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Abstract 

 

Walnut (Juglans regia L.) is one of the most widespread economic trees in the world. In this study, genome sequencing of J. regia 

was performed with Roche 454 GS-FLX sequencer. A total of 541,176 high-quality reads were produced with an average read length 

of 359 bp. We obtained 31,362 contigs (≥100 bp) after assembling with the Roche Newbler de novo Assembler (Version 2.8); the 

total length of the assembly was 15.1 Mb. We then mapped all the sequence reads against the J. regia genome assembly. Totally, 

49,202 nucleotide variations were detected including 48,165 single nucleotide polymorphisms (SNPs) and 1,037 insertions/deletions 

(InDels). Among the detected SNPs, the number of transitions (35,480) was much more than that of transversions (12,685), with a 

ratio of 2.79:1. Within transitions, C/T transitions were slightly more abundant than that of G/A. Among transversions, A/T 

transversions were much more common than the other three types of transversions. As for the detected InDels, single nucleotide 

changes accounted for 52.65% of all InDels. Additionally, the InDel numbers were negatively correlated with the InDel lengths. 

 

Keywords: SNP; Juglans regia; genome; transition; transversion; InDel. 

Abbreviations: SNP- single nucleotide polymorphism; InDel- insertion/deletion; NGS- Next-generation sequencing. 

 

Introduction 

 

Single nucleotide polymorphisms (SNPs), which refer to the 

single-base differences among individuals, represent the most 

abundant source of genetic variation both in human and plant 

genomes (Wang et al., 1998; Brookes, 1999). The 

International SNP Map Working Group (2001) identified 

more than 1.4 million SNPs in the human genome, with 

approximately one SNP per kilobase (Wang et al., 1998). By 

contrast, the typical frequencies of SNPs in plants are in the 

range of one SNP every 100-300 bp (Edwards et al., 2007). 

Due to the enormous number, widely distribution and low 

mutation rate, SNP has been a useful tool in generating 

ultra-high-density genetic maps, constructing haplotype 

systems for genes or regions of interest, and map-based 

positional cloning (Duran et al., 2009). The assays that detect 

SNPs generally can also detect small insertions or deletions 

(InDels), which are one of the major sources of evolutionary 

change at the molecular level. InDels are also considered to 

be a valuable type of marker for quantitative trait locus 

mapping (Vasemagi et al., 2010), marker-assisted selection 

(Hayashi et al., 2006), and varietal testing (Steele et al., 

2008). Although SNPs and InDels are increasingly becoming 

the marker of choice in genetic studies, one of the limitations 

is the initial cost associated with their development (Batley et 

al., 2003). In recent years, the development of 

next-generation sequencing (NGS) technology offers great 

opportunities for molecular marker discovery due to its 

ability of generating large amounts of sequence data 

efficiently. This high-throughput method for detecting SNPs 

and InDels provides the greatest potential for cost-effective 

SNP discovery. NGS technology has been used successfully 

to identify nucleotide variations for a growing number of 

animals and plants, such as cow (Gibbs et al., 2002), swine 

(Wiedmann et al., 2008), Arabidopsis thaliana (Ossowski et 

al., 2008) and rice (Subbaiyan et al., 2012).  

Walnut (Juglans regia L.), an economically important 

woody plant in Juglandaceae family, has been widely 

cultivated for its valuable seed, which has abundant 

polyunsaturated fatty acids and proteins (Savage et al., 1999). 

Furthermore, other by-products derived from the walnut tree, 

such as shells, bark, and leaves, have been used in both 

pharmaceutical and cosmetic industries (Stampar et al., 2006). 

Although walnut has been cultivated for centuries, only a few 

systemic molecular studies on walnut have been reported. In 

the past, studies were carried out to assess genetic diversity 

of walnut by employing molecular markers, such as RFLP 

(Fjellstrom et al., 1994), RAPD (Nicese et al., 1998), and 

AFLP (Bayazit et al., 2007). More recently, the expressed 

sequence tags have been utilized for identifying SSR markers 

(Zhang et al., 2010). However, information on the genetic 

structure and diversity of walnut is still limited. In this study, 

we aim to develop and characterize a collection of SNPs and 

InDels in J. regia by partial genome sequencing, which 

would be useful for gene discovery, marker-assisted selection, 

and other breeding applications. 

