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Abstract

The epiphytic fern genus Microgramma (Polypodiaceae) comprises 30 species occurring
mainly in the Neotropics with one species in Africa, being an example of trans-Atlantic
digunction. Morphologically and ecologically, Microgramma presents awide variation that
isnot seen in its closest related genera. Recent works changed the circumscription of
Microgramma to better conform with phylogenetic evidence, but no comprehensively
sampled study has addressed the evolution of this lineage. This study aimed to investigate
phylogenetic relationships, ecological and morphological evolution within Microgramma, as
well as test the role of long-distant dispersal in the history of the genus. Sequences from five
plastid regions were used to infer the phylogenetic relationships and estimate divergence
times. Our results show five clades in Microgramma that do not corroborate any infrageneric
classification system proposed. Several morphological traits seem to be homoplastic, such as
leaf dimorphism. Tuber-like myrmecodomatia are suggested to be synapomorphic for one
clade, although ant-plant association appearsin two distinct lineages. Microgramma
lycopodioides and M. mauritiana are not closely related, with the African species nested
within an Atlantic Forest clade, indicating a long-distance dispersal event estimated to have

occurred around 15 Ma from South Americato Africa, followed by speciation.

Key-words: ant-fern association - biogeography - frond dimorphy - ferns - homoplasy - long-

distance dispersal


https://doi.org/10.1101/2020.06.07.138776
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.06.07.138776; this version posted June 8, 2020. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

INTRODUCTION

Microgramma C.Pred is afern genus of approximately 30 speciesin the family
Polypodiaceae, all occurring in the Neotropics except one occurring in Africa. They are
rhizome-creeping epiphytes, growing from trunk bases to the canopy, with afew species also
ableto grow in rocky or terrestrial habitats. They occur preferentialy in wet tropical forests
but also colonize dry forests and savanna environments across a broad area of South America
and tropical Africa (Almeida, 2020). Microgramma is part of the neotropical clade of
Polypodiaceae and it is placed in the campyloneuroid clade with Campyloneurum C.Presl and
Niphidium J.Sm. (Schneider et al., 2004; Labiak & Moran, 2018). Although its relationships
with other genera are well known, the phylogenetic tree of Microgramma itself has not been
previously explored.

Microgramma presents a broader spectrum of frond and rhizome variation thanisfound in its
closest related genera (Schneider et al., 2004; Salino et al., 2008; Labiak & Moran, 2018).
Two different functional fronds are found in Microgramma: fertile fronds bearing sporangia,
and sterile fronds with the primary purpose of photosynthesis (Wagner & Wagner, 1977).
Monomorphic species bear fertile and sterile fronds that are similar in size and shape, while
dimorphic species have fertile fronds that differ from sterile frondsin size, or size and shape.
The rhizomes range from cylindric to flattened, and can have tubers, sac-like
myrmecodomatia that are described to have associations with ants (Gémez, 1974; Salino et
al., 2008).

Regarding geographic distribution, Microgramma, along with Pleopeltis Humb. & Bonpl. ex
Willd., isunigue in the neotropical Polypodiaceae clade (outside the grammitids) in being an
example of digunction between Africa and South America. Its species occur throughout the
Neotropics, from Floridato Argentina, with a single species[Microgramma mauritiana

(Desv.) Tardieu] in Sub-Saharan Africa, the Malagasy region, and the Indian Ocean Islands
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(Moran & Riba, 1995; Roux, 2009; Smith et al., 2018). Given their morphological similarity,
populations from both continents were once considered conspecific under a broadly
distributed M. lycopodioides Copdl.; but African-Malagasy populations of Microgramma are
now recognized as M. mauritiana, while M. lycopodioides is restricted to the Neotropics
(Salino et al., 2008; Roux, 2009). In the Neotropics, some species are widespread [M.
percussa (Cav.) dela Sotaand M. lycopodioides (Smith et al., 2018)], with relatively few
narrow-range endemics such as M. rosmarinifolia (Kunth) RM.Tryon & A.F.Tryon (Tryon
& Stolze, 1993), M. recreense (Hieron.) Lellinger (Ledn & Jargensen, 1999), and M. crispata
(Fée) R.M.Tryon & A.F.Tryon (Almeida, 2020).

Long-distance dispersal (LDD) isakey process in shaping plants' current distribution in
natural environments (Jordano, 2017). Many examples from different plant lineages
document the importance of LDD in shaping floristic relationships between Africaand South
America (see Christenhusz and Chase 2013 for areview). Vascular seedless plants are
lineages where it is expected to find very closely related populations or species occurring
digunctly (Tryon, 1986). Their life cycle have two aternating generations - sporophyte and
gametophyte - which are heteromorphic and independent (Haufler et al., 2016; Pinson et al.,
2017), and their small spores are easily dispersed by the wind (Sheffield, 2008). Moran &
Smith (2001) documented several examples of LDD in ferns and lycophytes between Africa
and South America based on the morphological similarity of species (hypothesized as species
pairs) or populations occurring in both continents (hypothesized to be conspecific). Accessto
phylogenetic data now allows us to test these hypotheses. A few of them were not
corroborated in previous studies (e.g. Rouhan et al., 2004; Lehtonen et al., 2010; Link-Pérez,
Watson, & Hickey, 2011; Labiak et al., 2014; Schuettpelz et al., 2016; Huiet et al., 2018)
while many were found to be the result of LDD (e.g. (Prado et al., 2013; Almeidaet al.,

2016; Gasper et al., 2016; Bauret et al., 2017, 2018; Duan et al., 2017).
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Even though recent studies changed the circumscription of Microgramma to better conform
phylogenetic evidence (Salino et al., 2008; Almeida et al., 2017), no comprehensively
sampled study has, to the date, addressed the morphological variation, the ant-fern-
association, and the disjunction between neotropical and African populations within the
genus. This study aimed to investigate phylogenetic relationships, ecologica and
morphological evolution within the genus Microgramma as well as test the role of long-

distant dispersal in the history of the genus.

