
Resolving fuzzy species limits: nuclear evidence for speciation by 
hybridisation in Amazonian Trichomanes ferns

Laura Kragh Frederiksen a,* , Jami Sundström b , Wolf L. Eiserhardt a,c ,  
Hanna Tuomisto a,b

a Department of Biology, Aarhus University, 8000 Aarhus C, Denmark
b Department of Biology, University of Turku, 20014 Turku, Finland
c Royal Botanic Gardens, Kew, Richmond, Surrey TW9 3AE, United Kingdom

A R T I C L E  I N F O

Keywords:
Ferns
GoFlag
HybPhaser
Hybridisation
Neotropics
Nuclear genes
Speciation

A B S T R A C T

Unclear species boundaries are a common challenge in ecological studies and species inventories, obscuring 
patterns of biodiversity and complicating inferences about ecological and evolutionary processes. One possible 
cause of fuzziness is hybridisation, but little information exists on hybridisation in the tropics. Here we aim to 
address the question of potential hybridisation in the tropical American fern genus Trichomanes (Hymeno
phyllaceae) and to clarify evolutionary relationships within the genus. We take advantage of nuclear target- 
capture sequencing, haplotype phasing and off-target plastid reads to detect phylogenetic relationships and 
reticulate histories. We sampled 303 individuals that represent 41 known Trichomanes species. Our analyses 
recovered a robust backbone for the genus, strongly supporting subgenus Trichomanes as sister to subgen. Feea, 
and subgen. Davalliopsis as sister to subgen. Lacostea. Trichomanes pinnatum proved to be a complex where six 
different unnamed morphs represent four different kinds of evolutionary history. Two morphs appear to be 
stabilised, relatively old hybrid-derived species, one represents a recent hybrid, one reflects repeated sponta
neous hybridisation between the same parent species, and one represents within-species morphological variation 
without any obvious genomic signal. Excluding the four hybrids makes T. pinnatum s.s. morphologically and 
genetically much more uniform, but its geographic distribution still covers practically all tropical America, 
indicating that the species may be approaching panmixia.

1. Introduction

Ecological studies and species inventories often struggle with 
diffusely varying morphological similarity, which makes it difficult to 
decide if the observed individuals represent the same species or more 
than one closely related species (Bickford et al., 2007; Hending, 2025). 
Understanding such cryptic diversity has direct implications for 
measuring biological diversity, inferring evolutionary processes, un
derstanding the functioning of ecosystems, and prioritising conservation 
efforts (González-Orozco and Parra-Quijano, 2023; Mace, 2004; Rojas, 
1992). For example, widespread and common taxa are generally of less 
conservation concern than species with smaller populations and more 
restricted geographical ranges (Funk et al., 2012). Species delimitation 
is especially challenging in tropical rainforests, where extraordinary 
species richness is combined with relatively low level of taxonomic 
attention (Balakrishnan, 2005; Dexter et al., 2010; Freeman and Pennell, 

2021; Ruokolainen et al., 2002).
The availability of molecular methods has helped solve many tax

onomical problems, and often what was thought to be one morpholog
ically variable species has been revealed to consist of a complex of two or 
more independent species that may be more restricted in their envi
ronmental and/or biogeographical distributions (Janzen et al., 2017). 
Integrating morphology, molecular data, and distributional and 
ecological information can provide a powerful route to resolve species 
limits, recognise novel taxa and test for evolutionary relationships in 
morphologically complex groups (Maltsev and Erst, 2023). This has 
recently been seen in Amazonia and other tropical American rainforests, 
where extensive field work has suggested that many widespread species 
may be species complexes. There are several examples of such com
plexes having been resolved in revisions using integrative taxonomy 
both in ferns (Metaxya by Cárdenas et al. (2016); Salpichlaena by 
Cárdenas et al. (2019); Danaea by Keskiniva et al. (2024)) and in 
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angiosperms (Cycnoches by Pérez-Escobar et al. (2017); Miconia by 
Goldenberg et al. (2013); Inga by Nicholls et al. (2015)).

Among the conspicuous remaining problem cases is the Trichomanes 
pinnatum complex (Hymenophyllaceae; we follow the nomenclature of 
Hassler (2026)). This is a terrestrial fern that is widespread and rela
tively common across tropical America and is also well-known thanks to 
its distinctive morphology (Fig. 1). However, floristic inventories have 
separated from the traditional concept of T. pinnatum several morphs, 
some of which occur widely across Amazonian rainforests and appear to 
behave like independent species. Since matching species names have not 
yet been found, for the time being the morphs are identified by unique 
ID numbers (all unidentified species in the genus were originally given 
consecutive numbers, but many of the numbers are no longer in use as 
they have been replaced by proper names). Although their limits are 
somewhat fussy, each morph seems to occur in slightly different envi
ronments within the rainforest: T. sp1 is common in waterlogged sites 
and swamps, T. sp4 on hill tops, and T. pinnatum s. str. in topographically 
intermediate positions (HT, pers. obs.). In addition, observations have 
been made of a morph that has unusually long sterile leaves with many 
pinnae (T. sp11) and morphs intermediate in appearance between 
T. pinnatum and T. hostmannianum (T. sp3) or between T. pinnatum and 
T. vittaria (T. sp21). One can hypothesise that these morphs represent 
either independent species, hybrids between species, or phenotypic 
variation within a species. Since the alternative hypotheses make 
different predictions about the phylogenetic relationships of the morphs, 
they can be tested using molecular phylogenetic methods.

Trichomanes currently comprises 72 recognised species (Hassler, 

2026). The genus is of general interest because it is relatively consis
tently present in tropical American rainforests, and since different spe
cies grow on different kinds of soils, they can be used as indicators of 
forest site types (Salovaara et al., 2004; Tuomisto and Poulsen, 1996). 
For example, two well-known representatives of subgen. Feea indicate 
contrasting soils in Amazonia: T. diversifrons grows on relatively 
nutrient-rich soils and T. trollii on relatively poor soils, and consequently 
their Amazon-wide distributions are also different (Van doninck et al., 
2020). However, there are groups in Trichomanes within which her
barium specimens are inconsistently identified or they express 
morphological variation of insufficiently understood taxonomic 
significance.

Reticulate evolution (hybridisation and introgression) is increasingly 
recognised as a major driver of plant diversification, especially in ferns 
(Barrington et al., 1989; Bloesch et al., 2022; Keskiniva et al., 2025; 
Manton, 1950; Rothfels et al., 2015; Soltis and Soltis, 2009; Tseng et al., 
2024). However, many fern hybrids exhibit sterility that may limit 
introgressive gene flow, though genomic studies have demonstrated 
introgression in some systems (e.g. Wang et al., 2020; Sigel, 2016).

