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Sequence characteristic analyses of the Medicago polymorpha complete
chloroplast genome and its codon usage bias

YIN Minghua">>* HU Jiaxin', LI Yaoyao', LIU Manging', OUYANG Kehui’
(1. College of Life Sciences, Shangrao Normal University, Shangrao 334001, Jiangxi, China;
2. Shangrao Agricultural Technology Innovation Research Institute, Shangrao 334001, Jiangxi, China;

3. Key Laboratory of protection and utilization of medicinal and edible plant resources in Shangrao City, Shangrao 334001, Jiangxi, China;
4. Key Laboratory of germplasm conservation and utilization of potato and taro crops in Shangrao City, Shangrao 334001, Jiangxi, China;;
5. College of animal science and technology, Jiangxi Agricultural University, Nanchang 330045, Jiangxi, China)

Abstract: We performed BGISEQ-500 platform sequencing of the chloroplast genome of Medicago polymorpha (JHC,
Jiangsu) and assembled its genes using Noveplastys assembly and GeSeq annotation. we then analyzed its sequence
characteristics, gene types, codon preferences, and phylogeny using MISA, REPuter, Gview, VISTA tools, IRscope, and
DNADnaSP6.0. The JHC chloroplast genome size was 124 163 bp. No tetrad structure was observed, and total genomic GC
content was 34.09%. A total of 111 genes, including 76 CDS genes, 30 tRNA genes, 4 rRNA genes, and 1 pseudogene, were
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annotated from the chloroplast genome of JHC. A total of 91 SSR loci and a total of 148 long repeat sequences were also
detected. The third position in JHC chloroplast genome codons preferentially used A and U, and UUA, GCU, UAA, ACU,
CCU, GAA, GUA, AUU, UGU, GGU, UUU, CUU were the optimal codons of the chloroplast genome of JHC. JHC was
closely related to MZ772862 (Yunnan), and was more distantly related to MW971560 (the United States) and NC_ 042848
the United States), indicating that the origins of American and Chinese Medicago polymorpha strains are different.

Keywords: Medicago polymorpha; chloroplast genome; neutral drawing analysis; ENC-plot analysis; PR2-plot analysis;

optimal codons; phylogenetic analysis

Corresponding author: OUYANG Kehui
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Table 1 Origin or source of 45 closely related species and 2 species level taxa of Medicago polymorpha

IEG A U — MG AR A ST — bl SL W R
CCRE" 7 B R 7 B R T e
Number Related species or & Number Related species or & Number Related species or &
. source X source . source
outgroup species outgroup species outgroup species
i%% HR . G 4‘99%% ki * Medicago intertexta e
1 Medicago sativa China 17 Medicago truncatula USA 33 NC 042851 USA
KU321683 JX512023 -
§ia= e f— /. \/ﬁ fr ‘—0—0‘ e
= 1EATE . Eﬁjé feecd .’%ﬁ ki % Medicago orbicularis FEHE
2 Medicago sativa ~ Deqin County, 18  Medicago truncatula USA 34 NC 042850 USA
MN218692 Yunnan Province JX512024 -
b —He P E=1 =]
3 Medicago sativa USA 19  Medicago truncatula USA 35 Medicago lupulina USA
NC_042841 JX512022 NC_042847
%??E HE . G 459{% Hi ES Medicago tenoreana FEH
4 Medicago sativa China 20  Medicago truncatula USA 36 NC 057658 USA
MZ983396 f. tricycla KF241982 -
ESER i
; Medicago scutellata e Medicago disciformis %
5 Medicago falcata . 21 : 37 ’
MW271002 China MZ895077 China NC_057655 USA
A e SAEAE %W N %[
6 Medicago falcata China 22 Medicago praecox USA 38 Medicago minima USA
NC_032066 NC_057657 NC_042849
BT e
7 Medicago falcata * 23 Medicago o 39 Medicago coronata e
MKA450490 usa polymorpha China NC_057660 USA
MZ772862
g BAEK ‘
Ef H 5 i Medicago % Medchgo %
8 Medicago falcata Chi 24 ; ) USA 40 suffruticosa USA
MW271003 na poymorpha NC 042843
MW971560 -
Medi B
eaicago * Medicago ES Medicago biflora *
9 tetraprostra 25 41
NC 042844 USA polymorpha USA NC_042415 USA
- NC_042848
KIEHTE BB ExETE
10 Medicago sativa % 2% Medicavo arabica % 0 Medicago H
subsp. Glomerata USA MT§8 4354 USA edgeworthii China
MK460494 NC 042415
. . . W7 . TeET .
11 Meltf;éa%c; ;l{ é);’zda gnaizz 27 Medicago arabica I%S 43 Medicago ruthenica quia
- NC_057661 NC_053371
12 Medicago papillosa JIEFN 28 Me dffgioaaﬁ bica i . 44 Medicago radiata ES
NC 027154 Canada MZ905469 China NC 042854 USA
13 Medicago cretacea o< 29 sgngziz;l%?'a o< 45 mﬁfffjﬁi?i‘ia o<
NC 042842 USA NC 057656 USA NC 042855 USA
Medicago marina % Medicago * 5 .LEE?ME i
4 NC 042845 USA 30 blancheana USA 46 Melilotus albus China
- NC 042852 NC 041419
?MK i EE| Medicago laciniata FH . i FEHE
15 Medicago arborea USA 31 NC 042853 USA 47 Trigonella foenum- USA
NC_042856 - graecum NC_042857
16 Medicago pironae * 30 Medicago sauvagei *
NC_042846 USA NC_057659 USA
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Figure 1 Medicago polymorpha chloroplast genome map
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EAH 2% (P <0.01); GC, 5 GG, & F IEM X (P <

