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ABSTRACT

Functional analysis of A¢t7X11/12 encoding a

Toll/interleukin—1 receptor domain in Arabidopsis

Su—Min Lim
Advisor : Assistant Prof. Sang—Kee Song, Ph.D.
Department of Integrative Biological Sciences,

Graduate School of Chosun University

Plants deploy various resistance (R) proteins to protect themselves from
pathogen attacks. Although there exist 30 genes encoding Toll—interleukin—
1 receptor—only protein (TX) belonging to non—canonical R proteins in the
genome of Arabidopsis thaliana, the roles of only a few TXs have been
elucidated yet. The overexpression of A¢t7X11/12 under the regulation of a
root—specific enhancer trap line, Q2610 (Q2610>>AtTX11/12) led to severe
growth inhibition, which was not suppressed under the high temperature
condition. In this study I tried to screen the protein regions and essential
amino acids for the growth inhibition and temperature—insensitive activity of

AtTX11/12 by introducing various mutations. By using multiple sequence
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alignment and 3D structure modeling comparing to known plant TIR domains,
it was shown that AtTX11/12 possess additional 6th « —helix (¢F) in
addition to shared 5 B —sheets (BA~BE) and 5 « —helices (¢ A~aE)
among plant TIRs. C—terminal deletion analysis showed that C43 containing
1~173 amino acids (a.a.) with intact @ E maintained the activity whereas
C4d4 (1~163 a.a.) with truncated «¢E lacking 5a.a. located in «¢E lost the
activity. These results indicate that the conserved 5 S —sheets and 5 a —
helices are essential for the growth inhibition activity of AtTX12.

By using site—directed mutagenesis it was confirmed that the conserved
24th serine and 25th histidine (AtTX12) present in AE (¢ A— @ E) interface
are essential for growth inhibition activity whereas the lysine—rich region
present in C—terminal «F region is not. Furthermore, random point mutation
study showed that 43th glutamate (AtTX11) present in BB (#B— @ B) —loop
and 150th lysine localized in A E composing putative BE (BB loop— AE)
interface are essential for the activity. In addition, the 79th glutamate
(AtTX11), a conserved putative NADase active site was also required for the
growth inhibition activity. These results showed that the interactions through
AE/BE interfaces and NADase activity are required for the function of
AtTX11/12.

Three AtTX1Z2-like genes were polymerase chain reaction amplified
using genomic DNA isolated from broccoli (Brassica oleracea var. italica),
cauliflower (Brassica oleracea var. botrytis), and white radish (Raphanus

sativus), cloned and named Boi7X12, BobTX12 and RsTX12, respectively.

Xi
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Although the amino acid sequences of BoiTX12, BobTX12 and RsTX12
exhibited 65.2%, 65.2%, and 56.3% identity with that of AtTX12, the
overexpression of As7X7Z2 induced strong growth inhibition in Arabidopsis
seedlings whereas those of BoiTX12 and Bob7TX1Z2 did not.

To screen for the essential region and amino acids for the temperature—
insensitive growth inhibition activity of AtTX11/12, the transgenic seedlings
overexpressing various mutants active at 22 C were moved and grown at 28T
to examine the growth inhibition activity. C43 of AtTX12 (1~173 a.a.) lost
the growth inhibition activity at 28°C whereas C41 (1~193 a.a.) and C42
(1~183 a.a.) maintained the activity. In addition, N36D (AtTX12) active at
22T lost the activity at 28C. These results suggest that the C—terminal
174~183 a.a. region present between ¢ E and aF of AtTX12 and 36th Asn
present at 8B would be essential for the temperature—insensitive growth—
inhibition activity of AtTX12. To examine whether the ENHANCED DISEASE
SUSCEPTIBILITY 1 (EDSI) is required for such temperature—insensitive
growth inhibition activity, edsl —2 Q2610>>AtTX12 seedlings showing much
weaker growth inhibition phenotypes compared with Q2610>>A¢tTX12
seedlings were grown both at 22T and 28C conditions where they show no
difference in growth. These results suggest that the growth inhibition activity
of AtTX12 might be mediated by 1) £DS7—dependent pathway and 2) EDSI—
independent temperature—insensitive pathway. Therefore edsl—2
R2610>>AtTX12 could be used as a proper genetic background for the novel

growth—inhibition or disease—resistance pathway.
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e gy c8A9 Wy AlETE Ao
o 9o]FEsle] who] wWhS-S F33stt}. Pathogen associated molecular patterns
(PAMPs)E ##]3}= pattern recognition receptors (PRRs)+= PAMP—triggered
immunity (PTD @t dh= &9 1A o] 7173 fFEgith AEo] #Ashes dx
Al PAMPol= 3574 A9 flagellin (Felix et al.,, 1999) ¥} elongation factor
thermo unstable (EF—Tuw) &2 A3 moA 7Hd FHea 1522 HEH dfzol
%3tk (Kunze et al., 2004).
A3 FA BAAl= effector @MEES A5 Ao Adeto] AE9] PTIE
st ES £38 4 2t (Jones and Dangl, 2006). 3HH, 2] &2 o]zt ¥
Aol FASERE AAls BHEsr] 98 54 BAALY effector WA E A 8=
AEZ T AZA Sde F8ste] effector—viZ/l AW T4 effector—

triggered immunity (ETD 2 A 3sro 7 Hn 2159 7F& st 2aF wlo] 7| #o] FEH )
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142 AR $34
A& (resistance, R) @A 252 vhefdt Fxxte] o) hastevt. iy
Hol AgA w2 pucleotide binding (NB) T2l ¥} leucine rich repeat (LRR)
THolez FAsoe] gl7] wiFe] NLR w@#idojgty HEr) o] F NB LWl

ATP A3 diA o o3t w2 et d3te] 42l 3719 BEF FE = 2Y

et

TS ¥t QtH(Tameling et al, 2002). =3t NB EH<dL ¥F7F9
nucleotide—binding oligomerization domain (NOD) —like receptorsol| = =x]shd A

A e W AlEApte] 28A qae Y Tal e A Stk (Inohara et al,

o

2005). oA AR EASHA A& AF, AN CoZ NLRS EE¥ NB Zvle]
o& wi/fE= Coff state’ & FAISTE NB EvQl o] EdE EdWolES HE
¥ phosphate—binding loop (P—loop) =+ methionine—histidine—aspartate (MHD)
REHEZAAMY Ve 2ds ZdsiAY AFANT= 2AANE ¢ un
(Bendahmane et al., 2002; Williams et al., 2011). NB Xw<?l°] adenosine
diphosphate (ADP) ¢} A3gsl= A-¢, XS AEE = g 7325 JA4s= 3o
2 dEd. |, HAAE A% Afel= ADPE thalste]  adenosine

triphosphate (ATP)7} NB Ew¢le] ZAg3dte], NLRO A& AYS 3]83= ‘on

ok

state’ = At o] mEe et FAR ol (Linum usitatissimum) oA =

-

(Melampsora lin) AZAHE Fodh= M w@ido] st Aol A Aletdl = Q)
(Williams et al., 2011). ©o] wj, M @@z 2] MAAHFS NB TH <l MHD RE|X

o] Edniol® <l e ATPS 44 Aol of&fix FE¥= 2o Uesth

v
[¢]

o]e} o] NLR ©@¥d2 W AA 2 effector WS A2 stH ATP oE4 2 3

ot
=

H3E oA FAhAQ 27 Al EFAIES F- 23 (Dodds and Rathjen, 2010; Qi and
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Innes, 2013).

2. A%Y GMAS goluri3)

NLR w2 o] N—2Zehof3= Coiled coil (CC) T+ Toll/Interleukin—1 receptor
like (TIR) EHIlo] $1x]8te 247 CNLs Hi= TNLsZ #F 8tk 552 Toll-like
receptor (TLR)Q A%, AlX 952 LRR g 2allx] PAMPE <l2lshd A2
ol f1Ag TIR Z=mQle] &3 —olZFA st/ 9 th(Tapping, 2009). @4 N-
4o CC & TIR Evdle] 2 A% A9 9 Seunst 947 2g3vti A
QHATE o & o] B2 polymorphic barley mildew A10 (MLA10) resistance %
W] CC =Ml Sd-olFAE FAHstn AFEAMES do7)7|e FEst
(Maekawa et al., 2011). o}v}e] L6 resistance &M 2] TIR =l =714 g5k
T -olFAE AT 4 3t (Bernoux et al., 2011). T3+ o] —o|FAE FA =
NLREE H1u¥E dv Q=d, od&F =° o7& de F NLRQ! Recognition of
Ralstonia solanacearum 1 (RRS1) ¥} Resistance to Pseudomonas syringae 4 (RPS4)
o] TIR E=HRIEL ol@—olFAE AT 5 AUtk olAH o|FAE s+ L6 &
i RPS4 TIR &=rQle] sde AZAPES fdstrlel St (Swiderski et al,,
2009; Bernoux et al., 2011). 2% NLR®¢ CC HEi= TIR =wle] &Ml
hypersensitive response (HR)o]g}1 H 2 474 AFAPES @8y W ¥1-e
= do77lel Fwstth. 2EARE ArbA R Selaimste] €gk NLR @¥d &4 3}
o]%-9] 7 Als AF AR o3 BY &St (Casey et al., 2016; Wang et al.,

2019).
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3. H|EF3]Ql TNL

ol 71t Col-0 AeIE S FdAN BF 145709 TIR Z=wlls 43 3shs

o,

24 §ARE AT o] ZoA 92719 §AAE TNLS &3 3ksta, 23719
FA A= LRR Ed¢lo] ¢l= TIR-NB (TN)E o533t & 2o TN A A
7150 A7E vk =4, TN2: exo/0B1 EdWoloA &/dste o] wkgo A4

Aog Q¥ (Zhao et al.,, 2015). vpA|=ro 2 3071 Fd A= NB =92l3} LRR

Frt

wel B Sl TIR Edelwks s sksttt (Meyers et al., 2002). TIR =9 Q7S

0

rS3lels FRAAE TIR-X (TX) B TIR—only f-AAera b, B At AlE-
H AtTX11/12 FAR= Response to HopBAI (RBAI), AtTX14 53 &4 TX

AR el ek

4. TNL selA FEsts F 72 A& 99 A% 3=
A 23ede Sl A= TIR @43t o] 59 WY whg Ao Rxow
Q3 AoR Holx F 7HA WA familyso]l HSHAT 3 HALE lipase—like
2ol ENHANCED DISEASE SUSCEPTIBILITY 1 (EDS1) familye]t}. EDS1
familyx= EDS1, SENESCENCE—-ASSOCIATED GENE 101 (SAG101),
PHYTOALEXIN DEFICIENT 4 (PAD4) & A= <] lth(Feys et al., 2005; Lapin
et al., 2019). ¥ WA @A family:= EDS1 family 2 dtiolA 7]s3sttta gz
‘RNL’ o]gtxr &2+ ‘helper’ CNLE9l Resistance to powdery mildew 8
(RPW8) class©|t}(Peart et al., 2005; Qi et al., 2018; Jubic et al., 2019; Wu et al.,
2019). X3t N-requirement gene 1 (NRG1) ¥} Activated Disease Resistance 1

(ADR1) family$} &> ‘helper’ NLREX TIR WY Als dAd A =EelA EDSI
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family sFollA Wl wr-eS wizjsts Ao 2 Helth(Collier et al., 2011; Qi et al.,

2018; Jubic et al., 2019).

