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Abstract

Because the mutant mlo allele causes a non-race specific and broad-spectrum resistance to powdery mildew
caused by Blumeria graminis f. sp. hordei, the Mlo gene was taken into consideration in barley. Mlo genes
also play important roles in plant growth and responses to biotic and abiotic stresses. The Mlo gene family
has been studied in several plant species. In this study, we used bioinformatics tools and searches in genomic
databases to reveal the genetic characteristics and protein structure of the Mlo family in wheat (Triticum
aestivum) and apple (Malus domestica). We employed Mlo proteins sequences of Arabidopsis thaliana as a
template for tBLASTn, which eventually identified 29 MdMlo (M. domestica Mlo) proteins and 11 TaMlo
proteins (7. aestivum Mlo). The comparative phylogenetic analysis classified MdMlo and TaMlo proteins
into three main clades and showed that, regardless of plant species, Mlols (the first member of the Mlo
protein family in wheat, apple and Arabidopsis), Mlo2s, Mlo3s, and so on up to Mlo12s, are closely related.
This indicates that after the separation of these species, no further expansion has been occurred in the Milo
gene family. The functionally conserved motifs present in the Mlo proteins were investigated using MEME
tool, which showed a maximum of 15 and minimum 10 conserved motifs. The genes TaMlo6, MdMIo§,
MdMiol1, TaMlo2, and TaMlo! are predicted to participate in powdery mildew resistance because of having
E/D-F-S-F motif. Analysis of gene organization, protein properties, and conserved domains revealed that the
M. domestica and T. aestivum Mlo gene paralogs are more divergent from each other than from their
orthologous pairs.
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Fig 1. Predicted schematic model for MLO proteins. An extracellular N-terminal and a cytoplasmic C-terminal
region with seven transmembrane (TM) domains. Calmodulin-binding domain in the C-terminal region
(CaMBD) regulates the signaling mechanism in defense response.
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Fig 2. Phylogenetic classification based on amino acid sequences of 29 Malus domestica Mlo and 11 Triticum
aestivum Mlo in combination with 14 Arabidopsis thaliana Mlo proteins was constructed using maximum
parsimony estimation by MEGA 6.0 software with 1000 bootstrap replications. The bootstrap support is
indicated at each node. CoMlo protein sequence belonging to Corchorus olitorius with accession number
OMP09511 was used as an out group. The clustering pattern showed three main clusters and five sub-clusters
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Fig 3. Phylogenetic classification based on the nucleotide sequences encoding Malus domestica Mlo and Triticum
aestivum Mlo proteins was constructed using maximum parsimony estimation by MEGA 6.0 software with 1000
bootstrap replications. The gene organization (the visualization of exons, introns, CDS and

upstream/downstream) was visualized through NCBI, GSDS and Ensembl Plants tools.

Triticum aestivum > ¢0% olubs Mlo O3 o3l sl slas) Olasin N J i

Table 1. The characteristics of the identified Mlo gene family members in Triticum aestivum.

Accession Gene Chromosome Nuleotide Amino Exons Domain Product

number number  length (bp) acids

AB581576.1 TaMio4 4B 1510 499 15 Mlo family seven trans-membrane protein
AF384145.1 TaMiol 4B 1721 534 11 Mlo family MLol protein

KMO017011.1 TaMio2 S5A 1457 486 11 Mlo family MLO

GQ397362.1 TaMio2 4B 1644 534 11 Mlo family Mlo protein

AF384144.1 TaMio2 2D 1819 534 11 Mlo family MLo protein

AB581580.1 TaMlo5 2D 1666 492 13 Mlo family seven trans-membrane protein
ABS581575.1 TaMio2 1B 1666 499 14 Mlo family seven trans-membrane protein
AF361933.1 TaMiol S5A 1399 435 11 Mlo family seven transmembrane-spanning protein
AB581577.1 TaMlo6 1B 2145 560 15 Mlo family seven trans-membrane protein
AY584534.1 TaMio2 4B 1424 413 11 Mlo family Mlo protein

AF361932.1 TaMio2 4B 1730 534 11  Mlo family seven transmembrane-spanning protein
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Table 2. The characteristics of the identified Mlo gene family members in Malus domestica.