Reticulation can also contribute to the difficulty of establishing 
species limits by producing intermediate morphologies and introducing 
conflicting signals into phylogenetic trees. Cytological observations 
suggest that allopolyploidy (hybridisation combined with genome 
doubling; Abbott et al., 2013; Soltis and Soltis, 2009) may have been 
common in Trichomanes (Abreu et al., 2024). Most species have a kar
yotype of 2n = 64, but much higher counts are also known. For example, 
an allopolyploid (12x) between T. crispum (2n = 8x = 256) and 
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Fig. 1. Photographs of Trichomanes sect. Neurophyllum with known species on the upper row and numbered distinct-looking morphs on the lower row. (A), T. 
hostmannianum; (B), T. pinnatum s. str.; (C), T. vittaria; (D), T. sp1; (E), T. sp4; (F), T. sp11 and (G), T. sp21. Photos: (A–F) by Hanna Tuomisto; (G) by New York 
Botanical Garden.
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T. robustum E.Fourn. (2n = 4x = 128) showed 2n = 384, along with 
intermediate morphology and irregular meiosis (Walker, 1985). These 
cytological patterns indicate that hybridisation and polyploidy may 
have played an underappreciated role in the diversification of the genus. 
Both processes can contribute to making species identification more 
difficult, so clarifying their contribution can have practical advantages 
in addition to illuminating how population genomic and evolutionary 
processes operate.

Analysis of nuclear data is now making it possible to identify sig
natures of hybridisation and introgression. Hybrid genomes often show 
a high degree of heterozygosity and polymorphism (Nauheimer et al., 
2021), and haplotype phasing allows splitting DNA reads into 
maternal and paternal haplotypes. Treating the two separately helps 
both to reduce conflicting signals in phylogenetic analyses and to 
identify parentage (Bloesch et al., 2022; Keskiniva et al., 2025; Pelosi 
et al., 2024; Tseng et al., 2024). Phylogenetic studies on Trichomanes 
have so far relied entirely on a few plastid markers (Dubuisson et al., 
2022, 2003; Ebihara et al., 2007; Lehtonen, 2011; Nitta et al., 2022), 
which are always maternally inherited and therefore, on their own, 
unable to reveal reticulate evolution.

Here we sampled 303 individuals representing 41 known Tricho
manes species and eight unnamed morphs, five of which were within the 
T. pinnatum complex and three in subgenus Davalliopsis. We used nuclear 
target capture to (1) reassess evolutionary relationships within Tricho
manes, (2) test for possible hybridisation within the genus, (3) evaluate 
phylogenetic patterns within the T. pinnatum complex in the context of 
its high morphological variability, and (4) assess current species cir
cumscriptions within the genus to inform a forthcoming taxonomic 
revision. The results will contribute to a more robust framework for 
biodiversity assessments and for understanding the diversification, 
biogeography, and trait evolution in tropical ferns.

2. Materials and methods

2.1. Taxon sampling and DNA sequencing

We focused on tropical American Trichomanes and aimed for broad 
sampling, including multiple specimens per species from different parts 
of their range where possible (Supplementary Table S1). Silica-dried 
samples were obtained both through own field work and from col
leagues, with the appropriate permits having been obtained prior to field 
work. In addition, many species were sampled from herbarium speci
mens with permission from the respective herbaria. The source her
barium for each sample is given in Supplementary Table S2. Most 
specimens also have duplicates in other herbaria, at least in the country 
of origin. Abrodictyum, Didymoglossum and Vandenboschia were used as 
the outgroup (Dubuisson et al., 2022). Nomenclature is according to 
Hassler (2026); complete species names with authors are also listed in 
Supplementary Table S2. Throughout the paper, we use the abbreviation 
sp. followed by a unique number to refer to species that have been 
identified as distinct in field inventories but not yet matched with a 
species name, and the abbreviation aff. to indicate that a specimen could 
be identified as the species in question based on its morphology, but our 
genomic data and herbarium work suggest it to be distinct.

For DNA extraction, leaf fragments (ca. 1–2 cm2) from silica-gel 
dried and herbarium specimens were pulverised using a mortar and 
pestle with liquid nitrogen and sterile sand. DNA extraction followed the 
modified CTAB protocol described in Doyle and Doyle (1987). Already 
extracted DNA was available for several samples (see Supplementary 
Table S2). DNA quality was assessed using gel electrophoresis and an 
Agilent TapeStation (Agilent, Santa Clara, California, U.S.A.), and 
quantity was assessed via a Quantus fluorometer (Promega, Madison, 
Wisconsin, U.S.A.). DNA shearing to target size was performed when 
necessary, using a Covaris ME220 ultrasonicator, targeting 300–400 bp 
insert sizes (Covaris, Woburn, Massachusetts, U.S.A.).

Libraries were prepared with the NEBNext Ultra II DNA Library Prep 

Kit for Illumina (New England BioLabs Ltd, Hitchin, U.K.), using 50–200 
ng of DNA input, half volumes of buffer and adapters (Hale et al., 2020), 
and 10–12 PCR cycles. Library quality was verified using an Agilent 
4200 TapeStation. Total genomic DNA libraries were enriched for 
selected target loci using a custom RNA bait kit (MyBaits, Arbor Bio
sciences, Michigan, U.S.A.), targeting the GoFlag-408 loci (Breinholt 
et al., 2021). Enrichment was carried out in pools of 3–22 libraries, 
following manufacturer’s protocols. Enriched libraries were sequenced 
on an Illumina NovaSeq X Plus Series (PE150; Illumina, San Diego, 
California, U.S.A.).

2.2. Nuclear data

2.2.1. Trimming and sequence assembly
Sequence reads were trimmed for Illumina adapters and low-quality 

bases using Trimmomatic v0.39 (Bolger et al., 2014; parameters: illu
minaclip 1:30:7:1, leading 30, slidingwindow 4:30, minlen 40). Read 
quality was assessed pre- and post-trimming with FastQC v0.11.9 
(Andrews, 2010) and summarised using MultiQC v1.13 (Ewels et al., 
2016). Trimmed reads were assembled using HybPiper v2.0.1rc 
(Johnson et al., 2016) using BWA v0.7.17 (Li and Durbin, 2009). For 
practical reasons, we used a reference file for all 451 loci described by 
Breinholt et al. (2021), i.e. including 43 loci that were not enriched in 
our libraries. This reference file was generated with the script 
‘1_extractSequences.sh’ (Testo, 2023) and only included the 
leptosporangiate-monilophyte sequences, corresponding to 436 loci. 
Reads matching each target locus were assembled with SPAdes v3.15.5 
(Bankevich et al., 2012) using default cut-off coverage. Exons plus 
flanking intron and spacers (supercontigs) were retrieved for down
stream analyses.

