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SUMMARY

I. Title

Mapping of active segeunces in extreme condition—adapted genes from Polytrichastrum alpinum

[I. Purpose and Necessity of R&D

- To analyze the environmental stress-resistance functions of useful genes from the
Antarctic haircap moss, specifically plastocyanin and PaMBFIlc, and to map and identify
superior functional activation sites within these proteins.

- To introduce the functional activation sites derived from Antarctic haircap moss genes
into temperate plant genes, analyze the resulting stress-resistance functions, and establish
a foundation for crop application.

[1l. Contents and Extent of R&D

- Using plastocyanin as a target, candidate genes were subjected to primary functional

screening using a transient expression system.

- The major amino acid residues and transit peptide function of Antarctic haircap moss
plastocyanin (PaPC) were analyzed, and superior functional activation sites associated with
photosynthesis and stress resistance were identified through transient assay-based
functional mapping.

- The photosynthetic efficiency of Arabidopsis plastocyanin variants carrying superior
amino acid substitutions was validated using tobacco leaf transient assays, and candidates
showing functional enhancement were selected.

- Arabidopsis plants overexpressing plastocyanin with superior amino acid substitutions
were generated, and their photosynthetic performance and phenotypes under various stress
conditions were analyzed and compared with those of Antarctic haircap moss plastocyanin.

- Crop—compatible plastocyanin genes carrying superior amino acid substitutions were
constructed, and a foundation for improving photosynthetic efficiency in crops was
established.

- Gene-editing vectors targeting plastocyanin with superior amino acid substitutions were
constructed, and gene—edited lines were identified through plant transformation.

- A gene-editing strategy for AtMBFlc incorporating the superior traits of PaMBF1lc was
established, and a novel marker for large—scale selection of homozygous lines was
developed to enable efficient screening of gene—edited plants.



V. R&D Results

- It was demonstrated that the transit peptide of Antarctic haircap moss plastocyanin does
not directly increase chloroplast targeting efficiency, and that specific amino acid residues

constitute key superior functional sites that enhance photosynthetic efficiency under stress

conditions.

— Substitution of these superior functional amino acids into plastocyanin from Arabidopsis,
tobacco, and tomato resulted in a significant increase in photosynthetic efficiency under salt
stress conditions.

- Using a transient expression system, novel cold-responsive and extreme-environment
adaptation genes from Antarctic plants were successfully identified.

V. Application Plans of R&D Results

- The current research outcomes will be extended through continued studies to further
exploit useful genes from the Antarctic haircap moss. The knowledge and technologies
secured through this study will be applicable to the discovery of novel useful genes from

polar organisms.
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- 9= AbEol7l /844 plastocyanin?t PaMBFlc r3d#ke] A ~EH 2 A 75
A9 ol WA g 57 45 9 g ey
- =% 3 A % FFAE F& FAA 8 7N 5 2 29 {8 AR FEe

4. @79 WE

(1) €+9 "4

A ATH FERE FAE 4T 44ustsh el 4 Yol FAE ololAm Ik 5
8, A%He AAATY 7kl e Am PAFES o2 webgA Rsn dum, FAAG 4
A7) A% Aol AR 70785% F7HeHA erom, 2060 oF 159 AlATIE A g

o]
og HEY PGS WA ° AoR o =Fu}
SyuElE FH2 309 Ato] Hit 2x7F 14°C Abssle] 2u3tr) 7h&stE o, oo w7}
w29 53 2 dAEYAT MY el Ax =2 7| FEEkel Q- ESTtel| upE 2 gk
7)o AsH] YA AE BFAAEY A AT A D52 AFTE H

dol AasE AEAE S B Hgd /14S AAx gon g e A e
o] e}
PA

Fud 5 fle 553 IS Bfsta vk F5e] HEadd F2 ke Rx& o/F7 §
dakar vk ol7lF e A e 4 AEEde daHom 4508 @ A #AHe] 5K em
Aot AR AAgonE AUA A A&7 2EHL AR {FAAE FRT F
A Aoz 7Y},

olglgt S Ao AEsE o7l WE dAvE vy A SAZ, daAge #d F
A7 AT Ee @448 dd fERAAe Ve Arve 2 R 384 we Sfel e
R e

® AT AT e T R A7 Al & F4AF plastocyanin®] £+
2EY L AF Ve FA8L, oo dgt &8 VNke FEehs Ao T, A faAdde &
847 4848 gstart It



(2) A7+ &
(7h) @= A& 0]7] plastocyanin ©¥ A —?“’F 71 43 ¢ w3

ol 71t plastocyanin (AtPC2)3} W]uste], 43 = k& 0]7] plastocyanin (PaPC)Q]
2EP A AFGA 2 B FIHo PaPC gl g o] ol it oA o FAAE HF

A7 &A% £ JSS oudy. PaPC @A U 5 U|Ee A RIS 747] Hﬁﬂ
plastocyanin® 3x7%E vlg o2 PaPC$ AtPCl, AtPC29] 3x+x% Rdg oz F 2E&EH
714 9] plastocyanin®] %4 xfol& motstal | ofmwAbE WA FHAE Xﬂ ahof,
I FAS vuRAstaa ok of 71 A Y plastocyanin®] 3xFFEERE olw] HEH A QA o =
o712 PaPCe 3xa4%E frFste] 724 Aol& Hlustalal iy, x4 zo]l& K ]“E o}
v eAbs e al, Ve S S48 A 288 e R HAs iz P

