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Polar Genome 101 Project: Genome analysis of polar
organisms and establishment of application platform
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SUMMARY

I. Title

- Polar Genome 101 Project

II. Purpose and Necessity of R&D

1. Understanding of genomic properties and development of useful genomic
resources from polar organisms

III. Contents and scope of R&D

1. High-quality genome data analysis from polar organisms
- High-quality genome data collection from polar higher organisms
- High-quality genome data collection from polar microorganisms

- Proteom analysis of polar organisms affected by polar-specific environmental
factors

2. Investigation of polar-specific environment adaptation mechanism from

genome data analysis

- Transcriptome analysis of polar organisms affected by the environmental
stress treatment

- Functional protein identification by proteome analysis

- Analysis of protein signal transduction and biological function from proteome
data

- Functional verification of target gene using heterologous gene expression
3. Development of useful genetic resource candidate
- Development of genome-based useful active protein and peptide

- Production of target gene over-expressed transformants and phenotype
analysis
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- Development of model transformants with useful target gene oriented from

polar organisms

IV. R&D Result
1. Verifying the possibility of antibiotic deformation using substrate flexibility of
cryogenic protein derived from polar organisms

- Securing antibiotic modified enzyme genes from genetic information of

various polar organisms

- Analyze the structure of six types of CYP enzymes and check the hydroxide

reaction of antibiotics

- Various types of CYP enzymes have hydroxyl reactivity in different parts of

antibiotics

- Verification of the activity of removing certain acetyl group of antibiotics in

the PbAcE enzyme (Application for domestic patent)
2. Establishing a catalog by function of antibiotic strain enzymes
- Vector system for the expression of the re-combined antibiotic strain enzyme

- Establishment of an electro-magnetic protein refining system (second year,
introduction of AVANT FPLC research equipment)

- Using glycosyl transferase, hydroxylase, methyltransferase, sulfotransferase,
Isomerase, and Acyltransferase enzymes to find genes, re-combined protein
mass production, biochemical properties analysis, and tertiary structural

analysis.

- Once the catalog is completed for each function of low-temperature enzyme,
it can be used not only for antibiotic candidate materials, but also for strain

making of useful substances that cannot be chemically synthesized.
3. New antibiotic strain development succeeded.

- Development of a strain that combines sugar from Magnololol and Honokiol

antibiotics

- Produce six types of antibiotic strains of quinolone

_12_



- Producing the Lafamycin antibiotic strain of the Macloide family in the

process of an anti-bacterial activity test
- Produce six types of antibiotic strains of quinolone
4. Establishing a research platform for developing new antibiotics

- Establishing a cooperative system with Gaffibio, a raw material company of

a pharmaceutical company

- Success in the production of strains of quinolon and steroid antibiotics

seeking deformation in Gaffibio

- Joint study on the antimicrobial activity analysis of marine life origin natural
products from polar marine life with a research team from Chungnam

National University’'s Pharmacology College

- Joint research on antimicrobial activity analysis of antimicrobial materials
developed with the research team of Chung-Ang University’s Pharmacology
College

- Joint study on the structure of the strain of antibiotics developed with the
research team of the pharmaceutical engineering department of Sunmoon

University

V. Utilization Plan of R&D Results

1. Growing to become the world's top research institute in the field of polar
genome research through 33 SCI journal publications and 4 patents

application

2. Understanding of polar-specific environment adaptation mechanism and

evolutional evidence for polar organisms

3. Application study such as transformants development using the genetic

information obtained from polar-specific living mechanisms

4. International polar research collaborations with genome and proteome data

through the polar bioinformatic hub-network system

_13_
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1) f4 A9 8% % o

A

B oAy @ vl ¢y

35 WolERE FHAE FE35HY PacBio
sequel system = AF&3le] H Zo] 13Kbp o ZholBH el & A2, F2A
=719 90u) o]l FHAA ME-E FA S th(Supplementary Tablel). 2%
FAA ) AN e Jellyfish 222 AME k-mer &S F3 1.1 Gbp &
ojl 4= 21 tH(Supplementary Figure 3). FALCON-Unzip AHES 53l 1.06
Gbp ¢ F# A HEe] 3852709] contigZ oA E =3, N507F 1.5 Mbp &2
FHd9 FHAAE FEF3HATH(Table 1). BUSCOE 7|Hte 2 3 §74 1

BH7F A3 89% 2] HAHEE H A (Supplementary Table 2)[211].
FHAAE WFLE FAA A5 FFAd A 23 30,77370¢] &
dote AR EAH A 5708 242 ©]&3 small-RNA A
A3} 33470 9] 3§ mature miRNAE F93F= 29070 2] miRNA &3
o1 5] A tH(Table 1 @ Supplementary Table 5 2 6). 3= o] 71]*’101]
4%—4 e M do] EAEPOH, I F 474%09 s FEE hRE

< transposable elements@ 221 % 9l th(Supplementary Table 7 %

N2 ® ot o k|
o

N
JHI_@«HEHLJU
_uo-l_lX?L_lZ‘.,

o

o

Supplementary Information 1). Kimura®2]S %3] transposable element
copyE9 A st dBs AAtete] whE 249 sES FHEAL
H, & AIFoFe] Hlx FAS Fs P HL WIE DNA
transposons< <13} th(Supplementary Information 1)[22] o] A= g3}
9/] &\:ig] UJ7L nJ 01349/] ng]. /\gﬂ /\}o]ﬂ;} 7L0 7 g_}ﬁ tﬂg].oﬂ ‘@E
o] %4 A| transposable element’} FZA W th+EE o5 & Ju+=

M3 A

;

2) FASA AqfAEe} oA ey A3 A2 Bl 4

A FFY Alw AN ELE THE7] Hdl, B5 Wl FAAANEE A8t

AT RAD-tag Al &A= o1& o A 7+zt 27470 €] raw read
el om, 83utel o] /M =k zhzbo| thal o 240970 2] raw read &
251t 23-25]. Stacks 2ZE O] E o] L3} 60,0387 2] RAD-tagE &
=319 0™, o] F 56,256(93.7%) 71 7F 10v}2] o] de] Ao &A= A= &
13ttt 12.JoinMap 4.12] minimum logarithm of the odds (LOD) 71&<&
ol gE g vk A 71 24709 A ZFo thg wHA (Supplementary
Figure 4, accession SRP118539) W 7,21570 2] t}& A RAD-tag = 4,952(55.8
%)W 7t 83m2] & 2k F 6071 o] el A 4,023 M7 FA Ak, A A

=

Hm rulm

T EE U B0 5407 BIXHE AL FAddy. 484 OUW
T gaol 7+ GAA 7 $AE] 4 A9 orthologued = WER L 719
AA AR =] $AM Alx ] X ete AYAE JAE 717 G5 Yol
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ANAE T8 MFE Fgstant FF Ho] AMAAE IE 6(Cach) S 7}

2w 202719 vHA)E BHFSR e, Cac2e 7 A2 131719 vpAE B
fret AL &3 Cac2l 7HE AAew (658 cM), ¥ Cacl2& 7+
#He Aoz YEwrt46.7 cM). Chromonomer AZES$| o] (http:

//catchenlab life.illinois. edu / chromonomer)E ©|&38] AA FAA A =0
3t contigE: ABAIZ A, oAAET W 3,8527019] contig & 1,065
Mb(77%) oA E= F 4ol 820 Mbell thal] 3t} o]e] mAR Fd2 3
A 1,063(27  %)ME FBAFAC. olF e contige
chimeric(Ice_ 000013) ¥1& &l A o™, g% &2 Cacloll AEHI & £
22 Cacl4ddl AEHE g A tH(Supplementary Figure 4)[26].

SynologE °©]&3l EZE¥E synteniesE AR oH, F=5 W Zt ANA = F
AVl (Oryzias latipes, Ola: Figure la)$t European sea bass(Dicentrarchus
labrax, Dla: Supplementary Figure 5a) A ©d AAMA S )t o]F A5
A< YWEHET27]. F7EE shue] A R AxE e
(Supplementary Figure 5d, e), AlZ°] ~ 113 Ma 7]

Fol ¥ FAE EEAAN FAFEAEs el dAA Ao EAHA Gt
[28]. 4= oA/ GAA N3} A /5= v & He = dHA 3l

=z B o] =1
T_V__T_'f T 1_.0 aT,

H T

th G & Eo] AlE AS 3FolA 4070 9] RvEA AMAE ZEA W, HAFe
A 5%l A 51709 REFEA] AAAE JHT Fe Woe AIFAR[ AR
AN FE FAEE AoE FoEdort WS F= notothenioidE 1E A
UeS FAATH29]. ¢l E E°] Notothenia & thE FTES AA Az A4
A FTA FFoZ Qs Adxrt 7HA 24709 GAA gy 13, 12 =& 1170
FHAE 7HA L e A= ATH301

=5 ol Fol H FAE A9 olF AMAE AAAHLE H=F FFY
FAR NTFE FHAAT o] SAE TFT & BHEHA B AS IAs
Ak dE 59 Cacl2 % Olal2®] 7% 99 2 Aol o) AujEd b

| o
BZ% gyntenic block(E 1b, 2 1 WA 8)<S FF3Adch T8y Olal29t
Dlal2o| A<= ©] 2|3t syntenic blocke] =471 o] FA £ & & TG+
o] EA AufEFHA S &2ttt =% syntenic block ‘4’9 '5&=

5 o] 9}stickleback &4 Al (Figure 1c: Supplementary Figure 5b) ol A wkd) <=
AE UER S ol Ak (Figure 1d) E=
stickleback(Supplementary Figure 5c) ¥l A& A AT Wl vEdeo] 9l
Res GRAstATh Cacl2 W & Al E AME R Aol A=A, F
7 GAA A A3 100 Myr ol fA44 W A9 7= ]E e, '

Wol A W thget Aujdol solEdA] AlFel £EE F Y=

L
=
&}l 3} 4 tH(Supplementary Figure 6).
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3) ASAED Ax 23 A

OrthoMCL 718k Al A E Bl 24 A3 F=5 W7t 1359 FZolfolA &
AF 2415970 9] olF HFF FAA FELH T 18636ME Efdtl Ao
gttt 13% AR Alw AA AX HEHO AE 371871
orthologues M EE AF&3te] A AF YA EE #4359 tH(Supplementary
Table 8 % 9). s} A7+ B4 & 49 AlF TAE =W, 359 d=

o)/ (C aceratus, Parachaenichthys charcoti (Charcot ’'s dragonfish) %
Notothenia coriiceps (bullhead notothen)) ] F% ZAHS stickleback Al E
77 Maol A 7= Ao, F= Wole Tt 4] AlBoA ~ 7 Ma & #
7159 A =S A tH(Figure 2a ¥ Supplementary Figure 7). 3 &A &
Mg T3l 9647708 FARA A AETE 659 tE EX7(3FY] EF o
¥, stickleback, $A] 2 ABZGIH ) FTo=E FExS FelstRon,
44570 ¢ E= ®o] Hold {FHAAE &2lstH th(Supplementary Figure 8).

!

L

ol z score 7IRF FAAA & R 5 4 23 1359 A=ol7 A
Well A 37370 ¢ FAAA 7 Ad3s] = o™, 346709 FHAA 7HE
3 FEHE FES JEW S I’/}(Suplz)lementary Table 10 2 11). &= ¥ o]
T F AN E718 F 1359 A=oAF F M & 0737‘}74] z1 3}
ATH(FH=F 85 280708 FA=k: A2 &40 6719 F3}) (Figure
Supplementary Table 12). A AA A5 77 Q1 (BE 1 2),
3k

s
=
S

o
-

2a

et g a4 &4 3 o]2 Z ¥ (Supplementary Table 13)01]/\1 = A
T JHAERH 27189 & F5 o] AFelA 40789 FHATE SolF e
2 A9RsE A2 A2 Yesth(Supplementary Table 14). A8 st
A A= oxidoreductase BA (A EFEH o] e EA AHo) 9g o=
FAE) R A A2F (AR AL sl gk 239 & #8 Frhet #-
°o] & A2 FA)E Vel tH(Supplementary Table 15).

A As W 9365677709 ol FEE @l wEHLHE IS
H, 8.79 x 10-39] AAAY A AlFolA o]y JF 79 W= b
AL, o)E AF o (2.09 x 10-3) 2 witk JHEX] (0.78 x 10-3)

22 AGF oF Alw diE v & ASE FRAH AT 31,32]. Pairwise
sequentially Markovian coalescent (PSMC)&Ed 718 F= ‘:”01 At EA 8
2 sk Fol Aol & F e AdS IASATHI3]. AA, F= HFHE =
L7} 25°CE W&l 7HaL, Plio-Pleistocene Wy 2+ A7 (3.0-0.9 Ma) TEFH~ 1
MaA|7bA] F= o] ko]l Hd A7]o =g 3 o= YErRT[34].
Plio-Pleistocene®] =8 W@ z}7]ol] o] Folxl #go] &= "ol A F37 H

fo e ot
]
0,
o
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%4 A7E HBEISSE FFE F Utk
mid-Pleistocene transition (~ 1.

2
Ao &2 Ve S W (Figure 2b), ©|
g HAs 23S Aole o

EYAAdog Ry fFHg AoE gzl FFAEWA(AFGP) = &

FAA Wl A Gl 7] ( Dissostichus mawson:) 9 A 2F 7o) AL3he] B
H At (Figure 32)[36,37]. &= o1& Awx WA
AFGP-trypsinogen locus 7} 2% %5 oF<° A% W mitochondrial
ribosomal protein L (mrpl) 3 E3 ubiquitin-protein ligase CBL (cbl) A}o]ol
ZA) 3= trypsinogen genes3 YA st= AAE H At (Figure 3a). Ad <
ool A Tllumina sequencing 715te] F4A = A3 2 9 = W o

ol A 4 el AFGP fFxzbdto] HA=HJTHA, ol F3A = Ao A=
11709l AFGP 4=k 10709 trypsinogen A #F, 2709 trypsinogen-like
protease A7} 2t7b v H A TH38].

G o] 7o wjof 2 XojolM = AFGP f3d#He] #do] YelUR = HoZ
el o] wjor Aj7le AR o] A 3Fst= WHA g o Feo] AAUTH12,39]
Zona pellucida egg-coat T A Hjol7} AFH o2 F£HE F A= 75
st ZfFFAAME dAATES HE 7IFE ste AoE gEHA Adn
[12,40]. &3t o 7o ¢x™S dtatA st T4 vrso] wots 3‘;5}1‘3

o
715 StoH41]. Ad A+ 4 =

g9 5248 IFAue i ‘RiE‘r[lZ]. T o] 9 ﬂ]%oﬂfﬂ zona
pellucida ARl FAE e AS At T 13UUKE zona
pellucida A A Foll A 10970 ¢] 4 =7} 207H«] contig WollA dA<&sle] &
A AL 3l st T (Supplementary Table 16), 42 A< ’\PES' 714k
O F 11719 subfamily & "9 3} tH(Supplementary Table 17). & ©&
= A7 FFFAAAM = 1870, =l ZI 1A= 30709 zona pellucida +7
A7 AN, 7 Fo v FAAFAAME 1671 ~3570 2] zona pellucida 57
Ztnto] B E A TH42,43]. g w=olw ) o] dHFAA Aol A= 1871
ol zona pellucida F+AA7F EAFATG12]. F= Hoo] AmolA zpaxl,
zpcl, zpc2, zpch AR TE o FEol vlate] B2 7t EAlE ASoE &
2 ) A H(Supplementary Table 16). A ZE, 18719 zpch FAAE 2749
zpc3 A A9l §HA 1702 contig (Ice_ 000281)9l A&3te] A= RS &
13 A H(Figure 3b). &= o contig (Ice_ 000114) <] 7% 7FA 2271y EAF
219} 72+8 38 9] synteny oA 578 zpe3 &A=} 3709 zephs AR &
AEo] = AE Folst th(Supplementary Figure 9).

m&
o

ol 79| zona pellucida &

d
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Fe=NM zona pellucida AR T FAS ZrolA HHSIE A2 LHA
AE A v ZAAAZE FF W9 zona pellucida §7AAF AA] FaolA =2
18-S B ¢ tH(Supplementary Figure 10)[12,44]. 2 789 zona pellucida 7
Ae @5 Moo tE AR FARS B A o9 o] ZF oA
o) W&H L zona pellucida paralogues® ZS4, & 9= Wol] AlsdA] A=A
FAA 2] FolF 27FstE dHste 7teAd S BoFe Al AR
T} 45]

e AZoFe FHAT AEolRF 5013 Aw HA oWl E(Teleost

genome duplication) & AX S 2 <138 lemtl3 agp8, rhbdflb &4 =}7F EA) 5f
= LA cluster®t mpg ¢ nprl3, kank2E 7FAE MN cluster, ¥70¢] globin
cluster & 7M1= A= 4HA UAvh[46]. a-globin® B-globin & 717 &
FAA NN 7 A= EZHFFESE tE2A AEFE A5, a-globin® B-globin
o] cluster oAl Wt 2 =] 3th[46]. Beta-globin ¢ &4 % 9 {FHAA 3=
=5 Yol o 7o FEAMIEAEN 165 H= WoAHd AR/ F 15F°] a
-globin®] AFRrS 7HA= Ao =E 4HA ATH 2]

G o] AFolA globin FAAE &lsk A3 LA cluster W a—globiniﬂ z
Z o] mapping © WA, MN cluster 1A= globin 42 24 A EL
HEol Hol AAUAT globin FH=Ae] Augt SAHE S F gldt
(Supplementary Figure 11). Myoglobin, cytoglobin, neuroglobin ¢] A% &=
Wol FAA Yol & AZFolFeo 722 AHOZE intact A EAsE A
S 9189 tH(Supplementary Figure 12)[47-49]. ©] A3+ myoglobin ©]
A e FFYole AEel intact 3 FHAE BRFEL A AL Fa

st v, Als Wl AR Bd S oA 8= myoglobin FAF F7 © #
ol i3t olal7t S AlASHT

L

¢

2 o 3 2 2o ==
AE @9 PG AR GPel ¥E FEEC A0} Y7k e
S W ol F oyl Tl 2SS4 BT Yok A HATUS ¥ Fus
2EYZ P BS AFSA SATH52] tobrt ¢F Wole 47 2L
g Zhsk AQ S o) APTLE 2 GFYALE o Fol uls)
4 ol R AoE aAT & ATl B Welk AT 2= 9

=)o} B ES
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Ed s AAsHA d0lbl]. iAo R itatEde] vt Ad T E de
HS A ks o 7ol vt HWri= A AArE AARIG2]. o2 AAs
= Taede W g= Wold A s wol Azd"S Asker] g A
grs WS Aol o Fd & AAUTHE3]

Superoxide dismutase (SOD)<} NAD(P)H:quinone acceptor oxidoreductase
(NQO)+= ROS 3743 ddd FHAATLEMN C aceratus Als WA &
AE AL g3 th(Supplementary table 18). ol& W o] FolA& 374 9
SOD fFAARE Zte ASE d4dA dAey & AFZAAE T3 F5
A A sodl, sod2, 370 9] sod3 FHAE GJAFo =N F 5719 SOD FAAE
w1 3} oh(Figure 3c, supplementary Table 19). Mutation rate & &4 3 2
3, SOD3 FA ko] EA7F 2wivbd Mo 2 nwE FHLo EA|EAvs A

S & & AAH(Figure 3d). SOD3 §AA= A EZ A @A E 753}
= AR 4EA Al (HAARE A2 & FHE 913 signal peptideE 7HA 3L
Jde RS Fs9S) ROS A4S 24d3e7] S8 Alx &3 el A9
SOD Fx7ke] 715el vt F7F A7 48 Ao F AlgETH

EEo ofF F31A ol 2~10712 ngol FHAE 3= Aoz 4y
Zo Hlste] = Wole] fHHA A, 33 FAATE HHEHAS

(supplementary Figure 13). 3= 1% ¢ 7% nqol FAA7F 270 €] loci o &
A 3tA = =8l (vang-ngols-ackr3 and ill7-nqol-gabarapl) @= o] 4] 2
M HEH syntenyE 7HA L AATE F7HE 22 C aceratus 9 75 3719
contig °l 267§¢] F7}4< nqol FAAE THAE Aoz FAHAH
(Supplementary Figure 13). B3t 2818 AEd 2of 9] £&48 DNA WA
S e Ao E 4 A AdE 8-oxoguanine DNA glycosylase (oggl)
BE AZoFolA Uiwre] &3 A e W, @5 Holo Almde

2708 FAZ7E 4 5 Aok (Supplementary Fig 14).
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J4 AEel A% B4AT o E A3 HFol syntenyF BT FHeAsA 2
SFAAT, TP Bran F 2 9T o F A% HelA BT Yoist 2
o fAA7 £4 8 A2 FASAT o] F e Ao AL Fops} ol g
wofehs FUAQ BF/)7F 4T R AAMAT 2H/e) HEAS AN
Aor A PE 243 BPE AN WHE FLAS Aot A
o ek A7 Ak o] NS 4ZHI] Ase] FF WlE IR BT
Aot ol FEY WFFA A7t WLF Aol

A A 30cm Z719 @= Wol(Supplementary Fig. 1)=& 20173 19 A Z3s}7)
A A FA 20-30me] mRE QbARrel Al A F AT (62° 147 S, 58° 477
W) (Supplementary Fig. 2). Genomic DNA = 1 7IA oA FEH FZ3}3 T
Linkage map < ZAd3st7] 918 F7F FAA = 2 miRNA =0 AFEH
AEL 2012-20159 44 160-200m, Low Island (Antarctic Specially
Protected Area 152, Western Bransfield Strait: latitudes 63° 15" S -63° 3
0" S: longitudes 62° 00 ° W -62° 45" W, bounded on the northeast by
Low Island)) 94l Antarctic Research and Supply Vessel Laurence M.
Gould®] AN AHF Al2®lS o] &35t AFstATHE6].

2) fHA AR L B e

2= Yol genomic DNA & & wmig]o] A8 KA EHE FEaAH
(Supplementary Figure 1). Genomic DNA #}o] B & gl&= A FAe] XA u}
gt A& NS PacBio Sequel System= o]&ste] A4 sth
FALCON-Unzip olAl &2 & ©]&3te] de novo oAl &S5 FAATHL7].
AA el FAEE Hrslr] 918ty BUSCOE S stAdtH[21]. 344 ZNE
=87l fleke]  Jellifishe  AFEst]  k-mer ®#A S FAsAT

(Supplementary Table 3)[58].

3) & Hol# RNA AlEA

N, Qb obrbw|, A, A, A, ZF 25, dA, I, v 9 F 129 A=
thE2 X Z oA RNeasy mini kit(Qiagen)& ©]&3te] RNAE F=3ktt
(Supplementary Table3). RNA ¢ #Z -2 Agilent Bioanalyzer & ©]-& 3}
S48t (Integrity value 8 o) & FA etelBajeg] A2 9 A|AY L
llumina Hiseq 2500 Al =" Ab&atlch 7474e] 2F oA ddd Td 4
A HEE TopHatgE ol&ste] Alxel wgsidy HAFHAA HEE
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Cufflinks& &8 38Fed 4 ATH[59]
4) 7 9

MAKER 2Z=2Id& o]l&std Aw ®HWHEs FstAtH60]. RECON#
E 3= RepeatModeler (version 1.0.3) S &-83}l9] repeat

library S =39 tH61-63]. simple repeats, satellites, low-complexity repeat
2 Tandem Repeats FinderE ©o]£3le] d=3190H63,64]. Repetitive
element= RepeaMasker& ©|-&3le] #2431 th[64]. 74 F o] FU reference ©F

WAL= HFR [ 102(Danio rerio, Gasterosteus aculeatus, Gadus

RepeatScout&

morhua, Tetraodon nigroviridis, Takifugu rubripes, Astyanax mexicanus,
Oryzias latipes, Poecilia formosa, Oreochromis niloticus and Xiphophorus
maculatus), &= AF 2% (P, charcoti and N. coriiceps) ©] Al &o] &85t

(Supplementary Table3).

A1

5) Ml A sH B

e

Markov clustering algorithm< & £3% OrthoMCL pipelineS ©]& 3}
orthologous gene clusterE &ASFATH75]. E& GAlolA 71E FHOZ 13
=9 A< EA359tH(Supplementary Table 8). Protein coding genes
Probabilistic Alignment Kit (PRANK)E Al&3le] ZE=EATH76]. A E o]
B2 @2 gap o sl A= GblocksE Abg3ted A ASFATH77]. Boostrap
10003] Ao 2 RAXMLE ©] &8¢ Maximum-likelihood WHOZ A5 =
E A &SR EAAH S PAML 371 AW MCMCtreeg ©]-§3to] BHA =]
t} (median estimates of the pairwise divergence time for D. rerio and G.
morhua: 230.4 Ma)[78,79].

7) fAAE A

93 Wol o4 e AR, Aelel BAH FAAF 2] fgtel 2 £
AZoROA HH Al A7 L §4A AL o] Lake] local blast F
T

FHAAE st @ E AEe] 49 Clustal Omega®t
MUSCLE Z2 & o] &3t v w3t th[80,81]. FastTree B2+ RAXxML S
ojgste] AA FAAe] ATE AASFAT82]. 1 = D/2t = 328 x 10—9
°] mutation rates &3t A2 EA A71E SH st
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Table 1 | Icefish assembly and annotation statistics

Assembly

Number of contigs 3,852
Total genome length from contigs (bp) 1,065,645,509
Longest contig (bp) 9,422,831
N50 contig length (bp) 1,500,626
Annotation

Number of genes 30,773
Exon number 277,249
Total length of exons (bp) 50,279,998
Total length of repeats (bp) 523,290,133
G+C (%) 42.08
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13 1 Karyotype stability of icefish with respect to teleost outgroups. a. Gene content

in icefish chromosomes supports a one-to-one correspondence between icefish and
medaka chromosomes. Each line represents orthologous genes in icefish and medaka,
color coded by icefish chromosome. The few lines that cross linkage groups likely
represent incorrect orthology calls. b. A comparison of orthologous gene orders in
icefish LG12 (Cacl2) and medaka LGI12 (Olal2) illustrates icefish-specific
chromosome inversions and transpositions (see text). Each line represents orthologous
genes in the icefish and medaka chromosome, color coded by icefish genomic
scaffold. Conserved syntenic blocks are labelled a-h. c¢. Comparison of orthologous
gene order in Cacl? and sea bass LG19. Conserved syntenic blocks are labelled a-h.
d. Comparison of orthologous gene order between sea bass LG19 and medaka LGI12
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icefish lineage from the sea bass lineage.
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1% 2. Comparative analysis of the C. aceratus genome assembly. a. Phylogenetic
tree and gene family gain-and-loss analysis including the number of gained gene
families (+), lost gene families (-). Blue numbers specify divergence times
between lineages. The red dotted line indicates the appearance of Antarctic ice
sheets (35 Mya), which allowed the Circum-Antarctic Current to form after the
opening of the Drake Passage. Subsequent cooling of the Southern Ocean drove
the local extinction of most fish taxa and the adaptive radiation of Antarctic
notothenioid suborder. b. Inferring icefish population history by pairwise
sequential Markovian coalescent (PSMC) analysis. Left Y-axis represents the
demographic history of C. aceratus (red line). During the Plio-Pleistocene period
(3-0.9 Mya), which is shaded blue, Antarctic sea surface temperatures dropped
by around 2.5°C, judged by a proxy for marine paleo-temperature changes based
on oxygen isotope ratios49,50 (right Y-axis): concomitant decreases in marine
temperatures (black line) probably allowed the cold-adapted C. aceratus
populations to increase in size. Green shading represents the mid-Pleistocene
transition (MPT), during which temperature fluctuations were large.
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19 3. Conserved syntenies for expanded gene clusters identified in the
blackfin icefish genome. a. The antifreeze glycoprotein (afgp) and
trypsinogen (tryp) locus. b. The zona pellucida c5 (zpc5) locus. c. The
superoxide dismutase 3 (sod3) gene cluster. Genomic neighborhoods are
shown within representative sequenced teleost genomes. Each arrow
indicates a complete gene oriented in the (5—3’) direction. The pink-shaded
area in panel a indicates the trypsinogen gene locus. d Phylogenetic analysis
of vertebrate sod3 genes. Divergence time was calculated applying mutation
rate formula 1 = D/2t = 3.28e-9. Abbreviation: Ca, C. aceratus, icefish: Dr,
D. rerio, zebrafish: Ga, G. aculeatus, stickleback: Nc, N. coriiceps, bullhead
notothen: Ol, O. latipes, medaka: Pf, P. Formosa, Amazon molly: Tr, 7.
rubripes, fugu: Xm, X. maculatus, platyfish.
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1% 4. Genomic evidence supporting gene loss events for blackfin icefish circadian
rhythm-related genes. Genomic structures and syntenic comparisons of a. cryptochrome
gene crylab and b. cry2. c. period gene per2 and d. per3 gene clusters are shown within
representative sequenced teleost genomes.
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Supplementary Table 1. Statistics for icefish genome sequencing using PacBio Sequel.

. Total data N50 read Mean read
Library No. of Cells No. of Reads (Mbp) length (bp)  length (bp)
fggmerase 16 6,562,134 89,275 22,250 13,605
Subread 8,434,974 89,045 16,203 10,557
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Supplementary Table 2. BUSCO scores for the completeness of the icefish genome sequence.
(http://busco.ezlab.org)

Actinopterygii Gene Set %
Complete BUSCOs (C) 4,123 89.9
Complete and single-copy BUSCOs (S) 3,930 85.7
Complete and duplicated BUSCOs (D) 193 4.2
Fragmented BUSCOs (F) 164 3.6
Missing BUSCOs (M) 297 6.5
Total BUSCO groups searched 4,584
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Supplementary Table 3. Sequencing statistics for icefish transcriptome analysis.

Organ No. reads Total data (bp) % reads mapping*

Brain 42,517,602  4,294,277,802 94.76
Eye 48,799,334  4,928,732,734 95.45
Gill 51,072,374  5,158,309,774 94.35
Heart 56,781,088  5,734,889,888 92.23
Intestine 51,113,066  5,162,419,666 96.66
Kidney 53,863,870  5,440,250,870 90.35
Liver 78,598,880  7,938,486,880 86.68
Muscle 45,374,108  4,582,784,908 87.23
Ovary 49,080,678  4,957,148,478 91.09
Skin 45,497,130  4,595,210,130 89.49
Spleen 43,778,336  4,421,611,936 89.57
Stomach 57,809,718  5,838,781,518 86.44

*Data from each organ was mapped to assembled icefish genome using Tophat.
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Supplementary Table 4. General statistics of the functional annotation.

