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Abstract

Background: Lima bean (Phaseolus lunatus L.) is a member of subfamily Phaseolinae belonging to the family
Leguminosae and an important source of plant proteins for the human diet. As we all know, lima beans have
important economic value and great diversity. However, our knowledge of the chloroplast genome level of lima
beans is limited.

Results: The chloroplast genome of lima bean was obtained by Illumina sequencing technology for the first time.
The Cp genome with a length of 150,902 bp, including a pair of inverted repeats (IRA and IRB 26543 bp each), a
large single-copy (LSC 80218 bp) and a small single-copy region (SSC 17598 bp). In total, 124 unique genes
including 82 protein-coding genes, 34 tRNA genes, and 8 rRNA genes were identified in the P. lunatus Cp genome.
A total of 61 long repeats and 290 SSRs were detected in the lima bean Cp genome. It has a typical 50 kb inversion
of the Leguminosae family and an 70 kb inversion to subtribe Phaseolinae. rpl16, accD, petB, rsp16, clpP, ndhA, ndhF
and ycf1 genes in coding regions was found significant variation, the intergenic regions of trnk-rbcL, rbcL-atpB, ndhJ-
rps4, psbD-rpoB, atpI-atpA, atpA-accD, accD-psbJ, psbE-psbB, rsp11-rsp19, ndhF-ccsA was found in a high degree of
divergence. A phylogenetic analysis showed that P. lunatus appears to be more closely related to P. vulgaris,
V.unguiculata and V. radiata.

Conclusions: The characteristics of the lima bean Cp genome was identified for the first time, these results will
provide useful insights for species identification, evolutionary studies and molecular biology research.
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Background
Lima bean (Phaseolus lunatus L.) is one of five species
domesticated within Phaseolus, together with common
bean (P. vulgaris L.), scarlet runner bean (P. coccineus
L.), tepary bean (P. acutifolius A. Gray) and year bean

(P. polyanthus Greenm) [1]. Lima beans play an import-
ant role in the human diet as an important source of
protein when common beans do not grow well in
warmer and drier regions [2]. Wild lima bean have three
gene pools, two Mesoamerican pools (MI and MII) and
the Andean pool (AI) [3]. Lima bean is a self-compatible
annual or short living perennial and predominantly self-
pollinating species with a mixed-mating system, it was
used as a plant model due to its alternating outbreeder-
inbreederbehavior [4, 5]. The cultivated form is widely

© The Author(s). 2021 Open Access This article is licensed under a Creative Commons Attribution 4.0 International License,
which permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if
changes were made. The images or other third party material in this article are included in the article's Creative Commons
licence, unless indicated otherwise in a credit line to the material. If material is not included in the article's Creative Commons
licence and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.
The Creative Commons Public Domain Dedication waiver (http://creativecommons.org/publicdomain/zero/1.0/) applies to the
data made available in this article, unless otherwise stated in a credit line to the data.

* Correspondence: zhanghui@saas.sh.cn; shb8311@163.com
†Shoubo Tian and Panling Lu contributed equally to this work.
1Shanghai Key Laboratory of Protected Horticultural Technology, Horticultural
Research Institute, Shanghai Academy of Agricultural Sciences, Shanghai
201403, China
Full list of author information is available at the end of the article

Tian et al. BMC Genomics          (2021) 22:194 
https://doi.org/10.1186/s12864-021-07467-8

http://crossmark.crossref.org/dialog/?doi=10.1186/s12864-021-07467-8&domain=pdf
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
mailto:zhanghui@saas.sh.cn
mailto:shb8311@163.com


distributed all over the world, Chongming lima bean, an
important characteristic vegetable variety in the
Chongming area, has been grown on Chongming Island
for more than 100 years [6].
Chloroplasts, a place for plant photosynthesis, starch,