Accession Gene Chromosome Nuleotide Amino Exons Domain Product

number number  length (bp) acids

XM-008380658.3 MdMio4 8 1951 552 15 Mlo family MLO-like protein 4
XM-008364860.3 MdMilo4 2 2540 551 14  Mlo family MLO-like protein 4
XM-029100222.1 MdMiol1 3 2389 551 15 Mlo family MLO-like protein 11
XM-008380716.3 MdMlol13 8 1701 495 14 Mlo family MLO-like protein 13 isoform X1
XM-008346774.2 MdMilol 2 1930 466 13 Mlo family MLO-like protein 1 isoform X1
XM-029105470.1 MdMiol 7 1943 489 13 Mlo family MLO-like protein 1
XM-008385510.3 MdMiol 2 2155 540 14 Mlo family MLO-like protein 1
XM-008370901.3 MdMiol 3 1789 504 1 Mlo family MLO-like protein 1
XM-029091830.1 MdMlo12 13 1864 589 14 Mlo family MLO-like protein 12
XM-029090835.1 MdMilo3 12 2166 539 14  Mlo family MLO-like protein 3 isoform X2
XM-008375170.3 MdMio9 6 2220 508 15 Mlo family MLO-like protein 9
XM-008385455.3 MdMlo12 10 2026 502 13 Mlo family MLO-like protein 12
XM-029088509.1 MdMio3 11 1908 545 15 Mlo family MLO-like protein 3
XM-029089859.1 MdMio8 2 2300 574 15 Mlo family MLO-like protein 8
XM-029101098.1 MdMio3 4 1997 539 14 Mlo family MLO-like protein 3
XM-029094138.1 MdMilo8 15 2319 580 15  Mlo family MLO-like protein 8
XM-008382746.3 MdMlo3 12 2143 546 14 Mlo family MLO-like protein 3 isoform X1
XM-008340165.3 MdMio3 3 1844 548 15 Mlo family MLO-like protein 3
XM-029104259.1 MdMiol 6 1955 563 14 Mlo family MLO protein homolog 1-like
XM-008371556.3 MdMlo6 4 2283 587 14  Mlo family MLO-like protein 6 isoform X1
XM-008371557.3 MdMlo6 4 2259 579 14  Mlo family MLO-like protein 6 isoform X2
XM-017336477.2 MdMlo6 12 2118 578 14 Mlo family MLO-like protein 6
XM-029088512.1 MdMlo6 11 2354 597 15 Mlo family MLO-like protein 6
XM-029099804.1 MdMio2 3 2287 588 15 Mlo family MLO-like protein 2
XM-008367434.3 MdMlo6 7 2077 573 15 Mlo family MLO-like protein 6
XM-029107452.1 MdMlol13 8 1289 398 12 Mlo family MLO-like protein 13 isoform X2
XM-029098108.1 MdMilol1 - 2622 514 17 Mlo family MLO-like protein 11 isoform X3
XM-008387930.3 MdMilol1 - 2696 539 17 Mlo family MLO-like protein 11 isoform X1
XM-029106435.1 MdMiol3 8 1658 477 15  Mlo family MLO-like protein 13
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Table 3. The characteristics of the peptides Mlo gene family in Malus domestica and Triticum aestivum.

Accession number Gravy  Aliphatic index Molecular Theoretical PT* TM** Amino acid rich
weight domains
XM-008380658.3 -0.048 93.21 63276.32 8.40 7 Leu 11.4%
XM-008364860.3 -0.026 91.74 63557.44 8.22 7 Leu 10.7%
XM-029100222.1 -0.009 92.54 63376.42 9.26 7 Leu 10.9%
XM-008380716.3 0.035 100.40 56915.04 8.91 8 Leu 12.5%
XM-008346774.2 0.280 102.90 53479.18 9.36 9 Leu 10.9%
XM-029105470.1 0.201 99.22 55499.32 9.52 9 Leu 9.8%
XM-008385510.3 0.184 100.04 60661.76 9.35 7 Leu 11.3%
XM-008370901.3 0.187 101.15 57453.40 8.93 9 Leu 10.7%
XM-029091830.1 0.041 96.93 67237.79 8.25 7 Leu 10.9%
XM-029090835.1 -0.099 93.14 62184.91 8.89 6 Leu 10.4%
XM-008375170.3 0.139 97.13 57100.75 9.10 7 Leu 11.0%
XM-008385455.3 0.112 94.98 57369.58 9.04 7 Leu 12.4%
XM-029088509.1 0.006 93.52 62384.07 8.74 8 Leu 9.9%
XM-029089859.1 0.111 98.01 65142.72 8.93 10 Leu 11.7%
XM-029101098.1 0.023 94.21 62335.40 9.05 7 Leu 10.2%
XM-029094138.1 0.074 94.98 65668.37 9.15 10 Leu 11.2%
XM-008382746.3 -0.026 94.98 62988.04 8.97 7 Leu 10.3%
XM-008340165.3 0.033 92.45 62653.26 8.08 8 Leu 8.9%
XM-029104259.1 -0.049 87.16 63760.94 9.51 7 Leu 10.1%
XM-008371556.3 -0.043 93.00 66727.31 9.43 7 Leu 11.2%
XM-008371557.3 -0.063 92.44 65890.28 9.39 7 Leu 11.1%
XM-017336477.2 -0.015 95.81 65722.57 9.57 7 Leu 10.9%
XM-029088512.1 -0.110 90.59 68789.55 9.18 9 Leu 9.0%
XM-029099804.1 -0.110 90.66 67880.77 9.52 9 Leu 9.4%
XM-008367434.3 -0.088 88.24 65476.61 9.43 7 Leu 9.8%
XM-029107452.1 0.167 107.26 46105.93 9.17 7 Leu 13.8%
XM-029098108.1 -0.052 95.25 58759.75 6.69 7 Leu 11.1%
XM-008387930.3 -0.032 94.45 61795.37 7.62 7 Leu 10.9%
XM-029106435.1 0.202 105.83 55197.49 7.71 8 Leu 12.2%
AB581576.1 0.106 98.64 57481.36 8.79 7 Leu 12.2%
AF384145.1 0.097 93.67 60402.88 9.54 7 Leu 10.1%
KMO017011.1 0.089 94.28 55287.06 9.72 7 Leu 10.3%
GQ397362.1 0.110 93.67 60423.89 9.49 7 Leu 10.1%
AF384144.1 0.107 93.13 60298.71 9.53 7 Leu 9.9%
AB581580.1 0.218 102.01 55853.05 9.59 7 Leu 11.6%
AB581575.1 0.241 105.11 56247.16 9.15 7 Leu 11.2%
AF361933.1 0.038 88.74 49354.57 9.57 5 Leu 9.4%
AB581577.1 -0.094 83.43 63301.07 9.48 7 Ser 8.8%
AY584534.1 0.376 105.04 47183.05 9.47 7 Leu 11.6%
0.109 92.94 60427.88 9.49 7 Leu 9.9%