MATERIAL AND METHODS

Taxon sampling

Twenty-six out of the ca. 30 species of Microgramma were sampled (105 newly acquired
sequences), covering all known putative species groups as well as the geographic range of the
genus. Species not sampled were mostly known from single locations (Microgramma
recreense), are poorly known or rare taxa (M. ulel (Ule) Stolze and M. tuberosa (Maxon)
Lellinger) or are known only for their type specimen (M. fosteri B.Leon & H.Beltran). Two
exemplars per species were included and within species, samples were selected to encompass
the geographic or morphological variation of the known species.

Outgroups were selected from eight Polypodiaceae genera based on the studies of Schneider
et al. (2004) and Almeida et a. (2017) and include nine species of Campyloneurum, three of
Niphidium and one species of Adetogramma T.E.Almeida, Pecluma M.G.Price, Phlebodium
(R.Br.) J.Sm., Pleopeltis, PolypodiumL., and Serpocaulon A.R.Sm. (Appendix). The
samples were stored in silica gel and vouchers were incorporated to the following herbaria:
BHCB, FURB, LPB, PMA, USM, USZ (acronyms follow Thiers 2020 onward:

http://sweetgum.nybg.org/science/ih/). Vouchers and GenBank accessions are listed in the
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Appendix. Aligned data matrix was deposited in TreeBASE

(http://purl.ora/phyl o/treebase/phylows/study/TB2:526342).

Sequences acquisition

Total DNA was extracted from field-acquired silica gel-dried or fresh tissues, using the
Qiagen DNeasy Plant mini kit (Qiagen Inc., Valencia, CA, USA). PCR amplifications were
performed for five plastid regions: rbcL, rps4, (rps4 gene, and rps4-trnSintergenic spacer),
and trnLF, (trnL intron, trnL-trnF 1GS and including short exon portions of the genes trnL
and trnF). Amplifications were done in single reactions with primers 1F and 1365R (Haufler
& Ranker, 1995) for the rbcL region, the primers rpsSF (Nadot et al., 1995) and trnSR (Smith
& Cranfill, 2002) for the rps4 gene and rps4-trnS 1GS, and the primers Fernl (Trewick et al.,
2002) and f (Taberlet et al., 1991) for the trnL intron, and trnL-trnF IGS. Polymerase chain
reactions were performed in a 20 pL solution containing 1.0 uL of genomic DNA template,
2.0 uL of PCR buffer (Qiagen 10x PCR Buffer), 1.0 uL of DMSO, 1.0 uL of BSA (4
mg/mL), 0.8 uL of dNTPS (10 mM), 0.32 uL (10 uM) of each primer, 0.12 units of Taq
DNA polymerase (Qiagen, 5 units/uL) and 14.44 uL of ultra-pure water. The thermal cycling
conditions were the same for al threeregions: 3 min at 94 °C, 35 cycles of 45 sat 94°C, 60 s
at 53°C and Qs at 72°C, followed by 5 min at 72 °C. The amplicons were purified by
precipitation with polyethylene glycol - PEG and sequenced by Macrogen (Seoul, South

Korea) for bidirectional sequencing reaction in an ABI3730XL.

Alignment and phylogenetic analyses
Sequence e ectropherograms were edited using the Genelous version R11

(http://www.geneious.com, Kearse et al. 2012). The edited sequences were submitted to
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automated alignment with MUSCLE and the resulting alignment was checked manually
using MEGA 7 (Kumar, Stecher, & Tamura, 2016).

The data were analyzed using maximum likelihood (ML) and Bayesian inference (Bl). We
inferred the Maximum likelihood tree using the IQ-TREE webserver (Nguyen et al., 2015;
Trifinopoulos et al., 2016) with a partitioned matrix, automatic selection of the best-fit
substitution model using Bayesian Information Criterion (Schwarz, 1978) through
ModelFinder (Kalyaanamoorthy et al., 2017), and with branch support assessed using the
ultrafast bootstrap approximation with 1,000 bootstrap replicates (Minh, Nguyen, & Von
Haeseler, 2013; Hoang et al., 2018). The partitions were selected by Partition M odel
(Chernomor, von Haeseler, & Minh, 2016). For Bl we performed a model-based Markov
chain Montecarlo-based phylogenetic analysis using MrBayes v3.2.2 (Ronquist et al., 2012)
through Cipres Science Gateway (Miller, Pfeiffer, & Schwartz, 2010), treating each DNA
region (rbcL, rsp4 gene, rps4 IGS, and trnL-trnF) as separate partitions. An evolutionary
model for each DNA region was selected in jMode Test 2 (Guindon & Gascuel, 2003;
Darribaet al., 2015), using the Bayesian Information Criterion (Schwarz 1978, Table 1).
Each analysis consisted of two independent runs with four chains performing 50,000,000
generations, sampling one tree every 1,000 generations. For the Bl and ML, GenBank
sequences of Polypodium vulgare L. were used as the outgroup. After discarding the first
10% of the trees as burn-in, the remaining trees were used to assess topology and posterior
probabilities (PP) in a majority-rule consensus. To check the convergence of the runs, ESS
(effective sample size) and PSRF (potential scale reduction factor) were examined (Ronquist
et al., 2012) using Tracer v.1.6 (Bouckaert et al., 2014). Based on the sampled parameter
values examined, 10% of the trees, including the ones generated during the burn-in phase,

were discarded. Remaining trees were used to assess topology and posterior probabilities
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(PP) in amajority-rule consensus tree. Results were summarized on a majority rule consensus

tree.

