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ARTICLE INFO ABSTRACT

Keywords: Philodendron (Araceae) is one of the largest Neotropical plant genera, with approximately 500 species and at
Adelonema least 1000 species predicted. There is a considerable ecological diversity in the group, although most species
Aroideae occur in the humid forests of tropical America. Despite being relatively well-studied in taxonomic analyses, the
Homalomena clade relationships among the traditional morphological groups of the genus are not well-established, mainly re-
ﬁz;g;’;sg}i" n‘: garding tl.1e three traditional subgenera, referr.ed here as' Philodendron sensu lato (s. 'l.), P. subg. Pteromischum, P.
Thaumatophyllum subg. Philodendron and P. subg. Meconostigma, which was recently recognized as a separate genus,

Thaumatophyllum. Therefore, the present work evaluates the phylogenetic position and the monophyly of
Philodendron s.L and its three main subdivisions, and the sister groups within the Homalomena clade, which also
includes the Neotropical genus Adelonema, the two Asian genera Homalomena and Furtadoa, and the two African
genera Cercestis and Culcasia, by means of molecular phylogenetic approaches including chloroplast DNA (atpF-
atpH, rpl32-trnL, trnQ-5-rps16 and trnV-ndhC) and nuclear (ITS2) markers. The monophyly of Philodendron s.L
and its three lineages is confirmed and our analyses corroborate previous morphologic data indicating
Thaumatophyllum as sister to the clade formed by P. subg. Pteromischum and P. subg. Philodendron.

1. Introduction Amazon basin (Calazans et al., 2014; Loss-Oliveira et al., 2016), the
biogeographic history of the major group in which the genus is inserted,
the Homalomena clade sensu Cusimano et al. (2011), remains obscure.

The Homalomena clade is composed of the Philodendron clade, which

Philodendron Schott is one of the largest Neotropical plant taxa,
being the second most species-rich genus within Araceae, with ap-

proximately 500 described species, but at least 1000 predicted (The
Plant List, 2013; Boyce and Croat, 2018). The group presents con-
siderable morphological and ecological diversities (Fig. 1), occurring
mainly in the humid forests of tropical America (Mayo, 1988; Mayo,
1991; Mayo et al., 1997), with a considerable geographic distribution
ranging from Mexico to Uruguay (Mayo et al., 1997). Additionally, due
to the remarkable abundance of the species of Philodendron in their
respective environments, the genus is regarded as one of the most im-
portant epiphytic components of the Neotropical flora (see Gentry and
Dodson, 1987; Croat, 1997; Irume et al., 2013). Although there is evi-
dence that the geographic origin of Philodendron is placed in the

contains four genera (two from Tropical America, Philodendron s.I. and
Adelonema Schott, and two from Southeastern Asia, Homalomena
Schott, and Furtadoa M.Hotta) and the Culcasieae (with two genera
from Central Africa — Cercestis Schott and Culcasia P.Beauv.) (Fig. 2).
Philodendron s.l. is composed of three major morphological groups:
(1) Philodendron subgenus Meconostigma (Schott) Engler (21 spp. en-
demic to South America), recently recognized as the separate genus
Thaumatophyllum Schott by Sakuragui et al. (2018), constituted mainly
of arborescent heliophytes, although with some species adapted to
shady environments; (2) Philodendron subgenus Pteromischum (Schott)
Mayo (78 spp.), constituted mainly of lianescent species from Central
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Fig. 1. Representing members of the three lineages of Philodendron s.L in their respective habitats. Thaubatophyllum: T. corcovadense (A), T. spruceanum (B) and T.
solimoesense (C); P. subg. Philodendron: P. bipennifolium (D), P. callosum (E), P. distantilobum (F), P. linnaei (G) and P. megalophyllum (H); and P. subg. Pteromischum: P.

rudgeanum (I).

America and Northern South America, although some species occur in
Eastern and Central South America; and (3) Philodendron subgenus
Philodendron Engler (ca. 400 spp.), by far the most morphologically
diverse group, although the nomadic vine habit (according to Zotz,
2013) is presented by most of the species, being distributed through the
whole geographic range of the genus. The subgenus Philodendron is
subdivided into 10 morphological sections: Baursia (Rchb. ex Schott)
Engler, Camptogynium K.Krause, Dolichogynium Croat and Koster, Mac-
robelium (Schott) Sakur., Macrogynium Engler, Philodendron (Jacq.)
Schott, Philopsammos G.S.Bunting, Polytomium (Schott) Engler, Schizo-
phyllum (Schott) Engler and Tritomophyllum (Schott) Engler. However,
most of these groups may be artificial, as suggested by Croat (1997) and
indicated by previous molecular phylogenetic analyses (Gauthier et al.,
2008; Loss-Oliveira et al., 2016), considering that the diagnostic mor-
phologic characters for such sections are potentially homoplasic.