*: isoelectric point; **: transmembrane
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Sequence 7/ E-value (7] Block Diagram [7]
ATIG11000_MLO4 0.08+0 S e s —— | BN e B |
ATIG11310_MLO2 0.06+0 T T T e T 1 e

ATIGI1310_1_MLO2  0.0e+0 B I S —" ———| s B

AT1G42560_MLOS 0.0840 [ B e B e — B —

ATIGB1560_MLOS 0.08+0 EEN 7T T T 1 I 1
ATIG61560_1_MLOS  0.0e+0 Ims R s et i B e — E—

AT2G17430_MLOT 0.0840 I Ee— | — e B [ S— —  —
AT2G17480_MLOS 0.00+0 (B B B e E— ] el B I R N S— ==
AT2GI3670_MLOS 0.00+0 B B ] B e B [ E—" E—

AT2G39200 MLO1Z  0.08+0 | S B e —— el B

AT2G44110 MLOTS 00040 | s Moo el e B s m— —
AT4G02600_MLO! 0.0¢+0 [ B B e B [ " E— R —

XM 008380658 MdMiod 0.00+0 B B e e ——[ R et B
XM_029100222_MdMiot 1 0.0e+0 | S B ee—— sl N e —pn
XM_008380716_MdMio13 0.0e+0 B e E—— e B RE—‘ S

XM _008346774_MdMiol 0.08+0 B B B e — | e B Eee—
XM_020105470_MdMio1  0.0¢+0 N 0 O 7] T 11

XM_00B385510_MdMio!  0.0e+0 L B R e e B EE— — S
XM_008370901_MdMiot 0.0e+0 N e B ee——— e B —" a—
XM_020000835_MdMiod 0.00+0 | E— — ] [ R — —

XM_008375170_MdMio§ 0.0e+0 | B R B — R e .y
XM_00B385455_Maio12 0.0¢+0 B S e — ] ] B B —" —— |
XM_020088509_MdMio3 0.0e+0 BN BN U7 [ BT BN B 0 | -_-__
XM_020080850_MdMio8 0.08+0 T T T T T ] . 1
XM_029101008_MaMio3 0.0¢+0 [ [ B R S E— | R
XM_029094138_MdMio8 0.0¢+0 1 e B mmm | e B B — —  —  —
XM_008362746_MdMio3 0.08+0 T T T -7 -_-__"
XM_008340165_MdMio3 0.06+0 [ B B ———l e B . —_ [ ===
XM_020104259_MdMio1 0.00+0 B S — — — | e B B — e
XM_008371556_MdMios 0.08+0 T ] T T BT ———
XM_00B371557_MdMio6 0.0¢+0 L B S — ] T B B ——
XM_017336477_MOMIo6  0.06+0 LB — e a— | e E—
XM_020088512_MdMio 0.00+0 [ S e— e m——] Jmel W N e B s—
XM_020009804_MdMio2 0.06+0 R S — e — | e B B — — B —
XM_008367434_MdMIo6 0.06+0
XM_020098108_Mahtio1 1 0.00+0 LS [ e a— B I —— 1|
XM_00B387930_MdMiot 1 0.06+0 NN ) TS B 7 - ——
XM_029106435_MdMio13 0.06+0 R — [ — | [ W EE——) B

AF384145_TaMio 0000 T T T T ] -
KMO17011_TaMio2 0.0000 [ s e B B E— S

GGI97362_TaMio2 0.0840 B S— . — — ] (h R
AF384144_TaMio2 0.00+0 B S e m—e | e B S — . — ]
ABS81575_TaMio2 0.00+0 B M T ] TS 7 .

AF361933_TaMiot 0.0040 [ e B [ E—" — [ E—

ABS81577_TaMiod 0.00+0 B e mm—— ] el B e e—— e -
AY584534_TaMio2 0.00+0 [ E— . — e

AF361932_TaMio2 0.0040 [ e e E— el | T ——
ATIG26700_ MLO14 6.20-255 T T - 7 ] -
ATIG45200_MLOS 1.50-247 [ B[ E— ] R e B

AB581580_TaMioS PETRTVRNNNN S — e e— | e B [ S— ——

ABS81576_TaMiod IR B e N e m— e B e m—_ —]

XM 020107452 MdMio13 720236 I [N N T —

XM_008364860_MaMiod 33e-231 N e [T MRS B T ] .

XM 020091830 MdMio1287e222 Ll ] BRI T B T ==
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Fig 4. Determination of conserved motifs. a. A combined block diagram of conserved motifs of Mlo proteins
(including 29 Malus domestica, 11 Triticum aestivum and 14 Arabidopsis thaliana) at a width of 25—40 amino acids
obtained through MEME suite. b. The highly conserved motif 1 of Mlo proteins. c. The motif block 8 present in
TM1 domain of the Malus domestica Mlo and Triticum aestivum Mlo proteins showing the LEETPTW consensus
sequence. d. The DFSF conserved sequence in the C-terminal region of the Malus domestica Mlo8 protein
involved in powdery mildew resistance.

