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Taxonomic resolution below the species rank often appears challenging, partly due to the recent decline in the popu-
larity of infraspecific groupings in the evolutionary and conservation sciences. We test an integrative approach for 
reconstructing evolutionary history by reconciling past infraspecific taxonomy with molecular methods, using the 
Taiwanese endemic Arundo formosana (Poaceae). Based on 12 morphometric variables, we provide stronger support 
for the existence of three morphotypes previously described as varieties and then overlooked, with a clear geographi-
cal distribution between western, eastern and northern Taiwan. The phylogeographic analysis of five intergenic 
regions of plastid DNA supports only the eastern and western lineages and their divergence time according to 
molecular dating coincides with the orogenesis of the latitudinal central mountain range of Taiwan. AFLP (amplified 
fragment length polymorphism) nuclear fingerprints also support the east–west divergence in A. formosana followed 
by secondary contacts in the centre of the island, in addition to the monophyly of the northern morphotype nested 
in the eastern lineage. We suggest an integrative consensus for the taxonomy of A. formosana that demonstrates the 
pertinence of infraspecific taxa in integrative taxonomy and phylogeography below the species level.
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INTRODUCTION

Subspecies, variety and form represent the most common 
taxonomic ranks below the species level (ICBN, McNeil 
et al., 2012). These infraspecific ranks have traditionally 
been used as formal delimitations of morphological and 
geographical variation in species in which taxonomic 
units were not fully distinct, geographically separate or 
considered sufficiently different to merit species status. 
Modern integrative taxonomy aims towards a unified 
species concept, but has sometimes dismissed infraspe-
cific rank as not relevant to evolutionary history (Sites & 
Marshall, 2003, 2004; De Queiroz, 2007). The relationship 

between lineage history reconstructed by phylogenetic 
methods, population genetics and groupings below spe-
cies level remains undefined. The wealth of infraspecific 
taxa described over the last two centuries has largely 
not been critically examined using modern methods and 
exists alongside groups recently defined with the aid of 
molecular data (i.e. evolutionary significant units, Moritz, 
1994). This continued dismissal of infraspecific taxa with-
out critical examination could lead to a loss of diversity 
knowledge. Taxonomic status also remains influential in 
biodiversity policy (O’Brien & Mayr, 1991).

Issues concerning the integration of evolutionary biol-
ogy with taxonomy and conservation have recently been 
examined in zoology. In avian taxonomy, only 3–36% 
of subspecies are phylogenetically distinct (Zink, 2004; *Corresponding author.E-mail: hardion@unistra.fr
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Phillimore & Owens, 2006). This lack of molecular sup-
port was also observed among butterflies by Braby, 
Eastwood & Murray (2012), who called for an inte-
grative concept of subspecies combining phylogenetic 
support, phenotype distinction and allopatric distribu-
tion. In contrast, DNA barcoding of Malaysian butter-
flies found phylogenetic support for 84% of subspecies 
(Wilson, Sing & Sofian-Azirun, 2013). The deepest theo-
retical reflection on infraspecific delimitation in plant 
taxonomy to date remains the review carried out by 
Hamilton & Reichard (1992). Based on 494 monographs 
and revisions published between 1987 and 1990, they 
found that only 8.2% of the 8043 considered species 
include infraspecific groups. Among the 661 species with 
infraspecific delimitations, the authors failed to find any 
consensus on the scientific reasons cited for the utili-
zation of subspecies (42% of cases) and varietal (52%) 
ranks, except for the fact that they appear to be pre-
ferred by taxonomists from the Old and the New World, 
respectively. The authors noted the lack of scientific 
arguments supporting the choice of infraspecific rank, 
the absence of statistical analyses illustrating patterns 
of variation within and between ranks and the need for 
a greater standardization of infraspecific classification. 
Indeed, numerous modern taxonomic botanists still rely 
on personal judgement with no formal analysis to define 
groups of organisms and their appropriate rank (e.g. 
Vorontsova, Ratovonirina & Randriamboavonjy, 2013).

With 284 species and 58 infraspecific taxa described 
across > 250 years, Arundo L. (Poaceae) represents a 
suitable model group for testing the evolutionary coher-
ence of infraspecific taxonomy. The majority of taxa origi-
nally described in this genus have since been reassigned 
to other genera (e.g. Calamagrostis Adans., Phragmites 
Adans., Bambusa Schreb.) and the remaining taxa were 

placed in synonymy under just three accepted Arundo 
spp., due to the morphological homogeneity of herbarium 
specimens (Conert, 1961; Govaerts, 1999). Molecular 
fingerprinting and morphometric data were used in a 
recent taxonomic revision of the Mediterranean A. pli-
nii Turra s.l. to demonstrate that the radical simplifica-
tion of taxonomy of Arundo has been contrary to the 
evolutionary history of the group, resulting in the rein-
statement of A. micrantha Lam. (Hardion et al., 2012a) 
and the acceptance of another lineage at species level, 
A. donaciformis (Loisel.) Hardion, Verlaque & B.Vila 
(Hardion et al., 2012a). In addition to the A. plinii com-
plex, this genus also includes the subtropical Eurasian 
A. donax L. and the more restricted A. formosana Hack. 
occurring in Taiwan and the Ryukyu Islands (Fig. 1). 
In his monograph of Arundinae, Conert (1961) recog-
nized three varieties of A. formosana based on morpho-
logical characters (vars. formosana, gracilis Hack. and 
robusta Conert), although the infraspecific taxonomy 
has remained largely ignored in flora treatments (e.g. 
Huang et al., 2000; Wu, Raven & Hong, 2006b).