Divergence times estimations

Divergence times were estimated with the software BEAST 2.5 (Bouckaert et al., 2019)
through the CIPRES Science Gateway (Miller et al., 2010). The data matrix was partitioned
among the four markers and assigned the GTR model of substitution for the rps4 gene, rps4
IGS, and trnL-trnF intron+IGS, and the HKI model for the rbcL gene. The trees and clock
models were linked. In the absence of reliable fossil for the ingroup, we used time
estimations from the large-scale study on the time diversification of |eptosporangiate ferns by
Testo and Sundue (2016) for node calibration. We used calibrations for the following nodes
with the respective ages: campyloneuroid clade + Adetogramma + Serpocaulon = 55.84 ma;
campyloneuroid clade = 49.54 ma; Campyloneurum + Niphidium = 45.64 ma;
Campyloneurum = 35.28 ma; Microgramma = 26.73 ma; Niphidium =5.97 ma. We assigned
anormal digtribution for all calibrated nodes. We used an uncorrelated lognormal clock, and
the birth-death tree prior, with the relative extinction rate set to 0.5 and speciation set for 1.0.
Parameters and priors were set using BEAUtI (Drummond et al., 2012). A starting tree
topology was specified based on the resulting majority-rule Bayesian tree, using the package
ape (Paradis & Schliep, 2019) in R (R Core Team, 2019) to match branch lengths to units of
time specified for BEAST analysis.

Two Markov chain Montecarlo runs were conducted using 5 x 107 generations with
parameters sampled every 5,000 steps. Results from both BEAST runs were analyzed to
confirm that stationarity, convergence, and effective sample sizes (ESS) were sufficient for
all parametersusing Tracer 1.7 (Rambaut et al., 2018). Trees were summarized and annotated

with median ages estimates and 95% highest posterior density (HPD) intervals using


https://doi.org/10.1101/2020.06.07.138776
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.06.07.138776; this version posted June 8, 2020. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

LogCombiner and TreeAnnotator in BEAST 2 (Bouckaert et al., 2019), with 20% of trees
discarded as burn-in. A tree was generated from the remaining 8,000 trees using the Bl
majority-rule tree as atarget tree to constrain the topology and for the dated tree to reflect the

polytomies found in both Bl and ML analyses.

RESULTS

The length of each sampled region, number of parsimonioudy informative and invariant
sites, and models used for Bayesian Inference and Maximum Likelihood analyses are given
in Table 1. In both the Bayesian Inference and BEAST analyses, the two independent runs
converged and ESS values for all parameters were higher than 200, indicating convergence of

the analysis (Barido-Sottani et al., 2018).

Phylogenetic analyses

The monophyly of Microgramma was strongly supported (1.00 PP, 100% BS) (Figure 1).
Four main clades are recognized insde Microgramma (Figure 1). The Andean endemic
Microgramma rosmarinifolia is recovered as sister to the remaining species of Microgramma
(1.00 PP, 100% BS). At the subsequent node, a clade called here the Scaly clade, is sister to
all remaining clades (0.98 PP, 97% BS). The Scaly clade includes all species with subulate
scales (M. latevagans (Maxon & C.Chr.) Lellinger, M. nana (Liebm.) T.E.Almeida, M.
piloselloides (L.) Copel., M. reptans (Cav.) A.R.Sm., M. tecta (Kaulf.) Alston, M. tobagensis
(C.Chr.) C.D. Adams & Baksh.-Com.) and round scales (M. dictyophylla (Kunze ex Mett.) de
la Sota and M. percussa) covering both sides of fronds. These species are distributed
throughout the Neotropics, with widespread species such as M. nana, M. percussa, M.
reptans, and M. tobagensis; species with restricted distribution as M. dictyophylla (Northern

South America), and M. piloselloides (Central America and Caribbean), as well as endemics,
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such as M. latevagans (Bolivia and Peru), and M. tecta (Atlantic Forest). In the following
divergence, the predominantly Eastern South American M. squamulosa (Kaulf.) de la Sota
(including the supposedly hybrid species M. mortoniana de la Sota) appears as sister to all
the remaining species (1.00 PP, 100% BYS). Subsequently, there is a polytomy including three
clades: the Vacciniifolia clade, Lycopodioides clade, and Persicariifolia clade. The
Vacciniifolia clade (0.79 PP, 59% BS) includes M. mauritiana, M. crispata, M. geminata
(Schrad.) R.M.Tryon & A.F.Tryon, and M. vacciniifolia (Langsd. & Fisch.) Copel. The
African Microgramma mauritiana appears nested in this lineage, although the position is not
supported by the ML analyses. The remaining species in this clade are Atlantic Forest
endemics (M. crispata and M. geminata) and the widespread M. vacciniifolia which occursin
the Atlantic Forest and also has disunct populationsin northern South America, the
Caribbean, eastern Andes, and the Chaco.

The Lycopodioides clade (1.00 PP, 100% BS) includes the widespread neotropical M.
lycopodioidesin a polytomy with M. baldwinii Brade and a clade including the
representatives of myrmecophytic species (M. bifrons (Hook.) Lellinger and M. brunei
(Wercklé ex Christ) Lellinger) (1.00 PP, 100% BS). We found no support for the recognition
of African populations, recognized here as M. mauritiana, to be related to or conspecific with
M. lycopodioides. The morphological similarities between these species arelikely to be
homoplastic.

