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Introduction

According to phylogeny works (Pryer et al., 2004; Smith et al., 2006;
Smith et al., 2008), there is a common agreement that a phylogenetic dichotomy
separates the vascular plants into modern lycophytes and euphyllophytes (ferns and
seed plants). Lycophytes comprise three families: Lycopodiaceae, with plants
homosporous and eligulated, Isoetaceae and Selaginellaceae, both heterosporous and
ligulated plants.

The family Lycopodiaceae does not stand out economically as other
vascular plants. However, due to the presence of highly flammable compounds in the
walls of spores, they have been used by magicians and sorcerers of the Middle Ages
and like flash powder in old cameras. Several lycopod alkaloids, such as Huperzine
have been used as drugs against Alzheimer's disease (Tang & Han, 1999; Olafsdottir
et al., 2013; Murphy & Sarpong, 2014). Phlegmariurus saururus (Lam.) B. @llg. has
an extensive ethnopharmacological use, mainly because of its aphrodisiac properties
that has been proven by Hnatyszyn et al., (2003) and Birri et al., (2014). Diacetyl
sauroine (DAS) was obtained and its chemical structures were analyzed and have
been demonstrated to improve learning abilities of mice. DAS, therefore, may be a
promising compound as a nootropic therapeutic drug (Vallejo et al., 2014). The
Lycopodiaceae species, especially Phlegmariurus (Herter) Holub have high

ornamental potential that is little explored.

The family Lycopodiaceae

Lycopodiaceae present cosmopolitan distribution and they have nearly
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500 species (Qllgaard, 1987). W. G. Herter (1909), G. G. Herter (1949, 1950) and
Nessel (1927, 1955) proposed the most detailed systems for the family
Lycopodiaceae under only the genus Lycopodium or both Lycopodium and
Urostachys, respectively. Both Herter and Nessel acknowledged too many species,
even committing errors or accepting the superfluous name Urostachys for the
Huperzia species. Most of the groups proposed for the Huperzioid species were
considered unnatural and challenging to be morphologically recognized.

Tryon & Tryon (1982) have recognized only one large genus
(Lycopodium L.) in order to group all species, except Phylloglossum Kunze.
Meanwhile, @llgaard (1987, 1992, 1994) and @llgaard & Windisch (1987) considered
three genera for the Neotropics: Huperzia Bernh., Lycopodium and Lycopodiella
Holub. These genera were divided into informal groups, which represent the genera
proposed by Holub (1964). W. G. Herter (1923) has elevated Lycopodium subg.
Urostachys Herter to a generic level representing the genus Huperzia. The name
Huperzia Bernh. (1801) is older than Urostachys (Herter) Herter, thus the last is an
illegitimate superfluous name.

Holub (1964) has segregated Phlegmariurus from Huperzia and divided
Lycopodium in Austrolycopodium Holub, Diphasiastrum Holub, Diphasium Rothm.,
Lycopodium  s.str., Lycopodiastrum Holub, Pseudodiphasium Holub e
Pseudolycopodium Holub. He also treated Lycopodiella on four genera: Lycopodiella
s.str., Palhinhaea Vasc. & Franco, Pseudolycopodiella Holub, and Lateristachys
Holub. Haines (2003) described Spinulum Haines and Dendrolycopodium Haines
segregated from Lycopodium sensu @llgaard (1987) and considered Huperzia,
Phlegmariurus, and Phylloglossum as a distinct family: Huperziaceae Rothm.

Although the genus Phlegmariurus has been described by Holub (1964)



to accommodate some species of Huperzia, the genus was not accepted by several
authors (e.g., Dllgaard 1987, 1992; @llgaard & Windisch, 1987; Ramos & Sylvestre,
2010). More recently, including Christenhusz et al., (2011) who, presenting no new
molecular data, included Phylloglossum within Huperzia in order to recognize the
monophyly of this genus.

Recent molecular studies (Field & Bostock, 2013; Field et al., 2016) have
proposed sixteen genera for the family, with easy separation comprised into two
subfamilies Lycopodioideae and Huperzioideae sensu Wagner & Beitel (1992).
Lycopodioideae is characterized by anisostomous heteroblastic branching,
determinate strobili, a broad stem stele with the absence of corticular root emergence,
leaves with basal mucilage canals, new shoots arising adventitiously from lateral
branches, sporophylls peltate or nearly peltate, deciduous, reticulate—rugate spores,
erect gametophytes and the absence of paraphyses among gametangia.
Huperzioideae, on the other hand, is characterized by isostomous branching,
corticular emergence of roots, new shoots arising axiliary from tufted shoot bases,
tufted root system, paleate sporophylls, sporophylls evergreen lacking a mucilage
duct in the sporophyll base, strictly reniform axiliary sporangia, absence of a
sporangial stalk, foveolate-fossulate spores, dorsiventral gametophytes with a
horizontal growth axis, and the presence of paraphyses among the gametangia

(Wagner & Beitel, 1992; Field et al., 2016).

Lycopodioideae can be divided into two clades corresponding to the
genera Lycopodium and Lycopodiella sensu @llgaard (1987) or the subfamilies
Lycopodioideae and Lycopodielloideae sensu @llgaard (2015). Lycopodioideae sensu
@llgaard (2015) differs from the other subfamily by shoots inclined, spore sculpture

reticulate, scabrate or baculate; capsule wall cells sinuate to invaginate; root stele like



rhizome stele at base; gametophyte subterranean, non-photosynthetic, growing by a
ring meristem; archegonia long, persistent. It is represented by the genera
Austrolycopodium, Dendrolycopodium, Diphasium, Diphasiastrum, Lycopodium
s.str., Lycopodiastrum, Pseudodiphasium, Pseudolycopodium, and Spinulum.
Lycopodielloideae present shoots flabellate, spore sculpture rugulose; capsule walls
straight; root stele various; gametophytes subsurficial, with photosynthetic lobes;
archegonia short, ephemeral. It is represented by the genera Lateristachys,

Lycopodiella, Palhinhaea, and Pseudolycopodiella.

In the subfamily Huperzioideae three distinct genera are recognized:
Phylloglossum, Huperzia, and Phlegmariurus (@llgaard 2012a, b; Field & Bostock,

2013; Zhang & lwatsuki, 2013, Field et al., 2016)

Phylloglossum is a monotypic genus (P. drummondii Kunze), with
occurrence restricted to Australia and New Zealand (@llgaard & Windisch, 1987) and
it is distinguished by the presence of basal microphylls produced from an
underground tuber and the aphyllous strobilus peduncle (Haines, 2003).

Huperzia and Phlegmariurus share several characters such as isotomously
branched stems, roots forming a basal tuft, sporophylls persistent and photosynthetic
after dehiscence of the sporangia located in the apical part of the stem and not
gathered in strobili. However, the genus Huperzia consists exclusively of terrestrial
plants, with bulbils produced by buds and spores with concave sides at the equator
and truncated angles. Nonetheless, Phlegmariurus are epiphytic or terrestrial plants
that show no bulbils and have spores with convex sides at the equator and obtuse or
acute angles (Haines, 2003; Arana & @llgaard, 2012). Huperzia occurs mainly in

temperate regions and has 55 species, of which 27 spp. (18 endemics) occur in China



(Zhang & Iwatsuki, 2013), whereas Phlegmariurus features 114 spp. in the
Paleotropics (Field & Bostock, 2013) and 156 spp. in the Neotropics (Dllgaard,
2012a, b) totaling 270 spp.

