon basin (BPP 0.84) as most likely ancestral areas, respectively.
The most likely ancestral areas of subclades 5a and 5b of Myrcia sect.
Myrcia have the Amazon basin (BPP 0.74) and Atlantic Forest (BPP
0.99) as their ancestors, respectively. The Amazon basin is the most
likely ancestral area of subclade 9a plus its unplaced species (BPP 0.93),
while the Atlantic Forest plus the Cerrado is the mostly likely ancestral
area of subclades 9b (BPP 0.65) and 9c (BPP 0.91), respectively. The
Atlantic Forest is the most likely ancestral area of subclades 9d, 9e, 9f
(BPP 0.99, each), and the Amazon basin is the most likely ancestral area
for subclade 9 g (BPP 0.56). Clade 10 is composed entirely of Atlantic
Forest species, where it originated (BPP 0.99).

3.8. Geographical range evolution in Myrcia sect. Gomidesia

The most likely ancestral recovered for the Myrcia sect. Gomidesia is
the southern region of the Atlantic Forest (BPP 0.45; Fig. 7d). This same
ancestral biome is recovered for clades 3b (BPP 0.62) and Cerqueiria
clade (BPP 0.74; Fig. 7d). The ancestral of Pubescens subclade is un-
resolved with states shared between Caribbean (BPP 0.22) and Cerrado
(BPP 0.22). This subclade apparently shifted into the highest number of
different vegetation types with most of its lineages from southern
Atlantic Forest, and others from southern Atlantic Forest plus Cerrado,
endemic to Cerrado or widespread in Atlantic Forest. Myrcia fenzliana is
the most widespread species, which in addition to the cited vegetation
types also occurs in the savanna vegetations of South America, Lesser
Antilles and West Indies. Myrcia barituensis is restricted to Yungas ve-
getation from northwestern Argentina and Bolivia. Cerqueiria subclade
is also composed of Atlantic Forest species (Fig. 7d). The ancestor of
clade 3a is the northern portion of the Atlantic Forest (BPP 0.76). The
vegetation recovered for Springiana subclade is the northern Atlantic
Forest (BPP 0.98), while the most likely vegetation of Vittoriana sub-
clade is widespread in the Atlantic Forest (BPP 0.59; Fig. 7d).

4. Discussion

The phylogenetic results presented here corroborate the relation-
ships within Myrteae proposed by previous phylogenetic studies (Lucas
et al., 2007, 2011; Vasconcelos et al., 2017a), except for the Blephar-
ocalyx group (sensu Vasconcelos et al., 2017a), composed of B. egresii
and B. salicifolius, which is here recovered as paraphyletic. The whole
genus Blepharocalyx, when also including B. cruckshanskii (placed in
Myrceugenia group), is polyphyletic, a result already previously
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recovered by studies cited above. Since we did not originally aim to test
the monophyly of the Blepharocalyx group nor that of the genus Ble-
pharocalyx, and our sampling is not sufficient to properly investigate it,
we continue to adopt the circumscription of these groups as proposed
by Vasconcelos et al. (2017a). The multi-locus analysis presented here
strongly supports the PAM clade (sensu Vasconcelos et al., 2015) sister
to Myrceugenia group.

The analyses presented there also confirm the monophyly of Myrcia
and its nine sections (Lucas et al., 2011, 2018). Morphological trait
reconstruction in Myrcia indicates that the floral characters of free calyx
lobes, 2-locular ovaries, anthers with symmetrical thecae and reverse
curvature are all ancestral states. Myrcia sects. Aulomyrcia and Gomi-
desia are recovered as monophyletic. The latter section has asymmetric
anthers that retain their curvature after dehiscence, an apparently de-
rived character. The Atlantic Forest is recovered as the most likely
ancestral area of Myrcia, as well as all main lineages, with subsequent
colonization of the Amazon basin, Cerrado, Andean highlands, and
Caribbean. These frequent events of colonization across the Neotropics
reflect a recent comparative analysis of plant and animal dispersals
through time, showing the Atlantic Forest as the fourth major provider
of Neotropical biodiversity (Antonelli et al., 2018).
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4.1. Phylogenetic relationships within tribe Myrteae

