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SUMMARY

[. Title

Functional and Genetic Dissection of Volatile Organic Compounds in Sanionia

uncinata

ll. Purpose and Necessity of R&D

The moss Sanionia uncinata is a species dominating the maritime Antarctica. This
moss species presents an instrumental niche allowing the Antarctic ecosystem to
sustain by accommodating Antarctic small animals and vascular plants, assembling
microbial communities, and recruiting pathogenic reagents. However, despite the
significant ecological positioning of S. uncinata in the Antarctic food-web, how the
moss species present such unique ecosystem services by intimately interacting with

other organisms remains largely unknown.

[lI. Contents and Extent of R&D

This study investigates the biochemistry and molecular components associated with
the production of terpene volatile organic compounds (VOCs) in the Antarctic moss

S. uncinata.

V. R&D Results

By profiling the headspace volatiles collected from S. uncinata gametophytes
inhabiting the Antarctic natural habitat and axenically cultured in the controlled
environments, the terpene VOCs emitted by S. uncinata have been captured.
Notably, the GC-MS analyses revealed that the Antarctic moss produces
amorpha-4,11-diene, the precursor of anti-malarian drug artemisinin. Six putative S.
uncinata terpene synthase (TPS) homologues were characterized, and in vitro
enzyme activity assay and heterologous expression of the identified TPS
homologues revealed one SuTPS enzyme as a sesquiterpene synthase that can
facilitate the production of amorpha-4,11-diene if introduced into the model
flowering plant Arabidopsis thaliana.

V. Application Plans of R&D Results

Our work identifies the inventory of terpene natural compounds that potentially
supports S. uncinata to exert its ecosystem services in the Antarctic habitat and
provides new genetic resource to engineer the synthetic production of artemisinin

for pharmaceutic applications.



HATA 6

Al1R A

A2 A =uel et d%

A3 ALY e 3 A

A4 A7 EE 2AE

A5 A AFNEEe] 28AF

Al e AT HEAA AN FHZ ]| EHH

A7 FLER



g

)

A1

"
il

o}

ks

-
gy

A1 A

s

3718 (VOC) 3

al
=

V& o] 7] (Sanionia uncinata) 3 & 3

SA 822

ki3

EdQ =

=
=

|, Eabziste] QA

A7 By

1.

—

_ZO
_&O

%

—_—

o
ﬁo
)

Tor

0

el
blo

A, &+ s

Pk

=
3

3

Rnomn, VOC A

R84

g 4=e VOC

EANE

?;5:]1—

PN
&4 F

ol

Jjo
—

alo

N

SR AEABEZA, FA O A4

s

A B 3

A
=

AL, e =

5]

)

.HO.*
~

i

o©.
S

A= FA A 2EH 2 U

=Sk

s}
A=y

SFaL Ak

3

shel of

ECR



 VOC

5|
T

A obrh Wz

(1) AEdolA 71 2

oA T+

o

°]7] VOC

]

o
x4
K
hin

]

7h &

1=
Ce

A

°]7] VOC thA}

=]
=

=K

() =A

A¥E vVOoC A

7ol

ol71 Al

i)

=y

EF A
=

(3)

FIFyridol s 8 TERPENE SYNTHASE (SuTPS) §7A 2 ¢cDNA

)

1

(

it

A

3

3 SuTPS &49 in vitro &

(2) =74

A Z3%F DNA A =+

el

(3) 2dl A& o 7] de el SuTPS

(4) SuTPS

=
o

SuTPS 71% A

1 24s &3

VOC thA}x

lex]
=

3. 2HA ke AA

I
)

B
ol

7}.

Eg= 3

=
=

o]719] AR



v g SFutAEoel 719 VOC AL

oH

0

‘ﬂl
70

<
)

—_—
fite)

o
i
To

0

o

o)
iy

&3

273l

ahol =

=
=

o},

o 5% el 9 VOC T AR

2~ €l
=

43 48 VOCe tF kA

gl
o

—_

;0\_
B

o

Tor

Hlo



M 2 & =de Z7/sHe

ot
o

A1 A =

1. a4 AL RrrIsdeE 24

o Seluehs SR AAWA o 609%7 HPAGoR AN AAHom Wash:
VOC7H ol WEgelE Bata Bl A7k AoolHok 19 9