FaPC MASLAAAAVEVPSFCGLKADTKAAMSSKVASTNVVRMAPVCRASMTSSDALKNVGKALFA 60
ALPC2 MASVTSTTVPIPSFTGLEASTTKSSATV----—— RlQ[‘MVAbPKL'l VKSSLENFGWAAVA 55

b e oaoma s b ek kR & . P - P -

PaPC ASSSLLLAASAGAAEIKMGGDDGALIFLPSSLSISAGETVTWVNNKGFEPHNVVFDEDEVE 120
AtPCZ PAASIALAGHNAMAIEVLLGGGDGSLAFIPNDFSIAKGEKIVFKNNAGYPHNVVFDEDEIP 115
B I e I T & P o S g e e
101
PaPC SGVEVDDL--NHEDYLNGPGESFSKTFKAPGTYSFYCEPHQGAGMKGSITVS 170
AELPC2 Sf:\-’DVAKI ciM[IEQDLLNL;AIJETYEVF\LTEPS; TYSEYCAPHQGAGMVGEVTVN 167

- .k L - . ok k bk bk h A & \lrl’
r ¢ t
51 128 153

PaPC §-571% ofv| et -9

Al101 AtPC2 vs PaPC

(W) PaPC 715 843 79 = 34 7l HA

Plastocyanin ©#2d W ¢ 7% A3 B9 2S5 oluxik WAHo] o] Fojxl
plastocyanin®| 24 & wWaA HAs= AJAde] 52 A3 9 B3] 2% dATa
sk 4 9tk o] & 93, plastocyanin FHAE EHl & (Nicotiana benthamiana)® EvVIE
(Solanum lycopersicum) A Agrobacterium-infiltration . & W& A 7] 2 WHF-QJo| A F3A
8¢S Fv/Fm #o=2 5743}9, plastocyanin®] &S A48tz v} o] A=l o]w]
Xie %°] Plant Science 3t&# Wx =il A &stolA] & AFolA F5ekal A &5kt o
Aol glogletar oot o, B kAl &4 AAS fotdd, H4dS 9

R = =
2 e, A Agrobacterium WY 5 5 AU Ao Aasteld oA
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2 Bt skt PaMBFlcol 9F EA18F= Q14ksl 715 ofn| =4t serine 37H residue
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DONOR 5'arm(800bp) | [ 3’arm(800bp)
\ I !
N AN II /
* N N H
\ L
Chr3 - { AtMBF1¢c } -
AtMBF1C  AGCTGGAAGAAGAAACAGAGCCTGCGGCGATGGATCGTGTGAAAGCAGAGGTGAGGTTGATGATACAGAAGGCGAGATTGGAGA
sgRNA TCGTGTGAAAGCAGAGGTGAGG
donor  AGCTGGAAGAAGAAACAGAGCCTGCGGCGATGGATCGTGTG GAAGTGAGATTGAGCATACAGAAAGCGAGATTGGAGA

mutation to avoid Cas9 after replacement

AAA nd GCA =) ATG ==
Lysine Serine Alanine Serine Methionine Serine
GAG = GAA AGG wm) AGA
Glutgmic G'““",‘mic Arginine Arginine
acid acid

() A4 5 374 & 5 JE F&-EA 84 2 A7 732 =

FA2EH 2 WY 2 24 G5 AE fHAAA dEFe 2EdHs S #
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ol A2AsHee] A AAlel#el CBF1, CBF2, CBF3 f+##= CRISPR/Cas9e.z ZA2
AZL A ZA fFAE F5 AE $H §AAE =9sta, £ JdFEH ] luminescence imaging
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H 2 & a4 7Is7id &

HAA7HA] 2EU S AP A E A4t BREAES FAHoR FgHojgrh Y, AE
2EH A A5 HdY AE7Fel, Dr. Ray Bressan (Purdue University, USA)+= Z2Ed 2~ A 3A
el 293 2S5 GAIE AASe] (Bressan et al, 2001), =3 &
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e

Bressen o] AAIS AE F&FHAS 7|5 EAY S8 95 AR

=3 259 AR, Salt Cressgl &8l Thellungiella halophila?} EA 38, o] =34 &4
500 mM NaCl (dtth= 9F 600 mM)oll = & A4S Helth Bressan 52 E 2] 5ol A
oF AFGA AT IAS FEE ANER Thellungiella halophilaS A A&7 %= 31Tl (Bressan

et al., 2001; Inan et al, 2004). wegtq A4 ZAH AT FM= ¢ O8] 2ctAH oA 3EHA 2}

ATHAZ Hststar Qlth =3 A EA= (1) |REX Z2ZE Zyst |FMX Wiy

1o

“— ==
(Dassanayake et al., 2011); (2) 38 =Zol o HMgstAH Zst=E Hefje| KA 2 FHAL
MAZE; (3) CfE AEMOME gle AEHA UM SFXE JHX2 Y Hoz F=AHAG
(Inan et al. 2004). @A SAXNES o] &3 2E#H2 AYAY FHAA 75 2 84 A&