The aim of this study is to investigate the evolutionary 
coherence of infraspecific taxonomy in plant systemat-
ics. Subspecies were defined by Mayr (1963) as a ‘geo-
graphically defined aggregate of local populations which 
differ taxonomically from other subdivisions of the spe-
cies’, suggesting correspondence to phylogeographic 
units potentially defined using molecular markers. Do 
infraspecific units correspond to groups with shared evo-
lutionary and spatial history and morphological similar-
ity or do they represent random variation with no clear 
morphological, evolutionary or geographical structure? 
To test these hypotheses, we examine the infraspecific 
taxonomy of A. formosana and its phylogeography in 
Taiwan, across three complementary datasets: (1) a 

Figure 1.  Geographical distribution of the samples in this study, including (A) Asian samples of Arundo donax (N = 26, 
white triangles) and (B) the Taiwanese endemic A. formosana (N = 59, black dots). Sampling details are given in Table S1.
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morphometric dataset used to test the distinctiveness 
of A. formosana varieties; (2) plastid DNA sequences 
(including hypervariable sites) used to reconstruct 
species phylogeny and phylogeography; and (3) AFLP 
molecular fingerprints generating genome-wide data on 
genetic clustering, population gene flow and admixture. 
Clustering patterns from all three datasets are analysed 
to reassess the taxonomy of A. formosana and to bring 
deeper understanding of lineage history and its rela-
tionship with infraspecific taxonomy into the practice of 
plant systematics. We hope this will encourage the use of 
modern methods to investigate and reassess other over-
looked infraspecific plant taxa.

MATERIAL AND METHODS

Sampling and morphometric analysis

The sampling includes 59 accessions of A. formosana 
from Taiwan and 26 accessions of A. donax from east-
ern Asia, obtained from eight herbaria (BM, E, K, 
MARS, P, TAIF, US, W; Fig. 1, Table S1). Mediterranean 
and Middle Eastern populations of A. donax were not 
included in this analysis because of their strongly diver-
gent morphology already documented (under ‘morpho-
type T1’ in Hardion et al., 2014b). Morphological data 
were recorded from spikelets collected from the middle 
part of the panicle, including the following: the num-
ber of flowers per spikelet and the length of lower and 
upper glumes, lemma, palea, lemma awn and hairs. 
In addition, three characters based on leaf epidermal 
structures were recorded under a light microscope 
(Dialux 20, Leitz, Weltzer, Germany): the length of sto-
matal guard cells, stoma density (per 104 µm2) and the 
number of prickles per millimetre of one rib line. To 
avoid damaging herbarium specimens, leaf epidermis 
peels were prepared with clear nail polish, following 
Hilu & Randall (1984), and mounted between a slide 
and a cover-slide. All ten variables were measured ten 
times and averaged for each specimen.

The subdivision of groups into discrete taxa has 
always been a challenging question for groups with 
complex and continuous variability. Based on phenetic 
methods, one can expect that the most optimal taxo-
nomic delimitation should maximize intergroup vari-
ation (or minimize the within-group variability). This 
maximum of intergroup variation should be differen-
tial between k and k + 1 groups to avoid the optimal 
number of groups corresponding to the number of sam-
ples. We took this approach using hierarchical cluster-
ing on principal components (HCPC; Husson, Josse & 
Pages, 2010), which can be summarized as three steps: 
(1) to reduce the morphometric dataset to uncorre-
lated variables, discovering the main patterns in the 
data using a principal components analysis (PCA); (2) 
to construct a classification using an agglomerative 

method based on the Ward algorithm and Euclidian 
distances; and (3) to search for clustering to best 
explain dataset variation, looking for optimization of 
the differential intergroup variation between k and 
k + 1 clusters along this classification. These analy-
ses were performed in R environment v.2.15 using the 
HCPC R-function implemented in the FactorMineR 
R-package (R Development Core Team, 2015). They 
were first performed at an interspecific level between 
East Asian A. donax and A. formosana and then at 
an infraspecific level in A. formosana. The coefficient 
of determination R2 was calculated for each morpho-
metric variable to illustrate the proportion of the 
variability explained by taxonomic clustering over the 
total variability of the data. Finally, each individual 
of A. formosana was assigned to a morphotype using 
membership probabilities from a discriminant analy-
sis of the morphometric variables (MASS R-package; 
Venables & Ripley, 2002).

DNA extraction and plastid DNA sequencing

About 50 mg of leaves from samples collected after 1950 
was mechanically crushed after treatment with liquid 
nitrogen. Total DNA was extracted following Doyle & 
Doyle (1987) with a modification for herbarium mate-
rial: incubation of ground material with CTAB isolation 
buffer (4% CTAB) for 120 min. DNA concentrations 
were estimated using a Biophotometer (Eppendorf, 
Hamburg, Germany) and diluted to 50 ng/µL. Plastid 
DNA diversity was screened on five intergenic spacers: 
trnT-trnL (Taberlet et al., 1991), trnCF-rpoB, psaA-
ORF170, rbcL-psaI and trnS(GCU)-psbD (Saltonstall, 
2001). Polymerase chain reactions (PCR) followed 
Hardion et al. (2014a): 2.5 mg genomic DNA, 1× PCR 
buffer (10 mM Tris-HCl, 50 mM KCl, 0.001% w/v gela-
tin), 1.5 mM MgCl2, 2.5 mM each dNTP, 40 pmol each 
primer, 0.1 µg/µL bovine serum albumin (BSA) and 2.5 
units Taq polymerase (Q-Biogen, Illkirch, France) in a 
total volume of 50 µL. The thermal cycling profile was 
programmed on a PTC-200 Gradient Thermal Cycler 
(MJ Research, Watertown, MA, USA) as follows: 2 min 
at 94 °C followed by 35 cycles of 94 °C for 1 min, 56 
°C annealing for 1 min, and 72 °C for 2 min, followed 
by a final extension of 72 °C for 5 min. Purification 
and sequencing of PCR products were carried out by 
Eurofins MWG Operon (Ebersberg, Germany).

