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Abstract 

Medicago falcata is one of the most important perennial forage legumes in the Medicago genus. In this 

study, we reported the complete chloroplast genome of two M. falcata ecotypes grown in different 

regions, and compared them with those of Medicago truncatula and Medicago sativa. We found that M. 

falcata genome contains 78 protein-coding genes, 30 tRNA genes, and 4 ribosomal RNA genes, with 

only one copy of the inverted repeat. They shared high conservation in size, genome structure, gene 

order, gene number and GC content with those of M. truncatula and M. sativa. High nucleotide 

diversity occurred in the coding gene regions of rps16, rps3 and ycf4 genes. Meanwhile, 

mononucleotide repeats are the most abundant repeat type, followed by the di-, tri-, tetra-, and 

pentanucleotides, and forward repeats were more abundant than reverse and palindrome repeats for 

all these three Medicago species. Phylogenetic analysis based on both coding sequences and complete 

chloroplast genome sequences demonstrated that M. falcata had the closest relationship with M. 

hybrid and M. sativa. This study provided valuable information for further studies on the genetic 

relationship of the Medicago genus. 

Keywords: chloroplast genome; legumes; Medicago; phylogeny; simple sequence repeats 

 

1. Introduction 

Legumes played central roles in the development of agriculture and civilization, and they 

account for approximately one-third of the world’s primary crop production. In addition, legumes 

are also important due to their ecologically vital role in biological nitrogen fixation [1]. The Medicago 

genus is one of the most important forage resources and they are cultivated worldwide [2]. In the 

Medicago genus, M. truncatula has been adopted as a model species for legumes [3]. M. sativa (alfalfa) 

is highly productive, stress tolerant, and a valuable forage crop for livestock, which is referred as “the 

king of forage crop” [4,5]. M. falcata is mainly distributed in the north of China, Russia, Mongolia and 

Europe [6], and grows in adverse environments, with great tolerance against abiotic stresses [7]. 

The inheritance of the chloroplast genome with conserved gene content and order made it a 

valuable asset for studies in plant phylogenetic and evolutionary [8,9]. Chloroplast genomes of 

legumes have undergone considerable diversification in gene/intron content and gene order during 

phylogenetic evolution [1]. It was reported that chloroplast genomes of some legume experienced 

rearrangement, including the loss of an inverted repeat or genes (e.g. rpl22 and rps16 genes) [10,11], 

or inversions of long fragments [12,13], including Glycyrriza, Astragalus, Medicago, Pisum, and Vicia 

faba [14]. As for alfalfa, its chloroplast DNA was thought unrearranged, except for the deletion of one 

segment of the IR [10,15]. 

M. falcata is considered as a wild species as well as a subspecies of M. sativa complex [4,16]. It 

was still difficult to clearly distinguish among M. sativa, M. falcata and their hybrid Medicago × varia 
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based on the molecular and morphological evidence [2]. Therefore, more chloroplast genomes of M. 

falcata will be valuable genetic resources for the study of population genetics and evolutionary 

relationships of Medicago species. In this study, we chose two M. falcata ecotypes of different regions 

(e.g. Russia and Xinjiang, China) for complete chloroplast genome sequencing, our detailed analyses 

on chloroplast genomes of two new M. falcata ecotype enrich and refine the chloroplast genome 

information of M. falcata. In addition, this study would be helpful to further understand plastid 

evolution and phylogeny of the Medicago genus. 

2. Materials and Methods 

2.1. Plant Material, DNA Extraction, and Sequencing 

The plants of one Medicago falcata ecotypes was obtained from the Federal Research Center of 

Russia Vavilov Institute of Plant Genetic Resources (MW271002, SRR15182922), and the other was 

were collected in Xinjiang, China (MW271003, SRR15182921), and they were cultivated in the 

greenhouse of the College of Grassland Science, Xinjiang Agricultural University, Urumqi, China. 

Total genomic DNA of M. falcata was extracted from the fresh leaves by using the modified CTAB 

method [17]. 

2.2. Chloroplast Genome Assembly and Annotation 

The software GetOrganelle v1.5 [18] was used to assemble the chloroplast genome, with the 

chloroplast genome of another M. falcata ecotype (GenBank accession number: NC 032066.1) as 

reference. Chloroplast genome annotation was performed by using GeSeq [19] 

(https://chlorobox.mpimp-golm.mpg.de/geseq.html). In order to ensure the prediction accuracy of 

the encoded protein and RNA genes, the program Hmmer was used to predict the protein coding 

sequences, and ARAGORN v1.2.38 was used to predict the tRNA genes [20], and the final annotation 

results were manually corrected. According to the annotation, circular diagram of the chloroplast 

genomes of M. falcata was subsequently drawn using OGDRAW v1.3.1 [21]. 

