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Abstract

Background: Asian lotus (Nelumbo nucifera Gaertn.) is the national flower of India, Vietnam, and one of the top ten
traditional Chinese flowers. Although lotus is highly valued for its ornamental, economic and cultural uses, genomic
information, particularly the expressed sequence based (genic) markers is limited. High-throughput transcriptome
sequencing provides large amounts of transcriptome data for promoting gene discovery and development of molecular
markers.

Results: In this study, 68,593 unigenes were assembled from 1.34 million 454 GS-FLX sequence reads of a mixed flower-bud
cDNA pool derived from three accessions of N. nucifera. A total of 5,226 SSR loci were identified, and 3,059 primer pairs were
designed for marker development. Di-nucleotide repeat motifs were the most abundant type identified with a frequency of
65.2%, followed by tri- (31.7%), tetra- (2.1%), penta- (0.5%) and hexa-nucleotide repeats (0.5%). A total of 575 primer pairs
were synthesized, of which 514 (89.4%) yielded PCR amplification products. In eight Nelumbo accessions, 109 markers were
polymorphic. They were used to genotype a sample of 44 accessions representing diverse wild and cultivated genotypes of
Nelumbo. The number of alleles per locus varied from 2 to 9 alleles and the polymorphism information content values
ranged from 0.6 to 0.9. We performed genetic diversity analysis using 109 polymorphic markers. A UPGMA dendrogram was
constructed based on Jaccard’s similarity coefficients revealing distinct clusters among the 44 accessions.

Conclusions: Deep transcriptome sequencing of lotus flower buds developed 3,059 genic SSRs, making a significant
addition to the existing SSR markers in lotus. Among them, 109 polymorphic markers were successfully validated in 44
accessions of Nelumbo. This comprehensive set of genic SSR markers developed in our study will facilitate analyses of
genetic diversity, construction of linkage maps, gene mapping, and marker-assisted selection breeding for lotus.
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Introduction

Asian lotus (Nelumbo nucifera Gaertn.), also called sacred lotus,

is a diploid eudicot, that lies at the base of the angiosperm linage

[1], and has an estimated genome size of 929 Mb [2]. Lotus is a

perennial aquatic herbaceous plant that has been extensively

cultivated as an ornamental plant for its magnificent flowers, as a

food crop for its nutritive rhizomes and seeds, and as a source of

herbal medicines. Other than its agricultural and medicinal

importance, sacred lotus has many unique biological features. The

most notable examples are seed longevity and ‘lotus effect’ or the

unusal aquaphobic nature of the leaves. Lotus has also evolved as a

unique cultural and religious icon in both Buddhism and

Hinduism [3].

Lotus belongs to the family Nelumbonaceae, which consists of

one genus Nelumbo Adans. with only two species, N. nucifera

Gaertn. (Asia, north Australia and south Russia) and N. lutea
Willd. (North America and Northern South America) [3–6]. The

two species differ in external morphologies (plant size, leaf size,

flower color and form, etc.) [6,7] and have significant genetic

differences [7–15], but there is no interspecific hybridization

barrier and the offspring are viable and fertile [4]. Rich germplasm

resources have been developed from natural and artificial hybrids

within or between the two species. More than 800 lotus cultivars

have been recorded in China [16], and are classified into three

categories according to the morphological characteristics and

agricultural utilization: flower, rhizome and seed [6,15]. With

many attractive floral characteristics (e.g., petal color, petal

number, flower size, flower color, flower form, flowering period,

and fragrance, etc.), the flower lotus has been studied and

discussed more extensively than the rhizome or seed lotus. These

floral characteristics are often used as the standards for classifi-
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cation, and always attract the attention of lotus breeders for

germplasm improvement associated with ornamental and eco-

nomic values. Efforts by traditional breeding methods have

produced many lotus cultivars with diverse flower colors (red,

pink, white, light yellow, multicolor), different flower forms (single,

semidouble, double, duplicate, thousand-petalled), and an extend-

ed flowering period [6,16]. However, the molecular mechanisms

underlying formation of these attractive floral features remain

unknown. Therefore, understanding the processes that regulate

the formation and development of flower characteristics is of

particular importance, especially at the molecular level. Such

knowledge will facilitate the improvement of ornamental charac-

teristics and the directional molecular breeding for lotus in the

future.