I (B 4) RT3 AL GC HIATTIE N 3681%: 4 05). ENC 5 GC,. GO # R H 3% (P> 0.05), {115
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®2 SERMHFEERLER SR
Table 2 Type analysis of chloroplast genes in Medicago polymorpha

F A Thee 2= JPNESuit ek R
Gene function Gene type Gene name Number of genes
HEEH Y6&4: 1 photosystem [ psad, psaB, psaC, psal, psaJ 5
Photosynthesis
ARG 1 photosystem 1l psaJ, psbA, psbB, psbC, psbD, psbE, psbF, psbH, psbl, psbK, 15
psbL, psbM, psbT, psbZ, psbN
NADH Jit & B ndhA, ndhB, ndhC, ndhD, ndhE, ndhF, ndhG, ndhH, ndhl, ndhJ, 11
NADH dehydrogenase ndhK
MP B D /f B EH petd, petB, petD, petG, petL, petN 6
cytochrome b/f complex
ATP % &/ ATP synthase atpA, atpB, atpE, atpF, atpH, atpl 6
HIEH BRI AR R rpll4, rpll6, rpl2, rpl20, rpl23, rpl32, rpl33, rpl36 8
Self-replication Proteins of large ribosomal subunit
FREAR /N FE 2] R rpsll, rpsi2, rpsl4, rpsl5, rpsl8, rps19, rps2, rps3, rps4, rps7, 11
Proteins of small ribosomal subunit rps§
MR KT Large subunit of  rbclL 1
rubisco
RNA %47 RNA polymerase rpod, rpoB, rpoCl, rpoC2 4
1% #E1A& RNA Ribosomal RNAs rrnl6, rrm23, rrm4.5, rrnS 4
iz trnA-UGC, trnC-GCA, trnD-GUC, trnE-UUC, trnF-GAA, trnG- 30
RNA Transfer RNAs GCC, trnG-UCC, trnH-GUG, trnl-CAU, trnl-GAU, trnK-UUU,

trnL-CAA, trnL-UAA, trnL-UAG, trnM-CAU, trnN-GUU, trnP-
UGG, trnQ-UUG, trnR-ACG, trnR-UCU, trnS-GCU, trnS-GGA,
trnS-UGA, trnT-GGU, trnT-UGU, trnV-GAC, trnV-UAC, trnW-

