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Abstract

Lipoxygenases (LOXs; EC1.13.11.12) are a family of iron- or manganese-containing dioxygenases that catalyze the
oxygenation of polyunsaturated fatty acids (PUFAs). In plants, these enzymes are encoded by a multigene family and
play key roles in growth, development, and responses to biotic and abiotic stresses. This study aimed to determine the
evolutionary characteristics and members of the LOX gene family in Medicago truncatula (annual medicago) and their
function in stress responses. The LOX gene family in M. truncatula was identified, and their general characteristics,
phylogenetic relationships, gene structure, conserved domains, cis-regulatory elements in the promoter region, post-
transcriptional regulation, and expression were studied. Twenty-five homologous LOX genes were identified and
classified into 9-LOX, 13-LOX type I, and 13-LOX type II subgroups based on phylogeny with chickpea, bean,
soybean, rice, Arabidopsis, and maize. The LOX genes contained conserved lipoxygenase and PLAT/LH2 domains.
Conservation was also observed in gene structure, intron phase, and physicochemical properties of the encoded
proteins. The presence of cis-regulatory elements responsive to hormones and stresses (e.g., ERE, MYB, MYC) in LOX
promoters suggests their roles in plant development and environmental stress responses. Additionally, various identified
miRNAs regulate post-transcriptional expression of LOX genes via cleavage or translational inhibition. This study
provides valuable information for understanding LOX gene functions and further exploration of the LOX gene family in
M. truncatula.
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Table 1: General characteristics of LOX genes in Medicago truncatula
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Accessnumber (phytosome database)  Gene name  Chromosome  Gene start (bp)  Gene end (bp) Length (aa) MW (KDa) PI Subcellular localization
Medtr1g083020 MtLOX1 Chr01 36920655 36927114 859 97.66 6.16 Cytoplasm gDl g
Medtr1g104650 MtLOX2 Chr01 47126095 47132583 857 97.27 6.65 Chloroplast el g5
Medtr2g099560 MtLOX3 Chr02 42686173 42690338 864 96.93 6.22 Cytoplasm gy g
Medtr2g099570 MtLOX4 Chr02 42691747 42697437 862 97.4 6.52 Cytoplasm gy g
Medtr3g079420 MtLOX5 Chr03 35705582 35709331 866 99.44 5.8 Chloroplast el 9,15
Medtr3g079450 MtLOX6 Chr03 35719843 35725300 903 103.26 6.49 Chloroplast el 9,15
Medtr3g479460 MtLOX7 Chr03 35725453 35729835 904 103.07 7.03 Chloroplast el 9,15
Medtr3g081130 MtLOX8 Chr03 36742841 36746629 859 97.41 6.52 Cytoplasm gy g
Medtr4g066170 MtLOX9 Chr04 24959921 24968304 907 103.58 5.37 Chloroplast el 9,15
Medtr4g088810 MtLOX10 Chr04 35409075 35415156 896 101.69 7.82 Cytoplasm gDl g
Medtr5g024020 MtLOX11 Chr05 9600482 9607033 868 98.02 6.32 Cytoplasm gy g
Medtr7g113410 MtLOX12 Chr07 46708553 46714819 868 98.36 6.09 Chloroplastasdy g IS
Medtr8g018420 MtLOX13 Chr08 6261408 6266199 857 96.18 5.16 Cytoplasm gDl g
Medtr8g018430 MtLOX14 Chr08 6273027 6277365 862 97.63 7.69 Cytoplasm gDl g
Medtr8g018450 MtLOX15 Chr08 6287218 6291683 829 94.74 6.36 Cytoplasm sl g
Medtr8g018510 MtLOX16 Chr08 6319619 6324603 870 97.81 6.7 Cytoplasm s gioews
Medtr8g018520 MtLOX17 Chr08 6330368 6340159 869 98.1 6.45 Cytoplasm gDl g
Medtr8g018550 MtLOX18 Chr08 6350475 6356214 869 97.73 6.23 Cytoplasm gDl g
Medtr8g018570 MtLOX19 Chr08 6361499 6365556 871 98.27 6.17 Cytoplasm s giew
Medtr8g018690 MtLOX20 Chr08 6422466 6426852 866 96.7 6.64 Cytoplasm s giew
Medtr8g018730 MtLOX21 Chr08 6448981 6454397 865 97.02 6.14 Cytoplasm gDl g
Medtr8g018735 MtLOX22 Chr08 6455504 6459438 866 96.95 6.31 Cytoplasm gDl g
Medtr8g020970 MtLOX23 Chr08 7436326 7443707 928 104.82 7.94 Cytoplasm s gie
Medtr8g020990 MtLOX24 Chr08 7457385 7463228 869 97.36 6.81 Cytoplasm s giew
Medtr8g080230 MtLOX25 Chr08 34466671 34473858 917 102.99 7.42 Cytoplasm gDl g