The monophyly of the Myrceugenia group (sensu Lucas et al., 2007),
including Luma A. Gray, sister to Blepharocalyx cruckshanksii (Hook. &
Arn.) Nied. has been contested by previous phylogenetic studies
(Murillo et al., 2012, 2013; Amorim, 2017) using a similar species
sampling. Our results corroborate the monophyly of Myrceugenia
group, agreeing with other recent phylogenetic studies for the tribe
(e.g. Vasconcelos et al., 2017a). Furthermore, the relationship between
the PAM clade (sensu Vasconcelos et al., 2015) plus the Myrceugenia
group, receives strong statistical support. This corroborates their close
relationship as inferred morphologically by similar stamen posture in
the bud (Vasconcelos et al., 2015).

4.2. Phylogenetic relationships within Myrcia

The larger taxonomic sample and increased molecular data used
produced higher statistical support between clades than previous phy-
logenetic studies (Staggemeier et al., 2015; Santos et al., 2016, 2017;
Wilson et al., 2016), increasing our understanding of the infrageneric
relationships in Myrcia (Fig. 5).
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Fig. 6. Diagnostic features of Clade 10. (A) Detail of asymmetric anthers with a
visible pseudo-septum (arrow); (B) Detail of 3-locular ovary with 2-ovules in
each locule; (C) Fruits with distinct and imbricate calyx lobes and a glabrous
staminal disc.

A tenth, previously undescribed clade is recognized and referred to
here as ‘clade 10’ (Fig. 1b). The clade is composed of M. maximiliana O.
Berg, Myrcia pulvinata B.S. Amorim, M. robusta Sobral and Myrcia aff.
unana (voucher: B.S. Amorim 2024). All species are from a narrow re-
gion in the northern part of the Atlantic Forest. Other studies on Myrcia
systematics additionally suggest that Myrcia thomasii B.S. Amorim &
AR. Lourenco belong in this clade (Lima, 2017). Previous studies
concerning species implicated in clade 10 (Staggemeier et al., 2015,
Fig. 5¢; Santos et al., 2016, 2017, Figs. 5Se, f) returned an unplaced
Myrcia robusta and a clade composed of M. maximiliana and M. robusta,
respectively (Fig. 5c, e, f), but never recognized as an entity in their
own right. Clade 10 species share morphological features of large
leaves, distinct and imbricate calyx lobes, a glabrous staminal disk,
asymmetric anthers with a visible pseudo-septum (which do not divide
the thecae in two parts) and a 3-locular ovary (Fig. 6; see anther septum
of Myrcia sect. Gomidesia, which divide the thecae in two parts in
Fig. 8d).

In the phylogenetic reconstruction of Myrcia presented here, section
Aulomyrcia [9] is sister to the other Myrcia sections (Figs. 1, 5a) cor-
roborating Lucas et al. (2011; Fig. 5b). The arrangement of the re-
maining sections resemble the topologies returned by Staggemeier et al.
(2015; Fig. 5¢) and Santos et al. (2016; Fig. 5e) except for Myrcia sect.
Myrcia. Results presented here return sect. Myrcia as sister to all other
sections except sect. Reticulosae [6] that is sister to all remaining clades.
Within the clade of all other Myrcia clades, a weakly supported group
comprises sections Calyptranthes [1], Sympodiomyrcia [7] and clade 10,
sister to the rest. Sister to this lineage is the strongly supported
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relationship between sections Eugeniopsis [2] plus Tomentosae [8], also
returned by Santos et al. (2016, 2017). This clade is sister to a further
strongly supported relationship between sections Gomidesia [3] and
Aguava [4], never previously recovered with high support in previous
phylogenetic hypothesis of Myrcia (Lucas et al., 2011; Staggemeier
et al., 2015; Santos et al., 2016; Wilson et al., 2016; see Fig. 5b—f).

