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Abstract: Medicago L. is a genus comprising approximately 87 species in the world, and 15 species in China. Most of them
are widely distributed and can live in different habitats. Due to complex morphological variation such as pods, and diverse
breeding systems, the evolutionary history of this genus has always been one of the hotspot. With the development of
molecular ecology, the use of genomics to solve ecological problems has been continuously reported. However, the current
chloroplast genome data of the genus of Medicago in China is still lacking, and the analysis of its evolution path has seldom

carried out. In this study, ten Medicago species and one Trigonella species in China were selected to sequence and compare
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the structural characteristics of the chloroplast genomes. The phylogenetic relationship based on the chlroplast genome and
nuclear ITS sequence were analyzed, and the evolution path were explored based on their geographical distribution and
habitat characteristics. The results showed that the chloroplast genomes of the above species were 121—127 kb in size, all
of which displayed atypical quadripartite structure missing one copy of the inverted repeat region (IR). Totally, 1,273
variable SSR loci were found in these Medcago species, which could be used as potential molecular markers to identify
Medicago germplasms. There were 6 inversions happened in the chloroplast genome of the tested Medicago species. Two
unique inversions were identified between genes atpB to y¢f3, ndhC to trnl"™ in M. lupulina. And four inversions were
shared by M. archiducis-nicolai and M. ruthenica between genes psbM to psaA, ndhB to traN"" | ndhB to rpoA, clpP to
rpl20. Intron losses were also observed in clpP, rpoCl and aipF genes in M. lupulina chlroplast plastome. The phylogenetic
relationship based on chloroplast genome and ITS sequences supported the traditional classification to subdivide Chinese
Medicago into section Medicago, Spirocarpos, Platycarpae and Lupularia. The basal position of the clade consisting of
M. edgeworthii, M. orthoceras and M. monantha like the Trigonella supported the existence of "Trigonelloid” Medicago. The
differentiation may be related to the habitats of these species, especially the annual average temperature may be the decisive

factor leading to the differentiation of Medicago in China.

Key Words: Medicago; Plastome; Structure variation; Phylogenomics; Ecological evolution
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YRS H A& 41, 17 Flora of China) A M8UE 48kl 4312 o X2 W5 1 N 4 T A e 1) 1) 432
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Toft g g AR PR A A 2R, s 6 I 7 T AL ) AL

1 #MR57EE
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Bank of Wild Species, GBWS) , #JE H 1& i >k [ W K H| W g BT 5% H % BE ( South Austrulian Research and
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AP AR AR R AR DXRFAE L3R 1

®1 RENEEREVHEER

Table 1 Accession numbers of the Medicago materials used in this study

SRAEH Locality
% W EYIRETW FYHE EHER
Taxon Accession # SOAE WY b ) P R 9 H AR I I (TR
RIHE B/mm B gc R
B GBWS 868710062997 1263 A5 286.2 2570 6.4 RHERRIET R X
M. monantha
’?“EH% —- N =0 TR ] & A
) GBWS 868710187791 PR 432.8 2879.8 4.5 el A R 2R R X

M. ruthenica
P A SARDI TR TR I ] 7 e 365 2516 17.1 i PR X
M. truncatula
BRRAME CBWS 868710169173 P higH 426.4 3000 74 EBIEURARET RAUREK
M. edgeworthii

Bt . RN PR 4 w5 R E RS
Lk GBWS 868710272088 7 R R 1 TR M 864 2450 15.6 LA AR 2 T R AR
M. polymorpha i X
HEHTE I .

o GBWS 868710200961 oA H R e IR 651.5 1800 5.1 KB PEZE S X

M. archiducis-nicolai
REH ﬁ GBWS 868710210600 [SRii] 1173.4 1885.9 17.6 W HAGHT 7R AU A A X
M. lupulina
PATS = 3 3 % BVl L= SH A PN = 2 ) =
AR GBWS 868710044970 %ig* FHESAE g 3000 prg TR AR
M. varia JEM i [X.

T LR
HRB AL GBWS 868710063093 B A AT 286.2 2570 6.4 PR AT KR R AR X
M. orthoceras

lf‘ [EpREY * % R A YE M PN T - W A=
REwR GBWS 868710125727 \?TLE RABEEH g6 3000 g IR IR KR
M. sativa SEDA i [X.
5 g Zi TR T Rk PR
e GBWS 868710050406 D1 PRI 68.3 4434.7 3.6 8 S T R

Trigonella sp.

e H iR

i 1X.

