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Abstract

The utility of three plastid DNA regions to identify fern species was explored with focus on the European representatives of
the Asplenium trichomanes aggregate. The sampling included representatives of the three diploid and the four tetraploid taxa
recognized in the European flora plus Macaronesia. Besides European samples, the compiled data set comprised specimens of
a putative Hawaiian endemic and one species occurring in Southeast Asia. By combining the sequences of three non-coding
plastid regions, 13 haplotypes were recovered of which four were found in more than one taxon. Evidences for four distinct
diploid lineages were found that correspond to Asplenium anceps, A. inexpectans, A. trichomanes s.s., and A. tripteropus.
The four tetraploids occurring in Europe shared haplotypes with A. inexpectans. Thus, DNA barcoding can successfully
identify the diploids, but fail to separate the tetraploids from their diploid ancestors. As a consequence, barcoding analyses
of ferns need to take into account the differences of ploidy level measured by evidence independent from the DNA barcode.
Evidence for uneven accumulation of intra-species DNA variation was recovered by comparing all species. Furthermore,
the study provided evidence that the current taxonomy of these ferns requires to be revised. The two European diploids form
well-separated clades and need to be recognized as A. inexpectans and A. trichomanes s.s. To keep name consistency for all
European tetraploids, a new name Asplenium jessenii is introduced to replace A. trichomanes subsp. hastatum.

Keywords Barcoding gap - DNA barcode - Molecular species identification - Polyploidy - Species concepts - Species
differentiation

Introduction

DNA barcoding is now widely used to identify plants using
either DNA barcodes or related approaches (e.g. Valentini
et al. 2009; Kress et al. 2010; Garcia-Robledo et al. 2013;
Zhang et al. 2013; Braukmann et al. 2017; Ghorbani et al.
Electronic supplementary material The online version of this 2017). The currently preferred DNA barcode of land plants
article (https://doi.org/10.1007/s00606-018-1529-9) contains is based on two regions of the usually uniparental inherited
supplementary material, which is available to authorized users. plastid genome (CBoL Plant Working Group 2009; Faze-
kas et al. 2012), but discrimination of species at the lower
level has been found to be a major challenge utilizing these
regions (Fazekas et al. 2009; Clement and Donoghue 2012;
Gardening and Horticulture Department, Xishuangbanna Maia et al. 2012). To improve the resolution, additional
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in the evolutionary histories of plant genera that shaped the
accumulation of genetic disparity such as the continuation
of gene flow among sister species and/or slow lineage sort-
ing, frequent reticulate evolution, and frequent speciation
via polyploidization (Piredda et al. 2011; Arca et al. 2012;
Clement and Donoghue 2012; Parmentier et al. 2013; van
Velzen et al. 2012; Caetano Wyler and Naciri 2016). Lack
of differentiation of DNA barcodes may be especially com-
mon in plant groups in which polyploidization is a frequent
process contributing to the species diversity assembly.

The vast majority of these studies have focused on angio-
sperms, but some studies gave attention to other plant line-
ages such as ferns (Nitta 2008; Ebihara et al. 2010, 2013;
de Groot et al. 2011; Li et al. 2011; Chen et al. 2013) and
bryophytes (Hollingsworth et al. 2009; Liu et al. 2011; Bell
et al. 2012; Hassel et al. 2013; Stech et al. 2013). In ferns,
most studies using DNA-based identification have addressed
either the assembly of barcodes for selected floras (Nitta
2008; Ebihara et al. 2010; de Groot et al. 2011; Nitta et al.
2017), identification of barcodes (Li et al. 2011), or the iden-
tity of gametophytes, cultivated specimens, or population
of interest (Schneider and Schuettpelz 2006; Li et al. 2009;
Pryer et al. 2010; Chen et al. 2013; Ebihara et al. 2013; Wil-
liams et al. 2016). To date, little attention has been given
to two important issues relating to barcoding: firstly, to
consider the effects of DNA variation and the occurrence
of DNA barcoding gaps among closely related diploid spe-
cies; secondly, the assignment of polyploidy taxa and the
impact of reticulate evolution on plastid DNA-based species
identification. A recent study stressed the need to expand
the DNA barcode by including nuclear gene regions (Wang
et al. 2016), but this approach will face considerable chal-
lenges as a result of technical challenge and the complexi-
ties of genome evolution in diploid and their polyploid off-
spring, such as incomplete lineage sorting and hybridization.
Another issue is the challenge to taxonomic approaches by
species complexes formed not only by recent cladogenesis
events, but also by speciation events involving auto- and
allo-polyploidy (Soltis and Soltis 1987; Barrington et al.
1989).

