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WWPF’s US Office Perspective on Seaweed Farming
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World Wildlife Fund, USA

1Al Paul Dobbins, Sr. Director
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Paul Dobbins | sr. Director

22 World Wildlife Fund, USA

H2f3 WWF’s US Office Perspective on Seaweed Farming as Climate
Change Opportunity

EDUCATION

- University of Minnesota, Minneapolis, MN
Curtis L. Carlson School of Management. M.B.A.
Postgraduate research work focused on causes of failure in high growth companies.

- Colby College, Waterville, ME
B.A. Administrative Science

- Kellogg Graduate School of Management, Evanston, IL

Executive continuing education classes:

- Global Supply Chain Management - The Science of Lean Manufacturing
- Competitive Strategy -Pricing Strategies and Tactics

Career

2018 ~ World Wildlife Fund, Washington, D.C.
Conserver of Wildlife and the Environment.

2020 ~ Senior Director Impact Investing
Direct equity investments for the project Advancing Seaweed and Shellfish
Aquaculture for Climate Change Gain with the objective of accelerating
growth of the industry.

2018 ~ 2023 Lead Specialist, Seaweed and Shellfish Aquaculture

Manage the project Advancing Seaweed and Shellfish Aquaculture for
Climate Change Gain.

2009 ~ 2018 Atlantic Sea Farms/Ocean Approved, Inc, Portland, ME
Developer of seaweed farming technologies and premium,
ready-to-eat seaweed products.

2009 ~ 2013 Bangs Island Mussels, LLC, Portland, ME
Largest suspended culture blue mussel farming operation in U.S.

2009 Consultant, Portland, ME
Advised institutional investors on the global animal health industry.

2007

1§

Biography

Paul Dobbins leads the World Wildlife Fund project “Advancing Seaweed and Shellfish
Aquaculture for Climate Change and Societal Gain”. A former shellfish and seaweed farmer,
Paul led the development of the US’ first open ocean commercial kelp farms. Paul served
on the advisory boards of Maine NOAA SeaGrant, the Aquaculture Research Institute
at the University of Maine, the Maine Aquaculture Association, The Maine Technology
Institute, Focus Maine, and the Conservation Law Foundation. He currently serves as a US
Delegate to the International Commission for Exploration of the Seas working group on
offshore aquaculture, the Council for Manomet, and as an advisor to several federally funded
aquaculture research projects in North America and Europe.

Shan Lu | Dr.Professor

2% Nanjing University, China
8%  Functional evolution of the GGPPS family

EDUCATION
- School of Life Sciences, Nanjing University MSc 1994  Ph.D. 1997

- School of Life Sciences, Nanjing University BSc 1991

- School of Life Sciences, Nanjing University

Career
2007 ~ Professor School of Life Sciences, Nanjing University

2006 ~ 2007 Associate Professor School of Life Sciences, Nanjing University

2002 ~ 2006 Postdoc Prof. Li Li's lab Federal Plant Soil & Nutrition Laboratory,
USDA-ARS & Department of Plant Biology,
Cornell University Ithaca NY 14853, USA

2001 ~ 2002 Postdoc Prof. Jonathan Gershenzon's lab Max-Planck Institute for
Chemical Ecology Jena D-07745, Germany

Biography

Prof. Shan LU received his PhD from Nanjing Univ., China, and continued his postdoc research
in the Inst. Oceanol. (Chinese Academy of Sciences) and the Univ. Connecticut on seaweed
biology, and in the Inst. Plant Physiol. (Chinese Academy of Sciences), Max-Planck Inst.
Chem. Ecol. and Cornell Univ. on plant terpenoid metabolism. He joined the faculty of Nanjing
Univ. in 2006. Dr. Lu's lab focuses on the regulation of carotenoid and chlorophyll metabolism
in chloroplasts under developmental and evolutionary scenarios in both algae and land plants,
with publications in journals including the Plant Cell, PNAS, Mol Plant, Algal Res, J Agric Food
Chem, etc.
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Career

2015. 04. ~ TEHY SR Y

2013. 12. ~ 2015. 04. &Y MEJUVIN| LIz
2011. 06. ~ 2013. 12. St=MApH 22| ST MAH T
2009. 04. ~ 2011. 06. HZCHSt W HAHEMSPIEATA MAH T




2% QIMBAA fLUXIRIATL

LE QM SRIHE YEHMATIX|] YAt
EDUCATION

- STHSI SAOlSt ofstutAf

Career
2019. 04. ~ Xy QI AERF R LA S QP AbA L2t
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EDUCATION
- NS (M DEE M A)
Career
2015 ~ CHAH(ZF) Seaweed CIC AP 7[2lEIZE & HAEIZ

2001 ~ 2015 @FEF2 AR

2022 ~ He o=d | EIteld

2022 ~ He d SEEEN HZ2E A=29H
2021 ~ d AF T/F X=2I3

2020 ~ O[2H T MO & =4

2019 ~ 2020 KIMST $=4HAIZ ADIETLS Eatel @

2011 ~ 2017 CODEX OtAJot FAHAH 2
2013 ~ SASEHE ChA ARSI
2005 ~ 2010 {5 F4HS0[2H XHEHA

EDUCATION

- 2RI ASAYBE D 2 EHAN1980.03.01~1986.08.30)

== ] Arﬁltﬂ%EHﬂ% HSEHAAH2000.03.01.~2002.08.16)
3t 0|3HeFAH2004.03.01.~2007.02.23)

- 0|2 BHAPAZFRICH ST A7 44(2009.03.01.~2010.02.28)

Career

2023.02. 07. ~  OFARA| EOIXHK| Q| 93| S-S At DLQ| Rl
2022. 08.25. ~ Z9T DANPH MMIIRLRl
2022.08.18. ~ EHQISHQIAEIA A|QIQIAEH CHel

2022. 05. EHQISH QI ZAT A SR | 22|23 9|2
2017. SHUAEE AR EAN AP 7|2 Kl
2017.11. 30. ~ EHQHSHAEM A[DIQIMESEL 2|2l

2015. BHRSHQUA AT TE 2 AFOIH LR Rl 2EA}
2003. Bt AT XSS OfA}, HY| &

2006. 02. 21. SHUAEE AP MK ZEAL

21s0] |99

A MASZSHY(ZE[CHo|!)

HrE SHYBIMAEX ZZ|Clo|’ 2
EDUCATION

- BSc 2002 International Relations, Kyung Hee University

Career

2021 Director Korea Underwater Association(KUA)
Commission Member World Underwater Federation(CMAS)

2017 Director Recontour - real estate development
2016 Korean national record CMAS 2nd Apnea World Championship Outdoor Turkey CWT-90m
2015 Korean national record CMAS 1st Apnea Outdoor World Championships - Ischia CWT-80m

2014 Instructor Trainer Korea Underwater Association(KUA)
International Judge World Underwater Federation(CMAS)
2013 Instructor International Association for Development of Apnea(AIDA),
Scuba School International(SSI)
Korean national record KAZAN CMAS GAMES AIDA
Individual Depth World Championships CWT-77m, FIM-70m International Judge

2012 Instructor Apnea Academy
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World Wildlife Fund, USA Climate Change Opportunity

7|=Ze

WWF’s US Office Perspective
on Seaweed Farming as

Climate Change Opportunity

Paul Dobbins | sr. Director, World Wildlife Fund, USA

Phc‘:g edit- The Seaweed Companyj

Advancing Seaweed and Shellfish Farming
for Climate and Societal Gains

A 1'. {
Paul Dobbinhs
Diregtor; Impact lpvasting
Lead Special,ist, Seaweed & Shellfis
S \Coalt . WWF-US
»>- 0‘\ : - A

" g ’/ '
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tive resource use per ton of edible protein

Created by Scott Lindell, WHOI, 2019

SUGAR KELP

Land Use Freshwater Feed GHG Emissions
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MIT
Technology Featured Topics Newsletters Events Podcasts Signin Subscribe
Review

CLIMATE CHANGE

Companies hoping to grow carbon-sucking

kelp may be rushing ahead of the science

Sinking seaweed could sequester a lot of carbon, but researchers are still
grappling with basic questions about reliability, scalability and risks.