Currently, several types of lotus genomic resources are

available, including a draft genome sequence [3], expressed

sequence tags (ESTs) [3,17–18], and one linkage map [7]. The

completion of the lotus genome will permit evolutionary and

comparative genomics, and identification of key genes of biological

and economic interests. Complementary to the whole genome

sequence, ESTs present an alternative valuable resource for

research because these provide the comprehensive information

regarding the transcriptome for specific biological processes [19].

Large numbers of ESTs with broad coverages are invaluable for

accelerating gene discovery and identification [19–22], compara-

tive genomics [23,24], large-scale expression analysis [25],

development of molecular markers [26–29], and phylogenetic

studies [30,31]. Recently, an increasing number of EST datasets

have become available for multiple organisms, but relatively few

ESTs are available for lotus. Transcriptome sequence data for

seven lotus tissues including root, leaf, petiole, embryonic axis,

rhizome internode, rhizome apical meristem and rhizome

elongation zone have been deposited in the National Center for

Biotechnology information (NCBI) database (http://www.ncbi.

nlm.nih.gov/sra/?term=nelumbo). However, transcriptome se-

quences of flower-bud tissues are not publicly available.

Simple sequence repeat (SSR) markers are very useful for a wide

range of applications in plant genetics and breeding because of

their abundance, random distribution within genomes, co-

dominant multi-allelic nature, high reproducibility and polymor-

phism [32,33]. There are two classes of SSRs, genomic SSRs

(located in non-coding genomic regions) and genic SSRs (found in

expressed sequences). Genic SSRs generally are more evolution-

arily conserved within and across related species [34]. Addition-

ally, genic SSRs may represent the specific transcriptional regions

that contribute to important agronomic traits [34,35]. Therefore,

genic SSR are useful tools to facilitate gene cloning, map

construction, and marker-assisted selection (MAS) breeding. So

far, a limited number of SSRs, including genomic SSRs (less than

500) from the previous studies [7,9,11,13–15,36–38], and genic

SSRs (only 39) from ESTs [7,11], have been developed for lotus.

Therefore, there is a need and opportunity for developing

additional SSR markers to be used for lotus molecular breeding.

The following is a description of the generation, assembly and

annotation of a transcriptome-derived expressed sequence dataset

based on the 454 GS-FLX Titanium sequencing data from the

young flower-buds of three accessions of N. nucifera. To the best

of our knowledge, this is the first report of the transcriptome of the

lotus flower -bud, and it will facilitate gene cloning and functional

studies of genes involved in lotus growth and flower development.

Additionally, we developed a comprehensive set of genic SSR

markers and illustrated their utility within 44 accessions of

Nelumbo. These genic SSR markers will greatly enrich the

number of SSRs markers and will facilitate gene mapping, linkage

map construction, genetic diversity analysis and MAS breeding in

lotus.

Results

Transcriptome sequencing and assembly
A total number of 1,407,753 raw reads with an average length

of 370 bp were generated by high-throughput sequencing of a

mixed flower bud cDNA pool from three accessions of N. nucifera
(Table 1). After removing low-quality reads including adapters,

primers sequences, and short sequences (,50 bp) by a stringent

trimming process, 1,342,621 clean reads (87.2%) were obtained

with an average length of 338 bp (Table 1, Figure 1a). The total

length of clean reads was about 454 million bases (453,913,177).

Using CAP3 and Newbler software, the clean and qualified reads

were assembled de novo into 46,348 isotigs with 25,998 remaining

as singletons, for a total of 72,346 unique sequences. More than

half of the total assembled length of isotigs was. 700 bp (N50 =

703 bp) (Table 1). The size distribution of isotigs and singletons is

shown in Figure 1b.

A total number of 68,593 unigenes with an average length of

506 bp were obtained in the study by combining and clustering

the assembled unique sequences with CD-HIT 4.0 (Table 1). The

length of 45,004 (65.6%) unigenes ranged from 100 to 500 bp,

17164 (25.0%) from 500 to 1000 bp, and 6,425 (9.4%) were more

than 1000 bp in length (Figure 2a). The length of a unigene was

related to the number of assembled sequences. The unigene length

exhibited a gradual increase with the increasing read-depth

(Figure 2b).