Number Percent (%)

Total 30,773
Annotated Blastp 23,923 77.74
Interpro 20,684 67.21
GO 16,671 54.17
KEGG 19.893 64.64
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Supplementary Table 5. Sequencing statistics for icefish small-RNA transcriptome analysis.

Organ N}lmber of reads . Number of reads being % reads being
retained for analysis annotated annotated
Pronephric kidney 4,818,658 4,281,988 88.86
Pectoral girdle bone 9,459,845 7,820,112 82.67
Heart ventricle 596,018 545,265 91.48
Pectoral adductor muscle 2,715,548 2,343,132 86.29
Skeletal muscle 5,750,328 4,822,711 83.87

"Passed sequence quality filter: passed size filter: have minimum of 5 counts
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Supplementary Table 6. Information of miRNA sequence of blackfin icefish.

Detailed information is appended in Supplementary Table 6.xlsx

Supplementary Table 7. Statistics for the analysis of icefish repetitive elements.

Length Percentage

Repeats Number occupied genome (%)
LTR LTR 1,512 154,453 0.01
retrotransposon LTR/Copia 1,423 1,254,557 0.12
LTR/DIRS 28,935 21,963,956 2.06
LTR/ERV1 14,347 9,558,534 0.90
LTR/ERVK 953 147,808 0.01
LTR/Gypsy 54,611 21,218,816 1.99
LTR/Ngaro 3,291 1,806,225 0.17
LTR/Pao 6,780 3,393,081 0.32
Total 111.852 59,497,430 5.58
non-LTR SINE 15,410 2,555,151 0.24
retrotransposon SINE/5S 1,996 186,954 0.02
SINE/ID 563 47,443 0.00
SINE/MIR 19,288 3,038,263 0.29
SINE/tRNA 570 206,591 0.02
Total 37,827 6,034,402 0.57
LINE 10,421 5,399,187 0.51
LINE/CR1 3,384 1,119,014 0.11
LINE/I 8,488 2,563,237 0.24
LINE/Jockey 5,508 1,365,271 0.13
LINE/L1 8,227 3,347,285 0.31
LINE/L2 100,525 40,927,414 3.84
LINE/Penelope 1,301 284,035 0.03
LINE/Proto2 2,374 780,797 0.07
T“‘Z‘l‘esll:l"esnatble LINE/Rex 72,096 16,705.191 1.57
LINE/RTE 8,466 4,759,124 0.45
Total 220,790 77,250,555 7.25
DNA DNA 116,939 25,573,600 2.40
transposon DNA/Academ 3,694 896,244 0.08
DNA/CMC 13,082 3,359,603 0.32
DNA/Crypton 9,700 2,343,498 0.22
DNA/Ginger 601 194,239 0.02
DNA/Harbinger 2,760 1,440,879 0.14
DNA/hAT 332,737 93,810,547 8.80
DNA/Kolobok 8,025 2,297,447 0.22
DNA/Maverick 10,958 3,101,964 0.29

DNA/Merlin 291 111,556 0.01
DNA/MULE 250 19,659 0.00
DNA/Novosib 2,194 641,603 0.06
DNA/P 4,543 2,087,502 0.20
DNA/PIF 32,016 12,688,102 1.19
DNA/PiggyBac 7,135 2,199,829 0.21
DNA/Sola 484 201,769 0.02
DNA/TcMar 15,385 7,248,703 0.68
DNA/Zisupton 889 198,058 0.02
RC Helitron 2,519 2,163,670 0.20
Total 564,202 160,578,472 15.07
Unclassified 628.836 201,836,786 18.94
Total Interspersed 1,563,507 505,197,645 47.41
Small RNA 1,074 454,551 0.04
Satellites 5,834 2,808,492 0.26
Simple repeats 324,248 26,602,004 2.50
Low 26,275 1,647,308 0.15

complexity

Total 536,710,000 50.36
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Supplementary Table 8. Genome assemblies/Gene models used in this study.

Common _name Species Assembly/Gene model
Icefish Chaenocephalus aceratus This study
Dragonfish Parachaenichthys charcoti PRINA330735
Bullhead notothen Notothenia coriiceps GCA 000735185.1
Stickleback Gasterosteus aculeatus BROAD S1

Platyfish Xiphophorus maculatus Xipmac4.4.2

Amazon molly Poecilia formosa Poecilia formosa-5.1.2
Medaka Oryzias latipes HdrR

Tilapia Oreochromis niloticus Orenill.0

Takifugu Takifugu rubripes FUGU 5.0

Tetraodon Tetraodon nigroviridis TETRAODON 8.0
Cod Gadus morhua gadMorl

Zebrafish Danio rerio GRCz10

Cavefish Astyanax_mexicanus AstMex102
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Supplementary Table 9. Summary of orthologous gene clusters analyzed in 13 species.

Ave.

No. No. of No. of No. of No. of No. of

Speci of genes h unique

pecies name gene orphan genes
coding families o &1C genes gene in gene
genes families families families
30,77

Icefish 3 18,636 24,159 6,614 581 1.3
32,71

Dragonfish 3 21417 26,550 6,163 429 1.2
32,63

Bullhead notothen 5 20,153 23,387 9,248 34 1.2
20,78

Stickleback 6 16,131 19,601 1,185 48 1.2
20,37

Platyfish 9 16,966 19,748 631 6 1.2
23,61

Amazon molly 5 18,019 22,488 1,127 116 1.2
19,69

Medaka 9 14,981 18,136 1,563 132 1.2
21,43

Tilapia 7 16,282 20,541 896 139 1.3
18,52

Takifugu 3 14,767 17,747 776 47 1.2
19,60

Tetraodon 2 14,835 17,783 1,819 47 1.2
20,09

Cod 4 15,292 18,107 1,987 72 1.2
25,39

Zebrafish 7 16,334 22,815 2,582 320 1.4
23,04

Cavefish 2 16,014 19,522 3.520 124 1.2
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Supplementary Table 10. Gene Ontology of expanded genes families in the icefish genome
relative to the 13 species®.

Category GO _acc Term p-value

P G0:0043623 cellular protein complex assembly 6.40E-07
P G0:0050906 detection of stimulus involved in sensory perception 2.00E-06
P G0:0034622 cellular macromolecular complex assembly 2.20E-05
P G0:0007606 sensory perception of chemical stimulus 3.00E-05
P GO0:0007600 sensory perception 2.90E-05
P GO0:0006461 protein complex assembly 4.80E-05
P G0:0065003 macromolecular complex assembly 0.00023
P GO0:0071205 protein localization to juxtaparanode region of axon 0.029
P G0:0007626 locomotory behavior 0.0092
P G0:0034728 nucleosome organization 0.04
P GO0:0032507 maintenance of protein location in cell 0.04
P GO:0042742 defense response to bacterium 0.027
P G0:0065004 protein-DNA complex assembly 0.013
P GO:0000050 urea cycle 0.004
P G0:0019627 urea metabolic process 0.004
P G0:0071466 cellular response to xenobiotic stimulus 0.0031

adaptive immune response based on somatic
P G0:0002460 recombination of immune receptors built from 0.028
immunoglobulin superfamily domains

P GO:0035113 embryonic appendage morphogenesis 0.044
P GO:0045185 maintenance of protein location 0.04
P GO0:0006935 chemotaxis 0.024
P G0:0043604 amide biosynthetic process 0.017
P G0:0002449 lymphocyte mediated immunity 0.0048
F G0:0019001 guanyl nucleotide binding 9.30E-07
F G0:0004984 olfactory receptor activity 1.80E-06
F GO:0017111 nucleoside-triphosphatase activity 0.001
F G0:0004053 arginase activity 0.0011
F G0:0004190 aspartic-type endopeptidase activity 0.0014
F G0:0070001 aspartic-type peptidase activity 0.0014
F Goouests byl st aeing on i anbydices. i
F GO:0016462 pyrophosphatase activity 0.0018
F G0:0005506 iron ion binding 0.002
F GO0:0005093 Rab GDP-dissociation inhibitor activity 0.004
P ooy hydelse st seing on carbonnirozen (but o
F GO:0008158 hedgehog receptor activity 0.01
F GO0:0004617 phosphoglycerate dehydrogenase activity 0.01
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G0:0035004
G0:0004842
G0:0003964
G0:0003796
G0:0020037
GO:0003779
GO:0019787
G0:0032549
GO:0016881
G0:0005540
GO0:0016303
G0:0004601
G0:0034702
G0:0034703
GO:0005581
G0:0043232
GO:0005577
GO:0005604

phosphoinositide 3-kinase activity
ubiquitin-protein ligase activity
RNA-directed DNA polymerase activity
lysozyme activity

heme binding

actin binding

small conjugating protein ligase activity
ribonucleoside binding

acid-amino acid ligase activity
hyaluronic acid binding
1-phosphatidylinositol-3-kinase activity
peroxidase activity

ion channel complex

cation channel complex

collagen

intracellular non-membrane-bounded organelle
fibrinogen complex

basement membrane

0.04
0.012
0.014
0.017
0.027
0.033
0.022
0.029
0.025
0.016

0.04
0.047
0.029
0.012
0.014

0.01

0.0091
0.024

* Species list are Supplementary Table 6.

_65_



Supplementary Table 11. Gene Ontology for contracted gene families in the icefish genome
relative to the 13 species®.

Category GO acc Term p-value
P GO:0046835  carbohydrate phosphorylation 1.90E-13
P GO:0006003  fructose 2,6-bisphosphate metabolic process 1.30E-12
P GO:0006000  fructose metabolic process 6.70E-10
P GO0:0044237  cellular metabolic process 4.60E-08
P GO:0010467  gene expression 1.30E-07
P GO:0006004  fucose metabolic process 4.00E-07
P GO:0005996 monosaccharide metabolic process 5.20E-07
P GO:0044260  cellular macromolecule metabolic process 5.20E-07
P GO:0006066  alcohol metabolic process 1.40E-06
P GO:0019318  hexose metabolic process 1.50E-06
P GO:0044238  primary metabolic process 3.90E-06
P GO-0031145 anaphase-promoting complex-dependent proteasomal 4.20E-06
ubiquitin-dependent protein catabolic process
activation of phospholipase C activity by G-protein coupled
P GO:0007200  receptor protein signaling pathway coupled to IP3 second 4.90E-06
messenger
P GO:0007202  activation of phospholipase C activity 7.60E-06
P GO:0010863  positive regulation of phospholipase C activity 9.40E-06
P GO:0007067  mitosis 9.00E-06
P GO0:0022613  ribonucleoprotein complex biogenesis 9.60E-06
P GO:0000280  nuclear division 1.10E-05
P GO:0010518  positive regulation of phospholipase activity 1.40E-05
P GO:0010517  regulation of phospholipase activity 1.40E-05
P GO:0048285  organelle fission 1.70E-05
P GO:0030071  regulation of mitotic metaphase/anaphase transition 2.10E-05
P GO:0043170  macromolecule metabolic process 2.20E-05
P GO:0007091  mitotic metaphase/anaphase transition 2.10E-05
P GO:0060193  positive regulation of lipase activity 2.50E-05
P GO-0007178 transmembrane receptor protein serine/threonine kinase 2 90E-05
signaling pathway
P GO:0060191  regulation of lipase activity 3.00E-05
P GO:0000087 M phase of mitotic cell cycle 3.80E-05
P GO:0008152  metabolic process 3.90E-05
P GO:0042254  ribosome biogenesis 3.90E-05
P GO:0016070 RNA metabolic process 4.20E-05
P GO-0090092 regulation of transmembrane receptor protein serine/threonine 4.30E-05
’ kinase signaling pathway )
P GO:0048015  phosphoinositide-mediated signaling 4.30E-05
P GO:0006607 NLS-bearing substrate import into nucleus 7.90E-05
P GO:0045333  cellular respiration 9.30E-05
P GO:0007176  regulation of epidermal growth factor receptor activity 0.00011
P GO:0007175  negative regulation of epidermal growth factor receptor activity 0.00011
P GO:0018345  protein palmitoylation 0.00011
P GO:0010469  regulation of receptor activity 0.00011
P GO:0009987  cellular process 0.00011
P GO:0006457  protein folding 0.00012
P GO:0006396 RNA processing 0.00012
P GO:0006364 rRNA processing 0.00014
P GO:0055014  atrial cardiac muscle cell development 0.00014
F GO:0003873  6-phosphofructo-2-kinase activity 3.80E-13
F GO:0019200  carbohydrate kinase activity 8.80E-13
F GO:0008443  phosphofructokinase activity 3.00E-11
F GO:0003746  translation elongation factor activity 1.40E-05
F GO:0031386  protein tag 2.70E-05
F GO:0017124  SH3 domain binding 4.80E-05
F GO:0051219  phosphoprotein binding 0.00011
F GO:0001784  phosphotyrosine binding 0.00011
F GO:0045309  protein phosphorylated amino acid binding 0.00011
C GO:0030684  preribosome 2.20E-10
C GO:0030529  ribonucleoprotein complex 1.70E-09
C GO0:0043231 intracellular membrane-bounded organelle 1.60E-08
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GO0:0043227
G0:0044424
G0:0005634
GO:0005622
G0:0043229
G0:0043226
GO0:0034457
GO:0005737
G0:0030686
GO:0045121
GO:0030672
GO0:0032040
GO:0030687
GO0:0044428
GO0:0032991
G0:0044455
GO:0030665
GO:0016469
G0O:0005689
GO0:0044452
GO:0005680
GO:0005687
GO0:0031410
GO:0031307
GO0:0044444
G0:0000152
GO0:0005686
GO:0071564
G0:0031982
G0:0016507
G0:0000243
GO0:0030532
GO:0071011

GO:0000276

GO:0031306
G0:0044446
GO:0044422
GO:0030688

membrane-bounded organelle
intracellular part

nucleus

intracellular

intracellular organelle

organelle

Mppl10 complex

cytoplasm

90S preribosome

membrane raft

synaptic vesicle membrane
small-subunit processome

preribosome, large subunit precursor
nuclear part

macromolecular complex

mitochondrial membrane part

clathrin coated vesicle membrane
proton-transporting two-sector ATPase complex
Ul2-type spliceosomal complex
nucleolar part

anaphase-promoting complex

U4 snRNP

cytoplasmic vesicle

integral to mitochondrial outer membrane
cytoplasmic part

nuclear ubiquitin ligase complex

U2 snRNP

npBAF complex

vesicle

fatty acid beta-oxidation multienzyme complex
commitment complex

small nuclear ribonucleoprotein complex
precatalytic spliceosome

mitochondrial proton-transporting ATP synthase complex,

coupling factor F(o)

intrinsic to mitochondrial outer membrane
intracellular organelle part

organelle part

preribosome, small subunit_precursor

1.80E-08
2.90E-08
3.70E-08
3.40E-07
7.80E-07
9.10E-07
1.10E-06
2.60E-06
2.40E-06
6.70E-06
1.40E-05
2.00E-05
2.10E-05
5.80E-05
6.10E-05
6.70E-05
9.80E-05
0.0001
0.00013
0.00018
0.00018
0.00022
0.00029
0.0003
0.00028
0.0003
0.00041
0.00041
0.00039
0.00041
0.00042
0.00055
0.00058

0.00072

0.0007
0.0009
0.00087
0.00089

* Species list are Supplementary Table 6.
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Supplementary Table 12. CAFEl gene family analysis results.

No. of No. of

Species No. of coding Expanded Contracted No. of Genes
genes families families. lost

Icefish 30,773 1793 (280) 6831 (6) 6869
Dragonfish 32,713 1174 (162) 4057 (1) 4080
Bullhead

32,661 1178 (8) 5534 (2) 5640
notothen
Stickleback 27,576 465 (59) 10704 (2) 10732
Platyfish 20,779 184 (3) 1928 (32) 2002
Amazon molly 24354 1195 (165) 780 (1) 781
Medaka 20459 452 (78) 4953 (3) 5018
Tilapia 27088 800 (133) 4047 (0) 4057
Takifugu 18,523 390 (47) 1924 (3) 1935
Tetraodon 23,118 530 (24) 1895 (7) 1927
Cod 22,100 391 (21) 14427 (3) 14523
Zebrafish 25,403 1183 (78) 2205 (0) 2241
Cavefish 23698 775 (8) 2542 (16) 2753
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Supplementary Table 13. CAFE results for significantly expanded genes in icefish.

Category GO _acc Term p-value
F GO:0005488  binding 2.94E-03
F GO:0005200  structural constituent of cytoskeleton 5.48E-03
F GO:0030246  carbohydrate binding 5.98E-03
F GO:0005506 iron ion binding 1.07E-02
F GO:0003924  GTPase activity 2.12E-02
F GO:0008199  ferric iron binding 1.79E-02
oxidoreductase activity, acting on single donors with
F GO:0016702  incorporation of molecular oxygen, incorporation of 3.04E-02
two atoms of oxygen
F GO:0016701 oxidoreductase activity, acting on single donors with 3 04E-02
) incorporation of molecular oxygen )
F GO:0004984  olfactory receptor activity 4.29E-02
P GO:0051258  protein polymerization 1.42E-02
P GO:0043623  cellular protein complex assembly 1.86E-02
P GO:0007017  microtubule-based process 2.30E-02
P GO0:0034622  cellular macromolecular complex assembly 3.31E-02
P GO:0006461  protein complex assembly 4.28E-02
P GO:0070271  protein complex biogenesis 4.34E-02
P GO:0006826  iron ion transport 2.04E-02
P GO:0000041 transition metal ion transport 2.54E-02
P GO:0006879  cellular iron ion homeostasis 2.79E-02
P GO:0046916  cellular transition metal ion homeostasis 2.79E-02
P GO:0055072  iron ion homeostasis 3.29E-02
P GO:0055076  transition metal ion homeostasis 3.54E-02
P GO:0050911 detection of chemical stimulus involved in sensory 429E-02
perception of smell
P GO-0050907 detection of chemical stimulus involved in sensory 4 53E-02
perception
P GO:0050906  detection of stimulus involved in sensory perception 4.53E-02
P GO:0006875  cellular metal ion homeostasis 4.78E-02
P GO:0009593  detection of chemical stimulus 4.78E-02
C GO:0005874  microtubule 1.00E-02
C G0O:0015630  microtubule cvtoskeleton 2.79E-02
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Supplementary Table 14. Positively selected genes in the icefish genome. (Likelihood ratio

test: a=0.05).

Gene 1D Descriptions

Cac000489 synaptosomal-associated protein 47

Cac000662 septin-10-like isoform X2

Cac001617 ester hydrolase Cllorf54 homolog

Cac001771 T-complex protein 1 subunit alpha

Cac002279 delta-type opioid receptor-like

Cac003235 protein FAM3C

Cac003886 tripeptidyl-peptidase 1

Cac004140 poly(ADP-ribose) glycohydrolase ARH3

Cac004885 nuclear pore complex protein Nup205

Cac004994 thioredoxin domain-containing protein 5

Cac005124 integrin alpha-6

Cac005514 high-affinity choline transporter 1-like

Cac006594 phosphatidylinositol 4-kinase type 2-alpha

Cac011177 neutrophil cytosol factor 1

Cac011177 neutrophil cytosol factor 1

Cac012351 lengsin

Cac013420 cerebral cavernous malformations 2 protein isoform X2
Cac013753 sonic hedgehog protein

Cac016183 translation initiation factor eIF-2B subunit beta
Cac016183 translation initiation factor eIF-2B subunit beta
Cac019931 pyruvate dehyrogenase phosphatase catalytic subunit 1
Cac019931 pyruvate dehyrogenase phosphatase catalytic subunit 1
Cac020370 zinc finger MYND domain-containing protein 10
Cac020655 beta-1:4 N-acetylgalactosaminyl transferase 1
Cac020945 mitotic checkpoint protein BUB3

Cac020991 F-box only protein 11 isoform X4

Cac021124 NADPH--cytochrome P450 reductase isoform X1
Cac021496 PX domain-containing protein 1

Cac021612 translocon-associated protein subunit alpha isoform X2
Cac022143 reticulon-4-interacting protein 1: mitochondrial isoform X1
Cac023068 UNC93-like protein MFSD11

Cac023070 mpvl7-like protein

Cac025005 protein CYR61

Cac025225 rod cGMP-specific 3',5'-cyclic phosphodiesterase subunit beta
Cac025247 RNA 3&apos;-terminal phosphate cyclase-like protein
Cac026046 AP-1 complex subunit gamma-1 isoform X2
Cac026882 sorting nexin-12

Cac027018 merlin-like

Cac027509 peripheral myelin protein 22-like

Cac027988 transcription cofactor vestigial-like protein 2 isoform X1
Cac028923 glomulin-like

Cac029538 FAST kinase domain-containing protein 1

Cac(029831 general transcription factor 3C polvpeptide 4
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Supplementary Table 15. Gene ontology for positively selected genes in the icefish genome.

Category GO accessory Term p-value

MF G0:0035091 phosphatidylinositol binding 7.25E-05
MF G0:0005543 phospholipid binding 2.48E-04
MF G0:0008289 lipid binding 2.05E-03
MF GO:0016651 oxidoreductase activity, acting on NAD(P)H 8.93E-04
MF G0:0003958 NADPH-hemoprotein reductase activity 3.26E-03
MF GO:0016175 superoxide-generating NADPH oxidase activity 3.26E-03
MF GO:0050664 oxidoreductase activity, acting on NAD(P)H, 3 26E-03

oxygen as acceptor .
MF GO:0016653 }01X1d0reduct_ase activity, acting on NAD(P)H, 6.50E-03
eme protein as acceptor

MF GO0:0010181 FMN binding 1.30E-02
MF G0:0004722 protein serine/threonine phosphatase activity 3.21E-02
MF GO0:0004114 3'.5'-cyclic-nucleotide phosphodiesterase activity 3.53E-02
MF GO:0004112 cyclic-nucleotide phosphodiesterase activity 3.53E-02
BP GO0:0030908 protein splicing 6.50E-03
BP G0O:0016539 intein-mediated protein splicing 6.50E-03
BP GO:0016485 protein processing 3.53E-02
BP GO0:0051604 protein maturation 3.53E-02
CC GO0:0000151 ubiquitin ligase complex 3.53E-02

Abbreviations: MF, Molecular function: BP, biological process: CC, Cellular component
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Supplementary Table 16. Comparison of zona pellucida (zp) gene family members in icefish
and other Antarctic fish.

ZPAX1 ZPAX2 7ZPC1 ZPC2 7ZPC3 7ZPC4 ZPC5 7ZPB ZPD CGL CGH Total

C. aceratus 29 7 22 13 7 2 33 2 1 8 7 131
*N. coriiceps 1 2 2 1 1 2 1 3 1 4 0 18
*P. charcoti 4 1 2 2 2 1 3 6 1 7 1 30
**D. mawsoni 1 1 1 1 1 1 8 1 1 1 1 18
**C. hamatus 1 4 4 2 0 2 4 1 1 0 0 19
**G. acuticeps 3 1 3 2 2 2 4 2 1 0 0 20
**T. bernacchii 1 1 2 1 1 1 2 1 1 0 0 11
**N. angustata 0 0 1 0 0 0 1 0 0 0 0 2

**D.eleginoides 1 0 1 1 0 0 5 0 0 0 0 8

**L. nudifrons 1 1 1 1 1 1 1 1 1 0 0 9

**E.maclovinus 1 1 2 1 1 1 3 1 0 0 0 11

* The number of zp genes was annotated from our previous research2.3.

** The number of zp genes of 8 species of Antarctic fish was derived from the
Supplementary Table 1 in Cao et al.,, 20164.
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Supplementary Table 17. Genomic distribution of icefish zona pellucida (zp) family genes.
The total number of annotated zp genes on each contig is indicated. Of the 131 icefish zp
genes, 109 are distributed on 20 different scaffolds that have more than two genes, and 22
scaffolds have a single zp gene.

Contig ZPAX1 ZPAX2 ZPCl1 ZPC2 ZPC3 ZPC4 ZPC5 7ZP3 7ZP4 ZPB ZPD Total

Ice 000281 2 18 20
Ice 010079 7 3

Ice 000114 5 5
Ice 030120 7 3

Ice 040384 3 1 4
Ice 051004 4 4

Ice 060311 1 1
Ice 070981 5

Ice 080050 1 3

Ice 090470 2 2

Ice 100683 4

Ice 110055 3

Ice 120371 3 1
Ice 130009 1 1

Ice 140019 1 1

Ice 150293
Ice 160991
Ice 171379
Ice 182290
Ice 192443
Ice 200015 1
Ice 210036 1
Ice 220080 1

Ice 230090 1

Ice 240126 1
Ice 250182 1

Ice 260204 1

Ice 270271 1

Ice 280276 1

Ice 290336 1

Ice 300443 1

Ice 310473 1

Ice 320486 1

Ice 330519 1

Ice 340709 1

Ice 350845 1
Ice 361246 1

Ice 371821 1

Ice 382268 1

Ice 392717 1

Ice 402947 1

—_
(=)

N

NN = NN
[—

Total 29 7 22 13 7 2 33 8 7 2 1 131
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Supplementary Table 18. Annotation of antioxidant defense system related genes in five teleosts. Genes were selected from the gene set of antioxidant
activity (M15021) of Gene Set Enrichment Analysisb (GSEA, http://software.broadinstitute.org/gsea/index.jsp).

Icefish Dragonfish ‘{:‘Sfﬁfggg Takifugu Medaka Platyfish Zebrafish
Superoxide dismutase 5 3 3 3 3 3 4
Catalase 1 1 1 1 1 1 1
NAD(P)H:quinone acceptor oxidoreductase 33 2 2 2 3 3 1
Glutathione peroxidase 4 7 4 9 6 6 9
Selenoprotein S 1 1 1 1 0 1 1
Eosinophil peroxidase 7 4 4 3 6 4 2
Microsomal glutathione S-transferase 3 2 2 2 2 2 2 2
Cytoglobin 2 2 2 2 2 2 2
8-oxoguanine DNA glycosylase 2 1 1 1 1 1 1
Thioredoxin reductase 3 3 2 2 2 3 2
Peroxiredoxin 6 6 6 6 6 6 6
Apolipoprotein A-IV 4 2 3 6 2 1 4
Total 70 34 31 38 34 33 35
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Supplementary Table 19. sod genes identified in teleost genomes. The Genbank accession number
is indicated for each sod gene.

SODI SOD2 SOD3
CacV3p 021817-1

Icefish CacV3p 001772 CacV3p 016306 CacV3p 021817-2
CacV3p 021817-3
gﬂﬁ‘ﬁggg XP 010771234.1 XP 010770367.1 XP_010775098.1
Dragonfish DFtranscrip-31740 DFtranscrip-29679 DFtranscrip-21872
Stickleback ~ ENSGACG00000020581 ENSGACG00000009000 ENSGACG00000017840
Takifugu XP 003971372 XP 011610563 XP 011610687
Platyfish XP 005807113 XP 005802672 XP_ 005807205
Amazon molly XP 007555641 XP 007546844 XP 007551838
Medaka XP 004076261 XP_ 004083519 XP 004084336
Zebrafish NP 571369.1 NP 956270 NP_001092706 (chr7)*

XP 001332758 (chrl)

Zebrafish has two sod3 genes (sod3a and sod3b): sod3a is located on chromosome 7 with similar
synteny to that of other teleosts, whereas sod3b is located on chromosome 1.
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Supplementary Table 20. Circadian rhythm-related genes identified in teleost genomes. The location of each gene in each chromosome or scaffold is
noted for each gene. Chromosomal location was based on the updated Supplementary Material 13 of Toloza-Villalobos et al. (2015)6. Updated

information is marked with an asterisk (*). A dash means that the gene was not found on a defined chromosome or scaffold.

Icefish Stickleback Takifugu Medaka Platyfish Zebrafish
orla ) ) ) ) ) Chr10:23010981-23
p 028617
orlh Cacp_005339 grouplll:1517985-152  Scaffold 63:506313-51 Chrl18:15189752-151 JH556673.1:326107-3 Chr7:52277645-523
p Ice 000086:2255858..2264187 9008 2694 99550 43686* 01471
rda ) groupl:1855721-18632 Scaffold 344:165475-1 Chr13:31788175-318 JH556784.1:457717-4 )
P 75% 73866 00229 80890
% Cacp_024627 groupVII:3993749-40 Scaffold 123:243442-2 Chrl7:25658720-256 JH556667.1:3479242- Chr2:48423772-484
per. Ice_000019:2927559..2939828 00926* 51642 80938 3504286 89514
.3 ) - Chr19:11805147-11815 Chr5:29288111-2929 JH556773.1:1356945- Chrl1:41435220-41
pe 446* 8254 1376982 490992
Cacp_026503 grouplV:32004462-32 - Chr23:19786254 - JH556703.1:1996368- Chr4:12011692-120
crylaa— y.0 000025:345991..3456768 008670 Scaffold_4395:1-440 19805276 2009995 27887%
1ab ) groupXIX:17896031-1 Scaffold 21:12588914- Chr6:30902546-3091 Chr2:17084212-17094 Chr18:15104200-15
cryia 7900731:1* 1264794 1031 297 132014
crvlba Cacp_006784 groupXII:13140358-1 Scaffold 278:81132-99  Chr7:28299032 - Chr1:29806902 -  Chr8:21222300-212
Y Ice 000125:1848029..1834983 3147524 203* 28474995 29840394* 55421%*
Chr22:783514-8112
crylbb - - - - - 11%
o2 ) groupXIX:1002682-10 Scaffold 591:4558-103 Chr6:22492682-2250 Chr2: Chr25:13845092-13
Y 16637 48%* 3706 4478878-4495387* 873484
tock Cacp 021314 ] Scaffold 13:1587298-1 ] JH557215.1:159758-1 Chr20:22202472-22
clocka Ice 000042:1091634..1109722 594020 85684 246469
lockb Cacp_021654 grouplX:489361-4993  Scaffold 563:28933-37 Chrl1:14996520-1500 JH556907.1:802434-8 Chrl:18174899-182
cloce Ice_000015:997555..1012718 74 732 7939 20177 08348
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Cacp 011192

groupVII:17209951-1

Scaffold 6:1321121-13

Chr14:17135493-171

Chr5:24572014-246

npas2a Ice_000386:348502..366485 7217908 31856 47943 - 14052
arntla Cacp_017407 groupXIX:1196030-12 Scaffold 30:314818-32 Scaffold212:822889- JH556669.1:1164407- Chr25:18381074-18
Ice_000301:749264..791055 06038 2668 852119 1191899 406100
arnilb ] ) ) ) ) Chr7:67945182-680
02908
wrmila Cacp_009803 ] Scaffold 105:333609-3 Chr6:16473669-1648 JH556735.1:1789641- Chr18:15249987-15
Ice_000337:138232..147037 41010 4384 1801148 289314
arntl2b Cacp_026454 grouplV:22530990-22  Scaffold 657:8465-120 Chr23:2931241-2954 JH556873.1:690137-7 )
Ice_000025:673361..679455 537106 73 154 07607
Cacp_ 012338 groupV:5628628-5633 Scaffold 3:2837555-28 Chr19:803568-81128 _ Chr12:20401738-20
csnklea Ice_001973:12374..33989 878 40657 0 JH559539.1:29-8132 414656
csnkleh Cacp_029385 groupX1:4260952-426 Scaffold 253:334382-3 Chr8:19677134-1968 JH556752.1:1560221- )
Ice_000244:45..10972 8829 42511 4994 1567996
conklda Cacp_014005 Scaffold54:477509-48 Scaffold 41:895893-90 Chr8:25232642-2523 JH557172.1:17306-26 )
Ice_000322F:247084..274355 6247 2348 9805 673
csnkldb Cacp_ 006446 groupX1:1303431-131 } . ) Chr12:34815412-34
Ice_000123F:682442..704673 2998 831695
csmklde ) ) ] . ) Chr3:3ggé;21-362
imel Cacp_000716 Scaffold27:1143834-1 Scaffold 47:1354118-1 Chr5:27745117-2775 JH556773.1: Chr11:3195071-322
imetess Ice_000119F:944982..953940 158386 362657 8015 50419-64006 9802

_77_



Supplementary Table 21. The number of olfactory receptor genes in 6 teleost species.