By James Temple September 19, 2021

WWEF believes that there are higher uses for farmed seaweed beyond environmental remediation i i
Seaweed Carbon Farming Project
20 seaweed farms in 12 countries on 5 continents
-~ | Depth Max (m) Species Current Farm Size (ha) Year Founded
2 10 Pyropia (Nori) 15,000 1800s
10 Pyropia (Nori) 1,500 1800s
15 Pyropia (Nori) 1,900 1700s
12 Saccharina latissima 3 2009
15 Kappaphycus 200 1990s
NA Laminaria japonica NA 1984
NA Sargassum fusiforme NA 1993
20 Laminaria japonica NA 1999
20 Saccharina latissima, Undaria pinnatifida 150 2014
10 Saccharina latissima 2 2011
45 Saccharina latissima, Alaria esculenta 4 2014
12 Kappaphycus/Eucheuma 1,047 1989
- 8 K Alvarezii / striatus. 200 1980}
“HALO" OF IMPROVED WATER QUALITY 15 S 50 TR
10 Ulva spp. 20 unknown|
20 Undaria pinnatifida, Saccharina japonica 200 1960s
8 Kappaphycus alvarezii 350 2010
e 40 Saccharina latissima, Alaria Marginata 1 2019
30 Saccharina latissima, Alaria Marginata 1 2019
Canada Denmark Japan Madagascar 3 Agarophyton chilensis 10 1990
Cascadia Seaweed 1 Hjarng Hage Ariake Sea Ocean Farmers 2 Agarophyton chilensis 50 1985
Cascadia Seaweed 2 France Seto Inland Sea Malaysia
Chile Algolesko Tokyo Bay Semporna
Maulin River Indonesia South Korea Norway
Pudeto River Nain Island Myengji - Busan SES Farm Ocean8205000mfseaweed
China Seriwe Bay Dadae - Busan usa
Taohua Island - Zhejiang I;Iundong-ri . ’P:\tlantic Sea
a ji usan arms
Bi.;.n%t:l:l Fﬁ_ti'l:élang Laboraltones . . W h d L]
9 ! International Atomic Energy Agency (Monaco) climateworks N grap; sy ial -
Andalusian Institute of Earth Science (Spain) FOUNDATION of T?:;éonmen = d
Edith Cowan University (Australia) WWF

22 23



V HEXE Session | 5{{Z4H(EFIH=) =20}

ESTE
WWF’s US Office Perspective on Seaweed Farming as
Climate Change Opportunity

Paul Dobbins | Sr. Director,
World Wildlife Fund, USA

What it will take to make a meaningful contribution

40,000,000

35,000,000 tonnes of farmed seaweed globally

30,000,000

25,000,000

20,000,000

15,000,000

10.000.000

5,000,000

1950 1960 1970 1980 1950 2000 2010 2018

M Total Tonnes Farmed Seaweed (live weight) W Total Tonnes Wild Harvest (live weight)

Phata Credit- Paotataes USA

~1%

B

~(08%

No-

* Arable land
* Fresh Water
* Fertilizers

* Pesticides
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Advancing Seaweed Farming for Climate Gains

Project Geographies

~1% ﬁf '

~0.5%

Barriers to Growth for the Underdeveloped Regions

Innovation

Reduce costs &enable scale

| Welcome toWando The Caplta'l of The Cl
WWEMIHIAFATIZ) 9 03 = - DI -IHLETE 049321
p 4T MEF oohAlI\I-O'l -&:lKI-HI'....
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LINDA KATE

Falmouth, Maine
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9% weight gain

7% improved feed conversion
3-4% reduced mortality
25-40%

USA

Photo Credit UMARO
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Terpenoids are the largest group of plant natural products
with distinct structural diversity

2o | o
|
Functional evolution of P i é@ éé ? gi

isoprene myrcene o-pinene B-pinene limonene linalool
the GGPPS family

X
Shan Lu | Dr., Professor, Nanjing University, China gi/F\k i : > S?\

B-farnesene d-cadinene B-caryophyllene

0,
cooH L?zo

artemisin brassinosteroid gibberellic acid (GA) (+)-strigol

and, with significant physiological and ecological functions in land plants

T 9

Linalool o-Pinene Perilla alcohol

Monoterpenoids Sesquiterpenoids
Strawberries Anti-malarial drug

Artemisinin  (E,E)-o-Farnesene

Functional Evolution of Geranyl Diphosphate T SR -

GDP FDP N | +/— modifying enzymes

Synthase ln Plants GDP syntha:e\ )\/_OPP :: )\/_OPP /F;P Synmase\Squalene synthase

GGDP synmasf/ 0P DMADP Squalene epoxidase

x ' oPP
{
Diterpene synthases S GGDP Squalene-2,3-epoxide

+/—modifying enzyme;c/

Triterpene synthases
\ +/-modifying enzymes
o

CHO
CHO Diterpenoids Triterpenoids

Myzus persicae Leaf of cucumber
AN

Shan Lu Polygodial
AcO, O OH ' //{

Nanjing University Ly X~
INU, 2023-10 \@o ,,é’(, C(foz :no C/m

H HO

A o
OH
OH OH Glycyrrhizin

Paclitaxel

TRENDS in Plant Science

Aharoni et al. 2005. Trends Plant Sci
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Prenyltransferase family determines the chain length
Terpenoids in algae:

Algae synthesize carotenoids and vitamin E, )\/\ )\/\
Algae synthesize chlorophylls X-"opp OPP
Algae synthesize sterols DMAPP (C3) PP (C5)

These are all primary metabolite. GPP synthase (GPPS) l /

Do algae also synthesize other secondary terpenoids? 2 )\/\/K/\
. ‘10 & OPP cf=cemcsicspnmoses » monoterpenes
For example: volatile terpenoids? 3 GPP (C10)
&
Pt
“E FPP synthase (FPPS)
If they do, &
P
1. what are the functions of these volatiles? =
. 2 N N N :
a) We assume that marine and freshwater algae do not need S OPP  F/-------- > Sesquiterpenes
volatile emissions to dissipate heat from photosynthesis. [-» KEF(CL3)
b) We assume these algae (including seaweeds) do not need . — . D p—
volatiles as chemical ecological signals to communicate i Mx ;C/\;XA M synthase ( )
with each other, or call natural enemies. ‘ L : i .
o \ ' s 1 it _’
2. will this carbon-emission be another blue carbon issue? 2\/?4/ ;(/WX' W A A S S tterpenes

OPP
GGPP (C20)

Monoterpenes in red algae
Cikos et al. 2019. Mar. Drugs

Plants have two separate pathways to produce terpenoids

Our previous work on red alge Porphyra umbilicalis found its GGPPS produces GGPP.
But we did not check whether this enzyme also produces GPP.

Cytosol Plasti
~ 3x Acetyl -CoA GA-3P + Pyruvate
1 | 051 A
MVA i } MEP 04
03
pathway Mevalonate 1-Deoxy-D-xylulose-5-P | pathway 02
0.1
: : ~ 0.0 Iv
; ; Eosl B 2
L DMAPP<—=IPP <--4--> PP -——‘DMAPP\J 103l NtGGPPS (Control)
P> O A [P I —— , - 202
FPPSlJ i : PuGGPS 2 g(‘) A 12
i i 05 ¢
FPP | i °4l PuGGPPS
2xi Sesquiterpenes i ' 02 J ﬁd_,d
Ster()ls i i " 6 12Timc (minlh?cs) 2 30
i Carotenoids Phytol Diterpenes i
i ABA Chlorophylls :
 Strigolactones  Tocopherols E

_______________________________________________ Yang et al. 2016. J Appl Phycol.
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However, our study in another red alga, Bangia fuscopurpurea, clearly demonstrated
that this GGPPS does not produce GPP.

A A ) B
1PP BfGGPPS 6.0 Standards m/z 69
116 kKD — - — GOH FOH GG
GGPES GGPPC—m;>PhytoeneC—rﬂ>LycopeneC—m{;[}-camlene S 4.0 GO
66 kD =
PAC-94N %204 Phytol
DMAPP #5kD N v
o 0
35kD
B - C PMAL-CSX £ 6.0 BIGGPPS product m/z 69
xrxa - z Py
s 5% 5
2 w2 220l GGOH
g 041 . Z 0
= g MAL-BfGGPPS 0
2 S16dP B-carotene 20.00 40.00 60.00
T I C . 69 Retention time (minutes)
s P 1004 %
8 02 g ®
=1 9
s = 4 L -
35 8 A 50 BfGGPPS product
=z =0 107 121 136
2 § 1] PMATOSGGIST . carotene 290
o <12 0 .
S E e 8 5 g3 107 121 136 NIST GGOH
& & 4 H
S o : N Y\/\‘Mrf\/\f\,o
1000 2000 3000 40.00

Retention time (minutes)

Deng et al. 2020. Algal Res.

