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Evolution and expression analysis of the choline monooxygenase gene family in
plants

Wang Ting**, Duan Wu-Li"", Wang Rui, and Liu Hai-Lan’

Maize Research Institute, Sichuan Agricultural University, Chengdu 611130, Sichuan, China

Abstract: Glycine betaine (GB) is a compatible solute widely found in plants, animals, bacteria, and algae, where it plays a key
role in regulating osmotic pressure and maintaining cellular water balance upon accumulation in the cytoplasm. As such, GB is
crucial for plant responses to osmotic stress. Choline monooxygenase (CMO) is a rate-limiting enzyme in the biosynthetic path-
way of GB in plants. Among 168 genomes analyzed in this study, 131 were found to contain homologous CMO genes, with a total
of 169 CMO members identified. Selective pressure analysis revealed that most gene pairs have undergone purifying selection,
while only seven gene pairs exhibited signs of positive selection. Phylogenetic analysis classified the CMO gene family into six
subfamilies, with positive selection sites detected in five subfamilies except subfamily F. Further analysis of the Rieske domain
and Ring-hydroxyl A domain showed a significant positive correlation between their dN/dS values, suggesting co-evolution.
qRT-PCR analysis demonstrated that the expression of CMO genes in maize was upregulated under MgSQOg4-induced stress. This
study provides a comprehensive analysis of the evolution and expression of the CMO gene family, offering a theoretical founda-
tion for the future application of CMO genes in improving crop tolerance to abiotic stress.
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KEEMMEAP, EREEY D, HESMA B 1
A AR AR 4R d HE F1 Y JIE BB 4R 8§ (choline
monooxygenase, CMO)¥ IH i i 1 A= Jit §fF S o9 12,
55 2 2D AR NAD" AR BRE Mt S i f AL A S sl
LB A GB 1), W97 3R W R 2 BRI SR U e T
RRFERUR, I se . RASE, DR AT,
PR TR o FE ) HRAE I B RE ) 5 A R Y
GB 2 IEME, SAMF I GB B .
AT ML o 4 N R o 5 i 4R 1 Bls 3% B ik 2
5 GB W&, NHGHM & 5 is E A p i E
PR M-SR Y GB 1A

CMO WY GB Y4 Hiak 42 1 B i),
F A Rieske Fl Ring hydroxyl A PIANRSF45H4
WU, K cmo FH R AHABRY Z ), e Al
PRIk ptRE Sy . Ehria . TR R ABA ¥0]
T CMO JE Rk, i TR RIS T
WEUY HETE MIESE (Spinacia oleracea L), Fi{3E
(Beta vulgaris) . #5# (Camellia sinensis). Jt3% 3%
F (Salicornia bigelovii Torr) . Ll % 3% (dtriplex
hortensis) . ¥:ZL (Pyrus betulifolia)F 5% T CMO %
U2 3 F MO BRI REC 4 T K& iHae,
{BH> T IALALHEAATE 2, ABFFEFIA] 168 M
YRR ZHHEAT CMO PR (1 [ 535 R 46 5 Ak Ak
Br, B NVEYP 14 ok RS2 AL BRI
1 MR5R%
1.1 ERAHETH, BEEENEEMRTLES
MIE R 5

M Ensembl plant, NCBI, MaizeGDB . Gigadb,
Spinachbase . Snapdragon Genome Database . Solanaceae
Genomics, Buckwheat Genome Database. Eggplant
Genome Database . Popgenie . PlantTFDB Database
Commons HHEPEH R T 168 MNEEHZEHEFIER 1),

FIFEK B73 19 CMO FEFEAEN H 5 K #E1 7
Al BLAST "LERS, BRRUNT: £ 168 AN IEFE 4L
et AT A BLASTN (E<1e-9)HuX}, 2 F ok fli H
BLASTP (E< le-9) lLXf # At iy IR LN . 2R )5
M Pfam (http://pfam.xfam.org) 88 %2 T 2 CMO F:H
Y Rieske 1 Ring hydroxyl A {45745kl (5 B oCH
PF00355.29 Fl PF00848.22,, Ffif i HMMER "*/FI| F
X2 A SCHRT BT RY CMO [R5 S R34 T %5,
HA R EA L 2 AR 5 A 0k
CMO KRR o

1.2 RHERESH

fifi FH MEGAG-X % (https://www.megasoftware.
net) N & i MUSCLE X} CMO F R ) [R] P L K 047
BTN T AR X, RHA] Maximum Likelihood
Tree LM YR RG & B, Bootstrap fliFE(E N
1000, Fr4525%1 (substitutions type)iE+#F Nucleotide.
1.3 ZEERBEUERMERFEFNSH

il FH7E £ 8k {4 ExPasy (https://web.expasy.org/
protparam)H' ) ProtParam tool %5 & 1 /5 51 i & B
72 #( (number of amino acid) . 43 F i (molecular
weight), PHIGEE 5 (theoretical pl). AFa & MEFEEL
(instability index). JE%+45%k(aliphatic index). %7K
P B F- 241 (grand average of hydropathicity). i FH 7£
28 #2 ¥ MEMES.5.0 (http://meme.nbcr.net/meme/intro.
html) & F Z LR ARSI, BB R ST P ECH 2 10,
1.4 EFEESH