4.3. Mpyrcia sect. Aulomyrcia (O. Berg) Griseb.

Since the circumscription of Myrcia section Aulomyrcia [9] (Lucas
et al., 2011, 2018), its monophyly has been questioned because of its
low statistical support in some studies (Staggemeier et al., 2015; Santos
et al., 2016, 2017; Wilson et al., 2016). Results presented here recover
clade 9 as monophyletic with strong statistical support (Fig. 1a). Due to
the inclusion of previously unplaced Myrcia abbotiana and M. mar-
icaensis in this section and the unplaced species, the internal relation-
ships of species within sect. Aulomyrcia (sensu Staggemeier et al., 2015)
require re-examination.

4.4. Myrcia sect. Gomidesia (O. Berg) B.S. Amorim & E. Lucas

Myrcia section Gomidesia (Lucas et al., 2011, 2018) is predominantly
composed of species previously described in the genus Gomidesia (sensu
Berg, 1855-56). Lucas et al. (2011) highlighted the non-monophyly of
this group after inclusion of Myrcia mischophylla, never before treated as
Gomidesia (Berg, 1855-56, 1857; Legrand, 1958; NicLughadha, 1997).
Myrcia mischophylla was published by Kiaerskou (1893), who did not
accept Gomidesia as a distinct genus and treated it under Myrcia. Re-
cently, a specimen with displaced anther thecae with evident septa was
noted in Myrcia mischophylla (B.S. Amorim pers. observ.). The anther
feature found in Myrcia mischophylla is not the most common in sect.
Gomidesia species. This feature is only found in species which occour in
the Cerrado, to where M. mischophylla is restricted (B.S. Amorim pers.
observ.). Results presented here support the monophyly of the Myrcia
sect. Gomidesia (or clade 3) and split it into two main lineages. A similar
arrangement was found in Lucas et al. (2011), in which a lineage
composed of Myrcia spectabilis and M. vittoriana was sister to the re-
maining Gomidesia clade species.

Within 3a clade of the Myrcia sect. Gomidesia, Springiana subclade is
composed of two main lineages; Myrcia grazielae, M. springiana and M.
pendula, are nested in a highly supported clade with species restricted to
the North of the Atlantic Forest. The second group comprises Myrcia
lughadhae, M. rosangelae and M. serrana. Myrcia lughadhae is restricted
to campos rupestres (Cerrado vegetation) of northeastern Brazil (Amorim
et al., 2014) with Myrcia rosangelae and M. serrana restricted to the
North portion of the Atlantic Forest (Amorim and Alves, 2015; Amorim,
2017; Fig. 1b, 7d). The Vittoriana subclade is most composed of species
from southern Altantic Forest, but also has species exclusively from
northern and wide distributed in Altantic Forest. The 3b clade is com-
posed of Pubescens subclade, the most species rich subclade re-
presented by species from several geographic ranges such as the
Atlantic Forest, Cerrado, Yungas, savanna vegetations of South
America, the Lesser Antilles and West Indies (Fig. 1b, 7d). Cerqueiria
subclade is composed of species restricted to the Atlantic Forest.

This strong evidence of geographical structuring found in Gomidesia
clade species was already known for Myrcia s.I. (Staggemeier et al.,
2015; Wilson et al., 2016), other neotropical tribe Myrteae genera
(Biinger et al., 2016; Murillo et al., 2012, 2016) and also in Myrtales
(Michelangeli et al., 2013). It has been attributed to phylogenetic niche
conservatism (Donoghue, 2008), which refers to the expectation that
related species will tend to occupy the same sorts of environments
(Harvey and Pagel, 1991). Even in Myrcia sect. Gomidesia species that
shift to other geographic ranges (e.g. Pubescens and Springiana
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subclades), they occur through similar forest habitats in open vegeta-
tion.

4.5. Evolution of morphological traits in Myrcia

Despite the evident homoplasy of those morphological characters
relied on to distinguished the ten Myrcia clades discussed, the clades
remain morphologically recognizable (Lucas et al., 2011, 2018; see
discussion 4.2. for clade 10). Results presented here indicate that the
ancestor of Myrcia possessed free calyx lobes and underwent in-
dependent shifts to a partial or complete closure of the bud.
Staggemeier et al. (2015) and Vasconcelos et al. (2017b) proposed that
the free calyx state was the ancestral condition in Myrcia sect. Aulo-
myrcia, as this is the state in lineages emerging from the deepest nodes
and because most species possess this feature. Our results support the
hypothesis of the ancestor of Myrcia sect. Aulomyrcia had free calyx
lobes and suggest that this calyx feature is also ancestral for Myrcia,
with independent shifts to bud closure (see results 3.5). Further de-
scription on different developmental modes of bud closure and how
they relate to the phylogeny of Myrcia can be found in Vasconcelos et al.
(2017Db). Our results, with an extended sample, corroborate the con-
clusions found in the latter study.