Some knowledge from higher plants:

1. GGPPS are found in all organisms, but GPPSs are found in gymnosperms.

2. GGPPS and GPPS share high sequence similarity.

3. They also share sequence similarity with another group of homolog proteins,
which are catalytically inactive, but can form heterodimers with GGPPS, and are

thus named as “small subunit” (SSU). There are two types of SSUs: SSU I and
SSU 1II.

4. Both GGPPS and GPPS can form homodimers, producing specifically or mainly
GGPP and GPP, respectively.

5. GGPPS/SSU I heterodimer produces GPP in angiosperms!
6. GGPPS/SSU II heterodimer produces GGPP more specifically and/or efficiently.

F GPPSs | GGPPSs | GGPPSs Via Vib Heteromeric GPPSs
Angiosperms ‘ i ’ ( i ’ ( E§§>(_(§§§§> ‘ ,_ > ‘ i )
very occasionally SSull ssul

Gymnosperms @ @

Evolution
Unknown

Origination

Unknown

So, we initially asked

How could red algae produce GPP (and then monoterpenes)
without a GPP-producing enzyme?

46

So we tried to find all sequences
sharing similarity with characterized
plant GGPPSs from GenBank, and
built a tree.

There are 3 distinct clades:
The cytosolic

SPPSs (C30)

FPPSs (C15) €30

fieor scucocpps2
I Cancceese

SPPS

and the plastidial
GGPPS family, including
GGPPSs (C20)
GPPSs (C10)
and, SSUs (inactive)

0mas?S?

1603, 7
(o 02N
0 028 e

Song et al. 2023. Plant Cell
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The enzymatic assay revealed functional divergence during the evolution
the ancestral SSU emerged in Marchantia,
and the earliest GPP-producing activity was found in Physcomitrella

- — SSUI e i P ND ND i 100
N - S _ i owceerrs ND ND 100 ’
232335 s ~ ; u g Angiosperm  Amborella trichopoda
3223222 N . ) ik MendGGPPS ND ND ! 100 @ rr
2545 & ‘?‘\ 5 \\ Angiosperm  Amborella trichopoda O . — B i L o O e AtriGGPPS1 (@))
N { i
L s 3 AIGGPPS1 : I i AIGGPPS2
SR S B G ND ND 100 GGPP
\\ AtriGGPPS2 | (2l : O AtSSUI (2.9% GPP) Q
N ) . i i L PpatGGPPS2 X;Z 16+0.3 ND | 984%03 O very low GGPP
o AtriSSUI il scucePPst ND ND 100 ©) mopost AtriSSUIl O
L < AtriSSUll il PsitGGPPS1 92426 ND | 90.8:26 y perm  Picea sil
) : : :
Vw““ﬁ}) : Gymnosperm  Picea sitchensis : : : PsitGPPS2 CL)
Q g\ =\ A g '
A Nt B\ PsitGPPS2 : : 1] : PsitGPPS1
\,,mf’:;“\\z i R S PSitGPPS2 732£55 (26855  ND TGRR)
% S e PsitGPPS1 & 3 : : PSitGGPPS1 :
Pabigr 1 3 ? ass ) i i : 9.5% GPP
no 1 oo jp PSitGGPPS1 s 1 ; ; PsitsSUI OISR
Ps: N2 > ; : :
[ Puge, [, o mmﬁssu“‘ PsitSSUIl 3 L : : Psi 1 711 £12.6 ND | 289:126 Fern Salvinia cucullata
\“ Agr: G oo ® v zn ) g | i H
| Pa:iczszj 7 LR pdissSUI Fern Salvinia cucullata £ : H L \V2 : ScucGGPPS2
| 00 < ' tri PF H
| agracepss_ ™ = i SCUCGGPPS2 1 ; ' ND i scucaeppst O op)
AtiGGPPS1 T | H
| Smicore? 1o e SCUCECRES B : . V. 414:146 | ND | 586%146 SoucSSU O
| syosorPsi T =N ;gz:: ScucSsu (2 : i PEaiA RS PP Bryophyte Physcomitrella patens nz
\ 10( G U | Alrif 17 | B | & o
\ N\shGG:\;si % Mooisgy, ————— Bryophyte  Physcomitrella patens : MpolSSU* ZC:( ND ; ND PpatGGPPS2
\ G 00 109/ Os3 - 1 H (1.6% GPP)
2\ p:;mee? =y 799 2757 PpatGGPPS2 — ScucssU Via ND : ND PpatGGPPS1 @
sy 705 s FPSo PsitSSUIl ND 4 ND
| e o . Gopg PpatGGPPS1 f
\ ma::;\e\avs\ GYYS 0 a:?@pps, v/ AtriSSUIl - ND ND Marchantia polymorpha
X % G ) AtriSSUI ND i ND XZ
\ @\J‘r G P epk:psl /A Marchantia polymorpha " R MpolSSU Q)
\ SN S5, 7 :
{ s N o;"" %,/ MpolSSU j MpolGGPPS1 (@))
D 09,80 %5,/ MpolGGPPS1 v |
o k) %qu %‘oﬁc"% / OsatGPPS1 100 ND ! ND ——————— Charophyte  Mesotaenium endlicherianum
K s, 5 : :
lo s )\ 2 a%bé%%%%} / '———————— Charophyte  Mesotaenium endlicherianum : MendGGPPS @
5 o = 2 9 4 . .
8 3 2) » (N Q% '%% 9 . ' L OsatGGPPS1 ND ND 100 Chlorophyte  Ostreococcus lucimarinus
553 9§ : OsatSsull Via ND ND | ND
ST 3585 % BT hloroph: imari : ! : OlucGGPPS
él? g é % % % cé’ ,»/// Chlorophyte  Ostreococcus lucimarinus GOH FOH ! GGOH GOH (%) | FOH (%) ! GGOH (%) c ia Synechocystis sp. PCC6803 CD
2892233 g OlucGGPPS L — i y 3% ystis sp.
T & E . , Product composition (molar percentage;
G808 _ cy ia s {is sp. PCC6803 N T TN R M T SyneGGPPS @
v o SyneGGPPS Retention time (min)

So we studied 18 members from cyanobacterium to angiosperms

A

DMAPP

GGPP

GGPPS/CrtE

PP

PAC-94N

PSY/CrtB

Phytoene
PDS/Crl

06

Lycopene —

B-Carotene

MpolSSU of Marchantia retained a trace level of enzymatic (GGPP-producing) activity
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We did not see GPP in any homologs from cyanobacteria, green algae, and charophytes.
However, the ancestral enzyme of charophyte might produce a low level of GPP.

A

Clades IlI-VI

vascular plants

PpatGGPPS1

PpatGGPPS2 |Clade |l MOSsSes
ancGGPPS1 MpoIGGPPS1

MendGGPPS (Clade ) charophyte
B

1x10°

& —— : ancGGPPS1 5.1+ 1.6 ND | 949:16
o i i !

E [ ! ancGGPPS2 4.5%21 ND : 955%21
= i : ancGGPPS3  66+10 ) ND | 934:10
2 GOH | FOH ! GGOH GOH (%) | FOH (%) ! GGOH (%)
g _L PSS NS H H

T‘: - ‘ — ' . Product composition (molar percentage)
5 1112 17 18 22 23

n Retention time (min)

But not in Mesotaenium endlicherianum of modern Charophyta.

So the activity might be lost in charophytes after the divergence between ancestral charophytes and land plants.

But we confirmed that the LV/VA pair determines chain lengths of GGPPSs and GPPSs by site-
directed mutagenesis.