Here, we explore the accumulation of plastid DNA
sequence variation in the Asplenium trichomanes aggregate
with focus on taxa occurring in Europe. The selected plastid
gene regions—psbA-trnH intergenic spacer (IGS), rps4-trnS
IGS, and the trnL-trnF region—have been previously used
both in DNA barcoding studies and/or phylogeographic studies
on ferns (e.g. Kress and Erickson 2007; Shepherd et al. 2007,
Hunt et al. 2009; Ebihara et al. 2010; de Groot et al. 2011;
Wang et al. 2011, 2012; Chen et al. 2013). To explore the
discrimination of closely related diploids, we collected three
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diploid taxa that occur in Europe and Macaronesia: (1) the
Macaronesian endemic Asplenium anceps Hook. & Grew.; (2)
the nearly globally distributed A. trichomanes subsp. tricho-
manes [=A. trichomanes s.s.]; and (3) the limestone endemic
A. trichomanes subsp. inexpectans Lovis [=A. inexpectans
(Lovis) Landolt] (Lovis 1964, 1977; Lovis et al. 1977; Tiger-
schiold 1981; Moran 1982; Reichstein 1984; Manton et al.
1986; Hou and Wang 2000; Tindale and Roy 2002; Rumsey
et al. 2004). To detect the discrimination of polyploidy taxa,
we included the tetraploids occurring in continental Europe:
A. trichomanes subsp. coriaceifolium Rasbach, K. Rasbach,
Reichst. & Bennert [=A. azomanes Rossello, Cubas &
Rebassal, A. trichomanes subsp. hastatum S.Jessen, A. tricho-
manes subsp. pachyrachis (Christ) Lovis & Reichst. [=A.
csikii Kuemmerle & Andras], A. trichomanes subsp. quad-
rivalens D.E.Mey. [=A. quadrivalens (D.E.Meyer) Landolt].
Only the last tetraploid taxon is not restricted in its occurrence
to limestone rocks in Europe and Macaronesia (Lovis 1977;
Tigerschiold 1981; Moran 1982; Reichstein 1984; Lovis and
Reichstein 1985; Manton et al. 1986; Rasbach et al. 1990,
1991; Tutin et al. 1993; Jessen 1995; Hou and Wang 2000).
The study takes advantage of research on the biosystematics
and population genetics of these ferns in Europe (Bennert and
Fischer 1993; Vogel et al. 1999; Suter et al. 2000; Ekrt and
Stech 2008). In addition to those taxa occurring in Europe
and Macaronesia, samples are included from other parts of the
world: A. trichomanes subsp. densum (Brack.) W.H.Wagner
[=A. densum Brack.] endemic to Hawaii and A. trichomanes
subsp. tripteropus (Nakai) A.Lbve & D.Love [=A. tripteropus
Nakai] occurring in China, Korea, and Japan. The latter spe-
cies has been reported to include both diploids and tetraploids
(Wang 1989; Weng 1990), whereas no chromosome counts
exist for the Hawaiian taxon. It is acknowledged that our sam-
pling of the Asplenium trichomanes aggregate in China is far
from comprehensive. Future studies will be needed to confirm
the integration of several species that may also be part of the
aggregate such as A. humistratum Ching ex H.S.Kung, A. glan-
duliserrulatum Ching ex S.H.Wu, and A. microtum Maxon.
The Azorean tetraploid A. azoricum Lovis, Rasbach & Reichst.
(Lovis et al. 1977; Rumsey et al. 2004) was excluded because
the study of its relationships requires the inclusion of material
of the A. monanthes aggregate (see Dyer et al. 2012).

Using this sampling, we aim to address the following
questions: (1) have the diploid taxa accumulated sufficient
DNA variation to discriminate them using plastid DNA
alone, (2) do the tetraploids possess preferably the DNA of
one diploid taxon, and (3) do those taxa with identical chro-
mosome numbers differ in the level of accumulated genetic
diversity.
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Materials and methods
Taxon sampling for phylogenetic analyses

To avoid confusion, the classification of second edition of
the Flora Europaea (Tutin et al. 1993) was adopted for all
European taxa with the exception of the tetraploid Asple-
nium trichomanes subsp. hastatum (Jessen 1995). Non-Euro-
pean taxa were treated according to the most recent and rel-
evant floras of these areas, e.g. China (Lin and Viane 2013)
and Hawai’i (Palmer 2003). However, alternative species
names were mentioned in parenthesis. To simplify the text,
Asplenium trichomanes subsp. was reduced to A. 7ri. subsp.
All identifications were carefully verified by studying both
the morphology and evidence from isozyme analyses when
available (Vogel pers. comm.). The isozyme analyses were
carried out according to well-documented protocols (Vogel
et al. 1998a, 1999; Suter et al. 2000; Hunt et al. 2009). Addi-
tive banding patterns were interpreted as evidence for poly-
ploidy (Wendel and Weeden 1989). The sampling included
five specimens of A. anceps, one specimen of A. tri. subsp.
coriaceifolium (=A. azomanes), two specimens of A. tri.
subsp. densum (=A. densum), four specimens of A. tri.
subsp. hastatum, 17 specimens of A. tri. subsp. inexpectans
(=A. inexpectans), nine specimens of A. tri. subsp. pachy-
rachis (=A. csikii), 12 specimens of A. tri. subsp. quad-
rivalens (=A. quadrivalens), 12 specimens of A. tri. subsp.
trichomanes (=A. trichomanes s.s.), and 11 specimens of
A. tripteropus (=A. tri. subsp. tripteropus) (Table 1). All
vouchers are deposited at BM with the exception of the Chi-
nese specimens that are deposited at DUKE (Schuettpelz),
HITBC (Chang), PE (Zhang), and SZG (Liu). One sample
per unique haplotype was made available via the website of
Plant Systematics and Evolution (see Online Resource 1).

