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10

Abstract11

Background: Nomocharis is a genus that is closely related to Lilium in the Liliaceae family. It’s12

useful to study the influence of the uplift of the Qinghai-Tibet Plateau on plants and their13

biological diversity. Nomocharis is a genus of such plants, and research on this genus will be14

especially informative, considering the genetic diversity of flowers. However, the genetic15

information of Nomocharis has not been fully elucidated.16

Results: To obtain a complete Nomocharis reference genome, the paper first performed a general17

survey. Next-generation sequencing (NGS) was utilized to perform de novo sequencing of the18

entire Nomocharis forrestii genome. In this study, the sequencing process yielded approximately19

137.4 Gb of high-quality data, the total sequencing depth was approximately 63X, and the Q3020

ratio was 91.95%; the estimated genome size was approximately 2.17 Gb; the repetitive sequence21

content was approximately 84.7%, the heterozygosity rate was 3.99%, and the estimated GC22

content of the genome was 43%. Furthermore, an annotated circular chloroplast gene map was23

generated, and a preliminary evolutionary analysis was performed. In addition, a total of 78,04524

mailto:wuxuewei@ynu.edu.cn
mailto:687514549@qq.com(Lihua
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high-quality SSR markers were developed.25

Conclusion: Nomocharis forrestii has a 2.17 Gb heterozygous genome, its SSR markers are26

predominantly dinucleotides, and its chloroplast genome shows that Nomocharis forrestii and27

Lilium bakerianum have the highest homology followed by Lilium distichum. To the best of our28

knowledge, this report describes the first de novo whole-genome sequencing and assembly process29

to be performed for Nomocharis. The results of this study may provide new resources for the30

future genetic analysis and molecular breeding of Nomocharis.31

Keywords: Nomocharis forrestii; SSR marker; chloroplast genome; genome survey32

33

Background34

Nomocharis is a genus closely related to Lilium in the Liliaceae family[1]. There are 7 species in35

this genus and 6 species in China. Among these species, Nomocharis pardanthina and Nomocharis36

meleagrina are endemic to China[2]. Nomocharis is distributed on the southeastern margin of the37

Qinghai-Tibet Plateau, being concentrated in northwestern Yunnan and adjacent areas, and only38

Nomocharis synaptica appears in northeastern India. Since Franchet established Nomocharis[3]39

with Nomocharis pardanthina as the model species in 1889, whether the genus was established as40

an independent genus and the scope of the genus have been controversial. For an extended period,41

scholars have had different opinions, resulting in frequent changes in the ownership of certain42

species within this genus and Lilium[1]. Nomocharis aperta and Nomocharis saluenensis in43

Nomocharis and Lilium lophophorum, Lilium souliei, and Lilium henrici in the genus Lilium have44

been moved back and forth between the two genera. Previously, scholars believed that45

Nomocharis was a young taxonomy newly derived from Lilium during the uplift of the46
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Qinghai-Tibet Plateau[1,4]. Regardless of morphological characteristics[3,5,6], geographic47

distribution[7] or molecular properties[8,9,10], both Nomocharis and Lilium are inextricably linked.48

Therefore, research investigating the Nomocharis genome and chloroplast levels and analyzing the49

relationship between the two genera is of great significance not only for elucidating the phylogeny50

and evolution of Nomocharis and Lilium but also for studying the effects of the uplift of the51

Qinghai-Tibet Plateau on plants and on overall biological diversity.52

A number of molecular biology research methods, such as the use of molecular markers,53

require large quantities of information regarding genomes and specific functional genes. To date,54

there are no research reports describing the whole genome of Nomocharis, and the lack of a55

reference genome has placed considerable restrictions on the research investigating Nomocharis56

molecular biology and genomics. Therefore, an investigation of the Nomocharis genome is57

essential [11-16].58

Recently, next-generation sequencing (NGS) has developed rapidly. This technique provides59

scientists with faster and less expensive sequencing. Among many NGS sequencing platforms,60

Illumina is the most commonly used for molecular marker development [11-18]. This platform is61

preferred not only because it can use RCA products [19] but also because it can use a bioinformatic62

platform for de novo assembly without reference to the genome sequence [20]. SSR markers are the63

most widely utilized molecular marker system. SSR markers for many species have been64

developed through NGS. The increase in the density of molecular markers can further promote65

molecular breeding and genome-wide association. Therefore, to study and provide resources for66

the Nomocharis genome for future research, research on the N. forrestii genome was performed67

using NGS technology. In addition, the whole genome sequence of N. forrestii will be employed68
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for the development of SSR markers after assembly.69

