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ABSTRACT

Winter wild oat is one of the most problematic weeds in many crops, especially wheat; however, the
widespread and continuous application of herbicides has led to its resistance to herbicides in different parts
of the country. This study was conducted to compare the proteome between susceptible and resistant
biotypes of wild oats to ACCase and ALS inhibitors using Tandem Mass Spectrometry (MS/MS) and the
iTRAQ techniques. The results of this study in terms of comparing the differential proteins identified 138
Proteins with Differential Expression (DEPS) in resistant biotypes and 93 DEPs in susceptible biotypes.
Also, based on the results of Gene Ontology analysis (GO), proteins with differential expression under
herbicide treatments in susceptible and resistant biotypes were classified in three main categories includin

molecular functions (MF), biological processes (BP) and cellular components (CC). Analysis of differentia
protein enrichment pathways using KEGG showed that the richest pathways included metabolic pathways,
carbohydrate metabolism, and secondary metabolites. Among the proteins responsible for the defense
response, superoxide dismutase (QODRV6) and among the proteins responsible for herbicide
detoxification, cytochrome P450 (Q6YSB4) had up-regulation in resistant biotype. The major proteins
involved in photosynthesis including EetA, psaA, large RuBisCo subunit (rbcL), chlorophyll a and b and
cytochrome b6 (petB) in the resistant biotype had down-regulated, while in the susceptible biotype, psaB,
psaA, psbD, psbB and petB proteins had up-regulated. In addition, a salinity-related protein, such as
Q6KA4S7 protein, was up-regulated in resistant biotypes, and it appears that these proteins may play a role
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5 - Compensation
6 _ Sequestration

!~ Acetyl-CoA carboxylase (ACC)
2 - Acetolactate synthase (ALS)
3 _Targetsite resistance (TSR)
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- RNA-sequencing (RNA-seq)
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!'- Polygenic

2 - Monogenic

3 - Allele dosage

4 - PCR-restriction fragment length
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5 - Cleaved amplified polymorphic sequence
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Table ). Proteins identified in the resistant winter wild oat biotype in response to the studied herbicides.

Protein ID Description" logFC Status P. Value
AOAONTKEWG6 412 UP 0.001288
protein DETOXIFICATION 33
Q6ZJ12 (LOC4346253) 3.03 up 0. 015898
QIXHY6 2.96 UP 0. 038145
probable polyamine oxidase 2
Q7XR46 (LOC4337359) 2.85 up 0. 155507
AO0AOPOXPK5 2.70 upP 0. 193855
Q7XGX7 2.36 up 0.035
uncharacterized LOC4342911
Q6YU35 (LOC4342911) 2.21 upP 0. 118967
Q67UKO 2.06 up 0. 075196
Q5N747 1.77 upP 0. 000563
AO0AOPOXPM4 1.54 UP 0.010764
RING-H2 finger protein ATL46
Q94127 (LOCA4325572) 1.46 uP 0. 051493
C7J5G2 1.42 UP 0. 059112
BI9FJU1 1.37 UP 0. 019878
protein PAT1 homolog 1
Q64M88 (LOCA4329480) 1.34 UP 0. 094211
Q0JL46 neutral ceramidase (LOC4326680) 1.31 upP 0.007751
AOAOPOVKS87 1.21 UP 0.049347
uncharacterized LOC4339652
QB6AUN4 (LOC4339652) 1.19 uP 0. 075245
formate dehydrogenase 1,
QISXP2 mitochondrial (LOC4341069) 1.13 uP 0. 262797
uncharacterized LOC9266492
B9FBM2 (LOC9266492) 1. 09 up 0. 010386
probable mitochondrial-processing
Q10Q21 peptidase subunit beta (LOC4332040) 1.09 uP 0. 206695
Q67VA4 protease Do-like 9 (LOC4340589) 1. 09 upP 0. 011508
uncharacterized protein At2g27730,
QBEPY3 mitochondrial (LOC4329559) 1.04 uP 0. 01155
Q657T1 1.04 UP 0. 080449
Q6K4Q4 1.04 upP 0. 009967
AO0AOP0OXJZ6 1.01 up 0. 006625
putative deoxyribonuclease TATDN1
Q62130 (LOC4342437) 1.01 uP 0. 374367
AOAOPOVBTO 1.00 UP 0. 070814
transcription factor TEOSINTE
AOAON7KQS6 BRANCHED 1(LOC4347031) 0.99 upP 0. 160262
putative lipase YOR059C
Q6ZDM1 (LOC4344647) 0.97 up 0. 128065
cyanidin 3-O-rutinoside 5-O-
Q53KJ5 glucosyltransferase-like 0.96 uP 0. 236316
(LOC107276133)
AO0A0POV526 0.95 upP 0.060114
Q84Q84 RNA polymerase sigma factor sigB 0.94 Up 0. 00949
(LOC4332388) ' '
AOAOPOVAM2 0.94 uP 0. 044593
cytochrome P450 76M5-like
Q6YSB4 (LOC4345786) 0.92 up 0. 388817
50S ribosomal protein L19-2,
Q6HBH3 chloroplastic (LOC9272428) 0.92 uP 0. 023598
3-ketoacyl-CoA thiolase 2,
Q84P96 peroxisomal (LOC4331150) 0.92 uP 0.00784
AOAONT7KIQ8 0.91 UP 0. 154466
Q0JOWO0 0.88 UP 0. 028035
Q85020 uncharacterized LOC4334664 0 85 up 0. 026467