A A O E ofF 3 Aol

2 AFHE SAATLEYY TEdTE FEAE 7 i 42 T plastocyanin®] 4 2~
Eda A 7FsAS #9138 v gtk 53] plastocyanin®] A$- 33Ale] ARG wkgo] Pods)
= @A Fx]o)7] plastocyanin®] #FE&Eo] 2th2) &2 of 7] plastocyanin®] IkE o] H] S
J I A8 B TS UYL GAEHA ATAHS U =<uE AMAS W) o=

of HisA] &2 553 7sor Sxo7] A #84s Al drdyeta &

20 r
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ﬂl

] ’&%\‘0177]9} o 7174t plastocyanin FE A 7| S5EAS 98 g ~EgA A0
A wdPe mustdch A AN @ 22e 9 27 Sel] 247F sucrose’t PlE MS
wjj <], UCI'OSG7]' S+ LiCl 2Ed 2 MS 8]#], sucrose’} $1+ mannitol Z2E# 2 MS 8] A &2
&7 e ZolZ AUy, PaPlastocyanin 3 A (PaPC-OE) 7} oFA & o) H]sﬂ L )
Fol o ZA vehd g sk wekA PaPC HR A7} o] 2 2EH 20 HE 2E
o 8] S 7tA = Roe=z AyzrE & 9t}

Col-0 PapC-OE APC1-0E  AtPC2-OE Col-0 PaPC-DE AtPC1-OE  APCZ-OEF
i ~

Col-0 PaPC-OE APCT1-OFE  AtPC2-OE

wfo sucrose SDAT w/o sucrose LiCl 10 mM SDAT

w/o sucrose mannitol 200 mM SDAT

E

Root elongation rate (%)
)
Root elongation rate (%)
& 2 8

=1
=]

0 5 10 15 0 100 200 300

LCl concentration (mM) Mannitol concentration (mM)

OCol-0 MPaPC-OE BWAIPCI-CE W AIPC2-OF OCcl-0 HEPaPC-OE HAPCI-OE BAIPC2-CE

sucrose’} 9l ZEd 2~ MS vjR|o| A #e] AAE d)

- o 9 2 A a1 2EH 42T 1,35 AHE A ste] A 2ol A 3U3E 3 EA
7 5FH AEES 3k Ay oA I PaPC, AtPCl, AtPC2 #rd A W5 H|523k =59 A
FEL BHYt webA PaPCeE & 2EH 2 g3 AL gl Aoz gl
42°C 1h 42°C 3h 42°C 5h
Col-0  PaPC-OF Col-0 PaPC-OE
AtPC2-0OF AtPC1-0OE AtPC2-0OF AtPC1-0OF AtPC2-CE  AtPC1-OE
1L ~EYA A T AEE v
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2. Y2 Ab&ol7] plastocyanin 7% A3} e W

- Transit peptide MES =8t T2a8S T3] PaPC9 transit peptide A4E &2lslx

AtPC2 transit peptide A1 €S PaPC transit peptide A €& v} WE S A z2bstg ). dFafel S

o]-&3% #Fg &4 vl A2HS T 2E#HS A FFAE &&S Hluwgk A3 PaPC

transit peptide A E =2 vk AtPC2S =8k Sl 29 -5 AtPC2 oF8 S =gk Fleof 4
O

o =2 BFE &S B Fdstslth

Control g e 8 3

ParC | JEE : 07
: 3 (11 e i . U-G

APCt | M, B

APC2

PaPC Transit peptide
_AtPC2

NaCl 300 mi 36h
p LU | | 1§

Oh 12h 24h 36h 48h
NaCl 300 mM treatment (h)
OControl BAPC1
BEPaPC BAPC2

OPaPC-Transit peplide_AtPC2

o ol-ggk F¢A HlDL Al Aflo 2 AE X 2N F9 aes vud 43

HS
ftlo
m 0
o

- WA PaPCe} AtPC2 Aloldl JFAZS] &5 &S vlustr] 93 GFPE tagginggh
constructE A 2+3}Ath PaPC transit pepdite 73 o}w] =2k AtPC2 transit peptide 68 o}
S B EHFES 217 PaPC, APC2 80 obvlwite] GFPE tagging 3+

- protoplastel] °lE FHAE AEIA] Z+7; 12417, 24A3F & AEAE 5t GFP A
2 amde) 2 mlaskln 12 A 22k Aol AR ¢EHA &2 Precursor §
gl o] mi=7} AtPC2K.t} PaPColl A © X &kA el

AtPC[1-80] PaPC[1-80]
:GFP :GFP

— - Precursor form (unimported)

(1% HE) Anti-GFP|
Mature form (imported)
12h  24h 12h 24 h
AtPC[1-80] PaPC[1-80]
GFP GFP
Precursor form (unimported)
(2% dE) Anti-GFP