 

Results 

 

Sequencing and assembly 

 

Using the 454 GS-FLX sequencer (Roche, Inc.), a total of 

541,176 reads were generated, in total bases of 194,024,314 

bp. The average read length was 359 bp. The Newbler de 

novo Assembler (Roche, Inc. version 2.8) successfully 

assembled 39.22% (212,229) of all reads (Table 1) into 31,362   
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  Table 1. Statistics of sequence reads generated by the 454 GS-FLX sequencer. 

No. of reads 
Average read length 

(bp) 

Total bases 

(bp) 

No. of reads 

in contigs 

No. of reads 

in singletons 

541,176 359 194,024,314 212,229 320,318 
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Fig 1. Distribution of numbers of contigs containing SNPs and mean numbers of SNP per contig in different size intervals. 

 

contigs (≥100 bp) comprising 15,071,048 bp nucleotides 

(Table 2), and left 320,318 reads remain as singletons (Table 

1). The Q40 (one miscall every 10,000 bases) plus bases 

showed 70.93% (6,726,255 bp) reliability among all contigs 

and singletons, suggesting a high accuracy of sequencing. 

There were a total of 9,707 contigs longer than 500 bp, which 

were classified as large contigs, accounting for 30.95% of all 

the contigs. Among the large contigs, the longest was 47,928 

bp, with an average length of 957 bp, and the N50 size was 

964 bp (Table 2).  

 

Sequence alignment and SNP detection 

 

All reads were mapped to the assembled contigs using 

Newbler GS Reference Mapper (Roche, Inc.). A total of 

48,165 candidate SNPs were identified in 9,404 contigs, 

accounting for 29.99% of all contigs. The average SNP 

frequency was one SNP per 313 bp. Figure 1 showed the 

abundance of contigs containing SNPs. The majority of SNPs 

(90.18%) were detected in contigs ranging from 100 bp to 

1700 bp. However, the number of SNPs per contig increased 

with contig size, indicating that larger datasets with greater 

contig sizes could be used to identify more SNPs. 

 

Analysis of base substitutions 

 

The distribution of substitution types was shown in Table 3. A 

greater number of transitions (35,480) than transversions 

(12,685) were identified, and the ratio between transitions 

and transversions was 2.79:1. Among the transitions, the 

number of C/T transitions was a little greater than that of G/A, 

while for transversions, C/G transversions were more 

infrequent than other three types. 

 

Analysis of InDels 

 

A total of 1,037 InDels were detected in the J. regia genome, 

including 492 insertions with length variation from 1 bp to 51 

bp, and 545 deletions with length ranging from 1 bp to 46 bp. 

The most abundant InDels were mononucleotides, which 

accounted for 52.65% of total InDels. There were more 

deletions than insertions, and the frequency of detected 

InDels decreased rapidly with an increase in their lengths 

(Table 4). The statistics of the InDels indicated that there was 

a bias toward A and T nucleotides for both mononucleotide 

and longer InDels. There was also a low frequency of CG 

InDels compared with that of the other dinucleotide InDels 

(Table 5). 

 

Discussion 

 

SNP abundance 

 

With the availability of whole-genome sequence for many 

woody species, SNP markers have begun to be applied to the 

genetic analysis of forest plants, which has illustrated their 

great potential (Ingvarsson, 2005). In our study, we detected 

48,165 SNPs among 15,071,048 bp of walnut genome, with 

an average SNP density of one SNP every 313 bp. The 

abundance found in rice was one SNP per 678bp (Subbaiyan 

et al., 2012), and there was 1 SNP/1.4kb in the genome of 

Arabidopsis (Ossowski et al., 2008), and it was much lower 

than the density we found in J. regia. There were  studies 

that compared the nucleotide diversity between woody and 

non-woody plant genomes based on the abundance of SNPs. 

For example, Brown et al. (2004) found that the nucleotide 

diversity of loblolly pine (Pinus taeda) was lower than that of 

maize; Savolainen and Pyhäjärvi (2007) found a lower 

nucleotide diversity in woody plants compared with 

Arabidopsis and rice, and suggested that it might be due to 

the disequilibrium in tree populations and historical changes 

in population size. However, a result obtained in this study 

was contrary to the above conclusion, but the explanation 

remained unresolved. 

