Planta (2014) 239:1299-1307
DOI 10.1007/s00425-014-2053-y

ORIGINAL ARTICLE

Genetic structure of duckweed population of Spirodela,
Landoltia and Lemna from Lake Tai, China

Jie Tang - Fei Zhang - Weihua Cui - Jiong Ma

Received: 29 November 2013 / Accepted: 4 March 2014 / Published online: 25 March 2014

© Springer-Verlag Berlin Heidelberg 2014

Abstract

Main conclusion Presenting a basic framework for
using MLST to characterize Spirodela, Landoltia and
in particular Lemna strains at the species level, and to
study population genetics and evolution history of natu-
ral duckweed populations.

Abstract Duckweed is widely used in environmen-
tal biotechnology and has recently emerged as a poten-
tial feedstock for biofuels due to its high growth rate and
starch content. The genetic diversity and composition of a
natural duckweed population in genera Spirodela, Land-
oltia and Lemna from Lake Tai, China, were investigated
using probabilistic analysis of multilocus sequence typing
(MLST). The 78 strains were categorized into five line-
ages, among which strains representing L. aequinoctialis
and S. polyrhiza were predominant. Among the five line-
ages, interlineage transfers of markers were infrequent and
no recombination was statistically detected. Tajima’s D
tests determined that all loci are subject to population bot-
tlenecks, which is likely one of the main reasons for the
low genetic diversity observed within the lineages. Interest-
ingly, strains of L. turionifera are found to contain small
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admixture from L. minor, providing rare evidence of trans-
fer of genetic materials in duckweed. This was discussed
with respect to the hypothesis that a cross of these two gave
rise to L. japonica. Moreover, the conventional maximum-
likelihood phylogenetic analysis clearly recognized all the
species in the three genera with high bootstrap supports. In
conclusion, this work offers a basic framework for using
MLST to characterize Spirodela, Landoltia and in particu-
lar Lemna strains at the species level, and to study popu-
lation genetics and evolution history of natural duckweed
populations.
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Abbreviations

atpF—atpH Intergenic spacer between ATPase subunit I
(atpF) and ATPase subunit III (atpH)

matK Maturase K gene

ML Maximum likelihood

MLST Multilocus sequence typing

rpoB RNA polymerase beta subunit gene

ST Sequence type

Liong Index of congruence

Introduction

Lemnaceae (Duckweed) is a free-floating, flower-

ing, widely distributed aquatic plant. As the smallest
angiosperm, duckweed mainly consists of a leaf-like
body (frond) and varying amounts of roots. Under suit-
able growth conditions, duckweed doubles its biomass in
1-3 days and produces a continued biomass supply for
9-12 months annually (Cheng and Stomp 2009; Xu et al.
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2011, 2012). The biomass of duckweed primarily consists
of carbohydrates, proteins, crude fibers, lipids and miner-
als. The most attractive advantage of duckweed is its high
starch content, which can reach about 50 % of dry weight,
depending on duckweed species and growing conditions
used (Reid and Bieleski 1970; Landolt and Kandeler 1987,
Cheng and Stomp 2009). By extrapolating from field-study
results, biomass yields of 39.1-105.9 t ha™' year™! (dry
biomass) could be achieved for duckweed using wastewater
as a nutrient source. These yields are substantially higher
than most other potential energy crops such as switchgrass,
miscanthus, willow and Bermuda grass (Xu et al. 2012).
Therefore, duckweed is a promising feedstock for various
applications including animal feed, bioproducts, biofuels,
and waste-to-energy utilization of nutrient-rich wastewater.

