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ABSTRACT: Evolutionary histories of species complexes in ferns are usually complicated with hybridization and polyploidization. 
In the Asplenium normale D.Don complex, we here identify a new taxon - Asplenium normale f. scythiforme Z.X. Chang, f. nov., 
by clarifying its position in the reticulated tree of the species complex. Our phylogenetic and flow cytometric results surprisingly 
support that this new taxon is a non-hybridized diploid and conspecific with A. normale. Nonetheless, the forma scythiforme can be 
separated from the normale by having more dissected and falcate pinnae with apices acuminate to fishbone-like tails. Currently, A. 
normale f. scythiforme was found to be endemic to Taiwan with only one northern and one southern populations. 
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INTRODUCTION 
 
Asplenium L. is one of the most species-rich genera 

among ferns and comprises of more than 700 species 
(Schneider et al., 2004; Rothfels et al., 2012; PPG I, 
2016), and also known with a great number of species 
complexes (see citation below). These species 
complexes are usually revealed with hybridization and 
polyploidization behind their evolutionary histories (e.g. 
Ekrt and Štech, 2008; Shepherd et al., 2008; Dyer et al., 
2012; Chang et al., 2013, 2018; Fujiwara et al., 2017; 
Sessa et al., 2018). One of the most widespread 
Asplenium complexes in East Asia is A. normale D.Don. 
In total, ten species have been recognized in the A. 
normale complex (sensu Chang et al., 2018), including 
diploid species - A. pifongiae L.Y.Kuo, F.W.Li & 
Y.H.Chang,, A. normaloides Y.Fen Chang & H.Schneid., 
A. oligophlebium Baker, A. pseudonormale W.M.Chu & 
X.C.Zhang, A. guangdongense Y.Fen Chang & 
H.Schneid., polyploid species - A. boreale (Ohwi ex 
Sa.Kurata) Nakaike, A. kiangsuense Ching & Y.X.Jing, 
A. shimurae (H.Ito) Nakaike, A. hobdyi W.H.Wagner, 
and A. normale which is known with both diploids and 
polyploids (Fujiwara et al., 2017; Chang et al., 2018). 
Except for A. boreale, the polyploids in this species 
complex have been revealed with hybrid origins, and 
thus, are allopolyploids (Fujiwara et al., 2017; Chang et 
al., 2018). Diploid species A. pifongiae is sister to the 
rest species of A. normale complex that include all 
polyploidy members (Li et al., 2016; Chang et al., 2018). 

The Asplenium normale complex likely includes 

cryptic species and needs further studies of cytology and 
nuclear phylogeny (Fujiwara et al., 2017; Chang et al., 
2018). Since 2007, one uncertain Asplenium fern was 
found with two populations respectively in northern and 
southern Taiwan. This Asplenium is morphologically 
similar to members in the A. normale complex, 
particularly A. oligophlebium because both produce 
lobbed pinnae (Fig. 1). In comparison, A. oligophlebium 
has a smaller plant size and has been found only in Japan.  

In this study, we provide phylogenetic evidence to 
clarify reticulation and flow cytometric evidence to infer 
ploidy, and confirmed that this new taxon belongs to the 
species Asplenium normale and is endemic to Taiwan. 
Nonetheless, it can be morphologically distinguished 
from A. normale (f. normale) by its pinnae shape. We 
therefore descript a new forma of A. normale for this new 
taxon - Asplenium normale f. scythiforme Z.X. Chang. 
We also compare the morphology (Table 1) and provide 
a key to all related species in Taiwan. 

 

MATERIALS AND METHODS 
 
(I). Plant materials 

For the new taxon of the A. normale complex, only 
two populations were found in Taiwan - one northern 
(Mingchi Forest Recreation Area, Yilan County) and one 
southern (Mt. Guzilun, Pingtung County) population. In 
each population, one individual was collected (collection 
no. Kuo4231 and Kuo4283, respectively) as our 
phylogenetic and cytometric sampling. Additional 
collections (collection no. P.-F. Lu 20525, P.-F. Lu 20857
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Table 1. Morphological comparisons used to distinguish A. oligophlebium and Asplenium normale complex in Taiwan. 
 

Character A. boreale A. normale f. normale A. normale f. scythiforme A. oligophlebium A. pifongiae 
Pinna shape Oblong, 

margin serrate 
Oblong, margin serrate Falcate and dissected Linear and 

dissected with 
irregular crenulate 

Oblong to 
quadrangular,  
margin serrate 

Apex of pinna Obtuse to 
rounded 

Acute Acuminate Acuminate Obtuse 

Frond vegetative bud Absent Bearing on the rachis 
apex and do not 
elongate to whip. 