Icefish Medaka Stickleback Takifugu Tetraodon Zebrafish
alpha 0 0 0 0 0 0
beta 1 3 1 1 0 7
gamma 2 1 3 0 0 1
delta 161 44 112 55 14 69
epsilon 2 4 4 3 2 13
zeta 10 12 23 10 2 41
eta 35 30 12 31 12 45
theta 0 1 1 1 1 1
theta-2 0 0 0 0 0 1
kappa 1 1 3 1 1 2
lambda 0 1 1 0 0 1
Total 212 97 160 102 32 181
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Supplementary Figure 1. Photograph of a female specimen of the Antarctic blackfin icefish,
Chaenocephalus aceratus.
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Supplementary Figure 2. Sampling sites for Antarctic blackfin icefish. Red dots represent sampling
points.
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Supplementary Figure 3. Estimation of genome size by K-mer analysis. Genome size was
calculated as total error-corrected Pachio sequence. The estimated genome size of C. aceratus is

1.1 Gb (81-mers).
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Supplementary Figure 4. Genetic linkage map for the blackfin icefish.
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Supplementary Figure 5. Synteny of C aceratus chromosomes with those of other teleosts. a.
Analysis of gene content suggests a one-to-one correspondence between icefish and sea bass
chromosomes. Icefish-specific color-coded lines connect predicted orthologous genes and show
that no translocations occurred in the icefish lineage after it diverged from the sea bass lineage.
b. Conservation of synteny between icefish LG12 and stickleback LGXIV. Lines connecting
individual orthologous genes are color coded based on the icefish genomic contig. c. Conserved
synteny between sea bass LG19 and stickleback LgXIV, which reveals that inversions and
transpositions were frequent in the icefish lineage after it diverged from the sea bass lineage.
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Supplementary Figure 6. Conservation of gene order between orthologous icefish and sea bass
chromosomes. a, icefish LG1. b, icefish LG9. c, icefish LG16. d, icefish LG20. Lines connecting
orthologous genes are color coded relative to the icefish genomic contig. Comparisons show many

inversions and a few transpositions that distinguish these two species, whose lineages diverged
more than 100 million years ago.
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Supplementary Figure 7. Divergence time estimation of teleost fish. Blue bars depict 95% highest

posterior density (HPD) time estimates (time scale: Mya).
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Supplementary Figure 8. Venn diagram of orthologous gene clusters for five teleost fishes.
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Supplementary Figure 9. Conserved syntenies for zpc3 and zpch genes identified in the icefish
genome, The icefish zpc3 and zpch are tandemly duplicated in a contig Ice_ 000114.
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Supplementary Figure 10. Transcriptional profile of zona pellucida (zp) protein family genes in
blackfin icefish organs. The transcriptional profile of zp genes was measured in twelve organs of
icefish (i.e. brain, eye, gill, heart, intestine, kidney, liver, muscle, ovary, skin, spleen, and
stomach). The level of expression for each mRNA is represented by color gradations in the heat
map.
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Supplementary Figure 11. Syntenic comparisons of icefish globin gene clusters. Teleosts have two
globin gene clusters. The LA cluster, which encodes both hemoglobin a- and B-subunits, is
adjacent to the lemtl and aquaporin genes on one side and rhbdflb on the other side. The MN
cluster, which also encodes both hemoglobin alpha and beta subunits, has rhbdfla, mpg, and
nrpl3 on one side and kank? on the other side. Loss of complete copies of both a- and B-globin
genes is observed for both the LA and MN clusters in the icefish genome. Each arrow indicates
a gene in the 5'—3" direction. a- and B-globin clusters are shown by green and red boxes. The
partial alpha globin gene containing only exon 3 is identified in the icefish LA cluster by a
dashed box . This figure was updated from the figure 1 of Opazo et al.l.
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Supplementary Figure 12. Syntenic comparison of myoglobin and cytoglobin genes identified in
icefish genome. Genomic structure and syntenic comparison of a. cytoglobin (cygbl) b. cygh2,
c. myoglobin (mb) and d. neuroglobin (ngb) genes are shown within representative sequenced
teleost genomes.
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Supplementary Figure 13. Expansion of NAD(P)H quinone dehydrogenase 1 (ngol) genes in the
icefish genome. Comparison of genomic structure, synteny, and phylogenetic relationship of
icefish nqol genes shown within representative sequenced teleost genomes. Icefish nqol genes
are distributed on five different contigs.
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Supplementary Figure 14. The 8-oxoguanine DNA glycosylase (oggl) gene is duplicated in the
icefish genome. Other teleost genomes contain a single gene.
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Supplementary Figure 15. Percentages of TEs, DNA transposons, LTR, LINE, and SINE
retrotransposons, in different teleost genomes. The amounts of DNA transposons, LTR, LINE,
and SINE retrotransposons, and unclassified elements (Unknown), as well as their respective
proportions were estimated based on RepeatMasker outfiles.
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Supplementary Figure 16. Diversity and abundance of TE superfamilies in teleosts. Presence or
absence of TE superfamilies was determined using automatic annotation, manual verification,
and literature information. The relative proportion of superfamilies is shown in squares according
to the gradient scale (log) at the bottom.
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Supplementary Figure 17. Kimura distance-based copy divergence analysis?2 of transposable
elements in teleost genomes. Graphs represent genome coverage (Y-axis, %) for each type of
TE (DNA transposons, SINE, LINE, and LTR retrotransposons) in the different genomes
analyzed, clustered to their corresponding consensus sequence according to Kimura distances
(X-axis, K-value from 0 to 50). Right inserted square shows axes for all graph.
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= - SAT AEA HolF Weke A
= A% g5 A HSskl & Kss] sk
Notothenioids= =3l A7 A= TF 0% E AA W, F& A A A Aol
el EAret AR tgstE Ao gk o] A= st 24F Y FAA AT
of AAA miHA ofF EIE o AX %t} Bathydraconidae= H= teleost®] T
F-1-& AA3F= Notothenioideiol <38t+= 3 (family)eltt (Eastman et al. 1993:
Eastman et al. 1998: Eastman et al. 2000: Eakin et al. 2009). 3= bathydraconid
T 29 HQ Parachaenichthys charcoti= 19063 Vailantol ¢ls] xS 7|2 = At
(Notothenioidei: Bathydraconidae: AphialD: 234687: Fishbase ID: 7102). ©] A&
- B9 ZE &Y ARSAE MEAE AR Sl THET. P ocharcoti= MA Y
A W W =& (inner shelves)oll M7= Ao 2 A StH(Casaux et al. 1990).
A g7kA A2 Y Fetel thek AF7F o] Fojx] kot o AR FHHA A=
o] F oy 2 k7t glth(Casaux et al. 1990: Barrera-Oro et al. 2002: Barrera-Oro et al.
2010: Eastman et al. 2002). &= teleost®] tt¥d 3 st olsfstr] 913 & =
S5 ATl fiAE o] F= oF FolAQ 54 &3 243 A A7t

SRR

e

pr

Mo

2. A A
1) 2telEde] 74 3 DNA 97144 s =

P. charcoti(Z °]: ~45cm)+ 20129 19 = d&F 559 AE7|A ZA Marian &
TF (62°14,58°47W) el 20~30m ZAeoldA wFAIZ AF3A S (Figure 1). Gentra
Puregene Blood Kit (Qiagen, Valencia, CA, USA)E AM&3to P charcotiz5-¥
FEAF] genomic DNAE FZE3th DNA d714<E 48 9138 300-.400-,
450-bp AtolZ2 = ZZhl DNA ZZto 2 HE 371A] =79 paired-end #}o] B g
(PE300, PE400, and PE450)& Al &stR o™ i< lllumina 2ol B. 2] FH Wy
o AH2 AT 2 EPS 98] 3-kb, 5-kb, 8-kb, 20-kb A}l 2] mate-pair o]
B3 e (MP3K, MP5K, MP8K, MP20K)E Al&tstlen 2l 2kAte] £& FH] W
< AHE3F3 th(Illumina, San Diego, CA, USA). Draft genome®] 32 W& ¢
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2)

3l expressed sequence tagol FAol7] Wil Truseq Sample preparation v.2
(Ilumina) & AH&3l AAMA golBelglE HA RNAE AR&3ste] Al &stdth A
RNAE 7HxZF o7 A 2399 RNeasy Mini Kit (Qiagen) 2t RNase =Free
DNAsel Kit (Qiagen)S AH&3l FAstAth F+E3 RNAAZ S 23 5= £42
2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA)E AFE-3A T} 21
g A RNAZFE mRNAE FEst% o™ poly-A 2= A&kl cDNA
golBelg & A&t A G71ME sl 5= 918 cDNAS 500-bp 712 =
2 %, llumina =% WS A28+ paired-end ol B2 2] (PE500) & A 2Fak A
ot HE AAMA glelB e o]t FE& 2100 Bioanalyzerg Ab&3te] &<la)
ATk AARA 971448 sl 52 300 x 2 paired-end readsE A&t (Table 1).
llumina Y9714 € a5 A3+= FASTXToolkit (v. 0.0.11) (Gordon et al. 2017) €]
parameters -t 20, -1 70, -Q33 2422 EYH 39S paired AL S g &
Ao AFE3EATE Table 18] EE F71A4 Y sl 52 SAAFL0A o] Fol AT

FAA o) 427

DNA paired-end ztelHelgle] {FHA Ale]=2E FHAsI7] Hdl Jellyfish 2.2.5

(Jellyfish,

RRID:SCR 005491) (Marcais et al. 2011) & AH&3ste] K-mer #45 skt F2 A

o] o4} Z7]= 805 Mbel™, main peak® Z7]|E Ho} coverage depth+= x39°]th
(figure 2). EZ] Y3t paired-end A EE ©l&ste] 7] oA EZE AP o
] Celera Assembler v. 8.3 (Celera Assembler, RRID:SCR 010750) (Myers et al.
2000) & A3t Celera Assembler ¥4 2 913l paired-end 1= H °]H Celera
Assemblerol] Z35 o= GastqToCAE o] £3le] FRGEW S 2 W33t} Intel
Xeon X7460 2.66 GHz ZZAA], 1Tb RAM, 80 ZZ2AM| A YA H oA S o] &3}¢]

oJAEHE AP er A& FHAevEHe v 2ok overlapper = ovl,
unitigger = bogart, utgErrorRate = 0.03, utgErrorLimit = 2.5,
utgGraphErrorRate = 0.030, utgGraphErrorLimit = 3.25, ovlErrorRate = 0.06,
cnsErrorRate = 0.06, cgwErrorRate = 0.1, merSize = 28,

doOverlapBased Trimming = 1, merylMemory = 500 000, merylThreads = 40,
oviMemory = 8 Gb, ovlThreads = 2, ovlConcurrency = 40, ovlHashBlockLength
= 300000 000, ovlRefBlockSize = 7 630 000, ovlHashBits = 24. 7] oA &2 =2
71& 709 Mbo] 2w, N50 contig 2 ©]l+= 5039 bp, N50 scaffold 4 ol= 6135 kb%
S ™, GC content= 40.66% ©] A th. Celera Assembler® o] A& ¥ contigZd 45 HH
contig coverage= &F x36.57 °|At}t. =7] oAl E2] 22l contige scaffolding©l
AHEE o o] @AM M= SSPACE v. 2.0 (SSPACE, RRID:SCR__005056) & ©I
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gatdom AgE erHeE o33 2ok -x 0, -k 3, -a 0.8, and -T 60(Boetzer
et al 2011). mate-pair 2|=9 EZYL FASTX-Tookits A3

scaffolding ©Al ol &3} ). scaffolding 5 scaffold®] 7R+ 153,398 A4 12,381
Z #Zastg e, N50 scaffold 4el= 6,13591 A4 166,726 bp & S 7F3FA tH(Table
2). AF scaffold®] Z71(~795 Mb)E= oA FAA =7]1(805 Mb) 2} H] =3} T},

3) 274 %9

MAKER FAA @ sto] 2}l (MAKER, RRID:SCR 005309)¢] 7]E Aoz &
AA 42 HHLS st (Cantarel et al. 2008). RepeatMasker v. 3.3.0 (Repeat
Masker, RRID:SCR 012954) 2] de novo repeat libraryS A}&3te] 7] repetitive
elementsE T3t tH(Tarailo-Graovac et al. 2009). repeat library: Repbase
library (Ver. 20,140,131)& 7IWFS 2 RepeatModeler v. 1.0.3 (Repeat-Modeler,
RRID:SCR 015027) (Bao et al. 2002)& Ab&3ste 53t th masked genome
sequenceZ € ab initio A =& ¢18] SNAP gene finder (Korf et al. 2004)
£ AFEEI T RNA d & SAZF BLASTnS AFE-3F AAMA oAl &2 7 AFE 5
Ao, g d oF FAZE tBLASTXE o] &3 A @9l AR7E A& H T
PE5S00 #tolB 2 Z25EH YA H A7IX<E 2l =& CLC Genomics Workbench 8.0
A&t A ol BB E Ayt F 659 S AMFo] B ALEEH
om = AWE th2# 7ty Notothenia coriiceps (NCBI reference sequence NC
015653.1), Danio rerio, Gasterosteus aculeatus, Takifugu rubripes, Tetraodon
nigroviridis, Gadus morhua( 25 U °]El+ Ensembl release 69%). MAKER2E
Az ol £ #EE 98l annotation edit distance(AED) Al @ o] 2 &5 Q)
TH(Holt et al. 2011). AED LAz 03 1AFole] ez A =™, AED dAZE 0

= A9 A% FAS & FAAVE Fgs] dA¥E BAFL R E 19 3
SAF AANFA 5S e th 28y AED dAIZEE o8 st f2AF o e 4
f52 gFor} AED #2 43 FA4o mAEHJ o, A B FHA
g5 2 A 4 dAA ZA el ZHEHJT HF A W Ed dA ol
A MAKER2E ol&atlen, B o dvelgso] AMgHASH, 1 Ad F
3271271 9] F-A A7} S E A tH(Table 2). BHE FHAAES Hd 8719 exons

7FA L Qo HiF mRNAZ o= 1412bpol 2L, ¥+ coding DNA (CDS) 4714 <€
9] Zol&= 1,291bpeltt. MAKER2E AM&3F repeat element ¥4 A3 P, charcoti
FAA 9 19.41%7}F ¥rE-X G oA},

FAaA e oA ET e} FAAEE ] N EE F43517] Y8 Benchmarking Universal
Single-Copy Orthologs (BUSCO) 4] (BUSCO, RRID:SCR_ 015008) (Sim~ao et
al. 2015)S 38 om olu actinopterygii AE S0l ZEF golBHy S
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5)

AFE3E AT BUSCO #4 A3 886%2 A& A S5 BAoH 57%9]
AP E FE Y EE Hole S FelstAth(Table 3). 32,71271 8] fFA =} o
A 715S @93h7] 9180 Blast2GO v. 2.6.0 (Blast2GO, RRID:SCR__005828) & A}F
23} tH(Conesa et al. 2005). BLASTp 239} InterproScan(RRID:SCR__005829)
S AbE3te] WS 3 oA} FARF 1845570 (56.42%) 2] 715 ERE AT #4
2} ontology ™™ 23, “biological process”™ (20126, 61.52%), “molecular function”
(20514, 62.71%). “cellular component”™ (15452, 47.23%) %2 7= At = 3.84671 9
chl Aol s &4 commission®H &7} el AT},

Markov S 2HE <igs 7Iwtstel s I8 FHAE subgraph &4 5=

OrthoMCL (v. 2.0.5) (Li et al. 2003) 2 A}& 3} orthologous 152 A& qom,

BE  EBAGANAM 71E mgtulEel percentMatchCutoff = 50 ¢
evalueExponentCutoff = -5& ZH&3 At EHole £ 759 odF 84 AR

(D. rerio, G. aculeatus, T. rubripes, T. nigroviridis, G. morhua, N. coriiceps, P.
charcoti) 7F A& Atk 5% 9] coding 9714 €S Ensembl release 69& A&
o, g Al e A 74A B Y @A T & 7N codingX G REol Aol
AV L-E ATt N coriiceps®] NCBI reference A1 W9l coding A EE AL&3ste, P
charcoti= MAKER 3ol Zg}elo A N2 ttE AED %k (1, 0.75. 0.25) & & &3}
At A7FA 159 codingX E& AHESEATE AED Aol 191 ¢ 759 o
FoAAM FE2=E 8951702 orthologous Li5°] ATt N coriiceps A+
32636 = 288702} P charcoti A A} 32712 & 337N = oW Fol M= BAR X gk
o} 251970 AR 215 2% G Ex7) AT = Ao 7 gl w3 oH(Figure
3A). FAA oSl el AED dAZ 0255 A L3512 P charcotil A 756871 <]
orthologous Z1F°] 1= AT,

FAA A5 0 FAd g A5 B

AeAA S Zd fFoujst 27] H3lE A2 §AA 152 A Ee7] 93 orthologs
= t

o] A7) Aol & FA 3 tH(Hahn et al. 2005: Hahn et al. 2007). CAFE 3.0 Z&71
@ (De et al. 2006) = AH&3tel AED dAIRel M E ©E P charcoti®l 37FA 4
A 2F Aol vl B4 WA Newick 29 9] bifurcating AlF+E 24
371 918 oA/ 7F 9 coding @A ES olEste] AFFATH A4S st
k. % 89517 9] orthologous frA 4+ A E7L A& 3 BLASPTP hit 713& A3}
of MelEglen, I HZAA A7IMEe] HE> PRANK(v. 130820) Z=11H

(Loytynoja et al. 2005) 2] codon model “-dna - codon”< °]&3t o, F=o] 2
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{1
o

A e BEL Gblock (v. 091) ZZ13 2] codon model “-t=c” AAE

A A A3 th(Castresana et al. 2000). o] & #H RE FHAES EF
Astel MEGA (v.7) Z =219 (RRID:SCR__000667) (Tamura et al. 2013)
neighbor-joining M'H S ol €3] A5 IR CAFE 3.0 £40 HR3 =153}
A o A7 G 9= TimeTree(Hedges et al. 2006) ®lo]Ej o] 2~ 9] E &3} A H
tolE & A&3 th(Figure 3B). CAFE 3.0Z2 1982 P ( 0.055 H&3to] &4

< AgRoen, FAENG ALE(W)S 223 o "7 HAAHES ol&s=
LambdaMuE ©] &3} 74]"}0} CBA AR P ocharcoti= 937719 FAAEES

g5stom 1916709 FAAAA e S #A A (Figure 3B).

W24 P charcoti= Holo A Eo] £ o7 FJRIFEHO g
qFF=olty. =l 23] 4] (Bathydraconidae) @+ ¥ ©] (Channichyidae) &
W2 Q1 notothenioid®] XS 2FH Xshst A2 oAH=H, &7t
ol SEFER FE7F 7HAE Aol 5A o]tk (Bargelloni et al. 1998:
Beers et al. 2010: D'avino et al. 1988: Di et al 1998: Kunzmann et al. 1991). =2j
294 = olg st A3 AP notothenioid & F = 7HE A S EA
o, LY FER FEFIAEE Yol 2AAFo] 7ls= K71 ol dols

TAol H=dle Aolghs 7HAde]l MATHLau et al. 2012). FH< Ez1HdE
coriiceps 7 A (Shin et al. 2014) 2+ &7 P charcoti®l A=
ato] oA Aobdr] Sl oAGA st} k=R o ek ¢
W gle B 232719 ol59] FEs 24 (E
Hlo) ok &3 S A, 28

Attt wol WA, Wol
F4L olsets 29 BAS ATT Aol

>

Ho [
e
ro
0

ot
fu
o,
|m
o
u S

ol I EF
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Table 1. P. charcoti sequencing statistics

Insert Trimmed

Library Mode size Library type Trimmed reads sequence Source
(bp) (bp)

PE300 2 x 300 300 Paired-end 28,776,064  4,964,428,226| Genomic DNA
PE400 2 x 300 400 Paired-end 139,126,700]  29,538,419,473 Genomic DNA
PE450 2 x 300 430 Paired-end 85,834,292 16,644,575,781| Genomic DNA
MP3K 2 X 300 3000 Mate-pair 70,517,546 4,925,657,177| Genomic DNA
MP5K 2 X 300 5000 Mate-pair 66,623,428 4,626,486,038| Genomic DNA
MP8K 2 x 300 8000 Mate-pair 61,240,982  4,212,744,363] Genomic DNA
MP20K 2 X 300 20000 Mate-pair 86,575,644 5,387,730,972) Genomic DNA
PES00 2 x 300 500 Paired-end 25,940,404|  5,571,197,784]  Liver RNA
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Table 2. Global statistics of the P, charcoti genome assembly

P. charcoti
Scaffold Total scaffold length (bases) 794,596,176
Gap size (bases) 86,840,902
Scaffolds (n) 12,602
N50 scaffold length (bases) 178,362
Max scaffold length (bases) 1,318,127
Contig Total contig length (bases) 709,540,340
Contigs (n) 153,398
N50 contig length (bases) 6145
Max contig length (bases) 65,864
Annotation Gene number (n) 32,712
An average mRNA length (bases) 1412
An average CDS length (bases) 1291
An average of exons (n) 8
Repeat content (% of genome) 19.4
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Table 3. Summarized benchmarks of the BUSCO

assessment

Actinopterygii (%)

Total BUSCO groups searched
Complete BUSCOs

Complete and single-copy
Complete and duplicated
Partial

Missing

4062
88.6
86.3

2.3
5.7
5.7

aNumber of total BUSCO groups searched.
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13 1. Photograph of Antarctic dragonfish, P. charcoti,
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1% 2. Estimation of the P charcoti genome size based on 39-mer analysis. X-axis
represents the depth (peak at x39), and the y-axis represents the proportion. Genome
size was estimated to be 805 Mb (total k-mer number/volume peak).
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(A)

Parachaenichthys charofi Notothenia coriiceps
(genes: 32 712s31642/19708) (genes: 32 260)

2519
12460/4512

Gadus morhua

(genes: 20095) Tetraodon nigroviridis

(genes: 19602)

Takifugu rubripes

Gasterosteus aculeatus (genes: 18523)

{genes: 20787) %

Danio rerio
(genes: 26637) (genes : AED 1/AED 0.75/AED 0.25)
(B) Gain Loss
= Parachaenichthys charcoti 9371103364 1916210975454
L Notothenia coriiceps 1236105811468 2717 5r1879r1398
Gasterosteus aculeatus 6987571476 607 2/5144/5771
Tetraodon nigriviridis 588637570 1618116551646
Takifugu rubripes 48598472 1556/1565/1585
Gadus morhua 5195661389 717772237118
Danio rerio 154343111510 7361/7180/7442
265 165 142 139 70 20
| Ll I Million years ago

1¥ 3. Comparative genome analyses of the P charcoti genome. (A) Venn diagram of
orthologous gene clusters between 4 arthropod lineages. (B) Gene family gainand-loss
analysis. The number of gained gene families and lost gene families are indicated for each
species. Time lines specify divergence times between the lineages.
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A 3-33 AV B % AW A% AS A NLE BT BEAL

N4 A

Analysis on the environmental adaptation mechanism of an Antarctic flowering
plant, Colobanthus quitensis (Kunth) Bartl, using comparative transcriptome

analysis of field- and chambergrown samples.

S
FA A s dFel ANss #EAR 25 F shtolth dFAVIAYE gFe
SEG AABANA AENE BEAQ F8 Aot of & AA AAA A=
FAol WE FH2 Aehy YWHo TIE B vAR o N BAAY, o] &
2 1Fustel @ AYRE R AYH ASNLL A AHFOR FUY AT
Yo AN BAR FAFAGE ATE w3 AVHOE o] FolA gt
B AAGE FFAVAS] ANANE BHERTD o8 BNFOEAN FBA HE
o #7444 FFRLA Atk FFAZ B AFAHAA A HE
o

RNA libraryE A 23st2 HiSeq short-read sequencinge 3392 ™ De novo
assembly % blast #41S 53l 47,07071 2] blast-hite] =43 contigg &A3+A
t}. DEG (Differentially expressed gene) 41 A3}, FHAd A= 42 2 87
2EH A BES AT o] G FAZoNA Ldo] dAASA Futsle RS &
olstith 53 E¥HIPAN 2EFHAAZ &z PIF (Phytochrome interacting
Abto] FFAZMEZ G i FAHAE Atold TE Zo|7F YERLH, o]

faCtOf) ‘|Q|‘7ﬂ LN =i o

o wAFe] ko wat g2 AS sk Wb, olF FAA] A5
A @Rl 34 BFAM) FRAvIAL ] AGE TAs, F& AN D &
As Hastete A B AAFHE Tt AR

Abstract

Colobanthus quitensis is one of the two vascular plants inhabiting the Antarctic. In
natural habitats, it grows in the form of a cushion or mats, commonly observed in
high latitudes or alpine vegetation. Although this species has been investigated
over many vears to study its geographical distribution and physiological
adaptations to climate change, very limited genetic information is available. The
high-throughput sequencing with a de novo assembly analysis yielded 47,070

contigs with blast-hits. Through the functional classification and enrichment
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analysis, we identified that photosynthesis and phenylpropanoid pathway genes
show differential expression depending on the habitat environment. We found that
the known ‘plant core environmental stress response (PCESR)’ genes were
abundantly expressed in Antarctic samples, and confirmed that their expression is
mainly induced by lowtemperature. In addition, we suggest that differential
expression of thermomorphogenesis-related genes may contribute to phenotypic
plasticity of the plant, for instance, displaying a cushion-like phenotype to adapt

to harsh environments.

1. A&

S 2% UE, =2 9E 2 =2 oA ME FX2E SV AY Vs E
SN s APAQA B 2EH A Q0107 A Ee APAS AT A
S AAAZIT o] E 37 AEH A Q2o HAE7] Y, AES AEG A AS
Ags 248351 Mxg 584 27 2 AxRsEZ AL 5 HAX Y A g
2 g AL HeE XFste 2EHS A A= g ¢, AES 39
Hslo] wal Al % e TH WHIGE AA Hed olE RIAIYMAA
(phenotypic plasticity) & &A=t}

“Cushion plant”g} E2l&= T E2 =2 A% = I3 A EdA Yely=d], ¢

A 2] =3
e = K I = s i e
AL Hasgteto, M=,
A Nse e AeE AZHETL
olelgt A& AW Fule vgs A Fol AAH Uebe=u, Silene acaulis
(Caryophyllaceae), Azorella compacta (Apiaceae), Androsace  helvetica
(Primulaceae), Raoulia eximia (Asteraceae) 5°] thEx ol o] 3 7o o
a7 s 2dY A AHE FEASY EF o & 5 Aok

o7 T U7E B2

A=
Ve

o

X
2

1
o
K

fr,

fg |

S0 v 2] (Colobanthus quitensis, Caryophyllaceae)+ FAolv W E |2 =g}

= A7FA T2 A, HAE (17°N)AA E= 9% (68°S)7FA] B2 Aol 2

Holz Ao ® & Stk kel w
Fo A23t= TS mesophyll Z0]

=0 43 FA dow TAHN, @ 239 Aart AiHow ZhE6 Ugol
)
-

Yy of

OTC (Open Top Chamber) Ao @E™ OTCE 8 LEATFHE 2B
B 2 B Al JFE AR A8 A

EEEEIESIOE [ E L
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FR A o] B B AFAFNE Bk, 4D AN A Aot 4EL o
8 FA2 2270 U@ A7FARE ATSAE WA B A AL, ¢F
Aol A dFAT A FAAEE WEALES 79571 A8, de novo AAHAE
TEHQI, GFAFAEANN gol BEHE FA4LFS ARG o5 o
& GO-KEGG ¥4 2 ortholog #4< 5al, #24 MG fA4 B2 Y314
NS FEHL 1o B2 BFE AdSGth 1 2% YRR FA4E L @
ArEHZ Mg FAAE, AFUIARA FAAE Fol IS 2
of WA F7heke A st

AR W gy
A7AG W AEY P

201393 1€¥ HA=xA del vtE bt A& ME3387]%](62°14729” S: 58°44718” W)
FE2olA Agts AFAAMZES ARG AMZ2 Ao FA TRIzol A%F
(Invitrogen, U]%L)"ﬂ 2o} 53, RNA %%% &l 1A1ZF QFell 714 ‘41 AHAZ &

Ho ¥
r

N
it lo
o 2

= 5] it 4 41&7]510 oF 2.7 °C, AL 71 14°Col
. AY PAR HAEE %2 Y ca. 1,845 pmol m-1 s-1(20134 1€ 19¢)%H &9
ca. 629 umol m-1 s-1(2013d 1€¥€ 15¥)7HA] &tk F =20 PAR #H2 AA
H A 04A17FA] 09 7H7ksdtk. & Al Al ZF 715 12:00-14:00 Akoleo] ANT A&

E e > o o g Hdr ab ©omx = 8

A F P eh A, Barton HHE o] I A EL o FH A7A] AIAZ AR
m Fdz7 (20 0 4 h, 150 pmol m-1 s-1)9] 16 T 71 A WolA 2 % sucrose
f+¥ 0.5x Murasige Skoog (MS) ®JR| Al Auj = At s Fz=Ad A 3 F &<
Eo A 5, vigk g Ao g0l 15 ~ 2.em 1 S FHIAC A
] A4S AASE AEA A FFEe 4S5 RNA FE25 981 A4Z
J 3t o m, ]% “LAB” Al Zolg} N AGsAH. A 2EH = XHEE $30, 16°Cel
A A A EE 2°CE &7 88 w7bA v ettt 9 2EG A A E 96
2= 05 x MS Ol,JzﬂHHX]i w713 79 F9F A7 T 150 mM NaCle] E&

o)
# 0.5 x MS AAMAR § 7311'/} Ax 2EH X 'ﬁﬂl A8, &S 3mm AHA =
=713 30 & Ft FHEWAAA HAXAA

WA U AT 277 A= ,qx]jyy} 2 719

137 <d Fol x3 9 AAES2 MEF 5 AEP. e A9l HH%‘: ’%‘g% ZT8l Al

- 112 -



e
ol
_OL
32
v}

U, ddol &4
2z wE P A 2ol & vlwstr] s, 16°Col A #F %/] Zo]7} 15 ~ 2cm
°l A &S 2°Ce 8°Co A MWME X7 45F FQF vidd & o] Zoje] W3l
S SAA M e dol= ImageJ 3 2 7% (https://imagej.nih.gov/ij/) ol 2]
d SAFAG. BA B t- F4 (p 00502 FP = A
ot RNA & % golBdg A%

RNAE TRIzol AleFe AME3te] FZ33 DNase I (QIAGEN, 5d)=2 A3ty
contaminated DNAE A At thg, A ZGA 9 22 EF| wa} RNeasy Mini kit
(QIAGEN, =4¢)& A&ate] AA AT 24t &2 3 BHEFE AUt RNA
FA44 9 =L+ Bioanalyzer (RIN) 6) (Agﬂent Technologies, <) %
Qubit®RNA kit (Thermo Fisher Scientific, v=)& A3t ZAAQE A}
RNA-Seq #elBdHEE F+=317] 98, 15w RNAE TruSeq RNA kit v2
(Ilumina, 7=9) A &ske] golB & A&ttt ehol B &2+ lllumina A%
vho)] ol wrEol g om, A& F Bioanalyzer 2 #olB 88 gPCR A =3} uby
S AHgste] A AT A F )52 LS &R £ 3o lllumina HiSeq
Rapid SBS 71E v2¢ @Y ZE5 A(2 x 10071 Ag)edl =5ttt Ad7d
HiSeq 2500 Z & (Illumina) oA FlFASH, F 162 Gb (160M paired-end
reads) o] AlE7 HeolE7F A HATH(Q30 > 93 %).