Phylogeographic analyses

The five plastid DNA regions were manually aligned 
in MEGA 5.05 (Tamura et al., 2011). Cladistic analy-
ses were performed using maximum-parsimony (MP) 
to verify phylogenetic congruency of taxa. MP analyses 
were conducted with PAUP* v. 4.0b10 (Swofford, 2003), 
utilizing heuristic searches with TBR branch swapping, 

with a time limit of 1 s per search, and 1000 repli-
cates. Bayesian inference (BI) was used to date lineage 
divergence based on a molecular clock and link these 
results to the geological formation of Taiwan. Node 
ages were estimated using Beast 1.7.4 (Drummond et 
al., 2006) under a relaxed clock method that assumes 
a log-normal distribution of rates. Molecular dating 
is usually calibrated on palaeobotanical records, but 
these data are of limited availability for grasses due 
to the uniformity of their pollen and vegetative parts. 
Consequently, we used dating estimations of diver-
gence between subfamilies of Poaceae calculated from 
a large dataset in a previous study of molecular dat-
ing based on fossil calibration (Christin et al., 2014). 
The crown node of Arundinoideae, represented by 
the divergence between Phragmites and Arundo, was 
calibrated to 29.0 Ma (confidence interval, 19.6–38.3; 
Christin, personal communication), following a normal 
prior distribution. We began the BI analyses with a 
substitution rate of 6 × 10–4 Ma previously obtained for 
the phylogeography of another Arundo sp. (Hardion et 
al., 2014a) and estimated it for the four regions. Best-
fit substitution models were selected on the Bayesian 
information criterion (BIC), in jModelTest 2.1.1 
(Darriba et al., 2012), independently for each region. 
The tree prior followed the Yule process speciation 
model to estimate species divergence. Five independ-
ent Markov chain Monte Carlo searches were run with 
5 × 107 generations, sampling every 500 and then dis-
carding 1000 trees for burn-in. Stationarity and con-
vergence of chains were monitored using Tracer 1.5 
(Rambaut & Drummond, 2007). The trees were com-
bined with LogCombiner 1.7.4 and a maximum clade 
credibility tree was summarized in TreeAnnotator 
17.4 (Drummond et al., 2006). In A. formosana, hap-
lotype relationships were inferred using the median-
joining network algorithm implemented in Network 
4.6 (Bandelt, Forster P, Röhl, 1999). In addition to 
these cladistic analyses, some insertion/deletion sites 
(indels) as plastid DNA mini- and microsatellites were 
included in this analysis for their high ability to resolve 
phylogeographic patterns (Saltonstall & Lambertini, 
2012). Each indel was counted once for each site and 
they were coded as a fifth state and weighted as 1/10 
of a substitution because of their high probabilities of 
homoplasy (Saltonstall & Lambertini, 2012).

AFLP genomic fingerprints and analyses

The AFLP procedure followed a slightly modified 
protocol of Vos et al. (1995) described in Hardion et 
al. (2012a): preamplification was performed in 50 µL 
volumes containing 5 µL eight-fold diluted ligation 
product, 10 pmol EcoRI (+A) and MseI (+C) primers, 
0.16 mM dNTPs, 0.65 mM MgCl2 and 1.5 units Taq 
DNA polymerase (Q-Biogen). The preamplification 
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with a time limit of 1 s per search, and 1000 repli-
cates. Bayesian inference (BI) was used to date lineage 
divergence based on a molecular clock and link these 
results to the geological formation of Taiwan. Node 
ages were estimated using Beast 1.7.4 (Drummond et 
al., 2006) under a relaxed clock method that assumes 
a log-normal distribution of rates. Molecular dating 
is usually calibrated on palaeobotanical records, but 
these data are of limited availability for grasses due 
to the uniformity of their pollen and vegetative parts. 
Consequently, we used dating estimations of diver-
gence between subfamilies of Poaceae calculated from 
a large dataset in a previous study of molecular dat-
ing based on fossil calibration (Christin et al., 2014). 
The crown node of Arundinoideae, represented by 
the divergence between Phragmites and Arundo, was 
calibrated to 29.0 Ma (confidence interval, 19.6–38.3; 
Christin, personal communication), following a normal 
prior distribution. We began the BI analyses with a 
substitution rate of 6 × 10–4 Ma previously obtained for 
the phylogeography of another Arundo sp. (Hardion et 
al., 2014a) and estimated it for the four regions. Best-
fit substitution models were selected on the Bayesian 
information criterion (BIC), in jModelTest 2.1.1 
(Darriba et al., 2012), independently for each region. 
The tree prior followed the Yule process speciation 
model to estimate species divergence. Five independ-
ent Markov chain Monte Carlo searches were run with 
5 × 107 generations, sampling every 500 and then dis-
carding 1000 trees for burn-in. Stationarity and con-
vergence of chains were monitored using Tracer 1.5 
(Rambaut & Drummond, 2007). The trees were com-
bined with LogCombiner 1.7.4 and a maximum clade 
credibility tree was summarized in TreeAnnotator 
17.4 (Drummond et al., 2006). In A. formosana, hap-
lotype relationships were inferred using the median-
joining network algorithm implemented in Network 
4.6 (Bandelt, Forster P, Röhl, 1999). In addition to 
these cladistic analyses, some insertion/deletion sites 
(indels) as plastid DNA mini- and microsatellites were 
included in this analysis for their high ability to resolve 
phylogeographic patterns (Saltonstall & Lambertini, 
2012). Each indel was counted once for each site and 
they were coded as a fifth state and weighted as 1/10 
of a substitution because of their high probabilities of 
homoplasy (Saltonstall & Lambertini, 2012).