fatty acids and amino acids biosynthesis, play an import-
ant role in the transfer and expression of genetic mater-
ial [7]. Chloroplast has its own genome, chloroplast
genome of most plants are mostly double-stranded cir-
cular, but a few species have linear forms with multiple
copies. The genome size usually ranges from120 to 170
kb and includes 120–130 genes [8]. It has a typical quar-
ter structure, which composed of a large single-copy re-
gion, a small single-copy region and a pair of large
inverted repeats [9–11]. The Cp genome is highly con-
served, the differences between different plant species
are mainly caused by the IR region’s contraction and ex-
pansion [12, 13]. With the development of high-
throughput sequencing technologies, there were more
than 2400 plant Cp genomes have been published in the
NCBI database [14]. Leguminosae, with nearly 770 gen-
era and more than 19,500 species, is the third largest
family of angiosperms [15]. Within the Leguminosae
family, there were more than 44 species Cp genomes
have been published including C. arietinum [8], G. graci-
lis [16], L. japonica [17], C. tetragonoloba [18], G. max
[19], V. radiate [20], and P. vulgaris [21]. Leguminosae
has experienced a great number of plastid genomic rear-
rangements [22], including loss of one copy of the IR
[23, 24], inversion of 50 kb and 70 kb [17, 21, 25], trans-
fer of infA, rpl22 and accD genes to the nucleus [26–28]
and loss of the rps12 and clpP introns [8, 26].
Chloroplast DNA has been extensively used to tax-

onomy, phylogenetics and evolution of plants, due to its
low substitution rates of nucleotide and relatively con-
served structural variation of genomic [29–31]. Phylo-
genetic analyses of Leguminosae were mainly based on
gene fragments in chloroplast DNA like trnL, rbcL and
matK [32–34]. Based on the chloroplast matk gene and
combining the characteristics of morphology, chemistry
and chromosome number, a new classification system of
six subfamilies was proposed, and the most complete le-
guminous phylogeny tree was constructed so far [15].
However, the classification and phylogenetic relation-
ships of the main branches within the subfamilies are
still unclear. Chloroplast phylogenetic genome has been
successfully used to analyze the phylogenetic relation-
ship of many difficult groups, and it also provided a bet-
ter system framework for studying the structural
characteristics, variation and evolution of plants [35, 36].
Due to the limited chloroplast genomes of legumes that
have been sequenced, phylogenetic chloroplast phyl-
ogeny has not been applied to classification of the
Leguminosae.

Currently, there are no published studies of the Cp
genome of lima bean. In this study, we applied a com-
bination of de novo and reference-guides to assemble
complete Cp genome sequence of P. lunatus. Here, we
not only described the whole Cp genome sequence of P.
lunatus and the characteristics of long repeats and SSRs,
but also compared and analysed the Cp genome with
other members of Leguminosae. It is expected that the
results will help us to understand of the Cp genome of
lima bean and provide markers for phylogenetic and
genetic studies.

Results
Characteristics of the P. lunatus L. Cp genome
The Cp genome of lima bean was 150,902 bp in size with
a typical quadripartite structure, containing a pair of
inverted repeats (IRs; 26,543 bp), a large single copy
(LSC; 80,218 bp) and a small single copy (SSC; 17,598
bp) (Fig. 1). The GC content in lima bean was 35.44%,
the GC content of LSC, SSC and IR regions was 32.92,
28.61 and 41.52% respectively (Table 1), IR regions was
higher than the LSC and SSC regions. Species of Legu-
minous: G. max, P. vulgaris, V. unguiculata, G. sojasieb,
V. faba and P. sativum were selected to Compare with
lima bean (Table 2). Although the sizes of the overall
genome had differences, the GC content was similar in
each region (LSC, SSC and IR) of different species.
There is a litter difference in total genes, CDS and
tRNAs among the seven species. C. cajan has most
genes, CDS and tRNAs and V. radiata has least.
There were 129 genes found in the P. lunatus Cp

genome, containing 82 protein-coding genes, 37
tRNA genes, 8 rRNA genes and 2 pseudogenes (Ta-
bles 2 and 3). There are 79 genes (56 protein-coding
and 23 tRNAs) located in LSC region and 13 genes
(12 CDS and 1tRNA) in SSC region. Among them,
35 genes (13 CDS, 14 tRNAs and 8 rRNAs genes)
were duplicated in the IR regions (Fig. 1; Table S1).
Codon usage frequency of the P. lunatus Cp genome
was estimated and summarized (Table S2). Totally,
all the genes are encoded by 25,873 codons, in these
codons, the most frequent amino acids are leucine
(2719, 10.51%) and the least are cysteine (300,
1.16%). The most preferred synonymous codons end
with A and U.
Overall, 22 intron-containing genes (14 protein-coding

