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INTRODUCTION

Typha L. (Typhaceae), known as the cattail, is widely 
distributed in temperate and tropical regions of the Northern 
and Southern Hemispheres, existing on all continents except 
Antarctica (Smith, 1987; Kim, 2002). The genus includes 10 
to 15 species and comprises highly productive aquatic weeds 
(Boyd, 1971) and rapid colonizers of disturbed or newly formed 
wetlands (Steinbachova-Vojtiskova & al., 2006). They grow 
successfully in many aquatic habitats, including pond and lake 
margins, freshwater and brackish marshes, ditches, and even 
industrial waste-contaminated reservoirs (Grace & Wetzel, 
1982, 1998).

Palynological, serological, and plastid DNA sequence data 
firmly associate Typha with Sparganium L. (Lee & Fairbroth-
ers, 1972; Punt, 1975; Chase, 2004; Janssen & Bremer, 2004), 
and are in support of traditional taxonomic treatments. The 
earliest fossil record of either genus is from the Paleocene Fort 
Union Formation, based on typhaceous pollen (Wilson & Web-
ster, 1946). Based on unequivocal fruits from the Eocene series 
of Wyoming (Berry, 1924), Sparganium has a slightly older 
fossil record than Typha (Daghlian, 1981).

The members of the genus Typha share several synapo-
morphies including dense, elongate, cylindrical spike-like 
inflorescences, as well as female flowers having numerous 
capillary bristles (Takhtajan, 2009). Because of the conspicuous 
morphological synapomorphies of Typha, it is not difficult to 
recognize a plant as being a member of the genus. There are 
difficulties, however, with the identification of species and 
the analysis of phylogenetic relationships within the genus. 
The taxonomic difficulties in Typha are due in part to the high 

degree of variability of vegetative and reproductive charac-
ters (Grace & Wetzel, 1982; Kim, 2002). Another important 
source of taxonomic complexity is the frequent occurrence 
of interspecific hybridization (Smith, 1967; Krattinger & al., 
1979; Kuehn & White, 1999; Selbo & Snow, 2004). For ex-
ample, T. glauca Godr. is considered a hybrid between T. lati-
folia L. and T. angustifolia L. based on morphologic, isozyme, 
and microsatellite-based analyses (Fassett & Calhoun, 1952; 
Bayly & O’Neill, 1971; Snow & al., 2010). Although Typha spe-
cies from Europe, Russia, India, North America, Australia, and 
East Asia are reasonably well known within each respective 
region (Hotchkiss & Dozier, 1949; Cook, 1980; Finlayson & al., 
1985; Fedchenko, 1986; Kadono, 1996; Thieret & Luken, 1996; 
Guha & Mondal, 1998; Kim & al., 2003), species delimitation 
within Typha on a world basis is not yet firmly established.

Typha was first described by Linnaeus (1753) as Typha an-
gustifolia L. Kronfeld (1889) proposed the first classification of 
the species of Typha (Table 1), based on the presence/absence of 
a bracteole in the female flowers, the ratio of staminate inflores-
cence length to pistillate inflorescence length, and plant height. 
Kronfeld recognized two sections within the genus, each with 
two subsections: Typha sect. Ebracteolatae Kronf. with subsect. 
Schuria Kronf. and subsect. Engleria Kronf. and T. sect. Brac-
teolatae Kronf. with subsect. Schnizleinia Kronf. and subsect. 
Rohrbachia Kronf. Graebner (1900) recognized the two sections 
but did not accept the subsections distinguished by Kronfeld. 
Smith (1987) placed 11 species into six groups, without rec-
ognition of section or subsection, based on stigma shape, the 
presence or absence of a bracteole, and pollen cell unit (Table 1). 
From sect. Bracteolatae, T. minima Funck ex Hoppe has been 
placed into the new genus Rohrbachia (Kronf.) Mavrodiev on 
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the basis of its unique morphology (e.g., hairs on stalk of female 
flowers swelling at tip; Mavrodiev, 2001). Previous classifica-
tion attempts using morphological data have been hampered 
by extensive quantitative and overlapping characters, and evo-
lutionary relationships among Typha species remain unclear.

The use of molecular techniques has helped in delineating 
species and understanding phylogenetic relationships in other 
taxonomically difficult groups (e.g., Devos & al., 2006; Kim 
& al., 2009, 2010). In this study, four DNA sequence regions 
(nuclear LEAFY and plastid trnL-F, trnC-petN, and psbM-trnD) 
are used to examine the interspecific relationships within Ty-
pha. LEAFY is a transcription factor known to affect inflores-
cence development in Poaceae (Bomblies & Doebly, 2005). 
This gene is distributed in all plants including mosses, ferns, 
gymnosperms, and angiosperms (Frohlich & Parker, 2000; 
Himi & al., 2001). Phylogenetic analyses of amino acid se-
quences of LEAFY suggest that the gene duplicated on the stem 
lineage leading to seed plants, but that one copy was lost in an-
giosperms, making it a single copy gene in diploid angiosperms 
(Frohlich & Parker, 2000; Himi & al., 2001). The nucleotide se-
quence from the second intron of LEAFY has been used in many 
phylogenetic studies with high utility (Oh & Potter, 2005; Kim 
& al., 2010). Although many plastid DNAs (ptDNA) showed 
low level of genetic variation compared to LEAFY, ptDNA se-
quences have proven useful for understanding the evolutionary 
relationships and classification in many plant groups (e.g., Lee 
& Wen, 2004; Su & al., 2008; Kim & al., 2010).