2}. De novo assembly, annotation ¥ DEG analysis

De novo assembly+ CLC Genomics Workbench v7.5 &~ZE 9] (QIAGEN, 549)&
Abgete] FEHJT AHNEH AlAAE EFUe &, 92 FH 9 AlE 2 (Q €0.001,
ambiguity < 2bps) ¢} UF ZAol7F AW (50 bps ©l3t) B T8 A& AANE
HAow FlE dEES Tt A" #5 @2 ded 22> Fevy
(wordsize = 20 % bubble size = 50, length » 200 bps) & oJAl &% %, o] & contig
£ CD-HITS AMgste] ZF82H#E S A3k 3 95010 702 assembled
contigE queryZ NR dlo]EH|o] 2o o3t BLASTX M-S 433} th(cutoff
value E-value < 1 x 10-10). Gene ontology mapping % annotation< Blast2GOZE
AFE3Fe] 438 5 At (cutoff value E-value < 1 x 10-10). GO enrichment 42
Fisher’s exact test (cutoff FDR < 0.05) ¢} &7 AgriGO L ZHAEE ALE3l F
=t full-length® FAHHEE cDNA A& 9 7|9k ORF 9= =39
Full-lengther& A3l oS5tk 57 ortholog= reciprocal best-hit (RBH)
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A S 90w, Arabidopsis®] T A G g AJE blastP Al soft
masking % Smith-Waterman A% %4 (-soft__masking true -use_ sw__ tback)
S ALl 71 F2 E-value 2 query coverage )50 , protein identity »>50& %t
= MES orthologZ 73t th. KEGG #4123 KEGG (Kyoto Encyclopedia of
Genes and Genomes) H|©]EJH] o]~ 2] 7} pathwayol blast A4S %3] mapping®
At KEGG enrichment #2412 KOBAS web serverol] 43 &t} 7+ contig®] 2
g2 FPKM 22 AASFom, AEie] wd o] = two-group  H|i
WS AFEEe BAH fo)d> Baggerley's tests 3 t-tests 2 AAHSA

T} (corrected p-value of false discovery rate <0.05 and difference # 0).

M

v}, Quantitative PCR 4]

cDNA+ superscript III (Invitrogen) & AFE3te] FAENCH FHAAE ZglolH=
¥ 39 ¥AIE AT} Internal control A A¥HE 9]ste] LAB/ANT HAAMA 23}

& ol nge  THe fAAE  AEsth 188
rRNA (contig32901), UBC2S, ubiquitin-conjugating enzyme E2 28-like
(contig3602), RPB6A, DNA -directed RNA polymerase subunit

(contig9755), TIM, triosephosphate chloroplast-like (contigl9814), CHC, clathrin
heavy chain (contigbb35), GLX2-4, lactoylglutathione chloroplast-like
(contigl18505), RPL3, 50S ribosomal protein L3 (conti39479). ol& FHA=<2 F
St 2 AAE 7] 95t RefFinder (http://leonxie.esy.es/RefFinder/) WH S Al&
sPom, SZ §80] 95-105% (R2 > 097) ¢l A £2 control & 7HE e} 1
A3 TIM > 188 ) GLX2-4 > UBC28 > RPL3 ) RPB6A ) CHC +o=
A7t vdersgter, 3, geNorm €385 TIM - 3 18S A9 = A
&5 FHAT. o5 F dF ZEIOHY AFAE vEeE & 18S9 TIME
controlZ A&t qPCRS SYBR® Premix Ex TagqTM DNA polymerase
(Takara, 9¥)E AHEstAo™ Ao ALEH Zgtolm HE &= F3o] 7|A s oh
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A, A 3o Aolg B
Eg 2o tid] 150 A" W
o wEA e A
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et AW e ISR HHFE 2k 14~18 °C Aleldl 16 °=
7 48, LAB A2 Yol
o

[e} R 7{?‘!
% o) wagi 290m, ANT A1ZL 432 FAL 9= T4 ] Akel
]

K
ne ok

=/hmAbE] AARA AR, e R Vs B

A A 160,264,674 reads 7} lllumina HiSeq. 2500 Al #A S &3] A A=A}t Trimming

3, 143,972,486 high-quality reads (Q > 30, 13.7 Gb)E CLC Genome Workbench&
o] 8-3}e], 101,690 contigs ( averaging 764 bp, N50 value=1,058 bp)ZE AAEH =
39 o, o] CD-HIT-ESTE °]&3}4, 95,010 contigE Al2}sl$ith.

£ tal GenBank nr %+ UniProt Hlo|EH# o] 26 ths] BLASTXE 33t 2
Z} nr 715, 47,070 contigs7t A& shtol Ao hitE 7}A ™ (E-value of 1 x  10—5),
36,387 contig 7F WA F A TH(3E1). T3 UniProt Hlo|E MW o]~ 715, 45,037 /4 A}
(474%)7F 718 @ dx A S BAoerw, o5 10456 F+A=H(11%)7F
“complete” Z dZ=FJOow 11,837 FAA (125%)5 “new”, 38,116 FA=
(401%)E “unknown 2.2 oS UTH(E]). Blast® AMEES] FAF ML st

= BxXE 23S W A, thaliana, Vitis vinitera 7V ZYZF 42%, 11% =2 32l 5 3]
=3

FFAv A 9] A SH FHARES] 7eS 7071 #1381 7 contigdll GO terms=
o sl Az}, 26,346 contigs 7} 3ol el GO termeo] o EHJ T, o] 5L PlantGO

slim termsoll 98] EFHJAH(IH 2). =3, FHA9 715 FF35H71 2130
KEGG databases (organism code: ath, E-value < 10—10) ®33 Z = 11,950
contig 7} 5709 7157tHl 28l E EFEHAT (219 3).

t}. Simple-sequence repeats 7341

Simple-sequence repeats (SSRs) = A8t A ¢ 2 SHE wpA ot} A

7l xol, Fsvivatel = A2l 2o wE Ay ARE FoFstr] fafiAe
o] 59 Fd4 ¥ et Aol wg Fosith WA ol 14 oY
de AT F de B2 o AE AMdetes A2 vl 9uzt Ao $8= ol & 4
3] EST-SSRS AMstRth 1 A=, AA 7,749 contigoll A 1~6 bp 2o S Hol=

MNEFEE 2kt ol F W= 60.5%7F mononucleotides, 28.3% 7} trinucleotides,
9.3%7} dinucleotides, Y™ A ~2%+= tetra-, penta-, hexanucleotidesi tF. 73 =1
W3] YElU = dinucleotide SSRE AG/CT (382/4.43%) 3 2.1, trinucleotide SSRs
o] A%, AAC/GTT, AAT/ATT, ACC/GGT, AAG/CTT, ATC/ATGE= 4.2 -

- 115 -



49%°9 T E HAT (F 2).
2}, ANT 2 LAB A Z|A DEG (differentially expressed genes) 4]

ANT % LAB AZ9 readE 95,010 contigs®l re-mapping3tal, Z+2He] contigoll
mapping ¥ read 7} AAbE 2l Beta-binomial testE E3l, 3,902 transcripts7Zt
differentially expressed genes (DEGs)Z &<l=dEd], o5 2,127 transcripts 7}
ANT A Zo| A up-regulated, 1,775 transcripts’} down-regulated & Z-& &<13s%
o} (cutoff of FDR corrected p-value < 0.05 (Supplementary 3s S5 and S6).
Comparative GO enrichment #4318 3,902 DEGsoll A A3t A3}, ‘response to stress
(GO: 0006950)" % ‘photosynthesis (GO: 0015979)" 7}el 322l 7F DEG ZL&g oA
o2 7rslEo] JeElye AL Bth o] =, ‘response to stress’, ‘response to
(abiotic, biotic or external) stimulus’, ‘extracellular region's up-regulated %
down-regulated FAAFANA 3t Ak A, ‘secondary metabolic process’,
‘response to endogenous stimulus’, ‘plasma membrane’, ‘vacuole’, ‘ribosome’ and
‘nucleolus’ + up-regulated FARFAA AEE A, ‘photosynthesis’,
‘carbohydrate metabolic process’, ‘cellular homeostasis’, ‘plastid’ += down-regulated

FAAZANN A5 o] YetH 1Y 4)
ol AR R LR

ANT AZoln wWse da4dzs 887 9d DEGE tiae®  KEGG
enrichment #2415 3359t (FDR < 0.01, Fisher's exact test). 71 5, ‘ribosome’,
‘phenylpropanoid biosynthesis’, ‘biosynthesis of secondary metabolites’, ‘oxidative

phosphorylation’, ‘flavonoid biosynthesis’, ‘glutathione metabolism’, S°] ANT-
upregulated F+ Aol A FstE HAZ2 SRIEAT(TEH 5).

DEGe] W3 KEGG ¢} GO enrichment 2412 t}okdt A 2o #d" FHAAEL A
3

K S
T HS Tk, Fo @A e Al ZALEE ol ditteE AS FAIgTH
N = 7
==

Z

H3 ol #dE PGR5 (PROTON GRADIENT REGULATIO
A4t ANT AEANA 2718 B F5F wsih

5,

(@]

ontigl886

I3, ‘phenylpropanoid biosynthesis’ (KEGG ID: map00940) A= FAxE°] ANT-
up-regulated geneoll Al @A 3] B v&EZ EA|eF tH(p-value: 1.7 x 10—19),
(29 4, 5). Phenylpropanoidsg+ HYYHIoEZ2RE FLx = o|ARARIEE
ol o5 AEMEANAN FTXIHEE F ASHAGELAR i T8 qF S o

=
t}. ‘Phenylpropanoid biosynthesis’ ¢ F239¥17d =+ ‘monolignol biosynthesis’

2
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(KEGG ID: M0039) ¢} ‘flavanone biosynthesis’ (KEGG ID: M00137) ZA z+z} ¥
ddetd S B9 # narigenin® E WA 7| = A ROtk o]& AR Fate FHA
£ 2Phenylalanine  ammonia-lyase (PAL: Contig20542), cinnamic acid
4-hydroxylase (C4H: Contig49114, Contig70533) <} 4-hydroxycinnamoyl-CoA
ligase (4CL: Contig3499), hydroxycinnamoyl-CoA shikimate hydroxycinnamoyl
transferase (HCT: Contig13431, Contig29449, Contig 40563),
hydroxycinnamoyl-CoA  reductase (CCR: Contig33804), cinnamyl alcohol
dehydrogenase (CAD: Contig24021), chalcone synthase (CHS: Contig2685),
chalcone isomerase (CHI: Contigl6136) SolAtH(1H 6).

A ZA o HAEZ AEY X IAS AHPstd ~EG
o] FHAEC] HEIHEU, oF HE
Environmental Stress Response) o2} A <] 3}%th.
oA & dFEol Jlow, & A&
BAzEdsd] e HAR ABA D

< =27 ol A
ATs AEEE 3 34 Azl fste owrgd #HE {FHA(PCESR
genes) £°] & T i BY Aolg 7ML, N7 FH & F=5uHm] A ¢
ortholog FH& & ol FAAES FASFFS sttt 2 A3, 853071 €]
RBH ortholog %, 357H¢] PCESR #x27F A

ANT Al &l dd o] dAs S7F (p ¢ 0.05 =

S E oE FHAAE] A2, 1Y, Axe 22 NAETSH 2EH A 22l oA
WSSl XE sty A, 4 2EHAE 2447 A & A A5 TdSY

m

< quantitative RT-PCR (qPCR)& &3l &latth 1%, 14/17 F+3A7F ANT
AEANAM =2 FHS B0k ol& s v 22 s A=34 75el
He fFAAES EFSATH(IE 7): APETALATA2 (AP2)/ethylene
response factor (ERF) protein (Contigl4494), NAC27-like (Contig38763),
MYB44-like protein Contigl6997): C2H2 type zinc finger proteins ZATI10
(Contig22074), ZATI12 (Contig28814): CCR4-associated factor (Contig45609):
calcium-binding  protein (Contig38763) : DUF246-containing  protein
(Contig7995) : sugar transporter 13 (STP13)-like gene (Contig21564): PUB23 E3
ligase family protein (Contig99760): major facilitator superfamily gene

2
5|\

(Contigl5740) : ring finger proteins (Contig34911, Contig20878): polygalacturonase
inhibitor protein (Contigd2834). 3+, o] FHAES T H 9 & A 29
E3lE o] whgete S BAed, ol B3NN 2 2EH A ASAY



F2 e Atel & thE A 2l cushion plant®, &2 Yo 2 FAE wiw s w1 & A5
T 2P S A, X995 B I A2t 16 °Col A AHelA 2=
AES &4 AT of FSv A AHES F27F =8 AL do] Ao
st ™ led). HI  Eid m= dF PHYTOCHROME

INTERACTORS(PIFs) = <€ 3 &l 3 A 3 (Thermomorphogenesis) 3 ## o] =

Aoz vetgtt 53 of 7| Zdl PIFA(AT2G43010) 9] 4% 2=7F A5S4E &
AA wedo] Frhete W, 227 A FE FAA Bdo] gasithy dE A9
t} oo} st A AZAE Ao A, hypocotyl & petiole?] ZAol& o] FHAAE 2]
B G FAAAE ke Aol HuHdewn, olgs AFHES ol fFHAE]
SEWste] o Qo] Y Foqdrs RS GAG olek AHF A, =
ol 22 ANT M ZolA PIF4 2 #&A 38t AT F1 {121 T o] A g o
AS Aolghs 7S AT I 7HEE SHE] Ydl, WA, e g A
o] PIF F+3z7F 25 32 AW 274 a3 o] Wsst=A &2t AtPIF4
E FAYZ 283 TBLASTN @4 Az, bHLH Z=wide] E£dE 5719 contig

(Contig8088, Contig41295, Contig35032, Contig6363, Contighb4547)7F 72 = At
(E-value <10-10). o4t =, o]E9] Fd FF= ANT A ZolA Fovgt 4 E

B ATHFDR corrected p-value <0.05). PIF4= HFR, TAA29, TAA19, ATHB,
SAUR23 59 4352 fFdxe 23S @Ay dHA At webx s
PIF4¢] el 2 487 o]& §F A9 orthologe] @& o] FAZx A we} Gk
= A SN a A3 ATHB2(Contigl2609), HFR (Contig41293),
SAUR23(Contigl0897)¢] & gte] LAB ZE Xt ANTAA o “dth (19 B).

oH T AR ALAZAHAN ADY 5 AATH PIFAst 1 919 R
ATHB2¢ HFR® 16 °C A &0l Hl&l, &hd ddZF> 8 °C, 2 °C =19 A& &
ol s FaSACr (1Y 8), U dolt AL Al AZelA @A Zol
© A2 YeHo(9 8d). £ A2 ET} 16 °C ool A 82 % shoot A
ol F7hsHe Aol BAAUL olH @ AHES, ANT, & A% 8¢ 5479
EPYS PIF4SH 1 S99A A% Sgzds A 9 Al

=9

<5 Wtz Q% A E A Wsle B2 AFdA RuHAY E53 35 &9
A, BEY 7taA gk 2 7R R T A 73] 271 EA e}
mesophyll®] palisade celld]l QF3FS v X Ao R YeElRth G=3d Ao A 2t
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AEI AeAHE 3 HEL BT 054 s25909 Ad-SS HEHHe] WA &
7He HEH G5 EYS /A Ak 28 7PAA S O E Il E 5 syl
GFFANZAAME FElo] Yehdnt HZ G3/v A e OTCE o] &3 2:-1H3s)
Ao A Fd 5a80] Ao s F5d EA E CO2 AEago o) =d&th
= Ao B FH =0, o]= mesophylle] CO2 A& 84 312 A A A7
o7 9 B4 ZUtS HE AAES SHSY, oA 2xd 9% xdE 7AA o]
250 AR Ao & 9TS s AS A S

2 AFdAM 8= 2527 =2 A AWolA A o Slo] oA & Afo] 9]
U7t & dgsE AS #An malA, 2= 229 34 g9 54 A
315 doy= wgdxdo PIF AARIAZE 92 dtthal A otstt) PIFE 1223
AHE dHYPA AL S el WAYUFSLEE 2 48HA Jo, A2 24 9
oA A E AE A o] et =olE WAl Eodtr E A3 Ao ostH
PIF4 AAFelzle] wheo] TFFAlZoA & Zo7g vy on o9 o=z &
7z HFR, [AA19, ATHB, SAUR23 59 F4d# @dx LAB ZEHEt} ANT X%
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S fAe] Bd Aolo) )% Feusts Ao
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b . =
Abel9] kol Th§ EFESA WEC BEL fASE Ao gzt
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e o R

phenylpropancid A &4 AEE 2Ed 29 #AE thde T/ olaAARHE
A Attt o] Ao A ‘phenylpropanoid biosynthesis’ 74 2ol #oAdt= Ao B
A= ANT AlJ5AA ZsiAl 4 =d=HAoH, o= )
P Edo] HAEAN 2 AESHY 2EHAZEEH AE HNEE HIstes dH T8
S & ¢ ASS GAEY. Arabidopsis, Zea mays, Eucalyptus globulus,
Lotus japonicus 5 o492 A+ A3+ PAL, CCR, CAD, CHS ¥ CHI® #&
phenylpropancid 422 2 &47F A2, 7k, UV & HAA 2ol o st

A FEAE A0 Geton oS 44 2@ AU 2% U o me} o

A

p .
[e=]
==

ok

—_—

g
7te A2, 7He 2 HdAe 22t 344 9o 2 wkgo] F4H A3
F ATH T o)y 3 Aas 71=9 OTC HZAEMA #ZHAJH, ‘OTC %
o] e QR 3L oA A A3 2] & o] hemicellulose, cellolose, lignin 5 <]
ol OTC WH-< AZET ¢ Evtete A+ Ad3e) s
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¥ 1. Summary of sequencing, assembly, and annotation

Total reads

ANT sample 86,457,992
LAB sample 73,806,682
Total 160,264,674
Assembly
Total Unigenes 95,010
N50 (bp) 1,058
Average size (bp) 764
BLASTX (nr DB) Counts Ratio
Without Blast Hits 47,940 0.505
With Blast Hits 47,070 0.495
With Mapping Results 36,387 0.383
Annotated Sequences 26,347 0.277
Total 95,010 1
ORF prediction (Uniprot DB)
Unigenes with orthologue in DBs 45,037 0.474
Putative New Genes 11,837 0.125
Unknown 38,116 0.401
Total 95,010 1
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3 2. Statistics of SSR markers identified from C. quifensis transcriptome analysis

SSR mining
Total number of sequences examined 95,010
Total size of examined sequences (bp) 72,865,140
Total number of identified SSRs 8,619
Number of SSR containing sequences 7,749
Number of SequencesS é:(f){ntaining more than 1 749
Number of SSRs present in compound 26
formation
Frequency of SSR one per 8.5kb
Distribution to different repeat type classes
Mononucleotide 5,214 (60.5%)
Dinucleotide 805 (9.3%)
Trinucleotide 2,438 (28.3%)
Tetranucleotide 91 (1.1%)
Pentanucleotide 52 (0.6%)
Hexanucleotide 19 (0.2%)
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3 3. Primer sequences used for qPCR analysis

Gene Contig Direction Sequences
Stress response genes
ZATIO0 Contig22074 ATGGCACTAGAAGCGTGGAGCTC
CATGAGGAGGCAGAAAGCGAGATAC
ZATI12 Contig28314 ATTAGCGAGGGGAATAGTCACG
CCTCGTCATCAACCCTCTTCT
CML37 Contig38763 ATTTCTCAAAAGAACATGGAAAACGA
CGTTGTTTTCGTCTATGTATTCG
EFR1A Contig14494 GATATTTCGGACCCGGCGGGA
GCCGTCTCAAACGTCCCCAA
NAC27 Contig35858 AAAAATAACAATAACCTTCCTCCGG
GGGTATTTCCTATCTCTTGGTG
MYB44 Contig16997 TATCGTCGGAAAATGGATCAAAATC
CGAACTTATCATGAGCCTTGATGA
CCR4-Not component Contig45609 ATGGATACTGAGTTTCCTGGTGT
GAAAATCACAACCCATATCAGG
DUF246 Contig7995 GACGATAATGGGGAAAGAGATAA
ACAAGATCAACATTCCGATGAAG
STP13 like Contig21564 TTGAAATAAGATGTTAAGGCCTCCA
GCAACCTTTTTTGCATCACATACAA
E3 ligase PUB23 Contig99760 GGAAATGCCTTGTGAGTTGTTTAG

CACGGGATATATGTAAATGAGCTAA
ATCGCGCTAGGATGCAAAGTC
GCTTCAAGTGCCCGATCAAATAA

Major—facilitator superfamily Contig15740

Ring finger Contig34911 GGACGAGTTAACTCTGAGTCAACT
GGGCCTGACTCATCAGAGTT
Ring finger Contig20878 CATGCTCAACCCGACTCTTC
CGTAGTCGAAAGTAGGGAAGC
PGIP Contig42834 GCAGAGCTATGCAACCCAAG
GGCAATGTCACCGGAAAATA
Internal reference genes
Contig32901 TCAGTTGGTGGAGCGATTTGTC
GGAAGGCCATAGTCCCTCTA
UBC28 Contig3602 AGTGGGCGAAGACATGTTTC
TTGGGGGCTTGAAAGGATAGTC
TIM Contigl19814 ATGCTCTGAGTGAAGGTCTTGG
ACAACGTTTTCCCAGCTTGG
RPL3 Contig39479 TGTGACTCAGGTGAAAACCG
ATTCGCCTTCGTCAAATGCC
RPB6A Contig9755 TTGGAACACGTGCTCTTCAG
AATGGTATCTTGCGCTCACG
GLX2-4 Contig18505 GGTTATGGCCCTGAAGATTCTC
ACATCTTCCACTGCAATGCC
CHC Contigb535 AAAGAGTGCTTTGCCGCATG
ACTTTGCCTGTGTACTCACG
PIF4 and growth promoting genes
F4 Contig8088 TGGGAATTGGTTTGGGCATG
ACCCGGCATTCCTTGAAATG
ATHB?2 Contig12609 AAGAAGGCGGTGAGAATTCG
GCCTCAATCCAAGCCGTTTC
HFR Contig41293 ACCAGTCTGAAAGGAGAAGGAG
GCTGCTTTAGGTACTCTATCACC
SAUR23 Contig10897 AACACTAGTCTCTAGCGCGAAG

LR = RV I VIR R R R = R R ) B =R =V = R =V R R R i R R =V I R R Vi

AAGCGGAACTATGCATCTGG
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13 1. Microclimates of the sampling site in Antarctica and morphology of C. quitensis
plants (a) The temperature (green solid line) and light intensity (black dotted line) of
the plant sampling sites had been measured during summer research activities in January
2013. The temperature of the site was measured from a temperature sensor installed 5 cm
above the soil surface. During the period, the average temperature was 4.3 °C and 1.8 °C
for day and night, respectively. Luminosity was close to zero from midnight to 04:00 AM.
For ANT samples, plants were harvested between 11:00 and 13:00 during mid-to-late
January (shaded). (b,c) Wild plants from the natural habitat of the Antarctic, and (d.e)
a plant grown in a climate chamber. Side-bars indicate 1 cm. The C. quitensis found on
the coast of the Baton Peninsula are often found around rocks and their overall shape is
hemispherical or similar to moss carpets. When young plants with a diameter of 2 cm or
less were transfered to a climate chamber maintained at a temperature of 16 °C and
grown in nuftrient medium, the density of leaves became much looser than those of similar
sized Antarctic plants.
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Number of Sequences (%)
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Response to stimulus
Transport
Localization
Biosynthetic process
Cellular process
Metabolic process
Catabolic process
Protein medification process
Macromolecule medification
Carbohydrate metabolic process
Macromolecule biesynthetic process
Translation
Multicellular organismal process
__ Lipid metabolic process [
Nucleic acid binding
Hydrolase activity
Nuclectide binding
Transferase activity
Binding
Catalytic activity
Kinase activity
Transporter activity
Protein binding Molecular Function
Structural melecule activity
Plastid
Nucleus
Non-membrane-bounded organelle
Membrane
Membrane-bounded organelle
Cytoplasm
Cell part
Cell
Cytoplasmic part
Organelle
Cytosal
Macromolecular complex
Ribosome
_....Plasma membrane

Biological Processes

Cellular components

1% 2. Functional GO classification of the C. quitensis transcriptome.
Sequences with BLASTX matches were assigned GO terms and
classified into different functional categories (biological process,
molecular function, and cellular component).
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Environmental adaptation - 231
Metabolism of other amino acids - 289
Biosynthesis of other secondary metabolites - 353
Metabolism of terpenoids and polyketides . 182
Glycan biosynthesis and metabolism . 169
Metabolism of cofactors and vitamins - 287

MNucleotide metabolism

wr

Lipid metabolism 655

Energy metabolism 680

Amino acid metabolism 1036

Carbohydrate metabolism 1777

Translation

2026

Folding, sorting and degradation

1040

Transcription

]
o
5]

Replication and repair - 284
Membrane transport I 31
Signal transduction - 270

Transport and catabolism | ‘ 641

0 5 10 15 20 25

19 3. Pathway assignment based on KEGG. Pathways were assigned
into five categories. OS: Organismal systems, M: Metabolism, GIP:
Genetic information processing, EIP: Environmental information
processing, CP: Cellular processes
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19 4. Functional classification of DEGs by plant GO slim terms. (a) GO terms of all
DEGs with significance (FDR < 0.05, Fisher's exact test) are presented with box colors
when compared with those of a total of 26,346 GO-annotated contigs. The Z1¥H was
drawn by AgriGO analysis tool65 (b) The percentage of enriched GO terms of
upregulated- and downregulated gene groups were compared with those of a total of
contigs. The blue, red, and grey bars indicate the percentage of GO terms of the
upregulated, downregulated and a total of contigs, respectively. Statistical significance
is indicated with asterisks (*FDR < 0.05, **FDR < 0.001).
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19 5. A scatterplot of enriched KEGG pathways in upregulated- and downregulated

gene groups. The significantly enriched KEGG pathways were indicated as dots (FDR

¢ 0.05, Fisher's exact test) and the dot sizes represent the number of the genes
included in each cluster. The horizontal axis represents the ratio of the number of

differentially expressed genes and the number of all genes in the pathway.
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1% 6. The genes of ‘phenylpropanoid biosynthesis’ pathway were upregulated in

ANT samples. The ‘phenylpropanoid biosynthesis’ pathway consists of the
‘monolignol biosynthesiss (KEGG ID: MO0039) and the ‘flavanone biosynthesis’
(KEGG ID: MO00137) pathways, which convert phenylalanine to lignin and
naringenin, respectively. The major enzymes in these pathways tended to be
upregulated in ANT samples, and these are marked in red
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19 7. gqPCR analysis of PCESR - orthologs from C. quitensis in LAB- vs. ANT

samples and the plants exposed to different abiotic stressors. The main graphs are
the results of the abiotic stress treated samples and inbox graphs are the results of
the LAB- vs. ANT samples. The genes were selected from the 14 PCESR orthologs
which have higher expression values in ANT samples from RNA-Seq results. For
stress treatment, plants at similar developmental stages were ftreated with
low-temperature (2 °C), high salt (150 mM NaCl) or dehydration for 1 and 7 days.
The left vertical axis indicates the relative ratio of transcript abundance of selected
genes compared to 18S rRNA and TIM (Contigl9814) which were predicted as the
best internal controls by reference gene prediction tools71,72. Mean and standard
deviation are presented (n = 3) and white, grey and black bars display the 0, 1
and 7 days of stress treatments, respectively.
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13 8. The relative gene expression of the orthologs of PIF4 and growth promoting genes
as PIF4-targets. (a) The relative gene expression of PIF4-like orthologs which were
found by TBLASTN search using PIF4 as a query. In an inbox, it is shown that
Contig8088 contains the E-box/N-box recognition site. (b) The expression values of
growth-promoting genes, HFR, SAUR23, ATHB2, and IAA19 as PIF-targets. The grey
and light-blue bars indicate the expression values of LAB and ANT samples, respectively.
The left axis indicates the expression values (normalized FPKM). (c) Relative expression
of PIF4 and growth promoting genes, ATHB2, HFR and SAUR23 from C. quitensis
plants treated 2 °C, 8 °C and 16 °C for 4 weeks. Mean and standard deviations are

shown (n = 3). (d) The leaf length of C. quitensis plants treated 2 °C, 8 °C and 16
°C for 4 weeks were measured by Image] program. Mean and standard deviations are
displayed (n = 5). The significances were represented by p-values (*p < 0.05, t-test).
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48 FIENE F24 DaGolS2 Hasle] e ¥ FAAA ] YA =
3 24