Duckweed is a monocotyledonous family of five gen-
era, including Spirodela, Landoltia, Lemna, Wolffia and
Wolffiella (Landolt and Kandeler 1987; Les et al. 1997).
Duckweed taxonomy, however, has been controversial
due to its extremely simplified morphologies. The conven-
tional identification method depends on a few morphologi-
cal characteristics, such as size, shape and pigmentation
of fronds, which are susceptible to environmental effects.
More recently, molecular techniques, especially sequenc-
ing technologies with increasing accuracy and decreasing
costs, have become widely available and practical for geno-
typing purposes. Further, the use of chloroplast sequences
(Cabrera et al. 2008; Wang et al. 2010; Appenroth et al.
2013; Bog et al. 2013) has proved to be more informative
and provide more robust support to phylogenetic analyses
of duckweed.

It remains largely unknown whether duckweed repro-
duces sexually in the wild and how sexual reproduction
affects its population structure and genetic integrity and/
or diversity. Normally, duckweed propagates clonally by
forming daughter fronds from the mother frond. It was
reported, however, that flowering of duckweed can be
induced. Induction of flowering by chemicals was achieved
in S. polyrhiza, L. aequinoctialis and W. microscopica
(Maheshwari and Gupta 1967; Seth et al. 1970; Marinc-
Hrzenjak et al. 2008); it was achieved with hormones in
S. polyrhiza and L. aequinoctialis (Marinc-Hrzenjak et al.
2008; Shimakawa et al. 2012; Miyawaki et al. 2013). In
addition, L. perpusilla was induced to flower by controlling
photoperiod (Purves 1961) and L. aequinoctialis by star-
vation stress (Shimakawa et al. 2012). The consequences
of flowering might contribute to the exchange of genetic
materials. Furthermore, genetic variations have been
found among duckweed strains from different geographic
regions (Bog et al. 2010, 2013; Xue et al. 2012). Thus, the
genetic structure of natural duckweed populations could be
uniquely shaped due to distinct propagation mechanisms
and the diverse environmental influences over time.
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Although duckweeds have been studied in the labora-
tory for many years, limited information is available on the
biology of natural populations. Such data is essential for
understanding the reproduction mechanisms in the natural
population and should provide useful insights into the evo-
lutionary processes at the population level. In this report,
we present genetic characterization of duckweed strains
collected from numerous sites around Lake Tai, China. We
used multilocus sequence typing (MLST) (Maiden 2006)
of one non-coding intergenic spacer (atpF—atpH) and two
housekeeping genes (matK, rpoB) in our analyses. Evolu-
tionary histories were inferred using model-based Bayes-
ian approach as well as conventional maximum-likelihood
(ML) methods. We further analyzed the genetic diversity
and composition of these duckweed populations.

Materials and methods
Sampling sites and duckweed collection

Lake Tai, China’s third largest freshwater lake with an area
of 2,250 km? and an average depth of 2 m, is located in the
Yangtze Delta plain, Eastern China. Duckweed strains are
distributed over the entire lake as well as the water chan-
nel systems connected to the lake. Fifty-five sites were ran-
domly chosen for sampling, covering most regions in Lake
Tai (Supplementary Fig. S1; Supplementary Table S1). We
focused only on collecting strains of Spirodela, Landoltia
and Lemna, given our research interest in bioenergy. A total
of 78 strains of Spirodela, Landoltia and Lemna were col-
lected between July 6 and 10, 2013, and named by a com-
bination of numbers (sampling site) and letters (different
morphologies). All samples were maintained at 4 °C before
further treatment.

In the laboratory, aseptic duckweed strains were estab-
lished by rinsing fronds with 1 % sodium hypochlorite
solution (NaClO) for 1 min. Then, single fronds were
picked separately and cultured in Schenk and Hildebrandt
basal salt mixture (Sigma, S6765) liquid medium at pH
5.8. The plants were grown in a controlled climate cham-
ber under a photoperiod of 16 h light (100 wmol m~2 s~}
23 °C) and 8 h dark (15 °C).