Bearing on the rachis apex 
and do not elongate to whip. 

Bearing on the 
rachis apex and 
elongate to whip. 

Absent 

The pinna ratio of length 
to width 

1:0.6 1:0.5 1:0.3 1:0.3 1:0.4 

Number of sori per pinna Usually more 
than 5 

Usually more than 5 NA Usually more than 
4 

1 or 2, rarely to 4 

 

Note: Asplenium boreale is treated as a different species here instead of a subspecies under A. normale as the treatment in TPG (2019). 
 
 

 
 

Fig. 1. Asplenium normale f. scythiforme Z-X Chang. A. Habitat. B. Buds. C. Adaxial side of leaf. D. Abaxial side of leaf. Scale bar: A = 10 cm; 
B = 5 cm; C = 1 cm; D = 1 cm. (Photos A, B provided by Pi-Fong Lu; Photos C, D provided by Zhi-Xiang Chang) 

 
and ZXC 001515) from these two populations were 
examined to confirm their morphological variation. For 
our phylogenetic analyses, taxon sampling in the 
Asplenium normale complex and outgroups followed Li 
et al. (2016), Fujiwara et al. (2017), and Chang et al. 
(2018). Voucher information and GenBank accession 

numbers are provided in the Appendix. 
 
(II). Genome size estimation 

We used the modified Beckman protocol following 
Kuo and Huang (2017), and the leaf tissue of Nicotiana 
tabacum L. ‘Xanthi’ was used as the internal standard 
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(genome size = 5.02 pg/C; Johnston et al., 1999). The 
BD FACScan System (BD Biosciences, Franklin Lake, 
New Jersey) was used, and all samples were run with 
three independent replicates to calculate the mean 
genome size of each sample. In each replication, the 
criteria of over 1,000 nucleus particles per peak and 
lower than 5% CV (coefficient of variation) were set for 
both sample and internal standard. 

 
(III). DNA extraction and sequencing chloroplast and 

nuclear regions 
DNA was extracted using the modified CTAB 

protocol following Kuo (2015). For chloroplast (cp) 
DNA regions, we sequenced rbcL, trnL-F [trnL gene + 
trnL-F intergenic spacer (IGS)], trnG-R (trnG gene + 
trnG-R IGS) and rps4-trnS (rps4 gene + rps4-trnS IGS). 
Their PCR primers, PCR conditions, and sequencing 
was followed the protocols of Schuettpelz and Pryer 
(2007), Li et al. (2010), Nagalingum et al. (2007), and 
Korall et al. (2006), respectively. 

To examine whether or not this new taxon has a 
hybrid origin, we sequenced a single-copy nuclear gene 
- pgiC. The PCR primers, PCR conditions, and 
sequencing followed Ishikawa et al. (2002). We 
obtained these pgiC sequences directly by Sanger’s 
sequencing because from these sequencing results, no 
single nucleotide polymorphism was found. 

 
(IV). Sequence alignment and phylogenetic analyses 

Our cpDNA alignment was modified from Li et al. 
(2016) with eight sequences newly generated in this 
study and those from Chang et al. (2018) (Appendix). 
For the nuclear (nu) DNA alignment, we mainly used 
those from Chang et al. (2013, 2018) and Fujiwara et al. 
(2017) (Appendix), and added three newly generated 
sequences in this study. These sequences were first 
aligned by ClustalW (Thompson et al., 1994), and then 
edited manually in BioEdit v. 7 (Hall, 1999).  

For phylogenetic analyses of cpDNA matrix, we 
initially specified eleven partitions in the alignment, 
including each of three codon positions in rbcL, each of 
three codon positions in rps4, rps4-trnS IGS, trnL gene, 
trnL-F IGS, trnG gene, and trnG-R IGS. PartitionFinder 
v. 2.1.1 (Lanfear et al., 2017) was used to infer the 
partition scheme and nucleotide substitution models 
(Table 2) based on AICc criteria.  

