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Abstract

Background: Arachis hypogaea L. is an economically important —oilseed crop
worldwide and-there-are comprising six botanical varieties-withinthe species. Thereare
stil-limited-chloroplast-{cp)-genomicresources-available for-this-species—Hereln this
work, we investigated characterized the chloroplast (cp) genome sequences of the four

widely distributed peanut varieties.—Fhe-complete-chloroplast-{ep)-genome-sequences

Methods: The cp genome data of four widely distributed botanical varieties (var.

hypogaea. var. hirsuta, var. fastigiata and var. vulgaris) were obtained by next-

generation sequencing (NGS). These high throughput sequencing-data—_ reads ef-the

assembled, annotated and comparatively analyzed.

Results: The total cp genome lengths of —the studied A. hypogaea varieties werewas
156,354 _bp (fervar. hypogaea), 156,878 _bp (fer-var. hirsuta), 156,718 bp (fervar.
fastigiata-) and 156,399 _bp (fervar. vulgaris);—+espectively. Comparative ep-genome
seguence-analysis of theses cp genome sequencesef-thesefour-types revealed that their

gene content, gene order and GC content were guite—similar—to—each—otherhighly
conserved, with only a total of 46 SNPs and 26 InDels identified-ameng-them. Most of

the variation is restricted to non-coding sequences, especially, the trnl-GAU intron

region——addition—a was detected to be highly variable-variableregion{tral-GAU
intren)-was-also-detected-which and will be useful for future evolutionary studies.—

Discussion: These four cp genome sequences acquired here will provide valuable

genetic resources for distinguishing —the—feur—studied—A. hypogaea botanical

varietiestypes and determining their evolutionary relationship.

Short title:—

Peanut cp genomes analysis
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—Introduction

Cultivated peanut (Arachis hypogaea L.) is one of the most important oilseed crops;
that is mainly planted—mainly in China, India, the United States of America and
Argentina (Hammons 1994; Grabiele et al. 2012; Bertioli et al. 2016). Based on-beth
morphological (Gibbons et al. 1972, Krapovickas and Vanni, 1960; 2010) and
molecular (Gepts 1993; He & Prakash 2001) evidences, six-A—hypegaea botanical
varieties of A. hypogaea have been identified: var. hypogaea, var. hirsuta, var. fastigiata,

var. vulgaris (Gibbons et al. 1972), as well as var. aequatoriana and var. peruviana;

with the last two being region specific:

In land plants, the cp genome is circular and has a large single co LSC) region and

a small single copy (SSC) region that are separated by a pair of inverted repeats (IRs)

regions (Raubeson and Jansen 2005). The major role of the chloroplast—{ep} is to

conduct photosynthesis;—and—apartfrom-that; additionally, it is alse-involved in the

biosynthesis of fatty acids, vitamins, pigments and amino acids (Prabhudas et al. 2016).

—Different from nuclear sequence, the cp gereme-DNA
has several advantages, including rerlow-recombination, a—haploid ploidy, and
maternal inheritance, making #cp DNA an ideal target-tool for evolutionary studies
(Birky 2001; Wu and Ge 2012). For example, with the help of genetic markers that
includes non-coding cpDNA regions (trnTR-trnS and trnT-trnY),— Grabiele etal. (2012)
found eutthat the six peanut botanical varietiestypes-te were very likely to have a single
genetic origin, however, the fine evolutionary relationship between these varieties
remains to be resolved-due-to-timited-sequence-information.—

New£The rapid progress of high-throughput sequencing technology development may

provide-us-a—chanee-to-de-sehas greatly facilitated the acquisition of cp genome data-
Fhe—cp—genomes, which are not only powerful for reconstructing interspecific
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phylogeny (Jansen et al. 2007; Parks et al. 2009; Moore et al. 2010), but are also helpful

for investigating genome dynamic structure-study-at the subspecies level. For instance,

Zhao et al. (2015) reperted-compared the cp genomes of four Chinese Panax ginseng

strains and foeund-the-minorallele es—which-indicated-the-ep-genome-was-underaoin

dynamic-change-to-fit differentenvironments-suggested that their genome dynamic was

under selective pressure.

than-500-years-Although there are six botanical varieties within A. hypogaea that differ

at both the morphological and molecular levels (Ferguson et al. 2004), only very limited

A. hypogaea cp genome data are currently available (Prabhudas et al. 2016; Choi and

Choi 2017). Here, we acquired and elesehrexamined the feur-complete cp genome

complete—nucleotide sequences_of the four main peanut botanical varieties—the

war, providing valuable

genetic resources for further evolutionary studiesresetutions.