The Persicariifolia clade (0.77 PP, 64% BS) includes the M esoamerican M. nitida (J.S5m.)
A.R.Sm., the eastern South American M. lindbergii (Mett. ex Kuhn) de la Sota and M.
microsoroides Salino, T.E.Almeida & A.R.Sm., the lowland Amazonian M. megalophylla
(Desv.) dela Sotaand M. thurnii (Baker) R.M.Tryon & Stolze, and the widespread M.
persicariifolia (Schrad.) C.Presl. The Central American and Caribbean species M.

heterophylla (L.) Wherry was sister to other speciesin the Persicariifolia clade, with its
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position poorly supported in both Bl and ML analyses (0.77 PP, 64% BS) and therefore is not
considered within this clade.

The ant-associated species M. bifrons and M. brunei, representatives of the group previousy
segregated as the genus Solanopteris Copel. (along with the unsampled M. tuberosa and M.
fosteri) do not belong to the same clade as the only other known ant-associated species M.
megalophylla (Figure 1). Additionally, leaf monomorphism is recovered as
symplesiomorphic and leaf dimorphism occurs in aderived position in species distributed in
all four clades.

Theinclusion of more than one terminal for most species indicate that some might not be
monophyletic: M. microsoroidesis recovered as paraphyletic to M. persicariifolia, M.
mortoniana is nested in M. squamulosa, and M. tobagensisis recovered as polyphyletic

(Figure 1).

Divergence times analysis

Microgramma rosmarinifolia was estimated to diverge around 26.85 Ma (95% HPD 25.89—
27.84 Ma), succeeded by the divergence of the Scaly clade around 26.48 Ma (95% HPD
24.11-27.76 Ma) (Figure 2). The divergence of M. squamulosa was estimated to have
occurred at 22.89 Ma (95% HPD 19.5 — 25.92 Ma). We do not present the dates from the
polytomy including M. heterophylla, the Vacciniifolia, Lycopodioides, and Persicariifolia
clade, to conform with the results from the Bl and ML. The divergence of M. heterophylla
from the Persicariifolia clade was estimated at 19.73 Ma (95% HPD 13.62 —22.1 Ma). The
divergence of the Vacciniifolia clade was estimated to have occurred a 15.07 Ma (95% HPD
9.29-19.69 Ma), and that of the Lycopodioides clade and the Persicariifolia clade was
estimated to have occurred at 12.98 Ma (95% HPD 8.15-17.68 Ma) and 15.22 Ma (95% HPD

10.85-19.63 Ma), respectively.
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The lineage containing the species with myrmecodomatia (M. brunei, M. bifrons) (Figure 3),
was estimated to have diverged from M. baldwinii (species with no records of ant-fern
association) around 12.61 Ma (95% HPD 6.2 —16.08 Ma). Microgramma megal ophylla,
another species with ant-fern association that does not have myrmecodomatia (Figure 3), was
estimated to have diverged from M. thurnii (species with no records of ant-fern association)

ca 11.67 Ma (95% HPD 3.5-15.64 Ma) (Figures 1, 2).

DISCUSSION

Phylogenetic relationshipswithin Microgramma

Our results support the circumscription of Microgramma proposed by Salino et al. (2008),
(based on approximately one third of the genus’ species sampled) including the species
previously segregated in Solanopteris [M. bifrons, M. brunei, M. fosteri, and M. tuberosa
(=M. bismarckii (Rauh) B.Léon)], and also M. percussa and M. dictyophylla (Figure 1).
These results do not support generic classifications that split the genus and do not corroborate
any infrageneric classification previously proposed for the genus. For example, the
recognition of Anapeltis J.Sm. and Craspedaria Link proposed by Christensen (1938), Ching
(1940), and Pichi Sermolli (1977). The characters used to segregate Craspedaria were
venation type, presence or absence of included free veinlets directed towards the costa, shape
of sori, and the presence or absence and shape of paraphyses (de la Sota, 1973a; Pichi
Sermolli, 1977). These features are variable among Microgramma species and may congtitute
homoplastic characters, thus possibly devoid of any systematic value for use at the generic
level. de la Sota (1973) suggests, for example, that the evolutionary process of venation
simplification may be related to the reduction of leaf size and increase of its dimorphism. Our

data indicates these events have occurred independently several times among species of the
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Scaly clade (such as M. reptans), Vacciniifolia clade (M. vacciniifolia), Lycopodioides clade
(M. bifrons), and M. squamulosa (Figure 1).

The recognition of Solanopteriswas mainly based upon the presence of tubers, although
Copeland (1951) cites fronds texture and vein and veinlet pattern as characters that could be
used to recognize this group of speciesin a separate genus. Conversely, Lellinger (1977),
when combining Microgramma subg. Solanopteris, stated that the features used by Copeland
(1951) were insufficient to grant the group a generic status. The presence of echinate spores
in the myrmecophytic species was another feature used to segregate Solanopterisfrom
Microgramma (Tryon & Lugardon, 1991). Those characters (tubers and echinate spores)
could be synapomorphies of the clade. The inclusion of the other myrmecophytic species
with tubers, M. fosteri and M. tuberosa, is needed to test this hypothesis.

In addition, our results do not corroborate the infrageneric classification system proposed by
Lellinger (1977). The presence of scales on the fronds, a character used by Lellinger (1977)
to group speciesin Microgramma subg. Lopholepis (J.Sm.) J.Sm. (including M. piloselloides,
M. reptans, and M. vacciniifolia), is ahomoplastic feature. Scales are present in species that
appear in several clades: M. piloselloides and M. reptansin the Scaly clade and M.
vacciniifolia in the Vacciniifolia clade (Figure 1). Moreover, the scales present in most
species from the Scaly clade greatly differ in shape from the scales of M. vacciniifolia and M.

squamulosa and are probably homoplastic.