Sequence generating and phylogenetic analyses

Whole genomic DNA was extracted from material collected
and stored in silica gel using a modified CTAB protocol
(Doyle and Doyle 1987). PCR and DNA sequencing proto-
cols follow standard protocols described previously including
the primers used to amplify psbA-trnH IGS (Ebihara et al.
2010), rpsd-trnS IGS (Schneider et al. 2005), and trnL-trnF
region (Trewick et al. 2002). DNA sequences were assem-
bled using Lasergene Core Suitel1 (DNASTAR, Madison,
USA) and aligned manually using Mesquite 2.75 (Maddison
and Maddison 2011). The alignment of each region was care-
fully checked for sequence inversions and ambiguous regions.
None were found; however, a few gaps were identified visually.
The number and identity of haplotypes was determined using
ALTER with gaps treated as unknown nucleotide (Glez-Pena
et al. 2010). Alternative approaches, such as indel coding, were

considered but were dismissed. The alignment contained only
a few indels suitable to indel coding, and the reconstructed
phylogeny was fully resolved by considering only substitu-
tion events. Subsequent analyses used data sets with a single
representative for each haplotype. Evidence for the absence
of topological conflicts among the three gene regions was
explored by visual comparison of the consensus trees obtained
in maximum parsimony analyses of each individual region.
These analyses were carried out with 1000 bootstrap repli-
cates, heuristic searches with 10 randomly assembled starting
trees as implemented in PAUP 4.0 (Swofford 2002). Besides
the maximum parsimony analyses, each plastid region was
also analysed using maximum likelihood analyses in PhyML
3.0 (Guindon and Gascuel 2003; Guindon et al. 2010) with
simultaneous model and topology searches. The results of
the maximum likelihood bootstrap analyses found topologies
including bootstrap values consistent with the results recov-
ered in maximum parsimony analyses.

Statistical parsimony networks (SPN) were employed to
explore the relationships within the in-group. They were gen-
erated for each plastid DNA region independently and for the
combined data set using TCS (Clement et al. 2000). Each
haplotype was included by a single accession, and the net-
work was constructed by employing the 95% confidence limit.
Initially, networks were also constructed for each of the three
markers, whereas the final analyses were carried out using
the combined data set. Visual comparison of the networks
obtained for each region recovered them as consistent to each
other and to the network obtained with the combined data
set. Phylogenetic relationships were inferred using maximum
likelihood analyses as implemented in PhyML 3.0 (Guindon
and Gascuel 2003; Guindon et al. 2010). Asplenium formosum
Willd., A. normale D. Don, and A. viride Huds were included
as out-group taxa based on the reported relationship among
the black-stemmed rock spleenworts (Schneider et al. 2004,
2005, 2013; Dyer et al. 2012; Chang et al. 2013; Schneider
et al. 2017). jModeltest 2 was used to infer the best-fit model to
the observed distribution of sequence variation (Darriba et al.
2012). The model was implemented in PhyML, but without
specifying the parameter values. These values were inferred
simultaneously with the optimal tree search. Confidence levels
were explored by calculating nonparametric bootstrap values
(BS) with 1000 bootstrap replicates as implemented in PhyML
3.0.

Discrimination of the diploid taxa was inferred by count-
ing the number of hypothetical haplotypes separating the
observed haplotypes in SPN. Besides, we inferred the ratio of
intra-species genetic diversity versus inter-species genetic dif-
ferentiation using uncorrected p-distances, with the maximum
intra-species distance versus the minimum distance between
the inferred species and its closest relatives. Ratios < 0.5 were
regarded as support to species discovery.

@ Springer
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Table 1 Information on specimens and observed haplotypes

Taxon Specimen Origin Collector psbA-trnH rps4-trnS trnL-trnF combined
A. anceps ANC-12-6 Madeira Rumsey ANCP ANCR ANCT ANC
ANC-13-Al Madeira Rumsey ANCP ANCR ANCT ANC
ANC-13-B1 Madeira Rumsey ANCP ANCR ANCT ANC
ANC-20 Canary Islands Rumsey ANCP ANCR ANCT ANC
ANC-23-12 Canary Islands Rumsey ANCP ANCR ANCT ANC
A. tri. subsp. coriaceifolium ~ COR-11-B-4 Spain Vogel INEP INET3 INER1 INE3/1
A. tri. subsp. densum TT-127-1 Hawai’i Hemp DENP TRIR TRIT TRI
TT-127-2 Hawai’i Hemp DENP TRIR TRIT TRI
A. tri. subsp. hastatum HAS-20-D Germany Vogel INEP INET1 INER3 INE1/3
HAS-20-E Germany Vogel INEP INET1 INER3 INE1/3
HAS-27-B Austria Vogel INEP INET1 INER3 INE1/3
HAS-29-B Austria Vogel INEP INET1 INER3 INE1/3
A. tri. subsp. inexpectans AZO-40-C Croatia Vogel INEP INET3 INER1 INE3/1
AZO-42 Croatia Vogel INEP INET3 INER1 INE3/1
CRO-14 Croatia Vogel INEP INET1 INER1 INE1/1
D4 Greece Vogel INEP INET4 INER1 INE4/1
1-25-X-A Austria Vogel INEP INET1 INER3 INE1/3
1-25-X-B Austria Vogel INEP INET1 INER4 INE1/4
1-45-C1 France Vogel INEP INET3 INER2 INE3/2
1-46 France Vogel INEP INET3 INER2 INE3/2
1-50-C1 France Vogel INEP INET3 INER2 INE3/2
1-74 Balearic Islands Vogel INEP INET1 INER1 INE1/1
1-76 France Vogel INEP INET1 INER1 INE1/1
1-86-B-1 Spain Vogel INEP INET1 INER1 INE1/1
1-91-C Croatia Vogel INEP INET3 INER1 INE3/1
1-99-A-3 Austria Vogel INEP INET4 INER1 INE4/1
1-120-A Austria Vogel INEP INET1 INER3 INE1/3
1-126-E-3 Slovenia Vogel INEP INET1 INER3 INE1/3
1-130-A Austria Vogel INEP INET1 INER3 INE1/3
A. tri. subsp. pachyrachis PAC-135 Spain Vogel INEP INET1 INER4 INE1/4
PAC-146-A Hungary Vogel INEP INET1 INER4 INE1/4
PAC-146-C Hungary Vogel INEP INET1 INER4 INE1/4
PAC-171 Sicily Vogel INEP INETS INER1 INE5/1
PAC-172-F France Vogel INEP INET3 INER1 INE3/1
PAC-181-B Belgium Krippel INEP INET1 INER4 INE1/4
PAC-188 Luxemburg Vogel INEP INET3 INER1 INE3/1
PAC-191-B Sardinia Vogel INEP INET3 INER1 INE3/1
PAC-195-3 Switzerland Vogel INEP INET1 INER4 INE1/4
A. tri. subsp. quadrivalens GEORG-Q-7 Georgia Bystriakova INEP INET1 INER4 INE1/4
Gueryeba 1 Altai Mts. Gueryeba INEP INET1 INER4 INE1/4
I-112 Morocco Rumsey INEP INET1 INER4 INE1/4
Q-CRE-1B Crete Vogel INEP INET1 INER4 INE1/4
Q-298 Morocco Vogel INEP INET1 INER4 INE1/4
TT-50-A Sweden Vogel INEP INET1 INER4 INE1/4
TT-71 UK Vogel INEP INET1 INER1 INE1/1
TT-77 Ukraine Vogel INEP INET1 INER4 INE1/4
TT-78 Yemen Gibby INEP INET1 INER4 INE1/4
TT-123 Bosnia Vogel INEP INET3 INER1 INE3/1
TT-129-6 USA-PA Acock INEP INET1 INER4 INE1/4
TRI-TUN-3 Tunisia Vogell INEP INET2 INER1 INE2/1