CCA, trnY-GUA, trnfM-CAU
Hofth R A Maturase matK 1
Other genes
B mam clpP1 I
Protease
FEJFE A Envelope membrane cemA 1
protein
LTRAHEEA FRALEE Acetyl-CoA  accD 1
carboxylase
c- TN e 2 G Ik A cesA 1
c-type cytochrome synthesis gene
BRI T inf4 |
Translation initiation factor
RADIREIER PRSP AR 2R [ R HE 42 vefl, yef2, yef3, yef4 4
Unknown function Conserved hypothetical chloroplast
gene Reading Frames

x3 eURMEFERATHREEFINNLBRSH

Table 3 Type and distribution of simple repeat sequences within the Medicago polymorpha chloroplast genome

HE PR ITHEE A 5 0 & B Repeat number of repeat units 2K

Repetitive unit PSS

base type 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 Total
A/T - - - - = 33 15 10 8 5 - 2 - 1 1 75
C/G - - - - - - - 1 - - - - - - 1
AT/AT - 11 1 - - - = = === === 13
AAT/ATT 1 e 1
ATC/ATG 1 e |
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Figure 2 Chloroplast genome variation circle diagram for Medicago polymorpha and nine closely related species
R P 1A A5 3 B AR K IR N . Medicago radiata NC_042854. 161 MW703984. Hil 515 45 NC_042851. F 1 7§ MW971560. 4 {£ ¢
JHC. PEH T fH 1X512022. KA B 1§ NC_042856. Medicago marina NC_042845. ¥F 1 1§ MW271003. %765 45 MN218692. A _E i1 GC 1
GC skew i Wi fE, CDS. rRNA. tRNA [&[& 0L B o

Species start from inner to outer ring: Medicago radiata NC_042854, M. ruthenica MW703984, M. intertexta NC_042851, M. polymorpha MW971560,
M. polymorpha (JHC), M. truncatula JX512022, M. arborea NC_042856, M. marina NC_042845, M. falcata MW271003, M. sativa MN218692. GC and
GC skew are the two innermost circles in the upper right corner; CDS, rRNA, and tRNA circles are in the center.
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Figure 3 Pi diversity index analysis of the chloroplast genomes of Medicago polymorpha and nine related species
2.6.2 Neutrality-plot FIENC-plot LK PR2-bias-plot73#fr & Hl GC,, & /3514 0.127 0~0.4250 LA K 0.215 7~
o Pk 22 B ) BT (GC3~GCyp) R, X T 4638 0.646 3, GC; & & Il GCy, & 5 3 43 #i 7E % 1 4% b
L9 MR GAE YR UL, M R GGy & T7e GG &AM GCy, & B K R EL (1) 4 0.131 07,
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Figure 4 Partial chloroplast genome codon analysis for Medicago polymorpha and nine closely related species
PRI 20 RS TES 1. 20 30H GC S =0 GC» GC,w GCy F£oR; T8 GC & &M GCy Tv. £4H.

The species are the same as Figure 2. GC content at first, second, and third codon positions are represented as GC;, GC,, and GC;, respectively; Total

codon GC content is represented by GC,;. This is applicable for Table 4 as well.

*4 SEFMHEFEFEEERE GCyw GC;v GC,v GC; F ENC BIHHX M 57
Table 4 Correlation analysis of the chloroplast genome GC,,, GC;, GC,, GC;, and ENC in Medicago polymorpha

¥84% Parameter GC,y GC, GG, GG, ENC
GCyy 1
GC, 0.807 080 845" 1
GC, 0.751 657 748" 0.379 814 149" 1
GG, 0.453207 251" 0.124 498 687 0.072 925 809 1
ENC 0.002 157 050 ~0.074 635 309 ~0.074 619 818 0.239 857 869 1

*FlR 2y B RN A M AE0.05F10.01/KF LR AHS; ENC Ronf B EL T4

* and ** indicate significant correlation at the 0.05 and 0.01 levels, respectively; ENC indicates the number of valid codons.