AFLP genomic fingerprints and analyses

The AFLP procedure followed a slightly modified 
protocol of Vos et al. (1995) described in Hardion et 
al. (2012a): preamplification was performed in 50 µL 
volumes containing 5 µL eight-fold diluted ligation 
product, 10 pmol EcoRI (+A) and MseI (+C) primers, 
0.16 mM dNTPs, 0.65 mM MgCl2 and 1.5 units Taq 
DNA polymerase (Q-Biogen). The preamplification 

thermocycle profile was 94 °C for 2 min, followed by 20 
cycles at 94 °C for 45 s, 56 °C for 45 s, 72 °C for 1 min, 
and 72 °C for 10 min. Two selective PCRs were car-
ried out using EcoRI-AAC/MseI-CAA and EcoRI-AGC/
MseI-CTG primer pairs, labelled with 6-FAM fluores-
cence at the 5′ end (Eurofins MWG Operon, Ebersberg, 
Germany). Selective amplification was performed in 20 
µL volumes with 5 pmol each primer, 0.65 mM MgCl2, 
0.5 mM dNTPs, 1 unit of DNA polymerase (Q-Biogen) 
and 5 µL 100× diluted preamplification product. The 
selective amplification thermocycle profile was 94 °C 
for 2 min, 10 cycles of 94 °C for 30 s, 65 °C for 30 s 
(touchdown of −0.7 °C per cycle), 72 °C for 1 min, fol-
lowed by 20 cycles at 94 °C for 30 s, 56 °C for 30 s, 
72 °C for 1 min, and 72 °C for 5 min. PCR products 
were separated and quantified on an ABI 3730xl DNA 
analyzer (Applied Biosystems, Foster City, CA). AFLP 
fingerprints were generated from electrophoretogram 
alignments using the RawGeno R-package (Arrigo et 
al., 2009). Visualization of the number of fragments per 
sample in RawGeno was used to select herbarium spec-
imens with the appropriate levels of DNA preservation 
(i.e. with similar numbers of fragments to the recently 
dried samples). AFLPs being based on the polymor-
phism of DNA fragment size, they could be affected 
by DNA degradation inherent to herbarium conserva-
tion. Consequently, we use the number of fragments 
between 50 and 500 base pairs (bp) per sample as an 
index of DNA preservation. Genetic markers were 
automatically selected from the fragments 50–500 bp 
long, and those exceeding a minimum amplitude of 100 
relative fluorescent units were included in the analy-
sis. All unique markers were removed from the dataset. 
The resulting contingency table was first explored by 
phenetic methods using the neighbor-joining algorithm 
with 1000 bootstrap replicates in the R-package ade4 
(Dray & Dufour, 2007) and the NeighborNet algorithm 
using SplitsTree v.4.13 (Huson & Bryant, 2006). The 
most likely number of genetic clusters was determined 
by two model-based approaches. The first method uti-
lized discriminant analysis of principal components 
(DAPC; Jombart, Devillard & Balloux, 2010) using the 
find.clusters R-function implemented in the adegenet 
R-package. This method follows a three-step procedure 
similar to HCPC described above to determine the 
optimal number of genetic clusters based on (1) prin-
cipal components from PCA, (2) sequential k-means 
and (3) model selection minimizing the BIC. The sec-
ond method uses a Bayesian clustering method imple-
mented in STRUCTURE v.2.3 (Pritchard, Stephens & 
Donnelly, 2000) under the admixture model, with ten 
replicates for all values of K from 1 to 10, for 1 000 
000 steps of which the first 300 000 were discarded as 
burn-in. The outputs were analysed following Evanno, 
Regnaut & Goudet (2005) implemented in the R-script 
Structure-sum-2009 (Ehrich, 2007). STRUCTURE 
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outputs generated under the admixture model allow 
the genotypes of each individual to be represented as 
a mix of ancestral genotypes reconstructed from the 
molecular dataset, creating a natural way of analysing 
hybrid zones.

RESULTS

Morphometric analyses

Morphometric analyses demonstrate a clear separa-
tion of East Asian A. donax from A. formosana with 
two main morphotypes optimized as the best cluster-
ing of phenotypic variation by the HCPC analysis (Fig. 
S1). The three varieties of A. formosana are correctly 
assigned to the cluster of A. formosana. This distinc-
tion is mainly based on the longer spikelet pieces 
(i.e. glumes, lemma and palea) of A. donax compared 
to A. formosana. East Asian A. donax also has more 
equal glumes compared to the subequal glumes of 
A. formosana (the upper glume longer than the lower). 

A. donax also has a lemma awn which is shorter in 
proportion to the lemma length (A/L, Fig. 2).

The best HCPC clustering of phenotypic variation 
in A. formosana divided the accessions into three 
morphotypes located mainly in eastern, western and 
northern parts of the island (Fig. 3A, B). Distinct by 
its longer spikelet, the northern morphotype (includ-
ing the type of var. robusta) is more related to the 
eastern morphotype (including the type of var. for-
mosana) than the western morphotype (including the 
type of var. gracilis) possessing the smallest spike-
lets. Assignment probabilities from the discriminant 
analysis applied directly to morphometric variables 
describe four individuals with equivalent assignment 
probabilities to the eastern and western morphotypes, 
three of them being located in the central-east of 
Taiwan (Fig. 3A). The geographically isolated samples 
from Ryukyu Islands (K1, K2, K3 and K4) correspond 
to the western morphotype. The type specimen of 
A. parviflora Ohwi, the only species synonym of A. for-
mosana described from southern Taiwan, is related to 
the eastern morphotype.