In the need of a revision of the system of Lycopodiaceae, @llgaard (1987)
proposed a new classification for the family and divided Huperzia s.l. into 22 groups,
which he himself considered as informal and loosely defined.

In the Neotropics 12 of these groups are represented (@llgaard, 1992).
The Huperzia selago group consists of the genus Huperzia s.str. and the other 11
groups belong to Phlegmariurus. This classification were developed accordingly the
growth habit (e.g., erect, ascending, recurved, pendulous); stem thickness; shoot
differentiation (homoblastic or heteroblastic); leaf differentiation (homophyllous,
heterophyllous, or gradually heterophyllous); leaf arrangement (number of leaves in
whorls), crowding (distance between whorls); leaf outline and solid shape (e.g.,
thickness, vein prominence, margin curvature), margin shape (e.g., teeth, rugulate,
smooth), leaf dimensions, direction, color, texture, surface (smooth, papillate),
stomate distribution, shape of epidermal cells; shape and color of decurrent leaf
bases; sporangium shape and size and spore size.

More recently, the classification system for Lycophytes and ferns
presented by The Pteridophyte Phylogeny Group (PPG I, 2016). The Lycopodiaceae
are treated into three subfamilies: Lycopodielloideae, Lycopodioideae, and
Huperzioideae. This classification is an agreement based on the most recent
molecular evidences of the monophyly of each lineage.

Lycopodielloideae is composed by four genera and ca. 54 species,
distributed in the genera: Lateristachys Holub (four species), Lycopodiella (15 spp.),

Palhinhaea (25 spp.), and Pseudolycopodiella (10 spp.).



Lycopodioideae is composed by nine genera and ca. 58 species,
distributed in the genera: Austrolycopodium (eight species), Dendrolycopodium (four
spp.), Diphasiastrum (20 spp.), Diphasium (five spp.), Lycopodiastrum (one sp.),
Lycopodium (15 spp.), Pseudodiphasium (one sp.), Pseudolycopodium (one sp.), and
Spinulum (three spp.).

Huperzioideae is composed by three genera and ca. 276 species,
distributed in the genera: Huperzia (25 species), Phlegmariurus (250 spp.), and
Phylloglossum (one sp.).

At the present proposal, we shall consider only one family Lycopodiaceae
with three subfamilies (Lycopodielloideae, Lycopodioideae, and Huperzioideae)
comprising 16 genera according to Wagner & Beitel (1992), Haines (2003), @llgaard

(2012a), Prado et al., (2015), Field et al., (2016), and PPG 1 (2016).

Brazilian Lycopodiaceae and its distribution

In Brazil, 52 species are known, circumscribed into nine genera:
Austrolycopodium, Diphasiastrum, Huperzia s.str., Diphasium, Lycopodium s.str.,
Lycopodiella s.str., Phlegmariurus, Palhinhaea, and Pseudolycopodiella Holub
(Prado et al., 2015). An interesting fact is that there is only one record of a Huperzia
species to Brazil, H. catharinae (Christ.) Holub, known only from the type collection
made in 1890 (Dllgaard & Windisch, 1987, 2014).

Prado et al., (2015) reported 40 species of Phlegmariurus to Brazil, which
24 are endemic and they are concentrated in the humid forests, which are located in
the high mountains of Southeastern Brazil, in the area occupied by the Atlantic
Rainforest and by the rocky fields (campos rupestres). The Amazon Forest is

relatively low in representatives (Jllgaard & Windisch, 1987).



Endemism in the highlands (campos de altitude) and in the high Atlantic
Forest seem to be clearly allopatric events followed by climate change, mountains
lifting and the insular feature of the tops of the hills (inselbergs), with most endemic
species in rocky fields probably arose from common ancestors (Alves & Kolbek,
1994, 2010; Safford, 2007). These regions are considered as one of the three primary
centers of diversity of ferns and lycophytes of tropical America (Tryon, 1972).
Despite the high dispersal ability of the spores of these groups, geographical isolation
can be effective at distances within the dispersion range is especially favored by
ecological isolation. Thus, allopatric speciation has been especially important in the
development of the high number of endemic species, which characterize these areas
(Tryon, 1972). Moreover, Phlegmariurus and Huperzia show very strong
biogeographic patterns, perhaps related to their underground holosaprophytic

gametophytes and aspects of its establishment (Wikstrém, 2001).

Previous phylogenetic studies

Wikstrom & Kenrick (1997, 2000a, 2001), Wikstrom et al., (1999), and Ji
et al., (2008) had already published phylogeny studies including some Phlegmariurus
species with several molecular markers (rbcL, trnL intron, trnL-F intergenic spacer,
and ITS regions), however these studies did not sample significantly the species as a
whole. The results of these analyses have shown that the groups proposed by @llgaard
(1987) did not form monophyletic groups and no current infrageneric classification
was proposed. Besides, a Paleotropical and Neotropical species clades have formed
two sister lineages, with two exceptions, probably results of long distances dispersal

events (Wikstrom et al., 1999).



Field et al. (2016) published a compreensive phylogeny for the family
with 119 taxa, four chloroplast loci (rbcL, trnL intron, intergenic spacers trnL-F,
psbA-trnH), and also the optimization of 29 morphological characters onto the
phylogeny. Their findings show two major lineages that correspond to the subfamilies
Lycopodioideae and Huperzioideae sensu Wagner & Beitel (1992). The lycopodioid
clade includes subclades that may correspond to the genera Lycopodium and
Lycopodiella with their respective subdivisions sensu @llgaard (1987) or the several
genera sensu @llgaard (2012b). Their outcomes also indicate that a three-genus
(Phylloglossum, Huperzia s.str., and Phlegmariurus s.l.) classification of huperzioid
Lycopods are supported by molecular evidence and best reflects evolutionary,
ecological, and morphological divergence within the lineage. For Phlegmariurus,
they covered up to 68 species (about 25% of the total species number), but only 27
species from the Neotropics, with no new Brazilian accessions, since their focus was
to better understand the generic relationships.

Burnard et al. (2016) examined the global relationships of all New
Zealand’s Lycopodiaceae species through only rbcL gene sequences. Against the
current taxonomy proposals, they recognize only five genera in Lycopodiaceae: the
Huperzioid triad Phylloglossum, Huperzia, and Phlegmariurus; Lycopodium
(incorporating Pseudodiphasium, Austrolycopodium, Diphasium, and
Pseudolycopodium), and  Lycopodiella  (incorporating  Pseudolycopodiella,
Lateristachys, and Palhinhaea). Besides, the resulting tree presented does not support
the monophyly of Lycopodium and Huperzia. The phylogeny was also largely
consistent with the suggested subdivision of Lycopodiella and Lycopodium into
sections (Qllgaard 1987) or genera (Holub 1983, 1985; @llgaard 2012) except by

Lycopodiella serpentina (Kunze) B. @llg. and Lycopodiella carolininana (L.) Pic.



Serm. that had been grouped into Lycopodiella sect. Caroliniana (@llgaard 1987) or
Pseudolycopodiella (Holub 1983) but were recovered as polyphyletic, suggesting a
revision of these classification schemes. Furthermore, they were not able to
distinguish the different morphologies and ecological variations of Phlegmariurus
varius (R.Br.) A.R. Field & Bostock and P. billardierei (Spring) A.R. Field & Testo
within the genetic analysis suggesting they constitute a single species. The PPG |
(2016) revised this classification and accepted three subfamilies and the huperzioid

lycopods were included in the subfamily Huperzioideae to reflect these findings.