A s 4_3'6..@.);)5): sk ,2e) MBS e
TCT- cSpl cGTl-mOtlf cG-bOX 9 (Q}:_wS| Jj.—:.as
odas @L 2k ole) LAMP-element 5 motif
Os «

sseedl i el 4 by e el ole
Box-W1 ;5 AT-rich : 0

 MdMlo L;LQQ.;J))-; S SS9 2 J"l"; Eron

266

MSA- c(rj.;_w}.b.‘ Oy s ks cis Jé aie) motif
ae) CAT-box 5 ( Jshu = V.JM 0> s like
(o Ol 3 s
Lad a8 dy fely g b e eal Sole (0
S ] 4 Gk s> Jo=>cis Jlab aie) ABRE
TGA-element () o> cﬂl., as) P-box (Ll
(oS 22 gy i)
sl el 4 by eSSl (2

Y55



YVF-YOW 144 Jlu / ¥ ojlad / 0F W / ALE sla s lew

Contigs

Variant - All sources

%GC

Gene Legend

Variant Legend

15.00 kb

Forward strand =

101.260Mb

Variant - All sources

101.265Mb
OO
TraesCS4B02G096900.1 >protein coding

TR I anm peem

T WPV L . WS

101.270Mb

101.260Mb
~al Roverse strand

101.265Mb

101.270Mb

15.00 kb

Protein Coding

I protein coding

I splice acceptor variant

I stop gained

splice region variant

5 prime UTR variant

B splice donor variant
missense variant
synonymous variant

I intron variant

CJ'J-‘JJS S35 = (accession: AB581576) TaMlo4 (Triticum aestivum Mlod) o5 250l 5 Slws gas oKl .0 Jss

Ensembl ,! ;3 ¢4 Lokl o 3,05 513 5L i K VoV /YW 04/ 05 5000 s 45 (T. aestivum) fxf forward «.i, 4B

Plants

Fig 5. Position, characteristics and organization of the Triticum aestivun Mlo4 gene (accession: AB581576) on the
chromosome 4B of the T. aestivum forward strand, located in the 101. 263-101. 269 Mb range. Obtained with
Ensembl Plants software.
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Table 4. The characteristics of Arabidopsis thaliana Mlo proteins homologous with Malus domestica Mlo and
Triticum aestivum Mlo proteins.

Accession number TAIR* Amino acids Molecular weight gene Aliphatic index Theoretical PI**
NP 001320916 AT1G11000 573 65465.59 MLO4  90.82 8.37
NP 001319086 AT1G26700 554 63923.01 MLO14 97.45 8.78
NP 001320358 AT1G11310.1 511 58392.32 MLO2  86.58 9.47
NP 001117268 AT1G11310.2 418 48139.44 MLO2  101.17 9.39
NP_001319285 AT1G61560.1 583 67083.00 MLO6  92.61 9.53
NP_565902 AT2G39200 576 66548.04 MLO12 89.36 9.07
NP_566879 AT3G45290 508 58562.50 MLO3  93.98 7.20
NP 174980 AT1G42560 460 53209.66 MLO9  98.28 9.25
NP_180923 AT2G33670 501 56896.46 MLOS  94.95 9.20
NP 001185283 AT1G61560.2 521 60140.55 MLO6  86.79 9.59
NP 179335 AT2G17430 542 62111.85 MLO7  101.68 9.32
NP 565416 AT2G17480 593 67212.27 MLO8  92.36 9.24
NP 181939 AT2G44110 496 56150.88 MLO15 103.95 9.10
NP 001031578 AT4G02600 526 59125.90 MLO1  100.97 8.71

*: The Arabidopsis Information Resource; **: isoelectric point
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Fig 6. Interaction of Arabidopsis thaliana Mlo4
Protein with Accession Number AT1G11000 (one of
the MLO proteins of Arabidopsis thaliana homolog
with Malus domestica and Triticum aestivum Mlo
proteins) with a variety of other proteins (Vesicle-
associated membrane protein 711 and 726,
Heptahelical transmembrane protein 1, seven
transmembrane domain protein, HVA22-like protein
d, Fatty acid hydroxylase superfamily, GDSL
esterase/lipase 5, Disease resistance protein, Protein
MID1-COMPLEMENTING ACTIVITY 2 and
Oleosin 20.3 kDa) involved in the defense pathway.
Obtained with the STRING v 9 program.

s Sl et 5 e eS sl L MEME
éuuﬁ‘jﬁé‘j\c' ;9.:3).0 o)w;ﬂbl{j\c' jYO
Vo Blas 510 sl AtMlo 3 TaMlo MdMlo

YZA



YVF-YOW 144 Jlu / ¥ ojlad / 0F W / ALE sla s lew

Gramineae ) OlelS Jils L Laa JST o
&l (lincage

g 3 I o a8 sl Ol Sk e s U
{aMlo4 (LaMlo3 (LaMlo2 (LaMlol ( alS s«
St (235 Dypo & plS a5 MIOT (LaMlo6
5 S e 0l 5 S 15 Kot oo
SV AtMIo 5 TaMlo MdMlo =5 o3l 5Ls glaS 5
S Al 5 ol JolSS S rie sl s JIs
S axdls ATl e e e s AT 5
55 sl Gl gslust glaw S s Mlo 05 65l s
Pl s Mlo (sla0 Ol sla Sl e e 351
SLaiSsm e SB35k Lilss b olS 3 cnl ot
Chen et al. 2006; Konishi et al. ) >, lu5 calks Mlo
Ol sla S plas oS das e OLES cumdly ol 2010
& Laol Bl 31w MIo s 5 o3l gl (glaos S
g abg e glad S s ol el 3 by 5 ol el
.(Konishi et al. 2010) ¢l a8l anw 5 Jitee 5k

Mo sla 55 55 TM ued Voael decsl (gl 15
i 34,1 (MdMI0) o (TaMlo) R
L s «(SbMlo) r;)j_.w «(OsMlo) &= ,— (AtMlo)
(Deshmukh et al. 2016) (PvMlo) L. 5 (GmMlo)
St e bl AT (o (1 4
Gl TM gl 15 oS s o OLES oS Wsls Ol 352
PV - PSP JUN-D Y | [ RN PR PV
Mlo slacpss,— TMI es 3 35> 0 LEETPTW
o= W T P T L glaaeslaal s 3 oLl
A g odd Cobiblbe Hlus S oled 53 (i g
i3 4o S (Panstruga 20052) 85 s i b
~C 4>l 43 55 > 40 D/E-F-S/T-F aol ol [

