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Abstract Life history traits play an important role in

the level and distribution of genetic diversity, and

comparing closely related species with similar life

histories can provide insight into the determinants of

genetic variation in plant populations. In this study, we

used variations of one chloroplast DNA fragment, one

nuclear gene, and six microsatellites to compare the

levels and distributions of genetic diversity in four

widespread Typha species from China. Surveys were

conducted on 898 individuals from 120 sites. The

individuals of all four species formed monophyletic

clades and distinct genetic clusters, suggesting no

hybridization between T. angustifolia and T. latifolia

in China. The levels of cpDNA nucleotide diversity

followed the order T. latifolia[ T. laxmannii[ T.

angustifolia[ T. orientalis, whereas the genetic

diversity in nDNA and nSSR of T. laxmannii and T.

angustifolia was higher than that of T. latifolia. In T.

angustifolia, T. laxmannii, and T. orientalis, more than

half of genetic variation occurred within populations,

and in T. latifolia, most of genetic variation occurred

among populations. The variation in the levels and

distributions of genetic diversity among the four

species can be attributed to differences in inflores-

cence characteristics which either limit or enhanced

outcrossing rates.
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Introduction

Life history traits, such as breeding system, life form,

seed dispersal mechanisms, and geographic range,

have a profound and significant effect on the level and

distribution of genetic diversity in plant species

(Hamrick & Godt, 1989, 1996; Nybom, 2004). By

comparing species with different combinations of

traits, patterns of genetic diversity can be identified.

For example, the genetic variability of taxa with

outcrossing mating system is greater within popula-

tions, whereas the genetic variability of taxa with

inbreeding mating system is greater among popula-

tions. Evolutionary history also plays an important

role in the level and distribution of genetic diversity

(Loveless & Hamrick, 1984; Hamrick et al., 1992;

Hamrick & Godt, 1996). Such inferences can be

effectively verified and confirmed by comparing
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closely related species because these taxa often have a

similar evolutionary history or some identical life

history traits (e.g., Mateu-Andrés & de Paco, 2006;

Skrede et al., 2009; Carrió et al., 2010; Robuchon

et al., 2014; Martins et al., 2014; Ng et al., 2015).

The genus Typha L. (Typhaceae) is aquatic herbs

and includes 8–13 species that are distributed nearly

worldwide (Smith, 1987; Cook, 1990). Typha species

have similar life history traits: widespread, perennial,

and seed dispersal by wind. Because of their rapid

clonal growth, Typha species often dominate a variety

of wetland habitats in both temperate and tropical

regions (Smith, 1987). In recent decades, many studies

have focused on the genetic variation of several

widespread Typha species, e.g., T. angustifolia L. and

T. latifolia L. Various markers have been used to

estimate the genetic diversity of Typha, including

isozymes (Lee & Fairbrothers, 1973; Mashburn et al.,

1978; Sharitz et al., 1980), variable number tandem

repeats (VNTRs) (Keane et al., 1999), amplified

fragment length polymorphisms (AFLPs) (Lamote

et al., 2005; Na et al., 2010), microsatellites (Tsyusko

et al., 2005), and DNA sequences (Zhang et al., 2008).

Despite the different markers, sample sizes, and

geographic regions analyzed in these studies, the

general conclusion is that Typha species have low

genetic diversity and that T. angustifolia has greater

genetic diversity than T. latifolia.

Another popular focus for Typha studies is inter-

specific hybridization. A total of 7 hybrids have been

reported in Europe, North America, and South Amer-

ica, and five hybrids have been verified by experiments

(Smith, 1987). Among these, the hybrid T. angustifo-

lia 9 T. latifolia (T. 9 glauca Godron) is well

known, as it is frequently and broadly found in

sympatry with the parental species (Smith, 1987). This

hybrid has been identified based on its morphology

(Figert, 1890; Alm & Weimarck, 1933; Luther, 1947;

