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What to edit:
Rapid Evolution Through Analysis on

Functional Evolution of Polar Genetic Resource
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SUMMARY

I. Title

What to edit: Rapid Evolution Through Analysis on Functional Evolution of Polar Genetic Resource

II. Purpose and Necessity of R&D

(O We aimed to identify amino acid residues that make the functional evolution of polar moss gene possible and try
rapid evolution and give evolutionary functionality to plants by introducing the functional evolution-causing amino
acid residues to the less-functional homologs through the gene editing.

(O We aimed to try to find more functionally evolved polar moss genes by analyzing their functional superiority.

III. Contents and Extent of R&D

(O MBFlc is a transcriptional regulator. When overexpressed, Arabidopsis MBFlc (AtMBFlc) resulted in
only high temperature tolerance. In contrast, Polytrichastrum alpinum MBFlc (PaMBFlc) showed
tolerance to high salt stress as well as high temperature stress, suggesting its functional evolution.

O Through functional analysis on amino acid residues of polar moss gene PaMBFlc, we attempted to
identify the amino acid residues that gives PaMBFlc superior functions to MBFlc of temperate plants.

(O To this end, we established the reporter system for functional analysis, induced amino acid mutation in
MBFlc, and performed screening for the functional amino acid residues.

(O We then induced rapid evolution by modifying the identified amino acid residues of Arabidopsis
homolog, AtMBFIlc through gene editing technology.

QO Parallelly, we will find more polar moss genes with superior functions.

IV. R&D Results
(O We established the PaMBFIc target gene (RUBP) promoter driven-luciferase reporter system in tobacco

leaves and Arabidopsis protoplasts to monitor MBFIc transcriptional activity.

(O Using this reporter system, we found that the modified AtMBFIc to contain putative phosphorylation
sites only in PaMBFlc acquired higher transcriptional activity than the unmodified AtMBFIc at the
levels similar to PaMBFlc. Overexpression of the “functionally evolved” AtMBFlc in Arabidopsis
improved salt stress tolerance. We also gene-edited the endogenous AtMBFlc by CRISPR/Cas9.

O In addition, we identified one more polar moss gene, plastocyanin that has superior stress tolerance
compared to Arabidopsis homologous genes.

V. Application Plans of R&D Results

(O We will try to pinpoint the functionally important amino acid resisue of PaMBFlc for superior stress

tolerance and apply our findings to crops to improve their stress tolerance traits.
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CRISPR/Cas #3472 R 7)1<< WA O = non-GM HH2 9] 2]
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= JNAdo] oAl ZhestkAl H A
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A e, 713 Aol e SA 07 FAALL ofd tiE qgE Aed = A
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= A7 8 Aotk
d A7sE 2 334
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H 2 & e 7|=7iE &

O =Y FAo17] FAALY A7+ AY BF SAITLNA FEHCE P o e
S TR AFL AFo| T B 42 “antarctic” ¥ “moss” 2 Web of ScienceE 74 4(2Y 3}
St fAeE ATz I3, AAA AT 3.6%FF (13%/355%)o|th I, HAA =ES
19904 ol 3557 FFo.Z, 2000t Eo1 A4 207H el =&o] #F3] YR U
O A7 FHxde &8 44101]*1°P giketn, YdukA o7 FAoly FHAA AAE A
Ao st FHA 7les &<, &8st o] dREEolH, 7leAd st AHoRE
A7 FRAAA ¢ 75l %ﬁi O}ﬂli/&ﬂ% =etal, olF F&dtE e d7e F
Asker (Yoleu et al., 2020).
O =41¢] CRISPR/Cas F#A# HF 7€ A< BS F8A4 4 A7 (S A5 5gApo

FIF

oejA FEHog P Qut. IBSE ALstar, w2 AT CRISPR/CasATE =
SHal YA A& =5diEE AY gle AAon BS 34 wg d7wEES ALsta
2] Zo)| A CRISPR/Cas 97 =&& 2¥3I 152 7| A= It IS A=
protoplastt} ZZujek Al ~Eloj A CRISPR/Cas®] &8-S Hd &Yl Hlg), B AFe
o 71t el A} CRISPR/Cas TE A& o= 43351 CRISPR/Cas HA ¥ homozygote 2=
Ag Z233te =< TxEIT (Cho et al, 2017).

O CRISPR/Cas 37 #3F 71&2 BAd& =3t deletion 2 DNA repairAl gojus =4
olE Zldste HANA Al ArIMES ASsHA HYFsE FEAMA olEXT

(Barrangou et al., 2007; Jinek et al, 2012), =tjof, vl= FFAHWUSDA)LS At 3¢ 28Y
CRISPR/Casell &gt 2z #H¥HA A&l disiA #FAE stA AT xR webA,
A2 2Hnon-GM) ¥21¢] ZbE Aol 7hestAl = AT

USDA Will Not Regulate CRISPR-Edited
Crops

39| CRISPR ®3 &< A 34
22& A= TheScientist
A o2 non-GM W2le] 2l & JjAo] Jlsolx B
CRISPR/Cas& 01%’5‘}0# ol ARG A/l "k 1] 3] A7,
O & d7= 7S "9-AE A7t td g5 SAo7] FadoAA iz gt
O &, 74 3ol &1d =x0)7 FAALAAN s & 7hssiA & 71543 ot
Eqt71E FRlsted, ol & BR4=2 homologel #x4 dH7|e=2 =Y 7+, non-GM &4
o ot SA FAALe &89 A7t 2 Aotk
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7} 7153138 +4
(1) RUBP promoter-luciferase #]3& A|2~® =