EDS1< PAD4 HE+& SAGL01# o] —ol=Al & dAdste] TIR WY A5 E A
3t} (Feys et al., 2005; Wagner et al., 2013). EDS13 PAD4= g 2Ak A5 A

4 AE 7% WoleA Zlsdtta HaEtH(Cui et al., 2017). EDS1-SAG101 ©]
HF-olFA= N-"uk lipase—like =18 A C-2de 1-xE HIH
EDS1-PAD4 &EH[Qle] Aozg&e & x5 IATdth(Wagner et al., 2013).
TNLSl RPS49t 574 TN w2 NRG1¥ vixb7bx|2 EDS13 #&o] Qe 7o
2 B %% (Heidrich et al., 2011; Nandety et al., 2013; Huh et al., 2017; Qi et
al., 2018). eds1 null ¥}l ADR1 %+ NRG19 RPW8 =relo] ¥4 HR
S fal)e] FEE Ao E w ADR1IZ NRG12 TIR W A5 Ad A 7oA

EDS1 family ] 8hF vi7izketar = 4= Sltk(Collier et al., 2011; Qi et al., 2018).

5. &9 TIR A% AY HY|A NADase 849 T4
FEoA TIR-TIR A5zg¢2 ANZEE JATo 2N WY As Ads 3
Shobar A AR A =elA = TIR 759 Mz dfgrislo]l 543t =, A=
TIR = <?19] nicotinamide adenine dinucleotide (NAD™) 7}=%38l &4 (NADase) &
2 g-shct . H 2ol BaE gt (Horsefield et al., 2019). EE-o| 4] Toll-like receptor
29 TIR vl A4 Fx& TIR-TIR As&go] dast ofnjiit 279} o —
helix, g —sheet®} & TIR =rd1e] 4 725 BFH(Xu et al, 2000). &

Hl-<
LN

T

&= TIR 2HEHE S 95 Wb 9 Al =7kl A 22 vfst

2

;lo
Jo

I 9t} ool Ao R Eoldt =& TIR WM ARl sterile alpha and TIR motif—
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containing 1 (SARM1) S programmed cell death A #7g ¢l =2 WA A 7]53}
] (Gerdts et al., 2015), &k 84 7lsS 73 e Ao 98 5tk (Essuman
et al., 2017). SARMIel 3 NAD" 7}#&8li= ADP-ribose (ADPR), cyclic—
ADPR (c—ADPR) ¥ nicotinamide (NAM)S st A38 02 NAD'E 1144
A HAFEAES Q3T (Essuman et al., 2017). SARM1 TIRS 24 Fx&= A&
gl ASAE TIR =vlddelM e BEHo] glor, SARMI TIR NADase 752 ¢

13 2 TIR-TIR A3 &40 oJ&Zo|t}(Horsefield et al., 2019). SARM TIR =

¢

welo] &A] BQlo= NADY 7FEeo] Qs FFEAH(ER42)0] HEHS A9,
o] FFEALE ZujA|E L3 Ao E FA U (Horsefield et al., 2019). =94

= &N @83 SARM1S Nicotiana benthamiana®l 2lolA AA|A Oz HHE A
%

1>

= AZo Aol 9y itk (Horsefield et al., 2019). SARM1¢] 2]l

FtEE e AIZEAPES 2 WA Y NADase 7ls& Z8®E AN EDS13%
R

2
fols
=
e

7 2] EDS1¥ NRGle] vloj&A oz 213
Tt (Horsefield et al., 2019; Wan et al., 2019).

=9 SARM1¥} FAFekAl 21&2] TIR E3$H NADase® #4831, NADase &

o

2 WY ANEE ddstes d Zesttha R E ok (Horsefield et al., 2019)
SARM1 TIR# fFAFHAl A& TIR =<l NAD® 9 NADP'E 7|d=® A3
AT NAD™ AA1Q] nicotinic acid adenine dinucleotide (NAAD) = AFE-8 4=
A TH(Essuman et al., 2018; Horsefield et al., 2019). 2]=2] TIR< NADase Hh&
2 %34 NAM, ADPR 9 variant of cyclic ADPR (v—cADPR)2 AA 3t} SARM1
TIR® 2] A& TIRS &4 @Al 984 c—ADPRS A=A 3ttt (Essuman

et al., 2018).
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6. TIRS &4 275+ TIR A3F8 H&EH

21E TIR-TIR A7F4 &2 alpha helix 22 JAE 27 ©]49] interfaces S
2 ZAst @ —helix A2t @ —helix E AFo]9] 4 (AE interface) % a—
helix D9 @ —helix E Ato] 9] A% (DE interface) < TIR-TIR A7FE % 2 HRE
g7 stel dastth. DE interfacex= obvhe] L6 TIR =wlQl A4 T3] o8 Hx=
U f ok (Bernoux et al., 2011). RRS1¥ RPS4 o] —o|ZA| o] A4 XA AE
interface’} &l = ¢l o resistance to Peronospora parasitica 1 (RPP1)°|A % AE
4 DE interface®] &EA7F &21= Itk (Williams et al., 2014; Zhang et al., 2017).
TIR—-only protein?l RBA1> AE interface®t DE interface EFE A}&3td
A7t d sttty R E itk RBAL A7FA 3 yeast two—hybrid assay =+ co—
immunoprecipitatione F3] @& O™, AE W DE interfaceE< A XEAES
fasl7] el 25 A FHojoF dth. RBA1¥ FAFSE resistance to Plasmopara
viticola  1(RPV1) TNLel4 &2ld  TIR =wdle HRS @At
F5t o™ (Williams et al., 2016), AE interface’} 3% 9%l& 79 RPV19]
A wizle HRS =898t (Williams et al., 2016). webd TIR-TIR
interface™= TIRel 2oJaiA wiziel el wkgof] Azl Zozw HRIY. $9
a3=

NADase 7]s°] HQ23sl3, TIRE NADase &43lo= AE 92 DE interfaceE E3t

fto
d

Soell BH, A9 TIROl AlEAFE &4 9 A AFds 27 flsiM=

A7+ A% 3ol stk A 4 itk (Horsefield et al., 2019).
3H, AE TIRS NADase &A43 AE 9 DE interfaced A3&8&2
FEAROFE TNL 2 TIR =Wl 1Al &g dle] oEst= Ao Kl

SUEAE RPPLY A4 2 24S M ax &9 ARl SFEibs de
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BB—loop (B —sheet B®} «a —helix B A}o] 2] ofu] =il )7} TIR ZEwQl Alo]efA
AMEZL G389 Faagol dolsttty AA =t (Bayless and Nishimura, 2020).
ok #H 2o cryo—electron microscopys &% ROQ1 (Recognition of XopQl)—
XopQ (Xanthomonas outer protein Q) resistosome complex®] T3 AF-olA], AE—
AE Zz#tge] #ofshs TIR Zvlse] o]ZAsE #elM BB loopst 148 DE
interface Ale]olA %= BE interface’} @A ¥tk Aol RuEATE BB—loop’d]
=AMol2l DE interface 72 opu|izile] =98 mdAWolEo] 747t HHFoR
HRO A4S st Zo] -3 H vk (Vyncke et al., 2016; Horsefield et al., 2019;

Martin et al., 2020).

7. 257} TIRY Aol u|X &= o4&

AR AYPHI] i Ad &E 2ol AFAolvy AE-oEA] o

gwid el copines 93 3lslE BONZAILS) 7167474 =AW (bonl—1) w173 oA

flo
i
flo
>4
N
o
il

TNLS %3}t suppressor of nprl—1, constitutivel (SNCI)
By O Ay 22CoA Had PSS HehdARL 28TolA = oA FE Y
fFAbet mdlgs dEblloh AARZ 28T el bonl—1 WAl SNCIS] AL
el vlEiA ZA ZFAs oM, bonl—1° HBE EHPYS EDS1e

T
ol&Ao|9th(Yang and Hua, 2004). FE3F TNLo] wiZ/ldls= A E2] AHA Wol

©

A AL AE A #ASty dHA Qs EDSI W PAD4 AAHES] FA 2
20 & AAFEty B vf vt} (Zhang et al., 2003; Yang and Hua, 2004).

Hhdo] 70X AT &l ArTXI4E A3 Ets AEoA= 22T 28T
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1. 4= A5 € BF =4

2 AT Columbia—0 (Col=0)S W71 (Arabidopsis thaliana) 2] °Fy
BOZ ARG of71E e FAE e el wiekstr] 918kl 0.7% sodium
hypochlorite (Yuhan Co.; Seoul, Korea) &%l 5337t 32W AA17 vt 9t AE
2 93E AREste] dEard FRTE 53] AAHEUT Avd T 1% (w/v)
sucrose, 0.6% (w/v) Gelrite (Duchefa; Haarelm, Netherlands)”} 3X3te 1%
Murashige and Skoog (% MS) (Duchefa; Haarelm, Netherlands) 118 wjA]o] d&
2 3k o, R Ho A 24 EF 4Tl A stratification A 7! 22TCo A 24A]
b FFT] Zstel A oAl A wieFereith 4 MS D HMIAZFE AR FAES
Sunshine mix #5 (Sungrow, Canada) E}EFE0] G371 st &7 Ao A& A

Fogel M 227C, 24413 FF7] 38kl wfFsEl T

2. 9jx)e] =4
2.1 Luria broth H}A]

1L S5 10 g9 tryptone, 5 g2] yeast extract, 10 g2] NaCle] &3t¥ Luria

broth 25 g (Duchefa; Haarelm, Netherlands) S #7}sfe] 219 4+

_]\I
(!
)
[
m
2
ot

EE50] 59 ¥ agarose powder 15g (1.5% w/v) & 22 3 1dEA4S 2339

ok 60C 2422 %4 A3 & A 1000x stocks 1ml H7

-
=
o
@
jab)
=)

bencholA petridishol]l 20ml® #5331 Ao 3 5 U&E31e] 4T

10
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2.2 MS A

1L %5 ¢l sucrose 10 g¥ 2—morpholinoethanesulfonic acid(MES) 0.2 g
(Duchefa; Haarelm, Netherlands) ¥ MS medium powder 2.2025 g (Duchefa;
Haarelm, Netherlands)& %9 & 1M KOHE ©o]&389 pH 5.8% w35t
Gelrite 6 g& F7beta ustd+s A8, 60C F2rxE w74 AsE 5 7
Aol A square dishell 50ml¥ #F8F1 AFoA =3 F Wigste] 4T R

shele.