The calyx is one of the most variable organs in the Myrtaceous
flower, occurring in virtually every form from that of a completely
closed calyx in bud to a free lobed calyx. Calyx morphology has been
often used for taxonomic purposes (McVaugh, 1968), particularly to
define generic limits (Landrum, 1984). Historically, multiple genera
were described based entirely on the presence of fused calyx lobes (e.g.
Britoa Berg (=Campomanesia), Calycorectes (=Eugenia), Calyptranthes
(=Myrcia), Calyptrogenia (=Mpyrceugenia), Marlierea (=Myrcia) and
Mitranthes (= Myrcia; see McVaugh, 1968; Landrum, 1986; Lucas et al.,
2011; Vasconcelos et al., 2017a). However, recent molecular phyloge-
netic studies in tribe Myrteae have demonstrated that in many cases
genera that were described based only on the degree of closure of the
calyx lobes are not natural groups (Lucas et al., 2011; Murillo et al.,
2012; Mazine et al., 2014; Staggemeier et al., 2015; Santos et al., 2016;
Wilson et al., 2016; Vasconcelos et al., 2017a).

Lucas et al. (2011) report the 3-locular ovary from sections Gomi-
desia, Aguava and Reticulosae, but that character state is here also re-
ported from clade 10. All clades with this character state are strongly
supported as distinct lineages (Fig. 2b), with ancestors of sections
Aguava, Reticulosae and clade 10 sharing the 3-locular state. Within
sections Calyptranthes and Gomidesia, cases of 3, 4 or 5-locular ovaries
have been reported for some species (NicLughadha, 1997; Wilson,
2011; Vasconcelos et al., 2017a) although this is uncommon in ances-
trally 2-locular groups in the family (McVaugh, 1968). The multi-lo-
cular ovary was hypothesized to be a primitive feature in tribe Myrteae
genus Campomanesia, Myrceugenia and Psidium demonstrating this state,
and the 2-locular ovary was considered a specialized state (McVaugh,
1968). In Myrcia, the 2-locular ovary is the ancestral state thereby
countering the pattern in tribe Myrteae, with shifts to a 3, 4 or 5 locular
ovary.

The typical symmetrical anther with reversing curvature during
dehiscence is the most common anther state in Myrcia (Lucas et al.,
2011) and is here recovered as the ancestral state for the genus. A
combination of asymmetric anthers that retain curvature after dehis-
cence, and asymmetric anthers with visible pseudo-septa (see Figs. 6, 8
for more details), is recovered as the most likely ancestral combination
of states for both the section Gomidesia and clade 10 and provide the
character with which Gomidesia was distinguished as a separate genus
by Berg (1855-1856). The shared possession of asymmetric anthers by
section Gomidesia and by clade 10 species was the reason that species of
clade 10 were mis-placed in sect. Gomidesia (Amorim and Alves, 2015).
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The specialised asymmetric anther appears to be derived in Myrcia and
are diagnostic for the two clades in which they occur. This anther
feature is associated with buzz pollination (Nic Lughadha, 1997) and
may represent an adaptation to specialist bees.