Mature form (imported)

e D ——— —
12h 24h 12h 24h

PaPCe} AtPC2 transit peptide®] 9=A &4 & HL
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- PaPC 243 79 =9 44 75 2 A=d 755 98 Fsls ol & 334 &
A vl AJ2Ee FEREIY. A FHA 2FdS T3 394 g4 v A 9 2EHX
(NaCl) Z271elA PaPC7F B =2 3344 88S R o FAHdTA 9 H99 5L 243
= yelfo] gujdS o]&3 transient assay WHS FHsA T
09
08
Control é‘;:?‘ : . 2(73
. oy E 05
: A0 I 2 04
e 03
AtPCT lk, i‘;} f? Ly '&‘E 02
= b 0.1
290
we: B0 R A M o &
o AR 3 % 0 12 24 48 72

NaCl 300 mM treatment (h)

OControl MPaPC EAtPC1 BAtPC2
o L
o AR Vs A Al~H

_ V= )\]_

+=+ Ak<€0]7] plastocyanin $-5

AAS 913 PaPC, AtPC1, AtPC2 &
o2 A& 9] Plastocyanin 9 7]A < , vl Ay giFE d BREHO oy dF
PaPCe} AtPC1, AtPC2 Alolo] zto]Z Hol:= o] EA3FA L PaPCel 126 of~vtE
Ak 131, 132, 133 S 794, of 2T ELL Elo] 2 A 2H7] A Afo] & H Yt

oy Mo o
ol
Ui

Lycophyte

Biyophytes

Charophytes

PaPC

Cytochrome (Cyt)e} PaPCe @iz 3D =4 g
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- PaCYT, AtCYT, PaPC, AtPC1, AtPC29 wuld 3D medl&S Eaii PaPCe U3 ofjn|
Ao g Qe FE e AEAFHS ATt /AARE G & AT PaPCel 106 2feo]
Alow Qe widdetdoe] Felek At A A AL, 156 FER 17 7F FreleF Al EAE
o] W7k A"l f1AE AL Aes el

YCAPH region

N\

C155

KGFP region

F108 —

laGSPHNVV

H158

'YCaPHQGA

K106/ A

PaPC

-9 Aol wel PaPCel W N B FE BAS Ba 44N ¢4 24T Fu peE
ARG om PaPColl EAlstE ol A3t T oAl Z7]E AtPC2 =3 FAAE
=) . o) o) =) =] =]
A2k A T binary WE O $H FHAAE 772 =Qiete] of 12 EtH g Fo ¥ d ATt
F.a I_pinum MASTARARVSVESFUGLEADTRARMS SEVASTNVVEMAPVCRASM-TESDATLFNVGRALE 59
A, Ehaliana_l MABTTSATVTIFSFTGLELAVSSEPRTLST-ISRSTSATRAPPRLATLR-SSLEDFGVIAV 58
A.thaliana 2 MASVTSTTVPIPSFTGLEASTTRSSAT---——VRTQTAAVASPKLTVE-SSLENFGVARV 54
B, alpinum ALSSSTLLIARSEGELRF TEMGGDDGATL.TFLESST.S ISAGETVTWVNNIGFPHNWFDE DEV 115
A.thaliana 1 ATMSIVLAGWVLLGSDDSSIJ-\FVPBEFTmGEKIVFKNNIGFPHNWFDEDEI 118

A.thal iana_E APARSTATAGNAMATEVLLGGGDGSLAFIPNDES IAKGEKIVE‘KNNIGYE’ HNVVFDEDEI 114

.alpinum P3GV DLNHE-—DYINGPGESFSETFRAPCTYSFYCEPHOGAGMEGSITVS 170
.thaliana 1 PESGV FISMDETALINGAGCETYEVTILTEPCSYCFYCAPHOGAGMVEELTVE 171
.thaliana 2 BPS GVU‘JﬁKISLEEQDLLNGAGE'I‘YEVAI.'I‘EPGTYSFY CAPHOQGAGMVGEVTVN 167

Wy

AtPC2

At 101*F aa Bt seguence At 121*" aa At seguence At sequence At 154* aa At sequence

A GCT A GCC QDI CARGATCTA A GCG

Pa aa Pa sequence Pa aa Pa sequence Pa aa Pa sequence Pa aa Fa sequence

A101K A121D QDL 128EDY A156E
PaPC &7 3t 79 =9 APC2 304 A=

920 bp

—_— -—

T romotv;r AIPCZ amino acid
P changed

=4 A101K A154E A121D | ' QDL128EDY
:‘-i--ﬂ-— —— —— — —— —— S e
— -

" w's =
= Bees —

PaPC &3} 79 =< AtPC2 HE| A= &<l



- PaPC €43 ¢ =9 AtPC2 WEHE ¥ &3t of1=ulg eSS o] &3te] wujale] <A
e A FEstAv Fd 24w Ak g 2Ed2(NaCh) 27104 Al21D 44
HE 7 AtPC2 2d WERY ¢ =2 B4 288 2 was 126 ofAdELL] T3
PaPC - €43 F9=2 o3t
Control
09
PaPC O Control
08 B PaPC
AtPCA1 07 B AtPC1
£
$i55s £ o6 B APC2
& EAT01K
A101K 0> BAT21D
04 = QDL128EDY
A121D g3 U | AT54E
QDL128EDY
A154E
PaPC &4 3} 52 7I's 24 AN="ES F3 PaPC 5 &4 3}
9 A
A . o A N
3. & 4t&ol7] plastocyanin -FF7]5 o=ty =4 of 7%

tf plastocyanin A& 7| 554

CPaPC $4 7% ¥R opulat A APC2 ThEE o)/l 9 o s A
7 2 2 FEv/Fm)e Pladn 35 A= dS o 2EH2(200 mM NaChell A
183 54 A3, PaPC $5 715 DY FR opwAg A