Functional annotation of the transcriptome
BLASTx was used to annotate the putative unigenes based on a

sequence similarity search against the NCBI Non-Redundant

protein database. Among the 68,593 unigenes, 34,341 (50.1%)

unigenes, including 27,786 isotigs and 6,655 singletons, aligned

with proteins of other species. Over 39% (27,193) had high

similarities (e value ô 1e25 and percentage of identical match ô

50%) to known sequences. However, homologous sequences could

not be identified for about one half of the unigenes, indicating that

these potential novel transcripts may play specific roles in the floral

development of N. nucifera. Gene ontology assignments were

applied and the functions of the unigenes were classified into a

diverse range of functional classes (Figure 3).

Pathway-based analysis for the transcriptome of lotus flower

bud is helpful to further understand the biological functions and

genes interactions. A total of 13,536 genes were assigned to 232

different pathways in the KEGG database (Kyoto Encyclopedia of

Genes and Genomes), and the top 26 KEGG pathways are shown

in Figure 4. The pathways with most representation were

‘Metabolic’ and ‘Biosynthesis of secondary metabolites’ (Fig-
ure 4), which indicates that the diverse metabolic processes are

active and a variety of metabolites are synthesized in the flower

bud of N. nucifera.

Transcripts related to flower development
A total of 152 putative homologs related to flower development

genes were identified, and they were involved in eight pathways

such as the anthocyanin biosynthesis (65), carotenoid biosynthesis

(15), specification of floral organ identity (12), photoperiod (21),

vernalization (5), gibberellic acid (3), ethylene biosynthesis (17),

and other genes of flower development (14) (Table S1).

Identification of these genes will aid the understanding of the

molecular mechanisms involved in the formation and development

of important flower characteristics of lotus in the future, especially
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in the colorants form of flower or fruit, flowering-time, floral organ

identity, flower forms, and flower senescence etc. EST sequences

of all 152 genes identified in the study are listed in Dataset S1.

Identification of EST-SSR markers
Using a perl script known as MISA, we identified 6,086 SSR

loci from 68,593 unigenes generated in this study, with an average

of one SSR locus per 5.7 kb DNA. Of these, 550 unigenes (10.5%)

contained more than one SSR and 339 (6.5%) contained

compound SSRs with more than one repeat type (Table 2).

SSRs with mononucleotide repeats were not considered in this

study, and the remaining 5,226 SSRs included di-, tri-, tetra-,

penta-, and hexa-repeats. Di-nucleotide repeat motifs were the

most abundant type, with a frequency of 65.2% (3,408), followed

by tri- (31.7%, 1,655), tetra- (2.1%, 109), penta- (0.5%, 27) and

hexa-nucleotide repeats (0.5%, 27) (Figure 5a). Frequencies of

SSRs with different numbers of tandem repeats are shown in

Figure 5b. The number of SSR repeats ranged from 5 to 39, and

SSRs with six tandem repeats (24.9%) were the most abundant,

followed by five tandem repeats (19.5%), seven tandem repeats

(16.7) and eight random repeats (11.8%), respectively. Motifs that

showed more than 15 repeats were rare, with a frequency of less

than 1.5%. The top 10 abundant SSR repeat motifs with different

levels of repeats are shown in Table 3. C/G-rich (0.5%) motifs

were rare in our database.

Development and evaluation of EST-SSR markers
Primers were designed successfully for 3,059 SSR loci using

Primer Premier 3.0. However, the remaining 2,167 SSR loci did

not have enough flanking sequences for primer design. SSR

markers developed in this study were designated with the prefix

‘NNFB_’ and a number (NNFB_1 – NNFB_3059). Primer

sequences are presented in Table S2.

We randomly selected 575 primer pairs for synthesis and

validation. DNA fragments were successfully amplified from 514

primer pairs (89.4%), but failed from the rest of primer pairs at

various annealing temperatures and Mg2+ concentrations (Table
S3). PCR amplification resulted in 217 SSRs (42.2%) that were

polymorphic for seven representative accessions of N. nucifera and

one accession of N. lutea. In fact, of the 217 polymorphic primers,

109 primer pairs were polymorphic among the Nelumbo
accessions, and 108 primer pairs were polymorphic only between

N. nucifera and N. lutea, suggesting that the 108 markers had no

allelic polymorphism among the N. nucifera accessions (Table
S3). EST sequences, from which all 217 polymorphic markers

were designed and developed, are listed in Dataset S1.

The 109 SSR polymorphic markers among the Nelumbo
accessions in the study were used to genotype a sample of 44

accessions plants representing diverse genotypes of Nelumbo
(Table S4). A total of 394 alleles were identified. The number

of alleles per locus varied from 2 to 9, with an average of 3.7 alleles

per locus. Polymorphic information content (PIC) ranged from 0.6

for NNFB_1635 to 0.9 for NNFB_1280 with an average value of

Table 1. Raw reads and assembled data information by transcriptome sequencing.