In these studies (Wikstrom et al., 1999; Field et al., 2016), were sampled
only Phlegmariurus dichotomus (Jacq.) W.H. Wagner, Phlegmariurus linifolius (L.)
B. O@llg., Phlegmariurus reflexus (Lam.) B. @llg., and Phlegmariurus wilsonii
(Underw. & F.E. Lloyd) B. @llg. that also occurs in Brazil, but they are collections
from other countries. Even in Wikstrom et al. (1999), the authors stated that "Brazil is
not represented in our analysis, but data from this area could be particularly important
for clarifying the relationships of Neotropical and African species”. Moreover, the
relationship of the endemic species from Brazil and other species of the genus are still
uncertain. Prado & Hirai (2014) discuss the importance of using molecular data to
better understand the Brazilian endemic species, mainly because most of them are
restricted to Atlantic Rainforest. Thus, a detailed molecular analysis, with emphasis
on Brazilian species is necessary and will surely bring new data to understand the
group as a whole.

Regarding the lack of Brazilian species samples in the phylogenetic
analysis and highly endemism of the genus in Brazil, this study aims to (1) to perform
a molecular phylogenetic analyses of the Brazilian species of Phlegmariurus, (2) to

test whether the endemic species of Phlegmariurus of Brazil form one or more



monophyletic groups and (3) to optimize morphological and anatomical characters on

the resulting trees in order to understand the evolution of those among the species.

Material and Methods

Fieldwork and Taxon Sampling

Species samples were collected in their natural habitat. During the
fieldwork were made all the notes corresponding to the habit of the species, date of
collection, habitat, collection site, as well as other information needed for ongoing
research. The collection expeditions followed the indications of locations displayed in
@Dllgaard & Windisch (1987), data contained in herbaria visited, and based on the data
present in online databases (e.g., INCT - Herbéario Virtual). The botanical material
was collected according to the usual techniques of collection, described by Radford et
al. (1974). For the molecular biology study, the material was collected and preserved
in silica gel, according to the methodology described by Chase & Hills (1991).

Ten field expeditions were realized to the following locations: Campos do
Jorddo, Paranapiacaba State Park, and Serra da Bocaina National Park, in Sdo Paulo
State. Itatiaia, Serra dos Orgdos, and Tijuca National Parks in Rio de Janeiro State.
RPPN Serra do Caraca and Ibitipoca State Park in Minas Gerais State.

We collected 20 species of Phlegmariurus, 13 of them endemic to Brazil
(54% of the total endemic species to the country) (Appendix 1). Some species of
Phlegmariurus can be seen in Figures 1 and 2.

The specimens were deposit at SP Herbarium (Herbario Maria Eneyda P.
Kauffman Fidalgo, Instituto de Botanica — S&o Paulo), and duplicates were

distributed to SPF Herbarium of the University of Sdo Paulo and AAU Herbarium of
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the University of Aarhus, Denmark. Remaining duplicates were also sent to NY, RB,
MBM, and other Brazilian Herbaria.

The internal group consisted of 96 new accessions of Phlegmariurus
species (Appendix 1) along with the already available sequences in GenBank (Benson
et al., 2004) for the markers chosen here.

The outgroups were selected based on Field et al., (2016) comprising
species of the genera Huperzia and Phylloglossum drummondii, as well as
Paleotropical species of Phlegmariurus. All these sequences were previously
generated and were available at GenBank. The list of the sequences used can be

consulted at the appendix 1.

Taxonomic studies in Herbaria

Several herbaria collections were consulted in order to learn about the
species, their morphology, and geographical distribution, especially to target the best
locations to realize the fieldwork. Additionally, during these visits some fragments
were taken to be used in the molecular studies when no fresh material was found in
the expeditions.

Seven herbarium collections were analyzed. The SP Herbarium (Instituto
de Botanica de Sdo Paulo), RB (Jardim Botanico do Rio de Janeiro), R (Museu
Nacional), ESA (Escola Superior de Agricultura ‘Luiz de Queiroz’), UEC
(Universidade de Campinas), HRCB (UNESP — Rio Claro), and CESJ (Universidade
de Juiz de Fora). As expected, the analysis of collections provided a guidance in
collecting expeditions (with information that is not yet accessible in online
databases), also assisted in species recognition in the field and the correct

identification of specimens. The specimens analyzed contributed in the morphological
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study of the species and some of the exceptional characters are presented below. As
well, three species were sampled from herbarium material for the molecular analysis.
Morphological studies, as well as the identification of specimens collected
were based on taxonomic works of the family (e.g., Nessel, 1955; @llgaard &
Windisch, 1987; @llgaard, 1992; Wagner & Beitel, 1992; Haines, 2003; Pita et al.,
20064a, b; Ramos & Sylvestre, 2010; Arana & @llgaard, 2012; Windisch & @llgaard,
2014). These studies were used to define groups of species, as well as optimizing the
clades with morphological characters that were evaluated after obtaining the

molecular data and phylogenetic analyses.

Molecular markers selection

Three chloroplast markers were selected to be investigated: the rbcL gene
(~ 1300 bp), the trnL intron (~ 700 bp), and the trnL-F intergenic spacer (~600 bp).

The chloroplast gene rbcL is widely studied in plant phylogenies to
explore higher hierarchical levels as subfamilies, families, orders, and classes because
they evolve at a lower speed (Gielly & Taberlet, 1994; Judd et al., 2009). The rbcL
may function well for establishing phylogenetic relationships in more specific levels
of ferns (genera and species, e.g., Schneider et al., 2002; Ranker et al., 2003; Skog et
al., 2004; Ranker et al., 2004; Prado et al., 2013). However, in lycophytes, the rbcL
has been more preserved, creating the need to combine analyses with more variable
regions of the genome (Wikstrom & Kenrick, 2000a; Rydin & Wikstrém, 2002;
Korall & Kenrick, 2004).

The intron trnL and the intergenic spacer trnL-F were chosen based on the
good resolutions presented in previous studies with Lycopodiaceae or related groups

(Wikstrom & Kenrick, 1999, 2000a), which allow consistency in the comparison of
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results and access to gene sequences available in GenBank for these markers.
Furthermore, recent studies have shown the effectiveness of the combination of rbcL
and trnL intron as good loci for molecular identification of ferns (Groot et al., 2011;

Lietal., 2011) and lycophytes (Wikstrom & Kenrick, 1999).

Molecular studies

The rbcL gene, the trnL intron, and trnL-F spacer region were amplified
in one independent PCR for most samples. The PCR mixture was made to 20 pL,
with the following concentration of reagents: 2.0 ul of USB® buffer (10x), 0.2 pl
BSA (10mg/ml), 0.4 ul of dNTPs Qiagen® (10mM), 1.0 ul of forward primers
(10uM), 1.0 pl of reverse primers (10uM), 0.3 pl of Taq polymerase USB® (5u/pl),

and 1.5 pl from total genomic DNA.

Program details for rbcL marker include an initial denaturation (2 min at
95° C), then 35 cycles of denaturation (30 s at 95° C), annealing (30 s at 45° C), and
extension (1.5 min at 72° C), then a final extension for 5 min at 72° C. For the trnL
and trnL-F markers, initial denaturation (5 min at 94° C), then 35 cycles of
denaturation (1.0 min at 94° C), annealing (30 s at 50° C), and extension (1.0 min at

72° C), then a final extension for 10 min at 72° C.