genes and 8 tRNA genes) were found (Table 4). Among
them, 20 genes have one intron, ycf3 and clpP have two
introns. trnL-UAA and trnK-UUU have the the smallest
intron (467 bp) and largest intron (2562 bp), respectively.
In the P. lunatus Cp genome, rps16 and rpl133 gene was
found to be present as a pseudogene.
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Long repeats and SSRs
The analysis of long-repeat in the P. lunatus showed 33
palindromic repeats, 19 forward repeats, 6 reverse re-
peats and 3 complement repeats. Among them, 46 re-
peats were 30–39 bp in length, 8 repeats were 40–49 bp,
7 repeats were more than 50 bp, and the longest repeat
was 287 bp in length and was located in the IR region
(Fig. 2; Table S3). Most repeats were located in the in-
tron sequences and intergenic spacer (IGS), and the mi-
nority were found in the ycf2, rpl16, ndhA, ycf3, psbL,

Fig. 1 Gene map of the P.lunatus. Chloroplast genome

Table 1 Base composition of the P.lunatus. Chloroplast genome

Region A(%) C(%) G(%) T(U)(%) A + T(%) G + C(%)

LSC 33.87 15.97 16.95 33.22 67.09 32.92

SSC 35.36 15.19 13.42 36.03 71.39 28.61

IRa 29.47 21.55 19.98 29.01 58.48 41.53

IRb 29.01 19.98 21.55 29.47 58.48 41.53

Total 32.41 17.56 17.88 32.15 64.56 35.44
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psaA, psaB, trnS-GGA, trnT-UGU, trnS-GCU, trnS-TGA,
trnT-GGU, ndhF, trnS-GCU and trnK-UUU genes.
Two hundred ninety SSRs were identified in P. luna-

tus, containing 203 mononucleotides, 21 dinucleotides,
56 trinucleotides, and 10 tetranucleotides (Fig. 3; Table
S4). Among these SSRs, most distributed in LSC
(63.45%) followed by SSC (22.76%) and IRs (13.79%),
whereas 133 were located in intergenic spacers, 43 in
introns and 114 in extrons, SSRs in genes including
ndhBA\DE\HF, ycf1–4, rpl1416\32133, ccsA, atpB\F\I,
cemA, clpP, PetD\B\A, psaT\B\CA, rbcL, rp12\132,
rpoA\B\C1\C2, rps2\14\15\18\19, rrn23, trnK-UUU

(intron)/matK, trnK-UUU, trnV-UAC, trnG-UCC and
trnI-GAU.

Gene order
The Cp genome structures of eight-sequenced legumes
were selected and compared with lima bean using
Mauve software, with the of A. thaliana as a reference
(Fig. 4). All the legume have almost the same gene order,
and the Cp genomes of C. arietinum and M. truncatula
have lost one copy of the IR. on comparison with Arabi-
dopsis, all have a common 50-kb inversion, spanning
from rbcL to rps16 gene in the LSC region. The Cp

Table 2 Comparison analyses of Cp genomes among six Leguminosae species

Species Genome size
(bp)

LSC
(bp)

SSC
(bp)

IR
(bp)

Number of
genes

Protein-coding genes
(CDS)

tRNA
genes

rRNA
genes

GC
content(%)

C. cajan 152,242 83,369 17,815 25,529 134 87 39 8 34.97

G. max 152,218 83,175 17,895 25,574 128 83 37 8 35.37

G. soja 152,217 83,174 17,895 25,574 129 83 38 8 35.38

P. lunatus. 150,902 80,218 17,598 26,543 127 82 37 8 35.44

P. vulgaris 150,285 79,823 17,610 26,426 127 83 36 8 35.44

V. radiata 151,271 80,898 17,425 26,474 126 82 36 8 35.23

V.
unguiculata

152,415 81,822 17,425 26,584 130 84 38 8 35.24

Table 3 The genes present in the P.lunatus
Category Gene group Gene name

Photosynthesis 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

Subunits of NADH
dehydrogenase

ndhA*, ndhB* (2), ndhC, ndhD, ndhE, ndhF, ndhG, ndhH, ndhI, ndhJ, ndhK

Subunits of cytochrome b/f
complex

petA, petB*, petD*, petG, petL, petN

Subunits of ATP synthase atpA, atpB, atpE, atpF*, atpH, atpI

Large subunit of rubisco rbcL

Self-replication Proteins of large ribosomal
subunit

#rpl133, rpl14, rpl16*, rpl2* (2), rpl20, rpl23 (2), rpl32, rpl36

Proteins of small ribosomal
subunit

#rps16, rps11, rps12**(2), rps14, rps15, rps18, rps19 (2), rps2, rps3, rps4, rps7 (2), rps8