Raw reads Trimmed reads Assembly data

Total number of Reads 1,407,753 Total clean reads 1,342,621 Total number of isotigs 46,348

Total length of Reads (bp) 520,201,137 Total length (bp) 453,913,177 Total length of isotigs (bp) 28,734,639

Minimum Read length (bp) 19 Minimum Read length (bp) 50 Isotig N50 (bp) 703

Maximum Read length (bp) 1013 Maximum Read length (bp) 608 Number of singletons 25,998

Mean Read length (bp) 370 Mean Read length (bp) 338 Total number of unigenes 68,593

GC content (%) 44.99 GC content (%) 44.91 Mean unigene length (bp) 506

doi:10.1371/journal.pone.0112223.t001

Figure 1. Size distribution of reads, isotigs and singlets by the transcriptome sequencing. (A) Length distribution of the sequencing reads
after trimming low-quality reads. (B) Size distribution of the isotigs and singlets. The longest isotig was 7,170 base pairs.
doi:10.1371/journal.pone.0112223.g001
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0.8 per marker (Table S5) suggesting that the EST-SSRs

uncovered in this study were highly polymorphic.

Diversity analysis and genetic relationship revealed by
EST-SSRs

Jaccard’s similarity coefficients were calculated for pairwise

combinations of all genotypes and a dendrogram was constructed

to resolve the members of four distinct groups, I, II, III and IV, at

a cut-off similarity coefficient of 0.39 (Figure 6). All genotypes of

N. nucifera clustered in Group I and Group II (Figure 6, Table
S4). GroupI contained seven N. nucifera accessions. Group II

contained twenty-five accessions of N. nucifera and was subdi-

vided into three distinct clusters (IIa, IIb and IIc) at a cut-off

similarity coefficient of 0.47, which strongly reflected the

derivation of the N. nucifera accessions as wild or cultivars.

Fifteen samples of wild, rhizome, thousand-petalled and tropical

lotus types were clustered into Subgroup IIa, all of which were

genotypes of wild accessions with different geographic locations in

either China or Thailand, except for two flower-lotus cultivars

(BYL and TP), one rhizome-lotus cultivar (EL-3) and one tropical

cultivar (XHSB). Subgroup IIb contained eight flower lotus

cultivars, and two red flower lotus cultivars with a number of

common morphological traits clustered in Subgroup IIc. All

genotypes of N. lutea and their interspecific hybrids with N.
nucifera were clustered in Group III and Group IV (Figure 6,

Table S4). Group III contained eight Asian-American hybrids

and Group IV was composed of four wild N. lutea accessions.

Discussion

The transcriptome of the flower buds from three accessions of

N. nucifera was deep sequenced and analyzed. This is the first

paper reporting large-scale transcript data from flower-buds of

Nelumbo. This transcriptome information provides a significant

addition to the existing genomic or functional-genomic resources

of lotus. Genic SSR markers developed in this study will enrich the

number of SSR markers and facilitate basic and applied genomic

research in lotus.

Transcriptome sequencing and assembly
Transcriptome sequencing is an important approach for gene

discovery, expression pattern identification, and molecular marker

development [28]. The next generation sequencing (NGS)

technologies including Roche/454, Solexa/Illumina and ABI /

SOLiD platforms have made it possible to generate large-scale

genome resources at a relatively low cost [39–41]. Among these

NGS methods, 454 GS-FLX Titanium provides a rapid, efficient

and cost-effective method for genomic resource enrichment by

generating ESTs with larger individual read lengths up to 500 bp

[42]. This method has been widely utilized for de novo
transcriptome sequencing and assembly in many organisms

[24,26,31,35,42–47]. In this study, we used the 454 GS-FLX

technology platform to generate a total of 1.34 million reads (about

0.45 GB) from a mixed flower-bud cDNA pool. This tissue-specific

transcriptome study will provide good reference data for

expression profiling of tissue-specific genes, especially in non-

model plants [47]. Therefore, these large-scale ESTs generated in

our study will provide more comprehensive flower-bud transcrip-

tome information and facilitate the identification of genes involved

in lotus growth and development, especially in flower develop-

ment.