The chloroplast is a very important plant organelle with its own genome, and it produces70

energy through photosynthesis. Because chloroplasts have a highly conserved structure, the71

chloroplast genome has not only been employed as an useful research model, especially in72

phylogeny[21], but it has also been utilized as a DNA barcode[22] and for species protection and73

genome evolution[23]. To the best of our knowledge, there is no prior report on the Nomocharis74

chloroplast genome sequence, and the complete N. forrestii chloroplast genome is presented in this75

article.76

77

Result78

Genome Sequencing and Sequence Assembly79

To sequence N. forrestii, we extracted DNA from fresh leaves. Through Illumina sequencing, the80

original sequencing data were approximately 137.4 Gb, the total sequencing depth was81

approximately 63X, and the Q30 ratio was 92.07%. After sequencing quality control, total clean82

data were obtained, and the sample Q30 base percentage was not less than 90% with an83

approximately 63X depth of sequencing. From the 300-bp library obtained by sequencing, the first84

10,000 reads were extracted and compared with the NT library. No abnormal comparisons, such85

as microorganisms and humans, were observed in the comparison results, and there was no86

contamination in the samples. The chloroplast data of the Lilium bakerianum chloroplast complete87

genome (NC_035592.1) with a genome size of 151,655 bp were utilized to evaluate the plastid88

content. Comparing the obtained high-quality data with the plastid sequence, the comparison89

indicated that the content of plastids was low, which did not affect the sequencing and assembly of90
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the subsequently analyzed genome. The statistics of the N. forrestii sequencing data are shown in91

Table 1.92

Clean data of high-quality reads were assembled using SOAPdenovo software based on a De93

Bruijn graph. The total length of the obtained genome sequence was 689 Mb, and the specific94

assembly results are shown in Table 2.95

Table 1. Statistics of Nomocharis forrestii sequencing data96

Raw/Clean Read Number Base Number(bp) GC Content(%) Q30(%)

Raw 458,075,259 138,014,716,200 43.48 91.95

Clean 458,066,599 137,419,979,700 43.49 91.95

97

Table 2. Information on the assembled genome sequences of Nomocharis forrestii98

Scaffold Contig

Size(bp) Number Size(bp) Number

N50 233 1,623,797 231 1,757,298

N60 233 1,623,797 231 1,757,298

N70 167 2,179,339 164 2,326,551

N80 151 2,936,082 151 3,090,524

N90 134 3,726,880 134 3,885,675

Longest 112 4,675,373 112 4,838,894

Total 245,202 1 25,481 1

99

100
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Genome Size Estimation and Genome Survey101

Using 137.4 Gb data for 17-mer analysis, the total number of K-mers was determined to be 1.3 ×102

1011, and the expected K-mer depth was observed to be 75. According to the formula (genome size103

= total number of K-mers/expected depth of K-mer), the genome size was calculated to be104

approximately 1.73 Gb, and the genome size was estimated to be 2.17 Gb by GenomeScope105

software(Fig. 1). According to our experience, for complex genomes, the results of K-mer106

calculations may be smaller because the homologous K-mer is overlooked; therefore, the results107

predicted by GenomeScope were considered to be more accurate. The genome size of N. forrestii108

was estimated to be 2.17 Gb.109

110

111

112

113

114

115

116

117

118

119

120

121

Fig. 1 K-mer distribution calculated by GenomeScope. The blue bar represents the observed K-mer122
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distribution; the black line represents no K-mer; the red line represents the error model distribution; and123

the yellow line represents the maximum K-mer coverage specified in the model.124

125

Assembly of Chloroplast Genome126

The fully annotated annotation results indicate that the sample chloroplast genome is a127

circular double strand. Similar to most higher plant chloroplast genomes, there are two inverted128

repeats (IRs), namely, IRAs and IRBs; between the inverted repeats, there is a large single-copy129

region (LSC) and a small single-copy region (SSC) (Fig. 2).130

131

132

133

134

135

136

137

138

139

140

141

142

143

Fig. 2 Chloroplast genome of Nomocharis forrestii.144
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Statistics show that there are 116 genes in the chloroplast genome of N. forrestii samples,145

including 82 protein-coding genes (PCGs), 30 transfer RNA (tRNA) and 4 ribosomal RNA (rRNA)146

genes, of which 7 genes have more than 2 copies. The total GC content of the chloroplast genome147

was determined to be approximately 37.0%. All chloroplast genes and classifications are shown in148