2.3. Genome Structure Analysis of Chloroplast Sequence 

Perl scripts and Python scripts of self-written were used to process the chloroplast genome 

annotation files of five Medicago plant samples, and to calculate the basic data of the chloroplast 

genome structure, including the number of chloroplast genes, the total length of the chloroplast 

genome (bp), GC content, protein-coding gene number, CDS number, rRNA number and proportion, 

tRNA number and proportion, IR number, and the classification of chloroplast genes in the Medicago 

plant subgenus. 

2.4. Analysis of the Chloroplast Genome Consistency 

The Python script was used to process the annotation files of the five Medicago plant samples, 

and the sequence comparison of whole chloroplast genome of five Medicago samples were anzlyzed 

with the online mVISTA program (http://genome.lbl.gov/vista/mvista/submit.shtml) [22]. Then we 

selected Shuffle- LAGAN as the parameter for sequence comparison [23]. The sequence identity of 

the chloroplast genomes of all Medicago plant samples were analyzed, with the chloroplast genome 

of M. falcata (NC 032066.1) as reference sequence. 

2.5. Analysis of Simple and Complex Repeats 

The program Tandem Repeats Finder [24] and the online program reputer 

(https://bibiserv.cebitec.uni-bielefeld.de/reputer) [25] were used to predict repetitive sequence and 

scattered repetitive sequences. The local MISA program was used to predict the simple repeat 

sequence (SSR) [26], and the maximal number of mononucleotide repeats, dinucleotide repeats, 
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trinucleotide repeats, tetranucleotide repeats, pentanucleotide repeats and hexanucleotide repeats 

were set to 10, 6, 4, 3, 3, and 3, respectively. 

2.6. Analysis of Nucleotide Polymorphism of the Chloroplast Genome 

The commonly shared CDS sequences of five Medicago chloroplast were aligned with the muscle 

v3.8 program. DNAsp v6 was used to analyze the nucleotide polymorphism and calculate the 

nucleotide diversity. 

2.7. Phylogenetic Analysis 

A total of 37 chloroplast genome sequences were used for phylogenetic analysis, including 11 

sequences of the Medicago genus and other 25 species of Leguminous plants, with chloroplast genome 

of Arabidopsis thaliana as outgroup. Because genetic evolutionary rates varied in different regions over 

the whole chloroplast genome, the phylogenetic trees were built based on the following two datasets: 

(1) the complete chloroplast genomes, and (2) the CDS sequences. 

3. Results 

3.1. Characterization of the Chloroplast Genomes of Two M. falcata Ecotype 

We used NovaSeq 6000 sequencing platform to generate raw data (3.4G) from the two M. falcata 

chloroplast, and deposited them at the GenBank database, and MW271002 and SRR15182922 were 

for the one obtained from Russia, and MW271003 and SRR15182921 were for the other one collected 

from Xinjiang, China. The length of the complete chloroplast genomes of these two M. falcata are 

125,657 bp and 125,479 bp in length (Figure. 1, Table 1). By comparison, the chloroplast genome of 

M. falcata strain 1210, M. sativa and M. truncatula are 124,430, 125,330 and 124,033 bp in length, 

respectively (Table 1). In details, their chloroplast genome sequences contained 112 unique genes, 

including 78 protein-coding genes, 30 tRNA genes and 4 rRNA genes. Of all five samples, except for 

M truncatula, all the others had identical numbers of protein-coding genes (78) and rRNA genes (4). 

It is worth noting that M. falcata (NC 032066.1) from Inner Mongolia of China lacks two tRNA, while 

the other two ecotypes of M. falcata have 30 tRNAs (Table 2). 
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Figure 1. Visualization of Medicago falcata chloroplast gene map with annotations. The inner circle is for GC 

content. Genes are color coded based on function as per the legend. Genes on the inside of the outer circle are 

minus (-) strand and genes on the outside of the outer circle are plus (+) strand. Genes belonging to different 

functional groups are colour coded. 

Table 1. Summary of the chloroplast genomes assembly data for Medicago. 