21&E9 AE DNA F&
A oA LdEF -, e H Y £4}(Danong Co.; Namyang, Korea) S
ujslo] IHF S

2 5 AAGLE o§3te] WA AbLelA golE H 10~30 mgd AFE 1.5ml

a1

A B $4% g AFlA Tujs nEels TS 24 A

microcentrifuge tubeo] ¥ A A LA 30F2F¢ YA FHT. Cell lysis buffer

300iE 7} ¥ 60T heat blockolA] 60%F%<F ¥H-8-A]F t}. RNase A (4 mg/ml) 1.5

s Wi &3 ug 37C Fg24xodA 30+ ok WkgAIZl % protein
precipitation bufferE 100xl d7}sle] vortexingdle] AF2oA 5% W3 U},

10000 rpmellM 5 &)t AAEE s dSds MEE tubeo] &AFIL
isopropanol 300E 37}t 3 invertingsle] =3+st th3, 10000 rpmolA 1% &
St AR E FUTE FT NS A ASEL washing buffer (80% ethanol) 500E #
7}et & invertingdt$d 1, 10000 rpmollA 138 E<F AR E st A=HS A A5

gt & W ] 10000 rpmol A 2% FoF YAREE AdBE T Y2 ethanols 93

11
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O ] AAT ¥, 207 E<F Ad2elA A7 Hard SR 50~100p09]

o] 4TCe] Bt

4. A& ¥ 9y A F
AtTX11/129] =AWo] dtg HWEE A #sl7] 93Fe] polymerase chain

reaction (PCR) o] €23} primers-< Macrogen®l] %3t A3t} (Table 1).

4.1 C-2d 24 S99 Ax

AtTX129 C—dygd A4 FZdAdolE A|xsh7] st 1719 AtTX12-CA1
forward primer?} AtTX12-CA1~9 C—-%% AA reverse primers A & st
(Table 1) Pyrococus furiosus—PCR (Pfu—PCR) (Nanohelix Co.; Daejeon, Korea)
S AlgsaTh AtTX129 C-2d A4 =dWolel PCR 4t=S pJET1.2 cloning
vector (Thermo Fisher; Carlsbad, CA, USA)e°l ligationdto] A¢ist th, tid+t
(Esherichia coli) DH5 o 75 FAATANA, @ FE2YE R ths, Sty
Z DNAE FE3to] 9714ds A48kl

Ad A9 9o =AWt gle 9708 C—2dd AA =dWo] DNA AHAS A
Sta A Spel S AHElste] F3t tha, U3 Astas* multiple cloning sites
(MCS) 7} Adet¥ 5x UAS Z=RE 993 FLAG-tag¥ nos terminator”} X3¥

pCB302 ¥&d 9WE (5xUAS—FLAG—Tnos—pCB302) ¢ =43}t (Figure 1).

4.2 912 AA BAWold Az

AtTX129] 249 A3} 250 S| AE|de] depdst =AW (S24AH25A) & A

12
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z3t7] §1stke]l overlapste] primers A& ¥ Pfu—PCRE& A3ttt PCR AHES

pJET1.2 cloning vectorel ligationdlo] A3t t}hS DHSH e oS FAASAA ©
d FEYE FgHe §F ZgAnE DNAE FE319] Q7I449S AAsirt 249

o] gepdstel 260 S| AE|e debdd) glel= EARel7E fli= DNA dHS Al
eas Spel = Aste] TEd vy, $AT Adasz MCS7F debd 5xUAS—

FLAG—Tnos—pCB302 23 wWE e 243t th(Figure 1).

4.3 &4 A a9l Ax
AtTX113 AtTX129] F2914 EdWolE Alxsr] flsted =3 DNAE 24
AtTX113 AtTX125 AVE3e] Thermus aquaticus (Tag) PCR (Nanohelix Co.;
Daejeon, Korea)S Z7Z} 30cycle®} 35cycles st FaA9A 07 7] 4
o LFE FLEdY =dWolE A x| $8 Taq polymerases AFE-3F31il, PCR
AHES pGEM~-T easy vectore] ligationste] 441t th, DH5 @ #75 FAHAEA

7 blue—white screens & @ Z2YE FdHsty ZgtAuE DNAES FE3519]
o3
=

71MES AAsIe. #2914 =AwWolrr dAs DNA ddS Alstas Spel =
A g)sle] FEEst v, FU3 Astat®E MCS/F dd® 5xUAS—-FLAG—Tnos—

pCB302 W& WE e S2Y93 v (Figure 2).

4.4 WF% FENAN KT ATXI2 A FARES FE e AF
w|F=2}o] ANl 2E Brassica oleracea var. italica(B2Z%]), BEZFE 9 o}F<l

Brassica oleracea var. botrytis(Z8Z2+9]) 9} Raphanus sativus(F) Z25FE Ax

DNAZ F#%3to] 71719 gDNAZ Susigion], Ti= Sete ¥, £usy, Jar 2,
13
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tlo]Ewo] A%t - F3A4 fA7IAd3 A5 dErel -2 As DNAE FE3k9 At
ottt 2=l wiFdelA e BEEe, FeEee], 7o ddEHe TIR 99
S BoiTX12, BobTX12, RsTX128}1 WE3R Y. BoiTX12, BobTX12 RsTX12 Zt
Z+e] forward ¥ reverse primers AFE3to] &3 gDNAE T+ 0= Pfu—PCRE
Al8Ekgi T PCR AHES pJET1.2 cloning vector®l] ligations}le] 4F¢lst o o+
DHS e w55 JAAGNA, &d T2YE Fu3 b5 EkAvE DNAE FF3)
o] A7IMLE AAsA. BoiTX129¢ BobTX122] DNA A¥g A|gtas BamH I
% Spel& Agste] 2 v, 4 AdaLE MCS7F Al 5xUAS-
Tnos—pCB302 o¥ HElo] 281, Rs7X12°] DNA AHL Agtg 4 BamH
[ & Aesto] #8d o st Adat= MCS7F datd FAs oy wEo] &

2313t (Figure 2).

14
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Table 1. List of primers for PCR

construct primer Sequence (5° —> 3’ )
Forward GACTAGTATGACATTCTTCTCTCCCACT
AtTX12-C41
Reverse ACTAGTAGGAAGCTCACATTTGCAATC
AtTX12-C42 Reverse ACTAGTCTTTTTCCCAAAATGATTCTCTT
AtTX12-C43 Reverse ACTAGTAAGTCCAATCGTTGCTACAAC
AtTX12—-C4d4 Reverse ACTAGTCGCCTTAACAACTTCCTTGAT
AtTX12—-C45 Reverse ACTAGTTTCATCACTGCCAAAAAAAGAAT
AtTX12—-C46 Reverse ACTAGTCATCTTGTTGGGGATACATTC
AtTX12-C4a7 Reverse ACTAGTTTTCCATTTCTTGATCTGATCAC
AtTX12-C48 Reverse ACTAGTAACCTTTGCCAGCGTCCAG
AtTX12-C49 Reverse ACTAGTAAACTCACCTGTCTGTTTTCG
AtTX12_S24H25/AA
Forward GCTACTCCACGTCCATAAGG
AtTX12_R20H25/AA
AtTX12_S24H25/AA Reverse TCAATGAGGGCGGCCACGAA
AtTX12_R20H25/AA Reverse GGCGCTCACGAAGCTGGCA
Forward GACTAGTATGACATTCTTCTCTCCCACT

AtTX12_K183K184K196K197/AAAA ACTAGTCAACTTTTTGGTTCTGCTTGCGGCCAAATCA

Reverse A AGCTCACATTTGCAATCCTTTCTTGCGGCTTTCCC
Forward GACTAGTATGACATTCTTCTCTCCCACT
AtTX11/12_Random mutation

Reverse TACTAGTTCACAACTTTTTGGTTCTGCTT

Forward GGATCCATGCGAGTATTCTCT
BoiTX12

Reverse ACTAGTCTAACATTTGATAATAATG

Forward GGATCCATGCGAGTATTCTCT
BobTX12

Reverse ACTAGTCTAACATTTGATAATAATG

Forward GGATCCATGATGATCTCATCTCCCTCC
RsTX12

Reverse GGATCCTCATTTAACAAAATCATGACTAAG

15
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——

Tnos

FLAG)

MCS <<’A§ Tnos

BIpR

Pnos

LB

/RR

Al Z=0 g 1=

Spe |

Spe |

S5xUAS—FLAG— Tnos—pCB302 vector

\K

trfA

Kank

AHQ

——

/RR

Tnos

FLAG)

MCS <<’Aé

Tnos

BIpR

Pnos

LB

| A¢TX12 sile—dirceted mutation |

Spe 1

L

Spe |

S5xUAS—FLAG— Tnos—pCB302 vector

.

trfA

Kank

AHQ

/

Figure 1. Diagrams of the expression vector constructs for C—terminal deletion

mutants and site—directed mutants of A¢7XI1Z2 under the regulation of 5xUAS

promoter.

This diagram introduced coding sequences of C—terminal deletion mutation and
site—directed mutation of A¢7X72 into the 5xUAS+FLAG+ Tnos+pCB302 vector.

The MCS region was cleaved with Spe I . After that C—terminal deletion mutation

and site—directed mutation of A¢7X72 were inserted.
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——

AL

/ RB|| 7nos | MCS <<'Aé Tnos BipR Pnos LB
\ |
| BoiTX12/BobTX12 |
Spe | ] BamH |
[ RsTX12 |
BamH [ BamH |
S5xUAS— Tnos—pCB302 vector
\ trfA Kank
C——
Tnos BlpR Pnos LB

/ rB|| 7nos ||FLAGIMCS <<’Aé

| A¢TXI2Z random mutation

Spe 1

e

Spe |

5xUAS— Tnos—pCB302 vector

\_

trfA

KanR

AHO

)

Figure 2. Diagrams of the expression vector constructs for random mutants of

AtTX11/12 and AtTX12-like genes originated from crops of Brassicaceae under

the regulation of bxUA.S promoter.