The objectives of this study were to present a compre-
hensive phylogenetic reconstruction of Typha using nuclear 

and plastid DNA sequence data and to evaluate the previous 
classification systems in the light of our findings. Based on the 
inferred phylogeny, we also provide a discussion on the evolu-
tion of morphological characters within the genus.

Materials and Methods

Plant materials. — A complete list of taxa used in this 
study, including voucher information, is presented in the 
Appendix. Nine of eleven previously recognized species of 
Typha (Cook, 1980; Smith, 1987) were sampled: T. angustifo-
lia L., T. capensis Rohrb., T. domingensis Pers., T. elephantina 
Roxb., T. latifolia L., T. laxmanni Lepech., T. minima Funck ex 
Hoppe, T. orientalis C. Presl, and T. shuttleworthii W.D.J. Koch 
& Sond. Two hybrid species, T. glauca and T. subulata Crespo 
& Perez-Moreau were not included (Smith, 1987). Our sam-
pling included of all recognized sections and subsections of 
Typha (Kronfeld, 1889; Graebner, 1900). Sixty samples of the 
nine Typha species were sequenced for nuclear LEAFY and 
ptDNA. We used the five Sparganium species (S. hyperboreum 
Laest. ex Beurl., S. emersum Rehm., S. fallax Graebner, S. erec-
tum L., S. eurycarpum subsp. coreanum (H. Lév.) C.D.K. Cook 
& M.S. Nicholls) as outgroups based on results from previ-
ous monocotyledon phylogenies (Duvall & al., 1993; Janssen 
& Bremer, 2004; Givnish & al., 2006).

DNA isolation, PCR amplification, and sequencing. — 
Total genomic DNA was isolated from fresh or dried leaves 
by a rapid DNA minipreparation method (Chen & Ronald, 

Table 1. Previous classifications of Typha.
Kronfeld (1889) Graebner (1900) Smith (1987)
Sect. Ebracteolatae Sect. Ebracteolatae Group I T. latifolia

Subsect. Schuria T. latifolia T. shuttleworthii
T. latifolia T. shuttleworthii Group II T. angustifolia
T. shuttleworthii T. capensisb T. domingensis
T. capensis T. orientalisc T. subulata
T. orientalis T. laxmanni Group III T. angustifolia × latifolia (= T. glauca)

Subsect. Engleria T. orientalis
T. laxmanni T. capensis

Sect. Bracteolatae Sect. Bracteolatae Group IV T. laxmanni
Subsect. Schnizleinia T. angustifolia (= T. angustata)a Group V T. minimad

T. angustifolia (= T. angustata)a T. domingensis Group VI T. elephantina
T. domingensis T. elephantina
T. elephantina T. minima (= T. gracilis)d

Subsect. Rohrbachia
T. minima

Hybrid species Hybrid species
T. glauca T. glauca

a Kim (2002) considered that T. angustata should be included in T. angustifolia.
b Graebner (1900) placed T. capensis as a subspecies of T. latifolia.
c Graebner (1900) placed T. orientalis as a subspecies of T. shuttleworthii.
d Typha minima comprises three species (T. lugdunensis, T. martinii, T. gracilis) according to Cook (1980).
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1999). Two degenerate primers, LFtxr and LFsxl-3, were used 
for LEAFY amplification from T. latifolia, T. angustifolia, and 
Sparganium erectum (Frohlich & Meyerowitz, 1997). PCR 
products were excised from agarose gels, purified with a Gel 
and PCR Cleanup Kit (Solgent, Daejeon City, South Korea), 
and cloned using the pGEMT-easy Vector System (Promega 
Biosciences, San Luis Obispo, California, U.S.A.). Plasmid 
DNA was purified using the plasmid DNA Miniprep System 
(Qiagen, Valencia, California, U.S.A.) and sequenced with T7 
and Sp6 universal primers on an ABI3730 automated sequencer 
(Applied Biosystems, Foster City, California, U.S.A.). Fifteen 
clones from the three taxa were sequenced. Specific primers 
TlfyF-3 (5′-GGCGTTCGGCCCTTTGGGAG) and TlfyR-2 
(5′-AGTGTTCCGGTACGCCAAGAA) were then developed 
based on the cloned sequences and used to amplify LEAFY 
sequences for additional individuals. The ptDNA trnL-F region 
(including the trnL gene, trnL intron, and trnL-F intergenic 
spacer) was amplified using primers “c” and “f  ” (Taberlet & al., 
1991). A new primers combination for the amplification of 
ptDNA trnC-petN and psbM-trnD intergenic spacer region was 
designed based on T. latifolia ptDNA sequence available from 
GenBank (accession number GU195652; Guisinger & al., 2010). 
The trnC-petN region was amplified using primers TytrnCF 
(5′-AGCGGTAAGGCAGGGGACTGCAA) and TypetNR 
(5′-TAAAGCAGCCCAAGCGAGACTT). PCR amplification 
of the psbM-trnD region was performed with primers Typs-
bMF (5′-ACTAGAATGAACAGTGCAGTAGC) and TytrnDR 
(5′-TCAAGGCGGAAGCTGCGGGTTCGA).