- AAREAERJIAR] MBFlce, o714t 32k (AIMBFLO7 A2 2Edf 2 AgATs Yo7
7

ge), 27 o] $74 PaMBFIOE & B ozl diEds AL ol
A< 7 ot (Alavilli et al,, 2017). o= SA] o717} |9& Bol 2k d=EY 28517
L3l A2EfH 2 AP 715S WAzl AHE FHHTh

o83t 7|53 FAE YoI)= PaMBFIc oA E Eelst= AL WA B3z A=t} o)y
g 3 ofmiAbrlo] o3k 7159 Afold] dle= Wo] Aaruyzte} )It7he] COLDI, ef7]7dthel o]419]
SAFQ! Thellungiella salsuginea2] HKT1ol4 ZrolE 4= 2t} (Ma et al., 2015; Ali et al., 2016).

o]Z 9Jafl, PaMBFlce] =3 §3A2 A== RUBPRING/U-Box ProteinE ©]-&3t], PaMBFlce)
RUBP &8 %= 7% #AAT 4 U= RUBP promoter-luciferase (RUBPp-LUC) €]3%E] A|2HlS
T e oY AFEAE VIR E ISk vk @A B A7ES FuiclelA
PaMBF1c7} RUBPp-LUCS] &8 & f-%=3k= preliminary A7+23& gHslar Ut

RUBP-LUC #]%E| A]2Hlo] B Q3 RUBP promoter-luciferase o3 #Ej$} PaMBF1ce} AtMBFIc
d WEE AR 988t olo] Tl s o7 AdFAA A FEed HAP Fekrs
DNA &%, AtMBFlce} PaMBFlce] RUBP %4 Xfe] Hln TS #A43ke] o] RUBP
promoter-luciferase 2] & A& P},

53] Az EAo] AidoE ALZ 7| dFEA 7o g 3 gxH ALEHE HE 5%
2 3l Julsle 7o g g RUBP B|32H Al2®l A SdskAl 53T

E o] AtMBF1c 7|5 &4
| ¥, PaMBF1c®} AtMBFIcE t& 2lE49] MBFlce] A g3} vluste] $H Gr|Agel] Aol
= =3t o)E YsliA site-directed mutagenesis 7S ARE-Sle] ZF MBFlcol] WS &)

o

T 7% A AR Edwe] Wi $E @rIAdEe (D multi-alignment, (2) putative
modification sites, (3) structure-based active site prediction 52 WHS HEAHOZ FYUsle] A1A
St} B3], IR|o)7], LUXE, AU ES AT Hlwske] olm|i-Ata) AJEjSA o wE A S
< st AAstaAk ok

- AIMBFlc ol G7IME B4 SallA &<lsta, Sdwelrt gld AtMBFlc= RUBPp-LUC

2 ZE Al2goA 71%5S AT



v @318 3
(1) i1t MBFlc 4 5l A¥ AtMBFlc |2 $A A=

- B A&k, AF 0751?_ AT FTHE AsNA 7€ T ofv|A4t M-S F§ PaMBFlce]
715332 2 &st= W 9o, CRISPR/Cas Al ~®l 2] homology-directed repair (HDR)S 3
&3 of71 AtMBFlCE‘ PaMBF1c® X|&staiz}t gttt o]& 184 HDR &&o] F714
A& RS T (Miki et al., 2018).

o 7%

antibiotic selection)
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A 8+3] AtMBF1c 9] %ol PaMBFlcZ X]&3}7] 93l Miki et al (2018, CRISPR/Cas9-mediated
gene targeting in Arabidopsis using sequential transformation. Nature Communications)e] =
HS st o] W2 CRISPR/Cas Al =®lol A doju}= Homology-directed repair (HDR)
AL olgste WHoR X3 uxt e FUVIME FHA G| thd homologous DNA
substrateE sl &I Ao AVIMEe A 5 Aok

LRI

D) 715 A3} Zx0]7] %;dx].%g] 3y

PaMBFlc ©]9] £ ¢17Ele PaFKBPI2, PaProfilin, PaPlastocyanin Zhd@z]oja] A~E# 2 AdHAo)
Z7FHe RISk

mEbA, SA A 75 JEE AR 95 JEE Aleske B A5 PaMBFIc ©]9] ol&
FAAE o= BYgshe kg viistaA Fok

HA], o]E FEAYY of7)1AHe] homolog HLFAE Azbeta, FR|o)7] G-t FA3A| <} thek
g 2E# 2~ 2t A3 Hla o

o] ATE @ ATWAL F AT FAHA PaMBFIc 9] 1% A8} 4049 Suape] 4ol
2 AT=E 71eX3} opn|Aky] 2 Bl 918} g2 AR AR wjiell PaMBFlcel B %
< Uz ALY 7158 2B 55 gRIs F %, PaMBFlce} AR WH2le] &=
28 s 93 7 A7 FHe A=
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20189 =
=W o] MBFlc - PCR based Site-directed EA W] i A4 2
7584 site-directed =<1 o] =d¥o] f &
715318 24 &4 |- Gateway construct FKBP12 5 Z&d#E A2
- Gateway ¥ Ligation
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2z b S - Luminescence imaging Ll A= e b I e B
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phosphorylation site Bl & %3k
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_ o] &3t i
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3. AT E
7t 715318 #4
(1) RUBPp-LUC #2¥ Al2® &4 9 Zdwo] PaMBF1c/AtMBF1c 715 &4
- AAkzEJIAR] MBF1ce] 7lse <otir] #lsl PaMBFlce &7 {fHA2 AAA=
RUBP (Ring/U-Box protein)E ©]-&3F RUBPp-LUC & X¥ A 28-S T3 oo =&
23 RUBPp-LUC %+& wE]9} PaMBFlc, AtMBFIc w3 wE S 2414 ch