Subunits of RNA
polymerase

rpoA, rpoB, rpoC1*, rpoC2

Ribosomal RNAs rrn16 (2), rrn23 (20, rrn4.5 (2), rrn5 (2)

Transfer RNAs trnA-UGC*(2),trnC-GCA,trnD-GUC,trnE-UUC,trnF-GAA,trnG-UCC,trnG-UCC*,trnH-GUG,trnI-CAU (2),trnI-GAU* (2),trnK-UUU*,
trnL-CAA (2),trnL-UAA*,trnL-UAG,trnM-CAU,trnN-GUU(2),trnP-UGG,trnQ-UUG,trnR-ACG (2),trnR-UCU,trnS-GCU,trnS-GGA,trnS-
TGA,trnT-GGU,trnT-UGU,trnV-GAC (2),trnV-UAC*,trnW-CCA,trnY-GUA,trnfM-CAU

Other genes Maturase matK

Protease clpP**

Envelope membrane
protein

cemA

Acetyl-CoA carboxylase accD

c-type cytochrome
synthesis gene

ccsA

Genes of unknown
function

Conserved hypothetical
chloroplast ORF

ycf1, ycf2 (2), ycf3**, ycf4

Notes: Gene*: Gene with one intron; Gene**: Gene with two introns; #Gene: Pseudo gene; Gene (2): Number of copies of multi-copy genes;
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genomes of P. lunatus, P. vulgaris, V. radiata and V.
unguicalata have 70kb inversion to subtribe Phaseolinae but
are not found in other Cp genomes. G soja, M. truncatula and
C. arietinum share the same gene order with C. ca-
jan, G. max and G soja except for the loss of the IRb
region.

Comparison of complete chloroplast genomes among
Leguminosae species
To verify the possibility of genome divergence, mVISTA
was used to compare the Phaseolinae Cp genomes, using
annotations of lima bean as a reference (Fig. 5). The re-
sult shows high sequence identity with Phaseolinae

Table 4 The lengths of exons and introns in genes with introns in the P. lunatus. Chloroplast genome

Gene Location Exon I (bp) Intron I (bp) Exon II (bp) Intron II (bp) Exon III (bp)

rpl16 LSC 9 1036 402

trnK-UUU LSC 37 2562 35

trnV-UAC LSC 38 576 37

trnL-UAA LSC 37 467 50

ycf3 LSC 129 683 228 797 153

rpoC1 LSC 435 812 1620

atpF LSC 144 730 399

trnG-UCC LSC 23 694 49

rps12 IRa 114 – 231 534 24

clpP LSC 68 741 297 716 223

petB LSC 6 792 642

petD LSC 9 717 474

rpl2 IRb 393 616 471

ndhB IRb 723 691 756

rps12 IRb 231 – 24 534 114

trnI-GAU IRb 42 935 35

trnA-UGC IRb 38 811 35

ndhA SSC 552 1292 540

trnA-UGC IRa 38 811 35

trnI-GAU IRa 42 935 35

ndhB IRa 723 691 756

rpl2 IRa 393 616 471

Fig. 2 a Different lengths of long repeats, b Numbers of long repeats of different types. Note: P: palindromic repeats; F:forward repeats; R: reverse
repeats; C: complement repeats
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Fig. 3 a Types and numbers of simple sequence repeats (SSRs) and b Simple sequence repeats (SSRs) distribution in different regions