VA-LV . .
: _ PsitGPPS1 Il 711%126 | ND | 289+126
: | PSitGPPS 1 V240uA241y 101£27 | ND | 89.9+27
' | v i 1
: _ OsatGPPS1 100 I ND 0
e} ; | OsatGPPS{ sy 0 . ND | 100
8 | G- _ ScucGGPPS2 V 414146 | ND | 586+14.6
4 : : : :
£ : L SCUCGGPPS2v223A224v 137407 | ND | 86.3£0.7
P ' ' : :
D Lv-VA : ? l :
& : I ScucGGPPS1 0 ¢ ND 100
% H i ScUCGGPPS 1M223viv224a i 0 . ND 100
c L 1 il
2 — i PsitGGPPS1 92+26 | ND | 90.8%26
i : PSitGGPPS1L28Vn240A 703+07 ! ND ! 297%07
i i) AiGGPPS1 0 i ND 1 100
: : v : :
: : AtriGGPPS1L234vIv2ssa 958+38 ! ND | 42£38
P P AtriGGPPS2 29+14 | ND | 97114
L b AtiGGPPS22svvzssa V. 80.3+9.8 | ND | 197£9.8
| 20 OsatGGPPS1 0 © ND ! 100
(. - OsatGGPPS11222vvazsn 668+18 | ND | 332%18
GOH | FOH | GGOH GOH (%) | FOH (%) | GGOH (%)

—T — T Product composition (molar percentage)
11 12 17 18 22 23
Retention time (min)

ScucGGPPS1
PsitGGPPS1
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<

<

ScucGGPPS1
PsitGGPPS1
PabiGGPPS2
AgraGGPPS1
PabiGPPS1
PsitGPPS1
AgraGPPS1
AtriGGPPS1
v SlycGGPPS1
NtabGGPPS2
OsatGPPS1
ScucGGPPS2
PabiGGPPS1
AtriGGPPS2
AthaGFPPS1
AthaGFPPS4
AthaGGPPS11
AmajGGPPS1
SlycGGPPS2
SlycGGPPS3
CannGGPPS1
NtabGGPPS1
OsatGGPPS1

<

Mechanism
An LV/VA change exists in GGPPS and GPPS sequences.

Large side chains of amino acid residues at the
pocket are known to prevent chain elongation.

Wang et al. 2016. Mol Plant

However, both LV and VA are small, and not in
the reaction pocket.

SE e S S e )

The LV/VA mutation shortens the distances between amino acids at the entrance of pocket
So that the pocket cannot hold longer products

V138-L180 V138-F184 V138-L213

530
3456789101112 3456780101112 3456789101112
Minimal distance (A) Minimal distance (A) Minimal distance (A)

V138-1217 V138-1255 L180-L213
Floor-1
20
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Floor-2 Minimal distance (A) Minimal distance (A) Minimal distance (A)
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B
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=25
Floor-3 820
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The L—V mutation makes the distance between the LV pair and the pocket residues longer

L222-1217 L222-1.255 wr
V222-1217 V222-1.255 [ Mutant

Percentage (%)
3

4 5 6 7 8 9 3 4 7 8 9
Contact distance (A) Contact distance (A)
354
30 V223-.94 V223-L174 V223-A178
A223-194 A223-L174 A223-A178

NN
S o

Percentage (%)
@

-
°o o o

3 4 5 6 7 8 9
Contact distance (A) Contact distance (A) Contact distance (A)

4 5 6 7 8 9

The V—A mutation makes the distance between the residue and GPP longer

A Initial model

154 GPP-v223
- GPP-A223
=

10
% Initial model
<
8 5
[0
o

0.

2 4 6 8 10 12 14
Contact distance (A)

And the distance between FPP and IPP would be too long to enable the condensation reaction
in the VA mutant of GGPPS

204 [T WT [ Mutant
0-500ns

500-1000ns

1000-1500ns

15+

104 1500-2000ns
5
0L_; ;

———— T T

154

104 2000-2500ns
5 -
0 -

-—
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2500-3000ns

2 4 6 8 10 12 14 16 18
Contact distance (A)

It seems to be a general mechanism for GGPPSs to be regulated by SSUs

; =t P Ty Since the first emergence of the Marchantia SSU, it has been
— e able to promote the activity of GGPPS.
' Since the first emergence of Amborella SSU 1, it was able to
switch the product of GGPPS from GGPP to GPP

: : ScucGGPPS1

PS1
ScucSsU

Protein(s) K DMAPP (WM)  Vinax (nmol min ' mg protein ')
: MpolGGPPS1 213242784 22.89 + 1.066
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| PSIGPPS1+ PsitGGPPS1/PsitSSUIT 14.62+ 4751 9.642 £ 0.7842
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i 1
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i i y . The interaction between GGPPS and SSU started as early as SSU
: g AGGGPPST+ |V first emerged in Marchantia.
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In angiosperms, SSUI and SSUII are used for different scenarios
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In Amborella, AtriGGPPSI and AtriSSUI are GGPPSs are under the highest selection pressure,
specifically expressed in flowers, mainly for the because of their involvement in both primary and
biosynthesis of GPP and then monoterpenoid secondary metabolisms.
volatiles.

SSU IIs are also under higher pressure, because of
In tomato, SlycGGPPS2 and SlycGGPPS3 are both their contribution specifically to GGPP production.
known to synthesize GGPP. The co-expressed
SlycSSUII might secure their activities. But the SSU Is receive the least pressure, which provides
expression of SlycSSUI in fruits might contributes the greatest plasticity for the best adaptation of
to the biosynthesis of monoterpenoid volatiles. angiosperms.

We propose a model of how different GPPSs were developed

F ic GPPSs | ic GGPPSs Heteromeric GGPPSs

- D 0-Q

<

6-8-8-6

Angiosperms

<

Gymnosperms

<

Ferns

LV-VA aa determine product specificity

e-8-8-

Bryophytes
(Moonlighting GPPS activity)

Vib Heteromeric GPPSs

SRl SSUI (Gain the ability to modify

GGPPS product specificity)

D—O:

ssull (Gain of GGPPS-promoting
regulatory functions)

@D D

SSU (Loss of catalytic function)

Hlose @ I

(Ancestral GGPPSs)

SSull_SSul

Amborella tric '
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Vi

Nymphaea colorata '
Colocasia esculenta 4
Posteraimarina | Alismatales
Dioscorea alata | i
Dioscorea cayenensis

Apostasia shenzhenica
l‘zendrub[um catenatum

Phalaenopsis bellina
Phalaenopsis equestris
Vanilla planifolia

Cocos nucifera

Elaeis guineensis Arecales
Phoenix dactylifera
Ananas comosus
Brachypodium distachyon
Brachypodium hybridum
Brachypodium stacei

SIG5GUGH

Also, we can find SSU II genes in
Digitaria exilis .
e Postes almost all angiosperm groups, but SSU

Oryza sativa .
St bl I genes in much fewer groups.
e g

Zingiber officinale
Ensete ventricosum
Kingdonia unifiora |

Papaver somniferum
Macieaya cordata
Aquilegla coerulea
Telopea speciosissima
Nelumbo nucifera | Proteates
Macadamia integriflia

Tetracentron sinense T

|
Vitis vinifera 1 Vitales
Citrus clementina )
Pistacia vera
Gossypium hirsutum
Gossypium raimondii Malvales
Theobroma cacao
Boechera stricta
Brassica rapa
Capsella grandifiora
Eutrema salsugineum
Arabidopsis thaliana
Carica papaya

Schrenkiella parvula
Tarenaya hassleriana
Glycine max
WMedicago truncatula
Trfolium pratense
Arachis hypogaea
Cicer arietinum
Lotus japonicus
Phaseolus aculifolius
Vigna unguiculata
Fragaria Vesca
Prunus persica

arya ilinoinensis
Betula platyphylia | Fagales
Cucumis sativus 0@ i
WManihot esculenta |

Fabales

| Rosales

Populus trichocarpa
Linum usitatissimum
Salix purpurea
Corymbia citriodora
Eucalyptus grandis | Myrtales
Syzygium oleosum

Amaranthus hypochondriacus
Chenopodium quinoa ©
Beta vulgaris

Spinacia oleracea

Lactuca sativa

Helianthus annuus | @
Daucus carota

Mimulus guttatus
Capsicum annuum
Solanum lycopersicum

LSSy

Lamiids

[1)

So, back to our original question:

How could red algae produce GPP (and then monoterpenes)?

Our current answer is:

No. Unless we can find another prenyltransferase (or an unknown category of enzyme)

that can supply GPP.

This is not impossible, but needs more work to prove the existence of both GPP-
producing activity and corresponding terpene synthases.