{# FH PAML (phylogenetic analysis by maximum
likelihood) P4k (%) codeml J5 1% Runmode = —2
AL RO 8] (% 26 4% 1 o fiff ] PAML #104:H (9 Site
BEAI(MO. M1, M2, M3, M7, M8)i4 dN/dS Jf
B 22 IF B8 £ 07 5 (L 50 Uk i), FFXF Mo/M3 |
MI1/M2, M7/M8 =X LEK LU AR 47 1L AR LU A 56
(likelihood ratio test, LRT). 43345 % (branch-model)
R B H HER R (free-ratio model) ¥ R4k B W HY
T — AR ) PR R AT 3 A
1.5 EX cMo EEEARRARPHRIESH

JIER 99 2 H AT VY pg M X ARE T TR AR AT 5%
Wi ) de R Y F R S, BA BT me . WA
SRR P ORBIEST LIAZ R A AR, R LY
SIRIFN T 75% AN EE 15 min, SRJ5 A& KIS
4~6 IR, ZRMBIKIZIU 4 h, TERZFATRZE, FHAEH
SHEE R 50%+10%0) 25°C/20°CHIERKEFERK.
A2 dJE, BB RER SRR, B3 d
BB IR, A RKIRE N 25°C, SERIIN 14 hot
FR/10 h PRI ZERZE 20 1OR, BEIRKHERLFH
—E 4T, 100 mmol L™ MgSO, iR i 17 ikt
AbER, GRBERFE] M 6 h, 12 h Al 24 h, B 3 AEA,
BG4 B () B () AR AN I, VR A T IS,
BAE-80 CHYUKA PR AF %5 F o R H] Trizol k2 HU4% £
KRS B RNA. R HiScript III RT SuperMix for
qPCR (1 5L i 4E e A= WY B B0 A PR 2 W) ) bf e 5
fil- & M5 1 5% cDNA, I T ZJ5 1 qRT-PCR 43#T.
Hrfr gqRT-PCR N A R 5#)FZ% ChamQ Uni
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Table 1 Primers for the maize CMO gene family

FE N 4 P

Gene name

EmG¥Y)

Forward primer (5'-3")

B 514y

Reverse primer (5'-3")

Zm00001eb273050_T002

AAGGCTACAAGAATATCAGGAAT

CTTCAGTGGACTCATCATCAA

versal SYBR qPCR masier Mix (Vazyme, Q221)ix|
&1L, ffi ] BIO-RADCFX96 {X#%, FH 10 pL {&
FHEAT QRT-PCR XN, 5101, BAFEAEE 3
A ARELE, A 2T X RBCEN ) CT {E A T
AHXT F R A, il Origin 2R R4 i Rk iR =0 o
2 HERESH

2.1 EY CMO EERKEEEREBUERHS T

A BLAST Fl HMMER Xt 168 />3 [H 4 4T
b, Horb 131 MR A P MO [FIREEA,
MIEEERR] 169 1~ CMO BIRRIEN . 45355
(Zoysia japonica) . B (Cocos nuciferacds) 2
TT.41(Azolla filiculoides)S5: 37 P34 HJE CMO [\
TN, % % (Ananas comosus) . K 7 (Hordeum
vulgare)5§ 104 PNHEKATH 1 HHEKE, PR
(Siraitia grosvenorii) . Tt 3¢ (Beta vulgaris) . % 3¢
(Spinacia oleracea)™ 18 N FEHH & A 2 -, B
#L(Echinochloa crusgalliy. /N (Triticum aestivum) .
W8 IR L /INAZ (Triticum spelta)5s 7 DNFREFAEA 3
ANFEEA, BT ¥ (Saccharum spontaneum) . 223
(Chenopodium quinoa) 2 PIEHA A 4 5K (K
#* 2). A CMO R B YIITT5r KW K118
Y. BEFEYIABREAEY) 3 ], N MR
MAEYIN . BRI . K= RN AN
AN 6 NN, FHara R, RAR, TR
52 Bk,

BT B M B, CMO /Y[R A 11 Y
FIERE R 236 1, lZ R 1464 4>, FHIEN
421 4~ T ENE/MEN 26,405.74 D, & KE N
164,552.67 D, “F-¥J{HH 47,326.86 D FLiE pl fie/hh
{64 4.91, B KN 8.88, FHMH K 6.13. Atk
EBCER/ME R 27.79, IRAEA 5270 FH{EH N
37.92. NENi G A F R Te B 0 e/ MA R 69.84, B K1H
N 88.57, EHIMEN 79.17. KM BN N
—0.549, iz K H-0.086, “F-14°5-0.240 (K 3).