Materials & Methods
DNA extraction and sequencing

Four representative A. hypogaea betanical-tyypesvarieties (var. hypogaea, var. hirsuta,;

var. var—ffastigiata and var. vulgaris) were collected from Shandong Peanut Research

Institute, Qingdao, China. China has become the largest producer of cultivated peanut

in the world (Yu 2008), and these four main botanical varieties have been cultivated in

China for more than 500 years. The seedlings were grown using hydroponic methods.
The cp DNA was isolated from fresh leaves (> 5 g) eeHeetedfromof 3~- to 4- week-
old seedlings using the Plant Chloroplast DNAOUT Kit (Bjbalb, China). The Qquality
of cp_DNA samples were-was detected-checked by agarose gel electrophoresis with
Super GelRed (US Everbright Inc, Suzhou, China)-. Fhe-ILibraries with an average
length of 350 bp was-were constructed using a-the NexteraXT DNA Library Preparation

Kit (Illumina, China). The quality of the libraries were—testedwas checked —by
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GeneRead DNA QuantiMIZE Assay Kit (QIAGEN, Germany). Sequencing was
performed on the Illumina HiSeq Xten platform_(lllumina, China), and the average

length of the generated reads was 150 bp-{HHumina-China).—

Data assembly and annotation

The quality of the raw paired-end reads was assessed by FastQC v0.11.3 (Andrews
2014). All raw HiSeg-data ef-for four—_A. hypogaea varieties were filtered based on
the following rules: 1) adapter trimming; 2)-+eads quality control-with; each read has <

5% unidentified nucleotides and > 50% of its bases with a quality value of > 20. This
filtration was accemphished-carried out using Cutadapt v1.7.1 (Martin 2011). The high-
quality data were then assembled into contigs using the de novo assembler SPAdes
v3.9.0 (Nurk et al. 2013), and these contigs were further assembled into complete cp

genomes—by—further—connection using NOVOPIlasty (Dierckxsens et al. 2016)-. The
assembled data were checked against the-the published complete cp genome of A.

hypogaea var—Ce7—(GenBank accession no. KX257487, Prabhudas et al. 2016). The
cp genes were annotated by-using the DOGMA tool with-the default parameters
(Wyman et al. 2004). The cp genome images were drawn with OGDraw v1.2 (Lohse et
al. 2007).—

Variation detection ef-variation-and anahysis-ef-evolutionary relationship_analysis—

Multiple sequence alignment were-was generated using VISTA and Mauve v2.3.1
software (Frazer et al. 2004; Darling et al. 2010) and were-was checked manually when

necessary. All alignments-and-related-information were visualized using the VISTA

viewer program (Mayor et al. 2000). Single nucleotide polymorphisms (SNPs) were
detected—identified by Mauve seftware—v2.3.1. IasertionsThe insertions/deletions
(InDels) were retrieved from the sequence alignment-seguenees using the mVISTA
package. An InDels image including 10 bp up- and downstream was then generated.
Simple sequence repeats (SSRs) were isolated from all filtered InDels. Repeat

sequences with repeating units of 2-6 bp and-that repeated no fewer than three times

were considered as SSRs. —BNA-flexibility-was-used-to-targettheregions-of-high-BNA
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Genetie-The genetic relationship of the four peanut cp genomes together with two

available peanut cp genome sequences (GenBank accession no. KX257487 and

KJ468094; Prabhudas et al. 2016; Choi and Choi 2017) were examined by constructing

a minimum evolutionary (ME) tree using MEGA v6 with default parameters (Tamura

etal. 2011).
types—and—other—related-speeies—The cp genome sequences from four other related

species (Robinia pseudoacacia, Ceratonia siliqua, Leucaena trichandra and Senna tora)

of Fabaceae were used as outgroups (CSI-BLAST E-value < 10:%). Fheclosehyrelated

Results

ep-genome-assemblyAssembly and validation_of cp genomes

data{(>-1Gb-sequencing-data—per-sample)More than 1 Gb raw sequencing data per

sample was generated from high-throughput sequencing. After cleaning and trimming,