Y4



VEY liane) 5 5l /¥A-YO Slonius [pgs 8ylaid [pgms 5 Commst Al /(65,5L88 15 () (5,51

S 09,5 R) 0 e O A g ARl Sl Az (5
ShlS5 ala @ a2 b () JS) 85 15 13-LOX %,
O ygods Loges adss 5 aJSG LS 05,5 o o LS
Wlgioo g So 5l el cpl iland I8 e LS T
3 S5 elgls cpl sl S yiie w0929 cdms Ll
Wlgioe K0 g 3l g 009 4 95 9 4T (lalS slasdl
3 LOX 55 oolgils (glimme g wglae JulSS ye o Vo
(Chen et al, 2015) ail ails adge 5 aJ ST lalS
S G St 58 SlEee by (elSS all; asllla
S0 0 Loy Glasl (Ll Ll 5l 1y asl S5 Lo
g oo o] 60,515 aii o slads] eosms lis Seseld
01 alie 8,515 Yol S S5 slagys 58 som )
sy &S cwl ooy flas Sldlas (Zhu et al, 2018)
@ gyl ol o ege i ACLOXS  AtLOXI
il 4 Fwl ;o (Octadecadienoics) laSsgilSogliS]
0 AtLOXS 5o g9 5| (Zheng et al., 2007) s ls i
G GLls Gmpiat)] (0 Bl g lr aty) o)
lox] slaassl ip> .(Vellosillo et al., 2007) cuwl gaulS
.(Bannenberg ef al., 2009) %45 oo a5l s59lle (slgimme
a5 S liee sty 0 la0) (nl (BB & Az L
a gl 9 JA g 50 Sl (Sae bl 05 S slapss
60,5, sl ol Jb ol bocsl adly g

Syl pies Slallas 4 5L o]

&5 Sl g oud cblis glagmed (g oS5
loodlgls alwgar 00l o lagnLyn (agee o SThg
9 S Sllgpl abais (o9 n Jsb (Jedse 039 Jold (55
Sooal Pl o] (ganeg S g (JelSS Sl I (Jobe oSGl
LOX slogufign 9,90 50 a5 plxl slayJll oue
b 3T ool VU (S cblis oaims ol dlucSy axiss
s YO o oads ololids Ciign Yo 5l aSis,sbas Al oo
VA olS cpl 0 LOX oolgils a5 by po 00l sy (Sniigp
A e ol &5 aiiils jeim g YO ples o ciige
Jsb oefile oSy amigy 3 Conlaiiise JS oy
F9se 039 VA B AYR ) aneel sl AVY sy
S iSlg 5l abadi g (V- FIAY B AFIVE (o) oygllogkeS AA/A
sl oSl ooy () Jgaz) ably o (VA b OVF) 510
LOX-13 05,5 eliel ales 45 ols olis LOX (glacyuss