22 HEHY CMO EERKRAAXBEXRERRTE
F o
H TR CMO BRI R R, HLE

ok RIER RN ERGE L BN, LU R &M
(Selaginella moellendorfii) F1 /| ST Wi &% (Physcomitrium
patens)VERANERE, CMO LR FKEW N 6 WA
W, Hrp A LRGH 44 D, B EREH 22 735
H, C WHEEA 25 NN, D WKEA 51 %K, E
WRGEH 13 ADHH, FEREA 11 AFEHEE 1) H
i MEME Z3 #1285 F B RSP, A 118 DR Y
PRAFEEFF DAtk o 3] 0 WK R motif 7 .motif 3 . motif
5. motif 9. motif 6, motif 2, motif 8, motif 1. motif
4 . motif 10, (5 FLikF] 69.82%; FIA4HY 51 ANFEH
A 10 NEEFWE A X 10 4 motif, {HHES T A
—FE, 17T ADEE A motif BN 94, A 11 A3
1Y motif £ H 8 4>, A 6 MEFE Y motif 4K
T4, A T AFEE K motif Brit o 6 (& 1), LA 4
R, SEHRMEY) CMO K 547 1) motif 45 Ak
SN 347 v 2 ARARL, 100 WP A Aok 2 iy BE RS

2.3 CMO EFE LK H&IEREE AR EE 5T

BT CMO Fe R S5 TR SF 3L P 10 7 A 4 R 3%
B, AN [R50 B0 015 I 03 () A e 25 57 AR
L H LN 1, R PAML 8 codeml J5 VE %} 4%
FIGEAT IR E T8, B WK KR dN/dS
(#2).