GBWS, P [RIB}2 bt B WA W W5 i o [ 7 g BB 2 A W o B R P2 s SAR DI, R DR e S8 0 9 T o A o J 9 U

1.2 REESF

2018 4R 2019 4F, 3 1 HPEE R A 7 LR AR b 1 T8 Rl % (LI IE RO BHECA IR A 7)) 2t
Frwi R MG SR . FrA R T 2K TR 8 h 5 Kb 5 BT 25 CHERAR A 2F B RIUER 7 2 I, B 155

FUS  EFTRERD IR Z R A M IR (2542) °C  JEIRIRFE 400 pumol m™ s

I, BAEFEHNEREE(E D,
1.3 DNA $2HCS & )y
RAEL BT 3 BB FRAE TR VRS IR . FEAHE DNA SR mCTAB L2, BIAL BRE S22 4 %
2 U8 AR DNA 20T
&L DNA SRS ST, VISR 350 bp 19 DNA R Bt , Al NEBNext © 92 X7 &4 350 bp K/
SCIE, B Hiseq 4000 PE150 AN F- 6 #-4 7007 (AL mtim R BERH B A BR A\ d6aT) o
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E1 #HAEEREUES
Fig.1 Medicago plants cultivated in green house
1,VERETE M. sativa; 2, 2R ETE M. varia; 3, IE B 18 M. truncatula;4, 78 B 18 M. polymorpha;5, KW H T8 M. lupulina; 6, 5 MG H TE M.
archiducis—nicolai; 7, 7 E 15 M. ruthenica ;8 , TR /55 M. orthoceras;9 , BAAEH £ EY M. monantha; 10, BIEE 1§ M. edgeworthii; F P4 2
KE R BURSIFR R B SR a4

1.4 SR IARSER AR ITS J7 50 Pk 5 R
e A O PP AR SR ) SPAdes3.6.1 AT BT LI AN Pf4% | L 2 2 R 3R I M SR BE R 20 A ITS 351
2% | FH Blast T2 70k H SRR SE LA 1TS FFEHIAY contigs' ™) Bk HE (SR AR SE R ZH N TTS S contigs
FH Sequencher 4.10 ZH %% 5l 57 5% i) SRR FE KL RN ITS J7571)
FIFH Plann 2 77 %F 3845 09 i S R BE A AT 1B, AU E & A TF KR M. sativa (JF 942105 .
MK460489) 275 J7- 41| , %f AT (A 26 11 B 4 A 36 B, vRNA A (RNA S8 PREA T AR, I % TR B 6 SR A T 78— #
A, ORI EER BT A SRR A IR IR 228 P 4 0 A BT T sl e 5 B e B e R A R
FIHTEL A OGDRAW ( https :// chlorobox. mpimp—golm.mpg.de/OGDraw. html ) 2 il & 75 J& #) Fl 1) - AR 3 (R
PR
1.5 fa s p 5 Hr
I MISA BRAF X E 7 T b () i S (A L PR 21 114 ] )7 51 B & (simple sequence repeats, SSRs) 735l #E47
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R, SSR A 8 NN, BT R T EE = 10; R P T ELE N =S, “iTRA THEE
=4, WZHTR . I HRMAEH R PO E R R =3, M1 SSRs ZIAIRHEES AT 20 bp,
L6 ARGKEDH

ARG TERELE R SRR 78 R SRR FE DI 1Y 76 DB EEA, FIH MAFFT B 3047 Hoxt, 38 MEGA X
PEATF A, O 2 Jn I — B AR AT R G T 00T, T RAXML B0F LA R R 25T R GEK
T, BAHRRE A EER N GTR+G, RGA T %170 SR I SCRp R i AT 500 A EE R Mt

2 HREHS

2.1 HAE B S A R 2 25 AR R AR
AWM E T ETEE 10 DPFp 582 ) SRR IE A 1 N80 75 BT P b ) i S AR R PR AL S 35303 %
FEM 1,222x (HHFEAE) 3 10,340x (FEETE ) o Ll RhiY - (AR PRI A BEACHRAE WL 2, I fA R PR 4H K
AN AT 121—127 kb Z[8], Horb ) 35 9 1 g i S Rk PR 40 fie R KB R 127,358 bp, B4R = L i
/N KB R 121,082 bp, PIE SER A R /MHZEZ 6 kb, GC &8 T 33.8%—34.1% 2 [0] , FH4{E N 34.02% , A~
R GC & E2EFBIN, A 5 MR SA GC FRE%E4L 8, 1H 34.1%,
£2 HEBEOTREEEANF S