@ Springer
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Table 1 (continued)

Taxon Specimen Origin Collector psbA-trnH rps4-trnS trnL-trnF combined

A. tri. subsp. trichomanes Sayers 3675 India Sayers - TRIR - TRI
Sch 1054 Taiwan Schuettpelz TRIP TRIR TRIT TRI
Sch 1063 Taiwan Schuettpelz TRIP TRIR TRIT TRI
Sch 1097 Taiwan Schuettpelz TRIP TRIR TRIT TRI
Sch 1120 Taiwan Schuettpelz TRIP TRIR TRIT TRI
Sch 1132 Taiwan Schuettpelz TRIP TRIR TRIT TRI
Yanfenl China, Yunnan Chang - TRIR - TRI
Q-315-6 Turkey Vogel TRIP TRIR TRIT TRI
TT-72-A Norway Vogel TRIP TRIR TRIT TRI
TT-80 Germany Vogel TRIP TRIR TRIT TRI
TT-126 Canada-BC Bjoerk TRIP TRIR TRIT TRI
TT-128-3 UK Acock TRIP TRIR TRIT TRI

A. tripteropus HS-G-2012 China, Guizhou Zhang TRTP TPTR1 TPTT TPT1
CI1PT China, Yunnan Chang - TPTR1 - TPT1
C2PT China, Yunnan Chang - TPTR1 - TPT1
C3PT China, Yunnan Chang TPTRI1 TPT1
C4PT China, Yunnan Chang TPTR1 TPT1
C5PT China, Sichuan Chang - TPTRI1 - TPT1
C6PT China, Sichuan Chang - TPTRI1 - TPT1
CI0PT China, Sichuan Chang - TPTRI1 - TPT1
CI11PT China, Sichuan Chang TPTR2 - TPT2
LIU1 China, Yunnan Liu TRTP TPTR1 TPTT TPT1
LIU2 Ching, Yunnan Liu TRTP TPTR1 TPTT TPT1

Columns 1-8 provide information (from left to right): taxon name employed based on morphological identification (sometimes taken into
account unpublished isozyme evidence by J. Vogel); sample number (mostly population numbers used by J. Vogel or collector number); geo-
graphic origin; collector; haplotypes identified for each of the three regions and the combined data set. Haplotype abbreviations are based on
species name of putative diploid taxon (three letters), the first letter of the plastid region in the case of individual regions, and number of haplo-
types observed in each region. Haplotypes abbreviations of the combined data include the taxon name (three letters) and a number composed by

the contribution of the haplotypes inferred in trnL-trnF and rps4-trnS

Results
Haplotype characteristics

In total, 13 haplotypes were recovered in the combined data
set (Table 1). Nine of these haplotypes were found to be
unique to a single taxon without the distinction of diploids
and tetraploids (Table 2). Haplotype diversity is unequally
distributed among taxa (Tables 2, 3). The two diploids, Asp-
lenium anceps and A. tri. subsp. trichomanes, comprised
a single haplotype each, whereas two and six haplotypes
were found in A. tripteropus and A. tri. subsp. inexpectans,
respectively. The three tetraploids with at least four speci-
mens studied comprised either one in A. tri. subsp. hastatum,
three in A. tri. subsp. pachyrachis, or four haplotypes in A.
tri. subsp. quadrivalens. Two haplotypes (INE2/1, INES/1)
were unique to tetraploids. All other haplotypes found in the
European tetraploids were also present in A. tri. subsp. inex-
pectans (Tables 1, 2). The Hawaiian A. tri. subsp. densum
possess a unique haplotype that is separated by the haplotype

unique to A. tri. subsp. trichomanes by a single mutation
(Tables 1, 2).