CMO RHE KR, WHRE A, B, C. D, E
FIF 19 MO Fll M3 2Z [BRLSR EE RS 36 (LRT) i 7 22 55 4%
(P < 0.001), KUK TEERMESZHTA
) B e % e 76 R A R, ML AT M2 (LR (A
KA 5.2 (P = 1.000), M7 Fll M8 FBLER (84S 56 {5 %
HFEP < 0.001), 4 10.80%HI N 5 57 ) 1F k£,
o WE A 1.185, IEEFENEH 3 4. EREBH,
M1 Fl M2 (SR (E RS B (B A 5 25 (P < 0.001), A
4.00% {7 2532 BN IE LR, @, IIIE N 4.004, IELEFE
P 6 45 M7 H1 M8 LR i 6 50 (B A 1 35 (P <
0.001), 2445 7.40% i miZ B IEEFE, o ME R
2312, IEBEBELLAA 8 4. WK C 1, M1 Fil M2
B BLSR B AG B0 (B A B35 (P < 0.001), A 5.80%FKI
S RNIE SR, 0, BIME A 2.390, IERFENLEH 41
M7 Il M8 B BLER (B A 3 (B A% S 3 (P < 0.001), 24
11.10%) 7 2552 BIE LR, o BIE R 1.610, 1IEIEH
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A 20 4. WK D, M1 FT M2 (9L SR (E A
M (P < 0.001), A 5.10%H9 17 5%
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Fig. 1 Phylogenetic tree and conserved motifs of the CMO gene family
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This gene family was classified into six subfamilies: A, B, C, D, E, and F.
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Table 2 Estimation of dN/dS values and likelihood ratio test of the CMO gene family under site models
RIS R dN/dS SRl Eii%ﬁﬁj\.ﬁ Mﬁkﬁﬁ%\ P.ﬁ
Subfamily Model (w) Estimates of parameters Number of po:smvely P-value O_f Likelihood
selected sites ratio test
A MO 0.261 o =0.261 None 2Alnl (MO vs M3) =
M3 0.314 Po=0.259, wy=0.015; p; =0.516, w, = 0.213; p,= 0.226, — 1320.096, P < 0.001
®,=0.890
M1 0.361 Po=0.744, wo=0.142; p, = 0.256, w, = 1.000 Not allowed 2AInl (M1 vs M2) =
M2 0.361 Ppo=0.744, wo=0.142; p; = 0.069, w, = 1.000; p,= 0.187, — 0.000, P =1.000
w,=1.000
M7 0.306 p=10.478,qg=1.081 Not allowed 2AlInl (M7 vs M8) =
M8 0.320 Po=0.892 (p;=0.108), p = 0.680; g = 2.434, v = 1.185 3 40.802, P <0.001
B MO 0.228 o =0.228 None 2AInl (MO vs M3) =
M3 0.349 po=0.509, wo=0.044; p; = 0.378, w, = 0.354; p,=0.113, — 835.826, P <0.001
wy=1.704
Ml 0.323 Ppo=10.760, wy=0.109; p; = 0.240, w, = 1.000 Not allowed 2AInl (M1 vs M2) =
M2 0.459 p0=0.749, 0¢=0.116; p; = 0.211, w, = 1.000; p, = 0.040, 6 43.476, P <0.001
w>=4.004
M7 0.279 p=0.371,4=0.953 Not allowed 2AInl (M7 vs M8) =
M8 0.369 Po=0.926 (p1=0.074), p=0.519; g = 1.883, v = 2.312 8 78.597, P <0.001
C MO 0.244 o =0.244 None 2AInl (MO vs M3) =
M3 0.352 Po=0.481, wo=0.054; p;=0.377, w, = 0.346 — 1432.434, P < 0.001
p2=0.142, w,=1.381
M1 0.361 Po=0.735, wo=0.131; p; = 0.265, w, = 1.000 Not allowed 2AInl (M1 vs M2) =
M2 0.460 Po=0.720, wo=0.138; p; = 0.222, w, = 1.000; p>= 0.058, 4 34.748, P <0.001
®,=2.390
M7 0.304 p=10.436,q=10.992 Not allowed 2AInl (M7 vs M8) =
M8 0.364 Po=0.889 (p1=0.111), p =0.658; ¢ =2.455, » = 1.610 20 93.993, P<0.001
D MO 0.260 o =0.260 None 2AInl (MO vs M3) =
M3 0.377 po=0.469, o= 0.042; p, = 0.381, w, = 0.344; p,=0.150, — 1697.515, P <0.001
w,=1.510
M1 0.371 po=10.706, wo=0.108 Not allowed 2AInl (M1 vs M2) =
M2 0.508 po=0.691, wo=0.113; p; = 0.258, w, = 1.000; p,= 0.051, 1 106.877, P < 0.001
w,=3.345
M7 0.317 p=0.368,4=0.790 Not allowed 2AInl (M7 vs M8) =
M8 0.403 Po=10.930 (p;=0.070), p = 0.469; g = 1.379, w = 2.402 1 135.394, P < 0.001
E MO 0.313 0 =0.313 None 2AInl (MO vs M3) =
M3 0.377 Po=0.553, wo=0.026; p; = 0.340, 0, = 0.486; p,=0.107, — 237.886, P < 0.001
w,=1.839
M1 0.336 Po=0.711, wo=0.067; p; = 0.289, w; = 1.000 Not allowed 2AInl (M1 vs M2) =
M2 0.395 Po=0.711, wo=0.072; p; = 0.258, w; = 1.000; p, = 0.032, — 7.991, P=0.018
= 2.699
M7 0.316 p=0.162,¢=0.351 Not allowed 2AInl (M7 vs M8) =
M8 0.377 Po=0.921 (p1=0.079), p = 0.268; g = 0.857, w = 2.007 2 16.603, P < 0.001
F MO 0.187 o =0.187 None 2AInl (MO vs M3) =
M3 0.224 po=0.220, wy=0; p;=0.621, ;= 0.170; p,=0.168, w, = — 158.336, P < 0.001
0.703
M1 0.276 po=0.828, wy=0.126; p;=0.172, w, = 1.000 Not allowed 2AInl (M1 vs M2) =
M2 0.276 po=10.828, wy=0.126; p, = 0.043, w, = 1.000; p,=0.130, — 0.000, P =1.000
w,=1.000
M7 0.217 p=0.690, g =2.456 Not allowed 2Alnl (M7 vs MS8) =
M8 0.225 Po=10.950 (p;=0.050), p = 0.838, g = 3.627, 0 = 1.000 — 1.821, P=0.402

MO: B— LB M1z JE P PR gE e M2: IEREHE; M3: BHU i M7: beta 534 ; M8: beta 434 +1E £

MO: one-ratio; M1: neutral; M2: selection; M3: discrete; M7: beta; M8: beta & w.
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PLRZ B EESE, o BEHR 2.402, EERFEALLA 1
AN E B, M1 M2 (LR (86 568 22 (P =
0.018); M7 F1 M8 HJLL K i 45 40 (B A Wik & (P <
0.001), 4H 7.90%M 0 S Z B IEELE, o WEN
2.007, IEBEBEAEAA 2 A~ FEWEKE F it M1 Al
M2 (LR M A 30 (AN | 3 (P = 1.000); M7 i M8
A ALLSR B A B0 AE AN (35 (P = 0.402).
2.4 CMO EREZENEEES T