Table 3.149

The chloroplast genome plays an important role in the reconstruction of plant phylogeny and150

evolutionary history. In our research, we utilized whole-genome sequences from 25 kinds of151

chloroplasts (15 of which are Liliaceae) and constructed a phylogenetic tree using MEGAX152

software[24,25]. Using the neighbor-joining method[26], 1000 bootstrap test repeats draw a153

proportional evolutionary tree; taking the number of base substitutions at each site as the unit, the154

maximum likelihood method[27] is used to calculate the evolutionary distance (deleting all155

ambiguous positions of a single sequence pair). The branch length of the evolutionary tree is used156

to show the evolutionary distance of the phylogenetic tree, and the percentage of the replication157

tree of the bootstrap test is marked next to the branch. The use of the complete chloroplast genome158

sequence to reconstruct molecular phylogenetic relationships strongly supports the phylogenetic159

relationships of Liliaceae plants. In this study, it was observed that Nomocharis forrestii and160

Lilium bakerianum have the highest homology followed by Lilium distichum (Fig. 3).161

162

163

164

165

166
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181

182

183

Fig. 3 Molecular phylogeny of 15 Liliaceae plants based on 25 whole chloroplast sequences184

185

186

187

188
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Table 3. Classification of Nomocharis forrestii chloroplast genes189

Functions Family name Name of Gene(s)

Genes for

photosynthesi

s

Subunits of ATP

synthase

atpA, atpB, atpE, atpF, atpH, atpI

Subunits of

NADH

dehydrogenase

ndhA, ndhB, ndhC, ndhD, ndhE, ndhF, ndhG, ndhH,

ndhI, ndhJ, ndhK

Subunits of

cytochrome

petA, petB, petD, petG, petL, petN

Subunits of

photosystem

I

psaA, psaB, psaC, psaI, psaJ

Subunits of

photosystem II

psbA, psbB, psbC, psbD, psbE, psbF, psbH, psbI,

psbJ, psbK, psbL, psbM, psbN, psbT, psbZ

Subunit of

rubisco
rbcL

Other genes

Subunit of

Acetyl-CoA-carb

oxylase

accD

c-type

cytochrome

synthesis gene

ccsA
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Envelop

membrane

protein

cemA

Protease clpP

Maturase matK

Self-replicati

on

Large subunit of

ribosome

rpl14, rpl16, rpl2, rpl20, rpl22, rpl23, rpl32, rpl33,

rpl36

DNA dependent

RNA

polymerase

rpoA, rpoB, rpoC1, rpoC2

Small subunit of

ribosome

rps11, rps12, rps14, rps15, rps16, rps18, rps19,

rps2, rps3, rps4, rps7, rps8

rRNA Genes rrn16S, rrn23S, rrn4. 5S, rrn5S

tRNA Genes

trnI-GAU, trnA-UGC, trnR-ACG, trnN-GUU,

trnL-UAG, trnN-GUU, trnV-GAC, trnL-CAA,

trnY-GUA,trnT-UGU,trnN-GUU,trnT-GGU,trnL-CA

A,trnA-UGC,trnR-UCU,trnW-CCA,trnG-GCC,trnC-

GCA,trnE-UUC,trnP-UGG,trnQ-UUG,trnS-GGA,tr

nI-CAU,trnS-GCU,trnL-UAA,trnS-UGA,trnV-UAC,t

rnK-UUU,trnF-GAA,trnL-UAG,trnD-GUC,trnM-CA

U,trnI-GAU,trnV-GAC,trnH-GUG,trnG-UCC,trnR-A

CG
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Genes of

unknown

function

Conserved open

reading

frames

ycf1, ycf2, ycf3, ycf4

190

Genomic SSR Marker Development191

We employed the MISA software to search the assembled scaffold for SSR marks. A total of192

78,045 SSRs were identified from 2,847,542 scaffolds (Table 4). Regarding the base length of193

SSR repetitive sequences (not including single nucleotides), dinucleotides accounted for 89.7%,194

trinucleotides accounted for 8.97%, tetranucleotides accounted for 1.39%, pentanucleotides195

accounted for 0.17%, and hexanucleotides accounted for 0.30% (Fig. 4a).196

Table 4. SSR types detected in the Nomocharis forrestii sequences197

Item Number Percentage(％)