DNA extraction, amplification and sequencing

Approximately 100 mg of powdered duckweed tissue
was used for nucleic acid isolation. Total genomic DNA
was isolated by Plant DNA Isolation Reagent (Takara,
Dalian, China). The quality and quantity of genomic DNA
were examined by agarose gel electrophoresis and Nan-
odrop 1000 (Nanodrop Technologies, Wilmington, USA),
respectively.
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Partial sequences of two coding genes (matK, rpoB)
and complete sequences of one non-coding intergenic
spacer (atpF—atpH) were generated using polymerase
chain reactions (PCR) for all 78 strains collected from
Lake Tai. DNA amplifications were performed using a
TProfessional thermocycler (Biometra, Goettingen,
Germany) with 20-pL reaction mixtures containing
1-1.5 ng DNA, 0.1 mmol/L each dNTP, 0.2 pmol/L each
primer, 10 pL Premix Taq™ (Takara) and sterile double-
distilled water. Primers for amplification and sequencing
were all derived from the literature and, together with
temperature and PCR cycling conditions, are shown in
Supplementary Table S2. PCR products were sequenced
by Beijing Genome Institute (BGI, Shenzhen, China).
Nucleotide sequences generated in this study were all
deposited in GenBank and their accession numbers are
listed in Supplementary Table S1.

Analysis of sequence data

Coding sequences were read in-frame and aligned using
RevTrans v1.4 (Wernersson and Pedersen 2003), tak-
ing into account corresponding amino acid alignments.
Non-coding sequences were aligned by Muscle imple-
mented in Mega5 (Tamura et al. 2011). Manual edit-
ing of alignments was done using Mega5. Sequences of
each alignment were trimmed to the same length. Gene
sequences that differed from each other by one or more
polymorphisms were identified using the unique.seqs
command implemented in Mothur v1.3 (Schloss et al.
2009). Sequences were concatenated using BioEdit 7
(http://www.mbio.ncsu.edu/bioedit/bioedit.html) and
each unique allelic profile was assigned a sequence type
(ST) number.

Population structure and ancestry

Population structure of the 78 strains was inferred using
the admixture model with correlated allele frequen-
cies (Pritchard et al. 2000) implemented in STRUC-
TURE v2.3. Sequence data (3 loci) were formatted using
xmfa2struct  (http://www.xavierdidelot.xtreemhost.com
/clonalframe.htm). STRUCTURE uses a Bayesian clus-
tering framework and assumes that the observed data
are derived from K ancestral populations (lineages). The
admixture model allows for mixed ancestry in more than
one of the K populations. Five replicate Markov Chain
Monte Carlo (MCMC) runs were performed for each
value of K ranging from 2 to 7 using 100,000 burn-in and
100,000 sampling iterations. A value of K was selected
on the basis of the ad hoc approach described in the
software documentation as well as the additional crite-
rion that an ancestral population must contribute >50 %

genetic material to at least one individual to be recog-
nized. Structure results of the selected K were visualized
by CLUMPP (Jakobsson and Rosenberg 2007) for label
switching.

Phylogenetic analysis

Besides sequences representing the 78 strains from Lake
Tai, reference sequences of Spirodela, Landoltia and
Lemna species, and Wolffia globosa 6919 as outgroup were
also retrieved from GenBank and included in phyloge-
netic analysis (Supplementary Table S3). Maximum-like-
lihood (ML) phylogenetic analyses were carried out using
PhyML v3.0 (Guindon et al. 2010) and the substitution
model GTR + G + I, chosen on the basis of the Akaike
information criterion implemented in jModelTest2 (Dar-
riba et al. 2012). Settings used in PhyML were as follows:
BioNJ starting tree, four substitution rate categories, esti-
mated proportion of invariable sites, and SPR and NNI
tree improvement algorithms. ML trees were reconstructed
using unique STs for concatenated sequences; 1,000 non-
parametric bootstrap replications were used to assess sup-
port. Trees were drawn using Mega5 software. Data for
1,000 replicate bootstrap trees from the ML analysis of the
three loci sequences were imported into SplitsTree version
4.1 (Huson and Bryant 2006) and used to construct a con-
sensus network graph.