In addition to the relatively recent taxonomic treatments for some of
these morphologic groups of the genus, such as Mayo (1991) and
Goncalves and Salviani (2002) for Thaumatophyllum (as P. subg. Me-
conostigma), Grayum (1996) for P. subg. Pteromischum from Pacific and
Caribbean tropical America, Croat (1997) for P. subg. Philodendron from
Mexico and Central America, Sakuragui et al. (2005) for P. sect. Mac-
robelium from Brazil, Sakuragui (2012). for P. sect. Schizophyllum and
Barbosa and Sakuragui (2014) for extra-Amazonian species of P. subg.

169

Pteromischum, there are some molecular phylogenies focusing on both
inter- and intrageneric relationships of Philodendron (Gauthier et al.,
2008; Wong et al., 2013, 2016; Loss-Oliveira et al., 2016). According to
the analyses by Gauthier et al. (2008) and Wong et al. (2013, 2016),
there is an indication that Philodendron s.I. may not be monophyletic,
since the relationships between species of P. subg. Pteromischum and
Adelonema, a genus that until recently was recognized as the American
portion of the genus Homalomena (Homalomena sect. Curmeria), were
not well-resolved. On the other hand, Loss-Oliveira et al. (2016) ob-
served the analyzed species of P. subg. Pteromischum appearing within
subgenus Philodendron, besides the relative difficulty of recovering the
whole genus Philodendron as monophyletic. However, one may take
notice of the appreciably small sampling of P. subg. Pteromischum in all
these studies, where just two species were included by Gauthier et al.
(2008) and Wong et al. (2013, 2016) and three by Loss-Oliveira et al.
(2016).

Therefore, the present analysis aimed a better resolution of the
phylogenetic relationships within Philodendron s.I. with a more com-
prehensive sampling among the genera Philodendron sensu stricto (s.s.)
(P. subg. Pteromischum and P. subg. Philodendron), Thaumatophyllum
and the sister groups from the Homalomena clade, taking into account a
molecular phylogeny analysis based on four intergenic chloroplast
markers (atpF-atpH, rpl32-trnL, tmQ-5"-rps16 and trmV-ndhC) and the
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Fig. 2. Geographic distribution of the seven genera of the Homalomena clade sensu Cusimano et al. (2011), based on Mayo (1991) and Mayo et al. (1997).

nuclear marker ITS2.
2. Materials and methods
2.1. Plant material and DNA extraction

The DNA extractions were performed from 196 accessions of 151
species of the Homalomena clade, including 111 species of Philodendron
s.s. (ca. 23% of the genus), 18 of Thaumatophyllum (ca. 86%) six of
Adelonema, nine of Homalomena, one of Furtadoa, one of Cercestis and
three of Culcasia. Fresh young leaves were sampled from individuals of
both natural populations and living collections, as indicated in Table
S2. For the plants from field collections, leaves were stored in a NaCl-
saturated solution of 2% CTAB (Rogstad, 1992). DNA extraction pro-
cedures followed the CTAB I protocol, as described by Weising et al.
(2005) with an additional step of polysaccharide precipitation, as de-
scribed by Michaels et al. (1994).

2.2. DNA amplification and sequencing

The chloroplast markers rpl32-trnL, trnV-ndhC and trnQ-5’-rpsl6
were amplified by using the primers described by Shaw et al. (2007),
while for the atpF-atpH region, we used the primer set employed by
Fazekas et al. (2008). For the amplification of the nuclear ITS2, we used
the primers S2F and S3R described by Chen et al. (2010). All PCRs were
conducted as follows: initial denaturation for 3 min at 94 °C, followed
by 30 cycles of 1 min at 94 °C, 1 min at 54 °C and 1 min at 72 °C, with a
final extension step for 7 min at 72 °C, in a 25 pL reaction containing
~10-100ng of genomic DNA, 1 X Taq buffer with KCl (Thermo Sci-
entific), 3 umol/mL MgCl, (Thermo Scientific), 0.2 umol/mL of each
dNTP, 0.1 nmol/mL of each primer and 1 U of Taqg DNA polymerase
(Thermo Scientific). In the case of the ITS2 reactions, 2 pL of dimethyl
sulfoxide (DMSO) were added to the PCR mixture.