J TR CMO FE N 2 18] B8 R I 0L,

6000
5251

4482

Number of gene pairs

169 N EEK PP ZL &, THE M 14,196 XF AN/ASH,
4482 XF 3 ) dN/AS {EAN L 0.100, 9703 XF 5 K Y
dN/dS fE>4 0.100~1.000, 99.92% 5L %T dN/dS {E
/MF1.000 (F 2). A 7 ANFEFEXHY AN/AS HKTF
1.000, ¥ K A9FEH 44 B A (Rubus occidentalis)
B R T B (Saccharum spontaneum) . J& FLL B 4 AF
(Oryza nivara). AEMAIERE(Oryza glaberrima). &%
18 B 4 R85 (Oryza rufipogon). KWFE(Oryza sativa in-
dica). JEFWH:FE(Oryza glumipatula) (K 3).

395 283

[ | . !

4000
2652
2000
1122
0 - I

<0.100  0.100-0.150 0.150-0.200 0.200-0.250 0.250-0.300 0.300-1.000 > 1.000
dN/ds
2 CMO EFEX[EH) dN/dS EHI S
Fig. 2 Distribution of dN/dS values between CMO gene pairs
#3 FZRIEEZESNTA CMO ERA
Table 3 Seven CMO gene pairs under positive selection
51 1 J¥ 51 2 dN/dS i
Sequence 1 Sequence 2 dN/dS value
Brassica napus _CDY30186 Brassica rapa__Bra024118.1 1.113
Oryza glaberrima__ORGLA06G0218800.1 Oryza glumipatula__ OGLUM06G27620.1 1.868
Oryza glaberrima__ORGLA06G0218800.1 Oryza sativa indica__ BGIOSGA023545-TA 1.866
Oryza glaberrima__ORGLA06G0218800.1 Oryza nivara__ONIVA06G28770.1 1.602
Oryza glaberrima__ ORGLA06G0218800.1 Oryza rufipogon__ ORUFI06G28150.1 2.140
Rubus occidentalis _Ro04 G13961 Rubus occidentalis__Ro04 G36994 1.175
Saccharum spontaneum__Sspon.08G0002390-4DmRNA-1  Saccharum spontaneum__Sspon.08G0002390-2BmRNA-1 1.002
RP WYL T A TS YR RN 2 BRI, BUEOR R T AT, JRE RN A T
In the table, species names in Latin are combined with gene names using a double underscore __; the former represents the Latin name, and

the latter the gene name.

HE—2E X CMO M5 P 4 5 DR G #4718 48 s
IE, Hr AL B, C. D, Efl F W& KR
dN/dS 1553514 0.207. 0.174, 0.174, 0.199., 0.294
F10.187,A .B.C Fll F . 5¢ 0% dN/AS fE7E 0.150~0.200
X[ B %, 5 40.70%. 41.13%. 39.33%
11 40.00%, D .5 1% dN/AS {H7E 0.200~0.250 [X[&] ¢

B %, 5 28.71%, E WA dN/AS {HAE 0.250~
0.300 X Bl BE R Z, & 53.85% (K 3). iXE£H D
B WRGEANT T AL B, C fl F WHKKE LA T o8
JERAS, Wl RETE 25 5y & A s R iR

Zi LRk, CMO [A)IESE PR G 32 8237 2158 Z1 1) 2
fhik£e, HA B SE P 37 31 1E 17 BE 45



50 fE W 2

52 %

500

400 +

300

200

Number of gene pairs

1004

(=)

A subfamily B subfamily

dN/dS =<0.100 =0.100-0.150 =0.150-0.200

3 CMO ERTREHEREN dN/dS EH T

oo i e .

C subfamily
0.200-0.250 = 0.250-0.300 =0.300-1.000 m> 1.000

D subfamily E subfamily F subfamily

Fig. 3 Distribution of dN/dS values among gene pairs within CMO gene subfamilies

2.5 BEFREMAERE GB ¥Fh cMo EEH
Rieske #1 Ring hydroxyl A £5#338p9E F 3£
E5h

Al SCHERIE, 76 168 AR, CHuE R
2 GB [ 16 YR BIUEEEK (Beta vulgaris) . 2232
(Chenopodium quinoa). Vi JK(Citrullus lanatus)~5 (3%
4), EMBEANBETR GB 1 6 Mo B IR IT
(Arabidopsis thaliana) . ¥H¥E(Nicotiana abacum) . ¥
4 (Oryza sativa Japonica). BSR4 (Populus tricho-
carpa) . T i (Solanum Iycopersicum) F1 & #5 &
(Solanum tuberosum) (3 5).