This diagram introduced coding sequences of random mutation of A¢t7X71/12 and
AtTX12—-like gene derived from Brassicaceae into the 5xUAS+ Tnos+pCB302
vector. The MCS region was cleaved with Spel or Spel and BamH I or BamH

I . After that random mutation of A¢t7X11/12or BoiTX12/BobTX12/RsTX12 were

inserted.
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5. olazvtE S-S IR & of7|1Fe FAAS
Z2}7} 9] constructE Agrobacterium tumetaciens GV3101 strain (Hofgen and
Willmitzer, 1988)° HAx#at 31, Col-0 ol F A& JFAAE a7 S8)A
floral dip method (Clough and Bent, 1998) & o]&3lo] A A5t} & 2 A A

A Lolr 7] fJsto] T1 FAE FAEJE oA Sunshine mix #5 ESFEE0] &

71 3o &7 A3, BASTA (glufosinate ammonium solution, Bayer crop sci.;
Leverkusen, Germany) & A @ldlo] A dse A& A=stt)

6. @73 #FH
W1ZHE] FAES MS G H oA wjefslo] ol $ 3-5Uo] g o
3

S, Leica MZ10F stereomicroscope (Leica; Wetzlar, Germany) & AF&3fo] 3&3

S #ESATE Q2610 <U3MA EF lte] wwlE FalA Hdo] frdw
AtTX11/12 =AWol 59 gsA, okAF 2 A d Y-S YeEldle FAa=5 &

Ask= A9, WA Q26109 23t green fluorescent protein (GFP) 23 o] H-5 3hel
3k o]Z o Eoko g 7 Alo] FZo] BASTAES A @dte] AtTX11/12 o] vt
& construct7} FA A3 =S =A] AU 18] AR #F9-E eXcope X6 image

detector module (Dixi science) = AF&3F3I T}

7. Reverse transcription (RT) —PCR #4]
opAF Y} FAASE A EoA thekst {FAALe] W S dolry] YA W
o} & 52 EoF vty F2AEoA RNeasy mini kit (Qiagen; Hilden, Germany) S 9]

£3}o] total RNAE FE33th. F=3t RNAE biophotometer (Eppendorf;
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Hamburg, Germany)E AFg3te] A&ttt J=ZFd RNA  1pgs DNasel
(Invitrogen; Carlsbad, CA, USA)AH 2 % 15&%F Aol gDNAE w3l Al Zt
DNase I 9] inactivations $13] 25mM EDTA €4S 1pul H7F 3 65Tl 10%3t
A 2|8tk DNase I A2 E v RNAS cDNA §4& $15+¢ cDNA synthesis
kit (Agilent; Santa Clara, CA, USA)E AF&3to] 42TC 2424 1A% 70T
heatblockell Al 15+ ®H&-3to] first—strand ¢cDNA 345 skt /4 ¥ cDNAE
T o7 7}7E9] forward, reverse primers AFE3dle] 95C 3% WH-E-3la
%, 54C 40%, 72T 12%< 263 jHy vbg 5 727Co)A 3% #3213
ELONGATION FACTORI (EFD < 2t #3429 Axb 55 dkslshr] 98k
AREE T AR EFI primers ¥ #Zn. EFI-F (6 7 -
TTGACCAGATCAACGAGCCCAAGA-3 ) 7} EF1-R G -
CTCGTGGTGCATCTCAACAGACT=3" ). 183l PATHOGENESIS—RELATED
PROTEIN 1 (PRI e HAA el whgate] fFrsed, A ssol f&3 &
A BAAR ARSI AFE®E PRI primers U3 @tk PR1I-F (5 -
GTAGGTGCTCTTGTTCTTCCC—-3 ' ) 3} PR1I-R 5 ’ -
CACATAATTCCCACGAGGATC-3" ). st #—1,3—GLUCANASE 2 (BGL2)+
PATHOGENESIS RELATED PROTEIN 2 (PR2)2tal%: &elA glow, PRIZ} whxt
M 2 Ao wkgate] frewa, AN sl F89 B AR ARSI
BGLZ primer+ Y3 2t BGL2-F (5° —GAGCTACAGAGATGGTGTCAG-3" )

7 BGL2-R (5° —ATGTAGCTGAAGTAAGGGTAG-3" ) (Kato et al., 2014).
19
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m. 23

1. AtTX12 & TIR 9 AHAE 9 54 A6 IF53ZHA 1EF
obr] A5 A TIR TWe dFF 3 298 722 HHsn
At

AtTX11/12% RBAL, AtTX143% @7 HIEFE2Q] TNL) TX #F3el &3t
TIR =9 go t& dExd REY TS 334 ¢+=rtt(Nandety et al.,
2013). AtTX11/12, RBAI, T AtTX14 5342 3dS JAAZE 2] 5ol A

A EAPE oY A 2P S FE353 0 (Kato et al., 2014; Song, 2016).

2

o

R

Ol

WA AtTX12904 BEH TIR =w1e $1AE #lstal, TIR 75l 24
HEY opnxAt5e EA ofRE gelstuzxt PROSMAL3D Zz13e Zgdlo

AtTX128} 715l e A= TIREH 4 obv|xat v 44 d (multiple

_LL4

sequence alignment, MSA) & Al 3}tk (Figure 3). 71 A3 AtTX12+= 5709 B
—sheet9} 5709 @ —helix®Z TAE & HED dOd 23 25 & 5= 9ISl
T FEAIE AtTX120E= BEH 5709 « —helix olx= C-ge H-Zo|x 7144l

6HA @ —helix (aF)T27F A8 212 Q53T T3 AtTX12004 % 2 &9

-

TIR Z=vQlelA & BER 4719 A Ygo] EAst: AL sttt (Meyers et al.,
2002).

21 &2 TIRO] effector $lo] A7} MEAMEET Ei= A S e 9134
A TIR ZHQ1 7he] o] FAg) = thakalsts FAsloF abv, o] HAolA F&5d
o] Az #go] Tasttt. RPS49 &% —olFA sttt RPS4/RRS18] o] @ —o] %A 8=

20
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e A= AE interface”t T3t 1 FollA 33% Ad# 34% S| AE|do] F44]

o]t} (Williams et al., 2014; Zhang et al., 2017). =3 RBAIAE E53 %9 31

AT 329 S| AE|do]l A7F A EAPE Tl HA4Aolgta BaE gtk MSA A¥

AtTX129) £538 gxlolx 249 APy 25W s|AE o] EA8t= ZS g

ATk Figure 3). ©l& AtTX12%E RPS4Y RBATAHF A@y} S| AEde] 22l
&l

AE interfaceE AT 7150l

Hir

e AS st BEd Al
AtTX14E #A1&Jsk 6702 TIR Z=FRlelA BF F5d Ao SAiskal Sl

A ofwie]l TIR]I L6°] TIR LZwQle]l 2p7F MlZANE & ¥ sh7] S+
DE interfacec X 8] & =80 FastH, sl @2 2019 Zefolilo] Aol
1 ¥ 1% th(Bernoux et al., 2011; Zhang et al., 2017). =3 RBAl°|A % DE
interfaceo] ¢k 149% o]z} 151 Zefojalo] A7} A|EALE 5ol D47 o]
Atk AtTX12014 % RBA12] DE interface®t 553 Ix|o 142w 2holalz} 1449
Zgolalo] HERE RS e o, AtTX14E5 AQe o2 tji-#2 TNLoAM =
1519 Z2o] A (RBAD) S BEH O 1499 2ho] Al (RBAD) & HEH A gk tf

Ao EFed, ofo] a7l FAl 5ol AT AS & 5 3l

32

t}(Figure 3).
#He] ATE FAA AES TIRECl A/t AlEAbEES S8 faiAe
NADase @4o] o75H, &4 Fios REY FFgato] EAFT L B H o)
AAZ RPSAY Leol EAlsts @4 448 SFEAEs debdoz X3edls 45
T A7 AlEAFE Fo] A AT (Horsefield et al., 2019). AtTX12 = 74 A
ol B4 49 53 Yo 79 FFEAto] EA8k T Figure 3).
T3 AtTX120= o2 TIR EWla HEE d71A ofnjicito]l F8h 4o
=

o] 183WH-E 203W ofriate] o2& C—oeke] Jofo] A8t B
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b A dels 2 AFol7E AARE ALTX129] F7FAQ1 aFo} §58 f1A]o] AtTX14
9} RPP19IM % @ —helix T%7} €433tk (data not shown).

stA, AtTX129 33974 FxE 95324 protein  homology/analogy
recognition engine V 2.0 (Phyre2) X 27138 &850 AtTX129 7 AL
4l RPS4 123 RPP1¥ wlwate] Rlegshglow, RPP17He] vl Rdge] 7
- OAtTX128] C—gdde] EAlstE F7H4Q1 6WA @ —helixE 1@ 7] witel
RPP13} Hlwg Rl o] A AASEth (Figure 4). BE" o A3, o 3
atAl A8k 5708 B —sheetE 9449 5708 o —helix7b 21l 3= AR AL
flavodoxin—like 3 Fx& HH3ta Ao F7F4Q oF 7271 oF2 =549

e G = gl
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TIR1

AtTX12 1 MIFF---—-————————- FPTOVELNYRGECLRRSFVSHLIDAFERNEINFEVDEY-EQR
RBA1Ag 1 MTSVSPR--YRNV--—— PVEKVFLSFRGEE IRHGFISH LERYGIMFIIDKD-EQR
AtTX14 1 MRIASSSPSSSSNVSVIELGEQVFISFRGHE LRKGFISFLVPLLEEENINVEIDEH-EVR
RES4 1 METSSISTVEDKE--—-- POHOVFINFRGAD VSHLVIALKLNNINVFIDDY-EDR
REP1NAL 88 WEHDVFE SFHGAD! LSHILES FREKGIDTFIDHNN-IER
Lé 58— VEYEVFLSFRGPDTREQFT DFLYQS LERYKI HTFRODDELLE
Ngene 1 MRS35555R--——---——-| [ SYDVFLSFRGEDTRETFT SHLYEVLNDKGI KTFODDERLEY

I ———

BA B pB
TIR2 TIR3
AtTX12 46 GEDL-ENLFLRIQESKIALRIFSTRFTESSWCHLEL) TITIFTRVEY
RBAlAgG 53 GNDL-TSLLLRIKESEVALVILSSRFAESRFCMOEIY [IFIFYKVRE|
AtTX14 60 GEDL-ISLFRRIGESKIALVIFSEGFTESEWCLDEL] EIPIFYELDE
RP54 55 GQOPL-DVLLERIEESKIVLAIFSGNFTESVW CVRELEKIKDCIDEGT-LVRIPIFYELEP
RPP1NAL 130 SESIGPELKERTKGSKIAIVLLSREFASSSWCLDELREIMICREVLG-QIPMTIFYEVDE
Lé 101 GEEIGFNLLRRIDQSKIYVPIISSGRADSEWCIMELREIVREROEEDFRRI[ILFIF YMVDF
Ng=ne 52 GATIPFGELCKRIEESQFAIVVFSENEATSEWCLNELVKIMECKTRFE-QIWIPIEYDVDE
— ——>—— T ———F
aB pc aC BD
TIR3 ) 1 ITIR4 |
AtTX12 104 FDVRRGIGEEGPN FWILAKVS--SGDO[IREW FEALEC I FNAMG).S LGDK S--DEADFIKE
RBA1AgG 111 RDVSGRTGDFGHK FWALRAQKS--RGCOIKEWMERLEC ISHEMGLSLGDGR--SEADFIKE
AtTX14 115 RVVEGLKGKFGPKFRODLIERYHHEPERK QKW TEALTSVSRTFALCLPEH SDKSEKDFIRS
RES4 113 FIVRDLKGKFGPR FRSMAK-——-GDERKKEW KELFNL I PN IMG] I IDKK S--VES EKVNE
REF1NAL 189 [ DIKKQTGEFGKRFIKICRGE--PEECVERWRKALED VAT IAGKHSHEW C--DEAEMIEK
L& 16l FLOVRHEQTGCYEIRFREHANKF-——-DGOTONWEDALEKVGDLHGHHIGEN D-—-KOGRAIRDE
Hgene 111 EHVRNQKESFAKRFEEHET KYKDDVEGELQRWRIATNE ARNLEGECONRDE--TDADCIRD
1R ——— I
!