Ho R 25T 0017 18, B A & % MM £ % (P <
0.05), [a] V43 % F 0.177 677 7. ENC-plot analysis
KW, A fE ENC-plot Hi 22 i1 £ I 5 pyJE A b3/,
43 A1 7E ENC-plot 28 B T 1) 28 [R] th LL 3520, or A 7
ENC-plot #§ 22 i 4 T J7 2k A Lk %% £, i B ENC-
plot il 2k B Kl 1 bk % £, Ak, 5 # i& ENC{H
FH B, 4 A8 2% W 2% 44 JE DR 41 K 22 #0011 S B
ENC i B H & % %2 R . ENC b {55 %1 B (ENCexp-
ENCobs)/ENCexp (£ 6) 7 #1 £ W, 1£ 4 {65 M S 4k
FERHFE R, 8% (6 /™) 25 K 1) ENC ECAE S #N

0~0.1, R WX 6 >3 K 4 41 /£ ENC-plot H] 2 il 2
8 # 4 A /£ ENC-plot ffi £& [ff 3T , ENCobs 18 5
ENCexp 18 5 — 3; 92% £ K] i) ENC 8 45 %5 78
0~0.1 XA X 6] Z 41, ¥ 55 ENC-plot # 58 i £ Lt 4%
it , ENCobs 18 5 ENCexp 18 B 4 % K % &% . PR2-
bias-plot analysis & B, < 16 3¢ M- £ 44 3 [ 46 1) A
TE A BR A G3/GCs il Al A3/AU3 Hill B8 J 1) 4 A [X 15
PN IR 23 AT B 0 B SR I AN B . R B IR A A
1E G3/GC, Hlt i) 1T, 23 53 B2 5 3 A 4E G,/GCs il
(1) R T s K8 40 2 DR 23 A /2 A3/AU3 $li i) 7c 138 4
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Table 5 Relative synonymouscodon usagec (RSCU) of chloroplast genome codons in Medicago polymorpha

AR R S T L AR R ST P
wIT G codon usage (RSCU) wET G codon usage (RSCU)
P e BE e
Frequency Number Frequency Number
GCA Ala 1.143 330 349 AAA Lys 1.556 100 957
GCC Ala 0.573 301 175 AAG Lys 0.443 902 273
GCG Ala 0.412 776 126 AUG Met 1.992 030 500
GCU Ala 1.870 600 571 GUG Met 0.007 968 2
AGA Arg 1.768 370 369 uucC Phe 0.588 417 381
AGG Arg 0.666 134 139 Uuu Phe 1.411 580 914
CGA Arg 1.389 780 290 CCA Pro 1.280 700 292
CGC Arg 0.383 387 80 CCC Pro 0.671 053 153
CGG Arg 0.388 179 81 CCG Pro 0.447 368 102
CGU Arg 1.404 150 293 CCU Pro 1.600 880 365
AAC Asn 0.445 076 235 AGC Ser 0.314 803 84
AAU Asn 1.554 920 821 AGU Ser 1.315 430 351
GAC Asp 0.388 708 179 UCA Ser 1.195 500 319
GAU Asp 1.611 290 742 ucCcC Ser 0.824 485 220
UGC Cys 0.489 627 59 UCG Ser 0.520 924 139
UGU Cys 1.510 370 182 UCuU Ser 1.828 860 488
CAA Gln 1.613 070 617 UAA Ter 1.815 790 46
CAG Gln 0.386 928 148 UAG Ter 0.434 211 11
GAA Glu 1.560 400 930 UGA Ter 0.750 000 19
GAG Glu 0.439 597 262 ACA Thr 1.231 600 343
GGA Gly 1.645 470 608 ACC Thr 0.667 864 186
GGC Gly 0.341 001 126 ACG Thr 0.445 242 124
GGG Gly 0.581 867 215 ACU Thr 1.655 300 461
GGU Gly 1.431 660 529 UGG Trp 1.000 000 383
CAC His 0.453 441 112 UAC Tyr 0.335 749 139
CAU His 1.546 560 382 UAU Tyr 1.664 250 689
AUA Ile 0.952 549 629 GUA Val 1.530 180 469
AUC Ile 0.519 435 343 GUC Val 0.440 457 135
AUU Ile 1.528 020 1009 GUG Val 0.486 134 149
CUA Leu 0.834 693 324 GUU Val 1.543 230 473
CucC Leu 0.314 298 122
CuG Leu 0.350 365 136
CuUU Leu 1.231 430 478
UUA Leu 2.060 970 800
uuG Leu 1.208 240 469
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Table 6 Codon ENC ratio frequency distribution in the
Medicago polymorpha chloroplast genome