SJ.:M‘}_AJJC,A_AJLEAJJASMIO LSLQ Jﬁjﬁdt.:»;

YF4

s 03,5 2y 4 (Gt stelT 5 o (0 S) OlaLS
OLalS 53 ,a glasl Jals Laol 1oy, 8 e il
aS e e oL ol (Y JS8) W g ad s 5 IS
5 IS 0lalS I S1s 51 U3 Mo slass S |Sis
La I o (S5 il s 5 5 53 ol o3 a5
s L85 ALS ek S S5k L IS b o
Mlo sla s, 4 ow Mlo sla 155 5 (Il Ol e
23 p S MIO (sLa s s 4 S ¢t skt
Saiskd Jaulyy 5 JI5 alis mhaw Ly 1035058
SLa s 48 sls 0L OlalS Mo sla 155 oy
AR Coale b e st lulis piS Mo
oS 3 .13 55 homoeologous 5o L ‘¢4_:§
5 <o Mlo &:.i.?jﬁj}t.ff.lngo o5 S ey
b5 3 A K s st I M0 55 S
)zéﬁmtﬂjsojwysywlﬁu%a|
ol 31050 sl skl homoeologous S S s e
Sl s oSl g e S5
et 30 et skl 5 p LS (o Ml (sla5s
s oSS g8 Fedd LBl Ol 4

syt S 55 SALS 3 g5 Shee oanl L Mlo

S S IMIo slas! 5l o gz slass o5 S a5

ST 4y oS

35 e 03,5 53 Il Olpe 4 il sz Al
ss.x_'fMlo OS5 SO 5 e sl T MO s
MIo (1555 s ool 03,5 55 il 55>
p LS Sl (5 yae aS I 55 Sl 3 gy e skl
53 <s.!SMlo s o3l ) se Sl (LA s e
B SN R NP YO NS SRR
3 e 5 e A8 Glate aos S slaitis
<l (Liu and Zhu 2008; Konishi et al. 2010) < ,3

03,5 Slastism 5o Sl g iy Sl cpl S

269



... Mildew Resistance Locus) MLO 05 o3l gl K555k 55815 5 5kl plulid 1 sl 5 Sbods o

Devoto ) cowl edd 55158 Cundy ol 55 s> =
Mio 03 o5l gl slael S5 skl s (et al 1999
a3 =C p3 ol S0 5 e S5 05551 S
53 La0s il o310l sdalie o6 el i
i 855 TaMlo el 4 S MdMIo glal
et 0% O3l = 05551 s Oleslw 48 iy o S
JS8) il jalie LS Il Obe 4 s S J 55
S laS Ll S s e a4 e 5 (F
O B3I TaMlo s, slaS L, s MdMlo
o35S 5 Dl st 5 el Al I b (S0 e
S i g5 Sl 35 Sl glacir 4 oo
sl
leocis Jlw ks ole s 5 a0
@_'JTaMlo sMdMlo 55, slzel j 5 S50,
ol 0 s 318 303 OLES |y et ol slas Shas
o Sy e &b s Mlo glay5s oS
Feechan et al. 2009; Kim and Hwang ) t:.a Jg‘-:
55 sl Ola 3 48 35, e OLS mman (2012
Chen etal. ) 45,5 5,5 (g5 p b 5 ddy b as
(K el del) ABA Lo L Mlo 03 0Ly Sie (2009
ol 5 0 RS pdly am el 03 e
Kumar et al. 2001; Chen et al. ) ol a3l ool 58l
Sl ol 55158 iz (2006; Lim and Lee 2014
S 2L sla 85500 ;3 AtMIo sy ¢L¢5 S
53 ol S e ol e b 5 Yot il i
3 Sl
o3l gl J»LQ J_<.L~4 gl s «(www.arabidopsis.org)

O 53 2k o 3959 A iy

LC‘,A_E.:.EP- B ol J§‘)L_A.:J r.?-l_é.? Mcwl.: JJMO dj

353) g ok pE 5 0 s s o Mlo sy —

JJ‘JLSZWWCJJMJ C"“"’\(fJL"“Lig}"‘)ji"‘(’Li“A

270

Jlis 5 -C b8 2158 ol 2553 6024
Gt sk 4 |y alS gl S Mlo la s
PEFSF i g8 )i S
AtMlo6 5 (AB581577) TaMlo6 (| S g

s intis s 53 DF-SF iy 5 (AT2G17480)

(XM-029094138 5 XM-029089859) MdMlo8

s XM-029098108 XM-029100222) MdMlol1
AF384144 GQ397362) TaMlo2.(XM-008387930
(AF361933 ; AF384145) TaMlol 5 (AF361932
i ge 53 (pl el (S 45 (@AY JS0) L3 S Lol
23 e Al s (oo S gl Caslie o
B el Gl SSS b 5 Wl e Ll o]
i Sly 5355 3L "CRISPR L  ‘TILLING
bl oo Skt Sole 2l p oo baasl g
R Ol S0 b 5l L) B sl im i
sse 4 O JLal gl 55 S 3l Olean | a0
23l 3 50«53 3y Shhon (Solog 3 LOT 1E (e