Amplified products were run on an agarose gel to visualize DNA
concentrations and after were purified using ExoSAP-IT following the manufacturer’s
instructions (1 unit/uL; Affymetrix, Santa Clara, California, USA). Then, they were
sequenced by Sanger Method on Human Genome and Stem-Cell Research Center
(HUG-CELL) at University of Sdo Paulo (USP). Primers used for sequencing

reactions for rbcL were ESRBCL1F, ESRBCL628F, ESRBCL654R and
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ESRBCL1361R (Schuettpelz & Pryer, 2007), for trnL, ¢ (B49317) and e (B49873)

and for trnL-F, d (A49855) and f (A50272) universal primers (Taberlet et al., 1991).

Phylogenetic Analyses

The resulting sequences were aligned and edited visually using Geneious
9.1 software (Kearse et al., 2012). The newly generated sequences were compared
and aligned to available sequences from the GenBank aiming the more closely related
groups based on previously published phylogenies (Wikstrom & Kenrick 1997,

2000a,b; Field et al., 2016).

The 5’ extremities of the sequences were excluded due to low informative
data and a lot of missing data from the GenBank sequences. Trees were rooted using
the outgroup method and the clade Phylloglossum + Huperzia were used, accordingly

to Field et al. (2016).

Phylogenetic analyses were run using maximum-parsimony (MP),
maximum-likelihood (ML), and Bayesian inference (Bl) algorithms. The MP
analyses were performed using the software PAUP v.4.0 betal0 for PC (Swofford,
2003) with a heuristic search with 1000 random addition sequence replicates, tree

bisection-reconnection branch-swapping and 1,000,000 maxtrees.

Maximum likelihood analyses (ML) were conducted in RAXML-HPC
program BlackBox (Stamatakis, 2014) and rounds the portal Cyberinfrastructure for
Phylogenetic Research (CIPRES) v.3.3 (Miller et al., 2010). For these tests, we used
the algorithm implemented, which let you perform searches of the best tree and

getting branches bootstrap support (BS) (Felsenstein, 1985) in a single analysis
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(Stamatakis et al., 2008). Thus, they were executed in 1000 BS replies with a
subsequent search of the maximum likelihood tree, using nucleotide substitution
model GTRGAMA + 1, the rate category number values substitution of nucleotides

(c) and the likelihood of acceptance level (-e) pattern (25 and 0.1, respectively).

The program MrBayes 3.1.6 (Huelsenbeck & Ronquist, 2001) was used
for Bl analyses and rounds the portal Cyberinfrastructure for Phylogenetic Research
(CIPRES) v.3.3 (Miller et al., 2010). The Bayesian analyses require evolutionary
models, which were determined by using the program jModeltest 2.1.1 (Darriba et al.,
2012) for Linux. For rbcL, the evolutionary model was set to GTR + G (Isetnst = 2)
with gamma distributed rate variation among sites (Iset rates = gamma). For trnL, the
evolutionary model was set to TMV + G (Isetnst = 6) with gamma distributed rate
variation among sites (Iset rates = gamma). For trnL-F, the evolutionary model was
set to TVM + G (Isetnst = 6) with gamma distributed rate variation among variable
sites (Iset rates = invgamma). And for the concatenated matrix, the evolutionary
model was set to GTR + G + | (Isetnst = 6) with gamma distributed rate variation
among variable sites (Iset rates = invgamma). The Bayesian phylogeny was estimated
using two runs of four chains each, one cold, three hot, for 10,000,000 generations
using the Markov Chain Monte Carlo (mcmc) search algorithm. Each 1000th
generation was sampled. The analyses resulted in 10,000 trees with a convergence
diagnostic value of <0.01. The first 2,500 trees were then discarded as the 25%

burnin, and a 50% majority rule consensus tree computed from the remaining trees.
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Results

Molecular analyses

Were obtained 31 new sequences from rbcL, 27 from trnL intron, and 27
from trnL-F intergenic spacer.

To perform the phylogenetic reconstruction, we run independent analyses
(MP, BI, and ML) for each marker in addition to a combined one as follow. With the
marker rbcL, the MP (Figure 3), the Bl (Figure 4), and the ML (Figure 5) analyses
showed the monophyly of Phlegmariurus (MP bootstrap = 100%, BI PP = 1.00, ML
bootstrap = 97%) and a clade with the Brazilian species (Clade H) with high moderate
and support (MP bootstrap = 75%, Bl PP = 0.99, ML bootstrap = 72%).

With the marker trnL intron, the MP (Figure 6), the Bl (Figure 7), and the
ML (Figure 8) analyses also confirmed the monophyly of Phlegmariurus (MP
bootstrap = 99%, BI PP = 1.00, ML bootstrap = 100%) and presented the clade H
with high support (MP bootstrap = 90%, BI PP = 1.00, ML bootstrap = 98%).

With the marker trnL-F intergenic spacer, in the MP (Figure 9), the Bl
(Figure 10), and the ML (Figure 11) analyses, Phlegmariurus is monophyletic as well
(MP bootstrap = 99%, Bl PP = 1.00, ML bootstrap = 97%), the clade H is
paraphyletic, still the inner clades (J and I) are monophyletic with high support (Clade
J: MP bootstrap = 99%, BI PP = 1.00, ML bootstrap = 98%; Clade I: MP bootstrap =
91%, BI PP = 1.00, ML bootstrap = 93%).

The final combined matrix of the three plastid regions included 48 species
of Phlegmariurus from the Neotropical region, seven species from the Paleotropical
region including Phlegmariurus phlegmaria (L.) T. Sen & U. Sen, the type species of
the genus, and three species of an outgroup formed by Phylloglossum plus Huperzia.
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To perform the phylogenetic reconstruction we run independent analyses (MP, BI,

and ML) for the combined analyses as follow (Figures 12, 13, 14, and 15).

The major lineages

The clade A is composed by the outgroup with Phylloglossum
drummondii plus the species of Huperzia. The clade B is formed by some
Paleotropical species of Phlegmariurus plus P. funiformis, a Neotropical species that
appears at the Paleotropical clade. The clade C is composed exclusively by

Neotropical species, but P. ophioglossoides which is from Tanzania.

The clade D is composed only of epiphytic species and the species
Phlegmariurus fontinaloides, P. ericifolius, P. subulatus, P. heteroclitus, P.

ophioglossoides, P. erythrocaulon, and P. biformis are all heterophyllous plants.

The clade E is formed by slender, flaccid pendulous species, that can be
epiphytic or terrestrial pendulous. Phlegmariurus tenuis, P. comans, and P. acerosus
refer to the Neotropical “Huperzia verticillata group”. The collection Gissi 107 is
affine to P. comans but with more robust leaves and an erect habit. The exception in
the clade E is P. intermedius that is a rupestral species very similar to P. reflexus.
Indeed, P. intermedius is a slender homophyllous plant, generally crawling over

grasses and rocks. The more delicate habit of the plants is common in this clade.

The clade F recovers the “Huperzia dichotoma group”, except by
Phlegmariurus nudus. Still, all these species presents filiform or linear leaves and

mostly patent.