 

Analysis of base changes 

 

It is known that nucleotide substitutions in the genome can be 

affected by various factors such as the precision of DNA 

duplication, the fidelity of reparation, and other physical and  
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   Table 2. The assembled results of trimmed reads. 

Large Contig (Length≥500bp) All contigs (Length≥100bp) 

No. of 

Contigs 
Bases(bp) ACS1(bp) 

N50 

size2(bp)  
LCS3(bp) 

Q40 Plus 

Bases4(bp) 

Q39 Minus 

Bases5(bp) 

No. of 

Contigs 
Bases(bp) ACS1(bp) 

9,707 9,483,541 957 964 47,928 6,726,255 2,757,286 31,362 15,071,048 481 
Note:1Average contig size; 2the value such that at least half of the genome is contained in contigs of size or larger; 3Large contig size; 4Bases that the single base quality 

scores≥40; 5Bases that the single base quality scores < 40. 

 

 Table 3. Distribution of substitution types in SNPs detected in the Juglans genome. 

Type of substitution Number Percentages (%) 

Transitions   

A/G 17,609 36.56 

C/T 17,871 37.10 

Sub-total 35,480 73.66 

Transversions   

A/C 3,414 7.09 

A/T 4,511 9.36 

C/G 1,414 2.94 

G/T 3,346 6.95 

Sub-total 12,685 26.34 

Total 48,165 100 

 

   Table 4. Distribution of InDels in the Juglans genome. 

InDel Size Insertions Percentage (%) Deletions Percentage (%) 

1 220 21.22 326 31.44 

2 143 13.79 116 11.19 

3 51 4.92 36 3.47 

4 22 2.12 16 1.55 

5 11 1.06 10 0.95 

6 10 0.96 8 0.76 

7 3 0.29 2 0.19 

8 2 0.19 4 0.39 

9 2 0.19 4 0.39 

≥10 28 2.7 23 2.23 

Total 492 47.44 545 52.56 

 

Table 5. Frequency of mononucleotide and dinucleotide InDels detected in the Juglans genome. 

InDel Number InDel Number InDel Number InDel Number 

A 194 C 86 G 97 T 169 

AA 22 CA 21 GA 13 TA 33 

AC 

AG 

19 CC 8 GC 6 TC 10 

22 CG 4 GG 7 TG 26 

AT 35 CT 13 GT 10 TT 27 

  

chemical factors (Timsit, 1999). In this study, there were 

35,480 (73.66%) transitions, which were far more abundant 

than transversions (12,685). The phenomenon that transition 

bias has been previously reported in both plant and animal 

genomes (Zhang and Zhao, 2004). Wakeley (1996) has 

attributed this bias to a conformational advantage that results 

from a better tolerance of transitional mutations over 

transversions during natural selection, because transitions are 

more likely to preserve the structure of a protein than 

transversions. Among the transitions, there were more C/T 

than A/G changes, which was similar to the findings from 

Arabidopsis (Ossowski et al., 2008) and grape (Lijavetzky et 

al., 2007). The higher frequency of C/T transitions may be 

caused by nucleotide methylation (Coulondre et al., 1978). 

Among the transversions, A/T was the most abundant, while 

C/G was rarest. Similar results were found in rice (Subbaiyan 

et al., 2012) and Citrus (Terol et al., 2008). However, C/G 

transversions were the most abundant in wheat (Lai et al., 

2012).  

 

Distribution and bias of InDels 

 

Johnson (2004) suggested that InDels were mostly located in 

non-coding regions, and their sizes were variable. Among the 

1,037 InDels deteced in this study, mononucleotides were the 

most frequent. This phenomenon was also observed in 

Escherichia coli (Mo et al., 1991) and the chloroplast 

non-coding sequence of nine monocotyledonous plants 

(Golenberg et al., 1993). Among all InDels, there was a 

higher frequency of deletions than insertions; this was in 

accordance with the study on genomic InDels in 19 

mammalian species (Fan et al., 2007). This deletion bias is 

expected on the basis of the thermodynamics of replication 

slippage, in which an insertion requires the melting and 

replication of a segment of previously duplicated DNA, 

whereas deletions involve only a skipping of unreplicated 

bases (Petrov, 2002a). The number of insertions and deletions 

both decreased sharply with the increasing of InDel length, 

which could be represented with a power law equation (Fan 

et al., 2007). The similar results had been reported in humans, 

primates, and chloroplast genomes of nine 

monocotyledonous species (Fan et al., 2007). InDels can be 

produced by errors in DNA synthesis, repair, recombination, 

or may be caused by the insertion and excision of 

transposable elements that often leave a characteristic DNA 

legacy of several bases, the longer bases would make the 
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InDels to form more difficultly (Bhattramakki et al., 2002). 