IQ-TREE v. 1.6.10 (Nguyen et al., 2015) in CIPRES 
(Miller et al., 2011) was used to reconstruct maximum 
likelihood (ML) phylogeny. For the ML bootstrap 
(MLBS) trees, 1000 replicates were run at the same 
criteria. Bayesian inference (BI) was conducted by 
MrBayes v .3.2.6 (Huelsenbeck and Ronquist, 2001; 
Ronquist and Huelsenbeck, 2003) in CIPRES (Miller et 
al., 2011). Two runs were put into practice, and each 
contains four Markov chain Monte Carlo (MCMC) 
chains. In each chain, 20 million generations were run, 

and MCMC status was sampled every 1000 generations. 
Tracer v. 1.7.1 (Rambaut and Drummond, 2013) was 
used to determine convergence through generations 
among chains. The first 25% of the generations were 
discarded as burn-in. 

 
Table 2. The partition scheme and substitution models for the 
chloroplast DNA matrix. 
 

Subset Models for ML 
analysis 

Models for BI 
analysis 

trnG gene + trnL gene TVM + G GTR+G 
trnL-F IGS + trnG-R IGS TVM + G GTR+G 
rps4-trnS IGS TVM + G GTR+G 
rps4 2nd codon position TVM + G GTR+G 
rps4 1st codon position TRN + I GTR+I 
rps4 3rd codon position K80 + G K2P+G 
rbcL 1st codon position TRN + G GTR+G 
rbcL 2nd codon position TVM + I GTR+I 
rbcL 3rd codon position TVM + I + G GTR+ I +G 

 

RESLUTS AND DISCUSSION 
 
Ploid estimate and phylogenetic position of scythiforme 

For the new taxon, we name it scythiforme as a new 
forma under Asplenium normale (see discussion below 
and also TAXONOMIC TREATMENT). The genome 
sizes of scythiforme were estimated to be 11.2 pg/C (±
0.009 for 1SD; for Kuo4231 in average) and 10.9 (±
0.004 for 1SD; for Kuo4283 in average) (Fig. 2). In 
Chang et al. (2013), the diploid and tetraploid in A. 
normale were respectively detected with genome sizes 
of 9.8 and 18.2 pg/C. Hence, the scythiforme is more 
likely a diploid rather than a polyploid. 

Our cpDNA phylogenies reveal species relationships 
congruent with previous ones (Chang et al., 2013, 2018; 
Li et al., 2016; Fujiwara et al., 2017), and no strongly 
supported conflict between our ML and BI trees was  

 

 
 

Fig. 2. Genome size of Asplenium normale f. scythiforme 
inferred by flow cytometry. Nicotiana tabacum ‘Xanthi’ (5.02 
pg/C) was used as the internal standard. 
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found. Scythiforme is phylogenetically placed in A. 
normale. Meanwhile, A. oligophlebium is distantly 
related to this new taxon and belongs to a different clade 
(Fig. 3). Our nuDNA phylogenies－pgiC gene trees (Fig. 
4)－are congruent with the previous ones, and, generally, 
the diploid species are each found in a single clade 
(Fujiwara et al., 2017; Chang et al., 2018). Scythiforme 
is here found to consist a single sequence type (i.e. no 
single nucleotide polymorphism were found), which is 
nested within one diploid A. normale clade (i.e. 
NORMALE 2 in Fig. 4). 

 
Reticulation under the Asplenium normale complex 

and origin of scythiforme 
Among the Asplenium normale complex, the 

tetraploid A. normale is most “problematic”, 
polyphyletic in the nuDNA trees, and comes from 
multiple allopolyploid origins (Fujiwara et al., 2017) 
although, in cpDNA trees (Fig. 3; Chang et al., 2013, 
2018; Li et al., 2016; Fujiwara et al., 2017), these 
tetraploids all form in a single clade together with 
conspecific diploids which are suggested to be maternal 
progenitors of these allotetraploids (because cpDNA is 
maternally inherited in Asplenium ferns like all other 
studied fern cases; Vogel et al., 1997; Kuo et al., 2018). 
For instance, the Japanese allotetraploids have been 
found with at least two independent hybrid origins, and 
either the diploid relative of A. boreale or A. 
oligophlebium is their paternal progenitors (i.e. with a 
corresponding pgiC sequence respectively belonging to 
Japan O-a or Japan O-b, d, e; Fig. 4 and Fujiwara et al., 
2017). Such a similar phylogenetic pattern of 
allopolyploid is also found in A. shimurae which is 
revealed with different nuDNA sequence types locating 
in two distinctive lineages (Fig. 4), and thus this 
tetraploid species presumably has a hybrid origin too 
(Fujiwara et al., 2017). 