4.6. Evolution of morphological traits in Myrcia sect. Gomidesia

An infrageneric classification of the Myrcia sect. Gomidesia species
was published by Legrand (1958) who proposed sections of the genus
Gomidesia (sensu Berg 1955-1956) based on anther features. That
morphology-based classification does not reflect the clades recovered in
the phylogenetic hypothesis presented here, where all sections pro-
posed by Legrand (1958) emerge as para- or polyphyletic (Fig. 9a).
Legrand’s section Eytroteca subsect. Subaequales is best represented in
this study with species emerging in Springiana, Vittoriana and Pub-
escens subclades. Section Eytroteca subsect. Oppositae species were
found only in Pubescens subclade (Fig. 9a). Section Tetraspora is re-
presented by a single species, Myrcia cerqueiria, placed here in Cer-
queiria subclade. Section Platitecae subsect. Auriculatae emerged in six
separate lineages of Pubescens subclade while subsect. Collaterales, here
represented by M. brasiliensis and M. ilheosensis are recovered in sepa-
rate clades within Pubescens subclade (Fig. 6). Myrcia pubescens (Pub-
escens subclade) was also cited to sect. Platitecae, subsect. Auriculatae,
and to sect. Eytroteca subsect. Oppositae (under the synonym Gomidesia
aubletiana O. Berg).

An informal Gomidesia species grouping based on morphological
similarity proposed by Nic Lughadha (1997) is a better fit to the mo-
lecular phylogenetic arrangement presented here. Nic Lughadha (1997)
recognized nine morphological groups (Fig. 9b). Group 1 comprises
large-leaved species from the Atlantic Forest with particularlry long
anthers with hidden septa. Myrcia amplexicaulis, M. carvalhoi, M. crocea,
M. grazielae, M. magnifolia, M. rosangelae, M. springiana, and M. vit-
toriana belong to this group, forming the 3a clade (Fig. 9b), along with
M. espiritosantensis, M. lughadhae, M. pendula, and M. serrana that were
published later (Sobral, 2010; Amorim et al., 2014; Amorim and Alves,
2015, 2016). The morphological characters used by Nic Lughadha
(1997) are useful to recognise group 1 species (sensu Nic Lughadha,
1997), however they can not be considered diagnostic for the 3a clade
as they are also found in species from the 3b clade (e.g. Myrcia cordii-
folia, M. grandifolia, and M. ruschii. Gomidesia species placed in groups
2-9 sensu Nic Lughadha (1997) all emerge in the 3b clade (Fig. 9b). This
clade includes the majority of species sampled here as well as high
morphological variation and geographical range occurence (Fig. 7a—d,
9b). Morphological characters exclusive to the 3b clade are aglandular
anthers, thecae displacement comprising c. half of the total anther
length and manicate trichomes on abaxial leaf surfaces (Fig. 7a-c).
Species that occur in the Atlantic Forest and Cerrado (e.g. Myrcia
eriocalyx, M. montana and M. pubescens) (Fig. 7d), endemic to Cerrado
(e.g. M. mischophylla and M. neospruceana), endemic to Yungas (e.g. M.
barituensis), and wide distributed in Atlantic Forest, Cerrado, and sa-
vanna biomes of South America, Lesser Antilles and West Indies (e.g. M.
fenzliana), are also restricted to the 3b clade.

4.7. Geographical range evolution in Myrcia

Lucas et al. (2011) propose eastern South America as the ancestral
area of Myrcia, a suggestion based on elevated species richness in the
Cerrado and Atlantic Forest. In accordance to their proposal and cor-
roborating the biogeographic studies of Santos et al. (2017), we re-
covered the most likely ancestral area of Myrcia in the Atlantic Forest.
This region is also the likely ancestral area of all ten main Myrcia
lineages.
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Fig. 7. Inference of Myrcia section Gomidesia (clade 3) ancestral reconstruction using BMM. (A) Anther displacement. (B). Anther glands. (C) Trichomes on abaxial
leaf surface. (D) Geographic range evolution. Pie charts for each node indicate probabilities for each alternative ancestral character. Colors represented in the nodes
indicate the proportional likelihood of the states reconstructed for each node (see text). Only the ancestors of the supported clades are shown.
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Fig. 8. Myrcia section Gomidesia (clade 3). A-C, Anther displacement; (A) one
half of anther length (arrow); (B) one quarter of the anther length (arrow); (C)
one sixth to one eigth of anther length (arrow). (D) Detail of the anther septum
(arrow). Scale bar 0.5 mm long.