Some previous studies indicated that the 454 GS-FLX Titanium

technology provided larger read lengths, but fewer relatively

numbers of reads than the Illumina technology [31]. This has been

verified in our study. The number of reads (about 0.45 GB) in our

study was less than that obtained by Illumina sequencing of other

lotus tissues (about 1.2–2.9 GB), previously deposited in NCBI

public databases. Long read lengths permit assembly of larger

contigs [42]. A total of 715,559 (53.3%) reads were more than

400 bp in our study, and the average length of contigs assembled

was 620 bp, which is considerably longer than that derived from

previous studies, such as 276 [29], 440 [48], 521 [49], 550 [39],

and 605 bp [50].

For sequence annotation, 50.1% (34,341) of 68,593 unigenes in

our dataset showed at least one significant homolog to genes in

other species by BLASTx targeting NCBI Non-Redundant protein

database. The higher percentage of hits was partially due to the

increased number of long sequences in our unigene database

Figure 2. Distribution of the unigene length and coverage depth by the transcriptome assembly. (A) Length distribution of the
assembled unigenes. (B) A density scatter-plot showing the relationship between unigene length and coverage. X-axis and y-axis labels refer to the
unigene lengths and the read-depth coverage for assembled unigenes, respectively.
doi:10.1371/journal.pone.0112223.g002
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(506 bp on average). The remaining unigenes (about 50%) could

not be functionally annotated because they were matched to a

protein of unknown/uncharacterized function or had no BLAST

matches in the database. The ability to detect significant sequence

similarities depends on the length of the query sequence in most

cases. Some previous studies showed that longer unigenes were

more likely to have BLAST matches in protein databases [33,51].

Our study demonstrated that 83.3% of the unigenes over 1000 bp

in length matched a homolog, whereas only 19.3% of the unigenes

shorter than 300 bp matched homologs. In addition, only limited

genomic and transcriptomic information are available for lotus,

hence many lotus genes are not included in current public

databases.

EST-SSR frequency and distribution in the lotus
transcriptome

Polymorphic SSR markers play important roles in genetic

diversity, population genetics, gene cloning, map construction,

comparative genomics, and MAS breeding, etc. Although about

five hundred SSR markers have been developed for lotus, only 39

markers are genic SSRs [7,11]. This limited number of SSR

markers blocked both basic and applied genomics research in

lotus. Deep transcriptome sequencing provides a good resource for

the development of numerous SSRs because of the quantity of

sequences it generates. Markers based on transcriptome sequences

are more useful for detection of functional variation and gene-

based analysis [29]. In this study, a total of 6,086 potential SSR

markers were identified from 5,482 unigene sequences (Table 2),

and 8.0% of the transciptome sequences possessed SSR loci. This

rate falls into the range of frequencies reported for other

dicotyledonous species (2%–17%) [52]. The SSR frequency is

different among various species, in part because of arithmetical

methods for SSR detection [28], search parameters for exploring

SSRs [29], and genome size or structure [53,54]. SSR frequency

in lotus is higher than barley (2.8%), Epimedium (3.7%), wheat

(7.4%), and pigeonpea (7.6%), but lower than sesame (8.9%) and

Amorphophallus (11.8%) [28–29,35,55–57]. The abundance of

SSRs in lotus is one SSR locus per 5.7 kb (Table 2), compared to

3.4 kb in rice, 3.5 kb in radish, 3.6 kb in Amorphophallus, 5.4 kb

in wheat, 7.4 kb in soybean, and 8.4 kb in pigeon pea [29,33,35].

The difference in SSR abundance could partially account for the

size of unigene assembly dataset, different search criteria, and data

mining tools [21,34].

Di-nucleotide repeats were the most frequent SSR motif type

(Figure 5a), representing 65.2% of SSR markers identified in this

study. This is consistent with the previous reports in Arabidopsis,
peanut, canola, sugar beet, cabbage, soybean, pigeon pea,

sunflower, rubber tree, sesame, sweet potato, pea, grape, and

Amorphophallus [28–29,35,52,58]. Mononucleotide repeat motifs

were excluded in our analysis because of the potential sequencing

errors. Among the di-nucleotide repeats, AG/CT (57.9%), also

found in other plant species [28,58–59], was the most frequent

motif in our transcriptome dataset. Previous studies suggested that

the tri-nucleotide AAG/CTT is a common motif and CCG/CGG

is rare in dicotyledonous plants [52,59]. This phenomenon was

confirmed by our studies showing that the most common tri-

Figure 3. Functions classification of the annotated unigenes.
Results are grouped by three main functional categories, Biological
process, Cellular component and Molecular function. The top abscissa
indicates the number of unigenes in a category. Bars show the number
of assignments of protein matches to each GO term using BLASTx.
doi:10.1371/journal.pone.0112223.g003