Terpene Biosynthesis in Red Algae Is Catalyzed by
Microbial Type But Not Typical Plant
Terpene Synthases!(CPEN]

Guo Wei,*? Qidong Jia,>?* Xinlu Chen,*> Tobias G. Kéllner,© Debashish Bhattacharya,

Gane Ka-Shu Wong,~"# Jonathan Gershenzon, and Feng Chen>"34

“Department of Plant Sciences, Uni ity of T Knoxville, T S 37996

Graduate School of Genome Science and Technology, University of Tennessee, Knoxville, Tennessee 37996

“Department of Biochemistry, Max Planck Institute for Chemical Ecology, D-07745 Jena, Germany

“Dey of Biochemistry and Microbiology, Rutgers University, New Brunswick, New Jersey 08901

“BGI-Shenzhen, Beishan Industrial Zone, Yantian District, Shenzhen 518083, China

‘Department of Biological Sciences, University of Alberta, Edmonton, Alberta, Canada T6G 2E9

#Department of Medicine, University of Alberta, Edmonton, Alberta, Canada T6G 2E1

ORCID 1Ds: 77-0681 (G.W.); 25 (X.C); (T.G.K); 560 (G.K.W.);
2-1551 ().G.); (EC).

Wei et al. 2019. Plant Physiol

No putative terpene synthase in algae either!

Transcriptome

Angiosperms 5731604
Gymnosperms 78180
Ferns 87/139
Lycophytes 21121
Mosses 22/41
Liverworts 23127
Hornworts 4/8
Charophytes 0/47
Chlorophytes 0111

Jia et al. 2022. PNAS

Genome

+
+
212
n
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n
2/2
0/6
0/25
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SNSI Freediving Instructor

»Freediver Instructor

——

»Advanced Freediver Instructor
»Deep Freediver Instructor

»Master Freediver Instructor

— ASSISTANT TRAINER

SNSIPRO

LhvelipYowrLjte wwhseubasnsi.com

SNGL

PRO = & scubasnsi.com

SNSIREC

Equipment Care Night Divr
Mavigation Diver  Dieop Dver

Dt & Boat Dhver Ky Diver

Full Face Mask Dher  Gas Blender

Lion Fish Eccogy Diver  Hemet Diver
Underwater 'U'co‘ phy  Cavern Diver
Master Buoyancy & Trim Diver  Dry Sut Diver

138

wWSALE 2et EZ0]'d 00| A

>SNSIOIA S| COJ HIXLIA ATo| ZIEE HAI! ZAE
ESELL
>ZAKS 87} OFLl “HbY, 5 Y QILCt,
. Al UXE SHELLCL V
* BAE 2 =37} 0rd SNSIFBIMILY
Atel a2 TjgtLct

ASAE Y3
E3j/0]4 00| FA|

139



V ugxia Session Il UK AEX 20}

WSS et Egfo]'d 0f|ofXA|

>Egst 7141} ﬁ"‘“

Cist 714 R

. D43 2E MHA

« ZN= ¢ MU 5 sl Y

I'

SNSI Z=2| 5|
E I-lI_T’_ OH

» SNSI MediaHub
* ASEE0| &= WA
» MySNSI
 CJX|E&C-cards, 2151}
HIZYAE J|SE FEE

> My-SNSI HA|E®| 28 X2
FEO2EE
.« TE SNSI ZA} X12
. BE SNSI H|C)Q
. Pdf2 Bl BE D5

Ol A ZALOA O|ELC} 0] = 4 G

WSXE et EYl0]'g 0f|0|TA|

>&8S4L ES
>010|Cjojet T2 HEO Cfgh XA = g§X
> HSE = wsilz HH0IE
>E50 #2 2L S

Q3= MZ2 Clo|w 1S M2Ctele]
Sei3 anE B,

SNSI| I 29| §|EH

>ME SEOE +ZY &2t XHS Ua UM
- MIE OIO|C|2 2E CX|E uXf COR2EC
CIXIE BHo| DS S X2t 1S FH| 04 CIXIE XIS MG 310

HI, AlZH Y #1248 FHOHEILICH (M5Hs 29 8IS FHIE AlRE 4 U3)

TN

CX|E E= QA Xtz E AHEsk= A2
1Z4o] ME0|H = C} 0| F 7+sELIC

-

140

141



HX= Session Il At AZ= EO}

S2H s Am=0| WH W
NY ARR F A7IAIHO| Hst
> 18
> o
> HH| " 71gey
> EIA}

> 33 20}

& Gis AAAr =o] O[ AP
2tojd A7 HEE LT

WEXIE Q|st EY|0|Y 0f|0|XA]
X5l TEREE| Z0{5HMQ
2|2} Sl7j crojw Mels
HSIAIZ 4 QUBLICE

2 H 6l A X0| vix| HFSk
== M4
> X| BC} SiCt
> OH[HAEAM KL} ZCt e ]

142

== H ol AILXO| Hix{ Hisk
013
> M35l 20| OJA|OF Mt =
> IS I} HIg
>g3H
> ZHH
> 84 U 23}

> EE 3}

=|=a

> EA| 9 %1714
> of#e] ojn|

143



vV YHEXI=E Session Il A AEX 2O} QL&A | 257, SNSI st X5 S2u sjerAm R urHtor

S2H i ARXO| WH Bist SE2H Y ARXO| W dial
SiXf ol ¥ AXRE X4 = X|H A H ol =3 HE
> HE (HR0M 2E2) - 33 > XrE2] B

&% (81 B 4%) - E20S
> 855 (WYL 9 25E)

> 342 Y| oo

> EJO|EYH =

> JAHHEL| F= HA
> = 1000|E ELl=tl 2

- — — S = = =
22 H S{QF AR XO| Hix{ HIS} 22 H 5l|QF AL X 0| HiX{ HES}
HUAT= FH|O| 7|40T U IS oz 2o}
> M7|=0] M2 = ME2 &| > HMA 245 o X 30| £
Y >

> M2 3| AHg0| [E B8 I
> ROV, &4+t
27} 7417t 52 At

> 2itii=t & 29U Z=t

> S5O0 28

144 145



V HEAR Session Il S{LF|IMAZEX FOf REH | 258, SNSI shxx|% Z24 sjgrams el

=2H Y AXXO| &M vlef

> 4 > 0:39.09 o)

IHEsHEES SNy —— 0/ THEAHEE (Sns)

National Fire Agency I!’

XX

l_ __SN4SI

20154 Meaynues
S SONE BN 2% - 20193 wota) gard Mg A2 0
(g7122 HE Folea o)

20214 4ws 2=t =
MR H21S HYS 9I% 202014 ~ XY
HEAYE (AE 18, WSS 28, BLSD, ALAS
EAFANHE J|E ATH B, FYAYSD ZA}
i Sh UDT AfO|EOIRE I8 08 N
SUEETEE MY 1S

ik

146 147



V SEIS Session Il M AEX FOF

SNSI EiIELEiIOIJq

SNSI Open Water Diver
22| WKO|CIE H
> FI| E22(ZM) MEH Al: 65| 74t = BEY  mcbeen e,
- OpX|8} 23|= “H CHo|W” 510 22 HES 0|2 &
> LIO|E2AQ} C3l0|2E 2M
« C2}0|%E.: M5EoHX] L2 SHAE0A Clo|WsHH S0 | 7tX|X| =28t
A0 LY "Cloli A0l B 014 g8 + glaLct
- LO|ESA: & 28 HE{ LIO|ESA0| 3 OPSH H WA 2ol
0-|I_ 2A1° Js‘IEH I-'=x| H|'=- HIQ.Q Eol_

2% ZAH LA = 14S WHEE ALE0[7] T2
A 882 EAQILICE

SNSI 2|=.2{|0]:4

SNSI 0{EA AH[HE]

~ #A0| 27| E0|Y
- Tl AE WHS Bas AN M 23 3A

=
> CIOJY S2{T} HO|= =07 S5 HRELICH A -

_ MO|SOIZE MEIS AL 3 AZS CjojY uh O
_ rjojue| = H3#0JA H3 Cho|

X5 wx, Horefn xjoj=

C}o|t{7} Al Clo|

mjo
oh
|
ol
rir
ne
B
e
=
o

SNSI 2| =2.2{|0]:4

SNSI Advanced Open Water Diver

>CHO|4) AIZIOIA 74at ghstst XS & U LD
* Trim & Master Buoyancy(Hovering)
§ouras SEE ISXI= TAR B 91,
* Night Q5581 XHAIZ U CLO|HE YAIFHLILY.
* Deep “OEEHA CHO|H =
. Boatand Drift | TE0| FHEE HS5Hs 2 014 20j3Hof BHLiC

WSXIE 712312, WEJ} 50, Ae SULHL
4 ZRHAE S} opdLC

148

SNSI 3320|144
O{=HHA ATAE]

REC

» Sidemount Diver

SNSIREC

»Wreck Trek Diver

> Recreational Deco Diver SNSIREC

SNSIREC

SNSIOM W=X}=
Lol 2] SA0f| ASLICE.