Genomic DNA (200 ng in 25 µl) was amplified with a PTC-
200 thermal cycler (MJ Research, Waltham, Massachusetts, 
U.S.A.) programmed for 4 min at 94°C; 40 cycles of 1 min 
at 94°C (denaturation), 1 min at 55°C–58°C (annealing; 55°C, 
LEAFY and trnL-F; 58°C, trnC-petN and psbM-trnD), and 1 min 
30 s at 72°C (extension), with a final cycle of 10 min at 72°C.

Amplified DNA samples were purified for sequencing 
using a PCR purification kit (Qiagen), in accordance with 
the supplier’s specifications, to remove small molecular frag-
ments of primer and dNTPs. All PCR products were directly 
sequenced in both directions using the amplification primers 
on an ABI3730 automated sequencer (Applied Biosystems). 
All DNA sequence data have been deposited in GenBank un-
der the following accession numbers: GU646680–GU646687, 
GU646689, GU646694–GU646696, GU646698, GU646701, 
GU646704–GU646709, GU646711, GU646714, GU646717–
GU646718, GU646723, GU646727–GU646733, GU646738, 
GU646743, GU646751, GU646760–GU646767, GU646770–
GU646771, JF319445–JF319659 (Appendix).

Phylogenetic analysis. — Complementary DNA se-
quences were assembled for each individual using Codon-
code Aligner v.3.7.1 (http://www.codoncode.com). Multiple-
sequence alignment was performed using ClustalX v.1.81 with 
the default alignment parameters (Thompson & al., 1997) and 
then manually adjusted by use of the alignment criterion pre-
sented by Zurawski & Clegg (1987) in which gaps are con-
sidered as characters and the number of evolutionary events 
is attempted to be minimized. Parsimony-informative gaps 
were coded as binary characters using simple indel coding 

(Simmons & Ochoterena, 2000). The incongruence length dif-
ference (ILD) test was conducted to assess data congruency 
(Farris & al., 1995) with one accession per species because all 
species sampled are each monophyletic (see Results). The ILD 
test was performed using PAUP* v.4.0b10 (Swofford, 2002) 
and 1000 heuristic search replications. This test has been used 
in several phylogenetic studies as a criterion to assess the ap-
propriateness of combining data from different genes (e.g., 
Dolphin & al., 2000). Most published reports suggest that as-
sessing the significance of incongruence at P < 0.05 although 
this threshold is too conservative for the homogeneity test 
(Cunningham, 1997).

Maximum parsimony (MP) analyses were performed us-
ing PAUP* v.4.0b10. All characters and character states were 
weighted equally and unordered. Each dataset was analyzed 
separately and then in combined analyses with ptDNA and 
then a simultaneous analysis (Kluge, 1989; Nixon & Carpenter, 
1996) was performed with all regions. Combined data matrices 
for this study were deposited in TreeBASE (http://www.treebase 
.org/; study accession number, SN11267). Searches were con-
ducted using 100 random-taxon-addition replicates with tree 
bisection-reconnection (TBR) branch swapping, and MulTrees 
in effect, using maxtrees = 100,000. Bootstrap analyses (BP, 
1000 pseudoreplicates) were conducted to examine the rela-
tive level of support for clades on the cladograms (Felsenstein, 
1985). Phylogenetic analyses of LEAFY and combined data were 
also conducted under Bayesian MCMC inference (BI; Yang 
& Rannala, 1997) using MrBayes v.3.12 (Ronquist & Huelsen-
beck, 2003). Applying the Akaike information criterion (AIC; 
Akaike, 1974), MODELTEST v.3.1 (Posada & Crandall, 1998) 
assigned the GTR + G model for the simultaneous-analysis se-
quence data. For LEAFY and combined analyses in which gap 
coding data was included, the datatype = standard option of 
MrBayes for the non-nucleotide data partition was used. Four 
chains of the Markov Chain Monte Carlo (MCMC) were run si-
multaneously, sampled every 100 generations for a total of two 
million generations. The first 200,000 generations (i.e., 2000 
trees) were deleted as the “burn in” of the chains. We plotted 
the log-likelihood scores of sample points against generation 
time using TRACER v.1.5 (Rambaut & Drummond, 2003) to 
ensure that stationarity was achieved after the first 200,000 
generations by checking whether the log-likelihood values of 
the sample points reached a stable equilibrium (Huelsenbeck 
& Ronquist, 2001). In addition, we used AWTY (Nylander 
& al., 2008) to compare split frequencies in the different runs 
and to plot cumulative split frequencies to ensure that stationar-
ity was reached. Of the remaining 36,000 trees (18,000 from 
each parallel run), a maximum a posteriori tree was constructed 
by summarizing the remaining trees from parallel runs in a 
majority rule consensus tree, yielding the posterior probability 
(PP) values for each clade.