Figure 4. Histogram presentation of KEGG classification. A–Z
are the top 26 KEGG pathways. The y-axis indicates the number of all
genes with pathway annotation. The x-axis indicates the KEGG pathway.
A, Metabolic pathways; B, Biosynthesis of secondary metabolites; C,
Microbial metabolism in diverse environments; D, RNA transport; E,
Ribosome; F, Spliceosome; G, Protein processing in endoplasmic
reticulum; H, Purine metabolism; I, Pyrimidine metabolism; J, Oxidative
phosphorylation; K, Ubiquitin mediated proteolysis; L, Cell cycle; M, Cell
cycle-yeast; N, RNA degradation; O, Lysosome; P, Meiosis-yeast; Q,
Endocytosis; R, Nucleotide excision repair; S, mRNA surveillance
pathway; T, Proteasome; U, DNA replication; V, N-Glycan biosynthesis;
W, Aminoacyl-tRNA biosynthesis; X, Glycolysis/Gluconeogenesis; Y,
Amino sugar and nucleotide sugar metabolism; Z, Peroxisome.
doi:10.1371/journal.pone.0112223.g004
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nucleotide motif was GAA/AGA/AAG (13.3%) and that C/G-

rich (0.5%) motifs were rare. Moreover, the most frequent motif

and their types of genic SSRs in our study are in agreement with

that observed in genomic-SSRs from Yang et al. in lotus [7]. The

complete list of SSR (3,059) markers and their corresponding

primer pair information were provided in Table S2.

Polymorphism of EST-SSR markers and evaluation of
genetic relationships

Genetic diversity analyses of lotus germplasm has mostly

depended on RAPD, ISSR, AFLP, and genomic SSR markers

[10–15]. Only 39 EST-SSR markers for lotus have been

developed previously [11]. By deep transcriptome sequencing,

we identified a more extensive genic SSR marker set for lotus.

Genic SSRs are useful and often preferred for locating coding

regions of the genome, and frequently show a high degree of

transferability to the related species [29,60]. To validate our SSR

markers, a total of 575 primer pairs were synthesized and tested, of

which 514 primers (89.4%) successfully yielded amplicons in three

accessions of Nelumbo (Table S4). This result was similar to the

success rate of 60%–90% amplification previously reported

[27,29,59]. Lack of amplicon production by other primer pairs

may have been due to the location of the primers across splice-

sites, large introns, or poor-quality sequences [34]. Genic SSRs are

generally less polymorphic than genomic SSRs because of greater

sequence conservation in the transcribed regions [59], but the use

of genic SSRs developed in our study showed a high level of

polymorphism. Previous studies on the genetic diversity of

Nelumbo using genomic-SSRs reported an average of 3.3–5.8

alleles per locus with average PIC values of 0.3 – 0.5 [13–15,35–

37]. One study of genic SSR markers in lotus reported the mean

number of alleles per marker as 2.7 and an average PIC value of

0.3 [11]. In this study, we observed a similar average of 3.7 alleles

per locus and a higher average PIC value of 0.8 by using genic

SSR markers. We attributed this to the higher coverage depth we

achieved. Such depth generally produces larger contigs including

UTRs that are more polymorphic [35] and the use of diverse

genotypes of Nelumbo including wild lotus species, special

interspecific hybrids and tropical accessions for diversity analysis.

A dendrogram showed that N. lutea accessions in Group III and

their interspecific hybrids with N. nucifera in Group IV were

clearly separated from N. nucifera accessions in GroupI and

GroupII. Results confirmed that N. lutea is genetically distinct

from N. nucifera, as reported previously with various types of

molecular markers [7–15]. Wild accessions of N. nucifera that

clustered in SubgroupIIa were distinct from N. nucifera cultivars

in GroupI and SubgroupsIIb and IIc, suggesting that the cultivars

and wild plants have experienced divergence as a result of

advances in modern agriculture and changes in environment [11].