wp g LegisessS 5l (P S9) 2 d9zee by sl

£93329,5 59, 2 S97 30 S wiile bl alold 5 (6,5 )13
ol 39 ALOX (slays oogr (sl adigs b ,udlS sasmoylis
Gelas i1, S ol sbel sl 5 esis sbles
Col ools ol Slallas (V Jgaz) wibe b auil Sus
5 it 4 zwly )0 S slagyy Sl gk OaLS )0 oS
aS S lgr oo 1 05l 185 a9l slacodgilin iiwgn b
LOX glags (b8 (s sloniald cnl 5o alsice 59
ool 50 (ggw 3l (Polturak ef al., 2021) ausl aisls
Foyd 50 o5 WY Jels LOX 55 eolgils ¢y Slalllas
03 V) e0il 30 03T @ 50 03 VT ommstal] 50 05
Sglds ul aBlige ay )0 (3 VY 9 IS 50 03 YV slr 0
haslign oS5 oé, Je a5 il wl ol eanmslis
wibos Sglite Yhaiml byl LelSS s oy ol aslice
ouls o Lol lalS -yl ;I .(Feussner and Wasternack, 2002)
a9 S a4 bape coiga LOX odlgls 0 55,5
Shasdlioe sudob b (o955 S 5l olS g0 cnl aBlios
o3lail g 535 eolgls cpl ol o (g lo e alaily Koo (sg
a9 5 @ o9 o3l Jle lareds 098 03 soalive pos
o5l 5 b caxBe ¥4) 5, 5 Gb cax Ko B+ +) Al

http://plants.ensembl.) ool oo 3L c@xIK3 V¥ )3 poi5
oS 90 pl LOX sloys oloss Jl> opl b (org/index.html
b 1o J5e Jole gudsl L 1 g anilas (g)ls gme Sglas

sl asiy 5 515 5 5 ool

LOX (sl (oS5 ala aslllae
LOX o) o0, aend 5 olSS Laly) (o) 2
Voo s btlas 005 sl Sajek s
Sl OTY pshie (ndy wd ey ytelog (s3] 1SS
OlalS 51 (€C4) &8 5 (C3) @n & bgipe LOX (055
3 gy g AlacSG azigy Loyl 0956 Lgw g 4JSS
olS 5l eolarwl (v JSE) ol eolaiwl adgy LS
iy Gl s o) 5o g A Gl e
Sos JolSS 0525 5l Lo Syo (l3l Geizren 5 by gaies S
SalE Lo o eslgls ol anlllas 45 aisSilen .09 o LOX
LOX (sl oo sy (Suidfolud S )0 10 gy ooly lis
Liu ef al, ) $o s 13-LOX g 9-LOX 04,5 45 4
40 093 saugs 4 13-LOX 04,5 .(2021; Kang et al., 2021
sazxa 9-LOX 09,5 ;0 03,5 )13 93 9 SG o 09,5 2 90
SFS ) 095 13-LOX 4y s 5 atils I8 asgy ()5


http://plants.ensembl/

Liu et al., ) js0 9 (Muzino et al., 2003) z5, ;5 ‘yiion
5 0dlgls (g5, a5 ladlas o .cils Sleea 5 (2021
352y Sl i aS ol sdlive (28,5 plxil gla 0 LOX
Sk Goollr )3 oy, 5 51 S,y slacl 5l Sy 5 axils
Al dlgee Glodssy iz S92 e Jd ol
odlgils ] (JalSS a9 (sagigeg,S (sla Sadiaclan

(Zhu et al., 2018) sl 5

e B5enSlged (535 00lgils dalllas 1o S g (55050
oo Geizmen (1 Jg92) it Jlad Candlg S 50 g0 oS
o) 251 Se s 13-LO0X 095 slagyj (ooles colad
@ () Ju2) wb epin medbsiew 9-LOX o8
L SLlS 13-LOX 65,5 Jsko olKil> 5,50 50 oud sumlin
ools i Slalllas Lol ol o Sinlon Slallas Lo b
Mg oyl Eodlad lKe 9-LOX 05,5 45 a5 o
il S callad e aslllae ol o o5 Jl o aib
laaidl b bt (ol &5 ad (i Cedlig)lS 095 (0l