Morphological character evolution analysis. — Typha 
species exhibit a wide range of morphological characters that 
have been shown to be taxonomically useful in species recogni-
tion (Kim, 2002). Because many traits are quantitative and have 
overlapping variation ranges, such traits were not selected for 
character analysis due to difficulties in coding the variations as 

http://www.codoncode.com
http://www.treebase.org/
http://www.treebase.org/
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discrete character states. In this study, four morphological char-
acters (absence or presence of bracteoles in female flower, shape 
of stigma, gap between staminate and pistillate inflorescence, 
number of pollen units) were included in the morphological 
character evolution analysis. All four traits were selected be-
cause of their potential for inferring relationships among species 
in Typha (Kronfeld, 1889; Graebner, 1900; Smith, 1987). The 
number of pollen units was coded as (0) monad or (1) tetrad; 
stigma shape as (0) filiform or (1) spatulate; bracteoles in fe-
male flower as (0) absent or (1) present; gap between staminate 
and pistillate inflorescence as (0) present or (1) absent. Each 
character was scored by examining live material and herbarium 
specimens from AJOU, BRI, CANB, IBIW, LE, WU.

The most parsimonious topology from the analysis of 
the combined molecular data (LEAFY + three ptDNA loci) 
was applied to reconstruct histories of character states of key 
morphological characters. Unweighted and unordered MP 
reconstructions of characters states were performed in Mes-
quite v.2.0 (Maddison & Maddison, 2007) using unambiguous 
optimization.

Results

LEAFY data analysis. — The LEAFY alignment, compris-
ing 65 accessions from nine Typha species and five outgroups, 
contained 835 characters including 46 simple gap coding char-
acters. There were 293 variable sites, of which 250 (29.9%) 
were parsimoniously informative (Table 2). The parsimony 
analysis of LEAFY data resulted in > 100,000 equally parsi-
monious trees (tree length = 359, ensemble consistency index 
[CI; Kluge & Farris, 1969] = 0.920, ensemble retention index 
[RI; Farris, 1989] = 0.978).

The strict consensus tree is shown in Fig. 1. The BI phylo-
gram was identical in topology to the MP strict consensus tree 
(BI tree not shown) except two individuals (TC_Sa01, TC_
Sa03) of T. capensis were sister group to the clade including 
T. angustifolia, T. elephantina, T. domingensis, one individual 
(TC_Sa02) of T. capensis, T. orientalis, and T. laxmanni spe-
cies. All LEAFY sequences were grouped according to their 

taxonomic species, except for T. shuttleworthii and T. capensis 
(Fig. 1). The samples of T. shuttleworthii and T. latifolia were 
not resolved and T. capensis was resolved as paraphyletic (albeit 
with < 50% BP). Several relationships were inferred from the 
strict consensus tree (Fig. 1): (1) T. minima is a sister to the 
clade consisting of the rest of the Typha species with maximal 
support (BP = 100%, PP = 1.00); (2) T. angustifolia and T. el-
ephantina are sister groups (BP = 96%); (3) T. orientalis and 
T. laxmanni are sister groups (BP = 89%). Typha domingensis 
is sister to T. angustifolia–T. elephantina but with low statisti-
cal support (BP = 58%, PP = 0.75). Although most of the large 
clades within Typha clade were poorly supported, sections 
Ebracteolatae and Bracteolatae were resolved as paraphyletic 
and polyphyletic groups, respectively (Fig. 1).

Plastid DNA data analysis. — The characteristics and 
statistics of individual ptDNA region from the MP analyses 
are presented in Table 2. The trnC-petN sequence produced 
the greatest proportion of variable and parsimony-informative 
characters. Each individual ptDNA region provided very low 
resolution among Typha species, with most branches unre-
solved in the three separated MP strict consensus trees (data not 
shown). Despite this, analyses of ptDNA trnL-F and trnC-petN 
region showed that three species, T. domingensis, T. elephan-
tina, and T. capensis formed a monophyletic group.