Total number of sequences examined 5,772,746 -

Total size of examined sequences (bp) 1,155,548,885 -

Total number of identified SSRs 63,472 100.00

Number of SSR containing sequences 53,523 84.33

Number of sequences containing more

than 1 SSR
5,957 9.39

Number of SSRs present in compound

formation
9,375 14.77

Mononucleotide 29,190 45.99

Dinucleotide 25,775 40.61
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Trinucleotide 7,486 11.79

Tetranucleotide 513 0.81

Pentanucleotide 141 0.22

Hexanucleotide 367 0.58

198

199

200

201

202

203

204

205

206

207

208

209

210

Fig. 4 Features of SSR markers. (a) The frequency of different SSR markers; (b) The211

frequency of different dinucleotide SSR markers; (c) The frequency of different trinucleotide SSR212

markers.213

214
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Among dinucleotide SSR markers, AT/AT repeat motifs accounted for 35.67%, AG/CT215

motifs accounted for 48.34%, AC/GT motifs accounted for 15.05%, and CG/CG motifs accounted216

for only 0.94% (Fig. 4b). Among the predominant trinucleotide SSR markers, the AAT/ATT217

repeat motif, AAG/CTT repeat motif and ATC/ATG repeat motif accounted for 28.13%, 28.00%218

and 12.93%, respectively (Fig. 4c).219

SSR markers classified by the number of repeated motifs are summarized (Fig. 5). The SSR220

dinucleotide and trinucleotide markers were determined to be considerably more common than221

other SSR markers. In general, the number of SSR markers were observed to decrease as the222

length of the repeated motif increased.223

224

225

226

227

228

229

230

231

232

233

Fig. 5 Distribution and frequency of SSR motif repeats234

235

236
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Discussion237

The genome of garlic, a member of the Liliaceae family, has been reported previously. The size of238

the sequenced garlic genome is 16.24 Gb, accounting for 96.1% of the total garlic genome [29].239

Among the representative monocots, the genome size of indica rice is 430 Mb, and the functional240

coverage is 92%[30]; the genome size of japonica rice is 420 Mb, and the assembly coverage is241

93%[31]. The genome size of maize is 2.3 Gb[32]. According to our genome survey data, using all242

clean data for Genome Scoper analysis, the estimated size of the N. forrestii genome was 2.17 Gb.243

Compared with the garlic genome, the whole genome of N. forrestii is small, but it is relatively244

large in monocots. With the development of NGS technology, whole-genome sequencing research245

has begun to be widely employed in horticultural plants, which may play an important role in246

understanding the key genes of N. forrestii.247

GC content directly affects sequence bias [33]. GC content outside the 25-65% interval may248

cause sequence bias in Illumina sequencing. This problem is a notable one that affects the249

assembly of the genome [34]. The GC content of N. forrestii is 43.0%, which is higher than that of250

potato (34.8-36.0%)[35], Luffa cylindrica (37.9%)[36], and humans (41%) but lower than that of251

Gracilariopsis lemaneiformis (48%)[37].252

From the 1,155,548,885-bp genome survey sequence, 34,552 SSRs without single nucleotide253

repeats were identified. Therefore, it is estimated that the distribution of SSRs in the genome of N.254

forrestii is approximately 29.90 SSR/Mb, which is considerably lower than the 135.50 SSR/Mb255

measured in Arabidopsis[38] and the 117.57 SSR/Mb detected in Luffa cylindrica. Among the256

dinucleotide repeat motifs, AG/CT accounted for 48.34%, which is the most abundant type,257

followed by AT/AT, accounting for 35.67%; in the trinucleotide repeat sequence, AAT/ATT and258
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AAG/CTT account for approximately the same proportion, being 28.13% and 28.00%,259

respectively; among other polynucleotide repeats, AAAT/ATTT, AAAAT/ATTTT and260

AAAAAG/CTTTTTT account for the highest proportions, and they are all A/T-rich motifs present261

in N. forrestii. This phenomenon is in keeping with the findings obtained by studies of other262

species, such as L. cylindrica[36], rice[39], and Arabidopsis[40].263

Chloroplasts play important roles in the study of evolution and metabolism. The assembly264

and analysis of the whole chloroplast genome may also provide evidence to determine the265

evolutionary level and phylogeny of N. forrestii. The results of this study also indicate that266