Morphological characters

The presence of myrmecodomatiain Microgramma species that are not inferred as closely
related (Figure 1) indicates either two origins, or one origin and at least five losses. Within
Microgramma, two forms of myrmecodomatia have been reported: the broad domed

rhizomes enclosing a cavity below recently found in Microgramma megal ophylla (Almeida,
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2018) and the more specialized chambered tubers well known for Microgramma bifrons and
M. brunei (Gémez, 1974). The unique rhizome form of M. megalophylla resembles a smple
form of what is found in the paleotropical ant-fern genus Lecanopteris (Gay, 1993; Almeida,
2018) (Figure 3). Lecanopteris mirabilis (C.Chr.) Copel. has the most basic form of
myrmecodomatia present in that genus and is Sister to other Lecanopteris that have more
complex chambered myrmecodomatia (Gay, 1993; Haufler et al., 2003; Testo et al., 2019).
In addition to myrmecodomatia, the spores of M. bifronsand M. brunel are echinate, a feature
proposed to be associated with ant dispersal (Hennipman, 1990; Tryon & Lugardon, 1991),
but this feature is absent from M. megalophylla (Tryon & Lugardon, 1991). These two forms
of ant-association belong to two different clades, evidence supporting a hypothesis of two
separate origins. This parallel between Lecanopteris and ant-associated Microgramma is
consistent with the hypothesis proposed by Almeida (2018) that flattened domed rhizomes
are the most basic form in a transition to more complex chambered domatia (Haufler et al.,
2003; Testo et al., 2019).

Frond dimorphism in Microgramma appears to be homoplastic (Wagner & Wagner, 1977),
occurring in al clades: M. nana, M. reptans, M. tecta, and M. tobagensisin the Scaly clade;
M. crispata, M. mauritiana, and M. vacciniifolia, in the Vacciniifolia clade; M. bifrons, and
M. brunei in the Lycopodioides clade, and M. nitida in the Persicariifolia clade. This feature
is unique among the Campyloneuroid clade (formed by
Microgramma+Campyloneurunm+Niphidium - Schneider et al., 2004), and rare among the
neotropical-clade of Polypodiaceae, being found mostly in the genus Pleopeltis (Smith &
Tegero-Diez, 2014). The derived occurrences of frond-dimorphism within Microgramma is
evidence that frond monomorphism is symplesiomorphic in the Campyloneuroid clade.
Although they can be advantageous during reproduction (e.g. more production and effective

dispersal of spores) (Wagner & Wagner, 1977), dimorphy can have an impact on plants
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because the reduced fertile fronds are generally short-lived (Mehltreter & Sharpe, 2013) and
have lower photosynthetic rates, suggesting an elevated cost to be produced and maintained
(Wagner & Wagner, 1977; Watkins, Churchill, & Michele Holbrook, 2016). Further studies
are needed to clarify if, from a developmental point of view, frond dimorphismis

homol ogous throughout Microgramma, and which selective pressures and modificationsin
developmental processes could have induced or facilitated so many transitions from
monomorphy to dimorphy.

Despite the above-discussed scenario of homoplasies, some distinctive morphological
characters traditionally used to diagnose species and species relationships in Microgramma
may be synapomorphies. For instance, the Scaly clade comprises species with subulate scales
in the fronds and also includes M. dictyophylla, a species that presents minute, round, dot-like
scales covering the fronds surface, and M. percussa, with round scales spread across both
surfaces of the fronds (Almeida, 2014). The distribution pattern of the scales in the fronds of
M. percussa and M. dictyophylla are smilar to the species with subulate scales. Also, in the
Persicariifolia clade, which aggregates the largest speciesin the genus, species are usually
found as epiphytes on tree trunks but keep contact with soil through rhizome or pending roots
(hemiepiphytes), (Testo & Sundue, 2014), e.g. Microgramma persicariifolia. However, given
the morphological variation found in Microgramma, further analyses are needed to properly
define 1) the homology among features and to 2) understand the evolution of morphological

characters in the genus.

Possible issueswith species circumscriptions
Although the circumscription of species was not the focus of this study, this result suggests
that further studies using extended sampling (infraspecific phylogenetic inferences or

population genetics studies) are needed to clarify species boundaries (Figure 1).
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Microgramma mortoniana, for example, was described as a hybrid between M. squamulosa
and M. vacciniifolia (de la Sota, 1973b) and appears nested in the former species. The
polyphyly of Microgramma tobagensis suggests a complex history where hybridization could
play arole. The samples of M. tobagensisincluded in this study are from Peru, the main part
of the speciesrange, and eastern Brazil, adigunct population that could aso indicate either
an undergoing allopatric speciation event or reticulation involving the sympatric M. reptans.
Microgramma tobagensis is morphologically very smilar to M. reptans (Smith et al., 2018)
and it was considered a synonym of M. piloselloides by Tryon & Stolze (1993). However,
according to the circumscription of Almeida (2014), M. tobagensis and M. piloselloides are
not sympatric, while M. tobagensis distribution largely overlaps with that of M. reptans
(Smith et al., 2018; Almeida, 2020). A comprehensive sampling, data at the population level,
and other tools are needed to clarify the species circumscriptions and the evolutionary
processes playing arole in these lineages.