149



V WEXIE Session Il {UYKAZE 20} SMA | iz, A2 32|o} AT FH|AQlo| WUt

HALCVON

Dive Systems

FAZ|AL A 23 2|0}
ceo S XE

238 Cto]'del oz FEl Croj'del =ixy Ctol'd el oj2y

Hncvon

Dive Systems

150 151



V SEIS Session Il M AEX FOF

FMZ | chE, dAI2 3|0}

| Eofel

Az telol 71E 2 FHES
49, +8, WSS OB 352 23X ¥51 52

Hacvon

Dive Systems

-n5o| 49
-%t| THofo| HY
-B|XE

HaLcYon
g THY
-5
-u g EHYo| R

220t X9 AR Kol

152

2| ZE (F0)

_AZH| Mo
sxxol ojgt

HaLcvon

Dive Systems

153



S | ciE, &A2 22[o} HYATR FH|AO| WHS

o€ o'
(HM2E Cto|'Y)

Vv HE"EXLE Session Il At AZ= EO}
-2l &
-y
-2
&l 32| ojjo] M

Dive Systems

154

Crol'del &

i

155



V SEIS Session Il M AEX FOF

MES7|

1876, Fleuss unit(3 2| YHE F S

* ARO units and WW2

¥

~ (@

Design by Christian J. Lambertsen.
i it 3

S | tiE, #Al2 F2|o} SHYAZE FHlAtlo| wEwe

WKPP ElAI T2 HE
Woodyville Karst Plain Project

Wakulla Springs — Leon Sinks Connection

E=22|ChoM Hoj Tl
Co|'yo] E{ ZOIE T2HE

BHAF CHo|Y

Dive Systems

156

157



V HEXE Session Il M AEX FOF

FAE | =, A2 3e|of

Bl | | 20N Sisslion 0.1,3008

Die lingsten Siphons der Welt

Teier - s Kb i Tharga

15 Mmleege

da, LS
ALAIChe-Cencte Sk, Moo ()

mi 1T
¥ RIS

e i
grne Fhn

Y WS
o] g
“EALO] B3 O] 2EQl wH

HaLcvon

Dive Systems

gHlo| i

CAMELBA

158

159



V EEAE Session Il S| K| AEX ZOf SAE | chE, eAl2 32|ot setam= Bl Atto] wriug

Wakulla Springs to
Leon Sinks

o 2005
0 Chip’s Hole -
5,030m

o 2006

0 Turner — 3,200m
0 Turner — 4,724m

0 Wakulla Q-Tunnel —

6,130m
o 2007

0o Wakulla R-Tunnel —

5,100m

Wakulla Springs to
Leon Sinks

o 2005
0 Chip’s Hole - 5,030m

o 2006
0 Turner - 3,200m
0 Turner—4,724m
0 Wakulla Q-Tunnel -
6,130m

o 2007
o Wakulla R-Tunnel —
5,100m
o Wakulla R-Tunnel —
7,300m
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Wakulla Springs to
Leon Sinks
Connection

0 July 28, 2007 — 12:20pm
0 28 miles/45km of explored
cave

o 28 entrances

Largest underwater cave
system in the US

4th largest underwater
cave system in the world

Longest penetration into a
flooded cave system —

VT ELT R—Tunnel 23,810ft
17257m June 23
2007

7 miles/11km from Turner
Sink to Wakaulla Springs

Wakulla-Leon Sinks

. Cave System
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“%A case of enc':ourag-il"ng educational club
actlwtles by sallmg a marine sport

/-.1

i Cheon Jae Lee
Seou1 Jeonggok Elememtary School Teacher
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.
1. Sailing Unit Activities of the Seaexplorers of Korea Seoul Council

A 755 |

2. Connecting of the Seoul Hope Class and Sa|I|ng Activities

1

3. Seoul Student Sailing PrOJectICamp

‘ 1. Sailing Unit Activities of t
Korea Seoul Counc:l ik
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o Seoul Yacht Unit Activities ‘

Seoul Yacht Unit, which started in 2004

30 students every year

two sailing activities a month
Educational Cooperation with the Seoul Yachting Association

Built up national team players

lixie
» q2z OFRILRELHE] &=

aaaaaaaaaaaa
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{Student' s reflection)

| thought | was the number one in terms of yachting at
Han river. However, by participating international
yacht race(Yisunsin Cup) | realized that there are
plenty of people who are better than me.

| want to be better at yachting by
more training.
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Seoul Yacht Unit Activities

‘
e

Contributed to the foundmg ofhthe Sallmg Club
‘Pixies’ of Tech University of Korea ;fxies
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o

Sailing Activities

{ 2. Connecting of the Seoul Hope Class and

3 Seoul Student Sailing Project Camp

Step 1 Seoul Sailing Projet Camp
- About 140 students each participated in 27 sessions

- Students attending a school in Seoul
(6th grade elementary school ~ 1st grade high school)

Step2 Daecheon Sailing Projet Camp
- 3 days 2 nights course
- About 160 students in 4 sessions(40 participants per session)

- Organization of the Dokdo Exploration Team

168

step3 Advanced sailing Projet Camp
- Selected 24 students who participated in Daecheon Sailing Stamp

Advanced Sailing Projet Camp
1st and 2nd Training course
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Advanced Sailing Projet Camp
3rd Training course

170

Advanced Sailing Projet Camp
Dokdo Exploration activities

et

{Student' s reflection)

| realized that nature is really amazing.
Countless stars and blue sea were all enough
to change me. | hope that children with low
self-esteem or have problems experience
this program. It will be an great opportunity
to change oneself.
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Admissions to the Republic of Korea Naval Academy

Manne Educatloﬁ Club of the Korea Ocean Foundatlon |
A part of the Korea Research Counul of Maritime Education

8
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172

What are “(T.H.)3} 7|” Programs?

Korean “4S}7|" means “Plus” in English

Together Together, rather than alone.
Happiness Enjoy with happiness, rather than
mpathy

competition.
Looking the same direction and empathize.
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b) specifications for product;

c) specifications or procedures for manufacturing,
packaging, storage, handling and distribution;

d) procedures for measuring and monitoring;

e) asappropriate, requirements for installation;

f) asappropriate, procedures for servicing.
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4.2.5  Control of records

Records shall be maintained to provide evidence of
conformity to requircements and of the effective
operation of the quality management system.

The organization shall document procedures to define
the controls needed for the identification, storage,
security and integrity, retrieval, retention time and
disposition of records.

The organization shall define and implement methods
for protecting confidential health information
contained in records in accordance with Lthe applicable
regulatory requirements.
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4.1.6The organization shall document procedures for
the validation of the application of computer software
used in the quality management system. Such software
applications shall be validated prior to initial use and,
as appropriate, after changes to such software or its
application.

The specific approach and activities associated with
software validation and revalidation shall be
proportionate to the risk associated with the use of the
software.
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4.2.3 Medical device file

For each medical device type or medical device family,
the organization shall establish and maintain one or
more files either containing or referencing documents
generated to demonstrate conformity to the
requirement of this International Standard and
compliance with applicable regulatory requirements.

The content of the file(s) shall include, but is not limited
to:

a) general description of the medical device,
intended use/purpose, and labelling, including
any instructions for use;
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6.2 Human resources 6.2 QIXx}3

Personnel performing work affecting product quality

HE 2o ¢

shall be competent on the basis of appropriate

i i : 4 g, =2 2«
education, training, skills and experience. e A

g2 F= 99 2% e mmp
o 4.‘3'_

A S 23 of Dk

The organization shall document the process(es) for =xx|o oj2jo] ozt 23}, DLZa HI, 01240 0OlAl
& i
=

establishing competence, providing needed training,

and ensuring awareness of personnel. Hoo| Fast ZRMA(E)
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6.4 Work environment

4 YRy

The organization shall determine and manage the work 7

A2 HE ze Mg Hgds gdote O
environment needed to achieve conformity to product wosr &0 &S ZFAME D 22|510{0F SHCF.
requirements.