An index, I, Was used to assess the extent of congru-
ence between ML trees reconstructed for each of the three
loci using an online calculator (http://max2.ese.u-psud.
fr/icong/). The topological congruence between the trees
was assessed using MAST (maximum agreement subtrees)
and the index is based on a limit law for the distribution
of the size of the MAST when trees are chosen at random
(De Vienne et al. 2007). An associated confidence level was
also provided by the testing.

Population genetics analysis

Summary statistics for sequences representing the 78
strains from Lake Tai were calculated by DnaSP v5.1
(Librado and Rozas 2009), including G + C content, the
number of polymorphic sites (5), and the number of hap-
lotypes (H). The average number of pairwise nucleotide
differences per site (), number of synonymous substitu-
tions per synonymous site (1g), number of nonsynonymous
substitutions per nonsynonymous site (), and the ratio of
nonsynonymous to synonymous substitutions (dN/dS) were
calculated with Jukes—Cantor correction. Tajima’s D test
of neutrality was calculated based on segregating sites. In
addition, a phi test implemented in SplitsTree (Huson and
Bryant 2006) was used to test whether recombination exists
among sequences.
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Results
Summary statistics of duckweed populations at Lake Tai

In total, 78 duckweed strains of the genera Spirodela,
Landoltia and Lemna from Lake Tai were collected; details
of the origins are listed in Supplementary Table S1. PCR
amplification of atpF-atpH, matK and rpoB was suc-
cessfully conducted for all 78 strains and statistics for the
nucleotide sequence data are summarized in Table 1. The
rpoB gene showed a higher G — C content (41 %) rela-
tive to the average of the three loci (34 %). The length of
atpF-atpH spacer varied from 581 to 622 bp, while the
alignment was 646 bp in length and included 13 insertions/
deletions. These length variations in atpF—atpH spacer sug-
gest a low level of conservation, compared to the other two
housekeeping genes.

There were five allelic types (H) for each locus. Values
of dN/dS for matK and rpoB loci were <1 indicating that
both were subjected to purifying selection. This conclusion
is also supported by significant values of the Z test statistics
rejecting the null hypothesis of dV = dS (data not shown).
Strong purifying selection is consistent with essential func-
tions of housekeeping genes. Tajima’s D values were sig-
nificantly different from O for all loci (Table 1), suggesting
significant departure from a standard neutral model (Feil
2010). Furthermore, the phi test for the 78 sequence data
showed P values of 0.33, 0.62 and 1.00 for atpF-atpH,
matK and rpoB, respectively, indicating no significant
recombination was detected.

The three concatenated loci sequences (1,750 bp) were
classified into 5 unique sequence types (STs) (Table 2). At
Lake Tai, strains of ST1 and ST2 were predominant and
accounted for 79.5 % of the total collection, followed by
14.1 % of STS5. Both ST3 and ST4 are under-represented
at below 4 %. When compared to reference sequences,
two-thirds of the strains had STs nearly identical to the
reference strains (Table 2). Sequences of ST1, ST4 and
ST5 exhibited 99.9 % similarities to those of reference
strains, namely S. polyrhiza 7498, L. minor 7210 and L.
punctata 7449. A minority of strains representing ST2 and
ST3 showed relatively more divergence (99.3 and 99.8 %,
respectively), compared to reference strains L. aequinoc-
tialis 6612 or L. turionifera 8760. The differences between
the two STs and reference strains were contributed by
atpF—-atpH spacer for ST2, and matK plus rpoB for ST3,
respectively.