22,511,400 (var. vulgaris-) to 62,087,400 (var. hirsuta) paired-end reads were acquired
which were then mapped separately to the reference cp genome, attaining coverage
amounts of 143x to 396x%. After performing the-de novo and reference-guided assembly
with minor modifications, we acquired four complete cp genome sequences-thatbeleng
torespeetively for; A. hypogaea varieties-var. hypogaea,- var. hirsuta, var. fastigiata;
var—fastigiata and var. vulgaris (Figure 1; Table 1).

For each of the assembled cp genome sequences, a .sqn file that was generated using
by the segquin—Sequin software —(https://www.ncbi.nIm.nih.gov/projects/Sequin/),
submitted to-NCBHGenbank—_ GenBank and acquired the following accession numbers:
MG814006 {for var. fastigiata}, MG814007 ¢for var. hirsuta}, MG814008 {for var.

hypogaea); and MG814009 for ¢var. vulgaris}. Users can download the data for research
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purposes only with-gueting-thewhen referencing this paper.

Genetic structure of the peanut cp genome

These four acquired peanut cp genomes were found to have the classical quadripartite

structure of land plant chloroplast genomes that comprises a LSC, a SSC and two IR

(A/B) regions. The sequence lengths among the four cp genomes ranged from 156,354
bp to 156,878 bp. The size varied from 85,900 bp (var. hirsuta) to 86,196 bp (var.
fastigiata) in the LSC region, from 18,796 bp (var. hypogaea, var. hirsuta and var.
vulgaris) to 18,874 bp (var. fastigiata) in the SSC region and from 25,806 bp (var.
hypogaea) to 26,091 bp (var. hirsuta) in the IR (A/B) region (Table 1). A total of 110

unigue-genes in-the-ep-genome-contained-were identified from the cp genome: four
ribosomal RNA (rRNA) genes, 76 protein-coding genes and 30 transfer RNA (tRNA)

genes (Table 2). Among the 110 identified genes, Six-six protein-coding genes, Six

tRNA genes and four rRNA genes were distributed in the IR (A/B) regions. —The cp
genome consisted of 55.66% ef-coding regions and 44.34% ef-non-coding regions;
including both intergenic spacers and introns. The overall GC content of the cp genomic

sequences was 36.3~36.4%, and the GC contents #r-of the LSC, SSC, and IR (A/B)

regions was-were 33.8%, 30.2~30.3%, and 42.8~42.9%, —respectively (Figure2:-Table
2).
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Variation among the cp genomes-variations

med—NAmong the
four acquired peanut cp genome sequences, there wase—regions—in-thefour—peanut
betanical-types-presented no differed-difference at the junction positions (Figure 32).

=A total of 46 SNPs were found within the quadripartite

structural region. VISTA-based identity plots illustrated the hotspot regions of genetic

variation among the cp genomes (Figure 43). As expected, non-coding regiens
sequences exhibited more variation than did the coding sequencesregions, and the

greater amounts of substitutions were found in the trnl-GAU intron (25 SNPs) and_the

ycf3-psaA spacer (8 SNPs) regions._The only identified non-synonymous was located

within the psaA gene. The hydrophobic amino acid Tyr in var. hypogaea, var. fastigiata

and var. vulgaris was replaced by the hydrophilic amino acid Asn in var. hirsuta.

Atotal of 26 InDels were detectedidentified: £3-thirteen were located in spacers, 9-nine k

were in introns, and 4-four were in genes; 15 were in the LSC region, 2-two were in the
SSC region, and 9-nine were in IR (A /-B) regions (Supplementary Figure S1). Among
these InDelsfeurbotanical-varieties, large InDels (>_50 bp) were found in the psbK-
trnQ intergenic spacer, the trnL intron—ar—R); and ycfl. Among those InDels, we
identified 6-six SSR regions with-=7+repeat-rucleotides-whese-(sequence identity was->
90%): 4-four A stretches and 4-one T stretches ranging from 7 bp to 16 bp, as well as +
one with a CTAG-dinucleotide repeat motif. No C or G stretches were identified.