Bidirectional sequencing reactions were performed with the BigDye
Terminator v3.1 Cycle Sequencing kit (Applied Biosystems) and were
analyzed either in an ABI PRISM 3500 Genetic Analyzer (Applied
Biosystems) or in a ABI 3730 DNA Analyzer (Applied Biosystems). The

resulting sequencing reads were assembled and edited with Geneious
R11 (Biomatters Ltd.) and then separately aligned for each region with
MAFFT 7.017 (Katoh and Standley, 2013) using the algorithm Auto,
with minor manual corrections. For the analysis of the ITS2 region, we
also used previously published ITS sequences of species of Philodendron
s.L, Adelonema, Homalomena and Furtadoa (Gauthier et al., 2008; Wong
et al., 2013, 2016), which were available in the NCBI database (Sup-
plementary Table S1). Additionally, we tested the performance of the
alignments with and without indel regions in the five markers.

2.3. Phylogenetic analyses

Dendrograms were generated for each region separately, as well as
two concatenated analyses, one with the four chloroplast markers and
one adding the ITS2 to the cpDNA regions (but using only the samples
that were sequenced for all the five markers), using three different
approaches — maximum parsimony (MP), maximum likelihood (ML)
and Bayesian inference (BI). The search for the best-fit substitution
model for each region was performed in jModelTest 2 (Darriba et al.,
2012), based on both the Bayesian Information Criterion (BIC) and the
Decision Theory (DT) calculations, as suggested by the results of
Ripplinger and Sullivan (2008) and Luo et al. (2010). The MP analyses
were conducted in TNT v1.5 (Goloboff et al., 2008), setting the heur-
istic searches for a maximum of 10000 and 1000000 trees for the ITS2
and cpDNA regions, respectively, and tree-bisection-reconnection
(TBR) branch swapping, using a bootstrap analysis with 1000 re-
plicates. The ML approach was performed with RAxML 8.2.8
(Stamatakis, 2014) using the rapid bootstrapping option with 1000
replicates. Since the general time reversible model and its variants are
the only available options in RAXML, we replaced the best-fit models
observed in jModelTest by the GTR +I'. The BI analyses were performed
in MrBayes 3.2 (Ronquist et al., 2012) using four simultaneous runs,
each with four Markov chains (T = 0.2). The analyses started with
randomly chosen trees, being extended through 50000000 generations,
with sampling every 5000 generations and using a burn-in fraction of
25% of the trees. The model selection, the ML and the BI analyses were
performed as implemented in the CIPRES portal (http://www.phylo.


http://www.phylo.org
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org).

The topological congruence among the different partitions was
tested using a Bayesian Concordance Analysis (BCA) performed in
BUCKy 1.4.1 (Ané et al., 2007; Larget et al., 2010), comparing all five
regions. For each region, the resultant trees from the four MCMCMC
chains were summarized, and then another 20% of the trees were re-
moved as burn-in. The BCA was run with six a priori levels of dis-
cordance among loci (o = 0.1, 0.5, 1, 5, 10 and 100), using the options
of four independent runs, four chains (three heated and one cold) and
10000000 generations. Additionally, an explorative network analysis
using the NeighborNet algorithm implemented in Splitstree v.4.14
(Huson and Bryant, 2006) was performed, to check for conflicting
phylogenetic signals within the data of all constructed matrixes.

3. Results

Sequences of the five used regions were obtained for the 196 ac-
cessions (135 spp.) of the ingroup (containing the American portion of
the Homalomena clade — Adelonema spp. and Philodendron s.L spp.), 10
spp. of the sister group (Asian portion of the Homalomena clade —
Furtadoa and Homalomena spp.) and four spp. of the outgroup (African
portion of the Homalomena clade — Cercestis and Culcasia species),
generating a concatenated matrix with 4570 bp, after the exclusion of
the non-aligned ends. Considering all aligned regions separately, atpF-
atpH presented 774 bp (ranging from 540 to 645 bp), rpl32-trnL 966 bp
(634-709bp), tnQ-5"-rpsl6 1687bp (1061-1469bp), trnV-ndhC
1141 bp (633-1040 bp) and ITS2 625 bp (291-539 bp).