Fig. 4 Gene order comparison of legume plastid genomes, using MAUVE software. The boxes above the line represent the gene sequence in the
clockwise direction, and the boxes below the line represent gene sequences in the opposite orientation. The gene names at the bottom indicate
the genes located at the boundaries of the boxes in the Cp genome of Arabidopsis
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species. rpl16, accD, petB, rsp16, clpP, ndhA, ndhF and
ycf1 genes in coding regions was found with significant
variation, trnk-rbcL, rbcL-atpB, ndhJ-rps4, psbD-rpoB,
atpI-atpA, atpA-accD, accD-psbJ, psbE-psbB, rsp11-
rsp19, ndhF-ccsA in the intergenic regions were identi-
fied with a high degree of divergence .
A comparison of the boundaries of the lima bean Cp

genome was performed among the other six Legumino-
sae species: P. vulgaris, V. radiata, V. unguiculata, C. ca-
jan, G.max, and G. soja (Fig. 6). At the LSC/IR junction
of lima bean, the rps19 and trnN genes are duplicated at
the IR/SSC junction completely and included in the IR
region. a partial ycf1 gene is included at the IRa/SSC
junction. Compared to other species in the genus, the
range of each region showed substantial differences. The
rps19 gene in the P. lunatus, P. vulgaris, V. radiate Cp
genomes was shifted by 564 bp from IR to LSC at the
LSC/IR border and 701 bp from IR to LSC in the V.
unguiculata. However, in C. cajan, G. max and G. soja,

the rps19 gene crossed the IRb/LSC region, with 46, 68
and 68 bp of rps19 gene within IRb, respectively. On the
other hand, the ycf1 gene is located at the IRa/SSC
border in all the compared legumes, but the junctions of
IRa/SSC located in ycf1 within the SSC and IRa regions
vary in length (P. lunatus: 4706 and 616 bp; P. vulgaris:
4775 and 505 bp; V. radiate: 4683 and 492 bp; V. ungui-
culata: 4683 and 492 bp; C. cajan: 13 and 473 bp;
G.max: 11 and 478 bp; G. soja: 11 and 478 bp), while the
ycf1 gene was only at the IRb/SSC border of P. vulgaris,
C. cajan, G. max, and G. soja and the size varies among
them.

Adaptive evaluation analysis
The Ka/Ks ratio were calculated by KaKs_Calculator
among the Cp genome of eleven species of Leguminosae
protein-coding genes. The results indicated that the Ka/
Ks ratio is < 1 in mostly except for rpl23 of V. faba vs P.
lunatusis, ndhD of C. cajan, rps18 of M. truncatula vs P.

Fig. 5 The comparison of four Phaseolinae species Cp genomes by using mVISTA. The grey arrows above the contrast indicate the direction of
the gene translation. The y-axis represents the percent identity between 50 and 100%. Protein codes (exon), rRNAs, tRNAs and conserved
noncoding sequences (CNSs) are shown in different colours
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lunatusis, ndhD of G. max vs P. lunatusis, accD/ ycf2/
ndhD of P. vulgaris vs P. lunatusis, ndhB/ rps15/ ndhB
of C. arietinum vs P. lunatusis, petL/ ycf2/ ndhD of V
radiata vs P. lunatusis, petL/ ycf2 of V. unguiculata vs P.
lunatusis (Fig. 7). For each gene, the majority had a Ka/
Ks ratio < 0.5 for the ten comparison groups. At the
same time, 13 of them had a Ka/Ks ratio between 0 and

0.1. In contrast, the Ka/Ks ratio of the ndhD gene was
greater than 1 in four of the ten comparison groups, four
of them had no this gene and another two exhibited low
Ka/Ks ratios. Moreover, ycf2 also exhibited a Ka/Ks ra-
tios > 1 in three of them and the ratio > 0.5 in the other
species.

Fig. 6 Comparison of the borders of the LSC and SSC regions and IRs among seven Leguminosae species. Genes are denoted by boxes, and the
gaps between the genes and the boundaries are indicated by number of bases, unless the gene coincides with the boundary. Extensions of the
genes are also indicated above the boxes

Fig. 7 The Ka/Ks ration values of 82 protein coding genes from ten Leguminosae cp genomes
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Phylogenetic analysis
To identified the phylogenetic position of lima bean in
Leguminosae, we used the 44 protein sequences of 48
Leguminosae species to phylogenetic analyse (Fig. 8).
Maximum likelihood (MI) and Bayesian inference (BI)
were used to construct phylogenetic tree with Arabidop-
sis thaliana as outgroup. The phylogenetic results re-
solved most nodes with bootstrap support values of 100.
These 48 species belong to Caesalpinoideae, Cercidoi-
deae, Detarioideae and Papilionoideae. The phylogenetic
tree showed that P. lunatus and P. vulgaris are sister spi-
secies with a 100% bootstrap value and P. lunatusis
more closely related to P. vulgaris, V. unguiculate and V.
radiata. The phylogenetic trees are very helpful for us to
understand the phylogenetic relationship among more
Leguminosae species.