[X [a] R B LIRS
Section Group limit Number Frequency
—0.1~0.0 —0.1 4 0.5333
0.0~0.1 0 6 0.080 0
0.1~0.2 0.1 38 0.506 7
0.2~0.3 0.2 20 0.266 7
0.3~0.4 0.3 3 0.040 0
>0.4 0.4 4 0.0533
it Total 75 1.000 0

b oy FE B 2y AR AE A3/AUS Bl i A 3L 4y o B,
& A6 3 G A R DR 2H 1 [R) SO RS T 2R 3 AL b gk
A T.G.O)BEECKRKTG TATAMNIE. KL,
H5RAR L, BREHERE W [ &5 4
A 35 AT 4[] S RS 1R A P i 12
2.6.3 HROUED T E

UNER 7 AT, G A S SR A R R 4H 1) e R 2 A
¥ (i /2 251 RSCU > 1 Al ARSCU = 0.08 [ %514 1)
4 12 4~ (UUA. GCU. UAA. ACU. CCU. GAA. GUA,
AUU. UGU. GGU. UUU. CUU), 12 A% 15114
PLAUSRE.
27 BEEEBREYNARSAESHN

B s R R KB P R — A KK (B 5): HEAR
IR BRI NS — KK EHBERY, &4
3% (M. polymorpha, JHC, ;= #li: YL.75) 5 M. polymorpha
MZ772862 (7= Hi: = B )« M. polymorpha MW971560
(F=Hh: S [E) M. polymorpha NC_042848 (7= #h: 52 [H])
FMEBN—HL ERXRANHLH, &3 (HC) 5
M. polymorpha MZ772862 TN — /N4y 3. B &1L
¥ (JHC, 7= #h: Y. 75 ) 5 M. polymorpha MZ772862
"M ZF)EG KRR, 5 M polymorpha
MW971560 (7= #h: 55 [E). M. polymorpha NC_042848
= RE) R RRE, RUPTEHEEXSEEHE
TS W R AFAE 22 57 o

3 e
Gy T AR B R R RS HE B T i R R A
S S R . WEACE B, IR X 303 [H 7 B A 5T, B

GRS T LSC AT SSC, IR 4 57 14 7] DAAS 5E
SRR DR AL 25 0P, IR X8 i ke B g R, T R
S P £ Ak 5 TR 4L £ R /N, I o T A R R 2
P AR B, SR (0 I A R PR 2H R A IR X
F 0, O RRCH TR Y AL TR B9 48 5 e P,
A9 S5 BARAE S T X — W A . T me g e
ZH AR (FEHERE) SRR R4 A 124 349 bp,
i GC &N 34.1%. EARWF R, I8 1630 4%
A R4 K B Dl 124 163 bp, R BRI M GC & &
N 34.09%, S nmetek (MEfE) 8, L7 &4
SR T IR A EE X, WE R, X Rl ) E
527 51 X 8K 8 T A E T 4R SE (inverted
repeat-lacking clade, IRLC) (5. B} /2 48 W0 £l 7 fih B2
)P R AR (R ) (0 gk O R 4 3 B
HEAMGEE (77 ). (RNA £ K (30 1) Al rRNA
LR @A) 3 KEEP, KRR RS M R
— 8. BEEH R infd, — BAE rpl36 FI rps8 B Rl 2
6], A0 503 L DN 25 R sk B 5 B R I — e ik
Bl 322 T R 2 T PR AR 22 IR i ) 2 SR B

- & A ik D] 20 () 8] B2 B 5 /7 41 (SSR) H & T
2, TERNEEZ RV AL AR M PRI B M 4 e A
R 7 BA EEMEAN, S e
(FA & 78 ) ' 4 Ak 2 TR 4L ) 757 0 2 52 5 471 (SSR) A7 A5,
#ad 100 P, m B E S R £ Y, Medicago
polymorpha NC_042848 (MK460498) (7 #1: £ ) &
A 7 Ff ) B E A 41 (SSR) M . 7E A HIE ST, I
I G A6 S8 Sk R I DR 2R R I #1914 SSR A A
5 A M AR (FE ) P MIE, Y98 G 78 S Ak
S5 DR 2L (1 LR 2 T PR B R P A B e 2, S
B T B B HEAE LR, B T A AR
2N AT, ZWEFRREL T KZ N AT/TA. 1T
T SE I SRR SR DR A B 3 P R B AT A, |Y
MBI ELSN =M ERTIMELERA, 5
Medicago polymorpha NC_042848 (MK460498) (7= i :
FH) A —.