*4 BERE GB MY
Table 4 Species capable of accumulating GB

fE 16 MREFLER GB M Fh b, g 31 N,
TR R 461 XL F A dN/AS (HE/MNF 1 BIBR T
4 X5 H{E), Ring hydroxyl A %43k i) 3 PR X6t ]
dN/dS i 5 Rieske Z5 A4/ [ BRI X N/dS {B 24
FIEA (= 0.338, P=0.0001, N = 461), [AHf RHE
BB F Ring hydroxyl A Z5#8{f dN/AS fH Fb
Rieske /NE 4)

XIARREFL R GB 1Y 6 MRl it 75001 K BR, 7EAE
R (Oryza sativa Japonica)H 751 HE XT3 53] T
0s06t0698785-01 HH, HRIZIEFAEH CMO H
A Rieske fl Ring hydroxyl A fR<F&5FIR, T 56

Yyl ik LRl ik
Species Reference Species Reference
#3% Beta vulgaris [10] # )\ Cucumis sativus [25]
K& Hordeum vulgare [10] By B ¥4 Fragaria nilgerrensis [26]
5 Sorghum bicolor [10] K& Glycine max [27]
% 3% Spinacia oleracea [10] [6) H %% Helianthus annuus [28]
INZE Triticum aestivum [10] &2 Ipomoea batatas [29]
FE K Zea mays [10] HIE Saccharum officinarum [30]
¥ Chenopodium quinoa [23] %5 Vigna radiata [31]
V§J Citrullus lanatus [24] W% Vitis vinifera [32]
F5 THETERE GB i
Table 5 Species incapable of accumulating GB
L7k ik Yy ik
Species Reference Species Reference
i Solanum lycopersicum [10] MREE Nicotiana tabacum [10]
443 Solanum tuberosum [10] FEFRE Oryza sativa Japonica [10,33]
LFE ST Arabidopsis thaliana [10] B Populus trichocarpa [34]
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Ring hydroxyl A dN/dS

Rieske dN/dS

4 BERRR GBHHE CMO & 2 N EEHIE dN/dS ERIHE R
Fig. 4 Correlation between dN/dS values of the two domains
of CMO genes in GB-accumulating species

EFERE IR CMO BERAFE S5, AUFRHE— % H
K AE R R A AT 1 o007, At B AR A L AR
HPAERE . AEMIRIGRE . R ARG . MRS . KAEZ
BPAERG . JETUPIETAERG | B A RS AN A R
T 1A CMO FEH (R 2), XFEWATREE AN T Yk
VR R i S AR T R AR T R Bl R 2 R
XTI H AR IT . R R . B EX S
MARRERER GB WAk y 15087, ks 11 A
CMO S, R T 55 DSEFEXE, X EEFEPXTY 2 A
IHHESLY dN/DS B39/ T 1, Ring hydroxyl A 455§
BYFE R XTTE] dN/S fHYS Rieske 454488 () 3 K X 1]
dN/dS {E M 8 2 IE AR & (r = 0.626, P = 0.0001, N =
55), [RIEfRERAIEML T Ring hydroxyl A Z5#yIAY
dN/dS fH . Rieske /NIE 5). 74k, G55t 3R B4R
TEIX 5 R AR RERL 2 GB, {H CMO BEHA T fES 5
Hot AR Y A 45 B B A HAb D fE

0.5
B 04- .
5
<034 e
= ) e e
g ° P
§ 0.2 ® o .. °
i) o
E ° 0.
z 017 o“ """ % o @
AR o
0 T T 1
0 0.1 0.2 0.3
Rieske dN/dS

5 THEEFRE GB WITHEY CMO EE 2 N LEHiE dN/dS E R
xiE

Fig. 5 Correlation of dN/dS values between the two domains
of CMO genes in non-GB-accumulating species

2.6 REMBEMABEMRE GB WM CMo ERH
EEEN S HER S
KHERR R GB 1 16 MM R G R TR, /I

S EE (Physcomitrium patens)VE R AN EHE, THE
B 43 B dN/AS f. N/AS R T 1 AR 9
A, GLEE B #E /N F (Triticum  turgidum) B TRITD7
BV1G178280.2 1 TRITD7AVIG228650.5, /N #
(Triticum aestivum)) TraesCS7B02G324900.1 . Traes
CS7402G425000.1 F1 TraesCS7D02G416700.1, 5.
IRW/INZE (Triticum spelta)f) TraesTSP7B01G348200.1 .
TraesTSP7401G456800.1 1 TraesTSP7D01G455400.1,
K& (Glycine max)¥) KRH02754 (K 6).