Table 2 Sequencing and plastome statistics in Medicago plants

G DB €= SR BE HL KK/ kb GC &/ % S
Taxon Reads Depth Genome size GC content Type
TR S M. orthoceras 14,111,892 2665 121,093 34.1 I
BFEH 1 M. monantha 14,248,290 1773 121,082 34.1 1
FWEETE M. archiducis-nicolai 14,864,700 1222 127,358 342 1
BHHTE M. edgeworthii 12,053,011 2832 122,598 33.9 I
TELE M. ruthenica 27,338,408 10340 126,792 34.1 i}
HHAE M. sativa 15,254,936 2620 125,508 33.8 I
FASETE M. varia 17,118,231 2667 125,364 33.8 I
BEE M. polymorpha 13,406,640 3383 124,349 34.1 I
BIEE 1 M. truncatula 12,218,607 2483 123,973 34.0 I
KiEETE M. lupulina 13,672,134 3719 122,242 34.1 111
55 B Trigonella sp. 10,206,376 4210 125,539 34.0 v

B & 2 A] L A T R e O 34 A B AR A PO X 254 BB T — KRB R R R R TR
ST A6 B 4 B S 1) H 2 P B 12 32 (inverted repeat-lacking clade , IRLC) . HKHE 2H 2% 7 F 174 I A ik
P2 B 25 R FRAE , BE AT B I S AR SE I A A3 DU 4 FR2EHY . 1) 2878 1 ok 3 , A5 1 2 wp T 7 1) EL SR A
FAE BRI BIEEE S ASCEAE M EE AU RS 2) 88U 10, G AE T I AE R AE A
3) KA e B S NI ;4 ) A 45 B BA AP 2SR TV, X LU R 2 B, DU b 24 TR0 f I S A I PR 4 48 4 %
TANERREE AR A R I EHE R R B R

BEIAPR A SRR SE R A ER & A 111 AR 3R A dE 77 S8 4mfid A 30 > (RNA SE[KFn 4 4
rRNA B[R, o) 1 352 R R A 0 AZOM (A I 5 ASOME A/ NI 1) 2 1 R 6 1R tRNA Rl rRNA B[ O
YN AR RS 1 6 RS 11 NADH B SR AR b/f 51 ATP £ B RubisCo KAL)
P G P 5 A PR 0 5 A K SRR 1 SRl T A PR AR I | C-BY 4 (0 3R il | £ 1 i AT L) R R
MYJREE ARSI (£ 3) .

2.2 EE B el A DR 2R TR B 8 A
Il 3 AT UL A T A R TR 2H ) TR B A i A RO 102 B 129 AN, FRRECE E A I IR B 2
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chloroplast genome
127,358 bp

Medicago orthoceras
chloroplast genome
121,093 bp

S|

P
Trigonella falcata
chloroplast genome
125,539 bp

Medicago lupulina
chloroplast genome
122,242 bp

%A 111

[ ATP synthase Il RNA polymerase M clpP, matk M transfer RNAs
[ ribosomal proteins (SSU) [ other genes M ribosomal RNAs

Il photosystem I
O hypothetical chloroplast reading frames (ycf)

[l photosystem IT [0 NADH dehydrogenase
[l cytochrome b/f complex [ RubisCO large subunit [ ribosomal proteins (LSU)
E2 BiEREY4IMHREERAERR
Fig.2 Four types of plastomes in Medicago plants
IRAMEL Y 7 HEZR R FE D (Bl P9 R s U 14 5 | B A A b i 14 538 ) 5 AN TRIIB .3 AN [F) S RE R FE AT 5 [ 5
W I AR O B AE BEEE A R R RO B A 2R I I R AR R 2 I, R 2R TV A