.(Acevedo-Garcia et al. 2014) .5l> 41,3

Ll J 5,0 oo o gyble bl
S oS slaas S s Mlo 0 o3l sl gLael
55 5 Usls 0L 1y (s 810 L) L8151 glin
(O8I Vsana) 330 e (350 s a5 3550
o3l gl glasl S cl pl Kby cpl oS (Y)Y Jsd)
d GRS 3 (izmen S slai S 5> Mlo U5
s alie Oy ,l as 0581 VLl 5 55 ol

‘M)J:‘.‘.‘)T Sy 93 Y ADUL\?: .JJ)‘J LS“’J"“; N Y| B

% Targeting Induced Local Lesion in Genome

" Clustered Regularly Interspaced Short Palindromic
Repeats



YVF-YOW 144 Jlu / ¥ ojlad / 0F W / ALE sla s lew

Lotz L $35dses 5o b 5 TaMlo s MdMio
23 855 280 iy cpdir Ll 0T el AtMIo
RS o #B2 ree

05 03l 5Lt 3550 53 1y Sledbl Lrags opl slaasl
L b, oladlls (gl Wil 55 o0 a5 das 0 45151 Mlo
Sl 5 o 5 p S Mlo lals 0L o 5 45
TaMlo s MdMlo 5 o3l sl Ll ol gl nilS
5055 3l Olen Joli S5 5e G5 Dliis 6l
AL e Lol (o5 Shee Slasiin

Sl 050l e Gl Lol O 5 s Ol e &
S aS s s i o e sl i1 s Mio
5 S35l ey 5 g= LMo o) Ol ¢ 1
Jarosch et al. 2003; ) 1S o LAl 5> M)Jﬁ\ﬂ
Milo Ladj § e 6‘—“@”\4 ;! .(Chen et al. 2006
Ssis by Mlo sLads 63, Shas (25 5 S 55l S s
&S e
L & STRING jledbl oL ,—sl- JLs s
A slals Ly AtMIo slaos oolalss 5 s Shee

@l:.o

Acevedo-Garcia, J., Kusch, S. and Panstruga, R. 2014. Magical mystery tour: MLO proteins in plant immunity
and beyond. New Phytologist 204: 273-281.

Altschul, S. F., Gish, W., Miller, W., Myers, E. W. and Lipman, D. J. 1990. Basic local alignment search tool.
Journal of Molecular Biology 215: 403-410.

Atzema, J. L. 1998. Durability of mlo resistance in barley against powdery mildew caused by Erysiphe graminis f.
sp. hordei. Eidgendssische Technische Hochschule Zurich.

Bailey, T. L., Williams, N., Misleh, C. and Li, W. W. 2006. MEME: discovering and analyzing DNA and protein
sequence motifs. Nucleic Acids Research 34: W369-W373.

Burge, C. and Karlin, S. 1997. Prediction of complete gene structures in human genomic DNA. Journal of
Molecular Biology 268: 78-94.

Biischges, R., Hollricher, K ,.Panstruga, R., Simons, G., Wolter, M., Frijters, A., Van Daelen, R., Van Der Lee, T.,
Diergaarde, P. and Groenendijk, J. 1997. The barley Mlo gene: a novel control element of plant pathogen
resistance. Cell 88: 695-705.

Chen, Z., Hartmann, H. A., Wu, M. J., Friedman, E. J., Chen, J. G., Pulley, M., Schulze-Lefert, P., Panstruga, R.
and Jones, A. M. 2006. Expression analysis of the AtMLO gene family encoding plant-specific seven-
transmembrane domain proteins. Plant Molecular Biology 60: 583-597.

Chen, Z ,.Noir, S., Kwaaitaal, M., Hartmann, H. A., Wu, M. J., Mudgil, Y., Sukumar, P., Muday, G., Panstruga,
R. and Jones, A. M. 2009. Two seven-transmembrane domain mildew resistance locus O proteins cofunction
in Arabidopsis root thigmomorphogenesis. The Plant Cell 21: 1972-1991.

Consonni, C., Humphry, M. E., Hartmann, H. A., Livaja, M., Durner, J., Westphal, L., Vogel, J., Lipka, V.,
Kemmerling, B. and Schulze-Lefert, P. 2006. Conserved requirement for a plant host cell protein in powdery
mildew pathogenesis .Nature Genetics 38: 716-720.

Deshmukh, R., Singh, V. and Singh, B. 2016. Comparative analysis of genome-wide Mlo gene family in Cajanus
cajan and Phaseolus vulgaris. Genetica 144: 229-241.

Devoto, A., Piffanelli, P., Nilsson, 1., Wallin, E., Panstruga, R ,.Von Heijne, G. and Schulze-Lefert, P. 1999.
Topology, subcellular localization, and sequence diversity of the Mlo family in plants. Journal of Biological
Chemistry 274: 34993-35004.

Elliott, C., Miiller, J., Miklis, M., Bhat, R. A., Schulze-Lefert, P. and Panstruga, R. 2005a. Conserved extracellular
cysteine residues and cytoplasmic loop—loop interplay are required for functionality of the heptahelical MLO
protein. Biochemical Journal 385: 243-254.

Elliott, C., Miiller, J., Miklis, M., Schulze-Lefert, P .and Panstruga, R. 2005b. Conserved extracellular cysteine

VA 271



... Mildew Resistance Locus) MLO 05 o3l gl K555k 55815 5 5kl plulid 1 sl 5 Sbods o

residues and cytoplasmic loop—loop interplay are required for functionality of the heptahelical MLO protein.
Biochemical Journal 385: 243-254.

Feechan, A., Jermakow, A. M. and Dry, L. B. 2009. Grapevine MLO candidates required for powdery mildew
pathogenicity? Plant Signaling and Behavior 4: 522-523.