Discussion
In this study, the Cp genome of lima bean were se-
quenced and assembled, and this information was ap-
plied for their comparative analysis with other
Leguminosae species. The size of genome, content of
GC, the length of IR, LSC, and SSC regions and gene
content exposed high similarity among the genomes,
suggesting that leguminosae species shared low diversity
[20, 21, 37, 38]. The GC content is closely related to spe-
cies affinity [39]. High GC content is conducive to the
stability of the genome and maintaining the complexity
of the sequence. The four rRNAs genes have high GC
content, which results in a high GC content in the IR re-
gion [40]. The codon usage bias is related to transla-
tional efficiency, which biased towards rich tRNA. At
the same time, those codons that bind more tightly than
other homologous tRNAs [41]. In this study, all genes
were encoded by 25,873 codons, in these codons the
most frequent amino acids are leucine (2719, 10.51%)
and the least are cysteine (300, 1.16%). The most pre-
ferred synonymous codons end with A and U. High AT
abundance is the main cause why synonym codons end
with A/U, which may be the result of natural selection
and mutation [42, 43].
Repeat sequences are significant important for genome

rearrangements and variations, and repeat occurrence is
more prevalent in IGSs than in genic sequences [44–46].
Furthermore, these repeats can be used to develop gen-
etic markers for phylogeny and population studies [47].
We found 61 repeat sequences in P. lunatus Cp genome,
and most of the repeats were distributed within the
intergenic spacer regions, intron sequences, and ycf2
genes, which is highly homologous to the sequence in
V.radiata [20].
Currently, chloroplast genome markers have more ad-

vantages than nuclear DNA markers in terms of evolu-
tion and taxonomic research due to their maternal

inheritance in most plants and much lower mutation
rate [48, 49]. cpSSRs are often used to identify species
and analyze genetic because they are relatively richness
and have demonstrated high reproducibility and poly-
morphism. Two hundred ninety SSRs were found in the
lima bean Cp genime. The number of SSR is similar to
those in pigeonpea [37], but more than clusterbean [18].
Among 290 SSRs, most of them distributed in LSC
(63.45%) and located in intergenic spacers (45.86%). The
findings were similar to clusterbean [18] and pigeonpea
[37].
Although the Cp genomes of angiosperms are well-

conserved, inversion, rearrangement, novel DNA inser-
tion and IR expansion contraction occur frequently [18,
21, 25]. Leguminosae is an excellent choice for studying
the evolution of the Cp genome because legume plastid
genomes have undergone multiple genomic rearrange-
ments and the loss of genes or introns [50].. In our
study, P. lunatus has a common 50 kb inversion in the
LSC region, spanning from rbcL to rps16, which has
been found in other legumes (Fig. 4) [18, 20, 21]. Due to
the expansion and contraction of IRs, the Cp genomes
of P. vulgaris, V. radiata and V. unguicalata have 70 kb
inversion to subtribe Phaseolinae but are absent from
other Cp genomes [51, 52]. P. lunatus as a member of
the subtribe Phaseolinae shows the same inversion. All
the results shown in the gene order suggest that consid-
erable rearrangements and diversification were occurred
in the legume Cp genomes and a valuable resource for
phylogenetic analysis is provided.
Crop evolution and genetic improvement progress