Name 
Length 

(bp) 

Gene 

num

ber 

Protein-

coding 

Gene 

number 

Protei

n 

Codin

g 

Gene 

(%) 

rRNA

_ 

gene 

numb

er 

rRN

A 

(%) 

tRNA 

gene 

numb

er 

tRN

A 

(%) 

GC 

Conte

nt 

(%) 

IR 

length/

bp 

Medicago falcata MW 

271002 
125657 112 78 69.64 4 3.57 30 

26.7

9 
33.85 N/A 

Medicago falcata MW 

271003 
125479 112 78 69.64 4 3.57 30 

26.7

9 
33.84 N/A 

Medicago falcata NC 

032066.1 
124430 110 78 70.91 4 3.64 28 

25.4

5 
33.96 N/A 

Medicago truncatula 

NC 003119.6 
124033 111 77 69.37 4 3.6 30 

27.0

3 
33.97 N/A 
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Medicago sativa NC 

042841.1 
125330 112 78 69.64 4 3.57 30 

26.7

9 
33.87 N/A 

Table 2. Gene content and functional classification of the Medicago chloroplast genomes. 

Gene 

category 
Gene group Gene names 

Other genes 

 

Envelope membrane protein 

(1) 
cemA 

Maturase (1) matK 

Protease (1) clpPa 

Subunit of acetyl-CoA 

carboxylase (1) 
accD 

c-type cytochrome synthesis 

gene (1) 
ccsA 

Photosynthes

is 

Others (3) pbf1, ycf3b, ycf4 

Subunits of ATP synthase 

(6) 
atpA, atpB, atpE, atpFa, atpH, atpI 

Subunits of NADH 

dehydrogenase (11) 

ndhAa, ndhBa, ndhC, ndhD, ndhE, ndhF, ndhG, ndhH, ndhI, 

ndhJ, ndhK 

Subunits of cytochrome (6) petA, petBa, petDa, petG, petL, petN 

Subunits of photosystem II 

(14) 

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

psbL, psbM, psbT, psbZ 

Subunits of photosystem (5) psaA, psaB, psaC, psaI, psaJ 

Subunits of rubisco (1) rbcL 

Self-

replication 

 

DNA dependent RNA 

polymerase (4) 
rpoA,rpoB,rpoC1a,rpoC2 

Large subunits of ribosome 

(9) 
rpl14, rpl16, rpl2a, rpl20, rpl22, rpl23, rpl32, rpl33, rpl36 

Small subunits of ribosome 

(12) 

rps11, rps12a, rps14, rps15, rps16a, rps18, rps19, rps2, rps3, 

rps4, rps7, rps8 

rRNA genes (4) rrn16, rrn23, rrn4.5, rrn5 

tRNA genes (30) 

trnA-UGC, trnC-GCA, trnD-GUC, trnE-UUC(×2), trnF-GAA, 

trnG-GCC, trnH-GUG,  

trnK-UUU, trnL-CAA, trnL-UAA, trnL-UAG, trnM-CAU(×3), 

trnN-GUU, trnP-UGG,  

trnQ-UUG, trnR-ACG, trnR-UCU, trnS-GCU, trnS-GGA, 

trnS-UGA, trnT-CGU,  

trnT-GGU, trnT-UGU, trnV-GAC, trnW-CCA, trnY-AUA, 

trnY-GUA 

Unknown 

function 

Conserved open reading 

frames (2) 
ycf1, ycf2 

a represents gene containing one intron, and b represents gene containing two introns, ×2 shows two copies, ×3 

shows three copies. 

3.2. Comparative Analysis of the Chloroplast Genome of Three Medicago Species 

The mVISTA-based identity plot indicated conservation in DNA sequence and gene synteny 

across the whole chloroplast genome, and revealed the areas with increased genetic variation (Figure 

2). The genes number, order and orientation were found to be highly conserved. However, their CDS 

regions showed distinct variation (Figure 2). Further analysis on nucleotide polymorphisms 
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(nucleotide diversity) indicated that 87 out of 108 genes differed among these five Medicago species, 

but no difference was found for the remaining 21 genes. In this study, we found that all rRNA and 

tRNA genes are highly conserved (Figure 3). Compared with tRNA genes and rRNA genes, protein-

coding genes had relatively higher nucleotide diversity (Figure 3, Table S1), and the highest 

nucleotide diversity was 0.486 for rps16, while the lowest value was 0.198 for psbE. The analyses on 

the nucleotide diversity revealed the variation size of the chloroplast genome in different Medicago 

species, and regions with high nucleotide diversity (e.g. rps16, rps3 and ycf) may be developed as 

potential molecular markers for population genetics. 