]

ma v ot N
po o (mopoh pE o

Pk ob el wx1gk AtPC2 #3d A (AtPC2-OE)oll vl 4
&5 w9tk gy opvwst x1 AtPC2 %38 = PaPC 2
A (PaPC-OE)¢} Hl Ao = thh & &4 B34 58S 1Y

Col-0 oe

08

PaPC-OF o7
0.8

aDLize B 5 Ai54E OF 01
EDY-0F o
o 12 24 45
Nall 200 mid 24k Nall 200 mM treatment{h}
—— 000 ——PaPC-OE = AP0
= ATOIK-CE —a=AT2H-OE eI 12BEDY O
e A 154ELOE

PaPC 9 71% 31 ofu:=Al 23+ AtPC2 & Ao o ~E#~ 3 334 58

_‘|7_



- PaPC % 715 $FH olu=al X3 AtPC2 3ZdA 9 4 ~edA AFAHS FA e 9
g e dolE FA4sArt TAE MS #A A 59 s AFAN F A7 NaCl ~E#
Al 2 o]Fato] el A #EEFATE 100, 125 mM NaCl ~Ed 2 #j#|ol A PaPC -
7%s FH oW :Ab X3 AtPC2 A R ofA PR ofyt BIX| 3 AtPC2 A A
(AtPC2-OE)el w8l 9 2EzdA o v #E NS Bk ol ofnwial X3k
AtPC2 @A 7} opA g 7 v X3 AtPC2 ZHE A A (AtPC2-OE)el vls] o ~Ed o] o A
dgol d&S YepdTh Ttk PaPC & A (PaPC-OE)el Hls|A = PaPC 5 7|5 FH

ofmlmat A gk AtPC2 HTHAF daEd s Aol wA= fodtt

o

o
..{»
o [ <
o wf < o o~
& #F | RE T

siec i)
wPaPr
WAPGE
BAIOTK
|AIZHY
ROOLIZEEDY
SAIGLE

Haont slonyadion fom)

100
Rt concaniation mdd

g

PaPC % 7]& $H ofn=4t A3k AtPC2 #&d Ao o 2E# 2~ st #e] A%

4, 715 Fof olm|xAt X3 plastocyanin - A} %3 A A}

244 A2

- o7 FAASA L} Tl A A S A 77t B 28-S S7HAZ A121D ofv| =
A AF FHAE A 5 ) & w5 A2 Al¥o| A Ribosomal protein S
5A (AtRPSHA) 2 WEH Ao 3o &y 2 A=agr. Cas9e] AFAd o 71 &
Homology Directed Repair (HDR) ®EE & gkato] A121D ofv =4t X3 FHHEA A
28 275t o)

- T1 Athol A A121D ofm sl X8 F42 wAgAE AEstar, HDR HWE7F A 5 S0l

sholel A A 43, #4, 45, #6, #701Th A 2ele] ma) T AP(T2 Ad)AA AI2ID obv]
w4 A® WY FRE A BAse] ALRID obvled NE FJPY ABAS HnY A
o],

boio” *# £ B M & # 9




- Prime editing (PE)E TE3 2] Eo|A A9
o 2y gay AEde &80 W
SNEE T A F Aduhe Aol B
< olgo} o] 4 AHeElE T3k
g A S EF3 prime editing FA4 %=

o] % dCAPS markers &A7E Z-&3sto] wAHAES AlEHe

= 89 Adg Axs dA-E 7teshA g
A 2] Fo]+= prime editing
3

& ¥o17] ffs) A

ol s

17
ot

o,
v
rol
2
it
rlo
P\
rlo
)—U

E &= & 2Asts 439 dAE westa, dA w64 uA

Ae GRS Ae 55 I FEAE Aoz 7gdn

c Cay O +38 +40 +49
Germination and Co-cultivation ﬂ&{.‘. 22°C Zﬂ"ﬁr 22°C MH} %
growth {a2-aah) |30h| 42h 130h| 42h [ 30K Reiwery (22C)

Floral dio transformation
Prime editing && <7l 9 4 A W

ERITMOTIEY, S et e (HITR
Casfl camas nipm i RN st chr I‘".';:h'

0 T-T8RA e

S P %
ar " o

SCAPSBEA TR0 SN A v i
(52 )
10421 e

! aTowa J
LB " re:‘.ﬂ

S50 obrlal A FAA WA FAL AT

(5}, pBR-Cas9, ¥ PaPC 94 & ojn| =4t X3 HDR ¥)

Q
jab)
07}
©
(@)
Q
5
w0
=
&
—+
2
2
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5. &= Ab&ol|7| PaMBFlc A3} F-9] #AAF A% AtMBFlc A&
A A

- PaMBF1ce S d2& 7HAA 342 w4 " AtMBFlec #3238 7HA+= & A

A 2] éﬂﬂ%l 5 Al nlA 7 AR R A ZEEAT B E A3y

FSole & AN AEAE AHEA] Eeldh. weA] FASA 2Fed AR 4
oJ

A s /1\_]-,_-|L k| u}ﬂ% A =8kl

—|—’