Population structure

Different STRUCTURE models were explored with K
(number of ancestral lineages) ranging from 2 to 7. Data
for multiple STRUCTURE runs using the admixture model
with correlated allele frequencies indicated that K = 5 was
optimal based on criteria described in Methods. Data for
ancestry and admixture levels of the 78 strains are shown
in Fig. 1. Strains with >50 % genetic materials from one of
the five ancestral lineages are considered to be representa-
tive of that lineage. Strains assigned to lineage II were most
abundant (38 strains), whereas those in lineage I (2 strains)

Table 1 Summary statistics for loci sequences of the 78 duckweed strains from Lake Tai

Locus Length (bp) GC content (%) H S bd T TN dNn/dS D
atpF-atpH 646 31.6 5 61 0.0395 n.d. n.d. n.d. 2.388*
matK 717 329 5 79 0.0491 0.1071 0.0338 0.316 3.627%%*
rpoB 387 40.9 5 20 0.0206 0.0546 0.0105 0.192 2.762%%*
Concatenated 1,750 34.3 5 160 0.0391 n.d. n.d. n.d. 3.168%*

Length the length of alignment, H number of haplotypes (alleles), S number of polymorphic (segregating) sites; nucleotide diversity estimated
for all sites (1), synonymous sites (7g), and nonsynonymous sites (1y) with Jukes-Cantor correction; dN/dS, ratio of nonsynonymous to synony-
mous substitutions, D Tajima’s D based on segregating sites, n.d not determined

Significance level: * 0.01 < P < 0.05; ** 0.001 < P < 0.01; *** P <0.001

Table 2 Frequencies and

. . . Lineage Sequence type Strain counts  Frequency Closest reference species (similarity)
lineage assignment of strains
representing 5 unique sequence ST3 2 0.026 Lemna turionifera 8760 (99.8 %)
types (STs) from Lake Tai I ST1 38 0.487 Spirodela polyrhiza 7498 (99.9 %)
1 ST4 3 0.038 Lemna minor 7210 (99.9 %)
v ST5 11 0.141 Landoltia punctata 7449 (99.9 %)
v ST2 24 0.308 Lemna aequinoctialis 6612 (99.3 %)
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were the least. Strains of lineage II, III, IV and V derived
100 % of their genetic material from their respective ances-
tral lineages, suggesting that very limited interlineage flow
of loci had taken place. Only the 2 strains representing
lineage I exhibited mixed ancestries derived from lineage
III, although for likely a very small percentage (Fig. 1).

1.0
0.8
0.6
04

0.2

| Il 11} v \%

Fig. 1 Ancestries of loci from the 78 strains as inferred by STRUC-
TURE. Each lineage is represented by a color block, whose width
is proportional to the number of strains assigned to it: I (red; 2), 11
(green; 38), 111 (blue; 3), IV (dark green; 11) and V (yellow; 24). Ver-
tical lengths of each strain is proportional to each of the 5 inferred
lineages

Fig. 2 Consensus network

graph of concatenated atpF—

atpH + matK + rpoB partial

sequences (1,777 bp) for

duckweed reference strains and

the 5 unique STs from Lake Tai. \
Scale bar indicates estimated

substitutions per site

L. minuta 7284

L. valdiviana 9229

W. globosa 9196

L. aequinoctialis 6612

ST2 98

Furthermore, each lineage contained only one sequence
type, indicating no genetic variations within lineage.

Phylogeny

The consensus network graph was reconstructed on 1,000
replicate bootstrap trees from ML analysis of concatenated
sequences representing strains from Lake Tai and reference
species (Fig. 2); the corresponding ML tree is presented
in Fig. 3. The network graph showed well-defined clus-
ters of strains corresponding to the five lineages inferred
by STRUCTURE. The reference strains were also grouped
with high bootstrap support (99-100 %). Using a relatively
low value of 0.1 for the consensus network threshold, no
reticulation was evident within clusters corresponding to
the five lineages. But small reticulations were shown within
the genus Lemna, particularly on inner edges. Reticulation
reflects phylogenetic uncertainty and may indicate recom-
bination events.