=s 1SO13485:2016

6.4 Work environment and contamination

control 6.4 THHEF U 2F #2|
6.4.1 Work environment
6.4.1 StHEF
6.4.2 Contamination control 642 29 #|

7 Q@770 AP, ZFL O|ME Tk He=
For sterile medical devices, the organization shall qz 2=7l7|9 3e. =§ 148 FRE0

document requirements for control of contamination 22t 28 2| TAEE EM=toln, =8 & =2F
with microorganisms or particulate matter and DaMHA = Q78 HECE @X|8)0F B}

maintain the required cleanliness during assembly or

packaging processes.
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7 Productrealization

7.1 Planning of product realization

The organization shall plan and develop the processes
needed for product realization, Planning of product
realization shall be consistent with the requirements of
the other processes of the quality management system.

The organization shall document one or more
processes for risk management in product realization,
Records of risk management activities shall be
maintained [see 4.2.5]).

In planning product realization, the organization shall
determine the following, as appropriate:

a) quality objectives and requirements for the
product;

b] the need to establish processes and documents
(see 4.2.4) and to provide resources specific to
the product, including infrastructure and work
environment;

¢]  required verification, validation, monitoring,
measurement, inspection and test, handling,
storage, distribution and traceability activities
specific to the product together with the criteria
for product acceptance;

d) records needed to provide evidence that the
realization processes and resulting product
meet requirements (see 4.2.5].
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7.4 Purchasing 7.4 Joj
7.4.1  Purchasing process 7.41 0| TRHA

The organization shall document procedures (see ZTHE 70f MBC| ST TrH YR Retex
4.24) to ensure that purchased product conforms to Z¢I8 4= QIE2 HXE ZMaRefof stc) (4243
specified purchasing information. &

The organization shall establish criteria for the

evaluation and selection of suppliers. The criteriashall ~ £32 S29H 872t 3 48 7|£2 &0 ECh

be: Y 7IEE COIF AEE HIZ22 Sich

a) based on the supplier’s ability to provide product o P T
that meets the organization's requirements; a) ZHE| YA FEs HE S8 AF 4T

b) based on the performance of the supplier; b) 22 YN e Mo}

c) based on the effect of the purchased product on = = 5
the quality of the medical device; c) 7o MFO| 21=27]|7] SHY OlXls B

d) proportionate to the risk associated with the d) 2/=27]7] 23 2AHo| H)3

medical device.

7.4.2  Purchasing information 7.4.2 F0f Hy

S ) : 2 HE Jts8 d2 0 2FAE E+E 8 AU
Purchasing information shall include, as applicable, a £ "
written agreement that the supplier notify the HE2 2150 AT F& HINZT 248 A #E
organization of changes in the purchased product prior oy ®|Eo| SHAEAS| Chs) Z2YN7T =Xez
to implementation of any changes thataffect the abilit A =
of thfe1 purchased produ)rr:t to zjt‘leet specified purrhas); SEAES e ME golMZE Toiged =so
requirements, St}
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7.4.3  Verification of purchased product 743 F0) HZo| A=
The organization shall establish and implement the
inspection or other activities necessary for ensuring
that purchased product meets specified purchasing
requirements. The extent of verification activities shall =
be based on the supplier evaluation results and =
proportionate to the risks associated with the &Zo
purchased product.

When the organization becomes aware of any changes

i Zo| HAS O|AIB S XES =
to the purchased product, the organization shall T NS WS oINE F9 XS old HF0l
determine whether these changes affect the product 2I87[7] HE H#H Z2MA £ 2|27|7|0f ASS

realization process or the medical device. Z x| metsjof sich.

When the organization or its customer intends to e 5
perform verification at the suppliers premises, the = 5 & EH9 1
organization shall state the intended verification MA|S}DX} 8l HQ =ZF

| =
activities and method of product release in the . 4o

: 5 £ = Oof = Z|=slof SO
purchasing information. Btk 2¥2 o RO ZIEoF

the way farrml(gl BIEHYAYHANHARH

211



Session IV BTogether: K-BIO MZ& 2|st Asto1 Mz XA

of>

£ | o|Zot™ M MIE{ X} K-Bio X3 ¥ HEX|H
e ':IEJ; ‘,’if—:?‘;' s o . ol2717] FRH2| HAF L KA
St d e atE e 512 Ho|RE]

ISO 13485:2016

" I3 m wy

AEglt

v B2, 1=y, Y453, HESE S AMH2R 5= EIt
v SSYA 7 IE U2 21FAM(1SO 13485, 1ISO 9001, KGMP 5)2 G E &01s10] REHE 1 &el 7ks

v MEEIH= ZHEE 0l &eloj2ts B &5

k2Pl

v HEE A YEsH S JasH A MY E HE &Helsis Yot
v AR E ST YA BRE USH, HAEEFRE|Tt 7HsEHcontrol room) Ol A] M 45|

EX Helg EeE US.

g0l
A

IS0 13485:20160I M= MHSEE2AM WHEO| FJt EIUS

> 8%M, BE S JIEEM

the way farmtl(gl SR HYUYHANYATY

ISO 13485:2016

78 HEAH

5. 44 3 MHE|A HIS
- ¥4 Y 2HBE(BUE T)
- AAl/Me| 2 EFSEA A 7|8)
- 33718
- S/W Validation
- 378 de|go
(Yo 2E 3%)
- X da|go]d =7t
(M SA 7to| =2t =)
- 42D W& F7}

S RRPSE

Walhlojdel F71= HEstIl

S0 olsto] ASH + Y= BE M
A 3L MH|A X2 T2 M A0 Cistof
SBHEAUS UNBHAETR

;é}EIE'llolﬂgl e S "X M
?

ST EWa|ool4, MAEalgo|4d,
Hz'galgo|d, Az Ego{'da|g| 0|
A, guga|go| ¥, 2&Ea|H|o]4d,
Zda|bolM S

ISO 13485:2016

7.5.7 Particular requirements for validation of
processes for sterilization and sterile
barrier systems

The organization shall document procedures (see

4.2.4) for the validation of processes for sterilization

and sterile barrier systems,

Processes for sterilization and sterile barrier systems
shall be wvalidated prior to implementation and
following product or process changes, as appropriate.
Records of the results and, conclusion of validation and
necessary actions from the validation shall be
maintained (see 4.2.4 and 4.2.5).

7.5.8 Identification

The organization shall document procedures for
productidentification and identify product by suitable
means throughout product realization.

The organization shall identify product status with
respect to monitoring and measurement requirements
throughout product realization. Identification of
product status shall be maintained throughout
production, storage, installation and servicing of
product to ensure that only product that has passed
the required inspections and tests or released under an
authorized concession is dispatched, used or installed.

If required by applicable regulatory requirements, the
organization shall document a system to assign unique
device identification to the medical device.

The organization shall document procedures to ensure
that medical devices returned to the organization are
identified and distinguished from conforming
product,
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8.2.2 Complaint handling

The organization shall document procedures for timely
complaint handling in accordance with applicable
regulatory requirements.

These procedures shall include at a minimum
requirements and responsibilities for:

8.2.3  Reporting to regulatory authorities

If applicable regulatory requirements require
notification of complaints that meet specified
reporting criteria of adverse events or issuance of
advisory notices, the organization shall document
procedures for providing notification to the
appropriate regulatory authorities.

8.2.6  Monitoring and measurement of product

Evidence of conformity to the acceptance criteria shall
be maintained. The identity of the person authorizing
release of product shall be recorded (see 4.2.5). As
appropriate, records shall identify the test equipment
used to perform measurement activities.

Product release and service delivery shall not proceed
until the planned and documented arrangements have
been satisfactorily completed.
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7.3. 3 Design and development inputs

Inputs relating to product requirements shall be
determined and records maintained (see 4.2.5). These
inputs shall include:

a) functional, performance, hnd satety
requirements, according to the intended use;

b} applicable regulatory requircments and
standards;

c) applicable output(s) of rislt management;

d) asappropriate, information derived from
previous similar designs;

c) other requirecments esscntial for design and
development of the product and processes,

These inputs shall be reviewed for adequacy and
approved.