Several haplotypes were separated from the next clos-
est haplotype by more than two hypothetical haplotypes in
SPNs (Fig. 1). The haplotype ANC—unique to Asplenium
anceps—was separated from haplotype 7PT1—unique to A.
tripteropus—by five hypothetical haplotypes. The haplotype
TRI—found exclusively in A. tri. subsp. trichomanes—was
separated from TPT1 by six hypothetical haplotypes. The
haplotype INE1/1—found in A. tri. subsp. inexpectans and
A. tri. subsp. quadrivalens—was separated from TRI by
12 hypothetical haplotypes and TPT1 by seven hypotheti-
cal haplotypes. Each of these haplotypes was found to be
distinct in each of the three regions in the study. In con-
trast, haplotype DEN—unique to A. tri. subsp. densum—
was found to be separated from 7RI by a single substitution
in psbA-trnH, but not distinct in trnlL-trnF and rps4-trnS.
Haplotypes closely related to INE1/1 were found to be the
result of substitutions or single-base-pair insertions in trnlL-
trnF or rps4-trnS. Each of the INE haplotypes was linked

@ Springer
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Table 2 Distribution of ANC DEN TRI TPT INE COR* HAS* PAC* QUA* TH HUA HUD

haplotypes recovered
ANC 5 - - - - - - - 5. U U
DEN - 2 - - - - - - 2 U U
INEI/I - - - -4 - - - 1 5 N U
INE2/1 - - - - - - - 1 1 U NA
INE3/1 - - - -3 - 3 1 8§ N U
INE32 - - N - - - 3 U U
INE4/1 - - - -2 - - - - 2 U U
INES/1  — - - - - 1 - 1 U NA
INEI3 - - . 4 - - 8§ N U
INEl/4 - - e - 5 9 5 N U
TPTI - - - 10 - - - - 0 U U
TPT2 - - - - - - - 1 U U
TRI - - 2 - - - - - 2 U U
TT 5 2 2 11 17 1 4 9 12 73 - -
TA U U U U N N N N N -
TWOD U U U U U N N N N - -

Table 3 Taxonomic summary
of the observed haplotype
diversity

@ Springer

Columns 2-9 show the distribution of haplotypes (left column) versus taxa (top row) for all 72 specimens
studied. The occurrence is given as number of specimens with the haplotype per taxon. Column 7H shows
the absolute number of specimens with this haplotype; column HUA (=haplotype uniqueness in all taxa)
and HUD (=haplotype uniqueness in diploid taxa) indicate the taxonomic uniqueness of haplotypes con-
sidering all taxa or only diploid taxa. Asplenium tripteropus is treated as diploid in this analyses. Abbre-
viations of haplotypes as in Table 1; taxon abbreviations: ANC Asplenium anceps, DEN A. trichomanes
subsp. densum, TRI A. trichomanes subsp. trichomanes, TPT A. tripteropus, INE A. trichomanes subsp.
inexpectans, COR A. trichomanes subsp. coriaceifolium, HAS A. trichomanes subsp. hastatum, PAC A.
trichomanes subsp. pachyrachis, QUA A. trichomanes subsp. quadrivalens. Clade abbreviations: TRClade
clade including haplotypes found in ANC, DEN, TRI, TPT; INClade clade including haplotypes found in
INE, COR, HAS, PAC, QUA; general abbreviations: U unique, N not unique, N/A not applicable. Exclusive
tetraploid taxa are marked with stars (*)

NS CTS NH CHS NUH CUHS

ANC 5 6.8 1 7.7 1 1.7
DEN 2 2.7 1 7.7 1 1.7
TRI 12 16.4 1 7.7 1 1.7
TPT 11 15.1 2 15.4 2 154
TRClade 30 41.1 5 38.4 5 384
INE 17 23.3 6 46.1 2 154
COR* 1 1.4 1 7.7 0 0

HAS* 4 5.5 1 7.7 0 0

PAC* 9 12.3 3 23.1 1 1.7
QUA* 12 16.4 4 30.8 1 7.7
INClade 43 58.9 8 61.5 8 61.8

Columns left to right: taxon or clade (abbreviations as in Table 2); NS number of specimens studies; CTS
contribution of taxon to the total number of specimens sampled (in %); NH number of observed haplo-
types, CHS contribution to the observed haplotype number (in %); NUH number of unique haplotypes;
CUHS contribution to diversity by unique haplotypes (in %); clade membership according to phylogenetic
analyses

* ploidy level according to references
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Fig. 1 Statistical parsimony
network obtained for the com-
bined data set using TCS with
95% confidence interval. Each
line corresponds to a single
change. Grey circles correspond
to hypothetical haplotypes;
squares indicate observed hap-

lotypes. Haplotypes are named ()

according to Table 1. Boxes (©]
with dashed lines indicate
discrimination of species using

a five hypothetical haplotypes o ®

separation as the cut-off. Taxa
names are assigned according

to the occurrence of diploids Q

and priority rules. Asplenium o
trichomanes subsp. densum
(haplotype DEN) is treated as

belonging to A. trichomanes ]

subsp. trichomanes

den

© [ines1]
ine1/1 ine1/3| ine1/4|

@ A. tri. inexpectans

to its closest haplotype by either a single or maximum three
mutations.