U o He3 43 de AHE A= BYE AA st AHHAOA Yde+= VOCE 2011 o] %
T3 BYH Y s 95 (The study on the emission characterisitics of biogenic
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1. 42 VOC &4 R 7ls &7 st = dEHA 47718 # d7H8

=

7t ¥5 W18}, Natalia Dudareva: £elA 1o+ VOC &4 54 9 34 34 54, £
71 A AT

th. " AIZE 98} Eran Pichersky: ’51% o] st VOC =4 5 53] Fu o3l 54
o7 AREHE VOC &4 #d FHdA &4

th. M| vote], Dorothea Tholl: 4% VOCE At 4% = 9l chokat W A4,
4y peolA et Wy B /)5 AT

k)
_11:1
l>
il
Y. o

) 3 3}sHAEl s A4, Jonathan Gershenzon: 2] &o| A 34 ¥ += terpene A&
VOC &4 FHda 4 2 *M@ 7% AT, VOCSF UV 2Ed 2 A #d AF F
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VOC =429 &4 7123 239 A4 75 AT
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1. Bl2% A€ VOC €4

o

3

hoHER EE g2 Ad 2L AAANN AHEE AARY g T RE

A sk= 22 hAFE 2 A (Connolly and Hill, 1991; Gershenzon and Dudareva, 2007)

U ubelElobel e ANARRE BB ARSI gL AAAR/AN BE ARTA HE

A AL =24 Aol FdH U+

o AAAN A A= HEA AD 2E 5 duse AEEd A AdH

g 2 AEL e 4Bl AYFE g, ohZHuA S G, webeloh A A ZA
F4EE WA 44 f2a AQ 4 249

0. Adet Hzd AQ B4 250 b4 wnd 35485 W o7FE Ee:
basal 44 Ewdl A B2 Ad B 24 ATE v LE A

2. ¥ ZEo7] 7 HE2H AE VOC 22 £ A="9 &4

(1) 2987 4 PDMS FEH Uio] =X o] =

&
=]
dgod FFuAdel72re B IWAFHGR B8 24

(2) Az RN =S 28 Fo g =1 a2 F5dA A VOC 25 A=
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CEIRZEe7] fd HE29 A4E VOC dAEZR & 1 H

7F A4 78 8 AdEA
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[}
Ab= A o] GC-MS 4] F3(1d 2)

LAT: 62°13'11.6"
LNG: 58°46'4.5"

(A) AUiAlo g 2o &

23 2. 33WLolr] ) Hl2W AL VOC hAEA 3.
Jutzlgolr] WA B2 A VoC £3. (B) %ﬁ #x) VOC EA site FR. (C) I AA
AA d3vsigolr] 2etojA o] Hl2m AP VOC

(1) F+F AW wjokA]: gametophyte, 220C, 164 7F-"8 Z 7 /81 7k~

(2) F= AF71A AR A G2 zlEo] 7] gametophyte & 20221 1-29€9 (19 3)
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No. RI Compound Name Silmilarity (%)
1 1416 o-Cedrene 94
2 1426  Cadina-1(2),4-diene 90
3 1436 cis-Thujopsene 96
4 1448 (-Barbatene 91
5 1465 Amorpha-4,11-diene 84
6 1473 R-Copaene 88
7 1477 y-Gurjunene 88
8 1480 Amorpha-4,11-diene 89
9 1506 R-Dihydroagarafuran 91
10 1528 6-Cadinene 85
11 1532 9-Isopropyl-1-methyl-2-methylene-5-oxatricyclo[5.4.0.0(3,8)lundecane 81
12 1538 o-Copaene 86
13 1564  B-Dihydroagarafuran 90
B 1. G3WLol7] 8 H2® AY VOC e 8=,

() 248 H=9 VOC dAA B4 2% i, A% 237 dex 100] F9 oaEA
B4 #

2) ANA F27F A EA @2 A4 wd Aed 2F F7F ' A

(3) A3l & MEE(Artemisia annua)ol A7 BAE = o] Hauwo & degjol x
ol Z | v] A d (artemisinin) ] 4] o}X 23] ol (amorpha-4,11-diene)°o] F=4 71 & o] 7
o A AAlES 3kl sH(Eckstein-Ludwig et al, 2003)