 

Figure 2. Comparison of chloroplast genomes of Medicago species using the mVISTA program. A cut-off of 70% 

identity was used for the plots. The Y-scale axis represents the percent identity between 50% and 100%. Gray 

arrows above the alignment indicate genes indicated genes position and their orientation. 

 

Figure 3. Nucleotide diversity values between five Medicago species determined using whole chloroplast 

genomes. The x-axis represents chloroplast genome genes, and the y-axis represents nucleotide diversity. 

Detailed Pi values were shown in Table S1. 
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3.3. Features of the cpDNA Repeats of Medicago 

Complete chloroplast genomes of all five Medicago species contained mono-, di-, tri-, tetra-, 

penta- and hexanucleotide SSRs. The most abundant repeats are mononucleotide repeats, accounting 

for more than 71.73% of the total SSRs, followed by the di-, tri-, tetra- and pentanucleotides (Figure 

4A). Considering sequence complementary, 16 classified repeat types were found in all five Medicago 

species. The most abundant repeat type was A/T, and they were 67, 75, 76, 76, and 79 in M. falcata NC 

032066.1, M. falcata MW 271002, M. falcata MW 271003, M. truncatula, and M. sativa, respectively 

(Figure 4B). 

 

Figure 4. Type and amount of simple sequence repeats in the chloroplast genome of Medicago. 

We detected four different types of long dispersed repeats (LDRs), namely forward (F), 

palindromic (P), reverse (R) and complement (C) repeats. Among these large repeats, forward repeats 

were found to be the most abundant, ranging from 47 to 182, followed by the palindromic repeats 

that ranged from 16 to 54 (Figure 5). And two complementary repeats were found in M. falcata 

MW271002, which was absent in the other four accesions (Figure 5). 
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Figure 5. Analyses of long dispersed repeats (LDRs) in Medicago chloroplast genomes. The frequency of LDRs 

classified by the length and type of repeat: Total: total numbers of all repeats. F: forward repeats, P: palindromic 

repeats, R: reverse repeats, C: complementary repeats. 

3.4. Phylogenetic Relationship Between Medicago and Related Species 

The phylogenetic trees were constructed based on both CDS (CDS regions of 78 protein-coding 

genes) and the complete chloroplast genome sequences of 36 leguminous species and one outgroup 

Arabidopsis thaliana (Figure 6). Within the cluster of the Medicago genus, slight difference was found 

for the relationship between the trees clustering with the CDS or clustering with the complete 

chloroplast genome sequences. The phylogenetic tree constructed with the full length is more 

accurate than the phylogenetic tree clustering with the CDS regions. The phylogenetic analysis with 

the complete chloroplast genome sequences showed that M. falcata MW271002 and M. falcata 

MW271003 were both clustered with M. falcata, and they were close to M. sativa and M. hybrida (Figure 

6B), which was supported by high bootstrap value (>98%), and this result is consistent with previous 

phylogenetic analyses [4,16]. In both phylogenetic trees, the position of M. falcata MW271003 was 

closely related to another two species M. hybrida and M. sativa, implying that M. falcata and M. sativa 

might have evolved from M. hybrida during evolutionary. 

. 

Figure 6. Phylogenetic trees constructed using the maximum likelihood (ML) method. ML tree based on the CDS 

sequences of protein-coding genes (A), or based on the complete chloroplast genomes (B). 
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4. Discussion 

4.1. Conservation of Medicago cpDNA 

Chloroplast genomes are highly conserved in angiosperms with respect to gene content and 

order [27]. The highly conserved structure of the chloroplast genome is a potential source for the 

phylogenetic reconstruction of species relationships among legume plants [28]. The number, type, 

and order of genes were found to be very similar among the chloroplast genome sequences of these 

five Medicago samples [1,15,29]. By comparison, the complete chloroplast genome sequence of M. 

falcata MW 271002 and M. falcata MW 271003 are longer than those of M. sativa and M. truncatula. M. 

falcata (NC 032066.1) and M. sativa have two more genes (e.g. trnC-GCA and trnY-AUA) (Table 1) than 

the others, while M. truncatula lacks of a protein-coding gene rps16 (Table 1). M. falcata has a special 

chloroplast structure containing only one copy of the IR region, but lacks the quadripartite structure 