HJ[O mH—l

- RUBPp-LUC @] ZE ]l th3+ PaMBFlc, AtMBF1ce] 93-S dolr~r] 93] FujdS
o] &3t RUBPp-LUC &3k W3S #&31¢cth RUBPp-LUC w3 kS vlwg Ax
PaMBF1cE HHi oA A 2@ 739 RUBPp-LUC 2xEE ¢ &do] F78dth
vl AtMBF1cE 317 38171 4-$E= RUBPp-LUC 2]XE wdo] 34 wstA
ATH

¢

82

s
—_—t

RUBPpLUC
+PaMBF1c

RUBPPLUC

RUBPpLUC

Luminescence intensity (X10°)

RUBPpLUC + + +
PaMBF1c - +
AtMBF1c % - +

Ffalof Aol RUBPp-LUC &

- 4 AFAel g PaMBFlce 7153 A4S dodle ofm4rlE F7] 98l
PaMBFlc, AtMBF1ce] o}r]:=4t A E-S T.aestivume MBFlc (TaMBFlc) o}v]:4kAd-S
Hl w3tk & 14789 PaMBFlc &% ofr|iibs AP o] F Al7je] ofr| =it
712 A "3l site-directed mutagenesis 71 S o] &3] AtMBFlcol EdHolS =3}
Atk

El4A L28A

4 4
AtMBFlc MPSRYPGAVTQDWEPVVLHKSKQKSQDLRDPKAVNAALRNGVAVQTVKKFDAGSNKKGKS 60
PaMBFlc MPARTAGPLSQDWAPVVVHKRAAKSADARDPKAVAAATRAGAEIQTVRKFDAGTNKK--- 57
Fkak k .akkEk kEkk. * . sk k. kkkkk . kh

* kK ok kkkkkh kk .ok *

AtMBFle TAVPVINTKKLEEETEPAAMDRVKAEVRLMIQKARLEKKMSQADLAKQINERTQVVQEYE 120
PaMBFlc SAAPVVNTRKLDEEHEPAAFERVSSEVKHSIQKARLEKKWTQAELAQKINERPQVVQEYE 117
sk ke kkahkakk KhkAkkaahk ekke & KhhhE akhkekke . RAEK KEAKARAK

AtMBFlc NGKAVPNOAVLAKMEKVLGVKLRGKIGK 148
PaMBFlc SGKAIPSQOVLAKLERALGVKLRGKK- 143
Khk ek kK

. 4 SN
A129Q

2t AlEAl9] MBFlc oft]iil A vlw I Rt o4t 2]A] (Red arrow)

- EdWol7t fEH X ol ulgl AtMBF1c-E14A, L28A, A129Q= w3} th.
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AtMBFlc -+ GATTTGTGGAGAACTACTGGTTCCCAGTCTTGTGTTACTGCT -

AtMBFlc -El4A - GATTTGTGGAGAACTACTGGTGCCCAGTCTTGTGTTACTGCT -

AtMBFle «+ TTAACCGCTTTCGGATCGCGTAGGTCTTGGCTCTTTTGTTTTG -

AtMBFlc—L28A -+ TTAACCGCTTTCGGATCGCGTGCGTCTTGGCTCTTTTGTTTTG -
CB ce6atcecefrec]e GG

AtMBFlc - TTCTCCATCTTCGCAAGCACAGCCTGATTAGGAACAGCTTTAC -

AtMBFlc-A129Q  ++ TTCTCCATCTTCGCAAGCACCTGCTGATTAGGAACAGCTTTAC «+

€6 G Glc 76 GG CAGI

RO A L A

E=AdHo7} = —‘5‘_—4 sequencmg

- 2 AF=elA 753 RUBPP-LUC el ZE A2H& o] §3te] RUBP-LUC 2| ZE | thgt
PaMBFlc, AtMBFlc, mutated-AtMBF1lce] <k LolrHr] ¢ HujdsS o] 83t
RUBPp-LUC W& WH3slE A&t

- Gl 019~6P<11 RUBPp—LUC HESFS Hug Ay dAZFo= RUBPp-LUCH
PaMBF1cE @71 &A1l 297} AMBFIcE &7 2@ A2 49Kt RUBPp-LUCS] @
ol = owli o] 2 8k¥l AtMBFlcst A ™Azl 739 RUBPp-LUCS =de
AtMBF1csh H@A1Z] 739-9F wlszshA] Yetbstt.

RUBPp-LUC

= 10000
W ow

lumingsgence % 10000

- RUBPp-LUC Al2Hl-& AP AA ] thallA = T3t dBEAE o] &3 A xgoAs
UBQp-rLUCE §HA| AFg-3}e] transfection &89 thgh internal control® ARE-3F T

- RUBPp-LUCY| 32 AtMBFlcEt} PaMBF1cel| ¢js|A o =4 UEST
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FLUC/RLUC

RUBBpLUC Rugppm:v RUBFRLUC+ RUBFpLUC+ Rusppwh RUBFpLUC +
ARMBFIcEMA AVMBFIcL28A ASVBFc-AI29Q

BFlc PaMBFlc

083t 7 MBF1co ©]3t RUBPp-LUC W&lQF #a} &

o]

- AtMBF1ce] ©d =dWo] fF=#¥% oYzt PaMBFlcet AtMBFlc ©@#a It
phosphorylation siteE ®ladte] F @A IEe] ztol7p Qe Fito Tk EdWo] f %
£ ysta Jor. PaMBF1ce] A 81, 82, 87 A o}un]x-4ko] phosphorylationo] ot
A9k o] X s|Fst= AtMBF1ce] 84, 85, 90 A| o}u] =4+l = phosphorylation®o] &
Uz geRAom FAsT o|gd o)yt d~Ed 29 g PaMBFlce 7153 #A Q)
A dotr 7] 9 2 fAo g EdWolE =5t A AtMBF1c-K84S-A85 )

B Z 813193 AtMBF1c-K84S-A855-M90SE Al #5141 th.