The topological differences between species trees by 
pgiC and by cpDNA likely result from incomplete 
lineage sorting and/or poor phylogenetic resolution of 
analyzed regions (Fujiwara et al., 2017). For example, in 
the case of A. boreale + A. oligophlebium, the two 
species are mixed in the pgiC tree in a single clade (Fig. 
4; Fujiwara et al., 2017), while they both are resolved as 
distinctive lineages in other nuclear gene trees and in 
cpDNA trees (Fujiwara et al., 2017). Nonetheless, 
except for “tetraploid A. normale”, no phylogenetic 
evidence so far implies a continuously interbreeding 
between different species in the A. normale complex 
(sensu Fujiwara et al., 2017 and Chang et al., 2018). 
Even for the tetraploid A. normale, there was no 
confirmed case of a fertile hybrid with other species 
(Ebihara, 2016). In other words, these morphologically 
distinctive species under the A. normale complex are 
suggested to be reproductively isolated in their natural 
habitats. Many of them have different ploidies which 

inherently form reproductive barriers among them. 
For the case of scythiforme, sporing individual is, 

however, unavailable in order to examine the normality 
of spore formation and the possibility of sterile hybrid. 
Even we had continuously visited the habitats over ten 
years, and also cultivated two individuals in Dr. Cecilia 
Koo Botanic Conservation Center (KBCC) greenhouse 
over three years, only sterile individuals had been 
observed. It is also unlikely that these individuals are still 
immature to produce spores because their maximum 
frond sizes are close to or even exceed those of mature 
individuals of the other A. normale complex taxa (Table 
1; Ebihara, 2016; Li et al., 2016; Chang et al., 2018). 
Alternatively, we used a nuDNA phylogeny to examine 
whether or not it has a hybrid origin. Unlike that found 
in those allotetraploids in A. normale and A. shimurae, f. 
scythiforme is, in our nuDNA phylogeny, found in a 
single clade with a single sequence type. Hence, 
scythiforme unlikely has a hybrid origin with nuDNA 
sequences from two parental species. Results from 
another single-copy nuclear marker－LEAFY second 
intron, also support the non-hybridized nature of 
scythiforme (data not shown).  

Unfortunately, because the DNA sequences we 
generated from the two scythiforme populations are all 
identical, and also identical to those found in some A. 
normale (f. normale), our current data are still unable to 
verify whether scythiforme phylogenetically came from 
a single origin or not. One plausible scenario can be that 
scythiforme consists of two or more morphologically 
convergent “mutants”, and the local populations have 
sustained and reproduced solely by asexually budding, 
rather than forming spores to disperse and establish 
geographically distant populations. Such a scenario can 
explain why there are only two, but distant populations 
found so far and no oversea-established population 
found outside of Taiwan. 

 
The appropriate taxonomic rank for scythiforme 

Based on our cytometric and phylogenetic analyses, 
scythiforme is supported as a non-hybrid diploid and 
nested within diploids of Asplenium normale. 
Morphologically, scythiforme agrees with the Asplenium 
normale complex in having one-pinnate fronds with 
black rachis and bud (Fig. 1). Scythiforme has deeper 
lobbed and falcate pinnae with long-tail at apices, 
compared with A. normale (f. normale). To distinguish 
from A. oligophlebium, another diploid taxon also with 
lobed pinnae, scythiforme produces pinna auricles 
paralleled to and appended on rachises, and, most 
importantly, its vegetative buds are never elongated to 
whip (other details see Table 1). Because scythiforme has 
at least two populations and unique frond morphology 
distinctive from the other taxa in the A. normale complex, 
we believe this taxon is worthy of having a formal name 
and to be identified taxonomically. Here, we provide a
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Fig. 3. Maximum likelihood (ML) phylogeny based on the chloroplast DNA dataset. ML bootstrap (MLBS) and Bayesian posterior 
probability (PP) are shown on each branch as MLBS/PP. MLBS =100 or PP=1.0 are represented as “+”. 
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Fig. 4. ML phylogenetic tree based on the nuclear dataset. ML bootstrap (MLBS) and Bayesian posterior probability (PP) are shown on 
each branch as MLBS/PP. MLBS =100 or PP=1.0 are represented as “+”. In Asplenium normale complex clade, the shape of symbols 
indicates cytotypes: circle = diploid, square = tetraploid. (Fujiwara et al., 2017; Chang et al., 2018). For loci of tetraploid Asplenium normale 
from Japan that close to diploid Asplenium normale genome was labeled as “Japan N” and that close to other species was labeled as 
“Japan O” (Fujiwara et al., 2017). Different clades inferred by Fujiwara et al. (2017) are also indicated behind the tips. 
 