Smith, 1967), isozyme variation (Lee & Fairbrothers,

1973; Lee, 1975), random amplified polymorphic

DNA (RAPD) (Kuehn et al., 1999, Nowińska et al.,

2014), and microsatellites (Snow et al., 2010; Travis

et al., 2010; Kirk et al., 2011). However, these

investigations were exclusively conducted in North

America and Europe. Conversely, this hybrid has not

been reported in Asia, where the two parental species,

T. angustifolia and T. latifolia, are also found.

In China, four Typha species (T. angustifolia,

T. latifolia, T. laxmannii Lepechin, and T. orientalis

C. Presl) are common and widespread (Sun &

Simpson, 2010). Although two of the four species,

T. angustifolia and T. latifolia, can hybrid (Smith,

1987) and mixtures of them are often observed in the

same stand in the field, no hybrids have been reported

in this region. To date, almost all studies on Typha

genetic variation have been conducted in North

America and Europe, with the exception of one in

East Asia (Na et al., 2010), and only a few have

examined the population genetic structure (e.g.,

Tsyusko et al., 2005). In this study, we investigated

the four Typha species with extensive sampling by

using chloroplast DNA (cpDNA) and nuclear DNA

(nDNA) sequences and nuclear microsatellite (nSSR)

data. Our aims are to (1) explore whether hybridiza-

tion between T. angustifolia and T. latifolia has

occurred in China and (2) compare the genetic

diversity and population genetic structure among the

four Typha species. Such a comparison of closely

related species with similar life histories will provide

insight into the determinants of genetic variation in

plant populations.

Materials and methods

Plant materials and morphological measurement

A total of 898 individuals were collected from 120

sites throughout China during the summers of 2010,

2011, and 2012 (Fig. 1, Online Resource 1). Multiple

Typha species were often observed at the same sites,

and we classified Typha samples as one of the four

species based on morphological characteristics (Na

et al., 2010; Sun & Simpson, 2010). We also

conducted morphological analyses at ten collection

sites with multiple species in Northeast China to test

species’ morphological variations. The plant height,

leaf width, and inflorescence length (male inflores-

cence, female inflorescence, and gap) of 163 individ-

uals were examined. All morphological data used for

analyses are provided in Online Resource 2. The

morphological variations among the four species were

compared by one-way ANOVA followed by a Tukey

HSD test using SPSS 13.0 (SPSS Inc., Chicago, IL,

USA). For undistinguishable plants (about one-fourth,

i.e., those with no flowers or intermediate morpholo-

gies), no a priori species assignment was made in the

field until plant height and leaf width were measured
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and sequencing done. The plants were collected

randomly at intervals of at least 10 m to minimize

sampling ramets from a single clone. The fresh leaves

of the samples were dried in silica gel in the field and

frozen at -20�C after being transported to the

laboratory for subsequent DNA extraction. Voucher

specimens were deposited in the herbarium of Wuhan

University (WH).

Amplification, sequencing, cloning,

and genotyping

Total genomic DNA was extracted using DNAsecure

Plant Kit (Tiangen Biotech, Beijing, China). Ran-

domly selected 36 individuals from the four species

were used to screen for polymorphisms in five

chloroplast fragments rps16, trnL-trnF, rpl32-trnL,

trnH-psbA, and trnS-trnG, (Shaw et al., 2005, 2007).

The former three fragments were successfully ampli-

fied and sequenced in all individuals, and intraspecific

variations were only observed in the rpl32-trnL

fragment, which was chosen for further studies.

Polymerase chain reaction (PCR) amplifications were

performed using 10–30 ng genomic DNA, 0.1 lM
each primer, 0.2 mM each dNTP, 2 mM MgCl2, and

0.6 U ExTaq DNA polymerase (TaKaRa, Otsu, Japan)

in a 25 ll volume under the following conditions:

3 min at 95�C, followed by 35 cycles of 30 s at 95�C,
30 s at 55�C, 90 s at 72�C, and a final 5 min extension

at 72�C. The amplifications were performed in a Veriti

96-well thermal cycler (Applied Biosystems, Foster

City, CA, USA). The PCR products were purified and

sequenced in both directions by Beijing Genomic

Institute in Wuhan, China. Three nuclear genes

phytochelatin synthase (PS), Malate synthase and

Metallothionein-like protein, which have been used in

studies of T. latifolia and T. domingensis Pers. (Zhang

et al., 2008), were screened in preliminary experi-

ments. Because amplifications were not successful for

all four of the Typha species, and the sequence of PS

Fig. 1 The 120 sampling sites of the four Typha species. The species were identified using both morphology (see Fig. 2) and DNA

sequences. Data for different species are shown in different colors

Hydrobiologia (2016) 770:117–128 119

123



gene was long enough to re-design primers, we

designed a pair of new primers (PS-TF: 50-GGTT
GGACATTGAGGAC and PS-TR: 50-GCTTCATG
CAAAGATTG) based on the PS sequences of T.