ANBER: 5’ —— ——AAAGCAGAGGTGAGGTTGATGATA————
3" ————TTTCGTCTCCACTCCAACTACTAT-————
AtMBF1¢c 35S 5’ ———-TCTTCAGAAGTGAGATTGAGCATA————
changed G TCTTCACT CTARCTCGT AT ==
seguence A TCTTCACTCTAACTCCTAT AtMBF1c-HDR-R
TCTTCACTCTARCTCE HDR-nestki-R1 « —
AGRAGACTTCACTCTAACTCG HDR-nest-kj-R2
target site
DONOR 5'arm(800bp) I I 3'arm(800bp) g
kS I
Y I )
\\\ \\ J‘ r,‘
* ~ o 2L
Chr3 - 1 AtMBFic | :

AIMBF1c AGCTGGAAGAAGAAACAGAGCCTGCGGCGATGGATCGTGTGAAAGCAGAGGTGAGGTTGAT GATACAGAAGGCGAGATTGGAGA
sgRNA TCGTGTGAAAGCAGAGGTGAGG
donor AGCTGBAAGAAGAAACAGAGCCTGCGGCGATGBATCGTATGTC TTCAGAACTGAGATTGAGCATACAGAAAGCGAGATTGGAGA

mutation to avoid Cas9 after replacement

AAA b TCT GCA == TCA ATG wmp AGC
Lysine Serine Alanine Serine Methionine Serine
GAG wmmp GAA AGG wmp AGA
Glutamic Glutamic son oy
acid acid Arginine Arginine

mlp : AtMBF1c-HDR-F; forward primer that
can bind to Chr3 Product size

== :AtMBF1c-HDR-R; reverse primer that =P 4= 1140bp
binds to only DONOR <= 986bp

: Nested-HDR-F; forward primer that
can bind to Chr3

a2 g AtMBFle 333 A=A Ads A A v A=

_20_



- 42 wAE AtMBFlc T3 de AEA AES Y3t Al v AE H2E 7] Y8 22+
A2 A E AtMBFle, AtMBFlc, PaMBFlc W E & o] &3] PCRE #= % glstAet. M
B+ 09 pmoles Z+ZF 1, 1/10% 1/10* , 1/10°, 1/108 1/10°0) 3] 4 3Fe] &213}A T} Nested

PCR Z3¥ Rl Zglo|HE AFEPS W] 44 A FE AtMBFlc ®Eojwt Eo] Ho =z wert

=

AtMBF1c 3s AtMBF1c PaMBF1c

dilution 11100 1104 1108 17108 14101 11102 1/10% 14108 1/108 1/10™

- _

R1 primer

11100 1/104 1/108 1/108 1/10%

B
—-—

R2 primer
AtMBF1c 3s AtMBF1c PaMBF1c
dilution 1 1/102 1/10% 17108 17108 1/10™ 117102 1/10% 17108 1/108 1/10%° 11/102 1/104 1/108 1/108 17100
N _
o -
o -

Nested PCRS &3t Al AW np# ol (9]; 1% PCR 23}, o}&; nested PCR 2 3})

_2‘]_



- o}&e], A wAH AtMBFle 9714497 Solqoz Aust= A|dask Bbsl S o] 43}
o] §#2 wA AtMBFlc W&, AtMBFlc W&, PaMBFlc W, ok aelm 442 wA
8 A% 47

AMBFle F% 424 (#4-8-14, obdl 23} #x)9 d¢ 4572 FeAsqch
1A AtMBFlc ¥ ¥ <} 'rr7q?<} A AtMBFlc X A &A7 Eolxog A
42 w7 AtMBFlc $H A &A% 45 X3E AtMBFle @714 4deo
ol 4 31 1 .

Bbsi (793) GﬁhBAEHN ¥
SCCAATTGCGTCGAGACTCTTTECCACAL m‘ TG0, GGCCAAGCTTGTTTT
s o T S — F———— 3
_smmimm:mﬂummu =
la Val Asn Ala Ala Leu Arg Asn Gly sl “OmPauble. Ma Gy Ser Asn Lys

Bbsl gradually loses actrvity when stored at -20°C.

MG#A#CAG#GCCTGCGGCGATGGAIT CGTGTGTCTTCAGAAGTGAGATTGAGCATACAGAAAGLGAGATTGE
4 4 4 + . i i e e e il + 4

r'i‘CTTTl‘:‘iTcT{:l:l‘iGAC{S(:.'CGCTACCTA&{;AICAE:JLGMETGTTé&CTE!:AACT{':GT.\TGTCTT‘i‘CGC'I'lfI:TM{‘.CI:

| ST 7 —

an ) .,,S s W
cﬁ\g *ﬁ %“‘\d& %*"-d#p‘ 2 e “‘Qéo \""‘* i\"qeéd 9 P
: N o 7 W @‘Q& @

—— e — -**l-' A e—
PCR product Bbs1 = ——

Yy, | ; _—
A2 A AtMBFle Eo]3 Alstai(Bbs]) Aer 53 <l (F; Astasr Ay A, $

Agrai Ag F)