As shown in Fig. 2, the nearest neighbor of STI1
strains (lineage 1) was S. polyrhiza 7498, whereas that
of ST5 strains (lineage IV) was L. punctata 7449. Line-
age I, Il and V were classified into genus Lemna, and the

L. obscura 7856

L. trisulca 7579
L. turionifera 8760 ST4 L. minor 7210 1]
100
L. japonica 7182
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Fig. 3 Maximum-likelihood
tree of concatenated atpF—
atpH + matK + rpoB partial
sequences (1,777 bp) for
duckweed reference strains and
the 5 unique STs from Lake Tai.
Scale bar indicates estimated
substitutions per site

Wolffia globosa 9196

Lemna turionifera 8760
ST3

62
Lemna obscura 7856
Lemna trisulca 7579

Lemna gibba 7589
Lemna disperma 7269
Lemna japonica 7182
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|

Lemna minor 7210
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100 [ Lemna aequinoctialis 6612

98 L ST2
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n Lemna valdiviana 9229

100
u Lemna minuta 7284

b

Spirodela intermedia 7125

1004{31-1 } "

Spirodela polyrhiza 7498

L ST5
10

0
Landoltia punctata 7449

Number of sites: 1777
Log-likelihood: -4915.60612
Gamma shape: 0.858

Proportion of invariant: 0.317

GTR relative rate parameters:

A <->C:1.21908; A <-> G: 1.55083;
A <->T:0.53817; C <-> G: 1.92976;
C <->T:1.67929; G <-> T: 1.00000
Nucleotides frequencies:

f(A): 0.32225; f(C): 0.16111;

f(G): 0.17302; f(T): 0.34361

corresponding closest relative of the STs of each lineage
was L. turionifera 8760, L. minor 7210 and L. aequinoctia-
lis 6612, respectively.

Further, the [, index was used to assess the extent of
congruence between ML trees reconstructed for each of the
three loci (Supplementary Fig. S2). The [, indexes of all
associations between ML trees were statistically significant
(Table 3), indicating that the three single locus trees were
congruent with each other, and further suggesting that little
or no intragenic recombination had occurred. This result is
in agreement with the phi test for sequence data including
5 STs and reference strains, which detected no significant
recombination at each locus (P values of 0.07, 0.28 and

0.41 for atpF—atpH, matK and rpoB, respectively).

Table 3 Statistics of tree congruence index (,)

Association No. of taxa Liong P
atpF—-atpH/matK 19 1.262 0.0366*
atpF-atpH/rpoB 19 1.577 0.0004***
matK/rpoB 19 1.419 0.0038**

P, P value associated with the method used to test for congruence

Significance level: * 0.01 < P < 0.05, ** 0.001 < P < 0.01,
#kx P <(0.001

@ Springer

Discussion

In this study, we investigated natural duckweed populations
collected from Lake Tai, China by multilocus sequence
typing (MLST) of three loci, followed by STRUCTURE
and conventional ML phylogenetic analyses. This is the
first time such a framework was used to analyze duckweed
species. Our data and analysis validated the framework.
The 78 duckweed strains were divided into five lineages
corresponding to L. turionifera (lineage 1), L. aequinoctia-
lis (lineage II), L. minor (lineage III), L. punctata (lineage
IV) and S. polyrhiza (lineage V). No genetic variation was
observed within lineages (Fig. 1; Table 2), and interlineage
transfer of loci occurred infrequently as suggested by the
STRUCTURE analysis (Fig. 1). This observation was sup-
ported by both the congruence among ML trees (Table 3;
Supplementary Fig. S2) and the Phi tests. These data pro-
vide supporting evidence to the prevailing hypothesis that
duckweeds primarily inherit genetic materials by asexual
cloning. Although rare frequency of flowering and seed set-
ting may increase the level of genotypic and genetic diver-
sity (Vasseur et al. 1993; Santamaria 2002; Stomp 2005),
it appears that genetic exchanges, such as recombination
and gene flow, are limited for duckweed populations in the
wild. Some thought somatic mutations may provide the
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main source of genetic variations in clonal species with
rare periods of sexual reproduction (Orive 2001); however,
such variations were not observed in the loci studied in this
work. It has also been hypothesized that influx of new gen-
otypes by zoochory may contribute to the genetic diversifi-
cation of natural duckweed populations (Silvertown 2008).