ZZR oo
@ D et b o TN
6 5% 989590555 %x
'2 ) W om A T O A Oy
LR AN 2EUCSFETSOTEL
%, 703 B SIS
00,
SRR sl Tg TEST R
P NN 2 sl [® Ea) @\9 R
7.Q _'e@ M ] L] q’it\ '\Q ‘Q B
%% Yo S 3 N St
%‘ o -{; BN L ,@" 0 rbb‘-
o 3 @ ) T,
OQ@(O 4 ;2 ‘{%’ = 5\? o & @p‘}:\'
Q‘b{ 6{0’}:]-; LS % T = € ";R‘\}OO o
e e @ 3 B e
P A % SR W
T ey T 4 o 3
G’??(o A2y &7 hd W e LQ‘E» 9
My 6 Ny 5 2Ot
CaLOO/\’Q ok o o LO}L% 9
X137 3 Al g P
tho)ﬁg oy o N gk Gm‘p}@
Z’TM'_OXH o L0 Cabd
2mloxg o wd MtLDK}%s
Oty Gl
oo T 120 oo B pviox17
OsLOXRCH 10 o & PLONIG
ALLOXZ = 100 5 9% | 45 E:féom
4 & Kig
PVLOXB o] " Mo
GmLO}"\ i 7 o
L OK2D S0 LOx 15
CaLOX’\i 97'00 ) 5% o R S5 o G}:?LLO XTo
P-tbfé‘ L o ar EN C};plofg
I \‘01\% AR log s £OX;7
ey O{\D’l X o EN o ta) Wy,
“I&’ \,,O\‘:& ?‘2? JQ? 2 5{? dfg‘%* ;3;
e & g L0y
'L‘Q\f\p{b@ '\%% o ) fe f(fo “}.? 7
o O++9 S 3 % 2 NS
o % 4 %0
(&/ O+- & = o B . 43 'Pf <
TN 3 AN\
& S & - = 7 e
e = & 5 |27 (‘%@%»p“fé
Cair ool - o o ych "é;,% i
G @ g 4% %00
CFTF T QLB 0
ﬁ!‘g’%—" O & oo Q’é % -
N, 99859
25 %
“FESY Fesniengra’
& F ghden Bl T

btz slaog,5 . ,3 g 20 e 9] b g Loy 39565 oSS azigy ;0 LOX 5 eolgils Siijgld e jo 1) S
13-LOX 05,5 o1 S5, 5 13-LOX Type I 65,5y 5, 9-LOX 05,5 50,8 S5, el oas o0ls ylis calises sloXs, L LOX
s oo slis |, Type 1T
Fig.1: Phylogenetic tree of LOX gene family in Medicago truncatula, Cicer arietinum, Phaseolus vulgaris, Glycine
max, Arabidopsis thaliana, Oryza sativa, Zea mays . The tree was drawn based on the full length of the proteins and the
neighbor-joining method and the bootstrap test with 1000 repetitions. Different groups of LOX are shown with different

colors, red color shows 9-LOX group, green color shows 13-LOX Type I group and blue color shows 13-LOX Type II
group. Drawing, editing and coloring of the tree was done using MEGA?7 software
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Table 2: The conserved motifs identified in the LOX gene family and their characteristics