AtTX12 160 VVELRVQCVVATIGLEE-EENHFGKEERKDCKCELFDLEKSRTKEL 203
RBA1AgG 167 IVEEVERVLATFTSED-TEDHHCVNF 191
AtTX14 178 IIKEVEKALSNISRER-NGDREEID 213
RES4 187 IW:-;WTLLIGIPPEGSHNAWGAL 191
REPLNAL 245 268
Lé 217 240
Ngene 169 187

Figure 3. Multiple sequence alignment and secondary structure prediction of plant
TIR domains.

This multiple sequence alignment showed the expected « —helices and A —sheets
of AtTX12 and showed the conserved TIR domains through comparison with the
TIR domains of other representative TNLs (black box). The arrows indicate the

C—terminal end points of C—terminal deletion mutants (41~49).
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aD3

Figure 4. Structural modeling of AtTX12 using Phyre2 comparing to RPP1.

The tertiary structure of AtTX12 was predicted by using the PhyreZ2 program
comparing to RPP1. @ —helices and B —sheets are marked in purple and green,
respectively. An additional @ —helix was present in the C—terminal region. Each

number indicates the amino acid number.
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2. AtTX129] AZAN = A aES HEo] AFFo|nh

7o) vre] bl ZehAl sk Q2610 A ER 2Rl o] wHlE
SalA UAS Z2RE 245 W= genomic AtTX11/125 FAAANZD 45 Fl1
A& (Q2610>>gAtTX11/12) 9] e 4% A 2dFS ebd v Ul
(Song, 2016). ¥ dAFoxEs 2L waoz 203709 ofvwmits ¢4F3)she
AtTX129] cDNAZ 2493t Q26100 Qalx a7 AI(Q2610>>AtTX12),
F1 f2EolA S48 4848 2d3- vebilvh

AtTX129] A sl BFA0 HAaske] AtTX129] F9& HAstaz C—&

(<]

S 2HY 10719 ofv At Fast

)

< Agsto] 7+7F 193, 183, 173, 163, 153,
143, 133, 123, 113709 olv|wAts S5t ArTXI2—-CT1, AtTX12-CT2,
AtTX12-CT3, AtTX12-CT4, AtTX12-CT5, AtTX12-CI6, AtTX12—-CI7,
AtTX12-Co/8, 28]1 AtTX12-C79 F 9702 C—dd AA =<AwWo| construct

£ Azxsiglen, 0 F C47& At 8702 & constructE of71 el =4k

1L (Figure 5A), Q26103 wwiste] Ar7X12 C—-Ed A4 EdWolE Wds

—.~
rir

F1
FAEY] 2939S ST (Figure 5B). Q2610>>AtTX12-C/12] 35 F 1970
o] FAASA gels FvskaL, olFelAl 127019 eRlelA 4% e YA 8|
EdPo] YELST Q2610>>AtTX12-C/2 BARABAY B F 1270 22 F 670
2RI NA, Q2610>>AtTX12-C/3 FAAEAE F 1871 2l 5 770 el A%

Aa) m@Ho) Jert.

StA, Q2610>2AtTX12—CT4, Q2610>>AtTX12-C25, Q2610>>AtTX12—Co
6, Q2610>>AtTX12—Co8, 1813l Q2610>>AtTX12-C/9 FHA8A= 742t 13,

23,14, 14, 183 11709 2kelS #nlsh Ay B5F o] A3 A] b2 ofAd &
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[e]
Ein

3

&

| opy

AR ERE

A o)

hvA
ey |

-

o
1 Zodwo] AtTX12 §AAe] AAF 38 o}

}l ok (Figure 6). 1 A3}

S

2

= A

tel RT—-PCR

S

w7)

=13
=

o] AtTX12°)

<

5|
RS

WA §1zxel PRIV BGL22)

1}

AT

AtTX12-CT1~ CT 5=

1
R

A
R

o]},

7]
=
EAR AT, AtTXI12-CI5~CT9=

3ol

HA3E 1~173a.a.7t4 9 4

A=

<)

[e)
s

s

9]

A, AtTX129] A

]

aE 7Z7F ¢

1
R

EMEAE AtTX12-CT4

oy

)

a}

1

37] 2~
Ao

g ¢E2l HEo] AtTX129 &4

s,

o
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A

ATX12 DELETION MUTATION

M- - E— —

B

% 5
SE€x

Q2610>>AtTX12 AtTX12_CAl ALTX12_CAZ AtTl(l‘Z_aS

AtTX12_Cad ATX12_Cab AtTX12_CaA6 AtTX12_CaAE ATX12_Cad

Figure 5. A schematic diagram of C—terminal deletion mutants of AtTX12 and the
representative phenotypes of seedlings overexpressing the C—terminal deletion
mutants.

(A) A schematic diagram of C—terminal deletion mutants of AtTX12. The four
highly conserved TIR regions and C—terminal deletion mutants marked in yellow
bars and black boxes, respectively. (B) The phenotypes of 5—day—old seedlings
overexpressing C—terminal deletion mutants of AtTX12. Upper left panel,
QL610>>AtTX12 (right) and WT-—like sibling (left) of the F1 progenies of
UASpro AtTX1Z2 line crossed to Q2610. Q2610>>AtTX12_C/1~3 lines exhibited
stunted growth phenotypes whereas Q2610>>AtTX12_C74~9 lines displayed
WT—like phenotypes. Scale bars = 0.5mm.
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Q2670>>TIR

[OAN ( ( U g,
D= " 200 0 8 2% % 8 2 5% NN
P P S S e S S SR SIS
FEEFESFEFESTEE § &0

BGLZ T — x26

Strength of
growth inhibition

Figure 6. The overexpression of inactive C—terminal deletion mutants of AtTX12
failed to induce the expression of both PRI and BGLZ in transgenic plants.

The 5—day—old transgenic seedlings were used for the extraction of the total RNA
from which cDNA was synthesized and then PCR amplified with the gene—specific
primers for AtTX12 PRI, BGLZ and EFI respectively (A¢t7X12, 32 cycles; PRI,

BGL2 and EF1, 26 cycles). TIR indicates At7TX11, AtTX12, or AtTX12 mutants.
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1
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ol

A

]

o
i

ok MSA #A& E3 AtTX12 oA % AE interface Aol o]
dAaEE BEYF 24 W AY-Y 25 W SAEYHO] gA ddo EAEE= AL
skt wEb  AtTX12 ¢ A e HER MAY S| AU

B5HQlA) glstnal 24 W AR 25 W s AE o] 27 Sehdow Ag| 94

)

AW ZAdWo] construct (AtTXI12 S24H25/AA)S Axstel F 9 71 24<19
FAMSA S AEsHA T (Table 2). T1 &3 Q2610 9o wHlE E3l9 Fl
A EONA AtTX12_S24H25/AA & HAAT AI(Q2610>>AtTX12_S24H25/AA)
9 7 2kl BT Aol A EA b2 ofdE A AP S dERdlth FE39E TIRI
A9 el ®BEF 20 A of27|dn 25 W 3| AEUS 7M7)t dEpdoz X gt

AtTX12_R20HZ25/AA = I3 st= F 10 M QI610>>AtTX12 REOH25/AA

FAEES NE oY A4 EEFL UEidFigure TAB). ob4F 4
EAYS Ushl: AE5e nE s¥el §74 o] BASTA Ay F AEL

solste] FAARE AEUL AFSAT o duks wEd 25 W FAEdo

ol
ko
ol
)
=

TNL °o] 755 337l AsiA 3 Yiz FF58s s9° A=
vl o} (Wirthmueller et al., 2007; Heidrich et al., 2011). @ zo] & H =z
+4597] 9814 nuclear localization signal(NLS)7} AMgHE= ZA$7F @),
NLStradamus ZZ 73S FalA AtTX12 9 ofujwit AE& &g Ay} C-
ko] EAs= 183 W ofw|iAbe A 203 W ofmiAil b2 7Aool FHE-gh
o] NLS # =5 th(Nguyen Ba et al., 2009). webx] o] Ao &A=
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o

183 W, 184 W, 196 W, 197 W golx AIdE& 77 depdow
2 3H(K183K184K196K197/AAAA) &) AAA 52 &4 HE ZAbs
=92 16 MO QI6I0>>AtTX12 KI183K184K196K197/AAAA  BAHEA
oA 13 7} ghelelA A T3P o] Yebsth(Figure 7C). o] A=

C-weke] @714 obvlmite] AFHo] gt G AgAS BrAolA sk

Jdo
J

G
il
ofy

TIR o A44Assel Festthn Qeld obulwit oo AlZE ofvluwitel

P& FoA dotry] f5to] FA94 FAdWolE Al Xkt (Table 3). F2H914

=AMl construct & A HAoA 7 HEE S7MAIIIA JEFHORE
Tag DNA polymerase & A}£3}l9] PCR cycle 5 S7IAH o, 243 o]3 0

WY BAL BN 9199 LRE F

FE

sh3ltk o] A3 & 30 o FF
| W37t gl silent =AWOlE

o]
A 2)3t nonsense ENHol9 missense ZHolof] ohd F= 8 o W

j&

AtTX12 =AWolE FRr3IgoH, o

[
>

(ez]
=

i

r‘gl_’;

construct & A Z3FATE. QL610>>AtTX12 FI0V 9 A% 9 /M9 dAAsA =
7 7)ol A A A7 3 2A¥S UEhdlen, QR2610>>AtTX12_N1ZK,
Q2610>>AtTX12_N36D, Q2610>>AtTX12 K60R, Q2610>>AtTX12_VIGSA 9]
A5 Zk7F 10, 10, 10, 17 719 & #ZelelA AFZAs td8S Yebdlth (Figure
8A—E). o] A= $2 4F7F9 AtTX12 Eddol:= LA &0 FAHASS
oulgteh, &, 10 W Hiddebd, 12 ¥ opAstelzl, 36 W ofAueEkzl, 60 W gho] A,
168 ¥ Wale AtTX12 o] A s o] H5H ol ob5& AlAFSHTL

HbH o) Q2610>5AtTX12_VI01S, Q26105>>AtTX12_K150S, Q2610>>AtTX12-

K15879 2% ZtZF 10, 12, 14 /M 2E gl AAA 5] Aad ofys
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A F AFES gasel  gAATE 4E9e AFSA
AtTX12_V1014(1~100a.a.) 2} AtTX12_K1584 (1~157a.a)+ AFA ZAJo]

A" C-Zyg ZdA ZdwWolel  AtTX12-CA4(1~163a.a) Bty AL 9

=

ofuj - ako g2 FAEAY] wZel $19 2 /e X EAWole] & BA A= C-
ek AA ZAHol o) A Aypel AEekdth AtTX12_K150S 9] 150 ¥ 2ol

U8 TIR Z=HQles & BEE Qs oAk ofy oy, 2402 BE A

=

?1A1ete] BE interface @Al IFeS Fo2M ATX12 9o AN FA

279 5 vk
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Table 2. List of site—directed mutations introduced into A¢7X12 and their

effects on growth inhibition activity of AtTX12

Position of mutation Strength of growth inhibition
S24H25/AA -
R20H25/AA -
K183K184K196K197/AAAA +

Strength of the growth inhibition was visually assessed by comparing growth
inhibition and presence of root hairs between transgenic seedlings overexpressing
a mutated form of A¢t7X712 and the wild—type A¢t7X12 The following scoring
system was used: lack of growth inhibition, — growth inhibition similar to wild type,
++; growth inhibition weaker than wild type +; mutations showing decreased
growth inhibition activity are in bold. Double or triple substitutions are separated

from the original amino acid sequence by forward slash (/).
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Figure 7. The representative phenotypes of seedlings overexpressing site—directed
mutants of At7X12.