4.8. Atlantic Forest lineages

The Atlantic Forest has been recovered as most likely ancestral area
for other species rich genera of neotropical Myrtaceae (e.g. Eugenia;
Biinger et al., 2016). Stable areas in the Atlantic Forest appear to have
acted as forest refuges for the family during Pleistocene glaciation, re-
sponsible for maintaining high species richness and endemism in these
genera (Staggemeier et al., 2015; Biinger et al., 2016). The Atlantic
Forest is one of the largest rainforest areas of the Americas, with highly
heterogeneous environmental conditions due to its wide latitudinal and
high altitudinal ranges, along with variation in rainfall (Galindo-Leal
and Camara, 2003). The Atlantic Forest is also incomparably rich in
Myrcia species (264 species), followed by the Caribbean, Amazon basin
(as circumscribed here) and Cerrado with 231, 228 and 93 spp., re-
spectively (BFG, 2015; WCSP, 2017; Myrcia in Flora do Brasil 2020, in
preparation). When considering species endemicity to particular re-
gions, the Atlantic Forest is the third richest in Myrcia species (ca. 80%),
after the Caribbean and Amazon basin (ca. 93%, and 90%, respectively;
WCSP, 2017).

Migration of Myrcia ancestral lineages towards northern South
America is supported by evidence of colonization routes between the
Atlantic Forest and Amazonia (inferred for birds and bromeliads;
Batalha-Filho et al., 2013; Maciel et al., 2017). These routes cross
southern portions of the Cerrado in Central-Western Brazil, through the
Caatinga, or along the coastal areas of Northeastern Brazil. The con-
nection route through southern portions of the Cerrado proposed by
Batalha-Filho et al. (2013) existed during the main period of diversifi-
cation of several Myrcia sections (e.g. Calyptranthes, Myrcia and Aulo-
myrcia), as well as Amazonian and Caribbean lineages that diversified
during the Miocene (Staggemeier et al., 2015; Santos et al., 2017). It is
therefore possible that Myrcia Atlantic Forest ancestors used this route
to colonize the Amazon basin, reaching the southern fringe of the
Caribbean.

The colonization of the Cerrado by Myrcia species is relatively re-
cent, between 7.7 and 1.0 Mya (Santos et al., 2017). This period agrees
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with earlier dates of Cerrado colonization by other Angiosperm families
(Simon et al., 2009; Antonelli et al., 2010), in contrast with older
Cerrado lineages reported for Eugenia (16.7-9.2 Mya; Biinger et al.,
2016).

4.9. Caribbean lineages

The Caribbean is known to boast high species diversity in Myrcia
(Wilson et al., 2016; WCSP, 2017). However, this area was not re-
covered as ancestral for any of the main lineages of Myrcia. The highest
numbers of species and endemic species in this region are found in
Myrcia sect. Calyptranthes (Sw.) A.R. Lourenco & E. Lucas (Acevedo-
Rodriguez and Strong, 2017; WCSP, 2017; Lucas et al., 2018). The
Caribbean subregion is recovered as most likely ancestral area of a
weakly supported lineage within subclade 1a (Fig. 4b); independent
colonization of this area occurred in sections Gomidesia, Aguava, Myrcia,
Tomentosae and Aulomyrcia (see results Section 3.7). Thornhill et al.
(2015) reported independent dispersal events of Myrcia sect. Calyp-
tranthes and sect. Myrcia species from South to Central America in a
period congruent with the closure of the Isthmus of Panama, starting in
the Miocene (Montes et al., 2015; Bacon et al., 2015).

Santos et al. (2017) hypothesized that at the initial diversification of
Calyptranthes (16.7-9.2 Mya), the Lesser Antilles and Isthmus of Pa-
nama had emerged allowing Myrcia species to use these routes to co-
lonize the Caribbean. This is also hypothesized as possible migration
routes by other angiosperm groups with probable origins in continental
mainland (e.g. Santiago-Valentin and Olmstead, 2004; Hansen et al.,
2006; Roncal et al., 2008; Bacon et al., 2013; Franck et al., 2013; Fine
et al.,, 2014). This provides a scenario where island taxa gave rise to
continental species also being possible (Roncal et al., 2008; Nieto-
Blazquez et al. 2017; Antonelli et al., 2018).