Figure 2.  (A) First plan of the discriminant analysis between Arundo formosana morphotypes defined by hierarchical 
clustering of principal components (Fig. 3). (B) Boxplots of morphological variables of East Asian A. donax (white triangles, 
N = 26) and eastern (white circles, N = 29), northern (grey circles, N = 7) and western (black circles, N = 23) morphotypes 
of A. formosana, that is lengths (mm) of the lower glume (G1), the upper glume (G2), differences in the length between the 
lower and the upper glumes (G1–G2), lengths (mm) of the lemma (L) and the lemma awn (A), ratio of the awn length to the 
lemma length (A/L), lengths (mm) of the palea (pa) and the lemma hair (pL), number of flowers per spikelet (nbF), length of 
the stomatal guard cells (X, µm), stoma density (dX, per 104 µm2) and number of rib prickles per µm (dP, per mm of rib line). 
Continuous arrows indicate floral variables, dashed arrows indicate epidermis variables, grey values indicate an R2 coeffi-
cient of determination between East Asian A. donax and A. formosana taxa (and only in A. formosana) and crosses indicate 
values recorded from type specimens.
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Plastid DNA analyses

The five plastid DNA sequences cover 4491 bp among 
26 samples of East Asian A. donax and 33 of A. for-
mosana. Without indels and outgroup considerations, 
this alignment includes 71 variable sites of which 
46 are potentially parsimony-informative. A. donax 
and A. formosana are strongly supported in both MP 
(bootstrap, 72 and 92%, respectively; Fig. S2) and BI 
analyses [posterior probability (pp), 1 and 1; Fig. 4]. 
Concerning chronogram dating and according to jMod-
elTest, trnCF-rpoB and psaA-ORF170 sequences fol-
low the HKY site model (unequal base frequencies 
and unequal rates of transitions and transversions) 
and trnT-trnL, rbcL-psaI and trnS-psbD the TPM1uf 
site model (unequal base frequencies and differences 
between one rate of transitions and two rates of trans-
versions). The divergence between the two Arundo 
spp. is estimated to 4.66 Ma (95% confidence interval, 
2.56–7.34 Ma) and the first divergence between the 
two main lineages of A. formosana to 2.97 Ma (95% 
confidence interval, 1.55–4.75 Ma; Fig. 4). These east 
and west lineages are well-supported by MP (boot-
strap, 96 and 99%, respectively) and BI analyses (pp, 
1 and 1).

The overall alignment of the five plastid DNA 
sequences for the 36 samples of A. formosana included 
4433 bp, 60 variables sites, of which 14 were hypervar-
iable (i.e. mini- and microsatellites), and 27 different 
haplotypes. Separated by 21 missing haplotypes and 22 
mutation steps, the two main lineages clearly show an 
east–west geographical distinction. Only one sample-
haplotype (TF32) from south–east Taiwan contradicts 
this two-directional pattern, with an early divergence 
from the eastern lineage (Fig. 4). Represented by 19 
samples and 17 haplotypes, this eastern lineage is 
radially structured around one sample/haplotype, 
linked to 12 other haplotypes. Among them, one gives 
birth to a derived cluster including the four samples 
corresponding to the northern morphotype (Fig. 3C, D) 
plus another sample (TF70, central-eastern Taiwan). 
Including 15 samples and ten haplotypes, the western 

Figure 3.  Geographical distribution of morphotypes (A, B), 
haplotypes (C, D) and genotypes (E, F) of Arundo formosana 
in Taiwan. (A) Morphometric assignment probabilities for 
the 61 samples (using a discriminant analysis) to the clus-
ters defined with a (B) hierarchical clustering of principal 
components (designating k = 3 as the best clustering of 
morphometric variation). Numbers indicate the location of 
type specimens for (1) A. formosana, (2) A. formosana var. 

gracilis, (3), A. formosana var. robusta and (4) A. parviflora 
(synonym A. formosana). (C) Geographical distribution 
and (D) phylogenetic tree of 27 plastid DNA haplotypes 
from 36 samples of A. formosana using a median-joining 
network algorithm (Network v.4.6; clustcolors arbitrarily 
attributed). (F) Analytic outputs assessing the best genetic 
clustering among AFLP data following the Delta K index 
(Evanno et al., 2005) and (E) genotype composition of each 
sample (N = 28) according to reconstructed ancestral lin-
eages (STRUCTURE v.2.3). White circles tend to indicate 
A. formosana var. formosana, grey circles var. robusta and 
black circles subsp. gracilis. Topographic shading indicates 
elevations above 0, 1000 and 2000 m.
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lineage is also structured around a central haplotype 
shared by six samples and linked to six other haplo-
types, of which one gathers the three south-western 
samples/haplotypes. This western lineage also includes 
the DNA-preserved sample from Ryukyu Islands (K3; 
Figs 1 and 3C).

AFLPs

The two primer combinations generated 713 variable 
and repeatable markers among East Asian A. donax 
(N = 23) and A. formosana (N = 36), without deletions 
of DNA-degraded samples. The NJ tree generated from 
this dataset strongly supports the monophyly of each 
species (bootstrap, 100 and 100%). The minimization 
of BIC criterion in the DAPC analysis suggests these 
two species as the most suitable clustering of genetic 
diversity (Fig. S3).

In A.  formosana, the RawGeno visualization of 
fragment number per sample led us to conserve 28 
samples among the 36 samples analysed for plastid 
DNA sequences. After removal of non-replicable frag-
ments, the two primer pairs generated 582 variable 
markers. The NJ tree generated in A. formosana also 
described eastern and western lineages (bootstrap, 
92 and 96, respectively), representing the most suit-
able clustering following both the delta K statistic 
of structure analysis (Fig. 3E, F) and the BIC mini-
mization of DAPC analysis (data not shown). Three 
samples from central-eastern Taiwan are located on 
the basis of this east–west bifurcation (TF23, 39 and 
44; Fig. 5). However, these samples are designated as 

admixed genotypes between the two main lineages in 
STRUCTURE outputs (Fig. 3E). The two samples of 
the northern morphotype (TF43 and 45) successfully 
analysed in AFLPs were closely linked in the NJ tree 
(bootstrap, 100%) and NeighborNet (Fig. 5), despite 
their geographical distance. However, they do not form 
a major genetic cluster on the same level as eastern 
and western lineages, but rather an early divergence 
from the eastern lineage. The isolated sample from 
Ryukyu Islands (K3) is again assigned to the western 
lineage, despite the occurrence of a slight fraction of 
the eastern cluster in its reassigned genotype.