Poaceae type II galactinol synthase 2 improves cold and drought tolerance by

accumulation of RFOs in Antarctic flowering plant Deschampsia antarctica

2o
d=F M E (Deschampsia antarctica) = ‘g=oll 2334 A2 A= W 2 Eolt,
HEEAE] FF9 F A AP A AL B A 2EHAE WL
= W IFHE AR YxEE e Ad £ LF(RFO)C] A ®
ZXEQIL, o= ZAgEE FHE2(CalS) AAA S F7HE FREsHA T dAE
WA ES 259 GolS FAAE 7 o], [F 4 [F 9] 7 7k 152 & v

o 118 GolS:= aszoﬂ Ao3 e AR M TEZ SAE AT GIENE
H oA fell s 118 GolS2(DaGolS2, 0sGolS2) 7t fd H a3 v 252 ofA)

o
)
sl

| 32 & Xﬂ% 2 Az 2Ed 2o s dAsA S WA Bt RFO
TdF 2 GolS &4 S AN "H 2EGE A EFAA oY 2 EHTU
DaGolS2 B OsGolS2 A ol B Z=AUth DaGolS2 B OsGolS2 &A= *
- 2 Ax A F o Y A= vl Za® FF9 ROSE sttt
o=, oy A= HAAES 11 GolS27F I EAMZ 3 WA RFO9] =
A=

=

_12i
flo
do X

L33 ROS < AAAHOZA 7ha 3 sl 2E# 2o tigh A = 7FA]
L gge Ao AL NS,
Abstract

Deschampsia antarctica i1s a Poaceae grass that has adapted to and colonized
Antarctica. When D, antarctica plants were subjected to cold and dehydration
stress both in the Antarctic field and in laboratory experiments, galactinol, a
precursor of raffinose family oligosaccharides (RFOs), and raffinose were highly
accumulated, which was accompanied by upregulation of galactinol synthase
(GolS). The Poaceae monocots have a small family of GolS genes, which are
divided into two distinct groups called types I and II. Type II GolSs are highly
expanded in cold-adapted monocot plants. Transgenic rice plants, in which type II
D. antarctica GolS2 (DaGolS2) and rice GolS2 (OsGolS2) were constitutively

expressed, were markedly tolerant to cold and drought stress as compared to the
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wild-type rice plants. The RFO contents and GolS enzyme activities were higher
in the DaGolS2- and OsGolS2-overexpressing progeny than in the wild-type
plants under both normal and stress conditions. DaGolS2 and OsGolS2
overexpressors contained reduced levels of ROS relative to the wild-type plants
after cold and drought treatments. Overall, these results suggest that Poaceae type
II GolS2s play a conserved role in D. antarctica and rice in response to drought

and cold stress by inducing the accumulation of RFO and decreasing ROS levels.
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3 o= BT, GIelE F hAe dskaEo] 3
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1
Lo

M = (Deschampsia antarctica Desv.) & & <]y

al,, 2001). FEFNES FFE S oo TS vAE d9] AFeHE x4

AEAY mAHFE FoA HEHF S SstE FHEE SA4AL H

(Gielwanowska et al., 2005: Séez et al., 2019). %3, thu3t F2 2} 2]

Futst= Ay 2 A4 dstes 5 44 g G5 EY

AHo] e AoR dHA Avh(Lee et al, 2010: Lee et al, 2013). dl& Eo], 2

Wz tigk i ®E A5 A A @A (DalRIP) #d 2 24 st

AA(RD) &9 F7H= ‘a"%ﬁ’\ﬂa/] A" YAl 71498 4 Adok(John et al,
Aok ofuel 34 B HEAH T}
gz e WAS e

(Kohler et al, 2017). 532 A7 (1€ - 29) T FFFANELS

st Bol F438to A &9 A 33 585 A (Zuiliga et al, 1996). o2&

EAL 7HES A A AEs e 5E I #-

HIA =2 2Edg 2e gig A& 435

d R AHeE 5 9
2. A8 3
}oHE AR R Y 24

SEFMNE AEA = 2007@ 1€ King George Island®] Barton Peninsuladl )+
ng Sejong Antarctic Station(62°14'297S: 58°44°'18"W) <&l A ) H3tA T 2
Edl= Algd WolA 16A17/8A17F FF7]1e A 1/2 MS 8] A [Murashige and
Skoog (MS) (Duchefa Biochemie, Haarlem, The Netherlands), 2% sucrose, 0.8%
phytoagar, pH 5.71, 15Cel A 150 pmol/m2/s2] ZaFoll A Aju) st} 3 3F vt A 2
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iR E A ¥ (Oryza sativa L.) 9 A-¢ A2xY7 F= 2219 A

=z
70% oNer-22 Al -3 tha 04% NaClO §4o0 2 Hado Had TAE oA
713 10-12Y9 =9t 3% sucrose % 0.75% phytoagar, pH 5.7¢] MS =l X o] A] = vl A]

5}
Atk ol B FAES EGo] o5ty 2AolA FdxT, 25-30ToAA AR

=

U, 2Ed 2~ A8 ¥ qRT-PCR 8-

AL AYE Y, 15CAA 71 GFFMNE AEAE b AZHAAZ-7Y) T
4C AWl A Wit & Mg Hdll, AES dAAZ &7]3, 15ColA Ax
A 713, 1, 2, 4 A7 ol AEH A 57 5ol o3 HelE Fst7] 98] &
d A4S fg BE AEH S T #3383 th RNeasy Plant Mini Kit (Qiagen,
Hilden, Germany)E& At&3te] E5SAME 2 ¥ 2 &9 Ase do2RH total

o

RNAE #2&3dth. RNAS <433 F22 ND-1000

RNAZHH cDNAE A5 qRT-PCR #42 20uL whHs =3=[1ule] 1:10
AE cDNA F38, 2uMe Z+ = gtolv¥, 10ulLe] TB Green Premix ExTaqg
(TaKaRa, Japan) ol A 3 std . 5% Axb= 95Tl A 529 WA 2 &4 &4
s}, 95T Al 10%, 55Tl A 10, 72Tl Al 15X, 40 AlelE& Sttt DaEFla
FAAE WF i 2Fo 2 AHE3t9 T PCR S&9 AH8¥ zgo]M e DNA A&
< Table 19 €A3sIA T

o ZgE s gk s FF 54

SIFENES B A EA A& (100 mg) S AA FAE o] &3le] vAg BT
2 243 o2, ImLe 80% Wle2= #A3AZAH. 90T
+ 10,000gell A 5% F<t dAdEHeA A 24 =
d ot 1mL e HPLC 55 SR/ AdGA
SEAY. T A2 Suga-pak(Waters, USA) A3 % RI
Japan) & AF£3le] HPLC(Ultimate 3000, Dionex, USA)Z
2 gy Has BFA 9 v wste] A4tk

A

>

z
2
N
EN
>
2

DaGolS1 ¥ DaGolS2 T4 9499 3 ¥etd] sGFPE &¢ 355 CaMV ZEZRHE
stsl= pBI221 ¥ Ho AY3EA T 355:DaGolS1-sGFP, 35S:DaGolS2-sGFP
35S:0sG0olS2-sGFP constructs= PEG WH & AFEsle] YIFEAE == B o 9438

I
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Q0] SEAAY B AFL B2 @) (BX5L Olympus, Japan) &2 H2a)
At sGFPE AN EZZ ntAZE AL 3}92];]_

ol ABSE WA P

1%

G A EG AAFAES WA Z, DaGolS13 DaGolS29] E A 9] ofv] =4k
X EE GenBank HlolEH o] oA FHIUTY MEGAT7T AZESAE A3}
JTT EE 2 7|0 Rd=E AFFE TR tH(Kumar et al., 2016). &4 AHg
st F=SEME, Oryzeae, Leersia perrieri, Triticeae, Aegilops tauschii, Hordeum
vulgare, Zea mays, Sorghum bicolor, foxtarl millet, Brachypodium distachyon,
Musa acuminate, Arabidopsis thaliana, Brassica napus, Glycine max, Selaginella
moellendorffii®) GenBank accession ¥ 3.+ Table 29 #| A3} 31t

HE. DaGolS29F OsGolS2 s FAAZ B 2 &4 A=)

FFEME DaGolS2  (GenBank  MK286465)2F w2l OsGolS2  (GenBank
XP_0156453801)¢) A% #3074 JdL S54 fuAY Z2RHE Ese
pGA2897 ¥E Zekam o] Aelgith. Ubi:DaGolS2 2@ Ubi:0sGolS2 A% & =
g Es A7 AFHOE ol dEYH gl ¥ F LBA4404= 3 A A = Aok (Park
et al. 2016). ¥ FAAF TE HAAHL FH 2o FYH TFTEZ uwat 53359
THCui et al. 2018). WA H FAASA TO A2 &4 ZAA Eokd o]alsly
=il F7rE AAAZ T W AEAA FEet JHAAS FAES sto] L2 rto]
A B 40 mg/L7h ZFE MS iAol WolAA 53 A T2 ARAE HAEA
ot 5% A% T4 DaGols2 I & A &k T3 OsGolS2 T EA 7} o] & A Y w4l
AL = At
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fraEs 2 07](200rpm) /‘Joﬂ 35mL-4 EHTFE

Al JAAA A, 2 AEe] A AEEE AEE Zé7](Or10n Star A212,
Thermo Scientific, USA) & AH&3te] do A5 2438 H(Min et al. 2016). A
Z AYE Y8, 5F7F 712 ok 2 T4 Ubi:DaGolS2, T3 Ubi:0sGolS2 2] &4 &
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slo] A& W7bA 9-10¢ T & FH S THAT I ts AEe =2 A I
S 2EH S FE AN S EUE AT A4 o Ade Hed
AET Aor et ASed 4 954 FEF2 35 345 A8 6
A o1l A=ty 5Y AdFCERH tolHE AUtk o FE EH4ES A
at7] 918l 658 ok Y B FEAAS W HEERYH Ed 48 AFAA 2 o
 AlZF 774 (15, 30, 60, 90, 120, 180, 240)°ll A FatAth Fi SHES 7] A4
Els %%*ﬂ WEEE ALdsdn. We H} 122 (MV) AeE S, oA E = T4

9 T3 Ubi:0sGolS2 & Z A 3A| TAE MS vl Aol A TrolAl A}, &
0,2 2 5 uM MV (Sigma-Aldrich, Missouri, USA) 7} 238 MS #j
AR %713 L3 ZANA 79 F<F v S o

3. A3

o= &4 A

rlo

)
a sy
BN
[>
[
o)
[>
N

rlo

hodFEAE BB e

AellM S 7t

o

e

RFO+ ZR S s EZ 2EH 2o vhgste] bdst A= 230 490
A A tH(Sengupta et al, 2015). Wt & AFA A= FFFME] sl =
Aol Hgsls FAHoA AEA WY RFOZF 24 982 & Aolgt 7MA AT
ol& A7) fdll, vhERt o] AlF 7R 1 (62°04'297S: 58°44'18"W) & ol A

e

Hots GFENES APAL AR $AL F 15°C, 49 2A(16h %/8h W)
A4 62 Fk MFIAT o F NBAE Al ¢T AP 71T A A
(8 417 3 9 R 5 DelA w3 o FFAM FFEMNE F Bejd AL
FE F249 DalRIPS 2@ HEA7F BT @A AGHE 7 42 o 7]

A Frler "oyt ¥= dAFeE "/P‘] o]t & HAHOo=R F7F AT
(Figure 1A).

BT AT 9T @% AE AT, §IFBAE 29 2YEEH gyns

Sheke 7bzb 1.1040.20mg/eFW 2 12.90+1.20mg/gFW S th(Figure 1B). AdA %
oA 6€zF wWigdES w(Led), ZEEHE 9 HIx FFE 77
0.002£0.00lmg/gFW % 1.19+0.04mg/gFW=E & A 3A Z4sAo 2488 s ¢ 2

o] FFE Aed BT FFLE FAME Fol FAHoE S/ 8417
(F8h), 3€(F3d) % 59(F5d)elA, Zees 32 0.84+0.18mg/gFW,
1.89+0.37mg/gFW 3 586+130mg/gFWelL, AT Aol g2 g 7t
7k 244+0.17mg/gFW, 9.42+1.96mg/gFW % 38.67+2.20mg/gFW=& Z7tat itk
(Figure 1B). ZE =L gyx2Hy o W24 =735y, o= Hass 37
AlA F 7EA RFOZF gAA 2 48 Ay, d2dos, A3, 259 3

_,0
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Taolls AFANA WS G5EME s HdeE AH} Ax il‘z—fﬂi"ﬂ
H23t= RFO 3HES At AL 2Ed A HaS gs), 15T A3 3=
SAE AES 4TAA 10¢€ 5 LA 5 AGE S8, 55 H% ANES
15T A oF#A fellA 49 St it 1 234 A 2 A% A & 489HE
I FHIFre  FFEo] A ’Zf7} ok A= A dxTEe ZAgHE
(0.59+0.39mg/gFW)<2 A2 A2 T 432+1.08mg/gFW, Ax A3 F

2.05+0.20mg/gFW = S 7H3l tH(Figure 1E-G). ERT It o o 2= o] A
0.53+0.53mg/gFW, A= Az F 21.124080mg/gFW=, zx Az <
5.62+0.73mg/gFW= S 7 th(Figure 1E-G). ti&3 o2, AT, T2 9 3439

B FAE AR AR AP A WHekA gtk (Figure 1G). whekA, RFO<]

A2 MAE 2EA2 BF0N FIEAFC 3 Yo LW 4VL B
Ao BT o|d% A= RFOS 4TS F40] 5% 43 a4 hAs

71 8l F=FAEe] LEA ANy A5712d 7ol =

U GFE=AE DaGolS1# DaGolS2 F4x EA 4

Z=8Els F4EL2(GolS)E RFO AFRAY AR 27 dAE Fwlsts A4 &ar)
GEEFANES F M AEA GolS FHAA DaGolS1(GenBank MK286464) 3
DaGolS2(GenBank MK286465) & 7FA 22 At} DaGolS13 DaGolS2+ M= 72% 73
TS 2 33670 2 326709 ofmiite® FAHE AMES EFetth(Figure 2A).
T oawE BE Ui 83 ERAY A Hls EEH DxD EHZE 23

Stk (Sengupta et al., 2012) (Figure 2A). AAIZF qRT-PCR £4] A3 dSFAE
o] 5 dAA AFHE &HS W DaGolS13# DaGolS2¢] #d F=Fo] WA

o]

ek okoh(Figure 2B). 18y DaGolSlJJr DaGolS2¢] HAF FE2 A ES AA A
OAl 5 AF o= o] 3 £ 8 Azt wmEA S7HA T B717 =E(3Y oA
S%‘)E]oi—o* A 7NA FEo2 oAl B = A (Figure 2B). DaGolS1 ¥ DaGolS2
o] oy gh Iy FHE 27 AL WS FA1AY ME AESE 457 HAAF D
Aol DaCBF4 % DaCBF7¢] w& A3 ¢ A o (Figure 2B: Byun et al.,
2015: Byun et al, 2018). ©]&# 3+ A F+= DaGolS13# DaGolS27F F=FFA Zoll A A
& ZE# 2 B 7] @A A stk As gt olE g ide Ad
Aol Al A 27 (4°C) ol A 8AIZH(H T 25u H 8ulf) B 21X 7oA 4L (AW 6
. 2 11w e EFFAEZAA DaGolS1 2 DaGolS2 AAMA 7} w2 A F7H th+=
Ao s XA FAY, wEkA, RFO9 F7HFigure 1) & 2Ed# 2 A
DaGolS1 ¥ DaGolS2(Figure 2B-D) 9] Al&3 A o HHAAE EATh
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DaGolSe] Al W A& LFAA A 2HE Tl A H. 93 A& ‘E?“%L%’\H
Zo] Azl JdoZ2HE A A3 T 355:DaGolS1-sGFP ¢ 355:DaGolS2- sGFP =
PAuEE FAZ %6}%} DHE G de P dAnFdeE AT I A3
DaGolS1- SGF 2 DaGolS2-sGFPol 23t 34 A5 = F=2 AXEZE B3 o ¢x3}
3 ARO ™ o]= DaGolSl % DaGolS27F Al 22 T4 Y-S AlAFSHTH(Figure 2E).

t}. DaGolS2+ W3} 118 GolSel & 3ktt

S ! tﬂﬂréu% el GolS MEE ATTA £48& Fds 47, o5 &F
GolS FAATS 7HAL dem, ol [83 [I¥9 F 714 AFe= FEHAT
(Figure 3). & &9, ¥55MEH He F 0 FA(HF I A
AL B = M AN FAA(HFE I = 1:2) & 7HAH SF5Fol=
ATHEE [T = 3:1). HEAJA 24 WA ZEoldA 6mAIQl A “a (Triticum
aestivum L.)2 B Aol 671 A8 2, 2 18 GolS F+AAATHH
3 111 = 1:5)(Figure 3). B9 I8 §HA T 3t TaGolS1¢] 7]5°] &<AdH vt
A=, TaGolS1S HLdst = FAAS He A2 2E 2o gt WAS S7HA
Z tF(Shimosaka et al., 2015). DaGolS1< 18 GolSelX DaGolS2+ 118 & 240]7]
ol (Figure 3), $8& A2 WAH Aol s A2E d45E DaGolS2E A

gsle] GFEME I1E GolS9 A& U 9TS AT

2}, DaGolS29F OsGolS2E #Hdst= FAHS v A%
s e T2 AR 2EH 2 WA A2 AE HolAe 9d5 F4 6]
Asl T FEAS 7ol ] AFEEo] FARE FFFNES WL E P
JA FHA WY 7S obF FHEHA Fodth S ES GAY A EY 2l
o} 2 W o] &ttt wetr, DaGolS29] S ZALSH7] f8 S fulF
B Z2HE (Ubi) 9] Alojstel wolA DaGolS2E #Hddsts FHHE HE A2
st th(Figure 4A). B4AA =7 A, DaGols2gE HEdst= T4 AE

(Ubi:DaGolS2) 2 ok 33} vlwste] Jef ] xpo]lE HolA & skth(Figure 4B). 7l
v Ad 235 EXZ, 2 /e EHH Ubi:DaGolS2 zhele] A& AT, o 7] A
DaGolS2 A4l & RT-PCRE % EO]' 1 ThH(Figure 4C, D). &9, GolS &A% of
A8 o vlal] Ubi:DaGolS2 2ol A Z7Fak A ok (Figure 4E).

kR

HaE A ZolA] HHZAQD GolS2e] AESH 755 dotir] 9As8l, e
DaGolS29] B A& A Q1 0sGolS2E #2l3t th 0sGolS2+= DaGolS29F 79% 9]
S zh= 328709 ol = AkS E g3tk (Figure 4F). OsGolS2+= Ax9 19 ~E
gl 2ol e FHt o] mEA FEEHJATE T DaGolS2¢t EEl OsGolS2+
05-287ke] A2 2EH L ZANAE FEHA XU, 59 AL AP FodloF &

\

o.>"
m offt rot

W
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u}l. DaGolS29F OsGolS2E #ihs

7Fet A oH(Figure 4G). WA OsGolS2¢] o8 st A2 F= &S DaGolSlely

DaGolS29t+ Eskedl, FFSAMEAA A A28 A 7ghel] &d o] F713sk3d
7] W& o]t} (Figure 2C). OsGolS2 #2d FAAZ HE A Zsle mdY EAS
283 Az} oA 3 ¥ wsle] Ubi:0sGolS2 Aol A Z71E GolS &4 o] &9l

A tH(Figure 4L).

e
ot
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E
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[m

@ 20 7steh

DaGolS2 % OsGolS2 & AzAlel Wyd 2ddS A7) flal, ok d 3 T4

Ubi:DaGolS2 % T3 Ubi:0sGolS2 2 &A1& 55 &< 28°Coll A 7] %, 4°Ce] ¥
A2 &713 8Y F Ad F, v 28T AAAE A 509 F<t 3| 5AZ o
T e] ofA Y HlE AR 2EHAERYH &5 F o] HAEEA AESHA
EATH(16.8425 ~ 209+3.8%) (Figure 5A). WZH S 2 DaGolS29 OsGolS2 It
DHA = Boh A7 A A4S AR (22 64.049.2 ~ 84.4+4.0% 2 61.0+4.8
~ 63.844.4%) (Figure 5A-D).

FHFe S4517] 8, A2 Mg Aol 74 AP A EoNA A5
= A7 Ao, ok 3 Ubi:DaGolS2 % Ubi:0sGolS2 2] & 9]

5) Fol7F iAok (Figure 5E, F). 181y, DaGolS2 % OsGolS2 #3d
Az wkgste] ofAFHRT ¥ W 4o JFAE THEAT A2 A
(4°C)ell A 7R 35 5 ofAld o R4 FaF 15407 ~ 2.0+04 mg /
gDW?¢l ¥tH | Ubi:DaGolS2 ¥ Ubi:0sGolS2 A& d&54 a2 77 104+1.3
~ 10.840.6 2 85+0.9 ~ 10.3t1.5 mg/gDW %t} (Figure 5E, F).

rlo 3@
o
)

< 2Ef 20 HE Az eS FFstetr] s, 8dE fFHES /‘F‘lé}oﬁ el
FE BAS FdeATh ok, UbitDaGolS2 2 Ubi:OsGolS2¢] f4=& 4T
A10,5 % 109 &< wiksta, 2Ee 25 mloll A WA 35 mle] SR/l IAAZ
T ArE 54

712 Asld TES SR Figure 5GoA & 4 AX°]
Ubi:DaGolS2 % Ubi:0sGolS2 S2E2 5% z}zb 124407 ~ 125+07% 2
125507 ~ 127+0.7%. 1094 77} 154+10 ~ 158+12% % 144#24 ~
16542.0% A2, kA2 544 14.7+1.1%, 1094 25.6+1.7% At olest A
T DaGolS2 ¥ 0sGolS29] o] AL Ao e WAde S7HIReH, 9
DaGolS2 ¥ OsGolS27F W] A ~E# 2 wkgor FAA H8S sttt 2
A AFEE T

L
L

R
=

vt DaGolS2¢9t OsGolS2E #Ed F2de Me A 2EH 2 Zotd

ok 3, T4 Ubi:DaGolS2 ¥ T3 Ubi:0sGolS2 2l &5 28CAlA 55 &

o
oX
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>
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o
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il

%0109 B B FA 3 %ol Az 2EAAE FUT I F A8
=
-

sted 35S AFAAPY Ax 2EHAZHE I

iz md
% o

1

.

Z 28.0%4.0 - 32.0+2.8%, Ubi:0sGolS2 2 & 2] 38.1+5.7 -
51.048.1%7F A A< AN A H(Figure 6A-D). tiZ A o2 ofAl o] fRE L <o)
HAZ o] AsA AEUT AELE 88+20-11.0+2.0% = 3k th(Figure 6A-D).

rN

rir

Z Ag F DaGolS29 OsGolS2 #¢d &2 A35kA)
dEAE  EFs AATHAZ 96+

mg/gDW) (Figure 6E, F). T3 A A3 A 9 JHGg 7 &4

o ok AoA 5A7F F9t & F, ofN Y o] 489+44.9%E A3t
ATk NEAHSZ, Ubi:DaGolS2 % Ubi:OsGolS2 A& AT 61.7+1.8 -
A
°©

FAPET WA B %
2 11.3+42.1 - 11.6#1.1

[\
|

—
=
]

I+
—_
BN

N
-

-y
2

HS 1S
o b

65.1£3.9% 2 62.8+21-63.0+21% 5 A3 zZ+zF FA At (Figure 6G). wabA,
DaGolS2 ¥ 0sGolS29] #dd S ¥ Ax ~E | dist WS A AT o
= DaGolS28} 0sGolS27F A3 A% ~Ef 2o sk vk x FA A 8921¢
o

tepl

l

=9

AT AES O 27 8l o3 ofrlE e BT A 1 tiAE ] s &5
et A d 2 Astet AgHS A TH(Seki et al. 2007). FFEFANES A
EE0 /IEs E5 7158 AY F UEE 3= JHEH 9 A H52 A
thoFet EAS 7R dtH(Cavieres et al. 2016). RFO+= & &9 B3+ @535
ol FWeg HAEH ZEd 2 wkgsle] HE 98-S dhth(Sengupta et al
2015). FEEMEC] 47 2 A s AANA BdrstEs Bel 488t AL
2 4EA AN BysE T 53] RFOY A A3 vAEd 2Edf 2 iy
HhS-3ho] A3 WA vl (Zufiiga et al. 1996, Zahiga-Feest et al. 2003).

Abe A FofAAE AT A2 204, 1E
= o wWEA Gl FItstAth(Figure 2). ol # g

= W9 A AA}F 9191 DaCBF4¢} DaCBF7-& A1 tH(Byun et al. 2015,
Byun et al. 2018). 71& H. o A], AtGolS §A A= 10417 A& o) o) A&
A == A tH(Fowler and Thomashow 2002, Taji et al. 2002). B 2] & ol A =,

o K
1>
w
o

s 2
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7232l Festuca arundinacea 21 2] 671 GolS 3%, ¥

GolS =2kt TaGolS37F A A3 ®bg9 dFEA 27 FEHE 5S4 EXA
thH(Wang et al. 2016a, Wang et al. 2016b). o]& & A+A A= GolS7F A= A%
ANA AE WA 8% 7I5S T T dF= AT 22y GolS f339
AAF HEHE ZEo wel 2o]lE Bl W OsGolS2+ 3 A= 1A
of FEHUAT, AL A= 54ute] Tdo] FUsA T (Figure 4G). A%
ZE# 20 gk GolS¢ oleld FEHZ B2 SFEFAANE dH AT SFFY
ZmGolS1, ZmGolS2 ¥ ZmGolS3¢] HAAMA = A} I 7oA @EdHo] F713l
ARE AL 200 E EhE BHES KBolA] &%tk (Zhao et al. 2004). A2 Ax
2] 7oAl Ubi:DaGolS2¢t Ubi:OsGolS2 ’“D% ZA o s R A S P s ¢
7] Woll, 92 GolSe AAF =48 Alxdo] AEF 1ef 0 B A 8] 7] %0
g Ao ® AHstE AT 7Y sk T

Z} Lolium perenne®] 37§

8
W
oy
rn"

=834 Eaﬂi.ﬂa} d 8(GT8) FAAwel &3t= GolS+ A5 AE 5ol4 gAE

dAd S A E 8 Ao tH(Yin et al. 2010). GT8 A Akl &
B "?*é‘l Zo A GolSt thdt A E AEF 20 WheslE §Y3 I1F
o]t} (Sengupta et al. 2012). A=A GolS FHA 7k S7Fstal 71E GolS 4
Aol WE ol apEstE A2 BT FHS AHAHOE FEHFEE Fsste
FAgol A RFOCS] H LA S AlAFSTH(Taji et al. 2002, Downie et al. 2003, Gu et al.
2016). GolS A @A E0] AlFEol A, SAdH A 7o F35g E7t &
A=, ol GolS7F @dAdH# AR A= tgst ol del EAFS AT
(Yin et al. 2010, Sengupta et al. 2012) G2 AES GolSe 184 118 242 &
FEH(Figure 3). ¥ GolSe] FH g S A 2EHE YA =2 A
Triticeae 3F9] 2] Ewol A 1 71 A ot Aolth ALH(T. aestivum L.) <
[FRo I8 £3t= GolSe F7F o Bow, A2 <F J Srge [FEY 18
GolSel 7F ¥ AAth ZF 3 GolS Mo thdst 374 2 A F FolA 2
=Y A dags A 98 AE AR 7154 %71 oF #dd & Ut

o

GolS @ d o] GT8 =Hl Y2 A== HEH YA, dAP 3 22AY GolSel DxD
RElzZ= FolsA FEH= 54°] v (Sengupta et al. 2012). °ol= @A 19
GolS7F I¥ GolSE o 424 GolS¢t ¥ AT A4 dA7F dee dved o=
B Q143 791 Ser3247F II¥ DaGolS2ol A+ & HEEHo] A7 [ DaGolS1el A
= & BEHA Gvhes AR, FFFME DaGolS 248 553 SA4S o
7he/dol At lAtsl F919) o2t Wil 54 duld Wy dddE 5 3len,
TAH o R T Iy 9 3 A3 gig sk o2ZH GolSe MEW 75 S vA
stAl =4 7hsstth(Zhang et al. 2018). WA o2 o3 A= 7t GolS B Y °l
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Table 1. Information of primers used in this study.

Oligonucleotide name Sequence Purpose
DaGolSI CDS F ATGGCTCCCGAGCTGGCCGGCAA gene cloning
DaGolS] CDS R CGCGGCCAATGGCGCAGTTATGAAC gene cloning
DaGolS2 CDS F ATGGCCCCGATGGCGCTCAATG gene cloning
DaGolS2 CDS R CGCGGCGGAGGGCGCGGGGAAG gene cloning
DaGolSI qPCR F AGATACCCTGTCGCTCACCT gRT-PCR
DaGolSI qPCR R TGGACTCGTTCGACCAAACC gRT-PCR
DaGolS2 qPCR F GACGTGTACAAGCCCATCCC qRT-PCR
DaGolS2 gPCR R TGAACGACCTTCACCTTGCC gqRT-PCR
DaEFla qPCR F TTTGTCCACTGCTACACTCGTGGT gRT-PCR
DaEFila gPCR R TCGAAGGCTGACGGACATAACCAA gqRT-PCR
DalRIP qPCR F AAGGGACCAACAACAATGTC gRT-PCR
DalRIP qPCR R GACACCCAGTTACGATAGTG gRT-PCR
DaDhn qPCR F GCATGCACAGTGTAATGGGCTGAA gRT-PCR
DaDhn qPCR R AAGGCGGAATACATGACGCTGACA gRT-PCR
SODec2 qPCR F TGGGCAACTCGCAGATCGCC qRT-PCR
SODcc2 gPCR R GCCCTGGCTTGAGCCCAGAG gRT-PCR
CATB qPCR F GCTTGCTTTCTGCCCAGCGATAAT gqRT-PCR
CATB qPCR R AAATAGTTTGGGCCAAGACGGTGC gRT-PCR
OsGolS2 CDS F ATGATGGGGCCGAACGTG gene cloning
OsGolS2 CDS R CTACGCGGCGGAGGGCG gene cloning
OsGolS2RT F GTTCGAAGCCATGGAGGTTCA RT-PCR
sGolS2 RT R AGCTATCAAGACTTGACGGCG RT-PCR
OsRabl6b RT F ACAAGGGCAACAACCACCAG RT-PCR
OsRablob RT R GCTTGCAATGGCATCACAAG RT-PCR
OsDREBIARTF AGG CCGTCGAGGACTTCTT RT-PCR
OsDREBIART R TAGTAGCTCCAGAGTGGAGT RT-PCR
OsUbiquitin F ATGCAGATCTTTGTGAAGACATTG RT-PCR
OsUbiquitin R TTACTGACCACCACGGAGGC RT-PCR
Hph probe F ATGAAAAAGCCTGAACTCACC Southern blot probe
Hph probe R CTATTCCTTTGCCCTCGG Southern blot probe
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Table 2. The accession numbers of GolS homologs used in phylogenetic analysis.