latifolia and T. domingensis. The PCR and sequencing

methods using these primers were performed under the

same conditions as those for rpl32-trnL. The program

Sequencher 4.5 (GeneCodes Corporation, Ann Arbor,

Michigan, USA) was used to evaluate chromatograms

for base confirmation and to edit contiguous

sequences. Typha individuals can be either homozy-

gous or heterozygous at the nuclear PS locus. For a

heterozygote, however, it may not be possible to

directly read the sequences of two alleles in a

chromatogram when multi-point mutations or length

differences caused by insertions or deletions exist

between the two alleles. In these cases, purified PCR

products were cloned using the pGM-T vector (Tian-

gen Biotech), and then the two alleles were determined

separately by sequencing multiple clones. We also

used nuclear microsatellite (nSSR) data to compare

genetic diversity. Eleven loci from Tsyusko-Omeltch-

enko et al. (2003) were screened and six loci (TA5,

TA8, TA15, TA16, TA20, and TA21) were used for

further studies due to their successful amplification

and genotyping in three species T. angustifolia, T.

latifolia, and T. laxmannii. We conducted nSSR data

analyses in 23, 6, and 17 populations of T. angusti-

folia, T. latifolia, and T. laxmannii, respectively, each

with more than five individuals. PCR amplification

followed Tsyusko-Omeltchenko et al. (2003) and PCR

products were run on an ABI 3730XL DNA analyzer

and genotyping was performed using GeneMapper 4.0

(Applied Biosystems).

Data analysis

All sequences were aligned with the MAFFT 6.7

software (Katoh et al., 2002) using the L-INS-i

algorithm, with ‘‘maxiterate’’ set to 1000. Identical

sequences were collapsed into a single haplotype

using DNASP 5.10 (Librado & Rozas, 2009), and all

sequences with unique haplotypes were deposited in

GenBank (Accession Nos. KR265866-KR265896). A

phylogenetic tree based on all haplotypes of the four

Typha species was constructed by the neighbor-

joining (NJ) method with a p-distance algorithm and

1000 bootstrap replicates in MEGA 5.05 (Tamura

et al., 2011). Our aim is to explore whether the four

species were corresponding to distinct clades rather

than their phylogenetic relationship; therefore, no

outgroup was used to root the tree. For each Typha

species, a haplotype network was constructed using

TCS 1.18 (Clement et al., 2000), which utilizes

statistical parsimony to connect haplotypes con-

strained by 95% confidence intervals. In this analysis,

indels were treated as single mutation events.

Nucleotide diversity (p) and haplotype diversity

(Hd) were calculated usingARLEQUIN 3.0 (Excoffier

et al., 2005). Two measures of population differenti-

ation, GST and NST, were calculated using the program

HAPLONST (Pons & Petit, 1996). GST considers

haplotype frequencies, whereas NST takes into account

both haplotype frequencies and their genetic distances.

An NST value significantly higher than GST typically

indicates the presence of phylogeographic structure in

which closely related haplotypes are found in the same

area more often than less closely related haplotypes

(Pons & Petit, 1996). Regarding nSSR data, three

measures of genetic diversity, the mean number of

alleles per locus (Na), the observed heterozygosity

(Ho), and expected heterozygosity (He), were calcu-

lated using FSTAT 2.9.3 (Goudet, 1995). The

Bayesian clustering approach implemented in

STRUCTURE 2.0 (Falush et al., 2003) was used to

detect interspecific hybrids between T. angustifolia

and T. latifolia based on the nSSR data. Ten indepen-

dent runs were performed at K = 3 under the admix-

ture model, with a burn-in period of 20,000 and

100,000 Markov chain Monte Carlo (MCMC) itera-

tions. Genetic variation within and among populations

was assessed by analyses of molecular variance

(AMOVA), implemented in ARLEQUIN. A Mantel

test, performed in IBD 1.52 (Bohonak, 2002), was

used to examine the correlation between geographical

and genetic distances, as measured by FST/(1 - FST)

(Rousset, 1997).