mainly depends on the genetic diversity available in
germplasm resources [53]. rpl16, accD, petB, rsp16, clpP,
ndhA, ndhF and ycf1 genes in CDS was found significant
variation and high sequence variations were found in
intergenic regions as follows: trnk-rbcL, rbcL-atpB, ndhJ-
rps4, psbD-rpoB, atpI-atpA, atpA-accD, accD-psbJ, psbE-
psbB, rsp11-rsp19, ndhF-ccsA (Fig. 5). These regions
were considered useful markers for elucidating phylo-
genetic relationships among Leguminosae species. The
ycf1, accD and ndhF genes were also served as genetic
markers for Quercus bawanglingensis [54]. The Cp DNA
regions: trnL-trnF and atpB-rbcL were used to evaluate
262 accessions of P. lunatus to identify whether the MA
gene pool of P. lunatus has a single centre or multiple
centres [55]. trnL-trnF in noncoding Cp DNA regions
also has been used to study Phylogeny and domestica-
tion [56–58]. polymorphisms of the Cp DNA is very use-
ful to study the evolutionary of Lima bean and to
pinpoint domestication places in several studies. Hence,
more and more genome resources need to be developed
for plants [59].
Studies have shown that IR regions in plant chloro-

plast genomes are more conserved than single copy and
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Fig. 8 Maximum likelihood (ML) and Bayesian Inference (BI) phylogenetic tree of 48 species of Leguminosae constructed using the sequences of
44 proteins. Arabidopsis thaliana were used as the outgroups
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non-coding regions, and can stable the rest genome [38].
The size change of the angiosperm plastid genome is
caused by the contraction and expansion of the IR re-
gion at the boundary [51, 60]. The change of the IR/SC
junction is a common phenomenon and plays an im-
portant role in evolution [54, 61, 62]. In the seven Legu-
minosae species, P. lunatus, P. vulgars, V. radiate and V.
unguiculata showed similar characteristics, only some
genes including rps8, rps19, trnN, ndhF, ycf1 and rps3
showed a little difference; C. cajan, G.max, and G. soja
showed more differences than other four species (Fig. 6).
The complete trnH-rps19 cluster of P. lunatus, P. vul-
gars, V. radiata and V. unguiculata is present in IR re-
gions, which is consistent with TYPE III [63].
Non-synonymous (Ka) and synonymous (Ks) substitu-

tions and their ratios (Ka/Ks) have been used to assess
the rate of gene divergence. The ratio of Ka/Ks < 1 rep-
resents purifying selection, while the ratio > 1 represents
positive selection [64]. In most protein-coding genes,
nucleotide substitutions of synonymous occur more fre-
quently than non-synonymous [65]. In this study, the ra-
tio is < 1 in most of the genes, indicating that they are
under purifying selection in lima bean. However, the Ka/
Ks ratio of ndhD gene is > 1 in four of the ten compari-
son groups, ycf2 exhibited a ratios > 1 in three of them
and the ratio > 0.5 in the other species. The ndhD and
ycf2 undergo positive selection in lima bean, which may
help to adapt to their living environment.
Genetic analysis of lima bean was performed using

cytogenetic [66] and molecular data [55]. With the de-
velopment of sequencing technologies, an increasing
number of Cp genomes have been used for phylogenetic
analysis [35, 36]. The Cp genomes have been used for
phylogenetic analyses in the genus Quercus, which pro-
vide strong support for the deep phylogenetic relation-
ship between subfamily tribes [67].. In our study, the
sequences of chloroplast genomes were used for phylo-
genetic analysis by ML and BI based on 48 Leguminosae
species. P. vulgaris and P. lunatus are sister species, P.
lunatus is more closely related to P. vulgaris, V. unguicu-
lata and V. radiata. Consistent with the gene order re-
sults, they are all of subtribe Phaseolinae. The result is
consistent with other phylogenies constructed by Cp
genome containing representatives Phaseolinae genus
[68–70].

Conclusions
In this study, the complete Cp genome of P.lunatus was
first sequenced on IlluminaNextera XT platforms. The
size of genome, structure and organization of gene were
shown to be conservative, which is similar to those re-
ported Cp genomes of Leguminosae species. Sixty-one
repeats and 290 SSRs were present in P. lunatus. These
results are very useful for developing barcoding

molecular markers. In comparison with other legume
species, the Cp genome of lima bean shares a similar
gene order and IR region borders with P. vulgaris, V.
unguiculata and V. radiata. Phylogenetic analysis of 48
Leguminosae species shows that P. lunatus are more
closely related to P. vulgaris, V. unguiculata and V.
radiata. These results provide important information for
the complete Cp genome of P. lunatus, which might be
useful for further studies of evolution and phylogenetic.