The ILD test indicated that three ptDNA sequence data 
partitions were not significantly incongruent (P = 0.101). Maxi-
mum parsimony analysis performed on combined ptDNA data 
matrix yielded a strict consensus tree from > 100,000 equally 
parsimonious trees (tree length = 581, CI = 0.880, RI = 0.971). 
The BI phylogram was identical in topology to the strict con-
sensus tree sampled by the MP analysis, except that T. orientalis 
was sister to a clade consisting of T. latifolia and T. shuttlewor-
thii (BI phylogram not shown). The strict consensus MP tree 
clearly indicated the distinct nature of Typha species, including 
T. shuttleworthii, T. capensis which were not grouped to their 
taxonomic species in LEAFY data (Fig. 2). Also, classification 
according to sections Ebracteolatae and Bracteolatae is not sup-
ported. Consistent with results from LEAFY, T. minima is sister 
to all remaining Typha species (BP = 100, PP = 1.00). Within the 
remaining species, one clade (T. elephantina, T. domingensis, 

Table 2. Tree statistics of the LEAFY, trnL-F, trnC-petN, psbM-trnD, and combined datasets from maximum parsimony (MP) analysis.

Parameters LEAFY trnL-F trnC-petN psbM-trnD

Combined

3 ptDNA LEAFY + 3 ptDNA

Number of sequences (ingroup/outgroup) 65 (60/5) 65 (60/5) 65 (60/5) 65 (60/5) 65 (60/5) 65 (60/5)
Aligned length (bp/indel characters) 835 (789/46) 999 (968/31) 1024 (1003/21) 1150 (1119/31) 3173 (3090/83) 4008 (3829/129)
Variable characters (%) 293 (35.1%) 124 (12.4%) 230 (22.5%) 146 (12.7%) 500 (15.8%) 793 (19.8%)
Parsimony informative characters (%) 250 (29.9%) 110 (11.0%) 145 (14.2%) 138 (12.0%) 393 (12.4%) 643 (16.0%)
Number of trees (MP) > 100,000 > 100,000 1 > 100,000 > 100,000 > 100,000
MP tree length 359 150 254 161 581 960
Ensemble consistency index (CI)a 0.920 0.853 0.941 0.928 0.880 0.873
Ensemble retention index (RI) 0.978 0.966 0.985 0.985 0.971 0.967
Model selected (AIC) GTR + G GTR + G GTR + G
aThe ensemble consistency index is calculated excluding uninformative characters.
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and T. capensis) could be recognized (BP = 86%, PP = 0.99). 
Typha latifolia formed a clade with T. shuttleworthii but with 
only weak support (BP = 53%, PP = 0.75). The individuals of 
T. latifolia were divided into East Asia and North America 
clades (Fig. 2). In addition, T. latifolia from Finland is sister 
to those of North American T. latifolia (BP = 90%, PP = 0.99).

Combined analysis of datasets. —  The ILD test indicated 
that LEAFY and ptDNA sequence data partitions were not sig-
nificantly incongruent (P = 0.069). When all molecular datasets 
were combined, the strict consensus MP tree was better resolved 
than either individual analysis. Among the 4008 characters 
of the combined datasets, 643 (16.0%) were parsimoniously 

Fig. 1. Strict consensus of 100,000 most parsimonious trees (tree length = 359, CI = 0.920, RI = 0.978) from parsimony analysis of LEAFY se-
quence data of Typha and Sparganium species. Numbers above branches indicate support values (maximum parsimony bootstrap [BP]/Bayesian 
posterior probability [PP]); dash (-) indicates that a node did not receive >75% BP by MP analysis. Geographic origin of Typha and Sparganium 
specimens indicated by country abbreviations (Af, Afghanistan; Al, Algeria; Au, Australia; Ca, Canada; Ch, China; Cz, Czech Republic; Fi, 
Finland; Fr, France; Ge, Germany; Hu, Hungary; In, India; It, Italy; Ja, Japan; Ko, South Korea; Me, Mexico; Po, Poland; Ro, Romania; Ru, Rus-
sia; Sa, South Africa; Ta, Taiwan; Us, U.S.A.). See Appendix for OTU abbreviations.
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informative (Table 2). Phylogenetic analysis of the combined 
dataset resulted in > 100,000 equally parsimonious trees, each 
of 960 steps (CI = 0.873, RI = 0.967). The BI phylogram was 
identical in topology to the MP strict consensus tree sampled (BI 
phylogram not shown). In the strict consensus tree, three main 
clades (I, II, III) in the genus Typha were recognized (Fig. 3). 
Clade I included T. angustifolia, T. elephantina, T. domingensis, 
and T. capensis (BP = 84%, PP = 0.99). Within this clade, T. an-
gustifolia was sister to T. elephantina with moderate support 

(BP = 78%, PP= 0.95). Clade II included T. orientalis and T. lax-
manni (BP = 88%, PP = 1.00) and was sister to clade I with 
moderate support (BP = 75%, PP = 0.90). Clade III comprised 
T. latifolia and T. shuttleworthii (BP = 98%, PP = 0.99). Typha 
minima was sister to the group consisting of the rest of the 
Typha species, with maximal support (BP = 100%, PP = 1.00). 
Consistent with individual results from LEAFY and ptDNA, 
sections Ebracteolatae and Bracteolatae were perceived to be 
paraphyletic and polyphyletic groups, respectively (Fig. 3).