Mutant name | Pa aanumb | Pasequence | At aa numb At sequence
= : S K84s 81 Serine -TCT 84 Lysine - AAA
Agss 82 Serine - TCA 85 Alanine - GCA
Me0s 87 Serine - AGC S0 Methionine - ATG
AtMBFlcQ} PaMBFlc_] phosphorylation site Hln @ E3d¥Ho] § & QJX]

- gRF AHE SEdy o7y g¥AAe UAHow @E AA AMBFlc-K84S,
A85S, M90S 7} AtMBF1ce} PaMBFlc¢} wlaste] ol HE=2 RUBP #x#+¢e dd&
Esh=A Bkt

RUBPp-LUC ~—RUBPpLUC
+AMBF Ic
" T e ey e
RUBPp-LUC &AL HE}

Different phosphorylation sitesin MBF1c proteins

_13_




- A3

A3}, AtMBF1c-K84S, A85S, M90S+ AtMBFlcHE.th= =11, PaMBFlc <} H]

A<
= ~
o] RUBP FEE BT ols X#T Al FHA E947F PaMBFlce] 71%5el F23%
< dte Aoz 2 5 9tk

4. 92338 59
(D atmbflc SAwol Aol BH AMBFlc 4H9) 2 AtMBFlc Zha-@a] A%

- RUBPp-LUC #l¥xH Al2HlS 53] A3 PaMBF1ce] ofu]:4k7]17F o 71 ZA U A F 2
7152 st=A golr ] {8l N7 AN atmbflc EQAHOIAE FRIF I o] EHHo|A)
o] PaMBF1c o}vl2to 2 A8 A¥ AMBFlc #4748 AR

T E¢wo] AMBFIcE o7 gthell B2HeS A7 T3 homozygotedl FAAAS g rs}

E14A
El4a L28A L2BA A129Q
WT  #10-9 #15-1 #25-9 WT #3141 WT #4714 #454 WT #14-1 #10.8
Aémiﬁc - AtMBF1c = e i AtMBF1c

_L28A -

_A129Q

PP2A

PP2A PP2A

T =Uo] AtMBF1c9| o7 o] ahaed 2l

TS, phosphorylation siteol] ¢ A% Al ofn|=4t S o] AtMBF1c(K84S, A85S, MI0S)=
W7o FAHAE AlA FLAAE FREAT

AtMBF 1c-K 845, A8SS. M90S
OVErexpressor

ANMBF1e-K845,
AZSS, M90S

PP2A

AtMBF 1¢c-K84S,A85S5,M90S9] &

4

3lo
=

fie

- A omw Luﬂol AMBFlc FPIRAES obgRY o 2EH2 Mol e 2
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(2) CRISPR/Cas Al 2=¥l-& &83F of7]&t] AtMBFlc ofn|:=4F x]3F

- CRISPR/Cas A]~HlS  o]&3ta]  of7]&dt] AtMBF1ce] phosphorylation site A3%&
PaMBF1ce] ofjn|:=4k MEE X&stzl skt (K84S, A85S, MI0S). o] H-2 CRISPR/Cas
= o] &3 f3A HH7|E FAHFo] Homology-directed repair(HDR) 4L ©]-&3F WY
o7 g7} Yl Aol drIAde]l E¢E homologous DNA substrate(donor) &
ojFol A& Ao Yt EAWOlE FE3H7] f1F ot olE {8 T&
CRISPR/Cas Alz=EHlS zZta Qe 2E(Cs699) TR P A =ddol7t =%
Homologus DNA substrateS A 23} %4 t}.

A,

it o ol

target sgRNAILL
K84S, A85S, MI0S TCGTGTGAAAGCAGAGGTGAGG
target site
donor2 \ 5'arm(800bp) I \\ 3'arm(800bp) |
N N
\\\ \\\ \\\ “\
\\\ \\ \\ \
chr3 - { AtMBFic } ‘
AtMBF1c

AGCTGGAAGAAGAAACAGAGCCTGCGGLGATGGATCGTGTGAAAGL AGAGGTGAGGTTGATGATACAGAAGGCGAGATTGGAGA
TCGTGTGAAAGCAGAGGTGAGG
AGCTGGAAGAAGAAACAGAGCCTGCGGCGATGGATCGTGTGTCTTCAGAAGTGAGATTGAGCATACAGAAAGCGAGATTGGAGA

sgRNATT
donor

mutation to aveid Cas9 after replacement

AAA =y TCT GCA == TCA ATG = AGC
Lysine | Serine Alanine | Serine Methionine Serine
GAG =y GAA AGG =mp AGA
Glutamic |~ Glutamic Arginine | Arginine
acid acid

of 71 & AtMBF1co] E}Al olo|w=ArS x|ghs}7] ¢35t Homologus DNA substrate A%

- &3 donorE CS699 lineo] & A3E AlA, AtMBF1ce target site} X3 /A4S AES
T S+ primerg YAIst] T T2 Althe] Ao AR&stth. Donore] 7)A€
AtMBF1ce] @71AEe ztol7b Z7] W&o Z+zbol| | F3st= primerE AF&3ste] X3 of H

o 4 gtk o9& o], AtMBFlc-HDR-F9} AtMBFlc-HDR-RE A}£3}o] PCRE & 79,

] & RE9 primeryt Agste] wi=rt yYelu, AtMBFlc-HDR-F2F AtMBF1c-ORI-R
AREEHH X FE A g2 FES WETE yEhdH.