Microgramma microsoroidesis one of the most distinctive speciesin the genus by having
irregularly scattered sori (Figure 3). All other Microgramma species present two rows, one
row on each side of the costa, a character that was used to recognize the genus before its
recircumscription (Salino et al., 2008). The presence of the irregularly scattered sori could be
related to a hybrid origin, perhaps even an intergeneric one — events that are not rare among
ferns (e.g. Rothfels et al., 2015; Engels & Canestraro, 2017). Alternatively, the hypothesis
raised by Salino et al. (2008) that the multiple, scattered sori in M. microsoroides could have
originated by an evolutionary breakup of linear sori — a feature present in M. persicariifolia
(Figure 3) — should be further investigated given its close relationship with M. persicariifolia,
a species with distinctive linear sori. More data, including nuclear data, population sampling,
and chromosome counting are needed to investigate both the origin of M. microsoroides and

the relations between these two species.
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Dating and ecological and biogeographical implications

To the date, there are no known fossils of Microgramma or closdly related genera. To
estimate the dates, we chose the secondary calibration points recovered by Testo & Sundue
(2016). These authors used more Polypodiaceae fossils to calibrate their analysis and
recovered older ages in this family than other studies did (e.g. Schuettpelz & Pryer, 2009)
and therefore propose a more conservative premise (Testo & Sundue, 2016). The main clades
insde Microgramma all diverged in the Neogene, around 9 — 15 Ma, except for the Scaly
clade, whichis older (ca. 23 Ma) (Figure 2). Most species divergence appears to have
occurred in the Miocene or at the beginning of the Pliocene (Figure 2).

The position of Microgramma mauritiana (Figure 1, 2) nested within neotropical species
indicates along-distance dispersal event from Americato Africafollowed by speciation, as
already mooted by Moran & Smith (2001). The LDD is estimated to have occurred around 15
Ma ago, long after the breakup of Gondwana (Jokat et al., 2003; Will & Frimmel, 2018) and
the final separation of the African and South American continents, around 90 Ma ago
(Thomaz Filho et al., 2000) (Figures 1, 2). This pattern has been observed in other ferns such
as Thelypteridaceae (Almeida et al., 2016), Ctenitis (C.Chr.) C.Chr. (Hennequin et al., 2017),
Lellingeria A.R.Sm. & R.C.Moran (Labiak, Sundue, & Rouhan, 2010) and Platycerium
Desv. (Kreier & Schneider, 2006), among others. Examples of this pattern can also be found
among lycophytes, such as Phlegmariurus Holub (Bauret et al., 2018), and angiosperms
(Renner, 2004; Christenhusz & Chase, 2013).

Long-distance dispersal is akey subject in the biogeographic studies of ferns and lycophytes
(Tryon, 1986; Barrington, 1993). LDD appears to have a mgjor impact in the current
digtribution of the species-level lineages, as has been evidenced from this and other recent

phylogenetic hypotheses, while vicariance likely had a major rolein building biogeographic
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patternsin deep evolutionary scale for these plants (e.g. Lehtonen et al., 2010; Chao et al .,
2014; Sundue et al., 2014; Labiak et al., 2015; Almeida et al., 2016; Hennequin et al., 2017;
Vicent, Gabrid y Galan, & Sessa, 2017; Bauret et al., 2018). Divergence times of extant fern
species from South America and African floras are younger than the Gondwana split and the
separation of Africaand South America, so that at the specific level, the current digjunctions
should reflect LDD rather than vicariant events (Renner, 2004).

Our dating estimates the origins of ant-fern association in Microgramma to be no older than
4.76 Main the lineage including M. bifrons and M. brunei. The divergence of M.
megalophyllaisolder (11.67 Ma) but in this species, not all populations present signs of ant-
association (Almeida, 2018). The absence in M. megalophylla of a specialized structure like
the tuber-like myrmecodomatia of M. bifrons and M. brunel could indicate avery recent
association with ants. Our results suggest a more recent evolution of ant association and
myrmecodomatia in Microgramma compared to that proposed for Lecanopteris (16.70-21.80
Ma - Testo & Sundue, 2016).

The absence of geographic patternsinside the clades might be related to ecological
preferencesin this lineage. Most speciesin Microgramma are widespread or have a broad
extent of occurrence, with few species considered narrow endemics (Almeida, 2014). They
occur preferentialy in elevations below 2000 m.a.s.l., with richness and abundance
decreasing in higher elevations (Almeida, 2014; Smith et al., 2018). They are mainly
epiphytes without great habitat specificities, usually presenting alarge capacity of dispersal
and colonization of adiverse array of habitats. These ecological aspects might obscure the
biogeographic history of the genus or might indicate that speciation occurs mainly
alopatrically in Microgramma, with dispersal inside the neotropical realm playing an

important role in the evolution of the lineages inside the genus.
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CONCLUSIONS

The extensive sampling of Microgramma presented here supports the monophyly of the
genus as currently circumscribed. Our results indicate that a considerable part of the broad
morphological variation observed in the genus is homoplastic, as well as ecological
interactions such as ant-associ ation. The young age we found for the African lineage of
Microgramma (15 Ma) corroborates along-distance dispersal event from South Americato
Africaand reinforcesits important role in the floristic relationships between South America

and Africa
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Figurelegends

Figure 1 - Majority rule consensus tree resulting from Bayesian inference analyses from the
rbcL, rps4, and trnLF datasets. Values next to branches nodes correspond to Bayesian
posterior probabilities and maximum likelihood bootstrap support, respectively. Thickened
branches indicate those supported with 1.00 PP and 100% BS. Clades names are as indicated

in the text. Vouchers are indicated for those species that are not monophyletic.