The clade G is formed by Phlegmariurus lindenii plus a group formed by

the clades H and K. Phlegmariurus lindenii is a flaccidly pendulous species, with

17



often homophyllous shoots. The clade H is composed only of Brazilian species with
two distinct clades, the clade 1 with rupestral species of the Brazilian highlands and
the clade K with pendulous epiphytic species that grow in forests. | and K emerged

monophyletic and with strong supports in all analyses made.

Phlegmariurus deminuens, P. recurvifolius, P. pungentifolius, and P.
regnellii are rupestral species, growing erect from high elevations, especially in the
state of Minas Gerais. They are very robust plants, with coriaceous leaves. The clade
| presents strong support (MP bootstrap = 100%, ML bootstrap = 100%, Bl PP =
1.00), but the relationships between the species are low supported or represent

polytomies.

The clade J is formed by species characterized by their epiphytic habit
and the differentiation of the leaves. Here we recovered the “Huperzia heterocarpon

group” plus Phlegmariurus quadrifariatus and P. hexastichus.

The clade L may be considered a Phlegmariurus reflexus complex, with
the species presenting reflexed leaves as their main characteristic. Interestingly, the
three terminals identified as P. reflexus does not emerge as monophyletic, possibly

indicating different species under the same name.

The Clade M recovers Phlegmariurus christii and P. hemleri. These
species are very similar morphologically by the presence of denticulate ascending
leaves, both from Southeastern Brazil on banks at high altitudes. Phlegmariurus
hemleri differs from P. christii by having broader and larger leaves in more spaced

whorl, meanwhile, in P. christii, the leaves are more congested.

The clade N is composed of Andean terrestrial species with often with
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characteristically fingerlike shoots.

Besides the two exceptions (Phlegmariurus funiformis (Cham. ex Spring)
B. @llg. and P. ophioglossoides (Lam.) A.R. Field & Bostock) also presented in other
studies, all Neotropical species has risen as a monophyletic group with strong support
(MP bootstrap = 98%, fig. 12; Bl PP = 1.00, fig. 13; ML bootstrap = 98%, fig. 14?),
but the relations within the four major lineages (shown as D, E, F, and G groups)
stood up with different topologies in different analyses. In MP (Figure 12), the groups
are presented as ((D E) F G), in Bl (Figure 13) as ((F (D E)) (G)), while in ML
(Figure 14) as (D (E (F (G)))), hitherto it is hard to tell the most adequate
relationship.

In the group G, Phlegmariurus lindenii (Spring) B. @llg. rises as a sister
group from the rest of the species in all analyses (P. lindenii (H and K)) with high
support (MP bootstrap = 94%, Bl PP = 1.00, ML bootstrap = 100%). Brazilian
species, (endemics) are found spread in all groups, not forming a monophyletic group
aswhole, but some species are intimate related, especially the H group formed only
with Brazilian species (MP bootstrap = 99%, Bl PP = 1.00, ML bootstrap = 100%,),
mostly endemics, and with two clades inside (I and J). The clade I is represented by
the terrestrial species (MP bootstrap = 100%, Bl PP = 1.00, ML bootstrap = 100%)
from Brazilian highlands and the clade J contain the epiphytes species (MP bootstrap
= 98%, BI PP = 1.00, ML bootstrap = 100%). The K group (MP bootstrap = 50%,
ML bootstrap = 67%, Bl PP = 0.81) is composed mostly by terrestrial species from
the Andes and some from Brazil.

The results from the separated markers trees were low informative (Table
1). Thus only the results from the combined dataset using MP, ML, and Bl analyses

were discussed (Figure 15).
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Table 1. Details concerning the alignments used in the present study.

rbcL trnL trnL-F Combined
Total number of terminals 48 58 57 67
Included characters 1263 624 620 2507
Variable characters 142 168 200 510
Parcimony-informative 76 87 99 262

characters
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P. biformis (Gissi et al., 159) D. P. acerosus (Prado & Hirai, 2349). A, B, and C were

collected at Bocaina National Park and D at Campos de Jorddo [D. T. Vasques (A) and R. Hirai (B. C. D.)]
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Figure 2. Terrestrial species of Phlegmariurus A. P. ruber (Gissi & Colletta, 169) B. P. pungentifolius
(Gissi & Colletta, 172) C. P. nudus and P. comans growing side by side (Gissi et al., 106) D. P. regnellii
(Williams, 469) E. Phlegmariurus reflexus with ascending microphylls (Gissi et al., 273) F. P. reflexus
with reflexed microphylls (Gissi et al.,, 165). A and B were collected at Serra do Caraga; C at Itatiaia
National Park; D at Serra de Caldas; E and F at Bocaina National Park [C. M. Mynssen (D)].
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Discussion

Based on these results, it is possible to state the monophyly of the
subfamily Huperzioideae composed of the genera Phylloglossum, Huperzia, and
Phlegmariurus, corroborating the tree genera proposal (PPG I, 2016). In all analyses,
Phlegmariurus form a monophyletic group (MP bootstrap = 100%, BI PP = 1.00, ML
bootstrap = 100%,) with two clades: one with the Neotropical and another with the
Paleotropical species, as shown in previous phylogenetic analyses with the group
(Wikstrom & Kenrick, 1997; Wikstrém et al., 1999; Field et al., 2016, Burnard et al.,
2016).

Several distinct lineages appeared within the genus (Figure 15). The
Paleotropical species (Clade B) form a distintic lineage with Neotropical species
(Clade C). Within the Neotropical clade, several groups are formed, including all
Brazilian species indicating that they evolved after the continental split from Africa.

Brazilian Phlegmariurus species diversified alongside of extra-Brazilian
species, mainly occurring in the Andes. Wikstrom & Kenrick (2001) estimated the
divergence times in Lycopodiaceae by use of nonparametric rate smoothing and
nucleotide sequences of the rbcL gene. They concluded that much extant species
diversity in Lycopodiaceae stems from relatively recent cladogenic events and the
coalescence of the recent Neotropical Phlegmariurus species dates to 79 Million
years.

One hypothesis for this disjunction of the species is several long distance
dispersal events between the Atlantic Rainforest and the Andes, especially for spore
dispersal plants (Mufioz et al., 2004; Kyrkjeeide et al., 2016). Other hypothesis is that

from an ancient link between the Andes and Atlantic Rainforest that favored
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migration of the species with a later retraction of the forest isolating the populations
(Calvente et al., 2011).

A link between the Brazilian Paramos (campos de altitude) and Andean
highland vegetation has been documented (Safford, 2007), suggesting a potential
migration route through northern Argentina or the Paraguayan lowlands, the
highlands of Uruguay, and Southern Brazil.

The Brazilian endemic species of Phlegmariurus do not form one
monophyletic group. However, one group (Clade H) of endemics form a
monophyletic group highly supported in all analysis, and within this group two
lineages are represented, the clade | and J. The clade | formed by P. deminuens, P.
recurvifolius, P. pungentifolius, and P. regnellii. These species are morphological
related and perhaps these species have evolved recently especially by their endemic
characteristic, occurring mainly in the highlands of the state Minas Gerais. The clade
J formed by P. heterocarpon, P. silveirae, P. martii, P. quadrifariatus, P.
hexastichus, and P. loefgrenianus. They represent the “Huperzia heterocarpon group”
(Dllgaard, 1992) plus P. quadrifariatus and P. hexastichus. @llgaard (1987) describes
this group with monomorphic leaves or gradually to abruptly dimorphic, and in some
species decussate in terminal divisions. He also comments that “some species are
perhaps related to H. quadrifariata”. The leaves differentiation and the epiphytic
habit are possible synapomorphies of the group, but the relations among the species
are poor solved.