o v

sgRNATL
905 TCGTGTGAAAGCAGAGGTGAGG * - AtMBE1c-HDR-F:
target site forward primer that can
donor2 |\ 5'arm(800bp) |\ I‘ 3'arm{800bp) \ bind to Chr3
\\ A ‘\‘ i
=l .. .. €= : AtMBF1c-HDR-R;
Ches : L MMBFle f reverse primer that
binds to only DONOR
AtMBFic AGchGAAGAAGAAACAGAGccmcGGCGATGGATCGTGrsmmcmmcccmonﬂemeA
SgRNATI TCGTGTGAAAGCAGAGGTGAGG « : AtMBF1c-ORI-R;
donor AG(TGGAAGAAGAAA(AGAG([TG(GG(GATGGAT(GTGTGT-"T'\'AGAAETGA:SL‘{i?:T;AﬁTA:S;G;\i::(;('i‘:cﬁ:\;lii.:i/:( reverse Primer that
binds to only original
AAA  wep  TCT GCA wmp TCA ATG = AGC AtMBF']c([n ChFB)
Lysine Serine Alanine Serine Methionine Serine
GAG wmb GAA AGG wmp AGA : Nested-HDR-F; forward
Glutamic = Glutamic = Arginine = Arginine primer that can bind to
acid acid Chr3
FAREA A AR HES YT primere] CiALe
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FAAES T1 Altfoll A selectionS F&sted 3/94*100 = 3.19%2] %3 &8 73 9
o,

HDR efficiency in T1

1% PCR : 1140bp
' nested PCR : 986bp '
[ ]
* "'h
chr3 . arm [ AfMEFTe T arm —

Tlold FRRA A71MY x5t oin-g WHs] 93t PCR

[e)

- T22 AltE W=l 33 bulk PCR A3} CRISPR/Cas9e} donore] %8k 2}-g-o] TloA gk
aA= Aol ofye, Azt dErte fFasitdes Ae BoFo.

* the number of bulk is 20 plants

HDR efficiency in T2 bulk*

-
T
! 6 HDR reaction efficiency in T2 : 10/93*100=10.75%
=
-
—

T2 bulko]A] HDR && &l

- CRISPR/Cas9¢] HDR #tg-e8 53 97] &2 &85 T317] 918t TlolA HDRo| dojwt

< uj, T2 individualel 41 2] HDR &-&3} T1olA HDRo] dojupA] kAt T2 bulkell 4] HDR
o] Yoj kS u, T2 individualel 2] HDR E&& T3t =2 A Y}

T2
Number of T1
HDR e The number of % of HDR
d in individual S
occurre Slints individual plants occurrence
28 0 58
59 0 46
62 6 46 13.04

T1olA HDRo] ¥dojt line®] T2 individual HDR &&

_’lé_



Number of T2 HDR in T2 bulk*
DF  Geimdbiel ofmiiie  J¢THDR
plants plants occurrence
! 3 39 5.08
0 53 0
’ 3 39 8.47
2 i 59 5.08
32 0 i ;
. 10 39 16.94
o0 2 36 5.56
& 10 62 16.12
50 4 59 6.77
87 0 po :

* the number of T2 bulk is 20 plants

T2 bulkoA] HDRo] 2ojut line9] T2 individual HDR &-&

- ¥3l, PCRE Y} 9= band’} HDRZE ¢l YEFE bandd S
yalga, 1 A3 G714 do] HDRE <13+ X Sto] & Uojut
DONOR GCGGCGATGGATCGTGTGTCTTCAGAAGTGAGATTGAGC

#-8T2 GCGGCGATGCGATCGTGTGICTTICAGAAGTGAGATTGAGC

GG '-it".Gi'GiG."': CTTCAGAAGT B G A ?".G--G-I';.'-'..!"l“.G-'- CG

\ﬁ)(\ /\_

DONOR  GCGGCGATGGATCGTGTGTCTTCAGAAGTGAGATTGAGC

#7-10T2  GCGGCGATGGATCGTGTGTCTTCAGAAGTGAGATTGAGC
GGATCGTGTG|NOTTCAGAAGTEAGATTGABEATAT CGAC GG

Sequencing2 &3t HDR 057]1\101‘ x|gte] &rol

NeAS §A4 G - I AN FAA HLAA A 3 BAY B

- PaMBFlc ©]¢] £ AT d3yAFE F3ll PaPlastocyanin, PaFKBP12, PaProfilin Z}'&#&
Ao A ~Ed 2 Aol F7HS sttt o€ A4 7lsS dAF3st7] A8 A
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o]7] FFAAW ol g} o5 FHAYe )71 A homolog FHHAAE A Zsta, FH]o]7] H
A HEAA 9} thFt 2E 2~ 2 oA AFAHE HlwstE AFE AP ST

(1) PaPlastocyanin & A A2t 2 Y £

1

- 2EdY 2z 3 PaPlastocyanin® F37 7se BAS7] S8 ALAAE AzSA
71 Zdel  FAHBs HLHFAE  AZEI homozygote lines  FH AT
(Plastocyanin Overexpressor; PC-OE).