The phenotypes of 5—day—old seedlings overexpressing site—directed mutants of
AtTX12. Q2610>>AtTX12_S24H25/AA (A) and Q2610>>AtTX12_R20H25/AA (B)
exhibited =~ WT-like  phenotypes  whereas  Q2610>>AtTX12 KI183K1854

K196K197/AAAA (C) displayed stunted growth phenotype. Scale bars = 0.5mm.
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Table 3. List of random mutations introduced into At7X12 and their

effects on growth inhibition activity of AtTX12

Position of mutation Strength of growth inhibition
AtTX12 (control) ++
AtTX12 F10V +
AtTX12 N12K +++
AtTX12 N36D +++
AtTX12 K60R +++
AtTX12 V101l4a -
AtTX12 K150S -
AtTX12 K1584 -
AtTX12 V168A ++

Strength of the growth inhibition was visually assessed by comparing growth
inhibition and presence of root hairs between transgenic seedlings overexpressing
a mutated form of A¢t7X712 and the wild—type A¢t7X12 The following scoring
system was used: lack of growth inhibition, —; growth inhibition similar to wild type,
++; growth inhibition weaker than wild type +; growth inhibition stronger than
wild type +++; mutations showing decreased growth inhibition activity are in bold.

4, nonsense mutation of amino acids.
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Figure 8. The representative phenotypes of seedlings overexpressing random
mutants of At7X12.

The phenotypes of 5—day—old seedlings overexpressing random mutants of
AtTX12. QRLZO10>>AtTX12_FI10V (A), QRL2610>>AtTX12_N12K (B),
QI2610>>AtTX12_N36D ©, QZ610>>AtTX12_K60R (D),
QRI610>>AtTX12_VI6SA (E) exhibited stunted growth phenotypes whereas
QI610>>AtTX12_VI101S (F), QLZO610>>AtTX12_K150S (@),
QI610>>AtTX12 K1587 (H) displayed WT-—like phenotypes. Scale bars =

0.5mm.
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4. AtTX119) £29H EQWo] BN E% AZAN S 4H
olml At A

AtTX11 ¥ AtTX12 & Z17F 204 7§9F 203 709] ofm|wito g FAE, o]

il
rlo

AZ @ 4 719 obvnal A Aol E ZHAsa 9lo] 98%°) FAHE ekt

AN

AtTX12 9 78 W of|:=Ake FAIQD vhH AtTX11 9 49 dEed, AtTX12

1o

_ﬁ_
91 W ol ARE go]alel WA AtTX11 o A$ of=7|d, AtTX12 ¢ 152

rE

=3

ofu] Ak ofAstEbIl Wb AtTX11 & A-f Al™, AtTX12 o] A% 174-177

A=Al 47190 FFEAo] EAstE whd AtTX11 9 A9 174-1789H g x]of 579

M
4%
o
off
:‘-‘)L_"

fr
Q,
T
o,
N
N
2
o
o
jal%
N,
>,
e
o
Lo
o
ol
o,
3t
O,
of
wW
S
2,

N
=il
1o
iy
re
2
o
mlm

Azstdom, otmmAt Mol WL gl silent =AWHolE AT 9 TR
missense =AW C]9} nonsense =AWl LHE % construct & AFske] F1
A=l Q2610 o ol TEAIZTHTable 4). Q2610>>AtTX11_R20C,
QRL610>>AtTX11_A64T, Q2610>>AtTX11_L77M X Q2610>>AtTX11_KI190N °

A% 727 6,10,7,9 749 FE E¥How AU §A484 dold AEAN 5L

3

et (Figure 9A~D). ©o] A¥= AtTX11 9 209 o274, 64 W1 &ehd, 77

SA 783 190 W ogolale AtTX11 9 AAAd s A5Ho)=] o}

flr
»
o

ously o] AHELS tFE TIR ZHelod # BEFX] okt (Figure 4).
Hl of] F1 2=l A Q2610>>AtTX11_R32L49W75Y99/GPRH,

QR2Z610>>AtTX11_E43G,  Q2010>>AtTX11_E79G,  Q2010>>AtTX11_VI10I1,
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83l Q2610>>AtTX11_K1587° 745 747} 8, 13, 8, 6, 5 79 BE SHEoR
w
=

e FAAGA #leld  ARAS ] A" oY FAF RIS
ekt (Figure 9E~D). ol2fgk op¥d A A= Hebd 2E52 BASTA A
T AES FHQlsty] g H=ds AT o] Ay AtTX11 oA 32 W

olE71d, 49 W Fa, 75 H EYEY 99 W EEA FoA Hojr 1 7] o]
oful:=AF, 43 W ZFFEAF TE3 79 W ZFFEA] AtTX11 9o A5l
TS oju] gttt w3k AtTX11_V1014(1~100a.a.) 2} AtTX11_

1584 (1~157a.a) & AAAM &4o] 2dd AtTX12-CH4(1~163a.a) BT} 42

rr

SO olulmAtER FAHUY WEel 2 A FA EdWeld ¥4 B4 A

-

AUTX12 ¢ C-29 A4 Belvlo] 24 Azl 433kt
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Table 4. List of random mutations introduced into At7X11 and their

effects on growth inhibition activity of AtTX11

Position of mutation Strength of growth inhibition
AtTX11 (control) ++
AtTX11 R20C ++

AtTX11 R32L49W75Y99/GPRH -
AtTX11 E43G -
AtTX11 A64T ++
AtTX11 L77M ++
AtTX11 E79G -
AtTX11 V101l4g -
AtTX11 K1584 -

AtTX11 K190N ++

Strength of the growth inhibition was visually assessed by comparing growth
inhibition and presence of root hairs between transgenic seedlings expressing a
mutated form of A¢7X71 and the wild—type A¢7X11. The following scoring system
was used: lack of growth inhibition, —; growth inhibition similar to wild type, ++;
growth inhibition weaker than wild type +; mutations showing decreased growth
inhibition activity are in bold. Double or triple substitutions are separated from the
original amino acid sequence by forward slash (/); 4, nonsense mutation of amino

acids.
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Figure 9. The representative phenotypes of seedlings overexpressing random
mutants of At7X11.

The phenotypes of 5—day—old seedlings overexpressing random mutants of
AtTX11. R2610>>AtTX11_R20C (A), QRLO10>>AtTX11_A64T (B),
QL610>>AtTX1I_L77M (C), Q2610>>AtTX11_K190N (D) exhibited stunted
growth phenotypes whereas Q2610>>AtTX11 _R32L49W75Y99/GPRH (E),
QIZ610>>AtTX11_E413G (), QL2010>>AtTX11_E79G (@),
QL610>>AtTX11_V1017 (H), Q2610>>AtTX11_K158~ (D) displayed WT—like

phenotypes. Scale bars = 0.5mm.
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ARZA S0 24" AtTX11/12 EdHolE= PRI TIL §&

a7 Eaoh

AtTX11/12 3 EdWol o] S FEadAnt A xdHo] vehA

o)
15

FAAG s et ATX11/129 BAZYE B FA40] 28 =

rlo

RT-PCRZ ARSItk ofAE  mdAFS YeEd  Q2610°>AtTX12 K1508,
Q2610>>AtTX11_E43G,  Q2610>>AtTX11_E79G,  Q2610>>AtTX11_R32L49
W75Y99/GPRH, Q2610>>AtTX12_S24H25/AA, 181  Q2610>>AtTX12_R20
H25/AA BAAE AEAAE "AL 5ol ztoli= Aoy BF mdwo] ArTXI]
TE ATXIZZF B S g8k, TIR AS abielA #gahs WA
FAARRD PRI EEEA gkgtom, 4N gleARt W FFEo® BGLIY
QT wbdHe] AR AR BARFES UEd Q2610 AtTX12 K183K184
KI196K197/AAAA, Q2610>>AtTX12_NIZK, 183l Q2610>>AtTX12 BAAF

A& M=, ArTX129] Wy 37 =& 59 PRI Y BGL2S wdo] E1E At

%
olelg A ST ATXILI2  EQWOlE Wuds: ALARE ABSol
obAE EADL UERE ol f7t BAWo] ATXII/12E e FEOR B

giio] ofyet =8lE A EAWo|RE skl ArTX11/12°] EAe]l a2 Az
shFol WATA Fdxe] HdS FET ¢ U] "WEolgkes e oudith uhebA
AtTX129] 24W A9, 258 ]2, 9@ 1509 2lo]Al 78la AtTX119 439
SN 2 329 of27d, 491 R[4l 75W EfER, 99¥ EEAl Fo| It

ofm] ik AtTX11/129) &Adell FB52Ql ofn|wmAitoletar o et}
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Figure 10. The overexpression of inactive point mutants of A¢7X11/12 failed to
induce the expression of both PRI and BGLZ.

The 5—days—old seedlings overexpressing the point mutants of A¢t7X71/12 were
used for the extraction of the total RNA from which cDNA was synthesized and
then PCR amplified with the gene—specific primers for At7X12 PRI, BGLZ and
EF1 respectively(A¢tTX12, 30 cycles; PRI, BGLZ2 and EFI1, 26 cycles). TIR

indicates At7X12and AtTX11/12 mutants
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6. FollA AT ArTX12 FAF AR RsTXIZ= N7 AN A
AN TS HEAT

AtTX129 A F-31AE gHsEte] &4 X314 basic local alighment

l

search tool (BLAST)E AFg3sto] HAst Ay tho] w5y &9 F-HA oA

AtTX129) §AVe 5477

—|~
r
2
o
o
et
(o]

i

A3kt B2 FE (Brassica oleracea var.
italica), BEZEH S o}FQ FYZE9Y (Brassica oleracea var. botrytis) $F
(Raphanus sativus)®] 7l DNAS T30 2 AMEste] 72} £ ArTX12 A 74
Zbell 5o]&Ql primer®Z PCR T%3t & Z24Y3Iglon olgs 2472 BoiTXI1Z2,
BobTX12, 7183l RsTX12etal g 38llth,

BoiTX12%k BobTX129] 471 4< AAsted wjagt A, AEZ dolM A
2 4709 Aolek 1789 o] &dlHol 99.5%°] §x4d (1013/1018)S YERH S
BobTX122] Q7142 Ful5=(B. oleracea) 8¢ 3 (B. napus) A8 27144z
100% AABHATE. BorTX129% BobTX12= 747y 20470¢] ofnl ks & s}star Sl
om Mz 100%9 &84S ekl dolgmols el d a2l CAF1919942.1
o 5 WA AX| skt A, RsTX129 A7IMEs 2% A3, 7o 44 ¢