Phylogenetic relationships among different
haplotypes

Phylogenetic analyses and SPNs (Figs. 1, 2) recovered 13
haplotypes in two major clades. Eight formed one clade
(BS=63%), whereas the remaining five haplotypes formed
its sister clade (BS =96%). The clade with five haplotypes
included three morphologically distinguished taxa: Asple-
nium anceps with a single haplotype ANC; A. tripteropus
with two haplotypes TPT1 & TPT2; and A. tri. subsp. tricho-
manes with a single haplotype TRI. The clade also included
the Hawaiian endemic A. tri. subsp. densum separated by a
single mutation in psbA-trnH from the closest related hap-
lotype TRI. In SPNs, A. tripteropus was separated from A.
anceps by five and A. tri. subsp. trichomanes by six hypo-
thetical haplotypes. Phylogenetic analyses (Fig. 2) recovered
A. tripteropus as sister to a clade comprising A. tri. subsp.
densum and A. tri. subsp. trichomanes (BS <75%) with A.
anceps sister to this clade.

The clade formed by eight haplotypes—INE1/1 and deri-
vates—consisted of specimens identified either as the dip-
loid Asplenium trichomanes subsp. inexpectans or the tetra-
ploids A. tri. subsp. coriaceifolium, A. tri. subsp. hastatum,
A. tri. subsp. pachyrachis, and A. tri. subsp. quadrivalens.
Haplotype INE1/1 was found to be the putative ancestral

haplotype of this clade (Figs. 1, 2). This haplotype was
found in specimens belonging to A. tri. subsp. inexpectans
and A. tri. subsp. quadrivalens (Table 1).

Discussion
Delimitation of taxa using plastid DNA

Plastid DNA delimitates four separate operational taxonomic
units (OTUs) considering three criteria: (1) the uniqueness
of the genetic variation to a single OTU (Table 3); (2) the
distinctiveness of the genetic variation of two OTUs by the
occurrence of two or more hypothetical haplotypes; and (3)
the existence of a “barcoding gap”. This gap was inferred by
calculating the ratio between the maximum distance within
an OTU and the minimum distance between the two most
closely related OTUs. The gap was considered to be present
with the intra-/inter-values (I/I) < 0.5. Based on the applica-
tion of these criteria, the following OTUs were recovered:
OTU1 with I/<0.007 included Asplenium anceps; OTU2
with I/I=0.11 included A. tri. subsp. trichomanes and A. tri.
subsp. densum; OTU3 with I/I=0.12 included A. tripter-
opus; OTU4 with I/I <0.27 included A. tri. subsp. inex-
pectans and all tetraploids with European occurrences (see
Tables 1, 3). Two of the OTUs correspond to a single taxon:
OTU1 =A. anceps and OTU3=A. tripteropus. OTU2 com-
prised A. tri. subsp. densum and A. tri. subsp. trichomanes.

@ Springer



1016

H.-M. Liu et al.

Fig.2 Phylogram obtained
from maximum likelihood
analyses of the combined data
set. Three species—Asplenium
formosum, A. normale, and A.
viride—were included as out-
group taxa representing closely
related clades (see Schneider
et al. 2004, 2005, 2013). Boot-
strap values >75% are shown
above branches. Abbreviation

100

anc A. anceps

96 tpt1

A. tripteropus
tpt2

den A. tri. densum

tri A. tri. trichomanes

of haplotypes follows Table 1.
Taxon names follow the clas-
sification given in Table 1. Taxa
names were assigned based on
the distribution of haplotypes

in diploids (or putative diploids
in the case of A. tri. subsp.
densum)

94

ine2/1

ine5/1
ined/1

ine3/1

A. tri. inexpectans

ine3/2

ine1/1

_I_ine 1/3
ine1/4

A. formosum

A. normale

The little genetic differentiation of the Hawaiian endemics
suggests a rather recent separation of this island endemic,
but this needs to be confirmed with an expanded sampling of
A. tri. subsp. trichomanes. The ploidy level of the Hawaiian
taxon is currently unknown, and its status requires further
investigation. OTU4 comprised the diploid A. tri. subsp.
inexpectans and four tetraploids occurring in Europe: A. tri.
subsp. coriaceifolium, A. tri. subsp. hastatum, A. tri. subsp.
pachyrachis, and A. tri. subsp. quadrivalens. In summary,
diploid taxa occurring in Europe or Macaronesia can be reli-
ably distinguished from each other based on their unique
plastid DNA variation by applying either distance meth-
ods (e.g. DNA barcoding gap) or using a character-based
approach (Jean-Molina et al. 2015), whereas European
tetraploids cannot be reliably distinguished based on plastid
DNA variation only (see also Tables 1, 3).

The tetraploids in Europe are not distinct from the dip-
loid Asplenium trichomanes subsp. inexpectans, but well
distinct from the diploid A. tri. subsp. trichomanes. Since
the plastid DNA in ferns is maternally inherited (Gastony
and Yatskievych 1992; Vogel et al. 1998b), this pattern

@ Springer

A. viride

0.0040

suggests A. tri. subsp. inexpectans is either the single par-
ent of these tetraploids (= autotetraploids) or the mater-
nal parent of a hybrid formed with another species of the
complex (allotetraploids). The later hypothesis assumes an
asymmetrical hybridization. Considering the tetraploids in
isolation, some patterns are inferred. The three taxa sam-
pled with at least four specimens—A. tri. subsp. hastatum,
A. tri. subsp. pachyrachis, and A. tri. subsp. quadriva-
lens—show distinct patterns of genetic variation. Asple-
nium tri. subsp. hastatum comprises a single haplotype
(INE1/3), which is not found in any other tetraploid, but
does occur in the diploid A. tri. subsp. inexpectans. The
other two tetraploids—A. tri. subsp. pachyrachis and A. tri.
subsp. quadrivalens—show similar levels of genetic varia-
tion with three and four haplotypes, respectively (Table 1).
In the latter, nine out of 12 samples showed the haplotype
INE1/4. This haplotype is also common in A. tri. subsp.
pachyrachis, but rare in A. tri. subsp. inexpectans (Table 1,
2, 3). The patterns require to be confirmed by expanding
the number of sampled individuals and populations.
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Accumulation of plastid DNA variation