Assessing HybPiper statistics we found that the initial reference file, 
which included leptosporangiate-monilophyte sequences from GoFlag, 
resulted in very low on-target read recovery (<2%). The reported suc
cess rate has ranged from 0.1% to 89.9%, depending on organism 
(Breinholt et al., 2021). To improve recovery while minimising the risk 
of reinforcing paralogous loci, we supplemented the reference with 
Trichomanes supercontig sequences that were inferred to be single-copy 
based on HybPiper paralog statistics, to get a closer match between 
reference file and samples. We ensured coverage of all loci by selecting 
sequences from different Trichomanes samples from the first run that 
together had sequences for all loci. Re-running HybPiper with this 
updated reference file increased on-target reads to 1.3–90.1% 
(Supplementary Table S3). Although this approach introduces some 
taxonomic bias in assembly, it reflects a deliberate trade–off between 
improving reference similarity and avoiding the inclusion of paralogous 
loci.

2.2.2. Data analyses
To remove multi-copy genes, we analysed the composition of SNPs 

(single nucleotide polymorphisms) across samples and loci using the 
HybPhaser v2.0 bioinformatic workflow (Nauheimer et al., 2021). 
Following default HybPhaser settings, SNPs were only mapped when 
coverage was at least 10x, allele frequency was at least 0.15, and the 
alternative allele occurred in at least four reads. Loci with unusually 
high SNP levels were identified as statistical outliers (i.e. exceeding 1.5 
× the interquartile range above the third quartile) and removed as likely 
multi-copy genes following Nauheimer et al. (2021).

Additionally, samples with a proportion of recovered loci and total 
recovered target sequence length below 18% were filtered out. This 
threshold for total recovered target sequence length was selected based 
on removing samples with exceptionally short sequence lengths from 
further analyses, corresponding to the point where the curve begins to 
stagnate in a plot showing the log10 transformed sequence lengths of all 
loci (Supplementary Fig. S1). The same 18% threshold was also applied 
to the proportion of recovered loci, but this criterion did not result in the 
exclusion of any additional samples.
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Consensus sequences for the samples remaining after filtering were 
aligned individually for each gene using the G-INS-i algorithm and 
“adjustdirection” options of MAFFT v7.508 (Katoh and Standley, 2013). 
Fragmentary sites with high proportions of missing data were removed 
with trimAL v1.4.1 (Capella-Gutiérrez et al., 2009) for gap thresholds 
(gt) ranging from 0.1 to 0.95 in increments of 0.05. The ‘optrimAL‘ R 
script of Shee et al. (2020) was then applied to set the optimal trimming 
threshold for each gene, based on AMAS v1.0 (Borowiec, 2016) sum
mary statistics. We further refined the alignments using CIalign v1.0.18 
(Tumescheit et al., 2022) to remove noise, such as cropping poorly 
aligned ends and TAPER (Zhang et al., 2021) to mask errors in small, 
species-specific areas in the alignment.

Gene trees were inferred with IQ-TREE v2.2.0.3 (Minh et al., 2020) 
using maximum likelihood and 1000 ultrafast bootstrap replicates 
(Hoang et al., 2018), and the best-fit substitution model selected using 
ModelFinder (Kalyaanamoorthy et al., 2017). A species tree was inferred 
from the gene trees using the quartet-based method ASTRAL-hybrid in 
ASTER v1.16, which reduces the impact of quartets with low support 
and/or long terminal branches (Zhang and Mirarab, 2022), rooting the 
tree on the species Vandenboschia collariata.

2.3. Plastid data

2.3.1. Retrieval, inclusion criteria and phylogenetic analysis
To recover plastid sequences from off-target reads, we used the 

‘cpDNA’ pipeline (Leempoel and Bailey, 2025) with minor modifica
tions. Raw nuclear sequencing data, trimmed only for adapters using 
Trimmomatic, were used as input. Plastid genomes were assembled from 
these reads using GetOrganelle 1.7.5 (Jin et al., 2020) with recom
mended parameters (i.e. − R 20 − k 21, 45, 65, 85, 105).

To extract individual plastid regions, the assemblies were mapped 
against a reference set of plastid genes using BLASTN (Camacho et al., 
2009). The reference consisted of the fully annotated plastome of Tri
chomanes trollii (NCBI accession, https://www.ncbi.nlm.nih.gov/ 
nuccore/NC_041122.1), currently the only complete plastome avail
able for the genus (Lehtonen, 2018). The plastid dataset included all 
samples from the nuclear dataset that recovered at least one of the 124 
plastid loci present in this reference.

BLASTN output was processed using the filtering scripts of the 
‘cpDNA’ pipeline (see Zenodo at https://doi. 
org/10.5281/zenodo.18911114). To maximise locus and sample reten
tion, all filtering thresholds were set to zero, and the best match for each 
locus was selected based on bitscore. For loci comprising multiple exons, 
sequences were reconstructed by merging exons according to BLASTN 
coordinates of the best-match reference sequence. All recovered plastid 
loci were concatenated per sample and subsequently separated into per- 
locus FASTA files across samples.

All loci recovered after filtering were aligned independently using 
MAFFT v7.508 (“adjustdirection” and “auto” options) and trimmed with 
trimAL v1.4.1 using the “gappyout” method. A plastid phylogenetic tree 
was then inferred from the concatenated alignment of all genes using 
maximum likelihood in IQ-TREE v2.2.0.3, applying independent GTR +
G models for each locus and assessing branch support with 1000 ultra
fast bootstrap replicates.

2.3.2. Clade association and phasing
Hybrids have haplotypes inherited from different parental species 

and therefore show elevated numbers of SNPs (Nauheimer et al., 2021). 
Using the SNPs identified in section 2.2.2., we inferred allele divergence 
(AD; percentage of SNP sites across loci) and locus heterozygosity (LH; 
percentage of loci with SNPs) for the nuclear loci of each sample. High 
LH (>80%) and AD (>1%) are commonly used indicators of past 
hybridisation (Andermann et al., 2018; Kates et al., 2018; Nauheimer 
et al., 2021).

By mapping reads to references representing different parts of the 
phylogenetic tree, it is possible to assess whether samples have reads 

mapping in high proportions to multiple clade references together with 
high LH and AD, as is expected of hybrids (Fitzpatrick, 2012; Nauheimer 
et al., 2021). We selected nine samples as references in the first attempt 
(Supplementary Table S4). Reference samples were chosen to represent 
all major clades, especially those suspected to contain hybrids, while 
exhibiting low LH and AD values, making them unlikely to be hybrids 
themselves.

Samples were selected for phasing based on a combination of 
phylogenetic, morphological, and genomic indicators of potential 
hybrid origin. We first examined the ASTRAL tree, focusing on the 
T. pinnatum complex, and flagged samples that occupied unexpected 
phylogenetic positions or showed morphology differing from the ma
jority in a clade or suggesting mixed ancestry. For these samples, we also 
assessed LH and AD values as additional support. We further included 
samples clustering closely with putative hybrids, but without high LH 
and AD values to avoid missing hybrid samples with weaker genomic 
signals. For samples outside the T. pinnatum complex, phasing selection 
relied primarily on LH and AD metrics.