3.1. Clusters and general topologies

The three different phylogenetic reconstruction methods resulted in
similar topologies, both regarding the cpDNA (Fig. 3 and
Supplementary Figs. S1-S4) and the nuclear DNA markers (Fig. 4),
especially considering the major groups (basal nodes). However, most
support values in the MP were lower (Supplementary Figs. S5-S7),
besides the higher number of unresolved branches, when comparing
with the ML and BI analyses.

The concatenated analysis (cpDNA + ITS2) resulted in similar
topologies for the three reconstruction methods, generally presenting
good support values, mainly in the ML and the BI (Fig. 5). The separate
analyses (i.e., independent runs with each marker) resulted mostly in
unresolved basal and terminal nodes (Fig. 4 and Supplementary Figs.
S1-54), although the ITS2 was, by far, the best of the five used regions,
showing a topology somewhat similar to the concatenated cpDNA
analysis (Fig. 3). Therefore, from now on, only the ITS2, the cpDNA and
the cpDNA + ITS2 trees will be mentioned in the text. Additionally, it is
noteworthy that some of the species of Thaumatophyllum were re-
covered as monophyletic only in the ITS2 trees and not in the con-
catenated cpDNA trees (nor with the separate cpDNA regions).

In general, the basal nodes, which represent the main lineages of
Philodendron s.L (i.e., Thaumatophyllum, P. subg. Pteromischum and P.
subg. Philodendron, and the three main clades of the last), as well as the
other lineages of the Homalomena clade, were recovered with sig-
nificant statistical support, mainly in the BI analyses (Figs. 3-6).
However, it is important to note that due to the evolutionary distance
among the sequences of the two African genera and the rest of the
groups of the Homalomena clade (Supplementary Fig. S8), the ITS2
alignment contained only the Asian and the American lineages to avoid
the excessive problems with homoplasic characters due to the fast-
evolving nature of the region, which was hindering the tree re-
constructions.

3.2. Relationships among the main lineages of the Homalomena clade

Only the African and the Neotropical groups of the Homalomena
clade were recovered as monophyletic with good support values
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(Figs. 3-6), whereas the species of Furtadoa were embedded in the
genus Homalomena, where F. mixta and F. sumatrensis did not form a
cohesive group in the ITS2 trees (the only analysis containing both
species), appearing as independent lineages within the genus Homalo-
mena (Fig. 4). On the other hand, considering the combination of the
genera Homalomena + Furtadoa, the Asian clade presented the max-
imum support values (Figs. 3-6).

As the Culcasieae species were used as outgroup in the cpDNA
analyses, the first diverging lineage of the Philodendron clade was the
Asian clade, which was divided into two and three main clades, in the
cpDNA and ITS2 trees (depending on the number of sampled species),
respectively, with good support values (Figs. 3 and 4). In the ITS2
analysis, two sections of the genus Homalomena, H. sect. Cyrtocladon
and H. sect. Geniculatae, were recovered with maximum posterior
probabilities (PP) and good bootstrap (BS) values, but the species of H.
sect. Chamaecladon, H. sect. Homalomena and Furtadoa were placed in a
larger polyphyletic group with good statistical support (Fig. 4 and
Supplementary Fig. S6). In the cpDNA and the concatenated analysis,
the species of H. sect. Cyrtocladon were not sampled, although we ob-
served a similar subdivision structure among the remaining sections of
the genus Homalomena (Figs. 3 and 5).

In almost all reconstruction methods, Adelonema was recovered as a
monophyletic group, sister to the genus Philodendron with good support
values, except for the ML and MP analyses with the cpDNA matrix,
which presented BS of 67 and 60, respectively (Fig. 3 and
Supplementary Fig. S5). Species of both sections of Adelonema, A. sect.
Adelonema (PP = 1, ML-BS = 100 and MP-BS = 100) and A. sect. Cur-
meria (PP = 0.81, ML-BS = 72 and MP-BS = 86, respectively), were
sampled only in the ITS2 analyses, being resolved as monophyletic,
whereas the cpDNA trees only contained species of the last group
(Figs. 3 and 4).