PN s Silp Ui e I
Motif Number E-value Frequency  Length Domin sequence
Motif 1 4.4 e-1009 25 50 DSCYHQLVSHWLNTHAVVEPFIIATNRHLSVVHPIHKLLLPHYRDTMNIN
Motif 2 1.1 e-885 25 50 PWWPKMQTREELIEACTIJIIWIASALHAAVNFGQYPYGGYILNRPTKSRR
Motif 3 2.0e-862 25 50 DLIKRGMAVEDPSSPHGLRLLIEDYPYAVDGLEIWDAIKSWVQDYVSFYY
Motif 4 2.2 e-483 25 32 RIFFANKTYLPSETPAPLVYYRZEELKTLRGD
Motif 5 3.2e-578 25 41 FRTDGEQALKFPPPKVIKVDKSAWMTDEEFAREMJAGVNPH
Motif 6 1.7 e-398 25 25 GTGERKEWDRIYDYDVYNDLGBPDK
Motif 7 3.6 e-414 25 33 LAEIEKKJDQRNNDESLRNRYGPVKMPYTLLYP
Motif 8 9.8 ¢-626 25 50 PEKGTPEYDELVKBPQKAYLRTITPKFQTLTDLTVIEILSRHASDEVYLG
Motif 9 7.2 e-430 25 29 TKAYATRTILFLQDDGTLKPLAIELSLPH
Motif 10 1.8 e-403 25 29 ALARNVLINAGGIIESTFLPGKYALELSSVVY
Motif 11 5.6 e-313 25 21 YPYPRRGRTGRKPTKKDPKSE
Motif 12 7.5 e-477 25 29 TVEEAIQNKKLFILDYHDALMPYLRKINA
Motif 13 8.9e-366 25 29 SDAAIAQDSELQAWWKEVVEVGHGDLKBE
Motif 14 7.8 e-213 25 15 SEEGLTGRGIPNSIS
Motif 15 2.0 e-204 25 15 PNHGTIHFVCNSWVY
Motif 16 2.9 e-384 25 36 YVPRDESFGHLKSSDFLVYGLKSASQNVIPELRSVI
Motif 17 1.9 e-262 25 21 PASEGVEASIWLLAKAYVVVN
Motif 18 3.0 e-204 25 18 FGIPGAFYIENYMQGEFF
Motif 19 2.1 e-258 15 41 TKADASGKGKVGKETFLEGLITSLPTLGAGQSAFSIHFEWD
Motif 20 1.4e-236 12 41 TLNFTPPEFBSFDDVRSLYEGGIKLPTDILSKISPJPVFKE
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Name p-value Motif Locations
MtLOX1 000e+0 — DM UM [ (O DO TN e
MILOX2 000e+0 — IS BN ] [0 S (e e
MILOX3  000e+0 — | [N DB T [0 B e .
MtLOX4 0.00e+0
MtLOX5 0.00e+0
MtLOX6 0.00e+0
MtLOX8 0.00e+0
MtLOX7 0.00e+0
MtLOX9 0.00e+0
MtLOX10  0.00e+0
MtLOX11  0.00e+0
MtLOX12  0.00e+0
MtLOX13  0.00e+0
MtLOX14  0.00e+0
MtLOX15  0.00e+0
MtLOX16  0.00e+0
MtLOX17  0.00e+0
MtLOX18  0.00e+0
MtLOX19  0.00e+0
MtLOX20 0.00e+0
MtLOX21  0.00e+0
MtLOX22  0.00e+0
MtLOX23  0.00e+0
MtLOX24  0.00e+0
MtLOX25 0.00e+0
Motif Symbol Motif Consensus
1. I DSCYHQLVSHWLNTHAVVEPFIIATNRHLSVVHPIHKLLLPHYRDTMNIN
2. ] PWWPKMQTREELIEACTIJIWIASALHAAVNFGQYPYGGYILNRPTKSRR
3. ] DLIKRGMAVEDPSSPHGLRLLIEDYPYAVDGLEIWDAIKSWVQDYVSFYY
4. IR RIFFANKTYLPSETPAPLVYYRZEELKTLRGD
5. [ FRTDGEQALKFPPPKVIKVDKSAWMTDEEFAREMJAGVNPH
6. HN GTGERKEWDRIYDYDVYNDLGBPDK
7. LAEIEKKJDQRNNDESLRNRYGPVKMPYTLLYP
8. M PEKGTPEYDELVKBPQKAYLRTITPKFQTLTDLTVIEILSRHASDEVYLG
9. Nl TKAYATRTILFLQDDGTLKPLAIELSLPH
10. [ ALARNVLINAGGIIESTFLPGKYALELSSVVY
11. I YPYPRRGRTGRKPTKKDPKSE
12. TVEEAIQNKKLFILDYHDALMPYLRKINA
13. N SDAAIAQDSELQAWWKEVVEVGHGDLKBE
14. W SEEGLTGRGIPNSIS
15. PNHGTIHFVCNSWVY
16. M  YVPRDESFGHLKSSDFLVYGLKSASQNVIPELRSVI
17. 1R PASEGVEASIWLLAKAYVVVN
18. & FGIPGAFYIENYMQGEFF
19. ] TKADASGKGKVGKETFLEGLITSLPTLGAGQSAFSIHFEWD
20. ] TLNFTPPEFBSFDDVRSLYEGGIKLPTDILSKISPJPVFKE
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Sl 00y aseine Oglate X,