Another lineage with interesting characteristics is the clade L, that we
may call “The Phlegmariurus reflexus complex”. Phlegmariurus reflexus is
recognized by the reflexed denticulate leaves, but in the revision for the Neotropics,

@Dllgaard (1992) states that P. reflexus is a polymorphic species poorly understood,
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yet there are several names as heterotypic synonyms of P. reflexus that may represent
valid taxa, but their delimitation and distribution are still uncertain. Phlegmariurus
eversus and P. unguiculatus are very similar to P. reflexus being distinguished by
slight differences. Phlegmariurus reflexus collection @llgaard 100617 from Ecuador
appeared in a different clade than the other collections from Brazil and the collection
Sundue 3089 from Mexico. The collection Gissi 233 is affine to P. reflexus but differs
by presenting margins of the leaves entire and a more robust habit. This voucher was
collected in Ibitipoca State Park and there are many specimens with the same
morphology, from the same locality, that appear undetermined in some visited
herbaria. Gissi 155 was collected at the Bocaina National Park, but in contrast to the
other species in this clade, it presents ascending, abaxially convex leaves with entire
margins. Those collections were thought to be different species but arose among P.
reflexus terminals. Still, they may represent either new species, reestablishment of
some taxa or only a morphological variation of the same species. Further studies of
morphology, phylogeny and population genetics are necessary for better
understanding the correct application of these names and crucial for the conservation

status of these species.

The clade M is formed by Phlegmariurus christii and P. hemleri, that are
very alike species even hard to distinguish in the field. Both are endemic species,
homophyllous and terrestrial from high elevations. Phlegmariurus rostrifolius
(Silveira) B. @llg. is a poorly known high-altitude species, known only from the type
collection from Serra do Papagaio, Minas Gerais, and perhaps not distinct from the P.
christii. All these names may represent a unique species and a review for this group is

necessary.
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The clade N is clearly distinct composed by Andean terrestrial species. In
these species, the leaves usually have a basal air cavity abaxially in the mesophyll,
appearing as a bulge externally, and with shoots slightly to strongly heteroblastic,
differentiated into erect sporangium-bearing shoots, and ascending to prostrate or
subterranean and rhizomelike, rooting, rejuvenating shoots which continually give off
erect shoots by equal dichotomies. The species of this clade were included in the
“Huperzia saururus and brevifolia group” (@llgaard, 1992). Still few represented in
the molecular studies, these groups represent the high diversity encountered in the

Ecuadorian and Colombian Paramos.

The phylogeny does not corroborate the previous classification by
@Dllgaard (1987) and Nessel (1955). The diversification of the group is more
complicated than we expected and the morphological aspects used on those
classifications emerged several times in the life story of Phlegmariurus. The leaf
differentiation and the habit are the mainly characters used for the classification in the
genus treatment (G. Herter 1949; @ligaard 1987, 1992). Other morphological
characteristics analyzed as leaf margins, orientation, color, and texture, were too
variable among the clades and are low phylogenetic informative. Hitherto, with the
lack of more sequences of Neotropical species, mainly the Andean’s and more data
about the morphology of the group as a whole, infrageneric classifications are still

considered precocious.
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Epiphytism and terrestrialization in Phlegmariurus

Another characteristic used especially for identification is the growth
habit. Phelgmariurus can be composed of distinct habits ranging from erect terrestrial
plants to pendulous epiphytes. Wikstrom et al., (1999), in the second phylogenetic
study of Phlegmariurus, studied the epiphytism and terrestrialization in the genus and
documented a single origin of epiphytism and multiple reversals to a terrestrial habit.
The epiphytism in Phlegmariurus probably arisen at Late Cretaceous along the
diversification of the Angiosperms as presented in Wikstrom & Kenrick (2001). This
pattern is widely observed in epiphytic ferns (Sundue et al., 2015). By field
observation, some pendulous species were found not only on top of trees but also on
the ground relying on other plants or pending between rocks and ravines indicating a

plasticity of habits some species can have.

Since the study of Wikstrom et al., (1999), the epiphytism in
Lycopodiaceae has been unraveling. Aside ferns and orchids, club mosses constitute
one important group of vascular epiphytes in tropical forests. Since the soil contact is
lost, epiphytes suffer a high risk of desiccation and need the capacity to quickly and

directly use rainwater or moisture (Sundue et al., 2015).

According to their tolerance level to drought Benzing (1990) divided the
vascular epiphytes into three categories: hygrophytes, mesophytes, and xerophytes.
Hygrophytes are strictly adapted to hygrophilous habitats and are drought intolerant.
Owing to this drought intolerance, hygrophytes are observed only in places constantly
submitted to abundant rains, such as the tropical mountain nebulous forests, also
characterized by the highest diversity in epiphytes. Hygrophytes often display

anatomy and morphology regressive traits facilitating direct water absorption.
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Mesophytic epiphytes do not exhibit particular adaptive features but grow in places
where water is easily available, such as in hygrophilous forests. They are thus often
observed sympatrically with hygrophytes, or they are able to create a suspended soil
and are thus called humus-collectors, displaying growth habits allowing them to
accumulate humus and to entrap besides nutrients and water. Xerophytes display
adaptive traits allowing them to avoid and/or endure drought. Xerophilous strategies
(i.e., adaptations for limiting water loss — sclerophylly — and/or for storing water and
nutrients — succulence —, in order to survive the drought period) are more widespread
in epiphytic flowering plants. Xeromorphic features are also observed in numerous
ferns as stout blades covered by a thick cuticle, waxes, stout suberified stems storing

water and amylaceous reserves and water storage tissue.

The plants of Phlegmariurus may be considered hygrophytes, since the
epiphytic species do not show humus collection strategies, neither xeromorphic
features as mentioned above. On the other hand, the sporophytes of these plants
feature corticular roots to develop a localized tree-anchoring root mass that probably

facilitated the conquest of the epiphytic habit.

Pita et al., (2006b) examined the external and internal morphology of the
vegetative leaves of several species of Phlegmariurus and observed the presence of
epidermal cells with sinuous anticlinal walls, invaginations in the inner side of the
external periclinal wall of the epidermal cells and amphistomatic leaves. These
anatomic features are related to scarce water environments as the above the trees or

the top of the hills.

Nevertheless, not all Phlegmariurus are epiphytes, and as shown at the

phylogeny (Figure 16), a reversal to a plesiomorphic terrestrial condition occurred
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many times in the evolution of the Genus. The terrestrial species occur on the
highlands and may have shown up related with the South American mountains

orogeny.

As seen on previously phylogenies (Wikstrom et al., 1999; Field et al.,
2016), reversal to the terrestrial habit occurred twice, but in this work, we can see two
more reversals (Figure 16). Since some plants can be encountered as epiphytes,
pendulous at ravines or among rocks, all poorly nourished environments. We suppose
that these species can be transitional between epiphytes or pendoulous terrestrial
conditions. This especially occurs in the species from the clades E and F, as P.
mandiocanus, P. wilsonii, P. dichotomus, and P. comans. Truly terrestrial species are
found in the clades I and L, M, N. These species are adapted to living in high elevate

environments.