DISCUSSION

Morphological definition of varieties

When describing A. formosana, Hackel (1899) also 
described A. formosana var. gracilis, a smaller and 
more branched phenotype distinguished from the 
type variety A. formosana var. formosana by its 
leaf blades 10 (vs. 20) cm long and 0.5 (vs. 1.0) cm 
wide, panicles 10 (vs. 35) cm long, spikelet 4 (vs. 5) 
mm long and lemma awn 1.5 (vs. 2.5) mm long. Our 
data suggest that leaf dimensions are not in fact 
the most suitable characters for species identifica-
tion due to their high morphological variability and 
the likely biased selection of material preserved on 
herbarium specimens. Our data do, however, show 
support for Hackel’s variety with distinctly different 
measurements of flowering parts. Much later, Conert 
(1961) added to Hackel’s classification by describing 
another variety, A. formosana var. robusta, distin-
guished on flowering parts mainly by a long lemma 
awn representing more than the half of the lemma 
(awn, 4.0–4.5 mm; lemma, 6.5–7.0 mm). Our study is 
based on broader sampling than anything available 
to Hackel or to Conert and employs statistical analy-
ses of morphometric data. Our results also divide A. 
formosana into three morphotypes, each one includ-
ing a type specimen (indicated with crosses in Figs 
2 and 6). Despite this morphometric congruence, we 
did not succeed in documenting further qualitative 
and non-overlapping characters to distinguish these 
morphotypes. A weak aspect of our study is the record 
of pubescence cover which was limited by its variable 
preservation on herbarium specimens. The critical 
importance of indumentum for taxonomy of Arundo 
has been demonstrated by Hardion et al. (2012a), and 
further investigation of the indumentum is needed 
with fresh material. We use our morphometric data-
set to update Conert’s key distinguishing between 
the three morphotypes, with the addition of the East 
Asian A. donax (see Taxonomic Treatment section).

In the taxonomic literature, description of subspe-
cies and varieties is usually supported by overlapping 

Figure 4.  Chronogram of the genus Arundo. All nodal pos-
terior probabilities = 1. (A) Emergence of the Taiwan Island 
(4–5 Ma). (B) Orogenesis of the Centre Mountain Range, 
reaching its current form 2 Ma ago. The divergence with 
Phragmites australis (Cav.) Steud. (outgroup, 20.9 Ma) is 
not shown. The eastern lineage represents A. formosana 
subsp. formosana, including var. robusta, and the western 
lineage represents A. formosana subsp. gracilis.

shape from north to south (394 km long vs. 144 km 
wide), the diversity distribution of Taiwan is structured 
primarily east to west due to the latitudinal orogeny of 
a central mountain range reaching its present shape 
at c. 2 Ma (Huang, Yuan & Tsao, 2006). This central 
mountain range has acted as a barrier for most of the 
25 plant and animal taxa studied in Taiwan-wide phy-
logeographic evaluations (e.g. Toda et al., 1998; Wang, 
Hsu & Chiang, 2000; Huang, Hwang & Lin, 2002; 
Cheng, Hwang & Lin, 2005; Oshida et al., 2006; Wu et 
al., 2006a, 2007; Jang-Liaw, Lee & Chou, 2008; Kuo et 
al., 2014; Yu, Lin & Weng, 2014).

The evolutionary history of A. formosana is congru-
ent with the recent orogenesis on Taiwan. Molecular 
dating indicates that the split between the Taiwanese 
A. formosana and East Asian A. donax corresponds to 
the first emergence of this island estimated at 4–5 Ma 
(Huang et al., 2006). After the formation of Taiwan, 
these species appear as two independent monophy-
letic lineages supported by both plastid and nuclear 
data (Figs S2 and S3). The current occurrence of 
A. donax in Taiwan could be due to later natural or 
human dispersal events, this weed species now being 
both an ornamental and an invasive plant. Between 
4 and 2 Ma, formation of the central mountain range 
(CMR) created a barrier between populations of A. 
formosana and led to the divergence of two infraspe-
cific lineages around 3 Ma. A third much differenti-
ated haplotype, only represented by sample TF32, 
may indicate persistence of rare haplotypes from early 
divergences in the southern part of the island, even 
though this deep differentiation was not supported by 
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sets of morphological characters. Our overlapping 
measurements for the three varieties of A. formosana 
match this standard practice of infraspecific taxonomy. 
The morphometric boxplots and our identification key 
offer a reliable distinction between these infraspecific 
units. The geographical distribution of these morpho-
types is quite clearly structured, with eastern, western 
and northern morphotypes (Fig. 3A). Type specimens 
also follow this geographical pattern, with one excep-
tion: the western origin of the type collection of var. 
formosana. This mismatch between morphology and 
geography could be due to incorrect determination 
of the type specimen, easily possible considering the 
overlap in floral measurements between the eastern 
and western morphotypes. However, this uncertainty 
cannot be resolved by standard molecular analysis 
because the type specimens of A. formosana varieties 
were collected between 1881 and 1896 (Fig. 6).

Phylogeography of A. formosana in Taiwan

The island of Taiwan is a diversity hotspot for Arundo 
and for much Asian biodiversity, with 25% endemic-
ity in a flora of over 4000 plant species (Hsieh, 2002; 
Chiang & Schaal, 2006). The island started to separate 
from the mainland in only the recent geological past, 
4–5 Ma (early Pliocene; Shaw, 1996; Lin & Watts, 2002), 
gaining its current position of 150 km from south-east-
ern China (Fig. 1). Ice cover during Pleistocene glacia-
tions is thought to have been incomplete allowing the 
conservation of temperate to subtropical taxa in sev-
eral refugia (Wu et al., 2006a). Despite its elongated 

shape from north to south (394 km long vs. 144 km 
wide), the diversity distribution of Taiwan is structured 
primarily east to west due to the latitudinal orogeny of 
a central mountain range reaching its present shape 
at c. 2 Ma (Huang, Yuan & Tsao, 2006). This central 
mountain range has acted as a barrier for most of the 
25 plant and animal taxa studied in Taiwan-wide phy-
logeographic evaluations (e.g. Toda et al., 1998; Wang, 
Hsu & Chiang, 2000; Huang, Hwang & Lin, 2002; 
Cheng, Hwang & Lin, 2005; Oshida et al., 2006; Wu et 
al., 2006a, 2007; Jang-Liaw, Lee & Chou, 2008; Kuo et 
al., 2014; Yu, Lin & Weng, 2014).