- 2Ed 2o i3 531 S #Fe] fal  2E#HZ2=NaCD, A2 2EH S A3t
o ~E#2NaC) 243 AL 2~Ef 2~ 2HNA B PaPlastocyanin 237+ A4+
Aol vl B =& FFH £S5 Bt

09 = 0.9
= Wl
2 os o
o 3 o8
g v &
5 e 2 o7
2 —_
22 s +Col-0 Eg - WT
°E EZ 06 -PC-OE |
EL s i
PC-OE 1 =z
R e L +PC-OE2
ERCE -+PC-OE 2 S5 s
E 02 S
E E 04
= 0.1 =
0 2 4 6 8 10 18 24 30 42 48 54 60 66 72 0 3 6 9 12 18 24 30 36 42 48
NaCl 200 mM treatment (h) Cold 4°C treatment (h)
o N S
 2E A0 Ot g & vl A2 2EZA Ost P/ a8 vl

- T3 "o] = FAHNA I 2EH2NaC)E FUJL Wl PaPlastocyanin & A7} A4
B 2A Yehd RS #FET a8y Yol gle 3&76‘01]/‘1 s
& o 2E#2NaChE W& A Sol|= PaPlastocyanin LA o} AAA o Byl Ao

PC-OE | PC-OE 2 Cal-0 )
Light

120
<
=
=
H K oCol-0
A EPC-OE |
£ w0 WPC-OE 2
©
g
-4

o

O0mM  50mM 100 mM 150 mM

NaCl concentration

PC-OE 1 PC-OE 2 Col-0 PC-OE | PC-OE 2 Col-0 Dark

100 DO Col-0

80 ] E2PC-OE |
“ mPC-OE2
40 ﬁ 1
20

“ !

OmM  50mM 100 mM 150 mM

Root elongation rate (%)
S

NaCl concentration

4= 01]*1 A &2 WiRIES AHA), & AEe)A uiAl(hed)e] wa) A W]

[elie)
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200

100

- TR 9 2159 oF A 4 2E# 2 mE GE40 IS vusidh ¥
ZA = PaPlastocyanin &3 A7 BFA S B8] 9 2EHAE FEE J24 3
ol opg el mlsl AA askTh sHANE F 2HAAE B S T 2EHE =
Eo| oy &olnr opA Y PaPlastocyanin FERA Y] FF4 FHFL BT FF
< Bt

Light Dark

600 600
= B b=
2 500 T 3] 500
g o0Col-0 s OCol-0
= 0 Z o 400
25 BPCOEl EF BPC-OE 1
S—Eu 300 % - 300
s mPC-OE2 F @ mPC-OE 2
= 200 :; -

100 —F‘
(
NaClOmM  NaCl 200 mM NaClOmM  NaCl 200 mM

9 AAED) o ZA(LE0INC] @ AEI A THE AS4 T ¥lL 23

=1

- o719 FAAe} ofr1g e FAA homologet BINE )8l AfPlastocyaninl,2 33 A &
A28 ATE.  AtPlastocyaninl,?  TE&EA T34 homozygote lines FRFHT
AtPlastocyaninl, 27V Z4z; P& =SS 3213t

Q ™ <
X M - 7
R Q

AtPlastocyaninl AtPlastocyanin2

PP2A PP2A

AtPlatocyaninl, AtPlastocyanin2 3y &9l

- 2Edze] U@ BHYL BASY] A8 F 2Ed2NaCD), AL 2EHEE AP
o § 2E#2NaC) 243 AL 2Ed2 300X 5 AtPlastocyaninl.2 FHi@ A ot
BARAE Al FEo BFE 28 2T

09
0.8
0.7
0.6

——WT
04 PaPC-OE1
—g—PaPC-O0E2

AtPC1-0E1

05
04

FwiFm
o
o
FwFm

—PaPC-0E1

03 —e—FaPC-0E2

AtPCA-0E 1
0.2 ——AtPC1-0E 2 02 | ——AtPC1-0E2
0q | —=—AtPC20E1 01 | —=—APC2-0E1
—e—AtPC2-0E 2 —s—AtPC2-0E 2
0 0
0 10 20 30 40 50 0 10 20 0 40 50
NaCl 200 mM treatment () Cold 4C treatment (h)
=1 a1ah = o =1 a1at = o
& 2B 20 tigh FEY as vl A2 AED A0 diet FHd & vl

_’l(?_



- 2Ef 2o i3 8PS AF] fal @ 2E#2~NaCh) 24 By A v
3}A . AtPlastocyaninl,2 A A = o] Y= 2AdH & 2ANA BT AAA Y Hl%=
g ] By S BAY WA PaPlastocyanin L AA o] - Hol A= 21
AR 2EH2E SHste] By AAo] ool weEl ¢ ZAA dEehdt. mhebA
PaPlastocyanin®] ©t&st 324 2Eg oA WAHES 7HA= 75 g A oy {2
do] 2 TR H F USE AAR

Col-0 PaPC-OE APC1-0E AtPCZ-OE

el
S

OCol-0

BPaPC-OE 1
mPaPC-0E 2
BAFC1-0E 1
BAPC1-0E 2
BAPC2-0E 1
BAPCZ-0E 2

=
=1

@
=1

B
=4

Relative root elongation rate (%)
@
2

)
=

=

0 50 75 100 125
NaCl concentration (mM)

EA(100 mM NaCl) HJX]Q] ¥a] A+ v]w

oCol-0
@PaPC-OE1
®PsPC-0E2
AtPC1-OE 1
BAPC1-OE2
®APC2-0E 1
mAPC2-0E 2

Cal-0 PaPC-OE AtPC1-0E  AtPC2-0E

80

60

Relative root elongation rate (%)

0 50 75 100 125
MaCl concentration (mM)