4.10. Amazon basin lineages

The Amazon basin, as delimited for this study, has not been con-
sidered a main center of endemism of Myrtaceae (McVaugh, 1968,
1969). In contrast, it has played an important role in the diversification
of Myrcia, by boasting high numbers of species and endemics (WCSP,
2017). The oldest lineage of Myrcia sect. Aulomyrcia is composed ex-
clusively of species from the Amazonia, an area that was suggested as
the area of origin of that section (Staggemeier et al., 2015). Our results
do not corroborate this hypothesis. Mainly Amazonian lineages are
found in sections Myrcia and Aulomyrcia, along with lineages in sects.
Calyptranthes (e.g. Calyptranthes speciosa Sagot and C. spruceana),
Aguava (e.g. Myrcia cuprea (O. Berg) Kiaersk. and M. rotundata
(Amshoff) McVaugh), Tomentosae (e.g. M. tomentosa) and in sect. Au-
lomyrcia (e.g. M. platyclada and M. grandis). Subclade 9a of this section
(sensu Staggemeier et al., 2015) appears to originate in the Amazonia
and is also the lineage with most Amazonian species; only a lineage
composed of Caribbean species is nested within it. The second main
lineage is found in sect. Myrcia, which also has the Amazon basin in-
ferred as its ancestral area, but unlike the previous case, this clade is
composed of several lineages that reached the Caribbean (e.g. Myrcia
coumete), Cerrado (e.g. Myrcia suffruticosa), Atlantic Forest and Cerrado
(e.g. Myrcia eriopus, M. eximia, M. microphyla), Atlantic Forest (Myrcia
anceps and M. bracteata) and the widespread Myrcia splendens. These
two Amazonian clades are the oldest in Myrcia (Staggemeier et al.,
2015; Santos et al., 2017) and their crown age coincides with a high
diversification suggested during this period in Amazonian angiosperms
(see Santos et al., 2017).
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Fig. 9. Myrcia section Gomidesia (clade 3) Bayesian Inference (BI) majority rule consensus tree from analysis of the combined markers. (A) Infrageneric classification
(Legrand, 1958) of the genus Gomidesia (sensu 1855-1856). (B) Informal classification (Lughadha, 1997) of the genus Gomidesia (sensu 1855-1856). Posterior
probalities (from BI analisys) greater than 0.95 are shown above branches; bootstrap percentages (from ML analysis) greater than 70 are shown below branches.
PE = state of Pernambuco; BA = state of Bahia; DF = Federal District; REP = Dominican Republic. Springiana, Vittoriana, Pubescens and Cerqueiria clades are
proposed here. Scale bar: substitutions per site.
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4.11. Cerrado lineages

Based on the Cerrado diversity, high levels of endemism, and ele-
vated human threats, the Cerrado is considered a global biodiversity
“hotspot” and the most diverse tropical savanna in the world (Myers,
2003). Despite the presence of a relatively large number of Myrcia
species, of which almost half are endemic (BFG, 2015), the Cerrado
appears not to have played a major role in the evolution of Myrcia
(Santos et al., 2017). Independent Cerrado colonizations were re-
covered in most main lineages of Myrcia (except clade 10, comprised
only of Atlantic Forest species; see Results 3.7). Similarly, multiple,
independent lineages of Cerrado species with ancestral areas in wet
forests are also found in other Myrtaceae genera (e.g. Eugenia sect.
Phyllocalyx and E. sect. Speciosae; Biinger et al., 2016 and Myrceugenia;
Murillo et al., 2016), and other angiosperm families (Simon et al., 2009;
Simon and Pennington, 2012), supporting a general pattern of shifts
from forest to savanna vegetation (Crisp et al., 2009; Antonelli et al.,
2018).

Despite its high endemism, the Cerrado shares more than 40% of its
species with the Atlantic Forest (Francoso et al. 2016), suggesting bi-
directional exchange of floristic elements between these vegetations
after the origin of the Cerrado (Forni-Martins and Martins, 2000).
Contrary to this hypothesis, all Myrcia species found in both the Cerrado
and the Atlantic Forest (sects. Calyptranthes, Eugeniopsis, Gomidesia,
Aguava, Reticulosae, Sympodiomyrcia, Tomentosae, and Aulomyrcia) or
endemic to Cerrado (e.g. sects. Gomidesia, Aguava, Sympodiomyrcia, and
Aulomyrcia) have the Atlantic Forest as their most probable ancestral
area; no opposite migration was recovered in our analysis. A further
pattern is found in sect. Myrcia, where species moved to the Cerrado
and Atlantic Forest from the Amazonia occurred (e.g. Myrcia eriopus
DC., M. microphylla O. Berg and M. suffruticosa O. Berg).