Fig. 2: Conserved motifs in the LOX gene family in Medicago truncatula identified using the MEME server. Each

motif is marked with a different color
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determined based on its letter size

gy crl aily Job (ol Jds aijls Jsbo 5k cui lia A
&5l aallhas ail oo bl o ail slagys il 35
Logos baoys ol a8 ol lis dllucSy amigy o LOX oolgils
s lls MILOXS 5 ad) o (gl cuan glyls

(F JS8) il se Oyl 45 glls MILOXI3 &5 o oys 5]

Y

Oezred 5 (9l 9 09T ol el 55 ,bsle adlllas

s Syg0 55 1) G50 b Sldbl Wl e Sepl 5B
Job avlie was wljl 55 0dlgls 2 sla Shs 5 JolS
el a5 wes e plis WSy azsgy 0 LOX slagys
) i s &S aly o MILOX9 § MILOXIT Jolis oy



Ol LOX lag (Sl j6 asllae wiilpe JolS5 b
JSE) ool VNV oYY Lo ol slp o gsSI a5 sl
15 o eanlie Sl by 5l Sy 4o Jb ol b (F
wle Vo VY oYY &gy gyl 56 osSI MILOX23 5
OF Omimed el Ve NVe oV Sgoay MILOX9 o5 g
@lls MILOXS -5 ) -\ Y+ YY) oSl (ol ls MILOXI3
s
Jodo 4 Wil o0 LOX slagyj 5l (B 0 095l 5B g slaws o
NI g 009 JolSs b, ygil 48,5l Cavoas L i

as ol s mbs Ko sew | (Liu et al, 2020) ol
Sorl 5By (G5 le Gl LOX slays 5l g ke

dl)lo Lmo')" Q.ﬂ a5 cas Qljs"f u,uL....:l Q.:l PR wlie
.(Paterson et al., 2006) Mbd Glie 0,58

MILOX 14
MILOX 15
MILOX 16

e B5enSlged (535 00lgils dalllas 1o S g (55050
5 LA ple 0 LOX oolgls g5 Llole adlas
ol gl a5l S5 eolgils pl og S8 edmslid
@ Bl iy LOX slagys )9 g9yl slaws Jle olyea
odds o138 duae Cuza B Jals o o VY Bl 1S o
Sarde et al., 2018; Shaban et al., 2018; Kang et ) <ol
Aal, 2021

4 D9l o0 el 90 9 U ho (E5 A a4 (5l 56
Jol 5k o e Jlge 0998 99 m 09yl S 25 4 s S
&8 )10 o)Lal 5908 S5 pgw 5 p93 5 b 5 995 P93 9
g5 oo OSeal g ot cbli> (oSS (b jo el U
e sl Gl iy 4 (Sad cblis 5 Slylg o i
ool e (Nguyen et al., 2006) ool ouls conlice 90 ¢ S
e A 90 9SG e slasl Gyl B a5 ud et dallla
ot 45 S lgioe 1 sl s aoys YYIO 5 YYD XY
5 5l L 5l YL Fas el glls 5 eolsils

MILOX 17
MILOX20
MILOX 18
MILOX24
MILOX 19
MILOXE

MILOX4

MILOX3

MILOX 13
MILOX 11
MILOX22
MILOX21
MILOX 12
MILOX |

MILOX2

MILOXY
MILOX7
MILOXS
MILOX6
MILOX 10

:

MiILOX25 N

MILOX23

e’
;
.

T L
kb kb 2kb

Legend:

@ cps W ypstreany’ downstream

= Intron 0 1 2: intron phase

Lo ia lagyg il g oy ST eanSas (gl azigy ;0 LOX 55 eolgils Gg ] - y955T 55 bl ¥ IS4
Sloas oold ylis ol g jaw 0,8 S,

Fig. 4: Gene structure of LOX gene family in Medicago truncatula. Non-coding regions, exons and introns are shown in
red, green and black, respectively
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Fig. 5: Regulatory elements identified in the promoter region of LOX genes in Medicago truncatula. Each regulatory
element and its location on the promoter region is represented by a distinct color
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