(LOC4334664)

2 -Description, annotated biological functions
based on Gene Ontology (GO) analysis

! -Protein ID, unique protein identifying number
in the UniProt database
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Q9S7D3

AOAOPOVD50
Q75LD5

Q5SN38
Q7XV14
QODRV6
Q69NN6

Q5JLV2

Q7XDQ8

B7F9F7

QI10EKO
AOAOPOVBA3
Q6ZHP6
QB8RZQ6

Q5N861
AOAOPOYS5T7?
Q6K4S7

Q8RZU9
Q7Y140
Q69TN4
QOD3X3
Q69UZ3

Q7GDT9
022386

Q5NAI9

AOAOPOXWO6
QODJE6
AOAOPOW2T4

QB9K00
POC389
Q8STM7

Q6YU90

AOAOPOX037
AOAOPOXHKO
Q10CE4

Q69IM3

Q6K471

QOD8X7
QBYWJ7

succinate dehydrogenase [ubiquinone]
iron-sulfur subunit 1, mitochondrial
(LOC4344541)

probable ion channel CASTOR
(LOC4334751)
putative uncharacterized protein
DDB_G0277255 (LOC4327865)
glutamate decarboxylase
(LOC4335973)
superoxide dismutase [Cu-Zn]
1(LOC4332846)
mechanosensitive ion channel protein
10 (LOC4340431)
uncharacterized LOC4324965
(LOC4324965)
short-chain type
dehydrogenase/reductase
(LOC4348791)
probable LRR receptor-like
serine/threonine-protein kinase
At2g24230 (LOC4341238)
BTB/POZ domain-containing protein
At5g66560 (LOC4334235)
uncharacterized LOC9268172
(LOC9268172)
outer envelope membrane protein 7
(LOC4330521)
scarecrow-like protein 1
(LOC4324850)
sister chromatid cohesion 1 protein 4
(LOC4325108)

salt stress root protein RS1-like
(LOC4329036)
small ubiquitin-related modifier 1-like
(LOC4324359)
calreticulin-like (LOC4334675)
two pore potassium channel ¢
(LOC4346662)

lon protease homolog, mitochondrial
(LOC9270304)
GTP-binding nuclear protein Ran-2
(LOC4339683)
50S ribosomal protein L12,
chloroplastic (LOC9271252)
WD-40 repeat-containing protein
MSI4 (LOC4327826)

triosephosphate isomerase,
chloroplastic (LOC4347691)
apocytochrome f precursor (petA)
plant intracellular Ras-group-related
LRR protein 5 (LOC4349464)
glycerate dehydrogenase
(LOC4327981)

peroxisomal (S)-2-hydroxy-acid
oxidase GLO1 (LOC4334349)
ATPase family AAA domain-
containing protein At1g05910
(LOC4347572)
ferredoxin-thioredoxin reductase
catalytic chain, chloroplastic
(LOC4346508)
uncharacterized LOC4342281
(LOC4342281)
chlorophyll a-b binding protein P4,
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0.003872