Genotypes of both Chinese and Thai lotus belong to N. nucifera;

however, they clustered in different groups. A total of eight

tropical accessions were used to evaluate their genetic variations,

Figure 5. Frequency distribution of the SSRs identified in transcriptome dataset. (A) Distribution of the total number of EST-SSRs in
different classes of repeat type. Di-, tri-, tetra-, penta- and hexa-nucleotide repeats were analyzed. (B) Distribution of the number of SSRs repeats. The
number of repeats ranged from 5 to 39.
doi:10.1371/journal.pone.0112223.g005

Table 2. Characteristics of SSRs identified in transcriptome dataset.

Total number of sequences examined 68,593

Total size of examined sequences (kbp) 34,682

Total number of identified SSRs 6,086

Number of SSR containing sequences: 5,482

Number of sequences containing more than 1 SSR 550

Number of SSRs present in compound formation 339

Frequency of SSR in transcriptome 1/5.7 kbp

doi:10.1371/journal.pone.0112223.t002
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of which four cultivars were placed in GroupI. Previous studies

have indicated that these tropical Thai accessions selected from

Southeast Asia germplasm belong to a different ecotype and were

genetically different from the temperate-type Chinese lotus

accessions [10,15], a finding also supported by our study. Other

three wild Thai accessions and one Thai cultivar (XHSB) were

clustered together with Chinese wild accessions in SubgroupsIIa.

The potential reason is that genic SSR markers from the

transcribed portion of the genome are more evolutionarily

conserved within and across related species, and different wild

accessions may share similar gene sequences [34]. The analysis of

genotypic diversity based on the genic SSR markers in this study

clearly illustrates the existence of several clusters within Nelumbo
germplasm (Figure 6). However, several accessions, particularly

some cultivars of N. nucifera, were clustered in different Groups

or Subgroups and lacked a clear pattern related to morphological

characteristics. This result could be explained by three reasons: 1)

the sample number of accessions for diversity analysis is not large

enough to show a clear pattern, 2) the cultivars selected by us

could harbor high genetic diversity caused by cross-breeding [15],

3) some accessions could have been misclassified by previous

studies using morphological characteristics as the classification

standards.

Conclusions

In this study, we generated more than 1.34 million lotus cDNA

sequences from flower buds of three N. nucifera accessions using

454 GS-FLX Titanium technology. This is the first report on the

transcriptome of lotus flower buds. The ESTs generated in this

report are significant additions to existing genomic and functional

genomics resources of lotus. These ESTs will facilitate annotation

of the lotus genome and identification of genes involved in lotus

growth and development, especially those involved in flower

development. A total of 3,059 SSR loci were successfully designed

the primer pairs in the study, of which 575 were validated for

amplification and polymorphism. Using the validated primers,

genetic diversity across 44 accessions of Nelumbo was examined.

These identified many genic SSR markers that will be valuable

resources for genetic diversity analysis, construction of linkage

map, genes mapping, and MAS breeding in lotus.

Materials and Methods

Plant materials and DNA extraction
Young flower-buds (35 - 40 mm in length) of three accessions of

N. nucifera (Table S6) were collected for RNA extraction and

transcriptome sequencing. Forty-four accessions, representing

diverse genotypes of Nelumbo, were used for marker validation

and genetic diversity analysis. Most of the plant materials used in

this study were produced by clonal propagation in pools at

Shanghai Chenshan Botanical Garden (Shanghai, China), to

prevent genetic contamination of different cultivars and species.

Detailed information on plant materials is listed in Table S4.

Genomic DNA was extracted using the DNAsecure Plant kit

(TIANGEN Inc. Beijing, China) following the manufacturer’s

protocol. DNA samples were dissolved in TE buffer (pH 8.0) and

visualized on 0.8% agarose gels in 16TAE. DNA purity and

concentration was measured with a NanoDrop 2000c UV-Vis

spectrophotometer (Thermo Fisher Scientific Inc., USA). DNA

was adjusted to a final concentration of 30 ng?ml21 and stored at

220uC until use.
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cDNA preparation and 454 sequencing
Field-collected young flower buds of three N. nucifera

accessions were picked and immediately frozen in liquid nitrogen

and stored at 280uC. Total RNA was extracted using the TRIzol

Reagent (Invitrogen). Equal quantities of RNA from the flower

buds of three accessions were blended to create a mixed pool for

maximizing the diversity of transcriptional units. cDNA synthesis

was performed using the Clontech SMART system (Clontech Lab,

inc. CA, USA). For 454 sequencing, the cDNA library was

prepared according to the manufacturer’s protocol using the

Roche GS-FLX Titanium General Library Preparation Kit. The

quality of cDNA was evaluated using the Agilent Bioanalyzer 2100

(Agilent Technology, inc. USA). The pooled library was

sequenced in a full 454 plate run on the GS-FLX Titanium

platform following standard procedures. The transcriptome

dataset was deposited in the Gene Expression Omnibus database

with an accession number of GSE57601.