Family

Clade (Subfamily) Species Gene ID Accession number
SmGolS1 XP 002979905
Lycophyte | Selaginellaceae | Selaginella moellendorffii SmGolS2 XP 002965247
SmGolS3 XP_002986570
AtGolS1 NP 182240
AtGolS2 NP 176053
AtGolS3 NP 172406
AtGolS4 NP 176250
Arabidopsis thaliana ATGoISS NP: 157763
AtGolS6 NP 567741
Brassicaceae A1GolS7 NP 176248
Eudicot AtGolS10 0A091933
BnGolS1 XP 013691918
BnGolS2 XP 009113368
Brassica napus BnGolS4 XP 013725304
BnGolS35 XP 022547051
BnGolS6 XP 013701350
GmGolS] XP 003554364
Fabaceae Glycine max GmGolS2A NP 001341795
GmGolS2B NP 001343305
) MaGolS1 XP 009411607
Musaceae Musa acuminata MaGoISIL1 XP 009383943
Deschampsia antarctica Detichy] i
DaGolS2 MK286465
TraesCS4B02G179300 ADAID5SXMS2
TraesCS4D02G 180800 AODAIDSXYD6
TraesCS4A02G 125300 W5DZ91
TaGolS| BAF51565
TaGolS2 BAF51566
TraesCS2A02G095800 -
Triticum aestivum TraesCSTB02G493200 -
TraesCS2A02G094500 ADAIDSTQ22
TraesCS2B02G 109700 WS5BPL7
Monocot TraesCS2B02G109800 WS5BND2
{ }ftf:;f:;} TraesCS2B02G109400
TraesCS2D02G093000 AOAID5TR42
TraesCS2A02G094700 AOAIDSTR42
TRIDC4BG034310 -
TRIDC4AGO17380 -
Triticum dicoccoides TRIDCZAGO11270 -
TRIDC2AGO10850 -
TRIDC2BGO013270 -
TRIDC2AGO10870 -
TRIUR3 29787 MSAG600
Triticum urartu TRIPIS 15601 HiMoN
TRIUR3_ 24943 M7Z717
TRIUR3 24942 M7ZGF6
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(Continue) Table 2. The accession numbers of GolS homologs used in phylogenetic analysis.

TRIUR3 33493 MT7Z2ED
F775_28615 MECKSR4
F775_09025 MEAXMS
Aegilaps rauschii FIEL S _
F775 29160 NIQRD9
F775_25855 MRC9J6
F775_25473 MEBEI&
HORVU4Hr1GO052450 MOUZW7
Hordeum vulgare HORVU2Hr1GO15720 ADA2ETHSWT
HORVUZHr1GO15700 ADA28THSV9
) i BdGolS| XP 003558046
Brachypodium distachyon e J(P_ 303559767
ZmGolS1 NP_001105748
Zea mays ZmGolS2 NP_001105750
Poaceae ZmGolS4 ONM60967
(Fanicoideae) Sorghum bicolor SbGols2 XP_002467954
Setaria italic SiGolS1 XP_ 004984579
SiGolS2 XM_004958687
OB07G32460 J3IMPB4
Orysa heweigonig OB03G25060 XP_ 006649987
- LPERRO7G23740 ADADD9X346
Lt perrien ORGLA03G0145400 1IPAQR
OPUNCOTG25320 ADAQEDOLQOI
Cryza panciila OPUNC03G 14690 ADADEOKCY9
Oryza meridionalis OMERI07G23550 AOAOEOEGE!
Oryza glumipanda OGLUMOTG26920 ADAOEOAPHY
S OGLUMO3G 15340 ADADD9Z6F4
) o BGIOSGAD23687 A2Y Q42
(i’}a::;:j; Oryza sativa Indica Group RGIOSGAD12500 AIXGOS
: ;. ONIVA07G26690 ADADEOISX4
ONIVAD3GLI61T70 AOAOEOGLL2
Oryza sativa Japonica OsGolS| XP 015628833
Group 0sGolS2 XP 015645380
ORUFI07G27890 ADAOEDQCZ6
Ory=a rufipogon ORUFI03G15800 AOADEONUS9
B Barakit OBARTO7G26950 ADADD3IGVTI
’ OBARTO3GI5180 AOAOD3FHS2
Oryza glaberrima ORGLA03GO145400 11PAQS
: ORGLAOTGO0213400 1QDE2
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field (control) and incubated in the laboratory conditions for 6 d (L6d), after which the
plants were transferred back to Antarctic field for 8 h (F8h), 3 d (F3d) and 5 d (F5d).
Total RNAs were isolated from each sample and used for real-time gqRT-PCR analysis
with a gene-specific primer set (Table 1). The relative expression of DalRIP was
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are indicated. (B) Galactinol and raffinose content in . antarctica plants grown in the
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conditions in D). antarctica plants. Relative sugar levels indicate the measured values of
each growth point divided by the value of field control. (D) Amounts of sucrose, glucose
and fructose in . antarctica plants grown in the Antarctic field and laboratory
conditions. Data are means = SD (*P < 0.05, **P < 0.01, Student’s t-test) from three
biologically independent experiments. (E, F) Galactinol and raffinose content in the
laboratory-cultured D. antarctica plants before (control) and after cold (4°C for 10 d) and
drought (air dried on the filter paper at 15°C for 4 d) treatments. (G) Relative
carbohydrate levels in the laboratory-cultured 0. antarctica under stress conditions.
Relative levels of each carbohydrate indicate the measured values of each stress treatment
divided by the value of normal condition.
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1% 2. Identification and characterization of DaGolS1 and DaGolS2 in Deschampsia
antarctica. (A) Schematic structures of predicted DaGolS1 and DaGolS2. The
glycosyltransferase domain is shown as a dark gray bar and the DxD catalytic motif is
marked as a red bar. (B) Expression patterns of DaGolS1 and DaGolS2 in response to the
Antarctica field and laboratory conditions in 0. antarctica plants. Real-time qRT-PCR
analysis was performed as described in Fig. 1A. DaCBF4 and DaCBF7 were used as
positive controls for cold stress. Relative expression level of each gene was normalized to
that of DaEF1la. Data are means * SD (*P < 0.05, **P < 0.01, Student’s t-test) of three
biologically independent experiments. (C, D) Expression profiles of DaGolS1 and DaGolS2
in response to cold and drought stress. Laboratory-cultured 3-week-old D. antarctica
seedlings were subjected to cold (4°C for 10 d) and dehydration (air dried on the filter
paper at 15°C for 4 d) treatments, and total RNAs prepared from the treated tissues were
analyzed by gqRT-PCR using gene-specific primer sets (Table 1). DalRIP and DaDhn
were used as positive controls for cold and drought stress, respectively. Relative expression
level of each gene was normalized to that of DaEFla. Data are means + SD (*P < 0.05,
**P( 0.01, Student’s t-test) of three biologically independent experiments. (E)
Subcellular localization of DaGolS1 and DaGolS2. The 35S:DaGolS1-sGFP and
35S:DaGolS2-sGFP fusion constructs were transfected into the protoplasts prepared from
mature leaves of ), antarctica. The fluorescent signals of the expressed proteins were
visualized by fluorescence microscopy. sSGFP was used as a cytosolic marker protein. Bars
= 20 pm.
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19 3. Phylogenetic analysis of GolS proteins. The full-length amino acid sequences of
DaGolS1, DaGolS2 and GolS homologs from Poaceae monocot crops were retrieved from
the GenBank database and proofread. Phylogenetic trees were constructed from the data
sets by the neighbor-joining method based on the Jones-Taylor-Thornton (JTT)
matrix-based model using MEGA7 software. The tree is drawn to scale with branch
lengths in the same units, as those of the evolutionary distances were used to infer the
phylogenetic tree. The evolutionary distances were computed using the JTT matrix-based
method. The Poaceae monocot GolS members are divided into two different groups, type
I and type II
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19 4. Molecular characterizations of DaGolS2- and OsGolS2-overexpressing transgenic rice
plants. (A) Schematic representation of a DaGolS2-overexpressing binary vector
construct. RB, right border: pUbi, maize ubiquitin promoter: NOS-T, NOS terminator:
35S5-Pro, CaMV 35S promoter: hph, hygromycin phosphotransferase: T7-T, T7
terminator: LB, left border. (B) Morphology of 2-month-old wild-type (WT) and T4
Ubi:DaGolS2 (independent lines #1 and #2) transgenic rice plants grown under
long-day condition (16 h light and 8 h dark). Bars = 20 cm. (C) Genomic Southern blot
analysis. Total leaf genomic DNA was extracted from the wild-type and T4 Ubi:DaGolS2
(lines #1 and #2) rice plants. The DNA was digested with HindIII and hybridized to a
32P-labeled hygromycin B phosphotransferase (hph) probe. (D) RT-PCR analysis of the
wild-type and T4 Ubi:DaGolS2 (lines #1 and #2) rice plants to examine the
overexpression of DaGolS2 and endogenous transcript level of OsGolS2. OsUbiquitin was
used as a loading control. (E) GolS enzyme activity assay. Crude extracts (50 pg protein)
of the wild-type and Ubi:DaGolS2 (lines #1 and #2) rice seedlings were used in each
assay. Activity was calculated as pmol Pi released per mg protein per min. Data are
means = SD (**P < 0.01, Student’s t-test) of three biologically independent experiments.
(F) Schematic structure of deduced OsGolS2. The glycosyltransferase and DxD motifs are
indicated as dark gray and red bars, respectively.
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(G) Expression patterns of OsGolS2 in response to drought (0, 0.25, 0.5, 1 and 2 h), high salinity
(300 mM for 0, 1, 4 and 8 h) and low temperature (4°C for 0, 0.5, 1, 2 and 5 d) stress in rice
plants. OsRablbb was used as a positive control for drought and salt treatments, whereas
OsDREBI1A was used as a positive control for cold stress. (H) Schematic representation of an
OsGolS2-overexpressing binary vector construct. RB, right border: pUbi, maize ubiquitin
promoter: NOS-T, NOS terminator: 355S-Pro, CaMV 35S promoter: hph, hygromycin
phosphotransferase: T7-T. T7 terminator: LB, left border. (I) Morphology of 2-month-old WT
and T3 Ubi:OsGolS2 (independent lines #1 and #2) rice plants grown under long-day
condition. Bars = 20 cm. (J) Genomic Southern blot analysis. Total leaf genomic DNA was
extracted from the wild-type and T3 Ubi:OsGolS2 (lines #1 and #2) rice plants, digested
with HindIll, and hybridized to a 32P-labeled hygromycin B phosphotransferase (hph) probe.
(K) RT-PCR analysis of the wild-type and T3 Ubi:OsGolS2 (lines #1 and #2) rice plants to
examine the expression of OsGolS2 transcript. OsUbiquitin was used as a loading control. (L)
GolS enzyme activity assay. Crude extracts (50 ng protein) of the wild-type and Ubi:OsGolS2
(lines #1 and #2) rice seedlings were used in each assay. Activity was calculated as pmol Pi
released per mg protein per min. Data are means + SD (**P { 0.01, Student’s t-test) of three
biologically independent experiments.
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19 5. Increased tolerance of DaGolS2- and OsGolS2-overexpressing transgenic rice plants
in response to cold stress. (A, B) Cold stress phenotypes of the wild-type, Ubi:DaGolS2
and Ubi:OsGolS2 transgenic rice plants. Light-grown, 5-week-old wild-type, T4
Ubi:DaGolS2 (lines #1 and #2) and T3 Ubi:OsGolS2 (lines #1 and #2) rice plants
were transferred to a cold room at 4°C for 8 d, after which the plants were recovered at
28°C for 50 d. Bars = 15 cm. (C, D) Survival rates of the wild-type, Ubi:DaGolS2 and
Ubi:OsGolS2 plants in response to cold stress. Data are means £ SE (n > 6 biologically
independent experiments: »30 plants were used in each assay, **P < 0.01, Student’s
t-test). (E, F) Total leaf chlorophyll content of the wild-type, Ubi:DaGolS2 and
Ubi:0sGolS2 plants before and after cold treatments. The amounts of leaf chlorophyll
(chlorophyll a + chlorophyll b) of mock- (before cold) and cold-treated plants were
determined 1 month after recovery from cold stress. Data are means + SE (n > 3
biologically independent experiments: »>10 plants were used in each assay, **P < 0.01,
Student’s t-test). (G). Electrolyte leakage analysis of the wild-type, Ubi:DaGolS2 and
Ubi:OsGolS2 rice plants in response to cold stress. Electrolyte leakage analysis was
conducted using 8-day-old wild-type, T4 Ubi:DaGolS2 (lines #1 and #2) and T3
Ubi:OsGolS2 (lines #1 and #2) seedlings at different time points before and after cold
(4°C) treatment (0, 5 and 10 d). Data are means £ SD (n = 3 biologically independent
experiments: »>12 plants of each genotype were used in each experiment, **P < 0.01,
Student’s t-test).
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19 6. Increased tolerance of DaGolS2- and OsGolS2-overexpressing transgenic rice plants
in response to drought stress. (A, B) Drought stress phenotypes of the wild-type,
Ubi:DaGolS2 and Ubi:OsGolS2 transgenic rice plants. Light-grown, 5-week-old
wild-type, T4 Ubi:DaGolS2 (lines #1 and #2) and T3 Ubi:OsGolS2 (lines #1 and #2)
rice plants were grown at 28°C without watering for 9?10 d. Dehydration-treated plants
were re-watered and their growth patterns were monitored for 23 d after re-watering.
Bars = 15 cm. (C, D) Survival rates of the wild-type, Ubi:DaGolS2 and Ubi:OsGolS2
rice plants in response to drought stress. Data are means + SE (n > 6 biologically
independent experiments: »30 plants were used in each assay, **P < 0.01, Student’s
t-test). (E, F) Total leaf chlorophyll content of the wild-type, Ubi:DaGolS2 and
Ubi:0sGolS2 plants after drought treatment. The amounts of leaf chlorophyll (chlorophyll
a + chlorophyll b) of drought-treated plants were determined 1 month after recovery
from the stress. Data are means * SE (n > 3 biologically independent experiments: >10
plants were used in each assay, **P < 0.01, Student’s t-test). (G) Water loss rates of
detached leaves. The leaves of 5-week-old wild-type, T4 Ubi:DaGolS2 (lines #1 and
#2) and T3 Ubi:OsGolS2 (lines #1 and #2) rice plants were detached, and their fresh
weights were measured at the indicated time points. The rate of water loss was
calculated as the percentage of initial fresh weight of the detached leaves. Data are means
+ SD (n = 3 biologically independent experiments: >6 plants of each genotype were used
in each experiment).
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Type II Ice-Binding Proteins Isolated from an Arctic Microalga Are Similar to

Adhesin-Like Proteins and Increase Freezing Tolerance in Transgenic Plants
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Abstract

Microalgal ice-binding proteins (IBPs) in the polar region are poorly understood at
the genome-wide level, although they are important for cold adaptation. Through
the transcriptome study with the Arctic green alga Chloromonas sp. KNF0032, we
identified six Chloromonas IBP genes (CmIBPs), homologous with the previously
reported IBPs from Antarctic snow alga CCMP681 and Antarctic Chloromonas sp.
They were organized with multiple exon/ intron structures and
low-temperature-responsive cis-elements in their promoters and abundantly
expressed at low temperature. Structurally, the CmIBPs were predicted to have

b-solenoid forms with parallel b-sheets and repeated TXT motifs. The biological
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functions of three representative CmIBPs (CmIBP1, CmIBP2 and CmIBP3) were
tested using in vitro analysis and transgenic plant system. CmIBP1 had the most
effective ice recrystallization inhibition (IRI) activities in both in vitro and
transgenic plants, and CmIBP2 and CmIBP3 had followed. All transgenic plants
grown under nonacclimated condition were {freezing tolerant, and especially
35S::CmIBP1 plants were most effective. After cold acclimation, only
35S::CmIBP?2 plants showed slightly increased freezing tolerance. This is the first
report to improve the freezing tolerance of plants by heterologously expressed

microalgal IBP proteins.

AL 15T PRt SLoA] HA o A% £
= Hole To=E A, Wt 2 FAW FFaFolA AEFdH(Eddy 1960: Morita
1975: Morgan-Kiss et al. 2006). =5 <& 2LoA dg Ao A Ax
=2 = A bR FA-sl Tk T wE 2R Qe Al Eol Azt

P 223 &AS Ao 71t (Davies 2014: Bar Dolev et al. 2016). ©]& 3 &40 &
H AlzE Hod7] flall, ¥4 vAl 27+ d= 239 FHdd 2%t 4%
AAslE €4S A% dHA(IBP)S AA ST (Raymond et al. 2009: Raymond
and Morgan-Kiss 2013: Raymond 2014: Raymond and Morgan -Kiss 2017). IBP
= O sy 2 A279 AEANA FAEY F8 &Fd wep FEey o
4(AFP), #5 G d (AFGP) == 93 AZA oA @A (RIP) o2t &
%E}(Da\lles 2014: Bar Dolev et al. 2016). H= ©] #F (Gonzalez- Aguero et al. 2013)
23 (Graether and Sykes 2004: Duman 2015: Schrodinger 2015)¢] AFP E+
AFGP st AFeA F= A & |2 ZAL(TH) S5 531 ol
A ol B HF = VoS sy, H @2 2EdA 45 2] FAF HESE o
(Davies 2014: Bar Dolev et al. 2016). gRtd o2 FZAWA 21& (Verbruggen et al.
2009: Middleton et al. 2012: Bredow et al. 2017) ¥ =2+ (Raymond et al. 2009:

Morgan-Kiss 2013: Raymond 2014: Raymond and Morgan-Kiss 2017)%] IRIP+
QAR oA (RD B4S wolth ASAZH A BHL 0T vwhe] Lol

Mo -z ok mlm

N,

>+ﬂ

d5 249 S At ME o 2= Ax U 45 245 A4 §As = 5
g2 o st} (Davies 2014; Bar Dolev et al. 2016).

FAW M 27 BPE B9d A9 FEAC 2A% 2744 §30E e

(Raymond and Morgan-Kiss 2013). Al 13 IBP= Chlamydomonas raudensis
UWO0241(Raymond and Morgan-Kiss 2013), Chloromonas brevispina(Raymond
2014) ¥ Chlamydomonas ICE-MDV (Raymond and Morgan-Kiss 2017) 2] A 7}A]
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A=A FAAT, B-Edol=e FH Fx2& thdA ”U(Mlddleton et al. 2012)
=74 A3dA ZF(Graether and Sykes 2004), F=+= = &1 g o},
Marinomonas primoryensis(Guo et al. 2017) A 2] g o} [BPolA] 2 = 3t
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Sk A ALY 22 & FZo| uhg} RNase free DNase Set(Qiagen) 3
A FZ3ATH(Cho et al. 2018). ZFeFalA|, 2 W] A=A HAES AX3HA

RNA?9 &AA 9 5%+ Bioanalyzer system(RIN) 6: Agilent Technologies, Palo
Alto, CA, USA) % Qubit RNA Broad-tange Assay Kit(Life Technologies,
Carlsbad, CA, USA)% AHEEte] S 3 T RNA-Seq gelBE & 5317 4
3, Zt MZ9 15 ug & RNAZ TruSeq RNA Sample Prep Kit v2 (Illumina, San

rlo
"
e
L
LN

ol J‘l
o}lf

- 166 -



Diego, CA, USA)dl Q12 & Abg-atlth 2ol B el & Bioanalyzer?t lllumina 7}
o= gelo] wet golB e FHFH PCR WS AHEste A=A AF 7,
ol FYE v EE tFstE AT A AAS MiSeq AlAA Al ZH (Tllumina) ol A
S AT, F 4.98Gb(28M paired-end reads) 2] A4 H ol E1 7} A = Atk Al

=

=

i

R, R 2 %

ofrt

TE fA% A

A

De novo ©J41 & 2]:= CLC Genomics Workbench v7.5 22X E ] (Qiagen) S AF&3}
o FRPFYT & FA A~ (quality score <0.001, ambiquity <2 bp)E Al <]
St oy H, dol7t & (length ) 50 bp), &8I += AAEE AASA A5 3
FE P 24 A5 #2 v AT E (word size = 20, bubble size = 50,
length > 200 bp) & AH&3te] ZH3FATh F 29,631 719 ZHE contig(Average:
894 bp, N50: 1,246 bp)ell A A #kel 1e-32 non-redundant protein databaseE ©]&
3te] BLASTX #HAAMS Fa 3 th(Altschul et al. 1990). Gene ontology mapping 2
annotation (E-value <{ 1x10-10)< Blast2GO Z R EFS Algste S =AU
(Conesa and Gotz 2008). 2@ < A 7ol 4 FPKM(Fragments Per Kilobase
of transcript per Million) 22 Z435A . CLC Genomics Workbencholl A
Baggerley®l BIZE= #¥ HZE S, A5 LIE FAAE ALZ Y

(corrected P-value FDR <0.05, difference #= 0)<= A}&3}o] 3+l sttt
2 FAx 2 2 A3 Z2RYH 4

Chloromonas sp. KNF0032 #+F¢] genomic DNA+ DNeasy Plant Mini Kit(Qiagen)
E AH&ste] FEath 6 719 CmIBP 7o) 39 992 FAA-5o]3 =z
olm (Table 1)& AFE3te] PCRel 98] FZ=HAL, AES Sanger-sequencing©ll
oaf FA=E At 6 7/H e CmIBP Fx 29 upstream 1 kb= KNF0032¢] F& 7=
oJ Al 52 HlolHZRE 9 CmIBP A& contig®] M E HHol| 7|Z3te] o F5 3
o}, Al contige= queryZA1 CmIBP A ¥ A3l Blast Ao ol @A
A, EAE A Sanger Al ol o& FRlE AT &<l H Al DNA A& At
£3te] TRANSFACOIA A2 28 24 BAE gels itk (Matys et al. 2003).
CmIBP1, CmIBP2 ¥ CmIBP3¢] d&-1EE =
© MNO011069 - MNO11071) & 9 A& F9<= vlste]l A3

wl, g d AN @A PCR B4

Quantitative realtime Reverse Transcriptase PCR (gRT-PCR) &A1& 98l
Chloromonas sp. KNF0032 55 8TColA A4 A GAZ wjgst o, 0C AW
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oM 1,2 3R 79 Fet wigFetdTh Folxl =3 stelA 8 AEERYH F
RNAE 220}1 RNeasy Plant Mini Kit(Qiagen)& AFg£3sle] A 55t cDNA
+ 21g% & RNAZFE =AY FAA-50]2] zgtolm = Table 19 €A
o] At W—r N2 FHAARE Addetr] fall, B DA dloleolA & Ed%k
(> 30) 2 ¥WE AF(CV 0Dl 71xsted 10 7o FH FAAE A9 At
(Table 2: Gonzalez-Aguero et al. 2013). 10 712 TH =] $Z & 8§ HAE
2 Fste] (n = 3) T AAALS HAESY, 9AF71(Ct) %S RefFinder #
A =9 A AR S tH(Xie et al. 2012). RefFinder= geNorm, NormFinder,
BestKeeper 2 delta CT WHeY ZAAE FTFHOZ v]X3Y]  contigh016
(methyltransferase-like protein) 3 contig3 9(elongation factor-like protein) #t& +
7HA FxE FAARE AgstAdoh A= 3 wEAE 24 S Fdsta, Hd T

= Y
e BFARE E2YHAT

o

uh g o) A% WA

e

#59 AT FAH AAE P& str] flaEl, 18S 1DNA AEs 5 MY +4F
Chloromonas sp.l A JO2 @ SS17HR(Verbruggen et al. 2009) S A}&3te] == 3}
3 ol A¥ES NCBI(GenBank ID : MH400028-MH400032)° %53t o
Chloromonas, Chlamydomonas % Chlorella 2] 7} A€ & NCBIoA T2 =3}
Atk MAFFT ver.7(Katoh et al. 2017) & AH&-3te] tha BHEE F3haA oL, A
A sty B2 MEGA72] Neighbor-Joining ¥l o) Fa =AU LEX
242 1,000 HE whE A8 072 #3599 m support value() 50)= A @ FA
319tk Chloromonas KNF00322 %89 6 7§19 CmIBP #3#e] Id AMEE&
RNA-Seq 4 & 93] £v]¥ cDNAZREH ZZA]7|2, o] A<ES NCBI dH ol
Hlo] 2o 553} tH(GenBank ID : MH400035-MH400040). Chloromonas®] “+#

A 47N dFol A AdEA IBP @i E S 23 shr] f8l, A7l vie ol 1 F4Y

T 2ToAA wgE MEC] cDNAE A X3 CDSe AAl AES T2 A1717]
Qe fFAA-5olH zZatolmE AME3te] RT-PCRE 3383 th(Table 1). PCR
ZTES O3S 202 FPHAT ¢ 98Tl A 30F, 98Tl Al 10%, 53Tl A 30%,

ol A 50% 30¥ W&, 72T 7R HF A%

lmﬁ
e of

A

S M rsh

J

27

o] Aol A1g¥ T2 IBP A ¥ NCBI dlo]gulo] oA T2 =3tk 9 A1
oA PhyML 3.0= AF&35te] Ao 7154 EZE +A 8 (Lefort et al. 2017), IBP
2 Adhesin A% +%F2 913 substitution model Akaike Criterion 7]l whe}
WAG + G + F BdoA A8 5H5Ug. FEAEHFS 1,000 H 9HE= A A
9t = FigTree v1.4.3(Rambaut 2012) &2 A]Z}3} s S o},
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4 A% HEI=E SignalP 4.1(Petersen et al. 2011) 2 dZ=HJL =wjo +2=
SMART (Letunic and Bork 2018)& Ab&3te] dF=HAFU ol&st A
SCRATCH @32 o= ¥4 (http : //scratch.proteomics. ics.uci.edu/index.html,
2019 & 8 & 26 el mpAHoR A 2)o A Dlprodll o3l o = ALFUT
Phyre2 A8 (Kelley et al. 2015)2 32 F+ZE o332 PyMol Z=211%
(Schrodinger 2015)2.2 I1#IHS Z A3t}

Ab AZT CmlBPY] 224 ¥ ¢y A AHA

o},

5 © .

st & BL21 (DE3) M2 (Novagen)Z & A&ttt & d AAE ¢4,
AgA dd ANEE F3F=(600nm)olA 0.6°] & w74A 37CAA 7193, 0.5
mM IPTGE H7Fetal 15ClA 48417 5t @l A& FE38ta, A4l ste] Al
ZE 83 @8-S cOmplete, EDTA-free protease inhibitor cocktail (Roche,
Darmstadt, Germany)°] #H7I¥ £& <= (50mM Tris-HCl, 300mM NaCl,
20mM Imidazole, 10 % glycerol 2 0.1 % NP40, pH 8.0)¢l A A A A}t &g ol A
35% RAE0F 108 Tt 253 A2l (Vibra-Cell: Sonics, Newtown, CT, USA) el
ol MEHS FHata, §al=mS 4TColA 302 FF 21,130g0 4 A4 skt
7heA @l E S Ni-NTA agarose column (Qiagen) 2 AF&3le] A A sttt o
2S5 £9 &4E9(50mM Tri-HCl, 300mM NaCl % 250mM Imidazole, pH 8.0) & &

%, Amicon Ultracel-10K ¥4+ 2] € ¥ (Merck Millipore, Cork, Ireland)
o] 50mM Tris-HCI(pH 8.0)3 &3ttt AAE dde] s
anti-His6 A (# sc-53073: Santa Cruz Biotechnology) & AF&£3te] d26H &
TR ASHJL, GAE S & FAo FA] AFEH AT

CmIBPE L& stE FAAS o) 71 At 2= A

CmIBP®] open reading frame A €2 Myc epitope, cauliflower mosaic virus(CaMV)

T—

35S promoter, octopine synthase gene terminatorE 2zt pEarleygate203 9 H
(Earley et al. 2006)o Z=2Y HYow, dd FH=E2 Agrobacterium
tumefaciens GV3101 #52 FA A FH, N 71Zd (Col-0) floral-dip WH=
Abgsle] A AES F3) 619 tH(Zhang et al. 2006). Hygromycin (50 mg ml-1)<
gHfrat= 0.5 Murashige 3 Skoog Ml Aol A SE =5 At 24 +4
kvt 10708 SH€ A 3 JAFA SA(T3) el BAEHJL, ©o] F F @ed= ol &

sto] HolBlE AAstAT. ©olF CmIBP fF87ke] #a& 2 RT-PCRoll & <l
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2F,

o} v A2 S (NA, non-cold acclimated) transgenic plants® 120 pmol m-2
s-19] ¥ X2 16 : 8 h (¥ @ oF)F7]elA 3-45F Tt w3t A4 3
(CA cold acclimate) 2 €A = 4TCTE &713 29 ©f AAAA, IRI & o] +& &
Aol 283} tH(Bredow et al. 2017).

N4 HARE ABANA BuH 33

gl

NA 2 CA x7 3aA At 2533 FZA3 2 EAE proteasome inhibitor

o)X Z A E(Apoplast) @A =S 95

AF.