Fig. 2. Strict consensus of 100,000 most parsimonious trees (tree length = 581, CI = 0.880, RI = 0.971) from parsimony analysis of combined 
plastid DNA sequences data of Typha and Sparganium species. For further explanation see Fig. 1.
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Morphological character evolution analysis. — Using 
the cladogram constructed from combined LEAFY and ptDNA 
sequence data as a reference (Fig. 4), two species (T. latifolia, 
T. shuttleworthii) of clade III have identical states for all four 
morphological characters although no synapomorphies for this 

clade were identified. The character states of stigma shape and 
bracteoles in the female flower appear to have evolved at least 
two times within Typha, whereas the gap between staminate and 
pistillate inflorescence and the number of pollen units appear 
to have evolved at least three times (Fig. 4). All ingroup taxa 

Fig. 3. Strict consensus of 100,000 most parsimonious trees (tree length = 960, CI = 0.873, RI = 0.967) from parsimony analysis of combined 
LEAFY and plastid DNA sequences data of Typha and Sparganium species. For further explanation see Fig. 1.
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possessed alternative states for two characters, stigma shape and 
bracteoles in female flowers, indicating that they were strongly 
correlated. Stigma shape is also highly correlated with the char-
acter state of gap between staminate and pistillate inflorescence 
in all taxa except T. laxmanni (Fig. 4). However, the pollen unit 
is not correlated with the stigma shape, bracteoles, and gap be-
tween staminate and pistillate inflorescence. Typha minima and 
two species of clade III (T. latifolia, T. shuttleworthii) have tetrad 
pollen units whereas species of clade I (except T. elephantina) 
and II have a monad pollen units (Fig. 4).

Discussion

Species classification. — Accurate taxon identification 
is a prerequisite for the evaluation of phylogenetic relation-
ships. Many previous attempts to classify Typha species have 
resulted in the adoption of a loosely defined and intuitive ap-
proach to taxonomy, based largely on field observations and 
incorporating the analysis of some micromorphological char-
acters (Hotchkiss & Dozier, 1949; Finlayson & al., 1985). The 
delimitation of Typha species based on morphology alone is 
often not possible (Kuehn & White, 1999; Zhang & al., 2008) 
due to the high degree of plasticity among the morphological 
characters. Therefore, a number of molecular markers (e.g., 
randomly amplified polymorphic DNA [RAPD], amplified 
fragment length polymorphism [AFLP], or sequence informa-
tion of nuclear and ptDNA) have been used for Typha species 
delineation, at least as a supplemental tool (Kuehn & al., 1999; 
Zhang & al., 2008; Na & al., 2010).

The molecular-phylogenetic analysis confirmed the tra-
ditional delimitation of Typha species even when samples 

were included from different continents, with the exception 
of T. capensis and T. shuttleworthii in the LEAFY phylogeny 
(Fig. 1). Typha capensis formed an unresolved group with Typha 
species including T. angustifolia, T. elephantina, T. domingen-
sis, T. laxmanni, and T. orientalis (Fig. 1). According to Smith 
(1987), T. capensis is very similar to North American hybrids 
(e.g., T. latifolia × T. angustifolia [= T. glauca]) or T. orientalis 
from Australia. Although there is no obvious morphological 
autapomorphy for T. capensis in this study, this species can be 
distinguished from T. glauca and T. orientalis by a subulate an-
ther (Kim, 2002). Moreover, ptDNA and combined analyses 
indicated that T. capensis is distinct from T. orientalis (Figs. 2–3).

Unexpectedly, LEAFY sequences of T. shuttleworthii from 
Europe and T. latifolia from Eurasia, North America, and Aus-
tralia were identical (Fig. 1). According to Krattinger & al. 
(1979), there seems to be no genetic isolation mechanism pre-
venting hybridization between T. shuttleworthii and T. latifolia 
in Switzerland. However, T. shuttleworthii is distinguished 
from T. latifolia by two morphological characters: a short sta-
minate inflorescence (< 6 cm) and narrow leaves (Kim, 2002). 
Plastid DNA sequences also showed differences between indi-
viduals of T. shuttleworthii and T. latifolia (Fig. 2). Therefore, 
we conclude that European T. shuttleworthii is genotypically 
distinct from T. latifolia.