Filiz, E. and Vatansever, R. 2018. Genome-wide identification of mildew resistance locus O (MLO) genes in tree
model poplar (Populus trichocarpa): powdery mildew management in woody plants. European Journal of Plant
Pathology 152: 95-109.

Franceschini, A., Szklarczyk, D., Frankild, S., Kuhn, M., Simonovic, M., Roth, A., Lin, J., Minguez, P., Bork, P.
and Von Mering, C. 2012. STRING V9. 1: protein-protein interaction networks, with increased coverage and
integration. Nucleic Acids Research 41: D808-D815.

Fu, X. L., Ly, Y. G,, Liu, X. D. and Li, J. Q. 2009. Crossability barriers in the interspecific hybridization between
Oryza sativa and O. meyeriana. Journal of Integrative Plant Biology 51: 21-28.

Gasteiger, E., Hoogland, C., Gattiker, A., Wilkins, M. R., Appel, R. D. and Bairoch, A. 2005. Protein
identification and analysis tools on the EXPASy server. Pp. 571-607, In (ed.)"(eds.). The proteomics protocols
handbook, Springer.

Guo, A., Zhu, Q., Chen, X. and Luo, J. 2007. GSDS: a gene structure display server. Yi chuan= Hereditas 29:
1023-1026.

Hall, T. A. 1999. BioEdit: a user-friendly biological sequence alignment editor and analysis program for
Windows 9/94/8NT. Nucleic acids symposium series. pp. 95-98. [London]: Information Retrieval Ltd., c1979-
c2000.

Humphry, M., Reinstaedler, A., Ivanov, S., Bisseling, T. and Panstruga, R. 2011. Durable broad-spectrum
powdery mildew resistance in pea erl plants is conferred by natural loss-of-function mutations in PsMLO1.
Molecular Plant Pathology 12: 866-878.

Jarosch, B., Jansen, M. and Schaffrath, U. 2003. Acquired resistance functions in mlo barley, which is
hypersusceptible to Magnaporthe grisea. Molecular Plant-Microbe Interactions 16: 107-114.

Jorgensen, 1. H. 1992. Discovery, characterization and exploitation of Mlo powdery mildew resistance in barley.
Euphytica 63: 141-152.

Jung, E. H., Jung, H. W, Lee, S. C,, Han, S. W., Heu, S. and Hwang, B. K. 2004. Identification of a novel
pathogen-induced gene encoding a leucine-rich repeat protein expressed in phloem cells of Capsicum annuum.
Biochimica et Biophysica Acta (BBA)-Gene Structure and Expression 1676: 211-222.

Kedzierski, L., Montgomery, J., Curtis, J. and Handman, E. 2004. Leucine-rich repeats in host-pathogen
interactions. Archivum Immunologiae et Therapiac Experimentalis 52: 104-112.

Kemmerling, B., Schwedt, A., Rodriguez, P., Mazzotta, S., Frank, M., Quamar, S., Mengiste, T., Betsuyaku, S.
and Parker, J. 2007. Mii ssig C, Thomma BPHJ, Albrecht C, de Vries S, Hirt H, Nii mberger T: The BRI1-
associated kinasel, BAK1, has a brassinolideindependent role in plant cell-death control. Current Biology 17:
1116-1122.

Kim, D. S. and Hwang, B. K. 2012. The pepper MLO gene, CaMLO2, is involved in the susceptibility cell-death
response and bacterial and oomycete proliferation. The Plant Journal 72: 843-855.

Kim, M. C,, Lee, S. H., Kim, J. K., Chun, H. J., Choi, M. S., Chung, W. S., Moon, B. C., Kang, C. H,, Park, C. Y.
and Yoo, J. H. 2002a. MLO, a modulator of plant defense and cell death, is a novel calmodulin-binding protein
isolation and characterization of a rice Mlo homologue. Journal of Biological Chemistry 277: 19304-19314.

Kim, M. C,, Panstruga, R., Elliott, C., Miiller, J., Devoto, A., Yoon ,H. W., Park, H. C., Cho, M. J. and Schulze-
Lefert, P. 2002b. Calmodulin interacts with MLO protein to regulate defence against mildew in barley. Nature
416: 447.

Konishi, S., Sasakuma, T. and Sasanuma, T. 2010. Identification of novel Mlo family members in wheat and their
genetic characterization. Genes and Genetic Systems 85: 167-175.

Kumar, J., Hiickelhoven, R., Beckhove, U., Nagarajan, S. and Kogel, K. H. 2001. A compromised Mlo pathway
affects the response of barley to the necrotrophic fungus Bipolaris sorokiniana (teleomorph: Cochliobolus
sativus) and its toxins. Phytopathology 91: 127-133.

Kyte, J. and Doolittle, R. F. 1982. A simple method for displaying the hydropathic character of a protein. Journal
of Molecular Biology 157: 105-132.

272 YWY



YVF-YOW 144 Jlu / ¥ ojlad / 0F W / ALE sla s lew

Lescot, M., Déhais, P., Thijs, G., Marchal, K., Moreau, Y., Van De Peer, Y., Rouzé, P. and Rombauts, S. 2002.
PlantCARE, a database of plant cis-acting regulatory elements and a portal to tools for in silico analysis of
promoter sequences. Nucleic acids research 30: 3.7YV-Yo

Lim, C. W. and Lee, S. C. 2014. Functional roles of the pepper MLO protein gene, CaMLO?2, in abscisic acid
signaling and drought sensitivity. Plant Molecular Biology 85: 1-10.