Phasing as implemented in HybPhaser (Nauheimer et al., 2021) was 
used to map reads to the most likely parental clades to separate diver
gent haplotypes. As HybPhaser allows only two references per sample, 
reference selection in cases with multiple similarly supported candidates 
was based on a combination of consistency across preliminary analyses 
with varying filtering thresholds, normalised clade association values 
(accounting for read depth; see Supplementary Table S5), and 
morphological similarity. The same reference pair was applied across 
morphologically similar samples for consistency.

HybPiper and HybPhaser were subsequently run with the same set
tings as in section 2.2.2., except HybPhaser filtering thresholds were set 
to zero. The phased and unphased data were then merged, with 
unphased samples replaced by their corresponding phased samples. The 
resulting sequence lists were aligned and trimmed as described in sec
tion 2.2.2., and phylogenetic analyses were performed to generate an 
ASTRAL tree following the same pipeline as for the non-phased data.

The first phasing attempt was not entirely successful (Supplementary 
Fig. S2), so we repeated the analysis using a revised set of seven refer
ence samples that more closely matched the haplotypes of the samples 
selected for phasing than the original reference set did (Supplementary 
Table S4; S6). The results presented below are based on the revised 
reference set.

To estimate branch lengths for the ASTRAL topology in substitution 
rates per site, we concatenated all loci with AMAS and analysed the 
resulting supermatrix in IQ-TREE under the GTR + F + G4 model, 
providing the ASTRAL tree as a fixed topology via − te and allowing IQ- 
TREE to optimise branch lengths and model parameters.

3. Results

3.1. Dataset assembly

3.1.1. Nuclear sequence assembly and data filtering
Using the adapted GoFlag-451 reference file, HybPiper recovered 

sequences for 396 of the 436 targeted loci across all 303 sequenced 
samples, although recovery per sample was highly variable 
(Supplementary Table S3). On average, individual samples contained 
sequences for 159 loci (range: 2–324), corresponding to an average 
recovered sequence length of 47,543  bp (range: 147 bp–138,870 bp). 
Across all samples, HybPiper reported 236 paralog warnings, affecting 
between 1 and 27 loci per sample (mean 6.1).

To improve data quality, 103 samples were excluded using 
HybPhaser based on the selected missing-data thresholds 
(Supplementary Fig. S3). After filtering, the retained dataset comprised 
200 samples, with a mean recovered target sequence length of 86,696 
(range: 37,604–171,241 bp), corresponding to 51% of the maximum 
target length.

Finally, 25 loci were excluded because they were flagged as 
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paralogous across samples (average SNP proportion >3.4%), and in 
addition, an average of 5.8 loci per sample (range 0–33; Supplementary 
Table S6).

3.1.2. Plastid assembly and data filtering
Using off–target reads from the 200 samples included in the nuclear 

dataset, we recovered 768 plastid sequences from 194 samples (97%) 
representing 17 loci (median summed locus length = 4,424  bp) by 

querying against the plastid reference file of 124 loci (Supplementary 
Table S7). After alignment and trimming, eight loci were excluded 
because their alignments contained fewer than three sequences. The 
plastid phylogenetic dataset was therefore inferred from the remaining 
nine loci (rnl, rns, rps7, rrn4.5, rrn5, trnA_UGC, trnI_GAU, trnR_ACG, 
trnV_GAC; 7.3%), with a combined alignment length of 6,533 bp, of 
which 316 sites were parsimony-informative (4.8%; Supplementary 
Table S8).

Fig. 2. Phylogenetic tree of Trichomanes (sensu PPG I) based on nuclear genomic data from 200 samples as inferred with ASTRAL-hybrid and collapsed to species. 
Node labels show the local posterior probability support values; values <0.95 are shown in red. Tip labels show species names followed by colours that indicate the 
regions (see inset; map from Frederiksen et al. (2025)) in which the corresponding samples were collected. For the complete tree with branch lengths in coalescent 
units and each sample shown separately, see Fig. S4. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.)
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3.2. Overall evolutionary relationships

All traditionally recognised subgenera (Davalliopsis, Feea, Lacostea 
and Trichomanes; Ebihara et al. 2006) were resolved as monophyletic 
with maximal support both in our nuclear tree (Fig. 2; Supplementary 
Fig. S3) and in our plastid tree (Supplementary Fig. S5). The two trees 
also agreed in that subgen. Davalliopsis and Lacostea were strongly 
supported as sister clades, and together they were sister to the strongly 
supported clade Feea + Trichomanes. Differences among the nuclear and 
plastid topologies emerged within subgenera. The description of the 
results below is mostly based on the nuclear tree because it was more 
robust (higher node support values; Fig. 2; Supplementary Figs. S4, S5).

Subgen. Davalliopsis was divided into five highly supported clades 
(Fig. 2, Supplementary Fig. S4). In subgen. Lacostea, all species were 
highly supported, with T. pedicellatum + T. tuerckheimii being sister to T. 
ankersii + T. tanaicum. Within subgen. Feea, all species were resolved as 
monophyletic with high support but their relationships within the clade 
remained uncertain: T. osmundoides was only moderately supported as 
sister to T. mougeotii + T. trollii in the nuclear tree, and in the plastid tree 
it was resolved as sister to T. diversifrons.

Most of the sequenced species were in subgen. Trichomanes, which in 
the nuclear tree was split into two strongly supported clades. One of 
these contained the entire T. pinnatum complex (T. pinnatum, T. vittaria, 
and all the numbered morphs), which was resolved as monophyletic and 
sister to a monophyletic T. hostmannianum. These together are here 
referred to as sect. Neurophyllum (Presl) Moore. Trichomanes cellulosum, 
followed by T. botryoides, were sister to the rest of the clade. In the 
plastid tree, T. cellulosum was recovered as the earliest–diverging lineage 
within subgen. Trichomanes, sister to all remaining taxa, whereas T. 
botryoides was resolved as sister to sect. Trichomanes (Supplementary 
Fig. S5). The lability of their phylogenetic position mirrors their un
usual morphology: T. botryoides with its simple fertile leaf resembles 
subgen. Feea, while T. cellulosum has finely divided leaves reminiscent of 
Abrodictyum.

The second clade of subgen. Trichomanes (here referred to as sect. 
Trichomanes) was further split into two maximally supported subclades 
in both the nuclear and the plastid tree. One subclade consists of species 
that typically grow either terrestrially in Amazonian white sand forests 
(T. arbuscula, T. bicorne, T. humboldtii, and T. spruceanum) or as epiphytes 
(or on rocks) with divergent distributions across tropical America 
(T. alatum, T. anadromum, T. kalbreyeri, T. polypodioides, T. scandens, 
andT. trigonum).