MG132(0.1mM) 7} F718 Axul o] 2d7F M) ste] dula 2o ALL3A .
FHE FAEA (0mg FW)E 9k BhAbd e Abgstel A AaolA $45
2. cOmplete EDTA-free protease inhibitor cocktail(Roche, Basel, Swiss)©] H. %
F 200ul®] native protein extraction buffer(lOmM Tris-HCl pH 75 % 25mM

NaCl)§ YAT BE FF G 4T B ool FRHEAT AES FE9]
A 5 108 St L= Sl w"’rﬂ/‘]f’ﬂﬁ} 13,523 g°ﬂ*ﬂ 10 &< 93 5,

b

., NA ZANA 45F7F AAA 7] ofA &
(Col-0) ¥ 35S::CmIBP1 #6 2&2& o]&3tAth(Haslam et al. 2003). oFA 3 #
35S::CmIBP1 #6 2]&<9] 30719 Al 9S 83+, Tween209] 0.05% % 3+
3 gol2H(DW)E 23] AT AlAHE A4S cOmplete EDTA-free portease
inhibitor cocktail® *&3t+= 200ul native protein extraction buffer(10mM
Tris-HCI pH 75 ¥ 25mM NaCl)ell ¢33 ©@ 137, desiccatordl A 70kPadl A 3 i
TAd AF-HAFAAG G2 dFAES AAT F, I Fo 2 DopA AFH Ao

flal 50ml FH YA otxEFeHIE

B

= 'éEi Merck Mllhpore Cork, Ireland) & AF&3}e] 50mM Tri-HCl(pH 8.0)
2 WAL @A Fr= DC @l F Ao 94311 SAHEAJG, oy o
CmIBP1 & # 6 JAA3 2] EA4(218-229 g FW)9| = ol¥XxZgrE iz S
747} 144 ug(48 ug &) % 126 mg(4.2 ug &)= T'—TO]' 3Tk ok E 2 CmIBP1
] o# 6 A AEA MExd dAL 620 ug ¥ 930 ugs 47 FEIIL

o, weA] olEXZ e AE wwide zhzp & 9 %ﬂ A9 077% 2L 045% =2 Z=A =
g IRI

g8 BHEE BA

T =2 XN o
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Z oA AZ (50 ug) S 12% SDS-PAGE Ao 293ty AXJAY] Z2EF u}
2t PVDF2el| X"t 243 A=A CmIBP @9 dS HE3s17] 93l
anti-cMyc( #sc-40:  Santa  Cruz  Biotechnology)&  AF&3l93, alkaline
phosphatase( AP) -conjugated anti-mouse( #sc-2008: Santa Cruz Biotechnology)
FAE oG AZ st BCIP/NBT 7] & (#sc¢-24981: Santa Cruz Biotechnology)
o HA} FA o ALgetTh olxEFHAE P Axd wwdE AME(50 ug)es 12%
SDS-PAGE A Z43}22 PVDF 9ol &35t} anti-tubulin(T5168, Sigma,
USA) 2 anti-PR2(pathogenesis related protein-2: AS12 2366, Agrisera, Sweden)
£ AMEEtd Alxd o9 olxEHAE w¥ld FIE A4 AEFsAdh
AP-conjugated anti-mouse( #sc-2008: Santa Cruz Biotechnology) &A| 7} o] x} &
AZ A E AT BCIP/NBT 71 & (# sc-24981: Santa Cruz Biotechnology) < B4
Aol ARE-3FA T

7}, IRI &4

Azy G dS 54 A glo] IRI FAAME stAth Tl d AMZ 9 g2F o2 A
BSA 0.1 mg/ml9] 55 & AIE39 0. IRl +4 o3 24 sloll A BX2000 33 &
1] 7 (Olympus, Tokyo, Japan)ol #2t#l LINKAM THMS600 heating-freezing
stage(Linkam Scientific, Tadworth, UK)& A}&3sle] =33ttt @ -20TC 5&, -10T
53, -6TC 30, ZF AZolA 45 dAe A271(A3 32 mm2)+ Imagel (Schneider
et al. 2012) & AH&3ted 25-75 %ol Fats d=& YA 2719 BA#e =2 FH=HIA
FUTH 7179 A EAA de JAe A= S5 gz A7) A-bete 59
sttt B AdS 33 whEskdth xFol= Student ‘s t-test (P <0.05) = =<1sA

g, dsd = 54
R P FAAZ AEAE 457 FX 72 FH AAE FES BASAT AEAT 2
N gt EAE (7 2 8¥ o) S st 250ule] DWE et 8l 7
Bo Ytk 7 &9 10709 A& Az Y5 A (-6T)E thad 2ol 3
Atk F8 FEE &3 2 (EYELA, Tokyo, Japan)ol -1TCelA 1417k F<t =
& e Ee¥s AtsAT Bl €71 AAE F, 255 1TC/h $EE ZAaAT]
3, 27 -6TelA 1217 A s 5, &3 FxdA FERE A AL, FEE o
= oA A 4ToA slsAAL EE ¢ 2 DWE F7F 10mle] DWE zt+=
50ml fr8] FEE %713 Ao vl wRkesith 27 A== (ChE 54 ¢ H,
A Ay §F HF AELE(CHE SHsIAH CI/Cf ¥&S MEEE ZAAG 4
O o] FE2 ZF A oY o] FEe g MEEE A o] A
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AL 4 FPEASH zo]&= Student’s t-AF (P €0.05) s HZS sttt

7}, 398 A X5 Chloromonas sp. KNF00322] A& WS F4 =}

Chloromonas sp.®] A24-3 WAUS= claiatr] flal #F&5 X 44 &% (87),
A (4C) 2 A2 (12T 2 16T) oA AARAl £4 L st A2-vH3A xS
ZAEFSG T AAMA] BEA S =48, 29,631 7R 2] contigZt de novo assembly A3, 9]
% 5153 71 °] contigZ7t B3 A X(8 T) <k vlasted 2pE A<l %?ﬂx} TS
e T A2 Aol #AsteE RS dAs7] s, 4ToAA Edol
6270 ©] annotated contig(4C vs 8C, FDR <0.05, =}t°]) 0) & A &35} E‘r 23 4
2 IFE H F317] fdl, 2= 4,8, 12 2 16TClA FPKM ftell 71x3t Al
=4 FH3E FF/AL, HTHOE Aol A FAHoZ Bd H 29 /9] contig
£ AR o3 s A2 Eo] ¥d contig 5 671(21%) 7F IBPE annotation ¥
A TH(Figure 1a). 67019 contig®] Al ©¥H-S Sanger Sequencing®l <& &<l = %
o I8 2.7-46 kb Aol Alx Gl dA 9-12 718 dES AT weba] o]
Al A CmIBP1 ~ CmIBP6°]2ta B Rttt (Table 3). CmIBP1-CmIBP6¢]
FPKM 32 A2 A F7Hth 53], CmIBP1, CmIBP2 ¥ CmIBP3+= A&l A
A A dAE FES el 45 KNF0032E 0CE &7 1579 5 =&

Al71H, 370 9] CmIBP fF37F BF 8Col Bt ¥ Wo] =AU, o592 T
244 o] Hdo] =38 A ok (Figure 1b, ¢). 3 CmIBP1, CmIBP2 ¥ CmIBP3+,
CBF(C-repeat/DRE binding factor), ABI (ABA insensitive) 2 WRKY ¢} 7+ 2]
B AAlztoll 3t T2 REoA A RE|ZE A Atk (Figure 2: Table 3).
o] A3+ CmIBPs7t 4 2% A5 vhgo st oleldt Ao dAes &
sl Ee Asded HHH FASHA cis-element AHOZE
regulator24 cold stress signaling pathway®ll -‘Jroﬂﬁe I Ut Ao FE FAHL
o]& IBP7} t+& Chloromonas #F o= EA e &Rlst7] flal, Al 28 IBP 59l
2 xZglolW & ALE3le] 871¢ F7F KCCPM ﬂ‘“roﬂ tj3 RT-PCR <3 stdith 2
HFA o 2, KNF0032¢] Fd3 Zdol=d 45+ CmIBP A5 FdxE 7MY

o] Zo] Ao FatA FEEHASTS A A TH(Figure 3).

FEHE p051tlve

. Thro] ZFH3 CmlBP= 3= AFPS F+X7F FA}

CmIBP §Z A= Z+z} &AF3Fo] 32-39kDa¢l & A2 340-4157] oFv] =% aa)
TAE Y, EE CmIBP+= SignalP 4.0 AWl wel N terminusol] #4] A& 3
(18-31 aa) 7} 9)111: Ao Z dFH% Y, CmIBP3 ¥ CmIBP5= F7F4 < 9 =
s zZteE AeR dZHAtH(Figure 4). CmIBP A g9 BLAST #HA

°
g

-

1

flo f [ [
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Chlamydomonas sp. CCMP681(°]3&l, CCMP681 IBP: Raymond et al. 2009) %
Antarctic Chloromonas sp.( ]38} ChlorolBP: Jung et al. 2016: Figure 4) 2] 28 IBP
o i w2 FAMIS JEY AlssTE CmIBP, 470¢ CCMP681 IBP %
ChlorolBP7} ®He] 2] o}, #%°], prasinophytes, X/ % X FolA DUF3494 L=
S st olde] By E A 18 IBPS +EEE FHolEE IS 9
3] B Fth(Figure 5). CmIBP+ 50-53% 44 otr]’=4H(V, I, L, MF, W, C,
GP 2 A)eE FAHJUAT 71 FFE oprikE HFA ofn x4t Thr(T
12-15%) o]tk CmIBP&= 2% AFP % MpIBP$} HlW et A E A o] xe] i
= o 12-15%9 =2 vl&=E Yehve 2154 Thr 2715 7FA oH(Table 1),
Cys &7 CmIBP9 ¢ 5% 5 H#3t%13, Cys7t 1 MplBP9} vlwste] & i
A B 2 &S Uetdti(Table 4). CmIBP1 7789 olgst AdS z
CmIBP2 % CmIBP3 77t 6 9 57/1¢] ol3st ZA3S 7Filch CmIBP
CCMP681 IBP] t3 HEL2 o]l TXT EE Z(Raymond et al. 2009) 2 A &
709 ¥tEE Thr-X-Thr Z7](Figure 69 R E X [-VID) ¢ &A1& YeERY ST &
© TXT EH=Z& g% 4o s aix=EJqA A dd 2 F HA TXT Rg =
= Al ARl A A A REEZ(25-29 ZH7]) o o7 "olA A ATH(40-43 ZH71).
CmIBP3, CmIBP4, CmIBP5 % CmIBP6¢] TXT EHZ X <E2] Thr 2t7|& ¢H33]
HEHAA N CmIBP1 ¥ CmIBP2 TXT EE 29 A WAl = Al WA Z7]9 3
3t Thr 271 5% Lys (K), Asp (D), lle (I) =& Ser (S)2& A 3= Atk
(Figure 6). CmIBP9] 3 2 &l &d X+ B-£d ol (=3 @y d ID -
cbgkd, BlotA) & zt= o2 dFHUT N-2de] £ & AEE 5T F AA

olr ol

]_

’

X

rm N

d

= = T
I El# (II-VID = B B-AEE EFste FE T FdS 4t A
o2 AFAHOZE Y=H A (Figure 6). TF59 CmIBP TXT REZE A H 3
3 B-A|EE 23 AFP, A& [RIP 2 9= gte g ¢} IBP (MpIBP)Y A §A}st

gk g FA 2 A7]17F 2ok (Bar Dolev et al. 2016).

o}, A =3 CmIBP1<S 58] &2 IRl €4S yehdoh

Ao A 6709 CmIBPO 34d FAA dde 71xete, 71 75 A+ £H2
24 3709 x4 @ d CmIBPl, CmIBP2 2 CmIBP3S A&t 159
A A% g4 ZA}*S} ] 918, A= CmIBP1, CmIBP2 % CmIBP3& = ﬂié}j’_
(Figure 7) TH % IRI &S Al@atath 3719 A= g o] TH €42 74

Ei

g WA TH(TH <01 C, 0.1 mg/ml). 238y, o 22> I 2A AL Oﬂ@]
o Adzste oAE I AAAske] debrE <l IRI 24 (Knight and DeVries
2009)& ¢Z A (50mM Tris-HCL, pH 8.0) 2 BSA 01 mg/ml thZzol wls)
CmIBP Az @ Ao A mj-¢- Eskek(Figure 8). IRI 59 Ars Foi3l &%
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o A& A A D5 YA7E drtt A FAEHEA A o) HwE ¢ deBE
CmIBPe] Al & A A71= Do dAe] Ha A7 A HHof o]27]7}
A AFEAFUS AT S AZS 6CA 308 5 AT o, 4 YA
o] Aol 02,01 2 0.05 mg/mle CmIBPlolA 7F3tA AL, & A= #F
ZE A ggskth 0.1 mg/ml T4 LS A 27 st A CmIBP2+= A€ &
S ANARCE F7 AL IRl &35 HS wtd, CmIBP3E &37F 714 9o
o, 048 AAE Ze d & 45 4AE A A (Figure 8a). CmIBP1#
CmIBP29] Al d& dA A7+ 22t W3 HEZH S 5 vj e 25 v o Z3l
A% CmIBP3¢ &3+ ¢ 2Eth(Figure 8b). H3H 0.2 mg/mlolA e Axg
CmIBP19] IRl &3= 92 AMAAS BAS A 23] A 3t th(Figure 8). ©]
gt A3= CmIBP9 IRI =7t AelstH, ol d& A3l gk CmIBPY %13}
Lo Aol AHH F Ue= AlAbg

2k, CmIBP= FZ2 A o7 e §2 WS A0

ANz CmIBP= IRI €48 EHRSERE, CmIBP7E A& &d Al 28 o A
CERH MEE BT 2N F4 WAS MAT Aol 7HAES
S Agstr] 98], CmIBPL, CmIBP2 ¥ CmIBP3S #adst= 3243

)2 (o]}, 358 :CmIBP1, 35S::CmIBP2 % 35S::CmIBP3)< 44 8

d 27oA FAAE A EF oFAE A E(Col-0) Atelel =

o ;z}om HA=E A ok eh(Figure 9). 53], A 01 2k

SOl dHgle]l #Ed] FAHJAT, @i d Iy FES 7
(Flgure 7). CmIBP19] A%, @9 d @32 MG132 € AL A

Y 92 wAY CmIBP2 @ CmiBP3 @lge oghg n

of @uld mEo] A= A7 £ Fol B Ad o g HolA v

AEA ol% wulgo] ojBA ZHREAL Qs WA o

ofr
iy

B
o,

=
o
iu)

(03

32 oy
Ks) ;
oo N r
o

N
—_

o

FH

o 2
r
Jo
lo

o rlr rE

O
-
>0

=
=
>
)
>
>
o

24
o Hr 1oz

o
:?L_',
" o
N =
ﬁo]o_}l_,
§C s =
SN

IR
Do ox rfr ot

@]
2,
os]
=
N

o

A Ao WA aE A Azl fsl, vAS(N
Al FE 240 ARt 35S :CmIBP ¥4 4%
& R AF S ol A} Hlwate] RE A|F iR,
7 @A AasiAY de A A9 AdE=

o] 1% 35S5::CmIBP 4 &A19 AlxxZEE0°] IRI &4& Zevs Ae HoEth

IRI &2 otxZet2E 32 Axd g9 EFolA Yestth(Figure

3
g 7

o

©
o

=

355::CmIBP &S AEo] 52 =1 slollA A3
o FE ZAtst7] flEl, ]

9c). NA =3 sl A A &
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™ 53] 35S::CmIBP1 2l=¢ 3l =
. ML &< % 355::CmIBP2 A B¢l AsA FEL
Ao}, e YA A2 A FANATG BE A%

TorER PUHY FAA8 HBANM A AR AR 94111@2_@&1
Z7te] g @rre Re AAST

A 28 IBP= CCMP681, H= =3 F/ (Raymond et al. 2009) e & 25 R =3
o, o] A A 2% IBPY ¥ 8% AEAH PRE AT AL o] AFoA,
RNA—Seq/l de novo o4 2 el & A 23 [BP F3A7 A 2A
T OlE F ot LE-EE gy

Ao
o] 9 M¥S annotationdty 159

oft e
)
o
ich
N rlr

A 2 EEEH ﬂ@%% v‘i'—’ﬁ'?ﬂ‘:]'. IBP
olAag o] &g Hlwste] IRl &4o] tE2re AL LAPSH, A EdA TdH=
T2 WS MMt 59 S8 BoklAl 7hse TS AL F Aes AF
Ho g2 JZIA o Wt oA NF7A Al 28 IBPo| that 71d L& AWK
H Aol

. 2% IBP9| 3|AA
ZRHE 8ol B2 R0 AF HAHAG vA 2F F8 1 2 2 [BPE A7
07 FEXA YA FEFH A& AR HAth 78 13 9 £ 2 [BPE ¥ 7}
A AFTSE FAE 5 ERToAA dAEY 55 9 =5 &Y 30 2E £
Aol o5t IBP ZAAMAI S W2 90%7F Al 13 IBPE &7/ 5 S

2
7FA tH(Uhlig et al. 2015). =3+, A 238 IBP¢ Chloromonas =<2 A 71# &=
A B vzt gl 22, amplicon deep sequencing= ©]&3 &4 {2 U=
F Aol #sk Ao wpE ™ KNF00329] 43l Stephanospaherinia cladeol %
= ITS2 OTUE "% 24 2AFAR A I5 3o 01%, F= F= 9
0.066%: Segawa et al. 2019). WetA, 159 544 vio|vj X ¥l & W@7] w&
WS o5s ST @l #5724 288 F U AR o
9] ?ﬂ?— 02 7w 2/ 50 Astes T4 27 88 T2 o A&
= T AT o] AFolA g z=
KCCPMoﬂ A A& Chloromonas w57} @ £
= FolA 28 IBPE et oS H43
Al =/ -4 AR erd e et AR x5 A
_ = .

5}
A& R EE EFC R

_Ea
R
ke
ol
s

n)
72

. KNFO032 A= W o9 CalBP &4 % o]59 g3 o
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et o dA7A HA 97 o)A+ IBP @l A o] C. brevispina(Raymond 2014
Chlamydomonas raudensis UWO241(Raymond and Morgan- Kiss 2013) %
Chlamydomonas sp. ICE-MDV (Raymond and Morgan-Kiss 2017) ol 4] 2A = A2,
o] R 9] HHE J3te] x4 F 7t Chloromonas sp. KNF0032 Al &2 24 6
N CmIBP §AA7F £ 810, o] A 9] ZEZHE= A243A cis-elementE 7t
AL Qo] o)A o] Auhg -7 Ze #AAq T Aol FAFEY CmIBPE &%l
gt HAF gbg-o] Aolstiar, 747 KA Adoldt AAAg st gA 245 7HA

Hl =

th o & S9], 6719 CmIBP % CmIBPl, 2 @ 3& A &d] s #4353 =& AA}
o

o

g4e) [BP $AA7 53U 2ROIA BANY )AL AN YEF F24S
)

SS UEHT A g2 2% Rl A S HIAAW I A== 991 CmIBPI
A A Az FAAS AEG ANE FE55 BFdA 7HF 4 Rl &
AE YeEd o meEtAl, 3719 CmIBPE Chloromonas sp. KNF0032= A 274 o
A A =2 v, A [RI A4S FAA7I=d F Aot FASHA
2 ALS v thdA 2 E<Q Lolium perenne 4719 IRI &9 A3} 17) <]
AFPE 7FA1 22 dth(Lauersen et al. 2011). ©l& < LpIRI2 &+ LplRI3+= A& A
g oof71ge] 4 AES 7P & NAANIS ol 2709 LpIRI {7t
LpAFPS 37 2" o, A48 A5 424 dAdel oS IR
(Bredow et al. 2017), ol FHdA = T4 X7 stollA] Aols Alx &4 3 771
Lo

EJ}E Aegs AL oA ST wo FANA7F A sl IBP A4S 71
]_

ox

_L/

)

3oQhs Ae 2 delA AW, [BPY A4 28 sl tel Was sop @
Aol wol gtk webA, BPS] AE 7%l o & F7ke] fa% 24 BP7 38
o AELS A BEAAA R Y o] LG F

oh. CmIBP-Z2d 2 A8 &9 IRI €4 3 32 WA 289

CmIBP1, CmIBP2 ¥ CmIBP3< #H4] 2135 7IA Y, CmIBP3& N terminus®] 37}
Aoz w ok TS zZh=t} meElA, o5 AlxX 9 FOZREH H‘ﬂﬂﬂ‘)r

AEZ F99] 95 249 A4S A7 98] -2 " Aoz FAET 73 1
TE #3 2 IBPE 2= B2 UW] ZFl A vl F iR A IRI &4 = L}E’rw‘:}
53], 8 2 IBP= CCMP681 ¥ 3= Chloromonas sp.2] % v X ol A HE = 3

t}(Raymond et al. 2009, Jung et al. 2016) HZLo Ao CCMP681 3 2 IBP
o] 2% HMEZ9 mCherry F3F 9 AS A §3 @ @& Chlamydomonas
reinhardtii & Al2® Q] AlZolA AFASE FH 5 At Molino et al. 2018). 1
3114. o].gz_%,ﬂ. ET‘—_; 0113}7(—105"___ /\ﬂﬁ;d_]}_]_q_ :_-—_,9_ 57:17(4,2 711 o]-j,i_%ﬂ.igoﬂ
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=7} 9l LpAFPY Au2d2 52 Wiel /IdHA dev= AHd (Bredow et
al. 2017) = €= 2% @92 FAANA e AEE FHoA THEHE=A
b AEe 74 WA Fostte 7HE S AATH (Bredow and Walker 2017).
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Table 1. Information of primers used in this study.

Name

Sequences (5° to 3°)

For qPCR analyses
CmIBP1 qPCR F
CmIBP1 qPCR R
CmIBP2 gqPCR F
CmIBP2 qPCR R
CmIBP3 gqPCR F
CmIBP3 gPCR R
KNF032-5016 F
KNF032-5016 R
KNF032-39 F
KNF032-39 R
KNF032-15619 F
KNF032-15619 R
KNF032-646 F
KNF032-646 R
KNF032-8467 F
KNF032-8467 R
KNF032-433 F
KNF032-433 R
KNF032-662 F
KNF032-662 R
KNF032-1423 F
KNF032-1423 R
KNF032-1534 F
KNF032-1534 R
KNF032-11906 F
KNF032-11906 R

ACT CTT TGA ATG CGC GAG TG
TGA CCA AAG CTG CAT TGC TG
AAC ATT CAC GGG CAC TTT GG
TCA CAG CCG TGT TTG AAG TG
TGA TTG GAC AGT GTG TGT GG
ATC ATG AGC CTT GCA CCA AG
CGT GTG CAT GCA ATT ACC AC
AAA GTG CGT GCA TCA CCA AC
TGG CCT TTT GCA TTG TCA CC

AAA GTG AAG CCG ACC ATT GC
ACC GCG CAC GAA ACA TTT AC
TCT CGA ACG TGA CAA ATC GC
ACC GTT TCG TCA TTG TGC AC

TGC ATG CCT TGT TGG GAA TG
TGC GCT TCA AGA ATG AGC TG
TGC TGG CCT TTC ACA TGA TG

TCC ATG GAC AAC ACA ATG CG
AGC TGC ATC GAA GCA AAA GC
TTT TGC CGT GGT TGC TTG AC

TGT CAC TTG AAT CGC TGA GC
ACA TTG CTT TGG CGT GGA TG
ATG AGG GTT GGT GGT GTT TG
TTT TGA AAG TGC GCG ACT GG
AGC GCA GTA AAC TGG TGA AC
TGA CAC GCA CGT TCC AAA AG
ACG TGT GCC CAA AGT TGA AG

For cloning into recombinant protein expression vector

CmIBP1 F BamHI

CmIBP1 R Xhol

CmIBP2 F BamHI

CmIBP2 R Xhol

CmIBP3 F BamHI
CmIBP3(-TM) F BamHI
CmIBP3(-TM) R Xhol

For constructing transgenic plants
CmIBP1 ORF F

CmIBP1 ORF
CmIBP2 ORF
CmIBP2 ORF
CmIBP3 ORF
CmIBP3 ORF

~ T ® T

CGG GAT CCG ATG GCC GAG GTC ACG TGC

CCG CTC GAG CTG GGC CGG GCA GAG

CGG GAT CCG ATG ATC GTT GTG TGC AAG ATG

CCG CTC GAG GTA GCA CTC CCT GGG

CGG GAT CCG ATG GTG ATT GTT GTT TGC AAG ATG G
CGG GAT CCG ATG CCT GGA GCG GGC CGT CAG

CCG CTC GAG ATA GCA ATA ACG AGG CCC

ATG GCC CCA GCA GCT GGC ACA

CTA CTG GGC CGG GCA GAG TG

ATG CCT AGCT CTTC AAT GAA GCT GTT
CTA GTA GCA CTC CCT GGG

ATG TCA ACA ACA ACC ACT ACC ATG AAG
CTA ATA GCA ATA ACG AGG CCC TTC C
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Table 2. Amplification efficiency test of selected 10 internal control genes.

Contig Description FPKM value Amplification test

Avr. Std. cv’ Efficiency R

Contig5016 methyltransferase-like 317 0656 0.021 1.09 0.996
protein 1- partial

Contig39 elongation factor-like protein 56.4 1.172 0.021 0.98 0.997

Contigl5619 TPR-like protein 32.8 0.735 0.022 0.94 0.966

Contig646 eukaryotic initiation factor 513 1.634 0.032 1.00 0.953

Contig8467 eukaryotic translation 959  3.066  0.032 1.14 0.980

initiation factor 2 gamma

Contig433 wd40 repeat-like protein 524 1.731 0.033 0.99 0.965

Contig662 exostosin-like 838 2826  0.034 0.95 0.993
glycosyltransferase

Contig1423 l-aspartate oxidase 108.1 3.741 0.035 0.85 0.937

. mitochondrial pyruvate ¥
Contigl534 38.8 1.374 0.035 1.12 0.995

dehydrogenase kinase

Contig11906 protein £3gip1;3§5§itza 495 1755 0.035 1.01 0.960

CV value was calculated from dividing standard deviation (Std.) by average of FPKM value
(Avr.).
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Table 3. Summary of genetic features of six CmIBP genes. Gene sizes and number of exons were
confirmed by PCR-based sequencings of genomic DNA, and the plant type transcription factor
binding sites were found within -1kb upstream sequences of six CmIBP genes.

Gene Gene structure Promoter region
Size No. WRKY
Size (bp) | CBF ABI3

(bp) Exon 1,2,3,18
CmlIBP1 4,003 11 2,880 2 2 1
CmIBP2 3,206 12 8,940 1 1 2
CmIBP3 3,298 11 660 2 1 1
CmIBP4 3,242 9 2,040 1 1 1
CmIBP5 2,749 9 333 1 n.d. n.d.
CmIBP6 4,574 11 1,579 3 1 n.d.

t  Size of the PCR-confirmed upstream region from the start codon
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Table 4. Comparison of the protein composition of CmIBPs and other Thr-rich AFPs*

Cys Disulfid UniProtKB
Length '
Motif e
(aa) No. (%) No. (%)
bonds

CmIBP1 341 41 12.0 TXT 17 5.0 7 In this study
CmIBP2 323 39 12.1 TXT 14 4.3 6 In this study
CmIBP3 293 39 13.3 TXT 13 44 5 In this study
TmAFP 84 17 20.2 TCT 16 19.0 8 016119
sbwAFP 121 20 16.5 TXT 10 8.3 5 Q9GSA6
MpIBP-RIV 326 20 6.1 TXN 0 0 n.a Al1YIY3

t The signal peptide regions were excluded from the calculation.
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719 1. Transcriptional response of IBPs from the psychrophilic green alga Chloromonas sp.
KNF0032. (a) Heat map displaying the FPKM levels of 29 annotated genes that
increased in response to low temperature. Among those, six genes were identified as
CmIBP (Chloromonas IBPs). (b) Transcript levels of the CmIBP gene results (CmIBP1 -
CmlIBP6) obtained from RNA-Seq analysis. (c¢) Transcriptional changes in CmIBPI,
CmlIBP2, and CmIBP3 in response to low temperature treatment quantified by gqRT-PCR
relative to the expression values of the internal controls contigh016 (methyltransferase-like
protein) and contig39 (elongation factor-like protein). Internal control genes were selected
and evaluated based on transcriptome data (detailed in the Materials and methods
section). Mean relative expression values are plotted with standard deviation (n = 3).
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0.5 Kb

19 2. Prediction of exon - intron structures and putative transcription factor binding sites
in upstream regions of CmIBP1, CmIBP2, and CmIBP3. CmIBPs have 11 - 12 exons and
cis-elements that are known to be bound by plant transcription factors. The black boxes
indicate exon regions, and TSS indicates the transcription start sites of the genes.
Putative transcription factor binding sites, predicted by the TRANSFAC database (Matys
et al. 2003), and are labeled with arrows and circle heads.
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1% 3. Phylogenetic analysis of 18S rDNA sequences and screening of CmIBP homologous
genes at genomic and transcriptional level (a) For constructing a phylogenetic tree, the
18S rDNA region of five Chloromonas strains (KNF0012, KNF0030, KNF0032, KSF0057
and KSF0063) and Chlamydomonas strain (KNF0010) were amplified using gene specific
primers JO2 and SS17HR (Verbruggen et al., 2009) and those sequences were deposited
in GenBank (MH400028-MH400033). Additional 34 sequences of Chloromonas,
Chlamydomonas and Chlorella species were downloaded from NCBI. Multiple alignments
were performed and a phylogenetic tree was constructed for 1,154 nucleotides regions in
18S rDNA sequences by Neighbor-Joining methods with a Kimura-2-parameter in
MEGAY7. Bootstrap analyses were performed by 1,000 replicates and the value is shown
on the branches. Chloromonas sp. KNF0032 used in this study is indicated in red. Blue
and yellow arrow heads mark the species which have reported the type I and type II IBP
proteins, respectively. (b) Amplification of CmIBP2 CDS region from 9 KCCPM strains, 5
Arctic and 3 Antarctic Chloromonas and an Arctic Chlamydomonas strains using gene
specific primer (Table 1). Arrow head indicated in ~3.2kb which is the actual size of
CmIBP2 gene. (c) RT-PCR was performed from the selective four Chloromonas and one
Chlamydomonas strains using gene specific primers (Table 1). Total RNA was extracted
from the samples were cultivated at 2°C for a week.
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Domain architecture