Figure 2 — Divergence time estimates for Microgramma inferred from the rbcL, rps4, and
trnLF datasets. The ant figures indicate the lineages displaying records of ant-fern. The map
outline indicates the lineage derived from along-distance dispersal event from South
Americato Africa. Bluelines at the nodes indicate 95% high probability density intervals.

Dates are given in million years (Ma).

Figure 3 — Images illustrating characters discussed in the text. A — Frond dimorphism in M.

reptans. B — Frond monomorphism in M. geminata. C. Linear sori in M. persicariifolia. D —
Scattered irregular sori in M. microsoroides. E — FHattened rhizomesin M. megalophylla. F—
Cylindrical rhizomes with tubersin M. brunei (Photos. A — C.N. Fraga, C— N.F.O. Mota, D,

F—A. Saino).
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Table 1 - Size, number of informative sites and nucleotide substitution models sel ected for

each partition used in this study

Region  Length Informative Invariant Selected model - Selected model -
Sites sites Bayesian Maximum
I nference Likelihood
rbcL 1269 181 958 K80+1+G K2P+1+G4
rps4 gene 623 129 433 GTR+I+G TPM3u+F+1+G4
rps4 1GS 442 180 174 GTR+G TIM+F+G4
trnLF 912 294 431 GTR+G K3Pu+F+G4
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APPENDI X - Collection information for voucher specimens of sequences generated in this study and GenBank accession numbers”.
*indicates sequences from previously published works and available at GenBank. Her baria acronyms are according to Thiers (2020

onward: http://sweetgum.nybg.org/sciencel/ih/). - sequence not available.

Taxon Voucher rbcL rps4-trnS  trnL-trnF
Adetogramma chrysolepis (Hook.) T.E.Almeida Bolivia, Almeida 3121 (BHCB) KY847859* KY847863* MT568796 E
Campyloneurum abruptum (Lindm.) B.Ledn Brazil, Almeida 2335 (BHCB) MT568797 %
Campyloneurum angustifolium (Sw.) Fée Panama, Salino 15425 (BHCB) MT568798 i
Campyloneurum austrobrasilianum (Alston) delaSota  Brazil Almeida 2300 (BHCB) MT568799 %
Campyloneurum chlorolepis Alston AF470345* AY362646* AY083648* %
~
Campyloneurum costatum (Kunze) C.Presl Brazil, Almeida 3046 (BHCB) MT568800 %
Campyloneurum decurrens (Raddi) C.Pres| Brazil, Souza 1074 (BHCB) MT568801 %’
5
Campyloneurum fallax Fée Brazil, Gasper 2656 (BHCB) - MT568802 g
Campyloneurum nitidum (Kaulf.) C.Presl Brazil, Salino 15058 (BHCB) MT568803 ’
Campyloneurum phyllitidis (L.) C.Pres| Brazil, Almeida 2329 (BHCB) KT780752* KT794132* MT568804

2 We already submitted the sequences to GenBank and the accessions will be added as soon as they are sent.
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Microgramma baldwinii Brade

Microgramma bifrons (Hook.) Lellinger

Microgramma brunei (Wercklé ex Christ) Lellinger
Microgramma crispata (Fée) R.M.Tryon & A.F.Tryon
Microgramma crispata (Fée) R.M.Tryon & A.F.Tryon
Microgramma dictyophylla (Kunze ex Mett.) de la Sota
Microgramma geminata (Schrad.) R.M.Tryon &
A.F.Tryon

Microgramma heterophylla (L.) Wherry

Microgramma heterophylla (L.) Wherry

Microgramma latevagans (Maxon & C.Chr.) Lellinger

Microgramma lindbergii (Mett. ex Kuhn) de la Sota

Microgramma lindbergii (Mett. ex Kuhn) de la Sota

Brazil, Almeida 2631 (BHCB)

Panamé, Salino 15353 (BHCB)
Brazil, Lombardi 9590 (HRCB)
Brazil, Souza 1565 (BHCB)
Brazil, Almeida 2588 (BHCB)

Brazil, Almeida 3071 (BHCB)

provenance unknown, cult.
source, Berlin Botanical Garden
n° 239-24-90-33-1

Cuba, Alvares-Fuentes 705

(BHCB)

Brazil, Almeida 3068 (BHCB)

Brazil, Lautert, 257 (BHCB)

KY847861*

AY 362582*

KY 847866*

AY 362654*

EU250356*

MT568805

DQB42224*

MT568806

MT568808

MT568807

MT568809

MT568810

MT568811

MT568812

EF104517*

MT568813

MT568814
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Microgramma lycopodioides (L.) Copel.
Microgramma lycopodioides (L.) Copel.

Microgramma mauritiana (Willd.) Tardieu

Microgramma mauritiana (Willd.) Tardieu
Microgramma megalophylla (Desv.) de la Sota
Microgramma megalophylla (Desv.) de la Sota
Microgramma microsoroides Salino, T.E.Almeida &
A.R.Sm.

Microgramma microsoroides Salino, T.E.Almeida &
A.R.Sm.