Requirements shall be complete, unambiguous, able Lo
he verified or validated, and not in conflict with each
other.
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Surface modification of laser powder bed fusion
additively manufactured Ti-6Al-4V by plasma-based ion implantation
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Ti-6Al-4V L-PBF Additive Manufacturing Part 01. Ti-6AI-4V L-PBF AM

= Ti-6Al-4V alloy have been widely used as a biomaterial in dentistry due to
their relatively low specific weight, excellent corrosion resistance,
satisfactory biocompatibility and superior mechanical properties.

= Recently laser powder-bed fusion additive manufacturing (L-PBF AM)
technology has been successfully employed to fabricate biomedical devices
with high f metri mplexity. However, the influence of the
surface of L-PBF on the mechanical and electrochemical properties have not
been sufficiently investigated.
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Advanced Biomaterials Lab. tsiang@chosun.ackr

Ti-6Al-4V L-PBF Additive Manufacturing Part 01. Ti-6Al-4V L-PBF AM

= Collaboration company : @ rggrqin

= Printing process

Dimension (W)900mm?*(D)1200mm?*(H)1800mm | = L-PBF AM : DAVID 1.0
Printable product @118mm [
size Build height 100mm ]
Laser source Yb Fiber laser 300W
Optical lens &

F-theta lens; High-speed scanner
Scanner

Scan speed Up to 3m/sec

Focusing area
40pm

Layer thickness 20um ~ 100um{Basic 30um)

1P 220V 20A
Max 4.4kW/Average 1L.5kW

Power

Inert gas flow rate 20L/min

Ti-6Al-4V L-PBF Additive Manufacturing Part 01. Ti-6AI-4V L-PBF AM

= Collaborators : Z41CHEFR X|2HH 21 EMerain

. Partial denture design L-PBF Ti-6Al-4V Manufactured
3D scanning process based on the patient's partial denture Ti-6Al-4V
digital data additive partial denture

manufacturing

Advanced Biomaterials Lab. tsjang@chosun.ackr

Advanced Biomaterials Lab. tsjang@chosun.ackr
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Ti-6Al-4V L-PBF Additive Manufacturing Part 01. Ti-6AI-4V L-PBF AM

» For example, the metal-oxide surface is influenced by parameters that alter
surface conditions during the additive manufacturing process affecting

» In addition, L-PBF AM process produces parts with inherent rough surface
finishes, impacting the performance and generating additional challenges
and costs for biomedical applications.

e0]2§2! pAVID |L-PBF additive manufacturing] AM Ti-6Al-4V surfaces

Advanced Biomaterials Lab. tsiang@chosun.ackr
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Plasma-based ion implantation on TIGAI4V | Part02 Suriace modifeaton

of Ti-6Al-4V L-PBF AM

* |n the present work, we used plasma Ta-ion implantation methods to alter the
physical, chemical, mechanical, and biomedical properties of the L-PBF AM
Ti-6Al-4V alloy.

» Tantalum(Ta) is well known for its physicochemical and biological properties
similar to Ti. In addition, it has a good passivation layer and corrosion
resistance in aggressive environments.

o . ¢ J
sy e T \ Ta ions
: Ta ions TR
: Ta acceleration & Implantatior 1 ~ ..' 4
?r ‘ ' ‘ IR

DC power
supply

Ti-6A1I4V Alloy
[Plasma ion implantation]

Advanced Biomaterials Lab. tsiang@chosun.ackr
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Plasma-based ion implanhﬂon on Ti6AI4VY | Part 02. Surface modification

of Ti-6Al-4V L-PBF AM

I " Target
| Ta target | + > b,
-~ / -
| Laahanlel | 4
v v v v - -
H Vr Target atoms influx
Negative
voltage
il Art Plasma
Target ions influx & etching

— VS ﬁ w w & Target atoms
Negative \ Ta\ Ta / Ta / Ta rT, \
voltage ot : '.l ‘l, I' ‘I, \I.Ir : \' : >

Substrate Substrate '
| bias

+ 4

Advanced Biomaterials Lab. tsjang@chosun.ackr
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Surface morphology

Before Plasma Ta-ion
implantation

Macroscopic
optical images

Low magnification

FE-SEM images

High magnification

Bare Ti6AI4V

Advanced Biomaterials Lab.

Low Ta ion dose High Ta ion dose

Nano-ripple Ti6AI4V Nano-pore Ti6AI4V

8/16
Part 02. Surface modification
of Ti-6Al-4V L-PBF AM

After Plasma Ta-ion implantation

36

tsjang@chosun.ackr

Surface roughness

Before Plasma Ta-ion
implantation

Macroscopic
optical images

Laser Scanning
Microscopic images

Bare Ti6AI4V

Advanced Biomaterials Lab.

Nano-ripple Ti6AlI4V Nano-pore Ti6AI4V
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Part 02. Surface modification
of Ti-6Al-4V L-PBF AM

After Plasma Ta-ion implantation
Low Ta ion dose High Ta ion dose

tsjang@chosun.ackr
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' Part 02. Surface modification
Chemical composition Ehiptorp i
Before Plasma Ta-ion After Plasma Ta-ion implantation
implantation Low Ta ion dose High Ta ion dose
T JEwe o
23
SE
8%
o O
S8
= (=]
(7]
a
El Weight%  Atomic% Element  Weight%  Atomic% Element  Weight%  Atomic%

0K 45.95 68.47 OK 34.00 61.67 0K 34.68 63.24

TiK 39.69 19.75 AlK fred 3.49 Ti K 49 87 30.37

AlK 12.16 10.74 TiK 52.99 32.10 Al K 2.68 2.89

VK 221 1.03 VK 2.87 1.64 VK 3.51 2,01

Totals __100.00 Ta M 6.89 1.10 TaM 9.26 1.49

Totals 100.00 Totals 100.00
Bare Ti6AI4V Nano-ripple Ti6AI4V Nano-pore Ti6AI4V
Advanced Biomaterials Lab. tsjang@chosun.ackr
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Wettability

:

Wetting angle (°)
3

Nano-ripple
Ti6AI4V

Advanced Biomaterials Lab.

Ti6AI4V Ti6Al4V

Bare Nano-pore

Part 02. Surface modification
of Ti-6Al-4V L-PBF AM

BareTi6Al4V

=110°

Nano-ripple TiGAI4V

=41°

Nano-pore Ti6AI4V

oy
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Micro-scratch test

equivalent
Wi e aritical shear stress in
model with 7, limit

o {contact friction cocfTicient)

stick region

Cannct pressng

[Censtant loading condition]
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Part 02. Surface modification
of Ti-6Al-4V L-PBF AM

Low magnification High magnification

Nano-ripple Ti6AI4V

B

Nano-pore Ti6AI4V
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Surface nano-structured Ti-6Al-4V Part 02. Surface modification

of Ti-6Al-4V L-PBF AM

Since the plasma-based ion implantation process is based on the ion acceleration in
the electrical field, the fabricated nanostructured surface layer can be fabricated onto
3D complex substrates with superior mechanical stability.

Biocompatiblity and bioactivity of substrates were significantly improved by the
fabrication of nanoporous surface layers.

For example, hierarchical micro-nano structured Ti dental implant remarkably
improved osteoblast cell attachment and differentiation behavior, compared with micro-
structured one. i M (i [ ;

[Hierarchical micro-nanostructured dental implant]

Mo L s (%)

Advanced Biomaterials Lab. tsjang@chosun.ackr

Conclusion

Plasma-based ion implantation technique is successfully employed on
the laser powder-bed fusion additive manufactured Ti-6Al-4V alloys.

Extremely high surface roughness of L-PBF AM Ti-6Al-4V alloy was
significantly reduced after the plasma-based ion implantation process, and
nano-architecture surfaces were developed by controlling the amount of
implanted Ta ions.

Poor hydrophilic surface property, passivation quality, and mechanical
stability of L-PBF AM Ti-6Al-4V alloy were substantially improved by the
plasma-based ion implantation process.

The plasma-based ion implantation process offer great potential for the
adaptation and optimization of L-PBF AM Ti-6Al-4V in various dental
applications.

Surface modification of laser powder bed fusion
additively manufactured Ti-6Al-4V by plasma-based ion implantation
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