The monophyly of the genus Philodendron s.l. was recovered with
good statistical support in most of the analyses, especially in the BI trees
(Figs. 3-6). Within this group, all the three main lineages appeared as
monophyletic with maximum PP values and good BS support
(Figs. 3-6). All the concatenated analyses and the cpDNA BI tree
showed Thaumatophyllum as the first diverging lineage of Philodendron
s.1. with significant support, thus grouping P. subg. Pteromischum and P.
subg. Philodendron as sister clades, referred here as Philodendron s.s.
(Figs. 3 and 5). However, when both the cpDNA and ITS2 matrixes were
run separately under the ML and MP approaches, the relationships
among Thaumatophyllum and the two Philodendron subgenera were not
clear, resulting either in the grouping of Philodendron s.s. with low
support or in a polytomy (Figs. 3 and 4; Supplementary Figs. S5-S7).

3.3. Relationships within Philodendron s.L

Thaumatophyllum (Philodendron subg. Meconostigma). In both the
cpDNA and the concatenated analyses, T. venezuelense appeared as the
first diverging lineage within the genus and the other two Amazonian
species of the group, T. spruceanum and T. solimoesense, formed a
strongly supported group that was placed as sister to the species from
the Eastern portion of South America (Figs. 3 and 5). Within the Eastern
species clade, which was recovered as monophyletic with strong sta-
tistical support, T. leal-costae was the first diverging species, whereas
the remaining lineages of the group formed another clade with strong
support values (Figs. 3 and 5). On the other hand, the relationships
among the four main lineages of Thaumatophyllum (T. venezuelense, T.
spruceanum + T. solimoesense, T. leal-costae and the Eastern species
clade) were not resolved in the ITS2 analyses (Fig. 4). It is important to
notice that within the Eastern species clade the relationships among the
species are unclear and most of the species with more than one sampled
accession appeared as polyphyletic, mainly in the cpDNA trees, al-
though some of these species were monophyletic in the ITS2 trees, such
as T. lundii and T. mello-barretoanum (Figs. 3-5).

Philodendron subg. Pteromischum. None of the two sections (P. sect.
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Fig. 3. Majority-rule consensus tree (cladogram in A and phylogram in B) with species of the seven genera of the Homalomena clade based on Bayesian inference with
the concatenated matrix of the chloroplast DNA markers atpF-atpH, rpl32-trnL, trnQ-5’-rps16 and trnV-ndhC. Posterior probabilities (=0.70) and bootstrap values
(=50), obtained from the maximum likelihood analysis with the same matrix, are indicated near the clade nodes.
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strap values (=50), obtained from the maximum likelihood analysis with the
same matrix, are indicated near the clade nodes.

Fruticosa and P. sect. Pteromischum) were recovered as monophyletic.
However, in contrast to the other two subgenera of Philodendron, in-
terspecific relationships among the sampled species P. subg.
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Pteromischum were mostly well-supported and well-resolved in all
phylogenetic reconstructions (Figs. 3-5). As observed for other groups
within the genus, some species were shown as polyphyletic (e.g., P.
rudgeanum Schott) with high statistical support (Figs. 3-5).
Philodendron subg. Philodendron. The subgenus was divided into
three main clades, with strong support in all reconstruction approaches:
(A) the Baursia clade, which is the first diverging lineage within P. subg.
Philodendron (Figs. 3-5), composed mostly of species from P. sect.
Baursia and P. sect. Philopsammos, although some species from other
sections, such as P. hederaceum (P. sect. Philodendron) and P. jacquinii
(P. sect. Macrogynium) grouped within this clade (Figs. 3-5); (B) the
Amazon nomadic vines (or ANV) clade, which consists of species
without a morphologic pattern (both in vegetative and floral char-
acters), although with a similar habit and occurring in the Amazon
basin - within this clade, both P. fragrantissimum and P. hopkinsianum
share a very similar habit, consisting of plants with relatively long in-
ternodes in the non-flowering portion and turning into a rosette with
very short internodes in the flowering portion, grouping with high
statistical support (Figs. 3-5); and (C) the diversification clade, by far
the largest of the three main groups of P. subg. Philodendron, being
subdivided in, at least, six recognizable subclades (SC 1-6) with strong
PP values (Figs. 3 and 5), with the SC 2 standing out the as the group
formed by almost all sampled species of P. sect. Schizophyllum
(Figs. 3-5). In addition, several species of P. subg. Philodendron with
more than one sampled accession were not recovered as monophyletic,
such as P. billietiae, P. fragrantissimum and P. quinquenervium (Figs. 3-5).