Microgramma mortoniana de la Sota

Microgramma nana (Liebm.) T.E.Almeida

Bolivia, Almeida 3130 (BHCB) MT568815
Panama, Salino 15322 (BHCB) MT568816
provenance unknown, cult. - -
source, Munich Botanical Garden
n° 1973/1175
DQ642148* DQ642185* DQ642225*
Brazil, AlImeida 2562 (BHCB) MT568818
AY362578* AY 362650* -

Brazil, Salino 13376 (BHCB) -

EU292730* EU292731* EU292732*

Argentina, Almeida 3073 (BHCB) MT568819
provenance unknown, cult. MT568820
source, Berlin Botanical Garden

n° 239-23-90-33-2
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Microgramma nana (Liebm.) T.E.Almeida Brazil, Almeida 2732 (BHCB) MT568821
Microgramma nitida (J.Sm.) A.R.Sm. provenance unknown, cult. MT568822
source, Berlin Botanical Garden
n°100-31-91-23/1
Microgramma nitida (J.Sm.) A.R.Sm. AY362576* EU250357* EF104518*
Microgramma percussa (Cav.) de la Sota Brazil, Almeida 2235 (BHCB) MT568823
Microgramma percussa (Cav.) de la Sota AY362574* DQ642187* GU476669*
Microgramma persicariifolia (Schrad.) C.Presl Brazil, Almeida 2738 (BHCB) KT780753* KT794133* KT780813*
Microgramma piloselloides (L.) Copel. provenance unknown, cult. MT568824
source, Heidelberg University
Botanical Garden n° 46837
Microgramma piloselloides (L.) Copel. Puerto Rico, Ahlquist 45 (BHCB, MT568826
MU)
Microgramma reptans (Cav.) A.R.Sm. Brazil, Fraga 3090 (BHCB) MT568827
Microgramma reptans (Cav.) A.R.Sm. Brazil, Almeida 2554 (BHCB) MT568828
Microgramma rosmarinifolia (Kunth) R.M.Tryon & Bolivia, Almeida 3101 (BHCB) MT568829
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A.F.Tryon

Microgramma squamulosa (Kaulf.) de la Sota
Microgramma squamulosa (Kaulf.) de la Sota
Microgramma tecta (Kaulf.) Alston

Microgramma thurnii (Baker) R.M.Tryon & Stolze
Microgramma tobagensis (C.Chr.) C.D.Adams &
Baksh.-Com

Microgramma tobagensis (C.Chr.) C.D.Adams &

Baksh.-Com.

Microgramma vacciniifolia (Langsd. & Fisch.) Copel.

Microgramma vacciniifolia (Langsd. & Fisch.) Copel.

Microgramma sp.
Microgramma sp.
Niphidium albopunctatissimum Lellinger

Niphidium crassifolium (L.) Lellinger

Brazil Almeida 2310 (BHCB) MT568830

DQ642150* AY362651* DQ642228*

Brazil, Almeida 2305 (BHCB) - MT568831
Brazil, Almeida 2563 (BHCB) MT568832
Peru, Almeida 3154 (BHCB) MT568833
Brazil, Matos 1577 (CEPEC) MT568834
Brazil, Giacomin 1707 (BHCB) MT568835
Brazil, Salino 15073 (BHCB) MT568836

Panama, Salino 15382 (BHCB) -
Panama, Salino 15437 (BHCB) MT568817
Bolivia, Almeida 3079 (BHCB) MT568837

Brazil, AlImeida 3247 (BHCB) KY847862* KYB847867* MT568838

Niphidium nidulare (Rosenst.) Lellinger

EF551064* EF551080* EF104519*
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Pecluma ptilodon (Kunze) M.G.Price
Phlebodium pseudoaureum (Cav.) Lellinger
Pleopeltis bombycina (Maxon) A.R.Sm.
Polypodiumvulgare L.

Serpocaulon levigatum (Cav.) A.R.Sm.

AY 362588*

AY 362589*
EU650136*
JF832081*

DQ151917*

AY 362661*

AY 362663*

EU650175*

EF551081*

EF551103*

AF159193*
DQ642258*
EU650093*
AY 651840*

EF551141*
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Microgramma lindberqii
0.98/80 Microgramma lindbergii

Microgramma nitida
0.74/ - Microgramma nitida

Microgramma megalophyilla

1/99| Uo 51/ - Microgramma megalophyilla
Microgramma thurnii Persicariifolia

Microgramma microsoroides Salino 13376 clade

Microgramma persicariifolia

0.77/64 . : :
Microgramma microsoroides Almeida 681

Microgramma heterophylla
Microgramma heterophylla
Microgramma sp.
0.99/98 Microgramma sp.
Microgramma lycopodioides Almeida 3130
Lycopodioides
clade

Microgramma lycopodioides Salino 15437

Microgramma bifrons
Microgramma brunei
Microgramma baldwinii
1199 Microgramma crispata
Microgramma crispata

Microgramma vacciniifolia

Vacciniifolia clade

0.84795_ Microgramma vacciniifolia

Microgramma geminata
0.79/59 | -
Microgramma mauritiana
Microgramma mauritiana

1 199r— Microgramma mortoniana

Microgramma squamulosa Almeida 2310

Squamulosa clade

Microgramma squamulosa Kreier s.n.

0 34/33 Microgramma piloselloides

1/98|- Microgramma piloselloides
0.54/79 | |
0 84/98| LMicrogramma tobagensis Almeida 3154

Microgramma nana
0.93/95 _
Microgramma nana
1/98 Microgramma tecta

Microgramma reptans

Scaly clade

0.87/80 Microgramma reptans

Microgramma tobagensis Matos 1577
Microgramma latevagans
0 98/97 Microgramma dictyophylla
Microgramma percussa
Microgramma percussa
Microgramma rosmarinifolia
Campyloneurum angustifolium

1/98
1/99 Campyloneurum chlorolepis

Campyloneurum austrobrasilianum
Campyloneurum abruptum
Campyloneurum costatum

Campyloneurum nitidum

0.99/97 Campyloneurum phyillitidis

Campyloneurum fallax

Campyloneurum decurrens

0.74/80 ey L
1/84 Niphidium albopunctatissimum
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