In the second subclade, Trichomanes lucens (a distinctive epiphytic 
species) was strongly supported as sister to the rest of the subclade. The 
subclade further contains both terrestrial and epiphytic species, but 
these were arranged into a topology that did not correspond with sub
strate or morphology in any obvious way. Many nodes were only 
moderately supported, and this subclade is also where the topologies 
differed most between our nuclear and plastid trees. Importantly, this 
subclade contains all the species that show high morphological simi
larity to the type species of the genus (T. crispum). This includes the 
western African T. crispiforme, which was resolved as sister to the 
Amazonian T. martiusii. Unfortunately, our sampling does not include 
any T. crispum from the type area of the species (Lesser Antilles), and 
since the specimens from elsewhere got split up by geographical region 
(Amazonia vs. Brazilian Atlantic coast) into two different subclades, the 
position of true T. crispum remains uncertain (hence the use of aff. in the 
identifications of our sampled specimens).

3.3. Trichomanes pinnatum and other complexes

A central aim of our study was to clarify species delimitation within 
the morphologically variable and geographically widespread T. pinna
tum complex. The phylogenetic analyses recovered a well-defined core 
clade consisting of T. pinnatum samples originating from a very large 
geographical area but showing little genetic differentiation (Fig. 2; 

Supplementary Fig. S4). The samples of T. sp11 were included in this 
clade but they were scattered among other specimens rather than 
forming a coherent group.

Trichomanes vittaria, which is characterised by a simple rather than 
pinnate fertile leaf, was in the nuclear tree resolved as a strongly sup
ported monophyletic group, but successively sister to this clade was a 
grade of specimens that are morphologically intermediate between 
T. vittaria and T. pinnatum (referred to as T. sp21). Trichomanes sp4 was 
resolved as monophyletic with strong support. This contrasted with T. 
sp1 and T. sp3, which were mixed with each other and formed a grade 
successively sister to the (((T. vittaria + T. sp21) T. pinnatum) T. sp4) 
clade. The topology of the plastid tree is quite different: the core consists 
not only of T. pinnatum and T. sp11, but mixed within it are also T. sp1, T. 
sp3 and T. sp4, with T. vittaria and T. sp21 forming a mixed grade suc
cessively sister to the core clade (Fig. S5).

In the nuclear tree, most species within sect. Trichomanes were 
resolved as monophyletic with strong support, but a few appeared 
paraphyletic or polyphyletic (Fig. 2; Supplementary Fig. S4): 
T. anadromum, T. bicorne, T. crispum, T. ludovicianum, T. pellucens, T. 
pilosum, and T. spruceanum. The clade consisting of T. paucisorum and T. 
aff. paucisorum is morphologically heterogeneous and could contain 
more than one species.

3.4. Hybridisation

To assess if hybridisation could explain some of the observed 
phylogenetic relationships, we first examined locus heterozygosity (LH) 
and allele divergence (AD) of the Trichomanes samples (Fig. 3). In most 
cases, hybrid signal was low (LH < 50% and AD < 1%). Only five 
samples reached a moderate degree of hybrid signal (LH > 80% and AD 
> 1%), and all of these were chosen for phasing to test for different 
origins of the maternal and paternal genetic material. In addition, we 
phased another 30 samples that mostly represented the T. pinnatum 
complex. In the phased accessions, LH ranged 49–89% and AD ranged 
0.7–1.4% (Fig. 3; Supplementary Table S4).

Species of sect. Neurophyllum had, on average, significantly higher 
LH values than species of sect. Trichomanes and the subgenera Lacostea 
and Davalliopsis. In Feea, the unusually high LH values of T. trollii caused 
a long upward tail in the LH value distribution, with the result that the 
average did not differ from that in Neurophyllum (Fig. 4; see also Fig. 3). 
Although AD values also varied, they did not differ significantly among 
subgenera/sections. Overall, species of sect. Neurophyllum had signifi
cantly higher LH than species of Trichomanes not in Neurophyllum, but 
AD did not differ significantly (Supplementary Fig. S6).

In most of the samples selected for phasing, the reads mapped 
unambiguously and in high proportions to two reference clades, indi
cating that the samples were hybrids between lineages in the respective 
clades (Fig. 4, Supplementary Table S9). The proportion of reads map
ping to each reference ranged between 1:1 (which is consistent with 
diploidy or symmetric polyploidy) to 7:1 (which is expected from highly 
unequal copy numbers or hybridisation and repeated backcrossing; 
Table 1).

To assess possible hybridisation among the evolutionary lineages, we 
produced a phylogenetic tree where each of the phased samples occu
pied two terminals, one corresponding to each of the two recovered 
haplotypes (Fig. 5; Supplementary Fig. S7). This revealed that four of the 
five morphs in the T. pinnatum complex are likely hybrids: T. sp1, T. sp3, 
T. sp4, and T. sp21.

The phased specimens of T. sp1 split in the phylogenetic analysis 
such that one haplotype formed a clade as sister to T. hostmannianum, 
while the other haplotype formed a grade successively sister to the clade 
that contains all the other morphs of the T. pinnatum complex, including 
T. pinnatum and T. vittaria (except one specimen was resolved as sister to 
only T. pinnatum). The phased specimens of T. sp3 behaved in a less 
cohesive manner: one haplotype formed a grade successively sister to T. 
hostmannianum, whereas the other was scattered, with each sample 
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resolved to a different part of the T. pinnatum complex (except for one 
haplotype of one sample, which was lost during HybPhaser filtering; see 
Supplementary Fig. S2 for placement in phylogenetic tree during the 
first phasing attempt).

The samples representing T. sp21 are morphologically intermediate 
between T. pinnatum and T. vittaria, and indeed one of the haplotypes 
remained as a grade successively sister to T. vittaria, while the other 
formed a clade sister to T. pinnatum (Fig. 5; Supplementary Fig. S7). 
Interestingly, T. sp4 was also associated with both T. pinnatum and 
T. vittaria, but in this case each haplotype was resolved as an earlier 
diverging lineage, sister to a clade that includes not only all samples of 
T. pinnatum or T. vittaria, respectively, but also the haplotypes of T. sp21 
that were phased to these species (Fig. 5; Supplementary Fig. S7). The 
haplotypes of T. sp4 phased against the T. pinnatum reference were 
monophyletic, and those phased against the T. vittaria reference almost 
so. The exception (Lehtonen 983) had low read depth prior to phasing 
(37,000 reads), which may explain why they were resolved as earlier 
diverging relative to the others and was sister T. pinnatum and the 
haplotypes that were phased to T. pinnatum.