7N GC Fa R 1, R

(62.14%) , R “ i AEEE (21.29% ) . ARG EE 2R A/T, "B EZNZ ) AT/TA,

2.3 ETE B YR SRR [N 2H 45 7 S

1A 4 fros  FEAERE 7 T8 AT 7 )8 SR AR B DR 4 v e B 10 MBI ALY S5 R AR . 1) R EAE
24 RAEAEEEH atpB 3 yof3 \ndhC B oL 2 [8] 0 X385 2 ) T 16 B 78 FOAE B 78 2L 58 4 MBI, R AR FE A
psbM B psaA .ndhB 2| traN°"" .ndhB B rpoA Fl clpP 3] rpl20 Z [A]F X385 3) 5 5 A 6 A4, RAETEIER aceD F)
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trnP"° ndhB 3 rpoA .rpl20 F] psbF .ndhB B traN" psb] 3| cemA VA K psbB B yefl Z [A] 19 X8, Hod, i 5 L
RAEMAE St % 6 AL BN BRALHG DN psbB B yofl 2edu 5 32 AN BEPIAY I 7 51 IX B, AT I psb] 2| cemA {4
T3AERANE T IX B, Horh R E M A 2 AMBIN, MIZE S E A8 AL E T8 TS B 3 A4 Fh b )
FATIEZLUT 2 AL . ndhB B iraN (55 12 DIER) (ndhB 2] rpoA (L35 14 NER) .

®3 BEEMZEERNANEREXR EFRFMEERER
Table 3 Category, gene groups and genes identified in Medicago plastomes

Fem HE e FEH 2R

Category Gene groups Name of genes

SR AR Y S 133, 32, ml20, rpl36, mll4, rpll6, ml2, rpi23

Self-replication AR /NI R ps15, rpsd, psld, mps2, rps18, rps12, mpsll, mps8, mps3, rpsl19, psT, rps12
DNA 1 RNA AT mpoB, rpoCl, poC2, oA
FpEIA RNA JE[H rml6, 23, rm4.5, rrn5

trnV-UAC, trnT-UGU , trnfM-CAU, trnS-UGA, trnE-UUC, trnY-GUA, trnD-GUC, trnS-
GCU, trnQ-UUG, trnV-GAC, trnl-GAU, trnA-UGC, trnR-ACG, trnl-UAG, trnH-GUG,
trnK-UUU, irnM-CAU, trnF-GAA, irnl-UAA, trnS-GGA , irnG-UCC, trnT-GGU, trnC-
GCA, trnR-UCU, trnG-GCC, trnW-CCA, trnP-UGG, trnl-CAU, trnL-CAA, trnN-GUU

34 RNA JEH

A EM KRG 1 psaC, psaA, psaB, psal, psa]
Photosynthesis SEG T ii:g iffliva, psbT, psbH, psbA, psbZ, psbC, psbD, psbl, psbK, psb], psbL, psbF,
NADH Jii & ity ndhH, ndhA, ndhl, ndhG, ndhE, ndhD, ndhF, ndhC, ndhK, ndhj, ndhB
MpEE b/ EEY petA, petl., peiG, peiB, petD, petN
ATP 4 it atpB, atpk, awpl, atpH, atpF | atpA
RubisCo I rbel,
HEe R A K matK
Other genes RIER cemA
T4 A F2 ALY 3 accD
C-HU0 i (5 38 & BB A cesA
HE clpP
RKAE R IBEHEA yefl, yof2, yof3, ycfd

MR IEH AP HN AT IR A RE ST AR T N EFERINE ., 3 DRAENE T E R IEHE 5
clpP .rpoC1 1 atpF , LIRS 5 R b 35 1 . DNA ) RNA REWFLL N ATP & g (K 4) .
2.4 FTRIER AP I TS [P EE R ARG LB XA

EETHGEERNRERE XA R 4 D FEE R, NEESSH a4 A & B3 G 15 L B AR A A
PAAGE P I AE P S g DA A 5 AFh . BE TR ITS MRAR R EF RR 5L LA RgAAF, &
B R R TS B By 3, AN 2 5 BUE B S — A3 TS REKR F b 51650 5 A4
534

3 Wit

3.1 RIMEE I EARAM IRLC JERF

VER I FEZSETR ST I LR, 23T HER PR R e, B sh 1 i SRS R AL 2y R e, AL
PEARY SRR SE N AU WUEE R DNA 931, K/N— B 115—165 kb, W52 101—118 IEH X 2L FE A
FEAR N 32, RIDCEAE A AL FED B B 547 O A JE D RUHAB A= W 5 AT SC B IR, AR G I 2 AR
F R A 50— B AT AR R ST A < IO X S5 48 . KB DLIX (large single copy region, LSC) \/INERLFE D1 X ('small
single copy region, SSC) FIPIN ¥ 81 58 42 AR [ | 5 [a) A 52 14 1] 52 IX. (inverted repeat region,IR) . 7E# T 1
Wyl J i) B A2 DX 6 A g B RS A 1) A8 T AR AL T B 5 DL, TS B IR DX 7 AR 0 TR 4