The evolutionary history of A. formosana is congru-
ent with the recent orogenesis on Taiwan. Molecular 
dating indicates that the split between the Taiwanese 
A. formosana and East Asian A. donax corresponds to 
the first emergence of this island estimated at 4–5 Ma 
(Huang et al., 2006). After the formation of Taiwan, 
these species appear as two independent monophy-
letic lineages supported by both plastid and nuclear 
data (Figs S2 and S3). The current occurrence of 
A. donax in Taiwan could be due to later natural or 
human dispersal events, this weed species now being 
both an ornamental and an invasive plant. Between 
4 and 2 Ma, formation of the central mountain range 
(CMR) created a barrier between populations of A. 
formosana and led to the divergence of two infraspe-
cific lineages around 3 Ma. A third much differenti-
ated haplotype, only represented by sample TF32, 
may indicate persistence of rare haplotypes from early 
divergences in the southern part of the island, even 
though this deep differentiation was not supported by 

Figure 5.  NeighborNet based on 28 AFLP fingerprints of A. formosana. Sample colors indicate main genotype assignation 
based on STRUCTURE analysis (Figs 3E, F). Dashed and continuous grey lines indicate the position of nodes from the 
neighbor-joining tree with bootstrap values superior to 50 and 75%, respectively. White circles indicate A. formosana var. 
formosana, grey circles var. robusta and black circles subsp. gracilis.
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Figure 6.  Herbarium specimens of Arundo formosana var. formosana (white circles) from Shinchiku (A; holotype; W1916–
0034625), Aopanling (D; TF74) and Lingting (G; TF55); A. formosana var. robusta (grey circles) from Tamsui (B; holotype; 
K000859988), Toufu Cape (E; TF45) and Kuan-in Shan (H; TF28); and A. formosana subsp. gracilis (black circles) from 
Kelung (C; W1916–0034626), Tunglin (F; TF15) and Manyuehyuan (I; TF18). Scale bar, 3 cm.
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AFLP data. Genomic divergence shown by the AFLP 
dataset clearly supports the east–west division of the 
two main lineages. The admixed AFLP genotypes also 
suggest some secondary contact and gene flows in the 
valleys of the northern part of the CMR for this wind-
pollinated and wind-dispersed species. Eastern sam-
ples from the Ryukyu Islands seem more related to the 
western lineage (Figs 3B, C).

Consensus classification

Infraspecific taxonomy has historically been used to 
describe allopatric groups of populations with weak 
morphological distinctions (Davis & Heywood, 1963; 
Mayr, 1963). Taxonomists have also stressed the eco-
logical differentiation of infraspecific ranks, some-
times treating them as equivalent to ecotypes (Venu, 
2002; Slovák et al., 2012). Evidence of genetic diver-
gence within understudied taxa has stimulated test-
ing of infraspecific structure based on morphological 
features (e.g. in Phragmites australis; Saltonstall, 
Peterson & Soreng, 2004). This study uses a pre-exist-
ing, but neglected infraspecific classification of A. for-
mosana to test the phylogenetic divergence between 
its varieties.

Our statistical exploration of morphometric varia-
tion confirmed the distinctiveness of three geographi-
cally separate entities, each one containing the type 
collection of a single variety. The three morphotypes 
were taken as the first taxonomic hypothesis to test 
with plastid DNA and AFLP data which largely sup-
port the western var. gracilis and the eastern var. 
formosana as the main lineages in A. formosana. The 
robusta-morphotype accessions form a single phylo-
genetic group based on plastid DNA and a distinct 
group based on AFLPs; this variety represents a sec-
ondary smaller divergence in the evolutionary history 

of A. formosana. Consequently, a strict consensus of 
the three markers based on main evolutionary line-
ages ought to recognize only two infraspecific entities 
in A. formosana. However, the obvious morphological 
differentiation of the robusta-morphotype (Figs 2 and 
7) argues in favour of the recognition of this variety. 
In addition, molecular data still highlight a second-
ary genetic coherence of var. robusta, despite its para-
phyletic definition based on the plastid DNA and a 
weak sampling on ALFPs (only two samples analysed; 
Fig. 4). Unlike the two major lineages, the differentia-
tion of var. robusta cannot be explained solely by geo-
graphical isolation and phenotypic drift. The longer 
reproductive structures of var. robusta could be linked 
to polyploid ‘gigantism’ observed for other Arundo 
spp. (Hardion et al., 2012a, 2014a, b, 2015). Finally, 
our genome-wide AFLP data do not support the differ-
entiation of var. robusta as the result of a hybridiza-
tion between the two main genetic lineages previously 
described. If var. robusta can be included in the east-
ern phylogenetic lineage, its northern distribution 
close to locations of the western lineage does not 
reveal admixed genotypes. For this wind-pollinated 
and wind-dispersed species, the lack of genetic admix-
ture in the north could be explained by a biological 
(or at least ecological) barrier isolating var. robusta 
genotypes, but our sampling remains still weak to test 
this hypothesis.

Species, subspecies or varieties?