(@) Chloromonas sp. KNF0032 CmIBP1
Chloromonas sp. KNF0032 CmIBP2
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Chloromonas sp. KNF0032 CmIBP6
ABY64762 Chloromonas sp. CCMP681 IBP1
Green algae ABY64763 Chloromonas sp. CCMP681 IBP2
ABY64764 Chloromonas sp. CCMP681 IBP3
ABY64765 Chloromonas sp. CCMP681 IBP4
AHF22079 Chloromonas sp. ChlorolBP
AIC85762 Chloromonas brevispina IBP2
AIC65761 Chloromonas brevispina 1BP1
AIC65763 Chloromonas brevispina IBP3
AGC91915 Chlamydomonas raudensis |BP2
AGC91914 Chlamydomonas raudensis |IBP1
ACU09498 Chaetoceros neogracile
Diatom AAZT76254 Navicula glaciei
ACX36851 Fragilariopsis cylindrus
PiasifGBHs AFK64812 Pyramimonas gelidicola 1BP2
rasinophyt AFK84811 Pyramimonas gelidicola IBP1
EONB5009 Coniosporium apollinis
Fungi EFX05820 Grosmannia clavigera
9 BAD02894 Typhula ishikariensis
ACL27143 Flammulina populicola
’ AAP58537 Acidobacteria bacterium
Bacteria
ABH08428 Colwellia sp.
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19 4. Domain architecture and multiple alignments of six CmIBPs, four CCMP681
IBPs and ChloroIBP amino acid sequences. (a) Domain architecture and signal
peptide of six CmIBP proteins with previously studied 21 IBP proteins were
predicted by SMART and SignallP webserver, respectively. Domain name was
abbreviated as follow: Sig, Signal peptide: TM, transmembrane: 7 TXT motif,
seven repeated TXT motifs: DUF3494, domain of unknown function 3494. (b)
Multiple alignments of six CmIBPs and other type II IBPs were performed by the
G-INS-i methods in MAFFT version 7. Homologous sequences are shown in black
and gray background color. The seven conserved TXT motifs (I~VII) are
displayed in red boxes
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19 5, Maximum likelihood tree of CmIBPs with previously reported IBP proteins from
fungi, bacteria, diatoms, prasinophytes, and green algae. The TXT motif-containing
IBP group including CmIBPs, CCMP681 IBPs, and ChlorolBP formed a monophyletic
clade clearly separated from type I IBPs containing the DUF3494 domain. The
phylogenetic tree was constructed with PhyML using the WAG+G+F substitution
model. Bootstrap analysis was performed with 1,000 replicates and only supporting
values ) 80 are presented on the branches.
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(a) parallel B-sheet
I 1

I I I VI \ VI VI
CmisP? [so ] | I 1T 1 T 11 |

TFT TFT SFT TFT TFT DFT KWT

CriBP2 | I T T T 1T 1 ]
TFI TFT TFT TFT TFT TFT TWT

e I I T T T 11
TLT TFT TFT TFT TFT TFT TWT

50 aa

parallel B-sheet

CmIBP1 CmIBP2 CmIBP3

19 6. Prediction of the domains and tertiary structures of the CmIBPI,
CmIBP2, and CmIBP3 proteins. (a) Common TXT motifs in CmIBP1,
CmIBP2, and CmIBP3 are marked in red and roman numerals (I - VII),
and the predicted signal peptides (Sig.) and transmembrane domain are
presented as gray boxes. (b) All three proteins were predicted to have
a B-solenoid form by the Phyre2 webserver. The third through seventh
TXT motifs spaced at regular intervals on protein sequences were
arranged on one side of the parallel B-sheets. The aligned sequence
regions (CmIBP1: 150 - 356 aa, CmIBP2: 89 - 337 aa, CmIBP3: 117 -
341 aa) to the template (PDB ID: cbgkdA) were used for prediction
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19 7. Expression of recombinant CmIBP proteins in Z. coli, and the RNA and protein
expression of heterologous CmIBP genes in Arabidopsis transgenic plants. (a) Western
blot assay using an anti-His6 antibody, to detect CmlIBP proteins in each soluble
fractions of recombinant CmIBP1, CmIBP2 and CmIBP3(-TM) and CmlIBP3 protein.
Recombinant CmIBP1 and CmIBP2were successfully detected in soluble fraction, but in
the case of CmIBP3, the signal was detected only when the transmembrane regions
(1-53 amino acids) was excluded. (b) RT-PCR was performed using cDNA from six
transgenic Arabidopsis lines and Col-0 wildtype using gene specific primers (Table 1),
At 18S rRNA (forward- ATA CGT GCA ACA AAC CCC GA and reverse- CAT
CGA AAG TTG ATA GGG CA) and AtCORI15a (forward- TGA TCC ATA TCC
TCT CTC TT and reverse-TAA AGA ATG TGA CGG TGA CT) primers.
Two-week-old seedlings grown under non-acclimated (NA) and cold-acclimated at
4°C (CA) for 2 days were harvested. PCR amplification was performed with following
conditions: 98°C for 30 s followed by 28 cycles of 98°C for 10 s, 53°C for 10 s and 72°C
for 30 s, with a final extension of 7 min at 72°C. 18S rRNA sequences were used for
internal control. (d) Comparison of protein levels under the NA and CA conditions of
CmIBPl:cMyc (40 KDa), CmIBP2:cMyc (37 KDa), and CmIBP3:cMyc (38 KDa),
which were constitutively expressed by the CaMV 35S promoter. Ponceau staining of
the ribulose-1,5-bis-phosphate carboxylase/oxygenase (Rubisco) large subunit served as
a loading control.
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(a) CmIBP1:His
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198 8. IRI activity assay of recombinant CmIBPs. (a) Images of ice grains after
freezing for 30 min at —6°C in IRI assay. (b) The size of individual ice grains in
each sample (3.2 mm2 in the area) was measured by ImageJ program. Protein
concentration was 0.1 mg ml-1 as a default, and the number of parentheses showed
the concentration of CmIBP1. The relative size of ice grains were calculated from
the average size of each samples divided by that of the BSA control. The
experiments were repeated twice, and the asterisks represent statistical significance
(p < 0.05) determined by the t-test, compared to the control. The scale bar shows
0.25 mm
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(a) 35S::CmiBP1 35S::CmIBP2 35S::CmIBP3
#10

T

(b) 355:CmIBP1 #6 (c)
¢ NA A
100 L (| Il C.
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Cytoplasm & 50

o
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©
K7}

WT 35S::CmIBP1 #6 x

Apo. Cyto. Apo. Cyto.
a-Tub — - |5 g
PR2 | w— pr— 35 KDa WT #1 #6  #10 #12 #11  #14

35S::CmIBP1 35S::CmIBP2 35S::CmiIBP3

19 9. Transgenic Arabidopsis plants overexpressing CmIBPs enhance freezing tolerance
due to IRI activity. (a) Images of transgenic Arabidopsis plants under normal growing
conditions at 22°C (upper panel) and the ice grain images of the cell extracts from each
plant after freezing for 30 min at —6°C in IRI assay (lower panel). Scale bar shows 0.25
mm. (b) IRI assay and western blotting results using apoplastic and cytoplasmic protein
fractions extracted from wild-type and 35S::CmIBP1 #6 plant leaves. IRI assay was
performed as previously described. In western blotting, anti-PR-2, pathogen related
protein-2, and anti-a-tubulin used as the apoplastic and cytoplasmic marker protein
antibody, respectively. (c) Electrolyte leakage measurements after freezing treatment at
—6°C of the transgenic plants grown under NA and CA conditions. Relative ion leakages
of the samples were compared to that of wild-type plants grown under NA condition.
The experiments were repeated four times and the asterisks represent statistical
significance (p < 0.05) determined by the t-test compared to the wild-type control.
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Antarctic moss APZ genes can improve cold tolerance in model moss

Physcomitrella patens
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Abstract

Sanionia uncinata is the most dominant moss species in Antarctica. Despite their
importance as producers in the extreme ecosystems of Antarctica, the molecular
mechanisms associated with enhanced cold tolerance have yet to be identified. In
this study, we found 21 APZ2 genes based on transcriptome to identify key
transcription factors involved in the cold tolerance and to examine their in vivo
functions in S. uncinata. Transciption of about 50% of the 21 genes was increased
at cold and dry conditions, and again half of which were also increased by the
stress hormone ABA. As a result of analyzing phenotypes of model moss plants

overexpressing SuUAPL 3, 4, 11, 13, 14, and 21, showed increased cold tolerance
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compared to wild type, and continued to grow at 4C showing continuous
photosynthesis. Among them, SuAPL 3/14 overexpressing plants, which are
particularly resistant to cold, were more resistant than wild-type under high salt
and ABA treatment. In conclusion, the results showed that overexpression of the
AP2 gene of S. uncinata increased resistance to various environmental stresses in
model moss, including low temperature. These results suggest that the AP?2 gene,
which has evolved differentially in extreme environments such as Antarctica, is a

unique survival strategy for polar adaptation of S. wuncinata.
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4C AW A WAt g5 A& 8, AES AAARE 713, 15TAA A=
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uM ABAE H37 Y= WA Z K73, 244 7F oW ghksk Al 7kel] A= 5%
o dF7] Eel o HekE et A8 B 2AS AT BRE AEHS $A
o 433t RNeasy Plant Mini Kit (Qiagen, Hilden, Germany) & AF&3te] &
FSEMNE 9L B 2E9 A& doZHE total RNAE ®&]sAth RNAS 3t

ZZ22 ND-1000 3% 3= 4 (NanoDrop Technologies, Wilmington, DE, USA)E
AFE-3te] A A 3R th TOPscript 9 AAF & 4 (Enzynomics, South Korea) 2 &2 32
(dT) primerE ©] &3t 2ug® total RNAZRE cDNAE A8t qRT-PCR
A2 20uL wHE & E[1pL 9] 1:10 A" cDNA 3, 2uM9] zF Zgko]l ¥, 10p

9] TB Green Premix ExTag (TaKaRa, Japan)]olAl Fa&dch =% Ax= 9
S5CoNA 582 HA 2 g4 A3} 95T A 10%, 55T A 10, 72Tl A 15%, 40
Aol EE Fdatdth SuTub &S Wi i x=Fo 2 AMEs T

2 4 - 71E8 BRI E FAste] 35tk (Strepp et al. 1998).
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S AZg AZE 15 mg L-1 ste] 1Zulo] 21 (AG Scientific, USA)
A2 A, A S Holes F2YE AYste] 8l

g} o7l FAASA HAF< 9T RT-PCR

ZALe] 22 EZo we} MiniBEST Plant RNA Extraction Kit(TAKARA)E A&
sto]  o]l719] AMAAZHHEH  total RNAE F=31%t. RNAS U433 FF &
NanoDrop Lite Spectrophotometer(Thermo Scientific, USA) S AF&3iA] A& 3t}
TOPscript 9 dA} &4 (Enzynomics, South Korea) ¢F 223 (dT) primerE ©]-£ 3}
o] 2ug®] total RNAZHFH 12 cDNAE A3tk RT-PCR ®Eg 20 L ®b
E3E[1 uL cDNA templae, 2 uM9] 2z =gto]¥, 10 uL TB Green Premix Ex
Tagqlol A sttt 3% Axe= tha3 AT 95T 59 M 2 84 &
A3l 95Tl A 30%, 55TColA 30%F, 72TColA 30%F2 28 Alol&S 35St
Tubuling W& HEFOZ AL THGao et al. 2015).
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A TH.

olF FAAE LR tgs 7 2EH S AN FAA dAF = A
o WA P Al 3 AEH A AL 2ANA Y B A gEE
o] AP2 A5 Wdeo] 7y 53] SuAPL 1, 2, 3, 4,7, 8,13, 14, 17, 23 &
o] FAAEL IdH FTUtEo] FEHAL 2EH S A 27| 1417 o] FH7H
2 S7he EAtH(Figure 1), B3 A 23 A2 & o 534 #dA 55
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(Figure 2) %3] SuAPLl-J o~?—
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SuAPL 1, 3, 8, 16, 17 59 FdA=<] o] 8uf o] 713t th(Figure 3). ©]
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Ao ALgS 2170 AP2 R AE 0] BT A oA wdo] ket S 7]
Hrate] A E A7) W Fol AP2 L AAES] A2 Aol oH Wt AAEA
E B4 oA AP2 ALHEAES A 25 279 20T A2 4Tol A
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19 1. RT-gPCR to check the expression of SUAPL genes in cold stressed
Sanionia uncinata. Color codes indicate the duration time of cold
treatment. SuTub was used as the internal reference. The data were
shown as the average = SD of three biological replicates.
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to check the expression of SUAPL genes in dehydration

stressed Sanionia uncinata. Color codes indicate the duration time of
dehydration treatment. SuTub was used as the internal reference. The data
were shown as the average £ SD of three biological replicates.
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19 3. RT-qPCR to check the expression of SUAPL genes in 100 uM ABA
treated Sanionia uncinata. Color codes indicate the duration time of 100 uM
ABA treatment. SuTub was used as the internal reference. The data were
shown as the average + SD of three biological replicates.
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13 4. Generation of pAct:SuAPL transgenic Physcomitrella patens plants. Genomic
Polymerase chain reaction (PCR) analysis of transgenic lines and wild type (WT)

moss. Genomic DNA was extracted from protonema cells and used for PCR to amplify
hygromycin phosphotransferase (hpt).
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19 5. Molecular analysis of pAct:SuAPL transgenic Physcomitrella patens plants.
Reverse transcription (RT)-PCR analysis of SuAPLs expression in six transgenic

plants. PpEFla was used internal control.
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19 6. Comparison of cold-stress tolerance between wild-type and pAct:SuAPLs
transgenic mosses. Four-day-old wild type and pAct:SuAPLS protonema were
incubated at 20°C and 4°C for two months and then the growth morphologies
were compared.
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1% 7. Comparison of maximum quantum efficiency of PSII photochemistry
(Fv/Fm) between wild-type and pAct:SuAPLs transgenic mosses. The
ten biological replicates were used for each line (n 10). Results are the
means with * standard deviation shown by vertical bars.
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13 8. Comparison of cold-stress tolerance morphologies and maximum quantum
efficiency of PSII photochemistry (Fv/Fm) between wild-type, pAct:SuAPL3 and

pAct:SuAPL14 transgenic mosses.
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19 9. Comparison of cold-stress tolerance between wild-type and pAct:SuAPLs
transgenic mosses. Four-day-old wild type and pAct:SuAPLs protonema were

incubated at 20°C and 4°C for two months and then the growth morphologies
were compared.
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I G3te] & XA =L wHES K< cold shock protein (ppCspC,
ppCspA) S &3t} cold shock protein (ppCspC, ppCspA) FAAS A&
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Z2ZYE 34 & ¥ 2-DE lysis solution (7 M urea, 2 M thiourea, 1% (w/v)
dithiothreitol (DTT), 4% (w/v) 3-[ (3-cholamidopropyl)
dimethylammonio]-1-propanesulfonate hydrate (CHAPS), 2% (v/v)
ampholyte, and 1 mM benzamidine-HC]) & Y3 ZolFth 140 A
14,000rpm & & 304&7F 94 #8 ¢ F Ao dl At mE A FH &
g, @A o] F% = Bradford methodE ©]&3te] =3t} (Bradford,
1976).
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DryStrip gelsoll 58S 7|Fo 2 3lo 13 7952 st 123 A719Y
=& vl strip2 SDS-PAGE (10 - 15% gradient, 26 x 20 cm)°ll =74 2%}
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(Mykytczuk et al., 2011).

- 232 -



1.

Kim, S. J., S. C. Shin, S. G. Hong, Y. M. Lee, I.-G. Choi and H. Park
(2012). Genome sequence of a novel member of the genus Psychrobacter

isolated from Antarctic soil, Am Soc Microbiol.

Bradford, M.M, (1976) A rapid and sensitive method for the quantitation
of microgram quantities of protein utilizing the principle of protein-dye
binding. Anal Biochem 72: 248-254,

Mykytczuk, N.C., Trevors, J.T., Foote, S.J., Leduc, L.G., Ferroni, G.D.,
and Twine, S.M. (2011) Proteomic insights into cold adaptation of

psychrotrophic and mesophilic Acidithiobacillus ferrooxidans strains.
Antonie van Leeuwenhoek 100: 259-277.

- 233 -



15°C Bacteria

— - . NS

- 234 -



SIS 246 s FEHE 5 dugid] BE FL HPPE o

=
= a4 12+ Gondogeneia antarctica®l T A £

HE A% FEEQC] s} 714 Fuinre] ot 2Bppt FEOE SR 7
&% 1SS gAs G F2 APYR TEAULE ol gl
F FE Wkl o) FEHE GNP 2P WRE WA AR FHA
e IES

A 2R 10me] o] ZEAYoLE sfl4=7F 271 Hjo] Ao Fu]dh
o] o MEZA FH A% 315pptall A A &ste] 5~10%2
SIAIZE tA SR WHEE Fu #AFEAY A E AaAT = AL T

= 71A FHe w2 Fo] AR

i

712 skvatthol A A 25ppt o2 TR gAT 75 EUYE 31
Z7 (26, 30, 34 ppt) S 7R A 3 |7
1

5]
=
o 7h7te] R 2AL DET AP TEAYLE Pol 247 48N 7 F

==

dr=E AMEFHI LA Yol= 2-DE lysis solution (7 M urea, 2 M thiourea,
1% (w/v) dithiothreitol (DTT), 4% (w/v) 3-[(3-cholamidopropyl)
dimethylammonio]-1-propanesulfonate hydrate (CHAPS). 2% (v/v)
ampholyte, and 1 mM benzamidine-HCl) & YolF ZolFth 14X 00 A
14,000rpm e & 30 7F 94 8 g & AT g g ) FERY &
Atk @Al xw= Bradford methodE o]l&3te] =A%t} (Bradford,
1976).

-2 A7) 9%

=

=
)

A

AL 29 da AMEZ S cyp-loading methodES ©] &3t Immobiline

T
-
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e

DryStrip gelsell 5AH- S 7|52 2 8o 12 A7 5= Tt 12 1719
=S "R stripe SDS-PAGE (10 - 15% gradient, 26 x 20 cm)ol =7 23t
A719 S AASY, @ d Ao SAJMH S o] fsle] ol XALE

a}

A R
49 A3k 2320pt9E FE NS FAsG 100% AEL B FE=
182pptd S FASAT HF AP TEAU} Gre) FEo] m
WSS B wHA AEE THaG
Uil

1. Stocker, T., G.-K. Plattner and Q. Dahe (2014). IPCC climatechange 2013:
the physical science basis-findings and lessons learned. EGU General
Assembly Conference Abstracts.

2. Bradford, M.M. (1976) A rapid and sensitive method for the quantitation of
microgram quantities of protein utilizing the principle of protein-dye binding.
Anal Biochem 72: 248-254.
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>

A8 ~Eg 2o wE Gondogeneia antarctica®l X AME)

A7 Az 4= H & X AL A & &g AT
PM 7 : 37 31.5ppt 5% PM 8 : 37
PM 8 : 37 31ppt 5% PM 9 : 37
PM 9 : 37 27 Appt 10% PM 10 : 37
PM 10 : 37 26.1ppt 5% PM 11 : 37
PM 11 : 37 24 3ppt 5% AMI12 : 37
AMI12 : 37 23.2ppt 5% 17}F2](0.8cm) AM 1 : 37
AM 1 : 37 22.1ppt 5% AM 2 : 37
AM 2 : 37 21.2ppt 5% 1712 (1cm) AM 3 : 37
AM 3 : 37 19.7ppt 5% 21121 (0.8cm, 0.9cm) AM 4 : 37
AM 4 : 37 18.2ppt 5% 67121 (0.9cm(2), 0.8cm(2), 0.7cm(2) AM 5 : 37
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|

I8 1. 934 2Ed 29 93 FE5 = Gondogeneia antarctica®] @A X & W
3}
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Al 3-138 A @A e A== AeHst 2d A2 AT

7F. = A=A vleglo} Psychrobacter sp. PAMC 211192 cold shock
protein®] RNA chaperone®] 7|%

IS

= A4 vhE g ok Psychrobacter sp. PAMC 21119+ &= EE—E}H e
HAL o] #FE Pkl 2E(-5&:)dME A
2012). A2 2EG 2~ Ad4¥%, 2= 20AEE oE T
9] Csp isoform (ppCspC, ppCspA) © A& 3elslgd ot

A2 2EH 27 vhe oo m A& o
Ae] & Astel wE A4 2 b s
4 HY 5o A5 7HA 2T olHg A2 2EH 2 7 A

] $1381 Csp @] @ o] =¥ th(Phadtare and Severinov 2010). Csp T 22

EstAHA PSS T AEGHFEAY AGHOE AETo =

= T=s5tM, mRNA 93 AL g HE 7158 38, Alx gide 3
A3 T2 FEgtth(Phadtare and Severinov 2010, Jones 2012). cold

shock protein®] RNA chaperone® 7% S 53t A Ab(transcription) & &

olatA FOoEM Thx WA 7eA o d ddd APASE HAFS F

g sk T

N

Y Mo
oo

2

2) AFFANE
- Az wwE AR 2 A

pET—28a(+) vector®] ppCspC/ppCspA/CspAE =243ttt BL21(DE3) ol &
HAA3F & kanamycin®] E3E 10ml LBl A o] H=3}3, 37X ol A vl o3t}
kanamycin®o] &% 1L LBujA o] 10mle HE3IaL OD 0.6°] H+= AlGNA
52 YT 22 & UE F 05M IPTGE H7bshe 2441 7F v &3kt A
3] 2 gt dA st AT (FEAd duld £9) 3%
( ®3)S 3F48tal, 44S SDS-PAGEZ EA4se] o
HH S ARG A4 EEE ASY T A @A S 10ml
Ni-bead®l & 2FA17] 2, 300mM NaCl, 10mM imidazol& X &3t 50mM A4+
Z N (pHS.0) 2. A AT & 300mM imidazol®] FEo] wa} A2 @ a S
g A 3 A T

= F

T
St e

ax
s

o
ofo

oX

=

wy H l-ﬂ
[l ﬂJN

TR PO ]
(o]

lo =

o

e

cold shock test

AL A2EH 2o WE A w2st= BX04 A EZ(CspA, B, E. G Z23) cold
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shock proteing @2 A&3ch ojuf AL&et= Az QA MF F A2FE
AArste] S AT A ENS kanamycin®] E$HE LBHE A

BX04 Al Et d2 ASE AEE 37/15/10% S1Ful ol Bl ol A B &3k F Al 3
S FFSTH(Xia, Ke et al. 2001).

freezing and thawing assay

ppCspC/ppCspA/CspAE A A 3Zste] HA wj gt F2EH A7l 5 Iml
] FHo BEFa -202 0 A 24175 WE F 1A 7FEQF A2 Yol A FHol
= S 3 Aol ZFE Fto] 29 3 wHESITH ZF AlolF o] #FE LB =4

o|Eo] B33 & 37% AFuHlo]EH Al A 24A17F vl Fstr), vl gSt =
(colony forming units) 2 7}-&8€3tH HiolHE = 5 Aoz FHFS 7
Abetth AR HEFECZE FvectorsE FH MBS #FE ALESAT

(Jung, Yi et al. 2010).
transcription antitermination assay

Z}A| transcription anti-termination 7]1%5©] 24| ® RL211 Al ZFE A}&3to] 9

B fAA =Y 98] f =%+ transcription anti-termination activity A
< SAsT pINII F2vEd F29¥H ppCspC, ppCapA, CspAE
E.coli RL211o] ¥ & A3ttt AT HE +F+ ampicilline] £g¥ LB o
Auf A o] A whA} w3t & A E 5 wi Aol 171002 24 gkt OD600oI A1 1.0
o] & wj7}A] #vj ¥ 3+ T ampicillin ¥ A9l chloramphenicol (30ug/ml)©] * &
HAY 23EA] 52 m Ao Sul¥ "ol QIFH OB A 2~3Y 7 ul
3t} CspA+ positive control, pINIII vectors negative control@ A& 3kch
(Landick, R. 1990).

DNA binding assay

AAE Axd ddS FEHE 439 (10mM Tris-HCl, pH7.5) 3% dsDNA
(M13mpl8RFIDNA, NEB), ssDNA (M13mpl8, NEB), lucmRNA
(FLuc-mRNA, TriLink Biotechnologies Co.) 100ngS &33 & <5 $olA
307 WESAIH T wbe & ©@ulE s} DNA, RNA9 ZAjS FAst2A 1%
agarose gelZ A 7195 3t} GelRed (Biotium, USA)Z g3l 23
tH(Yang, Wang et al. 2012).

¢

ng o

FITC assay

RNA chaperone? 715 % 3lu<l stem-loop structure melting activityS4

93l FITC-BHQ (molecular beacon) < ©] £33 Csp 28 Al HEH =
B& =2A3s9E T 7H9 oligonucleotides= ZHzF FITCS BHQL @t & =

32 o o
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t}. molecular beacon substratess= FITC:BHQI=1:202.2 42 & 95%=9 A
287 WAt 2027 € ¢lel B#AST annealed DNAE 418 %A 7]
| L3t} 10mM Tris-HCl(pH7.5) =99 Ipmole] 2+ 7148 3} 60ug
AAE g ds 9 dafoA REFAIZIYE 9bg % 555/575nmell A &3

< =A 3t} (Melencion, Chi et al. 2017).
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Capeh T ga maril
o 4Hl-‘:l:¢fﬁmhlﬁl
L CopH Eschenchea coh
= Capl Evchenchis cob
__‘:cw Encharichis col
4 I—Cuﬂ E schmscihea cob
U “l [ g Enchimchia coh
w Coph, Saimoasia | yphivuriam
= Capd Prsudamonas frag
" _Cﬂlpﬂ Fasudemosas rag
Cagh P o
_ui_mﬂ Pasugsmenai kag
: » R —
4‘—::;;0 Escherhia coh
~ _gi:l:ﬂ FI.}MHJ‘HHW
Coph Prpchechactor sp
v Cipd Pipcheobadtor ageniit
_"El—_.-:u E2118
™ Cipl Peychmbsttic gp
1 :Cw'-‘ Papehesbacter ngaiticus
o~ Copl Pepchesbacter sp. G
_a:cm F2IE
L Capl Posudaaturomonas haliplanktg
Cged, Paychebacter ancisus

— Gk Buchenchia cob
wi—-l:ul: Saimonsia 1 yphemursm

i CipT Sariploriptek clinubg
ﬁ'r_-l—ﬂﬂﬂuplun}mmicuw
L i i sl
s 35— Copl Byt subbies
L ot Bacius anfivacis

F CpE Baciliys civil
Cogeh, Bacllus ceeers

= CoipD Bacllus sublibs
—“l_!:c;pa Blacitus sublis
= CigD Baclus cirnm

I9H 1. 9= A 24t 8o} Psychrobacter sp. PAMC 211199
714 cold shock proteine] AlEE
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Cold Shock Domain !

- _.!-'H.i'a.'[ODDI’;YHELRUIREKVEFSWEG
1 3!‘3&]:DGDGYHSLKDE{RKVHFSUUEGI
b I_Iii':‘.h] ONDGYKS LDEGORVSFTIESG
b :_ TSEITGESGFETLAEGQEVEFTVTO

EffL TAEI TEEEFKTLAEGREVEFTVTO

Ceph P2111 @ MMSAR
Capf_Paych @ =MSAR
CopA E.col @ =MSGK
CepC P2111 : =M5DT
Cepl Puych @ -MSDV

GPARGNVTS==
GPORHNIVAR=~
PRAHNIVA J=-

19 2. Psychrobacter PAMC 21119 3 Csp9 olujxAFb A #4 RNP1, RNP2
binding domain): red box, DNA binding site
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LT [ 1 1 010 10 10

pINII vector

pINII+CspA pINTI vector

pINIITpLspA NG

pINI+plspl
pINTIpCspCRA

pINII+pCspL&A

a9 3. Az doN e o] F csp FAA B

=1
N
1o
X
e
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Survival rate (%)

100

90

80 A

10

—i— pET-28a(+)
—#—ECspA
—4—PCspC
—8—PCspA

TOE 4 34 A%E deeete] AEE 3

T

1

Freeze and thaw cycle
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pINIll CspA pCspC pCspA pCspC & A

+CM

Z19¥ 5. transcription anti-termination &4
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pCspC CspA pCspA CspA

') 5 10 10 g

dsDNA dsDNA
ssDNA ssDNA
luc mRNA luc mRNA

I8 6. 9 A2 vtel 8ol fe Cspel DNASF RNA binding activity &<l
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a5
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Py
g
= 15000
o !
L == only buffer
£ 10000 —o—EA
e ——PC
5000 —i—PA
0 ¥ S K Xk Xk K X 2k XK K
0 0.5 1 1.5 2 2.5 3 35 4 4.5 5

Time (min)

19 7. FITC-BHQE o] &3 9= @l Csp protein®l nucleic acid melting
activity &<l
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vog= A2 dbglglob Psychrobacter sp. PAMC 2111962 ppRidA ¢
ribonuclease®] 7%

D A&

g
=

F= A=A vhd 2] o} Psychrobacter sp. PAMC 211198 A< A 2319 &
dA%E ppRidA9 ribonuclease 715= 2137l f3td AHES FP A
ribonucleases= RNA metabolismoll B2 olm 2 ZE# o] HA
o] Al E o] FolA A FE A FAHGE JHE A mRNAS Eafo] Z8
8 2 o]t (Morishita, Kawagoshi et al. 1999).

g 3
¥$m

r_?L' o

2) ArrANE
A2 il A Z W Gl A x|

pET-28a(+) vectorel ppRIdAE ZZY3itl, BL21(DE3)o EAA3S
kanamycin®] X% 10ml LBHEIAo] H=Esl3, 37%oA]  wf kst
kanamycin©] &% 1L LBHIA o] 10mlS H=3t3 OD 0.6°] H+ Al FNA
DEZ w7 25 UE T 05M IPTGE H7Este] 2441 7F vl sk}, A
3 2E9Z gstt, A ste] AT (7FEAd 9 E B
d 4 @d £9)& 3lgeta, 247S SDS-PAGEE #4243}
Ao HdE ARG 94 2 T ASS F 7S ddd S 10mlY
&

2

rraEs

Ni-bead ol T:TZ‘—IL A1 713, 300mM NaCl, 10mM imidazolS 33 50mM <1 AR
Z N (pH8.0) & Al AT ¥ 300mM imidazol®] =l wz} A =3 2 S
A A 81 A o

- string DB

-~

ribonuclease 7]15< &¢13}l7] 93] STRING €¢1E &S Es] g a-chula A

3 LS oS3 v (Szklarczyk, Franceschini et al. 2015).
- mRNA &3] 243

ppRidA €] ribonuclease 715< +A3t7] Al A A2 @S sEE=E

AEN(10mM  Tris-HCl, pH7.5)3% lucmRNA (FLuc-mRNA, Trilink
Biotechnologies Co.) 100ngS &%3 % A <2(on ice)# 37ColA mRNA +#
d Ad FYsAT. vs & @@ Fde] mRNA EdleS a2z 1%
agarose gel® 719 % 3ttt GelRed (Biotium, USA)E A3t 213
t}(Villalobos-Osnaya, Garza-Ramos et al. 2018).

- 250 -



=

-

7}A] cold shock protein®] L=} ofu]:= 2k MES 24314 cold shock domain

Woll 28 2] RNA binding domain} 476l ¢] DNA binding site’} o= Fls}

endoribonuclease &}

Hoj o
3

=

STRING ¥ 2l5 ZI+= Psychrobacter sp. 1501 9
exoribonuclease® dSH ©WAE3 3 FL3re=
FEOl Wk mRNAS] Z&7F o] Foix = As

AT,

°
A=

- 0o

o
psyRidA”7} ribonuclease &4 7HA+= ZAS=

L
=

ppRidA®] ribonuclease 7|
Q3R A2 (on ice)lA

Festeh
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