3.4. Congruence among partitions and phylogenetic networks

As observed in the phylogenetic trees, the eight major groups within
the Homalomena clade (Culcasieae, Asian clade, Adelonema,
Thaumatophyllum, P. subg. Pteromischum, Baursia clade, ANV clade and
the diversification clade) were recovered in all phylogenetic networks,
considering the six used data matrixes: (1) full cpDNA; (2) full cpDNA
without Culcasieae; (3) full ITS2; (4) concatenated (cpDNA + ITS2); (5)
reduced cpDNA and (6) reduced ITS2, both only with the species of the
concatenated matrix (Fig. 7). However, the order of the splits varied
among the six different networks, from which, only the concatenated
analysis (cpDNA + ITS2) showed similar relationships as those shown
in the phylogenetic trees (Fig. 7D). In general, although the major
groups could be easily identified in the phylogenetic networks, the
splits within and among the groups were somewhat inconsistent,
mainly in the case of P. subg. Philodendron and of the Asian clade
(Fig. 7; Supplementary Fig. S9). In addition, within P. subg. Philoden-
dron, as observed in the phylogenetic trees, the Baursia and ANV clades
were positioned as more closely related to the other lineages of the
Homalomena clade than to the diversification clade in all analyses using
cpDNA data (Fig. 7A,B, D-F).

4. Discussion

The species of Philodendron s.l. have a pronounced presence in
Neotropical humid forests, being the main components of the epiphytic
flora of some regions (e.g. Irume et al., 2013). Nevertheless, the phy-
logenetic relationships among most of the morphological subdivisions
of the group are still unresolved, especially regarding the traditional
recognition of three subgenera. Despite the first cladistics approach
with Philodendron s.L being developed more than 30 years ago, em-
ploying both vegetative and reproductive morphological characters
(Mayo, 1986), several questions concerning the infrageneric circum-
scriptions remained unaddressed two decades later, until the first large-
scale molecular phylogenetic analysis by Gauthier et al. (2008), using
the cpDNA marker rpl16 and the nuclear loci ETS and ITS. In fact, the
available data at that time could neither validate nor refute the mor-
phologic groups within Philodendron s.L, due to low statistical support
values and conflicting topologies, depending on the used phylogenetic
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Fig. 5. Majority-rule consensus tree (cladogram in A and phylogram in B) with species of the five genera of the Philodendron clade based on Bayesian inference with
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reconstruction method. The authors even questioned the monophyly of
the genus as it was circumscribed at the time, considering that the re-
lationships between the American species of Homalomena (now cir-
cumscribed in the recently resurrected Adelonema) and the subgenera of
Philodendron (especially P. subg. Pteromischum) were unclear, as men-
tioned before (Gauthier et al., 2008; Wong et al., 2013, 2016).

In the more recent analysis by Loss-Oliveira et al. (2016), Philo-
dendron s.1. was not recovered as a monophyletic group with significant
statistical support once more. It is important to notice that the authors
used a supertree approach instead of a single matrix with all 116
sampled species (110 Philodendron s.L spp. and 16 Homalomena spp.,
including Adelonema), which presented marked differences in sequen-
cing success with each of the five regions, with the variation in species
coverage ranging from 30 (3'matK + trnK intron) to 92 (trnL-trnF). On
the other hand, except for the members of P. subg. Pteromischum, which
appeared among species of P. subg. Philodendron, the main clades we
observed within Philodendron s.l. were also recovered in the supertree
by Loss-Oliveira et al. (2016). Therefore, the superior resolution we
obtained here is probably associated with the higher species coverage
with the markers we employed, thus allowing the reconstruction of
phylogenetic trees based on supermatrix analyses (180 species in the
combined cpDNA tree and 143 species in the concatenated
cpDNA + ITS2 tree), instead of the supertree approach as in Loss-
Oliveira et al. (2016), as previously tested by Janies et al. (2013).