taxonomic description for scythiforme, and assign it as a 
new forma under A. normale because, despite 
morphological differences, other biological features, i.e. 
phylogenetic and cytological ones, all suggest the two 
taxa to be undifferentiated and still conspecific. 
However, we also like to note that more cryptic and 
undescribed taxa under the A. normale complex are very 
likely, particular for those putative diploid progenitors of 

polyploid lineages, such as that found in A. boreale and 
A. normale. Current taxonomic ranks and statuses of 
these described taxa under the A. normale complex will 
be possibly revised after reticulation pathway under the 
A. normale complex being better resolved, and important 
type materials of the described names being analyzed 
phylogenetically and cytologically, like the case of 
Vandenboschia radicans complex (Ebihara et al., 2009). 
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TAXONOMIC TREATMENT 
 

Asplenium normale f. scythiforme Z.X. Chang, f. nov. 
鐮羽鐵角蕨 Fig.1 

TYPE: TAIWAN: Pingtung County, Chunri 
Township, Mt. Guzilun, 1450–1500m, May 28, 2016, 
Kuo 4283 (holotype, TAIF). 

Description: Plants terrestrial or growing on the 
fallen tree, 40–50 cm tall. Rhizome shortly erect, 
covered by scales. Scales lanceolate with filiform apices, 
ca. 1.5 × 0.5mm, clathrate, bicolor with a dark brown 
portion in the central. Leaves caespitose, monomorphic, 
40–50 × 3–5 cm, linear lanceolate. Petioles dark brown 
to dark purple brown, lustrous, wingless, 8–10 cm long, 
1–1.5 mm in diameter, tetragonous, with a broad 
sulcation adaxially. Blades 1-pinnate, linear lanceolate, 
25–45 cm × 3–5 cm, glabrous; rachises dark brown to 
dark purple brown, lustrous, wingless, glabrous, with a 
narrow sulcation adaxially, usually gemmiferous near 
apex; apices acuminate. Pinnae falcate, dissected, 30–40 
pairs, 1.5–2.5 × 0.4–0.8 cm, short petiolule, ca. 0.5 mm; 
acroscopic and basioscopic margins incised or deeply 
crenulate, with 4–6 serrations; bases truncate slightly 
curved, acroscopic side auriculate; pinnae apices 
acuminate with a fishbone-like tail. (Fig. 1) 

Distribution: This forma is currently known with 
only two small populations that grow in Chamaecyparis 
montane mixed cloud forest and Pasania–Elaeocarpus 
montane evergreen broad-leaved cloud forest (Li et al., 
2013) in northern and southern Taiwan respectively, and 
coexists with Asplenium normale f. normale. We 
speculate that the local populations have propagated 
asexually with vegetative buds.  

Etymology: The ‘‘scythiforme’’ means the pinnae 
shape like the scythe, which was used to mow the grass. 

Note: Since 2007, we have never seen any 
individuals that producing fertile leaves in wild as well 
as three-year planted individuals in the Dr. Cecilia Koo 
Botanic Conservation Center (KBCC). 

Additional specimen examined: TAIWAN: Pingtung 
County, Chunri Township, Mt. Guzilun, Aug. 28, 2010, P.-F. Lu 20857 
(TAIF); Feb. 14, 2019, ZXC 001515 (TAI, TAIF); Yilan County, 
Datong Township, Mt. Babo Kulu Trail, Dec. 01, 2007, C.-H. Liao 355 
(TNM P013196) ; Mingchi Forest Recreation Area, 1100–1200m, Jun. 
27, 2010, P.-F. Lu 20525 (TAIF), Nov. 01, 2015, Kuo 4231 (TAIF) 

 
Key to Taiwanese taxa of A. normales 
 

1a. Fronds without vegetative buds ……………………..…….……. 2 
1b. Fronds with vegetative buds ………………….…………………3 
2a. Sori only 1 or 2, rarely to 4, restrict and parallel to the basiscopic 
side of pinnae ………………. Asplenium pifongiae L.Y. Kuo et al.  

2b. Sori more than five and on both side of pinnae ……………...…… 
……………… Asplenium boreale (Ohwi ex Sa. Kurata) Nakaike 

3a. Pinna falcate, dissected and apices acuminate with a fishbone-like 
tail ……… Asplenium normale D. Don f. scythiforme Z.X. Chang  
3b. Pinna oblong, margin serrate, apices obtuse ………………..…… 

……………………………. Asplenium normale D. Don f. normale 
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