The proportion of Cerrado species shared with the Atlantic Forest is
known to be three times higher than the proportion shared with the
Amazonia (Francoso et al., 2016). This is corroborated by our data, in
which except for the widely distributed Myrcia amazonica, M. guia-
nensis, M. laruotteana, M. multiflora, M. splendens and M. tomentosa, only
Myrcia stricta (O. Berg) Kiaersk. (sect. Aguava) occurs in both areas
(based on our sampled species). This scenario also reflects the dis-
tribution pattern of Myrcia, in which only 12% of Cerrado species are
shared with the Amazonia, while 46% are shared with the Atlantic
Forest (BFG, 2015).

4.12. Geographical range evolution in Myrcia sect. Gomidesia

The Atlantic Forest is a center of species diversity for Myrcia s.L
(Murray-Smith et al., 2009; Lucas et al., 2011) and the ancestor of the
genus (Santos et al., 2017). A majority of Gomidesia clade species occur
in the Atlantic Forest (BFG, 2015; Amorim, 2017), and due to the im-
portance of this area, it was subdivided allowing the part of the Atlantic
Forest from which the ancestral lineages of the sect. Gomidesia origi-
nated to be identified. The ancestral region of the section Gomidesia is
the southern Atlantic Forest, corroborating the hypothesis of Santos
et al. (2017). This region is the richest in sect. Gomidesia species and has
the highest number of endemics (BFG, 2015; Amorim, 2017). From the
southern Atlantic Forest, multiple lineages reached the northern
Atlantic Forest, in which Springiana subclade species, along with
Myrcia cavalhoi and M. pseudospectabilis (Vittoriana subclade) are re-
stricted (Fig. 7d). Most shifts to Cerrado (e.g. M. eriocalyx, M. montana,
M. mischophylla and M. pubescens), Yungas (e.g. M. barituensis), and
savanna vegetation of South America, Lesser Antiles and West indies
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(e.g. M. fenzliana), have their ancestors in the southern Atlantic Forest
(e.g. Pubescens subclade; Fig. 5b). This pattern is in accordance with
the general distribution pattern of Myrcia s.l species (Santos et al.,
2017) and agrees with the tendency of neotropical tribe Myrteae from
Savanna having their ancestors in forest areas, which indenpendently
colonized open area vegetation (Biinger et al., 2016; Murillo et al.,
2016; discussion 4.11). The exception is M. lughadhae (Springiana
subclade), which is endemic to Cerrado and has its ancestral in northern
Atlantic Forest. Within section Gomidesia, a strong evidence of geo-
graphical structuring was found. This same pattern is also found in
Myrcia s.l. and other neotropical tribe Myrteae genera (Murillo et al.,
2012, 2016; Staggemeier et al., 2015; Biinger et al., 2016; Wilson et al.,
2016; see discussion 4.4).

5. Conclusions

The multilocus analysis presented here strongly supports the phy-
logenetic placement of the Myrceugenia group as sister to the Myrcia
and Plinia groups. Our inclusion of previously available molecular data
with novel sequences of Myrcia and relatives significantly improved our
phylogenetic estimates as compared to previous studies. The biogeo-
graphic analysis performed indicate a major role of the Atlantic Forest
for the diversification of the group, from which multiple transitions
took place to other Neotropical regions, in particular from forests to
savannas. Further studies could make use of a more thorough genome
sampling as well as aim for complete species level sampling in the
Myrcia group. Particularly desirable foci for further investigation are
the phylogenetic relationships within Clade 10. It would also be im-
portant to further study the morphological and geographical range
evolution within the poorly sampled sections Aguava, Myrcia,
Reticulosae and Tomentosae.
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Supplementary data to this article can be found online at https://doi.org/10.1016/j.ympev.2019.05.014.
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