0.0353
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0. 177076
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chloroplastic (LOC4345663)
type | inositol polyphosphate 5- }

Q67UJ6 phosphatase 10 (LOC4340527) 0.85 Down 0. 014986
AO0AOPOWOYS8 -0. 65 Down 0.539758

POC355 PSI P700 apoprotein Al (psaA) -0. 66 Down 0. 226354

P0OC512 RuBisCO large subunit (rbcL) -0. 66 Down 0. 043251

serine/threonine-protein kinase

POC5D6 SAPK3 (LOCA4349411) -0. 67 Down 0. 048797

fructose-1,6-bisphosphatase, cytosolic ]

QOJHF8 (LOC4325071) 0. 67 Down 0.031278

cation/H(+) antiporter 15
AOAOPOVIQ3 (LOC4327491) -0.68 Down 0. 025341
probable steroid-binding protein 3 }

QK680 (LOC4330990) 0.68 Down 0. 260422

Q6YXC6 cingulin-like protein 1 (LOC4329734) -0. 69 Down 0. 044756

thioredoxin M2, chloroplastic

Q7X8R5 (LOC4336484) -0. 69 Down 0. 073453

40S ribosomal protein S29

Q7XZX4 ( -0. 69 Down 0. 029327

LOC4350976)
AO0AOPOY632 -0.70 Down 0. 693962
magnesium transporter MRS2-A, ]

QOAUK4 chloroplastic (LOC4333741) 0.70 Down 0. 027556

triosephosphate isomerase, cytosolic
P48494 -0.70 Down 0.017841
(LOC4325211)
AO0AOPOWA473 -0.70 Down 0. 428128
probable L-ascorbate peroxidase 4 )
Q6231 (LOC4346247) 0.70 Down 0. 065065
protein ALTERED XYLOGLUCAN .
AOAOPOWUJ3 4like (LOC107278309) 0.71 Down 0. 041286
AOAOPOVOK3 -0.72 Down 0. 06432
TRYP_PIG -0.72 Down 0. 170267
phenylalanine ammonia-lyase ]
P14717 (LOCA4330034) 0.73 Down 0. 015036
TATA-binding protein 2-like

Q337X1 (LOC4348699) -0.73 Down 0. 00892

pentatricopeptide repeat-containing ]

QBWOG9 protein At3g09060 (LOC4324816) 0.74 Down 0. 024681
QB9JE7 -0.74 Down 0. 038523
Q0IzB0 -0.75 Down 0. 085161

ribulose bisphosphate

Q7XN85 carboxylase/oxygenase activase, -0.76 Down 0. 013156

chloroplastic (LOC4337267)
P12123 cytochrome b6(petB) -0.77 Down 0. 071917

Q8HCR5 hypothetical protein (orf25) -0.77 Down 0. 312615

dihydrolipoyllysine-residue

Q5VST4 acetyltransferase component 3 of 20.79 Down 0. 574291

pyruvate dehydrogenase complex, ’ ’
mitochondrial (LOC4339859)

QOIUH4 -0.79 Down 0.016472

probable cinnamyl alcohol )

Q7TXWU3 dehydrogenase 6 (LOC4335223) 0.79 Down 0.010236
AOAON7KKT2 -0.80 Down 0. 028858
AOAOPOXFI7 -0.81 Down 0. 074366

Q6K8R8 -0.81 Down 0.076727
AOAOPOVHU3 -0.81 Down 0. 031692

aspartic proteinase-like )
P42211 (LOCA4337744) 0.81 Down 0. 131102
uncharacterized LOC4352714

Q0IM44 (LOCA4352714) -0.86 Down 0.074121

mannosyl-oligosaccharide 1,2-alpha- }

Q7X6B1 mannosidase MNS1 (LOC4336917) 0.88 Down 0. 034596
AOAON7KU56 -0.90 Down 0. 051463
AOAOPOVBLY -0.91 Down 0. 020294

peroxisome biogenesis protein 3-1 }

Q69M23 (LOCA346691) 0.91 Down 0.012735
Q0J4T9 -0. 92 Down 0.007738

AOAON7KD33 -0.93 Down 0. 049511
thiamine thiazole synthase 2,

Q7TXXS4 chloroplastic (LOC4343443) -0.93 Down 0.002733

Q84MV1 Pectinesterase (LOC4333049) -0. 96 Down 0. 021534
Q656A8 U-box domain-containing protein 20- 0.97 Down 0. 192866