In this study we have generated the first genetic and 
morphometric datasets based on a broad sampling 
of A. formosana, allowing an update of its taxonomy. 
To update the taxonomy, a choice of the appropriate 
taxonomic rank must be made for each subdivision. To 
define distinctiveness at the specific and infraspecific 

Figure 7.  (A) Arundo formosana subsp. gracilis located in a humid cliff from Iriomote, with long decumbent culms (©T. 
Takamiso); (B, C) A. formosana var. robusta on the coast of Keelung Yehliu Geopark, with short erect culms (©Xu Yechun).
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ranks, we repeated every analysis on a larger data-
set including East Asian A. donax. Every clustering 
analysis supports clear reciprocal monophyly of A. for-
mosana and A. donax, confirming the application of spe-
cies rank for these two taxa. The definition of clusters 
in A. formosana was only possible in a species-specific 
analysis, that is after the removal of A. donax samples 
from the dataset. To define species and infraspecific 
ranks, some taxonomists apply the biological defini-
tion of a species, assuming the possibility of crossing 
between infraspecific ranks in a sympatric zone (e.g. 
Yoshino et al., 2011). Our AFLP data support this with 
the evidence of a putative hybrid zone in the north-
ern part of the CMR between the two main genetic 
lineages of A. formosana. The choice between the sub-
species and the variety rank was widely debated in 
the mid-20th century (Clausen, 1941; Fosberg, 1942; 
Weatherby, 1942; Kapadia, 1963; Raven, 1974). We 
have chosen to follow articles 4.1 and 4.2 of the ICBN 
(McNeil et al., 2012), stipulating that variety is the pre-
vailing rank below the species and reserving the use of 
subspecies for the clustering of varieties. Because our 
results clearly describe two main genetic lineages as 
geographically and morphologically distinct, of which 
one includes a secondary genetic cluster corresponding 
to an ecotype, we choose to accept two subspecies, one 
of which includes a variety. We recognize A. formosana 
var. robusta and A. formosana var. formosana in the 
type subspecies A. formosana subsp. formosana. We 
also recognize a second subspecies A. formosana subsp. 
gracilis (Hack.) Hardion, Verlaque & B. Vila.

Taxonomic treatment

Arundo formosana Hack. in Bull. Herb. Boiss. 7: 724. 
1899 – Type: Taiwan. Prope Shinchiku, 24 November 
1896, Makino 322 (holotype: W!; isotype: US!).

 = Arundo parviflora Ohwi in Repertorium Specierum 
Novarum Regni Vegetabilis 36: 40. 1934 – Type: Japan 
(Taiwan under Japanese rule). prov. Takaoshu, inter 
Matsuyama et Aderu in Chippongoe, 7 May 1933, 
Ohwi 1597 (holotype: KYO! photograph; isotype: US!).

Arundo formosana subsp. formosana
Arundo formosana subsp. formosana var.  
formosana
Arundo formosana subsp. formosana var. 
robusta Conert in Die Systematik und Anato-
mie der Arundineae: 35. 1961 – Type: Taiwan. 
Tamsui, sand hills, June 1881, Hancock 8 (holo-
type: K!).
Arundo formosana subsp. gracilis (Hack.) 
Hardion, Verlaque & B.Vila, comb. nov.
≡ Arundo formosana var. gracilis Hack. in Bull. 
Herb. Boiss. 7: 724. 1899 – Type: Taiwan. Propre 

Kelung, Makino 322 (holotype: W!; isotype: US!).

Determination key

1.	 Glumes 7–12 mm long, seeming equal on spike-
let, the lower slightly longer than the upper, palea 
4–6 mm long, lemma hairs 3–6 mm long, lemma 
7–12 mm with awn 1–3 mm long.................A. donax

1.	 Glumes 3–9 mm long, seeming unequal on spike-
let, the lower slightly shorter than the upper, palea 
2–4 mm long, lemma hairs 1–4 mm long, lemma 
4–12 mm with awn 0–6 mm long...A. formosana: 2

2.	 Lemma 6–12 mm with awn 1–6 mm long, glumes 
4–9 mm long............................subsp. formosana: 3

2.	 Lemma 4–6 mm with awn 0–3 mm long, glumes 
3–6 mm long.....................................subsp. gracilis

3.	 Spikelet one- to three-flowered, glumes 4–7 mm 
long, lemma 6–10 mm long with awn 1–5 mm long 
…...…………………………………….var. formosana

3.	 Spikelet three- to six-flowered, glumes 7–9 mm long, 
lemma 8–12 mm long with awn 2–6 mm long ……..
............................................................var. robusta

CONCLUSION

Infraspecific ranks are undervalued in phylogeographic 
studies and an integrative approach could reconcile the 
practical aspects of infraspecific taxonomy,that is the 
definition of formal units based on diagnostic characters, 
with the genetic data and the evolutionary framework 
provided by molecular markers. Varieties and subspe-
cies could be treated as infraspecific groups which are 
statistically distinguishable on morphological char-
acters, despite having overlapping ranges, and with a 
geographical, ecological and/or reproductive isolation 
supported by genetic markers (including paraphyl-
etic groups). Phylogeography could be one of the most 
suitable approaches for the investigation of evolution-
ary histories of subspecies and varieties and phylogeo-
graphic studies should take such taxonomic issues into 
consideration.
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SUPPORTING INFORMATION

Additional Supporting Information may be found in the online version of this article at the publisher’s website:

Table S1.  Sampling information, morphotype assignment (M), AFLP phylogenetic lineage (G), haplotype combi-
nations (H) and GenBank accessions for psaA-ORF170 (AO), trnCF-rpoB (CB), rbcL-psaI (LI), trnS(GCU)-psbD 
(SD) and trnT-trnL (TL).
Figure S1.  Hierarchical clustering of principal components based on morphometric variables, validating the 
species level between Arundo formosana and East Asian A. donax (k = 2) as the best clustering of morphometric 
variation.
Figure S2.  Molecular phylogenetic tree for Arundo formosana and East Asian A. donax using maximum par-
simony and the nucleotide variation of five plastid DNA spacers (value indicated bootstrap value among 1000 
replicates).
Figure S3.  Neighbor-joining tree based on AFLP data among Arundo formosana and East Asian A. donax. Black, 
grey and absence of triangle indicate bootstrap value >75, >50 and <50%, respectively (based on 1000 bootstrap 
replicates).
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