Liu, J. H., Peng, T. and Dai, W. 2014. Critical cis-acting elements and interacting transcription factors: key
players associated with abiotic stress responses in plants. Plant Molecular Biology Reporter 32: 303-317.

Liu, Q. and Zhu, H. 2008. Molecular evolution of the MLO gene family in Oryza sativa and their functional
divergence. Gene 409: 1-10.

Nekrasov, V., Wang, C., Win, J., Lanz, C., Weigel, D. and Kamoun, S. 2017. Rapid generation of a transgene-free
powdery mildew resistant tomato by genome deletion. Scientific Reports 7: 1-6.

Osakabe, Y., Maruyama, K., Seki, M., Satou, M., Shinozaki, K. and Yamaguchi-Shinozaki, K. 2005. Leucine-rich
repeat receptor-like kinasel is a key membrane-bound regulator of abscisic acid early signaling in Arabidopsis.
The Plant Cell 17: 1105-1119.

Panda, S. and Chandra, G. 2012. Physicochemical characterization and functional analysis of some snake venom
toxin proteins and related non-toxin proteins of other chordates. Bioinformation 8: 891.

Panstruga, R. 2005a. Discovery of novel conserved peptide domains by ortholog comparison within plant multi-
protein families. Plant Molecular Biology 59: 485-500.

Panstruga, R. 2005b. Serpentine plant MLO proteins as entry portals for powdery mildew fungi. Portland Press
Limited.

Parlevliet, J. 1993. What is durable resistance, a general outline. Pp. 23. In (ed.)"(eds.). Durability of disease
resistance, Springer.

Pavan, S., Jacobsen, E., Visser, R. G. and Bai, Y. 2010. Loss of susceptibility as a novel breeding strategy for
durable and broad-spectrum resistance. Molecular Breeding 25: 1.

Pessina, S ,.Pavan, S., Catalano, D., Gallotta, A., Visser, R. G., Bai, Y., Malnoy, M. and Schouten, H. J. 2014.
Characterization of the MLO gene family in Rosaceae and gene expression analysis in Malus domestica.
Biomedicine Central Genomics 15: 618.

Piffanelli, P., Zhou, F., Casais, C., Orme, J., Jarosch, B., Schaffrath, U., Collins, N. C., Panstruga, R. and Schulze-
Lefert, P. 2002. The barley MLO modulator of defense and cell death is responsive to biotic and abiotic stress
stimuli. Plant Physiology 129: 1076-1085.

Punta, M., Coggill, P., Eberhardt, R., Mistry, J., Tate, J., Boursnell, C., Pang, N., Forslund, K. and Ceric, G. other
authors.(2012;). The Pfam protein families database. Nucleic Acids Research 40: D1.

Quevillon, E., Silventoinen, V., Pillai, S., Harte, N., Mulder, N., Apweiler, R. and Lopez, R. 2005. InterProScan:
protein domains identifier. Nucleic Acids Research 33: W116-W120.

Reddy, V. S., Alj, G. S. and Reddy, A. 2003. Characterization of a pathogen-induced calmodulin-binding protein:
mapping of four Ca 2+-dependent calmodulin-binding domains. Plant Molecular Biology 52: 143-159.

Severoglu, Z. and Ogzyigit, I. 1. 2012. Powdery mildew disease in some natural and exotic plants of Istanbul,
Turkey. Pakistan Journal of Botany 44: 387-393.

Shen, Q., Zhao, J., Du, C., Xiang, Y., Cao, J. and Qin, X. 2012. Genome-scale identification of MLO domain-
containing genes in soybean (Glycine max L. Merr.). Genes and Genetic Systems 87: 89-98.

Singh, V., Singh, A., Chand, R. and Singh, B. 2012. Genome wide analysis of disease resistance mlo gene family
in sorghum [Sorghum bicolor (1.) Moench]. Journal Plant Genom 2: 18-27.

Swarbreck, D., Wilks, C., Lamesch, P., Berardini, T. Z., Garcia-Hernandez, M., Foerster, H., Li, D., Meyer, T.,
Muller, R. and Ploetz, L. 2007. The Arabidopsis Information Resource (TAIR) :gene structure and function
annotation. Nucleic Acids Research 36: D1009-D1014.

Thompson, J. D., Higgins, D. G. and Gibson, T. J. 1994. CLUSTAL W: improving the sensitivity of progressive
multiple sequence alignment through sequence weighting, position-specific gap penalties and weight matrix
choice. Nucleic Acids Research 22: 4673-4680.

Torii, K. U. 2004. Leucine-rich repeat receptor kinases in plants: structure, function, and signal transduction
pathways. International Review of Cytology 234: 1-46.

Tusnady, G. E. and Simon, 1. 2001. The HMMTOP transmembrane topology prediction server. Bioinformatics

YVY 273



... Mildew Resistance Locus) MLO 05 o3l gl K555k 55815 5 5kl plulid 1 sl 5 Sbods o

17: 849-850.

Velasco, R., Zharkikh, A., Affourtit, J., Dhingra, A., Cestaro, A., Kalyanaraman, A., Fontana, P., Bhatnagar, S.

K., Troggio, M. and Pruss, D. 2010. The genome of the domesticated apple (Malusx domestica Borkh.).
Nature Genetics 42: 833-839.

Yu, C. S, Chen, Y. C., Lu, C. H. and Hwang, J. K. 2006. Prediction of protein subcellular localization. Proteins:
Structure, Function, and Bioinformatics 64: 643-651.

Zaidi ,S. S. E. A., Mukhtar, M. S. and Mansoor, S. 2018. Genome editing: targeting susceptibility genes for plant
disease resistance. Trends in Biotechnology 36: 898-906.

274 YV¥