Methods
Sequencing and assembly of lima bean Cp genome
Fresh leaves were collected from lima bean plants grown
on Huiyuan Vegetable Gardening Farm at Chongming
Island [6]. Genomic DNA was extracted by CTAB
method [71]. Then the DNA quality was tested (> 50
ng·μL − 1). The DNA was sequenced by the HiSeq™ X10
platform (Illumina, USA) at Nanjing. Bowtie2 v2.2.4 [72]
was used to exclude non-chloroplast genome reads with
paired-end alignments and a maximum of 3 mismatch-
es(−v = 3), as the raw sequence reads always include
non-cpDNA. The Cp genome was assembled by SPA-
desv3.10.1 [73] and with the options of “–trusted-con-
tigs” via manual correction using comparison with the
reference species P. vulgaris (NCBI ACCESSION NC_
009259.1). The Cp genome of lima bean was submitted
into GenBank (SRA: SRR13319750, BioProject:
PRJNA688003 Accession number: MW423611).

Genome annotation of the cp DNA sequences
The annotation of the Lima bean Cp genome was per-
formed by blast v2.2.2 (parameter: -nproc 20, −bestn 5
[74]., and the final annotation result was correct manu-
ally. rRNAs and tRNAs were identified by hmmer v3.1b2
[75] and aragorn v1.2.38 [76], respectively. The entire
genome was mapped by OGDRAW [77]. The synonym-
ous codon usage, relative synonymous codon usage
values (RSCU) and codon usage of the complete plastid
genomes were analyzed using MEGA 6.0 PREP suit [78]
with cut off values of 8.0 was used to predict the RNA
editing sites in the plastome.

Characterization of repeat sequences and SSRs
Interspersed repeated sequences were detected by
Vmatch v2.3.0 [79]. Simple sequence repeats (SSRs) were
identified by MISA v1.0 [80].

Comparative analysis of Cp genomes
MUMmer was used to pair sequence alignment of the
chloroplast genome [81]. The chloroplast genome of P.
lunatus (SRA: SRR13319750, BioProject: PRJNA688003)
was compared with P. vulgaris (NC_009259), V. radiate
(NC_013843) and V. unguiculata (NC_018051) in the
Leguminosae tribe by mVISTA with the shuffle-LAGAN
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mode [82, 83]. The annotation of P. lunatus was set as a
reference.
The gene order comparison was performed by

MAUVE [84] between lima bean (SRA: SRR13319750,
BioProject: PRJNA688003), Arabidopsis thaliana (NC_
000932), C. cajan (KU729879), G. max (NC_007942), P.
vulgaris (NC_009259), C. arietinum (NC_011163), V. ra-
diate (NC_013843), G. soja (NC_022868), V. unguiculata
(NC_018051) and M. truncatula (NC_003119).

Adaptive evaluation analysis
In order to analyze non-synonymous (Ka) and synonym-
ous (Ks) substitution rates and Ka/Ks ratio, P. lunatus
was compared with the ten other species in Legumino-
sae tribe: G. max, C. cajan, C. arietinum, V. radiate, P.
vulgaris, G. soja, V. unguiculata, P. sativum, V. faba and
M. truncatula. The ten sequences was separately aligned
by MAFFT v7.427 [85], then the Ka and Ks substitution
rates and Ka/Ks value was counted using the KaKs_cal-
culator 2.0 [86] with the default model averaging (MA)
method.

Phylogenetic analysis
The phylogenetic analysis was conducted for lima bean,
another 47 Leguminosae species, and one outgroup Ara-
bidopsis thaliana, all of which were down loaded from
the NCBI except those of P. lunatus. The complete Cp
genomes were aligned using MAFFT v7.427 [85].
RAxML v.8.2.10 [87] and MrBayes version 3.2.6 [88] was
used to reconstruct the phylogenetic relationship with
the maximum likelihood (ML) and Bayesian Inference
(BI) methods.

Availability of data and materials
The Cp genome of P. lunatus were uploaded to the
NCBI database (https://www.ncbi.nlm.nih.gov/) with
GenBank accession numbers (SRA: SRR13319750, Bio-
Project: PRJNA688003). Other data can be obtained by
contacting the corresponding author.
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