The studied taxa show different levels of sequence varia-
tion in their plastid DNA (Table 3). Two out of the three
European diploid taxa—Asplenium anceps and A. tri. subsp.
trichomanes—possess a single haplotype, whereas the third
one—A. tri. subsp. inexpectans—contains six haplotypes.
This difference is unlikely to be due to the result of sam-
pling size, but arguably reflect the independent evolutionary
histories of these taxa including variation of the population
structure. The four European tetraploid subspecies—A. tri.
subsp. coriaceifolium, A. tri. subsp. hastatum, A. tri. subsp.
pachyrachis, and A. tri. subsp. quadrivalens—display dif-
ferent levels of genetic variation ranging from one to four
haplotypes (Tables 1, 2, 3).

The two island endemics—Asplenium anceps and A. tri.
subsp. densum—share the occurrence of a single haplotype,
whereas the other two diploids occurring in the European
continent—A. tri. subsp. inexpectans and A. tri. subsp.
trichomanes—differ substantially in their genetic diversity.
However, this difference appears to be independent from the
spatial range because A. tri. subsp. trichomanes has a nearly
global distribution, whereas A. tri. subsp. inexpectans occurs
only in Europe. Thus, the haplotype diversity is higher in the
less widespread distributed taxon. This hypothesis is consist-
ent with the rather low diversity found in the SE Asian A.
tripteropus. Among tetraploids, the globally distributed A.
tri. subsp. quadrivalens shows similar variation as A. tri.
subsp. pachyrachis despite the range of the latter is restricted
to limestone areas of Europe. In addition, A. ¢ri. subsp. quad-
rivalens differs from A. tri. subsp. pachyrachis not only in
the nearly global versus European range, but also in the sub-
strate vagueness of A. tri. subsp. quadrivalens versus the
restriction to limestone of A. tri. subsp. pachyrachis. Thus,
neither in diploids nor in tetraploids is there a correlation
between accumulation of genetic diversity and size of the
distribution range.

Previous studies have reported evidence that suggests
there is a correlation between the accumulation of genetic
diversity and evolution of breeding systems in fern species
(Haufler and Soltis 1986; Murakami et al. 1997; Suter et al.
2000; Haufler 2002; Ranker and Geiger 2008; Wubs et al.
2010; Haufler et al. 2016). The diploid limestone taxon
Asplenium trichomanes subsp. inexpectans displays genetic
variation in its plastid genomes resembling the genetic vari-
ation reported for two other European diploid limestone
ferns—A. fontanum (Hunt et al. 2009) and A. viride (James
et al. 2008). In contrast, the widespread A. tri. subsp. tricho-
manes possesses a single haplotype. The failure to assem-
ble diversity may be either related to a very recent popu-
lation size fluctuation or by a reproductive system which
limits the accumulation of genetic variation. A probable
explanation is provided by the scenario that A. fri. subsp.

trichomanes reproduces preferentially by intragametophytic
selfing (Vogel, pers. comm.). Shifts in the reproductive biol-
ogy from outbreeding to obligate intragametophytic selfing
have been documented in various fern lineages. The obtained
results are consistent with the theoretical predictions of the
haplotype distribution in populations with a recent shift to
obligate intragametophytic selfing, e.g. fixation of haplo-
types. This reproductive preference would allow the taxon to
colonize new areas via single-spore range expansion, which
is consistent with its distribution covering the temperate
regions of both the northern and southern hemispheres. In
turn, intragametophytic selfing causes the fixation of geno-
types. This preferential intragametophytic selfing may also
explain why the plastid DNA of allotetraploids involving A.
tri. subsp. trichomanes as one parent is consistent with that
of the chloroplast in the other parent, as exemplified by A.
adulterinum which shares the cpDNA of A. viride and not of
its other parent A. tri. subsp. trichomanes (James et al. 2008;
Schneider et al. 2013). Unpublished allozyme data support
this assumption and are also evidence for preferred outcross-
ing in A. tri. subsp. inexpectans (Vogel, pers. comm.).

A different explanation is needed to understand the rea-
son for the differences in genetic variation which was recov-
ered from the European tetraploids studied. The population
structure for two of these tetraploid subspecies—Asplenium
trichomanes subsp. pachyrachis and A. tri. subsp. quadriva-
lens—has been studied (Vogel et al. 1999; Suter et al. 2000).
These studies indicate that these taxa reproduce mainly by
intragametophytic selfing. For this reason, the accumulation
of plastid DNA in these two taxa is likely due to the result
of multiple origins of tetraploids instead of sexual recombi-
nation. Unpublished nuclear genome evidence supports the
hypotheses that each of these tetraploid taxa originated from
multiple hybridization events involving the same parental
species, but not the same parental populations. Recurrent
formation of polyploid taxa is a common process in plants
(Doyle et al. 1990; Soltis and Soltis 1991) and has been dis-
cussed for European polyploids belonging to the genus Asp-
lenium (Vogel et al. 1998a, 1999; Suter et al. 2000; Trewick
et al. 2002). Combining plastid DNA with other evidence
may make it possible to trace independent origins of these
tetraploids. For example, the morphologically distinct A. tri.
subsp. hastatum was found to contain a single haplotype that
was not shared with any other tetraploid. This observation
requires further confirmation by increasing the sampling size
of other populations with the morphology of A. tri. subsp.
hastatum. With all the current available evidence, this taxon
is considered to have a single area of origin. In contrast,
the morphologically and ecologically distinct A. tri. subsp.
pachyrachis and A. tri. subsp. quadrivalens are considered
to have multiple origins. These results when confirmed will
be critical to clarify the status of these taxa.
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Taxonomy of the Asplenium trichomanes complex