(4) FA7HA ol Evt] e NFES 9 ofH AEdAE AFdo] Hid v glom 543874
] (e} p=H

o
= H
of A&g ol7lF Eautsldoe] 7ol Aol e A v

KR
o A wes ARl
1

etz o} XA

0 ERG10 ERG12 D1 a4 6. a9 0A9] o=
ERG13 HC, OH ERGE e OPP  HC opp
HJCJLSCOA HMETP6) HOzC\BXAOH el Bl - Y E“EI]/‘K_]_ @.}g 73&
Acetyl-CoA D Mevalonate P s ¥ o
PP DwAPP (Paddon et al., 2013).
CYP71AV1, CPR1, CYB5

i ADH1 = ERG20

A ALDH1 H

N Ll v

HO |
o Amorphadiene
Artemisinic
acid = X X OPP
P g ERGI PP

‘ PersERGY
ERG1
ERG7
ERG11
ERG24
ERG2
ERG25

HO

Ergosterol Eggg

ERG3
ERGS
ERG4
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Al 2 A dFuzldoel7] HES Voc g dY wAA Ho

1. =23 yFA F4AA terpene synthase (TPS)

7h AAd Al A B EE =2 Al =49 WP terpene synthase (TPS) & Ao 23l

7h A

&0l Boldow #gatt 710 MU o] T g 5o e

. TPS 5452 24
synthase (C20)%

monoterpene synthase (C10), sesquiterpene synthase (C15), diterpene

'r“l‘l’ =4 (:Z_E] 7)

(1) MEZNA ofzHnAd FAL arBxE2 1571 zta g 7]2<¢l  farnesyl
2Z5¥  amorpha-4,11-dieneS &4 3=  sesquiterpene  synthase

o o]sjr 7HAlE (Fang et al., 2017)

pyrophosphate
amorpha-4,11-diene synthase (ADS) &4

Monoterpene synthase

MTS
Geranyl pyrophosphate ( ) » Monoterpenes

(GPP, C10) (C10)

Sesquiterpene synthase

STS :
Farnesyl pyrophosphate (575) > Sesquiterpenes
Amorpha-,4,11-diene synthase
(FPP’ C15) (Artemisinin synthetic pathway) (C1 5)

Diterpene synthase

DT
Geranylgeranyl pyrophosphate Sk » Diterpenes
(GGPP CZO) Taxadiene synthase (CZO)
! (Taxol synthetic pathway)

a4 7. 713 Eol4d S EO R 3l terpene synthase?] £&

SAAE S A 3<¢lo] Fi= typical plant

i

o AEEo EASE TPS A5 E3 ®

TPS¢ ol7]F 55 X33+ non-seed planto] A9t £238F+= microbial TPS-like

(MTPSL)=2 x3t4 79 EdZ &5737] HZ™ 8)

H
nl
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Green algae
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Number of MTPSLs

a3 8. MTPSLO A2+ U Ex (Jia et al, 2016).
57} non-seed planto|A%t &= #HEH. s Y =
AL ol Al BFaollA] #HE5E MTPSL &8 /4R

F TPS §7AF 4

7h AR 245 Seto]l gRE d=autzide]7] e HE=d Ald VOC =29 AdA

= #9357 Yste] B2 ASAS WA TPS 8459 42 A=3H(2d 9)

(non-seed plant-specific)

iz [

Microbial

TPS-likes

Typical plant TPSs

SUMTPSL1 (all plant-lineages)

SUMTPSL2 -

SN

SUMTPSL3

.. SUTPS2
=== SUTPS3

Il Fungal TPSs
I Bacterial TPSs
TPSs and MTPSLs (non-seed plants)
| Il TPSs (seed plants)

Z1gol7] 9AA +AS Foto] &AM = terpene synthases29] 73 JATA =

7
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U FHAF7IHe] dAATE Fote] 7] R d=urldgo]l 7] fHA dPFAEARE &
& dFuzldoel ] 7PS 45 A A homologous gene)?] ©AS A%
(1) & AEEY TPS 45404 HEHO & Aoz &1 TPS catalytic domain®]
oful At A FAF AL S Zhe did s dsslele FHAAES AES
(2) & 67019 TPS $H 29 A4 s
o} AA7EA] obr| At o] B TPS 4532 @A A4S F3ste] dautzldo]
7)ol Al 8213t Sanionia uncinata TPS (SuTPS) FAAE9 W34 7| & E7F A
=
(1) A=9 659 SuTPS &4 % 3719 &4+ typical plant TPS®E 7%
(7hH @3yt z1g o] 7] typical plant TPSE SuTPS1, SuTPS2, SuTPS3% %+
S F3F+= microbial