71493 100% (1155/1165) A etgdon, etasiats QY 2367019 oful it A

O

=

g2 dolE o]~ AefA T2 Phloem protein2—like A5 o wwz
(XP_018438135.1) ¢ all"d= Ut BoiTX12, BobTX12, 18]11 RsTX129] ofu| Ak

e AtTX129 2+2F 65.2%, 65.2%, 1811 56.3%2 TAAS UJey= AL

ok

Ql&kith. of 71 Ao AtTX12, BoiTX12, BobTX12, 183 RsTX12Z 21&9] TIR
=5 A MSAS 233t A3} (Figure 11) AtTX124 AE interface 34 ol
P Aoz FAEE 24 A”/25W 3| AW, BB—loop ¥ HEH 43 =
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FEAE, 12131 NADase &4 Z4z o3Hes 799 S FEAE 25 AtTX12 A
G M BEES &S FRIsith TIR1~4 A% AtTX12 fAF T H o A]
TEACR BRI Q= Ae glsglrh 3 AtTX12 fFAF & 25 of 7]
ool TIR =dl Afole] {A#AE phylogenetic analysis using parsimony

(PAUP) X2 @S AREsle] ZASE A3 (Figure 12) BoiTX12(BobTX12) &

re
(e

AtTX12¢ 7 =2 FA3AE Uetdlon, 522+ RsTX12, RBA1, RPP19]

SAR FARAT FS Row wyE

H

W7ol AeTX12 fAF FaAE] ARAS E4E vehd=A Elstazt
P o) 717 o el A Y A Z T (Table 5). Q2610>>BoiTX12%}
Q2610>>BobTX12 B 2=9 B¢ z+7; 6719k 13708 Ee ghlolA o ¥
A BEYES YERT] wiiEel BoiTX129¢ BobTX128 A% o7 ZdlolAx &= A%
Al s 24 &= Ao BT WHde Q2610>>RsTX12 BAAS 29 A5,

T 10709 S3AA gkl FollA 671 whleld AFgAS TAdFS HEbith ofd

A4S ATkt (Figure 13).
obAE FAF RHF S YN Q2610>>BoiTX12% Q2610>>BobTX12 A S
A fFAEelA AtTX12 fAF FAaket BARA FARES AAF FES dotR izt
3

RT-PCRE A&t (Figure 14). 919 2712 FAHMSA eplel X ArTX12 {4+

FARE FEEJ oW PRIF BGL2Y IEe Fldd = gtk whde] A s
2AE S Yt Q2610>>RsTX12 FAHMZ A FZoM= RsTX129 w3} g7

Bl

PRIF} BGL29 A FFo] A5t AS gskglth. o]#st RT-PCR A=

43
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AtTX12 FAF 54229 #dtd ddAs 229 mdgy ASsts dygon,
AtTX1299] 71 w2 FA@A T &3kl BoiTX129 BobTX12+& o717 t)o
A AAAE B34S YeRgA £ ubd AgiE oz okl ve FA#AE sk

RsTX12%& A €4S et
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AtTEl2
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BoiTX12
BobTX12
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AtTE1l4
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ArTElZ2
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AtTELl4
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Figure 11. Multiple sequence alignment and secondary structure prediction of TIR

domains from Arabidopsis and AtTX12-like proteins originated from crops of

Brassicaceae.

This MSA showed the expected « —helices and S —sheets of plant TIR domains
and showed the four conserved TIR regions through the comparison among TIR
domains of Arabidopsis and AtTX12-like proteins originated from crops of
Brassicaceae (open black boxes). The arrows indicate the essential amino acids

of AtTX11/12 verified in this thesis and conserved among AtTX12 and AtTX12—

like proteins.

Collection @ chosun

e N N

125
128
125
125
132
141
132

o e e
[T
@ oo e oo

%}
=1
-

TIRL

MRIASS5P55 55NVSVIFTGPQVEISFRGEELREGE
METSEISTVEDE —

——-I-——-QVFLNYRGEULRR SFVSHL IDAFERNE INFFVDEYEQRGKDLENLEFLRT

—-—-5SNFGSVFLNYRGDOLRY GFVSHL IDAFERYGIMFF IDEDEQRGKDLT NLEVEM
-—-IDVHQVFFNYRGEELRY SFVSHL IDAFERHGIDFFVDEYEQRDED---LFART

——-IDVHQVFFNYRGEELRY SFVSHL IDAFERHGIDFFVDEYEQRDED---LFART

———PPOHOVFINFRGADLRRRFVSH

r—u_>—”"mm'm _Hn‘—rr

AE SSWCMDEL]
AE SRFCMDET|EMEEC

LERYGIMFI IDKDEQRGNDLT SLLLRT
LEKEKNINVE IDEHEVRGKDLI SLFRRI
LKLNNINVE IDDYEDRGQPLDVLLERT

'-—>—l T —h—>—ﬂ' -

[+ 7:%
TIR2 l TIRS

VEIKELADERKLHVIF IFYKVEKVEDVEKQTGEFG
/NIKERADERELENIP IFYEVERRDVRGQTGEFG|
FEMEELADORELOI TP IFYKVS ARDVRKQTGEFG|
VEMEEKLADORKLOI TP TFYEVS ARDVREOTGEFGE.

HEWILAEVS-—
EFWALAKVS-—
'NETIALA.KBS——

.5 LGDKS--DELDF IREVVERL

.5 LGDGR-—-5EL

IIDKKS——J'ESEF\?NEI VERN

aD*
CHCE LEDLEKSRIK-KL-—-—=——=mmm—mmmmm o mm o 203
CE-NFPEVEAKSVEIDHMNFSNASGEEE QNQEVLVLSHDOFVE 236
LRIZFFMEDCFSITIKC-———m === m == —m—m———m o = 204
LRIZFFMEDCFSITIK -~ —m——=— == === —— = ———m—— —— 204
VSERKLTT-- — 213

Hi

45

. CV-VATIGLEEEENH -——-FGEKERED
GL.SLRORS--PEADF IKEIVKEVERVR TATVRG GRQSHHCIKFIQNERTRT
}.5LEDKS--SEADFVEE IVEEVERV- IAATKLEEEEEN -—--NLEEKGES
}.5LEDKS--SEADFVEE IVEEVERV- IAATKLEEEEEN -—--NLEEKGES
4 IKEIVEEVERV-LATFISEDTEDH-—--HCVNF---
.CLPEHSDESEKDF IRSIIKEVERA - LSNI SRERNGDR -——-EEIDDCEV

124
127
124
124
131
140
131

187
145
187
187
193
205
186



i RPP1

34

—  RBAT

38

—32 ___ ReTX12

2

— 23

AtTX12

33

L3 BobTX12

81

23 RPS4

AtTX14

50 changes

Figure 12. Phylogenetic tree of TIR domains from Arabidopsis and AtTX12-like
proteins originated from crops of Brassicaceae.
A phylogenetic tree constructed by PAUP4.0. It showed a close relationship among

AtTX12, BoiTX12/BobTX12 and RsTX12.
46

Collection @ chosun



Table 5. The effects of the overexpression of Ar7XI12-like genes
originated from crops of Brassicaceae on growth inhibition of transgenic

Arabidopsis seedlings

AtTX12-like genes Strength of growth inhibition
BobTX12 -
BoiTX12 -
RsTX12 +

Strength of the growth inhibition was visually assessed by comparing growth
inhibition and presence of root hairs between transgenic seedlings overexpressing
the At7TX12—like genes and the wild—type A¢7X12. The following scoring system

was used: lack of growth inhibition, —; growth inhibition similar to AtTX12 , +.
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Figure 13. The representative phenotypes of transgenic seedlings overexpressing
the AtTX12-like genes originated from crops of Brassicaceae.

The phenotypes of 5—day—old seedlings overexpressing At7X12-like genes
originated from Brassicaceae. WT—like (A, left) and Q2610>>RsTX12 (A, right)
siblings of the F1 progenies of a UASpro Rs7X1Ztransgenic line crossed to Q2610.
QR2610>>BoiTX12 (B) and Q2610>>BobTX12 (C) exhibited WT —like phenotypes
whereas Q2610>>RsTX12 (D) displayed stunted growth phenotype. Scale bars =

0.5mm.
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Q2610>>TIR
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Figure 14. The overexpression of Ks7X1Z2induced the expression of both PRI and
BGLZ.

The 5—day—old seedlings overexpressing the A¢7X72-like genes originated from
crops of Brassicaceae were used for the extraction of the total RNA from which
cDNA was synthesized and then PCR amplified with the gene—specific primers for
AtTX12 PRI, BGLZ2 and EF1I, respectively (A¢t7X12-like, 30 cycles; PRI, BGLZ,
and EF1, 26 cycles). TIR indicates AtTX12 and AtTX12-like genes originated

from crops of Brassicaceae.
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7. AtTX129 &% 874 A B3

rlr
of

o % opuicit 4

N

pUR

Adg A Az, AtTX12E 12 Z2ANME AN S 2337 i
AtTX129] C—e A4 ZdWolo e &% HugA @Ao] fAHEA Felsto]
ojelgh Ao Al d9S AdstuA st AZAE RdIS dERde
Q2610>>AtTX12,  Q2610>>AtTX12—C1,  Q2610>>AtTX12-C/2 181
Q2610>>AtTX12-Cs/3 FAASAE dubaQl xxdd 22T9 129 x

28CollA 24zt wfokslA

o

010\1

vEAE 22Teld= AFAS 2FFS YE=

QR2610>>AtTXI12—CT3

ot

AASA F 770 2B FolA 2712 ghele] 28°CelA
AR NS 2R (Figure 15D, H). Q2610°>AtTX12, Q2610>>AtTX12—
CA1, 283 Q2610>>AtTX12-C/2 FAASRA A, AFA ZIAIS
HEtlE Ee gRRleA 2% vty E4& FA 8o (Figure 156A~C, E~G).

T3k Ao A TAFS YElE RS ATXI1/12 B Aol Ity

iih)
=
N
O
~
v
s
N
ot
i)
)
rigt
1>
it
1o
o,
o
of
oo
=
AL
r o

1
SollA A7) 2Rl 12 FA A BFA M o] AHE REF S HERA WA (Figure
16C, F), =z 9o EE A Bddel eldAMEe & wvizyd A4S
FA 8k ek (Figure 16A, B, D, E). o283 Ayl AtTX127F &% ¥uzAy 24&
FA7] EllAE HAa 1~17370A49] ofw]icAte] Festa, 173W%-EH 183W
Afole] ofmliAbe] FriHo® QFHUhE A ou|EhH, C-wd Jon= H
Holzl B 999 36W oAzl E AFHolgts 3S ou|gitt

@, ATXI29) dpadel o8 fEHE ae mugd AgAs zEdel
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EDS1 & 21str] slste] oA wAL  Q26105>AtTX129 wls|A

ZANA wkstget. 1 A edslI—2 Q2610>>AtTX12 FAASNA= F 2%
ZANA Az 53t BAA ZIAFS JebWloh(Figure 17). o]#3t A=

AtTX12¢] & BRI A Al 5ol EDSlel HlejE2olet= s S| git),
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#5 28C — #12 28T e #4280 o—

Figure 15. The representative phenotypic changes in seedlings overexpressing C—
terminal deletion mutants of AtTX1Z2Z depending on different temperature conditions.
The phenotypes of 5—day—old seedlings overexpressing C—terminal deletion
mutants of AtTX12 grown at 22C or 28°C. At 22C Q2610>>AtTX121line #5 (A),
Q2610>>AtTX12-C1 line #12 (B), Q2610>>AtTX12—-C/2 line #4 (C), and
Q2610>>AtTX12—CF3 line #18 (D) exhibited stunted growth phenotypes. At
28C. Q2610>>AtTX12 line #5 (E), Q2610>>AtTX12—C1 line #12 (F), and
Q2610>>AtTX12—C/2line #4 (G) exhibited stunted growth phenotypes whereas
QRI610>>AtTX12—C73 line #18 (H) displayed WT—like phenotypes. Scale bars

= 0.5bmm.
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#1 22C  e— #6 22C  — #3 22C  —
#1 28C — #6 28°C  e—

Figure 16. The representative phenotypic changes in seedlings overexpressing
various point mutants of AtTX12 depending on different temperature conditions.