Results

Species confirmation and haplotype distribution

Morphological data were obtained from a total of 163

plants, including 64 plants of T. angustifolia, 22 of T.

latifolia, 27 of T. orientalis and 50 of T. laxmannii,

respectively (Online Resource 2). Statistical analyses

showed significant morphological differences between

120 Hydrobiologia (2016) 770:117–128

123



species in all six measurements. Each species could be

distinguished from other species according to at least

one measurement (Fig. 2).

We obtained sequences of the chloroplast rpl32-

trnL fragment from 855 individuals and the nuclear PS

gene from 681 individuals. A total of 11 and 20

haplotypes were obtained from chloroplast and

nuclear sequences, respectively. In the NJ trees of

both the chloroplast and nuclear haplotypes, four

distinct clades were resolved with robust support and

corresponded to the four Typha species (Fig. 3). All

samples with chloroplast haplotypes in the clade of

each species also possessed nuclear haplotypes exclu-

sively of the clade of the same species. Furthermore,

STRUCTURE analysis revealed three genetic clusters

corresponding to three species, and all individuals

were assigned to each species with a posterior

probability higher than 0.97 (Fig. 4). These results

suggested that no interspecific hybrid between T. an-

gustifolia and T. latifolia was found.

Based on both morphology and molecular data, we

identified multiple species at 32 collection sites, with

2, 7, and 23 sites having 4, 3, and 2 species,

respectively. Both T. angustifolia and T. latifolia were

found at eight sites, and all of the sites contained

multiple species distributed in northern China (Fig. 1).

T. angustifoliawas found at 69 sites throughout China;

T. latifolia exhibited a disjunctive distribution and was

found at 24 sites in northeastern China (Heilongjiang,

Inner Mongolia and Jinlin), central China (Sichuan

Fig. 2 Comparisons of six morphological characteristics of four Typha species. Data indicate means ± SDs. Significant differences

among clades are indicated by different letters
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and Shaanxi), and northwestern China (Xinjiang).

Typha laxmannii was widespread throughout northern

China and was found at 55 sites. Typha orientalis was

found at 15 sites, with a northeastern to southwestern

distribution (Fig. 1).

No clusters were observed in the haplotype network

of each species (Fig. 5). For T. angustifolia, three

chloroplast haplotypes and six nuclear haplotypes

were identified. More chloroplast haplotypes were

found in the eastern part of northern China, whereas

more nuclear haplotypes were found in eastern China

(Fig. 5). With regard to T. latifolia, three chloroplast

and nuclear haplotypes each were identified. Two

common chloroplast haplotypes, T1 and T3, were

found in both central and northeastern China and

northwestern China, respectively. The nuclear haplo-

type t1 was present in all populations except one in

northwestern China, and t3 was present in all popu-

lations from northwestern China (Fig. 5). Three

chloroplast haplotypes and nine nuclear haplotypes

were observed for T. laxmannii, but their geographical

distribution showed no distinct patterns (Fig. 5). In T.

orientalis, two chloroplast haplotypes and two nuclear

haplotypes were identified. One chloroplast haplotype

occurred in all populations, yet the other haplotype

occurred in only one population. Nuclear haplotypes

were similarly distributed (Fig. 5).

Genetic diversity

The cpDNA nucleotide diversity ranged from high to

low in the four Typha species as follows: T. latifolia

(0.943 9 10-3), T. laxmannii (0.569 9 10-3), T.

angustifolia (0.28 9 10-3), and T. orientalis (0.065 9

10-3). The nDNA nucleotide diversity of the species

also ranged from high to low as follows: T. laxmannii

(2.641 9 10-3), T. angustifolia (0.433 9 10-3), T.

latifolia (0.374 9 10-3), and T. orientalis (0.307 9

10-3). The percentage of heterozygous individuals

(from high to low) was T. laxmannii (43.8%), T.

angustifolia (10.1%), T. orientalis (5.7%), and T.

latifolia (4.1%). Regarding nSSR data of three species,

genetic diversity (from high to low) was T. laxmannii

(Ho: 0.544 and He: 0.523), T. angustifolia (Ho: 0.167

Fig. 3 Neighbor-joining tree of haplotypes in the four Typha

species. A Haplotypes of the chloroplast fragment rpl32-trnL.