Another important aspect, which may also be related to the higher
resolution we obtained in comparison to the previous phylogenetic
analyses with Philodendron s.L, is the high polymorphism levels of the
markers used here, especially in the case of ITS2. In fact, Gauthier et al.
(2008) and Wong et al. (2013, 2016) already indicated the great po-
tential of using the ITS marker (comprising the ITS1, 5,8S rDNA and
ITS2 regions) when studying the phylogenetic relationships within the
Homalomena clade. Even considering that we used only the ITS2 por-
tion, basically due to multiple loci amplification in several Philodendron
s.l. species when using the complete ITS marker (Supplementary Fig.
$10), as widely described for plants (Alvarez and Wendel, 2003; Feliner
and Rossell6, 2007), the polymorphism observed here for the region
was highly informative for our phylogenetic analysis. Similarly, all four
cpDNA markers employed here, which also are non-coding regions,
performed very well in the phylogenetic reconstructions, but only when
put together in a single matrix, since none of the regions alone resulted
in resolved trees (Supplementary Figs. S1-54), as well as in the previous
analyses with Philodendron s.L (Gauthier et al. 2008; Loss-Oliveira et al.
2016). Furthermore, it is important to indicate that indel regions were
kept in the alignments of all five used markers, since their exclusion
lowered the resolution of the phylogenetic trees (Supplementary Figs.
S11 and S12), as previously reported by Nagy et al. (2012) for align-
ments based on ITS, which was caused by a higher conservation degree
of indels rather than substitutions.

Our data validate, to a certain extent, the traditional morphologic
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groups within Philodendron. For the first time in a molecular phyloge-
netics approach, Philodendron s.l. was recovered as strongly mono-
phyletic with all the three main morphological subdivisions (the three
traditional subgenera) as independent lineages within the group. Also,
Thaumatophyllum appears as sister to the two subgenera of Philodendron
s.s. with strong support in the cpDNA and the concatenated trees, as
observed with morphologic data by Mayo (1986). It is noteworthy that
the presence of lobed styles in all Thaumatophyllum species, as well as in
Homalomena s.l. (Homalomena + Adelonema), appears to be a plesio-
morphic character within the Philodendron clade. These results contrast
with the topologies presented by Gauthier et al. (2008) using two nu-
clear DNA markers (ETS and ITS), although with low support values, in
which P. subg. Pteromischum was the first diverging lineage of Philo-
dendron s.1.

Attempting to group the members of the highly diverse P. subg.
Philodendron, which presents approximately four times more species
than the junction of the other two main clades of Philodendron s.L,
several authors recognized 10 different sections based on morphologic
characters (Mayo, 1990; Croat, 1997, Sakuragui et al., 2005; Koster and
Croat, 2011), from which the two largest, sections Macrobelium and
Philodendron, are subdivided into several subsections and series. How-
ever, none of the nine sampled sections of the subgenus were recovered
as monophyletic (only the section Dolychogynium, which comprises two
species, P. delinksii Croat and Koster and P. sparreorum Croat, was not
sampled in this work), as indicated by the previous data (Gauthier
et al., 2008; Loss-Oliveira et al., 2016). Even the two monotypic sec-
tions Camptogynium (with P. longistilum) and Macrogynium (P. jacquinii)
were not recovered as independent lineages, grouping within the di-
versification clade and the Baursia clade, respectively. These results
indicate the weak nature of the morphologic characters that were used
to delimitate the sections, such as in the case of P. sect. Macrobelium and
P. sect. Philodendron, which present a very high degree of morphologic
variation, being defined only by the low and high number of ovules per
locule, respectively. Also, the indication that the section Tritomophyllum
(defined by the three-lobed leaves of its species, and here represented
by P. anisotomum, P. barrosoanum, P. hylaeae and P. tripartitum) could be
an artificial group (Croat, 1997) was confirmed here. The only section
relatively well-defined is P. sect. Schizophyllum, from which almost all
specimens formed a cohesive group with high statistical support, in-
dicating that the morphological delimitation of the group is relatively
well-defined (Sakuragui, 2012), although P. ruthianum Nadruz was not
recovered among the other members of the clade.

Regarding the clustering within Thaumatophyllum, the position of T.
venezuelense as sister to the remaining species of the genus (in the
cpDNA and concatenated analyses) contrasts with the topology pre-
sented by Oliveira et al. (2014) and Sakuragui et al. (2018) with dif-
ferent markers. Instead, Oliveira et al. (2014) observed the clade
formed by T. spruceanum (as P. goeldii) and T. solimoesense (as P. soli-
moesense) as the first diverging lineage of Thaumatophyllum (as P. subg.
Meconostigma), besides the clustering of T. venezuelense (as P. venezue-
lense) within the heliophytes clade, as sister to T. williamsii (as P. wil-
liamsii), similarly to the results obtained by Calazans et al. (2014) in a
phylogenetic analysis based on the morphology of reproductive char-
acters. However, it is important to notice the robustness of our results
towards the cohesion of the heliophytes clade without any of the
Amazonian species, mainly regarding the cpDNA and concatenated
matrixes, also containing T. williamsii (which is the same sample used
by Oliveira et al., 2014), besides including three different specimens of
T. venezuelense. Hence, we favor the hypothesis of a basal position of T.
venezuelense within Meconostigma, as well as the other two species from
the Amazon basin (T. spruceanum and T. solimoesense), a very likely
scenario, according to the previously published ancestral biome re-
construction for Philodendron s.l. (Loss-Oliveira et al., 2016). In addi-
tion, one may consider that there was a single colonization event in the
eastern portion of South America by the ancestral species of the genus,
being a key factor during the diversification of Thaumatophyllum, as
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Diversification clade