like (LOC107275483)
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Q60E66

Q9SDG5

AOAOPOVUD4

Q69UU3
Q9SDD6
Q5N7X2
Q7XTHO

Q10KN9

AOAON7KS21

Q6KAJ1

THIO_HUMAN

Q65356

P17070
Q6ZL23

UDP-sulfoquinovose synthase,
chloroplastic (LOC4338660)
isocitrate dehydrogenase [NAD]
catalytic subunit 5, mitochondrial
(LOC4324442)

glutamate--glyoxylate
aminotransferase 2 (LOC4342210)
peroxiredoxin-2F, mitochondrial
(LOC4324376)
uncharacterized LOC4324318
(LOC4324318)
7-deoxyloganetin glucosyltransferase
(LOC4335470)

KH domain-containing protein
At4g18375 (LOC4332959)
probable plastid-lipid-associated
protein 10, chloroplastic
(LOC4349082)
classical arabinogalactan protein 9
(LOC4331018)

uncharacterized LOC4347841
(LOC4347841)
proliferating cell nuclear antigen
(LOC4331062)
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0.271145

0. 248788

0. 170895
0. 002031

0. 011831

0.107272

0. 684666

0.063176

0. 207937

0. 005681
0. 135557
0. 112575

0. 01986
0. 004939

Table 2. Proteins identified in the susceptible winter wild oat biotype in response to the studied herbicides.
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Protein ID Description logFC Status P. Value
2-C-methyl-D-erythritol 4-phosphate
Q5N8G1 cytidylyltransferase, chloroplastic 3.0805713 UP 0. 075938
(LOC9266653)

AOAOPOVU93 2.27404195 UpP 0. 479254
QODJE6 1. 64284341 up 0.018477
Q5N747 1. 60153386 up 0. 000987

AO0AO0POV4B7 1.52084113 UP 0. 00109

AOAOPOXFT8 1. 43054515 up 0. 288275

probable plastid-lipid-associated

AOAON7KS21 protein 10, chloroplastic 1. 38505158 UP 0. 163388

(LOC4349082)
QIXHY6 1. 22969156 up 0. 320702
fruit protein pKIWI502
Q626B5 (LOC4329197) 1. 18628767 UP 0. 069041
uncharacterized
Q65356 LOC4347841(LOCA347841) 1. 1354765 UP 0. 417679
GDP-mannose 3,5-epimerase 2
Q2R1V8 (LOC4350816) 1. 04472953 upP 0. 290316
UDP-sulfoquinovose synthase,
Q60E66 chloroplastic (LOC4338660) 1. 01054566 UP 0. 259688
60S ribosomal protein
P35684 L3(LOCA4351604) 0. 96390122 UP 0. 10054
formate dehydrogenase 1,
QISXP2 mitochondrial (LOC4341069) 0. 93396906 ur 0.348973
uncharacterized LOC4330755
Q6ZGP5 (LOC4330755) 0. 93297648 UP 0. 101932
60S ribosomal protein L4
Q7Y1I5 (LOC9272589) 0. 90329684 UP 0.007234
AO0AOPOV204 0. 82945699 upP 0.51531
AOAON7KFD4 0. 82151322 upP 0. 090781
uncharacterized LOC4349493
Q7XBV4 (LOC4349493) 0. 81123866 up 0. 045644
UDP-glucuronic acid decarboxylase
Q8Wa3J0 6 (LOCA332424) 0. 78691084 up 0. 035389
putative deoxyribonuclease
Q67130 TATDNI(LOCA342437) 0. 76630867 upP 0.574149

AOAON7KDK?7 0. 74107205 up 0. 129236

POC358 PSI P700 apoprotein A2 (psaB) 0. 73924898 up 0.214116



00 M\I.wﬂ) d&»}-)dYﬁf}L&A}wL‘&-LELQ%):;)J rﬂjﬂ 6‘4...\&"&4};[."
BIG3V1 0.71711335 up 0. 009627
Q657T1 0. 71453773 up 0. 200952

ATP-dependent RNA helicase
Q10D00 SUV3, mitochondrial 0.70916122 up 0.025149
(LOC4334089)