Leaf differentiation

Among the morphological characters observed during the study, we can
highlight the leaf differentiation. Homophylly and heterophylly regard to leaf
reduction in the apex of the plants, especially the sporophylls. The homophyllous
plants present all the microphylls uniform, even the fertile ones. The gradually
heterophyllous plants have a gradual reduction of the leaves and the heterophyllous
have an abrupt reduction in contrast to the others. @llgaard (1987) also called
secondary homophylly when all the leaves are reduced and apressed as P.
quadrifariatus (Bory) B. @llg. and P. hexastichus (B. @llg. & P. G. Windisch) B.

@llg., and expanded leaves are rare and found only at the base of the plant. Although
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@Dllgaard (1987) related secondary homophylly to neoteny from heterophyllous

ancestors, no phylogenetic analysis have been done until now for unraveling this.

In our analysis, we observed species with heterophylly in many terminals
of the Paleotropical and Neotropical species, including Andean and Atlantic
Rainforest species (Figure 17?). Some degree of heterophylly (gradually
heterophyllous, heterophyllous or secondary homophyllous) appeared twice among
the Neotropical species at the clade D and J. Hence, we can consider two states of
character for leaf differentiation that is either completely homophyllous during the
whole sporophyte lifetime or presenting some sort of heterophylly, especially during

the sporangia formation.
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endemic species are indicated with a star.
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Phlegmariurus compactus
Phlegmariurus crassus

Phlegmariurus cumingii

il

Gissi 229 *

Figure 17. Optimization of the heterophylly onto the Maximum likelihood phylogeny of Phlegmariurus samples from analysis of chloroplast
rbcL, trnL and trnL-F sequences. Heterophyllous species are marked in orange while homophyllous species are in black. Brazilian endemic
species are indicated with a star.
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Final Considerations

1. All Brazilian species of Phlegmariurus sampled aroused in the
Neotropical clade merged with the Andean species.

2. The clade H form an important group of Brazilian endemic species
with high support.

3. The epiphytism is considered plesiomorphic in the genus and

terrestrialization appeared more than twice.

4. The groups suggested by @llgaard (1987) are not congruent to the
phylogeny, but some are supported with modifications.

5. Creating a new infrageneric classification is still presumptuous,
whereas a broader sample is required and characters used in the current classifications
do not rise as synapomorphies for many groups. Sequencing more molecular markers
for more species would be interesting for better understand the relationships of the

species in the smaller clades.
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Resumo

Phlegmariurus ¢ o género mais abundante de Lycopodiaceae no Brasil com
40 espécies, sendo 24 destas endémicas, ocorrendo principalmente na Mata Atlantica
e Campos Rupestres da Cadeia do Espinhaco. Alguns trabalhos de filogenia com o
grupo ja haviam sido realizados, contudo sem incluir uma amostragem representativa
das espécies brasileiras. Dessa forma, realizamos a filogenia molecular das espécies
de Phlegmariurus endémicas do Brasil utilizando trés marcadores moleculares de
cpDNA. Phlegmariurus se mostrou monofilético, incluindo dois clados, um
Neotropical e outro Paleotropical. Todas as espécies brasileiras amostradas
apareceram no clado neotropical. As espécies endémicas apareceram em varios
clados em meio as espécies andinas. O epifitismo e a diferenciacdo dos microfilos
foram otimizados nos clados obtidos e indicaram que essas caracteristicas surgiram

varias vezes na historia evolutiva do grupo.
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Abstract

Phlegmariurus is the most abundant genus of Lycopodiaceae in Brazil with 40
species, 24 of which are endemic, occurring mainly in the Atlantic Rainforest and
Rocky Fields (“Campos Rupestres”) in the Espinhaco range. Some phylogeny works
with the group had already been carried out, but not including a representative sample
of the Brazilian species. Thus, we performed a molecular phylogeny of
Phlegmariurus species endemic in Brazil using three molecular markers of cpDNA.
Phlegmariurus showed to be monophyletic, including two clades, one Neotropical
and another Paleotropical. All the Brazilian species sampled appeared in the
Neotropical clade. The endemic species appeared in several clades alongside Andean
species. Epiphytism and the microphylls differentiation were optimized at the

obtained clade and they appeared several times in the evolutionary history of the

group.
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Appendix 1

List of the taxa and specimens used in this study and GenBank accession numbers for rbcL, trnL, and trnL-F.

Missing sequences are indicated by a dash.

Species
LOCATION Collector & number (Herbarium)

Marker
rbcL

Marker
trnL

Marker
trnL-F

Huperzia selago (L.) Bernh. ex Schrank & Mart.
SWEDEN: N. Wikstrom 36 (S)

Huperzia serrata (Thunb. ex Murray) Trevis.

CHINA: S.L. Pan WJ409041 (SHMU)

Phlegmariurus acerosus (Sw.) B. @llg.

BRAZIL — SAO PAULO: J. Prado 2349 (SP, AAU)
Phlegmariurus attenuatus (Spring) B. @llg.

ECUADOR: N. Wikstrom 300 (S)

COSTA RICA: W. Testo 167 (VT)

Phlegmariurus biformis (Hook.) B. @llg.

BRAZIL — SAO PAULO: D.S. Gissi 159 (SP, AAU)
BRAZIL — RIO DE JANEIRO: D.S. Gissi 129 (SP, AAU)
Phlegmariurus campianus (B. @llg.) B. @llg.
ECUADOR: B. @llgaard 100612 (AAU)

Phlegmariurus christii (Silveira) B. @llg.

BRAZIL — RIO DE JANEIRO: D.S. Gissi 109 (SP, AAU)
BRAZIL — RIO DE JANEIRO: D.S. Gissi 110 (SP, AAU)
Phlegmariurus comans (Herter ex Nessel) B. @llg.
BRAZIL — RIO DE JANEIRO: D.S. Gissi 100 (SP, AAU)
BRAZIL — RIO DE JANEIRO D.S. Gissi 107 (SP, AAU)
Phlegmariurus compactus (Hook) B. @llg.

ECUADOR: N. Wikstrom 271 (S)

Phlegmariurus crassus (Humb. & Bonpl. ex Willd.) B. @llg.
ECUADOR: B. @llgaard 100832 (AAU)

Phlegmariurus cumingii (Nessel) B. @llg.

ECUADOR: B. @llgaard 100836 (AAU)

Phlegmariurus deminuens (Herter) B. @llg.

BRAZIL — MINAS GERAIS: D.S. Gissi 229 (SP, AAU)
BRAZIL — MINAS GERAIS: D.S. Gissi 230 (SP, AAU)
Phlegmariurus dichotomus (Jacg.) W.H. Wagner
MEXICO: Eliasson 538 (S)

Phlegmariurus ericifolius (C. Presl) B. @llg.
ECUADOR: N. Wikstrom 286 (S)

Phlegmariurus erythrocaulon (Fée) B. @llg.

BRAZIL — SAO PAULO: D.F. Peralta 4179 (SP)

Y07934

DQ464228

This study

KT634232

This study

X98282

This study

This study

Y07930

This study

This study

AJ224592

This study

AJ224573

This study

AJ224586

This study

This study

AJ224571

AJ224572

AJ224578

This study

AJ224567

AJ224587

This study

AJ224592

This study

AJ224573

This study

AJ224586

This study

This study

AJ224571

AJ224572

AJ224578

This study

AJ224567

AJ224587

This study
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Phlegmariurus eversus (Poir.) B. @llg.

ECUADOR: B. @ligaard 100620 (AAU)

Phlegmariurus flexibilis (Fée) B. @llg.