Fig. 7. NeighborNet splits based on the uncorrected p-distance with the groups of the Homalomena clade (A) and Philodendron clade (B-F), using six different
concatenated cpDNA markers (A); concatenated cpDNA without Culcasieae (B); ITS2 (C); concatenated cpDNA and ITS2 (D); reduced cpDNA (E) and
reduced ITS2 (F). The colors represent the major groups of the Homalomena clade: Philodendron subg. Philodendron in grey, which was subdivided into three
independent clusters (1 - diversification clade, 2 — ANV clade, and 3 — Baursia clade), P. subg. Pteromischum in blue, Thaumatophyllum in green, Adelonema in yellow,

matrixes:

Baursia clade

A ANV clade

Diversification clade
Diversification clade

ANV clade
Baursia clade

ANV clade

ANV clade

Diversification clade

Baursia clade

Baursia clade
Baursia clade

ANV clade F ANV clade

Diversification clade

Diversification clade

Baursia clade

the Asian clade (Homalomena and Furtadoa) in red and the Culcasieae (Cercestis + Culcasia) in purple.
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well as for the species of P. subg. Philodendron, as previously suggested
(Calazans et al., 2014; Oliveira et al., 2014; Loss-Oliveira et al., 2016).

In the recent work by Wong et al. (2016), the American portion of
the genus Homalomena, H. sect. Curmeria, was resurrected as the genus
Adelonema, since the species from the Asian sections of the former
genus and the two species of Furtadoa formed a clearly independent
lineage. Moreover, the relationships among Adelonema and the re-
maining American lineages of the Homalomena clade are still un-
resolved, due to sampling issues, regarding the number of included
species, in all the phylogenetic analyses covering the group so far,
especially in the case of the species of P. subg. Pteromischum, which
either appeared as sister to Adelonema (Gauthier et al., 2008; Wong
et al., 2013, 2016) or as polyphyletic within P. subg. Philodendron
(Gauthier et al., 2008; Loss-Oliveira et al., 2016). Nevertheless, our
results show a clear monophyly of Pteromischum in all the approaches
we tested, either in the conventional phylogenetic trees or in the phy-
logenetic networks. Besides, the group formed by the species of Pter-
omischum was recovered as sister to P. subg. Philodendron with strong
support (cpDNA and concatenated matrixes), instead of being the first
diverging lineage of Philodendron s.L, which was one of the suggested
scenarios by Gauthier et al. (2008).

The separation of Meconostigma from the genus Philodendron, thus
resurrecting the genus Thaumatophyllum, as recently proposed by
Sakuragui et al. (2018), may also imply in the separation of Pter-
omischum from the genus Philodendron. Although the inclusion of Ade-
lonema into Philodendron as its fourth subgenus, and thus the main-
tenance of Meconostigma and Pteromischum as subgenera, would
demand less profound taxonomic changes, it is important to notice that
our phylogenetic trees and networks indicate that P. subg. Philodendron
is the more distantly related clade among the Neotropical lineages of
the Homalomena clade. Moreover, Adelonema, Thaumatophyllum, Pter-
omischum and P. subg. Philodendron are groups easily distinguishable
from one another, considering both morphological and ecological traits
(Grayum, 1996; Croat, 1997; Mayo et al., 1997, Wong et al., 2016;
Sakuragui et al., 2018). Hence, we suggest the resurrection of the genus
Elopium Schott to encompass the species of Pteromischum, which is
consistent with the previous decisions of separating H. sect. Curmeria
into Adelonema (Wong et al., 2016) and P. subg. Meconostigma into
Thaumatophyllum (Sakuragui et al., 2018).
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