The phenotypes of 5—day—old seedlings overexpressing point mutants of AtTX12
grown at 22T or 28T. At 22C Q2610>>AtTX12_FIOV line #1 (A),
Q2610>>AtTX12_K6OR line #6 (B), and Q2610>>AtTX12_N36D line #3 (C) all
exhibited stunted growth phenotypes. At 28°C, Q2610>>AtTX12_F10Vine #1 (D)
and Q2610>>AtTX12_K60R line #6 (E) exhibited stunted growth phenotypes
whereas Q2610>>AtTX12_N36D line #3 (F) displayed WT-—like phenotypes.

Scale bars = 0.5mm.
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28T — 28T —

Figure 17. The representative phenotypic changes of edsl—2 Q2610>>AtTX12
seedlings depending on different temperature conditions.

The phenotypes of 5—day—old edsl—2 seedlings overexpressing At7X12 at 22T
or 28C. eds1—2 Q2610>>AtTX12 seedlings grown at both 22C (A~C) and 28T

(D~F) exhibited weakly stunted growth phenotypes. Scale bars = 0.5mm.
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EMQRE BRAAAAL TXE $EEND W Ak AEAEE EE A

0
o3t
2
%
2!

AF S Yehli= o] d e A9l dAsk= A Itolth(Swiderski et al., 2009;
Bernoux et al., 2011; Kato et al., 2014; Nishimura et al., 2017). =3 TIR Z#]<12]
27 MEAE 24E A e olFAIS Y uEAsty Sesk o] HAE
interface®} DE interface® &allA 3 e th(Bernoux et al., 2011; Williams et al.,
2014). AtTX129] aE Fx& A8t S C43 (1~173 a.a) 7HA & A5
FAZOY, oE Tz dAE" Cg4 (1-163 aa)fEHe BAAHo] 249
Ads AtTX129] ARAN SR 71Ee] A7 TIRI w7HAR ¢ES HEo
GpAolm F7HARl oF 2w A5 o)A drhe s njgitt

o Yol RPS429] TIR E=d|Q1¥ RBALS] ol=FA|stE flsliA+= AE interface®
Fsk= oA G 31W Al 3291 S|AE|do] Aot
HuE o (Williams et al., 2014; Nishimura et al., 2017). AtTX12¢] a A 4ol
sk dieet $1xe 24 Al 256%W S|AEWUS dEpdor X gst A
Ao 2AHNT (Figure 7). @, ArTXI11_R20Ce] 725 A 5]
FAERIL AtTX12 R20H25/AAS B A3AN sl 2dd das Fdsd
251 s|AEdo] AtTX11/127F AN s FAsk=H Hop ddAolgs A&
olulgtr}, =g RBA1S] DE interface 328 9 27} A|EANE Fof A4Zolgta
R 1499 2he]al¥) 1519 ko] A (Nishimura et al., 2017)% F&5d 914 ]
AtTX129] 1428 2folalat 14491 Fefolilo] At Z g ofv|ite] ek
EAWE =stel AtTX129 4e% DE interface® 43574 2 HEH

obvliite] W g g Bast Yk

== T
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AtTX11/12 o oigt F2Z9Z¢ Zddwo] EQlox E sty AN

g ofn|qko® AR o] FAETE AS AAFG (Figure 8, 9).
ol 29 A0l Zddwo] ERlog AFAF o] 2AE F ZdAwWo] Fof=
E43G (AtTX11), E79G (AtTX11), Z28]a21 K150S (AtTX12) 7} 93tk (Figure 8, 9).

43 W ZF 150 W #olAl& Z+2F BB (8B—aB)—loop 9 BE el $1x)5}e]

FA Al TIR #35#g¢ A2l BE (BB loop— BE) interface & AT 7oz
o A=t AL TIR &) A3 ZH8- oA = 7% BE interface 8] Q4 90] ojn] A% uv}

A (Nimma et al., 2017), FHol= 2= TNL <l ROQl ¥ RPP1 °lX BE
interface ¢] F24J°] X% n} gt} (Bayless and Nishimura, 2020; Martin et al.,
2020). = ROQL1 9] 7% resistosome & B4 ¥ elA BE interface o] vt %<l
Hgo] fdxm AAA SR NADase a4 &4 F97F =&89va dH 5o (Martin
et al., 2020). webA, AtTX11/12 o EAlst= 43 H =594k 150 A 2ho] Al
NADase &4S ZZ3t= BE interface o ddH}AFS dTo=zA AAA &5l
A58 Tlss T JoR oddn B HI A Aol sid
FAl &9 TIR @Al SARMI ¢ NADase &4 AlXE W9 NAD' S
AAAA MEALE Fstthal vt 5 oW, L6, RUN1, 183 RPS4 54 4& TIR
Gl A S AR NADase &/do] zZhgato] stieol Ap7F AlZAbd 5ol g

ASEAS AAst= Aoz By vl itk (Horsefield et al., 2019; Wan et al.,
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2019). A% TIR %7919 NADase &4 A Agole FFHAlo] FEHoR
HEEFS 9lom, AtTX11 9 A 79 ¥ ZF8Ae] #&a A A
==l (Figure 4) E79G &R0l A9 Aol 2dE A= AtTX11 ¢
AR Fol FH2<Q NADase &4 Fa7F A5 AE dujsict 919 A =Wl
A s FEskd, AtTX11/12 o AN s A A= TIR 53 w7 HA =
AE/BE interface & &% A3%-8&3 NADase 84S Qo= sty AEAS F
Atk

o] Al AEQl BEFEe, FEEehy, 283 FoA Fush ATX12 A

LX
wg

N

59 Als DNAS 224938 2442 BoiTX12, BobTX12, 71811 RsTX1Ze}al
g3ttt AtTX12+E BoiTX12, BobTX12, 181 RsTX129 242} 65.2%, 65.2%,
I3 56.3%9 sAAES UElou o7l RIEAGE A RsTXIZ=
AGASN s RHES FE8 W, BoiTX129 BobTX12= %34 Stk (Figure
13). AtTX12$} BoiTX12, BobTX12, 18]i RsTX12 oluiAil HAE A Hslo

A A3, AtTX11/129 AAA s 540 oA A9 249 Az 259

+

A 2 A 79¥ =F"=AE, e D3 Aol

pol

3| ~Eld, BB loopd 43¥ ZFFEAh
14291 o)Ay 144w Zgfolrlo] BEF BEX S Itk FH AtTX129

AR 5o A2l 150 o]alol A$ BoiTX12¢2 BobTX1294 = HEH

a9

I RsTX12014 = of2rjdor  A&HoY vy @74 s 7HAX
AT (Figure 11). olgldt A= wiFIelr fFaAld AtTX12 fAF S99
of7] el A 2] A E TS AtTX129 Ffate HEE ol gl thE do
T UE opriAt Mo oA AR v Ae vty § ofes At

BoiTX129} BobTX127F ¥z &4do] ¢l whizoloj] A )5S 3] 5HA] H3ot
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AAA ohym 7] gulelAT AgAN Bl UEhbA e AAA s
SN el BoiTX129 BobTX129) AAAQ) Fide sl A7HAE A
g4e wala=A 2AE Ao Y,

AtTX11/12°) #ddaow Svw Az 2dHLS 28T

lo
K
rfo
EN
)
_OL
e
X
Fl

fAHYgon, oled dit of1grle] B TX FAAA ATXI49] FrEow
b oy magol

2014). AtTX11/129] 2 HAA ANl d5-Ad dA93 opn ks

=
o
R
=)
o
o,
o
°
o,
£
pa)
B
o3
oo
ok
rlr
iind
B
S
=
~
)
o

@
=

A7l fleliAM, 22T el A= dERd =dde] dEd

225tk (Figure 15, 16). wabA  AtTX127F A H o=z 1 ®wWA

A se A8 fleids C-2=e] aE¢ oF Apolol EAsk= 174~183

o
ON

aa. elol @yEw, gB A4S 36W ofasmelzle] WiHoleh A& ojmwch
) Aol lakml SNCI9 slLAe] o§ fEH boni-10) AP EAFS
e 2A M obBP fAAl SBEN, o RN EDSIH SNCIC

o] AAHE= Aol Bud vl 99td(Yang and Hua, 2004). 38 sncl SO

58 9 Yo FHESR 12 FHAME FHE FAGE Aoz HiuwE wH
thH(Zhu et al., 2010). wehA AtTX1204 A¥E &% w7A] ZdWo]l5L C—
ko] F7FA Q1 Ao, N36D Wste] oA ofAlZA R F24 $A| 7} wdlske]
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g vl ;e wwgd AgANSel EDSI QEAAA HAstngt obyd

W3 Q2610>>AtTX120 wlsh Al sl A ofsts o $7] 2y

o
tlo

A EXEA 0] V538t eds]—2 QE6105>AtTX12 §-25S 22TCS 28C ZF70A

vl vjeFst A3, 2k wste] wE ZHW xbolrb wEEA ekt (Figure 17).

r

olg|gt A= ArTX1zel  F ARAMNES Q26100 AtTX12%  edsl—2
Q2610>>AtTX12 7+e] =73k B@d zlololx] & = Q= 1) EDSI-9&2 A=Z9)
A2yt 1 ZAANM FEAHOR edsl—2 Q610> AtTX129 AEE AN
A 2)  EDSI-wEEA n2-HWIAd Az faiA  Adudts A
oFA Bt (Figure 18). webd edsl—2 AtrTX12 Feta Ao ZdAwolE w9351
Aol FhEHE RAFS 7 EAdWolE AHE A9, 2)We EDSI-H|oEA

ne-wwgy Az dgHE el nnd o gb AR PgAss wi
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Figure 18. Model of EDS1—dependent and putative EDS1-
independent/temperature—insensitive growth inhibition pathway of AtTX12.

1) The black arrows indicate the EDS1—dependent signaling pathway of AtTX12.
2) The red dashed arrow indicates the putative EDS1—independent/temperature—

insensitive signaling pathway of AtTX12.
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