BRAZIL — SAO PAULO: R.Y. Hirai 175 (SP, AAU)
Phlegmariurus fontinaloides (Spring) B. @llg.

BRAZIL — SAO PAULO: D.S. Gissi 153 (SP, AAU)
Phlegmariurus funiformis (Cham. ex Spring) B. @lig.
ECUADOR: Asplund 19290 (S)

Phlegmariurus hemleri (Nessel) B. @llg.

BRAZIL — RIO DE JANEIRO: D.S. Gissi 203 (SP, AAU)
Phlegmariurus heterocarpon (Fée) B. @llg.

BRAZIL — SAO PAULO: J. Prado 2348 (SP, AAU)
BRAZIL — RIO DE JANEIRO: D.S. Gissi 131 (SP, AAU)
Phlegmariurus heteroclitus (Desv. ex Poir.) B. @llg.
ECUADOR: N. Wikstrom 283 (S)

ECUADOR: M. Lehnert 1851 (VT)

Phlegmariurus hexastichus (B. @llg. & P.G. Windisch) B. @llg.

BRAZIL — SAO PAULO: D.S. Gissi 148 (SP, AAU)
Phlegmariurus hippurideus (Christ) B. @llg.
ECUADOR: B. @llgaard 100619 (AAU)
Phlegmariurus hippuris (Desv. ex Poiret) A.R. Field & Testo
INDONESIA: N. Wikstrom et al., 157 (S)
Phlegmariurus hystrix (Herter) B. @llg.

ECUADOR: N. Wikstrom 294 (S)

Phlegmariurus intermedius (Trevisan) B. @llg.
BRAZIL — MINAS GERAIS: D.S. Gissi 175 (SP, AAU)
Phlegmariurus lindenii (Spring) B. @llg.

ECUADOR: B. @llgaard 100831 (AAU)
Phlegmariurus loefgrenianus (Silveira) B. @llg.
BRAZIL — SAO PAULO: J. Prado 2343 (SP, AAU)
BRAZIL — SAO PAULO: J. Prado 2342 (SP, AAU)
Phlegmariurus mandiocanus (Raddi) B. @llg.

BRAZIL — RIO DE JANEIRO J. Prado 2399 (SP)
Phlegmariurus martii (Wawra) B. @llg.

BRAZIL — BAHIA: F.B. Matos 1401 (SP, NY, UPCB)
Phlegmariurus mingcheensis Ching

CHINA: S.L. Pan WJ112127 (SHMU)

Phlegmariurus mollicomus (Spring) B. @llg.

BRAZIL — RIO DE JANEIRO: C.M. Mynssen 1147 (SP, RB)

This study

This study

This study

This study

KT634230

This study

Y07931

AJ133895

This study

This study

This study

This study

DQ464232

This study

AJ224579

This study

This study

AJ224560

This study

This study

AJ224588

This study

AJ224566

AJ224550

AJ224574

This study

AJ224585

This study

This study

This study

This study

AJ224579

This study

This study

AJ224560

This study

This study

AJ224588

This study

AJ224566

AJ224550

AJ224574

This study

AJ224585

This study

This study

This study

This study
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Phlegmariurus nudus (Nessel) B. @llg.
BRAZIL — RIO DE JANEIRO: D.S. Gissi 106 (SP, AAU)

Phlegmariurus ophioglossoides (Lam.) A.R. Field & Bostock

TANZANIA: S. Manktelow 91135 (UPS)

Phlegmariurus petiolatus (C. B. Clarke) H. S. Kung & Li Bing Zhang

CHINA: S.L. Pan WJ107181 (SHMU)

Phlegmariurus phlegmaria (L.) T. Sen & U. Sen
JAPAN — (TNS:763399)

INDONESIA: N. Wikstrom 160 (S)

Phlegmariurus polydactylus (B. @llg.) B. @llg.
ECUADOR: B. @llgaard 100834 (AAU)
Phlegmariurus pungentifolius (Silveira) B. @llg.
BRAZIL — MINAS GERAIS: D.S. Gissi 176 (SP, AAU)
Phlegmariurus quadrifariatus (Bory) B. @llg.

BRAZIL — RIO DE JANEIRO: D.S. Gissi 130 (SP, AAU)
BRAZIL — RIO DE JANEIRO: D.S. Gissi 261 (SP)
Phlegmariurus recurvifolius (Rolleri) B. @llg.

BRAZIL — MINAS GERAIS: D.S. Gissi 177 (SP, AAU)
Phlegmariurus reflexus (Lam.) B. @llg.

ECUADOR: B. @llgaard 100617 (AAU)

MEXICO: M. Sundue 3089 (AAU, MEXU, VT)
Phlegmariurus reflexus (Lam.) B. @llg.

BRAZIL — SAO PAULO: D.S. Gissi 165 (SP, AAU)
BRAZIL — MINAS GERAIS: D.S. Gissi 233 (SP, AAU)
BRAZIL — SAO PAULO: D.S. Gissi 155 (SP, AAU)
Phlegmariurus regnellii (Maxon) B. @lIg.

BRAZIL — MINAS GERAIS: E.A. Williams 469 (RB)
Phlegmariurus rosenstockianus (Herter) B. @llg.
ECUADOR: J. Branbyge 42178 (S)

Phlegmariurus rufescens (Hook.) B. @llg.

ECUADOR: B. @llgaard 100833 (AAU)
Phlegmariurus sarmentosus (Spring) B. @llg.
ECUADOR: B. @ligaard 100816 (AAU)
Phlegmariurus silveirae (Nessel) B. @llg.

BRAZIL — MINAS GERAIS: V.A.O. Dittrich 1812 (CESJ)
Phlegmariurus squarrosus (G. Forst.) A. Léve & D. Léve
CHINA: S.L. Pan WJ207111 (SHMU)

MALAYSIA: N. Wikstrom 143 (S)

Phlegmariurus subulatus (Desv. ex Poir.) B. @lig.

This study

DQ464233

AB574635

This study

This study

This study

KT634233

This study

This study

This study

DQ464235

This study

AJ224590

AJ224558

AJ224575

This study

This study

This study

AJ224581

This study

This study

AJ224583

AJ224576

AJ224584

This study

AJ224557

This study

AJ224590

AJ224558

AJ224575

This study

This study

This study

AJ224581

This study

This study

AJ224583

AJ224576

AJ224584

This study

AJ224557
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ECUADOR: B. @llgaard 100618 (AAU)

Phlegmariurus tenuis (Humb. & Bonpl. Ex Willd.) B. @llg.
ECUADOR: B. @ligaard 100817 (AAU)

Phlegmariurus tetragonus (Hook. & Grev.) B. d@llg.
ECUADOR: N. Wikstrom 301 (S)

Phlegmariurus unguiculatus (B. @llg.) B. @llg.
ECUADOR: N. Wikstrom 264 (S)

Phlegmariurus verticillatus (L.f.) A.R. Field & Testo
INDONESIA: N. Wikstrom et al., 156 (S)
Phlegmariurus wilsonii (Underw. & F.E. Lloyd) B. @llg.
ECUADOR: B. @llgaard et al., 100611 (AAU)
Phylloglossum drummondii Kunze

AUSTRALIA: Crane s.n. (S)

AJ133897

Y07933

Y07939

AJ224589

AJ224568

AJ224577

AJ224582

AJ224561

AJ224565

AJ224593

AJ224589

AJ224568

AJ224577

AJ224582

AJ224561

AJ224565

AJ224593
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