Phylogenetic relationships. — Our study recovered 
T. minima as sister to the rest of the species of Typha (Fig. 3). 
Traditionally, T. minima has been included in sect. Bracteola-
tae based on the presence of bracteole morphology (Kronfeld, 
1889; Graebner, 1900; but see Mavrodiev, 2001). However, this 
species does not have a close relationship with the other spe-
cies of sect. Bracteolatae. Unlike other Typha species, which 
have a long vegetative shoot (> 1 m), T. minima has a relatively 

Fig. 4. Distribution of morpho-
logical traits on the MP strict 
consensus tree topology from 
the combined molecular data. 
(A) pollen unit, (B) stigma 
shape, (C) presence or absence 
of bracteoles in female flowers, 
(D) gap between staminate and 
female inflorescence. Character 
states of Sparganium coded as 
“0”. Strong branch support (BP 
> 80%, PP > 0.99) indicated by 
bold lines.
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short shoot (usually a maximum of 0.6 m) and hairs on the 
stalk of female flowers swelling at tip (Smith, 1987; Mavrodiev, 
2001). Hybridization experiments indicated that the species is 
genetically distinct (Krattinger & al., 1979). Recently, the trans-
fer of T. minima to the new genus Rohrbachia was suggested 
by Mavrodiev (2001). However, additional molecular studies 
should be pursued to determine the relationships of T. minima 
to the species of Rohrbachia (e.g., R. alekseevii Mavrodiev).

As to species of clade I (T. angustifolia, T. elephantina, 
T. domingensis, T. capensis), some authors recognized T. el-
ephantina as a distinct group based on different morphology 
(e.g., stiff trigonal leaves and tetrad pollen; Smith & al., 1987; 
Sharma & Gopal, 1980). However, in our analysis this species is 
sister to T. angustifolia with moderate support. Several morpho-
logical features, including the gap between staminate and pistil-
late inflorescence, filiform stigma, and presence of bracteoles 
in the female flower were shared in T. angustifolia, T. domin-
gensis, and T. elephantina (although no such synapomorphies 
were inferred for the clade of T. angustifolia + T. elephantina). 
The close relationship among the three species corresponds to 
sect. Bracteolatae subsect. Schnizleinia Kronfeld.

A conflict between our results and previous classifica-
tions involved T. capensis. This species has previously been 
placed in sect. Ebracteolatae (Kronfeld, 1889; Graebner, 1900). 
Typha capensis is morphologically distinct within clade I; it 
has no gap between staminate and pistillate inflorescences, 
has spatulated stigmas, and lacks bracteoles in female flowers. 
Although the phylogenetic placement of T. capensis in clade I 
is surprising from a morphological perspective, our ptDNA 
data suggested that T. capensis is sister to T. elephantina and 
T. domingensis (Fig. 2). Although we do not have the mor-
phological characters to support the relationship of the three 
species in the current study, they can be distinguished from the 
other Typha species by sharing a subulate anther (Kim, 2002). 
Our results also indicated that the nature of the bracteoles and 
the gap between staminate and pistillate inflorescence may be 
reversals in T. capensis (Fig. 4).

The two species of clade II (T. orientalis, T. laxmanni) 
share morphological characters such as spatulate stigma, ab-
sence of bracteoles, and monad pollen, but are different in pres-
ence/absence of gap between staminate and pistillate inflo-
rescences (Fig. 4). The two subsections Schuria and Engleria 
proposed by Kronfeld (1889) were not supported by our studies. 
Of the species of subsect. Schuria sampled, T. orientalis is sister 
to T. laxmanni of subsect. Engleria (Fig. 3). Based on pollen 
morphology and abortive flower shape, Mavrodiev (2002) sug-
gested that T. orientalis should be placed in Engleria. A close 
relationship between T. orientalis and T. laxmanni was also 
indicated in phenetic analysis of Typha species from Korea and 
far eastern Russia using 25 quantitative morphological charac-
ters (Kim & al., 2003). Graebner (1900) treated T. orientalis as 
a subspecies of T. shuttleworthii. Indeed, plants of T. orientalis 
are very similar to T. shuttleworthii in general appearance. 
The two taxa share narrow leaves, short staminate inflores-
cence, and no gap between staminate and pistillate inflores-
cence (Kim, 2002). However, the present study indicates that 
T. orientalis is sister to T. laxmanni instead of T. shuttleworthii.

The sister relationship of the two species of clade III, 
T.  latifolia and T.  shuttleworthii, is morphologically sup-
ported by absence of a gap between staminate and pistillate 
inflorescences, spatulate stigma, absence of bracteoles in the 
female flower, and pollen dehisced in tetrads (Fig. 4). The two 
species can be distinguished from those of clades I (but not 
T. elephantina) and II by tetrad pollen (Fig. 4). The close rela-
tionship between T. latifolia and T. shuttleworthii is consistent 
with previous classifications (Kronfeld, 1889; Graebner, 1900; 
Smith, 1987); both species were placed in subsect. Schuria by 
Kronfeld (1889).