The paucity of variations within lineages cannot be com-
pletely explained as the results of low mutation rates, how-
ever. We hypothesize that the genetic landscape could be
shaped by several possible processes. First, the low level of
diversity is often associated with genetic bottlenecks (Chi-
ang et al. 2001; Huang et al. 2001), as evidenced by our
data which exhibited significant deviations from the neu-
tral model by the Tajima’s D test (Table 1). Genetic bot-
tlenecks likely had led to the fixation of dominant alleles
within the population and contributed to depletion of
genetic diversity (Tajima 1983). Second, the clonal repro-
duction mode usually leads to much smaller sizes of effec-
tive population (Gliddon et al. 1987), although census sizes
of duckweeds are often in the order of millions of individu-
als. Furthermore, fluctuations in population size due to sea-
sonal changes in the wild (Landolt 1986) may also affect
the genetic variability. Third, due to clonal reproduction,
linkage disequilibria increases the ‘“hitchhiking” effects
where selection on a single locus lead to selection on its
adjacent linked loci as well (Jordan et al. 1996; Maruyama
and Birky 1996), thus decreasing genetic diversity. It is also
suggested that selection may favor clonal organisms to gen-
erate a single genotype that is competitive under diverse
environmental conditions (Lynch 1984).

Our data also point to remarkable genetic stability in
these wild duckweed strains. Based on the three genetic
markers analyzed, these strains from sea level in Eastern
China are almost identical to the reference strains (Table 2),
which were from diverse geographic locations including
North America, Europe, Asia (in India), and Africa, and
from different altitudes ranging from sea level to more than
1,000 m above sea level (Supplementary Table S3). This
stability holds for a more extreme case of the ST3/lineage
1(99.8 % similarities) and its reference strain, Lemna turi-
onifera 8760, which was collected from the Czech Republic
at an altitude of 1,239 m. Interestingly, the small variations
of ST3 were mostly contributed by the two housekeeping
gene markers matK and rpoB rather than the more variable
intergenic atpF—-atpH marker. Furthermore, the two strains
representing lineage I exhibited mixed ancestries with lin-
eage III (Fig. 1). This suggests that the genetic materials
exchange between lineages I and III might have occurred
before their separate dispersions on Earth. This hypothesis
will need to be investigated carefully in future work using
molecular clock theories.

In summary, the genetic structure of natural duckweed
populations might be shaped by complex interactions

between gene flow, genetic drift and various selection pres-
sures (Jordan et al. 1996; Wang et al. 2009). However,
given their primary reproduction mechanism of asexual
cloning, genetic conservation and stability appear to be the
main theme for duckweed during their evolutionary history.

The three genetic markers used in this study were
selected based on their successful applications in phylo-
genetic studies of duckweed (Cabrera et al. 2008; Wang
et al. 2010; Wang and Messing 2011). Although previous
study showed that atpF-atpH was a universal barcode for
species-level identification of duckweed, its sequence pol-
ymorphisms might not be sufficient to distinguish closely
related species, such as L. minor/L. japonica, L. minuta/L.
valdiviana (Wang et al. 2010). Further, the significant
length variations of the intergenic atpF-atpH, caused by
deletion/insertion, simple sequence repeats and rearrange-
ments, were also problematic for accurate alignment and
might result in incorrect phylogenies. To remedy these
drawbacks, analyses of more markers are needed to provide
a better understanding of the genetic relationships (Pennisi
2007; Fazekas et al. 2008; Chase and Fay 2009). The two
housekeeping genes, matK and rpoB, were widely used
and sufficiently variable for phylogenetic study (Hilu et al.
2003; Chase et al. 2005). Owing to more functional con-
strains and higher selection pressures as compared to atpF—
atpH, the housekeeping genes should complement atpF-
atpH, and they together should provide a more complete
framework for the analyses. Using the three loci, the MLST
method definitively classified the 78 strains from Lake Tai
into five well-separated lineages (Figs. 1, 2). In addition,
the network graph based on 1,000 ML trees of concate-
nated sequence of the three loci gave a cleaner delineation
of each species supported by high bootstrap values (Fig. 2),
compared to the ML trees inferred by any single locus
(Supplementary Fig. S2). These results further proved that
MLST might be an effective tool for distinguishing closely
related species.