Q5IJMS7 0. 70060656 UP 0.008172

Q5VRH6 0. 70025224 up 0. 116588

P12123 cytochrome b6 (petB) 0. 68032454 up 0. 101595
AOAOPOV5M8 0. 67993145 UP 0. 344259

probable mitochondrial-processing

Q10Q21 peptidase subunit beta 0. 6730795 UP 0. 418404

(LOC4332040)
mitochondrial-processing peptidase
Q5SNJ4 subunit alpha (LOC4327300) 0. 67137995 up 0. 04439
protein IN2-1 homolog B

Q8H8US5 (LOC4332455) 0. 66706898 upP 0.011168

uncharacterized LOC4331074

Q6KB8E9 (LOC4331074) 0. 66529789 UpP 0. 127409

P37832 tubulin beta-7 chain (LOC4334309) 0. 66452804 UP 0. 555219

POC355 PSI P700 apoprotein Al(psaA) 0. 66292631 UP 0. 223893

QOE3B5 0. 64648733 UP 0. 291412

P0OC437 photosystem |1 protein D2 (psbD) 0. 64219217 UP 0. 160585

3-ketoacyl-CoA thiolase 2,
Q84P96 peroxisomal (LOC4331150) 0. 64011412 UpP 0. 035664
cyanidin 3-O-rutinoside 5-O-

Q53KJ5 glucosyltransferase-like 0. 6332201 UP 0. 422285

(LOC107276133)
POC364 photosystem 11 P680 chlorophyll A 0. 61054248 uP 0. 104471

apoprotein (psbB)

U-box domain-containing protein
Q656A8 20-like (LOC107275483) 0. 61003777 UpP 0. 392559
ESR4 ehydrin R410 (LOC4 5 . 54 UP . 574
Q6ES dehydrin COR410 (LOC433026 0. 60954202 0 02
AO0AOPOVOK3 0. 60485811 UpP 0.107393
dnaJ protein homolog

Q6F3B0 (LOC4334359) 0. 60330311 up 0. 026739

AOAON7KD33 0. 60309014 up 0. 16665
F-box/LRR-repeat protein 14
Q0JBY3 (LOC4336323) 0. 60004371 up 0.019192
AOAOPOY632 -0. 60572618 Down 0. 733353
K22E_HUMAN -0. 66406262 Down 0. 074566
serine/threonine-protein kinase Nek6

QBYYT75 (LOC4329828) -0. 67184609 Down 0. 096679
K1C15 SHEEP -0. 67495926 Down 0. 062334

50S ribosomal protein L19-2,

Q6H8H3 chloroplastic (LOC9272428) -0. 68601751 Down 0.067715

phenylalanine ammonia-lyase-like )

Q7X720 (LOC9271676) 0. 69320632 Down 0. 066186
K1C9 _HUMAN -0. 70340086 Down 0. 078473
THIO_HUMAN -0. 71305079 Down 0. 470824

5-

methyltetrahydropteroyltriglutamate- }

Q2QLY4 -homocysteine methyltransferase 2 0. 72330686 Down 0. 026772
(LOC4352833)

U-box domain-containing protein 6 }
Q622G6 (LOC4330463) 0. 73262657 Down 0. 051326
Q8L4F4 -0. 73453397 Down 0. 140279
Q10MW6 d”a(JL‘ggtjgng;gf’A -0. 73709008 Down 0. 006861

protein DETOXIFICATION 33 )

Q62312 (LOC4346253) 0. 73820231 Down 0. 550165

Q0I1zB0 -0. 74375474 Down 0. 086076
AOAOPOXPM4 -0. 75466981 Down 0. 129663

AOAOPOVX24 -0. 75879019 Down 0.012841
AO0AOPOX9M8 -0. 77898511 Down 0.0785
phenylalanine ammonia-lyase )

QODZEO (LOCA4330040) 0. 78260276 Down 0. 226597
K1C10_HUMAN -0. 79057181 Down 0. 038624

AO0AOPOX037 -0. 7946453 Down 0. 137646

QBNTX2 ”“Char""(‘f_tg'czjgz'ﬁfg‘;324318 -0. 80077688 Down 0. 233249

QODRV6 superoxide dismutase [Cu- -0. 80210883 Down 0. 174157

Zn]1(LOC4332846)
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K2C1_HUMAN -0. 80522585 Down 0. 030337