Fr BLE AT i R R B HE— A E Ak R TR A
() 2542 7 51 B W 1 5 A 2 A A R
2 B 2 e n] JE R R A R AR E )
K, mEEE kY, HiEREDH S
TR S IR A K R B N IE ) R (forward
repeats, F) Al [7] 3¢ # & (palindromic repeats, P), F I
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Table 7 Optimal codons in the Medicago polymorpha chloroplast genome
X 7 S B A5 T RSCUM#RIA RSCUfK# X
EIE HER i uege (RS cxpresion opresion__ RSCUZH
Frequency Number Frequency Number Frequency Number
UUA* Leu 2.060 970 800 1.370 080 58 1.615 380 7 0.245 300
AUG Met 1.992 030 500 1.000 000 45 1.000 000 6 0.000 000
GCU* Ala 1.870 600 571 1.600 000 26 1.875 000 5 0.275 000
UCu Ser 1.828 860 488 1.631 070 56 1.166 670 7 —0.464 400
UAA* Ter 1.815790 46 1.200 000 3 1.800 000 3 0.600 000
AGA Arg 1.768 370 369 1.808 820 41 1.200 000 3 —0.608 820
UAU Tyr 1.664 250 689 1.674 420 72 1.500 000 3 —0.174 420
ACU* Thr 1.655 300 461 1.234 040 29 1.714 290 8 0.480 250
GGA Gly 1.645 470 608 1.706 670 32 0.857 143 9 —0.849 527
CAA Gln 1.613 070 617 1.371 430 48 1.000 000 2 —0.371 430
GAU Asp 1.611 290 742 1.639 340 100 1.000 000 6 —0.639 340
CCU* Pro 1.600 880 365 1.292 930 32 2.142 860 5 0.849 930
GAA* Glu 1.560 400 930 1.292 310 84 1.666 670 5 0.374 360
AAA Lys 1.556 100 957 1.364 160 118 1.166 670 7 —0.197 490
AAU Asn 1.554 920 821 1.594 200 110 1.000 000 8 —0.594 200
CAU His 1.546 560 382 1.489 360 35 0.666 667 1 —0.822 693
GUU Val 1.543 230 473 1.733 330 39 1.666 670 10 —0.066 660
GUA* Val 1.530 180 469 0.933 333 21 1.666 670 10 0.733 337
AUU* Ile 1.528 020 1009 1.411 760 80 1.560 000 13 0.148 240
UGU* Cys 1.510 370 182 1.153 850 15 1.600 000 4 0.446 150
GGU* Gly 1.431 660 529 1.013 330 19 1.142 860 12 0.129 530
UuuU* Phe 1.411 580 914 1.182 390 94 1.294 120 11 0.111 730
CGU Arg 1.404 150 293 0.750 000 17 0.800 000 2 0.050 000
CGA Arg 1.389 780 290 1.235290 28 1.200 000 3 —0.035 290
AGU Ser 1.315 430 351 1.135920 39 —1.135 920
CCA Pro 1.280 700 292 1.535350 38 0.428 571 1 —1.106 779
ACA Thr 1.231 600 343 1.361 700 32 0.857 143 4 —0.504 557
CUU* Leu 1.231 430 478 1.417 320 60 1.615 380 7 0.198 060
UuG Leu 1.208 240 469 1.322 830 56 1.153 850 5 —0.168 980
UCA Ser 1.195 500 319 1.368 930 47 1.000 000 6 —0.368 930
GCA Ala 1.143 330 349 1.230 770 20 0.375 000 1 —0.855 770
RN ERD T

* represents the optimal codon.
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Figure 5 Phylogenetic tree of Medicago polymorpha (JHC) and its 45 closely related species and

2 species level taxa based on their chloroplast genomes
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