- A A At AW w0l &3 FAaxk wgE AtMBFle TEHE AES AdHEd)
913l nested PCRE Faslodth. #4-8-1. #4-8-4, #4-8-6, #4-8-14, #7-21-4, #7-21-7,
#7-21-11, #4-38-5, #4-37-7 #k2l& Aol

. JSvector Col0 BAS1 BABD. MAEF B18-4 KBS MBS MBT 4488 869 M3

e

;ﬁ

Sl - progreegeagueany  § RS

RE ﬂ% VAR o83 A% w4 AMBFLe 4#A A8 (% 1% PCR 23} %
nested PCR 2 })
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e

- AEAE B A M FHx wAHE AtMBFlce] g71A4ES ddd Ay
AtMBFlc 9471440l olyet okdd AtMBFlc 971493 dAsicth A894 A=
By oy Iart £3d FuE E45d, owﬁé AtMBFlc 971 4¥ f32
AtMBFlc 71Mdo]l 3o A& Ao oidstdth

S
ol 9 o
o S o

rlot

BtgZl
iTGGAAGAAGAAACAGAGCCTGCGGCGATGEATCETGTGAAAGCAGAGGTGAGBTTGATGATACAGAAAGCGAGATTEG)

Original AtM8F1c + - - - - - ; +
SACCTTCTTCTTTGTCTCGGACGCCGCTACCTAGCACACTTTCGTCTCCACTCCAACTACTATGTCTTTCGCTCTAACC!

5" arm of K845,A855 E:J—

ABS5S |

D—
M90S

Original AtMBF1c :TOGAABAABAAACAOAGCCTGCGOCGATOGATCG‘I‘GTBlAAGCAGAcGTOAGGT‘lOATBLTACABAAAGCGAOATTGM

35 changed AtMBF1c :rGGAAGAAGAAACAGAGCCTGCGGCGATGGATCGYGTGECTTbAG@TGAc@!rcA@tTACAGAAAccGAGATTGG;
24814 STGGAAGAAGAAACAGAGCCTGCGGCGATGGATCGTGTGAAAGCAGAGGTGAGGTTGATGATACAGAAAGCGAGATTGG!

e \
[ —
G 6AGGTGAGG G G

R Peak seigr: 764 Quaity: 42 ]

g CL&'. —

- T2 2 AtMBFle $X A=A (#4-8-14)¢] A< ?'{P A7IAME FAS Al eSS
77t TA ZR3te] AR F9sqh 1 A A AMBFle 9714 9S8 % Ak
Wby §712 g AtMBFle A4 A% 238 AMBFle d714 "o £A4)81= o=
AzEe 4 gla, mEkA o] $H O AEA (#4-8-14)F 7|19 TAE FET oot

AtMBF1¢c CATCAACCTCACCTCTGCTTTCACACGATCCATCGCCGC

3S changed GcTCAATCTCACTTCTGAAGACACACGATCCATCGCCGC
AtMBF1c
l", “‘\
#4-8-14 ( G I .Q CTCAATCTCACTTCTYTGOAAES .'..: ( C G C ( C G ¢ CG ¢

mm

\
A 'lJ

A WA AtMBFle $H A=A A7IAE &<l

e

>,
i
oX,
tjo
of
rob
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- g3 A EAA 24 E CBFSﬂr 7lsd ez FU3 CBF homolog FAAE wasty] ¢
3] o717t CBF1, CBF2, CBF3 42t &AWl A (chi2E &8t

- SkA 713 cbf123 2EY S WA FAAHRD29A) ZE2EH 9 2 & luciferase
g xE Alaglg 2hE o713 F @A A (RD29Ap-LUC)Y CBF1, CBF2, CBF3 fx#&
CRISPR/Cas9e.2 ZAAAz A& zﬂ(RD29Ap—LUC chfl23) 2 AL 2EH2 Ay F
luminescence =744 %3] CBF homolog 3X 425 Adst 4= gt}

~ =] o]7]¢] CBF homolog ¥ A5 (APL3, APL4, APL14, APLI3 123 APL19)
chf1239] AN Aoz FH}HdE A7 §H AL 2EHAE HFEo] luminescenceE =43
I8y APL3, APL4, APL14, APL13 % APL199 #FZAF Aol QxS %E &35t
luminescence”} 73 (C24RDLUC) 2.2 359 /MAE A=A kot

F

o[o

<

- °§71%dl CBF1, CBF2, CBF3 f+3d2t& 44 dlxzave= &8st CBF homolog $XH %
AE FAG Aol Zzte] 44 wE AL FAz @ Aol
" 3 Fw primer Vector:Eiﬁc reverse primer
N ,; : E ‘ —l 358 promoter> Gene I

X

cbf123 APL3 APL4 APL13 APL14 APL19

—t
— —

APL14 overexpression APL13 overexpression APL4 overexpression
in cbf123 in cbfi23 in cbf123

=A] o]719] CBF homolog X 842 A4 dd & A2 ~EdXA 285k

T
luminescence =74 (=) 2 F2A 4 <l A3p($-=)

4 AS 9T AR K8 FA% $A % AT FA B2L A FA ol
%l A4tk (PaLHCAL, PaLHCA3, PaPSAG1 123 PaPETA)
2h7h sha@ wWEe] 224 Hol o/l eel AN A