BRI E GB M54 5 MIFMERERE
W, /NST RS (Physcomitrium patens)VE R ANEREE, 1T
SRR AN/DS fE . dN/dS fHRT 1 A
HA 2 A4, 59 J& 3 i (Solanum  Iycopersicum) i
Solyc072008300.2.1 F11 Sopen07g004190.1 (Kl 7).
2.7 MgSO,BE T EXK CMO EERRIES

FEE £ K (Zea mays)) CMO FEF X MgSO,
38 A B e Y, RO 99 MRS IR M kL, 45
REIR, K Zm00001eb273050 1 MgSO, Wil i
6 h. 12 h #l 24 h Z&0F T et FAR P il 25 Bk
ik (&l 8)
3 Wig

gt 2Bk 43%n# AL T T SR T 5
R, 29 20%89 B AL TEACIRAS . T8 i
G E R E YN ARKET, &8AEY ™ 5
40%LA Lo FHY) R T R R AR A FRIE S AR Y
BE, B aidl T —R20NNWEY S
BLE R  NLA 25 B AR AE WG . GB & —F R
BEGRR, BABERT . e Ry
JL 3 - 25 4 32 W B AL A D R S e AR AR e X
TR St AN NGB FNGE i % AL TR 5| A GB
GRS ERAE, AL S s AR Y I aa AT
YN GB B i, M4 m HAR A= W i ia 4t
Y. FEESFHEY T, GB WA R i B R K 5
A, Hoh CMO 2 Y GB 4EW)-& BLis 15 A FR 3 i,
ZEFA S SHWIEN GB WAV & MiEE,
A ) 6T A AR ) B 3 6% N T8 e TP e O B
EFIP, KEBRFITFRM, 162 Rl R A W a5 0k
T, CMO HER M FRIE LR aE08 W 2% 1 5848 P i bt
W2 ARBIR ST LT 168 AN DK 2 B kAT M,
FH 131N FEHEY P& CMO RIEFEH, S22 53] 169
A CMO RIIRFER, HAA 79.39%R N A &F
1A CMO 3, T4 20.61% MBI 5 4 2, 3 8k
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4 A CMO HEH o AN [R5 0 15 30 A9 5 DR 8500
K—ﬁ,%wﬂmE%ﬁ%ﬁﬁﬁ%ﬂﬁ¢,Fi
TAFERENERNEL, &4 T8N EERPY,
##iﬁﬁﬁﬁ4m9ACM0ﬁﬂN%ﬁ%Eﬁ

T KT, KL 99.92%FE X AN/AS {HI/NTF 1,
ﬁ7A%IN%dwﬂﬁjﬁﬂ X e I i
FIGAE A o E Bz B A fb ke £, PO b
RS

GB MURELEAR MY P 2EFMRK, fERE

mays). #L3Z (Chenopodium). 3¢ (Beta vulgaris L),
KFZ (Hordeum vulgare L.), H—SStgHAHef

GB, WWKERE (Oryza sativa Japonica)., Th45%E
(Solanum tuberosum) . Fti(Solanum lycopersicum) .
UM IF (Arabidopsis thaliana). W% (Nicotiana ta-
bacum) ", XA R EEIR T AP GB
B RS K s L R A . MR R A
WY ESRNTR GB G RE I A BR, fH38 i #h it fn
GB s TR B LA GB & ke, 3l 342

E GB WHEYIH 3% (Spinacia olera). £ K(Zea E HP R0 ¥ emo BN S A HAM Y 2 )5,
dN/dS
100 — Chenopodium quinoa: AUR62031264-RA 0.206
63[[ Chenopodium quinoa: AUR62027431-RA 0.180
100 Spinacia oleracea: Spo25467 0.079
94 Beta vulgaris: KMS95013 0.208
Beta vulgaris: KMT07791 0271
s 100 Spinacia oleracea: Spol3645 0.100
— 92 [ Chenopodium quinoa: AUR62032506-RA 0232
100 Chenopodium quinoa: AUR62043230-RA 0.120
10 Glycine max: KRH02754 163.429
] Wr— Vigna radiata: Vradi07g22700.1 0.107
Vitis vinifera: VIT 1150052g00330.101 0.144
100 — Citrullus lanatus: Cla97C03G062150.1 0.168
90| 4 Cucumis sativus: KGN66608 0.679
12 Ipomoea batatas Itr sc001900.1 g00002. 1 0.168
34 Helianthus annuus: OTG23339 0.518
100 Helianthus annuus: OTG23340 0.295
Fragaria nilgerrensis: GWHTABKC012960 0.197
Saccharum spp R570: Sh10 t017070 0.150
&E Sorghum bicolor: OQU76986 0.320
L Zea mays: Zm00001eb273050 T002 0.262
Triticum spelta: TraesTSP7B01G348200.1 1.300
9% Triticum turgidum: TRITD7Bv1G178280.2 1.130
100 10(3 Triticum aestivum: TraesCS7B02G324900.1 1.878
2 Triticum dicoccoides TRIDC7BG051890.1 0.0001
L Hordeum vulgare: HORVU7Hr1G097970.8 0.081
0] EﬁTritiCr:m aestivum: TraesCS7D02G416700.1 154.454
Triticum spelta: TraesTSP7D01G455400.1 2.663
481 Triticum dicoccoides: TRIDC7A4G059040.26 0.169
Triticum aestivum: TraesCS7402G425000.1 1597
100) Triticum spelta: TraesTSP7A01G456800.1 1.673
Triticum turgidum: TRITD7Av1G228650.5 1.830
Physcomitrium patens: Pp3cl3 13580V3.4 0.003