Q0DQO6 -0. 81315282 Down 0. 065902

Q2QNA7 -0. 81604922 Down 0. 023485
AOAOPOUZ97 -0. 82115209 Down 0. 086786

Q6YSB4 CWOChEﬁgecigigB%“)"s"'ke -0. 85604888 Down 0. 421648

QBAUN4 ””Chara(fggng'ggscz‘;Ssge‘r’z 0. 87960238 Down 0.164878

QODZE5 -0. 9043947 Down 0. 028822

thiamine thiazole synthase 2,

Q7XXS4 chloroplastic (LOC4343443) -0. 91049115 Down 0. 003092

pre-mRNA-splicing factor ATP-

Q7XIR8 dependent RNA helicase DEAH7 -0. 95716468 Down 0. 007487

(LOC4343339)
glutamate-rich WD repeat- }
Q2RAX1 containing protein 1(LOCA349700) 1. 00252794 Down 0. 241571
Q6ZHP6 outer e”"e('ﬁpoec'zg%lgza'l‘f protein 7 -1,0085118 Down 0. 055836
uncharacterized
AOAOPOVBA3 LOC9268172(LOCI268172) -1. 04439725 Down 0. 082296
AOAOPOY7P3 -1. 05074633 Down 0. 003216
KH domain-containing protein )

Q10KN9 At4g18375 (LOCA332959) 1. 0901434 Down 0.086173
AOAOPOVZT75 -1. 12378101 Down 0. 029858
AOAOPOVAM2 -1. 16423303 Down 0. 019722

low-temperature-induced cysteine

Q6LAX7 oroteinase (LOCA339265) -1. 32318914 Down 0. 006549
AOAOPOWOY8 -1. 34170491 Down 0. 227694

Q8L4L9 -1. 59366477 Down 0. 409948

Q6K680 probable 2}_960(':5‘1;’?:8‘;;"()% protein 3 -2. 01754428 Down 0. 009251
AOAOPOWAT3 -2.28737848 Down 0. 030688
AOAOPOXPKS5 -2.4119046 Down 0. 239145

7-deoxyloganetin }

Q7XTHO glucosyltransferase (LOC4335470) 2. 57766375 Down 0. 396753
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Figure 1. Venn diagram showing the number of differentially expressed proteins (DEPs). Right: resistant biotype, and left:
susceptible biotype of winter wild oats.
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Enrichment results in GO: Biological Process

mitochondrion organization

organic hydroxy compound catabolic...
cellular response to oxidative stress
benzene-containing compound...
cellular carbohydrate biosynthetic..
aromatic amino acid family metabolic..
generation of precursor metabolites...
aromatic compound catabolic process
response to oxygen-containing...
photosynthesis

organic substance catabolic process
cellular component organization

cellular component organization or...
response to stimulus
primary metabolic process
cellular process

0 10 20 30 40 50

Enrichment results in GO: Cellular Component

photosystem II

I
i

50 40 30 20

=
(=]

Enrichment results in GO: Molecular Function

heterocyclic compound binding
sucrose synthase activity
chlorophyll binding

nucleotide binding

ion binding

catalytic activity

) |IIII||

5 10 15 20 25 30 35 40

Jobw 61581 9 (Su5eom ST yd ( JgUg0 (53,5 )5 diwd dw 53 (GO) Lourlind (samed
Figure 2. Gene Ontology (GO) analysis of the annotated protein species (biological process, molecular function, cellular

component).



(Y)\Vjﬁdu;ﬂp u.i,jba\.leu/(\iﬂ)()bl_{w)ﬁ;\ e

Enrichinement results in KEGG pathways

Secondary Metabolite
Ribosome
Photosynthesis

Perosisome functioning

Carbohydrate Metabolism
Amino Acid synthesis

|
]
]
|

Metabolic pathways I
|
|

20 25 30 35 40 45

(g Y gy IS le 4 wlus g pglis lacuign ;5 (B181 (s b sy y KEGG (Sgrlie (s ymno 5JUT ¥ JSS

Figure 3. Analysis of KEGG metabolic pathways in DEPs herbicide resistant and susceptible biotypes of winter wild oats.
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