_"

oA FFAH TES v

_24_



Protein AGID
Lheai AT3G54890
Lhca2 AT3G61470
Lheag AT1G61520
Lheb1 Lhebix AT1G29920
Lhebi.2 AT1G29910
Lhebi.3 (most expressed) |AT1G29930
Lhcbi.g4 AT2G34430
Lhebi.s AT2G34420
Lhcb2 Lheb2.1 AT2G05100
Lhcbz.2 AT2G05070
Lheb2.g AT3G27690
Lhcbs AT4G10340
PSI-C ATCGO1060
PSI-E ATAG28750
PSI-G AT1G55670
PSI-K AT1G30380
PSII-D1 ATCGO0020
Cytbs ATCGO0720
Cytf ATCGO0540
B4 B dag =25
_— (11,687 .. 11,707) pMDC32-R lac operator
s s ) (1409) Sact | ‘CAP binding site
&l Apal (567) (11,453) Spel CaMV 35S promoter (enhanced)
(11,304) Sall

o e B T2 termingg,

pPDONR™221
4761 bp

(2998) ECORV

 SRDXG-35s-F (962 .. 983)
(10,629) BamHI

(5526) BamHI 'da. Tac g\ N
e Omege {0
lac UV5 promoter | & ‘a‘m_ M13 g, 0%, 3
(9696) KpnI /C % 2\
(9683) BamHI /% g \
9646 .. 9667) SRDXG-35s-F / ~ & -
(9646:5::9667) s & ,%Q LB T-DNA repeat
e 5
(8903) HindIIT s 2’(,
5 =
[M13 fiwd/ 0 pPMDC32 vector =
— 0 11,752 bp H =/
RB T-DNA repeat o &3
% 5
) &
Y,

L)

oo,

©
LN
®

S
4
Sy

pvst o

pVs1 Reph S

16000 _=

- AR 9 AEds 2AAE B BE SAAE BT AAA Wsd Frel 2
&5 Btk AL 2E#~ A= PaLHCA3S 45 AdAd vls) 7t 3
d aes Rtk

08 09
08 I os | [ IMCT TR
07 ho- 07
06 = 06 I
£ 05 £05 {_
i i 1 T [
04 T 04 Il
.3 I g3
02 02
01 01
o U L i i o L1
0 1 2 3 4 0 24
High light (h) Cold treatment (h)
oCol-0 mPaPC-OE oCol-0 mPaPC-OE
oPaPC in Col-0 @PalHCAT in Col-0 mPaPCin Col0 mPalHCA1 in Col-0

mPalHCA3 in Col-0 oPaPSAG1T in Col-0

oPaPETAIn Cal-0

mPalHCA3 in Col-0 oPaPSAG1 in Col-0

oPaPETA in Col-0

UAH WA F R L 2EAL(HS) L AL
Aelsko] Y T8 vlw A



H 4% o T

21T
ar

CFA] =

-1

X 27|06 T

PaPC $-F7]% +
PC 4=}
PaMBFlc &4

obu w4t 2|8

T

T A= g ® &8 a9 Aq 35 AE &
& A e
A 7+ ol & A+ A #
- PaPC a7k AtPC Zhd-d Aol vlaA] =&
ArEY 2 AFAFE 7ML U
- PaPC #taA o] d2Edf 2 34 PaPC
AA~Ed 2 Bd G 2kEo] 79
] & A o] =L o] ~EH A AE AEH 2
of 717t plastocyanin 2} A i
sl WAdel 719lg Ao = RSl
FA9Y v 4 A
- PaPC &4 3t 79 = #42 7l AA Al=H
Y= 2k 0]7] plastocyanin®] i i i )
55 98 Gl s o] & F3gd A v
571 &3 59 wE .
A 2=wls 5%
- PaPCet AtPC M Hlal 2 dfd 2 ey &
-7 Fof ofu|iAl S H F-9 S %
- PaPC 715 H-o] ofv|mAl -9 A& PC
kg wiE 9 by A EA AL
= 2t£o]7] plastocyaning] ] ]
-PC 715 A4 AN&" &8 334 7l #H
-7 7o ofr =Ab/AlA 59
e o o T sEdz 2h6N ohulat A8 PO AES
2% PC §AA A A J]|5 AR
| A AR ST B e bapc 44 obvwat A% pCSl ) B4
44
- W= AF&E0]7] plastocyanin 575 ofw|x=AF 7]k
o} 7] &t plastocyanin A2 WA HF Fgala,

CRISPR/Cas9 w7} Homology Directed Repair %=
g A 2Fsh

G Ab&E0]7] plastocyanin 54715 ofv =4t %] 3k
%= HDR #E FZ2d3kA Azt

AAAE o] ZZRE (AtRPS5A) 7|4t prime

editing ® ¥ A2+

- PaPC % PaMBFlc ¢-7]s ofr =2t A& a A
AdEE T3
- g= AE FEFAA i S Al SR
o . _ |~ Luminescence 7|WF A& Aede g A&
At =53 F4 AS JFe AE 0 a0 "2
FE&EFAA FERE F4E
& AR ' _ _
-BEE BE VIV HE AE FEFAAR VS
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