In sect. Trichomanes, we phased T. spruceanum, which showed both 
high locus heterozygosity (LH) and high allele divergence (AD). Its 
haplotypes split into two clades with strong support, one sister to T. 
bicorne Hook., and the other to T. humboldtii (Bosch) Lellinger (Fig. 5; 
Supplementary Fig. S7).

Trichomanes trollii of subgen. Feea obtained some of the highest LH 
values in our dataset, but in the phased tree the two haplotypes stayed 
together as a clade (Fig. 5; Supplementary Fig. S7). Interestingly, while 
all analyses confirmed the sister relationship between T. trollii and T. 
mougeotii, the positions of T. diversifrons and T. osmundoides differed 
among the three trees (original nuclear, phased nuclear and plastid; 
Supplementary Figs. S2, S5, S7).

4. Discussion

4.1. New view on subgeneric relations

With both nuclear and plastid data, we recovered relationships be
tween subgenera that had already been proposed by Ebihara et al. 
(2006, 2007) but obtained very low support at the time (bootstrap <
50%). Specifically, our results strongly support subgen. Trichomanes as 

sister to Feea, contrasting with studies that placed subgen. Trichomanes 
as sister to a clade containing all remaining subgenera (Davalliopsis, Feea 
and Lacostea; Dubuisson et al., 2022, 2003). We consider the relation
ships as resolved in our analyses robust, as they are based on a dense 
taxon sampling, in-depth target capture nuclear data (326 loci), and 
some plastid data (nine loci). The close association between the sub
genera Feea and Trichomanes also makes sense in that they share a 
similar overall pinnatifid to once pinnate leaf structure, which contrasts 
with the highly divided leaves of Davalliopsis and the climbing leaves of 
Lacostea. Feea and Trichomanes sect. Neurophyllum also share a tendency 
towards leaf dimorphism.

We took into use section Neurophyllum (Presl) Moore for the 
T. pinnatum complex + T. hostmannianum, and section Trichomanes for 
the other main clade in the subgenus to acknowledge the deep split 
within subgen. Trichomanes. It would also be possible to recognise the 
distinction at the subgenus level, but here we chose to use the existing 
section rank and the already established subgenus delimitation 
(Dubuisson et al., 2022).

Especially T. cellulosum, but also T. botryoides, complicate the matter 
when subgen. Trichomanes is further divided. Morphologically, 
T. cellulosum has little in common with the species that form the core of 
sect. Neurophyllum, and in our plastid tree T. cellulosum was not resolved 
with core Neurophyllum but instead appeared as sister to the entire 
subgen. Trichomanes. This contrasts with both our nuclear tree and the 
plastid-based tree of Dubuisson et al. (2022). Since our plastid data were 
obtained as a by-product of the nuclear target capture, it is possible that 
the difference emerged due to low data quality. However, aside from this 
conflict, the backbones of the plastid and nuclear trees show strong 
overall congruence. Taken together, the inconsistent placement of. T. 
cellulosum, along with the uncertain position of T. botryoides, indicate 
that their relationships remain unresolved and merit further study.

The only African specimen in our study (T. crispiforme from Gabon) 
resolved to sect. Trichomanes, in agreement with its position (under the 
synonym name T. crenatum) in the tree of Dubuisson et al. (2022). 
However, while our analyses resolved it as sister to T. martiusii, in the 
previous tree it was sister to a clade containing T. accedens, T. dactylites, 
T. pilosum and T. vandenboschii, which in our tree were split into two 
other subclades.

Although our analyses suggest a different phylogenetic position for 
subgen. Trichomanes than that recovered by Dubuisson et al. (2022), 

Fig. 3. Locus heterozygosity and allele divergence for all samples of Trichomanes. Colours identify samples that were used as references in phasing as well as putative 
hybrids (the latter are shown with larger dots).
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Fig. 4. Signal of putative hybridisation from locus heterozygosity (A) and allele divergence (B) across the subgenera and sections of Trichomanes. The width of the 
violin represents the frequency of data points. Diamonds indicate the median, the box indicates the interquartile range (IQR), and whiskers represent the 95% 
confidence interval. Differences in the mean values were assessed by Kruskal-Wallis test; P = 6.2⋅10-7 for panel A and P = 0.095 for panel B. Letters (a vs. b) indicate 
significant differences (P < 0.05) between groups based on Wilcoxon test after Holm-Bonferroni adjusted tests of significant pair-wise differences. n = number 
of samples.

Table 1 
Reads matching unambiguously to each reference from the clade association analysis (see also Supplementary Table S9). For each species, the table summarises the 
observed mapping ratios across samples. Avg. ratio raw (range) reports the mean uncorrected read ratio (ref. 1: ref. 2) with its sample range. Avg. ratio inferred (range) 
reports the interpreted allelic ratio derived from raw data, along with the range of plausible inferred values. These ratios provide indirect evidence for ploidy level and 
genome composition but do not uniquely distinguish among alternative configurations with similar expected ratios (e.g. diploid vs. balanced tetraploid).

Taxon No. samples Reference 1 Reference 2 Avg. ratio raw (range) Avg. ratio inferred (range)

T. sp1 5 T. pinnatum T. hostmannianum 2.13:1 
(1.75–2.46:1)

2:1 
(2:1–5:2)

T. sp3 3 T. pinnatum T. hostmannianum 1.82:1 
(1.70–1.96:1)

2:1 
(3:2–2:1)

T. sp4 10 T. pinnatum T. vittaria 2.36:1 
(1.62–2.90:1)

2:1 
(3:2–3:1)

T. sp21 9 T. pinnatum T. vittaria 1.37:1 
(1.12–1.61:1)

1:1 
(1:1–3:2)

T. trollii 5 T. mougeotii T. osmundoides 6.07:1 
(4.97–6.61:1)

6:1 
(5:1–7:1)

T. spruceanum 2 T. bicorne T. humboldtii 2.18:1 
(1.26–3.09:1)

2:1 
(1:1–3:1)
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their conclusions about character evolution remain valid. They inter
preted catadromous venation and epitactic sori as apomorphies of sub
gen. Trichomanes, and this conclusion is also consistent with our 
topology. Indeed, placing subgen. Feea as sister to subgen. Trichomanes 
brings morphologically similar groups together, as Neurophyllum and 
Feea are the two clades within the genus that most often exhibit 
dimorphic leaves and pantotactic sori.

4.2. Trichomanes pinnatum complex explained by hybridisation

Traditionally, T. pinnatum has been considered a widespread and 
morphologically variable species that includes our morphs sp1, sp4, 
sp11 and sp21, while specimens of our morph sp3 have been identified 
as T. hostmannianum. Our genomic analyses suggest that this is an 
oversimplification, as the phylogenetic analyses recovered a rather 
intricate internal structure for this complex. The numbered morphs 
represent four different kinds of evolutionary background: clearly self- 
maintaining species with a hybrid origin in the distant past (T. sp1 
and T. sp4), more recent hybridisation possibly leading to speciation (T. 
sp21), occasional spontaneous hybridisation (T. sp3) and within-species 
morphological variation without genetic signal (T. sp11).