Assembly and functional annotation
Raw data from 454 sequencing were pre-processed to remove

adaptor-ligated regions, primers and very short sequences (,

50 bp) by Seqclean (v86_64) [61] and to trim low-quality regions

by the LUCY program (v2.19) [62]. Cleaned and qualified reads

were then assembled de novo in Newbler (v2.5.3) with optimal

parameters [31,63,64]. The assembled unique sequences were

separately combined and clustered with CD-HIT 4.0 [65,66].

Sequences of similarity with . 95% identity were clustered into

one class and the longest sequence of each clustered class was

treated as a unigene.

Putative unigenes were compared against the NCBI Non-

Redundant protein database (http://www.ncbi.nlm.nih.gov/)

using BLASTx with an E-value cut-off of 1e25. The procedure

was used to provide a specific functional annotation for each

unigene, based on sequence similarity. The best alignment results

were selected to annotate the unigenes. Functional classifications

of the annotated unigenes were based on GO terms using

Figure 6. Genetic diversity analysis among Nelumbo accessions based on genic SSR markers. The dendrogram shows the genetic
relationships among 44 accessions of Nelumbo. Scale at the bottom of the dendrogram indicates the level of similarity between the genotypes and
the numbers on the nodes are bootstrap values (.50%) from 1000 replicates.
doi:10.1371/journal.pone.0112223.g006
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Blast2GO program [67] and KEGG pathway using custom Perl

script.

Detection of SSR markers and primer design
All unigenes obtained in the study were used to detect SSR loci

with MIcroSAtellite Perl script (MISA, http://pgrc.ipk-

gatersleben.de/misa). SSR loci were considered to contain two

to six nucleotide motifs with minimum repeats of 6, 5, 5, 5 and 5,

respectively. Primer 3.0 program [68] was used for designing PCR

primer pairs based on the following parameters: (1) primer length

ranging from 18 bp to 27 bp with an optimum size of 20 bp, (2)

melting temperatures (Tm) between 57uC and 63uC with 60uC as

optimum, (3) GC content between 40% and 60%, and (4) PCR

product size ranging from 100 bp to 280 bp.

PCR amplification and evaluation of SSR polymorphism
A total of 575 primers were selected from newly designed SSR

markers to evaluate SSR polymorphisms. All of 575 SSRs were

first tested for PCR amplification using genomic DNA of three

accessions of Nelumbo to amplify the target band and optimize the

annealing temperature. The optimized SSRs were then used to

detect polymorphisms in eight lotus accessions (seven representa-

tive accessions of N. nucifera and one of N. lutea). Polymorphic

SSRs were evaluated for genetic diversity analysis in forty-four

accessions of Nelumbo. PCR amplification for SSRs was carried

out in a 10 ml reaction volume with the following conditions: 94uC
for 5 min, followed by 30 cycles at 94uC for 30 s, 52uC for 30 s,

and 72uC for 30 s and a final extension at 72uC for 5 min. The

amplification products were separated on 6% denatured poly-

acrylamide gels with 16TBE buffer at a constant power of 50 W

for 1.5 h. After electrophoresis, the gel was silver-stained [69] and

photographed with a digital camera (Nikon D90). All primers were

synthesized by Sangon Biological Engineering Technology &

Service Co. (Shanghai, China).

Data scoring and genetic analysis
Differently sized fragments of EST-SSR were scored as unique

alleles and recorded manually in binary format (allele presence =

1, allele absence = 0). The binary matrix file was utilized to

calculate pairwise Jaccard’s similarity coefficients. Based on the

similarity matrix, all 44 accessions were clustered using UPGMA

analysis and the SHAN clustering program by NTSYS-pc v2.11

[70]. The value of the polymorphic information content (PIC) for

each EST-SSR primer was calculated for all 44 Nelumbo cultivars,

as previously described [71]. Bootstrapping analysis was carried

out using FREETREE software. Bootstrap values (. 50%)

estimated by 10, 000 replicates are considered significant and

are indicated on the dendrogram.
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