Moreover, InDels in the ycfl and the ycf2 regions represent frameshift mutations:

Specificalhy-the 63 bp-insertion at the end of the ycfl gene led to a longer amino acid
sequence in_var. fastigiata, while a 18 bp-deletions was found in the middle of IR (A

/B) ycf2 gene regions in_var. hypogaea.

Genetic relationship analysis

trichandraand-Senna-tora-of the-Fabaceasserved-as-outgroups—Due to the-low genetic
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diversity, the whole cp genome sequences were used to construct an evolutionary tree

based on ME algorithms. The results showed that these peanut cp genomes-seguences
of-the-six—peanut-varieties— clustered into a monophyletic branch, while the four

outgroup species were clustered into another branch. Among the six analyzed peanut

cp genomes, var. hirsuta is relatively different from the rest and constitute a basal clade

(Figure 4).

grouped-into-the-ethergroup—The high support values (> 99%) were shown above the

nodes.

Discussion

The chloroplast (cp) is an important plant cell organelle peeuharto-plant-eytoplasm
originated-from-eyanebacteria-(Alberts et al. 2002). The ehlereplast-cp genome usually
lacks recombination and are is maternally inherited; as—sueh—they—represent—an

aala¥a) n afaranca a nde nding—thephviloaene a onc<hin andand is

therefore very useful for distinguishing taxa_and inferring evolutionary relationships.

Here, we have studied the cp genomes of cultivated peanut (A. hypogaea) that is an

economically important oilseed crop worldwide. A. hypogaea comprised six varieties

that differ at both the morphological and molecular levels (Ferguson et al. 2004). So far,

only very limited A. hypogaea cp genome data are available (Prabhudas et al. 2016).

In the present study, we acquired and closely examined the whole cp genome sequences

of four main peanut varieties. We found that the overall cp genome structures of the

four botanical varieties were the same and displayed the classical quadripartite structure

of land plant cp genome (Raubeson and Jansen 2005).we—compared-the-whoele—cp

genomic rearrangements or gene inversions were found among the four peanut cp

genomes. The sequence variation among the four peanut cp genomes was also relatively

limited, and most of them were restricted to the noncoding regions, especially the trnl-

GAU intron exhibited an outstanding level of variation (25 out of the entire 46
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identified SNPs), suggesting that the rapidly evolving nature of this intron. This trnl-

GAU intron has therefore a great potential for developing molecular markers that could

be used in future phylogenetic studies.

TFIn addition, a_minimum-evolution tree of the four acquired peanut cp genomes

together with two earlier published peanut cp genomes has been constructed to

speculate their evolutionary relationships. he-availablecp-genome-sequences—of-six
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study-evelutionary-relationships-Our result showed that the six investigated peanut cp

genomes form a monophyletic branch, and this agrees with earlier studies (Grabiele et

al. 2012). In addition, our result also revealed that among the six studied peanut cp

genomes, var. hirsuta was relatively more distantly related to the others and may

constitute a basal branch, which was in line with the previous reports (Duan et al. 1995;

Ferguson et al. 2004). Consistent with its suggested relationship between var. hirsuta

and the other studied peanut varieties, var. hirsuta appeared to be the peanut variety

found within the archeological remains along the Pacific coast of Per( (Bonavia) that

may be the region of origin of cultivated peanut (Simpson et al 2001; Stalker et al.

Conclusion

Using—tHumina—sequencing—methedsWith the help of high-throughput sequencing

technology, we revealed the complete cp genomes of four main peanut botanical
varietiestypes. The gene contents and gene orders of the cp genomes were highly
conserved. A

genomes—The noncodingregionsand-the-trnl-GAU intron region was considered to be
rapidhy-evolving regions that could be—potentially serve as molecular markers fer-in

phylogenetic studies.

Frpethesisthabmshisutoicthere e rapelon—oneientbeloniea b me-This study
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will provide mere—valuable cp geneme—genomic resources for the—phylogeny
reconstruction-of-A-hypogaeafuture exploitation.
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