In our study, InDels showed a clear A/T preference. This 

might be occurred during the formation of InDels, bases C 

and G have a higher stability, and thus it is more difficult to 

be changed than bases A and T.  

 

Materials and Methods 

 

Plant material 

 

In April 2010, fresh leaves of J. regia were collected on the 

campus of Nanjing Forestry University. 

 

DNA extraction 

 

Genomic DNA was extracted using a DNeasy Plant Mini kit 

(Qiagen, Shanghai, China). The quality and quantity of DNA 

were assessed by electrophoresis on 1.0% agarose gels and 

on a Nanodrop 2000 spectrophotometer (Thermo, USA). 

 

Library construction 

 

Sequencing libraries were constructed according to the 

manufacturer’s protocol with a Roche Rapid Library kit 

(Roche, Inc.). Genomic DNA (1.0 µg) was first fragmented 

by nebulization using compressed nitrogen gas, both ends of 

the DNA fragments were blunted-ended and ligated to DNA 

PA and PB adaptors. The adaptors provided priming 

sequences for both amplification and sequencing of the 

sample library fragments as well as the sequencing key, 

which was a short sequence of four nucleotides used by the 

system software for base calling. Following the reparation of 

any nicks in the double-stranded library, these priming 

sequences also released the unbound strand of each fragment 

(with 5’-Adaptor A). Small fragments less than 350 bp were 

removed using AMPure beads (Beckman Coulter, Brea, CA, 

U.S.). The quality and quantity of the libraries were assessed 

with an Agilent 2100 Bioanalyzer (Agilent, Waldbronn, 

Germany) and a TBS380 (Turner Biosystems, U.S.). The 

library was then diluted to 1 × 107 molecules µL-1 and stored 

at 4°C before use. 

 

DNA sequencing and assembly 

 

454 pyrosequencing was performed with a XLR 70 Titanium 

sequencing kit according to the manufacturer’s protocol 

(Roche, Inc.) on a 454 GS-FLX Sequencer (Roche, Inc.). 

Sequence assembly was performed using Newbler v2.8 

software (Roche, Inc.) with the ‘het’ (heterozygous genome) 

and ‘large’ (large genome) options and default assembly  

parameters. 

 

SNP and InDel discovery and analysis 

 

For SNP and InDel identification, all assembled contigs were 

used as reference sequences. To detect nucleotide variations, 

the sequence reads were aligned to the reference sequences 

using GS Reference Mapper version 2.8 (Roche, Inc.). The 

detection parameters were as follows: minimum read length 

20 bp, seed step 12 bp, seed length 16 bp, seed count 1 bp, 

hit-per-seed limit 70 bp, minimum overlap length 50 bp, 

minimum overlap identity 95%, alignment identity score 2, 

alignment difference score −3, and repeat score threshold 12. 

Candidate sequence variations were further filtered according 

to the following criteria: (1) at least three non-duplicated 

reads shared the polymorphism and (2) no other changes 

were detected within 5 bp on either side of the candidate 

sequence variations (Ma et al., 2014). The density of SNP is 

characterized by the formula: LND / . Where D  is 

the density of SNP; N is the number of SNPs detected in 

walnut genome; and L is the length of assembled contigs. 

 

Conclusion 

 

In this study, we have discovered and charaterized 48,165 
SNPs and 1,037 InDels in J. regia genome by using the 454 

pyrosequencing technology. These SNPs and InDels will 

provide a valuable marker resource for many aspects of 

genetic studies for J. regia, including genetic diversity 

analysis, high resolution genetic map construction, positional 

cloning and so on. This study also helps to improve our 

understanding of the nucleotide variations in J. regia 

genome. 
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