The markers used in this study were all from chloroplast,
which possesses distinct patterns of inheritance compared
to the nuclear genome (Petit et al. 2005). This potentially
poses a challenge since results generated with chloroplast
markers could misrepresent genetic information in the
nuclear genome. It is possible that incompatible signals
exist among markers from the nuclear genome. However,
most previous studies indicated that great conservation and
insufficient variations were found among nuclear markers
in duckweeds (Les et al. 2002; Bog et al. 2010, 2013; Xue
et al. 2012). In few cases, such as incongruent events in
W. globosa, genetic exchange might have occurred among
individuals (Yuan et al. 2011), and its mechanisms remain
unknown.

Based on phylogenetic analysis of these three mark-
ers, we conclude that the collected duckweed strains from
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Lake Tai were separated into five species out of three
genera (Fig. 2). All identified species of the three genera
(Supplementary Table S3), except for L. perpusilla, L. ten-
era and L. yungensis (sequence data unavailable), were
included and placed on well-supported branches (Fig. 2).
This analysis framework was helpful in answering several
questions concerning the phylogeny of duckweed. One is
on classification between L. minor and L. gibba, which
had been an impossible task based on morphological data
(De Lange 1975; Kandeler 1975; Landolt 1975). The dis-
tinction between the two is essential for their utilizations
for different purposes: L. gibba is preferred in the OECD-
based investigations (Brain and Solomon 2007) whereas L.
minor is often used for bio-tests based on the ISO 20079
protocol (Naumann et al. 2007). In this report, our analyses
provided unequivocal classification of the two species.

Another question is regarding whether L. japonica origi-
nated from the hybridization of L. minor and L. turionif-
era. Previous attempts failed to reproduce the hybridization
event (Landolt 1986), mainly due to the rare events of flow-
ering and the small size of flower which made outcrossing
extremely difficult (Stomp 2005). In this report, we found
that L. japonica is phylogenetically much more closely
related to strains of L. minor than to L. turionifera (Fig. 2;
Supplementary Fig. S2). Furthermore, our STRUCTURE
analysis also showed that representative strains of lineage
I (L. turionifera) has a small admixture from those of line-
age III (L. minor) (Fig. 1), and reticulations were evident
on the inner edges of these branches (Figs. 2, 3), suggesting
genetic flow or recombination events within Lemna genus.
Taken together, our data suggest that L. japonica is not a
new species from a cross of L. minor and L. turionifera
(Landolt 1986), but a geographical subspecies of L. minor
in lineage III, much similar to the case of ST3 and line-
age I (Figs. 2, 3). However, it should be cautioned that such
kind of small admixtures sometimes could result from data
artifacts. Thus this hypothesis requires more supporting
evidence when sequences of multiple L. japonica strains
become available.

In conclusion, our results from MLST analyses not only
established a solid basis for characterization of Landoltia,
Spirodela and especially Lemna strains at the species level,
but also provided insights into the genetic structure of natu-
ral duckweed populations. Moreover, our work highlighted
the potential of using duckweed as a model system to study
population genetics and the effects of asexual cloning on
genetic diversity and evolution. The framework used in
this work, combined with sequencing of more genes and
eventually genome-wide single nucleotide polymorphism
typing in duckweeds, should prove to be valuable tools for
future studies in this field.
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