Field inventories in Amazonia have long treated T. sp1 and T. sp4 as 
distinct species, because they are morphologically distinct, widespread, 
abundant, and associated with consistent environmental conditions 
(Cárdenas et al., 2007; Lehtonen et al., 2021; Tuomisto et al., 2002; HT, 
pers. obs). In contrast, individuals of T. sp21 are rarer and geographi
cally more restricted, and they have been considered hard-to-identify 
intermediates between T. pinnatum and T. vittaria (HT, pers. obs.). Our 
genomic analyses not only confirmed that all three are genetically 
distinct from T. pinnatum s.str. but also suggested that they have a hybrid 

origin that connects them with T. pinnatum. Haplotype phasing and the 
position of the haplotypes in the phased phylogenetic tree suggested that 
the oldest hybridisation event in this group was between 
T. hostmannianum and an early (now probably extinct) common ancestor 
of the T. pinnatum + T. vittaria + T. sp21 clade, which gave rise to T. sp1. 
A later hybridisation event between T. pinnatum and a common ancestor 
of the T. vittaria + T. sp21 clade gave rise to T. sp4, and one or more even 
more recent hybridisation events between T. pinnatum and the already 
differentiated T. vittaria gave rise to T. sp21.

Out of these three hybrids, T. sp4 is the clearest candidate for a 
species that originated from a single hybridisation event: both of its 
phased haplotypes were resolved as monophyletic, except for one sam
ple with short sequence length and correspondingly uncertain phylo
genetic position (Nauheimer et al., 2021). Only one of the haplotypes 
was monophyletic for T. sp1 (the one phased to T. hostmannianum) and 
T. sp21 (the one phased to T. pinnatum), the other one was paraphyletic 
in each case. This could be due to short sequence length, incomplete 
lineage sorting after multiple introgression events or asymmetric 
introgression (Ross, 2014; Yasuda et al., 2015).

The case of T. sp3 is quite different: it forms no clades in either the 
original or the phased tree. The haplotype phased to T. hostmannianum is 
partly sister to the T. hostmannianum clade and partly mixed with 
T. hostmannianum itself, and the haplotype phased to T. pinnatum got 
spread across the entire T. pinnatum complex. This gives the impression 
of spontaneous hybrids being formed repeatedly in different places 
where both parent species co-occur. In ecological inventories, the 
identification of this morph has been inconsistent: sometimes specimens 
have been considered to represent T. hostmannianum, sometimes they 
have been thought of as distinct.

After having segregated the hybrids, we are left with a core T. 

Fig. 5. Phylogenetic tree of Trichomanes sect. Neurophyllum as inferred with ASTRAL-hybrid based on phased nuclear data. Accessions with hybrid signal were 
phased and each of the resulting two haplotypes was included as a separate terminal in the analysis. The final tree was simplified by collapsing groups of the same 
species or numbered morph (those marked by * are collapsed grades rather than clades). Node labels show the local posterior probability support values; values <
0.95 are in red. Lines on the right-hand side visualise hybrid parentage by connecting the two haplotypes of the hybrid morphs, and their colour mixing approximates 
genomic mixing. The brackets with a number refer to the species the sample was phased against as indicated in the upper left corner. For full details on phasing 
proportions, see Supplementary Table S9. For the phased tree of the entire genus Trichomanes with branch lengths and each sample shown separately, see 
Supplementary Fig. S7. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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pinnatum that is morphologically less variable than before but 
geographically equally widespread. It still contains forms with different 
leaf shapes (including T. sp11 with unusually long and narrow sterile 
leaves), but these were mixed within the clade without any obvious 
relationship between morphology and genetic relatedness, suggesting 
that T. sp11 is not genetically distinct from typical T. pinnatum.

It is interesting that core T. pinnatum is a putative parent of all hy
brids we identified in this complex, although in the case of T. sp1, the 
hybridisation appears to have pre-dated the separation between 
T. pinnatum and T. vittaria. This suggests sufficient ecological and spatial 
overlap with congeners to allow interbreeding, and weak barriers to 
interspecific cross-fertilisation (Sigel, 2016).

The branch lengths in the phylogenetic trees suggest that there is 
little genomic variation in the form of substitutions per site within T. 
pinnatum s.s. despite a huge distributional area, and the existing varia
tion does not seem to be geographically structured. Consequently, we 
propose that T. pinnatum approaches panmixia (random mating across 
its entire distribution with little restriction to gene flow among pop
ulations; (Walton et al., 2025; Weismann, 1883). This requires high 
dispersal ability, large population size, and extensive connectivity. 
Although it is known that minute fern spores have high long-distance 
dispersal ability (Brock, 2025; Perrie and Brownsey, 2007; Tryon, 
1970; Wolf et al., 2001), it is not clear why T. pinnatum, more than other 
Trichomanes species, shows this pattern and is able to span most of the 
American tropics with remarkably little genetic variation.

4.3. Detecting hybrid origins

Interestingly, we found that low allele divergence (AD) and locus 
heterozygosity (LH) does not necessarily mean that a specimen is not a 
hybrid. Our phasing analyses clearly suggested that Trichomanes sp1, T. 
sp3, T. sp4 and T. sp21 are hybrids, but none of them showed particu
larly high values of LH or AD when compared to the values that are 
generally referred to as indicating hybridisation, namely LH > 80 and 
AD > 1 (Bloesch et al., 2022; Nauheimer et al., 2021). The highest LH 
values were observed in T. sp1 and T. sp3 (69–87%), with the values in 
T. sp4 and T. sp21 generally lower (49–79%, with one sample as low as 
33%). Of the Neurophyllum samples that phasing suggested to be of 
hybrid origin, 60% had AD < 1%, some as low as 0.7%.

Out of the two measures, LH did provide a clearer signal of hybrid
isation in our dataset. This was also reflected in that the LH values 
observed in Neurophyllum were higher than in the other subgenera/ 
sections, except for Feea. Neurophyllum species also had many accessions 
that mapped to multiple clade references, which indicates hybridisation 
or introgression (Nauheimer et al., 2021).