B Haplotypes of the nuclear phytochelatin synthase (PS) gene.

Bootstrap values of 60 and above are shown at the nodes (based

on 1000 replicates)

Fig. 4 The bar plot depicts the STRUCTURE admixture coefficients for all populations when K = 3 for 46 populations of three Typha

species. A single vertical bar displays the membership coefficient of each individual, with site names shown on the bottom

cFig. 5 Geographical distribution and network of haplotypes in

four Typha species. A cpDNA haplotypes of T. angustifolia,

B nDNA haplotypes of T. angustifolia, C cpDNA haplotypes of

T. latifolia, D nDNA haplotypes of T. latifolia, E cpDNA

haplotypes of T. laxmannii, F nDNA haplotypes of T. laxmannii,

G cpDNA haplotypes of T. orientalis,H nDNA haplotypes of T.

orientalis
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and He: 0.205), and T. latifolia (Ho: 0.069 and He:

0.101).

In T. angustifolia, the nucleotide diversity of

polymorphic populations ranged from 0.161 9 10-3

to 1.126 9 10-3 based on cpDNA data and from

0.259 9 10-3 to 1.66 9 10-3 based on nDNA data.

Of the 67 populations for which both cpDNA and

nDNA data were obtained, 40.3% (27) were

monomorphic (Online Resource 1). According to

cpDNA and nDNA data, only one polymorphic

population and six polymorphic populations, respec-

tively, were present in T. latifolia; both datasets

identified 14 of 20 populations as monomorphic

(Online Resource 1). In T. laxmannii, the nucleotide

diversity of polymorphic populations ranged from

0.327 9 10-3 to 0.764 9 10-3 based on cpDNA data

and from 0.415 9 10-3 to 5.16 9 10-3 based on

nDNA data. Of the 43 populations for which both

cpDNA and nDNA data were obtained, only 14% (6)

were monomorphic (Online Resource 1). In T. orien-

talis, only one polymorphic population and three

polymorphic populations were present, as assessed by

cpDNA and nDNA data, respectively, and both

datasets identified 11 of 15 populations as monomor-

phic (Online Resource 1).

Genetic structure

AMOVAs of the cpDNA data revealed that most of

genetic variation occurred within T. angustifolia, T.

laxmannii, and T. orientalis populations, whereas

almost all of genetic variation occurred among

populations in T. latifolia (Table 1). The global FST

values of T. angustifolia, T. laxmannii, T. orientalis,

and T. latifolia were 0.248, 0.441, 0.147, and 0.965,

respectively; a similar trend was found for the nDNA

data AMOVAs, with global FST values of 0.438,

0.250, 0.359, and 0.678, respectively (Table 1).

Regarding the nSSR data of three species, the trend

is also similar and the global FST values of T.

angustifolia, T. laxmannii, and T. latifolia were

0.413, 0.293, and 0.723, respectively (Table 1). The

differences between the NST and GST values were not

significant (P[ 0.05) for any of the four species based

on either cpDNA data or nDNA data, indicating the

absence of phylogeographic structure with regard to

haplotype variation. Significant correlations of geo-

graphical and genetic distances were only detected for

T. latifolia (r2 = 0.214, P\ 0.001) and T. laxmannii

(r2 = 0.009, P\ 0.05) based on cpDNA data, T.

latifolia (r2 = 0.057, P\ 0.001) based on nDNA

Table 1 Analyses of molecular variance (AMOVA) of cpDNA and nDNA data from four Typha species

Species Source of

variation

cpDNA nDNA nSSR

Percentage of

variation

Fixation index Percentage of

variation

Fixation

index

Percentage of

variation

Fixation

index

T.

angustifolia

Among

populations

24.80 FST = 0.248* 43.77 FST = 0.438* 41.28 FST = 0.413*

Within

populations

75.20 56.23 58.72

T. latifolia Among

populations

96.54 FST = 0.965* 67.78 FST = 0.678* 72.25 FST = 0.723*

Within

populations

3.46 32.22 27.52

T. laxmannii Among

populations

44.05 FST = 0.441* 25.01 FST = 0.250* 29.28 FST = 0.293*

Within

populations

55.95 74.99 70.72

T. orientalis Among

populations

14.68 FST = 0.147NS 35.88 FST = 0.359*

Within

populations

85.32 64.12

NS not significant (P[ 0.05)

* P\ 0.001
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data, and T. latifolia (r2 = 0.341, P\ 0.05) based on

nSSR data.