The most wide ranging Typha species are T. latifolia and 
T. angustifolia. This study offered the opportunity to compare 
the biogeographic and genetic patterns of these two species in 
East Asia and North America. Although an intercontinental 
comparison based on a limited sampling is difficult, our results 
allow some preliminary conclusions. Typha latifolia showed 
relatively high genetic divergence between the East Asian 
and North American disjunction, as measured with ptDNA 
sequence data (Fig. 2). On the other hand, a low sequence di-
vergence (Fig. 2) was found between East Asian and North 
American T. angustifolia. Typha angustifolia is considered 
to be indigenous to North America, but may actually have 
been introduced during early European settlement (Stuckey 
& Salamon, 1987). The commonness of the species in North 
America has rapidly increased since the mid-20th century (Shih 
& Finkelstein, 2008). A recent introduction of T. angustifolia 
in North America would be supported by the low sequence 
divergence found in this study.

Evolution of morphological characters. — Although 
vegetative morphological characters are considered as homo-
plasious states in Typha, the evolution of four reproductive 
characters (absence or presence of a bracteole in the female 
flower, stigma shape, the gap between staminate and pistillate 
inflorescence, and the number of pollen units) can be inferred 
in clades I, II, and III based on the combined strict consensus 
tree (Fig. 4). Changes in reproductive structure are of funda-
mental importance in the early evolution and subsequent diver-
sification of species (Rudall & al., 2005). The four character 
state distributions are discussed here in view of their support 
for the major clades of Typha and their adaptive significance 
in terms of breeding system.

In general, a bracteole in the female flower may serve to 
control seed germination and aid seed dispersal by wind and 
water (Gustafsson, 1973; Osmond & al., 1980; Ungar & Khan, 
2001). Osmond & al. (1980) indicated that bracteoles of Atriplex 
spp. could aid in the wind dispersal of seeds. Bracteoles may 
also be significant in determining the distribution of species 
through the dispersal of seeds by water (Gustafsson, 1973). Al-
though some molecular analyses have not been able to provide 
fine enough resolution to infer the evolution of bracteole shape, 
bracteoles can be used as a stable character of taxonomic groups 
of basal monocots (Reznicek, 1990; Remizowa & al., 2006). 
In the combined consensus tree, T. minima, which has a brac-
teole in the female flower, is a sister to the rest of Typha spe-
cies (Fig. 3). Bracteole loss occurred in species of clades II and 
III. Therefore, bracteole loss is a derived characteristic (Fig. 4).
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Stigmas capture pollen, support hydration and germina-
tion, and offer entry points and guidance to pollen tubes en 
route to the ovaries (Soreng & Davis, 1998; Edlund & al., 2004). 
Stigma shape is therefore relevant to the breeding system of 
Typha species, which are wind-pollinated. A spatulate stigma 
is putatively more efficient at trapping airborne pollen than is 
a filiform stigma (Lee, 1975). In addition, a spatulate stigma is 
correlated with the lack of a gap between staminate and pistil-
late inflorescence, with the exception of the stigma of T. lax-
manni in clade II (Fig. 4). Inflorescence characteristics are also 
related to the pollination system of Typha species (Lee, 1975; 
Na & al., 2010). In T. latifolia absence of a gap between stami-
nate and pistillate inflorescences favors inbreeding, whereas 
the presence of a gap in T. angustifolia favors outbreeding. 
Interestingly, our findings indicate that spatulate stigma and 
lack of a gap between staminate and pistillate inflorescence are 
correlated with the absence of a bracteole in the female flower 
(Fig. 4). Therefore, we suggest that the spatulate stigma and no 
gap between staminate and pistillate inflorescence are derived 
characteristics in Typha.

Difference in the number of pollen grains per unit is tax-
onomically important in Typha. According to Edlund & al. 
(2004), the structure of the stigma generally correlates with 
pollen units in angiosperms. However, we found no correlation 
between pollen unit and stigma shape (Fig. 4). We therefore 
infer that the pollen tetrads arose independently in Typha, re-
gardless of stigma shape. Although pollen tetrads have been 
described as an advanced characteristic over monad grains in 
angiosperms (Walker & Doyle, 1975), our finding does not 
support this. Instead, the monad pollen of the species of clades I 
(except T. elephantina) and II is a derived characteristic (Fig. 4). 
In some instances, e.g., Cyperaceae, monads may have sec-
ondarily evolved from tetrads and in such cases tetrad grains 
represent a primitive rather than an advanced character state 
(Walker, 1971; Walker and Doyle, 1975).

In conclusion, our molecular evidence suggests that all cur-
rently recognized morphological species in Typha are exclusive 
lineages. Our phylogenetic analyses have, for the first time, 
revealed phylogenetically meaningful clades within Typha. Our 
phylogenetic analyses support the Eurasian T. minima as the 
basal taxon in the genus. The traditional sections Ebracteolatae 
and Bracteolatae are paraphyletic and polyphyletic, respec-
tively. Our results provide a clearer concept of phylogenetic 
relationships in Typha and will aid a future taxonomic revi-
sion. This study also improves our understanding of character 
evolution within the genus Typha, particularly in terms of the 
evolution of the presence or absence of a bracteole in female 
flowers, stigma shape, the gap between staminate and pistillate 
inflorescence, and the number of pollen units.
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