—
0.05

6 MR GBI CMOBERARZLABEXRTE—

S5 8 dN/dS &

Fig. 6 Branch-specific dN/dS values in the phylogenetic tree of CMO genes in GB-accumulating species
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dN/dS
100 Solanum Iycopersicum: Solyc07g008300.2.1 2.056
44 Solanum pennellii: Sopen07g004200.1 0.062
Solanum pennellii: Sopen07g004190.1 1.458

Solanum tuberosum.SolTub: PGSC0003DMT400051201 0.526

>8 Nicotiana attenuata: OIT26339 0.588
Populus trichocarpa. PNT30270 0.208
100 Arabis alpina: KFK40841 0.499
L Arabis alpina: KFK29548 0.321
100 Arabidopsis thaliana: AT4G29890.1 0.206
100 Arabidopsis halleri: g04236.t1 0.435

84 . .
Arabidopsis lyrata: Al scaffold 0007 1121 0.276
Physcomitrium patens: Pp3c13 13580V3.4 0.005

—
0.05

B7 FEHNEGBYM CMOEERFEREXZRE—2H dN/AS E
Fig. 7 Branch-specific dN/dS values in the phylogenetic tree of CMO genes in non-GB-accumulating species

Zm00001eb273050

*%
&%
kk
I |
OJ

TL-6h  TR-6h  TL-12h TR-12h TL-24h TR-24h

8 MgSO, BT EK CMO EFMBWRIEE

Fig. 8 Relative expression levels of maize CMO genes in leaves
and roots under MgSO, treatment at 6, 12, and 24 hours

TR: MgSO, AbH R FARES; TL: MgSO AbBE R I o ** | **x
Sy FEIRTE 0.01 F10.001 KT 5 B,

TR: roots under MgSO4 treatment conditions; TL: leaves under
MgSO04 treatment conditions. **, *** mean significant difference at
the 0.01 and 0.001 level, respectively.

- - g N
(=) w (=} w
1 1 1 I

Relative expression level

o
n
1

REH = FE Xt R 3 O HETRE 7, Nueei 5510 1 g
¢ (Atriplex  hortensis) ) CMO K& P 5 A M 2
(Nicotiana tabacum L.)J5, H GB &t K AHEE .
it GB BURBEIIAE, KeFh oy Gt R Gk
B, HATEREAL T, BER R GB 4RI 3 57 3
1E ] 35 PF Y 3 DR 9 K 1 W b O (B /N 22 (Triticum
turgidum) . /N (Triticum aestivum) . %L /R M /N&
(Triticum spelta) MK 5.(Glycine max), A~HEFL R GB

20 A6 I 3 52 B 1E [n] 3 £ 52 7 il (Solanum  lycopersi-
cum), X R YIIX B KA T aE L, 5 AR
A LUE 2 A5 R R A 25 ) e AR 3 vk . 55
Hb, CMO BRI 1) 2 A S5 A0 S8 i 3 P TR o Afr 4 2R 3R
PIFE I dN/AS (EE/NT 1, ZEaifbiest, 2 45
B AN/AS (AR EAROC, BT 2 P [
1k, Ring hydroxyl A #5435k (1) dN/dS {H# Rieske [
BN, 2R R RS, 7RI b B b N IR

4 i

ABsEiE X 168 NEEMA AT T, KA
131 MEYRERAEH CMO FITEZER, SA% e )|
169 AELGL o ik SE SR Bk — 20X 5k 6 N5
3 Ao PR e PR R A M R B, i AR I 32 A7 B alifh
weEE, HA 7 ANRRBEX 2 BIE M Si4h, X MO
FLIH Y Rieske 1 Ring hydroxyl A 5 IiEF 7404 &
W, X 2 NUREEZ B i e RE, HOW R P ]
ko 7 MgSO, B AT, Tk CMO FER KR
PRFRIA, XATRESIG N GB & i, 48 EoKMPis
PEo FIRBFREE SR IR AT YR N CMO B 138t
1 ZHEVE B FOLHI B AL T 90 20 A B AR A -

MR FHLMLRKR: 1) AF M3 http:/zwxb.
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chinacrops.org/; 2) ¥ B %2 M http://www.cnki.net/;
3) % 7 # # http://c.wanfangdata.com.cn/Periodical-

zuowxb.aspx.
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