Discussion

Interspecific hybridization

Natural hybridization between T. angustifolia and T.

latifolia is widely observed in Europe and North

America (Smith, 1987), and it was recently confirmed

by some molecular studies (e.g., Snow et al., 2010;

Travis et al., 2010; Kirk et al., 2011; Nowińska et al.,

2014). However, no putative hybrid was found in our

study based on DNA sequences and nSSR data,

despite the large overlapping areas and the inclusion of

eight co-occurring sites. Because substantial overlap

in flowering time is found between T. angustifolia and

T. latifolia (Selbo & Snow, 2004; Ball & Freeland,

2013; Nowińska et al., 2014), interspecific pollination

is likely. However, as this observation of flowering

times was recorded for North American and European

populations, detailed investigations on the flowering

time of Chinese populations are still required. Because

limited individuals with inflorescence were sampled in

sites with T. angustifolia and T. latifolia in our current

study, the hybrids were likely missed in the collec-

tions. Therefore, to verify the conclusion of no hybrid

between T. angustifolia and T. latifolia in China, it is

necessary to conduct further investigations on these

sites including samples as many as possible.

Genetic diversity

Different levels of genetic variation in Typha have

been detected using different markers (e.g., Sharitz

et al., 1980; Keane et al., 1999; Tsyusko et al., 2005;

Zhang et al., 2008). Althoughmarkers can vary in their

mutation rates and their polymorphisms cannot be

compared directly, Typha species tend to have

relatively low genetic diversity compared to other

species evaluated using the same makers (Mashburn

et al., 1978; Sharitz et al., 1980; Keane et al., 1999;

Galeuchet et al., 2002; Tsyusko et al., 2005). Simi-

larly, the nucleotide diversity of Typha species in the

present study was much lower than that based on

nuclear Adh1a sequences of another perennial and

aquatic clonal species (Zizania latifolia) from the

same area (0.0054; Xu et al., 2008).

Genetic diversity is often compared among Typha

species, especially between T. angustifolia and T.

latifolia, and previous studies based on AFLP markers

or microsatellites have noted that T. angustifolia

exhibits approximately 1.5 times greater genetic

diversity than T. latifolia (Tsyusko et al., 2005; Na

et al., 2010; Kirk et al., 2011). This difference may be

attributed to these species’ reproductive (Tsyusko

et al., 2005) or inflorescence characteristics (Na et al.,

2010). In our study, similar trend was present in nSSR

(He: 0.205 vs. 0.101) and nDNA data (p:
0.433 9 10-3 vs. 0.374 9 10-3), whereas according

to the measurements of cpDNA data, T. latifolia

exhibited greater genetic diversity than T. angustifolia

(p: 0.28 9 10-3 vs. 0.943 9 10-3). The relatively

high genetic diversity exhibited by T. latifolia in this

study may be caused by the fact that we have captured

the level of genetic diversity from different geograph-

ical regions and sampling from a larger geographic

area.