2 27104 @ AEA(100 mM NaCl) Bjx]2] 2] AA}; vl

N

-8 203 o 234 o 2EH2NaChell e =40 Fe vlastinh 353 4
T 200 mM NaCl =Egz 7oA 2443t A2 & ZFAsidv 8 20X =
PaPlastocyanin 3PE@A7F Fd4S T3l F 2EdH2=NaChE "?}‘“*0]
ool we) HA Faskth shAT F =M= FAAde
ol SHolBE HFA} PaPlastocyanin FEAA ] AF4 |
At WitV &2 AtPlastocyaninl, AtPlstocyanin? FE@A C] A9 2Ed|
of 5ok da}ol AR v FE dF54a FF A4LE HAh

Light Dark
350 350

300 300

250 250
200 200
150 150

100 100

Total chlorophyll content (mg /g FW)
Total chlorophyll content (mg /g FVV)

50 50

0 . 0
Col-0  PaPC-OE AtPC1-0E  APC2-0E Col-0 PaPC-OE AtPC1-0E  AtPC2-0E

(EFF) & 2A(F)0MY & 2EA(200 mM NaCl)ol| ohg d=4 & vl 2ot

N
P
r_E
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- PaPlastocyanin, AtPlastocyaninl 18]l AtPlastocyanin2e] 334E& 53 2E#H 2 5SS
g3t S A FFAE ANAE Mgt FFHE 2&S FlsA ’
dichlorophenyD-1, 1 dimethylurea) #2]& Sl Hledd dAADS A< o,
PaPlastocyanin 3¢ A= A vls)] o] 52 FPAH 88 1
AtPlastocyaninl¥} AtPlastocyanin2 @A A o] J3dA &8
HATH & 2Ed=WNaChet &7 DCMUE A eldl& w 7Aoo ¥l8| PaPlastocyanin
JrdAA o] FFAE E&ol o =4 JEEth. 12y DBMIB
(2,5-dibromo-3-methyl-6-isopropyl-p-benzoquinone), MV (methylviologen)& = 23+ 7%,
Z vy AAAGH &34 AAAE BERE 25 AN ES W, PaPlastocyanin
P = B} v FEo FHE EES BT mebA o9 2 A=
BoS w] 9 ~E#2WNaC) 2ANA PaPlastocyanin® +32 AAAGS Z3)
2E#f 2 YAS FE53E A0E2 44T F+ Ao

049
0.8
07
0.6
05
04
0.3
0.2
01

FwFm

Fuw/Fm

—e—Caol-0
PC-OE1

DCMU concentration (pM) 0 —e—PC-0E 2
oOCal-0 mPaPC-0E 1 mPaPC-0E2 4 1 2 3 .
DAtPC1-0E 1 BAPC1-0EZ  ®APCZ-0E1 NaCl 100 mi + DCMU 5uM treatment (h)
BAIPC2-0E 2

I AMsHA(DCMU) #23] & B3 a8 H]ﬂ 2Kt
A ~EA(NaCl) 27004 Fd AAI(DCMU) X2l & F3d &8 vlw ZAIHE)

N

aCal-0 - acol-0
mPaPC-0E 1 1 M BPaPC-0E 1
BFaPC-0E2 o7 mPsPC-OE2

08 | h=
07
0.6 R
05
04
03
02
01

=
"
b

FulFrn

FviFm
2 e 2 2 2o
o 4w e o>
I o
 #H
I
e =3

0 5 10 20 30 0 01 03 05 07 1
DBMIB concentration (uM) MV concentration (ph)

F2/d AsHAI(DBMIB) *2 ? FYE 28 vl ZaED,
G4 AsAMY) 2] & FFY 588 vl AIHE)

(2) FKBP12 #rad A Az 2 »~E# 2~ 58y £4
- B dApdge HAATFE B3 FAo0]719 PaFKBP12 #AAE EAAZ of7| gt 1
&, 7HE, ABA 5 O® 2Edzd g3 Aol ke RdFS FAsATh Alavil
et al, 2018). PaFKBP129] o}~ th homolog % #+¢1 AtFKBP12¢] 7]% % PaFKBP129} 2
o] 2E# 2 Ao FAs=A Lolrr] 93] AtFKBPI2 wpdAS Askoh

_21_



- PaFKBP12 fFxdxt& #EAANZ 5L HEE o] &3t AtFKBP12 #Id WE S A 23t
A3 of71Z ol A ASEt single copyE AYE T2 FAHSA S Fr3Th

| rJ“Bf 32-AMFKEP12- mrrtxpn.mun line-12 glncmlllm |

AtFKBP12 atraAA o] oigt T2Aco) A2l HdE
- o 7] &l thsk PaFKBP122] 7152 94A B olugt FxjolAe] ~EdH 2 st vk
S dolrR 7] 93] PaFKBP12 #d 3 A ASAE A ZFelS T

~ o} 7]& ] PaFKBP12 #F3 A7} TLASAHS By w2o &3 PaFKBP12 32 A3k
BerEd 2 @ AYAS WastAh e 2E# 204 hypocotyl o] AL
A FA ¢} PaFKBP12 #a& A7} vl 3 £35S Helth

b

- 3 AtKFKBP12 #2d Ao A% mpzxrtx 2 1 ~E# 2o|A hypocotyl Z2o] A&
< A} vt FES Bl

22°C grm
wT #6-1-2 #9-3-23 % 100
g 80
38%C i ®

#6-1-2 #3-3-23 g 40 ; .