(2) UHWA 3F2 TPS 24 "AEES TPS 249 sty 719S

A=IR=1
T':‘IT%

TPS-like®=
(71 =yt z18 o] 7] microbial TPS-liket= SuMTPSL1, SUMTPSL2, SUMTPSL3% &

3. FuAEel7 w3 TPS &4

_‘|7_



(3) AH WE AAA 245 Fotol d5 dACdA EHE H=9 AE VOC tiAab= 29

el SuTPS1, SuTPS2, SuMTPSLZ7V #3 A& AtE

23X voC ZF (2022 128)
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a3 10. gN" G3247lE0]7] terpene synthase?l d= A AR W3 Ud md. SuTPSJ
SuTPS2, SuMTPSLZ SRRIA H2u A VOC AFEA zhe Assiad 1-29 74

= =l

o AW Ao 24 "= VOC wiAbAl 243 & xdolA wigd F=sutzidel”]

gametophyteol| 4 2] 7PS #dx @& 4 9 full-length cDNA & A2H (29 11)

o] stA = K|
flojetd voc =3 PCR of full cDNA
(22°Clong days) A
= ~. Y (22°C long days) 1 SuTPS1 W SuTPS2 SuMTPSL2
al 12
? SuTPS1 SuTPS2  SUMTPSL2 S
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N -
x5 06
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: ]
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§ g2 £S5 & gz £S & g2 £S5
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el

F 11. $2¢7l90]7] terpene synthase homologous gene®] full-length ¢cDNA 224 %
.]

(1) Total RNA F& & H=uzlEo]l7] A gHE 659 TPS $E FdA59
A

full-length cDNA &

2
>

(2) AlE AT AAMAo A Zdo] Eole SyTPSI, SuTPS2 SuMTPSL2°] full-length cDNA

° PCR =& % 224 &5
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(3) YR d5wzldol 719 TPS FA4 2] 49 full-length cDNA PCR S35 4] &&

@) FF 84 F 20L BASE A g 2ANAE AT FARE] @] BAY
54§73 27 E£E 54 22008 38T Qo %ﬂg

(5) Full-length ¢cDNAZ} Bt SuTPSI, SuTPS2, SuMTPSL29) 75 &= @A o, o
R A v 23, oF 20E AR A wld 20 BRelA w3 AR 2ol

o] Fo] A LS reverse transcription-coupled quantitative PCR (RT-qPCR) £21S %3}

6) ARl 2A& Fske] A= HE=UA

gol7] g2 AY VOC Hrt=d g
SuTPS1, SuTPS2, SUMTPSL2 &40 #AA4&

AR sz F7F 2t

7F. Full-length ¢cDNA 22 gx 9 2d gd 748 5319 54 #d HE3 44 VOC &
A At BeE Aol Aekd SuTPS1, SuTPS2, SUMTPSL?2 &4 9] protein functional

domain structure 4% 7% P (2 12)

A= TPS E4E9 &% HAE &3t TPS 452 « B, y domain&
3% 2] domains°] moduled} dte] FAH Aoz ¥ $ke-(Gao et al, 2012)

2

N

L A Al
s

= g

st

(1) Typical plant diterpene synthaseE< a, B, y domain<
A 9lom typical plant TPSZ #F AW SuTPS1¢9 +
oA Je<S #el(Koksal et al, 2011; Starks et al, 1997)

PN t

(2) Typical plant monoterpene -+ sesquiterpene synthaset™ £, y domain & Z Tk o] Fo] #]
pom SuTPS29] x99 A S g2lsh(Lesburg et al, 1997)

(3) Microbial terpene synthase-like &4AE528 WA AZ y domain 3 Fx27 zk:=
Aoz HIEow SuMTPSL2e] wd FxoA 9o Fx4 FAAES &9
(Rynkiewicz et al., 2001)
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(4) 99 protein functional domain 7% ¥4 ZA¥+= dF E259 A4 4S8 53

of gelg W3pH 719 Aske AA T
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