This study confirmed the distinction of four diploid species.
Asplenium anceps and A. tripteropus have in common the
occurrence of three wings at the petiole and demonstrate
other similarities such as the shape of the pinnae. These
two species are distinct from each other in the absence/pres-
ence of leaf buds (Lovis et al. 1977). However, these two
species are distinct from their relatives by the presence of
a third wing located at the abaxial side of the rachis. All
other species inferred possess only two wings on the adaxial
side of the petiole. The other two diploids—A. #ri. subsp.
trichomanes and A. tri. subsp. inexpectans—are distinct
from each other in the shape of the pinnae, especially the
terminal pinnae and other morphological features (Tiger-
schiold 1981; Reichstein 1984; Tutin et al. 1993; Saez 2000;
Ekrt and Stech 2008). In conclusion, the reported plastid
DNA supports the argument that the complex includes at
least four diploid species. Asplenium tri. subsp. trichomanes
and A. tri. subsp. inexpectans should be recognized as dif-
ferent species instead of different subspecies. All required
combinations have been introduced including A. inexpectans
(Loves) Landolt (2010). However, there is a problem with
regard to the typification of A. trichomanes. Bobrov (1984)
selected the specimen Herb. Linn. No. 1250. 12 (LINN) as
the lectotype. Characters as pinnae shape suggest that this
specimen correspond what is currently identified as A. tri.
subsp. quadrivalens. It is suggested that the problem would
be avoided with the alternative proposal of Burser XX: 14
as the lectotype by Viane (in Jonsell and Jarvis 1994), but its
publication post-dates Bobrov’s lectotypification.

Our results suggested Asplenium trichomanes subsp. den-
sum to be a local variant of A. tri. subsp. trichomanes. Thus,
this taxon may be best treated as a subspecies as long as
no further evidence is reported supporting its segregation
(see also Palmer 2003). Future studies may need to test the
proposal that this taxon is of anagenetic origin in Hawai’i.
Further attention needs to be given to the taxonomy of A.
tripteropus because this taxon contains a diploid and a tetra-
ploid karyotype.

The treatment of the tetraploid subspecies of Asplenium
trichomanes is a challenge because they represent a poorly
understood assemblage of morphological and/or cytological
distinct units. Most of these units may have multiple origins,
but share the same or rather similar ancestries. In addition,
there is evidence that suggests intragametophytic selfing as
the common reproductive strategy (Vogel et al. 1999; Suter
et al. 2000). The observed plastid DNA variation is consistent
with the hypothesis of multiple origins of tetraploids, which
has consequences for the treatment at the species level of A.
tri. subsp. quadrivalens and A. tri. subsp. pachyrachis. These
taxa may not form monophyla, but further work is required to
confirm this. In contrast, a single haplotype was found in the
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tetraploid A. tri. subsp. hastatum which may indicate a single
origin of this morphological distinct limestone tetraploid.
Given the limited understanding of the evolutionary his-
tory and the genetic distinctness of the tetraploid forms, it
seems premature to introduce a new classification despite
the obvious limitations of their treatment as subspecies as
promoted in the Flora Europaea (Tutin et al. 1993). Con-
firmation of the status of the tetraploids is required using
not only plastid DNA sequences, but also sequences of low-
copy nuclear genes (Schneider et al. 2013). In contrast to
the tetraploids, the status of the diploids is now rather clear
and Asplenium inexpectans need to be accepted as a distinct
species from A. trichomanes aggregate. At this point, it is
important to note that no further conclusions can be made
on Asian taxa because they were either not sampled or the
sampling was rather limited in the case of A. tripteropus.

Conclusions

The results provide evidence that DNA barcodes can be suc-
cessfully employed to identify specimens of closely related
fern species as long as the studied taxa are diploids. The
inclusion of polyploids representing either allo- or auto-
polyploids introduces levels of complexity that cannot be
solved using plastid DNA barcodes alone. A further impor-
tant observation is the discovery of distinct differences and
the amount of plastid DNA variation that exists among dip-
loid taxa. These differences in the observed variation may
have profound impact on the required number of specimens
per species in a DNA barcoding database. The results of this
study carry not only implications for DNA barcoding studies
on ferns, but also for other groups of land plants that tend to
accumulate species diversity via the formation of polyploids
instead of cladogenesis resulting in the formation of diploid
species (Fazekas et al. 2009).

Taxonomic treatment

As discussed above, combinations exist for all European
taxa recognized in this study at both species and subspecies
level with the exception of Asplenium trichomanes subsp.
hastatum (Christ) S.Jess. which is based on the basionym
A. trichomanes var. hastatum Christ. The existence of the
Neotropical A. hastatum Klotzsch ex Kunze prevents the
transfer of the basionym to the species level. We therefore
introduce here Asplenium jessenii in recognition of the
important contribution of Stefan Jessen to the taxonomy of
this species aggregate.

Asplenium jessenii H.M.Liu & H.Schneid., sp.
nov. = Asplenium trichomanes var. hastatum Christ, Beitr.
Kryotpgamenfl. Schweiz 1(2): 92. 1900.= Asplenium
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trichomanes subsp. hastatum (Christ) S.Jess., Ber. Bayer.
Bot. Ges. 65: 111. 1995.
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