E 22°C 38°C

= OWT B#6-1-2 B#9-3-13

T AEY A0 gt SA PaFKBP12 uh&diA]o] vhaA
22°C 38°C “
WT AtFKBP12-OE WT AtFKBP12-OE 1w

Relative hypocotyl elongation rate (%)

22°C 38°C

OWT GAtFKBF12-0E 1T MAIFKBRI2-OE 2

TeAEY A0 Tst §A AtKBP12 @ Ae] vhSA
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(3) °f71#h PaMBFlc B}l §xAY 31

- B AFES AYAFE Fa PaMBFlc FEAA AN AHGA e Blwste] Tdo] Fobxl
FAAE AEsT o] T RUBPE 7 =& WdS Hols Fx Aol RUBP ol 571
o] §-Z Ao thgk PaMBFlce] 7153 2Ed 2o e w3AdS AFstr] 9 4§ Ak
it AAHAE A=A T

F. PaMBF1colA Edo] ol F4 55

Gene locus Annotation Fold change

At1g33480 RING/U-box superfamily protein 22.29

At5g59310 Lipid transfer protein 4 (LTP4) 14.47

At1929395 COR414-TM1 1.68

At1g23130 Bet vi allergen family protein 1.62

At4g25100 Fe-superoxide dismutasel (FeSOD1) 1.52

At1g56580 Smaller with variable branches (SVB) 1.53

c,‘"? -igo va é"so d}o 5’:3
CDR414-TM1 family protein

WI $133-6 157-2 186-2 158-3 205-5 197-2

FeSODT  e— — LTP4 — ——
PP2A - PP2A WEEEE SR S e e
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H A AR =E 2dE R o7k

L 975

O 71838 4. 7] &= SA o] FAALlA 7154 ke 7FssiAl 3 oAl |E ddHo= &
sy

O @538 3. 23S S8l ekdl=2] HIXIE} homologous #AHdl 7155318} obv|eil7 & =9
she GSEE Alsste, XgkE 7sde Foldith

O 71538} A & 2Ed2 Al dofde] & A7=ol gaf ofn ¥zl SA|o)7] F3xd<
go= I dA 7ed e glst] rls 3k Al ARt

O HF 5% 2 d7F &l SAFAARe] 48e €2 7 e =% 39 2o 39 AFARH

O 0™
TE s AFMNEEE AT & ATH] (M TH)
= |- 4% 9H A% gd=
RUBPp-LUC ="l 75 |7 g0 / % ?%]é_iﬂ NS EE 10
123 | 2018 | + 1 |- Site-directed &1 o)
= del MBFle 71584 [T g prone PCR =11 9] 20
715x8 FHa &4 - FKBP12 5 &y A4 10
RUBPp-LUC A28l ¢4 |- Eald/ <A@ AA 228 A 28 ¢4 20
=9wo] MBFlc 7|55A | IEPPBPp—LUC/\]i%]O]% EdWHOIMBFle 758 30
2And= | 2019 (—;RISPR/C L= B
— = s - as A
w5 = - CRISPR/Cas & AAA A2 20
71%5X3t a4 - FKBP12 5 @2 =A Azt 10
= a2 - T1/T2e) 4 &AWl 23
S5 = - @713} homozygote &K 40
A | 2020 [egs wuy A% |- w28 A 2Ed 2 WA A4 20
715338 A g3 - FA oI/ /N7 % v@z}ﬂr%aﬂ_ﬂl 7] Bla 20
(2 BF4 5%
=9 =2 (H) U =E(H) E3EU()
TE SCI SCIE SCI SCIE
9] =
FAA | FAA | FAR | FAR | FAA | FAA | FAA | AR
133 = 1
22 % 1
= 1 1

_24_



2. BExdA =

= m " A= A E7) A3
B2a | AA | e (548 == 2IAAH B5)
AAAA FEAAE 100% ©1d=
20189 58 GAH= 100 v AAATL ARy, A FZFAR] =w
Z3o A tha BEg
A AHAZE 100%°14, A
20199 % 5% GA4= 100 v EEETA i BRE gal
Shksol Al Al E o)At *Urﬂ A
A A AHATE 100%°] 3, A =FH <l
HoNE EF =33 2 =00 A=
W0 FEEHE 10 v ﬂgjﬁggtémﬁQMHE;;géegz
437 AR
ARk og A< HolA 100%E
AP o, A HoA =EEH0]
HAFEE O 2A4= 100 v g4 B8 o5 Bestr] 9% & s
BE7F JARS. AT T8 F FUF =8
Z3o] AY=HAJS

(D B4 A
- 20189 %= FAEA A3

S A9/ A%
ATNLEE A& ) °°(%;$
= |- = = E xﬂ ole
g |- Site- dlrected E?:‘_E‘io] 0
EdNel MBFle 71534 || g0 prone PCR & H o] 100 %
75 X3 A 2% - FKBP12 & &9 Az} 100 %
- 20199 = B2 A
A=
A AT ER A& gGAax| AH/AE
(B84
RUBPp-LUC A28l HA |- @/ 3EA gZHA 2= 24 100 %
=¥ o] MBFlc 7|54 |- RUBPp-LUC AlZHlo] & =M MBFlc 7|5 &4 100 %
S s - - CIRPPR/Cas #HE A 2}
g_zﬁ =3 _ L o)
st 59 - CRISPR/Cas @A %A A=} 100 %
715313} A S - Plastocyanin & #IdA&EA4 A2 9 75 £4 100 %

— 2020Lﬂr: /\é Z /\é

:\_l‘

FHUAE AW/ AE
e TEx A& HNe | °°
ATNEE 24U 8 24 (BaA)
=23 3 - CRISPR/Cas¥ A A 84 A5 (T1/T2A4 )
SE23) 9 S 5 .
e - ©=%3 MBFlc HDR line 39 100 %
ZEd 2 299 44 - ©=23 A ~EdS S AF 100 %
5 5 - FA 7 /N7 AT EA Hn B4
7 }_—_;‘g_]_ [e) ;ﬂx __'ZL -1 ) o
e s = - Plastocyanin &% %13& 93t domain &4 100 %
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