http ; //www.ecologica.cn



6132 A F E MR 2 &
140 |
& o120 b ] — ] —
AR - — _
8 100 |- — —
£
Z 80 |
1
® 60
g
g 40
wn
20 |
0
3 ] = = N ke] N IS N 5] 3
< = R kS £ N < S 2 £ &
5 § 3 S 3 3 S 5 S 5 3
N N 8 = S S £ < 2 = S
S} ) v ~ N
5 g g g = B s E = )
= ] 3 S ! S = S
N
N
S
m PRI E S SSR W LT A SSR W SHIALEESSR W PURHEKESSR W ALK SSR ANIHEESESSR
90 |-
i <
ﬁ% 80 —
g5 00
25 or
25 50
BE
go 40
ﬁg 30
L
EE 20
&2 10
0
N S = = S k<] 1N IS N S 3
2 < 3 S £ S S S £ g &
N S R T R A T S T
g g £ 2 § 8 g s S b 3
S ) v ~
s g ] ) . IS = N = S
= S 3 S = o g = B
5 N = = &
3
= MiFh Species

B3 EEREUAHMEEERAHAESFINMERESHIFE

Fig.3 Numbers and characterization of simple sequence repeat (SSR) in Medicago plastomes

REE A g5 B EBAE ) . IR X E% 4w 4 4> rRNA JEH (rrnl6 ., rrn23 4.5 Fil rrnS ) Fl— L8R T
RERER (yof) ™ o BT 2 AR PRI 1 D DX SRR X PR EL TR DX ST S sl 4, S ¢ P
PRI R /N BB R 3R 22—, S BOAS (R A0 2 B (0 I S R R R A 22 S AR K™ N, & A 7 9 5 ( Pisum
sativum ) B IR 5E4 s 2 FIRA5E ( Pelargonium hortorum) W IR A% BEXE N (34 2 76 kb) U AR,
Hb, CARGE BRI SRR R R B R R S EOL R SR AR BE R A AR i/ I B AR R 5 A AR
_Aﬁ[zz] .

PIFP AL b SR R T AR R R A2 b IR 2R R AR S AN s R Y ), s b B A2 AT
REREAT 2000 5 T e, oA ROV ISR A BB ML . IS (AR PRI 2H ) A ik 9 5 B 252k TTRE 5 W0 R 7E kit 7
TR AL RS R A CARMI &, 2R P AR —E S8 55 R . FR, SV AR I VR i DR 41 1 45 4
FNIIREA TN, B G I S (A B PR 20 45 40 742 S 5 AR 8 AR TR L T AR B S HL R 55 i AR IR AR, A
Kolodner & Tewari ' 1 ¥ 76 98 & M4 R JE I 41 rp & 9 IR &2k B4, 2 J5 B WF 58 RG22 e 5 & ( Vigna
radiata) K. ( Glycine max) 2% 5. ( Phaseolus vulgaris) F1#% 5. ( Vicia faba) HFIESE T FM SRR FED 40 TR R BE
G B AR RS R A B (R B | RHB T AL TR 2 Al S e R ) SRR R 2 R A IR X &
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——— Medicago sativa

WEFER
® clpPintron 2 Medicago varia
® rpoCl
® appF L Medicago truncatula
I Medicago polymorpha
0 aceD-trnP-UGG
I psbM-psa4 38 L eeemm———— Medicago lupulina
B atpB-yef3 —— Medicago archiducis-nicolai
B ndhB-trnN-GUU i

ndhC-trnL-UAA L Medicago ruthenica

ndhB-rpoA ——— Medicago orthoceras
0 cipP-rpi20
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Fig.4 Phylogenetic relationships based on plastid coding genesand distribution of plastome structural mutations
W T Z R FMBIN L2 e 53 S B B A b A B/ NE R B R G B R, B h B0 F0 T 719 s S 38 R AR i B i
SRR 100

100 | Medicago sativa

Medicago varia
Medicago truncatula
42 Medicago polymorpha

100 | Medicago archiducis-nicolai

Medicago ruthenica

100| Medicago orthoceras
100 _Ho Medicago monantha

Medicago edgeworthii
Medicago lupulina
1 91 Trigonella balansae
43 { Trigonella arabica

100

Trigonella sp.

Trigonella coerulescens

B5 ETrDNAWITS FINEEREVREREN
Fig.5 Phylogenetic tree of Medicago species based on rDNA ITS sequences
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