Our study based on nuclear PS sequences and nSSR

data revealed that T. laxmannii has the highest genetic

diversity (at least 2.5 times greater than the other three

Typha species). However, a previous study revealed

that T. angustifolia has the highest genetic diversity

and that T. latifolia has the lowest genetic diversity of

the four Typha species based on AFLP markers (Na

et al., 2010). The genetic diversity of T. laxmanniiwas

likely underestimated due to its limited sampling

range (nine sites from Korea and Russia) compared

with that of T. angustifolia (28 sites from Korea,

China, Japan and Russia). Differences in the breeding

system may be cited as explanations of genetic

diversity patterns. As T. angustifolia has lighter pollen

and higher-positioned male inflorescences, this spe-

cies has a higher cross-pollination rate than T. latifolia

(Krattinger, 1975). Although inbreeding of T. laxman-

nii and T. orientalis has not yet been investigated, the

cross-pollination rate of T. laxmannii should be higher

because these species share similar inflorescence

characteristics with T. angustifolia and T. latifolia,

respectively (Sun & Simpson, 2010). Inbreeding

increases the frequency of homozygous individuals

compared to that expected under random mating

(Hartl, 2000). Heterozygote frequency in T. laxmannii

was 4- to 10-fold higher than that in the three other

species, suggesting a mixed-mating or even outcross-

ing breeding system. In addition, there was a much

lower percentage of monomorphic populations in T.
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laxmannii (14%) than in T. angustifolia (40.3%), T.

latifolia (70%), or T. orientalis (73.3%); this pattern

suggests that sexual recruitment is likely to be

important for T. laxmannii and that asexual reproduc-

tion plays a less extensive role compared to other

species, e.g., T. latifolia (Keane et al., 1999).

Nonetheless, detailed comparative investigations are

still needed to quantify differences in breeding system

and reproductive strategy.

Genetic structure

The levels of population differentiation measured by

maternally inherited chloroplast markers are expected

to be higher than that measured by biparentally

inherited nuclear markers due to differences in seed

and pollen migration parameters (Ennos, 1994; Petit

et al., 2005). However, this trend is not exhibited in T.

angustifolia and T. orientalis (Table 1), perhaps due to

the low outcrossing rates and different levels of

marker polymorphism (Hamrick & Godt, 1989; Nauta

& Weissing, 1996). Of the four species, T. latifolia

showed the highest level of genetic differentiation

among its populations (FST = 0.965, 0.678 or 0.723),

values that are higher than those previously reported

for this species (0.32–0.41, Keane et al., 1999; 0.29,

Tsyusko et al., 2005). This finding may be explained

by the present study’s inclusion of geographically

isolated populations, i.e., separated by a distance of at

least 1800 km. Except for T. latifolia, genetic differ-

entiation among Typha populations was lower than

that ofPhragmites australis in China (FST = 0.484 for

cpDNA sequences, An et al., 2012), even though this

species has similar reproductive, pollination, and seed

dispersal strategies and often co-occurs with Typha.

This pattern may be due to the lighter weights of Typha

seeds (Ekstam & Forseby, 1999). As discussed above,

the low level of nDNA and nSSR genetic differenti-

ation among T. laxmannii populations is likely asso-

ciated with its high outcrossing rate.

Isolation by distance (IBD) is a common model of

gene flow and often serves as an explanation for the

positive correlation of genetic and geographic dis-

tances (Slatkin, 1987). According to cpDNA, nDNA,

and nSSR data, an IBD pattern was observed for T.

latifolia in this study. Based on the samemicrosatellite

loci, the correlation between genetic and geographic

distances, albeit significant, was relatively low for T.

latifolia populations from Ukraine with a range of

approximately 1000 km and was absent in populations

from Czech Republic at a spatial scale of 100 km

(Tsyusko et al., 2005; Fér, 2008). In the current study,

the presence of IBD in T. latifolia was associated with

the high genetic differentiation between disjunctive

populations. As no correlation was detected in sepa-

rate analyses of northeast and northwest China, the

geographic scale appears to be important for the

isolation of Typha species. With regard to the three

other species, only T. laxmannii showed a significant,

but relatively weak, correlation of genetic and geo-

graphic distances based on cpDNA data, which was

not supported by the study of Na et al. (2010) based on

AFLP data. For aquatic plants, except for life history

traits, many factors such as geographical features,

colonization processes, and hydrological connectivity

played roles in shaping gene flow patterns (Terer et al.,

2015). Comprehensive and detailed investigations at

finer scale are needed to elucidate their influences on

gene flow patterns.

In conclusion, the four widespread Typha species

studied here formed four highly supported clades and

distinct genetic clusters, suggesting no hybridization

between T. angustifolia and T. latifolia in China.

Substantial variation in the levels and distributions of

genetic diversity among the four Typha species was

found, which is associated with different breeding

system mechanisms.
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