Nomocharis evolved from the genus Lilium.267

Conclusions268

N. forrestii has a 2.17 Gb heterozygous genome, its SSR markers are predominantly dinucleotides,269

and its chloroplast genome shows that N. forrestii and Lilium bakerianum have the highest270

homology followed by Lilium distichum.271

272

Materials and Methods273

Materials274

N. forrestii collected from Shangri-La, Yunnan, China. Centrifuges, reagents, and servers275

were provided by the School of Agricultural, Yunnan University.276

277

Methods278

Total genomic DNA extraction279

Total genomic DNAwas extracted from fresh leaves using the CTAB method [16].280
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Illumina Sequencing Data Analysis and Assembly281

The Illumina HiSeq platform (Illumina Inc., San Diego, CA, USA) was used for genome282

sequencing. Sequencing was performed by Shaanxi Baiai Gene Information Technology Co., Ltd.283

Clean data were obtained through strict quality evaluation and data filtering of raw Illumina284

sequencing data. SOAPdenovo (https://github.com/aquaskyline/SOAPdenovo2) software [41] based285

on a De Bruijn Graph (version 1.05, BGI, Beijing, China) was employed to assemble clean data of286

high-quality reads. After assembly, the GC content information in the assembled genome was287

quantified.288

289

Genome Size Estimation and Genome Survey290

Clean data from high-quality reads were used for K-mer analysis. Based on the frequency291

distribution of K-mers (k = 17), we used GenomeScope292

(https://github.com/schatzlab/genomescope) to estimate the characteristics of the genome (genome293

size, duplicate content, and heterozygosity rate) [42]. Each read used 17 bp as the window and 1 bp294

as the step size to slide, and the total number of K-mers and the corresponding frequency were295

counted and calculated. Next, based on the K-mer depth distribution curve, the peak value296

(Peak_depth) was identified. Finally, according to the formula Genome Size =297

K-mer_num/Peak_depth, the genome size was calculated[16].298

299

Assembly and analysis of chloroplast genome300

The chloroplast genome was directly assembled with the help of NOVOPlasty301

(https://github.com/ndierckx/NOVOPlasty) [43] software; the reference sequence is NC_035592.1302

https://github.com/aquaskyline/SOAPdenovo2
https://github.com/schatzlab/genomescope
https://github.com/ndierckx/NOVOPlasty
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of L. bakerianum. The chloroplast group genes of the samples were annotated with CPGAVAS303

(http://47.96.249.172:16014/analyzer/home) [24] software. The annotation results were plotted304

using OGDRAW (https://chlorobox.mpimp-golm.mpg.de/OGDraw.html)[44]. MEGAX305

(https://www.megasoftware.net) was used to analyze the whole genome sequence of N. forrestii306

and 24 other chloroplasts using the neighbor joining method to analyze the evolutionary tree.307

308

Identification and verification of SSRs309

Using MISA software (https://webblast.ipk-gatersleben.de/misa), 2,847,542 scaffolds were310

utilized for genome SSR marker detection. We set the following search parameters for311

identification: di-, tri-, tetra-, penta- and hexanucleotide motifs have at least 6, 5, 4, 4, and 4312

repeats, respectively, as described by previous authors [16,29,37,45,46].313

314

Abbreviations:315

SSR: Simple Sequence Repeats; NGS: next-generation sequencing; LSC: large single-copy region;316

SSC: small single-copy region; PCGs: protein-coding genes; tRNA: transfer RNA; rRNA:317

ribosomal RNA; MEGA: molecular evolutionary genetics analysis;318
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Figures

Figure 1

K-mer distribution calculated by GenomeScope. The blue bar represents the observed K-mer
distribution;the black linerepresents no K-mer;the redline represents the errormodel distribution;and
theyellowlinerepresentsthemaximum K-mercoveragespeci�edinthemodel



Figure 2

Chloroplast genome of Nomocharis forrestii



Figure 3

Molecular phylogeny of 15 Liliaceae plants based on whole chloroplast sequence



Figure 4

FeaturesofSSRmarkers.(a)ThefrequencyofdifferentSSRmarkers;(b)The
frequencyofdifferentdinucleotideSSRmarkers;(c)ThefrequencyofdifferenttrinucleotideSSR markers



Figure 5

Distribution and frequency of SSR motif repeats
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