Contrary to expectation, the species with the highest average LH in 
our dataset (T. trollii) appears not to be a hybrid: it showed little affinity 
to the other species in the analysis, and both of its haplotypes were 
resolved into the same well–supported clade in the phased nuclear tree. 
Since all known species of subgen. Feea were included in our analyses, 
we must assume that if the high LH in T. trollii does indicate past 
hybridisation, it involved either species that are not known to science 
and may now be extinct (ghost introgression; Ottenburghs, 2020) or 
polyploidy not involving hybridisation, as proposed for similar cases 
before (Nauheimer et al., 2021). The species with the strongest com
bined hybrid signal (both high LH and high AD) within sect. Trichomanes 
(T. spruceanum) was indeed found to be a hybrid. Its putative parent 
species are T. bicorne and T. humboldtii from the same subclade, which is 
somewhat surprising as one might expect hybridisation between close 
relatives to result in lower AD than hybridisation between more 
remotely related parents (Keskiniva et al., 2024).

Phasing ratios, together with conflicting reports of diploidy (Walker, 
1985) and tetraploidy (Bierhorst, 1975) in T. pinnatum, indicate that 
multiple hybridisation scenarios are plausible (Table 1). Across hybrids 
T. sp1, T. sp3, and T. sp4, phasing patterns reveal an ~2:1 or ~3:1 ratio 
of reads assigned to T. pinnatum versus the second parent (Table 1). 

Under diploidy, such ratios suggest introgression via backcrossing to T. 
pinnatum, whereas under tetraploidy they align with expectations for F1 
hybrids. In contrast, T. sp21 has an ~1:1 ratio, which indicates an F1 
hybrid under diploidy but suggests introgression via backcrossing to T. 
vittaria under a tetraploid scenario. The predominance of ~2:1 rather 
than ~3:1 ratios, expected for clean diploid introgression could there
fore indicate tetraploidy in T. pinnatum. Alternatively, these ratios may 
reflect intermediate ploidy levels, such as triploidy or hexaploidy, as 
proposed for similar patterns observed in the Christella dentata (Forssk.) 
Brownsey & Jermy complex (Bloesch et al., 2022). Morphological pat
terns provide additional, although indirect, support for hybrid origins. It 
can be hypothesised that T. sp1, T. sp4 and T. sp21 show hybrid vigour 
(Chen, 2010; Fridman, 2015). Especially T. sp1 is much larger and more 
robust than any other species of sect. Neurophyllum, while T. sp4 and T. 
sp21, though not as large, still tend to be taller than their putative 
parents. On the other hand, specimens of T. sp3 tend to be rather small 
when compared to their putative parents.

Ultimately, resolving these evolutionary histories will require tar
geted cytological work, as phasing ratios alone are insufficient. Perfect 
phasing is achievable only when reference sequences match the true 
parents and when mutation or recombination have not concealed allele 
identities. In practice, mismatches arise due to divergence, heterozy
gosity, or differences in sequence length and locus coverage (Nauheimer 
et al., 2021). For example, T. sp1 likely involves an unsampled parent, as 
it phases to a clade including both T. pinnatum and T. vittaria. Moreover, 
deviations (e.g., 2:1 instead of 1:1 or 3:1) may reflect incomplete lineage 
sorting, backcrossing, gene duplication or loss, or ploidy differences 
among progenitors (Bloesch et al., 2022; Nauheimer et al., 2021; Tseng 
et al., 2024).

4.4. Cryptic species

We were able to confirm most species circumscriptions within each 
subgenus (Dubuisson et al., 2022, 2003; Ebihara et al., 2006; Lellinger, 
1994; Lellinger and Windisch, 1994), while also addressing some un
resolved questions from previous studies. Several species within subgen. 
Trichomanes sect. Trichomanes turned out to be paraphyletic or even 
polyphyletic, suggesting that their circumscriptions need to be revised. 
The corresponding specimens did not stand out as having high hybrid 
signal, however, so they are maybe more likely to represent cryptic 
species than hybrids.

One notable case was T. ankersii within subgenus Lacostea, which has 
previously been resolved as paraphyletic and several species with af
finity to T. ankersii have been suggested (Dubuisson et al., 2022). Our 
analyses recovered T. ankersii as monophyletic but split into two well- 
supported clades (one Amazonian and one Andean/Mesoamerican), 
separated by substantial genetic divergence. This pattern raises the 
possibility of cryptic speciation (Paris et al., 1989; Yi et al., 2023). 
Consistent with Dubuisson et al. (2022), we also found T. ankersii as 
sister to T. tanaicum and T. pedicellatum as sister to T. tuerckheimii, a 
result that is intriguing given morphological similarities between species 
pairs that do not immediately align with these phylogenetic 
relationships.

The placement of T. osmundoides within subgen. Feea remains 
ambiguous. In Ebihara et al. (2007) it grouped with T. mougeotii, but in 
Dubuisson et al. (2022) it grouped with T. diversifrons. In our analyses 
we find a different topology in each of the three phylogenetic analyses 
(original nuclear, phased nuclear, plastid), but all received low support. 
Like T. ankersii, T. diversifrons was also split into two subclades, one in 
Amazonia and the other one in Mesoamerica and the Pacific coast of 
Ecuador.

Finally, our results for T. elegans (Subgen. Davalliopsis) align with 
those of Dubuisson et al. (2022), confirming two well-supported clades 
that correspond to northern and southern distributions. The northern 
clade includes Amazonian populations, whereas the southern clade ex
tends into the Andean region. Our analyses divided T. elegans even more 
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finely into five highly supported clades that differ in geographical dis
tribution. Since only two species names (T. elegans and T. resinosum) 
have been widely applied to this group, some of the clades may repre
sent undescribed species.

5. Conclusions

Our study provides the first nuclear phylogenomic framework for 
Trichomanes and resolves key relationships within the genus, recovering 
subgenus Trichomanes as sister to subgen. Feea. Guided by morphology 
and phylogenetic placement, we further propose reinstating section 
Neurophyllum within subgen. Trichomanes comprising T. pinnatum, T. 
vittaria and T. hostmannianum. This section, which includes the taxo
nomically challenging T. pinnatum complex, has significantly elevated 
heterozygosity compared to the other section and subgenera. Through 
haplotype phasing, we show that hybridisation has played an important 
role in shaping diversity within this group, producing several distinct 
outcomes: ancient hybrid-origin lineages that are now self-maintaining 
(T. sp1 and T. sp4), recent or ongoing hybridisation (T. sp21), recur
rent spontaneous hybrids (T. sp3), and a geographically widespread 
parental species approaching panmixia (T. pinnatum s.s.). Evidence for 
possible ploidy heterogeneity highlights the need for targeted cytolog
ical work to clarify how these lineages originated and are maintained.

Across the genus, species boundaries are generally supported yet 
refined, and we uncover previously unrecognised diversity and clarify 
the placement of taxa not included in previous studies. The implications 
of the present results for nomenclature will be the topic of a separate 
taxonomic treatment. Overall, our study shows that both divergence and 
reticulation have shaped the evolutionary history of Trichomanes more 
profoundly than previously recognised, establishing a strong foundation 
for future systematic and evolutionary work.
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