(Figure 1, Table 1), which is different from the chloroplast genomes of the majority of typical land 

plants that have two copies of IR region [30]. In addition, lacking of IR can cause gene extensive 

rearrangement, this phenomenon mainly occurs in the legume tribes, including subclover, broad 

bean, pea and alfalfa [10,15,31]. The infA gene was found in most angiosperm chloroplast genomes 

including representatives of the early branching lineages [30], but it was not present in M. falcata or 

M. sativa chloroplast genome, which may be due to the presence of one IR. These results support the 

hypothesis that the presence of the large inverted repeat stabilizes the chloroplast genome against 

major structural rearrangements. The GC levels of the complete chloroplast genomes in angiosperm 

chloroplast genomes were very similar, ranging from 36.7% to 37.0% [32,33]. However, in our study, 

GC content of these species of Medicago are 33.8%, the relatively low GC content may be due to the 

components and numbers of pseudogene [34]. 

4.2. Simple and Complex Repeats Analysis 

Large, complex repeat sequences may play important roles in the rearrangement of plastid 

genomes and sequence divergence [35,36]. Differential distribution of these repeats is associated with 

complete chloroplast genome rearrangement and nucleotide substitution, therefore, these repeats 

could be used to develop genetic markers for phylogenetic studies [36]. The results are comparable 

to previously reported findings that SSRs in the complete chloroplast genomes are mainly composed 

of polyadenine (poly A) or polythymine (poly T) repeats and rarely tandem guanine (G) or cytosine 

(C) repeats [33,37]. The phenomenon of A/T richness in the SSR of land plants has been reported 

previously, and the finding in our study are consistent with those in other species [37–40]. The most 

abundant are mononucleotide repeats, accounting for more than 71.73% of the total SSRs, followed 

by the di-, tri-, tetra- and pentanucleotides(Figure 4A), similar to the results in Lilium [33]; we also 

found that tetranucleotide repeats were more abundant than pentanucleotide repeats, which is 

consistent with a report on Quercus [41]; Hexanucleotide repeats were very rare across the five 

Medicago complete chloroplast genomes, similar to the results in Lilium and Allium [33,34]; Forward 

repeats were more abundant than reverse and palindrome repeats (Figure 4B)[42]. These new 

resources will be potentially useful for population studies in the genus Medicago. 

4.3. Phylogenetic 

Phylogenetic analyses based on complete plastid genome sequences have provided valuable 

insights into relationships among and within plant genera. As recorded in the flora of China, M. 

falcata is not only considered as a wild species, but also a subspecies of M. sativa [4,16], which is 

consistent with our our phylogenetic analyses(Figure 6). As reported previously, even grows in the 

same area, the phenotypic traits of M. falcata also show considerable differences between individuals 

[2]. These variation between individuals even within the same population may be related to the 

characteristics of cross-pollination of M. falcata and its ability to adapt to adverse environment. 

Therefore, the characterization of multiple complete chloroplast genome provided the opportunity 
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for comparison and investigation with the current M. falcata chloroplast genome. In the genus 

Medicago, species with relatively close phylogenetic relationship clustered together could be 

explained by frequent genetic exchange and gene introgression among species. 

5. Conclusions 

We determined the complete chloroplast genomes sequences of two M. falcata from Russia and 

Xinjiang in this study. The results revealed that the orientation, structure, size, genes number, order 

, GC content were conserved among five Medicago, including M. falcata NC 032066.1, Medicago falcata 

MW271002, M. falcata MW271003, M. truncatula NC 003119.6 and M. sativa NC 042841.1. However, 

there are slightly differences in the number of protein coding genes number and tRNA gene number, 

comparative analysis of sequence differences, the protein-coding genes similarity was low, large 

variation between CDS. Further analysis of nucleotide polymorphisms, observations of nucleotide 

diversity indicated that 87 of 108 surveyed regions differ among the five Medicago species, the 

nucleotide diversity of other coding genes are very high, also exceeded 0.2. In our study, we observed 

that all rRNA and tRNA genes are highly conserved. The most abundant are mononucleotide repeats, 

followed by the di-, tri-, tetra-, and penta-, forward repeats were more abundant than reverse and 

palindrome repeats. Two phylogenetic tree analysis results are slightly different, the phylogenetic 

tree made from the full length is more accurate than the CDS phylogenetic tree clustering; These 

results offer valuable information for future research in the identification of Medicago species and will 

benefit further investigations of these species. 

Supplementary Materials: The following supporting information can be downloaded at website of this paper 

posted on Preprints.org, Table S1: Detailed nucleotide diversity values between five Medicago species 

determined using whole chloroplast genomes. 
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